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Abstract: Protegrin-1 (PG-1) is a cationic β-hairpin pore-forming antimicrobial peptide having a
membranolytic mechanism of action. It possesses in vitro a potent antimicrobial activity against a
panel of clinically relevant MDR ESKAPE pathogens. However, its extremely high hemolytic activity
and cytotoxicity toward mammalian cells prevent the further development of the protegrin-based
antibiotic for systemic administration. In this study, we rationally modulated the PG-1 charge and
hydrophobicity by substituting selected residues in the central β-sheet region of PG-1 to design its
analogs, which retain a high antimicrobial activity but have a reduced toxicity toward mammalian
cells. In this work, eight PG-1 analogs with single amino acid substitutions and five analogs with
double substitutions were obtained. These analogs were produced as thioredoxin fusions in Escherichia
coli. It was shown that a significant reduction in hemolytic activity without any loss of antimicrobial
activity could be achieved by a single amino acid substitution, V16R in the C-terminal β-strand,
which is responsible for the PG-1 oligomerization. As the result, a selective analog with a ≥30-fold
improved therapeutic index was obtained. FTIR spectroscopy analysis of analog, [V16R], revealed
that the peptide is unable to form oligomeric structures in a membrane-mimicking environment, in
contrast to wild-type PG-1. Analog [V16R] showed a reasonable efficacy in septicemia infection mice
model as a systemic antibiotic and could be considered as a promising lead for further drug design.

Keywords: antimicrobial peptide; protegrin-1; oligomerization; cathelicidin; therapeutic index

1. Introduction

Host defense antimicrobial peptides (AMPs) are the key molecular factors of the innate
immunity system of multicellular species, including humans [1]. Most AMPs have spatially
separated hydrophobic and positively charged regions on their molecular surface, which
facilitate their binding to negatively charged bacterial membranes and cell walls. Although
AMPs tend to target ubiquitous and conserved molecular patterns associated with bacteria
and fungi, many of them can also non-specifically damage host cell membranes due to
their strong amphiphilic properties. In some cases, their selectivity can be improved by
making minor modifications to the peptide structure using data on the structure–activity
relationship (SAR) [2].

Among the best-studied vertebrate AMPs are cathelicidins—host defense peptides syn-
thesized as precursor proteins containing a cathelin-like pro-domain [3]. Some cathelicidins
are considered prototypes of a new generation of peptide antibiotics with immunomod-
ulatory properties [4]. The group of cathelicidins includes peptides of various structural
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classes: α-helical linear, unstructured Pro- or Trp-rich, and β-hairpin Cys-containing pep-
tides. The latter include a family of protegrins, 16–18 amino acid residues peptides, which
were first isolated from porcine (Sus scrofa) leukocytes [5].

There are five naturally occurring protegrin isoforms reported to date [6]. All of them
have a high homology, including four conserved Cys and several positively charged Arg
residues. A key feature of protegrins as potential therapeutics is their compact structure,
stabilized by two disulfide bonds (C6–C15 and C8–C13), which provides high stability
for proteases [5–8]. The structure of protegrins resembles cyclic θ-defensins from rhe-
sus macaque leukocytes [9] as well as tachyplesin and polyphemusin peptides found in
horseshoe crab hemocytes [10]. Protegrins exhibit a broad spectrum of activity against
Gram-positive and Gram-negative bacteria, including E. coli, Pseudomonas aeruginosa, and
Neisseria gonorrhoeae [5,6,11], as well as against the yeast Candida albicans and the HIV-1
virus. The mechanism of the direct antimicrobial action of protegrins involves the formation
of dimers from monomeric hairpins in the lipid bilayer environment, the self-association of
the dimers into octameric β-barrels or tetrameric arcs, and, finally, pore formation leading
to the uncontrolled transmembrane transport of ions and low-molecular-weight metabo-
lites [12–17]. The complete disruption of the membrane by a detergent-like mechanism can
be achieved at high concentrations of the peptide.

A number of studies focused on the development of modified protegrin analogs with
improved medicinal properties. For example, there were attempts to obtain macrocyclic
and cysteine-free analogs as well as analogs with replacement of selected amino acid
residues [6,18,19]. Natural protegrins and their synthetic variants demonstrated consider-
able pharmacological potential. The best-known example is IB-367 (Iseganan), a truncated
protegrin derivative, which passed phase III clinical trials as a topical antibiotic [20]. Never-
theless, advanced research on and the development of candidate protegrin analogs relying
on recent fundamental studies of their mechanisms of action need a systemic approach.

Previously, we conducted structural and functional studies to improve the therapeuti-
cal properties of a number of β-hairpin AMPs [21–23]. In this study, we performed a SAR
study of protegrin-1 (PG-1) with the aim of mitigating its toxic side effects and designing
novel therapeutically valuable analogs. The developed peptide variant demonstrated an
improved selectivity in vitro and efficacy in a mouse infection model.

2. Materials and Methods
2.1. Production of Recombinant Protegrin Analogs

The recombinant plasmids for expression of AMPs were constructed using a pET-
based vector (Novagen, Darmstadt, Germany), as previously described [23]. All protegrin
analogs were obtained by heterologous expression in the E. coli BL21(DE3) (Novagen,
Darmstadt, Germany) or ClearColi® BL21(DE3) (endotoxin-free expression strain) (Re-
search Corporation Technologies, Tucson, AZ, USA) system in a liquid LB medium, as
previously described [24]. Protegrins were expressed as fusion proteins containing a modi-
fied thioredoxin A. Cell lysis, isolation of recombinant proteins by affinity chromatography,
chemical cleavage, and purification of peptides and reverse-phase high-performance liquid
chromatography (RP-HPLC) were performed, as previously described [24]. Ni2+ Sepharose
(Cytiva Life Sciences, Marlborough, MA, USA) and ReproSil-Pur 120 C18-AQ, 5 µm column
(Dr. Maisch GmbH, Ammerbuch-Entringen, Germany) were used for affinity chromatog-
raphy and RP-HPLC, respectively. The purified peptides were collected and analyzed by
MALDI-TOF MS using a Reflex III mass-spectrometer and flexAnalysis 3 software (Bruker
Daltonics GmbH & Co. KG, Bremen, Germany).

2.2. Antimicrobial Assay

The antimicrobial activity of the peptides was determined using two-fold serial di-
lutions in sterile 96-well flat-bottom polystyrene microplates (Eppendorf, Hamburg, Ger-
many) (Cat. No. 0030730011), as previously described [24]. The following strains of bacteria
were used: E. coli ATCC 25922, E. coli ML35p (ATCC collection), E. coli BW 25113 (Keio
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collection), Pseudomonas aeruginosa PAO1 (ATCC collection), P. aeruginosa ATCC 27853,
Klebsiella pneumoniae ATCC 700603, Staphylococcus aureus 209P (ATCC collection), S. aureus
ATCC 29213, and Micrococcus luteus B-1314 (VKM collection). Acinetobacter baumannii (strain
XDR CI 2675) was provided by the I.M. Sechenov First Moscow State Medical University
hospital. After a 24 h incubation period, the metabolic activity of the bacteria was assessed
by adding 20 µL of a redox indicator, resazurin (Sigma-Aldrich, St. Louis, MO, USA), at a
concentration of 0.1 mg/mL, to the wells. The plate was then incubated for a further two
hours. The minimum inhibitory concentration (MIC) was determined as the lowest concen-
tration of the peptide at which no color change in the resazurin indicator was observed.
The results were presented as median values, which were determined based on at least
three independent experiments carried out in triplicate.

2.3. Hemolysis and Cytotoxicity Assay

To assess the hemolytic activity of the compounds, freshly isolated human erythrocytes
(hRBCs) were used according to the methodology described in a previous study [22].
Melittin was used as a positive peptide control that induces significant hemolysis. Isotonic
phosphate buffer (PBS) served as a negative control, while 0.1% Triton X-100 solution was
used as a control for complete hemolysis.

In order to evaluate the cytotoxicity of the peptides against a human keratinocyte
cell line (HaCaT, Cat. No. 300493) (Cell Lines Service, Köln, Germany), the colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye reduction assay
was performed, as described in a previous publication [23]. Wells containing no peptide
were used as a 100% survival control. Each peptide was tested in two separate experiments
to ensure the reliability of the results.

2.4. Bacterial Membranes’ Permeability Assay

The efficacy of the peptides in permeabilizing bacterial membranes was assessed using a
previously established method [24]. The assay utilized o-nitrophenyl-β-D-galactopyranoside
(ONPG, AppliChem GmbH, Darmstadt, Germany) and the E. coli strain ML35p. Control
experiments were conducted under identical conditions but without the addition of the
peptide. To monitor the progress of the assay, the optical density of the solution was
measured at regular intervals. Measurements were taken every 5 min for the first 90 min,
followed by measurements at 100, 110, 120, 150, and 180 min. To ensure reliability, three
independent experiments were performed, and it was determined that the observed curve
pattern was consistent across all three series of experiments. The results show plots from
one of these series.

2.5. CD and FTIR Spectroscopy

Peptides PG-1 and [V16R] were subjected to Fourier-transform infrared (FTIR) spec-
troscopy and circular dichroism (CD) spectroscopy measurements in different solvents,
water, EtOH, and dodecylphosphocholine (DPC) micelles, following the methodology
outlined in previous studies [25,26]. The concentration of the peptides used in the mea-
surements was 200 µM. For measurements in water or EtOH, the peptide samples were
dissolved in the appropriate medium. For measurements in the presence of DPC micelles,
an aqueous solution of DPC (Avanti Polar Lipids, Alabaster, AL, USA) was added to the
peptide sample dissolved in water, resulting in a final peptide:lipid ratio of 1:150. The ob-
tained spectroscopic data were analyzed and fitted using OriginPro 8.5 software (OriginLab
Corp., Northampton, MA, USA).

2.6. Animal Studies

Experiments were performed with male and female 8–10-week-old BALB/c mice
(22–24 g, “Andreevka” laboratory animal nursery FMBA, Russia) according to the previ-
ously described method [27]. Briefly, a total of 3 groups of 5 mice per group were infected
by intraperitoneal (i.p.) injection of the bacterial inoculum (E. coli ATCC 25922), 106 colony
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forming units (CFU) per animal, in the presence of mucin. All the animals received two
i.p. injections: 1 h and 4 h after bacterial challenge. The first group received ciprofloxacin
(Sigma-Aldrich, St. Louis, MO, USA) as a positive control at a dose of 10 mg/kg per
injection. The second group received peptide [V16R] at a dose of 5 mg/kg per injection.
The third group received PBS as a vehicle control. Animals were monitored for 7 days
post-infection. All the surviving mice were euthanized by CO2 asphyxiation. The spleen
was aseptically removed, homogenized, serially diluted, and plated on Endo agar to detect
CFU in a sample.

All animal experiments were performed at the State Research Center for Applied
Microbiology and Biotechnology (SRCAMB) in Obolensk (Russia). Experiments were ap-
proved by the Institutional Bioethics Committee of the SRCAMB and performed according
to the Russian Federation’s rules and Directive 2010/63/EU of the European Parliament
and of the Council.

3. Results and Discussions
3.1. Peptide Design and Expression and Purification of Protegrin Analogs

The extended structure–activity relationship studies previously conducted for PG-1
led to the design of IB-367 (also known as Iseganan); however, it did not exhibit higher
levels of activity than the natural peptide and was also toxic to normal mammalian cells [20].
Although several low-toxic PG-1 analogs were developed as the result of SAR studies, the
molecular basis for such a decrease in cytotoxicity in vitro has not yet been understood.
In this work, we used the design strategy based on our previous studies of different
β-hairpin AMPs; we aimed to reduce the overall hydrophobicity, oligomerization, and
aggregation tendency while retaining the β-hairpin structure. The disulfide bridges were
necessary to maintain the high stability and biological activity of the β-hairpin peptides,
which is why we kept all the cysteine residues, even though they contribute to the overall
hydrophobicity. Previously, we showed, for arenicin-1, another β-hairpin AMP, that the
formation of a highly amphipathic dimeric structure predetermines its activity against
eukaryotic membranes and promotes cytotoxicity [21]. Its mutant analog, Ar-1 [V8R],
which shows similar antibacterial activity, has a significantly lower dimerization propensity
in the membrane-mimicking environment of DPC micelles and reduced hemolytic and
cytotoxic activities. Therefore, we decided to apply a similar approach to optimize the
structure of PG-1, with activity against membranes built from zwitterionic lipids that was
also attributed to its aggregation tendency [28]. We assumed that the introduction of a
positive charge at certain positions of the β-sheet region would affect the ability of the
peptide to dimerize (or to form oligomeric structures) and aggregate. In turn, this may
change its biological activity. For this purpose, we obtained a number of analogs of natural
PG-1 with hydrophobic residues substituted by arginine, namely, [V14R], [V16R], [Y7R],
and [L5R]. The design of the experiment is presented in Figure 1A,B.

In addition to the possible electrostatic repulsion between the monomers, the introduc-
tion of arginine in the β-sheet region can also stabilize the interactions between the peptide
and negatively charged bacterial lipids through the formation of guanidine–phosphate com-
plexes [29–31]. For a more gradual reduction in hydrophobicity, a number of analogs were
obtained by replacing leucine and valine with less hydrophobic alanine: [L5A], [V14A],
and [V16A]. Additionally, an analog with [Y7T] substitution was designed to reduce the
hydrophobicity of the side chain, while keeping the hydroxyl group in its structure. After
receiving primary data on the antimicrobial activity of the first series of analogs, a set of
double mutants was obtained as well (Figure 1B).

Natural cathelicidins do not undergo significant post-translational modifications (ex-
cept for a C-terminal amidation and disulfide bond formation), so we chose heterologous
expression in E. coli as the method for their production. This allowed us to avoid focusing
on the design of analogs with the cheaper technology of chemical synthesis (one of the main
criteria that guided the development of IB-367). Previously, recombinant expression in E.
coli was used to produce protegrin via green fluorescent protein (GFP) fusion [32]. In this
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study, the modified thioredoxin A was used as a fusion partner that increased the solubility
of the recombinant protein, promoted the correct disulfide bond formation, and masked the
toxic effects of AMPs. For all the obtained analogs, the final yield of a pure peptide ranged
from 4.0 to 7.2 mg per 1 L of bacterial culture (Figure S1). The experimentally measured
m/z values of the recombinant peptides were in good agreement with the corresponding
calculated molecular masses (Figure 1B).
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Figure 1. Amino acid replacements in the structure of PG-1 (A) and the list of obtained analogs
of protegrin (B). Spatial structures of antiparallel (C) (protegrin-3, PDB ID 2MZ6) and parallel (D)
(protegrin-1, PDB ID 1ZY6) dimers of protegrin in eukaryotic membrane-mimicking environment.

3.2. In Vitro Biological Assays

The therapeutic potential of the obtained protegrin analogs was evaluated based on
the selectivity of their action against bacterial cells compared to human cells—erythrocytes
and HaCaT. The antimicrobial activity of the analogs was determined against a panel
of Gram-negative and Gram-positive bacteria using the two-fold serial dilution method
(Table 1). Iseganan was used as a control.
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Table 1. Antimicrobial activity of protegrin-1 and its analogs.

Peptide

MIC *, µM
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PG-1 0.5 0.25 0.125 0.5 0.25 0.25 1 0.5 1 0.25
Iseganan 0.5 0.5 0.5 8 4 0.5 4 2 4 0.5
[L5R] 1 0.5 0.25 1 1 0.5 8 4 4 1
[L5A] 0.5 0.25 0.125 0.5 0.25 0.25 1 1 1 0.5
[V16R] 0.5 0.25 0.25 1 0.5 0.125 4 4 4 1
[V16A] 0.5 0.125 0.25 0.25 0.5 0.125 1 1 1 0.5
[V14R] 4 4 2 32 >32 2 32 32 32 2
[V14A] 0.5 0.25 0.125 0.5 0.25 0.125 1 1 1 0.5
[Y7R] 0.5 0.5 0.5 8 4 0.5 8 16 16 2
[Y7T] 1 0.5 0.5 2 2 0.5 8 16 16 4
[Y7T,V16R] 8 4 8 >32 >32 4 >32 >32 >32 4
[V14A,V16R] 2 1 2 8 4 0.5 32 32 32 4
[L5A,V16R] 2 1 2 8 4 0.5 32 32 32 4
[L5A,V14A] 0.5 0.5 0.5 1 1 0.25 8 4 >32 4
[L5A,V16A] 0.5 0.5 0.5 1 1 0.25 8 4 >32 4

* Median MIC value for three independent experiments.

None of the mutant analogs showed a significant increase in antimicrobial activity
compared to the natural PG-1, although in some cases the MIC values against certain
strains were lower by one dilution step. Three alanine mutants, [L5A], [V14A], and [V16A],
showed the highest activity, close to that of the original peptide. In particular, only these
three analogs retained baseline activity against P. aeruginosa and K. pneumoniae strains.
In the case of different strains of E. coli, the activity of most analogs, with the exception
of [V14R], [Y7T,V16R], [V14A,V16R], and [L5A,V16R], was comparable to the activity of
the natural peptide. Importantly, there was a major difference in the activity of arginine
mutants V14R and V16R.

In order to investigate the effect of these mutations on the interaction of peptides
with the eukaryotic membrane, a hemolytic test was performed against freshly isolated
human erythrocytes (Figure 2A). All mutants showed reduced activity compared to PG-1
and Iseganan. As expected, the most pronounced decrease was observed for the arginine
mutants. The hemolytic test data were confirmed using the MTT assay for HaCaT cells
after 24 h incubation (Figure 2B,C). There was a good correlation between a decrease in the
level of hemolytic activity and an increase in the survival of the test culture. The observed
level of cell viability in the presence of Iseganan was surprisingly high, apparently due to
its effective binding to serum proteins. In addition, analogs [L5A,V16A] and [Y7T] were
more toxic to normal cells than would be expected based on their hemolytic properties. In
both assays, the [V14R] mutant was less active than [V16R].

In order to estimate the possible therapeutic window for the studied analogs, a thera-
peutic index was calculated (Table 2). Analog [V16R] demonstrated the highest therapeutic
index: it was significantly less toxic against normal cells than the natural peptide, retaining
almost the same level of antimicrobial activity.
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Figure 2. (A) Hemolytic activity of the peptides after 1.5 h incubation (hemoglobin release assay) and
(B) cytotoxicity against human keratinocyte cell line (HaCaT) after 18 h incubation (MTT assay). The
data are presented as the mean ± SD of two independent experiments. (C) Comparison of hemolytic
activity values and HaCaT live cells (MTT assay). The background is colored using a heat map
reflecting the degree of hemolysis (red) and cell viability (green).

Table 2. Biological activity of protegrin analogs and their therapeutic indices.

MHC a MIC (GM) b TI c

PG-1 0.7 0.4 1.8
Iseganan 1 1.4 0.7

[L5R] 4.1 1.2 3.3
[L5A] 4.1 0.4 9.4

[V16R] 49.2 0.8 60.6
[V16A] 4.3 0.4 10.6
[V14R] >64 9.8 13.0
[V14A] 5.5 0.4 13.5
[Y7R] 61.4 2.5 24.9
[Y7T] 33.5 4.4 7.6

[Y7T,V16R] >64 21.1 6.1
[V14A,V16R] >64 4.9 26.0
[L5A,V16R] >64 4.9 26.0
[L5A,V14A] 18.8 4.5 4.2
[L5A,V16A] 11.9 4.5 2.7

a The MHC was determined as the minimum hemolytic concentration that caused 2% hemolysis of fresh human
red blood cells (hRBCs). The value of 128 µM was used for the calculation, when less than 2% hemolysis was
achieved at a concentration of 64 µM. b The geometric mean of the peptide’s MICs (GM) against all the test
strains. c The therapeutic index (TI) is the ratio of the MHC to the MIC (GM). Larger values indicate greater
peptide selectivity.
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To study the mechanism of action of the peptides, we tested their ability to disrupt
the integrity of E. coli ML35p membranes using a chromogenic substrate, ONPG, for the
cytoplasmic β-galactosidase (Figure 3). PG-1 showed a strong membranolytic effect in a
concentration range corresponding to its MIC values (Figure 3A), in good agreement with
the literature data on the main mechanism of action of this peptide [12–17].

Pharmaceutics 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

 

Figure 3. The effect of PG-1 and its analogs at different concentrations on the permeability of the 

membranes of E. coli ML-35p (ONPG assay). The concentration corresponding to the MIC value 

against E. coli ML-35p is shown in green. 

Figure 3. The effect of PG-1 and its analogs at different concentrations on the permeability of the
membranes of E. coli ML-35p (ONPG assay). The concentration corresponding to the MIC value
against E. coli ML-35p is shown in green.
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The most selective analog, [V16R], showed a somewhat different pattern compared to
PG-1 (Figure 3B). Although the MICs against E. coli ML35p were equal for both peptides
(0.25 µM), analog [V16R] at this concentration had almost no effect on ONPG permeation,
in sharp contrast to the wild-type peptide. This indicates a change in the mechanism of
action of the mutant peptide. We assume that this amino acid substitution may prevent the
peptide oligomerization during its interaction with the lipid bilayer, affecting the pore size
and/or specificity.

For analog [V14R], the curve shape changed even more (Figure 3C). Both [V14R]
and [V16R] demonstrated slow kinetics of membrane permeability, similar to the effect
of capitellacin, another β-hairpin AMP, as previously observed [33]. At first glance, the
valine residues at these positions should play a similar role in PG-1 dimers’ formation
(Figure 1C,D). However, all our in vitro assays indicated that the introduction of a positively
charged group in position 14 has a much stronger destabilizing effect. Apparently, due to
the more central position of the V14 residue, the introduction of a positive charge leads to a
strong electrostatic repulsion and prevents the formation of dimers.

The three alanine mutants we obtained, [L5A], [V14A], and [V16A], showed average
MIC values (geometric mean of 0.4 µM; Table 2) identical to PG-1. We suggest that this
type of substitution does not affect the dimerization process and the mechanism of action
of these peptides but makes them less toxic by reducing the overall hydrophobicity.

All analogs with double amino acid substitutions (especially those with arginine)
showed a good reduction in toxic properties. However, at the same time, the activity
against bacterial strains significantly decreased (four–eight fold). This seems to be due to a
decrease in the overall hydrophobicity of the peptide below the critical level. Despite the
encouraging values of the therapeutic index, these analogs lose their practical significance
due to the need for higher doses of the drug.

3.3. Spectroscopy Analysis of PG-1 and Its Analog [V16R]

The dimerization and subsequent oligomerization of protegrins was previously shown
to play an important role in their membranotropic activity [12]. Various models assume the
formation of a parallel [12,14,15,34] or antiparallel [35] dimer, followed by the assembly
of larger complexes, in particular an octamer structure [17,34]. We hypothesized that the
formation of an oligomeric complex plays an important role in the process of the disruption
of the eukaryotic membrane. To test this hypothesis, studies of natural PG-1 and its analog
with reduced toxicity, [V16R], were carried out using CD and FTIR spectroscopy.

The CD spectra of the peptides in water, ethanol, and DPC micelles are shown in
Figure 4. For both peptides, a spectrum in ethanol has a minimum at 206 nm (n → π*
amide transition) and a maximum near 190 nm (π→ π* amide transition), which is typical
for β-stranded polypeptides [36–38] and β-hairpins. Both spectra in water suggest the
presence of a flexible chain [36–38], while the increase in molar ellipticity of the band at
~190 nm and a small red shift from 200–204 nm to 208 nm in ethanol (more pronounced for
the [V16R] analog) indicate a more ordered structure in a nonpolar environment. A similar
but less pronounced pattern was observed for DPC micelles. Thus, both peptides have the
characteristic spectrum of a β-hairpin structure in all the tested environments.
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While the CD spectra of PG-1 and its analogs only indicate the formation of a β-
structure, FTIR spectroscopy may provide a more precise picture of a peptide structure. The
detection of the different secondary structural elements by FTIR spectroscopy is fundamen-
tally related to the analysis of hydrogen bonds (H-bonds). Here, we analyzed the bands
of PG-1 and [V16R] in the amide I region of FTIR spectra, which are mainly associated
with the C = O stretching vibration (Figure 5). Both peptides have similar spectra in EtOH,
with two major bands at ~1677 and ~1644 cm−1 (Figure 5B), which are typical for a peptide
forming a β-sheet structure [39]. The strong band at 1676 cm−1, which is also dominant
for both peptides in water (Figure 5A), corresponds to weakly solvated amide carbonyls
that are not involved in intramolecular H-bonds [40,41], as we discussed for the β-hairpin
antimicrobial peptides arenicin-2 [25] and dodecapeptide [26]. The band at ~1644 cm−1

corresponds to hydrogen-bonded C = O groups. This band correlates with the calculated
FTIR spectra for the mixed parallel/antiparallel β-strands [39,42]. Thus, the shape of the
spectra in ethanol suggests the formation of peptide dimers.

The strongest difference between the FTIR spectra of PG-1 and [V16R] is observed in
the presence of DPC (Figure 5C). The predominance of the 1643 cm−1 component in the case
of PG-1 indicates the presence of a β-structure with a greater number of hydrogen-bonded
groups than in the dimer [42]. The absence of a 1677 cm−1 band for PG-1 indicates a low
portion of carbonyls that are not involved in H-bonds. Therefore, the formation of an
octamer structure with the compact packing of strands can be assumed in DPC micelles, as
was shown for PG-5 [17]. In contrast, the FTIR spectrum shape of [V16R] in DPC, which
is similar to that in EtOH, is more consistent with a dimer structure. This confirms the
previous suggestion that the introduction of an additional charged arginine residue in the β-
sheet region of PG-1 prevents the dense packing of β-strands and further oligomerization.
The loss of the ability to form oligomer-based compact pores may explain the modest
membranotropic activity and slow membrane permeabilization of analog [V16R] compared
to PG-1 (Figure 3). At the same time, the question of a possible dimer topology for analog
[V16R] remains open.
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3.4. In Vivo Assay

Peptide [V16R], which demonstrated the highest therapeutic index among the tested
PG-1 analogs, was selected as a lead candidate for study in a mouse model of bacterial
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infection. For animal experiments, the recombinant peptide was produced in an endotoxin-
free ClearColi® BL21(DE3) expression system. The trifluoroacetate (TFA) counterions were
replaced with chloride ions by an incubation of the peptide with 5 mM HCl followed
by lyophilization, according to [43]. The efficacy of the peptide in a systemic septicemia
infection mice model was examined using five animals per group (Figure 6). Due to the lack
of information on the acute toxicity and pharmacokinetics of the PG-1 analog, a relatively
low dose of the peptide (5 mg/kg) was used in the experiment. The antibiotic ciprofloxacin
(10 mg/kg) was used as a control. Both were administered twice within the first day after
infection. Intraperitoneal infection of BALB/c mice with a suspension of E. coli ATCC 25922
in the presence of mucin resulted in death within two days for four out of five mice treated
with the vehicle control (PBS) and the survival of all mice treated with ciprofloxacin. The
high CFU burden was confirmed in mice from the negative control group.
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Figure 6. In vivo efficacy study of the selected protegrin-1 analog [V16R]: survival rates of BALB/c
mice (n = 5) intraperitoneally infected with E. coli ATCC 25922 (106 bacteria in the presence of 2.5%
mucin). Ciprofloxacin (two injections of 10 mg/kg) and saline were used as positive and negative
control, respectively. The health status of the mice was checked once a day for 7 days after infection.

Here, we demonstrated a therapeutic efficacy of 60% (the death of two out of five
mice) when applying a double dose of the PG-1 analog [V16R] after a one-week experiment.
As expected, we did not identify E. coli in the spleen after euthanizing all the surviving
animals. These preliminary in vivo data suggest that modified recombinant variants
of β-hairpin AMPs are promising anti-Gram-negative antimicrobials. However, some
optimizations can be made to further improve the efficacy of [V16R]. First, a prolonged
therapy with increased doses may be tested after a study of tolerability in mice and a
maximum tolerated dose (MTD) evaluation. Second, further structure modifications can be
made: in particular, the acetylation and/or amidation of the peptide termini to improve its
resistance to serum proteases.

The ability of PG-1 to protect mice against a lethal bacterial challenge was previously
demonstrated: for peritoneal infections with S. aureus or P. aeruginosa, PG-1 administered
i.p. at a dose of 0.5 mg/kg reduced mortality from 93–100% in the vehicle control group
to 0–27% [44]. In these studies, PG-1 was administered to immunocompetent animals
immediately after the bacterial challenge. In our work, peptide [V16R] was administered to
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mucin-treated mice 1 h after the bacterial challenge, which could also reduce the protec-
tive effect.

4. Conclusions

Despite the growing number of SAR studies on β-hairpin AMPs and the development
of powerful computational approaches, principles for the prediction of the biological
activities of these molecules are still obscure. A number of SAR studies on protegrins
were carried out earlier, determining the contributions of a peptide’s length, charge, and
hydrophobicity as well as the role of disulfide bonds [6,45,46]. The main identified patterns
can be summarized as follows: (i) analogs with reduced positive charge are less active; (ii)
there are no stereospecific interactions between PG-1 and bacterial cells; (iii) the overall
structure (amphipathicity, charge, and stabilized β-hairpin fold) is more important for
activity than the presence of specific amino acid residues; (iv) the introduction of polar
residues into the hydrophobic β-sheet region generally reduces any activity.

Our work was aimed at filling the gap between the SAR analysis of the β-sheet region
of protegrins and studies devoted to the problem of oligomerization and selectivity of
action of these peptides. Here, we showed that

• A slight decrease in the hydrophobicity of a PG-1 β-sheet region (for example, [L5A],
[V14A], or [V16A]) may improve peptide selectivity without increasing the MIC values
against bacteria.

• Double amino acid substitutions in the β-sheet region of PG-1 reduce both antibacterial
activity (to a lesser extent toward Gram-negative bacteria) and cytotoxicity ≥10-fold.

• The amino acid residue at position 14 is important for biological activity: analog
[V14R] has a 20-fold lower antibacterial activity compared to wild-type PG-1.

• The arginine mutants [Y7R], [V14R], and [V16R] (but not [L5R]) have significantly
reduced hemolytic activities. Analysis of analog [V16R] by FTIR spectroscopy showed
that the peptide is unable to form oligomeric structures in eukaryotic membrane-
mimicking environment, in contrast to wild-type PG-1.

• The decrease in the antibacterial activities of the tested PG-1 analogs generally corre-
lates with a decrease in hemolytic activity and cytotoxicity. The only exception found
is analog [V16R].

Peptide [V16R] is the most selective analog, with a TI of 60.2 (compared to 1.8 for
PG-1), which has a reasonable efficacy in vivo as a systemic antibiotic and can be considered
as a promising lead for further drug design.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/pharmaceutics15082047/s1. Figure S1: Reversed-phase
high-performance liquid chromatography (RP-HPLC) purification of the recombinant protegrin
analogs. The fractions of the target peptides are marked with an asterisk. Figure S2: SDS-PAGE of the
total lysate of E. coli BL21 (DE3) cells before (1) and after (2) IPTG induction, with β-mercaptoethanol.
M—molecular mass standard. The arrows point at the fusion protein (15.1 kDa) containing protegrin-1.
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Bagnicka, E. Cathelicidins: Family of Antimicrobial Peptides. A Review. Mol. Biol. Rep. 2012, 39, 10957–10970. [CrossRef]
4. van Harten, R.; van Woudenbergh, E.; van Dijk, A.; Haagsman, H. Cathelicidins: Immunomodulatory Antimicrobials. Vaccines

2018, 6, 63. [CrossRef] [PubMed]
5. Kokryakov, V.N.; Harwig, S.S.; Panyutich, E.A.; Shevchenko, A.A.; Aleshina, G.M.; Shamova, O.V.; Korneva, H.A.; Lehrer, R.I.

Protegrins: Leukocyte Antimicrobial Peptides That Combine Features of Corticostatic Defensins and Tachyplesins. FEBS Lett.
1993, 327, 231–236. [CrossRef]

6. Chen, J.; Falla, T.J.; Liu, H.; Hurst, M.A.; Fujii, C.A.; Mosca, D.A.; Embree, J.R.; Loury, D.J.; Radel, P.A.; Chang, C.C.; et al.
Development of Protegrins for the Treatment and Prevention of Oral Mucositis: Structure-Activity Relationships of Synthetic
Protegrin Analogues. Biopolymers 2000, 55, 88–98. [CrossRef]

7. Capone, R.; Mustata, M.; Jang, H.; Arce, F.T.; Nussinov, R.; Lal, R. Antimicrobial Protegrin-1 Forms Ion Channels: Molecular
Dynamic Simulation, Atomic Force Microscopy, and Electrical Conductance Studies. Biophys. J. 2010, 98, 2644–2652. [CrossRef]

8. Panteleev, P.V.; Balandin, S.V.; Ivanov, V.T.; Ovchinnikova, T.V. A Therapeutic Potential of Animal β-Hairpin Antimicrobial
Peptides. Curr. Med. Chem. 2017, 24, 1724–1746. [CrossRef]

9. Tang, Y.Q.; Yuan, J.; Osapay, G.; Osapay, K.; Tran, D.; Miller, C.J.; Ouellette, A.J.; Selsted, M.E. A Cyclic Antimicrobial Peptide
Produced in Primate Leukocytes by the Ligation of Two Truncated Alpha-Defensins. Science 1999, 286, 498–502. [CrossRef]

10. Park, N.G.; Lee, S.; Oishi, O.; Aoyagi, H.; Iwanaga, S.; Yamashita, S.; Ohno, M. Conformation of Tachyplesin I from Tachypleus
Tridentatus When Interacting with Lipid Matrices. Biochemistry 1992, 31, 12241–12247. [CrossRef]

11. Fahrner, R.L.; Dieckmann, T.; Harwig, S.S.; Lehrer, R.I.; Eisenberg, D.; Feigon, J. Solution Structure of Protegrin-1, a Broad-
Spectrum Antimicrobial Peptide from Porcine Leukocytes. Chem. Biol. 1996, 3, 543–550. [CrossRef] [PubMed]

12. Bolintineanu, D.S.; Kaznessis, Y.N. Computational Studies of Protegrin Antimicrobial Peptides: A Review. Peptides 2011, 32,
188–201. [CrossRef] [PubMed]

13. Niu, M.; Chai, S.; You, X.; Wang, W.; Qin, C.; Gong, Q.; Zhang, T.; Wan, P. Expression of Porcine Protegrin-1 in Pichia pastoris and
Its Anticancer Activity in Vitro. Exp. Ther. Med. 2015, 9, 1075–1079. [CrossRef] [PubMed]

14. Bechinger, B.; Lohner, K. Detergent-like Actions of Linear Amphipathic Cationic Antimicrobial Peptides. Biochim. Biophys. Acta
(BBA) Biomembr. 2006, 1758, 1529–1539. [CrossRef]

15. Mani, R.; Tang, M.; Wu, X.; Buffy, J.J.; Waring, A.J.; Sherman, M.A.; Hong, M. Membrane-Bound Dimer Structure of a Beta-Hairpin
Antimicrobial Peptide from Rotational-Echo Double-Resonance Solid-State NMR. Biochemistry 2006, 45, 8341–8349. [CrossRef]

16. Langham, A.A.; Khandelia, H.; Schuster, B.; Waring, A.J.; Lehrer, R.I.; Kaznessis, Y.N. Correlation between Simulated Physico-
chemical Properties and Hemolycity of Protegrin-like Antimicrobial Peptides: Predicting Experimental Toxicity. Peptides 2008, 29,
1085–1093. [CrossRef]

17. Usachev, K.S.; Kolosova, O.A.; Klochkova, E.A.; Yulmetov, A.R.; Aganov, A.V.; Klochkov, V.V. Oligomerization of the Antimicrobial
Peptide Protegrin-5 in a Membrane-Mimicking Environment. Structural Studies by High-Resolution NMR Spectroscopy. Eur.
Biophys. J. 2017, 46, 293–300. [CrossRef]

18. Mohanram, H.; Bhattacharjya, S. Cysteine Deleted Protegrin-1 (CDP-1): Anti-Bacterial Activity, Outer-Membrane Disruption and
Selectivity. Biochim. Biophys. Acta 2014, 1840, 3006–3016. [CrossRef]

19. Robinson, J.A.; Shankaramma, S.C.; Jetter, P.; Kienzl, U.; