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Throughout most of the 20th century, the toxinological literature consisted largely of
pharmacological and functional characterizations of crude venoms and venom constituents,
often constituents that could not be identified unambiguously. The advent of amino acid composition
analysis in the 1950s enabled the first forays into physical characterizations of purified toxins, although
these remained few in number until the 1970s. Then, tryptic and chymotryptic cleavage of venom
proteins coupled with manual Edman degradation began to provide the first complete sequences,
particularly of three-finger toxins. Polyacrylamide gel electrophoresis and superior resins for liquid
chromatography permitted improved purification and better gross structural characterization of venom
components. The early 1980s saw the advent of automated Edman degradation, and entire sequences
of longer proteins began to appear in the literature. Then, the molecular biology revolution made it
possible to generate cDNA sequences of more and larger proteins, followed by mass spectrometry-based
proteomics and quantitative high-throughput DNA sequencing and genomics. Today, we face a hitherto
unprecedented situation in which our capacity to generate sequence/structural data has completely
overwhelmed our capacity to characterize venom constituents functionally. This Special Issue of Toxins
comprises 11 publications addressing the discovery and functional characterization of novel venom
constituents of vertebrate and invertebrate venoms.

Tadokoro et al. [1] review the functional diversity of snake toxins belonging to the Cysteine-Rich
Secretory Protein (CRISP) superfamily and find that despite their broad taxonomic distribution, very few
of these proteins have been functionally characterized; however, those that have, exhibit diverse
activities, inhibiting ion channels and angiogenesis, increasing vascular permeability, and promoting
inflammatory responses (leukocyte and neutrophil infiltration).

Pérez-Peinado et al. [2] review snake toxins that have been exploited or are being explored for
diagnosis and treatment of various cardiovascular disorders and blood abnormalities. They focus on
development of antimicrobial and anticancer drugs, reviewing their principal activities in vitro and
in vivo, their structures, mechanisms of action, and their potential as drug leads.

Santibanez-Lopez et al. [3] use new and previously published transcriptomic resources to assess
evolutionary relationships of closely related scorpions from the family Hadruridae and their toxins.
In particular, they survey potassium channel toxins known as scorpine-like peptides, showing that
these peptides exhibit gene duplications. The authors find that more toxin sites are evolving under
negative selection than under positive selection.

Delgado-Prudencio et al. [4] examine the means by which many scorpion venom peptides are
amidated at their C-termini, a post-translational modification that is essential for correct biological
functioning of these peptides. They report the existence of a dual enzymatic α-amidation system,
and identify the enzymes in scorpion venom glands responsible.

Ullah et al. [5] examine the structure of snake venom phosphodiesterases, little studied enzymes
responsible for unleashing purine nucleosides in the prey to promote hypotension, inhibition of
platelet aggregation, edema, and paralysis. They examine the enzyme from Crotalus adamanteus

Toxins 2020, 12, 336; doi:10.3390/toxins12050336 www.mdpi.com/journal/toxins1
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venom and report that this PDE comprises a somatomedin B domain, a somatomedin B-like domain,
an ectonucleotide pyrophosphatase domain, and a DNA/RNA non-specific domain. They find that
snake venom PDEs exhibit high sequence identity, but comparatively low identity with mammalian
and bacterial PDEs. Nonetheless, they suggest that intraspecific sequence differences may account for
different substrate specificities.

Inamaru et al. [6] follow up on earlier work to report a novel, sixth small serum protein from
Protobothrops flavoviridis. Using comprehensive genomic analysis, the authors conclude that some SSPs
were present in all snake genomes before the divergence of venomous snakes, but that others arose
specifically in venomous snakes. The authors report that the evolutionary emergence of SSP genes is
probably related to physiological functions of SSPs and that venom SSP composition may reflect snake
habitat, prey, and venom differences.

Kuo et al. [7] examine mechanisms and structure–activity relationships of disintegrins TFV-1 and
TFV-3, from Protobothrops flavoviridis venom, which have very different pro-hemorrhagic tendencies.
The find that TFV-1 selectively inhibits Gα13-mediated platelet aggregation without affecting
physiological hemostatic processes. It causes neither severe thrombocytopenia nor bleeding in
mice and does not induce hypocoagulation in human whole blood. In contrast, TFV-3 and eptifibatide
exhibit all of these hemostatic effects.

Heep et al. [8] explore the peptidome of a predatory ant, Manica rubida, and observe severe
fitness costs in the pea aphid (Acyrthosiphon pisum), a common agricultural pest. They identify a novel
decapeptide, which, while inactive against bacteria and fungi, reduces aphid survival and reproduction.
Both crude venom and the peptide reversibly paralyze injected aphids, inducing loss of body fluids.
They suggest that this venom may be a promising source of additional bio-insecticide leads.

Huancahuire-Vega et al. [9] report the purification and biochemical and functional characterization
of ACP-TX-I and ACP-TX-II, two phospholipases A2 (PLA2) from Agkistrodon contortrix pictigaster
venom. ACP-TX-I is a monomeric, catalytically inactive K49 PLA2, exhibiting markedly diminished
myotoxic and inflammatory activity, compared to dimeric K49 toxins. ACP-TX-II is an enzymatically
active D49 PLA2, exhibiting in vivo local myotoxicity, edema-forming activity, and in vitro cytotoxicity.
ACP-TX-I PLA2 is likewise cytotoxic, indicating that cytotoxicity does not require enzymatic activity.

Tourki et al. [10] describe Lebetin 2 (L2), a natriuretic peptide from Macrovipera lebetinus venom and
report that following myocardial infarction, L2 reduces leukocyte and proinflammatory M1 macrophage
infiltration into the infarcted area. It also increased anti-inflammatory M2-like macrophages, inducing
a higher density of endothelial cells and cardiomyocytes than BNP. The authors find that L2 has
strong, acute, prolonged cardioprotective effects that reduce ischemic reperfusion-induced necrotic
and fibrotic effects.

Wu et al. [11] describe the isolation of a novel bradykinin-related peptide from the skin secretion
of a ranid frog, Ordorrana hejiangensis. They report that when Arginine-4 is substituted with Leucine,
this bradykinin agonist is transformed into a bradykinin antagonist.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The CAP protein superfamily (Cysteine-rich secretory proteins (CRISPs), Antigen 5 (Ag5),
and Pathogenesis-related 1 (PR-1) proteins) is widely distributed, but for toxinologists, snake venom
CRISPs are the most familiar members. Although CRISPs are found in the majority of venoms,
very few of these proteins have been functionally characterized, but those that have been exhibit
diverse activities. Snake venom CRISPs (svCRISPs) inhibit ion channels and the growth of new blood
vessels (angiogenesis). They also increase vascular permeability and promote inflammatory responses
(leukocyte and neutrophil infiltration). Interestingly, CRISPs in lamprey buccal gland secretions also
manifest some of these activities, suggesting an evolutionarily conserved function. As we strive to
better understand the functions that CRISPs serve in venoms, it is worth considering the broad range
of CRISP physiological activities throughout the animal kingdom. In this review, we summarize those
activities, known crystal structures and sequence alignments, and we discuss predicted functional
sites. CRISPs may not be lethal or major components of venoms, but given their almost ubiquitous
occurrence in venoms and the accelerated evolution of svCRISP genes, these venom proteins are
likely to have functions worth investigating.

Keywords: CAP superfamily; ion channel blockage; salivary component; co-factors

Key Contribution: Characterized cysteine-rich secretory proteins (CRISPs), including those that
have been isolated from snake venoms and other sources, bind various target molecules, but all of
them alter cellular signaling. This is a key feature of CRISPs and other proteins of the large CAP
superfamily. Crystal structures and amino acid sequence alignments can be used to infer CRISP
functional residues involved in binding.

1. Introduction

The CAP protein superfamily (Cysteine-rich secretory proteins (CRISPs), Antigen 5 (Ag5),
and Pathogenesis-related 1 (PR-1) proteins), occasionally called the sperm coating protein (SCP) or
Tpx-1/Ag5/PR-1/Sc7 (TAPS) family, occurs in a wide range of organisms. This superfamily is defined by
a common structural feature, the CAP/PR-1 domain, with a unique α-β-α fold. The CAP/PR-1 domain

Toxins 2020, 12, 175; doi:10.3390/toxins12030175 www.mdpi.com/journal/toxins5



Toxins 2020, 12, 175

comprises approximately 150–160 amino acids and includes four signature sequences, as defined in
the PROSITE Database (http://www.expasy.ch/prosite/):

CAP1, [GDER][HR][FYWH][TVS][QA][LIVM][LIVMA]Wxx[STN];
CAP2, [LIVMFYH][LIVMFY]xC[NQRHS]Yx[PARH]x[GL]N[LIVMFYWDN];
CAP3 (HNxxR); and
CAP4 (G[EQ]N[ILV]).
Most proteins in this superfamily have only one CAP/PR-1 domain; however, a few species

of parasitic helminths have proteins with more than one [1]. The CAP superfamily is extensive.
The Pfam database (v32.0) (http://pfam.xfam.org/) contains 20,748 sequences (Pfam ID: PF00188) from
5356 species, ranging from bacteria to eukaryotes, and 39 structures, including a number of identical
molecules with different IDs (Protein Data Bank, http://www.rcsb.org/; accessed on 2 January 2020).
Sequence information for members of this superfamily continues to grow with the advancement of
high-throughput technologies, such as next-generation cDNA sequencing.

Secreted PR-1 proteins were the first known members of the CAP superfamily, described in 1970
from Nicotiana tabacum plants infected with tobacco mosaic virus [2]. The abundance of PR-1 proteins
increases in tobacco leaves infected with various pathogens [3]. These early results indicated that
PR-1 proteins are involved in plant systemic responses to disease. Overexpression of the PR-1 gene
results in increased plant resistance to fungi [4], oomycetes [3,5], and bacteria [6], but not to viruses [7].
Subsequently, PR-1 proteins were found ubiquitously distributed among plants. PR-1 genes are also
associated with abiotic stress responses [8–12], though their expression may also be independent of
stress responses [13]. The broad-ranging functions of PR-1 proteins require further investigation,
especially after the discovery of PR-1 receptor-like kinases, which may be involved in initiation of
signaling cascades [14]. The current hypothesis is that PR-1 proteins possess antimicrobial activity,
amplifying defense signals via sterols or effector binding.

Ag5 proteins are abundant in insect venoms and saliva, including venoms of vespids and fire
ants [15], and in the saliva of blood-feeding ticks [16], flies [17], and mosquitoes [18]. As one of the
major allergens in insect venoms, immunoglobulins from human victims cross-react with Ag5s in
venoms of yellow jackets, hornets, and paper wasps [15,19,20]. The function of Ag5 in saliva proteomes
of hematophagous arthropods may be to regulate the host immune system and to inhibit coagulation
during feeding [21,22]. For example, Ag5s from blood-feeding insects, Dipetalogaster maxima and
Triatoma infestans, strongly inhibit collagen-induced platelet aggregation by interaction with Cu2+,
providing redox potential for catalytic removal of O2, and decreasing inflammation [23].

CRISPs are highly expressed in rodent male reproductive tracts [24,25], with lower levels of
expression in neutrophils, plasma, salivary gland, pancreas, ovary, thymus, and colon [26,27]. There has
been a lack of consistent nomenclature regarding CRISPs. For example, CRISP-3 localized in seminal
plasma is also known as specific granule protein 28 (SGP28), horse seminal plasma protein-3, and Aeg2
(NCBI Gene ID:10321). Three predominantly mammalian CRISPs (CRISP-1 to -3) have been referenced
by different names in various studies, and a list of all published nomenclature has been assembled in a
review by Adam et al. [28]. Mammalian CRISPs are associated with reproduction, cancer, and immune
responses [28,29]. In addition to these activities, CRISPs have been identified as toxins in venom glands
of snakes, lizards, spiders, scorpions, and cone snails [30–34]. Interestingly, a CRISP similar to those
found in snake venom was also described as a main salivary component of the parasitic Japanese river
lamprey (Lethenteron japonicum) [35].

CRISPs first appeared in reptile venoms approximately 170 million years ago in the clade
Toxicofera [36,37]. Many CRISP orthologs have been found in lizard and snake venoms [38]. A review
of venom proteomes confirmed the presence of CRISPs in viperid, elapid, and colubrid venoms,
and their absence in atractaspidid venoms and those of some elapids, such as coral snakes [39].
The abundance of snake venom CRISPs (svCRISPs) in crude venom varies from 0.05% to 10%.
The svCRISPs ablomin (Gloydius blomhoffii), triflin (Protobothrops flavoviridis), latisemin (Laticauda
semifasciata), and tigrin (Rhabdophis tigrinus) were some of the first characterized, and were also
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classified as helothermine-like venom proteins (helveprins). Helothermine is a CRISP isolated from the
venom of the Mexican beaded lizard (Heloderma horridum) [40]. The most common svCRISP activity
has been non-enzymatic inhibition of various membrane channels, but many other activities have also
been observed [31,41]. Sensitive “-omic” analyses, predominately transcriptomics and proteomics,
have identified a large number of svCRISPs. However, in most cases these proteins have not been
isolated or characterized experimentally, and their targets and biological roles remain unknown.

Target binding to alter cellular signaling cascades is a common function of CRISPs and other
proteins of the CAP superfamily. In this review, we detail interactions between CAP superfamily
proteins and their targets. It is important to view svCRISPs in the larger context of the entire CAP
superfamily in order to identify their potential functions in venoms. We review svCRISPs that have
been characterized during the past 10 years, examining their molecular surfaces and identifying regions
and residues that contribute to their diverse biological activities.

2. Structural Features of Cysteine-Rich Secretory Proteins (CRISPs)

The Protein Data Bank (PDB) contains various CAP superfamily tertiary structures.
High-resolution crystal structures of svCRISPs reveal a common secondary structure that includes
16 conserved cysteine residues (Figure 1). CRISPs have two main domains, a CAP/PR-1 domain at
the N-terminus and a cysteine-rich (CRD)/ion channel regulatory (ICR) domain at the C-terminus,
connected by a hinge region. For structure descriptions in this section, we have used residue numbering
from triflin and natrin, well-characterized svCRISPs with published structures (Figure 1).

7
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1

2 13

4 5 6

7

7

68

84 523

Figure 1. Amino-acid sequence alignments of Cysteine-rich secretory proteins (CRISPs).
Highly conserved residues are highlighted in red, and other conserved residues are shown in a
red font. Disulfide bridges are indicated below the alignment with black numbers. Identical numbers
identify bonded residues. The secondary structure of triflin (PDB ID: 1WVR) is shown above the
alignment. Purple triangles indicate conserved residues involved in binding of divalent cations (His60,
Glu75, Glu96, and His115 for triflin). Basic residues in pseudetoxin are indicated with a yellow box,
whereas the corresponding residues are neutral in pseudecin and are indicated with a blue box.

2.1. CAP/PR-1 Domain

Most CRISP structures contain an N-terminal α-β-α sandwich composed of five α-helixes and
eight β-sheets, with five conserved cysteine residues among the 162 residues. The crystal structures of
CRISP CAP/PR-1 domains show high similarity with CAP/PR-1 domains in P14a, a plant pathogenesis
group-1 protein [42], and Ves v5, from yellow hornet venom [19]. A metal-ion-binding site in the
CAP/PR-1 domain of CRISPs is also well conserved (His60, Glu75, Glu96, and His115; triflin numbering).
Human CRISPs contain a glycosylation site (Asn-X(except Pro)-Ser/Thr) and a glycosylated form
exists [43], but very few svCRISPs share this feature [41].
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2.2. Hinge Region

About 20 amino acids (positions 163–182) form the hinge region between the CAP/PR-1 and
CRD/ICR domains. The hinge region includes two disulfide bonds.

2.3. Cysteine-Rich Domain (CRD)/Ion Channel Regulatory (ICR) Domain

Three disulfide bonds and a few short α-helixes are well conserved in the CRD/ICR domain
(positions 183–221). The CRD/ICR domain of svCRISPs may be important for recognizing ion channels.
This has been suggested because the ion-binding motif in kaliotoxin (KTX) and margatoxin (an α-KTX)
from buthid scorpion venoms [44], as well as in ShTx and BgK from sea anemone venoms [45], have the
same tertiary structure. These peptide toxins, comprising approximately 40 amino acid residues,
display high affinity for voltage-gated potassium channels and calcium-activated potassium channels,
and possible interaction sites with these target channels have been proposed.

3. CRISP Co-Factors

CAP family members perform various physiological functions by binding to small compounds
and proteins in the characteristic concavity of the CAP/PR-1 domain. Plant PR-1 proteins and the yeast
CAP proteins, Pry1 and Pry2, bind sterols and lipids to inhibit pathogen proliferation. Sterols are
essential for eukaryotes and bacteria, and removing them from membrane surfaces of pathogens
inhibits their growth and can even kill them [46]. Lipid-related functions of the CAP superfamily have
been summarized by Schneiter et al. in two reviews [47,48].

CRISPs bind divalent cations (Zn2+, Ca2+, and Cd2+), heparin, small peptides (substrates for Tex31,
a cone snail CRISP [32]), and proteins (receptors). Five crystal structures of svCRISPs (natrin, triflin,
pseudetoxin, pseudecin, and stecrisp) have revealed the presence of divalent ions in the CAP/PR-1
domain (Table 1). In crystal structures of the elapid CRISPs, pseudechetoxin and pseudecin, the CRD/ICR
domains and the N-terminal domains form a groove that narrows upon Zn2+ binding, consistent with
the finding that Zn2+ likely influences target molecule recognition [49]. Two Zn2+-binding sites in
natrin are responsible for slight conformational differences with and without Zn2+, detected in 3D
structure comparisons [50].

Binding of divalent cations alters CRISP activity. Zn2+ enhances the binding of natrin to heparin,
resulting in increased expression of adhesion molecules on endothelial cells (ECs). It has been proposed
that the heparin-binding site is located opposite the Zn2+-binding site in natrin [50]. Ca2+ (1 mM)
increases cleavage activity of Tex31 (from Conus textile) 5-fold, but this increase was not observed
with Zn2+ or Mg2+ [32]. It is interesting that members of the salivary antigen-5/CAP family from
hematophagous insects are Cu2+-dependent antioxidant enzymes in competition assays, although these
proteins also bind other divalent metals (Mn2+, Ni2+, Co2+, and Zn2+) depending on their presence in
the buffers used [23]. Thus, there is clear evidence that divalent cations affect bioactivity not only of
svCRISPs, but also other members of the CAP superfamily. However, whether conformational changes
induced by cation-binding are correlated with their activity requires corroboration.
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4. Proteins That Bind to CRISPs

Human CRISP-3 occurs in seminal plasma at high concentrations (14.8 g/mL) [72], but its function
remains unknown. CRISP-3 is a promising bio-marker candidate for prostate cancer because the
concentration of this protein increases >50-fold in pre-malignant prostate lesions and in primary
tumors compared to normal prostatic epithelium [73]. To understand the physiological activity of
CRISP-3, molecules with which it interacts have been identified, namely a prostate secretory protein
of 94 amino acids (PSP94) (also known as a β-microseminoprotein; MSP) [74] and α-1B glycoprotein
in human plasma (A1BG) [75]. Both bind to CRISP-3 with high affinity (KD = 6.28 × 10−11 M with
PSP94 and KD = 2.8 × 10−9 M with A1BG). Identification of interaction surfaces between CRISP-3 and
these binding proteins from mammals has been a focus of attention due to the medical relevance of
CRISP-3 [76,77]. However, experimental evidence has been limited to NMR titration and mutagenesis
analysis [78,79]. Recently, we determined the structure of a complex between PSP94 and CRISP family
proteins that provided insight into CRISP-3 binding [80].

Small serum protein-2 (SSP-2) was identified in the serum of Protobothrops flavoviridis as an
endogenous inhibitor against triflin (svCRISP) [81]. We built a binding model by superimposing SSP-2
onto PSP94, because PSP94 and SSP-2 are structurally similar and interact strongly with triflin across
species [82]. The previously published PSP94–CRISP-3 model based on NMR titration showed that
the N-terminal Greek key motif and the C-terminal β8 strand of PSP94 interact with the N-terminal
CAP/PR-1 domain and hinge region of CRISP-3, respectively, in a parallel manner [78]. Our structure
is upside-down compared to the other model, but the same surface of PSP94 interacts with the concave
CAP/PR-1 domain of triflin (Figure 2A). In addition to the β5 and β8 strands, other key structural
elements of PSP94 involved in complex formation are likely to be conserved. In PSP94, the β1 and β8
strands at the N- and C-termini are aligned in a linear manner and form an edged binding surface,
whereas the β1 and β5 strands of SSP-2 form the binding surface. SSP-2 has a shorter C-terminal region
compared with PSP94, so the N- and C-termini of SSP-2 are located on opposite sides. Consequently,
this is in contrast to the N- and C- termini of PSP94, which are located on the same side. We hypothesize
that formation of a parallel β-sheet between the SSP-2 β5 strand and the triflin β4 strand may allow
the SSP-2 β1 strand to fit into the cavity between the CAP/PR-1 and CRD/ICR domains of triflin,
thereby blocking the Zn2+ binding site and stabilizing the interaction. These findings indicate that our
model provides significant structural insight into the human PSP94–CRISP-3 complex, which has been
debated for many years.

The SSP-2–CRISP-3 complex model reveals that the N-terminal alanine of SSP-2 penetrates
the metal-binding site of triflin, and that the CRD/ICR domain is shifted compared to the position
of the CRD/ICR domain in triflin. This observation agrees with the conformational change of the
CRD/ICR domain in the presence or absence of Zn2+, which has been documented for another svCRISP,
pseudecine (Figure 2B). We have evidence that the binding of SSP-2 dramatically suppresses the
channel inhibition activity of triflin (unpublished data). The structure of our complex also indicates
that the concave region of the triflin CAP/PR-1 domain was fully occupied by the entire SSP-2 molecule,
whereas direct interaction at the CRD/ICR domain was limited. Thus, SSP-2 may inhibit activity of
several svCRISPs, because the concave region of this family shows great conservation. SSP-2 binding
prevents Zn2+ binding to the concave region of the PR-1/CAP domain (Figure 2B). The structure-based
alignment of venom CRISPs and human CRISP-3 show that the contact residues identified in our
complex are relatively well conserved among CRISPs, suggesting the relevance of the binding ability
of PSP94 to a wide range of CRISPs, including svCRISPs. As described above, divalent cations affect
some CRISP activities (Section 3). Therefore, binding of the side face of the β-sheets of SSP-2 to both
CAP/PR-1 and CRD/ICR domains of triflin might be important for suppression of triflin functions.
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Figure 2. Inhibition of the divalent cation binding site by the serum inhibitor Small serum protein-2
(SSP-2). (A) Our complex structure of SSP-2-triflin (PDB ID: 6IMF) clearly indicates that the inhibitor
occupies and blocks the conserved divalent cation binding site, which is functionally important. The
inset is a focused view of the β1 and β5 strands of SSP-2. Ala1 of SSP-2 and His60 and His 115 of
triflin are shown as stick models. (B) The same view of the apo-triflin structure (PDB ID: 1WVR, left),
Pseudecin (PDB ID: 2FPF, middle) and natrin (PDB ID: 3MZ8, right) are shown. Divalent cations are
bound at the conserved location via histidines, indicated with stick models. Structures were prepared
using PyMOL (https://pymol.org/).

5. Isolation and Characterization of Snake Venom CRISPs

Snake venom CRISPs have proven difficult to express recombinantly and to fold properly in
bacteria and yeast systems due to their eight disulfide bonds. Therefore, the first step in characterizing
svCRISPs is usually to isolate from crude venom. Normal-phase and reversed-phase high-performance
liquid chromatography (HPLC), have been used to purify venom CRISPs. The svCRISP natrin from
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Naja, triflin from Protobothrops flavoviridis, ablomin from G. blomhoffii, latisemin from L. semifasciata,
tigrin from R. tigrinus, kaouthin-1 and kaouthin-2 from Naja kaouthia [83], and patagonin from Philodryas
patagoniensis were purified by size exclusion chromatography, ion exchange chromatography, or heparin
affinity chromatography. Pseudechetoxin from Pseudechis australis, TJ-CRVP from Trimeresurus jerdonii,
and NA-CRVPs from Naja atra [84], as well as helothermine from the saliva of Heloderma horridum [40]
and Tex31, from a homogenized extract of Conus textile [32], were purified by reversed-phase HPLC
(RP-HPLC) with an acetonitrile buffer containing 0.1% (v/v) trifluoroacetic acid for the final purification
step. It is possible that RP-HPLC purification in acidic buffers may affect CRISP activity and tertiary
structure, although Tex31 which was purified by this method retained its proteolytic activity. In our
own lab, we compared CD spectra of triflin purified by normal-phase and RP-HPLC and found no
differences (unpublished). Therefore, we concluded that svCRISPs are very stable, even in strong acids
(<pH 2.0).

In our work, two serum CRISPs were discovered in Protobothrops flavoviridis and G. blomhoffii
venoms, which we designated as serotriflin and seroablomin, respectively [85]. We also reported
complexes between serum CRISPs and other proteins in the blood of snakes. Formation of these
complexes is pH-dependent, so they might not be found if acidic RP-HPLC buffers are used, but neutral
or basic volatile buffer systems can probably be used.

The greatest challenge with CRISP isolation is that it is difficult to conclude if the biological activity
is retained given that, for most, their activities are unknown. So far, no svCRISPs have proven lethal to
mammals. A key feature of this family of proteins is that, although they bind various target molecules,
all affect cellular signaling.

5.1. Ancestral CRISP Activity

Ito et al. and Xiao et al. characterized CRISPs from buccal glands of lampreys. These proteins
included a CRISP from L. japonicum and buccal gland secretion protein-2 (CRBGP-2) from Lampetra
japonica [35,51]. Lamprey CRISPs exhibited similar pharmacological effects under almost the same
conditions and concentrations as svCRISPs, such as blocked depolarization-induced contraction of
rat-tail arterial smooth muscle at 1 μM and suppression of angiogenesis related to EC apoptosis via
microfilament disorganization [51–54], although their selectivity differed from that of svCRISPs [51].
Recombinant PR-1/CAP retained both cytotoxic activity against human umbilical vein endothelial cells
(HUVECs) and anti-angiogenic activity. In 2011, a lamprey CRISP was demonstrated as a neutrophil
inhibitory factor, and its inhibitory effect was caused by binding to α β 2 integrin receptors [55].
These observations suggested that some physiological activities of svCRISPs have been conserved
from ancestral vertebrates.

5.2. Myotoxicity

Patagonin, from Philodryas patagoniensis venom, caused skeletal myotoxicity in murine
gastrocnemius muscle, including muscle necrosis, edema, and inflammatory infiltration of
polymorphonuclear leukocytes without smooth muscle contraction, as well as proteolytic activity,
hemorrhage, and inhibition of platelet aggregation [70]. The authors hypothesized that the molecular
mechanism by which patagonin induced muscle necrosis may be associated with binding to ion
channels and speculated that this might be a general property of svCRISPs. They also suggested
that tigrin (R. tigrinus) may cause skeletal myotoxicity because patagonin and tigrin are both from
rear-fanged snakes and have high sequence similarity.

5.3. Ion Channel Inhibition

Several venom CRISPs from viperids and elapids target ion channels [31]. One of the best
characterized svCRISPs is natrin, isolated from N. atra, the crystal structure and receptor targets of
which are known. Natrin has an inhibitory effect on high-conductance calcium-activated potassium
(BKca) Kv1.3 channels, as well as calcium release channel/ryanodine receptors (RyR) [67]. In 2010,
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Wang et al. demonstrated that <1 M natrin activated ECs to promote monocytic cell adhesion in a
heparin sulfate- and Zn2+-dependent manner via increased expression of adhesion molecules (VCAM-1
and ICAM-1) and E-selectin as an inflammatory modulator [50]. They proposed that the mechanism
involved binding of natrin to heparin in the presence of Zn2+. A cryo-EM study showed that the
CRD/ICR domain of natrin is crucial for binding to ryanodine receptor 1 (RyR1, a Ca2+ release
channel) [68]. However, sequence comparisons among svCRISPs suggest that the amino acid residues
42–44, 57–59, and 63–65 in the CAP/PR-1 domain may also be important for target channel recognition
(Figure 1) [49,83]. These regions are putative interaction sites that target ion-channels, and are variable
svCRISP residues. Indeed, the CRD/ICR domain of pseudechetoxin, a cyclic nucleotide-gated (CNG)
channel blocker, did not inhibit CNG channels alone [49].

5.4. Anti-Protozoal Activity

Crovirin from Crotalus viridis has anti-protozoan activity against Trypanosoma cruzi and Leishmania
amazonensis with low IC50 and LD50 values (1.10–2.38 g/mL), but was non-toxic to mice in an ex vivo assay
measuring creatine kinase activity after an injection of 10 μg/mL of crovirin [71]. A considerably higher
concentration of crovirin (20 g/mL) displayed limited toxicity to mammalian cells. The mechanism
responsible for this activity was not investigated.

5.5. Anti-Angiogenic Activity

A CRISP from Echis carinatus sochureki venom, EC-CRISP, is a negative regulator of angiogenesis.
The HPLC fraction did not interact with cancer cells, such as the glioma cell line, LN18, but showed
pro-adhesive properties for normal ECs, such as HUVECs. At concentrations of 10–20 g/mL (<1 M),
EC-CRISP interacted with ECs without affecting fibronectin, vitronectin, collagen type I, or laminin,
and was transported into the cytoplasm. This toxin inhibited the MAPK Erk1/2 signaling pathway
induced by vascular endothelial growth factor (VEGF), but had no effect on two other MAP kinases,
p38 and SAPK/JNK [65]. However, the target receptor of ES-CRISP is still unknown.

5.6. Vascular Permeability Regulator

The effect of hellerin, from Crotalus oreganus helleri venom, on vascular permeability was
demonstrated in vivo and in vitro. Trans-capillary leakage was observed 30 min after mice were
subcutaneously injected with hellerin (70 nM), but leakage was approximately half that of the vascular
permeability produced by vascular endothelial growth factor A (VEGF-A, 50 nM) [64]. Hellerin (2 M)
reduced the viability of HUVECs by 50%, and hellerin-treated HUVEC cells had rounded cell shapes
and detached from the substrate. In human dermal lymphatic endothelial cells (HDLECs) and human
dermal blood endothelial cells (HDBECs), hellerin (675 nM) increased trans-epithelial permeability
and decreased the level of F-actin.

5.7. Inflammation Regulator and Protease Activity

The Bothrops jararaca svCRISP, Bj-CRP, did not show proteolytic, hemorrhagic, coagulant,
or potassium channel inhibition [63]. However, Bj-CRP increased leukocyte and neutrophil infiltration
in mice 1 and 4 hr after i.p. injection, but this activity did not increase over 24 h following the injection.
This inflammatory response might be related to the observed increase in IL-6 expression 1 h after
injection, but no increase in TNF-, IL-10, or NO was observed. Bj-CRP cleaved C3 and C4 weakly
and bound to components C3 and C4, which resulted in increased levels of C3a, C4a, and C5a. These
results indicate that Bj-CRP modulates hemolytic activity associated with the complement pathways
because >50 g of Bj-CRP reduced hemolytic activity.
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6. Functional Sites Identified in CRISPs

CRISPs are highly conserved proteins in snake venoms; however, few svCRISPs have known
biological activities (Table 1). Amino acid alignments between CRISPs with known structures and
activities would be useful for understanding other CRISPs. CRISP putative functional sites have been
proposed based on amino acid sequence conservation and variability. However, it is still necessary to
characterize the biological activities of novel CRISPs because structure-function relationships for these
toxins are yet to be completely understood.

6.1. Potential Functional Sites Responsible for Protease Activity

Cone snail Tex31, a PR-1 protein, showed proteolytic activity against synthesized peptides such
as Ac-KLEKR-pNA. Tex31 is thought to cleave the propeptide region of conotoxin TxVIA as a native
substrate [32]. Stecrisp, a svCRISP isolated from Trimeresurus stejnegeri venom, had no proteolytic
activity under almost the same conditions. Based on tertiary structures, the authors proposed that
Ser80 in Tex31, which is in a loop region, may be in close proximity to the highly conserved divalent
cation site (His130 and Glu115 in Tex31), and this forms a catalytic triad responsible for cleavage [32].
Unlike Tex31, the residue at position 80 in stecrisp is proline (Pro80 in the reference [62]).

Patagonin and Lamprey CRISP lacked cleavage activity against fibrinogen [70]. Natrin lacked
proteolytic activity against bovine serum albumin (BSA), neurotensin, a Tex31 substrate,
or kenetensin [50]. Although Bj-CRP did not cleave azocasein, fibrinogen, or fibrin, it showed
low catalytic activity against C3 and C4 [63]. This result might be similar to the general activation
of component C3 by C3-convertase, a serine protease. C3-convertase cleaves component C3 to C3a
and C3b, at a cleavage site between Arg726 and Ser727 (–LAR726S727NLD–) of component C3 [86].
This cleavage site is similar to the leucine at position P4 of the preferred substrate sequences of Tex31,
counting from the C-terminal end. A sequence comparison between Bj-CRP and Tex31 could not be
performed because the Bj-CRP sequence is not yet available. There are still many unknown sequences,
such as the non-proteolytic patagonin. Thus, functional sites responsible for CRISP proteolytic activity
are unclear because of the limited number of reports, and because their proteolytic activity against
different substrates has not been comprehensively evaluated. Likewise, protease activity of mammalian,
fungal, and plant CAP superfamily proteins is still lacking.

6.2. Potential Domains and Functional Sites Responsible for Ion Channel Inhibition

Seven CRISPs inhibit high-potassium-induced contraction of smooth muscle, with three of
these (piscivorin, ophanin, and catrin) demonstrating a weaker effect at 1 μM [61]. Three CRISPs
(tigrin, patagonin, and natrin) did not show inhibition when tested (Table 1). The current hypothesis
is that suppression of muscle contraction is a result of the restriction of the Ca2+ incurrent by CRISP
channel blockade; however, there is no direct evidence to support this. As previously discussed,
the CRD/ICR domain is one of the CRISP regions potentially responsible for targeting ion-channels.
This has been suggested because this domain is very similar to peptides that block ion channels,
including peptide toxins KTX, α-KTX, and ShTx (43). CRD/ICR domain sequences between CRISPs that
cause muscle contraction and those that inhibit contractions were compared (Figure 3A). Interestingly,
there is a deletion of two residues in tigrin and an insertion of five residues (GAGGT) in lamprey
CRISP in this region. These differences are also present only in the surface-exposed ICR motif of the
CRD/ICR domain. (Figure 3B). However, there are no significant feature differences among active ion
channel inhibitors and those that are inactive. There are likely multiple residues responsible for this
activity in the CAP/PR-1 domain and/or hinge region.
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Figure 3. Comparisons between CRD/ICR domain regions of CRISPs that inhibit ion channels and
those that do not. (A) Amino-acid sequence alignment of CRD/ICR regions of CRISP family proteins,
showing highly conserved residues highlighted in red, and other conserved residues in a red font.
Cysteine residues forming disulfide bridges are indicated by black brackets. The secondary structure of
triflin (PDB ID: 1WVR) is shown above the alignment. (B) Structural conservation in the CRD/ICR
region of snake venom CRISPS (svCRISPs0 that inhibit high-potassium-induced contraction of smooth
muscle is shown on a triflin scaffold (PDB ID: 1WVR). Conservation scores were calculated with the
Consurf server using default settings. Conservation scores are graded on a nine-point scale, from the
most variable positions (turquoise) to the most conserved positions (maroon). The structure was
prepared using PyMOL (https://pymol.org/).
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Helothermine and natrin bind to ion channel targets with high affinity (<1 μM). These targets
include K+ channels, ryanodine receptors [58,67,69], and voltage-dependent Ca2+ channels [57]. Not all
CRISPs have been identified as having ion channel targets. Bj-CRISP had no effect on 13 voltage-gated
potassium channels tested using two-electrode voltage-clamping on Xenopus oocytes. CNG channels
were identified as pseudechetoxin and pseudecin targets. Interestingly, these toxins had different
affinities, even though they differ by only seven residues. Two basic residues in pseudechetoxin (Lys184
and Arg185) seem to contribute to higher CNG binding affinity; the affinity of pseudechetoxin is 10-fold
greater than that of pseudecin, with neutral residues (Asn184 and Tyr185) in this region (Figure 1) [60].
Matsunaga et al. discussed sequence variation in the concave region between the N- and C-terminal
domains of svCRISPs. They suggested that variation in svCRISP activity toward different ion channels
can be explained by charge distribution differences on the surfaces of svCRISPs [83]; however, there is
no experimental evidence identifying the binding sites of these toxins.

7. svCRISP Evolution

CRISPs of toxicoferan reptiles have experienced positive selection, and more in snakes than in
lizards [87]. In contrast, mammalian CRISPs appear constrained by negative selection. Episodes of
rapid gene divergence are seen for svCRISPs in elapids and rear-fanged colubrids at all codon positions,
in comparison to weaker gene divergence in viperid and boid snakes, and anguid, helodermatid,
and iguanid lizards [88]. Evolution of toxicoferan CRISPs may be linked to snake predatory behavior.
Elapid CRISPs manifest lower levels of positive selection (ω values), potentially due to the presence of
highly toxic neurotoxins in these venoms for prey incapacitation. Viperids and rear-fanged colubrids
have comparatively fewer toxic venom components, and have CRISPs manifesting higher levels of
positive selection. At the protein-level, positive selection was identified at sites on the molecular
surface, primarily in the CRD/ICR domain [87]. Future characterizations of CRISP activities with their
corresponding functional sites may provide better insight into their role in prey capture and how this
impacts their evolution.

Although 1-6 gene copies are observed for CRISPs in snake genomes [89,90], CRISP gene positions
in snake genomes appear to be conserved. For genomes of both Naja naja and Crotalus viridis,
svCRISP genes are located on chromosome 1 [90,91], potentially close to the centromere. This genome
location may promote sequence conservation and may explain why expression of some toxins varies for
different snake families, such as is observed for phospholipase A2s and three-finger toxins, but svCRISPs
are present at consistent levels in venoms of most venomous snakes.

Expression levels of toxin and non-toxin homologs of svCRISPs have been evaluated for one
opisthoglyph and for proteroglyphs and solenoglyphs [89–92]. At least two CRISP genes are expressed
in snake venom glands, but differences in expression levels of each are apparent. Molecular evolution
and functionality may not be equal for these two genes. Therefore, interpretations based on genome
sequences alone require caution. Expression levels should also be considered to avoid misrepresenting
the significance of venom CRISPs.

8. Conclusions and Future Directions

Two decades have passed since the discovery of venom CRISPs [58]. Many are now
known and have been investigated in various ways, including protein and nucleotide sequencing,
and characterization of molecular weights and isoelectric points. A few have been functionally
characterized. However, new technologies generating large amounts of sequence data have completely
overwhelmed our capacity to functionally characterize the many venom constituents being reported.
This is especially difficult when it has yet to become apparent what biological roles certain toxins
provide in venoms, as we can only document the activities for which we assay.

It is possible for toxins to have conserved amino acid sequences, functions, and mechanisms
associated with their structures. This information can provide insights into their surface features
and even into specific residues involved in binding. Conserved features may preserve selectivity
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and/or specificity. Structures and functions of CRISPs have been reviewed here, including those from
lampreys. Ion channel-blocking activity and/or disruption of EC conditions may be an activity of
svCRISPs that has been conserved evolutionarily. Further, it is important to consider co-factors and
interacting proteins that regulate these activities in order to comprehensively understand biological
effects of svCRISPs. Venom proteins are remarkably stable, with high selectivity and affinity for targets.
Exploring toxins, even non-lethal ones like CRISPs, can improve our understanding of how proteins
target specific channels, receptors, or substrates. This can be useful for the development of therapeutics,
not only to treat snake envenoming, but also other maladies.

svCRISP characterization faces several challenges. The first is that these proteins occur at low
levels in crude venoms. Moreover, eight disulfide bonds make them difficult to biosynthesize in large
quantities for biological assays or structure determinations. An additional struggle lies in designing
proper assays to characterize svCRISP activity, as a wide diversity of activities have been documented.
We propose that the range of activities known from the CAP superfamily as a whole should dictate
assays to be used in characterizing novel svCRISPs. Functional characterization of CRISPs lags far
behind the number of genomic, transcriptomic, and proteomic CRISP sequences. An integrated
approach to study snake venoms is required. Researchers involved in ‘-omics’ need to collaborate with
labs that specialize in structure-function relationships to execute more comprehensive studies. In the
future, we encourage toxinologists to characterize svCRISPs functionally.
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Abstract: For decades, natural products in general and snake venoms (SV) in particular have been a
rich source of bioactive compounds for drug discovery, and they remain a promising substrate for
therapeutic development. Currently, a handful of SV-based drugs for diagnosis and treatment of
various cardiovascular disorders and blood abnormalities are on the market. Likewise, far more SV
compounds and their mimetics are under investigation today for diverse therapeutic applications,
including antibiotic-resistant bacteria and cancer. In this review, we analyze the state of the art
regarding SV-derived compounds with therapeutic potential, focusing on the development of
antimicrobial and anticancer drugs. Specifically, information about SV peptides experimentally
validated or predicted to act as antimicrobial and anticancer peptides (AMPs and ACPs, respectively)
has been collected and analyzed. Their principal activities both in vitro and in vivo, structures,
mechanisms of action, and attempts at sequence optimization are discussed in order to highlight their
potential as drug leads.

Keywords: snake venoms; antimicrobial peptides; anticancer peptides; cathelicidin; defensin;
crotamine; snake venom proteins; snake venom peptides

1. Introduction

Snakes are arguably among if not the most despised creatures in the entire animal kingdom.
With some exceptions (serpents protected and revered, even worshipped, in ancient and some
contemporary societies), for the vast majority of people, snakes epitomize harm, evil, and treachery.
Examples are found in scriptures and ancient tradition (the serpent of Eden, the popular belief
of Cleopatra’s asp-assisted suicide), classic literature (e.g., Poe’s The cask of amontillado, Doyle’s
The Speckled Band) or colloquial language (“he’s a snake in the grass”). Beside this general perception
of snakes incarnating terror and deceit, the ancient view of the serpent as a dual archetype of good
and evil (e.g., Moses’ brass serpent, the rod of Asclepius, Hindu mythology) has not only survived,
but paradoxically, become increasingly supported by evidence that, when properly used, snake venom
(SV) compounds can actually help save lives rather than ending them [1].

SVs are cocktails of toxins refined over millions of years of evolution, sometimes encoding
several powerful biological effects in a single component. SVs should, therefore, be considered as
rich libraries of bioactive molecules with potential to treat human disorders. A pioneering example
was the development of Captopril® from a peptide discovered in the venom of the Brazilian pit
viper Bothrops jararaca [2,3], and subsequent development of angiotensin-converting enzyme (ACE)
inhibitors that have had a significant impact in hypertension control since the 1980s. Similarly, leads for
other SV-derived drugs are mostly peptides and enzymes (Table 1). To date, most SV-based medicines
have been approved for cardiovascular maladies or as diagnostic tools for blood-related abnormalities
(Table 1). On the other hand, new uses currently being investigated in clinical and preclinical trials
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focus on other conditions, such as sclerosis, chronic pain, infections, or cancer (Table 1), thus revealing
the potential of snake toxins to serve as molecular scaffolds in diverse therapeutic fields.

Here we focus on the potential relevance of SV compounds to two major therapeutic challenges of
the 21st century: multi-drug-resistant bacteria and cancer. First, we are frightfully close to running out
of effective antibiotics in the war against pathogenic bacteria, due to factors such as over-prescription,
non-compliance, veterinary use, etc., fueling the emergence of superbugs [4,5] Recent forecasts of human
costs associated with antimicrobial resistance are sobering: by 2050, the number of deaths attributed to
antimicrobial resistance will increase from the current 700,000 a year to 10 million, becoming the main
cause of death [6,7]. Second, new cancer therapies are urgently needed to complement and/or replace
current chemotherapeutic drugs with their numerous contraindications. Cancer is now the second
leading cause of death worldwide, accounting for one out of six deaths [8]. Annual statistics from
the Global Cancer Observatory reported 18 million new cases and 9.6 million deaths in 2018, with the
annual incidence expected to rise to 29.5 million cases and 16.4 million deaths globally by 2040 [9–11].
In light of the foregoing, the present work reviews SV-derived antimicrobial and anticancer peptides
(SV-AMPs, and SV-ACPs, respectively), examining their biological activities, selectivity, structures,
mechanisms of action, and overall therapeutic potential.

Table 1. Snake venom-derived products (drugs and diagnostic tools) currently on the market or in clinical
and pre-clinical trials. Information was extracted from literature and updated on the corresponding company
website and/or the U.S. National Library of Medicine (https://clinicaltrials.gov/ct2/home). *Withdrawn.

Commercial Drugs [12–17]

Drug (Commercial Name) Source Organism Target Therapeutic Use

Captopril (Capoten®) Bothrops jararaca Angiotensin-converting
enzyme (ACE) Hypertension

Enalapril (Vasotec®) Bothrops jararaca ACE Hypertension
Tirofiban (Aggrastat®) Echis carinatus Glycoprotein IIb/IIIa Acute coronary syndromes

Eptifibatide (Integrilin®) Sistrurus miliarius barbouri Glycoprotein IIb/IIIa Acute coronary syndromes

Batroxobin (Defibrase®) Bothrops sp. Fibrinogen
Infarction / Ischemia /

Microcirculation
dysfunctions

Platelet gel (Plateltex-Act®) Bothrops atrox Fibrinogen Platelet-induced
tissue-healing

Fibrin sealant (Vivostat®) Bothrops moojeni Fibrinogen Autologous fibrin sealant in
surgery

Haemocoagulase (Reptilase®) Bothrops atrox Fibrinogen Factor X /
Prothrombin Hemorrhage

Ximelagatran (Exanta®)* Cobra venom Thrombin Atrial fibrillation / Blood
clotting

Ancrod (Viprinex®)* Agkistrodon rhodostoma Fibrinogen Heparin-induced
thrombocytopenia

Drugs in Clinical and Pre-Clinical Trials [12–17]

Drug Name Phase Source Organism Target Therapeutic Use

Fibrolase
(Alfimeprase)* III Agkistrodon contortrix Fibrinogen Stroke and catheter

occlusion
Crotoxin I Crotalus durissus terrificus Unknown Cancer

Cenderitide II Dendroaspis angusticeps Natriuretic peptide
receptor Heart failure

RPI-MN I Naja atra Nicotinic acetylcholine
receptor

HIV / Amyotrophic lateral
sclerosis / Herpes simplex

keratitis

RPI-78M I/II Naja atra Nicotinic acetylcholine
receptor

Multiple sclerosis / Herpes
simplex infections /

Adrenomyeloneuropathy
RPI-78 preclinical Naja atra Nicotinic acetylcholine

receptor Pain / Rheumatoid arthritis
Prohanin preclinical Ophiophagus hannah Nitric oxide synthase Chronic pain
Oxynor preclinical Oxyuranus scutellatus Unknown Wound healing

Natriuretic
peptides preclinical Oxyuranus microlepidotus Natriuretic peptide

receptor Heart failure

Textilinin-1TM preclinical Pseudonaja textilis Plasmin Preoperative bleeding

Vicrostatin preclinical Chimeric; Echis carinatus /
Agkistrodon contortrix Integrin receptor Cancer

HaempatchTM preclinical Pseudonaja textilis Prothrombin Blood loss during
vascular trauma

CoVaseTM preclinical Pseudonaja textilis Factor Xa Hemorrhage
Contortrostatin preclinical Agkistrodon contortrix Integrin Breast cancer
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Table 1. Cont.

Diagnostic Tools [12–17]

Product Source Organism Target Clinical Assessment of:

Protac® Agkistrodon contortix Protein C activation Protein C
Reptilase® Bothrops jararaca Fibrinogen Fibrinogen

Ecarin clotting time Echis carinatus Prothrombin Meizothrombin
Textarin®/Ecarin ratio Pseudonaja textilis Prothrombin Lupus anticoagulant

Russell’s viper venom-factor X Daboia russelii Factor X Factor X
Dilute Russell’s Viper Venom

Time Daboia russelii Factor X, Factor V Lupus anticoagulant
Taipan Venom Time Oxyuranus scutellatus Prothrombin Lupus anticoagulant

Pefakit® APCR Factor V Leiden Daboia russelii / Notechis
scutatus scutatus

Factor V / Protein C /
Prothrombin

Resistance to activated
protein C

Botrocetin® Bothrops sp Factor VIIIa von Willebrand Factor

2. Antibacterial and Antitumoral Activity of Snake Venoms (SVs)

Envenomation is associated with a remarkably low incidence of microbial infections [18]. This is
paradoxical if one considers that snakebites are puncture wounds. Thus, it is reasonable to suspect that
SVs contain antibacterial agents [19]. Indeed, whole crotalid venoms possess antimicrobial activity
against bacteria commonly found in snake oral cavities, such as Pseudomonas aeruginosa (minimal
inhibitory concentration (MIC) = 80–160 μg/mL) and Alcaligenes faecalis (MIC = 5–20 μg/mL), and also
toward human pathogens such as Staphylococcus aureus (MIC = 5–40 μg/mL) and Escherichia coli
(MIC = 80–160 μg/mL) [20]. Additional studies demonstrated similar effects of SVs from a large variety
of snakes, including viperids (Agkistrodon rhodostoma, Bothrops atrox, B. jararaca, Bothrops alternatus and
Daboia russellii russellii, MICs <20 μg/mL) and elapids (Pseudechis australis, MIC = 40 μg/mL) [2,21–23].

In the late 1980s, elapid, crotalid, and viperid venoms were found to act against melanoma and
chondrosarcoma cell lines [24]. Venoms of B. jararaca and Crotalus durissus terrificus also exhibited
antitumoral properties, presumably by direct action on tumor cells and by modulating inflammatory
responses [25,26]. Ophiophagus hannah venom demonstrated strong anti-cancer properties in vitro
against pancreatic tumor cells, as well as anti-angiogenic activity in vivo [27].

Due to the therapeutic potential of SVs, efforts were focused on isolating and characterizing active
compounds responsible for antibacterial and antitumoral activities. Examples included enzymes and
proteins, the principal functions of which are not directly related to microbial or tumor clearance,
but which nevertheless demonstrate antimicrobial, antifungal, antitumoral, and immunomodulatory
properties. This is the case of L-amino acid oxidase (LAAO) and phospholipases A2s (PLA2s) [28,29].
Other SV components displaying various activities include metalloproteinases [30–32], cardio-, neuro- or
myotoxins [33–36], disintegrins [37] and lectins [38–40], among others [41–43]. These compounds exhibit
various mechanisms of action, including direct toxic action (PLA2s), free radical generation (LAAO),
induction of apoptosis (PLA2s, LAAO and metalloproteinases), and anti-angiogenesis (disintegrins
and lectins) [41]. SV-derived cationic AMPs and ACPs complete this arsenal of anti-infective and
antitumoral components [44,45].

2.1. Snake Venom-Derived Antimicrobial and Anticancer Peptides (SV-AMPs and ACPs)

Cationic peptides, including AMPs and ACPs, encompass a sequence-diverse family of peptides
characterized by a net positive charge and a high content of hydrophobic residues [46]. The initial
function proposed for cationic peptides was to act as AMPs against a broad spectrum of Gram-positive
and Gram-negative bacteria, fungi, and parasites [47,48]. Subsequent studies have demonstrated
antiviral and anti-biofilm properties and anticancer and immune modulatory activities [49,50]. Due to
their ability to translocate across lipid membranes, cationic peptides have also been exploited as
delivery vectors (Figure 1).

In particular, AMPs and ACPs contribute to microbe/tumor cell clearance by three complementary
means: (i) direct membrane disruption; (ii) interference with key intracellular processes such as
nucleic acid and protein synthesis; (iii) immune-cell function recruitment or activation via a broad
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array of functions, with the ultimate goal of clearing pathogens or tumor cells [51–56]. In addition,
anti-angiogenesis [57,58] and suppression of metastasis [59] also contribute to tumor control by ACPs.
Naturally occurring cationic peptides are present in every kingdom and phylum, including plants [60],
animals [61], fungi [62] and bacteria [63], and they have also been identified in SV.

Figure 1. Principal functions of cationic peptides. ACP, anticancer peptides; AMP, antimicrobial
peptides; CPP, cell-penetrating peptides; IMP, immunomodulatory peptides. This figure was prepared
using the image repository Smart Servier Medical Art (available at: https://smart.servier.com).

2.1.1. SV-Cathelicidins (SV-CATHs)

Possibly the largest family of SV-AMPs and -ACPs described to date are the cathelicidins (CATHs),
a group of structurally diverse bioactive peptides with antimicrobial, anticancer, and immunomodulatory
functions, acting as effector molecules of the innate immune system [64,65]. Members of the CATH
family possess highly homologous pre- and pro-regions comprising the N-terminal signal peptide
and the cathelin (cathepsin L inhibitor)-like domain [66,67] (Figure 2a). In contrast, the C-terminal
domain, which encodes the mature bioactive peptide, is diverse in amino acid (aa) sequence and
higher structure [66,67].

While most mature CATHs are linear, 25–35-residue, amphipathic α-helical peptides, some family
members (protegrins) are smaller, 12–18-residue peptides, displaying β-hairpin structures stabilized by
disulfide bonds. Others consist of sequences enriched in specific aa, such as Trp-rich indolicidin [68].
Despite this conformational and compositional variability, most CATHs share certain physicochemical
properties, including a generally positive charge and amphipathicity.

CATHs have been found in humans (LL-37) and other mammals [69–74], and in fish, birds,
or reptiles [75–77]. SV-derived CATHs (SV-CATHs) were first identified by Zhao et al. in 2008 from
elapid venom gland cDNA libraries [76]. To date, 25 SV-CATHs have been identified, as well as
fragments derived from parental SV-CATHs (see Table 2 for a summary of mature SV-CATHs and their
principal activities, and Table S1 for SV-CATH precursors).

Overall, SV-CATH precursors range from 184 to 194 aa, with some exceptions (Table S1). The signal
peptide domain comprises the ~22 N-terminal aa residues, followed by 65–66 aa residues forming the
cathelin domain. The 30–34 C-terminal aa residues encode the mature peptide, sometimes preceded
by a Glu-rich domain of 9 to 29 aa, responsible for inactivation of the mature peptide, by inducing
conformational changes [78]. CATHs from Python bivittatus, Thamnophis sirtalis, and Protobothrops
mucrosquamatus exhibit exceptions to the aforementioned domain features, presenting different lengths
or even being absent in some cases (Table S1).
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Snake-derived CATH precursors generally display >50% sequence identity, excluding four of the
six CATHs predicted from the boid, P. bivittatus (Pb-CATH 2, Pb-CATH 4, Pb-CATH 5 and Pb-CATH 6),
and one predicted from the colubrid, T. sirtalis (Ts-CATH 4) (Figure S1). Sequence analysis (Figure 2b)
reveals conserved residues in the N-terminal part of the signal domain, as well as most of the cathelin
domain and in the C-terminal end encoding the mature active peptide. Table 2 summarizes the principal
biological activities of mature SV-CATHs and Table 3 compares experimentally validated SV-CATHs in
terms of biological activity, hemolysis, and selectivity for microbial/tumor cells, rather than healthy
eukaryotic cells.

• Oh-CATH: identified in the venom gland of the king cobra (O. hannah), this was the first predicted
SV-CATH to be synthesized and experimentally validated as an AMP [76] (Table 2). Oh-CATH
exerts strong salt-resistant, antibacterial activity against Gram-positive and Gram-negative
bacteria (MICs in the 1–20 μg/mL range) with weak hemolysis (~10% hemolysis observed at
200 μg/mL) [76,79]. It is apparently membrane-active and is an inhibitor of ATP-synthase [80,81].
A collection of analogs designed by Zhang et al., to study the structure-function relationships
of Oh-CATH, suggested that the four N-terminal aa residues are responsible for cytotoxicity
toward eukaryotic cells, while the C-terminal 10 strongly influence antimicrobial activity [79].
Accordingly, OH-CATH30, the most promising analog, lacking the four N-terminal aa, also named
OH-CATH(5-34), was further characterized and optimized. Then, OH-CATH30 was tested against
a panel of 584 clinical isolates of 14 different species, showing antibacterial activity against 85% of
them and overall higher efficacy against Gram-positive strains [82].

Li et al. successfully downsized OH-CATH30 by removing the 10 C-terminal aa and by including
single-aa mutations, giving rise to OH-CM6, which displays almost identical activity against a panel
of Gram-positive and Gram-negative bacteria [81]. Although OH-CATH30 and OH-CM6 displayed
potent antibacterial activity (MICs from 1.56 to 12.5 μg/mL against clinical isolates from E. coli,
P. aeruginosa and methicillin-resistant S. aureus (MRSA)), both were inactive against Candida albicans
strains (MICs >200 μg/mL) [81]. L-forms of both peptides conserve some antimicrobial activity in
the presence of 25% serum, probably due to the membrane-targeting mechanism before enzymatic
degradation occurs, but pre-incubation in 100% serum results in total activity loss after 4 h. In contrast,
activity of their D-amino acid forms remained unchanged even after 12 h pre-incubation in 100%
serum [81]. In vivo studies carried out by the same group revealed that intraperitoneal (i.p.) LD50s
of OH-CATH30 and OH-CM6 in mice were 120 and 100 μg/g, respectively. Both peptides were able
to rescue infected mice in a bacteremia model induced by drug-resistant E. coli at 10 μg/g as well as
decreased TNF-α production in a mouse model of neutropenic thigh infection [81].
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Figure 2. Snake-derived CATHs. (a) Schematic representation of CATH precursor structure. Domains
are depicted in different colors and cleavage sites are highlighted. The Cys-pairing pattern is also
annotated. (b). Alignment of CATH precursor sequences. Extended sequence information is available in
Table S1. This multiple sequence alignment was performed using Clustal Omega [115] and represented
with Jalview v2.11.0 software [116]. Residues were colored to match domains displayed in (a). Domain
annotation was done using UniProt [117], National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/protein) or by homology (Table S1). The background is colored according
to the percentage of residues in agreement with the consensus sequence appearing at the bottom.

• Na-CATH: this CATH from the venom gland of the Chinese cobra N. atra [76] also demonstrated
powerful, salt-resistant, antimicrobial activity against Gram-positive and Gram-negative
bacteria, including Francisella novicida (the non-virulent strain in humans related to Francisella
tularensis, the causative agent of tularemia) [98], E.coli, Aggregatibacter actinomycetemcomitans,
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Bacillus cereus [99], P. aeruginosa [100], and S. aureus [101] at low concentrations (EC50 < 3 μg/mL).
Na-CATH is also active against Mycobacterium smegmatis [102], Burkholderia thailandensis
(closely related to B. pseudomallei, the causative agent of melioidosis) [103] and Bacillus anthracis
(anthrax) [104]. The last two strains are of particular relevance due to their potential use as biological
weapons. Indeed, in vivo studies using wax moth larvae demonstrated that Na-CATH was able
to rescue 100% of waxworms after B. anthracis Sterne infection at low peptide concentrations [104].
In addition, Na-CATH is not only active against planktonic bacteria, but also inhibits S. aureus
and B. thailandensis biofilm formation [101,102], while inducing minimal hemolysis (<2% at
100 μg/mL) [99]. However, Na-CATH did not inhibit Pseudomonas biofilm formation [100].

Structurally, Na-CATH folds into a well-defined amphipathic α-helix between residues Phe3 and
Lys23 in the presence of trifluoroethanol. The remaining 11-residue tail, consisting mostly of aromatic
and hydrophobic residues, does not present a defined structure, but appears to interact with lipid
membranes [118]. Na-CATH contains an 11-residue sequence [KR(F/A)KKFFKK(L/P)K] known as an
ATRA motif, repeated twice and almost totally shared by other SV-CATHs (Table 2). The ATRA motif,
when tested by itself, is also active, but the Pro at position 10 dramatically reduces its antibacterial
potency, probably by destabilizing its helical structure, while a Phe to Ala change at position 3 does not
impair activity [98,99].

Du et al. postulated that Na-CATH is able to disrupt bacterial membrane-like liposomes via
membrane thinning or transient-pore formation [118]. This hypothesis was further confirmed in vitro
by Gupta el al. and Juba et al., who described membrane depolarization and transient-pore formation
in Mycobacterium smegmatis [103], as well as in E.coli and B. cereus [119] after Na-CATH treatment.
However, Samuel et al. suggested a more detailed mechanism changing from membrane disruption to
pore-based lysis, depending on liposome lipid composition and phase [120].

• Bf-CATH: unlike other 34-aa AMPs predicted as SV-CATHs, the purified peptide from Bungarus
fasciatus venom gland is a 30-aa peptide lacking the four N-terminal residues (Table 2).
This difference in length suggests different enzymatic processing rather than the proposed
elastase-like protease cleavage at the conserved site (Val) or post-processing of the 34-residue
precursor [97]. Expression of Bf-CATH is widespread, including stomach, trachea, skin, muscle,
heart, kidney, lung, brain, intestine, spleen, liver, ovary and venom glands [97].

Like other SV-CATHs, Bf-CATH has a random-coil conformation in aqueous solution, but adopts
an α-helical structure in hydrophobic or membrane-like environments, specifically from residues
Phe2 to Phe18 [97]. Bf-CATH presents potent antimicrobial activity against a broad range of clinically
isolated, drug-resistant Gram-negative and Gram-positive bacteria, as well as saprophytic fungi [97].
In vitro and in vivo analyses demonstrate that Bf-CATH partially retains antibacterial activity in the
presence of human serum, but not in gastrointestinal fluids. Its fluorescein-labeled analog can be
absorbed into the mouse circulatory system within 30 min after intraperitoneal injection, without tissue
accumulation (totally excreted after 24 h) [121]. Interestingly, Bf-CATH was less prone to induce
bacterial resistance than classical antibiotics, such as ciprofloxacin or gentamicin, when administered at
sublethal concentrations [94]. Bf-CATH demonstrated membrane disruptive antibacterial activity [94],
as well as the capacity to inhibit secretion of pro-inflammatory molecules, such as TNF-α, IL-8,
IL-1, or MCP-1 (monocyte chemoattractant protein-1) and to inhibit O2·– production induced by
Propionibacterium acnes (acne vulgaris) [95].

33



Toxins 2020, 12, 255

T
a

b
le

3
.

P
ro

pe
rt

ie
s

of
m

at
u

re
sn

ak
e-

d
er

iv
ed

C
A

T
H

s.
H

em
ol

yt
ic

ac
ti

vi
ty

(H
C

10
,μ

g/
m

L
)a

nd
bi

ol
og

ic
al

ac
ti

vi
ty

(m
in

im
al

in
hi

bi
to

ry
co

nc
en

tr
at

io
n

(M
IC

)o
r

IC
50

,
μ

g/
m

L)
ag

ai
ns

tr
ep

re
se

nt
at

iv
e

or
cl

in
ic

al
ly

is
ol

at
ed

(C
I)

m
ic

ro
or

ga
ni

sm
s

an
d

tu
m

or
ce

lls
w

er
e

co
lle

ct
ed

fr
om

pu
bl

is
he

d
so

ur
ce

s.
If

m
or

e
th

an
on

e
va

lu
e

w
as

av
ai

la
bl

e
in

th
e

lit
er

at
ur

e,
a

ra
ng

e
is

gi
ve

n.
Se

le
ct

iv
it

y
ra

ti
o

w
as

ca
lc

ul
at

ed
as

H
C

10
/M

IC
or

H
C

10
/I

C
50

.M
IC

va
lu

es
ag

ai
ns

tr
ef

er
en

ce
st

ra
in

s
w

er
e

us
ed

fo
r

se
le

ct
iv

it
y

ra
ti

o
ca

lc
ul

at
io

n,
un

le
ss

de
no

te
d

as
(*

).
Th

e
m

os
tr

es
tr

ic
ti

ve
va

lu
e

(h
ig

he
st

M
IC

or
IC

50
an

d
lo

w
es

tH
C

10
)o

fa
n

in
te

rv
al

w
as

ch
os

en
fo

r
se

le
ct

iv
it

y
ra

ti
o

ca
lc

ul
at

io
n.

n.
d.

:
no

n
de

te
ct

ab
le

ac
ti

vi
ty

.

M
ic

ro
o

rg
a

n
is

m
:

Peptide:

Oh-CATH

Bf-CATH

Bf-CATH30

Hc-CATH

Cdt-CATH

Ba-CATH

Pt-CATH1

ΔPb-CATH1

ΔPb-CATH2

ΔPb-CATH4

Pb-CATH1

Pb-CATH2

Pb-CATH3

Pb-CATH4

Pb-CATH5

Pb-CATH6

Sa-CATH

H
e

m
o

ly
si

s
(H

C
1

0
)

~2
00

~3
1

50
->

40
0

>
20

0
~1

04
~5

3
~1

3
~6

4
>

64
~6

4
>

10
0

>
10

0
>

10
0

<
10

0
>

10
0

>
10

0
>

20
0

G
ra

m
-n

e
g

a
ti

v
e

b
a

ct
e

ri
a

(M
IC

)

E.
co

li
A

TC
C

25
92

2
0.

25
–8

8
2.

3–
8

2.
3

0.
25

–0
.7

8
0.

25
–0

.7
8

2
2

3
1

9.
4

37
.5

n.
d.

18
.8

n.
d.

n.
d.

18
.8

E.
co

li
(C

I)
2–

20
0.

6–
16

2.
3–

9.
4

16
16

16
4.

7
9.

4
75

n.
d.

18
.8

n.
d.

n.
d.

75
S

e
le

ct
iv

it
y

ra
ti

o
25

4
6

>
87

13
3

68
7

32
>

21
64

>
11

>
3

-
<

5
-

-
>

11
G

ra
m

-p
o

si
ti

v
e

b
a

ct
e

ri
a

(M
IC

)

S.
au

re
us

A
TC

C
25

92
3

4–
64

16
16
>

40
0

4.
7–

25
.8

32
32

32
>

12
8

>
12

8
>

12
8

37
.5

n.
d.

n.
d.

18
.8

n.
d.

n.
d.

75

S.
au

re
us

(C
I)

8–
64

32
–6

4
16
>

40
0

4.
7
>

20
0

32
32

32
4.

7–
37

.5
75

n.
d.

18
.8

n.
d.

n.
d.

S
e

le
ct

iv
it

y
ra

ti
o

3
2

<
0.

1
>

8
3

2
0.

4
<

0.
5

0.
5

<
0.

5
>

3
-

-
<

5
-

-
>

3
F

u
n

g
i

(M
IC

)

C
.a

lb
ic

an
s

A
TC

C
20

02
4.

7
C

.a
lb

ic
an

s
(C

I)
2.

3–
4.

7
10

–4
0

9.
4–

18
.8

18
.8

–3
7.

5
n.

d.
9.

4–
18

.8
n.

d.
n.

d.
18

.8
–3

7.
5

S
e

le
ct

iv
it

y
ra

ti
o

11
43

*
3*

>
5*

>
3*

-
<

5*
-

-
>

5*
T

u
m

o
r

ce
ll

s
(I

C
5

0
)

PC
-3

(p
ro

st
at

e
ca

nc
er

)
70

.2
n.

d.
U

93
7

(l
eu

ke
m

ia
)

<
4

M
C

F-
7

(b
re

as
tc

an
ce

r)
n.

d.
35

3
~6

4
H

ep
G

2
(l

iv
er

ca
nc

er
)

n.
d.

S
e

le
ct

iv
it

y
ra

ti
o

-
0.

7
-

>
26

1

R
e

f.
[7

6,
84

]
[8

5]
[9

3,
94

,9
6,

97
]

[1
05

,
10

6]
[8

4,
10

7,
10

8,
12

2,
12

3]
[8

4]
[8

4]
[1

13
]

[1
13

]
[1

13
]

[1
12

]
[1

12
]

[1
12

]
[1

12
]

[1
12

]
[1

12
]

[1
14

]

C
o

lo
r

co
d

e
:

H
e

m
o

ly
si

s:
L

o
w

(>
5

0
)

M
e

d
iu

m
(5

0
–

1
0

)
H

ig
h

(>
1

0
)

B
io

lo
g

ic
a

l
a

ct
iv

it
y

(M
IC
/I

C
5

0
):

L
o

w
(>

5
0

)
M

e
d

iu
m

(5
0

–
1

0
)

H
ig

h
(<

1
0

)

N
o

n
-s

e
le

ct
iv

e
(r

a
ti

o
<

1
)

S
e

le
ct

iv
e

(r
a

ti
o
>

1
)

34



Toxins 2020, 12, 255

In vivo studies by Wang et al. showed an overall anti-inflammatory effect of Bf-CATH and
reduced P. acnes-induced granulomatous inflammation, revealing its therapeutic potential to treat
acne [95]. In vivo, Bf-CATH reduced bacterial loads and colonization in murine models of P. aeruginosa
and Salmonella typhimurium infections, attenuating symptoms and intestinal alterations [94,121].
Bf-CATH also demonstrated in vivo prevention of intestinal barrier dysfunction in mouse and piglet
models of lipopolysaccharide-induced endotoxemia/inflammation, presumably by downregulating
TNF-α expression through the NF- κB signaling pathway [89,92]. Parallel downregulation of NF-
κB signaling and activation of the signal transducer and activator of transcription 1 (STAT-1) in
weanling piglets seems to help suppress intestinal inflammation and to enhance phagocytosis of
immune cells, and modulation of intestinal immune responses during stress-related inflammatory
processes, such as weaning [91]. A recent study by Liu et al. suggested that pre-treatment with
Bf-CATH ameliorates P. aeruginosa-induced pneumonia by enhancing NETosis (activation and release
of neutrophil extracellular traps), confirming the immunomodulatory activity of Bf-CATH [88].

Anti-tumor activity of Bf-CATH was also investigated, showing potent in vitro activity against
mouse melanoma cells (IC50 ~7 μM) and in vivo inhibition of mouse melanoma cell proliferation,
migration, and angiogenesis, but with a negligible effect against human tumoral cell lines (IC50s from
~20–100 μM). Its anti-tumor mechanism is related to membrane permeabilization, and to DNA binding
and prevention of vascular endothelial growth factor (VEGF) gene expression [93].

Different strategies have addressed structure-activity relationships of Bf-CATH to optimize its
activity [86,87,96,97,124–127]. For instance, the 15-aa BF-15, mostly retains the antimicrobial activity
of Bf-CATH, permeabilizes membranes, and is more stable in serum than the native peptide [96,97].
Cbf-K16, a Bf-CATH analog obtained from substitution of Glu16→ Lys, also showed antibacterial
activity against a recombinant New Delhi metallo-beta-lactamase-1 (NMD-1)-carrying E. coli strain,
as well as improved anti-tumor activity against human and mouse lung carcinoma cells, compared
to Bf-CATH, both effects presumably achieved by membrane disruption and DNA binding [125,126].
Trp/Arg-rich analogs of Bf-CATH were also designed, from which ZY13, the most potent and least
hemolytic analog, exhibited in vitro antibacterial and promising antifungal and anti-inflammatory
properties both in vitro and in a mouse C. albicans-induced vaginitis model [87].

Finally, Bf-CATH production and delivery systems were investigated. Bf-CATH encapsulation was
tested in poly(D,L-lactide-co-glycolide) (PLGA) microspheres and poly(ethylene glycol)-poly(lactic-
acid-co-glycolic acid) block copolymers (4-arm-PEG-PLGA). Both systems retained the antibacterial
activity of the free antimicrobial peptide and released Bf-CATH over >15 days [128,129]. Different
recombinant DNA strategies were also reported to effectively produce Bf-CATH, such as small
ubiquitin-related modifier (SUMO) technology or intein-based technology, both expressed in
Bacillus subtilis (achieved peptide yields of ~3 mg/L and 0.5 mg/L, respectively) [130,131].

• Cdt-CATH: also named as crotalicidin (Ctn), is a 34-aa peptide from the South American
rattlesnake (Crotalus durissus terrificus) venom. Among SV-CATHs identified in pit vipers
by Falcão et al. [84] (lutzicidin, lachesicidin, batroxicidin, collectively named vipericidins),
Ctn has been the most studied, showing potent bactericidal effects against Gram-negative
and Gram-positive bacteria (MICs <10 μM) [84], anti-parasitic (anti-trypanosomatid) activity [109],
and activity against opportunistic yeasts and dermatophytes, alone or in combination with
conventional antifungals [108]. In addition, Ctn has shown potent anti-tumor activity against
different leukemia cell lines (IC50s <5 μM) [107].

The general mechanism of Ctn against bacteria or parasites is membrane-related and its ability to
interfere and disrupt biological membranes have been extensively described [109,122]. Ctn toxicity to
leukemia cells is also linked to its membranolytic effect, although it also seems able to interfere with key
intracellular pathways, ultimately contributing to tumor cell death (Pérez-Peinado et al., submitted).
In addition to the direct cytotoxic effect, the immunomodulatory properties of Ctn have been explored,
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showing an overall pro-inflammatory profile in the presence of heat-inactivated bacterial antigens and
IFN-γ [110], contrasting with general anti-inflammatory behavior of other SV-CATHs.

From a structural viewpoint, circular dichroism and nuclear magnetic resonance (NMR) studies
indicate that Ctn is fully in a random-coil conformation in aqueous solution, but may change its
structure in membrane-like environments (i.e., dodecylphosphocholine micelles), displaying an α-helix
conformation at the N-terminal end (residues 3 – 21) plus a C-terminal random coil tail (Figure 3a) [107].
The Ctn framework is quite similar to those proposed for Na-CATH and Bf-CATH (N-terminal α-helix
plus a random coil C-term end), suggesting a common template shared by SV-CATHs.

A rational dissection of Ctn involving in silico enzymatic cleavage was performed by Falcao et al.
in order to define a shorter, active motif [107]. Two fragments resulted from cleavage at Val14:
Ctn [1–14] and Ctn [15–34]. Surprisingly, the former was inactive, regardless of its amphipathic
α-helical conformation. In contrast, the latter preserved some of the activity of Ctn, despite its overall
disordered structure. In fact, Ctn [15–34] presents lower hemolytic and cytotoxicity effects than its
predecessor Ctn, despite improved selectivity for Gram-negative bacteria and enhanced stability in
human serum, presumably due to serum protein binding and its preferred scaffold [107,132,133].
Ctn [15–34] lost activity against dermatophytes, but had enhanced activity against pathogenic yeasts,
such as several (multi-resistant) Candida species, and acted synergistically with amphotericin B [108,134].
Although Ctn was also able to induce necrosis of all developmental forms of T. cruzi (the Chagas’
disease agent), Ctn [15–34] only retained activity against the trypomastigote form [109]. The fragment
also showed antiviral activity against the infectious myonecrosis virus, an epizootic agent that threatens
shrimp production in Brazil, and for which no current treatment exists [135]. Like Ctn, Ctn [15–34] acts
via membrane permeabilization and necrosis, as described for strains of E.coli and C. albicans [122,123].

Insights into the functionality of structural domains of SV-CATH were presented by
Oliveira-Júnior et al. using Ctn [15–34] as a model. As described above, SV-CATHs contain an
anionic region between the cathelin domain and the mature AMP domain, not usually found in
other CATHs. Thus, by including a Glu decapeptide at the N-terminus of Ctn [15–34] to generate a
“pro-peptide” model, Oliveira-Júnior et al. confirmed that this acidic moiety contributes to a more
helical conformation and prevents peptide antimicrobial activity before its release [78].

• Other snake-derived CATHs: additional pit viper-derived CATHs were predicted by Falcao et al.,
from the venom gland of Lachesis muta rhombeata (lachesicidin), Bothrops atrox (batroxicidin) and
B. lutzi (lutzicidin), as well as two clones from the elapid, Pseudonaja textilis (Pt-CATH1 and
Pt-CATH2). Batroxicidin and Pt-CATH1 displayed antibacterial potency comparable to that of Ctn,
but were more hemolytic [84]. Moreover, batroxicidin induced T. cruzi cell death by membrane
disruption and showed an overall proinflammatory profile [110,111].

CATHs were similarly predicted/identified in the genome of the boid, P. bivittatus, both by Kim et al.
and Cai et al. (Table 2), denominated Pb-CATH1-5 and CATHPb1-6, respectively [112,113]. From the
set of Pb-CATHs identified by Kim et al., three (Pb-CATH1, Pb-CATH3 and Pb-CATH4) encode mature
AMPs displaying powerful antibacterial activity against Gram-negative bacteria (MICs from 0.5 to
8 μg/mL) [113]. Pb-CATH4, for instance, induced bacterial death by toroidal pore formation and
displayed low hemolysis and cytotoxicity, as well as considerable stability in serum [113]. In parallel,
CATHPb1 exhibited protection in mice infected with MRSA and VRSA (vancomycin-resistant S. aureus),
via neutrophil-mediated bacterial clearance and immunomodulation employing Mitogen-Activated
Protein Kinases (MAPKs) and NF- κB pathways [112].

Finally, another CATH-related peptide, Hc-CATH (Table 2), was identified in the genome of the
sea snake Hydrophis cyanocinctus (annulated sea snake) [105]. Unlike the overall preference of terrestrial
snake-derived CATHs for Gram-negative bacteria, Hc-CATH displays more or less equal activity
against both Gram-negative and Gram-positive bacteria as a result of membrane permeabilization [105].
Hc-CATH has intrinsic structural advantages compared to other CATHs, such as high stability in the
presence of salts, high temperature (≤90 ◦C), and serum proteases, together with low toxicity against

36



Toxins 2020, 12, 255

eukaryotic cells [105]. In a recent study, Carlile et al. demonstrated anti-inflammatory properties and
bacterial load reduction by Hc-CATH in vivo, using wax moth and mouse models of intraperitoneal
and respiratory infection induced by P. aeruginosa [106].

Figure 3. Three-dimensional structures adopted by SV-AMPs and -ACPs. (a) crotalicidin (Ctn),
PDB 2MWT. (b) Cdt-defensin, 3D structure prediction obtained using the Iterative Threading
ASSEmbly Refinement (I-TASSER) web server [136] (available at: https://zhanglab.ccmb.med.umich.
edu/I-TASSER/). (c) Crotamine, PDB 4GV5. (d) Omwaprin, PDB 3NGG. Representation was performed
using the PyMOL Molecular Graphical System, Version 2.0. Schrödinger, LLC [137]. Color code: blue
for α-helix, magenta for β-sheet and pink for, loops. Disulfide pairing is also indicated in yellow.

2.1.2. SV-Defensins

Together with CATHs, defensins are a major group of host defense peptides found in vertebrates
and invertebrates, exhibiting broad-spectrum activity against bacteria, fungi, and enveloped
viruses [138]. Defensins are cationic, Cys-rich peptides of 3.5–6 kDa, with a typical β-sheet-rich
folding stabilized by three disulfide bonds (Figure 3b). Defensins are divided into three major groups
based on length and Cys-pairing: α-, β-, and θ-defensins [139]. Although defensins have been deeply
studied in mammals, little information is available for those of SV origin. More than 20 β-defensin-like
sequences have been described in snakes [140–142], half of them identified in the genus Bothrops
(Table S2). However, no details regarding their antibacterial or antitumoral potency are available.
Based on the sequence alignment presented in Figure 4, SV defensins present a highly conserved
N-terminal region, as well as conserved Cys residues in disulfide bonds. Gly, Pro, and Asp residues
are also highly conserved.

Structurally, crotamine is closely related to β-defensins, displaying an α1β1α2β2 arrangement,
with the whole structure stabilized by three disulfide bonds [143] (Figure 3c). Crotamine is a 42-aa
neuro- and myotoxic peptide, initially isolated from the South American rattlesnake (C. durissus
terrificus). Crotamine’s anti-infective, antitumoral, and cell-penetrating properties have been deeply
characterized both in vitro and in vivo [144]. Crotamine displays modest antibacterial activity
(MICs in the 25–100 μg/mL range against E. coli strains) and does not induce hemolysis at high
concentrations (no hemolysis observed up to 1024 μg/mL) [145]. Additional studies revealed antifungal
activity of crotamine (12.5–50 μg/mL) against Candida spp., including clinically resistant strains [146].
The anticancer potential of crotamine has also been studied in vitro and in vivo, showing selective
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cytotoxicity against tumor cell lines at low concentrations (~5 μg/mL) and significant inhibition of
tumor growth and increased lifespan in a melanoma mouse model [147,148].

Derivatives of crotamine [CyLoP-1 (cytosol localizing peptide 1) and the NrTPs (nucleolar-targeting
peptides)] have been designed, with cytosolic and nucleolar localization, respectively, instead of the
nuclear distribution pattern of crotamine [149–151].

Figure 4. SV-defensins. (a) Schematic representation of general SV-defensin structure highlighting
the Cys-pairing pattern. (b) Alignment of SV-defensin sequences. Multiple sequence alignment was
performed using Clustal Omega [115] and represented with Jalview v2.11.0 software [116]. Background
is colored according to the percentage of identity (residues in agreement with the consensus sequence
depicted at the bottom).

2.1.3. Waprins

Waprins are a family of ~50-residue, Cys-rich peptides first isolated from the venom of Naja
nigricollis (black-necked spitting cobra), named nawaprin (Naw), and subsequently in venom of the
Indian taipan (Oxyuranus microlepidotus), named omwaprin (Omw) [152,153]. Omwaprin displays
salt-resistant antibacterial activity against Gram-positive bacteria such as Bacillus megaterium and
Staphylococcus warneri [153]. In vivo experiments in mice demonstrated that Omw is non-toxic at
doses up to 10 μg/g after i.p. injection [153]. Tertiary structure of Omw and Naw has been studied by
X-ray and NMR, respectively, showing a complex disc-like shape with four disulfide bonds [152,154]
(Figure 3d).

Two derivatives, Omw1 and Omw2, also present modest antimicrobial, antifungal, and antibiofilm
activity at concentrations from 16–500 μg/mL, presumably due to membrane disruption with low
hemolysis induction in the same concentration range (~10 % hemolysis at 250–500 μg/mL) [155].

3. Conclusions

Despite major advances, important challenges remain in the anti-infective and anticancer drug
discovery pipeline. The emergence of superbugs has created an antibiotic resistance crisis, evidencing
the need for new anti-infective strategies. Paradoxically, investment and R&D by the pharmaceutical
industry in this area is losing momentum [156,157]. In parallel, although meaningful progress has been
made in cancer research, new therapeutic alternatives are still required in order to avoid undesired
effects linked to current therapies and to target multidrug-resistant cells [158,159].

In this context, peptide-based therapeutics emerge as a feasible alternative to traditional anti-
infective and cytotoxic drugs. Examples of promising natural AMPs and ACPs (e.g., cecropins,
magainins, defensins) have been described since the 1980s. Study of SV-derived AMPs and ACPs,
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has been limited to the last decade, but thorough work has been done recently to search for ideal
candidates. We expect to see SV-derived AMPs and ACPs in the pharmaceutical market in the near
future. Although peptides still face important challenges (such as potential toxicity/immunogenicity,
non-oral activity, limited bioavailability, cost, etc.) that hinder their penetration of the market,
significant advances have been made to overcome these hurdles (e.g., rational design, cyclization,
peptidomimetics, conjugation to macromolecules/polymers/delivery vectors, etc.).

Snake-derived AMPs and ACPs presented here are but a small number of the plethora of
experimentally validated AMPs (~2800 sequences [160]) and ACPs (~500 [161]) reported to date.
Throughout this manuscript, we have described their in vitro and in vivo validation and bioavailability,
and have mentioned strategies for their optimization (downsizing, conjugation to polymers, etc.)
and even some scale-up attempts (for Bf-CATH, for instance). Taken together, these advances testify
to the significant potential of SV peptides as future anti-infective and antitumoral therapeutics and
highlight the utility of snake venoms as a font for drug discovery. With so few snake venoms
investigated to date and so many more waiting to be explored, the number of drug leads derived from
snake venoms can only increase in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/4/255/s1:
Table S1. SV-CATH precursors. SV-CATH protein precursors were collected, together with their sequences and
domain information. Domains were highlighted in the protein sequence as: green, signal peptide; cathelicidin
domain, blue; Glu-rich domain, yellow; mature peptide, red. Domain information (L, length; P, position) was
extracted from NCBI (https://www.ncbi.nlm.nih.gov/protein). If no information was available (green background),
domains were annotated based on bibliographic information and/or sequence similarities, Table S2. SV-defensins.
Summary of SV-defensins identified to date, their sequences and accession numbers. A unified name was given
to each SV-defensin according to the initial of the snake, Figure S1. Percentage identity matrix of SV-CATH
precursors. Estimation of the homology/divergence between SV-CATH precursor proteins (sequences and NCBI
accession numbers available in Table S1) illustrated by percentage identity matrix.
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Abbreviations

ACE angiotensin-converting enzyme
ACP anticancer peptide
AMP antimicrobial peptide
CATH cathelicidin
Ctn crotalicidin
EC50 50% effective concentration
HC10 10% hemolytic concentration;
HPLC high-performance liquid chromatography
IC50 50 % inhibitory concentration
L-AAO L-amino acid oxidases
MRSA methicillin-resistant S. aureus
MS mass spectrometry
MSA multiple sequence analysis
Naw nawaprin
NMR nuclear magnetic resonance
Omw omwaprin
PLA2 phospholipases A2
SV snake venom
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Abstract: Scorpion toxins are thought to have originated from ancestral housekeeping genes
that underwent diversification and neofunctionalization, as a result of positive selection.
Our understanding of the evolutionary origin of these peptides is hindered by the patchiness
of existing taxonomic sampling. While recent studies have shown phylogenetic inertia in some
scorpion toxins at higher systematic levels, evolutionary dynamics of toxins among closely related
taxa remain unexplored. In this study, we used new and previously published transcriptomic
resources to assess evolutionary relationships of closely related scorpions from the family Hadruridae
and their toxins. In addition, we surveyed the incidence of scorpine-like peptides (SLP, a type of
potassium channel toxin), which were previously known from 21 scorpion species. We demonstrate
that scorpine-like peptides exhibit gene duplications. Our molecular analyses demonstrate that only
eight sites of two SLP copies found in scorpions are evolving under positive selection, with more sites
evolving under negative selection, in contrast to previous findings. These results show evolutionary
conservation in toxin diversity at shallow taxonomic scale.

Keywords: evolutionary shifts; Hadruridae; negative selection; phylogenomics; venom transcriptome

Key Contribution: Multiple gene copies encoding scorpine-like peptides occur in iurid scorpions.
We show that these paralogs evolved under negative selection.

1. Introduction

Animal venoms are outstanding evolutionary innovations used to subdue and digest prey,
with other important functions, such as self-defense or intraspecific conflicts [1–5]. Venoms are
secretions consisting of organic and inorganic components that alter cellular processes in the target
organism. Several arthropod groups are well known for their venoms, such as bees and wasps [6,7],
centipedes [8–10], remipedes [11], and arachnids (e.g., see [12,13]). Some of the most efficient venoms
occur in scorpions, which possess venom cocktails rich in peptides that affect ion channels [14–16].
Toxins are thought to have arisen from diversification of paralogs of housekeeping genes, followed by
neofunctionalization driven by positive selection in coding regions [15,17–20].

Our knowledge of scorpion toxins has benefitted from high-throughput sequencing technologies,
though taxonomically, sampling favors the diverse scorpion family Buthidae. In recent years, however,
transcriptomic analyses have expanded beyond the Buthidae to the other 19 scorpion families
(e.g., see [21–26]). These efforts have demonstrated remarkable phylogenetic inertia in scorpion venom
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components at higher-level categories, but little is known about how venom composition and toxin
evolution vary among species below the family level.

The North American scorpion family Hadruridae is represented by nine species in two genera,
including several of the largest species worldwide [27]. Of these, the diversity and effects of venom
components from Hoffmannihadrurus gertschi have been extensively studied [28–30]. More recently,
a transcriptome analysis, conducted on the venom gland of Hadrurus spadix, was published [31].
Though both species showed similar venom composition, a comparative analysis can shed light on the
evolution of toxin components among these and other closely related species.

In this study, we focused on five hadrurid species: Hadrurus arizonensis, Hadrurus spadix, Hadrurus
concolorous, Hoffmannihadrurus aztecus, and Hoffmannihadrurus gertschi. We used RNA-Seq to sequence
de novo the venom gland transcriptome of Hoffmannihadrurus aztecus and Hadrurus concolorous.

We assessed the commonality of venom composition by comparing the number of putative
transcripts found in the five species. Specifically, we focused on the evolutionary history of scorpine-like
peptides (SLP, sensu [22]). Originally, SLPs were called ‘orphan peptides’ due to the presence of two
domains with dual functionality. The N-terminal region has cytolytic activity, whereas the C-terminus
blocks potassium channel activity [32–34]. SLPs were first isolated from the venom of Pandinus
imperator [35]. They have now been described in one or two gene copies, from 21 scorpion species,
including nine buthids and 12 species from 10 other, non-buthid families [22]. Intriguingly, buthid SLPs
(with the exception of one sequence) and non-buthid SLPs form two mutually monophyletic clusters
that are phylogenetically restricted to the parvorders Buthida and Iurida, respectively [22], suggesting
that the origin of SLPs could predate the diversification of scorpions. To assess SLP evolution in the
context of comprehensive hadrurid phylogeny, we inferred internal hadrurid relationships and branch
lengths using phylogenomic datasets, and surveyed venom gland transcriptomes to discover and map
the distribution of non-buthid SLP homologs. We then inferred the direction of selection acting on the
codon sequences of non-buthid SLP genes and evaluated the evolutionary dynamics of paralogs of
SLPs within the Hadruridae.

2. Results

2.1. Hadrurid Phylogenomic Tree and Divergence Time Estimate

Maximum likelihood (ML) analysis and species tree reconciliation of a 1982-locus matrix (727,571
amino acid sites, 35.6% missing data) yielded a topology that was largely congruent with phylogenomic
trees previously published by us [27,36]. The monophyly of the two basal clades Buthidae and Iuridae,
along with relationships of all superfamilies within the Iuridae, were recovered with 100% nodal
support (Figure 1 and Figure S1). Monophyly of the Hadrurinae, Hadrurus, and Hoffmannihadrurus
were all strongly supported (Figure 1). Cercophonius and Urodacus (two distantly related lineages with
sampling of multiple congeners and patristic distances comparable to those within Hadrurus) were
both monophyletic with strong support (Figure 1). Estimates of the time to the most recent common
ancestor (tMRCA) were 7–11 Myr for the Hadrurinae, 8–34 Myr for the Urodacidae, and 86–196 Myr
for the Bothriuridae (Figures S2 and S3), in agreement with previous hypotheses [37].

2.2. The Repertoire of Venom-Specific Transcripts in the H. concolorous and H. aztecus Libraries

After sequencing, quality assessment, and rRNA and adapter removal, 92,004,852 reads were
assembled into 122,574 putative transcripts from H. concolorous (N50:1467 bp) and 44,355,818 reads were
assembled into 83,643 putative transcripts from H. aztecus (N50:709 bp). Of these, 22,189 H. concolorous
sequences and 28,101 H. aztecus sequences were identified, matching gene sequences in databases.
We recorded 74 putative coding transcripts for H. concolorous and 96 for H. aztecus, representing
the following venom components: potassium-channel toxins (KTx), sodium-channel toxins (NaTx),
enzymes, protease inhibitors, La1-like peptides, host-defense peptides (HDPs), members of the
cysteine-rich secretory protein, antigen 5, and pathogenesis-related 1 protein (CAP) superfamily,
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scorpine-like peptides (SLP), and other venom components (Figure 2A, Tables S1 and S2). Comparative
venom transcriptomic analysis showed similar numbers of putative transcripts in the venom repertoires
of H. gertschi and H. spadix (except for KTx), and among Urodacus and Cercophonius species (Figure 2B).

Figure 1. (A) Maximum likelihood tree topology recovered from the analysis of 1982 genes,
with 24 scorpion species. Bars to the right of termini indicate numbers of orthologs. Numbers
on nodes indicate ultrafast bootstrap support values under 100. (B–G) Representative species of
scorpions studied here: (B) Cercophonius squama (Gervais, 1843); (C) Urodacus yaschenkoi (Birula, 1903);
(D) Urodacus elongatus Koch, 1977; (E) Hadrurus spadix Stahnke, 1940; (F) Hadrurus concolorous Stahnke,
1969; (G) Hadrurus arizonensis Ewing, 1928. Photos by Nick Volpe (C,D), Matthew Graham (B,E,G) and
Carlos Santibañez (F).

 

Figure 2. Comparative transcriptomic analyses. (A) Distribution of the annotated transcripts from
the venom gland transcriptomes of Hadrurus concolorous and Hoffmannihadrurus aztecus, according to
protein families. (B) Comparison of selected venom protein families in the libraries of the scorpion
species studied herein.

2.3. Molecular Evolution of Scorpine-Like Peptides (SLP)

Eighty-four scorpine-like sequences were retrieved from the libraries generated herein, with others
from GenBank, UniProt, and previous studies. Maximum Likelihood (ML) and Bayesian Inference (BI)
gene trees recovered SLPs as a monophyletic cluster with strong support (Figure 3A). Among SLPs,
three clades including only buthid sequences and three clades including mainly non-buthid sequences
were recovered, in agreement with previous hypotheses (in [22]; Figure 3A and Figure S4). We observed
a distal duplication of SLP (SLP1 and SLP2, Figure 3 and Figure S4) that is retained by a subset of iurid
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scorpions (the clade excluding the Iuridae and Bothriuridae). Our results showed that H. concolorous
and H. aztecus have three putative SLPs, whereas H. gertschi has two and H. spadix one (as opposed to
four, as reported by [31], missing in our assembly).

Figure 3. Evolutionary analyses of scorpine-like peptides. (A). Maximum likelihood (ML) gene
tree topology of scorpine-like peptides (SLPs) and related toxins (αKTx and other βKTx). Ultrafast
bootstrap values are shown above selected basal nodes (>75%). (B,C) Site selection analyses of SLP1
(B) and SLP2 (C) sequences with FUBAR. Visualization of synonymous substitution rates (α, red) and
non-synonymous substitution rates (β, blue) for sites exhibiting positive/neutral evolution. Asterisks
indicate sites with α greater than β, p > 0.95. (D,E) Site selection analyses of SLP1 (D) and SLP2
(E) sequences with MEME. + signs indicate sites with β+ values greater than α, p > 0.95.

Evidence of positively selected sites in these peptides was assessed using MEME and FUBAR.
The MEME results suggested that four sites have experienced episodic positive selection (p < 0.05;
Figure S5). In contrast, the FUBAR analysis identified episodic negative selection at 44 sites, but none
evolving under positive selection (p < 0.05; Figure S5).

To analyze evolution of scorpine paralogs, MEME and FUBAR analyses were conducted on each
gene copy (SLP1 and SLP2). FUBAR analysis detected 30 sites evolving under negative selection in
both copies. Three sites in SLP1 and six sites in SLP2 were considered to be evolving under positive
selection by MEME analysis (Figure 3C–E). Multiple sequence alignments (MSA) of each SLP (SLP1 and
2) showed consistency among hadrurid toxins (Figure 4A,B). For downstream analyses, we selected
only pairs of copies that were recovered as monophyletic with SLPs described previously for H. gertschi
(Hge-scorpine 1-2).
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Figure 4. Multiple sequence alignment (MSA) of the mature peptide of SLP2 (A) and SLP1 (B) in
order of appearance in the phylogeny (left, color coded as in previous figure). Consensus sequence
histograms of each clade below the MSA (+ sign indicates a highly variable site). In red, sites evolving
under negative selection, as detected with FUBAR, and in blue, sites evolving under positive selection
as detected with MEME (see Figure 3).

The effect of molecular weight, molecular volume, net charge, and isoelectric point were evaluated
for both copies of SLPs (combined and independently) using a principal component analysis (prcomp
in R). Combined PCAs of both SLPs showed that 99.63% of the variation was explained by PC1,
which segregated the SLP1 from SLP2 by molecular weight and volume, whereas PC2 (0.67%) split
them by net charge (Figure S6). Three SLP2s copies were grouped with most of the SLP1s, due to their
low molecular weight and volume. Similarly, almost 100% of the variation (99.72%) was explained by
PC1 in both independent analyses. By molecular weight and volume, it segregated SLP2s of Vietbocap
lao, H. aztecus, and H. concolorous from the rest of the sequences, and the SLP1 from P. imperator from
other SLP1 sequences. In this analysis, PC2 also separated the sequences by net charge in both analyses.
Superimposition of the phylogram onto the principal component space of SLP1 and SLP2 showed that
SLP1 more strongly retains a phylogenetic signal (Figure 5A,C). We tested the correlation between
these biochemical properties and found that molecular weight and volume are strongly correlated
(p < 0.05; r2 = 1.00), as are the net charge and the isoelectric point (p < 0.05, r2 = 0.92; Figure S6).
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Figure 5. Evolutionary analyses of the chemical properties of SLP homologs. (A) Visualization of
the phylogenomic tree on the morphospace of the molecular weight and net charge of SLP1 (A) and
SLP2 (C). Hadrurids, urodacids, and Cercophonius are colored accordingly to phylogenomic topology.
(B–D) Two (SLP1) and four (SLP2) evolutionary shifts in the optimum chemical properties of SLPs
under an Ornstein–Uhlenbeck (OU) process. Edges with a major shift are annotated with asterisk and
bootstrap support values.

We then inferred changes in evolutionary dynamics of the SLP gene family using 84 sequences.
Two evolutionary shifts were detected in SLP1 with bootstrap support (BS) above 50% (Figure 5B).
These occurred in the branch subtending P. imperator and the branch subtending the Bothriuridae,
both with BS = 100%. In contrast, four major shifts were detected with BS > 50% across the evolutionary
history of SLP2 (Figure 5D). These subtended Uroctonus (BS = 82%), H. concolorous (BS = 82%), H.
aztecus (BS = 88%), and H. spadix (BS = 62%). However, when only two variables were considered
(molecular weight and net charge), no major evolutionary shifts were detected in the gene tree of SLP2,
with the same two shifts detected in evolution of SLP1.

3. Discussion

The study of the early evolutionary origins of scorpion toxins has been complicated by issues
of homology inference and taxonomic sampling. Recently, the use of transcriptomics to resolve
the scorpion tree of life has yielded sequence data that can be used to assess venom composition
concomitantly with reconstruction of phylogenetic relationships. Our analyses, based on nearly 2000
loci, provide the first resolution of relationships within the scorpion family Hadruridae. Most notably,
we provide evidence of the conservation of venom composition up to the family level. Furthermore,
our results detected different evolutionary selective pressures on the two domains of scorpine-like
peptides. These results strongly contrast with previous hypotheses that scorpion cystine-stabilized
alpha/beta fold toxins (CSαβ) peptides are evolving under positive selection to increase potency.
Instead, more sites are evolving under negative selection, suggesting an evolutionary conservation in
function for these peptides since the estimated Permian diversification of scorpions [37], continuing
through the estimated Neogene period of diversification of the Hadruridae. This study provides
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parameters to test the significance of toxic evolutionary dynamics in the extraordinary diversification
of this culturally iconic group of arachnids.

Maximum likelihood and species tree analyses supported the monophyly of the family Hadruridae
and its two constituent genera. Our results are congruent with those presented in a more sparsely
sampled phylogenomic study [27]. The molecular phylogeny presented here demonstrates the
monophyly of Hoffmannihadrurus as a lineage distinct from Hadrurus, in agreement with previous
hypotheses based on morphology [38,39]. Our results suggest that the tradeoff between missing data
and number of genes does not adversely impact reconstruction of the major scorpion clades (compare
results in [27,36,37,40]). Molecular dating supported the divergence of the Hadruridae 7–11 Mya,
in partial agreement with formation of the Trans-Mexican Volcanic Belt, which could have been a
vicariance event that isolated Hoffmannihadrurus in the south from Hadrurus in the north [41–43].

Of marked interest to us in the transcriptomic analyses of the Hadruridae were the evolutionary
dynamics of, and selective pressures on, scorpine-like peptides, which exhibit paralogous copies in a
subset of hadrurid species. Buthid scorpine-like peptides differ from non-buthid SLPs with respect to
the size of the mature peptide (<75 sites in buthids vs. >80 sites in non-buthids). Gene tree topologies,
however, do not reflect a phylogenetic signal due to additional duplications in two hadrurid species
(H. concolorous and H. aztecus) or other scorpions (e.g., in vaejovids). Only SLP2 was recovered from
buthid scorpions.

Comparative transcriptomic analyses of hadrurid species highlights the evolutionary process that
contributes to the diversity of CSαβ scorpion toxins. Results suggest that the SLP gene underwent
duplication, which is concordant with the traditional model of venom toxin gene evolution [17–20].
However, evolutionary analyses of scorpine-like peptides showed that few non-cysteine amino
acid substitutions occurred between the cysteines of the C-terminus, including insertion/deletions.
Consequently, our results do not support a previous hypothesis [15] that CSαβ toxins have evolved
under the influence of positive selection. Fewer than five sites in each SLP copy have experienced
diversifying selection. Moreover, the majority of these sites were found at the N-terminus (a putative
alpha helix), suggesting that positive selection might play an important role in evolution of this domain,
but not at the C-terminus (Figure 4). Thus, this highly conserved conformation of both SLP copies,
along with the incidence of several sites evolving under negative selection to reduce alternate states, is
consistent with the tendency to preserve function (e.g., venom potency or target specificity [19,36,44]).

Parametric analyses of the predicted peptides also suggest that both SLP copies possess similar
biochemical properties. For example, SLP1 homologs have shorter sequences (<84 amino acids) with
lower molecular weights and volumes (with two exceptions) and more negative net charges (with
three exceptions, p < 0.01). In contrast, SLP2 homologs have longer sequences (>84 amino acids) with
correspondingly greater molecular weights and volumes (with three exceptions) and more positive
net charges (with three exceptions; p < 0.01). To test the evolutionary dynamics of these protein traits,
we assessed the role of selection during hadrurid evolution by modeling shifts in SLP biochemical traits
under an Ornstein–Uhlenbeck (OU) process. Several studies have used this process to model evolution
of continuous traits by detecting shifts to different regimes with different adaptive optima, along a
time calibrated phylogeny (e.g., in [45–47], with a recent application to 3D structures of toxins [32]).
The incidence of shifts in hadrurid SLP2s may be biased by sequence lengths from H. aztecus and
H. concolorous (smaller than other SLP2) and the divergence time of these species (between 7 and 11
Myr). In contrast, the incidence of shifts in Cercophonius and Bothriurus suggests a unique evolutionary
regime in the family Bothriuridae.

4. Conclusions

Reconstructing scorpion venom evolution is challenging due to the diversity of scorpions, the
diversity of venom components, and the relative paucity of genome-scale sampling for various
lineages. Application of RNA-Seq in the past decade has transformed both our understanding of
scorpion phylogeny and the potential for gene discovery in venom gland transcriptomes. However,
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while transcriptomics provides distinct advantages, like scalability and rapidly deployable analytical
toolkits, care must be taken to validate predictions of transcriptomic approaches using genomic,
proteomic, and functional datasets (e.g., see [48,49]). In the absence of high-quality genomes for all
surveyed species, conclusions on the number of toxin paralogs should be treated cautiously, as gene
absence cannot be equated with gene loss. Similarly, proteomic and functional data are needed to
bridge the gap between bioinformatic predictions and validation of venom components. Future efforts
should therefore use transcriptomics as a guide for selection of high-priority targets (either specific
peptides or in poorly studied species) for assessments using proteomes or functional experiments.

5. Materials and Methods

5.1. Specimen Collection and RNA Sequencing

Three specimens of Hadrurus concolorous were collected at night with the aid of ultraviolet lamps at
Guerrero Negro in Baja California Sur (27◦59′1.81”N, 114◦1′5.12”W) on August 9, 2015 (Col. CESL and
G. Contreras-Félix). By the same means, two specimens of Hoffmannihadrurus aztecus were collected
from Zapotitlán de Salinas in Puebla (18◦19′30.68”N, 97◦28′37.09”W) on March 9, 2016 (Col. CESL and
R. Paredes). One female specimen from each species was selected for RNAseq, while the others were
kept under laboratory conditions for venom collection. Telsons were dissected and placed directly into
RNA denaturing solution. An SV Total RNA Isolation System (Promega, Madison, WI, USA) was used
for Total RNA extraction and purification. RNA quality was assessed using a Bioanalyzer 2100 (Agilent,
Santa Clara, CA, USA). Samples lacked a 28S rRNA peak, as previously reported [21], but there was no
indication of RNA degradation. Paired-end cDNA libraries were prepared with an Illumina TruSeq
Stranded mRNA Sample Preparation Kit (Illumina, Inc., San Diego, CA, USA). A Genome Analyzer
IIx (Illumina, Inc., San Diego, CA, USA) at the Massive DNA Sequencing Facility in the Institute of
Biotechnology (Cuernavaca, Mexico) was employed, with a 72-bp paired-end sequencing scheme over
200–400-bp cDNA fragments. Raw sequences were deposited in the ENA SRA database under project
number PRJEB34464. After sequence cleaning and adapter clipping, reads were assembled de novo into
contigs using Trinity (v. 2.8.5, https://trinityrnaseq.github.io [50]) as reported before [51], and annotated
with Trinotate (v3.1.1, https://trinotate.github.io, [52]). Transcriptomic data from all other species in
this study were retrieved from GenBank, with most of them (19/22) previously sequenced by our team.
Protein coding regions within these assemblies were identified and predicted using TransDecoder v.
5.3.0 [50].

5.2. Orthology Inference and Phylogenetic Methods

Our phylogenomic dataset consisted of 24 scorpion taxa (five ingroup species, 19 outgroups;
Table S3), and our methodology followed recent scorpion phylogenomic studies (i.e., in [53]). Briefly,
transcriptomes were combined, and a de novo homology search was conducted using the informed
orthology criterion implemented in UPhO v1.0 [54]. Libraries of four representative species, Cercophonius
sulcatus, Hoffmannihadrurus aztecus, Serradigitus gertschi, and Urodacus yaschenkoi, were combined and
used as queries against the database containing all species using Mmseqs2 [55]. Subsequently, resulting
sequences were clustered into gene families using mcl [56,57] with the inflation parameter i = 6 selected.
In total, 13,317 clusters were produced with at least six species, with downstream analyses parallelized
implemented through gnu-parallel [58]. A multiple sequence alignment of these gene clusters was
performed with MAFFT 7.0 [59], gap masked with trimAl v 1.2 [60], and sanitized by removing
sequences having fewer than 50 amino acids or <25% unambiguous sites with the scripts Al2Phylo.py
(-m 50 -p 0.25) [52] and paMATRAX+.sh [54]. Gene family trees (GFT) were calculated using IQ-TREE v.
1.6.10 [61] and the LG+R4 substitution model, with the resulting GFT analyzed in search of groups of
orthologs with at least 12 species using UPhO. In-paralogs, duplicates and/or isoforms among retained
orthogroups were resolved in favor of the longest sequence, with a total of 1982 orthologs retained.
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Similarly, these orthologs were aligned and sanitized as described above, but with only one sequence
retained per species (option -r in the script Al2Phylo.py).

Phylogenetic inference of orthologous gene trees (OGT) was computed using 1000 ultrafast
bootstrap resampling replicates [62,63] and substitution models and heterogeneity suggested by
ModelFinder [64], based on the Bayesian Information Criterion (BIC). Cleaned sequences recovered
from the collection of OGTs were concatenated in a supermatrix partitioned by locus, using the
script geneStitcher.py [54]. Maximum likelihood (ML) analysis of this supermatrix was also conducted
with IQ-TREE using the precomputed best substitution models from the collection of OGTs (-spp
partition.nex). We estimated a species tree with ASTRAL-II [65] using the collection of OGTs to
account for potentially deleterious effect of concatenating loci. The resulting ML tree was calibrated for
downstream analyses using the penalized likelihood [66] as implemented in the chronos function of
the R package ‘ape’ [67,68], under relaxed and correlated models, with lambda = 1.0. We set the crown
age of the Scorpiones to 430 Mya, the stem age of the Buthidae to a minimum of 120 Mya [37], and the
split of Hadrurus-Hoffmannihadrurus to a maximum of 11 Mya, based on calibrations from our previous
studies [37,69]. To compare venom evolutionary regimes within the Hadrurinae against other families,
we aimed to test the monophyly of two more scorpion families (Bothriuridae and Urodacidae) by the
inclusion of more than one representative species. Our selection included all species of Cercophonius
(family Bothriuridae) used in our previous studies, and four species of Urodacus (family Urodacidae).

5.3. Venom Transcriptome Analyses of Hadrurus Concolorous and Hoffmannihadrurus Aztecus

Transcriptomes of H. concolorous and H. aztecus were annotated with the Trinotate pipeline [50].
Venom components reported from the transcriptome, proteome, or isolated from the venom of
Megacormus gertschi [21], Hoffmannihadrurus gertschi [29], and Hadrurus spadix [31] were used as queries
to search our two transcriptomes with the blastp algorithm. Matching sequences with low e-values
(<1 × 10−15) were selected. Subsequently, these sequences were used as queries to search the GenBank
and UniProt databases, keeping only hits with low e-values (<1 × 10−10), high query cover values
(>70%), and percentages of identity (>50%) as definitive matches (Tables S2 and S3 and Figure S7).
To assess the diversity and composition of Hadrurinae venoms, we selected sequences encoding,
or putatively encoding enzymes (phospholipases, hyaluronidases), protease inhibitors (Ascaris-type,
Kunitz-type), ryanodine receptor ligands (calcins, DDH), and sodium channel toxins (NaTx) from
24 scorpion libraries. To test our recent hypothesis that calcins retain a phylogenetic signal above the
familial level [36], we retrieved calcin sequences from each species used in the phylogenomic analysis
to generate an ML gene tree.

5.4. Gene Tree Analysis and Molecular Evolution of Scorpines

Scorpine (long scorpion toxin) homologs were retrieved from the complete dataset generated here,
or from UniProt and GenBank (Table S4). Signal and mature peptides were predicted using SpiderP
from Arachnoserver [70]. Outgroup taxa for gene tree analysis consisted of scorpion potassium channel
toxins (KTx) α and β, with αKTx used to root the tree. Phylogenetic relationships of scorpion KTxs
have been addressed elsewhere [16,22]. Multiple sequence alignments for the full precursor (ca 97–124
amino acids) were generated using MAFFT and subsequently trimmed with trimAl, resulting in a
matrix of 107 terminals and 77 amino acid sites. ML analysis was performed with IQ-TREE as stated
above. Additionally, a phylogeny was generated using Bayesian inference (BI) for the same matrix,
with the LG model [71] in MrBayes v 3.2.2 [72]. The analysis was run four times, each with four
Markov chains that sampled every 1000 generations for 1 × 107 generations, using default priors and
discarding 2 × 106 generations as burn in.

Multiple sequence alignments of nucleotide sequences encoding mature peptides were generated
based on their corresponding amino acid sequences using PAL2NAL v. 14 [73]. The resulting codon
alignment was used to calculate synonymous and non-synonymous substitution rates under different
models implemented in HyPhy 2.6 [74]. Detection of sites evolving under positive or negative selection
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was accomplished with FUBAR [75] using default parameters, whereas MEME [76] was used to detect
episodic or diversifying selection at individual sites in amino acid sequences.

Lastly, molecular weights, net charges, and isoelectric points of SLPs were calculated for mature
peptide sequences using the R package ‘Peptides’ [77]. We investigated evolutionary dynamics of
these protein traits for shifts in trait regimes using a continuous multivariate Ornstein–Uhlenbeck
(OU) approach implemented in the R package, l1ou [45], as in other studies on venom evolution [36].
These data were mapped to the phylogeny and the best shift configuration was estimated and selected
using the phylogenetic Bayesian Information Criterion (pBIC). Edges were painted according to
their corresponding regime with statistical support for each regime shift assessed with 100 bootstrap
resampling replicates [36].
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Table S1: Putative venom sequences encoded by 96 transcripts of the Hoffmannihadrurus aztecus transcriptome,
Table S2: Putative venom sequences encoded by 74 transcripts of the Hadrurus concolorus transcriptome, Table S3:
List of the 24 scorpion species used in the phylogenomic analyses, Table S4: One hundred and seven sequences
of Scorpine-like Peptides (SLP) isolated from venoms, or deduced from cDNA or transcriptome analyses of 44
scorpion species, Figure S1: ASTRAL-II topology, Figure S2: Chronogram under the correlated model, Figure S3:
Chronogram under the relaxed model, Figure S4: ML gene tree SLPs, Figure S5: Site selection analyses of both
SLP1-2 combined, Figure S6: Visualization of PCA and Correlation tests, Figure S7: Multiple sequence alignments
of calcins, Kunitz-type inhibitors, and La1-like peptides.
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Abstract: Many peptides in scorpion venoms are amidated at their C-termini. This post-translational
modification is paramount for the correct biological function of ion channel toxins and antimicrobial
peptides, among others. The discovery of canonical amidation sequences in transcriptome-derived
scorpion proproteins suggests that a conserved enzymatic α-amidation system must be responsible
for this modification of scorpion peptides. A transcriptomic approach was employed to identify
sequences putatively encoding enzymes of the α-amidation pathway. A dual enzymatic α-amidation
system was found, consisting of the membrane-anchored, bifunctional, peptidylglycine α-amidating
monooxygenase (PAM) and its paralogs, soluble monofunctional peptidylglycine α-hydroxylating
monooxygenase (PHMm) and peptidyl-α-hydroxyglycine α-amidating lyase (PALm). Independent
genes encode these three enzymes. Amino acid residues responsible for ion coordination and
enzymatic activity are conserved in these sequences, suggesting that the enzymes are functional.
Potential endoproteolytic recognition sites for proprotein convertases in the PAM sequence indicate
that PAM-derived soluble isoforms may also be expressed. Sequences potentially encoding proprotein
convertases (PC1 and PC2), carboxypeptidase E (CPE), and other enzymes of the α-amidation
pathway, were also found, confirming the presence of this pathway in scorpions.

Keywords: amidation; evolution; posttranslational modifications; scorpion; transcriptomics

Key Contribution: A dual enzymatic system responsible for α-amidation of scorpion venom peptides
is described. Independent genes encode a bifunctional PAM enzyme and the monofunctional PHMm
and PALm enzymes.

1. Introduction

The order Scorpiones constitutes one of the most ancient lineages within the phylum Arthropoda [1,2].
The key to the ecological success of these arachnids resides in the production of potent venoms
used for feeding, defense, and deterring competitors [3,4]. Scorpion venoms are complex mixtures
of components, including bioactive peptides with potential therapeutic applications [4], enzymes,
metabolites, and most importantly, an arsenal of toxins active on Na+, K+, Ca2+, and Cl− channels [5–10].
By altering the normal mechanics of these channels, scorpion toxins unleash systemic havoc in their
victims, which can lead to severe envenomation symptoms, including death [11,12]. The venom
is produced and secreted by two symmetrical glands located in the last segment of the metasoma,
the telson [12]. In these glands, the peptidyl venom components undergo synthesis and maturation,
a complex process involving a series of post-translational modifications (PTMs) that result in the
biologically active molecules [3]. The most common PTMs found in scorpion venom peptides are the
formation of disulfide bridges from pairs of cysteines, proteolytic cleavage, and C-terminal amidation
(α-amidation). Amidated toxins and peptides without disulfide bonds (NDBP) are well known in
scorpion venoms (Table 1).

Toxins 2019, 11, 425; doi:10.3390/toxins11070425 www.mdpi.com/journal/toxins63
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Post-translational α-amidation is characteristic of bioactive peptides from many eukaryotic taxa [13].
C-terminal amidation confers on peptides enhanced resilience to degradation by carboxypeptidases, thus
increasing their half-lives and decreasing their turnover rates [14]. Moreover, amidation is essential for
correct functioning of many mammalian neuropeptides and hormones [15]. Several scorpion toxins have
also been shown to require C-terminal amidation for full biological activity, without which, potency is
severely reduced [16,17]. C-terminal amidation results in a change with two possible functional implications:
the amidated terminal amino acid could be directly involved in molecular recognition events, or the
amidation could simply reduce the negative charge of the carboxyl moiety and the peptide as a whole [18].

In general, metazoan amidated peptides are translated as larger polypeptidyl precursors, which
contain an amidation signal, a glycine typically followed by one or two basic residues (R-X-Gly-Basic
or R-X-Gly-Basic-Basic) and the rest of the propeptide sequence. This signal is first targeted by
endoproteolytic proprotein-processing enzymes of the protein convertase family (PCs), resulting in
peptides terminated with basic residues, which are substrates for carboxypeptidases that remove those
residues from the processing intermediate and expose the C-terminal glycine. This glycine is then
further subjected to sequential reactions that amidate the peptide [19,20] (Figure 1A). Two enzymatic
activities catalyze these reactions. First, a peptidylglycine α-hydroxylating monooxygenase (PHM, EC
1.14.17.3) catalyzes the hydroxylation of the glycine residue, using ascorbate and molecular oxygen
as co-substrates. Then, a peptidyl-α-hydroxyglycine α-amidating lyase (PAL, EC 4.3.2.5) cleaves the
hydroxyglycine residue, yielding the amidated product and glyoxylate [21,22] (Figure 1B).

Figure 1. Enzymatic processing of the amidation signal. (A) The complete pathway leading to amidation.
SP, Signal Peptide; PC1/PC2, proprotein convertases 1/2; CPE, carboxypeptidase E. (B) Sequential
amidation reaction catalyzed by the PHM and PAL domains.

Peptide amidation seems to be common to all metazoans, and PHM and PAL are assumed to have
monophyletic origins [23]. However, the way these activities are expressed differs among taxa. For
example, in insects Apis mellifera, Drosophila melanogaster and others, PHM and PAL are encoded by
independent genes [24–26]. In vertebrates, such as Bos taurus, Rattus norvegicus, Xenopus laevis, Homo
sapiens and others, a single gene encodes both activities in a bifunctional enzyme comprising a single
polypeptide, peptidylglycine α-amidating monooxygenase (PAM) [27–30]. The same two-domain
PAM structure was reported for the gastropod Aplysia californica [31]. Curiously, another gastropod,
Lymnaea stagnalis, produces a zymogen comprising four different PHM domains and a single PAL
domain, which is endogenously converted to a mixture of monofunctional isoenzymes [32]. PAM
isoforms have been reported in R. norvegicus, with up to seven isoforms generated by alternative
splicing. These isoforms include configurations with and without internal proteolytic sites, resulting in
both independent PHM and PAL, and the bifunctional PAM [27,33]. Among arthropods, independent
PHM and PAL, but not the bifunctional PAM, are expressed in insects, as indicated above, whereas both
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independent and bifunctional enzymes are expressed in crustaceans [26]. No information is available
on the α-amidating system of other subphyla, e.g., the chelicerates, and in particular, the arachnids.

Amidated peptides are common in venoms produced by various animals. For example, marine
snails of the genus Conus, produce a large array of peptidyl toxins (conotoxins), a significant fraction of
which are amidated. From the venom ducts of cone snails, cDNAs were cloned that encode bifunctional
PAMs. Heterologously expressed PAMs were demonstrated to be active [34]. Although no amidating
system has been described in arachnids, the abundance of amidated peptides in their venoms, in
particular scorpion venoms, suggests that amidating enzymes are active in their venom glands.
The correlation between canonical α-amidation signals in transcripts from different transcriptomic
analyses and amidation of the mature encoded peptides, confirmed by biochemical and proteomic
analyses [35–39], indicates that the classical PHM plus PAL and/or PAM systems must be present
in scorpion venom glands. In this work, the enzymatic amidation system of Old and New World
scorpions is assessed by transcriptomic analysis.

2. Results

2.1. The Dual Enzymatic System for α-Amidation in the Order Scorpiones

We investigated venom gland transcriptomes of 21 scorpion species and the genome of Centruroides
sculpturatus and identified sequences encoding orthologs of the bifunctional PAM enzyme in 13 of
them. Partial sequences for PAM were found in the remaining eight transcriptomes. A 14th complete
PAM-coding sequence was recovered by RT-PCR from venom-gland total RNA from the scorpion
Centruroides noxius (Table 2 and Supplementary Table S2). Complete coding sequences (CDS) from those
transcripts translate into proteins of 861–887 amino acids (Supplementary Figure S1). The deduced
topology of the scorpion PAM precursor is similar to that of the PAM-2 isoform described for
Rattus norvegicus (Figure 2A,B). A signal peptide sequence (SP) for secretion is followed by a short
propeptide (PP) region, a PHM domain, a linker sequence (Linker 1), a PAL domain, a second
linker sequence (Linker 2), a membrane spanning domain (MSD), and a cytosolic domain (CD)
(Figure 2A). The rat PAM-2 isoform lacks the Exon A-encoded linker region with respect to the rat
PAM-1 isoform. This extra region contains an endoproteolytic site which, after processing, cleaves the
PHM and PAL monofunctional enzymes into separate polypeptides. This Exon-A-encoded region
has been described only for vertebrates [23], and has no equivalent sequence in the scorpion PAM
(Supplementary Figure S2). It is notable that although the scorpion PAM lacks this region, two putative
endoproteolytic sites are still present in the scorpion PAM sequence (Figure 2A). The first site, defined
by a lysine dyad (KK), is located between the PHM and PAL domains, and is proposed to delimit the
PHM domain. The second site, located between the PAL sequence and the MSD, is also defined by a
KK dyad, and if subjected to post-translational processing, would liberate a soluble PAL enzyme from
the MSD and CD domains. Thus, the scorpion bifunctional PAM enzyme could be post-translationally
processed to generate independent, soluble PHM and PAL enzymes.

Shorter transcripts encoding the monofunctional PHM and PAL enzymes (PHMm and PALm) were
also identified in most of the analyzed scorpion transcriptomes/genome (Table 2 and Supplementary
Table S2). The encoded proteins are 345–350 amino acids long (PHMm) and 356–366 (PALm) (Supplementary
Figures S3 and S4). Topologies of the monofunctional enzymes are similar to those of the PHM and PAL-2
isoforms from D. melanogaster (Figure 2C). The proproteins include a SP and the catalytic domain. No MSD
and CD domains are detected; therefore, the monofunctional enzymes are predicted to be soluble.
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Table 2. Enzymes of the α-amidation pathway detected in scorpions.

Family Species PAM PHM PAL PC1 PC2 CPE

Buthidae

Centruroides sculpturatus �-� � � • • •
Centruroides hentzi �-� � � • •

Centruroides noxius a �-� � � • •
Centruroides limpidus b �-� � � • • •

Centruroides orizaba �-� � � • • •
Centruroides ochraceus �-� � � • • •

Centruroides hirsutipalpus � � � • •
Tityus trivittatus �-� � � • • •

Leiurus abdullahbayrami * �-� � � • • •
Mesobuthus martensii * �-� � �

Vaejovidae

Thorellius cristimanus �-� � � • • •
Paravaejovis schwenkmeyeri � � � • •

Chihuahuanus coahuilae �-� � � • • •
Serradigitus gertschi � � �

Caraboctonidae
Hoffmannihadrurus aztecus �-� � �

Hadrurus concolorus �-� � � � •
Euscorpiidae Megacormus gertschi �-� � �

Chactidae Anuroctonus pococki bajae � � �
Superstitionidae Superstitionia donensis � � � �

Diplocentridae Diplocentrus melici �-� � � •
Urodacidae Urodacus yaschenkoi * �-� � � • � •

Scorpionidae Pandinus imperator * �-� � •
(�-�,� and�): Complete PAM, PHMm and PALm sequences; (�-�): Partial PAM sequences with 93% or

more of the sequence determined; (•,•,•): Complete PC1, PC2 and CPE sequences; (•,•,•): PC1,
PC2 and CPE sequences with more than 50% of the sequence determined; (�): Partial sequences with less than
50% of the estimated total sequence determined; a PAM sequence amplified by PCR; b PAM sequence verified by
DNA sequencing; * Old World scorpion. The tblast and blastn algorithms were used to identify sequences in the
local scorpion transcriptomic databases, with an e-value of 1 × 10−6. Empty spaces indicate that no sequences were
identified in those transcriptomes.

Key residues involved in catalysis and metal coordination are conserved in both scorpion amidation
systems (Figure 2A and Supplementary Figures S5 and S6), suggesting that those enzymes are probably
functional. The percentage of sequence identity between homologous domains of the bifunctional
and independent enzymes for each species are indicated in Supplementary Table S3. As an example,
for C. noxius, the percentage of identity between the PAM subdomains and the PHMm and PALm are
29.8% and 32.5%, respectively.
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Figure 2. Representative structures of the precursors of (A) scorpion (C. noxius) bifunctional PAM
and mono-functional PHMm and PALm; (B) mammalian (R. norvegicus) PAM-1 and PAM-2 isoforms;
(C) monofunctional PHMm, PAL1m and PAL2m in D. melanogaster. Structural and sequence features
are indicated as: SP, Signal peptide; PP, Propeptide; MSD, Membrane Spanning Domain; CD, Cytosolic
Domain; KK, RK, KR and RR, putative proprotein convertase cleavage sites at basic dyads; G, predicted
glycosylation site; PHMcc, catalytic core of the PHM domain.

Sequences encoding other components of the α-amidation pathway were also sought among
available scorpion transcriptomic/genomic sequences. Transcripts encoding orthologs of proprotein
convertases 1 and 2 (PC1 and PC2) and carboxypeptidase E (CPE), enzymes that operate upstream in the
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α-amidation pathway (Figure 1A), were also found, as well as their genes in the Centruroides sculpturatus
genome (Table 2, Supplementary Table S2), reinforcing the notion of a conserved α-amidation pathway
in scorpions.

These results indicate that in scorpions, a dual enzymatic system for α-amidation is responsible for
the amidation of venom peptides. Transcripts for both the bifunctional PAM and the monofunctional
PHMm and PALm are present in scorpion venom glands. Among arthropods, a similar dual system is
present in crustaceans, but not in insects [26].

2.2. The PAM-, PHMm- and PALm-Coding Genes

The search for genomic sequences in C. sculpturatus using blastn showed that separate genes encode
the bifunctional and monofunctional enzymes, demonstrating that they are encoded by paralogous
genes and are not the result of alternative splicing, a phenomenon reported in the generation of
isoforms in R. norvegicus [27,33]. Figure 3A shows the structure of the genes for the PAM, PHMm and
PALm enzymes in C. sculpturatus, including their sizes, exon numbers and distributions. The structures
of the rat PAM and fruit fly PHM and PAL genes are also shown for comparison (Figure 3B,C).

Figure 3. The structure of genes encoding the amidating enzymes of (A) C. sculpturatus (CesPAM,
CesPHM and CesPAL); (B) R. norvegicus (PAM1); (C) D. melanogaster (DmPHM, DmPAL1 and DmPAL2).
Exons are indicated as vertical blocks.

2.3. Phylogenetic Reconstruction of Amidating Enzymes of Arachnids

Phylogenomic analyses have proposed two basal branches from which all scorpions have
descended (parvorders Buthida and Iurida) [1,40,41]. Maximum likelihood analyses with the nucleotide
sequences of the PHM and PAL domains from the PAM (designated as phm-PAM and pal-PAM in
these analyses, respectively) and the PHMm and PALm enzymes, show a correlation between the
phylogeny of these enzymes and the phylogeny of the scorpion families from which they originate [40].
Figure 4; Figure 5 show the two main clades in which the sequences of the phm-PAM and pal-PAM are
separated from the sequences PHMm and PALm, respectively. Within those clades, there is a clear
divergence between sequences from species belonging to the family Buthidae (parvorder Buthida) and
sequences from species belonging to families of the parvorder Iurida (Vaejovidae, Caraboctonidae,
Euscorpiidae, Chactidae, Superstitionidae, Diplocentridae, Urodacidae, Scorpionidae). Within the
family Buthidae, sequences from Old World scorpions Leiurus abdullahbayrami (Turkey) and Mesobuthus
martensii (Eastern Asian countries) are placed in an independent, supported clade that precedes the
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clade of New World species. The sequences from Tityus trivittatus (from the south-central part of South
America, Argentina, and Brazil) are in independent supported clades with respect to those of the
genus Centruroides (distributed in Central America, the Caribbean, and North America). The variable
numbers of sequences recovered from different transcriptomes, limits comparative analyses of the
catalytic domains, though a consistent topology for the phylogenetic trees is observed. Sequences
putatively encoding a dual amidation system, as in scorpions, were also found in other arachnids,
including members of the orders Araneae (Liphistius malayanus, Frontinella communis, Parasteatoda
tepidariorum, Leucauge venusta), Opiliones (Siro boyerae, Trogulus martensi) Ricinulei (Ricinoides atewa),
and the xiphosuran, Limulus polyphemus (recently placed within the class Arachnida [42]), among others
(Supplementary Table S1). This indicates that the same dual α-amidation system is also employed by
other arachnids.

Figure 4. Reconstructed evolutionary history of the phm-PAM and PHMm domains. Maximum
likelihood analyses were performed with nucleotide sequences corresponding to the respective
domains. Numbers under the nodes indicate the values of ultrafast bootstrap (UFBoot) (only branches
with values higher that 50 are shown).
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Figure 5. Reconstructed evolutionary history of the pal-PAM and PALm domains. Maximum likelihood
analyses were performed with the nucleotide sequences corresponding to the respective domains.
Number under the nodes indicate the values of ultrafast bootstrap (UFBoot) (only branches with values
higher that 50 are shown).

3. Discussion

Venom gland transcriptomic analyses performed with representative scorpion families from
both the Old and New Worlds have shown the enormous diversity of compounds that comprise
these important biofluids [4]. Together with available biochemical information on scorpion venom
components, sequences of many transcripts indicate that amidation is one of the most common PTMs
of scorpion venom peptides. The discovery of canonical amidation signals in the translated sequences
suggested that a conserved α-amidation system might be present in scorpion venom glands to convert
propeptides into shorter, amidated, mature peptides. In this work, transcripts encoding the relevant
components of this pathway are described, confirming that a dual amidation system, including a
bifunctional PAM enzyme and individual non-membrane bound PHMm and PALm is employed. Genes
for this dual system were found in the genome of C. sculpturatus, demonstrating than the bifunctional
and the monofunctional enzymes are encoded by independent genes and are not the result of alternative
splicing. Paralogs involved in various developmental processes and cellular functions within the
orders Scorpiones and Araneae arose as a consequence of a genome duplication in the common ancestor
of scorpions and spiders [43,44]. Given the importance of amidation in peptide signaling and the
functionality of toxins and other amidated venom peptides, it is not surprising that both amidation
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enzyme systems were retained in this lineage of venomous arachnids, where they evolved to target
specific substrates, or to be expressed in particular cell types or physiological conditions.

Together with conserved functional residues for cation coordination and enzymatic activity,
the scorpion PAM sequence contains all the structural elements for generation of a membrane-anchored
protein. However, the sequence of the bifunctional PAM contains putative endoprotease cleavage sites
(dyads of basic amino acids), which are normally targeted by proprotein convertases, flanking the
catalytic domains. This means that the PAM proprotein could in principle be processed to the complete
membrane-bound two-domain enzyme or it could be post-translationally cleaved by convertases to
render soluble monofunctional domains. The presence of transcripts encoding convertases in the
scorpion venom glands, also described in this work, reinforces this possibility. Whether both the
two-domain PAM and the PAM-derived monofunctional enzymes coexist in the venom gland remains
to be established. We expect that the soluble PHMm and PALm, as well as the putative PAM-derived
soluble isoforms, are secreted by the venom glands into the venom. This has been confirmed, at least
for PHMm with liquid chromatography-mass spectrometry (LC-MS/MS) in scorpion venom proteomic
analyses. Although it is not clear what additional functions they might have in scorpion venom, it is
known that the bovine PAM enzyme is capable of catalyzing three alternative reactions: sulfoxidation,
N-dealkylation of amines and O-dealkylation [45]. This raises the possibility of finding new natural
substrates for this set of enzymes and taking advantage of their catalytic capacities for synthesis or
chemical modification of molecules of biotechnological interest.

Other proteomic analyses have confirmed the presence of putative amidating enzymes in arachnid
venoms. One of these sequences was reported as a PAM from the spider Cupiennius salei (annotated
as PAM_CUPSA [MH766628]) [46]. However, a rigorous sequence analysis demonstrates that this
sequence is not from a PAM ortholog, but a monofunctional PHMm. Similarly, for the scorpion
Tityus obscurus, a sequence reported as a PAM (GenBank: JAT91064) [38], shares 87% sequence identity
with the PHMm from T. trivittatus, as reported here, and is therefore also a PHMm. A third report found
a PHMm sequence in transcriptomic and proteomic analyses of the scorpion C. hentzi (annotated as
GFWZ01000197.1 TSA: Centruroides hentzi Chent_MonoO transcribed RNA sequence) [47]. Sequences
encoding orthologs of PHMm were also identified in venoms of Centruroides limpidus, Centruroides
hirsutipalpus and Superstitionia donensis (data not shown). Therefore, this constitutes the first report of
the monofunctional PALm and the bifunctional PAM enzymes from any arachnid, and demonstrates
that a conserved, functional dual α-amidation system is present in scorpion venom glands, as well as
in other arachnids.

4. Materials and Methods

4.1. Sequence Data and Transcriptome Assembly

Previously reported transcriptomic analyses from venom glands of the scorpion species C. limpidus,
Paravaejovis schwenkmeyeri, Urodacus yaschenkoi, Thorellius cristimanus (reported as T. atrox),
Serradigitus gertschi, S. donensis, and Megacormus gertschi [37,48–53] were used to obtain relevant
sequence information. Complementary sequence information was obtained from other unpublished
transcriptomes for the species Centruroides noxius, C. orizaba, C. ochraceus, C. hirsutipalpus,
T. trivittatus, L. abdullahbayrami, Hoffmannihadrurus aztecus, Hadrurus concolorus, Anuroctonus
pococki bajae, Chihuahuanus coahuilae and Diplocentrus melici. Publicly available reads from
massive transcriptome analyses of other species were assembled de novo and also used (M. martensii
SRR3061379, Pandinus imperator SRR1721600, C. hentzi SRR6041834/SRR6041835; external groups are
shown in Supplementary Table S1). Assembly was performed using Trinity 2.0.3 [54] with previously
reported parameters [37]. Genomic sequences from C. sculpturatus (BioProject: PRJNA168116) were
obtained from NCBI. Sequence information from 22 different scorpion species, belonging to nine of the
20 recognized scorpion families [55] was used in this work.
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4.2. Identification and Annotation of Amidating Enzymes in Scorpions and Related Organisms

Sequences putatively encoding PAM, PHM and PAL homologs were identified in transcriptomes
using tBLASTn, with the sequence of the R. norvegicus PAM (Uniprot, P14925) as query. Recovered
nucleotide sequences were translated with the ExPASy server [56]. The presence and organization of
characteristic domains was evaluated with NCBI-CDART [57] in accordance with [23]. Other sequence
hallmarks were identified: the signal peptide (SP) with SignalP 4.1 and Phobius [58,59], the propeptide
region (Pp) with ArachnoServer v. 3.0 [60] and the transmembrane domain with the TMHMM server
v. 2.0 [61]. Identification and delimitation of the catalytic domains and the residues involved in
metal coordination and disulfide formation was manually performed by sequence alignment with the
reference R. norvegicus PAM (Uniport P14925). Potential glycosylation sites were predicted with the
NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). The annotation of each determined
sequence can be found in Supplementary Table S1. The sequences were submitted to the European
Nucleotide Archive (ENA) under project PRJEB32831.

4.3. Amplification and Cloning of the PAM Sequence from Centruroides noxius

Total RNA was extracted from the telson of a single female C. noxius using an SV Total RNA
Isolation System kit (Promega Corporation, Madison, WI, USA). cDNA was amplified with a First
Strand cDNA Synthesis Kit for RT-PCR (AMV) (Roche, Basel, Switzerland). Primers, Cen-Fw3 (5′-GAT
CTT GTA AAC GGC GTA TTT CCC TT-3′) and Cen-Rv4 (5′-CCG ATA TCC TCC CAA CCA TCC
TTT C-3′), were designed from the consensus of the PAM sequences from two scorpions of the genus
Centruroides (C. limpidus and C. orizaba). Amplification conditions were 3 min at 96 ◦C, followed by
30 cycles of 3 sec at 96 ◦C, 1 min at 56 ◦C and 2 min at 68 ◦C, plus a final step of 5 min at 68 ◦C.
A recombinant Pfu polymerase produced in-house was used. The PCR product was purified with the
QIAQuick Gel extraction Kit (QIAGEN GmbH, Hilden, Germany), ligated into an EcoRV-digested
pBluescript II KS(+) vector, and electroporated to electrocompetent DH5α Escherichia coli cells. Positive
clones were selected with the blue/white system by growing the cells in X-Gal/IPTG-complemented
LB/ampicillin medium. Plasmids were prepared by alkaline lysis and submitted to sequencing with
the primers T7-Like (5′-GCG TAA TAC GAC TCA CTA TA-3′), T3-Like (5′-CTC ACT AAA GGG AAC
AAA AGC-3′), Cen-In1 (5′-CTC GTT GCT TAG ATA TAG AGA-3′), Cen-In2 (5′-ACA TCA GTC AAC
CAA ACA-3′) and Cnox-In3 (5′-ATT GAT GCT GAT GAT GCC TA-3′).

4.4. Multiple Alignments and Phylogeny Reconstruction of PAM, PHM, and PAL

Phylogenetic reconstruction of the PAM enzyme and its two catalytic domains phm-PAM and
pal-PAM (with the suffix ‘-PAM’ used to differentiate them from those of the monofunctional enzymes),
and of the independent enzymes PHMm and PALm (with the suffix ‘m’, for ‘monofunctional’) was
performed using the maximum likelihood (ML) method with nucleotide sequences. Additional
sequences from phylogenetically related organisms (external groups) were obtained from NCBI or
assembled from transcriptome raw reads deposited at SRA-NCBI. All sequences were aligned with
MAFFT v7.407 [62]. The best substitution model (GTR+F+I+G4) and the ML analysis were evaluated
with IQ-TREE v1.6.9 [63,64], using the ultrafast bootstrap method (UFBoot2) [65] with 10,000 replicates.

4.5. Genomic Organization of Scorpion PAM, PHM, and PAL

Genome sequences of C. sculpturatus (NCBI:txid218467) corresponding to the amidating enzymes
were recovered from NCBI using BLASTn, with the nucleotide sequences for PAM, PHM, and PAL from
C. limpidus as queries. Identification of introns and exons was performed with the Splign utility [66].
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/7/425/s1:
Figure S1: Schematic alignment of PAM sequences with >90% of the estimated sequence determined, Figure S2:
Schematic alignment of PAM1 and PAM2 isoforms from R. norvegicus and the completely sequenced scorpion PAM,
Figure S3: Schematic alignment of the PHMm sequences found in 22 analyzed scorpion transcriptomes, Figure S4:
Schematic alignment of the 20 PALm sequences found in 22 analyzed scorpion transcriptomes, Figure S5: Sequence
alignment of PHM domains, Figure S6: Sequence alignment of PAL domains, Table S1: Nomenclature of transcripts
in various scorpion species, Table S2: Sequence conservation between catalytic domains of the bifunctional and
monofunctional enzymes by species (% of identity), Table S3: External groups used for phylogenetic reconstruction
of the evolutionary history of the functional domains.
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Abstract: (1) Background. Snake venom phosphodiesterases (SVPDEs) are among the least studied
venom enzymes. In envenomation, they display various pathological effects, including induction of
hypotension, inhibition of platelet aggregation, edema, and paralysis. Until now, there have been no
3D structural studies of these enzymes, thereby preventing structure–function analysis. To enable such
investigations, the present work describes the model-based structural and functional characterization
of a phosphodiesterase from Crotalus adamanteus venom, named PDE_Ca. (2) Methods. The PDE_Ca
structure model was produced and validated using various software (model building: I-TESSER,
MODELLER 9v19, Swiss-Model, and validation tools: PROCHECK, ERRAT, Molecular Dynamic
Simulation, and Verif3D). (3) Results. The proposed model of the enzyme indicates that the 3D
structure of PDE_Ca comprises four domains, a somatomedin B domain, a somatomedin B-like domain,
an ectonucleotide pyrophosphatase domain, and a DNA/RNA non-specific domain. Sequence and
structural analyses suggest that differences in length and composition among homologous snake
venom sequences may account for their differences in substrate specificity. Other properties that may
influence substrate specificity are the average volume and depth of the active site cavity. (4) Conclusion.
Sequence comparisons indicate that SVPDEs exhibit high sequence identity but comparatively low
identity with mammalian and bacterial PDEs.

Keywords: snake venom; phosphodiesterases; amino acid sequence and three-dimensional structural
analysis; variable substrate specificity; PDE_Ca structure–function relationship

Key Contribution: This is the first report on snake venom phosphodiesterase (SVPDE) that describes
the overall structural properties, makes structural comparisons, and examines the structural basis of
substrate specificity.

1. Introduction

Snake venom is a crude mixture that contains enzymatic and non-enzymatic proteins, peptides,
organic compounds of low molecular weight, and inorganic compounds [1,2]. Proteins constitute the
major portion (about 90%) of the total dry mass of crude snake venom, with or without catalytic activity,
including neurotoxins, cardiotoxins, C-type lectins, proteinases, metalloproteinases, serine proteinases,
phospholipases, hyaluronidases, acetylcholinesterases, L-amino acid oxidases, three-finger toxins,
phospholipase A2s, and nucleases [3–9]. Metalloproteinases, serine proteinases, phospholipases, and
neurotoxins are the most widely studied snake venom proteins, as they occur in high concentrations and
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are relatively easy to purify [1–5,10–12]. Other enzymes, such as nucleases, exist in small quantities and
are the least studied. Nucleases are capable of cleaving phosphodiester bonds in nucleic acids, and, in
snake venom, they have been classified as endonucleases and exonucleases [13,14]. Phosphodiesterases
are generally considered exonucleases [14].

Phosphodiesterases (E.C. No. 3.1.4.1) belong to the Ectonucleotide pyrophosphatase/
phosphodiesterase (E-NPP) family of metalloenzymes [13]. Generally, viperid venoms contain
more phosphodiesterases (PDEs) than crotalid or elapid venoms [15,16]. Phosphodiesterases cleave
phosphodiester bonds in polynucleotides in a sequential manner, starting at the 3′-end, and release
5′-mononucleotides [16]. PDEs have been shown to hydrolyze a wide variety of nucleotides, such as
ATP, ADP, NAD+, NADP+, and GDP [4,17]. Because this enzyme degrades oligonucleotide fragments,
there is increasing demand for purified PDE for use in the structural analysis of nucleic acids [17,18].

PDEs have been isolated from various snake venoms, including Deinagkistrodon acutus [19],
Bothrops atrox [20], Bothrops alternatus [21], Cerastes vipera [22], Crotalus atrox [23], Crotalus
adamanteus [24,25] Crotalus durissus terrificus [25], Protobothrops flavoviridis [26], and Vipera
aspis [27]. In addition to snake venoms, they also occur in spider venoms [28]. The structures of
human, mouse, and bacterial PDEs have been well studied compared to snake and spider venom PDEs.

Snake venom PDE was first reported by Uzawa [29]. This is one of the least studied
enzymes in snake venom due to the fact that earlier reports showed it to be non-toxic and
involved only in digestion [13]. However, recent reports indicate that PDE has a major role in
envenomation by hydrolyzing DNA and RNA, releasing adenosine and other purine nucleosides [30,31].
Adenosine induces a variety of pathological and pharmacological effects, such as increased vascular
permeability, hypotension, inhibition of platelet aggregation, edema, and paralysis [32,33]. Snake
venom phosphodiesterases (SVPDEs) have also been used as therapeutic agents in various diseases and
conditions, such as cerebrovascular and cardiovascular diseases, hypertension, and atherosclerosis [34].

SVPDEs are monomeric proteins of high molecular weight (98–140 kDa), with basic pIs (8.4–9.2),
and metal cofactors, usually zinc, which are essential for catalytic activity [35–38]. Some studies report a
dimeric structure [13,39,40]. Sometimes, a single venom may contain multiple PDE isoforms [13,37,40].

Although the amino acid sequences of PDEs from various snake species are available in the
literature, there is no information regarding their three-dimensional (3D) structures. Therefore, it is
difficult to correlate function with structure. In order to enable structure-function studies, here we
present a model-based 3D structural characterization of the phosphodiesterase from Crotalus adamanteus
venom. The PDE_Ca structure model was produced and validated using various software (I-TESSER,
MODELLER 9v19, Swiss-Model, PROCHECK, ERRAT, and Verif3D). The sequence alignment,
structure-based substrate specificity, maturation, and comparison with PDEs from other organisms are
also discussed.

2. Results and Discussion

2.1. Sequence Alignment Analysis

The PDE_Ca precursor contains 851 amino acids with 830 amino acid residues in the mature
form. Sequence alignment indicates high sequence identity among SVPDEs and comparatively low
sequence identity (<65%) with their mammalian counterparts (Table 1). The average sequence identities
among SVPDEs and mammalian phosphodiesterases are 90.6% and 58.3%, respectively. The metal
ion-binding/active site residues (Zn+2 1 (D153, T191, D358, H359), Zn+2 2 (D311, H315, and H476), and
Ca+2 (N751, D753, H755, D757) (PDE_Ca precursor numbering scheme) are fully conserved among all
phosphodiesterases examined, except N751 and H755 in SVPDEs, where these have mutated to D751
and R755, respectively, in mammalian homologs (Figure 1). Amino acid residues around the metal ion
binding and active sites are highly conserved among all phosphodiesterases examined. The amino
acid sequence of PDE_Ca contains 33 cysteine residues, of which 32 form 16 disulfide bridges (Table 2).
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The generated model and DiANNA web server [38] also confirmed the presence of sixteen disulfide
bridges in PDE_Ca.

Figure 1. Cont.
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Figure 1. Cont.
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Figure 1. Sequence alignment of snake venom phosphodiesterases (SVPDEs) and mammalian homologs.
5IJQ; crystal of human Autotaxin (ENPP2); 4B56: Ectonucleotide pyrophosphatase phosphodiesterase-1
(NPP1) (Mus musculus); 6C01: human Ectonucleotide pyrophosphatase/phosphodiesterase 3 (ENPP3);
5GZ4, phosphodiesterase Naja atra atra (Gene Bank ID: A0A2D0TC04), PDE_Ml, phosphodiesterase
Macrovipera lebetina (Vl) (Gene Bank ID: AHJ80885.1), PDE_Oo, phosphodiesterase Ovophis okinavensis
(Gene Bank ID: BAN89426.1), PDE_Ca, phosphodiesterase Crotalus adamanteus (Gene Bank ID: JAS04699.1),

83



Toxins 2019, 11, 625

PDE_Pm, phosphodiesterase Protobothrops mucrosquamatus (Gene Bank ID: XP_015675293.1), PDE_Pe,
phosphodiesterase Protobothrops elegans (Gene Bank ID: BAP39928.1). Residues involved in catalysis
and metal ion binding are underlined with blue and black, respectively. Cysteine residues that
form disulfide bridges are linked (yellow lines). Putatively N-glycosylated amino acid residues are
underlined in brown. Amino acid residues in the somatomedin B domain, the somatomedin B-like
domain, the ectonucleotide pyrophosphatase/phosphodiesterase domain (also called autotaxin), and the
DNA/RNA non-specific domain, are colored green, light green, blue, and red, respectively. Secondary
structural elements (alpha helices and beta strands) are shown above the sequence. Sequence numbering
corresponds to the PDE_Ca precursor protein.

Table 1. Percent sequence identities among SVPDEs and their mammalian counterparts.

Proteins PDE_Ca PDE_Pm PDE_Ml PDE_Pe PDE_Oo 5GZ4 6CO1 4B56 5IJQ

PDE_Ca —- 85% 93% 92% 96% 85% 64% 50% 47%

PDE_Pm 85% —– 92% 94% 95% 84% 63% 50% 48%

PDE_Ml 93% 92% —– 87% 90% 86% 63% 50% 46%

PDE_Pe 92% 94% 87% —— 95% 85% 64% 50% 49%

PDE_Oo 96% 95% 90% 95% —— 85% 64% 50% 48%

5GZ4 85% 84% 86% 85% 85% —– 64% 50% 47%

6CO1 64% 63% 63% 64% 64% 64% —– 53% 46%

4B56 50% 50% 50% 50% 50% 50% 53% —– 44%

5IJQ 47% 48% 46% 49% 48% 47% 46% 44% —–

PDE_Ca: Phosphodiesterase Crotalus adamanteus, PDE_Pm: Phosphodiesterase Protobothrops mucrosquamatus,
PDE_Ml: Phosphodiesterase Macrovipera lebetina, PDE_Pe: Phosphodiesterase Protobothrops elegans, PDE_Oo:
Phosphodiesterase Ovophis okinavensis, 5GZ4: Phosphodiesterase Naja atra atra, 6C01: human Ectonucleotide
pyrophosphatase / phosphodiesterase 3 (ENPP3), 4B56: Ectonucleotide pyrophosphatase phosphodiesterase-1
(NPP1) (Mus musculus), 5IJQ: human Autotaxin (ENPP2).

Table 2. Cysteine residues participating in disulfide bridges.

1st Cysteine 2nd Cysteine

34 51

38 75

49 62

55 61

84 101

89 119

99 112

105 111

130 176

138 350

366 466

415 819

555 618

569 675

571 660

767 777
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2.2. Domain Analysis

The primary structure of mature PDE_Ca contains four domains—the somatomedin
B domain (residues 33–79), somatomedin B-like domain (residues 81–124), ectonucleotide
pyrophosphatase/phosphodiesterase domain (also called autotaxin) (residues 147–479), and the
DNA/RNA non-specific domain (residues 534–867) (Figure 1). The regions of amino acid residues from
124–146, 480–533, and 868–877 are connecting segments.

The ThreaDom (Threading-based Protein Domain Prediction) online web server [41] for domain
conservation indicated that the domain architecture of PDE_Ca is fully conserved, with other proteins
in the Protein Data Bank (PDB) containing a similar structure fold (Figure 2). The molecular weights of
PDE_Ca in zymogen and the mature forms were 96.37 and 93.10 kDa, with corresponding pIs of 8.13
and 8.05, respectively [42]. The theoretically calculated molecular weights and pIs accord with the
experimentally measured values for other SVPDEs [43–47].

Figure 2. The ThreaDom-based domain prediction in the domain conservation score profile. Four
domains are separated by three connecting segments. Vertical dotted lines indicate the start and end
locations of each putative connecting segment. Vertical solid lines denote predicted boundaries at the
middle of the connecting segments.

2.3. Glycosylation Sites

The primary structure of PDE_Ca contains 60 asparagine (N) residues (Protparam, [48]), of
which nine were identified as potential glycosylation sites using the NetNGlyc 1.0 Server (N39,
N222, N265, N276, N412, N526, N613, N695, and N771) (Figure 1). These asparagine residues are
fully conserved among SVPDEs (Figure 1). Glycosylation sites were also confirmed with the Scan
Prosite tool [49]. The primary structure of Vipera lebetina has also been shown to contain nine
putative N-glycosylation sites [43]. PDEs of B. jararaca and Walterinnesia aegyptia contain 33% and 24%
carbohydrates, respectively [48,49].

2.4. Homology Modeling and Model Evaluation

The homology model for three-dimensional (3D) structure characterization was produced using
various online modeling servers (I-TESSER [50], MODELLER 9v19 program [51], and SWISS Model [52],
using atomic coordinates of human ectonucleotide pyrophosphatase/phosphodiesterase 3 (PDB ID:
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6C01, amino acid sequence identity 63.39%) as a template [53]. The best model was chosen based on
analyses using the PROCHECK, ERRAT, and Verif3D software [54–57].

The PROCHECK analysis of the best model shows that >95% of the amino acid residues are in
the most favored region of the graph (Figure 3). The remaining 5% are in the allowed region with no
residues in the forbidden/disallowed region. ERRAT analysis shows an overall quality factor of 87.88
for the PDE_Ca model, which lies in the average quality range for 3D protein structures [55].

Figure 3. A Ramachandran plot of the modeled structure of PDE_Ca. In total, >95% of the amino acid
residues are in the most favored region, while the remaining 5% are in the allowed region with no
residues in the forbidden/disallowed region. Quadrant I displays a region where multiple conformations
are allowed. Quadrant II shows the biggest region in the graph, with the most favorable conformations
of atoms. Quadrant III shows the next biggest region in the graph, where the right-handed alpha helices
lie. Quadrant IV has almost no outlined region. This conformation is disfavored due to steric clash.
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2.5. Molecular Dynamics Simulation

GROMACS, AMBER16, MDWeb, and MDMobby [58–60] all produced the same results. MD
simulation analysis indicated that all structural parameters, such as chirality, disulfide bonds, and
the absence of steric clashes, were correct (Figure S1A). The two basic assessments (root mean square
deviation (RMSD) and radius of gyration (RG)) used to validate the structures through MD simulation
were analyzed. The RMSD deviation indicated that the PDE_Ca structure did not deviate more than 1 Å
from the initial structure, and the RG was also maintained at around 31.7 Å (Figure S1B,C). Flexibility
analysis (Bfactor and RMSD per residue), identified some flexible regions, located mostly in loop
regions (Figure S1C,D). All these analyses indicate that the simulated structure does not exhibit critical
structural deformations.

2.6. Overall Structure of PDE_Ca

The 3D structure of PDE_Ca is similar to that of the other members of the alkaline phosphatase-like
superfamily (ALP-like superfamily) [25,61–63]. PDE_Ca has a complex structure. It is a multi-domain
protein that consists of four domains—a somatomedin B domain, a somatomedin B-like domain, an
ectonucleotide pyrophosphatase/phosphodiesterase domain (also called autotaxin), and a DNA/RNA
non-specific domain (Figure 4). These domains are briefly described below.

Figure 4. Overall structure of PDE_Ca: (A) cartoon representation. The active site and metal
ion-binding residues are shown as green sticks. Zn+2 and Ca+2 ions are shown as gray and
green spheres, respectively. Disulfide bridges are represented by yellow sticks. (B–D), residues
involved in Zn+2 ion-binding, catalysis, and Ca+2 ion-binding are highlighted. Parts of the secondary
structure belonging to the somatomedin B domain, somatomedin B-like domain, ectonucleotide
pyrophosphatase/phosphodiesterase domain, DNA/RNA non-specific domain, and connecting are
colored in green, light green, blue, red, and black, respectively.

2.6.1. Somatomedin B Domain

The somatomedin B domain (SMB) is located at the N-terminus of the protein and comprises
amino acid residues 33–79 (Figures 1, 4 and 5). It has two alpha helices (Figures 4 and 5). The SMB
domain is stabilized by four intrachain disulfide bridges, one salt bridge (between Asp52-Arg58)
(Table 3), and extensive hydrogen bonding (14 intrachain H-bonds).

2.6.2. Somatomedin B-like Domain

The somatomedin B domain connects to another domain called the Somatomedin B-like domain
(SMB-like). This domain consists of residues 81 to 124 (Figure 1). Like the somatomedin B domain, it
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also contains eight cysteine residues in four disulfide bridges (Figure 1). The secondary structure of
this domain contains two alpha helices (Figures 4 and 5). Beside its disulfides, the SMB-like domain
is stabilized by four salt bridges (Arg82-Glu85, Arg87-Asp104, Arg87-Asp98, Lys102-Asp98), and
thirteen interchain H-bonds (four with the SMB domain and nine with the PDE domain), as well as 24
intrachain H-bonds.

Both the SMB and SMB-like domains are highly compact. Disulfide bridges are arranged in the
centers of both domains, forming covalently bonded cores (Figure 4).

2.6.3. Ectonucleotide Pyrophosphatase/Phosphodiesterase Domain

The SMB-like domain connects to the catalytic domain, called the ectonucleotide
pyrophosphatase/phosphodiesterase (ENPP/PDE) domain, through a short connecting segment of 22
amino acid residues (125–146) (Figure 1, 4 and 5).

