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In recent years, bioactive peptides from marine organisms have gained increasing attention in
the field of pharmaceutical, cosmeceutical, and nutraceutical product development owing to their
interesting biological properties. They are involved in fundamental mechanisms that allow the survival
of living organisms, including their defense, reproduction, growth, and homeostasis. Marine peptides
that are diverse in structure and function have been found in various phyla, and their number has
dynamically grown over the recent years. Some of them are evolutionary ancient molecular factors of
innate immunity that play a key role in host defense [1]. Long-term evolution of marine organisms
proceeded in continuous contact with pathogens, and efficient defense mechanisms were the necessary
condition of their survival. Peptides with protective functions were isolated from tissues of many
marine invertebrates and vertebrates. A plethora of biological activities, including antibacterial,
antifungal, antiviral, cytotoxic, neurotoxic, anticoagulant, antidiabetic, antifreeze, endotoxin-binding,
and immune-modulating, make marine peptides an attractive molecular basis for the design of
innovative antibiotics, anticancer drugs, analgetics, medicines for neurological disorders, etc.

The Special Issue “Marine Bioactive Peptides: Structure, Function, and Therapeutic Potential”
was aimed at collecting papers on up-to-date information regarding isolation, structural elucidation,
functional characterization, and evaluation of the therapeutic potential of peptides from marine
organisms. Chemical synthesis and biotechnological production of marine peptides and their mimetics
were also a focus of this Special Issue. In total, 24 papers were accepted and included in the Special
Issue, which are now published as a book. Getting started with this book, we planned to produce an
interesting edition that would cover breakthroughs and recent trends in basic and applied research on
marine peptides.

Bioactive peptides showing antihypertensive, antioxidative, and antidiabetic activities were
isolated from seaweed [2]. Algae peptides have strong potential for use as therapeutic drugs, especially
for treatment of cardiovascular diseases and diabetes, and as functional food formulations in health
care. This Special Issue includes papers analyzing potential health impacts of bioactive peptides from
the seaweed species Pyropia yezoensis, Chlorella pyrenoidosa, and Gracilariopsis lemaneiformis. In particular,
the protective effects of the P. yezoensis peptide PYP15 against dexamethasone-induced myotube
atrophy was revealed [3]. The effect of the Chlorella pyrenoidosa protein hydrolysate (CPPH) and
Chlorella pyrenoidosa protein hydrolysate-calcium chelate (CPPH-Ca) on calcium absorption and gut
microbiota composition was evaluated [4]. It was demonstrated that CPPH-Ca could promote calcium
absorption partially through regulating specific gut microbiota and modulating expressions of the
calcium absorption-related genes in kidney. Therefore, CPPH-Ca may be used to promote the calcium
absorption and reduce the risk of calcium deficiency [4]. Two novel angiotensin-converting enzyme
(ACE) inhibitory peptides were identified in the Gracilariopsis lemaneiformis protein hydrolysate. Both
peptides were noncompetitive inhibitors of ACE and reduced systolic and diastolic blood pressure in
spontaneously hypertensive rats [5].

All members of the phylum Cnidaria (sea anemones, corals, jellyfish, and hydra) are venomous [6].
Acid-sensing ion channel 3 (ASIC3) makes an important contribution to development and maintenance
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of inflammatory and acid-induced pain. An inhibition of ASIC3 was reported as an attractive approach
to inducing analgesia. Different ASIC3 inhibitors including the peptides APETx2 and Ugr9-1 from
the venom of the sea anemone Urticina grebelnyi and nonpeptide molecules sevanol and diclofenac
were compared with a focus on their anti-inflammatory and analgesic effects [7]. All the tested
compounds had distinct effects on pH-induced ASIC3 current. Comparison of the ASIC3-selective
ligands in different animal pain models provides an opportunity to estimate their pharmacological
potential and specify the properties of the most attractive compound for analgetics development [7].
The antitumor effect of the sea anemone Anthopleura anjunae peptide AAP-H in prostate cancer
DU-145 cells was investigated in vitro and in vivo [8]. The obtained results indicated that AAP-H was
nontoxic and exhibited the antitumor activity. The role of the phosphatidylinositol 3-kinase/protein
kinase B/mammalian rapamycin target protein (PI3K/AKT/mTOR) signaling pathway in the antitumor
mechanism of APP-H was investigated. It was shown that the antitumor mechanism of APP-H on
DU-145 cells may involve regulation of the PI3K/AKT/mTOR signaling pathway, which eventually
promotes apoptosis via mitochondrial and death receptor pathways [8].

Echinoderms are ancient marine invertebrates. The phylum Echinodermata contains about
7000 living species including sea stars (asteroids), sea urchins (echinoids), brittle stars (ophiuroids),
sea lilies (crinoids), and sea cucumbers (holothurians). Previously, natural ACE-inhibitory peptides
were obtained from the sea cucumber protein hydrolysates by a plastein reaction [9,10]. The aim of
the published work was to prepare efficient ACE-inhibitory peptides from sea cucumber-modified
hydrolysates by adding exogenous amino acids. Two novel efficient ACE-inhibitory peptides were
purified and identified from the sea cucumber Acaudina molpadioidea which may be useful in the
preparation of antihypertensive drugs [11].

Synthesis of bioactive peptides was detected in the neuroendocrine, immune, and gut system of
mollusks [12]. A novel peptide, isolated from the abalone Haliotis discus hannai and designated as AATP,
effectively inhibited matrix metalloproteinases (MMPs) by blocking MAPKs and NF-κB pathways,
leading to the downregulation of metastasis of tumor cells [13]. Moreover, AATP significantly inhibited
vasculogenic mimicry and pro-angiogenic factors, including vascular endothelial growth factor and
MMPs by suppression of AKT/mTOR signaling. The anti-metastatic and anti-vascular effect of AATP
in HT1080 cells revealed that AATP may be a potential anticancer lead compound [13]. Zinc-binding
peptides were prepared from the oyster Crassostrea gigas’ hydrolysates modified by the plastein reaction,
and the zinc absorption mechanism of the peptide-zinc complex was examined [14]. The complex was
shown to promote the intestinal absorption of zinc and have a great potential for zinc supplementation
as a functional food ingredient [14]. Two novel multi-functional peptides were isolated from the marine
snail Neptunea arthritica cumingii. Both peptides showed antioxidant, antidiabetic, and ACE-inhibitory
activities [15]. The venom of each Conus species consists of a diverse array of neurophysiologically
active peptides. Isolation and characterization of the first bioactive peptide from the venom of
Conus ateralbus, named conotoxin AtVIA, was described [16]. AtVIA manifested an excitatory activity
in mouse lumbar dorsal root ganglion neurons. AtVIA has homology with δ-conotoxins from
other worm-hunters, including conserved elements in amino acid sequences of δ-conotoxins from
fish-hunting Conus. The presence of δ-conotoxins that act on vertebrate Na+-channels has thus been
established in two divergent worm-hunting clades. The results are consistent with the hypothesis
that certain worm-hunting Conus evolved δ-conotoxins that act to probably deter competitors in a
defensive envenomation strategy [16]. To analyze putative conotoxin transcripts from the venom
ducts of three vermivorous cone snails (Conus caracteristicus, Conus generalis, and Conus quercinus),
high-throughput transcriptome sequencing was performed [17]. In total, 118, 61, and 48 putative
conotoxins (across 22 superfamilies) were identified from the three Conus species, respectively [17].
Two comprehensive reviews included in this Special Issue deal with structural and functional analyses
of cone snail toxins [18] and with computational studies on the conopeptides [19], providing a good
overview of bioactive peptides from venoms of Conus species and their therapeutic potential.
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Polychaeta is an almost uninvestigated class of invertebrates in the context of discovery of new
host defense peptides. The large majority of polychaeta species are marine animals that inhabit all
oceans and seas from the Arctic to the Antarctic. On the grounds of their morphology and physiology,
polychaeta are considered as the most primitive annelids [20]. Papers included in this Special Issue
deal with marine polychaeta, providing good examples of their biological potential. The peptides
arenicins and nicomicins, isolated from Arenicola marina [21,22] and Nicomache minor [23], respectively,
exhibited in vitro antimicrobial activity and possessed cytotoxicity against cancer cells. Arenicin was
shown to modulate the human complement system [22]. At relatively low concentrations, the peptide
stimulates complement activation and lysis of target erythrocytes, whereas at higher concentrations
arenicin acts as a complement inhibitor [22]. The peptide PAP with anticancer activity was purified
from the enzymatic hydrolysate of Perinereis aibuhitensis [24]. PAP inhibited proliferation and induced
apoptosis of human lung cancer H1299 cells. The peptide may be used for prevention or treatment of
human non-small cell lung cancer [24].

Crustaceans form a diverse arthropod taxon which contains about 67,000 described species
including crabs, shrimps, lobsters, crayfish, prawns, krill, woodlice, and barnacles. Many crustaceans
are free-living marine animals. A novel antimicrobial peptide polyphemusin III from the horseshoe
crab Limulus polyphemus was examined against bacterial strains and human cancer, transformed, and
normal cell cultures [25]. The peptide showed cytotoxic activity and caused fast permeabilization of the
cytoplasmic membrane of human leukemia cells HL-60. In comparison to known polyphemusins and
tachyplesins, polyphemusin III demonstrated a similar or lower antimicrobial effect, but significantly
higher cytotoxicity against human cancer and transformed cells [25]. Anti-lipopolysaccharide factors
(ALFs) are β-hairpin peptides with the ability to bind to microbial surface molecules. ALFs appear to be
exclusive to marine chelicerates and crustaceans. The remarkable diversity of ALFs was demonstrated
in the Litopenaeus vannamei shrimp [26]. At least seven members of the ALF family were found, all of
which were encoded by different loci with conserved gene organization. The transcriptional profile of
ALFs was compared in terms of tissue distribution, response to pathogens and shrimp development.
ALFs were found to be constitutively expressed in hemocytes and to respond differently to tissue
damage. ALFs form a family of shrimp peptides that has been the subject of intense diversification.
These data suggest that multiple selection pressures have led to functional diversification of ALFs in
shrimp [26].

Fish-derived bioactive peptides suggested to influence pathways involved in regulation of blood
pressure, lipid and glucose metabolism, and body composition. Some of them could be developed
as antihypertensive components in functional foods or nutraceuticals. The protective effects of the
tilapia Oreochromis niloticus peptide against oxidative stress, inflammation, and endothelial injury
were evaluated in angiotensin II (Ang II)-stimulated human umbilical vein endothelial cells [27].
The peptide moderated Ang II-stimulated oxidative stress and vascular endothelial dysfunction [27].
Another tilapia peptide with a high ACE-inhibitory activity was identified, and its antihypertensive
effect was evaluated in vivo [28]. The obtained results showed that the tilapia peptide exerts an
antihypertensive effect in spontaneously hypertensive rats, and the systolic and diastolic blood
pressures of the rats remarkably decreased [28]. Thus, both tilapia peptides have potential for
application in therapy of hypertensive disorders. Eight antioxidant peptides were purified from the
hairtail Trichiurus japonicas [29]. The peptides might serve as potential antioxidants in pharmaceutical
and health food industries. Several novel short antibacterial peptides were isolated from the half-fin
anchovy Setipinna taty [30]. The peptides displayed antibacterial activity against Escherichia coli via
inducing intracellular H2O2 production [30]. A novel peptide inhibiting the influenza A H1N1 virus
neuraminidase was isolated from the skin hydrolysates of the cod Gadus macrocephalus [31]. The peptide
acts as a neuraminidase blocker inhibiting influenza A virus in Madin–Darby canine kidney (MDCK)
cells. Thus, the peptide has potential utility in treatment of the influenza virus infection.

As seen from the above overview, the papers included in this Special Issue deal with diverse marine
organisms, providing an overall view of their biological potential. A range of new marine-derived
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peptides were isolated from evolutionarily distant species and characterized. Significantly, most of
them displayed broad-spectrum biological activities and potential for use in clinical trials in humans.
All the papers presented in this Special Issue underline the central role of bioactive peptides in innate
immunity of marine organisms as well as their therapeutic potential for human health care.

In conclusion, the Guest Editor thanks all the authors who contributed to this Special Issue, all the
reviewers for evaluating the submitted manuscripts, and the Editorial board of Marine Drugs, especially
Orazio Taglialatela-Scafat, Editor-in-Chief of this journal, and Estelle Fan, Assistant Editor, for their
kind help in bringing this book into reality.
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Abstract: Dexamethasone (DEX), a synthetic glucocorticoid, causes skeletal muscle atrophy. This
study examined the protective effects of Pyropia yezoensis peptide (PYP15) against DEX-induced
myotube atrophy and its association with insulin-like growth factor-I (IGF-I) and the Akt/mammalian
target of rapamycin (mTOR)-forkhead box O (FoxO) signaling pathway. To elucidate the molecular
mechanisms underlying the effects of PYP15 on DEX-induced myotube atrophy, C2C12 myotubes
were treated for 24 h with 100 μM DEX in the presence or absence of 500 ng/mL PYP15. Cell
viability assays revealed no PYP15 toxicity in C2C12 myotubes. PYP15 activated the insulin-like
growth factor-I receptor (IGF-IR) and Akt-mTORC1 signaling pathway in DEX-induced myotube
atrophy. In addition, PYP15 markedly downregulated the nuclear translocation of transcription
factors FoxO1 and FoxO3a, and inhibited 20S proteasome activity. Furthermore, PYP15 inhibited
the autophagy-lysosomal pathway in DEX-stimulated myotube atrophy. Our findings suggest that
PYP15 treatment protected against myotube atrophy by regulating IGF-I and the Akt-mTORC1-FoxO
signaling pathway in skeletal muscle. Therefore, PYP15 treatment appears to exert protective effects
against skeletal muscle atrophy.

Keywords: dexamethasone; myotube atrophy; protein synthesis; proteolytic system; Pyropia yezoensis
peptide; PYP15

1. Introduction

Bioactive peptides are generally composed of between three and 20 amino acid residues,
and their activity is based on their amino acid composition and sequence [1]. The short chains
of amino acids are in an inactive state within the sequence of the parent protein molecule, but can be
liberated by proteolytic enzymes during gastrointestinal digestion or food processing and fermentation
processes [2]. These peptides exhibit various physiological activities, such as anti-hypertensive [3],
anti-oxidant [4–6], and anti-inflammatory effects [7,8] depending on their structural, sequential,
and constitutive characteristics.

Pyropia yezoensis Ueda (Bangiaceae, Rhodophyta, Figure 1) is a commercially important red
seaweed widely used as a food source in Korea, China, and Japan [9]. The protein content of P. yezoensis
is higher than that of high protein foods such as soybeans, thus providing a rich source of biologically
active peptides [10]. P. yezoensis-derived peptides are known to exert various biological effects,
including antioxidant [11], antitumor [12], and anti-inflammatory activities [13]. Previous studies
have reported that peptides synthesized from P. yezoensis reduced the inflammatory stress induced
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by lipopolysaccharides in RAW 264.7 cells, and cytotoxicity induced by acetaminophen in Chang
cells [13,14]. Moreover, P. yezoensis peptides prevented the endoplasmic reticulum stress induced
by perfluorooctane sulfonate in Chang cells [15]. A recent study also demonstrated that P. yezoensis
peptide promoted collagen synthesis by activating the transforming growth factor-beta (TGF-β)/Smad
signaling pathway in human dermal fibroblasts [16]. In addition, P. yezoensis peptides also protected
against breast cancer by activating the mammalian target of rapamycin (mTOR) signaling pathway
in MCF-7 cells [12]. Therefore, P. yezoensis is widely used as a health-promoting functional natural
material due to its various physiological activities.

Figure 1. Image of Pyropia yezoensis Ueda (Bangiaceae, Rhodophyta).

Glucocorticoids (GCs) are steroid hormones widely administered for their anti-inflammatory and
immunosuppressive activities [17]. However, sustained high-dose administration of GCs may lead to
hyperglycemia, weight loss, osteoporosis, depression, hypertension, and skeletal muscle atrophy [18].
Many previous in vivo and in vitro experiments have suggested that synthetic GC dexamethasone
(DEX) induces skeletal muscle atrophy by decreasing the protein synthesis rate and increasing the
protein degradation rate [19,20].

The inhibitory effect on protein synthesis seen in GC-induced muscle atrophy occurs through
multiple mechanisms. First, the catabolic effect of GCs inhibits the transport of amino acids within
muscle, limiting protein synthesis [21]. Second, GCs inhibit the secretion of insulin-like growth factor I
(IGF-I), which stimulates the phosphorylation of eIF4E-binding protein 4E-BP1 and p70 ribosomal S6
protein kinase (p70S6K), two factors that play key roles in protein synthesis by controlling the initiation
of mRNA translation [20,22]. Third, GCs cause muscle atrophy by blocking myogenesis through the
inhibition of myogenin, a transcription factor essential for the differentiation of satellite cells into
muscle fibers [23]. It is well known that the inhibition of protein synthesis by GCs is mainly due to
activation of the IGF-I-Akt-mTORC1 signaling pathway, which is involved in the phosphorylation of
4E-BP1 and p70S6K [24]. Previous studies have demonstrated that GCs in L6 myoblasts decrease the
protein levels of insulin receptor substrate-1 (IRS-1), the first upstream component of the Akt-mTOR
cascade [25,26]. In addition, GCs have been shown to inhibit the Akt-mTOR pathway by promoting
the expression of microRNA miR1 [27]. These observations suggest that excess GCs may cause muscle
atrophy by inhibiting the IGF-I-Akt-mTORC1 signaling pathway.

Akt also regulates the ubiquitin-proteasome system and autophagy-lysosomal system via
the forkhead box O (FoxO) transcription factors, which are produced in muscle cell catabolism
caused by GCs [28,29]. Mammalian cells express three FoxO isoforms, FoxO1, FoxO3, and FoxO4,
which have been implicated in the regulation of genes involved in cell death, cell cycle arrest,
and metabolism [30]. The absence of growth or survival signals inactivates Akt, thereby attenuating its
inhibitory effects on FoxO transcription factors, which permits their translocation from the cytoplasm
to the nucleus [31]. Nuclear translocation and activation of FoxO transcription factors are required to
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upregulate atrogenes, such as atrogin-1/muscle atrophy F-box (MAFbx), muscle RING finger 1 (MuRF1),
and cathepsin-L. FoxO3 transfection of skeletal muscle cells was found to be sufficient for upregulating
atrogin-1/MAFbx expression and muscle atrophy [32]. Moreover, previous studies employing
inhibitors of the different proteolytic pathways have demonstrated that GCs stimulate not only
ubiquitin-proteasome system-dependent proteolysis, but also autophagy-lysosomal system-dependent
protein breakdown [30]. The role of the autophagy-lysosomal system in muscle atrophy induction by
GCs is also demonstrated by the upregulation of muscle cathepsin-L expression [33–35] and by the
upregulated conversion of LC3-I to LC3-II, an indicator of autophagy [36], in animals administered
GCs. These findings suggest that activation of the ubiquitin-proteasome and autophagy-lysosomal
systems in skeletal muscle atrophy induced by GC exposure may be mediated by the activation of
FoxO through the inhibition of Akt expression.

Our previous study provided molecular evidence that the protective effects of the P. yezoensis
peptide on DEX-induced muscle atrophy were due to downregulation of the muscle-specific E3
ubiquitin ligases atrogin-1/MAFbx and MuRF1 [37]. The present study was undertaken to investigate
whether the protective effects of P. yezoensis peptide (PYP15) against DEX-induced myotube atrophy are
associated with the proteolytic system, and whether this is regulated by the IGF-I-mediated Akt-mTOR
and Akt-FoxO signaling pathways.

2. Results

2.1. Effects of DEX and PYP15 on C2C12 Myotube Viability

To evaluate the cytotoxic effects of PYP15 on C2C12 myotubes, MTS [(3-4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium)] assays were carried out. C2C12
myotubes were incubated for 24 h with 100 μM DEX and PYP15 at concentrations ranging from 0 to
500 ng/mL. The DEX concentration (100 μM) was determined in a previous study [37]. As shown in
Figure 2, PYP15 did not affect cell viability up to a concentration of 500 ng/mL. Thus, all subsequent
experiments were performed 24 h after treatment with 500 ng/mL PYP15, which is the appropriate
concentration that does not induce cytotoxicity, as described by Choi et al. [38].

Figure 2. Effects of dexamethasone (DEX) and Pyropia yezoensis peptide (PYP15) on the cytotoxicity of
C2C12 myotubes. C2C12 myoblasts were seeded in 96-well plates at a density of 1.5 × 104 cells/well
and were allowed to attach for 24 h. After differentiation, the cells were treated with 100 μM DEX and
500 ng/mL PYP15 for 24 h. The viability of C2C12 myotubes was measured by MTS assay. The values
are the mean ± SDs of three independent experiments.

2.2. PYP15 Treatment Attenuates the DEX-Induced Reduction in Insulin-Like Growth Factor I Receptor
(IGF-IR) and IRS-1 Phosphorylation in C2C12 Myotubes

To determine whether PYP15 treatment led to changes in the IGF-I pathway in DEX-treated
C2C12 myotubes, phosphorylation levels of insulin-like growth factor I receptor (IGF-IR) and insulin
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receptor substrate 1 (IRS-1) were examined using Western blot analysis. As shown in Figure 3,
p-IGF-IR and p-IRS-1 protein expression levels was markedly decreased in DEX-stimulated C2C12
myotubes. However, the DEX-induced downregulation of p-IGF-IR and p-IRS-1 was attenuated by
500 ng/mL PYP15 treatment. Furthermore, C2C12 myotubes treated with PYP15 alone exhibited
marked upregulation of the p-IGF-IR and p-IRS-1 protein expression levels compared with untreated
control cells. These results suggest that PYP15 could induce muscle hypertrophy through activation of
IGF-I signaling.

Figure 3. Effects of PYP15 on the phosphorylation of insulin-like growth factor I receptor (IGF-IR) and
insulin receptor substrate 1 (IRS-1) in DEX-treated C2C12 myotubes. C2C12 myotubes were treated for
24 h with 100 μM DEX in the absence or presence of 500 ng/mL PYP15. The protein levels for p-IGF-IR,
IGF-IR, p-IRS-1, and IRS-1 were assessed as described in Section 4. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was the loading control. The values are the mean ± SD of three independent
experiments. * P < 0.05 vs. corresponding control; # P < 0.05 vs. corresponding only DEX treatment.

2.3. PYP15 Treatment Attenuates the DEX-Induced Downregulation of the Akt-mTORC1 Signaling Pathway
in C2C12 Myotubes

To further investigate the downstream signals regulated by activation of IGF-I signaling, the protein
levels of Akt-mTORC1 pathway members were measured in C2C12 myotubes. As shown in Figure 4A,
p-Akt and p-mTOR protein expression levels were markedly decreased in DEX-stimulated C2C12
myotubes. However, the DEX-induced downregulation of p-Akt and p-mTOR was attenuated by
500 ng/mL PYP15 treatment. In addition, to determine whether PYP15 induced changes in mTORC1
and mTORC2 protein levels in DEX-induced myotube atrophy, the protein and mRNA levels of
Raptor, Rictor, REDD1, and KLF-15 were examined. As expected, Raptor protein expression levels was
markedly decreased in DEX-stimulated C2C12 myotubes. However, the DEX-induced downregulation
of Raptor was attenuated by 500 ng/mL PYP15 treatment (Figure 4A). The DEX-induced upregulation
of REDD1 and KLF-15 was attenuated by 500 ng/mL PYP15 treatment (Figure 4B,C). However, no
significant differences were observed in Rictor levels compared with the control group (Figure 4A).
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These results demonstrate that PYP15 exerted protective effects against DEX-induced myotube atrophy
via mTORC1 signaling activation.

 

Figure 4. Cont.
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Figure 4. Effects of PYP15 on the Akt/mammalian target of rapamycin (mTOR) signaling pathway
in DEX-stimulated C2C12 myotubes. C2C12 myotubes were treated for 24 h with 100 μM DEX in
the absence or presence of 500 ng/mL PYP15. (A) The protein levels for p-Akt, Akt, p-mTOR, mTOR,
Raptor, and Rictor were assessed as described in Section 4. (B) The mRNA levels for REDD1 and KLF15
were assessed as described in Section 4. (C) The protein levels for REDD1 and KLF15 were assessed
as described in Section 4. GAPDH was the loading control. The values are the mean ± SD of three
independent experiments. * P < 0.05 vs. corresponding control; # P < 0.05 vs. corresponding only
DEX treatment.

2.4. PYP15 Treatment Attenuates the DEX-Induced Decreases in p70S6K and 4E-BP1 Phosphorylation in
C2C12 Myotubes

To further determine the downstream signals regulated by mTORC1 activation, the protein
levels of p70S6K and 4E-BP1 signaling members were measured in C2C12 myotubes. As shown
in Figure 5A, Rheb protein expression levels were markedly decreased in DEX-stimulated C2C12
myotubes. However, the DEX-induced downregulation of Rheb was attenuated by 500 ng/mL PYP15
treatment. In addition, the DEX-induced downregulation of p-p70S6K, p-S6, p-4E-BP1, and eIF4E was
attenuated by 500 ng/mL PYP15 treatment (Figure 5A,B).
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Figure 5. Effects of PYP15 on the mTORC1 downstream signaling components in DEX-stimulated
C2C12 myotubes. C2C12 myotubes were treated for 24 h with 100 μM DEX in the absence or presence
of 500 ng/mL PYP15. (A) The protein levels for Rheb, p-p70S6K, p70S6K, p-S6, and S6 were assessed as
described in Section 4. (B) The protein levels for p-4EBP1, 4E-BP1, and eIF4E were assessed as described
in Section 4. GAPDH was the loading control. The values are the mean ± SD of three independent
experiments. * P < 0.05 vs. corresponding control; # P < 0.05 vs. corresponding only DEX treatment.
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2.5. PYP15 Treatment Downregulates the DEX-Induced Increase in Nuclear Translocation of FoxO1 and
FoxO3a in C2C12 Myotubes

To further determine the mechanism underlying transcriptional control by PYP15, the effects
of PYP15 on the transcriptional activation of FoxO1 and FoxO3a were measured in DEX-stimulated
C2C12 myotubes. As shown in Figure 6A, FoxO1 and FoxO3a protein expression levels were
significantly increased in DEX-stimulated C2C12 myotubes (P < 0.05). However, the DEX-induced
upregulation of total FoxO1 and FoxO3a was attenuated by 500 ng/mL PYP15 treatment. In addition,
the DEX-induced reduction in p-FoxO1 and p-FoxO3a was attenuated by 500 ng/mL PYP15 treatment.
The dephosphorylation of FoxO1 and FoxO3a accelerated their nuclear translocation. The levels of
nuclear FoxO1 and FoxO3a were significantly increased by DEX treatment, but were significantly
decreased by PYP15 treatment (P < 0.05, Figure 6B).

Figure 6. Cont.
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Figure 6. Effects of PYP15 on the activation and translocation of forkhead box O (FoxO) transcription
factors FoxO1 and FoxO3a in DEX-stimulated C2C12 myotubes. C2C12 myotubes were treated for 24
h with 100 μM DEX in the absence or presence of 500 ng/mL PYP15. (A) The protein levels for total
p-FoxO1, FoxO1, p-FoxO3a, and FoxO3a were assessed as described in Section 4. (B) The protein levels
for cytosolic and nucleus fractions were assessed as described in Section 4. GAPDH, β-actin, and lamin
B were the loading control. The values are the mean ± SD of three independent experiments. * P < 0.05
vs. corresponding control; # P < 0.05 vs. corresponding only DEX treatment.

2.6. PYP15 Treatment Inhibits DEX-Induced 20S Proteasome Activity in C2C12 Myotubes

To identify the ubiquitin-proteasome system regulated by FoxO transcription factors, 20S
proteasome activity in C2C12 myotubes was measured using an ELISA kit. As shown in Figure 7, DEX
treatment significantly increased 20S proteasome activity (P < 0.05). However, treatment with PYP15
attenuated the DEX-induced increase in 20S proteasome activity.
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Figure 7. Effects of PYP15 on 20S proteasome activity in DEX-stimulated C2C12 myotubes. 20S
proteasome activity was assessed as described in Section 4. The values are the mean ± SD of three
independent experiments. * P < 0.05 vs. corresponding control; # P < 0.05 vs. corresponding only
DEX treatment.

2.7. PYP15 Treatment Downregulates the DEX-Induced Activation of the Autophagy-Lysosomal System in
C2C12 Myotubes

The effects of PYP15 on the expression of cathepsin-L and autophagy-related genes in DEX-treated
C2C12 myotubes were assessed by real-time polymerase chain reaction (PCR) and Western blot analysis.
As shown in Figure 8A,B, the mRNA and protein expression levels of cathepsin-L were significantly
increased in DEX-stimulated C2C12 myotubes (P < 0.05). However, the DEX-induced upregulation of
cathepsin-L was attenuated by 500 ng/mL PYP15 treatment. In addition, DEX treatment increased the
conversion of LC3-I to LC3-II, which was attenuated by PYP15 treatment (Figure 8C).
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Figure 8. Effects of PYP15 on cathepsin-L and LC3-I/II levels in DEX-stimulated C2C12 myotubes.
C2C12 myotubes were treated for 24 h with 100 μM DEX in the absence or presence of 500 ng/mL
PYP15. (A) The mRNA levels for cathepsin-L were assessed as described in Section 4. (B) The protein
levels for cathepsin-L and (C) LC3-I/II were assessed as described in Section 4. GAPDH was the loading
control. The values are the mean ± SD of three independent experiments. * P < 0.05 vs. corresponding
control; # P < 0.05 vs. corresponding only DEX treatment.

2.8. Analysis of Myotube Atrophy Marker Genes after Akt siRNA Transfection

We investigated the expression of E3 ubiquitin ligases after knocking down Akt gene expression
to clarify whether Akt plays a role in the PYP15-mediated inhibition of E3 ubiquitin ligases in C2C12
myotubes. As shown in Figure 9A, the protein level of Akt was markedly reduced after treatment
with Akt siRNA2, in comparison with the universal negative control siRNA. These results confirmed
that C2C12 myotubes were successfully transfected with Akt siRNA2. Therefore, Akt siRNA2 was
used in subsequent experiments. Following this, we transfected cultured myotubes with Akt siRNA2
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to test whether the effects of PYP15 on the DEX-induced upregulation of atrogin-1/MAFbx, MuRF1,
and cathepsin-L expression are inhibited after Akt knockdown. Transfection of C2C12 myotubes
with Akt siRNA2 significantly increased the mRNA and protein levels of atrogin-1/MAFbx, MuRF1,
and cathepsin-L, and these increases in expression were attenuated by PYP15 treatment (Figure 9B,C).
These results demonstrate that PYP15 prevents myotube atrophy by blocking proteolytic systems
through Akt activation.

Figure 9. Cont.
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Figure 9. Effects of PYP15 on the levels of ubiquitin-E3 ligases following DEX-induced myotube
atrophy in transfected C2C12 myotubes. (A) Changes in Akt protein levels by Akt knockdown were
measured as described in Section 4. (B,C) The mRNA and protein levels of atrogin-1/MAFbx, MuRF1,
and cathepsin-L in the five treatment groups were measured as described in Section 4. GAPDH was
the loading control. The values are the mean ± SD of three independent experiments. * P < 0.05 vs.
corresponding control; # P < 0.05 vs. corresponding only Akt siRNA treatment.

3. Discussion

In this study, we used an in vitro model to investigate the protective role of PYP15, and the
mechanisms of its anti-atrophic effects, against DEX-induced muscle atrophy. DEX induces atrophy in
skeletal muscle by decreasing the protein synthesis rate and increasing the protein degradation rate [39].
The inhibitory effect of DEX on muscle protein synthesis is mainly induced by inhibition of the IGF-I
signaling pathway, which is an anabolic growth factor [40]. Previous studies have demonstrated that
IGF-I is sufficient to induce skeletal muscle hypertrophy [41,42]. The inverse of muscle atrophy is
muscle hypertrophy, defined as an increase in muscle mass resulting from an increase in size, as opposed
to by an increase in the number of muscle fibers [28,43]. The effects of IGF-I are mainly mediated by
IGF-IR, which exhibits tyrosine kinase activity and signals via adaptor proteins, such as IRS-1 [44].
In this study, the DEX-induced reductions in IGF-IR and IRS-1 phosphorylation were ameliorated by
treatment with PYP15 (Figure 3). These results suggest that PYP15 could protect C2C12 myotubes from
DEX-induced myotube atrophy through the activation of IGF-I signaling. The downstream signaling
mechanisms induced by IGF-I required for muscle hypertrophy remain controversial, but many studies
have focused on the Akt-mTOR pathway downstream of IGF-I, demonstrating that Akt is activated
by IGF-I [28,45]. In our results, DEX inhibited the phosphorylation of Akt and mTOR, but treatment
with PYP15 increased this phosphorylation (Figure 4A). mTOR interacts with several proteins to form
two distinct multiprotein complexes, mTORC1 and mTORC2. The inhibition of protein synthesis by

18



Mar. Drugs 2019, 17, 284

DEX is known to be mainly due to inhibition of mTORC1 [40]. This inhibition of mTORC1-signaling
by DEX is induced by the transcriptional stimulation of REDD1 and KLF-15, which are inhibitors
of mTORC1 signaling [40]. PYP15 treatment activated Raptor expression in DEX-induced C2C12
myotubes and reduced the DEX-induced expression of REDD1 and KLF15 (Figure 4). These results
suggest that PYP15 inhibits muscle atrophy through activation of the mTORC1 signaling pathway
in DEX-stimulated C2C12 myotubes. Activation of the Akt-mTORC1 signaling pathway stimulates
protein synthesis by increasing protein translation through the activation of p70S6K and inhibition
of 4E-BP1 [28]. In our study, PYP15 treatment increased the phosphorylation of p70S6K, S6, and
4E-BP1 as well as the expression of eIF4E (Figure 5). Interestingly, C2C12 myotubes treated with PYP15
alone exhibited marked upregulation of the IGF-I-Akt-mTORC1 signaling pathway compared with
untreated control cells. Taken together, these results demonstrate that PYP15 could protect C2C12
myotubes from DEX-induced myotube atrophy by inducing muscle hypertrophy through the activation
of Akt-mTORC1 pathway via the activation of IGF-I signaling.

DEX-induced myotube atrophy is mediated by FoxO transcription factors [18]. In addition to
stimulating protein synthesis pathways, Akt activation inhibits proteolytic systems by inducing
phosphorylation of the downstream target FoxO transcription factors, thus blocking nuclear
translocation [17]. Previous studies have shown that the reduced activity of the Akt pathway
observed in the muscle atrophy model markedly increases the levels of phosphorylated FoxO in the
cytoplasm as well as the nuclear expression of FoxO [46]. In addition, FoxO transgenic mice reportedly
exhibit markedly reduced muscle mass, further supporting that FoxO is sufficient to stimulate muscle
atrophy [47,48]. Our results demonstrate that the phosphorylation of FoxO is activated by treatment
with PYP15, resulting in decreased nuclear translocation (Figure 6). These results indicate that PYP15
effectively blocks the nuclear translocation and activation of FoxO1 and FoxO3a by promoting the
phosphorylation of FoxO1 and FoxO3a.

The increased expression of FoxO contributes to the activation of muscle proteolysis through the
ubiquitin-proteasome system and lysosomal system [30]. The ubiquitin-proteasome system functions
in processing and degrading cellular proteins, which is essential for basic cellular processes, such
as differentiation, proliferation, and immune and inflammatory responses [49,50]. The degradation
of a target protein by the ubiquitin-proteasome system is labeled by the covalent bonds of multiple
ubiquitin molecules, comprising 76 amino acids; the proteins are then degraded by proteolytic
enzymes [51]. Previous studies have shown that the ubiquitin-proteasome pathway is downregulated
by the IGF-I-mediated Akt-FoxO signaling pathway [31] and that the inhibition of proteasomal activity
markedly inhibits muscle proteolysis in muscle atrophy [52]. Our study showed that the DEX-stimulated
expression of atrogin-1/MAFbx and MuRF1 and the activity of the 20S proteasome were downregulated
by PYP15 treatment (Figure 7). In addition to the ubiquitin-proteasome system, the proteolytic system
found to be regulated by the Akt-FoxO signaling pathway is the autophagy-lysosomal system [53].
Previous studies have demonstrated the downregulation of the autophagy-lysosomal pathway by the
Akt-FoxO signaling pathway [54]. DEX exerts its atrophic effects by activating the autophagy-lysosomal
system through increased cathepsin-L muscle expression and increased conversion of LC3-I to LC3-II,
which is an indicator of autophagy [34–36]. In this study, the DEX-induced increased expression of
cathepsin-L and autophagy-related genes were downregulated by PYP15 treatment (Figure 8). We also
confirmed that Akt knockdown induced the upregulation of atrogin-1/MAFbx, MuRF1, and cathepsin-L,
effects that were reduced by PYP15 treatment (Figure 9). These results suggest that PYP15 protects
DEX-induced myotube atrophy by blocking the ubiquitin-proteasome and autophagy-lysosomal
pathways through downregulation of atrogenes activated by nuclear translocation of FoxO. Our results
also suggest that the activation of IGF-I-mediated Akt signaling is essential for the regulation of muscle
atrophy in proteolytic systems by PYP15.

In summary, these data provide molecular evidence that the anti-muscle atrophy effects of PYP15
are at least partially regulated by the Akt-mTORC1 and Akt-FoxO signaling pathways and reflect
inhibited upregulation of the ubiquitin-proteasome and autophagy-lysosomal pathways.
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4. Materials and Methods

4.1. Preparation of PYP15

PYP15 (D-P-K-G-K-Q-Q-A-I-H-V-A-P-S-F) was synthesized by Peptron (Daejeon, Korea). PYP15
was purified using the Shimadzu Prominence HPLC system (Shimadzu Corporation, Kyoto, Japan)
and a Capcell Pak C18 column (column dimensions, 150 × 4.6 mm; particle size, 2.7 μM; Shiseido
Corporation, Tokyo, Japan), with a gradient of 10% to 70% ACN (0% to 20% ACN for 2 min, 20% to 50%
ACN for 10 min, 50% to 80% ACN for 2 min) in 0.1% trifluoroacetic acid (TFA; v/v in water), a flow rate
of 1.0 mL/min, and UV detection at 220 nm, controlled via the software package Class-VP (ver. 6.14;
Shimadzu Corporation, Kyoto, Japan). The molecular weight of PYP15 was determined to be 1622
Da using an HP 110 Series liquid chromatography/mass spectrometric detector (LC/MSD) [ionization
mode, positive; nitrogen flow, 7 L/min; high vacuum, 1.3 × 10−5 torr; neb press, 40 psi; quadrupole
temperature, 100 ◦C; flow rate, 0.4 mL/min (isocratic ACN: DW = 8:2, 0.1% (v/v) TFA/water); Agilent
Technologies, Santa Clara, CA, USA)] [37].

4.2. Cell Culture and Differentiation

C2C12 mouse skeletal muscle cells were obtained from the American Type Culture Collection
(CRL-1722; ATCC, Manassas, VA, USA). Cells were maintained in a humidified 5% CO2 incubator
at 37 ◦C in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA), 100 U/mL penicillin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and 100 mg/mL
streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). C2C12 myoblasts were grown
to 70% to 80% confluence in culture dishes (100 mm) at 37 ◦C, then trypsinized and seeded
(4 × 104 cells/well) into six-well culture plates for experiments. Cells were grown to 70% to 80%
confluence in DMEM supplemented with 10% FBS at 37 ◦C for 24 h, at which time the medium was
replaced with DMEM containing 2% FBS to induce differentiation into myotubes; the medium was
replaced every 2 days. Cells were allowed to differentiate for 6 days, at which point 90% of the cells
had fused into myotubes [37].

4.3. Treatment with DEX and PYP15

Following 6 days of differentiation, C2C12 myotubes were subdivided into four groups: The
control group, in which cells were incubated in serum-free medium (SFM; DMEM containing 100 U/mL
penicillin and 100 mg/mL streptomycin); the DEX group, in which cells were treated with 100 μM
DEX (Sigma-Aldrich, St. Louis, MO, USA); the DEX + PYP15 group, in which cells were treated with
100 μM DEX and 500 ng/mL PYP15; and the PYP15 group, in which cells were treated with 500 ng/mL
PYP15. All groups were incubated in SFM at 37 ◦C for 24 h prior to harvesting cells for experiments.
The concentrations of DEX and PYP15 used here were based on previous studies [37].

4.4. MTS Assay

Cell viability was measured using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega Corporation, Madison, WI, USA), which is based on the formation
of a formazan product from tetrazolium compound MTS [(3-4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium)]. Briefly, cells (1.5 × 104 cells/well) were
seeded into 96-well plates in 100 μL DMEM supplemented with 10% FBS and were allowed to attach
at 37 ◦C for 24 h. After differentiation, the cells were incubated with 100 μM DEX and 500 ng/mL
PYP15 for 24 h at 37 ◦C. MTS solution (10 μL) was added and the cells were incubated at 37 ◦C for
30 min. The absorbance at 490 nm was measured using a Gen5 ELISA (Bio-Tek, Houston, TX, USA) [37].
Experiments were performed in triplicate.
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4.5. Real-Time PCR

The mRNA expression levels of specific genes were evaluated using real-time PCR. Total RNA
was isolated from C2C12 myotubes using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
CA, USA). The resulting RNA was evaluated by measuring the absorbance at 260 and 280 nm to
determine the RNA concentration and purity, respectively. A RevoScript Reverse Transcriptase PreMix
Kit (Intron Biotechnology Co., Ltd., Seongnam, Korea) was used to prepare cDNA according to the
manufacturer’s instructions, and the samples were stored at −50 ◦C. Real-time PCR was conducted
in 20-μL reactions using the TOPreal qPCR 2X preMIX (Enzynomics, Inc., Daejeon, Korea) and the
Illumina Eco real-time PCR system (Illumina, Inc., Hayward, CA, USA). All mRNA levels were
normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control [37].
The primers used for amplification are shown in Table 1.

Table 1. Oligonucleotide primer sequences used in real-time PCR.

Gene Accession No. Sequence (5′–3′) Amplicon Size (bp)

Atrogin-1/MAFbx NM_026346.3 F: ATGCACACTGGTGCAGAGAG
R: TGTAAGCACACAGGCAGGTC

168

Cathepsin-L M20495.1 F: GACCGGGACAACCACTGTG
R: CCCATCAATTCACGACAGGAT

61

GAPDH NM_008084.3 F: ACTCCACTCACGGCAAATTCA
R: CGCTCCTGGAAGATGGTGAT

91

KLF-15 NM_001355668.1 F: CGAGAAGCCCTTTGCCTGCA
R: ATCGCCGGTGCCTTGACAAC

70

MuRF1 DQ_229108.1 F: CGAGAAGCCCTTTGCCTGCA
R: GTGCCGGTCCATGATCACTT

59

REDD1 NM_029083.2 F: TGGTGCCCACCTTTCAGTTG
R: GTCAGGGACTGGCTGTAACC

121

4.6. Preparation of Total Cell Lysates

Cell were allowed to differentiate for 6 days at 37 ◦C, followed by incubation at 37 ◦C for 24 h in
either SFM (control group) or SFM containing 100 μM DEX (DEX group), 100 μM DEX + 500 ng/mL
PYP15 (DEX + PYP15 group), or 500 ng/mL PYP15 (PYP15 group). Cells were washed twice with
PBS (Gibco, Thermo Fisher Scientific) and lysed with extraction buffer [1% NP-40, 0.25% sodium
deoxycholate, 1 mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N’N’-tetraacetic acid, 150 mM
NaCl, and 50 mM Tris-HCl, pH 7.5] containing protease inhibitors (1 mg/mL aprotinin, 1 mg/mL
leupeptin, 1 mg/mL pepstatin A, 200 mM Na3VO4, 500 mM NaF, and 100 mM PMSF) on ice. After
incubation for 30 min at 4 ◦C, the extracts were centrifuged at 16,000 × g for 10 min at 4 ◦C, and protein
levels were quantified using a bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Fisher
Scientific) according to the manufacturer’s instructions. The supernatant was then used in Western
blot analysis [37].

4.7. Preparation of Cytosolic and Nuclear Extracts

Cells were treated and harvested as described above, lysed with hypotonic lysis buffer (25 mM
HEPES, pH 7.5, 5 mM EDTA, 5 mM MgCl2, and 5 mM DTT) containing protease inhibitors (1 mg/mL
aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin A, 200 mM Na3VO4, 500 mM NaF, and 100 mM
PMSF), and incubated for 15 min on ice. Cells were further lysed by adding 2.5% NP-40. After 10 min,
nuclei were collected by centrifugation at 7500 × g for 15 min at 4 ◦C. The supernatant (cytosolic
fraction) was immediately transferred to clean pre-chilled tubes. The insoluble (pellet) fraction is the
nuclear fraction. The nuclear fraction was resuspended in cell extraction buffer (10 mM HEPES pH
7.9, 100 mM NaCl, 1.5 mM MgCl2, 0.1 mM EDTA, and 0.2 mM DTT) containing protease inhibitors
(1 mg/mL aprotinin, 1 mg/mL leupeptin, 1 mg/mL pepstatin A, 200 mM Na3VO4, 500 mM NaF,
and 100 mM PMSF). The samples were placed on ice and vortexed for 15 s every 10 min for a total
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of 40 min. Extracts were centrifuged at 16,000 × g for 10 min, and protein levels were determined
using a BCA protein assay kit (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Both fractions were then used in Western blot analysis [37].

4.8. Western Blot Analysis

Equal amounts of proteins (40 μg) were separated by 6% to 12.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
membrane (Millipore, Bedford, MA, USA). The membrane was blocked at room temperature with
1% bovine serum albumin (BSA) in TBS-T (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween-20) and
then incubated with primary antibodies (Table 2). The secondary antibodies (diluted 1:10,000 to
1:20,000) were horseradish peroxidase-conjugated anti-rabbit IgG (7074S; Cell Signaling Technology,
Inc., Beverly, MA, USA), donkey anti-goat IgG (A50-101P; Bethyl Laboratories, Inc., Montgomery,
TX, USA), or goat anti-mouse IgG (sc-2031; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Signals were detected using an enhanced chemiluminescence Western blot analysis kit (Thermo Fisher
Scientific). Experiments were performed in triplicate and densitometry analysis was performed using
Multi-Gauge software version 3.0 (Fujifilm Life Science, Tokyo, Japan) [37].

Table 2. Primary antibodies used in Western blot analysis.

Antibody Manufacturer and Catalog No. Species of Origin Dilution Rate

4E-BP1 Santa Cruz Biotechnology: sc-9977 Mouse 1:1000
Akt Santa Cruz Biotechnology: sc-8312 Rabbit 1:1000

Atrogin-1/MAFbx Santa Cruz Biotechnology: sc-27645 Goat 1:2000
β-actin Santa Cruz Biotechnology: sc-47778 Mouse 1:1000

Cathepsin-L Santa Cruz Biotechnology: sc-6498 Goat 1:1000
eIF4E Santa Cruz Biotechnology: sc-514875 Mouse 1:1000
FoxO1 Santa Cruz Biotechnology: sc-374427 Mouse 1:500
FoxO3a Santa Cruz Biotechnology: sc-9813 Goat 1:1000
GAPDH Santa Cruz Biotechnology: sc-25778 Rabbit 1:1000
IGF-IR Santa Cruz Biotechnology: sc-713 Rabbit 1:1000
IRS-1 Santa Cruz Biotechnology: sc-560 Rabbit 1:1000

KLF-15 Santa Cruz Biotechnology: sc-27165 Mouse 1:1000
Lamin B Santa Cruz Biotechnology: sc-377000 Mouse 1:1000
LC3-I/II Cell Signaling: #4108S Rabbit 1:1000
mTOR Santa Cruz Biotechnology: sc-8319 Rabbit 1:1000
MuRF1 Santa Cruz Biotechnology: sc-27642 Goat 1:2000

p-4E-BP1 Santa Cruz Biotechnology: sc-293124 Mouse 1:1000
p70S6K Santa Cruz Biotechnology: sc-8418 Mouse 1:1000
p-Akt Santa Cruz Biotechnology: sc-135650 Mouse 1:500

p-FoxO1 Cell Signaling: #9461S Rabbit 1:500
p-FoxO3a Cell Signaling: #9466S Rabbit 1:1000
p-IGF-IR Santa Cruz Biotechnology: sc-101703 Rabbit 1:1000
p-IRS-1 Santa Cruz Biotechnology: sc-17200 Goat 1:1000

p-mTOR Santa Cruz Biotechnology: sc-293132 Mouse 1:1000
p-p70S6K Santa Cruz Biotechnology: sc-8416 Mouse 1:1000

p-S6 Santa Cruz Biotechnology: sc-293144 Mouse 1:1000
Raptor Santa Cruz Biotechnology: sc-81537 Mouse 1:1000
REDD1 Santa Cruz Biotechnology: sc-376671 Mouse 1:1000

Rheb Santa Cruz Biotechnology: sc-271509 Mouse 1:1000
Rictor Santa Cruz Biotechnology: sc-81538 Mouse 1:1000

S6 Santa Cruz Biotechnology: sc-74459 Mouse 1:1000

4.9. Akt Small Interfering RNA (siRNA) Transfection

For gene silencing, three different siRNA oligonucleotides (predesigned and synthesized by
Bioneer, Daejeon, Korea) targeting Akt (GenBank accession No. NM_009652.2) were transfected into
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differentiated C2C12 myotubes using Lipofectamine RNAiMAX transfection reagent (Invitrogen Life
Technologies) according to the manufacturer’s instructions. The siRNA sequences are listed in Table 3.
Negative controls were employed to evaluate siRNA specificity and for siRNA optimization. Briefly,
siRNA (50 μM) and Lipofectamine RNAiMAX were separately diluted in Opti-MEM (Invitrogen Life
Technologies) and then combined. The mixture was incubated for 20 min at room temperature and
added to the cells for 24 h at 37 ◦C. After 24 h, 4% FBS and antibiotic/antimycotic-free DMEM were
added to the cells, resulting in a final FBS concentration of 2%. The cells were further incubated for 24 h
in a CO2 incubator to silence Akt expression. The efficiency of Akt siRNA silencing was assessed by
measuring Akt protein levels by Western blotting. After siRNA transfection, myotubes were exposed
to 100 μM DEX and 500 ng/mL PYP15 for 24 h.

Table 3. Small interfering RNA (siRNA) sequences used for Akt knockdown.

Gene Accession No. Sequence (5′–3′)
Akt siRNA1 NM_009652.2 F: CUCAAGUGAGGUUGACAGA

R: UCUGUCAACCUCACUUGAG
Akt siRNA2 NM_009652.2 F: CCACGGAUACCAUGAACGA

R: UCGUUCAUGGUAUCCGUGG
Akt siRNA3 NM_009652.2 F: GACGAUGGACUUCCGAUCA

R: UGAUCGGAAGUCCAUCGUC

4.10. 20S Proteasome Activity Assay

The chymotrypsin-like activity of the 20S proteasome was measured as changes in the fluorescence
of 7-amino-4-methylcoumarin (AMC) conjugated to the chymotrypsin peptide substrate LLVY, using a
20S proteasome activity assay kit (Chemicon, Temecula, CA, USA). Briefly, cells were suspended in
RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM sodium chloride, 0.5% sodium deoxycholate, 1%
Triton X-100, 0.1% SDS, and 2 mM EDTA) containing protease inhibitors (1 mg/mL aprotinin, 1 mg/mL
leupeptin, 1 mg/mL pepstatin A, 200 mM Na3VO4, 500 mM NaF, and 100 mM PMSF) and centrifuged
at 16,000 × g for 10 min at 4 ◦C. The protein concentration in supernatants was determined using the
BCA protein assay kit (Pierce). The cell lysates were incubated for 90 min at 37 ◦C with a labeled
substrate, Leu-Leu-Val-Tyr (LLVY)-AMC, and the cleavage activity was monitored by detecting the
free fluorophore AMC using a fluorescence plate reader (Gen5 ELISA, Bio-Tek, Winooski, VT, USA).

4.11. Statistical Analysis

Mean values were compared by analysis of variance using SPSS software (ver. 10.0; SPSS Inc.,
Chicago, IL, USA). The values are presented as the mean ± SD. Different letters indicate significant
differences among groups according to Duncan’s multiple-range test [37].

Author Contributions: Conceptualization, T.-J.N.; Formal analysis, M.-K.L.; Funding acquisition, T-J.N.;
Investigation, M.-K.L. and J.-W.C.; Methodology, M.-K.L.; Resources, T.-J.N.; Supervision, T.-J.N.; Validation,
T.-J.N.; Visualization, M.-K.L.; Writing-original draft, M.-K.L.; Writing-review and editing, Y.H.C.

Funding: This study was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF), funded by the Ministry of Education (grant No. 2012R1A6A1028677).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Qian, Z.-J.; Jung, W.K.; Kim, S.K. Free radical scavenging activity of a novel antioxidative peptide purified
from hydrolysate of bullfrog skin, Rana catesbeiana Shaw. Bioresour. Technol. 2008, 99, 1690–1698. [CrossRef]

2. Korhonen, H.; Pihlanto, A. Bioactive peptides: Production and functionality. Int. Dairy J. 2006, 16, 945–960.
[CrossRef]

3. Suetsuna, K.; Maekawa, K.; Chen, J. Antihypertensive effects of Undaria pinnatifida (wakame) peptide on
blood pressure in spontaneously hypertensive rats. J. Nutr. Biochem. 2004, 15, 267–272. [CrossRef]

23



Mar. Drugs 2019, 17, 284

4. Jung, W.K.; Rajapakse, N.; Kim, S.K. Antioxidative activity of low molecular peptide derived from the sauce
of fermented blue mussel, Mytilus edulis. Eur. Food Res. Technol. 2005, 220, 535–539. [CrossRef]

5. Kim, S.K.; Kim, Y.T.; Byun, H.G.; Park, P.J.; Ito, H. Purification and characterization of antioxidative peptides
from bovine skin. BMB Rep. 2001, 34, 219–224.

6. Rajapakse, N.; Mendis, E.; Jung, W.K.; Je, J.Y.; Kim, S.K. Purification of radical scavenging peptide from
fermented mussel sauce and its anti-oxidant properties. Food Res. Int. 2005, 38, 175–182. [CrossRef]

7. Chen, J.; Suetsuna, K.; Yamauchi, F. Isolation and characterization of immunostimulative peptides from
soybean. J. Nutr. Biochem. 1995, 6, 310–313. [CrossRef]

8. Tsuruki, T.; Kishi, K.; Takahashi, M.; Tanaka, M.; Matsukawa, T.; Yoshikawa, M. Soymetide, an
immunostimulating peptide derived from soybean β-conglycinin, is an Fmlp agonist. FEBS Lett. 2003, 540,
206–210. [CrossRef]

9. Lee, M.K.; Kim, I.H.; Choi, Y.H.; Choi, J.W.; Kim, Y.M.; Nam, T.J. The proliferative effects of Pyropia yezoensis
peptide on IEC-6 cells are mediated through the epidermal growth factor receptor signaling pathway. Int. J.
Mol. Med. 2015, 35, 909–914. [CrossRef] [PubMed]

10. Fleurence, J.; Morancais, M.; Dumay, J. Seaweed proteins. In Protein in Food Processing; Yada, R.Y., Ed.;
Woodhead Publishing Limited: Cambridge, UK, 2014; pp. 197–213.

11. Kim, E.Y.; Choi, Y.H.; Nam, T.J. Identification and antioxidant activity of synthetic peptides from
phycobiliproteins of Pyropia yezoensis. Int. J. Mol. Med. 2018, 42, 789–798. [CrossRef]

12. Park, S.J.; Ryu, J.; Kim, I.H.; Choi, Y.H.; Nam, T.J. Activation of the mTOR signaling pathway in breast cancer
MCF-7 cells by a peptide derived from Porphyra yezoensis. Oncol. Rep. 2015, 33, 19–24. [CrossRef] [PubMed]

13. Lee, H.A.; Kim, I.H.; Nam, T.J. Bioactive peptide from Pyropia yezoensis and its anti-inflammatory activities.
Int. J. Mol. Med. 2015, 36, 1701–1706. [CrossRef] [PubMed]

14. Choi, Y.H.; Kim, E.Y.; Mikami, K.; Nam, T.J. Chemoprotective effects of a recombinant protein from Pyropia
yezoensis and synthetic peptide against acetaminophen-induced change liver cell death. Int. J. Mol. Med.
2015, 36, 369–376. [CrossRef]

15. Oh, J.H.; Kim, E.Y.; Choi, Y.H.; Nam, T.J. Negative regulation of ERK1/2 by PI3K is required for the protective
effects of Pyropia yezoensis peptide against perfluorooctane sulfonate-induced endoplasmic reticulum stress.
Mol. Med. Rep. 2017, 15, 2583–2587. [CrossRef]

16. Kim, C.R.; Kim, Y.M.; Lee, M.K.; Kim, I.H.; Choi, Y.H.; Nam, T.J. Pyropia yezoensis peptide promotes collagen
synthesis by activating the TGF-β/Smad signaling pathway in the human dermal fibroblast cell line Hs27.
Int. J. Mol. Med. 2017, 39, 31–38. [CrossRef] [PubMed]

17. Zhang, P.; Chen, X.; Fan, M. Signaling mechanisms involved in disuse muscle atrophy. Med. Hypotheses 2007,
69, 310–321. [CrossRef] [PubMed]

18. Schakman, O.; Gilson, H.; Thissen, J.P. Mechanisms of glucocorticoid-induced myopathy. J. Endocrinol. 2008,
197, 1–10. [CrossRef]

19. Auclair, D.; Garrel, D.R.; Chaouki Zerouala, A.; Ferland, L.H. Activation of the ubiquitin pathway in rat
skeletal muscle by catabolic doses of glucocorticoids. Am. J. Physiol. Cell Physiol. 1997, 272, C1007–C1016.
[CrossRef]

20. Shah, O.J.; Kimball, S.R.; Jefferson, L.S. Acute attenuation of translation initiation and protein synthesis by
glucocorticoids in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E76–E82. [CrossRef]

21. Kostyo, J.L.; Redmond, A.F. Role of protein synthesis in the inhibitory action of adrenal steroid hormones on
amino acid transport by muscle. Endocrinology 1966, 79, 531–540. [CrossRef]

22. Shah, O.J.; Kimball, S.R.; Jefferson, L.S. Among translational effectors, p70S6K is uniquely sensitive to
inhibition by glucocorticoids. Biochem. J. 2000, 347, 389–397. [CrossRef] [PubMed]

23. Te Pas, M.F.; de Jeong, P.R.; Verburg, F.J. Glucocorticoid inhibition of C2C12 proliferation rate and
differentiation capacity in relation to mRNA levels of the MRF gene family. Mol. Biol. Rep. 2000, 27,
87–98. [CrossRef]

24. Jellyman, J.K.; Martin-Gronert, M.S.; Cripps, R.L.; Giusseni, D.A.; Ozanne, S.E.; Shen, Q.W.; Du, M.;
Fowden, A.L.; Forhead, A.J. Effects of cortisol and dexamethasone on insulin signaling pathways in skeletal
muscle of the ovine fetus during late gestation. PLoS ONE 2012, 7, e52363. [CrossRef]

25. Nakao, R.; Hirasaka, K.; Goto, J.; Ishidoh, K.; Yamada, C.; Ohno, A.; Okumura, Y.; Nonaka, I.; Yasuromo, K.;
Baldwin, K.M.; et al. Ubiquitin ligase Cb1-b is a negative regulator for insulin-like growth factor 1 signaling
during muscle atrophy caused by unloading. Mol. Cell. Biol. 2009, 29, 4798–4811. [CrossRef] [PubMed]

24



Mar. Drugs 2019, 17, 284

26. Zheng, B.; Ohkawa, S.; Li, H.; Roberts-Wilson, T.K.; Price, S.R. FoxO3a mediates signaling crosstalk that
coordinates ubiquitin and atrogin-1/MAFbx expression during glucocorticoid-induced skeletal muscle
atrophy. FASEB J. 2010, 24, 2660–2669. [CrossRef]

27. Kukreti, H.; Amuthavalli, K.; Harikumar, A.; Sathiyamoorthy, S.; Feng, P.Z.; Anantharaj, R. Muscle-specific
microRNA1 (miR1) targets heat shock protein 70 (HSP70) during dexamethasone mediated atrophy.
J. Biol. Chem. 2013, 288, 6663–6678. [CrossRef] [PubMed]

28. Stitt, T.N.; Drujan, D.; Clarke, B.A.; Panaro, F.; Timofeyva, Y.; Kline, W.O.; Gonzalez, M.; Yancopoulos, G.D.;
Glass, D.J. The IGF-I/PI3K/Akt pathway prevents expression of muscle atrophy-induced ubiquitin ligases by
inhibiting FOXO transcription factors. Mol. Cell 2004, 14, 395–403. [CrossRef]

29. Mammucari, C.; Milan, G.; Romanello, V.; Masiero, E.; Rudolf, R.; Del Piccolo, P.; Buren, S.J.; Di Lisi, R.;
Sandri, C.; Zhao, J.; et al. FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab. 2007, 6, 458–471.
[CrossRef]

30. Hasselgren, P.O. Glucocorticoids and muscle catabolism. Curr. Opin. Clin. Nutr. Metab. Care 1999, 2, 201–205.
[CrossRef]

31. Leger, B.; Cartoni, R.; Praz, M.; Lamon, S.; Deriaz, O.; Crettenand, A.; Gobelet, C.; Rohmer, P.; Konzelmann, M.;
Luthi, F.; et al. Akt signaling through GSK-3β, mTOR and FoxO1 is involved in human skeletal muscle
hypertrophy and atrophy. J. Physiol. 2006, 576, 923–933. [CrossRef]

32. Sandri, M.; Sandri, C.; Gilbert, A.; Skurk, C.; Calabria, E.; Picard, A.; Kenneth, W.; Schiaffino, S.; Lecker, S.H.;
Goldberg, A.L. FoxO transcription factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause
skeletal muscle atrophy. Cell 2004, 117, 399–412. [CrossRef]

33. Deval, C.; Mordier, S.; Obled, C.; Bechet, D.; Combaret, L.; Attaix, D.; Ferrara, M. Identification of cathepsin-L
as a differentially expressed message associated with skeletal muscle wasting. Biochem. J. 2001, 360, 143–150.
[CrossRef]

34. Komamura, K.; Shirotani-Ikejima, H.; Tatsumi, R.; Tsujita-Kuroda, Y.; Kitakaze, M.; Miyatake, K.;
Sunagawa, K.; Miyata, T. Differential gene expression in the rat skeletal and heart muscle in
glucocorticoid-induced myopathy: Analysis by microarray. Cardiovasc. Drugs Ther. 2003, 17, 303–310.
[CrossRef]

35. Sacheck, J.M.; Ohtsuka, A.; Mclary, S.C.; Goldberg, A.L. IGF-I stimulates muscle growth by suppressing
protein breakdown and expression of atrophy-related ubiquitin ligases, atrogin-1 and MuRF1. Am. J. Physiol.
Endocrinol. Metab. 2004, 287, E591–E601. [CrossRef]

36. Yamamoto, D.; Maki, T.; Herningtyas, E.H.; Ikeshita, N.; Shibahara, H.; Sugiyama, Y.; Nakanishi, S.; Iida, K.;
Iguchi, G.; Takahashi, Y.; et al. Branched-chain amino acids protect against dexamethasone-induced soleus
muscle atrophy in rats. Muscle Nerve 2010, 41, 819–827. [CrossRef]

37. Lee, M.K.; Kim, Y.M.; Kim, I.H.; Choi, Y.H.; Nam, T.J. Pyropia yezoensis peptide PYP15 protects against
dexamethasone-induced muscle atrophy through the downregulation of atrogin1/MAFbx and MuRF1 in
mouse C2C12 myotubes. Mol. Med. Rep. 2017, 15, 3507–3514. [CrossRef] [PubMed]

38. Choi, Y.H.; Yamaguchi, K.; Oda, T.; Nam, T.J. Chemical and mass spectrometry characterization of the red
alga Pyropia yezoensis chemoprotective protein (PYP): Protective activity of the N-terminal fragment of PYP1
against acetaminophen-induced cell death in Chang liver cells. Int. J. Mol. Med. 2015, 35, 271–276. [CrossRef]

39. Desler, M.M.; Jones, S.J.; Smith, C.W.; Woods, T.L. Effects of dexamethasone and anabolic agents on
proliferation and protein synthesis and degradation in C2C12 myogenic cells. J. Anim. Sci. 1996, 74,
1265–1273. [CrossRef] [PubMed]

40. Schakman, O.; Kalista, S.; Barbe, C.; Loumaye, A.; Thissen, J.P. Glucocorticoid-induced skeletal muscle
atrophy. Int. J. Biochem. Cell Biol. 2013, 45, 2163–2172. [CrossRef]

41. Adams, G.R.; Mccue, S.A. Localized infusion of IGF-I results in skeletal muscle hypertrophy in rats.
J. Appl. Physiol. 1998, 84, 1716–1722. [CrossRef]

42. Lee, S.H.; Barton, E.R.; Sweeney, H.L.; Farrar, R.P. Viral expression of insulin-like growth factor-I enhances
muscle hypertrophy in resistance-trained rats. J. Appl. Physiol. 2004, 96, 1097–1104. [CrossRef]

43. Glass, D.J. Skeletal muscle hypertrophy and atrophy signaling pathways. Int. J. Biochem. Cell Biol. 2005, 37,
1974–1984. [CrossRef] [PubMed]

44. Clemmons, D.R. Role of IGF-I in skeletal muscle mass maintenance. Trends Endocrinol. Metab. 2009, 20,
349–356. [CrossRef]

25



Mar. Drugs 2019, 17, 284

45. Latres, E.; Amini, A.R.; Amini, A.A.; Griffiths, J.; Martin, F.J.; Lin, H.C.; Yancopoulos, G.D.; Glass, D.J.
Insulin-like growth factor-1 (IGF-1) inversely regulates atrophy-induced genes via the phosphatidylinositol
3-kinase/Akt/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway. J. Biol. Chem. 2005, 280, 2737–2744.
[CrossRef]

46. Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [CrossRef]
47. Kamei, Y.; Miura, S.; Suzuki, M.; Kai, Y.; Mizukami, J.; Taniguchi, T.; Mochida, K.; Hata, T.; Matsuda, J.;

Aburatani, H.; et al. Skeletal muscle FOXO1 (FKHR) transgenic mice have less skeletal muscle mass,
down-regulated type I (slow twitch/red muscle) fiber genes, and impaired glycemic control. J. Biol. Chem.
2004, 279, 41114–41123. [CrossRef] [PubMed]

48. Southgate, R.J.; Neill, B.; Prelovsek, O.; El-Osta, A.; Kamei, Y.; Miura, S.; Exaki, O.; McLoughlin, T.J.;
Zhang, W.; Unterman, T.G.; et al. FoxO1 regulates the expression of 4E-BP1 and inhibits mTOR signaling in
mammalian skeletal muscle. J. Biol. Chem. 2007, 282, 21176–21186. [CrossRef] [PubMed]

49. Naujokat, C.; Hoffmann, S. Role and function of the 26S proteasome in proliferation and apoptosis.
Lab. Investig. 2002, 82, 965–980. [CrossRef] [PubMed]

50. Wolf, D.H.; Hilt, W. The proteasome: A proteolytic nanomachine of cell regulation and waste disposal.
Biochim. Biophys. Acta 2004, 1695, 19–31. [CrossRef] [PubMed]

51. Lecker, S.H.; Goldberg, A.L.; Mitch, W.E. Protein degradation by the ubiquitin-proteasome pathway in
normal and disease states. J. Am. Soc. Nephrol. 2006, 17, 1807–1819. [CrossRef]

52. Jagoe, R.T.; Goldberg, A.L. What do we really know about the ubiquitin-proteasome pathway in muscle
atrophy? Curr. Opin. Clin. Nutr. Metab. Care 2001, 4, 183–190. [CrossRef] [PubMed]

53. Mammucari, C.; Schiaffino, S.; Sandri, M. Downstream of Akt: FoxO3 and mTOR in the regulation of
autophagy in skeletal muscle. Autophagy 2008, 4, 524–526. [CrossRef] [PubMed]

54. Zaho, J.; Brault, J.J.; Schild, A.; Cao, P.; Sandri, M.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. FoxO3
coordinately activates protein degradation by the autophagic/lysosomal and proteasomal pathways in
atrophying muscle cells. Cell Metab. 2007, 6, 472–483. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

26



marine drugs 

Article

Effect of Chlorella Pyrenoidosa Protein
Hydrolysate-Calcium Chelate on Calcium Absorption
Metabolism and Gut Microbiota Composition in
Low-Calcium Diet-Fed Rats

Pengpeng Hua 1,2, Yu Xiong 1, Zhiying Yu 1, Bin Liu 1,2,* and Lina Zhao 1,*

1 National Engineering Research Center of JUNCAO Technology, Fujian Agriculture and Forestry University,
Fuzhou 350002, China; huapengpeng_flower@163.com (P.H.); aindxiong@163.com (Y.X.);
18838018055@163.com (Z.Y.)

2 College of Food Sciences, Fujian Agriculture and Forestry University, Fuzhou 350002, China
* Correspondence: liubin618@hotmail.com (B.L.); zln20002000@163.com (L.Z.);

Tel.: +86-591-8353-0197 (B.L. & L.Z.)

Received: 30 April 2019; Accepted: 3 June 2019; Published: 11 June 2019

Abstract: In our current investigation, we evaluated the effect of Chlorella pyrenoidosa protein
hydrolysate (CPPH) and Chlorella pyrenoidosa protein hydrolysate-calcium chelate (CPPH-Ca) on
calcium absorption and gut microbiota composition, as well as their in vivo regulatory mechanism in
SD rats fed low-calcium diets. Potent major compounds in CPPH were characterized by HPLC-MS/MS,
and the calcium-binding mechanism was investigated through ultraviolet and infrared spectroscopy.
Using high-throughput next-generation 16S rRNA gene sequencing, we analyzed the composition
of gut microbiota in rats. Our study showed that HCPPH-Ca increased the levels of body weight
gain, serum Ca, bone activity, bone mineral density (BMD) and bone mineral content (BMC), while
decreased serum alkaline phosphatase (ALP) and inhibited the morphological changes of bone.
HCPPH-Ca up-regulated the gene expressions of transient receptor potential cation V5 (TRPV5),
TRPV6, calcium-binding protein-D9k (CaBP-D9k) and a calcium pump (plasma membrane Ca-ATPase,
PMCA1b). It also improved the abundances of Firmicutes and Lactobacillus. Bifidobacterium and
Sutterella were both positively correlated with calcium absorption. Collectively, these findings
illustrate the potential of HCPPH-Ca as an effective calcium supplement.

Keywords: Chlorella pyrenoidosa protein hydrolysate (CPPH); Chlorella pyrenoidosa protein
hydrolysate-calcium chelate (CPPH-Ca); calcium absorption; gene expression; gut microbiota

1. Introduction

As one of the most abundant mineral elements in human body, calcium plays a critical role in
human bone health, especially for children [1] and the elderly [2]. A low intake and bioavailability of
calcium may cause calcium deficiency [3], which is characterized by low levels of calcium and alkaline
phosphatase (ALP) in serum, as well as low bone mass. Calcium deficiency causes microarchitectural
deterioration of bone tissue, leading to increased bone fragility and risk of fracture [4–6]. Considerable
efforts have been devoted to developing appropriate treatments because of the medical importance of
calcium deficiency. Although many calcium supplements are available on the market, their efficacies
are often low and side effects are common [7]. Calcium gluconate (HGCa), inorganic calcium (CaCO3)
and calcium lactate are the main forms of ionized calcium in the intestinal environment, which have
the disadvantage of easily forming calcium phosphate deposition [7]. As a result, the bioavailability
and the absorption of dietary calcium is severely lowered [8]. Therefore, a well-tolerated treatment
with minimal side effects for calcium absorption is urgently required. Many calcium-containing
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complexes and commercial products are currently available to prevent calcium deficiency in humans [9].
Previous studies have shown that substances such as casein phosphopeptides (CPPs) and phosvitin
phosphopeptides (PPPs) can improve calcium absorption [10–12]. In addition, soybean, fish bone, hen
egg white peptides (EPs), shrimp processing by-products and whey protein have also been shown to
facilitate the in vivo calcium absorption, while their in vivo effect remains largely unclear [13–20].

Chlorella pyrenoidosa is a genus of unicellular green algae which contains many substances that
could be beneficial for human health, such as proteins, β-carotene and amino acids [21–23]. It is a good
material for biotechnology research, and is also a source of high-quality single-cell protein [24–27]. At
present, active peptides derived from Chlorella pyrenoidosa proteins are research hotspots worldwide.
Most studies focus on the development of functional peptides, such as Chlorella pyrenoidosa protein
(CCP), which has antioxidant, antimicrobial, blood pressure-reducing, lipid-lowering and immune
regulatory properties [28–33]. However, there is almost no research on the activity of Chlorella pyrenoidosa
calcium-chelating peptide.

At the molecular level, transient receptor potential cation V5 (TRPV5) [34–36], TRPV6 [37,38],
calcium-binding protein-D9k (CaBP-D9k) and a calcium pump (plasma membrane Ca-ATPase,
PMCA1b) [39–46] can modulate calcium re-absorption in the renal tubules [47,48]. It is widely
accepted that gut microbiota has beneficial effects on calcium absorption and bone health. Some
bacterial genera, such as Bifidobacterium and L. reuteri, are positively correlated with levels of serum
Ca, ALP, bone mineral content (BMC) and bone mineral density (BMD) [49]. Moreover, Marine algae
can regulate the composition of microbiota [50] and have a beneficial effect on the improvement
the Ca absorption [51]. However, the calcium-promoting mechanism of Chlorella pyrenoidosa protein
hydrolysate-calcium chelate (CPPH-Ca) has not been well studied. Therefore, in the present study,
we aimed to assess the potential calcium absorption of HCPPH-Ca in rats fed low-calcium diets.
Furthermore, we also determined the specific gene expression and the composition of gut microbiota.

2. Results

2.1. Characterization of Potent Major Compounds of CPPH and Structural Characterization of CPPH-Ca

Table S1 illustrates the identified peptide sequences of CPPH. A total of 43 peptide sequences
were detected from CPPH. Retention times ranged from 4.21 min to 8.37 min. Figure S1 shows that the
ultraviolet absorption spectrum of CPPH and CPPH-Ca demonstrated obvious band shifts. When
the CPPH and Ca ions chelated, the UV absorption spectra of CPPH obviously shifted/changed both
in band and intensity in the area of 223 to 274 nm. The absorption peak of WPH shifted from 230 to
265 nm. The CPPH-Ca presented distinct UV absorption spectra compared with CPPH, suggesting
that the new substance was formed when CPPH interacted with calcium ions. Figure S2 shows that
the FT-IR spectrum curve of CPPH-Ca was different from CPPH. CPPH-Ca had obvious fluctuations
at 3410 cm−1, 1650 cm−1 and 1400 cm−1, while CPPH exhibited obvious absorption peak at around
3350 cm−1, 1642 cm−1 and 1476 cm−1. Meanwhile, the spectra of the CPPH showed two strong bands at
1642 cm−1 and 1625 cm−1(amide-I). After binding with calcium, two peaks appeared at 1650 cm−1 and
1400 cm−1, with that at 1400 cm−1 showing the symmetric stretching vibration of -COO. The results
indicate that the interaction site between calcium and CPPH is carboxyl oxygen.

2.2. Body Weight and Biochemical Parameters in Serum

Table 1 lists the changes in the body weights of rats in different groups. During the experimental
period, no rats died. At week 0, no significant difference in terms of initial body weight was observed
among the 10 groups. After 4 weeks, the body weight of low calcium diet-fed (model) was obviously
lower compared with the normal diet-fed (control) group. In addition, after 8 weeks, the rats fed with
HCPPH-Ca in the high dose group gained body weight more rapidly compared with the model group
and HCaCO3 (p < 0.05). However, there was no significant difference between the HCPPH-Ca group
and control group. After 8 weeks, the final body weight gain of the MCPPH +MCaCO3, HCPPH +
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HCaCO3, MCPPH-Ca and HCPPH-Ca groups was significantly higher than that of the model group (p
< 0.05). These results indicated that CPPH-Ca could effective improve body weight to a normal level,
even in the middle dose group, that HCPPH-Ca was better than HCaCO3, even in HGCa, and that
calcium in CPPH-Ca was more easily to be absorbed.

Table 1. Changes in the body weight of rats in the different groups during the experimental period.

Groups
Weight (g)

0 Weeks 4 Weeks 8 Weeks Weight Gain

Control 120.04 ± 4.66a 303.62 ± 10.43a 371.21 ± 14.01a 245.13 ± 9.00a

Model 125.19 ± 4.79a 267.32 ± 5.62b 308.56 ± 4.58e 189.36 ± 8.33f

HCaCO3 120.39 ± 9.22a 269.63 ± 14.27b 326.33 ± 19.47bcd 211.42 ± 9.63bcd

HGCa 122.70 ± 2.19a 271.54 ± 13.35b 331.92 ± 11.43bc 221.79 ± 10.96bc

LCPPH + LCaCO3 122.443 ± 4.75a 266.95 ± 11.27b 320.97 ± 14.36cde 196.53 ± 11.53ef

MCPPH +MCaCO3 119.72 ± 5.43a 271.54 ± 17.60b 328.01 ± 24.35bcd 208.23 ± 21.50cde

HCPPH + HCaCO3 123.94 ± 4.76a 269.85 ± 12.52b 333.47 ± 17.22bc 214.70 ± 11.34bcd

LCPPH-Ca 123.34 ± 4.49a 267.35 ± 9.50b 325.72 ± 20.89bcd 202.38 ± 17.97def

MCPPH-Ca 121.65 ± 4.63a 269.20 ± 6.67b 332.21 ± 11.45bc 204.33 ± 15.22de

HCPPH-Ca 121.85 ± 7.19a 270.62 ± 13.87b 340.02 ± 20.01a 223.41 ± 13.03b

Note: control, normal group; model, low calcium group; HCaCO3, high dosage of CaCO3 group; HGCa, high
dosage of calcium gluconate group; LCPPH + LCaCO3, low dosage of CPPH supplemented with low dosage of
CaCO3 group; MCPPH +MCaCO3, model dosage of CPPH supplemented with model dosage of CaCO3 group;
HCPPH + HCaCO3, high dosage of CPPH supplemented with high dosage of CaCO3 group; LCPPH-Ca, low
dosage of CPPH-Ca group; MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca, high dosage of CPPH-Ca
group. Data are expressed as the mean ± SD (n = 10). One-way ANOVA with Tukey’s test. Different letters indicate
significant effect with p < 0.05.

Figure 1 summarizes the changes about the biochemical parameters in the serum. After 8 weeks,
the serum phosphorus (p) level was not significantly changed under different treatments (p < 0.05)
(Figure 1B). However, rats fed with the serum Ca level increased significantly in control group compared
with the model group (p < 0.05) (Figure 1A), the serum ALP activity were decreased significantly
in control group compared with the model group (p < 0.05) (Figure 1C). Particularly, rats fed with
supplements at low, medium or high dose of CPPH-Ca and high dose of CPPH + CaCO3 showed a
significant increase of serum Ca level compared with the model group even CaCO3 group (p < 0.05),
while those groups were no different significantly from control group and HGCa group. The ALP
activity in the serum showed no significant difference between the HCPPH-Ca and control groups
(Figure 1C), while those groups showed a significant decrease in ALP compared with the model group
(p < 0.05). A high dosage of CPPH + CaCO3 and CPPH-Ca deduced a greater ALP activity compared
with low dosages of CPPH + CaCO3 and CPPH-Ca. Therefore, these results reveal that CPPH-Ca, even
in the low dose group, was more easily absorbed and calcified.
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Figure 1. Biochemical parameters in the serum of Ca-deficient rats after oral gavage with different
Ca. Serum Ca (A), Serum P (B), Serum alkaline phosphatase (Serum ALP) (C). Note: control, normal
group; model, low calcium group; HCaCO3, high dosage of CaCO3 group; HGCa, high dosage of
calcium gluconate group; LCPPH + LCaCO3, low dosage of CPPH supplemented with low dosage
of CaCO3 group; MCPPH +MCaCO3, model dosage of CPPH supplemented with model dosage of
CaCO3 group; HCPPH + HCaCO3, high dosage of CPPH supplemented with high dosage of CaCO3

group; LCPPH-Ca, low dosage of CPPH-Ca group; MCPPH-Ca, model dosage of CPPH-Ca group;
HCPPH-Ca, high dosage of CPPH-Ca group. Data are expressed as the mean ± SD (n = 10). One-way
ANOVA with Tukey’s test. Different letters indicate significant effect with p < 0.05.

2.3. Bone Biomechanical Parameters and Histomorphometry

To measure the assimilation and metabolism of calcium, femur properties were monitored in the
experiment. Figure 2 presents the dry weight (DW) index, length and diameter of femurs and tibias
of all rats. At the end of 8 weeks, no significant differences in tibial diameter were observed in any
group (Figure 2F) (p < 0.05). The femur weight index, femur length, femur diameter, tibial weight
index and tibial length of the high dose of CPPH-Ca and HGCa groups were significantly increased
compared to the model group (Figure 2A–E) (p < 0.05). Meanwhile, there was no statistically significant
difference between the HCPPH-Ca group or HGCa group and control group in the femur weight
index, femur length, femur diameter, tibial weight index and tibial length (p < 0.05). The femur weight
and the length of high dose of CaCO3, HGCa and the medium and high dose of CPPH-Ca groups
were significantly higher compared with the model group (p < 0.05), while no significant differences
among HCaCO3, HGCa and HCPPH-Ca groups were observed (Figure 2A,B,D,E). Particularly, the
bone biomechanical parameters of rats in the low, medium and high dose CPPH-Ca groups were
higher than those in the CPPH + CaCO3 group. Figure 3 indicates that the levels of BMD and BMC at
the proximal, central, and distal ends of the femur at the end of 8 weeks were significantly increased
in the high dose of CPPH-Ca, HGCa and control groups compared with the model and HCaCO3

groups (p < 0.05). However, the femur BMD and BMC were significantly different between the high
dose of CPPH-Ca and HGCa groups, and the high dose of CPPH-Ca group exhibited a greater effect
compared with the HGCa group. The administration of high doses of CPPH-Ca significantly increased
the levels of BMD and BMC compared with the high dose of CPPH + CaCO3 group at the end of the
experiment (8 weeks) (p < 0.05) (Figure 3A–F). There was no significant difference in the levels of
BMD and BMC of low and medium doses of CPPH + CaCO3, while the level of distial BMD reached
that of the control group when fed with high doses of CPPH-Ca. H&E staining exhibited the effect of
CPPH-Ca on pathological profiles in the femur (Figure 4). According to microarchitectural of femoral
necks analysis, the sections of femur tissues in the control group showed normal level (Figure 4A).
However, the model group showed abnormal (Figure 4B) bone volume per tissue volume (BV/TV),
trabecular thickness (Tb.Th), trabecular number (Tb.No). In the rats fed with CPPH-Ca, we found
that the bone volume compared to the tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.No) was significantly increased, whereas trabecular separation (Tb.Sp) was dramatically
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decreased. The aforementioned results indicate the beneficial effects of HCPPH-Ca and HCPPH +
HCaCO3 treatments on the femoral pathology in calcium-deficient rats (Figure 4G,J).

Figure 2. Weight index, length and diameter of femurs and tibias of Ca-deficient rats after treatment
with different Ca. Femur weight index (A), Femur length (B), Femur diameter (C), Tibia weight index
(D), Tibia length (E), Tibia diameter (F). Note: control, normal group; model, low calcium group;
HCaCO3, high dosage of CaCO3 group; HGCa, high dosage of calcium gluconate group; LCPPH +
LCaCO3, low dosage of CPPH supplemented with low dosage of CaCO3 group; MCPPH +MCaCO3,
model dosage of CPPH supplemented with model dosage of CaCO3 group; HCPPH + HCaCO3, high
dosage of CPPH supplemented with high dosage of CaCO3 group; LCPPH-Ca, low dosage of CPPH-Ca
group; MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca, high dosage of CPPH-Ca group.
Data are expressed as the mean ± SD (n = 10). One-way ANOVA with Tukey’s test. Different letters
indicate significant effect with p < 0.05.
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Figure 3. Femurs bone mineral content (BMC) and bone mineral density (BMD) of Ca-deficient rats
after oral gavage with different Ca in the experimental period. Proximal BMC (A), Central BMC (B),
Distal BMC (C), Proximal BMD (D), Centrality BMD (E), Distal BMD (F). Note: control, normal group;
model, low calcium group; HCaCO3, high dosage of CaCO3 group; HGCa, high dosage of calcium
gluconate group; LCPPH + LCaCO3, low dosage of CPPH supplemented with low dosage of CaCO3

group; MCPPH + MCaCO3, model dosage of CPPH supplemented with model dosage of CaCO3

group; HCPPH +HCaCO3, high dosage of CPPH supplemented with high dosage of CaCO3 group;
LCPPH-Ca, low dosage of CPPH-Ca group; MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca,
high dosage of CPPH-Ca group. Data are expressed as the mean ± SD (n = 10). One-way ANOVA with
Tukey’s test. Different letters indicate significant effect with p < 0.05.

 

Figure 4. Histopathological analysis of rat kidney tissues in different groups at 100×magnification.
control (A), model (B), HCaCO3 (C), HGCa (D), LCPPH+ LCaCO3 (E), MCPPH+MCaCO3 (F), HCPPH
+ HCaCO3 (G), LCPPH-Ca (H), MCPPH-Ca (I), HCPPH-Ca (J).

2.4. Calcium Balance

Figure 5 shows that the oral administration of low, medium and high doses of CPPH-Ca remarkably
improved the apparent calcium absorption (ACAR) of rats compared with CaCO3 (p < 0.05) (Figure 5A),
and that these groups had no significant difference in ACAR between the control and HGCa group.
Meanwhile, the administration of the low, middle and high doses of CPPH-Ca significantly increased
the calcium accumulation rate (CAR) (p < 0.05), indicating the beneficial effects of CPPH-Ca treatment
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on calcium absorption in calcium-deficient rats. Moreover, the CAR in the low, medium and high
doses CPPH-Ca groups were significantly higher compared with the HCaCO3 group (p < 0.05). Rats
in the HCPPH-Ca group showed significantly higher ACAR and CAR compared with the HCPPH +
HCaCO3 group (p < 0.05). The ACAR and CAR of the CPPH + CaCO3 group at different doses were
not significantly different from those of the corresponding CPPH-Ca groups (p < 0.05).

Figure 5. Apparent calcium absorption rate (ACAR) and calcium accumulation rate (CAR) of
Ca-deficient rats after oral gavage with different Ca. ACAR (A), CAR (B). Note: control, normal group;
model, low calcium group; HCaCO3, high dosage of CaCO3 group; HGCa, high dosage of calcium
gluconate group; LCPPH + LCaCO3, low dosage of CPPH supplemented with low dosage of CaCO3

group; MCPPH + MCaCO3, model dosage of CPPH supplemented with model dosage of CaCO3

group; HCPPH +HCaCO3, high dosage of CPPH supplemented with high dosage of CaCO3 group;
LCPPH-Ca, low dosage of CPPH-Ca group; MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca,
high dosage of CPPH-Ca group. Data are expressed as the mean ± SD (n = 10). One-way ANOVA with
Tukey’s test. Different letters indicate significant effect with p < 0.05.

2.5. Gene Expression of Corresponding Receptors in the Kidney of the Rats

We examined the expressions of genes involved in calcium absorption in the kidney to assess
the molecular mechanisms of CPPH-Ca in regulating the calcium absorption mechanism (Figure 6).
Our data revealed that there was a significant increase in most genes at the mRNA level responsible
for calcium absorption in kidney of CaBP-D9k, TRPV6 and TRPV5 by the HGCa and the high dose
of CPPH-Ca treatment when compared with the model group (p < 0.05) (Figure 6A,B,D). PMCA1b
is located on the basolateral membrane and plays a role in the extrusion of calcium. We found
that the PMCA1b expression was significantly elevated in the HCPPH-Ca group compared with the
control group (p < 0.05) (Figure 6C). Collectively, these results indicated that HCPPH-Ca promoted
calcium absorption in the kidney of calcium-deficient rats, suggesting that calcium supplementation
of HCPPH-Ca enhanced calcium absorption, activated calcium transport channels and up-regulated
intracellular calcium buffering genes.
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Figure 6. mRNA expression levels of genes involved in calcium-promoting mechanism as determined
using real-time PCR. Transient receptor potential cation V6 (TRPV6) (A), Transient receptor potential
cation V5 (TRPV5) (B), calcium-binding protein-D9k (CaBP-D9K) (C), plasma membrane Ca-ATPase
(PMCA1b) (D). Note: control, normal group; model, low calcium group; HCaCO3, high dosage
of CaCO3 group; HGCa, high dosage of calcium gluconate group; LCPPH + LCaCO3, low dosage
of CPPH supplemented with low dosage of CaCO3 group; MCPPH + MCaCO3, model dosage of
CPPH supplemented with model dosage of CaCO3 group; HCPPH + HCaCO3, high dosage of
CPPH supplemented with high dosage of CaCO3 group; LCPPH-Ca, low dosage of CPPH-Ca group;
MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca, high dosage of CPPH-Ca group. Data are
expressed as the mean ± SD (n = 10). One-way ANOVA with Tukey’s test. Different letters indicate
significant effect with p < 0.05.

2.6. CPPH-Ca Modulates Caecal Microbiota Composition of Calcium-Deficient Rats

To identify the effects of HCPPH-Ca on the compositional distribution of caecal microbiota, we
investigated the dominant microbial populations in the other groups (Figure 7) using high-throughput
sequencing (HTS) technology. Additionally, the V3–V4 regions of the 16S rRNA gene from fecal
samples were sequenced using the Illumina MiSeq platform. At the genus level of metagenomic
analysis, the calcium deficiency induced by low calcium diet changed the composition of the intestinal
microbiota when compared with the control group. However, the gut microbiota populations of
the HCPPH-Ca group recovered. In this study, Allobaculum, Lactobacillus, Oscillospira, Desulfovibrio,
Coprococcus, Oscillospira, Akkermansia, Adlercreutzia, Dorea, Blautia, Ruminococcus, Bifidobacterrium and
Clostridium were the prevailing genera in different groups. Through 8 weeks of HCPPH-Ca treatment,
the relative abundances of these bacteria were significantly altered, and Allobaculum, Lactobacillus and
Ruminococcus were the most prominently enriched ones after HCPPH-Ca treatment at the genus level.
In addition, the abundance of Coprococcus was reduced in the HCPPH-Ca group compared with the
model group. These results suggested that low-calcium diets could dysregulate the distribution of gut
microbiota, while HGCa treatment might have the ability to restore the ecological imbalance of the
intestinal flora, maintaining its healthy composition.
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Figure 7. Changes in the bacterial composition of rat intestinal contents according to different genera.
Composition of gut microbiota at the genus level. Note: control, normal group; model, low calcium
group; HCaCO3, high dosage of CaCO3 group; HGCa, high dosage of calcium gluconate group; LCPPH
+ LCaCO3, low dosage of CPPH supplemented with low dosage of CaCO3 group; MCPPH +MCaCO3,
model dosage of CPPH supplemented with model dosage of CaCO3 group; HCPPH + HCaCO3, high
dosage of CPPH supplemented with high dosage of CaCO3 group; LCPPH-Ca, low dosage of CPPH-Ca
group; MCPPH-Ca, model dosage of CPPH-Ca group; HCPPH-Ca, high dosage of CPPH-Ca group.
T-test was used to calculate significant differences between group.

2.7. Correlations of Biochemical Data and Key Phylotypes of Caecal Microbiota

In the present study, we explored the interactive features between the calcium absorption and
gut microbiota during the calcium deficiency-induced development. The correlation between the
composition of gut microbiota and biochemical indicators induced by HCPPH-Ca was also assessed
by Spearman’s algorithm (Figure 8). The microbes, including Lactobacillus, Rothia, Streptococcus and
Turicibacter, showed a positive correlation with abnormal parameters, such as serum Ca and body
weight, while Sutterella was negatively correlated with the serum Ca and body weight. Interestingly,
D-75-a5, Akkeruansia, Rothia and Streptococcus were positively correlated with serum P, serum Ca levels
and body weight. These results indicated that these bacteria played an important role in the beneficial
effects of HCPPH-Ca.

Figure 8. Heatmap of Spearman’s correlation between caecal microbiota of significant differences
and biochemical indexes. The depth of the color corresponds the extent of relevance between caecal
microbiota and biochemical indexes. (FDR adjusted p < 0.05).
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3. Discussion

To provide more information on the binding of metal ions with organic ligand groups of peptide,
the FTIR spectra are shown (Figure S2).The specific FTIR absorption peak of amide-A stretching
vibration had significant fluctuations at 3410 cm−1, which might be attributed to the substitution of
N-OH bonds (hydrogen bonds) with Ca-N bonds after calcium chelation [51,52]. The amide-I vibration
and amide-II vibration were important vibrational modes of amides. The amide-I vibration is primarily
caused by the stretching of C=O bonds and amide-II vibration is assigned to deformation of N-H
bonds and stretching of C–N bonds [13,14]. The absorption band of FY at 1642 cm−1 for the amide I
band shifted to a higher frequency (1650 cm−1) when chelating with calcium, showing that the -COO-
group participated in the covalent combining reaction with the metal cations [13]. After chelation, the
spectrum shifted towards high-frequency wavenumbers (3500–2800 cm−1), indicating that the dipole
field effect or induced effect led to the electron cloud density and frequency increase. Strong absorption
peaks at 1600 cm−1 and 1300 cm−1 for the amide I band showed that the -COO- group participated in
the covalent combination reaction with the metal cations [53]. The maximum absorption peak of the
CPPH was at around 230 nm, and the maximum absorption peak of the CPPH-Ca was transferred at
around 223 nm. This showed that the chromophore groups (C=O, -COOH) and auxochrome groups
(-OH, -NH2) induced intensity changes and red shift in the ultraviolet spectrum when the CPPH was
combined with calcium ions to form a chiral spatial structure [54]. Therefore, structural characterization
of CPPH-Ca showed that CPPH and Ca2+ were combined to form a new substance.

Low-calcium diets may cause a significant reduction in body weight and changes in the serum
parameters, gut microbiota disturbance and intestinal barrier dysfunction as well as osteoporosis,
hypertension and rickets [55,56]. Therefore, various types of calcium-fortified medicines and foods
have come onto the market. However, calcium deficiency is still widespread due to insufficient
absorption of the intake calcium and low bioavailability [57–60]. Currently, organic calcium (especially
the peptide-calcium complex) as a new type of calcium supplement has become a hot research topic,
due to its good therapeutic effects in clinical practice [61,62]. In the present study, we investigated
whether CPPH + CaCO3 and CPPH-Ca promoted calcium absorption and how such an effect might
impair kidney gene expression and gut microbiota. Rats fed with high doses of CPPH-Ca increased
serum Ca and P concentration, and decreased serum ALP level. The results indicated that high doses
of CPPH-Ca increased serum Ca and P concentrations, which rose to values comparable to those of the
control group [4]; this was consistent with previously reported studies [63,64]. Meanwhile, CPPH-Ca
may influence organism growth. These results of this observation could be the ability of a high dose of
CPPH-Ca to increase the calcium retention and prevent mineral loss [4]. ALP play an important role
in the process of bone calcification; it will increase when calcification is abnormal [64]. High serum
ALP level may interfere with calcium absorption [65–68]. The results illustrated that the high dose
of CPPH-Ca treatment could restore calcification to a normal level, and that calcium in HCPPH-Ca
was more easily absorbed, calcified and its effect was better compared with inorganic calcium, even in
the HGCa.

Femoral properties are the ideal monitoring indicators in the calcium supplementation experiment
because they are sensitive to Ca assimilation and metabolism [63]. The consumption of low calcium
(model) obviously decreased the dry weight (DW) index, length and diameter of femurs and tibias,
indicating that calcium deficiency resulted in calcification of rat bone, which were consistent with a
previous study [63]. In our study, the high dose of CPPH-Ca supplementation significantly alleviated
the levels of femoral and tibial weight index, length and diameter in low-calcium diet-fed rats
during eight-weeks, suggesting that HCPPH-Ca had positive effects on calcium absorption and bone
calcification. Bone content (BMC) and bone mineral density (BMD) are used to assess the bone strength
and quality of bone [62]. The loss of bone mass is accompanied by increased bone remodeling, evidenced
by elevated serum ALP activity. Interestingly, our results illustrated that HCPPH-Ca treatment could
effectively improve bone index parameters, and more effective absorption and utilization of calcium
were found in rats fed HCPPH-Ca compared with inorganic calcium and even HGCa [67]. BMD and
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BMC are the gold standards for the evaluation of low-calcium deficiency risk [66]. In addition, the
BMD of femur and tibia were markedly reduced in the model and HCaCO3 groups compared with
the HCPs-Ca, HGCa and control groups. The 8-week treatment of HCPPH-Ca improved BMD and
BMC and prevented the bone loss induced by calcium deficiency. As previously described, calcium
deficiency is a metabolic bone disease characterized by reduced BMD and BMC. BMC and BMD in rats
can be improved by supplementation of bovine and caprine cheese [68]. In addition, these changes
of calcium deficiency phenotypes might be associated with femoral mineralization. In this study,
low-calcium diets could cause morphological changes of trabecular bone and femoral mineralization
of rats [68]. Histopathological analyses revealed visible differences of femur tissue structure in these
ten groups. The histopathological femur was improved by HCPPH-Ca supplementation, for which
the result was similar to previous research [66]. Meanwhile, the calcium bioavailability of a body
is usually increased in cases of severe calcium deficiency. A previous study showed that effective
calcium supplementation can improve the ACAR and CAR [57]. In our experiment, after 8 weeks,
HCPPH-Ca treatment significantly elevated ACAR and CAR compared with the HCPPH +HCaCO3

and HCaCO3 groups (p < 0.05). With long-term low-calcium intake or bioavailability, the calcium level
in the circulation decreases to below normal levels. Therefore, in order to maintain the blood calcium
level, calcium is taken from the bone into the blood. These findings confirmed that HCPPH-Ca could
be used as an effective calcium supplement in ameliorating the low-calcium diet-induced effects.

To further understand the molecular mechanism of HCPPH-Ca underlying the calcium
re-absorption, we examined the expressions of the genes involved in kidney at the mRNA level,
including CaBP-D9k [37], TRPV6 [36] and TRPV5 [35], as well as the expression of PMCA1b [69].
In the kidney, TRPV5, TRPV6, PMCA1 and CaBP-9k were principally expressed in the basolateral
layer of the distal and proximal convoluted tubules. Several calcium transporters (CaBP-D9k, and
PMCA1) have already been shown to express in the convoluted tubules [64], as has the function of
calcium transporters transport active calcium in the kidney. When the body is deficient in calcium,
calcium ions are removed from kidneys through calcium transport genes such as TRPV5, TRPV6,
CaBP-D9k, and PMCA1 [70]. Calcium supplementation can help to prevent serious disorders such
as hypercalcemia and hypocalcemia [64]. TRPV6 is an apical calcium entry channel in the kidney in
general and particularly is to renal transcellular Ca2+ re-absorption, which regulates two separate
active transcellular pathways for Ca2+ absorption [70] Importantly, co-localization of TRPV5 and
TRPV6 in the kidney may have significant functional relevance, because it was recently shown that
TRPV5 and TRPV6 can form heterotetrameric Ca2+ channels with distinct functionality [70]. The
pathway regulated by TRPV6 is dependent on CaBP-D9k and PMCA1 for Ca2+ absorption [36]. In
addition, TPPV6 is activated when the hyperpolarization of apical membrane occurs. Moreover, TPPV6
can be modulated by vitamin D3 along with CaBP-D9k and PMCA1b [47,48], indirectly indicating
that HCPPH-Ca is the active ingredient responsible for calcium absorption. This process is possibly
regulated by interacting with these calcium transporters and enzymes involved in intestinal calcium
absorption and increasing parathyroid hormone [35–38].

The gut microbial community plays an important role in maintaining the normal physiological
functions of the human body [71]. Therefore, we compared the caecal microbiota of rats in different
groups to elucidate the precise underlying mechanism of improved calcium absorption by HCPPH-Ca.
Our results showed that HCPPH-Ca treatment significantly changed the relative abundances of gut
microbiota induced by low-calcium diets, including L. reuteri, L. plantarum, Firmicutes, L. bulgaricus,
Streptococcus thermophilus and Lactobacillus (p < 0.05). Bifidobacterium and L. reuteri showed a positive
correlation with the levels of serum Ca, ALP, BMC and BMD. Previous work has demonstrated
that the beneficial effect of L. reuteri on bone health is dependent on immunomodulation of key
pathways involved in osteoclastogenesis, estrogen signaling [71–73] and BMD [74–79]. Different strains
of Lactobacillus and Bifidobacterium possess anti-inflammatory effects, which can improve vitamin
D absorption and diminish osteoclast differentiation, thereby preventing the ovariectomy-induced
bone loss in mice [80–82]. Treatment of either Lactobacillus rhamnosus GG (LGG) or the commercially
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available probiotic supplement reduces gut permeability in mice, inhibits the intestinal and bone
marrow inflammation, and completely prevents bone loss after sex steroid deprivation, leading to both
down-regulation of bone resorption markers and up-regulation of bone formation markers [83–85].
Lactobacillus salivarius significantly increases cellular calcium uptake [86,87]. Several studies have
shown that administration of probiotics, such as Lactobacillus (L) reuteri, L. plantarum, Bifidobacterium (B)
longum, or mixtures of several species, can exert a protective effect against bone loss in ovariectomized
mice. Moreover, HCPPH-Ca reduced the abundance of Firmicutes and enhanced the abundance of
Bacteroidetes in caecal contents. UTOHERE It is necessary to determine whether other gut microbiome
play a causal role in bone calcium absorption in CPPH-Ca [88]. Taken together, we offered convincing
evidence for the potential use of CPPH-Ca in calcium deficiency and showed that the gut microbiota
played a potent regulatory role in attenuating metabolic abnormalities. Figure S3 illustrates the
mechanism by which HCPPH-Ca promoted calcium absorption. HCPPH-Ca could promote calcium
absorption partially through regulating specific gut microbiota and modulating the expressions of the
calcium absorption-related genes in the kidney. Therefore, HCPPH-Ca could be beneficially used to
promote the calcium absorption and reduce the risk of calcium deficiency.

4. Materials and Methods

4.1. Preparation of CPPH, CPPH-Ca and HPLC-MS/MS Analysis

Chlorella pyrenoidosa powder was purchased from King Dnarmsa Spirulina Co., Ltd. (Fuqing,
China). In order to get the CPPH and CPPH-Ca, CPP was first prepared. Briefly, Chlorella pyrenoidosa
powder was dissolved in 0.2 M NaOH solution at a concentration of 3.3%. CPP was extracted at 60 ◦C
for 60 min. The extract was centrifuged at 4500 rpm for 10 min, and then the pH of supernatant was
adjusted to 3.0 by 4 M HCl solution and allowed to stand for 30 min. The precipitate was collected
by centrifugation at 5000 rpm for 10 min and freeze-dried for further enzymatic hydrolysis. The
mixture of CPP powder and ultra-pure water (powder: water, 1:30; W/W) was hydrolyzed by neutral
protease (3%, neutral protease: substrate, protein basis) at pH 7.5 for 6 h at 40 ◦C. and the hydrolyzed
solution was incubated in boiling water for 10 min to inactivate the enzyme. The pH of the mixture
was adjusted to neutral, followed by centrifugation at 5000 rpm for 10 min. The supernatant was
freeze-dried, and CPPH was yielded. CPPH-Ca was obtained by mixing 4% CPP solution with CaCl2
(4.5 g/100 g peptide) at pH 9, followed by incubation at 50 ◦C for 30 min. Thereafter, the free calcium
was removed with a semi-permeable membrane with a cut-off of 100 Da (Thermo Fisher Scientific Inc.,
Waltham, UK). Subsequently, 95% ethanol was added, and the mixture was allowed to stand at 25 ◦C
for 24 h, followed by centrifugation at 4500 rpm for 10 min. The supernatant was discarded, and the
precipitate was collected and washed with 70% ethanol for three times to remove the superfluous Ca2+.
Finally, the precipitate was freeze-dried and labeled as CPPH-Ca. The obtained CPPH-Ca was stored in
a desiccator for further analysis. Peptide contents of CPPH and CPPH-Ca were determined by Testing
Center of Fuzhou University. The calcium concentration of CPPH-Ca was determined with an atomic
absorption spectrophotometer (AA-6300C, Shimadzu, Kyoto, Japan). The components of CPPH were
determined on an HPLC-MS/MS, and the analytical column was a Waters BEH C18 column (1.7 μm,
2.1 × 50 mm) (Macherey-Nagel, Düren, Germany) as previously described [89].

4.2. Structural Characterization of Peptide-Calcium Chelate by Ultraviolet Spectroscopy and FTIR Analysis

The ultraviolet spectra of CPPH and CPPH-Ca were monitored by an ultraviolet spectrophotometer
(UV-2600, UNICO Instrument Co. Ltd., Shanghai, China) in the wavelength range of 190–400 nm. The
mixture of lyophilized sample (1 mg) and dried KBr (100 mg) were loaded onto a Fourier transform
infrared spectrometer. Infrared spectral scans of wavelengths from 4000 cm−1 to 400 cm−1 were
recorded by FTIR spectroscopy infrared spectrophotometer (360 Intelligent, Thermo Nicolet Co.,
Madison, WI, USA).
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4.3. Animals

Male SD rats (3 weeks old) were purchased from Wu’s Experimental Animal Company (Fuzhou,
China). The animals were bred in stainless steel wire-bottomed cages under hygienic standard
environmental conditions (23 ± 1 ◦C; humidity of 60 ± 5%; 12 h dark/light cycle). The rats were given
free access to commercial food, which was prepared according to the AIN-93 (normal diet: 5000 mg
Ca/kg; low-calcium diet: 1000 mg Ca/kg), and tap water. The AIN-93 diet was provided by Trophic
Animal Feed High-Tech Co., Ltd. (Nantong, China). All animal-related protocols were in accordance
with laboratory animal welfare ethics and daily animal care guidelines, and approved by the Ethics
Review Committee of the College of Food Science, Fujian Agriculture and Forestry University (No.
FS-2018-008). After animals were acclimatized for 1 week, 100 rats were randomly and evenly divided
into 10 groups (Table 2). The rats in the control group were fed with the normal diet. Remaining rats
were fed with a low-Ca diet, which were randomly assigned into 9 groups of 10 rats each, 9 groups
as follows: model group, HCaCO3 group, LCPPH + LCaCO3 group, MCPPH + MCaCO3 group,
HCPPH + HCaCO3 group, or LCPPH-Ca group, MCPPH-Ca group and HCPPH-Ca group.

Table 2. Oral administration dosages of peptides and Ca for each group.

No. Group n
Given Dosage of N Content

and Ca, mg/kg bw

1 Control 10 Deionized water
2 Model 10 Deionized water
3 HCaCO3 10 Ca 119.97
4 HGCa 10 Ca 119.97
5 LCPPH + LCaCO3 10 CPPH 465 + Ca 39.99
6 MCPPPH +MCaCO3 10 CPPH 930 + Ca 79.98
7 HCPPH + HCaCO3 10 CPPH1395 + Ca 119.97
8 LCPPH-Ca 10 Ca 39.99
9 MCPPH-Ca 10 Ca 79.98
10 HCPPH-Ca 10 Ca 119.97

Note: Control, normal group; model, low-calcium group; HCaCO3, high dosage of CaCO3 group; HGCa, high
dosage of calcium gluconate group; LCPPH + LCaCO3, low dosage of CPPH and low dosage of CaCO3 group;
MCPPH +MCaCO3, middle dosage of CPPH and middle dosage of CaCO3 group; HCPPH +HCaCO3, high dosage
of CPPH and high dosage of CaCO3 group; LCPPH-Ca, low dosage of CPPH-Ca group; MCPPH-Ca, middle dosage
of CPPH-Ca group; HCPPH-Ca, high dosage of CPPH-Ca group.

4.4. Sample Collection

During a 4-week experimental period, body weight, food intake, the amounts of feces and
urine were recorded daily. After the 8-week experiment, all rats were starved for 12 h, anesthetized
(1 mg kg−1 pentobarbital sodium) and dissected to obtain blood specimens. Blood was collected from
the heart, centrifuged at 3000 rpm for 10 min at 4 ◦C and then stored at −80 ◦C until further analysis.
Kidneys were weighed and cut into several sections. One part of kidney was stained by haematoxylin
and eosin (H&E) for histopathological analysis. Another part of kidney was stored at −80 ◦C until
further analysis of the mRNA expressions involved in calcium absorption metabolism. The samples
of fresh caecal contents were also immediately collected before snap-freezing in liquid nitrogen and
stored at −80 ◦C. Finally, the left and right femurs and tibias of each rat were dissected and cleaned of
soft tissues. The left femur was stored in 4% paraformaldehyde for histopathological analysis.

4.5. Serum Calcium, Phosphorus Content and ALP Activity

Levels of serum calcium, phosphorus and ALP were determined using the corresponding assay
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
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4.6. Bone Index Parameter and Histomorphometry Analysis

The left femurs of all rats were measured with a digital caliper (Exploit, Beijing, China). Then,
femurs were dried in an oven at 105 ◦C overnight and weighed on an analytical balance (ML204,
METTLER TOLEDO, Zurich, Switzerland). Dry weight index (DW index) was calculated according
to the equation: DW index (10−3) = Dry weight × 1000/Body weight. Bone mineral content (BMC)
and bone mineral density (BMD) were assayed by the PIXImus dual energy X-ray absorptiometry
method (LUNAR Corporation, Mississauga, ON, Canada) as described by Fonseca and Ward [90].
The femurs tissues were removed from each mice and samples were subsequently fixed in 4% 128
(v/v) paraformaldehyde/PBS then treated with ethanol solution. After that, all femur samples were
decalcified in 10% EDTA (pH 7.4) for 3 weeks and were embedded in paraffin, the slices of distal femur
were sectioned at 5 mm then were stained with H&E to observe the morphological changes under the
high magnification of an optical microscope with high magnification (Nikon Eclipse TE2000-U, Nikon,
Japan) [91].

4.7. Calcium Balance Study

Food consumption was recorded, and the urine and feces were measured and collected daily.
The calcium balance experiment was conducted. After sample collection, the urine was immediately
centrifuged at 3000× g for 10 min, and the supernatant was obtained. Fresh fecal samples were
collected immediately after defecation and freeze-dried. The calcium contents of urine and feces were
determined by a flame atomic absorption spectrometer (AA-6300C, Shimadzu). The ACAR and CAR
were calculated as follows:

ACAR (%) = (Ca intake − feces Ca) × 100/Ca intake (1)

CAR (%) = (Ca intake − feces Ca − urine Ca) × 100/Ca intake (2)

4.8. RT-qPCR Analysis

Total RNA was extracted from the frozen kidney tissues by using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Purified RNA was reversely transcribed into cDNA using PrimeScript™
RT reagent Kit with gDNA Eraser (Takara, Kusatsu, Japan). The expressions of TRPV6,
TRPV5 and CaBP-D9K were assessed by RT-qPCR using the SYBR® Premix Ex Taq™ II
(Takara, Kusatsu, Japan) on an AB7300 Real-Time PCR system (Applied Biosystems, Foster City,
CA, USA). GAPDH was selected as the housekeeping gene. The primer sequences were
as follows: TRPV6, F: 5′-GCACCTTCGAGCTGTTCC-3′, R: 5′-CAGTGAGTGTCGCCCATC-3′;
TRPV5, F: 5′-CGAGGATTCCAGATGC-3′, R: 5′-GACCATAGCCATTAGCC-3′; PMCA1b, F:
5′-TTCAGGTACTCATGTGATGGAAGG-3′, R: 5′-CAGCCCCAAGCAAGGTAAA-3′; CaBP-D9K,
F: 5′-GACCTCACCTGTTCCTGTCTG-3′, R: 5′- GCTCCTTCTTCTGGCTTCATT-3′; GAPDH, F:
5′-TGACTTCAACAGCGACACCCA -3′, R: 5′-CACCCTGTTGCTGTAGCCAAA-3′. Briefly, after
an initial denaturation step at 95 ◦C for 30 s, the amplifications were carried out with 40 cycles at a
melting temperature of 95 ◦C for 5 s, an annealing temperature of 60 ◦C for 30 s, and an extension
temperature of 72 ◦C for 30 s. The data were analyzed using Rotor-gene Q software ver. 1.7 (Qiagen).
Relative gene expressions were calculated by the comparative 2−ΔΔCt method.

4.9. Extraction of Caecal Genomic DNA for High Throughput Sequencing

Gut microbiota analysis was performed on ten samples per group. Metagenomic DNA
was extracted from the caecal contents of the rats using a PowerSoil DNA Isolation Kit (MO
BIO Laboratory Inc., Carlsbad, CA) according to the manufacturer’s instructions. The 16S
rRNA gene (V3-V4 hypervariable regions) from the caecal microbiota was amplified using
specific primers (forward primer 5′-CCTACGGRRBGCASCAGKVRVGAAT-3′ and reverse primer
5′-GGACTACNVGGGTWTCTAATCC-3′) [92]. Sequencing was performed using a 2 × 300 paired-end
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(PE) configuration, and the amplification bias caused by a non-official barcode was avoided. Finally,
the image analysis and base calling were conducted on the MiSeq reagent kit v2 (300 cycles) by the
MiSeq platform (Illumina, Inc., San Diego, CA, USA). The initial taxonomy analysis was performed on
Illumina’s BaseSpace cloud computing platform.

4.10. Bioinformatics Analysis

High-quality sequences were assigned to samples according to barcodes. The valid sequences
were denoised in order to assess the species diversity. Results were generated using Usearch (Version
7.1, http://drive5.com/uparse/) with a disagreement of 3% [93].

4.11. Statistical Analysis

Data for each group were expressed as mean ± SD (n = 10). Statistical significance was measured
using one-way analysis of variance (ANOVA) with Tukey’s test. Statistical significance was expressed
by a p-value of less than 0.05. Spearman’s rank correlation coefficient was used to assess the correlation
between gut microbiota and lipid metabolic parameters.

5. Conclusions

Collectively, the structural characterization of CPPH-Ca showed that CPPH and Ca2+ were
combined to form a new substance. This study indicated that the HCPPH-Ca exerted its promotive
effects on calcium absorption in the kidney by influencing relational gene expressions, enhancing bone
tissues in rapidly growing rats, improving calcium absorption utilization and regulating gut microbiota.
Additionally, HCPPH-Ca could improve femoral morphological abnormalities. Moreover, HCPPH-Ca
treatment exerted promotive effects on calcium absorption by up-regulating TRPV6, TRPV5, CaBP-D9K
and CMBP1b signaling pathways in kidney and affecting the composition of gut microbiome induced
by low-calcium diets. Meanwhile, HCPPH-Ca also had beneficial effects on bone tissues in rats
compared with the inorganic calcium. Taken together, our study, for the first time, clarified the new
potential therapeutic role of HCPPH-Ca. However, in the study, bacterial 16S rRNA gene sequencing
could not be fully characterized to assign accurate classification information beyond the genus level
due to the limited read length of the Illumina MiSeq platform. Therefore, future studies should further
explore changes in gut flora at the species level.
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peptide profile of CPPH identified by HPLC-MS/MS.
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Abstract: A variety of biologically active products have been isolated from Gracilariopsis lemaneiformis.
In the present study, two novel angiotensin-converting enzyme (ACE) inhibitory peptides, FQIN
[M(O)] CILR, and TGAPCR, were screened and identified from G. lemaneiformis protein hydrolysates
by LC-MS/MS. The IC50 values of FQIN [M(O)] CILR and TGAPCR were 9.64 ± 0.36 μM and
23.94 ± 0.82 μM, respectively. In the stability study, both peptides showed stabilities of pH,
temperature, simulated gastrointestinal digestion, and ACE hydrolysis. The Lineweaver–Burk plot
showed that the two peptides were noncompetitive inhibitors of ACE. Molecular docking simulated
the intermolecular interactions of two peptides and ACE, and the two peptides formed hydrogen
bonds with the active pockets of ACE. However, FQIN [M(O)] CILR was more closely linked to the
active pockets of ACE, thereby exerting better ACE inhibition. Spontaneously hypertensive rats
(SHRs) were studied with an oral dose of 10 mg/kg body weight. Both peptides reduced systolic
blood pressure (SBP) and diastolic blood pressure (DBP) in SHRs, of which FQIN [M(O)] CILR was
able to reduce the systolic blood pressure by 34 mmHg (SBP) (p < 0.05). Therefore, FQIN [M(O)] CILR
was an excellent ACE inhibitory peptide.

Keywords: Gracilariopsis lemaneiformis; ACE-inhibitory activity; peptide; molecular docking; SHRs

1. Introduction

Hypertension (high blood pressure) refers to the main feature of increased body circulation
arterial blood pressure (systolic blood pressure ≥140 mmHg and diastolic blood pressure ≥90 mmHg),
which is associated with increased mortality of cardiovascular disease and diabetes [1]. The WHO
reported that more than 17.5 million people have died each year as a result of cardiovascular disease.
Hypertension has become the leading global cause of death [2]. Human blood pressure is mainly
regulated by the systemic renin-angiotensin system (RAS) and the kallikrein-bradykinin system
(KKS). The role of the renin-angiotensin system in regulating blood pressure relies on the proteolytic
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cascade of two enzymes: renin (EC 3.4.23.15), an aspartyl protease secreted into the blood from the
liver, and angiotensin I-converting enzyme (ACE; EC 3.4.15.1), a carboxypeptidase present on the
external surface of endothelial cells of the lung [3]. Renin hydrolyzes the angiotensinogen (α-globulin)
secreted by the liver to the inactive angiotensin I. Next, angiotensin I is hydrolyzed by ACE to
angiotensin II, which then binds to angiotensin receptors and causes vasoconstriction [4]. In addition,
ACE can inactivate bradykinin, a nonapeptide with cardiac protection. When bradykinin binds to
β-receptor, a series of reactions are generated and causes the intracellular Ca2+ levels to increase
significantly. Ca2+ stimulates the nitric oxide synthase (eNOS) reaction to produce NO, which results
in vasodilation and reduced blood pressure [5]. Angiotensin I-converting enzyme is a ubiquitous
Zn2+-dependent carboxydiopeptidase in mammalian tissues that regulates the renin-angiotensin
system (RAS) and the kallikrein-bradykinin system (KKS) and is considered useful therapeutic target
for treating hypertension [6–8]. The common ACE inhibitors on the market are mostly “Prils”,
such as captopril, enalapril, lisinopril, fosinopril and the like. While these drugs can produce a
strong antihypertensive effect, they may also cause a series of side effects such as cough, rash, nausea,
acute renal failure, and proteinuria. These drugs are believed to reduce patients’ compliance, leading
eventually to exacerbated disease conditions, and increased health care costs [9]. For this reason,
researchers are increasingly interested in developing natural ACE inhibitory peptides with low-toxicity
that could replace or complement antihypertensive drugs [10]. Food-derived active peptides not only
produce the same activity as ACE inhibitor drugs but are also safer in terms of having low toxicity
due to their natural source. Components of proteins in food are containing sequences of bioactive
peptides, which could exert a physiological effect in the body. These short chains of amino acids are
inactive within the sequence of the parent protein, but can be released during gastrointestinal digestion,
food processing, or fermentation [11]. It has been reported that ACE inhibitory peptides obtained from
enzymatic, fermentative, or gastrointestinal digestion of foods exert significant antihypertensive effects
in clinical and preclinical studies [12]. This demonstrates the significance and prospect of finding
active ACE inhibitory peptides from healthy foods.

Gracilariopsis lemaneiformis is a red algae that is widely distributed in the marine environment and
has important economic value [13]. Gracilariopsis lemaneiformis belongs to the family Gracilariopsisceae
(Rhodophyta), in which a majority of the members are utilized as the main sources of the manufacture
of agar [14]. Gracilariopsis lemaneiformis is rich in polysaccharides, protein, vitamins, and multiple
minerals such as phosphorus, calcium, iodine, iron, zinc and magnesium [15]. Polysaccharides,
phycoerythrin, agar and other active substances isolated from G. lemaneiformis have proven to show
a range of biological activities such as antioxidation, antitumor, immune regulation and alcoholic
liver injury protection [16–19]. There are few studies, however, investigating active peptides of G.
lemaneiformis, particularly ACE inhibitory peptides. To date, ACE inhibitory peptides have been
extracted from various types of marine algae, such as Saccharina longicruris [20], Palmaria palmate [21],
Pyropia columbina [22], Enteromorpha clathrata [23], Ulva rigida C. [24], Chlorella vulgaris [25], and Porphyra
yezoensis [26]. This demonstrates that marine algae are an important source of active peptides.

In this study, ACE inhibitory peptides were screened from G. lemaneiformis enzymatic hydrolyte.
By searching the online database, the physicochemical properties of the peptides were investigated.
The stabilities of such peptides against pH, temperature, gastrointestinal digestion and ACE hydrolysis
were then assessed. Molecular docking was used to simulate the intermolecular interactions of peptides
with ACE. Finally, the antihypertensive activities of the peptides were tested in vivo in spontaneously
hypertensive rats (SHRs).
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2. Results

2.1. Screening of the Active ACE Inhibitory Peptides.

Two ACE inhibitory peptides were screened and identified by LC-MS/MS; the sequences are
FQIN [M(O)] CILR and TGAPCR. The result shows that the peptides are two novel ACE inhibitors
with the IC50 value of 9.64 ± 0.36 μM and 23.94 ± 0.82 μM, respectively.

2.2. Properties of Peptides

The physicochemical properties of the peptide were obtained by online database search. Table 1
shows that the isoelectric points (PI) of FQIN [M(O)] CILR and TGAPCR are 8.61 and 8.55, respectively.
Both peptides are non-toxic and can be used for animal studies. FQIN [M(O)] CILR has poor
water solubility.

Table 1. Physicochemical characteristics of the two peptides.

Peptides
Number of
Residues

Molecular
Weight (Da)

ToxiPed
Solubility in

Water
Iso-Electric
Point (PI)

FQIN [M(O)] CILR 9 1153.43 non-toxin poor 8.61
TGAPCR 6 603.69 non-toxin good 8.55

2.3. Stability Study for ACE Inhibitory Activity

The pH and thermal stability of the peptides were measured. The results show that the peptides
could maintain their ACE inhibitory activity after pH and heat treatment (Figure 1a,b). Both peptides
show pH and thermal stability.

The stability of the peptides in the simulated gastric juice and intestinal fluid is shown
in Figure 2. After digestion in simulated gastric juice and intestinal fluid containing the corresponding
enzymes, the ACE inhibitory activity of the peptides did not display any significant changes.
The results demonstrate that these peptides have gastrointestinal stability, and they may also produce
antihypertensive effects in vivo.

  
(a) (b) 

Figure 1. Temperature (a) and pH (b) stability of peptides FQIN [M(O)] CILR and TGAPCR.
The concentration of peptides was 0.5 mg/mL; values represent mean ± SD (n = 3).
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(a) (b) 

Figure 2. Stability of FQIN [M(O)] CILR and TGAPCR under simulated gastrointestinal digestion.
The final concentrations of peptides were 0.5 mg/mL (a) and 0.1 mg/mL (b), respectively. GC, peptide
sample and simulated gastric fluid without pepsin; G, peptide sample with gastric fluid with pepsin;
G + IC, peptide sample and simulated gastrointestinal fluid without pepsin and pancreatin; G + I,
peptide sample with gastrointestinal fluid with pepsin and pancreatin. Values represent mean ± SD
(n = 3).

2.4. Stability of Peptides against ACE

Figure 3 shows no significant changes of ACE inhibitory activity within incubation of ACE for
24 h. The peptides maintained stable ACE inhibitory activity, suggesting that they were not hydrolyzed
by ACE.

Figure 3. Stability of peptides against ACE. The concentration of peptides was 0.1 mg/mL;
values represent mean ± SD (n = 3).

2.5. Characterization of the Inhibition Pattern on ACE

Based on the results of the Lineweaver–Burk plots, both FQIN [M(O)] CILR and TGAPCR are
noncompetitive inhibitors of ACE. Table 2 shows the kinetic parameters of the two peptides binding to
ACE. Combined with the results shown in Figure 4, the value of Km (2.26 ± 0.21 mM) is constant, which
is an important characteristic of noncompetitive inhibition. In the noncompetitive inhibition pattern,
the substrate and the inhibitory peptide bind to different parts of the enzyme. Thus, the apparent
affinity of the substrate and the enzyme is a constant [27]. The Vmax (2.23 ± 0.67 mg−1·mL·min)
decreases as the concentration of inhibitory peptide increases. This is due to the reduction of
the apparent catalytic efficiency of ACE, which leads to the decrease of the enzymatic reaction
efficiency [23]. At the same concentration, the Vmax of FQIN [M(O)] CILR is smaller than TGAPCR,
indicating that FQIN [M(O)] CILR produce a better inhibitory activity than TGAPCR.

The Ki of FQIN [M(O)] CILR and TGAPCR are 0.71 ± 0.04 mM and 0.86 ± 0.06 mM, respectively.
The Ki value indicates the affinity of ACE inhibitory peptide to ACE. The lower the inhibition constant
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(Ki), the higher the affinity of the inhibitors to ACE. The results show that FQIN [M(O)] CILR can
produce better inhibitory activity than TGAPCR.

  
(a) (b) 

Figure 4. Lineweaver–Burk plots of ACE inhibited by the peptides. 1/V and 1/S represents the
reciprocal of reaction velocity and substrate concentration, respectively. (a) FQIN [M(O)] CILR;
(b) TGAPCR.

Table 2. Kinetics parameters of ACE-catalyzed reactions in different peptide concentrations.

Kinetics
Parameters

Control
FQIN [M(O)] CILR TGAPCR

1 mg/mL 0.5 mg/mL 1 mg/mL 0.5 mg/mL

Km (mM) 2.66 ± 0.21 2.66 ± 0.21 2.66 ± 021

Vmax
(mg−1·mL·min) 2.23 ± 0.67 0.10 ± 0.05 0.14 ± 0.02 0.11 ± 0.03 0.17 ± 0.02

Ki (mM) 0.71 ± 0.04 0.86 ± 0.06

2.6. Molecular Docking

CDOCKER was used to discover the ligand−receptor interaction mechanism. The -CDOCKER
ENERGY and -CDOCKER INTERACTION ENERGY of FQIN [M(O)] CILR are 158.117 kcal·mol−1 and
105.509 kcal·mol−1, respectively. The -CDOCKER ENERGY and -CDOCKER INTERACTION ENERGY
of TGAPCR are 90.4226 kcal·mol−1 and 105.509 kcal·mol−1, respectively (Table 3). Both peptides have
a stable docking structure with ACE. The 2D and 3D structures of the peptide-ACE complexes are
displayed in Figure 5a–d.

There are three main active site pockets in the ACE molecule. S1 pocket has three residues, Ala354,
Glu384, and Tyr523. S2 pocket comprises of Gln281, His353, Lys511, His513, and Tyr520. S1′pocket
includes residue Glu162 [28,29]. Inhibitory peptides interact with the active pockets of ACE through
a variety of forces: electrostatic forces, hydrogen bonds, van der Waals forces, and hydrophobic
interactions (Figure 5b,d). Of these forces, hydrogen bonds play a major role. Table 4 shows that
FQIN [M(O)] CILR forms twelve hydrogen bonds with ACE residues Asn277, Gln281, Lys511, Tyr523,
Ser517, Ser516, Glu123, His353, Glu376. Specifically, FQIN [M(O)] CILR constructs one hydrogen
bond with S1 pocket (Tyr523), four bonds with S2 pocket (His353, Lys511, Gln281, His353). TGAPCR
forms seven hydrogen bonds with ACE residues Lys511, Gln281, Glu376, Glu384, His353, Tyr394,
Arg402. Specifically, Lys511, Gln281 and His353 belong to S2 pocket, link with TGAPCR through three
hydrogen bonds and Glu384 belongs to S1 pocket. We speculate that FQIN [M(O)] CILR has a lower
IC50 than TGAPCR because FQIN [M(O)] CILR forms a tighter bond with ACE.
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(a) 

(b) 

Figure 5. Cont.
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(c) 

(d) 

Figure 5. Molecular docking simulation of the peptides. (a,b) are local overview and two-dimensional
(2D) diagram of FQIN [M(O)] CILR; (c,d) are local overview and two-dimensional (2D) diagram
of TGAPCR.
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Table 3. Docking energies for optimal conformation of two ACE inhibit peptides and ACE.

Peptides
-CDOCKER ENERGY

(kcal·mol−1)
-CDOCKER INTERACTION

ENERGY (kcal·mol−1)

FQIN [M(O)] CILR 158.117 145.01
TGAPCR 90.4226 105.509

Table 4. Hydrogen bonds formed between two ACE inhibitory peptides and ACE.

Peptides Donor Atom Acceptor Atom Distance (Å) Active Pocket

FQIN [M(O)] CILR

A: ASN277: HD22 F: O125 2.39
A: GLN281: HE22 F: O89 1.97 S2
A: LYS511: HZ1 F: O89 2.02 S2
A: LYS511: HZ3 F: O126 2.31 S2
A: TYR523: HH F: S63 2.24 S1

F: H145 A: SER517: O 1.95
F: H146 A: SER516: O 1.98
F: H148 A: GLU123: OE1 2.14
F: H158 A: HIS353: NE2 2.33 S2
F: H161 A: GLU376: OE1 2.44
F: H161 A: GLU: 376: OE2 2.03
F: H163 A: GLU: 376: OE1 2.32

TGAPCR

A: GLN281: HE22 T: O2 2.06 S2
A: LYS511: HZ1 T: O2 1.78 S2

T: H71 A: GLU376: OE2 2.16
T: H75 A: GLU384: OE2 2.26 S1
T: H76 A: HIS353: NE2 2.24 S2
T: H78 A: TYR394: OH 2.32
T: H79 A: ARG402: O 2.41

F is an abbreviation of FQIN [M(O)] CILR; T is an abbreviation of TGAPCR.

2.7. Antihypertensive Activity of the Two Peptides on SHRs

The in vivo antihypertensive activity of peptides was assessed by SHRs with a gavage dose of
10 mg/mL. Both FQIN [M(O)] CILR and TGAPCR decreased the SBP of SHRs. FQIN [M(O)] CILR
significantly decreased the SBP between 2 to 4 h (p < 0.05), with the largest decrease of SBP from 204 to
170 mmHg occurring at 2 h. The SBP then began to recover and maintained a level of 200 mmHg at 8 h
(Figure 6a). It was notable that the FQIN [M(O)] CILR reduced the SBP of SHRs by 34 mmHg to the
maximum extent. TGAPCR reduced SBP to the lowest point at 2 h. The greatest decline observed was
approximately 28 mmHg of SBP from 205 mmHg to 178 mmHg.

In addition, both FQIN [M(O)] CILR and TGAPCR could also affect DBP (Figure 6b). FQIN [M(O)]
CILR could significantly reduce the DBP of SHRs from 145 mmHg to 118 mmHg at 2 h (p < 0.05),
then restore to its original level at 8 h. TGAPCR could decrease DPH to 120 mmHg at 1 h and maintain
the DPH until 4 h. TGAPCR can maintain low DBP for a longer period of time compared to FQIN
[M(O)] CILR. In general, FQIN [M(O)] CILR has a better antihypertensive effect in SHRs than TGAPCR.

54



Mar. Drugs 2018, 16, 299

 
(a) (b) 

Figure 6. Changes of spontaneously hypertensive rats’ systolic blood pressure (SBP) and diastolic
blood pressure (DBP) after oral administration of the two peptides. Saline and Captopril were used
as the control and positive control, respectively. Single oral administration was performed with a
dose of 10 mg/kg body weight. Blood pressures were measured prior to and 1, 2, 4, 6, 8 h after oral
administration. The difference with a value of p < 0.05 was considered to be significant. (a) SBP changes;
(b) DBP changes.

3. Discussion

Natural products and derivate are considered relatively safe with limited side effects and thus will
become an important source for clinical medications of hypertension in the future [30]. An increasing
number of researchers have been investigating natural antihypertensive peptides, in which a variety
of antihypertensive peptides with specific sequences and limited side effects have been extracted
from animals and plants [10]. Algae accounts for 50% of marine living resources. Thus, marine
algae can be used as an important source for extracting active peptides. Researchers have extracted
antihypertensive peptides from Saccharina longicruris [20], Palmaria palmate [21], Pyropia columbina [22],
and other types of marine algae. However, there are few reports of extracting antihypertensive peptides
from G. lemaneiformis. Here, we reported that two peptides extracted from G. lemaneiformis have the
activity to inhibit ACE.

D.Q. Cao et al. have reported that a peptide (QVEY, IC50 = 474.36 μM) isolated from
trypsin hydrolyzate of G. lemaneiformis had ACE inhibitory activity [31]. FQIN [M(O)] CILR
(IC50 = 9.64 ± 0.36 μM) and TGAPCR (IC50 = 23.94 ± 0.82 μM) were also screened from trypsin
hydrolyzate of G. lemaneiformis, but the two peptides have lower IC50 values than the ACE inhibitory
peptide reported above. The two peptides isolated from G. lemaneiformis showed higher activity than
some reported C-terminal arginine ACE inhibitory peptides YIPIQYVLSR (IC50 = 132.5 μM), YASGR
(IC50 = 184 μM) and GNGSGYVSR (IC50 = 29 μM) [32,33]. According to earlier studies, C-terminal
arginine plays an important role in inhibiting the activity of ACE. The interaction between C-terminal
arginine and ACE can be further analyzed in the molecular docking results.

The properties and stabilities of peptides are prerequisites for the preparation of “functional
peptides”. According to the information in the Innovagen server, FQIN [M(O)] CILR has poor water
solubility. However, in our study, we found that the FQIN [M(O)] CILR had good water solubility
when the concentration was lower than 10 mg/mL. The solubility gradually decreased when the
concentration was above 10 mg/mL. The hydrophobicity of FQIN [M(O)] CILR is related to the
presence of hydrophobic amino acids, such as Phe, Leu, Ile, and Met. The hydrophobicity of FQIN
[M(O)] CILR may facilitate the binding of peptides to the hydrophobic active center of ACE, in turn,
produce better inhibitory activity.

Small molecule peptides can cross the intestinal wall and enter the blood circulation. Prior to
this, peptides must resist the gastrointestinal digestion and maintain their integrity, otherwise their
biological activity may be activated or inactivated [34]. Our results suggested that the peptides can
maintain the inhibitory activity after being absorbed into the blood.
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Angiotensin I-converting enzyme is a carboxypeptidase with very broad substrate specificity [35].
Some ACE inhibitory peptides may become substrates of ACE, which are cleaved into smaller
fragments. As a result, the activity of the peptides is altered [34]. For example, ACE hydrolyzed
FFGRCVSP isolated from dried bonito to four fragments FF, GR, GV, SP, while the IC50 value increased
from 0.4 μM to 4.6 μM [7]. LKPNM (IC50 = 2.4 μM) isolated from dried bonito was hydrolyzed into
LKP and NM, and the IC50 value of LKPNM became 1/3 after the pre-incubation with ACE [7]. In view
of this, the stability of peptide binding to ACE must be taken into account. Our results proved that
FQIN [M(O)] CILR and TGAPCR are stable ACE inhibitors but not substrates of ACE.

There are multiple inhibition patterns of ACE inhibitory peptides: competitive inhibition,
noncompetitive inhibition, and mixed-competitive inhibition [36]. The results suggested that both
peptides are noncompetitive inhibitors of ACE. Some peptides isolated from food stuffs have also been
observed working in noncompetitive inhibition, for example, IFL from fermented soybean food [37],
AVKVL from hazelnut [38], and VELWP from cuttlefish [39].

Molecular docking has become an important tool for elucidating the mechanisms of action
between ligands and receptors [40]. The results of molecular docking suggested that the two peptides
were linked to several pivotal amino acids that are important for ACE. His353, Ala354, and His513 were
reported as important residues interacting with Lisinopril which formed six hydrogen bonds with ACE
in the absence of the H2O molecule [3,28,41]. FQIN [M(O)] CILR and TGAPCR also formed hydrogen
bonds with one of the three important residues (His353). Glu384 is the one formed coordination effect
with Zn2+ [3]. Therefore, TGAPCR may also interfere ACE from combining with Zn2+, which in turn
may contribute to ACE inhibitory activity. The results also highlighted the important role of arginine
in the ACE inhibitory activity of the peptides [32]. The arginine of FQIN [M(O)] CILR formed five
hydrogen bonds with the ACE residues Glu376, Asn277, Lys511. ACE residues Glu376, Lys511 and
Gln281 formed three hydrogen bonds with the arginine of TGAPCR. Arginine enabled the peptides to
form a tight bond with ACE, which facilitated the peptides' inhibitory activity against ACE.

Antihypertensive activity of peptides were further evaluated using spontaneously hypertensive
rats (SHRs). The results indicated that captopril resulted in maximal antihypertensive effect on
SHRs. Overall, drugs can exert better antihypertensive effects than hydrolysates and antihypertensive
peptides derived from foods [2,42]. This may be because antihypertensive drugs have a more stable
conformation and a more stringent structure. Both FQIN [M(O)] CILR and TGAPCR decreased
the SBP of SHRs. FQIN [M(O)] CILR and TGAPCR reduced the SBP of SHRs by 34 mmHg and
28 mmHg to the maximum extent, respectively. FQIN [M(O)] CILR also decreased the DBP of SHRs
significantly (p < 0.05). HLFGPPGKKDPV (IC50 = 125 μM), separated from fertilized eggs, had the
greatest SBP drop of 30 mmHg, following an oral dose of 10 mg/kg [43]. QPGPT (IC50 = 80.67 μM)
and GDIGY (IC50 = 32.56 μM), isolated from jellyfish, reduced the SBP by 13.75 mmHg and
20.67 mmHg, respectively [44]. In comparison to the aforementioned peptides, FQIN [M(O)] CILR
(IC50 = 9.64 ± 0.36 μM) may have a strong antihypertensive effect, suggesting that it has considerable
potential in the control of blood pressure.

FQIN [M(O)] CILR and TGAPCR are two novel ACE inhibitory peptides, isolated from the trypsin
hydrolysate of G. lemaneiformis. The results demonstrated that FQIN [M(O)] CILR and TGAPCR not
only showed strong ACE inhibitory activity in vitro but also showed strong antihypertensive effects
in SHRs. This study suggested that these two natural peptides have the potential to be developed for
both antihypertensive drugs and health care products.

4. Materials and Methods

4.1. Chemicals

ACE (from rabbit lung), hippuryl-histidyl-leucine (HHL), high-performance liquid chromatography
(HPLC)-grade acetonitrile (ACN), trifluoroaceticacid (TFA) and porcine pancreatin (8× USP) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Trypsin (EC 3.4.23.4, ≥250. N.F.U/mg solid),
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pepsin (EC 3.4.23.1, ≥250 U/mg solid), and captopril (>99% purity) were obtained from Solarbio
(Beijing, China). All other chemical reagents were of analytical grade.

4.2. Preparation of G. Lemaneiformis Hydrolysates

G. lemaneiformis was hydrolyzed with 2% trypsin (EC 3.4.23.4, ≥250. N. F. U./mg solid) for 2 h.
The 80% alcohol was used to precipitate the impurities in the hydrolysates. The supernatant was
concentrated to remove ethanol. Next, the concentrated supernatant was fractionated by ultrafiltration
(LNG-UF-101, Laungy Membrane Filtration Technology Co. Ltd., Shanghai, China) and the fraction
(<3 KDa) was collected and freeze-dried before storage at −80 ◦C.

4.3. Identification of Peptides by LC-MS/MS

Peptide sequences were determined according to Kai Lin [45]. Identification of peptides in
3 KDa permeates was performed using a Q-Exactive mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) coupled with a Thermo Scientific EASY-nLC 1000 System (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were loaded in a reverse-phase trap column (2 cm × 100 μm, 5 μm-C18),
which was connected to a reverse-phase analytical column (75 μm × 100 μm, 3 μm-C18). The purified
sample was injected into the trapping column at a flow rate of 300 nL/min. The mass spectrometer
(MS) was operated in positive-ion detection mode, and the most abundant precursor ions from the
scanning range of 300−1800 m/z were selected to obtain MS data. Peptide sequences were determined
based on the MS/MS spectra and Mascot 2.2 (Matrix Science Inc., Boston, MA, USA) searches of
dataset of G. lemaneiformis (Accession: SRX258772, download from SRA database of NCBI).

4.4. Synthesis of ACE Inhibitory Peptides

The inhibitory peptides were chemically synthesized in Shanghai Qiangyao Biotechnology Co.,
Ltd. (Shanghai, China). The peptides were synthesized using the Fmoc solid-phase method. To increase
the stability of FQINMCILR, Methionine is selectively modified to methionine sulfoxide (FQIN [M(O)]
CILR). The purity of the two peptides is 97.85% and 97.59%.

4.5. Measurement of ACE Inhibition Activity

ACE inhibition activity was assayed according to Cushman and Cheung, with some
modification [27]. ACE was dissolved in sodium borate buffer (pH 8.3, containing 0.3 M sodium
chloride) to 0.1 U/mL for the assay. Synthetic peptides were dissolved in distilled water to seven
concentration levels. Then, 20 μL of a certain concentration of peptide was mixed with 10 μL ACE
solution. The mixture was incubated at 37 ◦C for 5 min, and then 50 μL of 5 mM HHL (sodium borate
buffer pH 8.3, containing 0.3 M sodium chloride) was added to the above mixture to start the reaction.
The reaction was maintained at 37 ◦C for 60 min, and then 150 μL of 1 M HCl was added to stop the
reaction. The solution was filtered through a 0.22 micron membrane. Next, 20 μL of reaction solution
was injected into a RP-HPLC (Shimadzu, Kyoto, Japan) fixed with Eclipse XDB-C18 column (4.6 mm
× 150 mm × 5 μm, Agilent Technologies Inc., St. Clara, CA, USA) to measure the concentration
of hippuric acid (HA). The absorbance was detected at 228 nm. All determinations were triplicate.
The activity of ACE inhibition was calculated as followed:

ACE inhibitory activity (%) = (Acontrol − Ainhibitor)/Acontrol × 100

where Ainhibitor is the relative area of the hippuric acid (HA) peak obtained from the reaction of ACE
and HHL with inhibitor. Acontrol is the relative area of the hippuric acid (HA) peak obtained from the
reaction of ACE and HHL without inhibitor. IC50 is defined as the concentration of peptides that can
inhibit half of the ACE activity.
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4.6. Properties of Peptides

The properties of ACE inhibitory peptides are important for future research. These parameters
can be retrieved from the online database. The ToxinPred server can analyze toxicity of the peptides
(http://crdd.osdd.net/raghava/toxinpred/). The online Innovagen server was used to evaluate the
solubility of the peptide (www.innovagen.com/proteomics-tools).

4.7. Stability Study for ACE Inhibitory Activity

4.7.1. Thermal Stability for Peptides

The synthetic peptide solutions (0.5 mg/mL) were incubated at different temperatures (0 ◦C,
20 ◦C, 40 ◦C, 60 ◦C, 80 ◦C, 100 ◦C) for 2 h. Next, 20 μL of peptide was used to assay the ACE inhibitory
activity using the above method [39].

4.7.2. pH Stability for Peptides

The synthetic peptide solutions (0.5 mg/mL) were incubated at different pH levels (2, 4, 6, 8, 10,
12) for 2 h, and then solutions were neutralized to pH 7.0 [39]. Then, 20 μL of peptide was used to
assay the ACE inhibitory activity using the above method.

4.7.3. Gastrointestinal Stability of Peptides

Gastrointestinal stability of peptides was evaluated in vitro [46,47]. Peptides were dissolved in a
0.1 M KCl-HCl buffer (pH 2.0) to the concentration of 0.1 mg/mL and 0.5 mg/mL. Pepsin (≥250 U/mg)
was added to a peptide solution to the final concentration 0.8 mg/mL. The solution was then incubated
at 37 ◦C for 4 h. The pepsin was inactivated through boiling the solution for 10 min. The pH of the
solution was adjusted to 7.0 with 1 M NaOH. The solution was centrifuged at 12,000 rpm for 5 min
and the supernatant (20 μL) was taken out to determine the ACE inhibitory activity. The remaining
supernatant was further incubated with pancreatin (10 mg/mL, 8× USP) at 37 ◦C for 4 h. The reaction
was stopped by boiling the solution for 10 min. The solution was centrifuged at 12,000 rpm for 10 min,
and then the supernatant (20 μL) was used to detect ACE inhibitory activity.

4.8. Stability of Peptides against ACE

The stability of peptides against ACE was assayed according to Salampessy. J and Fujita. H [48,49].
30 μL of peptides (0.1 mg/mL) reacted with 30 μL 0.1 U/mL ACE solution at 37 ◦C for 24 h. The ACE
was then inactivated through boiling the solution for 10 min. Then, 20 μL of peptides were used to
detect ACE inhibitory activity in the above method.

4.9. Determination of Inhibitory Pattern

Peptides were dissolved in distilled water to the concentration of 1 mg/mL and 0.5 mg/mL,
and HHL was dissolved to the concentration of 4 mg/mL, 2 mg/mL, 1 mg/mL and 0.5 mg/mL.
Different concentrations of the peptide were reacted at different concentrations of HHL. Then, 20 μL
of peptide solution was used to determine the ACE inhibitory activity using the above method.
Lineweaver—Burk plots were applied to confirm the ACE inhibitory pattern of peptide. The inhibitory
constant (Ki) was the intercept of the X-axis of the plot, of which the Y-axis displayed the slopes of
Lineweaver-Burk line and the X-axis indicted peptides concentrations [25].

4.10. Molecular Docking

The affinity of peptides to inhibit ACE was simulated and evaluated by Discovery Studio 3.5
(DS 3.5, Accelrys, San Diego, CA, USA), according to the reported method with some modification [32].
In the docking experiments, the crystal structure of human tACE (PDB ID: 1O8A, http://www.rcsb.
org/pdb/explore/explore.do?structureId=1O8A) was as receptor. The 3D structure of the peptides
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was designed by Discovery Studio 3.5 (DS 3.5, Accelrys, San Diego, CA, USA). Then the peptide was
protonated at pH 7.0 and energetically minimized by the CHARMm force field. The structure of ACE
was removed water, cleaned protein and added hydrogen. The CDOCKER was selected to simulate
the docking of receptors and peptide ligands. The binding site sphere was x: 40.302, y: 37.243 and z:
48.948. Rigid residues were residues within the sphere with a 20 Å radius and with zinc as the center.
CDOCKER module uses a CHARMm-based molecular dynamics (MD) scheme to dock ligands into
a receptor binding site. Random ligand conformations are generated using high-temperature MD.
The conformations are then translated into the binding site. Candidate poses are then created using
random rigid-body rotations followed by simulated annealing. A final minimization is used to refine
the ligand poses. -CDOCKER ENERGY and -CDCKER INTERACTION ENERGY are two criteria
for evaluating CDOCKER results. -CDOCKER ENERGY indicates the negative of the total energy.
-CDOCKER INTERACTION ENERGY indicates the negative of the interaction energy. The optimal
conformation of peptide-ACE complex has the highest values of -CDOCKER ENERGY and -CDOCKER
INTERACTION ENERGY.

4.11. Antihypertensive Effect on SHRs

Spontaneously hypertensive rats (SHRs) (male, 10-week-old, 250–300 g body weight, specific,
pathogen-free) were bought from Vital River Laboratory Animal Co., Ltd. (Beijing, China). Animals
used in this study were maintained in accordance with the guidelines of the Institutional Research
Council’s Guide for the Care and Use of Laboratory Animals. SHRs were housed under 12 h day/night
cycle at 22 ± 2 ◦C and fed with tap water and a standard diet ad libitum. The SHRs were randomly
separated into a positive group, control group, and two experiment groups. There were six SHRs
in each group. Before the formal start of the test, SHRs had to adapt to measuring the environment
in advance. Once the tail systolic blood pressure (SBP) rates were above 180 mmHg, the gavage
administration could start.

Normal saline was the solvent to dissolve peptides and control reagent. Captopril (99% purity,
Solarbio Technology Co., Ltd., Beijing, China) was the positive group. The same volume of normal
saline was the control group. Tail-cuff method was performed for systolic blood pressure (SBP) and
diastolic blood pressure (DBP) measurements with a non-invasive CODA device (Kent Scientific Co.,
Torrington, CT, USA). The blood pressure was measured in 0, 1, 2, 4, 6, 8 h after gavage administration.
Measurements were repeated three times at each time point.

4.12. Statistical Analysis

Data analysis was performed using SPSS Version 17.0 (SPSS Inc., Chicago, IL, USA). To compare
the mean differences among the groups, one-way analysis of variance was used. The results are shown
as the mean ± SD, and p < 0.05 was considered to be statistically significant.

5. Conclusions

Two ACE inhibitory peptides, identified as FQIN [M(O)] CILR and TGAPCR from G. lemaneiformis,
inhibit ACE in a noncompetitive pattern. Molecular docking results showed that the peptides were
mainly linked to ACE via hydrogen bonds and produce inhibitory activity. Animal experiment
has shown that FQIN [M(O)] CILR and TGAPCR can reduce blood pressure of SHRs. Therefore,
these peptides have the potential to treat hypertension, while G. lemaneiformis can be developed as an
antihypertensive food.
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Abstract: Acid-sensing ion channel 3 (ASIC3) makes an important contribution to the development
and maintenance of inflammatory and acid-induced pain. We compared different ASIC3 inhibitors
(peptides from sea anemones (APETx2 and Ugr9-1) and nonpeptide molecules (sevanol and
diclofenac)) in anti-inflammatory action and analgesic effects. All tested compounds had distinct
effects on pH-induced ASIC3 current. APETx2 inhibited only transient current, whereas Ugr9-1
and sevanol decreased transient and sustained components of the current. The effect on mice was
evaluated after administering an intramuscular injection in the acetic acid writhing pain model and
the complete Freund’s adjuvant-induced thermal hyperalgesia/inflammation test. The bell-shaped
dependence of the analgesic effect was observed for APETx2 in the acetic acid-induced writhing
test, as well as for sevanol and peptide Ugr9-1 in the thermal hyperalgesia test. This dependence
could be evidence of the nonspecific action of compounds in high doses. Compounds reducing both
components of ASIC3 current produced more significant pain relief than APETx2, which is an effective
inhibitor of a transient current only. Therefore, the comparison of the efficacy of ASIC3 inhibitors
revealed the importance of ASIC3-sustained currents’ inhibition for promotion of acidosis-related
pain relief.

Keywords: acid-sensing ion channel; animal models; pain relief; toxin; Ugr 9-1; APETx2

1. Introduction

Different types of cells use special molecular sensors on the membrane to detect extracellular pH.
The most specialized sensors of the concentration of protons are members of the degenerin-epithelial
Na+-channel family called acid-sensing ion channels (ASICs) [1]. Four genes (ACCN1-4) encode at
least six splice variants of ASIC subunits: ASIC1a, −1b, −2a, 2b, −3, and −4 [2]. In the central nervous
system (CNS), they are involved in monitoring of extracellular pH levels during normal neuronal
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activity and in the development of pathological processes upon stressful conditions. For example,
hypoxia of the brain results in increased glycolysis following an accumulation of lactic acid and
acidosis that leads to neuronal cell death. The ASIC1a inhibitors produce a neuroprotective effect
in the ischemia model caused by hypoxia in mice [3]. During peripheral inflammation, expression
levels of ASIC1a and −2a isoforms were increased in the rat spinal dorsal horn [4]. The potential role
for ASICs in the pathogenesis of Parkinson’s disease was shown on the 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine mouse model [5] but further this data were controverted [6].

In the peripheral nervous system and in the tissues of internal organs, ASICs are responsible for the
sensitivity to tissue acidosis, cardiac ischemia, corneal damage, inflammation, and local infections [7,8].
ASIC3 channels are mainly represented in the peripheral nervous system, especially in dorsal root
ganglion (DRG) neurons [9–11], and inhibition of activity of these channels by the selective ligands is
considered to be a promising tool for pain relief [12].

An inhibition of ASIC3 was reported to be an attractive approach to producing analgesia.
A diuretic agent amiloride, a nonspecific blocker of sodium channels, is one of the most well-known
molecules possessing a nonspecific inhibitory effect on ASICs [13]. Other nonspecific substances can
also influence ASIC3 activity. Nonsteroidal anti-inflammatory drugs, salicylic acid, and diclofenac
were found to inhibit ASICs currents directly on sensory neurons and heterologous-expressed ASIC3
channels [14]. The local anaesthetic tetracaine was found to inhibit the transient ASIC3 currents
in a concentration-dependent manner with dependence arising from the extracellular pH value.
In addition to ASIC3, tetracaine inhibited the ASIC1a and ASIC1b currents [15]. A small-molecule
inhibitor, A-317567, blocked ASIC3’s sustained and transient currents and produced an analgesic effect
in an inflammatory thermal hyperalgesia model induced by complete Freund’s adjuvant (CFA) in
rats [16].

Natural ASIC3 inhibitors were found to produce analgesia in different animal models of pain.
Levo-tetrahydropalmatine (l-THP), a bioactive compound from Chinese herbs of the genera Stephania
and Corydalis, decreased the amplitude of proton-gated currents in DRG neurons and inhibited the
nociceptive response to intraplantar acetic acid injections in rats [17]. A natural coumarin derivative
osthol was reported to block voltage-gated Na+-channels and inhibit ASIC3 [18]. Sevanol from thyme
inhibited the amplitude of transient and sustained ASIC3 currents and exhibited pronounced analgesic
and anti-inflammatory activity in mice at doses of 1–10 mg/kg [19].

Peptide antagonists of ASIC3 channels were isolated from the venom of sea anemones; that is,
the toxin APETx2, its close structural homologue Hcr1b-1, and peptide Ugr9-1 [20–22]. APETx2
was shown to inhibit the transient component of ASIC3 current and produce potent analgesic
effects in several models of pain on rats (acid-induced muscle pain, peripheral inflammatory pain,
and postoperative pain) [23–25]. Ugr9-1 was shown to inhibit both components of the ASIC3 current
and demonstrated a significant analgesic effect in vivo at 0.1–0.5 mg/kg doses [22,26].

To date, many reports support the direct correlation between ASIC3 activation and inflammatory
pain. Here, for the first time, we compare the activity of ASIC3 inhibitors in vitro and in vivo under
the same conditions. For this purpose, we selected four compounds that act differently on ASIC3
channels: peptide APETx2 inhibiting only a transient component of the current; peptide Ugr9-1
acting on both components of the current; low-molecular weight compound sevanol, which inhibits
two components of the current; and diclofenac, a potent nonsteroidal anti-inflammatory drug, as a
positive control of analgesic effects and an inhibitor of the sustained component of the current.
The comparison of ASIC3-selective ligands in different animal pain models provides an opportunity to
estimate their pharmacological potential and specify the properties of the most attractive compound
for drug development.

64



Mar. Drugs 2018, 16, 500

2. Results

2.1. Whole Cell Electrophysiology

The activity of ligands was checked on human ASIC3 (hASIC3) channels expressed in Xenopus
laevis oocytes. Sevanol, diclofenac, and two recombinant analogues of peptides (APETx2 and Ugr9-1)
were analysed. Two different protocols were used to reveal the effects of ligands on sustained and
transient components of acid-induced hASIC3 currents. The influence of the compounds on the
transient current amplitude was estimated after preincubation for 15 s before the activation in a
low alkali bath solution (pH 7.8), which ensured an absence of steady-state desensitization for the
transient current [27] (Figure 1A). The compounds’ inhibition effectiveness was calculated using the
value of maximal amplitudes. As expected from previous reports, the APETx2 toxin was the most
effective inhibitor of the transient current (Figure 1C). The peptide Ugr9-1 also completely blocked the
transient current of ASIC3, but in 30-times greater concentration. Nonpeptide ligand sevanol had much
less potency and inhibited transient currents in submillimolar concentrations. Thus, both peptides
and sevanol inhibited dose-dependent transient currents at pH 7.8, and the complete inhibition was
observed for all of them. The inhibitory effect was concentration-dependent and fit well using a logistic
equation. The estimated IC50 and Hill coefficient (nH) values are summarized in Table 1. The inhibition
of transient current by diclofenac was not detected.

Figure 1. Cont.
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Figure 1. Comparison of ligands’ antagonistic effects on hASIC3 channels. Whole-cell currents were
induced by pH drops and recorded at the holding potential −50 mV. (A) Effect of ligands on the
transient component of current at conditioning pH 7.8. The control trace is shown first; (B) Effect of
ligands on the sustained component at conditioning pH 7.3. The black line is the control trace, and the
red line is the trace of activation in the presence of a ligand. Dose-response curves for transient (C) and
sustained (D) currents’ inhibitions are shown. Data are shown as mean ± SEM (n = 4–6) and fitted
with the logistic equation (solid lines).

Table 1. Inhibition potency of hASIC3 antagonists.

Antagonist
Transient Currents Sustained Currents

IC50 (μM) Hill Coefficient IC50 (μM) Hill Coefficient

APETx2 0.344 ± 0.080 1.5 ± 0.2 - -
Ugr 9-1 9.1 ± 0.9 1.86 ± 0.16 1.88 ± 0.36 1.74 ± 0.51
sevanol 331 ± 21 1.98 ± 0.24 259 ± 39 2.4 ± 0.4

diclofenac - - 856 ± 106 1.35 ± 0.21

The analysis of a sustained component of the current was carried out in a bath solution (pH 7.3)
where the transient component of the current was completely desensitized by protons [27]. The pH
activation stimulus (3.5 s) was applied in the presence of the testing compound (Figure 1B). APETx2
did not inhibit the sustained current as reported earlier [20]. Sevanol and diclofenac were significantly
weaker in their inhibitory potency when compared to peptide toxin Ugr9-1 (Figure 1D, Table 1).
The sustained current amplitude was not completely blocked by any of the applied antagonists.
The saturation concentrations of ligands (about 3 mM for sevanol and diclofenac and 50 μM for
Ugr9-1) inhibited approximately 50% of the sustained current amplitude. The inhibitory effect was
concentration-dependent, and the calculated IC50 and nH values are summarized in Table 1.

Thus, we evaluated and generally confirmed the pharmacological properties of the compounds
inhibiting ASIC3. Tested compounds differ in their abilities to inhibit transient and sustained current
components and have activity in broad ranges of concentrations (IC50 range 0.3–300 μM for a transient
current and 1–800 μM for a sustained current).

2.2. Open Field Test

An open field test was carried out on mice to estimate the possible sedative effects of compounds
administration. No statistically significant changes were detected between ASIC3 antagonist-treated
groups and the control animals group in 5-min observations of 12 parameters. Animals treated
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with APETx2, Ugr9-1, and sevanol had a greater travelled distance, a less percentage of time spent
freezing (Figure 2A,B) and less travelling distance in the central area, but each of these differences was
nonsignificant. Thus, the compounds did not impair locomotion, and the CNS-mediated behaviour
and, most likely, their analgesic effects are the result of direct action on peripheral nociceptors.

Figure 2. Open field experiments on mice. Administration of compounds at a 1 mg/kg dose
intramuscularly was done 4 h before of the measurements. (A) Travelling distance and (B) locomotion
activity presented as mean ± SEM for 5-min recording period (n = 6–7).

2.3. Acetic Acid-Induced Writhing

Acetic acid-induced writhing is based on irritation of tissues and organs of the abdomen by low
pH and could be considered the most appropriate test for influence on acid-induced pain. The dose of
1 mg/kg of all testing compounds was able to reduce the number of writhes significantly and had no
influence on the latency time of the first response (Figure 3A). A dose-dependent analysis revealed
a bell-shaped profile of APETx2 activity. The APETx2 toxin was surprisingly much less effective at
1 mg/kg than at 0.2 mg/kg dose (19% vs. 76%). The maximal effect was registered for Ugr9-1 at a
0.02 mg/kg dose (74% inhibition) and for APETx2 at a 0.2 mg/kg dose (76% inhibition) (Figure 3B,D).
The plant lignan sevanol showed a linear dose dependence with a maximal effect at a 10 mg/kg dose
(76% inhibition). It is interesting that the effects of sevanol and Ugr9-1 plateaued at a wide range of
doses (0.01–1mg/kg for sevanol and 0.02–1 mg/kg Ugr9-1) (Figure 3C,D).
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Figure 3. Effects of ligands in an acetic acid-induced writhing test. Pretreatment of mice with APETx2,
sevanol, and Ugr9-1 (2 h before testing) attenuated the response to the intraperitoneal administration
of acetic acid. (A) Efficacy of ASIC3 antagonists at a dose of 1 mg/kg. (B–D) Dose-dependent chart of
ligands’ effects: APETx2 (B), sevanol (C), and Ugr9-1 (D). Results are presented as mean ± SEM (n = 8).
** p < 0.01, *** p < 0.001 versus saline group (ANOVA followed by a Tukey’s test).

2.4. CFA-Induced Inflammation

CFA-induced thermal hyperalgesia is a result of different inflammatory pathways’ action on
thermal sensitivity of the paw. Injection of CFA into the hind paw provokes increased sensitivity to
noxious mechanical and thermal stimuli together with swelling of the paw due to the inflammatory
process. Diclofenac and APETx2 at 1 mg/kg doses showed equal potency in the reversal of thermal
hyperalgesia, which exceeded the analgesic potency of sevanol and Ugr9-1 at the same dosage
(Figure 4A). For APETx2 (Figure 4B), sevanol (Figure 4C), and Ugr9-1 (Figure 4D), the dose dependency
of the analgesic effect was evaluated. The effect of APETx2 was dose-dependent with a minimal
active dose of 0.02 mg/kg (47% of reversal), and the complete reversal of thermal hyperalgesia was
reached at doses of more than 0.2 mg/kg. The effects of sevanol and Ugr9-1 were bell-shaped, so the
reversal of thermal hyperalgesia for 1 mg/kg and 0.001–0.002 mg/kg doses did not differ significantly
(Figure 4C,D). The maximal effect value for both samples was observed in doses of 0.01–0.02 mg/kg.
Additionally, the effect of sevanol at 0.01 mg/kg and Ugr9-1 at 0.02 mg/kg was confirmed in the
independent experiment (data not shown).

To reveal the anti-inflammatory effects of ASIC3 antagonists, paw oedema changes were also
evaluated (Figure 5). Diclofenac, sevanol, and Ugr9-1 did not produce significant anti-inflammatory
effects within 4 h after administration. APETx2 in a dose of 1 mg/kg reduced paw oedema by 16%,
24%, and 44% compared to the control group at 2, 4, and 24 h after administration, respectively.
APETx2 at 0.2 mg/kg reduced inflammation by approximately 20% only 24 h after administration.
Peptide Ugr9-1 (0.02 mg/kg) and sevanol (2.5 mg/kg) also reduced the inflammation process within
24 h by 31% and 22%, respectively.
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Figure 4. Effect of ligands on the CFA-induced thermal hyperalgesia test. Test was performed 2 h after
intramuscular administration of ASIC3 antagonists. (A) Comparison between ligands at the dose of
1 mg/kg; (B–D) Dose-dependent chart of ligands’ effect. APETx2 (B), sevanol (C), and Ugr9-1 (D)
reversed CFA-induced thermal hyperalgesia and prolonging withdrawal latency of the inflamed hind
paw on a hot plate. Results are presented as mean ± SEM (n = 7–8). * p < 0.05, ** p < 0.01, *** p < 0.001
versus saline group (ANOVA followed by a Tukey’s test).

Figure 5. Anti-inflammatory effect of ligands. Paw oedema induced by CFA injection was estimated
before the CFA and testing compounds administration and 2, 4, and 24 h after the intramuscular
injection of diclofenac (A), APETx2 (B), sevanol (C), and Ugr9-1 (D). Results are presented as mean ±
SEM (n = 7–8). * p < 0.05, ** p < 0.01, *** p < 0.001 versus saline group (ANOVA followed by a Tukey’s test).
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3. Discussion

ASIC3 channels play an important role in the perception and maintenance of pain signals in
peripheral neurons. Several ligands with inhibitory properties were found for this receptor, each of
which was able to induce analgesia in animal tests. The most well-known inhibitor APETx2 in various
studies has been tested on models of acid-induced muscle pain model, CFA-induced inflammatory
pain model (at doses of 0.07, 0.22 and 2.2 μM) [25]. Ugr9-1 was studied in models of CFA-induced
thermal hyperalgesia and acetic acid writhing test (at doses of 0.5, 0.1, and 0.01 mg/kg) [22]. Sevanol
was studied in CFA-induced thermal hyperalgesia and in response to intraperitoneal administration of
acetic acid (at doses of 1 and 10 mg/kg) [19]. Diclofenac significantly reduced CFA-induced thermal
hyperalgesia (100 mg/kg i.p.) [28] and inhibited acetic acid-induced writhing (20 mg/kg i.p.) [29].
Therefore, it was extremely interesting to compare these ligands together in the same pain models.
A comparison between the antagonists acting on both components of the ASIC3 current and APETx2
inhibiting only the transient current was important for the understanding of their contributions to
pain perception.

APETx2 is the most well-studied and well-known inhibitor of ASIC3 channels despite proven
inhibitory activity on Nav1.2 (IC50 ~ 113 nM) and Nav1.8 channels (IC50 ~55 nM on X. laevis oocytes
and ~2.6 μM on DRG neurones) [30,31] and the inhibition of hERG channels by reducing the maximal
current amplitude and shifting the voltage dependence of activation to more positive potentials [32].
Moreover, APETx2 potentiates rat ASIC1b and ASIC2a at concentrations of 3–10 μM (30–100-fold
higher than its ASIC3 inhibitory concentration), which may have implications for its use in in vivo
experiments [33]. The possible cumulative effect on pain relief via ASICs and Nav1.8 channel inhibition
increases the apparent efficacy, but masks the real significance of the acid-sensing pathway inhibition
in behavioural tests. Moreover, potentiating ASIC1b most likely counteracts the antihyperalgesic
effects produced by ASIC3 inhibition [33].

The importance of the ASIC3 channel in nociception was proven by using APETx2 in several
animal models of pain. This toxin produced pain relief in bone, tooth, muscle, and skin pain as well
as in gastric acidosis and gastric mucosal lesions, osteoarthritis inflammation, fibromyalgia-induced
mechanical hyperalgesia, fatigue-enhanced hyperalgesia, and postoperative hyperalgesia [34–41].

Here, we found that in vitro APETx2 was significantly better (IC50 was 344 ± 80 nM) at inhibiting
the transient current of hASIC3 than the other tested antagonists (Figure 1). The activity of recombinant
APETx2 on hASIC3 in the oocyte system could be considered equipotent to the published data,
where toxin inhibited human ASIC3 and rat ASIC3 expressed in COS cells (CV-1 (simian) in Origin,
and carrying the SV40 genetic material) with the IC50 of 175 nM and 63 nM, respectively [20]. Peptide
Ugr9-1 and sevanol had the same inhibitory effects as reported earlier [19,22]. Therefore, in vitro
potency of compounds to inhibit the transient component of hASIC3 current could be ranged as
APETx2 > Ugr9-1 > sevanol. The potency of sustained component inhibition was ranged as Ugr9-1 >
sevanol > diclofenac.

Dose-response analysis was used to acquire a clear relationship between a dose and the extent
of the response to it. However, in various tests diverse compounds showed so-called “bell-shaped”
or “(inverse) U-shaped” dose response. The best example of this effect was the dose dependence
of the analgesic effect of APETx2 in the acetic acid writhing test (Figure 3B). The analgesic effect
evidently increased up to 75% at 0.2 mg/kg dose, whereas the peptide was significantly less effective at
a 1 mg/kg. Many researchers have described this phenomenon [42,43]. This type of dose response was
described for micronutrients, endocrine-disrupting chemicals, endogenous hormones, and other drugs.

Several possible mechanisms of this phenomenon were suggested: a high-dose induction of
cytotoxicity; the activity of ligand on different receptors or receptors’ states depending on concentration
following the competition between multiple receptor pathways; and ligand-induced receptor
down-regulation at high concentrations. Tested compounds were studied in electrophysiological
experiments on X. laevis oocytes and Chinese hamster ovary (CHO) cells in various concentrations,
and no cytolytic or cytotoxic effects were observed. Therefore, a high concentration of ASIC3 ligand
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is most likely the result of activity on other targets and/or an unfavourable breakdown of the
ASIC3 signalling pathway (e.g., ligand-induced receptor down-regulation and compensation by
other receptors). APETx2 at high concentrations is also able to potentiate ASIC1b, which is involved
in peripheral nociception in rodents. Many examples demonstrate how positive modulation of the
receptor could dramatically change the overall effect of the substance. Potentiation or weak activation
of TRPA1 (pain receptor responsible for the detection of harmful chemicals) can surprisingly cause
strong analgesia instead of pain [44–46]. Another example, potentiation of TRPV1 weak activation,
gives sea anemone peptides APHC1 and APHC3 (inhibitors of TRPV1) an ability to decrease core body
temperature in mice, whereas most of the other inhibitors of TRPV1 cause hyperthermia [47,48].

When the pain was induced by an acetic acid injection (acetic acid-induced writhing test), all of
the ASIC3 antagonists, including diclofenac, showed high efficacy and the same maximal effect of
reducing pain (~75%). The most stable effect was produced by Ugr9-1, and it was slightly more
significant in lower doses (0.002 mg/kg). The efficacy of sevanol was also high. Despite the 1000-fold
difference in efficacy in vitro with APETx2 and the 35-fold difference with Ugr9-1, sevanol produced
an almost equipotent effect in vivo (molecular weight ratio APETx2/sevanol is 6.4 and Ugr9-1/sevanol
is 4.4). However, sevanol is also able to inhibit ASIC1a [19] and produce additional analgesic effect.
Blockade of ASIC1a in CNS by psalmotoxin 1 was reported to result in an activation of the endogenous
enkephalin pathway and potent analgesic effects [49]. Therefore, it is better to compare the effectiveness
of peptides Ugr9-1 and APETx2 for contributions of sustained and transient current in the perception of
acid-induced pain in the peripheral nervous system. Peptides are usually unable to penetrate through
the blood-brain barrier, therefore no CNS targets could be suspected in additional effects. Ugr9-1 had
an effective dose 10-times less than APETx2 in acetic acid-induced writhing test pain, whereas it was
much less effective (30 times) in inhibition of the transient component of ASIC3 current. Therefore,
we can conclude that a sustained component can make a significant contribution to the development of
acid-induced pain, and compounds that inhibit both components of ASIC3 channels are more effective
for the treatment of acidosis-associated pain conditions.

In the acetic acid-induced writhing test, only APETx2 showed “U-shaped” dose response with
maximal effect at 0.2 mg/kg dose. The decrease of effect at a high dose is most likely the result of
conflict between inhibition of ASIC3 and enhanced activation of ASIC1b.

CFA-induced inflammation is a general model of inflammatory pain. The TRPV1 receptor is
considered to play a leading role in thermal hyperalgesia induced by CFA [50], which could be
modulated via other receptors including ASIC3 [51]. All ASIC3 antagonists were capable of completely
reversing thermal hyperalgesia. The APETx2 peptide dose-dependently reversed thermal hyperalgesia
and reached its maximal effect at 0.2 mg/kg, which corresponds well with previously reported
results [24,25]. Despite a great number of described side targets, it is noteworthy that APETx2 showed
standard dose response.

Sevanol and Ugr9-1 were more potent in reaching maximal effects in the hyperalgesia tests at
doses of 0.01 and 0.02 mg/kg versus the 0.2 mg/kg dose for APETx2. In this test, sevanol and Ugr9-1
showed a nonlinear dose response. Sevanol was unexpectedly more active at a lower dose than peptide
Ugr9-1, whereas the peptide showed better inhibition of ASIC3 in vitro. Several explanations could be
proposed. First, the result of partial ASIC1a inhibition is unpredictable. Second, better bioavailability
of sevanol compared with Ugr9-1 can enhance the effect. Peptides from sea anemones have rather
short circulating half-lives (~0.5 h) after subcutaneous or intramuscular administration but could
circulate in mammals’ blood flow for a long time (over 72 h) before complete elimination [52,53].
It was proposed that the significant part of a peptide could be cleared out from blood by kidneys,
whereas a small fraction distributes into some compartment from which the active peptide is released
slowly into the blood stream [52]. The low molecular weight compound diclofenac has exponential
decrease of concentration to zero with circulating half-life of about 2 h and finally eliminates from
the blood flow at 10 h [54]. The stability of sevanol in blood was most likely greater than the rate of
elimination/deponation of Ugr9-1. Therefore, a dose of 0.01 mg/kg of sevanol could produce the same
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analgesic effect in a CFA test as 0.02 mg/kg of Ugr9-1. The absence of the effect at doses 0.001 mg/kg
and 0.002 mg/kg for sevanol and Ugr9-1 could be the result of the quick elimination of low doses
of compounds.

Therefore, the inhibition of the sustained current should be considered as a major benefit providing
effectiveness of sevanol and Ugr9-1 at low doses, but their efficacy significantly decreased at higher
doses; the reasons for this remain unclear. The nonspecific actions on other cellular targets and
the changes of ASIC3 involvement in the inflammatory process induced by the high antagonists’
concentration for 2 h are suspected. We conclude that the inhibition of both components of ASIC3
currents could be beneficial but could be reversed by hormesis in high doses and during a long
exposure to an ASIC3 antagonist. The efficacy and final effects of ASIC3 antagonists most likely
depend on the route of administration and the time interval before testing. For example, when
injected intravenously 30 min before testing, Ugr9-1 was clearly dose-dependent in the CFA thermal
hyperalgesia test and showed less efficacy in the acetic writhing test (~50%) [22].

To date, various studies have shown the important role of the sustained component of ASIC3
in inflammatory conditions [24,55,56]. Because a significant qualitative difference between sevanol
and Ugr-9-1 versus APETx2 is the inhibition of the sustained component, we have suggested that
the more effective anti-inflammatory effect of sevanol and Ugr-9-1 may be a result of sustained
component inhibition.

All of the tested compounds displayed poor anti-inflammatory activity. This is most likely because
ASIC3 activation plays a significant role only in late phases of paw oedema development [57]. This is
well correlated with the observed oedema reduction during the 24-h activity lag. The 1 mg/kg dose of
APETx2 was effective 2 h after the injection; however, the effect could be associated with the inhibition
of NaV1.2 and 1.8 channels and not a direct action on ASIC3.

Finally, we can assume that all tested antagonists for ASIC3 showed high efficacy in animal
models of pain, but could have bell-shaped dose response in some tests in vivo. The higher potency of
APETx2 in inhibiting transient currents of ASIC3 gave no advantages in analgesic activity compared
to sevanol and Ugr9-1 (inhibitors of both transient and sustained currents) as revealed in the two pain
models (acetic acid-induced writhing test and thermal hyperalgesia). The reasons for the bell-shaped
dose response of sevanol and Ugr9-1 remain unclear, but this effect should be taken into consideration
while testing novel ASIC3 antagonists.

4. Materials and Methods

4.1. Ligands

Peptide Ugr9-1 was obtained by the production of a recombinant analogue in Escherichia
coli (as described in [22]). Peptide APETx2 was also produced by the heterologous expression
in E. coli [58]. Synthetic sevanol was obtained from the Laboratory of Biopharmaceutics of the
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences.
Diclofenac was purchased from (Sigma-Aldrich, Moscow, Russia).

4.2. Electrophysiology

X. laevis oocytes were removed surgically and defolliculated by collagenase (Sigma-Aldrich,
Moscow, Russia). Oocytes were injected with 2.5 to 10 ng of human ASIC3 cRNA (AF057711.1).
The cRNA transcripts were synthesised from a NaeI-linearized ASIC3 cDNA template
(pcDNA3.1+humanASIC3 subcloned from clone EX-Q0260- B02 (GeneCopoeia, Inc., Rockville, MD,
USA) using a HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA, USA)
according to the manufacturer’s protocol for capped transcripts. After the injection, oocytes were
kept for 3 to 6 days at 19◦ in a ND-96 medium containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2,
1 MgCl2, and 5 HEPES titrated to pH 7.4 with NaOH supplemented with gentamycin (50 μg/mL).
Two-electrode voltage clamp recordings were performed using a GeneClamp 500 amplifier (Axon
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Instruments, Union City, CA, USA), and the data were filtered at 20 Hz and digitized at 100 Hz by
an AD converter L780 (LCard, Moscow, Russia) using in-house software. To induce transient and/or
sustained currents, two different protocols with different conditioning pH were used. Microelectrodes
were filled with a 3 M KCl solution. The working buffer solution was ND-96 titrated by NaOH to pH
7.8 or 7.3. The solution for the pH shift was constructed based on the ND-96 solution, in which 5 mM
HEPES was replaced with 10 mM acetic acid (pH 4.0) or 10 mM MES (pH 5.5) in a supplementary 0.1%
BSA solution. The duration of the activation pulses was 3.5 s.

4.3. Animals

Adult male CD-1 mice (Animal Breeding Facility Branch of Shemyakin-Ovchinnikov Institute
of Bioorganic Chemistry, Russian Academy of Sciences, Pushchino, Russia) weighing 20–25 g were
used. Animals that originally passed clinical examination that confirmed no deviations in health
were divided into groups (at least eight male mice per group) using the principle of randomization.
The average body weight of animals in each group was not statistically different between groups.
Animals were housed at room temperature (23 ± 2 ◦C) and subjected to a 12-h light-dark cycle with
food and water available ad libitum. All experiments were performed after receiving approval from
the Animal Care and Use Committee of the Branch of the Institute of Bioorganic Chemistry, Russian
Academy of Sciences (IBCh RAS) (Pushchino, Russia Federation). The samples were administered
intramuscularly 2 h before testing (4 h in the open field test). The initial dose of 1 mg/kg was
investigated for all samples, which was further reduced 5, 50, and 500 times for peptides. In the case of
sevanol as the least active molecule in vitro, this dose was not only reduced 10, 100, and 1000 times,
but was increased to 2.5 or 10 mg/kg in some experiments.

4.3.1. CFA-Induced Thermal Hyperalgesia

CFA suspended in an oil/saline (1:1) emulsion was injected into the dorsal surfaces of the left hind
paws of mice (20 μL/paw) 24 h before the samples’ intramuscular injection. The control mice received
20 μL of saline (intraplantar). The paw withdrawal latencies to thermal stimulation (53 ◦C) were
measured 2 h after the sample injection. The paw diameter was evaluated before the CFA injection,
before the samples and saline administration, and 2, 4, and 24 h after the administration using a
digital calliper.

4.3.2. Acetic Acid-Induced Writhing (Abdominal Constriction Test of Visceral Pain)

Separate groups of mice were used. Writhes were caused 2 h after the intramuscular injection
of the samples (saline for control mice) with the injection of 0.6% acetic acid in saline (10 mL/kg
intraperitoneally). Mice were immediately placed inside transparent glass cylinders, and the latency of
a first writhe and the number of writhes were recorded for 15 min.

4.3.3. Open Field Test

In the locomotion measurements, exploration and anxiety were evaluated in the motor activity
test on a computerized TSE Multi Conditioning System (TSE Systems GmbH, Bad Homburg, Germany).
Four hours after the administration of the sample, the measurement was made, which lasted for 3 min.
The animal watching TSE AatiMot programme (TSE Systems GmbH, Bad Homburg, Germany) was
used to collect and analyse the control parameters.

4.4. Data Analysis

The analysis of the electrophysiological data was performed using the OriginPro 8.6 programme.
The four parameter logistic equation was used for concentration–response curves: F(x) = ((a1 − a2)/(1
+ (x/x0)n)) + a2, where x is the concentration of sample; F(x) is the response value at given sample

73



Mar. Drugs 2018, 16, 500

concentration; a1 is the control response value (fixed at 100%); x0 is the IC50 value; n is the Hill
coefficient (slope factor); and a2 is the response value at maximal inhibition (percent of control).

The data significance in animal tests was determined by an analysis of variance followed by a
Tukey’s test. Data are presented as the mean ± SEM.
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Abstract: We investigated the antitumor mechanism of Anthopleura anjunae oligopeptide (AAP-H,
YVPGP) in prostate cancer DU-145 cells in vitro and in vivo. Results indicated that AAP-H
was nontoxic and exhibited antitumor activities. Cell cycle analysis indicated that AAP-H may
arrest DU-145 cells in the S phase. The role of the phosphatidylinositol 3-kinase/protein kinase
B/mammalian rapamycin target protein (PI3K/AKT/mTOR) signaling pathway in the antitumor
mechanism of APP-H was investigated. Results showed that AAP-H treatment led to dose-dependent
reduction in the levels of p-AKT (Ser473), p-PI3K (p85), and p-mTOR (Ser2448), whereas t-AKT
and t-PI3K levels remained unaltered compared to the untreated DU-145 cells. Inhibition of
PI3K/AKT/mTOR signaling pathway in the DU-145 cells by employing inhibitor LY294002 (10 μM)
or rapamycin (20 nM) effectively attenuated AAP-H-induced phosphorylation of AKT and mTOR.
At the same time, inhibitor addition further elevated AAP-H-induced cleaved-caspase-3 levels.
Furthermore, the effect of AAP-H on tumor growth and the role of the PI3K/AKT/mTOR signaling
pathway in nude mouse model were also investigated. Immunohistochemical analysis showed
that activated AKT, PI3K, and mTOR levels were reduced in DU-145 xenografts. Western blotting
showed that AAP-H treatment resulted in dose-dependent reduction in p-AKT (Ser473), p-PI3K
(p85), and p-mTOR (Ser2448) levels, whereas t-AKT and t-PI3K levels remained unaltered. Similarly,
Bcl-xL levels decreased, whereas that of Bax increased after AAP-H treatment. AAP-H also increased
initiator (caspase 8 and 9) and executor caspase (caspase 3 and 7) levels. Therefore, the antitumor
mechanism of APP-H on DU-145 cells may involve regulation of the PI3K/AKT/mTOR signaling
pathway, which eventually promotes apoptosis via mitochondrial and death receptor pathways.
Thus, the hydrophobic oligopeptide (YVPGP) can be developed as an adjuvant for the prevention or
treatment of prostate cancer in the future.

Keywords: prostate cancer; Anthopleura anjunae oligopeptide; DU-145 cells; PI3K/AKT/mTOR
signaling pathway

1. Introduction

The ocean, with a total area of 360 million square kilometers, accounts for 70% of the earth’s
surface area. The diversity of the marine environment is crucial for the unique metabolic pathways
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and genetic background of marine organisms, which produce active substances with special structures
and functions [1,2]. Numerous studies have shown that marine organisms possess antithrombotic,
antitumor, and antibacterial activities [3]. These unique marine bioactive substances have played
significant roles in the development of innovative medicines.

Prostate cancer (PCa) is one of the most common malignancies of the male urinary system and is
also the leading cause of cancer-related death in men [4]. In recent years, the incidence and mortality
of PCa have increased in both western countries and in Asia [5]. Traditional surgical resection and
chemotherapy are often accompanied by side effects, such as low survival rate, poor drug resistance,
neurotoxicity, and hematological adverse events [6–8]. Recent studies have shown that bioactive
peptides extracted from natural products usually possess low toxicity and anticancer activity [9].
Therefore, development of highly effective anti-prostate cancer peptides of low toxicity from natural
products and elucidation of their anticancer mechanisms is urgently required.

Recently, the phosphatidylinositol 3-kinase/protein kinase B/mammalian rapamycin target
protein (PI3K/AKT/mTOR) signaling pathway was shown to play a crucial role in malignant
transformation and subsequent growth, proliferation, and metastasis of human tumors [10]. Numerous
studies have shown that the PI3K signaling pathway is abnormally activated in a variety of cancers [11].
Inhibitors of this pathway are considered as potential drug candidates, and several of them are at
different stages of clinical trials [12,13]. Chemical synthesis and extraction of PI3K pathway inhibitors
from natural sources are two major methods of generating these inhibitors [14]. The main problems
associated with chemical synthesis of inhibitors are their poor water solubility and absorption in the
body and toxicity, which are circumvented by further chemically modifying these molecules [15].
Inhibitors from organisms are natural products with negligible toxicity and side effects, structural
diversity, and multitarget activity [16,17]. Hence, new inhibitors, such as those targeting the
PI3K/AKT/mTOR signaling pathway, are being extensively studied.

Anemones are rich in neurotoxic, cytotoxic, and cytolytic proteins and peptides. Toxic peptides
from Sea anemone inhibit growth of various cancer cell lines, but studies on the activity of peptides
extracted from sea anemone muscle are limited [18,19]. Previously, we showed that the Anthopleura
anjunae oligopeptide (APP-H, YVPGP) exhibited anti-prostate cancer effect in vitro, the mechanism of
which was also preliminarily investigated [20]. However, the antitumor mechanism of APP-H was not
clearly understood. Hence, the antitumor mechanism of Anthopleura anjunae oligopeptide (AAP-H)
on DU-145 cells, with emphasis on the PI3K/AKT/mTOR signal pathway, was further investigated
in vitro and in vivo in this study.

2. Results and Discussion

2.1. Toxicity to Normal Cells

Cell proliferation is the foundation of an organism’s growth, development, reproduction, and
heredity. Perturbation in the balance between cell proliferation and apoptosis often leads to cancer [21].
Hence, inhibition of cell proliferation is an effective way of controlling cancer. In the previous
study, we showed that AAP-H could inhibit the proliferation of prostate cancer DU-145 cells with
a half-maximal inhibitory (IC50) concentration of 9.605 mM, 7.910 mM, and 2.298 mM at 24 h, 48 h,
and 72 h, respectively [20]. However, the toxicity of AAP-H to normal cells was not studied. In this
study, the fibroblast NIH-3T3 cells were used as the normal cells [22], which were added to culture
solution containing different concentrations of AAP-H (0, 1, 5, 10, 15, and 20 mM) and incubated for
24 h. As shown in Figure 1, AAP-H showed no inhibitory effect on the fibroblast NIH-3T3 cells.

We observed that the rate of inhibition of DU-145 cells increased in a dose- and time-dependent
manner [20], whereas the cell viability of NIH-3T3 cells was not affected under the same concentration.
Thus, these observations indicated that AAP-H was nontoxic and exhibited antitumor activities.
Huang et al. [23] reported that the inhibitory rate of a tripeptide (QPK) extracted from Sepia ink
on DU-145 cells is 74.62% at 15 mg/mL. Song et al. [6] reported that the antiproliferative
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peptide (YALPAH) from Setipinna taty inhibited the DU-145 cells with an IC50 of 16.9 mM at 48 h.
In comparison, the Anthopleura anjunae oligopeptides (YVPGP) showed lower IC50 values and better
anticancer activity.

Figure 1. Toxicity of normal liver cells treated with Anthopleura anjunae oligopeptide (AAP-H). NIH-3T3
cells were treated with different concentrations of AAP-H (0, 1, 5, 10, 15, and 20 mM) for 24 h and the
cell viability was assessed using the 3-(4,5-dimethyl-2 thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay. Each value represents the mean ± SD of three experiments.

2.2. AAP-H Induced Cycle Arrest of DU-145 Cells

The cell cycle is a tightly regulated and ordered event consisting of G1, S, G2, and M phases at the
completion of which the newly replicated DNA is equally divided into daughter cells. The morphology
and biochemistry of cells undergoing division change accordingly in these four stages [24,25].
The PI3K/AKT signaling pathways activate the cell-cycle-dependent protein kinase 2 (CDK-2) and
CDK-4, which induces entry in S phase and DNA synthesis [26]. Evidence shows that AKT can
actively and effectively regulate cell cycle progression from G2 to M phase and promote mitosis [27].
To investigate whether AAP-H affects cell cycle progression, DU-145 cells were treated with different
concentrations of AAP-H (0, 5, 10, and 15 mM) for 24 h and assessed using flow cytometry. As shown
in Figure 2, the number of cells in S phase increased in AAP-H treatment groups (p < 0.05) compared
to the untreated controls. The percentages of cells in S phase after 24 h of AAP-H treatment (0, 5, 10,
and 15 mM) were 7.3 ± 1.5%, 12.2 ± 1.4%, 17 ± 2.1%, and 20.9 ± 1.9%, respectively. To understand the
mechanism underlying the AAP-H-induced S phase arrest, western blotting was used to analyze cell
cycle regulatory proteins [28]. The levels of cyclin B1, cyclin D1, and CDK2 were dramatically reduced
by varying degrees after treatment with high doses of APP-H (10–15 mM) (Figure 2).

Flow cytometric and western blotting analysis showed that AAP-H regulated the cell cycle by
altering the distribution of DU-145 cells in different phases of the cycle. Compared to the blank
control group, the proportion of G2/M phase cells decreased, whereas that of S phase cells increased.
This indicated that AAP-H may block the progression of cancer cells from S to G2/M phase, which
eventually leads to apoptosis.
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Figure 2. Flow cytometry of cell cycle phases (G0/G1, S and G2/M) distribution. (A) Percentage of
DU-145 cells in S phase—A-1: control group, 7.3%; A-2: 5 mM AAP-H-treated group, 12.2%; A-3:
10 mM AAP-H-treated group, 17%, and A-4: 15 mM AAP-H-treated group, 20.9%. (B) The percentage
of each phase in the cell cycle. Each experiment was repeated three times. (C) The levels of cyclin
B1, cyclin D1, and CDK2 in DU-145 cells detected by western blotting analysis. (D) The expression
levels of cyclin B1, cyclin D1, and CDK2 in each group analyzed by densitometry normalized to β-actin.
* p < 0.05 and ** p < 0.001 vs. the control group.

2.3. AAP-H Suppressed the PI3K/AKT/mTOR Signaling Pathway in DU-145 Cells

Recent studies have indicated that PCa cells can be inhibited via the PI3K/AKT/mTOR
signaling pathway. Meng et al. [29] reported that ursolic acid, a pentacyclic triterpenoid, can inhibit
cell growth and induce apoptosis by regulating the PI3K/AKT/mTOR pathway in human PCa
cells. Kumar et al. [30] demonstrated that rottlerin (rott), an active molecule isolated from Mallotus
philippensis, inhibited autophagy and apoptosis in PCa stem cells. Yasumizu et al. [31] observed that
hypoxic microenvironments promoted PI3K/Akt/mTOR signaling pathways and morphological
changes in human castration-resistant prostate cancer (CRPC) cells via the PI3K/AKT/mTOR
signaling pathway.

Hence, the expression levels of p-PI3K (p85) [32], p-AKT (Ser473) [33], t-PI3K, t-AKT, and p-mTOR
(Ser2448) [33] were investigated after 24 h treatment with AAP-H. As shown in Figure 3, AAP-H
treatment led to a dose-dependent reduction in the levels of p-AKT (Ser473), p-PI3K (p85), and
p-mTOR (Ser2448), whereas t-AKT and t-PI3K levels remained unaltered compared to the nontreated
group. Multiple signaling pathways operate and cross-talk inside cells; hence, when one pathway is
stimulated, the levels of proteins related to that pathway, as well as other associated pathways, change
concomitantly [34].
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Figure 3. The changes of phosphatidylinositol 3-kinase/protein kinase B/mammalian rapamycin target
protein (PI3K/AKT/mTOR) signaling pathway proteins—p-PI3K (p85), p-AKT (Ser473), p-mTOR
(Ser2448), PI3K, AKT—in DU-145 cells after treating with AAP-H for 24 h. (A) The level of p-PI3K
(p85), p-AKT (Ser473), p-mTOR (Ser2448) decreased in a dose-dependent way, and total PI3K and AKT
were not changed compared to control groups. β-actin as a house-keeping protein was used for loading
control. (B) Protein expression level of p-PI3K (p85) and PI3K that presented in AAP-H-treated DU-145
cells. (C) Protein expression level of p-AKT (Ser473) and AKT that presented in AAP-H-treated DU-145
cells. (D) Protein expression level of p-mTOR (Ser2448) that presented in AAP-H-treated DU-145 cells.
* p < 0.05 and ** p < 0.001 vs. control.

2.4. PI3K/AKT/mTOR Signaling Involved in AAP-H-Induced Apoptosis

To further investigate whether AAP-H-induced apoptosis involves the PI3K/AKT/mTOR
signaling pathway, the levels of p-AKT (Ser473), t-AKT, and cleaved-PARP were assessed using western
blotting after DU-145 were treated with 10 mM AAP-H for 0, 2, 4, 8, 12, 18, and 24 h [35,36]. Results
revealed that AAP-H reduced AKT phosphorylation in a time-dependent manner; however, AKT level
remained unchanged. Cleaved-PARP level also increased in a time-dependent manner. Importantly,
cleaved-PARP level started increasing concomitantly with decrease in AKT phosphorylation (Figure 4).
These results indicated that PI3K/AKT/mTOR inhibition was an early event that was initiated prior
to cell death induction.

Furthermore, LY294002 [37] and rapamycin [38], were used to specifically inhibit the
PI3K/AKT/mTOR signaling [39]. Figure 5 shows that the levels of phosphorylated AKT and
mTOR were significantly reduced after treatment with LY294002 (10 μM) and rapamycin (20 nM),
respectively. In addition, pretreatment with LY294002 and rapamycin effectively attenuated
AAP-H-induced phosphorylation of AKT and mTOR. At the same time, inhibitor addition further
elevated AAP-H-induced cleaved-caspase-3 levels. These results implied that the PI3K/AKT/mTOR
signaling pathway is one of the potential mechanisms via which APP-H induces DU-145 cell apoptosis.
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Figure 4. AAP-H affects PI3K/AKT/mTOR signaling pathway in different time points. (A) The protein
expression level in the DU-145 cells treated with 10 mM AAP-H for 0, 2, 4, 8, 12, 18, and 24 h.
(B) The expression levels of AKT/p-AKT (Ser473) analyzed using western blotting. (C) The expression
levels of cleaved-PARP analyzed using western blotting. * p < 0.05 and ** p < 0.001 vs. control.

Figure 5. Effects of LY294002 or rapamycin on AAP-H-mediated alterations in PI3K/AKT/mTOR
signaling and apoptosis-related protein. The DU-145 cells were preincubated with LY294002 (10 μM)
or rapamycin (20 nM) for 2 h and then treated with 10 mM AAP-H for 24 h. (A) Western blot analysis
of p-AKT, AKT, p-mTOR and Cleaved Caspase-3 levels. β-Actin as a house-keeping protein was
used as the loading control. (B) The expression levels of p-mTOR analyzed using western blotting.
(C) The expression levels of p-AKT/AKT analyzed using western blotting. (D) The expression levels
of Cleaved Caspase-3 analyzed using western blotting. * p < 0.05 and ** p < 0.001 vs. control.
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2.5. Effect of AAP-H on DU-145 Xenografts

To investigate the anticancer effects of AAP-H on DU-145 xenografts, physiological saline, AAP-H,
and DDP were injected in nude mice for 14 days. Mice body weight and tumor volume were
determined every three days. As shown in the Figure 6A, the growth rate of tumor volume in
the AAP-H and DDP treatment groups was slower than that of the control group. The inhibition rate
was 36.93 ± 3.9% in the AAP-H low dose group, 62.22 ± 6.2% in the AAP-H high dose group, and
66.96 ± 5.7% in the DDP group. Although DDP had the best inhibitory effect (Figure 6B), it elicited
obvious toxic effects in nude mice. AAP-H not only reduced tumor weight but also slightly increased
body weight and quality of life of nude mice during medication. Thus, we preliminarily concluded
that AAP-H has no harmful effect on nude mice.

Figure 6. Inhibition of DU-145 prostate tumor growth by the APP-H. Compared to the control group,
AAP-H exerted (A) antiproliferative effect on DU-145 cells in nude mice and (B) slightly increased mice
body weight. Nude mice of control group, AAP-H group, and positive control group orally received
saline, AAP-H (100 or 150 mg/kg/d), and DDP (4 mg/kg/d) for 14 days, respectively. * p < 0.05 and
** p < 0.001 vs. control.

2.6. Immunocytochemistry

The expression of members of the PI3K/AKT/mTOR signaling pathway (p-AKT (Ser473),
p-PI3K (p85) and p-mTOR (Ser2448)) in tumor tissue from nude mice was examined using
immunocytochemistry assay [33]. As shown in Figure 7, p-AKT (Ser473), p-PI3K (p85), and p-mTOR
(Ser2448) were detected in the cytoplasm and nucleus of the tumors; however, no expression was
observed in the negative control group, whereas strong expression was observed in the positive control
group. The positive expression started to decrease in the group treated with low dose of AAP-H
(100 mg/kg). p-AKT (Ser473), p-PI3K (p85), and p-mTOR (Ser2448) levels were negligible and cell
morphology was poor when the concentration of AAP-H was increased to 150 mg/kg. The results of
immunohistochemistry were further confirmed by western blotting analysis.

Recent studies have shown that mutations in PI3KCA of PI3K play crucial roles in the formation
of human tumors [40]. Phosphorylated PI3K triggers the production of the second messenger inositol
triphosphate, further activating AKT, which can phosphorylate a variety of downstream factors such as
enzymes, kinases, and transcription factors to promote tumor production [41]. AKT is an evolutionarily
conserved serine/threonine kinase with three subtypes that are expressed to varying degrees in most
human tissues. p-AKT is a typical pro-cancer factor, which can promote proliferation of tumor cells
via p21, p27, and p53, inhibiting apoptosis, and promoting invasion, metastasis, and angiogenesis of
tumor cells. Reports show that p-AKT is expressed in various malignancies, such as oral cancer, breast
cancer, and non-small cell lung cancer [42–44]. mTOR is a direct substrate of AKT kinase, and serine
2480 is the site of phosphorylation of the latter on mTOR; the deletion of the residue in the C terminal
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regulatory region of the protein increases mTOR activity [41]. Hence, immunocytochemistry was used
in this study to detect p-AKT in DU-145 cells. Our results showed that the expression of activated
AKT, PI3K, and mTOR was increased in DU-145 xenografts, which resulted in continuous activation of
the PI3K/AKT/mTOR pathway and rapid cell proliferation, thereby promoting tumor malignancy.

Figure 7. Expression of p-PI3K (p85), p-AKT (Ser473), and p-mTOR (Ser2448) in tumors was detected
using immunocytochemistry. The primary antibody was replaced with phosphate buffered saline
(PBS) in the negative control. DU-145 xenografts treated with non-AAP-H presented strong positivity,
whereas those treated with 100 mg/kg AAP-H and 150 mg/kg AAP-H showed moderate and low
positivity, respectively. Bar = 50 μm, 400×.

2.7. AAP-H Suppressed the PI3K/AKT/mTOR Signaling Pathway in DU-145 Xenografts

The PI3K/AKT/mTOR signaling pathway plays a crucial role in growth, proliferation, metastasis,
and malignant transformation in human cancer [45]. It can induce tumor formation via the following
mechanisms: (1) It inhibits autophagy [46]. For example, mTOR is a key regulator of the initiation
stage of autophagy, and its activation inhibits autophagy [47]. (2) Activated AKT inhibits caspases
3 and 9 by phosphorylating their Ser196 and ultimately inhibiting apoptosis [48,49]. Furthermore,
it inhibits the Bcl-2 family of proteins. Bad promotes apoptosis with Bcl-2 or Bcl-xL, and activated
AKT is a highly effective Bad kinase that can be blocked by phosphorylation of Ser136 to induce
apoptosis. (3) Promotion of tumor metastasis, cell movement, and angiogenesis are related to
PI3K/AKT signal transduction. The above observations suggest that the PI3K/AKT/mTOR pathway
is closely related to the caspase and Bcl-2 signaling pathways. Changes in the levels of key proteins
of the PI3K/AKT/mTOR signaling pathway (p-PI3K (p85), p-AKT (Ser473), t-PI3K, t-AKT, and
p-mTOR (Ser2448)) in DU-145 xenografts treated with AAP-H for 14 days were analyzed using western
blotting. Compared to the control group, AAP-H treatment resulted in dose-dependent reduction
in the levels of p-AKT (Ser473), p-PI3K (p85), and p-mTOR (Ser2448), whereas t-AKT and t-PI3K
levels remained unaltered (Figure 8). These results were consistent with the in vitro results, indicating
that AAP-H may inhibit the activity of DU-145 xenograft by regulating the PI3K/AKT/mTOR signal
transduction pathway.
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Figure 8. Changes in the levels of PI3K/AKT/mTOR signaling pathway proteins (p-PI3K (p85),
p-AKT (Ser473), p-mTOR (Ser2448), PI3K, AKT) in DU-145 xenografts treated with AAP-H for 14 days.
(A) The level of p-PI3K (p85), p-AKT (Ser473), p-mTOR (Ser2448) were reduced in a dose-dependent
manner, whereas total PI3K and AKT were unaltered compared to control groups. β-actin as
a house-keeping protein was used as the loading control. (B) p-PI3K (p85) and PI3K levels in
AAP-H-treated DU-145 cells. (C) p-AKT (Ser473) and AKT levels in AAP-H-treated DU-145 cells.
(D) p-mTOR (Ser2448) level in AAP-H-treated DU-145 cells. * p < 0.05 and ** p < 0.001 vs. control.

2.8. Western Blotting Analysis of Bcl-2 Family Members

Apoptosis is triggered via the extrinsic (death receptor pathway) and intrinsic (mitochondrial
pathway) pathways [50]. The Bcl-2 family of proteins, which regulates the release of cytochrome C
from the mitochondria to the cytoplasm, is mainly composed of anti-apoptotic proteins (Bcl-2 and
Bcl-xL) and apoptotic proteins (Bax, Bak). Anti-apoptotic and apoptotic proteins play opposite roles
during the release of cytochrome C. For example, oligomeric Bax assists cytochrome C and other
apoptotic proteins to pass through the mitochondrial membrane. However, Bcl-xL closes the voltage
dependent anion channel (VDAC), which inhibits the release of cytochrome C from the Bax/VDAC
channel [51]. To investigate whether apoptosis-related proteins participate in AAP-H-induced
apoptosis, we analyzed the expression of Bcl-2 family members such as Bcl-xL and Bax. As shown
in Figure 9, the level of the anti-apoptotic Bcl-xL was reduced, whereas that of the pro-apoptotic
Bax was elevated post-AAP-H treatment. This indicated that AAP-H might affect apoptosis via the
mitochondrial pathway.
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Figure 9. Western blotting showing the expression of Bcl-2 family members (Bcl-xL, Bax) in DU-145
xenografts treated with AAP-H for 14 days. (A) Western blotting analysis of Bcl-xL and Bax in DU-145
xenografts treated with AAP-H for 14 days. (B) The expression levels of Bcl-xL and Bax analyzed using
western blotting. * p < 0.05 vs. control.

2.9. Western Blotting of Caspases

The caspase family consists of cysteine-rich proteins, which are divided into initiator caspases
(caspases 8 and 9) and executor caspases (caspases 3, 6, and 7). Caspases are activated by two major
pathways. One involves the release of cytochrome C from the mitochondria to the cytoplasm, which
eventually leads to apoptosis. The other pathway involves the death receptors [50].

Death receptor is a transmembrane protein on the cell membrane, which is responsible for
transferring extracellular stimulating signal to the corresponding ligand and inducing apoptosis [52].
Caspase 8, one of the initiators of apoptosis, plays a key role in mediating caspase activation in the
death receptor pathway [53] by activating the downstream executors, caspases 3, 6, and 7. However,
caspase 8 exists mainly in an inactive state in human cancers. Recently, caspase 8 expression has been
analyzed from various perspectives [54,55]. Here, we investigated the levels of initiator and executor
caspases in treated and untreated tumors. As shown in Figure 10, initiator caspase 8 and 9 were
activated and expressed to similar extents in the presence of 150 mg/kg AAP-H. This was paralleled
by increase in the expression of the downstream executor caspase 3 and 7. These results indicated that
AAP-H promoted apoptosis of DU-145 cells via both the mitochondrial and death receptor pathways.

Figure 10. Western blotting showing the expression of Caspase family members (Caspase 3, 7, 8 and
9) in DU-145 xenografts after being treated with AAP-H for 14 days. (A) Western blotting analysis of
Caspase 3, 7, 8 and 9 in DU-145 xenografts. (B) The expression levels of Caspase 3, 7, 8 and 9 analyzed
using western blotting. ** p < 0.001 vs. control.
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3. Materials and Methods

3.1. Materials and Reagents

The AAP-H (YVPGP) samples were purified from Anthopleura anjunae protein hydrolysates
as mentioned previously [56] and stored at −20 ◦C until further use. The DU-145 cell lines and
NIH-3T3 cell lines were purchased from the Cell Bank of Chinese Academy of Sciences. Powdered
Ham’s F12/F-12 nutrient mixture (F12) medium was purchased from Gibco/BRL (Gaithersburg, MD,
USA). Fetal bovine serum (FBS) was purchased from Sijiqing Biological Technology Co. (Hangzhou,
China). 3-(4,5-dimethyl-2 thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) kits and cocktail
2 were purchased from Sigma Chemical Co. Ltd. (St. Louis, MO, USA). Antibodies against β-actin
(cat. no. 4970S), caspase 3 (cat. no. CST9665T), caspase 7 (cat. no. CST9494S), caspase 8 (cat. no.
CST4790T), caspase 9 (cat. no. CST9508T), AKT (cat. no. CST2920ST), p-AKT (Ser473) (cat. no.
CST4060T), PI3K (cat. no. CST4257T), p-mTOR (Ser2448) (cat. no. CST5536T), p-PI3K (p85) (cat. no.
CST4228T), Bax (cat. no. CST5023T), Bcl-xL (cat. no. CST2764T), PARP (cat. no. CST9532T), CDK2 (cat.
no. CST2546T), cyclin D1 (cat. no. CST2978T) and cyclin B1 (cat. no. CST12231T) were purchased from
Cell Signaling Technology (Boston, MA, USA). Cell cycle detection kits were purchased from BestBio
Biological Technology Co. (Shanghai, China). All other reagents used in the present study were of
analytical grade.

3.2. Cell Toxicity Assay

The effect of AAP-H on the toxicity of NIH-3T3 cell viability was detected using the MTT assay
according to the method described by Tang et al. [57], with slight modifications. In brief, the NIH-3T3
cells were first seeded in a 96-well (5 × 105 cell/mL) plate (Costar Corning, Rochester, NY, USA).
After incubation for 24 h, 200 μL fresh culture medium containing different final concentrations of
AAP-H (0, 1, 5, 10, 15, and 20 mM) was added to each well. After 24 h incubation, the cells were
treated with 200 μL MTT reagents and incubated for another 4 h. Finally, the formazan crystals were
dissolved in 100 μL dimethyl sulfoxide (DMSO), and the absorbance at 490 nm was recorded using an
enzyme-linked immunosorbent assay (ELISA) reader (SpectraMa, Molecular Devices Co., San Jose,
CA, USA). Different final concentrations of AAP-H (0, 1, 5, 10, 15, and 20 mM) were used for treatment
prior to the MTT assay.

3.3. Determination of Cell Cycle Arrest

To investigate the cytotoxic effect of AAP-H on DU-145 cells, the relative sensitivities of
the different phases of the cell cycle were observed using the cell cycle arrest test described by
Chen et al. [58], with slight modifications. First, the cells were placed in a 6-well plate and different
final concentrations (0, 5, 10, and 15 mM) of APP-H were added when the cells had adhered to the
bottom of the plate. After 24 h incubation, the cells were collected by centrifugation, RNase A was
added to the cell pellet, and incubated in a water bath at 37 ◦C for 30 min. Three hundred and fifty
microliters of propidium iodide was added to the tubes in dark and incubated at 4 ◦C for another
40 min. Finally, the cells were sorted using a flow cytometer (Becton Dickinson, NJ, USA).

3.4. Western Blot Analysis

DU-145 cells were treated with culture solution containing different concentrations of AAP-H
(0, 5, 10, and 15 mM). Then, the treated cells were incubated in a CO2 incubator for 24 h. After
washing thrice with phosphate buffered saline (PBS) (the tumor tissues were placed in a mortar,
liquid nitrogen was added, and the tumor was rapidly ground and collected in a centrifuge tube),
200 μL radioimmunoprecipitation assay (RIPA) lysis solution containing 1% phosphatase inhibitor and
phenylmethane sulfonyl fluoride (PMSF) was added to each group. The cracking liquid was transferred
into a 1.5 mL centrifuge tube and sonicated for 30 min. Subsequently, the cell lysates were collected by
centrifugation at 4 ◦C (12,000 rpm, 15 min). The total protein content of the supernatant was measured
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using the bicinchoninic acid (BCA) kit. The samples were then denatured by heating in a boiling water
bath for 10 min, and the total protein (50 μg) was separated on preprepared 12% sodium dodecyl
sulfate-polyacrylamide gels, followed by transfer to polyvinylidene fluoride membrane (Millipore,
Billerica, MA, USA). The membranes were stained with Ponceau S and then blocked with 5% nonfat
milk for 1 h. After that, the membranes were incubated with the 1:1000 diluted primary antibodies
against caspases 3, 7, 8, and 9, AKT, p-AKT (Ser473), PI3K, p-PI3K (p85), p-mTOR (Ser2448), Bax,
Bcl-xL, PARP, CDK2, cyclin B1, and cyclin D1 in 5% w/v nonfat milk at 4 ◦C with gentle shaking for
16 h. Finally, the 1:1000 diluted secondary antibodies (goat anti-rabbit and goat anti-mouse) were
added and incubated at room temperature for 1 h. The target bands were detected using enhanced
chemiluminescence and quantified by densitometry as shown in DRAFT-alpha view using the Image J
1.38 software (NIH, Bethesda, MD, USA). β-actin was used as the loading control.

3.5. Effect of AAP-H on DU-145 Xenografts

Male BALB/c nude mice (nu/nu) were obtained from the Zhejiang Laboratory Animal Center
(Hangzhou, China) and housed in specific pathogen-free conditions. DU-145 cells were cultured
in Ham F12 medium (10% FBS) at 37 ◦C in a 5% CO2 incubator. A suspension of DU-145 cells
(in the logarithmic growth stage) were then prepared (0.2 mL, with 1 × 106 cells) and injected into
the right armpit of nude mice in sterile environment. The tumor nodes appeared after 7 days, which
confirmed the successful establishment of the DU-145 tumor-bearing nude mouse model. The body
weight was measured after every three days, and the tumor volume was calculated according to
the following formula: volume (mm3) = 1/6 × π × width2 × length. When the average tumor
volume reached 60 mm3, the mice were randomly divided into four groups with five mice in each
group (negative control, positive control treated with 4 mg/kg cisplatin (DDP), and two treatment
groups with 100 mg/kg and 150 mg/kg AAP-H). All mice were injected intraperitoneally for 14 days.
The experiments were performed according to the guidelines of the Institutional Animal Care and Use
Committee of the Zhejiang Ocean University (SYXK, 2014-0013) and adhered to the code of the World
Medical Association (Declaration of Helsinki).

3.6. Immunocytochemistry (IHC)

The animal experiments were divided into four groups, and each group contained five nude
mice. All animals were euthanized, and the three transplanted tumors were selected randomly and
cut into 1-cm3 pieces for IHC. IHC was performed as follows: First, the tumors were placed in 4%
paraformaldehyde for 24 h and washed with flowing water overnight. Second, the tumors were
dehydrated using an ethanol gradient (75%, 95%, and 100%) for 5 min and transparentized with xylene
for 40 min. Then, the tumors were put in paraffin to maintain constant temperature (60 ◦C) for 1 h.
Finally, the tumors were put into a square box, fluid wax was poured into these boxes, and the boxes
were refrigerated at 4 ◦C. Subsequently, 4-μm slices were prepared using a Leica slicer (RM2135, Leica
Instruments GmbH, Wetzlar, Germany). The adhered slices were peeled off using a spreading machine
(III1210, Leica Instruments GmbH, Wetzlar, Germany) and processed using a baking machine (II1220,
Leica Instruments GmbH, Wetzlar, Germany). The paraffin section was used for IHC.

IHC for determining the expression of p-PI3K (p85), p-AKT (Ser473), and p-mTOR (Ser2448)
was performed according to Luo et al. [59], with minor modifications. Briefly, 4-μm thick sections
were dewaxed with xylene for 15 min. Antigen repair of tumor sections was performed using EDTA
(pH 8.0) buffer under high temperature and pressure for 3 min. The endogenous biotin in the tumor
sections were blocked according to the instructions of the IHC biotin block kit (Maxin Co., Hong Kong,
China). Then, the tumor sections were incubated with prediluted primary antibodies against p-PI3K
(p85) (1:50), p-AKT (Ser473) (1:50), and p-mTOR (Ser2448) (1:50) in a mixture containing 3% bovine
serum albumin (BSA) (w/v), 1× TBS and 0.1% Tween 20 at 4 ◦C for 16 h. Horse radish peroxidase
(HRP)-labeled goat anti-rabbit monoclonal secondary IgG (H + L) against p-PI3K (p85) (1:1000), p-AKT
(Ser473) (1:1000), and p-mTOR (Ser2448) (1:1000) were used, and the signal was detected using the
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DAB chromogenic kit (Maxin Co., Hong Kong, China). Sections were re-stained with hematoxylin,
dehydrated, transparentized with xylene, and sealed with a resin. The primary antibodies were
replaced with PBS in the negative control. Antigen expression was analyzed using light microscopy
(Olympus, Tokyo, Japan).

4. Conclusions

AAP-H exhibited anticancer activity on DU-145 prostate cancer cells by targeting the
PI3K/AKT/mTOR signaling pathway and was not toxic for normal fibroblast cells. In addition,
AAP-H showed good antiproliferative effect on DU-145 cells. The antitumor mechanism of APP-H on
DU-145 cells may involve regulation of the activity of the PI3K/AKT/mTOR signaling pathway, which
eventually promotes apoptosis via both the mitochondrial and death receptor pathways (Figure 11).
Therefore, the hydrophobic oligopeptide (YVPGP) will be further studied for use as a functional food
or adjuvant for prevention or treatment of prostate cancer.

Figure 11. AAP-H inhibits DU-145 cell proliferation via the PI3K/AKT/mTOR signaling pathway.
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Abstract: Natural angiotensin converting enzyme (ACE)-inhibitory peptides, which are derived from
marine products, are useful as antihypertensive drugs. Nevertheless, the activities of these natural
peptides are relatively low, which limits their applications. The aim of this study was to prepare
efficient ACE-inhibitory peptides from sea cucumber-modified hydrolysates by adding exogenous
proline according to a facile plastein reaction. When 40% proline (w/w, proline/free amino groups)
was added, the modified hydrolysates exhibited higher ACE-inhibitory activity than the original
hydrolysates. Among the modified hydrolysates, two novel efficient ACE-inhibitory peptides, which
are namely PNVA and PNLG, were purified and identified by a sequential approach combining a
sephadex G-15 gel column, reverse-phase high-performance liquid chromatography (RP-HPLC) and
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS),
before we conducted confirmatory studies with synthetic peptides. The ACE-inhibitory activity assay
showed that PNVA and PNLG exhibited lower IC50 values of 8.18 ± 0.24 and 13.16 ± 0.39 μM than
their corresponding truncated analogs (NVA and NLG), respectively. Molecular docking showed
that PNVA and PNLG formed a larger number of hydrogen bonds with ACE than NVA and NLG,
while the proline at the N-terminal of peptides can affect the orientation of the binding site of ACE.
The method developed in this study may potentially be applied to prepare efficient ACE-inhibitory
peptides, which may play a key role in hypertension management.

Keywords: sea cucumber; ACE-inhibitory peptide; molecular docking; structure-activity relationship;
plastein reaction

1. Introduction

Hypertension is one of the leading causes of global disease burden [1]. In 2015, hypertension
was estimated to affect 874 million adults worldwide (systolic blood pressure ≥ 140 mmHg), causing
approximately 4.5 million deaths. Furthermore, the number of patients suffering from hypertension
continues to grow [2]. Angiotensin-converting enzyme (ACE) plays a critical role in blood pressure
control systems (renin-angiotensin system) as it converts angiotensin I into angiotensin II, leading to
the development of hypertension [3,4]. Therefore, it is quite essential to study the inhibition of ACE in
order to prevent and manage hypertension.
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Currently, chemically synthesized ACE inhibitor drugs, such as captopril, enalapril and lisinopril,
are being widely used in clinical applications [5–7]. However, pharmaceutical drugs may lead to
some side effects, such as changes in taste, coughs and rashes [8,9]. Consequently, it is important
to develop new, efficient and safe natural substitutes to reduce the application of chemical drugs.
ACE-inhibitory peptides, which are safer than synthetic ACE inhibitors, have been shown to be useful
as antihypertensive drugs [10]. Furthermore, they are found in many food protein sources [4,11,12],
including sea cucumber (Acaudina molpadioidea). The sea cucumber is a particularly good source of
bioactive peptides and is rich in proteins that result in high yields of peptides [13,14]. Recently, it
has been reported that efficient ACE-inhibitory peptides can be obtained from Acaudina molpadioidea
protein hydrolysates by a facile plastein reaction [15–17]. Plastein reaction was first discovered by
Danilevski in 1902 when he added chymotrypsin to protein hydrolysates, which is considered to
be a reverse enzymatic reaction. Since then, the plastein reaction has been used widely for many
purposes [11], including the modification of some protein hydrolysates to improve their antioxidant
properties [18] or ACE-inhibitory activity [19].

A number of structure–activity relationship studies have showed that peptides, such as APP [4],
KPLL [20] and VYPFPGPIPNSLPQNIPP [21], exhibit high ACE-inhibitory activity, which suggests
the importance of proline in controlling the ACE-inhibitory activity. ACE-inhibitory activity could be
increased from 27.8% to 76.4% by adding proline to casein hydrolysates [11]. This effect is probably
due to the imidazole ring in proline residues exhibiting a strong affinity for the amino acid residues
at the active centers of ACE [22], thus resulting in an improvement in the ACE-inhibitory activity.
Therefore, it might be reasonable to assume that adding exogenous proline to the plastein reaction
system is an effective method to further enhance ACE-inhibitory activity.

Structural bioinformatics show that the activity of ACE-inhibitory peptides is related to both their
molecular masses and amino acid sequences [23]. Some studies showed that short-chain polypeptides
with low molecular masses exhibited high ACE-inhibitory activity [24,25]. For example, MVGSAPGVL
and LGPLGHQ with small molecular masses exhibited high ACE-inhibitory activity [26]. Intriguingly,
some studies indicated that the ACE-inhibitory activity of nonapeptide is significantly higher than that
of hexapeptide [27], while the inhibitory activity of hexapeptide is also significantly higher than that of
tripeptide [11]. Thus, apart from molecular weight, the amino acid sequence also plays an important
role in determining the ACE-inhibitory activity of peptides. Many structure–activity relationship
studies indicated the importance of the C-terminal of amino acids in determining the ACE-inhibitory
activity. The inhibitory activity of polypeptides is higher when the C-terminal amino acids are aromatic
amino acids (Trp, Tyr and Phe) or aliphatic amino acids (Ile, Ala, Leu and Met) [28]. However, there are
only a few studies examining the influence of N-terminal amino acids on the ACE-inhibitory activity
and their ACE-inhibition mechanism has not been clearly elucidated. Molecular docking simulations
can provide further insight into peptide−ACE interactions and provide a deeper understanding of the
ACE-inhibition mechanism in peptides.

To the best of our knowledge, the addition of exogenous amino acids to Acaudina molpadioidea
protein hydrolysates to enhance the activity of natural ACE-inhibitory peptides has not been
previously discussed. The aim of this study was to prepare efficient ACE-inhibitory peptides from
sea cucumber-modified hydrolysates by adding exogenous amino acids according to a facile plastein
reaction. Furthermore, we aimed to identify the ACE-inhibitory peptides with high activities by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS).
In addition, molecular docking simulations were conducted to investigate the nature of interactions
between the peptides and ACE. This study can provide previously unknown information on the effect
of exogenous amino acids on the activity of natural ACE-inhibitory peptides and provide an insight
into the peptide structure−ACE inhibition relationship.
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2. Results and Discussion

2.1. Modification of Acaudina molpadioidea Protein Hydrolysates by Adding Exogenous Amino Acids

As shown in Figure 1A, the ACE-inhibitory activity of modified hydrolysates significantly
increased when compared to original hydrolysates in the presence of exogenous Phe, Trp and Pro at 50%
weight proportions to free amino groups. After 6 h of reaction, the maximum ACE-inhibitory activity
was found in the Pro group (p < 0.05). These results demonstrate that the plastein reaction modified
by the addition of exogenous Pro was capable of improving ACE-inhibitory activity. The obtained
results are consistent with Sun et al. [11], who reported that the ACE-inhibitory activity of casein
hydrolysates was enhanced by adding exogenous Pro. In addition, Bougatef et al. [8] reported that the
C-terminal domain of ACE exhibited high hydrophobicity. Hydrophobic amino acids play a crucial
role in the inhibition of ACE. The exogenous Tyr, Leu, Phe, Trp and Pro used in this study were
hydrophobic amino acids. We deduced that the enhancement in ACE-inhibitory activity upon the
addition of Pro groups might be due to the assembly of free Pro in ACE-inhibitory peptides. To confirm
this hypothesis, the composition of the free amino acids in the reaction system was investigated.
As shown in Table 1, the total free amino acid content constantly decreased with an increase in reaction
time, which differs from the case of original hydrolysates. This suggests that free amino acids are
involved in the synthesis reaction. The single free amino acid content also exhibited a decreasing
trend over a period of 4 h. This is especially true in the case of Pro, whose content decreased to
(0.23 ± 0.02) g/(100 mL) after 1 h of reaction (Table 1), suggesting that Pro might be incorporated in
the peptide chain during the synthesis reaction. In their study, Sun et al. [11] reported that free amino
acids could be introduced into the peptide chain through condensation. From these results, it could
be assumed that exogenous Pro was integrated into ACE-inhibitory peptides, which could partly
contribute to the high ACE-inhibitory activity.

Figure 1. Effect of different amino acids (A), proline proportions (B) and reaction time (C) on the
ACE-inhibitory activity. The values of three replicates are shown as mean ± standard deviation.
Different lowercase letters indicate significantly different values (p < 0.05).
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Table 1. The variations of free amino acid groups during plastein reaction.

Amino Acids Original 1 h g/(100 mL) 4 h g/(100 mL)

Thr 0.05 ± 0.02 0.04 ± 0.01 0.03 ± 0.01
Ser 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
Glu 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
Gly 0.05 ± 0.02 0.04 ± 0.02 0.04 ± 0.02
Ala 0.04 ± 0.02 0.03 ± 0.01 0.03 ± 0.01
Cys 0.06 ± 0.02 0.05 ± 0.02 0.05 ± 0.01
Val 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.01
Met 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
Ile 0.02 ± 0.01 0.01 ± 0.02 0.01 ± 0.01

Leu 0.05 ± 0.02 0.04 ± 0.01 0.04 ± 0.02
Tyr 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
Phe 0.03 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
Lys 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01
His 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01
Arg 0.14 ± 0.03 0.11 ± 0.02 0.11 ± 0.02
Pro 0.29 ± 0.04 a 0.23 ± 0.02 b 0.2 ± 0.02 b

Total 0.90 ± 0.09 a 0.69 ± 0.08 b 0.66 ± 0.08 b

Mean ± SD (n = 3). Values with different superscript letters are significantly different (p < 0.05).

The plastein reaction is mainly affected by substrate concentration and reaction time [29].
Therefore, the effect of different Pro proportions and reaction time on the ACE-inhibitory activity
was determined (Figure 1B,C). When 40% Pro (w/w, proline/free amino groups) was added, the
ACE-inhibitory activity obtained was higher compared to other proportions after 6 h of reaction
(IC50 = 0.93 ± 0.05 mg/mL) (p < 0.05) (Figure 1B). Meanwhile, the ACE-inhibitory activity was the
highest (IC50 = 0.59 ± 0.03 mg/mL) after 1 h of reaction (Figure 1C). After this time period, the activity
decreased with an increase in reaction time. Our results demonstrate that the ACE-inhibitory activity
of hydrolysates can be further improved by optimizing the reaction conditions.

2.2. Isolation and Purification of Modified ACE-Inhibitory Peptides and the ACE-Inhibitory Activity of
Each Fraction

Chromatographic fractionation is a method that is often used for peptide elution. A Sephadex
G-15 gel column was used to fractionate the ACE-inhibitory peptides, before the fractions were
pooled to obtain fractions A−H at 220 nm (Figure 2A). After this, these components were collected
for determining the ACE-inhibitory activity. Although ACE-inhibitory activity could be observed
in all fractions (Figure 2C), fraction E exhibited higher ACE-inhibitory activity compared to others
(p < 0.05). The fractions with the same molecular mass peaked at the same time in the Sephadex G-15
gel column [30]. Therefore, it was concluded that fraction E may be a mixture and it required further
fractionation by RP-HPLC.

RP-HPLC is a frequently used tool for the isolation and purification of polypeptides. Figure 2B
summarizes the RP-HPLC analysis results of fraction E in terms of its absorbance at 220 nm. After 8 min
of elution, eight major peaks were detected, among which the peak corresponding to fraction E3
exhibited a relatively high intensity. The different fractions showed different activities (Figure 2D)
and fraction E3 exhibited higher activity compared to other fractions (IC50 = 27 ± 2 μg/mL) (p < 0.05).
Fraction E3 was purified by 21.85-fold using a two-step purification process (Table 2). This suggests
that the ACE-inhibitory activity of Acaudina molpadioides peptides can be significantly improved by
fractionation and purification.
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Figure 2. Isolation and purification of modified ACE-inhibitory peptides using a Sephadex G-15 gel
column (A) and RP-HPLC (B). The corresponding ACE-inhibitory activities of each fraction are shown
in (C,D). Different lowercase letters indicate significantly different values (p < 0.05).

Table 2. Purification procedure of ACE-inhibitory peptides.

Component Purification IC50 (mg/mL) Purification Fold

Hydrolysates Ultrafiltration 0.590 ± 0.030 a 1.00
E Sephadex G-15 0.288 ± 0.013 b 2.05
E3 RP-HPLC 0.027 ± 0.002 c 21.85

Mean ± SD (n = 3). Values with different superscript letters are significantly different (p < 0.05).

2.3. Identification of the Purified Peptides and Evaluation of Their ACE-Inhibitory Activity

According to the MALDI-TOF analysis of fraction E3, its mass is 400.0966 Da. Furthermore,
different peptides were investigated by MALDI-TOF/MS fragmentation analysis. According to the
MS spectral data, the peptide sequences were preliminarily matched with those of NVA and NLG,
which had been previously characterized in the database. Subsequently, the N-terminal of the peptides
was inferred to be Pro by calculating the molecular mass. From these results, we deduced that the
whole peptide sequences were PNVA (Figure 3A) and PNLG (Figure 3B), which did not match with
the database. Our results indicate that PNVA and PNLG are novel ACE-inhibitory peptides, which are
realized in Acaudina molpadioidea protein hydrolysates by adding exogenous Pro. These observations
are consistent with the results shown in Figure 1 and Table 1.

Subsequently, four peptides, which were namely PNVA, PNLG, NVA and NLG, were synthesized
by a chemical method and their ACE-inhibitory activities were determined. As shown in Table 3,
the activity of PNVA (IC50 = 8.18 ± 0.24 μM) was significantly higher than the activity of
PNLG (IC50 = 13.16 ± 0.39 μM). Meanwhile, NVA (IC50 = 12.69 ± 1.50 μM) exhibited a significantly
higher activity than NLG (IC50 = 17.45 ± 0.89 μM). Our observations are consistent with those of
Jang et al. [28], who reported that the presence of aliphatic amino acids at the penultimate C-terminus,
which was namely Val, resulted in significantly increased ACE-binding affinity compared to other
amino acids. Moreover, Mizuno et al. [31] reported that the presence of hydrophobic amino acids at
the C-terminus positively influenced the ACE-inhibitory activity. The hydrophobic parameters of Ala
are significantly higher than those of Gly [32], suggesting that the presence of hydrophobic Ala at the
C-terminus exerts more influence on the ACE-inhibitory activity than Gly. This report is consistent
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with our results, which is shown in Table 3. In addition, Table 3 shows that the ACE-inhibitory activity
of PNVA is significantly higher than that of NVA. Similarly, the activity of PNLG is significantly
higher than that of NLG. The results indicated that Pro at the N-terminus significantly enhanced
the ACE-inhibitory activity. Many structure–activity relationship studies highlighted the influence
of C-terminal amino acids on the ACE-inhibitory activity [12,28,31,33]. However, there are very few
studies examining the effect of N-terminal amino acids on the ACE-inhibitory activity.

Figure 3. MALDI-TOF/MS spectra of the amino acid sequences of fraction E3. (A) peptide PNVA.
(B) peptide PNLG.

Table 3. IC50 values and amino acid sequences of peptides, based on the algorithm for peptide
sequencing de novo.

Sequence Molecular Mass (Da) ACE IC50 (μM) 2

PNVA 1 399.45 8.18 ± 0.24 a

PNLG 1 399.45 13.16 ± 0.39 b

NVA 302.33 12.69 ± 1.50 b

NLG 302.33 17.45 ± 0.89 c

1 peptides from Acaudina molpadioidea protein hydrolysates. 2 Mean ± SD (n = 3). Values with different superscript
letters are significantly different (p < 0.05).

2.4. Molecular Docking of ACE-Inhibitory Peptides

To understand the molecular interaction mechanism of the four peptides (PNVA, PNLG, NVA
and NLG) against ACE, molecular docking analysis was performed using Molecular Operating
Environment (MOE) software. The docking scores of PNVA, PNLG, NVA and NLG were −7.13,
−6.77, −5.14 and −5.12 kcal/mol, respectively (Table 4), which suggests that the model can efficiently
simulate molecular docking.

The modes of action of ACE-inhibitory peptides include competitive, noncompetitive,
uncompetitive and mixed modes. Most ACE-inhibitory peptides act as competitive inhibitors [34].
The binding of ACE to a substrate or competitive inhibitor of amino acid residues is highly specific [11].
Consistent with our experimental studies, the results of molecular docking analysis suggest that
the truncation of Pro reduced the binding affinity of PNVA and PNLG as the active peptide PNVA
showed the highest binding affinity (Table 4). ACE is a metallo-enzyme with the zinc ion at the
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active site coordinated by His383, His387 and Glu411 [35]. As shown in Figure 4, PNVA forms
eleven hydrogen bonds with the residues Asp354, Thr358, Asp393, His331, His491, Tyr501, Gln259,
Tyr498 and Lys489 (Figure 4A,B). Furthermore, PNLG forms ten hydrogen bonds with the residues
Asp354, Glu262, Asp255, Ser260, His361, Gln259, Lys489 and His491 (Figure 4C,D). NVA forms seven
hydrogen bonds with the residues Glu431, Lys432, Asp391, His331 and Zn1620 (Figure 4E,F), while
NLG forms five hydrogen bonds with the residues Asp393, Thr358, His331, His365 and Zn1620
(Figure 4G,H). These results indicate that the ACE active binding sites of different peptides are not
identical. This conclusion is consistent with the observations of Liu et al. [35]. Overall, our molecular
docking studies indicated that the peptides PNVA and PNLG form more hydrogen bonds with ACE
than their corresponding truncated analogs (NVA and NLG), while the four active peptides bind to the
catalytic pocket of ACE mainly through a network of hydrogen bonds. The number of hydrogen bonds
played an important role in determining the binding affinity of peptides with ACE [17]. For example,
lisinopril with higher ACE-inhibitory activity forms nine hydrogen bonds with ACE active residues,
which was similar to our results.

Table 4. Docking score and experimental binding affinity of peptides.

Peptide Docking Score (kcal/mol) Experimental Binding Affinity (kcal/mol) 1

PNVA −7.13 −2.34
PNLG −6.77 −2.47
NVA −5.14 −2.46
NLG −5.12 −2.54

1 Ligand binding affinities were calculated using the equation: ΔG = −RT ln IC50, where R = 8.314 J·mol−1·K−1 and
T = 300 K.

Intriguingly, the Pro of PNVA forms two hydrogen bonds with Asp354 and Thr358, while the
Pro of PNLG forms two hydrogen bonds with Asp354 and Glu262. These results indicate that the
Pro at the N-terminal of both PNVA and PNLG plays an essential role in determining their binding
affinity. Similarly, Min et al. [36] reported that the interactions of the side chains of Leu and Ile with
the hydrophobic residues determined the binding positions of N-terminal residues of LKP and IKP.
This subsequently influenced the interaction of the residues of LKP and IKP with the active sites of
ACE. In addition, the orientations of the last residues of PNVA and PNLG are different from those
of NVA and NLG (Figure 4A,C,E,G). The carboxyl groups of the C-terminals, which are namely Ala
and Gly, of PNVA and PNLG are oriented towards Lys489 of the ACE, whereas the carboxyl groups of
NVA and NLG are oriented towards Zn2+. These results indicate that the Pro at the N-terminal of the
peptides could reform the rigid structure of the peptides, further altering the binding sites between
peptides and ACE. These are similar to the observations made by Liu et al. [35], who reported that Leu
at the N-terminal of LVKF could alter the binding sites of ACE between LVKF and VKF. In summary,
our docking studies suggest that Pro at the N-terminal of peptides can affect both the peptide-binding
affinity and orientation of the binding site of ACE. The added exogenous Pro was possibly assembled
at the N-terminals of their corresponding truncated analogs (NVA and NLG) (Figure 5). Thus, this
reforms the rigid structure of the peptides, altering the binding sites and forming a large number of
hydrogen bonds with ACE. This subsequently leads to a decrease in the ACE catalytic function.

Numerous studies on hypertensive human volunteers have demonstrated that ACE-inhibitory
peptides significantly reduce blood pressure [12]. In addition, some ACE-inhibitory biopeptides have
been commercialized [37], which suggests that these biopeptides can be applied for the supplemental
treatment of hypertensive patients. In the present study, two novel biopeptides with high ACE-inhibitory
activity (PNVA and PNLG) were synthesized by the addition of exogenous Pro. Although the
ACE-inhibitory activities of PNVA (IC50 = 8.18 ± 0.24 μM) and PNLG (IC50 = 13.16 ± 0.39 μM) were
much lower than synthetic ACE inhibitor captopril (IC50 = 23 nM) [5], the peptides from A. molpadioidea
were characterized as novel peptides, which are derived from a food source that is eaten daily.
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Therefore, the ACE-inhibitory peptides (PNVA and PNLG) will be very useful in the preparation of
antihypertensive drugs. Meanwhile, their activities were much higher than that of other biopeptides,
AGPPGSDGQPGAK (IC50 = 420 ± 20 μM) [38], AV (IC50 = 956.30 μM) [39] and PPK (IC50 > 1000 μM),
suggesting the peptides that we prepared have higher ACE-inhibitory activities. The ACE-inhibitory
peptides derived from sea cucumber-modified hydrolysates by adding exogenous Pro will play a key
role in hypertension management.

Figure 4. (A–H) show the binding modes of PNVA, PNLG, NVA and NLG with the ACE, respectively.
(B,D,F,H) show 2D schematics of the peptide-binding modes. The dashed lines indicate the hydrogen
bonds that were formed between the peptide and residues of the binding sites.
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Figure 5. Schematic illustration of the formation of ACE-inhibitory peptides during the plastein reaction.

3. Materials and Methods

3.1. Materials and Chemicals

Sea cucumber (Acaudina molpadioidea) was purchased from a local market (Qingdao, China) and
its water content was determined to be 12.65% per 20 g on average. Hippuryl histidyl leucine (HHL),
rabbit-lung ACE and Sephadex G-15 were purchased from Sigma Chemical Ltd (St. Louis, MO, USA).
Papain (from papaya) and trypsin (from bovine sources) were purchased from Nanning Pangbo
Biological Engineering Ltd (Nanning, China). O-Pthaldialdehyde (OPA) was purchased from Beijing
Soularbio Technology Ltd. (Beijing, China). Proline (PubChem CID 145742), valine (PubChem CID
6287), tyrosine (PubChem CID 6057), tryptophan (PubChem CID 6305), leucine (PubChem CID 6106)
and phenylalanine (PubChem CID 6140) were purchased from Sinopharm Chemical Reagent Ltd.
(Shanghai, China). All other chemicals were obtained from local commercial sources and were of the
highest purity available.

3.2. Acaudina molpadioidea Body Wall Protein Extraction

The protein present in the body wall of Acaudina molpadioidea was extracted as described by
Jamilah et al. [40]. Briefly, the body wall of Acaudina molpadioidea was fully swollen in distilled water
over a period of 12 h at 120 ◦C, before being added to fresh distilled water (10 times in excess) to cut into
pieces. During stirring, the protein was extracted at 45 ◦C over a period of 8 h and centrifuged (10,000× g,
20 min) to obtain water-soluble protein solutions. After this, these solutions were freeze-dried using a
lyophilizer (Scientz-10nd, Ningbo Scientz Biotechnology Co. Ltd., Ningbo, China).

3.3. Acaudina molpadioidea Protein Hydrolysates Preparation

The freeze-dried Acaudina molpadioidea body wall protein was initially dissolved in water and
its pH was adjusted to 7.0. After this, trypsin (2.5 kU/g protein) and papain (2.5 kU/g protein) were
added to this solution and digested in a 50 ◦C water bath for 4 h. Subsequently, the enzymes were
inactivated at 95 ◦C for 15 min. The suspension was then centrifuged at 8000× g and 4 ◦C for 20 min,
after which the supernatant was removed and ultrafiltration precipitation was carried out with a
5 K membrane (Millipore Isopore, Billerica, MA, USA). The obtained precipitate was freeze-dried
(Scientz-10nd, Ningbo Scientz Biotechnology Co. Ltd., Ningbo, China) and stored until further use.

3.4. Modification of Acaudina molpadioidea Protein Hydrolysates by Plastein Reaction

Different concentrations of exogenous Pro, Phe, Trp, Tyr and Leu (at pre-determined weight
ratios of exogenous amino acid to free amino groups) were added to the Acaudina molpadioidea protein
hydrolysates for the plastein reaction. The reaction conditions were as follows: substrate concentration
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of 40% (w/v), temperature of 45 ◦C and papain dosage of 2.5 kU/g protein. Furthermore, the effect of
different proportions and reaction time on the ACE-inhibitory activity was determined.

3.5. Changes in the Content of Free Amino Groups during the Plastein Reaction

The OPA method [41], with some modifications, was used to determine the free amino groups in
the reaction mixture. The reagent was prepared daily and protected from light. The OPA assay was
carried out by adding 3 mL of Acaudina molpadioidea hydrolysates to the same volume of OPA reagent
(40 mg/mL). After 5 min, the absorbance of the resultant solution was measured at 340 nm using
a UV spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). L-leucine was used as the standard.
The equation of the standard curve is Y = 0.3037X + 0.0078, where X is the concentration of free amino
acids and Y is the absorption value of the sample.

3.6. Determination of the ACE-Inhibitory Activity of Hydrolysates

The ACE-inhibitory activity of the hydrolysates was measured according to a previously reported
protocol [14] with slight modifications. Briefly, a sample solution with 40 μL of ACE solution
(25 mU/mL) was pre-incubated at 37 ◦C for 10 min. After this, the mixture was incubated with
50 μL of the substrate (8.3 mM Hip-His-Leu in 50 mM sodium borate buffer containing 0.5 M NaCl at
pH of 8.3) for 60 min at the same temperature. The reaction was terminated by the addition of 1.0 M
HCl (200 μL). The absorbance of hippuric acid in the incubated solution was determined at 228 nm
using a UV-spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). The IC50 value was defined as the
concentration of inhibitor that was needed to inhibit 50% of the ACE activity.

3.7. Solvent Fractionation of ACE-Inhibitory Peptides by Chromatography

ACE-inhibitory peptides were purified using a Sephadex G-15 column (2.6 cm × 65 cm) and
eluted with double distilled water at a flow rate of 1.2 mL/min. The absorbance of the eluent was
monitored at 220 nm.

3.8. Analysis and Purification of ACE-Inhibitory Peptides in Hydrolysates by RP-HPLC

The ACE-inhibitory activity of peptides in the hydrolysates was analyzed by RP-HPLC on a
Zorbax SB-C18 column (9.4 mm × 250 mm, Agilent, Santa Clara, CA, USA) equipped with an Agilent
1260 infinity HPLC system (Agilent Technology, Mississauga, ON, Canada) at a flow rate of 1 mL/min.
An acetonitrile gradient from 5% to 30% was used for 40 min to separate different groups of peptides.
Chromatographic separation was carried out at 35 ◦C. The components were collected at the absorbance
of 220 nm and their ACE-inhibitory activity was measured.

3.9. Mass Spectrometric Analysis and Synthesis of Purified Peptides

The molecular weights of peptides in the filtered hydrolysates were analyzed by MALDI-TOF
(TOF 4800, Micromass Company, Manchester, UK). The amino acid sequences were determined in the
positive ion mode by de novo sequencing. Subsequently, the peptides were synthesized using the solid
phase method and purified by HPLC (ChinaPeptides Co. Ltd., Shanghai, China). The synthesized
peptides are listed in Table 3.

3.10. Molecular Docking

The initial peptide structures of PNVA, PNLG, NVA and NLG were produced using the xleap
module of AMBER16 (University of California, San Francisco, CA, USA) and were subjected to
minimization using the Molecular Operating Environment (MOE) software (version 2016) [42].
Molecular docking was performed by MOE using the AMBER10: EHT force field [42]. The crystal
structures of ACE (PDB ID: 2XYD) [17] bound with PNVA, PNLG, NVA and NLG were obtained
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from the Protein Data Bank (http://www.rcsb.org) for the docking studies. The induced-fit docking
approach was applied to analyze the side-chain flexibility of residues at the binding sites.

3.11. Statistical Analysis

All the data (average of three replicates) are reported in the form of mean ± standard deviation
and the results were validated by one-way analysis of variance (ANOVA). Significant differences
between the means of the parameters were determined by Duncan’s multiple range tests (p < 0.05).

4. Conclusions

Upon the addition of exogenous amino acids, it was possible to enhance the ACE-inhibitory
activity of Acaudina molpadioidea-protein hydrolysates. In particular, Acaudina molpadioidea-modified
hydrolysates with 40% proline (w/w, proline/free amino groups) possessed higher ACE-inhibitory
activity than the original hydrolysates. Furthermore, the free proline content in the reaction system
decreased significantly (p < 0.05). In addition, two novel ACE-inhibitory peptides, PNVA and PNLG
with IC50 values = 8.18 ± 0.24 and 13.16 ± 0.39 μM, were identified for the first time in Acaudina
molpadioidea protein hydrolysates. Molecular docking showed that PNVA and PNLG form more
hydrogen bonds with ACE than NVA and NLG, while the presence of proline at the N-terminals of
the peptides can affect the orientation of the binding sites of ACE, leading to a reduction in ACE
activity. The exogenous proline is assembled into ACE-inhibitory peptides, with this phenomenon
partially contributing to the increase in the ACE-inhibitory activity of natural peptides. In this study,
we demonstrated that the addition of exogenous proline to Acaudina molpadioidea protein hydrolysates
through the plastein reaction is a promising method to enhance the activity of natural ACE-inhibitory
peptides. Further studies are necessary to investigate the detailed assembly of exogenous proline using
isotopic tracer methods and to prove the in vivo efficacy of ACE-inhibitory peptides in lowering blood
pressure. The results of the present study also highlight the potential applications of plastein reaction
in preparing antihypertensive drugs.
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Abstract: Vasculogenic mimicry (VM) formed by tumor cells plays a vital role in the progress of
tumor, because it provides nutrition for tumor cells and takes away the metabolites. Therefore,
the inhibition of VM is crucial to the clinical treatment of tumors. In this study, we investigated
the anti-tumor effect of a novel peptide, KVEPQDPSEW (AATP), isolated from abalone (Haliotis
discus hannai) on HT1080 cells by migration, invasion analysis and the mode of action. The results
showed that AATP effectively inhibited MMPs by blocking MAPKs and NF-κB pathways, leading
to the downregulation of metastasis of tumor cells. Moreover, AATP significantly inhibited VM
and pro-angiogenic factors, including VEGF and MMPs by suppression of AKT/mTOR signaling.
In addition, molecular docking was used to study the interaction of AATP and HIF-1α, and the results
showed that AATP was combined with an active site of HIF-1α by a hydrogen bond. The effect of
AATP on anti-metastatic and anti-vascular in HT1080 cells revealed that AATP may be a potential
lead compound for treatment of tumors in the future.

Keywords: abalone; peptide; vasculogenic mimicry; metastasis; MMPs; HIF-1α

1. Introduction

A tumor is a mass or lump formed by cells that have unregulated growth potential [1].
For malignant tumors, tumor cells can distribute diffusely and form the second tumor in distal
site [2]. Cancer is a serious threat to human life and health. For cancer patients, metastasis of tumor
cells affects the function of other tissues, and results in the death of the patient. In addition, the
blood vessels provide the nutrition for the tumor cell’s growth in the course of tumorigenesis. Thus,
the inhibition of metastasis and angiogenesis of tumor cells is of great significance for clinical treatment
of tumors.

The detachment of tumor cells from their primary site, the degradation of basement and
extracellular matrix (ECM), and the formation of tumor vessels are significant parts of the process
of tumor cells metastasis [3,4]. The secretion of matrix metalloproteinase (MMP) from tumor cells
is relevant to the degradation of basement and ECM that resist metastasis of tumor cells. Previous
studies have found that MMP-2 and MMP-9 can degrade type IV collagen, which is an important
component of ECM [5]. Thus, inhibition of MMPs is extremely crucial in tumor therapy.
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Because the unregulated growth of tumor cells needs a large amount of nutrition and oxygen,
the formation of new blood vessels is necessary, which not only provides ongoing nutrition and oxygen
for tumor growth and takes away metabolites at the same time, but also transports tumor cells to
target organs and tissue, which provide a necessary condition for tumor metastasis [6]. Therefore,
numerous studies have paid attention as to how to inhibit angiogenesis, which is important for
anti-tumor. Besides traditional tumor angiogenesis and vasculogenesis is produced by endothelial
cells, vasculogenic mimicry (VM) has attracted attention as a novel blood supply. VM is not found
in the healthy body, but is unique to tumor tissue, where it can promote cancer progression by the
formation of blood vessel-like structures, independent of vascular endothelial cells [7]. It has been
found in various aggressive tumors, such as breast cancer, pancreas cancer, liver cancer and various
sarcomas [8]. VM is also implicated in poor patient clinical prognoses, because previous studies have
focused on the treatment of blood vessels produced by endothelial cells, rather than VM by tumor
cells [9].

The fast growth of tumor cells generally generates a hypoxic microenvironment within the
tumor. Under this reduced state of cellular oxygen availability, the hypoxia-inducible factor (HIF)-1α
expression is frequently fiercely elevated [10]. HIF-1α is a major transcription factor that mediates
oxygen homeostasis, which is disrupted in disorders affecting the circulatory system and in cancer [11].
Increasing evidence is suggesting that HIF-1α could facilitate tumor growth by disrupting metabolic
balance, accelerating angiogenesis, increasing cell survival, inhibiting cell apoptosis, as well as
increasing drug resistance [12]. Hypoxic induced factor (HIF-1α) overexpression in tumor cells
promotes the expression of vascular endothelial growth factor (VEGF), related to VM formation [13,14].
The level of matrix metalloproteinases (MMPs) and the 5γ2 chain of laminin were overexpressed in
highly aggressive tumor cells [15]. That excessive expression of MMPs and the presence of laminin
receptor on the surface of tumor cells contributes to cells to adhere to more laminin. The activation of
MMPs can facilitate the formation of VM by separating laminin [16]. HT1080 is a fibrosarcoma cell line
which has been used widely in biomedical research. The cell line was isolated from tissue taken in a
biopsy of a fibrosarcoma present in a 35-year-old human male. The sample supplied by the patient
had been not subjected to radio or chemotherapy, making it less likely that unwanted mutations were
introduced into the cell line. The cell line carries an IDH1 mutation and an activated N-ras oncogene.
HT1080 cells are composed of malignant cells, and generally are used to model metastatic cells because
MMPs are overexpressed by PMA and other stimulations. In addition, under hypoxic stimulation,
HT1080 cells can generate pro-angiogenic factor, including HIF-1α, VEGF and MMPs to promote tumor
angiogenesis, and is an ideal model for studying tumor invasion and metastasis.

Marine organisms have attracted intense attention as an effective bioactive source, including
sponges, macroalgae, microalgae and bacteria. These creatures are usually made into nutraceuticals
and pharmaceuticals. Abalone is a marine gastropod feeding on seaweed, and is commonly considered
as very precious food in Asian markets. More and more studies have found that abalone consists of
many vital moieties like good protein, fatty acid and polysaccharides, which not only provides the basic
nutrition for human health, but possesses the ability for anti-microbial, anti-oxidant, anti-thrombotic,
anti-inflammatory and anti-cancer [14–18] uses. Qian [19] found that two peptides from abalone
can suppress MMP-2 and MMP-9 expressions to inhibit the migration of HT1080 cells. A novel
antimicrobial peptide, Ranatuerin-2PLx, showed inhibitory potential in the proliferation of cancer
cells [2]. Peptides have attracted more and more attention as bioactive resources, and are wildly
applied in clinical trials because of their high bioactivity and easy synthesis.

The research of abalone in anti-cancer treatment mainly focused on the effect of polysaccharides
and the crude extract of abalone, however, and there were few studies about abalone polypeptides.
In the present study, HT1080 cells serve as a tumor mold, due to its high metastasis ability, to investigate
the anti-tumor effect of a peptide AATP from abalone haliotis discus hannai.
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2. Results

2.1. Cell Viability and Colony Formation Assay

The peptide AATP (MW = 1214.30 Da) isolated from abalone was obtained according to methods
from our previous studies [20]. The amino acid sequence of the purified AATP was determined to be
Lys-Val-Asp-Ala-Gln-Asp-Pro-Ser-Glu-Trp (Figure 1a).

Initially, MTT assay was utilized to assess the cytotoxicity of AATP on HT1080 cells and HUVECs.
As shown in Figure 1b, there was no significant difference in cell viability between AATP- treated
cells and untreated cells. Thus, all tested concentrations (10, 20, 50 and 100 μM) of AATP have no
cytotoxicity on HT1080 cells and HUVECs, which revealed that AATP is non-toxic to tumor cells as well
as nontumor cells. Therefore, 10–100 μM of AATP could be used for further experiments. The colony
formation assay indicated that the number of colonies of HT1080 cells were sharply reduced by AATP
treatment compared with the untreated group (Figure 1c), suggesting AATP exerted inhibitory effect
on tumor cells.

 
(a) 

(b) 

(c) 

Figure 1. (a) Identification of molecular mass and amino acid sequence of Lys-Val-Glu-Pro-Gln-
Asp-Pro-Ser-Glu-Trp (AATP). (b) Effect of AATP on the viability of HT1080 cells and HUVECs. Cells
grown were treated with different concentrations of AATP (10, 20, 50 and 100 μM) for 24 h and
relative cell viability was assessed by the MTT assay. (c) Anchorage-dependent colony formation in the
presence or absence of AATP was visualized by staining with crystal violet solution (n = 3 per group).
The photographs of tumor cells invasion were taken using inverted microscope at 24 and 48 h and
analyzed with ImageJ. ** p < 0.01 and *** p < 0.001 vs. untreated control.
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2.2. AATP Inhibits Tumor Cells Migration and Invasion

The migration assay and cancer cell spheroid assay were carried out to estimate the impact of
AATP on cancer cells migration and invasion. As exhibited in Figure 2a, compared with control cells,
the migration of cells treated by AATP was obviously down-regulated in a dose- and time-dependent
manner. Protease secreted by tumor cells can degrade basement and ECM, which contribute to tumor
cells metastasis. In Figure 2b, the invasion area of tumor cells treated with 50 and 100 μM AATP was
smaller than the control cells, which suggested that AATP treatment effectively inhibits proteolytic
activities implicated in degradation of basement and ECM, and suppresses the cell invasion. The results
revealed that AATP may be a potential inhibitor for metastatic therapy.

(a) 

(b) 

Figure 2. (a) Injury lines were made on the confluent cell monolayer, and the effects of AATP on cells
migration were monitored for 12 h and 24 h. Cell motility was measured in five selected fields and
calculated based on the width of injury at 0 h. (b) AATP inhibits cells invasion in 3D sitting. The mixture
of cell spheroid combined with Matrigel and type I collagen was seeded on pre-coated Matrigel 48-well
plates for 30min, and incubated with a medium containing 50 and 100 μM AATP. The photographs of
tumor cells invasion were taken using inverted microscope at 24 and 48 h and analyzed with ImageJ.
* p < 0.05, ** p < 0.01 and *** p < 0.001 vs. untreated control.

2.3. AATP Reduces PMA-induced MMPs Expression and Suppresses Proteolytic Activities in HT1080 Cells

MMPs play an important role in tumor metastasis because MMPs can degrade the surrounding
tissue of tumor cells, which creates a place for tumor blood vessels to form. In order to determine the
anti-metastatic ability of AATP, we investigated the transcriptional levels of MMPs including MMP-1,
-2, -3, -9, -13 as well as activity and protein expression of MMP-2, -9 in HT1080 cells by using Real-Time
quantitative reverse transcription-PCR (qPCR), gelatin zymography, and western blotting analysis.

As shown in Figure 3a, PMA stimulation significantly upregulated MMPs RNA expression,
whereas AATP treatment efficiently decreased the levels of MMP-1, -2, -3, -9, -13 under PMA
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stimulation. In zymography analysis and western blotting analysis, we found that AATP treatment
significantly suppressed PMA-induced the activities and protein expressions of MMP2 and MMP9 in
HT1080 cells in a dose-dependent manner (Figure 3b,c).

 
(a) 

 

(b) 

Figure 3. Cont.
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(c) 

Figure 3. Effect of AATP treatment on expression of matrix metalloproteinase (MMPs) (a) Cells treated
with AATP for 1 h were incubated in PMA (10 ng/mL). After 24 h, the expression of MMPs RNA was
analyzed by quantitative real time PCR. β-actin was used as a loading control. (b) Gelatin zymography
for the determination of MMP-2 and MMP-9 activities in AATP-treated HT1080 cells. HT1080 cells
were treated with AATP (20, 50, and 100 μM) for 1 h and stimulated by PMA (10 ng/mL) for 72 h.
Gelatinolytic activities of MMP-2 and MMP-9 in conditioned media were detected by electrophoresis
of soluble protein on a gelatin containing 10% polyacrylamide gel. Untreated control was used as a
loading control. (c) Expression of MMP-2 and MMP-9 in cell Lysates was detected using western blot
analysis. β-actin was used as a loading control. HT1080 cells treated with AATP (20, 50, and 100 μM)
for 1 h and stimulated by PMA (10 ng/mL) for 24 h. The relative amounts of MMP-2 and MMP-9
were quantified by densitometry measurement (ImageJ). # p < 0.001 vs. untreated control, * p < 0.05,
** p < 0.01 and *** p < 0.001 vs. PMA stimulation.

2.4. AATP Inhibits PMA-induced ERK and JNK Phosphorylation and NF-κB Activation in HT1080 Cells

MAPK and NF-κB signal pathways are related to the expressions of numerous genes that modulate
tumor promotion, angiogenesis, metastasis and MMPs expressions. To determine the effect of AATP
on MAPK and NF-κB signal pathways in HT1080 cells, the western blotting analysis, p65 translocation
and NF-κB activation assay (EMSA) were conducted. As shown in Figure 4a,b, the results of the
western blotting assay indicated that AATP treatment markedly suppressed PMA-induced ERK and
JNK phosphorylation activation in dose dependent, compared with PMA-induced group. Moreover,
the results of p65 translocation and EMSA analysis, the AATP dramatically suppressed p65 nuclear
translocation and binding with DNA (Figure 4c,d).

Figure 4. Cont.
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(a) 

 

(b) 

(c) 

 
(d) 

Figure 4. AATP suppressed PMA-induced p-38, ERK, and NF-κB activation in HT1080 cells.
After treatment with 20, 50 and 100 μM AATP for 1 h, cells were stimulated with PMA (10 ng/mL)
for 24 h. (a,b) Total cell lysates were evaluated for MAPKs and NF-κB using western blotting. Band
intensities were normalized to β-actin expression, and then the relative ratios of phosphorylated
form/total form were calculated. (c) NF-κB-DNA binding activity was examined by EMSA. Band
intensities were normalized to untreated control. (d) Nuclear translocation of NF-κBp65 was monitored
by an overlay of blue DAPI staining with green p65 immunofluorescence. p-65 nuclear localization was
measured. Untreated control was used as a loading control. # p < 0.001 vs. untreated control, * p < 0.05,
** p < 0.01 and *** p < 0.001 vs. PMA stimulation.
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2.5. AATP Abolishes VM Formation and Inhibits Secretion of VEGF and Related Protein of Angiogenesis by
Suppressing Hypoxia Inducible Factor (HIF)-1α Signal Pathway Under Hypoxic Conditions

The rapid growth and metastasis of tumor cells need adequate nutrition and oxygen. Therefore,
VM is necessary for tumor cells’ survival, invasion and metastasis. VM formation analysis was
employed to investigate the anti-angiogenesis effect of AATP on HT1080 cells. The result showed that
VM formation by HT1080 cells on the Matrigel pre-coated wells was abolished through treatment
with AATP, as shown in the Figure 5a. VEGF, a pro-angiogenesis protein, is able to promote tumor
angiogenesis via stimulating vascular endothelial cells and tumor cells. The level of VEGF secreted
by the tumor cell into the medium was determined by ELISA. The ELISA results showed that AATP
dose-dependently inhibits the secretion of VEGF from cancer cells (Figure 5b). VEGF is a downstream
target of HIF-1α. Therefore, we detected expressions of HIF-1α and AKT/mTOR signal pathway,
which is related to angiogenesis. AATP treatment effectively inhibits expression of HIF-1α via
blocking AKT/mTOR/p70S6K signaling in a concentration-dependent manner, thus revealing that
AATP treatment down-regulated the activation of a pro-angiogenesis factor by suppression of the
HIF-1α signal pathway (Figure 5c,d).

(a) 

 
(b) 

Figure 5. Cont.
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(c) 

(d) 

Figure 5. AATP abolishes vasculogenic mimicry (VM) formation and decreases vascular endothelial
growth factor (VEGF) secretion in HT1080 cells. (a) Cells were seeded on Matrigel pre-coated 96-well
plates and incubated in medium containing 50 and 100 μM AATP for 3 h. Then, the photographs
of VM formation were taken with an inverted microscope and analyzed by imageJ. (b) The cells
pre-treated with indicated concentrations AATP for 1 h were stimulated with 100 μM CoCl2 for 24 h.
The level of VEGF secretion was detected using ELISA kit. AATP inhibits hypoxia-induced expression
of HIF-1α and blocks AKT/mTOR/p70S6K signaling in HT1080 cells. (c, d) Cells were incubated with
20, 50 and 100 μM AATP for 1 h and stimulated with 100 μM CoCl2 for 24 h. The expression of HIF-1α,
p-AKT/AKT, p-mTOR/mTOR and p-p70S6K/p70S6K were determined by western blotting and β-actin
was used as loading controls. # p < 0.001 vs. untreated control, * p < 0.05, ** p < 0.01 and *** p < 0.001
vs. CoCl2 stimulation.

2.6. Molecular Docking Analysis

HIF-1α plays an important role in the survival, growth and metastasis of tumor cells, suggesting
that HIF-1α inhibitors possess effective effect for tumor treatment. Therefore, we investigated the
potential of AATP against HIF-1α and binding affinity using molecular docking approach. As depicted
in the Figure 6, AATP combined amino acid residues GLY180, GLN181, HIS199, APS201, GLU202 and
GLN203 of HIF-1α, and the strong interaction was supported by the formation of a hydrogen bond,
and its docking score was -100.21 kcal/mol. The high binding energies between AATP and HIF-1α
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contribute to suppression of activity of HIF-1α, resulting in downregulation of downstream reactions
that relate to tumor metastasis and VM formation.

(a) 

(b) 

Figure 6. Interaction of the AATP with HIF-1α active site. (a) Three dimensional representation of
Ligand-1H2L hydrogen bonding. (b) Two dimensional representation of Ligand-1H2L hydrogen
bonding.

3. Discussion

In the present study, we investigated the effect of a polypeptide AATP isolated from abalone on
tumor metastasis and VM formation in HT1080 cells. AATP can significantly suppress tumor cells
metastasis (Figure 2a,b) and VM formation (Figure 5a), which are essential steps in tumor progression.
Previous studies have been found that abalone visceral extracts showed remarkable inhibitory effect on
tumor progression by regulating the expressions of tumorigenic factors, such as Cox-2, EGF, VEGF and
FGF [21]. It is suggested that the extract obtained from the glycoprotein of H.discus hannai possess
effective effect on anti-cancer by the host’s responses [22], and investigations revealed that water
extract from abalone was a source of bioactive molecule against many types of tumors [23]. Currently,
the activity of peptides has been paid more and more attention to by researchers. Peptides have
advantages in shape to agonist or antagonist bind sites of the receptor, because peptides can bind
to a protein receptor and have few off-target effects [24]. Moreover, peptides are applicable as lead
compounds for pharmacophores or the design of drug-like molecules with incorporated secondary
structural elements [25,26]. Up to now, many marine-derived peptides, such as ziconotide, brentuximab
vedotin, kahalalide F, and glembatumumab vedotin, have been used successfully in clinical trials and
in the market [24].

The generation of blood vessels is pivotal for tumor cells survival, growth and metastasis. Besides
traditional tumor angiogenesis and vasculogenesis, VM, a functional vascular channel developed by
tumor cells, is also responsible for the tumor growing and tumor initiation [27]. It can provide nutrition
to tumor cells and allow tumor cells to grow through them when the blood vessels by endothelial
cells are insufficient to the growth of tumor tissue [28]. Hypoxia within the tumor microenvironment
serves as an important causative factor for VM formation because it can increase the generation of
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pro-angiogenic factors, such as VEGF and MMPs, which facilitate the formation blood vessel and
the splitting of pre-existing vessels, respectively [29–31]. Therefore, VM plays a critical role in blood
supply in malignant tumors [32], and targeting VM may provide a promising strategy to regulate the
spread of tumors.

In this study, under hypoxic conditions, AATP treatment dramatically suppressed expression
of HIF-1α induced by hypoxia, and blocked the AKT/mTOR/p70S6K signal pathway related to
angiogenesis (Figure 5c,d), which lead to deregulation of VEGF (Figure 5b). Kim [33] found ELH
can attenuate HIF-1α accumulation by blocking phosphorylation of AKT/mTOR/p70S6K to inhibit
tumor angiogenesis. It has been reported that VEGF can induce cell proliferation, metastasis and tube
formation [34], and decreased expression of VEGF lead to suppress angiogenesis in MDA-MB-435
cells [35]. Moreover, AATP markedly downregulated tumor cells metastasis, including migration,
invasion and activity of MMPs by MAPKs (p38 and ERK) and NF-κB (p65 and IκB) signaling (Figure 4).
It was reported that MAPKs and NF-κB have relationships with the expressions of target genes
associated with tumor promotion, angiogenesis, metastasis and MMPs [33–38]. Lu [39] found that
emodin could effectively inhibit the anti-inflammatory through blocking NF-κB activation and MAPKs
pathway on PMA plus A23187-stimulated BMMCs. Cao [40] exhibited that ginkgetin suppresses
growth of breast carcinoma by regulating the MAPKs pathway. And fucoxanthin extract inhibits
MMPs by regulating NF-κB and MAPKs pathways in human fibrosarcoma cells [41]. This suggests
that regulation of NF-κB and MAPKs pathways are closely related to activity and expression of MMP-2
and MMP-9.

Molecular docking is based on spatial matching and energy matching, simulating the binding
ability between ligands and human receptors, and the docking result showed that AATP can combine
with GLY180, GLN181, HIS199, APS201, GLU202 and GLN203 of the active site of HIF-1α, leading
to the suppression of HIF-1α activity (Figure 6). This suggested that peptide AATP and receptors
HIF-1α have a similar key and lock recognition relationship in the configuration, resulting that AATP
binds to the active site of the receptor and occupies the spatial position of HIF-1α. Therefore, HIF-1α
failed to bind the hypoxia response element of the initiator, leading to downregulation of target genes
relevant to tumor metastasis and VM formation. Additionally, the amino acid composition of peptides
is responsible for its bioactivity. In the Lys-Val-Asp-Ala-Gln-Asp-Pro-Ser-Glu-Trp (AATP), the amino
acids Glu, Asp, Pro and Lys could effectively inhibit activity of MMP-2 and MMPs [42]. In particular,
the amino acids Trp, Tyr, Met, Gly, Cys, His, Val and Pro in a peptide can markedly elevate the
bioactivity of the peptide and hydrophobic acid residues Val and Pro contribute to the formation of
oil-water interfaces, leading to the scavenging of free radicals from the lipid phase [43,44]. Huang
found that a novel tripeptide (Gln-Pro-Lys) derived from the sepia ink possesses anti-tumor properties
in DU-145 cells [45].

In summary, we demonstrated that AATP isolated from abalone (Haliotis discus hannai) suppresses
the metastasis and VM formation on HT1080 cells via downregulating MMPs and VEGF. In addition,
the result of molecular docking showed that AATP combines with HIF-1α via a hydrogen bond,
resulting in suppression of HIF-1α activity, which was accordant with the result of western blotting.
Therefore, all results in vitro revealed that AATP can effectively inhibit tumor cells metastasis and
VM formation, which provides the basis for the further application of AATP to animal experiments.
Furthermore, with regard to the AATP therapeutical setting, there are limitations like most peptides,
including delivery, short half-life and orally available as well as clear from kidneys after intravenous
administration, which needs to be overcome by using different design strategies in the future.

4. Materials and Methods

4.1. Chemicals and Reagents

Human fibrosarcoma cells (HT1080 cell) and human umbilical vein endothelial cells (HUVEC) were
provided by Guangzhou Cellcook Biotech Co., Ltd. (Guangzhou, China). Dulbecco’s modified Eagle’s
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minimal essential medium (DMEM) and penicillin/streptomycin were purchased from Gibco (Grand
Island, NY, USA). Fetal bovine serum (FBS) was from Vigonob (UY). 3-(4, 5-dimethyl-thiazol-2-yl)-2,
5-diphenyltetrazoliumbromide (MTT) were obtained from Shanghai Aladdin Bio-Chem Technology
Co., Ltd. (Shanghai, China). Antibody against p65, p-p65, IκB, p-IκB, ERK, p-ERK, p-38, p-p38, JNK,
p-JNK, β-actin, MMP2 and MMP9 were provided by Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibody HIF-1α, AKT, p-AKT, p-mTOR, mTOR, p-p70S6K, p70S6K and horse anti-mouse
IgG were purchased from Cell Signaling Technology (Boston, MA, USA). Matrigel was from BD
Biosciences (San Jose, CA, USA). Phorbol 12-myristate 13-acetate (PMA) and CoCl2 were provided by
Sigma-Aldrich (St. Louis, MO, USA). The isolated peptide AATP (MW = 1214.30 Da) was from our
studies previously [20].

4.2. Cell Viability Assay

HT1080 cells and HUVECs were cultured in 96-well plate in growth medium for 24 h. Then fresh
media containing different concentrations (10, 20, 50, and 100 μM) of AATP were added. After 24 h,
100 μL MTT (1 mg/mL) was added into each well for 4 h. Then, adding 100 μL DMSO to dissolve
formazan crystals, and the absorbance was measured at 540 nm.

4.3. Colony Formation Assay

HT1080 cells were placed in 6-well plate (500 cells/well) in DMEM containing 10% serum. After 24
h, the medium was replaced with fresh medium containing different concentrations (20, 50 and 100 μM)
of AATP, and cultured for 7 days. The colonies were stained with 0.2% crystal violet/methanol (w/v)
solution for 20 min at room temperature, washed with distilled water and then photographed.

4.4. Cells Migration Assay

The cell migration ability was estimated by injury healing assay. Briefly, HT1080 cells were seeded
in a 24-well plate. The cells were scratched using a sterile pipette tip, and then washed with PBS to
remove cell debris. Cells were treated with various concentrations of AATP (10, 20, 50 and 100 μM).
And the cell migration across injury line was observed using a microscope (JiDi, GD30, Guangzhou,
China) and recorded photographically at 0, 12 and 24 h, respectively.

4.5. Cancer Cell Spheroid Invasion Assay

To investigate the inhibitory effect of AATP on cell invasion, the cancer cell spheroid invasion
assay was performed to simulate the internal environment and assess invasion in a 3-dimensional
(3D) setting. Briefly, single-cell suspension (1 × 105 cells/mL) was seeded in the lid of the dish for 72 h.
Next, the spheroids are pooled, and 80 μL cell spheroids were added in 400 μL mixture of Matrigel and
type I collagen at 4 ◦C, plated in 48-well plates and incubated at 37 ◦C to solidify into a 3D culture.
After 30 min, warm media with the indicated concentrations (50 and 100 μM) of AATP was added.
The result of cell invasion was observed using a microscope, and recorded at 0, 24, and 48 h.

4.6. RNA Extraction and Quantitative Real Time PCR (qPCR)

Total RNA was extracted and purified using a Nucleic acid purification kit (DSBIO, Guangzhou,
China). The purified RNA (1 μg) was reverse transcribed to synthesize cDNA for RT-PCR using the
HiScript II 1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme, Nanjing, China). Quantitative PCR
reaction was carried out using CFX96 Real-Time System (BIO-RAD, Hercules, CA, USA), and forward
and reverse primers of the target gene (MMP-1, MMP-2, MMP-3, MMP-9 and MMP-13) were shown in
Table 1. For quantification of target gene, transcript values were analyzed using the 2−ΔΔCt method
and β-actin was considered as the reference.
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Table 1. Details of primers for quantification of RT-PCR detection.

Primer ID Primer Sequence (5′→3′)

MMP-1
F: 5′-AGCCATCACTTACCTTGCACTGAG-3′
R: 5′-RCCACATCAGGCACTCCACATCTG-3′

MMP-2
F: 5′-AGCCAAGCGGTCTAAGTCCAGAG-3′

R: 5′-GGAATGAAGCACAGCAGGTCTCAG-3′

MMP-3
F: 5′-ACGCACAGCAACAGTAGGATTGG-3′
R: 5′-GAGGCAGGCAAGACAGCAAGG-3′

MMP-9
F: 5′-TCCTGGTGCTCCTGGTGCTG-3′

R: 5′-CTGCCTGTCGGTGAGATTGGTTC-3′

MMP-13
F: 5′-AGTCATGGAGCTTGCTGCATTCTC-3′

R: 5′-TCCTGGCTGCCTTCCTCTTCTTG-3′

β-actin F: 5′-CCTGGCACCCAGCACAAT-3′
R: 5′-GGGCCGGACTCGTCATAC-3′

4.7. Gelatinolytic Activity

Activities of MMP-2 and -9 of HT1080 cells were determined by gelatin zymography. Briefly,
cells were seeded in 24-well plates with a density of 2 × 105 cells/well and pretreated with different
concentrations of AATP (20, 50 and 100 μM) for 1 h, and then stimulated by PMA (10 ng/mL) for 72 h.
Cell medium was collected to conduct gel electrophoresis. Finally, areas of gelatin hydrolyzed by
MMPs were visualized as clear zones against blue backgrounds by Coomassie Blue staining, and the
intensities of the bands were estimated by ImageJ software (National Institute of Mental Health,
Bethesda, MD, USA).

4.8. Western Blotting

Cellular protein was harvested and lysed using RIPA buffer with 1% PMSF. And then equivalent
amounts of proteins (30 μg) were separated using SDS-PAGE, and subsequently transferred to NC
membranes. The membrane was blocked with 5% skim milk at room temperature. After 3 h,
the membrane was incubated with primary antibodies and secondary antibodies for 2 h respectively at
room temperature. Finally, the membrane using enhanced chemiluminescence (ECL) was visualized
by detection system (Syngene, Cambridge, UK).

4.9. Immunofluorescence Staining

HT1080 cells treated with AATP (0, 50, and 100 μM) for 1 h were incubated with PMA (10 ng/mL)
for 24 h and the medium was discarded. After being fixed with 4% paraformaldehyde (PFA), the cells
were permeabilized with 0.2% Triton X-100 for 10 min and washed with PBS thrice. The cells were
blocked with 5% BSA at room temperature for 1 h. Then, cells were incubated with diluted anti-p65
antibody overnight at 4 ◦C, and the primary antibodies were removed. Cells were washed using PBS
three times, and incubated with secondary antibody for 2 h. The nuclear was stained with DAPI and
images were taken by an inverted fluorescence microscope (Olympus Opticals, Tokyo, Japan).

4.10. NF-κB Activation Assay (Electrophoretic Mobility Shift Assays, EMSA)

The nuclear protein was obtained using the nuclear and cytoplasmic protein extraction kit
(Beyotime, Shanghai, China). According to instructions, the complexes of protein and DNA
and unbound probes were separated by 6% non-denaturing polyacrylamide gel electrophoresis,
and subsequently transferred to Nylon membranes. Membrane was crosslinked for 15 min under
UV light and blocked with blocking solution containing streptavidin-HRP conjugate. Then the
membrane was balanced with a detection balance solution for 15 min and visualized with an enhanced
chemiluminescence (ECL) detection system.
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4.11. Assaying the Release of VEGF

Cells were plated at the same density in 6-well plates and treated with various concentrations
(20, 50, and 100 μM) of AATP for 1 h and were subsequently stimulated with CoCl2 (100 μM).
After 24 h, conditional media were collected, and the quantity of VEGF was analyzed using Elisa Kit
(Neobioscience, Shanghai, China).

4.12. Molecular Docking Analysis

The three-dimensional structures of HIF-1α (PDB ID: 1H2L) were obtained from the Protein Data
Bank archive (PDB). The structure of AATP and HIF-1α were prepared by Discovery Studio 3.5 software.
Molecular docking of AATP and HIF-1α protein binding sites was performed by using CDOCKER
protocol of DS 3.5. The small molecule conformation was searched by high temperature dynamics
method, and they were optimized in the active sites area of the acceptor by simulated annealing.

4.13. Statistical Analysis

The data were presented as mean ± SD (n = 3) and all results were analyzed using the GraphPad
Prism 5 software (San Diego, CA, USA). Date was analyzed by one-way ANOVA in the figures,
and p value < 0.05 was considered statistically significant.
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Abstract: Neptunea arthritica cumingii (Nac) is a marine snail with high nutritional and
commercial value; however, little is known about its active peptides. In this study,
two multi-functional peptides, YSQLENEFDR (Tyr-Ser-Gln-Leu-Glu-Asn-Glu-Phe-Asp-Arg) and
YIAEDAER (Tyr-Ile-Ala-Glu-Asp-Ala-Glu-Arg), were isolated and purified from meat and visceral
mass extracts of Nac using a multi-bioassay-guided method and were characterized by using
liquid chromatography-tandem mass spectrometry. Both peptides showed high antioxidant,
angiotensin-converting enzyme (ACE)-inhibitory, and anti-diabetic activities, with half-maximal
effective concentrations values less than 1 mM. Antioxidant and ACE-inhibitory activities were
significantly higher for YSQLENEFDR than for YIAEDAER. In a zebrafish model, the two peptides
exhibited strong scavenging ability for reactive oxygen species and effectively protected skin cells
against oxidative damage without toxicity. Molecular docking simulation further predicted the
interactions of the two peptides and ACE. Stability analysis study indicated that the two synthetic
peptides maintained their activities under thermal stress and simulated gastrointestinal digestion
conditions. The low molecular weight, high proportion of hydrophobic and negatively-charged
amino acids, and specific C-terminal and N-terminal amino acids may contribute to the observed
bio-activities of these two peptides with potential application for the prevention of chronic
noncommunicable diseases.

Keywords: Neptunea arthritica cumingii; multi-functional peptides; antioxidant activity; ACE-inhibitory
activity; anti-diabetic activity

1. Introduction

Marine taxa are rich in bioactive compounds [1] that show antioxidative, antihypertensive,
anti-diabetic, antimicrobial, and antitumor bioactivities [2], and are thus potentially valuable for the
prevention and treatment of chronic noncommunicable diseases (NCDs) [3,4]. Accordingly, recent
research has focused on bioactive peptides isolated from marine organisms [5].

Mollusks are the second largest phylum of the animal kingdom. In addition to their ecological
roles, they have great commercial value as food [6]. Mollusks also contain many potential active
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compounds for the development of dietary supplements, functional foods, nutraceuticals, and
medicine [4,7]. However, little is known about these active compounds, and mollusks are a relatively
undeveloped resource for high-value products.

Neptunea arthritica cumingii (Nac) is a large-sized predatory gastropod belonging to the family
Buccinidae, which includes well-known scavengers [8]. It mainly lives in the sea at depths from
10 to 78 m in China, Japan, North Korea, and South Korea. Nac has high commercial value owing
to its hypertrophic and tendermeat, delicious taste, and high nutritional value, but its low hatching
rate limits productivity. Despite studies of its genome, auxanology, reproductive features [9–12],
and nutritive composition [13,14], little is known about the active chemical composition of Nac. To
date, only tetramine, histamine, and choline derivatives with neural activity have been isolated
from Nac [15,16]. We previously reported peptide extracts from whelks that show ACE-inhibitory
activity [17]. Hence, we hypothesized that Nac might also contain peptides with activities that have
potential for the prevention of NCDs.

To explore this possibility, natural multi-functional peptides were isolated and purified from
the meat and visceral mass extracts of Nac using a multi-bioassay-guided method. The amino
acid sequences of two of the isolated peptides were identified with liquid chromatography–tandem
mass spectrometry (LC-MS/MS). The antioxidant, ACE-inhibitory, and anti-diabetic activities were
evaluated in vitro, and the bioactivity and toxicity were evaluated in vivo in a zebrafish model
(Danio rerio). Owing to their rapid organogenesis, transparent embryos, and high genetic similarity with
humans [18], zebrafish are used extensively for studies of human diseases and activity screening [19].
Special cells of nitroreductase (NTR)-expressing transgenic zebrafish are efficiently ablated after
treatment with metronidazole (MTZ) [20], and reactive oxygen species (ROS ) are rapidly generated in
specific tissues or cells [21]. Because ROS overproduction can induce apoptosis [22], antioxidants can
promote the regeneration of ablated cells by effectively mitigating ROS generation [20,21]. Therefore,
an MTZ-treated Tg (krt4:NTR-hKikGR)cy17 zebrafish in which the NTR-hKikGR fusion protein is
overexpressed under control of the skin-specific krt4 promoter [23] was used as an ideal model for
studying ROS-related pharmaceutical interventions in vivo. In addition, the molecular mechanisms
of interactions between angiotensin-converting enzyme (ACE) and ACE-inhibitory peptides were
preliminarily explored using molecular docking. Finally, to examine the therapeutic feasibility, the
stabilities of the synthetic peptides for maintaining 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl
(DPPH) radical scavenging activity and ACE-inhibitory activity under thermal stress and exposure to
gastrointestinal digestion were investigated.

2. Results

2.1. Proximate Analysis

The mean ± standard deviation length and width of the shell of Nac were 105.33 ± 2.39 mm and
63.17 ± 3.20 mm, respectively. The fresh weight was 103.23 ± 2.30 g, and the weights of the meat
and visceral mass were 17.34 ± 3.90 g and 24.41 ± 2.86 g, respectively. The proximate compositions
of the meat and visceral mass are summarized in Figure S1 of the Supplementary Materials. The
meat contained higher ash and lower fat contents than those of the visceral mass, but there was no
significant difference (p > 0.05) in protein content between the two samples, suggesting that the meat
has better nutritional quality than the visceral mass.

2.2. Bioassay-Guided Isolation of the Active Fraction

The yields of meat and visceral mass extracts were 5.02% and 5.15%, respectively. Fractions with
stronger absorbance at 280 nm showed higher biological activities (Figure 1). Significant correlations
(Pearson correlation coefficients ranging from 0.766 to 0.942) were observed in the antioxidant,
ACE-inhibitory, and α-amylase inhibitory activities among fractions (Table S1 in the Supplementary
Materials). The most active fractions 34–36 (M-F) for meat and 37–39 (VM-F) for visceral mass
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had 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) radical scavenging and ACE-inhibitory
activities exceeding 80% and α-amylase inhibitory activity exceeding 50%, and they were thus collected
for further investigation.

 

 

Figure 1. Absorbances and activities of fractions isolated from the meat and visceral mass
of Neptunea arthritica cumingii (Nac) by using gel filtration column packed with Sephadex
G25 gel. (a) the 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH) radical scavenging activity,
(c) angiotensin-converting enzyme (ACE)-inhibitory activity, and (e) α-amylase inhibitory activity
of meat fractions; and (b) the DPPH radical scavenging activity, (d) ACE-inhibitory activity, and
(f) α-amylase inhibitory activity of visceral mass fractions.

2.3. Molecular Weight Distribution

The molecular weight (MW) profiles of the M-F and VM-F each showed a major peak (more than
90%) in the low-molecular-mass region (Figure S2 in the Supplementary Materials). The average MW
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of the two major peptides was below 2000 Da (calibration curve molecular weight = 17.50–0.089T,
R2 = 0.9785, where T is the retention time).

2.4. Amino Acid Profile of Active Fractions

Both M-F and VM-F had high contents of hydrophobic and positively/negatively charged amino
acids (Table 1). In addition, significant differences between M-F and VM-F were observed with respect
to the hydrophobic and aromatic amino acid contents (p < 0.01). M-F had higher contents of these
amino acids.

Table 1. Amino acid compositions of active fractions (n = 3, mean ± standard deviation (SD)).

Amino Acid Meat (g/kg) Visceral Mass (g/kg)

asp 42.24 ± 7.69 73.39 ± 9.67 **
glu 99.87 ± 5.60 65.21 ± 6.73 **
ser 21.82 ± 1.09 24.55 ± 5.99 *
gly 30.65 ± 3.15 36.29 ± 7.46 *
his 31.12 ± 1.03 10.90 ± 3.84 **
arg 388.77 ± 5.93 366.20 ± 8.02
thr 21.78 ± 0.88 18.03 ± 8.46
ala 98.54 ± 5.92 132.58 ± 7.21 **
pro 94.58 ± 5.26 47.18 ± 0.57 **
cys 1.04 ± 0.11 0.72 ± 0.11 *
tyr 5.05 ± 0.67 3.15 ± 5.60 **
val 24.60 ± 2.55 25.50 ± 5.15
met 3.09 ± 0.95 3.24 ± 0.15
lys 14.63 ± 1.25 7.23 ± 1.50 **
ile 18.10 ± 1.16 19.92 ± 4.15
leu 34.87 ± 1.18 32.34 ± 4.81
phe 51.34 ± 1.61 3.98 ± 0.96 **
Sum 982.11 ± 3.20 870.40 ± 2.23 **
EAA 168.42 ± 1.03 110.23 ± 4.43 **
HAA 332. 56 ± 8.61 268.6 ± 3.56 **
AAA 56.40 ± 8.61 7.13 ± 3.83 **

PCAA 434.52 ± 6.95 384.33 ± 5.73
NCAA 140.78 ± 1.81 138.60 ± 6.29

EAA, essential amino acids (ile, leu, lys, met, phe, thr, and val); HAA, hydrophobic amino acids (ala, val, iso, leu,
tyr, phe, pro, meth, and cys); AAA, aromatic amino acids (phe and tyr); PCAA, positively charged amino acids (arg,
his, and lys); NCAA, negatively charged amino acids (asp and glu). * p < 0.05 and ** p < 0.01 compared with the
active fraction from meat.

2.5. Bioassay-Guided Purification of Active Peptides

The DPPH radical scavenging, ACE-inhibitory and α-amylase inhibitory activities of all purified
fractions were determined at the same concentration. As shown in Figure 2a,b, peptides M-P6 and
VM-P7 were the main components of the meat and visceral mass. M-P6 and VM-P7 had the strongest
activities overall (Table 2), and were thus considered the main active peptides of the meat and visceral
mass, respectively, which were subject to further structure characterization and activity determinations.

126



Mar. Drugs 2018, 16, 473

Figure 2. (a) Elution profiles of active fractions from the meat of Nac by hydrophilic interaction
chromatography (HILIC) at 214 nm; (b) elution profiles of active fractions from the visceral mass of
Nac by HILIC at 214 nm.

Table 2. The DPPH radical scavenging, ACE-inhibitory, and α-amylase inhibitory activities of fractions
purified from M-F and VM-F using HILIC (n = 3, mean ± standard deviation).

Origin Fractions
DPPH Radical

Scavenging Activity (%)
ACE-Inhibitory

Activity (%)
α-Amylase Inhibitory

Activity (%)

M-F

M-P1 14.73 ± 3.36 12.25± 1.67 10.25 ± 2.00
M-P2 25.03 ± 3.11 15.26 ± 3.34 12.55 ± 0.62
M-P3 20.75 ± 2.39 16.76 ± 3.12 15.26 ± 1.30
M-P4 27.25 ±1.82 20.77 ± 0.85 15.76 ± 1.26
M-P5 33.80 ± 2.93 23.07 ± 2.61 24.55 ± 0.29
M-P6 91.87 ± 0.62 84.81 ± 0.35 56.15 ± 1.64
M-P7 34.80 ± 1.22 28.20 ± 3.54 17.85 ± 2.77
M-P8 32.60 ± 2.17 26.45 ± 1.90 16.45 ± 3.01
M-P9 35.25 ± 1.40 25.85 ± 1.37 15.85 ± 2.27

VM-F

VM-P1 14.63 ± 3.38 12.50 ± 2.26 11.50 ± 2.46
VM-P2 17.03 ± 2.07 14.56 ± 2.33 13.55 ± 2.61
VM-P3 28.70 ± 0.99 20.56 ± 1.10 15.55 ± 1.36
VM-P4 24.77 ± 3.71 23.85 ± 3.88 16.35 ± 1.34
VM-P5 33.73 ± 1.47 25.80 ± 3.81 16.30 ± 1.74
VM-P6 38.40 ± 1. 84 28.05 ± 2.80 18.05 ± 4.27
VM-P7 82.60 ± 0.86 74.95 ± 1.24 53.85 ± 0.92
VM-P8 35.60 ± 1.99 27.95 ± 0.76 26.95 ± 4.49
VM-P9 29.93 ± 0.71 24.95 ± 0.85 24.96 ± 0.79

VM-P10 28.03 ± 3.78 21.55 ± 1.64 11.56 ± 2.87
VM-P11 32. 90 ± 0.86 27. 35 ± 3.36 17. 91 ± 1.70
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2.6. Amino Acid Sequence of Active Peptides

A 10-residue peptide, YSQLENEFDR (Tyr-Ser-Gln-Leu-Glu-Asn-Glu-Phe-Asp-Arg), with a
molecular weight of 1299 Da was identified from M-P6 (see the MS/MS spectra in Figure S3A of
the Supplementary Materials) according to MS2 spectra, and an eight-residue peptide, YIAEDAER
(Tyr-Ile-Ala-Glu-Asp-Ala-Glu-Arg), with a molecular weight of 965 Da was identified from VM-P7
(see MS/MS spectra in Figure S3B of the Supplementary Materials). The sequences of the two peptides
were searched against the BIOPEP database [24], and no reports of the bioactivity of these peptides
were found. Hence, the bioactivities of these two active peptides obtained from Nac were further
investigated through in vitro and in vivo experiments.

2.7. Analyses of Active Peptide Activity

2.7.1. In Vitro Antioxidant Activity

According to the half maximal inhibitory concentration (EC50) values of M-P6 and VM-P7 in
three antioxidant assay models (Figure 3a), both two peptides showed high antioxidant activity.
Furthermore, although that of M-P6 was significantly higher (p < 0.01). The antioxidant activities of
M-P6 and VM-P7 showed a concentration-dependent increase from 90 to 4500 μg/mL (Figure 3b–d).
At concentrations greater than 1 mg/mL (corresponding to 0.77 mM and 1.04 mM for M-P6 and VM-P7,
respectively), the two peptides exhibited similar activity to that of vitamin C.

2.7.2. ACE-Inhibitory Activity

Significantly greater ACE-inhibitory activity was also observed for M-P6 than for VM-P7 (p < 0.01,
Figure 3a). Furthermore, the ACE-inhibitory activities of the two peptides increased within increasing
concentrations but always less than nifepine (Figure 3e).

2.7.3. Anti-Diabetic Activity

The two peptides showed similar anti-diabetic activity (Figure 3a, p > 0.05). Compared to the
control (acarbose), the α-amylase and α-glucosidase inhibitory activities of the two peptides were
relatively poor; however, activities of the two peptides increased as the concentration increased
(Figure 3f,g).

2.7.4. In Vivo Antioxidant Activity in Zebrafish Embryos

We next explored the effects of the two active peptides obtained from Nac on the mortality and
morphology of zebrafish larvae. No death or malformation was observed after exposure to high,
medium, and low concentrations of active peptide for 24 h.

For Tg (krt4:NTR-hKikGR)cy17 zebrafish, MTZ treatment can lead to ROS overproduction,
apoptosis of skin cells, and reduction of fluorescence spots on skin; thus, this model is used to
assess ROS scavenging capacity of sample by measuring the growth rate of fluorescent spots (FS) on
the skin of Tg (krt4:NTR-hKikGR)cy17 transgenic zebrafish. Sample with antioxidant activity can remove
ROS from transgenic zebrafish and prevent the skin cell apoptosis. Hence, an increased number of FS
are observed.

According to visualization of zebrafish skin fluorescence results in Figure 4a, more FS were
observed for the sample groups (Figure 4a(D–I)) than the negative control group incubated with
MTZ but without peptides (Figure 4a(B)), even at a low concentration. Moreover, the FS number of
all samples except VM-P7 at a low concentration showed significant difference (p < 0.01) compared
with negative control (Figure 4b). There was no significant difference in the number of FS between
the VM-P7 at a low concentration and negative control (Figure 4b(G,B)). Furthermore, more FS were
detected for M-P6 than VM-P7 at medium and high concentrations (p < 0.01).
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Figure 3. Bioactivities of two peptides. (a) half maximal inhibitory concentration (EC50) values in
different models (** p < 0.01 compared with the VM-P7), (b) DPPH radical scavenging activity, (c) OH
radical scavenging activity, (d) reducing power, (e) ACE-inhibitory activity, (f) α-amylase inhibitory
activity, and (g) α-glucosidase inhibitory activity.
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Figure 4. In vivo antioxidant activity of active peptides in zebrafish embryos (n = 10, mean ±
standard deviation). (a) In vivo visualization of zebrafish skin fluorescence treatment with vehicle (A),
metronidazole (MTZ; (B)), vitamin C (C), and low (D), medium (E), and high (F) concentrations of
M-P6, as well as low (G), medium (H), and high (I) concentrations of VM-P7; (b) FS number statistic
results of all groups; (c) In vivo antioxidant activity of all samples. ** indicates significant differences
compared with the MTZ treatment group (p < 0.01).

As shown in Figure 4c, the in vivo antioxidant activities of two peptides gradually increased with
the increase of concentration. M-P6 showed better antioxidant activity compared with VM-P7. These
results were consistent with the findings of in vitro antioxidant activity. In addition, the antioxidant
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activities of the two peptides at medium and high concentrations were significantly greater than that
of the positive control vitamin C at 200 μM (p < 0.01). In addition, compared to the control group (no
MTZ or peptides), more FS were detected for M-P6 at high concentrations (Figure 4b(F)). The reason
for this result may be superior ROS scavenging ability of M-P6 promoting more skin cells regeneration.
These results indicated that the two peptides could protect the skin cells of transgenic zebrafish against
oxidative damage caused by MTZ.

2.8. Molecular Docking Simulation

CDocker was used to further investigate the intermolecular interactions between the active
peptides and ACE. Both peptides showed a stable docking structure with ACE according to the—
CDocker energy and—CDocker interaction energy values (Table 3). However, YSQLENEFDR
displayed better binding affinity with ACE than YIAEDAER. The docking simulation results of
two peptides are shown in Figures 5 and 6. Both peptides successfully entered the channel of
ACE after docking (Figure 5a,b). As shown in Figure 6a,b, both active peptides combined with
ACE residues through van der Waals interactions, hydrogen bonds, and electrostatic, hydrophobic,
and miscellaneous interaction forces. YIAEDAER made contract with the ACE residues His 353,
Ala 354, Glu384, and Tyr523 via van der Waals interactions and formed 11 hydrogen bonds with
ACE residues Asn66, Asn70, Arg124, Trp220, Lys368, His387, His410, Ser516, Ser517, Pro519, and
Arg522, respectively. Electrostatic force were observed between YIAEDAER and the ACE residue
Lys368 interacted through an electrostatic force, whereas interactions with Met223, Tyr360, Phe391, and
His410 were through the hydrophobic force. YSQLENEFDR made contact with ACE residues Glu384,
Lys511, His513, Tyr520, and Tyr523 via the van der Waals force, and formed 13 hydrogen bonds with
ACE residues Glu162, Asn277, Gln281, His 353, Ala354, Ala356, Tyr360, San374, Asp377, Glu403,
Glu411, Pro519, and Arg522, respectively. YSQLENEFDR and ACE residues Glu162, Asp377, and
Glu403 interacted with electrostatic force, whereas a hydrophobic force formed between YSQLENEFDR
and ACE residues Val379, His383, and Phe527. Both YIAEDAER and YSQLENEFDR interacted with
Zn (II) via miscellaneous force.

 

Figure 5. The molecular docking of YIAEDAER (a) from visceral mass and YSQLENEFDR (b) from
meat to angiotensin-converting enzyme.
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Table 3. Docking energies for optimal conformation of two active peptides and ACE. YIAEDAER:
Tyr-Ile-Ala-Glu-Asp-Ala-Glu-Arg; YSQLENEFDR: Tyr-Ser-Gln-Leu-Glu-Asn-Glu-Phe-Asp-Arg.

Peptides - CDocker Energy (kcal/mol) - CDocker Interaction Energy (kcal/mol)

YIAEDAER 174.672 130.72
YSQLENEFDR 193.884 175.07

Figure 6. The two-dimensional diagram of molecular docking simulation of YIAEDAER (a) from
visceral mass and YSQLENEFDR (b) from meat to angiotensin-converting enzyme.
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2.9. Stablity of Synthetic Peptides against Thermal and Gastrointestinal Digestion Treatments

A series of samples with concentration range from 90 μg/mL (corresponding to 69.28 μM and
93.26 μM for YSQLENEFDR and YIAEDAER, respectively) to 1800μg/mL were used in stability
analysis. EC50 values (expression in molar concentrations) of active peptide under different treatment
conditions were used as evaluation standard.

As shown in Figure 7a,b, the thermal treatments did not significantly affect the DPPH radical
scavenging activities or ACE inhibitory activities of both synthetic peptides according to a lack of
significant change in EC50 values (p > 0.05).

Figure 7. EC50 values of DPPH radical scavenging (a) and ACE inhibitors (b) of two synthetic peptides
treated with thermal treatment. The same numbers means no significantly different in a group (p > 0.05).

Similar results were observed in the gastrointestinal digestion treatment (Figure 8a,b). The EC50

values of DPPH radical scavenging and ACE inhibitory of both peptides slightly increased after
digestion but the difference was not significant (p > 0.05). These results indicated that the two peptides,
YSQLENEFDR and YIAEDAER, have thermal and gastrointestinal stability.
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Figure 8. EC50 values of DPPH radical scavenging (a) and ACE inhibitors (b) of two synthetic peptides
treated with gastrointestinal digestion treatment. The same numbers indicate no significant difference
in a group (p > 0.05).

3. Discussion

Two novel multi-functional peptides, YSQLENEFDR and YIAEDAER, were isolated, purified and
identified from the meat and visceral mass of Nac under multi-bioassay guidance using gel filtration
chromatography, reversed phase-high-performance liquid chromatography (RP-HPLC), hydrophilic
interaction chromatography (HILIC), and LC-MS/MS. The total proportions of hydrophobic and
negatively charged amino acids were relative high in sequences of both peptides. Both peptides
showed strong in vitro antioxidant, ACE-inhibitory, and anti-diabetic activities, along with potent
scavenging ability for ROS and protected skin cells against oxidative damage in a zebrafish model.

These high antioxidant activities of the two peptides could be attributed to their low molecular
weight, which facilitates access to oxidant-antioxidant systems [25]. However, the amino acid
composition and peptide sequence are also important determinants of antioxidant activity. Peptides of
freshwater mussels with a high molecular weight were reported to show relatively high antioxidant
activity due to the abundant hydrophobic amino acids [26]. Indeed, hydrophobic and aromatic amino
acids are known to play important roles in the antioxidant activity of peptides [27]. Negatively charged
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amino acids have strong antioxidant effects because the excess electrons are free to interact with
free radicals [28]. The position of Tyr at the N terminus and the dipeptide Glu-Leu and Ala-Glu of
the peptide sequence can also contribute to antioxidant activity [29]. Moreover, Glu in the peptide
sequence increases antioxidant activity via promoting oxidized glutathione production [30]. Therefore,
the higher antioxidant activity of YSQLENEFDR may be due to the presence of aliphatic and aromatic
amino acids (Tyr, Ser, Leu and Phe), especially Tyr at the N terminus and Glu-Leu, as well as the acidic
amino acid Glu. Similarly, the hydrophobic amino acids (Tyr, Ile, Ala) and the acidic amino acid Glu
also contributed to the antioxidant activity of YIAEDAER.

ACE catalyzes the conversion of angiotensin I to angiotensin II, a potent vasoconstrictor, and
promotes degradation of the vasodilator bradykinin [31]; thus, inhibition of ACE activity may help
with reducing blood pressure. Because high-molecular-weight peptides cannot occupy the active
site of ACE [32], ACE-inhibitory peptides are typically 2–30 amino acids in length [33]. Moreover,
peptides with high aromatic acid contents have been shown to have higher ACE-inhibitory activity [34].
Peptides containing Arg at the C terminus exhibit inhibitory activity due to the positive charge of
the guanidine group [35]. Tyr at the N terminus can enhance the activity. This is supported by data
recorded in biopep database. Four peptides, YPR, YLYEIAR, YLYEIARR, and YIPIQYVLSR, which
possess similar amino acid residues with active peptides from Nac, show EC50 values of 16.5, 16.00,
86.00 and 132.50 μM. Furthermore, Asn potentially contributes to ACE-inhibitory activity [36]. Hence,
Arg in the C terminus, Tyr in the N terminus and the aromatic amino acid residues in YSQLENEFDR
and YIAEDAER might explain their potent ACE-inhibitory activities. In addition, the higher inhibitory
activity of YSQLENEFDR than YIAEDAER may be attributed to the presence of the Asn residue.

α-Amylase and α-glucosidase are key enzymes for starch and oligosaccharide digestion [37], and
their inhibition is an effective method for controlling glucose homeostasis in diabetic patients [38].
Low-molecular-weight peptides (<3 kDa) have potent inhibitory activities of these digestive
enzymes [39]. Aromatic and hydrophobic amino acid residues also play important roles in α-amylase
and α-glucosidase inhibitory activities [40,41]. Accordingly, the inhibitory activities of YSQLENEFDR
and YIAEDAER could be attributed to their low molecular weights along with the presence of Tyr,
Glu, and Arg residues.

Moreover, both purified peptides showed good ROS-scavenging ability in zebrafish in vivo with
no toxic effects, and could effectively prevent the skin cell damage caused by peroxidation.

There is no detailed information on the molecular mechanisms of interactions between ACE
and ACE-inhibitory peptides from Nac. Therefore, to facilitate further research and development of
active peptides, molecular docking simulation was conducted between ACE and active peptides from
different parts of Nac as a preliminary analysis using CDOCKER.

ACE contains three main active site pockets: S1, S2, and S1′. The S1 pocket includes the residues
Ala354, Glu384, and Tyr523; the S2 pocket contains Gln281, His353, Lys511, His513, and Tyr520; and S1′

contains Glu162 [42]. The molecular docking results clearly showed interactions of the active peptides
with these active site residues of ACE, thus contributing to their inhibition activities. YIAEDAER
establishes interactions with the S1 pocket (Ala354, Glu384, and Tyr523) and S2 pocket (His 353) of ACE
via van der Waals forces, whereas YSQLENEFDR establishes interactions with all active site residues
via van der Waals interactions, hydrogen bonds, and electrostatic forces. Moreover, both peptides
established hydrogen bonds with the Arg522 of ACE, which has been reported as an imported residue
for activity of the enzyme [43]. Addition, both peptides directly interacted with Zn2+ at the ACE active
site via a miscellaneous force, which likely promoted the ACE-inhibitory activities of peptides since
previous work has shown that interactions between ACE inhibitors and Zn2+ play an important role
in deactivating ACE [44]. Furthermore, more hydrogen bonds were formed between YSQLENEFDR
and ACE, and the number of hydrogen bonds plays a major role in determining interactions between
inhibition peptides and ACE [45]. Overall, these results indicate that YSQLENEFDR exhibit better ACE
inhibition activity, which is attributed to its more effective interaction with the active sites, supporting
the results of the in vitro ACE inhibition assay of the active peptides.
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Since functional food or drug processing technology may involve thermal sterilization and
drying, it is essential to confirm the stability of active peptides against thermal and gastrointestinal
digestion treatments for their applications as functional foods or drugs. Our results suggest that the
thermal processing technology may not affect the antioxidant and ACE activities of YSQLENEFDR
and YIAEDAER. In vitro simulated gastrointestinal digestion is an effective initial assessment method
for the bioavailability of active peptides prior to in vivo applications [46]. Although the antioxidant
and ACE activities of YSQLENEFDR and YIAEDAER were slightly reduced after gastrointestinal
digestion, both synthetic peptides still showed good activity levels, and the activities of YSQLENEFDR
were still better than those of YIAEDAER. Furthermore, the two synthetic peptides showed similar
bioactivities with respect to the EC50 values of natural peptides in DPPH radical scavenging and
ACE-inhibitory activities. It is indicated that modification is an effective method to improve stability,
boost bioavailability or enhance activities of natural peptides [47]. Thus, these two natural peptides
can be used as precursors of peptides therapeutics.

Overall, the study indicates that two novel natural multi-functional peptides isolated from Nac
show good antioxidant, ACE-inhibitory, and anti-diabetic activities in vitro, as well as strong ROS
scavenging ability in vivo without toxicity. The ACE inhibition of the two peptides may be mainly
attributed to the interaction with the active site residues of ACE and Zn2+. Furthermore, the DPPH
radical scavenging and ACE-inhibitory activities of the two synthetic peptides were stable after thermal
treatment (20–80◦C) and gastrointestinal digestion. Thus, these two active peptides, YSQLENEFDR
and YIAEDAER, have potential for the treatment and prevention of NCDs. For further study, we will
focus on the mechanism of action of these peptides.

4. Materials and Methods

4.1. Materials

Live Nac samples (see Figure S4A in the Supplementary Materials) of similar sizes were purchased
from a market in Jinan, China. The samples were washed with water and the moisture on the shell was
removed by drying at 25 ◦C. The shell and operculum were removed, and the soft body (Figure S4B in
Supplementary Materials) was separated into the meat (Figure S4C in Supplementary Materials) and
visceral mass (Figure S4D in Supplementary Materials). The samples were freeze-dried, ground into a
power, and stored at −20 ◦C until analysis.

4.2. Reagents and Animals

DPPH, angiotensin-converting enzyme (0.25 U·mL−1, from the rabbit lung), N-hippuryl-His-
Leu hydrate (HHL), hippuric acid, and amino acid standards were purchased from
Sigma-Aldrich (Shanghai, China). α-Glucosidase protease (50 U/mg, from yeast), α-amylase
protease (50 U/mg, from Bacillus subtilis), acarbose, 4-nitrophenyl-β-D-galactopyranoside,
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC), ribonuclease (13,700 Da, from the bovine
pancreas), aprotinin hydrochloride (6511 Da, from the bovine lung), angiotensin II (1046 Da), and
L-serine (105 Da) were purchased from Yuanye Biological Technology Co. (Shanghai, China). Trypsin
(250 U/mg), pepsin (250 U/mg), Sephadex G25 gel, nifedipine, and vitamin C were purchased from
Solarbio (Beijing, China). Transgenic zebrafish Tg (krt4:NTR-hKikGR)cy17 are maintained in our lab.
All chemicals and reagents used for HPLC were of chromatographic grade and other chemicals and
reagents were of analytical grade.

4.3. Zebrafish Maintenance and Embryo Handling

Adult zebrafish were maintained at 28 ◦C under a 14/10 h light/dark cycle and supplied with
freshwater, aeration, and food. Embryos were obtained from natural spawning; they were collected
within 30 min and cultured in an aquarium. The embryos were used within 24 h. The experiments
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were performed in accordance with standard ethical guidelines. The procedures were approved by the
Ethics Committee of the Biology Institute of Shandong Academy of Science.

4.4. Proximate Composition

The proximate compositions of the two parts of Nac, including moisture, ash, crude protein,
and fat contents, were determined according to the methods of the Association of Official Analytical
Chemists [48].

4.5. Peptide Extraction

The ground meat and visceral mass of Nac were suspended in 50% (v/v) ethanol in ultrapure
water (sample: solution = 1:10, w/v), and the pH was adjusted to 5.0 using acetic acid. The mixture
was stirred continuously using a magnetic stirrer at 30 ◦C for 6 h. The suspension was centrifuged
at 6000× g for 20 min. The supernatant was concentrated by rotary evaporation to remove ethanol
at 40 ◦C, and then, an equal volume of hexane was added in a separating funnel three times to
minimize low polarity interference. The lower layer was freeze-dried and stored at −20 ◦C until
further separation.

4.6. Bioassay-Guided Isolation of Active Fractions

Lyophilized samples were dissolved in 10 mL of 0.01 mol/L HCl at 50 mg/mL. After filtering
through a 0.45-μm syringe filter, 5 mL of the sample was loaded onto a gel filtration column packed
with Sephadex G25 gel (1.8 cm × 60 cm) pre-equilibrated with 0.01 mol/L HCl. The column was eluted
with 0.01 mol/L HCl at a flow rate of 15 mL/h. Fractions were collected every 5 mL and absorbance
was measured at 280 nm to measure the in vitro antioxidant, ACE-inhibitory, and α-amylase inhibitory
activities of all fractions. Most of the active fractions separated on Sephadex G25 column were
freeze-dried for further analysis and purification.

4.7. Molecular Weight Distribution of Active Fractions

The molecular weight distribution of the active fractions obtained from the meat and visceral mass
were determined by gel permeation chromatography using a TSK-gel G2000 SWXL column (7.8 mm ×
250 mm) (TOSOH, Yamaguchi, Japan) according to previously reported methods [36], except the flow
rate was set to 0.2 mL·min−1. The column was calibrated with ribonuclease, aprotinin hydrochloride,
angiotensin II, HHL, and L-serine.

4.8. Amino Acid Compositions of Active Fractions

Active fractions were hydrolyzed according to previously reported methods [49]. After acid
hydrolysis, samples and amino acid standards were derivatized with AQC and determined by
RP-HPLC [50]. The amino acid compositions of the two fractions were identified and quantified
from standard curves of amino acid mixtures. All samples were determined in triplicate.

4.9. Bioassay-Guided Purification of Active Peptides

Freeze-dried active fractions were dissolved in 10 mM ammonium acetate buffer (pH 6.0) at
1 mg·mL−1. Samples were filtered through a 0.45-μm microporous membrane and further separated
on a Welch HILIC amide column (4.6 mm × 250 mm, 5 μm). The binary mobile phase composed of
acetonitrile and 10 mM ammonium acetate buffer (pH 6.0) (80:20 v/v) was pumped at a flow-rate of
1 mL/min. The injection volume was 20 μL. The absorption peak was monitored at 214 nm and all
absorption peaks were collected. The activities of all fractions were then determined. The most active
fractions from the two sources were freeze-dried and stored at −20 ◦C for further identification.
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4.10. Identification of Active Peptide Sequences by Nano-LC-LTQ-Orbitrap-MS/MS

The amino acid sequences of active peptides were identified using an EASY-Nlc1000
chromatography system (Thermo Finnigan, Bremen, Germany) coupled to an LTQ Orbitrap Velos Pro
mass spectrometer (Thermo Finnigan) according to previously published methods [51], with some
modifications. The purified peptides were resolved in ultrapure water with 0.1% trifluoroacetic acid at
a concentration of 0.1 mg/mL. Then, 2 μL of the sample was injected into the trap column (100 μm ×
20 mm, RP-C18; Thermo Inc.) for preconcentration. The preconcentrated sample was automatically
entered into an analysis column (75 μm × 150 mm, RP-C18; Thermo Inc.). The sample was eluted with
0.1% v/v formic acid in ultrapure water for 60 min with a flow rate of 300 nL/min at 30 ◦C. Mascot 2.3
(Matrix Science, Boston, MA, USA) was used for data analysis. The NCBInr database was used for
peptide identification with an expected value threshold of less than 0.05.

4.11. Determination of Activities

4.11.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the two peptide fractions was determined according to
the methods described by Lee et al. [52]. Vitamin C was used as a positive control. The EC50 values for
DPPH radical scavenging was determined.

4.11.2. Ferric Reducing Capacity

The reducing power of the peptide fractions was assayed as described by Moayedi et al. [53].
Vitamin C was used as a positive control. The reducing power of active peptides was assayed by
determining EC50 values.

4.11.3. Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging activity of peptide fractions was determined according to the
methods described by Dong et al. [26]. Vitamin C was used as a positive control. The hydroxyl radical
activity of active peptides was evaluated by EC50.

4.11.4. Determination of Antioxidative Activity in Zebrafish Embryos

The fluorescence spots on the Tg (krt4:NTR-hKikGR)cy17 zebrafish skin are significantly reduced
after MTZ-treatment due to excessive ROS production. The number of fluorescence spots on the
skin will increase after incubation with antioxidant. Thus, we can evaluate the ROS scavenging
ability of samples on the basis of changes in the number of fluorescence spots compared with the
MTZ-treatment. The in vivo antioxidant activity of the active peptides was evaluated according to
previously described methods [54] with some modification using the transgenic zebrafish line Tg
(krt4:NTR-hKikGR)cy17. Twenty-four-hour-old transgenic zebrafish embryos were added to 24-well
cell culture plates (10 embryos/well) and incubated with 2 mL of 10 mM MTZ (dissolved in fish water)
and active peptides for 24 h at 28 ◦C. Zebrafish treated with fish water without MTZ and peptides
were used as controls. Zebrafish treated with MTZ without peptides were used as negative controls.
Vitamin C instead of peptides was used as a positive control. After incubation, zebrafish embryos were
anesthetized with tricaine (0.16%, w/v), and fluorescence was observed using an FSX100 Bio Imaging
Navigator instrument. FS were counted using ImagePro-Plus, and the in vivo antioxidant activity (%)
of active peptides was determined by Equation 1.

Antioxidant activity (%) = {(FSs − FSnc)/(FSvc − FSnc)} × 100 (1)

where FSs indicates the number of FS in the samples, FSnc indicates the number of FSin the negative
control, and FSvc indicates the number of FS in the vehicle control.
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4.11.5. Determination of ACE-Inhibitory Activity

ACE-inhibitory activity was measured according to the methods of Chen et al. [55]. Nifedipine
was used as a positive control. Results were reported as EC50 values.

4.11.6. Determination of Anti-Diabetic Activity

α-Amylase and α-glucosidase inhibitory activities were assayed as described by
Uraipong et al. [37]. Acarbose was used as a positive control. The inhibitory activity of active
peptides was expressed as the EC50 value.

4.12. Peptide Synthesis

After identification by nano-LC-ESI-MS/MS, two active peptides (Tyr-Ser-Gln-Leu-Glu-Asn-
Glu-Phe-Asp-Arg and Tyr-Ile-Ala-Glu-Asp-Ala-Glu-Arg) were synthesized by Cellmano Biotech Co.
Ltd. (Hefei, China) with a purity of 99.02% and 96.43%, respectively.

4.13. Molecular Docking

In the docking study, human ACE was used as receptor. The crystal structure of ACE (1O8A.pdb)
was obtained from the Protein Data Bank (https://www.rcsb.org/structure/1O8A). The 3D structure
of active peptide was constructed and energy minimized using MM2 molecular mechanics method
with Chem3D Pro 14.0 (CambridgeSoft Co., MA, USA). Before docking, the structure of ACE was
removed water molecules and inhibitors, retained the cofactors zinc and chloride atoms and cleaned
protein. Then, the ACE and two active peptides were energetically minimized by the CHARMm
force field, respectively. The automated molecular docking studies of the active peptides at the ACE
binding sites were performed using the CDOCKER module according to the method described by
Deng et al. [45]. The binding site sphere was set as x:40.302, y:37.243 and z:48.948 with radius of 20 Å.
Evaluation of the molecular docking was performed according to values of -CDocker energy and
-CDocker interaction energy. The best conformation of peptide and ACE showed the highest values of
-CDocker energy and -CDocker interaction energy.

4.14. Stability against Thermal and Gastrointestinal Digestion Treatments

Thermal stability and gastrointestinal digestion stability of two synthetic peptides were
determined according to Chen et al. [56]. The incubated temperature for peptide solutions was
set as 20, 40, 60, and 80 ◦C, respectively. DPPH radical scavenging activities and ACE inhibitory
activities of the peptide solutions were measured as the above description.

4.15. Statistical Analysis

All tests were repeated three times and results are presented as means ± standard deviation.
SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. All figures were generated
using Origin 9.0 (Origin Lab, Northampton, MA, USA). One-way analysis of variance was used to
analyze differences among groups; p < 0.05 was considered statistically significant. Pearson correlation
coefficients were used to evaluate correlations among contents and activities. The molecular docking
was evaluated and analyzed by Discovery Studio 2.5 (DS2.5, Accelrys, San Diego, CA, USA) and
Discovery Studio 4.5 Visualizer (DS4.5, Accelrys, San Diego, CA, USA).

5. Patents

(1) Zhang, S.S.; Liu, K.C.; Han, L.W.; Zhang, X.M.; Li, X.B.; Zhang, Y. Preparation and Application
of Peptides with the Function of Repairing Oxidative Damage. Patent No. 201810915407.5.

(2) Han, L.W.; Zhang, S.S.; Liu, K.C.; Li, X.B.; Zhang, X.M.; Hou, H.R; Sun, C. Preparation and
Application of Peptides with the Function of Preventing Cardio-Cerebrovascular Disease. Patent No.
201810916171.7.
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Abstract: Zinc-binding peptides from oyster (Crassostrea gigas) have potential effects on zinc
supplementation. The aim of this study was to prepare efficient zinc-binding peptides from
oyster-modified hydrolysates by adding exogenous glutamate according to the plastein reaction and
to further explore the zinc absorption mechanism of the peptide-zinc complex (MZ). The optimum
conditions for the plastein reaction were as follows: pH 5.0, 40 ◦C, substrate concentration of 40%,
pepsin dosage of 500 U/g, reaction time of 3 h and l-[1-13C]glutamate concentration of 10 mg/mL.
The results of 13C isotope labelling suggested that the addition of l-[1-13C]glutamate contributed to
the increase in the zinc-binding capacity of the peptide. The hydrophobic interaction was the main
mechanism of action of the plastein reaction. Ultraviolet spectra and scanning electronic microscopy
(SEM) revealed that the zinc-binding peptide could bind with zinc and form MZ. Furthermore,
MZ could significantly enhance zinc bioavailability in the presence of phytic acid, compared to
the commonly used ZnSO4. Additionally, MZ significantly promoted the intestinal absorption of
zinc mainly through two pathways, the zinc ion channel and the small peptide transport pathway.
Our work attempted to increase the understanding of the zinc absorption mechanism of MZ and to
support the potential application of MZ as a supplementary medicine.

Keywords: oyster zinc-binding peptide; peptide-zinc complex; caco-2 cells; intestinal absorption;
zinc bioavailability

1. Introduction

Zinc, as an essential micronutrient, is essential for human health and participates in numerous
enzymatic and metabolic processes in human organisms [1]. The human body mass contains 2–3
g of zinc [2]. In the human body, zinc deficiency usually leads to serious consequences, such as
growth defects, hypogonadism, and neurological dysfunctions [3]. As of 2012, zinc deficiency is
estimated to affect up to two billion people worldwide [4], which represents a significant global
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burden. Thus, it is necessary to improve zinc bioavailability and absorption for optimum health. The
fortification of food by adding zinc salts or zinc-chelating peptides has promise as an intervention
strategy. However, the most commonly used ZnSO4 could irritate the gastrointestinal mucosa and
is not safe for long-term intake [5]. In addition, the efficacies of mineral supplements are strongly
blocked by mineral absorption inhibitors (such as phytic acid) in daily diets [6]. Thus, searching for
both effective and safe components from seafood sources as alternatives to prevent zinc deficiency is a
research area with urgent need worldwide.

Oyster (Crassostrea gigas), a member of the ostreidae family [7], is a good source of proteins, essential
fatty acids, and other nutrients [8]. Many studies have shown that oyster, mainly oyster peptides,
has remarkable pharmacological efficacies, including antimicrobial, antihypertensive, anticancer,
antioxidant, and antiviral abilities [9–12]. Oysters are usually richer in zinc elements than other seafoods,
and zinc is easily combined with proteins or amino acids in oyster soft tissue [13]. The zinc-chelating
peptides extracted from oyster have attracted wide attention. Work by Chen et al. demonstrated that
the peptide (HLRQEEKEEVTVGSLK) produced from oyster protein hydrolysis has a marked ability to
bind zinc [14], and Zhang et al. revealed that the hydrolysate-zinc complex (OPH-Zn) can improve
zinc bioaccessibility [15]. However, the zinc absorption mechanism of the oyster-derived peptide-zinc
complex has not been fully studied. Thus, exploring the effect of the peptide-zinc complex on zinc
supplementation and improving our understanding of the mechanism involved may advance the
understanding of oyster peptides as zinc supplementation agents.

Recently, it has been reported that zinc-binding peptides can be obtained from oyster protein
hydrolysates by a facile plastein reaction [16]. The plastein reaction was first discovered by Danilevski in
1902 when he added chymotrypsin to protein hydrolysates, and this reaction is considered to be a reverse
enzymatic reaction [17]. Under normal conditions, bioactive peptides remain inactive in the sequence
of their parent proteins. However, with appropriate enzymatic hydrolysis, the peptides can be released
and activated. The plastein reactions provided a possible method to synthesize a multifunctional
peptide-based ingredient with desirable bioavailability, safety, and functional properties [18]. However,
due to the complexity of the reaction, the mechanism of plastein reactions remains unclear and is still
an intellectual curiosity.

In the present study, the efficient zinc-binding peptides were prepared from oyster-modified
hydrolysates according to the plastein reaction and the mechanism of the plastein reaction was explored.
Then the peptide-zinc complex (MZ) was prepared and characterized. The zinc bioavailability of MZ
in the presence of phytic acid was investigated in Caco-2 cells. Subsequently, a possible zinc absorption
mechanism of MZ in Caco-2 cells was further explored. This work could provide new information for
the potential application of oyster protein-based zinc supplements.

2. Results and Discussion

2.1. Optimization of the Plastein Reaction Conditions

The synthetic reaction dominated the plastein reaction and it inevitably led to a decrease in the
free amino acids in the reaction system [17,19]. To improve the efficiency of the plastein reaction,
the effects of hydrolysis pH, temperature, substrate concentration, pepsin dosage, reaction time, and
glutamate concentration on the decrease in the free amino acid content of the plastein products were
optimized in the present study.

The effect of pH on free amino acid reduction was significant, as shown in Figure 1A. With an
increase in pH, the reduction of free amino acid presented an upward trend, reaching a maximum value
at pH 5.0, and then presented a downward trend at a higher pH. pH can affect the binding efficiency of
enzyme molecules and substrates [20]. The suitable pH of pepsin used in this study ranged from 1.5
to 5.5 [21]. Therefore, the optimal hydrolysis pH was 5.0. The free amino acid reduction gradually
increased from 20 to 40 ◦C, and the maximum value was reached at 40 ◦C (Figure 1B). The possible
reason for this finding is that pepsin was gradually activated as the temperature of the enzymatic
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hydrolysis increased, and the structure of the enzyme protein was affected when the temperature
exceeded the optimum temperature. Therefore, the optimal temperature was determined to be 40 ◦C.
Figure 1C shows that when the substrate concentration increased from 25% to 40%, the free amino
acid reduction gradually increased, reaching a maximum value at 25 μmol/g. Therefore, the optimal
substrate concentration was determined to be 40%. Figure 1D shows that when the pepsin dosage
increased from 100 U/g to 500 U/g, the free amino acid reduction gradually increased, which probably
meant that the enzyme binding sites were completely occupied by the substrate. With an increase in the
reaction time, the free amino acid reduction increased to a maximum value at 3 h (Figure 1E). Therefore,
3 h was selected as the appropriate holding time. The effect of the glutamate concentration on the free
amino acid reduction was significant, as shown in Figure 1F, and the optimal glutamate concentration
was determined to be 10 mg/mL. The addition of exogenous glutamate during the plastein reaction can
effectively increase the efficiency of the plastein reaction.

Figure 1. Effects of hydrolysis pH (A), temperature (B), substrate concentration (C), pepsin dosage
(D), reaction time (E), and glutamate concentration (F) on free amino acids reduction of the plastein
products. Unless otherwise noted, temperate was 40 ◦C, pH was 5.0, substrate concentration was 40%,
pepsin dosage was 500 U/g, reaction time was 3 h, and l-[1-13C]glutamate concentration was 10 mg/mL.
Each point is shown as the means ± standard deviation (SD) (n = 3). Different letters indicate significant
differences (p < 0.05).

Overall, the optimum conditions for the free amino acid reduction of the plastein products were
obtained at: pH 5.0, 40 ◦C, substrate concentration of 40%, pepsin dosage of 500 U/g, reaction time of
3 h, and glutamate concentration of 10 mg/mL.
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2.2. Change in Zinc-Binding Capacity and Hydrophobicity during the Plastein Reaction

As shown in Figure 2A, the hydrophobicity index of the plastein products steadily increased
over 3 h, attaining a maximum of 33.9%. Our results are consistent with those of Jiang et al. [19],
who reported that the internal hydrophobic amino acids were exposed during the plastein reaction,
indicating that hydrophobic interactions are important forces in the formation of plastein products.
Similarly, the zinc-binding capacity of the plastein products continuously increased for 3 h (Figure 2B).
This result is consistent with that of Chen et al. [14]. The possible reason for this finding was that
the hydrophilic groups (−OH, −NH2, −COOH) were exposed during the reaction, which provided
additional binding sites for the zinc ions. In addition, the added exogenous glutamate increased the
−COOH content and thus led to an increase in the binding capacity of zinc ions.

Figure 2. Change in hydrophobicity (A) and zinc-binding capacity (B) during the plastein reaction.
Each point is shown as the means± SD (n = 3). Different letters indicate significant differences (p < 0.05).

2.3. The Effects of Protein Denaturants on the Stability of Plastein Products

As shown in Figure 3A, the solubility of the plastein products in the deionized water (DW) and
sodium chloride (NaCl) groups was significantly lower than in the hydrolysis products (p < 0.05),
suggesting that the hydrophobicity of the plastein products was high. Sodium dodecyl sulfate (SDS)
and acetic acid (HAc) can destroy the protein structures that are maintained by hydrophobic interactions
and then dissolve the plastein products [22]. The solubility of the plastein products in the HAc and SDS
groups was significantly higher than the solubility of the hydrolysis products (p < 0.05) (Figure 3A),
suggesting that the hydrophobic interactions may be primarily responsible for the formation of plastein
products, which was consistent with the conclusion of Figure 2A. In addition, high molecular weight
proteins have low solubility in trichloroacetic acid (TCA) [23]. The solubility of the plastein products
in the TCA group was significantly lower than that of the hydrolysis products (p < 0.05) (Figure 3A),
suggesting that the plastein products had a higher molecular weight than the hydrolysis products.
Urea is a polar molecule that can destroy hydrogen bonds in the protein [24]. As shown in Figure 3B,
urea had a significant effect on the turbidity value of the plastein products (p < 0.05), which suggested
that hydrogen bonds may be partially responsible for the formation of plastein products.
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Figure 3. (A) Solubility of plastein products in different denaturants; (B) effect of urea on the stability
of plastein products. Abbreviations: DW, deionized water; NaCl, sodium chloride; TCA, trichloroacetic
acid; HAc, acetic acid; SDS, sodium dodecyl sulfate. Each point is shown as the means ± SD (n = 3).
Asterisk (*) and different letters indicate significant differences (p < 0.05).

2.4. Change in Molecular Weight Distribution during the Plastein Reaction

As shown in Figure 4, after the plastein reaction, the content of plastein products with a molecular
weight greater than 1000 Da significantly increased, while the content of plastein products with a
molecular weight less than 300 Da significantly decreased (p < 0.05), indicating that the small molecular
weight glutamate and polypeptide were bound to other polypeptide chains by transpeptidation and
condensation reactions, thus increasing the percentage of macromolecular polypeptides.

Figure 4. The change of molecular weight distribution during plastein reaction. Each point is shown as
the means ± SD (n = 3). Asterisk (*) indicate significant differences (p < 0.05).

Combined with the above experimental results, it could be demonstrated that the hydrophobic
interaction was the main mechanism of action of the plastein reaction and there was also a relatively
weak condensation and transpeptidation reaction.

2.5. Zinc-Binding Capacity and l-[1-13C]Glutamate Abundance of Different Components of Plastein Products

The conjugated double bond in the peptides and phenylalanine has an ultraviolet characteristic
absorption peak at 220 nm. An aqueous solution of phenylalanine showed an absorption peak between
1.1 and 1.4 h (Figure 5A), indicating that most of the free amino acids eluted with the mobile phase
mainly after 1.1 h. The fractions a–d were obtained at 220 nm (Figure 5B). Afterwards, these components
were collected to determine the zinc-binding capacity and l-[1-13C]glutamate abundance. The higher
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the l-[1-13C]glutamate abundance was, the higher the ratio of 13C/12C in the sample. The zinc-binding
capacity of a and b components was significantly higher than that of c and d components, meanwhile
the l-[1-13C]glutamate abundance of a and b was also significantly higher than that of c and d (p < 0.05)
(Table 1), suggesting that the addition of exogenous l-[1-13C]glutamate contributed to an increase in
the zinc-binding capacity of the peptides.

Figure 5. Sephadex G-15 chromatograph of phenylalanine standard (A) and different components of
plastein products (B), a–d mean the fractions that obtained at 220 nm.

Table 1. Zinc-binding capacity and l-[1-13C]glutamate abundance of different components of plastein
products. The control group is the plastein products without exogenous l-[1-13C]glutamate added.
The different letters indicate significant differences (p < 0.05).

Sample Name Zinc-Binding Capacity (mg/g) l-[1-13C]glutamate Abundance (%�)

Control 69.12 ± 1.54 c −21.87
a 94.43 ± 2.07 b 255.73
b 101.08 ± 3.10 a 1108.22
c 72.21 ± 2.68 c 7.16
d 26.54 ± 1.43 d −4.54

In addition, the zinc-binding capacity of the d component was significantly lower than that of
the b component (p < 0.05), which may be related to the molecular weight and spatial structure of the
polypeptides. Some macromolecular peptides were aggregated into hydrophobic macromolecular
peptides by hydrophobic interactions during the plastein reaction, thereby resulting in the change of
structure of the polypeptides and the reduction of binding sites for the zinc ions.

2.6. Scanning electron microscopy (SEM) Photograph and UV-Vis Absorption of the peptide-zinc complex (MZ)

In our previous study, the peptide Glu-Val-Pro-Pro-Glu-Glu-His (M) with high zinc-binding
capacity was isolated and purified [16], and we further prepared the MZ in this study. The peptide
M showed a sheet appearance with a smooth surface (Figure 6A,C). In contrast, MZ demonstrated a
granule-like structure, which was markedly different from the peptide M image (Figure 6B,D). Metal
ions can interact with peptides and facilitate peptide aggregation [25]. Zhang et al. [15] reported
that zinc ions can promote aggregation by increasing the speed of the dimerization of the peptides.
In addition, the carbonyl oxygen and hydroxyl oxygen on the carboxyl group in the peptide chain are
involved in the coordination of zinc ions [16], thus promoting the formation of aggregates. The SEM
results suggest that the interaction between the peptide and zinc ions could lead to the formation
of particles.
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Figure 6. Scanning electron microscopy (SEM) photograph of peptide (A,C) and peptide-zinc complex
(MZ) (B,D), UV-vis absorption analysis (E).

The peptide M had a maximum absorption peak at 223 nm, while the mixture of zinc-binding
peptide and ZnSO4 had the maximum absorption peak shifted to 220 nm (Figure 6E). Previous studies
have indicated that the addition of zinc ions affected the spatial structure of the peptide [14], thus
inducing hypochromicity in the UV absorption spectrum. From these results, it could be concluded
that the peptide M could bind with zinc and form the MZ.

2.7. Cytotoxicity of MZ Against Caco-2 Cells

The MZ exhibited no significant cytotoxicity in Caco-2 cells at a concentration of 125 μg/mL or
less, however, MZ significantly reduced the viability of Caco-2 cells at concentrations over 125 μg/mL
(p < 0.05) (Figure 7A). Therefore, subsequent absorption and transport experiments were conducted at
a dose of 125 μg/mL.

2.8. Absorption of Zinc from MZ in Caco-2 Cells

Caco-2 cells are similar to intestinal epithelial cells in structure and function, so they are commonly
used to simulate the absorption characteristics of intestinal epithelial cells in vitro [26]. Usually,
exogenous zinc enters the cellular zinc pool [27]. N,N,N’,N’-tetrakis (2-pyridylmethyl)-ethylene-diamine
(TPEN), a zinc ion chelator, has frequently been used to consume the initial free zinc in cells [28], and then
the Zinquin ethyl ester fluorescent probe is usually used to monitor cellular zinc uptake in real time [29].
As shown in Figure 7B, zinc uptake from ZnSO4 and MZ, at concentrations equivalent to 96 μM zinc,
was monitored by the quenching of Zinquin ethyl ester fluorescence. Cellular zinc uptake from ZnSO4

was significantly increased (by 36%), whereas zinc uptake from MZ was only partially increased (by
11%). The reason for this result may be that less free zinc within a certain time was dissociated by MZ
than by ZnSO4. In addition, work by Tacnet demonstrated that organic zinc absorption is dependent on
a variety of membrane transport mechanisms in pig small intestine [30], including mainly unsaturated
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diffusion and saturable carrier-mediated mechanisms. Thus, we speculated that the zinc absorption
mechanisms of ZnSO4 and MZ were different.

Figure 7. (A) Cell viability of Caco-2 cells after being incubated with the MZ at different concentrations.
(B) Zinc uptake by Caco-2 cell monolayers in the presence of 2:1 molar ratio of zinc/phytic acid. Cellular
uptake of exogenous zinc was measured as the quenching of Zinquin ethyl ester fluorescence. (C) The
free zinc content after phytic acid treatment. M: peptide (EVPPEEH); MZ: peptide-zinc complex; AP:
phytic acid. Different lowercase letters and asterisk (*) indicates significant difference between groups
(p < 0.05).

2.9. The Effect of Phytic Acid on Zinc Bioavailability

Our daily staple foods, such as rice, corn, and cereals, generally contain phytic acid [31], and the
phosphate groups of phytic acid can form insoluble complexes with zinc [32], which can significantly
affect the absorption and utilization of zinc in the gastrointestinal tract [31]. Therefore, to assess the
bioavailability of zinc from MZ, it is necessary to understand the absorption and utilization of zinc in
the presence of phytic acid. As shown in Figure 7B, zinc uptake from ZnSO4 and MZ in the presence of
a 2:1 molar ratio of zinc/phytic acid was monitored by the quenching of Zinquin ethyl ester fluorescence.
The cellular uptake of zinc from ZnSO4 was barely increased, indicating that the absorption of zinc
from ZnSO4 was almost completely inhibited by phytic acid. Moreover, the zinc uptake from MZ
decreased from 11% (without phytic acid treatment) to 6%, indicating that phytic acid incompletely
blocked the zinc uptake from MZ. In other words, MZ showed a certain anti-phytic acid complexation,
which reduced the negative effect of phytic acid on zinc absorption.

The free zinc contents of each group after phytic acid treatment are shown in Figure 7C. The free
zinc content in the MZ group was significantly higher than that in the ZnSO4 group and in the mixed
system of M and ZnSO4 (p < 0.05), indicating that the effect of the MZ was more significant against
the anti-phytic acid complexation than that of the peptide M. This result is similar to the results
of Hansen et al. [33], who reported that a certain amount of casein phosphopeptides (CPP) could
overcome the inhibitory effect of phytate on zinc absorption. In addition, Zhu et al. also found that the
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chelation of zinc with peptides derived from wheat germ protein possessed higher zinc bioavailability
than ZnSO4 in Caco-2 cells [34]. Finally, the results revealed that some zinc ions could be "protected"
after the combination of peptide M and zinc to avoid the inhibition of zinc absorption by dietary
interactions, thereby improving the effective bioavailability of zinc.

2.10. Effect of MZ on hZIP4 and ZnT1 mRNA Levels in Caco-2 Cells

The zinc regulatory protein hZIP4 and the zinc transporter ZnT1 play an important role in
maintaining cellular zinc homeostasis [35]. hZIP4 is a member of the ZIP family, mainly located in the
apical membrane of small intestinal cells and is mainly used to regulate dietary zinc intake [36]. ZnT1
was the first zinc transporter found in the ZnT family and is mainly located on the basement membrane
of intestinal epithelial cells, its main function is to transport zinc out of the cell [35]. As shown in
Figure 8A, the hZIP4 level of both the ZnSO4 and MZ groups was significantly reduced compared
with that of the control group, while there was no significant difference between the ZnSO4 and MZ
groups. The expression of hZIP4 is regulated by intracellular zinc levels, and when the amount of
exogenous zinc is sufficient, the cells will reduce the uptake of zinc, which may result in a decrease in
hZIP4 expression [36]. Our results indicated that both ZnSO4 and MZ at concentrations equivalent to
96 μM zinc can meet the zinc demand of Caco-2 cells. In addition, the levels of ZnT1 were significantly
upregulated in both the ZnSO4 and MZ groups compared with the control group, and the levels of
ZnT1 were also significantly increased in the MZ group compared with the control group (p < 0.05)
(Figure 8B), indicating that MZ is more fully absorbed than ZnSO4 by Caco-2 cells. Overall, it can be
seen that cells will not only reduce the intake of zinc but also increase the export of zinc through the
zinc ion channel pathway when there is a sufficient supply of exogenous zinc, representing a feedback
regulation mechanism for the organism to adapt to changes in external zinc levels.

Figure 8. Effects of MZ on the relative level of hZIP4, ZnT1, and PepT1 mRNA in Caco-2 cells.
MZ = peptide-zinc complex. Asterisk (*) indicates significant difference between groups (p < 0.05).

2.11. Effect of MZ on PePT1 mRNA Levels in Caco-2 Cells

PePT-1 is a member of the oligopeptide transporter family, and its major expression site is on the
brush border membrane of intestinal epithelial cells [37]. Maubon et al. found that the expression of
PePT1 in Caco-2 cells and small intestinal epithelial cells were quite similar [38]. As shown in Figure 8C,

151



Mar. Drugs 2019, 17, 341

the levels of PePT1 were significantly increased in the MZ group compared with the control and ZnSO4

groups (p < 0.05), while there was no significant difference between the ZnSO4 and control groups,
suggesting that MZ promoted the expression of PePT1 in Caco-2 cells. Tacnet et al. demonstrated
that organic zinc can be absorbed either by the regulation of zinc transporters or by the absorption
mechanisms of small peptides or amino acids [30]. Therefore, it is speculated that MZ may be absorbed
and utilized by cells through the small peptide transport system.

Based on the above results, we can conclude that the intestinal absorption of MZ may occur
mainly through two pathways: the zinc ion channel and the small peptide transport pathway. For the
zinc ion channel pathway, MZ promotes the activation of ZnT1 and inhibits the activation of hZIP4,
which consequently maintains cellular zinc homeostasis. For the small peptide transport pathway,
MZ promotes the activation of PePT1, leading to the promotion of zinc absorption from MZ. The two
pathways finally result in the promotion of zinc absorption from MZ (Figure 9).

Figure 9. Possible mechanisms of MZ promotes zinc absorption of Caco-2 cells.

3. Materials and Methods

3.1. Materials and Chemicals

Oyster (Crassostrea gigas) was obtained from a local market (Qingdao, China). N,N,N’,N’-tetrakis
(2-pyridylmethyl)-ethylene-diamine (TPEN) and methyl-thiazolyl-diphenyl-tetrazolium bromide
(MTT) were obtained from Sigma Chemical Ltd. (St. Louis, MO, USA). Zinquin ethyl ester was
purchased from AAT Bioquest Ltd. (Sunnyvale, CA, USA). Dulbecco’s modified Eagle’s medium
(DMEM), N-2-hydroxyethylpiperazine-N-ethane-sulfonicacid (HEPES), Foetal bovine serum (FBS),
TrypLE TM Express cell dissociation reagent, Hank’s balanced salt solution (HBSS), and Dulbecco’s
phosphate-buffered saline (DPBS) were procured from Thermo Fisher Ltd. (Waltham, MA, USA). All
other reagents used in this study were of analytical grade.

Caco-2 cells preserved in our laboratory [26] were grown in 4.5 g/L of DMEM supplemented with
4 mM glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 10% FBS, and 1% penicillin-streptomycin
mixture at 37 ◦C in a constant temperature incubator containing 5% CO2.

3.2. Oyster Hydrolysate Preparation

The oyster hydrolysates were prepared in accordance with the method of Chen et al. [14]. Briefly,
oyster meat was first homogenized and boiled for 10 min. After cooling, the pH was adjusted to 2.0
with 1 mol/L HCl, pepsin (2500 U/g protein) was added, and the homogenate was digested in a 37 ◦C
water bath for 2.5 h. Afterwards, the pepsin was inactivated at 100 ◦C for 10 min. Then, the suspension
was centrifuged at 6000 r/min for 15 min, after which the supernatant was passed through a 0.45 μm
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microporous membrane and then desalted by a Chelax-100 exchange resin chromatography column.
The obtained hydrolysate products were freeze-dried and stored for further use.

3.3. Modification of Oyster Hydrolysates by Plastein Reaction

The plastein reaction conditions were as follows: exogenous l-[1-13C]glutamate concentration
of 2–18 mg/mL; substrate (hydrolysates products) concentration of 25%–45% (w/v); temperature of
20–60 ◦C; pepsin dosage of 100–900 U/g protein; pH of 2–9; and reaction time of 1–6 h. The free amino
acid reduction during the plastein reaction was used as an indicator to optimize the plastein reaction
conditions. Afterwards, the plastein products were boiled at 90 ◦C for 15 min to inactivate the pepsin.
Then, the plastein products were further eluted by a Sephadex G-15 gel column (2.6 cm × 65 cm).
The absorbance was measured at 220 nm using a UV-2550 spectrophotometer (Shimadzu, Japan),
and the components were collected before the peak of 50 mg/mL phenylalanine (as a standard).
The obtained components were freeze-dried and stored for further use.

3.4. Free Amino Acids Determination

The free amino acids were detected based on the O-phthaldialdehyde (OPA) method [19]. Briefly,
100 μL of oyster plastein products was added to 2 mL of OPA reagent (40 mg/mL). After 2 min of
reaction, the absorbance of the resultant solution was measured at 340 nm. Glutamate was used as the
standard, and the standard curve was calculated as follows:

Y = 0.186X − 0.005 (R2 = 0.997)

X indicates the concentration of free amino acids, and Y indicates the absorption value.

3.5. Zinc-Binding Capacity Determination

Ten milligrams of prepared products were dissolved in 5 mL of water, followed by the addition
of 5 mL of ammonium chloride buffer, pH 10.0. Then, the chrome black T indicator was added, and
ethylenediaminetetraacetate (EDTANa2) was used as a titration solution to determine blue coloration.
Afterwards, the consumed EDTANa2 volume was recorded. In addition, the soluble protein content of
the plastein products was detected by the Folin-phenol method [39]. The calculation formula was as
follows [40]:

zinc-binding capacity (%) = mV/W

where, m (mg/mL) is the zinc mass corresponding to 1 mL of consumed EDTANa2 (0.05 mol/L), V (mL)
is the volume of consumed EDTANa2, and W (g) is the soluble protein content of the plastein products.

3.6. Hydrophobic Changes during the Plastein Reaction

The hydrophobic changes were determined by the ANS fluorescence probe method [41].
The plastein products were first dissolved in 0.01 M sodium phosphate buffer to obtain the different
concentrations of protein and subsequently, 10 μL ANS was added. The fluorescence intensity
was measured at an excitation wavelength of 375 nm and an emission wavelength of 440 nm.
The hydrophobicity index was determined by the initial slope of the protein concentration versus
fluorescence intensity.

3.7. Effects of Protein Denaturants on Plastein Products

Five hundred milligrams of hydrolysis products and plastein products were dissolved separately
in 35 mL ddH2O, 10 mM sodium phosphate buffer, pH 6.0, 10% (v/v) trichloroacetate (TCA), 50%
(v/v) acetic acid, and 0.3 M sodium lauryl sulfate (SDS). After a 30 min reaction, the solutions were
centrifuged to obtain the supernatant. Afterwards, the protein contents of the supernatant, hydrolysis
products and plastein products were determined by the Kjeldahl method according to Hartnett et al. [42].
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Protein solubility was expressed as the protein content of the supernatant versus the original products.
In addition, the effect of urea on the plastein products was determined as follows: the hydrolysis
and plastein products were dissolved in different concentrations of urea (0, 1, 1.5, 2, 2.5, 3, and 4
mol/L), and the corresponding absorbance was measured at 420 nm by a TU-1810 spectrophotometer
(Beijing, China).

3.8. Change in the Molecular Weight Distribution Profile

The molecular weight distribution of plastein products was determined by a TSK-Gel 2000 SWXL
column (7.8 × 300 mm, Agilent Technologies, Santa Clara, CA, USA) equipped with an ultraviolet
detector (LC-20AT, Shimadzu Corp., Tokyo, Japan) system at a flow rate of 0.5 mL/min for 30 min.
Acetonitrile, ddH2O and trifluoroacetic acid (v/v/v: 45/55/0.1) were used as mobile phases, and the
column temperature was 30 ◦C. Tyrosine (182 Da), glutathione (307 Da), bacitracin (1423 Da), insulin
(5733 Da), and cytochrome C (12590 Da) were used as standards. The equation of the standard curve
was as follows: Log (Mw) = −0.2249t + 6.6846 (R2 = 0.9707), where Mw is the molecular weight, and t
is the retention time.

3.9. Determination of the Abundance of l-[1-13C]Glutamate

The samples were wrapped in foil and then placed on a burner (1150 ◦C) of the elemental analyser
set to full combustion. Afterwards, the produced gases were placed in a reduction furnace (810 ◦C) to
remove excess oxygen and reduce the nitrogen oxides to N2. Then, a gas chromatographic column was
used to purify the gas, and the samples were subsequently placed in the isotope mass spectrometer to
determine the l-[1-13C]glutamate abundance of the samples.

3.10. Characterization of the MZ

3.10.1. Preparation of the MZ

The oyster peptide Glu-Val-Pro-Pro-Glu-Glu-His (M) that was isolated and purified in our previous
study [16] was dissolved in aqueous ZnSO4 solution, and the mass ratio of the peptide and ZnSO4 was
3:1. Then, the mixture was reacted at 40 ◦C for 30 min. The solution was filtered by 0.22 μm Millipore
filters. Afterwards, anhydrous ethanol was added and centrifuged at 8000 r/min for 10 min to obtain
the complex. The MZ was freeze-dried and stored for further use.

3.10.2. UV-Visible

The zinc-binding peptide and MZ were dissolved in ddH2O and filtered through 0.22 μm
Millipore filters. The absorption spectra were recorded in the 200–400 nm region with a UV-2550
spectrophotometer (Shimadzu, Japan). ddH2O was used as a reference.

3.10.3. Morphology Analysis

The morphology of the MZ was observed by scanning electronic microscopy (SEM). The lyophilized
MZ powder was spread on a glass slide and sputter-coated with gold (JEOL JFC-1200 fine coater,
Tokyo, Japan). The SEM was used to observe the film at 15 kV.

3.11. Cytotoxicity of the MZ against Caco-2 Cells

The procedure to construct an in vitro intestinal cell model was performed according to the
method described by Zou et al. [43], with some modifications. Briefly, after the fusion degree of Caco-2
cells reached approximately 80%, the growth medium was removed, and the cell monolayers were
washed twice with DPBS. Then, the TrypLE TM Express cell dissociation reagent was added to each
well. After 7 min of digestion, high-glucose DMEM medium was proportionally gently added with
liquid transfer. The suspension was transferred into a 15 mL sterile centrifuge tube for centrifuging,
and the supernatant was discarded. The pellet was diluted with high-glucose DMEM medium to
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prepare a single-cell suspension. Cells were seeded at a density of 1 × 105 cells/well in collagen-coated
24-well plates (BD Biosciences, San Joes, CA, USA). After reaching confluence, the cells were allowed
to differentiate in high-glucose DMEM medium for another 10 d, and an in vitro intestinal cell model
was obtained.

Cell viability was measured according to the method described by Zou et al. with some
modifications [43]. Cells were seeded at a density of 1 × 104 cells/well in collagen-coated 96-well
plates incubated for 24 h in a thermostat incubator with a humid atmosphere containing 5% CO2

at 37 ◦C. After the medium was removed, 200 μL of the samples at different concentrations were
added to each well, and 8–10 parallel wells were prepared for each sample. After 20 h of incubation
in a CO2 incubator at 37 ◦C, 20 μL of MTT (5 mg/mL) was added to each well. The precipitate was
removed by centrifugation after 4 h of incubation. Then, 150 μL of DMSO was added to each well,
and the cell culture plate was shaken at low speed for 10 min. The absorbance was measured with a
microplate reader at 570 nm. The relative viability of cells (IC) was calculated according to the method
of Duan et al. [44]. IC was calculated as follows: IC (%) = (OD sample group − OD blank)/(OD control
group − OD blank) × 100%.

3.12. Zinc Absorption Assay in Caco-2 Cells

The zinc absorption experiment was based on the method of Wu et al. and Makhov et al., with
some modifications [45,46]. The caco-2 cell medium was first removed, and 10 μM of TPEN was added
for a 2 h treatment to consume intracellular zinc reserves after the cells were washed with HBSS 3
times. Then, the supernatant was discarded, the cell sedimentation was washed with HBSS 3 times
again, 500 μL of HBSS solution containing 20 μM Zinquin ethyl ester was added, and the samples were
incubated for 30 min in a CO2 thermostat incubator at 37 ◦C. The supernatant was then discarded,
the sample was dissolved in HBSS, and 1 mL of oyster source MZ or ZnSO4 solution was added (the
different sample solutions ensured a zinc content of 96 μM). The cell culture plate was immediately
placed in a fluorescence microplate reader with Zinquin ethyl ester fluorescence detected every 3 min
(360 nm excitation, 480 nm emission).

The effect of phytic acid on zinc absorption was performed according to the method of Sreenivasulu
et al., with some modifications [47]. Phytic acid was dissolved in HBSS to prepare a 96 μM stock
solution. The phytic acid reserve solution was diluted to 48 μM in MZ and ZnSO4 solutions containing
96 μM Zn2+, such that the molar ratio of Zn2+ to phytic acid was 2:1. The mixed samples were placed
in a 37 ◦C incubator and incubated for 1 h. Then, 1 mL of the mixture was added to the differentiated
Caco-2 cells. The cell culture plate was immediately placed in a fluorescence microplate reader with
Zinquin ethyl ester fluorescence detected every 3 min (360 nm excitation, 480 nm emission). In addition,
in vitro experiment, the MZ and ZnSO4 were dissolved in ddH2O, respectively, then the phytic acid
was added to reach a 2:1 molar ratio of Zn2+ to phytic acid. The mixed samples were placed in a 37 ◦C
incubator and incubated for 30 min. Then, the precipitate was removed by centrifugation. The zinc
content in the supernatant was determined by an atomic absorption spectrophotometer.

3.13. Effect of MZ on hZIP4, PepT-1 and ZnT1 mRNA Levels in Caco-2 Cells

The expression of mRNA was detected according to the methods of Li et al. [48]. Total RNA was
extracted as previously described [49]. The primers were designed using Premier 5.0 software (Premier
Biosoft International, Palo Alto, CA, USA) (Table 2). RT-qPCR amplifications were performed with 3
biological replicates using a Bio-Rad CFX Connect System (BioRad Laboratories, Inc., San Diego, CA,
USA). The housekeeping gene β-actin was chosen to normalize RNA amounts (internal control). The
relative expression of the gene = 2−ΔΔCT; ΔCT =CT of the target gene—CT of β-actin; and ΔΔCT = ΔCT
of the observed sample—CT of the control sample.
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Table 2. Primers used in this study.

Genes Oligonucleotide Sequence (5′–3′)

β-actin Forward GGAGATTACTGCCCTGGCTCCTA
Reverse GACTCATCGTACTCCTGCTTGCTG

ZnT1
Forward ATGGGGGCTCTGGTGAACGC
Reverse CCTGGTCGGGACCCTGCTCG

PepT1 Forward GCTCTTATCGCCGACTCGTG
Reverse GGGTTTGATTCCTCCAGTCC

hZIP4
Forward TGGTCTCTACGTGGCACTC
Reverse GGGTCCCGTACTTTCAACATC

3.14. Statistical Analysis

All experiments were carried out in triplicate, and data were expressed as the mean ± standard
deviation (SD), unless specifically noted. The least significant difference method (LSD) was used
to compare and analyze the difference in mean values with SPSS 20.0 statistical software (SPSS Inc.,
Chicago, IL, USA) and the significance level was 5%.

4. Conclusions

In this study, the efficient zinc-binding peptides were prepared from oyster-modified hydrolysates
by adding exogenous glutamate according to the plastein reaction. The addition of exogenous
l-[1-13C]glutamate contributed to an increase in the zinc-binding capacity of the plastein products and
that a hydrophobic interaction was the main mechanism of action of the plastein reaction. Structural
analyses suggested that zinc-binding peptides could bind with zinc and form the peptide-zinc complex
(MZ). Furthermore, the MZ absorption effect and absorption pathway under simulated intestinal
epithelial cells were studied. The results showed that the absorption effect of MZ under phytic acid
treatment was significantly higher than that of ZnSO4, indicating that the MZ could significantly
enhance zinc bioavailability than ZnSO4. Additionally, MZ could regulate the gene expression of hZIP4,
ZnT1, and PepT1, indicating that MZ could promote the zinc absorption through the traditional zinc
ion channel and small peptide transport pathway. In summary, the plastein reaction could significantly
increase the ability of peptides to bind zinc, and the MZ has better absorption and bioavailability than
ZnSO4. The MZ exhibits great potential as a functional ingredient in food and nutraceuticals.
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Abstract: Conus ateralbus is a cone snail endemic to the west side of the island of Sal, in the Cabo
Verde Archipelago offWest Africa. We describe the isolation and characterization of the first bioactive
peptide from the venom of this species. This 30AA venom peptide is named conotoxin AtVIA
(δ-conotoxin-like). An excitatory activity was manifested by the peptide on a majority of mouse
lumbar dorsal root ganglion neurons. An analog of AtVIA with conservative changes on three amino
acid residues at the C-terminal region was synthesized and this analog produced an identical effect on
the mouse neurons. AtVIA has homology with δ-conotoxins from other worm-hunters, which include
conserved sequence elements that are shared with δ-conotoxins from fish-hunting Conus. In contrast,
there is no comparable sequence similarity with δ-conotoxins from the venoms of molluscivorous
Conus species. A rationale for the potential presence of δ-conotoxins, that are potent in vertebrate
systems in two different lineages of worm-hunting cone snails, is discussed.

Keywords: conotoxin; cone snail; Conus; Conus ateralbus; Kalloconus

1. Introduction

The cone snails (genus Conus) are a biodiverse lineage of venomous predators; most species
specialize in envenomating a narrow range of prey. On the basis of their primary prey, species in
the genus Conus are divided into three broad classes, fish-hunting, snail-hunting and worm-hunting
species; the great majority of Conus are vermivorous—worm-hunting. Pioneering studies on cone
snail venoms by Endean and coworkers [1] demonstrated that the efficacy of the venom observed on
particular animals could be correlated to the prey of that species. Fish-hunting cone snail venoms were
highly potent on vertebrates, with worm-hunting Conus venoms much less so. Snail-hunting Conus
venoms are extremely potent when tested on gastropods, but much less effective in vertebrate systems.
Thus, the venom components that are highly expressed are presumably under strong selection for high
potency and efficacy on molecular targets in the prey of each Conus species.

The initial characterization of one family of conotoxins, the δ-conotoxins, followed this general
pattern. The first venom peptides of this family identified were from snail-hunting Conus species,
such as Conus textile [2] or Conus gloriamaris [3]. Although these were highly potent when tested
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on molluscan systems, they were relatively inactive on vertebrates. In contrast, δ-conotoxins from
fish-hunting cones, such as δ-conotoxin PVIA [4], from Conus purpurascens, and δ-conotoxin SVIE [5]
from Conus striatus, were extremely potent when tested on fish or mice.

Thus, it was a surprise to discover a δ-conotoxin from a worm-hunting species, e.g., Conus
tessulatus and Conus suturatus, that was highly potent and efficacious on vertebrate systems [6,7]. Aman
et al. (2015) [6] rationalized their discovery by suggesting that the ancestral worm-hunting species that
gave rise to fish-hunting lineages of Conus had evolved a δ-conotoxin. If a K-channel blocker acting on
the same circuitry were subsequently evolved, this would result in a powerful tetanic paralysis of the
fish. Major lineages of fish-hunting cone snails have been shown to have both a δ-conotoxin, as well
as a κ-conotoxin that blocks K channels, a combination known as the “lightning-strike cabal”. Thus,
the presence of δ-conotoxins in the ancestral worm-hunting Conus was postulated to be critical in the
shift from worm hunting to fish hunting. If this ancestor of fish-hunting lineages had indeed evolved
a δ-conotoxin effective on fish, then related peptides might still be found in worm-hunting lineages
descended from the same ancestral species, such as Conus tessulatus.

The present phylogenetic organization [8] of the genus Conus is shown in Figure 1. Fish-hunting
cone snail lineages are shown underlined, and the position of Conus tessulatus, the worm-hunting
species in the Tesseliconus lineage that yielded the δ-conotoxin described above, is shown by the red
arrow. The phylogeny shown in Figure 1 is consistent with the hypothesis of Aman et al. However,
there is a diversity of other worm-hunting lineages that have presumably descended from the same
ancestral species, indicated by boxed lineages (mollusc-hunting lineages, marked by checks, are also
predicted to have evolved from the same worm-hunting ancestor).

In this report, we demonstrate that one of the other descendant worm-hunting lineages, which
is distant from Tesseliconus (the lineage that gave rise to Conus tessulatus), and which is presently
restricted to an entirely different biogeographic range, does indeed contain a δ-conotoxin-like that is
highly potent on vertebrate targets.

This peptide was discovered in a lineage of West African cone snails, the subgenus Kalloconus.
A phylogenetic tree showing Conus ateralbus, the species analyzed, and other species in the subgenus is
shown in Figure 2. This is the first venom characterized from any species in the Kalloconus lineage.
The subgenus Kalloconus is restricted to tropical West Africa, from the Islands of Madeira to South
Angola (in contrast, Tesseliconus is only found in the Indo-Pacific). Kalloconus species comprise some
of the larger Conus species found in the Eastern Atlantic, including Conus pulcher, the largest species in
the entire superfamily Conoidae, growing to a length of 230 mm. Although the shells of Kalloconus
species have long been used as cultural objects in northwest Africa, as well as being prized collector’s
items for many centuries, little was known about their biology and some of the species in this clade
have only recently been described [8]. The focus of this article is a single species of Kalloconus, Conus
ateralbus, and a specific venom component from this species that has broader significance for toxinology.
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Figure 1. A phylogenetic tree showing the large clade of Conus encompassing all lineages that are
fish-hunting (underlined) and snail-hunting (checked). Well-established worm-hunting lineages are
boxed. δ-conotoxins have been characterized from the nine species figured, including the worm-hunting
Conus tessulatus (red arrow). In this work, we investigated the venom of Conus ateralbus (shown by
the thick red arrow), which is in the Kalloconus lineage. This tree was adapted with permission from
Puillandre et al. (2014) [8], [Mol. Phylogenet. Evol.], [Elsevier Inc.], [2014]. Species discussed in this study
whose shells are figured are (from top to bottom): Conus bullatus (Textilia); Conus striatus (Pionoconus);
Conus ermineus (l) and Conus purpurascens (r) (Chelyconus); Conus tessulatus (l) and Conus eburneus (r)
(Tesseliconus); Conus textile and Conus gloriamaris (Cylinder); Conus ateralbus (Kalloconus).
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Figure 2. Relationship of species in Kalloconus. Most of the species are approximately the same size
(ca. 40 mm), except for Conus pulcher, which can be very much larger (up to 230 mm). This tree was
adapted with permission from Puillandre et al. (2014) [8], [Mol. Phylogenet. Evol.], [Elsevier Inc.], [2014].

This is the first toxinological study on any species in the subgenus Kalloconus. We detail both
the collection data and the biological observations made in the field regarding Conus ateralbus; some
of these may apply more broadly to all Kalloconus species. In contrast to some other species in
Kalloconus (e.g., Conus pulcher and Conus genuanus) that are widely distributed across the West African
marine biogeographic province, Conus ateralbus is an endemic species in Kalloconus with the narrowest
known biogeographical range. It is restricted to the west coast of the Island of Sal, in the Cabo Verde
archipelago. It has been suggested that an ancestral Kalloconus from the West African coast colonized
the Cabo Verde archipelago relatively recently (4.6 MYA), giving rise to at least five extant species that
are endemic to Cabo Verde [9]. The specimens analyzed in this study were collected by the senior
author, who also recorded field observations that provide direct evidence for the vermivory of Conus
ateralbus (and by implication, the entire Kalloconus clade).

2. Results

2.1. Collection of Conus Ateralbus and Venom Fractionation

Specimens of Conus ateralbus can be reliably collected on the west coast of the Island of Sal from
April to June; the field collection protocol is detailed under Methods. One specimen of Conus ateralbus
was found consuming a polychaete worm (Figure 3). The specimen did not bury itself as it consumed
the worm and it took about one hour—it was thus exposed the entire time it was feeding on its prey.
As can be seen in the figure (and in the video supplied as Supplemental Material), the prey was far
longer than the cone snail itself.
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Figure 3. Conus ateralbus was observed in the field feeding on a long worm, many times the length of
the predatory snail.

Conus ateralbus venom from many specimens was pooled and the venom extract was assayed as
described under Methods. The venom extract showed activity on dorsal root ganglion (DRG) neurons
and in intracranially-injected mice. The venom extract was fractionated; the HPLC chromatogram is
shown in Figure 4A. Several biologically-active fractions were detected; Fraction 38, which showed
activity in mice and DRG neurons, was further sub-fractionated and the biologically-active component
was purified to homogeneity. The activities on DRG and mice were found in the major peak (Figure 4B);
matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS; linear mode) revealed this
major peak to be homogeneous with a molecular mass of 3010 Da (Figure 4C). In order to determine the
number of cysteine residues, the peptide was reduced with DTT and alkylated with 4-vinylpyridine;
the mass increment upon pyridylethylation corresponded to the presence of six cysteine residues.

 
Figure 4. Fractionation of Conus ateralbus venom. The peptide characterized in this study was first
detected in the pool of fractions shown, 36–39 (A). Further purification of the active fraction (fraction 38)
yielded the chromatogram shown in (B). The major peak (subfraction 38.6) was both biologically active
(Figure 5) and gave the results shown in (C) upon analysis on an Orbitrap Elite mass spectrometer at
120,000 resolution.
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Figure 5. Responses of five different cells to native AtVIA (subfraction 38.6). Shown are the responses
of five dorsal root ganglion (DRG) neurons (see Methods); the size of each cell is indicated. A pulse of
25 mM KCl was applied as described under Methods; the horizontal bar indicates when cells were
incubated with the purified peptide. The first three cells (from top) show a change in response upon
depolarization with KCl. The fourth trace shows a cell that directly increased cytosolic Ca++ when the
peptide was added, even without KCl depolarization (approximately 26% of neurons responded in this
manner) and the bottom trace shows a cell that did not respond (approximately 15% of DRG neurons
were non-responsive to the peptide).

2.2. Conus Ateralbus Venom: Biological Activity

The HPLC fractions were assayed using calcium imaging of native DRG neurons [6,10,11] and
intracranial injections on mice. The activity that caused excitatory effects on a majority of the DRG cells
eluted extremely late (fraction 38), as shown in Figure 4A, suggesting the highly hydrophobic nature of
the active component. Compared to control mice, the main behavioral phenotype elicited by the pool
fraction, the fraction 38 and the subfraction 38.6 in mice was hypersensitivity to stimuli like touch [12].

The excitatory activity that was purified and characterized affected>80% of DRG neurons. Some of
the results with the purified peptide are shown in Figure 5. In the experiment shown, the cells were
exposed to 25 mM KCl, which elicited an increase in cytosolic [Ca++]. If the cells were preincubated
with the purified peptide, a large fraction of the cells responded with an increase in the Ca++ influx
observed after the KCl pulse (first three traces in Figure 5). A small fraction of the cells responded
with an increase in cytosolic [Ca++] even without application of KCl (4th trace, Figure 5), and a minor
fraction (~15%) of the cells did not respond to preincubation with the peptide (5th trace, Figure 5).
It should be noted that the first three traces show cells of different sizes, and the responses to the
peptide differed in detail in these individual cells.
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These results are consistent with the activity of a δ-conotoxin that inhibits the inactivation of
voltage-gated Na+ [6].

2.3. Peptide Sequence Determination

The amino acid sequence of the peptide was determined as described under Methods and is
shown in Figure 6. The peptide spectrum is consistent with a 30-amino acid peptide with the following
sequence: ZCGADGQFCF(L/I)PG(L/I)G(L/I)NCCSG(L/I)C(L/I)(L/I)VCVPT (where Z is pyroglutamate).
It is not possible to differentiate between the isobaric amino acids isoleucine and leucine by mass
spectrometry alone and this ambiguity is indicated by (L/I).

Figure 6. Determination of the sequence of AtVIA by tandem mass spectrometry.
MS/MS-electron-transfer dissociation (ETD) spectrum of the (M + 5H) + 5 ion of
qCGADGQFCF(L/I)PG(L/I)G(L/I)NCCSG(L/I)C(L/I) (L/I)VCVPT after reduction and alkylation with
2-methylaziridine acquired on the Orbitrap Elite with 15,000 resolution (@ 400 m/z). N-terminal

fragment ions (c-type ions) are indicated by and C-terminal fragment ions (z-type ions) are indicated

by . Doubly charged ions are indicated with ++ and z ions resulting from cleavage at cysteine and loss
of the cysteine side chain are indicated with *. [M + 5H]+++++•• and [M + 5H]+++++••• indicates
quintuply charged precursor ions that captured 2 or 3 electrons, respectively, but have not dissociated
into fragment ions. Due to space limitations, not all different charge states of already labeled peptide
bond cleavages are indicated in the figure. The mass accuracy for all fragment ions is better than 15 ppm.
The mass spectrometer used cannot differentiate between isoleucine or leucine and, for simplicity,
leucine is used in the figure to indicate a fragment ion of mass 113.08406.

The arrangement of the six cysteines suggests that this new peptide has an ICK structural motif
and belongs to the O-superfamily, with Framework VI (C-C-CC-C-C). As shown in Table 1, the peptide
shares significant sequence homology with other δ-conotoxins, e.g., δ-TsVIA, Conus tessulatus; δ-ErVIA,
C. eburneus; δ-SuVIA, C. suturatus; δ-EVIA, C. purpurascens; and δ-SVIE, C. striatus. Together, the activity
in DRG neurons and the sequence homology to δ-conotoxin shown in Table 1 are consistent with
the peptide being a δ-conotoxin, i.e., inhibiting the inactivation of voltage-gated Na+. We, therefore,
designate the peptide δ-conotoxin AtVIA.
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The identity of the residues identified as (L/I) in δ-AtVIA from mass spectrometric data was
resolved by screening for a genomic DNA clone encoding the peptide. The genomic DNA sequence that
was obtained, which encoded AtVIA, is: catcgatcatctgtccatccatccatttcattcattcgctgccaaatggaataaatattcgc
gtctctctttctgtttgtatctgacagATTGAGCAAGAAGCAGTGCGGGACTGATGGTCAGTTTTGTTTCCTAC
CGGGCCTTGGATTGAATTGCTGCAGTGGGCTTTGCTTAATCGTTTGCGTGCCGACATGATGTCT
TCTCTTCCCCTC. Translation of the 3′ region (shown above in uppercase letters) gave:
LSKKQCGTDGQFCFLPGLGLNCCSGLCLIVCVPT, and the predicted cleavage yields the peptide:
QCGTDGQFCFLPGLGLNCCSGLCLIVCVPT. Q (glutamine) is a residue that is prone to spontaneously
cyclize to Z (pyroglutamate) when at the N-terminus of a peptide [15]. It is apparent that only the (L/I)
closest to the C-terminus in the sequence obtained from mass spectrometry is present as I (isoleucine),
the rest of the (L/I)’s is present as L (leucine).

2.4. Synthesis and Folding of AtVIA[I25L;V28L;T30S]

The δ-conotoxin family is known to be difficult to synthesize and correctly fold due to their
highly hydrophobic character [13,16]. While some of them are relatively easy to handle in linear
form (e.g., PVIA), others are not; AtVIA[I25L;V28L;T30S], which was the peptide identified from the
early sequencing results, is a good example of such behavior. When suspended in HPLC solvent
with high acetonitrile content (>50%) and injected on the C18 column, no peptide peak was observed
(Figure 7, Panel A). However, with methane thiosulfonate bromide (MTSET) treatment for 1 h 30 min,
a major product appeared (Figure 7, Panel B). Its identity was confirmed by mass spectrometry.
Methanethiosulfonate reagents (MTS-R) are known to rapidly and selectively react with cysteine
residues forming mixed disulfides [17]. Thus, all 6 cysteines of AtVIA[I25L;V28L;T30S] were modified
with thiocholine residues, thereby increasing overall solubility of the peptide, and making it easy to
purify by reversed-phase high performance liquid chromatography (RP-HPLC). Such mixed disulfides
are reversible and do not interfere with the subsequent oxidative folding reaction, which was shown
before [18] for the synthesis and folding of hepcidin via S-sulfonation. Linear AtVIA[I25L;V28L;T30S]
with thiocholine-modified cysteine residues folded within 4 h in a buffered solution (pH = 8.7),
in the presence of 5% Tween 40 and 1:1 mixture of reduced and oxidized gluthatione with 14% yield
(Figure 7, Panel C). The temporary peptide modification with MTS-R reagent can be a useful method for
improving the solubility of highly hydrophobic conopeptides, in addition to already existing methods,
including recently published approach utilizing an acid-cleavable solubility tag [19].

Figure 7. Synthesis of AtVIA[I25L;V28L;T30S]. (A) A crude pellet of AtVIA[I25L;V28L;T30S] was
suspended in high acetonitrile content HPLC buffer and injected on C18 RP-HPLC. No peak of the
desired peptide was observed. (B) Methane thiosulfonate bromide (MTS-ET) treatment of the crude
peptide led to a S-thiocholine modified peptide (as shown below the HPLC chromatogram); the peak
of the temporary S-modified peptide is indicated with an asterisk (*) on the HPLC chromatogram.
(C) HPLC profile of the folded and purified AtVIA[I25L;V28L;T30S], with an assumed disulfide bond
pattern indicated below the HPLC chromatogram.
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Biological Activity of AtVIA[I25L;V28L;T30S]

The data obtained by calcium imaging in native DRG neurons in the presence of the AtVIA analog
is shown in Figure 8. There is no apparent difference between the indirect effects of the native sample
of AtVIA (Figure 5) and that of AtVIA[I25L;V28L;T30S]. However, the direct effects observed on the
addition of the native sample of AtVIA were not observed with AtVIA[I25L;V28L;T30S]. These direct
effects (Figure 5, 4th trace from the top) could be attributed to the presence of a trace of impurity
in the native sample; on the other hand, the absence of these direct effects in the presence of the
synthetic sample could also be attributed to any of the substitutions made on the amino acid sequence
of native AtVIA.

 
Figure 8. Responses of 6 different cells to AtVIA[I25L;V28L;T30S]. Shown are the responses of 6 DRG
neurons, with the size of each indicated. Pulses of 25mM KCl were applied as described under Methods;
the horizontal bar indicates where the cells were incubated with the peptide. The first five traces (from
top) show a change in response upon depolarization with KCl (~95% of neurons responded in this
manner). The bottom trace shows a cell that did not respond (~5% of DRG neurons).
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3. Discussion

We report the first peptide isolated and characterized from Conus ateralbus venom. Conus ateralbus
is an endemic cone snail species that belongs to the subgenus Kalloconus from the Cabo Verde Islands,
an isolated archipelago in the tropical Atlantic Ocean. This species is only found on Sal Island (Calheta
Funda and Mordeira Bays). The phylogenetic tree in Figure 2 shows a close relationship with two
other species endemic to the Cabo Verde archipelago, Conus trochulus (found only in Boa Vista) and
Conus venulatus (found on Sal, Boa Vista, Maio and Santiago) [20,21], and with Conus genuanus (non
endemic). It was previously suggested that Conus ateralbus was worm hunting, based on the analysis
of the radular teeth [21]; we provide direct field observations that definitively establish Conus ateralbus
as a worm hunter (Figure 3). Thus, it is likely that all Kalloconus are worm hunting, since specific
clades in the genus Conus generally sort out on the basis of their primary prey. It is notable that in the
phylogenetic tree in Figure 1, there are clusters of worm-hunting lineages that are well separated from
each other. Conus tessulatus, in the subgenus Tesseliconus clusters with Harmoniconus and Lindaconus.
In contrast, Kalloconus clusters with Lautoconus (also West African) and less closely with Virgiconus
and Lividoconus (both Indo-Pacific). In the present work, we establish the presence of δ-conotoxins
that act on vertebrate Na channels in the two divergent clusters of worm-hunting clades, Kalloconus
and Tesseliconus. These δ-conotoxins vary greatly with respect to their sequence similarities (see
Table 1A), in a manner concordant with the phylogenetic tree shown in Figure 1.

The Conus ateralbus venom peptide, δ-conotoxin-like AtVIA (δ-AtVIA; GenBank accession number
is MH025915), was purified to homogeneity and biochemically characterized. A clone was identified
in order to sort out the I/L uncertainty that is inherent in sequence data obtained by mass spectrometry.
Despite the conservative amino acid substitutions on the C-terminal region based on the early mass
spectrometric sequencing data, exhibited indirect effects on mouse DRG responses to depolarization
with KCl, which were identical to those of the native δ-AtVIA and δ-TsVIA [6].

Table 1 shows δ-AtVIA and other δ-conotoxin sequences from various subgenera of Conus,
including fish-hunting, snail-hunting and worm-hunting lineages. As shown in Table 1A, there are
conserved sequence features in venom peptides (highlighted in yellow; 52–59% of conserve sequence
between δ-AtVIA petide, δ-TsVIA, δ-ErVIA and δ-SuVIA) from the two worm-hunting and three
fish-hunting subgenera identified that are not shared by the peptides from snail-hunting species.
The conserved sequence features in the fish-hunting and worm-hunting cone snail δ-conotoxins shown
in Table 1 are presumably important for targeting these peptides to vertebrate Na channels. In contrast,
the sequences of δ-conotoxins from snail-hunting species do not share these consensus sequence
features and are not broadly effective on vertebrate Na channels.

It should be noted that although there are conserved sequence features between δ-conotoxins
from worm-hunting and fish-hunting species, there are also systematic subgeneric differences between
groups of peptides. Thus, the peptide from Conus ateralbus is much more divergent (14AA differences)
from the three sequences from the three Tesseliconus species (Conus tessulatus, Conus eburneus, and
Conus suturatus that differ by 1-4AA from each other). However, δ-conotoxin structures provide amino
acids critical for the activity of conotoxins, and it was demonstrated that homologous sequences
with large hydrophobic amino acids of δ-conotoxin are very relevant for activity on vertebrate Na
channels [13]. Thus, three large hydrophobic amino acids (F, L and I) are conserved in all sequence of
the peptides AtVIA, TsVIA, SuVIA and ErVIA, on the first, second and fourth intercysteine loops [6,7].
δ-conotoxin has some other characteristic proprieties, as the HPLC similar profile of the longest
retention time and a well-shaped peak in reverse-phase column. In addition, the worm-hunting
peptides can be separated from those from fish-hunting cone snail venoms by examining the loop
between the second and third Cys residues in these peptides. In all the δ-conotoxins from fish-hunting
cones, the third amino acid in this loop is always a positively charged residue (i.e., K in the Chelyconus
sequences, H in the Pionoconus peptide and R in the Textilia peptide); this positively charged residue
is missing from the peptides from worm-hunting Conus. Furthermore, although the proline residue is
conserved in this loop, it is post-translationally modified to hydroxyproline in all of the sequences from

170



Mar. Drugs 2019, 17, 432

fish-hunting species but is unmodified in the sequences from worm-hunting species. The differences
between the peptides derived from fish-hunting versus worm-hunting Conus suggest that the spectrum
of voltage gated sodium channels might systematically differ between the two classes of peptides.
If this were the case, then δ-conotoxins, such as the peptide we have characterized here from Conus
ateralbus, may prove to be useful pharmacological reagents for differentiating between the various
molecular subtypes of voltage gated sodium channels.

The sequence conservation that is highlighted in Table 1 is consistent with the hypothesis that
the last common ancestor of the four fish-hunting species, whose shells are shown in the figure (i.e.,
Conus purpurascens, Conus ermineus, Conus striatus, and Conus bullatus) and the four worm-hunting
species (i.e., Conus eburneus, Conus tessulatus, Conus suturatus and Conus ateralbus) had already evolved
a δ-conotoxin with these consensus sequence features as predicted by the hypothesis detailed by Aman
et al., (2015) [6] for the molecular events that accompanied the prey shift from worm hunting to fish
hunting. Recently, it was demonstrated that Cone snails specialized in two different evoked venom,
the predation region and defense region on the venom gland [22]. Worm-hunting cone snails, as Conus
suturatus, specialized defensive envenomation strategy in the proximal regions of the venom duct.
δ-conotoxins in the defense-evoked of the Conus venom gland contribute to the understanding of the
evolution from worm-hunting to fish-hunting cone snails [7,22].

As shown in Table 1, two snail-hunting δ-conotoxins from the subgenus Cylinder, δ-TxVIA and
δ-GmVIA, do not share these consensus sequence features. Since these snail-hunting species are also
descended from the last common ancestor referred to above—this would, therefore, appear to be
inconsistent with the hypothesis of Imperial et al., (2007) [23] and Aman et al., (2015) [6].

There are two possible explanations for the observed lack of conservation in δ-conotoxins from the
snail-hunting Conus species. First, δ-conotoxins play a major role in prey capture; a snail hunter has the
biological problem of keeping the envenomated snail outside its shell. A predator striking a snail would
elicit the automatic response of the prey withdrawing deeply into the shell; snail-hunting cone snails
have no way of breaking the shell of their potential prey. The δ-conotoxins are key to activating motor
circuitry so that immediately after envenomation, the body of the prey is extended outside the shell
accompanied by spastic, uncoordinated movements, and is unable to withdraw into its shell [24]. This
then allows further injection of venom, providing continuous access to the soft parts of the prey without
having to break the shell. Thus, the δ-conotoxins from molluscivorous Conus that have been purified
and characterized seem likely to play a role in prey capture, so it would be expected that these are
targeted to molluscan sodium channels and are divergent in sequence from the ancestral δ-conotoxin.
Additionally, because the prey of snail-hunting cones has a hard shell, retention of a peptide that deters
fish competitors may no longer be required. Thus, these explanations rationalize why δ-conotoxin
sequences from Conus textile and Conus gloriamaris do not have the consensus features of the other
δ-conotoxins in Table 1, and why these are not active on vertebrate voltage-gated sodium channels.

4. Materials and Methods

4.1. Field Collection and Venom Extraction

Conus ateralbus specimens were collected in the Calheta Funda Bay, Sal Island, in shallow water
(around 2 m deep) in 2013. The specimens were collected in one day, kept alive in seawater and
preserved at −20 ◦C at the end of the day. The venom duct was dissected from each frozen specimen.
Venom was obtained from ducts immediately after dissection by placing each duct on an ice-cold metal
spatula; the venom was squeezed out using an Eppendorf pipette tip and was lyophilized and stored
at −80 ◦C. Crude venom extracts were prepared using 40% (v/v) CH3CN/water acidified with 0.1% (v/v)
trifluoroacetic acid (TFA). A 36.5 mg portion was resuspended in 15 mL of 40% acetonitrile and 0.1%
trifluoroacetic acid (TFA) using a vortex mixer for 2 × 1 min with an interval of 3 min, homogenized in
a Wheaton homogenizer and centrifuged in a Beckman Avanti centrifuge (F650 rotor) for 15 min at
13.650 rpm, at 4 ◦C. The supernatant was centrifuged again to remove all residual particles.
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4.2. Venom Fractionation

Crude extract from 36.5 mg of venom was fractionated by reversed-phase high performance liquid
chromatography (RP-HPLC) using a C18 Vydac 218TP101522 preparative column. Elution was done
at a flow rate of 7 mL/min and a gradient ranging from 10% to 30% of solvent B in 20 min, 30% to
50% in 25 min, 50% to 100% in 30 min, and 100% for 15 min. Solvent B was 90% (v/v) CH3CN in 0.1%
(v/v) aqueous TFA, and solvent A was 0.1% (v/v) TFA in water. The subfractionation of the active
fraction 38 was done by RP-HPLC using a C18 Vydac monomeric 238EV54 column. The absorbance
was monitored at 220 and 280 nm.

4.3. Mass Spectrometry and Sequence Determination

The crude HPLC fractions were analyzed using matrix-assisted laser desorption ionization
(MALDI) mass spectrometry. The AtVIA sample (subfraction 38.6, Figure 4B) was dissolved in 100 μL
of 0.5% acetic acid; 10 μL of the solution were desalted using POROS R2 beads [25]. An aliquot of the
unreduced sample was loaded onto a 0.2 × 25 cm Pepswift EasySpray column. The sample was eluted
at a flow rate of 1 μL/min with a gradient of 0–100% of Solvent C (90% (v/v) CH3CN in 0.5% acetic acid)
in 20 min, a spray voltage of 2.5 kV on an Easy nLC-1000 nanoUHPLC coupled to an Orbitrap Elite
mass spectrometer. MS1 scans were acquired at 120,000 resolution (@ 400 m/z). For MS2, the most
abundant precursor was isolated and fragmented using ETD at 15,000 resolution (@ 400 m/z) and
60 msec ion reaction time.

The fraction (subfraction 38.6, Figure 4B) was reconstituted in 100 μL of 0.5% acetic acid.
For determination of the accurate mass of the peptide (better than 10 ppm) an aliquot of this fraction
(1%) was loaded onto a 200 μm × 25 cm Pepswift EasySpray column using the autosampler of an
Easy nLC-1000 nano-HPLC coupled to an Orbitrap Elite mass spectrometer. The sample was eluted
using a flow rate of 1ul/min with a gradient of 0–100%B (solvent A = 0.5% acetic acid, solvent B = 90%
acetonitrile in 0.5% acetic acid (v/v)) in 20 min and a spray voltage of 2.5 kV. MS1 scans were acquired at
120,000 resolution (@ 400 m/z). For de novo sequence determination another aliquot of the sample was
dried in the speedvac and subsequently reduced and alkylated in vapor using 1% 2-methylaziridine
and 2% trimethylphosphine in 50% acetonitrile and 100 mM ammonium bicarbonate (pH 8.4) for
90 min at RT. Alkylation vapor was removed and the sample was reconstituted in 0.5% acetic acid.
Aliquots of the now reduced and alkylated samples was loaded onto a 200 m × 25 cm Pepswift
EasySpray column using the autosampler of an Easy nLC-1000 nano-HPLC coupled to an Orbitrap
Elite mass spectrometer as described above. The gradient was 0–50%B in 50 min. MS1 scans were
acquired at 120,000 resolution (@ 400 m/z). MS2 was acquired on the top 5 precursors that carry at least
4 charges using the following settings: 4 microscans, 3 m/z isolation window, target value of 1e4 ions.
Each precursor was subjected to ETD and HCD fragmentation using the following conditions: 15,000
resolution (@ 400 m/z), 30 s dynamic exclusion, ETD using 60 ms ion reaction time with supplemental
activation, HCD using 27% normalized collision energy. The sequence was obtained by manual de
novo sequencing. The measured mass deviates from the theoretical mass by 5.5ppm and is within the
mass error of the instrument.

Preparation of Genomic DNA and Characterization of Clones Encoding AtVIA

Genomic DNA was prepared from 20 mg of Conus ateralbus venom duct using the Gentra
PUREGENE DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA) according to the
manufacturer’s standard protocol. Conus ateralbus genomic DNA (10 ng) was used as a template for
polymerase chain reaction (PCR) with oligonucleotides corresponding to the conserved intron and 3′
UTR sequences of previously isolated δ-conotoxin prepropeptides [26]. The resulting PCR product was
purified using the PureLink PCR Purification Kit (Life Technologies, Carlsbad, CA, USA) following the
manufacturer’s suggested protocol. The eluted DNA fragment was annealed to pNEB206A vector and
the products were transformed into competent Esherichia coli DH5α cells, using the USER® Friendly
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Cloning Kit (New England Biolabs, Inc., Ipswich, MD, USA) following manufacturer’s suggested
protocols. The nucleic acid sequence of this δ-conotoxin-encoding clone was determined at the Core
Sequencing Facility, University of Utah, USA, following the ABI automated sequencing protocol
initiated by the M13 universal reverse primer.

4.4. In Vivo Assay and Calcium Imaging Assay on DRG

Each dried aliquot of HPLC fraction pools or individual fractions was resuspended in 12 μL
of normal saline solution (NSS, 0.9% NaCl). Mice (male and female, were 15 days old, 6–8 g of
body weight) were intracranially injected using a 0.3 mL insulin syringe (equivalent of 4 μg/μL);
the same volume of NSS alone was injected in control mice. After the injection of each sample,
the peptide-injected mice were observed side by side with NSS-injected controls, all mice were placed
in separate cages for at least 1 h [27].

Lumbar dorsal root ganglia (DRG) were dissected from wild type C57/BL6 mice, dissociated,
pooled and cultured overnight for calcium imaging experiments, following previously described
protocols [10]. Cells were loaded with Fura-2-AM dye one hour before the experiment. During the
experiment, the dye inside the cells was excited alternately with 340 nm and 380 nm light and the
ratio of the emissions at 510 nm from both excitations was measured. The ratio of the fluorescence
intensity was considered indicative of intracellular calcium concentration. A solution of 25 mM KCl
was applied for 15 s every seven minutes to induce neuronal depolarization. After the third KCl pulse,
venom extract or HPLC fractions were applied and the effects on intracellular calcium levels, before,
during and after depolarization, were monitored. Experimental protocols involving live animals were
approved by the Institutional Animal Care and Use Committee of the University of Utah.

4.5. Peptide Synthesis

Based on the early sequencing results, AtVIA[I25L;V28L;T30S], a peptide with the following
sequence: ZCGADGQFCFLPGLGLNCCSGLCLLVCLPS-OH (Z = pyroglutamate) was synthesized at
50-μmol scale using an AAPPTec Apex 396 synthesizer (AAPPTec, LLC, Louisville, KY, USA) using
standard solid-phase Fmoc (9-fluorenylmethyloxycarbonyl) protocols. Fmoc-protected amino acids
were purchased from AAPPTec. The peptide was assembled on pre-loaded Fmoc-L-Ser(tBu)-Wang
resin (substitution, 0.53 mmol/g; Peptides International Inc., Louisville, KY, USA). Side-chain protection
for each corresponding amino acid was as follows: Asp, O-tert-butyl (OtBu); Ser, tert-butyl (tBu); and
Asn, Gln and Cys, trytl (Trt). Coupling of each amino acid was achieved using 1 equivalent of 0.4 M
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 2 equivalents of
2 M N,N-diisopropylethyl amine (DIPEA) in N-methyl-2-pyrrolidone (NMP). The amino acid amounts
used were at ten-fold excess (60 min coupling). Fmoc-protecting groups were removed by a 20-min
treatment with 20% (v/v) piperidine in dimethylformamide (DMF).

4.5.1. AtVIA[I25L;V28L; T30S] Cleavage, Derivatization and Purification

The peptide was cleaved from 100 mg of resin by treatment with Reagent K
(TFA/H2O/phenol/thioanisole/1,2-ethanedithiol; 82.5/5/5/5/2.5 by volume). After 2.5 h, the crude
peptide was separated from the resin by vacuum-filtration. The cleavage product was precipitated in
cold methyl-tert-butyl ether (MTBE) and subsequently washed one more time with MTBE. The crude
peptide was suspended in 50% (v/v) CH3CN in 0.01% aqueous TFA and treated with 55 mg of
[2-(Trimethylammonium)ethyl] methane thiosulfonate bromide (MTSET). The pellet was still present in
the solution after 30 min, so another portion of MTSET was added (~40 mg) and it was allowed to react
for an additional 1h. The modified peptide was then purified by reversed-phase (RP) HPLC in a Vydac
C18 semi-preparative column (218TP510, 250 mm × 10 mm, 5 μm particle size) over a linear gradient
ranging from 20% to 50% of solvent B in 30 min with a flow rate 4 mL/min. The peptide was quantified
by comparing the peak area obtained by analytical RP-HPLC to that of a known amount of a reference
peptide, At6A[F8Y;V28L;T30S]. Out of 100 mg cleaved resin, ~500 nmol of thiocholine-modified linear
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peptide was obtained. The identity of the linear peptide was confirmed using ESI MS: calculated: [M+]
= 3717.75, obtained: [M+] = 3717.67.

4.5.2. Oxidative Folding of At6A[I25L;V28L;T30S]

The linear, thiocholine-modified peptide (100 nmol) was re-suspended in 50% (v/v) CH3CN in
0.01% aqueous TFA and added to a solution made up of 4 mL of 0.2 M Tris-HCl—2 mM EDTA pH 8.7,
0.4 mL of (5%) Tween 40, 1.6 mL of a 1:1 mixture of 10 mM GSSG and 10 mM GSH and 1.5 mL of water.
Folding reaction was conducted for 4 h at room temperature and quenched by acidification using 8%
(v/v) formic acid. Peptide was purified by RP-HPLC on the C18 semipreparative column using two
different gradients: 35% to 95% change of solvent B in 15 min (4%/min of gradient change, 4 mL/min of
elution rate) and 35% to 95% change of solvent B in 30 min (2%/min; 4 mL/min). The identity of the
peptide was confirmed by MALDI-TOF mass analysis; calculated [M + H]+: 3008.29 Da, observed:
[M + H]+: 3008.33 Da, but the desired mass was represented by a minor peak. The major peaks
observed were: 3030.33 Da and 3046.30 Da which correspond to: [M +Na]+ (calculated: 3030.27 Da)
and [M + K]+ (calculated: 3046.25 Da), respectively. There were also masses ranging from 1300 to
1500 Da, indicating traces of Tween (used in the folding reaction) in the sample. The peptide was
quantified using amino acid analysis. Out of 1200 nmols of the linear peptide, 174 nmols of the desired
folded peptide was obtained.

5. Conclusions

In this work, we report the first venom peptide characterized from any species in the subgenus
Kalloconus, δ-conotoxin-like AtVIA from Conus ateralbus, an endemic cone snail species from the
Cabo Verde Islands. δ-like AtVIA has homology with δ-conotoxins from worm-hunting species in
the subgenus Tesseliconus, including conserved sequence elements shared with δ-conotoxins from
fish-hunting Conus. We provide direct field observations (Conus ateralbus filmed eating a worm) that
definitely establish Conus ateralbus as a vermivorous Conus species. The presence of δ-conotoxins that
act on vertebrate Na+ channels has thus been established in two divergent worm-hunting clades.
The results are consistent with the hypothesis that certain worm-hunting Conus evolved δ-conotoxins
that act to probably deter competitors in a defensive envenomation strategy, and that this may have
been an intermediate evolutionary step in the shift to fish prey within the genus Conus.

Supplementary Materials: The following are available online at http://doi.org/10.5281/zenodo.3233739, Video S1:
Conus ateralbus eating polychaete worm.
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Abstract: The venom of each Conus species consists of a diverse array of neurophysiologically
active peptides, which are mostly unique to the examined species. In this study, we performed
high-throughput transcriptome sequencing to extract and analyze putative conotoxin transcripts
from the venom ducts of 3 vermivorous cone snails (C. caracteristicus, C. generalis, and C. quercinus),
which are resident in offshore waters of the South China Sea. In total, 118, 61, and 48 putative
conotoxins (across 22 superfamilies) were identified from the 3 Conus species, respectively;
most of them are novel, and some possess new cysteine patterns. Interestingly, a series of
45 unassigned conotoxins presented with a new framework of C-C-C-C-C-C, and their mature
regions were sufficiently distinct from any other known conotoxins, most likely representing a
new superfamily. O- and M-superfamily conotoxins were the most abundant in transcript number
and transcription level, suggesting their critical roles in the venom functions of these vermivorous
cone snails. In addition, we identified numerous functional proteins with potential involvement
in the biosynthesis, modification, and delivery process of conotoxins, which may shed light on the
fundamental mechanisms for the generation of these important conotoxins within the venom duct of
cone snails.

Keywords: Conus; conotoxin; transcriptome sequencing; phylogeny; venom duct

1. Introduction

Cone snail is the common name for predatory marine mollusks in the family Conidae, with over
700 extant species and a categorization of four genera and 71 subgenera [1–3]. Within the Conus,
the largest genus in the Conidae, 57 subgenera have been recognized [3]. As venomous predators
distributed throughout tropical and subtropical coastal waters all over the world, the living cone
snails are typically divided into 3 groups based on their feeding habits, including fish hunters, mollusc
hunters, and worm hunters [4–6]. Some phylogenetic data have suggested that the ancestral cone
snails preyed on marine worms [7,8]. The fish-hunting and mollusc-hunting groups account for
~30% of Conus species, and they are assumed to be dangerous to humans; however, the largest
worm-hunting group seems to be nonthreatening [5,9,10]. An analysis of 141 human injuries reported
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from 34 responsible Conus species during the period of 1670–2017 [11] supports the fact that the venom
of worm-hunting cone snails has only mild effects on humans, compared with those from fish-hunting
and mollusc-hunting groups.

Although they are slow-moving creatures, cone snails can defeat fast-moving preys,
competitors, and predators because of their specialized envenomation apparatus with potent venom
components [12–14]. These venom components are commonly named conotoxins, a unique and
remarkably diverse group of bioactive peptides with various pharmacological functions [6,14–17],
which target a wide variety of ion channels, receptors, and even their subtypes in preys, predators,
and humans with high affinity and specificity [6,18–20]. Consequently, conotoxins have become
a research hotspot for the treatment of various neuropathic diseases, such as neuralgia, epilepsy,
addiction, and Parkinson’s disease [6,21–31].

With popular estimates of 50~200 classical conotoxins in a single Conus species, more than
80,000 natural conotoxins may exist in cone snails on a global scale [32–34]. Recent studies have shown
that new methods, such as mass spectrometry, next-generation sequencing (NGS), and bioinformatics
technologies, have predicted hundreds to thousands of venom peptides or transcripts from a single
Conus species [34–37]. Therefore, cone snails, a tremendous store of natural conotoxins, are an
underexploited resource for the development of potential drug candidates to treat a wide variety of
human diseases [38].

Our present work reports a high-throughput transcriptome research on 3 worm hunting Conus
species, C. (Puncticulis) caracteristicus (C. caracteristicus), C. (Lividoconus) quercinus (C. quercinus) and
C. (Strategoconus) generalis (C. generalis), which are resident in offshore waters of the South China Sea.
To date, there have been few studies on the screening of conotoxins from cone snails by transcriptome
sequencing. One of our earlier studies on C. quercinus identified 65, 52, and 55 conotoxins from the
venom duct, venom bulb and salivary gland, respectively [39]. Furthermore, only 38 and 4 conotoxins
have been previously identified in C. caracteristicus and C. generalis, with classification into 10 (A, I3,
M, O1, O2, O3, Q, S, T and Y) and 2 (D, O1) superfamilies, respectively [40–46]. In order to improve
our understanding of the diversity of conotoxins, we performed transcriptome sequencing for the
high-throughput identification and analysis of conotoxins from the venom duct of the 3 frequently
collected cone snails.

2. Results

2.1. Summary of De Novo Assembled Transcriptome Data

After removal of low-quality reads, ambiguous reads and adapter sequences, we generated
4.57, 3.21, and 4.37 gigabases (Gb) of clean reads (with a mean length of 90 bp) for the venom duct
transcriptomes of the 3 Conus species. Corresponding quality score 20 (Q20) of these sequencing data
were 95.99%, 98.31%, and 96.00% respectively (Table 1). De novo assembling of all the high-quality clean
reads using SOAPdenovo produced 213 k, 153 k, and 219 k contigs for the 3 species, respectively, which
were subsequently assembled into scaffolds and unigenes. In total, the assembly of each transcriptome
possessed 72 k, 61 k, and 95 k unigenes. More details of scaffold number, unigene number, mean
length, and N50 value are summarized in Table 2.

Table 1. Statistics of venom duct transcriptome sequencing data for the 3 Conus species.

Species Raw Data (Gb) Clean Data (Gb) Q20* (%) Nonsequenced (%) GC Content (%)

C. caracteristicus 5.51 4.57 95.99 0 47.84
C. quercinus 3.47 3.21 98.31 0.01 47.3
C. generalis 5.32 4.37 96.00 0 47.09

* A quality score for the percentage of incorrect bases at less than 1%.
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Table 2. Summary of sequences produced by the assembling for the 3 Conus species.

Species C. caracteristicus C. generalis C. quercinus

Clean reads
Total reads (n) 50,788,576 48,557,734 35,694,024

Base pairs (Mb) 4,570.97 4,370.2 3,212.46
Mean length (bp) 90 90 90

Contigs (≥100 bp)
Total number 213,155 219,692 153,249

Base pairs (Mb) 47.84 60.75 40.22
Mean length (bp) 224 276 262

N50 (bp) 236 307 313
Scaffolds (≥200bp)

Total number 79,324 103,682 61,926
Base pairs (Mb) 47.57 65.38 34.96

Mean length (bp) 599 630 564
N50 (bp) 794 891 717

Unigenes (≥200 bp)
Total number 72,462 95,438 61,002

Base pairs (Mb) 39.61 54.87 33.67
Mean length (bp) 546 574 552

N50 (bp) 670 749 688

2.2. Screening of Conotoxins in the Venom Duct Transcriptomes

To annotate conotoxin coding sequences among the unigenes, we searched all six-frame
translations of the unigenes against a local reference database of known conotoxins constructed
from the public ConoServer database by running Genewise and Agustus with an E-value cut-off of
1.0 × 10−5 [18], and then manually checked them using the ConoPrec tool [19]. After the removal of
the transcripts with duplication, frame-shifting, and truncated mature region sequences, we identified
118, 61, and 48 putative conotoxin sequences from the 3 transcriptome datasets of C. caracteristicus,
C. generalis, and C. quercinus, respectively (Tables 3–5). Interestingly, most of these sequences are
reported for the first time and some possess new cysteine patterns. We then summarized and named
these predicted conotoxins from the 3 Conus species as Ca-1 to Ca-118, Ge-1 to Ge-61, and Qu-1 to
Qu-48, respectively (see more details in Supplementary Tables S1–S3).

Table 3. Classification and cysteine patterns of the conotoxins identified from C. caracteristicus.

Superfamily Number Cysteine Pattern (Number of Conotoxins)

A 11 CC-C-C (8), CC-C (3)
B1 (Conantokin) 2 Cysteine free
C (Contulakin) 1 Cysteine free

D 2 C-C-CC-C-C-C-C (1), C-CC-C-CC-C-C-C-C (1)

I

I1 1 C-C-CC-CC-C-C
I2 6 C-C-CC-CC-C-C (1), C-C-C-C-CC-C-C (4), C-C-CC-C-C (1)
I3 4 C-C-CC-CC-C-C (3), C-C-CC-C-C (1)

J 7 C-C-C-C
L 4 C-C-C-C
M 6 CC-C-C-CC (5), CC-C-C-C-C (1)

O

O1 22 C-C-CC-C-C
O2 11 C-C-CC-C-C (3), C-C-CC-C-C-C-C (3), C-C (5)
O3 6 C-C-CC-C-C

S 3 C-C-C-C-C-C-C-C-C-C
T 9 CC-CC (8), C-C-CC (1)
Y 1 C-C-CC-C-CC-C

Divergent M—L-LTVA 1 C-C-C-C-C-C
Unknown 21 C-C-C-C-C-C (19), C-C-C-C (1), CC-C-C-C-C (1)

Total 118
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Table 4. Classification and cysteine patterns of the conotoxins identified from C. generalis.

Superfamily Number Cysteine Pattern (Number of Conotoxins)

A 2 CC-C-C
B1 (Conantokin) 1 Cysteine free
C (Conotulakin) 1 Cysteine free

D 1 C-CC-C-CC-C-C-C-C

I

I1 1 C-C-CC-CC-C-C
I2 4 C-C-CC-CC-C-C (2), C-C-C-C-CC-C-C (2)
I3 1 C-C-CC-CC-C-C

L 3 C-C-C-C
M 4 CC-C-C-CC (3), C-C-CC (1)

O

O1 12 C-C-CC-C-C
O2 4 C-C-CC-C-C (3), C-C-CC-C-C-C-C (1)
O3 3 C-C-CC-C-C

P 2 C-C-C-C-C-C
S 1 C-C-C-C-C-C-C-C-C-C
T 5 CC-CC

Con-ikot-ikot 1 CC-C-C-C-CC-C-C-C
Conotoxin-like 1 CC-C-C

Divergent MSTLGMTLL- 1 C-C-C-CCC-C-C-C-C
Unknown 13 C-C-C-C-C-C

Total 61

Table 5. Classification and cysteine patterns of the conotoxins identified from C. quercinus.

Superfamily Number Cysteine Pattern (Number of Conotoxins)

A 5 CC-C-C
B1 (Conantokin) 3 Cysteine free

I2 3 C-C-CC-CC-C-C (2), C-C-C-C-CC-C-C (1)
M 10 CC-C-C-CC (9), C-CC-C-C-C (1)

O

O1 8 C-C-CC-C-C
O2 3 C-C-CC-C-C
O3 1 C-C-CC-C-C

T 1 CC-CC
V 3 C-C-CC-C-C-C-C
Y 1 C-C-CC-C-CC-C

Con-ikot-ikot 1 CC-C-C-C-C-CC-C-C-C-C
Divergent M—L-LTVA 2 C-C-C-C-C-C

Unknown 7 C-C-C-C-C-C

Total 48

In this study, each putative conotoxin was assigned to a superfamily based on its percentage
of sequence identity to the highly conserved signal region of the known superfamily from the
public ConoServer database (Figure 1). Here, among the 118 putative conotoxins in C. caracteristicus,
96 sequences were assigned to 16 previously reported superfamilies (A, B1, C, D, I1, I2, I3, J, L, M, O1,
O2, O3, S, T, and Y), while only 1 sequence was classified into the “divergent M—L-LTVA” superfamily.
In addition, 21 sequences were not assigned to any known superfamily (named “unknown”; see more
details in Table 3).

Among the 61 putative conotoxins in C. generalis, 46 sequences were classified into 15 known
superfamilies (A, B1, C, D, I1, I2, I3, L, M, O1, O2, O3, P, S, and T) and 1 cysteine-rich con-ikot-ikot
family. In addition, 1 sequence was assigned to the “divergent MSTLGMTLL-” super-family, 1 was
assigned to the conotoxin-like group, and the other 13 sequences were unknown (see more details in
Table 4).
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Figure 1. Summary of the conotoxins identified from the 3 Conus species. Many superfamilies or
groups of conotoxins were classified in (A) C. caracteristicus, (B) C. generalis, and (C) C. quercinus.

Compared with the conotoxin sequences reported in our previous transcriptome study of
C. quercinus [39], the number of conotoxins from C. quercinus in this study was less, with the
identification of only 48 putative conotoxins. Among them, 39 sequences were classified into 10 known
superfamilies (A, B1, I2, M, O1, O2, O3, T, V, and Y) and the con-ikot-ikot family, 2 sequences were
assigned to the “divergent M—L-LTVA” superfamily, and the remaining 7 sequences were unknown
(see more details in Table 5).

2.3. Quantification of Conotoxin Abundance

To investigate the transcription levels of conotoxins in each species, we mapped clean reads back
to the de novo assembled unigenes and calculated the fragments per kilobase of transcript per million
mapped fragments (FPKM) values to quantify the abundance of each conotoxin transcript. We screened
out those conotoxins with high transcription abundance, and the top 10 (with the highest FPKM values)
were selected from each dataset for comparison. The number of mapped reads for the top 10 conotoxins
accounted for 60.6%, 84.9%, and 80.4% of the total conotoxin reads from C. caracteristicus, C. generalis,
and C. quercinus respectively. Interestingly, O- and M-superfamilies were always the most abundant
within each transcriptome dataset (Figure 2, Supplementary Table S4), suggesting their critical roles in
predation and defense for the 3 vermivorous Conus species.

181



Mar. Drugs 2019, 17, 193

Figure 2. Comparison of the top 10 conotoxins (with the highest FPKM values) from the 3
transcriptome datasets.

The O-superfamily conotoxins specifically target a wide range of ion channels and receptors.
In this study, a Bayesian phylogenetic tree was constructed with the Markov Chain Monte Carlo
algorithm to analyze the relationships among these predicted O-superfamily conotoxins (Figure 3),
in which 14 were presented with known bioactivities (previously reported from different Conus
species) and 11 demonstrated high transcription levels from this study. Our phylogenetic assessment
indicated that the O-superfamily conotoxin clades from the same Conus species arise as distinct
lineages, suggesting that there was no correlation between the evolution of conotoxin sequences
and interspecific genetic relationship (see more details in Figure 3). In turn, Ca-55 and ω-conotoxin
PnVIA/PnVIB formed a monophyletic clade [47], and the Posterior probability of Ca-55 and PnVIB
was 0.69. Ge-23 and κ-conotoxin PVIIA formed an individual clade [48], and the Posterior probability
of both was 0.68. Qc-32 and γ-conotoxin PnVIIA/TxVIIA formed a monophyletic clade [49,50], but the
homology between them was not supported by the low Posterior probability; they all exhibited distant
evolutionary relationships to the other O-super-family conotoxins. Similarly, Ge-34 and δ-conotoxin
TxVIA/TxVIB also formed a separate clade but with low Posterior probability [51].

 
Figure 3. A Bayesian phylogenetic tree of the O-superfamily conotoxins. Posterior probabilities are
labeled at each node.
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2.4. Diversity of Conotoxin Structures

Among the putative conotoxin sequences in the 3 venom duct transcriptomes, most of them were
discovered for the first time, and some possessed new cysteine frameworks or belonged to unknown
superfamilies. The O-superfamily, including O1, O2, and O3, was the most abundant group in terms of
conotoxin number (Tables 3–5). All of the O1- and O3-superfamily members exhibited the conventional
VI/VII (C-C-CC-C-C) cysteine framework, which provides a stable three-disulfide inhibitor cysteine
knot (ICK) motif [46]. Four O2-superfamily sequences from C. caracteristicus and C. generalis exhibited a
C-terminal elongated XV (C-C-CC-C-C-C-C) cysteine framework (see Tables 3 and 4), and 5 short single
disulfide-containing contryphan peptides with high identity were identified from only C. caracteristicus
(Table 3). Interestingly, 5 O-superfamily members had the same mature regions as reported sequences
from other Conus species. For example, Ge-24 from C. generalis had exactly the same mature peptide
and prepro-region as the reported MgJr94 from piscivorous C. magus [52], while Ge-22 and Ge-23
showed mutations in the pro-peptide regions but with identical mature peptides to MiK41 and MiK42
respectively from C. miles [53].

The M-superfamily was also the predominant one in terms of transcription abundance and
diversity of cysteine frameworks. Besides 17 sequences with the typical III (CC–C–C–CC) cysteine
pattern, 3 conotoxins with IV (CC-C-C-C-C), XVI (C-C-CC) and XXVII (C-CC-C-C-C) cysteine
frameworks were also observed (Tables 3–5).

For the I-superfamily, a variety of conotoxin (including I1, I2 and I3) transcripts were retrieved
from the 3 transcriptomes. A total of 20 members were identified, in which most (13 sequences)
belonged to the I2-superfamily and possessed the typical post-peptide and pro-region-free structure.
These I-superfamily conotoxins generally had various signal regions and cysteine-rich frameworks,
of which 11 exhibited the representative XI (C-C-CC-CC-C-C) pattern and 7 possessed the XII
(C-C-C-C-CC-C-C) pattern, whereas only 2 had the framework VI/VII (C-C-CC-C-C) with distinct
signal sequences and loop length (Tables 3–5).

Concerning the A-superfamily, 18 conotoxins were determined with 15 sequences of the common
I (CC-C-C) pattern, and 3 transcripts with only 3 cysteine residues (the CC-C framework). In contrast
to notable abundance and variety of A-superfamily conotoxins in previously reported piscivorous
species [54–56], the number and diversity of the A-superfamily identified from these 3 vermivorous
species were scarce. Meanwhile, 15 T-superfamily conotoxins were also identified; however, most of
them exhibited the simple V (CC-CC) framework with high identity to several known τ-conotoxins,
and only one contained the XVI (C-C-CC) framework.

In addition to the abovementioned major superfamilies, many less representative B1 (conontokin)-,
C (contulakin)-, D-, J-, L-, P-, S-, V-, Y-superfamilies and the con-ikot-ikot family were also discovered
in the 3 transcriptomes. For example, 6 conontokin sequences and 2 contulakin sequences with
the cysteine free pattern were identified in this study. Three D-superfamily sequences with the XII
(C-CC-C-CC-C-C-C-C) and XV (C-C-CC-C-C-C-C) patterns, 3 V-superfamily sequences with the XV
(C-C-CC-C-C-C-C) pattern, and 2 Y-superfamily sequences with the XVII (C-C-CC-C-CC-C) pattern
were also observed; interestingly, these 3 superfamilies have been isolated only from vermivorous
cone snails to date [57]. Meanwhile, 2 con-ikot-ikot peptides with the novel CC-C-C-C-CC-C-C-C
and CC-C-C-C-C-CC-C-C-C-C frameworks were identified. Con-ikot-ikot toxins were reported to
specifically target post-synaptic AMPA receptors [58], but in consideration of the complex cysteine
patterns and variable loop length, the functions of both conotoxins with new cysteine frameworks are
worth investigating further.

In this study, combined with our published report of C. betulinus [32], we also identified 45 putative
unassigned conotoxins, which possessed the IX (C-C-C-C-C-C) cysteine framework and loop lengths
same as Cal9.1a~d from Californiconus californicus [3,59]. In fact, Cal9.1a~d contained unassigned
signal peptide sequences, and their loop lengths and mature regions appeared to be sufficiently
distinct from other known conotoxins. This group of conotoxins was previously found only in
Californiconus californicus, an unusual species with special prey-capture behavior and prey preferences,
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and phylogenetic analysis also indicated that Californiconus californicus has large evolutionary distance
from the Conus species [60]. The experts at WoRMS placed this genus Californiconus in the family
Conidae, but as indicated it is highly divergent from the Conidae; hence, some researchers have placed
this genus in a proposed separate (sub)family [1]. Our present work confirmed that these types of
conotoxins are possibly synthesized in various species with different feeding habits; therefore, they
may represent a new superfamily with potential specificity in pharmacological activity (Figure 4).

 

1 6010 20 30 40 50(1)
HVLLNVCILPAITGPCKASMQRYYFDVTSYNCKTFIYGGCLGNGNNFHTYDECFDKC---betu87 (1)
-SVPDVCFQPVVVGPCRGKFPHYYFNSILATCQLFDYGGCRGNENRFEKMDACLYTC---betu88 (1)
------CNLPKIVGPCKAYMPSFFYNTGTGQCERFVYGGCGGNANRFETKQECEGKCQR-betu89 (1)
---PSLCSLPKVVGPCRALIPRFYFNSTQLECLPFAYGGCHGNDNNFETYSECQASC---betu90 (1)
-----ICQLEADVGPCSGKFPRWFYNSGMRKCQLFDYGGCRGNENRFDTEEECMELC---betu91 (1)
----DACSLPLSTGKCEQQQTRWHYNYKSGSCEKFIYTGCLGNANNFPTADACEARC---betu92 (1)
--RNSVCNLPKETGPCRALMRSFFYNLNTRKCEPFNYGGGGGNANRFDTLAECEQRC---betu93 (1)
----SVCTLQKDTGPCKMAIPRYYFNMDISDCDTFIYGGCFGNANNFETYEECDDTC---cara98 (1)
---WGLCSLPAEAGPCYASITRYYYDRKTQECTQFYYGGCGGNSNNFDTAEECDDVC---cara99 (1)
------CQQPKAPGRCMAYMERYFFNSEKGACEQFIYGGCEGNENNFETLEACQTAC---cara100 (1)
------CRLPSDTGPCRAAIRQFYYNWTERQCQDFIYGGCGGNDNRFETREECERAC---cara101 (1)
----DNCTLPAERGPCMANLTMYFYNWTSEQCEEFNYGGCGGNPNNFHNMTECEATCSR-cara102 (1)
-----VCKQAPSPGRCNAVFRRWYFNVHVAACSWFTYSGCGGNDNNFRSREECERMC---cara103 (1)
-----ICQLEADVGPCSGTFPRWFYNSDMRKCQLFDYGGCRGNDNRFDTEEECMELC---cara104 (1)
-DFVSICDMPEDPGPCRGRLPRWFYDPLDRQCRAFYWSGCQGNENNFLTVQECQQTCM--cara105 (1)
----DICRMPKVVGPCMAGITRYYYDTASAACRQFIYGGCQGNLNNFGSLEACQGKCARHcara106 (1)
------CQLPKDPGPCTSPIHRFFFNSETGACEVFIWGGCYGNANKFKTLEECQETC---cara107 (1)
----DRCHLPPETGMCRAYMPMYFYNATLGRCQGFIYGGCNGNDNKFNTEEDCMKAC---cara108 (1)
-----VCSLPRERGPCSNYEIVWYYDTEEERCKRFYYGGCQGNGNRFANREECEGRCVR-cara109 (1)
------CNLPQIVGPCKAYMPSFFYNTGTGQCERFVYGGCGGNANRFETKQECQGQCQR-cara110 (1)
----DPCQLPKDPGPCPNQHHNFFSDSEMGACKMFIYGGCYGNANNFRTLEECQATC---cara111 (1)
----EICQQPRQVGPCRAAFRRWFYNKFTRTCEQFIYGGCKGNGNNFQSLPECQDRC---cara112 (1)
-DFVSICDMPEDPGPCRGRLPRWFYDPLDRQCRAFYWSGCQGNENNFLTVQECQQTCM--cara113 (1)
----DICRMPKVVGPCMAGITRYYYDTASAACRQFIYGGCQGNLNNFGSLEACQGKCARHcara114 (1)
----DLCFQPMVVGLCKASFPNYYYNPALGTCQLFYYGGCGGNKNRFGTKDACLKTC---cara115 (1)
-----ICQLEADVGPCSGTFPRWFYNSDMRKCQLFDYGGCRGNDNRFDTEEECMELC---cara116 (1)
----DVCSLPADPGPCEALDRRFFFDKVDGTCKPFNYGGCQGNGNRFDSKSRCERAC---gene49 (1)
----DVCALPKVTGPCFAAFPRFYFDQTAGRCKTFTYGGCHGNQNNFRSLRACRNTCA--gene50 (1)
----EVCSLPRERGPCSNYEIVWYYDTAEQRCTRFYYGGCQGNGNRFANREECEERCVR-gene51 (1)
----DLCYQPMKVGPCRSKVPCYYFDHEYGKCQLFYYGGCRGNDNRFETKDACLHTC---gene52 (1)
------CQLEPDTGLCRAAFRRFYYNWNEQQCQAFIYGGCGGNENRFKSREECEQAC---gene53 (1)
------CNLPKETGPCRALDHSFFYDVNAGQCKHFIYGGCGGNANRFKTMAECKWSCA--gene54 (1)
----DACSLPLSTGKCEQQQTRWHYNYRSGSCEKFIYTGCLGNANNFPTADACQARC---gene55 (1)
-----ICQLEADVGPCSGTFPRWFYNSGMRKCQLFDYGGCRGNENRFDTEEECMELC---gene56 (1)
-DFVSICEMPEDPGPCRGRLPRWFYDPLDRQCRAFYWSGCQGNENNFLSVQECQQTCM--gene57 (1)
-----VCSLAPETGNCRANIPRWYYDAQFGQCRQFVYGGCRGNSNNFETEQDCLNYCRR-gene58 (1)
-DFVSICEMPEDPGPCRGRLPRWFYDPLDRQCRAFYWSGCQGNENNFLSVQECQQTCM--gene59 (1)
-----LCRLPAVPGPCRSRQPRYFYNYKVGKCQRFNYGGCKGNTNRFLTLGECQSRC---gene60 (1)
----DICRMPKVVGPCRAGITRYYYDSASAACRQFIYGGCQGNLNNFGTLEACQGKCARHgene61 (1)
-----ICRLEADVGPCSGTFPRWFYNSDMSKCQLFDYGGCRGNENRFDTEEECMELC---quer41 (1)
----DICRMPKVVGPCRAGITRYYYDTASAACRQFIYGGCQGNLNNFGSLEACQGKCAHHquer42 (1)
-----LCRLPAVPGPCRARQPRYFYNYKVGKCQRFNYGGCKGNTNRFLTLGECQTRC---quer43 (1)
------CNLPKIVGPCKAYMPSFFYNTGTGQCERFVYGGCGGNANRFETKQECEGQCQR-quer44 (1)
-----VCRMPKDSGPCRASIPRWYYDANTRSCRQFVYGGCQGNGNNFESQQDCQDYC---quer45 (1)
--AEDICQQPLMAGRCQDVYERFFFNTSSGTCEAFIWGGCDGNANNFETFEACLAVC---quer46 (1)
     IC LP D GPCRA IPRWFYN   G C  F YGGC GN NNF T EEC   C   Consensus (1)

Figure 4. Alignment of the achieved new superfamily conotoxins from venom duct transcriptomes of
C. betulinus [32] (betu), C. caracteristicus (cara), C. generalis (gene), and C. quercinus (quer).

2.5. Identification of Conotoxin Biosynthesis Related Proteins

Transcripts for genes encoding functional proteins that are potentially involved in conotoxin
biosynthesis were also annotated in the 3 transcriptome datasets. By homology comparison to known
post-translational modification enzymes, we presumed that multiple proteins possess enzymatic
activities for involvement in conotoxin maturation and modification in the venom duct lumen. From the
transcriptomes, we also identified some isoforms of endoprotease, including sequences with high
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similarity to Tex31 [61], which has the hydrolytic activity to separate mature conotoxins from the
precursor constituents.

Formation of disulfides is the most ubiquitous modification within conotoxins. This process
and related proper peptide-folding are mediated by protein disulfide isomerases (PDIs), peptidyl-
prolyl cis-trans isomerases, immunoglobulin-binding proteins, and chaperones (e.g., hsp70, hsp60, and
calreticulin) [33]. All of these proteins, especially multi-isoforms of PDI were identified (Supplementary
Tables S1–S3). Complete sequences of peptidylglycine alpha-amidating monooxygenase with two
domains were identified as well, which may mediate the C-terminal amidation process for the full
activity of various neuroactive peptides [62]. In addition, other candidate enzymes participating
in post- translational modification were also predicted, such as prolyl/lysyl-hydroxylase, vitamin
K-dependent γ-carboxylase, and Glutaminyl-peptide cyclotransferase.

Our data also revealed numerous sequences with potential roles in transportation, synergy,
and degradation of conotoxins. Translocator-like sequences including the Sec family and diverse
transmembrane proteins were discovered. In particular, we predicted several transcripts with
high similarity to the Sec61 and Sec14 translocon that were identified in the spider venom duct
with the ability to bind specific polypeptide toxins and to induce subsequent localization and
transportation [63,64]. Large arrays of conotoxin-related proteins (widely existing in other animal
venoms) with high transcription levels were also predicted. These sequences include multiple enzymes,
such as the phospholipase A2 (PLA2) family, nucleotidase and hyaluronidase, as most of them may
have neurotoxic and cytotoxic activities themselves or participate in anti-hemostatic effects [65],
and may enhance the diffusion of conotoxins and cooperate with them for prey capture or synergistic
predator defense. Meanwhile, many proteins homologous to the ubiquitin and ubiquitylation system
were retrieved from the 3 transcriptome datasets in this study. These proteins may contribute to the
degradation of poor-quality conotoxin molecules synthesized in the venom duct, which will ensure the
effectiveness of venom to a higher degree in the prey capture process [66] (Supplementary Table S5).

3. Discussion

A total of 118, 61, and 48 putative conotoxin transcripts were identified from the 3 transcriptome
datasets of C. caracteristicus, C. generalis, and C. quercinus, respectively. Given that these Conus
species have similar feeding habits and distribution (in the offshore waters of the South China Sea),
the interspecific divergence in toxin numbers and transcription levels were beyond our expectation.
The interspecies variability of venom may contribute to the dietary preferences for different worms.
Furthermore, the conotoxin composition in the venom duct of C. quercinus from this study was only
23% (11 of 48), identical to our previous report [39]. This remarkable variance of conotoxin types
in the same species, especially in the same organ and using the same sequencing method, may be
due to differences between Conus individuals that were from different geographical populations or at
different developmental stages (for a more detailed discussion, please refer to our previous report on
C. betulinus [32]). The intraspecies variability of venom composition has also been recently observed
by other researchers, who recommended sequencing transcriptomes of more than one individual
for the solid analysis of the conotoxin inventory in any examined species [67]. In addition, we also
identified some identical conotoxin sequences from different Conus species; this convergent evolution
trend is widespread presented among various Conus species with diverse phylogenetic clades. Related
biological significance needs more investigation.

Conotoxins have a variety of mechanisms for actions, which however have been limited by
the lack of high-throughput functional screening methods; therefore, most of them have not been
determined by far. In this study, we attempted to apply the phylogenetic analysis strategy to
explore the evolutional relationships of these highly transcribed O-superfamily members, and then
predicted their potential bioactivities. Among the top 10 conotoxins with the highest FPKM values
in the 3 Conus species, 4 O-superfamily conotoxins formed monophyletic clades with several known
pharmacological conotoxins, but the poor Posterior probabilities (0.30~0.69) at the nodes do not
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support related bioactivity prediction. The detailed functions of these high-abundance conotoxins in
predation or defense deserve further investigation (such as by patch-clamp detection). Construction
of electrophysiological platforms for the analysis of multiple neural ion channels and receptors is
underway in our laboratory, which in turn proposes a potential hope for the development of novel
conotoxin-based marine drugs for the treatment of neuroreceptor associated human diseases.

This study also identified many complete and partial sequences of 11 enzymes, which are
potentially involved in the post-translational modification of conotoxins, as well as numerous
functional proteins that may be related to the conotoxin biosynthesis processes including translation,
protein folding, translocation, delivery and degradation. Gene Ontology (GO) functional classification
(Supplementary Table S5) showed that conotoxin synthesis may be closely related to binding, catalytic
activity, metabolic process and cellular process. The abundance of functional proteins underscores the
fact that the venom duct is a metabolically active organ. Although there have been many reports on
various novel conotoxins, our present work improves the understanding of conotoxin biosynthesis
processes in vivo, which may provide insights into the fundamental mechanisms underlying the
generation of complexly modified peptides in general.

4. Materials and Methods

4.1. Sample Collection, RNA Extraction and Sequencing

C. caracteristicus, C. quercinus, and C. generalis were collected in the offshore areas of Sanya City,
Hainan Province, China. Specimen identification (using COI gene sequences [39]) was performed
after they were collected and dissected on ice. Three intact venom ducts were separated and the total
RNAs were extracted using TRIzol® LS Reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA)
following the manufacturer’s instructions. Total RNAs were further treated with oligo-(dT)- attached
magnetic beads (Invitrogen, Life Technologies, Carlsbad, CA, USA) to extract the mRNAs. Three
non-normalized Illumina cDNA libraries were constructed separately and sequenced on the Illumina
HiSeq2000 platform (Illumina, San Diego, CA, USA) by BGI-Tech (BGI, Shenzhen, China).

4.2. Sequence Analysis and Assembling

Raw sequencing reads from the 3 sets of transcriptome sequencing were cleaned up using
SOAPnuke software (BGI, Shenzhen, Guangdong, China) [68] to ensure high quality for downstream
analyses. Adapters and reads with over 10% of non-sequenced (N) bases or more than 50% of
low-quality bases (base quality ≤ 10) were removed. Then the filtered reads were assembled into
unigenes with SOAPdenovo-Trans v1.02 (BGI, Shenzhen, Guangdong, China) for de novo transcriptome
assembling [69]. The FPKM value, a general parameter for quantification of gene transcription, was
calculated for comparison [70].

4.3. Prediction and Identification of Conotoxins

All previously known conotoxins in the ConoServer database [19] were downloaded to construct
a local reference dataset for conotoxin prediction from our 3 transcriptome datasets using the
traditional homology search method. Subsequently, unigenes from each transcriptome were run
against the local conotoxin dataset using Genewise v2.4.1 [71] and Agustus v2.7 [72] with an E-value
of 1.0 × 10−5. Those unigenes with the best hits were translated into peptide sequences. A conotoxin
generally consists of a highly conserved N-terminal signal peptide region, a less conserved intervening
pro-peptide region, and a hypervariable C-terminal mature peptide region with conserved cysteine
patterns [73,74]. A few conotoxins also have a post-peptide region at the C-terminal after the
mature peptide region [75]. The predicted conotoxin transcripts were manually inspected using
the ConoServer’s web-based ConoPrec and NCBI’s blastp. Those transcripts with duplication or
truncated mature region sequences were removed.
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4.4. Classification of Conotoxin Superfamilies

The distinct regions and cysteine frameworks of these predicted conotoxins were analyzed
using the ConoServer’s web-based ConoPrec. Based on 75% identity in the conserved signal peptide
sequences [57], these identified conotoxins could be assigned to most of the 27 known superfamilies
in the ConoServer. The particular threshold values for I1, I2, L, M, P, S, con-ikot-ikot and divergent
superfamilies were 71.85%, 57.6%, 67.5%, 69.3%, 69.1%, 72.9%, 64.5 ± 20.2%, and 64.22 ± 20.53%,
respectively [33]. Those conotoxins without signal regions but still showing high similarity either in
the proregion or mature region were considered as the “Unknown” group.

4.5. Annotation of Predicted Functional Proteins

Unigenes were firstly translated into amino acids in six frames and aligned with BLASTX to
public protein databases (E-value ≤ 1.0 × 10−5) including NCBI non-redundant (Nr), Swiss-Prot [76],
and Clusters of Orthologous Groups (COG) [77]. The protein with the highest sequence similarity was
retrieved and annotated to each unigene. For the Nr annotation, Blast2GO v4.1 (Instituto Valenciano
de Investigaciones Agrarias, Moncada, Valencia, Spain) [78] was used to determine GO annotation,
which was defined by molecular function, cellular component, and biological process ontologies.

4.6. Phylogenetic Inference of Abundant Conotoxins

Bayesian analyses of the combined data were performed with MrBayes v.2.01 (University of
Rochester, Rochester, NY, USA) [79] using the best-fit model indicated by Modeltest 3.06 (Brigham
Young University, Provo, UT, USA) [80]. A Metropolis-coupled Markov Chain Monte Carlo algorithm
running four Markov chains simultaneously was employed to estimate the posterior probability
of phylogenetic trees. Each Markov chain was initiated with a random tree and run for 1,000,000
generations, sampling every 100 generations for a total of 10,000 samples per run. The first 2,500
samples of each run were discarded as burn-in, and the remaining samples were applied to construct a
consensus tree using PAUP*4.0 (Florida State University, Tallahassee, FL, USA) [81].

4.7. Availability of Supporting Data

The datasets supporting the results of this article are included within the article and its
supplementary files. The transcriptome reads generated in this study have been deposited in
China National GeneBank Nucleotide Sequence Archive with accession numbers of CNS0048931
for C. caracteristicus, CNS0048933 for C. generalis, and CNS0048932 for C. quercinus under the
project CNP0000360.

5. Conclusions

In this report, we have examined the diverse transcription repertoire in the venom ducts of 3
vermivorous cone snails, which are resident in the offshore waters of the South China Sea. We not
only succeeded in characterizing the abundant conotoxin-encoding transcripts across 22 known
superfamilies and 1 new superfamily, but also identified a variety of functional proteins that may
be responsible for biosynthesis and delivery of these conotoxins. As expected, the majority of the
identified conotoxins were novel, based on their transcript sequences, and some possessed new cysteine
frameworks and divergent signal regions. Comparison analysis indicated surprising interspecific and
intraspecific divergences in the conotoxin numbers and transcription levels, thus we made a primary
conclusion that the abundant O-superfamily conotoxins in all 3 venom duct transcriptomes probably
play major roles in the prey capture strategy of these vermivorous species. Our study with various
cone snail species provides new insights into the complex biosynthesis mechanisms that lead to the
remarkable variability of the venom composition. Our present work adds more conotoxins, which will
definitely improve our genetic resource to develop new drugs.
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Supplementary Materials: The following materials are available online at http://www.mdpi.com/1660-3397/
17/3/193/s1. Table S1: Protein sequences of the putative conotoxin transcripts identified from C. caracteristicus.
Table S2: Protein sequences of the putative conotoxin transcripts identified from C. generalis. Table S3: Protein
sequences of the putative conotoxin transcripts identified from C. quercinus. Table S4: The top 10 conotoxins
with the highest FPKM values in the 3 transcriptome datasets. Table S5: Conotoxin biosynthesis-related proteins
identified from the 3 venom duct transcriptomes.
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Abstract: Cone snails are marine gastropod mollusks with one of the most powerful venoms in
nature. The toxins, named conotoxins, must act quickly on the cone snails´ prey due to the fact
that snails are extremely slow, reducing their hunting capability. Therefore, the characteristics of
conotoxins have become the object of investigation, and as a result medicines have been developed or
are in the trialing process. Conotoxins interact with transmembrane proteins, showing specificity
and potency. They target ion channels and ionotropic receptors with greater regularity, and when
interaction occurs, there is immediate physiological decompensation. In this review we aimed to
evaluate the structural features of conotoxins and the relationship with their target types.
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1. Introduction

Cone snails are marine mollusks from the Conidae family (Fleming, 1822 sensu lato), divided
among 152 genera and involving 918 species described until now [1]. They are predatory carnivores that
compensate for their slow movement by using hunting strategies with an arsenal of toxic peptides [2].
These molecules are known as conotoxins or conopeptides, with a wide variety of molecular masses
ranging from conopressin-S with nine [3], to conkunitzin-S1 with 60, amino acid residues in length [4].
Due to their targets (i.e., Na+, K+, and Ca++ channels; ligand-gated ion channels; G-coupled proteins;
and neurotransmitter transporters), conotoxins produce diverse physiological alterations, principally
in excitable tissues [5]. These conotoxins are employed by cone snails to target their prey such as
marine worms, snails and fish [6]. Because of the diverse species groups targeted by cone snails,
their conotoxins need to act on specific targets of each species (e.g., subtype of ion channels) [7].
As previously studied, cone snails developed their toxins for hunting, but humans are not natural
prey for them. However, accidents caused by cone snails’ sting have resulted in human injuries, which
have been lethal in some cases [8]. Thus it has been demonstrated that Conus spp. venom has toxic
compounds that also act on specific mammal transmembrane proteins [5]. Transmembrane proteins,
such as ion channels or ionotropic receptors, are responsible for basic neurotransmission or signal
transduction, which triggers other physiologic functions [9,10]. When these transmembrane proteins
are affected, multiple human diseases arise [11–13]. These ion channel disorders are sometimes called
channelopathies [14]. The natural capability of conotoxins to target these objectives could be used
for disease treatment [15]. Therefore, the pharmacological properties of conotoxins have become a
valuable biotechnological tool for potential drug development [16,17].

Conotoxins are structurally variable in reference to their function [18]. Recently, conotoxin
classification was addressed by categories (i.e., by gene superfamily or pharmacological family,
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by cysteine (Cys) framework and connectivity, by loop class, by fold and subfold classes) [19].
The superfamily group was classified based on the nucleic acid sequence from the toxin’s signal peptides’
identity [20]. Conotoxin cDNAs have been grouped into 41 different superfamilies (Table S1) [21].
The family classification is based on the target type and action mode of conotoxins, independently of
their structural features [5]. The present review uses this categorization (Table 1).

Structurally, conotoxins are diverse and categorized by their mature peptide [20,22]. They can
be linear peptides without a disulfide bond, like the conantokins [23], or may possess between one
and five disulfide bonds [5]. Those with multiple disulfide bonds adopt special three-dimensional
conformation due to a different Cys distribution pattern (framework) in the toxin sequence (Table S2)
and Cys pair connectivity type [18]. Loop class is a category used to divide the α-conotoxin family
into subclasses [24]. This subclassification will be further explained (see α-conotoxin section below)
(Table 2). For conotoxins with disulfide bonds, characteristics such as the cysteine framework, their
pair connectivity, and number of amino acids provide them with a fold structure that favors their
activity [18,19,25]. Conotoxins’ structural properties seem to be important for target interaction [25].
Importantly, other features are present in natural conotoxins such as the location of key amino acids
on their primary sequence [5] and post-translational modifications, including amidation, sulfation,
pyroglutamylation, γ-carboxylation, hydroxylation, O-glycosylation, and bromination [26]. On the
whole, these features must be considered when analyzing conotoxin/target interaction.

The structure/function diversity in conotoxins makes research a challenge [27]. Computational
analysis has been used improve the cost/benefit ratio in conotoxin studies [28], trying to solve this
problem. Due to the variable nature of conotoxins, there is no consensus that allows the mentioned
categories to be linked with the family classification (see Table S3) [29]. The distance between the
activity and structural variability of conotoxins makes investigation complex [21]. However, it is
deduced that for each target there is one conotoxin that has greater potency and affinity than others of
its type. In the following section, conotoxin families will be briefly mentioned, emphasizing that these
toxins are completely characterized by interaction with their target.

2. Conotoxin Families

With some exceptions, conotoxins are commonly named following a convention [30]. First, a
Greek letter makes reference to a family in pharmacology (e.g., α, μ, κ, ω, etc.); the next two letters
indicate the initials of the Conus species (e.g., Cg = Conus geographus), followed by one Roman number
referring to the Cys framework (e.g., I, II, III, IV, etc., as shown in Table S2) and, finally, one uppercase
letter indicates the discovery order (e.g., A, B, C, etc.) [18]:

αCgIA

These polypeptides have been divided into families by their pharmacological function [31]. Table 1
shows different family groups indicated by one Greek letter. Among them, the α-conotoxin family is
distributed among different Conus species [32]. This toxin group is the most studied [23]. Other toxin
groups—the μ-, ω-, and κ-conotoxins—have been the most characterized [33]. In general, some
toxins from these family groups show special characteristics than allow specific interaction with their
respective target group [5]. Thus, the following sections will describe conotoxins’ activity in different
ion channels, with special attention to those conotoxins best characterized.
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Table 1. Conotoxin family classification.

Family Target and Mode of Action Reference

α-conotoxins Inhibitory competitors of nicotinic acetylcholine receptors (nAChR) [34]
γ-conotoxins Acting on neuronal pacemaker currents affecting inward cation currents [35]

δ-conotoxins Acting on voltage-gated sodium (Na+) channel VGSCs, activating and
inactivating them [36]

ε-conotoxins Acting on G-protein-coupled presynaptic receptors or calcium channels [37]
ι-conotoxins Activating VGSCs [38]
κ-conotoxins Blocking voltage-gated potassium (K+) channel VGKCs [39]
μ-conotoxins Blocking VGSCs [40]
ρ-conotoxins Inhibitors of alpha1-adrenoreceptors (GPCR) [41]
σ-conotoxins Acting on serotonin gated ion channels 5-HT3 [42]
τ-conotoxins Acting on somatostatin receptors [43]
χ-conotoxins Inhibitors of neuronal noradrenaline transporters [41]
ω-conotoxins Acting on voltage-gated calcium (Ca++) channel VGCCs [44]

3. Conotoxins Interacting on Nicotinic Acetylcholine Receptors (nAChRs)

Nicotinic acetylcholine receptors (nAChRs) (Figure 1A) are pentameric structures (five subunits
surrounding one central filter that allows the flow of Na+, K+, and Ca++ ions) in which each subunit is
composed of four transmembranal segments [45]. There are different subunit types such as α, β, γ,
δ, and ε, which can form homomeric (identical subunits) or heteromeric (combination of subunits)
nAChRs [46]. These ligand-gated ion channels, expressed in both the nervous system and non-neuronal
cells, have a varied number of ligand sites for acetylcholine (ACh) depending on the nAChR subtype [47].
In the nervous system, nAChRs are involved in physiological functions such as analgesia, learning,
memory, arousal, and motor control [45], while in the non-neuronal cells, nAChRs promote cell
proliferation, secretion, migration, survival, and apoptosis functions [48]. When nAChRs from the
nervous system are affected, they generate neuronal disorders such as cognitive disorder, depression,
anxiety [11], epilepsy, pain, and diseases, including Parkinson’s and Alzheimer’s [47]. As seen,
nAChRs have been demonstrated to be involved in multiple physiological processes, depending on the
nAChR-specific subtype responsible for each activity [49]. Curiously, α-conotoxins have shown target
nAChR subtypes [30,34]. They are antagonist competitors from acetylcholine binding sites [50]. As a
result, α-conotoxins have become an important research tool to analyze interaction with nAChRs [51].

α-Conotoxins are diverse in structure and have been subclassified by loop class [24]. In this
respect, the classification may be based on amino acid number distribution among Cys (C1C2mC3nC4),
in which m and n are loops, where n is a defined number (3/m, 4/m, and 5/m) and m is a variable
number of amino acids from each α-conotoxin type [18]. However, this classification could be applied
for those α-conotoxins from the A superfamily with type I framework (Table 2 and Table S2), which
possess Cys (C1–C3 and C2–C4) globular connectivity [51]. Alternatives for folding (C1–C4 and C2–C3

and C1–C2 and C3–C4) of these synthetic toxins are named ribbon and beads, respectively (Figure
S1A) [52]. α-conotoxins from other superfamily groups with different frameworks are not included on
this list [30]. Below, the structural diversity of α-conotoxins is shown for clarification. These structures
allow them to be specific for their target group (Tables 2 and 3). Some α-conotoxins (3/5) are specific
for muscle nAChR subtypes, while other (4/3, 4/4, and 4/7) groups are selective for neuronal nAChR
subtypes [53]. However, these toxins have shown promiscuous activity in different neuronal nAChR
subtypes (Table 3) [51]. The promiscuity of α-conotoxins could be beneficial for these mollusks as a
biological function [32], but it is disadvantageous for pharmacological purposes. Thus they need to be
re-engineered for development as target-specific tools [54].
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Figure 1. nAChRs and α-conotoxin interactions. (A) Basic subunits and pentameric structures of
nAChRs. In the “top view” the segments’ organization is shown, with segment 2 forming the ion
pore. nAChRs could be composed of different subunit types (heteromeric) or identical α-subunits
(homomeric). The subunit junctions are the interfaces. (B) GIC and Ac-AChBP interaction (PDB: 5CO5)
showing top view of this complex. On the left, α-conotoxin GIC (blue) is fitted into the Ac-AChBP
interfaces. On the right, specific interaction points between GIC and Ac-AChBP are showed. C-loop
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from (+)subunit is highlighted. (C) Specific interaction points between BuIa and Ac-AChBP are showed
(PDB: 4EZ1). (D) Specific interaction points between ImI and Ac-AChBP are showed (PDB: 2C9T).
Amino acid residues in α-conotoxins are showed in red. Note that α-conotoxins are similarly oriented
when they interact with their targets. nAChR structures were designed as described by the authors in
the text.

Table 2. α-Conotoxin subdivisions with representative conotoxins.

α-CTx Primary Sequence Loop Class Reference

Framework and Cys pair connectivity C1C2-m-C3-n-C4 m/n

GI ECCNPACGRHYSCGK * 3/5 [55]

ImI GCCSDPRCAWRC * 4/3 [56]

BuIA GCCSTPPCAVLYC* 4/4 [57]

AuIB GCCSYPPCFATNPDC * 4/6 [58]

Vc1.1 GCCSDPRCNYDHPEIC * 4/7 [59]

Other frameworks

αJ-pl14a FPRPRICNLACRAGIGHKYPFCHCR * X [60]

αS-RVIIIA KCNFDKCKGTGVYNCG(Gla)SCSC(Gla)GLHS
CRCTYNIGSMKSGCACICTYY X [61]

αD-VxXXB DD(Gla)S(Gla)CIINTRDSPWGRCCRTRMCGSM
CCPRNGCTCVYHWRRGHGCSCPG (dimer) X [62]

Exclusively, α-conotoxins from the A superfamily have Cys framework I (at the top). m/n indicates the number of
residues among Cys (C2-3 and C3-4, respectively). Only subclass 3/5 targets muscle nAChRs. * C-terminal amidated,
(Gla) γ-carboxyglutamate, (dimer) dimerized molecule, X nonidentified.

The capability of α-conotoxins to differentiate between neuronal and muscle nAChRs is due to
the subunits’ composition in these receptors. Neuronal nAChRs can be homomeric when structured
by α-subunits of the same type (α7, -8, or -9) or heteromeric when the α-subunits (α2-10) are combined
together or with β-subunits (β2 and β4) [49]. In contrast, muscle nAChRs combine with α1, β1, γ, δ,
and ε subunits [46]. They are not shared between tissues, and each subunit possesses its particular
feature. So, structurally, α-conotoxins can discriminate among them [63]. Acetylcholine has orthosteric
binding to the interface between nAChR subunits [45]. The acetylcholine affinity for these binding sites
is due to hydrophilic features from each subunit’s nAChR composition [46]. In this way, homomeric
subunits (composed of five identical α-subunits) have five binding sites, while heteromeric nAChRs
commonly have two binding sites (Figure 1A), in some cases with an accessory binding site for
acetylcholine [45,49].

These events have shown differences in activity responses between target nAChR subtypes.
It was demonstrated that the acetylcholine concentration in two nAChR isomers, one with double
orthosteric interaction points and the other with an additional binding site, stimulated a second phase
of macroscopic currents in that nAChR with the third interaction point [64]. Similarly, α-conotoxins
interact in nAChRs as antagonist competitors [50]. They bind with diverse affinities on the subunit
interfaces, which can vary depending on subunit composition [53]. The variable combination of subunits
in nAChRs could explain the promiscuous nature of α-conotoxins (Figure 1A, Table 3). Nevertheless, a
certain selectivity of some mutated α-conotoxins in favor of nAChRs containing α3-, α6-, α7-, and
α9/α10 interfaces, but not for α2- and α4-interfaces, has been observed [30]. As with acetylcholine,
α-conotoxins can interact on various ACh binding sites (i.e., 2, 3, or 6) simultaneously with the same
nAChR or homologous AChBP [50,65]. However, it was suggested that only one molecule is enough
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to inactivate nAChRs [66,67]. Thus, the α-conotoxin/nAChR isoform’s stoichiometric interaction could
interfere in the real potency of toxin metrics.

Natural α-conotoxins have post-translational modifications (Figure S1B), with C-terminal
amidation being the most frequent [63]. Post-translational modifications such as this allow biological
activity in these molecules [68]. However, it is not a general rule. It was shown that the presence/absence
of sulfated tyrosine in α-AnIB and EpI toxins has no significant biological difference [50,62].
More interestingly, this post-translational modification and the C-terminal amidation together could
favor the affinity of α-AnIB for α7 nAChR [62]. These facts show that post-translational modifications
in α-conotoxins can interfere in conotoxin/nAChR interactions. Indeed, it was suggested that amidation
promotes native folding in this toxin group, leading to their selectivity [26]. Previous experiments
showed that the proline from the m-loop and C-terminal amidation in α- and χ-conotoxins act as
conformational switches [69]. With some exceptions (Figure S1B), the m-loop from α-conotoxins
possesses one serine followed by one proline [63]. Proline facilitates α-helix formation, while serine
provides a hydrophobic patch in these conotoxins’ loop [54]. This hydrophobic patch from α-conotoxins
could interact with any subunit (-) interface pocket because the nAChR subunits in this site are not
very hydrophilic [46]. The (-) here is specified as the subunit receptor interface of anything other
than an nAChR α-subunit (Figure 1). In fact, it was suggested that when α-conotoxins interact with
their target, they are directionally positioned in a similar manner independently of their amino acid
sequence [30]. Similarly, the second loop, the n-loop, appears to be involved with the (-) subunit
interface due to the presence of key amino acids in α-conotoxins responsible for the interaction [70].
However, the key amino acid in the fifth position of α-conotoxins is important for the (+)α-subunit
interface interaction [70]. The (+)α-subunit interface pocket site is more hydrophilic [46] and possesses
the C-loop, which plays a significant role in α-conotoxins’ interaction [54].

Table 3. α-Conotoxin activity in diverse nAChR subtypes. Some of the α-conotoxins showed different
affinities for homomeric or heteromeric nAChRs or both. nAChRs are arranged from greatest to lowest
α-conotoxin activity. nAChR subtypes have the first letter indicating the organism’s origin, such as h
for human, m for mouse, and r for rat origins.

α-Conotoxin nAChR Type Target (IC50) Reference

ArIB rα7 (1.81 nM) > rα6/α3β2β3 (6.45 nM) > rα3β2 (60.1 nM) [71]

BuIA rα6/α3β2 (0.258 nM) > rα6/α3β4 (1.54 nM) > rα3β2 (5.72 nM) >
rα3β4 (27.7 nM) [57]

GIC hα3β2 (1.1 nM) > hα4β2 (309 nM) > hα3β4 (755 nM) [72]

GID rα3β2 (3.1 nM) > rα7 (4.5 nM) > rα4β2 (152 nM) [73]

ImI rα7 (220 nM) > rα7 (1.8 μM) >mα1β1γδ (51 μM)hα3β2 (40.8 nM) >
hα7 (595 nM) [74]

Lt1.3 rα3β2 (44.8 nM) [75]

MII rα6/α3β2β3 (0.39 nM) > rα3β2 (2.18 nM) [76]

PeIA rα9α10 (6.9 nM) > rα6/α3β2β3 (17.2 nM) > rα3β2 (19.2 nM) >
rα3β4 (480 nM) [77]

PnIA rα3β2 (9.56 nM) > rα7 (252 nM) [78]

TxIB rα6/α3β2β3 (28 nM) [79]

TxID rα3β4 (12.5 nM) > rα6/α3β4 (94 nM) > rα3β4 (4.5μM) rα3β4 (3.6
nM) > rα6/α3β4 (34 nM) [80]

Vc1.1 rα3β4 (4.2 μM) > rα3α5β2 (7.2 μM) > rα3β2 (7.3 μM) [59]

In some cases, the tertiary structure has been shown to be relevant in α-conotoxins’ activity,
e.g., the ribbon isomer from native AuIB was seen to be 10-fold more potent in α3β4* nAChRs [50].
Pu1.2, Pn1.2, and Vc1.1 isomers, separately, demonstrated similar activity regarding their targets [52].
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The tertiary structure is very important in the function of α-conotoxins because it leads to the spatial
amino acid arrangement [18]. Additionally, for an electrostatic surface [18], this offers a special toxin
three-dimensional shape that allows it to fit into the nAChR pocket binding site (Figure 1B). C-loops,
the local binding site in nAChRs, are considered to be flexible, acting as a hinge that allows the toxin to
fit into pocket interface subunits [54,81]. C-loop flexibility is conditioned by amino acid composition,
which varies between nAChR subunits [54]. So, α-conotoxin size and shape are important for their
interaction. However, α-conotoxins have been shown to be unselective [54]. This probably occurs
because the electrostatic surface is able to interact with the nAChR pocket subunits’ interface [18].
A basic explanation of this specific phenomenon is that it could occur due to the similarities between
the allosteric sites of different receptor subtypes [82]. Interestingly, it was suggested that nAChR
orthosteric sites (acetylcholine) are notably conserved among organisms from different taxonomic
groups [83].

α-Conotoxins have key residues that recognize their targets’ counterparts [54]. These amino acids
were detected by scanning mutation [70]. Mutations were developed to enhance the toxin’s activity or
selectivity [54]. However, this review will only mention the interactions of natural toxins and their
targets. As previously mentioned, α-conotoxins show the same spatial position pattern when acting on
targets [30]. This is due to the similar point-by-point connection between α-conotoxins and targets [70].
Natural α-conotoxins GIC, BuIA, and Iml, for example, show the characteristics of these interactions
(Figure 1B–D). As observed, α-conotoxins recognize the key interaction point of acetylcholine receptor
subtypes which are localized in (-) and (+)subunits’ interfaces [70]. GIC has the Ser4 common to
α-conotoxins [72]. Ser4 and Gln13 interact by hydrogen bond with (Asp162, Ser164, or Ser165) and
Ser112 from Ac-AChBP (-)subunits’ interface, respectively [84], while residues such as His5 and (Asn11,
Asn12) interact with (Tyr91, Tyr186) and (Glu191, Tyr193) from Ac-AChBP (+)subunits’ interface,
respectively [84]. As happens with Ser4 in α-conotoxins, Asn11 and Asn12 are shared between some
of these toxin groups [85] and shown to be significant for toxin interaction on loop C, localized at
Ac-AChBPs (+)subunits’ interface [70]. By alanine scanning mutation, it was observed that GIC has
important residues for interactions with Ac-AChBPs or hα3β2, but not for interactions with hα3β4
subtypes [84,86]. GIC (Gln13Ala) did not appear to be relevant in the interaction with Ac-AChBPs
or hα3β2 subtypes [84]. However, Gln13 produced a steric clash on Arg108 from (-)subunits hβ4,
preventing affinity with hα3β4 subtypes [84]. These differences are shown in the comparison of
acetylcholine receptor subtypes’ alignment (Figure S1C)

Similarly, BuIa shares Ser4, which is typical of α-conotoxins [57]. This serine makes a hydrogen
bond with Ser165 from Ac-AChBPs (-) subunits’ interface, while other residues do not seem to be
significant for Ac-AChBPs interaction [70]. However, BuIa shows affinity for neuronal nAChRs
containing rα6/α3 and β2 subunits, more than for rα4 or β4 subunit interfaces [57]. Lys185, Thr187,
Ile188, Thr198, and Tyr205 from rα6 (+)subunits’ interface were seen to be responsible for BuIa
interaction [87]. Another α-conotoxin, ImI, was active in homomeric α7 and α9 nAChRs [74,88].
Ser4 from ImI, like GIC and BuIa, is localized spatially, allowing it to interact with Asp162 from the
Ac-AChBPs (-)subunit interface [70]. Trp10 of ImI makes contact, by a hydrogen bond, with Arg77
from the same AChBP interface [89]. Arg7 and Arg11 contact (Tyr91, Tyr186, and Ile194) and Glu191
from the Ac-AChBP (+)subunit interface, respectively [70,89].

4. Conotoxins Interacting in Potassium Channels

Potassium channels are the most abundant and varied ion channels in nature [90]. They are
responsible for potassium flow across the membrane, allowing cell excitability to be maintained [91].
Other physiological roles of potassium channels involve cell proliferation, apoptosis and hormone
secretion [92]. When potassium channel disturbance occurs, autoimmune, chronic inflammatory and
metabolic diseases and cancer can develop [12]. Their fundamental organization is a tetrameric structure
of α-subunits, which constitutes the K+ selective filter [93]. Sometimes, α-subunits occur together
with accessory subunits (i.e., β) depending on the K+ channel type [94]. They are grouped in four
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large families, namely voltage-gated K+-channels (Kv) with 12 subfamilies [95], K+-channels activated
by calcium (Kca) with five subfamilies [96], inwardly rectifying (Kir) with seven subfamilies [97],
and two-tandem-pore domain K+-Channels (K2P) with 16 subfamilies [98]. Conotoxins that interact
with potassium channels have demonstrated that they are more active in (Kv) channels [99]. Thus,
this section will explain the structure of this channel group (Figure 2A,B). Kv channels (VGKCs)
are tetramers structured by α-subunits, in which each monomer has six transmembrane segments
(S1–S6) [94]. Segments S5 and S6 constitute the ion-selective filter, while segment S4, being positively
charged, plays an important role in the channel kinetics [93]. Therefore, voltage sensor S4 segment is
responsible for VGKCs’ activity [100,101].

Conotoxins that interact with VGKCs are varied in structure, since they are found in various
superfamilies (Tables S1–S3). κ-Conotoxins can be disulfide-rich conotoxins shared by A, I, J, M, O
superfamilies or conkunitzin-S1, or they can be disulfide-poor conotoxins such as contryphan-Vn [5].
Commonly, the contryphan group possesses a tryptophan or leucine residue in D-configuration and
presents variable activity [23]. Among them, contryphan-Vn, a κ-conotoxin with two cysteines, was
shown to be active in VGKCs and Kca [102]. Disulfide-rich κ-conotoxins, moreover, show different
frameworks (Table S2). This toxin group has some post-translational modifications such as C-terminal
amidation, N-terminal pyroglutamylation, γ-carboxylation, hydroxylation, and glycosylation [5].
The last is considered be more frequent in κ-conotoxins than in other conotoxin families [68]. Although
its role in κ-conotoxin activity has still not been identified, it is believed that this post-translational
modification could increase its half-life in vivo [103]. The role of other post-translational modifications
in κ-conotoxins is still unknown.

Disulfide-rich κ-conotoxins have been shown to be preferential blockers [5]. Thus, when interaction
occurs, the toxin can decrease K+-currents naturally produced by targeted channels without affecting
the action of their molecular mechanism (Figure 2E). An exception for this group is BTX [104].
This toxin, from C. betulinus venom, showed K+-currents increasing in a voltage-dependent manner
in Kca channels [104]. κ-Conotoxin blockers, however, interact directly with the pore localized in the
extracellular vestibule of VGKCs (Figure 2C,D). Conkunitzin-S1, from C. striatus venom, inhibited
K+-currents from pore-mutated Shaker potassium channels [4]. This toxin was showed to be a specific
blocker of mammalian Kv1.7 [105]. Similarly, other κ-conotoxins such as RIIIJ and RIIIK from C.
radiatus [106], SIVA from C. striatus [107], pl14a from C. planorbis [60], ViTx from C. virgo [108], sr11a
from C. spurius [109], and PVIIA from C. purpurascens [110] venoms blocked K+-currents from Kv1
and/or related Shaker VGKCs. In this way, it was observed that this toxin group acts in a similar
way to other animal toxin blockers [99]. Scorpion K+-blockers (KTx), for example, have at least four
interaction modes with their targets [111]. Of these, two interaction models have been demonstrated
to be similar to the κ-conotoxins’ activity: a dyad and “ring of basic residues” modes. The former
was experimentally observed using modeling studies with PVIIA [112–114]. A similar interaction
between RIIIJ and Kv1.2 channels was also observed [115]. The second model was observed in the
interaction of the RIIIK toxin with TSha1 channels from rainbow trout (Onchorhynchus mychiis) [116,117].
Other interaction modes have not yet been clarified for ViTx and sr11a toxins [108,109] because they
do not have dyad or “ring of basic residues” characteristics. In all cases, key amino acids localized in
the extracellular pore vestibule of K+-channels are necessary for toxin recognition [118].
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Figure 2. Potassium channels and κ-conotoxin interactions. (A) Basic structure of the α-subunit from
VGKCs showing segment S4 with positive charges and pore region structured by segments S5 and
S6. In this P-loop (highlighted in red) κ-conotoxins interact. Here, accessory subunits are omitted.
(B) VGKC organization by four α-subunits showing ion pore (P-loops). (C) κ-conotoxin PVIIA (PDB:
1AV3) interacting with related Shaker channels. In the dyad model, two amino acids (Lys and Phe) are
important for toxin interaction. Lys is inserted in the selective filter of potassium channel. (D) RIIIK
and related Shaker channel interaction. In this interaction 4-hydroxiproline residue at the 15th position
of RIIIK is responsible for the K+-flow block. (E) Typical electrophysiologic record of K+-currents
before (black) and after (red) adding the toxin. It can be observed that K+-currents decrease after
toxin application caused by ion pore obstruction. Here K+-current types are not considered. VGKC
structures were designed as described by the authors in the text.
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The dyad model is based on two key amino acid residues (basic and aromatic) strategically
distributed in the toxin [119]. κ-Conotoxins, such as PVIIA, show this pattern (Figure 2C). Previously,
some notable residues in PVIIA were characterized, including Lys7, Phe9, and Phe23, which are
important for channel interaction [112]. K7 is inserted in the ion-selective channel pore, physically
preventing ion flow, while the aromatic residues make hydrophobic interactions [113]. Mutagenesis
in both the toxin and Shaker channel demonstrated that Phe9 from the toxin is more relevant than
Phe23 in the interaction with F425 (loop between S5 and S6 segments) from Shaker VGKCs [112,120].
This interaction affinity occurs due to the structural nature adopted by both toxin and K+-channels,
which is related to the distances between residues, inter- and intramolecularly [118]. As an example
of this phenomenon, it has been shown that PVIIA is active in Shaker, but not in Kv1 channels [120].
This selectivity is based on the structure of each channel subtype. Both VGKC subtypes have
one equivalent aromatic residue homologous in interactions with the (Phe9) toxin. Nevertheless,
two residues (Thr449 and Asp447) cross-link in Shaker channels, favoring Phe23/Phe425 coupling
interaction [118]. The natural lack of this cross-linking in Kv1 and the mutation in Shaker channels
(Thr449Tyr) prevent hydrophobic interactions with Phe23 [118,120]. Other interaction points of PVIIA
allow toxin stabilization in the Shaker channel vestibule [112,118]. Recently, it was shown that the
N-terminal and intramolecular hydrogen bond network of PVIIA are important for toxin stabilization
in Shaker channel interaction [114]. In conclusion, PVIIA/Shaker channel interaction is due to two
strategically localized residues (Lys7 and Phe9) which allow the toxin activity. Lys7 occludes the pore,
preventing K+-flow, while Phe9 fixes the toxin to the K+-channel vestibule (Figure 2C). Other interaction
points such as Phe23 or Arg2 are necessary for toxin stabilization [118].

The other model, the “ring of basic residues”, is based on the distribution of basic residues
(Arg and/or Lys) along the molecule, which are spatially arranged when a disulfide bond occurs,
forming the basic ring [111]. In a similar manner, basic residues of RIIIK electrostatically interact
with diverse points of the pore region vestibule from TSha1 channels, and Glu354 in TSha1 is the
most important [117]. Leu1, Arg10, Lys18, and Arg19 showed their importance for RIIIK activity, and
it was demonstrated that there is no aromatic residue typical of the dyad model [116]. A mode of
interaction between KTx (scorpion toxins) and VGKCs, for example, could explain this phenomenon.
It has been suggested than the electrostatic interaction between the basic ring of the KTx and the
potasium-channel disrupts K+-flow [111]. However, for this specific case, RIIIK has a post-translational
modified residue (4-hydroxiproline at the 15th position, γ15) that interacts with the VGKC, blocking
the K+-flow [117]. So, it was suggested that the RIIIK basic ring anchors the toxin to the pore vestibule
from TSha1 channels, while its γ15 residue interacts with carbonyl groups localized on the selectivity
filter of VGKCs, altering the normal ionic flow (Figure 2D) [117].

5. Conotoxins Interacting with Voltage-Gated Sodium Channels

Voltage-gated sodium channels (VGSCs) are tetrameric structures that allow the sodium ion
to pass through the membrane leading to cell depolarization, which is necessary for physiological
activity [121]. VGSCs are responsible for starting action potentials in neurons, muscle and immune
system cells, among others [91]. These channels could be classified in nine subtypes (Nav1.1 – Nav1.9) or
isoforms, which are distributed among various tissues performing their function [122]. When altered,
VGSC subtypes are involved in several diseases such as epilepsy, pain disturbance, autism, and
diabetes [14,123]. They are structured by two subunits, the first an α-subunit that composes the
ion-selective pore, and the second an accessory β-subunit [121]. The α-subunit is a tetrameric structure
made of four domains (DI–DIV), and each domain is structured by six transmembrane segments named
(S1–S6) [124,125] (Figure 3A,B). Segments S5 and S6 constitute the Na+-selectivity filter of VGSCs,
while S4 segments from each domain are voltage sensors responsible for VGSC activity [121,126]. S4
segments from the DII domain are responsible for VGSC activation while S4 segments from the DIV
domain are responsible for fast inactivation [121,127]. VGSCs are the target of diverse toxic compounds
and each acts on different points of these channels [128]. Depending on the binding site of VGSCs, the
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toxins exert different effects on them (Figure 3C–E). For example, scorpion toxins are VGSC modulators
because they interact with the loops related to the S4 voltage sensors from DII or DIV; thus, they can
modulate activation or fast inactivation of VGSCs, respectively [129]. Depending on the superfamily
origin, conotoxins act as modulator or blockers of VGSCs (Table 1, Tables S1 and S3).

Conotoxins acting on VGSCs are divided in four families according to their function, and these
are μ-, μO-, δ-, and ι-conotoxins [5]. With the exception of μ-conotoxins, the pharmacophore of
these toxins is yet to be identified [130], and interaction experiments with their targets are necessary
to enhance understanding in this area. These conotoxin groups will therefore be briefly discussed
with special emphasis on μ-conotoxins. Conotoxins that target VGSCs show some post-translational
modifications. The most common is C-terminal amidation, but there are others that are less frequent,
such as pyroglutamate and hydroxyproline [131]. Despite poor knowledge about post-translational
modifications, some investigations have been carried out. For example, some amino acids occur with
dextrogyre format in natural ι-conotoxins [132,133]. When a laevogyrate format is substituted by
natural D-Phe44 in ι-RXIA, its activity is decreased or lost in VGSCs tested [132,133]. Similarly, two
toxins close to ι-RXIA (r11a and r11b) were epimerized [132]. However, only one of them decreased its
activity in VGSCs [132]. μ-Conotoxins with natural folding show specific activity in their targets. An
experiment made with synthetic cysteine isomers of PIIIA, KIIIA, and KIIIB showed activity in VGSCs,
but with diverse affinities [134,135], showing that a defined three-dimensional structure is important
for toxin/VGSC interaction [25].

ι-Conotoxins are the least studied group. Only two toxins have been identified [33]. ι-LtIIIA,
from C. litteratus, has six cysteines, exhibiting a type III framework shown to facilitate sodium currents
from root ganglion neurons [136]. ι-RXIA and its analogs from C. radiatus, with eight cysteines and
framework type XI, elicited action potential in amphibian peripheral axons [137]. Curiously, in spite
of structural differences, these two toxins showed equivalent activities [132,136,137]. An interaction
analysis made with ι-RXIA showed that this toxin can left-shift the voltage-dependent activation from
mammal VGSCs [133]. Although not yet full identified for this toxin group, this phenomenon could
occur by interaction with S4 of domain DII from VGSCs [138]. Likewise, ι-conotoxins act like β-toxins
from scorpions. β-toxins interact with the S3-S4 loop of DII, trapping the S4 movement in pre-open
states from VGSCs [124]. Consequently, it will be necessary to apply less energy to activate VGSCs
again, and because of this, the voltage is shifted to hyperpolarizing states (Figure 3A,C).

As with ι-conotoxins, it was suggested that μO-conotoxins interacting with the S3-S4 loop of DII
trap the S4 movement from VGSCs, but only inhibit Na+-conductance [138]. Therefore, members of
this conotoxin group are modulators but not blockers (Figure 3A,D). μO-conotoxins are hydrophobic
polypeptides stabilized by a six-cysteine ICK-motif [139]. These structural and hydrophobic features
are challenging due to their synthesis and later folding [5]. Few μO-conotoxins have been described
until now, but MrVIA, MrVIB, and MfVIA have been the best studied [5,33,138]. They have showed
blocking, preferentially, Nav1.8 subtypes [131]. MrVIA and MrVIB toxins, from C. marmoreus, blocked
voltage-gated sodium currents from snail neurons [140,141]. MfVIA, from C. magnificus and inhibited
Na+ currents from human VGSCs [142]. Particularly, it was suggested that loop 2 from the MrVIB
structure has some flexibility that allows its interaction with VGSCs [139]. Additionally, by mutagenesis
of Nav1.2 and Nav1.4 channels, MrVIA showed interactions with the SS2 pore loop of DIII in Nav1.4
subtypes [143]. Interestingly, MrVIA also interacts with the S4 of DII in VGSCs, therefore also interfering
in their activation [144] in a similar way to the activity of β-toxins from scorpion venom. β-toxins
could interact with the S3-S4 loop of DII, S2-S3 loop of DII, and SS2 loop of DIII [145,146]. These last
interaction points are proposed, anchoring the β-toxin to VGSCs while the interaction with S4 from DII
provides its activity [147]. It is possible that, like β-toxins, μO-conotoxins could exert their function by
interacting with the S4 loop from DII, while they are anchored to the SS2 pore loop of DIII (Figure 3A).
A recent study with MfVIA showed that this conotoxin could interact with voltage sensor points
embedded in membrane, generating a voltage shift [148]. On the whole, these findings contribute to
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the idea that μO-conotoxins could be considered an independent conotoxin family [149]. However,
this group is included in the μ-conotoxin group (Table 1), which comprises conotoxin blockers.

Like ι- and μO-conotoxins, δ-conotoxins are VGSC modulators, but they target a different locality
from those mentioned regarding other modulators [150,151]. To date, over 22 δ-conotoxins have been
described [138]. They have six cysteines with a framework VI/VII pattern stabilized in ICK-motif [5].
Like μO-conotoxins, this toxin group has also been difficult to obtain synthetically and to investigate [5].
This is due to their hydrophobic amino acids distributed along molecules. It was suggested that some
of these residues could be important for toxin/VGSCs interaction [138,151]. In fact, three residues
(positions 12, 23, and 25) differentiated in δ-CnVIB, δ-CnVIC, and δ-CnVID toxins, respectively, showed
selectivity toward mammalian VGSC subtypes [152]. These toxins, from C. consors, have residues
positioned at (12Ile or 12Phe), (12Phe, 23Phe, and 25Leu), and (25Phe), and they have been seen
to be selective to Nav1.2, Nav1.3 and Nav1.4 isoforms, respectively [152]. A previous study made
with GmVIA, from C. gloriamaris, produced an extended action potential in molluscan neurons [150].
This phenomenon is caused by the modification from fast inactivation in VGSCs, as demonstrated by
NgVIA and δ-TxVIA toxins’ activity, from C. nigropunctatus and C. textile, respectively [153]. Indeed,
SVIE, from C. striatus, interacted with a hydrophobic triad (Tyr-Phe-Val) present at the S4 of DIV from
VGSCs [154]. In this interaction (Figure 3A), δ-conotoxins decreased the fast inactivation process by
trapping S4, like the interaction mode of α-toxins from scorpions [154]. Recently, an interaction study
made with δ-EVIA and Nav1.7 showed that the δ-conotoxin additionally interacted with segment S5 of
DI [155]. Identification of one Na+-current registered when normal kinetic inactivation of VGSCs is
affected is shown in Figure 3E.

Differently to previously mentioned modulators, μ-conotoxins inhibit Na+ currents but block
VGSCs [40]. More than 20μ-conotoxins have been described [138], and this group is the most thoroughly
characterized among conotoxins that act on VGSCs [5,130,156]. μ-Conotoxins have different cysteine
frameworks depending on their superfamily origin [33]. The most common representatives among
them are from the M superfamily with six cysteines and type III or IV frameworks [5]. μT-LtVD,
from C. litteratus, belongs to the T superfamily and has four cysteines with type V framework [157].
See tables (Table 1 and Tables S1–S3) for structure/function. This toxin group is known for targeting
VGSCs sensitive to tetrodotoxin (TTX) or saxitoxin (STX) (Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, and
Nav1.7), but not for (Nav1.5, Nav1.8, or Nav1.9) mammalian subtypes [158]. They interact with overlap
sites for TTX or STX in the filter pore from VGSCs [159,160]. μ-conotoxins’ activity on insensitive TTX-
VGSCs has not yet been described [33]. However, some of them were described as promiscuous and
also act on VGKCs. μ-SIIIA and μ-PIIIA blocked Kv1.1 and Kv1.6 channels [161]. These interactions
were identified in in silico studies [162]. Among the VGSCs targeted, μ-conotoxins are more selective
toward Nav1.4 and Nav1.2 subtypes, respectively [5]. μ-Conotoxins have basic amino acid distribution,
with one of them in the ~13th position key to blocking VGSCs (Figure 3B) [138,163]. Their net positive
charge contributes to electrostatic interaction [164]. This facilitates toxin positioning on the local
binding site of VGSCs, independently of the basic amino acid distribution [130]. This basic feature
of μ-conotoxins could be attracted by the acidic nature of residues localized on outer pore loops of
VGSCs [165]. Carboxylates localized in VGSCs’ outer filter are responsible for Na+ permeation [166]
and they are the target of μ-conotoxins [130], thus blocking ion flow (Figure 3A,B,D).
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Figure 3. Voltage-gated sodium channels and conotoxins that interact with them. (A) Basic structure
of the α-subunit of VGSCs. This is constituted by four domains, which compose the Na+ pore.
Each domain shows segment S4 with positive charges and pore region structured by segments S5 and
S6. Here different interaction localities by conotoxins are showed. Accessory subunits are omitted in
this design. (B) μ-Conotoxin GIIIA (PDB: 1TCJ) interacting with Nav1.4 channel. Arg13 of GIIIA blocks
Na+-flow by interaction with DEKA ring and outer carboxylates of Nav1.4 (showed in the alignment).
Other interaction points are described in the text. (C) Representative curve of open kinetic states from
VGSCs. Maximal Na+-current before (black) and after (red) adding the toxin, for each stimulus, with
fitted Boltzmann equation. Po is the open probability when a voltage is applied in VGSCs, while Vh is
the open probability of 50% of these channels. When voltage sensor S4 of domain II is trapped by the
ι-conotoxins a voltage shift for hyperpolarized states is observed. (D) Typical electrophysiologic record
of Na+ currents before (black) and after (red) adding the toxin. It can be observed that Na+ currents
decrease after toxin application. (E) Typical electrophysiologic record of Na+ currents before (black)
and after (red) adding the toxin. Here VGSCs cannot carry out their fast inactivation. Consequently,
these keep their open states for more time. VGSC structures were designed as described by the authors
in the text.
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GIIIA, KIIIA, BuIIIB, and PIIIA μ-conotoxins have been studied using computational methods
which agreed with experimental data [167]. Various models have been tested in the attempt to research
μ-conotoxin/VGSC interactions, using elucidated sodium channel structures from bacteria [168,169].
A successful model, using the Nav1.4 subtype created from these basic sodium channel structures, was
used [170]. It has led to a better understanding of interactions between μ-conotoxins and VGSCs [167].
To date, GIIIA have been the best characterized (Figure 3B) [130]. Experimentally, this toxin interacted
with the four domains of pore vestibule from Nav1.4 channels [163]. Specifically, residues localized in
the S5–S6 loop of D2 could be important for μ-conotoxin/VGSC stability [171]. Amino acid interactions
for GIIIA/Nav1.4, such as for Lys8/Asp1248, Lys 11/(Asp 1241 and Asp 1532), Lys16/(Glu758 and Asp
1241), and Arg19/(Asp 762), were found [165,169,170]. Arg13 directly interacted with the selective filter
(DEKA ring) and outer carboxylates [130,168], Arg13/(Glu 403, Glu 758, and Asp1532), blocking ion
flow [165].

6. Conotoxins Interacting with Voltage-Gated Calcium Channels

Like sodium channels, voltage-gated calcium channels (VGCC) are tetramers of four domains
(DI–DIV) which constitute the α-subunit (Figure 4A,B) [172,173]. Each domain is structured by six
transmembrane segments named (S1–S6), and segments S5–S6 are responsible for the ion flow while
S4 is positively charged [172,174]. S4 is a voltage sensor and is responsible for opening and closing the
channel’s mechanism of action [175]. Furthermore, accessory structures (β, α2δ, and γ1) can be present,
depending on VGCC subtype [174,176]. VGCCs could be involved in multiple physiological functions
such as muscle contraction, hormone and neurotransmitter secretion, enzyme activation, etc. [177].
Their specific function can vary with the VGCC subtype. They are classified as (Cav1.1–Cav1.4),
(Cav2.1–Cav2.3), and (Cav3.1–Cav3.3) channels [177]. Cav1 and Cav2 groups are sensitive to high
voltage, while the Cav3 group is sensitive to low voltage [13]. ω-conotoxins target Cav2.2 channels, and
thus this toxin group is responsible for affecting N-type currents [33,178]. Other ω-conotoxins are active
in P/Q-type Ca++ currents [178,179]. These current types are produced by Cav2.1 channels localized
in Purkinge neurons and cerebellar granule cells (P/Q) [176]. Cav2.2 channel subtypes are known as
N-type because they are exclusively neuronal and express a Ca++ current component that is different
from L-type (Cav1.1–Cav1.4) or T-type (Cav3.1−Cav3.3) components [176,179]. Thus, these channel
subtypes are involved in nociception more than in any other physiologic process [180]. Interestingly,
from of MVIIA, a ω-conotoxin purified from Conus magus venom, was developed PrialtTM as drug for
the treatment of neuropathic pain [181]. Curiously, this is only conotoxin currently guaranteed by the
FDA for use [17].

Like κ- or μ-conotoxins, ω-conotoxins are pore-blockers (Figure 4A,B,D), interacting with the outer
vestibule of VGCCs [178]. They belong to the O1 superfamily, sharing a three-dimensional structure with
other conotoxins (Table S1) [21]. ω-Conotoxins are structured by six cysteines showing β-sheets in their
ICK motif [182,183]. They have a type VI/VII Cys framework (Table S2). This configuration confers on
ω-conotoxins four variable inter-cysteine loops that allow their affinity [178]. Other characteristics are
their net positive charges [184], which are important in interaction with their targets [178]. Conotoxins,
with different features, act on VGCCs and have been described. Contryphan-M, a conotoxin from
C. marmoreus, has only two cysteines and shows activity in L-type currents [185]. Also, RsXXIVA,
from C. regularis, has eight cysteines without a defined framework and showed activity in the Cav2.2
channel current [186]. Varied post-translational modifications are not frequent in this conotoxin
group (Figure 4C). They show the typical amidated C-terminal found among conotoxins, and some
of them have hydroxyproline in their primary sequence [184]. It was detected that substitutions of
hydroxyproline by proline did not affect GVIA activity [187]. Studies about the role of post-translational
modifications in ω-conotoxins are still needed for more clarification.
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Figure 4. Voltage-gated calcium channels and ω-conotoxin interactions. (A) Basic structure of the
α-subunit of VGCCs. This is constituted by four domains, which compose the Na+ pore. Each domain
shows segment S4 with positive charges and pore region structured by S5 and S6 segments. Here is
showed only one known interaction point by ω-conotoxins. Accessory subunits such as β or α2δ are
showed. (B) ω-Conotoxin GVIA (PDB: 2CCO) interacting with Cav2.2 channel. Specific interaction
points among them are unknown. (C) ω-Conotoxins alignment showing cysteine connectivity and
loops. Key amino acids for interaction with their targets are highlighted. * C-terminal amidated, O
hydroxyproline. (D) Typical electrophysiologic record of Ca++ currents before (black) and after (red)
adding the toxin. It can be observed that Ca++ currents decrease after toxin application. Here Ca++
current types are not considered. VGCC structures were designed as described by the authors in
the text.

Structurally, ω-conotoxins have some key amino acids distributed in their loops [178]. As a
principal residue, Tyr13 (loop 2) is determinant in ω-conotoxin/VGCC interactions, while other
residues that are not conserved have affected their affinity [188]. Lys2 (loop1), also conserved among
ω-conotoxins (Figure 4C), is important for toxin interaction [187,189,190]. Arg17 (or Arg21 depending
on the toxin), Tyr22, and Lys24 in loop 4 are related to binding affinity, while Lys or Arg10 (loop
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2) could be related to selectivity toward Cav2.1 or Cav2.2, respectively [5]. In contrast, residues
localized between the pore region and S5 loop of domain DIII from Cav2.2 have been shown to be
important for ω-conotoxins [191]. One residue from this locality, Gly1326, was key for GVIA and
MVIIA recognition [192]. GVIA is the most studied ω-conotoxin; however, to date, the interaction
point-by-point ofω-conotoxin/VGCC still needs to be elucidated [31]. In comparison withω-conotoxins,
little has been established about VGCC mutations to evaluate toxin/channel interaction. Consequently,
molecular dynamics simulations are restricted [5,193], leaving gaps in the knowledge of this approach.

7. Conclusions

It was observed that conotoxins and their targets have strategic amino acid residues that determine
their interaction. Key residues from conotoxins have been demonstrated to be important because they
confer activity and specificity. These findings are of extreme importance. Nevertheless, there are other
features involved in the toxin/target interaction. For example, the electrostatic surface could define
toxin potency. The electrostatic surface is attributed by characteristics such as cysteine framework
and pair-linking, post-translational modifications and amino acid composition. However, as regards
conotoxins, studies focusing on these characteristics are still under way. Also, each conotoxin has a
special three-dimensional structure (shape) that allows them to fit into their target. There are two
possible interaction modes between conotoxins and targets. α-Conotoxins show a full superficial
interaction with the target because they are inserted into the binding site. In contrast, conotoxins acting
on ion channels have one defined interaction patch. In this case, key amino acids that are important for
their interaction are spatially site-directed.

In spite of conotoxins’ abundance and the structure/function variety, it is curious that only Prialt®,
a conotoxin that acts on calcium channels, has been developed as a drug. The promiscuity of conotoxins
poses a challenge to their development as future drugs. These findings suggest that the targets’
interaction points are very similar among subtype groups. The conotoxin/specific target interactions
are closely related. In general, for any protein/protein interaction process, the three-dimensional
electrostatic surface of conotoxins and their specific targets’ contact area must be carefully analyzed
because these features are provided by the space distribution of amino acids. This characteristic
determines a key–lock effect which leads to harmonized interactions. For some conotoxin families,
such as κ-, ι-, δ-, or ω-conotoxins, more investigation into this area is still necessary.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/6/370/s1,
Figure S1: (A) Cysteine connectivity adopts different isomers in α-conotoxins. Structures as described by the
authors in the text. (B) Some α-conotoxin alignments showing key amino acid residues highlighted. * C-terminal
amidated, O hydroxyproline and γ gamma carboxylic glutamic acid. (C) ACh receptors (-)subunits alignment.
Table S1: Conotoxin superfamily classification and families involved. Table S2: Conotoxin Cys framework category
and families involved. Table S3: Generic classification and basic structure features from conotoxins.
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Abstract: Marine cone snails are carnivorous gastropods that use peptide toxins called conopeptides
both as a defense mechanism and as a means to immobilize and kill their prey. These peptide
toxins exhibit a large chemical diversity that enables exquisite specificity and potency for target
receptor proteins. This diversity arises in terms of variations both in amino acid sequence and
length, and in posttranslational modifications, particularly the formation of multiple disulfide
linkages. Most of the functionally characterized conopeptides target ion channels of animal nervous
systems, which has led to research on their therapeutic applications. Many facets of the underlying
molecular mechanisms responsible for the specificity and virulence of conopeptides, however, remain
poorly understood. In this review, we will explore the chemical diversity of conopeptides from a
computational perspective. First, we discuss current approaches used for classifying conopeptides.
Next, we review different computational strategies that have been applied to understanding and
predicting their structure and function, from machine learning techniques for predictive classification
to docking studies and molecular dynamics simulations for molecular-level understanding. We then
review recent novel computational approaches for rapid high-throughput screening and chemical
design of conopeptides for particular applications. We close with an assessment of the state of the
field, emphasizing important questions for future lines of inquiry.

Keywords: conotoxins; conopeptides; computational studies; molecular dynamics; machine learning;
docking; review; drug design; ion channels

1. Introduction

Marine cone snails from the family Conidae capture their prey and defend themselves using
venoms containing short proteins called conopeptides [1,2]. The majority of these toxins range in
sequence length from 10 to 45 amino acids, with a median size of 26 residues [3]. Every species from
the family Conidae can produce in excess of a thousand types of conopeptides; it is estimated that
that only 5% of the peptides are shared between different species [4]. This large chemical diversity is
primarily driven by evolutionary pressure for improving defense and/or prey capture [2], with sudden
ecological changes likely driving the selection of new fast-acting conopeptides [5,6]. Although several
classes of “disulfide-poor” conopeptides have been recently identified [7,8], the majority of cone
snail toxins contain multiple disulfide linkages within a single peptide chain that allow the adoption
of highly-ordered structures [9]. In fact, disulfide bond formation is the most prevalent type of
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posttranslational modification seen in conopeptides [10], although other types of modifications
have also been observed, including proline hydroxylation [11], tyrosine sulfation [12], C-terminal
amidation [13], O-glycosylation [14], and addition of gamma-carboxyglutamic acid [15].

During the review of the current literature on conopeptides, we noticed that the term “conotoxin”
has sometimes been used interchangeably with the term “conopeptide” [15,16]. In this review,
following the definition given in [17], we instead draw a distinction and employ the term “conotoxin”
to refer to the specific subset of the conopeptides that contain two or more disulfide bonds.

Conopeptides are potent pharmacological agents that bind with high specificity to their target
proteins (equilibrium dissociation constants or kD values in the nM range) [18]. Broadly, the protein
families targeted by conopeptides are grouped into the following three categories [19]: (i) ligand-gated
channels such as nicotinic acetylcholine receptors (nAChRs) [20]; (ii) voltage-gated channels for
sodium [21], potassium [22], and calcium [23]; and (iii) G protein-coupled receptors (GPCRs) [24].
Although these targets belong to various protein families, the same physiological effect is achieved by
conopeptide binding: disruption of signaling pathways, which leads to the inhibition of neuromuscular
transmission and, ultimately, prey immobilization [25,26].

Due to their highly specific and potent binding modes, conopeptides can exhibit significant
toxicity in humans—Conus geographus stings have reported fatality rates of 65 percent—which has led
to discussions of weaponization potential by biosecurity experts and establishment of USA federal
regulations that place restrictions on research into particular conopeptide classes [27–29]. Nevertheless,
the conopeptide chemical space is vast and most are not considered to be bioterrorism threats; indeed,
conopeptides have become useful research tools for understanding the physiological functions of their
target proteins and have emerged as valuable templates for rational drug design of new therapeutic
agents in pain management [30–36]. An important milestone was the approval of the conotoxin
ω-MVIIA from Conus magus as a commercial drug for chronic pain under the name Prialt (generic
name ziconotide) [37,38].

Recent years have seen a growing availability and refinement of computational resources and
algorithms that can be used for gaining more insights on structure-function relationships in conopeptides.
For instance, there is now an increasing emphasis on the use of in silico methods, either alone or in
combination with experimental techniques, for molecular-level understanding and protein engineering
for drug design [39,40]. The explosion of machine learning (ML) techniques and use-cases has led to a
focus on the creation of large databases that can be mined for predictions [41]. Meanwhile, molecular
dynamics simulations offer a straightforward and ever-more-efficient method for probing protein
conformations in detail [42–44], while docking studies provide a rapid complementary method to predict
binding affinities and modes of ligands bound to large complexes [45,46]. Finally, combinations of
these methods are being applied to design problems in such disparate areas as the creation of drug-like
molecules [47], the identification of antimicrobial peptides [48], and the discovery of novel materials [49].

In this review, we provide an overview of how such computational techniques have been exploited
to enrich our understanding of the molecular mechanisms behind conopeptide function and binding,
predict their targets and binding affinities, and ultimately design novel conopeptides for specific
applications in a rational manner. We begin in Section 2 by discussing the classification and structure
of the family of conopeptides in general. In Section 3, we present a detailed review of computational
studies that have been performed, ranging from machine learning predictors of conopeptide categories
to molecular dynamics and docking studies for structure and folding characterization and binding
mode elucidation to large-scale computationally-driven rational design of conopeptides for specific
applications. In Section 4, we discuss the current state of the field, and, in Section 5, we briefly conclude.
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2. Background

Despite the vast number of different conopeptides and their overall diversity, some similarities do
emerge, and it is customary to employ different classification schemes to categorize information
about different aspects of these similarities. Since such similarities may arise from different
origins—for example, evolutionary similarity versus functional similarity—classification schemes
encoding different information do not necessarily provide overlapping categories. In the next sections,
we introduce some of the most commonly used schemes and discuss their relationships and some
implications for understanding the structures and functions of conopeptides.

2.1. Categories of Conopeptide Classification

Classification schemes exist that describe aspects of conopeptide similarity ranging from those
based solely on sequence to those based on a mixture of sequence and structural properties to those
based on specific in vivo functionality [3,50], some of which are simple to determine for all conopeptides
with known sequence, others of which have only been determined for small subsets of all identified
conopeptide sequences (see Table 1 for a summary).

Table 1. Different categories used to classify the conopeptides, along with the basic type of
categorization and a brief description.

Category Type Description

Gene superfamily sequence Clustering of precursor region
Cysteine framework sequence Arrangement of cysteines
Loop class sequence Number of amino acids between cysteines
Disulfide connectivity structure Pattern of disulfide bond formation
Fold structure General three-dimensional structure
Subfold structure More specific three-dimensional structure
Pharmacological family action Target and mode of action (agonist, antagonist, etc.)

2.1.1. Gene Superfamily

Gene superfamily is an evolutionary classification in which conopeptides are assigned a category
based on clustering of the slowly evolving region of the precursor protein that is processed by the
endoplasmic reticulum [1]. Gene superfamily is strictly a mark of evolutionary similarity within the
precursor regions, and is of limited use in finding conservation patterns within the hypervariable
regions that are actually transcoded into mature toxins. (See Figure 1 for an example of two
conopeptides of gene superfamily A that have highly similar precursor regions but very different
mature toxin sequences.)

Figure 1. Comparison of two conotoxin sequences from Gene Superfamily A. Matching precursor
signal sequence regions are in blue, places where the precursor regions do not match are in green, and
the mature toxin regions are in red. The remainder of the sequences comprising the N-terminal and
C-terminal pro-regions are in black. (a) sequence of conotoxin Ac4.1 from Conus achatinus; (b) sequence
of conotoxin Ac1.2 from Conus achatinus.
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2.1.2. Cysteine Framework and Loop Class

In contrast to the gene superfamily, the cysteine framework of a conopeptide is a category assigned
based on the sequence of amino acids of the toxin region itself. It generally refers to the pattern of
neighboring and non-neighboring cysteines in the sequence [50] (It should be noted that there has
historically been some confusion in the literature over the use of the term “cysteine framework.” In
addition to the way it is presented here, it has sometimes been used to refer to a more structure-based
categorization that includes the pattern of disulfide bonds that form between non-neighboring cysteines.
We describe disulfide connectivity separately and adopt the definition of cysteine framework as described
by [50]). For example, Figure 2 shows examples of framework I, corresponding to the cysteine pattern
CC-C-C, and framework III, corresponding to the cysteine pattern CC-C-C-CC. There is one exception
to the general rule for framework definition: peptides with a cysteine pattern of CC-C-C and a
hydroxyproline residue between cysteines three and four are assigned to framework X, while all other
peptides with a cysteine pattern of CC-C-C are assigned to framework I. Twenty-seven such frameworks
are currently recognized (see Table 2), and any new conopeptide may be straightforwardly assigned a
framework from knowledge of its amino acid sequence. If, in addition to noting which cysteines are
neighboring and which are not, one chooses to classify conopeptides based on intrasequence cysteine
distance, one may employ the conopeptide loop class instead of the cysteine framework. A particular
loop class is defined by the number of amino acids between the cysteines, where that number is zero for
neighboring cysteines (see Figure 2 for two examples).

Figure 2. Illustration of sequence, cysteine framework and loop class for (a) α-conotoxin ImI (Protein
Data Bank or PDB structure 1G2G [51]) and (b) μ-conotoxin CnIIIC (PDB structure 2YEN [52]). In
the illustrative 3D structures on the left, disulfide bonds are represented as yellow sticks. Images of
peptides were generated with Pymol [53].
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Table 2. Summary of cysteine frameworks, with defining pattern and number of cysteines. Data
compiled from the Conoserver, an automatically-updating online repository of conopeptide data [17,54].
In the entry for framework X, .[PO] represents an interceding hydroxyproline residue.

Framework Name Pattern No. Cysteines

I CC-C-C 4
II CCC-C-C-C 6
III CC-C-C-CC 6
IV CC-C-C-C-C 6
V CC-CC 4
VI/VII C-C-CC-C-C 6
VIII C-C-C-C-C-C-C-C-C-C 10
IX C-C-C-C-C-C 6
X CC-C.[PO]C 4
XI C-C-CC-CC-C-C 8
XII C-C-C-C-CC-C-C 8
XIII C-C-C-CC-C-C-C 8
XIV C-C-C-C 4
XV C-C-CC-C-C-C-C 8
XVI C-C-CC 4
XVII C-C-CC-C-CC-C 8
XVIII C-C-CC-CC 6
XIX C-C-C-CCC-C-C-C-C 10
XX C-CC-C-CC-C-C-C-C 10
XXI CC-C-C-C-CC-C-C-C 10
XXII C-C-C-C-C-C-C-C 8
XXIII C-C-C-CC-C 6
XXIV C-CC-C 4
XXV C-C-C-C-CC 6
XXVI C-C-C-C-CC-CC 8
XXVII C-CC-C-C-C 6

2.1.3. Fold and Subfold Class

If instead of employing a sequence-based classification, one employs a structure-based scheme,
conopeptides may also be divided into different fold and subfold classes due to the high structural
similarities that are often enforced by the disulfide connectivities of the cysteines (see also Sections 2.1.4
and 2.2.2). Fold and subfold are structural categorizations for conopeptides that have determined
three-dimensional (i.e., secondary and tertiary) structures [3,55], with subfold being a subset of
fold class that encompasses finer secondary structural detail. There are 13 folds and 18 subfolds
currently defined (see Figure 3), but at the time of this article there are only 161 determined
conopeptide structures in the Protein Data Bank (PDB), of which 114 represent unique sequences or
post-translationally modified sequences [56], and many fall into only four of the thirteen folds: A, B, C,
and D (cf. Figures 3a–d and 6a). For a more detailed discussion of the precise characteristics of each
fold and subfold class, the interested reader is referred to Akondi et al. [3].
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Figure 3. The thirteen major conopeptide folds described in Akondi et al. [3], shown by representative
examples from the PDB [56]. Disulfide bonds are represented as yellow sticks. All images rendered
in Pymol [53]. (a) Fold A, also referred to as the “globular” fold: conotoxin α-RgIA, PDB structure
2JUT [57]; (b) Fold B: conotoxin μ-CnIIIC, PDB structure 2YEN [58]; (c) Fold C, also referred to as
“cysteine knot” fold: conotoxin δ-EVIA, PDB structure 1G1P [59]; (d) Fold D, also referred to as “ribbon”
fold: ribbon isoform of conotoxin α-GI, PDB structure 1XGB [60]; (e) Fold E, also referred to as “beaded”
or “beads-on-a-string” fold: conotoxin χ-CMrVIA, PDB structure 2B5Q [61]; (f) Fold G: conotoxin
κ-PIXIVA, PDB structure 2FQC [62]; (g) Kunitz fold: conkunitzin-S2, PDB structure 2J6D [63]; (h) Fold
H: conotoxin MrIIIe, PDB structure 2EFZ [64]; (i) Fold I: Conotoxin α-PIVA, PDB structure 1P1P [65];
(j) Fold J: contryphan-Vn, PDB structure 1NXN [66]; (k) Fold K: conantokin-G, PDB structure 1AD7 [15];
and (l) Fold L: conomarphin, PDB structure 2YYF [67]. There is no representative structure in the PDB
for Fold F. The interested reader is referred to the original paper by Zhang et al. [68], which contains
the characterization of the only determined structure of this fold.

2.1.4. Disulfide Connectivity

One aspect of conopeptides that has sometimes been employed for their classification is the
disulfide connectivity of their cysteines; that is, which cysteines are connected to which via covalent
disulfide bonds. Disulfide connectivity is of particular interest for two reasons: (i) patterns of
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disulfide connectivity in the primary structure of conopeptides play an important role in defining their
three-dimensional structure [69] and thus their fold/subfold classes, although the extent to which
specific disulfide bonds are important to retaining the native structure can be peptide-dependent [70],
and (ii) although it is common to describe conopeptides in terms of their “native” disulfide connectivity,
multiple different connectivities for a single peptide have been observed in vitro, which may
correspond to stable, metastable, or off-pathway structural isomers, and which often display different
properties than the native structure [71] (see Sections 2.2.2 and 4 for further discussion of this point).

In Figure 4, we show the structures resulting from some common disulfide connectivities. For
instance, in conopeptides containing four cysteine residues, disulfide formation between cysteines 1–3
and 2–4 leads to the so-called “globular” structure with α-helical content (Figure 4a left and Figure 3a).
In contrast, disulfide formation between cysteines 1–4 and 2–3 leads to the so-called “ribbon” structure
with β-sheet content (Figure 4a right and Figure 3d). As another example, in conopeptides containing
six cysteine residues, disulfide formation between cysteines 1–4, 2–5, and 3–6 leads to a “cysteine knot”
structure (Figure 4b left and Figure 3c). However, disulfide formation between cysteines 1–5, 2–4, and
3–6 leads to a different overall tertiary structure (Figure 4b right and Figure 3h).

Figure 4. Different disulfide connectivities lead to different conotoxin structures. (a) With four cysteines,
two different connectivities can lead to either a “globular” structure with α-helical content (left, PDB
1PEN for conotoxin α-PnIA [72]) or a flattened “ribbon” structure which often, but not always, displays
β-sheet content (right, PDB 2EW4 for conotoxin α-MrIA [73]). (b) With six cysteine residues, two
connectivities that differ only in the first two disulfide bonds can lead to either a “cysteine knot”
structure with β-sheet content (left, PDB 1AG7 for conotoxin μ-GS [74]) or another structure with no
discernable secondary structure content (right, PDB 2EFZ for conotoxin MrIIIe [64]).

2.1.5. Pharmacological Family

Finally, if one chooses to classify conopeptides based on their mode of action, their
pharmacological family may be assigned. Pharmacological families group conopeptides based
on their target receptor and the type of interaction with this receptor, of which 12 such families
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are currently recognized [17,54] (see Table 3); however, mode of action is also not a quantity that
is straightforward to determine from the sequence, and as of now, only 243 of the more than
6000 sequences downloadable from the Conoserver (an automatically-updating online repository of
information about conopeptides [17,54]) have an associated pharmacological family (The Conoserver
is the most complete repository of compiled information on the conopeptides the authors of this review
were able to find and forms an excellent reference for any researcher in the field; however, it should be
noted that there are over 400 sequences that currently appear to be inaccessible via the search function
or download. Readers may refer to the Uniprot database as well [75].).

Table 3. Summary of pharmacological families, their targets, and their modes of action. Data compiled
from the Conoserver [17,54] and the Uniprot database [75].

Family Target Mode of Action

α (alpha) Nicotinic acetylcholine receptors (nAChRs) orthosteric, allosteric inhibition
γ (gamma) Neuronal pacemaker cation currents increase calcium current
δ (delta) Voltage-gated sodium channels (VGSCs) agonist, delayed inactivation
ε (epsilon) Presynaptic calcium channels or G protein-coupled

presynaptic receptors (GPCRs)
blocker

ι (iota) VGSC agonist, no delayed inactivation
κ (kappa) Voltage-gated potassium channels (VGPCs) blocker
μ (mu) VGSC antagonist, blocker
ρ (rho) Alpha-1 adrenergic receptors allosteric inhibitor
σ (sigma) Serotonin-gated ion channels antagonist
τ (tau) Somatostatin receptor antagonist
χ (chi) Neuronal noradrenaline transporter unknown
ω (omega) Voltage-gated calcium channels (VGCCs) blocker

2.2. Relationships between Categories

Knowing how a conopeptide is categorized under one classification scheme is not necessarily
indicative of its categorization under another. For example, conopeptides from a particular cysteine
framework are not limited to belonging to a single pharmacological family. Conopeptides in
framework I can target either nicotinic acetylcholine receptors (nAChRs) or adrenoceptors, while
those in framework III can target either nAChRs or sodium/potassium channels. Despite a generally
demonstrated selectivity for their targets, certain peptides even display binding affinity for more than
one receptor type [76,77]. Nonetheless, there may be similarities between the ways in which different
classification schemes group the conopeptides (see Figure 5).

2.2.1. Cysteine Framework, Loop Class, Fold, and Pharmacological Family

To be more specific, in Figure 5a, we demonstrate the similarities and differences between the ways
in which conopeptides are grouped when using cysteine framework versus pharmacological family as
the classification. We demonstrate groupings for all 243 peptides with defined pharmacological families
downloadable from the Conoserver, comprising 137 sequences with four cysteines, 99 sequences with
six cysteines, two sequences with eight cysteines, and five sequences with ten cysteines; the image
is a visualization of a pairwise matrix of the considered conopeptide dataset. The overall dataset
demonstrates that the categories overlap quite strongly, both visually and numerically: 85% of peptide
pairs with the same cysteine framework have the same pharmacological target and 88% of peptide
pairs with different frameworks have different targets. If we eliminate all frameworks containing four
or fewer cysteines (frameworks I and X, comprising about half the dataset, see Figure 5b), however,
then only 45% of peptide pairs with the same cysteine framework have the same pharmacological
target, although 93% of peptide pairs with different frameworks have different targets. This precipitous
drop in categorical overlap for the same frameworks implies that target prediction becomes more
difficult as the number of cysteines in the sequence increases, which may be a consequence of the
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rapidly growing number of possible disulfide bond connectivities for systems with more than four
cysteines (see also Section 4 for a brief discussion of this point).

Figure 5. Comparison of different categories with pharmacological family. (a) Comparison between
cysteine framework and pharmacological target for all pairs of 243 peptides with determined
pharmacological targets downloaded from the Conoserver [17,54]. Black indicates that two peptides
are assigned different categories, while white indicates the two peptides are assigned the same
category. The lower triangular shows cysteine framework; the upper triangular pharmacological
target. (b) Comparison between cysteine framework and pharmacological target for the subset of 106
sequences with more than four cysteines. In (c) and (d), we show a comparison between fold and
subfold class and pharmacological family for all pairs of 80 peptides with a defined pharmacological
target and fold/subfold classes as described in Akondi et al. [3].

In Figure 5c,d, we demonstrate the similarities and differences between conopeptide classification
as described by the (c) fold and (d) subfold and pharmacological family categories for a subset of the
peptides described in Akondi et al. [3]. We focus only on cysteine-containing peptides that have a
known pharmacological family and a defined fold and subfold, which results in a set of 80 peptides
comprised of one sequence with two cysteines, 45 sequences with four cysteines, 32 sequences with
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six cysteines, and two sequences with eight cysteines. We see that there is a relatively large overlap
between fold class and pharmacological target: 76% of peptide pairs that are assigned the same fold
class have the same pharmacological target, and 89% of peptide pairs that are assigned a different
fold class have different targets, while 80% of peptide pairs assigned the same subfold class have the
same pharmacological target and 83% of peptide pairs assigned different subfold classes have different
targets. It should be noted, however, that this is a small subsample of the vast array of possible
conopeptides and that bias in the assessed peptides may lead to artificially high cross-categorical
similarity due to high sequence similarity that would not be expected in general, particularly since
there are no sequences in the dataset containing more than eight cysteines and most contain six or
fewer. Indeed, almost 75% of all conopeptide studies have been performed on the four-cysteine
α-conotoxins [78].

In Figure 6, we demonstrate the extent to which loop class can discriminate between the groupings
of other categorization schemes, using the 103 cysteine-containing peptides from Akondi et al. [3].
The latter dataset comprises seven sequences with two cysteines, 59 sequences with four cysteines,
35 sequences with six cysteines, and two sequences with eight cysteines. The distance between a pair
of points in this plot is a visual indication of the difference between their loop classes, while different
colors represent different categories. If loop class is indicative of a category, then points with the same
color should be clustered together, whereas if loop class and the other classification type have no
relation, then nearby points should appear to be colored randomly. Panel (a) of Figure 6, in which
different colors represent different folds, demonstrates several clusters that are primarily one color,
with the major sources of overlap between categories being the central cluster of points where folds
A, D, and E reside almost on top of one another. Indeed, there are several overlapping points with
identical loop classes that have different folds (see also Section 2.2.2).

Panel (b) of Figure 6, in which different colors represent different pharmacological families,
also demonstrates some clustering of similar colors, although there are several points that have
the same color as their neighbors in panel (a) but different colors in panel (b) (see red arrows for
three examples). Thus, there is an overlap between pharmacological family and loop class, but it is
somewhat weaker than that of the overlap between fold and loop class, even in this small dataset. This
demonstrates that pharmacological family is not solely dictated by three-dimensional structure (see
also Section 3.2 for a detailed discussion of molecular mechanisms that control selectivity and binding
affinities for target receptors).

Figure 6. Cont.
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Figure 6. Two-dimensional embedding of loop class, demonstrating its relationship to (a) fold and
(b) pharmacological family. Data compiled from Akondi et al. [3], which includes 103 peptides with
measured structures, 80 of which had identified pharmacological targets. Loop class was represented
as a seven-dimensional vector, with vectors representing classes containing fewer than eight cysteines
padded with negative ones for direct comparison. In all images, size of a given marker indicates
the number of conopeptides with identical loop class and category, while color indicates category.
Red arrows draw the reader’s attention to differences in clustering between the two panels. Blue
arrows indicate an example of a structural isomer. The embedding was done for visualization purposes
employing the t-Distributed Stochastic Neighbor Embedding (t-SNE) algorithm as implemented in
Scikit Learn [79,80].

2.2.2. Disulfide Connectivity Determines Fold

Another important point brought up by Figure 6 is the extent to which fold is dictated by disulfide
connectivity over detailed sequence. The blue arrows indicate an example where an identical sequence
has a very different structural fold and may also have a different target (the isomer’s target is often
unknown). We elaborate a more specific set of examples in Figure 7a. Conotoxins α-GI [60,81] and
α-BuIA [82,83] have a native connectivity between cysteines 1–3 and 2–4 that corresponds to the
“globular” motif, but altering this connectivity to cysteines 1–4 and 2–3 forces both to adopt a “ribbon”
motif. Interestingly, the disulfide connectivity has also been found to impact the conformational
dynamics of the conopeptide. In the case of conotoxin α-GI, the native “globular” conformation was
found to have less backbone conformational variability than the induced “ribbon” conformation [81].
The reverse is true, however, for conotoxin α-BuIA, where the induced “ribbon” motif was found to
have less backbone conformational variability than the native “globular” motif, even though only the
latter motif is capable of inhibiting the function of the target nAChR [83].

Not only do different disulfide connectivities imply different structures irrespective of sequence,
but, perhaps more importantly, similar disulfide connectivities imply similar structure irrespective
of sequence, as demonstrated in Figure 7b. The conotoxins α-EI (PDB 1K64 [84]) and α-IMI (PDB
structure 1G2G [51]), for instance, both adopt a “globular” connectivity with disulfide linkages between
cysteines 1-3 and 2-4 (Figure 7b top). However, a sequence alignment between these two conotoxins
shows no sequence identity or similarity besides a single proline and the four cysteine residues
(Figure 7b bottom). Surprisingly, even diverse sequences with a different number of disulfide bonds
have been found to adopt similar structural folds if similar underlying disulfide connectivities exist.
For example, the conotoxins ω-MVIIA (PDB 1MVJ [85]) and ι-RXIA (PDB 2P4L [86]), which have six
and eight cysteines respectively, have both been found to adopt a cysteine knot. This structural motif
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is the most commonly observed in small disulfide-rich proteins, occurring in nearly 40% of available
structures [55]. It is comprised of a ring formed by two of the disulfide bonds and the interconnecting
backbone, with the third disulfide bond passing through this ring [87]. In conotoxin ι-RXIA, which has
eight cysteines, the cysteine knot arises from disulfide bond formation between cysteines 1–4, 2–6, and
3–7, with cysteines 6 and 7 taking the place of cysteines 5 and 6 in a six-cysteine conotoxin (see e.g.,
of conotoxin μ-GS in Figure 4b) [86].

Figure 7. Impact of disulfide connectivity on conotoxin structure. (a) The same sequence can adopt
different structural folds given different disulfide connectivities [69]. Conotoxin α-BuIA in globular
form with connectivity 1-3, 2-4 (top, PDB structure 2I28 [82]) and in ribbon form with connectivity
1-4, 2-3 (bottom, PDB structure 2NS3 [83]). (b) Different sequences can adopt similar structural folds
given the same disulfide connectivity. Conotoxin α-EI in cyan (PDB structure 1K64 [84]) and conotoxin
α-IMI in pink (PDB structure 1G2G [51]), both in globular form with connectivity 1-3, 2-4. All images
rendered in Pymol with disulfide bonds represented as yellow sticks [53].

3. Computational Strategies to Understand and Predict Conopeptide Structure and Function

The increased and efficient discovery of new conopeptides has been facilitated by advances in the
fields of transcriptomics, proteomics, and bioinformatics and their integration into a new field called
venomics, the in-depth study of venoms [88–90]. As we have demonstrated, the understanding of
conopeptides is complicated by their diversity along many different axes, making application-specific
design a difficult if not intractable problem. In this section, we discuss different ways in which
in silico methods have been used to partially address these questions, both in terms of detailed
characterization of individual conopeptides and in terms of identification of broad conopeptide
trends (see Figure 8 for a visual summary of methologies and Table A1 for a tabulated version of the
references cited in this section). We begin by introducing in Section 3.1 the progress that has been made
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in employing machine learning techniques to predict the pharmacological targets of conopeptides
from their sequences. Then, in Section 3.2, we report the ways in which docking studies and molecular
dynamics simulations have been used—often in conjunction—to shed light on the structure and
function of a number of individual conopeptides and conopeptide pharmacological families. Finally,
in Section 3.3, we provide an overview of computationally-driven studies that were used to design
conopeptides for specific applications.

Figure 8. A visual overview of Section 3, with a focus on the different computational techniques employed.

3.1. Predicting Function from Sequence through Machine Learning

Classification via data-mining of a set of training data encompasses a broad set of techniques
that have been growing in popularity in recent years, demonstrating utility in such disparate areas
as agriculture [91], medical image processing [92], bioinformatics [93], and many others. Attempts
have been made to employ such methods to the categorization of the incredibly diverse group that
makes up the conopeptides. Indeed, extensive work has been done on developing sequence-based
predictors that use machine learning techniques for identifying the target receptor type of a novel
conopeptide sequence, achieving predictive accuracies of up to 97% [94], although they are currently
limited to discriminating the toxins targeting voltage-gated sodium, calcium, and potassium channels.
Additionally, a very recent tool, ConusPipe, has attempted the classification of RNA sequences by
employing three different machine learning models, in order to identify potential novel conotoxin
sequences within Conus transcriptomes without resorting to sequence homology type searches, which
may fail due to the high diversity of the sequences in question [95].

A number of different peptide representations and classification algorithms have been
experimented with to optimize performance. Innovations include representing conopeptide sequences
by their amino acid composition and dipeptide composition [96]—that is, the composition based
on neighboring amino acid pairs—or their “pseudo” amino acid composition, which incorporates
information about the correlation between physicochemical properties of the compositional amino
acids [97]. Dimensionality reduction to identify pertinent features has improved performance:
relatively recent feature selection techniques employed include the binomial distribution [98], the relief
algorithm [99], the f-score algorithm [97,100], and analysis of variance [96]. Several relatively
well-known machine-learning algorithms have demonstrated good performance: support vector
machines [96,97,100], radial basis functions [98], and random forests [99]. The best performance was
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achieved by ICTCPred, with an average accuracy of 0.973, an overall accuracy of 0.957, and a minimum
sensitivity of 0.919 for correctly discriminating between the possible targets of voltage-gated sodium,
potassium, or calcium channel on a testing dataset of 70 conopeptides [99] (It should be noted that a
manual investigation of the training set for this study suggests it was not properly pruned, as several
ion channel sequences were erroneously included and labeled as conopeptides; however, this minor
error did not appear to have a strong impact on the results, as the testing set did not include any such
errors.). For a more detailed explanation, we refer the interested reader to a comprehensive review by
Dao et al. [94] of recent machine learning techniques as applied to the conopeptides.

Despite the availability of algorithms that can accurately predict target receptors based on
conopeptide sequence [94,99,101] with high accuracy, these methods are still subject to a number
of limitations. The size of current benchmarks for the conopeptides is not large enough to imply
generalizability over the entire family. For example, we found 243 conopeptides in the Conoserver
with identified pharmacological targets, out of a total of 6254 identified sequences [17,54], while
most predictor studies have used training sets on the order of about 100–150 sequences to eliminate
redundancy and reserve data for testing [94]. The high variability of conopeptide sequence, in addition
to the possibility of synthetic analogues, suggests that this is not sufficient to create a classifier that
would be accurate for a general sequence. Furthermore, these methods do not provide details on
the mechanisms of how conopeptides function upon binding to their targets. Such details can be
elucidated mainly through modeling and analysis of conopeptide structures, which can allow for
the estimation of folding free energies and binding affinities. In addition, the relative toxicity of a
conopeptide in different target animals can be more reliably assessed from a structural perspective.
Finally, understanding how rational modifications in engineered conopeptides can alter their toxicity
in specific animals, including humans, necessitates a more mechanistic approach, which is the focus of
the next few sections.

3.2. Docking Studies and Molecular Dynamics Simulations for Understanding of Conopeptide Structure
and Binding

Docking studies and molecular dynamics (MD) simulations are complementary computational
techniques used to study proteins and peptides in molecular-level detail. Docking studies provide
an in silico representation of the binding between a receptor and its ligand, which may be used for
high-throughput screening and prediction of binding energies and affinities [45]. The overall procedure
consists of a search through the conformational space of the “docked” complex followed by scoring
of the possible configurations thus identified. Although there are still some outstanding questions in
the field, including the optimal method for handling solvation, how to model flexibility of the target
binding site, and how to correctly assess protein-protein interactions when the ligands are not small
molecules, docking studies nonetheless boast a rich history of profitable application in a number of
areas [102]. Molecular dynamics simulations, which typically consist of solving Newton’s laws of
motion over a number of time steps, can complement docking for the understanding and prediction
of molecular mechanisms, as well as being a sophisticated technique in their own right. They can
better handle conformational entropy and predict dynamical fluctuations at the cost of significantly
higher computational expense. In a sense, if docking studies provide breadth of understanding of
protein systems, MD simulations provide depth. For example, an attractive procedure for designing
compounds to interact with a particular target is to perform docking to identify an initial set of potential
compounds followed by performing MD for their detailed characterization [103,104].

With respect to the conopeptides, docking studies and/or MD simulations have been used
to (i) complement nuclear magnetic resonance (NMR) and X-ray crystallography experiments
to characterize the three-dimensional structure of conopeptides and receptor/toxin complexes,
(ii) investigate the importance of structure, electrostatics, and hydrophobicity for receptor/toxin
binding and identify key residues contributing to binding, (iii) identify and characterize molecular
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mechanisms of binding and binding/unbinding pathways, and in a few cases (iv) to characterize
thermodynamics, kinetics, and environmental effects on conopeptide folding.

3.2.1. Conopeptide and Receptor Structural Characterization

Structure is an important predictor of function: conopeptides are, broadly speaking, either steric
pore blockers or “lock-and-key” (ant)agonists that bind to and alter the functional properties of their
target proteins [3]. Furthermore, since it is generally easier to determine the structures of small peptides
with high accuracy than those of large proteins, conopeptides themselves can help determine the
structures of the ion channels to which they bind with remarkable selectivity. For this reason, efforts
have been devoted to characterizing the structures of a number of different conopeptides.

At the time of this article, there are 161 defined three-dimensional conopeptide structures in the
PDB database [56], a number of which were refined with the help of docking and molecular dynamics.
For example, MD simulations were used to refine the three-dimensional structures predicted from
NMR data of conotoxin BtIIIA [105], α conotoxin MI [106], α conotoxin EIVA [107] and conantokin
G in complex with calcium atoms [15]. Furthermore, by also using homology modeling based
on a conotoxin with a known three-dimensional structure, ι-RXIA, Aguilar et al. [108] refined the
structure of a new conotoxin, sr11a, a pore blocker in certain mammalian potassium channels. From
a more ab initio perspective, Li et al. [109] and Platt et al. [110] used structure prediction algorithms
followed by MD simulations to determine and assess three-dimensional structures for two different
conopeptide systems, namely Vt3.1 and a subset of the conantokins, which can inhibit neuronal
N-methyl-D-aspartate (NMDA) receptors in the brain.

As previously indicated, a number of computational studies have been performed demonstrating
the use of conopeptides to aid in the structural determination of ion channels. For example,
the comparison of a combined docking and MD simulation study with prior experimental data
demonstrated the validity of an in silico approach for making microscopic predictions about complexes
and the relevant microscopic forces controlling their interactions [111]. Molecular simulation
refinement of a homology model of the complex of α conotoxin LvIA and the α3β2 subtype of
the nicotinic acetylcholine receptor (nAChR) based on the crystal structure of LvIA in complex
with the acetylcholine-binding protein (AchBP) revealed important structural interactions between
them [112]. Docking simulations of μ conotoxins demonstrated the validity of homology models
for voltage-gated eukaryotic sodium channels, difficult to characterize experimentally, based on
prokaryotic ones [113]. A more in-depth comparison of bacterial and mammalian sodium channel
binding by μ-GIIIA, employing docking and biased and unbiased MD simulations, showed deeper
insertion of the conotoxin into bacterial channels, which explained a corresponding loss of functionality
of certain μ conotoxins when binding to the mammalian channels [114]. Finally, the α conotoxin family
was used as a testing ground for a new docking algorithm called ToxDock, which employs ensemble
docking to predict the structure of large receptor complexes bound to smaller peptide ligands [115].

3.2.2. Molecular Mechanisms of Selectivity and Binding

Beyond shedding light on the detailed three-dimensional structures of conopeptides and
receptor/toxin complexes, docking and MD have been employed to assess the relative importance
of conopeptide structure, electrostatic distribution, and hydrophobicity to their interactions with ion
channel receptors, as well as to identify the key residues within the structures that are responsible
for the high pharmacological selectivity of conopeptides for specific receptor subtypes. For instance,
MD and docking, both in conjunction with experimental data and from first principles, have shown
how electrostatic effects contribute to pore-blocking the voltage-gated potassium and sodium channels
and how they control selectivity for receptors. Specifically, docking studies were used to elucidate the
importance of a positively-charged ring around the center of the conopeptides that bind to various
subtypes of the voltage-gated potassium channels and similarly to elucidate the how certain basic
residues of conopeptides interact with the negatively charged ring in the outer vestibule of different
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isoforms of the voltage-gated sodium channel [77,116,117]. In addition, to assess the contributions of
various effects, Beissner et al. [118] used docking studies and MD simulations to calculate binding
enthalpies to support their conclusion that charge is more important than steric contributions in
controlling the selectivity of α conotoxins for the α3β2 nAChR subtype over the α4β2 subtype. Using a
similar approach involving a computational scan and the calculation of binding energies for single
point mutants of the α conotoxin ImI in complex with the α7 nAChR, Yu et al. [119] showed that
dispersion and desolvation forces control its binding affinity to nAChRs, while electrostatic forces
influence selectivity. Kwon et al. [120] employed MD simulations to probe the conformations and
hydrogen-bonding networks of native and cyclic κ-PVIIA and explain the loss of interaction with the
Shaker potassium channel occurring upon cyclicization, which they demonstrated to be primarily
due to loss of electrostatic interactions with the N terminus, but also noted that certain hydrogen
bonds formed by the native toxin might contribute to its stability. The microscopic forces that govern
the changing electrostatics themselves have also been probed from an in silico perspective: Lúcio
and Mazzoni [121] used a detailed quantum/classical approach to reveal structural and electronic
changes occurring upon a single point mutation of ω-MVIIA and ω-MVIIC and to determine how
changing electronic structure can predict changing hydrogen-bonding patterns; McDougal et al. [122]
used constant pH MD simulations to probe the effects of pH upon the protonation state of key residues
of α-MII.

Several studies have also identified overall hydrophobic and structural components to
receptor/ligand interactions. Docking studies performed by Hopping et al. [123] rationalized, at a
molecular level, the strong effect of hydrophobicity on selectivity of α-[A10L]PnIA for the α7 over the
α3β2 nAChR subtype; MD simulations performed by Cuny et al. [124] revealed that receptor side chain
length is responsible for the experimentally determined affinities of α-RegIIA for human α3β2 and
α3β4 nAChRs; and MD simulations performed by Chhabra et al. [125] demonstrated that a loss of key
contacts of a cis-[2,8]-dicarba mutant of α-RgIA compared to the native form in complex with the nAChR
α9α10 subtype was responsible for its lower binding affinities to the receptor. Pucci et al. [126] used a
combination of MD and docking to elucidate the key interactions of the α-PIA N-terminal tripeptide
tail with the α6β2 nAChR subtype, while Lee et al. [127] employed a similar approach to demonstrate
that the differences in the binding of α-GIC to the α3β2 and α3β4 nAChR subtypes are due to differing
receptor side chain orientations (cf. Figure 9 for an image of α-GIC in complex with a receptor).

Finally, a number of studies have probed the underlying molecular mechanisms of
pharmacological selectivity via identification and analysis of the key residues involved in
receptor/toxin binding, which often differ from peptide to peptide. Lin et al. [128] used homology
modeling and docking studies to supplement analysis of the X-ray crystal structure of α-GIC with
AchBP to show that His-5 in the conotoxin primarily contributes to binding to the α3β2 and α3β4

nAChR subtypes, whereas Gln-13 in the conotoxin primarily controls its selectivity for the α3β2 subtype
(see Figure 9). Kim and McIntosh [129] employed MD simulations as part of a demonstration that
the mechanism of selectivity of α-BuIA for the α6β2 nAChR subtype compared to the α4β2 subtype is
due to nonlocal interactions of the conotoxin with three key residues of the α6β2 receptor: Lys-185,
Thr-187, and Ile-188. Similarly, Kompella et al. [130] pinpointed a single residue difference between
the rat and human nAChR α3β2 subtypes–Glu-198 in the rat–that leads to lower binding affinity for
α-RegIIA in the human receptor due to steric hindrance. Dutertre et al. [131] employed docking studies
and binding energy calculations to verify their experimental hypothesis that the most important
interaction controlling α conotoxin affinity for the α3β2 nAChR subtype in general is a conserved
proline interacting with residue Leu-119 in the receptor. Pérez et al. [132] used combined docking and
MD to identify that Arg-7 and Arg-9 in α-RgIA control affinity and selectivity for the α9α10 nAChR
subtype via interactions with Glu-195 and Asp-114 on the receptor. Grishin et al. [133] used MD and
homology modeling to demonstrate that Phe-9 of α-AuIB determines key binding interactions of that
toxin with the α3β4 nAChR. Finally, Yu et al. [134] and Wu et al. [135] used positional scanning in
α-TxID to demonstrate that Ser-9 is responsible for the selectivity of that conotoxin for the α3β4 nAChR
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subtype; they then used MD simulations to identify the cause of the selectivity as attributable to minor
steric changes in the binding pocket between different nAChR subtypes and to supplement design
of a mutated analogue with greater affinity for α3β4 due to putative disruption of a single hydrogen
bond. In addition, a simulation and docking study identified a key methionine residue responsible
for the toxicity of ω-MVIIA, information that may be particularly impactful as it has the potential
to aid in studies designed to reduce the severe side effects in the analgesic ziconotide that limit its
usefulness [136].

Figure 9. Illustration of binding modes and key residues. Figure shows conotoxin α-GIC in complex
with the acetylcholine binding protein (AchBP) from Aplysia californica, often employed for homology
modeling of nAChRs. Structure downloaded from the PDB server (code 5CO5). We highlight the key
residues for selectivity identified by the study that also characterized the crystal structure through
a combination of experimental and computational techniques [128]—in red, His-5, and in magenta,
Gln-13, shown to control binding affinity and selectivity, respectively, for the α3β2 nACHr subtype. (a)
shows a zoom in of one of the binding pockets, with hydrogen bonds represented as yellow dotted
lines, while (b) shows a top view. In both panels, the main body of the conotoxins are colored green
and AchBP is colored blue. Images rendered with Pymol [53].

3.2.3. Identification of Binding Sites, Complexes, and Pathways

In addition to probing the effects underlying conopeptide selectivity for receptor type and subtype,
docking and molecular dynamics have been employed to characterize the actual binding modes: to
identify binding sites and expected binding orientations and to qualitatively and quantitatively study
binding and unbinding pathways.

234



Mar. Drugs 2019, 17, 145

As it is not always obvious what the actual binding site or orientation of binding of a ligand
in a receptor is, and only a few receptor/toxin complexes have been crystallized, computational
approaches have been invaluable in identifying and characterizing specific binding sites, as well
as raising intriguing questions about the apparent multitargeting ability of certain conopeptides.
For example, Ellison et al. [137] used docking studies of α-ImI to explain the respective affinities of it
and α-ImII for different nAChR binding sites, and McArthur et al. [138] verified and explained the
proposed binding orientation of μ-PIIIA in the voltage-gated sodium channel via experiment combined
with MD simulation and Poisson-Boltzmann calculations. In addition, Cortez et al. [139] used docking
studies to identify two different modes of binding of α-MI for binding sites on the α/δ interface of
the Torpedo marmorata nAChR, and Grishin et al. [71] showed that two different structural isomers of
α-AuIB bind to completely different sites on the α3β4 nAChR subtype, despite both demonstrating
affinity for the receptor and having identical sequences. Finally, Yu et al. [140] employed a combination
of MD simulations and binding free energy calculations in conjunction with experiment to identify the
binding site of α-Vc1.1 to the α9α10 nAChR subtype.

Once the binding sites have been identified, the dynamics of interaction between receptors and
toxins can be examined, as has been done in several studies. Lin et al. [141] calculated binding free
energies from MD to determine different metal-binding models for conantokin-T and conantokin-G,
while Armishaw et al. [142] used docking refined with MD to investigate the binding interactions of
α-ImI analogs produced from a large synthetic combinatorial library. Docking approaches have also
been profitably employed by themselves: Luo et al. [143] elucidated the microscopic underpinnings of
rapid unbinding of α-LtIA with the α3β2 nAChR as part of the characterization of the overall complex
and the identification of its novel binding mode and Dutertre et al. [144] highlighted the differences
between conotoxin binding and snake toxin binding to the nAChR. Meanwhile Tietze et al. [145]
performed an in-depth docking and MD analysis, including a model of the full toxin binding site,
to probe the molecular basis of binding between δ-EVIA and voltage-gated sodium channels. Finally,
Mahdavi and Kuyucak [146] undertook a systematic analysis of binding modes of different μ conotoxins
to the NaV1.4 sodium channel subtype through both docking and MD, and Chen et al. [147] used
a comprehensive combination of docking, nonequilibrium MD, and theoretical methods to calculate
binding energies and predict the specificity of μ-PIIIA for eight different NaV subtypes.

In addition to the fluctuations and interactions of the binding modes themselves, it is of interest
to characterize binding and unbinding pathways by which conopeptides dynamically associate with
their target receptors. Although these pathways are of clear importance in analyzing receptor/toxin
interaction, they are somewhat difficult to characterize experimentally. A number of studies, primarily
relying on nonequilibrium molecular dynamics approaches, have been performed to probe the kinetics
of binding and unbinding. Two popular methods are thermodynamic integration [43] and umbrella
sampling [148]. Often such studies are used to characterize free energy changes and potentials of
mean force along the pathways. For instance, Chen and Chung [149] used such an approach to
characterize multiple binding modes of ω-GVIA in the calcium CaV2.2 channel subtype and accurately
predicted IC50 values for channel inhibition. Chen et al. [150] performed umbrella sampling of the
unbinding of μ-PIIIA from the NaV1.4 sodium channel and computed the potential of mean force
and dissociation constants for the complex. Yu et al. [151] qualitatively reproduced the experimental
binding affinities of α-ImI and α-PnIA[A10L,D14K] to AchBP and demonstrated that a large structural
rearrangement of the receptor C-loop is necessary for unbinding, while Suresh and Hung [152] used
umbrella sampling to compare the binding of α-[Y4E]GID with the α4β2 nAChR subtype to that with
the α7 subtype. In an example of the use of other nonequilibrium techniques, Yu et al. [153] employed
random accelerated molecular dynamics and steered molecular dynamics to characterize multiple
unbinding pathways of α-ImI from the α7 nAChR subtype and computed the potentials of mean force
for unbinding using Jarzynski’s equation [154]. Meanwhile, Huang et al. [155] took a multiscaled
approach by using a combination of atomistic molecular dynamics and coarse-grained Brownian
dynamics simulations to model the binding process of κ-PVIIA: they were able to show that approach
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to the Shaker potassium channel is mediated by long-range electrostatics, while the final deep insertion
is the result of a combination of electrostatic interactions from the Lys-7 side chain and hydrogen
bonding and hydrophobicity primarily mediated by Phe-9 and Phe-23.

3.2.4. Folding Kinetics and Isolated Conformations of Conopeptides in Solution

A slightly different but equally important question in the study of conopeptides is the
study of their folding and dynamical conformations under different environmental conditions, an
understanding of which provides a route forward for design of kinetically or thermodynamically
controllable structures. Although fewer studies have been performed in this area, the number of
such studies has increased in recent years. For example, Jiang and Ma [156] performed folding
studies on α-GI with simplified quantum chemical computations and proved their usefulness in
rapid simulations of folding/unfolding, while Karayiannis et al. [157] harvested trajectories from
long parallel MD simulations of α-AuIB to quantitatively characterize its structural and dynamic
properties: the fluctuations of its size and shape and its translational and rotational diffusivities in
water. An interesting recent study done by Jain and Pirogova [158] probed the effects of electric field
strength on the conformations taken on by MrIIIe in solution. Finally, Sajeevan and Roy performed
MD simulations of α-AuIB and α-GI with disconnected disulfide bonds in water and water-ionic-liquid.
They showed that the different solvents controlled the conformational landscape of the studied toxins,
thus demonstrating that different ensembles of different isomers are thermodynamically favorable
under different solvent conditions, potentially providing a route for thermodynamic control of in vitro
folding [159,160].

As mentioned in Section 2.2, one of the strongest dictators of final conopeptide structure is
disulfide connectivity, and several studies have been performed to probe aspects thereof, with
somewhat peptide-dependent results. Paul George et al. [161] explored how the conformations
of five different μ-conotoxins changed with successive removal of the native disulfide bonds. By doing
so, they demonstrated that the set of conotoxins studied fall in a continuum from hirudin-like folding,
in which folding proceeds by creation of intermediates with non-native disulfide connectivities,
to BPTI-like folding, in which folding proceeds by progressive connection of native disulfide
connectivities, and that the native structures of the studied toxins are retained upon removal of a single
disulfide bond, but lost upon removal of two disulfide bonds. Several other simulations demonstrated
that the removal of disulfide bonds is non-perturbative to the structure of cyclic conopeptides [162],
but that non-cyclic conopeptides suffer greater structural perturbation [163]. Recently, Xu et al. [164]
used MD simulations to show that all three disulfide bonds contribute significantly to the binding
energies of μ-PIIIA to the NaV1.4 VGSC.

3.2.5. Summary

We have compiled extensive docking and MD-based computational studies categorized under
specific topics in a compact manner and summarized in Table A1. These studies have been invaluable
in assessing the structures of conopeptides and predicting the structures of the ion channels to which
they bind. They have further been of great use in characterizing the precise natures of the binding
interactions between conopeptides and their target receptors. However, it is worth noting a few
limitations associated with these computational studies. Only a narrow subset of the conopeptides
have been explored with docking and MD studies, and the choice of which peptides to explore has been
dictated more by interest in specific receptors or similarity to previously studied peptides than by any
rational attempt to characterize the conopeptides as a class. Indeed, the majority of the studies have
focused on a specific target, the nicotinic acetylcholine receptor. Furthermore, MD-based studies are
time-consuming and computationally intensive and lack the high-throughput required for studying a
large number of conopeptides. As we discussed in Section 2, out of the over 6000 identified sequences,
less than a twentieth have associated characterized structures or targets, which may limit the usefulness
of high-throughput analyses such as homology modeling and introduce difficulties in assessing overall
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trends. We recommend a few fruitful avenues of future inquiries. There is a need to have more iterative
studies between experiments and theory that can help to improve the accuracy of computational
methods and rationally inform experimental focus. Importantly, we envision the need to design
further methodologies to integrate time-consuming, high-accuracy techniques such as ab initio MD
with rapid, low-accuracy techniques such as homology modeling in a rational manner, which has the
potential to lead to efficient, high-throughput studies that will result in greater understanding of the
conopeptides as a whole. As we discuss in the next section, we are beginning to see a focus on novel,
high-throughput computational techniques for design of conopeptides for specific applications, but
further efforts are certainly called for.

3.3. Computational Design of Conopeptides for Specific Applications

In recent years, as the availability of computational resources has grown and confidence in
computational algorithms has increased, there has been a concomitant increase in the number of design
studies employing computational approaches in many areas, and the conopeptides are no different.
For example, as part of a rational approach to design neurotensin analogues for pharmaceutical
applications, Lee et al. [165] employed MD simulations and binding free energy calculations to
demonstrate that glycosylation of contulakin-G lowers its affinity for the neurotensin 1 receptor,
and as part of designing a methionine-lacking mutant, Ren et al. [166] employed MD simulations
to demonstrate the effects of the methionine residue on α-TxID and its interactions with the α3β4

nAChR subtype.
Perhaps more intriguingly, a number of more innovative, computationally-driven approaches have

been introduced over the past decade. Through a combination of docking and MD simulations, Younis
and Rashid [104] characterized the binding affinities of all available three-dimensional structures of
conopeptides in the PDB database with a new target: the lysophosphatidic acid receptor 6 (LPAR6), which
is implicated in several aggressive cancers. They identified α-BuIA as strongly binding to LPAR6, making
it a good candidate for investigation and refinement as a possible anti-cancer drug. Gao et al. [167]
performed a homology search of Conus betulinus venoms to identify six sequences similar to α-ImI,
of which two were demonstrated to have desirable insecticidal properties, while Barba et al. [168]
performed a sequence scan followed by MD simulations as the starting point for the design of an
ω-GVIA mutant that strongly binds copper atoms to be used for environmental applications. Using
conantokin-G as a starting sequence, Reyes-Guzman et al. [169] employed docking studies to evaluate
mutants and guide a search that resulted in two peptides (EAR16 and EAR18) that are capable of
reversibly blocking the GluN2B NMDA receptor, which is implicated in neuronal function. Of particular
note have been several studies that have developed novel methodologies while also utilizing them
for design purposes. In this vein, King et al. [170] used a genetic algorithm approach to perform a
search through millions of sequences and designed a mutant of α-MII with more than double its binding
affinity for the α3β2 nAChR subtype. Two years later, the same authors used a more mature form of
that approach in which they employed α-MII as a starting point for “drug repurposing”: searching a set
of FDA-approved drugs for ones predicted to have high binding affinity to a new target, in this case
once again the α3β2 nAChR subtype [171]. Finally, Kasheverov et al. [172] employed a method they term
Protein Surface Topography, which essentially creates a two-dimensional “topographical” map of the
electrostatic potential of a ligand, to design an α conotoxin mutant with nanomolar affinity for the α7

nAChR subtype.

4. Future Outlook

As the study of proteins and peptides has matured, so too has the study of the conopeptides.
A great deal of progress has been made on understanding their structures and functions, which
in turn has shed valuable light on the structures and functions of ion channels and has improved
methods for targeting those ion channels therapeutically. Computational approaches have helped to
probe many different aspects of these inquiries: (i) machine learning predictors classify conopeptide
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targets with high accuracy on the basis of sequence; (ii) docking studies and molecular dynamics
simulations reveal microscopic aspects of structure, binding, and dynamical conformations; and (iii)
integrated computational approaches demonstrate their value for the rational design of conopeptides
as therapeutic agents.

Many questions remain unanswered in the field of conopeptides. Identification of the
three-dimensional structure of a new conopeptide is still a time-consuming process that often requires
a combination of experimental techniques, such as X-ray crystallography and NMR, with docking and
molecular dynamics, or computationally expensive ab initio folding. There are currently relatively
few conopeptides for which pharmacological families have been determined, and, although classifiers
with high accuracy exist, their generalizability to the full highly-diverse family of conopeptide
sequences remains in question. Even fewer conopeptides are associated with verified three-dimensional
structures, which makes knowledge-based prediction of targets or modes of action a difficult problem.
In the remainder of this section, we discuss some of the challenges with overcoming these limitations.

The accurate prediction of the 3D structure of a protein from its sequence remains one of the “holy
grails” of computational biology [39]. Ab initio (also called de novo) modeling approaches for obtaining
protein structure predictions are very challenging and expensive except for small proteins such as
“Trp-cage” (20 residues) [173], villin headpiece (35 residues) [174], NTL9 (39 residues) [175], and gpW
(62 residues) [176]. Currently, ROSETTA is an actively used tool for de novo structure prediction from
sequence, which is able to predict structures of single domain proteins up to a few hundred residues in
length [177]. Structure prediction for a query sequence becomes more tractable when related sequences
have available experimentally-resolved structures; this is referred to as homology modeling [178].
For typical proteins (at least 100 amino acids long), a general rule for building a homology model
of a protein with unknown structure using another protein as the structural template is that both
proteins should share at least 25% sequence identity; below this is considered an uncertain “twilight
zone” [179–182]. Homology modeling has already been applied in a few cases to predict conopeptide
three-dimensional structures [108,183–185]; however, applying it to an arbitrary conopeptide still
suffers from notable difficulties. The majority of conopeptides do not reach the “typical” protein length
of 100 amino acids and would therefore require a higher sequence identity cutoff for identification of
an appropriate template for homology modeling, which in turn implies that such a template may not
exist due to the high sequence variability of the mature toxins and the small number of determined
three-dimensional structures [185]. Although their short lengths makes them more tractable for ab
initio approaches, the large number of conopeptide sequences renders this approach of limited use for
the characterization of the family itself.

As discussed in Section 2.2, the three-dimensional structure of the cysteine-rich peptides that
comprise the bulk of the known conopeptides is largely determined by their disulfide connectivity.
Indeed, in the few cases where homology modeling of conopeptides has been successfully applied,
the appropriate disulfide connectivity for cysteine-containing conopeptides was known or assumed
a priori [108,183,184]. In theory, prediction of the connectivity should allow the construction of a
reasonable three-dimensional structure for any cysteine-rich conopeptide by analogy with another
three-dimensional structure harboring the same connectivity. In practice, however, this is not
straightforward. The number of possible connectivities grows extremely rapidly: in a protein with n
cysteines the total number of possible connectivities is [186],

n!( n
2
)
!2n/2 , (1)

which is a tractable three connectivities for a four-cysteine framework, but grows to fifteen for a
six-cysteine framework, and over a hundred for an eight-cysteine framework. Indeed, the prediction
of disulfide connectivity in general is still an active area of research, although state-of-the-art methods
are beginning to reach over 80% accuracy in general [187–190].
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Although most currently characterized conopeptides with a particular cysteine framework are
claimed to have the same native disulfide connectivity, it is not obvious to what extent sequence
similarity among the relatively small subset of conopeptides with known three-dimensional structures
is responsible for this, which calls into question the generalizability of this trend. More intriguingly,
there is evidence that different connectivities, observed experimentally, can bind to different receptor
subtypes with reasonable affinity [71] and that different connectivities can represent metastable,
kinetically-trapped states under certain conditions [160,191]. Some evidence even points to the
existence of a thermodynamic ensemble of different structural isomers that can be affected by
environmental factors [161]. Even if only one native isomer exists in vivo, kinetic rather than
thermodynamic control in vitro could be a possible avenue for design of conopeptides with novel
action. In vitro studies often have difficulty in correctly forming “native” disulfide connectivities [192],
but from the perspective of isomeric design this might be turned into an advantage.

5. Conclusions

The series of venoms produced by the family of cone snails provides a diverse wealth of short
disulfide-rich peptides with potential pharmaceutical value due to their high affinities for specific
ion channel receptors. In this review, we have discussed the various efforts that have been made
from a computational perspective to classify and characterize many of the different conopeptides.
We have described the difficulties associated with drawing general conclusions about a set of such
short, sequentially diverse peptides in the context of potential areas of future research. As the impact of
computational approaches continues to grow, we hope to see an increase in the number of large-scale
and high-throughput computational studies of the conopeptides, supported by a continuous increase
in available structural data from experiment, with a concomitant increase in their value as novel
ion-channel targeting drugs.
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Abbreviations

The following abbreviations are used in this manuscript:

AchBP Acetylcholine binding protein
GPCR G protein-coupled receptor
h-bonding hydrogen bonding
MD Molecular dynamics
ML Machine learning
nAChR Nicotinic acetylcholine receptor
NMR Nuclear magnetic resonance
NMDA N-methyl-D-aspartate receptor
PDB Protein Data Bank
VGCC Voltage-gated calcium channel
VGSC Voltage-gated sodium channel
VGPC Voltage-gated potassium channel
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Appendix A

Table A1. Summary of work cited in Section 3. For each study, we note the broad goal and related
subsection, the toxins involved, the methods employed, and a brief description of the results. Studies
are listed in the order they are mentioned in the main text.

Goal Toxin(s) Methods Results/Citations

Train ML classifier
(Section 3.1)

toxins targeting
VGSC, VGCC, VGPC

Support vector
machines (SVMs)

Predictor of sequence to target with
average accuracy 90.3% [100]

SVMs Predictor of sequence to target with
average accuracy 95.3% [97]

SVMs Predictor of sequence to target with
average accuracy 94.2% [96]

Radial basis function
network

Predictor of sequence to target with
average accuracy 89.7% [98]

Random forests Predictor of sequence to target with
average accuracy 97.3% [99]

RNA sequences from
ten species

Logit,
Label spreading,
Perceptron

ConusPipe identifies potential
conotoxins from sequence [95]

Structure prediction
(Section 3.2.1)

BtIIIA MD simulation Structure refinement [105]

α-MI MD simulation Structure refinement [106]
α-EIVA MD simulation Structure refinement [107]
conantokin G MD simulation Structure refinement in complex with

calcium [15]
sr11a, ι-RXIA MD, homology

modeling
Structure refinement of sr11a [108]

Vt3.1 MD, secondary
structure predictors

Structure determination [109]

conantokins conBk-A,
conBk-B, conBk-C

MD, secondary
structure predictors

Structure determination [110]

α-GI Docking, MD Validation of in silico predictions [111]
α-LvIA Homology modeling,

MD
Revealed molecular interactions
between toxin and nAChR [112]

μ-GIIIA, μ-PIIIA,
μ-KIIIA

Docking Validation of homology models for
eukaryotic sodium channels [113]

μ-GIIIA Docking, biased MD,
unbiased MD

Characterization of insertion into
mammalian and bacterial channels
[114]

α-GID and analogues Docking Testing of ToxDock algorithm [115]

Molecular mechanisms
(Section 3.2.2)

κ-RIIIK Docking Identification of charged ring
interaction with Shaker VGPC [116]

α/κ-PIXIVA Docking Identification of charged ring
interaction with Shaker VGPC [77]

μ-GIIIA Docking Identification of charged ring
interaction with VGSC [117]

α-MII, α-TxIA,
α-[A10L]TxIA

Docking, MD Charge more important than steric for
selectivity for α3β2 nAChR [118]

α-ImI and mutants Docking, MD Binding versus selectivity to nAChR
subtypes [119]

ω-MVIIA, ω-MVIIC,
mutants

Quantum and
classical MD

Find electronic changes from mutation
and relate to h-bonding [121]

α-MII Constant-pH MD Probe pH effects on protonation [122]
cyclic κ-PVIIA MD simulation Cyclicization effects on interaction with

VGPC [120]
α-[A10L]PnIA Docking Hydrophobic effect on α7, α3β2 nAChR

selectivity [123]
α-RegIIA MD simulation Receptor side chain length relation to

affinity for α3β2, α3β4 nAChR [124]
α-RgIA MD simulation Effect of dicarba instead of disulfide

bridges on α9β10 nAChR binding [125]
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Table A1. Cont.

Goal Toxin(s) Methods Results/Citations

α-PIA Docking, MD Tripeptide tail interaction with α6β2
nAChR [126]

α-GIC Docking, MD Receptor side chain orientation effects
on binding to α3β2, α3β4 nAChR [127]

α-GIC Homology modeling,
Docking

His-5, Gln-13 key residues control α3β2,
α3β4 nAChR interaction [128]

α-BuIA MD simulation Mechanism of selectivity for α6β2 over
α4β2 nAChR [129]

α-RegIIA MD simulation Residue Glu-198 controls affinity for rat
over human α3β2 nAChR [130]

α-MII, α-PnIA, α-GID Docking Conserved proline controls affinity
with α3β2 nAChR [131]

α-RgIA Docking, MD Arg-7, Arg-9 controls affinity and
selectivity for α9α10 nAChR [132]

α-AuIB Homology modeling,
MD

Phe-9 controls binding with α3β4
nAChR [133]

α-TxID MD simulation Selectivity for α3β4 nAChR due to
steric changes in binding pocket [134]

α-TxID MD simulation Selectivity for α3β4 nAChR due to steric
changes in binding pocket, design of
mutated analogue [135]

ω-MVIIA Docking, MD Key methionine residue responsible for
toxicity [136]

Binding site
and pathway
characterization
(Section 3.2.3)

α-ImI, α-ImII Docking Affinities for different nAChR binding
sites [137]

μ-PIIIA MD simulation Verified and explained proposed
binding orientation in VGSC [138]

α-MI Docking Identification of two different nAChR
binding modes [139]

α-AuIB Docking Structural isomers bind to different
sites on α3β4 nAChR [71]

α-Vc1.1 MD, binding
energy calculations

Identify binding site to α9α10 nAChR
[140]

conantokin-T,
conantokin-G

MD simulation Determined metal-binding models
[141]

α-LtIA Docking Microscopic interactions of rapid
unbinding from α3β2 nAChR [143]

α-ImI, α-PnIB,
α-PnIA, α-MII

Docking Differences between conotoxin and
snake toxin binding at nAChR [144]

α-ImI, analogues Docking, MD Binding interaction investigation [142]
δ-EVIA Docking, MD Molecular basis of binding to VGSC

[145]
μ-PIIIA, μ-KIIIA,
μ-BuIIIB

Docking, MD Systematic analysis of binding modes
to NaV1.4 sodium channel [146]

μ-PIIIA Docking, MD,
umbrella sampling

Predict specificity for 8 different NaV
subtypes [147]

ω-GVIA Umbrella sampling Predict IC50 values for CaV2.2 channel
inhibition [149]

μ-PIIIA Umbrella sampling Dissociation constants from NaV1.4
sodium channel [150]

α-Imi, α-PnIA
variants

Umbrella sampling Binding pathway characterization [151]

α-GID mutant Umbrella sampling Identification of multiple pathways in
binding to α4β2 and α7 nAChRs [152]

α-ImI Random accelerated
MD, Steered MD

Characterize multiple unbinding
pathways from α7 nAChR [153]

κ-PVIIA MD, coarse-grained
Brownian dynamics

Contribution of long-range
electrostatics, h-bonding,
hydrophobicity to approach and
insertion into VGPC [155]
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Table A1. Cont.

Goal Toxin(s) Methods Results/Citations

Folding and
conformational
dynamics (Section
3.2.4)

α-GI Simplified quantum
chemical calculations

Rapid simulations of
folding/unfolding [156]

α-AuIB MD simulation Size/shape fluctuations, translational
and rotational diffusivity
determination [157]

MrIIIe MD simulation Effects of electric field strength [158]
α-AuIB, α-GI MD simulation Ensembles of different isomers

thermodynamically favorable under
different solvent conditions [159,160]

μ-GIIIA, μ-KIIIA,
μ-PIIIA, μ-SIIIA,
μ-SmIIIA

MD simulation Effects of removal of successive
disulfide bonds and characterization of
folding types [161]

cyclic α-Vc1.1 MD simulation Removal of disulfide bonds does not
perturb structure [162]

α-Vc1.1, α-BuIA,
α-ImI, α-AuIB

MD simulation Removal of disulfide bonds perturbs
non-cyclic structures [163]

Rational design
(Section 3.3)

contulakin-G MD simulation,
binding free energy
calculations

Design of neurotensin analogues [165]

α-TxID MD simulation Design of methionine-lacking mutant
[166]

148 conopeptides
with 3D structures in
PDB [56]

Docking, MD Design of conotoxin targeting LPAR6
[104]

Conus betulinus
venoms

Homology search Find sequences with insecticidal
properties [167]

ω-GVIA and mutants MD simulation Find strong copper-binding
conopeptides to remove metals
from environment [168]

conantokin-G and
mutants

Docking Design of EAR16, EAR18 that
reversibly block GluN2B NMDA
receptor [169]

α-MII and mutants Docking, genetic
algorithms

Design mutant with double the binding
affinity for α3β2 nAChR [170]

α-MII and a set of
FDA-approved drugs

Docking, genetic
algorithms

Drug repurposing algorithm [171]

α-PnIA and
analogues

Docking, Protein
Surface Topography

Design mutant with nanomolar affinity
for α7 nAChR [172]

μ-PIIIA MD, binding energy
calculation

Assess importance of different disulfide
bonds to binding with VGSC [164]
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Abstract: Arenicin-1, a β-sheet antimicrobial peptide isolated from the marine polychaeta Arenicola
marina coelomocytes, has a potent, broad-spectrum microbicidal activity and also shows significant
toxicity towards mammalian cells. Several variants were rationally designed to elucidate the role of
structural features such as cyclization, a certain symmetry of the residue arrangement, or the presence
of specific residues in the sequence, in its membranolytic activity and the consequent effect on
microbicidal efficacy and toxicity. The effect of variations on the structure was probed using molecular
dynamics simulations, which indicated a significant stability of the β-hairpin scaffold and showed that
modifying residue symmetry and β-strand arrangement affected both the twist and the kink present
in the native structure. In vitro assays against a panel of Gram-negative and Gram-positive bacteria,
including drug-resistant clinical isolates, showed that inversion of the residue arrangement improved
the activity against Gram-negative strains but decreased it towards Gram-positive ones. Variants
with increased symmetry were somewhat less active, whereas both backbone-cyclized and linear
versions of the peptides, as well as variants with R→K and W→F replacement, showed antimicrobial
activity comparable with that of the native peptide. All these variants permeabilized both the outer
and the inner membranes of Escherichia coli, suggesting that a membranolytic mechanism of action
was maintained. Our results indicate that the arenicin scaffold can support a considerable degree
of variation while maintaining useful biological properties and can thus serve as a template for the
elaboration of novel anti-infective agents.

Keywords: marine peptides; arenicin-1; molecular symmetry; structure–activity relationship;
antibacterial; cytotoxic; chemical synthesis; molecular dynamics
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1. Introduction

The growing resistance of pathogenic bacteria to currently used drugs dictates an urgent search
for novel antibiotics. The antimicrobial peptides produced by the innate immune system of animals
or plants are considered as potential new agents to combat drug-resistant bacteria, since they have a
potent and rapid antimicrobial action and act via a multi-target mode of action. The innate immune
system plays a vital role in the host defense of invertebrates, in particular, as their adaptive immunity
is poorly developed, so that they have evolved a wide range of antimicrobial peptides (AMPs). Those
of marine invertebrates can be considered as one of the most promising sources of new and effective
antibiotics, especially AMPs from species inhabiting coastal zones, which are environments teeming
with microbes, where the peptides are vital to help them avoid infection.

The subject of our study is a cationic antimicrobial peptide, arenicin-1, from the coelomocytes
of one such invertebrate animal—the lugworm Arenicola marina [1]. This peptide adopts a β-hairpin
structure [2–4] and possesses a potent microbicidal activity towards a broad spectrum of Gram-negative
and Gram-positive bacteria (including drug-resistant clinical isolates), as well as towards fungi.
However, it also displays a substantial cytotoxicity towards mammalian cells [1–3]. The mechanism
of antimicrobial action of arenicin-1 is associated with a distinctive membranolytic activity [5–12].
Its potent antibiotic activity makes this peptide a fascinating lead for designing variants to test which
features determine the antimicrobial and/or cytotoxic capacities and to disclose if they can be in some
way extricated.

Though some of the structural characteristics of arenicins have already been explored,
the significance of an intriguing feature of this molecule—its pseudosymmetric residue
arrangement—remains unexplored (Figure 1).

Theβ-hairpin structures of arenicins show marked right-handed twist and kink in aqueous solution,
as revealed by NMR spectroscopy [2,4] as well as by molecular dynamics simulation [6]. These features
effectively allow the side chains of hydrophobic residues to be screened in an aqueous environment,
thus reducing the overall amphiphilicity of the peptide. In more anisotropic, membrane-mimicking
environments, arenicins form dimers stabilized by hydrogen bonds between parallel N-terminal
β-strands in two neighboring molecules [5]. Dimerization occurs at the membrane surface and induces
a substantial conformational change, so that the molecules adopt almost planar amphipathic β-sheet
structures [8,13]. This more regular conformation appears conducive to subsequent oligomerization
and membrane disruption and therefore appears to be a relevant feature for antibacterial activity.
Conformational regularity might be favored by an increased symmetry in residue arrangement.

The present study aimed to probe for a possible biological significance of the apparent residue
symmetry displayed by arenicin-1 molecules and to determine whether altering or increasing this
symmetry could result in improved antimicrobial characteristics, also in view of their potential as
leads for novel anti-infective agents. We furthermore wanted to test how an increased rigidity of the
β-hairpin could affect the biological properties as well as the roles played by specific residues.

Several variants of arenicin-1 were therefore elaborated for a structure–activity relationship study
to analyze the role of sequence symmetry, residue content, and conformational rigidity in microbicidal
efficacy, membranolytic activity, and cytotoxicity towards mammalian cells. We constructed a set
of peptides with a varying degree of symmetrization of the amino acid sequence and speculated
that this could result in a more planar arrangement of the peptide hairpin, with a reduction of the
kink and twist observed in the strands of the native peptide’s structure. To test this, we performed
extensive molecular dynamics simulations of the peptides, using different initial conformations, and
analyzed their folding capacity, stability, secondary structural features such as kink and twist angles,
and hydrogen bonding patterns.

Additional variants were also studied, in which key residues, such as the arginines that provide
the peptide’s charge or the tryptophan residues that flank the β-hairpin, were respectively replaced
with lysine and phenylalanine. We furthermore prepared a linear variant of arenicin-1 with reduced
and alkylated (iodoacetamidated) cysteine residues to probe the significance of the β-hairpin scaffold
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and, finally, a backbone-cyclized arenicin-1 analogue to explore if the increased rigidity that is likely to
result from this type of cyclization could affect activity and/or toxicity towards mammalian cells.

2. Results

Arenicin-1 (AR) adopts a characteristic β-hairpin structure stabilized by the presence of a disulfide
bridge and displays a peculiar symmetry in residue arrangement along the two strands (Figure 1). It is
a fascinating scaffold for designing variants to test features that may affect the molecule’s antimicrobial
and/or cytotoxic capacities.

Figure 1. Pseudosymmetric sequence of the arenicin-1 molecule and structure of its designed analogues.
The hydrophobic residues are marked in blue, the polar residues are in red, and the palindromic
arrangement of the WCxxYxxVxVxxVxVxYxxCW motif in the initial arenicin-1 sequence is indicated
with rounded boxes. The VYYAYV(R) and (L)VRYRR motifs present in strands 1 and 2 of arenecin-1
are, respectively, highlighted by yellow and blue-grey boxes and were swapped (ARin-s), placed
symmetrically with inversion (ARs-N and -C), or branched from a central residue (ARsin-N-B and
ARs-C-B) in variants designed to test the role of the residue symmetry. Asterisks (*) in the linear version
of arenicin-1 (ARlin) mark the sites of Cys alkylation with iodoacetamide. Green arrows accentuate
the parallel arrangement of the strands in ARs-N-B and ARs-C-B peptides, obtained by linking the
“branches” of the hairpin to the α and δ amines of an ornithine residue (Orn), in turn coupled to an
amidated diaminopropionic acid (Dap) group at the C-terminus (Figure 7).

2.1. AR Variants Design

ARin-s was designed to alter the sequence symmetry by inverting the VYAYV and VRYRR
motifs, respectively present in the N- and C-terminal strands of wild-type AR (Figure 1). ARs-N
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had increased symmetry based on only the VYAYVR motif of the N-terminal strand; an additional
Arg residue was added to offset the decrease in overall charge that this entails. ARs-C, instead, had
increased symmetry based on the VRYRR motif of the C-terminal strand. To increase symmetry even
further, two non-proteinogenic variants—ARs-N-B and ARs-C-B—were constructed by branching
either the VYAYVRV sequence of strand 1 or the VLVRYRR sequence of strand 2 (fragments 1–10 and
13–21, respectively, Figure 1) from the α and δ amines of an ornithine (Orn) residue. This resulted
in a parallel arrangement of the hairpin strands, so that the obtained peptides had two N-termini.
The branching Orn residue was linked to an amidated diaminopropionic acid (Dap) residue at the
peptide’s C-terminus, in an attempt to maintain a structure of the branching site as far as possible
isosteric with the Arg residue normally present in the turn region (see Figure 7 in the Methods section).

We also constructed a backbone-cyclized version of AR (ARcycl) by linking the N-terminus to
the C-terminus using an innovative native chemical ligation (NCL) protocol. It has been reported
that the introduction of a second disulfide bridge in arenicin increases its rigidity and that this has
beneficial effects on both antimicrobial activity and toxicity [14]. However, this required replacing
internal residues (namely, Val8 and Val13) with Cys, while backbone cyclization of the N- and C-termini,
that are spatially close in the peptide β-hairpin, should be less invasive.

Additional variants were prepared with substitution of key residues. In AR-K, all Arg residues
were substituted with Lys to probe the relevance of these charged residues; analogously, in the
AR-F variant, Trp was replaced with Phe to probe the relevance of the flanking tryptophan residues.
Finally, we also prepared a linear variant of arenicin-1 with reduced and carboxamidomethylated
(iodoacetamidated) cysteine residues (RCM-Cys).

2.2. Assessing the Structure Using Molecular Dynamics Simulations

In our computational analysis of arenicin-1 analogues, we first developed a quantitative measure of
sequence symmetry by aligning the original and the inverted primary structures. As can be appreciated
from their sequences (Figure 1), the “branched” peptides ARs-N-B and ARs-C-B are ideal palindromes,
having not only identical sequences of both strands but also the same orientation.

We then performed an extensive molecular dynamics (MD) simulation of the peptides in an
aqueous environment to analyze their structure and dynamics. The peptides were modelled with
different starting conformations, in the presence or absence of the disulfide bonds. The linearized
version of the original arenicin-1, as well as the variant with reduced, carboxamidomethylated cysteines
(ARlin) and the linearized versions of the ARin-s and ARs-C variants, all demonstrated the ability to
fold rapidly from a fully extended linear conformation to a well-defined β-hairpin structure, which
was relatively stable even without the disulfide bond. The process of peptide folding was monitored
by measuring both the distance from the initial structure and the appearance of secondary structure
elements. The folding of ARs-C, with rapid emergence of the characteristic β-strands connected by
a turn, is shown in Figure S1. ARin-s and ARs-C were also modelled from more natural β-hairpin
starting structures, obtained using replica-exchange Monte Carlo simulations in the Quark program,
which also confirmed a high stability of this conformation even in the absence of the disulfide bond.

The ARs-N-B and ARs-C-B variants, instead, failed to fold from an initial extended linear
conformation, in the timescales used for our simulations. Therefore, we used a manually constructed
β-sheet structure with a disulfide bond to perform simulated annealing experiments. These resulted in
the formation of relatively flat β-sheet structures, which were further equilibrated by an additional
MD simulation. The resulting average structures obtained for all modelled peptides are shown in
Figure 2a, in which it can be clearly seen that the β-hairpin structures of ARin-s and ARs-C show the
same characteristic kink as AR, while the parallel β-hairpin of ARs-N-B and ARs-C-B are flatter and
less twisted.
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Figure 2. Average equilibrium structures obtained for all studied peptides by molecular dynamics
(MD) simulations. (a) Schematic ribbon representation, parallel and antiparallel β-strands are based on
secondary structure assignment by the STRIDE algorithm. (b) Structural alignment of ARlin, ARin-s,
and Ars-C with experimental arenicin-1 structure 2JSB. Only backbone atoms are shown, the coloring
matches panel (a).

The increase in sequence symmetry in the parallel β-stranded branched peptides made their
planar spatial structures the most distant from that of the original arenicin-1. Data on the structural
distance from the experimental arenicin-1 structure (root-mean-square deviation, RMSD), secondary
structure content, and average number of mainchain hydrogen bonds for each peptide are provided
in Table 1. These show that the linearized version with reduced, carboxyamidomethylated cysteines
(ARlin) formed a more distorted β-hairpin, with lower secondary structure content and greater distance
from the experimental structure than the other antiparallel β-hairpin structures. On the other hand,
the cyclic variant (ARcycl) and ARin-s were almost indistinguishable from the original arenicin-1,
as shown in the structural alignments in Figure 2b, so that the rearrangement of residues in the two
strands or backbone cyclization did not seem to greatly affect the overall conformation. It is interesting
to note that the backbone cyclization can accommodate quite a tight cycle based on only five residues
(CWRWC), even though the three central residues are bulky, so that the motif could be quite rigid.

Table 1. Structural analysis of the resulting peptide models.

Peptide
(a) Cα RMSD with 2JSB

(Å)

(b) Average N◦ of
H-Bonds (±SD)

(c) Average 2y Structure
Content

AR 1.37 8.3 ± 1.2 14/21
ARin-s 1.67 8.3 ± 1.2 16/21
ARs-C 1.90 6.4 ± 1.1 14/20

ARs-N-B 4.29 7.1 ± 1.3 13/22
ARs-C-B 3.30 6.2 ± 1.1 10/20

ARlin 3.13 5.4 ± 1.2 9/21
ARcycl 1.57 7.1 ± 1.2 16/21

(a) Root-mean-square deviation (RMSD) of the coordinates of Cα atoms in variant structures of the experimental
arenicin-1 NMR structure. (b) Average number (N◦) of mainchain H-bonds calculated from the equilibrium parts of
the MD trajectories. (c) Ratio of residues in antiparallel or parallel β-sheet conformation assigned by the STRIDE
algorithm to the total N◦ of residues. 2JSB: Protein Data Bank (PDB) ID of arenicin-1.

The parallel, branched β-hairpin peptides ARs-N-B and ARs-C-B were structurally the most
distant from the original conformation, with RMSD > 4 Å for ARs-N-B. Moreover, although the average
number of intramolecular main-chain hydrogen bonds was similar for all peptides, AR, ARin-s, ARs-C
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displayed the standard hydrogen bonding pattern of an antiparallel β-sheet (Figure 3), while ARs-N-B
and ARs-C-B showed a bonding pattern characteristic of a parallel β-sheet. Supposedly, this difference
in intramolecular hydrogen bonding could affect also intermolecular H-bonding and so alter the
mechanism of dimerization and oligomerization on the membrane surface.

Figure 3. Different hydrogen bonding patterns observed for arenicin variants. AR, ARin-s, and ARs-C
show the same H-bonding pattern (dotted blue lines) typical of antiparallel β-strands (two H-bonds
connect the α-amine and α-carboxyl groups of an amino acid on one side of the hairpin with the
α-amine and α-carboxyl groups of an amino acid on the other side of the hairpin). ARs-N-B and
ARs-C-B instead show the pattern typical of parallel β-strands (two H-bonds connect the α-amine and
α-carboxyl groups of an amino acid on one side of the hairpin with the α-amine and α-carboxyl groups
of two different amino acids on the other side). The disulfide bond is indicated by a solid grey line, as
well as branching from the ornithine residue α- and δ-amines (Figure 7).

The structural stability of the peptides was analyzed by calculating the fluctuations
(root-mean-square fluctuations, RMSF) of the backbone Cα atoms at equilibrium. All peptides
demonstrated a fluctuation pattern typical of a β-sheet with a higher mobility at the termini and near
the turn connecting the two β-strands (Figure S2a). The peptide ARs-C-B exhibited a remarkably
high structural stability, with low fluctuations even on the β-strand termini. This behavior could be
attributed to an additional stabilization due to stacking of two N-terminal tryptophan residues, which
is shown in Figure S2b.

Finally, we analyzed the effect of sequence symmetry on the overall geometry of the peptide. For
each peptide, we determined the average twist and kink angles from the equilibrium parts of the MD
trajectories. We then plotted the twist and kink angles versus sequence symmetry for each peptide, as
shown in Figure 4. As expected, and in agreement with the MD simulations, the more symmetrical
sequences of ARs-N-B and ARs-C-B resulted in significantly lower twist and kink of the peptides,
which both had nearly planar parallel β-hairpin structures, quite distant from the original arenicin-1
structure and rather uncommon for β-hairpin peptides, which cannot by, definition, have symmetric,
parallel β-strands.
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Figure 4. Average kink (a) and twist (b) angles for the peptides as a function of their sequence symmetry.
Sequence symmetrization in ARs-N-B and ARs-C-B results in significantly lower kink and twist.

2.3. Antimicrobial Activity

We tested the antimicrobial activity of the peptides against a set of Gram-negative and
Gram-positive bacteria, including drug-resistant clinical isolates. As shown using the broth
microdilution assay (Table 2), the peptide with inverted symmetry (ARin-s) had a reduced activity
against Gram-negative strains and lost activity against Gram-positive ones. This may be due to the
replacement of the VYAYV motif in the N-terminal strand, which is reported to be important for
oligomerization, with the inverted C-terminal motif RRYRVL. However, the fact that the variant with
a symmetrically placed RRYRVL motif in both strands (ARs-C) maintained a substantial activity,
while the one with a symmetrically placed VYAYV motif lost activity, suggests that this type of
oligomerization is only one of the factors determining activity and that the C-terminal strand may also
have a significant role. ARs-C (+7) may act as a monomer for which the higher charge is beneficial, and
while we attempted to maintain a reasonable cationicity (+5) for ARs-N by adding an Arg residue at
the N-terminus, it was still reduced with respect to arenicin-1 (+6). It is interesting that the same trend
was observed for the “branched” variants, where ARs-C-B (+9), based on the RRYRVL motif of the
C-terminal strand, was more active than ARs-N-B (+7), based on the VYAYV motif of the N-terminal
strand, but the latter becomes significantly more active than the less cationic ARs-N peptide based on a
canonical antiparallel β-hairpin.

The backbone-cyclized and linear versions of arenicin-1, as well as the peptides with Arg replaced
with Lys (AR-K) and Trp replaced with Phe (AR-F), showed an antimicrobial activity comparable with
that of the native peptide. However, it was not possible to determine from the minimal inhibitory
concentrations (MIC) values alone if and how the mechanism of action had changed. One may
simply suggest that it continued to involve an initial interaction with the membrane determined by
electrostatic interactions and that the subsequent insertion into the membrane was due to the presence
of hydrophobic residues, but the mechanism of the subsequent membrane permeabilization (which
involves peptide oligomerization) could be affected. Our MD simulations would in any case suggest
that the β-hairpin structure was maintained in all these variants, even the linear one, with a strong
propensity for the scaffold to fold into this conformation. It is interesting to note that, while altering
the symmetry reduced the antimicrobial activity against drug-resistant clinical isolates in particular,
backbone cyclization of arenicin-1 resulted in improved activity towards these isolates.

To obtain a global assessment of the effect on antimicrobial activity, the geometric mean of the
MIC (G-MIC) was calculated, and from this, the overall improvement or impoverishment with respect
to arenicin-1. In general, inverting the symmetry or decreasing the charge had detrimental effects.
Turning the peptide into a parallel β-hairpin also did not improve activity. Linearizing the peptide did
not seem to significantly affect its activity, while substituting Lys for Arg and Phe for Trp seemed to
slightly improve it. Taken together, these results suggest that these modifications did not markedly
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improve the already potent antibacterial activity of the parent peptide but rather subtly alter its
activity spectrum.

Table 2. Antimicrobial activity of the arenicin-1 variants (broth microdilution assay).

Minimal Inhibitory Concentrations (MIC) a, μM

AR ARin-s ARs-N ARs-C ARs-N-B ARs-C-B AR K AR F ARlin ARcycl

Gram-negative laboratory strains

Escherichia coli ML35p 1–2 4–8 16 1 4 1–2 1 1 1–2 1–2
E. coli ATCC 25922 2 8 >16 2 8 4 2 1 2 2
E. coli M15 2 8 >16 2 4 8 1 1 2 2
Pseudomonas aeruginosa
ATCC 27853 2 4–8 >16 1 2 1 1–2 1 2 1

Gram-positive laboratory strains

Listeria monocytogenes EGD 1–2 2 8 1 2–4 2 2 2 2 2
Staphylococcus aureus 710A 2 16 >16 2–4 8 4 2 2 2 2
S. aureus ATCC 25923 2 16 >16 4 8 4 2 2 2 2
MRSA ATCC 33591 4 >16 >16 4–8 8 8 2 2 4 4

Clinical isolates

P. aeruginosa c.i. 4 >16 >16 16 16 16 2–4 2 4–8 2
Acinetobacter baumanii c.i. 4 16 >16 2 4 8–16 1 2 4 4
Staphylococcus intermidius 8 >16 >16 8 8 4 4 4 8 4
S. aureus c.i. 4 >16 >16 16 8 4–8 4 4 8–16 4

Overall statistics

G-MIC b 2.7 ≥12.8 ≥26.9 3.2 5.9 4.4 1.9 1.8 3.1 2.3
G-MIC improvement ratio
in comparison with AR c 1.0 ≤0.2 ≤0.1 0.8 0.5 0.6 1.4 * 1.5 * 0.9 1.2 *

a Minimal inhibitory concentrations (MIC) values were derived from 3–5 experiments which were performed in
triplicates. b Geometric mean of the MIC (G-MIC) is the geometric mean of all determined MICs; the median values
of MICs were used for calculation. In the case of MIC > 16 μM, the next concentration in the series of two-fold
dilutions (32 μM) was used for G-MIC assessment. c As the lower MIC corresponds to the higher activity, MIC
improvement was calculated as a ratio of G-MIC of native arenicin (AR) to G-MIC of the peptide of interest. *:
higher overall activity, compared to AR.

2.4. Effect of Arenicin Variants on Bacterial Membrane Integrity

The Escherichia coli ML35p strain expresses a plasmid-encoded periplasmic β-lactamase and
is constitutive for cytoplasmic β-galactosidase, while lacking lactose permease [15]. This makes it
very useful to monitor the permeabilization of both its outer and inner membranes, using real-time
assays. From Figure 5, it can be seen that the outer membrane became fully permeable to nitrocefin, a
β-lactamase substrate, ~30 min after adding most arenicin-1 analogs. However, all variants with a
modified symmetry demonstrated a decreased ability to permeabilize the inner membrane of E. coli
ML35p, suggesting a reduced membranolytic activity.

It is interesting to note that, whereas some variants did show an improved capacity to permeabilize
the outer membrane with respect to arenicin-1 (e.g., AR-K and ARcycl), none of the variants (with the
possible exception of AR-F) showed an improved capacity to permeabilize the cytoplasmic membrane.
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Figure 5. Permeabilizing effect of arenicin-1 variants on E. coli ML35p outer and cytoplasmic membranes.
The incubation wells contained 10mM sodium phosphate buffer, 100 mM NaCl, 2.5× 107 colony-forming
units (CFU) of washed, stationary-phase E. coli ML35p, and the peptides of interest at a concentration
equivalent to 2 ×MIC, or an equivalent volume of acidified water (controls).

2.5. Cytotoxicity of Arenicin-1 Variants towards Mammalian Cells

The toxicity of arenicin peptide variants towards eukaryotic cells was tested using the MTT assay
on the human erythroleukemia cell line (K-562). The arenicin variants with Arg-to-Lys (AR-K) and
Trp-to-Phe (AR-F) substitutions, which exerted a slightly improved antimicrobial activity compared to
the native peptide (see Table 2), were also found to be somewhat more cytotoxic, the half-maximal
inhibitory concentration (IC50) decreasing by a factor of 2 (Table 3). This is quite typical of membranolytic
AMPs, for which a higher antibacterial activity is often accompanied by an increased toxicity to host
cells [16,17].

The cytotoxic activity of the backbone-cyclized variant ARcycl and of variants modified to increase
the symmetry in an antiparallel β-sheet structure (ARs-N and ARs-C) was comparable (ARcycl, ARs-N)
or only moderately increased (ARs-C), with respect to that of the original peptide. On the other hand,
both of the “branched” symmetrical variants (ARs-N-B and ARs-C-B) and the linearized arenicin
(ARlin) showed at least a two-fold reduction of cytotoxicity. The same was observed for ARin-s with
inverted symmetry, but in this case, it was accompanied by a significantly lower antibacterial activity.

The impact of the peptides on eukaryotic membranes was also analyzed using the hemolysis
assay, with peptide concentrations up to 80 μM (Figure 6). None of the modifications completely
abolished the relatively high hemolytic activity of wild-type arenicin, although the branched variant
based on the C-terminal motif (ARs-C-B), which was moderately active on bacteria, demonstrated a
significantly lowered ability to lyse the erythrocytes. On the other hand, other variants with improved
antimicrobial activity (e.g., AR-F and AR-K) did not show a significantly increased hemolytic activity,
based on the HC50 value.
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Table 3. Cytotoxic effects of arenicin-1 variants towards human erythroleukemia K-562 cells and
human erythrocytes.

Effects of the Peptides

AR ARin-s ARs-N ARs-C ARs-N-B ARs-C-B AR-K AR-F ARlin ARcyclic

Cytotoxicity towards K-562 cell line (human erythroleukemia cells)

IC50
a, μM (MTT-assay) 17.9 37.7 18.0 11.6 35.1 39.0 7.7 9.3 >40 16.2

SI1 assessment
IC50/G-MIC 6.6 ≤2.9 ≤0.7 3.6 6.0 8.8 4.0 5.2 >12.8 7.0

SI1 improvement ratio in
comparison with ARb 1.0 ≤0.4 ≤0.1 0.5 0.9 1.3 * 0.6 0.8 >1.9 * 1.1

Hemolysis of human red blood cells

HC50
c, μM 66.3 >80 >80 66.0 >80 >80 63.0 60.5 >80 65.5

SI2 assessment
HC50/G-MIC 24.6 - - 20.6 >13.7 >18.1 33.1 34.0 >25.6 28.2

SI2 improvement ratio in
comparison with ARb 1.0 - - 0.8 >0.6 >0.7 1.3 1.4 >1.0 1.1

HC15
c, μM 10.3 17.2 23.5 11.8 12.4 56.4 10.1 10.6 29.9 14.0

SI3 assessment
HC15/G-MIC 3.8 ≤1.3 ≤0.9 3.7 2.1 12.7 5.3 6.0 9.5 6.0

SI3 improvement ratio in
comparison with ARb 1.0 ≤0.4 ≤0.2 1.0 0.6 3.3 * 1.4 1.6 2.5 * 1.6

a Half-maximal inhibitory concentration (IC50) was calculated using Sigma Plot Standard Curve Analysis based on
3–4 independent experiments. b Selectivity index (SI) improvement was calculated as a ratio of the SI of the peptide
of interest to the SI of native AR. The peptides with the highest SI values are the least cytotoxic. c Half-maximal
hemolytic concentration (HC50) and 15% maximal hemolytic concentration (HC15) were calculated using Sigma Plot
Standard Curve Analysis based on 3–8 independent experiments. *: variants with the most significant reduction of
toxicity in both hemolysis and MTT-test, compared to AR.

 
Figure 6. The hemolytic activity of arenicin-1 variants towards human red blood cells (RBC). All values
are means ± SD and were derived from 3–8 experiments which were performed in triplicates.

We used both the MTT and hemolysis data to make an in vitro estimate of selectivity indices
(SI) of the peptides (see Table 3), as these help characterize the width of the ‘therapeutic window’ of
a compound and thus its suitability for possible therapeutic application. We used the G-MIC as a
measure of the overall antimicrobial activity of the peptides (see Table 2) and the half-maximal MTT
inhibitory concentration (IC50) or half-maximal hemolytic concentration (HC50) as a measure of their
toxicity. In the case of hemolytic activity, only 5 of the 10 investigated variants reached their HC50 at a
concentration of 80 μM, which somewhat limited the SI assessment. For a more precise comparison of
the SI, we therefore calculated the HC15, a hemolysis level which could be reliably calculated for all
tested peptides on the basis of the experimental data (Figure 6). Both hemolysis- and MTT-derived
selectivity index estimates (SI1 and SI3, see Table 3) indicated that the branched symmetrical arenicin-1
variant based on the C-terminal motif (ARs-C-B) and the linearized arenicin (ARlin) possessed the
best combination of antibacterial and cytotoxic properties, amongst the tested arenicin-1 analogues.
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ARs-C-B showed over a three-fold improvement in SI3 compared with native arenicin. The variants
with the poorest SI characteristics were the one with inversed symmetry (ARin-s: low antimicrobial
activity but relatively high cytotoxicity) and the N-terminal motif-based symmetrical arenicin ARs-N.

3. Discussion

Marine animals are recognized as a rich source of potentially useful novel bioactive substances,
including new anti-infective drugs. Several AMPs from marine invertebrates have been described to
date, such as the penaeidins from shrimp [18], mytilins from mussels [19], aurelin from jellyfish [20],
tachyplesins from the horse-shoe crab [21], arasin from the spider crab [22], and several others. One of
the most potent AMPs is arenicin-1, from the lugworm A. marina [1]. However, to be suitable as a
lead compound for drug development, this highly active peptide requires optimization, as it is also
significantly hemolytic.

We observed that this peptide possesses a rather unique pseudosymmetric structure and explored
the significance of this feature with respect to its antimicrobial activity as well as its cytotoxicity for
mammalian cells. This peptide presents two Trp residues at each terminus and three Tyr residues
distributed along the β-strands. A study of other tryptophan-rich peptides, such as the bovine,
cathelicidin-derived peptides tritrpticin and indolicidin, has shown that sequence symmetrization
can result in improvement of the antimicrobial activity, accompanied by a decreased hemolytic
action [23]. A zipper-like symmetric arrangement of aromatic residues along the strands can also
increase the stability of β-hairpin AMPs, increasing their activity [24]. Furthermore, synthetic,
disulfide-stabilized, β-hairpin peptides based on symmetric sequences of a VR motif also provide an
appreciable, broad-spectrum antimicrobial activity with a membranolytic mechanism [25].

For these reasons, several arenicin-1 variants with increased or modified symmetry, as well as with
changes in other primary structural features, have been designed (Figure 1), chemically synthesized,
and investigated. Molecular dynamics simulations allowed us to predict possible effects on the
structures of these variants and to analyze their conformational stability and dynamics. A linearized
version of arenicin-1, as well as two variants with β-strand permutations, ARin-s and ARs-C, showed
a rapid and robust folding into a well-defined β-hairpin structure that showed a remarkable similarity
with the experimentally determined structure of the parent peptide arenicin-1. The RMSD was
relatively low (1.6–1.9 Å, Figure 2b), and the hydrogen bonding pattern between the flanking β-strands
was the same (Figure 3), so that the overall geometric parameters, twist and kink angles, were
virtually indistinguishable from those of arenicin-1. These simulations suggested that permutations of
whole β-strands, including palindromic symmetrization, did not significantly affect the characteristic
β-hairpin structure of the scaffold, although switching the VYAYV and RRYRVL motifs between N-
and C-terminal strands (as in ARs-in), might affect the mechanism of self-association in a membrane
environment, which is reported to involve the N-terminal strand of the native peptide.

On the other hand, MD simulations on peptides with a non-canonical, branched, parallel β-hairpin
arrangement achieved by chemical synthesis supported our hypothesis that an increased symmetry in
the primary structure would translate into a more symmetrical β-structure, with reduced twist and kink
angles. For the two highly symmetric analogues of this type (ARs-N-B and ARs-C-B), the β-hairpin
became almost flat, and the hydrogen bonding pattern between the strands was altered (Figure 3).
This would result in a different pattern of vacant hydrogen donor/acceptors on the other side of the
peptide’s β-strands, also affecting intermolecular contacts. Considering that native arenicin molecules
form dimers by a parallel association of the N-terminal β-strands [5,11], the branched variants could
have an altered oligomerization propensity and, therefore, a modified pore-forming activity. Their
biological activity might be reduced.

In effect, the structure–antimicrobial activity relationship of arenicin-1 turned out to be rather
robust, with all studied variants, except ARin-s (with an inverted strand arrangement) and the
symmetrical variant ARs-N (with reduced charge), maintaining an appreciable activity against both
Gram-negative and Gram-positive bacteria, including drug-resistant strains. The charge dependence
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of the activity for ARs-N (+5) was also suggested by the fact that the activity was partly re-established
for the parallel-stranded analog ARs-N-B (+7), which is supported by similar observations for other
AMPs [26,27]. The activity loss in ARin-s is significant, and as the secondary structure was modelled
to be very similar to that of the parent peptide, could be due either to the altered residue arrangement
or to a reduced propensity of the altered N-terminal strand to dimerize in the membrane.

The cytotoxic action of arenicin-1 variants towards mammalian cells was less sensitive to the
molecule’s charge and more sensitive to its symmetry and three-dimensional organization. The flatter,
symmetrically branched peptides ARs-N-B and ARs-C-B were less toxic to K-562 cells by a factor
of two than the native peptide, whereas ARs-N and ARs-C—with a more pseudo-symmetric but
antiparallel β-hairpin conformation—showed a comparable or slightly increased cytotoxicity. When
native arenicin-1 dimerizes by the parallel association of its N-terminal strands, it adopts a more planar
conformation [5,11]. The intrinsically more planar conformations of ARs-N-B and ARs-C-B might
thus be expected to favor oligomerization, and in line with several studies, an increased propensity
for self-association in solution should correlate with increased cytotoxicity [23,28,29]. The fact that
these analogs showed both a reduced bacterial membrane permeability (Figure 5) and host cell
cytotoxicity, compared to the parent peptide, suggests that this was not the case. Possibly, the different
intramolecular H-bonding patterns of the parallel branches in the modified peptides affected their
capacity to form the intermolecular H-bonds.

Analysis of other variants revealed that an improvement of the in vitro antimicrobial activity
could be obtained by Arg-to-Lys (AR-K) or Trp-to-Phe (AR-F) substitutions, but at the expense of an
even more prominently increased toxicity towards mammalian cells. Interestingly, other reports on
Arg-to-Lys substitutions in AMPs [30,31] suggest that the arginine side chain can form more hydrogen
bonds and thus interact more strongly with phospholipid components of bacterial membranes, with
respect to lysine, which should enhance the activity of Arg-rich AMPs with respect to the Lys-rich
analogues [31,32]. Previously published data on an arenicin-1 analogue with Arg-to-Lys substitutions
indicated that the activity of this peptide is comparable to that of the parent AR, but in a salt-, medium-
and bacterial species-dependent manner [7].

The replacement of Trp with Phe may favor the insertion of the AR-F peptide into membranes
but it does not seem to discriminate between bacterial and eukaryotic membranes. Furthermore, it is
reported that the kinked arenicin-1 hairpin becomes significantly flatter upon membrane contact and
oligomerization [5]. Molecular dynamics simulations with ARs-C-B indicated that Trp stacking in
parallel strands may contribute to stabilizing the flattened conformation.

The backbone-cyclized analogue of arenicin-1 acted similarly to the parent peptide towards both
bacterial and mammalian cells, while the linear variant showed a higher selectivity for the bacterial
cells. The macro-cyclization of AMPs has been reported to reduce the toxicity of some AMPs towards
host cells (e.g., protegrin 1, tachyplesin 1, and gomesin AMPs [33–35]), but in the case of arenicin,
it did not substantially alter the biological activity. In fact, as it occurs close to the disulphide bridge,
it results in a rather tight, five-residue cycle (CWRWC), which could be quite rigid considering the
steric bulk of the central residues. MD simulations with the linear AR variant showed that it has a
strong propensity to fold to a β-hairpin even in the absence of a disulphide bridge, which suggests that
backbone cyclization could replace disulphide bridging to stabilize the peptide, freeing the positions
of the Cys residues for variations that may improve its activity. This has been observed for macrocyclic
antimicrobial conotoxin analogues with replaced cysteines [36].

With respect to the linearized arenicin, a variant with the replacement of cysteine residues
with serine has previously been reported and was shown to have a 2–4-fold decreased antimicrobial
activity [3,7]. Our linearized analogue, with alkylated cysteine residues, instead substantially maintained
the antimicrobial activity. As MD simulations suggested, it also displays a substantial propensity to fold
to a β-hairpin conformation, albeit with a reduced stability with respect to the parent peptide; it may
also maintain some of its capacity to oligomerize and permeabilize bacterial membranes. In any case,
studies on other linearized β-hairpin AMPs with reduced Cys or Cys replaced with Ser (e.g., bovine
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cyclic dodecapeptide [37] and porcine protegrin 1 [38]) indicate that, while activity may be reduced to
some extent, it is not entirely abrogated. In fact, some linearized analogues of bovine dodecapeptide
(bactenecin 1) demonstrated a potent antibacterial action and higher selectivity for bacterial cells than the
parent peptide [39]. Studies with cyclic, linear, or dimeric (parallel and antiparallel) cyclic dodecapeptide
suggest that the antimicrobial activity is quite robust and retained to some extent by all these forms,
even though characteristics such as the salt-dependence of the activity can vary [40].

4. Materials and Methods

4.1. Peptide Synthesis

4.1.1. Antiparallel β-Hairpins

Solid-phase peptide synthesis of most variants was performed on a microwave-enhanced CEM
Liberty synthesizer (Charlotte, NC, USA), loaded with Trp-substituted, 2-chlorotrityl chloride resin
(substitution of 0.2 mmol/g). Insertion of the C-terminal Trp was performed manually according to
the instructions provided in the synthesis notes section (section 2.17) of the Novabiochem catalogue.
Double coupling was affected at all positions, with a four-fold excess of fluoren-9-dymethoxycarbonyl
amino acid/HATU/diisopropylethylamine (1:1:1.7, by vol.) at 70 ◦C. For couplings involving Cys,
the temperature was limited to 50 ◦C. Branched peptides (ARs-N-B and ARs-C-B) were synthesized
as amides, using the NovaPEG Rink Amide resin (substitution 0.22 mmol/g). Diamminopropionic
acid (Fmoc-DAP(Boc)-OH) was loaded as the C-terminal residue, followed by (Fmoc-Orn(Fmoc)-OH)
and then branching from the Orn residue. Peptides were cleaved from the resin and deprotected
using a cocktail consisting of trifluoroacetic acid (TFA), water, ethanedithiol, triisopropylsilane mixture
(94:2.5:2.5:1, by vol.). The free peptides were precipitated and washed with t-butyl methyl ether and
dried under nitrogen.

4.1.2. Branched, Parallel Hairpins, and Simulation of the Turn Region

While the primary structure of the native peptide imposed an antiparallel arrangement of the
strands in the β-hairpin [2], the synthetic variants with the parallel prongs of the hairpin were
designed to achieve a more symmetric arrangement of the peptide molecule. In the design of these
“branched” peptides, it was attempted to maintain a structure of the branching site as far as possible
isosteric with the Arg residue normally present in the turn (Figure 7), by branching from an ornithine
(Fmoc-Orn(Fmoc)-OH) coupled to a C-terminal Dap amide (Fmoc-Dap(Boc)-OH) coupled to a Rink
amide resin]. The synthesis and cleavage were carried out in the same conditions as for the β-hairpin
peptides. ARs-N-B and ARs-C-B have identical co-directional prongs in the two parallel strands of the
branched peptide, based, respectively, on the N- or C- terminal strands of arenicin.

Figure 7. Sequence of the turn region of native arenicin (–VRGV–) and simulated turn region of the
“branched” arenicin 1 variants (–VOrn(δ)V–) where the Orn α-amine is coupled to amidated Dap.
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4.1.3. Backbone-Cyclized Arenicin

The cyclic variant (ARcycl) was synthesized using the same Trp-substituted, 2-chlorotrityl chloride
resin (substitution of 0.2 mmol/g), but with the sequence Boc–CVYAYVRVRGVLVRYRRCW, to provide
an N-terminal Cys residue for native chemical ligation. The methodology has been described previously
for native ligation of two peptide fragments [41] and was adapted for backbone cyclization. Briefly, the
fully protected peptide carboxylic acid (including Boc-protected N-terminus) was cleaved from the
resin with hexafluoroisopropanol (HFIP) in dichloromethane (DCM), and the product was esterified
to the corresponding 4-acetamidophenyl-thioester, according to a published procedure [42,43]. After
acid deprotection of this peptide thioaryl ester with a thiol free cleavage mixture, it was suspended to
a concentration of 30 mM in a solution of 6 M guanidinium hydrochloride, 100 mM sodium acetate,
2 mM EDTA in the presence of 10 eq. of tris(2-carboxyethyl)phosphine (TCEP) to ensure the Cys
residues were reduced, and left for 1 h. The backbone-cyclized peptide was then purified by RP-HPLC
and resuspended in folding buffer (pH 8.5), and the disulphide bridge was formed as described below.

4.1.4. Disulphide Bond Formation

Disulphide bonds in the arenicin variants were formed by adding the peptides to a freshly
prepared N2-saturated aqueous buffer (1 M guanidinium chloride/0.1 M ammonium acetate/2 mM
EDTA, pH 8.5) in the presence of 1 mM cysteine and 0.1 mM cystine. The final peptide concentration
was kept below 10 μM to avoid dimer formation, and oxidation was carried out overnight. The linear
variant of arenicin-1 was obtained by means of reduction of the parent AR followed by alkylation of
the reduced peptide with iodacetamide using a standard protocol.

Folding was monitored by analytical RP-HPLC (GE Life Sciences Äkta FPLC 900 Pittsburg, PA,
USA) using a Waters Symmetry®C18 column (3.5 μm, 100 Å, 4.6 mm × 50 mm), and after completion,
the final desalting and purification were carried out using a Waters Delta-Pak®C18 column (15 μm,
300 Å, 25 mm × 100 mm). Gradients were typically 5%–55% acetonitrile in H2O (0.05% trifluoroacetic
acid) for 30 min. The correct structure and purity were confirmed by ESI–MS using a Bruker Daltonics
Esquire 4000 mass spectrometer (Billerica, MA, USA), working in positive mode, directly on the
eluate fractions.

4.2. Molecular Modeling

4.2.1. Molecular Dynamics Simulations

All MD simulations were performed with the Gromacs-4.5.4 software package [44] with GROMOS
43a2 forcefield [45]. Two types of initial conformations were used to simulate the folding and dynamics
of the peptides: an extended linear conformation and a β-sheet structure. The preparation of the
initial conformations is described in Supplementary materials. The topologies for ornithine and
diaminopropionic acid in ARs-N-B and ARs-C-B were constructed manually, analogously to a lysine
residue. The linearized version of arenicin-1 (ARlin) had reduced, carboxamidomethylated cysteines
(RCM-Cys), and the cyclic variant (ARcycl) had an additional peptide bond between the terminal
residues. All calculations utilized periodic boundary conditions. Long-range electrostatic interactions
were computed by the particle-mesh Ewald (PME) method. The cut-off for non-bonded van der Waals
interactions was set to 1.2 nm. Each system was first energy-minimized by 5000 steps of steepest
descent. Energy minimization was followed by two 100 ps equilibration runs using NVT and NPT
ensembles during which the positions of peptide atoms were restrained by a harmonic potential with
a force constant of 1000 kJ·mol−1·nm−2. The equilibration was followed by 50–120 ns production
MD runs integrated with a 2 fs timestep. During the MD simulations, temperature was maintained
at 300–315 K by a Nose–Hoover thermostat with a time coupling constant 0.5 ps, and pressure was
maintained at 1 atm by a Parrinello–Rahman barostat with a time coupling constant 2.0 ps. In the
case of the peptides ARs-N-B and ARs-C-B, we also performed a periodic simulated annealing with
temperatures at 300–365 K. The coordinates were written to an output trajectory file every 2 ps for
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further analysis. The resulting MD trajectories and the corresponding simulation parameters are
summarized in Table S1.

4.2.2. Analysis of the Simulation Results

The analysis of the MD trajectories was done using various utilities in the Gromacs package.
To monitor the folding process, we calculated the RMSD of Cα carbon atoms from their initial
positions. The evolution of the secondary structure was followed using the DSSP structure assignment
program [46]. The stability and dynamics of the peptides were accessed by calculating RMSF of Cα

carbon atoms and the average number of hydrogen bonds at the tail of a MD trajectory, where the
system reached equilibrium. The same equilibrium parts of the trajectories were used to clusterize
the conformations and determine the mean peptide structures. These mean structures were used to
estimate the structural similarity with arenicin-1 by calculating the RMSD with experimental NMR
structure PDB: 2JSB and to determine the secondary structure content by the STRIDE algorithm [47].
The kink and twist angles were analyzed analogously to a previous work on molecular dynamics
simulation of arenicin-2 [6]; the details of the analysis methodology are given in Supplementary
materials (Supplementary Chapter S1, [4,48–50]). The figures of the peptides were prepared using
PyMol [49].

4.3. Antibacterial Assays

4.3.1. Bacterial Strains

E. coli ML35p, Listeria monocytogenes EGD, methicillin-resistant Staphylococcus aureus (MRSA)
ATCC 33591 were kindly provided by Prof. Robert Lehrer (University of California, Los Angeles,
CA, USA); E. coli ATCC 25922, E. coli M15, Pseudomonas aeruginosa ATCC 27853, S. aureus ATCC
25923 were provided by Dr. Elena Ermolenko (Institute of Experimental Medicine, St-Petersburg,
Russia); drug-resistant clinical isolates were provided by Prof. Gennadiy Afinogenov (Saint Petersburg
State University, Russia); S. aureus 710A has been described previously [51]. The following clinical
isolates of bacteria were used: P.s aeruginosa resistant to aztreonam, ceftazidime, cefotaxime (obtained
from the urine of a patient with cystitis), Acinetobacter baumannii resistant to meropenem (from an
infected wound); Staphylococcus intermedius (from an infected wound caused by a dog bite) resistant to
ciprofloxacin, cefuroxime, clindamycin, erythromycin, rifampin, gentamicin, benzylpenicillin, oxacillin.

4.3.2. Broth Microdilution Assay

This assay was applied to determine the MIC, according to the guidelines of the Clinical and
Laboratory Standards Institute, using Mueller Hinton (MH) Broth. We prepared 2x stocks of peptides
and serially diluted them in sterile PBS instead of Mueller Hinton Broth, so that the treatment of the
bacteria with the peptides was carried out in a medium containing 50% of MH and 50% of PBS, as
described [52]. The overnight cultures of each strain were transferred to fresh MH media and further
incubated to obtain a mid-logarithmic-growth-phase culture of bacteria. The absorbance of each
bacterial suspension was measured at 620 nm, and bacteria were then diluted to approximately 2 ×
105 CFU/mL. Then, 50 μL of the suspensions were mixed with 50 μL of the peptide dilutions in the
wells of a microtiter plate (pre-treated for 1 h at 37 ◦C with 0.2% bovine serum albumin (BSA) in water,
sterilized by filtration, to diminish the non-specific binding of the peptides to the plastic surfaces).

After incubation for 18 h at 37 ◦C, the MIC was read as the lowest concentration of antimicrobial
agent resulting in the complete inhibition of visible growth; results were obtained from 3–5 independent
determinations and are shown as medians.

The overall activity against a set of tested bacterial strains was determined by way of the commonly
used geometric mean of measured MIC values [29,53,54]. Unlike the arithmetic mean, this parameter
is less sensitive to positive outbursts (extreme values) [55], so that possible isolated cases of bacterial
resistance do not dramatically outweigh all other MIC values. At the same time, the geometric mean
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can still discriminate antimicrobial agents showing minor variations in activity; in other words, it has a
better “resolution” than the median MIC (MIC50) [54]. Some mathematical basics for choosing the
geometric mean for antimicrobial activity comparison are further discussed in the Supplementary
Chapter S3.

4.3.3. Membrane Permeabilization Assay

The E. coli ML35p outer membrane permeability was assessed by monitoring hydrolysis
of the chromogenic β-lactamase substrate nitrocefin (3-(2,4-dinitrostyryl)-(6R,7R)-7-(2-thienyl
acetamido)ceph-3-em-4-carboxylic acid) (Calbiochem-Novabiochem, San-Diego, CA, USA) by detection
of the hydrolysis product at 486 nm. Inner membrane permeability was monitored by measuring the
hydrolysis of o-nitrophenyl-β-d-galactoside (ONPG, Sigma, La Jolla, CA, USA) at 420 nm [15]. The
E. coli ML35p strain expresses a plasmid-encoded periplasmic β-lactamase; it constitutively expresses
cytoplasmic β-galactosidase and lacks lactose permease [15]. E. coli ML35p was maintained on
trypticase soy agar plates containing 100 mg of ampicillin per mL. The bacteria used for antimicrobial
testing or membrane permeability assays were picked from a single colony, incubated in 50 mL of
sterile Trypticase soy broth for 16 h at 37 ◦C, washed three times with 10 mM sodium phosphate
buffer (pH 7.4), adjusted to an optical density at 620 nm of 1 (2.5 × 108 CFU/mL), and kept on ice until
use. The assays were performed in 96-well microtiter plates that were monitored every minute with
a SpectraMax 250 Microplate Spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) using
the SOFTmax PRO software supplied by the manufacturer. The final incubation medium contained
10 mM sodium phosphate buffer, 100 mM NaCl, pH 7.4. Incubation wells (final volume of 100 μL) also
contained either 2.5 mM of ONPG or 20 μM of nitrocefin, 2.5× 107 CFU/mL of washed, stationary-phase
E. coli ML35p cells, and the peptide of interest at a concentration equal to 2×MIC or an equivalent
volume of acidified water (negative controls). Assays were run at 37 ◦C, with 5 s of shaking every
minute. The reactions were started by adding the bacteria. The data were processed using the Sigma
Plot 11 software; the results of a typical experiment are presented at the Figure 5.

4.4. Cytotoxicity Assays

4.4.1. Hemolytic Activity

Hemolysis assays were carried out on human red blood cells according to the ethical principles
of the Declaration of Helsinki. Peripheral blood was drawn from healthy donors (written informed
consent was obtained from all volunteers) into vacutainers containing EDTA under aseptic conditions
and washed twice with an ice-cold phosphate buffered saline (PBS). The supernatant was discarded, and
the pellet was resuspended in PBS. Hemolytic action was tested by incubating increasing concentrations
of peptides with a suspension (2.5% v/v) of washed red blood cells in PBS. After 30 min at 37 ◦C,
the tubes were centrifuged for 3 min at 10,000 g. Hemoglobin release was monitored at 540 nm using
the SpectraMax 250 Microplate Spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). Total
lysis (100% hemolysis) was determined by adding 1% (v/v) Triton X-100, and the negative control
value was determined by incubating red blood cells in buffer only. The percentage of hemolysis was
calculated as:

% Hemolysis = ((Aexper − Acontrol)/(Atotal − Acontrol)) × 100, (1)

where Aexper and Acontrol signify the absorbance values of the supernatants from treated and untreated
red blood cells, and Atotal is the supernatant of the cells treated with 1% Triton X-100. All evaluations
were repeated in 3–6 separate experiments, carried out in triplicates.

4.4.2. MTT Test

The standard MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) test was used
for the examination of the cytotoxic activity of AMPs [56] towards human erithroleukemia cells K-562.
The cells were purchased from Biolot (Saint Petersburg, Russia) and were grown in RPMI 1640 medium
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(Biolot, Saint Petersburg, Russia) supplemented with glutamine and 10% FCS. Before the experiment,
the culturing medium was replaced with serum-free RPMI 1640. Serial dilutions of the peptides in
RPMI were plated in sterile 96-well microplates, and the target cells were dispensed to the microplates
(105 cells/well in RPMI 1640). The plates were incubated for 24 h at 37 ◦C under 5% CO2. Cell-free
media and cells incubated without peptides served as controls. Four hours before the incubation
ended, MTT in PBS (5 mg/mL) was added to each well. After the incubation was stopped by adding
isopropanol/ 0.04 M HCl, the optical density was measured at 540 nm, subtracting the background
absorbance at 690 nm. Toxicity was determined by nonlinear regression analysis of the corresponding
dose–response curves using the Sigma Plot 11 program to calculate the IC50 values (the concentration
of the test substance that reduced the OD540 capacity by 50%).

5. Conclusions

Antibiotic substances from marine invertebrates, and in particular antimicrobial peptides, are a
promising source of novel anti-infective drugs. Among these, arenicin-1 isolated from the lugworm
A. marina coelomocytes, is one of the most potent. It exerts a marked microbicidal activity towards a
variety of Gram-negative and Gram-positive bacteria (including drug-resistant clinical isolates) and
also possesses significant toxicity towards mammalian cells. An intriguing feature of this peptide
is a markedly symmetric arrangement of some residues in its sequence. Several variants have been
elaborated to elucidate the role of this sequence symmetry in the peptides’ function and mode of action,
to determine the effect of structural variations such as backbone cyclization or linearization, and to
probe the importance of key residues for microbicidal efficacy, membranolytic activity, and toxicity
towards mammalian cells.

The results of this work allow us to make the following considerations:

• Stand inversion or palyndromic symmetrization of the arenicin scaffold does not greatly affect
its twisted and kinked antiparallel β-sheet conformation, whereas symmetrization by artificially
branching strands results in a flattened and more regular parallel β-hairpin;

• Inverting the strand residue arrangement of the native peptide causes a decrease in activity.
This may be due to decreased capacity to oligomerize via the inverted N-terminal strand;

• A more symmetric, palindromic strand arrangement did not improve the activity and decreased it
if accompanied by a reduced net charge;

• Increasing symmetry by artificially “branching” strands in a parallel hairpin arrangement allowed
to recover the antimicrobial activity while reducing the cytotoxic activity;

• All variants with a modified symmetry demonstrated a reduced capacity to permeabilize the inner
membrane of E. coli ML35, possibly pointing to a reduced capacity for oligomerization and/or
pore formation.

• The backbone cyclization of the arenicin-1 molecule resulted in improved activity towards
drug-resistant clinical isolates but did not markedly affect cytotoxicity.

• Linearization of the peptide somewhat increased selectivity, while not greatly altering
antimicrobial activity.

These findings suggest that the residue layout of the arenicin-1 molecule plays a significant role
in its biological activity, although the contribution of the peculiar, pseudo-symmetric arrangement
of some residues is still unclear. Furthermore, several other characteristics of the peptides (charge,
hydrophobicity, residues involved in oligomerization) must also be taken in account. We suggest that
recent developments in the computational design of AMPs employing pattern discovery [57] and deep
learning [58], trained also using data from this type of study, may allow for an efficient optimization of
these entangled parameters. Our results indicate that this molecule from a marine animal can serve as
a robust template for the elaboration of novel therapeutic agents and they add to a plethora of other
studies showing that it is arduous to redesign synthetic antimicrobial peptides from natural ones,
improving both efficacy and selectivity.
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Abstract: Antimicrobial peptides from marine invertebrates are known not only to act like cytotoxic
agents, but they also can display some additional activities in mammalian organisms. In particular,
these peptides can modulate the complement system as was described for tachyplesin, a peptide
from the horseshoe crab. In this work, we investigated the influence on complement activation of
the antimicrobial peptide arenicin-1 from the marine polychaete Arenicola marina. To study effects of
arenicin on complement activation in human blood serum, we used hemolytic assays of two types,
with antibody sensitized sheep erythrocytes and rabbit erythrocytes. Complement activation was
also assessed, by the level of C3a production that was measured by ELISA. We found that the effect
of arenicin depends on its concentration. At relatively low concentrations the peptide stimulates
complement activation and lysis of target erythrocytes, whereas at higher concentrations arenicin acts
as a complement inhibitor. A hypothetical mechanism of peptide action is proposed, suggesting its
interaction with two complement proteins, C1q and C3. The results lead to the possibility of the
development of new approaches for therapy of diseases connected with complement dysregulation,
using peptide regulators derived from natural antimicrobial peptides of invertebrates.

Keywords: Arenicola marina; antimicrobial peptides; arenicin; complement; C3a

1. Introduction

The biologically active compounds derived from marine organisms are known to be unique, and
can be used as a pattern for the development of new, effective pharmacological agents for treatment
of different diseases [1]. Antimicrobial peptides named arenicins are found in coelomocytes of the
marine polychaete Arenicola marina. Three isoforms of arenicins have been described: arenicin-1, -2 [2]
and -3 [3]. These cationic peptides consist of 21 amino acid residues, and have the structure of a
β-hairpin [4,5] stabilized by one (for arenicins-1 and -2) or two (for arenicin-3) intramolecular disulfide
bonds. Arenicins have also been detected in epithelia of the body wall and gut of A. marina [6].
At micromolar concentrations, these peptides demonstrate significant antimicrobial activity towards
a wide range of Gram-positive and Gram-negative bacteria, as well as of fungi [2,3,7–9], and they
seem to play a significant role in host defense of this polychaete. The mechanism of antimicrobial
activity is realized by the action of peptide molecules on the microbial cytoplasmic membrane forming
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transmembrane pores [7,9,10]. Several attempts have been made to design a structure of peptide
antibiotics derived from arenicins [11–14]. As potential medical drug prototypes, arenicins should be
tested for their biological effects beyond direct antimicrobial activity.

Arenicins have similar amino acid sequence and spatial structure to another group of antimicrobial
peptides, tachyplesins, which have been isolated earlier from the horseshoe crab Tachypleus trindentatus,
and polyphemusins from Limulus polyphemus, which are related to tachyplesins [15,16] (Figure 1).
Tachyplesins, like arenicins, have a β-hairpin structure that is stabilized by two intramolecular disulfide
bonds. This similarity indicates that these peptides may belong to a common family of antimicrobial
peptides [17]. On the other hand, the structures of arenicins’ and tachyplesins’ precursors, and their
posttranslational processing, are quite different [2,18]. Thus, the evolutionary relationship between
these peptides remains questionable.

Figure 1. Structural similarities between arenicins and tachyplesins. (A) Multiple sequence alignment
of three arenicins and two tachyplesins. Identical and highly similar residues in the same positions for
all five peptides are colored with red and violet, respectively. Identical or highly similar residues shared
by one or two arenicins and two tachyplesins are colored with blue. Black lines indicate cysteine pairing,
the disulfide bond absent in arenicins-1 and -2 shown as a dashed line. Asterisks indicate amidated
arginine residues. (B) Spatial structures of arenicins-1 and tachyplesin-1; images were generated with
Chimera 1.11 software.

It has been shown that tachyplesin-1 is capable of forming a complex with human C1q complement
protein that leads to antibody-independent complement classical pathway activation in human blood
serum. In particular, tachyplesin can bind to the surface of TSU human prostate carcinoma cells, making
these cells a target for complement action [19]. It was determined that the interaction of tachyplesin
with C1q requires the integrity of peptide spatial structure, since the reduction and alkylation of
disulfide bonds lead to a weaker binding to C1q.

The complement system is a part of the immune defense in mammals, represented by a network
of serum proteins (complement components) [20,21]. Complement activation leads to opsonization
of target cells, or their lysis by the membrane attack complex (MAC). The latter event is usually
restricted to Gram-negative bacteria, however host cells, especially erythrocytes, may also be lysed
by MAC. There are three main pathways of complement activation, named the classical, alternative,
and lectin pathways. All of them converge on proteolytic cleavage of C3 component to C3a and C3b
by so-called C3-convertases. After the cleavage, C3b is able to bind covalently to hydroxyl-containing
molecules via its intrinsic thioester bond. This can mediate its accumulation on the surface of target
cells, normally microbes or apoptotic cells. C3b is incorporated into C3-convertases, changing their
specificity for C5 component cleavage, which initiates MAC assembly.

According to the structural similarity between arenicins and tachyplesins, we assumed that
arenicin could also interact with C1q and that this might influence the complement activation. In a
previous paper, we demonstrated that arenicin-1 really forms a stable complex with human C1q [22].

In this paper, we studied the effects of arenicin-1 on complement activation and target cell lysis
in two hemolytic models in vitro. We also used an ELISA test for C3a to confirm the complement
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activation in these models. We found that the effect of arenicin on the complement system depends on
the concentration of the peptide. At relatively low concentrations, arenicin stimulates complement
activation and/or target erythrocyte lysis. However, at higher concentrations arenicin behaves as a
complement system inhibitor. Though it was not demonstrated directly, our results provide strong
evidence about the interaction of arenicin with the C3 complement protein, in addition to the previously
established interaction with C1q.

2. Results

In the hemolytic assay with antibody sensitized sheep erythrocytes (Esh), which is the model for
the classical pathway of complement activation, we observed more than twice the baseline level
of Esh lysis by 1% normal human serum (NHS) in the presence of arenicin-1 at concentrations
10 and 20 μg/mL, compared with control (samples without peptide) (Figure 2A). However,
at higher concentrations (80 μg/mL), arenicin displayed a reverse effect and almost totally abolished
complement-mediated hemolysis. In all concentrations tested, arenicin itself revealed no hemolytic
activity in experimental conditions, because in samples with active serum replaced for heat-inactivated
serum there was no lysis above background level (data not shown).

Figure 2. The action of arenicin-1 on complement activation and lysis of antibody sensitized sheep
erythrocytes (Esh). Data are represented as mean ± SD (n = 5). * p < 0.05 vs. control (samples without
peptide). (A) Esh lysis level, %; (B) C3a concentration in samples, ng/mL.

To assess whether Esh lysis level differences reflect different complement activation levels,
we developed an ELISA system for human C3a, a derivative of the complement protein C3, which is
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produced on complement activation. The test system was suitable for detection of C3a in the range
25–500 ng/mL, with no cross-reactivity to the uncleaved C3 protein.

After hemolytic assay, the same samples were used for C3a determination (Figure 2B).
Both increased and decreased lysis levels were accompanied by concerted alterations in C3a production,
though these alterations were less prominent compared with lysis. In fact, the enhanced value of C3a
differed significantly from the control one only for 20 μg/mL of arenicin. The relationship between Esh

lysis and C3a production is illustrated in Figure 3. Pearson correlation coefficient was calculated as
0.93, which is significant for p < 0.05.

 

Figure 3. Correlation between percentages of antibody sensitized sheep erythrocytes lysed by human
serum at different concentrations of arenicin-1 and C3a production in these samples. Pearson correlation
coefficient was calculated as 0.93.

As a model of complement activation via the alternative pathway, a hemolytic assay with rabbit
erythrocytes (Erab) is widely used. We utilized this assay to study arenicin action on the complement
system as well. Since we used 4% serum in this model, we took a broader concentration range of
arenicin. We found that in this model, arenicin retained its inhibitory action at high concentrations
(80 and 160 μg/mL), essentially decreasing hemolysis level (Figure 4A). No significant effect was
observed for lower concentrations of the peptide. Similar to the previous model, arenicin did not
induce Erab lysis itself in heat-inactivated serum (data not shown).
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Figure 4. The action of arenicin-1 on complement activation and lysis of rabbit erythrocytes (Erab).
Data are represented as mean ± SD (n = 5). * p < 0.05 vs. control (samples without peptide). (A) Erab

lysis level, %; (B) C3a concentration in samples, ng/mL.

Inhibitory action of arenicin on Erab lysis by NHS was confirmed to reflect its influence on
complement activation, since C3a levels in the samples with high arenicin concentrations (80 and
160 μg/mL) were significantly diminished (Figure 4B). Unexpectedly, we found that in the presence of
arenicin at 10–40 μg/mL, a modest but reproducible increase in C3a production was observed in the
Erab model. While this did not lead to enhanced Erab lysis, the Pearson correlation coefficient for this
model was 0.88, which is significant for p < 0.05. Correlation between Erab lysis and C3a generation is
shown in Figure 5.
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Figure 5. Correlation between percentages of rabbit erythrocytes lysed by human serum at different
concentrations of arenicin-1 and C3a production in these samples. Pearson correlation coefficient was
calculated as 0.88.

To sum up, complement activation stimulated by different types of erythrocytes was of an
approximately equal level. Differences between C3a concentrations for control samples (Figures 2
and 4) are due to different serum dilution in these models (1:100 for Esh and 1:25 for Erab). In both
models, arenicin revealed both activating and inhibitory effects depending on its concentration.

3. Discussion

Previously, it has been demonstrated that the antimicrobial peptide tachyplesin interacts with C1q
protein and activates the classical complement pathway. Generally, the classical pathway is initiated
as a consequence of recognition by C1q of IgGs or IgMs in complex with their antigens. However,
tachyplesin seems to activate the complement system independently of antibodies [19]. Since arenicin
structurally resembles tachyplesin and interacts with C1q [22], a similar action of this peptide on the
complement system was expected.

It is commonly accepted that antibody sensitized Esh stimulates the classical pathway of the
complement system and activation via the alternative pathway is insignificant, whereas Erab hemolysis
is a model for alternative pathway investigations. However, we observed a stimulating action of
arenicin-1 in both hemolytic models, though it was expressed mainly in lysis level in the case of
Esh, and in C3a production in the case of Erab. Unexpectedly, at high doses (80–160 μg/mL) arenicin
displayed reverse effects, essentially diminishing lysis level and C3a generation, in both experimental
systems. Apparently, high doses of arenicin inhibit both the classical and alternative pathways, and the
latter cannot be explained by the interaction of arenicin with C1q. Instead, the inhibitory effect of
arenicin must be related to the action on the common point of both pathways, i.e., C3 cleavage.
Most likely, this is the interaction of arenicin with C3 protein leading to its protection from cleavage,
although interactions of arenicin with C3-convertases are also possible.

There are three types of C3-convertases: C4b2a, a common C3-convertase of classical and lectin
pathways; C3(H2O)Bb generated at spontaneous ‘tick-over’ activation of the complement cascade by
the alternative pathway; C3bBb, a convertase of the ‘amplification loop’ of the complement system,
also usually considered as part of the alternative pathway. The tick-over C3-convertase is an exclusively
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fluid phase enzyme, while the other two could be covalently bound to the surface of a target cell [23].
Our results imply that arenicin-1 is able to inhibit C3 cleavage by all these convertases.

It is more difficult to explain stimulating effects of arenicin on the complement system at relatively
low concentrations. It could be assumed that interaction of arenicin with C1q can lead both to
antibody-independent classical pathway activation (as it was described for tachyplesin [19]) and to
accelerated antibody-dependent complement activation. These two types of action could be reflected
in experiments with Erab (not treated with antibodies) and sensitized Esh, respectively. In the case
of using Esh, arenicin interacts with C1q near the cell surface because C1q is bound to antibodies to
surface antigens. On the other hand, C1q remains in the fluid phase in the Erab model, and most C3b
generated by classical pathway C3-convertase will not be attached to the erythrocyte surface. Thus,
both classical pathway and amplification loop C3-convertases locate mainly in a fluid phase where
they are highly unstable [21,23], and do not turn to C5-convertases. This could be a reason why there
is no visible effect on lysis. However, this interpretation is in contradiction with use of Ca2+-free buffer
for Erab hemolysis, which is not compatible with the classical pathway activation. Thus, stimulating
effects of arenicin on the complement system remain enigmatic, at least for Erab hemolysis assay.

While the antimicrobial peptide tachyplesin-1 was shown to activate the classical complement
pathway [19], we described here that structurally similar arenicin-1 is able to activate or inhibit
the complement system at different doses in two experimental models, corresponding to classical
and alternative pathways of complement system activation. It is not clear whether these differences
in mode of action reflect structural differences of the two peptides, or if they could be explained
by different assay types. Further experiments are required to compare the effects of arenicin and
tachyplesin directly.

The ability of arenicin-1 to act as a potent complement system inhibitor makes it a prospective
molecular source for the design of novel therapeutics directed to the complement system. Currently,
the almost complete lack of therapeutic agents that regulate the level of complement activation is a
serious medical problem. When hyperactivated, the complement system is perhaps the most dangerous
pro-inflammatory and cytotoxic machinery in the human body. The complement system plays a
significant role in the pathogenesis of a number of diseases, including age-related macular degeneration,
paroxysmal nocturnal hemoglobinuria, hereditary angioedema, and some kidney diseases such as
atypical hemolytic uremic syndrome and membranoproliferative glomerulonephritis type II [24–27].
In addition, the complement system and its components are involved in the development and course
of autoimmune pathological processes such as systemic lupus erythematosus, rheumatoid arthritis,
autoimmune hemolytic anemia; neurodegenerative and neoplastic diseases; and also complications
after heart attacks, strokes and transplantations. Existing therapy for diseases connected with
complement dysregulation is very expensive, and unavailable for the majority of patients.

Our results indicate that at low concentrations arenicin-1 acts differently on the complement
system, depending on the presence of antibodies detecting target cells. Although we described this
action as complement activation in both cases, fluid phase C3 conversion could be regarded as a kind
of complement inhibition, since the C3 pool becomes depleted (C3 consumption). However, the host
cells could also be targets of the complement system, for example in the case of autoimmune disorders.
Moreover, C3a, a moderate anaphylatoxin, is produced due to fluid phase C3 conversion, which can
induce some proinflammatory effects [28,29]. If one would like to escape these side-effects and obtain
a “pure” complement inhibitor based on arenicin, there is a need for an arenicin derivative devoid
of its stimulating activity on C3 conversion at low doses, but retaining the ability to protect C3 from
cleavage at higher doses.

Arenicin-1 is known as a hemolytic peptide for human erythrocytes [8]. It could be expected
to be a complication when using hemolytic assays for studying arenicin action on the complement
system. However, as it was described above, no direct hemolytic action of arenicin was observed
in our experiments. As we observed in human erythrocytes, supplementing buffer with gelatin is
enough to reduce significantly the hemolytic activity of arenicin-1 (unpublished data). Presumably,
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gelatin presence is also the reason for the resistance of sheep and rabbit erythrocytes to arenicin in
our experiments. Alternatively, serum components could protect erythrocytes from the lytic action
of arenicin. It cannot be excluded that complement proteins are those serum components inhibiting
the hemolytic action of arenicin, and thus, the complement system in turn can modulate the activity
of arenicin. In any case, we cannot exclude the interaction of arenicin with erythrocyte membrane,
which can influence the rate of erythrocyte lysis by MAC.

In conclusion, we revealed that arenicin-1 is able to both activate and inhibit the complement
system in utilized test models in vitro. Our results imply that arenicin can be considered as the basis for
the development of a new therapeutic drug for complement system modulation. In addition, the ability
of arenicin to interact with the complement system should be taken into account in attempts to create
novel antibiotic drugs derived from its structure. The presented observations should be treated as
initial results due to the application of relatively simple methods of analysis of the complement system
activation. The assays were conducted only with diluted serum, which is not physiologically relevant.
In vivo tests on an animal model were not conducted. Further investigations are required to clarify
mechanisms of arenicin action on the complement system, and its feasibility under in vivo conditions.

4. Materials and Methods

4.1. Peptides

Arenicin-1 was synthesized based on the standard 9-fluorenylmethoxycarbonyl (Fmoc) protocol with
the O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate/N,N-diisopropylethylamine
(TBTU/DIEA) activation, using Wang-resin as the solid-phase and triphenylmethyl protecting groups
for cysteines, as described previously [7]. Human C3a was kindly provided by Dr. A.M. Ischenko
(Research Institute of Highly Pure Biopreparations, Saint Petersburg, Russia).

4.2. Serum and Erythrocytes

Normal human serum (NHS) was collected by medical staff (Laboratory of Viral Infections
Diagnostics, Department of Clinical Microbiology, Pavlov First Saint Petersburg State Medical
University) from more than 20 healthy volunteers, pooled, aliquoted, and stored at −70 ◦C no longer
than two months. Serum aliquots were thawed at 4 ◦C in the day of the experiment, kept in ice baths
before introducing to test tubes, and were not used repetitively. To obtain serum with an inactivated
complement system, it was incubated at 56 ◦C for an hour immediately before the experiment.

Animal erythrocytes were purified from whole blood of rabbit and sheep. They were stored in
Alsever’s solution at 4 ◦C for no more than 5 days. Before use, they were washed with an appropriate
buffer: DGVB++ (dextrose gelatin veronal buffer with Ca2+ and Mg2+) for sheep erythrocytes (Esh),
and GVB+ (gelatin veronal buffer with Mg2+) for rabbit erythrocytes (Erab). DGVB++ is a 2.5 mM
sodium barbital buffer containing 71 mM NaCl, 150 mM glucose, 1 mM MgCl2, 0.15 mM CaCl2, 0.05%
gelatin; pH 7.35. GVB+ is a 2.5 mM sodium barbital buffer containing 150 mM NaCl, 10 mM Mg-EGTA,
0.05% gelatin; pH 7.35. Before experiments, sheep erythrocytes were sensitized with antibodies
(anti-sheep red blood cell stroma antibodies produced in rabbits, S1389, Sigma, St. Louis, MO, USA);
we used a 1:1600 dilution of these antibodies and incubated sheep red blood cells for 30 min at 37 ◦C.

4.3. Hemolytic Assays

Hemolytic functional assays were performed utilizing erythrocytes (Esh and Erab) as target cells
as described elsewhere [30], with some modifications. Sensitized sheep erythrocytes were used for
evaluation of complement activation via the classical pathway; to measure the activity of alternative
pathway, rabbit erythrocytes were used.

Experimental samples contained erythrocytes, diluted NHS as a source of complement proteins,
and arenicin at different concentrations. For the classical pathway assay, Esh were introduced to a final
concentration of 5 × 108 cells per mL, serum was diluted to 1%, and DGVB++ was used to dilute all the
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components. For the alternative pathway assay, there were 2.5 × 108 cells per mL of Erab, 4% NHS, and
GVB+. Some samples contained no serum and were used further as a blank. Inactivated serum was also
used to control the effect of arenicin on erythrocytes in the absence of an active complement system.

The incubation was carried out for half an hour at 37 ◦C. After the incubation, the lysis of the
erythrocytes was stopped by the addition of PBS (phosphate buffered saline, pH 7.4) in a ratio of 1:7.5.
To some test tubes, distilled water was added instead of buffer, and thus samples were obtained with
100% lysis. Samples were centrifuged at 500× g for 5 min at room temperature, and then hemoglobin
was determined in supernatants by measuring the optical density at 414 nm (OD414) in a microplate
reader (Multiskan MS, Labsystems, Vantaa, Finland). After measurement, the samples were used for
C3a determination by ELISA.

4.4. C3a Determination by ELISA

4.4.1. Monoclonal Antibodies for C3a

For the immunization of F2-hybrid mice, 0.5 mg of C3a peptide in 1 mL of PBS was mixed with
equal volume of Freund’s complete adjuvant (or Freund’s incomplete adjuvant for reimmunization).
The reimmunization was carried out after 30 days; 12 days after that, the lymphocytes from the
inguinal, peritoneal and axillary lymph nodes were collected for hybridization with Sp2/0 myeloma
cells in the ratio 2:1. Cell hybridization was performed in PEG/DMSO (Sigma), using serial dilution
with culture media [31]. The hybrids were transferred to 96-well culture plates, and cultivated for
12–16 days in RPMI-1640 medium (Sigma) containing 20% fetal calf serum. The HAT supplement
(Sigma) was added to the culture medium solution for selection of hybridomas.

Clone screening was performed using ELISA in a 96-well microplate. Briefly, 50 μL of culture media
was added to wells precoated with C3a antigen, and after incubation for 1 h, peroxidase-conjugated
goat anti-mouse IgGs were added. Detection was performed with 3,3′,5,5′-tetramethylbenzidine (TMB)
substrate solution.

For C3a ELISA development, two monoclonal murine antibodies to C3a, with different epitope
specificities designated as CC3a-5 and CC3a-1, were selected. CC3a-5 was immobilized on a solid
phase as a capture antibody, while CC3a-1 was conjugated with horseradish peroxidase and was used
as a detection antibody.

4.4.2. ELISA System for C3a

ELISA for C3a was performed in 96-well microplates. Wells of a microplate were coated with
capture antibodies and blocked by 1% BSA in PBS, pH 7.2. The same BSA solution was used as
diluent on subsequent steps. Ten-fold diluted experimental samples and calibration samples were
introduced to the wells, after which the plates were incubated for 1 h at 37 ◦C. Then, 100 μL of
peroxidase-conjugated detection antibodies were added to each well. After incubation for 1 h at 37 ◦C,
the TMB substrate solution (Xema Co. Ltd., Moscow, Russia) was added. After 15–20 min, the reaction
was stopped by adding sulfuric acid, and the absorbance at 450 nm was measured in a microplate
reader (Multiscan MS, Labsystems).

4.5. Statistical Analysis

Statistical significance of the values was evaluated by paired t-test using the software
package STATISTICA (version 7.0, TIBCO Software Inc., Palo Alto, CA, USA). All of the
experiments were repeated five times. All data are presented as mean ± standard deviation (SD).
Pearson coefficients were calculated and used for evaluation of the correlation level between C3a
concentration and percentage of lysed cells. For both tests, p-values of less than 0.05 were considered
statistically significant.
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Abstract: Endogenous antimicrobial peptides (AMPs) are among the earliest molecular factors in the
evolution of animal innate immunity. In this study, novel AMPs named nicomicins were identified in
the small marine polychaeta Nicomache minor in the Maldanidae family. Full-length mRNA sequences
encoded 239-residue prepropeptides consisting of a putative signal sequence region, the BRICHOS
domain within an acidic proregion, and 33-residue mature cationic peptides. Nicomicin-1 was
expressed in the bacterial system, and its spatial structure was analyzed by circular dichroism and
nuclear magnetic resonance spectroscopy. Nicomicins are unique among polychaeta AMPs scaffolds,
combining an amphipathic N-terminal α-helix and C-terminal extended part with a six-residue loop
stabilized by a disulfide bridge. This structural arrangement resembles the Rana-box motif observed
in the α-helical host-defense peptides isolated from frog skin. Nicomicin-1 exhibited strong in vitro
antimicrobial activity against Gram-positive bacteria at submicromolar concentrations. The main
mechanism of nicomicin-1 action is based on membrane damage but not on the inhibition of bacterial
translation. The peptide possessed cytotoxicity against cancer and normal adherent cells as well as
toward human erythrocytes.

Keywords: antimicrobial peptide; polychaeta; innate immunity; BRICHOS domain; recombinant
peptide; α-helix; Rana-box; nuclear magnetic resonance (NMR)

1. Introduction

Endogenous antimicrobial peptides (AMPs), also known as host-defense peptides (HDPs),
are among the most ancient molecular components of the innate immunity system that contribute to
the first line of defense against pathogens of most life forms [1]. The complex membrane-targeting
mechanism of their antimicrobial action and the ability to rapidly kill pathogens prevent the evolution
of resistance to AMPs. Some AMPs inhibit a number of metabolic processes via interaction with
intracellular targets [2]. Marine invertebrate animals have no acquired immunity and lack a system of
antibody diversification. They live in a microbe-laden environment and use AMP-based defense against
potential pathogens. Polychaeta is a largely unexplored class of invertebrates in the context of discovery
of new AMPs. The large majority of polychaeta species are marine animals that inhabit all places, from
the Arctic to the Antarctic, and from the littoral zone to the deepest depths of the oceans. They are
considered the most primitive annelids, based on morphology, physiology, and development [3].
To date, AMPs have been identified in several species of polychaetes: 21-residue β-hairpin arenicins
from Arenicola marina [4,5], 51-residue perinerin from Perinereis aibuhitensis [6], 22-residue α-helical
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hedistin from Nereis diversicolor [7], and 22-residue β-hairpin alvinellacin from Alvinella pompejana [8].
These AMPs are predominantly expressed in coelomocytes and therefore actively participate in cellular
immunity. Notably, all the peptides were directly isolated from comparatively large polychaeta.
Also, a putative β-hairpin antimicrobial peptide, designated capitellacin, was predicted based on the
genome data of polychaeta Capitella teleta [8].

Here, we report novel AMPs, named nicomicin-1 and -2, found in the small polychaeta Nicomache
minor (the Maldanidae family, Figure S1). The peptides were found under the project aimed at
searching for novel AMPs from marine animals that dwell in the White Sea, a part of Arctic Ocean. N.
minor is a benthic polychaeta widespread in the North Atlantic, North Pacific, and Arctic regions at
depths of up to 100 m. N. minor permanently lives in cold water in massive hard tubes attached to
stones [9], which is fundamentally different from the Arenicolidae and Capitellidae families that have
borrowing and mobile lifestyles and thermotolerant Alvinella pompejana that dwells in active deep-sea
hydrothermal vents. Nicomicin-1 has a unique spatial structure compared to other polychaeta AMPs.
The peptide adopts an N-terminal α-helix and C-terminal extended part, bearing a loop stabilized by
a disulfide bridge. Surprisingly, this structure resembles those of amphibian host-defense peptides
having the Rana-box motif. The propiece of nicomicin precursor includes the BRICHOS domain,
which is known to participate in the complex post-translational processing of proteins and possesses
anti-amyloid chaperone activity [10]. The BRICHOS domain has been described in polychaeta only as
precursor of β-hairpin AMPs. Therefore, the obtained results reveal that the BRICHOS domain could
participate in the biosynthesis of different structural types of polychaeta AMPs. The identification
procedure, structural organization of the precursor protein, spatial structure, biological activities,
and structure-functional analysis of nicomicin-1 are described in this paper.

2. Results and Discussion

2.1. Nicomicin Is a Novel BRICHOS Domain-Related AMP

There are a number of methods for searching for novel AMPs: direct peptide isolation from
tissues and cells, whole genome and/or transcriptome sequencing followed by bioinformatic
analysis, cloning of cDNA amplified by primers targeting for conserved regions. The latter,
in particular, is used to identify novel cathelicidins due to the high homology of cathelin-like domains
(CLDs) among vertebrate species [11]. Direct peptide isolation of AMPs is a challenge due to the
labor-consuming process of catching small solitary animals. A weak sequence homology between
known polychaeta AMPs makes it difficult to identify novel peptides by sequence similarity-based
methods. The BRICHOS domain is found in precursor proteins of β-hairpin antimicrobial peptides of
polychaetes. So far, this domain has been reported for precursors of five AMPs: arenicin-1 and -2 [4],
arenicin-3 also known as NZ17000 [12], alvinellacin [8], and capitellacin [8]. In contrast with the CLD,
the sequence homology of the BRICHOS domain is quite low among polychaetes. The high variability
of the BRICHOS domain sequences, even within a single species, may be associated with an adaptation
mechanism enabling the correct biosynthesis of β-hairpin peptides in certain environments [13].

In this study, the rapid amplification of cDNA ends (RACE) approach was implemented to
identify novel BRICHOS-related peptides using N. minor cDNA and degenerate gene-specific primers
(GSP, Table 1) that anneal to sequences with the highest primary structure homology among the
BRICHOS domains of precursors of polychaeta AMPs (arenicin-1, arenicin-3, capitellacin, alvinellacin),
specifically to sequences within two regions near conservative Cys residues (Figure 1A and Figure
S2). One-round 3′RACE with any degenerate GSP and the universal adaptor-specific mix (step-out
primer mix) failed to amplify fragments of interest. Therefore, two-round nested PCR was performed.
Cloning and sequencing of 3′RACE products (Figure 1B), approximately 800 bp in length, revealed
the sequence coding for the C-terminus of the BRICHOS domain, a putative mature AMP, and the
3′ untranslated region (3′UTR) of its cDNA. The 3′UTR length was found to be similar in several
analyzed clones. Notably, two tandem repeats were found within the 3′UTR. This information was
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considered when designing 5′RACE GSPs. A 5′RACE (Figure 1C) using antisense GSPs annealing
3′UTR and adaptor primers provided sequence data extending to the 5′-end of the transcript.

Table 1. Oligonucleotide primer sequences.

Primer Name Sequence 5′→3′

3′-GSP1 GTGTTACGTCATGGGTGG(G,C)(G,C)T(G,T)GAC
3′-GSP2 GAGTGCTAC(T,C)TG(A,G)TCGG(A,C)GG
3′-GSP3 TGC(G,T,C)AGGG(A,C)AA(A,G)CCTGT(C,T)TTCTGG(A,C)T
5′-GSP1 GTGGTCAATGAATATCTGCAATACA
5′-GSP2 GAGCTTATACCCATAGGGCTTCCTTATAC
5′-GSP3 ATTAAGAACGTTGTCCAAAGCGTAATG

AP GTTGATCCGACAGTCGCTTGC

Figure 1. Rapid amplification of cDNA ends (RACE) analysis and identification of BRICHOS-related
peptides in cDNA of Nicomache minor. (A) Scheme of prepronicomicin mRNA and primer annealing
sites. Two rounds of step-out polymerase chain reaction (PCR) using nested gene-specific primers
(GSP) were performed for both 3′RACE and 5′RACE. First round of 3′RACE was performed separately
using 3′-GSP1 or 3′-GSP2 and step-out primer mix1. Then, diluted products were used in the second
round with 3′-GSP3 and step-out primer mix2. The PCR products of the second round of 3′RACE
were visualized by agarose gel electrophoresis: (B) M—marker; 1—3′-GSP1/3′-GSP3 product; and
2—3′-GSP2/3′-GSP3 product. The target bands are marked with red arrows. The first round of 5′RACE
was performed with 5′-GSP1 and step-out primer mix1. Then diluted products were used in the second
round using 5′-GSP2 or 5′-GSP3 and step-out primer mix2. The PCR products of the second round of
5′RACE were visualized by agarose gel electrophoresis: (C) M—marker; 1—5′-GSP1/5′-GSP2 product;
2—5′-GSP1/5′-GSP3 product. The one-round amplification of whole prepronicomicin coding sequence
was then performed using AP and 5′-GSP2 primers.

The full-length mRNA sequence included a 720-bp open reading frame encoding a 239-residue
prepropeptide consisting of a putative 22-residue signal sequence region, a proregion with the dibasic
propeptide cleavage site, and the last 33 residues constituting the mature cationic peptide (Figure S3).
Sequence analysis with the use of SignalP 4.1 (Figure 2) pointed out the Gly22-Leu23 bond as the most
probable cleavage site for eukaryotic signal peptidase. The Glu-Lys-Lys motif preceding a putative
propeptide cleavage site of nicomicin indicated that a precursor is probably activated by a subtilisin-like
proprotein convertase [14]. More specifically, the kexin/furin family of proteases recognizes such
dibasic sites—typically Arg-Arg or Lys-Arg and less frequently Arg-Lys, Lys-Lys, or Arg-X-X-Arg.
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This is a common feature for other BRICHOS-related AMPs (Figure 2). The Glu-Lys-Lys site was found
to be a specific substrate for serine protease ASP, a putative virulence factor of the Gram-negative
facultative anaerobic bacterium Aeromonas sobria [15]. This bacterium is known to cause infections
of marine animals, and the nicomicin propeptide cleavage by proteases of invading pathogens (or
epibionts) cannot be excluded.

Figure 2. Amino acid sequence alignment and a neighbor-joining phylogenetic tree of the precursors
without mature peptides of nicomicin-1, arenicin-1, arenicin-3, capitellacin, and alvinellacin. The alignment
and phylogenetic tree were constructed using CLC Sequence Viewer software (version 8.0). Bootstrap values
>50 are presented at the nodes and marked in red. The values were obtained from 1000 replicates.
Signal peptide sequence identified with SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/) and
BRICHOS domain sequence identified with MyHits Motif Scan (https://myhits.isb-sib.ch/cgi-bin/motif_
scan) are highlighted with red and purple boxes, respectively. The conservative cysteine residues in
BRICHOS domain are marked with yellow arrows. Putative post-translational processing sites are marked
with a red arrow.

A number of clones were analyzed after one-round amplification of the whole prepronicomicin
nucleotide sequence with the use of 5′-GSP2 and the designed AP primer annealing to the 5′UTR. As the
result, the 5′-terminal part of cDNA coding for the second isoform (named nicomicin-2) was found.
This isoform has a single amino acid substitution, K19R. The precursor of nicomicin-2 bears three
amino acid substitutions (V71E, D99G, and K191N), whereas the 5′UTR has a 6-bp deletion (GTTACA).
At the same time, several different transcripts coding nicomicin-1 were identified, and polymorphisms
were detected both in the signal sequence and in the propiece. The sequences coding prepronicomicins
have been deposited in GenBank with the accession IDs MH898866–MH898867. Similar to known
polychaeta AMPs arenicins, alvinellacin, and capitellacin, nicomicins are processed from a larger
precursor molecule containing a signal peptide and an anionic proregion that includes the BRICHOS
domain. This domain was found in many evolutionary distant animals and performs different
functions [16,17]. It is characterized by low amino acid sequence conservation with only two Cys and
one Asp residue, which are strictly conserved in all representatives of the BRICHOS superfamily [18].
The BRICHOS domain is known to be a part of proteins associated with different human diseases such
as dementia, chondrosarcoma, and respiratory distress syndrome [19]. It participates in the complex
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post-translational processing of proteins and possesses anti-amyloid chaperone activity [10]. In this
study, for the first time, the BRICHOS domain was shown to be a part of a precursor of AMP with a
structure different from β-hairpin (Figure 3). Therefore, the BRICHOS domain might be a universal
prodomain that participates in the biosynthesis of different types of AMPs in polychaeta, like the
cathelin-like domain (CLD) does in vertebrates.

Figure 3. Amino acid sequence alignment of mature nicomicins with known antimicrobial peptides.
The disulfide bonds are marked with square brackets.

2.2. Nicomicin Is Unique Among Polychaeta AMPs but Shares Structural Similarities with Other Animal
Host-Defense Peptides

Nicomicin-1 is composed of 33 amino acid residues including four basic Lys, one acidic Asp,
and two Cys, forming a disulfide bridge (Figure 3). The nicomicin-1 amphipathic structure (see
corresponding section below), as well as amino acid composition with a net positive charge and plenty
of hydrophobic residues, suggest antimicrobial potential. A number of invertebrate AMPs containing
a single disulfide bond are known: arenicin-1 and -2 from the lugworm Arenicola marina [4], thanatin
from the spined soldier bug Podisus maculiventris [20], muscin from the house fly Musca domestica [21],
and scarabaecin from the coconut rhinoceros beetle Oryctes rhinoceros [22]. Bioinformatic analysis
revealed that the mature nicomicins do not share similarity higher than ~43% with any known AMPs
listed in different AMP databases. The peptides exhibit the highest homology with amphibian AMPs
(Figure 3), in particular, pleurain-G1 from skin secretions of the frog Rana pleuraden [23] and palustrin-2c
from skin secretions of Rana palustris [24]. Despite the weak sequence homology, nicomicins and
amphibian AMPs have similar structure organization, including an N-terminal amphipathic α-helix
and a C-terminal extended region containing a disulfide-stabilized loop. This C-terminal, motif known
as ‘Rana-box’ (6- or 7-residue loop), has been found in many amphibian AMP families: esculentins,
gaegurins, ranalexins, and others [25]. At the same time, nicomicins have fundamentally different
molecular organization of AMP precursors [23].

Several peptides of different origins are characterized by the presence of the N-terminal loop
stabilized by a single disulfide bridge and followed by an α-helix: toxin Oxt 4a from the lynx spider
Oxyopes takobius [26], bacterial pediocin-like antimicrobial peptides [27], and islet amyloid polypeptides
(IAPP, also known as amylin) from vertebrates [28]. Aggregation of IAPP into amyloid fibrils in islets
of Langerhans is associated with type 2 diabetes. Interaction of the peptide with the lipid membrane
is of particular interest as it increases the rate of peptide aggregation, which can in turn result in
membrane disruption [29]. Human IAPP has been shown to possess antibacterial activity with potency
dependent on its aggregation states [30]. Notably, the BRICHOS domain of the precursor of the integral
membrane protein 2B (Bri2), a transmembrane protein expressed in several peripheral tissues and in
the brain, effectively inhibits human IAPP fibril formation in vitro [31]. Therefore, the nicomicin
propiece containing the BRICHOS domain could be considered as a polypeptide-binding IAPP.
Finally, the N-terminal part of nicomicin is significantly homologous with the short α-helical AMPs
StCT1 [32] and UyCT1 [33] from venom of the scorpions Scorpiops tibetanus and Urodacus yaschenkoi,
respectively (Figure 3).
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2.3. Recombinant Expression and Purification of Nicomicin-1 and Its Fragments

Nicomicin-1 is a hydrophobic peptide (51% of hydrophobic residues) stabilized by one disulfide
bridge. Heterologous expression in the bacterial system of the peptide fused with a highly soluble
carrier protein was applied for its production. To analyze the antimicrobial potential of the N-terminal
amphipathic α-helix and the C-terminal extended region containing a disulfide-stabilized loop,
the corresponding fragments of nicomicin-1, designated as Nico(1-17) and Nico(18-33), were obtained.
In this study, modified thioredoxin A was used as a fusion partner that promoted the correct disulfide
bond formation and masked the toxic effects of AMPs. Previously, several frog AMPs bearing Rana-box
were obtained in the heterologous Escherichia coli expression system [34–36]. A high proportion of
a fusion protein in reference to total cell protein was achieved with the use of thioredoxin A or
glutathione S-transferase (GST). A final concentration of a fusion protein amounted to at least 1 mg/L.
In this study, all the fusion proteins are expressed in E. coli BL21 (DE3) cells, and the obtained total cell
lysates were fractionated by affinity chromatography. After purification and cleavage of the fusion
proteins, reverse-phase high performance liquid chromatography (RP-HPLC) was used to obtain
mature recombinant nicomicin-1 and its fragments (Figure 4A).

Figure 4. (A) Reverse-phase high-performance liquid chromatography (RP-HPLC) purification of
the recombinant nicomicin-1. The fraction of recombinant nicomicin-1 is marked with a red arrow.
(B) Tricine-SDS-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) of the recombinant nicomicin-1:
M—molecular mass marker; 1—recombinant nicomicin-1 (3 μg); 2—recombinant nicomicin-1 (3 μg)
boiled with 2-mercaptoethanol. (C) MALDI-TOF mass spectrometry analysis of the recombinant
nicomicin-1. The experimental [M + H]+ monoisotopic mass is presented in the picture.
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Tricine-SDS-polyacrylamide gel electrophoresis (Tricine-SDS-PAGE) revealed that the purified
mature nicomicin-1 was expressed as a monomer (Figure 4B). Reduction of the disulfide bond
with 2-mercaptoethanol did not alter electrophoretic mobility of the peptide but increased its
interaction with Coomassie dye. The peptides were then analyzed by MALDI-TOF mass spectrometry.
The calculated [M + H]+ monoisotopic molecular mass corresponding to the amino acid sequence of
nicomicin-1 (3537.8 Da) exceeded the measured value (m/z 3535.6) by ~2 Da indicating formation of
the disulfide bond between Cys24 and Cys29 and the absence of any other modifications (Figure 4C).
The experimentally measured m/z values of the nicomicin-1 fragments matched the calculated
molecular masses (Table 2). The final yields of the fragments were several-fold higher than for
wild-type nicomicin-1 (0.9 mg per 1 L of the culture). Notably, induction of nicomicin-1 biosynthesis
by isopropyl β-D-1-thiogalactopyranoside (IPTG) resulted in inhibition of E. coli BL21 (DE3) growth
with a final optical density (OD600) value similar to that at the induction time point. In contrast, four
hours after the fragments expression was IPTG-induced, the final OD600 increased at least three-fold,
which is common for most AMPs according to our observations.

Table 2. Properties of nicomicin-1 and its fragments.

Peptide
RP-HPLC Retention

Time 1 (min)
Calculated [M + H]+

Monoisotopic Mass (Da)
Measured Monoisotopic

m/z Value 2
Recombinant Peptide

Final Yield (mg/L)

Nicomicin-1 63 3535.81 * 3535.64 0.9
Nico(1-17) 56 1794.87 1794.84 6.2

Nico(18-33) 42.5 1759.94 * 1759.97 4.3
1 Retention times of the peptides on semi-preparative reverse-phase high performance liquid chromatography
(HPLC); 2 Molecular masses were determined using MALDI-TOF MS; * assuming two Cys residues form cystine.

Both nicomicin-1 and its fragment Nico(1-17) were extremely hydrophobic, illustrated by
the RP-HPLC retention times of 63 and 56 min, respectively. In comparison, the retention time
of recombinant tachyplesin-1 (47% of hydrophobic residues) in the same system was 43 min.
Both peptides were poorly soluble in water: nicomicin-1 formed visible aggregates at concentrations
above 2 mg/mL, whereas Nico(1-17) formed a gel structure at a concentration of 2 mg/mL (Figure
S4). Nicomicin-1 did not form oligomers on SDS-PAGE in contrast to arenicins [37]. Gel formation
was reported for a range of classical amyloids or amyloid-like polypeptides, in particular for the
above-mentioned IAPP [38]. In addition, the amyloid fibril-forming properties were shown for
17-residue α-helical AMP uperin 3.5 isolated from the skin secretions of the Australian toadlet Uperoleia
mjobergii [39]. The presence of the C-terminal domain in the structure of nicomicin probably reduced
the ability of the N-terminal α-helix to aggregate, but did not abolish it.

2.4. Nicomicin-1 Is Disordered in Aqueous Solution but Forms an α-Helical Structure in a
Membrane-Mimicking Environment

The structures of nicomicin-1 and its fragments were studied by circular dichroism (CD)
spectroscopy. To observe the peptide structure changes upon interaction with lipid bilayers, we used
anionic sodium dodecyl sulfate (SDS) and zwitterionic dodecylphosphocholine (DPC) micelles as a
membrane-mimicking environment. Similar to lipid bilayers, the micelles have anisotropic properties,
and hydrophobic regions of fatty tails are segregated from the polar water solution [40]. In contrast to
isotropic mixtures of trifluoroethanol (TFE)/water or chloroform/methanol, the detergent micelles
have a lower propensity to distort spatial structures of solubilized proteins or peptides and do not
induce the formation of artificial helical structures [41]. As shown in Figure 5, the CD spectra of
Nico(18-33) dissolved in water showed a negative peak at 200 nm, which indicated that the peptide
mainly adopted a random coil conformation. The addition of micelles resulted in slight structuring
of the peptide with the appearance of a weak positive peak at 190 nm. In contrast, the CD spectra
of nicomicin-1 and Nico(1-17) in the membrane-mimicking environment showed a strong positive
peak at 195 nm, and two negative peaks at 208 and 220 nm, which indicated that the peptides mainly
adopted α-helix conformation.
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Figure 5. Circular dichroism (CD) spectra of nicomicin-1 and its fragments in water, 30 mM sodium
dodecyl sulfate (SDS) micelles, and 30 mM dodecylphosphocholine (DPC) micelles. The spectrum of
Nico(1-17) in water was not obtained in this study.

For a detailed investigation of the nicomicin-1 structure, we employed the standard nuclear
magnetic resonance (NMR) spectroscopy methods [42]. Complete 1H and partial 13C resonance
assignments of the peptide in water were obtained at pH 4.0 and 30 ◦C. A summary of the obtained
NMR data is shown in Figure 6A. The 13Cβ chemical shifts of Cys24 and Cys29 residues were
observed at 37.2 and 40.2 ppm, respectively, which are characteristic for oxidized Cys residues forming
a disulfide bond. The small values of the secondary chemical shifts of 1Hα nuclei (−0.07 ppm
on average) and lack of medium- and long-range nuclear Overhauser effect (NOE) contacts (data
not shown) revealed the absence of defined secondary structure elements in the peptide molecule.
This could be the consequence of the enhanced intramolecular mobility of nicomicin-1 in aqueous
solution. The measured values of the 3JH

N
H
α coupling constants (~7 Hz, Figure 6A) are in agreement

with the dynamic switching of the peptide backbone between α- and β-structural conformations.
Thus, nicomicin-1 in a water environment adopts a disordered random structure.

It is generally assumed that micelles of anionic detergents, compared to zwitterionic ones, better
mimic the negatively charged bacterial membranes. Some of the anionic detergents (e.g., SDS) are well
known as harsh denaturing agent, that are able to disrupt tertiary and secondary structures of proteins.
The CD data obtained in SDS and DPC solutions revealed that nicomicin-1 is less structured in the SDS
micelles (Figure 5, red and green traces, respectively). Therefore, to investigate the spatial structure of
nicomicin-1 in a membrane-mimicking environment, we used the zwitterionic DPC micelles solution.
An extreme broadening of the nicomicin-1 resonances was observed upon titration of the peptide
sample with DPC. The majority of cross-peaks in the amide region of two-dimensional (2D) Total
Correlation Spectroscopy (TOCSY) and Nuclear Overhauser effect spectroscopy (NOESY) spectra
were broadened beyond the detection limit at detergent to peptide molar ratios (D:P) from 5:1 to 75:1.
Further increase in DPC concentration to D:P of 100:1 resulted in the narrowing of the amide proton
signals, and cross-peaks in the 2D spectra became visible. The observed resonance broadening is the
consequence of the peptide exchange between bulk aqueous phase and the micelles. To minimize the
influence of this exchange process, we used a D:P ratio of 200:1 for the structural study. We assumed
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that at these conditions almost all peptide molecules were in the micelle-bound form. The conditions
of NMR measurements were further optimized by varying sample pH and temperature. As a result,
we obtained almost complete 1H and partial 13C resonance assignments of the peptide in DPC solution
at pH 3.15 and 45 ◦C. Only one residue (Lys11) remained unassigned; its signals were not identified in
the spectra. A summary of the measured NMR data is shown in Figure 6B.

 
Figure 6. NMR data define the secondary structure of nicomicin-1 and topology of the peptide
interaction with the dodecylphosphocholine (DPC) micelles. (A,B) Overview of NMR data collected for
nicomicin-1 in H2O (pH 4.0, 30 ◦C) or DPC (pH 3.15, 45 ◦C, D:P ratio of 200:1) solutions, respectively.
The resonances of Lys11 were not identified in the spectra and the residue remains unassigned.
(From top to bottom) Secondary structure (helix—bar, β-turns—wavy line) of nicomicin-1 in the DPC
micelles environment. Large (>8 Hz), small (<6 Hz), and medium (others) 3JH

N
H
α couplings are

indicated by the filled triangles, open triangles, and open squares, respectively. The positive and
negative values of the secondary 1Hα chemical shifts (Δδ1Hα) correspond to β-structure and α-helix,
respectively. The −0.1 ppm threshold value for helical secondary structure is shown by a dashed line.
Amide protons demonstrating temperature gradients (Δδ1HN/ΔT) with amplitude <4.5 ppb/K could
participate in hydrogen bond formation. NOE connectivities observed in the 100 ms two-dimensional
(2D) NOESY spectrum for the peptide in DPC micelles are additionally shown in the panel (B). (C) The
fragment of the 2D TOCSY spectrum of nicomicin-1/DPC sample (0.25/50 mM, pH 3.15, 45 ◦C).
The resonance assignment is shown. The broadened signals that are below the drawing threshold
are shown by dashed circles. (D) Attenuation of intensities of HN-Hα and HN-Hβ cross-peaks in the
100 ms NOESY spectrum of the nicomicin-1/DPC sample by the paramagnetic probe (1 mM of lipid
soluble 12-doxylstearate). The 0.6 threshold line subdivides data points in two groups: the residues
situated inside or outside the micelle. The attenuation observed for 1Hε resonances of the Trp3 and
Trp7 side chains is shown by triangles.
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Negative values of 1Hα secondary chemical shifts (−0.44 ppm on average), 3JH
N

H
α couplings with

amplitude <6 Hz, and observed (i,i + 3) and (i,i + 4) Hα-HN NOE contacts (Figure 6B) revealed formation
of an α-helix at the N-terminal region (Gly1-Ala21) of the peptide. Thus, interaction with the DPC micelles
induces formation of a secondary structure in the nicomicin-1 molecule. At the same time, the temperature
coefficients of the amide protons (Δδ1HN/ΔT) pointed to the low stability of this structure. Stable hydrogen
bonds (characterized by |Δδ1HN/ΔT| < 4.5 ppb/K) were observed only on one side of the N-terminal
helix. The 1HN protons of Ser5, Gly9, Asn12, Val13, Ala16, and Ile18-Asn20 residues could participate in
hydrogen bond formation. In the C-terminal part (Lys22-Lys33) of the peptide, only four stable hydrogen
bonds can be formed. Together with the observed 3JH

N
H
α values, this indicates the absence of α-helix or

β-structure in this region of the nicomicin-1 molecule.
Analysis of the fingerprint region in the 2D TOCSY spectrum (Figure 6C) revealed unequal line-widths

and intensities of the 1HN resonances. In the N-terminal fragment, significant broadening was observed for
the amide proton of Trp7 and the resonances of Lys11 were probably broadened beyond the detection limit.
Contrarily, 6 of 11 residues of the C-terminal region (Lys22, Cys24, Tyr26, Ala27, Cys29, and Val30) were
significantly broadened. This indicated the presence of μs time-scale conformational exchange process(es),
which are more pronounced in the C-terminal part of micelle-bound nicomicin-1.

The set of 20 nicomicin-1 structures (Figure 7A) was calculated in the CYANA program using
experimentally derived distance and torsion angle restraints, and additional restraints that maintain closed
backbone-backbone hydrogen bonds and disulfide (Table S1). We found that the peptide molecule consisted
of two structurally independent domains connected by the hinge at the Lys22 residue. The N-terminal
domain contains a prolonged α-helix (Phe2-Ala21) and its structure was precisely defined by NMR data
(backbone root mean square deviation (RMSD) of 0.24 Å). In contrast, the C-terminal domain (Lys22-Lys33)
adopts an extended conformation and accommodates two consecutive β-turns (Val25-Val30 residues) and
a Cys24-Cys29 disulfide bond. Due to signal broadening and lack of experimental data, the structure of the
C-terminal domain was less precisely defined (backbone RMSD of 0.69 Å).

 

Figure 7. Spatial structure of nicomicin-1 in complex with dodecylphosphocholine (DPC) micelle.
(A) The ensemble of 20 calculated nicomicin-1 structures is superimposed by the backbone atoms of
N-terminal (Gly1-Ala21) and C-terminal (Lys22-Lys33) domains. The Cys24-Cys29 disulfide bond
is shown in orange. (B) The representative conformers of nicomicin-1 in ribbon representation.
The disulfide bond, positively charged, negatively charged, hydrophobic, aromatic, and polar residues
are colored in orange, blue, red, yellow, green, and magenta, respectively. The approximate micelle
surface (R ~24Å) is shown as a dashed line. The peptide ribbon is colored according to 12-doxylstearate
paramagnetic relaxation enhancement data (presented on the Figure 6D). The residues located inside
the micelle are colored in cyan. The Nε atoms of the Trp3 and Trp7 side chains are shown by spheres.
(C,D) Spatial structure of amphibian peptides gaegurin 4 and ranatuerin-2CSa, PDB codes 2G9L and
2K10, respectively.
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2.5. Topology of Nicomicin-Micelle Interaction

The nicomicin-1 molecule in the DPC environment demonstrates a pronounced amphipathicity.
The polar and charged residues are segregated at one face of the N-terminal α-helix and in the
C-terminal Ser31-Lys33 region (Figure 7B). The other face of the α-helix and the region around the
Cys24-Cys29 disulfide bond contains only aromatic and hydrophobic residues.

To elucidate the location of the nicomicin-1 molecule in the DPC micelle, we used a 12-doxylstearate
relaxation probe. The nitroxide moiety of this probe is located in the hydrophobic region of the micelle [43].
Specific broadening of the nicomicin-1 proton signals was monitored using NOESY spectra at a DPC/probe
molar ratio of 50:1 (i.e., about one relaxation probe per micelle). To characterize the effect of the relaxation
probe on the nicomicin-1 protons, we compared the amplitudes of selected intraresidual cross-peaks with
and without the probe (Figure 6D). The data indicated that two parts of the molecule were in contact with
the hydrophobic region of the micelle. Significant cross-peak attenuation was observed for the residues
located at the hydrophobic side of the α-helix in its central part (Gly9-Ile17), and in the region around the
Cys24-Cys29 disulfide (Figure 6D). The N-terminal part of the α-helix (Gly1-Asp8) probably contacts the
micelle only by aromatic side chain groups. Significant attenuation was observed for the signals of Hε1

protons of Trp3 and Trp7 side chains (Figure 6D, triangles).
The observed pattern of signal attenuation is consistent with the binding of the

nicomicin-1 molecule to the surface of the DPC micelle by the N-terminal α-helix (Figure 7B). Due to
significant scatter in the determined structures, the C-terminal domain could span different locations
from being buried into the micelle to fully protruded into aqueous phase. Figure 7B illustrates
this variability. The observed distribution of μs-timescale motions in the nicomicin-1 molecule
(Figure 7B, underlined residues) indicated that the C-terminal domain underwent significant structural
fluctuations. These fluctuations could be connected with the changes in the surrounding environment.
We assume that the hinge-like motions around the Lys22 residue resulted in the dynamic partition of the
C-terminal domain into the micelle. However, μs-timescale motions observed at Trp7-Lys11 residues
forming one turn of the α-helix suggest the presence of another hinge region in the N-terminal domain.

To confirm incorporation of nicomicin-1 into DPC micelles, we measured the intrinsic fluorescence
of Trp residues, which are known to be sensitive to the polarity of an environment [44]. Nicomicin-1 has
two Trp residues (Trp3 and Trp7), and their fluorescence can be exploited to estimate the location of the
peptide N-terminus in the micelle. A blue shift of emission maximum (353 → 332 nm) was observed
upon transfer of nicomicin-1 from water to DPC micelles. This indicated that the Trp aromatic rings
are in contact with the hydrophobic core of the micelle. The nicomicin-1 structure was also studied
in water and in DPC micelles by fluorescence quenching experiments. Strict compliance with the
Stern-Volmer equation was observed. Therefore, Trp3 and Trp7 are equally accessible for the quencher.
Surprisingly, the transfer of nicomicin-1 from water to micelles only slightly decreased the Stern-Volmer
constant from 9.2 to 8.5 M−1. The Trp side chains in the micelle-bound peptide probably experience an
intensive dynamic (collisional) quenching. This may be caused by the presence of a positively charged
group, which increases the concentration of the negative iodide (I−) quencher in the vicinity of Trp side
chain within ~10 Ǻ [44,45]. According to the determined spatial structure of nicomicin-1 (Figure 7B),
presumably the N-terminal amino group (NH3

+-) is responsible for the observed effect. In addition,
the quencher can effectively reach the Trp side chains, which may prove that they are located at the
interface between the polar and hydrophobic region of the micelle. This location agrees well with the
NMR data and proposed model of nicomicin-1/micelle complex (Figure 7B).

2.6. Comparison of Spacial Structures of Nicomicin-1 and Amphibian Peptides Containing ‘Rana-Box’ Motif

The α-helix in the nicomicin-1 molecule is terminated by the fragment containing several β-turns
stabilized by a Cys24-Cys29 disulfide bond. This structural arrangement resembles the Rana-box
motif found in helical antimicrobial peptides isolated from frog skin [25]. The spatial structures of
several peptides from this family were previously determined by NMR spectroscopy, but only two
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structures (gaegurin 4 [46] and ranatuerin-2CSa [47]) are available in the PDB database (Figure 7C,D).
Similar to nicomicin-1, both peptides contain prolonged amphipathic helical regions, whereas the
C-termini of the molecules are capped by positively charged disulfide-stabilized Rana-box motifs.
In contrast to amphibian peptides, the Rana-box in nicomicin-1 does not contain positively charged
residues and demonstrates significant hydrophobicity. Notably, nicomicin-1 possesses the additional
four-residue fragment after the Rana-box. This region of the molecule is relatively polar and contains
basic Lys33 residue.

2.7. Antibacterial Activity and Mechanism of Action

The antibacterial activity of nicomicin-1 and its fragments was determined using a two-fold
serial dilution assay in lysogeny broth (LB) medium with or without NaCl. Minimum inhibitory
concentrations (MICs) of the peptides against Gram-positive and Gram-negative bacteria are presented
in Table 3. Melittin, known as a potent cytolytic and bactericidal agent, was used as a positive control.
Nicomicin-1 exhibited a pronounced antimicrobial effect against Gram-positive bacteria, similar to that
of α-helical cationic peptide melittin. The activity against Gram-negative microorganisms was modest
and at least two- to four-fold lower than that of melittin. Interestingly, the α-helix peptide hedistin from
Nereis diversicolor was also inactive against a set of Gram-negative microorganisms, except the marine
bacterium Vibrio alginolyticus, which is a causative agent of infections of marine invertebrates [7].
Surprisingly, none of the peptides inhibited growth of Bacillus megaterium at concentrations up to 16
μM. Previous structure–activity relationship (SAR) studies of Rana-box amphibian AMPs revealed that
the cyclic C-terminal part of these peptides does not influence the antibacterial activity, whereas the
N-terminal α-helix is responsible for membrane disruption [25]. The α-helical peptide Nico(1-17) did
not show any antibacterial activity at concentrations of 16 μM or higher. Notably, the net charge of the
entire Nico(1-17) was zero and its most homologous AMP, 14-residue StCT1 from scorpion Scorpiops
tibetanus, displayed poor antibacterial properties [32]. Weak activity of Nico(18-33) was detected only
against several Gram-positive bacteria in a salt-free medium.

Table 3. Antibacterial activity of the peptides.

Bacteria

Minimum Inhibitory Concentration (μM)

Melittin Nicomicin-1 Nico(1-17) Nico(18-33)

Without Salt +NaCl Without Salt +NaCl Without Salt +NaCl Without Salt +NaCl

Gram-positive
Micrococcus luteus 0.25 0.25 0.125 0.25 >16 >16 16 >16

Bacillus subtilis 0.5 0.5 0.062 0.25 >16 >16 16 >16
B. licheniformis 0.25 0.25 0.125 0.25 >16 >16 8 >128
B. megaterium >16 >16 >16 >16 >16 >16 >16 >16

Staphylococcus aureus 209P 2 32 2 32 >16 >16 >16 >16
S. aureus

ATCC 29213 1 1 2 16 >16 >16 >128 >128

Rhodococcus sp. 0.5 0.25 0.125 0.25 >16 >16 >16 >16

Gram-negative
E. coli BL21 (DE3) 2 4 2 32 >64 >64 >64 >64

E. coli ML-35p 8 16 16 >32 >64 >64 >64 >64
E. coli C600 4 8 32 >32 >64 >64 >64 >64

Acinetobacter baumanii 8 32 32 >32 >64 >64 >64 >64
Pseudomonas aeruginosa

PAO1 >32 32 32 >32 >64 >64 >128 >128

Cationic AMPs realize their antibacterial function by damaging membrane integrity and/or
specifically inhibiting intracellular processes [2]. In this study, an effect of the peptides on bacterial
cytoplasmic membrane integrity was analyzed with the use of E. coli ML-35p, a strain lacking the
functional lactose permease necessary for the uptake of o-nitrophenyl-β-D-galactoside (ONPG) and
constitutively expressing β-galactosidase. The latter produces o-nitrophenol, a chromogenic product
with absorbance at 405 nm. Both nicomicin-1 and melittin effectively damaged membranes in a
salt-free environment (Figure 8A). However, the addition of 150 mM NaCl markedly reduced the
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activity of nicomicin-1 (Figure 8B), which could explain the weak antibacterial effect of the peptide
against E. coli in the presence of salt (Table 3). Salt probably both promotes peptide aggregation in a
test medium and affects primary electrostatic attraction, thus impairing nicomicin-1 interaction with
the bacterial membrane. This salt inhibiting effect is quite surprising in light of the marine origin of
the host. Notably, both fragments of nicomicin-1 had a negligible ability to damage the membrane
integrity of E. coli ML-35p, which was comparable to that of the negative control (data not shown).
Therefore, the α-helical amphipathic part of nicomicin-1 cannot effectively interact with the membrane
bilayer without the C-terminal fragment of the peptide and vice versa.

On the other hand, the ability of nicomicin-1 to inhibit its own biosynthesis in the E. coli expression
system suggests a more complicated mechanism of action of the peptide against Gram-negative
bacteria, which may differ from direct membrane destruction. Induction of nicomicin-1 biosynthesis
resulted in inhibition of E. coli BL21 (DE3) growth (Section 2.3). Similarly, Pro-rich ribosome-targeting
AMP apidaecin fused to a large carrier protein effectively inhibited growth of bacterial cells during
heterologous expression in E. coli [48]. Therefore, we tested an ability of nicomicin-1 and other
antimicrobial compounds to inhibit protein biosynthesis in vitro. The obtained results indicated a slight
inhibition of the biosynthesis process. Nicomicin-1 caused only a 20% inhibition of enhanced green
fluorescent protein (EGFP) expression at a concentration of 64 μM (Figure 8C). The observed effect was
similar neither to streptomycin—a specific ribosome-targeting inhibitor of bacterial translation (IC50

0.2 μM)—nor to tachyplesin-1 that effectively binds nucleic acids [49]. Therefore, the major mechanism
of nicomicin-1 antibacterial action did not seem to be related to the inhibition of bacterial translation.

Figure 8. Analysis of nicomicin-1 antibacterial mechanism of action. Escherichia coli ML-35p cytoplasmic
membrane permeabilization by nicomicin-1 at various concentrations from 0.5 to 32 μM, highlighted
with colors (A) in the absence or (B) in the presence of NaCl. The cytolytic peptide melittin was used
as the positive control from 0.5 to 8 μM, highlighted with colors. Three independent experiments
were performed, and the curve pattern was similar for all three series. (C) Effects of nicomicin-1,
tachyplesin-1, and streptomycin on the fluorescence resulting from the in vitro translation of EGFP
using E. coli BL21 (DE3) Star cell extract. The data are presented as the mean ± SD of three
independent experiments.

The question about the localization of the peptide in host tissues remains open. Polychaeta species
are strictly dependent on epithelial barrier continuity and efficacy of the innate immune system, which
are vitally important for their protection against pathogenic microorganisms. The BRICHOS-related
peptides, arenicins and alvinellacin, are constitutively expressed both in coelomocytes and in
the tegument of hosts, thus indicating involvement of the peptides in both systemic and local
epithelial immunity [8,50]. Localization of the nicomicins needs further elucidation with the use
of immunohistochemistry approaches.
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2.8. Nicomicin-1 Possesses Cytotoxicity Against Mammalian Cells

Considering the ability of nicomicin-1 and Nico(1-17) to aggregate and potentially form fibrils
in aqueous solutions, we analyzed the cytotoxic effects of nicomicin-1 and its fragments against
adherent cell lines of human embryonic fibroblasts (HEF) and cervix adenocarcinoma cells (HeLa) as
well as toward human red blood cells (hRBC). Nicomicin-1 and Nico(18-33) had similar hemolysis
profiles with a half maximal hemolysis concentration (HC50) of about 64 and 128 μM, respectively
(Figure 9A). In contrast, Nico(1-17) almost lacked hemolytic activity and lysed only 1% of red blood
cells at a concentration of 128 μM. This is in agreement with data on antibacterial activity of Nico(1-17).
Therefore, the C-terminal part of nicomicin-1 plays a key role in its hemolyticity. Cytotoxicity of
nicomicin-1 toward HeLa cells was shown to be dose-dependent and attained a value of 85% of dead
cells at the peptide concentration of 32 μM (Figure 9B). Nicomicin-1 possesses selectivity toward cancer
cells. In contrast to hemolytic and antibacterial activities, the peptide fragment Nico(1-17) was cytotoxic
toward adherent mammalian cells. Notably, the peptide Nico(1-17) showed a dose-independent
cytostatic effect against both HeLa and HEF cells at a concentration range from 0.25 to 32 μM.
The molecular mechanism of nicomicin-1 or Nico(1-17) cytotoxicity at submicromolar concentrations
is still obscure. The above-mentioned amyloid fibril-forming amphibian AMP uperin 3.5 possessed
a similar cytotoxic activity profile against pheochromocytoma cells [39]. Gel formation by amyloids
within or outside cells as well as peptides adsorption could perturb membrane integrity, interfere with
cell motility and signaling pathways, and alter the collagen gel network of the extracellular matrix [38].
Therefore, the activity of nicomicin-1 may also result from peptide aggregation.

Figure 9. (A) Hemolytic activity of nicomicin-1 and its fragments after 1.5 h incubation
(hemoglobin release assay). (B) Cytotoxicity of nicomicin-1 and its fragments against human
embryonic fibroblasts (HEF) and cervix adenocarcinoma cells (HeLa) after 24 h incubation
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction assay). The data
are presented as the mean ± SD of three independent experiments.

3. Materials and Methods

3.1. Animal Collection

Nicomache minor (Arwidsson, 1906) tubeworms (Figure S1) were collected in June near the
Nikolai Pertsov White Sea Biological Station (WSBS, Republic of Karelia, Russia) in the White Sea at
depths of 5–35 m on silty sediments with stones using an ocean 0.1 m2 grab and diving technique.
Several specimens of N. minor were cleaned with distilled water, cut, submerged in RNAlater solution
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(Thermo Fisher Scientific, Waltham, MA, USA) to preserve RNA before total RNA isolation, and stored
at −20 ◦C until used.

3.2. Total RNA Isolation, RT-PCR, RACE Amplification

The tissue samples were thawed, removed from the solution, and homogenized in liquid
nitrogen. Intact total RNA was isolated by using SV Total RNA Isolation System (Promega, Fitchburg,
WI, USA). The RNA was quantified at 260 nm using a Ultrospec 3300 Pro spectrophotometer
(Amersham Biosciences, Amersham, UK), and reverse transcribed into cDNA using a Mint
RACE cDNA amplification kit (Evrogen, Moscow, Russia) according to manufacturer’s protocols.
The obtained cDNA was analyzed by PCR amplification, cloning, and sequencing of the
Folmer fragment of cytochrome oxidase subunit I (COI) gene. COI is adopted as the standard
‘taxon barcode’ for most animal groups [51]. Amplification of the 517-bp fragment was
performed with two designed gene-specific primers: 5′-GGCACCTCTATAAGACTCCT-3′ and
5′-GAACTGGGAGGGAGAGAAGAA-3′. The analyzed sequence was shown to be identical to that of
coding COI from N. minor isolate SPM11 (GenBank accession ID MG975588.1).

To determine the sequence of the 3′ and 5′ ends of cDNA coding a putative BRICHOS-related
peptide, the RACE strategy was used. Two rounds of step-out PCR with the use of nested gene-specific
primers (Table 1) were performed for both 3′ and 5′RACE (Figure 1). The 3′RACE was performed using
degenerate GSPs that anneal to sequences encoding the two most conservative protein regions (Figure
S2) in the BRICHOS domains of the precursors of polychaeta AMPs (arenicin-1, arenicin-3, capitellacin,
and alvinellacin). The first round of 3′RACE was performed separately using 3′-GSP1 (outer) or
3′-GSP2 (outer) and adaptor primers—step-out primer mix1 supplied in the kit. Then 1000-fold diluted
products were used in the second round with 3′-GSP3 (inner) and step-out primer mix2. Both rounds
of nested PCR were performed using the same step-down technique with the following parameters:
95 ◦C for 60 s, 30 cycles of 94 ◦C for 30 s, annealing at 66→55 ◦C for 40 s (66-2, 62-3, 59-4, 57-5,
55-16 cycles) and extension at 72 ◦C for 60 s, and a final elongation step at 72 ◦C for 10 min. 5′RACE
was performed as a nested PCR with GSPs complementary to the 3′UTR. The first round of 5′RACE
was performed with 5′-GSP1 (outer) and step-out primer mix1. Then, 1000-fold diluted products
were used in the second round using 5′-GSP2 (inner) or 5′-GSP3 (inner) and step-out primer mix2.
Both rounds were performed using the same technique with the following parameters: 95 ◦C for 60 s;
30 cycles of 94 ◦C for 30 s, annealing at 62→55 ◦C for 40 s (62-3, 59-3, 57-4, 55-20 cycles) and extension at
72 ◦C for 90 s; and a final elongation step at 72 ◦C for 10 min. The one-round amplification of the whole
coding sequence was performed using AP primer complementary to the 5′UTR and 5′-GSP2 with the
following parameters: 95 ◦C for 60 s; 40 cycles of 94 ◦C for 30 s, annealing at 64→56 ◦C for 40 s (64-2,
62-3, 60-4, 58-5, 55-26 cycles) and extension at 72 ◦C for 60 s; and a final elongation step at 72 ◦C for
10 min. The products were separated by electrophoresis on 1.5% agarose gel and visualized on an
ultraviolet (UV) transilluminator. The PCR products were purified from agarose gel and inserted into
a pGEM-T vector (Promega, Fitchburg, WI, USA). The ligation products were transformed into the
chemically competent E. coli DH10B cells. Plasmid DNA was isolated from white colonies on LB agar
plates supplemented with ampicillin (100 μg/mL) using Plasmid Miniprep kit (Evrogen, Moscow,
Russia). The plasmids were sequenced on both strands using the ABI PRISM 3100-Avant automatic
sequencer (Applied Biosystems, Foster City, CA, USA).

3.3. Expression and Purification of the Antimicrobial Peptides

The recombinant plasmids for expression of nicomicin-1, as well as its fragments Nico(1-17)
and Nico(18-33), were constructed with the use of pET-based vector as described previously [52].
The expression cassette included the T7 promoter, ribosome binding site (RBS), and the sequence
encoding the recombinant protein that included an 8× His tag, the carrier protein (E. coli thioredoxin
A with the Met37Leu mutation), a methionine residue, and a target peptide. E. coli BL21 (DE3)
cells were transformed with the constructed plasmids and grown up to OD600 1.0–1.5 at 37 ◦C in
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rich medium containing tryptone (15 g/L), yeast extract (17.5 g/L), NaCl (10 g/L), 20 mM glucose,
1 mM MgSO4, 0.1 mM CaCl2, 0.01 mM FeCl3, and 100 μg/mL of ampicillin, and then were induced
with IPTG at a final concentration of 0.4 mM. The induction was performed at 30 ◦C for 4 h under
shaking culture conditions at a speed of 220 rpm. The cells were sonicated in the 100 mM phosphate
buffer (pH 7.8) containing 20 mM imidazole and 6 M guanidine hydrochloride to fully solubilize
the fusion protein. Purification of the peptides involved immobilized metal affinity chromatography
(IMAC) of cell lysate with the use of Ni Sepharose (GE Healthcare, Chicago, IL, USA), CNBr cleavage
of the fusion protein, and RP-HPLC as described previously [53]. The recombinant peptides were
characterized by Tricine-SDS-PAGE according to [54] and MALDI-MS (Bruker Daltonics, Bremen,
Germany). Melittin and tachyplesin-1 used in this study were obtained as described earlier [52,55].
The peptides concentrations were estimated using UV absorbance.

3.4. Circular Dichroism Spectroscopy

Secondary structures of the peptides were analyzed by circular dichroism (CD) spectroscopy
with the use of Jasco J-810 instrument (Jasco, Tokyo, Japan). Experiments were performed at 25 ◦C
in water, in 30 mM DPC (Anatrace, Maumee, OH, USA) micelles, and in 30 mM SDS (Sigma, St.
Louis, MO, USA) micelles. Final concentrations of peptides were of 150 μM. Four consecutive scans
were performed and averaged, followed by subtraction of the blank spectrum of the solvent.

3.5. NMR Spectroscopy

[-20]For the NMR study in water and in DPC micelles environment, 0.4 and 0.25 mM samples of
the recombinant nicomicin-1 were used, respectively. d38-DPC (CIL, Andover, MA, USA) was added
to the NM sample in water using concentrated stock solution. The final DPC concentration was 50 mM.
The pH of the samples were adjusted to 4.0 (water) or 3.15 (DPC) using concentrated HCl or NaOH
solutions and 5% D2O was added. NMR spectra were measured at 30 ◦C (water) or at 45 ◦C (DPC) on
an AVANCE-III 600 spectrometer (Bruker, Karlsruhe, Germany) equipped with cryogenically cooled
probe (Bruker, Karlsruhe, Germany). 12-doxylstearate (Sigma, St. Louis, MO, USA) was added to
the nicomicin-1/DPC sample (0.25/50 mM) using lyophilized aliquots of stock solution in methanol.
NOESY spectra (τm = 100 ms) were measured at zero and 1 mM 12-doxylstearate concentrations at
pH 3.15.

The protein resonance assignment was performed using a standard approach [42] using
a combination of 2D 1H-TOCSY (τm = 80 ms), 1H-NOESY (τm = 60, 80 and 100 ms),
and 13C-Heteronuclear Single Quantum Coherence spectroscopy (HSQC) spectra in the CARA
(version 1.84, Zurich, Switzerland) program. The 3JH

N
H
α coupling constants were determined from

line shape analysis of NOESY and TOCSY cross peaks in the Mathematica program (version 8.0,
Wolfram Research, Champaign, IL, USA). The 3JH

α
H
β coupling constants were estimated from the

multiplet patterns in 2D TOCSY spectrum. The spatial structure calculations were performed in
the CYANA (version 3.97) program [56]. Upper interproton distance constraints were derived from
NOESY cross-peaks (τm = 100 ms) via a “1/r6” calibration. Torsion angle restraints and stereospecific
assignments were obtained from J coupling constants and NOE intensities. Hydrogen bonds were
introduced using temperature coefficients of amide protons (Δδ1HN/ΔT) measured in the range of
20 to 45 ◦C in the TOCSY or NOESY spectra. Additional upper/lower restraints were applied to close
the Cys24-Cys29 disulfide and backbone-backbone hydrogen bonds.

3.6. PDB and BMRB Accession Codes

The 1H and 13C chemical shifts of nicomicin-1 in H2O and DPC were deposited into the
BioMagnetic Resonance Bank (BMRB, www.bmrb.wisc.edu, accession code 27611 and 34313,
respectively). NMR constraints and derived atomic coordinates (20 models) for nicomicin-1 in complex
with DPC micelle were deposited into the RCSB Protein Data Bank (PDB, https://www.rcsb.org,
accession code 6HN9). Before PDB deposition, the obtained nicomicin-1 structure was checked by the
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internal PDB validation tool. Validation revealed good quality of the obtained structure with 81% of
residues located in favored regions and 10% of residues in allowed regions on the Ramachandran plot
(Table S1). The full report is available on the PDB website.

3.7. Tryptophan Fluorescence and Quenching

Tryptophan fluorescence was measured by means of Hitachi F-4000 (Hitachi, Tokyo, Japan)
fluorescence spectrophotometer using 1 × 0.4 cm quartz cuvettes (Hellma Analytics, Müllheim/Baden,
Germany). Emission and excitation slits were 5 nm wide. The excitation wavelength was 280 nm.
Peptide concentration was 10 μM. The DPC to peptide molar ratio was of 200:1. The pH of the samples
was of 4.0. Fluorescence was quenched by addition of increasing amounts of 4 M potassium iodide.

3.8. Antimicrobial Assay

The bacteria Bacillus subtilis B-886, Micrococcus luteus B-1314, and Bacillus megaterium VKM41 were
obtained from All-Russian Collection of Microorganisms (Pushchino, Russia). Rhodococcus sp.
SS1 was obtained from Institute of Biochemistry and Physiology of Microorganisms (Pushchino,
Russia). Bacillus licheniformis VK21 was obtained from the Branch of M.M. Shemyakin & Yu.A.
Ovchinnikov Institute of Bioorganic Chemistry (Pushchino, Russia). The extensively drug resistant
clinical isolate of Acinetobacter baumanii was obtained from Sechenov First Moscow State Medical
University hospital. Other strains were obtained from ATCC (Manassas, VA, USA). Bacterial test
cultures were grown in LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) at 37 ◦C to
mid-log phase and then diluted with the same medium containing or lacking NaCl to reach a final
cell concentration of 2 × 105 CFU/mL. Then, 50 μL of the obtained bacterial suspension were added
to 50 μL aquilots of the peptide solutions serially diluted with sterilized 0.1% bovine serum albumin
(BSA) in 96-well flat-bottom polystyrene microplates (Eppendorf #0030730011, Hamburg, Germany).
To avoid the adsorption of AMPs to plastic surfaces, an addition of BSA was used [57]. After incubation
for 20 h at 30 ◦C and 900 rpm on a plate thermoshaker (Biosan, Riga, Latvia), the minimum inhibitory
concentrations (MICs) were determined as the lowest peptide concentrations that prevented growth
of test microorganisms observed as visible turbidity. In most cases, no significant divergence of
MIC values was observed (within ±1 dilution step). The results are expressed as the median values
determined on the basis of at least three independent experiments performed in triplicate.

3.9. Bacterial Membranes Permeability Assay

To examine an ability of the peptides to permeabilize the cytoplasmic bacterial membrane,
a colorimetric assay with o-nitrophenyl-β-D-galactoside (ONPG, AppliChem, Darmstadt, Germany)
and E. coli ML-35p strain was performed as previously described [58] with some modifications.
The final concentration of ONPG and E. coli ML-35p cells were 2.5 mM and 2 × 107 CFU/mL,
respectively. Peptide samples were placed in a 96-well plate with a non-binding surface (NBS, Corning
#3641, Corning, NY, USA), and an optical density of the solution was measured at 405 nm using
the Multiskan EX microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The assay was
performed in 10 mM sodium phosphate buffer with or without 150 mM NaCl at 30 ◦C under stirring
at 300 rpm. Control experiments were performed under the same conditions without the addition of a
peptide. Three independent experiments were performed, and the curve patterns were similar for all
three series.

3.10. Cell-Free Protein Expression Assay

The cell lysate required for the translation inhibition assay was prepared using E. coli BL21 Star
(DE3) cell culture grown at 30 ◦C in 2× YTPG liquid medium (1.6% tryptone, 1% yeast extract, 0.5%
NaCl, 22 mM NaH2PO4, 40 mM Na2HPO4, 0.1 M glucose). The chromosome of DE3 strains contains
a gene encoding T7 RNA polymerase under control of the lacUV5 promoter. The bacterial culture
was grown to OD600 0.8–1.0, then the T7 RNA polymerase gene was induced by addition of 0.2 mM
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IPTG. Bacteria were harvested at OD600 5.0–6.0 by centrifugation (3000× g, 30 min, 4 ◦C). The bacterial
pellet was washed three times by suspending it in four volumes of wash buffer (10 mM tris-acetate
buffer, pH 8.2, 14 mM magnesium acetate, 60 mM potassium glutamate, and 1 mM dithiothreitol),
then resuspended in one volume of the same buffer (1 mL per 1 g of wet cell mass) and disrupted by
sonication at 5–15 ◦C. The total cell lysate was centrifuged at 15,000× g (30 min, 4 ◦C). The supernatant
was split into aliquots and stored at −70 ◦C. In order to investigate effects of AMPs on the translation
process, the peptides were added to a cell-free protein synthesis (CFPS) reaction mix with a plasmid
encoding EGFP variant (F64L, S65T, Q80R, F99S, M153T, V163A) under a control of the T7 promoter.
The reaction mix consisted of the following components: 1.2 mM ATP, 0.8 mM UTP, 0.8 mM GTP,
0.8 mM CTP, 2 mM of each of 20 proteinogenic amino acids, 1.5 mM spermidine, 1 mM putrescine
dihydrochloride, 0.06647 mM calcium folinate, 170 ng/mL tRNA from the E. coli MRE 600 strain,
0.33 mM nicotinamide adenine dinucleotide (NAD), 10 mM ammonium glutamate, 175 mM potassium
glutamate, 60 mM glucose, 120 mM HEPES-KOH (pH 8.0), 15 mM magnesium glutamate, 2% PEG
8000, 25% E. coli BL21 Star (DE3) cell lysate, and 10 ng/μL plasmid DNA. The reaction volume
was 50 μL. The peptides were dissolved in water with the addition of 0.1% BSA. Streptomycin was
used in the positive control reactions. Fluorescence of the sample without inhibitor was set to 100%.
The reaction proceeded for 60 min in a 96-well clear flat-bottom black polystyrene microplates (Corning
#3340, Corning, NY, USA) in a plate shaker (30 ◦C, 900 rpm). Fluorescence of the synthesized EGFP
was measured with a AF2200 microplate reader (Eppendorf, Hamburg, Germany) (λExc = 488 nm,
λEm = 510 nm). The experimental data were obtained from at least three independent experiments.

3.11. Hemolysis and Cytotoxicity Assay

The hemolytic activity of the peptides was tested against the fresh suspension of human
red blood cells (hRBC) using the hemoglobin release assay as described previously [53].
Three experiments were performed with hRBC from blood samples of independent donors.
The quantitative data are represented as average means with standard deviations. The colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction assay was used
to determine the cytotoxicity of the peptides against HeLa (cervix adenocarcinoma cells) and human
embryonic fibroblasts (HEF) cell lines as described previously [52,59]. The experimental data were
obtained from at least three independent experiments.

4. Conclusions

This study extends the knowledge of the structure and functions of AMPs from marine
invertebrates, and in particular from the small polychaeta tubeworm N. minor. Overall, nicomicins
represent a novel scaffold among polychaeta, AMPs combining an amphipathic N-terminal α-helix
and C-terminal extended part with a six-residue loop stabilized by a disulfide bridge. The recombinant
nicomicin-1 is structured in a membrane-mimicking environment, exhibits membrane-active properties,
and possesses a pronounced activity against Gram-positive bacteria and cancer cells. The peptide
shares similarities in both primary and secondary structure with amphibian host-defense peptides,
and has a fundamentally different molecular organization of the precursor. The obtained results
reveal that the BRICHOS domain does not exclusively participate in biosynthesis of β-hairpin
polychaeta AMPs, but could also be a part of precursor of α-helical AMPs, namely nicomicins.
Until now, this domain has been described in polychaeta only as a precursor of β-hairpin AMPs.
Therefore, the BRICHOS domain might be a universal prodomain that participates in the biosynthesis
of different structural types of AMPs in polychaeta by analogy with the cathelin-like domain
in vertebrates.

301



Mar. Drugs 2018, 16, 401

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/11/
401/s1. Figure S1: Polychaeta Nicomache minor; Figure S2: Design of degenerate gene-specific primers for
amplification of the 3′-end of cDNA encoding BRICHOS-related peptides; Figure S3: The nucleotide sequence of
mRNA encoding prepronicomicin-1 and its translation; Figure S4: The peptide Nico(1-17) forms gel structure
at concentration of 2 mg/mL in water; Table S1: Statistics for the best CYANA structures of nicomicin-1 in DPC
solution at pH 3.15.

Author Contributions: P.V.P., A.V.T., I.A.B., A.S.P., M.B.M., S.V.S. performed the experiments; P.V.P., A.V.T., I.A.B.,
A.S.P., M.B.M., S.V.S., Z.O.S., T.V.O. designed the experiments and analyzed data; P.V.P., A.V.T., S.V.S., Z.O.S., T.V.O.
wrote the paper. T.V.O. contributed to the conception of the work and supervised the whole project. All authors
read and approved the final manuscript.

Funding: This work was supported by the Russian Science Foundation (the project No. 14-50-00131).

Acknowledgments: The authors thank A.B. Tzetlin and T.D. Shcherbakova (M.V. Lomonosov Moscow State
University) for assistance in the collection and photographing of animals. The authors thank S.V. Balandin for
critical reading of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hancock, R.E.W.; Brown, K.L.; Mookherjee, N. Host defence peptides from invertebrates—Emerging
antimicrobial strategies. Immunobiology 2006, 211, 315–322. [CrossRef] [PubMed]

2. Graf, M.; Mardirossian, M.; Nguyen, F.; Seefeldt, A.C.; Guichard, G.; Scocchi, M.; Innis, C.A.; Wilson, D.N.
Proline-rich antimicrobial peptides targeting protein synthesis. Nat. Prod. Rep. 2017, 34, 702–711. [CrossRef]
[PubMed]

3. Tasiemski, A. Antimicrobial peptides in annelids. Invertebr. Surviv. J. 2008, 5, 75–82.
4. Ovchinnikova, T.V.; Aleshina, G.M.; Balandin, S.V.; Krasnosdembskaya, A.D.; Markelov, M.L.; Frolova, E.I.;

Leonova, Y.F.; Tagaev, A.A.; Krasnodembsky, E.G.; Kokryakov, V.N. Purification and primary structure of
two isoforms of arenicin, a novel antimicrobial peptide from marine polychaeta Arenicola marina. FEBS Lett.
2004, 577, 209–214. [CrossRef] [PubMed]

5. Ovchinnikova, T.V.; Shenkarev, Z.O.; Nadezhdin, K.D.; Balandin, S.V.; Zhmak, M.N.; Kudelina, I.A.;
Finkina, E.I.; Kokryakov, V.N.; Arseniev, A.S. Recombinant expression, synthesis, purification, and solution
structure of arenicin. Biochem. Biophys. Res. Commun. 2007, 360, 156–162. [CrossRef] [PubMed]

6. Pan, W.; Liu, X.; Ge, F.; Han, J.; Zheng, T. Perinerin, a novel antimicrobial peptide purified from the
clamworm Perinereis aibuhitensis Grube and its partial characterization. J. Biochem. 2004, 135, 297–304.
[CrossRef] [PubMed]

7. Tasiemski, A.; Schikorski, D.; Le Marrec-Croq, F.; Pontoire-Van Camp, C.; Boidin-Wichlacz, C.; Sautière, P.-E.
Hedistin: A novel antimicrobial peptide containing bromotryptophan constitutively expressed in the NK
cells-like of the marine annelid, Nereis diversicolor. Dev. Comp. Immunol. 2007, 31, 749–762. [CrossRef]
[PubMed]

8. Tasiemski, A.; Jung, S.; Boidin-Wichlacz, C.; Jollivet, D.; Cuvillier-Hot, V.; Pradillon, F.; Vetriani, C.; Hecht, O.;
Sönnichsen, F.D.; Gelhaus, C.; et al. Characterization and function of the first antibiotic isolated from a vent
organism: The extremophile metazoan Alvinella pompejana. PLoS ONE 2014, 9, e95737. [CrossRef] [PubMed]

9. Shcherbakova, T.D.; Tzetlin, A.B.; Mardashova, M.V.; Sokolova, O.S. Fine structure of the tubes of Maldanidae
(Annelida). J. Mar. Biol. Assoc. U. K. 2017, 97, 1177–1187. [CrossRef]

10. Chen, G.; Abelein, A.; Nilsson, H.E.; Leppert, A.; Andrade-Talavera, Y.; Tambaro, S.; Hemmingsson, L.;
Roshan, F.; Landreh, M.; Biverstål, H.; et al. Bri2 BRICHOS client specificity and chaperone activity are
governed by assembly state. Nat. Commun. 2017, 8. [CrossRef] [PubMed]

11. Leonard, B.C.; Chu, H.; Johns, J.L.; Gallo, R.L.; Moore, P.F.; Marks, S.L.; Bevins, C.L. Expression and activity
of a novel cathelicidin from domestic cats. PLoS ONE 2011, 6, e18756. [CrossRef] [PubMed]

12. Hoegenhaug, H.H.K.; Mygind, P.H.; Kruse, T.; Segura, D.R.; Sandvang, D.; Neve, S. Antimicrobial Peptide
Variants and Polynucleotides Encoding Same. US Patent US20110306750A1; PCT/EP2011/059689,
15 December 2011.

13. Papot, C.; Massol, F.; Jollivet, D.; Tasiemski, A. Antagonistic evolution of an antibiotic and its molecular
chaperone: How to maintain a vital ectosymbiosis in a highly fluctuating habitat. Sci. Rep. 2017, 7. [CrossRef]

302



Mar. Drugs 2018, 16, 401

14. Bergeron, F.; Leduc, R.; Day, R. Subtilase-like pro-protein convertases: From molecular specificity to
therapeutic applications. J. Mol. Endocrinol. 2000, 24, 1–22. [CrossRef] [PubMed]

15. Imamura, T.; Nitta, H.; Wada, Y.; Kobayashi, H.; Okamoto, K. Impaired plasma clottability induction through
fibrinogen degradation by ASP, a serine protease released from Aeromonas sobria. FEMS Microbiol. Lett. 2008,
284, 35–42. [CrossRef] [PubMed]

16. Hedlund, J.; Johansson, J.; Persson, B. BRICHOS—A superfamily of multidomain proteins with diverse
functions. BMC Res. Notes 2009, 2, 180. [CrossRef] [PubMed]

17. Moore, A.D.; Bornberg-Bauer, E. The dynamics and evolutionary potential of domain loss and emergence.
Mol. Biol. Evol. 2012, 29, 787–796. [CrossRef] [PubMed]

18. Song, M.; Song, K.; Kim, S.; Lee, J.; Hwang, S.; Han, C. Caenorhabditis elegans BRICHOS domain–containing
protein C09F5.1 maintains thermotolerance and decreases cytotoxicity of Aβ42 by activating the UPR. Genes
2018, 9, 160. [CrossRef] [PubMed]

19. Sánchez-Pulido, L.; Devos, D.; Valencia, A. BRICHOS: A conserved domain in proteins associated with
dementia, respiratory distress and cancer. Trends Biochem. Sci. 2002, 27, 329–332. [CrossRef]

20. Fehlbaum, P.; Bulet, P.; Chernysh, S.; Briand, J.P.; Roussel, J.P.; Letellier, L.; Hetru, C.; Hoffmann, J.A.
Structure-activity analysis of thanatin, a 21-residue inducible insect defense peptide with sequence homology
to frog skin antimicrobial peptides. Proc. Natl. Acad. Sci. USA 1996, 93, 1221–1225. [CrossRef] [PubMed]

21. Tang, T.; Li, X.; Yang, X.; Yu, X.; Wang, J.; Liu, F.; Huang, D. Transcriptional response of Musca domestica
larvae to bacterial infection. PLoS ONE 2014, 9, e104867. [CrossRef] [PubMed]

22. Tomie, T.; Ishibashi, J.; Furukawa, S.; Kobayashi, S.; Sawahata, R.; Asaoka, A.; Tagawa, M.; Yamakawa, M.
Scarabaecin, a novel cysteine-containing antifungal peptide from the rhinoceros beetle, Oryctes rhinoceros.
Biochem. Biophys. Res. Commun. 2003, 307, 261–266. [CrossRef]

23. Yang, H.; Wang, X.; Liu, X.; Wu, J.; Liu, C.; Gong, W.; Zhao, Z.; Hong, J.; Lin, D.; Wang, Y.; et al.
Antioxidant peptidomics reveals novel skin antioxidant system. Mol. Cell. Proteom. 2009, 8, 571–583.
[CrossRef] [PubMed]

24. Basir, Y.J.; Knoop, F.C.; Dulka, J.; Conlon, J.M. Multiple antimicrobial peptides and peptides related
to bradykinin and neuromedin N isolated from skin secretions of the pickerel frog, Rana palustris.
Biochim. Biophys. Acta 2000, 1543, 95–105. [CrossRef]

25. Haney, E.F.; Hunter, H.N.; Matsuzaki, K.; Vogel, H.J. Solution NMR studies of amphibian antimicrobial
peptides: Linking structure to function? Biochim. Biophys. Acta Biomembr. 2009, 1788, 1639–1655. [CrossRef]
[PubMed]

26. Dubovskii, P.V.; Vassilevski, A.A.; Samsonova, O.V.; Egorova, N.S.; Kozlov, S.A.; Feofanov, A.V.;
Arseniev, A.S.; Grishin, E.V. Novel lynx spider toxin shares common molecular architecture with defense
peptides from frog skin: Spider toxin with a single disulfide bond. FEBS J. 2011, 278, 4382–4393. [CrossRef]
[PubMed]

27. Haugen, H.S.; Fimland, G.; Nissen-Meyer, J.; Kristiansen, P.E. Three-dimensional structure in lipid micelles of
the pediocin-like antimicrobial peptide curvacin A. Biochemistry 2005, 44, 16149–16157. [CrossRef] [PubMed]

28. Patil, S.M.; Xu, S.; Sheftic, S.R.; Alexandrescu, A.T. Dynamic α-helix structure of micelle-bound human
amylin. J. Biol. Chem. 2009, 284, 11982–11991. [CrossRef] [PubMed]

29. Nanga, R.P.R.; Brender, J.R.; Vivekanandan, S.; Ramamoorthy, A. Structure and membrane orientation of
IAPP in its natively amidated form at physiological pH in a membrane environment. Biochim. Biophys.
Acta Biomembr. 2011, 1808, 2337–2342. [CrossRef] [PubMed]

30. Wang, L.; Liu, Q.; Chen, J.-C.; Cui, Y.-X.; Zhou, B.; Chen, Y.-X.; Zhao, Y.-F.; Li, Y.-M. Antimicrobial activity
of human islet amyloid polypeptides: An insight into amyloid peptides’ connection with antimicrobial
peptides. Biol. Chem. 2012, 393. [CrossRef] [PubMed]

31. Oskarsson, M.E.; Hermansson, E.; Wang, Y.; Welsh, N.; Presto, J.; Johansson, J.; Westermark, G.T.
BRICHOS domain of Bri2 inhibits islet amyloid polypeptide (IAPP) fibril formation and toxicity in human
beta cells. Proc. Natl. Acad. Sci. USA 2018, 115, E2752–E2761. [CrossRef] [PubMed]

32. Yuan, W.; Cao, L.; Ma, Y.; Mao, P.; Wang, W.; Zhao, R.; Wu, Y.; Cao, Z.; Li, W. Cloning and functional
characterization of a new antimicrobial peptide gene StCT1 from the venom of the scorpion Scorpiops
tibetanus. Peptides 2010, 31, 22–26. [CrossRef] [PubMed]

33. Luna-Ramírez, K.; Quintero-Hernández, V.; Vargas-Jaimes, L.; Batista, C.V.F.; Winkel, K.D.; Possani, L.D.
Characterization of the venom from the Australian scorpion Urodacus yaschenkoi: Molecular mass analysis of

303



Mar. Drugs 2018, 16, 401

components, cDNA sequences and peptides with antimicrobial activity. Toxicon 2013, 63, 44–54. [CrossRef]
[PubMed]

34. Aleinein, R.A.; Hamoud, R.; Schäfer, H.; Wink, M. Molecular cloning and expression of ranalexin, a bioactive
antimicrobial peptide from Rana catesbeiana in Escherichia coli and assessments of its biological activities.
Appl. Microbiol. Biotechnol. 2013, 97, 3535–3543. [CrossRef] [PubMed]

35. Sun, Y.; Li, Q.; Li, Z.; Zhang, Y.; Zhao, J.; Wang, L. Molecular cloning, expression, purification, and functional
characterization of palustrin-2CE, an antimicrobial peptide of Rana chensinensis. Biosci. Biotechnol. Biochem.
2012, 76, 157–162. [CrossRef] [PubMed]

36. Zhou, Q.; Li, M.; Li, C. Cloning and expression of a novel insulin-releasing peptide, brevinin-2GU from
Escherichia coli. J. Biosci. Bioeng. 2009, 107, 460–463. [CrossRef] [PubMed]

37. Ovchinnikova, T.V.; Shenkarev, Z.O.; Balandin, S.V.; Nadezhdin, K.D.; Paramonov, A.S.; Kokryakov, V.N.;
Arseniev, A.S. Molecular insight into mechanism of antimicrobial action of the beta-hairpin peptide arenicin:
Specific oligomerization in detergent micelles. Biopolymers 2008, 89, 455–464. [CrossRef] [PubMed]

38. Jean, L.; Lee, C.F.; Hodder, P.; Hawkins, N.; Vaux, D.J. Dynamics of the formation of a hydrogel by a
pathogenic amyloid peptide: Islet amyloid polypeptide. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

39. Calabrese, A.N.; Liu, Y.; Wang, T.; Musgrave, I.F.; Pukala, T.L.; Tabor, R.F.; Martin, L.L.; Carver, J.A.;
Bowie, J.H. The amyloid fibril-forming properties of the amphibian antimicrobial peptide uperin 3.5.
ChemBioChem 2016, 17, 239–246. [CrossRef] [PubMed]

40. Warschawski, D.E.; Arnold, A.A.; Beaugrand, M.; Gravel, A.; Chartrand, É.; Marcotte, I. Choosing membrane
mimetics for NMR structural studies of transmembrane proteins. Biochim. Biophys. Acta Biomembr. 2011,
1808, 1957–1974. [CrossRef] [PubMed]

41. Jayaraman, G.; Kumar, T.K.; Arunkumar, A.I.; Yu, C. 2,2,2-Trifluoroethanol induces helical conformation in
an all beta-sheet protein. Biochem. Biophys. Res. Commun. 1996, 222, 33–37. [CrossRef] [PubMed]

42. Cavanagh, J.; Fairbrother, W.J.; Palmer, A.G., III; Rance, M.; Skelton, N.J. Protein NMR Spectroscopy, 2nd ed.;
Academic Press: Cambridge, MA, USA, 2006; ISBN 978-0-12164-491-8.

43. Brown, L.R.; Bösch, C.; Wüthrich, K. Location and orientation relative to the micelle surface for glucagon
in mixed micelles with dodecylphosphocholine: EPR and NMR studies. Biochim. Biophys. Acta 1981, 642,
296–312. [CrossRef]

44. Lakowicz, J.R. Principles of Fluorescence Spectroscopy, 3rd ed.; Springer: New York, NY, USA, 2006;
ISBN 978-0-387-31278-1.

45. Szabo, A.G. Fluorescence principles and measurements. In Spectrophotometry and Spectrofluorimetry, 2nd ed.;
Gore, M.G., Ed.; Oxford University Press: New York, NY, USA, 2000; pp. 33–67, ISBN 978-0-19963-812-3.

46. Chi, S.-W.; Kim, J.-S.; Kim, D.-H.; Lee, S.-H.; Park, Y.-H.; Han, K.-H. Solution structure and membrane
interaction mode of an antimicrobial peptide gaegurin 4. Biochem. Biophys. Res. Commun. 2007, 352, 592–597.
[CrossRef] [PubMed]

47. Subasinghage, A.P.; Conlon, J.M.; Hewage, C.M. Conformational analysis of the broad-spectrum antibacterial
peptide, ranatuerin-2CSa: Identification of a full length helix–turn–helix motif. Biochim. Biophys. Acta Proteins
Proteom. 2008, 1784, 924–929. [CrossRef] [PubMed]

48. Taguchi, S.; Nakagawa, K.; Maeno, M.; Momose, H. In vivo monitoring system for structure-function
relationship analysis of the antibacterial peptide apidaecin. Appl. Environ. Microbiol. 1994, 60, 3566–3572.
[PubMed]

49. Yonezawa, A.; Kuwahara, J.; Fujii, N.; Sugiura, Y. Binding of tachyplesin I to DNA revealed by footprinting
analysis: Significant contribution of secondary structure to DNA binding and implication for biological
action. Biochemistry 1992, 31, 2998–3004. [CrossRef] [PubMed]

50. Maltseva, A.L.; Kotenko, O.N.; Kokryakov, V.N.; Starunov, V.V.; Krasnodembskaya, A.D. Expression pattern
of arenicins—The antimicrobial peptides of polychaete Arenicola marina. Front. Physiol. 2014, 5, 497.
[CrossRef] [PubMed]

51. Leray, M.; Yang, J.Y.; Meyer, C.P.; Mills, S.C.; Agudelo, N.; Ranwez, V.; Boehm, J.T.; Machida, R.J. A new
versatile primer set targeting a short fragment of the mitochondrial COI region for metabarcoding metazoan
diversity: Application for characterizing coral reef fish gut contents. Front. Zool. 2013, 10, 34. [CrossRef]
[PubMed]

304



Mar. Drugs 2018, 16, 401

52. Panteleev, P.V.; Ovchinnikova, T.V. Improved strategy for recombinant production and purification of
antimicrobial peptide tachyplesin I and its analogs with high cell selectivity. Biotechnol. Appl. Biochem. 2017,
64, 35–42. [CrossRef] [PubMed]

53. Panteleev, P.V.; Bolosov, I.A.; Balandin, S.V.; Ovchinnikova, T.V. Design of antimicrobial peptide arenicin
analogs with improved therapeutic indices. J. Pept. Sci. Off. Publ. Eur. Pept. Soc. 2015, 21, 105–113. [CrossRef]
[PubMed]

54. Schägger, H. Tricine–SDS-PAGE. Nat. Protoc. 2006, 1, 16–22. [CrossRef] [PubMed]
55. Panteleev, P.V.; Myshkin, M.Y.; Shenkarev, Z.O.; Ovchinnikova, T.V. Dimerization of the antimicrobial peptide

arenicin plays a key role in the cytotoxicity but not in the antibacterial activity. Biochem. Biophys. Res. Commun.
2017, 482, 1320–1326. [CrossRef] [PubMed]

56. Güntert, P. Automated NMR structure calculation with CYANA. In Protein NMR Techniques; Humana Press:
Totowa, NJ, USA, 2004; Volume 278, pp. 353–378, ISBN 978-1-59259-809-0.

57. Wiegand, I.; Hilpert, K.; Hancock, R.E.W. Agar and broth dilution methods to determine the minimal
inhibitory concentration (MIC) of antimicrobial substances. Nat. Protoc. 2008, 3, 163–175. [CrossRef]
[PubMed]

58. Shamova, O.V.; Orlov, D.S.; Zharkova, M.S.; Balandin, S.V.; Yamschikova, E.V.; Knappe, D.; Hoffmann, R.;
Kokryakov, V.N.; Ovchinnikova, T.V. Minibactenecins ChBac7.Nα and ChBac7.Nβ—Antimicrobial peptides
from leukocytes of the goat Capra hircus. Acta Nat. 2016, 8, 136–146.

59. Kuzmin, D.V.; Emelianova, A.A.; Kalashnikova, M.B.; Panteleev, P.V.; Balandin, S.V.; Serebrovskaya, E.O.;
Belogurova-Ovchinnikova, O.Y.; Ovchinnikova, T.V. Comparative in vitro study on cytotoxicity of
recombinant β-hairpin peptides. Chem. Biol. Drug Des. 2018, 91, 294–303. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

305



marine drugs 

Article

Anti-Proliferation Activity of a Decapeptide from
Perinereies aibuhitensis toward Human Lung Cancer
H1299 Cells

Shuoqi Jiang 1, Yinglu Jia 1, Yunping Tang 1,*, Die Zheng 1, Xingbiao Han 1, Fangmiao Yu 1,

Yan Chen 1, Fangfang Huang 1, Zuisu Yang 1 and Guofang Ding 1,2,*

1 Zhejiang Provincial Engineering Technology Research Center of Marine Biomedical Products, School of
Food and Pharmacy, Zhejiang Ocean University, Zhoushan 316022, China; jsq_sxty@163.com (S.J.);
lxj19950329@163.com (Y.J.); yangzs87@163.com (D.Z.); 17805805851@163.com (X.H.);
fmyu@zjou.edu.cn (F.Y.); cyancy@zjou.edu.cn (Y.C.); gracegang@126.com (F.H.); abc1967@126.com (Z.Y.)

2 Laboratory of Aquatic Products Processing and Quality Safety, Zhejiang Marine Fisheries Research
Institution, Zhoushan 316021, China

* Correspondence: tangyunping1985@zjou.edu.cn (Y.T.); dinggf2007@163.com (G.D.);
Tel.: +86-0580-229-9809 (Y.T. & G.D.); Fax: +86-0580-229-9866 (G.D.)

Received: 1 February 2019; Accepted: 15 February 2019; Published: 18 February 2019

Abstract: Perinereis aibuhitensis peptide (PAP) is a decapeptide (Ile-Glu-Pro-Gly-Thr-Val-Gly-Met-Met-Phe,
IEPGTVGMMF) with anticancer activity that was purified from an enzymatic hydrolysate of Perinereis
aibuhitensis. In the present study, the anticancer effect of PAP on H1299 cell proliferation was investigated.
Our results showed that PAP promoted apoptosis and inhibited the proliferation of H1299 cells in a
time- and dose-dependent manner. When the PAP concentration reached 0.92 mM, more than 95% of
treated cells died after 72 h of treatment. Changes in cell morphology were further analyzed using an
inverted microscope and AO/EB staining and flow cytometry was adopted for detecting apoptosis and
cell cycle phase. The results showed that the early and late apoptosis rates of H1299 cells increased
significantly after treatment with PAP and the total apoptosis rate was significantly higher than that
of the control group. Moreover, after treatment with PAP, the number of cells in the S phase of cells
was significantly reduced and the ability for the cells to proliferate was also reduced. H1299 cells were
arrested in the G2/M phase and cell cycle progression was inhibited. Furthermore, the results of western
blotting showed that nm23-H1 and vascular endothelial growth factor (VEGF) protein levels decreased in
a dose-dependent manner, while the pro-apoptotic protein and anti-apoptotic protein ratios and the level
of apoptosis-related caspase protein increased in a dose-dependent manner. In conclusion, our results
indicated that PAP, as a natural marine bioactive substance, inhibited proliferation and induced apoptosis
of human lung cancer H1299 cells. PAP is likely to be exploited as the functional food or adjuvant that
may be used for prevention or treatment of human non-small cell lung cancer in the future.

Keywords: Perinereis aibuhitensis; decapeptide; lung cancer; cell proliferation; apoptosis

1. Introduction

Primary bronchogenic carcinoma is referred to as lung cancer and can occur at various levels of
the bronchial epithelium or glands in the form of a malignant tumor [1]. The incidence and mortality
of lung cancer have increased year by year and lung cancer is a disease that seriously threatens human
health and life. According to statistics from the United Nations and the European Union, the lung
cancer is the most common cause of cancer death, with an estimated 388,000 lung cancer cases resulting
in death in Europe in 2018 [2]. In addition, according to the American Cancer Society’s 2018 report, the
numbers of new cancer diagnoses and cancer deaths in the United States in 2018 are estimated to be
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234,030 and 154,050, respectively, with lung cancer having the highest mortality rate in both sexes [3].
According to the pathological morphology, lung cancer generally can be classified into two categories:
small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC). NSCLC represents 80% to 85%
of all lung cancers and the early diagnosis rate is low. About 85% of patients have distant metastases
or inoperable tumors at the time of diagnosis, leaving only comprehensive chemotherapy-based
treatment [4]. However, due to the poor sensitivity of NSCLC to chemotherapy and the lack of ideal
selective agents, toxicity and drug resistance to existing chemotherapy drugs, the dose of antitumor
drugs is limited, the efficacy is affected, and treatment can fail.

Peptides are important natural products in various organisms and their broad spectrum of
activities promotes the completion of various complex physiological functions in the body. The
requirements for life in the ocean cause marine organisms to produce and accumulate a large number
of peptides with unique structures and special biological activities. Extensive research has found that
some marine peptides or their derivatives have potential as nutrient supplements or have medicinal
value, such as antimicrobial peptides [5], antiviral peptides [6], antitumor/cytotoxic peptides [7],
angiotensin-I-converting enzyme (ACE) inhibitory peptides [8], and antioxidant peptides [9,10].
Many of these have been developed as pharmaceutical or dietary supplements. Recently, many
polypeptide fractions were isolated from marine organisms with potent anti-proliferative activity
against cancer cells. For example, Yu et al. [11] demonstrated that a pentapeptide (Ile-Leu-Tyr-Met-Pro,
ILYMP) isolated from Cyclina sinensis protein hydrolysate could induce apoptosis in DU-145 prostate
cancer cells, whereas Wu et al. [12] reported that an oligopeptide (Tyr-Val-Pro-Gly-Pro, YVPGP) from
Anthopleura anjunae showed anticancer activity against DU-145 prostate cancer cells. Additionally,
Wang and Zhang [13] found an anti-proliferative peptide isolated from the protein hydrolysate
of Spirulina platensis that exhibited strong inhibition on HT-29 cancer cells with the half maximal
inhibitory concentration (IC50) of 99.88 μg/mL. Similarly, Pan et al. [14] purified a hexapeptide
(Phe-Ile-Met-Gly-Pro-Tyr, FIMGPY) from the protein hydrolysate of skate (Raja porosa) cartilage, which
exhibited dose-dependent anti-proliferative activity with an IC50 of 4.81 mg/mL against the HeLa cells.

Perinereis aibuhitensis belongs to the Annelida, Polychaeta, Errantia, Nereidae, Nereis genus [15]. It
is very common in rocky shores, rocks, algal cones and coral reefs or soft sediments in intertidal
zones. In recent years, due to the economics of Perinereis aibuhitensis rearing, it has provided
abundant materials for pharmacological research. It has been reported that Nereis extract shows
good insecticidal [16], antithrombotic [17], antihypertensive [18] and antimicrobial [19] activities.
However, there are few reports on the inhibitory effects of functional peptides from Perinereis
aibuhitensis on human lung cancer H1299 cells. Perinereis aibuhitensis peptide (PAP) is a decapeptide
(Ile-Glu-Pro-Gly-Thr-Val-Gly-Met-Met-Phe, IEPGTVGMMF) with anti-cancer activity that is purified
from an enzymatic hydrolysate of Perinereis aibuhitensis in our previous study [20]. However, the
mechanism of its anticancer activity was not well illustrated. In this study, in vitro cultured human
lung cancer H1299 cells were used to observe the effect of PAP on tumor cell proliferation, apoptosis
and metastasis, which may lead to another alternative high value-added utilization of Perinereis
aibuhitensis.

2. Results and Discussion

2.1. Effects of PAP on the Proliferation of H1299 Cells

Normal human cells are tightly regulated, but excessive proliferation of cells and uncontrolled
regulation of apoptosis can lead to uncontrolled growth of tumors. The inhibitory effect of PAP on the
proliferation of H1299 cells was determined using the CCK-8 method. There was a dose-dependent
inhibition of H1299 cell proliferation following PAP treatment (Figure 1). After treatment with 0.23 mM
PAP for 24 h, the inhibition rate of H1299 cells was 11.79%. When the concentration of PAP increased
to 0.92 mM, the inhibition rate was 67.03% after 24 h treatment. In addition, the inhibition rate of PAP
on H1299 cells was also positively correlated with treatment time and the inhibition rate of H1299 cells
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reached 95% after treatment with 0.92 mM of PAP for 72 h. The inhibitory effect of PAP was significant
after 48 h. When the concentration of PAP was between 0.23 and 0.46 mg/mL, significant inhibition on
H1299 cells was achieved by increasing the treatment time. The IC50 of PAP on H1299 cell proliferation
at 24 h, 48 h and 72 h were 0.69 mM, 0.38 mM and 0.27 mM, respectively. Furthermore, PAP has almost
no cytotoxic effects on the fibroblast NIH-3T3 cells (data was not shown). Similarly, the marine active
peptides Hem and Dol were reported to be cytotoxic to H1299 cells after conjugation with universal
BB agonist in a dose-dependent manner (with IC50 values of 15 and 25 nM, respectively) [21]. Yu
et al. [11] reported that the pentapeptide CSP (ILYMP, with an IC50 of 11.25 mM at 72 h) isolated
from Cyclina sinensis had inhibitory activity against DU-145 cells in a dose-dependent manner. Wu
et al. [12] demonstrated that the pentapeptide AAP-H (YVPGP, with IC50 values of 9.605 mM, 7.910
mM, and 2.298 mM at 24 h, 48 h, and 72 h, respectively), purified from the sea anemone Anthopleura
anjunae, also induced apoptosis in a dose- and time-dependent manner. In conclusion, PAP inhibited
the proliferation of H1299 cells in a dose- and time-dependent manner, and PAP concentrations below
0.92 mM had no obvious cytotoxicity to the normal cells.

Figure 1. The inhibitory effect of Perinereis aibuhitensis peptide (PAP) on the proliferation of H1299
cells. H1299 cells were treated with different concentrations of PAP for 24, 48 and 72 h. All data are
presented as the mean ± standard deviation (SD) of three experiments. (*) Results are significantly
different from the control (p < 0.05).

2.2. Morphological Observations

2.2.1. Inverted Microscope Observations

Viewing the treated cells with an inverted microscope revealed visible damage to H1299 cells
caused by PAP, which was enhanced with increasing of PAP concentrations. As shown in Figure 2, the
control cells (Figure 2A) adhered to the bottom of the cell culture flasks and the cells grew tightly. When
the cells were treated with 0.23 mM PAP, the cells were mostly rounded and dispersed (Figure 2B).
When the PAP concentration reached 0.46 mM (Figure 2C), a small number of cells exhibited an
irregular shape, while most cells appeared round and bright. When the PAP concentration reached
0.92 mM (Figure 2D), the treated cells became smaller and were longer stuck to the bottle but floated.
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Figure 2. Morphological observation by inverted microscopy (× 200). H1299 cells were untreated
(A) or treated with 0.23 mM PAP (B), 0.46 mM PAP (C) and 0.92 mM PAP (D). Each experiment was
performed in triplicate and the cells exhibited similar morphological features.

2.2.2. AO/EB Fluorescence Staining Results

Acridine orange/ethidium bromide (AO/EB) staining is commonly used for cell morphology
and cell cycle analysis. Before the apoptotic rate was calculated by Annexin V-FITC/PI Apoptosis
Detection Kit, AO/EB fluorescence staining was used to provide an indication of apoptosis following
drug treatment, which can help to determine the appropriate dose and timing of drug intervention.
Nuclear chromatin was condensed and distributed along the nuclear membrane in early apoptotic
cells. Subsequently, the chromatin further condensed to form apoptotic bodies and the cells entered
late apoptosis. The cells in the control group had intact nuclei with uniform green fluorescence
and clear cell boundaries observed (Figure 3A). Cells with early apoptotic cell nuclei exhibited
yellow-green fluorescence following treatment with 0.23 and 0.46 mM PAP for 24 h, while late-stage
apoptotic cells with concentrated and asymmetrically localized nuclear and unclear cyto-membranes
were also observed. As the PAP concentration increased to 0.92 mM, apoptotic bodies formed by
chromatin condensation or cleavage and the number of late apoptotic cells increased, with necrotic
cells showing uneven orange-red fluorescence also observed (Figure 3D). The AO/EB staining results
also revealed that the apoptotic characteristics of H1299 cells caused by PAP treatment occurred in a
dose-dependent manner.

309



Mar. Drugs 2019, 17, 122

 
Figure 3. Morphological observation by Acridine orange/ethidium bromide (AO/EB) staining (×
200). H1299 cells were treated with PAP at 0 Mm (A), 0.23 mM (B), 0.46 mM (C), and 0.92 mM (D)
for 24 h. The red circles in Figure 3B,C indicate early apoptotic cells, while the red circle in Figure 3D
indicates late apoptotic cells. Each experiment was performed in triplicate and the cells exhibited
similar morphological features.

2.3. Cell Apoptosis Analysis

In the early stages of apoptosis, phosphatidylserine (PS) flips to the surface of the cell membrane
and annexin-V is able to bind PS with high affinity. In addition, propidium iodide (PI) can penetrate
the incomplete cell membrane to stain the nucleus red, which distinguishes between late apoptotic cells
and necrotic cells. The Annexin V-FITC/PI Apoptosis Detection Kit can quantitatively measure the
early apoptotic status of cells. Flow cytometry was used to quantitatively detect the apoptosis rate of
PAP-treated H1299 cells, which is shown in Figure 4, where the upper left quadrant represents necrotic
cells, the lower left quadrant represents normal living cells, the upper right quadrant represents late
apoptotic cells, and the lower right quadrant represents early apoptotic cells. After 24 h of treatment
with PAP, Annexin V-FITC/PI staining showed that PAP increased apoptosis in H1299 cells in a
dose-dependent manner. As shown in Figure 4, the rates of early and late apoptotic stages in H1299
cells without PAP treatment were 4.18% and 3.65%, respectively, with 92.08% of the cells appearing
healthy. As the concentration of PAP increased, the number of late apoptotic cells increased from
2.83% to 10.42% and the percentage of cells in the early stages of apoptosis increased dramatically
from 13.11% to 39.95%.
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Figure 4. The apoptotic effect of PAP on H1299 cells as determined by flow cytometry. The percentages
of early apoptotic cells were 4.18% in the blank control cells (A); 13.11% in the 0.23 mM PAP-treated
cells (B); 19.24% in the 0.46 mM PAP-treated cells (C); and 39.95% in the 0.92 mM PAP-treated cells (D).
One representative apoptosis analysis of three independent experiments was presented.

2.4. Effects of PAP on the Cell Cycle Distribution of H1299 Cells

The cell cycle is the series of events that a cell undergoes from the completion of one division phase
to the end of the next. In general, the cell cycle can be divided into interphase (phase I) and mitosis
(M phase) and the DNA content of cells is different in different stages. PI, a DNA-binding fluorescent
dye, exhibits a fluorescence intensity proportional to the amount of DNA bound to intracellular DNA.
Therefore, the distribution of DNA in each phase of the cell cycle is directly reflected by flow cytometry
and the proportions of cells in the G0/G1 phase, S phase and G2/M phase can be accurately quantified.
In the present study, we determined the cell cycle distribution of H1299 cells treated with PAP. The first
peak in Figure 5A represents cells in the G0/G1 phase, the second peak represents cells in the G2/M
phase and the valley is cells in the S phase. The proportion of cells in each phase is shown in Figure 5B.
After treatment with PAP at 0.23, 0.46 and 0.92 mg/mL for 24 h, the proportion of cells in the S phase in
H1299 cells significantly increased from 12.28% to 21.79%. Moreover, there was a decreased proportion
of H1299 cells in the S phase (from 42.29% to 16.87%). This result indicated that PAP induced G2/M
phase arrest in a dose-dependent manner to arrest the proliferation of tumor cells. Similarly, Huang [22]
reported that the oligopeptide (Gln-Pro-Lys, SIO) from Sepia ink significantly inhibited the S phase of
PC-3 cells and the number of cells in the G0/G1 phase showed a similar increase. SIO arrested PC-3
cells in the G0/G1 phase in a dose-dependent manner. Meanwhile, Yang et al. [23] showed that DU-145
cells treated with a tetrapeptide (Asp-Trp-Pro-His, PROI-1) had a significantly reduced number of cells
in the S phase, leading to induction of G2/M phase arrest and apoptosis.
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Figure 5. (A) Effects of PAP on the cell cycle progression of H1299 cell lines. H1299 cells were treated
with PAP at 0, 0.23, 0.46, and 0.92 mM for 24 h. Flow cytometry was used to define the cell cycle
distribution in comparison with controls. (B) Percentages of H1299 cells in the G0/G1, S and G2/M
phases. All data are presented as the mean ± standard deviation (SD) of three experiments. (*) Results
are significantly different from the control (p < 0.05).

2.5. Western Blotting Results

Apoptosis is a process of programmed cell death that is induced by specific signals produced by
various physiological or pathological stimuli. Therefore, the analysis of signaling factors involved in
the regulation of apoptosis is useful for elucidating the mechanism of action of the anti-proliferative
effects of drugs. To further verify the effects of PAP on H1299 cells and explain the underlying
mechanisms, western blotting was used to investigate the expression of apoptosis-related proteins in
treated H1299 cells.

Apoptosis is regulated by key regulatory proteins of the Bcl-2 family. Most Bcl-2 family proteins
play a role at the mitochondrial level, and excessive apoptosis caused by abnormal changes in the levels
of Bcl-2 proteins is a key step in tumor progression [24,25]. Up-regulation of Bcl-2 gene expression
is conducive to the inhibition of apoptosis and anti-apoptotic effect [26]. The Bax gene also belongs
to the Bcl-2 gene family and Bax forms a heterodimer with Bcl-2, which inhibits Bcl-2 and promotes
apoptosis [27]. A previous study found that the proportional relationship between Bax/Bcl-2 proteins
is a key factor in determining the inhibition of apoptosis [24,25]. As shown in Figure 6, PAP showed
pro-apoptotic activity against H1299 cells with the Bax/Bcl-2 expression ratios of 1.47%, 2.52% and
6.67%, when the cells treated with 0.23, 0.69 and 0.92 mg/mL of PAP, respectively. Huang [22] reported
that SIO induced the death of prostate cancer cells (DU-145, PC-3, and LNCaP) and showed an increase
in the Bax/Bcl-2 ratio. Furthermore, Wan et al. [28] found that an oligopeptide (KIKAVLKVLTT)
derived from melittin induced the death of thyroid cancer TT cells via upregulation of Bax and
down-regulation of Bcl-2. Our results also indicated that PAP induced apoptosis of H1299 cells by
up-regulating the Bax/Bcl-2 ratio, which was consistent with previous studies.
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Figure 6. (A) Expression of Bax, Bcl-2, VEGF, nm23-H1, Caspase-9, Caspase-3 proteins in H1299 cells
treated with different concentrations of PAP (0, 0.23, 0.46 and 0.92 mM) for 24 h. (B) The Bax/Bcl-2 ratio
expressed in H1299 cells treated with PAP as a function of PAP concentrations for 24 h, where Bax and
Bcl-2 were apoptosis-associated. (C) VEGF, nm23-H1, Caspase-9, Caspase-3 expression in H1299 cells
treated with PAP for 24 h. The blots were detected with β-actin antibody to determine equal sample
loading. Each experiment was performed in triplicate. (*) Results are significantly different from the
control (p < 0.05).

Caspase proteins are proteolytic enzymes that play important roles in programmed cell death.
They can be further subdivided into the following two types according to their function in apoptosis:
initiator (caspases-9) and effector (caspases-3) caspases [29]. Caspase-9 is activated upon cytochrome c
release and acts to activate effector caspase and the pro-apoptotic protein Bid, which ensures that cells
with an apoptosome will die without effector caspase. Furthermore, caspase-3 is a major executor of
apoptotic death, which makes cell death more effective. PAP significantly up-regulated the expression
of caspase-9 and caspase-3. When the PAP concentration ranged from 0 to 0.92 mg/mL, the relative
intensities with caspase-9 and caspase-3 increased from 0.58 to 0.78 and 0.15 to 0.30, respectively. This
indicated that PAP treatment causes a cascade of reactions in H1299 cells leading to apoptosis.

Nm23-H1 is widely used as an important indictor to determine tumor metastasis. The nm23-H1
protein is highly similar to the α-chain amino acid sequence of the nucleoside diphosphate kinase
(NDPK) and has the same activity. It plays a role in cell growth and tumor metastasis by catalyzing
the conversion of guanosine triphosphate GTP to guanosine diphosphate (GDP), participating in
the polymerization and disintegrating tubulin or by regulating GDP synthesis to participate in
G-protein-regulated transmembrane signaling [29]. For example, L9981 cells transfected with nm23-H1
cDNA showed lower expression of nm23-H1 than untransfected cells, and tumor proliferation and
invasiveness decreased at the same time [30]. The results of this experiment also showed that the
lower the expression of nm23-H1, the lower the degree of tumor differentiation, and the results of the
apoptosis experiment were consistent with the western blotting results [31].

VEGF is an essential angiogenic growth factor. High levels of VEGF were found in approximately
one-third of NSCLC [32]. VEGF promotes angiogenesis, regulates the apoptosis of vascular endothelial
cells and alveolar epithelial cells and increases the permeability of blood vessels, which leads to
sustained tumor growth. For example, Xu [33] studied the inhibitory effect of MUC1 on NSCLC cells
and the results of western blotting indicated that MUC1 significantly reduced the levels of VEGF and
VEGF-C proteins, indicating that MUC1 has an anti-angiogenic effect and can be used as a potential
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treatment for NSCLC. In the present study, the expression level of VEGF decreased significantly when
the PAP concentration increased, indicating that PAP could inhibit tumor angiogenesis and inhibit
tumor growth.

3. Materials and Methods

3.1. Materials and Reagents

In a previous study, the peptide PAP (IEPGTVGMMF) was prepared by our laboratory and
preserved at −20◦C until further use (Figure 7) [20]. The H1299 cell lines and NIH-3T3 cell lines
were stored in our laboratory. Cell Counting Kit-8 (CCK-8) and Cell Cycle and Annexin V-FITC/PI
Apoptosis Detection Kit were purchased from BestBio Biotechnology (Shanghai, China). The BCA
protein detection kit was purchased from Jiancheng Bio-Technology Co., Ltd. (Nanjing, China).
Antibodies against β-actin (cat. no. TA-09), Bax (cat. no. 2772S), Bcl-2 (cat. no. 2872S), nm23-H1 (cat.
no. bs-1066P), VEGF (cat. no. AF1309), Caspase-3 (cat. no. 9662S), and Caspase-9 (cat. no. 70R-11636)
were purchased from ZSGB Biotechnology (Beijing, China). All other reagents used in this study were
of analytical grade.

Figure 7. Mass spectrogram of PAP and the sequence of PAP identified as IEPGTVGMMF with a
molecular weight of 1081.20 Da.

3.2. Detection of Anti-Proliferation Activity Using CCK-8

The CCK-8 detection kit is a simple and accurate method that is widely used in cell proliferation
analysis [22]. The following steps were performed, according to the method of Huang et al. [22]
with slight modifications. H1299 cells were adjusted to approximately 1 × 104 cells/100 μL/well in
a 96-well tray and incubated overnight in a 5% CO2 incubator (Forma 3111 CO2 incubator, Thermo
Forma, Waltham, MA, USA) at 37 ◦C. The cells were then treated with PAP at final concentrations of 0,
0.23, 0.46, 0.69 and 0.92 mM for 24, 48 or 72 h. After the treatment was completed, the culture medium
was removed, and 90 μL of phosphate-buffered saline (PBS) and 10 μL CCK-8 were added to each well.
Incubation was carried out for 4 h under conventional conditions in a CO2 incubator and the optical
density (OD) value was measured with an automatic microplate reader (SpectraMax M2, Molecular
Devices, Sunnyvale, CA, USA) at a detection wavelength of 450 nm. The following equation was used
to calculate the relative inhibition rate of cell proliferation:

Relative inhibition rate (%) = (1 − (ODtreated/ODcontrol)) × 100%.
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3.3. Cell Morphology Observation Using an Inverted Microscope

H1299 cells (approximately 1 × 105 cells/well) were seeded in a 6-well flat-bottom plate and
incubated for 24 h in a 5% CO2 incubator at 37 ◦C. The culture medium was then removed and the
cells were treated with PAP at a final concentration of 0, 0.23, 0.46 and 0.92 mM. After incubation for
another 24 h, morphological changes in the cells were observed using a CKX4 inverted microscope
(OLYMPUS, Tokyo, Japan).

3.4. Cell Morphological Analysis by AO/EB Staining

To observe the morphological characteristics of H1299 cells at different stages of apoptosis,
cells were stained using AO/EB fluorescence staining as described by Huang et al. [34], with slight
modifications. Cleaned coverslips were placed in a 6-well plate (approximately 1 × 105 cells/well) and
H1299 cells were seeded as previously described. After the cells were attached, the cells were treated
with final concentrations of 0, 0.23, 0.46 and 0.92 mM PAP for 24 h. The coverslips were washed 2 to
3 times with PBS (pH 7.2) and fixed in 95% ethanol for 30 min. Drops containing 50 μL of PBS and
6 μL of AO/EB mixture (0.1 mg/mL AO and EB in PBS, pH = 7.2) were placed on microscope slides,
and the side of the coverslip to which the cells had adhered was placed in contact with the AO/EB
droplet. Cell morphology was observed by a BX41 fluorescence microscope (OLYMPUS, Tokyo, Japan)
and photographed.

3.5. Cell Apoptosis Analysis Using Annexin V FITC/PI

To confirm PAP-induced apoptosis of H1299 cells, flow cytometry was performed as described by
Yoon et al. [35]. H1299 cells were seeded in 25-mL culture bottles (approximately 1 × 105 cells/mL).
After 24 h incubation, cells were treated with different final concentrations (0, 0.23, 0.46 and 0.92 mM)
of PAP and cultured for 24 h. Cells were then harvested following treatment and digested with trypsin.
The suspended cells were then collected by centrifugation (1000 rpm, 5 min) and were stained with
Annexin V-FITC and PI using the Annexin V-FITC Apoptosis Detection Kit. Finally, apoptosis was
immediately detected by flow cytometry (Becton Dickinson, NJ, USA).

3.6. Cell Cycle Analysis by Propidium Iodide Staining

To investigate whether PAP controls the cell cycle to achieve apoptosis, flow cytometry was
used to measure the different cell cycle phases of H1299 cells, following the method described by Li
et al. [36]. H1299 cells in the logarithmic growth phase were inoculated into a 6-well plate and the
cells were cultured for 24 h until they had completely adhered to the bottom of the plate. Different
concentrations of PAP (0, 0.23, 0.46 and 0.92 mM) were added to the cells and they were incubated for
24 h. Then cells were trypsinized, harvested and washed twice with pre-cooled PBS. Briefly, RNase A
was added to the cells obtained by centrifugation and the mixture was incubated at 37 ◦C for 30 min.
Finally, 350 μL of PI was added, mixed and incubated at 4 ◦C for 5 min in the dark. The solution was
subsequently filtered with a 200 mesh sieve and a cell cycle curve was obtained using flow cytometry.

3.7. Detection of Protein Expression by Western Blotting

To confirm the apoptotic effects of PAP on H1299 cells, we performed western blotting according
to the method described by Peng et al. [37]. H1299 cells were seeded in a 6-well plate (approximately
1 × 105 cells/mL) and treated with different final concentrations of PAP (0, 0.23, 0.46 and 0.92 mM).
After treatment with PAP for 24 h, cells were harvested and lysed in RIPA lysis buffer. The extracted
proteins were quantified by the bicinchoninic acid (BCA) total protein assay kit. SDS-PAGE was used
to separate proteins, which were subsequently blotted onto PVDF membranes (Millipore, Billerica,
MA, USA). Five percentage of skim milk was used as a blocking solution for 1 h and incubated
overnight with the primary antibodies (Bcl-2, Bax, nm23-H1, VEGF, Caspase-3, and Caspase-9) at 4 ◦C.
After washing twice with TBST (10 mL Tris-buffered saline with 20% Tween-20) and once with TBS
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(10 mL Tris-Buffered saline), membranes were incubated with the secondary antibodies for 2 h. Finally,
membranes were washed as noted above and combined with enhanced chemiluminescence (ECL)
reagents and images were captured using an Alpha FluorChem FC3 imaging system (ProteinSimple,
San Jose, CA, USA). β-actin was used as an internal control. Image J 1.38 software (NIH, Bethesda,
MD, USA) was used to quantify and record the OD.

3.8. Statistical Analysis

All experimental data are expressed as the mean ± standard deviation (x ± s, n = 3), and were
analyzed using SPSS software version 24.0 (SPSS Inc., Chicago, IL, USA). Statistical significance of the
data was compared using one-way analysis of variance (ANOVA). The least significant difference (LSD)
was used for post hoc multiple comparisons, and p < 0.05 indicates a statistically significant difference.

4. Conclusions

In the present study, PAP (Ile-Glu-Pro-Gly-Thr-Val-Gly-Met-Met-Phe, IEPGTVGMMF) that was
purified from an enzymatic hydrolysate of Perinereis aibuhitensis showed anti-cancer activity toward
H1299 cells. The CCK-8 results showed that PAP inhibited the proliferation of H1299 cells in a time-
and dose-dependent manner. The apoptotic status of the cells was also observed with an inverted
microscope and AO/EB staining. The results of flow cytometry showed that PAP could induce
apoptosis of H1299 cells and the apoptosis rate increased with increasing drug dosage. Therefore,
PAP may inhibit the growth of malignant lung cancer cells by inducing G0/G1 phase arrest and
tumor cell apoptosis. Furthermore, the results of western blotting showed that the expression of
nm23-H1 and VEGF protein decreased in a dose-dependent manner, while the ratio of pro-apoptotic
proteins and anti-apoptotic proteins, apoptosis-related caspase proteins increased in a dose-dependent
manner. In conclusion, our results indicated that PAP has the potential to be used as the functional or
adjuvant food for the prevention or treatment of human NSCLC in the future. However, studies on
the structure–activity relationship of PAP and studies on the anticancer activity in vivo of this peptide
need to be performed.
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Abstract: Biological activity of the new antimicrobial peptide polyphemusin III from the horseshoe
crab Limulus polyphemus was examined against bacterial strains and human cancer, transformed,
and normal cell cultures. Polyphemusin III has the amino acid sequence RRGCFRVCYRGFCFQRCR
and is homologous to other β-hairpin peptides from the horseshoe crab. Antimicrobial activity of
the peptide was evaluated and MIC (minimal inhibitory concentration) values were determined.
IC50 (half-maximal inhibitory concentration) values measured toward human cells revealed that
polyphemusin III showed a potent cytotoxic activity at concentrations of <10 μM. Polyphemusin III
caused fast permeabilization of the cytoplasmic membrane of human leukemia cells HL-60, which was
measured with trypan blue exclusion assay and lactate dehydrogenase-release assay. Flow cytometry
experiments for annexin V-FITC/ propidium iodide double staining revealed that the caspase
inhibitor, Z-VAD-FMK, did not abrogate disruption of the plasma membrane by polyphemusin
III. Our data suggest that polyphemusin III disrupts the plasma membrane integrity and induces
cell death that is apparently not related to apoptosis. In comparison to known polyphemusins and
tachyplesins, polyphemusin III demonstrates a similar or lower antimicrobial effect, but significantly
higher cytotoxicity against human cancer and transformed cells in vitro.

Keywords: antimicrobial peptide; cytotoxicity; β-hairpin; polyphemusins; tachyplesins; cell death;
signaling pathways

1. Introduction

Antimicrobial peptides (AMPs) are important components of the innate host defense in many
organisms. AMPs exhibit activity against pathogenic bacteria, fungi, viruses, and protozoans [1–3].
Some antimicrobial peptides are also considered as putative anticancer agents [4–6]. Previous studies
demonstrated that β-hairpin cationic antimicrobial peptides, for example, tachyplesin I from horseshoe
crab hemocytes, gomesin from spider hemocytes, and protegrin-1 from porcine leukocytes displayed
both antibacterial and antitumor activities [7–10].

Polyphemusins are family of β-hairpin cationic antimicrobial peptides that play a role in the
innate immunity of horseshoe crabs. They were isolated from hemocytes of the horseshoe crab
Limulus polyphemus [11]. These peptides are structurally close to another family of horseshoe crab
antimicrobial peptides, tachyplesins, isolated from the species Tachypleus trindentatus, Tachypleus gigas,
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and Carcinoscorpius rotundicauda. Polyphemusins and tachyplesins polypeptide chains consist of
18 and 17 amino acid residues, respectively, and contain two disulfide bonds. The peptides from
both groups have a high net positive charge due to several arginine and lysine residues in their
amino acid sequences [11–13]. Polyphemusins and tachyplesins can disrupt both outer and inner
membranes of Gram-negative bacteria [14–16]. Cationic and amphipathic properties of polyphemusins
and tachyplesins have been implicated as the most essential features for the mode of their action
towards microorganisms [14,16,17]. It has been shown that these peptides selectively interact with
negatively charged phospholipids of bacterial membranes [14,18].

Similarly to tachyplesins, polyphemusins also exhibit a broad spectrum of biological activities.
Naturally occurring and synthetic polyphemusin I, polyphemusin II, and their analogs inhibit growth
of both Gram-positive and Gram-negative bacteria, as well as some fungi at submicromolar and
micromolar concentrations [11,14,16,19], mammalian tumor cells at micromolar concentrations [8,9],
have a high affinity for lipopolysaccharides [11,14], and may cause degradation of Staphylococcus aureus
biofilms [20].

So far, five β-hairpin peptides (polyphemusin I, polyphemusin II, tachyplesin I, tachyplesin II,
tachyplesin III) have been isolated from the four above-mentioned species of horseshoe crabs and
only for two of them, tachyplesin I and tachyplesin II, have the precursor nucleotide and amino
acid sequences been reported [21]. The complete coding sequences of prepropolyphemusins were
obtained by using the preprotachyplesin I sequential blasting in the Limulus polyphemus genome
database. Interestingly, the gene encoding polyphemusin II was not identified in this database. Instead,
we identified the novel isoform named polyphemusin III (PM III). PM III has a molecular mass of
2309.09 Da and the amino acid sequence RRGCFRVCYRGFCFQRCR including six basic arginine
residues, providing a net positive charge of +6.

We expressed the recombinant PM III in Escherichia coli and investigated cytotoxic properties of
polyphemusins against seven bacterial strains, both Gram-positive and Gram-negative, as well as
towards four human cancer cell lines and one transformed human cell line. In addition, two types
of normal human primary cell cultures were used to determine the peptides’ cytotoxicity. We also
compared the biological properties of PM III with those of the other two isoforms—polyphemusin I
(PM I), polyphemusin II (PM II), and with tachyplesins—tachyplesin I (TP I), tachyplesin II (TP II),
and tachyplesin III (TP III).

PM III demonstrated a high cytotoxicity at concentrations of <10 μM. Compared to tachyplesins
and other polyphemusins, PM III had higher cytotoxic activities for human cells. In contrast, PM III
showed lower antibacterial activity compared to tachyplesins, PM I, and PM II. A cytotoxic effect of
PM III was observed after 15 min of incubation without further increase over time. The cell death
promoting mechanism presumably was not associated with the caspase-dependent apoptosis, as the
disruption of plasma membrane integrity was not abrogated by the caspase inhibitor, Z-VAD-FMK.

2. Results

2.1. Identificantion of Antimicrobial Peptide

Nucleotide sequence alignment of genes encoding polyphemusins PM I and PM III in the genome
of the horseshoe crab Limulus polyphemus showed that both peptides had the same length, but PM III
involved four amino acids substitutions (W3G, Y14F, R15Q, K16R) compared with PM I (Figure 1).
Noteworthy, a single nucleotide deletion was detected in the amidation signal GKR site located
between the mature polyphemusin III and anionic propiece sequences. The deletion of the guanine
nucleotide position appears to cause a shift of the open reading frame, however, the sequencing error
by the Limulus polyphemus genome sequencing consortium also cannot be excluded. The aim of this
study was to investigate the biological activities of a novel polyphemusin.
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Figure 1. Nucleotide sequence alignment of genes encoding polyphemusins. The genes encoding PM
I and PM III were identified in the Limulus polyphemus whole genome shotgun sequence (GenBank:
AZTN01102408.1 and AZTN01052275.1, respectively). Gaps in the sequences are shown as dashes.
Putative exon and intron boundaries are indicated by black arrows. The deduced amino acid sequences
of coding region are shown as a colored one-letter code: Signal peptide (orange), mature peptide
(red), and anionic propiece (green). The yellow triangle points at the deletion cause a reading frame
shift in the sequence of polyphemusin III. Putative prepropolyphemusin III amino acid sequence was
translated from corresponding DNA considering that deletion of guanine nucleotide did not occur.

2.2. Expression and Purification of the Recombinant Peptides

To improve the yield of the recombinant polyphemusins and tachyplesins after expression in
E. coli and to facilitate their purification, the peptides were obtained as a part of the fusion proteins with
the N-terminal octahistidine tag and the modified thioredoxin A (M37L). Following cell harvesting,
sonication, preparative centrifugation of the cell lysate, affinity chromatography, and specific CNBr
cleavage of the fusion proteins, the target peptides were purified by reversed-phase high-performance
liquid chromatography (RP-HPLC) in a linear gradient of acetonitrile. MALDI mass spectrometry
analysis of the main fractions (Figures S1 and S2) showed that the measured monoisotopic m/z
matched well with the calculated molecular masses of protonated ions [M+H]+ of corresponding
peptides (Table 1).
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Table 1. Primary structure and physicochemical characteristics of polyphemusins and tachyplesins.

Peptide Amino Acid Sequence 1
Calculated [M+H]+

Monoisotopic
Mass, Da 2

Measured
Monoisotopic
m/z Value 3

Net Charge
RP-HPLC
Retention

Time 4, min

Recombinant Peptide
Final Yield, mg/L

PM I RRWCFRVCYRGFCYRKCR 2454.18 2453.97 +7 35.5 2.4
PM II RRWCFRVCYKGFCYRKCR 2426.18 2426.19 +7 35.4 1.5
PM III RRGCFRVCYRGFCFQRCR 2309.09 2309.01 +6 36.2 5.9

TP I KWCFRVCYRGICYRRCR 2264.10 2264.25 +6 35.5 3.4
TP II RWCFRVCYRGICYRKCR 2264.10 2264.14 +6 35.9 3.0
TP III KWCFRVCYRGICYRKCR 2236.09 2236.07 +6 35.5 3.0

1 Amino acid substitutions in PM II and PM III (as compared to PM I) and in TP II and TP III (as compared to TP I)
are shown in bold. 2 Molecular masses were calculated by considering the presence of four Cys residues forming
two disulfide bonds and 3 were determined experimentally using MALDI mass spectrometry. 4 Retention times
were measured using semi-preparative reversed-phase high-performance liquid chromatography (RP-HPLC) on
a C18 column with a linear gradient from 5 to 80% (v/v) of acetonitrile in water containing 0.1% trifluoroacetic acid
(TFA) within 1 h.

2.3. Antimicrobial Activity

The antimicrobial activity of PM III, its isoforms, and tachyplesins was determined by measuring
their minimum inhibitory concentrations (MICs) against Gram-positive and Gram-negative bacteria
using broth microdilution assay (Table 2). PM III displayed antimicrobial activity in a range of
0.25–2 μM against all strains except S. aureus ATCC 29213. However, compared to PM I, TP I, and TP
III peptides, PM III demonstrated a 4-fold reduction in activity against the Gram-negative strains E. coli
ML35p and K. pneumoniae (CI 287), and the Gram-positive strain S. aureus 209P. PM III had a similar
potency against Gram-positive bacteria B. subtilis B-886 and M. luteus B-1314, and Gram-negative
P. aeruginosa PAO1 compared to PM I and PM II. Moreover, identical activities were registered against
P. aeruginosa PAO1 with MIC 0.5 μM among all tested peptides. All the peptides showed markedly
reduced activities against S. aureus strain ATCC 29213 compared to other strains, with an 8-fold
reduction in antimicrobial activity for polyphemusins and at least a 16-fold reduction for tachyplesins
compared to S. aureus 209P. All tachyplesins demonstrated similar activities, with MICs ranging from
0.06 to 2 μM, except that measured against a low sensitive strain S. aureus ATCC 29213. MICs ranges
determined for PM I (0.06–0.5 μM) and PM II (0.03–1 μM) were quite similar, with the above exception
of that determined for S. aureus ATCC 29213. Compared to tachyplesins, PM I and PM II had, overall,
higher or identical antibacterial effects.

Table 2. Antimicrobial activities of polyphemusins and tachyplesins.

Strain Gram
MICs, μM

PM I PM II PM III TP I TP II TP III

E. coli ML-35p - 0.062 0.031 0.25 0.062 0.062 0.062
K. pneumoniae (CI 287) - 0.5 0.5 2 0.5 1 0.5
P. aeruginosa PAO1 - 0.5 0.5 0.5 0.5 0.5 0.5
S. aureus ATCC 29213 + 4 4 16 8 8 16
S. aureus 209P + 0.5 0.5 2 0.5 0.5 0.5
B. subtilis B-886 + 0.25 0.5 0.5 0.5 0.5 1
M. luteus B-1314 + 0.5 1 0.5 1 1 2

2.4. Cytotoxic Effects on Human Cells

Cytotoxic activities of PM III, its isoforms, and tachyplesins against seven human cell lines were
evaluated. Four cancer (HL-60 acute promyelocytic leukemia, HeLa cervix adenocarcinoma, SK-BR-3
breast adenocarcinoma, A549 lung carcinoma), one transformed (HEK 293T transformed human
embryonic kidney), and two normal human cell lines (HEF human embryonic fibroblasts and NHA
normal human astrocytes) were used for these experiments. Cytotoxicity was measured by incubating
the cells with serial dilutions of PM I, PM II, PM III, TP I, TP II, or TP III samples followed by MTT
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assay after 48 h. The half-maximal inhibitory concentrations (IC50) were measured as the peptide
concentration at which cell viability was reduced by 50% in comparison to untreated cells (Table 3).

Table 3. The IC50 values measured for polyphemusins and tachyplesins on human cell lines.

Cell Line
IC50, μM

PM I PM II PM III TP I TP II TP III

HL-60 7.2 ± 0.5 7.2 ± 0.5 2.5 ± 0.1 4.8 ± 0.3 5.6 ± 0.5 5.0 ± 0.4
HeLa 12.5 ± 0.9 16.4 ± 1.3 6.0 ± 0.2 24.2 ± 1.7 24.4 ± 3.0 13.7 ± 1.3

SK-BR-3 16.0 ± 0.6 17.3 ± 0.6 9.9 ± 0.1 30.1 ± 1.9 34.0 ± 1.3 27.5 ± 0.8
A549 8.8 ± 1.3 10.8 ± 1.9 7.3 ± 0.5 26.5 ± 1.2 28.1 ± 1.7 15.3 ± 1.0

HEK 293T 9.4 ± 1.5 11.3 ± 1.6 7.3 ± 0.4 23.5 ± 1.2 24.6 ± 1.7 19.7 ± 1.9
HEF 8.3 ± 0.7 9.7 ± 0.2 7.0 ± 0.4 13.0 ± 1.5 17.7 ± 1.2 14.1 ± 1.2
NHA 14.5 ± 1.6 18.3 ± 1.4 7.5 ± 0.5 24.7 ± 1.8 29.4 ± 1.7 21.3 ± 1.2

IC50 values are represented as the means ± standard deviations (SD) of at least three independent experiments.

Data analysis revealed that PM III had a potent cytotoxic activity against human cell lines. PM III
was the most cytotoxically active among all tested peptides. IC50 values determined for PM III on
cancer and transformed cell lines were in a range of 2.5–9.9 μM. Compared to PM III, the peptides PM
I and PM II showed lower cytotoxic effects, with IC50 values ranging from 7.2 to 16.0 μM and from 7.2
to 17.3 μM, respectively. IC50 values for PM I or PM II tested against the same cancer, transformed,
or normal cells were similar.

Tachyplesins turned out to be less toxic than polyphemusins. Among the investigated
tachyplesins, TP III had the strongest cytotoxicity against cancer, transformed, and normal cell
lines. The IC50 values determined for TP III on cancer and transformed cell lines were in a range of
5.0–27.5 μM, the IC50 values determined for the normal cells were of 14.1 μM for HEF and of 21.3 μM
for NHA.

The leukemia cell line, HL-60, was the most sensitive to all investigated cytotoxic peptides.
Moreover, HL-60 cells were two to three times more sensitive to PM III (IC50 = 2.5 μM) than to
tachyplesins, PM I, and PM II. In contrast, the lowest sensitivity to cytotoxic peptides was observed
for the SK-BR-3 cell line with IC50 values for all polyphemusins and tachyplesins ranging from 9.9 to
17.3 μM and from 27.5 to 34.0 μM, respectively.

The normal cell lines showed similar sensitivities to all polyphemusins: PM I (IC50 = 8.3 μM for
HEF, IC50 = 14.5 μM for NHA), PM II (IC50 = 9.7 μM for HEF, IC50 = 18.3 μM for NHA), and PM III
(IC50 = 7.0 μM for HEF, IC50 = 7.5 μM for NHA). The IC50 values determined for HEF and NHA cells
were in the same range as for the cancer cell lines. Interestingly, the IC50 values of PM III determined
for normal cells were several times higher than that for the most sensitive cell line, HL-60.

2.5. Hemolytic Activity

The assay for the hemolytic activity of PM III was performed to determine its effect on the integrity
of red blood cells. At a concentration range of 3.125–100 μM, PM III had the highest hemolytic activity
among all the peptides tested (Figure 2). The measured half-hemolysis concentration (HC50) value for
PM III was of 46 μM. PM I and PM II were less toxic to erythrocytes and caused only ~45% and ~30%
hemolysis, respectively, even at the maximal concentration of 100 μM. Tachyplesins also demonstrated
low hemolytic effects: TP I, TP II, and TP III lysed 38%, 33%, and 20% of erythrocytes, respectively,
at a maximal concentration of 100 μM.
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Figure 2. The hemolysis curve showing effects of polyphemusins and tachyplesins on
human erythrocytes. The data represent the mean values ± SD for two independent series of
triplicated experiments.

2.6. Trypan Blue Assay for Dead Cells

According to the MTT-test, HL-60 was the most sensitive cell culture to PM III. Therefore,
to investigate the mechanism of the PM III cytotoxicity, we first assessed a short-time membrane
permeabilizing effect of PM III on HL-60 cells at different time points using the trypan blue exclusion
assay. PM III was used at two final concentrations: Equal to IC50 (2.5 μM) and 2-fold exceeding IC50

(5 μM). The experiments were done at 15 min, 1 h, and 4 h following incubation with PM III.
The proportion of dead HL-60 cells was virtually unchanged for all these time points at both

concentrations used (Figure 3). In the negative control experiments, the dead cells ratio did not exceed
10%. In contrast, both concentrations of PM III were highly toxic to HL-60 cells, thus giving 42–48% of
trypan-stained (dead) cells for 2.5 μM PM III for all incubation times, and 66–71% of dead cells for
5 μM PM III for all incubation times. Thus, the cytotoxic effect of PM III depended on its concentration,
but not on the incubation times. We concluded, therefore, that PM III could induce cell death after
15 min of incubation, which is typical for necrotic cell death [22].

Figure 3. Trypan blue exclusion assay of HL-60 cell death after 15 min (red bars), 1 h (green bars),
or 4 h (blue bars) of incubation with PM III (* p < 0.05 vs. the control sample of 0 μM for each time
interval, respectively).
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2.7. Mechanism of Cell Death

To further investigate the effect of PM III on human cells, we performed annexin
V-FITC/propidium iodide double staining with subsequent flow cytometric analysis. Annexin V-FITC
binds to phosphatidylserine, which is exposed on the outer leaflet of the cellular plasma membrane
at the initial stages of apoptosis, whereas propidium iodide (PI) preferentially stains nuclei of dead
cells. Therefore, a combination of annexin V-FITC and PI assays allows differentiation between early
apoptotic and late apoptotic/necrotic cell populations. PM III was used at two final concentrations
of 2.5 and 5 μM. In order to elucidate the predominant mechanism of the PM III action, we applied
a widely used caspase inhibitor, Z-VAD-FMK [23].

The results of HL-60 cells double staining, followed by the flow cytometry analysis are shown
in Figure 4. The majority of the cells treated with 2.5 or 5 μM PM III were stained with both annexin
V-FITC and PI and thus were either late apoptotic or necrotic. This was almost not affected by the
presence of the apoptotic inhibitor, Z-VAD-FMK, following 4 h of incubation. In the absence of
Z-VAD-FMK, > 40% of double-stained cells were detected for 2.5 μM PM III and >80% for 5 μM PM III.
In the presence of Z-VAD-FMK, there were >30% of double-stained cells for 2.5 μM PM III, and > 70%
for 5 μM PM III. In contrast, Z-VAD-FMK totally abrogated the effect of the 50 μM apoptotic inducer
campthotecin that was used as a positive control.

Figure 4. The flow cytometry results of annexin V-FITC/PI double staining of HL-60 cells after 4 h
of incubation with PM III (at IC50 and 2xIC50) in the presence or absence of the caspase inhibitor,
Z-VAD-FMK. Columns, from left to right: Control (untreated cells); 2.5 μM PM III; 5 μM PM III; 50 μM
apoptotic inducer, campthotecin. Top row: No Z-VAD-FMK added, bottom row: 50 μM Z-VAD-FMK
added. The results are presented as the percentage of viable (AV−PI−), apoptotic (AV+PI−), and late
apoptotic/necrotic (AV+PI+) cells.
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2.8. Cell Membrane Integrity

The loss of membrane integrity, detected by trypan blue exclusion assay and annexin
V-FITC/propidium iodide double staining, was also evaluated by lactate dehydrogenase (LDH)-release.
The cytosolic enzyme LDH is released upon cell lysis and therefore can be a marker of cell integrity.
The percentage of LDH-leakage from cells enables evaluation of direct cell lysis. The obtained results
showed that PM III induced a concentration-dependent lysis in HL-60 cells within 1 h of incubation in
a concentration range of 1.56–25 μM (Figure 5).

Figure 5. HL-60 cell membrane integrity after treatment with PM III. The data represent the mean
values ± SD of two independent series of triplicated experiments.

2.9. Gene Expression Profiling and Oncobox Pathway Analysis

To get a deeper molecular insight into the mechanisms of cell death induced by PM III, we profiled
gene expression in the PM III treated (1.25, 2.5, and 5 μM) and intact HL-60 cells. Gene expression
profiles were further analyzed using the Oncobox bioinformatical platform to measure activation
levels of 376 intracellular signaling pathways. We found a significant inhibition of the Caspase cascade
(Figure 6), while the TRAF (tumor necrosis factor receptor (TNF-R)-associated factor) pathway was
strongly activated (Figure 7) following the PM III treatment. An additional line of evidence for the
non-apoptotic mechanism of the PM III mediated activity was provided by the PTEN pathway. It has
been reported that PTEN most frequently had a positive connection to apoptosis [24]. The incubation
with PM III strongly downregulated the PTEN signaling. The activation levels of all signaling pathways
profiled in this study and case-to-normal ratios for the respective genes are shown in Supplementary
Table S1. Taken together, these facts rather argue for a non-apoptotic mode of the PM III action.

We observed a number of molecular pathways promoting survival of the PM III treated cells.
For example, the Akt and p38 signaling pathways were sequentially overactivated by increasing
concentrations of PM III, thus probably representing the cellular pro-survival response on the PM
III cytotoxic activity. Interestingly, we also found a number of immunity-linked pathways, namely
Interferon response, Il-2, Il-6, and Il-10 pathways upregulated in most of the PM III-treated cell
cultures (Table S1).
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Figure 6. Caspase cascade pathway was inhibited in the PM III treated cells. The pathway was
visualized using the Oncobox software (version 1.6.0-dev-1c6b124-modified). The pathway is shown as
an interacting network, where green arrows indicate activation, red arrows—inhibition. The color depth
of each node of the network corresponds to the logarithms of the case-to-normal (CNR) expression rate
for each node, where “normal” is for intact cells, the scale represents an extent of up/downregulation.
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Figure 7. TRAF (tumor necrosis factor receptor (TNF-R)-associated factor) pathway was activated in the PM
III treated cells. The pathway was visualized using the Oncobox software (version 1.6.0-dev-1c6b124-modified).
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The pathway is shown as an interacting network, where green arrows indicate activation,
red arrows—inhibition. The color depth of each node of the network corresponds to the logarithms of
the case-to-normal (CNR) expression rate for each node, where “normal” is for intact cells, the scale
represents an extent of up/downregulation.

3. Discussion

In this study, for the first time to our knowledge, the antimicrobial peptide PM III was obtained in
a bacterial expression system and studied. We examined its cytotoxic potential on bacteria and human
cells. We studied PM III activities in comparison with its isoforms: PM I, PM II, and homologous
horseshoe crab peptides, tachyplesins. Assessment of the antimicrobial activity of PM III evidenced
that its MICs ranged from 0.25 to 2 μM (except that measured against the low sensitive strain, S. aureus
ATCC 29213). Compared to the antimicrobial activities of PM I and PM II, the activity of PM III was
either the same or lower against the bacterial strains tested.

Our experimental data for the obtained recombinant PM I are in line with those obtained earlier for
synthetic PM I against Gram-negative and Gram-positive bacteria (with reported MICs not exceeding
1 μM) [14,16,25]. However, several reports on antimicrobial activities of natural and synthetic peptides
TP I, TP II, PM I, and PM II demonstrated MICs higher than 1 μM [11,12]. In our study, the MICs of
the recombinant tachyplesins did not exceed 2 μM.

PM III also caused half-maximal inhibition of human cell viability in the concentration range
of ~2–10 μM. The PM III IC50 values were lower than those determined for PM I and PM II.
We speculate that the higher cytotoxicity of PM III might be due to its higher hydrophobicity.
In comparison to other tested peptides, the retention time of PM III measured during RP-HPLC
indicated its higher hydrophobicity (Table 1). These data were congruent with the study results
obtained with analogs of the synthetic amphipathic peptide V13K displaying antimicrobial
and antitumor activities. Increased hydrophobicity of these analogs caused higher cytotoxic
effects [26]. Previously published works showed a correlation between the hydrophobicity of
peptides and their affinity to lipid bilayers in general [27–30]. Cell membranes contain different
phospholipids, which sustain the amphipathic features due to the formation of hydrophilic and
hydrophobic domains in the membrane structure. Well-known differences between the composition
of bacterial and mammalian cell membranes provide the evidence for selectivity of the peptides’
action. Bacterial membranes predominantly consist of phosphatidylserine, phosphatidylglycerol,
and cardiolipin having a net negative charge [31]. Tumor cell bilayers are also enriched in anionic
molecules, such as phosphatidylserine, sialylated gangliosides, O-glycosylated mucins, and heparin
sulfate. In contrast, zwitterionic phospholipids—phosphatidylcholine, phosphatidylethanolamine,
and sphingomyelin—are abundant in the cytoplasmic membranes of non-cancer mammalian cells [32].
Electrically neutral normal mammalian membranes prevent their recognition by positively charged
antimicrobial peptides, and binding to these membranes is enabled by hydrophobic interactions [33].
Thus, modulation of hydrophobicity of antimicrobial peptides, and also peptoid molecules, may be
followed by non-specific interaction with erythrocytes as it was shown in previously published
studies [30,34–36]. It was also revealed that antimicrobial peptides require optimal hydrophobicity
levels to exhibit antimicrobial activity and retain selectivity [37]. Suboptimal high hydrophobic
properties may not only result in increased toxicity to erythrocytes, but even in a reduction of
antibacterial activity [37–39]. Several protegrin-1 synthetic analogs with different hydrophobicities
were characterized earlier [40]. The analog with substitutions of valine by leucine that was more
hydrophobic than naturally occurring protegrin-1 and the analog with substitutions of valine by
fluorinated leucine had the most hydrophobic properties than other tested peptides. A highly
hydrophobic protegrin-1 analog with fluorinated leucine was shown to be less potent against bacterial
strains than naturally occurring protegrin-1. In contrast, the analog with leucine without fluorination
exhibited the most pronounced antibacterial activity among all tested peptides. This demonstrates that
the susceptibility of bacteria to peptides strongly depends on hydrophobicity levels [40]. These data
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are in line with the reduced antibacterial and increased hemolytic activities of the PM III peptide
as compared to other tested peptides. The hemolytic activity of PM III determined in this study
(HC50 = 46 μM) was rather high, but the HC50 value of PM III was 18-fold higher than its IC50 measured
for the HL-60 cell line and ~5–7-fold higher than its IC50 measured for other cancer cell lines. Therefore,
half-hemolysis concentration and IC50 effective concentration were in different ranges.

In this study, we obtained and studied the recombinant peptides. Despite the absence of naturally
occurring post-translational C-terminal amidation, the recombinant polyphemusins demonstrated
both antibacterial and cytotoxic activities. Our data obtained here for PM II matched well with the
previously published results [9]. In this study, IC50 values for the recombinant PM II measured
on human cancer, transformed, and normal cell lines were in a range of 7–18 μM. In the previous
report, IC50 for synthetic PM II with the amidated C-terminal residue measured against leukemic and
normal mononuclear cells ranged from 6 to 13 μM [9]. Furthermore, PM II caused a decrease of tumor
cells’ viability with an IC50 of 6–13 μM, while the IC50 determined on mononuclear cells was 13 μM,
indicating a general absence of selectivity towards tumor cells [9]. Similarly, we determined the IC50

for PM II on tumor cell lines, which ranged from 7 to 17 μM, while the IC50 determined for human
embryonic fibroblasts and normal human astrocytes was 7 and 18 μM, respectively.

Previous studies revealed that TP I exhibited cytotoxic activity against tumor cells, with IC50

values ranging from 6 to 30 μM [9,41]. For example, in the case of glioma stem cells, IC50 values for
synthetic TP I with the N-terminal acetylation and C-terminal amidation were ~10–20 μM, depending
on incubation time [41]. Here, we showed that the recombinant non-amidated TP I had an IC50 ranging
from 5 to 30 μM for different human tumor cells. The IC50 values for human embryonic fibroblasts and
normal human astrocytes were 13 and 25 μM, respectively. Comparison with previously published
studies indicated similar IC50 values for the normal cells. For the synthetic amidated TP I, previously
measured IC50 for normal mononuclear cells was 15 μM [9]. The IC50 value for the naturally occurring
TP I on monkey epithelial kidney cells (MA-104) was ~23 μM [42].

Suspension culture properties of HL-60 cells are supposed to be at the bottom of high sensitivity
to polyphemusins and tachyplesins. In the previous report, the naturally occurring TP I halved the
viability of HL-60 cells at ~10 μM [43]. For the synthetic amidated TP I and PM II peptides, the IC50 of
6–16 μM was previously observed on the suspension leukemia cell lines [9].

In this study, using trypan blue exclusion assay at different time points, we showed that
the cytotoxic effect of PM III may develop in a relatively short time of 15 min of incubation.
Furthermore, based on the data obtained by annexin V-FITC/PI double staining with subsequent
flow cytometry, we found that PM III caused the cytotoxic effect most probably without involvement
of apoptosis, and that the cytotoxic effect was not affected by the caspase inhibitor Z-VAD-FMK.
The previous findings on PM II are in good agreement with our results, as the authors proposed
Z-VAD-FMK-independent necrotic-like death of leukemia cells treated with PM II [8,9]. The loss of
membrane cell integrity was also demonstrated by LDH-release assay. PM III induced lysis of cells
followed by LDH leakage in a concentration-dependent manner within 1 h of incubation. Profiling of
the gene expression and analysis of intracellular signaling pathways in human HL-60 cells incubated
with PM III also supports the concept that peptide-mediated cell death is implemented likely without
induction of apoptosis. In particular, there were no major pro-apoptotic signaling pathways activated
by PM III (Table S1). Pathway analysis revealed inactivation of the entire caspase cascade pathway
(Figure 6), which means that relative expression levels of most genes involved in this pathway are
lower than in the control samples. We did not observe an increased expression for either p53 or its
targets, such as TP53AIP1, PMAIP1, BAX, and BCL2. Expressions of these genes were, in most cases,
below the normal levels (Table S1. Sheet “CNR”). Thus, we conclude that there were no detected signs
of p53 activation linked with the PM III administration.

Summarizing all the above, in this study, PM III revealed the most significant cytotoxic effects
against human cell cultures. It had a stronger cytotoxicity towards human leukemia HL-60 cells,
as compared with the cytotoxic effect of other peptides tested against HL-60 in this study. Finally,
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we found that exposure of human leukemia cells to PM III not only caused cytotoxicity, but also
mediated an intrinsic immune reaction via enhanced Interferon, Il-2, Il-6, and Il-10 signaling.
This immunomodulatory feature of PM III suggests that it may be an attractive target for further
biomedical screenings for future drug development.

4. Materials and Methods

4.1. Cell Lines and Culture Conditions

The following tumor and transformed cell lines were used in this study: HL-60 (acute promyelocytic
leukemia), HeLa (human cervix adenocarcinoma cells), SK-BR-3 (human breast adenocarcinoma
cells), A549 (human lung carcinoma cells), HEK 293T (transformed human embryonic kidney cells),
HEF (human embryonic fibroblasts), and NHA (normal human astrocytes) were used as normal cell
lines. Tumor and transformed cell lines were obtained from the American Type Culture Collection
(ATCC; www.atcc.org). Primary cells HEF (normal human embryonic fibroblasts derived from human
embryonic stem cells) and NHA (normal human astrocytes derived from human fetal brain tissue) were
obtained and cultured according to the corresponding protocol [44,45]. Briefly, cells were cultured in
DMEM/F12 (1:1) or RPMI-1640 medium containing 10% fetal bovine serum (Invitrogen, USA) at 37 ◦C
in the atmosphere containing 5% CO2 and 95% air according to standard mammalian tissue culture
protocols and using a sterile technique. All cell lines were tested by using the LookOut®Mycoplasma
PCR Detection Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol and
found to be free of Mycoplasma infection.

4.2. Peptides

All the peptides were obtained by heterologous expression in E.coli with subsequent two-step
purification as previously described for producing of β-hairpin peptides [46–48]. The recombinant
plasmids for expression of the peptides were constructed with the use of pET-based vector as described
previously [46]. The peptides were expressed in E. coli BL21 (DE3) cells as fusion proteins that included
an octahistidine tag, the TrxL carrier protein (E. coli thioredoxin A with the Met37Leu mutation),
a methionine residue and the mature polyphemusin I (GenBank: 14215.1), polyphemusin II (GenBank:
14216.1), polyphemusin III, tachyplesin I (GenBank: P14213.2), tachyplesin II (GenBank: P14214.2),
or tachyplesin III (GenBank: P18252.1). The polyphemusin III primary structure was deduced
from the whole genome shotgun sequence of Limulus polyphemus (GenBank: AZTN01052275.1).
Oligonucleotides were designed based on E. coli codon usage bias. E. coli BL21 (DE3) cells transformed
with the constructed plasmids were grown up to OD600 1.0 and then were induced with 0.2 mM
IPTG. The induction was performed at 30 ◦C for 5 h under stirring with a shaking speed of 220 rpm.
The peptides’ purification included immobilized metal affinity chromatography (IMAC) of cell lysate,
CNBr cleavage of the fusion proteins, and reversed-phase high-performance liquid chromatography
(RP-HPLC) as described previously; the peptides had a purity of at least 98% [46]. The RP-HPLC
fractions were dried in vacuo, dissolved in water, and analyzed by MALDI-MS (Bruker Daltonics,
Bremen, Germany). The obtained non-amidated recombinant analogs of natural polyphemusin I,
polyphemusin II, polyphemusin III, tachyplesin I, tachyplesin II, and tachyplesin III were analyzed
by automated microsequencing with the use of the Procise cLC 491 Protein Sequencing System
(PE Applied Biosystems, Foster City, CA, USA). The peptides’ concentrations were estimated based on
near-UV absorbance measurement and calculated with the use of extinction coefficients.

4.3. Antimicrobial Assay

Bacterial test cultures were grown in the Mueller-Hinton (MH) medium at 37 ◦C to mid-log phase
and then diluted with the 2 x MH medium supplemented with 1.8% NaCl. 50 μL of the bacterial
suspension with a final cell concentration of 106 CFU/mL were added to aliquots of 50 μL of the
peptide solutions and serially diluted with sterilized 0.1% bovine serum albumin in 96-well flat-bottom
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polystyrene microplates (Eppendorf, Hamburg, Germany). Bacterial cells were incubated for 24 h
at 37 ◦C and 900 rpm on the plate thermoshaker (Biosan, Riga, Latvia). The minimum inhibitory
concentrations (MIC) were determined as the lowest peptide concentration that prevented growth of
a test microorganism observed as visible turbidity. The results were expressed as median values of
three independent triplicated experiments. Assessment of antimicrobial activities of the recombinant
PM III, other polyphemusins, and tachyplesins was conducted against Gram-negative (Escherichia coli
ML-35p, Klebsiella pneumoniae (clinical isolate, CI 287), Pseudomonas aeruginosa PAO1) and Gram-positive
(Staphylococcus aureus ATCC 29213, Staphylococcus aureus 209P, Bacillus subtilis B-886, Micrococcus luteus
B-1314) bacteria.

4.4. Cytotoxic Activity Assay

The colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye
reduction assay was used to determine the cytotoxicity of the polyphemusins and tachyplesins.
Cells (3 × 103–6 × 103 per well) were placed into 96-well plates in Dulbecco’s modified Eagle’s medium
(DMEM/F12) supplemented with 10% fetal bovine serum (FBS). After incubation in the atmosphere
containing 5% CO2 and 95% air at 37 ◦C overnight, the media were discarded, and polyphemusins
or tachyplesins solutions were added to the cell cultures up to final concentrations of 2.5, 5, 10, 25,
and 50 μM in a final volume of 0.1 mL DMEM/F12 with 10% FBS. HL-60 cells (4 × 104 in 50 μL) were
added to two-time serial dilutions of polyphemusins solutions at a final concentration of 1.25, 2.5, 5,
10, 25, and 50 μM in 50 μL RPMI-1640 with 10% FBS. 48 hours later, 20 μL of MTT (5 mg/mL) was
added into each well and the plates were incubated for 3 h at 37 ◦C. The plates with HL-60 cells were
centrifuged for 10 min at 300 g. The media were discarded and 0.1 mL of dimethyl sulfoxide and
isopropanol mixture at a ratio of 1:1 (v/v) was added to each well to dissolve the crystallized formazan.
The absorbance at 570 nm was measured by a microplate reader (Eppendorf, Hamburg, Germany).

4.5. Hemolytic Activity Assay

Testing of the hemolytic activity of polyphemusins and tachyplesins was performed using fresh
human red blood cells (hBRC). Permeabilization of erythrocyte cytoplasmic membrane results in lysis
followed by the release of hemoglobin. hBRC were washed three times with phosphate buffered
saline (PBS: 10 mM Na2HPO4, 1.76 mM K2HPO4, pH 7.4, containing 173 mM NaCl, and 2.7 mM
KCl). Two-fold serial dilutions of the peptide solutions were added to 50 μL aliquots of hRBC in
the 96-well microplate. The final hBRC concentration was of 4% (v/v) in each well, and the final
volume of suspension was 100 μL. After incubation of suspensions for 1.5 h at 37 ◦C under stirring at
1000 rpm, centrifugation of plates was done at 700 g for 5 min. The supernatant 50 μL aliquots were
then transferred into flat-bottomed 96-well microplates. The absorbance at 405 nm was measured in
a microplate reader (Eppendorf, Hamburg, Germany), allowing the detection of hemoglobin release.
0.1% Triton X-100 caused a complete lysis of erythrocytes, thus hBRC treated with Triton X-100 were
used as a positive control. As PBS did not cause lysis, hBRC in PBS served as a negative control.
The percentage of hemolysis was calculated using the following Equation (1):

Hemolysis (%) = (OD405 sample − OD405 0% lysis control)/(OD405 100% lysis control − OD405 0% lysis control) × 100% (1)

The quantitative data resulted from two series of experiments were represented as average means
with standard deviations. The experiments were carried out using hBRC obtained from human blood
samples of independent donors.

4.6. Trypan Blue Exclusion Assay

Polyphemusin III was diluted in non-supplemented RPMI medium and incubated with 2.5 × 105

HL-60 cells in a volume of 100 μL. After 15 min, 1 h, or 4 h of incubation with 2.5 or 5 μM
polyphemusin III, proportions of viable cells were counted in an automated cell counter (Thermo
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Fisher Scientific, Waltham, MA, USA) using sterile-filtered 0.4% trypan blue solution. The quantitative
data were represented as average means with standard deviations (±SD) obtained from three
independent experiments.

4.7. Annexin V-FITC/Propidium Iodide Double Staining and Flow Cytometry

Cell death analysis with fluorescein isothiocyanate conjugated annexin V (annexin V-FITC)/
propidium iodide double staining and dead cells counting with flow cytometry were performed
4 h after addition of polyphemusin III up to a final concentration of 2.5 or 5 μM. The Annexin
V-FITC Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA) was used according to the
manufacturer’s protocol on a NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA, USA).
Each experiment was performed in triplicate. The apoptosis inducer camptothecin (Sigma-Aldrich,
St. Louis, MO, USA) and the general caspase inhibitor, Z-VAD-FMK (BD Biosciences, Franklin Lakes,
NJ, USA), were used. All flow cytometry experiments were performed twice.

4.8. Lactate Dehydrogenase (LDH)-Release Assay

The LDH-release assay (CytoTox 96 Non-Radioactive Cytotoxicity Assay; Promega Corporation,
Madison, WI, USA) was performed according to the manufacturer’s protocol. Suspension HL-60 cells
(4 × 104) were seeded into a 96-well plate in triplicate and incubated for 1 h with various concentrations
of polyphemusin III at 100 μL per well in RPMI serum-free medium. Untreated cells served as a control
for spontaneous LDH-release and cells treated with 1% Triton X-100 were used as a control for maximal
LDH-release. Absorbance was measured at 490 nm using a microplate reader (Eppendorf, Hamburg,
Germany). Percent LDH-release was calculated using the following Equation (2):

[(experimental LDH-release − spontaneous LDH-release)/(maximal LDH-release − spontaneous LDH-release)] × 100 (2)

The dose response curve shown is an average of two independent experiments.

4.9. Statistical Analysis

The GraphPad PRISM 6.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for
statistical analysis; the values of p < 0.05 were considered statistically significant.

4.10. Gene Expression Profiling and Functional Annotation

RNA extraction was performed immediately before preparation of sequencing libraries using
a QIAGEN RNeasy Kit (Qiagen, Venlo, Netherlands) following the manufacturer’s protocol.
Then, the RNA Integrity Number (RIN) was measured using an Agilent 2100 bio-Analyzer. Agilent
RNA 6000 Nano or Qubit RNA Assay Kits were used to measure RNA concentration. A KAPA RNA
Hyper with RiboErase (KAPA Biosystems, Wilmington, MA, USA) kit was used for further depletion
of ribosomal RNA. For library preparations, we used the Ovation®Universal RNA-Seq System and
1-96 KAPA HyperPrep Kit according to the manufacturer’s recommendations. Different adaptors
were used for multiplexing samples in one sequencing run. Library concentrations and quality were
measured using a Qubit ds DNA HS Assay kit (Life Technologies, Carlsbad, CA, USA) and Agilent
Tapestation (Agilent, Santa Clara, CA, USA). RNA sequencing was performed using Illumina HiSeq
3000 equipment for single-end sequencing, 50 bp read length, for approximately 30 million raw reads
per each sample. The data quality check was done on an Illumina SAV. De-multiplexing was performed
with an Illumina Bcl2fastq2 v 2.17 program.

RNA sequencing FASTQ files were processed with a STAR aligner [49] in the “GeneCounts” mode
with the Ensembl human transcriptome annotation (Build version GRCh38 and transcript annotation
GRCh38.89). Ensembl gene IDs were converted to HGNC gene symbols using the Complete HGNC
dataset (https://www.genenames.org/, database version from 2017 July 13). In total, expression levels
were established for 36596 annotated genes with corresponding HGNC identifiers.
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The SABiosciences knowledge base was used to determine structures of intracellular molecular
pathways as described previously [50,51]. We applied the original Oncobox algorithm [50] for
functional annotation and visualization of the primary expression data and for calculating pathway
activation strength (PAS) scores and case-to-normal ratios (CNRs). CNRs were calculated as the ratios
of expression levels of a gene in the experimental samples to average expression levels in the control
samples. PAS values can be both positive and negative, being indicative of up- or downregulation
compared to controls.

5. Conclusions

We investigated the properties and mechanism of cytotoxicity of the novel peptide PM III from
the horseshoe crab Limulus polyphemus. It had the strongest cytotoxicity against human cells among all
the peptides interrogated in this study and, despite its high hemolytic activity, may be regarded as
a potentially useful object for further studies on cytotoxicity towards tumor cells. We showed here that
the cytotoxic activity of PM III is based on fast disruption of the cell membrane.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/12/
466/s1. Figure S1: MALDI-MS analysis of the recombinant (A) polyphemusin I, (B) polyphemusin II and (C)
polyphemusin III. The experimental [M+H]+ monoisotopic m/z is presented in the picture. Figure S2: MALDI-MS
analysis of the recombinant (A) tachyplesin I, (B) tachyplesin II and (C) tachyplesin III. The experimental [M+H]+

monoisotopic m/z is presented in the picture. Figure S3: Reversed-phase high-performance liquid chromatography
(RP-HPLC) of the recombinant (A) polyphemusin I, (B) polyphemusin II and (C) polyphemusin III. RP-HPLC
was performed with a linear gradient from 5 to 80% (v/v) of acetonitrile in water containing 0.1% TFA within
1 h. The fractions of the mature recombinant peptides are marked with arrows. Figure S4: Reversed-phase
high-performance liquid chromatography (RP-HPLC) of the recombinant (A) tachyplesin I, (B) tachyplesin II
and (C) tachyplesin III. RP-HPLC was performed with a linear gradient from 5 to 80% (v/v) of acetonitrile in
water containing 0.1% TFA within 1 h. The fractions of the mature recombinant peptides are marked with arrows.
Table S1: Pathway activation strength (PAS) and case-to-normal (CNR) values for unaffected and polyphemusin
III-treated cells (at the peptide concentration of 1.25, 2.5, and 5 μM).
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Abstract: Anti-lipopolysaccharide factors (ALFs) are antimicrobial peptides with a central β-hairpin
structure able to bind to microbial components. Mining sequence databases for ALFs allowed us to
show the remarkable diversity of ALF sequences in shrimp. We found at least seven members of the
ALF family (Groups A to G), including two novel Groups (F and G), all of which are encoded by
different loci with conserved gene organization. Phylogenetic analyses revealed that gene expansion
and subsequent diversification of the ALF family occurred in crustaceans before shrimp speciation
occurred. The transcriptional profile of ALFs was compared in terms of tissue distribution, response
to two pathogens and during shrimp development in Litopenaeus vannamei, the most cultivated species.
ALFs were found to be constitutively expressed in hemocytes and to respond differently to tissue
damage. While synthetic β-hairpins of Groups E and G displayed both antibacterial and antifungal
activities, no activity was recorded for Group F β-hairpins. Altogether, our results showed that ALFs
form a family of shrimp AMPs that has been the subject of intense diversification. The different
genes differ in terms of tissue expression, regulation and function. These data strongly suggest that
multiple selection pressures have led to functional diversification of ALFs in shrimp.

Keywords: host defense peptide; antimicrobial peptide; anti-LPS factor; host-microbe relationship;
functional diversity; invertebrate immunity; crustacean; antimicrobial activity

1. Introduction

Anti-lipopolysaccharide factors (ALFs) are multifunctional antimicrobial host defense peptides
(AMPs) with the ability to bind to microbial surface molecules. They were initially characterized as

Mar. Drugs 2018, 16, 381; doi:10.3390/md16100381 www.mdpi.com/journal/marinedrugs338



Mar. Drugs 2018, 16, 381

potent inhibitors of lipopolysaccharide (LPS)-induced clotting in marine chelicerates, the horseshoe
crabs Tachypleus tridentatus and Limulus polyphemus [1]. In addition to their LPS-binding properties,
they were also shown to be highly active against Gram-negative bacteria [2]. In the early 2000s, ALF
homologues were identified in hemocyte transcriptomes from two penaeid shrimp, Litopenaeus setiferus
and Penaeus monodon [3,4]. Although ALF sequences have been extensively identified in many species,
these AMPs appear to be exclusive of marine chelicerates and crustaceans.

ALFs are genetically encoded as precursor molecules composed of a leader sequence followed
by a mature peptide containing two conserved cysteine residues [5]. The three-dimensional structure
of both horseshoe crab and shrimp ALFs consists of three α-helices packed against a four-stranded
β-sheet [6]. In this structure, the two cysteines flank a central β-hairpin of 20 residues stabilized by
a single disulfide bond. This central β-hairpin (also known as “LPS-binding domain” or LPS-BD) is
the functional domain of ALFs and holds key charged amino acids involved in the recognition and
binding of microbial cell wall components, such as LPS from Gram-negative bacteria, lipoteichoic acid
from Gram-positive bacteria and β-glucans from fungi [7]. Indeed, the mechanism of action of ALFs is
intimately associated with their ability to bind to those microbial moieties. Notably, ALFs are known
to be highly active against a broad range of bacteria, fungi and some enveloped viruses [8].

Different from horseshoe crabs, ALFs form a diverse and multigenic family of AMPs in penaeid
shrimp. Shrimp ALFs are composed of five members (Groups A to E), which differ in terms of
primary structure and biochemical characteristics [5]. While ALFs from Groups A and D possess
anionic properties, Groups B and C are exclusively composed of cationic peptides. Interestingly, while
cationic ALFs exhibit potent antimicrobial activities against a broad range of bacterial and fungal
strains [9], anionic ALFs from Group D have impaired antimicrobial properties [10]. The limited
antibacterial activity of Group D ALFs is likely due to the lack of most residues involved in LPS
binding of cationic ALFs from Group B [10]. Group E ALFs were only described in the kuruma prawn
Marsupenaeus japonicus as cationic (MjALF-E1) and anionic (MjALF-E2) peptides, with antimicrobial
activity restricted to Gram-negative bacteria [11].

At present, little is known about the evolutionary forces that may have shaped the diversification
of ALF sequences in shrimp. To address this question and explore the biological implications of such
sequence diversity, we combined a series of molecular, phylogenetic, transcriptional and functional
analyses. By using an in silico mapping method, we have identified novel ALF members in different
penaeid species. Bayesian phylogenetic reconstructions revealed the existence of seven ALF groups
in shrimp: the previously described Groups A to E, and the novel Groups F and G evidenced here.
Each ALF group is encoded by a different locus in the shrimp genome. Through a quantitative
PCR-based approach, we have assessed the expression of the seven ALF genes in terms of tissue
distribution and transcriptional response to two pathogens (Vibrio harveyi and WSSV), but also during
different shrimp development stages (from fertilized eggs to larval and post-larval stages) in the
shrimp L. vannamei. Finally, we evaluated the antimicrobial activity of synthetic peptides based on
the central β-hairpin of the three novel ALFs identified in L. vannamei (Groups E to G) and presented
evidence that the sequence diversity of shrimp ALFs can be reflected in their biological properties.
Altogether, the tissue distribution, regulation and biological functions of ALF genes reveal that various
evolutionary pressures have led to functional diversification of the ALF family in penaeid shrimp.

2. Results

2.1. ALFs from Penaeid Shrimp Comprise a Diverse Family Composed of Seven Members

By using an exhaustive in silico screening approach, we recovered 47 unique ALF sequences
(complete CDS) from both publicly available annotated and non-annotated databases for 10 penaeid
shrimp species (Decapoda: Penaeidae) (Table S1). With all predicted amino acid sequences in
hand, we performed multiple alignments in order to classify the obtained sequences into the five
previously described ALF groups (Groups A to E). Surprisingly, from our sequence analysis, shrimp
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ALFs clustered into seven distinct groups with specific amino acid sequence signatures (Figure 1A).
In addition to already documented ALFs from Groups A to E, we identified here two novel groups
that were conveniently named Group F and G (Figure 1A).

Figure 1. The seven members of the shrimp ALF family. (A) Multiple alignments of the consensus
amino acid signature of each ALF member (Groups A to G) found in penaeid shrimp. Identical residues
are highlighted in black while “X” indicates any amino acid. Positively and negatively charged residues
are displayed in blue and red, respectively. The conserved cysteine bond is indicated by the arrows.
The position of α-helices (red helices) and β-sheets (yellow arrows) is based on the three-dimensional
(3D) structure of ALFPm3 (PDB: 2JOB). Intragroup amino acid identity values are indicated on the right.
(B) Biochemical properties of shrimp ALFs. MW: molecular weight; pI: theoretical isoelectric point;
aa: amino acid residues. (C) Predicted 3D structure of L. vannamei ALFs. The structural models were
built based on the NMR (nuclear magnetic resonance) structure of ALFPm3. (D) Not-to-scale schematic
representation of ALF genes from P. monodon: Group A (ALFPm2: EF523561), Group B (ALFPm3:
EF523562), Group C (ALFPm6: JN562340), Group D (ALFPm8: NIUS010164210), Group E (ALFPm9:
NIUS010076396), Group F (ALFPm10: NIUS011801312) and Group G (ALFPm11: NIUS010749450).
Boxes represent the exons, and lines represent the introns. Multiple alignments of the amino acid
sequences encoded by the exon 2 (white box). Triangles (�) indicate the two conserved cysteines.
Residues involved in LPS binding of ALFPm3 are highlighted in black.
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Across shrimp species, ALFs corresponded to full-length transcripts that encode for precursors
composed of a signal peptide (22 to 28 residues), followed by a mature peptide (10.74 to 12.23 kDa)
containing two conserved cysteine residues (Figure 1A). Besides their differences in size and molecular
weight, shrimp ALFs also displayed contrasting electrostatic characteristics. Notably, while ALFs
from Groups B, C and F showed cationic properties, Groups A, D, E and G were composed of anionic
ALFs (Figure 1B). However, independently of their differences in primary structure and biochemical
properties, the seven ALFs shared a similar three-dimensional architecture: three α-helices packed
against a four-stranded β-sheet (Figure 1C). Members of the seven groups were identified in at least four
different shrimp species (Farfantepenaeus aztecus, L. vannamei, M. japonicus and P. monodon) (Table S1).
Remarkably, Group G ALFs were the only members that were not identified in the genus Fenneropenaeus
(F chinensis, F. indicus and F. penicillatus). On the other hand, two different members from Group C
were identified in F. chinensis (FcALF2: JX853775 and FcALF3: JX853776), M. japonicus (MjALF-C1:
AB210110 and MjALF-C2: KU160498) and P. monodon (ALFPm6: JN562340 and ALFPm7: KX431031).

Our knowledge of ALF intraspecific sequence diversity was also enriched by the discovery of
novel sequences in F. aztecus (Groups A to G), F. penicillatus (Groups A to F), L. vannamei (Groups
E to G) and P. monodon (Groups D to G). Besides, according to our in silico analyses, some ALFs
from M. japonicus were classified in a different Group to that previously categorized by Jiang and
colleagues [11]. For instance, the sequence MjALF-A2 [11] is actually a member of Group G and not an
ALF from Group A, whereas the cationic MjALF-D1 (GenBank: KU160499) belongs to Group F and
not to Group D (which gathers anionic sequences only). More surprisingly, the sequence MjALF-E1
(GenBank: KY627760), previously classified as a cationic member of Group E, did not fit in any ALF
Group. Indeed, its mature sequence contains an additional cysteine residue (apart of the two cysteines
holding the central β-hairpin structure) that is not found in ALFs from either marine chelicerates or
crustaceans. Interestingly, coding sequences related to MjALF-E1 were also found in P. monodon and
L. vannamei. Unlike the three-cysteine-containing sequences from M. japonicus and P. monodon, the
sequences identified in L. vannamei contain four cysteines (Figure S1).

2.2. ALF Sequence Diversity Is Gene-Encoded

To gain insights into the origin of the molecular diversity of the shrimp ALF family, we searched
for ALF gene sequences in both annotated (GenBank Nucleotide) and non-annotated (Whole-Genome
Shotgun Contigs) databases. From our in silico mining analysis, seven unique genomic sequences
were identified in P. monodon: ALFPm2 from Group A (GenBank: EF523561), ALFPm3 from Group
B (GenBank: EF523562), ALFPm6 from Group C (GenBank: JN562340), ALFPm8 from Group D
(GenBank: NIUS010164210), ALFPm9 from Group E (GenBank: NIUS010076396), ALFPm10 from Group
F (GenBank: NIUS011801312) and ALFPm11 from Group G (GenBank: NIUS010749450). Each genomic
sequence corresponded to a specific ALF member and we found no evidences that ALFs from different
Groups could be encoded by a same genomic sequence.

Despite their differences in terms of sequence signatures, all genes shared a similar structural
organization: three exons interrupted by two introns (Figure 1D). Every sequence presents a second
exon that encodes the four stranded β-sheets, with the two cysteines delimiting the central β-hairpin.
This structure holds the seven charged residues involved in LPS binding and is considered as the
functional domain of ALFs. As shown in Figure 1D, not all P. monodon ALFs contain those conserved
residues found in ALFPm3 from Group B [6]. Regarding the other gene regions, the first exon covers
the 5′-untranslated region (UTR), the leader sequence and the hydrophobic N-terminal portion of the
mature peptide (the first α-helice), and the third exon encodes the two C-terminal α-helices of the
mature peptide and the 3′-UTR.

2.3. ALFs Evolved from Gene Duplication Events before Shrimp Speciation

In order to unravel the phylogenetic relationships of the shrimp ALFs, phylogenetic
reconstructions were performed with ALF sequences from 38 species of decapod crustaceans (suborders
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Dendrobranchiata and Pleocyemata) and three species of marine chelicerates (the horseshoe crabs
Carcinoscorpius rotundicauda, L. polyphemus and T. tridentatus) (Table S1). Additionally, we analyzed the
ALF-related sequences containing three and four cysteine residues and scygonadins (anionic AMPs
from crabs that contain two cysteines flanking 17 amino acid residues [12]). Our Bayesian phylogenetic
analysis revealed that ALFs comprise a large and diverse gene family in decapod crustaceans. The first
striking piece of information is that the three/four-cysteine-containing peptides (including MjALF-E1),
as well as scygonadins, are not authentic members of the ALF family since they form a separate and
distant clade from all other sequences (Figure 2A). Indeed, the ALF clade gathered sequences from both
crustaceans and marine chelicerates. Regarding the crustacean group, ALFs were split into two main
clades (Figure 2A). The first clade included ALFs from Group A, while the second clade gathered ALFs
from six additional groups (B to G). Interestingly, sequences from non-penaeid species (Pleocyemata)
were found in all shrimp ALF groups, but they also formed exclusive groups distinct from those found
in penaeids (Figure 2A).

Figure 2. ALFs form a diverse antimicrobial peptide family in decapod crustaceans. (A) Bayesian and
(B) neighbor-joining trees of ALFs from decapod crustaceans and marine chelicerates (horseshoe crabs).
Cationic and anionic ALF groups from penaeid shrimp are displayed in blue and red, respectively.
Posterior probabilities (Bayesian) and bootstrap values (neighbor-joining) higher than 50% are shown
in the nodes. The list of the ALF sequences included in analyses (annotations, sequences and GenBank
accession numbers) is provided in Table S1.
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Then, an additional phylogenetic tree was constructed to determine the phylogenetic relationships
among the seven shrimp ALF groups (A to G) (Figure 2B). In this tree, shrimp ALFs clustered into
two main clades: a first clade containing ALFs from Group A and a second clade divided into three
branches. Within the second clade, all cationic shrimp ALFs (Groups B, C and F) clustered into one
branch, and anionic ALFs from Groups E and G clustered into a second branch (Figure 2B). Group
D ALFs clustered in a third branch (Figure 2B). Altogether, our results suggest that the sequence
diversity found in the ALF family was likely driven by gene duplication events before the divergence
of decapod crustaceans (Dendrobranchiata and Pleocyemata). Notably, the gene expansion and
subsequent diversification of the ALF family seems to have occurred in crustaceans and not in marine
chelicerates. Actually, in marine chelicerates, only one ALF type was identified (Table S1).

2.4. ALFs Are All Expressed in Individual Shrimps and Differentially Modulated in Response to Tissue Damage

We further focused on the transcriptional profiles of shrimp ALFs in terms of tissue distribution.
For gene expression analyses, we considered the seven ALFs from the Pacific white shrimp L. vannamei
(Litvan ALF-A to -G). First, the gene expression distribution of Litvan ALFs was assessed in eight
different tissues of healthy juveniles by semiquantitative RT-PCR analysis. Overall, Litvan ALFs were
mainly detected in circulating hemocytes and gills (Figure 3A). Transcripts of Litvan ALF-A and Litvan
ALF-B were detected in foregut, midgut, hemocytes, gills and nerve cord, while the expression of
Litvan ALF-C was observed in midgut, hemocytes, and gills (Figure 3A). Besides, while the expression
of Litvan ALF-E and Litvan ALF-G was exclusively detected in hemocytes and gills, Litvan ALF-F
was mainly expressed in the foregut (Figure 3A). Unlike the other ALF groups, the expression of
Litvan ALF-D was only detected in hemocytes (Figure 3A). For all genes, no signals were observed in
hepatopancreas, hindgut and muscle (Figure 3A).

ALF gene expression was then studied in response to infections and wounding. We first asked
whether ALF genes were all transcribed in a single animal or whether their diversity reflected
inter-individual sequence variability. Transcripts of the seven ALF genes were detected in the
circulating hemocytes of every individual shrimp, as determined by RT-qPCR (Figure 3B). However,
important variation was observed in the basal transcription of each gene among individuals (Figure 3B).
While the basal gene expression of Litvan ALF-A to Litvan ALF-F varied from 2- to 6-fold among
individuals, variations up to 11.3-fold were found for Litvan ALF-G gene expression (Figure 3B).

Next, we analyzed the gene expression profile of Litvan ALFs in response to microbial challenge
and injury. Two unrelated shrimp pathogens were chosen: the Gram-negative V. harveyi and the White
spot syndrome virus (WSSV). The transcriptional response of Litvan ALFs was quantified by RT-qPCR
in shrimp hemocytes 48 h after infections. This time point was chosen on the basis of previous studies
from our group [13–15]. Anionic ALFs from Groups A, D and E did not respond to pathogens nor
to injury (Figure 3C). Conversely, cationic ALFs (Groups B, C and F) and the anionic Group G ALF
showed significant changes in expression only in response to tissue injury. Indeed, the expression of
Litvan ALF-B (2.6-fold), Litvan ALF-C (18.7-fold), Litvan ALF-F (3.6-fold) and Litvan ALF-G (8.3-fold)
was significantly induced in circulating hemocytes after the injection of a tissue homogenate prepared
from shrimp muscle (Figure 3C). Similarly, the expression of Litvan ALF-B (2.7-fold) and Litvan ALF-F
(4.1-fold) also increased after the injection of sterile seawater. The pathogens (V. harveyi and WSSV)
did not modulate further ALF expression. Notably, independently of the experimental condition, a
high variability in gene expression was observed for all ALFs (Figure 3C).
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Figure 3. Tissue expression distribution of shrimp ALFS and gene modulation in hemocytes in response
to pathogen challenge and tissue damage. (A) Semiquantitative RT-PCR analysis of L. vannamei
ALFs in shrimp tissues: foregut (FG), hepatopancreas (HP), midgut (MG), hindgut (HG), hemocytes
(HE), muscle (ML), gills (GL) and nerve cord (NC). The expression of the LvActin gene was used as
endogenous control. The anatomic location of the tissues is indicated in the shrimp image. The Venn
diagram summarizes the main sites of expression of L. vannamei ALFs. (B) mRNA basal levels of
L. vannamei ALFs in the circulating hemocytes from five individual shrimp. (C) Gene expression profile
of ALFs in the hemocytes of shrimp at 48 h after experimental infections with V. harveyi (grey bars) or
WSSV (black bars). Results are presented as mean ± standard deviation of relative expressions (three
biological replicates) and statistical differences are indicated by asterisks (*) (one-way ANOVA/Tukey,
p < 0.05). N: naïve (non-stimulated) shrimp (white bars), S: sterile seawater injury control, V: V. harveyi
ATCC 14126 (6 × 107 CFU/animal), W−: tissue homogenate inoculum prepared from WSSV-free
shrimp, W+: WSSV (3 × 102 viral particles/animal).

2.5. Some ALF Genes Are Transcribed Early in Shrimp Development, while Others Are Mainly Expressed
in Juveniles

Finally, we studied the expression of the three new L. vannamei ALFs (Groups E, F and G) at
different stages of shrimp development: fertilized eggs, nauplii, protozoeae, mysis, postlarvae and
juveniles. The expression profile of Litvan ALFs from Groups A to D was previously reported [16]. Three
distinct patterns of expression were observed for ALF groups E to G over L. vannamei development.
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ALFs from Groups E and F were detected at all developmental stages, but Group F expression could
only be quantified from nauplius stages (Figure 4). Group E expression did not vary significantly over
the entire shrimp development, from larvae to juveniles. In contrast, Group F expression was maximum
in protozoea III (ZIII) and then decreased significantly in juveniles (PL17) (Figure 4). Finally, Group
G ALF was only expressed from protozoea III (ZIII), and its expression increased significantly up to
juvenile stages (PL17) (Figure 4).

Figure 4. Expression of ALFs during shrimp development. (A) Gene expression profile of Litvan ALF-E,
-F and -G in twelve developmental stages: fertilized eggs at 0–4 h post-spawning (EI), fertilized eggs at
7–11 h post-spawning (EII), nauplius I (NI), nauplius V (NV), protozoea I (ZI), protozoea III (ZIII), mysis
I (MI), mysis III (MIII), postlarva 2 (PL2), postlarva 9 (PL9), postlarva 17 (PL17). Representative images
of the developmental stages are indicated at the bottom of the graph. Results are present as mean ±
standard deviation. The red dotted line indicates the expression in hemocytes from juveniles while
the solid blue underline highlights the stages at which the expression was detected (valid dissociation
curve) but not quantified (Cq values higher than the limit of quantification). Different letters indicate
significant differences among the developmental stages and asterisks (*) shows significant differences
between each developmental stage and hemocytes from juveniles (one-way ANOVA/Tukey, p < 0.05).
(B) Results of principal component analysis showing the relationship among the expression profile of
L. vannamei ALFs during shrimp development. (C) The life cycle of the Pacific white shrimp L. vannamei.

2.6. Sequence Diversity of Shrimp ALFs Results in Distinct Antimicrobial Properties

The functional domain (central β-hairpin) of the three novel ALF members identified in L. vannamei
(Groups E, F and G) was generated by chemical synthesis to evaluate their antimicrobial properties.
Indeed, this functional domain is considered a good proxy of the full-length ALF antimicrobial
properties [9,10,17]. Minimal inhibitory concentration assays were performed against Gram-positive and
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Gram-negative bacteria and fungi (yeast and filamentous) (Figure 5). From the three synthetic peptides,
Litvan ALF-G34-55 displayed the broadest range of antimicrobial activity, being effective against all tested
Gram-positive bacteria, the Gram-negative V. nigripulchritudo and the filamentous fungus F. oxysporum
(Figure 5). This peptide could also affect the growth of the Gram-negative bacteria E. coli and V. harveyi at
40 μM (data not shown), but total inhibition was only observed against V. nigripulchritudo. Additionally,
Litvan ALF-G34-55 exhibited bactericidal activity against the Gram-positive bacteria B. cereus, B. stationis
and M. maritypicum. On the other hand, synthetic β-hairpins of Litvan ALF-E32-53 could inhibit only the
growth of marine Gram-positive bacteria (B. stationis and M. maritypicum) and F. oxysporum (Figure 5).
Notably, no antimicrobial activity was observed for Litvan ALF-F30-51 β-hairpin even at 40 μM. None of
the synthetic peptides was able to inhibit the growth of the Gram-negative bacteria A. salmonicida,
P. aeruginosa, V. alginolyticus and V. anguillarum, and of the yeast C. albicans. Thus, according to
their synthetic β-hairpin, Group G and to a lower extent Group E ALFs show a broad spectrum
of antimicrobial activities, whereas Group F is devoid of antifungal and antibacterial activity. However,
in agreement with a very poor conservation of residues involved in LPS binding (Figure 1D), ALFs
from Groups E-G were almost inactive against Gram-negative bacteria (Figure 5C).

Figure 5. The antimicrobial spectrum of the novel shrimp ALFs. (A) Predicted three-dimensional
structure of the central β-hairpin of Litvan ALF-E, -F and -G. The structural models were built based on
the NMR structure of ALFPm3 (PDB: 2JOB). Conserved residues involved in LPS binding of ALFPm3
are displayed in blue. (B) Representative images of the effects of ALFs against F. oxysporum: (B1) fugal
spore inhibition (antifungal effect); (B2) fungal spore germination (no antifungal activity). Bars = 20 μm.
(C) Spectrum of antibacterial and antifungal activities of synthetic peptides based on the central
β-hairpin of Litvan ALF-E, -F and -G. Minimum inhibitory (MIC) and Minimum bactericidal (MBC)
concentrations are expressed in μM. nd: non-determined.
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3. Discussion

We showed here that shrimp ALFs are composed of seven distinct members (Groups A to G) with
contrasting biochemical properties, activities and expression patterns. Particularly, ALF sequences were
found to vary from cationic to anionic with important consequences on their antimicrobial activities.
Overall, ALFs comprise the most diverse AMPs found in penaeid shrimp. Indeed, such diversity
has not been observed in any other gene-encoded AMP families from shrimp, which are exclusively
composed of cationic (penaeidins and crustins) or anionic (stylicins) members [8,12]. ALF diversity is
encoded by at least seven genes that arose from successive duplications and subsequent mutations
(nucleotide substitutions and insertion/deletion events) before decapod crustacean speciation occurred.
This indicates that strong evolutionary pressures have driven the functional diversification of ALF
genes, giving rise to neo- or sub-functionalization and retention in the shrimp genome.

We found that shrimp ALFs are paralogous genes that evolved before the speciation of the
suborder Dendrobranchiata (penaeid shrimp). Indeed, ALF diversity, which is the subject of the
present study, goes beyond penaeid shrimp and extends to other decapod species from the suborder
Pleocyemata (including crayfish, crabs, lobsters, freshwater prawns, etc.). Some ALF members from
non-penaeid decapods fall into the seven groups characterized here for penaeid shrimp. However, the
ALF diversity found in the suborder Pleocyemata is different from penaeid shrimp (Dendrobranchiata).
It is likely that the remarkable gene expansion and diversification of ALF sequences through gene
duplication and subsequent mutation have fueled adaptation to different lifestyles and environments
(and their associated pathogens) among crustaceans. Here, we have focused our study on shrimp ALFs,
as a good sub-representative of ALF diversity. In order to support our hypothesis, we showed that
the biological activities and expression patterns of ALF genes have diverged. In particular, we found
that some ALFs are antimicrobial, whereas others are not. Some are expressed early during shrimp
development, whereas others are expressed in late developmental stages. Finally, ALFs differ in their
tissue distribution and responses to tissue damage. However, much more biological data are still
needed on the expression and functions of the different ALF members to understand ALF evolution.
This ambitious objective will require the development and use of emerging gene-silencing technologies
(such as CRISPR-Cas9 and RNA interference) to achieve specific invalidation of closely-related genes
in crustaceans and further phenotyping. Similarly, molecular tools such as in situ hybridization could
reveal the tissue specificity of ALFs and thus, they would help in uncovering other biological functions.
Finally, a classification of all crustacean ALFs (from both decapod and non-decapod species) based
on robust phylogenetic reconstructions may avoid misleading classifications and lead to consensus
among researchers.

With the identification of two novel ALF groups, we found that ALFs from Groups E and G share
a common ancestor gene. Interestingly, Group G is lacking in species of the genus Fenneropenaeus
whereas it is found in species of the genera Farfantepenaeus, Litopenaeus, Marsupenaeus and Penaeus.
Although it cannot be ruled out that data are missing from publicly accessible databases, the absence
of Group G in Fenneropenaeus could result from a gene loss event within this genus. Alternatively, the
duplication event that originated these two genes may not have occurred in the genus Fenneropenaeus.
Indeed, the evolutionary history of each group traced a particular trajectory in each shrimp species.
For instance, while Group C ALFs from F. chinensis (FcALF2 and FcALF3 [17]), M. japonicus (MjALF-C1
and MjALF-C2 [11]) and P. monodon (ALFPm6 and ALFPm7 [18,19]) are composed of two members, in
other penaeids this group appears to be composed by a single gene. However, we do not favor this last
hypothesis as Group G is found in a diversity of penaeid species. Interestingly, in L. vannamei, Group
G ALF was shown here to (i) have broader and more potent antimicrobial activity than Group E ALF,
according to their β-hairpin activity, and (ii) to be expressed at late developmental stages whereas
Group E expression tends to decrease over ontogenesis. Therefore, it is tempting to speculate that
Group E confers antimicrobial protection at larval stages when Group G is still not expressed, whereas
Group G provides a selective advantage to the Litopenaeus genus in facing infections at juvenile and
adult stages when they are more exposed to different environmental challenges.
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We showed that the expression of the seven ALF genes is simultaneous in the circulating
hemocytes of a single shrimp. This result is particularly interesting because it suggests that the
different ALF members may act synergistically to improve their antimicrobial properties. However, it
is still unknown whether they are produced by the same hemocyte populations. Comparatively, the
different penaeidin members of L. vannamei (Litvan PEN1/2, -3 and -4) are constitutively expressed by
the granular cell populations [20]. Although the expression of ALFs has been detected in hemocytes
from juveniles, some members (Groups C, E and F) appeared to be transcribed in larval stages of
shrimp development that precede the emergence of these immune cells [21]. Instead, the expression of
ALFs from Groups A, B, D and G was quite similar to that observed for other shrimp AMPs that are
exclusively produced by hemocytes [16]. On the one hand, the expression of ALFs early in development
could be the result of maternal transmission [16,22] but, on the other hand, those transcripts might
originate from other shrimp tissues. Interestingly, in different species, including L. vannamei, the
expression of ALFs from Groups C and F was mainly detected in other tissues (digestive system,
gills, eyestalk) than in the circulating hemocytes [17–19]. However, only the expression of ALFs from
Group B (ALFPm3 from P. monodon) was studied by immune staining [23]. More knowledge about
the precise sites of ALF production will contribute to understand the involvement of these AMPs in
shrimp epithelial defenses, especially those occurring in gills and intestines [15].

One important finding from this study concerns the differential gene expression pattern of shrimp
ALFs in response to various challenges. Indeed, the different ALF genes found across penaeids
showed to be responsive to various shrimp pathogens, from viruses to bacteria and filamentous
fungi [11,14,15,18]. Moreover, RNA interference (RNAi)-mediated gene silencing assays have
confirmed that ALFs are directly involved in shrimp survival to infectious diseases [18,24,25].
Additionally, our results provided new evidences for the role of ALFs in other biological processes.
Interestingly, while ALFs from Groups A, D and E were not regulated, the expression of the other ALF
genes was induced in response to tissue damage. Particularly, ALFs from Groups C and G were shown
to be responsive to a tissue homogenate prepared from shrimp muscle (injury control for the WSSV
infection), suggesting that they can be modulated by danger/damage-associated molecular patterns
(DAMPs). This nonspecific transcriptional response could be associated with additional biological roles
involving the promotion of wound healing and the rapid regeneration of tissues [20]. Additionally, we
showed that some ALFs are modulated in the shrimp gut in response to infections, suggesting that ALFs
can act as a first line of defense in tissues continuously exposed to microbe-rich environments [15,19].
Therefore, it is possible that those ALF variants have evolved novel functions associated with the
control of the intestinal microbiota. The shrimp intestinal microbiota is a complex and dynamic
community that is directly influenced by both biotic and abiotic factors [13], but probably it is also by
the constitutive expression of immune-related genes. In fact, RNAi experiments revealed that ALFs
from Groups B [18] and C [25] play an essential role in the control of the bacterial communities residing
in the hemolymph. However, more functional genomic studies are required to understand the role of
ALF in shrimp intestinal defenses.

Another relevant conclusion taken is that the antimicrobial activity of the functional domain of
ALFs (central β-hairpin) is associated with its primary sequence rather than to its charge. Despite
their differences in primary structure and biochemical features, the seven ALF groups shared a similar
tertiary structure. However, the residues involved in LPS binding are not conserved among the seven
groups, confirming the neo-functionalization hypothesis proposed by Rosa and colleagues [10]. Indeed,
LPS binding has been demonstrated for the limulus ALF sequence, which shares a common ancestor
with all shrimp ALFs. Taking into account previous studies [9–11,17] and the present results, shrimp
ALFs have proved to display a diverse spectrum of antimicrobial activity. While some members
exhibited a broad range of antimicrobial activity (Groups B and G), some others displayed limited
(Groups A, C and E) or very weak action (Groups D and F). One possible explanation is that the
effectiveness of the antimicrobial activity of each ALF group is directly proportional to the amount
of positively charged amino acids in its central β-hairpin structure [26]. However, we showed that
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the highly cationic central β-hairpin structure of Litvan ALF-F19-54 (pI = 9.24) was not active against
the microorganisms tested in this study. Likewise, synthetic β-hairpins of the FcALF1 (Group F) from
F. chinensis was also poorly active against both Gram-positive and Gram-negative bacteria [17]. Thus,
besides their overall net charge, other features may interfere directly on their biological activities.
Given these results, the determination of the amino acid residues involved in the interaction with other
microbial surface molecules (peptidoglycan, lipoteichoic acid, β-glucans, etc.) may provide valuable
information of the mechanism of action of ALFs against other microorganisms beyond Gram-negative
bacteria [7].

4. Materials and Methods

4.1. Database Searches and Phylogenetic Reconstructions

ALF sequences were methodically collected from publicly accessible databases and used for
the search of homologous sequences in both annotated and non-annotated databases. Only full-
length coding sequences were considered. Homology searches were performed using tBLASTx at
NCBI. Exon-intron boundaries were defined by alignment of the cDNA and genomic sequences.
All nucleotide sequences were manually inspected and analyzed using open-access bioinformatics
tools. Three-dimensional models for L. vannamei ALFs were built with SWISS-MODEL (https:
//swissmodel.expasy.org/) using ALFPm3 NMR resolution (PDB: 2JOB1) as a template. Deduced
amino acid sequences were aligned using MAFFT multiple alignment program (https://mafft.cbrc.
jp/alignment/server/). Bayesian phylogenetic analysis was conducted in MrBayes 3.1.2 (http:
//mrbayes.sourceforge.net/), using WAG + G as substitution model, with two runs of 107 generations,
sample rate of 1000 and burn-in of 25%. Neighbor-joining analysis was conducted in MEGA X [27].
Bootstrap sampling was reiterated 1000 times using a 50% bootstrap cutoff. Trees were drawn using
FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

4.2. Animals and Tissue Collection

Litopenaeus vannamei juveniles (10 ± 2 g) and at different development stages were obtained
from the Laboratory of Marine Shrimp (Federal University of Santa Catarina, Florianópolis,
Brazil). Each developmental stage was identified microscopically and collected as previously
described [16] while juveniles were acclimated in controlled conditions for at least one week before any
experimentation. Hemolymph was collected from the ventral sinus into a precooled modified Alsever
solution (27 mM sodium citrate, 336 mM NaCl, 115 mM glucose, 9 mM EDTA, pH 7.0) and hemocytes
were isolated by centrifugation. After hemolymph collection, the following tissues were harvested
by dissection: foregut, hepatopancreas, midgut, hindgut, muscle, gills and nerve cord. Tissues were
rinsed in Tris-saline solution (10 mM Tris, 330 mM NaCl, pH 7.4), homogenized in TRIzol reagent
(Thermo Scientific, Asheville, NC, USA) and processed for semiquantitative RT-PCR analysis.

4.3. Experimental Infections

Two unrelated shrimp pathogens were chosen for experimental infections, the Gram-negative Vibrio
harveyi and the White spot syndrome virus (WSSV). For the bacterial infection, 6 × 107 CFU/animal
of V. harveyi ATCC 14126 under 100 μL sterile seawater (SSW) or 100 μL SSW (injury control) were
injected. For the viral infection, shrimp were injected with 100 μL of a WSSV inoculum containing
3 × 102 viral particles. The WSSV inoculum was prepared from muscle tissues of WSSV-infected shrimp
as previously described [14]. Animals injected with 100 μL of a tissue homogenate prepared from
WSSV-free shrimp were used as injury control for the viral infection. At 48 h post-infections, hemocytes
were collected, pooled (three pools of five animals per condition) and processed for gene expression
analysis. Naïve (non-stimulated) animals were used as a control for all experimental conditions.
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4.4. Semiquantitative RT-PCR Analysis for Tissue Distribution of Gene Expression

Total RNA was extracted using TRIzol reagent (Thermo Scientific, Asheville, NC, USA) according
to the manufacturer’s protocol. RNA samples were treated with DNase I (Thermo Scientific) at 37 ◦C
for 15 min and precipitated with 0.3 M sodium acetate (pH 5.2) and isopropanol (1:1; v:v). RNA amount
and quality were assessed by spectrophotometric analysis and the integrity of total RNA was analyzed
by 0.8% agarose gel electrophoresis. First strand cDNA was synthesized from 1 μg of total RNA using
the RevertAid Reverse Transcription kit (Thermo Scientific, Asheville, NC, USA) and oligo(dT)12-18

primers. PCR reactions were carried out in a 15-μL reaction volume containing 1 μL cDNA, 2 mM
MgCl2, 0.4 mM dNTP Mix, 0.4 μM of each primer (Table 1) and 1 U Taq DNA Polymerase (Sinapse, São
Paulo, SP, Brazil). PCR conditions were as follows: 1 cycle of denaturation at 95 ◦C for 10 min followed
by 30–35 cycles of 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 s. PCR products were analyzed by
electrophoresis (1.5% agarose gel) and stained by ethidium bromide. The expression of the LvActin
gene was used as endogenous control.

Table 1. Nucleotide sequences of primers used in this study.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) Amplicon

LvActin 1 TAATCCACATCTGCTGGAAGGTGG TCACCAACTGGGATGACATGG 846 bp
LvActin 2 CCACGAGACCACCTACAAC AGCGAGGGCAGTGATTTC 142 bp
LvEF1α 2 TGGCTGTGAACAAGATGGACA TTGTAGCCCACCTTCTTGACG 103 bp
LvL40 2 GAGAATGTGAAGGCCAAGATC TCAGAGAGAGTGCGACCATC 104 bp

LvRpS6 2 AGCAGATACCCTTGGTGAAG GATGCAACCACGGACTGAC 193 bp
Litvan ALF-A 1,2 CTGATTGCTCTTGTGCCACG TGACCCATGAACTCCACCTC 113 bp
Litvan ALF-B 1,2 GTGTCTCCGTGTTGACAAGC ACAGCCCAACGATCTTGCTG 123 bp
Litvan ALF-C 1,2 ATGCGAGTGTCTGTCCTCAG TGAGTTTGTTCGCGATGGCC 115 bp
Litvan ALF-D 1,2 TGTGTTGGTTGTGGCACTGG CAACGAGGTCAATGTCACCG 131 bp
Litvan ALF-E 1,2 TGCTACGTGAATCGCAGTCC CGCTTCCTCTTCCGACAATG 100 bp
Litvan ALF-F 1,2 AAGCTCTCATTCCTGGTCGG GGGTGTAACGAAGTACGTGC 180 bp
Litvan ALF-G 1,2 CCGCTGCATGTCAAGTATCC TCAGCAGTAGCAGTGTCAGC 140 bp
1 Primers for semiquantitative analysis of gene expression (RT-PCR); 2 Primers for quantitative analysis of gene
expression (RT-qPCR).

4.5. Fluorescence-Based Reverse Transcription Real-Time Quantitative PCR (RT-qPCR)

RT-qPCR amplifications were performed in a final volume of 15 μL containing 0.3 μM of each
primer (Table 1), 7.5 μL of reaction mix (Maxima SYBR Green/ROX qPCR Master Mix 2×; Thermo
Scientific, Asheville, NC, USA) and 1 μL of cDNA. The RT-qPCR program was 95 ◦C for 10 min,
followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Melt curve analysis was performed to
evaluate primer specificity. The eukaryotic translation elongation factor 1-alpha (LvEF1α) and the
ribosomal protein LvL40 were used as reference genes of expression data in hemocytes. Relative
transcript levels were determined by the comparative standard curve method using a standard curve
derived from 2-fold dilution series of a cDNA pool of all samples. Differences we considered significant
at p < 0.05 (one-way ANOVA and Tukey’s multiple comparison test). Gene expression of ALFs during
shrimp development was assessed in twelve developmental stages as previously described [16].

4.6. Peptide Synthesis, Oxidation and Characterization

Synthetic peptides based on the central β-hairpin of ALF-E (Litvan ALF-E32-53:
GCYVNRSPYLKKFEVHYRADVKCG), ALF-F (Litvan ALF-F30-51: GCTYFVTPKVKSFELYFKGRMTCG)
and ALF-G (Litvan ALF-G34-55: GCSYSTRPYFLRWRLKFKSKVWCG) were obtained in a Liberty Blue
automated microwave peptide synthesizer (CEM Corp, Matthews, NC, USA) using Fmoc-protected
amino acids (Iris Biotech GmBH (Marktredwitz, Germany) and Rink Amide AM resin (loading:
0.6 meq/g). Fmoc deprotection was carried out with 20% v/v piperidine in DMF, couplings
were performed with DIC/OxymaPure activation (1/1 eq) and additional couplings with
TBTU/DIEA/OxymaPure activation (1/2/1 eq). Peptides were cleaved with TFA/TIS/DOT/H20
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(92.5/2.5/2.5/2.5) [trifluoroacetic acid/triisopropylsilane/2,2-(ethylenedioxy)-diethanethiol/ultrapure
water] and purified by RP-HPLC (JASCO Corp., Tokyo, Japan) on a XBridge™ BEH C18 column
(100 × 4.6 mm, 3.5 μm) (Waters Corp., Milford, MA, USA) with a 0–70% acetonitrile-water mixture
gradient over 30 min at a flow rate of 1 mL/min. Peptides were further lyophilized and analyzed by
MALDI-TOF mass spectrometry in a LCMS-2020 ESI-MS (Shimadzu Corp., Kyoto, Japan) to confirm
their molecular masses.

Then, peptides were oxidized as previously reported [28]. In brief, 5 mg of the crude peptide were
first reduced with 10% β-mercaptoethanol (95 ◦C for 5 min) then dissolved in 50% (v/v) AcOH/H2O
and later diluted in 32 mL of oxidation buffer (2 mM guanidinium chloride, 10% isopropyl alcohol
and 10% dimethyl sulfoxide). The pH was adjusted to 5.8 with ammonium hydroxide. The peptide
solution was subjected to air oxidation at room temperature for 18 h. The peptide solution was then
acidified to pH 2.5 and purified using a SPE C18 (Waters Corp., Milford, MA, USA). The peptides
were eluted with 5%, 20%, 40%, 60% and 80% acetonitrile in 0.05% TFA ultrapure water at a flow
rate of 1 mL/min. The fractions were collected, and the acetonitrile was evaporated on a Savant SPD
1010 SpeedVac Concentrator (Thermo Scientific, Asheville, NC, USA). The fractions were analyzed by
MALDI-TOF mass spectrometry.

4.7. Antibacterial and Antifungal Assays

The antimicrobial activity of synthetic peptides was assayed against the Gram-positive
bacteria Bacillus cereus ATCC 11778, Bacillus subtilis ATCC 6633, Brevibacterium stationis CIP 101282,
Microbacterium maritypicum CIP 105733, Micrococcus luteus CIP 5345 and Staphylococcus aureus ATCC
25932, the Gram-negative bacteria Aeromonas salmonicida ATCC 33658, Escherichia coli SBS363,
Pseudomonas aeruginosa ATCC 9027, Vibrio alginolyticus ATCC 17749, Vibrio anguillarum ATCC 19264,
Vibrio harveyi ATCC 14126 and Vibrio nigripulchritudo CIP103195, the yeast Candida albicans MDM8 and
the filamentous fungus Fusarium oxysporum.

Minimum inhibitory concentrations (MICs) were determined in duplicate by the liquid growth
inhibition assay, as previously described [29]. MIC values are expressed as the lowest concentration
tested that causes 100% growth inhibition. Poor Broth (PB: 1% peptone, 1% NaCl, pH 7.2) was used for
standard bacteria, while PB supplemented with 0.5 M NaCl (PB–NaCl) was used as a culture medium
for Vibrio strains. For B. stationis and M. maritypicum cultures, PB–NaCl medium was supplemented
with 20 mM KCl, 5 mM MgSO4 and 1.5 mM CaCl2. Potato dextrose broth (Kasvi, São José dos Pinhais,
PR, Brazil) at half strength was used for cultures of F. oxysporum while Sabouraud medium (1% peptone,
4% glucose, pH 5.6) was used for yeast cultures. The growth of bacteria and yeast was monitored
spectrophotometrically (λ = 595 nm), while F. oxysporum hyphae formation was observed in an inverted
microscope. After MIC determination, bacterial cultures were plated in nutrient agar for 24–48 h for
the determination of the bactericidal activity of the synthetic peptides.

5. Conclusions

In conclusion, the combination of our molecular, transcriptional and functional data revealed
that ALFs comprise the most diverse AMP family found in penaeid shrimp. We showed that they are
composed of seven members encoded by different genes that follow a diverse pattern of expression.
Our results also strongly suggest that the expansion and diversification of shrimp ALFs have shaped
novel functions for this AMP family beyond their primary antibacterial properties. Thus, ALFs
represent an attractive model to explore the impacts of the molecular diversity of immune-related genes
on host-microbe interactions. Finally, ALFs possess the broadest spectrum of antimicrobial activity
when compared to other shrimp AMPs. These bioactive peptides undoubtedly show biotechnological
potential for the development of novel antibiotics derived from AMPs, as well as for the development
of selective breeding programs.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/10/381/
s1. Table S1: Sequences and biochemical properties of ALFs from decapod crustaceans and marine chelicerates.
Figure S1: Amino acid sequence alignments of ALF-related sequences containing three and four cysteine residues.
The predicted signal peptides are in bold and underlined. Asterisks (*) mark the identical amino acid residues
while the cysteines are highlighted with a black background. GenBank accession numbers are indicated in brackets.
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Abstract: Angiotensin II (Ang II) is closely involved in endothelial injury during the development
of hypertension. In this study, the protective effects of the tilapia by-product oligopeptide
Leu-Ser-Gly-Tyr-Gly-Pro (LSGYGP) on oxidative stress and endothelial injury in Angiotensin II
(Ang II)-stimulated human umbilical vein endothelial cells (HUVEC) were evaluated. LSGYGP
dose-dependently suppressed the fluorescence intensities of nitric oxide (NO) and reactive oxygen
species (ROS), inhibited the nuclear factor-kappa B (NF-κB) pathway, and reduced inducible
nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and endothelin-1 (ET-1) expression, as
shown by western blot. In addition, it attenuated the expression of gamma-glutamyltransferase
(GGT) and heme oxygenase 1 (HO-1), as well as increasing superoxide dismutase (SOD) and
glutathione (GSH) expression through the nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway. Other experiments revealed that LSGYGP increased the apoptotic inhibition ratio
between cleaved-caspase-3/procaspase-3, reduced expressions of pro-apoptotic ratio between
Bcl-2/Bax, inhibited phosphorylation of mitogen-activated protein kinases (MAPK), and increased
phosphorylation of the serine/threonine kinase (Akt) pathway. Furthermore, LSGYGP significantly
decreased Ang II-induced DNA damage in a comet assay, and molecular docking results showed
that the steady interaction between LSGYGP with NF-κB may be attributed to hydrogen bonds.
These results suggest that this oligopeptide is effective in protecting against Ang II-induced HUVEC
injury through the reduction of oxidative stress and alleviating endothelial damage. Thus, it has the
potential for the therapeutic treatment of hypertension-associated diseases.

Keywords: tilapia; HUVEC; angiotensin II; NF-κB; Nrf2; endothelial dysfunction

1. Introduction

Endothelial dysfunction is regarded as a predictor of cardiovascular diseases (CVD) and long-term
clinical outcomes, such as heart disease, arteriosclerosis, stroke, kidney disease, and hypertension.
Hypertension is a CVD which results in high death rates; however, its pathogenesis and precise
mechanism, at present, remain unknown. There is a common perception that hypertension is connected
with vascular endothelial dysfunction caused by inflammation cytokines and oxidative stress in
vascular endothelial cells [1,2]. Research has shown that inflammatory stimulation in endothelial cells
could be induced by the extracellular stimulators angiotensin II (Ang II) [3], tumor necrosis factor-alpha
(TNF-α) [4], and lipopolysaccharide (LPS) [5] which may cause further vascular endothelial dysfunction.
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Ang II is a crucial active peptide produced in the renin–angiotensin system (RAS), which is responsible
for regulating downstream cellular factors and physiological responses and, also, directly induces
vascular injury through activating inflammation and oxidative stress [6]. Moreover, it has a dominant
position in the phase of vascular normal physiology and disease taking part in endothelial damage [7].
It has been reported that other vascular dysfunction-related factors, such as reactive oxygen species
(ROS), vasoconstrictor endothelin-1 (ET-1), and nitric oxide (NO), are induced by Ang II [8–10].

ROS is a vital bio-molecular factor, relevantly connected with the damage of endothelial
cells and endothelial dysfunction, which participate in the development of CVDs [11]. It
promotes the expression levels of anti-oxidant enzymes and inflammatory cytokines, including
gamma-glutamyltransferase (GGT), glutathione (GSH), nitric oxide synthase (iNOS), superoxide
dismutase (SOD), and cyclooxygenase-2 (COX-2) [12,13], resulting in the activation of the nuclear
factor-kappa B (NF-κB) pathway, further activating oxidative stress by the downstream nuclear
erythroid 2-related factor 2 (Nrf2) pathway [14,15]. Among these, the Nrf2 pathway, as a key controller
of the redox homeostasis gene regulatory network [16], has been shown to be the most critical pathway
against oxidative stress [17]. Heme oxygenase 1 (HO-1) functions as a downstream effector of the Nrf2
pathway and as vital antioxidant enzymes to suppress oxidative stress [18]. Moreover, under induction
of oxidative stress and nitric oxide, it is mainly regulated by the activation of Nrf-2 and MAPK/ERK
pathways in vascular and endothelial cells [19]. Furthermore, oxidative stress and inflammation
induced by Ang II causes endothelial damage and even cell death [7], which is relevant to classic
apoptotic pathways, including the Bcl-2 family (anti-apoptotic protein Bcl-2 and pro-apoptotic protein
Bax) and the serine/threonine kinase (Akt) pathway [20].

Recently, some studies have reported natural compounds which suppress Ang II-induced
hypertensive injury [3,6,21,22]; however, little is known about marine fish resources. A review [23]
summarized that marine resources broaden chemical space to be explored in the pharmaceutical
market. Especially with bioactive peptide, they linked antibody drugs and small molecules due
to the advantage that peptides possess the properties of antibodies and small molecules. Tilapia
(Oreochromis niloticus) plays an important role in aquaculture, expansion of its production in Asia and
Africa has increased, which is partially attributable to the high protein content. It’s reported that during
the process of tilapia filleting, other parts of the fish are wasted, for example, the frame and skin5 may
contain approximately 80% protein content, but are underutilized [24]. Gelatin peptides have been
widely used in food, cosmetics, and biomedical industries, due to their low molecular weight, high
absorption rate, and bioavailability, as well as their antioxidant and anti-hypertensive functional and
biological properties [25]. The oligopeptide Leu-Ser-Gly-Tyr-Gly-Pro (LSGYGP) has been purified
completely from tilapia skin gelatin hydrolysates, with molecular weight 592.26 Da [26]. According to
former studies, this oligopeptide has good antioxidant and anti-photoaging activities [27], but, to our
knowledge, the other activities of LSGYGP have not been reported. This study is aimed to investigate
whether it is able to protect against cardiovascular injury.

Endothelial cells are directly correlated prominent cells in CVD and, so, it is a good strategy
to prevent cardiovascular diseases by inhibiting the stimulation of activated endothelial cells in
order to improve excessive inflammatory response in diseases. Therefore, this study focuses on the
cytoprotective effects of LSGYGP on Ang II-induced human umbilical vein endothelial cells (HUVEC)
injury and the underlying mechanisms, including cytokine expressions of the Nrf2, NF-κB, MAPK,
and Akt pathways.

2. Results

2.1. Cytoprotective Effect of LSGYGP on Ang II-Stimulated HUVEC

The cytotoxic concentration (10, 20, 50, and 100 μM) of LSGYGP (Figure 1a) and the evaluation
of the protective effects of LSGYGP in Ang II-stimulated HUVEC were determined using an MTT
assay. As shown in Figure 1b, at the concentrations tested (10–100 μM), LSGYGP did not affect cell
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viability, and LSGYGP treatment showed a cytoprotective effect on Ang II-stimulated HUVEC in a
dose-dependent manner (Figure 1c).

 

(a) 

(b) (c) 

Figure 1. (a) Structure of Leu-Ser-Gly-Tyr-Gly-Pro (LSGYGP). Effect of LSGYGP on the viability of
human umbilical vein endothelial cells (HUVEC). (b) and protective effect of LSGYGP on the viability
of Ang II-treated HUVEC. (c) Cells were exposed to varying concentrations (10, 20, 50, and 100 μM) of
LSGYGP and the cell viability was assessed by MTT assay. # p < 0.001, compared with blank group
(untreated cells); * p < 0.05, ** p < 0.01, compared with control group (Ang II-treated cells).

2.2. LSGYGP against NO and ROS Production

As Figure 2a shows, the Ang II group had an obvious effect on NO and ROS levels, as compared
to the untreated control. Remarkably, 10 μM treatment with LSGYGP decreased the Ang II-induced
increase in NO and ROS generation. LSGYGP significantly attenuates NO and ROS production in a
dose-dependent manner.

 

(a) (b) 

Figure 2. (a) Representative 3-amino,4-aminomethyl-2′,7′-difluorescein diacetate (DAF-FM DA)
fluorescent images and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent images of
LSGYGP in HUVEC. Mean optical density analysis of cellular DAF-FM DA staining (green fluorescence;
an indicator of production of NO) and mean optical density analysis of cellular DCFH-DA staining
(green fluorescence; an indicator of production of ROS). (b) Mean optical density analysis of fluorescent
images. # p < 0.001, compared with blank group (untreated cells); *** p < 0.001, compared with control
group (Ang II-treated cells).
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2.3. Effect of LSGYGP on the Nrf2 Pathway

Nrf2 is a major signaling pathway in oxidative stress reactions. As shown in Figure 3, reduction
of SOD, GSH, Nrf2, and HO-1 proteins were discovered in the Ang II-induced HUVEC treatment
group; however, a significant restoration was shown when treated with LSGYGP. Compared to the
untreated control, Ang II treatment resulted in a significant augmentation of GGT. However, treatment
with 50 μM LSGYGP diminished the Ang II-induced increase in GGT expression level. These findings
indicate that LSGYGP increased antioxidant enzymes and inhibited the Nrf2 pathway.

 

 

(a) (b) 

Figure 3. Effects of LSGYGP on the expression of superoxide dismutase (SOD),
gamma-glutamyltransferase (GGT), glutathione (GSH), and nuclear erythroid 2-related factor 2
(Nrf2) pathway in HUVEC (a,b). Protein expression was by western blot, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was as control. # p < 0.001, compared with blank group (untreated cells);
* p < 0.05, *** p < 0.001, compared with control group (Ang II-treated cells).

2.4. Effect of LSGYGP on MAPK Pathway

Western blot was used to detect phosphorylation of JNK, ERK, and p38. Moreover, Ang II markedly
increased protein expression of phosphorylated p38, JNK, and ERK, as compared to the non-Ang
II-treated control. However, the above changes were both markedly reversed by 100 μM treatment
with LSGYGP (Figure 4b). The above results indicate that, while Ang II markedly activates endothelial
oxidative stress, LSGYGP treatment may attenuate this oxidative damage through MAPK pathways.
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(a) (b) 

Figure 4. (a) HUVEC were exposed to different concentrations (10, 50, and 100 μM) of LSGYGP
with 1 μM Ang II to stimulated mitogen-activated protein kinases (MAPK) phosphorylation in cells.
(b) Equal amounts of protein were loaded in each lane. # indicate significantly compared with untreated
cells; # p < 0.001, compared with blank group (untreated cells); * p < 0.05, *** p < 0.001, compared with
control group (Ang II-treated cells).

2.5. Effect of LSGYGP on Inflammatory Factor and NF-κB Pathway

As LSGYGP could down-regulate NO production (as per the above summarized results), western
blot was used to analyze whether LSGYGP decreased NO expression through iNOS down-regulation
(Figure 5a). As shown in Figure 5b, the reduction level of iNOS was consistent with the result of
NO production measured in LSGYGP treatment. Furthermore, COX-2 and ET-1 levels were also
investigated. As depicted in Figure 5b, expression of COX-2 and ET-1 mainly increased after exposure
to Ang II, but treatment of 10 μM LSGYGP markedly blocked the Ang II induced changes. Moreover,
the results revealed that LSGYGP may inhibit expression and translocation of NF-κB p65 by suppressing
the phosphorylation of IκBα.

Immunocytochemistry and electrophoretic mobility shift assay (EMSA) were applied to further
investigate the translocation of NF-κB p65 in Ang II-stimulated HUVEC. Observing images in Figure 5c,
the NF-κB p65 sub-unit was transported to the nucleus after Ang II stimulation, as indicated by the
NF-κB p65 protein level in the western blot test. Employing image analysis, treatment with Ang
II presented a significant increase in the DNA-binding activity of NF-κB, whereas treatment with
LSGYGP significantly reduced the Ang II-induced DNA-binding activity of NF-κB (Figure 5d,e), this
revealed that p65 might enter the nucleus based on DNA-binding activity.

With the above results, we can identify that Ang II treatment activated endothelial oxidative stress
and may cause inflammatory injury, which caused the expression of the relative inflammatory factors
and translocation of the NF-κB pathway.
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(a) (b) 

 

(c) (d) 

 
(e) 

Figure 5. Effects of LSGYGP on the expression of iNOS, COX-2, NF-κB p65, and IκBα in HUVEC (a,b).
Protein expression was by western blot, GAPDH, NF-κB p65, and IκBαwere as control, respectively.
(c) The effect of LSGYGP on translocation of NF-κB p65 in HUVEC. Cells were pre-treated with LSGYGP
(10 and 100 μM) and subsequently treated with Ang II (1 μM) for 24 h. Nucleus was stained with DAPI
and NF-κB p65 was immunostained with p65 antibody. (d,e) LSGYGP suppressed the NF-κB activity
inside the nucleus of NF-κB in Ang II-stimulated HUVEC. Electrophoretic mobility shift assay (EMSA)
was performed to determine the NF-κB activity in nuclear reaction by using DNA probe specific to
NF-κB p65. # p < 0.001, compared with blank group (untreated cells); ** p < 0.01, *** p < 0.001, compared
with control group (Ang II-treated cells).

2.6. Effect of LSGYGP on the Akt Pathway

Figure 6 shows a marked augmentation of the expression of Bax and cleaved-caspase-3 (c-caspase-3)
and down-regulation of the proliferation-related p-Akt and anti-apoptosis protein Bcl-2 in the Ang
II-stimulated group. These results were both reversed by LSGYGP treatment in a dose-dependent
manner. The expression of procaspase-3 did not change in any treatment. The effects of LSGYGP on
the Bcl-2 family and Akt pathway could explain its vascular-protective effects on endothelial injury.
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(a) (b) 

Figure 6. (a) The expressions of Bax, Bcl-2, procaspase-3, caspase-3 (p20), and phosphorylation
of Akt in HUVEC. GAPDH was used as an internal control. (b) The ratios of Bcl-2/Bax and
cleaved-caspase-3/procaspase-3 were calculated. # p < 0.001, compared with blank group (untreated
cells); ** p < 0.01, *** p < 0.001, compared with control group (Ang II-treated cells).

2.7. DNA Damage in Comet Assay

In Figure 7a, no visible comets were observed in normal cells. Ang II treatment produced
significantly long “comet tails”, while 10 μM LSGYGP treatment significantly reduced the comet tail
induced by Ang II; the lengths of the comet tails decreased in a dose-dependent manner with LSGYGP
treatment (Figure 7b). The above results suggested that Ang II treatment may cause inflammatory
injury, which further results in the expression of the relative apoptosis factor and reduction of p-Akt;
possibly even DNA damage. LSGYGP reversed these phenomena in a vascular-protective role.

 
(a) (b) 

Figure 7. (a) Comet assay of HUVEC: (A) cells without treatment (the blank group); (B) cells exposed to
1 μM Ang II (the control group); (C, D, E, and F) cells pretreated with LSGYGP (10, 20, 50, and 100 μM,
respectively) prior to treatment with 1 μM Ang II, all both followed by staining with DAPI. Images
were obtained using an inverted fluorescence microscope with blue fluorescence (magnification: 10×).
(b) Tail lengths of the comets were analyzed. # p < 0.001, compared with blank group (untreated cells);
*** p < 0.001, compared with control group (Ang II-treated cells).

2.8. Docking Results of LSGYGP with NF-κB

Molecular docking results revealed that LSGYGP connected with NF-κB in a steady interaction
(Figure 8a). The CDOCKER results of the NF-κB–LSGYGP combination can evaluate the rationality of
side-chain backbone interactions (−5.557 kcal/mol), which is shown at 2.0 Å resolution in Figure 8b
(as can be seen, the first way is the best). LSGYGP generated 10 hydrogen bonds, with bond lengths
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of 5.42 Å, 6.41 Å, 4.83 Å, 5.35 Å, 4.74 Å, 4.61 Å, 3.57 Å, 5.24 Å, 5.81 Å, and 5.46 Å with Lys79, Lys79,
Gln220, Gln29, Gln29, Met279, Glu282, Lys221, Lys221, and Lys221, respectively, in Table 1.

 
(a) (b) 

Figure 8. General and local overview poses of the best interaction poses after automated docking of
peptide-NF-κB p65 active site (a), amino acids of LSGYGP involved in hydrogen bonds are represented
by thin sticks; (b) Bi-dimensional (2D) diagrams of predicted interactions between ligand and NF-κB
p65 amino acid residues. LSGYGP is draw by gray lines, and hydrogen bonds of them shown with
green dashed lines.

Table 1. LSGYGP contacts with NF-κB (PDB: 1IKN).

Number Interacting Atoms Distance (Å) Interaction Force

1
Lys79

5.42

Conventional Hydrogen
Bond

2 6.11

3 Gln220 4.83

4
Gln29

5.35

5 4.74

6 Met279 4.61

7 Glu282 3.57

8

Lys221

5.24

9 5.81

10 5.46

3. Discussion

Recently, the evidence from a great amount of research supports the idea that chronic vascular
disease, such as atherosclerosis, hypertension, stroke, and so on, may be attributed to specific endothelial
dysfunction for oxidative stress and inflammatory response [28,29]. Endothelial dysfunction of
oxidative stress possesses a critical role in CVD, with an increasing amount of evidence [30]. Especially
cumulating in the vascular endothelium, Ang II levels are frequently elevated at the initiation and in the
progression of hypertension, upon which certain endotheliocytes undergo oxidative stress, which gives
rise to endothelial dysfunction [31]. Some studies have provided evidence that endothelial oxidative
stress promotes vascular cell apoptosis and increases inflammatory cytokine expression, causing the
failure, relaxation, or dilation of arteries, leading to increased tension of the arterial wall [32], which
may cause the progression of hypertension. Our study conducted a series of experiments to verify this
theory and found that the tilapia by-product peptide LSGYGP can play a protective role and reverse
these phenomena.
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The ROS we discovered in Ang II-induced HUVEC is a common mediator of endothelial
dysfunction and vascular inflammation in the cardiovascular system [33]. According to
former studies, Ang II may result in ROS formation by activating nicotinamide adenine
dinucleotide/triphosphopyridine nucleotide (NADH/NADPH) oxidases [31,34–36], and the result of
ROS fluorescence of our study gave the same result (Figure 2). On one hand, the augmentation of
ROS in oxidative stress, with the ability to stimulate the expression of pro-inflammatory factors [37],
may further lead to endothelial dysfunction, lipid oxidation, and inflammatory responses [38]. The
imbalance between NO with ET-1 is usually regarded as a predictor of hypertension. NO, as a
vasoactive substance, might decrease endothelial cell activation through the mechanism of reducing
NF-κB activation [39]. From the fluorescence results, it was clearly verified that LSGYGP reduced the
Ang II-stimulated levels of NO production. Similarly, the Ang II-stimulated production of ROS was
reduced by LSGYGP, as shown by the DCF fluorescence intensity in Figure 2. It has been reported
that a great mass of inhibitors of NF-κB activation work by suppressing IκBα phosphorylation and
degradation [40]. The results, in terms of the NF-κB pathway, detected phosphorylation of NF-κB
in accordance with the above theory. Subsequently, LSGYGP treatment reduced this DNA-binding
activity of NF-κB in a dose-dependent manner (Figure 5d).

On the other hand, oxidative stress could activate Nrf2, which is present in low levels under
normal conditions, into the cell nucleus. HO-1 expression is regulated by Nrf2 levels, which leads
to LSGYGP dose-dependently protecting from oxidative stress injury in vitro. Therefore, further
study is needed on the effect of LSGYGP on the Ang II-mediated Nrf2 pathway and observing its
relative protein expression. It has been shown that Nrf2, with stimuli, up-regulated the transcription
of antioxidant enzymes [41]; the result of SOD in LSGYGP treatment in our study reversed it (Figure 3).
Several studies have reported that Ang II activates the family JNK, ERK, and p38 of MAPK, which
can result in the activation of NF-κB by phosphorylation and degradation of IκBα [42,43]. We found
that LSGYGP had the ability to evidently decrease the pro-inflammatory factors iNOS and COX-2,
suppress NF-κB phosphorylation and translocation, suppress MAPK phosphorylation, and suppress
the relative protein expression in the Nrf2 pathway in Ang II-mediated HUVEC (Figures 3–5), which
presented the same protective effects as Tao’s osthole [6]. All in all, these results verify the theory that
Ang II-induces ROS production and the NF-κB pathway, and thus activates the subsequent oxidative
stress pathways, which both give rise to vascular endothelial injury, leading to endothelial dysfunction
and, subsequently, CVD [44].

Yusuke et al. [45] suggested that the Ang II acts in a wide pathway-inhibitive role mechanism,
which may be partly traced back to “intra-cellular cross talk” between Ang II and other inflammatory
second mediators (NO, ET-1, iNOS, and COX-2) through transcription factor activation (e.g., NF-κB
and Nrf2). In our study, LSGYGP suppressed those pathways by mediation of Ang II; we go deeper into
the potential mechanisms of this result next. The results of this study suggest the restored expression
of the proliferation-associated proteins p-Akt and Bcl-2 after LSGYGP treatment, as well as a marked
down-regulation of caspase-3 and Bax (as observed in Figure 6), which is consistent with Shan [46].
The results of investigating the Akt pathway and the comet assay (Figure 7) suggest that oxidative
stress further results in endothelial damage, and even cell death, to some degree.

The molecular docking results indicate that LSGYGP could interact with NF-κB, as a stable
complex, by hydrogen bonds. A binding energy value of −5.557 kcal/mol in the optimal spatial
structure (Figure 8a) was shown by the presence of the hydrogen bond, such that LSGYGP has a
strong affinity toward NF-κB. Hydrophobic interactions have been regarded as the most important
non-covalent force in the literature, and have been shown to be responsible for multiple phenomena,
including the binding of enzymes to substrates, folding of proteins, and structure stabilization of
proteins [47]. In the LSGYGP–NF-κB interaction, most of the amino acid interactions are attributed
to the hydrophobic amino acids of LSGYGP. It is the amino acids Leu and Pro of LSGYGP that
may contribute to the exhibition of inhibitory activity in Figure 8b, with the strong binding effect of
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hydrophobic interaction improving the binding affinity between NF-κB and LSGYGP. These docking
studies imply that LSGYGP alleviates oxidative stress through inhibiting the activation of NF-κB.

This study has firstly reported that LSGYGP acts in a cytoprotective role against Ang II-induced
oxidative stress and inflammation. LSGYGP altered the related protein expressions of the NF-κB/Nrf2
signaling pathways and reversed Ang II-induced cell endothelial injury for the first time. The
entire signaling pathway of this study is shown in Figure 9. Considering all of the results, we
may conclude that LSGYGP effectively attenuated Ang II-stimulated cellular injury by activation
of the NF-κB/Nrf2/MAPK/Akt pathways, at both the cellular and molecular levels. This study
has also illustrated that Ang II, through oxidative stress, inflammation, and apoptosis pathways,
could contribute to injury events in endothelial dysfunction, especially in terms of hypertension and
atherosclerosis, but future studies are still necessary to determine the specific receptors involved. Future
research should further discuss and confirm that how Ang II to binds the angiotensin type 1-receptor
(AT1R) and activates membrane-bound NAD(P)H oxidase for the formation of ROS; how oligopeptide
LSGYGP to binds with AT1R through determinate the location for GABARAP. Besides, bioavailability
and transport mechanisms of oligopeptide are remains to research for following bioactivity design and
application of peptide drugs, these are the key concerns attempted to overcome by using different
design strategies in the future.

Figure 9. Summary diagram of signaling pathway of this study.

4. Materials and Methods

4.1. Materials

Ang II, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), Dimethyl sulfoxide (DMSO), and
4′,6-diamidino-2-phenylindole (DAPI) were provided by Sigma-Aldrich (St. Louis, MO, USA).
LSGYGP was ordered from Hangzhou Dangang Biotechnology Co., Ltd. (Hangzhou, China) with
99.8% purity. The BCA protein assay kit was provided by Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). The following antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA): Mouse polyclonal antibodies, including iNOS (sc-7271), COX-2 (sc-19999), SOD (sc-271014),
GGT (sc-100746), GSH (sc-71155), Nrf2 (sc-365949), Keap1 (sc-365626), HO-1 (sc-136960), NF-κB
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p65 (sc-8008), NF-κB p-p65 (sc-136548), IκB-α (sc-1643), p-IκB-α (sc-8404), p-p38 (sc-166182), p-ERK
(sc-81492), JNK (sc-7345), p-JNK (sc-6254), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(sc-47724); rabbit polyclonal antibodies (ERK, sc-94; p38, sc-535); secondary antibodies, such as
goat anti-mouse IgG-HRP (sc-2005) and goat anti-rabbit IgG-HRP (sc-2004). Green fluorescence
secondary antibody (Dylight 488, A23220) was acquired from Abbkine (Redlands, CA, USA).
3-amino,4-aminomethyl-2′,7′-difluorescein diacetate (DAF-FM DA) and a chemiluminescent EMSA
Kit were purchased from Beyotime Biotechnology (Shanghai, China). All other unmentioned reagents
were of analysis grade.

4.2. Cell Culture

Human umbilical vein cells (HUVEC) were obtained from Bena Culture Collection Co., Ltd.
(Beijing, China) and grown in Dulbecco’s modified Eagle’s medium (DMEM): 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin in 5% CO2 at 37 ◦C.

4.3. Cell Viability Assay

Cytotoxicity was evaluated by MTT assay. The HUVEC were seeded in 96-well plates
(1 × 104 cells/well), pre-treated with LSGYGP (10, 20, 50, and 100 μM; 1 h) and, afterwards, by
Ang II (1 μM; 24 h). After removing the cell culture, MTT solution (1 mg/mL; 100 μL) was added to
each well for 4 h. Finally, the supernatants were removed and 100 μL DMSO was added to dissolve the
formazan crystal. Absorbance at 540 nm was measured with a microplate reader (BioTek, Winooski,
VT, USA).

4.4. Determination of NO and ROS

Productions of NO and intracellular ROS were assessed by measuring the fluorescence intensities
of DAF-FM DA and DCFH-DA, respectively. Briefly, the cells were seeded in a 24-well plate
(1 × 104 cells/well), pre-treated with LSGYGP (10, 50, and 100 μM; 1 h), and then incubated with Ang II
(1 μM; 24 h). The cells were washed in phosphate buffered saline (PBS) three times, subsequently being
loaded with fluorochrome (5 μM DAF-FM DA, 20 min; 10 μM DCFH-DA, 30 min) at 37 ◦C in a CO2

incubator. After being rinsed again, productions of NO and ROS were observed with a fluorescence
microscope (Olympus, Tokyo, Japan).

4.5. Western Blot

The HUVEC were cultured in 6-well plates (5 × 106 cells/well). The cells were pre-treated with
LSGYGP (10, 50, and 100 μM) for 1 h and subsequently treated with Ang II (1 μM) for 24 h. After
treatment, the cells were washed with pre-cooled PBS, harvested by scraping, and lysed using lysis
buffer on ice for 30 min. After centrifugation for 10 min at 12,000× g, the supernatants were collected
to determine protein concentration using the Pierce BCA Protein Assay Kit. Equal amounts of protein
(20–40 μg) were heated with pre-stained markers at 95 ◦C for 10 min, then were electrophoretically
examined using a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then
transferred onto nitrocellulose (NC) filter membranes (Amersham, USA). Non-specific binding sites
were blocked with 5% skim milk in Tris-buffered saline Tween-20 (TBST) at room temperature for
3 h, and then incubated overnight at 4 ◦C with primary antibody (1:500). After being washed with
TBST (4 times, 10 min/time), the membranes, following used secondary antibody (1:5000), were
treated with horseradish peroxidase (HRP). Blotted antibody signals were detected with an enhanced
chemiluminescence (ECL) system (Syngene, Cambridge, UK).

4.6. Immunocytochemistry

The HUVEC were seeded in 24-well plates (5 × 104 cells/well) in advance, treated as described
above, and were then harvested. After washing thrice with PBS buffer, the cells were fixed in phosphate
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buffer solution contained 4% paraformaldehyde (4 ◦C, 20 min). Then, permeabilization was carried
out by using 0.2% Triton X-100 in PBS followed by incubation (4 ◦C, 10 min). Cells were then blocked
with 5% bovine serum albumin (BSA) in PBS, removed and directly incubated overnight at 4 ◦C with
anti-p65 antibody (1:100). After removing the primary antibody, the cells were washed again and
incubated, in the dark and at room temperature for 3 h, with the corresponding Goat Anti-Rabbit
IgG secondary antibody (1:500; Abbkine, CA, USA). Finally, the nuclei were stained using DAPI
(100 ng/mL) for 5 min. The images were then observed under an inverted fluorescence microscope
(Olympus, Tokyo, Japan).

4.7. EMSA Assay

The HUVEC were cultured in 6-well plates (1 × 106 cells/well), treated as described above, and
were then harvested. Nuclear extracts were collected, according to the manufacturer’s instructions of
the Nuclear and Cytoplasmic Extraction Kit from Beyotime Biotechnology (Shanghai, China). Protein
concentration was determined using the Pierce BCA Protein Assay Kit. The NF-kB probe was 5′-AGT
TGA GGG GAC TTT CCC AGG C-3′ which reacted with 5 μg nuclear protein. The mixture was then
electrophoretically separated on a 6.5% polyacrylamide gel in 0.5X Tris-borate buffer (100 V; 1 h) and
transferred onto positive-charge nylon membranes with 0.5 × TBE running buffer for 50 min at 300 mA.
The membrane was cross-linked for 15 min under UV light, blocked with blocking solution containing
streptavidin-HRP conjugate, and finally visualized using Chemiluminescent EMSA Kit, according to
the manufacturer’s instructions.

4.8. Comet Assay

The comet assay was performed as described previously [48] to evaluate DNA strand breakdown.
Cells were treated as described above and then suspended in PBS (1 × 105 cells/mL). Briefly, 1% low
melting point agarose (LMA, 80 μL) was added to the cells (200 cells/μL, 20 μL), which were then
put on a slide pre-coated with 0.8% normal agarose (NMA, 100 μL) dissolved in PBS, and covered
immediately with a coverslip (4 ◦C, 15 min). After solidification, the coverslip was cautiously removed.
The cells were lysed in a pre-chilled lysis solution containing 2.5 M NaCl, 100 mM Na2EDTA, 10 mM
Tris, 200 mM NaOH, 1% sodium lauroyl sarcosinate, and 1% Triton X-100 at pH 10 (4 ◦C; 90 min). The
slides were placed in an electrophoresis chamber with an alkaline electrophoresis solution (200 mM
NaOH and 1 mM Na2EDTA, pH > 13) for unwinding and expression of alkali-labile sites (30 min) and
were subsequently electrophoresed (25 V and 300 mA, 20 min) with aim to draw the negatively charged
DNA toward the anode. After neutralization, the cells were stained with DAPI (50 μg/mL, 20 μL) in the
dark for 5 min. They were then observed under an invert fluorescence microscope (Olympus, Tokyo,
Japan) the DNA damage (average tail length) was quantified using the CASP software to analyze the
comet images.

4.9. Molecular Docking

The structure of LSGYGP was drawn using the Chemdraw software (Chemdraw, PerkinElmer
Informatics, Boston, MA, USA). The three-dimensional (3D) crystal structure of NF-κB (PDB: 1IKN)
was downloaded from the Protein Data Bank (PDB) (http://www.rcsb.org/pdb/). The CDOCKER
algorithm in the Discovery Studio (DS) 3.5 software (Accelrys Software Inc., San Diego, CA, USA) was
used to simulate the protein–ligand interaction. The high-molecular dynamics method was utilized to
randomly search for small molecule (LSGYGP) conformations, and simulated annealing was used to
optimize each conformation of the active site of the receptor (NF-κB).
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4.10. Statistical Analysis

All analyses were carried out on triplicate samples. The GraphPad Prism 5.0 software (GraphPad
Prism Software Inc., La Jolla, CA, USA) was used for the statistical analysis. Multiple-group
comparisons were evaluated by one-way ANOVA, accompanied by Dunnett’s multiple comparison
test for group comparison.

5. Conclusions

In conclusion, Ang II is a well-known powerful inducer of oxidative stress and inflammatory
responses in cardiovascular tissues, resulting in atherosclerosis and hypertension. LSGYGP inhibited
Ang II-stimulated oxidative stress and vascular endothelial dysfunction; down-regulated iNOS
and COX-2 by suppressing the NF-κB pathway; up-regulated SOD and GSH by suppressing
the phosphorylation of MAPK; and up-regulated HO-1 by the Nrf2 pathway. Simultaneously,
down-regulation of the production of NO and ROS by LSGYGP was involved in the protective process,
which could help to protect vascular function. Docking results suggest that LSGYGP may steadily
connect with NF-κB by hydrogen bond interactions. This study revealed that LSGYGP has protective
effects against the inflammation, oxidant stress, and apoptosis induced by Ang II in HUVEC, which
may provide one of the underlying mechanisms for the treatment of Ang II-stimulated endothelial
dysfunction and, thus, has potential for application in curing hypertensive disorders.
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Abstract: The peptide QAGLSPVR, which features high angiotensin-I-converting enzyme (ACE)
inhibitory activity, was identified in our previous study. In this study, the in vivo antihypertensive
effect of QAGLSPVR was evaluated. Results showed that QAGLSPVR exerts a clear antihypertensive
effect on spontaneously hypertensive rats (SHRs), and the systolic and diastolic blood pressures of the
rats remarkably decreased by 41.86 and 40.40 mm Hg, respectively, 3 h after peptide administration.
The serum ACE activities of SHRs were determined at different times, and QAGLSPVR was found to
decrease ACE activities in serum; specifically, minimal ACE activity was found 3 h after administration.
QAGLSPVR could be completely absorbed by the Caco-2 cell monolayer, and its transport percentage
was 3.5% after 2 h. The transport route results of QAGLSPVR showed that Gly-Sar and wortmannin
exert minimal effects on the transport percentage of the peptide (p> 0.05), thus indicating that
QAGLSPVR transport through the Caco-2 cell monolayer is not mediated by peptide transporter 1
or transcytosis. By contrast, cytochalasin D significantly increased QAGLSPVR transport (p< 0.05);
thus, QAGLSPVR may be transported through the Caco-2 cell monolayer via the paracellular pathway.

Keywords: QAGLSPVR; antihypertensive effect; Caco-2 cell monolayer; transport routes

1. Introduction

Hypertension is considered a public cardiovascular disease and an important risk factor of
myocardial infarction, cerebral infarction, and renal failure. Angiotensin I-converting enzyme (ACE)
plays a key role in controlling hypertension. ACE inhibition is an important method often used to treat
high blood pressure [1]. Previous studies show that many peptides from food materials have ACE
inhibitory (ACEI) activity and decrease blood pressure [2,3]. This function of peptides has received
considerable research attention.

Previous studies showed some bioactive peptides existed good antihypertensive activity
in vivo [4,5]. Bioactive peptides with high ACEI activities in vitro can exert antihypertensive activity
in vivo when they are absorbed intact in the target organ through the intestinal tract [6]. Although some
peptides have in vitro ACEI activity, no antihypertensive activity in spontaneously hypertensive
rats (SHRs) has yet been observed after oral administration in vivo. Thus, theACEI activities of
peptides may be affected by the absorption and metabolismin vivo [7]. Caco-2 cells are human colon
adenocarcinoma cell clones. The structures and functions of Caco-2 cells are similar to those of
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differentiated intestinal epithelial cells [8]. Therefore, a Caco-2 cell monolayer model is often used in
simulated intestinal transport experiments in vitro. Previous studies have studied the transepithelial
transports of antihypertensive peptides by Caco-2 cell monolayer model [8,9].

In our previous studies, enzymatic hydrolysates of tilapia skin gelatin were obtained using
simulated gastrointestinal digestion. The hydrolysates were isolated and purified, and QAGLSPVR
was obtained by successive chromatography of the gelatin hydrolysates [10]. The molecular weight of
QAGLSPVR is 826.4661 Da, and its IC50 of ACEI activity is 68.35 μM [10]. The present study aims to
confirm the in vivo antihypertensive effect of QAGLSPVR by using the SHR model. The transepithelial
transport of QAGLSPVR was evaluated according to the Caco-2 cell monolayer model via an
ultra-performance liquid chromatograph coupled to a Q Exactive hybrid quadrupole-orbitrap mass
spectrometer (UPLC-Q-Orbitrap-MS2). Finally, the transport routes of QAGLSPVR in the Caco-2 cell
monolayer were analyzed.

2. Results

2.1. Changes in Blood Pressure over Time

As shown in Figure 1A,B, the systolic (SBP) and diastolic (DBP) blood pressure of SHRs obviously
decreased after a single treatment of oral QAGLSPVR. The SBP and DBP obtained were lowest 3 h
after QAGLSPVR administration. Compared with those of the control group, the SBP and DBP of the
QAGLSPVR- treated group significantly decreased by 41.86 and 40.40 mm Hg (p <0.05), respectively,
3 h after administration. Similar results were found in the group of SHRs receiving 10 mg/kg body
weight (BW) captopril serving as positive control.

ACE activities in the serum of SHRs were determined after a single oral administration of
20 mg/kg BW QAGLSPVR. As shown in Figure 1C, serum ACE activities in the QAGLSPVR group
significantly decreased3 h after administration (p < 0.05) compared with those of the control group.
Thereafter, serum ACE activities increased with time. This trend is consistent with the change in blood
pressure of SHRs.

(A) 

Figure 1. Cont.
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(B) 

(C) 

Figure 1. In vivo effects of 20 mg/kg BW QAGLSPVR and 10 mg/kg BW captopril on spontaneously
hypertensive rats, (A): systolic blood pressure (SBP), different capital letters indicated significant
differences for QAGLSPVR with different times and different lowercase letters indicated significant
differences for captopril with different times; (B): diastolic blood pressure (DBP), different capital
letters indicated significant differences for QAGLSPVR with different times and different lowercase
letters indicated significant differences for captopril with different times; (C): ACE activity in serum,
different letters indicated significant differences for QAGLSPVR with different times (p < 0.05).

2.2. Transport through the Caco-2 Cell Monolayer

QAGLSPVR transport was analyzed using the Caco-2 cell monolayer model. Qualitative and
quantitative analyses of QAGLSPVR were performed using UPLC-Q-Orbitrap-MS2. Figure 2A,B
respectively show the total and extract ion chromatograms of QAGLSPVR in the apical chamber (AP)
of the Caco-2 cell monolayer. Figure 2C,D respectively show the total and extract ion chromatograms
of QAGLSPVR in the basal chamber (BL). QAGLSPVR identification was conducted using De Novo™
software (Peak Studio 7.5, Bioinformatics Solutions, Inc., Waterloo, ON. Canada) (Figure 2E).

As shown in Figure 3A, QAGLSPVR transport was determined at different times. QAGLSPVR
could be transported intact by the Caco-2 cell monolayer, and the transport percentage increased over
time. The QAGLSPVR transport percentage was 3.5% 2 h after administration.
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Figure 2. The chromatograms of QAGLSPVR as detected by UPLC-Q-Orbitrap-MS2, (A): Total ion
chromatograms of apical chamber; (B): Extract ion chromatograms of QAGLSPVR in apical chamber;
(C): Total ion chromatograms of basal chamber, (D): Extract ion chromatograms of QAGLSPVR in basal
chamberand; (E): Identification of QAGLSPVR by De Novo™ software.

Figure 3. Transepithelial transport of QAGLSPVR in presence of inhibitory/disruptors for different transportation
routes by Caco-2 cell monolayer, (A): Transport percentage of QAGLSPVR at different times, (B): Transport
percentage of QAGLSPVR in different routes. Different letters indicated significant differences (p< 0.05).
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Figure 3B shows the transport routes of QAGLSPVR in the Caco-2 cell monolayer. Gly-Sar had no
significant effect on QAGLSPVR transport (p > 0.05), which means QAGLSPVR transport through
the Caco-2 cell monolayer is not mediated by peptide transporter 1 (PepT1). Wortmannin did not
significantly affect QAGLSPVR transport (p > 0.05), which means QAGLSPVR transport through the
Caco-2 cell monolayer is not mediated by transcytosis. Finally, cytochalasin D significantly increased
QAGLSPVR transport (p < 0.05) through the cell monolayer, thus indicating that QAGLSPVR may be
transported via the paracellular pathway.

3. Discussion

In our previous study, QAGLSPVR was separated and identified from tilapia skin gelatin
hydrolysates, and its IC50 for ACEI activity in vitro was found to be 68.35 μM [10]. Bioactive peptides
are exposed through systemic circulation in human tissues [11]. Unfortunately, bioactive peptides
may be hydrolyzed before they reach the target tissues during passage through and absorption
by the small intestine. While some bioactive peptides show in vitro ACEI activity, they do not
exhibit antihypertensive effects in vivo after oral administration to SHRs. For example, FKGRYYP
was identified from chicken muscle hydrolysates, and its IC50 for ACEI activity in vitro was found
to be 0.55 mM [12]; however, no antihypertensive activity of this peptide was observed after oral
administration to SHRs. Therefore, bioactive peptides must resist systemic peptidase degradation prior
to reaching their target sites to exert their function in vivo. The application of antihypertensive peptides
is limited when they have no ACEI activity after oral administration. In this study, we confirmed the
antihypertensive effect of QAGLSPVR on the SBP and DBP of SHRs after a single oral administration
of the peptide. Results showed that QAGLSPVR effectively reduces the SBP and DBP of SHRs. SBP
and DBP reached maximum effect 3 h after QAGLSPVR administration. This outcome is similar to
the results of a number of antihypertensive peptides, such as YASGR [13] and MEGAQEAQGD [5].
The experimental results showed that the antihypertensive effect of QAGLSPVR on SHRs is consistent
with its in vitro ACEI activity.

Different ACEI peptides have different metabolic pathways and tissue distributions due to their
different molecular structures [14]. Serum ACEI activity plays an important role in regulating blood
pressurein vivo. Therefore, ACE activities in the serum of SHRs were evaluated after QAGLSPVR
administration. The results indicated that QAGLSPVR could decrease the serum ACE activities of
SHRs and regulate their blood pressures. Boonla et al. reported that rice bran protein hydrolysate can
regulate plasma ACE levels to decrease the blood pressures of the 2k-1c renovascular hypertensive
rats [15]. The results of this previous study are similar to those of the current work.

QAGLSPVR was proven to produce a clear antihypertensive effect on SHRs in this study.
To validate whether QAGLSPVR could be completely absorbed to regulate blood pressure, the transport
percentage of QAGLSPVR was evaluated via the Caco-2 cell monolayer model. Caco-2 cells can be used
as an in vitro model of the human intestinal epithelium due to the various brush border membrane
enzymes characterizing these cells [16]. At least eight membrane enzymes are expressed by Caco-2
cells. The brush border membrane enzymes are membrane peptidases and can hydrolyze peptides
into short fragments prior to absorption of peptides [9,17]. As shown in Figure 3A, QAGLSPVR could
be transported intact by the Caco-2 cell monolayer, and the QAGLSPVR transport percentage was 3.5%
after 2 h. Previous studies have shown that many food-derived bioactive peptides, such as QIGLF [8],
TNGIIR [18], RKQLQGVN [19], and YLGYLEQ [20], could be absorbed intact through the Caco-2 cell
monolayer. This finding is similar to our results.

The characteristics of peptides, including their amino acid compositions and sequences, molecular
weights, hydrogen-bond capacity, charge, and hydrophobicity, play key roles in transport over the
intestinal epithelium [21]. Many studies have indicated that the transport and mechanism of peptides
are highly associated with their chain length [22,23]. Some peptides with low molecular weights can
cross the intestinal epithelium easily. In general, di- and tri-peptides can be absorbed by H+-coupled
PepT1.Peptides with a range of four to nine amino acid residues can be successfully transported by the
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paracellular pathway. Some peptides with 10 amino acid residues and higher are generally believed to
be transported by transcytosis.

Several transport enhancers or inhibitors were selected to study the transport mechanisms of
QAGLSPVR through the Caco-2 cell monolayer. Gly-Sar is a good substrate for PepT1 and used to
evaluate the transport mechanisms of QAGLSPVR. As shown in Figure 3B, Gly-Sar had no significant
effect on QAGLSPVR transport (p > 0.05), which means QAGLSPVR transport through the Caco-2 cell
monolayer is not mediated by PepT1. A previous study indicated that PepT1 is mainly responsible
for the transport of di-peptides and tri-peptides but not peptides containing three amino acids and
higher [24]. This finding was in accordance with our results. Wortmannin, a transcytos inhibitor,
had no significant effect on QAGLSPVR transport (p > 0.05), which means QAGLSPVR transport
through the Caco-2 cell monolayer is not mediated by transcytosis. In contrast to these substances,
cytochalasin D, a disruptor of tight junctions (TJs), significantly increased QAGLSPVR transport
(p < 0.05), thus revealing that QAGLSPVR could be transported through the Caco-2 cell monolayer via
the paracellular pathway. Our results are consistent with those of some food-derived peptides, such as
RVPSL [25], QIGLF [8], TNGIIR [18], and GGYR [26].

Quirós et al. found that LHLPLP is degraded to HLPLP, which shows high antihypertensive
effects in animal models [27]. Guo et al. reported that intact RLSFNP and its breakdown fragments F,
FNP, SFNP, and RLSF could be detected in the RLSFNP transport solution through the Caco-2 cell
monolayer and that RLSFNP fragments, such as FNP, SFNP, and RLSF, contribute to ACEI activities [28].
Therefore, the potential structural changes of QAGLSPVR through the Caco-2 cell monolayer should
be evaluated in future studies.

4. Materials and Methods

4.1. Materials and Reagents

QAGLSPVR was synthesized by Shanghai Synpeptide Co., Ltd. (Shanghai, China). Captopril was
purchased from Sinopharm Shantou Jinshi Pharmaceutical Co., Ltd. (Guangdong, China).Caco-2 cells were
provided by the Kunming Institute of Zoology (Kunming, China). The ACE activity determination kit
used in this work was provided by Shanghai Tongwei Biological Technology Co., Ltd. (Shanghai, China).

4.2. Animal Treatment

4.2.1. Animals

Forty-five rats (male, SHRs, SPF; body weight (BW), 240–280 g) were provided by Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). The rats were maintained under
normal conditions and fed ad libitum under temperature (22 ± 3 ◦C), humidity (60 ± 5%), and light
(12 h light/dark cycle) control. During all animal experiments, strong adherence to International
Code of Ethics and National Institutes of Health guidelines for the care and use of laboratory animals
was ensured. All rats were divided into three groups (n = 15 per group) after 1 week of feeding;
these groups were (1) the control group (normal saline), (2) the positive group (captopril, 10 mg/kg BW
dose), and (3) the QAGLSPVR group (QAGLSPVR, 20 mg/kg BW dose).

4.2.2. Measurement of Blood Pressure

The SBP and DBP of the SHRs were measured using the tail-cuff method (IITC Life Science,
Woodland, CA., USA) 0, 1, 2, 3, 4, and 5 h after QAGLSPVR administration.

4.2.3. Determination of Serum ACE Activities

Serum was collected from SHRs at 0, 1, 2, 3, 4, and 5 h after intervention, and ACE activities
were measured using a kit (Shanghai Tongwei Biological Technology Co., Ltd., Shanghai, China).
The determination method strictly complied with the kit instructions.
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4.3. Transepithelial Transport of QAGLSPVR

Caco-2 cells (1 × 105 cells/well) were routinely cultured in Dublecco’s modified Eagle’s medium
with 15% FBS, 100 mg/mL streptomycin and 100 U/mL penicillin. Caco-2 cell monolayer was cultured
in six-well Transwell plastic plates in a humidified incubator with 5% CO2 at 37 ◦C and Caco-2 cell
monolayer can be used to perform transport experiments when the transepithelial resistance is higher
than 400 Ω/cm2 [29]. The Caco-2 cell culture medium was substituted with Hank’s balanced salt
solution (HBSS) buffer (preheated at 37 ◦C for 30 min) prior to the transport experiment. The cell
monolayer was cultured in HBSS buffer and maintained at 37 ◦C for 2 h. QAGLSPVR (2 mg/mL,
1.5 mL, dissolved in HBSS) was added to the AP of the cell monolayer, while HBSS buffer (2.5 mL) was
added to the BL. The Caco-2 cell monolayer was cultured for 0.5, 1, or 2 h in an incubator at 37 ◦C.
The AP and BL fractions were collected at different times. QAGLSPVR concentrations in the BL were
detected by UPLC-Q-Orbitrap-MS2 analysis according to our previous method [9], and the transport
percentages of QAGLSPVR at different times were calculated.

The transport patterns of QAGLSPVR through the Caco-2 cell monolayer were studied using
different transport inhibitors and enhancers [15]. In brief, Gly-Sar, wortmannin, and cytochalasin D
were dissolved in DMSO (final concentration of DMSO in HBSS = 0.05%) and final concentrations of25
mM, 500 nM, and 0.5 μg/mL, respectively. The Caco-2 cell monolayer was pre-incubated with Gly-Sar
(a peptide transporter PepT1 substrate), wortmannin (atranscytosis inhibitor), or cytochalasin D (a TJ
disruptor)for 30 min followed by addition of 1.5 mL of 2 mg/mL QAGLSPVR to the AP and 2.5 mL
of fresh HBSS to the BL. After 2 h of incubation, the QAGLSPVR content in the BL was determined
via UPLC-Q-Orbitrap-MS2 analysis according to our previous method [9], and transport percentages
were calculated.

4.4. Statistical Analysis

The data were expressed as mean ± standard deviation. Statistical analysis was performed using
SPSS software (version 19.0, IBM Inc., Chicago, IL., USA). Differences were considered significant at
p value < 0.05.

5. Conclusions

The antihypertensive effect in vivo of QAGLSPVR derived from tilapia skin gelatin hydrolysates
was determined, and the peptide revealed a clear antihypertensive effect on SHRs. The ability of the
peptide to inhibit ACE activity in serum was considered a key factor of the antihypertensive effect
of QAGLSPVRin vivo. QAGLSPVR could be transported intact by the Caco-2 cell monolayer and
may be transported through this layer via the paracellular pathway. Therefore, QAGLSPVR could be
effectively absorbed and regulate hypertension in vivo.
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Abstract: In this report, protein of hairtail (Trichiurus japonicas) muscle was separately hydrolyzed
using five kinds of proteases (alcalase, trypsin, neutrase, pepsin, and papain), and the papain- and
alcalase-hydrolysates showed higher 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH•) and hydroxyl
radical (HO•) scavenging activity than other three protease hydrolysates. Therefore, the protein
hydrolysate of hairtail muscle (HTP) was prepared using binary-enzymes hydrolysis process (papain
+ alcalase). Subsequently, eight antioxidant peptides were purified from HTP using membrane
ultrafiltration and chromatography technology, and their amino acid sequences were identified as
Gln-Asn-Asp-Glu-Arg (TJP1), Lys-Ser (TJP2), Lys-Ala (TJP3), Ala-Lys-Gly (TJP4), Thr-Lys-Ala (TJP5),
Val-Lys (TJP6), Met-Lys (TJP7), and Ile-Tyr-Gly (TJP8) with molecular weights of 660.3, 233.0, 217.1,
274.1, 318.0, 245.1, 277.0, and 351.0 Da, respectively. TJP3, TJP4, and TJP8 exhibited strong scavenging
activities on DPPH• (EC50 0.902, 0.626, and 0.663 mg/mL, respectively), HO• (EC50 1.740, 2.378,
and 2.498 mg/mL, respectively), superoxide anion radical (EC50 2.082, 2.538, and 1.355 mg/mL,
respectively), and 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical (EC50 1.652,
0.831, and 0.586 mg/mL, respectively). Moreover, TJP3, TJP4, and TJP8 showed higher reducing
power and inhibiting ability on lipid peroxidation in a linoleic acid model system. These results
suggested that eight isolated peptides (TJP1 to TJP8), especially TJP3, TJP4, and TJP8 might serve as
potential antioxidants applied in the pharmaceutical and health food industries.

Keywords: hairtail (Trichiurus japonicas); muscle; peptide; antioxidant activity

1. Introduction

Reactive oxygen species (ROS) such as superoxide anion radical (O−
2 •), hydrogen peroxide

(H2O2), hydroxyl radical (HO•), and singlet oxygen (1O2), are formed in aerobic organisms as a natural
by-product of oxygen metabolism and play vital roles in the physiological processes involved in
signal transduction and homeostasis [1,2]. Under normal conditions, superfluous ROS are effectively
eliminated by antioxidant enzymes and non-enzymatic factors in organisms [3]. An imbalance in
pro-oxidant/antioxidant can induce oxidative stress, trigger accumulated ROS production, and result
in cell damage and many health disorders, such as diabetes mellitus, coronary heart diseases, cancer,
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hepatic diseases, and inflammatory diseases [4,5]. Additionally, oxidation is believed to the major
course of food deterioration because ROS-mediated oxidation can react with lipids, proteins, amino
acids, vitamins, and cholesterol to produce undesirable off-flavors, and potentially toxicity during food
processing, transportation, and storage [3,6]. Therefore, it is very important for pharmaceutical, health
food, and food processing and preservation industries to develop efficient antioxidants [7]. At present,
some artificial antioxidants including butylated hydroxytoluene (BHT), butylated hydroxyanisole
(BHA), and tertiary butylhydroquinone (TBHQ) show stronger antioxidant activities and have been
widely used in medicine and food industry for retarding oxidation in organisms and food [4,7].
However, the side effects of synthetic antioxidants such as liver damage and carcinogenesis causes
consumer anxiety and significantly affect their application [7,8]. Therefore, there has been a major
interest in searching for efficient antioxidants from natural sources as alternatives to synthetic
antioxidants for countering these adverse effects.

At present, dietary antioxidant ingredients including vitamins, carotenoids, flavonoids, phenols,
saccharides, and peptides, have been continually investigated for their health benefits in terms of their
scavenging potential of free radicals and low toxicity [9]. Among them, bioactive peptides released
from food proteins under controlled proteolysis have aroused wide public concern not only in their
possibilities as natural alternatives to synthetic antioxidants, but also for their beneficial effects, lack of
residual side effects, and functionality in food systems [10].

Antioxidant peptides from food resources are inactive in the amino acid sequence of their
parent proteins and are produced by in vitro enzymatic hydrolysis [7]. These peptides with 2 to
20 amino acid residues are considered to be easy absorption and no hazardous immunoreactions.
More importantly, antioxidant peptides can exert their activity as free radical scavengers, peroxide
decomposers, metal inactivators and oxygen inhibitors to protect food and organisms from ROS [11–13].
In recent years, antioxidant peptides derived from seafood were more attractive and have been
isolated and identified from diverse marine organisms, such as swim bladders of miiuy croaker
(Miichthys miiuy) [6], bluefin leatherjacket (Navodon septentrionalis) heads and skin [8,14], thornback
ray skins [15], Palmaria palmate [16], viscera and carcass of Nile tilapia [17], Pinctada fucata [18],
pectoral fin of salmon [19], and jellyfish gonad [20]. Zhao et al. isolated ten antioxidant peptides
from swim bladders of miiuy croaker, and PYLRH and GIEWA exhibited stronger scavenging
activities on 2,2-diphenyl-1-picrylhydrazyl radicals (DPPH•), hydroxyl radical (HO•), and superoxide
anion radical (O−

2 •) than other eight peptides. Furthermore, FPYLRH and GIEWA could effectively
inhibit lipid peroxidation in the β-carotene linoleic acid and in the linoleic acid emulsion system [6].
Harnedy et al. prepared and identified 17 peptides from the macroalgal species Palmaria palmata,
and SDITRPGGNM showed the highest oxygen radical absorbance capacity and ferric reducing
antioxidant power activity with values of 152.43 ± 2.73 and 21.23 ± 0.90 nmol TE/μmol peptide,
respectively [16]. MCLDSCLL (P1) and HPLDSLCL (P2) showed potent antioxidant activities
against DPPH• and 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical (ABTS+•)
and inhibiting copper-catalyzed human low-density lipoprotein (LDL) oxidation [21]. GAERP,
GEREANVM, and AEVG from cartilage protein hydrolysate of spotless smoothhound exhibited
good scavenging activities on DPPH•, HO•, ABTS+•, and O−

2 •. Furthermore, GAERP, GEREANVM,
and AEVG could protect H2O2-induced HepG2 cells from oxidative stress by decreasing the content
of malonaldehyde (MDA) and increasing the levels of superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-Px), and glutathione reductase (GSH-Rx) [12]. These studies indicated
that seafood-derived peptides had strong antioxidant activity and could be served as ingredients in
functional food and food systems to protect food quality by reducing oxidative stress.

Hairtail (Trichiurus japonicas) belongs to cutlassfish family of Trichiuridae and is found throughout
tropical and temperate waters worldwide. In China, hairtail is one of the four major aquatic
products and wildly distributed in the Yellow Sea, the Bo Hai Sea, and the East China Sea.
In our previous research, hairtail hydrolysates chelation with iron (Fe-FPH chelate) had higher
hemoglobin regeneration efficiency (HRE), longer exhaustive swimming time, and higher SOD activity.
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Additionally, Fe-FPH chelate was found to significantly decrease levels the MDA content, visibly
enhance the GSH-Px activity in liver and reduce blood lactic acid of rats [22,23]. Therefore, the aim of
this work was to (i) optimize the two-step sequential enzymolysis technology; (ii) isolate and identify
the antioxidant peptides; and (iii) evaluate the activities of isolated peptides form protein hydrolysate
of hairtail muscle in vitro.

2. Results and Discussion

2.1. Preparation of Protein Hydrolysate from Hairtail (T. japonicas) Muscle (HTP)

2.1.1. Effect of Different Proteases on Protein Hydrolysates from Hairtail (T. japonicas) Muscle (HTP)

HO• is a highly reactive radical and can destroy all types of macromolecules such as nucleic
acids (mutations), carbohydrates, lipids (lipid peroxidation), proteins and amino acids [24]. DPPH
is the traditional and perhaps the most popular standard of the position (g-marker) and intensity of
electron paramagnetic resonance (EPR) signals [25]. Therefore, DPPH• and HO• has been widely
applied to evaluate the antioxidant ability of compounds to act as free radical scavengers or hydrogen
donors [7,25,26].

Chemical treatment, enzymatic hydrolysis, and microbial fermentation of food proteins can be
used for bioactive peptides production. However, the enzymatic hydrolysis method is preferred in the
food and pharmaceutical industries because the other methods may leave residual organic solvents or
toxic chemicals in the final products [7]. Treatment of protein substrate with different proteases will
produce several types of protein hydrolysates, which exhibit various extents of antioxidant activities
against various antioxidant systems [7,14]. Therefore, the specificity of the enzyme used for the
proteolysis is one of the most important factors for the production of bioactive peptides.

In the experiment, defatted proteins of hairtail muscle were separately hydrolyzed with alcalase,
trypsin, neutrase, pepsin, and papain at designed conditions and the antioxidant capacities of the
resulted hydrolysates at the concentration of 6.0 mg protein/mL were shown in Figure 1. The data
indicated that HO• scavenging capacities of the protein hydrolysates were significantly influenced by
the type of protease (p < 0.05). The DPPH• scavenging activities of alcalase and papain hydrolysates
were 53.45 ± 1.05% and 47.75 ± 2.34%, respectively, which were significantly higher than those of
trypsin (37.05 ± 0.97%), neutrase (35.05 ± 0.97%), and pepsin (39.85 ± 1.28%) hydrolysates (p < 0.05)
(Figure 1A). The HO• scavenging activities of neutrase, alcalase, and papain hydrolysates were 50.61
± 1.16%, 48.76 ± 1.64%, and 48.89 ± 1.58%, respectively, which were significantly higher than those
of trypsin (35.21 ± 0.67%) and pepsin (33.29 ± 1.01%) hydrolysates (p < 0.05) (Figure 1B). However,
there were no significant differences on the HO• scavenging activities of neutrase, alcalase, and papain
hydrolysates at the concentration of 6.0 mg protein/mL (p > 0.05). In addition, the active sites of
papain were lie in basic amino acids, particularly Arg- and Lys-; and the active sites of alcalase were
lie in Ala-, Leu-, Val-, Tyr-, Phe-, and Try-. The active sites are significantly different between alcalase
and papain, which will help to shorten the hydrolysis time and improve the hydrolysis degree (DH) of
protein hydrolysates [7,27,28].

Under the designed conditions, the protein hydrolysate of hairtail (T. japonicas) muscle was
prepared using binary-enzymes hydrolysis process (papain + alcalase) and referred to as HTP, and the
antioxidant activity of protein hydrolysates was presented in Figure 2. At the concentration of 6.0 mg
protein/mL, DPPH• and HO• scavenging activities of HTP were 60.72 ± 1.05% and 58.17 ± 1.53%,
respectively, which was significantly higher than those of the hydrolysates prepared separately using
papain and alcalase (p < 0.05). Therefore, papain and alcalase were selected for the preparation of
protein hydrolysate of hairtail muscle.
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Figure 1. DPPH• (A) and HO• (B) scavenging activities of different enzymatic hydrolysates from
hairtail (T. japonicas) muscle at the concentration of 6.0 mg protein/mL. All data are presented as
the mean ± SD of triplicate results. a–d Values with same letters indicate no significant difference of
different sample at same concentrations (p > 0.05).

Figure 2. Effect of Papain, Alcalase, and Papain + Alcalase on DPPH• and HO• scavenging activities
of protein hydrolysates from hairtail (T. japonicas) muscle at the concentration of 6.0 mg protein/mL.
All data are presented as the mean ± SD of triplicate results. a–c Values with same letters indicate no
significant difference of different sample at same concentrations (p > 0.05).

2.2. Purification of Antioxidant Peptides from Protein Hydrolysate from Hairtail (T. japonicas) Muscle (HTP)

2.2.1. Fractionation of HTP Using Membrane Ultrafiltration

Membrane ultrafiltration is usually used to enrich the particle sizes of functional molecules and is
widely applied in food and beverage processing, biotechnological applications, and pharmaceutical
industry [6,7]. Consequently, HTP was divided into four fractions including HTP-I (<1 kDA), HTP-II
(1–3 kDa), HTP-III (3–5 kDa), and HTP-IV (>5 kDa) by ultrafiltration with a molecular weight (MW)
Cut Off (MWCO) membrane of 1, 3, and 5 kDa. At the concentration of 6.0 mg protein/mL, DPPH•
and HO• scavenging activities of HTP-I were 62.13 ± 1.97% and 78.6 ± 1.74%, respectively, which were
significantly stronger than those of HTP, HTP-II, HTP-III, and HTP-IV (p < 0.05) (Figure 3). The activities
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of protein hydrolysates and their fractions were affected by the multiple peptides with different chain
length and amino acid composition. Sila et al. [7] and Chi et al. [29] reported that MWs of hydrolysates
play an important factor in their bioactivities, and hydrolysate fractions with smaller MW showed
stronger antioxidant activity than those of larger MW hydrolysates. In the report, HTP-I with short
chain peptides showed stronger radical scavenging activity, and this finding was in line with previous
reports that the antioxidant abilities of protein hydrolysates were negatively correlated with their
average MW [29,30]. Therefore, HTP-I was selected for the subsequent chromatographic separation.

Figure 3. DPPH• and HO• scavenging activity of HTP and its fractions by membrane ultrafiltration at
the concentration of 6.0 mg protein/mL. All data are presented as the mean ± SD of triplicate results.
a–c or A–E Column wise values with same superscripts of this type indicate no significant difference
(p > 0.05).

2.2.2. Anion-Exchange Chromatography of HTP-I

Peptides contain acidic and/or hydrophobic amino acid residues such as glutamic acid (Glu),
tyrosine (Tyr), methionine (Met), and leucine (Leu), and can be sticks to the anion-exchange
resins [31,32]. In addition, acidic and/or hydrophobic amino acid residues in amino acid sequences
of peptides will enhance their bioactivities [7,33]. Therefore, anion exchange resins including
DEAE-52 cellulose and Q Sepharose FF are usually applied to purified bioactive peptides from protein
hydrolysates [8,34,35].

As shown in Figure 4A, five fractions (DE-1 to DE-5) were separated from HTP-I using a DEAE-52
cellulose column. Amongst them, DE-1 and DE-2 were eluted using deionized water, DE-3 was eluted
using 0.1 M NaCl, DE-4 was eluted using 0.5 M NaCl, and DE-5 was eluted using 1.0 M NaCl. DPPH•
and HO• scavenging activities of HTP-I and five eluted fractions were showed in Figure 4B, and the
results indicated that DPPH• (58.91 ± 1.89%) and HO• (69.74 ± 2.61%) scavenging abilities of DE-3
were significantly stronger than those of HTP-I (DPPH•: 40.13 ± 1.16%; HO•: 45.6 ± 1.35%), DE-1
(DPPH•: 24.51 ± 1.06%; HO•: 37.9 ± 2.33%), DE-2 (DPPH•: 47.7 ± 1.51%; HO•: 35.29 ± 1.18%),
DE-4 (DPPH•: 30.64 ± 1.25%; HO•: 29.39 ± 1.63%), and DE-5 (DPPH•: 7.29 ± 1.67%; HO•: 13.51 ±
0.99%) at the concentration of 5.0 mg protein/mL (p < 0.05). The results indicated that the highest
antioxidant activity of the peptides obtained in DE-3 might be due to the acidic amino acid residues in
their peptide sequences. Therefore, DE-3 was selected for the following experiment.
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Figure 4. Elution profile of HTP-I in DEAE-52 cellulose anion-exchange chromatography (A) and
radical scavenging activity of HTP-I and its four subfractions at the concentration of 5.0 mg protein/mL
(B). All data are presented as the mean ± SD of triplicate results. a–f or A–E Values with same
superscripts of this type indicate no significant difference (p > 0.05).

2.2.3. Gel Filtration Chromatography (GFC) of DE-3

GFC is a well-accepted separated technique on the basis of molecular size and usually applied to
either fractionate molecules and complexes in a sample into fractions with a particular size range, or
remove salt from a preparation of macromolecules [3,36]. Therefore, GFC is often used to separate
peptides from protein hydrolysates and their fractions [6,7].

As shown in Figure 5A, DE-3 was separated into two fractions of DE-3-1 and DE-3-2 using a
Sephadex G-15 column, and each fraction was collected, lyophilized, and then evaluated for DPPH•
and HO• scavenging activity. Figure 5B indicated that DPPH• and HO• scavenging activities of
DE-3-2 were 69.21 ± 0.91% and 84.16 ± 1.26% at the concentration of 5.0 mg protein/mL, which
were significantly higher than those of DE-3 (DPPH• 58.91 ± 1.89%; HO• 69.74 ± 2.61%) and DE-3-1
(DPPH• 36.27 ± 0.79%; HO• 41.38 ± 1.49%) (p < 0.05). Therefore, fraction DE-3-2 was selected for the
following isolation process.
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Figure 5. Elution profile of DE-3 in Sephadex G-15 chromatography (A) and radical scavenging
activities of DE-3 and its fractions at 5.0 mg protein/mL concentration (B). All data are presented as
the mean ± SD of triplicate results. a–c or A–C Column wise values with same superscripts of this type
indicate no significant difference (p > 0.05).

2.2.4. Isolation of Peptides from DE-3-2 by Reverse-Phase High Performance Liquid Chromatography
(RP-HPLC)

RP-HPLC is an effective technique applied to purify and quantify peptides in a mixture solution
on their hydrophobic character [37]. The retention time (RT) can qualitatively analyze the isolated
peptide and adjusted by changing the ratio of methanol or acetonitrile in mobile phase, and the peak
area can be used for quantitative analysis of the isolated peptide [3,38]. As shown in Figure 6, DE-3-2
was finally purified using RP-HPLC system on an Agilent 1260 HPLC system with a Zorbax C-18
column, and the eluted peptides were gathered separately in accordance with chromatographic peaks.
Among all chromatographic fractions, eight peptides with RT of 8.919 min (TJP1), 9.189 min (TJP2),
12.112 min (TJP3), 13.829 min (TJP4), 14.209 min (TJP5), 17.237 min (TJP6), 19.772 min (TJP7), and
20.436 min (TJP8) showed high radical scavenging activities. Therefore, TJP1-TJP8 were collected and
lyophilized for amino acid sequence identification and activity evaluation.

Figure 6. Elution profile of DE-3-2 separated by RP-HPLC system on a Zorbax, SB C-18 column (4.6 ×
250 mm) from 0 to 40 min.

2.3. Amino Acid Sequence Analysis and Mass Spectrometry of Peptides from Protein Hydrolysates of
Hairtail Muscle

For more detailed discussion on the structure-function relationship, the amino acid composition,
sequences, and molecular mass of eight isolated peptides (TJP1-TJP8) were determined using protein
sequencer and ESI-MS, and the results were shown in Figure 7 and Table 1. The amino acid sequences
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of eight isolated peptides (TJP1-TJP8) were identified as Gln-Asn-Asp-Glu-Arg (TJP1), Lys-Ser (TJP2),
Lys-Ala (TJP3), Ala-Lys-Gly (TJP4), Thr-Lys-Ala (TJP5), Val-Lys (TJP6), Met-Lys (TJP7), and Ile-Tyr-Gly
(TJP8) with molecular weights of 660.3, 233.0, 217.1, 274.1, 318.0, 245.1, 277.0, and 351.0 Da, respectively,
which were agreed well with their theoretical masses of 660.6, 233.3, 217.3, 274.3, 318.4, 245.3, 277.4,
and 351.4 Da.

Figure 7. Mass spectra of TJP1 (A), TJP2 (B), TJP3 (C), TJP4 (D), TJP5 (E), TJP6 (F), TJP7 (G), and TJP8
(H) from protein hydrolysate of hairtail (T. japonicas) muscle.

Table 1. Retention time, amino acid sequences, and molecular mass of eight isolated peptides (TJP1 to
TJP8) from protein hydrolysate of hairtail (T. japonicas) muscle.

Retention time (min) Amino acid sequence Theoretical mass/observed mass (Da)

TJP1 8.919 Gln-Asn-Asp-Glu-Arg 660.3/660.6
TJP2 9.189 Lys-Ser 233.0/233.3
TJP3 12.112 Lys-Ala 217.1/217.3
TJP4 13.829 Ala-Lys-Gly 274.1/274.3
TJP5 14.209 Thr-Lys-Ala 318.0/318.4
TJP6 17.237 Val-Lys 245.1/245.3
TJP7 19.772 Met-Lys 277.0/277.4
TJP8 20.436 Ile-Tyr-Gly 351.0/351.4

2.4. Antioxidant Activity

To better evaluate the antioxidant activity of eight isolated peptides (TJP1 to TJP8) from protein
hydrolysate of hairtail (T. japonicas) muscle, four kinds of radical (DPPH•, HO•, O−

2 •, and ABTS+•)
scavenging assays, reducing power, and lipid peroxidation inhibition assay were tested, and the results
were presented in Table 2 and Figures 8–10.
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Table 2. Radical scavenging activity of eight isolated peptides (TJP1 to TJP8) from protein hydrolysate
of hairtail (T. japonicas) muscle.

EC50 (mg/mL)

DPPH• HO• O−
2 • ABTS+•

TJP1 4.95 6.865 2.753 1.925
TJP2 7.68 5.634 4.296 2.496
TJP3 0.902 1.740 2.082 1.652
TJP4 0.626 2.378 2.538 0.831
TJP5 1.425 5.261 4.911 3.527
TJP6 1.262 3.845 >10.000 2.835
TJP7 3.150 4.993 4.427 8.752
TJP8 0.663 2.498 1.835 0.586

Glutathione (GSH) 0.251 0.758 0.456 0.078

Figure 8. DPPH• (A); HO• (B); O−
2 • (C); and ABTS+• (D) scavenging activities of eight isolated

peptides (TJP1 to TJP8) from protein hydrolysate of hairtail (T. japonicas) muscle. All data are presented
as the mean ± SD of triplicate results.
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Figure 9. Reducing power of eight isolated peptides (TJP1 to TJP8) from protein hydrolysate of hairtail
(T. japonicas) muscle. All data are presented as the mean ± SD of triplicate results.

Figure 10. Lipid peroxidation inhibition assays of eight isolated peptides (TJP1 to TJP8) from protein
hydrolysate of hairtail (T. japonicas) muscle. All data are presented as the mean ± SD of triplicate results.

2.4.1. Radical Scavenging Activity

DPPH• Scavenging Activity

DPPH• shows maximal absorbance at 517 nm in its oxidized form, and the absorbance wears off
with the free radical accepting an electron [3]. As shown in Figure 8A, eight isolated peptides (TJP1 to
TJP8) showed strong DPPH• scavenging activities and there was also a positive correlation between
the concentration and the radical-scavenging activity. The half elimination ratio (EC50) values of
TJP3, TJP4, and TJP8 were 0.902, 0.626, and 0.663 mg/mL, respectively, and TJP4 exhibited the highest
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DPPH• scavenging ability among eight isolated peptides, but its activity was still lower than that of the
positive control of glutathione (GSH) at the same concentration. The EC50 value of TJP4 was lower than
those of most antioxidant peptides from protein hydrolysates of loach (PSYV: 17.0 mg/mL) [39], miiuy
croaker (GIEWA: 0.78 mg/mL) [6], scalloped hammerhead cartilage (GPE: 2.43 mg/mL; GARGPQ:
2.66 mg/mL; GFTGPPGFNG: 1.99 mg/mL) [12], blue mussel (YPPAK: 2.62 mg/mL) [26], bluefin
leatherjacket (GPP: 1.927 mg/mL; WEGPK: 4.438 mg/mL; GVPLT: 4.541 mg/mL) [8,14], skate cartilages
(FIMGPY: 2.60 mg/mL; GPAGDY: 3.48 mg/mL; IVAGPQ: 3.93 mg/mL) [24], grass carp skin (GFGPL:
2.249 mg/mL; VGGRP: 2.937 mg/mL) [40], and salmon pectoral fin (TTANIEDRR: 2.503 mg/mL) [41].
However, the EC50 value of TJP4 was higher than those of peptides from protein hydrolysates of
Chinese leek (GSQ: 0.61 mg/mL) [42], miiuy croaker (FPYLRH: 0.51 mg/mL) [6], grass carp skin
(HFGBPFH: 0.20 mg/mL) [40], and skate muscle (APPTAYAQS: 0.614 mg/mL; NWDMEKIWD
0.289 mg/mL) [10]. Therefore, these data indicated that eight isolated peptides (TJP1 to TJP8),
especially TJP3, TJP4, and TJP8 had the strong capacity to contribute an electron or hydrogen radical
for suppressing the DPPH• reaction.

HO• Scavenging Activity

HO• is a highly reactive radical to the organism and only can be eliminated by endogenous and
dietary antioxidants. Therefore, it is the ideal assay for searching the radical scavenging agent of
organism. The abilities of eight isolated peptides (TJP1 to TJP8) were investigated, and the dose-related
effects were observed at different peptide concentrations ranging from 0 to 10.0 mg/mL (Figure 8B).
EC50 values of TJP3, TJP4, and TJP8 were 1.740, 2.378, and 2.498 mg/mL, respectively, and TJP3
exhibited the highest HO• scavenging ability among all isolated peptides at the same concentration.
EC50 value of TJP3 was lower than those of peptides from protein hydrolysates of bluefin leatherjacket
heads (WEGPK: 5.567 mg/mL; GPP: 2.385 mg/mL; GVPLT: 4.149 mg/mL) [8], weatherfish loach
(PSYV: 2.64 mg/mL) [39], skate cartilages (FIMGPY: 3.04 mg/mL; GPAGDY: 3.92 mg/mL; IVAGPQ:
5.03 mg/mL) [24], and grass carp skin (PYSFK: 2.283mg/mL; VGGRP: 2.055 mg/mL) [40]. However,
the EC50 value of TJP3 was higher than those of antioxidant peptides from protein hydrolysates of
miiuy croaker (FPYLRH: 0.68 mg/mL; GIEWA: 0.71 mg/mL) [6], spotless smoothhound cartilage
(GAERP: 0.25 mg/mL; GEREANVM: 0.34 mg/mL; AEVG: 0.06 mg/mL) [3], blue mussel (YPPAK:
0.228 mg/mL) [26], giant squid (NGLEGLK: 0.313 mg/mL; NADFGLNGLEGLA: 0.612 mg/mL) [43],
conger eel (LGLNGDDVN: 0.687 mg/mL) [44], and skate muscle (APPTAYAQS: 0.390 mg/mL;
NWDMEKIWD 0.176 mg/mL) [10]. TJP3, TJP4, and TJP8 showed strong HO• scavenging ability,
which indicated that it could serve as a HO• scavenger for decreasing or eliminating the damage
caused by HO• in food industries and biological systems.

O−
2 • Scavenging Assay

O−
2 • is the most common free radical generated in vivo, and can promote oxidative reaction to

generate peroxy and hydroxyl radicals. Superoxide dismutase protects the cell from the deleterious
effects of superoxides in living organisms. Therefore, it is important to search safe and efficient
antioxidants for scavenging O−

2 •. Figure 8C indicated the O−
2 • scavenging ratios of eight isolated

peptides (TJP1 to TJP8) drastically increased with increasing concentration ranging from 0.1 to
10 mg/mL, but their activities were still lower than that of glutathione (GSH) at the same concentration.
EC50 values of TJP3, TJP4, and TJP8 were 2.082, 2.538, and 1.355 mg/mL, respectively. Therefore, TJP8
played a significant role in O−

2 • scavenging. EC50 value of TJP8 was lower than those of peptides from
protein hydrolysates of miiuy croaker swim bladders (FYKWP:1.92 mg/mL; FTGMD:3.04 mg/mL;
YLPYA:3.61 mg/mL; GFYAA:3.03 mg/mL; FSGLR:3.35 mg/mL; VPDDD:4.11 mg/mL) [6], bluefin
leatherjacket heads (WEGPK: 3.223 mg/mL; GPP: 4.668 mg/mL; GVPLT: 2.8819 mg/mL) [8],
and skate cartilage (FIMGPY: 1.61 mg/mL; GPAGDY: 1.66 mg/mL; IVAGPQ: 1.82 mg/mL) [24].
However, EC50 value of TJP8 was higher than those of protein hydrolysates of croceine croaker
muscle (YLMR: 0.450 mg/mL; VLYEE: 0.693 mg/mL; MILMR: 0.993 mg/mL) [32], skate muscle
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(APPTAYAQS: 0.215 mg/mL; NWDMEKIWD 0.132 mg/mL) [10], Mytilus coruscus (SLPIGLMIAM:
0.3168 mg/mL) [45], miiuy croaker swim bladders (GFEPY: 0.87 mg/mL; FPPYERRQ: 0.68 mg/mL;
FPYLRH: 0.34 mg/mL; GIEWA: 0.30 mg/mL) [6], round scad (HDHPVC: 0.265 mg/mL; HEKVC:
0.235 mg/mL) [46], monkfish muscle (EWPAQ: 0.624 mg/mL; FLHRP: 0.101 mg/mL; LMGQW:
0.042 mg/mL) [47], and croceine croaker scales (GFRGTIGLVG: 0.463 0.151 mg/mL; GPAGPAG:
0.099 mg/mL; GFPSG: 0.151 mg/mL) [48]. O−

2 • is catalyzed into hydrogen peroxide and oxygen by
superoxide dismutases (SOD) in organism. Therefore, TJP3, TJP4, and TJP8 can be applied to eliminate
O−

2 • damage together with SOD in biological systems.

ABTS+• Scavenging Assay

The ABTS+• is reactive towards most antioxidants and the blue ABTS+• with an absorption
maximum of 734 nm is converted back to its colorless neutral form during this reaction [3]. Therefore,
ABTS+• scavenging assay is one of the most widely assay used to screen anti-radical peptides.
As shown in Figure 8D, eight isolated peptides (TJP1 to TJP8) showed strong ABTS+• scavenging
activities in a dose-effect manner with EC50 values of 1.925, 2.496, 1.652, 0.831, 3.527, 2.835, 8.752,
and 0.586 mg/mL, respectively. TJP4 and TJP8 showed the strongest ABTS+• scavenging activity
among eight isolated peptides, but still weaker than glutathione (GSH) did at the same concentration.
The EC50 values of TJP4 and TJP8 were significantly lower than those of peptides from protein
hydrolysates of salmon (FLNEFLHV: 1.548 mg/mL) [41], skate cartilages (FIMGPY: 1.04 mg/mL;
IVAGPQ: 1.29 mg/mL) [24], bluefin leatherjacket heads (WEGPK: 5.407 mg/mL; GPP: 2.472 mg/mL;
GVPLT: 3.124 mg/mL) [8], and corn gluten meal (FLPF: 1.497 mg/mL; LPF: 1.013 mg/mL; LLPF:
1.031 mg/mL) [49]. However, The EC50 values of TJP4 and TJP8 were significantly higher than those
of peptides from protein hydrolysates of skate cartilages (GPAGDY: 0.77 mg/mL) [24], grass carp
skin (GFGPL: 0.328 mg/mL; VGGRP: 0.465 mg/mL) [40], scalloped hammerhead cartilage (GPE:
0.24 mg/mL; GARGPQ: 0.18 mg/mL; GFTGPPGFNG: 0.29 mg/mL) [12], and Sphyrna lewini muscle
(WDR:0.34 mg/mL; PYFNK: 0.12 mg/mL) [33]. These results indicated that eight isolated peptides
(TJP1 to TJP8), especially TJP4 and TJP8, have the strong ability to convert ABTS+• to its colorless
neutral form and hold back the radical chain reaction.

2.4.2. Reducing Power

The reducing power is an important indicator for evaluating the activities of antioxidant
peptides [30]. As shown in Figure 9, eight isolated peptides (TJP1 to TJP8) exhibited dose-dependent
reducing power at the concentrations ranged from 0.5 mg/mL to 10 mg/mL, and TJP4 showed the
higher capacity to reduce ferric ions (Fe3+) to ferrous ions (Fe2+) than other seven antioxidant peptides.
However, the reducing power of eight isolated peptides (TJP1 to TJP8) was lower that of the positive
control of GPS.

2.4.3. Lipid Peroxidation Inhibition Assay

In the experiment, DPPH•, HO•, O−
2 •, and ABTS+• scavenging assays have been used to assess

the antioxidant activities of eight isolated peptides (TJP1 to TJP8), but oxidative process in biological
systems or food products is complicated and embroiled in different kinds of reactions for propagation
of lipid radicals and lipid hydroperoxides in the presence of oxygen [3,37]. The radical scavenging
assays only measured an antioxidant property, which cannot reflect its role as an antioxidant to protect
organism and/or food systems from lipid oxidation [3,32]. As a consequence, we investigated the
abilities of eight isolated peptides (TJP1 to TJP8) to control lipid peroxidation in a linoleic acid model
system, and the result was presented in Figure 10. The absorbance at 500 nm of sample solutions with
eight isolated peptides (TJP1 to TJP8), respectively, was significantly lower than that of the negative
control (without antioxidant), and TJP3, TJP4, and TJP8 revealed similar abilities on lipid oxidation
inhibition to that of positive control of GSH. The presented results demonstrated that eight isolated
peptides (TJP1 to TJP8) could effectively hold back lipid peroxidation in the tested system during seven
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days of incubation. Furthermore, eight isolated peptides (TJP1 to TJP8) were isolated from the food
resource of hairtail (T. japonicas) muscl and considered safer than chemical antioxidants. Therefore,
we can increase the using dose of isolated peptides (TJP1 to TJP8) to compensate the flaw that their
antioxidant activity is lower than that of chemical antioxidants.

3. Discussion

At present, hundreds of antioxidant peptides have been isolated from different resources.
However, there is still insufficient evidence to elucidate the structure-activity relationship of antioxidant
peptides. Generally, molecular size, hydrophobicity, and amino acid composition and sequence are
deemed to play key roles in their antioxidant capacities [7,50].

Bioactivities of antioxidant peptides are highly dependent on their molecular size because
small antioxidants have the higher possibility to interact with free radicals to prevent the lipid
peroxidation [3,33]. Furthermore, smaller peptides are more likely to pass through the blood-brain
barrier to perform their physiological functions in the body and have the high possibility to develop
into new drugs [30,51]. Therefore, shorter size peptides especially peptides with 2–10 amino acid
residues are deemed to obtain stronger radical scavenging and lipid peroxidation inhibition activities
than long-chain peptides [6,7]. In the study, eight isolated peptides (TJP1 to TJP8) from protein
hydrolysate of hairtail muscle are dipeptides (TJP2, TJP3, TJP6, and TJP7), tripeptides (TJP4, TJP5,
and TJP8), or pentapeptide (TJP1), which help them to contact the target more easily to exert their
bioactive properties.

More importantly, amino acids play a critical role in the antioxidant of peptides. Sila and Bougatef
reported that hydrophobic amino acids, such as Leu, Ile, Ala, Val, and Met, had high reactivity to
hydrophobic PUFAs and exert their significant effects on radical scavenging in lipid-rich foods [7,33].
Zhao et al. presented that the Ile and Ala residues contribute to the lipid peroxidation inhibitory and
radical-scavenging and activities of GIEWA [6]. Therefore, Ala in the sequence of TJP4 and Ile residues
in the sequence of TJP8 should positively influence its antioxidant activity. Dávalos et al. [52] and
Xing et al. [53] confirmed that Met residue showed the highest antioxidant activity among all the amino
acids because its large hydrophobic group can help peptides to facilitate the contacts with hydrophobic
radical species. Wu et al. further reported that Met residue in PMRGGGGYHY might work as a
reactive site, where the peptide could scavenge oxidants through the formation of a sulfoxide structure
after oxidation to stop free-radical chain reactions [54]. Moreover, aromatic residues of aromatic amino
acids—including Phe, Trp, and Ty—can keep radical stable during the scavenging process through
contributing protons to electron deficient radicals [38]. Tyr residues could turn free radicals into more
stable phenoxy radicals to stop the peroxidizing chain reaction [55]. Therefore, Met residues in the
sequences of TJP3 and Tyr residues in the sequences TJP8 should be the important contributors for the
antioxidant activity of TJP3 and TJP8.

Polar amino acids is reported to play a critical role in HO• scavenging and metal ion chelating
activities because of their carboxyl and amino groups in the side chains [56,57]. Zhu et al. reported
that peptides consisted of Lys, Glu, and Asp were identified to have strong abilities to chelate metal
ions as well as scavenge HO• [57]. Ren et al. have reported that basic peptides had greater capacity
to scavenge HO• than acidic or neutral peptides [58]. Hu et al. reported that the presence of basic
amino acid of Lys was one of the main reasons for the antioxidant activity of NWDMEKIWD [10].
Gly residue is found to contribute significantly to antioxidant activity since the single hydrogen atom
in its side chain can provide a high flexibility to the peptide backbone, serving as proton-donors and
neutralizing active free radical species [59,60]. Therefore, polar amino acids including Lys and Gly
residues could play a critical role in the radical scavenging activities of TJP3, TJP4, and TJP8.
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4. Experimental Section

4.1. Materials

Hairtail (T. japonicas) muscle was purchased from Fengmao Market in Zhoushan city of China.
Bovine serum albumin (BSA), DEAE-52 cellulose and Sephadex G-15 were purchased from Shanghai
Source Poly Biological Technology Co., Ltd. (Shanghai, China). Acetonitrile (ACN) of LC grade and
trifluoroacetic acid (TFA) were purchased from Thermo Fisher Scientific Co., Ltd. (Shanghai, China).
Phosphate buffered saline (PBS, pH 7.2), DPPH, and ABTS were purchased from Sigma Chemicals
Co. (USA). QNDER(TJP1), KS(TJP2), KA(TJP3), AKG(TJP4), TKA(TJP5), VK(TJP6), MK(TJP7), and
IYG(TJP8) with purity higher than 98% were synthesized in China Peptides Co. (Suzhou, China).
All other reagents were analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

4.2. Preparation of Protein Hydrolysate from Hairtail (T. japonicas) Muscle

The hairtail (T. japonicas) muscle was homogenized and blended with isopropanol at a ratio of 1:4
(w/v) and stand at 30 ± 2 ◦C for 1 h. The supernatant was drained and the residue was defatted using
isopropanol at a ratio of 1:4 (w/v) at 75 ± 2 ◦C for 90 min. Finally, the supernatant was then removed
and the solid precipitate was air-dried at 35 ± 2 ◦C.

The resulted precipitate was dispersed in distilled water (DW) at a ratio of 1:10 (w/v), and
hydrolyzed separately using trypsin at pH 7.8, 37.5 ◦C, alcalase at pH 8.5, 50 ◦C, neutrase at pH 7.0,
50 ◦C, papain at pH 7.0, 50 ◦C and pepsin at pH 2.0, 37.5 ◦C with total enzyme dose 2% (w/w, 2 g
enzyme/100 g defatted precipitate powder). In 4 h, the protein hydrolysates were heated to 95 ◦C for
10 min and centrifuged at 12,000 g for 15 min, and the five supernatants were lyophilized. Protein
hydrolysates prepared separately using alcalase and papain exhibited the highest HO• scavenging
activity among five protein hydrolysates. Therefore, defatted precipitate of hairtail muscle was
scattered in DW at a ratio of 1:5 (w/v), and hydrolyzed using papain and alcalase for 5 and 6 h
successively on above hydrolysis conditions. The resulted hydrolysate was treated in the same manner
as the above method and referred to as HTP.

The concentrations of protein hydrolysate and its fractions were expressed as mg protein/mL
and measured by the dye binding method of Bradford (1976) with BSA as the standard protein.

4.3. Isolation of Peptides from HTP

4.3.1. Fractionation of HTP by Ultrafiltration

HTP was fractionated using ultrafiltration (8400, Millipore, Hangzhou, China) with 1, 3,
and 5 kDa MWCO membranes (Millipore, Hangzhou, China), and four fractions termed HTP-I
(MW < 1 kDa), HTP-II (MW 1–3 kDa), HTP-III (MW 3–5 kDa), and HTP-IV (MW > 5 kDa) were
collected and lyophilized.

4.3.2. Anion-Exchange Chromatography

HTP-I solution (5 mL, 40.0 mg/mL) was injected into a DEAE-52 cellulose column (1.6 × 80 cm)
pre-equilibrated with DW, and stepwise eluted with 150 ml DW, 0.1 M NaCl, 0.5 M NaCl, and 1.0 M
NaCl solution at a flow rate of 1.0 mL/min, respectively. Each eluate (5 mL) was monitored at 280 nm.
Finally, five fractions (DE-1 to DE-5) were pooled and lyophilized on the chromatographic peaks.

4.3.3. Gel Filtration Chromatography

DE-3 solution (5 mL, 10.0 mg/mL) was separated on a Sephadex G-15 column (2.6 × 160 cm)
eluted with DW at a flow rate of 0.6 mL/min. Each eluate (3 mL) was collected and monitored at
280 nm, and fraction of DE-3-2 with higher activity than others were collected and lyophilized.
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4.3.4. RP-HPLC

DE-3-2 was further purified on an Agilent 1260 HPLC system (Agilent Ltd., Santa Rosa, California,
USA) with a Zorbax, SB C-18 column (4.6 × 250 mm). The sample was eluated with a linear gradient
of acetonitrile (0–50% in 0–40 min) in 0.1% TFA at a flow rate of 0.8 mL/min. Eight peptides (TJP1 to
TJP8) were isolated on the absorbance at 280 nm and lyophilized.

4.4. Determination of Amino Acid Sequence and Molecular Mass

The amino acid sequences and molecular masses of eight isolated peptides (TJP1 to TJP8) was
measured on an Applied Biosystems 494 protein sequencer (Perkin Elmer/Applied Biosystems Inc.,
Foster City, CA, USA) and a Q-TOF mass spectrometer coupled with an electrospray ionization source
(ESI), respectively.

4.5. Antioxidant Activity

The DPPH•, HO•, O−
2 •, and ABTS+• scavenging activities of eight isolated peptides (TJP1 to

TJP8) were measured on the previous method [52], and the EC50 was defined as the concentration
where a sample caused a 50% decrease of the initial concentration of radical. The reducing power assay
of eight isolated peptides (TJP1 to TJP8) was determined by the description of a literature report [30].
The lipid peroxidation inhibition assay of eight isolated peptides (TJP1 to TJP8) were determined in a
linoleic acid model system on the method of Wang et al. [33].

4.6. Statistical Analysis

The data are reported as the mean ± standard deviation (SD) with three determinations.
A one-way analysis of variance (ANOVA) test for differences between means of each group was
applied to analyzed data using SPSS 19.0 (Statistical Program for Social Sciences, SPSS Corporation,
Chicago, IL, USA). A p-value of less than 0.05 was considered statistically significant.

5. Conclusions

In the experiment, eight isolated peptides (TJP1 to TJP8) from protein hydrolysate of hairtail
(T. japonicas) muscle prepared with alcalase + papain were isolated and identified as QNDER (TJP1),
KS (TJP2), KA (TJP3), AKG (TJP4), TKA (TJP5), VK (TJP6), MK (TJP7), and IYG (TJP8), respectively,
which exhibited high antioxidant activities through radical scavenging, reducing power, and lipid
peroxidation inhibition assays. On the present results, the peptide fractions and isolated peptides (TJP1
to TJP8) from protein hydrolysate of hairtail (T. japonicas) muscle may be applied as an ingredient
in new functional foods, and detailed studies will be done to illustrate the relationship between the
activities and structures of eight isolated peptides. In addition, animal feeding experiments on isolated
peptides (TJP1 to TJP8) will be conducted to evaluate their in vivo antioxidant effects.
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Abstract: The Maillard reaction products (MRPs) of half-fin anchovy hydrolysates and glucose,
named as HAHp(9.0)-G MRPs, were fractionated by size exclusion chromatography into three major
fractions (F1–F3). F2, which demonstrated the strongest antibacterial activity against Escherichia
coli (E. coli) and showed self-production of hydrogen peroxide (H2O2), was extracted by solid
phase extraction. The hydrophobic extract of F2 was further isolated by reverse phase-high
performance liquid chromatography into sub-fractions HE-F2-1 and HE-F2-2. Nine peptides were
identified from HE-F2-1, and two peptides from HE-F2-2 using liquid chromatography-electrospray
ionization/multi-stage mass spectrometry. Three peptides, FEDQLR (HGM-Hp1), ALERTF
(HGM-Hp2), and RHPEYAVSVLLR (HGM-Hp3), with net charges of −1, 0, and +1, respectively, were
synthesized. The minimal inhibitory concentration of these synthetic peptides was 2 mg/mL against
E. coli. Once incubated with logarithmic growth phase of E. coli, HGM-Hp1 and HGM-Hp2 induced
significant increases of both extracellular and intracellular H2O2 formation. However, HGM-Hp3
only dramatically enhanced intracellular H2O2 production in E. coli. The increased potassium ions in
E. coli suspension after addition of HGM-Hp1 or HGM-Hp2 indicated the destruction of cell integrity
via irreversible membrane damage. It is the first report of hydrolysates MRPs-derived peptides that
might perform the antibacterial activity via inducing intracellular H2O2 production.

Keywords: half-fin anchovy hydrolysates; Maillard reaction products; antibacterial peptide;
identification; self-production of hydrogen peroxide; membrane damage

1. Introduction

Antibiotics play crucial roles in saving lives and improving human and animal health. However,
bacterial pathogens commonly develop antimicrobial resistance due to the extensive use of the
antibiotics [1]. As an effective first line of defense against invading pathogens, antimicrobial peptides
(AMPs) play a crucial role on the innate immune systems of organisms. The significant advantage
of AMPs is their strong antibacterial activity against a very broad spectrum of microorganisms and
low rates of bacterial resistance [2]. Natural AMPs can be isolated and characterized from practically
all-living organisms [3]. Marine organisms are a good source of AMPs. Recently, an increasing number
of AMPs have been isolated from various protein hydrolysates of marine organism sources. For
instance, a peptide, CgPep33, rich in cysteine residue was isolated from oyster muscle hydrolysates [4].
Series of short peptides were derived from Barbel muscle protein hydrolysates and Sardinella (Sardinella
aurita) hydrolysates [5,6]. One decapeptide GLSRLFTALK was separated from protein hydrolysates
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of anchovy cooking wastewater [7]. The antibacterial activity of AMPs is related with many factors,
such as molecular weight, net charges, hydrophobic domains, and specific amino acid residues in
sequences [8].

Maillard reaction (MR), also defined as a non-enzymatic browning reaction, usually occurs in
thermal food processing or food storage between amino (amino acid, peptide or protein) and carbonyl
groups (e.g. reducing sugar) [9]. The antibacterial activities of some Maillard reaction products
(MRPs) or MRP-rich foods, such as chitosan-glucosamine MRPs [10], ε-polylysine-chitosan MRPs [11],
xylan-chitosan MRPs [12], roast bread [13], and coffee [14], have attracted great attention in recent years.
However, the antibacterial mechanism of MRPs is not yet fully understood. Rufian-Henares and Cueva
(2009) reported that coffee melanoidins could exhibit antibacterial activity through metal-chelating of
membrane [15]. The bacteriostatic or bactericidal effects of coffee melanoidins were observed at low and
high concentrations [16]. Recently, Mueller et al. (2011) identified hydrogen peroxide (H2O2) generated
in coffee brew as a major antibacterial component of coffee [17]. In our previous study, we reported
the broad spectrum of half-fin anchovy hydrolysates (HAHp) against food spoilage bacteria [18].
In addition, we found a dramatic increase of extracellular or intracellular H2O2 formation in Escherichia
coli (E. coli) cells after incubation with the HAHp-derived MRPs (HAHp(9.0)-G MRPs) [19].

H2O2 is an example of a reactive oxygen species [20]. The generated H2O2 from MRPs can
oxidize almost every compound in the cell, resulting in internal damage associated with increase
of membrane permeability [21]. However, to our best knowledge, few studies are focused on the
antibacterial activity of peptides isolated from protein hydrolysates MRPs. In addition, the contribution
of H2O2 formation induced by MRP-derived peptides to the antibacterial activity is still not fully
understood. For this reason, in this study, HAHp(9.0)-G MRPs were isolated to identify peptides with
antibacterial activity and the capacity of H2O2 self-production. Furthermore, the effects of identified
peptides on intracellular and extracellular H2O2 accumulation on logarithmic phase of E. coli cells
were investigated to reveal the contribution of H2O2 formation to the antibacterial effect, inducing by
addition of antibacterial peptides.

2. Results and Discussion

2.1. Purification of Antibacterial and H2O2 Self-Produced Peptidic Fraction

HAHp(9.0)-G MRPs were separated into three fractions (F1–F3) by HPLC system (Figure 1A).
At the actual peptide concentration of 0.18 mg/mL, the antibacterial activity of F2 reached 57.29%
against the growth of E. coli cells, significantly stronger than the other two fractions (33.22% for F1
and 2.50% for F3) (p < 0.05) (Figure 1B). The most bioactive fraction F2 also had the strongest H2O2

self-production capacity among these fractions (Figure 1C). In recent years, much more attention has
been paid to the antibacterial activity of H2O2 in MRPs. For example, Hauser et al. [21] reported the
generated H2O2 (about 100 μM) in a polyethylene film coated with an active fraction derived from the
ribose-lysine MRPs resulted in a log-reduction of >5 log-cycles against E. coli. In the present study, the
fraction of F2 was collected for further purification.
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Figure 1. Isolation of HAHp(9.0)-G MRPs and activity of separated fractions. (A) The size exclusion
chromatography (SEC) of MRPs isolated by high performance liquid chromatography (HPLC) method,
detected at 220 nm. (B) The percentage inhibition of isolated fractions against E. coli cells. (C) H2O2

self-produced concentration of isolated fractions. The actual peptide concentration of isolated fractions
was 0.18 mg/mL in the percentage inhibition and H2O2 production assays. Spots in (B,C) represent
the raw data. The results are expressed as the mean ± standard deviation (n = 3). Different letters (a–c)
in (B,C) represent significant differences among isolated fractions (p < 0.05).

Through Cleanert® S C18-N solid phase extraction, the active fraction F2 was further isolated
into hydrophilic and hydrophobic extracts. At the actual peptide concentration of 0.15 mg/mL, the
percentage inhibition of hydrophobic extract of F2 against E. coli was 20.98 ± 1.39%, remarkably
higher than that of the hydrophilic counterpart (11.61 ± 2.27%) (p < 0.05) (Figure 2A). Therefore,
the hydrophobic extract of F2 (HE-F2) was selected for further purification using a C18 column
(4.6 × 250 mm, 5 μm) based on the hydrophobic property of peptides. As shown in Figure 2B,
HE-F2 was separated into two major peaks, HE-F2-1 and HE-F2-2. HE-F2-1 demonstrated stronger
antibacterial activity than HE-F2-2 (p < 0.01) (Figure 2C). A similar result was found for the
self-produced H2O2 concentrations in HE-F2-1 and HE-F2-2 (p < 0.05) (Figure 2D). The results in
Figure 1; Figure 2 suggest that the self-production of H2O2 could be an important contributor for the
observed antibacterial activity of active peptidic fractions derived from HAHp(9.0)-G MRPs.
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Figure 2. Purification of active fraction F2 using reverse phase high performance liquid chromatography
(RP-HPLC) and the activities of sub-fractions assay: (A) percentage inhibition of hydrophilic and
hydrophobic extracts of F2; (B) chromatogram of active fraction F2 by RP-HPLC, measured at 280
nm; (C) percentage inhibition of F2-1 and F2-2; and (D) H2O2 production capacity of F2-1 and F2-2.
Spots in (A,C,D) represent the raw data. The results are expressed as the mean ± standard deviation
(n = 3). The symbol of “**” and “*” in (A,C,D) represent significant differences of p < 0.01 and
p < 0.05, respectively.

2.2. Identification of Peptide by Liquid Chromatography–Electrospray Ionization/Multi-Stage Mass
Spectrometry (LC-ESI-Q-TOF-MS/MS)

HE-F2-1 and HE-F2-2 were subjected to LC-ESI-Q-TOF-MS/MS analysis to identify all potential
peptides. The molecular mass of peptide was identified according to its proton charged [M + H]H+

precursor ion. A few peptides were matched with actin cytoplasmic 1 (Clupea harengus) in the protein
database of Clupeoidei after searching in NCBI; however, the −10lgP scores of these peptides were below
35 (data not shown), suggesting low confidence for these matched peptides. Therefore, in this study,
we used de novo analysis to identify potential peptides. After collapses of the precursor ion into series
fragments, a single peptide fragment could be auto-matched by de novo peptides sequencing [22].
Peptides with average local confidence scores (ALC) ≥ 95% and local confidence of each residue
in peptide sequence ≥ 90% in HE-F2-1 and HE-F2-2 through de novo peptide automated spectrum
processing are listed in Table 1.

The mass of identified peptides in HE-F2-1 and HE-F2-2 ranged from 700 Da to 1700 Da. Peptide
sequences analysis in the antimicrobial peptide database (APD) database (http://aps.unmc.edu/
AP/main.html) and NCBI non-redundant peptide database (http://www.ncbi.nlm.nih.gov/blast)
indicated that no AMPs or peptides had the identical sequences with these identified peptides herein.
In this study, these identified peptides had different sequences. Nevertheless, nine peptides, namely
KGTAVPTAAEATAQR, FEDQLR, SVVMLR, LDVLADK, EGDALDELR, EAGAEFDKAAEEVKR,
MEVLLLER, VATVSLPR, and RHPEYAVSVLLR, had common cationic arginine (R) or lysine (K)
residues at the N- or C-terminus of sequences. In addition, the other peptides, ALERTF and
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LLDRLPRPL, had R residues within sequences. The cationic R or K residues in the sequences of
identified peptides were consistent with some published studies, such as peptides RKSGDPLGR
and AKPGDGAGSGPR derived from protamex hydrolysates of Atlantic mackerel byproducts [23],
and a synthetic peptide VRRFPWWWPFLRR with a wide antibacterial spectrum [24]. The presence
of positively charged residues at the N- or C-terminus could contribute to the interaction with
negatively charged phospholipids present on E. coli membrane surface [8]. Similarly, we identified
seven peptides (RVAPEEHPTL, WLPVVR, FFTQATDLLSR, VLLLWR, VLLVLLR, VLLALWR,
and LLSWYDNEFGYSNR) from HAHp(9.0)-G MRPs that had R residues at the N- or C-terminus [25].
In consideration of the characteristics of peptide sequences in Table 1, it was quite apparent that the
presence of R residue, especially at C- or N- terminus, could be a typical property for the peptides
derived from HAHp(9.0)-G MRPs.

Table 1. Identification of peptides in HE-F2-1 and HE-F2-2 using LC-ESI-Q-TOF-MS/MS.

No. Peptide Sequence RT a/min
Tag

Length
ALC b/% m/z z Mass Intensity

Local
Confidence/%

HE-F2-1

KGTAVPTAAEATAQR 11.31 15 97 491.2670 3 1470.7790 1.44 × 106

96 91 95 90 95 100
100 100 100 100
100 100 100 100

100

FEDQLR 15.66 6 99 404.2030 2 806.3922 1.32 × 107 100 100 100 98
100 100

ALERTF 16.13 6 98 368.7024 2 735.3915 2.70 × 106 100 100 100 99 97
96

SVVMLR 17.11 6 98 352.7097 2 703.4051 2.97 × 105 94 97 100 100 100
100

LDVLADK 19.64 7 99 387.2238 2 772.4330 1.58 × 106 99 100 100 100
100 100 100

LLDRLPRPL 22.97 9 98 364.9008 3 1091.6810 5.02 × 106 100 100 100 99 99
98 99 97 98

EGDALDELR 25.25 9 98 509.2465 2 1016.4770 1.49 × 106 93 95 100 100 100
100 100 100 100

EAGAEFDKAAEEVKR 28.22 15 97 550.6095 3 1648.8060 3.47 × 106

98 94 95 90 95 99
100 100 100 100
100 100 99 100

100

MEVLLLER 35.99 8 99 501.7868 2 1001.5580 4.58 × 106 100 100 100 100
100 100 100 100

HE-F2-2

VATVSLPR 23.43 8 98 421.7583 2 841.5021 5.85 × 106 100 100 99 98 99
98 96 98

RHPEYAVSVLLR 26.20 12 99 720.4086 2 1438.8044 2.39 × 108
99 100 100 100

100 100 99 99 99
100 100 100

a RT is the retention time in LC system connected to ESI-Q-TOF-MS. b ALC is the average local confidence scores.

2.3. Physicochemical Property of Synthetic Peptides

Considering the presence of R residue in peptide sequences related with antibacterial activity, F or
Y residue in peptide sequence consistent with the specific absorbance of HE-F2-1 or HE-F2-2 at 280 nm,
and the intensity of identified peptides, we selected peptide FEDQLR derived from HE-F2-1 (named as
HGM-Hp1), and peptide RHPEYAVSVLLR from HE-F2-2 (named as HGM-Hp3) for synthesis. Besides
R and F residues in sequence, peptide ALERTF was the only one in Table 1 with net charge of 0 (see
Table 2), therefore peptide ALERTF was also synthesized (named as HGM-Hp2). The purity (>98%) of
the peptides was verified by RP-HPLC. The properties of ESI-MS and helical wheel projection of the
three synthetic peptides are shown in Figure 3.

402



Mar. Drugs 2019, 17, 47

Table 2. Physiochemical property of synthetic peptides.

Peptides
Measured/Theoretical

Weight/Da
pI a Net

Charge
Hydrophobicity/

(Kcal/mol)
GRAVY b Instability

Index
Secondary
Structure

FEDQLR
(HGM-Hp1) 807.07/806.3910 4.00 −1 +14.79 −1.400 72.53 Random coil (100%)

ALERTF
(HGM-Hp2) 735.85/735.3903 6.65 0 +11.13 −0.050 28.90 Random coil (100%)

RHPEYAVSVLLR
(HGM-Hp3) 1438.42/1438.8021 9.53 +1 +14.45 −0.133 73.08 Random coil (100%)

a pI represents isoelectric point. b GRAVY means the grand average of hydropathicity. The PepDraw Tool was
used to estimate the molecular weight, pI, net charge and hydrophobicity of the peptides, available at http:
//www.tulane.edu/~{}biochem/WW/PepDraw/. GRAVY and instability index of peptides were predicted using
ProtParam Tool (http://web.expasy.org/protparam/). The secondary structure of peptides HGM-Hp1, HGM-Hp2,
and HGM-Hp3 were predicted using the program SOPMA available at Network Protein Sequence (NPS)@(https:
//npsa-prabi.ibcp.fr).

Based on the precursor ion of [M + H]H+, the measured molecular weights of HGM-Hp1,
HGM-Hp2 and HGM-Hp3 were calculated as 807.07 Da, 735.85 Da, and 1438.42 Da, respectively,
which were in very good agreement with their theoretical values (see Table 1). The ESI-MS results in
Figure 3 suggest that the peptides were successfully synthesized. The property of α-helices in protein
or peptide can be observed in the plot of wheel projection [26]. Usually, hydrophobic amino acids are
concentrated on one side of the helix, and polar or hydrophilic amino acids are located on the other
side [27]. According to the wheel projection, HGM-Hp1 possessed hydrophobic F1 and L5 residues on
the hydrophobic side, while the charged residues E2D3 and R6 were observed on the opposite side
(diagram in Figure 3A). In the projection diagram of HGM-Hp2, the hydrophobic L2 and F6 residues
were concentrated on the hydrophobic side, and the negatively charged E3 and positively charged R4

residues were located on the opposite side (diagram in Figure 3B). In contrast, HGM-Hp3 might form
α-helices in the wheel projection due to more hydrophobic and hydrophilic residues concentrated on
the opposite sides (diagram in Figure 3C).

To further reveal the characteristics of these synthetic peptides, their physicochemical properties
were compared, as summarized in Table 2.

HGM-Hp3 had larger molecular weight than the other two peptides. The pI value of 4.00 and net
charge of −1 for peptide HGM-Hp1 indicated its acidic characteristics. By comparison, the positively
charged property was predicted in peptide HGM-Hp3 according to its pI value of 9.53 and net charge of
+1. GRAVY is associated with the hydrophobicity of peptide or protein, which is calculated by the sum
of hydropathy values of all amino acids divided by the peptide or protein length [28]. The negative
and positive values of GRAVY suggest corresponding hydrophilic and hydrophobic properties of
peptides [25]. In this sense, the negative GRAVY values of HGM-Hp1 (−1.400), HGM-Hp2 (−0.050),
and HGM-Hp3 (−0.133) indicated potential hydrophilic property of these peptides. Furthermore, the
hydrophobicity, as measured by an experimentally determined Wimley–White scale and associated
with the free energy transitioning a peptide from aqueous environment to a hydrophobic environment,
was similar for HGM-Hp1 (+14.79 Kcal/mol) and HGM-Hp3 (+14.45 Kcal/mol). The ProtParam Tool
predicted the instability indexes of HGM-Hp1 and HGM-Hp3 were 72.53 and 73.08, which belong to
the unstable peptide category. The secondary structures of the three synthetic peptides were predicted
to form 100% random-coil structures obtained from the NPS@SOPMA secondary structure prediction.

Compared with the traditional AMPs with > 50 amino acid residues, all of the synthetic peptides
in this study are small (<1.5 kDa) and have a substantial portion of hydrophobic residues. The random
coil structures were predicted for the three synthetic peptides (Table 2), although the helical wheel
projection of these peptides are observed in Figure 3. Generally, peptides without disulfides are often
in disorder when dissolved in aqueous solutions [29,30]. However, the AMPs with a random coil
structure can be structured in aqueous solution once contacted with biological membrane or dissolved
in hydrophobic environment, which could contribute to the binding with membrane, or occurrence of
self-aggregation [31].
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The actual secondary structures of these synthetic peptides under membrane mimic solvents were
analyzed using circular dichroism (CD) measurements, as shown in Figure 4.

Figure 3. ESI-MS and helical wheel projection of synthetic peptides: (A) HGM-Hp1, FEDQLR;
(B) HGM-Hp2, ALERTF; and (C) HGM-Hp3, RHPEYAVSVLLR. The helical wheel projection of
HGM-Hp1, HGM-Hp2, and HGM-Hp3 (insert diagrams in Figures (A–C)) were performed using
the online website tool (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi). In helical wheel projection,
circles and diamonds represent hydrophilic and hydrophobic residues, respectively. The green color,
whose intensity decreases proportionally to the hydrophobicity, represents the most hydrophobic
residue. Non-hydrophobic portions are encoded in yellow. The red color is used to encode hydrophilic
residues, whose intensity represents the extent of hydrophilicity. The charged residues are encoded
in light blue. Negatively charged and positively charged residues are displayed as triangles and
pentagons, respectively. The hydrophobic moment is denoted in the center.

404



Mar. Drugs 2019, 17, 47

Figure 4. CD spectra of synthetic peptides in membrane-mimicking solution (1.6 mmol/L sodium
dodecyl sulfate (SDS), dissolved in 10 mmol/L PBS, pH 7.4): (A) HGM-Hp1; (B) HGM-Hp2; and
(C) HGM-Hp3. The peptide concentration was 0.5 mg/mL.

The negative band at 200 nm, due to random coil structure [32], was observed in HGM-Hp1
and HGM-Hp2. However, besides the negative band at 200 nm, other positive CD signals, such as
a weak peak at 191 nm and a broad band at 219 nm, were noticed in the CD spectrum of HGMp1.
Similarly, two positive bands at 193 nm and 214 nm were found in the CD spectrum of HGMp2. The
results in Figure 4A,B suggest that peptides HGM-Hp1 and HGM-Hp2 could form random coil and
other structures upon interaction with membrane-mimicking solvents. By comparison, the peptide
HGM-Hp3 may tend to form type I β-turn structure in the membrane-mimicking solvents, with a
negative band at 196 nm, and a positive band at 205 nm [33]. Protein or peptide with a maximum
at 202 nm and a minimum at 216 nm in the CD spectrum could adopt a β-sheet conformation [34].
As shown in the CD spectrum of HGMp3 (Figure 4C), a positive band at 205 nm and a negative band
at 218 nm may indicate some kind of β-sheet structure formation.

2.4. Antibacterial Activity and H2O2 Self-Production of Synthetic Peptides

The antibacterial activity and self-production of H2O2 of the three synthetic peptides were
compared, as shown in Figure 5.

Figure 5. Antibacterial activity and H2O2 self-production of synthetic peptides: (A) percentage
inhibition against E. coli cells; (B) H2O2 self-production of synthetic peptides at the actual peptide
concentration of 0.25 mg/mL; and (C) percentage inhibition of synthetic peptides, nisin A and
ε-poly-lysine against E. coli at different concentrations. Raw data in (A,B) are displayed as spots.
The results are expressed as the mean ± standard deviation (n = 3). Different letters (a–c) in (A,B)
indicate significant differences among samples (p < 0.05).
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At the actual peptide concentration of 0.25 mg/mL, HGM-Hp1 demonstrated the highest
percentage inhibition (42.10 ± 5.36%), in contrast to HGM-Hp2 (17.93 ± 1.03%) and HGM-Hp3
(32.14 ± 2.19%) (p < 0.05) (Figure 5A). In addition, the peptide HGM-Hp1 exhibited the highest H2O2

self-production capacity among the three synthetic peptides (p < 0.05) (Figure 5B). All synthetic peptides
showed concentration-dependent inhibition of the growth of E. coli cells, as shown in Figure 5C. In
addition, no growth of E. coli cells was observed after treatment with the synthetic peptides at the
actual peptide concentration of 2 mg/mL. Therefore, the MIC was 2 mg/mL for peptides HGM-Hp1,
HGM-Hp2, and HGM-Hp3 against the growth of E. coli. By comparison, nisin A, an AMP from
Lactococcus lactis, had negative inhibition effects on E. coli cells at the concentration below 0.5 mg/mL.
The antibacterial effect of nisin A reached a plateau (100% inhibition) when its concentration was
increased to 0.5 mg/mL. Similar to our results, Tong et al. [1] reported the MIC of nisin against
Enterococcus faecalis was 1 g/L (actual concentration of 0.5 mg/mL). Natural ε-poly-lysine has a
broad antimicrobial activity against Gram-negative and Gram-positive bacteria [35]. In this study, the
percentage inhibition on E. coli was 95.99% after treatment with 62.5 μg/mL of ε-poly-lysine. This
result was in agreement with the MIC of ε-poly-lysine solution, which was less than 100 μg/mL against
E. coli [36]. ε-poly-lysine consists of 25–30 positively charged L-lysine residues, which are responsible
for its strong antibacterial activity [35].

As an anionic peptide, HGM-Hp1 (FEDQLR), with the positively charged residue R at the
C-terminus, may not contribute to the interaction with the negatively charged bacterial membrane
surface. We speculated specific residues in HGM-Hp1 could be associated with its antibacterial activity.
By searching the AMPs in APD database, we found HGM-Hp1 (FEDQLR) had the same two residues
(ED) in the sequence as some reported anionic peptides, such as peptides DEDLDE (net charge: −5)
and DEDDD (net charge: −5) isolated from Xenopus laevis skin [37,38], and the surface-tethered peptide
GATPEDLNQKLS (net charge: −1) [38]. The more amphiphilic and smaller is the peptide, the more
it diffuses through the membrane to exert bacteriostatic effect [39]. The smallest molecule size of
HGM-Hp2 might be a significant contributor to its inhibitory effect against E. coli.

HGM-Hp3 had a relatively higher molecular weight than HGM-Hp1 or HGM-Hp2 (see Table 2),
which might be an inconvenient factor for its quick diffusion in biomembrane. Nonetheless, the
sequence property of HGM-Hp3 (RHPEYAVSVLLR), such as the cationic net charge, the presence of
positively charged residues R at the C- and RH at the N- terminus, and the hydrophobic regions (AV,
VLL) in sequence, were consistent with some cationic antibacterial peptides in APD database. For
example, Hilpert et al. (2009) [38] reported a surface-tethered cationic peptide RRAAVVLIVIRR (net
charge: +4) with R residues at C- and N- terminus, and hydrophobic regions (AAVVLIVI). Kim et al.
(2016) [40] identified a cationic peptide LRHKVYGYCVLGP (net charge: +2) from American cockroach
Periplaneta americana (Linnaeus) with positively charged residues (RHK) close to the N-terminus, and
hydrophobic regions (VL) in sequence. Obviously, the sequence characteristics of HGM-Hp3 could be
responsible for its inhibitory effect on the growth of E. coli.

2.5. Antibacterial Activity of Synthetic Peptides on the Logarithmic Growth Phase of E. coli and Intracellular
and Extracellular H2O2 Formation

The logarithmic growth phase of E. coli cells suspended in saline were added to the synthetic
peptide solution. In that case, peptides could easily contact with the newly formed E. coli cell membrane.
After incubation at 37 ◦C for 3 h, the percentage inhibition of synthetic peptides on logarithmic phase
of E. coli was measured, and the induced production of intracellular and extracellular H2O2 in E. coli
cells by addition of synthetic peptides were investigated as well.

As shown in Figure 6A, HGM-Hp1 still demonstrated the strongest inhibitory activity on the
growth of logarithmic phase E. coli cells among the three synthetic peptides. However, the percentage
inhibitions of HGM-Hp2 and HGM-Hp3 on logarithmic phase E. coli cells were not in accordance
with the result of Figure 5A. It was noticed that HGM-Hp2 showed higher percentage inhibition
(25.54 ± 0.57%) than HGM-Hp3 (18.15 ± 1.30%) (p < 0.05) after incubated with logarithmic phase of E.
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coli cells. Interestingly, after incubation of 3 h at 37 ◦C, the H2O2 concentrations of bare HGM-Hp1
and HGM-Hp2 (peptide controls) (Figure 6B) were obviously higher than their H2O2 self-productions
in Figure 5B. Although the incubation of bare peptide at 37 ◦C contributed to produce more H2O2,
the concentration of extracellular H2O2 in E. coli cells after treatment with HGM-Hp1 or HGM-Hp2 at
37 ◦C for 3 h was significantly higher than those observed in the bare bacteria or their peptide controls
(p < 0.05) (Figure 6B).

Figure 6. Antibacterial activity of synthetic peptides on the logarithmic growth phase of E. coli cells:
(A) percentage inhibition; (B) extracellular H2O2 concentration; (C) intracellular H2O2 concentration;
and (D) extracellular potassium ion (K+) content. Raw data are displayed as spots. E. coli cells
and peptides treated under the same conditions were used as the bare bacteria and peptide control,
respectively. The results are represented as the mean ± standard deviation (n = 3). Different letters
(a–d) indicate significant differences among samples (p < 0.05).

Likewise, the intracellular H2O2 concentration in E. coli cells after incubation with HGM-Hp1
or HGM-Hp2 were significantly higher than those in the bare bacteria or their peptide controls
(p < 0.05) (Figure 6C). In contrast, the increase of extracellular H2O2 production was not observed
in the logarithmic phase of E. coli cells after treatment of HGM-Hp3 (Figure 6B). Nevertheless,
the highest intracellular H2O2 concentration in E. coli cells was induced by HGM-Hp3 addition
(189.74 mmol/gprot), which was dramatically increased than those in HGM-Hp1 (28.16 mmol/gprot)
or HGM-Hp2 (23.35 mmol/gprot) treatment (p < 0.05) (Figure 6C). The results in Figure 6 suggest that
peptides HGM-Hp1, HGM-Hp2, and HGM-Hp3 induced intracellular H2O2 production in logarithmic
phase of E. coli cells. This result is similar to our previous study of HAHp(9.0)-G MRPs, which induced
H2O2 production in E. coli cells after 3 h of incubation at 37 ◦C [19]. In a recent study, Bucekova et al.
(2018) [41] reported the antibacterial activity of honey samples incubated at 45 ◦C was enhanced by
25% when compared to untreated honeys, and significantly increased H2O2 accumulation and glucose
oxidase activity were detected as well in the honey samples exposed to 45 ◦C. This means the H2O2

formation in samples or treated cells could play a crucial role for the antibacterial activity of mild
thermal products or MRPs.

However, the H2O2 production in E. coli cells induced by HGM-Hp1 and HGM-Hp2 addition
were different from the case of HGM-Hp3. Apparently, the treatments of HGM-Hp1 and HGM-Hp2
quickly resulted in extracellular H2O2 accumulation in the logarithmic phase of E. coli cells, while
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HGM-Hp3 caused dramatic increases of intracellular H2O2 accumulation. The aqueous solution of
logarithmic phase E. coli cells could provide enough cell membranes for interaction with peptides,
which could contribute to the rapid permeation of smaller peptides HGM-Hp1 (807.07 Da) and
HGM-Hp2 (735.85 Da) into the biomembrane as compared with the relatively large peptide of
HGM-Hp3 (1438.42 Da). Furthermore, the dramatic increases of intracellular H2O2 accumulation in
logarithmic phase of E. coli cells after addition of synthetic peptides also suggested the undergone
oxidative stress induced by these synthetic peptides.

High ROS level in cells can lead to oxidative damage to cell membranes, and finally result in
morphological and physiological changes [42,43]. In this context, measuring the efflux of K+ from
bacterial cells, a classical method to assess the membrane damage caused by antimicrobial agents [44–46],
was a priority to determine after addition of synthetic peptides. As shown in Figure 6D, the amount of
extracellular K+ ions in HGM-Hp1 or HGM-Hp2 treatment was significantly higher than that in the bare
bacteria (without synthetic peptide addition) (p < 0.05). The trend of K+ content variations of peptide
treatments was consistent with the change of their percentage inhibitions (Figure 6A). The higher the
K+ content was in the cell suspension after treatment, the more serious was the observed membrane
damage. In addition, the results in Figure 6D suggest that the destruction of membrane integrity could
contribute to dramatic increase of extracellular H2O2 in HGM-Hp1 and HGM-Hp2 treatments, due
to accumulated intracellular H2O2 leakage. Based on the result of Figure 6, we supposed that the
intracellular H2O2 accumulation might play an important role on the antibacterial action of synthetic
peptides via ROS trigger pathway, especially for shorter peptides such as HGM-Hp1 and HGM-Hp2.
To the best of our knowledge, it is the first report of antibacterial peptide derived from the MRPs
of marine protein hydrolysates could perform the antibacterial activity via inducing intracellular
H2O2 production.

3. Materials and Methods

3.1. Materials

Half-fin anchovy (Setipinna taty), were bought from the local aquatic market in Zhoushan City,
China. The strain of E. coli CGMCC 1.1100 used as the indicative bacterium was provided by School
of Food Science and Pharmacy, Zhejiang Ocean University. H2O2 and K+ assay kits were purchased
from Jiancheng Bioengineering Institute (Nanjing, China). Reagents used in HPLC or RP-HPLC, and
MS were chromatographic and mass spectrometric grade, respectively. Other reagents were analytical
grade and were commercially available.

3.2. Preparation of HAHp(9.0)-G MRPs

HAHp was prepared according to our previous method [18]. In brief, the minced half-fin anchovy
was blended with deionized water at a ratio of 1:4 (w/v). The pH of the mixture was adjusted to 2.0
using 6 mol/L HCl, then preincubated at 37 ◦C for 30 min. Pepsin was added at a ratio of 1100 U/g and
incubated at 37 ◦C for 2.4 h. The hydrolysis was terminated by heating at 95 ◦C for 10 min to inactive
pepsin. Then, the hydrolysates were adjusted to pH of 5.0 using 6 mol/L NaOH, and centrifuged
at 10,000× g for 20 min at 4 ◦C (Himae CF 16 RX versatile compact centrifuge, Tokyo, Japan) to
remove insoluble material (including upper layer of fat and sediments). The soluble hydrolysates,
namely HAHp, were filtered and adjusted to pH of 9.0. After centrifugation of 10 min at 6000× g,
the supernatant was blended with glucose at a ratio of 100:3 (v/m), followed by thermal treatment at
120 ◦C for 100 min. The generated dark brown products, designated as HAHp(9.0)-G MRPs, were kept
at −20 ◦C until use. The mass of peptide in HAHp(9.0)-G MRPs was 6.71 mg/mL. The production rate
of peptide in HAHp(9.0)-G MRPs per 100 g content of half-fin anchovy (wet weight) was 2.68%.
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3.3. Peptide Concentration Determination

Peptide concentration was determined using the method of O-phthalaldehyde (OPA) described
by Bougherra et al. (2017) [47] with slight modifications. Briefly, 25 μL of sample were mixed with
1 mL of OPA solution. After completely blending, 600 μL of the mixture solution were added into
a micro cuvette. The absorbance was determined at 340 nm with a UV-vis 1200 spectrophotometer
(Hitachi, Tokyo, Japan). Glutathione was used as a standard peptide to make standard curve.

3.4. Antibacterial Assay

The antibacterial activity of isolated fractions was determined using the method of 96-well
micro-plate [18]. Briefly, 100 μL of E. coli cells at the logarithmic phase were pipetted into 10 mL
of sterilized nutrient broth to prepare the E. coli suspension. Then, 50 μL of samples were added
with 50 μL of E. coli suspension and incubated at 37 ◦C for 24 h. The absorbance of sample (AS) was
measured at 630 nm by a SM-800 micro-plate reader (Shanghai Utrao Medical Instrument Co., Ltd,
China). The antibacterial activity, indicated as the percentage inhibition, was calculated according to
the following equation:

Percentage inhibition (%) = [AC − (AS − ASB)]/(AC − AB)] × 100 (1)

where AC is the absorbance of control, with the same volume of distilled water instead of sample
solution; AS is the absorbance of the sample; ASB is the absorbance of sample blank, with same volume
of distilled water in substitute of E. coli suspensions; and AB is the absorbance of distilled water.

3.5. H2O2 Assay

The amount of H2O2 self-production in isolated fractions or peptides was determined using the
H2O2 assay kit. Briefly, 250 μL of Reagent 1 (incubated at 37 ◦C) were added with 25 μL of sample, and
250 μL of Reagent 2. After complete blending, the absorbance of sample tube (AS) was measured at 405
nm using a micro-cuvette. The amount of H2O2 was calculated according to the following equation:

H2O2 content (mmol/gprot) = [(AS − AB)/(Ac − AB)] × 163/PC (2)

where AB is the absorbance of blank tube, using the same volume of double-distilled water instead
of the sample; Ac is the absorbance of standard tube, using the same volume of 163 mmol/L H2O2

instead of the sample; 163 is the concentration of standard H2O2 solution (mmol/L); and PC is the
protein concentration (mg/mL).

3.6. Purification of H2O2 Self-Production Peptides from HAHp(9.0)-G MRPs

3.6.1. SEC

After being filtered through a 0.22 μm micro-filter, the filtration of HAHp(9.0)-G MRPs was used
for purification. The isolation of peptidic components was carried out by employing a 1260 Agilent
HPLC system equipped with a PL aquagel-OH 30 column (75 × 300 mm, 8 μm, Agilent Technologies,
Inc., Santa Clara, CA, USA), with separation mass ranging from 100 to 30,000 Dalton. The injection
volume of HAHp(9.0)-G MRPs was 20 μL. The isolation process was firstly eluted with 30% acetonitrile
at a flow rate of 0.5 mL/min under temperature of 25 ◦C and the UV absorption was measured at
220 nm. The purification was repeated 20 times at the same elution conditions to collect enough
isolated fractions for further assay. The freeze-dried isolated fractions were dissolved in distilled water.
The antibacterial activity (measured as percentage inhibition) and H2O2 self-production capacity
(represented as mmol/gprot) of isolated fractions were assayed. The active peptic fraction was then
selected for further purification.
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3.6.2. Solid Phase Extraction (SPE) and Purification by RP-HPLC

The active fraction F2 isolated from SEC was separated using a small SPE cartridge (Cleanert® S
C18-N, 500 mg/3mL, Agela Technologies, Tianjin, China). Prior to elution with 3 mL of 30% methanol
(containing 0.1% formic acid), the SPE cartridge was pre-activated with 6 mL methanol and then rinsed
with 12 mL water. The filtrate or eluent were collected and designated as the hydrophilic extract. The
absorbed hydrophobic compounds were washed off with 3 mL of 70% acetonitrile. The hydrophilic
and hydrophobic components of the extract were lyophilized separately. After being re-dissolved in
distilled water, the percentage inhibitions of hydrophilic and hydrophobic components of F2 on the
growth of E. coli cells were measured by utilizing the 96-well micro-plate method (described in the
Section 2.3).

The hydrophobic extract of F2, which showed the largest percentage inhibition, was loaded onto
a RP-HPLC system equipped with a C18 column (4.6 × 250 mm, 5 μm, Sunfire™, Waters, MA, USA)
for further separation. Solvent A, 0.1% (v/v) trifluoroacetic acid (TFA) in water, and solvent B, 100%
acetonitrile with 0.1% (v/v) TFA, were used for elution. A gradient elution was carried out as follows:
0–25 min, 5–45% solvent B; 25–30 min, 45–85% solvent B; 30–40 min, 85–95% solvent B; 40–50 min,
95–5% solvent B; 50–60 min, 95–5% solvent B, at a constant flow rate of 1.0 mL/min, and measured at
280 nm. Major separated peaks of F2 were collected, then freeze-dried. The percentage inhibitions of
major peaks in F2 against E. coli cells, as well as the H2O2 self-production capacity were measured
and compared.

3.6.3. Identification of Peptide by LC-ESI-Q-TOF-MS/MS

The bioactive peak derived from RP-HPLC was subjected to LC-ESI-Q-TOF-MS/MS analysis,
aiming to identify all potential peptides. The separation was performed on a Nano Aquity
UPLC system (Waters Corporation, Milford, MA, USA), coupled with a quadrupole-Orbitrap mass
spectrometer (Q-Exactive) (Thermo Fisher Scientific, Bremen, Germany) and equipped with an online
nano-electrospray ion source. Elution was carried out by applying the UPLC system, according to
the following procedures: 4 μL of sample were loaded on a C18 column (75 μm × 250 mm, 3 μm,
Eksigent, Livermore, CA, USA). Solvent A (0.1% formic acid in water) and solvent B (acetonitrile with
0.1% formic acid) were used for the gradient elution, 0–45 min, 5–30% solvent B; 45–50 min, 30–80%
solvent B; 50–52 min, 80% solvent B; 53 min, 5% solvent B; 53–60 min, 5% solvent B, at a flow rate
of 300 nL/min. First order MS detection was performed in a positive MS-mode with resolution of
70,000, and the automatic gain control (AGC) was set at 1 × 106, mass-to-charge ratio scanning from
350 to 1600 m/z. At each elution time, ten strongest ions were automatically selected for MS/MS
analysis using a higher energy collisional dissociation (HCD). The resolution of MS/MS was 17,500,
and AGC was set at 2 × 105. Raw data files of peptides acquired on the Q-TOF from the samples were
searched against the protein database of Clupeoidei in NCBI. Through homology analysis in Clupeoidei,
peptide was considered a match if its −10lgP score was greater than 80. Furthermore, de novo peptide
automated spectrum processing was performed using the PEAKS Studio software (7.0) (Bioinformatics
Solutions Inc., Waterloo, Canada) (http://www.bioinfor.com). PEAKS Studio awards confidence
scores for the entire range of amino acid sequences studied [48]. In de novo peptide, the ALC and local
confidence scores indicate that the probability of peptide sequence is correct [48]. In this study, de
novo sequences of peptides with ALC ≥ 95%, and local confidence of each amino acid residue ≥ 90%
were set for validation of predicted peptides.

3.7. Peptide Synthesis

Three peptides were synthesized by Synpeptide Co., Ltd. (Shanghai, China) based on their
sequences. The purity of synthetic peptide was determined (>98%) using HPLC analysis. Furthermore,
the molecular mass of synthetic peptides was also measured using MS analysis under ESI positive

410



Mar. Drugs 2019, 17, 47

mode. The helical wheel projection of peptide was performed using an online tool (http://rzlab.ucr.
edu/scripts/wheel/wheel.cgi).

3.8. CD Spectroscopy of Synthetic Peptides

The secondary structure of synthetic peptides in membrane mimic solution (1.6 mM SDS,
dissolved in 10 mM PBS, pH 7.4) was evaluated as in our previous method [25] using a Chirscan
circular dichroism spectrometer (Applied Photophysics Ltd., Surrey, UK) at 25 ◦C according to the
following parameters: scanning wavelength from 190 to 260 nm in 1 mm quartz cuvette, scanning
speed of 100 nm/min, step size of 1 nm, and 0.5 nm bandwidth. Spectra were corrected for background
contributions by subtraction of appropriate blanks. The delta epsilon in degrees was displayed as a
function of the wavelength in nanometers.

3.9. Physicochemical Property of Synthetic Peptides

The molecular weight (Da), pI, net charge and hydrophobicity of peptides were estimated using the
PepDraw Tool (http://www.tulane.edu/~{}biochem/WW/PepDraw/). The GRAVY and instability
index of peptides were predicted by ProtParam Tool (http://web.expasy.org/protparam/). Homology
searches of peptides were performed using the APD (http://aps.unmc.edu/AP/main.html) and
BLAST program in NCBI non-redundant peptide database (http://www.ncbi.nlm.nih.gov/blast).
The secondary structure of synthetic peptides was predicted by the protein sequence analysis tool of
Hierarchial Neural Network in NPS@ analysis (https://npsa-prabi.ibcp.fr) with SOPMA method [49].

3.10. MIC Determination of Synthetic Peptides

The MIC of synthetic peptides against E. coli was determined using a twofold microdilution
method described in our previous study [18] with slight modifications. In brief, various concentrations
of synthetic peptides (50 μL, stock peptide concentration of 4 mg/mL dissolved in distilled water) were
added to a sterile 96-well microplate. Then, 50 μL of E. coli suspension at logarithmic phase in broth
medium were added to every well. After incubation of 24 h at 37 ◦C, the MIC is defined as the lowest
concentration of peptide at which no visible bacterial growth is observed. Furthermore, the growth of
E. coli cells was measured by the optical density at 630 nm using a SM-800 micro-plate reader (Shanghai
Utrao Medical Instrument Co., Ltd., China) after incubation of different concentrations of synthetic
peptides. The same volume of distilled water instead of peptide was used in positive control, and no
bacteria with peptide was used in negative control. The percentage inhibition of synthetic peptides
was calculated according to the Equation (1) described in Section 3.4. The antibacterial effects of nisin
A and ε-poly-L-lysine, two commercial peptides used in food preservatives, were compared in the
same conditions. Four replicas were performed in each concentration.

3.11. Intracellular and Extracellular H2O2 Formation in Logarithmic Phase of E. coli Induced by
Synthetic Peptides

The capacity of synthetic peptide, which induced intracellular and extracellular H2O2 production
in the logarithmic growth phase of E. coli cells after treatment of 3 h at 37 ◦C, was investigated, referring
to the method of our previous studies [19]. Briefly, after incubation of 3 h at 37 ◦C, the mixture was
centrifuged at 4000× g for 5 min; the supernatants were collected for detection of extracellular H2O2

content. The remaining pellets were blended with 300 μL of icy saline and ultrasonically treated in ice
bath (5 of pulses, 2 min of each pulse) to destroy the cell membrane completely. After centrifugation at
4000× g for 5 min, the supernatants were collected and utilized for the assay of intracellular H2O2

concentration. An equivalent volume of distilled water instead of the synthetic peptide solution
incubated with E. coli cells at the same conditions was designated as the bare bacteria group. Before
and after ultrasonic treatment, the supernatants of the bare bacteria group were collected. In addition,
the H2O2 self-production of synthetic peptides after addition of saline with a ratio of 1:1 (v/v) treated
under the same conditions was measured as the control. The H2O2 concentrations of all groups were
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determined using the H2O2 assay kit. The efflux of K+ from E. coli cells (the supernatants without
ultrasonic treatment) after incubation of synthetic peptides was determined using the K+ assay kit and
expressed as mmol/L. All determinations were performed in triplicate for each group.

3.12. Statistical Analysis

Data are presented as mean ± standard deviation (n = 3). Statistical analysis was performed using
the SPSS® software (SPSS Statistical Software 19.0, Inc., Chicago, IL, USA). The independent sample
t-test was used to evaluate the significant differences between two samples (p < 0.05 or p < 0.01).

4. Conclusions

Several short peptides were identified from the active peptidic fractions derived from
HAHp(9.0)-G MRPs. The synthesized peptides HGM-Hp1 (FEDQLR), HGM-Hp2 (ALERTF), and
HGM-Hp3 (RHPEYAVSVLLR) had different net charges. However, they possessed positive R residue,
and a portion of hydrophobic residues in their sequences. After incubation of 3 h at 37 ◦C with
logarithmic growth phase of E. coli cells, the synthetic peptides induced dramatic increases of
extracellular and/or intracellular H2O2 accumulation. Significant increases of K+ were also detected in
HGM-Hp1 and HGM-Hp2 treatments. Our results suggest that HAHp(9.0)-G MRPs are a good source
of antibacterial peptides. These identified peptides could have potential use to treat Gram-negative
infections in general. Furthermore, H2O2 production might be a potential cause of the antibacterial
activity for these synthetic peptides.
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Abstract: In this paper, a novel natural influenza A H1N1 virus neuraminidase (NA) inhibitory
peptide derived from cod skin hydrolysates was purified and its antiviral mechanism was
explored. From the hydrolysates, novel efficient NA-inhibitory peptides were purified by a
sequential approach utilizing an ultrafiltration membrane (5000 Da), sephadex G-15 gel column
and reverse-phase high-performance liquid chromatography (RP-HPLC). The amino acid sequence
of the pure peptide was determined by electrospray ionization Fourier transform ion cyclotron
resonance mass spectrometry (ESI-FTICR-MS) was PGEKGPSGEAGTAGPPGTPGPQGL, with a
molecular weight of 2163 Da. The analysis of the Lineweacer–Burk model indicated that the
peptide was a competitive NA inhibitor with Ki of 0.29 mM and could directly bind free
enzymes. In addition, docking studies suggested that hydrogen binding might be the driving
force for the binding affinity of PGEKGPSGEAGTAGPPGTPGPQGL to NA. The cytopathic
effect reduction assay showed that the peptide PGEKGPSGEAGTAGPPGTPGPQGL protected
Madin–Darby canine kidney (MDCK) cells from viral infection and reduced the viral production in a
dose-dependent manner. The EC50 value was 471 ± 12 μg/mL against H1N1. Time-course analysis
showed that PGEKGPSGEAGTAGPPGTPGPQGL inhibited influenza virus in the early stage
of the infectious cycle. The virus titers assay indicated that the NA-inhibitory peptide
PGEKGPSGEAGTAGPPGTPGPQGL could directly affect the virus toxicity and adsorption by
host cells, further proving that the peptide had an anti-viral effect with multiple target sites.
The activity of NA-inhibitory peptide was almost inactivated during the simulated in vitro
gastrointestinal digestion, suggesting that oral administration is not recommended. The peptide
PGEKGPSGEAGTAGPPGTPGPQGL acts as a neuraminidase blocker to inhibit influenza A virus
in MDCK cells. Thus, the peptide PGEKGPSGEAGTAGPPGTPGPQGL has potential utility in the
treatment of the influenza virus infection.

Keywords: cod skin; NA-inhibitory peptide; influenza virus; neuraminidase; molecular docking;
adsorption

1. Introduction

The influenza virus remains a highly contagious pathogen that causes high morbidity and
mortality [1]. In 2009, the influenza A (H1N1) virus first emerged and resulted in more than 8000 deaths
worldwide [2]. Furthermore, the number of patients suffering from influenza continues to grow.
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Neuraminidase (NA), a surface glycoprotein, is a major structural component of the virion and plays
an important role in virus replication [3]. Therefore, it is essential to explore the inhibition of NA in
order to control the influenza virus.

NA inhibitors can bind to the active site of the viral NA to interfere with the virus replication [1]
and are a promising target for screening anti-influenza drugs. Current NA inhibitor drugs, such as
zanamivir and oseltamivir [4,5], significantly affect the duration of infection and clinical diseases [6].
However, the pharmaceutical drug efficacy, resistance and cost remain to be solved [7]. In addition,
the NA inhibitor drugs may lead to some side effects, such as potential neurotoxicity, digestive
discomfort and respiratory diseases [8]. Hence, it is necessary to develop alternative and natural NA
inhibitors. Recently, many NA-inhibitory peptides have been found to show potential as antiviral drugs.
For example, Amri et al. [9] found that some cyclic peptides, RRR and RRP, showed high NA-inhibitory
activity. In addition, Upadhyay et al. [10] found that the mimosine tetrapeptide (M-FFY) also showed
high NA-inhibitory activity. However, natural NA-inhibitory peptide was seldom reported.

Cod is an important fish species in China. Lots of scraps are generated during the processing
and utilization of cod, which can lead to the waste of resources and environmental pollution.
Thus, it is necessary to make full use of the cod scraps. More than 80% of the dry matter of
cod skin [11] is collagen, which is rich in proline and L-hydroxyproline [12]. Both proline and
L-hydroxyproline contain a pyrrolidine structure [13] and this group can act as hydrogen bond donors
or receptors to exert anti-influenza effects by binding to neuraminidase, thus allowing the formation
of proline-containing polypeptide inhibitors. A number of studies have showed that synthetic
pyrrolidine-containing compounds exhibited high NA-inhibitory activity [14,15], which suggested
that natural pyrrolidine-containing substances (proline and L-hydroxyproline) might also play an
important role in the inhibition of NA. Recently, cod skins were widely applied in the preparation of
ACE-inhibitory peptides [16,17]. However, the preparation of natural NA-inhibitory peptides from
cod skin hydrolysates was not reported. Therefore, the peptide derived from cod skin hydrolysates
might have the high potential in the inhibition of NA. In addition, it has been reported that the
influenza-infection cycle involves several distinct steps [5,18]. Hemagglutinin (HA), a significant
surface glycoprotein, also plays an important role in viral infection by mediating viral entry and
fusion [19–21]. Thus, it is significant to further investigate the potential mechanisms of peptides
against the influenza A virus.

To the best of our knowledge, the preparation of natural influenza A H1N1 virus neuraminidase
inhibitory peptide from cod skin hydrolysates has seldom been reported. The study aims to prepare
efficient NA-inhibitory peptides from cod skin hydrolysates. We identified the NA-inhibitory
peptides with high activities by electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FTICR-MS). In addition, molecular docking simulations were conducted
to investigate the interactions between the peptides and NA. Moreover, the mechanism of the
peptide against the influenza virus was also discussed. This study can provide previously unknown
information about the effect of the novel NA-inhibitory peptides on influenza A H1N1 virus and
alternative approach for antiviral therapy.

2. Results and Discussion

2.1. Isolation and Purification of Neuraminidase (NA)-Inhibitory Peptide

The enzymatic hydrolysates of cod skins were firstly ultrafiltered with an 5 K membrane to
obtain the components whose molecular weight were less than 5000 Da. The IC50 value of the
ultrafiltrate was 6.4 mg/mL (Table 1). The NA-inhibitory peptides were then fractionated using
a Sephadex G-15 gel column and Fractions A–F were obtained at 220 nm (Figure 1A). The NA
inhibition assays of these fractions showed that Fraction D exhibited high NA-inhibitory activity
(IC50 = 3.50 ± 0.11 mg/mL). The fractions with the same molecular weight peaked simultaneously in
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the Sephadex G-15 gel column [22]. Therefore, Fraction D may be a mixture and needs to be further
fractionated by reverse-phase high-performance liquid chromatography (RP-HPLC).

Table 1. Purification procedure of NA-inhibitory peptides.

Components Purification IC50 (mg/mL) Purification Fold

Hydrolysates (<5000 Da) Ultrafiltration 6.40 ± 0.13 a 1.00
D Sephadex G-15 3.50 ± 0.11 b 1.83
D1 RP-HPLC 0.89 ± 0.07 c 7.19

Mean ± standard deviation (SD) (n = 3). Values with different superscript letters are significantly different (p < 0.05).

Figure 1. Isolation and purification of NA-inhibitory peptides using a Sephadex G-15 gel column (A)
and reverse-phase high-performance liquid chromatography (RP-HPLC) (B). Purity identification of
neuraminidase (NA)-inhibitory peptide D1 (C).

RP-HPLC is a common tool for isolating and purifying the polypeptides [22]. After 5 min
of elution, six major peaks were detected at 220 nm, among which the peak corresponding to
Fraction D1 exhibited a relatively high intensity (Figure 1B). Fraction D1 exhibited the high activity
(IC50 = 0.89 ± 0.07 mg/mL). After a two-step purification process, Fraction D1 was purified by
7.19 times (Table 1), suggesting that the NA-inhibitory activity of cod skin peptides can be significantly
improved by fractionation and purification. In addition, Fraction D1 exhibited a single peak in an
analytical C18 HPLC column (Figure 1C), suggesting that the purity of D1 had met the requirement
for sequencing.

2.2. Identification of the NA-Inhibitory Peptide

ESI-FTICR-MS can simultaneously dissociate multiple precursor ions and has a wide detection
range, high resolution, and high precision [23]. To determine the matching degree of the identification
sequence, the sequence results were matched by using the Swiss Prot database. The matching result
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showed that the determined sequence was PGEKGPSGEAGTAGPPGTPGPQGL with a molecular
mass of 2163 Da (Figure 2). The peptide consisted of 24 amino acid residues and proline accounted for
a quarter.

Figure 2. Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry
(ESI-FTICR-MS) spectra of the amino acid sequences of Fraction D1.

2.3. Mode of Action and Molecular Docking of PGEKGPSGEAGTAGPPGTPGPQGL

To determine the mode of action of the NA-inhibitory peptide, a Lineweaver–Burk kinetic
model was used to explore the relationship between the reaction rate and the substrate concentration.
As shown in Figure 3, PGEKGPSGEAGTAGPPGTPGPQGL (peptide P) is a competitive NA inhibitor
(Ki = 0.29 mM), suggesting that the peptide P can directly bind free enzyme. Such a binding results in
a decrease in substrate affinity at the active site [24]. The binding of NA to a substrate or competitive
inhibitor of amino acid residues is the highly specific binding [25]. A number of studies have shown
that modes of action of NA inhibitors include competitive, non-competitive, uncompetitive and
mixed modes. For example, Park et al. [26] obtained 2-hydroxy-3-methyl-3-butenyl alkyl (HMB) from
Angelica keiskei and HMB was a non-competitive inhibitor with Ki of 14.0 ± 1.5 μM (IC50 = 12.3 μM).
Nguyen et al. [27] isolated eight oligostilbenes from Vitis amurensis, which were all non-competitive
inhibitors with Ki of 8–25 μM (IC50 = 8.94–234.61 μM). Jiang et al. [28] isolated indole alkaloid from
Streptomyces sp. FIM090041, which was a competitive inhibitor with Ki of 13.5 μM (IC50 = 67.8 μM).
In addition, oseltamivir was a competitive inhibitor of chemically synthesized drugs. Compared
with those NA inhibitors, the NA-inhibitory intensity of the peptide P was relatively low. Thus, the
synergistic combination with other inhibitors should be further explored based on this study.

Figure 3. Kinetic study of the NA inhibition profile of PGEKGPSGEAGTAGPPGTPGPQGL.

For the purpose of understanding the interaction mechanism between peptide P and NA,
molecular docking was performed. Prior to docking, the conformation of the peptide P was determined
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using molecular dynamics (MD). Peptide P has several conformations in the solution. Two main
clusters were identified. Two minimum-energy conformations of peptide P from the two main clusters
were selected for binding modes determination. As shown in Figure 4, Conformation A forms
6 hydrogen bonds with the residues Asn347, Asp151 and Lys150, whereas Conformation B only forms
3 hydrogen bonds with the residues Lys150, Asn347 and Ser369. In addition, Pro21 of Conformation A
is important in the formation of hydrogen bonds. Thus, Conformation A is probably more energetically
favorable to bind to the NA. Our docking studies suggested that hydrogen binding might be the
driving force for the binding affinity of peptide P to NA. Li et al. [22] also reported that the hydrogen
binding was the main driving force for the binding affinity of PNVA to angiotensin converting enzyme
(ACE). The binding site of the NA is filled with charged residues and properly introducing charged
residues to the NA can be a way to increase the binding affinity of peptide P analogues.

Figure 4. Probable binding mode of peptide PGEKGPSGEAGTAGPPGTPGPQGL at H1N1 NA.
Conformation of the peptide was determined by MD simulations. Conformation of the peptide
was clustered from the last 50 ns MD. (A,B) show the binding modes of the two minimum-energy
conformations (Conformation A and Conformation B) of the peptide extracted from the two largest
clusters at the binding site of NA. The dashed lines show the hydrogen bonds formed between residues
from the peptide and residues of the NA.

2.4. Cytotoxicity and Antiviral Activity of Peptide PGEKGPSGEAGTAGPPGTPGPQGL on Madin–Darby
Canine Kidney (MDCK) Cells

The peptide P exhibited no significant cytotoxicity in Madin–Darby canine kidney (MDCK)
cells at a concentration of 250 μg/mL or less (p > 0.05), while peptide P significantly reduced the
viability of MDCK cells at concentrations over 250 μg/mL (p < 0.05) (Figure 5B). The inhibitory
effect of the peptide P on the H1N1 virus was examined in vitro. MDCK cells treated with H1N1
(Figure 5A) exhibited cytoplasmic shrinkage, loss of cell-cell contract, and reduction in cell numbers.
After co-treatment with peptide P, MDCK cell morphology was changed slightly and appeared healthy
with a regular shape compared with the control cells. The treatment with 62.5~1000 μg/mL peptide P
significantly reduced the cytopathic effect (CPE) and peptide P increased the viability of virus-infected
cells dose-dependently (Figure 5C). The peptide P at a concentration of 250 μg/mL inhibited H1N1
by 42%, which showed a lower antiviral effect than ribavirin (p < 0.05). The EC50 value of peptide P
against H1N1 was 471 ± 12 μg/mL. Test results indicated that peptide P could protect MDCK cells
from viral infection and reduced the viral production in a dose-dependent manner.
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Figure 5. (A) Morphological changes in H1N1-infected MDCK cells; (B) Cell viability of Madin–Darby
canine kidney (MDCK) cells after being incubated with the peptide at different concentrations for 48 h;
(C) Inhibitory effects of the peptide on influenza virus H1N1 infection in MDCK cells. Values of three
replicates are expressed as mean ± standard deviation. Different lowercase letters indicate significantly
different values (p < 0.05).

2.5. Inhibitory Effects of Peptide PGEKGPSGEAGTAGPPGTPGPQGL on Different Stages of Viral Replication

To determine the stages in which the peptide P plays a role in the influenza virus life cycle,
a time-of-addition experiment was conducted. MDCK cells treated with H1N1 exhibited the shrinkage
of cytoplasm, loss of cell–cell contract, and apoptosis (Figure 6A). The MDCK-cell morphology
was different in three stages and the pretreatment group appeared healthier than adsorption and
after-adsorption groups, with regular shapes. A significant protection effect was observed when the
peptide P was added before viral adsorption and the inhibition ratio was 73%, which was slightly
lower than the positive control of ribavirin (75%) (Figure 6B), suggesting that the possible target of
peptide P was located in the cell surface and could reduce viral virulence. In addition, the viability of
the infected cells was partly recovered by the peptide P during viral adsorption, and the inhibition
ratio was 58%, which was significantly lower than positive control of ribavirin (75%) (Figure 6B),
indicating that peptide P could effectively prevent the attachment of virus and cells. Moreover, peptide
P showed less inhibition rates by approximately 31.5% against H1N1 when it was added after the
infection (Figure 6B), indicating that peptide P could inhibit an after-adsorption step of the influenza
virus life cycle. In addition, the IC50 values in three different stages of viral replication were increased
according to the following order: pretreatment < adsorption < after-adsorption (Figure 6B). The result
was consistent with the results of inhibition assays. Overall, the time-course analysis showed that the
peptide P mainly inhibited influenza virus in the early stage of the infectious cycle.

Previous studies reported the protein-enriched fraction (PEF) that isolated from the larvae of
housefly had strong antiviral activity against influenza virus at a very early stage of the interaction with
virus particles or their entry into the cells [29]. The extract of Ginkgo biloba (EGB) could directly interact
with influenza virus and markedly reduce the infectivity of the virus by preventing the adsorption to
host cells [30]. The theaflavin derivatives had a direct effect on viral particle infectivity [31]. Similar to
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the results in the study, these studies also indicated that the inhibition of influenza virus occurred in
the early stage of the infectious cycle. Ding et al. [32] reported that chlorogenic acid (CHA) inhibited
influenza virus in the late stage of the infectious cycle.

Figure 6. (A) Morphological changes of H1N1-infected MDCK cells under different treatment
conditions. (i) Pretreatment, (ii) adsorption, (iii) after-adsorption; (B) MDCK cells were infected
with the peptide under three different treatment conditions; (C) hemagglutination (HA) titers of
influenza virus H1N1 treated with different concentrations of peptide. Values of three replicates
are expressed as mean ± standard deviation. Different letters indicate significantly different values
(p < 0.05).

2.6. Hemagglutination (HA) Assay

To explore whether the inhibitory effect of the peptide P on H1N1 was cell-specific or not, the virus
titers in MDCK cell supernatants were measured by hemagglutination (HA) assay. The virus particles
contain hemagglutinin protein, which binds to receptors on the surface of erythrocytes and causes
hemagglutination (HA) [33]. The maximum dilution ratio of red blood cell agglutination can be set
as the HA titer in HA experiments with different dilutions of virus. Some active substances can bind
to the surface of the virus and block the hemagglutinin, thereby preventing the combination of red
blood cells and inhibiting hemagglutination. As shown in Figure 6C, the HA titer of the virus was
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inhibited by the peptide P dose-dependently and the peptide P could significantly reduce the virus
titer at the concentration over 125 μg/mL (p < 0.05). The NA-inhibitory peptide P could affect the
virus toxicity and adsorption by host cells, further proving that the peptide had an anti-viral effect
with multiple target sites. Wang et al. [29] also reported that PEF could decrease the infectious capacity
in HA titer and prevent the attachment of virus and cells. In addition, Haruyama et al. [30] reported
that EGB contained an anti-influenza virus substance that directly affected influenza virus particles
and disrupted the function of hemagglutinin in the adsorption to host cells.

2.7. Simulated Digestion Test on NA-Inhibitory Peptide

The NA-inhibitory peptides need to resist digestive enzymes in vivo to maintain the stability
of the peptides. In the simulated environment of the digestive tract, the activity the NA-inhibitory
peptides before and after digestion were measured. To explore the behaviors of the peptide in the
digestive tract in vitro, the peptide P was treated with digestive enzymes. After the simulated digestion,
the activity of the NA-inhibitory peptide was significantly decreased (p < 0.05), indicating the instability
of the NA-inhibitory peptide during the simulated in vitro gastrointestinal digestion (Figure 7).
Kuba et al. [34] extracted ACE inhibitory peptide Trp-Leu from Tofuyo (fermented soybean food)
and suggested that the inhibitory activity of Trp-Leu was completely preserved after the simulated
digestion. Different peptides have different tolerances to gastrointestinal proteases. The activities
of some functional peptides were increased after digestion and could be taken orally as a prodrug
through sustained release or direct digestion. However, the activity of NA-inhibitory peptide in cod
skin hydrolyzates after digestion was not ideal, so oral administration is not recommended. There are
many ways to uptake the NA-inhibitory peptides, including adsorption, injection, oral administration
and other ways. Therefore, it is necessary to further explore other routes of entry.

Figure 7. NA-inhibitory rate of the peptide PGEKGPSGEAGTAGPPGTPGPQGL during the simulated
in vitro gastrointestinal digestion. Values of three replicates are expressed as mean ± standard
deviation. Different lowercase letters indicate significantly different values (p < 0.05).

3. Materials and Methods

3.1. Reagents

Cod skins were purchased from Shandong Meijia Group Co., Ltd. (Rizhao, China). Ribavirin
(50 mg/mL) was purchased from Cisen Pharmaceutical Co., Ltd. (Jining, China). Zorbax SB-C18
column (9.4 mm × 250 mm) was obtained from Agilent Technologies (Santa Clara, CA, USA).
RPM1640 medium, fetal bovine serum (FBS), penicillin and streptomycin were obtained from Gibco
(Grand Island, NY, USA). 4-Methylumbelliferyl-N-acetyl-α-D-neuralminic acid (MUNANA) and
2-(N-morpholino) ethanesulphonic acid (MES) were bought from Sigma (St. Louis, MO, USA).
Influenza virus H1N1 neuraminidase (NA) was kindly made by the School of Medicine and Pharmacy,
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Ocean University of China (Qingdao, China). All other chemicals were bought from local commercial
sources and were of the highest purity available.

3.2. Cells and Viruses

MDCK cells were purchased from Shanghai Institute of Biochemistry and Cell Biology (Shanghai,
China), and maintained in RPM1640 medium included 10% of FBS, 100 U/mL of penicillin and
100 μg/mL of streptomycin. The influenza virus A/Puerto Rico/8/1934 (H1N1) was obtained from
Wuhan Institute of Virology (Wuhan, China), and grown in 10-day-old embryonated eggs at 36.5 ◦C
for 72 h. As for infection, virus propagation solution was diluted in phosphate buffered saline (PBS)
containing 0.2% bovine serum albumin (BSA) and then added into the cells at the indicated multiplicity
of infection (MOI). Viruses were allowed to be adsorbed 60 min at 37 ◦C. After removing the virus
inoculum, cells were maintained in infecting media (RPM1640, 4 μg/mL trypsin) at 37 ◦C in 5% CO2.

3.3. Protein Extraction of Cod Skins

The protein of cod skins was prepared according to the method described by Zhao et al. [35].
Briefly, 100 g of cod skins were firstly cut up and homogenized in 600 mL of distilled water.
Then, protein of cod skins was extracted from the homogenates in a water bath at 85 ◦C for 6 h
and centrifuged (5000× g, 30 min) to obtain the solutions. The solutions were freeze-dried with a
lyophilizer (Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China).

3.4. Preparation of Cod Skin Protein Hydrolysates

The freeze-dried cod skin protein was initially dissolved in water and its substrate concentration
was adjusted to 22 mg/mL. After that, pepsin (1.6 kU/g protein) was added into the solution and
hydrolyzed in a water bath at 37 ◦C for 6.8 h. Afterward, the pepsin was inactivated at 100 ◦C for
10 min. After centrifugation at 5000× g for 30 min, the ultrafiltration precipitation was carried out with
5 K membrane (Millipore Isopore, Billerica, MA, USA). The precipitate obtained was freeze-dried and
stored for use.

3.5. Purification of NA-Inhibitory Peptide

The Sephadex G-15 column (2.6 cm × 65 cm) was used to purify the NA-inhibitory peptides.
The flow rate was 1.2 mL/min and double distilled water was used for elution. After that, the Zorbax
SB-C18 column (9.4 mm × 250 mm, Agilent, CA, USA) equipped with an Agilent 1260 infinity HPLC
system (Agilent Technology, Mississauga, ON, Canada) was used to analyze the peptides in the
hydrolysates at a flow rate of 1.5 mL/min. An acetonitrile gradient from 5% to 40% was adopted for
20-min elution to separate groups of peptides. Chromatographic separation was carried out at 35 ◦C.
The components were collected at the absorbance of 220 nm and freeze-dried for further analysis.

3.6. NA-Inhibitory Activity Assay

The NA activity assay was performed according to the previous method with slight
modifications [36]. Briefly, the sample (10 μL) and NA solution (30 μL) were added to a 96-well
plate. After the incubation at 37 ◦C for 30 min, 60 μL of reaction buffer (33 mM MES buffer, pH = 3.5;
4 mM CaCl2; 10 μL MUNANA) was added. After the incubation under the same conditions, 100 μL
of stop solution (83% ethanol; 14 mM NaOH) was added to each well. The fluorescence intensity
was measured with a SpectraMax M5 plate reader (Molecular Decices, Sunnyvale, CA, USA) with the
excitation and emission wavelengths of 355 and 460 nm, respectively; 10 μL of PBS and 30 μL of NA
were used as the positive control, and 10 μL of PBS and 30 μL of PBS were used as the negative control.
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The hydrolysates (10 μL) and NA (30 μL) were used as the samples and 10 μL of hydrolysates and
30 μL of PBS were used as the negative control of the sample. The inhibition activity is calculated as:

Inhibition activity(%) =
(APC − ANC)−

(
ASample − ASNC

)

APC − ANC
× 100% (1)

PC: positive control, NC: negative control, SNC: negative control of the sample.

3.7. Amino Acid Sequence Analysis

The peptides were sequenced using ESI-FTICR-MS. The sequencing was completed in the Beijing
Proteome Research Center (Beijing, China).

3.8. NA Inhibition Mode

The mode of NA inhibition was determined according to the previous method with slight
modifications [37]. Various concentrations of MUNANA (1.25, 2.5, 5, 10 and 20 μM) were incubated
with NA in the absence or presence (0–2.5 mg/mL) of the peptide P at 37 ◦C. The inhibition kinetics of
NA in the presence of peptide P was determined based on the Lineweaver–Burk plot. The inhibitor
constant Ki was calculated by plotting 1/Vmax versus the concentrations of peptide P.

3.9. Molecular Dynamics Simulation

The initial conformation of the peptide P was produced with the xleap module in AMBER 16.
The protonation states of the peptide P residues were predicted with the PropKa 3.1 method [38].
The initial model was minimized and refined through molecular dynamics (MD) simulations with
the Amber 16 package and ff14SB force field [39]. The system was minimized and equilibrated
according the previous method [40]. The SHAKE algorithm was used for the MD simulations [41].
The long-range electrostatic interactions were modeled using the particle-mesh ewald (PME)
method [42]. MD trajectories were analyzed with VMD [43] and molecules were drawn with PyMol
(Schrödinger LLC, Portland, OR, USA).

3.10. Docking

Docking the MD refined structures of peptide P to H1N1 (PDB Code: 1RUZ) [44] was performed
in AutoDock 4.2 [45]. Gasteiger charges were used and nonpolar hydrogens of the macromolecule and
ligand were merged. A grid box with the dimensions of 60 Å × 60 Å × 60 Å and a grid spacing of
0.375 Å was set up and centered at the geometric center of the binding box defined with the bound
ligand in the crystal structure. Docking was performed by using a Lamarckian genetic algorithm
(LGA), with the receptor treated as a rigid body. The docking results were analyzed by AutoDock
Tools. The produced conformations were selected based the docking score and manual analysis.

3.11. Cytotoxicity Test by MTT Assay

The MTT assay was used to determine the effect of the peptide on the viability of MDCK cells [5,46].
The 96-well plates were used to culture the MDCK cells. After adding 10 μL of PBS containing MTT
(0.5 mg/mL) into each well, the solution was incubated at 37 ◦C for 4 h. After removing the supernatant,
200 μL of DMSO was added into each well. The optical density (OD) for each well was determined at
570 nm. The IC50 was calculated as the concentration of the sample at which the number of viable cells
was decreased to 50% of that in the cell control.

3.12. Cytopathic Effect (CPE) Reduction Assay

The cytopathic effect (CPE) reduction assay was performed according to the previous method [5,47].
MDCK cells were firstly infected with influenza A H1N1 virus (IAV) (MOI = 0.1) and then treated
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with different concentrations of peptide in triplicate after removing the virus inoculum. After 48-h
incubation, 4% formaldehyde was used to fix the cells for 20 min. After removing formaldehyde,
0.1% crystal violet was used to stain the cells for 30 min. After elution of the dye with methanol,
the intensity of crystal violet staining for each well was measured at 570 nm.

3.13. Acting Mode of Inhibitory Peptide

In order to investigate the inhibitory effects of the peptide on the influenza at different stages
of replication, time course analysis was determined according to the previous method [5]. In the
pretreatment assay, influenza A virus (IAV, MOI = 3.0) was pretreated with 250 μg/mL of the peptide
at 37 ◦C for 1 h before infection. Then, the virus/peptide mixture was added to MDCK cells for 1 h at
4 ◦C, and the culture solutions were removed and replaced by sample-free solutions. In the adsorption
assay, MDCK cells were infected in solutions containing 250 μg/mL of the peptide at 4 ◦C after 1-h
adsorption and then the culture solutions were removed and replaced by sample-free solutions. In the
post-adsorption assay, the virus suspension was added into each well containing a confluent MDCK
cell monolayer and then the cells were treated with 250 μg/mL of the peptide after removing the virus
inoculums. At 24 h, the antiviral activity was detected by the CPE inhibition assay as described above.

3.14. HA Assay

The hemagglutination (HA) assay was performed as previously reported [48]. The virus solutions
(105 PFU/mL) were serially diluted in 96-well plates, followed by adding different dilutions of
NA-inhibitory peptides. The same volume of 1% standardized chicken red blood cells (cRBCs) prepared
according to the World Health Organization (WHO) manuals were added to each well. After 60-min
incubation at 4 ◦C, RBCs in negative wells were sedimented to form red buttons, whereas positive
wells had an opaque appearance without sedimentation. HA titers were given as hemagglutination
units/50 μL (HAU/50 μL).

3.15. Simulated Digestion Assay

Simulated digestion assay was performed according to the previous method with slight
modifications [49]. The NA-inhibitory peptide was dissolved in deionized water to prepare 10 mg/mL
solution. The pH was adjusted to 2.0 with 1 mol/L HCl and then pepsin (2.86% of the substrate,
dry basis) was added. Digestion was performed at 37 ◦C for 2 h, followed by boiling for 10 min to stop
the enzyme activation. Subsequently, the pH was adjusted to 7.5 with 0.2 mol/L NaOH. After adding
chymotrypsin (4.00% of substrate, dry basis), the reaction was carried out at 37 ◦C for 1 h. The sample
was submerged in a 95 ◦C water bath for 10 min to terminate the enzymatic digestion and cooled on
ice to room temperature. Then, trypsin (4.00% of substrate, dry basis) was added, and the above steps
were repeated. Afterwards, the digested mixtures were centrifuged at 10,000× g for 10 min to obtain
the digestive juices. The NA inhibition assay in digestive juices was detected as described above.

3.16. Statistical Analysis

The data were expressed as mean ± standard deviation (SD). The results were validated by
one-way analysis of variance (ANOVA). Duncan’s multiple range tests were performed to determine
the differences between means (significance level was set at 5%) using SPSS 20.0 (SPSS Inc., Chicago,
IL, USA).

4. Conclusions

The novel NA-inhibitory peptide PGEKGPSGEAGTAGPPGTPGPQGL was first prepared from
cod skin hydrolysates. Docking studies suggested that hydrogen binding might be the driving force
for the binding affinity of the peptide to NA. Time-course analysis showed that the peptide inhibited
influenza virus in the early stage of the infectious cycle. The assay of virus titers indicated that the
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NA-inhibitory peptide could directly affect the virus toxicity and the adsorption by host cells, further
proving that the peptide had an anti-viral effect with multiple target sites. The activity of NA-inhibitory
peptide was almost inactivated during the simulated in vitro gastrointestinal digestion, suggesting
that oral administration was not recommended and the need to further explore other routes of entry.
Furthermore, the antiviral activities of peptide against H1N1 in vivo need to be further investigated
in order to facilitate the development of peptide in preventing influenza virus infection. The peptide
exhibits potential utility in the control of influenza virus infections. This study provides a theoretical
basis for guiding the discovery of new natural anti-influenza drugs.
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