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David J. Craik, Nicole Lawrence and Sónia Troeira Henriques

Characterization of Tachyplesin Peptides and Their Cyclized Analogues to Improve 
Antimicrobial and Anticancer Properties
Reprinted from: Int. J. Mol. Sci. 2019, 20, 4184, doi:10.3390/ijms20174184 . . . . . . . . . . . . . . 119

Virginia Sara Grancieri do Amaral, Stephanie Alexia Cristina Silva Santos, 
Paula Cavalcante de Andrade, Jenifer Nowatzki, Nilton Silva J ́unior, 
Luciano Neves de Medeiros, Lycia Brito Gitirana, Pedro Geraldo Pascutti, 
Vitor H. Almeida, Robson Q. Monteiro and Eleonora Kurtenbach

Pisum sativum Defensin 1 Eradicates Mouse Metastatic Lung Nodules from B16F10 
Melanoma Cells
Reprinted from: Int. J. Mol. Sci. 2020, 21, 2662, doi:10.3390/ijms21082662 . . . . . . . . . . . . . . 145

v



Da Hyeon Choi, Dongwoo Lee, Beom Soo Jo, Kwang-Sook Park, Kyeong Eun Lee, 
Ju Kwang Choi, Yoon Jeong Park, Jue-Yeon Lee and Yoon Shin Park

A Synthetic Cell-Penetrating Heparin-Binding Peptide Derived from BMP4 with 
Anti-Inflammatory and Chondrogenic Functions for the Treatment of Arthritis
Reprinted from: Int. J. Mol. Sci. 2020, 21, 4251, doi:10.3390/ijms21124251 . . . . . . . . . . . . . . 169

Lili Dai, Zhe Sun and Ping Zhou

Modification of Luffa Sponge for Enrichment of Phosphopeptides
Reprinted from: Int. J. Mol. Sci. 2020, 21, 101, doi:10.3390/ijms21010101 . . . . . . . . . . . . . . . 187

Chia-Ru Chung, Jhih-Hua Jhong, Zhuo Wang, Siyu Chen, Yu Wan, Jorng-Tzong Horng and

Tzong-Yi Lee

Characterization and Identification of Natural Antimicrobial Peptides on Different Organisms
Reprinted from: Int. J. Mol. Sci. 2020, 21, 986, doi:10.3390/ijms21030986 . . . . . . . . . . . . . . 201

Ruidan Wang, Xin Lu, Qiang Sun, Jinhong Gao, Lin Ma and Jinian Huang

Novel ACE Inhibitory Peptides Derived from Simulated Gastrointestinal Digestion in Vitro of
Sesame (Sesamum indicum L.) Protein and Molecular Docking Study
Reprinted from: Int. J. Mol. Sci. 2020, 21, 1059, doi:10.3390/ijms21031059 - . . . . . . . . . . . . . 227

Stefano Borocci, Giulia Della Pelle, Francesca Ceccacci, Cristina Olivieri, 
Francesco Buonocore and Fernando Porcelli

Structural Analysis and Design of Chionodracine-Derived Peptides Using Circular Dichroism 
and Molecular Dynamics Simulations
Reprinted from: Int. J. Mol. Sci. 2020, 21, 1401, doi:10.3390/ijms21041401 . . . . . . . . . . . . . . 247

Chetna Tyagi, Tamás Marik, Csaba Vágvölgyi, László Kredics and Ferenc Ötvös
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Preface to ”Membrane–Peptide Interactions”

The interactions between peptides and membranes are of fundamental importance in the

mechanisms of numerous membrane-mediated cellular processes, including antimicrobial peptide

action, hormone–receptor interactions, drug bioavailability across the blood–brain barrier, and

viral fusion processes. Membrane-interacting peptides comprise a large family of diverse peptides

exhibiting a broad range of biological activities; therefore, they continue to attract growing interest

for their biomedical applications. Moreover, a major goal of modern biotechnology is to obtain new

potent pharmaceutical agents whose biological activity is dependent on the interaction of peptides

with lipid bilayers. Several issues need to be addressed, such as eventual changes in peptide

secondary structure, orientation, oligomerization, and localization inside the membrane. At the

same time, the structural effects that the peptides induce on the lipid bilayer are important for the

interactions and need to be elucidated. The structural characterization of peptides in membranes

is challenging from an experimental point of view. It is well known that no single experimental

technique can give a complete structural picture of the interaction; rather, a combination of different

techniques is necessary.

In this Special Issue, peptides obtained from different sources (plants and animals, as well as in

silico designed) are considered as potential therapeutic molecules for the improvement of human

health. Antimicrobial, anticancer, antirheumatoid, anti-inflammatory, and immunomodulatory

peptide applications, as well as applications in the food industry, are all addressed in this Special

Issue. Peptides for human health improvement show great potential, but the mechanisms underlying

their mode of action are far from fully described. It is important to combine different experimental

and computational tools to better understand the interaction between peptides and membranes.

Here, authors bring into play biological approaches together with biophysical methodologies to

understand peptide–membrane interactions.

During peptide–membrane interactions, both the peptide and the membrane may experience

a series of changes. Hence, experimental and theoretical studies of peptide–membrane interactions

encounter challenges in attempting to completely understand the relationship between the structure

of the peptide and the mechanism of interaction with membranes, and the molecular details of

this process sometimes remain unclear. However, it is important to reveal the biological functions

of membrane-active peptides to improve the design of peptides with optimized and customized

functionalities that may be exploited for different applications, among other reasons.

This Special Issue book, Membrane–Peptide Interactions: From Basics to Current Applications,

includes a selection of 14 articles, namely 13 original research articles and 1 review, exploring the

determinants for peptide–membrane interactions. In the first article, Cardoso et al. [1] review

the non-lytic antibacterial peptides that translocate bacterial membranes. The authors focused on

the description of in vivo and in vitro assays of non-lytic peptides, as well as antibiofilm activity,

focusing the action on intracellular targets. The related cell-penetrating peptides (CPPs) are capable

of translocating across the cell membrane, as carriers or alone, to deliver drugs to their target. Jobin

et al. [2] investigated the insertion of RW16, a CPP with antibacterial and antitumor activities,

into zwitterionic membranes. Using complementary approaches, such as NMR, fluorescence, and

circular dichroism spectroscopies, together with molecular dynamics simulations, the authors give

important insights into these actions. Pári et al. [3] improved the mode of action of isoniazid (INH),

an antibacterial agent used against tuberculosis, by testing its conjugation with a set of CCPs as drug

ix



carriers. Sabapathy et al. [4] explored the effects of peptide concentration and ionic strength in the

interaction of melittin with phospholipid bilayers. Kamysz et al. [5] improved the activity of a small

synthetic peptide, KR12, by its conjugation with different n-alkyl and aromatic acids. Yoo et al. [6]

demonstrated the therapeutic potential of the synthetic human β defensin-3-C15 as an inhibitor of the

inflammatory response induced by Streptococcus gordonii.

Some antimicrobial peptides (AMPs) from natural sources or synthetically designed are able

to recognize and selectively kill many pathogens. Due to the similarities in their modes of action,

some AMPs can also act as anticancer peptides (ACPs), therefore attracting further interest in their

biomedical applications. Vernen et al. [7] characterized the cyclized analogs of tachyplesin to

improve its antimicrobial and anticancer properties. Amaral et al. [8] used a mouse model of

metastatic lung cancer to assess the eradication properties of Psd1, a defensin with demonstrated

antifungal properties. Choi et al. [9] evaluated a synthetic cell-penetrating heparin-binding peptide

derived from BMP4, showing anti-inflammatory and chondrogenic actions for the treatment of

arthritis. Recently explored properties of the luffa sponge demonstrated a great potential for use

as a solid-phase extraction material due to its physical and chemical properties. To this end, Dai et

al. [10] investigated a strategy for the quaternization of the luffa sponge for selective enrichment of

phosphopeptides.

So far, peptides have been demonstrated to be important molecules with diverse biological

functions and biomedical uses. Several databases have been created in order to organize peptide

sequences, combining them with their associated biological data. This information can be used

to improve existing peptides for a given purpose. To achieve this, Chung et al. [11] developed

an algorithm to identify AMPs in different organisms, including bacteria, plants, insects, fish,

amphibians, humans, and other mammals. Their proposed method yielded more than 92% accuracy

in predicting AMPs in each category, complementing the existing tools in the characterization and

identification of AMPs in different organisms.

As previously mentioned, spectroscopic techniques have been developed and have contributed

to the determination of many structural details of peptide–membrane interactions. These

advances allow computational strategies to permeate all aspects of drug discovery today. In this

sense, molecular docking and molecular dynamics simulations have been demonstrated to be as

important as experimental approaches in the study of peptide–membrane interactions, becoming

a useful predictor of such interactions. An example application is the improvement of functional

food for hypertension treatment. For this, Wang et al. [12] isolated and purified a set of

angiotensin-I-converting enzyme (ACE) inhibitor peptides from sesame protein, simulated the

gastrointestinal digestion in vitro, and explored the underlying mechanisms by molecular docking.

From the tested peptides, GHIITVAR, derived from 11S globulin, exhibited superior ACE inhibitory

activity. An example of how computational approaches together with experimental methodologies

may be complementary is the study developed by Borocci et al. [13]. These authors put together

circular dichroism and molecular dynamics to design chionodracine-derived peptides and analyzed

their structural properties upon interacting with lipid membranes. In the last selected article, Tyagi

et al. [14] developed molecular dynamics work, studying fungal peptaibol structures to understand

their folding dynamics in Escherichia coli mimicking membrane models.

We hope these articles will be used by professionals and research students wishing to

characterize peptide–membrane systems by using the practical approaches contained in this book.
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Applied to the Peptaibol Folding Problem. Int. J. Mol. Sci. 2019, 20, 4268,

doi:10.3390/ijms20174268.

Nuno C. Santos, Sónia Gonçalves
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Abstract: The advent of multidrug resistance among pathogenic bacteria has attracted great attention
worldwide. As a response to this growing challenge, diverse studies have focused on the development
of novel anti-infective therapies, including antimicrobial peptides (AMPs). The biological properties
of this class of antimicrobials have been thoroughly investigated, and membranolytic activities are
the most reported mechanisms by which AMPs kill bacteria. Nevertheless, an increasing number
of works have pointed to a different direction, in which AMPs are seen to be capable of displaying
non-lytic modes of action by internalizing bacterial cells. In this context, this review focused on
the description of the in vitro and in vivo antibacterial and antibiofilm activities of non-lytic AMPs,
including indolicidin, buforin II PR-39, bactenecins, apidaecin, and drosocin, also shedding light on
how AMPs interact with and further translocate through bacterial membranes to act on intracellular
targets, including DNA, RNA, cell wall and protein synthesis.

Keywords: antimicrobial peptides; non-lytic peptides; bacterial membranes

1. Introduction

The World Health Organization (WHO) has identified antimicrobial resistance as one of the three
major threats to human health [1]. Bacteria can be efficient in the synthesis and sharing of genes
involved in the development of antibiotic resistance mechanisms, leading to negative outcomes in
the clinic [2]. This inefficiency may be related to the intrinsic resistance of a bacterium to a specific
antibiotic, which can be explained by its ability to resist the action of this drug as a result of inherent
structural or functional characteristics [3]. Therefore, the dissemination of antibiotic resistance factors,
along with the misuse of these drugs, has made drug design a broad field of research [4]. In this
scenario, the antimicrobial peptides (AMPs) have been considered as an alternative to conventional
antibacterial treatments [5].

Int. J. Mol. Sci. 2019, 20, 4877; doi:10.3390/ijms20194877 www.mdpi.com/journal/ijms1
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AMPs can be produced as part of the host’s defense system (innate immune system) during
an infection process [6]. These peptides belong to a broad group of molecules produced by many
tissues and cell types in a variety of organisms, including plants, invertebrates, vertebrates, fungi,
and bacteria [7]. The majority of AMPs are composed of relatively small (<10 kDa), cationic and
amphipathic molecules, mostly consisting of 6 to 50 amino acid residues [8]. Moreover, AMPs have
often been reported for their diverse biological activities, more specifically, antibacterial activities [9].
The different amino acid compositions lead to structural properties in terms of amphipathicity, net
positive charge, shape and size, which favor interaction with microbial surfaces, insertion into lipid
bilayers and induction of membrane damage [10]. It is proposed that AMPs firstly bind to biological
membranes and then, due to their amphipathic arrangement, insert into the bilayer by breaking the
lipid chain interactions [11]. The mechanisms of action associated with destabilization and disruption
of bacterial membranes have been widely described, triggering mechanisms known as the carpet
model, toroidal pore, barrel type, detergent, and several other variations [12–14]. In addition to AMPs’
membrane disruptive properties, studies have suggested that these peptides may also affect bacterial
viability by acting via non-lytic pathways [15].

Diverse works assume that AMPs may present intracellular targets [15]. However, the mechanisms
by which some AMPs are capable of penetrating bacterial cells are still under investigation [16].
It has been suggested that some peptides (e.g., proline-rich AMPs) can bind to the bacterial surface
followed by their translocation into the cell through the formation of transient pores and, finally,
acting on intracellular targets [17,18]. Additionally, works have proposed that AMPs can translocate
through the membrane without forming pores, which may include receptor-mediated processes [19].
Once these molecules cross the bacterial membranes, they may target intracellular macromolecules and
bioprocesses, including DNA replication and transcription inhibition [20,21]. Additionally, AMPs have
been proved to inactivate bacterial chaperones involved in protein folding, also leading to bactericidal
effects by inhibiting the synthesis of proteins [18,22].

In this context, some advantages have been attributed to non-lytic AMPs in terms of
clinical applications. From the therapeutic point of view, AMPs may present great specificity
with their intracellular target, which may hinder the development of resistance mechanisms.
Moreover, this specificity for intracellular bacterial targets could also lead to reduced toxicity toward
healthy human cells [15]. Therefore, this review will focus on the main non-lytic AMPs described to
date, including indolicidin, buforin II, PR-39, bac7, apidaecin, and drosocin. Thus, although previous
review articles have extensively described AMP intracellular mechanisms of action, here we provide
an all-in-one overview of how non-lytic AMPs first interact with and further translocate across bacterial
membranes to act on intracellular bacterial components, finally leading to cell death. We also provide
a detailed description of the antibacterial, antibiofilm and anti-infective properties of these peptides
in vitro and in vivo. Taken together, the data here summarized may provide useful information on the
most promising non-lytic AMPs, and how these peptides could be used as model molecules for drug
design strategies aiming at antibacterial therapies.

2. Indolicidin—A Tryptophan/Proline-Rich Peptide

The first indolicidin was isolated from cytoplasmic granules of bovine neutrophils and, at that
time, it was considered the shortest peptide discovered [23]. Indolicidin is a tryptophan/proline-rich
AMP belonging to the cathelicidin family and constituted of 13 amino acid residues [23] that has shown
antibacterial properties against Gram-positive and -negative bacteria [24]. In terms of structural profile,
indolicidin is dynamic, as in an aqueous solution it is unstructured [25], but it adopts a poly-L-proline
type II helix or extended structures (Table 1) in membrane-like conditions [26,27].
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2.1. Indolicidin Interacts with and Translocates through Bacterial Membranes

Structural studies of indolicidin in contact with lipid bilayers started in the 1990s. At first, it was
proposed that indolicidin adopted a poly-L-proline type II helix upon interaction with 1-pamitoyl
-2-oleoyl-sn-glycero-3-phosphocholine(POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
(POPG) liposomes (7:3 lipid-to-lipid ratio), which was further correlated to indolicidin’s ability to
bind lipopolysaccharides and cross the Escherichia coli outer membrane by self-promoted uptake [25].
Years later, this poly-l-proline type II helix structural profile was reviewed, opening a new perspective
on indolicidin’s structure by the formation of extended and β-turn structures [27]. Nuclear magnetic
resonance (NMR) studies with indolicidin have enabled researchers to clarify this controversy regarding
indolicidin’s structure in membrane-like conditions, including zwitterionic dodecylphosphocholine
(DPC) and anionic sodium dodecyl sulfate (SDS) micelles. NMR spectra of indolicidin in these
conditions have shown that this peptide adopts an extended conformation from residues 3 to
11, with two half-turns at residues 5 and 8 when in contact with DPC [28]. A similar extended
conformation was observed in SDS from residues 5 to 11. However, it lacks the bend in the C-terminal
region. Further investigations revealed that, in contact with DPC, indolicidin’s conformation seems
to be ideal for its intercalation between the DPC molecules. Moreover, based on hydrogen bond
pattern, peptide–lipid charge distribution and membrane location, two main membrane insertion
modes have been proposed, including the direct penetration into one of the bilayer leaflets via a
“boat” structural orientation, and a transmembrane orientation (Table 1 and Figure 1) [28]. In addition
to indolicidin–micelle interactions, evidence of multiple structural profiles involved in membrane
binding has also been reported in aqueous solution and 50% 2,2,2-trifluoroethanol (TFE) in water [29].
Therefore, it has been suggested that such structural plasticity seems to be related to different
combinations of contact between the two WPW motifs in indolicidin’s sequence [29].

The trajectory of indolicidin has also been investigated through molecular dynamics (MD) in membrane
environments. Hsu and Yip [30] developed a study with indolicidin, in which the simulations were performed
on single lipid bilayers of dioleoylphosphatidylcholine (DOPC), distearoylphosphatidylcholine (DSPC),
dioleoylphosphatidylglycerol (DOPG), and distearoylphosphatidylglycerol (DSPG) for 50 ns. The results
indicated that indolicidin was partitioned between water and bilayer for all systems. The results suggest
that electrostatic interactions are important in the initial attraction of the peptide/membrane. This approach
was faster with the anionic lipids (DOPG and DSPG) and there was hydrogen bonding between the peptide
side chains and the phospholipid head groups in all simulations. Intermolecular hydrogen bonds were
formed between the tryptophan residues from indolicidin, indicating that it is not only by electrostatic
interactions that the association with anionic membranes occurs. The authors also observed a decrease in
membrane thickness caused by this peptide, along with interdigitation of lipid tails. However, intermolecular
hydrogen bonds were not observed when simulating indolicidin in contact with zwitterionic DOPC and
DSPC membranes.

More recently, Tsai et al. [31] performed a work with a synthetic analogue of indolicidin,
called SAP10, which preserved the non-lytic behavior of the parent peptide but reduced its cytotoxicity
against mouse fibroblasts (NIH/3T3). MD simulations of these two peptides (parent and analogue)
were performed in the presence of POPC lipid bilayers and the results compared with small-angle
X-ray scattering (SAXS). Carbon-carbon order parameters of the lipid acyl chains were used to
measure the perturbation in the membrane. For indolicidin, there was a decrease in the values
of lipid acyl chains when compared to the isolated membrane, whereas for SAP10, the values
did not change significantly [31]. This indicates that both molecules interact with the membrane.
However, the indolicidin disturbance is more evident than the SAP10 peptide. The authors associated
this lower perturbation with the fact that SAP10 has fewer tryptophan residues, an amino acid that is
usually associated with peptide stability in membranes [31].
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Figure 1. Representation of the membrane translocation mechanisms and intracellular targets for
indolicidin (green sticks—PDB 1g8c), PR-39 (name only), bac7 (orange sticks—PDB: 5f8k), apidaecin
(yellow sticks—PDB: 5o2r), drosocin (cyan sticks—PDB: 4ezr) and buforin II (blue—PDB: 4kha).
Indolicidin adopts a “boat-type” arrangement or transmembrane orientations to cross both the outer
membrane (OM) and inner membrane (IM) to bind DNA, whereas buforin II forms transient toroidal
pores, thus internalizing the bacterial cell to target DNA and RNA. Apidaecin and drosocin require an
IM transporter (e.g., membrane permease) to reach the bacterial cytosol and target chaperones and
ribosomes. Similarly, bac7 and PR-39 require an SbmA transporter to cross the IM and then interact
with DNA, chaperones and lipid II precursors (the later is exclusive to bac7). Proline residues are
highlighted as white sticks in all peptides. The tridimensional structure of buforin II is not deposited in
the Protein Data Bank. Therefore, buforin II structure was extracted from the N-terminus region of the
histone H2A (from which this peptide is derived), for representation purposes.

2.2. Indolicidin Antibacterial Properties

Diverse studies have focused on the biological characterization of indolicidin. In the first studies
conducted with this AMP, indolicidin showed antibacterial activity against E. coli, Pseudomonas
aeruginosa, Staphylococcus aureus, Staphylococcus epidermidis, and Salmonella typhimurium (Table 2) [25,51].
These activities have been directly correlated to the large number of tryptophan and proline residues
in indolicidin’s sequence [51]. Nonetheless, the presence of these residues has also been related to the
hemolytic activity of this peptide, thus representing an obstacle for its application in clinical trials [52].

Considering that hemolytic and cytotoxic effects represent a bottleneck in taking AMPs into the
clinic, indolicidin analogues have been developed. Over the years, different strategies have been carried
out to enhance the therapeutic potential of this peptide (Table 1) and, during these investigations,
important findings were reported. In a study by Ryge et al. [53], indolicidin analogues were developed
based on the sequence ILPXKXPXXPXRR-NH2, where tryptophan (labeled with X) residues were
altered by an N-substituted class of non-proteogenic residues or by glycine. A total of 28 indolicidin
analogues were developed, out of which 22 presented improved antibacterial properties against
S. aureus and E. coli (Table 2). In that same work, non-natural constructs were further submitted to
modifications to boost the antibacterial activity of the analogue peptides. For this, phenylalanine
residues were added at positions 4, 6, 8, 9, and 11 [53]. As a result, the authors observed that
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tryptophan might not be essential to maintain the antibacterial activity of the parent indolicidin, as the
phenylalanine-containing analogues presented higher minimal inhibitory concentration (MIC) values
against E. coli and S. aureus, as well as lower hemolytic activities.

Amide bond modifications have also been performed aiming at generating analogues with greater
stability and antibacterial activity [54,55]. Kim et al. [56], for instance, altered the amide bonds of
indolicidin by reduced amide bondsψ[CH2 NH] in the pseudopeptide analogues, called ID, ID-I, ID-W
and ID-IW (Table 2). Among them, the pseudopeptide (ID-IW) containing two reduced amide bonds not
only presented reduced hemolytic effects, but also improved resistance to enzymatic degradation [56].
Moreover, the antibacterial potential of the parent peptide (indolicidin) was preserved in ID-IW,
which was capable of inhibiting Bacillus subtilis, Micrococcus luteus, S. aureus and E. coli strains.

More recently, indolicidin has also been used for the generation of hybrid AMPs. In a study by
Jindal et al. [57], 13 hybrid peptides were developed based on two AMPs, indolicidin and ranalexin,
which is derived from bullfrog (Rana catesbeiana) skin [58]. Among them, five analogues (RN7-IN10,
RN7-IN9, RN7-IN8, RN7-IN7 and RN7-IN6) presented antibacterial activity against 30 clinical isolates
from the genus Pneumococcus (Table 2). These authors also used the analogues RN7-IN10 and RN7-IN8
(lower cytotoxicity) to treat mice infected with Streptococcus pneumoniae. It was observed that, at the
concentration of 5 mg·kg−1, the peptides showed no activity. On the other hand, 10% of the animals
survived after treatment with RN7-IN10, at 10 mg·kg−1, whereas a 30% survival rate was observed for
those animals treated with RN7-IN8 at the same concentration. Finally, the highest survival rates of
30% and 50% were reported for the groups treated with 20 mg·kg−1 of RN7-IN10 and RN7-IN8 [57].
Interestingly, it was also shown that RN7-IN10 and RN7-IN8 synergize (Table 1), as animals treated
with 10 mg·kg−1 of each peptide in combination presented a survival rate of 60%. Among all the tests
performed, RN7-IN8 presented the most promising activities, besides being highly effective in the
treatment of bacteremia [57].

Apart from the antibacterial activity of indolicidin against bacteria in their planktonic mode
of growth, studies have also evaluated this AMP on bacterial biofilms. However, in contrast to the
promising antibacterial effects of indolicidin and its analogues, antibiofilm studies have shown that the
mechanisms by which this AMP acts are not effective on biofilms. Pompilio et al. [59] analyzed the
antibiofilm activity of indolicidin against clinical isolates of P. aeruginosa, Stenotrophomonas maltophilia,
and S. aureus, but no activity was observed at the maximal concentration tested. In a study by
Dosler et al. [60], indolicidin was tested against S. aureus and methicillin-resistant Staphylococcus aureus
(MRSA) biofilms. Despite presenting low MICs, antibiofilm properties were reported only at 40-fold
higher concentrations. Overall, these data reinforce the theory that antibacterial and antibiofilm
properties in AMPs are most likely to be independent.
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2.3. Indolicidin Targets Bacterial DNA

Some AMPs are capable of directly interacting with DNA and/or RNA, thus interfering with
their synthesis, replication and translation processes [80,81]. Indolicidin, at high concentrations,
increases the permeability of the bacterial cell and, consequently, reaches the cytosol to inhibit,
exclusively, DNA biosynthesis (Table 1 and Figure 1) [82]. Hsu et al. [29] performed gel retardation
and fluorescence studies to confirm that indolicidin binds to DNA. Besides, different single- and
duplex-strand DNAs were immobilized on a biosensor surface and the association/dissociation of
indolicidin was monitored. It was demonstrated that indolicidin bound strongly to ds-[AT], ds-[CG] and
ds-[AG], but only weakly to ds-[GT]. The authors further suggested that indolicidin’s amphipathicity
plays a crucial role in its ability to bind to nucleic acid and, thereby, kill bacteria. Moreover, the data
reported by those authors suggest that indolicidin’s mechanism of action involves an initial stage of
electrostatic binding to the DNA duplex phosphate groups, followed by its insertion into the DNA
groove [29]. More recently, the structural and mechanistic features that favor indolicidin’s DNA-binding
property were investigated through the combination of spectroscopy and microscopy methods [32].
It has been shown that the central PWWP motif plays a key role in the indolicidin/duplex DNA
stabilization, as mutations in the central WW pair significantly impaired indolicidin’s DNA-binding
activity [32].

3. Buforin II—A Frog-Derived Peptide that Internalizes Bacterial Cells

Buforin has been described as an effective non-lytic AMP family. The buforin family comprises
AMPs that have complete sequence identity with the N-terminal region of the histone H2A,
which interacts directly with nucleic acids [83]. Among buforins, buforin II has attracted particular
interest due to its broad-spectrum activities against microorganisms when compared to other α-helical
AMPs [61]. This peptide was obtained by treating buforin I, which is derived from the stomach
tissue of the Asian toad Bufo bufo gargarizans, with an endoproteinase Lys-C, thus resulting in the
generation of a 21 amino acid residue peptide (TRSSRAGLQFPVGRVHRLLRK), named buforin II [61].
Buforin II has a helical-helix-propeller structure (Table 1), which is amphipathic in hydrophobic
environments. In addition, the suggested mechanisms of action of this peptide against bacteria include
DNA- and RNA-binding properties after translocation across the lipid bilayer, without causing cell
lysis (Figure 1) [84,85].

3.1. Buforin II Translocates Membranes by the Formation Of Transient Toroidal Pores

The first NMR structural study performed with buforin II revealed a coil-to-helix transition
when this peptide is transferred from hydrophilic (water) to hydrophobic (TFE/water mixtures)
conditions [33]. Although buforin II is a non-proline-rich AMP, it presents a proline residue at position
11 in its sequence that acts as a helix breaker. Therefore, the amphipathic structure of buforin II consists
of a random coil region from Thr1 to Ser4, followed by a distorted helical structure from Arg5 to Phe10

and a well-defined α-helix from Val12 to Lys21 after a hinge at Pro11 [33,34]. The presence of a proline
hinge in buforin II has been reported as a crucial factor for its cell-penetrating ability. Interestingly,
although the proline acts as a translocation promoter in buforin II, its cis-trans isomerization does not
affect the translocation mechanism [35]. Confocal microscopy studies have shown that, by performing a
single amino acid substitution for proline in buforin II sequence, this peptide’s mechanism of action on
bacteria changes from intracellular to membrane active [34]. Similar findings were observed through
the investigation of buforin II in contact with membrane bilayers [36]. Compared to magainin II,
buforin II translocates more efficiently across lipid bilayers, without inducing lipid flip-flop, suggesting
non-membranolytic mechanisms [36].

Additional studies with lipid bilayers have also demonstrated that buforin II causes a positive
curvature on membranes [35]. As mentioned above, Pro11 distorts the helical segment in buforin II at
the N-terminal region, leading to the concentration of basic residues in a limited amphipathic region,
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which destabilizes pore formation due to peptide–peptide electrostatic repulsions [35]. Therefore, it is
proposed that buforin II translocates membranes by the formation of transient toroidal pores with
extremely short lifetime to act on intracellular targets (Table 1 and Figure 1). These findings have also
been observed in computational studies [84].

3.2. Buforin II as a Promising Scaffold for Antibacterial Therapies

The first study to evaluate the antimicrobial activity of buforin II was developed by Park et al. [61],
who determined the MICs against diverse Gram-positive and -negative bacteria, and fungi. In addition,
that study also revealed that, compared to the AMP magainin II, buforin II was approximately 10-fold
more potent against a wide range of microorganisms [61].

Moreover, in a direct comparison with the model AMP magainin II, buforin II has been evaluated
regarding its membrane permeabilization, and its hemolytic and antibacterial properties [36]. In this
context, studies have shown that buforin II is more efficient at translocating through lipid bilayers than
magainin II [36]. Regarding their antibacterial activity against E. coli, buforin II exhibited significantly
greater activity than magainin II [36]. Interestingly, however, despite their different modes of action on
bacteria, both buforin II and magainin II were not hemolytic at concentrations 25-fold higher than their
MICs [36].

Over the years, an increasing number of pharmacologic strategies have been applied to AMPs,
including their administration in combination with conventional antibiotics (Table 1) [62]. In this
context, Cirioni et al. [63] investigated both in vitro and in vivo the antibacterial activity of buforin II
(Table 2) and the antibiotic rifampicin (alone and in combination) against A. baumannii strains. As a
result, in vitro experiments with buforin II showed higher antibacterial activity when compared to
rifampicin against susceptible and multidrug-resistant A. baumannii. Moreover, the combination of
these two antimicrobial agents resulted in a synergistic effect (fractionary inhibitory concentration
(FIC) index of 0.312) [63]. In vivo assays were carried out using a model of sepsis in rats, in which
the animals were infected with susceptible and multidrug-resistant A. baumannii. The groups treated
with buforin II had a lower percentage of lethality (40% and 46.6%, respectively) when compared
to the control groups (100% and 100%, respectively) and treated with antibiotic rifampicin (93.3%
and 93.3%, respectively) [63]. In addition, the treatment with this peptide also reduced bacterial
endotoxin and plasma cytokine concentrations when compared to the other groups [63]. As observed
in vitro, the combinatory therapy buforin II and rifampicin was more promising (20% lethality rate
for susceptible and resistant A. baumannii) compared to the results obtained by the treatment with
these antimicrobial agents alone. This combination was also reflected in a significant reduction in the
concentrations of bacterial endotoxin and plasma cytokines [63]. Therefore, these results demonstrate
that buforin II combined with rifampicin has superior efficacy to monotherapy (Table 1).

In another study, Zhou et al. [64] investigated the interaction of buforin II with the conventional
antibiotics ranalexin, amoxicillin-clavulanate, ceftriaxone, meropenem, doxycycline, and clarithromycin
(Table 1), which are all commonly used in the clinic for the treatment of Gram-positive and -negative
bacteria. The combination of buforin II and the above-mentioned antibiotics against 120 clinical
isolates was not synergistic, but additive [64]. However, this potent effect of one treatment agent over
another still supports the hypothesis that the combination of peptides with antibiotics may represent a
promising alternative to antimicrobial monotherapies.

Studies have also been conducted with buforin II analogue sequences (Table 2). For instance, Park
et al. [34] have developed buforin II analogues to shed some light on the structural characteristics
of buforin II that are crucial for its potent antimicrobial activity. Therefore, a series of N- and
C-terminal truncated buforin II fragments or analogues with amino acid substitutions were designed
and evaluated for their antimicrobial activity and mechanism of action [34]. As a result, the analogues
BUF (5–21—N-terminal truncation), BUF (5–13—N-terminal truncation) with three repeats of the
C-terminal regular RLLR motif, named BUF (5–13)-[RLLR]3), were more potent against bacteria than
their parent peptide, buforin II (Table 2). In contrast, additional N-terminal truncation, or removal of
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four amino acids from the C-terminal of buforin II, resulted in analogues with progressive decrease or
null antimicrobial activity [34]. These results demonstrate the importance of the C-terminal helical
region (residues 18 to 21) in buforin II antimicrobial activity, whereas the N-terminal random coil
region seems not to play a key role [34]. Therefore, the systematic study of the structure-activity
relationship of buforin II and its analogues has shown that the effectiveness of cell penetration in terms
of antimicrobial potency depends on the α-helical content of this AMP [34].

Based on the findings cited above, Hao et al. [65] designed and synthesized a novel, 21-amino
acid residue buforin II analogue, called BF2-C. This analogue is constituted by the N-terminal residues
5–13 from buforin II, in addition to three repeats of the C-terminal α-helical motif (RLLR) from this
same peptide. Moreover, BF2-C also presents a single substitution, in which a valine residue was
replaced by a leucine residue at position 12 in the parent peptide buforin II [65]. These modifications
resulted in increased hydrophobicity of the amphipathic α-helix at the C-terminal region of BF2-C.
It was observed that BF2-C showed remarkable antimicrobial activities against Gram-positive and
-negative bacteria (Table 2), compared to its parent peptide [65]. These results suggest that the
α-helical content in buforin-like peptides may be directly correlated with their increased antibacterial
potential. Furthermore, structure-activity ratio analyses revealed that cell penetration efficacy and DNA
affinity were critical factors in determining the antimicrobial potency of BF2-C. Therefore, these results
provide important information on the development of novel potent peptide-based drugs that act
intracellularly [65].

Strategies of amino acid replacement have also been applied for the generation of buforin II
analogues. Jang et al. [66] designed four analogues, named Buf-IIIa to Buf-IIId, based on the buforin
IIb (BUF2-B) respecting the following criteria: (i) the non-alteration of the structural characteristics
important for the antimicrobial activity of buforin IIb, and (ii) the conservation of global hydrophobicity,
which provides the effective antimicrobial activity of AMPs (Table 2). In that study, all Buf-III analogues
had similar structures and mechanisms of action to buforin IIb. Regarding their antimicrobial activity
against the tested pathogens (bacteria and fungi), Buf-IIIb and Buf-IIIc presented ≥2-fold higher
antibacterial and antifungal activities compared to the parent peptide. Moreover, the hemolytic activity
against human erythrocytes was decreased in those analogues, resulting in a 7-fold improvement in
their therapeutic index (62.5 for buforin IIb and 444 for Buf-IIIb and IIIc). Therefore, these results
suggest that Buf-III analogues may be promising candidates to complement conventional antimicrobial
therapy [66].

A buforin II analogue (BF2-A) has also been evaluated in an alternative drug design approach
(Table 1), involving its conjugation with a peptide nucleic acid (PNA) to inactivate E. coli strains [67].
Due to BF2-A’s intracellular mechanism of action, this peptide would be an efficient vehicle for the
release of PNA within the bacterial cells, which in turn targets the acpP gene. This gene is essential
in fatty acid biosynthesis and, therefore, its regulation interferes with the cell wall organization.
Thus, the antimicrobial activity observed against E. coli treated with BF2-A and PNA were successfully
achieved by the silencing of the target gene promoted by the conjugate [67].

3.3. Buforin II Targets DNA and RNA

Apart from indolicidin, the AMP buforin II binds to DNA after its translocation through E. coli
membranes [34]. The proposed model for buforin II is the formation of a transient toroidal pore
(Table 1 and Figure 1), similar to magainin II. The lifetime of the pore is shorter and, as a consequence,
the translocation rate is increased due to the disintegration of the pores [35,36]. Once in the cytosol,
buforin II binds to DNA and RNA (Figure 1), as shown by Park et al. [85]. The strong affinity of
this peptide for nucleic acids has been shown to depend highly on the complementarity between the
sequences of buforin II and the N-terminal region of the H2A histone [83].
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4. PR-39 and bac7—Two Proline/Arginine-Rich Peptides

Proline/arginine-rich peptides have been described and characterized by the presence of a repeating
PRPR motif [17]. Arginine and proline residues can facilitate access to the intracellular region of the
target bacteria to effectively inactivate these pathogens [17]. The proline/arginine AMP, named PR-39,
was firstly isolated from pigs’ intestines [86]. This peptide is constituted of 39 amino acids, with high
contents of proline and arginine residues [87]. The large amount of proline residues gives the PR-39
greater stability for degradation by serine proteases, leading to a longer half-life [68,88]. Over the
years, it has been shown that PR-39 acts as an antibacterial and wound healing agent (Table 1) [69].
Moreover, when targeting bacteria, PR-39 acts on DNA and/or protein synthesis (Figure 1) [89].

Similarly, the bactenecin-like peptide, bac7, was firstly isolated from bovine neutrophils, and also
constitutes a proline/arginine-rich AMP [90,91]. This peptide has shown antibacterial potential toward
E. coli, Klebsiella sp. [90] and may also be effective against S. epidermidis [92]. Moreover, the mechanisms
by which bac7 exerts its antibacterial properties have been elucidated, and involve a DnaK-binding
mode of action (Figure 1) [93].

4.1. PR-39 and bac7 Membrane Translocation Require an Inner Membrane Transporter

The bacterial inner membrane (IM) transporter, SbmA, is required for bac7 and PR-39 cellular
uptake (Table 1, Figure 1). This IM protein is constituted of 406 amino acid residues with seven or
eight transmembrane-spanning domains that facilitate the internalization of glycopeptides, AMPs and
PNA oligomers into Gram-negative bacterial cells [40]. To investigate and confirm the role of SbmA in
bac7(1–35) (a bac7 truncated fragment) and PR-39 internalization in bacteria, studies have shown that
E. coli carrying a point mutation in the sbmA gene, along with other sbmA-null mutants, are resistant
to the administration of these two AMPs [37]. These findings have been further confirmed by
fluorescence analyses, in which fluorescently labeled bac7(1–35) revealed lower cell internalization
properties in sbmA mutated E. coli [37]. More recently, the functional characterization of SbmA in the
presence of bac7(1–35) was carried out [40]. In that work, it was proposed that bac7(1–35) uptake
is not ATP-dependent, but requires the presence of a transmembrane electrochemical gradient [40].
Moreover, it was found that bac7(1–35) directly binds to SbmA with high affinity, finally leading to
conformational changes in this transporter [40].

4.2. PR-39 Antibacterial Properties

One of the first studies conducted with PR-39 demonstrated that this AMP inhibits E. coli,
S. typhimurium and Salmonella choleraesuis growth (Table 2) [69]. In addition, this AMP also causes
bacterial death, with the highest activities reported against E. coli [69]. Similar findings were observed
by Jeon et al. [94], who considered the antibacterial potential of PR-39 similar to those obtained for
ampicillin and gentamicin.

As for indolicidin, PR-39 analogues have also been generated aiming at an optimized therapeutic
index. Studies have reported the evaluation of PR-39 truncated analogues, including PR-39 (1–26),
PR-39 (1–22), PR-39 (1–18), PR-39 (1–15), PR-39 (16–39), PR-39 (20–39) and PR-39 (24–39), against different
bacterial strains (Table 2). As a result, the most effective analogues were PR-39 (1–26), PR-39 (1–22),
PR-39 (1–18) and PR-39 (1–15), presenting similar minimal bactericidal concentrations of PR-39 against
E. coli and Bacillus globigii [68]. These findings suggest that shorter N-terminal fragments from the
parent PR-39 could be developed aiming at conserved/improved antibacterial properties, allied to a
lower cost of synthesis.

In terms of in vivo antibacterial properties, PR-39 has been used for the treatment of sepsis in
mice through endotoxin neutralization. Studies have shown that PR-39, when administrated with
lipopolysaccharides (LPS), leads to a decreased release of nitric oxide (NO) by mice cells, thus reducing
the cellular stress and, consequently, improving the survival rates of the treated animals in a sepsis
model (Table 1) [70].
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4.3. Bac7 Antibacterial Properties

Bac7 and its truncated analogues have been tested against numerous Gram-negative bacteria,
including E. coli, A. baumannii, K. pneumoniae and Salmonella enterica, revealing the highest inhibitory
potential for bac7(1–35) (Table 2) [95]. Moreover, the antibiofilm activity of bac7 has also been
investigated against clinical isolates of S. maltophilia and S. aureus and P. aeruginosa. However, as for
indolicidin, promising results were not obtained at the maximal concentration tested [59]. On the other
hand, an in vivo study demonstrated that treatment with bac7 protects rats against E. coli endotoxins,
thus avoiding septic shock (Table 1) [71].

The antibacterial activity of bac7(1–35) has also been evaluated in vivo using a murine model of
Salmonella infection, resembling systemic infections in humans [96]. Therefore, it has been observed
that untreated animals (control) survived for 10 days post-infection, whereas those animals treated
with bac7 (75 mg·kg−1) survived for 24.5 days post-infection. In addition, 35% of the animals treated
with bac7 recovered completely from the infection, thus significantly reducing the mortality rates [96].
Years later, Benincasa et al. [96] used a 20 kDa polyethyleneglycol (PEG) to improve the effectiveness of
bac7 against Salmonella infection in mice models. After intraperitoneal administration, the animals
were observed for 24 h. Greater activity of bac7 and PEG were observed, although it was found in
organs (e.g., kidneys and liver) for longer periods. Therefore, the association of PEG with bac7 proved
to be a promising modification for the therapeutic applicability of this AMP (Table 1) [97].

4.4. PR-39 and bac7 Target Bacterial Protein Synthesis

One of the mechanisms by which non-lytic AMPs lead bacteria to death is the inhibition of
protein synthesis. The proline/arginine-rich AMP PR-39 is known to rapidly cross bacterial cell
membranes, without causing significant damage. Once in the intracellular compartment, this AMP
inhibits proteins involved in DNA replication (Table 1 and Figure 1). The mechanism of action is
attributed to PR-39′s proteolytic activity, which causes the degradation of proteins associated with
DNA replication, leading to the secondary inhibition of DNA synthesis [72]. In an attempt to find out
the exact mechanism by which PR-39 exerts its antibacterial properties, Ho et al. [73] carried out a
proteome microarray study with E. coli to systematically identify the intracellular protein targeted
by this AMP. The inhibitory effects of PR-39 on diverse metabolic pathways have been confirmed,
including those for translation, transport and metabolism of nucleotides, transport, and metabolism of
coenzymes and others [73].

Protein and RNA synthesis have also been targeted by the non-lytic AMP bac7 (Table 1 and
Figure 1) [38,90]. Mardirossian et al. [39] showed that bac7 (1–35) blocks protein synthesis by
targeting ribosomal proteins. Moreover, the authors also proposed that this mechanism could prevent
additional co-linear events, including the interaction of cotranslational chaperones with ribosomes,
which is a known mechanism to ensure the translation of any polypeptide chain [39]. More recently,
this mechanism was further explored, revealing that bac7(1–35) blocks the peptide exit tunnel in 70S
ribosomes from Thermus thermophiles [98]. It was also concluded that this mechanism occurs through
the interaction of bac7(1–35) with antibiotic-binding sites, thus interfering with the initial step of
translation [98]. In addition, it has been proposed that bactenecins also target cell wall synthesis
by binding to the lipid II precursor (Table 1 and Figure 1) [41]. These data support the idea that a
single AMP may have multiple mechanisms of action simultaneously, which contributes to the lower
occurrence of bacterial resistance to AMPs.

Although bac7(1–35) has been widely described as a non-lytic AMP that internalizes bacterial
cells through the transporter SbmA, it has been shown that this mechanism varies depending on the
characteristics of the target bacterial species. For instance, Runti et al. [42] reported that P. aeruginosa
(PAO1) cells are inactivated by bac7(1–35) through cellular membrane disruption, which differs
from what has been observed against E. coli. Interestingly, by expressing the SbmA transporter in
P. aeruginosa (PAO1) it was found that bac7(1–35) internalization was enhanced, along with higher
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bacterial resistance to membrane disruption [42]. Therefore, this evidence supports the idea of bac7′s
(1–35) multiple mechanisms of action, which are highly dependent on the strain tested.

5. Apidaecin and Drosocin—Two Non-Lytic AMPs Derived from Insects

Apidaecin was the first proline-rich AMP isolated from bees in the mid-1980s. Apidaecin comprises
an 18–20 amino acid residue peptide with proline and arginine repetitions along its sequence [43].
In contrast, drosocin is a peptide isolated from the fruit fly (Drosophila melanogaster), which was first
reported by Bulet et al. [44]. Drosocin is composed of 19 amino acid residues in length and shares a
high degree of sequence homology with apidaecin [44]. This peptide is characterized by three PRP
motif repeats and glycosylation of threonine residues, which is suggested to be intrinsically related to
its antibacterial properties [44,99]. Moreover, cytotoxic effects have not been reported for this peptide,
reinforcing its therapeutic applicability [99,100].

5.1. Apidaecin and Drosocin Depend on Membrane Receptors to Internalize the Target Cell

Initial studies on the structure and membrane translocation of apidaecin peptides have suggested
that the antibacterial activities of these peptides are intrinsically related to the presence of PXP motifs,
which contribute to the ordered formation of oligomers that facilitates the entry through the bacterial
outer membrane (OM) [101]. Nevertheless, although apidaecin’s functional oligomers are capable of
translocating across the OM, evidence suggests that its internalization and translocation across the
IM are facilitated by specific interaction with membrane permeases and transporters (Table 1 and
Figure 1) [78]. Moreover, it seems that such interaction is energy-driven, irreversible and stereospecific
(Figure 1), as all-D-apidaecin (apidaecin constituted entirely of d-amino acids) does not bind to
periplasmic or IM components [78].

As for apidaecin, drosocin has also been suggested to internalize bacterial cells through interactions
with IM receptor/channels [48]. Drosocin is glycosylated at Thr11, which has been characterized as
a key factor for its antibacterial activities and, therefore, has been investigated in NMR structural
studies. In general, spectra recorded in water indicate a high population of random coil arrangements
for both glycosylated and non-glycosylated forms, whereas the presence of 50% TFE/water mixtures
induces the formation of turns [49]. Although no significant differences were detected for the
random coil arrangements in water, the glycosylated and non-glycosylated forms differ greatly in the
folded conformations, especially at residues 10 to 13 (extended turn) and 17 to 19 (tightening of the
downstream turn) in the glycosylated form. Additional studies have also shown that not only is the
glycosylation at Thr11 crucial for drosocin’s internalization into bacterial cells, but also its chirality [48].
Similarly to apidaecin, it has been reported that drosocin’s action on bacterial cells is stereospecific,
as its D-enantiomers are incapable of internalizing bacterial cells. These findings re-emphasize the
receptor-driven mechanism by which drosocin acts (Table 1 and Figure 1). However, although this
mechanism has been proposed for both apidaecin and drosocin, the specific target of these non-lytic
AMPs on the periplasmic space or IM is still under investigation.

5.2. Apidaecin Antibacterial Properties

The first study carried out with apidaecin demonstrated that the activity of this peptide does
not depend on cell membrane lysis [45,72]. Years later, when tested against bacteria, apidaecin was
proved to cause bacterial cell death without triggering membrane destabilization [78]. It is presumed
that the apidaecin C-terminal region (PRPPHPR (L/I)) is responsible for its non-lytic mechanism of
action [45,46]. In terms of biological activities, apidaecin has been characterized for its antibacterial
effects against numerous Gram-negative bacteria, including E. coli [102], K. pneumoniae [103] and
P. aeruginosa (Table 2) [74].

Apidaecin analogues have been developed for improved antibacterial properties (Table 1).
Czihal et al. [102], for instance, performed a robust study regarding the comparison between apidaecin
and its analogues (api6, api7, api39 and api88) (Table 2). By modifying the C-terminal region through
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the inversion of an amide in the analogue api6, the authors reported a 32-fold and 4-fold higher
antibacterial potential against resistant E. coli and K. pneumoniae when compared to the parent peptide,
apidaecin [102]. In contrast, by acetylating the N-terminal of the analogue api7 greater stability
was observed. However, the antibacterial activity of this analogue was abolished. Interestingly, by
performing further modification on api7, including the replacement of Gly1 by ornithine or lysine, the
antibacterial potential of this analogue was reestablished [102]. Similar findings were obtained for the
api39 analogue when replacing the Glu10 by an arginine, leading to improved inhibitory effects toward
bacteria [102]. Finally, the api88 analogue, which presented the highest net positive charge among
all analogues, underwent modifications in the N-terminal region, where acetyl amide (CH3CONH–)
was replaced by N, N, N′, N′-tetramethylguanidine (((CH3)2N)2-CNH-). As a result, a remarkable
improvement was observed in the antibacterial activity of api88, which revealed low MIC values
against the three strains tested and, therefore, was pinpointed as a promising AMP for therapeutic
purposes [102].

Additional studies have also shown that replacing the N-terminal glycine of apidaecin by
tetramethylguanidino-L-ornithine led to the generation of a structurally stable analogue, named api137,
with promising activity against E. coli (Table 2) [75]. Moreover, further investigations demonstrated that
removing the C-terminal Leu18 residue resulted in a substantial loss of antibacterial activity, suggesting
the crucial role of the api137 C-terminal region for its antibacterial potential [76]. Structural stability
and resistance to enzymatic degradation have also been investigated in apidaecin Ib by substitutions of
arginine/leucine residues with peptoid residues (Table 1). Gobbo et al. [104] engineered peptide–peptoid
hybrids based on apidaecin Ib and observed that, although presenting higher stability to degradation,
the position at which the peptoid residues lie in the apidaecin hybrids impairs their antibacterial
activities. The authors reported that modifications at the N-terminal region of apidaecin Ib only slightly
reduced the antibacterial property of the hybrids, whereas peptoid residues in the C-terminal region
drastically reduced this property [104], once again reinforcing the relevance of a conserved C-terminal
for apidaecin peptides’ antibacterial potential.

5.3. Drosocin Antibacterial Properties

As described above, the glycosylation of drosocin residues seems to directly interfere with its
biological activities against bacteria. In a study by Bikker et al. [100] the glycosylation of Tyr6 and
Ser7 from drosocin was performed. As a result, the antibacterial activities of Tyr6 glycosylated
and N-terminal β-Ala drosocin analogues against E. coli, Erwinia herbicola (currently classified as
Pantoea agglomerans) and several S. enterica serovars, namely S. panama, S. infantis, S. montevideo,
S. typhimurium and S. enteritidis (Table 2), were improved compared to the parent non-glycosylated
drosocin (Table 2) [100]. More recently, it was shown that the addition of a monosaccharide at Thr11

(GKPRPYSPRPT (αGalNAc)SHPRPIRV) led to a remarkable improvement of antibacterial potential
against numerous Gram-negative strains compared to non-glycosylated drosocin [50]. Similar findings
were reported for a drosocin analogue with the addition of a disaccharide at Thr11 [GKPRPYSPRPT
(βGal (1 → 3) αGalNAc) SHPRPIRV] (Table 2) [50]. Taken together, these reports highlight the
advantages of modulating drosocin’s structure aiming at screening for optimized activities against
pathogenic bacteria (Table 1).

5.4. Apidaecin and Drosocin Interact with Bacterial Chaperones

As described above, apidaecin translocation across membranes is receptor-mediated and, according
to Castle et al. [78], probably has a component of the permease-type carrier system. It has been shown
that apidaecin peptides are capable of causing bacterial protein misfolding and aggregation by
interacting with bacterial chaperones (Table 1 and Figure 1). Dnak and GroEL are chaperones that
aid in the correct folding and assembly of proteins and, consequently, affect many cellular processes
including DNA replication, RNA transcription and protein transport. Structural studies involving
the molecular complex DnaK/apidaecin have revealed two binding modes, indicating that DnaK
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is quite unspecific in terms of peptide-binding. Cross-linking and free-cell translation assays have
demonstrated that Api88 and Api137 (apidaecin analogues) bind to the 70S ribosome, leading to
protein synthesis inhibition (Figure 1) [76]. Apidaecin and drosocin share a high degree of sequence
homology, as well as similarities in their antibacterial activity spectra [77]. Therefore, as for apidaecin,
drosocin interacts with intracellular proteins, including the heat-shock proteins DnaK and GroEL to
inhibit the DnaK ATPase activity and chaperone-assisted protein folding, respectively [79]. Apart from
its chaperone-binding property, apidaecin has also been shown to inhibit release factors in bacteria.
Matsumoto et al. [105] reported this unusual mechanism through the in vivo target exploration of
apidaecin based on acquired resistance induced by gene overexpression (ARGO assay). In that work,
recombinant E. coli strains overexpressing proteins involved in translation were treated with apidaecin,
among which only one clone overexpressing a peptide chain release factor 1 (PrfA) was selected
as a positive candidate. PrfA is known to bind to ribosomes to terminate translation processes by
recognizing stop codons in mRNA. Therefore, it was proposed that apidaecin probably binds to
ribosomes, competitively, thus inhibiting the termination step of translation [105].

6. Conclusions and Future Prospects

Here, the antibacterial properties, membrane translocation processes and intracellular mechanisms
of action of specific non-lytic AMPs were reviewed. In general, membrane active and non-lytic AMPs
present similar physicochemical properties and, therefore, have a high affinity for membrane-like
environments. Membrane active AMPs, including magainin, cecropin, and melittin, are known to
firstly establish electrostatic interactions with the target bacterial cell, followed by the accumulation
of peptides aiming to achieve a critical concentration that favors peptides’ self-association and
penetration into the membrane core [47]. From this point on, different modes of action have been
described, including barrel-stave/toroidal pores, “carpet”-like mechanism, peptide–lipid aggregation
and amyloid models [106]. It has also been shown that synthetic AMPs are capable of delocalizing
membrane-bound proteins, leading to bacterial cell envelope stress response [107,108]. In addition,
membrane-associated mechanisms not necessarily lead to cell lysis, as observed for lactoferricin and
daptomycin, which cause non-lytic membrane depolarization [109,110], and the human α-defensin
6 (HD6), which forms nanonets that interact with membrane proteins to entangle bacteria [111].
Taken together, these membrane-associated mechanisms trigger a series of negative effects on bacterial
homeostasis, including disturbance of ion gradient, loss of metabolites, phospholipid flip-flop,
membrane depolarization and loss of membrane symmetry [112].

Although AMPs can rapidly display their actions on bacterial membranes, an increasing number
of reports have highlighted that bacteria can easily evade membrane-associated mechanisms by
adapting the constitution and proportion of phospholipids in their OM and IM [113], as reported
for E. coli strains resistant to magainin [114]. Therefore, non-lytic AMPs have been pinpointed
for their ability to inactivate bacteria by interrupting vital cellular process, instead of membrane
destabilization and disruption. Considering the alarming scenario imposed by bacterial infections, the
intracellular mechanisms displayed by non-lytic AMPs appear as an advantage over membrane-active
AMPs, as those peptides are less likely to induce bacterial resistance. Moreover, a primary non-lytic
mechanism (e.g., peptide–protein interactions aiming at compromising bacterial viability) may trigger
a secondary mechanism, thus imposing an additional obstacle for bacterial adaptation to non-lytic
AMP administration. In terms of bacterial internalization, we emphasized the role of proline residues
in all peptides here described, as this residue has been proved to be a membrane translocation promoter
and, therefore, is considered a key feature that could be used for future drug design strategies.

Here we summarize the main molecular mechanisms by which non-lytic AMPs translocate
across membranes. These mechanisms involve different AMP arrangements (e.g., “boat-like” and
transmembrane orientations, for indolicidin) [28] and the formation of transient toroidal pores,
which facilitates non-lytic AMPs (e.g., buforin II) in crossing both the bacterial OM and IM to act
on intracellular targets [84]. In addition, the stereospecific binding of AMPs to IM transporters
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(e.g., apidaecin, bac7, and PR-39) has also been highlighted as a strategy by which these peptides reach
the bacterial cytosol to exert their functions [37,78]. These mechanisms have also been reported for
another non-lytic AMP, called pyrrhocoricin, which is derived from the European firebug Pyrrhocoris
apterus. As for bac7, apidaecin, and drosocin, pyrrhocoricin binds stereospecifically to an IM target
protein and further enters the cytosol to inhibit chaperone-assisted protein folding by interacting with
the molecular chaperone DnaK [115]. Similar findings have been reported for oncocin, a proline-rich
AMP derived from the milkweed bug, Oncopeltus fasciatus [116].

Apart from the chaperone activity of DnaK, the non-lytic AMPs here described are also capable
of binding to lipid II precursor, as well as interfering with DNA, RNA and protein synthesis.
Although this review focused on eukaryotic-derived AMPs, it is worth noting that bacteriocins
(bacteria-derived AMPs) also present intracellular mechanisms of action. Nisin, for instance, represents
a bacteriocin derived from Lactococcus lactis that inhibits cell wall synthesis by targeting lipid II [117].
Nevertheless, this AMP has also shown membrane-associated mechanisms by the formation of pores
and, therefore, is not considered a non-lytic AMP. In contrast, studies have reported that nukacin
ISK-1, which is produced by Staphylococcus warneri, is also capable of inhibiting cell wall synthesis,
but with no membrane-associated properties [118]. Additionally, in terms of peptide–DNA interaction,
the bacteriocin microcin B17, originally isolated from E. coli, has been shown to inhibit bacterial DNA
gyrase, thus interfering with DNA replication [119]. Finally, bacteriocins have also been proved to act
as DNase and RNase, as is the case of colicin family members [120,121].

In general, the non-lytic AMPs here presented have demonstrated promising antibacterial effects
on both susceptible and resistant strains, whereas reports of antibiofilm activities are scarce and
somewhat insubstantial. Although none of them have effectively reached the market, some have
been used as lead molecules for the engineering of antimicrobial agents that have achieved advanced
clinical trials. Indolicidin, for instance, was used as a model molecule for the design of omiganan,
a 12-amino acid residue peptide rich in tryptophan and proline residues. Compared to indolicidin,
omiganan N-terminal tryptophan and proline residues were removed, along with the addition of a
lysine residue at the C-terminal and a K5R substitution [122]. Omiganan has been submitted to a
total of 11 clinical trials as an antimicrobial agent to prevent and treat Acnes vulgaris, atopic dermatitis,
seborrheic dermatitis, sepsis, fungaemia, among others (please check, DrugBank accession code
DB0661). In addition, bactenecin and an innate defense regulator peptide, called IDR1, have been
used as parent peptides for the development of a synthetic host defense peptide, IMX942/SGX942
(dusquetide) [123]. This drug candidate has been indicated for oral mucositis and, currently, is in phase
III trials (please check, DrugBank accession code DB11879).

Allied to that, an increasing number of studies have highlighted the great therapeutic potential of
the other non-lytic AMPs here described. PR-39, for instance, has shown promising anti-sepsis effects
on mice, which are related to endotoxin neutralization [70], whereas apidaecin [75] and drosocin [50]
have been used for proof-of-concept studies, defining which determinants modulate the generation of
improved analogues aiming at antibacterial therapies. Finally, buforin II has shown a wide applicability,
as both the parent peptide and its analogues have revealed synergistic effects with conventional
antibiotics [63] and have also been proposed as carrier molecules aiming at gene regulation via PNA [67].
Conversely, it is worth mentioning that, in some aspects, non-lytic AMPs still require further attention.
The identification of specific binding sites on the target proteins, ribosomes, DNA and RNA would
allow the guided design of improved, strain-specific analogue peptides. Moreover, although efforts
have been made on optimized non-lytic AMP analogues, their failure to reach the market, in some cases,
still relies on poor in vivo effectiveness, nonspecific cytotoxicity, and bioavailability.

Overall, the data here summarized indicate the biotechnology and pharmaceutical potential of
non-lytic AMPs as promising drug leads. However, it also reveals the need for deeper investigations
aiming at generating candidates that could be successfully translated to the clinic.
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Abstract: Cell-penetrating peptides (CPPs) are short peptides that can translocate and transport
cargoes into the intracellular milieu by crossing biological membranes. The mode of interaction and
internalization of cell-penetrating peptides has long been controversial. While their interaction with
anionic membranes is quite well understood, the insertion and behavior of CPPs in zwitterionic
membranes, a major lipid component of eukaryotic cell membranes, is poorly studied. Herein,
we investigated the membrane insertion of RW16 into zwitterionic membranes, a versatile CPP that
also presents antibacterial and antitumor activities. Using complementary approaches, including
NMR spectroscopy, fluorescence spectroscopy, circular dichroism, and molecular dynamic simulations,
we determined the high-resolution structure of RW16 and measured its membrane insertion and
orientation properties into zwitterionic membranes. Altogether, these results contribute to explaining
the versatile properties of this peptide toward zwitterionic lipids.

Keywords: cell-penetrating peptide; peptide–lipid interaction; lipid model systems; molecular dynamics;
NMR; membrane biophysics

1. Introduction

The biological membrane is one of the key structural elements of living cells, and constitutes
the first barrier that is encountered by molecules and ions that need to be transported into cells.
The ability to deliver drugs to the interior of cells is critical for diagnosis and therapeutic applications,
and cell-penetrating peptides (CPPs) can overcome this limitation [1]. CPPs constitute a heterogeneous
class of small peptides that can translocate through cell membranes and transport cargoes into cells, in a
receptor- and energy-independent process. A major advantage of CPPs is their passivity towards cells,
i.e., they do not present cytotoxicity. Their mode of action has been considerably studied since their
discovery in the 1990s (for a detailed review, see [2]) and it is currently accepted that several parameters
in their primary sequence are essential to confer these properties, including a net positive charge
(high arginine or sometimes lysine content) and an optimal balance between charged amino acids
and hydrophobic ones, i.e., amphipathcity [3–5]. These properties are often shared with antimicrobial
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peptides (AMPs), whose main role is to kill bacteria, but it is not clear how these similar peptides can
exert extremely different functions. Altogether, these membrane-active peptides (MAPs) exert their
biological activity by initially interacting with the plasma membrane, and therefore investigating the
peptide-membrane interaction of such molecules is essential to understand their mode of action.

As plasma membranes are mainly composed of lipids, the peptide–lipid interactions are crucial for
the initial binding of CPPs prior to internalization [6–8]. Polar residues, and especially arginines (Arg),
interact with high affinity through their guanidinium group to negatively-charged lipids and lipid
phosphate groups, and thus enhance the binding of Arg-rich peptides to membranes [9,10]. In parallel,
hydrophobic residues such as tryptophans (Trp) have been shown to establish hydrophobic contacts
with lipid acyl chains and play a role on the insertion of MAPs into the membrane [11,12]. Structural
plasticity of these peptides during membrane contact may then bring sufficient peptide charge
neutralization (e.g., through electrostatic interactions) to help the peptides translocate. However, it has
also been suggested that highly hydrophobic residues might prevent peptide internalization, with the
peptide trapped in the membrane due to these strong interactions [7,13]. Although CPPs have been
broadly reported to have an enhanced affinity for negatively-charged membranes, peptide interaction
and insertion in zwitterionic membranes is not fully described. A large amount of studies is performed
on anionic systems (negatively-charged membranes) due to the establishment of important electrostatic
interactions between the CPP and the cell membrane that are important for their internalization.
While lipids in the outer eukaryotic cell membrane leaflet are mainly zwitterionic, with less than
2% anionic lipids, the cell membrane possesses an anionic character due to the glycosaminoglycans.
Therefore, study of CPP interaction with zwitterionic lipids is important and most of the studies, to the
best of our knowledge, mainly use zwitterionic systems as a comparison model to anionic ones.

In this study, we investigated one CPP, RW16 (RRWRRWWRRWWRRWRR), which possesses cell
internalization capacity, but also shows antimicrobial and antitumor activity [14,15]. The design of
RW16 was derived through structure–activity relationship (SAR) studies from penetratin (pAntp),
and is composed of 10 Arg and 6 Trp to form an idealized amphipathic peptide. RW16 has been
successfully shown to be an efficient CPP while exhibiting no cytotoxicity on fibroblast cells [15,16].

The interaction of RW16 with anionic or zwitterionic membranes has been fully described,
but reveals atypical and poorly understood behaviors when interacting with zwitterionic liposomes [14,
17]. Only a few studies to date have investigated this behavior at the molecular level. Lamazière et
al. have shown that RW16 induced giant unilamellar vesicles (GUVs) via adhesion and aggregation
with anionic lipid membrane compositions [17]. They also found that RW16 induced calcein leakage
from liposomes, which suggests a link to membrane perturbation but remains non-lethal to cells
at comparable concentrations. In a previous study, we observed that RW16 possesses enhanced
membrane interaction and perturbation of membranes containing anionic lipids. This property could,
in part, explain its antitumor and antibacterial activity, as cancer cells and bacteria contain anionic
lipids in the outer leaflet of their membranes [14]. In contrast, RW16 shows weak perturbation of
zwitterionic membranes, although this interaction is associated with fast and strong calcein leakage [14].
The polyvalent property displayed by RW16 is not observed for other CPPs and, therefore, it is important
to understand it at a molecular level.

Herein, we focus on the first stages of interaction and membrane insertion of RW16 in contact with
zwitterionic membranes (i.e., mimicking “healthy” cell membranes). By applying complementary and
multidisciplinary biophysical methods, we investigated the molecular behavior of the peptide in contact
with zwitterionic liposomes. Using nuclear magnetic resonance (NMR) spectroscopy, we calculated
the structure of RW16 in the presence of zwitterionic micelles and used the NMR structure coordinates
to perform molecular dynamics (MD) simulations. This approach allowed us to provide a complete
molecular view of the peptide structure and orientation while inserted in the membrane, including
insertion depth in zwitterionic membranes. We also provide an explanation for its ambiguous effect
previously observed on zwitterionic membranes in comparison to anionic membranes.
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2. Results

2.1. Ensemble Insertion Analysis of RW16 vs. Penetratin in Zwitterionic Membranes

RW16 is a cell-penetrating peptide (CPP) derived from the well-characterized penetratin peptide
(pAntp), and our initial approach was to compare RW16 to penetratin by studying membrane insertion
into liposomes (LUVs, large unilamellar vesicles). To this aim, we employed the neutral hydrophilic
quencher acrylamide to quench intrinsic Trp fluorescence of the peptides. Acrylamide is unable to
penetrate the hydrophobic membrane core, such that only fluorophores not embedded in the bilayer
are quenched. However, it should also be noted that the response is an ensemble average response
from all Trp residues in the peptide sequence. Tryptophan quenching experiments of penetratin have
been previously performed by other groups using different experimental conditions (e.g., different
buffer, P/L ratio) [18,19]. It was shown that Trp residues locate at the interface between the polar
headgroup region and the hydrophobic core of the lipids [6,20]. Using a Trp fluorescence quenching
approach, we measured insertion properties of RW16 and penetratin into a zwitterionic membrane.
Fluorescence spectra of the peptides were recorded in the absence and presence of liposomes of
dioleoylphosphatidylcholine (DOPC), and with increasing concentrations of acrylamide. Stern–Volmer
plots of acrylamide quenching are shown in Figure 1c. In buffer, the Stern–Volmer constant (KSV)
of the two peptides were similar and comparable to the values found in the literature for similar
concentrations of peptide and under equivalent experimental conditions [19,21]. In the presence
of LUVs composed of DOPC, the Stern–Volmer constant of both peptides decreased significantly,
demonstrating a strong insertion of the peptides in the membrane. The Stern–Volmer coefficients
(KSV) were normalized to the KSV calculated in buffer (NAF for “normalized accessibility factor”) to
allow for the comparison between both peptides (Table 1 and Figure 1d) [11,21]. A higher NAF value
corresponds to higher Trp exposure to solvent, and inversely, a lower NAF value relates to higher
insertion in the bilayer. The NAF of RW16 in DOPC was lower than for penetratin (0.18 compared
to 0.53; Table 1), which highlights that RW16 is inserted deeper in the membrane than penetratin.
Based on the composition of RW16, the higher number of Trp as compared to penetratin might explain
this finding, since additional Trp residues are predicted to have stronger hydrophobic contacts with
the hydrophobic core of the membrane.

Figure 1. RW16 and penetratin insertion in the membrane. (a) Sequence alignment of RW16 and
penetratin. (b) Edmunson wheel of RW16 along the axis generated from Helixator, http://www.tcdb.org.
(c) Inhibition rate (F0/F) of RW16 and penetratin Trp fluorescence in buffer and in the presence of
DOPC liposomes (P/L 1:50 mol:mol), with increasing concentrations of acrylamide. (d) Normalized
accessibility factor (NAF) for penetratin and RW16 in presence of DOPC liposomes. Significance was
tested with a Student’s t-test, where ** 0.001 < p < 0.01.
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Table 1. Stern–Volmer coefficients (KSV) determined by fluorescence quenching by acrylamide and
normalized accessibility factors (NAF). The experiment was performed in duplicate.

KSV (M−1) NAF

Buffer DOPC Buffer DOPC

Penetratin 14.2 ± 0.3 7.5 ± 0.2 1 0.53 ± 0.02
RW16 16.6 ± 0.7 3.0 ± 0.2 1 0.18 ± 0.02

2.2. Solution Structure of RW16 in the Presence of Zwitterionic Membranes

To further address details of membrane insertion and to obtain information on RW16 at the
atomic level, we next calculated the structure of the peptide in the presence of zwitterionic lipids.
We prepared a sample of RW16 with dodecylphosphocholine-d38 (DPC-d38) micelles and used NMR
spectroscopy to obtain distance restraints for structural calculation. DPC was employed instead of
DOPC to obtain the high-resolution structure of the peptide, which would not be possible with DOPC
liposomes using liquid-state NMR spectroscopy. The use of deuterated lipids in the sample allowed
us to remove lipid contributions from the NMR signal and thus only observe peptide resonances.
Strikingly, and as illustrated in Figure 2, the crosspeak signals in natural abundance 2D 1H,13C-HSQC
(Figure 2a), 2D 1H,1H-TOCSY (Figure 2b), and 2D 1H,1H-NOESY (Figure 2c) were very well resolved
and separated, despite the peptide sequence symmetry and only two types of residues (Arg and Trp).
All 1H chemical shifts for the 6 Trp can be unambiguously assigned, as can the 1H resonances for the
10 Arg. The chemical shift assignments have been deposited in the Biological Magnetic Resonance
Bank (BMRB) under accession number 34400. The 2D 1H,1H-NOESY (Figures 2c and 3a) is indicative
of a single population of structures, and we were able to derive 408 distance and 28 backbone dihedral
restraints for structure calculations using Aria1.2/CNS1.21 [22] (Table 2). The ensemble of the 10 lowest
energy structures of RW16 in the presence of DPC micelles is presented in Figure 3b and has been
deposited in the PDB (Protein Data Bank) as entry 6RQS. As predicted, we observe that the Arg and
Trp are mainly segregated to each side of the helix, thus creating an amphipathic helix. Arg15 appears
to be an exception and seems to be isolated from the others as it is located on the “Trp side” of the
helix. This arginine has upfield shifted chemical shift values and displays nuclear Overhauser effect
(NOE) crosspeaks to neighboring Trp side chains (Figure 3a). Although not included in the structure
calculation, the peptide also contains a N-terminal biotin-aminopentanoic acid tag (Biot-Apa).

A notable feature of the micelle-bound RW16 peptide is the high degree of helicity. The helical
αnature of bound RW16 is supported both by NOE crosspeaks (Figures 2 and 3a), as well as the
negative secondary chemical shift values of the backbone 1Hα nuclei (Figure 4a). To confirm this
observation, we measured the secondary structure content of RW16 by circular dichroism (CD) in
buffer and in the presence of DPC micelles (Figure 4b). By deconvoluting the measured CD signal,
we observe a predominant α-helical structure for the peptide in buffer, as well as in the presence of
zwitterionic lipids (Table 3). We also measure an increase in the α-helix content with zwitterionic
membranes compared to buffer. Furthermore, the helical content is slightly higher (76% vs. 60%) with
micelles than with LUVs. This trend was previously found in Jobin et al. [14] and demonstrates a
stronger structuring of the peptide in presence of micelles (Table 3).
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Figure 2. NMR spectroscopy of RW16 in DPC-d38 micelles. (a–c) Chemical shift assignments of
RW16 using a combination of 2D 1H,13C-HSQC, 2D 1H,1H-TOCSY, and 2D 1H,1H-NOESY at 310 K.
(a) Selected region of 2D 1H,13C-HSQC, illustrating assigned δ1, ζ2, η2, ε3, and ζ3 1H-13C resonances
for the 6 Trp residues. (b) Selected region of the 2D 1H,1H-TOCSY, highlighting assignment of the Trp
ε1 1H resonances from the δ1 crosspeaks in the 2D 1H,13C-HSQC. (c) Selected regions from the 2D
1H,1H-NOESY spectrum used to obtain distances for structure calculation, with representative NOE
strips indicated for Trp ε1 1H nuclei.

Figure 3. Solution structure of micelle-bound RW16.
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(a) Selected regions from the 2D 1H,1H-NOESY spectrum used to obtain distances for structure
calculation, with representative NOE strips indicated for all backbone amide 1HN nuclei. The upfield
shifted side chain 1Hγ resonance of Arg15 is also indicated, with NOE crosspeaks to Trp11 and Trp14.
(b) Ensemble of 10 structures calculated for RW16 bound to DPC-d38 micelles. The 6 Trp residues
(orange) and 10 Arg residues (blue) are labeled. Note that the N-terminal biotin-aminopentanoic acid
tag, although present in the sample, was not included in the structural models. The ensemble of
structures has been deposited in the Protein Data Bank under accession number 6RQS.

Table 2. NMR and refinement statistics for RW16. PDB entry: 6RQS.

Distance and Dihedral Restraints

Total Distance Restraints 408

Intraresidue 171
Sequential (|i − j| = 1) 44

Short Range (1 < |i − j| < 5) 20
Long Range (|i − j| > 4) 9

Ambiguous 162
Dihedral Restraints 28

Structure Statistics

Violations (mean and SD)
Distance Constraints (Å) 0.020 ± 0.003

Dihedral Angle Constraints (◦) 1.1 ± 0.3
Deviations from Idealized Geometry
Bond Lengths (Å) 0.001 ± 0.000
Bond Angles (◦) 0.306 ± 0.008

Impropers (◦) 0.21 ± 0.01
Ramachandran plot (%) a

Most favored 86.7
Additionally favored 13.3

Generally allowed 0.0
Disallowed 0.0

Average pairwise rmsd (Å)
Protein backbone all 0.5 ± 0.1

Protein heavy all 1.8 ± 0.2
a Determined by using PROCHECK-NMR [23].

Molecular details of membrane interaction with RW16 could not easily be obtained from our
NMR spectroscopy data, due to the necessary use of deuterated lipids such that NOEs between peptide
and lipids were not visible. Therefore, we decided to use molecular dynamics (MD) simulations in a
zwitterionic membrane, using the solution structure of membrane-bound RW16 as a starting point in
the simulations. This method allowed us to get insight into the burying of RW16 in DOPC membranes
on a microsecond time scale (Supplementary Movie 1).

Our first analysis of the MD simulations confirmed a persistent helical structure of RW16, with the
helix fraction calculated over the three trajectories shown in Figure 4c and a snapshot is shown in
Figure 4d (Supplementary Movie 1). The segments 2–9 display a very stable helix fraction (80 to 100%).
The segments 10–14 also remain helical but are more labile with some excursions to a turn (T state),
explaining the larger error bars. Interestingly, we also observed these segments fluctuating between
some turn state and π-helix in the first trajectory (Figure S1). The occurrence of a π-helix corresponds
to a “compression” of the helix on these somehow short segments of the peptide. Overall, our MD
trajectories show that the peptide remains helical with some possible fluctuations in the backbone
hydrogen bonds on the C-terminal part.
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Figure 4. RW16 peptide structure in contact with zwitterionic membranes. (a) 1Hα chemical shifts
compared to random coil 1Hα predictions obtained from NMR data. (b) CD spectra of RW16 in
phosphate buffer (black line) and in the presence of DPC micelles (gray line). (c) Fraction of helix
calculated from the molecular dynamics (MD) simulations. The three states H (α-helix), G (310 helix),
and I (π-helix) of the DSSP program were considered as part of the helix fraction (see Materials and
Methods). After discarding the first 10 ns, each trajectory was cut into two blocks. Each value ± error
was calculated as the mean and standard deviation over the six blocks respectively. (d) Snapshot of
RW16 inserted in DOPC bilayer at t = 633 ns of MD trajectory 1. The C-terminus is on the left and
N-terminus on the right. Trp are represented in orange, Arg in blue, the backbone is shown as an
orange/blue ribbon and the lipids are drawn as spheres where carbon atoms are in cyan, oxygen in red,
and nitrogen in blue.

Table 3. Secondary structure percentages of RW16 calculated from CD spectroscopy in phosphate
buffer alone or in the presence of DPC micelles or DOPC LUVs at a P/L ratio 1/50.

Random Coil α-Helix β-Sheet

Buffer 54 46 0
DPC micelles 24 76 0
DOPC LUVs 1 40 60 0

1 Data from [14].

Consistent with our NMR data, we observed very small fluctuations, confirming a strong anchoring
of RW16 to the membrane thanks to its Trp side chains. Figure 4d shows a snapshot of the peptide
being inserted in the membrane of DOPC after 633 ns of one simulation (Supplementary Movie 1).
Visual observation of the MD trajectories in the DOPC membrane, moreover, revealed that the azimuthal
angle of RW16 (how the peptide rotates about its helix axis) is very constant with the face of Trp residues
oriented towards the membrane center and the Arg residues towards the interface membrane/water.
These findings, however, also differ from the NMR results, in which a more flexible structure is
observed on the N-terminal side (Figure 4a). This variation can arise from different parameters and
will be further detailed in the Discussion.

2.3. Membrane Insertion Depth of RW16

To obtain more precise information regarding the membrane partitioning of RW16, and more
specifically side chain insertion depth in the lipid bilayer, quenching of Trp fluorescence by brominated
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lipids was performed. Three different lipids, each containing two bromines covalently attached to the
lipid acyl chains at three different positions, were incorporated in DOPC LUVs. These lipids act as
an internal probe in the liposome membranes with a quenching radius of 8–9 Å for the brominated
probes [24]. It was previously shown that the presence of two bromines on the lipid acyl chain does not
modify the physical properties of the lipids (like the phase transition) and preserve the lipid packing
properties as in DOPC lipids [25]. Therefore, these are unlikely to influence the peptide-membrane
interaction. Trp fluorescence of RW16 was measured in the presence of liposomes composed of
DOPC alone or DOPC with a small percentage (30% mol:mol) of the brominated lipids (Figure 5a).
The quenching observed in the presence of the different liposomes was normalized to the fluorescence
measured in pure DOPC LUVs. The quenching percentage provides the average distribution of Trp
from the bilayer center using equations of the distribution analysis (DA) and of the parallax method
(PM) (for more details, see Materials and Methods) [21,26–30] (Figure 5b). Our calculation indicates
that Trp residues are, on average, inserted at 12–13 Å from the bilayer center (Table 4). According to
Wiener et al. [31], DOPC bilayers have a hydrocarbon core of approximately 30 Å and a total bilayer
thickness of around 50 Å. We therefore determined the peptide to be located at around 7 Å from
the polar headgroup of lipids, at the interface between the hydrophobic core and the polar region.
The broad area calculated for Trp insertion depth might arise from different bilayer environments due
to heterogeneity of the different Trp residue locations in the bilayer, also indicating that the helix might
be tilted. In comparison, penetratin was observed to be located at the glycerol and phosphate levels
upon zwitterionic bilayer insertion, but to a lesser extent than observed for RW16 [32–34]. These results,
together with the acrylamide quenching experiments, confirm that RW16 inserts stably into zwitterionic
bilayers. In addition, these results could explain, at least partially, our previous observation of calcein
leakage measured in zwitterionic lipids and the membrane perturbation of zwitterionic vesicles [14].
In the case of anionic membranes, the interaction between Arg and lipid headgroups creates a charge
compensation which delays calcein leakage, whereas the net charge of 0 at the membrane surface of
zwitterionic liposomes creates an imbalance in the peptide-lipid interaction and higher fluctuations of
the membrane [6].

Table 4. Average insertion depths and fitting parameters of RW16 in DOPC LUVs (P/L 1:50 mol:mol)
determined by the distribution analysis and the parallax method.

Distribution Analysis (DA) Parallax Method (PM)

hm (Å) δ (Å) S hm (Å) Rc (Å)

RW16 12.4 8.9 1.7 12.5 13.8

Figure 5c shows the average location of RW16 in DOPC bilayer, calculated from MD simulations at
17 Å from the bilayer center, which is just below the polar headgroups of the lipids. A detailed analysis
of the side chain location allowed us to precisely calculate an average insertion depth of Trp residues
to be 13 Å from the bilayer center (Figure 5d and Figure S2). This is in agreement with fluorescence
spectroscopy results and confirms that Trp residues are located adjacent to the phospholipid glycerols at
the interface between the polar and the hydrophobic region of lipids. This placement is not surprising,
given the preference of Trp residues for interfacial partitioning [12,35]. In parallel, Arg residues
displayed a broad location between 17 and 22 Å from the bilayer center (Figure 5d and Figure S2),
suggesting the presence of electrostatic interactions formed by bidentate hydrogen bonds of Arg and
negative charges of the phosphate of the DOPC.
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Figure 5. Peptide insertion into the membrane. (a) Representative Trp fluorescence spectra of RW16 in
the presence of DOPC or DOPC/BrPC liposomes. (b) Curve fitting calculated by distribution analysis
(DA) or the parallax method (PM) for RW16 in zwitterionic vesicles. The data were averaged over
four independent experiments and each value ± error represents the mean and standard deviation.
(c) Density profiles along the perpendicular axis to the bilayer plane calculated by MD simulations
corresponding to water molecules, DOPC molecules, peptides, and the overall system. (d) Close up
from (c) on the Trp and Arg region of the peptide, and on the lipid subgroups.

The peptide insertion is further illustrated by following the relative exposure of the center of
mass (COM) of RW16 side chains in comparison to the lipid atoms (Figure S2). We observed that Trp3,
Trp6, Trp7, and Trp10 are buried in the hydrophobic part of the bilayer and located below the central
glycerol atom (around 13–14 Å from the bilayer center). In contrast, Trp11 lies at the phosphate level
and Trp14 lies at the glycerol level, being therefore both slightly exposed to the solvent. The naf value
observed with acrylamide quenching experiments for RW16 might be due to these two amino acids
still being exposed to the solvent. As expected, Arg residues are mostly located between the central
glycerol atom and the nitrogen of the choline. More specifically, Arg1, Arg2, Arg4, Arg13, and Arg15
lie between the phosphate and the glycerol and are therefore less solvent-exposed. Arg5, Arg8, Arg9,
Arg12, and Arg16 are located above the choline nitrogen and are therefore highly solvent-exposed.
The total number of hydrogen bonds between the Arg side chains and lipids were further calculated
for the three trajectories from MD simulations (Figure S3). We observed an increase in the number of
hydrogen bonds during the simulations, starting from 14 (±1, SD) hydrogen bonds reaching a plateau
after 500 ns where 19 (±2, SD) hydrogen bonds were calculated (Figure S3a). This correlates well with
the presence of 10 bidentate bonds occurring between all 10 Arg side chains and the lipid phosphate
groups. Moreover, we calculated the number of Arg–water hydrogen bonds (Figure S3b), and found
that they instead slightly decrease from 30 (±2, SD) hydrogen bonds and tend to a plateau at 27 (±2,
SD) after a few hundreds of ns. This could indicate the presence of 10 Arg–water hydrogen bonds
at the beginning of the simulation and suggests that one Arg might form different types of bonds
during the simulations. This is in agreement with our previous results that showed Arg15 underwent
important changes in its partitioning during one simulation and the observed shifted chemical shift
values and NOE crosspeaks to neighboring Trp side chains observed in NMR.
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Overall, the results on solvent accessibility by MD are similar to an insertion of the Trp at around
13 Å from the bilayer center, revealed by Trp fluorescence quenching by acrylamide. This insertion
trend is in line with the fact that the peptide stabilizes into the bilayer by creating hydrophobic
interactions with the fatty acid chains through Trp residues and electrostatic interactions with the lipid
phosphates through Arg residues. A similar behavior has been reported for other cell-penetrating
peptides [18,21].

2.4. Tilting of RW16 in the Membrane

We have demonstrated that RW16 is not fully inserted in the bilayer, with some exposure to the
aqueous buffer through Arg residues. Previously, Walrant et al. observed that some CPPs are tilted in
the bilayer [9], and thus we decided to investigate peptide tilting of RW16 relative to the normal to
the bilayer plane. Using the MD simulation data, we were able to precisely calculate a tilt angle of
the peptide, defined as the angle between the helix and the normal to the bilayer plane (Figure 6a).
Because of the perfectly amphipathic nature of RW16 (Figure 1b), an interfacial partitioning with
a horizontal orientation (i.e., tilt of 90◦) within the membrane/water interface is energetically more
favorable than any low tilt angle [36]. However, we noted that the peptide is not perfectly horizontal
in the MD trajectories and presents a slight tilt, with values ranging from 75◦ to 85◦, with an average
tilt value around 80◦. These results indicate that the N-terminus of the peptide is inserted deeper
in the membrane. This trend is consistent with the insertion depth calculations performed for each
residue (Figure 5d and Figure S2), with the N-terminal side chains systematically more buried inside
the bilayer compared to the C-terminal side chains. Specifically, the Cα of Arg1 is located between the
phosphates and the glycerol atoms, whereas the Cα of Arg16 is located above the cholines.

Similar to our results, it was shown that Trp residues of penetratin are facing towards the
hydrophobic core of the bilayer [34]. In addition, the results on penetratin show a similar tilting
behavior of the peptide. For penetratin, the Trp residues are located at the level of phospholipid
glycerols (in a zwitterionic bilayer) with the N-terminus of the amphipathic helix inserted slightly
deeper into the bilayer than the C-terminus (tilt angle of 80 to 90◦) [20,33]. The small difference in tilt
angles between the two peptides may arise from the high density of Trp in RW16, which could induce
stronger anchoring of Trp residues to the lipid acyl chains in the hydrophobic core of the membrane.

The orientation of RW16 was also investigated by solution NMR spectroscopy with the sample
prepared in the zwitterionic membrane-mimicking DPC micelles. The peptide position in micelles was
examined by measuring the accessibility of atoms to the solvent (buffer) as a function of increasing
concentrations of the paramagnetic agent Gd(DPTA-BMA). This paramagnetic probe is water-soluble
and inert toward peptide-micelle complexes, and leads to faster relaxation towards nuclei in a
distance-dependent manner [37]. Therefore, the highest solvent paramagnetic relaxation enhancement
(sPRE) is expected for solvent-exposed residues outside of the bilayer, followed by residues at the
water/bilayer interface. The sPRE values were measured for several atoms (Figure S4) and the results
mapped to the RW16 peptide (Figure 6b). The pattern of accessible atoms reflects a situation in
which the N-terminus is more exposed to the buffer as compared to the C-terminus, and therefore
indicates a tilt angle greater than 90◦. This behavior is opposite to the main tilt observed in the MD
simulations. It is likely that this difference arises from the nature of the N-termini: In the NMR
spectroscopy measurements, a biotin is linked by the Apa spacer to the N-terminus, whereas a simple
acetyl group is used in the MD simulations. The larger biotin is hydrophilic and is not expected to
insert deeply into the hydrophobic core of the membrane. In keeping with this hypothesis, the biotin
nuclei are highly sensitive to the addition of Gd (DPTA-BMA) (Figure S4) and are therefore exposed to
the buffer. The altered tilt preference in the NMR sample may also help explain the fact that RW16
displays a dynamic N-terminus, whereas the N-terminus was structured in the MD simulations and
the C-terminus was more labile (with the helix undergoing more fluctuations). Nevertheless, we find
by both methods that one terminal side is less partitioned into the membrane, and this side is more
flexible than the rest of the helix.
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Figure 6. Peptide tilting relative to the normal to the zwitterionic membrane plane calculated by NMR
and MD. (a) Tilt of the peptide calculated from the difference in z position between the C-alpha of Arg2
and Arg13 calculated over the three trajectories. The histogram (gray) shows the average distribution
of z over the three trajectories. The scheme on the right panel shows that a tilt <90◦ describes a deeper
insertion of the N-terminus, while a tilt >90◦ describes a deeper insertion of the C-terminus. (b) Solvent
accessibility for RW16 in DPC micelles, as measured by NMR spectroscopy using the paramagnetic
probe Gd(DTPA-BMA). The resulting solvent paramagnetic relaxation enhancement values (sPRE;
Figure S4) have been measured for several atoms in RW16 and shown as spheres. Atoms that are
strongly affected (colored blue) by the added Gd(DTPA-BMA) are more solvent-exposed as compared
to atoms that are less affected (colored white). The tilt of the peptide shown represents an estimate
based on the observed data.

2.5. Side Chain Contacts of RW16 in the Bilayer

As previously shown by NMR spectroscopy, MD simulations, and fluorescence spectroscopy,
the Trp residues in RW16 are strongly anchored in the membrane, which leads to a high stability
of the peptide in the bilayer. In contrast, most of the Arg residues extend out of the membrane,
with the sole exception of Arg15. As already mentioned, we observed chemical shift values for the
Arg15 side chain that are upfield shifted in keeping with a more hydrophobic environment, and we
observed clear NOE crosspeaks to side chain atoms of Trp11, as well as Trp10 and Trp14 (Figure 3a).
Calculations of the distance between residues in MD simulations also revealed side chain–side chain
contacts, mainly between Arg15 and Trp11, but also with Trp10 and Trp14 (Figure 7a). This is consistent
with what is observed in NMR and suggests that Arg15 is in a dynamic cavity surrounded by three Trp
residues and creates π-cation contacts with them (Figure 7b). The contact to Arg15 may also explain
the line-broadening of several nuclei from Trp11, such as the exchangeable side chain hydrogen 1Hε
(Figure 2c). Similar Arg–Trp π-cation contacts were also observed for penetratin and were suggested to
help stabilize the peptide inside the bilayer by partially masking its positive charge [33].
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Figure 7. Side chain contacts between Arg15 and residues Trp10, Trp11, and Trp14. (a) COM-COM of
side chain distances between Trp10 and Arg15 (left, W10–R15), Trp11 and Arg15 (middle, W11–R15),
and Trp14 and Arg15 (right, W14–R15) for the three trajectories. (b) Surface density of RW16 amino
acids showing a special arrangement of Arg15 and Arg–Trp π-cation interactions (left). Close-up on the
pocket formed by Trp10, Trp11, and Trp14 around Arg15 (right). Structure generated with Pymol (PDB
ID: 6RQS) [38].

3. Discussion

By using a multidisciplinary approach, we have determined the structure and membrane
insertion of RW16, an amphipathic and cationic CPP, in the presence of zwitterionic bilayers.
Previous data on RW16 highlighted its versatile properties in terms of biological activity and membrane
interaction [14–17,39]. While the enhanced interaction and perturbation of anionic membranes by CPPs
have been extensively studied, herein we provide a detailed molecular view of the membrane insertion
of RW16 into zwitterionic membranes summarized in Figure 8.

Figure 8. Summary cartoon representing RW16 embedded in a zwitterionic membrane. Shown is the
calculated secondary structure and orientation of the peptide with the Trp (orange) and Arg (blue) side
chains in a zwitterionic membrane (gray) with the polar headgroups (dark gray) and the aliphatic
chains (light gray).
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We show that RW16 conformation is mostlyα-helical in buffer, and this helicity is slightly enhanced
in the presence of zwitterionic liposomes. The use of different membrane models (micelles and LUVs)
did not generate significant differences in the secondary structure of the peptide. This is similar to
previous observations made on other CPPs [40].

Using fluorescence spectroscopy, NMR, and MD methods, we obtained precise side chain
insertion values, i.e., at the interface between the polar and the hydrophobic region of lipids
(Figure 8). These values are comparable to calculated insertion depths of penetratin, the parent
CPP of RW16 [32–34,41]. The position of RW16 in the membrane is not surprising, given its primary
sequence and amphipathicity [42]. As already suggested for penetratin, the Arg residues in RW16
are mostly located at the lipid phosphate groups and form hydrogen bonds and salt bridges to act as
an anchor in the membrane for the peptide [43]. Moreover, it was shown with MD simulations that
polar side chains can establish long-term contacts with lipids by forming salt bridges and hydrogen
bonds, and create local membrane perturbations [44]. Although this effect appears stronger with
anionic membranes, where clustering of negatively-charged lipids occurred, it was also observed with
zwitterionic membranes.

In our study, we noticed that some Arg residues are inserted deeper into the bilayer and
locate at the glycerol region of lipids. We calculated the hydrogen bond number and confirmed
that Arg residues establish long-term and stable hydrogen bonds with lipids and water molecules.
Although membrane insertion of arginine is energetically unfavorable and associated with a high
free energy cost, it has also been described that Arg residues can pull down water molecules in the
membrane to stabilize its insertion. This process, known as water defect, was observed for the TAT
peptide in zwitterionic membranes by neutron scattering experiments, and was shown to produce
local membrane perturbations [45]. Different studies by all-atom MD simulations have indicated
that this induces substantial membrane deformations due to the insertion of polar side chains in
the hydrophobic core of the membrane [46–49]. This was further suggested as a mechanism for
translocation of Arg-rich peptides [50] and might partially explain the membrane perturbation and
leakage observed of RW16 in the presence of zwitterionic lipids. Despite strong Arg–water hydrogen
bonds observed in our calculations, water insertion was not observed in our simulations, which at
1 μs was unable to be explored for the longer timescales (seconds/microseconds) required for this
process. These observations would instead require enhanced sampling techniques, such as umbrella
sampling. However, we did observe bidentate hydrogen bonding involving Arg residues with the lipid
phosphate groups, and such interactions were reported to be important in cellular uptake mechanisms
by creating a small curvature of the membrane, which could induce invagination phenomena [51,52].
These curvatures could contribute to tubulation and internal vesicle formation as induced by RW16 on
giant unilamellar vesicles (GUVs) observed in Lamazière et al. [17].

Aside from this process, we have shown that Trp residues create hydrophobic contacts with the
lipid acyl chains and therefore stabilize the peptide helix in the membrane hydrophobic core (Figure 8).
Strong hydrophobic contacts with the lipid acyl chains were similarly observed using CD and NMR by
Czajlik et al. [53].

Our results show that membrane-bound RW16 forms a stable α-helix with limited dynamics
restricted to one terminus. The orientation of the helix appears to differ between NMR spectroscopy
and MD simulations, and this difference might be explained by an altered helix polarity driven by
the nature and size of the N-terminal cap. In NMR spectroscopy, the N-terminal biotin may prevent
this end of the helix inserting into the membrane, while in MD simulations the acetyl group does not
strongly influence the insertion of the peptide. Moreover, the membrane model used in both methods
differs, and it is possible that the membrane curvature might affect the orientation of membrane-active
peptides relative to the bilayer [20]. On one side, NMR measurements were performed in DPC micelles,
which allows for fast molecular rotation as required for liquid-state NMR spectroscopy. On the other
side, MD simulations used DOPC lipids which assemble in a fully flat membrane. The size and
curvature of the membranes are therefore different and likely have an impact on how the peptide
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inserts in the membrane. Our data nevertheless converges on a tilted configuration of the peptide in
zwitterionic bilayers (Figure 8).

Moreover, data obtained by NMR spectroscopy and MD simulations both reveal side chain
contacts between Arg and Trp residues and, more specifically, π-cation interactions between Arg15 and
Trp10, Trp11, and Trp14. A preference was observed between Arg15 and Trp11, which corresponds to
the (i, i + 4) positions of the helix, i.e., to one turn of the α-helix. Such side chain contacts, in both buried
and solvent-exposed positions, were shown to highly contribute to the conformational stability and
the function of biomolecules [54,55]. Herein, a hydrophobic pocket surrounding Arg15 was formed by
three tryptophans that help mask the positive charges of the Arg residue. Such pairing of aromatic
and polar residues was indicated to decrease the energetic barrier for the motion of cationic side
chains through a lower dielectric environment like the bilayer [44]. Similar π-cation interactions were
also observed for penetratin between Arg and multiple Trp residues [32,33]. In our case, this process
might help RW16 to further stabilize inside the bilayer, and hence create small fluctuations of the
lipid membrane. These fluctuations could explain the strong and quick membrane leakage observed
previously with zwitterionic liposomes in comparison to anionic liposomes [14].

Overall, the data obtained in this study clarify the membrane interaction and insertion properties
of RW16 and connect these findings to observed perturbation of zwitterionic lipids. The stable
conformational and insertion behavior observed for RW16 influences its activity toward biological
membranes (i.e., cell internalization, antibacterial and antitumoral properties), and this was reported
as an important property of CPPs like penetratin. Regardless of the peptide orientation in membranes,
we obtained converging results (degree of insertion, tilting, side chain contacts) between the different
methods employed in this study and comparable to similar studies on other CPPs [34]. Moreover,
by using complementary approaches, we have shown that the choice of cap when protecting the
terminal side of peptides may have functional importance and could impact peptide physico-chemical
properties and membrane interaction.

4. Materials and Methods

4.1. Materials

All lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Gd(DTPA-BMA)
was purified from the commercially available MRI contrast reagent Omniscan (GE Healthcare SAS,
Vélizy-Villacoublay, France) by high performance liquid chromatography (HPLC). Omniscan was
diluted with water to 250 mM and purified with an Alliance 2695 (Waters, Milford, MA, USA).
The isocratic separation was performed on a semi-preparative C18 reversed phase (RP) column
(Symmetry300RP-18, 300 mm × 10 mm, particle size 5 μm, Waters, Germany). The mobile phase was
100% water at a flow rate of 3 mL/min. Detection was performed with a variable wavelength detector
set at 200 nm. Injection volume was 50 μL. Gd (DTPA-BMA) was eluted as a single peak (tR 9 min).
The fractions were combined and lyophilized to obtain a white amorphous powder.

4.2. Liposome Preparation

All liposomes were prepared by initially dissolving the appropriate quantity of phospholipids
in chloroform and methanol to ensure the complete mixing of the components and to obtain the
desired concentration. A lipid film was then formed by removing the solvent using a stream of N2 (g)
followed by 3 h vacuum. To form MLVs, the dried lipids were dispersed in Tris buffer 10 mM, 150 mM
NaCl, 2 mM EDTA, and thoroughly vortexed. To form LUVs, the MLVs dispersion was run through
five freeze/thaw cycles and passed 11 times through a mini-extruder equipped with a polycarbonate
membrane with a pore diameter of 0.1 μm (Avanti Polar Lipids, Alabaster, AL, USA).
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4.3. Molecular Dynamics Simulations

All-atom molecular dynamics (MD) of RW16 within a DOPC membrane were performed in this
work. In order to generate the starting conformation for this system, we used the following strategy.
First, an all-atom pure DOPC bilayer without peptide was pre-equilibrated for 200 ns. To get an idea of
where the peptide partitions in the bilayer, we performed some self-assembly simulations with the
MARTINI coarse-grained (CG) force field [56,57]. We then picked the NMR structure with the lowest
energy and placed it in the (all-atom) bilayer using a typical CG snapshot as a template. This CG
snapshot allowed us to place the NMR structure of RW16 at a probable vertical position, roughly with
the center of mass of the peptide between glycerols and phosphates functional groups, and also with a
relevant orientation so that Trp residues faced the hydrophobic core of the membrane and Arg residues
were oriented towards water. Lipids and water molecules overlapping with RW16 were removed.
The number of lipids in the other leaflet was adjusted to get the same number of lipids in both leaflets.
Next, lipids were repacked against the peptide using an NPT simulation (at 300 K and 1 atm) of 10 ns
with position restraints (PR) on the peptide. At this point, this was our starting conformation.

The system consisted of one RW16 peptide, 100 DOPC lipids (50 per leaflet), 3400 water molecules,
and a quantity of Na+/Cl− ions so that the system was neutral and the final ion concentration
was 150 mM (10 Na+ and 20 Cl−). The termini of the peptide were capped with an acetyl at the
N-terminus and an amide at the C-terminus. The total number of atoms was 16,233 and the volume
of the box was approximately 6.0 × 6.0 × 6.7 nm3. Using the starting conformation described above,
we performed three different runs using different initial velocities. For each run, an equilibration of
100 ps was performed with PR on the peptide, followed by a 1000 ns production (for which the PR
were fully released).

All MD simulations were performed using GROMACS 5 [58]. Except for the CG self-assembly
simulations described above, the OPLS-AA force field [59] was used for the protein in combination [60]
with the Berger lipids for DOPC [61] and the TIP3P model [62] for water. Because OPLS-AA and
Berger lipids have different 1–4 combination rules, the half-ε double-pairlist strategy was used to
mix both force fields [60,63]. Electrostatic interactions were calculated with the particle-mesh-Ewald
(PME) method [64], with a real-space cutoff of 1 nm. Bond lengths were constrained using the LINCS
algorithm [65]. The integration time step was set to 2 fs. Water molecules were kept rigid with the
SETTLE algorithm [66]. The system was coupled to a Bussi thermostat [67] and to a semi-isotropic
Parrinello–Rahman barostat [68] at a temperature of 300 K and a pressure of 1 atm.

All analyses were performed using GROMACS tools. For each analysis on which we computed
averages, the first 10 ns of the production runs were systematically discarded. RW16 secondary
structures were determined with the DSSP program [69,70], implemented in the GROMACS tool
do_dssp. Molecular graphics were generated with Pymol [38].

4.4. Fluorescence Spectroscopy Experiments

4.4.1. Brominated Lipid Quenching Experiments

Depth-dependent fluorescence quenching of tryptophan of RW16 was performed in LUVs
composed of DOPC and either (6,7)-, (9,10)-, or (11,12)-BrPC (70:30 mol:mol). Fluorescence intensities
in the absence of quencher (F0) were measured in DOPC vesicles. Spectra were recorded between 300
and 500 nm with an increment of 1 nm, an integration time of 0.1 s, and using an excitation wavelength
of 280 nm. The P/L molar ratio was 1/50 and the final peptide concentration was 0.5 μM. Data were
corrected for vesicle background. Depth-dependent fluorescence quenching profiles (DFQPs) were
fitted to the experimental points in Matlab using the distribution analysis (DA) method [26,27] and the
parallax method (PM) [21,28–30] with the following equations:

DA : ln
F0
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σ
√
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PM : ln
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where F0 is the Trp fluorescence intensity in absence of quencher, F(h) is the Trp fluorescence intensity in
the presence of quencher at the distance h(Å) from the bilayer center, and hm corresponds to the average
insertion depth of the tryptophan residues. In DA, the DFQP data are fitted with a Gaussian function
where σ represents the dispersion, which is related to the in-depth distribution of the tryptophan
chromophores, and S is the area under the quenching profile, which is related to the quenching ability
of the tryptophan part. The parallax method fits data to a truncated parabola, and Rc is the radius
of quenching. Average bromine distances from the bilayer center (h) for (6,7)-BrPC, (9,10)-BrPC and
(11,12)-BrPC were taken to be 11.0, 8.3, and 6.5 Å, respectively [21].

4.4.2. Acrylamide Quenching

Following peptide–lipid interactions, the accessibility of the peptides to aqueous quenchers of Trp
fluorescence was modified. We used acrylamide as a Trp fluorescence quencher from a stock solution of
4 M. Acrylamide quenching experiments were performed with a 0.5 μM peptide solution in the absence
or presence of LUVs and with a titration of acrylamide. The peptide/liposomes mixtures (1:50 mol:mol)
were incubated for 15 min at room temperature prior to the measurements. The excitation wavelength
was set to 295 nm instead of 280 nm to reduce the absorbance by acrylamide (ε 280 = 4.3 M−1·cm−1,
ε 295 = 0.24 M−1·cm−1). Fluorescence intensities were then measured after the addition of acrylamide
at room temperature. Data were analyzed according to the Stern–Volmer equation for collisional
quenching [71]:

F0

F
= 1 + KSV·[Q] (3)

where F0 and F correspond to the maximum fluorescence intensities in the absence and presence
of quencher respectively, [Q] is the molar concentration of quencher, and Ksv is the Stern–Volmer
quenching constant.

4.5. Circular Dichroism

CD spectra were recorded on a Jasco J-815 CD spectrophotometer with a 1 mm cuvette path length.
Far-UV spectra were recorded from 180 to 270 nm with a 0.5 nm step resolution and a 2 nm bandwidth
at 37 ◦C. The scan speed was 50 nm/min (0.5 s response time) and the spectra were averaged over 8
scans. CD spectra were collected for all the peptides in phosphate buffer at pH 5.5 with and without
micelles at peptide/lipid (P/L) ratio of 1:50 (mol:mol). For each sample, the background (buffer) was
automatically subtracted from the signal. Spectra were smoothed using a Savitzky–Golay smoothing
filter and were deconvoluted to estimate the secondary structure content using the deconvolution
software CDFriend developed in our laboratory (S. Buchoux, not published) [72].

4.6. NMR Spectroscopy Experiments

The RW16 peptide sample was prepared at a concentration of 1 mM in 400 μL of H2O/D2O (90:10,
v:v) containing 50 mM sodium phosphate buffer at pH 5.5, and 60 mM of DPC-d38 forming zwitterionic
micelles. NMR experiments were recorded at 310 K on a Bruker 800 MHz Avance III spectrometer
equipped with a TCI 1H/13C/15N cryoprobe, or a Bruker 700 MHz spectrometer with a standard TXI
triple resonance gradient probe.

For assignment, we used a 2D 1H,1H-TOCSY with a mixing time of 40 ms, collected with 40 scans
for each of the 256 increments. Additional assignment and restraints for structure calculation were
obtained from a 1H,1H-NOESY spectra with a mixing time of 150 ms, collected with 32 scans for each
of the 228 increments. The solvent signal in both experiments was suppressed using two excitation
sculpting blocks before the start of the acquisition. Partial assignment of 13C chemical shifts was
accomplished with an 1H,13C-HSQC for which 352 scans were acquired for each of the 256 increments.
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To measure solvent accessibility by paramagnetic relaxation enhancements, the RW16-DPC-d38

sample was titrated with Gd(DTPA-BMA) to final concentrations of 1, 2, 3, 4, 5, 7.5, and 10 mM.
Proton T2 relaxation was estimated by crosspeak intensity as a proxy for T2 relaxation in the 2D
1H,1H-TOCSY and 1H,1H-NOESY spectra. All spectra were processed using Bruker Topspin 3.2 and
analyzed by Sparky.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/
4441/s1.
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Edit Pári 1,*, Kata Horváti 2,3, Szilvia Bősze 2, Beáta Biri-Kovács 2,3, Bálint Szeder 4, Ferenc Zsila 5

and Éva Kiss 1,*

1 Laboratory of Interfaces and Nanostructures, Institute of Chemistry, Eötvös Loránd University,
Budapest 112, P.O. Box 32, 1518 Budapest, Hungary

2 MTA-ELTE Research Group of Peptide Chemistry, Eötvös Loránd University, Budapest 112, P.O. Box 32,
1518 Budapest, Hungary; khorvati@gmail.com (K.H.); szilvia.bosze@gmail.com (S.B.);
beabiri@caesar.elte.hu (B.B.-K.)

3 Institute of Chemistry, Eötvös Loránd University, Budapest 112, P.O. Box 32, 1518 Budapest, Hungary
4 Research Centre for Natural Sciences, Signal Transduction and Functional Genomics Research Group,

Institute of Enzymology, P.O. Box 286, 1519 Budapest, Hungary; szederbalint@gmail.com
5 Research Centre for Natural Sciences, Research Group of Biomolecular self-assembly, Institute of Materials

and Environmental Chemistry P.O. Box 286, 1519 Budapest, Hungary; zsila.ferenc@ttk.mta.hu
* Correspondence: pari.edit@gmail.com (E.P.); kisseva@caesar.elte.hu (É.K.)

Received: 3 March 2020; Accepted: 20 March 2020; Published: 22 March 2020

Abstract: Cell-penetrating peptides might have great potential for enhancing the therapeutic
effect of drug molecules against such dangerous pathogens as Mycobacterium tuberculosis (Mtb),
which causes a major health problem worldwide. A set of cationic cell-penetration peptides with
various hydrophobicity were selected and synthesized as drug carrier of isoniazid (INH), a first-line
antibacterial agent against tuberculosis. Molecular interactions between the peptides and their
INH-conjugates with cell-membrane-forming lipid layers composed of DPPC and mycolic acid
(a characteristic component of Mtb cell wall) were evaluated, using the Langmuir balance technique.
Secondary structure of the INH conjugates was analyzed and compared to that of the native
peptides by circular dichroism spectroscopic experiments performed in aqueous and membrane
mimetic environment. A correlation was found between the conjugation induced conformational
and membrane affinity changes of the INH–peptide conjugates. The degree and mode of interaction
were also characterized by AFM imaging of penetrated lipid layers. In vitro biological evaluation
was performed with Penetratin and Transportan conjugates. Results showed similar internalization
rate into EBC-1 human squamous cell carcinoma, but markedly different subcellular localization and
activity on intracellular Mtb.

Keywords: membrane affinity; cell-penetrating peptides; circular dichroism spectroscopy; atomic
force microscopy; mycolic acid; Langmuir monolayer; drug–peptide conjugates

1. Introduction

In the genus Mycobacterium, there are three dangerous pathogens for humans: Mycobacterium
tuberculosis (Mtb), M. leprae and M. lepromatosis [1]. These pathogens are causative agents of human
diseases such as tuberculosis and leprosy. Tuberculosis is still a major public health problem worldwide;
it is one of the top 10 causes of death and the leading cause from a single infectious agent (above
HIV/AIDS). In 2017, Tuberculosis caused an estimated 1.3 million deaths among HIV-negative people,
and there were an additional 300,000 deaths among HIV-positive people [2].
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During the therapeutic treatment of infectious diseases, it is important to consider the structural
and physicochemical properties of the cell envelope of mycobacteria, in order to allow the access of
drug compounds to the cell, for effective targeted drug delivery and treatments. Processes located at
the cell envelope of mycobacteria include the protection of the bacterial cell from the environment,
transport of solutes and proteins, adhesion to receptors and mechanical resistance [3]. Mycobacterium
is considered Gram-positive bacterium which possesses a lipid-rich cell envelope [4] composed
of a typical plasma membrane and a three-part complex: mycomembrane, arabinogalactan and
peptidoglycan. The mycomembrane is a specific barrier composed of mycolic acids, which are the
major chemical components (almost 40%) in the cell envelope [5–7]. Mycolic acids are exceptionally long
chain α-alkyl-β-hydroxyl fatty acids that have different conformational behavior covalently linked to
polysaccharide arabinogalactans in the cell wall [3,4,8,9]. The folding and unfolding of mycolic acids can
influence its biological function and permeability properties for drugs [7,10]. The Langmuir monolayer
is an ideal model to investigate the importance of the lateral organization and the specific functions
of lipids, use them for cell mimicking, and allows the systematic study of biomolecule–membrane
interactions. [11–13]. Hasegawa et al. studied the conformational changes of α-mycolic acid at different
surface pressures by using Langmuir–Blodgett technique and atomic force microscopy (AFM) [14].
It was found that α-mycolic acid formed a stable Langmuir monolayer and it is entirely expanded
when the surface pressure is high. In experimental model systems, mammalian membranes often
mimicked by dipalmitoylphosphatidylcholine (DPPC). This lipid is chosen to represent the most
abundant head groups in natural membranes [15]. Chimote et al. used Langmuir monolayers to
evaluate the effect of mycolic acid and cord factor (alone and as mixtures) on the surface properties of
DPPC layer [7]. It has been found that both mycobacterial lipids inhibit the surface activity of DPPC;
furthermore, mycolic acid fluidizes the lung surfactant film, and this can contribute to alveolar collapse
in tuberculosis patients.

Various methods have been proposed to inhibit the fission of bacterial cells. Isoniazid (INH)
is a first-line antitubercular agent that inhibits the synthesis of mycolic acids. The interaction
between antituberculosis drugs (such as INH, rifampicin and ethambutol) and DPPC, which is the
main component of the pulmonary surfactant, was investigated by Chimote et al. [16]. Pénzes
et al. [17] studied mycolic-acid-containing lipid monolayer models to interpret the membrane
affinity of antituberculosis drug conjugates. Change induced in the structure of the phospholipid
monolayer by interaction with drug–peptide conjugate was followed by tensiometry and sum-frequency
vibrational spectroscopy [18]. Other antibacterial drug candidates and polymers were also applied to
determine their membrane affinity and in vitro activity, using lipid mono- and bilayer models [19–21].
These studies show the role of the cell envelope in essential processes, and the investigation of its
interactions is still an important research field to develop new drugs or drug–conjugates for more
effective treatments.

Recently, cationic amphiphilic and antimicrobial peptides (AMPs) have received considerable
attention as a possible solution against resistant pathogens. Some of them also showed an anticancer
effect by destabilizing the outer membrane of cancer cells and providing selectivity between normal
and malignant cells [22]. Cell-penetrating peptides (CPP) have a great pharmaceutical potential as
delivery vectors for a wide variety of bioactive cargos. Penetratin [23] and Transportan [24] are among
the most-studied CPPs and have the ability to translocate the plasma membrane, delivering drugs to
the cytoplasm. The antimicrobial peptide Buforin II (5–21) [25] and Magainin II [26] were isolated from
amphibians. Dhvar4 is a synthetic derivative of Histatin, which is a salivary histidine-rich cationic
AMP found in the human parotid secretion [27], Crot(1–9,38–42) [28] and CM15 [29], which are hybrid
AMPs composed of venom peptides. OT20 [30] is a synthetic oligomer of Tuftsin, a receptor-binding
peptide produced by the enzymatic cleavage of the Fc-domain of the heavy chain of immunoglobulin G.

There is a plethora of reports on the investigation of CPPs and AMPs properties [31–33], but most
of them focus on one or two peptides, without comparison of the members of the given family. In our
work, we strived for the comparison of various cationic peptides and their investigation under the
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same measurement conditions with different techniques. This might be useful to reveal the effect of
the composition, polarity, molecular mass and conformational behavior on membrane interactions
and transport. For this purpose, a representative set of cationic membrane active peptides was
selected based on our previous studies on their cell penetrating ability, hemolytic activity, antimicrobial
and cytotoxic effects [34]. Our goal was to identify peptides as promising drug carriers for INH.
The selected peptides and their INH conjugated derivatives were synthetized and used to study
their interactions with DPPC and DPPC +mycolic acid mixed monolayers employing the Langmuir
technique. Circular dichroism spectroscopy (CD) was employed to monitor the secondary structure of
peptides and their INH-conjugates in water and also in membrane mimetic-trifluoroethanol-containing
media. The influence of conjugation was evaluated and compared for the various AMPs. For further
analysis, atomic force microscopy (AFM) was used to image the morphology and structure of
peptide-penetrated lipid layer. Cellular uptake was studied on EBC-1 squamous cell carcinoma as
lung model cells, and the localization of the peptides was imaged by confocal microscopy. Intracellular
killing activity of INH–Penetratin and INH–Transportan was assayed on Mycobacterium tuberculosis
infected human monocytes.

2. Results and Discussion

2.1. Peptide Synthesis and Characterization

Cationic membrane active peptides and their INH-derivatives were synthesized in good yields,
using previously described methods [35]. Peptides were characterized with their monoisotopic
molecular mass (M), retention time on a C-18 RP-HPLC column (Rt), estimated hydrophilicity values
(H) and net charge (z) (see Table 1). Peptides are listed according to their retention times, which are the
indicator of their polarity. OT20 was found to be the most hydrophilic peptide, while Transportan
proved to be the most hydrophobic one in the given set. This order of peptides’ polarity is almost equal
to the relative hydrophilicity estimated from the amino acid composition. The conjugation with INH
does not change the relative polarity of the peptides, as the Rt values show. It is notable, however,
that some increase in the hydrophobicity can be presumed from the slightly increased retention-time
values for most of the peptides (except Buforin and Transportan). That might be the result of decreased
charge due to INH coupling at the N-terminal, although the addition of INH molecule is expected to
increase the polarity of the conjugate.

2.2. Interaction of Peptides and INH–Peptide Conjugates with Lipid Monolayers

The peptide–lipid interactions were investigated by the Langmuir technique, and the results of
the penetration measurements are presented in Figures 1 and 2. The lipid layer was formed from
DPPC and the mixture of DPPC+mycolic acid at ratio of 3:1. The aqueous solution of the peptide or
the INH-conjugated peptide was injected below the compressed (20 mN/m) and conditioned (20 min)
lipid monolayer after 10 min relaxation time. The final concentration was 2 μM in the aqueous phase.
The changes of the surface pressure as a function time was recorded for 1 h. The increase of the surface
pressure (ΔΠ) gives information of the degree of penetration, which is considered as the membrane
affinity of the given peptide to the lipid layer.

The penetration results showed that the membrane affinity to DPPC layer is modest (ΔΠ < 2) in
case of OT20, Crot(1–9,38–42) and Buforin II (5–21), but higher for the Penetratin (Figure 1). The other
peptides’ membrane affinity then gradually increased. This shows agreement with our previous
results, where the membrane affinity order of the peptides almost followed their hydrophobicity [37].
Transportan, CM15 and Magainin are shown to be the most hydrophobic ones in the present set,
according to their Rt (>12) and H (< 0) values. Those exhibit significant membrane affinity, exceeding
a 4 mN/m increase in surface pressure. The exact order, however, exposes some differences which
might indicate that other factors than overall hydrophobicity of the peptide also influence the degree
of interaction with the lipid layer.
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Table 1. Analytical characterization of the peptides and INH–peptide conjugates studied in this work.

Compound a Sequence M b Rt
c H d Z e

OT20 TKPKGTKPKGTKPKGTKPKG 2062.3 6.7 1.1 9+
Crot(1–9,38–42) YKQCHKKGGKKGSG 1503.8 6.8 0.8 6+
Buforin II (5–21) RAGLQFPVGRVHRLLRK 2001.2 10.9 0.2 6+

Penetratin RQIKIWFQNRRMKWKK 2244.3 10.9 0.5 8+
Dhvar4 KRLFKKLLFSLRKY 1838.2 11.8 0.3 7+

Magainin II GIGKFLHSAKKFGKAFVGEIMNS 2464.3 12.8 −0.1 4+
CM15 KWKLFKKIGAVLKVL 1769.2 13.7 −0.1 6+

Transportan AGYLLGKINLKALAALAKKIL 2180.4 16.8 −0.3 5+

INH–OT20 INH-TKPKGTKPKGTKPKGTKPKG 2239.3 7.0 - 8+
INH–Crot(1–9,38–42) INH-YKQCHKKGGKKGSG 1680.9 7.3 - 5+
INH–Buforin II (5–21) INH-RAGLQFPVGRVHRLLRK 2178.3 11.0 - 5+

INH–Penetratin INH-RQIKIWFQNRRMKWKK 2421.4 11.5 - 7+
INH–Dhvar4 INH-KRLFKKLLFSLRKY 2015.2 12.8 - 6+

INH–Magainin II INH-GIGKFLHSAKKFGKAFVGEIMNS 2641.4 13.3 - 3+
INH–CM15 INH-KWKLFKKIGAVLKVL 1946.2 14.3 - 5+

INH–Transportan INH-AGYLLGKINLKALAALAKKIL 2357.5 16.9 - 4+
a All peptides and conjugates were amidated on the C-terminus and isolated as TFA salts. b Exact mass measured
on a Thermo Scientific Q Exactive™ Focus Hybrid Quadrupole-Orbitrap™Mass Spectrometer. c Retention time
on a YMC-Pack ODS-A C18 (5 μm, 120 Å) 150 × 4.6 mm column, gradient: 5% B, 2 min; 5%–100% B, 20 min.
d Hydrophilicity was calculated by using values of amino acids expressing hydrophilicity of each amino acid [36].
e Net charge at neutral pH.

Figure 1. The degree of penetration (ΔΠ) of the original peptides (black) and their INH conjugated
derivatives (orange) into DPPC lipid monolayer after 1 h interaction. (The peptides are presented
according to their increasing Rt values.)
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Figure 2. The degree of penetration (ΔΠ) of isoniazid (INH)-conjugated peptides into DPPC (orange)
and DPPC+mycolic acid (3:1 mass ratio) (blue) mixed lipid monolayers after 1 h interaction. (The peptide
conjugates are presented according to their increasing Rt values.)

INH conjugation did not change significantly or decrease membrane affinity of peptides with
DPPC monolayer, except in the case of Buforin II (5–21), Dhvar4 and Transportan, where the penetration
increased. The coupling of INH to the peptides due to the reduction of charge at the N terminal is
expected to increase the hydrophobicity and surface activity character of the conjugate. Therefore,
the penetration of the most hydrophobic peptide, Transportan, is further increased for INH–Transportan.
The explanation might be similar for the case of Dhvar4, where the INH conjugation induced a relative
decrease in polarity counts more because of the lower molecular weight. On the contrary, coupling
INH to highly charged hydrophilic peptides probably does not induce important changes in the polar
character of the derivatives. That is in correspondence with the slightly decreasing membrane affinity
of OT20, Crot(1–9,38–42), Penetratin and CM15 conjugates.

Besides the overall polarity, the conjugation with INH is supposed to induce some structural
changes that lead to preferred or unfavored interaction with lipid layers.

The membrane affinity of the INH-conjugated peptides was also characterized by using another
membrane model, which is formed from DPPC+mycolic acid (3:1) mixture (Figure 2). By mixing
mycolic acid, the monolayer provides a negatively charged layer, which gives the possibility of the
electrostatic interactions with the cationic CPPs. This negatively charged environment in the lipid
membrane favors the insertion of CPPs [31,38]. Moreover, the incorporation of mycolic acid molecules
with long alkyl chains into the lipid layer changes the molecular order and reduces the regular
close packing of the DPPC molecules, allowing the interaction with and penetration of the peptides.
According to the experimental findings, the membrane affinity significantly increased in all cases
except for INH–OT20 and INH–Buforin II (5–21). INH–Transportan and INH–CM15 have the highest
interactions with the DPPC+mycolic acid mixed lipid monolayer.

2.3. Circular Dichroism Spectroscopic Evaluation of the Secondary Structure of CPPs/AMPs and Their
INH Conjugates

Circular dichroism (CD) spectra recorded in the far-UV region (190–260 nm) provides valuable
information on the secondary structure of peptides in a particular medium [39]. In many
instances, cationic AMPs/CPPs are substantially unstructured in aqueous solution but acquire helical
conformation upon contact with negatively charged cell membranes and also in certain organic
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solvents, like trifluoroethanol (TFE) [40–42]. TFE and related haloalcohols provide a low dielectric,
lipomimetic environment which favors and propagates the structuration process of cationic peptides
being disordered in water. Membrane-binding-induced folding of cationic peptides into amphipathic
helices is a crucial step in their biological actions. Therefore, their structural modifications enhancing
helix propensity often result in increased antibacterial and/or hemolytic activity [43–45].

All native peptides studied herein exhibit a main negative CD band in water, with a deep minimum,
around 196–200 nm (Figures 3 and 4). Such a CD pattern is consistent with the dynamic equilibrium of
the mixture of random conformational states. In the presence of TFE, however, a significant amount of
helical structure was induced, as evident from the high-intensity positive–negative CD couplet evolved
below 210 nm and the pronounced minimum at 220–222 nm, which represent the contribution of the
optically active π-π* and n-π* transitions of the peptide bonds arranged along a right-handed helix [39].
Consideration of peak intensities of the CD couplets observed in TFE and water:TFE mixtures permits
comparisons of relative α-helical propensities of the peptides. The largest Δε extrema were observed
for CM15, Dhvar4 and Transportan, whereas Penetratin and Magainin II showed somewhat lower
values (Figures 3 and 4). Buforin II (5–21) displayed the weakest helical induction with a Δεmax of +10
as measured in TFE (Figure 3d).

It is to be noted that Crot(1–9,38–42) and OT20 behaved differently, since neither of them showed
helical conversion upon addition of TFE (Figure 4c,d). For OT20, this result can be explained by the
combined occurrence of proline and glycine residues in the sequence that are well-known, potent
helix breaker residues [46,47]. Crot(1–9,38–42) lacks proline, but its 14 AA long sequence contains
three glycine side chains, creating the highest relative helix breaker frequency among the peptides
under study (apart from OT20). Therefore, glycines might be responsible for preventing the canonical
α-helical folding of Crot(1–9,38–42).

According to our previous data [48–50], small-molecule-binding-induced disorder-to-helix
transitions of cationic AMPs are associated with characteristic CD spectral alterations: In the very first
phase of the titration with the folding inducer, the negative CD band of the peptide below 210 nm
loses intensity, and its λmin is shifted to longer wavelengths. Similar changes were reported for TFE
titration of intrinsically disordered peptides [51] and protein regions [52,53]. Taking these results
into consideration, the bathochromic shift, as well as the intensity reduction of the main CD peak
observed in water, suggests that INH conjugation affects the aqueous conformational equilibrium of
all peptides (Figures 3 and 4). Furthermore, as demonstrated by band-intensity increases for some
peptide conjugates, this effect is more pronounced in TFE and H2O:TFE solution and refers to the
moderate enhancement of the α-helical fraction compared to the native form. Such kinds of spectral
alterations were obtained for INH–Transportan, INH–Magainin II and INH–Buforin II (Figure 3).
The most advanced CD spectral modifications were seen for INH conjugate of Transportan (Figure 3a).
At the short-wavelength side of the aqueous spectrum, the initial part of the helix related positive
CD peak appeared, and the n-π* CD intensities increased noticeably above 215 nm. Taking into
account the positive correlation between peptide helicity and bilayer-disturbing potency [43–45],
the chiroptical data predict that the INH conjugates bind to lipid membranes with greater affinity
compared to the native peptides. Based on the measure of the conjugation-induced spectroscopic
changes (Figure 3), an estimation of the relative membrane affinity increment can be proposed (in
decreasing order): INH–Transportan, INH–Magainin II, and INH–Buforin II (5–21). Importantly,
this prediction is in good correlation with the membrane affinity enhancement of these conjugates
displayed in Figure 1. However, the reduced Δε values of INH–Dhvar4 obtained in TFE and H2O:TFE
mixture indicate a lower helical propensity (Figure 4b), but its DPPC affinity is larger than that of
the parent peptide (Figure 1). In contrast, the reduced CD values above 200 nm in the TFE spectrum
of INH–CM15 (Figure 4a) also suggest a lower helicity that is in line with the decreased membrane
binding shown in Figure 1. Beyond the impact of the helical conformation, these examples warn to the
role of additional INH-conjugation-related physicochemical modifications which may also affect the
peptide-membrane interactions.
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Figure 3. Far-UV CD spectra of Transportan (a), Penetratin (b), Magainin II (c), Buforin II (5–21) (d) and
their INH conjugates measured in deionized water, TFE and in water:TFE mixture.
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Figure 4. Far-UV CD spectra of CM15 (a), Dhvar4 (b), OT20 (c), Crot(1–9,38–42) (d) and their INH
conjugates measured in deionized water, TFE and in water:TFE mixture.

The presence of helix breaker residues makes it difficult to assess the conjugation-induced
structural impact of OT20 and Crot(1–9,38–42) (Figure 4).
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2.4. Atomic Force Microscopy (AFM)

At the end of the membrane affinity measurements, the penetrated monolayers were transferred
to a previously cleaned cover glass, to study the structural changes of the membranes by atomic
force microscopy (Figures 5 and 6). The surface of the original DPPC and mixed DPPC+mycolic acid
monolayer is rather smooth, with a morphology described by typical roughness values presented in
Table 2. (Ra is the average deviation of all points from a mean level over the evaluation area. Rq (RMS)
is the root mean square roughness, while Rz is the average absolute value of the five highest peaks
and the five lowest valleys over the evaluation area, being sensitive to positive or negative extremes
of the image.) Well-defined homogenous lipid islands are formed by the ordered lipid molecules
in equilibrium with the less-oriented film with smaller surface density as expected from the surface
pressure–area isotherm. Comparing to this, the morphology of the penetrated monolayers was changed.
The 3D images provide a visual impression on the surface, while the cross-section profiles allow
the measurement of the height differences. As examples, for INH–Penetratin and INH–Transportan
interaction with DPPC lipid monolayer was found that the homogenous lipid layer was disturbed by
the insertion of the peptide-conjugate and several small aggregates, extended protrusions appeared
with about 1–3 nm height (Figures 5a and 6a). This morphological change can also be expressed by the
roughness factors determined by analyzing the AFM images (Table 2).

Table 2. Roughness values, Ra, Rq and Rz characterizing the morphology of lipid layers and penetrated
lipid layers determined by AFM imaging.

Peptide Lipid System Ra/nm Rq/nm Rz/nm

DPPC 0.10 0.13 0.36
DPPC+mycolic acid 0.25 0.33 1.08

INH–Penetratin
DPPC 0.21 0.27 0.92

DPPC+mycolic acid 0.35 0.45 1.33

INH–Transportan DPPC 0.23 0.37 0.90
DPPC+mycolic acid 0.59 0.94 2.40

Figure 5. Three-dimensional atomic-force microscopy image of DPPC (a) and DPPC+mycolic acid (b)
lipid layer after 1 h interaction with INH–Penetratin, and characteristic cross-section profiles of the
penetrated films.
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Figure 6. Three-dimensional atomic-force microscopy image of DPPC (a) and DPPC+mycolic acid (b)
lipid layer after 1 h interaction with INH–Transportan, and characteristic cross-section profiles of the
penetrated films.

It is noticeable that, considering all three parameters, the roughness of the surface increased
as a result of its interaction with the peptide conjugates. Similar membrane morphology change
was detected previously in the course of interaction of lipid monolayers with cationic, amphiphilic
polymers presenting antibacterial properties [21].

The result of penetration of INH–Penetratin and INH–Transportan into DPPC+mycolic acid film
was presented in Figures 5b and 6b. The disturbance of the order of lipid molecules and the deviation
from the smooth surface are even higher, in comparison to the corresponding interaction with DPPC
layer. The INH–Transportan forms aggregates as a sort of spherical dots and rings between and within
the lipid islands with 3–6 nm height, while in the case of INH–Penetratin, a generally disturbed surface
appeared with vertical deviation exceeding 3 nm. The intense disturbance of the mixed lipid layer by
interaction with INH–Transportan resulted in the fragmentation of the monolayer. The appearance of
aggregated structural units is particularly characteristic for the interaction with the negatively charged
DPPC+mycolic acid layer. It has already been shown that such aggregation is the consequence of the
proximity of the membrane, and this phenomenon can be triggered by a high concentration of the CPPs
on negative phospholipids and induced conformational changes [32]. The electrostatic interactions
between cationic peptides and negatively charged lipid layer facilitate the conformational change,
and agglomeration of CPPs especially for amphipathic peptides such as Penetratin [31].

The significantly enhanced interaction of INH–peptide conjugates with the DPPC+mycolic acid
lipid layer, shown by the highly disturbed structure, is in harmony with their high degree of penetration,
measured by the increase of surface pressure of the film (Figure 2). It is also in agreement with the CD
measurements, since this type of morphology might be the result of enhanced membrane interaction,
which involves a membrane-induced increase of the α-helical fraction observed by CD spectroscopy.

2.5. Cellular Uptake, Localization and Efficacy against Intracellular Mycobacterium Tuberculosis

For the in vitro biological evaluation, two peptides were selected, namely Penetratin and
Transportan, which are the two most-studied cell-penetrating peptides. Internalization of the peptides
was measured on EBC-1 human squamous cell carcinoma, which was chosen as a lung cell model.
Squamous-cell aggregates are common within the lung tissue associated with Mycobacterium tuberculosis
(Mtb) infection. Mtb infected host cells (mainly macrophages and other lung tissue cells) play a
pivotal role in chronic-tuberculosis-induced carcinogenesis caused by DNA damage, growth factors,
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proliferative activities, etc. To eliminate the intracellular bacteria from the host cells is crucial for
successful therapy. The infection caused mainly by proliferative changes in the lung tissue (mainly
in bronchial and alveolar mucosa) that Mtb leaves behind cannot be ignored [54,55]. Therefore,
squamous cell culture can be employed as a suitable model to investigate the main features of the
carrier peptides. Flow cytometric measurements revealed a concentration-dependent internalization
of the peptides. Penetratin and Transportan showed similar internalization potency based on the
detected fluorescent intensity measured by flow cytometry (Figure 7a). However, on the confocal
microscopy images, markedly different subcellular localization was observed. Penetratin showed
diffused intracellular distribution, while in the case of Transportan, mostly vesicular localization
was captured (Figure 7b). Besides cytoplasmic localization, Penetratin showed co-localization with
lysosomal and nucleus staining, possibly indicating that this compound internalizes not only through
the endo-lysosomal pathway, but also through direct cell penetration (Figure 7b). This observation is
in line with previous reports on the nuclear translocation of Penetratin [56]. The vast majority of CPPs
can be trapped in endosomes, following delivery into the cells. Subsequently, any conjugated cargo
might be trapped, as well [57]. Significantly lower intracellular antitubercular activity of Transportan
(Figure 7c) might be the consequence of an endosomal escape problem, while the diffuse intracellular
delivery makes INH–Penetratin an efficient candidate against intracellular Mycobacterium tuberculosis
(Figure 7d).

 

Figure 7. Internalization and intracellular antibacterial activity of the peptides. Cellular uptake of
EBC-1 human lung carcinoma cells was measured by flow cytometry after 2 h treatment with 5 and
10 μM peptide concentrations (a). Localization of 5(6)-carboxyfluorescein-labeled Penetratin and
Transportan in EBC-1 cells was visualized by confocal laser scanning microscopy (b). Cells were
incubated with Cf -labeled peptides (green), lysosomes were stained with LysoTracker Deep Red (red)
and nuclei were stained with Hoechst 33342 (blue). The scale bar represents 20 μm. Penetratin and
Transportan were conjugated with Isoniazid, and INH–Penetratin and INH–Transportan were assayed
against Mycobacterium tuberculosis-infected MonoMac-6 human monocytes. After treatment, cells were
lysed with SDS, and number of bacteria was enumerated on LJ tubes (c,d).
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3. Materials and Methods

3.1. Peptide Synthesis and Characterization

For peptide synthesis, amino acid derivatives were obtained from Iris Biotech (Germany).
The reagents N,N’-diisopropylcarbodiimide (DIC), triisopropylsilane (TIS), 1-hydroxybenzotriazole
(HOBt), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), isoniazid (INH), glyoxylic acid and 5(6)-carboxy
fluorescein (Cf ) were purchased from Sigma-Aldrich (Budapest, Hungary). Fmoc-Rink Amide MBHA
resin was from Merck (Budapest, Hungary). Trifluoroacetic acid (TFA), N,N-dimethylformamide (DMF),
dichloromethane (DCM), diethyl ether and acetonitrile (AcN) were from VWR (Budapest, Hungary).

For the in vitro assays, RPMI-1640 medium, fetal calf serum (FCS) and trypan blue were obtained
from Sigma-Aldrich. Trypsin was from Gibco. HPMI buffer (9 mM glucose, 10 mM NaHCO3, 119 mM
NaCl, 9 mM HEPES, 5 mM KCl, 0.85 mM MgCl2, 0.053 mM CaCl2, 5 mM Na2HPO4×2H2O, pH = 7.4)
was prepared in-house, using components obtained from Sigma-Aldrich (Budapest, Hungary).

Synthetic Procedures

Peptides were produced on solid phase (Fmoc-Rink Amide MBHA resin, capacity = 0.67 mmol/g),
in an automated peptide synthesizer (Syro-I, Biotage, Uppsala, Sweden), using standard Fmoc/tBu
strategy with DIC/HOBt coupling reagents. Isoniazid was conjugated to the N-terminus of the
peptides by using glyoxylic acid as a linker (the synthesis is detailed in [35]). Fluorescently labeled
derivatives were synthesized with the use of 5(6)-carboxyfluorescein (Cf ) with DIC/HOBt coupling
method. Peptides were cleaved from the resin with TFA/H2O/TIS (9.5:2.5:2.5 v/v) mixture (2 h, RT).
After filtration, compounds were precipitated in cold diethyl ether, centrifuged (4000 rpm, 5 min) and
freeze-dried from water.

RP-HPLC purification was performed on a Thermo Fisher UltiMate 3000 Semiprep HPLC with a
Phenomenex Jupiter Proteo C-12 column (250 × 10 mm), using gradient elution, consisting of 0.1%
TFA in water (eluent A) and 0.1% TFA in acetonitrile/water = 80/20 (v/v) (eluent B).

Purified peptides were analyzed by RP-HPLC, on an analytical C-18 column, using gradient
elution with the abovementioned eluent A and B (flow rate was 1 mL/min, UV detection at λ = 220 nm).
Molecular mass of the peptides was determined on a Thermo Scientific Q Exactive™ Focus Hybrid
Quadrupole-Orbitrap™Mass Spectrometer (ThermoFisher Scientific, Waltham, MA, USA).

3.2. Membrane Affinity Measurements

Monomolecular lipid membrane models were used to characterize the interactions between
the monolayers and a series of isoniazid (INH)-conjugated peptides. The membrane affinity was
investigated by using the Langmuir technique. Surface pressure was recorded with the tensiometric
method, with ±0.5 mN/m accuracy, employing previously purified filter papers, such as Wilhelmy
plates. The trough was made of Teflon and was equipped with one surface pressure sensor and
two polyoxymethylene (POM) barriers. Dichloromethane (VWR Chemicals, analytical purity) and
methanol (VWR Chemicals, Reag. Ph. Eur. for HPLC) were used for the cleaning of the troughs and
barriers before each measurement. Then, 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Avanti
Polar Lipids Inc., Alabaster, AL, USA) and its mixture with mycolic acid from Mycobacterium tuberculosis
(human strain) (98% Sigma-Aldrich) were applied in chloroform (VWR Chemicals, analytical purity),
to form the monomolecular lipid layer on the top of the double-distilled water subphase in the
Langmuir through. (Molecular structure of isoniazid, DPPC and mycolic acid are presented in Figure 8).
The composition of the lipid mixture was a mass ratio of 75w% DPPC and 25w% mycolic acid.
Double-distilled water was checked by its conductivity (<5 mS) and surface tension (>72.0 mN/m
at 23± 0.5 ◦C) values. After the cleaning procedure, the through was filled with double-distilled
water. DPPC or the mixture of DPPC and mycolic acid was dissolved in chloroform to a concentration
0.2 mg/mL. The lipid solution was spread on the subphase. The system was left for 10 min, to evaporate
the chloroform, before the compression. Surface pressure–area isotherms were recorded two times
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before each penetration measurement. The lipid layer was conditioned by barrier adjustment for
20 min, and the aqueous solution of the peptide was injected under the lipid monolayer, after 10 min
relaxation time. The peptides were dissolved in double-distilled water, at 200 μM concentration.
This peptide solution was injected into the subphase, to achieve 2 μM final concentration. The changes
of the surface pressure as a function of time were recorded for 1 h.

 

Figure 8. Chemical composition of the drug and lipids applied in Langmuir monolayer experiments

3.3. Circular Dichroism (CD) Spectroscopic Measurements

Peptide samples were dissolved in deionized water and in TFE at 4–6 μM concentrations. Far-UV
CD curves were taken on a JASCO J-715 spectropolarimeter, at 25 ± 0.2 ◦C, in 0.5 cm path-length
rectangular quartz cuvette (Hellma, Plainview, NY, USA). Temperature control was provided by a
Peltier thermostat. The CD data were monitored in continuous scanning mode, between 190 and
260 nm, at a rate of 100 nm/min, with a step size of 0.1 nm, response time of 2 s, eight accumulations
and 2 nm bandwidth. The CD curves were corrected by spectral contribution of the blank solvent. CD
spectra were plotted in mean residue molar CD units (Δε/residue) calculated by the following equation:

Δε = Θ/(32.98cl) (1)

where Θ is the measured ellipticity (deg) as a function of wavelength (nm), c is the mean residue molar
concentration and l is the optical path length (cm).

3.4. Atomic Force Microscopy Measurements

Penetrated Langmuir monolayers were transferred to a previously cleaned hydrophilic cover
glass for atomic microscopy measurements. The cover glasses were cleaned by ultra-cleaning, with
the mixture of H2O2 and H2SO4, for two hours. After washing and drying, they were suitable for
the deposition. The structure of the monolayers was investigated by Nanosurf Flex-Axiom (Liestal,
Switzerland) atomic force microscope system, operating in contact mode. Silicon cantilever ContGD-G
(BudgetSensors) was used, with a tip curvature radius less than 10 nm, an average force constant of
0.2 N/m, resonance frequency of 13 kHz and with gold reflective coating. Each sample was imaged in
2 × 2 μm2 areas, at 10 randomly selected locations. The image analysis was performed by Gwyddion
2.50 program.

3.5. In Vitro Assays

3.5.1. Cellular Uptake and Localization of the Peptides

Internalization of Cf -labeled Penetratin and Transportan was measured on EBC-1 (squamous cell
carcinoma, origin: bronchi) [58,59]. Cells were maintained as an adherent culture in DMEM medium
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supplemented with 10% heat-inactivated fetal calf serum (FCS) l-glutamine (2 mM) and gentamicin
(35 μM), at 37 ◦C, in a humidified atmosphere containing 5% CO2. For the assay, cells were treated with
peptides at 5 and 10 μM final concentration and were incubated for 2 h. After centrifugation (1000 rpm,
5 min) and washing with serum-free DMEM medium, supernatant was removed, and 100 μL 0.25%
trypsin was added to the cells. After 10 min incubation, 0.8 mL 10% FCS/HPMI medium was added,
and then cells were washed and resuspended in 0.25 mL HPMI medium. The intracellular fluorescence
intensity of the cells was measured on a BD LSR II flow cytometer (BD Biosciences, San Jose, CA,
USA) on channel FITC (emission at λ = 505 nm), and data were analyzed with FACSDiva 5.0 software.
All measurements were performed in triplicates, and the mean fluorescent intensity, together with
standard error of the mean (SEM), was graphically presented.

Localization of the peptides was visualized by confocal microscopy. EBC-1 cells were seeded (105

cells/well) one day prior to treatment, on cover glass containing 24-well plates (Sarstedt, Nümbrecht,
Germany). Lysosomes were stained by LysoTracker™ Deep Red (Invitrogen, Carlsbad, CA, USA) for
30 min, followed by incubation with Cf -labeled Penetratin and Transportan for 60 min. Subsequently,
nuclei were stained by Hoechst 33342 solution (Thermo Scientific, Waltham, MA, USA). After each step,
cells were washed three times with serum-free medium. Cells were fixed by 4% paraformaldehyde for
15 min and mounted to microscopy slides with Mowiol® 4–88. Imaging was performed on a Zeiss
LSM 710 system with 40× oil immersion objective. Images were processed with ZEN lite software
(Zeiss, Oberkochen, Germany).

3.5.2. Determination of Antibacterial Efficacy against Intracellular Mycobacterium tuberculosis

MonoMac-6 human monocytes (2 × 105 cells/1 mL medium/well) were cultured in RPMI-1640
medium containing 10 % FCS, in a 24-well plate, 24 h prior to the experiment. Adherent cells
were infected with Mycobacterium tuberculosis H37Rv, at a multiplicity of infection (MOI) of 10.
Nonphagocytosed extracellular bacteria were removed by washing the culture three times with
serum-free RPMI. After 1 day of incubation, infected cells were treated with INH-conjugated Penetratin
and Transportan 5, 10 and 50 μM final concentrations. For comparison, INH was also assayed at 100 μM
concentration. As control, infected cells were treated with culture media. After 3 days, the treatment
was repeated with fresh solutions of the compounds, and cells were incubated for an additional 3
days. After 3 washing steps, infected cells were lysed with 2.5 % sodium dodecyl sulphate (SDS)
solution, and 100 μL lysate was transferred to L-J medium (BBL Löwenstein–Jensen medium, Beckton
Dickinson). Colony-forming units (CFU) were enumerated after 4 weeks of incubation, and the number
of bacteria was calculated by using a standard dilution series of M. tuberculosis [60].

4. Conclusions

INH-conjugated peptides with various composition, hydrophobicity and charge character were
compared in an experimental membrane affinity study, using lipid monolayer models. In most cases,
increased membrane affinity was observed, especially with mycolic-acid-containing lipid layer induced
by the conjugation with INH. Hydrophobic character of the peptides seems to favor the interaction
with lipid layers within the set of cationic peptides studied here. CD spectroscopic measurement
allowed for the analysis of the correlation between the secondary structural change of the peptides and
their INH-conjugates and the membrane affinity. The penetration into the lipid layer was in line with
the destruction of ordered structure of lipid layer observed visually by AFM in nanometric range.

In vitro assays supported the cellular uptake and antibacterial effect of the INH–peptide conjugates;
furthermore, an important difference in the intracellular localization was also revealed, depending
on the carrier peptide. Nuclear translocation of Penetratin and its ability to carry various chemically
conjugated cargos within the nucleus has been reported so far [56], and this feature made Penetratin a
good candidate to utilize in gene therapy [61,62]. Our recent study added a supplement feature to
Penetratin as a carrier molecule, namely the use as vector for peptide delivery of antitubercular agents
and utilization of it against intracellular bacteria.
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Abstract: Melittin is an anti-microbial peptide (AMP) and one of the most studied membrane-disrupting
peptides. There is, however, a lack of accurate measurements of the concentration-dependent kinetics
and affinity of binding of melittin to phospholipid membranes. In this study, we used surface plasmon
resonance spectroscopy to determine the concentration-dependent effect on the binding of melittin
to 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) bilayers in vesicles. Three concentration
ranges were considered, and when combined, covered two orders of magnitudes (0.04 μM to 8 μM),
corresponding to concentrations relevant to the membrane-disrupting and anti-microbial activities of
melittin. Binding kinetics data were analysed using a 1:1 Langmuir-binding model and a two-state
reaction model. Using in-depth quantitative analysis, we characterised the effect of peptide concentration,
the addition of NaCl at physiological ionic strength and the choice of kinetic binding model on the
reliability of the calculated kinetics and affinity of binding parameters. The apparent binding affinity of
melittin for POPC bilayers was observed to decrease with increasing peptide/lipid (P/L) ratio, primarily
due to the marked decrease in the association rate. At all concentration ranges, the two-state reaction
model provided a better fit to the data and, thus, a more reliable estimate of binding affinity. Addition of
NaCl significantly reduced the signal response during the association phase; however, no substantial
effect on the binding affinity of melittin to the POPC bilayers was observed. These findings based on
POPC bilayers could have important implications for our understanding of the mechanism of action of
melittin on more complex model cell membranes of higher physiological relevance.

Keywords: surface plasmon resonance; melittin; liposomes; peptide–lipid interactions; anti-microbial
peptides; pore-forming peptides

1. Introduction

Anti-microbial peptides (AMPs) are found throughout the animal and plant kingdom, where they
form an important part of the innate immune system [1]. Due to the fact of their potent activity
against Gram-positive and Gram-negative bacteria as well as other pathogens, AMPs have been
actively pursued as lead molecules for the development of new antimicrobial agents [2–5]. In addition,
AMPs have been investigated for their anti-cancer activity to address the issue of chemotherapy
resistance [6–8], and there is emerging evidence for their use as adjuvant cancer therapeutics [9,10].

The cytotoxic effect of many AMPs primarily stems from their ability to lyse the phospholipid
bilayer of the plasma or mitochondrial cell membranes [11–13]. While AMPs show a wide range
of secondary structures and different mechanisms of action, they share certain physico-chemical
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characteristics. Like other membrane-disruptive peptides, AMPs are positively charged (cationic) and
have a relatively large number of hydrophobic residues that are often clustered to give the peptide
an overall amphipathic character [5,11–15]. Their cationic nature enables electrostatic interactions
with the negatively charged (anionic) lipid head groups found in bacterial membranes, while the
amphipathic nature facilitates insertion into the hydrophobic core of the membrane. However,
there is still an incomplete understanding of the molecular mechanisms by which AMPs bind to
and, subsequently, disrupt cell membranes, as well as the physico-chemical factors affecting the
interaction [12]. Characterising the membrane-binding properties of AMPs is particularly important for
the development of therapeutic peptides (e.g., antibiotics or anti-cancer agents) with higher specificity
for microbes or cancer cells.

One of the most studied AMPs is melittin [16], the major component of honey bee venom [17].
Melittin is a 26 amino acid long cationic peptide and its cytolytic effects on lipid vesicles as well as on
bacterial and mammalian cells has been demonstrated in a large number of studies [18–27]. Early work
using nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy on the structure of
melittin in water and lipid environments showed that the peptide is mostly unstructured in solution
but undergoes a transition to α-helix upon binding to a lipid–water or hydrophobic interface [28–36].
Melittin is also known to dimerise and form higher-order oligomers under certain conditions such as
high peptide concentrations and high ionic strength [29,37–39].

The membrane-disrupting mechanism of melittin has been studied extensively using a wide range
of experimental and molecular simulation approaches [40]. Findings from these studies suggest that
membrane-bound melittin can be present in two orientations: parallel, where it lies on the membrane
surface interacting mostly with the lipid head groups, and perpendicular, where it is inserted into the
hydrophobic core of the membrane, oriented perpendicularly to the membrane surface. A two-step
model is often used to describe the mechanism of formation of membrane pores by melittin [26,41,42],
wherein the peptide, at low concentration, binds to the bilayer surface in a parallel conformation
and then shifts to a perpendicular orientation at higher concentration, leading to membrane pore
formation. The existence of two membrane-bound orientations has been demonstrated by molecular
simulation studies [43–48] and the retention of amphiphilic peptides in a surface-absorbed state has
been explained by elasticity theory [49].

A recent study has suggested a variation to this two-step model, in which the transition from parallel
to perpendicular does not occur but, rather, parallel surface binding and direct insertion are competing
processes [26]. Numerous studies of melittin make it clear that surface binding, membrane disruption
and pore formation constitute an inter-dependent and complex process. In addition, each one of these
processes is affected by environmental factors such as membrane lipid composition [23,27,39,50–53],
peptide concentration and peptide–lipid ratio [21,54], pH and ionic strength [51,53], and local membrane
curvature [55].

Like other AMPs, melittin exhibits preferred binding to negatively charged (anionic) lipids [53,56]
due to the strong electrostatic attraction between the C-terminal region of melittin and negatively
charged lipid headgroups [53]. It has been suggested that the basis for the strong attraction between
melittin and anionic lipids is an “electrostatic arrest” (adsorption) of melittin in its parallel (inactive)
orientation on the lipid surface [53]. Indeed, this postulate is used to explain the tolerance of
anionic liposomes to membrane disruption by melittin [32,57,58]. This suggests that, compared to
neutral (or zwitterionic membranes), the presence of anionic lipids promotes increased surface
adsorption but, by favouring the (inactive) parallel conformation of melittin, it also hinders pore
formation and, thus, reduces leakage. Likewise, melittin interacts with the headgroups of zwitterionic
lipids (e.g., phosphatidylcholine), but the interaction is much weaker than for anionic lipids (e.g.,
phosphatidylglycerol or phosphatidylinositol) [53,55,59,60].

Among the most commonly used methods to study membrane binding of AMPs, including
melittin, are isothermal titration calorimetry (ITC) [61] and surface plasmon resonance (SPR) [62–65].
Other methods used for the study of melittin to lipid membranes include ultrafiltration assays [55,59]
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and fluorescence measurements [53]. Isothermal titration calorimetry has been used to determine the
enthalpy (ΔH), entropy (ΔS) and free energy of binding (ΔG) as well as the associated equilibrium
dissociation constant (KD) of the interaction between melittin and model cell membranes with various
lipid compositions [66,67]. Surface plasmon resonance has provided real-time measurements of the
association (ka) and dissociation rates (kd) of binding as well as estimates of ΔG for melittin–lipid
interactions [62,63,65,68]. In one of the earliest SPR studies, Aguilar and co-workers [64] reported on
the binding of melittin to dimyristoylphosphocholine (DMPC) and dimyristoylphosphatidylglycerol
(DMPG) using peptide concentrations between 10 and 140μM. While this concentration range is not high
enough to induce the formation of the tetrameric aggregate of melittin in solution [28,29,69–71], it may
likely cause the accumulation of the peptide on the membrane surface thus affecting both the subsequent
binding of melittin and the barrier properties of the lipid bilayer [72]. This is important because,
based on the classical carpet model [73], it has been postulated that, at high concentration, cationic
amphiphilic peptides (including melittin) can accumulate at the lipid surface creating an asymmetry of
mass, charge and surface pressure. Subsequently, this asymmetry is dissipated by the re-organization
of the lipid bilayer, leading to a transient increase in the permeability of the peptides across the lipid
bilayer until an equilibrium is established between both sides of the bilayer. A similar occurrence
of transient permeability and the subsequent appearance of resistance in the lipid bilayer following
the action of melittin has been shown in phosphatidylcholine (PC) vesicles at a peptide/lipid ratio of
1/200 [40]. Consequently, experiments conducted at high peptide concentrations could be problematic
when studying the interaction of peptides with lipid bilayers. In addition, the concentrations of melittin
required to induce leakage [17,18,24,25,55,57] are in the sub-μM to low-μM range, and using much
higher peptide concentrations might affect the relevance of the observed binding to the mechanism
of membrane disruption. In a more recent SPR study, Aguilar and co-workers [62] re-investigated
the interaction of melittin with DMPC at lower concentrations (0.125–12 μM). This study reported
a concentration-dependent change in binding (resonance units or RU levels); however, it did not
quantify the changes in binding affinity due to the reported poor fits for the 1:1 and two-state reaction
binding models.

In this study, we carried out SPR experiments of the binding of melittin to
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) membranes using three sets of concentration ranges
that covered two orders of magnitude (0.04–8.0 μM), and also investigated the effect of ionic strength
on this interaction. To our knowledge, this is the first study reporting extensive quantitative analysis
of the concentration-dependent kinetics and binding affinity of melittin and how this might relate to
the various stages of its mechanism of membrane binding and insertion.

2. Results

The POPC SUVs were deposited on the L1 sensor chip at a flow rate of 5 μL/min for 60 min,
attaining an immobilization level up to a maximum of ~8400 RU. Following immobilization, multi-cycle
or single-cycle kinetics experiments were conducted and the resulting sensorgram data were fitted
to either the 1:1 Langmuir model or a two-state reaction model to estimate ka, kd and KD of the
melittin–POPC interaction. As noted in Section 2, single-cycle kinetics experiments were used for the
low-range and medium-range concentrations, while multi-cycle kinetics experiments were used for
the high-range concentrations.

2.1. Effect of Analyte Concentration on Kinetics Analysis

One of the aims of this study was to investigate the effect of melittin (analyte) concentration on
the apparent affinity of its interaction with POPC, the quality of fit to the data using different kinetic
binding models and the subsequent reliability of the estimated binding constants. Multi-cycle kinetics
(MCK) or single-cycle kinetics (SCK) experiments were carried out with three different ranges of analyte
concentrations, referred to as high-range, mid-range and low-range. The analyte concentrations were:
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0.5, 1, 2, 4 and 8 μM for the high-range; 0.3, 0.6, 0.9, 1.2 and 1.5 μM for the mid-range; and 0.04, 0.06,
0.08, 0.1 and 0.12 μM for the low-range.

Figure 1 shows the sensorgrams obtained from MCK experiments with the high-range
concentrations, while Figures 2 and 3 show the sensorgrams from SCK experiments obtained with
the mid- and low concentration ranges, respectively. For the high concentration range, MCK were
used as attempts with SCK resulted in very high RU levels with the initial injections, which saturated
the signal for subsequent additions. For all concentration ranges, data were fitted to a 1:1 Langmuir
model and a two-state reaction model, and the corresponding residual plots are shown along with
the fit of the model to the raw data in the sensorgrams. In addition to this, a steady-state fit with the
maximum binding response at equilibrium for each analyte concentration was conducted for all the
concentration ranges (see Figures S1–S3). Tables 1 and 2 report the estimates of the kinetic parameters,
resulting binding affinities, Rmax as well as the Chi2 and U-values for the 1:1 Langmuir model and the
two-state reaction model, respectively. Experiments were conducted three times with freshly prepared
POPC liposomes each time, and the data is reported as mean ± SEM.

Figure 1. Sensorgrams of the melittin–POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine)
interaction using multi-cycle kinetics for the high-range concentrations. Following immobilization of
POPC liposomes (1 mM lipid) to a binding response of 8400 RU, increasing concentrations of melittin
(0.5, 1, 2, 4 and 8 μM) were serially injected at a flow rate of 30 μL/min for 80 s with intermittent
regeneration cycles with 10 mM glycine–HCl (pH 2.5). Binding kinetics analysis of the sensorgrams with
a Langmuir 1:1 model (A) and a two-state reaction model (B) were conducted using BIAevaluation®

software. The estimated rate constants and affinity values, based on both these models, are listed in
Tables 1 and 2.
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Figure 2. Sensorgrams of the melittin–POPC interaction using single-cycle kinetics for the mid-range
concentrations. Following immobilization of POPC liposomes (1 mM lipid) to a binding response of
~4500 RU, increasing concentrations of melittin (0.3, 0.6, 0.9, 1.2 and 1.5 μM) were serially injected
in a single-cycle at a flow rate of 30 μL/min for 80 s with a single regeneration step with 10 mM
glycine–HCl (pH 2.5) at the end, i.e., after all five concentrations of melittin. Binding kinetic analysis of
the sensorgrams with a Langmuir 1:1 model (A) and a two-state reaction model (B) were conducted
using BIAevaluation® software. The estimated rate constants and affinity values, based on both these
models, are listed in Tables 1 and 2.
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Figure 3. Sensorgrams of the melittin–POPC interaction using single-cycle kinetics for the low-range
concentrations. Following immobilization of POPC liposomes (1 mM lipid) to a binding response
of ~3500 RU, increasing concentrations of melittin (0.04, 0.06, 0.08, 0.1 and 0.12 μM) were serially
injected in a single-cycle at a flow rate of 30 μL/min for 80 s with a single regeneration step with 10 mM
glycine–HCl (pH 2.5) at the end, i.e., after all five concentrations of melittin. Binding kinetics analysis
of the sensorgrams using a Langmuir 1:1 model (A) and a two-state reaction model (B) were conducted
using BIAevaluation® software. The estimated rate constants and affinity values, based on both these
models, are listed in Tables 1 and 2.
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The 1:1 model assumes the formation of an analyte (A)-ligand (L) complex in a single step and
with a 1:1 ratio, given by the reaction scheme

A + L
kd

�
ka

AL (1)

where ka is the association rate constant for formation of AL, and kd is the dissociation rate constant
for complex AL. While this is one of the most commonly used kinetic binding model in SPR analysis,
data from various studies indicates that the inherent assumptions of this model do not appropriately
explain the complex mechanism involved in the binding of AMPs to membranes [65]. In contrast,
the two-state reaction model assumes that the AL complex formed on the membrane surface undergoes
a change (either a conformational change, a change in agglomeration or orientation) to form AL* and
is given by the reaction scheme

A + L
kd1

�
ka1

AL
kd2

�
ka2

AL∗ (2)

where ka1 is the association rate constant for formation of AL, kd1 is the dissociation rate constant for
complex AL, ka2 is the association rate constant for conversion of AL to AL*, and kd2 is the dissociation
rate constant for conversion of AL* to AL. The model assumes that the formation of AL* (and back) can
only go via AL (i.e., A and L cannot form AL* and AL* cannot breakup without going through the state
AL). It also assumes that the formation of AL follows first-order kinetics and that the rate of change is
equal in both directions [74]. Note that it is not possible by SPR alone to determine the exact nature of
the AL complex or determine the type of change that the complex undergoes between AL and AL*.

Comparison of the sensorgrams across the three concentration ranges used shows that one of the
striking differences among the experiments at different concentration ranges were the Rmax values.
In the low- and mid concentration ranges, Rmax levels are ~200 RU (Tables 1 and 2). In contrast, for the
high concentration range, Rmax reached much higher levels (>2800 RU and >3400 RU for the 1:1 and
two-state model, respectively). Interestingly, the difference in Rmax values between mid- and low
concentration ranges is substantially smaller to that observed in the high concentration range. This is
observed in both the 1:1 and the two-state reaction models (Tables 1 and 2). This is consistent with the
widely accepted view that the binding of melittin to lipids is not based on the absolute concentration
of the peptide, but rather it is determined by the peptide/lipid (P/L) ratio [26].

Comparison of the residual plots for the three concentration ranges, for both the 1:1 and two-state
reaction models, shows that the fits were much better in the mid- and low concentration ranges than in
the high concentration range. This is reflected quantitatively in the corresponding Chi2 and U-values
(Tables 1 and 2). Chi2 measures the average deviation of the experimental data from the model and
is an overall measure of the “goodness of fit”, with values below 10% of Rmax being considered as
a good fit. U-values are a measure of the “uniqueness” of the predicted KD value with a lower U-value
indicating greater confidence in the predicted value. With the 1:1 model the Chi2 values range from 3%
for the low concentration range to 7% for the high concentration range. With the two-state model the
Chi2 values range from 2 to 4%. Similarly, the U-values are lower for the mid- and low concentration
ranges than the high concentration range, indicating greater confidence in the estimated KD values for
mid- and low concentration ranges compared to high concentration range. The Chi2 and U-values
are lower for the two-state model compared to the 1:1 model, indicating that the fit is much better
for the former. This is consistent with observations from previous SPR studies of melittin by Aguilar
and co-workers [62,65] whose comparison of the 1:1 model, a parallel model and the two-state model
suggested that the fit for the latter is comparatively better.

Comparison of kinetic rate constants and the binding affinity from the different concentration
ranges of melittin (analyte) used in this study indicate that these parameters are concentration
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dependent. This is true for both the 1:1 and the two-state model. While the absolute values of the
kinetic rates and binding affinities are different between the models, the concentration-dependent trends
are the same. Also, it is generally recommended to use a concentration range that the expected KD value
lies within the range of concentrations used to derive that KD value. The KD value, estimated as per
the steady-state fit, for all three concentration ranges are within the analyte concentration range used;
this is shown in the Supplementary Materials (Figures S1–S3). A steady state affinity measurement
is based on the plot of responses at equilibrium states against the concentrations of analyte used in
the assay. However, it is notable that the KD values estimated using kinetic measurements (i.e., the ka

(on-rate) and kd (off-rate) values), especially for the mid and low concentration ranges, were outside
the analyte concentration range. This could be due to the fact of several reasons; in principle, the rate
constants ka and kd and the KD derived from these rate constants are independent of both analyte and
ligand concentrations. Secondly, as can be noted in Tables 1 and 2, the concentration-dependent effect
on the change in affinity (KD) was higher due to the increasing on-rate (ka) than due to the observed
decrease in the off-rate (kd). Other factors that may affect the KD, such as the pH, temperature etc.,
were kept constant across the experiments.

In both models, the association is slower in the high concentration range than in the low
concentration range. For example, in the two-state model, the rate for the initial surface binding (ka1)
was 2.1 × 105 M−1·s−1 for the low concentration range, and it dropped to 4.1 × 104 M−1·s−1 for the
mid concentration range. The ka1 further decreased to 5.2 × 103 M−1·s−1 for the high concentration
range (Table 2). In other words, a 100-fold increase in concentration resulted in an approximately
100-fold decrease in the association rate. The association rates (ka1 and ka2) derived from the two-state
reaction model also suggested that the initial binding to form the AL complex was much more rapid
than the subsequent transition to AL*, and that ka1 was affected more by the concentration than ka2.

Nevertheless, in both models all association rates decreased with increasing peptides concentrations.
This is inconsistent with previous findings reported by Aguilar and co-workers [62], where the
association for a 0.125–1 μM concentration range was found to be slow, while rapid association was
observed at higher concentrations (4–12 μM). However, this observation was based on a qualitative
assessment of sensorgrams rather than a quantitative analysis, as the authors concluded that the latter
was not possible due to the poor fit of their experimental data which may likely be due to the very high
RU levels. In addition, the conclusion about the absence of binding at low concentrations was based on
a comparison of the RU levels at low peptide concentrations (which were well below 200 RU) to the RU
levels at high peptide concentrations (which were in the range of 3000–7000 RU). A semi-quantitative
comparison of data with such different RU levels is likely less reliable than the analysis of binding
kinetics rates derived from the sensorgrams.

Comparison of the dissociation rates from the different concentration ranges suggests that kd

might depend more on the number of analyte–ligand complexes formed (as given by Rmax values)
rather than the analyte concentration. In the 1:1 model this can be seen by comparing the kd of the
mid and low concentration ranges to the high concentration range. The kd values from the mid and
low concentration ranges were close to each other and both concentration ranges showed low RU
levels. For the high concentration range, where the RU level was much higher, kd deviated by an order
of magnitude to that in the other two concentration ranges. A similar effect was seen for kd1 in the
two-state model.

As a result of these concentration-dependent changes in the association and dissociation rates,
the binding constant KD differed by orders of magnitudes for the low, mid and high concentration
ranges. For both binding kinetics models, KD was in the μM (10−6) range for the high concentration
range but shows nM (10−9) and sub-nM affinity for the low concentration range in the 1:1 and two-state
reaction models, respectively.
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2.2. Effects of NaCl on the Melittin–POPC Interaction

Ionic strength is known to affect the biological activity of AMPs [75] including the oligomerisation
of melittin in solution [29,70,71]. To assess the effect of NaCl on the binding of melittin to POPC,
experiments with melittin in the high concentration range (0.5 to 8 μM) were conducted in the presence
of 0.15 M NaCl in the running/analyte buffer. Figures 4 and 5 show the sensorgrams for MCK and SCK
for the melittin–POPC interaction in the presence of 0.15 M NaCl, fitted to 1:1 and two-state reaction
models, respectively. Comparison of this figure with the sensorgrams obtained in the absence of NaCl
(Figure 1) suggests that addition of NaCl results in a decrease in signal response during the association
phase for almost all of the concentrations. Consequently, the sensorgrams did not have the desired
curvature optimal for performing fitting analysis. However, the curve-fitting step was conducted for
experiments involving the use of NaCl and the estimates are reported, but no major conclusions were
made using the estimates. Comparison of the Rmax levels in Tables 1 and 2 shows that the drop from
2841 RU to 2168 for the 1:1 model and from 3488 to 2725 RU in the two-state model, corresponds to
~20%–25% reduction in Rmax. This decrease in signal response resulted in only a small decrease in the
association rate (ka) in the 1:1 model (Table 1). In the two-state model, it was ka2 that was reduced,
while ka1 slightly increased in the presence of NaCl. In both models, the dissociation rate (kd for the 1:1
model and kd1 for the two-state model) was also reduced, more so than the reduction in ka. As a result,
there was an overall small increase in affinity upon addition of NaCl.

Figure 4. Effect of sodium chloride on the association phase of the melittin–POPC interaction.
Following immobilization of POPC liposomes (1 mM lipid), increasing concentrations of melittin (2,
4, 6, 8 and 10 μM) were serially injected with intermittent regeneration cycles with 10 mM glycine–HCl (pH:
2.5) (A—multi-cycle) and single regeneration using the same buffer at the end of all cycles (B—single-cycle).
The estimated rate constants and affinity values, based on both these models, are listed in Tables 1 and 2.
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Figure 5. Effect of sodium chloride on melittin–POPC interaction—single-cycle kinetics.
Following immobilization of POPC liposomes (1 mM lipid), increasing concentrations of melittin
(0.5, 1, 2, 4 and 8 μM), made up in running buffer containing 0.15 M NaCl, were serially injected,
following a single-cycle kinetic approach. The sensorgrams were fitted to a 1:1 Langmuir model (A)
and two-state reaction model (B) using BIAevaluation® software. The estimated rate constants and
affinity values, based on both these models, are listed in Tables 1 and 2.

3. Discussion

This study aimed to quantify the effect of peptide concentration on the kinetics and affinity of
melittin binding to POPC bilayers. The kinetics of the melittin–POPC interaction was studied at three
different concentration ranges spanning two orders of magnitude. To understand the mechanism
of melittin (and other AMPs), it is not so much the actual concentration of peptide present that is
important but the relative amounts of peptide and lipid, i.e., the P/L ratio. The analyte concentrations
used in this study correspond to the following P/L ratios: high range concentration (0.5–8 μM) is
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a P/L of ~1/2000 to 1/125; mid range concentration (0.3–1.5 μM) is a P/L of ~1/3330 to 1/660; low range
concentration (0.04–0.12 μM) is a P/L of ~1/20,000 to 1/8300.

As noted in the introduction, there have been previous studies reporting the binding affinity of
melittin for phospholipid bilayers. When comparing binding affinities for peptide–membrane systems,
it is important to consider the technique or assay used as this often dictates the theoretical model used
to analyse the data. In SPR, KD is calculated using binding kinetics rates and/or Langmuir adsorption
isotherms or related binding models. In contrast, data from ITC, NMR or filtration experiments of
peptide–membrane systems can be analysed using a surface partition equilibrium model. In this case,
a partition coefficient Kp, rather than KD, is calculated. Kp is given by the ratio of peptides bound to the
membrane and peptides remaining in solution, while electrostatic effects are corrected for by using the
Gouy–Chapman theory [76]. A direct comparison of the raw data between these types of experiments
or analysis using both models is often not possible. In both cases, the free energy associated with the
binding affinity is given by ΔG = −RT ln(K), where R is the gas constant, T is the temperature in Kelvin
and K is either Kp or 1/KD. Nevertheless, the underlying assumptions in these models are different and
affinities for the same system under the same conditions can vary [77]. In the following discussion,
the ΔG = −RT ln(K) relation is used for comparison of data from ITC and NMR experiments from
previous studies and the SPR data from this study.

In one of the earliest studies of melittin binding to membranes, Vogel [35] used circular dichroism
(CD) and fluorescence spectroscopy to estimate the binding affinity of melittin to DMPC vesicles.
The lipid and peptide concentration used in that study correspond to P/L ratios between 1/10 to 1/250
which is comparable to the upper end of the high concentration range used in this study. The KD

from the CD titration experiments was calculated using a binding isotherm and estimated to be 2 μM
which is in very good agreement with the binding affinities of 1.2 μM and 1.7 μM of our experiments.
Allende et al. [55,59] used an ultrafiltration assay to study the interaction of melittin with membranes
of a wide range of different lipid compositions including egg phosphatidylcholine (EPC) and DOPC
vesicles. The P/L ratios ranged from 1/300 to 1/600, corresponding to our high concentration ranges.
The Kp values for EPC and DOPC were ~3.6 μM, slightly higher but still in good agreement with our
results. In two NMR studies, Beschiaschvili et al. [60,78] estimated the binding affinity of melittin to
POPC vesicles using P/L ratios from ~1/600 to 1/1400. This corresponds to the lower part of the high
range and upper part of the mid range from our experiments. The Kp was estimated between 1.5 to
2 μM. This agrees with our KD values for the high concentration range but not for the values in the mid
concentration range, which are estimated to be much lower (sub-μM and nM range). However, a direct
comparison of the KD values from our SPR experiments to the Kp values from the NMR is complicated
by the fact that, based on our findings, the concentration range used in the NMR experiments is where
the effect of concentration is the largest. Another difference is that in the aforementioned studies the
size of the vesicles used ranges from 1–10 μM which is 20–200 times larger than the vesicles used in this
study. This difference in size implies differences in the curvature of the membrane surface, which can
affect the peptide-lipid interaction.

The only other SPR study that used quantitative analysis to report KD values of melittin binding to
PC-only membranes is that by Lee et al. [64], where the binding of melittin to DMPC was studied. The KD

value was estimated to be 33 μM for P/L ratios between 1/3 and 1/100 which is higher than the highest
concentration used in our study. This could be the result of the very high P/L ratio or the fact that supported
lipid monolayers formed on an HPA chip instead of the intact bilayer vesicles used in this study. In our
experiments, we assumed that the vesicles (ligand) stay intact after immobilization [79]. The tighter lipid
packing of a supported bilayer compared to SUVs might cause slightly reduced binding [80].

In another SPR study, Papo et al. [68] quantified the kinetics and affinity of binding of melittin to
POPC/chol (10:1 w/w) vesicles using P/L ratios between ~1/1600 and ~1/3300. This corresponds roughly
to the low range concentrations used in our study. Data were analysed using a two-state model, and the
KD estimated based on this model was 1.6 μM. This is significantly lower than the KD determined
in the sub-nM range for our low concentration. While the study by Allende et al. [55] showed that

76



Int. J. Mol. Sci. 2020, 21, 746

cholesterol can lower the binding affinity by 1–2 orders of magnitude, there is still a large difference
between the KD reported by Papo et al. and our estimates in this study. We note, however, that the
value of ka1 reported by Papo et al. was very low and could possibly be below the acceptable detection
limit of the Biacore X instrument used in their experiments. We speculate this based on the acceptable
limits for the kinetic binding constants for the Biacore T200 instrument used in this study which is
a more sensitive instrument with a wider detection limit compared to the Biacore X instrument.

Overall, the results of our SPR experiments for the high concentration range are in good agreement
with the binding affinities from earlier studies. Combined with the fact that our estimates of the binding
affinities in the mid- and low-range concentrations are more reliable, it increases our confidence in the
predicted effect of concentration on the kinetics and binding affinity in the mid- and low concentration
ranges. We can now interpret our finding that the apparent binding affinity of melittin for POPC
decreases with increasing P/L ratio in the context of what is known about the mechanism of action
of melittin.

As mentioned in the introduction, a number of studies have shown that melittin can orient itself
into different orientations with respect to the bilayer surface: in a parallel orientation, where the peptide
lies flat on the membrane surface, and a perpendicular orientation where the peptide inserts into the
hydrophobic core region of the bilayer. The parallel orientation is often referred to as the ‘inactive’ state,
as there is evidence suggesting that this orientation is non-pore forming and non-lytic. In contrast,
the perpendicular orientation is the ‘active’ state that results in the formation of the pores [26,81,82].
In the original two-state model [41] the peptide binds to the surface and then transitions from the
parallel to the perpendicular orientation. In an alternative model, parallel surface binding and direct
insertion are competing processes [26]. Independent of the mechanism, there is evidence that suggests
that the most important factor controlling the amount of peptides found in the parallel or perpendicular
orientation is the P/L ratio [26,81]. Yang et al. [81] used oriented CD spectroscopy and neutron
scattering to demonstrate that at melittin concentrations corresponding to a P/L ratio of ~1/40, 85% of
peptides were orientated parallel to the membrane surface. At peptide concentrations corresponding
to a P/L ratio of ~1/15, 68% of peptides were orientated perpendicular to the membrane. Another study
demonstrated that at higher P/L ratio, melittin inserts perpendicularly into the hydrophobic core of the
bilayer, to translocate and redistribute on either side of the bilayer [54]. This study suggests that the
redistribution of melittin on either side of the bilayer at a higher P/L ratio (~1/100) occurs due to the
formation of transient but not stable pores, and that the latter occur only above a critical P/L ratio (~1/45).
Interestingly, the formation of such transient pores in phospholipid bilayers by the action of melittin
has also been observed at concentrations as low as a P/L of 1/5000. For SUVs, this P/L ratio corresponds
to the low- and mid-range concentrations used in this study. Similarly, the existence of transient pores
induced by melittin and the subsequent ‘re-sealing’ has been shown in bacterial membranes [72].
Based on these findings, a variant of the binding kinetics model of the classical carpet model has been
proposed, in which permeabilisation of membranes by cationic amphipathic peptides is transient and
stochastic on the scale of a single vesicle or bacteria [40,72,83,84]. Peptides accumulate on the bilayer
surface, causing an asymmetry in peptide concentration across the bilayer, i.e., an asymmetry in mass,
charge and surface pressure on the bilayer. Subsequently, this asymmetry is abolished by a set of
stochastic membrane re-organization events, resulting in the influx of peptide molecules across the
bilayer until equilibrium in concentration is attained. Finally, simulations show that while the energy
barrier for the reorientation of single peptide is large, the barrier is reduced by a higher P/L as well as
by the presence of transient water-filled pores in the membrane [45,85].

Based on the above findings, we can assume the following conditions at the low- and mid
concentration ranges used in our experiments: the vast majority of peptides are found in parallel
orientation and no stable pores are present, but transient pores might stochastically form and ‘re-seal’.
This means that at a low P/L ratio, any additional increase in peptide concentration results in
an accumulation of peptides on the membrane surface creating an accumulation of positive charge,
leading to an increase in the repulsion for subsequent peptide binding. This could explain the
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continuous decrease in the association rates (ka1 and ka) with increasing concentration of melittin
observed in this study. The largest effect of concentration on KD occurs when going from the
mid- to the high concentration range, which goes from supra-nM to μM range. The upper range
of the high concentration range in this study reaches a P/L ratio where the presence of peptides
found in the perpendicular orientation is increasingly likely. This is consistent with the fact that
concentration ranges used in this study were relevant to the concentration of melittin required to
induce leakage [17,18,24,25,55,57] and the minimum inhibitory concentration of melittin on bacteria.

Our experiments also showed that binding kinetics parameters were also affected by the choice
of binding model. At all concentrations, a two-state reaction model gives the best fit to the data,
suggesting that it is better at describing the process of binding than a 1:1 model. At first this appears
to confirm the classical two-state model of melittin binding and pore formation [41] which involves
the transition from a parallel to a perpendicular orientation, excluding the model where parallel
adsorption and perpendicular insertion are described as competing processes [26]. However, our
findings only confirm that a two-state model provides a better description of binding than the 1:1
model, but cannot exclude the parallel–perpendicular competition model [26]. This would only be
possible by a direct comparison of data fitted to both of these models. We note that the conventional
binding models used in this study do not account for any electrostatic effects. The CD spectroscopy
experiments by Beschiaschvili et al. [60] demonstrated that melittin binding to lipids (SUVs) decreased
as the membrane surface charge was neutralized by previously bound melittin. This effect was
observed to be higher in zwitterionic lipids (POPC) than hybrid SUVs (80/20 POPC/POPG). If taken into
account, the influence of electrostatic effects could potentially correspond to the transition from positive
to negative cooperativity in melittin–membrane interactions which, to the best of our knowledge,
cannot be qualitatively assessed by SPR.

In addition to the effect of peptide concentration on the kinetics and affinity of binding, we also
investigated the effect of physiological ionic strength (0.15 M NaCl) on the interaction of melittin with
POPC bilayers. At the pH, ionic strengths and peptide concentrations used in this study, melittin is be
expected to remain in its monomeric form [28,29,69–71]. In the presence of NaCl, an apparent decrease
in the signal response during the association phase was observed in both single and multi-cycle kinetics
experiments, leading to a somewhat reduced association rate (ka). This could be caused by a screening
effect of the NaCl between the cationic peptide and the zwitterionic membrane. Another reason
could be that the binding of Na+ ions to the membrane surface changes the electrostatics of the
water-lipid interfacial region. Several studies have shown that Na+ ions can bind to phospholipid
bilayers, where they interact with the phosphate and carbonyl oxygen of the lipid headgroups [86,87].
The binding of Na+ shields the negative charge of the phosphate group and, thus, indirectly increases
the electrostatic charge of the membrane (as there are now more unbound positively charged choline
groups than negatively charged phosphate groups). As the initial association is likely driven by
electrostatics, this could account for the reduced ka in the presence of NaCl. Further characterisation of
the melittin–POPC interaction with a range of NaCl concentrations will be needed to better understand
this effect. Also, future studies should focus on the use of complex cell membrane models (e.g., hybrid
lipid systems or virus-like particles derived from mammalian cell models) that could enable interaction
studies in a more physiologically relevant context.

4. Materials and Methods

4.1. Materials

The POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine) was purchased from Avanti Polar
Lipids (Birmingham, USA) through Sigma–Aldrich (Castle Hill, Australia). Mechanical extrusion
for the preparation of lipid vesicles was carried out using an extruder from Avanti Polar Lipids
(Birmingham, USA). Melittin was purchased from AnaSpec (Fremont, USA). Reagents for buffer
solutions, glycine-HCl and CHAPS (3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate)
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solutions were purchased from Sigma–Aldrich (Castle Hill, Australia). Running buffer for SPR
experiments consisted of 0.05 M HEPES (Sigma–Aldrich, Australia) at a pH of 7.4 and also included
150 mM NaCl for experiments investigating the effect of ionic strength. The SPR experiments were
conducted in a BiacoreT200 instrument using a L1 sensor chip S series (GE Healthcare Life Sciences,
Paramatta, Australia).

4.2. Liposome Preparation

The POPC vesicles at a 1.0 mM lipid concentration were used for all experiments in this study and
were prepared as follows. First, the required amount of POPC was weighed in a glass vial, dissolved in
chloroform and dried under a narrow jet of nitrogen gas. Complete dehydration of the lipid film was
ensured by placing the vial in a vacuum desiccator attached to a pump for at least 12 h. The resulting
lipid film was rehydrated with running buffer to a final lipid concentration of 1.0 mM. The solution
was vortexed for 1 h and allowed to stand for at least 2 h or to a maximum overnight period to
enable osmotic swelling. A uniform population of small unilamellar vesicles (SUVs) was obtained
by mechanical extrusion through a polycarbonate filter with pore size of ~50 nm for at least 21 times.
This approach was previously shown to be effective in attaining a higher degree of homogeneity and
reproducibility in nanosizing liposomes compared to other commonly used approaches for generating
SUVs [88].

4.3. Surface Plasmon Resonance Experiments

4.3.1. Immobilization of POPC Vesicles on a L1 Chip

The L1 sensor chip was equilibrated at room temperature and then docked into a BiacoreT200
instrument. After priming the system with running buffer, a manual run was set-up for three
consecutive injections with running buffer containing 20 mM CHAPS at a flow rate of 30 μL/min.
This washing step was conducted in every subsequent use of the chip before and after the binding
experiments. The POPC SUVs of ~50 nm diameter at a 1.0 mM lipid concentration were then steadily
immobilized on to the L1 chip surface through a manual run at a flow rate of 5 μL/min. The target
immobilization levels varied from ~4000 to 8000 RU, based on the concentration of melittin used in the
binding assay. Following liposome immobilization, a short pulse with running buffer was injected at
a flow rate of 2 μL/min for 5 min to ensure the stability of the baseline in the flow cell containing the
immobilized vesicles.

4.3.2. Binding experiments

Melittin solutions at the desired range of concentrations were prepared in running buffer by
dilution from a stock solution (2.2 mM). Melittin solutions were also prepared in a running buffer
containing 0.15 M NaCl, the POPC SUVs were prepared in a running buffer without NaCl, while all
other experimental conditions were the maintained as same as in the experiments conducted in the
absence of NaCl. The kinetics of the melittin–POPC interactions were estimated using either single or
multi-cycle kinetics. Melittin solutions were serially injected at increasing concentrations at 30 μL/min,
with (multi-cycle) or without (single-cycle) intermittent regeneration cycles among various analyte
injections, using 10 mM glycine–HCl, pH 2.5.

In a single-cycle kinetics experiment increasing concentrations of analyte are serially injected
with a single dissociation phase after the injection of the highest concentration. It should be noted
that, although this approach includes only a single dissociation phase at the end, there is a short pulse
of running buffer after each analyte injection period during when some dissociation can be noted.
Depending on the rate of dissociation, it is possible that some analyte remains bound to the immobilized
ligands before the next injection. However, the fitting models used for the analysis of single-cycle
kinetic experiments account for the varying concentrations of analyte injections in time and different
amounts of preformed ligand–analyte complexes on the surface [89]. The fact that in a single-cycle
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kinetic experiment there is no intermittent regeneration cycles, it can be advantageous as it prevents
the detrimental effects of a strong acidic regeneration buffer on the ligand. Single-cycle and multi-cycle
approaches differ in their experimental procedure but have been shown to yield comparable results.
Nevertheless, the single-cycle approach can be challenging for high analyte concentrations, because the
number of ligand–analyte complexes being formed after initial analyte injections can substantially
impair analyte binding in subsequent injections. Therefore, a multi-cycle approach, which includes
separate association, dissociation and regeneration phase for each analyte injection, is used only for
the high-range analyte concentration in this study.

4.4. Curve Fitting

All sensorgrams obtained from single- and multi-cycle kinetic analyses were fitted using either
the 1:1 Langmuir model or the two-state reaction model available in the BIAevaluation® software
version 1.0 (GE Healthcare Life Sciences, Paramatta, Australia) to estimate ka, kd and KD. The curve
fitting procedure is an iterative numerical process that determines the best fit of experimental data
to the set of equations specific for a binding kinetics model (e.g., the 1:1 Langmuir or the two-state
reaction model) thus defining the interaction and yielding the kinetic rate constants (ka and kd) from
which the binding constants (KD) can be determined. The “goodness of fit” for the fitted curve is
given by Chi2. In addition, residual plots show the magnitude of the deviation (in units of RU) of the
experimental data from the fitted data as a function of time. The experimental data are shown as solid
lines and the fitted data as dotted lines in all of the sensorgrams. The quality of fit and reliability of
the estimated binding parameters were assessed by the Chi2 and U-values (only for the Langmuir 1:1
model), respectively.
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Abstract: An increasing number of multidrug-resistant pathogens is a serious problem of modern
medicine and new antibiotics are highly demanded. In this study, different n-alkyl acids (C2-C14)
and aromatic acids (benzoic and trans-cinnamic) were conjugated to the N-terminus of KR12 amide.
The effect of this modification on antimicrobial activity (ESKAPE bacteria and biofilm of Staphylococcus
aureus) and cytotoxicity (human red blood cells and HaCaT cell line) was examined. The effect of
lipophilic modifications on helicity was studied by CD spectroscopy, whereas peptide self-assembly
was studied by surface tension measurements and NMR spectroscopy. As shown, conjugation
of the KR12-NH2 peptide with C4-C14 fatty acid chains enhanced the antimicrobial activity with
an optimum demonstrated by C8-KR12-NH2 (MIC 1–4 μg/mL against ESKAPE strains; MBEC of
S. aureus 4–16 μg/mL). Correlation between antimicrobial activity and self-assembly behavior of
C14-KR12-NH2 and C8-KR12-NH2 has shown that the former self-assembled into larger aggregated
structures, which reduced its antimicrobial activity. In conclusion, N-terminal modification can
enhance antimicrobial activity of KR12-NH2; however, at the same time, the cytotoxicity increases.
It seems that the selectivity against pathogens over human cells can be achieved through conjugation
of peptide N-terminus with appropriate n-alkyl fatty and aromatic acids.

Keywords: ESKAPE pathogens; Staphylococcus aureus; KR12; LL-37; lipopeptide; critical aggregation
concentration; CD spectroscopy; NMR; biofilm; cytotoxicity

1. Introduction

The occurrence of multidrug-resistant (MDR) bacterial strains faces many difficulties in the therapy
of some infections due to prolonged treatment and frequent relapses. An increasing number of MDR
pathogens is mainly associated with persistent and abused use of antibiotics and just those strains are
mostly associated with hospital flora. The ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) are
bacterial species responsible for most of nosocomial infections [1]. Moreover, recent epidemiological
data have shown that the therapy of infections caused by those bacteria is also associated with
the highest risk of mortality [2]. According to the latest reports of World Health Organization
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(WHO), all of the ESKAPE pathogens are listed in the group of bacteria for which new antibiotics
are highly demanded [3]. It should be noted that one of the species in the high priority group are
methicillin-resistant S. aureus (MRSA), which are prevalent species in environment making them the
major source of hospital-acquired infections (HAIs) [4]. It has been estimated that almost 44% of all
HAIs are caused by those bacteria, with indication of being responsible for over 20% of excessive
mortality [5,6]. The therapy of infections caused by MRSA is even more challenging as these strains
produce a number of mechanisms allowing them to invade into the organisms, including avoidance of
opsonization by antibodies and complement system, disruption of chemotaxis and lysis of neutrophils.
Because of their ability to survive inside leukocytes, the infections tend to move into a chronic
stage and recur after recovering. Furthermore, the therapy often needs prolonged hospitalization
and commonly tends to be ineffective. An additional complication of the therapy is the ability
of bacteria to form biofilms—an organized three-dimensional structure characterized by enhanced
resistance to antibiotics [7]. It has been estimated that approximately 80% of chronic and recurrent
infections are associated with the biofilm occurrence [8]. Low effectiveness of the current approaches
to the therapy of HAIs together with accompanying side-effects adversely affect the patient’s health.
A multitude of antibiotics often fail to be effective in the treatment because of MDR strains. Therapeutic
difficulties accompanying the majority of infections escalates the need to search for new effective drugs.
Antimicrobial peptides (AMPs) are a promising class of antimicrobial compounds which have a chance
to fight resistant pathogens owing to their rapid membrane-targeting bactericidal mode of action and
the predicted low propensity for development of resistance [9–11]. One of the AMPs is a linear, cationic,
α-helical and amphipathic peptide LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES), the
member of the human cathelicidin family [12–14]. This peptide is released from its precursor, hCAP-18,
through proteolytic processing by proteinase 3, a serine proteinase secreted from neutrophils [14].
Interestingly, the hCAP-18 found in seminal plasma can also be hydrolyzed by vaginal gastricsin. As a
result, instead of LL-37 another peptide (ALL-38) can be generated. Although this compound contains
additional alanine at the N-terminus, exhibits comparable antimicrobial activity [15]. Furthermore,
LL-37 is found in variety of cells, tissues and body fluids such as leukocytes, bone marrow, milk, salivary
glands, skin, respiratory tract, epithelium cells and leukocytes within the digestive tract, urinary tract
as well as squamous epithelium of the mouth and tongue [12,13,16,17]. This compound exhibits a
broad spectrum of antibacterial activity against both planktonic cells and biofilms of Gram-positive and
Gram-negative bacteria, which promotes it as a candidate for a new antibiotic [18,19]. However, LL-37 is
a relatively long peptide, which makes it to be expensive for manufacturing. Thus, the search for a
novel, shorter analogs of LL-37 is desired. Some fragments of LL-37 have been evaluated to identify
improved antimicrobial derivatives (for instance KR12, FK-13, GF17, 17BIPHE2) [20–24]. Both LL-37
and its shorter active analogs adopt a helical structure in the presence of membrane lipids [23–25].
The shortest α-helical fragment of LL-37 with documented antimicrobial activity is KR12 amide
(KRIVQRIKDFLR-NH2) [20,21,26]. This peptide, a truncated form of LL-37, shares two common
features of antimicrobial peptides: a positive net charge and an amphipathic structure, which determine
their antimicrobial activity.

In this article, we report the synthesis of a series of lipopeptides derivatized with variable length
fatty acids or aromatic acids covalently attached to the N-terminus of KR12-NH2, and their antimicrobial
activity against planktonic cells of ESKAPE bacteria. The fatty acid tail was introduced to KR12-NH2,
because in the literature it was found that addition a fatty acid residue to AMPs may improve effectiveness
of peptides as antimicrobial agents by enhancing their ability to form either secondary structures or
oligomerize upon interacting with bacterial membranes [27–29]. We also demonstrate the activity of the
tested peptides against biofilm formed by reference strains of S. aureus (including MRSA), because one of
the obstacles complicating therapy of staphylococcal infections is the growth of biofilm. Relationships
between antimicrobial activity and hemolytic activity as well as cytotoxicity of the peptides were also
determined. The effect of N-terminal modifications on helicity of the KR12-NH2 peptide was studied by
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CD spectroscopy. The ability of the selected lipopeptides to spontaneous self-assembly in solution was
evaluated with surface tension measurements and NMR spectroscopy.

2. Results and Discussion

This section describes and discusses results MS and RP-HPLC analyses of peptides (2.1),
evaluation of their antimicrobial activity against planktonic S. aureus and ESKAPE strains and
biofilm of S. aureus reference strains (2.2), as well as studies on hemolysis (2.3) and cytotoxicity (2.4).
Moreover, CD spectroscopy (2.5), critical aggregation concentration (CAC) and NMR spectroscopy
(2.6) were included to learn how N-terminal modification affects secondary-structure and peptide
self-assembly. As found, the activity of the studied peptides was determined by many concurrent
parameters, including hydrophobicity, conformation or tendency to self-assembly.

2.1. Peptide Synthesis and Purification

Peptides I-X were synthesized by solid-phase method using Fmoc chemistry. Their purity was
higher than 95% as shown by analytical reversed-phase high-performance liquid chromatography
(RP-HPLC). The electrospray ionization mass spectrometry (ESI MS) in positive ion mode confirmed
identity of the purified peptides. Physicochemical characteristics of the peptides are shown in Table 1.

Table 1. Characteristics of the peptides.

Peptide Name
Net

Charge
HPLC t’R

(min)
Average Mass

(Da)

MS Analysis

z m/z calc. m/z found

I
Ac-KR12-NH2
(C2-KR12-NH2) +4 3.58 1612.96

2 807.49 807.29
3 538.66 538.69
4 404.25 404.47

II C4-KR12-NH2 +4 3.99 1641.02
2 821.52 821.38
3 548.01 547.73
4 411.26 411.36

III C6-KR12-NH2 +4 4.42 1669.07
2 835.54 835.16
3 557.36 556.84
4 418.28 418.35

IV C8-KR12-NH2 +4 4.88 1697.12

2 849.57 849.46
3 566.71 566.65
4 425.29 425.31
5 340.43 340.56

V C10-KR12-NH2 +4 5.38 1725.18
2 863.60 863.43
3 576.07 575.86
4 432.30 432.20

VI C12-KR12-NH2 +4 5.86 1753.23
2 877.62 877.03
3 585.42 585.04
4 439.32 439.18

VII C14-KR12-NH2 +4 6.39 1781.28
2 891.65 891.42
3 594.77 594.59
4 446.33 446.04

VIII
Benzoic

acid-KR12-NH2
+4 4.23 1675.03

2 838.52 838.14
3 559.35 559.00
4 419.77 419.76

IX
trans-Cinnamic
acid-KR12-NH2

+4 4.44 1701.07
2 851.54 851.34
3 568.03 567.58
4 426.28 425.85

X
KR12-NH2

(KRIVQRIKDFLR-NH2) +5 2.68 1570.93

2 786.47 786.23
3 524.65 524.69
4 393.74 393.94
5 315.19 315.18

z—ion charge, m/z—mass to charge ratio; adjusted retention time (t’R) is an analyte’s retention time (tR) minus the
elution time of an unretained peak (tm).
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Conjugation of KR12-NH2 N-terminal amino group with aliphatic or aromatic acids result in
compounds with a reduced net charge (+4 vs. +5) and enhanced hydrophobicity, as shown by
RP-HPLC. Results of this evaluation are presented in Table 1. Moreover, the number of carbon atoms
in the N-terminal acid was plotted against the adjusted retention time (Figure 1).

Figure 1. The number of carbon atoms in the N-terminal acid residue versus adjusted retention time.

Peptides with N-terminal aliphatic acid to generate a homologous series differ in the number of
carbon atoms (methylene groups). It can be seen that retention time (hydrophobicity) of peptides I–VII

increased proportionally to the number of carbon atoms (linear regression, R2 = 0.9983). Retention time
of KR12-NH2 (+5) is shifted to lower values than those predicted using regression equation of I–VII

(calculated 3.05 vs. measured 2.68 min), mainly due to its higher net charge (+5). Analogs with an
aromatic acid at the N-terminus did not follow this trend. The calculated retention times of analogs
with identical number of carbon atoms in aliphatic acids as compared to those with aromatic VIII (C7)
and IX (C9) acids were distinctly higher (more hydrophobic) than the experimentally determined ones
(VIII: 4.23 vs. 4.69 min calc.; IX: 4.44 vs. 5.16 min calc.). This phenomenon is the result of different
carbon hybridization. In aromatic acids, carbon atoms are sp2 hybridized and in the aliphatic ones they
are sp3 hybridized (excluding carbon atom of carboxylic group), which influences polarity, shape and
planarity (aromatic ring) of aromatic compounds, and both can affect retention time [30–32].

2.2. Antimicrobial Assay

In our preliminary research, we tested LL-37 and KR12-NH2 (X) against a reference strain of
S. aureus ATCC 25923. Minimal inhibitory concentrations (MICs) of S. aureus strain were 256 μg/mL for
peptide KR12-NH2 and >512 μg/mL for LL-37 in analysis performed in the Mueller-Hinton medium.
MICs for S. aureus strain cultivated in 1% Bacto Peptone medium were 64 μg/mL for peptide KR12-NH2

and >512 for LL-37. We also tested antimicrobial activity of LL-37 and KR12-NH2 against clinical
strains of S. aureus acquired from the skin and nose and it strongly depended on the bacterial strains of
S. aureus (MICs values ranged between 1 and >512 μg/mL) [33]. Because antistaphylococcal activities
of KR12-NH2 and LL-37 were comparable, we decided to introduce a lipophilic residue to peptide
KR12-NH2 (X). Peptide X and its nine analogs (I–IX) were tested against selected reference strains
of ESKAPE bacteria (Table 2—E. faecium, K. pneumoniae, A. baumannii, P. aeruginosa, K. aerogenes;
Table 3—several reference strains of S. aureus including MRSA ATCC 33591) and staphylococcal biofilm
(Table 4). The antimicrobial activity of the synthesized peptides was dependent on the number of
carbon atoms in the N-acyl substituent. A high activity against planktonic forms of the bacteria and
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the staphylococcal biofilm was found for peptides III–V and IX (Tables 2–4). The most effective was
the analog of KR12-NH2 modified in the N-terminal part of the molecule with octanoic acid residue
(C8-KR12-NH2, peptide IV) for which the minimal inhibitory concentration (MIC) values ranged
between 1 and 4 μg/mL (Tables 2 and 3), while the minimal biofilm eradication concentrations (MBECs)
of S. aureus strains were four-fold higher than the MIC values and ranged between 4 and 16 μg/mL.
Generally, the conjugation of the KR12-NH2 with both longer and shorter hydrocarbon acyl chains
than that of C8 resulted in a decrease in antimicrobial activity. The next active compound was analog
KR12-NH2 modified with trans-cinnamic acid residue (peptide IX). For this particular compound,
the MIC values ranged between 1 and 8 μg/mL (Tables 2 and 3). The MBEC values were four-fold
higher than those of MIC values and ranged between 4 and 32 μg/mL. As a rule, modification of the
KR12 amide with fatty acid residues (C4-C14) intensified antimicrobial potency against the tested
bacteria. An exception was found only for analog modified with C4 (II), which was inactive against
A. baumannii. In general, antimicrobial activity of the analogs depended on their hydrophobicity
(N-terminal acid). The relation between antimicrobial activity of the peptides against Gram-positive
(S. aureus ATCC 25923) and Gram-negative (P. aeruginosa ATCC 9027) strains and their hydrophobicity
(adjusted retention time) is presented on the Figure 2.

Table 2. The minimal inhibitory concentration (MIC) values (μg/mL) of the peptides against reference
strains of ESKAPE pathogens.

Peptide
E. faecium

ATCC 700221
K. pneumoniae
ATCC 700603

A. baumannii
ATCC BAA-1605

P. aeruginosa
ATCC 9027

K. aerogenes
ATCC 13048

I 16 >256 >256 64 >256
II 4 128 >256 32 128
III 2 16 16 8 16
IV 1 2 2 2 2
V 2 16 8 8 16
VI 4 32 16 32 32
VII 8 64 32 128 128
VIII 1 16 16 8 16
IX 1 4 4 4 4
X 8 >256 256 16 >256

Table 3. The MIC values (μg/mL) of the test peptides against reference strains of S. aureus.

Peptide
S. aureus

ATCC 25923
S. aureus

ATCC 6538
S. aureus

ATCC 33591
S. aureus

ATCC 9144
S. aureus

ATCC 12598

I >256 256 >256 >256 >256
II 128 32 128 64 64
III 16 4 16 8 8
IV 2 2 2 2 4
V 4 4 4 4 4
VI 32 32 16 32 32
VII 128 64 16 64 128
VIII 32 8 32 16 16
IX 8 2 4 4 4
X >256 256 >256 >256 >256
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Table 4. The MBEC values (μg/mL) of the test peptides against reference strains of S. aureus.

Peptide
S. aureus

ATCC 25923
S. aureus

ATCC 6538
S. aureus

ATCC 33591
S. aureus

ATCC 9144
S. aureus

ATCC 12598

I >256 >256 >256 >256 >256
II 256 128 128 128 128
III 32 16 16 16 16
IV 8 16 4 4 4
V 32 32 32 16 8
VI 256 256 128 64 32
VII 256 256 256 128 64
VIII 64 32 32 16 16
IX 32 8 16 8 4
X >256 >256 >256 >256 >256

Figure 2. Antimicrobial activity of KR12 amide and its analogs (log2MIC) against S. aureus ATCC 25923
and P. aeruginosa ATCC 9027 versus adjusted retention time.

Positive charge of the peptide is essential for its antimicrobial activity due to interactions with
negatively charged pathogen cells. A gradual reduction of positive charge usually results in decrease
or loss of antimicrobial activity [34,35]. However, as observed, there was no simple correlation between
charge and activity. In case of the studied analogs the N-terminal modification reduced net charge
from +5 to +4. Despite the reduction of total positive charge, most of the analogs displayed improved
antimicrobial activity when compared to KR12-NH2. This finding emphasizes that N-terminal
modification also modifies other structural parameters of the peptide that are crucial for activity.
The antimicrobial activity of lipopeptides depended on the length of the acyl substituent, which is
compatible with earlier reports [27,36,37]. However, in the literature, different fatty acids have been
suggested as the optimum modification to provide enhanced antimicrobial activity. For instance,
Laverty et al. conjugated a tetrapeptide amide H-Orn-Orn-Trp-Trp-NH2 with saturated fatty acids
(C6-C16) and demonstrated that N-acyl substituents of 12–14 carbon atoms in length exhibited the
strongest antimicrobial and antibiofilm activities [36]. As a result, the hydrophobicity of the N-acyl
substituent was pointed as a key determinant of antimicrobial activity for the peptides [36]. Albada et al.
also studied the influence of lipidation (C2-C14) on antimicrobial potency of short active unnatural
AMPs. In this case, the highest activities against a broad spectrum of pathogens were found for
compounds modified with C8 and C10 residues. The authors suggested that the lowered activity of
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peptides lipidated with C12 and C14 could be associated with their poor solubility in media used for
microbiological assays [37]. In our study, the optimum modification was found for lipidation with
octanoic acid (C8).

2.3. Hemolysis Assay

The hemolytic activity of peptides I–X was assessed for human red blood cells (hRBCs) to verify
their toxicity (Figure 3 and Table 5). Our results indicate that hemolysis of the erythrocytes depended
on the number of carbon atoms of the conjugated acid. For longer hydrocarbon acyl chains (C2 to C14),
the hemolytic activity increased. For instance, for peptides I (C2—ethanoic acid) and II (C4—butyric
acid) the hemolysis of hRBCs was not detected within the studied concentration range (0.5–256 μg/mL).
Analogs III and IV (with hexanoic acid – C6 and octanoic acid – C8) exhibited a higher hemolytic
activity, but it was still below their MIC and MBEC values. The most effective compound against
both planktonic cells and the biofilm of S. aureus was peptide IV, which caused 5% hemolysis of
hRBCs at a concentration of 64 μg/mL. Peptide IV had a high selectivity index amounting to almost
28 (Table 5). In the case of peptides, V–VII containing hydrocarbon acyl chains from C10 to C14 the
hemolytic activity was comparable and exceeded the values of MIC and MBEC. For these compounds,
hemoglobin release was found, beginning from 2–4 μg/mL. Lysis of hRBCs for those peptides was
noticed in the range of 64–128 μg/mL. As a result, an analog with a tetradecanoic acid (VII) turned
out to be the most toxic one. Noteworthy is the fact that conjugation of KR12-NH2 with aromatic
carboxylic acids, such as benzoic (C7) and trans-cinnamic (C9) acids led to analogs VIII and IX that
were less hemolytic than analogs III (C6) and IV (C8). However, selectivity index of peptide IX was
lower than that of peptide IV (Table 5). Peptide VIII did not cause hemolysis of hRBCs (>5%) over the
whole concentration range. SI value for this peptide was not calculated because minimal hemolytic
concentration (MHC) exceeded 256 μg/mL. It should be emphasized that peptide KR12-NH2 (X),
which was used as a base for all modifications, did not cause any significant hemolysis (>5%) over the
whole concentration range (0.5–256 μg/mL).

Figure 3. Percentage of hemolysis of erythrocytes versus peptide concentration.

2.4. MTT Assay

All the tested peptides exhibited cytotoxicity against human keratinocytes cell line (HaCaT). A
65-fold difference in half maximal inhibitory concentration (IC50) values was observed between peptides
displaying the highest and lowest degrees of cytotoxicity (Table 5). Only for peptides III–V, VIII and
IX, the IC50 values were higher than the mean MIC ones (GM) for S. aureus. Moreover, the highest
toxicity was found for peptide VII (C14), but its activity against S. aureus was relatively poor. On the
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other hand, the least toxic was peptide I. Therefore, for this compound the antimicrobial activity
was determined only against E. faecium and P. aeruginosa (16 and 64 μg/mL, respectively). Selectivity
indices IC50/GM against reference strains of S. aureus were low. The most selective were analogs
modified with aromatic acid residues VIII (C7) and IX (C9) with selectivity indices of 2.20 and 2.50,
respectively. Several articles on the safety-profile of KR-12 analogs have already been published,
indicating high antimicrobial activity and low cytotoxicity of the aforementioned analogs. For instance,
in the study of Jacob et al. a series of KR12 analogs were designed and synthesized in order to
optimize the α-helical structure (KR12-a1 to a7) [21]. As a result, all of the analogs showed insignificant
cytotoxicity against macrophages of RAW264.7 cell line and anti-inflammatory activity. Moreover, on
the basis of these results, Kim et al. conducted a research on d-amino acid substituted analogs of
KR-12-a5 (KRIVKLILKWLR-NH2) which appeared to be non-toxic against macrophages (RAW264.7)
and fibroblasts (NIH-3T3) at whole concentration range [38]. It is worth noticing that Rajasekaran et al.
conducted research on alanine scan of FK-13 peptide (FKRIVQRIKDFLR-NH2), which is also considered
to be an antimicrobial region of LL-37 [22]. In this study, the cytotoxicity was determined against both
RAW264.7 and HaCaT cell lines. As a result, for majority of peptides the viability of test cells at MIC
concentrations were not significantly affected. Furthermore, in the last two cases, the cell selectivity
(therapeutic index) was determined in the relation to hemolysis. Respectively, in the study of Kim et al.
the most selective was compound with 6-dl, with selectivity of 61.2, while in the article of Rajasekaran
et al. the most selective was FK13-a4 with a selectivity equal to 138.4 [22,38]. However, the obtained
results should not be compared as in one assay the MHC that caused 10% of hemolysis was taken into
calculation while in another considered concentration was HC50 (50% hemolysis).

Table 5. MHC, IC50, GM and selectivity indices (SI) of peptides determined for reference strains of S.
aureus.

Peptide
MHC 1

(μg/mL)

IC50

(μg/mL)
GM 2

(μg/mL)

Selectivity Index (SI) 3

MHC/GM IC50/GM

I >256.00 84.20 >256.00 NA NA
II > 256.00 38.73 73.52 NA 0.53
III 256.00 10.13 9.19 27.86 1.10
IV 64.00 3.23 2.30 27.83 1.41
V 4.00 5.97 4.00 1.00 1.49
VI 4.00 7.60 27.86 0.14 0.27
VII 4.00 1.29 64.00 0.06 0.02
VIII >256.00 40.50 18.38 NA 2.20
IX 32.00 10.00 4.00 8.00 2.50
X >256.00 74.60 >256.00 NA NA

1 MHC is the minimal hemolytic concentration that caused 5% hemolysis of human red blood cells. 2 The geometric
mean (GM) of the MIC values against S. aureus was calculated. 3 SI is the ratio of MHC/IC50 to GM. More selective
compounds are characterized by the highest values of SI [39]. NA: not applicable; SI values were not calculated for
compounds with MHC and/or GM values higher than 256 μg/mL.

Peptide net charge and hydrophobicity can affect biological activity, including antimicrobial
potency and cytotoxicity as well as also selectivity. Data in Tables 1 and 5 were used to find a
relationship between selectivity and hydrophobicity of KR12-NH2 analogs (Figures 4 and 5). As seen,
longer acyl chain and higher hydrophobicity influenced hemolytic activity to a greater extent than
antimicrobial activity, resulting in reduced selectivity indices MHC/GM (Figure 4). Similar tendency
was observed in case of selectivity indices IC50/GM; however, the differences between the peptides are
not so spectacular (Figure 5). Interestingly, KR12-NH2 modified with aromatic acids (analogs VIII and
IX) had highest selectivity indicies (IC50/GM). It has been shown that conjugation of the N-terminal
amino group of the cationic peptide (Orn-Orn-Trp-Trp-NH2) with cinnamic acid (and its derivatives)
lead to compounds with promising antimicrobial activity against Gram-positive bacteria (S. aureus)
and low cytotoxicity (HaCaT cell line) and hemolytic activity [40].
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Figure 4. Selectivity for S. aureus over erythrocytes versus adjusted retention time.

Figure 5. Selectivity for S. aureus over human cells (HaCaT) versus adjusted retention time.

2.5. Conformational Studies

The CD spectra (Figure 6) revealed the peptides to be generally devoid of a stable
conformation in water and phosphate buffered saline (PBS) solutions, and only addition of
membrane-mimicking surfactants such as sodium dodecyl sulfate (SDS) and dodecylphosphocholine
(DPC) as well as liposomes such as 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) induced an α-helical structure, but
lipopeptides C10-KR12-NH2 (V), C12-KR12-NH2 (VI) and C14-KR12-NH2 (VII) clearly deviated from
this trend. As seen, the CD spectra of compounds V, VI and VII in PBS, as well as of analog VII in
water, displayed typical features of peptides with an α-helix folding with two well-defined minimums
at 208 and 222 nm. A straightforward explanation of this fact is a self-assembly of the lipopeptides,
which seems to be a sufficient factor to provide hydrophobic environment stabilizing the helical
conformation. In the case of C14-KR12-NH2 (VII), hydrophobic interactions between the tetradecanoic
acyl chains were sufficient to overcome the electrostatic and steric repulsion between the peptide
residues in both non-buffered and buffered aqueous solutions. In turn, with C10-KR12-NH2 (V) and
C12-KR12-NH2 (VI), only an increase in the solution ionic strength resulted in an effective screening of
the electrostatic peptide repulsion leading to peptide’s self-assembly. Interestingly, a Θ222/Θ208 ratio
greater than 1 noticed in PBS indicated a coiled-coil formation and was a further proof for self-assembly.
A similar tendency has previously been observed for conjugates of magainin with lipophilic acids [41].
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Figure 6. Far-UV CD spectra of the peptides.
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As seen in Figure 6, there were only insignificant differences in the CD spectra of the peptides
in SDS and DPC micelles. In both detergents, a high helical content was found for all the peptides
studied (45–86%, Table 6). In turn, POPG and POPC liposomes had a different effect on conformation
of the peptides. In general, the presence of POPC liposomes, a model of eukaryotic membranes,
induced an increase in helicity with elongation of the attached acyl chain, which correlated well with
a rise in hemolytic activity. The C14-KR12-NH2 (VII) analog with the highest helical percentage in
POPC liposomes exhibited also the highest cytotoxicity against human keratinocytes. On the other
hand, analogs Ac-KR12-NH2 (I) and C8-KR12-NH2 (IV) displayed the same helical fraction (16%) but
extremely different cytotoxicity, because the former was found to be the least cytotoxic, whereas the
latter one of the most cytotoxic peptides. This indicated no linear correlation between helicity and
toxicity of the peptides studied. In turn, the CD spectra in POPG liposomes, representing a negatively
charged bacterial membrane, showed that modifications of KR12-NH2 with acyl chains longer than that
of C4 as well as aromatic substituents (C7 and C9) reduced the helical fraction, but without any clear
correlation with antimicrobial activity. This result was not surprising at all because numerous studies
to date have shown different relationships between helicity and antimicrobial activity. In particular,
Shai and Oren have demonstrated that reducing helicity by incorporating d-amino acids decreased
hemolytic activity but did not affect most of the potent antimicrobial activity of the diastereomeric
analogs as compared to that of the parent peptides [42,43]. Comparable results have been reported
for Temporin l analogs [44]. In turn, a study on enantiomers of Pleurocidin [45] has shown all the
d-amino acid-containing peptides exhibited a decreased antibacterial activity and a dramatically
decreased hemolytic activity as that of compared to l-amino acid-containing counterpart despite a
higher percentage of helical structure. All this suggests that conformation of the peptides is not the
only factor affecting biological activity.

Table 6. Helical content determined based on CD spectra.

Peptide
Helical Content %

Water PBS DPC SDS POPG POPC

I 8 8 72 82 69 16
II 7 6 69 71 67 9
III 7 7 65 67 24 16
IV 6 6 53 62 27 16
V 6 51 45 54 26 15
VI 8 74 81 86 55 32
VII 35 17 77 84 29 63
VIII 8 5 73 82 41 15
IX 7 19 72 77 30 18
X 7 7 66 70 66 7

2.6. Self-Assembly Studies

The critical aggregation concentrations (CACs) were determined for the analogs with N-terminal
fatty acids C8-C14 (Figure 7). The surface tension measurements were carried out in pure water,
because the peptides aggregated in PBS solution. This is probably the consequence of self-assembly
at much lower CAC values according to the rule that an increase in ionic strength of the solution
decreases the CAC value of ionic surfactants [46–48].
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Figure 7. Relationship between the surface tension and peptide concentration.

As expected, the longer was the lipophilic acyl chain, the more effective self-assembly became,
owing to an increase in intermolecular hydrophobic interactions. The CAC values decreased with
increasing alkyl chain length following the order: 1.46 mM (2475 μg/mL), 1.05 mM (1807 μg/mL),
0.17 mM (297 μg/mL) and 0.042 mM (74 μg/mL) for IV, V, VI and VII, respectively. In the 1H NMR
spectra, the self-assembly induced broadening of the resonance lines (Figure 8A), which is related to a
decrease in system’s tumbling rate and shortening of the T2 relaxation times. Interestingly, the NMR
spectra of C8-KR12-NH2 (IV) and C14-KR12-NH2 (VII), both recorded at a concentration above CAC,
differed from each other despite identical peptide sequences, reflecting different conformations of
the peptides. In the latter case, the amide proton resonances were spread out over a wider range
of chemical shifts as compared to that of the former, this being characteristic of formation of helical
structure [49]. The translation diffusion coefficient (Dtr) determined at a concentration higher than
CAC of C14-KR12-NH2 (VII) and the corresponding hydrodynamic radius (RH), derived from the
Stokes-Einstein’s equation were 7.76 × 10−11 m2/s and 32 Å, respectively. Due to the low CAC value, it
was difficult to measure the self-diffusion coefficient for the monomer of peptide VII. Hence, the length
of a single molecule was established to be ~35 Å assuming a tetradecanoic acyl tail and the peptide moiety
to exist in full-extended and helical conformations, respectively. This value corresponded well with
RH extracted from the translation diffusion coefficient. Therefore, we concluded that C14-KR12-NH2

self-assembled into micelles. In the case of C8-KR12-NH2 (IV), the translation diffusion coefficients, Dtr,
extracted from the NMR experiments at concentrations three-fold lower and three-fold higher than CAC
were 1.95 ×·10−10 and 1.74 × 10−10 m2/s, respectively, and corresponded to the Dtr, oligomer/Dtr, monomer

ratio of roughly 0.89. Based on the previous study, the Dtr, oligomer/Dtr, monomer ratio of ~0.8 is related
to dimer formation by assuming that both the monomer, and the dimer adopt compact (spherical)
structures. With the peptides of elongated shapes, this ratio may increase [50,51]. For comparison, in the
case of common surfactants, SDS and l,2-diheptanoyl-sn-grycero-3-phosphocholine (DHPC), as well as
other antimicrobial lipopeptides, which self-assemble into spherical micelles, the Dtr, micelle/Dtr, monomer

ratio is lower than 0.5 [52–54]. Taking all this into account, we speculate that C8-KR12-NH2

self-assembled into dimers and the oligomerization over the tested concentration range does not favor
helix formation.
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Figure 8. 1H NMR (A) and DOSY (B) spectra for C8-KR12-NH2 and C14-KR12-NH2 recorded at
concentrations below and/or above critical aggregation concentration (CAC).

3. Materials and Methods

3.1. Peptide Synthesis

The peptides (Table 1) were synthesized by solid-phase method using Fmoc chemistry
on a resin modified by a Rink amide linker with a loading of 1.0 mmol/g (Orpegen Peptide
Chemicals GmbH, Heidelberg, Germany) [55,56]. Nα-Fmoc-protected amino acids and the coupling
reagents were obtained from Iris Biotech GmbH (Marktredwitz, Germany). The following amino
acids side-chain-protecting groups were used: Trt (for Gln), OtBu (Asp), Boc (Lys), Pbf (Arg).
Peptide synthesis was carried out manually. Single deprotection of the Fmoc group was performed in a
20% (v/v) piperidine (Iris Biotech GmbH, Marktredwitz, Germany) solution in N,N-dimethylformamide
(DMF) for 15 min. Acylation with a protected amino acid was conducted in a dichloromethane
(DCM)/DMF (Merck, Poland) solution with coupling agents for 1.5 h using a 3-fold molar excess
of N,N′-diisopropylcarbodiimide (DIC; Peptideweb, Zblewo, Poland) and OxymaPure (Iris Biotech
GmbH, Marktredwitz, Germany). Every step was preceded by rinsing the resin and running the
chloranil test. Coupling reactions of lipophilic residues (fatty acids, aromatic acids) were performed by
the same method as that used for protected amino acids. After the synthesis, the peptide resins were
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dried under vacuum. The peptides were cleaved from the resin using a mixture of trifluoroacetic acid
(TFA; Apollo Scientific, Denton, UK), triisopropylsilane (TIS; Sigma-Aldrich, St. Louise, MO, USA), and
water (95:2.5:2.5 v/v/v). The cleaved peptides were precipitated with cold diethyl ether and lyophilized.
All peptides were purified using the RP-HPLC on a Knauer system controlled by an LPchrom data
system (Lipopharm.pl, Zblewo, Poland) with a Knauer Kromasil C8 column (8 × 250 mm, 100Å pore
size, 5 μm particle size). The eluates were fractionated and analyzed by analytical RP-HPLC. The
purity of the peptides was determined on a Varian ProStar HPLC system controlled by a Galaxie
Chromatography Data System with Phenomenex Gemini-NX C18 column (4.6 × 150 mm, 110 Å pore
size, 5 μm particle size). The solvent systems used were: 0.1% aqueous TFA (A) and 0.1% TFA in
acetonitrile (ACN) (B). UV detection at 214 nm was used, and the peptides were eluted with a linear
gradient 10–100% B in A over 10 min at 25 ± 0.1 ◦C. The mobile phase flow rate was 2.0 mL/min.
The ESI MS (Waters Alliance e2695 system with Acquity QDA detector, Waters, Milford, MA, USA)
was used to identify the masses of the obtained peptides.

3.2. Antimicrobial Assays

3.2.1. Microbial Strains and Antimicrobial Assay

Examination of antimicrobial activity of the test compounds was conducted on reference strains
of bacteria assigned to ESKAPE group of pathogens: Enterococcus faecium ATCC 700221, Klebsiella
pneumoniae ATCC 700603, Acinetobacter baumannii ATCC BAA-1605, Pseudomonas aeruginosa ATCC 9027,
Klebsiella aerogenes ATCC 13048 (formerly Enterobacter aerogenes) and reference strains of Staphylococcus
aureus, namely: S. aureus ATCC 25923, S. aureus ATCC 6538, S. aureus ATCC 33591 (MRSA), S. aureus
ATCC 9144 and S. aureus ATCC 12598. All the strains were stored at −80 ◦C in Roti®-Store cryo vials
(Carl Roth GmbH, Karlsruhe, Germany) and before the tests were transferred into fresh Mueller-Hinton
Medium (BioMaxima, Lublin, Poland) and incubated for 24 h at 37 ◦C. Subsequently, each bacterial
inoculum was seeded on Mueller-Hinton Agar plates (BioMaxima) and incubated again for 24 h.
The cultures prepared in this way were used in further antimicrobial assays and prepared as described
above. The MIC values were determined by the broth microdilution method according to Clinical
and Laboratory Standards Institute Protocol [57]. For this purpose, initial inoculums of bacteria
(0.5 × 105 colony forming unit (CFU)/mL) in Mueller–Hinton Broth were exposed to the ranging
concentrations of compounds (0.5–256 μg/mL) and incubated for 18 h at 37 ◦C. The experiments were
conducted on 96-well microtiter plates, with a final volume of 100 μL. Cell densities were adjusted
spectrophotometrically (Multiskan™ GO Microplate Spectrophotometer, Thermo Scientific) at 600 nm.
The MICs were taken as the lowest drug concentration at which a visible growth of microorganisms
was inhibited [58]. All experiments were conducted in triplicate and included positive (growth) and
negative (sterility) controls.

3.2.2. Activity Against Staphylococcal Biofilm

The MBECs values were determined according to the method reported previously [59,60].
Briefly, 24-h cultures of S. aureus, namely: S. aureus ATCC 25923, S. aureus ATCC 6538, S. aureus
ATCC 33591 (MRSA), S. aureus ATCC 9144 and S. aureus ATCC 12598 were diluted to a concentration
of 0.5 × 107 CFU/mL and added to the test wells of polystyrene microdilution flat-bottom plates.
After 24-h of incubation at 37 ◦C, the wells were rinsed three times with PBS to remove non-adherent
cells. Subsequently, 100 μL of the test compounds over a concentration range 0.5–256 μg/mL were
added to each well and incubated again for 24 h at 37 ◦C. After this period, 20 μL of the resazurin
(7-hydroxy-3H-phenoxazin-3-one-10-oxide, 4 mg/mL) solution was added to each well. After 1 h of
incubation, the MBECs were read out. The determined values were recorded as the lowest concentration
at which the reduction of resazurin (from blue to pink) was lower or equal to 10 ± 0.5% as compared
to the positive (100%) and negative (0%) controls. All experiments were performed in triplicate.
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3.3. The Hemolysis Assay

The assay was conducted according to the procedure described previously by Avrahami and
Shai [28]. Briefly, the fresh human RBCs with ethylenediaminetetraacetic acid (EDTA) as anticoagulant
were rinsed three times with PBS by centrifugation at 800× g for 10 min and resuspended in PBS.
Serial dilution of peptides (0.5–256 μg/mL) was conducted in PBS on 96-well plates. Then the stock
RBCs solution was added up to a final volume of 100 μL with a 4% concentration of erythrocytes
(v/v). The control wells for 0 and 100% hemolysis were also prepared. They consisted of RBCs
suspended in PBS and 1% of Triton-X 100, respectively. Then, the plates were incubated for 60 min
at 37 ◦C and centrifuged at 800× g for 10 min at 4 ◦C (Sorvall ST 16R Centrifuge, Thermo Scientific).
After centrifugation, the supernatant was carefully transferred to new microtiter plates and the release
of hemoglobin was monitored by measurement of absorbance at 540 nm (Multiskan™ GO Microplate
Spectrophotometer). Percentage of hemolysis was calculated based on wells with 100% hemolysis.

3.4. MTT Assay

The cytotoxicity of test compounds (IC50) was evaluated for human keratinocytes (HaCaT, ATCC)
using classic MTT assay on 96-well plates [61]. In this assay, a colorimetric determination of the cell
metabolic activity was carried out. Specifically, the color intensity reflects the number of live cells that
can be measured spectrophotometrically. Briefly, the cell line was cultured in a Dulbecco’s modified
Eagle Medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (v/v), 100 units/mL of
penicillin, 100 μg/mL of streptomycin, and 2 mM l-glutamine and was kept at 37 ◦C in a humidified
5% CO2 incubator. A day after plating 500 cells per well, a series of concentrations (0.5–500 μg/mL)
of the test compounds were added. Dimethyl sulfoxide (DMSO) was used as a control in cells at
a final concentration of 1.0% (v/v), which was related to the maximal concentration of the solvent
compounds used in the experiment. After 24 h of incubation with test compounds, a medium
containing 1 mg/mL of MTT was added up to a final concentration of 0.5 mg/mL and subsequently
incubated at 37 ◦C for 4 h. Then, the medium was aspirated and the formazan product was solubilized
with DMSO. The background absorbance at 630 nm was subtracted from that at 570 nm for each well
(Epoch, BioTek Instruments, Winooski, VT, USA). Six replicates were conducted for each concentration.
All experiments were repeated at least twice and the resulting IC50 values were calculated with a
GraFit 7 software (v. 7.0, Erithacus, Berkley, CA, USA).

3.5. CD Measurements

Circular dichroism studies were performed in water, 10 mM PBS buffer (pH 7.4), 20 mM SDS
micelles, 20 mM DPC micelles, and 1.3 mM LUVs POPG and POPC liposomes. Large unilamellar
vesicles (LUVs) were prepared according to the previously described procedure [62]. The CD spectra
were recorded on a JASCO J-815 spectropolarimeter at 25 ◦C in the 185–260 nm range. The peptide
concentration was 0.15 mg/mL. Every spectrum was scanned three times to amplify the signal-to-noise
ratio. The spectra were plotted as a function of the mean residue molar ellipticity (MRME, degree
cm2dmol−1) vs. wavelength (nm). Deconvolution of the CD spectra were carried out using CDPro
software with CONTINILL algorithm and SMP56 database set [63].

3.6. Surface Tension Measurements

Surface tension measurements were performed to determine CAC of selected lipidated KR12-NH2

analogs. The measurements were carried out using a Wilhelmy plate method on a K100 tensiometer
equipped with two micro-dispensers (Krüss GmbH, Hamburg, Germany). The average value of the
surface tension for every concentration was obtained on the basis of 10 measurements. The standard
deviations did not exceed 0.1 mN/m. The CAC was determined by plotting the surface tension against
the logarithm of compound concentration and was found as the intersection of two lines that best fit
through the pre- and post-CAC data.
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3.7. NMR Measurements

The NMR spectra were acquired on a Bruker Avance III 700 MHz spectrometer running Topspin
3.2 software in D2O and H2O:D2O (9:1 v/v) solution at 298 K. The 1H NMR spectra with excitation
sculpting water suppression were recorded with 16 k data points in F2 dimension. The translation
diffusion coefficients (Dtr) were measured by the standard Bruker pulse program (stebpgp1s19) with
WATERGATE solvent suppression, 4k data points in the F2 dimension, 32 data points (gradient strengths)
in the F1 dimension and with 2 s relaxation delay. The diffusion time (Δ) and the maximum duration of
gradient distance (δ) were 200 ms and 4 ms in all experiments, respectively. The spectra were processed
and analyzed using Topspin 3.2 (BrukerBiospins, Rheinstetten, Germany)).

4. Conclusions

The modification of KR12 amide (X) with a lipophilic residue in the N-terminal part of the molecule
has been found to be an effective way to fortify its antimicrobial activity. For each of the synthesized
lipopeptides, the activity against S. aureus as well as against bacteria of the ESKAPE group depended on
the number of carbon atoms in the substituent. For example, the analog of KR12-NH2 (IV) containing
octanoic acid residue (C8) exhibited the highest potency against all organisms tested in planktonic
form (MIC 1–4 μg/mL). Moreover, it was able to eradicate biofilms of S. aureus strains at relatively
low concentrations (MBEC 4–16 μg/mL). Furthermore, this peptide was characterized by low toxicity
against hRBCs (MHC 64 μg/mL). For HaCaT, the IC50 value was 3.23 μg/mL, but the highest SI values
were found for peptides III and IV (MHC/GM amounting to almost 28) and peptide IX with IC50/GM
ratio of 2.50.

As has previously been argued, fatty acid conjugation enhances the peptide-membrane
interactions [64]. On the other hand, it can either induce or enhance ability to self-assemble
in solution, which in turn can perturb the water-membrane partition equilibrium by protecting
hydrocarbon chains from water phase, thereby reducing the possibility of peptide membrane insertion.
However, aggregation can also increase selectivity of membrane-active anticancer and antimicrobial
peptides by reducing effective peptide hydrophobicity and thus affinity towards membranes composed
of neutral lipids, such as the outer leaflet of healthy eukaryotic cell membranes [65]. In the case of
the peptides studied, an increase in the length of the attached alkyl chain enhanced propensity for
self-assembly, promoted formation of larger aggregates and decreased antimicrobial activity, but not
cytotoxicity of KR12-NH2 analogs. Interestingly, self-assembly induced also α-helix formation in
analogs with C10-C14 lipophilic residues. The remaining peptides underwent a conformational switch
typical for most antimicrobial peptides only in the presence of surfactants or lipids mimicking membrane
environment. No correlation was found between helicity and activity of the peptides, which shows that
the antimicrobial activity is the result of many factors. Those affecting activity include conformation,
hydrophobicity, hydrophobic moment, charge and its distribution, size of the hydrophobic/hydrophilic
domain or aggregation state in solution [35,65]. Conjugation of KR12-NH2 peptide with lipophilic
acids affected all of them to clearly demonstrate the complexity of lipopeptide-membrane interactions
with multiple interconnected phenomena contributing in the final activity.

Analog KR12-NH2 (IV), containing octanoic acid, has a strong potential to eliminate both
planktonic cells of ESKAPE pathogens and the staphylococcal biofilm, as demonstrated in this study.
After characterizing its proteolytic stability, this compound might be a useful peptide template for
developing novel antimicrobial agents. We do not exclude the possibility of changes in the peptide
sequence, because both LL-37 and its fragments can be degraded by proteases [66]. The literature
describes LL-37 derivatives that displayed antistaphylococcal activity in vitro but also maintained their
activity in the presence of physiological salts and human serum (analogs FK-13-a1 and FK-13-a7) and
were active in vivo and/or ex vivo (17BIPHE2, SAAP-148) [22,24,67,68]. A supplementary examination
of improvement of peptide IV selectivity index and its ability to prevent the biofilm formation should
also be considered. In addition, the promising antimicrobial activity and low toxicity of peptide IX
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modified with trans-cinnamic acid residue is noteworthy, supporting further studies on improving
selectivity index and potential application in staphylococcal infections.

Importantly, lipopeptides are already used in the therapy of bacterial infections. Daptomycin is
applied in the treatment of systemic bacterial infections. Moreover, polymyxin B is administered
parenterally in patients with bacteremia and urinary-tract infections. Unfortunately, the major
disadvantage of polymyxin B treatment is its relatively high nephrotoxicity and neurotoxicity [69,70].
On the other hand, daptomycin therapy is associated with dose-dependent myopathy [71].
Lipoglycopeptides are another class of drugs available on the market. Dalbavancin is used in patients
with acute bacterial skin and skin structure infections (ABSSSI). This drug is considered to be safe and
well-tolerated in the treatment of ABSSSI [72]. Telavancin is another FDA approved lipoglycopeptide
for treatment of complicated skin and skin structure infections (cSSSI). Both dalbavancin and telavancin
disrupt membrane integrity and cell-wall synthesis [73,74]. Conjugation of a peptide with a fatty
acid can increase its stability in serum, tissues and organs. It has been shown that lipidated peptides
bind to serum albumin. Moreover, chain length plays pivotal role in peptide stability [41,75–78].
Presumably, conjugation of KR12-NH2 with a fatty acid at its N-terminus may lead to increased
enzymatic stability. The most active and selective peptides in this study may be useful peptide
templates for novel antimicrobial agents. Further studies should estimate peptides proteolytic stability,
activity in animal infection models and the influence of the position of the lipophilic moiety within
KR12-NH2 on both antimicrobial activity and toxicity. As is known from literature, changing the
location of the fatty moiety from the N-terminus of the molecule to its C-terminus can lead to a decrease
in hemolytic activity of the molecule while not adversely affecting its antibacterial activity [37].
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Abbreviations

AMPs antimicrobial peptides
Ac acetyl group
Boc tert-butyloxycarbonyl
C4 butanoic acid residue
C6 hexanoic acid residue
C8 octanoic acid residue
C10 decanoic acid residue
C12 dodecanoic acid residue
C14 tetradecanoic acid residue
CAC critical aggregation concentration
CD circular dichroism
CFU colony forming unit
DCM dichloromethane
DHPC l,2-diheptanoyl-sn-glycero-3-phosphocholine
DIC N,N′-diisopropylcarbodiimide
DMF N,N-dimethylformamide
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DMSO dimethyl sulfoxide
DOSY Diffusion-Ordered Spectroscopy
DPC dodecylphosphocholine
EDTA ethylenediaminetetraacetic acid
ESI MS electrospray ionization mass spectrometry
ESKAPE
bacteria

Enterococcus faecium, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Klebsiella aerogenes, Staphylococcus aureus

Fmoc 9-fluorenylmethoxycarbonyl
GM geometric mean
HAIs hospital-acquired infections
hRBCs human red blood cells
IC50 half maximal inhibitory concentration
MBEC minimal biofilm eradication concentration
MDR multidrug-resistant
MHC minimal hemolytic concentration
MIC minimal inhibitory concentration
MRSA methicillin-resistant S. aureus
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Pbf 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl residue
PBS phosphate buffered saline
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol
RP-HPLC reversed-phase high-performance liquid chromatography
SDS sodium dodecyl sulfate
SI selectivity index
SPPS solid-phase peptide synthesis
TFA trifluoroacetic acid
TIS triisopropylsilane
WHO World Health Organization
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Abstract: Human β defensin-3-C15, an epithelium-derived cationic peptide that has
antibacterial/antifungal and immuno-regulatory properties, is getting attention as potential therapeutic
agent in endodontics. This study aimed to investigate if synthetic humanβdefensin-3-C15 (HBD3-C15)
peptides could inhibit inflammatory responses in human dental pulp cells (hDPCs), which had
been induced by gram-positive endodontic pathogen. hDPC explant cultures were stimulated with
Streptococcus gordonii lipoprotein extracts for 24 h to induce expression of pro-inflammatory mediators.
The cells were then treated with either HBD3-C15 (50 μg/mL) or calcium hydroxide (CH, 100 μg/mL)
as control for seven days, to assess their anti-inflammatory effects. Quantitative RT-PCR analyses and
multiplex assays showed that S. gordonii lipoprotein induced the inflammatory reaction in hDPCs.
There was a significant reduction of IL-8 and MCP-1 within 24 h of treatment with either CH or
HBD3-C15 (p < 0.05), which was sustained over 1 week of treatment. Alleviation of inflammation
in both medications was related to COX-2 expression and PGE2 secretion (p < 0.05), rather than
TLR2 changes (p > 0.05). These findings demonstrate comparable effects of CH and HDB3-C15 as
therapeutic agents for inflamed hDPCs.

Keywords: calcium hydroxide; chemokine; human beta defensin-3-C15; human dental pulp cell;
Streptococcus gordonii lipoprotein

1. Introduction

Streptococcus gordonii are Gram-positive facultative anaerobes that are frequently isolated from
cases of recurrent apical periodontitis, due to their propensity to form bacterial biofilms on root canal
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surfaces [1]. Additionally, they can exchange genes that encode cytotoxins, adhesins, and antibiotic
resistance, with Enterococcus faecalis [2]. These virulence features enable S. gordonii to play an important
role in the pathogenesis of apical periodontitis.

Virulence factors in gram-positive bacteria include cell wall-associated lipoteichoic acid (LTA) and
lipoproteins, which are recognized by Toll-like receptor 2 (TLR2) [3,4]. These stimulate a variety of host
cells to induce pro-inflammatory cytokines and chemokines. For instance, LTA from Staphylococcus
aureus or Streptococcus pyogens were shown to induce IL-8 in human peripheral blood monocytes.
S. aureus lipoproteins were shown to induce IL-8 in human intestinal epithelial cells. Likewise, LTA,
lipoproteins, and peptidoglycan from S. gordonii induced the pro-inflammatory cytokines IL-6 and
TNFα in dendritic cells, via TLR2 [5]. Notably, the S. gordonii lipoprotein is reported to be a key
virulence factor in inducing inflammatory responses [6,7].

To inactivate virulence factors and eliminate bacteria, intracanal medicaments are often applied
to root canal systems for treating apical periodontitis. The most widely used medicament is calcium
hydroxide (CH), which has antimicrobial effects that are largely due to its high pH [8]. It has been
shown to suppress both lipopolysaccharide (LPS) [9] and LTA [10,11], which are virulence factors
critical to Gram-negative and -positive bacteria respectively. More recently, antimicrobial peptides
have been developed as potential therapeutic agents against microbial biofilms [12]. These include
human β-defensin-3 (HBD3), which is a cysteine-rich cationic peptide that has strong antibacterial,
antifungal and immuno-regulatory properties [13–16]. The disulfide topology that maintains tertiary
structure in HBD3 is dispensable for its antimicrobial functions [17], and the C-terminal end of HBD3
contains 15 amino acids that effectively elicit antimicrobial activity [18]. A synthetic HBD3 peptide
that consists of only 15 amino acids from the C-terminus (HBD3-C15, GKCSTRGRKCCRRKK), is being
developed as an alternative antibiofilm agent (Figure 1) [12]. This 15-mer peptide derived from the
C-terminus of HBD3 (HBD3-C15) has been shown to have considerable antimicrobial activity that is
comparable to that of the full-length protein [18–21]. However, little is known about its suppressive
effects on gram-positive bacterial virulence factors.

 
Figure 1. Molecular structure of synthetic human β defensin-3-C15 (HBD3-C15) peptide, prepared by
F-moc-based chemical solid phase synthesis from 15 amino acids (GKCSTRGRKCCRRKK). Grey, carbon;
blue, nitrogen; red, oxygen; yellow, sulfur.

Where the inactivation or elimination of virulence factors are inadequate, the induction
of pro-inflammatory mediators ensure a persistence of pulpitis and apical periodontitis [22,23].
Chemokines such as interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1) display
potent chemotactic activities for human neutrophils and T lymphocytes, which in turn trigger
a series of inflammatory events [24] that release enzymes causing tissue destruction [25].
Accompanying inflammatory mediators such as cyclooxygenase 2 (COX-2) stimulate vasodilation
and microvascular permeability by cytoskeletal rearrangement or contraction of vascular smooth
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muscle [26]. Therefore, the purpose of this study was to examine the anti-inflammatory properties
of HBD3-C15 in human dental pulp cells (hDPCs) that had been stimulated by S. gordonii derived
lipoprotein, by comparing the effects of HBD3-C15 and CH.

2. Results

2.1. S. gordoni Lipoproteins Induced Inflammatory Mediators

S. gordonii lipoprotein induced the expression of chemokines IL-8 and MCP-1 by hDPC explant
cultures (Figure 2). When hDPCs were treated with Triton X-114 extracts from S. gordonii that contained
the bacterial lipoproteins [27], there was an immediate increase in the relative mRNA expressions
of IL-8 and MCP-1, as measured by real-time RT-qPCR. The relative levels of IL-8 and MCP-1 were
significantly higher (p < 0.05) in the S. gordonii lipoprotein-treated hDPCs, than in the untreated cultures.

Figure 2. Cultured human dental pulp cells (hDPCs) experienced an inflammatory reaction after
Gram-positive S. gordonii lipoprotein (LP)-stimulation, and then inflamed hDPCs were treated with
either calcium hydroxide (CH) or HBD3-C15. Cell lysates were collected at the indicated time points, and
the expressions of IL-8 and MCP-1 were analyzed by (a) qRT-PCR and (b) multiplex assay. The relative
expression levels of each control group are presented.

2.2. HBD3-C15 and CH Suppress Inflammatory Mediators

The stimulated cells were then treated with either HBD3-C15 or CH. The medicaments were not
simultaneously treated with S. gordonii lipoprotein, to prevent the interactions and denaturation of
S. gordonii lipoprotein with positively charged HBD3-C15 or highly alkaline CH, and also to reenact
clinical relevance in endodontics. Both HBD3-C15 and CH treatments for 1, 3, and 7 days, suppressed
the expression of IL-8 and MCP-1 mRNA measured by qRT-PCR (Figure 2a), and their protein level
quantified by multiplex assay (Figure 2b). There were significant and sustained reductions in IL-8 and
MCP-1 mRNA gene expression and their quantified protein level, to the levels those were at or below
their baselines values (p < 0.05). There were no significant differences between these two medicaments
(p > 0.05). Non-medicated cells showed sustained inflammatory status, with increased protein level
over time.
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2.3. Anti-Inflammatory Effects of HBD3-C15 and CH Were not Mediated by TLR2

To investigate the underlying anti-inflammatory mechanism of HBD3-C15 and CH, TLR2 mRNA
expression level was assessed in hDPCs. S. gordonii lipoproteins induced upregulated TLR2 expression
in hDPCs (p < 0.05). However, TLR2 gene expression level were not decreased after medication
(Figure 3a). To validate the result, we examined HEK292-TLR2 cell transfection and found that
S. gordonii lipoproteins potently stimulated NF-κB in HEK292-TLR2 cells as in hDPCs, but there were
no significant differences after medication (Figure 3b, p > 0.05).

 
(a) 

(b) 

Figure 3. (a) Exogenous stimulation of S. gordonii lipoproteins augment TLR2 mRNA expressions in
hDPCs, and were maintained after calcium hydroxide (CH) or HBD3-C15 treatment. (b) S. gordonii
lipoprotein-stimulated NF-κB are mediated by TLR2. HEK-TLR2 cells (2.5 × 105 cells/mL) were
transfected with an NF-κB luciferase reporter plasmid using Attractene transfection reagent. After 16 h,
the cells were stimulated with lipoprotein purified from S. gordonii, and then treated with either of CH
or HBD3-C15. After the cells were lysed, a luciferease assay was conducted.

2.4. Anti-Inflammatory Effects Were Related to COX-2 Expression and PGE2 Level

To extend the findings to speculate on the mechanism of inflammatory status changes after
treatment, we investigated the inflammatory marker COX-2 changes of inflamed hDPCs, which is
known to be upregulated in pulpal inflammations [28]. It was found that the COX-2 gene expression
and PGE2 level were significantly upregulated after S. gordonii stimulation of hDPCs (p < 0.05),
and were significantly alleviated after 24 h of CH and HBD3-C15 treatments (p < 0.05), and maintained
at low level (Figure 4). There was no significant differences between the two medicaments (p > 0.05).
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Figure 4. (a) Expression of COX-2 gene in S. gordonii lipoprotein-stimulated hDPCs after treatment
with calcium hydroxide (CH) or HBD3-C15 at determined time points and (b) PGE2 secretion levels
accordingly. The relative expression levels to each control group are presented.

3. Discussion

Pulp and periapical inflammation are initiated and propagated by chemokines.
The pro-inflammatory chemokines IL-8 and MCP-1 are associated with the recruitment of cells to sites
of inflammation. A predominant cellular source of IL-8 and MCP-1 are mononuclear phagocytes.
However, IL-8 and MCP-1 can also be produced by nonimmune cells, such as fibroblasts, keratinocytes,
and endothelial cells in response to either endogenous or exogenous stimuli. The cytokines produced
by mononuclear cells are important mediators for chemokine production by cells such as dental
pulp fibroblasts, which respond to invading microorganisms and produce chemokines. In dental
pulp, the elevation of MCP-1 that is a chemo-attractant, gathers immune cells (to resist infection),
which release more pro-inflammatory mediators and inflammatory cells within the tissues [29,30].

Recently, some lipoproteins from gram-positive bacteria were found to be triacylated, which are
native ligands of TLR2 [31]. TLR2, along with other pattern recognition receptors (PRRs), are functionally
the predominant receptors that stimulate production of the inflammatory mediators, IL-8, IL-6, MCP-1,
and PGE2. Therefore, these receptors play important roles in the immune response of the dental
pulp, and the progression of pulpitis [32]. Their expression in hDPCs alone appears to upregulate
pro-inflammatory mediators. Likewise, our prior study reported that S. gordonii induces nitric oxide
production through the TLR2 signaling pathway, and lipoprotein is responsible for the induction [7].

Now, this study has shown that the upregulated expression of inflammatory mediators in hDPCs
that have been stimulated with S. gordonii lipoprotein can be attenuated by either CH or HBD3-C15.
Such a capacity to reduce pulpal inflammation, especially in regenerative endodontic procedures on
immature teeth may be particularly beneficial. The anti-inflammatory effects of CH are less understood
than its known antimicrobial activity. CH inactivates the LPS of gram-negative bacteria, by hydrolyzing
fatty acids in the lipid A moiety [9,33–35]. Additionally, it inactivates the LTA of gram-positive bacteria
by deacylation, which inhibits their binding of TLR2 [10,11]. However in this study CH and HBD3-C15
suppressed lipoprotein-induced inflammation without blocking TLR2 signaling. It is speculated that
the inflammation control of CH and HBD3-C15 as an endodontic medicament did not affect immune
related signals in bacterial virulence factor-induced inflammation.

In this study, definite alleviation of the upregulated COX-2 as well as increased PGE2 secretion
were observed in after CH- or HBD3-C15-treated hDPCs. Considering that PGE2 could enhance
pain transmission in neuro-inflammation [36], the medication-dictated modulation of PGE2 release
may provide a plausible background for why CH has been advocated for wide use in endodontics,
and also adduce the possibility of HBD3-C15 as an alternative medicament. COX-2 is a membrane
associated enzyme that produces PGE2 at sites of pulpal injury and inflammation, which leads to tissue
swelling, redness, and pain [37]. As COX-2 participates in the regulation of prostanoid formation
in the pathogenesis of pulpal inflammation, it was suggested that COX-2 may play a pivotal role
in generating high levels of PGE2 locally resulting in pulpal tissue destruction, which formed the
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first investigation into using COX-2 inhibitors to control pulpal inflammation [38]. It is necessary to
further investigate the effects of CH and HBD3-C15 on differential signal transduction pathways that
mediate COX-2 stimulation and PGE2 production in hDPCs, instead of direct effect on TLR2 pathway.
Another important clinical factor of the two chemicals would be a topical action in the control of
inflammation, which could reduce the side effects of systemic anti-inflammatory drugs (i.e., NSAIDs).
However, further studies are necessary to decipher the details of this mechanism.

The anti-inflammatory effects of HBD3-C15 peptide that were found in TLR-2 mediated
inflammation in this study, were not in accordance with prior reports on the full length HBD3
protein pathways [16,39,40]. Just as other AMPs that permeabilize microbial membranes and neutralize
or disaggregate LPS [16], full length HBD3 can bind directly to LPS and prevent the binding of LPS
to host cell receptors [16,39,40] through TLR-4 mediated signaling pathways and the subsequent
transcriptional inhibition of inflammatory genes [41]. It has also been suggested that full length HBD3
has anti-inflammatory properties that do not involve direct peptide binding to LPS, in macrophages
isolated from human bone marrow [40]. However, this therapeutic application of full length HBD3 is
limited by its molecular size, the complexity of disulfide pairing, and attenuated activity at elevated
ionic strength. To overcome these limitations and identify the active peptide fragments within HBD3,
the C-terminal HBD3 peptide was modified by substituting serine for cysteine residues, and shown to
have retained its anti-microbial activity [42]. Recent reports showed that HBD3-C15 peptide could
attenuate LPS-induced bone resorption, by disrupting podosome belt formation in osteoclasts and
suppressing their differentiation [43]. In anti-inflammatory effect, HBD3-C15 did not affect upregulated
TLR-2 level and its following signaling pathways in this study. This may have been due to the study
design where CH paste and HBD3-C15 treatments were not applied simultaneously with S. gordonii
lipoprotein. This was important to avoid the possible impairment or denaturation of lipoprotein
and subsequent inflammatory mediators by CH or HBD3-C15, and to focus solely on the changes in
lipoprotein-stimulated hDPCs.

Collectively, the results of this study support the use of CH and HBD3-C15 as intracanal
medicaments, which may be particularly important for regenerative endodontic procedures in
immature necrotic teeth. The synthetic HBD3-C15 peptide has multiple properties that are beneficial
for its therapeutic application as an intracanal medicament in recurrent apical periodontitis and also in
regenerative endodontic procedures for immature necrotic teeth.

4. Materials and Methods

4.1. Human Dental Pulp Cell Explant Cultures

Human dental pulp cell (hDPCs) explants were grown from the pulps of extracted teeth, which had
been approved for collection by the Institutional Review Board of Seoul National University (S-D2014007,
27 March 2014). Crowns of freshly extracted teeth were split open and their pulps carefully harvested.
The pulp tissues were diced into fine fragments in culture dishes (Nalge Nunc International, Rochester,
NY, USA), and incubated in DMEM (Dulbecco’s modified Eagle’s medium) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin, with fresh media replenished every 3 days.
After 3 weeks of growth, the cells that had extended out from the tissue fragments were carefully
harvested and sub-cultured. Following 4–6 passages, cells were utilized in experiments such that each
independent experiment was performed with cells from the same passages.

The viability of hDPCs was quantitatively assessed in the presence of CH and HBD3-C15 using
a cell counting kit (CellCountEZTM Cell Survival assay kit, Rockland Immunochemicals, Posttown, PA,
USA). Briefly, the hDPCs were seeded in a 96-well plate at a density of 2 × 103 cells/well and cultured
with different concentrations of reagents for 24 h. The absorbance was measured with a microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm (Figure 5).
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Figure 5. The survival rate of hDPCs was assessed in the presence of calcium hydroxide (CH) and
HBD3-C15 using a cell counting kit (CellCountEZTM Cell Survival assay kit, Rockland Immunochemicals,
Posttown, PA, USA). Briefly, the hDPCs were seeded in a 96-well plate at a density of 2 × 103 cells/well
and cultured with different concentrations of reagents for 24 h. The absorbance was measured with
a microplate reader (Bio-Rad Laboratories, Hercules, CA, USA) at 490 nm.

4.2. S. gordonii Lipoprotein Extracts

Bacterial lipoproteins were isolated and purified from S. gordonii, as previously reported [44].
Briefly, bacterial pellets were collected and suspended in Tris-buffered saline (TBS) with protease
inhibitors. They were sonicated, the lysates suspended in a final concentration of 2% Triton X-114 at
4 ◦C for 2.5 h, and then centrifuged to discard cell debris. The supernatant was incubated at 37 ◦C for
15 min and centrifuged again to separate the Triton X-114 phase from the aqueous phase which was
discarded. An equal volume of TBS was added to the Triton X-114 phase, incubated at 37 ◦C for 15 min,
and centrifuged again to discard the aqueous phase. Finally, the Triton X-114 phase was incubated
overnight with methanol at −20 ◦C, and lipoprotein precipitates collected and dissolved in 10 mM
octyl-beta-D-glucopyranoside in PBS.

4.3. Cell Transfection

HEK293-TLR2 cells were transfected as previously described [45]. Briefly, HEK293-TLR2 cells
(2.5 × 105 cells/mL, 5 mL, 60 mm dishes) were transfected with an NF-κB (nuclear factor-κB) reporter
gene construct (pNF-κB-Luc, Clontech, Mountain View, CA, USA). Transfections were performed
in Opti-MEM using Attractene transfection reagent for 16 h (Qiagen, Germantown, MD, USA).
After collection, the cells (2.5 × 105 cells/mL, 200 μL, 96-well plates) were plated in complete DMEM.
The cells were then stimulated with S. gordonii lipoprotein and lysed with GloLysis Buffer (Promega,
Madison, WI, USA). The cytoplasmic extracts were assayed with a luminometer (Molecular Devices,
Sunnyvale, CA, USA) for luciferase activity.

4.4. Peptide Preparation

Peptides were synthesized at the central research institute of NIBEC using a peptide synthesizer
(Prelude, Protein Technologies Inc., Tucson, AZ, USA) to produce the C-terminal amide form using
standard 9-fluorenylmethoxycarbonyl (F-moc) chemistry and purified using preparative reverse-phase
high-performance liquid chromatography (RP-HPLC; Waters, Milford, MA, USA) with a Vydac C18
column and a 50-min gradient from 90% to 10% water/acetonitrile containing 0.1% trifluoroacetic acid
(TFA). The purity of the peptides was determined using HPLC (Shimadzu, Kyoto, Japan) and liquid
chromatography-mass spectrometry (LC-MS, Shimadzu, Kyoto, Japan). The purity of the peptide was
measured as 99.3% and the molecular weight of the peptide was identified as 1766.17 (Da) using LC-MS.

4.5. Inflammatory Chemokine Analysis

The hDPCs (2.5 × 105 cells/mL) were plated in six well plates and stimulated with 10 μg/mL of
lipoprotein extracts for 24 hrs. The stimulated cells were then treated with either CH (DC Chemical
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Co Ltd., Seoul, Korea) mixed with distilled water (100 μg/mL) as the control, or synthetic HBD3-C15
peptide gel (50 μg/mL). The synthetic HBD3-C15 peptide (NIBEC, Seoul, Korea) was prepared by
F-moc-based chemical solid phase synthesis from 15 amino acids (GKCSTRGRKCCRRKK). It was used
at a concentration (50 μg/mL) that was found to be effective in a previous study [14].

Time points were chosen that included before and after 24 h of lipoprotein stimulation, as well as
after 1, 3, and 7 days of the treatments with either CH or HBD3-C15. At these predetermined times,
replicate (N = 3) hDPC cultures were harvested and their total cell RNA extracted with RNAiso Plus
reagents (Takara, Otsu, Japan). The cDNA was synthesized with gene-specific reverse primers for
humans (Table 1) by using the PrimeScript RT reagent kit (Takara). Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was done with a C1000 Real-time PCR system thermal cycler
(Bio-Rad, Hercules, CA, USA). The level of the target gene transcripts (ΔCT) was normalized to
that of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). The relative levels of expression in
the experimental group were calculated by Δ(ΔCT) (ΔCTControl − ΔCTExperiment). The findings were
verified by multiplex analysis according to the manufacturers’ instructions. Data was collected using
the Luminex-100 system (ver. 1.7, Luminex, Austin, TX, USA) and analyzed by using the Milliplex
Analyst (Viagene Tech, Carlisle, MA, USA). A five-parameter regression formula was used to calculate
the concentrations from the standard curves. Reported data as normalized pg/mL was assessed.
All reactions were run in triplicate.

Table 1. Sequences of primers used in RT-qPCR.

Gene (Human) Primer (5′→3′)

IL-8
Forward AGGGTTGCCAGATGCAATAC
Reverse CCTTGGCCTCAATTTTGCTA

MCP-1
Forward GCAGCAAGTGTCCCAAAGA
Reverse ACAGGGTGTCTGGGGAAAG

COX2
Forward TTCAAATGAGATTGTGGGAAAATTGCT
Reverse AGATCATCTCTGCCTGAGTATCTT

TLR2
Forward CCCATTGCTCTTTCACTGCT
Reverse CTTCCTTGGAGAGGCTGATG

GAPDH
Forward GGCTGAGAACGGGAAGCTT
Reverse TCCATGGTGGTGAAGACGC

4.6. Statistical Analysis

Replicate cultures were compared both before and after lipoprotein-stimulation, and then after
treatment with either calcium hydroxide or HBD3-C15 for 1, 3, and 7 days. Data were analyzed
statistically by a one-way analysis of variance (ANOVA) and Tukey’s post-hoc test to a significance of
P < 0.05.
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Abstract: Tachyplesin I, II and III are host defense peptides from horseshoe crab species with
antimicrobial and anticancer activities. They have an amphipathic β-hairpin structure, are highly
positively-charged and differ by only one or two amino acid residues. In this study, we compared
the structure and activity of the three tachyplesin peptides alongside their backbone cyclized
analogues. We assessed the peptide structures using nuclear magnetic resonance (NMR) spectroscopy,
then compared the activity against bacteria (both in the planktonic and biofilm forms) and a panel of
cancerous cells. The importance of peptide-lipid interactions was examined using surface plasmon
resonance and fluorescence spectroscopy methodologies. Our studies showed that tachyplesin
peptides and their cyclic analogues were most potent against Gram-negative bacteria and melanoma
cell lines, and showed a preference for binding to negatively-charged lipid membranes. Backbone
cyclization did not improve potency, but improved peptide stability in human serum and reduced
toxicity toward human red blood cells. Peptide-lipid binding affinity, orientation within the membrane,
and ability to disrupt lipid bilayers differed between the cyclized peptide and the parent counterpart.
We show that tachyplesin peptides and cyclized analogues have similarly potent antimicrobial and
anticancer properties, but that backbone cyclization improves their stability and therapeutic potential.

Keywords: tachyplesin; host defense peptide; anticancer; antimicrobial; antibiofilm; peptide-membrane
interaction; structure-activity; model membranes; nuclear magnetic resonance solution structure

1. Introduction

The host defense peptides (HDPs) tachyplesin I, II and III (TI, TII and TIII) are active against a
broad range of Gram-negative and Gram-positive bacteria and fungi [1–4] and possess anticancer
properties [5–15]. Each analogue was isolated from a different species of horseshoe crab, but they share
high sequence homology (Table 1). TI, TII and TIII possess 17 amino acid residues, two disulfide bonds,
a C-terminal α-amidation, and their structure is organized in a β-hairpin [2,3,16]. Like other HDPs [17],
TI, TII and TIII possess an amphipathic secondary structure (i.e., positively charged and hydrophobic
amino acids segregate into distinct clusters), thought to be essential for their antimicrobial activity.

Cationic amphipathic HDPs selectively target the anionic surfaces of microbes, rather than
the neutral surface of host cells, and kill them by a mechanism that involves binding to and
insertion into cell membranes. The initial binding is mediated by electrostatic attractions between the
positively-charged residues of HDPs and the anionic microbial surface [18], and is followed by the
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insertion of hydrophobic residues into lipid membranes in a process that involves van-der-Waal’s
interactions with the phospholipids [18,19].

Similar to bacterial cells, the surface of cancer cells is negatively-charged due to the
increased expression and exposure of phospholipids containing the anionic phosphatidylserine
(PS) headgroup [20–23]. In contrast, cell membranes of healthy mammalian cells are asymmetric
and phospholipids containing PS-headgroups are found exclusively in the inner leaflet. Variations
in the overall cell surface charge [24] in phospholipids with exposed [25,26] membrane fluidity and
curvature [18,27], have been shown to modulate the selective toxicity of HDPs towards cancer cells.
These differences regulate the affinity of peptides for cell membranes, the effective peptide-to-lipid
ratio and the ability for HDP to kill cancerous cells or pathogens rather than healthy cells [28–30].

Several studies have investigated the activity, structure and mechanism of the action of TI, but few
have examined the activity of TII and TIII. Early studies suggested that TI kills bacterial cells by a
mechanism involving inner membrane permeabilization and the rapid efflux of K+ [31–33]. Later, TI was
shown to translocate across lipid bilayers, cause a phospholipid flip-flop and form toroidal pores [33,34].
In cancerous cells, TI was reported to induce cell disruption and late apoptosis/necrosis [12,35].
Paredes-Gamero et al. proposed that the cancer cell death mechanism was dependent on the peptide
dose: at high concentrations, the peptide-induced direct cell membrane disruption, and at lower
concentrations, it activated intracellular cell death mechanisms [12].

Because of the expression of TI, TII and TIII in distinct species of horseshoe crab, we were
specifically interested in comparing their structure, activity and mode-of-action. As these peptides have
a potential application as anticancer and/or antimicrobial agents, we investigated whether backbone
cyclization would increase the stability and maintain activity. Our studies show that TI, TII and TIII,
and their cyclic analogues cTI, cTII and cTIII, have similar structures and activities against bacteria and
cancerous cells. Backbone cyclization reduced the hemolytic activity and increased peptide stability
while maintaining potent anticancer and antimicrobial activities. cTI and cTIII especially showed
potential to be considered for the development of anticancer peptide-based drugs.

2. Results

2.1. Properties of Tachyplesin I–III and Their Cyclic Analogues

The amino acid sequences of TI, TII and TIII differ in positions 1 or 15, which can be a lysine or an
arginine residue (Table 1). So far, TI is the most studied and the only analogue with reported structure
calculations [36–38]. We were interested in comparing TI, TII and TIII and their backbone-cyclized
analogues (cTI–III) to identify similarities and differences in their three-dimensional structure and
stability; and to determine whether these characteristics affect the membrane interactions and biological
activity of the peptides.

All peptides were synthesized using solid-phase peptide synthesis, oxidized and correctly folded,
as suggested by the observed masses using electrospray ionization mass spectroscopy (ESI-MS;
Supplementary Figure S1 and Table 1) and confirmed through clearly dispersed peaks in the amide
region of their respective One-dimensional (1D) 1H NMR spectra [39]. The peptides were purified to
>95%, as confirmed by analytical reverse-phase high-performance liquid chromatography (RP-HPLC;
see chromatograms of pure peptides in Supplementary Figure S1a).

Despite minor differences, their overall hydrophobicity follows the trend cTI > cTII > cTIII > TI >
TII > TIII (Table 1), as indicated by their retention time (RT) on analytical RP-HPLC (Supplementary
Figure S1). The cyclic analogues appear to be overall more hydrophobic (less polar) than the parent
peptides, which is consistent with the loss of the N-terminal charge and the C-terminal amidation
resulting from cyclization.
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Table 1. The sequence and physicochemical properties of tachyplesin I–III (TI-TIII) and their cyclic
analogues (cTI-cTIII).

Peptide Sequence 1 Mass (Da) 2

RT (min) 3 Charge 4

Calc. Obs.

TI KWCFRVCYRGICYRRCR * 2263.8 2263.5 18.04 +7

TII RWCFRVCYRGICYRKCR * 2263.8 2263.5 17.79 +7
TIII KWCFRVCYRGICYRKCR * 2235.8 2235.6 17.68 +7
cTI KWCFRVCYRGICYRRCRG 2303.8 2303.7 18.69 +6
cTII RWCFRVCYRGICYRKCRG 2303.8 2303.7 18.53 +6
cTIII KWCFRVCYRGICYRKCRG 2275.8 2275.5 18.44 +6

1 Peptide sequences and amino acid residues differing from TI are in bold. * denotes C-terminal amidation. 2 Average
mass calculated (Calc.) from the amino acid sequence and experimentally observed (Obs.) using synthetic peptide
and determined from m/z 3+ in ESI-MS. 3 Retention time (RT) of peptides on an analytical RP-HPLC; chromatograms
shown in Supplementary Figure S1a were obtained with a 2%/min gradient of 0–40% solvent B (90% acetonitrile;
0.05% trifluoroacetic acid (TFA) (v/v)) in solvent A (H2O, 0.05% TFA (v/v)) at a flow rate of 0.3 mL/min. 4 Charge of
the peptides at pH 7.4.

2.2. Structure of Tachyplesins and Backbone-Cyclised Analogues

The three-dimensional (3D) structures of TII and TIII, and of the backbone-cyclized analogues
cTI–cTIII were determined with solution NMR spectroscopy. All backbone resonances were fully
assigned apart from the N-terminal amides of the two linear peptides, and the R1/G18 amides of cTII,
reflective of some degree of flexibility in these regions. The secondary αH chemical shifts of the native
peptides and the cyclic analogues were highly similar, indicating a negligible change in the backbone
structure and the β-strands (W2-Y8; I11-R17) (Figure 1a,b).

The 3D solution structures of each peptide were calculated from distance restraints, ranging from
154 for the linear peptides, to 172–284 for the cyclic analogues, along with dihedral angle restraints
totaling 34 to 36. The final family of structures for each of the peptides has good structural and energy
statistics, as indicated by an overall MolProbity score of less than 1.6, shown in Table S1. Analysis
of the structures by PROMOTIF [40] defines antiparallel β-strands being formed by residues W2-Y8
and I11-R17 in all but one of the peptides. The exception is TIII which has slightly shorter strands
formed between residues C3-Y8 and I11-C16. All disulfide bonds are defined by PROMOTIF as
adopting the short right-hand hook configuration. Structures of the tachyplesin peptides and the
cyclized analogues differed primarily in the flexibility of the N- and C-termini of the parent peptides
(Figure 1b–d). The reduction of the amino acid side-chain flexibility in the terminal regions due to
backbone cyclization is emphasized in Figure 1d with the side chain of the residues K/R1 and K/R15,
which differ between TI/cTI, TII/cTII and TIII/cTIII; the side chain of W2 is also shown, as this residue is
used to monitor the peptide partitioning into lipid bilayers (see Section 2.5.2). No significant cation-π
interactions between the R/K1 and W2 were noted for any of the tachyplesin peptides. Such an
interaction might be revealed by NMR in the form of substantial deviations of the chemical shifts of
arginine/lysine residues but none were observed (see Figure 1a). The lack of cation-π interactions is
also supported by the NMR solution structures that reveal a high degree of flexibility in the termini of
the linear peptides, and by the different orientations that these residues acquire in the cyclic peptides,
as shown in Figure 1d.

The peptide structures were deposited with the Protein Data Bank (PDB) and the Biological
Magnetic Resonance Data Bank (BMRB): TII—PDB ID: 6PI2, BMRB ID: 30617; TIII—PDB ID: 6PI3, BMRB
ID: 30618; cTI—PDB ID: 6PIN; BMRB ID: 30619; cTII—PDB ID: 6PIO, BMRB ID: 30620; cTIII—PDB ID:
6PIP, BMRB ID: 30621.
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Figure 1. The NMR structures of TI and cTI (red), TII and cTII (cyan), TIII and cTIII (magenta).
(a) Secondary αH chemical shift at 298 K determined from 1H NMR spectra. Shifts were calculated by
subtraction of random coil 1H NMR shifts [41] from the experimental values. For tachyplesin I (TI),
the shifts of the peptide synthesized in our lab were compared to shifts obtained from data banks:
TI—PDB ID 2RTV [37], and TI—BMRB ID 1135 [38]. Positive shifts greater than 0.1 ppm suggest
β-strands, indicated by grey arrows. (b) Overlay of the cyclic analogues (colored backbone) with
their respective parent peptide (grey backbone). Hydrogen bonds between β-strands are indicated in
blue. The structure of TI was obtained from the PDB (ID 1WO0). (c) Overlay of TI–TIII and cTI–cTIII.
(d) Mobility of the residues (K or R) at position 1 and 15, which differ between the peptides, and of W2
of the native sequences and cyclic analogues, respectively.

2.3. Improved Stability and Reduced Hemolytic Activity of Cyclized Tachyplesin Peptides

Cyclization has been shown to increase stability [42,43] and reduce the hemolytic activity of some
peptides [44,45]. Comparison of resistance to human proteases showed that the cTI analogue did not
degrade after treatment for 24 h in 25% (v/v) human serum, whereas only 25% of TI remained in the
solution (see analytical RP-HPLC chromatograms in Supplementary Figure S2). A peptide (linear and
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without disulfide bonds) used as a control was fully degraded under the same conditions (Figure 2a).
TI has previously been shown to be completely stable for 2 h in mouse or human serum [46].

The percentage of hemolysis of human red blood cells (RBCs) followed the trend TI > TII >
TIII > cTII > cTI > cTIII when compared at 128 μM, the highest concentration of peptide tested.
TI was the most hemolytic of the native sequences. Backbone cyclization reduced the hemolytic
activity of the cTI and cTIII compared to their parent counterparts, but led to no clear improvement
for cTII. The C-amidated peptides TI–TIII lysed 66%, 56% and 41% of RBCs at 64 μM respectively
(Figure 2b and Table 2). A similar trend but lower hemolytic activity had been reported for TI, TII,
and TIII lacking C-terminal amidation at higher peptide concentrations [47], which is known to impact
peptide activity [48,49].

The positive control melittin, a hemolytic peptide from honeybee venom, induces 100% hemolysis
in human RBCs at concentrations above 2 μM. By comparison, at this concentration, all tachyplesin
peptides have a low hemolytic activity of around 10%.

 
Figure 2. The peptide stability in human serum and activity against human red blood cells (RBCs).
(a) Stability of TI and cyclic analogue cTI in 25% (v/v) human serum for 24 h. The samples were analyzed
by analytical RP-HPLC and the percentage of peptide remaining was determined from the area under
the peptide peak in the chromatogram in comparison to peak area at time zero. A linear 18 amino acid
peptide (KGGGGSGQLIDSMANSFV) was included as the positive control. (b) Hemolytic activity of
tachyplesins and their cyclic analogues were tested up to 128 μM against human RBCs (0.25% (v/v), 1 h
incubation at 37 ◦C). Melittin, a highly hemolytic peptide, was included as the positive control.

Table 2. Concentration of tachyplesin I–III (TI-TIII) and of their cyclic analogues (cTI-cTIII) required to
induce 50% lysis in RBCs (HC50). a.

Peptide HC50 (μM)

TI 34.9 ± 2.8
TII 55.4 ± 6.6
TIII 86.4 ± 12.2
cTI 106.9 ± 21.0
cTII 64.1 ± 9.4
cTIII >128

a Values were determined from a minimum of three independent replicates and depicted as mean ± SEM.

2.4. Biological Activity of Tachyplesin I–III and of Their Cyclic Analogues

2.4.1. Activity against Bacteria

The Gram-negative Escherichia coli strains ATCC 25922 and DC2 CGSC 7139 and the Gram-positive
Staphylococcus aureus strains ATCC 25923 and ATCC 6538 were used to determine the antimicrobial
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activity of the parent tachyplesin peptides and their cyclic analogues against bacteria with differences in
the physical and chemical properties of their cell wall. E. coli ATCC 25922 (“smooth” LPS) and S. aureus
ATCC 25923 are common control strains for antimicrobial susceptibility testing [50,51]. E. coli DC2
CGSC 7139 is hypersensitive to antibacterial agents and more permeable to dyes [52], while S. aureus
ATCC 6538 is known to form biofilms [53]. Tachyplesin peptides and their cyclic analogues were tested
against planktonic cultures of all strains and against S. aureus ATCC 6538 in the biofilm form for direct
comparison of their antimicrobial activity.

Tachyplesin I–III were two-to-four times more potent than their cyclic analogues against all
bacterial strains in their planktonic growth form (Table 3). Generally, the Gram-negative strains were
more susceptible than the Gram-positive strains. Similar MICs have been reported previously for
TI against E. coli ATCC 25922, [1] and TI and TII against S. aureus ATCC 25923 [2,3]. Tachyplesin
peptides were most active against E. coli DC2 CGSC 7139 and E. coli ATCC 25922. The activity against
these bacterial strains was reduced when the peptides were cyclized. The peptides were least active
against S. aureus ATCC 6538 in the planktonic form, and no difference in activity was observed between
tachyplesin peptides and cyclic analogues (Table 3).

Table 3. The minimal inhibitory concentrations (MICs) of tachyplesin I–III (TI-TIII) and of their cyclic
analogues (cTI-cTIII) against planktonic bacteria.

MIC (μM)

Peptide
E. coli DC2
CGSC 7139

E. coli
ATCC 25922

S. aureus
ATCC 25923

S. aureus
ATCC 6538

TI 0.5–1 0.0625–0.5 1–4 4–8
TII 0.5–1 0.125–0.5 1–4 4–8
TIII 0.25–0.5 0.0625–0.5 1–4 4–8
cTI 4 1 2–8 8
cTII 4–8 1–2 2–8 8
cTIII 4–8 1–2 2–8 8

To determine whether the tachyplesin peptides could act against bacterial biofilms, the cells
metabolic activity was measured for biofilms formed by S. aureus ATCC 6538 (Figure 3 and Table 4).
All peptides exhibited similar activity against the bacteria in the biofilm form, with a 50% loss of cell
metabolic activity observed at ~20 μM. However, approximately 40% of the biofilm was metabolically
active at 32 μM, the highest concentration tested, suggesting a reduced activity against biofilm
compared to the planktonic S. aureus ATCC 6538 bacteria.

 
Figure 3. The activity of tachyplesin peptides and their cyclic analogues against an S. aureus ATCC
6538 biofilm. The response curve of biofilm treated with increasing the concentrations of peptide (n = 4,
± SEM).

124



Int. J. Mol. Sci. 2019, 20, 4184

Table 4. Activity of tachyplesin I–III (TI–TIII) and cyclic analogues (cTI–cTIII) against S. aureus ATCC
6538 in the biofilm growth form.

Peptide CC50 (μM) 1 Metabolically Active Cells (%) 2

TI 21.5 ± 2.2 37.7 ± 4.3
TII 23.1 ± 2.9 39.9 ± 2.9
TIII 24.2 ± 4.1 43.3 ± 4.1
cTI 17.8 ± 3.6 31.9 ± 6.0
cTII 19.4 ± 1.5 34.6 ± 7.1
cTIII 18.0 ± 1.4 37.5 ± 7.2

1 Peptide concentration required to induce the reduction of 50% of the metabolically active cell population (CC50)
determined using one-site specific binding with the Hill slope. 2 Percentage of cells remaining metabolically active
at 32 μM, the highest peptide concentration tested.

2.4.2. Activity against Cancerous Cells

TI, TII, TIII, and their cyclic analogues were tested against three melanoma (MM96L, HT144
and WM164) and one cervical cancer (HeLa) cell line (Supplementary Tables S2 and S3) to determine
whether the peptides exhibit different cytotoxic activities. The aneuploid immortal keratinocyte
cell line HaCaT was included as a non-cancerous control. Cytotoxicity toward cancer cell lines was
compared by determining peptide concentrations required to achieve 50% of cell death (CC50) from
dose-response curves (Table 5).

Table 5. The cytotoxicity of tachyplesin I–III (TI-TIII) and cyclic analogues (cTI-cTIII) against
cultured cells.

CC50 (μM) 1 Melanoma
Selectivity 5

Peptide MM96L 2 HT144 2 WM164 2 HeLa 3 HaCaT 4

TI 1.5 ± 0.1 1.7 ± 0.2 2.5 ± 0.1 13.1 ± 1.2 11.6 ± 1.6 2–21
TII 1.6 ± 0.1 2.0 ± 0.1 1.6 ± 0.1 18.0 ± 3.9 3.7 ± 0.2 3–35
TIII 1.8 ± 0.1 2.0 ± 0.1 1.7 ± 0.1 21.7 ± 1.1 7.3 ± 0.5 5–48
cTI 1.3 ± 0.1 1.4 ± 0.1 2.7 ± 0.1 6.7 ± 0.6 7.9 ± 0.5 2–76
cTII 1.1 ± 0.1 0.8 ± 0.04 2.4 ± 0.3 7.2 ± 0.4 2.4 ± 0.3 3–58
cTIII 1.7 ± 0.1 0.9 ± 0.03 1.3 ± 0.1 9.3 ± 0.4 7.5 ± 0.3 3–98
1 The concentration necessary to kill 50% of cells was calculated from dose-response curves (n ≥ 3, ± SEM).
2 Melanoma cell lines: MM96L, HT144, WM164, 3 cervical cancer cell line: HeLa, 4 healthy epithelial control
cell line: HaCaT (aneuploid immortal keratinocyte). Description and verification of each cell line are detailed in
Supplementary Tables S2 and S3). 5 selectivity for melanoma cell lines was estimated through the activity-toxicity
index (ATI). ATI = MHC/MCC50 (modified from Reference [46]), with MHC being the minimal concentration
necessary to induce 10% (lower value) or 50% (higher value) cell death in human RBCs and MCC50 being the
median of CC50 values of all melanoma cell lines. Values above 1 indicate a higher selectivity for the cancerous cells
over RBCs.

The cytotoxic activities of the tachyplesin peptides and their cyclic analogues are dependent
on the cell lines (Table 5). All peptides were most effective against the melanoma cell lines MM96L,
HT144 and WM164 (cytotoxic activities ranged between CC50 0.8–2.7 μM). Compared to the control
cell line HaCaT, the cytotoxic activities of the peptides against melanoma were significantly different
(p < 0.05) with the exception of cTII against WM164. The cervical cancer cell line HeLa was more
resistant towards the tachyplesin peptides compared to the melanoma cell lines and higher peptide
concentrations were necessary to reach 50% cell death. Differences in cytotoxic activity against HeLa,
compared to the control cell line HaCaT, can be observed for all peptides except TI and cTI. The cyclic
analogues cTI–cTIII were approximately 2x more potent against HeLa than the parent peptides TI–TIII
(p < 0.05).

The peptides have a similar selectivity for the melanoma cell lines at lower peptide concentrations
which would induce ≤10% hemolysis in RBCs. At concentrations inducing ≤50% hemolysis in RBCs,
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the cyclic analogues cTI–cTIII were more selective. Overall, the most promising therapeutic range was
observed for TIII, cTI and cTIII (Table 5).

2.5. Mechanistic Studies

Peptides with an amphipathic arrangement of charged and hydrophobic residues are known
to act against bacterial and cancer cells via selective membrane targeting, penetration and/or lysis.
To characterize how peptide-membrane interactions affect biological activity, we undertook detailed
peptide-membrane binding studies that compare parent and cyclic tachyplesin peptides.

2.5.1. Peptide Binding to Model Membranes

The ability of TI to bind to model membranes has been previously shown and a preference
for negatively-charged membranes was found [31,46]. We were interested in comparing the
membrane-binding properties of the parent tachyplesins versus the cyclic analogues to determine
whether differences in membrane binding could explain the relative biological activities (see Table 5).
Given the similar potencies among the three tachyplesins, and among the three cyclic analogues,
we compared the interaction of TI and cTI, as representative of parent and cyclic tachyplesin
peptides, respectively, with model membranes using surface plasmon resonance (SPR). Phospholipids
containing PC-headgroups are the most common in the outer leaflet of the mammalian plasma
membrane [54,55]; thus, we prepared model membranes composed of the zwitterionic POPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), which forms fluid bilayers at 25 ◦C and mimics
the overall fluidity and neutral surface of healthy eukaryotic cells [56]. Phospholipids containing
the negatively-charged PS-headgroups are normally restricted to the inner leaflet in eukaryotic cell
membranes but are exposed at the cell surface of cancerous cells [20,22,23]. Therefore, we used
model membranes with 20% of POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine), POPC/POPS
(4:1 molar ratio), to represent the negatively-charged surface of cancer cells.

Both TI and cTI bound with higher affinity to negatively-charged POPC/POPS (4:1) than to
zwitterionic POPC lipid bilayers. cTI had stronger affinity to both lipid systems than the parent
peptide, as shown by a higher peptide-to-lipid (P/L) ratio during association, a slower dissociation
rate (koff) from the lipids, and a higher amount of peptide remaining associated to the membrane at
the end of dissociation (P/Loff) (Figure 4a,b and Table 6). Additionally, TI and cTI disrupted large
unilamellar vesicles (LUVs) of POPC/POPS (4:1) with higher efficacy than LUVs of POPC, which agrees
with their preference for negatively-charged over neutral membranes. However, TI disrupted LUVs
of POPC and of POPC/POPS (4:1) more efficiently than the cyclic analogue cTI (Figure 4c, Table 6).
Thus, the higher binding saturation and affinity of cTI (see P/Lmax and kinetic parameters in Table 6)
to the membranes did not correlate with its ability to disrupt membranes. The higher efficacy of TI
in disrupting membranes, compared to the cyclic analogue, might explain the higher activity of the
parent TI–TIII for planktonic bacterial cells (see Table 3), compared to their cyclic analogues.
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Figure 4. Membrane binding and disruption induced by tachyplesin I (TI) and cyclic tachyplesin
I (cTI). Model membranes composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS) (4:1) were compared. (a) Surface
plasmon resonance sensorgrams obtained with 32 μM peptide injected over lipid bilayers deposited on
an L1 chip surface for 180 s (association); dissociation was monitored for 600 s. Response units (RU) were
converted into a peptide-to-lipid ratio (P/L (mol/mol)) to take into consideration the differences in lipid
packing resulting in different amounts being deposited to cover the chip surface. (b) The dose-response
curves show P/L obtained at the end of the association phase (t = 170 s) and plotted as a function of
peptide concentration injected. (c) Percentage of vesicle leakage determined by fluorescence emission
intensity of 5-carboxyfluorescein (λex = 490 nm, λem = 513 nm) leaking from LUVs at increasing
concentrations of peptide. Lipid concentration used was 5 μM, and the peptide was tested up to
10 μM. Dose-response curves were fitted with one-site specific binding with Hill slope equation in
GraphPad Prism.

Table 6. The kinetic and affinity parameters from surface plasmon resonance analysis of the interaction
of 32 μM tachyplesin I (TI) and cyclic tachyplesin I (cTI) with neutral (POPC) and negatively-charged
model membranes (POPC/POPS (4:1)) and leakage induced by the same peptides and lipid systems.

Peptide
Lipid

System
P/Lmax

(mol/mol) 1
KD

(μM) 1
koff

(x 10−2 s−1) 2
P/Loff

(mol/mol) 2
LCmax

(%) 3

TI
POPC

0.26 ± 0.06 22.4 ± 10.9 1.50 ± 0.11 0.046 ± 0.001 39.5 ± 4.6
cTI 0.33 ± 0.07 16.7 ± 8.4 0.91 ± 0.03 0.065 ± 0.001 32.9 ± 9.4
TI POPC/POPS

(4:1)
0.37 ± 0.04 11.8 ± 2.4 2.75 ± 0.22 0.096 ± 0.001 76.0 ± 2.8

cTI 0.48 ± 0.08 9.2 ± 3.4 0.70 ± 0.03 0.137 ± 0.002 58.5 ± 3.6
1 P/Lmax and KD were calculated from the dose-response curves (one-site specific binding with Hill slope equation,
GraphPad Prism) in Figure 4b. The P/Lmax value represents the peptide-to-lipid ratio (mol/mol) when peptide-lipid
binding reaches saturation, KD is the peptide concentration necessary to reach the half-maximal binding response.
2 koff is the dissociation constant and P/Loff is the peptide-lipid ratio at the end of association phase calculated from
the sensorgrams obtained with 32 μM peptide in Figure 4a. koff and P/Loff were fitted in GraphPad Prism, assuming
a Langmuir kinetic. 3 Percentage of leakage achieved when incubating 10 μM peptide with 5 μM LUVs. POPC is
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPS is 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine.

To examine the ability of cTI to bind model membranes that mimic bacterial
cell membranes, we prepared vesicles with an E. coli polar lipid extract composed of
zwitterionic phosphatidylethanolamine (PE)-phospholipids, negatively-charged phosphatidylglycerol
(PG)-phospholipids, and cardiolipin (CA) in the proportion 67:23.2:9.8 (wt/wt%). The SPR sensorgram
and dose-response curves (Supplementary Figure S3) show that cTI has a high affinity for E. coli lipids.
Comparison of the dose-response curves and fitted parameters show that the maximum amount of
cTI bound to E. coli lipids (P/Lmax, Supplementary Table S4) is not as high as for the other tested
negatively-charged membranes or for the zwitterionic POPC, but the P/Loff is higher than from the other
tested membranes (see Supplementary Table S4), suggesting that a large amount of peptide remains
bound to the bilayers that mimic bacterial membranes. To investigate whether cTI distinguishes
the negatively-charged headgroups present in bacteria (i.e., PG) from those in cancer cells (i.e., PS),
we compared the binding of cTI to POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol;
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4:1)) and to POPC/POPS (4:1). cTI has a slightly higher affinity for model membranes containing
PS-phospholipids than to those containing PG-phospholipids, as shown by the higher maximum
amount of peptide bound to POPC/POPS (4:1), and a slower dissociation rate (see P/Lmax, koff and
P/Loff in Supplementary Figure S3).

2.5.2. Partitioning of Trp Residue into Model Membranes

The fluorescence emission of Trp is sensitive to the local environment. In an aqueous environment,
the fluorescence emission spectrum of Trp has a maximum at ~350 nm (λex = 280 nm), in a hydrophobic
environment the fluorescence emission spectrum is blue-shifted and an increase in the fluorescence
quantum yield is usually observed [57–59]. Tachyplesin peptides have one Trp residue: the fluorescence
emission properties of this residue can be used to examine the environment surrounding it and inform
on the partitioning and orientation of the peptides bound to model lipid bilayers. In the current study,
we followed the changes in Trp fluorescence emission spectra of TI–TIII and of the cyclic analogues
cTI–cTIII upon titration with LUVs composed of zwitterionic (POPC) or of negatively-charged
membranes with two distinct negatively-charged headgroups, i.e., PS and PG (Figure 5).

 
Figure 5. The partitioning of the 12.5 μM of tachyplesin I–III (TI-TIII) and cyclic analogues (cTI-cTIII)
into lipid membranes. (a) Normalized fluorescence emission spectra of cTI in aqueous solution (grey)
and upon titration with LUVs composed of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;
up to 3 mM) or of POPC/POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; 4:1) up to 1 mM).
Fluorescence emission spectra were obtained with excitation at 280 nm (b) Wavelength at which TI
(solid symbol) and cTI (open symbol) have their maximum fluorescence emission in buffer and with
increasing concentrations of LUVs composed of different lipid mixtures (POPC: red; POPC/POPS (4:1):
blue; POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; 4:1): green).

TI and cTI bound to both zwitterionic POPC and negatively-charged POPC/POPS (4:1) bilayers,
as shown with SPR (see Figure 4a,b); however, a blue shift in the Trp fluorescence emission spectra
was only observed for model membranes containing negatively-charged phospholipids (Figure 5a,
Table 7). Even at the highest concentration of 3 mM POPC LUVs, no change in the Trp fluorescence
emission spectra was observed for any of the peptides. In contrast to POPC, a blue shift was detected
when peptides were incubated with negatively-charged model membranes POPC/POPS (4:1) and
POPC/POPG (4:1) at lipid concentrations as low as 0.1 mM (Figure 5).

In the presence of negatively-charged membranes, the Trp fluorescence emission maxima of
cTI–cTIII had a larger shift than the respective parent peptides TI–TIII (Table 7), as illustrated with TI
and cTI (Figure 5b). The differences between parent and cyclic peptides were most pronounced with
POPC/POPS (4:1) bilayers: TI–TIII required more than twice the amount of POPC/POPS (4:1) LUVs
compared to cTI–cTIII (0.19–0.30 mM vs. 0.08–0.12 mM) to induce half of the maximal shifts of the Trp
fluorescence emission spectra (Figure 5b, Table 7). Comparison among parent peptides shows similar
spectral shifts for a given model membrane (see for instance Trp fluorescence emission shifts of TI–TIII
when titrated with POPC/POPS); the same is true among cyclic analogues. These results suggest that
the mutations R/K1 or R/K15 have a weak influence, whereas backbone cyclization between R/K1 and
G18 impacts the insertion of the Trp residue into lipid membranes.
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Table 7. Shift in the fluorescence emission maximum wavelength of tachyplesin I–III (TI-TIII) and
cyclic analogues (cTI-cTIII) in buffer and in the presence of model membranes.

POPC POPC/POPS (4:1) POPC/POPG (4:1)

Peptide shift (nm) 1 shift (nm) 0.5 [L] (mM) 2 shift (nm) 0.5 [L] (mM)

TI 2 22 0.19 30 0.09
TII 0 19 0.30 29 0.09
TIII −3 18 0.30 23 0.10
cTI 0 28 0.11 28 0.06
cTII 1 27 0.08 29 0.05
cTIII 3 27 0.12 28 0.08

1 blue shifts observed with 3 mM POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine);
1 mM POPC/POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; 4:1), or 1 mM POPC/POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; 4:1) LUVs. 2 lipid concentrations required to achieve
half of the maximum blue shift observed (0.5 [L] in mM).

The Trp fluorescence emission spectra of all tachyplesin analogues displayed larger blue shifts in
the presence of POPC/POPG (4:1) compared to POPC/POPS (4:1) LUVs, which suggests that the Trp
residue partitions better and/or inserts further into PG-containing membranes than into PS-containing
membranes (Table 7). Despite the blue shift in the fluorescence emission spectra of all the peptides
when in the presence of negatively-charged membranes, no increase in quantum yield was detected
(data not shown). This could be explained by fluorescence quenching induced by neighboring amino
acid side chains, local carbonyl groups [58], or through photon re-absorption between Trp residues of
neighbor peptides molecules due to their closer proximity once inserted into lipidic membranes.

2.5.3. Insertion of Trp Residue into Model Membranes

The in-depth location of the Trp residue of tachyplesin peptides bound to lipid membranes was
investigated using fluorescence quenching methodologies. Acrylamide, an aqueous quencher unable
to partition into lipid bilayers, was used to quench the fluorescence of Trp residues exposed to the
aqueous solution. If the Trp residue inserts into the lipid bilayer, it becomes inaccessible to quenching
by the aqueous-soluble acrylamide. In addition to acrylamide quenching, we used the lipidic quenchers
5- and 16-doxyl stearic acids (5DS and 16DS) to gain information on the in-depth location of TI and
cTI within the membrane. The acids 5- and 16DS are fatty acids that insert into the lipid bilayer and
possess the quencher moiety, nitroxide, located at carbon 5 and 16 of the fatty acid chain, respectively.
The proximity of the nitroxide moiety to the Trp residue is required for quenching of its fluorescence
emission; thus, comparison between the 5- and 16DS quenching efficacies gives information on the
location of the Trp residue when the peptide is partitioned into membranes [60,61]. Changes in the Trp
fluorescence emission of individual peptides were followed upon titration with each of the quenchers.
The fluorescence emission intensity in the absence and presence of the quencher (I0/I) were plotted
as a function of the quencher concentration and used to determine the Stern-Volmer constants (KSV)
(Figure 6), which are proportional to the accessibility of the quencher to the fluorophore.

A reduction in the slope (KSV) of the fitted data points in the presence of lipids, compared to the
aqueous solution, indicates the reduced quenching efficacy by acrylamide. The percentage of Trp
accessible to acrylamide was estimated by the ratio of KSV obtained in the presence and absence of
LUVs, assuming that the Trp residue is fully exposed to acrylamide when the peptide is in an aqueous
solution. Acrylamide quenched the Trp fluorescence emission of both TI and cTI with a similar efficacy
in the buffer and in the presence of 1 mM POPC LUVs (Figure 6a, Table 8). These results show that
when TI and cTI are bound to POPC, their Trp residue is accessible to acrylamide and likely to be
exposed to the aqueous environment. In contrast, when in the presence of 1 mM POPC/POPS (4:1),
the Trp fluorescence emission of TI and cTI was not efficiently quenched by acrylamide, suggesting that
their Trp residue is not accessible to acrylamide. A similar result is expected for all the analogues given
the lack of insertion of the Trp residue of TI–TIII and of cTI–cTIII when bound to POPC membranes

129



Int. J. Mol. Sci. 2019, 20, 4184

and the large blue shift in the fluorescence emission spectra of the Trp residue of all the analogues
when bound to POPC/POPS (4:1) membranes (see Table 7).

 

Figure 6. The effect of aqueous (acrylamide) and lipidic (5DS and 16DS) quenching on the
tryptophan fluorescence intensity to investigate peptide in-depth location within model membranes.
(a) The Trp fluorescence emission of 12.5 μM cTI in aqueous solution or in the presence
of LUVs (1 mM POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 1 mM POPC/POPS
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; 4:1), 0.1 mM POPC/POPS (4:1) or 0.1 mM
POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; 4:1)) in the absence (I0) and upon
titration with increasing concentrations of acrylamide (I). Data are shown as Stern-Volmer plots (i.e.,
I0/I versus concentration of quencher). (b) Quenching of Trp fluorescence emission of 12.5 μM TI and
cTI incorporated in 1 mM POPC/POPS (4:1) membranes by 5DS or 16DS.

Table 8. Fluorescence quenching of 12.5 μM tachyplesin I-III (TI-TIII) or cylic tachyplesin I-III (cTI-cTIII)
by acrylamide.

Acrylamide Accessibility (%) 1

1 mM 1 mM 0.1 mM 0.1 mM

Peptide POPC POPC/POPS (4:1) POPC/POPS (4:1) POPC/POPG (4:1)

TI 90.5 ± 4.3 16.2 ± 21.9 72.3 ± 3.9 54.2 ± 5.8
TII 76.2 ± 3.2 56.8 ± 6.9
TIII 82.1 ± 4.7 75.4 ± 4.6
cTI 103.8 ± 2.3 22.5 ± 14.3 32.3 ± 8.3 32.0 ± 4.1
cTII 61.4 ± 5.5 36.1 ± 7.7
cTIII 48.7 ± 6.5 46.2 ± 5.7

1 Tryptophan accessibility of tachyplesin I-III (TI–TIII) and cyclic tachyplesin (cTI–cTIII) in the
presence of LUVs (1 mM POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine), 1 mM POPC/POPS
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; 4:1), 0.1 mM POPC/POPS (4:1) or 0.1 mM POPC/POPG
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol; 4:1)) to the aqueous quencher acrylamide. The accessibility of
the Trp residue to the quencher was calculated from the Stern-Volmer constants, KSV, which were derived from the
linear fit of the data points (Equation (1)) of the peptide in buffer and peptide in the presence of lipids (see Figure 6a).
Full exposition (100%) of the Trp residue to an aqueous environment was assumed in the buffer.

To identify potential differences between the six analogues, we monitored the quenching of
Trp fluorescence emission by acrylamide in the presence of 0.1 mM POPC/POPS (4:1) or of 0.1 mM
POPC/POPG (4:1) membranes. In the presence of 0.1 mM POPC/POPS (4:1) LUVs, acrylamide
quenched the Trp fluorescence emission of TI–TIII with a higher efficacy than that of the cyclic
analogues, suggesting that the Trp residue of cTI–cTIII is more protected from acrylamide. The Trp
of the native tachyplesin peptides was less accessible for quenching in the presence of 0.1 mM
POPC/POPG (4:1) LUVs compared to 0.1 mM POPC/POPS (4:1) LUVs through insertion into the
membrane. The accessibility of the acrylamide to the Trp residues of the cyclic analogues remained
approximately the same with both lipid systems (Table 8). These results suggest that when compared at
the same lipid concentrations, more TI–TIII are inserted into POPC/POPG (4:1), than into POPC/POPS
(4:1) membranes, whereas the cyclic analogues did not distinguish between the two negatively-charged
lipid mixtures.
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Comparison of the quenching efficacy by 5DS and 16DS tested with POPC/POPS (4:1) bilayers,
showed that 16DS quenched the Trp fluorescence emission of TI and cTI with a higher efficacy than
5DS, which was particularly evident for the cyclic analogue (see Stern-Volmer plots and KSV values in
Figure 6b, Table 9). The higher quenching efficacy induced by 16DS suggests that the Trp residue of
TI and of cTI is located within the hydrophobic core of the POPC/POPS (4:1) bilayers. The negative
deviation to the linearity (see Figure 6b and fb values in Table 9) suggests that the Trp residue of a
fraction of peptide molecules is not accessible to the quenchers. This can be an indication of peptide
molecules adopting different orientations within the membrane; nevertheless, the average location of
the Trp residue of cTI and TI confirms that both peptides have their Trp residue deeply inserted and, in
particular, the cyclic analogue. Overall, these results suggest that the Trp residue of cyclic analogues
partitioned with a higher efficacy and/or were inserted deeper into anionic lipid bilayers, than parent
tachyplesin peptides (Figure 7).

Table 9. Fluorescence quenching of tachyplesin I (TI) and and cyclic tachyplesin I (cTI) partitioned into
1 mM POPC/POPS (4:1) LUVs by the quenchers 5DS and 16DS. 1.

5DS 16DS

Peptide KSV (M−1) fb KSV (M−1) fb Z (Å) 2

TI 3.7 ± 1.3 0.63 ± 0.57 19.6 ± 4.3 0.74 ± 0.37 8.8
cTI 4.9 ± 1.8 0.61 ± 0.54 26.3 ± 7.1 0.83 ± 0.52 5.5

1 The KSV and fb (the fraction of light emitted by the peptide accessible to the quencher) were determined using the
Lehrer equation (Equation (2)). 2 The calculated average distance, Z in Å, of the Trp residue from the bilayer center
was determined using the parallax method (Equations (3) and (4)) [62].

 

Figure 7. Schematic representation of the proposed orientations of tachyplesin peptides and cyclic
analogues, when inserted into negatively-charged membranes based on the tryptophan fluorescence
quenching, results with 5- and 16DS. The phospholipids in grey represent PC headgroups and the
phospholipids in red represent PS headgroups. The peptides have a backbone length of approximately
25 Å (measured in PyMol) and are able to span across a lipid monolayer. Other orientations are possible.
The distribution of the 5DS and 16DS quencher within a phospholipid bilayer was illustrated based on
previous publications [60,63].
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3. Discussion

In this study we demonstrated the high structural homology of the three tachyplesin peptides
TI, TII and TIII. The primary sequence of these peptides differs only between Lys or Arg residues at
positions 1 or 15, and both of these positions are located close to the flexible peptide termini. The cyclic
analogues cTI, cTII and cTIII share a high structural homology with each other and with their respective
parent peptide, but the backbone cyclization reduced the range of motion of the amino acid side chains
located in the region of the termini (see Figure 1d).

TI–TIII and cTI–cTIII were active against representative Gram-positive and Gram-negative bacteria
at low micromolar MICs (see Table 3). The antimicrobial activities of the three tachyplesin peptides were
similar, as were the activities of the three cyclic analogues; however, differences were observed between
the two groups. Overall, the parent tachyplesin peptides exhibited stronger antimicrobial activities
than the cyclic analogues against all bacteria tested in the planktonic growth form. The Gram-negative
E. coli strains were more sensitive to the peptides than the Gram-positive S. aureus strains. Against the
S. aureus biofilm (see Figure 3 and Table 4), the tachyplesin peptides were>5-fold less active compared to
the planktonic cells, likely due to the reduced accessibility of the peptides to the bacterial cell in biofilm
form or the low ability of the peptides to penetrate the extracellular matrix of exopolysaccharides
and access the cells [64]. The activities of the tachyplesin peptides against biofilms are comparable
to other tested antimicrobial peptides [53]. The efficacy against the biofilms could be increased by
using higher concentrations of the tachyplesin peptides or by using the peptide in combination with
other antibiofilm or extracellular matrix disrupting agents [65]. Interestingly, TIII had been previously
shown to prevent the formation of a Pseudomonas aeruginosa biofilm in a rat model of ureteral stent
infection [66]; thus, even if the peptides cannot be used to completely disrupt the biofilm at the tested
concentration, they could be useful for preventing biofilm formation on biomedical devices [67].

TI–TIII and cTI–cTIII peptides had a higher efficacy against the melanoma cell lines MM96L,
HT144 and WM164 than to non-cancerous cells or the HeLa cervical cancer cell line (see Table 5).
Interestingly, the cyclic tachyplesin analogues were more active against the cervical cancer cell line
HeLa, than the parent tachyplesins. Differences in membrane composition between the different cells
might explain the selectivity of the six analogues for melanoma over other cell lines [43], whereas a
variation in the lipid-binding affinity and orientation within the membrane between parent versus
cyclic analogues might explain more subtle differences observed against individual cell lines.

The experiments with model membranes confirmed the preference of all peptides for
negatively-charged membranes (see Figure 4). TI, and its cyclized analogue cTI had a higher
affinity for the negatively-charged POPC/POPS (4:1) than for neutral POPC bilayers, as shown in SPR
experiments. cTI bond stronger and dissociated slower from POPC/POPS (4:1) and POPC bilayers
than TI; however, TI disrupted both lipid bilayers with a higher efficacy than cTI. The ability of
tachyplesin peptides to disrupt negatively-charged and neutral membranes with higher efficacy than
their respective cyclic analogues, corroborates with their higher antimicrobial and hemolytic activities.

The fluorescence spectroscopy experiments show that the Trp residue of all six tachyplesin
analogues partition and/or insert deeper into POPC/POPG (4:1), than into POPC/POPS (4:1) lipid
bilayers (see Figure 5); in contrast, SPR studies show that cTI has a slightly higher affinity for
POPC/POPS (4:1) than for POPC/POPG (4:1) membranes. This apparent contradiction emphasizes that
specific phospholipid headgroups and membrane composition play a role in regulating and fine-tuning
peptide-lipid binding interactions and the location of specific residues within the membrane.

The orientation of the peptide bound to membranes might also be affected by the phospholipid
headgroup. When TI–TIII and cTI–cTIII were bound to neutral model membranes, their tryptophan
residue did not insert into the bilayer. These results support an orientation in which both parent and
cyclic tachyplesin peptides are parallel to the water-lipid interface, or with an orientation in which the
β-turn (Y8-I11) inserts into the hydrophobic region. In the presence of negatively-charged membranes,
the Trp residue of both parent and cyclic tachyplesin peptides partitioned into the membrane. However,
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the Trp residue in cyclic peptides cTI–cTIII seemed to be more deeply inserted into the bilayer and less
exposed to the aqueous environment (see Figure 6, Tables 8 and 9).

Previous studies detected minor alterations to the peptide backbone of TI: the bending of the
termini when the peptide was in contact with lipid membranes [36,68]. Doherty et al. [69] suggested
that large amplitude motions of TI in the plane of the lipid membrane are essential for translocation,
pore formation and membrane disruption. Since backbone cyclization impacts the flexibility of the
termini region, cyclic tachyplesin analogues could be more restricted in the conformational changes
of their backbone upon interaction with the membrane. The lower flexibility in the termini region
might explain the lower ability of the cyclic analogue cTI to disrupt lipid bilayers compared to the
parent tachyplesin. Furthermore, backbone cyclization created a second turn (Y17-W2) at which the
Trp residue is located (see Figure 1d). The cyclic tachyplesin peptides are likely to insert deeply
into the lipid membrane with the second turn (Y17-W2) inserting close to the center of the bilayer
(see Figure 6 and Table 9), whereas in the parent peptides, the Trp residue is slightly closer to the
membrane interface. A shallower location of the Trp residue could result from the parent peptides
adopting a tilted orientation within the membrane (see Figure 7). Differences in the orientation of
the peptides when inserted into lipid membranes could explain the higher membrane-disruptive
properties and hemolytic activity of TI, compared to cTI (see Figure 4c and Table 6).

Backbone cyclization was shown to increase stability to proteolytic degradation, reduce membrane
disruption and decrease hemolysis (see Figure 2). Interestingly, cTII has a slightly higher hemolytic
activity compared to cTI and cTIII. cTII has an Arg residue at position 1 and a Lys at position 15, whereas
cTI and cTIII have Lys residues at position 1. Arg and Lys residues establish different interactions with
the phospholipid headgroups. The side chain of Arg residues can establish hydrogen bonds (H-bond)
with two phospholipid headgroups, whereas the side chain in Lys residues can only form one H-bond.
In contrast to Lys, Arg residues can form an H-bond through their side chains while being involved
in cation-π-interactions [70]. Taking into consideration the increased toxicity of cTII due to an Arg
residue, a Lys residue at position 1 favors the selectivity towards cancer cells.

In conclusion, TI–TIII and their cyclized analogues cTI–cTIII have high structural homology.
Backbone cyclization increased peptide stability against proteolytic degradation, reduced the flexibility
of amino acid side chains located in the terminal regions (i.e., R/K1, W2), and hemolytic activity while
maintaining potent anticancer and antimicrobial activities. Since high resistance to proteolysis and low
toxicity for host cells are preferred properties for peptide-based drug templates, the cyclic analogues
have a higher potential than the parent counterparts, despite a possible loss of potency depending on
the target. The Arg at position 1 of the amino acid sequence of TII and cTII proved to be non-beneficial
for reducing hemolytic activity and improving selectivity for cancerous cells. Thus, cTI and cTIII have
a higher potential than cTII as peptide-based anticancer drug templates. We also found that melanoma
cell lines are more susceptible to the treatment with the tachyplesin peptides than the cervical cancer
cell line HeLa. Systematic changes of the amino acid sequence might be applied to further increase
the selectivity and/or anticancer activity of cyclic tachyplesin analogues (i.e. cTI or cTIII) to target
specific cancers.

4. Material and Methods

4.1. Peptide Synthesis, Folding and Purification

The synthesis, folding and purification of synthetic peptides were carried out as previously
described [42,71]. Briefly, the peptides were synthesized using 9-fluorenylmethoxycarbonyl (Fmoc)
solid-phase peptide synthesis (SPPS) on an automatic peptide synthesizer (Symphony, Protein
Technologies Inc., Tucson, USA). Rink amide resin was used for the synthesis of parent tachyplesin
peptides and 2-chlorotrityl (2-CTC) resin for the backbone cyclized analogues. The peptides were
oxidized overnight in 0.1 M ammonium bicarbonate buffer at pH 8.5 and purified using reverse-phase
HPLC (solvent A: H2O, 0.05% (v/v) trifluoroacetic acid (TFA), solvent B: 90% (v/v) acetonitrile,
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0.05% (v/v) TFA) until the desired purity of >95%. The correct peptide mass was confirmed with
ESI-MS, while native disulfide connectivity was inferred from the dispersion of peaks in the 1D NMR
spectra using a Bruker Avance 600 MHz spectrometer (Billerica, USA). The peptide concentration was
determined from the absorbance at 280 nm (E280 = 8730 M−1.cm−1 as estimated extinction coefficient
based on the contribution of Tyr and Trp residues, and disulfide bonds).

4.2. NMR Spectroscopy

For the structural analysis of TI–III and cTI–III, peptide (1 mg/mL) was dissolved in H2O/D2O
(10:1, v/v) and the pH adjusted to pH 4–5. 1D 1H spectra, two-dimensional total correlated spectroscopy
(TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) were acquired with a Bruker Avance
600 MHz NMR spectrometer (Billerica, USA) at a temperature of 298 K. Additional spectra for 1H-13C
HSQC and 1H-15N HSQC in H2O/D2O (10:1, v/v) and exclusive correlation spectra (E.COSY) in D2O
were acquired. Spectra were referenced to an internal standard 2,2-dimethyl-2-silapentone-5-sulfonate
(DSS) at 0 ppm. CYANA 3.97 was used to automatically calculate and refine structures based on
distance restraints derived from the NOESY spectra [72], and torsion angles (φ and ϕ) generated
using TALOS-N and Hα, Cα, Cβ, HN chemical shifts derived from NOESY, 1H-13C HSQC and 1H-15N
HSQC spectra [73]. Several χ1 side-chain angle restraints were added based on E.COSY and NOESY
data. A final set of structures was generated with CNS [74] using torsion angle dynamics, refinement
and energy minimization in explicit solvent. Final structures were assessed for stereochemical quality
using MolProbity [75].

4.3. Serum Stability

The serum stability assay was carried out as previously described [42] with some modifications.
Briefly, tachyplesin variants were incubated in 25% (v/v) human serum diluted in phosphate-buffered
saline (PBS) at a final concentration of 50 μM at 37 ◦C. Triplicates were collected at time 0 h and 24 h and
the serum proteins were precipitated with acetonitrile (1:3 ratio) supplemented with 3% TFA. Samples
were kept on ice for 10 min before centrifugation at 17,000× g for 10 min at 4 ◦C. The peptide containing
supernatant of each sample was harvested and quantified using RP-HPLC (10 to 45% solvent B, 1%/min
gradient). The percentage of peptide stability in human serum was calculated by comparing the area of
the peptide peak obtained at 24 h to that at time 0 h. A linear peptide containing 18 amino acid residues
(KGGGGSGQLIDSMANSFV) was included as a control susceptible to proteolytic degradation.

4.4. Hemolytic Studies

A small amount of blood was collected from three healthy human donors. The blood was
immediately diluted in PBS and centrifuged 4–5 times for 1 min at 4000 rpm to wash and separate the
human red blood cells (RBCs). RBCs suspension (0.25% (v/v) in PBS) was incubated with peptides with
two-fold serial dilutions of the peptide (highest concentration tested was 128 μM, and the lowest was
0.25 μM) in a 96-well plate. Melittin, a membrane disruptive peptide, was used as control. The plates
were incubated for 1 h at 37 ◦C. After incubation, the plates were centrifuged for 5 min at 1000 rpm to
pellet any non-lysed RBCs. A total of 100 μL of the supernatant were transferred to a new 96-well
plate [76]. The hemoglobin released into the supernatant from lysed cells was measured by absorbance
at 415 nm using the Tecan infinite M1000Pro multiplate reader (Männedorf, Switzerland).

4.5. Cell Culture

Cells were grown in cell culture flasks and incubated in a humidified atmosphere (5% CO2,
37 ◦C). The cancer cell lines HeLa and the control cell line HaCaT were grown in a DMEM medium
supplemented with 1% (v/v) penicillin/streptomycin and 10% (v/v) fetal bovine serum (FBS). The cancer
cell lines MM96L, HT144 and WM164 were grown in a RPMI medium supplemented with 1% (v/v)
penicillin/streptavidin, 10% (v/v) FBS, 20 mM l-glutamine, and 10 mM sodium pyruvate. Cell cultures
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were maintained by dilution upon reaching confluence, each 48–72 h. More information about the cell
lines [77] is available in Tables S2 and S3.

4.6. Cytotoxicity Assays

Cells were seeded into 96-well flat-bottom plates at 5 × 103 cells/well and incubated overnight.
The medium was removed and replaced with 90 μL serum-free medium, 10 μL of 10x concentrated
peptide solutions in PBS were added. PBS was added as blank and 0.1% (v/v) Triton X-100 was used to
establish 100% of cell death. After 2 h incubation at 37 ◦C, 10 μL of filtered 0.05% (w/v) resazurin solution
was added to each well [70]. Resazurin is converted to the pink and fluorescent compound resorufin by
viable cells [78]. After incubation overnight, the fluorescence intensity (λex = 565 nm and λem = 584 nm)
was measured with the Tecan infinite M1000Pro multiplate reader (Männedorf, Switzerland).

The selectivity was calculated through the activity-toxicity index (ATI) [46]. ATI =MHC/MCC50,
with MHC being the minimal concentration necessary to induce 10% or 50% cell death in human red
blood cells and MCC50 the median of cytotoxic concentrations (CC50) of all tested melanoma cell lines.

4.7. Antimicrobial Studies

S. aureus ATCC 25923, S. aureus ATCC 6538, E. coli ATCC 25922, and E. coli DC2 CGSC 7139 were
grown in Mueller Hinton Broth (Sigma Aldrich, St. Luis, USA). Bacterial cultures in the exponential
growth phase were diluted to an OD600nm of 0.001 and seeded into 96-well plates. Peptides at different
concentrations, starting at 64 μM and with two-fold serial dilutions (i.e., 64, 32, 16, 8, 4, 2, 1, 0.5, 0.25,
0.125 and 0.0625 μM), were incubated with cells [43]; 0.05% (v/v) resazurin was added to the cultures
the next day and the conversion to resorufin was measured after 1 h of incubation at 37 ◦C using a
565 nm excitation and 584 nm emission wavelength, as above.

4.8. Biofilm Studies

S. aureus ATCC 6538 (1 × 106 cfu/mL) was cultured in Tryptic Soy Broth, containing 0.25% (w/v)
glucose and incubated in 96-well microtiter flat-bottomed polystyrene plates for 24 h at 37 ◦C. Preformed
biofilms were then washed with Mueller Hinton Broth to remove non-adherent cells. Two-fold serial
dilutions of each peptide (highest concentration tested was 32 μM and lowest was 0.25 μM) were
added to the biofilms for 4 h. Untreated 24 h preformed biofilms were used as a control. The metabolic
activity of biofilm-embedded cells was determined using a resazurin reduction fluorometric assay as
previously described [53].

4.9. Lipid Vesicle Preparation

Mixtures with synthetic lipids (POPC, POPS, POPG, Avanti Polar Lipids) or E. coli lipid extract
(Avanti Polar Lipids, Alabaster. USA) were extruded in HEPES buffer (10 mM HEPES, 150 mM NaCl,
pH 7.4) to produce lipid vesicles, as previously described [43,79]. LUVs (Ø ≤ 100 nm) were used in
fluorescence spectroscopy assays and small unilamellar vesicles (SUVs, Ø ≤ 50 nm) for SPR.

4.10. Fluorescence Spectroscopy Assays

Fluorescence emission spectra (300–400 nm, excitation at 280 nm, slits 3/3 mm) of 12.5 μM peptide
and l-Trp in HEPES buffer (in quartz cuvettes, path length of 0.5 cm) were scanned upon titration with
LUVs composed of various lipid compositions (up to 3 mM POPC, and up to 1.5 mM POPC/POPS (4:1)
or POPC/POPG (4:1)) [80] using a FluoroMax-4 spectrofluorometer (Horiba, Kyoto, Japan). Integrated
areas of the fluorescence emission spectra were corrected for fluorophore dilution and light dispersion
due to titration with LUVs suspension; the blank was discounted.
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4.11. Quenching of Tryptophan Fluorescence

The membrane in-depth location of the Trp residue within the peptides was followed using
Acrylamide (Sigma Aldrich, St. Luis, USA) and 5- and 16-DS (Sigma Aldrich, St. Luis, USA).
Quenching induced by acrylamide was monitored with 12.5 μM peptide in a HEPES buffer, in the
presence of 1 mM of POPC, 0.1 mM POPC/POPS (4:1), 1 mM POPC/POPS (4:1), or 0.1 mM POPC/POPG
(4:1) titrated with increasing concentration of acrylamide [81]. The fluorescence emission spectra
were determined with an excitation wavelength of 290 nm to reduce the quencher/fluorophore light
absorption ratio. The fluorescence emission spectra area was corrected for the inner filter effect [82]
due to increased absorbance of acrylamide. Data points were analyzed using the Stern-Volmer
representation (Equation (1)), the KSV is determined from the slope.

I0

I
= 1 + KSV [Q] (1)

A total of 12.5 μM of TI, or of cTI, in HEPES buffer and 1 mM POPC/POPS (4:1) were titrated with
increasing concentration of 5DS, or of 16DS. The fluorescence emission spectra area was corrected for
the inner filter effect [82] due to increased absorbance of 5-,16DS. The effective concentration of 5DS and
16DS in the lipid bilayer was calculated: partition coefficients of 5DS and 16DS into fluid membranes
are 89,000 and 9730, respectively [59,81]. The data points had a negative deviation to linearity and the
KSV was determined by fitting the data with the Lehrer equation (Equation (2)) [59,81].

I0

I
=

1 + KSV [Q]

(1 + KSV [Q])(1− fB) + fB
(2)

I0 = fluorescent intensity in buffer
I = fluorescent intensity in presence of quencher
KSV = Stern-Volmer constant
[Q] = quencher concentration
f B = fraction of light accessible to the quencher = I0,B

I0
I0,B = fluorescent intensity of the accessible population of the quencher when [Q] = 0

The average distance of the Trp residue from the bilayer center (Å) was determined using the
parallax method [62] following the equation,

z1F =

(
1
−πC ln F1

F2
− L2

21

)

2L21
(3)

zcF = z1F + Lc1 (4)

in which the z1F is the distance between the Trp residue and the quencher moiety in 5DS, L21 is the
distance between the quencher groups in 5 and 16DS (5 Å), F1 is the fluorescence of 12.5 μM of TI,
or of cTI, in the presence of 1 mM POPC/POPS (4:1) and 0.4 mM 5DS, F2 is the fluorescence of 12.5 μM
of TI, or of cTI, in the presence of 1 mM POPC/POPS (4:1) and 0.4 mM 16DS. C is the molar fraction
of quencher within the total lipid concentration per unit area (assuming the surface of lipid to be
70 Å2) [62]. zcF is the distance between the Trp residue and the center of the bilayer, Lc1 is the distance
between the center of the bilayers and the quencher group of 5DS (15 Å).

4.12. Surface Plasmon Resonance (SPR)

SPR was used to investigate the affinity and binding kinetics of peptides to membranes of different
compositions. The experiments were conducted with an L1 biosensor chip (GE Healthcare) at 25 ◦C
using a BIAcore 3000 instrument (GE Healthcare, Chicago, USA) [83,84]. The HEPES buffer was used
for sample preparation and as a running buffer. Lipid bilayers were immobilized onto L1 chip by
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injection of SUVs at a flow rate of 2 μL/min. Peptide samples with two-fold serial dilutions (the highest
concentration tested was 64 μM and the lowest was 1 μM) were injected over the lipid bilayer at a
flow rate of 5 μL/min. Association of the peptides onto the lipid bilayer was followed for 180 s and
the dissociation from the lipid for 600 s. The BIAeval software was used to analyze the sensorgrams.
The response units (RU) were normalized to the peptide-to-lipid ratio (P/L); the P/L obtained at a fixed
time point at the end of the association curve (at 170 s), at which the response has reached a plateau
and the binding is close to equilibrium, was used to compare the affinity of the peptides to the different
lipid systems [84].

4.13. Vesicle Leakage Assay

LUVs (Ø ≤ 100 nm) were prepared with the HEPES buffer containing 40 mM of the fluorescent
5-carboxyfluorescein (CF, Sigma Aldrich, St. Luis, USA). LUVs filled with CF at self-quenching
concentrations were separated from the non-encapsulated dye on a Sephadex G-50 column equilibrated
with HEPES buffer [85]. The concentration of CF-LUVs was determined through a calibration curve
prepared from the original lipid mixture using Stewart’s assay (absorbance at 485 nm) [86]. Peptides
were incubated (25 ◦C, 20 min) at two-fold dilutions (starting at 10 μM) with LUVs (5 μM) in the
HEPES buffer in a 96-well flat-bottom black optiplates (Perkin Elmer, Waltham, USA). Vesicles and
peptides were incubated for 20 min in dark and the release of CF was measured in a Tecan infinite
M1000Pro multiplate reader using 490 nm as the excitation and 513 nm as emission wavelengths.

4.14. Statistical Analysis

Values (mean or fit ± SEM) were analyzed in GraphPad Prism 7 to test for significant differences
in the cytotoxic activity of the peptides. The multiple t-test function with the Holm–Sidak method was
applied when indicated. P values below 0.05 were considered to be significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/
4184/s1.
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1D One-dimensional
2-CTC 2-chlorotrityl resin
3D Three-dimensional
ACN Acetonitrile
ATI Activity/toxicity index
ATTC American Type Culture Collection
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BMRB Biological magnetic resonance data bank
CC Cytotoxic concentration
CF 5-carboxyfluorescein
cTI Cyclic Tachyplesin I
cTII Cyclic Tachyplesin II
cTIII Cyclic Tachyplesin III
cTI–cTIII Cyclic Tachyplesin I, II and III
DS Doxyl-stearic acid
E.COSY Exclusive correlation spectra
ESI-MS Electrospray ionization mass spectroscopy
FBS Fetal bovine serum
Fmoc 9-fluorenylmethoxycarbonyl
HC50 Hemolytic concentration necessary for 50% lysis of RBCs
HDP Host defense peptide
KSV Stern – Volmer constant
LPS Lipopolysaccharide
LUV Large unilamellar vesicle
MCC Minimal cytotoxic concentration
MHC Minimal hemolytic concentration
MIC Minimal inhibitory concentration
NMR Nuclear magnetic resonance
NOESY Nuclear Overhauser effect spectroscopy
PBS Phosphate buffered saline
PDB Protein data bank
PC Phosphatidylcholine
PS Phosphatidylserine
PG Phosphatidylglycerol
P/L Peptide-to-lipid ratio
POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
RBCs Red blood cells
RP-HPLC Reverse-phase high-performance liquid chromatography
RT Retention time
RU Response unit
SEM Standard error of mean
SPPS Solid phase peptide synthesis
SPR Surface plasmon resonance
SUV Small unilamellar vesicle
TI Tachyplesin I
TII Tachyplesin II
TIII Tachyplesin III
TI–TIII Tachyplesin I, II and III
TFA Trifluoroacetic acid
TOCSY Total correlated spectroscopy
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Abstract: Psd1 is a pea plant defensin which can be actively expressed in Pichia pastoris and shows
broad antifungal activity. This activity is dependent on fungal membrane glucosylceramide (GlcCer),
which is also important for its internalization, nuclear localization, and endoreduplication. Certain
cancer cells present a lipid metabolism imbalance resulting in the overexpression of GlcCer in
their membrane. In this work, in vitroassays using B16F10 cells showed that labeled fluorescein
isothiocyanate FITC-Psd1 internalized into live cultured cells and targeted the nucleus, which
underwent fragmentation, exhibiting approximately 60% of cells in the sub-G0/G1 stage. This
phenomenon was dependent on GlcCer, and the participation of cyclin-F was suggested. In a murine
lung metastatic melanoma model, intravenous injection of Psd1 together with B16F10 cells drastically
reduced the number of nodules at concentrations above 0.5 mg/kg. Additionally, the administration
of 1 mg/kg Psd1 decreased the number of lung inflammatory cells to near zero without weight loss,
unlike animals that received melanoma cells only. It is worth noting that 1 mg/kg Psd1 alone did not
provoke inflammation in lung tissue or weight or vital signal losses over 21 days, inferring no whole
animal cytotoxicity. These results suggest that Psd1 could be a promising prototype for human lung
anti-metastatic melanoma therapy.

Keywords: metastasis model of B16F10 melanoma; Pisum sativum defensin 1 (Psd1); anti-metastatic
activity; glucosylceramide (GlcCer); cyclin F

1. Introduction

Plant defensins (PDs) belong to the superfamily of cationic rich antimicrobial peptides (AMPs) [1]
and are produced by plants as part of their innate immunity [2]. To date, over 100 known plant
defensin primary sequences have been described [3]. They display low primary sequence homology,
apart from the cysteine residues that are common, two glycine residues (positions 12 and 33),
and aromatic residues (positions 10 and 41) related to Psd1 [4,5]. Nevertheless, the tertiary structures
of PDs show a common cysteine stabilized αβ-fold (CSαβ-fold), characterized by one α-helix and
three antiparallel β-sheets [1,6,7]. Because of their amphipathic characteristics, their ability to kill
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microorganisms can involve nonspecific electrostatic and hydrophobic interactions with positive
plasmatic membranes [8,9]. Additionally, membrane-specific targets for some plant defensins have
been described, such as phosphatidic acid, phosphoinositides, mannosylinositolphosphoryl-containing
sphingolipids, and glycosphingolipids (GSLs) [5,8,10–14].

Pisum sativum defensin 1 (Psd1) is a 46-amino acid residue plant defensin isolated from pea
seeds that presents well-documented antimicrobial activity against several fungal species [4,7,15–17].
The mechanism of action proposed for Psd1 antifungal activity includes its interaction with specific cell
wall/membrane lipid targets, such as C8-desaturated and C9-methylated glucosylceramide (GlcCer),
a fungal exclusive GSL, and ergosterol [8,11,16]. NMR spectroscopy analysis has demonstrated
that Psd1 activity is intimately linked to its structure, with glycine 12 anchored in the first loop
(residues 7 to 17) and histidine 36 anchored in turn 3, which are important amino acid residues for
interaction with the fungal plasmatic membrane [15]. Nevertheless, Psd1 does not show good affinity to
cholesterol-enriched lipid bilayers, such as those found in mammalian cell membranes, which suggests
its high human therapeutic potential [5,16].

Previous results from our group using a yeast two-hybrid system revealed that cyclin F from
Neurospora crassa could be an intracellular partner for Psd1 [18]. At that time, we also described
that Psd1 was internalized in Fusarium solani planktonic cells, directing their cell cycle impairment
and causing fungal endoreduplication. Furthermore, we showed that the entrance of fluorescein
isothiocyanate FITC-labeled Psd1 in Candida albicans cells was dependent on GlcCer synthesis [8],
a dependence also shown for its full antifungal activity against Aspergillus nidulans [11].

In mammals, cyclin F is expressed during S phase and peaks during the G2 phase of the cell
cycle, which is considered an emerging factor in genome maintenance [19,20]. Cyclin F is also known
as F-box only protein 1 (FBXO1) with an F-box domain required for binding to Skp1. Skp1 recruits
Cul1 (and RBX1 with Cul1), forming the SCF ubiquitin ligase machinery that recruits the E2 ligase
for ubiquitylation of target substrates. It utilizes a hydrophobic patch within its cyclin box domain,
also known as the WD repeat domain, to bind the CY motif (RxL), also known as cyclin binding domain,
in the substrates following their ubiquitylation and degradation as a ribonuclease. Various cyclin F
substrates have been identified in the last decade, such as ribonuclease RRM2 [21], in order to ensure
genome stability and efficient DNA repair and synthesis [19]. Recently, Clijsters and colleagues showed
that the three activators of the E2F family of transcription factors, E2F1, E2F2, and E2F3A, key regulators
of the G1/S cell transitions, interact with the cyclin box of cyclin F, resulting in their degradation and
impairment in cell fitness [22]. The carboxy-terminal region of cyclin F is the regulatory module that
controls its nuclear and centrosome localization as well as its abundance during the cell cycle and
following genotoxic stress.

More recently, new functions have been reported for AMPs, including chemotactic,
immunomodulatory, oncolytic, and mitogenic activities, among others [9,23,24]. Indeed, some host
defense peptides that selectively target cancer cell membrane components have excellent tumor
tissue penetration and thus can reach the sites of both the primary tumor and distant metastases [25].
However, to date, only a few plant defensins have been reported to exhibit cytotoxic activity towards
cancer cells in vitro [26].

It is well known that cancer cells suffer lipid metabolic reprogramming [27] that can lead
to plasmatic membranes enriched with negatively charged phospholipid phosphatidylserine (PS),
as previously reported [28] in melanoma cells when compared to non-neoplastic cells. Additionally,
primary cultures and metastases in addition to other cancer types expose PS [29], in contrast to the
normally neutral outer leaflet of the plasma membrane.

More specifically, cancer cells suffer dysregulation of sphingolipid metabolism, and increased
expression of glucosylceramide synthase and the accumulation of glucosylceramide (GlcCer) in
multidrug-resistant tumor cells have been described [30–32]. GlcCer is a neutral sphingolipid composed
of a sphingoid base (or LCB, long chain base), a fatty acid chain and a glucose residue. It is found in most
fungi, except in Saccharomyces cerevisiae and Candida glabrata [33] and is conserved in higher eukaryotes,
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such as plants and mammals. They are essential for cellular structural integrity and regulating
the fluidity of the lipid bilayer and are involved in cell proliferation [34,35], differentiation [27,36],
and oncogenic transformation [37,38].

The properties described so far have classified Psd1 as a putative candidate for the development
of a prototype for cancer therapy, representing a novel family of oncolytic agents that can discriminate
between the neutral surfaces of non-cancerous cells and the negatively charged surfaces of cancer
membranes, being cytotoxic towards a broad spectrum of malignant cells without impairing normal
body physiological functions [26,39].

Thus, the main goal of this work was to test the cytotoxic effects of Psd1 against cancer cells
in vitro and in vivo using a mouse B16F10 lung metastatic model. We were able to demonstrate that
Psd1 decreased the viability of several cancer cells in vitro. Confocal images showed that Psd1 caused
permeabilization and was internalized in live cells, localizing to the nucleus. The participation of the
protein cyclin F as an intracellular partner was reinforced by surface plasmon resonance (SPR) analysis
and molecular docking when it was possible to detect several points of contact between these proteins.
For the first time, the eradication of mouse metastatic B16F10 cell lung nodules by the plant defensin
Psd1 was successfully recorded.

2. Results

2.1. Psd1 Presents Selective Cytotoxic Effects against Tumor Cells In Vitro

To investigate the cytotoxic activity of Psd1 on tumor cell viability, MTT-based colorimetric assays
were performed using murine skin melanoma (B16F10), human epidermoid carcinoma (A-431), and
healthy (Beas-2B, HEK, R8, HSP, and CHO) cell lines (Figure 1). Cell viability was detected by the
ability of viable cells to transform yellow tetrazolium salt into purple formazan crystals [40]. As shown
in Figure 1A, Psd1 significantly inhibited the viability of both types of tumor cells in a dose-dependent
manner after 24 h of treatment. A-431 cells had decreased growth in the presence of 12.5 μM peptide,
reaching a maximum reduction of 20% with 50 μM peptide. B16F10 cells were reduced to approximately
50% and 60% when treated with 25 and 50 μM of the peptide, respectively. In contrast, when Psd1 was
incubated with healthy human bronchial epithelial cells Beas-2B (Figure 1B), HEK-293, R8, HSP-2, and
CHO (Figure 1C) cells, no alteration in cell viability was observed even after 72 h of exposure in the
case of Beas-2B cells (Figure 1B).

The conserved Gly12 residue in defensins [1] is crucial for Psd1 antifungal activity [15]. Psd1 was
more effective against B16F10 cells, and therefore this lineage was chosen to evaluate the importance of
this residue in antitumor activity. For this, Psd1 Gly12Glu, with a glutamic acid at position 12 [15],
was incubated with B16F10 tumor cells for 24 h using the same previous concentrations (Figure 1D).
The mutant peptide was not able to interfere with B16F10 viability at any of the concentrations tested,
which is different from the results observed with native Psd1 (Figure 1A).
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Figure 1. Psd1 has cytotoxic activity against tumor cells but not against healthy cells in vitro by the
MTT assay. Cells lines (5 × 104 cells/well) were treated with different concentrations of Psd1 (3.125,
6.25, 12.5, 25, and 50 μM). Data were normalized against the untreated control, which was arbitrarily
assigned as 100% cell viability. (A) A-431 and B16F10 cells were treated with Psd1 for 24 h. Both tumor
cell lines had a significant reduction in viability in a dose-dependent manner. (B) Healthy Beas-2B cells
were treated with Psd1 for 24, 48, and 72 h. No significant difference was observed at any time tested.
(C) Cell viability of different mammalian health lineages by (lactate dehydrogenase) LDH release after
incubation with Psd1 for 3 h. Values are the mean ± SEM of two experiments performed in triplicate.
Psd1 at concentration of 6 μM was not tested against R8 cells. (D) B16F10 cells were incubated with
Psd1 Gly12Glu for 24 h. The mutant did not show cytotoxic activity against this lineage. (A,B,D) Values
are the mean ± SEM of two independent experiments performed in triplicate. Statistical significance
was determined using one-way ANOVA with Dunnett’s multiple comparison test compared to cells
without treatment. *** p < 0.001 for A431 cells in the presence of 12.5 μM, 25 μM, or 50 μM Psd1 and
### p < 0.001 for B16F10 cells in the presence of 25 μM or 50 μM Psd1.

2.2. Insights into the Action Mechanism of Psd1 Antitumor Activity

2.2.1. Psd1 Permeabilizes the Plasma Membrane and Induces Apoptosis in B16F10 Cells

Confocal fluorescence microscopy was performed to detect whether Psd1 promotes B16F10
cell death by membrane permeability and apoptosis induction (Figure 2). For this, a nuclear dye
impermeable to the plasma membrane, SYTOXGreen (SG), was used to monitor membrane integrity
changes caused by Psd1. Additionally, mitochondrial viability was monitored with MitoTrackerCMRos
dye accumulation, which is dependent upon membrane potential. In the absence of Psd1 (Figure 2A,
a–c), the existence of attached well-formed cells with projections and an intact whole plasma membrane
was observed. Further, intense MitoTrackerCMRos red marker indicated that the mitochondrial
membrane potential was normal [41] and that mitochondria were metabolically active (Figure 2A, a).
As expected, no SYTOXGreen fluorescence was detected (Figure 2A, b).
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Figure 2. Psd1 promotes B16F10 live cell membrane permeabilization as monitored by SYTOX Green
fluorescence. (A) Psd1 untreated and hydrogen peroxide-treated B16F10 cells. (B) A total of 1.5 × 104
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B16F10 cells were incubated with 3 or 50 μM Psd1 for 30 min. (C) 1.5 × 104 B16F10 cells were incubated
with 50 μM Psd1 for 1 h. All experiments were performed at 37 ◦C. Nucleus staining is shown in green
(SYTOXGreen), and mitochondria are shown in red (MitoTracker Red CMXRos). Images are shown
at 20× magnification. (D) Mean fluorescence intensities (MIF) of SITOXGreen fluorescence signals
showed in (A, b,e), (B, b,e), and (C, b) per cell number are time-dependent. ****, p < 0.0001 treatment
with 50 μM of Psd1 for 1 hour when compared with treatments with 3 and 50 μM of Psd1 for 30 min;
letter a, p < 0.0001 treatments with peroxide and Psd1 when compared with the absence of Psd1 using
one-way ANOVA and Bonferroni’s multiple comparison test. (E) Psd1 induces apoptosis in B16F10
cells. B16F10 cells were treated with 50 μM Psd1 for 24 h and labeled with propidium iodide, and the
DNA content was analyzed by flow cytometry for the sub-G0/G1 profile. At least two independent
experiments were performed.

Contrarily, treatment with 3 μM and 50 μM Psd1 for 30 min caused the entrance of SYTOXGreen
into the cell, resulting in intense green nuclear staining (Figure 2B, b/e). The green fluorescence signal
increased significantly when cells were treated with 50 μM for 1 h (Figure 2C, b), as observed in the
presence of hydrogen peroxide (Figure 2A, e), indicating that the promotion of membrane damage by
Psd1 was time-dependent. When SYTOXGreen fluorescent signals were normalized by cell number it
was possible to confirm a very significantly increase in treatment with 50 μM of Psd1 for 1 h when
compared with treatments with 3 and 50 μM of Psd1 for 30 min. (****, p < 0.0001) (Figure 2D).

This effect was accompanied by a lower mitochondria red marker, mainly in the presence of 50 μM
Psd1 for 30 min (Figure 2B, e). Surprisingly treatment with 50 μM Psd1 for 1 h, that displayed higher
SYTOX permeability, showed a brighter red fluorescence signal, probably due to the superposition of
SYTOXGreen and MitoTrackerCMRos dye signals inside the cells (Figure 2C, a). In addition, in this
situation B16F10 cells started to lose their adhesion capacity, assuming a less spread shape (Figure 2C, c).
Together, these results suggest that Psd1 altered the biophysical properties of plasmatic membrane of
the tumor cells, which could be accompanied by intracellular death signaling events such as oxidative
stress of mitochondria. However, more investigation about the mitochondrial effect caused by Psd1
treatment must be performed.

Also B16F10 cells treated with 50 μM Psd1 exhibited a high proportion of cells with sub-G0/G1
DNA content (~60%), as shown by flow cytometry (Figure 2D), which is indicative of cells undergoing
DNA fragmentation. Internucleosomal DNA fragmentation is one of the hallmarks of apoptosis and is
frequently used as a criterion for its detection [42]. Thus, these data corroborate the findings obtained
in the MTT assay (Figure 1A), suggesting that the decrease in cell viability of Psd1-treated B16F10 cells
is associated with the induction of apoptosis.

2.2.2. Psd1 Internalizes towards the Nucleus

The entrance of Psd1-FITC in the B16F10 live cells in real time was observed using spinning disk
confocal fluorescence microscopy (Figure 3). Before the addition of Psd1 (time zero), B16F10 cells
showed good plate adherence with nuclei well stained in blue (DAPI) and several mitochondria in
red (MitoTracker Red CMXRos) (Figure 3A, a/c-d), indicating cell viability and normal mitochondrial
transmembrane potential. No background concerning FITC signal was detected (Figure 3A, b). Then,
9 μM Psd1-FITC was added, and the same cell field was photographed for 2 h. After 30 min, it was
possible to detect few and faint green fluorescence signals in the nuclei, suggesting the entrance of
Psd1 in those cells (Figure 3A, g). The relative fluorescence of Psd1-FITC increased after 1 h (Figure 3A,
l). Psd1-FITC fully accumulated in the nucleus after 2 h of treatment, where intense bright green
fluorescent points were detected (Figure 3A, q). The nuclear location of Psd1 was confirmed by merging
the FITC and DAPI signals detected in merge and orthogonal views, as shown in the right panels
(Figure 3A, i, n, s (merge) and j, o, t (ortho)). Moreover, over time, it was possible to detect a decrease
in the red fluorescence intensity at real time (Figure 3A, c, h, m and r).
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Figure 3. Fluorescein isothiocyanate (FITC)-Psd1 was localized in the B16F10 live cell nucleus.
(A) B16F10 cells (1.5 × 104) were initially pre-stained with DAPI and MitoTracker Red CMXRos
followed by the addition of 9 μM Psd1-FITC. Images were acquired in real time every 10 min for two
hours at 100× magnification. (B) B16F10 cells in the absence of Psd1 (control time zero) and in the
presence of 9 μM Psd1 for two hours (Psd1 2 h) at 10× magnification. (C) The mean fluorescence
intensity (MIF) of MitoTracker and FITC-Psd1 labeled cells measured over time. Average values with
standard deviation (SD) of two independent experiments are reported.

Pictures showing B16F10 cells marked with MitoTracker Red CMXRos and FITC-Psd1 for 2 h in a
smaller order of magnitude were shown in Figure 3B. In this case it was possible to have an overview
of the Psd1 internalization phenomena in a larger number of cells. Quantification of the regions of
interest (ROI) relative to the mean fluorescence intensity (MFI) from the intensity of the pixels revealed
that simultaneously, the red fluorescence decreased and the green fluorescence increased (Figure 3C).
Together, these findings plus permeability results shown in Figure 2 strongly suggested that the Psd1
entrance caused loss of membrane barrier function, compromising the cell cycle and mitochondrial
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roles. However, it is not clear the order in which these events happened, that is, does the peptide need
to interact with nuclear targets and then trigger apoptosis events, collapsing the mitochondria, or this
occur just after membrane interaction? Additional experiments will be done to answer these questions.

2.2.3. Psd1 Entrance in B16F10 Cells is Glucosylceramide-Dependent

We evaluated whether glucosylceramide (GlcCer) could impact the entrance of
Psd1 in B16F10 cells by reducing its amount on the plasmatic membrane using
DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP) (Figure 4). PPMP is a
well-studied glucosylceramide synthase inhibitor [30,32,43–45] with several reports about its action in
B16 melanoma cells [30,46]. The amount of GlcCer in the plasmatic membrane was determined using
the red cholera toxin subunit B (CT-B) compound [47–49], which binds specifically to raft domains,
followed by treatment with an anti-CT-B antibody labeled with Alexa Fluor 594. As seen in Figure 4c,
cells treated with PPMP showed a significant reduction in the bright red signal (Figure 4c, +PPMP,
−Psd1) relative to that observed in PPMP-free cells (Figure 4a, −PPMP, −Psd1).

Figure 4. GlcCer reduction inhibits the entrance of FITC-Psd1 into B16F10 cancer cells. B16F10 cells (1.5
× 104) were incubated with or without 20 μM PPMP for 1 h followed by treatment with or without 9 μM
FITC-Psd1 for 2 h. Fixed cells were stained with Vybrant™ Alexa Fluor™ 594 and DAPI. (a) B16F10
cells without treatments (−PPMP, −Psd1); (b) B16F10 cells treated with Psd1 for 2 h (–PPMP, +Psd1
(2 h)); (c) B16F10 cells treated with PPMP (+PPMP, −Psd1); (d) B16F10 cells treated with PPMP plus
Psd1 (+PPMP, +Psd1 (2 h)). Pictures were acquired at 40× magnification. Inset zoom images are at
100×magnification. At least two experiments were performed independently.

As GlcCer is the majority neutral GSL (87% of total) in B16F10 cells [50] and one of the major
components of lipid rafts [51,52] we do believe that the diminished red fluorescent signal detected in
the presence of PPMP could reflect the decrease of glucosylceramide in B16F10 cell membranes.

The image in Figure 4b (−PPMP, +Psd1 (2 h)) clearly showed that in the absence of PPMP,
FITC-Psd1 was internalized into B16F10 cells being localized in the cells nuclei, confirmed by the
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superposition between green and blue dyes. Meanwhile when B16F10 cells were treated with PMPP
plus 9 μM Psd1 for 2 h (Figure 4d, +PPMP, +Psd1 (2 h)), a different profile was observed. Inthis new
situation the nuclear FITC-Psd1 green fluorescent signals were practically non-existent. Psd1 was kept
outside the cell and retained in the membrane, as noted by the green signals around the outside of the
cell (Figure 4d, +PPMP, +Psd1 (2 h), for details see the images insets with larger magnitude).

Together, the results using PPMP, a glucosylceramide synthase inhibitor, provided evidence that
GlcCer actively participates in the Psd1 interaction with the B16F10 membrane, internalization, and
further death signaling mechanisms.

2.3. Psd1–Cyclin F Interaction by Surface Plasmon Resonance (SPR)

Considering that cyclin F is an intracellular target for Psd1 in fungal cells [18], we evaluated
the specificity of their interaction in real-time by SPR. Recombinant cyclin F was immobilized on the
CM5 chip followed by a constant flow injection of Psd1. The obtained sensorgram revealed the cyclin
F/Psd1 interaction as a function of Psd1 concentration, indicating a dose-dependent effect (Figure 5A).
Increases in plasmon resonance signals (RU) due to protein–protein binding were observed 80 s after
Psd1 injection. This response indicated a very fast association phase that reached a plateau until
the injection ended. RU responses enhanced from zero to 2.5, 3.6, 11.5, 26, 64, and 119 RU when
concentrations of 10, 20, 40, 80, 160, and 240 μM Psd1 were tested, showing a closed, linear rise pattern
response. A full dissociation phase was observed when the injection of Psd1 ended, with all curves
returning to baseline levels. The results of global fitting using the 1:1 Langmuir model allowed us
to calculate an affinity constant (KD) of 1.5 mM, indicating that Psd1 interacts with cyclin F in this
cell-free system.

In parallel, in silico molecular docking was used to predict the best binding mode of Psd1 to
human cyclin F. This technique allows the generation of the most likely stable conformations and
orientations, named poses, of Psd1 within the cyclin F binding sites. The results are displayed in
Figure 5B. Psd1 fits into a small cavity of the cyclin F protein, with certain parts of its structure being
in contact with the F-box and cyclin substrate recruitment domains (left image). Most of the Psd1
defensin residues found in the interaction interfaces belonged to its loop regions (15 residues out of
24 found). Likewise, most of the cyclin F residues detected in the interface belonged to the F-Box
and cyclin domains (21 residues out of 30 found). The peptide–protein complex was formed by
the cumulative contribution of hydrogen bonds and electrostatic, hydrophobic and van der Waals
interactions, although its stability over time could not be evaluated (Figure 5B, right image, Table S1
and Video S1).

At the interfaces, a total of 15 hydrogen bonds between Psd1 and cyclin F were predicted. In the
defensin structure, most of the participating residues belong to the loop regions (7 residues out of 11,
namely, Leu6, Arg11, Gly12, Ala28, His29, Cys35, and Trp38), while in the cyclin F structure, a total of
11 residues took part in this type of interaction, with four residues belonging to the F-Box domain
(Tyr147, Lys171, His175, and Tyr177) and another four residing in the WD-repeat domain (Lys470,
Ile543, Glu545, and Arg546). Notably, both Arg11 of Psd1 and Tyr147 of cyclin F make three distinct
hydrogen bonds, which is more than any other residue in the complex. In addition to hydrogen bonds,
the protein–peptide interfaces exhibited several hydrophobic contacts. In the case of Psd1, all three
engaging residues resided in loops (Leu6, Val13, and Phe15). With respect to cyclin F, four residues
in total made meaningful contacts (Pro230, Pro233, Ile472, and Pro563). The inset zoom images in
Figure 5B (right) represent the hydrophobic contacts between Leu6 from Psd1 with prolines in positions
230 and 233 belonging to F-box domain of cyclin F, and Val 13 and Phe 15 from Psd1, with Ile 472 and
Pro 563 belonging to the cyclin domain of cyclin F. More details can be seen in Table S1 and Video S1.
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Figure 5. (A) The Psd1-cyclin F interaction was confirmed by surface Plasmon resonance SPR.
Sensorgram curves demonstrating the association and dissociation phases of immobilized cyclin F on
the CM5 chip surface with different concentrations of Psd1: 10 μM (black), 20 μM (orange), 40 μM
(purple), 80 μM (blue), 160 μM (green) and 240 μM (red). Each experimental condition was performed
at least twice. (B) The most favorable pose for the Psd1-cyclin F interaction predicted by molecular
modeling simulations. Left cartoon: Human cyclin F domains were designated in orange for the F-box
domain and green for the cyclin domain (also known as the WD domain); Psd1 secondary structures
are shown in blue for β-strands and yellow for α-helices attached by pale pink loops(Protein Database
Bank (PDB accession number 1JKZ). Right cartoon: Amino acid residues involved in the hydrophobic
interface clusters are highlighted by red balloons and shown in the inset zoom images (Leu 6 from Psd1
with Pro 230 and Pro 233 belonging to F-box domain of cyclin F, and Val 13 and Phe 15 from Psd1 with
Ile 472 and Pro 563 belonging to the cyclin domain of cyclin F).

2.4. Psd1 Impaired the Establishment of B16F10 Tumor Metastasis In Vivo

A well-characterized mouse model of experimental lung metastasis by intravenous injection of
B16F10 melanoma cells was used to evaluate the effect of Psd1 in vivo. Different concentrations of Psd1
were injected together with B16F10 cells into C57BL/6 mice via the tail vein. One group of animals
received only 1 mg/kg Psd1 to evaluate the possible toxicity of the peptide. Twenty-one days after
injection, the mice were sacrificed and assayed. The lung nodule quantification from all groups is
shown in Figure 6A, and representative lung images are shown in Figure 6B. Metastasis induction was
successfully achieved, showing an average of 43 nodules in the lungs of mice that received only B16F10
melanoma cells (Figure 6A,B, n = 20). A significant reduction in lung metastasis colonization after
treatment with Psd1 was achieved in a dose-dependent manner beginning at the dose of 0.5 mg/kg.
Treatment with 3.0 mg/kg Psd1 completely abolished tumor development (Figure 6A, 0.14 ± 0.14
nodules). The number of pulmonary nodules decreased by 75% and 88% when 0.5 mg/kg (10.2 ±
2.6 nodules) and 1.0 mg/kg (4.82 ± 1.88 nodules) Psd1 was used, respectively. Notably, animals that
received either phosphate buffer solution (PBS) pH 7.4 or 1.0 mg/kg Psd1 alone did not present lung
nodules during the experimental period (Figure 6A).
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Figure 6. Protective effects of Psd1 on a model of experimental lung metastasis in vivo. B16F10 mouse
melanoma tumors were established by intravenous injection of 2.5 × 105 B16F10 cells into C57BL/6
mice. (A) After 21 days, mice from each experimental group were sacrificed, and the number of visible
lung metastatic nodules was quantified. Treatment of the animals inoculated with melanoma cells
plus Psd1 caused a dose-dependent reduction in the number of lung metastases. Black lines represent
the mean ± SEM of two independent experiments analyzed by one-way ANOVA and Bonferroni’s
multiple comparison test. **** p < 0.0001 B16F10 vs. phosphate buffer solution (PBS); **** p < 0.0001
B16F10 vs. Psd1 1 mg/kg; **** p < 0.0001 B16F10 vs. just Psd1 1 mg/kg (without B16F10 cells); *** p <
0.001 B16F10 vs. Psd1 3 mg/kg; * p < 0.05 B16F10 vs. Psd1 0.5 mg/kg. (B) Representative images of lung
metastatic nodules from animals that received just PBS or B16F10 cells alone or together with 0.1 mg/kg
or 1 mg/kg Psd1. Bar = 2 mm. (C) Animal weights were acquired every two days. Weight variation
was calculated as (weight on that day (weight of the first day × 100 − 100)). Only the days with higher
weight differences between animals injected with only B16F10 cells and those that received cells plus
Psd1 or PBS alone are represented. All of the values represent the mean ± SEM of two independent
experiments analyzed by two-way ANOVA. *** p < 0.001 B16F10 vs. PBS at 7, 9 and 13 weeks; *** p <
0.001 B16F10 vs. Psd1 0.1 mg/kg at 9 weeks; ** p < 0.01 B16F10 vs. Psd1 0.1 mg/kg at 13 weeks; *** p <
0.001 B16F10 vs. Psd1 1 mg/kg at 9 and 13 weeks; ** p < 0.01 B16F10 vs. Psd1 1 mg/kg at 17 weeks; * p <
0.05 B16F10 vs. Psd1 1 mg/kg at 7 weeks; *** p < 0.001 B16F10 vs. Psd1 3 mg/kg at 7 and 9 weeks.
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The animal group that received just intravenous injection of PBS gained weight throughout the
experimental period, as expected (Figure 6C). Meanwhile, animals from the B16F10 group, which were
injected exclusively with B16F10 melanoma cells, showed a very large loss in body weight compared
with the PBS group, being more pronounced on the ninth day. After this point, their weights partially
recovered but remained lower than the other groups. Animals that received B16F10 cells plus 0.1, 1,
and 3 mg/kg Psd1 showed a similar pattern as those injected with PBS; that is, these animals gained
weight throughout the assay. The results obtained in the presence of 1 and 3 mg/kg Psd1 are consistent
with less lung metastatic nodules occurring in these animals. However treatment with 0.1 mg/Kg
was not effective in reducing the number of nodules but was effective in reducing their size when
compared to animals that just received B16F10 cells (that not shown).We do believe that in this case
these smaller nodules were not enough to trigger the pathways responsible to lose detectable weight.

It is important to note that mice treated with Psd1 alone did not present changes in important
behavior signals, such as changes in locomotion, piloerection, diarrhea, or mortality as preconized
by ANVISA through the Guide for Conducting Non-Clinical Drug Safety and Toxicology Studies
Required for Drug Development/Safety and Efficacy Assessment Management (GESEF 2013 version 2)
when compared to animals that received PBS solution alone.

To better characterize the inhibitory effect of Psd1 on the colonization of pulmonary metastasis
in this model, animals from each group were euthanized, and their lungs were excised and stained
with HE (Figure 7). Histological analysis revealed the presence of inflammatory cells around the blood
vessels and bronchi of the lung and evidence of fibrotic lesions in animals injected with B16F10 cells only
(Figure 7A, red head arrows and red arrows, respectively). This profile was almost absent in animals
that received just PBS (–B16F10, –Psd1), indicating that accumulation of these cells, as well as fibrosis,
was related to the presence of the tumor cells only. In accordance with the observed reduction in lung
tumor nodule metastasis (Figure 5A), animals co-inoculated with B16F10 cells and 1 and 3 mg/kg Psd1
(+B16F10, +1 mg/kg Psd1, and +B16F10, +3 mg/kg Psd1) showed a great reduction in the accumulation
of inflammatory cells (Figure 6A). The quantification of inflammatory foci (± SEM) per mm2 was
obtained in six fields, corresponding to 90% of the tissue as shown in Figure 7B. When compared
with animals that received just B16F10, animals co-inoculated with B16F10 cells plus 1 and 3 mg/kg
Psd1 (+B16F10, +1 mg/kg Psd1 and +B16F10, +3 mg/kg Psd1) showed a significant reduction in the
accumulation of inflammatory cells (***, p < 0.001). We were also able to show that the injection of
Psd1 alone (+ 1 mg/kg Psd1) provoked a very low inflammatory foci compared with animals that
received B16F10 cells (*** p < 0.001), as observed in PBS control animals (−B16F10, −Psd1). This was an
important result considering the potential mammalian use for Psd1. Together, these results indicated
that Psd1 directly suppresses the lung metastasis of circulating B16F10 melanoma cells in vivo.
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Figure 7. Psd1 inhibited the appearance of inflammatory cells in lung tissues. Two animals from
each group of the in vivo experiment were anaesthetized and submitted to transcardial perfusion for
further histological procedures. The lungs were removed and prepared for hematoxylin and eosin (HE)
staining as described in the Materials and Methods. (A) Representative images from the lungs of one
animal from each experimental group. Animals injected with just B16F10 cells showed the presence of
infiltrating cells around blood vessels (red head arrows) and fibrotic lesions (red arrow) compared to
animals from the other groups. The left and right panels indicate 10× and 20×magnifications, and the
bars represent 200 and 100 μM, respectively. (B) Quantification of inflammatory infiltration (± SEM)
was obtained in six fields, corresponding to 90% of the tissue. A significant reduction in inflammatory
cells was observed in animals treated with Psd1. **** p < 0.0001 for B16F10 vs. PBS or *** p < 0.001
forB16F10 vs. Psd1 1 mg/kg or B16F10 vs. Psd1 3 mg/kg or Psd1 1 mg/kg alone. Values represent the
mean ± SD of two independent experiments analyzed by one-way ANOVA and Bonferroni’s multiple
comparison test.

3. Discussion

Melanoma is a very aggressive metastatic cancer that results in a quick death. Treatments based
on multiple combined therapies are not effective, and the ten-year survival rate of melanoma with
distant metastasis that is lower than 10% [53].

In this work, we suggest that the pea defensin Psd1 could be a promising drug candidate
for lung melanoma metastasis treatment using the syngeneic murine metastasis model of B16F10
melanoma cells.

In vitro data showed that the plant defensin Psd1 was able to inhibit both A-431 and B16F10 cancer
cell growth in a concentration-dependent manner without promoting damage to healthy cell lineages.
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No cell death was observed in Beas-2B human bronchial epithelial cells, where B16F10 melanoma
metastasis can occur, or in the other immortalized healthy cells tested, such as HEK, R8, HSP, and CHO,
suggesting that Psd1 could be safe for humans.

Few works have described the inhibitory effect of plant defensins on tumor cells in vitro.The
group of T.B. Ng reported that some plant defensins from the Fabaceae family showed anticancer
activity and repressed the growth of leukemia and breast cancer cells [54–56]. However, lunatusin
isolated from lima beans (Phaseolus lunatus L.) showed cytotoxic effects towards normal cell types
and tissues [55]. They also identified that plant defensins from Phaseolus vulgaris and P.coccineus had
great potential to inhibit the multiplication of colon and breast cancer cell lines without exhibiting any
cytotoxic effects on normal cell types [57–59]. Without any effect on immortalized bovine endothelial
cells, the complete inhibition of HeLa cell viability was achieved by γ-thionin defensin from Capsicum
chinense [60]. As far as we know, none of these defensins have been tested in animal models, and in
general, the mechanism of their anticancer activity has been poorly elucidated.

To gain insights into the antitumor mechanism of Psd1, cell integrity studies showed that Psd1
defeats the barrier function of the plasma membrane of B16F10 cells, allowing SYTOXGreen input to
bind to nuclear DNA. In addition, permeation assays revealed the presence of mitochondrial oxidative
stress. In this case, MitoTracker fluorescence decreased throughout Psd1 treatment, indicating a
reduction in the mitochondrial potential membrane [61]. After 30 min, FITC-Psd1 was detected in the
nuclei of DAPI-stained B16F10 cancer cells, as seen by orthogonal confocal microscopy analysis.

The signaling order of the events provoked by Psd1 in B16F10 cells is not yet known, but some
hypotheses may be formulated by these results. The intrinsic pathway of apoptosis is a well-established
mechanism and can be activated by DNA damage via p53 protein activation or by metabolic stress.
This latter can cause an increase in reactive oxygen species and a consequent loss in mitochondrial
electrical potential with cytochrome C release and the activation of caspases [62]. Strong evidence
has postulated that therapeutic agents that can induce ROS-mediated apoptosis in cancer cells are
considered potential anticancer agents. Further studies must be carried out to determine the production
level of ROS in this situation.

Some lipids and their metabolites are also involved in apoptosis, inflammation, angiogenesis,
and cell proliferation signaling [63]. It is known that several cancer cell types suffer lipid metabolism
reprogramming when compared to non-cancerous cells [27,36,64]. As an example, phosphatidylserine
(PS), before being present in the membrane inner leaflet, is externalized [65], and cholesterol synthesis
increases [27,66,67]. These changes result in a negative net charge on the cancer cell membrane, contrary
to a neutral surface charge found on non-cancerous cell membranes [68–70].

Altered GSL metabolism leads to an upregulation of enzymes involved in this pathway,
such as glucosylceramide synthase, which catalyses the transfer of a glucose residue from uridine
5′-diphospho-glucose (UDP-glucose) to the ceramide moiety [31,71,72]. The increase in GlcCer levels
on cancer cell membranes has been associated with multidrug-resistant cancer cells [31,32,73] and has
been proposed as a potential biomarker to evaluate the malignancy level of breast tumors [64].

An important dependence on glucosylceramide for Psd1 entrance into B16F10 cell membranes was
reported in this work, as detected in cells treated with PPMP, an inhibitor of glucosylceramide synthase.

Previous work by our group showed that GlcCer and ergosterol are very important for
the initial interaction of Psd1 with C. albicans [8] and A. nidulans [11] membranes. Mutants
lacking glucosylceramide synthase are partially resistant to Psd1 antifungal activity and
permeabilization [8,11,15]. Psd1 chemical shifts and dynamic property alterations were detected
by NMR structural analysis in the presence of vesicles composed of phosphatidylcholine and GlcCer
(POPC:GlcCer 90:10) [15]. The most sensitive regions in the peptide are the Gly12 and His36–Trp38
residues belonging to loop 1 and turn 3. As seen in the present work, the conserved Gly12 residue in
the plant defensin family was also important for the in vitro death of B16F10 cells.
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In 2007, Lobo and co-workers showed by yeast double hybrid and pull down assays that Psd1
interacted with cyclin F from N. crassa [18]. At this time, we proposed that this phenomenon could be
in part responsible for the occurrence of the N. crassa endoreduplication observed.

In the present work, we were able to confirm the interaction of these two proteins by surface
plasmon resonance and in silico molecular docking simulations. Psd1 fit well in a cavity formed
between the F-box and cyclin domains of human cyclin F. Several hydrogen bonds and hydrophobic
contacts were important for the maintenance of this complex. In fact, it has been proposed that
disulfide bonds and polar contacts are the main forces responsible for defensin CSαβ folding stability,
enabling the surface exposure of hydrophobic residues [74]. Recently, we showed that this was also
valid for Psd2, a pea defensin that shares 42% identity and high 3D structural homology with Psd1 [6].
All hydrophobic residues are exposed on the surface, except for Leu6. They are clustered on the surface
formed by two loops, between β1 and the α-helix and between β-sheets 2 and 3. We believe that
these contacts between Psd1 and cyclin F can disturb the interaction of cyclin F with their endogenous
substrates, some of which are related to cancer diseases [75].

Cyclin F expression is enhanced in the final G2 phase, where it controls genome integrity, cell
proliferation, fitness, and transcription. It is a cyclin-dependent kinase CDK-independent cyclin that
contains an F-box domain and is a member of the modules of SKP1-Cullin 1-F-box protein, SCF,
and E3 ligase complexes [76,77]. Cyclin F controls the ubiquitination and subsequent proteasomal
degradation [20] of several target substrates, such as CP110 [78], Nusap1 [79], RRM2 [19], Cdc6 [80],
DNA exonuclease Exo1 [81], SLBP [82], and, as shown very recently, the three activators E2F1, E2F2,
and E2F3A of the E2F family of transcription factors [22]. In the latter case, E2F1, E2F2, and E2F3A
interact with the cyclin box of cyclin F via their conserved N-terminal cyclin binding motifs.

Together, our findings suggest that the interaction of Psd1 with the Fbox and the CY substrate
recruitment domains of cyclin F could potentially inhibit the formation of the SCF ubiquitin–ligase
complex, restricting the degradation of several substrates as E2F transcription factors. Failure to
degrade E2F1, E2F2, or E2F3A in the late S and G2 phases maintains E2F activity. This, in turn,
results in an imbalance of the transcriptional landscape in the G2 and M phases and in unscheduled
DNA synthesis in the next cell cycle, which is accompanied by DNA replication stress and DNA
damage. This is in line with the evidence that DNA replication stress can be caused by overexpression
of oncoproteins [83,84] and that the control of the RB-E2F pathway is important for safeguarding
genomic stability.

The capacity of Psd1 to inhibit B16F10 cell growth was also tested in an in vivo model of metastatic
melanoma. We reported for the first time anti-metastatic activity of a plant defensin. Psd1 completely
inhibited the formation of B16F10 lung metastasis nodules in mice at concentrations above 0.5 mg/kg
when administered intravenously. Moreover, this effect was accompanied by the absence of weight
loss in animals that received B16F10 cells plus Psd1, similar to the weight pattern observed for animals
that received PBS. Important weight loss was observed in animals that received only B16F10 cells,
which is consistent with metastatic lung nodule implementation.

It is well known that TNF-α can be produced by alveolar macrophages. It can promote the
formation and proliferation of tumors through multiple signaling pathways, and it can also promote
the formation of tumor neovascularization by promoting the stable expression of interleukin 8 IL-8.
IL-8 can promote the proliferation of vascular endothelial cells and can activate G proteins so that the
vascular endothelial cells undergo retraction and increase the cell gap, providing conditions for tumor
cell metastasis and infection [85]. The activity of Psd1 was confirmed by a histological investigation
that demonstrated massive infiltration into the surrounding lung parenchyma in mice that received
only B16F10 cells. Infiltrating cells were not observed in animals that just received PBS and were
statistically diminished when Psd1 was present, confirming its therapeutic effect.

Antimicrobial peptides are only beginning to encroach into the oncological sphere, and therefore
efficacy data are relatively limited [86]. In addition to its dual effect in cancer cells, the human
cathelicidin LL37 is in the ongoing phase I oncology trial NCT02225366. It is being administered
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intratumorally in patients with documented metastatic melanoma with at least three cutaneous lesions
measuring with stage IIIB, IIIC, or IV or nodal lesions. Its optimal biological therapeutic dose against
metastatic melanoma is being determined in this setting. To date, no results have been published.

The safety data already obtained for AMPs in infectious disease trials substantiate the notion that
AMPs, such as the pea defensin Psd1, could also be well tolerated in cancer patients.

4. Materials and Methods

4.1. Expression and Purification of Psd1 and the Site-Directed Mutant Psd1 Gly12Glu

Psd1 (PDB accession number 1JKZ) and the Gly12 mutant were expressed and purified as
previously described [11], except that a HiPrep 26/60 Sephacryl S-100 HR column (GE Healthcare,
Amersham, UK) was used in the first purification step. The purified fractions were collected, dried,
and solubilized in milliQ water, and the peptide concentration was estimated using Lowry’s method [87].
The corrected amino acid primary sequences of Psd1 and Psd1 Gly12Glu were confirmed by LC/MS–MS
analysis after peptide trypsin digestion with coverage of approximately 90%. In all cases, peptide
fragments not directly related to the protein sequences of interest were not detected. LC/MS/MS
analysis was performed at the CEMBIO facility (Centro de Espectrometria de Massas de Biomoléculas)
at the Biophysics Federal Institute Carlos Chagas Filho at the Federal University of Rio de Janeiro.

4.2. Cell Lines and Culture Conditions

Murine skin melanoma (B16F10), human epidermoid carcinoma (A-431), HEK 293 (human
embryonic kidney), R8 (rat lymphocyte), HSP (human hepatocyte), and CHO (Chinese hamster ovary)
cell lines were maintained with Dulbecco’s Modified Eagle’s Medium - high glucose The bronchial
human respiratory epithelial (Beas-2B) cell line was cultured in Roswell Park Memorial Institute
Medium RPMI 1640. All media were supplemented with 10% fetal calf serum (FCS) and a solution
of 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL Fungizone® antimycotic. All cell
culture reagents (unless indicated) were purchased from Thermo Fisher Scientific Inc, Maryland, USA).
The cells were routinely maintained in a humidified 5% CO2 air incubator at 37 ◦C and sub-cultured
every 3–4 days.

4.3. Cell Viability Assays

A-431, B16F10 and Beas-2B cells were seeded at a density of 1.5 × 104 cells/well in a 96-well
plate. After overnight incubation at 37 ◦C, the cells were treated in octuplicate with Psd1 or Psd1
Gly12Glu (0, 3.12, 6.25, 12.5, 25, or 50 μM) for an additional 24, 48, or 72 h, as indicated in each
figure. HSP-2 was incubated with 6 and 30 μM Psd1 for 3 h. HEK-293 for was incubated for 3 h at
the same time. The cells were then washed twice with PBS (pH 7.4) and incubated with 5 mg/mL
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution for 3 h. The cells were
subsequently washed, and the formazan crystals formed were solubilized in DMSO. The optical density
of each well was measured at a wavelength of 490 nm with an ELISA plate reader (UVM340-ASYS,
Biochrom, Cambridge, UK). The effect of Psd1 on cell growth was assessed as the percent of cell
viability calculated by the absorbance of the cells in culture media (100% viability) and those treated
with 0.1% Triton X-100 (0% viability) × 100. R8 (rat lymphocyte) and CHO (hamster ovary) cell lines
were incubated with 6 and 30 μM Psd1 for 3 h. Cell viability was detected by lactate dehydrogenase
(LDH) release into cell culture medium through a colorimetric assay. Values are the mean ± SEM of two
experiments performed in triplicate. The percent of cell viability was calculated by the absorbance of
the cells in culture media (100% viability). Two independent experiments were performed in triplicate,
and the values are expressed as ± standard error of the mean (SEM) after statistical analysis using
one-way ANOVA with Dunnett’s multiple comparison test. *** p < 0.0001.
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4.4. Confocal Microscopy Scanning

Images were obtained in the X, Y, and Z planes of the image, giving the image a 3-dimensional
depth (Z-stack) at 100×magnification with a Zeiss Cell Observer Yokogawa Spinning Disk confocal
microscope (Cell Observed SD, Carl-Zeiss, Oberkochen, Germany) located in the Microscopia Óptica
de Luz Gustavo de Oliveira Castro (Plamol) platform in Universidade Federal do Rio de Janeiro.
To measure the mean fluorescence intensity (MFI), Zen Lite Blue (Carl-Zeiss, Oberkochen, Germany)
software was used. On average, thirty cells per field were analyzed in fourteen fields by experiments.
Then, the region of interest (ROI), specifically the nucleus and mitochondria, was tagged on the cells
photographed for fluorescence analysis, which is given by the software from the intensity of the pixels.
Subsequently, the statistical test was performed using GraphPad Prism version 7.4, and the values
presented are averages with the corresponding standard deviations (SDs).

4.5. SYTOXGreen (SG) Uptake Assay

B16F10 cells were trypsinized and counted, and 1.5 × 104 cells/well in DMEM containing 0.1%
(w/v) bovine serum albumin BSA were plated in a cell-view glass bottom culture dish with four
compartments (Thermo Fisher Scientific Inc, Maryland, USA) and then incubated at 37 ◦C overnight to
adhere. Post-treatment, the cells were treated with 3 or 50 μM Psd1 for 30 or 60 min and maintained
at the same temperature. Cells treated with only water or 0.0001% H2O2 for 30 min were used as
the negative and positive controls, respectively. Washes with saline were carried out between the
additions of each probe followed by incubation at room temperature. The cells were incubated with
1 μL of SG, 1.5 μL of MitoTracker Red CMXRos, and 2 μL of DAPI for 10, 20, and 10 min, respectively.
The fluorescent images were acquired by confocal microscopy.

4.6. Psd1 Localization Fluorescence Assays

B16F10 cells (1.5 × 104 cells/well) in DMEM containing 0.1% (w/v) BSA were plated in the
glass-bottom of 4-well plates and then incubated at 37 ◦C overnight to adhere. For analysis of
colocalization, MitoTracker Red CMXRos and DAPI were used to mark the mitochondria and nuclei,
respectively, of live B16F10 cells in saline solution at 37 ◦C. The internalization of FITC-conjugated Psd1
was monitored in real time for 2 h by confocal microscopy. When tested by MTT assay (see Section 4.5),
25 μM of FITC-Psd1 decreased cell viability of B16F10 about 30%, a compatible value with the unlabeled
peptide. Fluorescence quantification of the ROI is described in the Section 4.4 on confocal microscopy.

4.7. Glucosylceramide Depletion Studies on Psd1 B16F10 Cell Entrance

B16F10 cells (1.5 × 104) in cover glass were previously incubated with 20 μM
DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol (PPMP, Sigma-Aldrich Brasil, São
Paulo, Brazil) inhibitor for 60 min followed by treatment with 9 μM Psd1 for 30 min or 2 h. The cells
were fixed on glass slides with 4% paraformaldehyde plus 4% sucrose for 10 min and then stained
with a Vybrant Alexa Fluor 594 Lipid Raft Labeling Kit (Thermo Fisher Scientific Inc, Maryland, USA).
Briefly, 1.25 μg/mL cholera toxin subunit B (CT-B) and 160× diluted anti-CT-B were incubated with
cells for 10 min each at 4 ◦C. Three PBS wash steps were performed between each stage. PPMP-treated
cell slides were mounted with ProLong Gold antifade reagent with DAPI (Life Technologies, Carlsbad,
CA, USA).

4.8. Flow Cytometry-Based Apoptosis Detection

B16F10 cells (4 × 105 cells) were treated with 50 μM Psd1 for 24 h. After treatment, the cells
were trypsinized, centrifuged, and washed twice with phosphate-buffered saline (PBS). The cells were
then stained with Nicoletti buffer (0.1% sodium citrate, 0.1% NP-40, 200 μg/mL RNase, and 50 μg/mL
propidium iodide). Doublets and debris were identified and excluded. Analysis of the DNA content
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was performed by collecting 20,000 events using a BD FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA). Cells with fragmented DNA (sub-G0/G1 peak) were considered apoptotic cells.

4.9. Surface Plasmon Resonance Studies

Surface plasmon resonance (SPR) assays were run on a Biacore X (GE Healthcare Life Sciences,
Amersham, UK) apparatus in real time using a CM5 sensor chip at 25 ◦C. Briefly, CM5 chip
activation was performed by injection of 100 μL of a 1:1 mixture of amine coupling kit (750 mg
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 115 mg N-hydroxysuccinimide
(NHS), 2 × 10.5 mL 1.0 M ethanolamine-HCl pH 8.5) with a continuous flow of 2 μL/min. Then, 100 μL
of 10 μg/μL recombinant cyclin F-GST diluted in 10 mM sodium acetate pH 4.0 buffer was immobilized
by amine coupling onto the carboxylate dextran layer of CM5 with the same flow. This was injected with
80 μL of 1 M ethanolamine pH 8.0 to block the remaining binding free sites of the protein. To evaluate
the interaction of Psd1 with the cyclin F protein, increasing concentrations of the peptide (10–240 μM)
in 100 μL of running buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) were injected using a flow rate of
15 μL/min for 4 min. After the injection ended, the dissociation phase was measured in not less than
300 s. The Psd1-GST-cyclin F interaction curves were subtracted from the respective curves obtained
for Psd1-GST to discount possible artifact interactions with GST alone. The sensorgrams obtained for
each peptide–cyclin F interaction were processed by curve fitting with numerical integration analysis
using BIA evaluation software 3.0.1. All analyses were run in at least duplicate.

4.10. Psd1–Cyclin F Molecular Docking

The ClusPro server (https://cluspro.org) was used for a blind docking simulation between Psd1
and cyclin F [88]. The Psd1 structure was obtained from the RCSB PDB database (code 1JKZ),
while the structure of cyclin F from Neurospora crassa was built using the homology modeling program
MODELLER. The human F-box/WD-repeat protein (code 1P22) was used as a template model,
with its sequence showing 35% identity and 52% similarity with the sequence of N. crassa cyclin F.
Only the interval between the residues Leu136 and Lys683, consisting of 548 residues out of 1010,
was successfully built and used in the following computational studies. The F-box (Leu136 to Tyr177)
and WD (Glu372 to Gln622) cyclin F domains were included. Every other residue outside of this interval
was excluded in the final structure due to a lack of homologous templates. After these preliminary
steps, both molecules (in PDB format) were sent as inputs to ClusPro selected for the advanced option
“Others mode”, an algorithm that usually yields better results for protein complexes not classified as
enzyme–substrate/inhibitor or antibody–antigen complexes. After docking, the two most populated
structural clusters were assessed, with the selection of one central structure of each for further analysis.
Post-docking analyses used the PyMOL program for generation of the molecular images, determination
of the interaction interface, and detection and quantification of the intermolecular hydrogen bonds.
The PSAIA (Protein Structure and Interaction Analyzer) program was used for the identification and
counting of ionic, hydrophobic and van der Waals contacts. Both the interface and the intermolecular
forces were defined by geometric criteria.

4.11. Experimental Animals

Eight-week-old C57BL/6 female mice (CEMIB, Campinas–Brasil) weighing approximately 20
g were individually marked and separated according to their experimental groups. These animals
were kept in cages 20 cm × 35 cm × 15 cm (width × length × height) with free access to water and
food under day and night cycles that lasted twelve hours with a controlled temperature (20–25 ◦C)
in our own facilities. This study was approved by the Ethics Committee on the Use of Animals of
Health Science Centre of the Federal University of Rio de Janeiro, Brazil (CEUA/CCS/UFRJ, CONCEA
registered number 01200.001568/2013.87, approved protocol IBCCF 163 at 28 August 2012). All animals
received humane care in compliance with the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research and the “Guide for the Care and Use of Laboratory Animals”
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prepared by the National Academy of Sciences, USA, and the National Council for Controlling Animal
Experimentation, Ministry of Science, Technology and Innovation (CONCEA/MCTI), Brazil.

4.12. Experimental B16F10 Melanoma Metastasis Assays

Mice were injected via the lateral tail vein with 100 μL of PBS only (137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) (n = 17) or 100 μL of B16F10 cells (2.5 × 105 cells/animal
suspended in DMEM) (n = 15). Other groups of animals were intravenously co-injected with a freshly
prepared, in order to avoid B16F10 cells death, mix of B16F10 cells plus 0.1 mg/kg (n = 8), 0.5 mg/kg
(n = 8), 1 mg/kg (n = 17), or 3 mg/kg Psd1 (n = 7).

Another group of animals received 1 mg/kg of Psd1 only (n = 9) to evaluate Psd1 toxicity.
Twenty-one days later, the animals were anaesthetized and sacrificed, and the black lung melanoma
nodules were counted and measured under a dissecting microscope (Zeiss AxioPhot fluorescence
microscope (Carl-Zeiss, Oberkochen, Germany)).

4.13. Histological Analysis

After the above procedure, two animals from each group were anaesthetized and submitted to
treatment with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) by transcardial perfusion.
The lung was removed and immersed in the same fixative solution. The lung specimens were sliced
into 5 mm pieces, dehydrated through an ascending ethanol series (70, 95, and 100% ethanol for
30 min each) and then embedded in paraffin using standard procedures. Serial 5 μm-thick sections
were prepared using a sliding microtome (Leica Microsystems, Wetzlar, Germany). Hematoxylin and
eosin (HE) staining wereperformed to quantify possible foci of inflammatory infiltrates and fibrosis
in experimental and control animals. The stained sections were observed, and digital images were
taken with a Zeiss AxioPhot fluorescence microscope (Carl-Zeiss, Oberkochen, Germany). Specifically,
two slices of each sample (six fields of each slice corresponding to approximately 90% of the slice) were
used for quantitative analysis to obtain the mean value.

4.14. Data Analysis

The results are presented as the mean values ± SD and were interpreted using one-way ANOVA
with Dunnett’s or Bonferroni post-tests or by two-way ANOVA, according to each experiment and as
indicated in each figure legend. Differences were statistically significant when the p value was less
than 0.05.

Supplementary Materials: Supplementary materials can be found at
http://www.mdpi.com/1422-0067/21/8/2662/s1.
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Abstract: We report dual therapeutic effects of a synthetic heparin-binding peptide (HBP)
corresponding to residues 15–24 of the heparin binding site in BMP4 in a collagen-induced rheumatic
arthritis model (CIA) for the first time. The cell penetrating capacity of HBP led to improved
cartilage recovery and anti-inflammatory effects via down-regulation of the iNOS-IFNγ-IL6 signaling
pathway in inflamed RAW264.7 cells. Both arthritis and paw swelling scores were significantly
improved following HBP injection into CIA model mice. Anti-rheumatic effects were accelerated
upon combined treatment with Enbrel® and HBP. Serum IFNγ and IL6 concentrations were markedly
reduced following intraperitoneal HBP injection in CIA mice. The anti-rheumatic effects of HBP in
mice were similar to those of Enbrel®. Furthermore, the combination of Enbrel® and HBP induced
similar anti-rheumatic and anti-inflammatory effects as Enbrel®. We further investigated the effect of
HBP on damaged chondrocytes in CIA mice. Regenerative capacity of HBP was confirmed based
on increased expression of chondrocyte biomarker genes, including aggrecan, collagen type II and
TNFα, in adult human knee chondrocytes. These findings collectively support the utility of our
cell-permeable bifunctional HBP with anti-inflammatory and chondrogenic properties as a potential
source of therapeutic agents for degenerative inflammatory diseases.

Keywords: anti-inflammatory peptide; cell permeable peptide; heparin-binding peptide; collagen-
induced arthritis; inducible nitric oxide; interferon gamma; interleukin-6; Enbrel

1. Introduction

Rheumatic arthritis (RA) is one of the most common autoimmune rheumatic diseases (AIRD)
caused by dysregulation of tolerance to self-antigens, leading to chronic systemic inflammatory
disorders involving the musculoskeletal system [1]. According to Korean National Health Insurance
(NHI) Claims Database reports, the steadily increasing prevalence of RA poses a significant economic
burden [2].

The causes and mechanisms of action of RA have been relatively unexplored to date. The primary
treatment goal is control of joint inflammation and reduction of joint damage, the major determinant of
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functional prognosis in RA [3]. The most common therapeutic agents for RA are disease-modifying
anti-rheumatic drugs (DMARD), traditionally comprising synthetic chemicals and small molecules
that act as anti-inflammatory agents [4,5].

TNFα is a key cytokine in the inflammatory process in RA [6]. Five TNFα blockers have been
approved by US-FDA for RA therapy, specifically, adalimumab, certolizumab pegol, etanercept,
infliximab, and golimumab. In randomized controlled clinical trials, these drugs are reported to be
effective in recovery of inflammation-related clinical signs in RA patients with response failure to
synthetic DMARDs [7]. Multiple studies have demonstrated remarkable therapeutic benefits of early
co-treatment with TNFα blockers and methotrexate [7]. Other FDA-approved drugs for treatment of
moderate to severe RA include abatacept, rituximab, and tocilizumab. However, these drugs commonly
induce severe side-effects, such as osteoporosis, liver function failure, and even lymphoma, due to the
complexity of the inflammatory network [8,9]. Various attempts have been made to counteract the
side-effects of these therapeutic agents [10]. Treatment with synthetic disease-modifying anti-rheumatic
drugs (DMARD), including methotrexate, sulfasalazine, and leflunomide, represents an important
paradigm shift that can lead to remarkable improvement of clinical symptoms and delayed joint
damage. Despite the effectiveness of these medications, a significant number of RA patients continue
to experience clinical symptoms of inflammation and progressive joint destruction, clearly suggesting
that therapeutic blockade with any one cytokine is not necessarily sufficient for relief of RA [11,12].

To improve therapeutic efficacy and/or prolong drug persistence, various tissue-engineered
materials have been developed. For instance, an injectable electrostatically interacting drug depot [13]
and click-crosslinked hyaluronic acid depot [14] have been developed as a supplementary or combination
therapeutic agent for RA with minocycline and methotrexate, respectively. Direct intra- articular injection
resulted in increased duration of therapy and enhanced relief of symptoms by inducing sustained release
of the ionic drug. Additionally, novel biomimetic scaffolds or drug carriers have been suggested as
modes for delivering nanosized hydroxyapatite (HA) to promote damaged tissue recovery [15] through
osteoblast adhesion [16] and bone adjuvant activities [17]. Limitations of tissue-engineered agents or
scaffolds are mostly attributed to uncontrolled proinflammatory cytokines and inflammation-related
signaling during RA pathogenesis.

Biological compounds, such as neutralizing antibodies against interleukin-17A (IL17A;
secukinumab and ixekizumab) and janus kinase (JAK) inhibitors (tofacitinib, baricitinib, GLPG0634,
and VX-509) [18,19], have been characterized as beneficial agents with significant therapeutic effects.
In particular, IL6 neutralization is a recently developed therapeutic strategy for controlling RA.
Neutralization of IL6 plays a critical role in both the initiation and perpetuation of immunologic
dysfunction and inflammatory responses in RA via modulation of the IL6/IL6 receptor/gp130
pathway [20]. A novel role of IL6/IL6R/gp130 signaling in autoimmune arthritis has been reported.
An apparent strong link exists between enhanced Toll-Like Receptor (TLR) expression as a consequence
of RA development and production of IL6 accompanied by upregulation of MMP genes [21–23].
However, protein-based biological agents are expensive and associated with safety concerns, such as
development of opportunistic and viral infections [24–26]. Biological agents, such as neutralizing
antibodies that are mainly composed of protein polymers, can induce severe infections, drug resistance,
and/or autoimmune reactions unless completely degraded in the body [27,28].

To overcome these limitations, the use of peptide drugs as substitutes for common RA therapeutics
has been widely investigated in recent years [18,19,29]. The advantages of peptide agents include high
selectivity, high potency, low immunogenicity, low toxicity, improved efficiency and safety, low tissue
accumulation, easy combination with biomaterial surfaces via chemical modifications, and low
cost [19,30]. Safe and effective novel peptide therapeutic agents for RA treatment are urgently required.

Here, we focused on the anti-inflammatory effects of a synthetic heparin-binding peptide (HBP)
composed of 10 amino acids derived from the heparin binding site of bone morphogenetic protein 4
(BMP4) [31]. The HBP sequence examined in this study, RKKNPNCRRH, corresponds to residues 15–24
of the heparin binding site in BMP4, and is similar to the HBP “consensus sequence” BBBXTXXBBB
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(whereby X, B, and T represent hydropathic residue, basic residue, and turn, respectively) [31].
We previously identified an anti-angiogenic role of HBP in endothelial cells (EC) and a breast cancer
xenograft model [32]. The collective results suggest that HBP may serve as potential antitumor
agents by regulating the tumor microenvironment through interactions with several cytokines [32].
Human heparin binding domain is the most recently discovered member of the host defense peptide
family involved in adaptive immunity and anti-inflammatory activity [33,34]. The domain itself is
unable to penetrate immune cells for chemical production due to its high amino acid content. However,
selected key peptide sequences of this domain with cell penetrating activity have successfully achieved
inhibition of intracellular inflammatory signaling in cells.

The main objective of this study was to investigate the potential anti-inflammatory and chondrocyte
regenerative effects of a cell permeable HBP, RKKNPNCRRH, derived from the heparin binding site of
BMP4 in lipopolysaccharide (LPS)-treated macrophages and human articular chondrocytes in vitro
and a CIA-induced RA mouse model in vivo.

2. Results

2.1. Characterization of HBP

The primary and secondary structures of the synthetic HBP derived from the human heparin
binding domain are presented in Figure 1A,B. The HBP sequence was composed of 10 amino
acids (RKKNPNCRRH, Figure 1A). The proline acts as a turning site and induces flexibility to the
structure, which facilitates penetration of cells or tissues. The molecular mass of HBP was determined
as 1307.7087, which is the optimal size for ease of cell penetration (Supplementary Figure S1A).
Additionally, the positive surface charge of HBP (net charge, +5) enhanced cell penetration capacity.
Secondary structures are presented in ball-and-stick and cartoon styles (Figure 1B).

Figure 1. Structural illustration of heparin-binding peptide (HBP). (A) Primary structure of synthetic
HBP composed of 10 amino acids and (B) secondary structure, presented as ball-and-stick and cartoon
styles (Black; carbon, Blue; nitrogen, Red; Oxygen, Yellow; Sulfur; White; Hydrogen).
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2.2. Cellular Uptake Activity of HBP

The cell penetration capacity of HBPs was examined by treatment of RAW264.7 cells with a range
of HBP concentrations for 10 min, followed by confocal microscopy (Figure 2A). As shown in Figure 2A,
rhodamine-labeled HBP penetrated the cytoplasm and even nucleus of RAW264.7 cells. The penetration
capacity was increased in a concentration-dependent manner, with the highest infiltration observed at
100 μg/mL HBP. Our results support the utility of the newly synthesized HBP from BMP4 as a delivery
agent for large therapeutic molecules, such as DNA, RNA, antibodies, and proteins, with minor safety
concerns owing to its derivation from human protein. We further examined cell penetration capacity
under different temperatures (4 and 37 ◦C) and incubation times (10 min, 1 h, and 4 h) (Figure 2B).
HBP penetration of RAW264.7 cells at 4 ◦C was observed at time-points of 10 min (pink line) and
1 h (orange line), but not 4 h (yellow line), which may be attributed to decreased cell viability due
to long-term exposure to low temperature. Penetration was improved in cells incubated at high
temperature for a longer period (37 ◦C for 4 h) (Figure 2B) and evident after only 10 min of incubation.
Penetration capacity was therefore slightly increased with temperature in a time-dependent manner
(Figure 2B). Cell uptake of HBP occurs via both direct penetration and endocytosis.

Figure 2. Images of intracellular HBP uptake in RAW264.7 cells. (A) Rhodamine-labeled HBP was
detected in RAW264.7 cells via confocal microscopy. Intracellular HBP localization was increased
in a dose-dependent manner (Scale bar = 20 μm, n = 3). (B) Fluorescence-activated cell sorting
(FACS) analysis of differences in cellular uptake of HBP under different culture conditions, including
temperature (4 ◦C, 37 ◦C) and incubation time (10 min, 1 h, and 4 h).

2.3. Anti-Inflammatory Effects of HBP on LPS-Treated RAW264.7 Cells

Upon treatment of RAW264.7 cells with LPS (1 μg/mL) for 24 h, their unique bubble-like shape
altered to a fibroblast-like morphology, indicative of stimulation of the inflammatory response
(Figure 3A, pre-HBP treatment). Treatment of LPS-stimulated cells with HBP (100 μg/mL) for 1 h led to
recovery of the unique morphology of RAW264.7 cells (Figure 3A, post-HBP treatment) (Figure 3B,C).
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Figure 3. Light microscope view of morphological changes of lipopolysaccharide (LPS)-stimulated
RAW264.7 and HBP treatment. (A) Cell morphology was examined before (left) and after HBP
treatment (right) (n = 3). Black arrowheads signify LPS-stimulated inflammation of RAW264.7 cells.
Red arrowheads represent RAW264.7 cells recovery following HBP treatment (magnification: ×40).
(B) Morphology of LPS-stimulated RAW264.7 cells showing recovery following HBP treatment in a
dose-dependent manner (magnification: ×200). (C) Bar graph indicating the number of cells showing
fibroblast-like morphology.

2.4. Effects of HBP on Proteins Related to the Inflammation Pathway

To further confirm the anti-inflammatory activity of HBP, LPS-stimulated RAW264.7 cells were
treated with varying concentrations of peptide (0, 10, 50, and 100μg/mL) for 24 h, and changes in levels of
inflammation-related proteins, including iNOS (Figure 4A,B), COX2 (Figure 4A,C), IFNγ (Figure 4A,D),
and IL6 (Figure 4A,E), examined in cell lysates. Compared to the non-treated group (NT), iNOS, COX2,
IFNγ, and IL6 protein levels presented as image densities were significantly increased following LPS
treatment (62.4-, 28.6-, 1.2-, and 4.6-fold increase compared to the NT group, respectively). Inflammatory
protein expression was significantly suppressed by HBP in a dose-dependent manner. At the highest
HBP concentration (100 μg/mL), iNOS, COX2, IFNγ, and IL6 protein levels were significantly decreased
to 0.41-, 0.74-, 0.30-, and 0.13-fold, respectively, relative the value of 1.0 at 0 μg/mL HBP. IL6 expression
was the most significantly suppressed by HBP.

2.5. Chondrocyte Recovery Effect of HBP in Human Articular Chondrocytes

We first evaluated the effect of HBP on NHAC cells without LPS stimulation to clarify the
chondrogenic potential of the peptide alone (Figure 5A–C). To determine whether our newly
synthesized HBP could affect recovery of chondrocytes, aggrecan (AGG; Figure 5D), collagen type II
(COLII; Figure 5E), and TNFα (Figure 5F) gene expression changes were evaluated in LPS-stimulated
chondrocytes after 5 days of HBP treatment (Figure 5). Quantitative RT-PCR analyses revealed that
LPS stimulation suppressed AGG and COLII and enhanced TNFα expression. HBP treatment induced
significant recovery of AGG and COLII expression (0, 10, 50 and 100 μg/mL), but had a slight and not
significant effect on TNFα expression. In view of the HBP-mediated recovery of damaged chondrocytes,
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we suggest that the peptide improves chondrocyte-specific characteristics through effects on AGG,
COLII, and TNFα, even under inflammatory conditions.

Figure 4. Effects of HBP on inflammatory marker protein expression in LPS-stimulated RAW264.7
macrophages. (A) Western blot analysis of inflammatory markers, including iNOS, COX2, IFNγ,
and IL6, in LPS-stimulated RAW264.7 cells. (B–E) Band intensity of each protein (iNOS (B), COX2 (C),
IFNγ (D), and IL6 (E)) presented as a bar graph normalized to the intensity of the corresponding
GAPDH band (n = 3). Different alphabets (a, b, c, d, and e) in each Figure indicate significant differences
among experimental groups (p < 0.05).

 

Figure 5. Gene expressions related to chondrocyte potentials with HBP treatment of human cartilage
cells. The HBP itself increased (A) Aggrecan (AGG), (B) Collagen Type II (COLII), and (C) TNFαmRNA
expressions in NHAC cells in a dose dependent manner (p< 0.05, n= 3). The LPS-stimulated were treated
with various concentrations of HBP, followed by examination of cartilage regeneration-related gene
expression. Expression changes in (D) AGG, (E) COLII and (F) TNFαwere analyzed via quantitative
PCR (p < 0.05, n = 3). Different alphabets (a, b, c, and d) in each Figure indicate significant differences
among experimental groups (p < 0.05).

174



Int. J. Mol. Sci. 2020, 21, 4251

2.6. Antiarthritic Effects of HBP on CIA Mice

2.6.1. Hind Paw Swelling, Arthritis Score, and Histological Recovery of CIA Mice Injected with HBP

Compared with the normal control group (NT), the CIA control group (PBS) showed significant
hind paw swelling. An experimental scheme depicting HBP activity in the CIA mouse model is
presented in Figure 6A. Enbrel®, an agent widely used to treat rheumatoid arthritis in the clinic,
was selected as a positive control [35]. Intraperitoneal injection of HBP and Enbrel® was performed
into the lower right quadrant of the abdomen of mice for comparison of therapeutic efficacy.

Figure 6. Development of a collagen-induced arthritis (CIA) mouse model and its application in
examining the anti-rheumatic activity of HBP. (A) Schematic illustration of the induction of rheumatoid
arthritis (RA) with collagen injection and HBP treatment. (B) Foot and x-ray images of all experimental
groups are presented. (C) H&E staining of all experimental groups (SP; synovial proliferation, Yellow
arrow; Pannus formation). (D,E) Changes in paw swelling scores over the entire experimental period.
Results on day 28 from all experimental groups are presented in the bar graph (n = 10 per group).
(F,G) Changes in arthritis scores throughout the entire experimental period (F). Results on day 28 from
all experimental groups are presented in the bar graph (G). Statistical significance between groups was
analyzed using the Student’s t-test. The level of significance is represented as * p < 0.05, ** p < 0.01,
or *** p < 0.001.
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CIA mice displayed significantly swollen hind paws, which was confirmed with visual evaluation
(Figure 6B, #1 and #2 panel). The anti-rheumatic effect of HBP in CIA mice was histologically evaluated
(Figure 6C). The CIA-PBS group developed chronic inflammation in the synovial tissue, with synovial
proliferation (sp) and pannus formation (yellow arrow, cartilage and bone destruction, and bone
erosion) (Figure 6C-b), compared to the NT group (Figure 6C-a). The Enbrel®-treated CIA group
displayed decreased inflammation to a lower extent than the HBP-treated CIA group (Figure 6C-c).
Inflammation was markedly reduced in the HBP-treated CIA group (Figure 6C-d). Synovial cell
hyperplasia, bone erosion, and pannus formation were additionally attenuated in groups treated with
HBP. Recovery of cartilage morphology in the HBP-treated group was similar to that in the NT and
Enbrel® treatment groups (Figure 6C-a,e).

Hind paw swelling score was notably increased in CIA mice (8.99 ± 0.99, p < 0.05), compared to
the NT group (6.54 ± 0.09), at the end of the experimental period (day 28) (Figure 6D). Relative to the
CIA-PBS group, the Enbrel®-treated CIA group showed significantly reduced hind paw swelling from
days 11 to 28 (p < 0.05). The HBP-treated CIA group also presented markedly decreased hind paw
swelling on day 11, which was maintained until day 28 (p < 0.05). No significant differences between
the Enbrel® and HBP treatment groups were evident throughout the experimental period (Figure 6E),
indicative of similar anti-rheumatic effects.

Consistent with data on hind paw swelling, the histological arthritis score in CIA mice was
markedly lower following HBP treatment, compared to that in the CIA-PBS group (3.3 ± 0.67, p < 0.05;
Figure 6F, Enbrel® group; 1.6 ± 0.2). In the HBP and Enbrel® co-injected CIA group, histological
arthritis score (2.3 ± 0.3) was significantly decreased relative to that of the CIA-PBS group (3.3 ± 0.67).
HBP treatment clearly suppressed inflammatory cell infiltration and reduced the arthritis score in CIA
mice (Figure 6G).

The combined effects of HBP and Enbrel® were examined in CIA mice. The combination of
peptide and Enbrel® exerted a marginally greater therapeutic effect on paw swelling than each single
agent alone (Figure 6D,E). Arthritis score was improved with HBP as well as Enbrel® injection for
28 days (Figure 6F,G). In general, the degree of recovery of arthritis was further improved upon
co-injection with the peptide and Enbrel® both agents.

2.6.2. HBP Induces Suppression of Serum Inflammatory Cytokine Levels

Serum concentrations of IFNγ and IL6 in CIA mice were examined to ascertain the therapeutic effect
of HBP (Figure 7). IFNγ (37.28 ± 11.86 pg/mL) and IL6 (242.77 ± 77.48 pg/mL) levels were significantly
increased in CIA mice (RA-PBS group) on day 28, compared to the NT group (8.86 ± 2.29 pg/mL and
98.09 ± 4.32 of IFNγ and IL6 concentrations, respectively; p < 0.001).

Figure 7. Comparison of serum cytokine levels among all experimental groups. Changes in serum
IFNγ (A) and IL6 (B) concentrations in Enbrel® and HBP-treated RA mice (n = 10 per group). Statistical
significance between groups was analyzed using the Student’s t-test. The level of significance is
represented as * p < 0.05, ** p < 0.01, or *** p < 0.001.
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Serum concentrations of IFNγ (24.88 ±11.82 pg/mL) and IL6 (158.02 ± 55.09 pg/mL) in
Enbrel®-treated CIA mice were significantly decreased, compared to CIA-PBS mice. The values
obtained from HBP-treated CIA mice were similar to those of the Enbrel® group. Serum levels of IFNγ
and IL6 were reduced to 27.79 ± 15.63 pg/mL and 198.18 ± 51.63 pg/mL, respectively, following HBP
injection (Figure 7A,B). Co-treatment with HBP and Enbrel® additionally induced a marked reduction
in serum IFNγ and IL6 levels to 23.61 ± 8.98 pg/mL and 161.27 ± 47.96 pg/mL, respectively.

2.6.3. Safranin O-Fast Green Staining and Immunohistochemical Analysis of IL6 in Cartilage of
CIA Mice

To further validate the chondrogenic potential of HBP, we performed Safranin O-fast green
staining and analyzed chondrocyte recovery using the Image J program (Figure 8A,C). The red-stained
glycosaminoglycan (GAG) area was significantly damaged in CIA-induced RA mice, compared with
the RA-PBS group (1.0 ± 0.01 vs. 0.21 ± 0.01, NT vs. RA-PBS; p < 0.05). Treatment with Enbrel®

promoted recovery of damaged chondrocytes (0.79 ± 0.02 vs. 0.21 ± 0.01, Enbrel® vs. RA-PBS;
p < 0.05). Notably, while the HBP-only treatment group showed significant recovery of chondrocyte
regeneration potential relative to the PBS group, co-treatment with Enbrel® was required for optimal
results. Our findings imply that HBP is more effective as a co-therapeutic complementing the activity
of Enbrel® than as a single treatment agent.

Figure 8. Effects of HBP on cartilage recovery determined via immunohistochemical analysis of IL6
expression and chondrogenic potential via Safranin-O staining. (A) Safranin-O-stained cartilage of RA
mice. (B) IL6 protein in cartilage of RA mice was stained with avidin-biotin. (C) Quantification of the
degree of Safranin-O and (D) IL6 staining of cartilage using Image J software, presented as bar graphs
(n = 10 per group). Different alphabets (a, b, c, and d) in each Figure indicate significant differences
among experimental groups (p < 0.05).

Immunohistochemical analysis was performed to evaluate HBP-induced changes in IL6 protein
expression in CIA mice. Limb joints of male CIA mice were obtained at the end of the experimental
period. IL6 expression was significantly higher in CIA mice (RA-PBS, 1.88-fold increase), compared to
the NT group (Figure 8B,D).

Enbrel®-treated CIA mice showed a slight reduction in IL6 expression, compared with the RA-PBS
group (1.88 ± 0.12 vs. 1.80 ± 0.03, Enbrel® vs. RA-PBS; p > 0.05). However, HBP treatment induced
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significant IL6 reduction relative to the RA-PBS treatment group (1.39 ± 0.03 vs. 1.80 ± 0.03, Enbrel®

vs. RA-PBS; p < 0.05). Importantly, the most significant decrease in IL6 expression was observed in the
co-injection group (E+HBP) (1.12 ± 0.02 vs. 1.80 ± 0.03, E+HBP vs. RA-PBS; p < 0.05).

3. Discussion

Previously, we synthesized a heparin binding domain peptide (HBP) derived from human
heparin binding domain of BMP4 and evaluated its biological significance in tumor targeting
and anti-angiogenesis [32]. BMP4 is a multifunctional growth factor that mainly promotes bone
formation [36]. This growth factor is expected to be highly efficacious in clinical treatment of
various diseases owing to involvement in multiple physiological processes, such as regulation of
angiogenesis [32], muscle development, human embryo development, and mineralization of bone [31].
In lieu of BMP4 protein, a peptide composed of 10 amino acids, RKKNPNCRRH, corresponding to
residues 15–24 of the heparin binding site of BMP-4 was generated and evaluated for therapeutic
application in various diseases.

We initially examined the efficacy of the BMP-4-derived HBP against RA and whether the peptide
could reduce the side-effects of Enbrel®, with a view to assessing its utility as a candidate or alternative
agent for RA therapy. Additionally, the effects of HBP on chondrocyte recovery were investigated in
an RA animal model.

To trigger an anti-inflammatory effect, peptides need to be efficiently delivered into cells. The amino
acid sequence of HBP exhibits similarities with cell-penetrating peptides containing poly-arginine [37].
Cell penetration properties are attributed to eight positive amino acids [38]. The cell penetration
activity of the newly developed HBP was evaluated by our group using human breast cancer
cells in a preliminary study [32] and RAW264.7 cells and artificial skin tissue in the current study
(Figure 2A). The infiltration capacity of HBP into inflamed cells was demonstrated for the first time
using an LPS-stimulated in vitro model (Figure 5A). As shown in Figure 2A, rhodamine-tagged HBP
was successfully delivered into the cytoplasm and even nucleus of inflammatory RAW264.7 cells.
HBP penetration into cells may not be required owing to its heparan sulfate proteoglycan (HSPG)
binding affinity. Interactions of inflammatory mediators, such as chemokines, with HSPG are known
to modulate the inflammation process. HSPGs play a key role in inflammation and their mimetics
effectively act as anti-inflammatory agents through modulating the interactions between mediators
and HSPGs [39]. Therefore, the anti-inflammatory activity of HBP may be mediated through binding to
HSPGs. In addition to HSPG-binding affinity, HBP displayed cell uptake ability, even at 4 ◦C, indicative
of direct cell penetration (Figure 2B). Intracellular distribution patterns of rhodamine-labeled HBP,
observed via confocal microscopy, supported its successful delivery into cells (Figure 2A). Besides
bound HSPGs, HBP delivered into cells may affect intracellular signaling pathways, such as NF-kB,
involving production of proinflammatory cytokines, including TNF-α and IL6. Further studies are
required to establish whether HBP exerts anti-inflammatory effects through binding to HSPGs or
inhibition of specific intracellular targets.

Following delivery into inflammatory cells, HBP induced a decrease in expression of inducible
nitric oxide synthase (iNOS), cyclooxygenase 2 (COX2), and interferon gamma (IFNγ) proteins
triggered by the intracellular inflammatory response (Figure 4). Nitric oxide (NO) is closely associated
with inflammation, angiogenesis, and tissue destruction in the RA model. Interplay of pro- and
anti-inflammatory cytokines promotes iNOS production in the affected tissues of RA patients [40].
The iNOS enzyme is responsible for localized overproduction of NO in synovial joints affected by RA.
Poulami et al. [41] suggested that the determination of the cytokine signaling network underlying
regulation of iNOS is essential to understand the pathophysiology of RA progression. Microarray
data analysis by the group revealed upregulation of the gene network belonging to interferon gamma
(IFNγ) and interleukin 6 (IL6) pathways in the RA synovium. Conversely, genes contributing to the
anti-inflammatory transforming growth factor-beta (TGFβ) signaling pathway were downregulated [42].
In the current study, iNOS and COX2 protein levels were significantly decreased at HBP concentrations
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of 50 μg/mL to 100 μg/mL (about two-fold), compared to control cells, with limited differences between
the 50 and 100 μg/mL treatment groups. Complete recovery from acute inflammation induced by
LPS to basal levels within a short time-frame (24 h in the current experiment) may be difficult to
achieve. Although HBP successfully exerted an anti-inflammatory effect on LPS-treated RAW264.7
cells, as evident from decreased iNOS and COX2 protein expression, the initial significant increases
in iNOS and COX2 induced by LPS were extremely high and could not be reduced to basal levels
by HBP. Expression of IFNγ, a known representative downstream molecule of iNOS signaling in
pre- and pro-inflammatory pathways, was markedly decreased upon treatment with 100 μg/mL HBP.
Accordingly, the optimum concentration of HBP for controlling inflammatory reaction was determined
as 100 μg/mL, and this concentration was also confirmed by an MTT assay (Supplementary Figure S1B).
In this respect, inhibition of the iNOS-IFNγ signaling pathway and IL6 may be contributory factors to
the anti-inflammatory mechanism of HBP.

Next, we examined the therapeutic effect of HBP in vivo via intraperitoneal injection twice per
week for 4 weeks into collagen-induced induced arthritic (CIA) DBA/1 mice, a common autoimmune
disease model widely employed to study rheumatoid arthritis (RA) [43].

Enbrel®, a tumor necrosis factor (TNF) blocker, is an FDA-approved RA therapeutic agent
indicated for reducing signs and symptoms, inducing major clinical responses, inhibiting progression
of structural damage, and improving physical function in patients with RA [44]. Serious side-effects of
Enbrel® include susceptibility to new infections, induction of hepatitis B, nervous system problems,
such as multiple sclerosis, seizures or inflammation of nerves of the eyes, blood problems, heart failure,
and allergic or autoimmune reactions. Long-term use of Enbrel® raises further safety concerns, such as
lymphoma and other malignancies. Owing to its wide range of side-effects, limited use over short
periods of time is recommended, highlighting the need to develop new, effective therapies to replace
or supplement Enbrel® [44]. Here, we compared the therapeutic effects of HBP and Enbrel® in the
CIA model. The Enbrel® dose was obtained from a previous report by our group, where CIA mice
received 100 μg Enbrel® intraperitoneally (5 mg/kg) twice per week for 4 weeks [45].

Severe RA is associated with deformation of joints, along with cartilage and bone destruction
(Figure 6), which is the most representative symptom [46–48]. In the current study, bone structure
and articular chondrocytes at the joint in our mouse model were recovered upon HBP treatment
(Figure 6). CIA mice treated with Enbrel® showed significant improvements in arthritis and paw
swelling scores (Figure 6D–G). Moreover, damaged chondrocytes in CIA mice detected via H&E
staining were significantly reduced following Enbrel® treatment (Figure 6C).

Arthritis and hind paw swelling scores were not significantly different between Enbrel® and
HBP-treated groups throughout the experimental period, implying that the HBP exerts similar
therapeutic effects as Enbrel® (Figure 6).

To further elucidate the combined effects of HBP and Enbrel, mice were simultaneously co-injected
with both agents. Co-injection induced a significant reduction in arthritis as well as hind paw swelling
scores. In terms of inflammation, HBP was considered to exert a more significant effect when combined
with Enbrel®. Levels of serum inflammatory cytokines, including IFNγ and IL6, were also markedly
increased in CIA mice and notably suppressed with Enbrel®. Unlike arthritis and paw swelling
scores, serum cytokine concentrations showed limited response to co-injection of HBP and Enbrel®.
The patterns of inflammatory cytokine concentrations in serum are reported to differ from arthritis and
paw swelling scores in CIA mice, which may be attributed to the potential involvement of other factors
in improving pro-inflammatory IFNγ or IL6 levels in blood. Further research is essential to clarify the
specific pre- and pro-inflammatory mechanisms. Co-treatment of CIA mice with HBP and Enbrel®

exerted a marginally greater therapeutic effect on paw swelling relative to each single agent. While the
results appear favorable, they may not be sufficiently beneficial to justify combination therapy in
humans. Further research is required to establish whether Enbrel® enhances the therapeutic efficacy of
HBP in the clinic.
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We observed no apparent changes in organ weights (including liver, spleen, and kidney)
in the HBP-treated group, compared with the normal control group (Supplementary Figure S2).
Moreover, no animal deaths were recorded during the experimental period, implying no cytotoxic and
organ-specific toxic effects of HBP in vivo.

In our experiments, HBP exerted similar anti-inflammatory effects to Enbrel®, even when used
alone. The anti-inflammatory effect of the peptide appeared further enhanced upon co-treatment with
Enbrel®. Additionally, injection of HBP led to recovery of the phenotype of inflammation-damaged
chondrocytes. HBP-mediated chondrocyte recovery was confirmed based on reduced IL6 expression
in cartilage tissue of treated mouse groups, which was accelerated with co-injection of HBP and
Enbrel® (Figure 8). Decreased expression of chondrocyte markers, including AGG, COLII, and TNFα,
in LPS-stimulated human chondrocytes was reversed upon HBP treatment (Figure 2). Chondrocytes
damaged via inflammation in the CIA animal model were also regenerated in the presence of HBP
(Figure 6C).

Our results collectively suggest that abnormal intracellular changes of joint chondrocytes in
the CIA mouse model are effectively attenuated by HBP and/or Enbrel. In this regard, it may be
advantageous to combine the peptide with Enbrel® to optimize treatment of inflammation and recovery
of joint chondrocyte structures in chronic arthritis.

4. Materials and Methods

4.1. Peptide Preparation

Heparin-binding peptides were generated using a peptide synthesizer (Prelude, Protein
Technologies Inc., Tucson, AZ, USA). The C-terminal amide form was produced using standard
9-fluorenylmethoxycarbonyl (Fmoc) chemistry. Rink amide-MBHA resin (GL Biochem, Shanghai,
China) was pre-swollen in DMF (50 mg/mL) and Fmoc-protecting groups of resin and amino acids
removed using 30% piperidine in DMF, 10 eq. DIPEA, 5 eq. HBTU, and 5 eq. Fmoc-protected amino
acid, calculated according to resin loading. Cleavage and side-chain deprotection of the peptide
resin was conducted for 4 h using a cleavage cocktail (TFA/water/thioanisole/phenol/ethanedithiol
(8.5/0.5/0.5/0.5,0.25)). Solutions containing cleaved peptide were precipitated by the addition of chilled
ether. Peptides were purified using preparative reverse-phase high-performance liquid chromatography
(RP-HPLC; Waters, Milford, MA, USA) with a Vydac C18 column and 50 min gradient from 90% to
10% water/acetonitrile containing 0.1% trifluoroacetic acid (TFA). Peptide purity was determined as
>98% via HPLC (Shimadzu, Kyoto, Japan) and liquid chromatography-mass spectrometry (LC-MS,
Shimadzu, Kyoto, Japan). To establish the peptide translocation pathways, rhodamine was manually
conjugated to the N-terminus during synthesis [49,50]. The purity and efficiency of rhodamine
labeling was assayed via HPLC by monitoring absorbance at 230 nm and fluorescence at 440 nm.
Fluorescence-labeled peptides were purified using HPLC (purity >95%), lyophilized, and stored at
−20 ◦C in the dark until use.

4.2. Cell Culture

Human articular chondrocytes (NHAC, adult human knee chondrocytes) were purchased from
Lonza (Walkersville, MD, USA) and used until passage 6. Cells were seeded onto 40 mm cell culture
dishes (TPP, Trasadingen, Switzerland) at a concentration of 1 × 104 cells/dish. Chondrocyte basal
medium (Lonza) was supplemented with SingleQuots chondrocyte growth medium BulletKit® (Lonza)
composed of FBS, fibroblast growth factor 2 (FGF-2), gentamicin sulfate/amphotericin-B, insulin,
insulin-like growth factor 1 (IGF-1), and transferrin. NHAC cells were sub-cultured two–three times to
< 85% confluency and the medium changed twice a week.

Murine RAW264.7 macrophages were obtained from American Type Culture Collection (ATCC;
Manassas, VA) and maintained in DMEM (Gibco-BRL, Grand Island, NY, USA) supplemented with
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10% FBS (Gibco-BRL) and 1% antibiotic-antimycotic solution (Gibco-BRL) at 37 ◦C in a humidified
atmosphere in 5% CO2.

4.3. MTT Assay

Cell-viability assay was analyzed by using an MTT assay. RAW264.7 cells were seeded in
96-well plates (1 × 104 cells/well). After treatment with various concentrations of HBP (0, 0.01, 0.1,
1, 10, 100, and 200 μg/mL) for 24 h, the MTT solution was added to the cells and incubated for 4 h.
After incubation, medium was removed and dimethyl sulfoxide (500 μL/well) was added to dissolve
the formazan precipitates. Extracted formazan was transferred to a 96-well plate, and measured their
absorbance at 570 nm using a microplate reader (BioTek Instruments, VT, USA). The cell viability assay
was obtained from three independent experiments.

4.4. RNA Isolation and Quantitative RT-PCR

NHAC cells were plated onto 100 mm culture dishes and incubated at 37 ◦C under 5% CO2. At 80–90%
confluence, cells were incubated for 2 h in DMEM with 0.5% serum for starvation, followed by treatment
with LPS (1 μg/mL; St. Louis, MO, USA) for 24 h and various concentrations of HBP for 1 h.

The medium was replaced after 24 h with fresh medium containing HBP with or without LPS for
a total culture period of 3 days. Total RNA from human articular chondrocytes was extracted using a
TRIzol reagent according to the manufacturer’s instructions (Life Technologies, Darmstadt, Germany).
Isolated RNA was treated with DNase I (Thermo Scientific, Schwerte, Germany) to remove possible
genomic DNA contamination and used for cDNA synthesis with the aid of Superscript III Transcriptase
(Life Technologies) and random hexamer primers (Thermo Scientific) at 50 ◦C for 1 h. Each sample
was run in triplicate. Quantitative RT-PCR was conducted using POWER SYBR Green qPCR Master
Mix (Life Technologies) and 0.2 μM primer (primer sequences are listed in Supplementary Table S1)
on the StepOne Plus Real-Time PCR System (Applied Biosystems, Forster City, CA, USA) under the
following cycle conditions: primary denaturation at 95 ◦C for 5 min, 40 cycles of 30 s at 95 ◦C, 40 s at
60 ◦C, and 30 s at 72 ◦C, followed by fluorescence measurements.

4.5. In Vitro Cellular Internalization

RAW264.7 cells (1 × 104 cells) were seeded on glass slides (Life Technologies, CA, USA). Following
24 h incubation to allow cell attachment, the culture medium was removed and 50μM rhodamine-labeled
HBP added along with fresh complete medium, followed by incubation for 10 min at 37 ◦C in a 5%
CO2 atmosphere. After incubation, cells were washed with PBS and incubated for 30 min at room
temperature with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Cells were
washed with PBS and imaged using an Olympus FV-300 confocal laser scanning microscope operated
with FLUOVIEW software (Olympus, Tokyo, Japan).

4.6. Western Blot Analysis

RAW264.7 cells were plated on 10 mm diameter culture dishes (1 × 105 cells/dish). At 80–90%
confluence, cells were incubated for 2 h in DMEM with 0.5% FBS for starvation [51]. Next, cells were
treated with LPS (1 μg/mL) for 30 min or various concentrations of HBP for 1 h. Following cell lysis
in RIPA containing protease and phosphatase inhibitors (Sigma, St. Louis, MO, USA) for 30 min on
ice, total protein concentrations were determined with a Pierce BCA protein assay kit (Thermo Fisher
Scientific, Waltham, MA, USA). Equal amounts of protein (30μg) were boiled in 5× electrophoresis sample
buffer (0.25 M Tris-HCl, pH 6.8 15% SDS, 50% glycerol, 25%β-mercaptoethanol (ME), 0.01% bromophenol
blue) for 5 min, separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrotransferred onto nitrocellulose membranes. Non-specific protein binding was blocked via
incubation with 3% BSA in T-TBS for 1 h. Membranes were washed with T-TBS and incubated with
primary antibodies in T-TBS containing 3% BSA for 4 h at 4 ◦C, including anti-iNOS, COX2, IFNγ,
and IL6 antibodies (Santa Cruz, CA, USA). After three further washes, membranes were incubated with
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a secondary antibody (horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, diluted 1:2000
in 3% BSA) for 60 min. Blots were visualized with chemiluminescence reagents (Thermo Scientific,
Schwerte, Germany). The relative optical densities of protein bands were quantified using Image J
software (National Institutes of Health, Bethesda, MD, USA).

4.7. Induction of CIA in Mice and Peptide Treatment

Male DBA/1 (7 weeks old, 21–24 g) were bred at Harlan Co., Ltd. (Indianapolis, IN, USA) and supplied
by Orientbio Inc. (Seungnam, Korea). All animal experiments were approved by the Institutional Animal
Care and Use Committee of Chungbuk National University (IACUC ID: CBNUA-1095-17-02). Arthritis
was induced via collagen inoculation (CIA) as described previously [43,52]. Mice were intradermally
immunized with 500 μg collagen type II (COLII, Sigma) dissolved in 0.5 mL 0.1 M acetic acid and
emulsified in 0.5 mL Freund’s incomplete adjuvant (Sigma) at 4 ◦C. Booster injections containing 250 μg
COLII similarly dissolved and emulsified with Freund’s incomplete adjuvant (1:1) were administered
intradermally into the tail base 21 days after primary immunization, following which hind paw volumes,
survival, and body weights were monitored.

Mice were divided into five experimental groups as follows: normal control group (NT, n = 10)
not immunized with collagen, CIA control group (RA-PBS, n = 10), HBP-treated CIA group (RA-HBP,
30 mg/kg, n = 10), Enbrel® (Pfizer, Seoul, Korea)-treated CIA group (RA-E, 10 mg/kg, n = 10),
and Enbrel® and HBP co-injection group (RA-E+HBP, n = 10). At 28 days after primary immunization,
HBP (30 mg/kg) was subcutaneously injected into the neck skin of CIA mice twice a week for 4 weeks.
Enbrel® was injected intraperitoneally three times a week for 4 weeks. The CIA control group
was administered PBS. At the end of the experimental period, liver, spleen, and kidney weights
were measured.

4.8. Assessment of Clinical Signs of Inflammation

Mice were monitored and absence of abnormal lesions confirmed for 28 days before the assessment
of rheumatoid arthritis via visual evaluation of the limb joints. On the same schedule as HBP injection
(days 0, 4, 7, 11, 14, 18, 21, and 25), clinical signs of inflammation were visually evaluated in the
same manner and classified according to the clinical scoring system (arthritis score) as follows [53]:
0 (normal), 1 (slight swelling and/or erythema), 2 (pronounced edematous swelling), and 3 (Ankylosis).
The average sum of the scores of the four limb joints was assessed through a blind test carried out by
two trained investigators.

After visual evaluation, paw swelling was measured and thickness of the center of the sole of the
limb measured using an electrical caliper (CD-15CPX, Kawasaki, Japan). The individual in charge of
the measurement reduced the error by one person to the maximal extent and summed the measured
values of edema at the same position in all four limbs.

4.9. Histological Examinations

On day 28, mice were killed for histological analysis. Both hind paws and ankles were harvested
from each mouse and fixed overnight in 10% buffered formalin, decalcified in 30% citrate-buffered
formic acid for 2 weeks at 4 ◦C, dehydrated in a graded series of methanol and xylene, and embedded
in paraffin. Thin sections (5 μm) were stained with hematoxylin and eosin (HE) and histopathologic
scoring performed under a light microscope by a blinded observer. The degree of inflammation around
articular cartilage was analyzed according to a previously reported method and scored as follows: 0,
mild; step 1, moderate; step 2, severe; step 3 [53].

4.10. Serum Cytokine Levels

At the end of the experimental period, serum samples were isolated from whole blood in each
group following sacrifice via centrifugation at 4 ◦C for 30 min and stored at −80 ◦C until use. IFNγ and
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IL6 levels in serum were measured via ELISA (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions.

4.11. Statistical Analysis

All data are presented as mean values ± standard deviation. Graphs were generated using
GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, CA, USA). Statistical significance was
analyzed with one-way analysis of variance (ANOVA), followed by the Tukey’s post hoc multiple
comparison test. Significant differences among experimental groups are indicated with different letters.
In this study, we conducted three independent sets of in vitro experiments and used 10 mice per
experimental group in vivo. All differences were considered significant at p values < 0.05.

5. Conclusions

Experiments from the current study demonstrated that a cell-penetrating HBP derived from the
human heparin binding domain of BMP-4 could effectively suppress inflammation via regulation of
iNOS-IFNγ-IL6 signaling in murine macrophages and human chondrocytes. Furthermore, the HBP
reduced several arthritis symptoms, including hind paw swelling, chondrocyte inflammation,
pro-inflammatory cytokine production, and increased arthritis score in CIA mice, and further protected
against chondrocyte damage and bone structure at the joint by enhancing cartilage recovery through
induction of IL6 expression. The data collectively support the utility of HBP as effective therapeutic
agents or supplementary treatments for RA.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/12/
4251/s1.
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Abbreviations

BSA bovine serum albumin
CD circular dichroism
CIA collagen-induced arthritis
COLII Type II collagen
COX2 cyclooxygenase
DMARD disease-modifying anti rheumatic drug
DMEM Dulbecco’s modified Eagle’s medium
EDAC N-ethyl-N0-(3-dimethylaminopropyl)-carbodiimide hydrochloride
EDTA fetal bovine serum
FBS ethylenediaminetetracetate
HBP 10-mer synthetic anti-inflammatory heparin binding peptides
HE hematoxylin and eosin
HBSS Hank’s balanced salt solution
HRP horse radish peroxidase
IFN interferon
IL interleukin
LPS lipopolysaccharide
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NHAC Normal Human Articular Chondrocyte
NHS N-hydroxysuccinimide
PBS phosphate-buffered saline
RA rheumatoid arthritis
SAHA suberoylanilide hydroxamic acid
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis
TFA trifluoroacetic acid
TFE trifluoroethanol
TNF-α tumor necrosis factor-alpha
T-TBS Tween-Tris-buffered saline
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Abstract: The enrichment technique is crucial to the comprehensive analysis of protein
phosphorylation. In this work, a facile, green and efficient synthetic method was set up
for quaternization of luffa sponge. The resultant luffa sponge showed strong anion-exchange
characteristics and a high adsorption ability for phosphate ions. Along with the unique physical
properties, e.g., tenacity and porous texture, quaternized luffa sponge was demonstrated to be a
well-suited solid-phase extraction (SPE) material. The quaternized luffa sponge-based SPE method
was simple, cost-effective and convenient in operation, and was successfully applied to the capture
of phosphopeptides from protein digests. The enrichment approach exhibited exceptionally high
selectivity, sensitivity and strong anti-interference ability. Four phosphopeptides were still detected
by using the digest mixture of β-casein and bovine serum albumin with a molar ratio of 1:100. 21
phosphopeptides were identified from the tryptic digest of non-fat milk.

Keywords: luffa sponge; phosphopeptide; mass spectrometry; Matrix-assisted laser desorption
ionization; solid-phase extraction

1. Introduction

Protein phosphorylation is a reversible posttranslational modification regulated by phosphatases
and kinases. Abnormal protein phosphorylation events are often correlated with diseases [1,2].
Research of phosphopeptides provides valuable information to elucidate the biological regulatory
mechanisms [3]. About 30% of cellular proteins would be phosphorylated during the physiological
processes [4]. However, because of the dynamic and reversibility of phosphorylation, only 1–2% of
the entire amount of protein is estimated to be phosphorylated at a specific moment [5]. In addition,
the abundance of phosphopeptides received after digestion is much lower [6]. Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) is considered to be a
powerful tool for the detection of phosphopeptides, however, of major concern is the poor ionization
efficiency of phosphopeptides, caused by the low occupancy ratio of phosphopeptides and signal
suppression of non-phosphopeptides. Therefore, prefractionation and the selective enrichment strategy
of phosphopeptides is crucial for a comprehensive phosphoproteomics analysis [7].

Various methods have been extensively studied in recent decades, including chemical
derivatization [8], immunoprecipitation [9], affinity chromatography with immobilized metal ions
(IMAC) such as Fe3+ [10] and Ti4+ [11], affinity chromatography with metal oxides (MOAC)
such as TiO2 [12] and ZrO2 [13], strong cation exchange (SCX) chromatography [14], strong
anion exchange (SAX) chromatography [15], and hydrophilic interaction chromatography [16].
The effectiveness of a combined strategy, e.g., the use of SAX or SCX together with an affinity
enrichment method (MOAC or IMAX), has also been demonstrated [17]. Owing to the existence
of negatively charged phosphate groups (pKa = 1–2), the SAX materials would prefer to catch
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the phosphopeptides and screen the non-phosphopeptides via the charge difference between
phosphopeptides and non-phosphopeptides [18]. SAX can not only enrich phosphopeptides
but also fractionate phosphopeptides [19]. Amine-based materials are expected to provide a
means for enriching phosphorylated proteins/peptides by SAX [20]. The electrostatic attraction
and hydrogen bonding between amine and phosphate groups provide a foundation for selective
enrichment [21]. Up to now, some amine-based materials have been used for selective enrichment of
phosphopeptides, such as amino-functionalized materials [22], guanidyl-functionalized materials [23],
polyethylenimine-functionalized materials [24], arginine-functionalized materials [25] and quaternary
ammonium-functionalized materials [26,27]. Among them, quaternary ammonium materials, bearing
permanent positive charges, provide the possibility of optimizing the best conditions for specific
enrichment of phosphopeptides over a broad pH range.

Natural polymers have received increasing attention because they possess many virtues such as
renewability, non-toxicity, inexpensiveness, biocompatibility and biodegradability. Luffa sponge, a
natural macromolecular material, is obtained from the ripened dried fruit of Luffa cylindrical. Luffa
sponge has a fibro-vascular reticulated structure with high porosity (79%–93%) and simultaneously
low density (0.02–0.04 g/cm3) [28]. It is mainly composed of cellulose, hemicellulose and lignin, and
may also contain a small amount of pectin, protein and trace elements such as calcium, magnesium,
phosphorus, potassium and so on [29]. Luffa sponge exhibits excellent mechanical properties and
a tough texture, which is acid and alkali resistant [30]. Owing to the abundance of active groups
on the surface of luffa sponge, a variety of chemical modifications may be carried out to increase its
functionality and the scope of its use [31,32]. Luffa sponge and its modified products have been used
as sorbents for heavy metals [33], dyes [34] or phenols [35], biomatrixes for cell immobilization, and
structural supports for biosorption in diverse biotechnological applications [36,37].

Luffa sponge has great potential to be used as a solid phase extraction material due to its physical
and chemical properties. In this work, the strategy for quaternization of luffa sponge was investigated,
and a new solid phase extraction approach based on quaternized luffa sponge was developed for
selective enrichment of phosphopeptides. The performance of the enrichment approach was assessed.

2. Results and Discussion

2.1. Preparation and Characterization

The fiber of luffa sponge was principally made up of cellulose, hemicellulose and lignin. Small
organic molecules were removed by methanol extraction. Alkali treatment had a beneficial effect on
further modification. The general scheme for the preparation of quaternized luffa sponge A (QA) and
quaternized luffa sponge B (QB) is presented in Scheme S1. The synthetic route to QA included three
main steps. Firstly, epichlorohydrin (ECH) reacted with the hydroxyl groups of luffa cellulose to form
epoxy cellulose ether. Then, the epoxide ring was opened by reacting with ethylenediamine. In the third
step, triethylamine was connected to ethylenediamine moiety that had been grafted on the polymer
chain to obtain QA. For the synthesis of QB, 3-chloro-2-hydroxypropyltrimethylammonium chloride
(CHPTAC) was chosen as the etherification agent. Under alkaline conditions, CHPTAC was cyclized to
epoxy propyl quaternary ammonium salt, and the latter reacted with cellulose through a nucleophilic
ring opening reaction to generate cationic cellulose. To ensure QA and QB were carrying more
quaternary amine groups, the reaction conditions such as feeding ratio, reaction time and temperature
were optimized and has been explained in the experimental section. The obtained materials were
characterized by scanning electron microscope (SEM) and X-ray photoelectron spectroscopy (XPS).

The differences in the morphology of untreated luffa sponge, QA and QB are displayed in Figure 1.
The untreated luffa sponge material was composed of interwoven fibers finer than 100 nm. After
modification, the microcosmic reticular structure on the surface of QA disappeared, implying that the
fibers on the surface were partly impaired during the chemical modification process. QB had a smooth
surface and was uniform in fiber microstructure.
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Figure 1. SEM images of (a,b) untreated luffa sponge, (c,d) modified luffa sponge QA, and (e,f) modified
luffa sponge QB.

The atomic percentages (C 1s, N 1s and O 1s) of untreated luffa sponge, QA and QB revealed
by XPS are listed in Supplementary Table S1. The relative contents of N element on the surfaces
of untreated luffa sponge, QA and QB were 0.67%, 5.60% and 2.56%, respectively, indicating that
the ammonium groups were introduced to QA and QB. As shown in Figure 2, in comparison with
untreated luffa sponge, both QA and QB displayed an additional peak at 402.5 eV in N 1s XPS high
resolution spectra. This peak was attributable to the N element in quaternary ammonium groups,
indicating that both synthesis routes were successful for the quaternization of luffa sponge.
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Figure 2. XPS spectra of N 1s of (a) untreated luffa sponge, (b) modified luffa sponge QB, and
(c) modified luffa sponge QA.

2.2. Adsorption of Anions by Modified Luffa Sponge

The adsorption performances of luffa sponge materials for inorganic anions were investigated.
As shown in Figure 3, the untreated luffa sponge had almost no effect on adsorption of anions, however,
both modified luffa sponge materials exhibited a significant effect, especially on sulfate and phosphate
ions. 77.1% of phosphate ions were removed from the solution of mixed anions by QA, and 88.9% of
phosphate ions were removed by QB. Although the total content of nitrogen element on the surface of
QA revealed by XPS was higher than that of QB, the adsorption performance of QB was better, which
was attributable to more quaternary ammonium groups on QB. Once the incubation temperature was
set at 40 ◦C, 98.3% of phosphate ions were removed by QB.

Figure 3. Ion exchange chromatograms of anions (a) before and after adsorption by (b) untreated luffa
sponge, (c) QA, and (d) QB.
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2.3. Enrichment of Phosphopeptides by QB

Inspired by the aforementioned experimental results, we selected QB as a potential solid phase
material for phosphopeptide enrichment. The schematic diagram of the procedure for solid phase
extraction of phosphopeptides is shown in Figure 4. The enrichment mechanism was based on
anion exchange. Phosphorylated peptides, carrying one or more phosphate groups, are more
electronegative than other peptides in the same environment. When a proper loading solution was
used, non-phosphopeptides would be exchanged by the anions in the solution while phosphopeptides
could be retained on the solid phase. The pH of the loading solution was set at 4.0 to reduce the
adsorption of non-phosphopeptides caused by electrostatic interaction. A small amount of acetonitrile
was added to reduce the adsorption of non-phosphopeptides caused by hydrophobic interaction.
Especially, owing to the characteristics of texture and fibro-vascular reticulated structure, the luffa
sponge had open and free space for the exchange of matter, and was able to tolerate remarkable stresses
and resume its original shape when brought again to rest. The extraction cartridge was assembled by
packing QB within the barrel of a syringe between a sieve plate and the piston. The extraction was very
convenient in operation. Since luffa sponge is almost an inexhaustible resource and the modification
method for QB is facile and efficient, quaternized luffa sponge is low-cost.

Figure 4. Schematic diagram of the procedure for enrichment of phosphopeptides with QB. Loading
solution: 30 mM acetic acid-ammonium acetate in 20% acetonitrile, pH 4.0; washing solution: deionized
water; elution solution: 5% trifluoroacetic acid.

The performance of QB for phosphopeptide enrichment was investigated by using tryptic
digests of two typical phosphorylated proteins, namely α-casein and β-casein. When the tryptic
digest of α-casein (3 pmol) or β-casein (3 pmol) was directly analyzed by MALDI-TOF MS, only
weak signals of one or two phosphopeptides could be detected. After enrichment, the signals from
phosphopeptides dominated the spectra. Taking α-casein digest as an example, the relative peak area
of the phosphopeptides versus the total area of the peptide-ions in the mass spectrum was 69.2%. In
contrast, the ratio Iphos/(Iphos + Inon) was 5.9% before enrichment. Eighteen phosphopeptides from
α-casein digest (Figure 5b) and nine from β-casein digest (Figure 5d) were detected. The number of
phosphopeptides enriched from α-casein was improved in comparison with the previously reported
results enriched by commercial TiO2 [38,39], in which thirteen phosphopeptides were identified. The
information about the phosphopeptides involved in this paper is displayed in Supplementary Table S2.
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Figure 5. MALDI mass spectra of tryptic digests of α-casein (3 pmol) by direct analysis (a) or after
enrichment using QB (b), and β-casein (3 pmol) by direct analysis (c) or after enrichment using QB (d).
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To assess the selectivity of this enrichment approach to phosphopeptides, a non-phosphorylated
protein, BSA, was chosen as a reference to examine the anti-interference ability. Enzymatic digest
mixtures of β-casein and BSA with a molar ratio of 1:10 and 1:100 were tested. The MALDI-TOF
MS spectra for the digest mixtures prior to enrichment are displayed in Supplementary Figure S1a,c.
The majority of observed signals corresponded to non-phosphopeptides. After enrichment, peaks of
phosphopeptides dominated in the mass spectra (Supplementary Figure S1b,d). When the molar ratio
ofβ-casein to BSA was 1:100, four phosphopeptides could still be detected. Two among them were from
α-casein due to protein impurities in β-casein. The results demonstrated the excellent selectivity of this
method toward phosphopeptides in spite of the presence of a large amount of non-phosphopeptides.

To investigate the sensitivity of this approach, less amounts (300 fmol and 30 fmol) of β-casein
digests were tested. As shown in Supplementary Figure S2, three phosphopeptides could still be
detected even when the amount of β-casein was as low as 30 fmol.

2.4. Enrichment of Phosphopeptides from Non-Fat Milk

The application potential of QB to real samples was examined by selective enrichment of
phosphopeptides from non-fat milk. Prior to enrichment, most peaks in the mass spectrum indeed
corresponded to non-phosphopeptides in the tryptic digest (Figure 6a). After solid phase extraction
using QB, three phosphopeptides from β-casein and eighteen phosphopeptides from α-casein
were detected (Figure 6b). When the digest was enriched by TiO2 nanoparticles, only thirteen
phosphopeptides in total were observed (Figure 6c). The number of phosphopeptides (21) captured
from non-fat milk digest by QB also exceeded those captured by some other materials, such as
mesoporous TiO2 nanoparticles (12) [40], Zr4+-immobilized magnetic covalent organic frameworks
(14) [41], Ti(IV) and Nb(V) modified magnetic microspheres (19) [42], chitosan and polyethylenimine
coated magnetic particles (17) [43] and magnetic guanidyl-functionalized metal–organic framework
nanospheres (19) [44], and was comparable to that of titanium dioxide/ions on magnetic microspheres
(23) [45]. The results demonstrated that the QB-based method exhibited good selectivity toward
phosphopeptides in complex samples.

3. Materials and Methods

3-Chloro-2-hydroxypropyltrimethylammonium chloride aqueous solution (69 wt%) was
purchased from Dibo Chemical Reagent (Shanghai, China) and used as etherifying reagents without
further purification. Epichlorohydrin was purchased from Lingfeng Chemical Reagent (Shanghai,
China). N, N-dimethylformamide (DMF), ethylenediamine, triethylamine, sodium hydroxide,
methanol, ethanol, acetonitrile (ACN), isopropanol, urea, acetic acid, ammonium acetate and sodium
bicarbonate were analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). The standard solutions of phosphate, nitrate, sulfate, nitrite, fluoride ion, chloride
ion and bromine ion were purchased from the National Center for Analysis and Testing of Nonferrous
Metals and Electronic Materials (Beijing, China). Iodoacetamide (IAA), 1,4-dithiothreitiol (DTT),
trifluoroacetic acid (TFA) and 2,5-dihydroxybenzoic acid (DHB) were purchased from Aladdin
Chemical Reagent Co., Ltd. (Shanghai, China). Bovine β-casein, bovine α-casein, trypsin (from porcine
pancreas, TPCK-treated) and bovine serum albumin (BSA) were purchased from Sigma–Aldrich
(St. Louis, MO, USA). The luffa sponge was purchased from Henan Ledu Pharmacy (Henan, China).
Ultra-high molecular weight polyethylene sieve plate (UHMW-PE, diameter of 4.9 mm, thickness of
1.6 mm, and pore size of 20 μm) was purchased from Haohai Linfeng Technology Co., Ltd. (Wuhan,
China). The syringe (1 mL) was purchased from Jinta Medical Equipment Co., Ltd. (Shanghai, China).
Non-fat milk was purchased from a local supermarket.
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Figure 6. MALDI mass spectra of (a) tryptic digest of non-fat milk without any enrichment, (b) with
QB enrichment, and (c) with TiO2 enrichment.

3.1. Pretreatment of Luffa Sponge

The raw material of luffa sponge was peeled to remove the seeds and cut to small pieces. 10 g of
luffa sponge was suspended in 300 mL of methanol in a 500 mL round-bottomed flask fitted with a
condenser tube. The luffa sponge suspension was refluxed for 24 h at 60 ◦C. When dry, the luffa sponge
was soaked in 5% (w/w) sodium hydroxide aqueous solution at room temperature for 24 h. The luffa
sponge was then washed with deionized water, dried and sealed.
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3.2. Synthesis of Quaternized Luffa Sponge

The first synthesis route was similar to that of Zhang et al. [46] whereby 1 g of pretreated luffa
sponge was suspended in 40 mL of DMF and 20 mL of ECH in a 250-mL round-bottomed flask with a
constant-temperature water bath at 85 ◦C and magnetic stirring. After 1 h, 2.6 mL of ethylenediamine
was added dropwise into the flask. One hour later, 3.5 mL of triethylamine was added dropwise into
the flask. Over a period of 60 min, the product was washed sequentially with deionized water and
ethanol. When dry, the material was sealed for later use. The as-prepared material was coded as QA.

Quaternized luffa sponge was prepared by another route: 2 g of pretreated luffa sponge was
soaked in 100 mL of sodium hydroxide aqueous solution (30%, w/w) overnight. After being washed
with deionized water and dried, the luffa sponge was added to 80 mL of isopropanol in a flask with
a constant-temperature water bath at 45 ◦C and magnetic stirring. Then 5 mL of sodium hydroxide
aqueous solution (30%, w/w) was added and 7 g of CHPTAC aqueous solution was added dropwise
into the flask. Over a period of 3 h, the product was washed sequentially with deionized water and
ethanol. The material was dried and coded as QB.

3.3. Characterization of Quaternized Luffa Sponge Materials

The morphology of the materials was observed by a Sigma field emission scanning electron
microscope (Zeiss, Germany). X-ray photoelectron spectroscopy measurement was performed on
an ESCALAB 250Xi electron spectrometer (Thermo Scientific, Waltham, MA, USA) using a radiation
source of Al Kα radiation with the energy of 1486.6 eV.

3.4. Adsorption of Anions

A mixture of anions containing F−, Cl−, NO2
−, Br-, SO4

2−, NO3
− and PO4

3− with the concentration
of 10 mg/L each was made by diluting anion standard solutions with deionized water. 15 mg of
untreated luffa sponge, QA or QB, was added to 1.5 mL of the solution of mixed anions. After being
incubated at room temperature for 1 h, the suspension was centrifugated and the supernatant was
collected for further ion chromatography analysis.

3.5. Ion Chromatography

An ICS 2500 ion chromatography system (Dionex, CA, USA) consisting of a GP50 gradient pump,
AERS 500 suppressor, RFC-30 eluent generator and ED50 electrochemical detector was used in this
study. IonPacTM AS 11-HC (4 × 250 mm) and AG 11-HC guard (4 × 50 mm) columns (Dionex, CA,
USA) packed with anion-exchange resin were used as the separation columns. The analysis was
performed at 35 ◦C with the flow rate set at 1.5 mL/min in isocratic mode. The injection volume was
25 μL, and 36 mM potassium hydroxide was employed as mobile phase.

3.6. Peptide Sample Pretreatment

Bovine α-casein or bovine β-casein was originally made into stock solution at a concentration of
1 mg/mL with ammonium bicarbonate solution (50 mM, pH 8.0). Proteins were digested with trypsin
by using an enzyme to substrate ratio of 1:50 (w/w), and the digestion was performed at 37 ◦C for 24 h.

BSA (1 mg) was dissolved in 100 μL of denaturing solution (8 M urea in 50 mM ammonium
bicarbonate solution, pH 8.0). Then BSA was reduced by 10 mM DTT (final concentration) at 56 ◦C for
30 min. The reduced cysteine residues were alkylated with 20 mM IAA (final concentration) in the
dark at room temperature for 30 min. The reduced and alkylated protein sample was diluted with
300 μL of 50 mM ammonium bicarbonate solution and then digested with trypsin at an enzyme to
substrate ratio of 1:50 (w/w) by incubating at 37 ◦C for 24 h.

100 μL of non-fat milk was lyophilized to dryness and then denatured by adding 100 μL of
denaturing solution (8 M urea in 50 mM ammonium bicarbonate solution, pH 8.0) at 56 ◦C for 30 min.
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The proteins were then reduced, alkylated, and digested the same way as BSA. All the tryptic digests
were stored at −20 ◦C for future use.

3.7. Phosphopeptide Enrichment Procedure

The enrichment procedure involved three steps: load, wash and elution. One sieve plate was
loaded into the bottom of a syringe barrel to construct a simple solid phase extraction device. Five
milligrams of QB was put in between the sieve plate and the syringe piston. Ten microlitres of
peptide mixture was added to 500 μL of loading solution (30 mM acetic acid-ammonium acetate buffer
containing 20% ACN, pH 4.0). After being drawn in the syringe and incubated with QB for 1 h, the
sample solution was pushed out. The QB material was then washed with loading solution and water
in succession. The trapped peptides were eluted with 50 μL of 5% TFA.

The phosphopeptide enrichment by TiO2 was performed according to the literature [47]. TiO2

nanoparticles were prepared as previously described [48]. Before enrichment, 2 mg of TiO2 nanoparticles
were dispersed in 500 μL of loading buffer (1 M glycolic acid, 5% TFA, 80% acetonitrile). Ten microlitres
of protein digests were mixed with TiO2 suspension, and incubated for 1 h at room temperature,
followed by centrifugation at 12,000g for 5 min. The supernatant was discarded and the remaining
materials were washed sequentially with loading buffer and washing buffer (80% acetonitrile, 1% TFA).
The phosphopeptides were eluted with 100μL of NH4OH, pH 11 and the eluate was acidified with 10μL
of 100% formic acid. The acidified phosphopeptides were desalted on a Sep-Pak-C18 microcolumn.
The purified phosphopeptides were eluted from the microcolumn directly onto the MALDI-target
using DHB matrix (20 mg/mL DHB in 70% acetonitrile, 1% phosphoric acid and 0.1% TFA).

3.8. Mass Spectrometry Analysis

Peptides were analyzed using a 5800 MALDI-TOF/TOF mass spectrometry (AB SCIEX,
Framingham, MA, USA) in positive ion mode. Matrix solution (mixture of 25 mg/mL DHB in
50% (v/v) ACN, 1% (v/v) phosphoric acid [49]) was mixed with equal volume of the eluate, from which
0.6 μL of solution was loaded onto the MALDI target. MS data were acquired in reflection mode. Four
hundred shots were accumulated for each MS spectrum, and the data were processed by using Data
Explore (AB SCIEX, Framingham, MA, USA).

4. Conclusions

In summary, we developed a feasible method for synthesizing quaternized luffa sponge and a
new approach for the enrichment of phosphopeptides. Quaternized luffa sponge was demonstrated
to be a well-suited solid phase extraction material. The quaternized luffa sponge-based extraction
approach is simple, cost-effective, and convenient in operation. The enrichment approach exhibited
exceptionally high selectivity and sensitivity toward phosphopeptides, and was successfully applied to
the analysis of phosphorylated proteins in a complex sample. Due to the unique structural properties
it bears, quaternized luffa sponge should be an attractive solid phase extraction material for a wide
range of applications.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/1/101/s1.
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Abbreviations

MALDI Matrix-assisted laser desorption ionization
TOF Time-of-flight
MS Mass spectrometry
SAX Strong anion exchange
SPE Solid-phase extraction
CHPTAC 3-Chloro-2-hydroxypropyltrimethylammonium chloride
ECH Epichlorohydrin
IAA Iodoacetamide
DTT 1,4-dithiothreitiol
BSA Bovine serum albumin
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Abstract: Because of the rapid development of multidrug resistance, conventional antibiotics cannot
kill pathogenic bacteria efficiently. New antibiotic treatments such as antimicrobial peptides (AMPs)
can provide a possible solution to the antibiotic-resistance crisis. However, the identification of
AMPs using experimental methods is expensive and time-consuming. Meanwhile, few studies use
amino acid compositions (AACs) and physicochemical properties with different sequence lengths
against different organisms to predict AMPs. Therefore, the major purpose of this study is to identify
AMPs on seven categories of organisms, including amphibians, humans, fish, insects, plants, bacteria,
and mammals. According to the one-rule attribute evaluation, the selected features were used to
construct the predictive models based on the random forest algorithm. Compared to the accuracies
of iAMP-2L (a web-server for identifying AMPs and their functional types), ADAM (a database of
AMP), and MLAMP (a multi-label AMP classifier), the proposed method yielded higher than 92%
in predicting AMPs on each category. Additionally, the sensitivities of the proposed models in the
prediction of AMPs of seven organisms were higher than that of all other tools. Furthermore, several
physicochemical properties (charge, hydrophobicity, polarity, polarizability, secondary structure,
normalized van der Waals volume, and solvent accessibility) of AMPs were investigated according to
their sequence lengths. As a result, the proposed method is a practical means to complement the
existing tools in the characterization and identification of AMPs in different organisms.

Keywords: antimicrobial peptides; organisms; sequence analysis; machine learning; feature selection

1. Introduction

Antimicrobial peptides (AMPs), naturally encoded by genes and usually containing 12–100 amino
acids, are the essential components of the innate immune system and can protect the host from viruses
and various pathogenic bacteria [1,2]. They are produced by various organisms, including protozoa,
bacteria, and animals, and can cause the cell death of microbes by disrupting either their cell membrane
or intracellular functions [3]. In recent years, the prevalent use of antibiotics has resulted in the rapid
growth of antibiotic-resistant microorganisms that often induce severe infection and pathogenesis.
Since antibiotic resistance is a growing phenomenon in contemporary medicine, the low drug-resistance
development of AMPs can provide a possible solution [4].

Several studies have been dedicated to the prediction of AMPs, such as AntiBP [5], AntiBP2 [6],
CAMP [7], ClassAMP [8], AVPpred [9], AMPER [10], iAMP-2L [11], iAMPred [12], AmPEP [13],
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and EFC-FCBF [14]. Specifically, the AMP database, namely APD, has collected 123 human host-defense
peptides, 220 AMPs from mammals, 1050 active peptides from amphibians, 116 AMPs from fish,
35 reptile peptides, 40 AMPs from birds, 509 AMPs from arthropods, 160 AMPs from chelicerata,
42 AMPs from molluscs, and 6 AMPs from protozoa [15]. PhytAMP currently contains 271 entries
of plant AMPs [16]. Moreover, previous studies have shown that there is a difference in amino acid
composition (AAC) among different organisms. Cysteine is a major residue in AMPs from plants,
probably because of the advantage of disulfide-bonded and defensive-like molecules [17]. In addition
to AACs, the physicochemical property, sequence order, and the pattern of terminal residues have
also been adopted in AMP prediction [13]. Furthermore, the net charge, isoelectric point, composition,
and tendency for secondary structure are related to the activities of AMPs, such as antibacterial,
antifungal, and antiviral activities [6,12,18].

With the rapid development of high-throughput proteomic technologies in recent years, machine
learning (ML) algorithms have been the primary techniques for building up sequence-based classifiers
to distinguish between AMPs and non-AMPs [13]. Mishra and Wang used AACs, physicochemical,
and structural features to predict AMPs with different activities based on support vector machine
(SVM) [17]. Meher et al. proposed the concept of the adoption of physicochemical features as the
features used in ML [12]. Bhadra et al. adopted seven physicochemical classes and three distribution
features, identifying where the first residue of a given group is located, and where 25%, 50%, 75%,
and 100% of occurrences are contained, to differentiate between AMPs and non-AMPs [13]. Specifically,
they proposed the concept of using distribution patterns as features. Additionally, there are several
online tools available for the prediction of AMPs. i-AMP2L is a two-level multilabel predictor
based on pseudo amino acid composition (PseAAC) and the fuzzy K-nearest neighbor (FKNN)
algorithm [11]. It can identify an uncharacterized peptide as AMP or non-AMP based on the amino
acid composition and physicochemical properties of sequences [11]. ADAM is a database of AMPs
and allows users to predict sequences using SVM and hidden Markov models with amino acid
composition adopted as the features [19]. DBAASP is an AMP prediction tool developed from SVM
and artificial neural network (ANN) that incorporates hydrophobicity, amphipathicity, location of the
peptide in relation to membrane, charge density, propensities to disordered structure, and aggregation
being the features [20]. MLAMP adopted ML, synthetic minority oversampling technique (SMOTE),
AACs, and physicochemical properties to construct a two-level AMP predictor [21]. CAMPR3 is a
database that collects sequences, structures, and family-specific signatures of experimentally validated
prokaryotic and eukaryotic AMPs [2]. It also provides AMP prediction tools based on random forest
(RF), SVM, ANN, and discriminant analysis (DA), which use AACs, secondary structural propensities,
and physicochemical properties as features.

Although AMPs are considered as an alternative drug to conventional antibiotics and has become
a model for the development of new drugs that can solve the problem of multidrug resistance, using
experimental methods to identify AMPs is expensive and time-consuming. Additionally, few studies
have used AACs and physicochemical properties with different sequence lengths against different
organisms to predict AMPs. In other words, research devoted to investigating the correlations
between AACs/physicochemical properties and different sequence lengths on different organisms is
scarce. Therefore, the major purpose of this study is to identify AMPs on seven organisms, including
amphibians, humans, fish, insects, plants, bacteria, and mammals. Note that AACs, amino acid
pairs, and the physicochemical properties (charge, hydrophobicity, polarity, polarizability, secondary
structure, normalized van der Waals volume, and solvent accessibility) of each class are the major
features that will be considered. After constructing the AMP classifiers for seven organisms, feature
selection methods will be adopted to obtain a better understanding of the sequential characteristics of
AMPs with respect to the seven categories of organisms. In addition, we will investigate these features
on positions of the sequence to explore their relations.
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2. Results

2.1. Characterization of AMPs

2.1.1. Compositional Characteristics of AMPs

Figure 1A demonstrates the average AACs of AMPs and non-AMPs. Specifically, “L”, “G”,
and “K” were abundant amino acids for AMPs, while “L”, “A”, and “G” were abundant amino acids
for non-AMPs. Additionally, there was an obvious difference in the composition of “C” (cysteine)
between AMPs and non-AMPs. Previous research has indicated that the reason should be due to the
dominance from disulfide-bonded and defensing-like molecules [17]. Meanwhile, the composition
of “K” (lysine) was different between AMPs and non-AMPs, since the AMP structural cores mainly
had positive net charges [22]. The composition of “G” (glycine) of AMPs was higher than the one
for non-AMPs. This observation is consistent with that of a previous study, which indicated that the
glycine-rich proteins (GRPs) are a group of proteins that occurs in a wide variety of organisms [23].

Figure 1B shows the AACs of AMPs with respect to the seven categories of organisms. There were
some obvious differences among these organisms. The AACs related to a hydrophobic property (“C”,
“L”, “V”, “I”, “M”, “F”, and “W”) were different among these organisms. Additionally, the composition
of “L” (leucine) in Amphibia was much higher than that in the other organisms; the composition of
“C” in plants was the highest among the seven categories of organisms; the composition of “K” and
“R”, which have positive charges, were higher than that of “E” and “D”, which have negative charges,
for each organism. Moreover, the composition of “R” in humans and mammals was higher than that in
other organisms. Because of these differences, the AACs were the critical features that differentiated
identification of AMPs on different organisms.

Figure 1. Average AACs of (A) AMPs and non-AMPs, and (B) AMPs with respect to the seven
categories of organisms.
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2.1.2. Investigation of Physicochemical Properties

Among the seven physicochemical properties we have collected, it was obvious that there was
a significant difference between AMPs and non-AMPs. Figure 2 demonstrates the comparisons of
three physicochemical properties between AMPs and non-AMPs. Hydrophobicity was obviously
different between AMPs and non-AMPs for the polar class (Figure 2A). The result could be due to
the hydrophobic interaction of the hydrophobic face with the lipidic moieties of membranes, which
also drives peptide–cell binding [24]. The value of polarity between 4.9 and 6.2 in AMPs was higher
than that in non-AMPs (Figure 2B). On the other hand, the value of polarity between 10.4 and 13
in AMPs was lower than that in non-AMPs. The activities of AMPs were found to decrease with
an increase in polarity [25]. AMPs tend to be positively charged, which is consistent with previous
research where the positive charges were influential in determining AMP activities (Figure 2C) [26].
Appendix A Figure A1 also demonstrates that the AMPs mainly had positive net charges. About half of
the AMPs had net charges between +2 and +4, and less than 5% of the AMPs had negative net charges.
In addition, the distribution of charges among non-AMPs was different from that of AMPs. Based
on these differences in physicochemical properties between AMPs and non-AMPs, we considered
these physicochemical features as the important features in the prediction of AMPs. The comparisons
of polarizability, normalized van der Waals volume, secondary structure, and solvent accessibility
are shown in Appendix A Figure A2. These observations can provide useful information for the
construction of AMP classifiers for different classes of organisms and figure out the possible reasons
for the high performance of the models.

Figure 2. Comparisons of physicochemical properties between AMPs and non-AMPs for
(A) hydrophobicity, (B) polarity, and (C) charge.

204



Int. J. Mol. Sci. 2020, 21, 986

2.1.3. Physicochemical Properties with Respect to Different Sequence Lengths

In addition to observing physicochemical properties on AMPs and non-AMPs for different
organisms, we also investigated them in different quantiles of sequence length. Figure 3A demonstrates
that the majority of AMPs with positive charges were in the 90~100th percentile of sequence length.
This is probably because charged amino acids at the tethered C-terminal increased the activity of the
peptide. According to these distributions of AMP and non-AMPs, charge is an important feature to
predict AMPs. In addition, Figure 3B illustrates the hydrophobicity in different percentiles of sequence
length. The majority of AMPs with hydrophobicity were in the 90~100th percentile of sequence
length. Previous research has indicated that a more hydrophobic and amphiphilic C-terminal obviously
infiltrated into the hydrophobic part of the target cell membrane [27]. Moreover, many physicochemical
properties vary among AMPs and different effects on AMP activities such as antibacterial, antifungal,
and antiviral activities [22]. Differences can be found in the terminal residue profiles between AMP and
non-AMPs. The remaining physicochemical properties also differed at different percentiles of sequence
length. The comparisons of polarity, polarizability, normalized van der Waals volume, secondary
structure, and solvent accessibility at different percentiles of sequence length are shown in Appendix A
Figure A3. These observations can provide some indications on the investigation on the relations
between the positions of the sequence and the physicochemical properties of AMPs and non-AMPs.

Figure 3. Comparisons of (A) charge on different positions of sequence between AMPs and non-AMPs,
and (B) hydrophobicity at different positions of sequence between AMPs and non-AMPs.
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2.1.4. Physicochemical Properties of AMPs with Respect to Different Categories of Organism

As shown in Table 1, the distribution of AMP sequence lengths among seven categories of
organisms indicated that most of AMPs had 20–40 amino acids. Moreover, the number of AMPs
with lengths over 100 for human and mammals were much higher than that of other organisms.
Figure 4A shows that the AMPs from Amphibia tended to be hydrophobic compared with other
organisms. Furthermore, Figure 4B investigates the hydrophobicity of different percentiles of sequence
length for each organism. Most of the AMPs from Amphibia, bacteria, insects, and mammals had
hydrophobicity in the 90–100th percentile of sequence length. In contrast, the AMPs from humans in
the 10–20th and plants in the 30–40th percentiles of sequence length were hydrophobic. Appendix A
Figure A4A shows that the percentage of positively charged AMPs was larger than that of the negatively
charged AMPs for each category of organism. Appendix A Figure A4B indicates that the positively
charged AMPs from Amphibia, insects, and mammals tended to be at larger percentiles of sequence
length. Moreover, the distributions of charges in the AMPs from seven organisms are shown in
Appendix A Figure A5. We found that the charge distribution was quite different among different
organisms. The majority of AMPs from Amphibia had charges between+1 and+4. However, the AMPs
from humans and mammals tended to have charges larger than +10 because of the sequence length.
Specifically, the number of sequence lengths over 100 from humans and mammals were the largest
ones among seven categories of organisms.

Table 1. Distribution of AMP sequence lengths among different organisms on training datasets.

Organisms
Number of Peptides with Length L

L ≤ 20 20 < L ≤ 40 40 < L ≤ 60 60 < L ≤ 80 80 < L ≤ 100 100 < L Total

Amphibia 269 437 28 3 0 4 741
Bacteria 117 111 61 16 13 27 345
Fish 18 54 10 5 3 5 95
Human 11 53 13 26 7 76 186
Insects 67 94 32 12 7 8 220
Mammals 78 180 51 43 11 85 448
Plants 63 153 95 7 14 32 364

Figure 4. Comparisons of AMP hydrophobicity (A) in different categories of organisms and (B) at
different positions of sequence (percentiles of sequence length) in each category of organism.
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2.2. The Identification of Important Features

The order of importance was derived from the random forest algorithm and ranked the features
for each category of organism. Appendix A Figure A6 shows that the patterns were accurate when
the forward selection method was used to attain the approximate optimal results. These features
were included in the prediction model one by one based on the rank order of feature selection.
The performance would become better and better when more and more features were put into the
prediction model. After a certain number of features were added, the performance curves converged,
and further addition of the remaining features only affected the performance slightly. These features
were thus selected and adopted in the prediction models, which helped us to reduce the size of the
feature set. As shown in Appendix A Figure A6, the final feature sets of Amphibia, bacteria, fish,
human, insects, mammals, and plants included the top 49, 65, 53, 64, 20, 77, and 65 features, respectively.

Appendix A Figure A7 demonstrates the details of the top 100 features for each organism after
feature selection. These results indicated that the selected features differed among different organisms.
As shown in Figure 5, the number of selected features in charge class for Amphibia was much higher
than that of the other organisms that could also be found in Appendix A Figure A7A. Therefore,
charge is important for the prediction of AMPs of Amphibia. Indeed, a previous study showed that
the increase in charge could improve the antimicrobial activity of magainin peptides [28], which are
a class of AMPs found in the African clawed frog. In addition, the number of selected features in
the hydrophobicity class for bacteria was much higher than that of the other organisms, which could
also be found in Appendix A Figure A7B, because the increase in peptide hydrophobicity caused an
improvement in antimicrobial activity [29]. The number of selected features in the amino acid pair
composition (AAPC) for humans was much higher than that of other organisms, which could also be
found in Appendix A Figure A7C. Specifically, the AAPCs of “CC”, “TC”, “CR”, “CY”, and “CA” were
ranked in the top 25. Plots of humans are also shown in AAPC heat map (Appendix A Figure A8A),
where the color of the regions of “CC”, “TC”, “CR”, “CY”, and “CA” were darker than that of the other
amino acid pairs, and these pairs were from human AMPs rather than non-AMPs. The AAPC heat
map plots of other organisms are shown in Appendix A Figure A8. Moreover, “C” (cysteine) was the
top-ranked feature in plants. Because of the benefit of disulfide-bonded and defensive-like molecules,
“C” was the major amino acid residue in AMPs of plants.

Figure 5. Distribution of features (top 100). Shows the performance of AAC and amino acid pair
composition (AAPC), as well as physicochemical composition in different organisms.

2.3. Prediction Performance

The positive training datasets of Amphibians, bacteria, fish, humans, insects, mammals, and plants
contained 741, 345, 95, 186, 220, 448, and 364 AMPs, respectively. Accordingly, the negative training
dataset contained 1993, 6040, 1469, 6595, 1800, 6919, and 5432 non-AMPs, respectively. The performance
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of the four classifiers are given in Appendix A Table A1. According to the results, the prediction model
can predict not only positive, but also negative data efficiently. Obviously, random forest (RF) was the
best classifier for predicting AMPs in these seven categories of organisms. The accuracies of all the
models were higher than 93%, and the sensitivities of all categories of organisms were higher than 94%.
These results indicate that the used features and RF are efficient for predicting AMPs in each organism.

Furthermore, based on the performance in cross-validation, the RF model was selected to predict
the independent test data. The positive test dataset in amphibians, bacteria, fish, humans, insects,
mammals, and plants included 185, 86, 23, 46, 54, 111, and 90 AMPs, respectively. Accordingly,
the negative test dataset contained 398, 1509, 367, 1648, 450, 1729, and 1358 non-AMPs, respectively.
The prediction performance of the independent test is shown in Table 2. All the prediction accuracies of
AMPs were above 94%, except that of humans, which was 92.23% but still high. Moreover, the MCCs
for all the organisms were larger than 0.650.

Table 2. Performance of the models using data from different types of organisms in the independent test.

Organisms Sensitivity Specificity Accuracy Matthews Correlation Coefficient

Amphibia 100.00% 98.24% 98.80% 0.973
Bacteria 96.51% 96.36% 96.36% 0.746
Fish 100.00% 97.00% 97.18% 0.810
Human 97.83% 92.17% 92.33% 0.482
Insects 100.00% 97.56% 97.82% 0.900
Mammals 92.79% 94.56% 94.46% 0.673
Plants 97.78% 97.94% 97.93% 0.851

2.4. Comparison with Other AMP Prediction Tools

The performance of predicting the AMPs of different types of organisms was compared with
that of other web tools: iAMPpred [12], iAMP-2L [11], ADAM [19], DBAASP [30], MLAMP [31],
and CAMPR3 [2]. It should be noted that DBSSAP can only predict peptides with sequence lengths less
than 100; therefore, peptides longer than that were removed from our test set to fulfill the requirement.
The ROC curves of different models are shown in Figure 6. The comparisons of predicting AMPs
for each organism compared with other tools were covered under the ROC curves obtained from
our models.

The detailed performance of predicting AMPs in different categories of organisms with the
proposed models and other tools are shown in Appendix A Table A2. The accuracies of iAMP-2L,
ADAM, MLAMP, and our proposed models were higher than 92% for predicting AMPs from each
organism. Additionally, our proposed models reached the highest accuracies when predicting AMPs
from insects and plants. Although the accuracies of our proposed models in predicting AMPs in
some organisms were not the best, the sensitivities of all our models were the highest. Therefore,
the proposed models are efficient in predicting AMPs from different types of organisms.
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Figure 6. Comparison of ROC curves between our method and other prediction tools in the identification
of AMPs on (A) Amphibians, (B) bacteria, (C) fish, (D) humans, (E) insects, (F) mammals, and (G) plants.

3. Discussion and Conclusions

Because of the rapid development of multidrug resistance, conventional treatment of antibiotics
cannot kill pathogenic bacteria efficiently. Additionally, the identification of AMPs using experimental
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methods is expensive and time-consuming. Computational identification can efficiently and effectively
discover candidate peptides as antimicrobial peptides for subsequent experimental assessment,
which helps shorten the process of drug discovery [32,33]. In addition, because of the obvious
differences in amino acid composition and physicochemical properties (charge, hydrophobicity, etc.)
between AMPs and non-AMPs, and the difference in AMPs between different types of organisms, we
believe that AMPs can be predicted effectively using these features. Additionally, AMPs from different
types of organisms can be differentiated.

This study employed the one-rule attribute evaluation (OneR) method and forward-selection
method, reducing the number of features from 630 to 49, 65, 53, 64, 20, 77, and 65, respectively,
in amphibians, bacteria, fish, humans, insects, mammals, and plants. Then, four different classification
algorithms were used to build predictive models. The performance of the models in five-fold
cross-validation indicated that the feature sets were effective in the predictions. Accuracies and AUCs
for all organisms were observed to be larger than 93%, which shows that the feature set and random
forest method were efficient in predicting AMPs of different organisms. Moreover, we observed the
feature sets of the seven types of organisms and found differences among organisms. For instance,
electric charge was an important feature in the prediction of AMPs for Amphibia, because the charged
residues in Amphibia were the most important features, which had a very high rank among all features
of Amphibia. According to these differences in feature sets of the seven categories of organisms,
we conclude that AMPs from different types of organisms can be differentiated well.

Furthermore, the performance of the models was compared with that of iAMPpred, iAMP-2L,
ADAM, DBAASP, MLAMP, and CAMPR3 using the same testing dataset. The accuracies of iAMP-2L,
ADAM, MLAMP, and proposed models were higher than 92% in predicting each organism. In addition,
the sensitivity of the proposed models in predicting AMPs of seven organisms were the highest. As a
result, the proposed models are believed to complement the existing tools in predicting AMPs and
differentiate AMPs on different types of organisms. Last but not least, the proposed methods also lead
a promising way to the design of new AMPs, which will enlighten the future of drug development.
Accordingly, we believe that the proposed model in preclinical characterization of predicting AMPs
will improve the long-term efficiency of AMP drug development.

4. Materials and Methods

4.1. Data Collection and Preprocessing

This study was divided into three parts as shown in Figure 7, data collection and preprocessing,
feature investigation, and model training and evaluation. At first, positive datasets were collected
from several databases. Then, AMPs were classified based on the types of organisms they came from.
Negative datasets were downloaded from UniProt. After filtering conditions, all the non-AMPs were
classified into seven types of organisms. Then, the sequence analysis tool, CD-HIT, was used to remove
sequences that were 40% similar to positive dataset sequences in the negative dataset. The independent
testing datasets of each organism were generated by drawing 20% of the data from the corresponding
organism dataset. The AAC, amino acid pair composition (AAPC), and physicochemical properties in
different sequence lengths of data were included in our feature sets. Then, the feature sets of each
organism were analyzed by feature-selection methods to dig out the important features. With these
selected features, prediction models were designed by four different kinds of algorithms. Finally,
the predictive performances were compared after 5-fold cross validation and independent testing.
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Figure 7. Conceptual framework. This study was divided into three parts: data collection and
preprocessing, feature investigation, and model training and evaluation.

AMPs are common in nature and have been discovered in almost all forms of life, from single-celled
bacteria to multicellular organisms such as animals and plants [17]. In this study, we collected the
positive dataset by capturing naturally existing and experimentally validated AMP sequences from
different organisms from several databases, CAMP [7], APD [15], ADAM [19], and DRAMP [21].
We collected all the AMPs and deleted the duplicated ones. Then, all the AMPs were classified into
seven organisms, which contained 232, 926, 118, 274, 454, 431, and 559 from humans, amphibians,
fish, insects, plants, bacteria, and mammals. We followed the data preparation procedure conducted
in other studies to generate our negative dataset [11,34]. For the construction of negative data, we
extracted protein sequences without the annotations of membrane, toxic, secretory, defensive, antibiotic,
anticancer, antiviral, and antifungal properties from UniProt. Unique sequences were collected, which
contained 11,275, 3656, 3005, 5225, 24,443, 281,434, and 33,483 non-AMPs from humans, amphibians,
fish, insects, plants, bacteria, and mammals. In order to prevent the overestimation of predictive
performance in this investigation, the CD-HIT program [35] was applied to remove similar sequences
from the training dataset. It would be possible that some negative data were identical to some of the
positive data in the training dataset, potentially causing “false positive” or “false negative” predictions.
Consequently, CD-HIT was further applied by running CD-HTT-2D across positive and negative
training datasets with 100% to 40% sequence identity to solve this problem. In this study, we reduced
sequence redundancy of the negative dataset by removing the data with a 40% sequence similarity
in all seven negative datasets. Then, for different types of organisms, we compared the sequence
similarity between positive and negative datasets, and we removed sequences that were 40% similar to
positive dataset sequences in the negative dataset. After filtering, our negative datasets had 8243, 1993,
1836, 2250, 6790, 7549, and 8648 non-AMPs from humans, amphibians, fish, insects, plants, bacteria,
and mammals. The independent testing datasets of each organism were generated by separating 20%
from the corresponding dataset. A summary of the positive and negative datasets is given in Table 3.
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Table 3. Number of peptides in training and testing datasets among different organisms.

Organisms
Training Dataset Testing Dataset

Positive Negative Positive Negative

Amphibia 741 1595 185 398
Bacteria 345 6040 86 1509

Fish 95 1469 23 367
Human 186 6595 46 1648
Insects 220 1800 54 450

Mammals 448 6919 111 1729
Plants 364 5432 90 1358

4.2. Feature Constructions

AACs were obtained separately for each sequence, so were the ratios of all 20 amino acids.
There are 20 amino acids, so this feature set had 20 dimensions. The following is an example of how
to obtain AAC from a sequence “AIFIFIRWLLKLGHHGRAPP”. First, we calculated the frequency
of the 20 amino acid residues in this sequence. Then, the frequency of isoleucine (I) in this sequence
was computed as (3(Number of I)/20(Sequence length)) = 0.15. Finally, the frequency of amino acid
residues of this sequence will be calculated as AAC features.

AAPC is the ratio of the occurrences of the amino acids in pairs of two in each sequence. There are
20 amino acids, so this feature was 20 by 20 and equaled 400 dimensions. The same example was
adopted to illustrate the determination of AAPC. First, we calculated the number of occurrences for
400 amino acid pairs in this sequence. Then, the frequency of “IF” pairs in the sequence was computed
as (3(Number of IF)/19(Sequence length − 1)) = 0.105. Finally, the frequencies of 400 amino acid pairs
of this sequence were taken as 400 AAPC features.

Previous studies have organized amino acids into several physicochemical property groups [13,17].
As shown in Appendix A Table A3, seven physicochemical properties were used in the grouping:
(1) charge, (2) hydrophobicity, (3) polarity, (4) polarizability, (5) secondary structure, (6) normalized
van der Waals volume, and (7) solvent accessibility. For each of these seven physicochemical properties,
20 amino acids were grouped into 3 classes. For example, for the charge property, the 3 classes were
positive (K and R), neutral (A, N, C, Q, G, H, I, L, M, F, P, S, T, W, Y and V), and negative (D and E).
For each 21 (= 7 × 3) classes, we generated 10 classes based on the percentiles of sequence length,
such as 0~ 0, 10~20th, 20~30th, . . . , and 90~100th percentiles of sequence length. The ratio of each
amino acid of each physicochemical property class in each quantile class was calculated. We illustrated
these computations with the sample sequence “AALKGCWTKSIPPKPCFGKR” according to the
charge property and its three classes, positive, neutral, and negative. First, we split the sequence into
10 partitions, and then we calculated the ratio of the representative amino acids in each partition.
The first partition (0–10th quantile) was the sequence “AA”, which did not contain Class 1 and Class
3, but 2 of them were in the Class 2 charge. It means that the number of Class 2 sequences in the
0~10th percentile of sequence length was 2. Finally, the frequency of charge of Class 2 was computed
as (2(0–10th percentile contained Class 2)/20(Sequence length)) = 0.1. After these calculations, we
could obtain results at ten different positions, seven physicochemical properties of amino acids, three
classes for each property, and final 210 (= 7 × 3 × 10) features in total for each sequence. Therefore,
each sequence was transformed into 630 features (AAC (20) +AAPC (400) + physicochemical properties
in different sequence length (210)).

4.3. Model Construction and Feature Selection Methods

In this study, OneR feature selection method was used to select features. This feature selection
method can be found in Weka, which was the major analytic tool in this study [36]. OneR is a simple
classification algorithm. As its name indicates, it generates a rule to predict the data. A contingency
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table was constructed for each predictor against the target, and then the best rule with the lowest total
error, also named as “one rule”, was selected.

RF is a classifier proposed by Breiman L., who published the ensemble of multiple classifiers
based on random feature selection. The main idea about random forests is constructing a multitude
of decision trees, and each tree is construct by random sampling of the training data. This machine
learning method is considered as an appropriate classifier for processing a large-scale dataset, especially
an imbalanced dataset. It corrects the habit of decision trees overfitting their training sets. This method
was used in this study and generated by Weka. SVM is a supervised learning model based on associated
learning algorithms using regression analysis to classify data [37]. The positive and negative training
datasets were used for building a predictive model with the identified support vectors. In this study,
a binary classification problem (AMP versus non-AMP) has been considered. The discriminatory ability
of an SVM classifier is determined by a hyperplane in a high-dimensional space that can discriminate
the AMPs from the non-AMPs. K-nearest neighbor models (KNN) is an instance-based algorithm used
in classification. In a binary classification between positive and negative samples, every data point
is a vector in a multidimensional feature space with a class label (AMPs or non-AMPs). Users can
decide a value k, related to the scale of the subgroup, for prediction. A testing data point without a
label was classified using k nearest training samples. In this study, many values of k tried to achieve
the best performance. Decision tree (DT) is a tree-like model in which each internal node represents a
“test” on an attribute, each branch represents the outcome of the test, and each leaf node represents
a class label (positive or negative data) [38]. J48 is a classification model based on constructing a
decision tree with the top-down process. The process starts from the test of the root node and follows
the appropriate branch based on the test. A tree-like graph with a model of decisions was generated
during the prediction. The outcome is the contents of the leaf node, and the conditions along the path
is decided by a decision rule. Decision rules can be generated by constructing association rules and
can denote temporal or causal relations.

4.4. Evaluation Matrics

The predictive models in this study based on machine learning methods have been trained and
validated via five-fold cross-validation. The training dataset was divided into five non-overlapping
subgroups with approximately equal sizes. In each round, four subgroups were used for training, and
one for testing, and then the validation process was repeated five times. Then, the five validation
results were combined to generate a single estimation. The performance of the trained models was
estimated using sensitivity (Sn), specificity (Sp), accuracy (Acc), and Matthews correlation coefficient
(MCC). The definitions are given below.

Sn =
TP

TP + FN
(1)

Sp =
TN

FP + TN
(2)

Acc =
TP + TN

TP + TN + FP + FN
(3)

MCC =
(TP× TN) − (FP× FN)

√
(TP + FP) × (TP + FN) × (FP + TN) × (TN + FN)

(4)

where TP, TN, FP, and FN represent the number of true positives, true negatives, false positives, and
false negatives, respectively. In this study, to evaluate the performance of the ML models, a ranking
list of features was generated by feature selection methods. After using the forward-selection method,
the features that resulted in the best performance were used to design the models.
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Abbreviations

AMPs Antimicrobial peptides
AACs Amino acid compositions
ML Machine learning
SVM Support vector machine
PseAAC Pseudo amino acid composition
FKNN Fuzzy K-nearest neighbor
ANN Artificial neural network
SMOTE Synthetic minority oversampling technique
RF Random forest
DA Discriminant analysis
AAPC Amino acid pair composition
OneR One rule attribute evaluation
KNN K-nearest neighbor models
Sn Sensitivity
Sp Specificity
Acc Accuracy
MCC Matthews correlation coefficient
TP True positives
TN True negatives
FP False positives
FN False negatives

Appendix A

Figure A1. Comparisons of charge distributions between AMPs and non-AMPs.
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Figure A2. Comparisons of physicochemical properties between AMPs and non-AMPs for
(A) polarizability, (B) normalized van der Waals volume, (C) secondary structure, and (D)
solvent accessibility.

Figure A3. Cont.
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Figure A3. Cont.
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Figure A3. Comparisons of physicochemical properties between AMPs and non-AMPs at different
positions (quantiles of sequence length) for (A) polarity, (B) polarizability, (C) normalized van der
Waals volume, (D) secondary structure, and (E) solvent accessibility.

Figure A4. Comparisons of AMP charges (A) for different categories of organisms and (B) at different
positions of sequence (percentiles of sequence length) in each category of organism.
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Figure A5. Charge distribution of AMPs from different organisms.

Figure A6. Performance with different numbers of features using forward selection method for
(A) amphibians, (B) bacteria, (C) fish, (D) humans, (E) insects, (F) mammals, and (G) plants. Note that
the red point means the number of features associated with the accuracy for the optimal model.
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Figure A7. Cont.
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Figure A7. Cont.
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Figure A7. Top 100 features for (A) Amphibians, (B) bacteria, (C) fish, (D) humans, (E) insects,
(F) mammals, and (G) plants. The rank column with blue background color indicates that the feature
was selected from the feature-selection method. The features marked red in (A) are related to charge
property which is the majority member among the top 100 features for Amphibians. The features
marked yellow in (B) are associated with the hydrophobicity which is the majority member among
the top 100 features for bacteria. The features marked orange in (D) are related to AAPC which is the
majority member among the top 100 features for human.

Figure A8. Cont.
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Figure A8. AAPC heatmaps for (A) human, (B) amphibians, (C) bacteria, (D) fish, (E) insects,
(F) mammals, and (G) plants.

Table A1. Performance of training datasets for the AMPs derived from different organisms. The optimal
models which contain best prediction performance are marked in blue background color. It would
be noted that the optimal model was determined as the one with the minimum difference between
sensitivity and specificity.

Organisms Classifier Sensitivity Specificity Accuracy Matthews Correlation Coefficient

Amphibia RF 99.19% 99.18% 99.19% 0.981
DT 97.84% 98.81% 98.50% 0.965

KNN 96.76% 99.81% 98.84% 0.973
SVM 98.92% 98.93% 98.93% 0.975

Bacteria RF 95.94% 96.18% 96.16% 0.735
DT 86.67% 97.95% 97.34% 0.769

KNN 73.62% 99.44% 98.04% 0.7959
SVM 95.94% 95.94% 95.94% 0.725

Fish RF 96.84% 96.87% 96.87% 0.789
DT 73.68% 98.43% 96.93% 0.728

KNN 68.42% 99.52% 97.63% 0.774
SVM 82.11% 99.86% 98.79% 0.889

Human RF 94.09% 93.07% 93.10% 0.489
DT 74.19% 98.15% 97.49% 0.615

KNN 68.28% 98.94% 98.10% 0.654
SVM 88.17% 87.82% 87.83% 0.354

Insects RF 96.36% 96.33% 96.34% 0.838
DT 91.36% 97.56% 96.88% 0.849

KNN 85.91% 98.28% 96.93% 0.842
SVM 95.00% 95.11% 95.10% 0.793

Mammals RF 94.42% 95.24% 95.19% 0.708
DT 83.71% 92.60% 92.06% 0.560

KNN 74.55% 98.92% 97.43% 0.767
SVM 93.97% 93.97% 93.97% 0.662

Plants RF 97.53% 97.39% 97.39% 0.822
DT 88.74% 98.82% 98.19% 0.851

KNN 80.49% 99.45% 98.26% 0.845
SVM 96.70% 96.70% 96.70% 0.786

Note. RF = random forest; DT = decision tree; KNN = K-nearest neighbor; SVM = support vector machine.
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Table A2. Comparisons of independent testing results between our method and other prediction tools
in the identification of AMPs on different organisms.

Organisms Classifier Sensitivity Specificity Accuracy Matthews Correlation Coefficient

Amphibia Our method 100.00% 98.24% 98.80% 0.973
iAMPpred 98.92% 1.51% 32.42% 0.017
iAMP-2L 96.76% 98.99% 98.28% 0.960
ADAM 98.38% 99.50% 99.14% 0.980

DBAASP 90.22% 76.92% 89.34% 0.477
MLAMP 90.27% 98.24% 95.71% 0.900

CAMPR3_RF 98.92% 1.01% 32.08% −0.004
CAMPR3_SVM 97.30% 1.01% 31.56% −0.064
CAMPR3_ANN 92.97% 54.77% 66.90% 0.454
CAMPR3_DA 95.14% 0.75% 30.70% −0.135

Bacteria Our method 96.51% 96.36% 96.36% 0.746
iAMPpred 84.88% 1.99% 6.46% −0.183
iAMP-2L 83.72% 99.54% 98.68% 0.867
ADAM 90.70% 98.87% 98.43% 0.855

DBAASP 35.44% 80.00% 57.86% 0.173
MLAMP 65.12% 99.47% 97.62% 0.743

CAMPR3_RF 90.70% 1.99% 6.77% −0.108
CAMPR3_SVM 79.07% 2.72% 6.83% −0.218
CAMPR3_ANN 68.60% 45.00% 46.27% 0.062
CAMPR3_DA 76.74% 2.78% 6.77% −0.239

Fish Our method 100.00% 97.00% 97.18% 0.810
iAMPpred 91.30% 1.63% 6.92% −0.117
iAMP-2L 86.96% 99.46% 98.72% 0.882
ADAM 95.65% 99.18% 98.97% 0.912

DBAASP 82.61% 80.00% 81.58% 0.620
MLAMP 91.30% 99.46% 98.97% 0.908

CAMPR3_RF 91.30% 1.36% 6.67% −0.130
CAMPR3_SVM 95.65% 2.18% 7.69% −0.034
CAMPR3_ANN 82.61% 50.68% 52.56% 0.157
CAMPR3_DA 86.96% 1.36% 6.41% −0.194

Human Our method 97.83% 92.17% 92.33% 0.482
iAMPpred 91.30% 22.88% 24.73% 0.055
iAMP-2L 54.35% 98.18% 96.99% 0.482
ADAM 52.17% 98.91% 97.64% 0.534

DBAASP 40.54% 86.84% 64.00% 0.310
MLAMP 50.00% 98.36% 97.05% 0.464

CAMPR3_RF 93.48% 0.85% 3.36% −0.092
CAMPR3_SVM 82.61% 1.09% 3.31% −0.215
CAMPR3_ANN 69.57% 48.67% 49.23% 0.059
CAMPR3_DA 84.78% 1.46% 3.72% −0.167

Insects Our method 100.00% 97.56% 97.82% 0.900
iAMPpred 94.44% 39.11% 45.04% 0.217
iAMP-2L 94.44% 96.67% 96.43% 0.835
ADAM 100.00% 96.67% 97.02% 0.870

DBAASP 70.37% 90.91% 73.85% 0.469
MLAMP 72.22% 98.00% 95.24% 0.740

CAMPR3_RF 87.04% 1.33% 10.52% −0.227
CAMPR3_SVM 87.04% 1.33% 10.52% −0.227
CAMPR3_ANN 87.04% 43.33% 48.02% 0.192
CAMPR3_DA 79.63% 1.56% 9.92% −0.314

Mammals Our method 92.79% 94.56% 94.46% 0.673
iAMPpred 95.50% 68.94% 70.54% 0.322
iAMP-2L 68.47% 98.73% 96.90% 0.712
ADAM 65.77% 99.48% 97.45% 0.753

DBAASP 45.88% 83.02% 60.14% 0.295
MLAMP 51.35% 98.44% 95.60% 0.568

CAMPR3_RF 93.69% 1.27% 6.85% −0.096
CAMPR3_SVM 92.79% 1.91% 7.39% −0.085
CAMPR3_ANN 78.38% 48.58% 50.38% 0.129
CAMPR3_DA 88.29% 2.14% 7.34% −0.140
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Table A2. Cont.

Organisms Classifier Sensitivity Specificity Accuracy Matthews Correlation Coefficient

Plants Our method 97.78% 97.94% 97.93% 0.851
iAMPpred 90.00% 0.81% 6.35% −0.190
iAMP-2L 77.78% 98.67% 97.38% 0.773
ADAM 84.44% 98.67% 97.79% 0.815

DBAASP 34.94% 88.46% 47.71% 0.219
MLAMP 58.89% 98.82% 96.34% 0.654

CAMPR3_RF 86.67% 0.59% 5.94% −0.264
CAMPR3_SVM 83.33% 0.88% 6.01% −0.282
CAMPR3_ANN 74.44% 47.57% 49.24% 0.107
CAMPR3_DA 75.56% 1.10% 5.73% −0.357

RF= random forest; DT= decision tree; KNN=K-nearest neighbor; SVM= support vector machine; ANN = artificial
neural network; DA = discriminant analysis.

Table A3. Physicochemical properties and groupings of amino acids [13].

Physicochemical
Properties

Group

Class 1 Class 2 Class 3

Charge Positive
K, R

Neutral
A, N, C, Q, G, H, I, L, M,
F, P, S, T, W, Y, V

Negative
D, E

Hydrophobicity Polar
R, K, F, D, Q, N

Neutral
G, A, S, T, P, H, Y

Hydrophobic
C, L, V, I, M, F, W

Polarity Polarity value 4.9~6.2
L, I, F, W, C, M, V, Y

Polarity value 8.0~9.2
P, A, T, G, S

Polarity value 10.4~13
H, Q, R, K, N, E, D

Polarizability
Polarizability value
0~0.108
G, A, S, D, T

Polarizability value
0.128~0.186
C, P, N, V, E, Q, I, L

Polarizability value
0.219~0.409
K, M, H, F, R, Y, W

Secondary Structure Helix
E, A, L, M, Q, K, R, H

Strand
V, I, Y, C, W, F, T

Coil
G, N, P, S, D

Normalized van der
Waals volume

Volume range 0~2.78
G, A, S, T, P, D

Volume range 2.95~4.0
N, V, E, Q, I, L

Volume range 4.03~8.08
M, H, K, F, R, Y, W

Solvent accessibility Buried
A, L, F, C, G, I, V, W

Exposed
R, K, Q, E, N, D

Intermediate
M, P, S, T, H, Y
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Abstract: The aim of this study was to isolate and identify angiotensin I-converting enzyme (ACE)
inhibitory peptides from sesame protein through simulated gastrointestinal digestion in vitro, and to
explore the underlying mechanisms by molecular docking. The sesame protein was enzymatically
hydrolyzed by pepsin, trypsin, and α-chymotrypsin. The degree of hydrolysis (DH) and peptide
yield increased with the increase of digest time. Moreover, ACE inhibitory activity was enhanced
after digestion. The sesame protein digestive solution (SPDS) was purified by ultrafiltration through
different molecular weight cut-off (MWCO) membranes and SPDS-VII (< 3 kDa) had the strongest
ACE inhibition. SPDS-VII was further purified by NGC Quest™ 10 Plus Chromatography System
and finally 11 peptides were identified by Nano UHPLC-ESI-MS/MS (nano ultra-high performance
liquid chromatography-electrospray ionization mass spectrometry/mass spectrometry) from peak 4.
The peptide GHIITVAR from 11S globulin displayed the strongest ACE inhibitory activity (IC50 =

3.60 ± 0.10 μM). Furthermore, the docking analysis revealed that the ACE inhibition of GHIITVAR
was mainly attributed to forming very strong hydrogen bonds with the active sites of ACE. These
results identify sesame protein as a rich source of ACE inhibitory peptides and further indicate that
GHIITVAR has the potential for development of new functional foods.

Keywords: sesame protein; ACE inhibitory peptides; simulated gastrointestinal digestion; amino
acid sequence; molecular docking

1. Introduction

Hypertension is one of the diseases with the highest mortality in the world, and it is the main
pathogenesis factor of coronary heart disease, stroke, and heart and kidney failure [1–3]. According
to epidemiological studies, more than one billion people suffer from hypertension nowadays [4].
Therefore, the prevention and treatment of hypertension has become a difficult task for the global
medical community.

Relevant studies have shown that human blood pressure is regulated by many factors, among
which renin-angiotensin system (RAS) and kallikrein kinin system (KKS) are the main ways to control
the stability of blood pressure. ACE is a dipeptide carboxyl metalloproteinase which plays a key
role in these two systems. In the RAS system, ACE can convert the inactive angiotensin I into
angiotensin II, which has the function of constricting vascular smooth muscle, thus, increases the
blood pressure. Meanwhile, ACE can inactivate the vasodilator bradykinin in the KKS system, leading
to vasoconstriction, which causes an increase in the blood pressure [5]. Currently, many synthetic
ACE inhibitors such as captopril, enalapril, alacepril, and lisinopril can effectively reduce high blood

Int. J. Mol. Sci. 2020, 21, 1059; doi:10.3390/ijms21031059 - www.mdpi.com/journal/ijms227



Int. J. Mol. Sci. 2020, 21, 1059

pressure. However, these drugs have severe adverse effects on patients such as persistent cough, taste
distortion and skin rashes in long term usage [6,7]. Therefore, it is crucial to develop more effective
bioactive agents or functional foods as substitutes of synthetic drugs in the prevention and treatment
of hypertension.

Bioactive peptides are small fragments of food protein, mostly composed of 2–20 amino acid
residues. They have the characteristics of easy absorption, low sensitivity and good solubility.
Meanwhile, they have the function of nutrition and physiological regulation, which have obvious
effects on the conditioning and treatment of modern chronic diseases and sub-health state. During
processing, enzymatic hydrolysis, fermentation, or gastrointestinal digestion, foods can release
bioactive peptides [8,9] which have been reported to exhibit different biological activities including
antioxidant [10], antibacterial [11], inhibition activity on dipeptidyl peptidase IV [12], inhibition activity
on ACE [13], and so on. So far, lots of ACE inhibitory peptides have been isolated from various food
proteins such as milk protein [14], egg protein [15], and marine protein [16].

Sesame (Sesamum indicum L.) is one of the important oil seed crops worldwide and it is widely
used in food, health care, and medical applications because of its high nutritional value [17,18]. Sesame
seeds are mainly used to produce sesame oil due to high content of unsaturated fatty acids and
lignans. In addition, sesame meal containing almost 50% proteins could be a valuable source of
proteins for comprehensive use. Sesame protein has been reported to have ACE inhibitory peptides.
Nakano et al. [19] have isolated six ACE inhibitory peptides from sesame protein hydrolyzed by
thermolysin. However, there was little information about the ACE inhibitory peptides of sesame
protein hydrolysate via simulated gastrointestinal digestion in vitro and molecular docking study.
Here, the purpose of this study was to find the changing rules of ACE inhibitory peptides generated
from sesame protein during simulated gastrointestinal digestion in vitro and to isolate and identify the
sequence of new peptides. Moreover, the binding interaction of the screened ACE inhibitory peptide
within the enzymatic active site was further studied through molecular docking simulation. Our
results are expected to provide more evidence for the utility of sesame as a functional food for the
treatment of hypertension.

2. Results

2.1. Changes of ACE Inhibitory Activity during Simulated Gastrointestinal Digestion

The degree of hydrolysis (DH) represents the extent of protein degradation, which has been
widely used in hydrolysis efficiency assessments. As shown in Figure 1a, the DH of sesame protein
showed an overall rising trend when simulating gastrointestinal digestion in vitro. In the stage of
gastric digestion, sesame protein began to be hydrolyzed, and the DH ranged from 2.59% to 17.69% at
0–4 h. However, the DH increased suddenly when trypsin and α-chymotrypsin was added. In the
stage of intestinal digestion, the DH increased slowly and tended to be stable due to the decrease of
protein substrates and enzyme cutting sites in the digestive system. The DH eventually reached 36.70%.
Figure 1b shows the changes of peptide yield at different time points during simulated gastrointestinal
digestion. After adding pepsin, the peptide yield increased significantly ranging 95.46% with the
increase of time. After being treated by trypsin and α-chymotrypsin, the peptide yield remained
basically stable over a 6 h period. The changing rules of ACE inhibitory activity at different time points
during simulated gastrointestinal digestion are shown in Figure 1c. Gastric digestive products of
sesame protein exhibited weak ACE inhibitory activity without obvious upward or downward trend at
0–4 h, but intestinal digestive products had strong ACE inhibitory activity at 4–10 h and tended to be
stable gradually. The ACE inhibitory activity reached 81.21% at 10 h. It was suggested that pepsin had
less ability to hydrolyze sesame protein to produce polypeptide in simulated gastric digestion. There
were more ACE inhibitory peptides generated from simulated intestinal digestion, which implied that
trypsin and α-chymotrypsin offered the ability to achieve stronger ACE inhibitory peptides. It also
would be supposed that the peptide sequences were buried deeper in the original protein structures
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from which they come or the sequences were embedded in the structured parts in which they were
forced to be in the conformations that could not fit the active site of ACE. These results were also
similar to that of other reports [20–23].

2.2. Separation of ACE Inhibitory Peptide from SPDS by Ultrafiltration

It is well known that molecular weights of peptide fragments are crucial for their biological
activities. Ultrafiltration is a membrane separation technique that is of great use in the concentration,
purification, fractionation, and clarification of solutes. It has high throughput of product, low
operational cost, energy saving potential, and ease of equipment cleaning. In the separation of
polypeptides, ultrafiltration can effectively remove insoluble substrates, large molecular weight
proteins and peptides, and obtain bioactive peptides with smaller molecular weight [22,24]. The SPDS
was subjected to fractionation by ultrafiltration through 100, 50, 30, 10, 5, and 3 kDa MWCO membranes
to get seven fractions with >100, 50–100, 30–50, 10–30, 5–10, 3–5, and <3 kDa. The IC50 values inhibiting
ACE activity were calculated from the results of a series of concentrations. As shown in Table 1, the
IC50 values of these fractions were 35.143 ± 1.122, 15.066 ± 0.042, 9.146 ± 0.005, 6.108 ± 0.001, 5.106 ±
0.003, 4.583 ± 0.003, 2.720 ± 0.003 μg/mL, respectively. A lower IC50 value corresponds to a stronger
inhibitory activity. SPDS-VII with molecular weight <3kDa exhibited the strongest ACE inhibitory
activity with the lowest IC50 value among these fractions, indicating that lower molecular weight
peptides or small molecules showed stronger ACE inhibition. This result was in agreement with
previous studies reporting that most ACE inhibitory peptides derived from food protein were generally
short sequences containing 2–20 amino acids, or the hydrolyzates were generally filtered through a
3 kDa membrane [25,26]. In addition, the high molecular weight fraction could not enter the ACE
active site easily. Therefore, it was hard to change the catalytic activity of ACE compared with the low
molecular weight fraction [27].

Table 1. Results of IC50 values of fractions from sesame protein digestive solution (SPDS) on ACE
inhibitory activity.

Fraction IC50 Values (μg/mL)

SPDS-I (>100 kDa) 35.143 ± 1.122 a

SPDS-II (50–100 kDa) 15.066 ± 0.042 b

SPDS-III (30–50 kDa) 9.146 ± 0.005 c

SPDS-IV (10–30 kDa) 6.108 ± 0.001 cd

SPDS-V (5–10 kDa) 5.106 ± 0.003 ce

SPDS-VI (3–5 kDa) 4.583 ± 0.003 cf

SPDS-VII (<3 kDa) 2.720 ± 0.003 cg

Values are expressed as the mean ± standard deviation (n = 3). Values with different letters are significantly different
(p < 0.05).
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Figure 1. The changing rules of ACE inhibitory peptides at different time points during simulated
gastrointestinal digestion. (a) Degree of hydrolysis changes at different time points during simulated
gastrointestinal digestion. (b) The changes of peptide yield at different time points during simulated
gastrointestinal digestion. (c) The changes of angiotensin I-converting enzyme (ACE) inhibitory activity
at different time points during simulated gastrointestinal digestion. Data are expressed as the mean ±
standard deviation (n = 3) and different letters marked are significantly different by one-way analysis
of variation multiple test (p < 0.05).
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2.3. Purification of ACE Inhibitory Peptide by NGC Quest™ 10 Plus Chromatography System

To enhance the ACE inhibition, SPDS-VII was further purified by NGC Quest™ 10 Plus
Chromatography System. It is an effective way to purify proteins or peptides and collect them
in the preparation phase. The chromatogram is shown in Figure 2. Five major peaks were eluted and
collected for evaluating the ACE inhibition. As data represented in Table 2, peak 1 with the retention
time from 5.11 to 6.52 min showed an IC50 value of (2.847 ± 0.045) μg/mL, peak 2 with the retention
time from 6.52 to 7.12 min exhibited an IC50 value of (1.421 ± 0.035) μg/mL. The IC50 value of peak 3
with a retention time from 7.12 to 7.42 min was (1.838 ± 0.026) μg/mL, peak 4 with a retention time
from 7.49 to 8.27 min was (0.558 ± 0.003) μg/mL and peak 5 with a retention time from 8.27 to 10.80 min
was (0.757 ± 0.014) μg/mL. These results demonstrated that peak 4 possessed the most potent ACE
inhibitory activity among the five peaks and thus was selected for further identification.
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Figure 2. The chromatograms measured at 220 nm of SPD-VII by NGC Quest™ 10 Plus Chromatography
System. The red numbers 1-5 represent peaks 1-5 respectively.

Table 2. The IC50 values inhibiting ACE activity of peaks 1-5 eluted from SPDS-VII.

Fraction Retention Time (min) IC50 Values (μg/mL)

peak 1 5.11–6.52 2.847 ± 0.045 a

peak 2 6.52–7.12 1.421 ± 0.035 c

peak 3 7.12–7.42 1.838 ± 0.026 b

peak 4 7.49–8.27 0.558 ± 0.003 e

peak 5 8.27–10.80 0.757 ± 0.014 d

Values are expressed as the mean ± standard deviation (n = 3). Values with different letters are significantly different
(p < 0.05).

2.4. Characterization of ACE Inhibitory Peptide by Nano UHPLC-ESI-MS/MS from Peak 4

The peptides from peak 4 were identified by Nano UHPLC-ESI-MS/MS. The amino acid sequences
from Sesamum indicum L. were found in Uniprot database (http://www.uniprot.org/). In this study,
a total of 11 peptides were identified by analysis of the MS/MS spectrum (see Figure S1a–k).
The sequences of the peptides were GHIITVAR, IGGIGTVPVGR, HIGNILSL, FMPGVPGPIQR,
PNYHPSPR, AFPAGAAHW, HIITLGR, LAGNPAGR, MPGVPGPIQR, AGALGDSVTVTR, and
INTLSGR, respectively. These peptides were chemically synthesized, and then their IC50 values
inhibiting ACE activity were measured and the corresponding protein names are listed in Table 3.
These peptides contained 7–12 amino acids with the molecular weight ranging from 754.8 to 1198.4
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kDa; nevertheless, they had stronger ACE inhibitory activity in this study than the identified ACE
inhibitory peptide YAHYSYA with the IC50 value of 0.6 mg/mL (686.58 μM) from sesame protein
hydrolyzed by alcalase [20], suggesting that stronger ACE inhibitory activity was due to the action of
endogenous enzymes in the body when simulating gastrointestinal digestion. Alternatively, sesame
protein was hydrolyzed more thoroughly by multiple enzymes resulting in more cleavage sites via
simulated gastrointestinal digestion in vitro.

Table 3. Peptides identified from peak 4 and corresponding physicochemical characteristics.

Peptide Protein Name Molecular Weight IC50 Value (μM)

GHIITVAR 11S globulin isoform 4
(Q2XSW6_SESIN) 866.0 3.60 ± 0.10 k

IGGIGTVPVGR Elongation factor 1-alpha-like 1025.2 6.97 ± 0.18 j

HIGNILSL TBCC domain-containing protein 1 866.0 36.69 ± 0.33 f

FMPGVPGPIQR Oil body-associated protein 1A 1198.4 11.08 ± 0.15 i

PNYHPSPR 11S globulin seed storage protein 2
precursor (Q9XHP0_SESIN) 967.0 18.98 ± 0.26 h

AFPAGAAHW 11S globulin isoform 4
(Q2XSW6_SESIN) 927.0 29.00 ± 0.20 g

HIITLGR Protein NDH-DEPENDENT CYCLIC
ELECTRON FLOW 5 808.9 74.65 ± 0.13 d

LAGNPAGR 11S globulin isoform 4
(Q2XSW6_SESIN) 754.8 148.41 ± 0.35 b

MPGVPGPIQR Oil body-associated protein 1A 1051.2 54.79 ± 0.37 e

AGALGDSVTVTR 60S ribosomal protein L22-2-like 1146.2 68.49 ± 0.14 c

INTLSGR 11S globulin isoform 4
(Q2XSW6_SESIN) 759.8 149.63 ± 0.33 a

Values are expressed as the mean ± standard deviation (n = 3). Values with different letters are significantly different
(p < 0.05).

According to previous literature reports, most of the proteins present in sesame seeds are storage
proteins composed of globulins (67.3%), albumins (8.6%), prolamines (1.4%), and glutelins (6.9%),
of which sesame 11S globulins includes 11S globulin seed storage protein 2 precursor, 11S globulin
isoform 3, and 11S globulin isoform 4 [28,29]. As shown in Table 3, there were five peptides derived
from sesame 11S globulins, of which four were from11S globulin isoform 4 and one was from 11S
globulin seed storage protein 2 precursor. This result indicated that sesame 11S globulins, especially
11S globulin isoform 4 mainly contributed to the generation of ACE inhibitory peptides.

It is known that the ACE inhibition is strongly influenced by the type of amino acid composition of
peptides. A series of studies have figured out that binding to ACE is influenced by hydrophobic amino
acid residues (aromatic or branched chain) at three positions from the C-terminus of the peptide [30,31].
Some branched chain aliphatic amino acids, such as Ile and Val, are predominant in potent peptide
inhibitors [32]. Moreover, the positively charged amino acids (Lys and Arg) have also been implied to
increase the potency of ACE inhibitory peptides. Ryan et al. [33] concluded that hydrophilic peptides
possess weak or no ACE inhibition. The hydrophobic nature of the N-terminus is another common
feature of ACE inhibitory peptides. As a whole, the overall hydrophobicity of the peptide is important
for ACE inhibitory activity. In the present study, a difference between MPGVPGPIQR (IC50 = 54.79
± 0.37 μM) and FMPGVPGPIQR (IC50 = 11.08 ± 0.15 μM) in ACE inhibition further supported the
above conclusion. Nevertheless, there were some exceptions, for example, the peptide EN and EVD
from whey protein and the peptide CRQNTLGHNTQTSIAQ from Stichopus horrens do not have any
reported specific amino acid at the C-terminal [34,35]. Thus, the relationship between the structure
and function of ACE inhibitory peptides has not been fully established to date.

There were nine peptides (GHIITVAR, IGGIGTVPVGR, FMPGVPGPIQR, PNYHPSPR, HIITLGR,
LAGNPAGR, MPGVPGPIQR, AGALGDSVTVTR, INTLSGR) containing Arg in this study (Table 3).
Arg is a basic aliphatic amino acid and also a positively charged amino acid, which was most frequently
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observed at the C-terminal of the ACE inhibitory peptides according to a lot of studies, such as YR and
IR from the hydrolysates of marine sponge [36], APER from trevally hydrolysate [37]. It was noteworthy
that the peptide GHIITVAR exhibiting the lowest IC50 value of 3.60 ± 0.10 μM among the 11 peptides.
The inhibition potential of GHIITVAR was still less than the synthetic ACE inhibitor Captopril (IC50 =

0.0071 μM). GHIITVAR contained a hydrophobic amino acid Arg at the C-terminus and two aliphatic
amino acids (Val and Ala) at the antepenultimate and penultimate positions, respectively. Besides,
the presence of two aliphatic amino acids Ile may contribute to ACE inhibitory activity. However,
the IC50 value of the peptide HIITLGR was 74.65 ± 0.13 μM, which further confirmed the fact that
the presence of hydrophobic amino acids, especially those with aliphatic chains such as Gly at the
N-terminus might enhance the ACE inhibition.

In addition, the cleavage sites of pepsin were hydrophobic amino acids such as Phe, Trp, Leu,
and Tyr. Trypsin preferentially cleaved at Arg and Lys and α-chymotrypsin preferentially cleaved at
Trp, Tyr, and Phe. The cleavage site specificity of pepsin, trypsin, and α-chymotrypsin was found in
bioinformatics tools (https://web.expasy.org/peptide_cutter/). From these results mentioned above, it
could be concluded that the addition of trypsin and α-chymotrypsin significantly increase the exposure
of active sites and thus increase ACE inhibitory activity. This was also consistent with the results in
Figure 1c and explained why the inhibitory activity rose after pepsin digestion.

2.5. Molecular Docking Simulation between Peptide and ACE

Molecular docking was performed to estimate the binding affinities between peptide and ACE
by using Surflex-Dock in Sybyl. In this study, lisinopril (5362119.pdb) was docked again with the
prepared ACE. Taking GHIITVAR as an example, the C scores of the 20 conformations were different,
but the Total scores gradually decreased (Figure S2). Therefore, the conformations of ranked No. 1
based on Total scores for each ligand were selected as the best docking conformation and the docking
scores of 11 peptides and lisinopril were calculated. C score, as a synthetic scoring function was used
for screening the binding affinity of ligand bound to ACE. As shown in Table 4, the Total score and
C score of lisinopril were 11.24 and 4, respectively, which was in accordance with the results of the
report basically [38]. Three peptides (AGALGDSVTVTR, HIITLGR, GHIITVAR) had the same highest
C scores as lisinopril, whereas the C scores of the other peptides were below 4 (Table S1), suggesting
that these peptides had stronger binding affinity with ACE. The computational visualization of the
best docking conformation of the screened peptides and lisinopril by using Molecular Operating
Environments (MOE; 2015.10 Chemical Computing Groups, Montreal, Quebec, Canada) is shown in
Figure 3. Results revealed that these peptides were inserted into the binding site of ACE and formed
hydrogen bonds with ACE residues.
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(a) (b) 

  
(c) (d) 

Figure 3. Computational visualization of the optimal docking conformation of AGALGDSVTVTR (a),
HIITLGR (b), GHIITVAR (c), and lisinopril (d) with the active site of ACE. Carbon is in yellow, hydrogen
is in grey, nitrogen is in dark blue, and oxygen is in red. The dotted lines represent hydrogen bonds.

Moreover, molecular modeling of the interaction between the peptides and ACE was further
analyzed to explain the difference in the ACE inhibitory activities by using MOE. Figure 4 demonstrated
that the results of the peptides’ interaction with ACE and lisinopril was taken as a reference. According
to previous reports, the active sites of ACE were divided three main pockets (S1, S2, and S1′). S1
pocket includes Ala354, Glu384, and Tyr523 residues and S2 pocket includes Gln281, His353, Lys511,
His513, and Tyr520 residues, while S1′contains Glu162 residue. ACE had a zinc ion (Zn2+) in its
active site that coordinates with His383, His387, and Glu411 [39–41]. The hydrogen bonds play an
important role in binding of the inhibitors to ACE potentially [41,42]. As shown in Figure 4a, lisinopril
(5362119.pdb) was docked again with ACE and the interaction mode was the same as ACE-lisinopril
complex (1O86.pdb), which indicated that the molecular docking procedure by using MOE was feasible.
Lisinopril, as a synthetic antihypertensive drug, shared hydrogen bond interactions at Tyr523, Glu384,
His353, Tyr520, Gln281, Lys511, Glu162, His383 and could bind the enzymatic active site through a
metal ion interaction (Zn701). The peptide GHIITVAR displayed an excellent match with the active
sites of ACE and formed hydrogen bonds with the S1 pocket (Ala354 and Tyr523), the S2 pocket
(Gln281, His353, Tyr520, Lys511), and the S1′ pocket (Glu162) after docking. It also bound to the
active sites using a metal ion interaction (Zn701) and a hydrogen bond interaction with His383. In
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addition, the six residues surrounding the ACE active site, Ala356, Arg522, Glu123, Asp377, and
Glu376, contributed significantly in stabilization of this peptide-ACE complex. Therefore, it was not
hard to see that GHIITVAR may have a competitive inhibition through binding at active sites when
compared to lisinopril. As shown in Figure 4c, the peptide AGALGDSVTVTR was only able to interact
with Ala354, His353, Glu162, Glu411, and coordinate with Zn2+. Similarly, the peptide HIITLGR
displayed in Figure 4d established hydrogen bonds with Ala354, His353, Glu411, and coordinated
with Zn2+. These results revealed that GHIITVAR could effectively interact with the active sites of
ACE and might explain why this peptide exhibited exceptional ACE inhibition.

 
(a) 

(b) 

Figure 4. Cont.
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(c) 

(d) 

Figure 4. Molecular modeling of the interaction between inhibitors and ACE. (a) Molecular modeling
of the interaction between lisinopril and ACE. (b) Molecular modeling of the interaction between
GHIITVAR and ACE. (c) Molecular modeling of the interaction between AGALGDSVTVTR and ACE.
(d) Molecular modeling of the interaction between HIITLGR and ACE. The ACE-lisinopril complex
(1O86.pdb) was used as a template. The structure of lisinopril is in red and the peptides is in green.
Hydrophobic, polar, and acidic residues of ACE are represented by green, violet, and red rings,
respectively. Green and red arrows show hydrogen bonds from donor atom to acceptor.

3. Discussion

Typically, bioactive peptides are delivered via oral administration. Therefore, it is crucial to
study their changes during gastrointestinal digestion. These peptides by enzymatic hydrolysis of
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exogenous proteases may be easily metabolized or further hydrolyzed in the digestive system, which
may result in reduced or increased potency, or to a complete loss of activity [43]. In the present study,
the digestion in vitro with pepsin, trypsin, and α-chymotrypsin enzymes was applied to simulate
the gastrointestinal digestion procedure. After simulated gastrointestinal digestion, the action of
endogenous digestive enzymes increased the ACE inhibitory activity of sesame protein as a result of
the release of smaller peptide fragments and additive and synergistic biological effects [44]. Compared
with in vivo digestion, simulated gastrointestinal digestion in vitro has the advantages of controllable
conditions, simple operation, good reproducibility, and cost saving. This method has been widely used
to study the digestion and formation of functional peptides of dietary proteins in recent years.

ACE inhibitory tripeptide generally requires a hydrophobic, a positively charged, and an aromatic
amino acid residue at the N-terminal, middle, and C-terminal, respectively. Indeed, exact length of the
C-terminal region to efficiently inhibit ACE activity remains unknown. Long-chain peptides could not
always be speculated from that of their C-terminal tripeptide residues, implying the importance of
other positions such as the fourth and so on [45]. García-Mora found that C-terminal heptapeptide
was crucial for their antioxidant and ACE inhibitory activities [46].

Additionally, searching against the BIOPEP database (http://www.uwm.edu.pl/biochemia/index.
php/pl/biopep) revealed that it is the first time the peptides with potent ACE inhibitory activity
extracted from Sesamum indicum L were obtained. Therefore, sesame protein would be an attractive raw
material generating ACE inhibitory peptides for controlling hypertension. Of course, further studies
on the in vivo effects and constructing a three-dimensional quantitative structure–activity relationship
(3D-QSAR) model still needs further investigation.

4. Materials and Methods

4.1. Materials and Reagents

White sesame (Sesamum indicum L.) seeds were purchased from China Oil and Foodstuffs
Corporation (Beijing, China). Angiotensin Converting Enzyme (ACE) from rabbit lung,
N-Hippuryl-His-Leu (HHL) hydrate power (≥98%, HPLC), trifluoroacetic acid (TFA), 2,4,6
trinitrobenzene sulfonic acid (TNBS), and O-phthaldialdehyde (OPA), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Pepsin (3000-3500 NFU/g), trypsin (250.N.F.U/mg), and
α-chymotrypsin (1200 u/mg) were obtained from Solarbio Science and Technology Co., Ltd. (Beijing,
China). Nanofiltration and ultrafiltration membranes were purchased from Rising Sun Membrane
Technology Co., Ltd. (Beijing, China). All other reagents used in this study were of analytical grade.

4.2. Extraction of Sesame Protein

The extraction of sesame protein was carried out pursuant to the method demonstrated by Saatchi
et al. [47] with several modifications. Sesame seeds were ground in a crusher and were extracted with
petroleum ether to remove the fat. The defatted sesame meal was dissolved in distilled water at a
solid/liquid (S/L) ratio of 1 g/20 mL and the pH of the suspension was adjusted to 11.0 by using 5
mol/L NaOH. Then it was stirred in a blender for 1 h and centrifuged at 5000 r/min for 20 min at 4 ◦C.
The supernatant was collected, and the residue was repeatedly extracted under the above conditions.
Finally, the supernatant was combined and the protein in the supernatant was precipitated by adjusting
the pH to 4.3 with 5 mol/L HCL. The precipitate was collected, freeze dried, and stored at −20 ◦C for
further use.

4.3. Preparation of in Vitro Simulated Gastrointestinal Digestion of Sesame Protein

The simulated gastrointestinal digestion process was modified slightly according to the method
used by Sangsawad et al. [48]. Briefly, a certain amount of sesame protein was added to distilled water
and stirred evenly to form an 8% protein solution. The solution was heated in a water bath at 95
◦C for 30 min to denature the protein completely after neutralizing the pH to 7.0. In the simulated
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gastric digestion phase, the suspension was digested by pepsin (0.4% of substrate, dry basis) at 37
◦C for 4 h during which time the pH was adjusted to 2.0 with HCL. During the simulated intestinal
digestion phase, trypsin (0.3% of substrate, dry basis) and α-chymotrypsin (0.1% of substrate, dry
basis) was added and the reaction was carried out at 37 ◦C for 6 h, during which time NaOH was used
to keep the pH of the digested solution at 7.6. Samples were collected every 30 min during digestion
for determination. After 10 h, the digested solution was cooled to room temperature and centrifuged
at 5000 r/min for 20 min. The supernatant was collected and nanofiltrated through a flat-membrane
test cell C60F (Nitto Denko Co., Ltd., Osaka, Japan) to remove the salt [29]. Nanofiltration membrane
NF1 (MWCO of 150 Da) was put into the test cell. The 100 mL of the supernatant and 100 mL distilled
water was poured into the test cell and then the nanofiltration began at pressure of 3.0 MPa and stirring
speed of 400 rpm. When the volume of permeate reached 100 mL, the first nanofiltration terminated.
Nanofiltration was repeated thrice. The retentate was collected as the final SPDS and stored at 4 ◦C for
further separation and purification.

4.4. Separation of ACE Inhibitory Peptide from SPDS by Ultrafiltration

The ACE inhibitory peptides from SPDS were separated by using MWCO of 100, 50, 30, 10, 5, and
3 kDa ultrafiltration membranes in a stirred cell C60F. The 250 mL of SPDS was poured into the test
cell and then the ultrafiltration began at room temperature. The pressure was 2.5 MPa and the stirring
speed was 400 rpm. When the permeate reached 200 mL, the first step ultrafiltration ended. Then the
permeate was treated for the next step ultrafiltration under the above conditions. Each retentate was
collected separately and seven fractions were generated, named SPDS-I (molecular weight over 100
kDa), SPDS-II (molecular weight between 50 and 100 kDa), SPDS-III (molecular weight between 30
and 50 kDa), SPDS-IV (molecular weight between 10 and 30 kDa), SPDS-V (molecular weight between
5 and 10 kDa), SPDS-VI (molecular weight between 3 and 5 kDa), and SPDS-VII (molecular weight
below 3 kDa). These fractions were evaporated and lyophilized for subsequent ACE inhibitory study.

4.5. Purification of ACE Inhibitory Peptide by NGC Quest™ 10 Plus Chromatography System

The screened fraction with the strongest ACE inhibitory activity was purified by NGC Quest™ 10
Plus Chromatography System. First, 0.5 mL of the sample was filtered through a 0.22 μm membrane
and injected into the system (Bio-Rad Laboratories, Hercules, CA, USA) with a Shim-pack GIS C18
preparative column (20 cm × 250 mm I.D., 10 μm, Shimadzu, Kyoto, Japan). The experiment was
executed by using mobile phase A (ultrapure water containing 0.1% (v/v) TFA) and mobile phase B
(methanol containing 0.1% (v/v) TFA). The sample was separated by a linear gradient elution from 55%
to 60% of mobile phase A at a flow rate of 7.5 mL/min. The absorbance was monitored at 220 nm with a
UV detector. Each chromatographic peak was pooled by repeated injection with corresponding test tube
respectively through the fraction collector and lyophilized to determine the ACE inhibitory activity.

4.6. Identification of the Purified ACE Inhibitory Peptide by Nano UHPLC-ESI-MS/MS

The eluted peak composition with the strongest ACE inhibitory activity was firstly performed by
Thermo Ultimate 3000 UHPLC (Thermo Fisher Scientific,). The sample was enriched and salt-removed
in a trap column, and then was injected onto the C18 column (25 cm × 75 μm I.D., 3 μm). The mobile
phase A was 2% acetonitrile, 0.1% formic acid, and the mobile phase B was 98% acetonitrile, 0.1%
formic acid. The separation was carried out at a flow rate of 300 NL/min through the following gradient
elution: 0–5 min, 5% mobile phase B; 5–45 min, mobile phase B linearly increased from 5% to 25%;
45–50 min, mobile phase B increased from 25% to 35%; 50–52 min, mobile phase B increased from 35%
to 80%; 52–54 min, 80% mobile phase B; and 54–60 min, 5% mobile phase B.

Then mass analysis was performed on a Thermo Q-Exactive HF tandem mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA) after nano ESI ionization. The ion source voltage was set
to 1.6 kV. The full scan range of mass spectrometry was 350–1600 m/z and the resolution was set to
60,000. The initial m/z of the secondary mass spectrometry was fixed at 100 and the resolution was
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set to 15,000. The ion fragmentation mode of high energy collisional dissociation (HCD) was set and
the fragment ions were detected in Orbitrap, which was an ultrahigh field mass analyzer that could
provide higher resolution and faster scanning speed. Databases including UniProt protein database,
genomic annotation-based protein database, such as NCBI were selected for protein identification.
The Mascot v2.3.02 software ((Matrix Sciences, London, UK) was used to process the MS/MS data for
analyzing the peptide sequences.

4.7. Peptide Match and Peptide Synthesis

The protein names of the peptides were obtained from the Protein Information Resource (PIR)
database (https://research.bioinformatics.udel.edu/peptidematch/index.jsp). Peptide match service is
one of the most popular tools on the PIR website that plays an important role in locating occurrences
of a specific peptide [49]. Meanwhile, in order to certify the ACE inhibitory activity of the purified
peptides identified by mass spectroscopy, the selected peptides were chemically synthesized by GL
Biochem Ltd. (Shanghai, China). The purity of the synthesized peptides reached 95% and was also
verified by HPLC coupled with ESI-MS. These peptides were then dissolved in distilled water and
assessed for ACE inhibitory activity.

4.8. Analysis of Degree of Hydrolysis

The degree of hydrolysis (DH) was determined according to the method of Adler-Nissen [50]
with some modifications. Briefly, each sample at various points in time of simulated gastrointestinal
digestion was appropriately diluted (125 μL) and then were mixed with phosphate buffer (1 mL, pH
8.2) and 1 mL of 0.1% TNBS reagent. The mixture was incubated at 50 ◦C for 60 min in the dark.
At last, 2 mL of 0.1 mol/L HCL was used for the termination reaction and the samples were left at
room temperature for 30 min. The standard curve was made with L-leucine and the absorbance of the
reaction mixture was measured at 340 nm with a UV-visible spectrophotometer UV-3600Plus (Shimadzu
Corporation, Kyoto, Japan). The degree of hydrolysis was determined from the following equation:

DH (%) = h/htot × 100 (1)

where h means concentration of peptide bond hydrolyzed (mmol/g) and htot means total amount of
the peptide bond (8 mmol/g) [51].

4.9. Determination of Protein and Peptide Content

The protein content before simulated gastrointestinal digestion was analyzed by Kjeldahl method
as described by Marcó et al. [52]. The peptide content of each sample at various points in time of
simulated gastrointestinal digestion was analyzed by using OPA spectrophotometric assay described
by Agrawal et al. [53]. First, 40 mg of OPA was dissolved in 1 mL of methanol and mixed with 25
mL of 100 mmol/L sodium tetrahydroborate, 2.5 mL of 20% (w/w) sodium dodecyl sulfate, and 100
μL of β-mercaptoethanol. Distilled water was added to bring the total volume of the mixed solution
up to 50 mL. Then the freshly prepared OPA solution was obtained. Subsequently, 100 μL of peptide
solution was mixed with 2 mL of OPA solution. After the incubation for 2 min at room temperature,
the absorbance of the reaction mixture was recorded spectrophotometrically at 340 nm by using a
UV-visible spectrophotometer UV-3600Plus. Casein tryptone was used as a standard for quantification
of peptide content. The peptide yield was determined by the ratio of peptide mass to protein mass.

4.10. Assay of the ACE Inhibitory Activity

The ACE inhibitory activity was measured by using cary eclipse fluorescence spectrophotometer
(Agilent Technologies Australia Pty Ltd., Mulgrave, Australia) according to a modified method of
Li et al. [54]. The sample was dissolved by distilled water to the appropriate concentration and the
96-well plate was used as the reaction vessel. Briefly, 30 μL of HHL substrate containing 0.3 mol/L
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NaCl in 50 mM borate buffer (pH 8.3) and 15 μL of samples were mixed. Then the reaction was started
by adding 30 μL of ACE (12.5 mU/mL) to the mixture at 37 ◦C for 30 min. The reaction was stopped
by using 125 μL of 1.2 mol/L NaOH. Finally, 30 μL of methanol solution containing 2% OPA was
added, mixed evenly, and then stood at room temperature for 20 min. The derivative reaction was
terminated by adding 40 μL of 6 mol/L HCl. The reaction solution was diluted 10 times and added
into the fluorescence cell. The fluorescence absorption intensity was measured within 30–90 min.
The determination conditions were as follows: the excitation wavelength was 340 nm, the emission
wavelength was 455 nm, and the slit was 5 nm wide. Furthermore, the half inhibitory concentration
(IC50) values, which meant the amount of inhibitor required to inactivate 50% of ACE activity under
the experimental conditions were calculated from regression lines of a plot of % inhibition versus
concentrations by using SPSS 13.0 software. All assays were performed in triplicate. ACE inhibitory
activity was calculated by using the following equation:

ACE inhibitory activity (%) = [1 − (a−c)/(b−d)] × 100 (2)

where a is the fluorescence absorption intensity in the presence of both ACE and inhibitor, b is
the fluorescence absorption intensity in the presence of ACE but not inhibitor, c is the fluorescence
absorption intensity in the presence of inhibitor but not ACE, d is the fluorescence absorption intensity
in the absence of both ACE and inhibitor.

4.11. Molecular Docking Simulation between Peptide and ACE

The molecular docking was carried out by using Surflex-Dock module that had an empirical
scoring function and a patented searching engine [55,56] in Sybyl-X 2.1.1 software (Tripos, Inc., St.
Louis, MO, USA). The 3D structure of the selected peptide was constructed, of which the atomic charge
was calculated in MMFF94. Furthermore, the structure was energy minimized by using the Powell
conjugate gradient optimization algorithm with a convergence criterion of 0.0005 kcal/mol Å and the
maximum iterations of 10,000. The crystal structure of human ACE-lisinopril complex (1O86.pdb)
was derived from the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do). To prepare the
structure of ACE, all substrates, chloride ions, and water molecules were excluded in ACE model.
Then the polar hydrogens were added to the ACE model. The number of poses per ligand was set to
20 to perform the molecular docking and the conformations for each peptide based on Total scores of
Surflex-Dock were ranked [38]. The conformations of ranked No. 1 for each peptide were selected and
the other four kinds of docking score, D_score, G_score, PMF_score, and Chem score were estimated
together using the C score module [57]. The interaction model between the ACE residues and peptides
was analyzed by Molecular Operating Environments (MOE; 2015.10 Chemical Computing Groups,
Montreal, Quebec, Canada). The ACE–lisinopril complex (1O86.pdb) was used as a template. In the
docking process, semiflexible docking mode was adopted to treat the receptor and ligand, which meant
that the conformation of receptor was rigid and that of ligand was flexible.

4.12. Statistical Analysis

All analyses were performed in triplicate. Data was expressed as the mean ± standard deviation
and performed by one-way analysis of variation by using SPSS 13.0 for Windows (Chicago, IL, USA)
with Least Significant Difference (LSD) multiple range tests. The significant difference level was set at
p < 0.05.

5. Conclusions

In conclusion, this study isolated and purified new ACE inhibitory peptides from sesame protein
by using two stages of simulated gastrointestinal digestion in vitro. The DH, peptide yield, and ACE
inhibition at different time points were determined during simulated gastrointestinal digestion, which
demonstrated that the DH, peptide yield increased with the increase of digest time. The action of
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endogenous digestive enzymes increased the ACE inhibitory activity after simulated gastrointestinal
digestion. SPDS was purified by ultrafiltration and SPDS-VII (<3 kDa) had strongest ACE inhibition.
SPDS-VII was further purified by NGC Quest™ 10 Plus Chromatography System and finally 11 major
peptides were identified by Nano UHPLC-ESI-MS/MS from peak 4. The peptide GHIITVAR derived
from 11S globulin exhibited superior ACE inhibitory activity with the IC50 value of (3.60 ± 0.10) μM
among the peptides. Molecular docking results suggested that the ACE inhibition of GHIITVAR was
mainly attributed to forming very strong hydrogen bonds with the S1 pocket (Ala354 and Tyr523),
the S2 pocket (Gln281, His353, Tyr520, Lys511) and the S1’ pocket (Glu162) after docking. It also
bound to the active sites using a metal ion interaction (Zn701) and a hydrogen bond interaction with
His383. Based on these results, sesame protein can be a promising ACE inhibitor in the prevention
and treatment of hypertension. In addition, GHIITVAR can be used as a potential nutraceutical for
development of functional foods.
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Abbreviations

ACE Angiotensin I-converting enzyme

Nano UHPLC-ESI-MS/MS
Nano ultra-high performance liquid chromatography-electrospray
ionization mass spectrometry/mass spectrometry

SPD Sesame protein digestive solution
DH Degree of hydrolysis
MWCO Molecular weight cut-off
RAS Renin-angiotensin system
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Abstract: Antimicrobial peptides have been identified as one of the alternatives to the extensive use of
common antibiotics as they show a broad spectrum of activity against human pathogens. Among these
is Chionodracine (Cnd), a host-defense peptide isolated from the Antarctic icefish Chionodraco hamatus,
which belongs to the family of Piscidins. Previously, we demonstrated that Cnd and its analogs display
high antimicrobial activity against ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species). Herein,
we investigate the interactions with lipid membranes of Cnd and two analogs, Cnd-m3 and Cnd-m3a,
showing enhanced potency. Using a combination of Circular Dichroism, fluorescence spectroscopy,
and all-atom Molecular Dynamics (MD) simulations, we determined the structural basis for the
different activity among these peptides. We show that all peptides are predominantly unstructured in
water and fold, preferentially as α-helices, in the presence of lipid vesicles of various compositions.
Through a series of MD simulations of 400 ns time scale, we show the effect of mutations on the
structure and lipid interactions of Cnd and its analogs. By explaining the structural basis for the
activity of these analogs, our findings provide structural templates to design minimalistic peptides
for therapeutics.

Keywords: chionodracines; antimicrobial peptides; circular dichroism; molecular dynamics;
peptide-membrane interaction

1. Introduction

Antimicrobial resistance towards widely used antibiotics has become a global health crisis [1].
The diffusion of multidrug resistant (MDR) bacteria is widespread and infections caused by human
pathogens often require multiple treatment, which not always effective. The United States Food and
Drug Administration listed 21 qualifying pathogens that pose serious threats to public health (part 317.2
of CFR Annual Print Title 21 Food and Drugs) [2]. The search for new antimicrobial drugs to replace or
integrate classical antibiotics is imperative. Many different alternatives have been proposed as potential
drugs for the treatment of resistant bacterial strains such as antibodies, vaccines [3], bacteriophages [4,5],
and antimicrobial peptides [6,7]. Antimicrobial peptides (AMP) represent the first line of innate immune
system and are present in plants, microorganisms, and animals [8,9]. The Antimicrobial Peptide
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Database (APD: aps.unmc.edu/AP) comprises about 3100 entries from six kingdoms (bacteria, archaea,
protists, fungi, plants, and animals) with antibacterial, antiviral, antifungal, and antiparasitic activity.
Despite their different primary sequences and structures, AMPs share common properties such as
cationicity, charge distribution, hydrophobicity, and amphipathicity [10,11]. Amphipathic cationic
α-helical peptides have been proposed as potential antimicrobial agents due to their broad-spectrum
and instantaneous antimicrobial activity [12–16]. However, a clear relationship between amino acid
composition and antimicrobial activity still remains to be elucidated.

Antimicrobial peptides perform their function through several mechanisms such as inhibition
of protein and/or DNA synthesis or inhibition of specific enzymatic pathways [17]. However,
the majority of AMPs interacts with the anionic bacterial membranes and kills bacteria via cell membrane
disruption [18,19]. The amphipathic character of AMP drives the interaction with the bacterial cell
membrane and the subsequent disruption that kills the target cells rapidly. Two main mechanisms
have been proposed: (a) pore formation and (b) carpet-like model of aggregation. The latter involves
essentially four major mechanistic steps: attraction, attachment, insertion, and permeation [20–23].
The first two steps, attraction of peptide toward the cell membrane and attachment, are driven by
electrostatic interactions between the positively charged AMP and the negatively charged membrane
of bacteria. The two succeeding steps, insertion and permeation, are driven by the amphipathic
distribution of hydrophobic and hydrophilic residues on peptide [24,25].

Chionodracine (Cnd) is a 22-residue antimicrobial peptide (AMP) isolated from the gills of the
Antarctic fish Chionodraco hamatus belonging to Piscidins [26], a family of α-helical antimicrobial
peptides identified in teleost fish [27]. In previous studies, we isolated Cnd [28] and showed that this
short peptide binds lipid vesicles, disrupting the outer membrane of E.coli and Psycrobater sp. Upon
membrane interactions, Cnd folds into a dynamic α-helix [29]. Based on our findings, we exploited
Cnd as starting scaffold to design a series of mutants with higher positive charge to increase their
antimicrobial activity and selectivity towards prokaryotic organisms. For drug design purposes,
an ideal antimicrobial peptide should have maximal antimicrobial activity and minimal cytotoxicity
towards eukaryotic cells. We then characterized the interactions of these peptides with model lipid
vesicles and showed that they are active against MDR nosocomial bacteria strains [30,31].

In this paper, we studied more in details the structural basis for the differences in the bactericidal
activity between Cnd and the two promising Cnd analogs, Cnd-m3 and Cnd-m3a reported in our previous
studies [30,31]. Specifically, we first determined the secondary structure of Cnd-m3 and Cnd-m3a in
presence of different LUVs and, afterwards, we performed all-atom MD simulations to elucidate the
complex mechanism of peptide-lipid interactions and the associated conformational changes. These
data could be of interest to identify the mutations useful to design new analogs with enhanced biologic
activity against human bacterial pathogens.

2. Results

2.1. Peptide Design and Physico-Chemical Properties

Cnd-m3 and Cnd-m3a are synthetic antimicrobial peptides designed by modifying the parent
peptide Cnd (Table 1) [30,31] found in the gills of the Antarctic teleost fish Chionodraco hamatus.

Table 1. Sequence and physicochemical characteristics of chionodracines.

Peptide Sequence Net Charge pI (μH)

Cnd WFGHLYRGITSVVKHVHGLLSG +2 9.99 0.574
Cnd-m3 WFGKLYRGITKVVKKVKGLLKG +7 10.58 0.684

Cnd-m3a WFGKLYRGKTKVVKKVKGLLKG +8 10.82 0.564

The number of positive charges is critical for the activity of AMP due to the interaction with
the negatively charged membranes of bacteria [32]. We modified the parent peptide by introducing
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charged residues (i.e., Lysines) to increase its net positive charge. For Cnd-m3, Ser-11, Ser-22, and three
Histidines in position 4, 15 and 17, respectively, were replaced by Lysines. The net positive charge
increased from +2 to +7 compared to Cnd. For the Cnd-m3a mutant, Ile-9, positioned in the middle
of the hydrophobic face of peptide, was replaced by Lysine, resulting in a net positive charge of +8.
The helical representation of Cnd and its analogs is reported in Figure 1. The mutations increased
the electrostatic repulsions between charged residues (i -> i + 3 and i -> i + 4) on the polar face of
the putative helical structure but had no effect on the nonpolar face. Cnd and Cnd-m3 displayed
11 hydrophobic interactions. The thermodynamic characterization of the interaction between peptides
and vesicles made 100% of POPC and of POPC/POPG (molar ratio 70:30) was carried out and
the data show that both peptides display a marked preference for lipid mixtures mimicking the
prokaryotic cell membranes (POPC/POPG) [30,31]. Moreover, we showed that the antimicrobial
activity of Cnd-m3 with respect to Cnd increased against MDR nosocomial bacteria strains. For instance,
we showed that the MIC decreased by two times for MRSA (Methicillin resistant Staphylococcus
aureus) to 30 times for KPC (Klebsiella pneumoniae carbapenemase) [30]. The antimicrobial activity of
Cnd-m3a decreased as compared to Cnd-m3, however, its selectivity ratio increased from 2.4 to 4.9 [31].
Moreover, in silico analysis, carried out using the Peptide Cutter tool available on EXPASY Server
(https://web.expasy.org/peptide_cutter/), showed that both mutants were more resistant than Cnd to
proteolytic degradation, especially towards the chymotrypsin-low specificity.

 
Figure 1. Helical net representation of Cnd and Cnd-mutants.
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2.2. Secondary Structure Analysis by Circular Dichroism

The secondary structure of Chionodracine and Cnd-analogues was investigated by CD spectroscopy.
The experiments were carried out at 25 ◦C in buffered LUVs, consisting of either 100% POPC or a 70:30
mixture of POPC/POPG. CD is a rapid and convenient spectroscopic technique for determining the
conformational transition of proteins and peptides. We studied the conformational transitions of the
three peptides upon interaction with anionic and zwitterionic membrane mimicking prokaryotic and
eukaryotic environments, respectively. Typical titration curves in the presence of increasing amounts
of lipid vesicles are shown in Figure 2. Increasing peptide:lipid ratios (P:L) were tested in a range
between 1:0 and 1:60.

Figure 2. CD spectra in buffer (black line) and in the presence of increasing amount of POPC (Top line)
and POPC/POPG (Bottom line) vesicles. (A) Cnd, (B) Cnd-m3 and (C) Cnd-m3a. The P:L ratio ranges
from 1:0 to 1:60.

In the absence of lipid vesicles (P:L = 1:0), all the peptides were essentially unstructured, with CD
spectra showing a minimum at 200 nm characteristic of a random coil structure (Black curve). In the
presence of POPC vesicles, mimicking the eukaryotic cell membrane, the CD spectra of both Cnd and
Cnd-m3 revealed two minima at ~208 and ~222 nm, which increase with the lipid concentration, and a
strong maximum at ~190 nm, typical of α-helix conformation. The rotational strength of the bands at
208 and 222 nm are often used as an index of the presence of helical structures [33,34]: for α-helical
polypeptides the intensities of the two bands are almost the same. The analysis of shape of the CD
spectrum as well as the ratio θ222nm/θ208nm ~ 1 confirms that Cnd and Cnd-m3 fold in a canonical α-helix
in presence of lipid vesicles. For the Cnd-m3a mutant, the CD spectra do not change significantly upon
addition of lipids. In the absence of lipids, the spectra show a minimum at ~200 nm, which is typical of
a random coil conformation. In presence of increasing amounts of POPC LUVs, this minimum shifts
to 206 nm and a very small signal at 222 nm appears only upon addition of a large excess of LUVs
(P:L ~ 1:60). The behavior of Cnd upon interaction with POPC/POPG (70:30) LUVs is similar to that
observed in the presence of POPC vesicles, i.e., the peptide folds in a α-helix conformation at low P:L
ratios. In the case of Cnd-m3, the value of θ222nm are higher as compared to those observed in POPC,
indicating that Cnd-m3 is more prone to adopt a helical conformation in presence of negatively charged
membranes. The helicity becomes even more apparent at a P:L ratio of 1:4 and reaches the maximum at
1:30. From the analysis of CD spectra, it is apparent that in presence of POPC/POPG LUVs the value of
ratio θ222/θ208 can be either less than 1 or greater than 1 depending on the L/P ratio. However, the use
of this ratio to distinguish between different helical conformations, such as 310 or α, is not always
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possible and should be used with extreme caution, since the ratio depends also by the helical chain
length, and aggregation to form helical bundle [33,35].

For Cnd-m3a, the CD spectra in presence of POPC/POPG (70:30) LUVs are similar to those in
POPC, but the θ222nm values are higher. The values of θ222nm and the percentage of helicity are reported
in Table 2. The molar ellipticities in POPC correspond to a helical fraction of 0.63, 0.31, and 0.12 for
Cnd, Cnd-m3, and Cnd-m3a, respectively. The helical fractions (fα) in the presence of POPC/POPG were
calculated according to equation 1(see Material and Methods) and resulted to be 0.64, 0.79, and 0.14,
respectively. For each peptide, the structural differences detected in POPC and POPG are reported
as the molar ellipticity ratio at 222 nm in POPC and POPC/POPG lipid systems: θPC

222nm/θPCPG
222nm [36].

While for Cnd the helicities in POPC and POPC/POPG vesicles were similar, for Cnd-m3, the increased
amphipathicity (μH = 0.68) favored the increase of helicity in the presence of negatively charged
vesicles (i.e., POPC/POPG). The large decrease of helicity for Cnd-m3a with respect to Cnd and Cnd-m3
was probably due to the disruption of the hydrophobic surface caused by the substitution of Ile with
the positively charged Lysine in position 9.

These results agree with the partition data previously published, showing partition constants for
Cnd and Cnd mutants higher in POPC/POPG than in pure POPC [30,31].

Table 2. Helicity in presence of different LUVs environment calculated according to the formula (1)
derived by Luo and Baldwin.

POPC POPC/POPG (70:30) POPC vs. POPC/POPG

θ222nm % helicity θ222nm % helicity θPC
222nm/θ

PCPG
222nm

Cnd −24,900 62.8 −25,500 64.4 0.98

Cnd-m3 −12,300 30.6 −31,000 78.5 0.40

Cnd-m3a −5000 11.9 −5100 14.0 0.98

2.3. Steady-State Anisotropy

We also evaluated the interactions of Cnd and its derived peptides with lipid bilayers formed by
POPC and POPC/POPG LUVs using steady-state anisotropy (r) of DPH (1,6-Diphenyl-1,3,5-hexatriene).
DPH is a compound whose fluorescence anisotropy depends on the membrane fluidity [37]. DPH acts
as a rod-like hydrophobic probe rotating in the bilayer structure and is located between the acyl chains
of the lipids. Due to the presence of the lipid chains, its molecular rotation is restricted, i.e., in the
presence of a high organized bilayer the rotational freedom is limited. Changes in the organization of
the lipid bilayer, e.g., increasing fluidity, affect the rotational freedom of DPH and the anisotropy will
change. In Figure 3, the normalized anisotropy of DPH measured at 25 ◦C at different concentrations
of peptides is reported.

Fluorescence experiments showed that peptides interact with LUVs of different composition
perturbing the hydrocarbon chain region in different ways. In the presence of POPC, only Cnd is
able to perturb the anisotropy of DPH; while Cnd-mutants do not. In presence of negatively charged
lipid POPC/POPG, both Cnd and Cnd-m3 perturb the anisotropy of DPH while Cnd-m3a does not.
The detected increase of the anisotropy of DPH suggests that the interaction with Cnd and Cnd-m3
significantly decreased the fluidity of lipid bilayer. This latter effect could be correlated to a moderate
structural organization upon interaction with the peptide. For both LUVs, Cnd-m3a does not induce
changes in membrane fluidity. Thus, the variation of membrane fluidity is not directly correlated with
the antibacterial activity. In fact, all the peptides showed antimicrobial activity but different values
of DPH anisotropy. However, these differences could be related with the different mode of action of
the three peptides. In fact, Cnd and Cnd-m3 are membranolytic peptides [29,30] while Cnd-m3a can
permeate through the bacteria cell membrane and directly interact with intracellular nucleic acid [31].
These results in combination with CD investigations suggest that the interaction of Cnd and Cnd-m3
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with LUVs is different from that of Cnd-m3a and such diversity is correlated with a different propensity
to adopt a helical conformation.

 
Figure 3. Fluorescence Anisotropy of DPH. Normalized fluorescence anisotropy of DPH in POPC and
POPC/POPG lipid vesicles treated with Cnd (green), Cnd-m3 (blue) and Cnd-m3a (red). The data are
shown as mean ± s.d. from experiments performed in quadruplicate.

2.4. Molecular Dynamics Simulation

To characterize the effects of mutations on Cnd-lipid interactions, we carried out atomistic MD
simulations in different explicit environments such as water, TFE/water mixture, and lipid membranes
composed of 100% POPC and 70:30 mixture of POPC:POPG. In the following sections, we report the
results observed in of the different environments.

2.4.1. Water and TFE/Water Solution

Figure 4 shows the time evolution of the secondary structures for Cnd, Cnd-m3, and Cnd-m3a
simulated in water and TFE/water (30% v/v) solutions. According to the NMR structure of Cnd [29]
and the model of Cnd-m3 and Cnd-m3a obtained by I-TASSER bioinformatics tool, Cnd and Cnd-m3
were initially in α-helix conformation, while for Cnd-m3a the initial structure showed only ~50% of
α-helix. The simulation of Cnd in water showed a loss of the α-helix conformation (Figure 4A) and the
adoption of an unstructured conformation with the formation of short and transient α-helix involving
four amino acids. Conversely, in TFE/water mixture, Cnd conserved the α-helix throughout the entire
simulation (Figure 4B) and the structure is similar to the NMR structure obtained in DPC micelles,
with a backbone RMSD of 0.12 nm. In water, Cnd-m3 is more flexible than Cnd and remains essentially
unstructured during simulation with the formation of two short antiparallel β-sheets in the C-terminal
regions of peptide in the last 10 ns (Figure 4C). Similar to Cnd, the simulation of Cnd-m3 in TFE/water
shows the presence of a stable α-helix that is substantially preserved throughout the entire simulation
(Figure 4D). The initial structure of Cnd-m3a contains 10 residues of the C-terminus in an α-helical
conformation; whereas the N-terminus is unstructured. This conformation is persistent both in water
and TFE/water (Figure 4E,F).

Overall, all peptides showed that in TFE/water (30% v/v) their initial α-helix structures are
stabilized and preserved during the MD simulation.
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Figure 4. Secondary structure of Cnd and Cnd mutants in water and in TFE/water as a function of
simulating time. (A) Cnd in water, (B) Cnd in TFE/water (30% v/v), (C) Cnd-m3 in water, (D) Cnd-m3 in.
TFE/water (30% v/v), (E) Cnd-m3a in water, (F) Cnd-m3a in TFE/water (30% v/v). The structures on the
right are the initial (left) and the final conformations of peptides after 300 ns of MD simulation in the
corresponding environment.
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2.4.2. Peptides with Lipid Bilayers

The folding of peptide at water/membrane surface is a process with a time scale in the range
of milliseconds to seconds. Therefore, to reduce computational cost, we studied the interactions of
Cnd and its mutants with lipid bilayer starting from their equilibrated conformations in TFE/water.
The α-helical of peptides were taken parallel to lipid surface with a distance of 0.5 nm between the
center of mass of peptide and the phosphate atoms of lipids. Cnd placed close to the surface of bilayer
of POPC and POPC/POPG conserves a helicity of 55% ± 3% and 50% ± 5%, respectively (Figure S1).
Upon interaction with the POPC head groups Cnd is adsorbed on the membrane/water interface,
pointing its hydrophobic residues toward the hydrophobic region of bilayer; whereas the charged
Lys-14 and Arg-7 and the Histidine residues (His-4, His-15, His-17) are oriented towards the bulk water
phase (Figure 5A). In POPC/POPG bilayer, Cnd shows a similar orientation of the amphipathic helix as
observed for the simulation in POPC. However, the peptide snorkels toward the water/membrane
interface due to the presence of arginine and histidine residues that interact with the phosphate groups
(Figure 5B).

Figure 5. Snapshot MD simulation at 400 ns of (A) Cnd in POPC, (B) Cnd in POPC/POPG, (C) Cnd-m3
in POPC, (D) Cnd-m3 in POPC/POPG, (E) Cnd-m3a in POPC and (F) Cnd-m3a in POPC/POPG.
The phosphate of the upper leaflet of bilayer is represented as violet dots. The residue of lysine, arginine
and histidine are represented in blue stick whereas the hydrophobic amino acids are represented as
orange stick. The water and counterions are omitted for clarity.

The presence of a high number of lysines, seven in Cnd-m3 and eight in Cnd-m3a, plays a crucial
role on the structure of peptides and on their interactions with lipids. Cnd-m3 and Cnd-m3a, located
on the surface of POPC bilayer, conserved only a fraction of the initial helicity (25% ± 4% for Cnd-m3
and 28% ± 3% for Cnd-m3a) in the middle region of the peptide. (Figure S1) Lysines and arginines are
oriented toward the water phase and the interaction of Cnd-m3 and Cnd-m3a with lipid hydrocarbon
chains is due mainly to their hydrophobic residues. In presence of POPC/POPG, the helicity of Cnd-m3
and Cnd-m3a is similar to the simulations in POPC. However, the interactions between lysines and
arginines with the phosphate groups of lipid are more persistent (Figure 5C–F). Figure 6 shows the
mass density distribution of phosphate and nitrogen atoms of lipids (POPC and POPC/POPG) and the
lysine residues of Cnd-m3 and Cnd-m3a calculated, in the final 100 ns of trajectory with respect to the
center of the lipid bilayer.
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Figure 6. Mass density profiles across lipid bilayer of lipid phosphate (orange), nitrogen atoms
of choline (blue) and lysine residues (green) of (A) Cnd-m3 in POPC, (B) Cnd-m3 in POPC/POPG,
(C) Cnd-m3a in POPC, (D) Cnd-m3a in POPC/POPG. The mass density is calculated with respect to the
lipid bilayer center (z = 0).

The analysis of the mass density shows that in the interaction with POPC bilayer the l lysine residues
of Cnd-m3 and Cnd-m3a are oriented toward the water phase far from the phosphate groups (Figure 6A,C).
On the contrary, in the presence of negative charged lipid bilayers (POPC/POPG, Figure 6B,D),
the density of lysine residues overlaps with that of the phosphate groups, indicating significant
interactions between the charged groups of peptides and lipids. When inserted perpendicularly to the
lipid bilayer, the peptides show a more defined conformation with respect to the peptides parallel
to the surface of bilayer. Cnd embedded into POPC and POPC/POPG bilayer preserves a stable
α-helical conformation during the entire simulation (400 ns) with a helicity of 82% ±2% and 81% ± 2%
(18 residues), respectively. In POPC and POPC/POPG bilayers, Cnd adopts a more helical structure
with respect to both Cnd-m3 and Cnd-m3a mutants. The helical content of Cnd-m3 in POPC is 45% ±2%
(10 residues) and increases to 65% ± 3% (14 residues) in the presence of POPC/POPG.

Cnd-m3a, embedded in POPC and POPC/POPG bilayer, shows a stable α-helix in the C-terminus
with a helical content of 47% ± 3% in POPC and 44% ± 3% in POPC/POPG. Figure 7 shows the position
of the peptides with respect to the lipid bilayers (POPC and POPC/POPG) at the end of each MD
simulation. For Cnd-m3 and Cnd-m3a, the insertion of lysine residues into the hydrophobic core of lipid
bilayer induces a perturbation of the lipid aggregate. In fact, the hydrophobic side chains of lysines,
positively charged, orient toward the negative charged phosphate group of lipids (snorkel effect [38]).
As shown in Figure 7, the lipid molecules close to the peptide change partially the orientation to
have favorable interactions. The presence of lysine residues in the hydrophobic regions of bilayer
determines also the penetration of water molecules (5–7 molecules) that interact with the charged
amino acid by hydrogen bonds. The presence of water molecules in the hydrophobic core, together to
the presence of charged lysines, contributes to destabilize the lipid bilayer, which shows a reduced
thickness in the region near the peptides.
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Figure 7. Snapshot at the end (400 ns) of MD simulations of Cnd, Cnd-m3 and Cnd-m3a embedded
in lipid bilayer: (A) Cnd in POPC, (B) Cnd in POPC/POPG, (C) Cnd-m3 in POPC, (D) Cnd-m3 in
POPC/POPG, (E) Cnd-m3a in POPC, (F) Cnd-m3a in POPC/POPG. The secondary structure of peptides is
represented in cartoon and colored in red, lysine arginine, histidine and tryptophan are represented in
blue sticks. The lipid molecules are represented in thin sticks and colored according to their atom types
(red for oxygen, blue for nitrogen, orange for phosphate atoms, green for carbon atoms of POPC, yellow
for carbon atoms of POPG). The lipid molecules within 3.5 Å from the peptide atoms are represented in
sticks. Water molecules in the hydrophobic region of lipid are represented in ball-sticks. The water
surface is generated using the VMD Surf representation.
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The destabilizing effects of Cnd, Cnd-m3 and Cnd-m3a on the structure of lipid bilayer can be
evidenced by analyzing the change of thickness of lipid bilayer during the last 100 ns of each MD
simulations. Figure 8 shows the 3D density maps of time averaged thickness of POPC and POPC/POPG
in presence of Cnd, Cnd-m3 and Cnd-m3a embedded in lipid bilayer. The blue color corresponds to
the region of bilayer with low values of thickness and the red color to the region with high thickness.
The peptides embedded in bilayer are localized in the region with the lowest thickness.

Figure 8. Time average of the last 100 ns of simulations of POPC and POPC/POPG local lipid bilayer
thickness in presence of antimicrobial peptides embedded in to lipid bilayer: (A) Cnd in POPC, (B) Cnd
in POPC/POPG, (C) Cnd-m3 in POPC, (D) Cnd-m3 in POPC/POPG, (E) Cnd-m3a in POPC, (F) Cnd-m3a
in POPC/POPG. The thickness increases as a blue-white-red color gradient.
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As shown in Figure 8 the thickness of lipid bilayer was perturbed around the antimicrobial
peptides. The largest structural deformation of lipid bilayer, both in POPC and POPC/POPG, was
observed in the case of Cnd-m3a with the average bilayer thickness in vicinity of the peptide decreased
approximately up to 1.9 nm. In the case of Cnd-m3 the averaged thickness of lipid bilayer close to
peptide was approximately of 2.5 nm. Cnd induces a perturbation of thickness smaller with respect
to Cnd-m3a and Cnd-m3 with the average bilayer thickness in vicinity of the peptide approximately
of 2.9 nm.

3. Discussion

Alternative approaches are needed to neutralize antibiotic resistant diseases. Host defense
peptides such as AMPs offer a good starting model to obtain more active antimicrobial agents. More
than 3000 AMPs are reported in public database [39] giving a good source of information to delineate
strategies for the AMP design. Here, we selected the two Cnd analogues, which showed a potent
antimicrobial activity against multidrug resistant bacteria and investigated their interaction with model
membranes in order to gain insight on such interactions that could be useful for the rational design
of novel antimicrobial agents [30,31]. These analogues were designed considering the number of
positive charges, the distribution of hydrophobic residues and the location of specificity determinants.
According to Hodges and co-workers specificity determinants are positively charged residues in the
middle of the non-polar face of the hypothetical amphipathic helix (Figure 1) [40]. The role of these
residues is to increase the selectivity between prokaryotic and eukaryotic membranes. Moreover, it has
been established that high hydrophobicity on the non-polar face correlates with peptide self-aggregation
to form dimers or oligomers and with a decrease in the antimicrobial activity [41]. Selective toxicity,
killing bacterial pathogens without damaging eukaryotic cells, is crucial for the development of AMP.
Recently, we demonstrated the increase in selectivity of Cnd analogs as measured by the selectivity
ratios, defined by the ratio between the partition constants measured in POPC/POPG and POPC.
Higher values indicate the preference of peptide to partition into anionic vesicles, mimicking the
bacterial cell membrane and we found values of 1.43, 2.39 and 4.90 for Cnd, Cnd-m3 and Cnd-m3a,
respectively [30,31]. We used CD spectroscopy and all atoms MD simulations to elucidate peptide
conformational changes the underlay the complex mechanism of peptide-lipid interactions.

CD spectroscopy experiments revealed a difference in the secondary structure adopted by peptides
in presence of various membrane mimicking environments. All peptides adopted a random coil
conformation in phosphate buffer and undergo a transition to a more ordered conformation in the
presence of anionic and zwitterionic LUVs. However, Cnd and Cnd-m3 fold in anα-helical conformation,
both in the presence of POPC and POPC/POPG LUVs, whereas Cnd-m3a seems to retain its initial
random coil conformation in the presence of POPC LUVs and shows a very modest helical content in
POPC/POPG LUVs. The percentage of α-helix is much higher in presence of POPC/POPG compared to
POPC for Cnd-m3, the analog with higher antimicrobial activity, with a θ222nm molar ellipticity ratio of
0.40 (Table 2). For Cnd and Cnd-m3a, the ratio was ~1 indicating the same percentage of α-helix in both
anionic and zwitterionic membranes. Interestingly, Cnd-m3a adopts a α-helix conformation, although
to a lesser extent ~14% with respect to Cnd and Cnd-m3. This indicates that the introduction of the
Lysine in position 9 in the middle of the non-polar face interfere with the ability to adopt and α-helical
structure. Despite the different conformation adopted by Cnd-m3a and its different behavior with
respect to the other two peptides in the presence of POPC and POPC/POPG vesicles, its antimicrobial
activity is preserved. This is in accord with previous studies, which evidenced a different mode of
action of the three peptides. In fact, while Cnd and Cnd-m3 have been described as membranolytic
peptides, adopting an α-helical conformation to trigger their activity [30], we demonstrated that
Cnd-m3a is able to traverse inner and outer membrane of Psychrobacter sp. targeting intracellular nuclei
acids [31]. To get further insights into how primary structure can drive conformations, we carried out
molecular dynamics simulations in different environments. MD simulations in presence of POPC and
POPC/POPG bilayer agree with the experimental CD results and revealed the atomistic interactions
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between peptides and membranes. Cnd shows a higher content of helical structure with respect to
the analogs in presence of both lipid bilayer of POPC and POPC/POPG. Cnd-m3 shows an increase
of helical content moving from POPC to POPC/POPG, whereas Cnd-m3a does not show a significant
change in the helical content in the presence of anionic component POPG in bilayer. The MD simulation
validates that the substitution of Ile-9 with a lysine in Cnd-m3 with a lysine destabilizes the α-helix
conformation in the N-terminal region of Cnd-m3a. MD simulations of the peptides absorbed on the
surface of POPC bilayers emphasize that the peptides interact with the lipidic surface mainly through
hydrophobic contacts. The presence of lysine residues helps to anchor the Cnd-m3 and Cnd-m3a to
the surface of POPC/POPG bilayer through the formation of hydrogen bonds and ion-pairs with the
phosphate group of lipids (Figure 4). Cnd, Cnd-m3, and Cnd-m3a embedded into bilayer perturb the
organization of the lipids in the aggregates, especially for Cnd-m3 and Cnd-m3a due to the presence
of lysine residues. The lysine residues in the hydrophobic core of lipid bilayer orient the positively
charged head of side chains towards the surface (snorkeling effect) to obtain an energetically favorable
interaction with the head groups of lipids. Cnd-m3 and Cnd-m3a induce a reorganization of lipid
components close to peptides with a sensible reduction of the thickness of bilayer.

4. Materials and Methods

4.1. Materials

All lipids were purchased from Avanti polar Lipids (Alabaster, AL, USA). All peptides were
purchased from CASLO ApS, c/o Scion Technical University of Denmark, with a purity >98%. Peptide
concentrations were measured before each sample preparation by UV light absorption at 280 nm.
Phosphate buffer pH 7.4 was used to diminish the UV absorbance in CD experiments.

4.2. Preparation of Lipid Vesicles

LUVs (Large Unilamellar Vesicles) were prepared as previously reported [29]. Lipids were
dissolved in chloroform/methanol 9:1. The solvent was then removed by rotary evaporation and
then overnight under high vacuum. The lipid film was then hydrated by adding 1 mL of buffer
(20 mM phosphate buffer at pH 7.4 with 150 mM NaCl and 0.8 mM EDTA) and then subjected to
5 freeze-thaw cycles and vortexed. The multilamellar vesicles (MLVS) formed were extruded through a
polycarbonate membrane with pore size of 100 nm using a mini extruder (Avanti Polar). The obtained
LUVs were composed of 100% POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and of a 70/30
(w/w) combination of POPC/POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol). The final
concentration of the lipid was 10 mM.

4.3. Circular Dichroism Spectroscopy

CD spectra were recorded in the 190–260 nm spectral range at 298 K on a J 715 JASCO
spectropolarimeter equipped with a Peltier device for temperature control (0.5-cm path length
quartz cuvette). Secondary structures of the three peptides were determined in phosphate buffer (PB)
0.01 M and EDTA 0.08 M at pH 7.4 in the absence and presence of LUVs of different composition.
Peptides were prepared as 1.0 mM stock solution. A stock solution of LUVs (10 mM) was used.
For LUVs interaction studies, solutions of 30 μM of Cnd and Chionodracine derived peptides were
titrated with LUVs of different composition (100% POPC, 70:30 POPC:POPG) with a peptide/lipid ratio
ranging from 1:0 to 1:60. Contribution from buffer and LUVs were removed by subtracting their spectra
in the absence of peptides. The reported CD spectra are the average of 16 scans with a scanning speed
of 20 nm/min, a response time of 8 s, a bandwidth of 1.0 nm and a step size of 0.1 nm. The obtained
data in millidegrees (θ) were converted to mean molar ellipticities (deg cm2 dmol−1). The fractional
helical content fα has been estimated using the formula [42]:

fα =
θ− θRC
θH − θRC

(1)
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where θ is the observed ellipticity at 222nm and θRC and θH are the limiting values for a completely
random coil and α-helical conformation, respectively. At the temperature of 25 ◦C, according to the
Luo and Baldwin formula [43], the limiting values of ellipticities are θH = −39, 375 and θRC = −360.

4.4. Steady-State Anisotropy Measurements

Lipids were dissolved in chloroform/methanol 9:1 and mixed with stock solution of DPH
1,6-Diphenyl-1,3,5-hexatriene. The molar ratio DPH/Lipids was 1:1000 and the LUVs were extruded
as previously described. The anisotropy measurements were performed using a Perkin Elmer LS55.
The temperature was set at 25 ◦C using a thermostatic cell holder controlled by an external bath
circulator. The samples were excited at 380 nm and the emission was detected at 420 nm with an
emission and absorption bandwidth of 5 nm [44]. Fluorescence anisotropy value, r, were obtained
according to the equation:

r =
IVV −G∗IVH

IVV + 2G∗IVH
(2)

where IVV is the fluorescence measured with the excitation and emission polarizers oriented in the
vertical position and IVH is the fluorescence intensity measured with the excitation polarizer oriented
vertically and the emission oriented in horizontal position. G* is the correction grating factor, defined
as the ratio between the vertically and horizontally polarized emission components upon excitation
with a horizontally polarized light [45]. DPH acts as a rod-like hydrophobic probe rotating in the
bilayer structure and located between the acyl chains of the lipids [46]. Changes in anisotropy values
of DPH were used to evaluate membrane fluidity and peptide interaction with LUVs.

4.5. Computational Methods

4.5.1. Preparation of MD Simulations

The initial structure of Cnd was taken from the PDB structure resolved by NMR spectroscopy
as described previously [29]. The three-dimensional structures of Cnd-m3 and Cnd-m3a has not been
resolved yet by NMR spectroscopy. Therefore, we used the fold recognition algorithm implemented
in I-TASSER (iterative threading assembly refinement algorithm) [47,48] to predict a 3D model of
Cnd-m3 and Cnd-m3a starting from the amino acid sequence of target peptides. The best-scored model
structures obtained by the I-TASSER prediction of Cnd-m3 and Cnd-m3a were used.

Titratable residues of peptides were modelled according to their protonation state in water at pH = 7.
The initial configuration of POPC and POPC/POPG (70:30) lipid bilayers was built by using

PACKMOL program [49]. Each bilayer system was built with 128 lipids (64 per leaflet) and about
35 water molecules per lipid to have a fully hydrated bilayer. The mixed bilayer of POPC/POPG (70:30)
was built by using 92 molecules of POPC and 36 molecules of POPG symmetrically distributed between
the two bilayer leaflets. The lipid bilayers were equilibrated for 200 ns before the addition of peptides.

For each peptide six different simulation were performed:

(1) in water: the peptides were immersed in a cubic box (5.0 nm) and solvated with at list
4000 water molecules;

(2) in a mixture of TFE/water (30% v/v): the peptides were immersed in a cubic box (5.0 nm) and
solvated with about 270 molecules of TFE and 2650 water molecules;

(3) with the peptide absorbed on lipid bilayer surface of POPC: the peptide was positioned above the
pre-equilibrated bilayer surface of POPC with the helical axis parallel to the lipid surface with
a distance of 0.5 nm between the center of mass of peptide and the phosphate atoms of lipids.
A rectangular box of 6.5 × 6.5 × 8.0 nm3 was used with at list 5140 water molecules;

(4) with the peptide embedded in POPC lipid bilayer: the peptide was embedded in a pre-equilibrated
lipid bilayer of POPC with the helical axis parallel to the normal of lipid bilayer in a rectangular
box of 6.5 × 6.5 × 8.0 nm3 with at list 5140 water molecules;

260



Int. J. Mol. Sci. 2020, 21, 1401

(5) with the peptide absorbed on lipid bilayer surface of POPC:POPG: the peptide was positioned above
the pre-equilibrated bilayer surface of POPC:POPG with the helical axis parallel to the lipid
surface and a distance of 0.5 nm between the center of mass of peptide and the phosphate atoms
of lipids. A rectangular box of 6.2 × 6.2 × 8.0 nm3 was used with at list 4300 water molecule;

(6) with the peptide embedded in POPC/POPG lipid bilayer: the peptide was embedded in a pre-equilibrated
lipid bilayer of POPC/POPG (70:30) with the helical axis parallel to the normal of lipid bilayer in a
rectangular box of 6.2 × 6.2 × 8.0 nm3 with at list 4300 water molecules.

For the simulation in water and in the mixture of TFE/water the NMR resolved structure of Cnd
and the I-TASSER model of Cnd-m3 and Cnd-m3a was used. The structure of peptide obtained at the
end of the MD simulation in TFE/water was used for the simulations in presence of lipid bilayer of
POPC and POPC/POPG. The peptides were immersed in the hydrophobic region of lipid bilayer using
the embedding protocol of M. Javanainen [50].

In all systems the appropriate number of chloride ions and sodium ions was used to neutralize
the charges of the peptides and POPG molecules.

4.5.2. The MD Systems Setup

All MD simulations were carried out with GROMACS v.5.1.5 package [51]. The GROMOS
G54a7 force field [52] was used to model the peptides molecules and ions in conjunction with the
GROMOS-CKP [53–55] for the lipids. The phosphatidylglycerol component of the mixed lipid bilayer
was a racemic mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-(1-glycerol) (L-POPG) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-d-(1-glycerol) (D-POPG). Water was modelled with the
SPC model [56] and the force field proposed by Fioroni et al. [57] was used to describe TFE.

Lennard-Jones and electrostatic interactions were calculated using a cut-off of 1.2 nm and the
long-range electrostatic interactions were accounted by using the particle mesh Ewald method
(PME) [58].

All bonds were constrained using the P-LINCS algorithm [59,60] whereas the geometry of water
molecules was fixed with the SETTLE algorithm [61]. The simulations were carried out with a time
step of 2 fs.

The molecular systems were energy minimized and equilibrated as follows.
The systems were warmed up with five consecutive MD in the NVT ensemble from 100 K to 298 K

in 500 ps with weak positional restraints on heavy atoms of peptides and lipids. Subsequently, 300 ns
of unrestrained MD simulation in the NPT ensemble were performed for the peptides in water and in
TFE/water whereas 400 ns of unrestrained MD (NPT) were performed for the peptides in presence of
lipid bilayer. For each system two simulations with different random initial velocities were performed.
The temperature of peptide, lipids, water and ions was kept constant separately at 298 K using the
velocity rescale method [62] with a time constant of 0.1 ps. The pressure was controlled by using
the Berendsen barostat [63] (P = 1 bar, τp = 1.0 ps). The pressure coupling was isotropic in the case
of the simulations in water and in the mixture of TFE/water (30% v/v). In the simulation with lipid
bilayer the pressure coupling was applied semi-isotropic: the z and the xy dimensions were allowed to
vary independently.

Periodic boundary conditions were applied in all three dimensions.
A list of the simulations performed and details about the composition of the simulated systems

are reported in Table S1.

4.5.3. The MD Analyses

The trajectories obtained by MD simulation were analysed with the GROMACS analysis tools,
VMD 1.9.3 [64] and in-house scripts. The analysis of trajectories was performed on the last 100 ns of
the simulations.

Analysis of the secondary structure was performed with gmx do_dssp tool of GROMACS using
the program DSSP [65]. The time averaged local thickness of lipid bilayer was calculated using
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the g_lomepro tool considering the distance of phosphate atoms of lipids in opposite membrane
leaflets [66].

5. Conclusions

In conclusion, our results highlight the interaction between Cnd and its analogues with anionic
and zwitterionic membranes. Our studies showed that peptides are unstructured in water and
fold, preferentially in α-helical structure, in presence of lipid vesicles of different compositions.
Our computational studies confirmed the experimental results through a series of MD simulations of
400 ns time scale and showed at atomic resolution the effect of the mutations on the on the structure
of peptides and their interaction with lipid membranes. While Cnd adopts a helical conformation
both in POPC and POPC/POPG vesicles at low L:P ratio, Cnd-m3 shows a different behavior with the
two types of bilayer, being more prone to adopt an α-helical in the presence of negatively charged
vesicles. This correlates with previous partition studies evidencing a preference of Cnd-m3 toward
POPC/POPG vesicles. The nutation of Ile-9 with a lysine in Cnd-m3, in the middle of the hydrophobic
face, destabilizes the α-helix at the N-terminus and brings to a peptide, Cnd-m3a with completely
different features. Overall this study lays the groundwork for the design of small peptides that can be
used as an alternative to common antibiotics to reduce the risk of antibiotic resistance.
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Abbreviations

AMP Antimicrobial peptide
CD Circular dichroism
Cnd Chionodracine
DPH 1,6-Diphenyl-1,3,5-hexatriene
EDTA Ethylenediaminetetraacetic acid
LUV Large Unilamellar Vesicles
MD Molecular Dynamics
MDR Multidrug resistant
MIC Minimum inhibitory concentration
MLVS Multilamellar vesicles
OD Optical Density
PB Phosphate buffer
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-(1′-rac-glycerol) sodium salt
TFE 2,2,2-Trifluoroethanol
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Abstract: The use of enhanced sampling molecular dynamics simulations to facilitate the folding
of proteins is a relatively new approach which has quickly gained momentum in recent years.
Accelerated molecular dynamics (aMD) can elucidate the dynamic path from the unfolded state to
the near-native state, “flattened” by introducing a non-negative boost to the potential. Alamethicin F30/3
(Alm F30/3), chosen in this study, belongs to the class of peptaibols that are 7–20 residue long,
non-ribosomally synthesized, amphipathic molecules that show interesting membrane perturbing
activity. The recent studies undertaken on the Alm molecules and their transmembrane channels have
been reviewed. Three consecutive simulations of ~900 ns each were carried out where N-terminal
folding could be observed within the first 100 ns, while C-terminal folding could only be achieved
almost after 800 ns. It took ~1 μs to attain the near-native conformation with stronger potential boost
which may take several μs worth of classical MD to produce the same results. The Alm F30/3 hexamer
channel was also simulated in an E. coli mimicking membrane under an external electric field that
correlates with previous experiments. It can be concluded that aMD simulation techniques are suited to
elucidate peptaibol structures and to understand their folding dynamics.

Keywords: accelerated molecular dynamics; alamethicin; membrane; peptaibol

1. Introduction

With the growing incidence of antibiotic resistance all over the world, the scientific community is,
more than ever, desperate to identify novel, fail-safe ways of treatments for a plethora of devastating
diseases. This search is not limited to human pathogens but has also been extended to the problem of
agricultural pathogens. The class of antimicrobial peptides (AMPs), defined as short, host-defense
peptides found in all life forms, is a promising solution. Many AMPs have already crossed over to
clinical trials as novel therapeutics, immunity modulators and wound healing promoters [1]. In this
study we focus our attention to a special class of fungal AMPs, known as “peptaibols”, owing to
their constituent non-standard amino acid residues like α-aminobutyric acid (Aib) and C-terminal
aminoalcohols etc. Peptaibols are produced as secondary metabolites and show microheterogeneity.
The diversity in their sequence length, hydrophobicity, antimicrobial properties and producing fungal
species contribute to a plethora of peptaibols that are yet to be discovered and studied. The increasing
gap between known peptaibol sequences and their three-dimensional structures can be reduced using
computational modeling and molecular dynamics simulations. The knowledge of peptide structural
dynamics is a key to unraveling the mechanisms of their antimicrobial action. In this study we focus
on the use of accelerated molecular dynamics (aMD) simulations to obtain conformational ensemble
and structural dynamics of alamethicin F30/3 (Alm F30/3). aMD is an enhanced sampling technique that
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“boosts” the system over energy barriers, thereby fastening the peptide folding process [2,3]. We also
show that aMD can be applied to peptide-membrane systems to study the mode of action without
introducing significant errors. Alm F30/3 is a 20-amino acid residue long peptide which belongs
to the popularly known class of peptaibols, a group of fungal secondary metabolites. Owing to
its antibacterial and antifungal activities, a result of its ion-channel forming property, it has been
touted as a model system to study AMPs. The majority of Alm sequences consist of hydrophobic
residues, the non-proteinogenic residue α-aminoisobutyric acid (Aib), an acetylated N-terminus
and the C-terminal phenylalaninol (Pheol).

The discovery of Alm is credited to Meyer and Reusser [4], where it was referred as “antibiotic
U-22324” obtained from ‘Trichoderma viride’ and classified as a cyclic peptide due to its inability
to react with ninhydrin. The anti-bacterial activity against gram-positive strains was highlighted.
The correct producer was reidentified later to be T. arundinaceum from the Brevicompactum clade of
genus Trichoderma [5].

The first possible primary structure of Alm was reported by Payne et al. [6], who described it as a cyclic
molecule by linking theγ-carboxylate group of the glutamic acid residue to the first proline in the sequence.
The sequence was Pro-Mea-Ala-Mea-Ala-Gln-Mea-Val-Mea-Gly- Leu-Mea-Pro-Val-Mea-Mea-Glu-Gln,
where Mea is α-aminoisobutyric acid or Aib. They hypothesized a stack-like tunnel formation by
the cyclic Alm structure with hydrophobic interior. Martin and Williams [7] later corrected it by describing
the structure of Alm as a linear polypeptide by NMR spectroscopy. The new sequence described by them
included an acetylated Aib residue at the N-terminus and a phenylalaninol as a side-chain of the 18th
Gln residue. They stressed upon the importance of linear Alm structure to be long enough to stretch
across a lipid bilayer and rejected the idea of stacked-ring pores. The presence of proline in the 14th
position introduces a slight bend in the structure as shown by X-ray crystallography, NMR and optical
spectroscopy [8–10]. The helix is formed in such a manner that the polar residues are arranged on one
side. Alm is classified as amphipathic due to distinct hydrophobic and hydrophilic faces, which renders
the ability to either interact with a membrane horizontally or form voltage-gated ion channels with
a vertical insertion. The recent studies to understand Alm conformation and pore formation have been
reviewed by Leitgeb et al. [11] and Kredics et al. [12]. Here we provide a short update on various research
undertaken on Alm since 2014. The following literature review on Alm is a summary of recent work
on the common molecule. Most of these studies were carried out to understand and visualize pore
formation in various membranes which formed the basis of our work to study the hexameric Alm pore
model embedded in E. coli membrane mimic.

Pieta et al. [13] described the pore formation of Alm in a monolayer of 1,2-dimyristoyl-
sn-glycero-3-phosphocholine/phosphoglycerol (DMPC/PG) lipids using electrochemical scanning
tunneling microscopy (EC-STM). PG lipids constitute the membrane architecture of gram-positive
bacteria [14] and the negatively charged PG heads provide the electrostatic surface potential promoting
insertion of amphipathic Alm into the membrane [15]. Pieta et al. [13] successfully showed the formation
of flower-like hexagonal pattern of six Alm molecules, which supports the barrel-stave model of ion
channel formation. Rahman et al. [16] reported the thermodynamics of Alm F30/3 pores ranging from
monomer to nonamer of 5 to 11 Å radius in an implicit membrane model. The trimer and tetramer
formed 6 Å closed pores whereas the hexamer and octamer formed 8 Å and 11 Å open pores, respectively.
Interestingly, all pores formed beyond the pentamer with comparable energy supported the multiple
conductance level theory.

Castro et al. [17] also studied the various noncanonical disubstituted amino acids in Alm by
replacing one or more Aib residue. Few such substitutions proved to be better alternatives than Aib
for inducing well-defined α-helical structures and thermodynamic stabilization. Salnikov et al. [18]
characterized a pentameric channel assembly formed by a fluorine-labeled Alm derivative when
reconstituted into phospholipid bilayers (POPC) with a peptide/lipid ratio of 1:13. When the ratio was
lowered to 1:30, Alm was found to be in dimeric form. The pore formation of Alm has also been studied
extensively using computational models. For example, 14 μs long all-atom MD simulations performed
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by Perrin Jr. et al. [19] revealed that the hexamer pore equilibration was achieved only after 7 μs
which remained stable onwards. Another simulation with 10 surface-bound Alm showed membrane
binding, but no insertion event was observed for 5 μs. However, simulations at higher temperatures
and under an electric field resulted in peptide insertion within 1 μs. Madsen et al. [20] showed that
incorporation of silicon-containing amino acids in Alm introduced a 20-fold increase in membrane
permeability. Similarly, Das et al. [21] discussed an effective strategy to improve antibacterial activity
of peptaibols by capping the N-terminal with 1,2,3-triazole, and with hydrophobic substituents on
C-4. Afanasyeva et al. [22] showed that Alm on a POPC membrane, in low concentrations below
the threshold, can capture and rearrange free fatty acids which may negatively affect membrane
physiological functions.

Recently, Su et al. [23] studied Alm in a 1,2-di-O-phytanyl-sn-glycero-3-phosphocholine (DPhPC)
bilayer using electrochemical impedance spectroscopy (EIS) and photon polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) to understand membrane stability and Alm
conformation in the bilayer. They demonstrated that at potentials where the bilayer is stable, the Alm
peptides assume a surface-bound state with their helices at a large angle from the bilayer normal.
Alm peptides are inserted when negative potentials are applied. The ESI data showed the exact
potentials at which the helices are inserted and form an open or closed pore, which indicates that
the open/closed ion states are potential regulated. Forbrig et al. [24] also observed the mechanism of Alm
ion channel formation in lipid membranes tethered on electrodes through surface-enhanced infrared
absorption (SEIRA) spectroscopy. It revealed that the peptide monomers interact with each other
before transmembrane insertion. Upon evaluation of Alm orientation based on mathematical models,
it was proposed that ion-channels may be formed either by N-terminal integration as monomers or
as parallel oligomers. Abbasi et al. [25] visualized the formation of Alm pores in floating phospholipid
membrane on gold electrodes, which confirmed the hexamer ion channel formation with the diameter
of a pore calculated to be 2.3 ± 0.3 nm. A distribution of various Alm aggregates also confirmed
the multiple conductivity states theory. Syryamina et al. [26] described Alm (Alm F50/5 spin-labeled
analogs) channel formation in POPC membranes using pulsed electron-electron double resonance
(PELDOR) spectroscopy, which revealed that it assembled into dimers and higher oligomers can be
obtained by increasing peptide concentration. They hypothesized that dimer formation and peptide
reorientation must take place simultaneously and is probably the first step in peptide assembly.

Zhang et al. [27] proposed encapsulation of Alm within a γ-cyclodextrin in a way that its
hydrophobic residues are buried in the hydrophobic cavity of γ-cyclodextrin, thereby, improving its
solubility in aqueous medium, thermal and pH stability and significantly increasing its antimicrobial
activity against L. monocytogenes. A very recent and interesting work by Abbasi et al. [28] reported
the dampening effect of Alm ion channel on conductivity by an order of magnitude upon introducing
an amiloride molecule, which does not inhibit the ion channel formation itself. Taylor et al. [29] showed
that Alm peptides can induce lipid flip-flop even in a surface-bound state by disordering lipids in
the membrane.

In this study, alamethicin was chosen as the model peptaibol to establish the use of accelerated
MD techniques in correctly elucidating their conformational ensemble and dynamics. We carried
out consecutive aMD simulations with increasing boost parameters to observe the folding progress
in comparison to the experimental structure. The highest boost parameters were chosen to observe
Alm folding from an unfolded starting structure achieved within 1 μs. The same procedure can be
applied for other peptaibols of unknown three-dimensional structure to obtain structural information
within a short amount of time. We also discuss the structural convergence of these simulations.
The reweighted free energy landscapes have been produced to understand peptaibol folding dynamics.

Reweighting of all distributions was carried out using the Maclaurin series expansion, which is
equivalent to cumulant expansion of first order. Miao et al. [30] state that the Maclaurin series expansion
method suppresses energetic noise but may give incorrect energy minimum positions on the free
energy landscapes. Another method known as exponential average reweighting, which is equivalent
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to cumulant expansion of third order, may lead to higher energetic fluctuations. They emphasized
the accuracy of cumulant expansion of second order as a reweighting method, especially if the boost
potential follows close to a Gaussian distribution. However, Jing et al. [31] argued that the boost
potential should follow the Gaussian distribution exactly for cumulant expansion of second order
to accurately reweight free energy profiles. Along these developments, Miao et al. [32] proposed
the Gaussian accelerated MD (GaMD) technique, in which the boost potential is made to follow
a Gaussian distribution and accurate reweighting can be achieved through cumulant expansion of
second order. It is an update to the existing accelerated MD technique in a way that results in
recovery of distinct low energy states that may be lost in the former technique. During this work,
we also carried out three consecutive 300 ns long GaMD simulations on Alm F30/3 for comparison,
but slight folding could only be observed for the N-terminus and it took longer time. We agree that
the lack of more advanced processing units and deeper understanding of the GaMD technique at
our end may have been the reason for unsatisfactory results. Nevertheless, we are in the process
of optimizing peptaibol structure elucidation using GaMD and its advanced variants like Replica
Exchange GaMD [33]. Furthermore, to overcome the barrier of loss of distinct low energy conformations,
we carried out the first aMD simulation with low boost parameters which were increased for the other
three simulations. Therefore, the combined trajectory likely traverses the whole dynamic pathway
of Alm F30/3 folding. The two major conformations obtained through these simulations and their
functional significance with respect to previous studies is also discussed in detail. Furthermore, we also
show the use of aMD to model Alm F30/3 hexameric pore embedded in an E. coli membrane mimic
under the application of an external electric field. Even though the free energy landscapes have not
been reported for membrane-peptide simulations, no significant deformations were observed due to
the application of boost potential. The use of aMD has been highlighted to study such systems within
a short period of time with efficacy.

2. Results and Discussion

2.1. Clustering of Three Consecutive aMD Simulations and Comparison with Fourth Simulation:
Free Energy Landscapes

The unfolded conformation of Alm F30/3 was used as a starting point for three consecutive
~900 ns (refer to Table 1 for exact timescales) long simulations with increasing “boost” parameters.
The first simulation (Sim 1) was carried out with a1, a2 = 0.16 and b1, b2 = 4 which revealed successful
folding of the N-terminal segment (Aib1-Leu12) but an incomplete folding of the C-terminus as shown
through superimposition of the representative structure of the energy minimum and experimentally
known structure (PDB ID: 1AMT) with backbone root-mean-square deviation (RMSD) value of 5.02 Å
in Figure 1A. The next simulation (Sim 2) was started from this point with slightly higher boost
parameters of a1, a2 = 0.20 and b1, b2 = 4.5 to observe the time length of achieving complete peptide
folding. This 950 ns long aMD simulation was clustered into three groups, out of which cluster 2 was
closest to the experimental structure (Figure 1B) with RMSD of 1.87 Å. At this point, it was deemed
a better choice not to increase the boost further as it may interfere with correct reweighting of energy
distribution. These boost parameters were deemed appropriate for fast folding. A third ~900 ns
long simulation (Sim 3) was carried out at this point which achieved complete C-terminal folding.
The clustering resulted in the most populated cluster whose representative structure is the closest
to PDB conformation with a RMSD value of 1.51 Å (Figure 1C). The three trajectories were later
combined for most of the analysis. The reweighted torsional (phi-psi) angle distribution for each
residue calculated for all these 3 simulations have been provided and discussed in Supplementary
Figure S1.

After carrying out three consecutive aMD simulations with increasing boost parameters, we were
also curious to observe the extent of folding observed using these boost parameters with a completely
unfolded Alm configuration as the starting structure. A separate 1μs long simulation (Sim 4) was carried
out that resulted in highly folded structures with both bent and linear configurations. This simulation
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shows that slightly aggressive boost parameters used for ~1 μs long aMD carried out using GPUs are
sufficient for folding simulations of such short peptaibols. Bucci et al. [34] also reasoned that 1 μs long
aMD simulations are sufficient for folding simulations of their modified tripeptide. The representative
structure of cluster 5 is closer to the experimental structure with an RMSD value of 1.8 Å between them
(Figure 1D).

Figure 1. The representative structures of different clusters obtained for individual simulation chosen
based on lowest RMSD with X-ray crystallographic Alm F30/3 structure available from PDB: 1AMT.

In conclusion, the combined trajectory of the first three simulations is comparable to the fourth
~1 μs long simulation carried out with aggressive boost parameters. Complete Alm F30/3 folding was
achieved within 1 μs, which indicates that this procedure is apt to elucidate short peptaibol structure
in a short period of time.

The dihedral principal component analysis (PCA) based free energy landscape (FEL) between
PC1 and PC2 has been provided for the combined trajectory of the first three simulations clustered
in 10 major representative groups (Figure 2A). The darkest violet regions on the FEL map (Figure 2)
show the lowest energy conformation clusters which denote the metastable states of Alm F30/3. As it
can be observed on the reweighted maps, at least three distinct clusters can be identified in local energy
minimum regions, i.e., the linear helical form (clusters 1, 5 and 9), the bent form (clusters 2, 4 and 6)
and the incompletely folded (clusters 3, 7, 8 and 10) conformations. The inter-conversion between
the bent and linear forms seems to be energetically allowed within 2 kcal mol–1 and the jump between
these two is achieved multiple times throughout the trajectory. The C-terminus requires longer time
than the N-terminus to completely sample the folded helical configuration. Similarly, the fourth
trajectory has been separately projected on to dihedral-based PCs in Figure 2B to avoid missing low
energy conformations obtained during previous simulations. The bent conformations of cluster 1
and 2 appear interchangeably for about ~10% and ~8% of 1 μs long simulation trajectory, respectively,
roughly from 300 to 800 ns and form the most populated conformational group. The conformation of
cluster 5 is closest to the experimental structure. The dihedral angle based FEL plots of the combined
trajectory from the first three simulations in comparison with the fourth 1 μs long trajectory shows that
a similar conformational space could be covered in less time if slightly aggressive boost parameters are
used. However, it comes with the risk of missing distinct low energy conformations. For this reason,
it is advisable to carry out few simulations with smaller boost potential.
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Figure 2. Reweighted potential of mean force (PMF) free energy landscapes of the first two principal
components (PCs) calculated from dihedral angles, phi-psi, for better clustering based on internal
motions. The deepest blue regions indicate energy minimum. The representative structures of each
cluster are provided for (A) combined 3 simulations, (B) the 4th simulation. The cluster numbers are
given in cyan.

In order to observe structural convergence amongst the three independent simulations,
the Kullback-Leibler divergence (KLD) was calculated to measure the extent of overlap between
probability distribution [35]. This probability distribution is based on PCA of the system Cartesian
coordinates instead of dihedral angles. The trajectories are named as “Sim 1” to “Sim 4” and the extent
of PC overlap signifies convergence between independent runs. The degree of PC overlap suggests that
the independent simulations sampled similar conformational space, hence, convergence. It is based on
the idea that any two simulations will eventually sample the same phase space even when started
from different starting structures as a measure of true convergence. Figure 3A shows the histograms
of projection of coordinates along the first three eigenvectors or modes (accounting for 53% overall
motion). The first three PCs obtained from the combined trajectory account for 29%, 16% and 8%
(in same order) of overall motions. In case of all PC histograms, the best overlap can be observed
between Sim 1, Sim 3 and Sim 4 in comparison to Sim 2 projection which signifies that Sim 2 undergoes
a slightly different folding pathway. A better overlap can be observed for all trajectories in case of
modes 2 and 3. This divergence can be quantified by calculating KLD vs time (ns).

Figure 3B shows KLD between subsequent histograms as a function of time from four simulations
for PCs 1, 2 and 3. KLD:1 is divergence between Sim 1 and Sim 2, KLD:2 between Sim 2 and Sim 3
and KLD:3 between Sim 3 and Sim 4. The rapidly decreasing slope of KLD vs time of any two
trajectories indicates the reduction in divergence between sampled conformations. We chose the KLD
value of 0.025 as cutoff for convergence based on a previous study [36]. As evident from Figure 3B,
convergence for Mode 1 for all four trajectories, except Sim 2, is obtained only after 700 ns. KLD:2
(divergence between first PC of Sim 2 and Sim 3) shows the highest divergence for Mode 1 even though
both simulations were started with the same boost parameters but different starting structures.
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Figure 3. (A) Histograms of projection of principal components 1, 2 and 3 for all four simulations in
water. Histograms were calculated using a Gaussian kernel density estimator. (B) A measure of overlap
between histograms from independent simulations calculated using Kullback-Leibler divergence
method. The slope values lying below 0.025 indicate convergence between two independent runs.

This also indicates that Sim 2 undergoes a different path of Alm F30/3 folding. KLD:3 (divergence
between first PC of Sim 3 and Sim 4) reaches the threshold at ~400 ns. The two trajectories, the former
with a semi-folded starting structure and the latter with completely unfolded structure, evolve quickly
and sample similar configurations to achieve close to experimental Alm F30/3 structure. In case of Mode
2 and Mode 3, the convergence between all three trajectories is reached at ~400 ns time scale. Using boost
parameters a1, a2 = 0.20 and b1, b2 = 4.5 for ~1 μs proved to be appropriate to achieve the near-native
Alm F30/3 conformation starting with the unfolded Alm F30/3 structure. A similar approach can be
adopted to model other peptaibols of unknown structure. The convergence of all simulations was
proven based on the Kullback-Leibler method which showed that Sim 2 follows the most divergent
path of conformational folding and takes longer timescales to converge, while the other three show
structural convergence within 400 ns.

2.2. Alamethicin Backbone Bending: Functional Importance?

In the previous section we observed at least two very distinct Alm F30/3 conformations:
linear and bent helices. Here we discuss whether there is a functional importance of such
dynamic structural shift. This knowledge may direct us to understand how these peptides
show membrane-perturbing properties. Using paramagnetic enhancements of nuclear relaxation,
North et al. [37] demonstrated that the Alm backbone undergoes large structural fluctuations that result
in shorter distances between the C-terminus and various positions along the backbone. They linked
this observation with the voltage-gating mechanism of the Alm channel. A previous study by
Franklin et al. [38] showed that simulated annealing with NMR restraints of Alm peptide bound to
micelles yielded both bent and linear conformations, which prompted them to confirm their analysis
by appending a spin label to one of the bent conformations and energy minimization using the steepest
descent method. The same bent conformation was obtained as the energy minimum each time.
Comparing these observations with previous studies, North et al. [39] reasoned that Alm must be in
a dynamic equilibrium of linear and bent conformations and that it may provide the “conformational
switch” of voltage gating in the Alm channel. In other words, the bent/closed form of Alm bound
to membrane may indicate the absence of transmembrane voltage, which—when applied—would
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allow conversion to the linear and amphipathic Alm conformation. Gibbs et al. [40] reported on
the phenomenon of helical bending around residues Aib10-Aib13 of Alm observed during 1 ns
long simulation in methanol. The structural states obtained had either Aib10 or Gly11 carbonyl
group oriented away from the backbone and did not seem to greatly affect adjacent helix structure.
The functional role of helical bending in channel formation was hypothesized.

We were curious to observe the phenomenon of helical bending obtained through aMD.
The end-to-end distance (in Å) between the first residue Aib1 (N-terminus) and Pol20 (C-terminus)
was calculated for each frame of the combined trajectory. This data was used to calculate the PMF
(in kcal mol–1), which is simply the change in free energy as a function of any reaction coordinate.
The PMF describes the energy minimum as the most stable state along that function. The end-to-end
distance values of 9 and 10 Å designated by highly bent helical conformations (Figure 4) indicate their
stability. The distance values of ~25 Å indicated by linear Alm backbone conformations are easily
accessible with under ~1 kcal mol–1 of energy boost. It supports the idea of a dynamic equilibrium
between the two conformations in line with previous studies [39]. Similar results were also obtained
in our previous studies with other fungal peptaibols for example, trikoningin KA V [41], the energy
minimum conformation of tripleurin XIIc obtained in the hydrophobic solvent chloroform [36],
paracelsins B and H, and the newly discovered brevicelsin I and IV molecules [42]. This movement
along the backbone from bent to linear conformation is the largest scale of motion as described by
the first mode calculated through normal mode wizard (Supplementary Video 1). This indicates that
peptaibols like Alm are capable of adjusting their backbone bend in response to bilayer thickness.

 
Figure 4. The reweighted potential-of-mean-force values in kcal mol−1 as a function of end-to-end
distance of Alm calculated for each step in the combined trajectory. The energy minimum lies for
a distance value of 10 Å which denotes a highly bent backbone.

The hairpin-like helical conformation, which is representative for clusters 2, 4 and 6 (Figure 2)
can be explained due to the presence of the glycine residue at the R11 position. The N-terminal helical
continuity in Alm F30/3 always breaks at the Gly11 position. Högel et al. [43] systematically described
the local helix bending observed at the glycine position that effectively perturbs the conformational
flexibility in transmembrane helices. Glycine does not have a side-chain and can easily conform into
many energetically stable Φ-Ψ torsional states as can be seen on the reweighted energy landscape
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of Gly11 in Supplementary Figure S1. We calculated the PMF for end-to-end distance to find out
the lowest energy conformation amongst the bent and linear. The results clearly show that the bent
helix lies in the true energy minimum while the linear is easily accessible. It was correlated with
the strategic placement of bend-inducing amino acid residues like proline and glycine found almost at
the same position in almost all peptaibol sequences.

2.3. Alamethicin Hexamer Pore in a Bacterial Mimicking Bilayer Membrane

It is a well-known fact that Alm shows multiple conductance states, which directly correlates
with the number of peptide monomer units. A previous study performed to highlight the difference
in channel conductance with quadromer, pentamer, hexamer, octamer and even nonamer Alm
F30/3 pores highlighted the occluded state of 3-mer and 4-mer pores, while pores beyond 5-mer
were comparable [16]. The hexamer Alm pore is the most widely accepted model of its channel
formation. For this reason, we chose to simulate a hexamer Alm model in 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine: 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPE:DOPG)
3:1 bilayer membrane, a simplistic representation of E. coli membrane [44]. DOPE is a cationic or
neutral lipid, whereas, DOPG is negatively charged. The electron density profiles for DOPE: DOPG
lipids and water calculated across the bilayer normal (Z-direction) has been provided in Figure 5A.
A slight increase in water density from 0 to 10 Å in the bilayer signifies water displacement through
the Alm pore. The lipid order parameters of the acyl chains were also determined, which can be directly
compared with experimental SCD values. SCD is a measure of the relative orientation of the C-D bonds
with respect to bilayer normal and can be calculated as |SCD| = 0.5 <3cos2θ – 1>, where θ is the angle
between bilayer normal and the vector joining Ci to its deuterium atom, where <> means average
of all lipid molecules. All contributions from conformational disorder, local tilting known as lipid
wobble and collective motions constitute the SCD parameter and thus, can be a measure of membrane
fluidity [45,46].

Figure 5. (A) The electron density profile for each constituent of membrane system and water
calculated across the bilayer normal (Z-direction). A slight rise in the profile of water around 10 Å
indicates presence of water in Alm F30/3 pore. Total electron density (in blue), the water density (brick
red), the acyl tails of DOPE lipids (orange), the phosphoethanolamine lipid heads of DOPE (yellow)
and phosphoglycerol heads of DOPG (green), (B) lipid order parameters of the acyl chains, |SCD| can be
compared with previous experimental values. The acyl chains show high disorder that may be a result
of presence of the Alm F30/3 pore.

Figure 5B shows the average lipid acyl chain order parameters for mixed DOPE and DOPG.
It could be compared to the plateau values of the two chains sn1 and sn2 taken from carbon number 4
to 6 for DOPE as 0.211 and 0.215, respectively [47]. The plateau values for sn1 and sn2 in this case
(for a DOPE:DOPG mixture) membrane is slightly lower, averaging at ~0.16 for both chains. This could
be a result of DOPG mixing or the presence of membrane-perturbing peptide channel. It is evident that
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the membrane is more disordered than the pure DOPE membrane system. Moreover, another study
conducted on Pseudomonas aeruginosa mimic membrane system, comprising of DOPE and DOPG with
a synthetic lipid, observed an average SCD value for pure DOPE inner membrane as 0.180 and for
DOPG as 0.112 [48]. On the other hand, the average value for the membrane system used in this study
is 0.10. This clearly shows that the membrane is highly disordered during the course of simulation
due to the presence of the Alm F30/3 channel. The primary results of membrane-peptide simulations
indicated that the Alm F30/3 hexamer channel increases membrane disorder, which eventually leads to
leaking of water molecules and may lead to the disintegration of the bacterial cell.

The diffusion coefficient (DC) of water inside the Alm F30/3 pore was calculated using mean
square displacement (MSD Å2 ps–1). It is the average distance that all water molecules travel from their
starting position in XYZ direction. The MSD was reported along the z-direction. The speed of water
movement can be estimated based on the rise in slope of MSD vs. time plot. The diffusion constant is
calculated by fitting a slope to the MSD vs. time plot and multiplying it by 10.0/2 × N (where N is
the number of dimensions). The diffusion constant was calculated to be 0.0311 cm2 s–1 and 0.0245 cm2

s–1 for the first and second simulation, respectively. This in comparison to the value of diffusion of
water in water (as a liquid) at 0.000023 cm2 s–1, is much higher.

Conversely, the DC value of water (as gas) in air at 273 K temperature is 0.219 cm2 s–1. It shows
that in membrane simulations, the density of water molecules is more similar to the gaseous phase.
Another important fact to note while calculating DC values from simulations is that most force fields,
like the TIP3P water model used in this study, overestimate the diffusion coefficient even in bulk
solution [49]. It is apparent from DC values for the two trajectories that a higher external electric field
value (0.07 V nm–1) causes slightly higher MSD of water molecules across z direction (Figure 6A).
The density of water molecules in the z-direction is also shown in Figure 6B by histogramming all
water O atoms on a grid with spacing 1 Å. The resultant file can be visualized in Visual Molecular
Dynamics (VMD) software. The MSD analysis clearly indicated bulk movement of water molecules
through the Alm F30/3 hexamer channel.

Figure 6C is a graphical representation of number of water molecules present in a hypothetical shell.
This shell was created around the peptide pore residues at a distance of 3.4 Å. Therefore, the number
of water molecules present inside the pore are counted as a function of simulation time. It is clear that
from 200 to 230 water molecules are always present at any given time. A 14 μs long all-atom classical
MD simulation of the Alm hexamer pore in DOPC membrane studied by Perrin Jr. et al. [19] reported
about 40 to 50 water molecules at any given time. The difference in this number can be attributed to
multiple factors like the application of an external electric field in our case and the use of accelerated
dynamics. They calculated the number of water molecules at a distance of 10 Å from the bilayer center
forming a 20 Å region in total (to be in the pore), while our calculation includes the complete length of
the Alm F30/3 pore (30 Å) and thus, the surface-bound regions and water molecules are also considered.
A diagrammatic representation of the presence of water molecules in the channel is shown in Figure 6D.
The peptides present in the front view have been hidden for clear visualization. The displacement of
water through the channel can also be visualized in the animation provided as Supplementary Video 2.
The high number of water molecules present in the pore as a function of simulation time correlates
with the high MSD value discussed above.
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Figure 6. (A) The mean square displacement (Å2 ps−1) values of water calculated as a function of
simulation time. Using the slope of MSD curve, the average diffusion coefficient was calculated to be
0.0311 cm2 s−1 and 0.0245 cm2 s−1 for Mem-sim1 and Mem-sim2, respectively. Mem-sim1 clearly shows
higher displacement of water under the influence of a comparatively stronger external electric field
(0.07 V nm−1), (B) A diagrammatic representation of water density around the pore, (C) The number
of water molecules present in the Alm F30/3 pore at a given time, (D) A cartoon representation of
water molecules passing through the Alm F30/3pore. The front two monomers have been hidden for
visual clarity.

The size of hexamer pore must dynamically change to accommodate the influx of bulk water
and thus, pore radius was calculated as function of simulation time. The average pore radius (in Å)
as a function of z coordinate was calculated over each frame of the combined 600 ns trajectory (Figure 7A)
using HOLE utility from MDAnalysis. It is clear, that the C-terminus (top of Alm F30/3 pore) undergoes
stronger deviation than the N-terminus. The funnel-shaped top of the pore undergoes thickening
and thinning of pore size continuously. The pore is thinnest at the center of the bilayer. Figure 7B
shows the top view of the pore surface surrounded by lipid heads. We were also curious to observe
the changes in secondary structure of Alm F30/3 peptides in the hexamer as a function of simulation
time. Based on percent α-helicity calculated for each peptide monomer as shown in Figure 7C, it is
apparent that helices 1 and 3 undergo major changes. Helices 1, 4 and 6 show an average 50% helicity
while helix 2 shows the highest at 65% and helix 3 shows the lowest at 30%. It must be noted that all 6
peptides started with the same conformation and yet undergo vastly varied conformational changes.
Perrin Jr. et al. [19] also noted that the average % α-helicity drops to ~47%, which is in line with circular
dichroism experiments of Alm channel within DOPC membranes. To correlate this change in percent
α-helicity for each monomer, we calculated the angle (in degrees) between a vector passing through
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the center of mass of N-terminal residues and a vector passing through C-terminal residues (Figure 7D).
This angle is mentioned as bend angle from here on. As expected, helix 3 that was observed to have
the least percent α-helicity also has the least value of bend angle, followed by helix 5. It means that
these monomers undergo extensive backbone bending during simulation, which is not feasible with
a strict α-helix conformation. Therefore, these monomers unwind to achieve a more relaxed spiral
conformation to accommodate pore transformation. Conversely, helices 1 and 4 show an average
α-helicity around 50% and yet their bend angle values are amongst the highest. It is evident that
helices 1 and 4 do not undergo drastic backbone bending but lose their helicity indicating towards
other factors affecting pore dynamics. One reason could be to accommodate the passage of bulk water
molecules. Finally, the last observation regarding helix 2 showing highest α-helicity (65%) but a smaller
bend angle of 80◦ indicates that a certain degree of backbone bend is possible without completely
losing α-helicity. The percent helicity for each peptide in the Alm F30/3 was calculated and correlated
with their backbone bend angle as a function of time. A highly bent conformation is sterically difficult
to achieve with the presence of strict α-helix for the whole sequence. Therefore, few monomers show
interconversion between α-helix and turns. On the other hand, few other monomers show that a certain
degree of backbone bend is possible with strict α-helical conformation.

Alm F30/3 is the most studied molecule in the class of peptaibols, which belong to the antimicrobial
peptide (AMP) class. All known antimicrobial peptides are parts of the innate immune responses of
all life forms known to us. These may be cationic or anionic in some cases and constitute ~50% of
hydrophobic amino acid residues. They can exist in four major structural types,α-helix,β-sheet, hairpin
or loop and extended, and may act as membrane-perturbing, pore-forming or immunomodulatory
agents. The negatively charged lipid headgroups of bilayer membranes form attractive contacts
with cationic AMPs. However, peptaibols lack the presence of positively charged residues and show
a surface-bound state before penetrating the membrane in large numbers and form stabilized pores.
These pores have peptide backbone carbonyls facing inside that makes it neutral in charge very
similar to aquaporin proteins, class of integral membrane proteins, that are also similar in shape [50].
Cationic AMPs, on the other hand, have positively charged side chains lining the pore interior
which may make it rigid and narrower and affect water-ion influx.

Another important factor is the presence of both hydrophobic and hydrophilic residues in
the chain, folding in such a way that a hydrophobic and a hydrophilic face are formed. It is
implicated during pore formation, where the hydrophobic side faces the transmembrane region
and the hydrophilic side faces the pore cavity. In such a way, water molecules can easily leak through
the stabilized pore. The amphipathic nature is therefore a crucial structural requirement for such
peptides to show transmembrane activity. The structure of aquaporins is formed as a bundle of
six transmembrane pores in an hourglass shape which is similar to the hexamer Alm F30/3 pore
model [50]. However, aquaporins allow only water molecules and sometimes small solutes to pass
through the membrane while peptaibol pores are known to cause leakage by also allowing passage of
ions across the membrane along with water. This difference has been attributed to the presence of four
aromatic/arginine residues that act as selectivity filters in case of aquaporins. Peptaibols generally lack
the presence of positively charged amino acid residues like arginine, histidine and lysine and therefore,
do not show selectivity. Therefore, only those polypeptide sequences which show such qualities may
lead to similar water influx and membrane disintegration. Peptaibols are a special class of AMPs
because of the presence of non-standard amino acid residues, which are produced as secondary
metabolites and the peptide sequence is arranged through a large assembly of protein subunits known
as non-ribosomal peptide synthetases (NRPSs). Although many general AMPs have been clinically
approved to be used as therapeutic agents, for example enfuvirtide [51], oritavancin [52] etc., peptaibols
present a promising scope as the next line of defense. This study has been carried out as one of
the first steps in understanding the potential of peptaibols as therapeutic agents. The knowledge of
peptaibol structure and re-construction of their mode of action shall give crucial insight to exploit their
antimicrobial properties.
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Figure 7. (A) The average radius of the Alm F30/3 pore (Å) calculated along transmembrane coordinate.
The major fluctuation in the radius is shown by the C-terminus probably to accommodate incoming
water flux, (B) Cartoon representation of the top view of the Alm F30/3 pore surface in blue, (C) percent
α-helicity calculated for each Alm F30/3 monomer from the pore with respect to simulation time (in ns),
(D) the bend angle (calculated as dot product of two vectors passing through the N- and C-terminals of
each monomer) as a function of simulation time. Figure 7C,D can be correlated assuming that the higher
the bend angle, the lower will be its α-helicity. The helices are color-coded for visual interpretation.

3. Materials and Methods

3.1. Partial Charge Calculation and Force Field Library Generation for Non-standard Residues

As famously known, fungal peptaibols are characterized by their unusual amino acid content.
In the Alm F30/3 sequence, Aib and Pheol are non-standard residues. The R.E.D server was used
for calculation of their partial charges and creating force field libraries. R.E.D stands for RESP ESP
charge derive [53,54]. RESP (restrained electrostatic potential) was used to calculate the charges with
a HF/6-31G(d) basis set and Gaussian 09 quantum mechanical program interface [55]. The charges for
Aib were calculated along with few other standard amino acids. The charges calculated for standard
residues were used to confirm with existing “leap” libraries. For each residue, two conformations,
i.e., alpha helix (Φ=−63.8, Ψ=−38.3) and beta sheet or C5 (Φ=−157.2, Ψ= 161.9) were used. The terminal
residue phenylalaninol was also parameterized using two molecules, ethyl alcohol and phenylalanine.
The Amber “leap” library is provided in Tyagi et al. [36] for both residues. The sequence of Alm F30/3

279



Int. J. Mol. Sci. 2019, 20, 4268

is: AcAib1-Pro2-Aib3-Ala4-Aib5-Ala6-Gln7-Aib8-Val9-Aib10-Gly11-Leu12-Aib13-Pro14-Val15-Aib16-Aib17-
Glu18-Gln19-Pheol20.

3.2. Accelerated Molecular Dynamics Simulations of Alamethicin

The unfolded Alm F30/3 peptide conformation was prepared by using the ‘tleap’ module of
AmberTools18 and solvated in water (TIP3P water model) as solvent. In total, 4701 water molecules
were added with a box size of 48.79 × 71.80 × 54.41 Å and a volume of 190680.596 Å3. Amberff14SB
force field was used to prepare and minimize the system [56]. It was prepared for aMD in six
consecutive steps as described by Tyagi et al. 2019 [36]. The unfolded alamethicin peptide was
simulated in water using aMD for ~900 ns consecutively with three independent starting structures
(~900 ns × 3) making a combined simulation time of 2.7 μs. All simulations were carried out at 300 K
temperature, 2 fs time step, and energies and boost information were recorded at every 1000 steps.
The electrostatic interactions were calculated using PME (particle mesh Ewald summation) [57]
long-range interactions were also calculated with cutoff of 10.0. The temperature scaling was carried
out using Langevin thermostat without pressure scaling. SHAKE algorithm was applied on all bonds
involving hydrogen. The GPU machines available through the NIIF clusters of Hungary were utilized
for all aMD simulations using pmemd.cuda implementation of Amber14. aMD can be carried out using
three criteria, (i) the whole potential at once (iamd = 1) or (ii) independently boosting the torsional
terms of the potential (iamd = 2), and (iii) to boost the whole potential with an extra boost to torsions
(iamd = 3). The third criterion seemed to be an appropriate choice, as the dual boost option provides
a better reweighting distribution. The extra parameters Edihed, αdihed, Etotal and αtotal were calculated
as required in Equation (1):

Edihed = Vavgdihed + a1 ×Nres, αdihed = a2 × Nres
5

Etotal = Vavg_total + b1 ×Natoms, αtotal = b2 ×Natoms
(1)

where Nres is the number of peptide residues (21, with an addition of acetyl group at the N-terminal),
Natoms is the total number of atoms in the system which is 14391. Vavg_dihed and Vavg_total are average

dihedral and total potential energies obtained from the 100 ns long cMD run. The various parameters
used for all aMD simulations have been summarized in Table 1 The reweighting procedure and analysis
details have been adopted from Tyagi et al. [36].

Table 1. Summary of various accelerated molecular dynamics parameters.

Simulations Starting Conformation Time (ns)
a1,a2

Total (kcal mol−1)

b1,b2
Dihedral

(kcal mol−1)

Avg Boost
(kcal mol−1)

Sim 1 Unfolded 936 0.16 4 11.21
Sim 2 Folded N-terminal 950 0.20 4.5 11.10
Sim 3 Folded with bent backbone 897 0.20 4.5 29.85
Sim 4 unfolded 1000 0.20 4.5 24.09

Membrane-sim 1 Hexamer with efz = 0.180 300 0.16 4 31.71
Membrane-sim 2 Hexamer with efz = 0.080 300 0.16 4 22.60

3.3. Accelerated Molecular Dynamics Simulations of Alamethicin Pore in DOPC Bilayer Membrane

The hexamer pore of Alm F30/3 peptide was obtained through M-ZDOCK server
(http://zdock.umassmed.edu/m-zdock/) [58]. This is a Fast Fourier Transform based protein docking
program that predicts the structures of cyclically symmetric multimers. The hexameric pore was
then embedded into a 3:1 mixture of DOPE and DOPG bilayer membranes which mimics a bacterial
(E. coli) membrane constitution. This system can be easily prepared in an Amber-ready format by
using the ‘packmol-memgen’ [59] workflow available with AmberTools18 that uses ‘Memembed’ [60]
to obtain pre-oriented protein conformation with respect to the membrane. This system was solvated
in 4410 water residues. The Alm F30/3 hexamer channel embedded in DOPE:DOPG bilayer system
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was prepared for aMD simulations starting with minimization followed by two steps of system heating
and 10 steps of equilibration. This system was energy minimized for 10,000 steps which switches
to conjugate gradient method after 5000 steps of the steepest descent method. The minimization
was done at constant volume, no SHAKE algorithm was applied, and the non-bonded cutoffwas set
to 10.0 Å. The minimized system was set for two rounds of gradual ‘heating’ to reach the ‘production
run’ temperature. In the first step, the system was heated to 100 K while the second step reaches
a temperature of 303 K. The 10-step equilibration was carried out at 303 K temperature for 500 ps
each. A short 25 ns long production run at 303 K was carried out with constraints on bond distances
to calculate the aMD boost parameters followed by two consecutive aMD simulations of 300 ns
each with 2 ps time step. Each aMD simulation was carried out with dual boost (iamd=3) option at
300 K temperature regulated using a Langevin thermostat (Table 1). A weak external static electric
field was also applied along the z direction (across membrane) with a value of efz (intensity in kcal
(mol × A × e)−1) = 0.180 and 0.080 for the first and second simulations, respectively [61]. The values
of efz were chosen in a way that the magnitude of resulting electric potential is slightly higher than
the voltage across plasma membrane. A membrane with 35 Å thickness has a potential of ~70 millivolts
(mV) which is 0.07 V per 3.5 × 10−7 cm or 0.02 V nm−1 [62]. A 0.180 kcal (mol × A × e)−1 translates
to an electric potential of 0.07 V/nm while 0.080 kcal (mol × A × e)−1 translates to 0.03 V × nm−1.
A distance restraint was applied for all glutamine amino acid residues owing to their importance in
Alm F30/3 pore stability. The average pore radius was calculated using the HOLE utility [63] and water
density available through MDAnalysis [64,65].

4. Conclusions

This study highlights the use of enhanced sampling molecular dynamics technique known
as accelerated MD (aMD) to elucidate fungal peptaibol structures. The gap between the knowledge
of these sequences and their structure is ever increasing which requires efficient and cost-effective
computational methods to be fulfilled. Through a series of aMD simulations we show that ~1 μs time
scale with slightly aggressive boost parameters is appropriate to completely uncover peptide dynamics.
The experimental structure of alamethicin F30/3 is compared with representative structures of highly
populated clusters in each simulation. aMD was also used to recreate the Alm F30/3 hexamer-membrane
system by using E. coli membrane mimic under a weak electric field. The various quantities were
compared with previous experiments, which suggested that the presence of the Alm F30/3 pore
results in membrane disorder and leads to a large influx of water molecules through the channel.
The C-terminus seems to fluctuate resulting in changes of the pore size throughout the simulation.
The water influx is increased under the application of an external electric field. Overall, this study
shows that aMD can be successfully used to elucidate folding dynamics of small, bioactive peptides
and to simulate their mode of action over bacteria mimicking membrane systems.
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