The ENPP/PDE domain consists of amino acid residues 147–479 (Figure 1). It contains five
cysteine residues, two of which make an intrachain disulfide bridge and three of which make interchain
disulfide bridges (two with the connecting segment and one with the DNA/RNA non-specific domain)
(Figures 1 and 4) (Table 2). This domain also contains the active site residues, together with the two
zinc ions (Figure 4). One of the zinc ions (Zn+21) is coordinated by four amino acids (Asp153, Thr191,
Asp358, and His59), and the other one (Zn+22) is coordinated by three residues (Asp311, His315, and
His476). All these catalytic amino acid residues are fully conserved in mouse NPP1 [62], human NPP3
(61), human autotaxin ENPP2 [64], and bacterial PDE [29] (Figure 6).

The secondary structure of this domain contains 14 beta strands and 14 alpha helices (Figure 5).
Of the fourteen alpha helices and beta strands, seven and five are short alpha helices and beta
strands, respectively. This domain is stabilized by interchain disulfide bridges (one with the SMB-like
domain and seven with the DNA/RNA non-specific domain), 13 salt bridges (Table 3), and numerous
interchain H-bonds.

2.6.4. DNA/RNA Non-Specific Domain

This domain comprises residues 603 to 867 (Figure 1). It contains nine cysteines that form one
intrachain and three interchain disulfides (one with the PDE domain and two with the connecting
segment) (Figure 4). This domain also contains the Ca2+-binding loop (Figure 4). The secondary
structure of this domain contains seven beta strands and ten alpha helices (Figures 4 and 5). This domain
is connected to the PDE domains through a long loop, called the lasso loop [65]. This domain is
stabilized by four disulfides, eight salt bridges, and numerous H-bonds.
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Figure 5. Topology diagram of PDE_Ca. The alpha helices (1–20) and beta strands (A–L) are represented
as cylinders and arrows, respectively. Short alpha helices and beta strands are shown as primes (e.g.,
17’). Secondary structures and amino acid residues in alpha helices and beta strands were assigned from
the primary sequence using the program DSSP [66] and were confirmed with PyMOL from the tertiary
structure. Parts of the secondary structure belonging to the somatomedin B, somatomedin B-like,
ectonucleotide pyrophosphatase/phosphodiesterase, and DNA/RNA non-specific domains, as well as
the connecting segments (UN), are colored in green, light green, blue, red, and black, respectively.
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Figure 6. Active site comparison of (A) PDE_Ca with (B) human Ectonucleotide pyrophosphatase/
phosphodiesterase 3 (ENPP3), (C) Ectonucleotide pyrophosphatase-phosphodiesterase-1 (NPP1)
(Mus musculus), (D) ENPP2 (human Autotaxin), (E) Xac Nucleotide Pyrophosphatase/Phosphodiesterase
(Xanthomonas axonopodis), and (F) Phosphodiesterase Naja atra. Metal ion-binding amino acid residues
are displayed as sticks and metal ions as grey spheres.

Table 3. Salt bridges in the PDE_Ca 3D structure.

Residue 1 Residue 2 Distance

NH1 ARG A 58 OD1 ASP A 52 3.59

NH1 ARG A 58 OD2 ASP A 52 2.60

NH2 ARG A 58 OD1 ASP A 52 2.69

NH2 ARG A 58 OD2 ASP A 52 3.30

NH2 ARG A 82 OE1 GLU A 85 3.39

NH1 ARG A 87 OD1 ASP A 104 2.58

NH1 ARG A 87 OD2 ASP A 104 3.54

NH2 ARG A 87 OD1 ASP A 98 2.84

NH2 ARG A 87 OD2 ASP A 98 3.93

NH2 ARG A 87 OD1 ASP A 104 3.31

NH2 ARG A 87 OD2 ASP A 104 2.62

NZ LYS A 102 OD2 ASP A 98 2.69

NZ LYS A 168 OD2 ASP A 158 2.87

ND1 HIS A 189 OD2 ASP A 352 3.42

NE2 HIS A 189 OD2 ASP A 352 3.82

NH1 ARG A 278 OE1 GLU A 302 2.85

NH2 ARG A 278 OE1 GLU A 302 2.88

NE2 HIS A 309 OD1 ASP A 305 2.89

NE2 HIS A 309 OD2 ASP A 305 2.95

NZ LYS A 337 OD2 ASP A 122 3.84

NH2 ARG A 339 OD1 ASP A 287 3.88

NH2 ARG A 339 OD2 ASP A 287 2.58

NE2 HIS A 353 OD1 ASP A 147 3.04

NE2 HIS A 353 OD1 ASP A 352 3.46

NE2 HIS A 353 OD2 ASP A 352 2.96
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Table 3. Cont.

Residue 1 Residue 2 Distance

NH1 ARG A 384 OD2 ASP A 205 2.62

NH2 ARG A 384 OD2 ASP A 205 3.69

NH2 ARG A 384 OD2 ASP A 436 3.73

NZ LYS A 425 OD2 ASP A 727 2.56

NH1 ARG A 426 OD1 ASP A 465 3.74

NH1 ARG A 426 OE1 GLU A 467 3.98

NH2 ARG A 426 OD1 ASP A 465 2.70

NH2 ARG A 426 OD2 ASP A 465 3.11

NH2 ARG A 426 OE1 GLU A 467 3.26

NE2 HIS A 428 OD1 ASP A 816 2.79

NH2 ARG A 434 OD2 ASP A 210 2.94

NE2 HIS A 462 OD1 ASP A 305 3.83

NE2 HIS A 462 OD2 ASP A 305 2.68

NZ LYS A 469 OE1 GLU A 155 3.97

NE2 HIS A 515 OD1 ASP A 502 2.80

NE2 HIS A 515 OD2 ASP A 502 2.97

NH1 ARG A 588 OE1 GLU A 534 3.19

NH2 ARG A 588 OE1 GLU A 534 2.60

NH2 ARG A 645 OD1 ASP A 643 3.26

NH2 ARG A 645 OD2 ASP A 643 2.59

NZ LYS A 710 OE1 GLU A 804 3.97

NH1 ARG A 786 OE1 GLU A 791 3.76

NH2 ARG A 786 OD1 ASP A 788 3.97

NE2 HIS A 810 OE1 GLU A 791 3.37

NH1 ARG A 813 OE1 GLU A 492 3.24

NH2 ARG A 813 OD1 ASP A 816 2.69

NH1 ARG A 815 OE1 GLU A 818 2.75

NZ LYS A 840 OE1 GLU A 818 3.80

NH1 and NH2: Nitrogen atoms (amino groups) of the arginine side chain, OD1, and OD2: Oxygen atoms of aspartic
acid side chains, OE: Oxygen atoms of glutamic acid side chains, NZ: Nitrogen atoms (amino groups) of lysine
side chains.

2.6.5. Metal Ion-Binding Sites

SVPDEs are metalloenzymes that contain zinc and calcium ions [6,26,35,36,67]. The zinc ion
participates in the active site and is important for catalytic activity [26,35–67]. In the modeled structure
of PDE_Ca, two zinc ions and one calcium ion were found (Figure 4). Of the two zinc ions, one (Zn+21)
is coordinated by amino acid residues Asp153, Thr191, His359, and Asp358 (Figure 4), and the other
(Zn+22) is coordinated by amino acid residues Asp311, His315, and His476 (Figure 4). The Ca+2 is
coordinated by amino acid residues Asn751, Asp753, His755, and Asp757 (Figure 4). The metal ion
comparison with the human Ectonucleotide pyrophosphatase/phosphodiesterase 3, Ectonucleotide
pyrophosphatase-phosphodiesterase-1 (Mus musculus), ENPP2 (Human Autotaxin), Xac Nucleotide
Pyrophosphatase/Phosphodiesterase (Xanthomonas axonopodis), and Taiwan cobra (Naja atra atra) PDE
(PDB ID: 5GZ4 and 5GZ5) shows that the amino acid residues coordinating these metal ions are fully
conserved (Figures 1A–F and 6A–F).
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2.7. Structural Basis for Substrate Specificity of Snake Venom Phosphodiesterases

For substrates other than oligonucleotides, SVPDEs display variable substrate specificity [43–47].
Among the SVPDEs for which substrate specificity has been studied, the PDEs from Vipera lebetina and
Daboia russelli russelli hydrolyze ADP [43], while PDEs from Crotalus adamanteus, Trimeresurus stejnegeri
and Bothrops jararaca hydrolyze ATP [45–47].

To explain these broad specificities of SVPDEs, the structures of two other PDEs from Vipera
lebetina (PDE_Vl) and Bothrops atrox (PDE_Ba) were modeled, using the same modeling and validation
programs used for the PDE_Ca structural model. The atomic coordinate of human Ectonucleotide
pyrophosphatase/phosphodiesterase 3 (PDB ID: 6C01, amino acid sequence identity 64.09% and 62.91%
with PDE_Vl and PDE_Ba, respectively) was used as a template. The Ramachandran plot analysis
indicates that in both the modeled structures, 98% of amino acid residues were in the favored region
of the plot, and 2% were in the allowed region (Figures S2 and S3). The ERRAT analysis shows an
overall quality factor of 90 for the modeled structure, which lies in the average quality range for the
protein 3D structures (Figures S4 and S5) [55]. The modeled structures of the PDE_Ca, PDE of Vipera
lebetina (PDE_Vl), and Bothrops atrox (PDE_Ba) were compared, taking into account the active site
residue composition, active site cavity volume and average depth, and the surface charge distribution
(Figure 7, Table 4). The active site’s amino acid residues are the same for these enzymes. However,
the average active site’s cavity volume, the average depth of the active site, and the surface charge
distribution vary considerably (Figure 7, Table 4).

The average active site cavity volumes of PDE_Ca, PDE_Vl, and PDE_Ba are 6608.25, 3985.03, and
2243.11 Å3, respectively, with corresponding average depths of 21.39, 12.54, and 9.86 Å, respectively
(Table 4). These values indicate that the average active site cavity volume and depth of PDE_Ca is
much larger than that of either PDE_Vl or PDE_Ba. These characteristics permit larger substrates (ATP)
to access the active site of PDE_Ca, while preventing it for PDE_Vl.

Another factor that affects the substrate specificity of these enzymes is the surface charge
distribution (Figure 7). The surface charge of PDE_Ca (overall and around the active site) is highly
positive (Figure 7A), for PDE_Vl it is partially positive and negative (Figure 7B). Analysis of the active
site cavity volume and its average depth indicate that SVPDEs with small active site cavity volumes
and average depths (like Vipera lebetina, Daboia russelli russelli, and Cerastes cerastes ) (Table 4) show a
high preference for ADP, while other SVPDEs with large active site volumes and average depths (like
PDEs from Crotalus adamanteus, Trimeresurus stejnegeri, and Bothrops jararaca) show a high preference
for ATP.

Table 4. Average active site cavity volumes and average active site cavity depths of SVPDEs and their
mammalian and bacterial counterparts.

Protein Average Volume (Å3) Average Depth (Å)

PD_Ca model 6608.25 21.39

PD_Vl model 3985.03 12.54

6C01 14,690.95 19.13

4B56 3651.33 16.30

2GSN 10,107.28 18.58

4ZG7 11,367.42 17.94
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Figure 7. Surface charge distributions of (A) PDE_Ca, (B) PDE_Vl, (C) human
Ectonucleotide pyrophosphatase/phosphodiesterase 3 (ENPP3), (D) Ectonucleotide pyrophosphatase-
phosphodiesterase-1 (NPP1) (Mus musculus), (E) ENPP2 (human Autotaxin), and (F) Xac Nucleotide
Pyrophosphatase/Phosphodiesterase (Xanthomonas axonopodis). Blue, red, and white represent the
positive, negative, and neutral regions, respectively. Black circles indicate the location of the
active-site pocket.

2.8. Structural Alignment between PDE_Ca, Human ENPP3, Mouse NPP1, Human Autotaxin, Xa NPP1,
PDE_Vl, PDE_Ba and Naja atra atra PDE.

The structural alignment between PDE_Ca, human ENPP3 [53], mouse NPP1 [61], human
autotaxin [63], Xa NPP1 [62], phosphodiesterase from Vipera lebetina (PDE_Vl), Bothrops atrox
(PDE_Ba), and the PDE from Taiwan cobra (Naja atra atra; PDB ID: 5GZ4 and 5GZ5) shows that
the three-dimensional structural folds of these enzymes are similar and that all of them align well,
with an RMSD value range between 0.21 and 0.92 (average RMSD value of 0.61) (Table 5) (Figure 8).
They have the same active site residues (Figures 1 and 6) and disulfide bridges (Figure 1). However, the
amino acid residues in the loop regions vary considerably, both in composition and length (Figure 8).
For this reason, the surface charge distribution also varies (Figure 7A–G), which may impart variable
substrate specificity to these enzymes [45,68,69]. The overall surface charge for the SVPDEs is positive,
while it is negative for human ENPP3, mouse NPP1, human autotaxin, and Xa NPP1 (Figure 7C–F).
The average active site cavity volume and average depth also vary among these enzymes (Table 4).

The phylogenetic tree analysis indicates that PDE_Ca has a close evolutionary relationship with
SVPDEs and PDEs from human beings and mice (Figure S6).

93



Toxins 2019, 11, 625

Figure 8. Structural alignment among SVPDEs (PDE_Ca, PDE_Vl, and PDE_Ba) and their mammalian
and bacterial counterparts; (A) PDE_Ca (green) align human Ectonucleotide pyrophosphatase/
phosphodiesterase 3 (ENPP3) (Cyan), (B) PDE_Ca (green) align Ectonucleotide pyrophosphatase-
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phosphodiesterase-1 (NPP1) (Mus musculus) (yellow), (C) PDE_Ca (green) align ENPP2 (human
Autotaxin) (red), (D) PDE_Ca (green) align Xac Nucleotide Pyrophosphatase/Phosphodiesterase
(Xanthomonas axonopodis) (magenta), (E) PDE_Ca (green) align Vipera lebetina phosphodiesterase (blue),
(F) PDE_Ca (green) align Bothrops atrox phosphodiesterase (orange), (G) PDE_Ca (green) align 5ZG4
(light pink). Loops exhibiting differences and their corresponding amino acid residues are shown in
boxes and colored in blue, red, magenta, orange, yellow, and cyan for PDE_Ca, ENPP3, NPP1, PDE_Vl,
PDE_Ba, and 5GZ4, respectively.

Table 5. Root mean square deviation values of PDE_Ca, PDE_Vl, PDE_Ba, and their
mammalian counterparts.

Protein RMSD Value

PDE_Ca aligned 6C01 0.21

PDE_Ca aligned 4B56 0.72

PDE_Ca aligned 4ZG7 0.73

PDE_Ca aligned 2GSN 0.92

PDE_Ca aligned PDE_Vl 0.57

PDE_Ca aligned PDE_Ba 0.56

PDE_Ca aligned 5GZ4 0.60

2.9. Maturation Mechanism for SVPDEs

PDE_Ca, like other SVPDEs, is synthesized as a precursor protein (zymogen) [43,45]. The immature
PDE_Ca contains 851 amino acid residues [64] (Figure 1), in which the first 23 amino acid residues
belong to a signal peptide (confirmed with SignalP 3.0 [70], Figure 9A), eight amino acid residues
to the activation peptide, and the remaining 820 amino acid residues to the mature protein [48].
The signal peptide prevents the protein from proper folding and is removed cotranslationally or
by signal peptidases [71,72]. The Kyte and Doolittle hydropathy plot [42] indicates that this region
is located in the hydrophilic part (Figure 9B). The function of the activation peptide is unknown.
However, this is considered important for proper folding of the protein, as described for spider venom
and plant proteins [2,73]. This part is removed by endopeptidases [74] (Figure 9D). It is also located
in the hydrophilic region of the Kyte and Doolittle hydropathy plot [42], and it is exposed on the
surface of the protein (and thereby accessible to peptidases). The remaining peptide does not undergo
further processing.
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Figure 9. Maturation/processing mechanism for PDE_Ca. (A) A signalP-HMM prediction plot for
PDE_Ca. (B) A Kyte and Doolittle plot for signal and activation peptides. (C) Ribbon representation
of PDE_Ca colored by B-factor (temperature). (D) The prepropeptide of PDE_Ca with the signal
peptide (colored in yellow), activation peptide (colored in brown), and the mature protein with
four domains colored in green (somatomedin B domain), light green (somatomedin B-like domain),
blue (Ectonucleotide pyrophosphatase/Phosphodiesterase domain), and red (DNA/RNA non-specific
domain). The connecting segments are colored in black.

3. Materials and Methods

3.1. Sequence Retrieval and Multiple Sequence Alignment

The amino acid sequence of PDE_Ca (851 amino acid residues) (gene bank accession no. JAS04699.1;
UniProt ID: A0A0F7Z2Q3) [64] was obtained from the NCBI (National Centre for Biotechnology
Information) protein database (http://www.ncbi.nlm.nih.gov/protein). The signal peptide was identified
using the SignalP 3.0 server [70] with default parameters. The amino acid sequence of PD_Ca was used
as a query for searching homologous proteins from the non-redundant database by searching with
the NCBI Protein BLAST using default parameters. The multiple sequence alignment of the selected
homologous protein sequences, including the amino acid sequence of PD_Ca, was generated using
MUSCLE [75]. The aligned sequences were edited and colored in Box-shade V3.21 [76].

3.2. Sequence Logo Generated from Multiple Sequence Alignment

The Weblogo 3.2 [77,78] was used to illustrate the conservation patterns of amino acids in the
protein sequence, and graphically represent the multiple sequence alignment, using default parameters,
except for the composition, which was done without adjustment.

96



Toxins 2019, 11, 625

3.3. In Silico Analysis of the Domain and Biochemical Properties of the PDE_Ca

The PDE_Ca primary sequence was analyzed for the presence of domains/motifs using the
conserved domain search tool [79], available at http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi.
The protparam and Compute pI/MW tools from the ExPASy Proteomics server (http://web.expasy.org/
compute_pi/) [42] were used to compute the isoelectric point (pI) and molecular weight of the protein.

3.4. Prediction of Ligand Binding and Glycosylation Sites

The 3DLigandSite-Ligand binding site prediction Server [80] was used for ligand binding amino
acid residues in PDE_Ca, while putative glycosylation sites were predicted using the NetNGlyc 1.0
Server [48] and ScanProsite tool [81], with default parameters.

3.5. Disulfide Bond Prediction

The DiANNA web server [38] and Dinosolve [82–86] were used for prediction of disulfide bridges
in PDE_Ca.

3.6. Homology Model Building of PDE_Ca

The 3D model of PDE_Ca was generated using various online proteins modeling programs,
such as I-TESSER [87], the MODELLER 9v19 program [51], and SWISS Model [52], using the atomic
coordinates of human Ectonucleotide pyrophosphatase/phosphodiesterase 3 (PDB ID: 6C01, amino
acid sequence identity 63.39%) as a template [53]. The final model was selected based on the quality
and validation reports generated by PROCHECK [50].

3.7. Molecular Dynamics Simulation

The modeled structure of PDE_Ca was validated through MD simulation using various programs,
like AMBER16 [58], GROMACS [59], MDweb, and MDMoby [60]. The all-atom protein interaction
was determined using the FF14SB force field [85]. The web-server H++ [84] was used to determine
the protonation states of the amino acid side chain at pH 7.0. Chloride ions were used for system
neutralization and were placed in a rectangular box of TIP3P water and extended to at least 15 Å
from any protein atom. For the removal of bad contacts from the structure, the system was energy
minimized for 500 conjugate gradients steps by applying a constant force constraint of 15 kcal/mol. Å2.
The system was then heated gradually from 0 to 300 K for 250 ps with a constant atom number, volume,
and temperature (NVT) ensemble, at the same time that the protein was restrained with a constant
force of 10 kcal/mol. Å2. The equilibration step was carried out using the constant atom number,
pressure, and temperature (NPT) ensemble for 500 ps, and the simulation was done for 100 ns with a
4 fs time step. The temperature and pressure were kept constant at 300 K and 1 atm, respectively, by
Langevin coupling. The long-range electrostatic interactions were computed with the Particle–Mesh
Ewald method (PME) [85], keeping the cut-off distance of 10 Å to Van der Waals interactions.

3.8. Model Validation

The build model of PDE_Ca was validated using the PROCHECK software [50,54], ERRAT version
2.0 [55], and Verify 3D [56,57].

3.9. Structure Superimposition

The build PDE_Ca protein model was aligned to homologous proteins using the PyMOL molecular
graphics visualization program [86].
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3.10. Surface Charge Analysis

Charge and radius calculations were carried out using the PDB2PQR server program [88].
The surface and charge were then visualized in ABPS Tools from the PyMOL molecular graphics
visualization program [86].

4. Conclusions

In conclusion, a sequence and structural analysis of PDE_Ca was carried out using various
computational biology programs. The amino acid sequence comparison analysis indicated that
SVPDEs display high sequence identity (90.6%) with one another and comparatively low sequence
identity (58.33%) with mammalian and bacterial PDEs. The three-dimensional model of PDE_Ca,
produced using various modeling programs, was of good quality, as shown by the PROCHECK and
ERRAT analysis. The modeled structure was further analyzed by molecular dynamic simulation, and
the analysis indicated that all important structural parameters, such as chirality, disulfide bonds, and
the absence of steric clashes, were correct. The root mean square deviation and radius of the gyration
did not suffer significantly during model building and were maintained at 1 Å and 31.7 Å, respectively.
The structural analysis indicated that the complex structure of PDE_Ca is folded into a multi-domain
protein that comprises four domains—a somatomedin B domain, a somatomedin B-like domain, an
Ectonucleotide pyrophosphatase/Phosphodiesterase domain (also called autotaxin), and a DNA/RNA
non-specific domain. Structural comparisons with PDEs from other snake venoms, and mammalian
and bacterial counterparts indicated that the surface charge distribution and the average active site
cavity volume and depth vary considerably, which may contribute to their variable substrate specificity.
Finally, during the maturation process, venom PDEs lose their signal and activation peptides to convert
into the fully active mature forms. The structure of PDE_Cα presented in this paper is only a predicted
structure. These conclusions need to be confirmed with experimental evidence [89].
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Errors plot for the modeled structure of Bothrops atrox model. The plot was generated by ERRAT2. The amino
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protein sequences according to the neighbor-joining method without distance corrections.
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Abstract: Small serum proteins (SSPs) are low-molecular-weight proteins in snake serum with
affinities for various venom proteins. Five SSPs, Pf SSP-1 through Pf SSP-5, have been reported in
Protobothrops flavoviridis (“habu”, Pf ) serum so far. Recently, we reported that the five genes encoding
these Pf SSPs are arranged in tandem on a single chromosome. However, the physiological functions
and evolutionary origins of the five SSPs remain poorly understood. In a detailed analysis of the habu
draft genome, we found a gene encoding a novel SSP, SSP-6. Structural analysis of the genes encoding
SSPs and their genomic arrangement revealed the following: (1) SSP-6 forms a third SSP subgroup;
(2) SSP-5 and SSP-6 were present in all snake genomes before the divergence of non-venomous
and venomous snakes, while SSP-4 was acquired only by venomous snakes; (3) the composition
of paralogous SSP genes in snake genomes seems to reflect snake habitat differences; and (4) the
evolutionary emergence of SSP genes is probably related to the physiological functions of SSPs, with
an initial snake repertoire of SSP-6 and SSP-5. SSP-4 and its derivative, SSP-3, as well as SSP-1 and
SSP-2, appear to be venom-related and were acquired later.

Keywords: small serum proteins; Protobothrops flavoviridis; evolution; gene array; comparative genomics

Key Contribution: Discovery of the gene encoding a novel small serum protein (SSP), SSP-6.
The proposal of a relationship between the composition of SSP genes and snake habitat conditions.
The proposal of a relationship between the evolutionary emergence of SSP genes and the physiological
functions of SSPs.

1. Introduction

The bites of viperid snakes, including Protobothrops flavoviridis (Pf), cause a variety of symptoms,
including bleeding, necrosis, edema, and neurotoxicity, and can be fatal in severe cases. Recent
transcriptomic and proteomic studies have identified multiple components of viperid venoms [1–3],
including phospholipases A2 [4–7], metalloproteases (snake venom metalloproteases, SVMPs) [8–11],
and serine proteases [12,13]. Many of these venom proteins have isoforms. In contrast to neurotoxic
group IA PLA2s of elapid (Elapinae and Hydrophiinae) venoms, group IIA-PLA2s of viperid (Viperinae
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and Crotalinae) venoms [14], such as hemolytic neutral [Asp49]PLA2s [15,16], edema-inducing basic
[Asp49]PLA2s [17,18], neurotoxic highly basic [Asp49]PLA2s [19], and myotoxic [Lys49]PLA2s [15,20–22],
diversified via accelerated evolution, in which nucleotide substitutions occurred predominantly at
non-synonymous sites.

In contrast, snakes bitten by themselves or other snakes do not show severe symptoms as humans
do. Snake serum is able to neutralize or inhibit snake venom activities. Phospholipase A2 inhibitors
(PLIs) [23–27] and habu serum factor (HSF) [28,29], which inhibit the hemorrhage induced by SVMPs,
are able to neutralize these venom activities. Recently, we found a low-molecular-weight serum
protein that specifically binds to myotoxic [Lys49]PLA2 isozymes and revealed that this is a homolog
of Small Serum Protein-2 (SSP-2), a human prostatic secretory protein superfamily of 94 amino acids
(PSP94) [30]. From P. flavoviridis serum, five SSPs, Pf SSP-1, Pf SSP-2, Pf SSP-3, Pf SSP-4, and Pf SSP-5,
have been identified to date [30,31]. However, in terms of blood content, Pf SSP-4 and Pf SSP-5 are
significantly less abundant than Pf SSP-1, Pf SSP-2, and Pf SSP-3 [31]. SSPs are two-domain proteins [31].
The variable N-terminal domains are thought to be involved in binding diverse target molecules,
whereas the C-terminal domain, which is largely conserved among the five SSPs, is assumed to be
involved in forming oligomers with HSF [32]. Pf SSP-2 and Pf SSP-5 show high affinity for triflin, a
neurotoxin-like protein that blocks muscle contraction [33,34]. Pf SSP-1 and Pf SSP-4 show affinity
for HV1, a low-molecular-weight SVMP that induces apoptosis of vascular endothelial cells [11,35].
Pf SSP-3 binds to flavorase, a non-hemorrhagic SVMP [36]. Pf SSP-2 binds to [Lys49]PLA2s [37]. cDNAs
encoding five Pf SSPs have been isolated and sequenced [30,31]. Interestingly, the cDNAs encoding
Pf SSP-3 and Pf SSP-4 are interrupted by nonsense mutations at the same site on the fourth exon, so as
to express truncated mature proteins. The genome fragment containing the genes encoding Pf SSP-1
and Pf SSP-2 has also been isolated and sequenced [38].

Recently, we revealed that genes for the five PfSSPs, PfSSP-4, PfSSP-5, PfSSP-1, PfSSP-2, and
PfSSP-3, are arranged in tandem in this order on one chromosome of P. flavoviridis [39]. According to
the configuration of nucleotide sequences in the introns, such as long interspersed nuclear elements
(LINEs), DNA transposons, and repetitive sequences, the five PfSSPs can be divided into two subgroups:
the Long SSP subgroup consists of PfSSP-1, PfSSP-2, and PfSSP-5, and the Short SSP subgroup consists
of PfSSP-3 and PfSSP-4. Mathematical analysis of the nucleotide sequences of PfSSPs showed that
PfSSPs in the Short SSP subgroup have evolved in an accelerated manner, whereas those in the Long
SSP subgroup have evolved alternately in accelerated and neutral manners. Ortholog analysis of
SSP genes from five snakes, including non-venomous snakes, suggested that these genes emerged
in the order of their configuration on the chromosome. Moreover, a comparison of the arrays of SSP
genes of five snakes showed that the genome segment encompassing SSP-1 to SSP-2 of Protobothrops
has been inverted. Chromosome inversion appears to have preserved non-synonymous nucleotide
substitutions, providing evidence of accelerated evolution [39].

In the present study, we discovered a gene encoding a novel P. flavoviridis small serum protein,
named PfSSP-6, in the 5′ region upstream of the array of five PfSSPs [39]. From a detailed structural
analysis, we propose: (1) a novel classification of SSPs, (2) an evolutionary scenario to explain SSP
paralogs, (3) a relationship between arrays of SSP paralogs in the snake genome and environmental
conditions, (4) relationships between SSP evolution and physiological functions of their products,
suggesting an initial repertoire of SSP-6, SSP-5, and SSP-4, and the subsequent appearance of
venom-related SSP-1, SSP-2, and SSP-3.

2. Results and Discussion

2.1. Discovery of the Gene Encoding a Novel SSP, PfSSP-6, Far Upstream of the Array of Five PfSSP Genes

blastn and tblastx analyses of the habu (HabAm1) database [40] using the nucleotide sequence of
PfSSP-5 as a query revealed that Scaffold 2858 contains an approximately 3.7 kbp sequence similar
to the nucleotide sequence of PfSSP-5. The amino acid sequence of its N-terminal domain differs
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from those of the five known PfSSPs, whereas its C-terminal domain is very similar. Ten cysteines are
conserved among PfSSPs. Therefore, this nucleotide sequence was determined to encode a novel type
of SSP which was named PfSSP-6. To sequence PfSSP-6, genomic PCR was performed using the draft
nucleotide sequence of the corresponding region in Scaffold 2858 of the Amami Island P. flavoviridis
genome as a reference. A 1453 bp genome segment that encompassed the 5′ terminus of the putative
first exon to the 3′ terminus of the putative third exon of PfSSP-6, and another 2375 bp segment
that encompassed the 5′ terminal of the putative third exon to 85 bp downstream from the putative
fourth exon of PfSSP-6 were then acquired. Finally, the 3642 bp sequence of PfSSP-6 was determined.
Referring to the construction of PfSSP-5, definitive exon–intron boundaries of PfSSP-6 were identified.
PfSSP-6 consists of four exons and three introns and encodes a 111 amino acid protein, including a
19 amino acid signal peptide. The deduced amino acid sequence of the mature protein encoded by
PfSSP-6 shows 33%–61% identity with the other five PfSSPs, and the positions of its 10 cysteine residues
are conserved (Figure 1). Referring to the draft nucleotide sequence of Scaffold 2858 encompassing
PfSSP-6 to PfSSP-4, which is the 5′ terminal gene of the array of five PfSSPs [39], further genomic
PCR with the Amami–Oshima P. flavoviridis genome was performed and the 12,406 bp sequence of the
intergenic region between PfSSP-6 and PfSSP-4, named Pf I-Reg64, was determined (Figure 2).

Figure 1. Alignment of the deduced amino acid sequences encoded by the open reading frames
(ORFs) of six PfSSPs and human PSP94. Position numbers refer to amino acid residues of the mature
proteins. Signal peptide sequences are in lower case letters. The cysteines are shaded. Abbreviations:
Pf, P. flavoviridis. References: PfSSP-6 (this study); PfSSP-1 (AB360906.1); PfSSP-2 (AB360907.1); PfSSP-5
(AB360910.1); PfSSP-3 (AB360908.1); PfSSP-4 (AB360909.1) [31]; human PSP94 (NP_002434.1) [41].
Numerals in parentheses show percent identities of Pf SSPs and human PSP94 with Pf SSP-6.

Figure 2. Schematic representation of the 16,048 bp genome segment containing PfSSP-6 in the 5′
region upstream of the array of five PfSSPs. Bold arrows indicate the areas and transcription directions
of the genes in the segment.

2.2. Sequence Configurations Classify the Six PfSSPs Into Three Subgroups

Introns of PfSSP-6 contained insertions of specific nucleotide sequences, fragments of L1, chicken
repeat-1 (CR1), and Gypsy LINEs, fragments of a reverse transcriptase (RT) domain of L2 LINE,
fragments of Mariner and hobo-Ac-Tam3 (hAT) DNA transposons, and repetitive sequences, as in the
other five PfSSPs (Figure 3). The five inserted fragments, L1 and CR1 LINEs in the first intron and
Mariner-iii, Gypsy-i, and Gypsy-ii in the third intron, are conserved in all PfSSPs. These insertions
must therefore have occurred before the divergence of the six PfSSPs. Second, configurations of
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the nucleotide sequences inserted into the second or third intron classified the six PfSSPs into two
subgroups, Long SSPs and Short SSPs [39]. Long PfSSPs are characterized by the fragment of the
RT domain of L2 LINE in the third intron. However, the nucleotide sequence of the fragment of the
RT domain of L2 LINE in the third intron of PfSSP-6 differs from those inserted into the other three
genes of conventional Long SSPs, PfSSP-1, PfSSP-2, and PfSSP-5. The fragment of L2 LINE in the third
intron of three PfSSPs, PfSSP-1, PfSSP-2, and PfSSP-5, is truncated in the 3′ terminal region (Figure 1).
On the other hand, the fragment of L2 LINE in the third intron of PfSSP-6 is truncated from the 5′
terminal region, as in typical LINEs [42]. L2 LINE is composed of two open reading frames, ORF1
and ORF2, in which ORF1 encodes an RNA-binding protein and ORF2 encodes a two-domain protein
consisting of an endonuclease (EN) and an RT domain [42]. The RT domain of L2 LINE consists of
10 subdomains numbered from zero to IX and a carboxy-terminal conserved region (CTCR) which is
thought to serve as the scaffold of reverse-transcription of L2 LINE [43]. A 320 bp section of the L2
LINE fragment in PfSSP-1 encodes three subdomains, zero to II, of the RT domain. A 431 bp section
of that in PfSSP-2 encodes four subdomains, zero to III, of the RT domain, and 1011 bp of the L2
LINE fragment in PfSSP-5 encodes nine subdomains, zero to VIII, of the RT domain [39]. However,
1240 bp of the L2 LINE fragment in PfSSP-6 encode eight subdomains, III to X, and CTCR of the RT
domain. This indicates that this L2 LINE is truncated in the 5′ terminal region. It is highly likely that
the nucleotide sequence from the 3′ downstream region of the third exon of PfSSP-6 to the 5′ terminal
of the inserted L2 LINE fragment of PfSSP-6 has disappeared, accompanied by 5′ truncation of L2
LINE. These characteristics indicate that PfSSP-6 should be classified as a novel Long SSP. Interestingly,
body map analysis using semi-quantitative RT-PCR showed that PfSSP-6 is strongly expressed in the
stomach and weakly in the liver (data not shown). It seems that the product of PfSSP-6 is irrelevant to
its role in blood. Thus, the three configurations of inserted nucleotide sequences classify the six PfSSPs
into three subgroups, conventional and novel Long SSPs, and Short SSPs.

Figure 3. Schematic configurations of nucleotide sequences in the introns of six PfSSPs. Gray bars
represent exons. Half-closed, hatched, open, and closed ellipses represent fragments of L1, CR1, L2,
and Gypsy LINEs, respectively. Since the fragment of L2 LINE in the third intron of PfSSP-6 differs
from those of L2 LINE in the third introns of PfSSP-1, 2, and 5, the ellipse of PfSSP-6 is shown in gray.
Open and closed stars represent the fragments of Mariner and hAT DNA transposons. Positions of the
corresponding fragments are linked with dashed lines. Positions of repetitive sequences (TAAAA and
AATAA) are indicated with carets and numbers of repetitions are indicated as subscripts.
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2.3. Configurations of SSP Paralogs Relevant to Snake Habitat Conditions

Following Chijiwa et al. [39], blastn and tblastx analysis of the draft genomes of seven snakes
Crotalus viridis (Cv, venomous), Deinagkistrodon acutus (Da, venomous), Ophiophagus hannah (Oh,
venomous), Python bivittatus (Pb, non-venomous), Protobothrops mucrosquamatus (Pm, venomous),
Thamnophis sirtalis (Ts, non-venomous), and Vipera berus (Vb, venomous), in addition to the habu,
P. flavoviridis, revealed orthologous relationships and configurations of SSPs (Figure 4). The genome
of the non-venomous Burmese python, P. bivittatus (India), contains an ortholog of PfSSP-6, named
PbSSP-6, and three paralogs of PfSSP-5, named PbSSP-5α, PbSSP-5β, and PbSSP-5γ(Ψ). The genome
of the garter snake, T. sirtalis, a North American colubrid, contains an ortholog of PfSSP-6, named
TsSSP-6, an ortholog of PfSSP-4, called TsSSP-4, and two paralogs of PfSSP-5, TsSSP-5α, and TsSSP-5β.
The genome of the European adder, V. berus, a viperid, contains orthologs of PfSSP-6 and PfSSP-4 in
one scaffold (2247), called VbSSP-6 and VbSSP-4 in this study. However, the nucleotide sequences of
the second and fourth exons of VbSSP-4 remain unknown. In addition, the ortholog of PfSSP-5, named
VbSSP-5, was also found in another V. berus scaffold (15,659). The genome of the prairie rattlesnake,
C. viridis, (North America) possesses orthologs of PfSSP-6, PfSSP-4, and PfSSP-5 on Chromosome
9, named CvSSP-6, CvSSP-4, and CvSSP-5 in this study. The genome of the king cobra, O. hannah,
(India) has orthologs of PfSSP-6 and PfSSP-4, named OhSSP-6 and OhSSP-4(Ψ), and three paralogs of
PfSSP-5, named OhSSP-5α, OhSSP-5β, and OhSSP-5γ in one scaffold (4527). One ortholog and two
paralogs of OhSSPs were renamed in this study. Two nucleotide segments, previously annotated as
OhSSP-1 and OhSSP-2 [39], were acquired via genomic PCR to determine their nucleotide sequences.
Their nucleotide and deduced amino acid sequences revealed that they are paralogs of PfSSP-5 and
should be renamed OhSSP-5β and OhSSP-5γ. Therefore, the nucleotide sequence, already annotated as
OhSSP-5(Ψ) [39], was also renamed OhSSP-5α. Structural analysis of the L2 LINE fragment in the third
intron showed that SSP-1, SSP-2, and SSP-5 belong to the conventional Long SSP subgroup. In addition,
the locations of those alleles also suggested that OhSSP-5β and OhSSP-5γ are evolutionarily related to
SSP-1 and SSP-2 in D. acutus, P. mucrosquamatus, and P. flavoviridis. The genome of the hundred-pace
viper, D. acutus, (Southeast Asia) contained orthologs PfSSP-6, PfSSP-4, PfSSP-1, PfSSP-2, and PfSSP-3
in one scaffold (405), named DaSSP-6, DaSSP-4, DaSSP-1, DaSSP-2, and DaSSP-3 in this study. Only
the nucleotide segment corresponding to the second exon of the ortholog of DaSSP-5 was found in the
intergenic region between DaSSP-4 and DaSSP-1. Therefore, this fragmented DaSSP-5 is described
as DaSSP-5δ(Ψ) in Figure 4. The genome of the Taiwan habu, P. mucrosquamatus, (Taiwan) contained
an ortholog of PfSSP-6, named PmSSP-6, and orthologs of PfSSP-5, PfSSP-1, PfSSP-2, and PfSSP-3
in one scaffold (462), named PmSSP-5, PmSSP-1, PmSSP-2, and PmSSP-3. In addition, an ortholog
of PfSSP-4, named PmSSP-4, was also found in another scaffold (21,362). Orthologs of PfSSP-6 are
conserved in the genomes of all eight snakes, whether venomous or non-venomous. Chijiwa et al.
showed that SSP-5 and SSP-4 were the initial genes in the conventional Long and Short SSP subgroups,
respectively [39]. Moreover, the current study revealed that the initial repertoire of SSP genes in the
genomes of all snakes should be two genes, encoding SSP-6 for the novel Long SSP subgroup and SSP-5
for the conventional Long SSP subgroup, and that the gene encoding SSP-4 was acquired specifically
in the genomes of venomous snakes.

Configurations of SSP paralogs in each snake genome were used to classify the eight snakes into
three groups. Non-venomous P. bivittatus formed the first group, in which two genes encoding SSP-6
and SSP-5 were present in the genome. T. sirtalis, V. berus, C. viridis, and O. hannah formed a second
group in which three genes encoding SSP-6, SSP-5, and SSP-4 were present. D. actus, P. mucrosquamatus,
and P. flavoviridis formed a third group with two genes encoding SSP-1 and SSP-2, in addition to the
initial three genes, SSP-6, SSP-4, and SSP-5. This result suggests that the configuration of SSP paralogs
is relevant to habitat characteristics of each snake. Snakes in the third group, D. actus, P. mucrosquamatus,
and P. flavoviridis, inhabit the Orient, where the warm and humid climate might provide richer and
more diversified prey than in Europe and America. It is likely that their venom proteins have become
varied, and that the serum proteins that neutralize those venoms then also diversified. O. hannah did
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not need to develop novel varieties of IIA-PLA2 isozymes; it had another type of venom PLA2, the
neurotoxic IA-PLA2, a lethal component. Therefore, OhSSP-5β and OhSSP-5γ, corresponding to SSP-1
and/or SSP-2, may have had no need to become derivatives as the counterpart of variable IIA-PLA2s.

 

Figure 4. Schematic comparison of the arrays of SSPs of eight snake taxa. Abbreviations: Cv: C. viridis;
Da: D. acutus; Oh: O. hannah; Pb: P. bivittatus; Pf : P. flavoviridis; Pm: P. mucrosquamatus; Ts: T. sirtalis; Vb:
V. berus. Bold arrows indicate the areas and transcription directions of the genes. Orthologs of SSP-6,
SSP-5, and SSP-4 in each snake genome are linked with gray. Inverted genome segments of O. hannah,
D. acutus, P. mucrosquamatus, and P. flavoviridis are linked with dashed lines. Double slashes indicate
interruptions of the nucleotide sequences.

2.4. Diversified SSPs Acquired by Advanced Snakes Have More Complex Venom Compositions

Genes encoding SSP paralogs of each snake were analyzed mathematically. The KA/KS ratio, which
is the relative ratio of synonymous to nonsynonymous substitutions between the ORFs (Tables 1–8),
or KN, which is the rate of substituted nucleotides between the introns, were calculated (Tables 9–13).
However, for genes for which full-length nucleotide sequences of exons or introns remained unknown,
the rate of KA/KSs for DaSSP-5δ(Ψ), PbSSP-5γ, and VbSSP-4, or KNs for PbSSPs, TsSSPs, and VbSSPs
were not calculated. In the previous section, we proposed that the initial repertoire of SSPs in
the genomes of venomous snakes comprised SSP-6, SSP-5, and SSP-4. Our mathematical analysis
suggested that these three differ in their characteristics. For any snake, the KA/KS ratio estimated
between the ORFs of SSP-6 and SSP-5 was the lowest, or considerably lower than the KA/KS ratios
estimated between other paralogs. On the other hand, the KA/KS ratios estimated between SSP-6 and
SSP-4 and between SSP-5 and SSP-4 were close to one. Our interpretation of these results is as follows.
SSP-6 or SSP-5 are irrelevant for neutralizing venom proteins and have constitutive or essential roles,
such as digestion or blood homeostasis. Therefore, nucleotide sequences of SSP-6 and SSP-5 have been
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conserved. On the other hand, SSP-4, acquired in the genomes of venomous snakes, may have encoded
the first SSP with a role specific to venom neutralization in the event of accidental bites. Therefore,
SSP-4 may have had to be more plastic than SSP-5 and SSP-6.

Table 1. KA/KS ratios estimated between the ORFs of C. viridis SSPs.

CvSSP-4 CvSSP-5 CvSSP-6

CvSSP-4 0.749 0.879
CvSSP-5 0.306
CvSSP-6

Table 2. KA/KS ratios estimated between the ORFs of D. acutus SSPs.

DaSSP-1 DaSSP-2 DaSSP-3 DaSSP-4 DaSSP-6

DaSSP-1 1.61 0.934 0.823 0.832
DaSSP-2 0.849 0.705 1.03
DaSSP-3 1.77 0.878
DaSSP-4 0.830
DaSSP-6

Table 3. KA/KS ratios estimated between the ORFs of O. hannah SSPs.

OhSSP-4(Ψ) OhSSP-5α OhSSP-5β OhSSP-5γ OhSSP-6

OhSSP-4(Ψ) 0.931 0.875 0.700 0.919
OhSSP-5α 0.836 0.719 0.666
OhSSP-5β 0.832 0.685
OhSSP-5γ 0.509
OhSSP-6

Table 4. KA/KS ratios estimated between the ORFs of P. bivittatus SSPs.

PfSSP-5α PfSSP-5β PbSSP-6

PbSSP-5α 1.594 0.343
PbSSP-5β 0.296
PbSSP-6

Table 5. KA/KS ratios estimated between the ORFs of P. mucrosquamatus SSPs.

PmSSP-1 PmSSP-2 PmSSP-3 PmSSP-4 PmSSP-5 PmSSP-6

PmSSP-1 1.49 0.891 0.821 0.639 0.694
PmSSP-2 0.825 0.662 0.476 0.620
PmSSP-3 1.35 0.479 0.780
PmSSP-4 0.586 0.889
PmSSP-5 0.370
PmSSP-6

Table 6. KA/KS ratios estimated between the ORFs of P. flavoviridis SSPs.

PfSSP-1 PfSSP-2 PfSSP-3 PfSSP-4 PfSSP-5 PfSSP-6

PfSSP-1 1.80 0.660 0.790 0.597 0.792
PfSSP-2 0.808 0.781 0.504 0.891
PfSSP-3 1.40 0.599 0.990
PfSSP-4 0.670 1.07
PfSSP-5 0.626
PfSSP-6
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Table 7. KA/KS ratios estimated between the ORFs of T. sirtalis SSPs.

TsSSP-4 TsSSP-5α TsSSP-5β TsSSP-6

TsSSP-4 1.06 0.603 0.651
TsSSP-5α 0.675 0.447
TsSSP-5β 0.659
TsSSP-6

Table 8. KA/KS ratios estimated between the ORFs of V. berus SSPs.

VbSSP-5 VbSSP-6

VbSSP-5 0.604
VbSSP-6

Table 9. KN values estimated between the introns of C. viridis SSPs.

CvSSP-4 CvSSP-5 CvSSP-6

CvSSP-4 0.319 0.358
CvSSP-5 0.372
CvSSP-6

Table 10. KN values estimated between the introns of D. acutus SSPs.

DaSSP-1 DaSSP-2 DaSSP-3 DaSSP-4 DaSSP-6

DaSSP-1 0.0227 0.248 0.253 0.249
DaSSP-2 0.247 0.251 0.246
DaSSP-3 0.0050 0.285
DaSSP-4 0.288
DaSSP-6

Table 11. KN values estimated between the introns of O. hannah SSPs.

OhSSP-4(Ψ) OhSSP-5α OhSSP-5β OhSSP-5γ OhSSP-6

OhSSP-4(Ψ) 0.331 0.340 0.324 0.530
OhSSP-5α 0.0615 0.0801 0.277
OhSSP-5β 0.0857 0.226
OhSSP-5γ 0.275
OhSSP-6

Table 12. KN values estimated between the introns of P. mucrosquamatus SSPs.

PmSSP-1 PmSSP-2 PmSSP-3 PmSSP-4 PmSSP-5 PmSSP-6

PmSSP-1 0.154 0.338 0.342 0.339 0.374
PmSSP-2 0.281 0.284 0.262 0.316
PmSSP-3 0.0397 0.293 0.346
PmSSP-4 0.296 0.349
PmSSP-5 0.295
PmSSP-6
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Table 13. KN values estimated between the introns of P. flavoviridis SSPs.

PfSSP-1 PfSSP-2 PfSSP-3 PfSSP-4 PfSSP-5 PfSSP-6

PfSSP-1 0.0317 0.251 0.258 0.248 0.231
PfSSP-2 0.254 0.261 0.253 0.229
PfSSP-3 0.0283 0.261 0.279
PfSSP-4 0.270 0.287
PfSSP-5 0.267
PfSSP-6

The KA/KS ratios estimated between DaSSP-1 and DaSSP-2, DaSSP-3 and DaSSP-4, PmSSP-1 and
PmSSP-2, PmSSP-3 and PmSSP-4, PfSSP-1 and PfSSP-2, and PfSSP-3 and PfSSP-4 were 1.61, 1.77, 1.49,
1.35, 1.80, and 1.42, respectively (Table 2, Table 5, and Table 6), and the rates of KN were 0.0227, 0.005,
0.154, 0.0397, 0.0317, and 0.0283, respectively (Table 10, Table 12, and Table 13). These results showed
that the branching of these genes, especially late genes such as SSP-1, SSP-2, or SSP-3, occurred in an
accelerated manner, and that the time that passed after their divergence was very short. In addition,
the KA/KS ratios estimated between SSP-1 and SSP-5 or SSP-2 and SSP-5 of D. acutus, P. mucrosquamatus,
and P. flavoviridis were around 0.7. This result also supports the idea that SSP-1 or SSP-2 and SSP-5
are evolutionarily related, as suggested above. That is, SSP-1 and SSP-2 were recently derived from
SSP-5 and then diversified in an accelerated manner to accommodate venom proteins. SSP-3, the
truncated SSP acquired as the successor to SSP-4, is also thought to bind more venom proteins than
SSP-4, as do SSP-1 and SSP-2 relative to SSP-5. Therefore, the KA/KS ratios estimated between SSP-3
and SSP-4 also show considerably higher values. The many reports that venom proteins bind to
SSP-1 [35], SSP-2 [33,37], or SSP-3 [36] also support the above idea. Since animal venoms work as
defense mechanisms, as tools to catch prey, or simply to enhance digestion, they should be sensitive to
the surrounding environment. Because venom proteins have become more diversified in environments
where there are more diverse prey, serum proteins required to neutralize venom activities, such as
SSP-1, SSP-2, and SSP-3, have also diversified in an accelerated manner. Even among conventional
Long SSPs, SSP-1, SSP-2, and SSP-5 have evolved in an accelerated or neutral manner, depending on
whether they deal with venom components. On the other hand, SSP-3 and SSP-4, which specifically
arose as anti-venom proteins, have evolved in an accelerated manner.

Chijiwa et al. proposed that most nucleotide substitutions at non-synonymous sites occur
only immediately after gene duplication. Then random mutations accumulate over time, and
selective pressure that leaves “neutral” mutations at synonymous sites erases the traces of accelerated
evolution [39]. However, in the genomes of the viperids P. flavoviridis and P. mucrosquamatus, inversion
of the genome segment encompassing SSP-1 to SSP-2 occurred, and subsequent accumulation of
random mutations was suppressed [39]. These findings are also applicable to D. acutus DaSSP-1
and DaSSP-2. Since the SSP-3 allele is located in the 3′ region downstream of the inverted genome
segment containing SSP-1 and SSP-2, the inversion may also have suppressed accumulation of random
mutations in PfSSP-3.

3. Materials and Methods

3.1. Materials

P. flavoviridis specimens were provided by the Institute of Medical Sciences of the University
of Tokyo. The tail of an O. hannah specimen was provided by the Japan Snake Center. That of a
P. mucrosquamatus was provided by the Medical Institute of Bioregulation, at the Research Center
of Genetic Information, Kyushu University. High-molecular-weight genomic DNA was prepared
from livers or tails of the snakes according to the method of Blin and Stafford [44]. Total RNA was
prepared from various snake organs, according to the ISOGEN protocol (Nippon Gene, Toyama,
Japan). Restriction endonucleases and KOD plus DNA polymerase were purchased from Nippon Gene
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and TOYOBO (Osaka, Japan), respectively. Other reagents and antibiotics were from Nacalai Tesque
(Kyoto, Japan) and TAKARA BIO (Shiga, Japan). Specific oligonucleotide primers were synthesized by
GENNET (Fukuoka, Japan).

3.2. Cloning and Sequencing of the Genome Segment Containing PfSSP-6

A dedicated database, HabAm1, [40] was constructed to carry out blastn and tblastx analysis with
the nucleotide sequences of PfSSPs (PfSSP-1–PfSSP-5) as queries. Exon–intron boundaries were then
determined based on the five PfSSPs. Referring to the nucleotide sequence of Scaffold 2858, the sense
primer SSP6-5UTR-1, 5′-ggC gTC CCT CCT TCT CCT Tg-3′, which anneals specifically to the first exon
of PfSSP-6, and the antisense primer SSP6ex3-2, 5′-CTC gCA TTC CAT ACA ATT ggC Tg-3′, which
anneals specifically to the third exon of PfSSP-6, were used to amplify the 1453 bp genome fragment
(Table 14). The sense primer, SSP6ex3-1, 5′-TgT ggC CAA CCA AAT gCg Tgg-3′, which anneals
specifically to the third exon of PfSSP-6, and the antisense primer SSP6-3flank-1, 5′-CAg CTA TgC
ATg CCT TAT ATC AC-3′, which anneals specifically to 85 bp 3′ downstream of the fourth exon of
PfSSP-6, were then used to amplify the 2363 bp genome fragment (Table 14). Amplified genome
fragments were ligated to the pCR™-Blunt II-TOPO® vector (Life Technologies, Carlsbad, CA, USA)
and transformed with DH5α-competent cells (TAKARA BIO, Shiga, Japan). Nucleotide sequences
were determined using an ABI 3130xl capillary sequencer. The 1453 bp PCR fragment overlapped
with the 2363 bp PCR fragment by 89 bp. The physical structure of the 3727 bp segment encompassing
the first exon of PfSSP-6 to 85 bp 3′ downstream of the fourth exon of PfSSP-6 was determined. This
3727 bp DNA fragment contained four exons encoding Pf SSP-6. Moreover, to acquire the nucleotide
sequence of the intergenic region between PfSSP-6 and PfSSP-4, named Pf I-Reg64, genomic PCR was
carried out against the Amami–Oshima P. flavoviridis genome and the sense primer Ireg64-1, 5′-CTC
CAT gCA AAg gAg gAT TTC C-3′, which anneals to the 3′ terminus of the third intron of PfSSP-6, and
the antisense primer Ireg64-6, 5′-TAg gCC TTg ACA CAT gAT ggC-3′, which anneals to the middle
portion of Pf I-Reg64, were used to amplify the 7717 bp genome fragment, named Pf IREG64-I (Table 14).
The Pf IREG64-I fragment was also cloned and sequenced. The 7717 bp Pf IREG64-I overlapped with
the 3727 bp PfSSP-6 by 474 bp. The sense primer Ireg64-5, 5′-CAT TgT TgA gCA ACC CTT ggC-3′,
which anneals 2501 bp 5′ upstream of Ireg64-6, and the antisense primer Ireg64-8 5′-ggA CTA TTA
AgC AgT ggA ATg gC-3′, which anneals 2340 bp 5′ upstream of the first exon of PfSSP-4 (3′ terminal
of Pf IReg-64), were then used to amplify the 5283 bp genome fragment, named Pf IREG64-II (Table 14).
The Pf IREG64-II fragment was also cloned and sequenced. The 5283 bp Pf IREG64-II overlapped with
the 7717 bp Pf IREG64-I by 2523 bp. The sense primer Ireg64-9, 5′-ggC CCT CTT CCA Agg ACA
AgC-3′, which anneals 455 bp 5′ upstream of Ireg64-8, and the antisense primer Ireg64-10, 5′-ACC TCg
TTC CTC CAg CCA CT-3′, which anneals to the 5′ terminus of the first intron of PfSSP-4, were then
used the 2971 bp genome fragment, named Pf IREG64-III (Table 14). The Pf IREG64-III fragment was
also cloned and sequenced. The 2971 bp Pf IREG64-III overlapped with the 5267 bp Pf IREG64-II by 455
bp. Finally, the physical structure of the 16,248 bp segment encompassing the third intron of PfSSP-6
to the first intron of PfSSP-4 was completely established. The nucleotide sequences of PfSSP-6 and
the genome segment from PfSSP-6 to PfSSP-4 are available from the Genbank/EMBL/DDBJ databases
under Accession No. LC518073.
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Table 14. Primers used to acquire the nucleotide sequences from the genome domain encompassing
PfSSP-6 to PfSSP-4. The symbols (f) or (r) after the position numbers indicate the directions of the
primers. Forward or reverse denote whether the direction of elongation was the same or opposite
to that of transcription. Nucleotide positions refer to nucleotide sequences reported in this study
(LC518073).

Name Positions Nucleotide Sequence (GC Content: %, Tm: ◦C)

SSP6-5UTR-1 1–20 (f) 5′- ggC gTC CCT CCT TCT CCT Tg -3′ (65, 66)
SSP6ex3-2 1431–1453 (r) 5′- CTC gCA TTC CAT ACA ATT ggC Tg-3′ (48, 68)
SSP6ex3-1 1365–1385 (f) 5′- TgT ggC CAA CCA AAT gCg Tgg -3′ (57, 66)

SSP6-3UTR-2 3581–3604 (r) 5′- ACA TgA gAg ATT TAT TCC AgT gTg-3′(38, 66)
SSP6-3flank-1 3705–3727 (r) 5′- CAg CTA TgC ATg CCT TAT ATC AC -3′ (43, 66)

Ireg64-1 3254–3275 (f) 5′- CTC CAT gCA AAg gAg gAT TTC C -3′ (50, 66)
Ireg64-6 10,950–10,970 (r) 5′- TAg gCC TTg ACA CAT gAT ggC -3′ (52, 64)
Ireg64-5 8449–8469 (f) 5′- CAT TgT TgA gCA ACC CTT ggC -3′ (52, 64)
Ireg64-8 13,709–13,731 (r) 5′- ggA CTA TTA AgC AgT ggA ATg gC -3′ (48, 68)
Ireg64-9 13,277–13,297 (f) 5′- ggC CCT CTT CCA Agg ACA AgC -3′ (62, 68)

Ireg64-10 16,228–16,247 (r) 5′- ACC TCg TTC CTC CAg CCA CT -3′ (60, 64)

3.3. RepeatMasker Analysis of the Nucleotide Sequence of PfSSP-6

A dedicated database was constructed with repetitive sequences of the genomes of various
organisms collected from Repbase of the Genetic Information Research Institute [45]. RepeatMasker
utilized the nucleotide sequences of PfSSP-6 against the database via BLAST+, RMBlast (NCBI),
and Tandem Repeats Finder (Boston University) [46].

3.4. Determination of Nucleotide Sequences and Chromosomal Configurations of Genes Encoding Orthologs of
PfSSPs from Seven Snake Taxa

Draft nucleotide sequences of the genomes of seven taxa, C. viridis (Cv, venomous) [47], D.
acutus (Da, venomous) [48], O. hannah (Oh, venomous) [49], P. bivittatus (Pb, non-venomous) [50],
P. mucrosquamatus (Pm, venomous) [51], T. sirtalis (Ts, non-venomous) [52], and V. berus (Vb,
venomous) [53], were downloaded to create a dedicated genome database. Referring to the nucleotide
and amino acid sequences of PfSSPs deduced using tblastn or blastn, the nucleotide sequences encoding
orthologs of PfSSPs and their flanking regions in each snake genome were ascertained. The T. sirtalis
genome segment containing TsSSP-4 and TsSSP-5α and the three P. bivittatus genes, PbSSP-5α, PbSSP-5β,
and PbSSP-5γ (Ψ), were identified in separate scaffolds; therefore, their locations and arrangements
are tentative.

3.5. Determining the Nucleotide Sequences of SSP Paralogs of P. mucrosquamatus and O. hannah

To acquire complete nucleotide sequences of PmSSP-3, PmSSP-4, OhSSP-1, OhSSP-2, OhSSP-5,
and OhSSP-6, genomic PCR was performed on the O. hannah and P. mucrosquamatus genomes to
amplify two overlapping nucleotide segments separately. These included the 5′ segment of the gene
encompassing the first exon to the second exon, and the 3′ segment of the gene encompassing the
second exon to the fourth exon of each gene.

For PmSSP-3 (Pm Scaffold 462), the sense primer, PmSSP34-5UTR, 5′-CAA ggg TTg gTC TTg gTT
TTT g-3′, which anneals to the 5′ terminus of the first exon of PmSSP-3 and PmSSP-4, and the antisense
primer, PmSSP3ex2-R, 5′-ggT AgA gAA AAg CCC CCA AAg-3′, which anneals to the second exon
of PmSSP-3, were used to amplify the 1169 bp 5′ segment of PmSSP-3 (Table 15). The sense primer,
PmSSP3-F, 5′-TgC TTT ggg ggC TTT TCT C-3′, which anneals to the middle portion of the second exon
of PmSSP-3, and the antisense primer, PmSSP34-R, 5′-CTT gAC TgA GAC TgA AgT TCC-3′, which
anneals to the 311 bp 3′ region downstream of the fourth exon of PmSSP-3 and PmSSP-4, were then
used to amplify the 2722 bp 3′ segment of PmSSP-3 (Table 15). The 5′ segment of PmSSP-3 overlapped
with the 3′ segment of PmSSP-3 by 31 bp. The physical structure of the 3860 bp segment encompassing
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the first exon of PmSSP-3 to the 311 bp at the 3′ region downstream of the fourth exon of PmSSP-3
was completed.

Table 15. Primers utilized to determine nucleotide sequences of genome fragments containing SSPs
of P. mucrosquamatus and O. hannah. The symbols (f) or (r) after the position numbers indicate the
directions of the primers. Forward or reverse indicate whether the direction of elongation was the same
or opposite to that of transcription. Nucleotide positions refer to the nucleotide sequences reported in
this study. Abbreviations: Oh: O. hannah; Pm: P. mucrosquamatus.

Name Scaffold Nucleotide Sequence (GC Content: %, Tm: ◦C)

PmSSP34-5UTR (f) Pm Scaffold 462 5′- CAA ggg TTg gTC TTg gTT TTT g -3′ (45, 64)
PmSSP3ex2-R (r) Pm Scaffold 462 5′- ggT AgA gAA AAg CCC CCA AAg -3′ (52, 64)

PmSSP3-F (f) Pm Scaffold 462 5′- TgC TTT ggg ggC TTT TCT C -3′ (47, 56)
PmSSP34-R (r) Pm Scaffold 462 5′- CTT gAC TgA GAC TgA AgT TCC -3′ (45, 62)

PmSSP4ex2-R (r) Pm Scaffold 462 5′- CgT TTC Agg TAA Agg AAT ACT C -3′ (41, 62)
PmSSP4-F (f) Pm Scaffold 21,362 5′- gAg TAT TCC TTT ACC TgA AAC g -3′ (41, 62)

OhSSPs-5UTR (f) Oh Scaffold 4527 5′- ATA AAT Tgg Agg AgC RgA TTC CT -3′ (43, 66)
OhSSP5-ex2-R (r) Oh Scaffold 4527 5′- CTC AgC TTC AAA gCC CCA gg -3′ (60, 64)

OhSSP5-F (f) Oh Scaffold 4527 5′- gAg CAT gCT TTA CCT ggg gC -3′ (60, 64)
OhSSP5-R (r) Oh Scaffold 47,978 5′- TCC ATg TgT AgA gAT CAA ACA Cg -3′ (43, 66)

OhSSP2-ex2-R (r) Oh Scaffold 4527 5′- CTC AgC TTC AAA gAg CCC TCT -3′ (52, 64)
OhSSP2-F (f) Oh Scaffold 4527 5′- gAg CAT gCT ATA gAg ggC TCT -3′ (52, 64)
OhSSP2-R (r) Oh Scaffold 4527 5′- gAT CAA ACA TCA CAg CgC TgC -3′ (52, 64)

OhSSP1-ex2-R (r) Oh Scaffold 4527 5′- TTA Agg AAC ACT CCA AAg CAC C -3′ (52, 64)
OhSSP1-F (f) Oh Scaffold 4527 5′- gAg ggT gCT TTg gAg TgT TCC -3′ (45, 64)
OhSSP1-R (r) Oh Scaffold 4527 5′- gAT CAg ACA CCA CAg CTg Tgg -3′ (57, 66)

OhSSP6-ex2-R (r) Oh Scaffold 10,541 5′- TAA ACT gAg gTT TAA AgA gAT CCA -3′ (33, 64)
OhSSP6-F (f) Oh Scaffold 10,541 5′- gCA gCA TgC TTC ATg gAT CTC -3′ (52, 64)
OhSSP6-R (r) Oh Scaffold 12,359 5′- CCg TgT gAA AAg NTC AgA CAT C -3′ (50, 66)

With regard to PmSSP-4, the sense primer, PmSSP34-5UTR, described above, and the antisense
primer PmSSP4ex2-R, 5′-CgT TTC Agg TAA Agg AAT ACT C-3′, which anneals to the second exon of
PmSSP-4 based on the nucleotide sequence of Pm Scaffold 21,362, were used to amplify the 1139 bp 5′
portion of PmSSP-4 (Table 15). Using Pm Scaffold 21,362, the sense primer, PmSSP4-F, 5′-gAg TAT TCC
TTT ACC TgA AAC g-3′, which anneals to the middle portion of the second exon of PmSSP-4, and the
antisense primer, PmSSP34-R, described above, were then used to amplify the 2999 bp 3′ segment of
PmSSP-4. The 5′ segment of PmSSP-4 overlapped with the 3′ segment of PmSSP-4 by 22 bp (Table 15).
The physical structure of the 4118 bp segment encompassing the first exon of PmSSP-4 to the 311 bp at
the 3′ region downstream of the fourth exon of PmSSP-4 was sequenced.

For OhSSP-5α (Oh Scaffold 4527), the sense primer, OhSSPs-5UTR, 5′-ATA AAT Tgg Agg AgC
RgA TTC CT-3′, which anneals to the common nucleotide sequence of the 5’ UTR of OhSSPs, and the
antisense primer, OhSSP5-ex2-R, 5′-CTC AgC TTC AAA gCC CCA gg-3′, which anneals to the second
exon of OhSSP-5, were used to amplify the 1107 bp 5′ segment of OhSSP-5α (Table 15). The sense
primer OhSSP5-F, 5′-gAg CAT gCT TTA CCT ggg gC-3′, which anneals to the middle portion of the
second exon of OhSSP-5α (Oh Scaffold 4527), and the antisense primer, OhSSP5-R 5′-TCC ATg TgT
AgA gAT CAA ACA Cg-3′, which anneals to the middle portion of the fourth exon of OhSSP-5α (Oh
Scaffold 47,978), were the used to amplify the 2130 bp 3′ part of OhSSP-5α (Table 15). The 5′ segment of
OhSSP-5α overlapped with the 3′ segment of OhSSP-5α by 32 bp. The sequence of the 3205 bp segment
encompassing the first exon of OhSSP-5α to the fourth exon of OhSPP-5αwas determined.

In regard to OhSSP-5β, the sense primer, OhSSPs-5UTR, described above, and the antisense
primer, OhSSP2-ex2-R, 5′-CTC AgC TTC AAA gAg CCC TCT-3′, which anneals to the second exon
of OhSSP-5β (Oh Scaffold 4527), were used to amplify the 2456 bp 5′ section of OhSSP-5β (Table 15).
The sense primer, OhSSP2-F, 5′-gAg CAT gCT ATA gAg ggC TCT-3′, which anneals to the middle
portion of the second exon of OhSSP-5β, and the antisense primer, OhSSP2-R, 5′-gAT CAA ACA TCA
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CAg CgC TgC-3′, which anneals to the fourth exon of OhSSP-5β, were then used to amplify the 2180
bp 3′ section of OhSSP-5β (Table 15). The 5′ segment of OhSSP-5β overlapped with 3′ segment of
OhSSP-5β by 42 bp. The 4594 bp segment encompassing the first exon of OhSSP-5β to the fourth exon
of OhSPP-5βwas sequenced.

For OhSSP-5γ, the sense primer, OhSSPs-5UTR, described above, and the antisense primer,
OhSSP1-ex2-R, 5′-TTA Agg AAC ACT CCA AAg CAC C-3′, which anneals to the second exon of
OhSSP-5γ (Oh Scaffold 4527), were used to amplify the 1534 bp 5′ segment of OhSSP-5γ (Table 15).
The sense primer, OhSSP1-F, 5′-gAg ggT gCT TTg gAg TgT TCC-3′, which anneals to the middle
portion of the second exon of OhSSP-5γ (Oh Scaffold 4527), and the antisense primer, OhSSP1-R, 5′-gAT
CAg ACA CCA CAg CTg Tgg-3′, which anneals to the fourth exon of OhSSP-5γ, were then used to
amplify the 1999 bp 3′ segment of OhSSP-5γ. The 5′ half segment of OhSSP-5γ overlapped with the 3′
half segment of OhSSP-5γ by 26 bp (Table 15). The structure of the 3508 bp segment encompassing the
first exon of OhSSP-5γ to the fourth exon of OhSPP-5γwas deciphered.

For OhSSP-6, the sense primer, OhSSPs-5UTR, described above, and the antisense primer,
OhSSP6-ex2-R, 5′-TAA ACT gAg gTT TAA AgA gAT CCA-3′, which anneals to the second exon of
OhSSP-6 (Oh Scaffold 10,541), were used to amplify the 1734 bp 5′ segment of OhSSP-6 (Table 15).
The sense primer, OhSSP6-F, 5′-gCA gCA TgC TTC ATg gAT CTC-3′, which anneals to the middle
portion of the second exon of OhSSP-6 (Oh Scaffold 10,541), and the antisense primer, OhSSP6-R,
5′-CCg TgT gAA AAg NTC AgA CAT C-3′, which anneals to the fourth exon of OhSSP-6 (Oh Scaffold
12,359), were then used to amplify the 3461 bp 3′ segment of OhSSP-6 (Table 15). The 5′ section of
OhSSP-6 overlapped with the 3′ segment of OhSSP-6 by 43 bp. The sequence of the 5152 bp segment
encompassing the first exon of OhSSP-6 to the fourth exon of OhSPP-6 was determined. Nucleotide
sequences of OhSSP-6, OhSSP-5α, OhSSP-5β, OhSSP-5γ, PmSSP-4, and PmSSP-3 are available in the
Genbank/EMBL/DDBJ databases under Accession Nos. LC518074–LC518078 and LC519888.

3.6. Expression Analysis of PfSSP-6 mRNA Using Semi-Quantitative RT-PCR

First-strand cDNAs from snake organs were synthesized by reverse transcription and primer
extension with a SMART cDNA Library Construction Kit (Clontech, California, USA). Based on
nucleotide sequences of the genes encoding PfSSP-6, the sense primer SSP6-5UTR-1, described above,
and the antisense primer SSP6-3UTR-2, 5′- ACA TgA gAg ATT TAT TCC AgT gTg -3′, which anneals
to the 3′ terminal of the fourth exon of PfSSP-6, were designed (Table 14). cDNA of β-actin, designated
as ACTB, was amplified as an internal standard with the sense primer, SHU7, 5′-CAg AgC AAg AgA
ggT ATC CN-3′ (N = G, A, T, C), and the antisense primer, SHU8, 5′-TAg ATg ggC ACA gTg Tgg
gN-3′, as described previously [54].

3.7. Mathematical Analysis

Alignment of the amino acid sequences of snake SSPs was performed using ClustalX software.
Nucleotide sequences of ORFs encoding the mature SSPs were rearranged and gaps in the aligned amino
acid sequences were removed using PAL2NAL. The rates of synonymous (KS) and nonsynonymous (KA)
substitutions per site between the ORFs of the genes were calculated using the Nei–Gojobori method, as
implemented in PAML [55]. After removing LINEs, DNA transposons, and indels (insertion/deletion)
from the introns, alignment of introns was performed using ClustalX. Values of KN that estimated rates
of substituted nucleotides between the introns of SSPs were calculated from the aligned sequence data.
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Abstract: Life-threatening thrombocytopenia and bleeding, common side effects of clinically available
αIIbβ3 antagonists, are associated with the induction of ligand-induced integrin conformational
changes and exposure of ligand-induced binding sites (LIBSs). To address this issue, we
examined intrinsic mechanisms and structure–activity relationships of purified disintegrins, from
Protobothrops flavoviridis venom (i.e., Trimeresurus flavoviridis), TFV-1 and TFV-3 with distinctly different
pro-hemorrhagic tendencies. TFV-1 with a different αIIbβ3 binding epitope from that of TFV-3 and
chimeric 7E3 Fab, i.e., Abciximab, decelerates αIIbβ3 ligation without causing a conformational
change in αIIbβ3, as determined with the LIBS antibody, AP5, and the mimetic, drug-dependent
antibody (DDAb), AP2, an inhibitory monoclonal antibody raised against αIIbβ3. Consistent with
their different binding epitopes, a combination of TFV-1 and AP2 did not induce FcγRIIa-mediated
activation of the ITAM–Syk–PLCγ2 pathway and platelet aggregation, in contrast to the clinical
antithrombotics, abciximab, eptifibatide, and disintegrin TFV-3. Furthermore, TFV-1 selectively
inhibits Gα13-mediated platelet aggregation without affecting talin-driven clot firmness, which is
responsible for physiological hemostatic processes. At equally efficacious antithrombotic dosages,
TFV-1 caused neither severe thrombocytopenia nor bleeding in FcγRIIa-transgenic mice. Likewise,
it did not induce hypocoagulation in human whole blood in the rotational thromboelastometry
(ROTEM) assay used in perioperative situations. In contrast, TFV-3 and eptifibatide exhibited all of
these hemostatic effects. Thus, the αIIbβ3 antagonist, TFV-1, efficaciously prevents arterial thrombosis
without adversely affecting hemostasis.

Keywords: arterial thrombosis; antiplatelet agent; integrin αIIbβ3; bleeding side effect; snake venom
proteins; disintegrins

Key Contribution: Current αIIbβ3 antagonists are efficacious anti-thrombotics, but have significant
adverse bleeding effects. This study clarifies a pathologically intrinsic mechanism in drug-induced
thrombocytopenia and identifies a new candidate that may lead to development of safer
anti-thrombotics with significantly reduced bleeding risk.

1. Introduction

Integrin αIIbβ3 is a member of the integrin family of adhesion receptors and remains in an inactive
state in normal circulation, preventing undesirable thrombus formation [1]. Upon endothelial injury
and agonist-stimulated platelet activation, the αIIbβ3 complex undergoes a dramatic conformational
change and assumes an active intermediate affinity state, which is recognized by the sequence,
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HHLGGAKQAGV, at the C terminus of the fibrinogen γ chain and Arg-Gly-Asp (RGD) sequences in
the α chains of ligands [2].

Disintegrins are Arg-Gly-Asp (RGD)/Lys-Gly-Asp (KGD)-containing, cysteine-rich proteins in
many snake venoms [3]. Based on the RGD/KGD mimetic sequence, disintegrins acts as αIIbβ3

antagonists and potential antithrombotic agents [4–6]. Currently, three clinically available αIIbβ3

antagonists, represented by abciximab, eptifibatide, and tirofiban, are used as potent antithrombotics
for their rapid action and high efficacy. However, their use is primarily limited to patients undergoing
percutaneous coronary intervention because of significant bleeding risk [7,8].

Life-threatening thrombocytopenia and bleeding, common severe side effects of these
RDG-mimetic drugs and αIIbβ3 antagonists [9,10], are associated with induction of drug-induced
integrin conformational changes and ligand-induced binding site (LIBSs) exposure of integrin
αIIbβ3 [11,12]. Various reports indicate that thrombocytopenia after exposure to αIIbβ3 antagonists
is linked to drug-dependent antibody binding (DDAb) to platelets [10]. These antibodies are
exquisitely drug-dependent and detect conformational changes in αIIbβ3 elicited by antagonist binding.
Drug-induced platelet activation in the circulation is associated with symptoms of disseminated
intravascular coagulation due to platelet-activating antibodies [13,14]. These antibodies are believed to
form complexes with antagonists/platelet factor on the platelets, on endothelial cells, or in plasma,
and the resulting ternary complex binds to platelet FcγRIIa (CD32) in an Fc-dependent fashion [15].
The complex induces FcγRIIa-mediated downstream activation of signaling components, resulting
in platelet consumption and leading to thrombocytopenia and bleeding [16,17]. Therefore, at doses
where current αIIbβ3 antagonists exhibit efficacious antithrombotic activity, they also increase bleeding
risk [18]. Thus, it is crucial to develop new antagonists that do not cause bleeding.

To address this issue, two disintegrins with different hemorrhagic properties, TFV-1 and TFV-3,
were purified from Protobothrops flavoviridis venom. Previously, we found that eptifibatide or disintegrin
TMV-2, in combination with 10E5 or AP2, the inhibitory monoclonal antibodies (mAbs) raised against
αIIbβ3, specifically triggered platelet activation [19]. Because of the unique properties of these mAbs,
we used them as probes to clarify binding to αIIbβ3 and the pro-hemorrhagic tendencies of disintegrins.
TFV1, exhibiting a binding motif distinct from those of TFV-3 and abciximab, decelerated αIIbβ3

ligation without causing a conformational change of integrin αIIbβ3. At efficacious antithrombotic
doses, TFV-1 prevents thrombus formation without increasing bleeding risk in the FcγRIIa transgenic
mouse model, in contrast to TFV-3 and abciximab. Taken together, the pathological mechanism in
αIIbβ3 antagonist-induced thrombocytopenia and the structure–activity relationship of TFV-1 and
TFV-3 may help to advance development of new, safer αIIbβ3 antagonists with minimal effects on
normal physiological hemostasis.

2. Results

2.1. Purification and Characterization of TFV1 and TFV3

Venom of Protobothrops flavoviridis, the Okinawa habu, was fractionated into three subfractions
using an FPLC Superdex 75 column chromatography (Figure 1A). Fraction III (*) exhibiting potent
platelet inhibitory activity was collected and further refractionated on a C18 reverse-phase HPLC
column (Figure 1B). Two antiplatelet fractions eluted at approximately 10 and 20 min, and the dried
purified proteins were lyophilized and named TFV-1 and TFV-3, respectively. Purified TFV-1 and
TFV-3 behave as single-chain peptides by SDS-PAGE, since their mobilities remained the same in the
presence or absence of 2% β-mercaptoethanol (Figure 1C). With MALDI-TOF, their molecular masses
were 7310 and 7646 Da, respectively (Figure 1D,E).
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Figure 1. Purification and characterization of TFV1 and TFV3 from Protobothrops flavoviridis venom.
(A) Purification of TFV1 and TFV3. 500 mg of crude venom was applied to a Superdex G-75 column.
0.01 N Ammonium bicarbonate in 0.15 N NaCl was used as the eluent at a flow rate of 0.75 mL/min.
Fraction III (*, elution time ~15–17 min) exhibited potent inhibitory activity on collagen (10 μg/mL)
and induced platelet aggregation. Therefore, this fraction was collected and further purified by
reverse-phase HPLC. (B) Purification of TFV-1 and TFV-3 using reverse-phase HPLC. The antiplatelet
fraction III (*) from the Superdex 75 column was applied to a C18 reverse-phase HPLC column
equilibrated in 0.1% TFA at a flow rate of 0.8 mL/min. Chromatography was carried out with a
two-solvent gradient (buffer A, 0.1% TFA in distilled water; buffer B, 80% acetonitrile with 0.1% TFA).
Fractions were eluted over 60 min with a gradient of 0–80% acetonitrile (dashed line). TFV-1 eluted in
approximately 24% acetonitrile at about 10 min. TFV-3 eluted in approximately 28% acetonitrile and an
elution time of ~20 min. (C) TFV-1 and TFV-3 were run on 15% SDS-PAGE in the presence and absence
of 2% β-mercaptoethanol. Gels were stained with Coomassie brilliant blue. Molecular masses of TFV-1
and TFV-3 were estimated at ~7 kDa. (D,E) MALDI-TOF mass spectra of TFV-1 and TFV-3 showed
peaks with molecular masses of 7310 and 7646 Da, respectively. (F) Sequence determination of TFV-1
and TFV-3 using mass spectrometry. TFV-1 and TFV-3 sequences are marked in gray. Based on the
MS/MS results, flavostatin was identified in sample TFV-1 (upper), while trimestatin was identified in
sample TFV-3 (lower), which possesses a WNDL tetrapeptide at the C-terminus. The Arg-Gly-Asp
(RGD) sequence common to both is indicated in a box.
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To determine their sequences, high-energy collisional dissociation fragmentation was employed
with liquid chromatography (LC)–tandem mass spectrometry (MS/MS). The results derived from
top-down (Figure S1) and bottom-up approaches provided information on the sequences near the
protein C- and N-termini, respectively. The partial sequence of TFV-1 exhibited 84% sequence identity
with the flavostatin [20] (Figure 1F), a disintegrin purified from the venom of Protobothrops flavoviridis;
and the partial sequence of TFV-3 had 80% sequence identity with trimestatin [21] (Figure 1F), another
disintegrin from the same venom.

2.2. Aggregation Studies of the RGD-Containing Disintegrins, TFV-1 and TFV-3

In human platelet-rich plasma (PRP), both TFV-1 (Figure S2A) and TFV-3 (Figure S2B) caused
concentration-dependent inhibition of platelet aggregation induced by collagen (10μg/mL) or adenosine
5′-diphosphate (ADP, 20 μM). In human platelet suspensions (PS), TFV-1 (Figure S2C) and TFV-3
(Figure S2D) blocked the platelet aggregation caused by collagen (10 μg/mL) or thrombin (0.1 U/mL) in
a concentration-dependent manner (Table 1). These results indicated that TFV-1 and TFV-3 inhibit
platelet aggregation by blocking an essential step of platelet aggregation with a similar IC50 irrespective
of agonists used.

Table 1. IC50 of TFV-1 and TFV-3 in human PRP and human PS. PRP, platelet-rich plasma; PS, washed
platelet suspension; ADP, adenosine 5′-diphosphate. The data are presented as means ± SEM (n = 5).

Antithrombotic Agents TFV-1 (μg/mL) TFV-3 (μg/mL)

Inducer PRP PS PRP PS

ADP (20 μM) 0.720 ± 0.025 0.133 ± 0.003
Collagen (10 μg/mL) 1.090 ± 0.148 0.530 ± 0.03 0.323 ± 0.124 0.217 ± 0.007
Thrombin (0.1 U/mL) 0.467 ± 0.02 0.301 ± 0.014

2.3. TFV-1 Binds to an Epitope of Integrin αIIbβ3, Different from Those Bound by TFV-3 and Abciximab

To examine the binding motif of TFV-1 and TFV-3 toward the αIIbβ3 receptor, we used FITC-TFV-1
(Figure 2A) or FITC-TFV-3 (Figure 2B) as probes to examine the effects of a monoclonal antibody
(mAb) raised against the αIIbβ3 domain, on binding of disintegrins to platelets. It is well established
that the binding site of mAb 7E3 is near the RGD binding site of the βA-domains [22], whereas mAb
10E5 interacts with the cap subdomain of the αIIb β-propeller [12]. FITC-TFV-1 binding to αIIbβ3 was
competitively inhibited by mAb 10E5, but not mAb 7E3, while FITC-TFV-3 binding to αIIbβ3 was
competitively blocked by mAb 7E3 but not mAb 10E5 (Figure 2A,B).

We previously reported that mAb 7E3 shares the same binding site with RGD-containing
αIIbβ3 antagonists rhodostomin and trigramin [5,23], which cause thrombocytopenia and bleeding
owing to their effects on a conformational change of integrin αIIbβ3. Since the humanized
version of a function-blocking mAb, c7E3 (i.e., abciximab) has been reported to bind to the βA
domains and subsequently induces exposure of ligand-induced binding sites and consequent
thrombocytopenia [9,24], we used abciximab as a positive control (Figure 2C). Interestingly, we
found that TFV-3 competitively inhibited mAb 7E3 binding to platelet αIIbβ3, while TFV-1 did not
affect binding of mAb 7E3. Furthermore, TFV-1 competitively reduced binding of mAb 10E5 to
platelets, while abciximab and TFV-3 did not (Figure 2D). Together, these data demonstrated that the
RGD-bearing disintegrins TFV-1 and TFV-3 inhibit agonist-induced platelet aggregation via αIIbβ3

receptor blockade. Furthermore, the binding site of TFV-3 is close to the βA domains and similar to
that of abciximab, while the binding site of TFV-1 is near the αIIbβ3-propeller domain.
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Figure 2. Effect of TFV-1 and TFV-3 on expression of integrin αIIbβ3, probed by mAb 7E3 and 10E5
on unstimulated platelet. (A,B) Human PS was incubated with PBS (CTL), 7E3 ((A), 20 μg/mL), or
10E5 ((B), 20 μg/mL), probed with 5 μg/mL FITC-TFV-1 or FITC-TFV-3, as indicated, and subsequently
analyzed by flow cytometry (mean ± SEM, n ≥ 10, * p < 0.05, ** p < 0.01, *** p < 0.001 compared with
control group by Dunnett’s test; NS, non-significance). (C,D) Human PS was incubated with PBS
(CTL), abciximab, TFV-3, or TFV-1, and then probed with 20 μg/mL mAb 7E3 (C) and 10E5 (D) raised
against αIIbβ3. Finally, the expression of mAb binding to αIIbβ3 was analyzed by flow cytometry using
FITC-conjugated anti-IgG mAb as a secondary antibody (mean ± SEM, error bars, n ≥ 8, ** p < 0.01,
*** p < 0.001 compared with control group by Dunnett’s test; n.s, non-significance).

2.4. TFV-1 Binding to Integrin αIIbβ3 Does Not Prime the Resting αIIbβ3 to Bind Ligand

Immune thrombocytopenia occurs on first exposure to RGD-mimetic agents. That is, platelet count
usually declines sharply within hours of the commencement of drug administration, demonstrating
the presence of a naturally occurring antiplatelet antibody in patients who took these kinds of
drugs [11]. Previous reports have revealed that upon binding of RGD-mimetic drugs to integrin αIIbβ3,
the ligand-binding capacity increased in the activated integrin and intrinsic antibodies recognized
conformational changes in αIIbβ3 induced by drugs [12]. Thus, we tested the ‘priming’ effect
of these αIIbβ3 antagonists. In this assay, the ability of agents to induce resting integrin αIIbβ3

to adopt a high-affinity ligand binding conformation was judged by measuring the intensity of
fluorescence-conjugated fibrinogen (Figure 3A) or PAC-1 (Figure 3B) binding to platelets [25], and
compared with platelets without agent administration. TFV-3, RGD-mimetic agent eptifibatide, and
abciximab increased fibrinogen (Figure 3A) or PAC-1 (Figure 3B) binding to platelets. In contrast,
TFV-1 did not prime integrin αIIbβ3 to high-affinity state, demonstrating that TFV-1 does not induce
major conformational changes in the integrin β3 subunit or prime the receptor.
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Figure 3. Effect of TFV-1 and TFV-3 on the conformational change ofαIIbβ3, ligand-induced binding sites
(LIBS) exposure, and intrinsic monoclonal antibody recruitment. (A,B) Eptifibatide (Ept), abciximab, or
various concentrations of TFV-1 or TFV-3 were added to human PS and then the platelets were fixed with
1% paraformaldehyde. After quenching the paraformaldehyde with glycine and washing, fluorescent
fibrinogen ((A), 200 μg/mL) or PAC-1 ((B), 10 μg/mL) was added for 30 min at 37 ◦C. After washing
twice, bound fluorescent fibrinogen or PAC-1 was detected by flow cytometry. The data shown are the
mean fluorescence intensity of platelets in the presence of each compound. (mean ± SEM, error bars,
n ≥ 5, *p < 0.05, **p < 0.01 and ***p < 0.001 compared with the control group by paired Newman–Keuls
test; NS, non-significance) (C–F) Washed human platelets were incubated with PBS (Ctl), Eptifibatide
(Ept, 2 μg/mL), TFV-1 (3 μg/mL) or TFV-3 (2 μg/mL), and then probed with 20 μg/mL mAb AP5 (C,D)
or AP2 (E,F) raised against the ligand-induced binding site and the intrinsic antibody binding site of
αIIbβ3, respectively. Levels of AP5 and AP2 binding to αIIbβ3 were analyzed by flow cytometry with
fluorescein isothiocyanate-conjugated anti-IgG mAb as a secondary antibody. (mean ± SEM, error bars,
n ≥ 6, **p < 0.01 and *** p < 0.001 compared with the control group by paired Newman–Keuls test; NS,
non-significance).

2.5. TFV-1 Does Not Cause a Conformational Change of αIIbβ3 Identified by LIBS Antibody AP5 or mAb AP2

Binding of RGD mimetic to integrin αIIbβ3 causes conformational changes of αIIbβ3 and exposure
of cryptic epitopes, termed LIBS (ligand-induced binding sites), which are recognized by mAbs PMI-1,
AP5, and D3 [26,27]. Therefore, we investigated the effect of TFV1 and TFV3 on the conformational
change of αIIbβ3 using the LIBS antibody, AP5, raised against conformation-dependent epitopes
(Figure 3C,D) or mAb AP2 raised against αIIbβ3 [28] (Figure 3E,F) as a platform. After treatment with
TFV-3 and eptifibatide, the level of AP5 or AP2 binding to αIIbβ3 was increased to 4–4.5× higher than
in resting platelets, whereas TFV-1 did not enhance AP5 and AP2 binding to αIIbβ3, compared with
resting platelets.

2.6. Combination of TFV-1 with AP2 Does Not Induce FcγRIIa-Mediated Activation of the Downstream
ITAM/Syk/PLCγ2 Pathway and Platelet Aggregation

We previously reported that upon drug-induced LIBS exposure, the mimetic drug-dependent
antibody (DDAb) mAb, AP2, which was raised against the epitopes of αIIbβ3, recruited FcγRIIa [19] and
elicited FcγRIIa-mediated platelet aggregation [29] and platelet consumption [11]. The recent report
also indicated that eptifibatide-induced thrombocytopenia is associated with an increase in circulating
procoagulant platelet-derived microparticles [14]. Here, we found that rhodostomin, eptifibatide
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(1 μg/mL; Figure 4A), and TFV-3 (1 μg/mL; right panel of Figure 4B) showed a similar activating effect
as when combined with AP2, while the combination of TFV-1 (1.5 μg/mL; left panel of Figure 4B) with
AP2 did not induce platelet aggregation. Consistent with this finding, TFV-3 (2 μg/mL)/AP2 induced
time-dependent phosphorylation of signal molecules, including focal adhesion kinase (FAK), Src, Syk,
PI3K, and PLCγ2, while TFV-1 (2 μg/mL)/AP2 did not (Figure 4D). Pretreatment of FcγRIIa mAb (i.e.,
CD32), an ITAM-bearing transmembrane receptor responsible for αIIbβ3 outside-in signaling [16],
completely inhibited platelet aggregation caused by TFV-3/AP2 (Figure 4C), suggesting that FcγRIIa is
essential for activation.

Figure 4. Effect of the combination of TFV-1 or TFV-3 with mAb AP2 on FcγRIIa-mediated downstream
signaling and platelet aggregation. (A,B) Platelet suspension was incubated with rhodostomin ((A), left
panel, Rn), eptifibatide ((A), right panel, Ept), TFV-1 ((B), left panel) or TFV-3 ((B), right panel) 1 min
before addition of mAb AP2. (C) Human platelets were preincubated with anti-FcγRIIa mAb at 37 ◦C
for 3 min, and TFV-3 and mAb AP2 were then added. These tracings in (A–C) are the representative
ones that were reproducible at least three times. (D) Platelets were treated with TFV-1 (1.5 μg/mL)/AP2
(4 μg/mL) or TFV-3 (1 μg/mL)/AP2 (4 μg/mL) and aliquots were removed at indicated time periods.
The extent of FAK, Src, Syk, PI3K, PLCγ2 phosphorylation was then determined by immunoblotting.
Typical traces shown represent at least three independent experiments with similar results.
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2.7. Combination of TFV-1 with AP2 Does Not Increase Intracellular Ca2+Mobilization and P-selectin
Expression in Human Platelets

FcγRIIa-mediated phosphorylation of ITAM tyrosine residues recruits and activates the tyrosine
kinase, Syk, leading to intracellular Ca2+ mobilization, activation of MAPK/NF-κB pathways, and cell
activation [30]. We found that pretreatment of Fura-2-loaded platelets with TFV-3 (1.5 μg/mL)/AP2
(4 μg/mL) increased cytosolic Ca2+ mobilization, while TFV-1 (1.5 μg/mL)/AP2 (4 μg/mL) did not
(Figure 5A,B).

Figure 5. Effects of TFV-1/AP2 and TFV-3/AP2 on intracellular calcium mobilization and P-selectin
expression in platelet suspension. (A,B) Fura-2 loaded platelets were resuspended in Tyrode’s buffer
containing 1mM CaCl2, and the mAb, AP2 (4 μg/mL), was added to Fura-2-loaded platelets in the
presence of TFV-1 (1.5 μg/mL) or TFV-3 (1 μg/mL), which were preincubated with platelets for 3 min.
The level of [Ca2+]i was continuously monitored. (mean ± SEM, error bars, n = 5, *** p < 0.001
compared with the TFV-3/AP2 group by Dunnett’s test). (C) Flow cytometric analysis of P-selectin
expression of platelet in the presence of TFV-1 (1 μg/mL), TFV-3 (1.5 μg/mL), AP2 (4 μg/mL), or the
combination of TFV-1/AP2 or TFV-3/AP2. These experiments were repeated at least three times and
only a representative tracing was shown.

Upon platelet activation, P-selectin (CD62), a member of the C-type lectin family, is rapidly
translocated from α-granules of platelets to the cell surface [31,32]. Therefore, P-selectin expression
on the platelet surface has been widely used to characterize platelet activation [33]. Neither AP2 nor
disintegrin alone could cause P-selectin expression (Figure 5C). However, the presence of TFV-3/AP2
(1/4 μg/mL) markedly increased expression of P-selectin, in contrast to TFV-1/AP2.

Shrinking and consolidation of fibrin clots are responsible for hemostatic processes and wound
healing from within [34–36]; thus, we assessed the effect of TFV-1 and TFV-3 on thrombin-induced clot

126



Toxins 2020, 12, 11

retraction in human PRP (Figure 6A,B). Like abciximab, TVF-3 also inhibited thrombin-induced clot
retraction while TFV-1 did not, suggesting that TFV-1 has minimal effect on clot firmness during the
hemostatic process.

Figure 6. Effects of TFV-1 and TFV-3 on human hemostasis in vitro. (A,B) Effect of TFV-1 and TFV-3 on
thrombin-induced clot retraction in human PRP. PRP was incubated with various concentrations of
TFV-1 or TFV-3 at 37 ◦C for 3 min before addition of thrombin (4 U/mL). To observe the kinetics of
clot retraction, photographs were taken at time 0 and every 15 min until 120 min. Percent retraction
was measured by the volume of serum (test)/volume of serum (control). These data are presented as
mean± SEM (n= 6). *** p< 0.001 compared with the control group. (C–H) Physiologic platelet functions
of TFV1 and TFV3 were evaluated by rotational thromboelastometry (ROTEM) assays. Human whole
blood was incubated with TFV-1, TFV-3, or abciximab, and the ROTEM trace (C) of TFV-1 (1.5 μg/mL),
TFV-3 (1 μg/mL) and abciximab (10 μg/mL) in human whole blood are shown. CTL (black line): in
the absence of agents. Clotting time (D), clot formation time (E), α-angle (F), maximum clot firmness
(G) and coagulation index (H) were evaluated with a ROTEM analyzer following recalcification of
the blood, to determine clot and coagulation kinetics. Data were presented as means ± SEM (n = 7).
* p < 0.05, ** p < 0.01, *** p <0.001 compared with the control group.
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To further mimic bleeding risk during perioperative scenarios, rotational thromboelastometry
(ROTEM) [37,38] was used to evaluate platelet function in human whole blood by measuring the
viscoelastic properties and kinetic changes of coagulation among these tested αIIbβ3 antagonists
(Figure 6C–H). In the INTEM assay (intrinsically activated test using ellagic acid), four ROTEM
variables were taken as a representation of hemostasis, including the clotting time (CT), the clot
formation time (CFT), the α angle, and the maximum clot firmness (MCF). These were incorporated
into a coagulation index (CI) to provide an overall assessment of coagulation and clot firmness for
physiological hemostasis. CT is an indicator of the initial coagulation rate. CFT and α angle are
correlated to the kinetics and rate of clot formation. MCF represents maximal platelet–fibrin interaction.
In human whole blood, TFV-3 and abciximab dose-dependently repressed kinetics of clot formation
(Figure 6C), progressively delayed the clotting time, and reduced clot firmness (Figure 6D–G), as
well as reducing the CI (Figure 6H), leading to hypocoagulation. At similar concentrations, TFV-1
showed fewer repressive effects compared with controls and showing that TFV-1 has less influence on
primary hemostasis.

2.8. TFV-1 Exhibits Anti-Thrombotic Activity, but Reduced Tendencies to Cause FcγRIIa-Mediated Immune
Clearance and Hemorrhage In Vivo

We assessed the in vitro antiplatelet activity of TFV-1 and TFV-3 in mouse PRP. Pretreatment of
TFV-1 and TFV-3 inhibited collagen-induced platelet aggregation of PRP in concentration-dependent
fashion with IC50s of 1.24 and 0.08 μg/mL (169 and 11 nM), respectively (Figure 7A). Next we
administered tested agents to mice intravenously for 10 min and collected blood samples by intracardiac
puncture (Figure 7B,C). Compared with the ex vivo inhibitory efficacy of abciximab and eptifibatide
(Figure 7D), TFV-1 and TFV-3 revealed favorable inhibitory potency on platelet aggregation of PRP
induced by collagen (Figure 7B–D) or ADP (Figure S3). Additionally, TFV-1 and TFV-3 did not affect
the initial platelet shape change caused by these inducers. Furthermore, we investigated the in vivo
antithrombotic activities of TFV1 and TFV3 in a ferric chloride (FeCl3)-induced arterial thrombosis
model (Figure 7E,F). In response to 5% FeCl3-induced carotid arterial thrombosis, complete occlusion
occurred in the control group within 9 min. Prophylactic intravascular injections of TFV-1 or TFV-3
prevented FeCl3-induced thrombus formation and delayed occlusion for over 80 min.

At an equally efficacious dose, we compared the in vivo effects of TFV-1 and TFV-3 with those of
eptifibatide on platelet counts and bleeding times in a FcγRIIa-transgenic mouse model expressing
FcγRIIa on platelets at equivalent levels to humans [39,40]. After intravenous injection of these tested
agents into FcγRIIa transgenic mice, eptifibatide and TFV-3 not only caused descending platelet counts
over 1–5 h (Figure 7G), but also prolonged tail bleeding time (Figure 7H) in a dose-dependent manner.
In contrast, TFV-1 (0.25 or 0.5 mg/kg) did not affect platelet counts and bleeding times compared with
the control group, suggesting that TFV-1 shows a lower tendency to cause FcγRIIa-mediated immune
clearance of platelets and bleeding.

Since bleeding risks limit the use and doses of RGD-mimetics or αIIbβ3 antagonists, we used AP2
to assess safety margins of these agents (Table 2). We administered AP2 with a 10× higher minimum
effective dose of TFV-1 (15 μg/mL) and found that unlike low doses of TFV-3, abciximab, eptifibatide,
or rhodostomin, TFV-1/AP2 does not cause platelet aggregation (Table 2). At 3-times higher minimum
effective antiplatelet doses of these agents (Table 2), TFV-1 neither prolonged the clot formation time in
the ROTEM assay nor showed a defect in thrombin-induced clot retraction in human PRP, in contrast
to TFV-3, abciximab, and eptifibatide. These findings are consistent with the results of bleeding side
effects in vivo. Consistent with these observations, TFV-1 has a wider safety margin/index (Table 2)
than TFV-3 and these clinical antithrombotic drugs.
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Figure 7. Ex vivo and in vivo effects of TFV-1: Selective inhibition of thrombosis, but not physiological
hemostasis. (A) The in vitro collagen (10 μg/mL)-induced aggregation response of mouse PRP treated
with TFV-1 or TFV-3. Concentration-dependent inhibition curves of TFV-1 and TFV-3 in mouse PRP are
presented as mean ± SEM (n = 3). (B–D) Mice were intravenously treated with saline (control), TFV-1,
TFV-3, abciximab, or eptifibatide for 10 min and then blood samples were collected by intracardiac
puncture. PRP was obtained by centrifugation at 200× g for 4 min and then collagen (10 μg/mL) was
added to trigger platelet aggregation. Platelet aggregation was measured by the turbidimetric method
(ΔT) using a platelet aggregometer. Typical curves shown represent five independent experiments.
Data are presented as a percent aggregation of control and mean ± SEM (n = 8). ** p < 0.01 and
*** p < 0.001 compared with the control group (E,F) Antithrombotic activity of TFV-1 and TFV-3 in
FeCl3-induced thrombus formation in mouse carotid artery. Mice were intravenously administered
TFV1 or TFV3. After 5 min, FeCl3 injury was induced by a filter paper saturated with ferric chloride
solution (10 %). After removal of the paper, carotid blood flow (mL/min) was monitored continuously
until thromboembolism formation or for 60 min. Data are presented as the mean ± SEM (n ≥ 3).
*** p < 0.001 as compared with the vehicle control (saline). (G) Effect of TFV-1 and TFV-3 on immune
clearance of platelets in FcγRIIa-transgenic mice. Wild-type WT and FcγRIIa-transgenic mice were
intravenously treated with TFV-1, TFV-3, eptifibatide, or abciximab, and then whole blood (100 μL)
was collected by puncture of the retro-orbital sinus with heparinized hematocrit tubes. Platelet counts
were obtained at timed intervals after injection of antithrombotic agents. Mean platelet counts (±SEM)
over time are shown. (H) Effect of TFV-1 and TFV-3 on tail bleeding time of FcγRIIa-transgenic mice.
Bleeding times were measured 5 min after the intravenous injection of saline, TFV-1 or TFV-3 at the
doses indicated. Bleeding times longer than 10 min were expressed as >10 min. The average bleeding
time is indicated as (—). Each type of symbol represents the bleeding time of an individual mouse.

2.9. TFV-1 Does Not Affect the Interaction between Integrin αIIbβ3 and Its Mediator Talin Responsible for the
Hemostatic Process

Upon endothelial injury, platelet cytoplasmic talin drives inside-out signaling of αIIbβ3, which
is responsible for platelet adhesion to vessel walls and for clot formation in the initial hemostatic
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response [41]. Therefore, recent studies report that selectively targeting Gα13-mediated outside-in
signaling without affecting talin-mediated integrin processes may provide a strategy for preventing
thrombosis with a higher safety margin [42,43]. Thus, we further investigated effects of TFV-1 on
the mutually exclusive binding of the integrin mediator talin and Gα13 to the β3-domain in human
PS. TFV-1 selectively inhibited Gα13 binding to β3, but did not affect talin binding to the β3-domain,
suggesting that TFV-1 acts as a selective inhibitor of Gα13 binding to β3 without perturbing talin-driven
hemostatic processes (Figure 8).

Figure 8. Comparison of the effect of TFV-1 and TFV-3 on the mutually exclusive binding of talin
and Gα13 to cytoplasmic β3. Human platelets were stimulated with 0.1 U/mL α-thrombinin (Thr)
in the presence of PBS, TFV-1 (2 μg/mL), or TFV-3 (1 μg/mL) with stirring (900 rpm) at 37 ◦C in an
aggregometer and then solubilized at various time points. (A) Typical turbidity changes in human
platelet suspension indicating integrin-dependent platelet aggregation. (B) Lysis of platelets by RIPA
buffer that enables extraction and measurement of cytoplasmic proteins, including Gα13 and talin.
Lysed platelets were immunoprecipitated with anti-β3 and immunoblotted for Gα13, talin, and β3.
Tracings shown here were reproducible at least three times.

Table 2. IC50, safety indices, platelet hemostatic functions, and tail-bleeding time of TFV-1, TFV-3, and
clinical anti-thrombotic agents.

Antithrombotic Agents TFV-1 TFV-3 Abciximab Eptifibatide Control

The Dose of Agents
(Fold of IC50)

2× 6× 2× 6× 2× 6× 2× 6× -

IC50 (μg/mL) 0.74 0.45 5 0.52 -

Safety index 20.27 2.22 2.00 1.92 -

Clot formation time (s) 135
(NS)

172
(NS) 540 (*) 967 (**) 569 (***) 1355

(***) 518 (**) 622 (**) 105

Inhibition of Clot
retraction (%) 0 0 77.3 86.1 54.7 92.5 63.2 89.4 -

Tail-bleeding time (s) 66.8
(NS)

102.5
(NS)

233.3
(**)

574.0
(***)

373.4
(***)

580.8
(***)

538.6
(***)

1341.2
(***) 68.7

IC50 of collagen (10 μg/mL)-induced platelet aggregation in washed platelet suspension. Safety index is estimated
as the lowest concentration of disintegrin to activate platelet (combining with 4 μg/mL AP2)/IC50 of disintegrin
on collagen-induced platelet aggregation. Inhibition of thrombin-induced clot retraction of human PRP (%) was
measured by the volume of serum (agent−control)/volume of serum (control). Tail bleeding times of mice were
measured at increasing antithrombotic dosages as compared with the control group (68.7 s, n = 28). (These
experiments were repeated at least three times and values were presented as means. * p < 0.05, ** p < 0.01,
*** p < 0.001 compared with control group by Dunnett’s test; NS, non-significance).
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3. Discussion

Clinically availableαIIbβ3 antagonists are highly efficacious antithrombotics, but their use is limited
to percutaneous coronary intervention due to thrombocytopenia and bleeding [44]. Thrombocytopenia
can occur on first exposure to RGD mimetic drugs and the platelet count declines abruptly within
hours of commencement of drug administration [45], suggesting the presence of naturally occurring
antiplatelet antibody [46]. Eptifibatide- or tirofiban-dependent antibodies (i.e., DDAbs) recognize
ligand-induced binding sites (LIBS) in a drug-dependent manner [12,45,47], and subsequently recruit
FcγRIIa and trigger a FcγRIIa-mediated platelet aggregation and consumption [19]. It has been reported
that these intrinsic antibodies are capable of directly increasing in circulating procoagulant, suggesting
that platelet activation might, in some instances, contribute to occasional thrombocytopenia [14].
However, the pathological mechanism by which such RGD mimetic drugs activate platelets remains
unclear. Also, a potential antithrombotic agent with a higher safety profile is under active investigation.

We previously reported that the mAb, AP2, raised against conformation-dependent epitopes is
used to mimic DDAb for predicting drug-induced platelet activation [29]. Here, we used AP2 as a
platform to predict adverse reactions upon administration of RGD mimetic agents. Furthermore, we
purified two small RGD-containing disintegrins, TFV-1 and TFV-3, both of which inhibited collagen-,
ADP-, and thrombin-induced platelet aggregation in a concentration-dependent manner through
αIIbβ3 receptor blockade. Especially, we found that TFV-1 inhibited ligand binding to αIIbβ3 by a
mechanism different from that of clinically used αIIbβ3 antagonists and TFV-3. Our results revealed
that TFV-1, with a binding motif near the αIIb β-propeller domain, which is different from that of
TFV-3 binding near the βA domain, does not prime resting platelets to bind fibrinogen and PAC-1
(Figure 3A,B). While eptifibatide, abciximab, and TFV-3 significantly prime platelets to bind ligands,
suggesting that TFV-1 exhibits the minimal intrinsic property of causing the conformational change
of αIIbβ3.

Upon conformational change, LIBS exposure occurs and DDAbs directly bind to
conformation-altered αIIbβ3 [10,12]. Consistent with these findings, the treatment of resting platelets
with eptifibatide or TFV-3 caused a significant increase in LIBS antibody, AP5 (Figure 3C,D) and mAb
AP2 (Figure 3E,F) binding, while TFV-1 did not, suggesting that TFV-1 causes minor induction of
DDAbs with minimal effect on conformational change. In support of data also shown in Figure 4, the
combination of TFV-1 with mAb AP2 did not induce FcγRIIa-dependent platelet aggregation or the
time-dependent downstream ITAM/Syk/PLCγ2 pathway, which is associated with FcγRIIa-mediated
platelet consumption and thrombocytopenia [11].

Since bleeding complications impose a major limitation on the clinical use of current anti-integrin
and anti-thrombotic therapies [7], we evaluated bleeding contraindications of TFV-1 and TFV-3 at
their efficacious antithrombotic dosage in vivo (Figure 7). Since mouse platelets do not express
Fcγ receptors and lack the genetic equivalent of human FcγRIIa [39], in this study, an FcγRIIa
transgenic mouse model [40] was used to better understand tendencies of these agents to trigger
FcγRIIa-mediated thrombocytopenia. At efficacious antithrombotic doses, TFV-1 neither decreased
platelet counts (Figure 7G) nor prolonged tail-bleeding time (Figure 7H) of FcγRIIa transgenic mice,
whereas eptifibatide, abciximab, and TFV-3 had this adverse effect in vivo. Consistent with these
results, TFV-3 and abciximab not only inhibited thrombin-induced clot retraction of human PRP
(Figure 6A,B), but also affected all values associated with platelet function and blood coagulation in
human whole blood (Figure 6C–H; ROTEM assay), resulting in hypocoagulation states. By contrast,
TFV-1 had minor effects on these coagulation indexes. Overall, our data suggest that TFV-1 is a unique
disintegrin, with minimal conformational effects, which could potentially prevent thrombosis without
affecting physiological hemostasis.

4. Conclusions

In summary, the lead αIIbβ3 antagonist, TFV1, with a specific binding motif, neither caused
conformational changes in integrinαIIbβ3 nor triggered FcγRIIa-mediated activation of the downstream
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ITAM/Syk/PLCγ2 pathway. Therefore, TFV-1 exhibited anti-thrombotic activity, but lower tendencies
to cause FcγRIIa-mediated immune clearance of platelets and hemorrhage. Furthermore, subsequent
structure–activity studies of TFV-1 and TFV-3, and their interactions with αIIbβ3 at a molecular level
may provide valuable information for development of a second generation of αIIbβ3 antagonists.

5. Materials and Methods

5.1. Materials

mAb 7E3 and 10E5 were kindly supplied by Barry S. Coller (Rockefeller University, New York, NY,
USA). The mAbs, AP2 and AP5, were kindly donated by Peter J. Newman (Blood Research Institute,
Blood Center of Wisconsin, Milwaukee, WI, USA).

Lyophilized crude venom of Protobothrops flavoviridis (i.e., Trimeresurus flavoviridis) was purchased
from Sigma Chemical Co. (St. Louis, MO, USA) and stored at 4 ◦C. Fractogel EMD TMAE was
purchased from Merck (Darmstadt, Germany). Fast protein liquid chromatography (FPLC) Superdex
75HR 10/300 columns were from Amersham Pharmacia (Uppsala, Sweden). A high-performance liquid
chromatography C18 column was from Waters (Milford, MA, USA). Acetonitrile and trifluoroacetic acid
(TFA) were from Merck (Darmstadt, Germany). Molecular-mass standards for electrophoresis were
from Bio-Rad (Hercules, CA, USA). Pierce™ Glu-C Protease, MS Grade (90054), and Sulfo-NHS-biotin
reagents were from Pierce (Rockford, IL USA). Acrylamide, adenosine diphosphate (ADP), bovine
serum albumin (BSA), collagen (bovine tendon type I), Coomassie blue R-250, human thrombin,
prostaglandin E1 (PGE1), sodium dodecyl sulfate (SDS), and tris-(hydroxymethyl) aminoethane HCl
(Tris-HCl) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Heparin was from Leo
Pharmaceutical Product (Ballerup, Denmark). FITC-conjugated goat anti-mouse IgG was from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Alexa 488-conjugated fibrinogen was from Invitrogen
(Thermo Fisher Scientific Inc., Waltham, MA, USA). FITC mouse anti-human PAC-1 was from BD
Biosciences (Becton, Dickinson and Company, CA, USA).

5.2. Top-Down Analysis

Purified and dried TFV-1 and TFV-3 samples were dissolved in 8 M urea/50 mM ammonium
bicarbonate buffer, and disulfide bonds were reduced in 10 mM dithiothreitol at 37 ◦C for 1 h. LC-MS/MS
analyses were performed with a Q Exactive™mass spectrometer coupled with an UltiMate™ 3000
RSLCnano system (Thermo Scientific) using an Acclaim PepMap RSLC C18 column (75 μm I.D. ×
15 cm, 2 μm, 100 Å). The following gradient was used: 1 to 50% B for 19.5 min, 50 to 60% B for 3 min,
60 to 80% B for 2 min, and 80% B for 10 min (0.1% FA as mobile phase A and 95% acetonitrile/0.1% FA
as mobile phase B). MS scan range was set to be m/z 400–2500 at a resolution of 140,000 (FWHM). The
mass spectrum for each protein was deconvoluted with Protein Deconvolution 4.0 software (Thermo
Scientific) to obtain molecular weights. Precursor ions, m/z 813.80, 915.52, 1046.03, 1220.20, 1464.03,
and 1830.04 for TFV-1 and m/z 955.05, 1091.48, 1273.06, and 1527.47 for TFV-3, were selected for
targeted-MS2 analyses. Higher-energy collisional dissociation (HCD) at normalized collision energy of
32% was used to fragment these ions to generate multiplexed MS/MS spectrum for each protein. The
mass spectra were inspected and relevant peaks were assigned manually.

5.3. Endoproteinase Asp-N or Glu-C Digestion and LC-MS/MS Analysis

Samples of TFV-1 and TFV-3 were denatured with 8 M urea and reduced in 10 mM DTT at 37 ◦C for
1 h. Alkylation was conducted using 50 mM iodoacetamide for 30 min in the dark at room temperature.
Reduced TFV-1 and TFV-3 were diluted with 50 mM ammonium bicarbonate (Sigma-Aldrich Chemical
Co.) and then digested with endoproteinase Asp-N (Roche) or Glu-C (Pierce) at 37 ◦C overnight,
respectively. The same LC-MS/MS setup as described above was used for analyzing the peptide
mixture. The following gradient was applied: 1 to 30% B for 39.5 min, 50 to 60% B for 3 min, 60 to 80%
B for 2 min and 80% B for 10 min (0.1% FA as mobile phase A and 95% acetonitrile/0.1% FA as mobile
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phase B). Full MS scans were performed with a range of m/z 300–2000, and the 10 most intense ions
from MS scans were subjected to fragmentation for MS/MS spectra. Raw data were processed using
Proteome Discoverer 1.4 (Thermo Scientific) and a database search was performed using Mascot 2.4.1
(Matrix Science Inc., Boston, MA, USA) against the SwissProt database. Carbamidomethyl (C) was
selected as a fixed modification and deamidation and oxidation were chosen as variable modifications.
Mass tolerance windows were set as ±10 ppm and ±0.02 Da for peptide and fragment ions, respectively.
Up to two missed cleavages were allowed for Asp-N digestion. All identified MS/MS spectra were
manually confirmed to ensure quality.

5.4. Preparation of Human Platelets and Aggregation Assay

Blood was collected from healthy volunteers, who had not taken any medication within 2 weeks.
All human participants provided informed consent, and this study was approved by the ethic
committees and Joint Institutional Review Board (17-S-032-2), Medical Research Ethics Foundation,
Taiwan. Preparation of human platelet-rich plasma (PRP) and platelet suspensions (PS) and platelet
aggregation assay were performed as previously described [29].

5.5. Western Blotting and Immunoprecipitation

Washed platelets in an aggregometer cuvette (37 ◦C, 900 rpm) were treated with the tested agent
in the presence of mAb AP2 or agonist thrombin. After incubation, platelets were lysed with lysis
buffer (20 mM Tris-HCl buffer, pH7 .5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mg/mL leupeptin, 1 mM β-glycerolphosphate, 1 mM Na3VO4, 1 mM
PMSF). Insoluble materials were removed by centrifugation at 14,000 rpm for 15 min at 4 ◦C. Aliquots
of cell lysates were resolved on 10% SDS-PAGE under reducing conditions and electrotransferred to
Immobilon-PVDF membrane (Millipore). Western blotting and immunoprecipitation were conducted
as described previously [19].

5.6. Binding Study

TFV-1 and TFV-3 were conjugated with FITC [48]. In brief, washed human platelets
(3 × 108 platelets/mL) containing 2 μM PGE1 were labeled with primary anti-αIIbβ3 integrin mAbs
7E3 or 10E5 at room temperature (RT) for 30 min. Labeled cells were washed and then incubated with
secondary FITC-TFV-1 or FITC-TFV-3 at RT for 30 min with a continuous shaking. After incubation,
cells were washed, resuspended in PBS, and analyzed immediately by FACS Calibur. In addition,
washed human platelets were incubated with TFV-1, TFV-3, or abciximab at RT for 30 min. Following
incubation, platelets were washed and then labeled with mAbs 7E3, 10E5 or AP2 at RT for 30 min.
Labeled cells were incubated with secondary FITC-conjugated goat anti-mouse IgG at RT for 30 min
and then analyzed by FACS Calibur (Becton Dickinson, Franklin Lakes, NJ, USA).

5.7. Priming Assay

The priming assay was performed as described previously, with minor modifications [25,49].
Washed platelets in HEPES-modified Tyrode’s buffer were treated with eptifibatide, TFV-1, or TFV-3
for 30 min at room temperature. After incubation, washed human platelets were incubated with
Alexa 488-conjugated fibrinogen or FITC-labelled PAC1 antibody for 30 min at 37 ◦C and analyzed by
flow cytometry.

5.8. Definition of Safety Index

We defined a safety index = the lowest concentration of disintegrin to activate platelets in the
presence of mAb AP2 (4 μg/mL)/ IC50 (μg/mL) of disintegrin for collagen-induced platelet aggregation
in platelet suspension.
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With eptifibatide, for example, in combination with 4 μg/mL AP2, the lowest concentration of
eptifibatide to activate platelets was 1 μg/mL (Figure 4A). The IC50 of eptifibatide was about 0.52 μg/mL
in collagen-induced platelet aggregation; therefore, we defined the safety index of eptifibatide as 1.92×
to represent its safety margin in drug-induced platelet activation. The high safety index means that
higher doses of disintegrin could cause platelet activation.

5.9. Clot Retraction

Clot retraction was conducted according to the method of Tucker [34] with minor modification.
Briefly, agents were incubated with 200 μL PRP, 5 μL RBC (used to color the clot) at 37 ◦C for 1 min in
glass tubes. After adding thrombin (4 U/mL), a sealed glass pipette was immediately placed in each
tube and the kinetics of clot retraction were observed. Images were recorded at time 0 and every 15 min
until 120 min. The ratio of clot retraction (%) was calculated by the volume of serum (test)/volume of
serum (control).

5.10. Rotational Thromboelastometry (ROTEM)

Human whole blood was collected from healthy donors and the ROTEM assay was performed
using the ROTEM® delta system. Briefly, whole blood was treated with agents at 37 ◦C. Blood mixtures
were transferred to a ROTEM plastic cup, and samples were recalcified with star-TEM reagent (0.2 M
CaCl2) to initiate the INTEM assay (intrinsically activated test using ellagic acid). The speed at which a
sample coagulates depends on the activity of plasma coagulation system, platelet function, fibrinolysis,
and other factors. The clotting time (CT, sec), clot formation time (CFT, sec), alpha angle (α, o),
and maximum clot firmness (MCF, mm) variables were taken as a representation of hemostasis, and
could be incorporated into a coagulation index (CI) as defined by the equation: CI = −0.6516CT −
0.3772CFT + 0.1224MCF + 0.0759α − 7.7922. The CI functions as an overall assessment of coagulation,
with values less than −3.0 said to represent a hypo-coagulable state and values over +3.0 said to
be hyper-coagulable.

5.11. Animal Preparation

FcγRIIa-transgenic mice obtained from The Jackson Laboratory [40] (weighing 24–30 g) and the
male ICR mice (weighing 20–30 g) were used in all studies. Animals were given continuous access
to food and water under controlled temperature (20 ± 1 ◦C) and humidity (55% ± 5%). Animal
experimental protocols were approved by the Laboratory Animal Use Committee of Mackay Medical
College (A1060020).

5.12. FeCl3-Induced Arterial Thrombosis Model

Mice were anesthetized with sodium pentobarbital (50 mg/kg) by intraperitoneal injection, and
then an incision was made with a scalpel directly over the right common carotid artery, and a 2-mm
section of the carotid artery was exposed. A miniature Doppler flow probe was placed around the
artery to monitor blood flow. Thrombus formation was induced by applying filter paper (diameter,
2 mm) saturated with 7.5% FeCl3 solutions on the adventitia of the artery. After 3 min exposure,
the filter paper was removed and carotid blood flow was continuously monitored for 80 min after
FeCl3 removal.

5.13. Tail-Bleeding Time

Mice were intravenously injected with agents via a lateral caudal vein. After injection for 5 min, a
sharp cut 2 mm from the tip of the tail was made. The amputated tail was immediately placed in a
tube filled with isotonic saline at 37 ◦C. Bleeding time was recorded for ≤10 min and the endpoint was
the arrest of bleeding [50].
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5.14. Statistical Analysis

Results were expressed as mean ± SEM. Statistical analysis was performed by one-way analysis
of variance (ANOVA) and the Newman–Keuls multiple comparison test. A p-value less than 0.05
(p < 0.05) was considered as a significant difference.
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ADP Adenosine 5′-diphosphate
BSA Bovine serum albumin
FACS Fluorescence activator cell sorter
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FPLC Fast protein liquid chromatography
GP Glycoprotein
HPLC High-performance liquid chromatography
IgG Immunoglobulin G
IV Intravenous
mAb Monoclonal antibody
MALDI-TOF Matrix-assisted laser desorption ionization-time of flight
LIBS Ligand-induced binding site
PBS Phosphate-buffered saline
PRP Platelet-rich plasma
PS Platelet suspension
RGD Arg-Gly-Asp
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TFV Trimeresurus flavoviridis venom
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Abstract: Ant venoms contain many small, linear peptides, an untapped source of bioactive
peptide toxins. The control of agricultural insect pests currently depends primarily on chemical
insecticides, but their intensive use damages the environment and human health, and encourages
the emergence of resistant pest populations. This has promoted interest in animal venoms as
a source of alternative, environmentally-friendly bio-insecticides. We tested the crude venom of the
predatory ant, Manica rubida, and observed severe fitness costs in the parthenogenetic pea aphid
(Acyrthosiphon pisum), a common agricultural pest. Therefore, we explored the M. rubida venom
peptidome and identified a novel decapeptide U-MYRTX-MANr1 (NH2-IDPKVLESLV-CONH2) using
a combination of Edman degradation and de novo peptide sequencing. Although this myrmicitoxin
was inactive against bacteria and fungi, it reduced aphid survival and reproduction. Furthermore,
both crude venom and U-MYRTX-MANr1 reversibly paralyzed injected aphids and induced a loss of
body fluids. Components of M. rubida venom may act on various biological targets including ion
channels and hemolymph coagulation proteins, as previously shown for other ant venom toxins.
The remarkable insecticidal activity of M. rubida venom suggests it may be a promising source of
additional bio-insecticide leads.

Keywords: mass spectrometry; LC-MS; Formicidae; Myrmicinae; Myrmica rubra; venom gland;
bioinsecticide; antimicrobial peptide; aphids; Acyrthosiphon pisum

Key Contribution: Venom of the predatory ant, Manica rubida, contains a short peptidyl toxin
(U-MYRTX-MANr1) that severely affects the fitness of a key agricultural pest (the pea aphid,
Acyrthosiphon pisum), suggesting that ant venoms contain promising toxins for pest control.

1. Introduction

Ants (Hymenoptera: Formicidae) are a taxonomically diverse group of insects with more than
13,500 extant species [1]. They have evolved a venom apparatus derived from the ancestral reproductive
system [2], but in contrast to other venomous phyla (e.g., snakes, spiders and scorpions) there have
been few studies of ant venoms to functionally characterize their components [3]. This reflects the
challenging taxonomy of ants, the limited amount of venom that can be extracted, and the common
misconception that ant venoms are simple, consisting mainly of formic acid [4,5].
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Recent transcriptomic and proteomic studies have shown that ant venoms are mixtures of many
bioactive molecules with an impressive array of biological properties [2]. Although rich in short
linear peptides (<5 kDa), ant venoms also contain complex peptides with disulfide bonds, as well as
oligomeric proteins with a broad spectrum of activities [2,6–10]. Examples of linear peptides include
dinoponeratoxins from the giant neotropical hunting ant, Dinoponera australis [11], ponericins from the
predatory ant, Neoponera goeldii [12,13], and bicarinalin from Tetramorium bicarinatum [7]. These are
classed as antimicrobial peptides (AMPs) because they show activity against microbial pathogens,
but they may also possess paralytic, cytolytic, hemolytic and/or insecticidal properties [6,7,12,14,15],
as ponericins do [12].

Insect pests reduce crop yields by feeding and transmitting plant pathogens, but they also act
as vectors for many human and livestock pathogens [16,17]. Despite the increasing use of biological
control methods, chemical insecticides remain the primary strategy for pest control in both agricultural
and public health settings [18,19]. Over the past decade, the number of registered chemical insecticides
has fallen due to the emergence of resistant pest populations and the de-registration of key insecticides
by regulatory authorities, based on evidence of harm to the environment, to beneficial organisms,
and to human health [20–23]. This has increased the demand for new and safe insecticidal lead
compounds, novel insecticidal targets, and alternative methods for effective pest control.

Venom-derived peptidyl toxins have been fine-tuned by evolution to improve their selectivity and
efficacy in the context of prey capture and defense against predators [2]. Insecticidal toxins derived from
predatory arthropods therefore offer a promising source of novel bio-insecticides, and these frequently
include peptidyl neurotoxins derived from venoms of arachnids, such as scorpions and spiders [24,25].
Ants also use venom for predation and/or defense against predators and competitors. For example,
the linear peptide, poneratoxin, isolated from Paraponera clavata, targets the central nervous system of
insects by blocking synaptic transmission [2,26,27]. In contrast, peptides with disulfide bonds often
target ion channels, causing paralysis or incapacitation. For example, poneritoxin Ae1a from the
predatory ant, Anochetus emarginatus, and MIITX1-Mg1a from the giant red bull ant, Myrmecia gulosa,
antagonize ion channels in sheep blowflies (Lucilia cuprina) and crickets (Acheta domesticus) [4,28].

Aphids (Hemiptera: Aphididae) are devastating insect pests that damage plants by feeding and
by transmitting many important plant pathogens [19,29–31]. Aphid control relies predominantly on
chemical insecticides such as carbamates, organophosphates, neonicotinoids and pyrethroids [18,29,32].
These insecticides mainly act on insect nerve and muscle targets, whereas other pesticides impair
respiration, lipid synthesis, or cuticle formation during insect growth and development [18].
The long-term and frequent use of these insecticides have applied selective pressure to aphid
populations, and multiple resistant forms have emerged, making some aphid species very difficult
to control [18,33]. The polyphagous aphids, Myzus persicae and Aphis gossypii, are among the 12 most
resistant insect species, with resistance to 75 and 48 chemical insecticidal compounds, respectively [18].

Recent studies have shown that both linear and disulfide-bonded toxins from venoms of spiders,
scorpions, and ants are promising molecules for aphid control [34–39]. Some peptidyl toxins from
scorpions (e.g., Urodacus yaschenkoi and Urodacus manicatus) and the ant Myrmica rubra act against
aphids as stand-alone compounds [34,39]. Other scorpion and spider toxins are more active when
fused to carrier proteins (e.g., Galanthus nivalis agglutinin) that mediate transport through the insect
gut [37] or by engineering entomopathogenic fungi to express insecticidal proteins [36].

Manica rubida (Myrmicinae) is a stinging ant of moderate size (workers ~6–9 mm in length)
that is prevalent in middle and southern Europe [40], favoring mountainous regions of 500–2000 m
altitude [41]. Colony founding in M. rubida is semi-claustral [42], a strategy in which the founding
queen actively preys upon other insects to enhance early colony development [42]. This species inflicts
a painful sting and uses its potent venom to prevent nest invasions and to subdue prey [40]. Although
M. rubida venom contains predominantly small, linear peptides (<5 kDa) [43], the peptide sequences
are unknown and their activities and that of the crude venom have not been investigated in detail.
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We explored the M. rubida venom peptidome to identify new peptides, using a combination of
liquid chromatography/mass spectrometry (LC-MS) and Edman degradation. We also isolated one of
the most abundant linear peptides in the crude venom (U-MYRTX-MANr1) and tested its antimicrobial
activity and potency against the pea aphid (Acyrthosiphon pisum), a common agricultural pest.

2. Results

2.1. LC-MS Analysis of Crude Venom

Pooled M. rubida worker venom was analyzed by LC-MS. We identified 180 molecular
features representing a set of 96 different peptides, most of which eluted between 25 and 55 min
(23–50% acetonitrile) revealing low to moderate hydrophobicity (Figure 1). The mass range of the
peptides was 368–3026 Da, representing sequences of 3–27 amino acids (Figure S1). The sequence
length was calculated using an average amino acid molecular mass of 111.1254 Da [44].

Crude venom was reduced and alkylated to identify peptides with disulfide bonds. Among the
most abundant peptides in the venom peptidome (relative peak intensity ≥ 3%), linear peptides were
prevalent, but there were also some peptides with a single, intramolecular disulfide bond (Table 1).

Table 1. The most abundant peptides (relative peak intensity ≥ 3%) in the venom of Manica rubida.
The venom peptidome is dominated by linear peptides, but contains a few peptides with one
intramolecular disulfide bond. RT = retention time, Int. = relative peak intensity, MW =molecular
weight, S-S = disulfide bond.

No. RT [min] Int. [%] MWcrude [Da] MWred. [Da] MWalk. [Da] S-S Length a

1 26.3 8 1314.71 1314.71 1314.72 0 12
2 26.3 7 1352.66 1352.66 1352.66 0 12
3 26.3 4 1336.69 1336.70 1336.70 0 12
4 27.0 77 1434.80 1436.83 1550.87 1 13
5 27.1 8 1208.64 1210.66 1324.70 1 11
6 27.1 3 1472.75 1474.77 1588.81 1 13
7 32.1 15 1132.64 1132.65 1132.65 0 10
8 32.1 28 1093.64 1093.64 1093.64 0 10
9 32.1 17 1148.61 1148.61 1148.61 0 10

10 32.1 7 920.50 920.50 920.50 0 8
11 32.1 4 994.57 994.57 994.57 0 9
12 32.1 100 1110.67 1110.68 1110.66 0 10
13 38.9 4 1136.68 1136.68 1136.68 0 10
14 43.4 62 2739.63 2739.64 2739.64 0 25
15 43.4 12 2569.52 2569.53 2569.53 0 23
16 43.6 17 2978.60 2978.61 2978.61 0 27
17 44.7 5 2850.72 2850.72 2850.73 0 26
18 46.3 3 2987.79 2987.79 2987.79 0 27
19 51.5 3 2823.76 2823.77 2823.77 0 25
20 51.5 19 2840.79 2840.80 2840.80 0 26
21 54.5 92 2174.27 2174.27 2174.28 0 20
22 54.6 3 2218.22 2218.23 2218.23 0 20
23 54.6 45 2196.24 2196.25 2196.25 0 20
24 54.6 18 2212.21 2212.21 2212.21 0 20
25 54.6 4 2042.10 2042.11 2042.11 0 18
26 55.2 7 2840.79 2840.80 2840.80 0 26

a The amino acid sequence length was calculated using averagine (111.1254) [44].
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Figure 1. (A) Crude venom of the myrmicine ant, Manica rubida, was analyzed by LC-MS on a C18

reversed-phase column with gradient elution (dashed line) using water and acetonitrile supplemented
with 0.1% formic acid as mobile phases. The asterisk indicates the peptide that was isolated for further
characterization. (B) The mass spectrum of the corresponding decapeptide U-MYRTX-MANr1 acquired
on a high-resolution micrOTOF-QII instrument (Bruker Daltonics, Billerica, MA, USA).

2.2. Peptide Sequencing

A fraction from the crude venom containing a peptide with a molecular weight of 1110.67 Da,
eluting at 32.1 min, was isolated and enriched. This fraction was selected for further analysis because it
contained no co-eluting peptides.

The amino acid sequence of the peptide was determined using a combination of Edman degradation
and de novo peptide sequencing. Stepwise Edman degradation revealed the decapeptide sequence
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IDPKVLESLV (monoisotopic mass = 1111.65 Da). The difference of ~1 Da between the theoretical and
experimental masses reflected C-terminal amidation. The structure of the novel peptide was confirmed
by mass determination in the sub-3 ppm region and de novo peptide sequencing. The MS/MS fingerprint
of the natural peptide and a synthetic analog achieved very high sequence coverage (Figure S2) and
produced an exact match in terms of retention time.

The peptide was named U-MYRTX-MANr1, according to the proposed nomenclature system for
ant venom peptides [2]. We added the tag “MAN” for Manica to avoid ambiguity, given the existence
of several genera with similar names (e.g., Myrmica, Malagidris and Mayriella). The tag “r” is sufficient
to denote the specific epithet, rubida within the genus Manica. The prefix “U” was added to indicate
that the biological activity and pharmacological target of the peptide remain unidentified [45].

2.3. Antimicrobial Activity

Synthetic analogs of the decapeptide U-MYRTX-MANr1 (M. rubida) and the decapeptide
U-MYRTX-MRArub1 from the myrmicine ant, M. rubra [39], were tested in antimicrobial assays
against a range of bacteria and fungi. Neither decapeptide showed any activity against any strains we
tested at concentrations up to 512 μg·mL−1.

2.4. Effects of Crude Venom and Peptidyl Toxins on Aphid Survival and Reproduction

Insecticidal activities of crude M. rubida venom and the peptide U-MYRTX-MANr1 were
determined by tracking A. pisum survival (Figure 2) and offspring production daily until 10 days
post-injection (Table S1). In a previous study, the M. rubra peptide U-MYRTX-MYRrub1 was active
against A. pisum [39]. Therefore, crude M. rubra venom and U-MYRTX-MYRrub1 were used as positive
controls to determine the relative activity of M. rubida and M. rubra venom components on aphid
fitness (Figure S3, Table S1).

Figure 2. Low pea aphid survival reveals the strong insecticidal activity of crude Manica rubida venom
(100% mortality) and peptide U-MYRTX-MANr1 at high (~93% mortality) and medium concentrations
(~30% mortality) after 10 days. Survival (60 aphids in three biological replicates of 20 individuals per
treatment) was monitored for 10 days following the injection of crude venom (A) or the peptide (B)
into pea aphids, Acyrthosiphon pisum. Survival data were analyzed using Kaplan–Meier statistics and
comparisons between the treatment and control were based on log-rank tests. Statistical data are shown
in Table 2 and Table S2.

In most treatments, aphid survival was reduced in a concentration-dependent manner by the
crude venom and peptidyl toxins from both species (Table 2). M. rubida venom was more potent
than M. rubra venom (Table 2, Tables S2 and S3; Figure 2 and Figure S3). The highest concentration
(1 mg·mL−1) of M. rubida venom caused 100% mortality within 24 h, whereas ~20% of aphids were still
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alive 10 days after exposure to the same concentration of M. rubra venom (Figure 2A and Figure S3A).
Furthermore, M. rubida and M. rubra venoms at a concentration of 0.1 mg·mL−1 reduced aphid survival
to ~72% and ~30%, respectively (Table 2). All concentrations of the bovine serum albumin (BSA)
control (1, 4 and 16 mg·mL−1) and low concentrations of crude venom (0.01 mg·mL−1) or peptide
(1 mg·mL−1) from either species had no significant effect on aphid survival (Table 2 and Table S4;
Figure 2, Figures S3 and S4).

To determine the effect of venom/peptide injection on aphid reproduction, the number of offspring
was scored for aphids that survived the treatments. Due to the strong effect of high concentrations of the
crude venom/peptide on aphid survival, we only counted the number of offspring for aphids exposed
to medium and low concentrations (Table S1). Medium concentrations of crude venom (0.1 mg·mL−1)
and peptidyl toxin (4 mg·mL−1) from M. rubida both reduced the number of offspring by ~26%, whereas
other treatments, including all treatments with the M. rubra venom/peptide, did not reduce aphid
reproduction (Table S1).

Table 2. Crude ant venoms and associated peptidyl toxins strongly reduced the survival of injected
aphids (Acyrthosiphon pisum) (60 aphids in three biological replicates of 20 individuals per treatment).

Treatment Concentration (mg·mL−1) % Survival Significance a

Bovine serum albumin (BSA) b
16 78.3 ns

4 84.7 ns

1 91.7 p < 0.05

Crude venom

Manica rubida
1 0.0 p < 0.0001

0.1 33.3 p < 0.0001

0.01 66.7 ns

Myrmica rubra
1 20.0 p < 0.0001

0.1 71.7 ns

0.01 66.7 ns

Peptides

U-MYRTX-MANr1
(Manica rubida)

16 6.7 p < 0.0001

4 30.0 p < 0.0001

1 75.0 ns

U-MYRTX-MYRrub1
(Myrmica rubra)

16 41.7 p < 0.0001

4 60.0 p < 0.01

1 80.0 ns
a Compared to water (survival ~78%, 10 days post-injection); b BSA was used as peptide/protein control;
ns = not significant.

2.5. Effects of Crude Venom and Peptide Toxins on Aphid Behavior and Injection Wound Healing

The strong toxicity of M. rubida crude venom and toxin U-MYRTX-MANr1 on aphid survival
and reproduction persuaded us to investigate the effects of crude venom or toxin on the behavior
of A. pisum immediately and 1 h after injection (Table 3). Interestingly, aphids placed on their backs
immediately after injection with crude M. rubida venom displayed an inability or delayed ability
(>3 min) to right themselves. Similar, but much less severe effects, were observed following the injection
of U-MYRTX-MANr1 (Table 3). Aphids in the control group (water injection) showed normal movement
and rapidly righted themselves when placed on their backs. Observations recorded for crude venom,
peptide, and water immediately after injection remained unchanged after 1 h, but a massive loss
of body fluids from the injection site occurred in aphids treated with M. rubida crude venom and
U-MYRTX-MANr1 (Figure 3, B1–C3). This suggests that both the venom and the peptide impair wound
healing and hemolymph coagulation.
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Table 3. Aphid behavior and fitness after the injection of water, U-MYRTX-MANr1 (16 mg·mL−1) or
Manica rubida crude venom (1 mg·mL−1) (30 individuals injected per treatment). Observations were
recorded immediately after injection and 1 h later.

Treatment Immediately Post-Injection 1 h Post-Injection

Control
(water)

Immediate righting;
responsiveness < 10 s;

fast and active movement
No visible impact on vitality or fitness

U-MYRTX-MANr1
16 mg·mL−1

Delayed righting
Response; ~1 min;

Disoriented and slow movement (mild paralysis)

Moderate reduction of vitality and fitness;
continuous mild paralysis

Crude venom
1 mg·mL−1

Delayed or no righting (>3 min);
very limited movement (strong paralysis)

Extreme reduction of vitality and fitness
(~40% with no physiological reactions);

continuous strong paralysis;
necrosis and extensive loss of hemolymph

 

Figure 3. Injection wound healing in Acyrthosiphon pisum 1 h post-injection with water (A1–A3),
U-MYRTX-MANr1 (16 mg·mL−1) (B1–B3), or crude Manica rubida venom (1 mg·mL−1) (C1–C3)
(30 individuals injected per treatment). Hemolymph coagulation was impaired in aphids injected with
U-MYRTX-MANr1, but the effects were more severe with crude venom, resulting in a massive loss of
hemolymph. The injection site and melanization of exposed hemolymph are indicated with red arrows.

To understand the effectiveness of M. rubida venom components in more detail, injections using
crude venom and toxin U-MYRTX-MYRrub1 from M. rubra were repeated. In contrast to injections
of M. rubida venom, paralysis and fluid loss were significantly less severe for both crude venom and
the M. rubra toxin (Table S5). Nevertheless, we observed differences between control aphids and
those injected with crude M. rubra venom or peptidyl toxin (Figure S5, Table S5). Aphids injected
with crude M. rubra venom experienced mild paralysis and required 10–30 s to right themselves.
Paralytic effects were still evident 1 h post-injection, and were associated with mildly impaired wound
healing/coagulation (Figure S5, C1–C3). In agreement with the M. rubida experiments, the effects on
movement and wound healing/coagulation were weaker for toxin U-MYRTX-MYRrub1 than for crude
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venom. Aphids injected with the peptide were able to right themselves immediately and showed
only mild paralysis (Table S5). Furthermore, the mild paralysis was maintained 1 h post-injection and
wound healing/coagulation was only slightly impaired (Figure S5, B1–B3).

To further investigate the effectiveness of M. rubida venom components against aphids, histological
investigations were also conducted. Histological sections of aphids injected with crude M. rubida
venom showed the significant retardation of embryonic development, degradation of fat bodies,
and dissociation of bacteriocytes (Figure S6). In addition, impaired wound healing following crude
M. rubida venom injections was confirmed, as observed in other injection assays (Figure 3, C1–C3;
Figure S6). Histological sections of aphids injected with water and peptide U-MYRTX-MANr1 did
not show obvious effects (Figures S6–S8). Aphids injected with M. rubra venom components were not
subjected to histological investigation.

2.6. Effects of Peptide U-MYRTX-MANr1 on Aphid Susceptibility to Chemical Insecticides

The oral activity of toxin U-MYRTX-MANr1 was determined by tracking aphid survival during
3 days of feeding (Figure S9). Aphid survival was not significantly affected following oral delivery of
the peptide at a concentration of 500 μg·mL−1, as used in previous studies [34,39]. Aphids that survived
3 days on the control or peptide-supplemented diet were exposed to insecticide-treated bean plant leaf
discs to determine the effect of U-MYRTX-MANr1 on aphid tolerance to three frequently used chemical
insecticides: imidacloprid, spirotetramat, and methomyl. Each insecticide was tested at a sub-lethal
concentration, determined in a previous study [46] (Table S6). Aphids previously exposed to peptide
U-MYRTX-MANr1 were not significantly more sensitive to any of the chemical insecticides, compared
to control aphids (Table S6). The peptide U-MYRTX-MYRrub1 from M. rubra was not included in this
experiment because its effect on the susceptibility of A. pisum to chemical insecticides was previously
reported [39].

3. Discussion

Manica rubida is not very aggressive, but workers respond promptly to disturbances and defend
their colonies with powerful stings, which can be painful to humans. Although very little is known
about the natural feeding preferences of M. rubida, N-isotope data have shown that this species is
zoophagous [47]. This indicates that these ants are predominately scavengers and predators, using
their potent venom to subdue prey. Our LC-MS analysis of M. rubida venom revealed significant
heterogeneity of the venom peptidome, with numerous peptides varying in molecular weight, structure,
and physochemical properties. We also determined the first sequence of a peptidyl toxin isolated from
M. rubida venom and characterized its biological activity.

Ant venoms are widely assumed to be simple mixtures, consisting mainly of formic acid, but
this is only true for species of the subfamily Formicinae [4]. In contrast, species such as M. gulosa [4]
and Odontomanchus monticola [48] produce venoms comprising complex mixtures of peptides with
diverse biological activities, which is also true of other subfamilies (e.g., Myrmeciinae, Ponerinae and
Myrmicinae) [7,49–51].

Touchard et al. [43] investigated venom characteristics of M. rubida and 81 other stinging ant species
using MALDI-TOF-MS. Our LC-MS analysis of M. rubida crude venom is broadly consistent with these
earlier results, revealing that its venom is a heterogeneous mixture of 96 distinct peptides. Interestingly,
peptide lengths and molecular weights fall within a remarkably narrow window (Figure S1), ranging
from 368 to 3026 Da, with the vast majority (82 peptides, 85.4%) between 1000 and 3000 Da and
9–27 amino acids (Figure S1). The average peptide in crude M. rubida venom has a molecular weight
of 1855 (mean) or 1965 Da (median) and comprises 17 or 18 amino acids (Figure S1). Reduction and
alkylation revealed that most peptides are linear and cysteine-free (Table 1). Surprisingly, the three
most abundant peptides, all of which have a single intramolecular disulfide bond, co-eluted, suggesting
that they have similar amino acid compositions. These findings support our earlier observations [39]
and those of others [43] concerning the venom of the ruby ant, M. rubra, which consists predominantly
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of linear peptides with molecular weights of 1000–3500 Da. Indeed, small linear peptides in the
500–4000 Da range predominate in the venoms of many ants [43]. Furthermore, peptides from cone
snails (Conus spp.) are also small (12–30 amino acids), but in contrast to those found in ant venoms,
peptides from cone snails tend to be extremely rich in disulfide bonds [52]. Peptidyl toxins from snakes
or scorpions are typically longer than those of ants, varying between 40 and 100 amino acids [53].
Even so, ant peptides could nevertheless possess interesting and useful biological activities.

Although the landscape of M. rubida venom peptides has been investigated, no studies have
attempted to characterize individual peptide toxins. We used a combination of Edman degradation,
accurate mass measurement, and de novo peptide sequencing to reveal the decapeptide sequence
NH2-IDPKVLESLV-CONH2, and named this peptide, U-MYRTX-MANr1, according to current
nomenclature rules for ant venom peptidyl toxins [2]. This peptide features mostly (60%) hydrophobic
amino acids, but also contains both acidic (aspartic acid, glutamic acid) and basic (lysine) residues,
resulting in amphipathic properties. Characteristics most often associated with anti-microbial peptides
(AMPs) are amphipathicity, hydrophobicity and the presence of (multiple) positive charges [54],
enabling them to pass through the bacterial outer membrane, initiated by attachment to anionic
lipopolysaccharides [55]. U-MYRTX-MANr1 has a net neutral charge, which may explain its lack
of antimicrobial activity in vitro. This result was supported by in silico predictions of negligible
antimicrobial activity when the sequence was screened against the Database for Antimicrobial Activity
and Structure of Peptides [56]. The absence of antimicrobial activity was also reported for the structurally
similar peptide toxins U-MYRTX-MYRrub1 from the ruby ant M. rubra (sequence identity 80%, sequence
similarity 100%) [39] and temporin-H, a so-called AMP isolated from the defensive skin secretions of
the frog Rana temporaria (sequence identity 40%, sequence similarity 80%) [57].

A full understanding of the antimicrobial potential of U-MYRTX-MANr1 will require further
studies to define its activity on bacterial membranes, as well as tests against a wider panel of microbes.
A multiple alignment of U-MYRTX-MANr1 with other AMPs and peptide toxins, especially ant venom
peptides, is shown in Figure S10. U-MYRTX-MANr1 and U-MYRTX-MYRrub1 are from different species
of the Myrmicinae, but share a highly conserved domain, with 1Ile 2Asp 3Pro 4Lys 6Leu 7Glu 8Ser 9Leu
as a common motif. They differ only at positions 5 (Val→Leu) and 10 (Val→Ala), and both substitutions
are conservative (hydrophobic). Interestingly, this motif seems to be unique among peptide domains
discovered thus far in ant venoms, with little structural conservation compared to other ant venom
peptides such as pilosulins [51] and ponericins [12]. However, the recently discovered myrmicitoxin
U12-MYRTX-Tb1a from the myrmicine ant, Tetramorium bicarinatum, is an exception, in that it also
shares the 3Pro 6Leu 8Ser 9Leu motif with U-MYRTX-MANr1 and U-MYRTX-MYRrub1. Such sequence
alignments must be approached with some caution because only a limited number of peptide sequences
from ant venom are known thus far. Further research is needed to characterize additional ant venom
peptides to understand their structure–function relationships and modes of action.

Peptide toxins isolated from scorpion and spider venoms have exhibited diverse biological
activities against aphids [34–38]. We tested M. rubida crude venom and the peptide U-MYRTX-MANr1
against A. pisum, expanding the portfolio of peptides that may be suitable for pest management
applications. Both the crude venom and the peptide U-MYRTX-MANr1 significantly reduced aphid
survival and reproduction (Table 2 and Table S1; Figure 2). Interestingly, the closely related peptide
U-MYRTX-MYRrub1 from M. rubra [39] had lower potency against aphids than U-MYRTX-MANr1
(Table 2 and Table S1, Figure S3). These peptides differ at only two residues (Figure S10), but such
small differences have a profound effect on bioactivity [58]. For example, the AMPs UyCT1 and D5
derived from the scorpion Urodacus yaschenkoi differ at only two residues, but likewise show vastly
different activities against A. pisum [34].

Our previous study showed that U-MYRTX-MYRrub1 is orally active against A. pisum
and that sublethal concentrations of this peptide increased the susceptibility of aphids to
chemical insecticides [39]. Interestingly, although injected U-MYRTX-MANr1 was more potent than
U-MYRTX-MYRrub1, it did not show any direct oral effect and it did not influence the insecticide
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susceptibility of A. pisum (Figure S6, Table S6). Orally delivered scorpion AMPs isolated from
U. yaschenkoi and U. manicatus show remarkable activity against aphids, but this is probably associated
with their net positive charge and non-selectivity for cell membranes [58,59]. The natural properties of
U-MYRTX-MANr1 suggest that its insecticidal activity (Figure 2) does not involve membrane disruption,
but has a different molecular target. Although considered rare in ant venoms, neurotoxic peptides are
often found in animal venoms and their role is to achieve rapid prey immobilization [2]. These peptides
typically block ion channels, with varying degrees of specificity and efficacy [2]. For example,
the P. clavata peptide, poneratoxin, modulates voltage-gated sodium channels in both vertebrates
and invertebrates, whereas the dimeric ectatomin Et-1 peptide from the neotropical ant, Ectatomma
tuberculatum, blocks voltage-gated calcium channels and acts as a pore-forming peptide in eukaryotic
cells [2,50]. Our behavioral assay revealed that crude M. rubida venom or the U-MYRTX-MANr1
peptide triggered severe paralysis after injection (Table 3 and Figure 3), with a much stronger effect
than M. rubra venom components (Table S5 and Figure S5). This suggests that U-MYRTX-MANr1 may
be a neurotoxin, although further studies are needed to confirm its activity against ion channels.

In addition to paralysis, we observed significant body fluid loss in aphids injected with
either crude M. rubida venom or the isolated peptide (Figure 3 and Figure S6). This indicates that
hemolymph coagulation may be impaired, which is an important component of wound healing [60,61].
Venom components of the endoparasitoid wasp, Pimpla turionellae (Hymenoptera: Ichneumonidae),
suppress hemocyte-mediated immune responses at the cellular level [62]. Therefore, further studies
should examine the correlation between ant venom components and the inactivation of hemocytes
and/or clotting factors that may be essential for wound healing in aphids. Furthermore, it would be
interesting to investigate the observed cessation of aphid embryonic development and tissue alterations
after exposure to M. rubida venom (Figure S6).

Although potent peptide toxins can be integrated directly into pest management strategies by
spraying the toxins onto plants (e.g., Spear-T developed by Vestaron), the more typical approach is
the development of insect-resistant transgenic crops or engineered entomopathogens (e.g., fungi or
baculoviruses) [24,25]. The development of bio-insecticides based on venom peptides frequently fails
due to their lack of stability or low oral activity, as shown for U-MYRTX-MANr1 [63]. Therefore, natural
peptides are usually replaced with synthetic versions that are more stable, as with the U. yaschenkoi
AMPs discussed above [58,64,65]. Chemical modifications such as the replacement of individual
disulfide bonds with diselenide bonds can improve the oral activity of venom peptides, making them
more suitable for the development of bio-insecticides [63].

In summary, the proteomic analysis of M. rubida venom and functional characterization of the
novel peptide U-MYRTX-MANr1 make a significant contribution to the underrepresented field of ant
venom research. Our insect bioassays suggest that the M. rubida peptide toxin may act simultaneously
against several molecular targets (e.g., ion channels or hemolymph coagulation proteins) as previously
shown for the ant venom toxin, ectatomin Et-1 [2]. The remarkable insecticidal activity of crude M.
rubida venom indicates that additional peptide toxins could also be suitable as leads for the development
of novel bio-insecticides.

4. Materials and Methods

4.1. Ant Collection and Taxonomy

Ants identified as M. rubida workers based on their morphology, according to Seifert’s identification
key [66], were collected from a sunny open habitat with a rocky-loamy soil in a forest >500 meters above
sea level, located near Tambach-Dietharz, Thuringia, Germany. In the laboratory, foraging workers
were kept in a plastic box (180 × 135 × 60 mm) containing soil and plant litter from the environment
as an artificial nest, fitted with a test tube water reservoir (160 × 16 mm). Ants were provided with
20% sucrose solution and mealworms (Tenebrio molitor) twice a week and maintained under constant
conditions (~23 ◦C, 40% relative humidity, and a 16 h photoperiod).
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4.2. Crude Venom Extraction

M. rubida workers were anesthetized with CO2 and the sting apparatus was removed from the
abdominal segment. Venom glands and reservoirs of five foraging workers were gently transferred
to a 1.5 mL microcentrifuge tube and pooled in 100 μL of chilled methanol. The crude extract was
immediately centrifuged for 30 min at 18,000× g. The supernatant was transferred to a new tube
for crude venom analysis and fractionation. We used different solvents for crude venom extraction,
for reduction and alkylation, and for injection.

4.3. Reduction and Alkylation

Crude venom was extracted in 100 μL of 50 mM ammonium bicarbonate containing 5% acetonitrile
and was supplemented with 5 mM dithiothreitol before incubation for 30 min at 56 ◦C. After cooling
the mixture to room temperature, cysteine residues were alkylated with 15 mM iodoacetamide for
30 min in the dark.

4.4. LC-MS Analysis of Venom and Peptides

Conditions and settings for reversed-phase LC and MS data acquisition were modified slightly
from our previous study [39]. Peptides were separated with 0.1% formic acid in water (eluent A) and
0.1% formic acid in acetonitrile (eluent B). The starting concentration (5% B) was maintained for 5 min,
increased to 60% B in 60 min, then steeply increased to 95% B in 5 min, held for 9 min, then reduced to
the starting concentration (5% B) in 1 min, followed by a re-equilibration step (10 min). The following
MS instrument settings were used: capillary voltage 3200 V, Hexapole RF 200 Vpp, ion energy 5.0 eV,
and collision RF 460 Vpp.

4.5. Edman Degradation

Automated N-terminal sequencing was performed by stepwise Edman degradation
(Proteome Factory AG, Berlin, Germany) using a Procise Model 492 cLc protein sequencer
(Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.

4.6. Peptide Synthesis

The U-MYRTX-MANr1 peptide was synthesized by Romer Labs (Butzbach, Germany) according
to the manufacturer’s protocol (purity > 98%).

4.7. Determination of Total Protein Concentration for Injection Assays

Peptides from six M. rubida venom glands or 12 M. rubra venom glands were extracted in
50 μL water as described above. Total protein concentration was determined using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The absorbance of a 1.5 μL
droplet of crude venom was determined at 205 nm and the total protein concentration was calculated
using an extinction coefficient (ε205) of 31 mL·mg−1·cm−1 [67] and Scopes’ method [68]. We used
1 mg·mL−1 solutions of BSA and the synthetic M. rubra decapeptide NH2-IDPKLLESLA-CONH2 [39]
as controls. Crude extracts were further diluted to 1.0, 0.1 and 0.01 mg·mL−1 for aphid injection assays.

4.8. Antimicrobial Assay

The minimal inhibition concentration (MIC) was determined by broth dilution assay in a 384-well
plate with a final working volume of 20 μL as previously described [69]. Antibacterial and antifungal
activity were screened against the following test strains: Bacillus megaterium ATCC 14945, Bacillus
subtilis DSM 10, Escherichia coli D31, Listeria fleischmannii DSM 24998, Listeria monocytogenes ATCC
15313, Micrococcus luteus DSM 20030, Staphylococcus aureus ATCC 25923, Moraxella catarrhalis DSM
9143, Pseudomonas aeruginosa ATCC 27853, Staphylococcus epidermidis ATCC 35984, and Candida albicans
ATCC 90028. We also used the synthetic analog of the M. rubra decapeptide U-MYRTX-MRArub1 [39].
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Microbial strains were cultivated in Mueller–Hinton II or brain heart infusion broth, as appropriate.
Peptides were serially diluted (two-fold), resulting in a concentration range from 512 to 0.016 μg·mL−1.
Endpoint MIC values were read after 16 h of incubation at 37 ◦C (C. albicans 28 ◦C) with continuous
shaking on a LUMIstar Omega plate reader (BMG Labtech, Ortenberg, Germany). We measured
absorbance at 600 nm (B. megaterium, B. subtilis, E. coli, P. aeruginosa and S. epidermidis) or luminescence
(L. fleischmanii, L. monocytogenes, M. luteus, M. catarrhalis, S. aureus and C. albicans) using BacTiter-Glo
(Promega, Mannheim, Germany). All experiments were conducted in technical and biological triplicates,
including sterility and growth controls (gentamycin and rifampicin).

4.9. Maintenance of Aphids, Injection and Incapacitation Assays

The parthenogenetic A. pisum clone LL01 was reared under constant conditions on broad
beans, Vicia faba var. minor, as previously described [34,70]. Age-synchronized aphids (5 days old)
were used in all experiments [71]. Aphids were injected laterally, between the middle and hind
legs, with 25 nL of crude venom extract or peptides, using glass capillaries held on a M3301
micromanipulator (World Precision Instruments, Hitchin, UK). Crude M. rubida and M. rubra venoms
were tested at concentrations of 0.01, 0.1 and 1 mg·mL−1, whereas peptide toxins U-MYRTX-MANr1
and U-MYRTX-MYRrub1 were tested at concentrations of 1, 4 and 16 mg·mL−1. The M. rubra
peptide U-MYRTX-MYRrub1 was used as a control because its insecticidal activity had already been
confirmed [39]. Water and BSA (1, 4 and 16 mg·mL−1) were used as negative controls. We injected
60 aphids in three biological replicates of 20 individuals per treatment. Injected aphids were reared
individually for 10 days in Petri dishes with V. faba leaves on 1% agarose gel [71,72]. Aphid survival
and offspring production were monitored daily [46]. Newly emerged nymphs were counted daily and
removed. Fresh Petri dishes with V. faba leaves were provided every 5 days to ensure the aphids were
maintained in an optimal environment.

Aphid behavior was observed after injections with crude venom (1 mg·mL−1) or the pure peptides
(16 mg·mL−1) compared to a water control, with 30 individuals injected per treatment group. Injected
aphids were placed on their backs and the time they took to correct their position was recorded [4].
Aphid fitness and behavior were assessed immediately after and 1 h after injection and images were
acquired using a Leica M125 C stereomicroscope.

4.10. Feeding Assays and Insecticide Bioassays

The oral activity of toxin U-MYRTX-MANr1 and its effect on aphid susceptibility to chemical
insecticides were tested as previously described [39] with minor modifications. Briefly, we fed A. pisum
nymphs (5 days old) for 3 days in modified chambers [73] on an artificial diet [74] mixed with
U-MYRTX-MANr1 (500 μg·mL−1) or a negative control diet in which the peptide solution was replaced
with water. Survival was scored daily over the 3 days of feeding. We tested ~1300 aphids per treatment
in three biological replicates.

Aphids that survived the 3 day feeding treatment with U-MYRTX-MANr1 or the control were
transferred to insecticide bioassays. We tested three chemical insecticides: imidacloprid (neonicotinoid),
methomyl (carbamate) and spirotetramat (tetramic acid derivative) [18,32]. All were acquired from
Chem Service Inc. (West Chester, PA, USA). For each insecticide, a stock solution of 1000 μg·mL−1 was
prepared in acetone and working solutions (imidacloprid = 0.0975 μg·mL−1; methomyl = 6.25 μg·mL−1;
spirotetramat = 1.56 μg·mL−1) were prepared in water. Sub-lethal concentrations of each compound
were used, based on previous studies [46].

Insecticide bioassays were carried out as previously described [39,46]. Briefly, V. faba stems with
roots (2–3 weeks old) were dipped into Falcon tubes (50 mL) containing each insecticide working
solution for 24 h. Petri dishes were then prepared with bean leaf discs prepared from the treated stems,
as recommended by the Insecticide Resistance Action Committee (IRAC) [75]. Ten aphids, previously
treated with the peptide or control diet, were transferred to each leaf disc in 6–8 replicates for each
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insecticide. Each experiment was conducted with three biological replicates, along with corresponding
solvent and water controls. Aphid mortality was scored after exposure for 3 days.

4.11. Histological Preparations

For light microscopy, 30 aphids (5 days old) 12 h after each treatment were pre-fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h. Treatment groups were assigned as follows:
(I) water injection, (II) peptide toxin U-MYRTX-MANr1 (16 mg·mL−1), and (III) crude M. rubida venom
(1 mg·mL−1). After washing in phosphate buffer, aphids were post-fixed in 1% OsO4 in the same
buffer for 1 h. After dehydration in a graded ethanol series, aphids were embedded in Araldite epoxy
resin (Plano, Germany). Semi-thin sections were prepared from five randomly chosen specimens
representing each treatment using a Reichert Om/U3 ultramicrotome. Sections were stained with 1%
toluidine blue in 1% sodium borate and examined using a Leica DM 4 B microscope.

4.12. Data Analysis

Molecular features were extracted from acquired mass spectra using Compass DataAnalysis
v4.2 (Bruker Daltonics, Billerica, MA, USA) as previously described [39]. MS data were analyzed
and visualized using SigmaPlot v12.5 (Systat Software, San Jose, CA, USA). We analyzed aphid
fitness data using IBM SPSS Statistics v17 (Armonk, New York, NY, USA). Statistical significance was
defined as p < 0.05. Survival data were analyzed by Kaplan–Meier survival analysis and comparisons
between groups were based on log-rank tests. The total number of offspring was analyzed using
the Mann–Whitney U test for non-parametric data and Student’s t-test for normally distributed data.
For insecticide bioassays, total mortality for each insecticide treatment was corrected according to
Abbott’s formula, based on mortality scored in control groups [76]. The mortality in solvent control
groups was 4–12%. We used the Mann–Whitney U test to compare mortality between the two feeding
treatments (peptide toxin and diet control). For sequence alignment, we used Clustal Omega v1.2.4
from the European Bioinformatics Institute (Hinxton, UK) [77] and the online tool Sequence Identity
And Similarity (SIAS) [78].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/10/562/s1,
Figure S1: Distribution of peptides in the venom of Manica rubida (n = 96 peptides) according to amino acid
sequence length and molecular weight. Figure S2: Fragmentation pattern of the peptide U-MYRTX-MANr1.
Table S1: Effect of crude venom and peptide toxins on the total number of offspring in Acyrthosiphon pisum.
Table S2: Statistical data for the Kaplan–Meier survival analysis shown in Figure 2. Figure S3: Insecticidal activity
of Myrmica rubra crude venom and peptide U-MYRTX-MRArub1 in Acyrthosiphon pisum. Table S3: Statistical data
for Kaplan–Meier survival analysis shown in Figure S3. Figure S4: Insecticidal activity of bovine serum albumin
(BSA) control in Acyrthosiphon pisum. Table S4: Statistical data for Kaplan–Meier survival analysis shown in Figure
S4. Table S5: Aphid behavior and fitness after the injection of water, U-MYRTX-MYRrub1, or Myrmica rubra crude
venom. Figure S5: Injection wound healing in Acyrthosiphon pisum 1 h post-injection of water, U-MYRTX-MYRrub1,
or crude Myrmica rubra venom. Figure S6: Semi-thin cross-section through the abdomen of Acyrthosiphon pisum
injected with crude Manica rubida venom. Figure S7: Semi-thin cross-section through abdomen of Acyrthosiphon
pisum injected with Manica rubida peptide U-MYRTX-MANr1. Figure S8: Semi-thin cross-section through the
abdomen of Acyrthosiphon pisum injected with water. Figure S9: Insecticidal activity of orally delivered Manica
rubida peptide U-MYRTX-MANr1. Table S6: Summary of statistical data for the insecticidal activity of orally
delivered Manica rubida peptide U-MYRTX-MANr1 and its effect on the susceptibility of aphids to chemical
insecticides. Figure S10: Alignment of U-MYRTX-MANr1 with peptide sequences found in the venom of other
arthropods or defensive skin secretions of frogs.
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Abstract: This work reports the purification and biochemical and functional characterization of
ACP-TX-I and ACP-TX-II, two phospholipases A2 (PLA2) from Agkistrodon contortrix pictigaster venom.
Both PLA2s were highly purified by a single chromatographic step on a C18 reverse phase HPLC
column. Various peptide sequences from these two toxins showed similarity to those of other PLA2

toxins from viperid snake venoms. ACP-TX-I belongs to the catalytically inactive K49 PLA2 class,
while ACP-TX-II is a D49 PLA2, and is enzymatically active. ACP-TX-I PLA2 is monomeric, which
results in markedly diminished myotoxic and inflammatory activities when compared with dimeric
K49 PLA2s, confirming the hypothesis that dimeric structure contributes heavily to the profound
myotoxicity of the most active viperid K49 PLA2s. ACP-TX-II exhibits the main pharmacological
actions reported for this protein family, including in vivo local myotoxicity, edema-forming activity,
and in vitro cytotoxicity. ACP-TX-I PLA2 is cytotoxic to A549 lung carcinoma cells, indicating that
cytotoxicity to these tumor cells does not require enzymatic activity.

Keywords: snake venom; Agkistrodon contortrix pictigaster; D49 PLA2; homologous K49 PLA2;
myotoxin; edema-forming activity and cytotoxicity

Key Contribution: This study reports the first isolation and functional characterization of two basic
PLA2 from A. c. pictigaster venom.

1. Introduction

Phospholipases A2 (PLA2), which hydrolyze 2-acyl ester bonds of 3-sn-phospholipids, releasing
lysophospholipids and fatty acids, are widespread in snake venoms, facilitating the immobilization and
digestion of prey [1,2]. Venom PLA2s belong to the secretory PLA2 (sPLA2) family (groups IA, elapids
and IIA, viperids) [3,4]. PLA2s are small proteins (13–15 kDa) with 115–122 residues, and seven conserved
disulfide bonds [5,6]. They are subdivided into two main subgroups: (1) D49 PLA2s, which have an
aspartate residue at position 49, and typically have high catalytic activity [7,8], and (2) K49 PLA2s, with
a lysine residue at position 49. These have little or no catalytic activity, but still induce various biological
effects [9,10]. Both types of proteins show significant similarity in their three-dimensional structures,
although they exhibit different pharmacological actions, such as myotoxicity, neurotoxicity, anticoagulant
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activity, platelet aggregation inhibition/activation, hemolysis, edematogenicity, hypotension, bactericidal
action, proinflammatory cytotoxicity, and antitumor activity [2,11].

A great number of sequences and crystal structures of viperid PLA2s have been determined [11–13].
Despite their overarching similarities, sequence differences result in diverse biological functions [14].
Accordingly, characterization of individual toxins is important to better understand the pathophysiology
of envenomation and to potentially improve therapeutic procedures [15].

Agkistrodon is a genus of pit vipers ranging from the southern United States to northern Costa
Rica [16]. Currently, this genus comprises four species: A. contortrix (copperheads), A. piscivorus
(cottonmouth), A. bilineatus (cantils), and A. taylori (Taylor’s cantils) [17,18]. Copperheads comprise
several subspecies: A. c. contortrix (southern copperhead), A. c. laticinctus (broad-banded copperhead),
A. c. mokasen (northern copperhead), A. c. phaeogaster (Osage copperhead), and A. c. pictigaster
(Trans-Pecos copperhead). Subspecific taxonomy is based largely on gross morphology, color pattern,
and scale counts [18]. Cottonmouths and copperheads are among the most common venomous
snakes in the southeastern United States. Cottonmouths frequent streams, rivers, ponds, marshes,
and swamps, whereas copperheads are found in deciduous hardwood forests with moist leaf litter,
large logs, scattered rocks, and high levels of vegetative cover. These snakes account for ~30% of the
non-lethal human envenomations in this region [19,20].

The Trans-pecos copperhead (A. c. pictagaster) is found in western Texas, northern Chihuahua, and
Coahuila (Mexico) [16]. Juveniles usually prey on invertebrates (spiders, millipedes, and insects), frogs,
and small lizards, whereas adults primarily prey on vertebrates, including amphibians (salamanders
and anurans), reptiles (lizards and snakes), birds, and small mammals (rodents) [16].

Studies on the biochemical composition and toxic activities of copperhead venoms, including
D49 PLA2 and homologous K49 PLA2, have been almost exclusively restricted to A. c. contortrix
and A. c. latincictus, [5,21–23]. In contrast, little information is available on A. c. pictigaster. Partial
characterizations of two disintegrins from this venom have been described by Lucena et al. [24]. A
comparison of venom proteome variation in the genus Agkistrodon found that A. c. pictigaster venom
contains ten protein families, dominated by PLA2s (38.2%) and metalloproteinases (30.2%). The venom
showed proteolytic, hemorrhagic, and myotoxic activities [25].

This work is the first report of two basic PLA2s isolated from A. c. pictigaster venom, with their
identification and structural characterization found by biochemical and enzymatic experiments.
Furthermore, we describe their biological activities and cytotoxic properties upon an A549 tumor cell
line. The results of this study illuminate structure-function relationships of ACP-TX-I and ACP-TX-II
PLA2, and improve our understanding of the chemistry of this venom.

2. Results

2.1. Purification and Biochemical Characterization of ACP-TX-I and ACP-TX-II

Chromatographic separation of A. c. pictigaster venom by reversed phase high-performance liquid
chromatography (RP-HPLC) on a C18 column resulted in 29 fractions, with two prominent peaks (16
and 18) eluting in more than 30% acetonitrile (Figure 1). These peaks, representing about 30% of
total venom protein, were collected and screened for PLA2 activity. Fractions 16 and 18 were named
ACP-TX-I and ACP-TX-II, respectively. Both ACP-TX-I and ACP-TX-II exhibited high purity when
re-chromatographed using the same chromatography system, each showing only one peak (Figure S1).
These peaks were also analyzed by SDS-PAGE, which manifested a single electrophoretic band with an
Mr of approximately 14 kDa under reducing and non-reducing conditions (Figure 1 insert).

ESI-MS analysis demonstrated that the proteins were homogeneous, with molecular masses of
12,209.7 and 14,041.1 Da for ACP-TX-I and ACP-TX-II, respectively (Figure 2A,B).
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Figure 1. When A. c. pictigaster venom was fractionated on a C18 μ-Bondapak column, two phospholipases
A2 dominated the elution profile. Fraction 18 (ACP-TX-II) possessed PLA2 activity, while fraction 16
(ACP-TX-I) showed cytotoxic activity, despite a lack of enzymatic activity. Insert: Electrophoretic profile in
Tricine SDS-PAGE. (1) Molecular mass markers; (2) ACP-TX-I not reduced; (3) ACP-TX-I reduced with
DTT (1M); (4) ACP-TX-II not reduced; and (5) ACP-TX-II reduced with DTT (1M).

2.2. Determination of the Amino Acid Sequences of ACP-TX-I and ACP-TX-II

In order to identify the purified proteins, they were digested with trypsin, and tryptic peptides were
detected and characterized by mass spectrometry. Amino acid sequences of several tryptic peptides were
obtained (Table 1). ACP-TX-I and ACP-TX-II shared 7 and 6 peptides with other viperid PLA2s, respectively.

Assembly of partial protein sequences by similarity, using BLAST and multiple alignment,
demonstrated that ACP-TX-I is a K49 PLA2 (Figure 3A), and is quite similar to well-characterized
members of this family such as ACL PLA2 from A. c. laticinctus, MjTX-II from Bothrops moojeni, BnSP-7
from B. neuwiedi pauloensis, etc. Sequenced peptides accounted for 64 amino acids, assuming that the
number of residues is identical to that of homologous viperid toxins. This represented an estimated
53% of the protein (Figure 3A). ACP-TX-II shares conserved domain sequences common to catalytically
active D49 PLA2s. Peptide 1, having the sequence DATDRCCFVHDCCYGQ/K, contains an Asp
(aspartic acid) residue that corresponds to position 49 in the complete amino acid sequence (Figure 3B).

Table 1. Tryptic peptides of ACP-TX-I and ACP-TX-II PLA2. Peptides were separated and sequenced
by mass spectrometry. Molecular masses are monoisotopic.

Peptides Mass (Da) Expected Amino Acid Sequence Mass (Da) Calculated

ACP-TX-I

1 9.864.857 GQ/KPK/QDATDR 9.864.781
2 14.075.661 DATDRCCFVHQ/K 14.076.024
3 7.753.587 VTGCDPK 7.753.535
4 14.737.322 AI/LI/LCEEK/QNPCL/IQ/K 14.737.319
5 17.537.551 MCECDK/QAVAI/LCL/IRE 17.537.619
6 11.235.574 ENL/IDTYNQ/KQ/K 11.235.509
7 9.844.505 TYWK/QYPQ/K 9.845.069

ACP-TX-II

1 20.627.936 DATDRCCFVHDCCYGQ/K 20.627.754
2 15.045.434 CCFVHDCCYGQ/K 15.045.356
3 22.618.772 CCFVHDCCYGK/QI/LTACSPQ/K 22.619.149
4 17.687.631 Q/KI/LCECDRAAAI/LCFR 17.687.807
5 10.494.556 DNI/L/I/LTYDSQ/K 10.494.666
6 9.845.087 TYWKYPQ/K 9.845.069
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Figure 2. Molecular mass determination of ACP-TX-I (A) and ACP-TX-II (B) by nanoelectrospray
tandem mass spectrometry using a Quadrupole Time-of-flight (Q-Tof) Ultima API mass spectrometer
(MicroMass/Waters) with an output mass range of 6000–20,000 Da at a “resolution” of 0.1 Da/channel.
Raw and deconvoluted electrospray mass spectra are shown (inserts).
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Figure 3. ACP-TX-I (A) and ACP-TX-II (B) show significant similarity to K49 and D49 PLA2s,
respectively (Edit Seq version 5.01© Program, DNASTAR Inc., Madison, WI, USA, 2001). ACL from
A. c. laticinctus [26]; MjTX-II from B. moojeni [27]; BnSP-7 from B. neuwiedi pauloensis [28]; blK PLA2

from B. leucurus [29]; BbTX-II from B. brazili [6]; AP PLA2 from A. piscivorus [30]; APP PLA2 from A. p.
piscivorus [31]; Pe PLA2 from Protobothrops elegans [32]; Ahp and BA2 PLA2 from A. halys pallas [33,34].
Hyphens indicate gaps generated by the alignment software.

2.3. Activity Measurements of ACP-TX-II

ACP-TX-I did not show PLA2 activity, but possessed a mass of ~14 kDa. ACP-TX-II displayed
specific PLA2 activity of 29.31 ± 1.62 nmol/min (Figure 4A). The pH optimum was 8.0 (Figure 4B) and
this protein was stable at temperatures from 35 to 40 ◦C (Figure 4D). At low concentrations, ACP-TX-II
showed a sigmoidal relationship with temperature (Figure 4C) and a strict dependence on calcium ions
(10 mM) for full activity. Substitution of Ca2+ with Mg2+, Mn2+, Cd2+, or Zn2+ (10 mM) significantly
reduced enzyme activity (Figure 4E). Enzymatic activity of ACP-TX-II was abolished by EDTA and
treatment with p-BPB. Incubation with crotapotins, F5 and F6, from C. d. collilineatus venom also
diminished activity, while heparin did not significantly inhibit catalysis (Figure 4F).
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Figure 4. (A) PLA2 activity of A. c. pictigaster venom, ACP-TX-I and ACP-TX-II PLA2; (B) Effect of
pH on the PLA2 activity of ACP-TX-II; (C) Effect of substrate concentration on the PLA2 activity of
ACP-TX-II; (D) Effect of temperature on the PLA2 activity of ACP-TX-II; (E) Influence of ions (10 mM
each) on PLA2 activity of ACP-TX-II; (F) Effect of heparin, EDTA crotapotins (F5 and F6) and chemical
modification with BPB on PLA2 activity of ACP-TX-II. The results are the mean ± SEM of three
determinations (* p < 0.05).

2.4. Pharmacological Activities of ACP-TX-I and ACP-TX-II

In vivo, ACP-TX-II PLA2 (20 and 50 μg), injected intramuscularly (IM), induced local myonecrosis,
and time-course analysis showed a maximum increase in plasma CK 3 h after injection, returning to
normal by 24 h (Figure 5B). In contrast, ACP-TX-I PLA2 showed no local myotoxic effect, even at high
concentrations (Figure 5A). ACP-TX-I and ACP-TX-II PLA2 did not show systemic myotoxicity after
intravenous (IV) injection (Figure S2).
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Figure 5. Myotoxic activity of ACP-TX-I PLA2 (A) and ACP-TX-II PLA2 (B) in mice. Time-course of the
increments in plasma CK activity after an intramuscular injection of 20 and 50 μg of toxins compared to
the injection of vehicle alone (PBS). Points represent means ± SD of four mice per group.

ACP-TX-I PLA2 had little edematogenic effect, since a 50-μg injection was necessary in order to
observe 23.4% edema after 3 h (Figure 6A). In contrast, ACP-TX-II PLA2 presented marked paw edema,
with maximal activity (40.54%) 3 h after a 50-μg injection. Edema returned to normal levels after 24 h,
showing dose-dependent activity.

Figure 6. Edema-forming activity of ACP-TX-I PLA2 (A) and ACP-TX-II PLA2 (B) in mice. Induction
of edema by toxins (10, 20 and 50 μg), injected SC in the footpads of mice. At various time intervals,
the increase in footpad volume, compared to controls, was expressed as percent edema. Each point
represents the mean ± SD of four animals per group.

ACP-TX-I was cytotoxic to cultured NIH/3T3 (non-tumor fibroblasts) and A549 (human lung
carcinoma) cells treated with different concentrations of ACP-TX-I and ACP-TX-II PLA2 (5–500 μg/mL)
during a period of 24 h (Figure 7). ACP-TX-I PLA2 cytotoxicity was dose-dependent on both cell types,
causing a 50% decrease in cell viability at doses ≥20 μg/mL (Figure 7A). ACP-TX-II PLA2 did not show
toxicity in non-tumor cells used in this study, and 250–500 μg were required to decrease A549 tumor
cell viability by 20 to 25% compared to controls, but the difference was not statistically significant
(Figure 7B).
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Figure 7. In vitro cytotoxic activity of ACP-TX-I PLA2 (A) and ACP-TX-II PLA2 (B) in NIH/3T3
(non-tumor fibroblasts) and A549 (human lung carcinoma) cells. Cell viability (%) was estimated by
neutral red uptake assay. Experiments were performed in triplicate (* p < 0.05).

3. Discussion

Crude venom of the Trans-Pecos copperhead, A. c. pictigaster, was fractionated by HPLC. Fractions
of interest were analyzed by MS and screened for diverse bioactivities. This work reports isolation
and characterization of two basic PLA2s, ACP-TX-I K49 and ACP-TX-II D49, the main components
of this venom (Figure 1). Using C18 reversed phase HPLC, 29 peaks were obtained. The two most
prominent peaks, 16 and 18, named ACP-TX-I and ACP-TX-II, respectively, were selected because of
PLA2 activity and/or molecular mass in SDS-PAGE (Figure 1 insert). Multiple PLA2 isoforms in the
same venom were derived from accelerated microevolution, in which high mutation rates in gene
coding regions, mainly associated with amino acids exposed to the solvent, allowed development of
new functions [6,14].

Both ACP-TX-I and ACP-TX-II were obtained in high purity. Re-chromatography using the same
chromatography system showed only one peak for each fraction (Figure S1). On SDS-PAGE, a single
band was seen with an Mr of approximately 14 kDa under reducing and non-reducing conditions
(Figure 1 insert). Using this purification method, several other PLA2 (Bp13 PLA2, PhTX-I, -II,-III,
Bleu-PLA2, Bbil-TX, BbTX-II, -III, etc.) from different venoms have been purified, showing that it is
rapid and efficient for the purification of these proteins in one step [6–8,35–38].

Molecular masses determined for ACP-TX-I (12,209.7 Da) and ACP-TX-II (14,041.1 Da), obtained
with ESI mass spectrometry (Figure 2), are very close to those of PLA2s isolated from other snake
venoms [26,34]. Partial amino acid sequencing of ACP-TX-I suggested that this protein probably has
a Lys residue at position 49 (Figure 3A), based upon its high similarity to well characterized K49
PLA2s such as ACL, MjTX-II, BnSP-7, bl-K, and BbTX-II from A. c. latincictus, B. moojeni, B. neuwiedi
pauloensis, B. leucurus, and B. brazili, [6,26–29]. In addition, ACP-TX-I showed negligible catalytic
activity compared to crude venom and ACP-TX-II (Figure 4A).

In contrast to various homologous K49 PLA2s, ACP-TX-I migrated as a monomer in SDS-PAGE
when analyzed under reducing and non-reducing conditions (Figure 1 insert). Recently, it was
demonstrated that SDS induces oligomerization of the Lys49 PLA2, BPII, from Protobothrops
flavoviridis [39], although under the same conditions, ACP-TX-I behaves as a monomer. K49 PLA2s
isolated from three cottonmouths (A. p. piscivorus, A. p. leucostoma, and A. p. conanti) also behaved as
monomers [14].

Partial amino acid sequencing of ACP-TX-II PLA2 showed that it belongs to the D49 PLA2 family,
with an Asp residue at position 49 (Figure 3B). The catalytic site formed by H48, D49, Y52, and D89
is conserved, as reflected by the high enzymatic activity of the toxin (Figure 4A). Comparison of
the amino acid sequence of ACP-TX-II shows a high degree of homology with other myotoxic D49
PLA2 from viperid venoms (Figure 3B). It was not possible to determine the amino acid sequence
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corresponding to the Ca2+-binding loop, comprising of residues Y24 to G35, and containing glycine
residues at positions 26, 30, 32, and 33, and cysteine residues at positions 27 and 29 [40]. This domain
is important to maintain Ca2+ in the correct position for a nucleophilic attack on the substrate.

Optimum enzymatic activity of ACP-TX-II PLA2 occurred at pH 8 and 37 ◦C (Figure 4B,D), and
Ca2+ was an obligatory co-factor [38,41]. Ca2+ replacement with other divalent ions (Mg2+, Mn2+,
Cd2+, and Zn2+) resulted in a loss of catalytic activity (Figure 4E) [42]. Since ACP-TX-II requires Ca2+

for activity, chelators such as EDTA inhibited the enzymatic activity (Figure 4F). Histidine residue
alkylation also abolished enzymatic activity of ACP-TX-II PLA2 (Figure 4F), although alkylation does
not completely disrupt the 3D structure of PLA2 enzymes and their capacity to bind phospholipids,
but it could modify their ability to interact with specific ligands or proteins [43].

Crotapotin is the acidic moiety of crotoxin that specifically chaperones the basic PLA2 subunit,
inhibiting its catalytic activity [44]. F5 and F6 crotapotins from C. d. collilineatus inhibited the enzymatic
activity of ACP-TX-II PLA2 by approximately 55% (Figure 4F). These results are consistent with
PhTX-II PLA2 from Porthidium hyoprora, which was inhibited ~60% by F2 and F3 crotapotins from C. d.
collilineatus [8]. These results suggest that crotapotins may bind to Agkistrodon PLA2, much like how
they bind to crotaline PLA2s.

Although snake venom PLA2s exhibit diverse pharmacological activities [2], myotoxicity is one
of the most common effects [45]. Necrosis induced in vivo in skeletal musculature by intramuscular
injection or ex vivo by incubation with differentiated skeletal muscle cells [46] is evidenced by
increased plasma CK levels. ACP-TX-II PLA2 increased serum CK levels when injected intramuscularly
(Figure 5B). Local myotoxicity is a characteristic of viperid envenomations, in which PLA2s affect
predominantly muscles near the injection site [47]. This is consistent with clinical examinations of
Agkistrodon bites in the United States, where the main clinical manifestations are local effects that are in
some cases associated with permanent dysfunction, while systemic effects are generally absent [19].

ACP-TX-II PLA2 showed no systemic myotoxicity when injected intravenously. CK levels were
similar to those of controls (Figure S2). Perhaps it lacks specificity and attaches to tissues at the site
of injection, consistent with the hypothesis that myotoxins may act locally or systemically, proposed
by Gutierrez and Ownby [46] in order to explain the pharmacological specificity of venom PLA2s.
Myotoxic PLA2s bind predominantly to different cell types, as well as to muscle fibers, and are quickly
sequestered after injection. On the other hand, systemic myotoxic PLA2s, such as PLA2s F6 and F6a
from Crotalus durissus collilineatus [47], have high selectivity for skeletal muscle fibers and do not attach
to other cells. This specificity allows systemic myotoxins to spread beyond the injection site, reaching
the bloodstream and distant muscle cells and causing rhabdomyolysis.

Homologous K49 PLA2s, despite lacking catalytic activity, also cause myonecrosis when injected
intramuscularly in mice [48]. Basic/hydrophobic amino acid residues located in the C-terminal region
are considered one of the structural determinants for K49 myotoxicity [49,50]. To exert myotoxicity,
these toxins function as obligate dimers [11]. According to this model, catalytically inactive K49 dimers
undergo structural rearrangement when a membrane fatty acid enters the hydrophobic channel of
one of the monomers. This reorientation aligns the C-terminal regions of the two monomers in the
same plane and facilitates membrane destabilization when specific hydrophobic amino acids (Leu121,
Phe125) penetrate the membrane. Once the membrane becomes disorganized, cells lose ionic control,
resulting in cell death [11].

Unlike most Bothrops K49 PLA2s, ACP-TX-I does not display detectable local myotoxicity in mice
(Figure 5A). Its lack of myotoxicity may reflect its monomeric structure (Figure 1 insert), preventing it
from adopting different oligomeric configurations, appropriate to the physicochemical environment.
These data corroborate findings with MjTX-I, which is a monomeric K49 PLA2 in solution isolated
from Bothrops moojeni venom, and which shows markedly decreased myotoxic activity [51].

ACP-TX-I and ACP-TX-II induce edema, but even at high concentrations, ACP-TX-I does not
reach 30% edema (Figure 6A). The marked edema induced by ACP-TX-II is likely due to phospholipid
hydrolysis. This possibility is supported by studies showing that chemical modification of D49 PLA2s
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with p-BPB, which nullifies catalytic activity, dramatically reduces edematogenic activity of MT-III
PLA2 from B. asper as well as other D49 PLA2s [52,53].

In addition to in vivo myotoxic and edematogenic activities, ACP-TX-I and ACP-TX-II were
assayed for cytotoxicity in vitro on NIH/3T3 human fibroblasts and A549 lung cancer cells. ACP-TX-I
showed high cytotoxicity in both cell lines (Figure 7A). On the other hand, even at concentrations as
high as 500 μg/mL, ACP-TX-II had no inhibitory effect on NIH/3T3 fibroblasts. However, the A549 lung
cancer cell line was sensitive to this myotoxin, losing ~30% viability after 24 h of incubation (Figure 7B).

The exact molecular mechanism by which snake venom PLA2s decrease cell viability is unknown.
Some authors have proposed that cytotoxic activity on tumor cells is associated with apoptosis
induction [54], and propose that PLA2 activity accelerates the rate of phospholipid renewal, which
induces membrane changes that occur during apoptosis [55]. However, other mechanisms have
been proposed: CC-PLA2-1 and CC-PLA2-2 from Cerastes cerastes inhibit cancerous cell adhesion and
migration, as well as angiogenesis [56]. Crotoxin B interferes with signaling at epidermal growth
factor receptors [57]. Bothrops myotoxins promote fatty acid-dependent lysis by interacting with a
receptor able to activate intracellular lipase [58], etc. A K49 PLA2 from Protobothrops flavoviridis induces
cell death by caspase-independent apoptosis, accompanied by rapid plasma membrane disruption
in human leukemia cells. Some homologous PLA2s, such as MTX-II, exert cytotoxicity regardless of
catalytic activity [59]. It is noteworthy that the cytotoxic mechanism depends on activities exerted by
molecular regions other than the catalytic site.

4. Materials and Methods

4.1. Venom and Reagents

Venom was obtained from the National Natural Toxins Research Center (Texas A&M
University-Kingsville). Solvents and reagents used were HPLC grade, sequence grade, or high
purity, obtained from Sigma, Aldrich Chemicals, Merck and BioRad.

4.2. Purification of ACP-TX-I and ACP-TX-II

PLA2 enzymes, ACP-TX-I and ACP-TX-II, from A. c. pictigaster venom were isolated by RP- HPLC,
following Huancahuire-Vega et al. [7]. A measure of 20 mg of whole venom was dissolved in 250 μL of
0.1% TFA (buffer A) and centrifuged at 4500 g. Supernatant was then applied to an analytical RP-HPLC
μ-Bondapak C18 column (0.78 × 30 cm; Waters 991-PDA system Milford, MA., USA), and equilibrated
with buffer A for 15 min. Protein elution employed a linear gradient (0–100%, v/v) of 66.5% acetonitrile
in 0.1% TFA (buffer B) at a flow rate of 1.0 mL/min. Elution was monitored at 280 nm and PLA2 activity
was assayed in each fraction. Active PLA2 fractions (ACP-TX-I and II) were collected, lyophilized, and
used for subsequent biochemical/functional characterization.

4.3. Electrophoresis

Molecular masses of ACP-TX-I and II were determined under reducing and non-reducing
conditions using Tricine SDS-PAGE in a discontinuous gel and buffer system [60]. Lysozyme, soybean
trypsin inhibitor, carbonic anhydrase, ovalbumin, albumin, and phosphorylase B were used as
molecular mass markers.

4.4. Determination of Molecular Masses of the Purified Proteins by Mass Spectrometry

A measure of 4.5 μL aliquots of ACP-TX-I and ACP-TX-II PLA2 was injected using a C18

(100 μm × 100 mm) ultra-high-performance reversed phase column (nanoAcquity UPLC, Waters)
coupled with nanoelectrospray tandem mass spectrometry on a Quadrupole Time-of-flight (Q-Tof)
Ultima API mass spectrometer (MicroMass/Waters Milford, MA., USA) at a flow rate of 600 nL/min.
The spectrometer was operated in MS continuum mode, and data acquisition was from m/z 100–3000
at a scan rate of 1 s and an interscan delay of 0.1 s. The gradient used was 0–50% acetonitrile in 0.1%
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formic acid over 45 min. A number of m/z mass spectra were accumulated over about 300 scans, and
data were converted to molecular masses using maximum-entropy-based software from Masslynx 4.1
(Waters, Milford, MA., USA, 2005). Output masses ranged from 6000–20,000 Da at a 0.1 Da/channel
“resolution.” The simulated isotope pattern model was used with the spectrum blur width parameter
set to 0.2 Da, and minimum intensity ratios between successive peaks were 20% (left and right). After
the smoothing of deconvoluted spectra, mass centroid values were obtained using 80% of the peak top
and a minimum peak width at half the height of 4 channels [8].

4.5. Analysis of Tryptic Digests

Prior to trypsin addition (Promega sequencing grade modified), ACP-TX-I and II PLA2 were
reduced (DTT 5 mM for 25 min to 56 ◦C) and alkylated (iodoacetamide, 14 mM for 30 min). After trypsin
addition (20 ng/μL in Ambic 0.05 M), samples were incubated 16 h at 37 ◦C. The reaction was stopped
with 0.4% formic acid and samples were centrifuged at 2500 rpm for 10 min. Pellets were discarded and
supernatants were dried in a Speed Vac. Peptides were separated by C18 reverse phase chromatography
(100 μm × 100 mm) (nanoAcquity UPLC, Waters, Milford, MA., USA) coupled with nanoelectrospray
tandem mass spectrometry on a Q-Tof Ultima API mass spectrometer (MicroMass/Waters) at a flow
rate of 600 nL/min. In order to select ions of interest, an ESI/MS mass spectrum (TOF MS mode) was
acquired for each HPLC fraction before performing tandem mass spectrometry, over the mass range of
100–2000 m/z. Then, these ions were fragmented in the collision cell (TOF MS/MS mode). Raw data files
from LC-MS/MS runs were processed using Masslynx 4.1 (Waters) and analyzed using the MASCOT
search engine, version 2.3 (Matrix Science Ltd. London, UK) against the snake database, using the
following parameters: trypsin as the enzyme, fragment mass tolerance of ±0.1 Da, peptide mass
tolerance of ±0.1 Da, and oxidation as a variable modification for methionine. Sequence alignments of
ACP-TX-I and ACP-TX-II with K49 and D49 PLA2s, respectively, were made using ClustalW in Edit
Seq 5.01© DNASTAR. (Madison, WI., USA, 2001).

4.6. PLA2 Activity

PLA2 activity was assayed as described by Holzer and Mackessy [61], and adapted for 96-well
plates. The final volume of the standard assay mixture was 260 μL and contained 20 μL of substrate
4-nitro-3-(octanoyloxy) benzoic acid (3 mM), 200 μL of buffer (10 mM Tris–HCl, 10 mM CaCl2, and
100 mM NaCl, pH 8.0), 20 μL of water, and 20 μL of ACP-TX-I or ACP-TX-II (1 mg/mL). The mixture
was incubated at 37 ◦C for 40 min, measuring absorbances at intervals of 10 min. The initial velocity
(Vo) was calculated based on the value of absorbance after 20 min of reaction. ACP-TX-II was chosen
by studying kinetic parameters. Different substrate concentrations (40, 20, 10, 5, 2.5, 1.0, 0.5, 0.3, 0.2,
and 0.1 mM) incubated in in Tris–HCl buffer, pH 8.0 at 37 ◦C, were used. The optimal temperature
was determined by incubating the enzyme at different temperatures. Similarly, buffers of different
pHs (4–10) were used in order to determine the optimal pH. All assays were done in triplicate and
absorbances at 425 nm were measured with a VersaMax 190 multiwell plate reader (Molecular Devices,
Sunnyvale, CA, USA).

4.7. Inhibition and Chemical Modifications

The effects of EDTA and low molecular weight heparin (Mr 6.000 Da) on enzymatic activity of
ACP-TX-II PLA2 were performed by incubating the enzyme with a 1 mM solution of EDTA or a molar
ratio of 2:1 (heparin:toxin) at 37 ◦C for 30 min. Similarly, the effect of crotapotins F5 and F6 (1 mg/mL)
from Crotalus durissus collilineatus upon enzymatic activity of ACP-TX-II was evaluated under the same
conditions. Additionally, modification of His residues of ACP-TX-II with p-bromophenacyl bromide
(BPB) (1.5 mg/mL in ethanol) was performed [43].
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4.8. Myotoxic Activity

Different amounts (20 and 50 μg) of ACP-TX-I and II PLA2 dissolved in 100 μL of PBS were
injected IM or IV, in groups of four Swiss mice (18–20 g). The control group received 100 μL of PBS.
Blood was collected from the tail into the heparinized capillary tubes at different intervals (1, 3, 6,
9, and 24 h), and plasma creatine kinase (CK; EC 2.7.3.2) activity was determined by a kinetic assay
(Sigma 47-UV). Activity was expressed in U/L, where one unit is defined as the phosphorylation of 1
mmol of creatine/min at 25 ◦C.

4.9. Edema-Forming Activity

Fifty μL of phosphate-buffered saline (PBS; 0.12 M NaCl, 0.04 M sodium phosphate, pH 7.2) with
ACP-TX-I and II PLA2 (10, 20, and 50 μg/paw) were injected into the subplantar region of the right
footpad of five Swiss mice (18–20 g). The left footpad received 50 μL of PBS, as a control. Immediately
before inoculation (basal) and at different time intervals (1, 3, 6, 9, and 24 h) paw volume was evaluated
by plethysmography (Model 7140 Plethysmometer Ugo Basile, VA., Italy). Edema-forming activity
was expressed as the percentage increase in volume of the right foot pad in comparison to the left foot
pad (control). The percentage of edema in toxin-inoculated paws was calculated with the equation: %
edema = [((Tx × 100)/T0) − 100]. T0 is the paw volume before toxin injection. Tx is the edema (volume)
measured at each time interval. The percentage of edema calculated was subtracted from the matched
values at each time point in the saline injected hind paw (control) [62].

4.10. Cytotoxic Activity

Cytotoxic activity was assayed on NIH 3T3 fibroblasts (ATCC®CCL-1658™) and A549 lung cancer
(ATCC®CCL-185™) cells, grown in plastic flasks (25 cm2) with RPMI 1640 medium (Cultilab, Campinas,
SP, Brazil), was supplemented with 2% L-glutamine, 120μg/mL garamycin, and 13% inactivated fetal
bovine serum (complete medium). Cultures were incubated at 37 ◦C in an atmosphere containing 5%
CO2. The medium was changed every 48 h, and when the culture reached confluence, subculturing
was performed by treatment with trypsin and versene (Adolfo Lutz, São Paulo, SP, Brazil). Variable
amounts of both ACP-TX-I and II were diluted in the assay medium and added to cells in 96-well
plates. Experiments were carried out in triplicate. Cellular viability was assayed by the neutral
red uptake assay of Ates et al. [63]. After treatment with toxins, the medium was removed and the
culture was washed with PBS. For each well, 0.2 mL RPMI medium containing 50 μg/mL Neutral
Red dye was added. The plate was incubated for 3 h at 37 ◦C to capture dye by viable cell lysosomes.
After incubation, the medium containing the dye was removed and the wells rapidly washed with
formalin-calcium to remove unincorporated dye from the cells. Then 0.1 mL of a solution of 1% (v/v)
acetic acid: 50% (v/v) ethanol was added to each well to extract the dye. After shaking for 10 min on a
microtitre plate shaker, absorbance was read at 540 nm. Cell viability was expressed as percentages
compared to control and untreated cells.

4.11. Statistical Analyses

Results were reported as mean ± SEM. Dunnett’s test was used to determine the significance of
differences among means by analysis of variance when several experimental groups were compared
with the control group. Differences were considered statistically significant if p < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/11/661/s1,
Figure S1: Re-chromatography on an analytical RP-HPLC C18 analytical column of ACP-TX-I and ACP-TX-II.
Figure S2: ACP-TX-II produces local myotoxicity when injected intramuscularly, but little systemic myotoxicity
when injected intravenously, whereas ACP-TX-I and crude venom injected intravenously produce no
systemic myotoxicity.
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Abstract: Myocardial infarction (MI) followed by left ventricular (LV) remodeling is the most
frequent cause of heart failure. Lebetin 2 (L2), a snake venom-derived natriuretic peptide, exerts
cardioprotection during acute myocardial ischemia-reperfusion (IR) ex vivo. However, its effects on
delayed consequences of IR injury, including post-MI inflammation and fibrosis have not been defined.
Here, we determined whether a single L2 injection exerts cardioprotection in IR murine models
in vivo, and whether inflammatory response to ischemic injury plays a role in L2-induced effects.
We quantified infarct size (IS), fibrosis, inflammation, and both endothelial cell and cardiomyocyte
densities in injured myocardium and compared these values with those induced by B-type natriuretic
peptide (BNP). Both L2 and BNP reduced IS, fibrosis, and inflammatory response after IR, as evidenced
by decreased leukocyte and proinflammatory M1 macrophage infiltrations in the infarcted area
compared to untreated animals. However, only L2 increased anti-inflammatory M2-like macrophages.
L2 also induced a higher density of endothelial cells and cardiomyocytes. Our data show that L2
has strong, acute, prolonged cardioprotective effects in post-MI that are mediated, at least in part, by
the modulation of the post-ischemic inflammatory response and especially, by the enhancement of
M2-like macrophages, thus reducing IR-induced necrotic and fibrotic effects.

Keywords: natriuretic peptide; myocardial infarction; ischemia-reperfusion injury; inflammation;
fibrosis

Key Contribution: The natriuretic-like peptide L2 exerted acute, prolonged post-ischemic effects,
in vivo, after a single injection prior to the onset of myocardial reperfusion. L2 alleviated heart
damage by attenuating necrosis and fibrosis, while promoting anti-inflammatory M2-macrophages
in the infarcted myocardium, thus providing novel insights into the mechanism of action of
natriuretic peptides.

1. Introduction

The gold standard of therapy for acute myocardial infarction (MI) is percutaneous intervention,
with the aim of restoring blood flow to ischemic myocardium as quickly as possible. Nevertheless,
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reperfusion itself exacerbates myocardial injury and delays the functional recovery of the ischemic heart.
This phenomenon is known as ischemia-reperfusion (IR) injury. Deleterious consequences of myocardial
IR are not limited to myocytes but also include coronary endothelial cells [1]. Despite advances in
mechanical and pharmacological reperfusion therapy, MI still leads to a higher risk for developing
heart failure (HF), a process known as ventricular remodeling, which involves structural lesions
(i.e., cardiomyocyte growth and death, inflammation, collagen matrix alterations and microvascular
rarefaction) in infarcted and non-infarcted myocardium. Left ventricular (LV) remodeling is governed
by complex interrelated mechanisms. Among them, post-MI inflammation plays a critical role, since
it triggers wound healing and scar formation, including interstitial fibrosis, a major determinant of
ventricular function impairment after MI [2]. The inflammatory response is mainly characterized
by neutrophil infiltration, followed by monocyte/macrophage and lymphocyte influx in ischemic
myocardium. Infiltrating monocytes express a proinflammatory (M1) phenotype, followed by a
switch to a healing phenotype (M2). Both phenotypes are involved in resolution of the inflammatory
process [3]. Thus, new therapies to optimize temporal and spatial regulation of the inflammatory
response or a direct resolution of the imbalance between pro- and anti-inflammatory components offer
interesting strategies to prevent or reverse post-MI LV dysfunction.

Several pharmacological postconditioning strategies have been used to prevent detrimental IR
effects [4]. Recently, the B-type natriuretic peptide (BNP) has emerged as an important therapeutic tool
in patients with HF [5]. In clinical practice, pharmacological agents that enhance the biological actions
of this peptide, such as nesiritide, neprilysin inhibitors, or more recently, the angiotensin receptor
antagonist-neprilysin inhibitor LCZ696, have shown potential for translational research to improve
HF patient care [6,7]. However, some issues related to their efficacy, benefits, cardiovascular risks, or
mechanisms of action are controversial [8,9]. In particular, although BNP’s effect on cardiac remodeling
and fibrosis is established [10,11], its anti-inflammatory activity is still under debate [9,12] and its direct
effect on modulation of inflammatory cell subsets during IR has not yet been demonstrated [13].

Clinical results have shown that snake venom-derived compounds, such as Dendroaspis natriuretic
peptide (DNP), may offer superior therapeutic benefits in chronic HF [14]. This is likely due to greater
potency and increased stability as compared to human family members [15,16], while displaying
similar benefits in cardiac ischemia through natriuretic receptor-mediated signaling [17,18]. Recent
studies focused on Lebetin 2 (L2), a 38-amino acid peptide (4 kDa) isolated from Macrovipera lebetina
venom [19,20], that shares structural homology with natriuretic peptide (NP) family members, BNP,
atrial natriuretic peptide (ANP), and DNP [20] (ranked by decreasing order of homology). Interestingly,
L2 exerts cardioprotection in an IR ex vivo murine model, with additional effects compared to those of
BNP under the same conditions [18]. These cardiac effects are mediated through a BNP-like mechanism
of action, involving the NP receptor (NPR)/cyclic guanosine monophosphate (cGMP)-mediated
pathway, downstream activation of mitochondrial KATP channels, and inhibition of mitochondrial
permeability transition pore (mPTP) at the time of reperfusion [18].

In the current study, we extended the reperfusion period to investigate the effect of L2 on delayed
consequences of IR, in vivo, including cardiomyocyte death, collagen matrix alterations, endothelial
cell rarefaction, and post-MI inflammatory response, since these parameters are determinants for tissue
healing. We focused particularly on L2/BNP-induced inflammatory-cell modulation by examining
M1/M2 macrophage recruitment in the infarcted heart. L2 proved effective against MI with acute
and prolonged effects, after a single injection administered prior to the onset of reperfusion. To the
best of our knowledge, this report describes novel insights into mechanisms of NPs in myocardial
repair, since L2, but not BNP, induced an increase in M2-macrophage subtype after MI, contributing
to the resolution of the inflammatory process, and subsequently reducing IR-induced necrotic and
fibrotic effects.
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2. Results

2.1. L2 Effect on Blood Pressure and Heart Rate

To define effective doses of L2 and BNP, we investigated their influence on blood pressure and
heart rate (HR, see Materials and Methods). Mean baseline values for blood pressure and HR did not
differ statistically among experimental groups in either rats or mice (Table 1). BNP or L2 induced
a dose-dependent decrease in the mean arterial pressure (MAP, Figure 1a,c, Table 1). The maximal
hypotensive response to BNP or L2 was further documented by comparing areas under curves (AUCs,
Figure 1b,d). The HR was not statistically different among experimental groups before or after
treatment (Table 1). In rats, the effect of 100 ng/g L2 was equivalent to the effect of BNP at 50 ng/g
(Figure 1a,b, AUCs NS). In mice, 25 ng/g L2 was equivalent to 20 ng/g BNP at inducing hypotensive
response (Figure 1c,d, AUCs NS). The doses selected significantly decreased blood pressure; however,
the maximal hypotensive responses to these doses, occurring within 30 min after bolus injection, were
les than 30% in all cases (Figure 1a,c). Therefore, these doses were used in subsequent IR experiments,
based on their ability to elicit a mild decrease in blood pressure, which minimized the deleterious effect
of hypotension.

Figure 1. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on blood pressure.
(a) Dose-dependent hypotensive effects of BNP (10 or 50 ng/g) and L2 (100 or 200 ng/g) in rats;
(b) AUCs in rats, absolute decrease in MAP × time; (c) dose-dependent hypotensive effects of BNP (1.5,
5 or 20 ng/g) and L2 (25, 50 or 100 ng/g) in mice; (d) AUCs in mice, absolute decrease in MAP × time.
Data are mean ± SEM. For the number of animals, see Table 1. *, p < 0.05, **, p < 0.01, ***, p < 0.001 vs.
saline (control) group, $, p < 0.05 vs. BNP (20 ng/g), †, p < 0.05 vs. L2 (100 ng/g). �MAP, variation in
mean arterial blood pressure.
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Table 1. Effects of B-type natriuretic peptide (BNP) and Lebetin 2 (L2) on blood pressure, heart rate,
and post-ischemic areas at risk.

Hemodynamic Study IR Study

Group MAP (mmHg) HR (bpm) AR/LV (%)

n Before After Before After n R, 120 min n R, 14 days

Rats

Control (saline 1 μL/g) 7 108 ± 5 96 ± 2 321 ± 6 310 ± 7 5 65.3 ± 3.0 10 82.4 ± 1.8
BNP (10 ng/g) 6 105 ± 7 92 ± 4 323 ± 6 315 ± 6
BNP (50 ng/g) 6 104 ± 6 59 ± 6 * 335 ± 5 326 ± 6 5 66.6 ± 3.2 6 85.6 ± 1.3
L2 (100 ng/g) 7 105 ± 5 63 ± 3 * 326 ± 6 317 ± 6 6 66.4 ± 3.5 7 84.8 ± 1.1
L2 (200 ng/g) 7 106 ± 5 34 ± 7 * 330 ± 7 320 ± 4

Mice R, 120 min

Control (saline 1 μL/g) 11 72 ± 3 70 ± 4 447 ± 27 422 ± 16 6 25.8 ± 2.5
BNP (1.5 ng/g) 10 70 ± 3 62 ± 2 * 436 ± 14 467 ± 21
BNP (5 ng/g) 5 67 ± 2 57 ± 3 * 432 ± 32 415 ± 36

BNP (20 ng/g) 7 71 ± 6 54 ± 5 * 469 ± 35 473 ± 32 5 31.7 ± 1.2
L2 (25 ng/g) 5 75 ± 4 64 ± 3 518 ± 9 414 ± 21 5 31.0 ± 2.6
L2 (50 ng/g) 4 79 ± 4 63 ± 3 * 497 ± 42 412 ± 19

L2 (100 ng/g) 5 69 ± 1 36 ± 8 * 511 ± 19 454 ± 7

Data are mean ± SEM. For the hemodynamic study, blood pressure [mean arterial pressure (MAP)] and heart rate
(HR) were recorded before and after treatment at maximal effect following BNP or L2 injection in each protocol. For
the acute ischemia-reperfusion (IR) study, the area at risk (AR) was determined after 30 min of ischemia followed by
120 min of reperfusion in rats and mice. For the prolonged IR study, AR was determined after 35 min of ischemia
followed by a 14–day reperfusion period in rats. bpm, beats per minute; R, reperfusion. *, p < 0.05 vs. corresponding
value before treatment.

2.2. L2 Decreases LV Infarct Size Following IR Injury

After IR, the area at risk (AR) did not differ statistically among experimental groups (Table 1).
After 120 min of reperfusion, infarct size (IS) in controls averaged 24.9% ± 1.8% in rats (Figure 2a) and
41.3% ± 3.5% in mice (Figure 2b). At 100 ng/g in rats or 25 ng/g in mice, L2 significantly reduced IS/AR
to 15.3% ± 1.2% (–39%, p < 0.001) and 21.3% ± 2.8% (–48%, p < 0.01) respectively (Figure 2a,b). The
BNP IS-limiting effect was about 60% in rats (50 ng/g, 9.9% ± 1.9%, p < 0.001; Figure 2a) and 41% in
mice (20 ng/g, 24.3% ± 4.7%, p < 0.01; Figure 2b).

At day 14 post-reperfusion, the L2 (100 ng/g) cardioprotective effect was maintained in rats. IS fell
to 3.7% ± 0.7% [–80%, vs. control non-treated animals (17.7% ± 1.4%), p < 0.001; Figure 3a]. This effect
was more marked than that obtained with BNP at 50 ng/g (7.2% ± 1.0%, p < 0.01; Figure 3a).

2.3. L2 Exerts Post-Ischemic Anti-Fibrotic Effect

At day 14 post-reperfusion, interstitial fibrosis, corresponding to collagen accumulation relative to
the total LV area, averaged 8.1% ± 0.9% in control animals (Figure 3b). Treatments with L2 (100 ng/g)
and BNP (50 ng/g) decreased fibrosis by 52% (3.9% ± 0.5%, p < 0.001) and 34% (5.3% ± 0.7%, p < 0.01)
respectively, compared to the control group (Figure 3b,c).
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Figure 2. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on acute infarct size. Myocardial
infarction was induced by 30-min ischemia followed by 120-min reperfusion. (a) Rats received saline
(1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) intraperitoneally, 5 min before reperfusion. (b) Mice received
saline (1 μL/g), BNP (20 ng/g) or L2 (25 ng/g) intravenously, 5 min before reperfusion. Infarct size (IS)
was measured relative to area at risk (IS/AR%) after 2,3,5-Triphenyltetrazolium chloride (TTC) staining.
Images above histograms represent heart sections corresponding to experimental groups. Areas stained
with Evans blue dye correspond to the tissue that had not undergone ischemia-reperfusion (IR). Red
and white areas were obtained after TTC staining and correspond, respectively, to tissue that remained
viable after IR and to the infarcted zone. Data are mean ± SEM. For the numbers of animals, see Table 1.
**, p < 0.01, ***, p < 0.001 vs. saline (control) group, $, p < 0.05 vs. BNP corresponding group. Scale
bars = 1 mm.

 

Figure 3. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on infarct size and fibrosis.
Myocardial infarction was induced in rats by 35 min of ischemia followed by a 14-day reperfusion
period. Saline (1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) was administered intraperitoneally, 5 min before
reperfusion. (a) Infarct size (IS) determined after Sirius red staining was expressed as a percentage
((endocardial + epicardial circumference of the infarcted tissue)/(endocardial+epicardial circumference
of the LV) × 100); (b) density of collagen I and III used as a marker of fibrosis, was calculated after Sirius
red staining as the area occupied by collagen/the surface of the image. On each section, several fields
were photographed (15–20 images/rat) and the mean collagen density was calculated; (c) representative
microphotographs of collagen content in Sirius red-stained myocardial slides from control and treated
animals. Data are mean ± SEM. For the numbers of animals, see Table 1. **, p < 0.01, ***, p < 0.001 vs.
saline (control) corresponding group, $$, p< 0.01 vs. BNP corresponding group. Scale bars= 50μm,×40.
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2.4. L2 Modulates the Post-Ischemic Inflammatory Response

In control (untreated) rats, the number of CD45-positive cells was significantly enhanced in the
infarcted LV area (353 ± 21 cells/mm2) compared to the viable LV area (133 ± 11 cells/mm2, p < 0.001;
Figure 4a). Both L2 (100 ng/g) and BNP (50 ng/g) treatments decreased leukocyte infiltration in
the infarcted area by 51% (173 ± 21 cells/mm2, p < 0.001) and 34% (234 ± 33 cells/mm2, p < 0.001),
respectively, compared to controls (Figure 4a,b).

Figure 4. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on post-ischemic leukocyte
infiltration. Myocardial infarction was induced by 35 min of ischemia followed by a 2-day reperfusion
period. (a) Infiltrated leukocytes were assessed by CD45 immunolabeling in the infarcted area and
its border zone (viable area), as well as in the septum (non-ischemic area) of rats treated with saline
(1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) intraperitoneally, 5 min before reperfusion. On each section,
several fields were photographed (12–30 images/rat, n = 5–6) and the mean number of leukocytes per
field was calculated; (b) representative microphotographs showing variable density of the leukocytes
(CD45 in red and nuclei in blue) in the infarcted area from control and treated animals. Data are
mean ± SEM. ***, p < 0.001 vs. saline (control) corresponding group, †††, p < 0.001 vs. corresponding
other LV areas. Scale bars = 50 μm. ×20. DAPI, 4′, 6′-diamidino-2-phenylindole.

As with leukocytes, the number of CD68-positive cells was significantly increased in the infarcted
LV area (357 ± 18 cells/mm2) compared to the viable LV area (117 ± 17 cells/mm2, p < 0.001; Figure 5a).
Both L2 (284 ± 27 cells/mm2, p < 0.05) and BNP (185 ± 26 cells/mm2, p < 0.001) decreased the number
of macrophages in the infarcted LV area by 20% and 48% respectively, compared to the control group
(Figure 5a,b).
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Figure 5. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on post-ischemic macrophage
recruitment. Myocardial infarction was induced by 35 min of ischemia followed by a 2-day reperfusion
period. (a) Infiltrated macrophages were assessed by CD68 immunolabeling in the infarcted area and
its border zone (viable area), as well as in the septum (non-ischemic area) of rats treated with saline
(1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) intraperitoneally, 5 min before reperfusion. On each section,
several fields were photographed (12–30 images/rat, n = 5–6) and the mean number of macrophages per
field was calculated; (b) representative microphotographs showing the variable density of macrophages
(CD68 in green and nuclei in blue) in the infarcted area from control and treated animals. Data are
mean ± SEM. *, p < 0.05, ***, p < 0.001 vs. saline (control) corresponding group, $, p < 0.05 vs. BNP
corresponding group, †††, p < 0.001 vs. corresponding other LV areas. Scale bars = 50 μm. ×20. DAPI,
4′, 6′-diamidino-2-phenylindole.

To detect total versus alternatively activated macrophages, M2 macrophage polarization was
determined by counting CD68 and MRC-1 double-labeled cells. For both M1 (236 ± 16 cells/mm2) and
M2 (120 ± 11 cells/mm2) macrophages counted in control rats, a significant increase was observed in
the infarcted LV area compared to the viable LV area (p < 0.001; Figure 6a,c). L2 (23 ± 4 cells/mm2) and
BNP (28 ± 5 cells/mm2) decreased M1 infiltration in all LV areas with a sustained reduction in the LV
infarcted area (−90% and −80% respectively, p < 0.001 vs. control group; Figure 6c). However, only L2
(242 ± 25 cells/mm2, p < 0.001), but not BNP (139 ± 25 cells/mm2), increased the number of M2-like
macrophages in the infarcted area compared to control animals (Figure 6a,b).
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Figure 6. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on macrophage polarization
and on recruitment of M2-like macrophages. Myocardial infarction was induced by 35 min of ischemia
followed by a 2-day reperfusion period. (a) Infiltrated M2-like macrophages were assessed by double
immunolabeling of CD68 and CD206/MRC-1 in the infarcted area and its border zone (viable area),
as well as in the septum (non-ischemic area) of rats treated with saline (1 μL/g), BNP (50 ng/g)
or L2 (100 ng/g) intraperitoneally, 5 min before reperfusion. On each section, several fields were
photographed (12–30 images/rat, n = 5–6) and the mean number of M2-like macrophages per field was
calculated; (b) representative microphotographs showing the variable density of M2-like macrophages
(CD206/MRC-1 in red and nuclei in blue) in the infarcted area from control and treated animals;
(c) proinflammatory M1 macrophages were identified as CD68+ or CD206- cells in different LV areas
of control and treated animals. Data are mean ± SEM. **, p < 0.01, ***, p < 0.001 vs. saline (control)
corresponding group, $, p < 0.05, $$$, p < 0.001 vs. BNP corresponding group, †††, p < 0.001 vs.
corresponding other LV areas. Scale bars = 50 μm. ×20. DAPI, 4′, 6′-diamidino-2-phenylindole.

2.5. L2 Enhances Endothelial Cell and Cardiomyocyte Densities upon MI

L2 treatment induced an increase in endothelial cell density after IR in all LV areas, with an
increase of 64% in the infarcted area (254 ± 26 cells/mm2, p < 0.001), while BNP (160 ± 10 cells/mm2)
failed to induce any change in endothelial cell density in this area compared to non-treated rats
(155 ± 6 cells/mm2) (Figure 7a,b). However, cardiomyocyte density was significantly increased by
both L2 and BNP in all LV areas, with an increase of 75% (568 ± 23 cells/mm2, p < 0.01) and 113%
(691 ± 98 cells/mm2, p < 0.001), respectively, in the infarcted area, compared to control group
(325 ± 21 cells/mm2) (Figure 7c,d).
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Figure 7. Effects of Lebetin 2 (L2) and B-type natriuretic peptide (BNP) on post-ischemic endothelial
cell and cardiomyocyte densities. Myocardial infarction was induced by 35 min of ischemia followed
by a 2-day reperfusion period. (a) Endothelial cell density was assessed by CD31 immunolabeling in
the infarcted area and its border zone (viable area), as well as in the septum (non-ischemic area) of rats
treated with saline (1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) intraperitoneally, 5 min before reperfusion.
On each section, several fields were photographed (12–30 images/rat, n = 5–6) and the mean number of
endothelial cells per field was calculated; (b) representative microphotographs showing the variable
density of endothelial cells (CD31 in red and nuclei in blue) in the infracted area from control and
treated animals; (c) cardiomyocyte cell density was assessed with wheat germ agglutinin (WGA)
immunolabeling in the infarcted area and its border zone (viable area), as well as in the septum
(non-ischemic area) of rats treated with saline (1 μL/g), BNP (50 ng/g) or L2 (100 ng/g) intraperitoneally,
5 min before reperfusion. On each section, several fields were photographed (12–30 images/rat, n = 5–6)
and the mean number of cardiomyocytes per field was calculated; (d) representative microphotographs
showing the variable density of the cardiomyocytes (WGA in green and nuclei in blue) in the infarcted
area from control and treated animals. **, p < 0.01, ***, p < 0.001 vs. saline (control) corresponding
group, $$, p < 0.01, $$$, p < 0.001 vs. BNP corresponding group. Scale bars = 50 μm. ×40. DAPI, 4′,
6′-diamidino-2-phenylindole.

3. Discussion

Previous (pre-)clinical studies have confirmed the beneficial effects of NPs on myocardial
repair [5,11], but the underlying mechanisms of action are still poorly understood. Anti-inflammatory
pathways, in particular, have not been fully investigated, and so far, no report has addressed the
role of these peptides in regulating infiltrating leukocytes and macrophage subtypes after MI. We
show here that L2 has the ability to repair heart damage, as evidenced by attenuation of both necrosis
and IS, reduction of fibrosis, and promotion of endothelial-cell regeneration. L2 also significantly
reduced leukocyte recruitment, while increasing M2-macrophage recruitment in infarcted myocardium.
While other NPs required sustained administration to achieve cardioprotection [21–23], we show
here that a single injection of L2 prior to reperfusion efficiently improved acute IR injury, with
prolonged effects on days 2 and 14 post-reperfusion, highlighting the efficacy of L2 in IR, in vivo, and
confirming our previous ex vivo data [18]. Our study provides novel insights into mechanisms of NPs
in myocardial repair.

NPs exert vasodilating, natriuretic, and diuretic actions [24] as well as inhibitory effects on
sympathetic nervous and renin-angiotensin-aldosterone systems [25], leading to a decrease in pre- and
after-load. Thus, in our work, L2 exerts acute beneficial effects by maintaining the blood supply to
cardiac tissue. Blood pressure-lowering effect is unlikely to account for cardioprotection in our study,
since L2 and BNP were used at doses inducing only a mild, transient hypotensive effect; with no effect
on HR. This is consistent with previous studies dissociating cardioprotective and blood pressure effects
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of vasoactive compounds in this model [26,27]. The L2 IS-limiting effect was still observed on day 14
post-reperfusion, and interestingly, was more pronounced than after acute IR, which suggests that L2,
beside its effects on necrosis, likely induces other regulatory actions, the effects of which could not have
been observed under acute conditions. Significantly, this was further confirmed by the reduction of
post-ischemic fibrosis upon L2 treatment, as evidenced by the inhibition of collagen synthesis following
prolonged reperfusion [28]. This anti-fibrotic effect may also be related to the inhibition of cardiac
fibroblast growth [29] or the activation of matrix metalloproteinases [30], as reported for BNP, which
accelerated infarct healing.

After MI, many inflammatory cells infiltrate the infarcted heart to convert necrotic tissue into
scar tissue. However, enhanced inflammatory cell infiltration into the myocardium may exacerbate
cardiac injury and worsen post-MI remodeling [29,30]. Macrophages are essential mediators of the
inflammatory response, with an important role in the initiation and resolution of inflammation. It has
been supposed that the healing of infarcted myocardium occurs through macrophage transition, a
conversion from a pro-inflammatory (M1) phenotype to an anti-inflammatory (M2) phenotype [29].
This suggests that the modulation of the inflammatory response may improve healing and alleviate LV
remodeling of the injured heart [30]. On day 2 post-reperfusion, L2 and BNP significantly reduced
both leukocyte and macrophage infiltration into the infarcted area, where inflammatory cells are
prominent [31,32]. Previous work has reported an association between the cardioprotective action of
BNP and its inhibitory effect on proinflammatory cytokines and related mechanisms [11,13]. However,
caution has been raised about transgenic mouse experiments by Kawakami et al. [12] and Izumi et al. [9],
where the BNP/NPR-A axis was shown to stimulate polymorphonuclear infiltration during ischemic
injury [9,12]. In the first case, a possible explanation could be that the excessive expression of BNP may
be harmful, since NP-induced cardioprotection is effective at low-dose administration [33]. For the
second study [9], the cardioprotection observed in NPR-A deficient mice, which was linked to a decrease
of infiltrating neutrophils, may be due to compensatory mechanisms following loss of dominant
receptor function [34]. Particularly, NPR-A downregulation was positively associated with increased
expression of NPR-B protein in rat hearts [34], which alternatively could ensure cardioprotection [35].

Inflammatory-cell modulation by NPs has not been demonstrated yet. Therefore, our finding
that the M2 macrophage population increased following L2 treatment was quite surprising. This
was particularly interesting since BNP, although effective in reducing the M1 inflammatory subset,
failed to induce M2 polarization. Expansion of the M2-macrophage population probably explains the
increased level of total macrophages following L2 treatment (Figure 5). Altogether, our data explain
the greater efficacy of L2, since M2 enrichment was associated with cardiac regeneration after MI [36].
Furthermore, many studies have reported the essential role of M2 macrophages in repair of MI and
attenuation of post-MI remodeling [37,38].

IR triggers endothelial and coronary microvascular inflammation, leading to the impairment
of NO-mediated, endothelium-dependent vasodilation [1]. NPs mitigate MI-induced endothelial
dysfunction and subsequent release of NO [23], thereby increasing the coronary flow and blood supply
to injured myocardial cells. However, despite the anti-apoptotic action of BNP [39], controversies
still exist regarding the effect of the NP/cGMP signaling system on endothelial cell regeneration after
vascular damage, with claims ranging from enhancement to protection [28,40]. In the present study,
only the venom peptide, but not BNP, enhanced the endothelial cell number in the infarcted area, while
both molecules similarly increased the number of cardiomyocytes at this site. This effect of L2 could be
mediated by M2-like macrophage signaling, since both promote tissue repair and healing, including
capillary network formation and proliferation capacity of endothelial cells [41]. This hypothesis
is strengthened by the fact that in our work, BNP, which does not promote M2-like macrophage
polarization, does not increase endothelial cell density either. This suggests that BNP in that context
was not able to preserve endothelial cell viability or to induce their proliferation in injured myocardium.
These results accord with previous work showing that only L2, and not BNP, efficiently increased the
coronary flow [18], suggesting opposite pharmacologies of the two peptides on endothelial function.
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It would therefore appear that unlike BNP, L2 enhances the integrity or viability of endothelial cells.
Mechanistically, these discrepancies could be attributed to differences in the affinities of L2 and BNP to
natriuretic receptors. The low affinity of BNP for NP receptor type C (NPR-C) [42], which triggers
PI3K/Akt/eNOS signaling [21–23], may provide an explanation for why BNP does not have any effect
on endothelial cell function, post-MI. More mechanistic investigations are required to further explore
the potential affinity of L2 to NPR-C. Such affinity has been reported for other snake venom NPs [16].

Although our results provide novel insights into mechanisms of myocardial repair triggered by
NPs, they leave some unanswered questions. First, our study was primarily designed to determine
whether prolonged post-MI effects of L2 and BNP are associated with the modulation of inflammatory
cell response. However, we did not explore how NPs reduce leukocyte recruitment and induce the
switch to M2 macrophages. Previous studies [43] reported complex mechanisms involved in leukocyte
recruitment and M1-to-M2 macrophage transformation, but how NPs trigger these events specifically
is unclear and awaits further investigation. Decreased leukocyte and inflammatory macrophage
infiltration could be achieved through BNP-mediated inhibition of interleukin (IL)-1, IL-6 and tumor
necrosis factor alpha (TNFα) secretion [44], which, in turn, could inhibit chemokine signaling via
macrophage-chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein 1 (MIP-1),
known for their role in promoting proinflammatory macrophage infiltration [45]. On the other
hand, L2 treatment may increase M2 macrophages by increasing IL-10 release, which mediates the
switch from proinflammatory macrophage infiltration to alternatively activated anti-inflammatory
macrophages [36], as previously reported for NPs [46]. Second, L2 may improve the survival and
recruitment of M2 macrophages in the infarcted heart; however, it is still unclear whether and how the
increased number of M2 macrophages actually contributes to myocardial repair.

4. Conclusions

The present study shows that L2 potently alleviates acute, prolonged heart damage by attenuating
both post-ischemic necrosis and fibrosis. L2 also promotes endothelial-cell regeneration in infarcted
myocardium and significantly reduces inflammatory cell recruitment, while enhancing M2-macrophage
post-MI. These findings provide novel insights into mechanisms of NPs in myocardial repair, since many
of these effects have not been observed with BNP treatment. Despite a single systemic administration
of L2 at the time of reperfusion, the L2 acute, protective effects persisted up to 14 days post-MI. This
can be explained by the activation of the NPR/cGMP pathway, which is known to induce acute effects
such as vasorelaxation/vasodilation, but also chronic effects such as anti-fibrotic action during cardiac
injury [47]. Moreover, as inflammation triggers interstitial fibrosis [48,49], it is likely that L2 provides
prolonged actions (inhibition of fibrosis) as a consequence of its inhibitory effect on inflammation.

Given that L2 limits leukocyte trafficking, inhibits non-resolving inflammatory cells, and
enhances pro-resolving cells, these findings are clinically relevant, as the repair response can be
subjected to pharmacological interventions directed toward regressing inflammation and subsequent
post-MI fibrosis. Modulation of the inflammatory response by NP therapy will be of great
significance in enhancing the treatment of HF, especially in patients with intense and prolonged
inflammatory responses.

5. Materials and Methods

5.1. Drugs Used in the Study

All experiments were performed with synthetic L2 (isoform α, 38 amino acids) purchased from
Genosphère Biotechnologies (Paris, France), the production of which is based on native L2 (4 kDa),
from the venom of Macrovipera lebetina. Prior to use of synthetic L2, we confirmed that both synthetic
and native L2 exerted similar effects on the cardiac NPR/cGMP signaling and cardiodynamics of
isolated rat hearts [18]. BNP (human recombinant peptide, 32 amino acids) was purchased from
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Sigma–Aldrich (Saint Quentin Fallavier, France). L2 and BNP share 54% structural homology based on
their amino acid sequences (Figure 8).

 
Figure 8. Homology between the amino acid sequences of Lebetin 2 (L2, 38 amino acids) and B-type
natriuretic peptide (BNP, 32 amino acids). Identical amino acid positions are shaded in black while
conserved or similar residues are in gray. L2 and BNP display 54% similarity. Alignment was performed
using GeneDoc, version 2.7.000.

5.2. Animals

Male Wistar rats (280–300 g) and male C57BL6 mice (20–30 g) were purchased from Janvier
Labs (Le Genest-Saint-Isle, France). They were housed in climate-controlled conditions and had
unrestricted access to standard rat chow and drinking water. Animal experiments were performed in
accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health (NIH Pub. No.85–23, Revised 1996), the Council of the European Communities (86/609/EEC;
November 24th 1986), the French National Legislation (Ethical Approval No.76–114/ 01181.01) and
also by the Biomedical Ethics Committee of the Pasteur Institute in Tunis (Ethical Approval No.
2015/08/I/LR11IPT08/V0; 9 November 2015).

5.3. In Vivo Dose-Response Effect on Blood Pressure

Anesthetized (60 mg/kg sodium pentobarbital, by intraperitoneal route) animals were placed on a
thermally controlled heating pad (37 ± 1 ◦C). A catheter was inserted into the right carotid artery for
blood pressure and HR recording (Iox2 software, Emka Technologies, Paris, France). Effective doses of
L2 and BNP were chosen for their ability to induce mild hypotension, such as is usually observed with
other vasocative compounds in IR studies [26,27], to minimize the effect of blood pressure decrease on
IR outcomes. The L2 dose range was chosen based on a previous study showing that the equivalent
active dose of L2 was higher than that of BNP [18]. Based thereon, blood pressure changes triggered by
BNP or L2 were measured in rats treated with increasing doses of BNP (10 or 50 ng/g, n = 6), L2 (100 or
200 ng/g, n = 7) or saline (NaCl 9%�, n = 7). Blood pressure response was also assessed in mice treated
with BNP (1.5, 5 or 20 ng/g, n = 5–10), L2 (25, 50 or 100 ng/g, n = 4–5) or saline (NaCl 9%�, n = 11).
Drugs were injected as a single intravenous bolus (1 μL/g body weight).

The blood pressure was recorded, and the MAP was calculated at intervals after injection. AUCs
(MAP absolute variations × time) were calculated in each animal according to the trapezoidal rule and
averaged within each experimental group.

5.4. In Vivo Murine Models of Myocardial Ischemia-Reperfusion

5.4.1. Surgical Preparation

For acute IR studies, animals were anesthetized with sodium pentobarbital (60 mg/kg, by
intraperitoneal route). For prolonged IR studies, rats were anesthetized intraperitoneally with a
mix of ketamine (50 mg/kg) and xylazine (3.6 mg/kg). They were ventilated and a thoracotomy was
performed. Body temperature was monitored with a rectal probe connected to a digital thermometer,
and maintained at 37 ◦C using a heating pad. An electrocardiogram (ECG) was recorded throughout
experiments (Iox2 software, Emka Technologies, Paris, France). The left main coronary artery was
occluded close to its origin using reversible ligation, as previously described [31,50]. At the end of
ischemia, the coronary blood flow was restored and reperfusion achieved by loosening the suture. The
lungs were then re-inflated by increasing positive end expiratory pressure, and the chest was closed
during the reperfusion period.
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For acute IR studies, animals were kept on the heating pad throughout the experiment and hearts
were immediately excised at the end of reperfusion to assess IS. Animals submitted to prolonged
reperfusion, were returned to their cages (2–3 rats/cage) after recover on a heating pad for later
assessment of post-ischemic inflammatory response, IS, and fibrosis.

5.4.2. Experimental Protocols

Animals underwent either acute or prolonged reperfusion (Figure 9). In the first set of experiments,
in an attempt to validate acute beneficial effects of L2 that have been previously demonstrated only ex
vivo [18], we subjected either rats (n = 5–7) or mice (n = 5–6) to acute IR injury induced by 30 min of
ischemia followed by 120 min of reperfusion (Figure 9) and assessed IS. In a second set of experiments,
once the acute effect was demonstrated, we subjected rats to coronary ischemia for 35 min followed by
either 2 days of reperfusion to assess cellular inflammatory response, endothelial cells, and cardiac
myocytes (n = 5–6), or 14 days of reperfusion, to evaluate IS and fibrosis (n = 7–10) (Figure 9).

 

Figure 9. Experimental design. Three protocols of myocardial ischemia-reperfusion (IR) were applied.
For acute infarct size study (upper panel), rats and mice underwent 30 min ischemia (full solid line)
followed by 120 min coronary reperfusion (thin solid line). In two other additional series of experiments,
rats underwent 35 min of ischemia followed by either 2 days (middle panel) or 14 days (lower panel) of
reperfusion, to study respectively post-ischemic inflammation and fibrosis. Rats and mice received
either B-type natriuretic peptide (BNP, 50 ng/g and 20 ng/g respectively), Lebetin 2 (L2, 100 ng/g and
25 ng/g respectively) or saline (NaCl 9%�, controls), as a single systemic bolus (1 μL/g body weight),
5 min before starting reperfusion.

Rats and mice received either BNP (50 ng/g and 20 ng/g; respectively), L2 (100 ng/g and 25 ng/g;
respectively) or saline (control group; NaCl 9%�). Drugs were given as a single systemic bolus (1 μL/g
body weight), 5 min before reperfusion. The intravenous route was selected for drug administration in
acute experiments in mice, whereas intraperitoneal injection was performed in rats.

5.5. Histological Analysis

5.5.1. Acute Infarct Size

Acute IS was determined after 120 min of reperfusion, as described previously [31,50]. Briefly the
chest was reopened at the end of reperfusion and the coronary artery was reoccluded. IS, expressed as
a percentage of AR, was quantified on transverse LV slices after staining with Evans Blue and buffered
2,3,5-triphenyltetrazolium chloride (TTC) solutions. AR and IS were quantified using a computerized
planimetric technique (ImageJ software, NIH, Bethesda, Maryland, MD, USA) by an observer blinded
to treatment groups [31,50].

5.5.2. Cardiac Morphometry: Infarct Size and Fibrosis

At day 14 post-reperfusion, rats were euthanized with a lethal dose of sodium methohexital.
Hearts were rapidly excised and arrested in ice-cold saturated potassium chloride buffer, and LV
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conserved in Bouin’s fixative solution, as described previously [51]. After fixation, the LV was cut into
several slices perpendicular to the apex-to-base axis. LV sections were dehydrated and embedded in
paraffin. Then, 10-μm histological slices were stained with Sirius red for IS and fibrosis assessment.

For IS, LV sections were photographed under a light microscope (×1.25, Carl Zeiss, GmbH,
Jena, Germany). Endocardial and epicardial circumferences of infarcted tissue and of the LV
were determined and IS was calculated as (endocardial + epicardial circumference of the infarcted
tissue)/(endocardial+epicardial circumference of the LV) × 100 using Image Pro Plus 6.3 software
(Media Cybernetics, Rockville, Maryland, MD, USA) [51].

For fibrosis, cardiac collagen density was measured. Sections were photographed (×40, Carl
Zeiss, GmbH, Jena, Germany), analyzed (Image Pro Plus 6.3 software, Media Cybernetics, Rockville,
Maryland MD, USA) and collagen density was calculated as the surface occupied by collagen/the
surface of the image [51]. On each section, several fields were photographed (15–20 images/rat) and
mean collagen density was calculated.

5.6. Immunohistochemistry

5.6.1. Post-Ischemic Inflammation

At day 2 post-reperfusion, rats were euthanized with a lethal dose of sodium methohexital to
assess leukocyte and macrophage infiltration, these being maximal at approximately 48 h reperfusion
time [31,32]. Hearts were rapidly excised and arrested in ice-cold saturated potassium chloride buffer,
frozen in liquid nitrogen, and stored at −80 ◦C pending study of post-ischemic inflammatory response.
Cryosections (10 μm) were post-fixed in acetone and stained according to standard protocols [52].
Leukocyte infiltration was detected using rat anti-mouse CD45 antibody (1:200; Santa Cruz, Dallas,
TX, USA) reacting against most leukocytes. For the detection of total vs. M2-like macrophages,
mouse anti-rat CD68 (1:200; Serotec, Oxford, UK) was used in combination with rabbit anti-mouse
CD206/MRC-1 (1:300; Santa Cruz, Dallas, TX, USA). Proinflammatory M1 were identified as CD68+

and CD206− cells. Primary antibodies were revealed using FITC-conjugated donkey anti-mouse IgG
(1:300; Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA) or Cy3-conjugated donkey
anti-rabbit IgG (1:300; Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA). Nuclei
were stained with Vectashield mounting-medium with DAPI (Vector Laboratories, Inc., Burlingame,
CA, USA) in all rat heart cryosections. Micrographs were captured using a fluorescence microscope
equipped with an Apotome (×20, AxioImager Z1, Carl Zeiss GmbH, Jena, Germany) and analyzed
using Image Pro Plus 6.3 software (Media Cybernetics, Rockville, MD, USA) by an operator blinded to
treatment groups. Inflammatory cells were quantified as cell number per mm2 in various LV sections
[infarcted area and its border zone (viable area) as well as in the septum (non-ischemic area)]. Several
fields per section were photographed and the mean inflammatory cell number was calculated.

5.6.2. Endothelial Cell and Cardiomyocyte Densities

To assess cardiac endothelial cell and myocyte densities at day 2 post-reperfusion, LV cryosections
(10 μm) fixed in acetone were stained according to standard protocols [53] using rat anti-mouse CD31
(PECAM-1, 1:100; BD Biosciences-Pharmingen, San Diego, CA, USA) for the detection of blood vessel
endothelial cells and wheat germ agglutinin (1:100; WGA-A488, Invitrogen, Courtaboeuf, France)
for the detection of cardiomyocytes. Secondary reagents included Streptavidin–Cy3 (1:1500; Jackson
Immunoresearch Laboratories, Inc., West Grove, PA, USA). Nuclei were stained with Vectashield
mounting-medium with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) in all rat heart
cryosections. Micrographs were captured using a fluorescence microscope (×40, AxioImager Z1, Carl
Zeiss GmbH, Jena, Germany) and analyzed by an operator blinded to treatment groups using Image
Pro Plus 6.3 software (Media Cybernetics, Rockville, MD, USA). Endothelial cell and cardiomyocyte
densities were quantified as the number of CD31 labeled cells per mm2 and transversally sectioned
cardiomyocytes per mm2, respectively in various LV sections [infarcted area and its border zone (viable
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area), as well as in the septum (non-ischemic area)]. Several fields per section were photographed and
the mean endothelial cell or cardiomyocyte number was calculated.

5.7. Statistical Analysis

All results are presented as means ± S.E.M. AUCs (MAP absolute variations × time), IS, and
collagen density were compared by one-way analysis of variance (ANOVA). Two-way (Treatment
× LV area) repeated measure ANOVA was performed to analyze inflammation, endothelial cells,
and cardiomyocytes. Differences in parameters obtained at each time point were evaluated using a
Student’s t test or Dunnett’s post-hoc test in case of significance, using JMP software (JMP, SAS Institute
Inc., Cary, NC, USA). Values of p < 0.05 were considered statistically significant.
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Abbreviations

AR Area at Risk
AUC Area under curve
BNP B-type natriuretic peptide
cGMP Cyclic guanosine monophosphate
DNP Dendroaspis natriuretic peptide
HF Heart failure
HR Heart rate
IR Ischemia-reperfusion
IS Infarct size
L2 Lebetin 2
LV Left ventricle
MAP Mean arterial blood pressure
MI Myocardial infarction
NO Nitric oxide
NP Natriuretic peptide
NPR Natriuretic peptide receptor
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Abstract: A novel naturally-occurring bradykinin-related peptide (BRP) with an N-terminal extension,
named RVA-Thr6-Bradykinin (RVA-Thr6-BK), was here isolated and identified from the cutaneous
secretion of Odorrana hejiangensis (O. hejiangensis). Thereafter, in order to evaluate the difference in
myotropic actions, a leucine site-substitution variant from Amolops wuyiensis skin secretion, RVA-Leu1,
Thr6-BK, was chemically synthesized. Myotropic studies indicated that single-site arginine (R)
replacement by leucine (L) at position-4 from the N-terminus, altered the action of RVA-Thr6-BK
from an agonist to an antagonist of BK actions on rat ileum smooth muscle. Additionally, both BK
N-terminal extended derivatives (RVA-Thr6-BK and RVA-Leu1, Thr6-BK) exerted identical myotropic
actions to BK, such as increasing the frequency of contraction, contracting and relaxing the rat uterus,
bladder and artery preparations, respectively.

Keywords: bradykinin-related peptide (BRP); RVA-Thr6-BK; site-substitution variant; agonist;
antagonist; myotropic actions

Key Contribution: The full-length kininogen cDNA encoding skin kinins from O. hejiangensis was first
cloned and characterized. Position-4 from the N-terminus was found as the core site for converting
RVA-Thr6-BK from an agonist to an antagonist of BK receptors on rat ileum smooth muscle.

1. Introduction

Bradykinin (BK) is ubiquitous in mammals and its generation from precursor kininogens by
plasma/tissue kallikreins in the human kallikrein-kinin system (KKS), has been well-researched [1–3].
Currently, BK has been proved to be a critical participant associated with human physiological and
pathological processes, such as adjusting the functions of the cardiovascular, renal and nervous systems,
smooth muscle contraction, glucose metabolism, cell proliferation, inflammation and the production of
pain [3,4]. In contrast to mammalian KKS, there is no compelling evidence of the existence of KKS
among anura [5–7]. Surprisingly, following the initial discovery mammalian BK from Rana temporaria
in 1965, numerous identical BK and its structural analogues with potent smooth muscle stimulant
have been found in anuran amphibian venom apparatus-skin [7–12]. Moreover, an extraordinary
structural diversity was observed in anuran skin bradykinin-related peptides (BRPs). In addition to
single/multiple site-substitution that frequently occurred at Arg1 and Ser6, there is some deficiency
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of a certain amino-acid residue, such as the deletion of arginine at N-/C- terminus (des-Arg9 and
des-Arg1) [9,13–15]. On the other hand, hydroxylation of the proline residue often appeared among
anuran BRPs, typical example like Hyp3-BK successively isolated from three species Rana temporaria,
Phyllomedusa azurea and Hylarana guentheri [9,14,16]. In comparison of original BK, its structural
isoforms, in general, displayed N-terminal extension and/or C-terminal extension, as well as segment
insertion [9,17]. These variables regularly happened in multiples, ultimately conferring BPRs structural
diversity [9,12]. However, the reasons for their diverse expression patterns and physiological roles
of venom BK and BRPs in non-mammalian vertebrate, of the many the anuran skin BRPs, are not
clear yet.

A naturally-occurring leucine-substituted BK analogue, RVA-Leu1, Thr6-BK, also known as
amolopkinin W1, was identified in Amolops wuyiensis skin secretion and has been reported as an
antagonist in inhibiting contractility of BK on rat isolated ileum [18]. In this study, a novel BK structural
variant was identified from O. hejiangensis. It is the first BRP from the defensive skin secretion in this
frog species. This peptide primary structure, RVA-Thr6-BK, share high sequence similarity to RVA-Leu1,
Thr6-BK initially found able to antagonize the relaxant effect observed following BK application to
a rat arterial smooth muscle preparation in vitro [18]. Their corresponding chemically synthesized
replicate was subjected to our myotropic activity evaluation on rat isolated vascular and non-vascular
smooth muscles respectively.

2. Results

2.1. Molecular Cloning of Biosynthetic Precursor-Encoding cDNA and Structural Characterization of
RVA-Thr6-BK from RP-HPLC Fractions of Skin Secretion

A full-length biosynthetic BRP-precursor cDNA was consistently cloned from the cDNA library
constructed from the skin secretion of O. hejiangensis (Figure 1). Similarly, in comparison of nine known
BRP cDNA transcripts with the same length (Figure 2), this skin-kininogen precursor had 61 amino-acid
residues encoding a single 12-mer BK-like peptide following a C-terminal extension sequence VAPEIV.
The typical signal peptide consisting of 22 amino-acid residues in the translated open-reading frame
was identified through NCBI-BLAST, whereas the convertase processing site, lysine, is not the most
common. In accordance with the presence of a segment with 3 amino-acid residues (RVA) at the
N-terminal and a threonine residue at position 6 in the BK-like sequence, the novel BK-like was named
RVA-Thr6-BK. The RVA-Thr6-BK biosynthetic precursor-encoding cDNA has been deposited in the
NCBI Database (accession code; MK863068).

Figure 1. Nucleotide and translated open-reading frame amino-acid sequence of cDNA encoding the
RVA-Thr6-BK precursor cloned from a skin secretion library of O. hejiangensis. The putative signal
peptide and mature peptide are labelled by double-underlining and single-underlining, respectively.
The asterisk indicates the stop codon.
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Figure 2. Amino-acid sequence alignment of RVA-Thr6-BK precursor and other BRP precursors from the
skin secretion of several frog species. These data were obtained from GenBank and their corresponding
accession numbers from top to bottom are CDO58214, CAR82590, ADV36199, SBN54116, ADM34221,
ADM34238, ABF74734, ADV36198 and ADM34255, respectively. Single- and double-underlining represent
signal and mature peptide amino-acid sequences, respectively. Asterisks indicate consensus residues.

2.2. Isolation and Structural Characterization of RVA-Thr6-BK from RP-HPLC Fractions of Skin Secretion

The average molecular mass of the putative mature peptide from the cloned precursor was calculated
as 1400.64 Da. Thereafter, the presence of mature RVA-Thr6-BK with 12 amino-acids, was further confirmed
by RP-HPLC isolation from within the secretion (Figure 3) and tandem mass spectrometry (MS/MS)
fragmentation sequencing (Table 1), with the retention time of 89 min.

 
Figure 3. Region of RP-HPLC chromatogram of O. hejiangensis skin secretion indicating the retention
time of RVA-Thr6-BK. Absorbance wavelength was set at 214 nm.
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Table 1. Calculated singly-charged and doubly-charged b-ions and y-ions produced by MS/MS
fragmentation of RVA-Thr6-BK identified in skin secretion. Observed ions following MS/MS fragmentation
are indicated in red and blue typefaces.

#1 b(1+) b(2+) b(3+) Seq. y(1+) y(2+) y(3+) #2

1 157.10840 79.05784 53.04098 R 12

2 256.17682 128.59205 86.06379 V 1244.68992 622.84860 415.56816 11

3 327.21394 164.11061 109.74283 A 1145.62150 573.31439 382.54535 10

4 483.31506 242.16117 161.77654 R 1074.58438 537.79583 358.86631 9

5 580.36783 290.68755 194.12746 P 918.48326 459.74527 306.83260 8

6 677.42060 339.21394 226.47838 P 821.43049 411.21888 274.48168 7

7 734.44207 367.72467 245.48554 G 724.37772 362.69250 242.13076 6

8 881.51049 441.25888 294.50835 F 667.35625 334.18176 223.12360 5

9 982.55817 491.78272 328.19091 T 520.28783 260.64755 174.10079 4

10 1079.61094 540.30911 360.54183 P 419.24015 210.12371 140.41823 3

11 1226.67936 613.84332 409.56464 F 322.18738 161.59733 108.06731 2

12 R 175.11896 88.06312 59.04450 1

2.3. Myotropic Activities of RVA-Thr6-BK and RVA-Leu1, Thr6-BK

Myotropic activities of RVA-Thr6-BK and RVA-Leu1, Thr6-BK were investigated in four different
types of rat smooth muscle preparations (Table 2). These two peptides displayed BK-like contractile
effects on isolated bladder preparations (rat urinary) (Figure 4A) and were found to increase the
frequency of contraction of the uterus (Figure 4B). Moreover, at a higher concentration (10 μM),
RVA-Thr6-BK caused greater contraction of bladder preparations than its leucine-substituted isoform;
however, it required higher threshold concentration of RVA-Thr6-BK to produce a constriction response
(Table 2 and Figure 4B). Interestingly, RVA-Thr6-BK was capable of causing potent contraction of
rat ileum preparations, whereas, there was no significant response from rat ileum smooth muscle
with RVA-Leu1, Thr6-BK (Figure 4C). In contrast to the contractility of the non-vascular isolated
smooth muscle of rat, both BK structural variants used here demonstrated relaxing action on artery
preparations of the rat (Figure 4D).

Table 2. Myotropic activities of RVA-Thr6-BK and RVA-Leu1, Thr6-BK in four different types of rat
smooth muscle preparations. E max indicates the maximum response of isolated tissue inducing by
BRPs at a peptide concentration of 10−5M. TC and EC50 represent threshold concentration and the
concentration of BRPs giving the half-maximal response respectively. N means undetectable value
under 10−5M of BRPs.

Isolated Tissue
E Max TC (nM) EC50 (nM)

RVA-Thr6-BK/RVA-Leu1, Thr6-BK

Bladder 0.56/0.38 (g) 100.00/10.00 7102.00/636.70
Uterus 7.00/7.00 (peaks/5 min) 10.00/100.00 817.20/3270.00
Ileum 0.43/N (g) 1.00/N 93.70/N

Tail artery −0.13/−0.08 (g) 1.00/1 8.28/30.91
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Figure 4. Dose–response curve of RVA-Thr6-BK (�) and RVA-Leu1, Thr6-BK (�) using (A) rat bladder
smooth muscle preparations (N = 4, n = 8), (N refers to the number of animals being study, n refers to
the number of tests conducted), (B) rat uterus smooth muscle preparations (N = 4, n = 7), (C) rat ileum
smooth muscle preparations (N = 3, n = 4) and (D) rat tail artery smooth muscle preparations (N = 4,
n = 8), respectively. Data indicate tension changes compared with non-peptide exposed controls.

2.4. Assessment of Cytotoxic Effect on Mammalian Erythrocytes

To evaluate the potential toxicity of RVA-Thr6-BK and its analogue, RVA-Leu1, Thr6-BK, the healthy
mammalian red blood cells were treated with these two peptides (Figure 5). The results indicated that
both peptides showed no haemolytic activity in vitro.

Figure 5. Haemolytic activities of RVA-Thr6-BK (red) and RVA-Leu1, Thr6-BK (blue) using mammalian
erythrocytes. **** p < 0.0001; ns; no significance.
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3. Discussion

Some efforts have been made in anuran amphibian skin research and conservation over several
decades [11,12,19,20]. As a consequence of these investigations, an increasing number of biologically-active
peptides (frequently anti-microorganism peptides but also neuroactive peptides and protease inhibitor
peptides) with a wide range of functions have been discovered [11,12,19–21]. Among these, it is revealed
that defensive neuroactive peptides with myotropic activity are remarkably varied in anuran skin secretions,
and these small molecule peptides can evoke contractions and relaxations on smooth muscles, BK and BRPs
being a typical example [7–9,12]. Herein, a novel BK-like peptide and its corresponding precursor-encoding
cDNA were identified. It was found that RVA-Thr6-BK precursor has a highly conserved structure
consisting of an N-terminal signal peptide domain followed by an acidic amino-acid-rich (spacer) domain
and terminating in a single mature BK-like peptide coding domain (Figure 2). This result is similar to
some of the BRP precursors in other frog species [7,14,18]. In contrast, there are only two types of BK
peptides found in human (BK and Lys0-BK). Conlon and Yano proved that there are no blood-derived
kinins in the frog plasma after treatment with trypsin [11]. Another convincing piece of evidence of no
detectable kininogens in toad plasma was that many amphibians express BK and BRPs by processing
skin-kininogens/preprobradykinins in their elaborate skin kinin system, and such a producing site differs
from that of human KKS [5]. Some identical BK derivatives found in anuran skin were also identified in
other non-mammalian vertebrate species, such as Arg0, Trp5, Leu8-BK and Thr6, Leu8-BK [21,22]. Therefore,
it has been proposed that non-mammalian vertebrates develop similar BK and BRPs for their defensive
systems, instead of having physiological roles as in mammals [7,11]. However, it is still a point of contention
whether the amphibian skin-kininogens/preprobradykinins and plasma-kininogens of humans, are indeed
expressed by homologous genes.

In this investigation, RVA-Thr6-BK was shown to have the opposite effect of RVA-Leu1, Thr6-BK
on isolated rat ileum smooth muscle in vitro, where RVA-Leu1, Thr6-BK had no direct myotropic
effects on rat ileum smooth muscle, which is consistent with our previous study [18]. Moreover,
another homologous analogue RAA-Leu1, Thr6-BK also found in Amolops wuyiensis skin secretion at
the same time was also reported as an inhibitor of BK-induced contraction of isolated rat ileum smooth
muscle [18], indicating that the Val2 amino-acid replacement is less likely to result in the alteration of
myotropic action among BRPs. The difference between of RVA-Thr6-BK and RVA-Leu1, Thr6-BK solely
involves arginine/leucine site-substitution at position 4 from the N-terminus, suggesting this is the core
site for converting RVA-Thr6-BK from an agonist to an antagonist of BK on rat ileum smooth muscle.
Besides, BK-like vasodilator action, as well as contraction effects on bladder and uterus preparations of
RVA-Leu1, Thr6-BK, are first described here. It was shown that the biological effects of BK are mediated
by specific receptors, the B1 and B2 receptors which are classified as G-protein-coupled receptors
having seven transmembrane domains crossing the lipid bilayer, three extracellular and intracellular
loops, an exposed N-terminal domain and a cytoplasmic C-terminal domain [4,23–25]. Previous
literature demonstrated that the conformation of BK was oriented randomly in aqueous environments,
but nevertheless, a specific segment in the BK sequence from residues 2–5, PPGF, was shown to have
a preference to form a β-turn conformation [26,27]. However, the unambiguous bioactive conformation
for BK binding to its receptor remains inconclusive.

In the haemolytic test, the haemoglobin release in erythrocytes was not observed in both myotropic
peptides. However, haemolytic activity in vitro is the initial test for evaluating toxic potential and this
assay is not sufficient to completely exclude these peptides with the toxicity. Further investigation
on cytotoxicity in more complex experimental models, such as cell lines [28] and insect models
(e.g., Galleria mellonella larva) [29], need to be taken into account to ensure the development of safe for
pharmaceutical use.

In summary, a novel BK analogue is described here which has not been reported previously
and this is also the first BRP isolated from O. hejiangensis. Both arginine/leucine site-substitution in
BK N-terminal extension analogues displayed similar myotropic properties to BK, except that Leu-4
site-substitution produced an antagonist of BK on the rat ileum. Our discovery and exploration
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of the myotropic activities of anuran skin BRPs provide unique opportunities to better understand
the key role of venom BK and BRPs in non-mammalian vertebrates. Additionally, the structural
diversity and BK-functional-related actions suggest that anuran amphibians BRPs are unique tools for
studying structure-activity relationships as well as developing new or even more potent drugs with
therapeutic potential.

4. Materials and Methods

4.1. Skin Secretion Acquisition

Specimens of O. hejiangensis (n = 8) of undetermined sex were obtained in China and were kept in
a purpose-designed amphibian facility prior to secretion harvesting. The skin secretions were harvested
using gentle transdermal electrical stimulation initially described by Tyler and co-workers in 1992 [30].
Briefly, following stimulation by platinum electrodes (6V, 4ms pulse-width, 50 Hz, 20s duration),
the secretions from the dorsal skin of frogs were washed with deionised water, snap-frozen in liquid
nitrogen and lyophilised. The lyophilised sample was stored at −20 ◦C before analysis. This study was
performed under the UK Animal (Scientific Procedures) Act 1986, project license PPL 2694, issued by
the Department of Health, Social Services and Public Safety, Northern Ireland. The procedures had
been overseen by the IACUC of Queen’s University Belfast, and approved on 1 March 2011.

4.2. “Shotgun” Cloning of cDNA Encoding RVA-Thr6-BK Biosynthetic Precursor from Skin Secretion

Polyadenylated mRNA was extracted from 5 mg of lyophilised O. hejiangensis skin secretion
using magnetic oligo-dT beads (Dynal Biotech, Bromborough, UK) and then subjected to 3′- and
5′-RACE procedures to obtain a full-length cDNA employing a 3′-/5′-SMART-RACE kit (Clontech,
Mountain View, CA, USA) essentially as described previously [31]. Briefly, the 3′-RACE reactions
utilized a Nested Universal Primer A (NUP) (provided with the kit) and a degenerate sense
primer (S1: 5′-CCRVCNGGGTTYASSCCWTTY-3′) that was designed to a nucleotide sequence
encoding the common internal sequence of anuran skin-derived BRPs, Pro-Pro-Gly-Phe-X-Pro-Phe,
where X is either serine or threonine. Thereafter, PCR products were gel-purified, cloned using
a pGEM-T vector system (Promega Corporation, Masison, WI, USA) and sequenced using an ABI 3100
automated capillary sequencer. Accordingly, the 5′-RACE reactions employed an antisense primer
(S2: 5′-CATCAGATGACTGCCGATCCAA-3′), which was designed to a domain located within the
3′ non-translated region of the obtained 3′-RACE transcripts, and a Universal Primer A Mix (UPM)
(supplied with the kit). Similarly, 5’-RACE PCR products were gel-purified, cloned using a pGEM-T
vector system and finally sequenced.

4.3. Isolation and Structural Characterization of RVA-Thr6-BK from Skin Secretion

The isolation and structural characterization of RVA-Thr6-BK from the lyophilised O. hejiangensis
skin secretion was carried out as previous study [32]. Briefly, a Cecil CE4200 Adept (Cambridge, UK)
gradient reverse-phase High Performance Liquid Chromatography (RP-HPLC) system fitted with
a column (Phenomenex C-5, 0.46 cm × 25 cm) was employed to isolate the skin peptides from 5 mg of
lyophilise skin secretion. The fractions were collected automatically at 1 min intervals. Thereafter,
each fraction was analyzed using MALDI-TOF MS (Perseptive Biosystems, Foster City, MA, USA)
and an LCQ-Fleet electrospray ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA) for MS/MS fragmentation sequencing. The primary structure of the novel peptide, RVA-Thr6-BK,
was thus established.

4.4. RVA-Thr6-BK and Its Site-Substituted Analogue, RVA-Leu1, Thr6-BK: Synthesis and Purification

Here, the peptide, RVA-Leu1, Thr6-BK (RVALPPGFTPFR), was synthesized for investigating its
myotropic activity directly in comparison with that of RVA-Thr6-BK (RVARPPGFTPFR). Sufficient
quantities to detect the bioactivities of each peptide were obtained using the Tribute peptide synthesizer
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(Protein Technologies, Tucson, AZ, USA) along with standard Fmoc-chemistry according to our
previous study [32].

4.5. Myotropic Activity Evaluation on Smooth Muscles

Following asphyxiation (by CO2) and cervical dislocation, healthy female Wistar rats (250–350 g)
were dissected from the mid-ventral line and these procedures were performed as required by UK
Animal Research guidelines. After cutting the intact isolated organs into the desired sizes (10mm-length
and 5mm-width parallel muscle bundles for bladder, 5 mm-width rings for uterine horn, 5 mm-length
rings for ileum and 2 mm-width rings for tail artery), each strip hooked on tail-to-head was linked
with fine silk ligatures (0.2 mm), respectively, and mounted into 2 mL organ baths with transducers.
Meanwhile, to mimic the internal physiological environment, organ baths were filled with Kreb’s
solution at 37 ◦C flowing through the bath at 2 mL/min with constant bubbling (95% O2, 5% CO2). After
20 min of a resting period without drugs, tissues were incubated with drugs from 10−11 to 10−5 M and
the tension changes were recorded via pressure transducers with a PowerLab System (AD Instruments
Pty Ltd., Bella Vista, NSW, Australia). The retention periods for each peptide concentration were at
least 5 min.

4.6. Haemolysis Assay

Haemoglobin release in the horse erythrocytes (2% solution) (TCS Biosciences Ltd., Buckingham,
UK) were determined to evaluate the potential toxicity of RVA-Thr6-BK and its site-substituted analogue,
which was described previously [32]. The horse erythrocytes were treated with each peptide at the
intended concentrations (i.e., from 1 to 256 μM) for 2 h at 37 ◦C. 1% Triton X-100 and phosphate-buffered
saline (PBS) were served as the negative and positive controls, respectively. The supernatant of each
tube was obtained by centrifugation at 1000× g for 5 min and the OD value of supernatant was analyzed
at a wavelength of 550 nm using the plate reader.

4.7. Statistical Analysis

Data were analyzed to obtain the mean and standard error of responses by Student’s test
and dose–response curves were constructed using a best-fit algorithm through the data analysis
package Prism 6 (GraphPad Software, La Jolla, CA, USA). EC50 values were calculated from the
normalized curves.
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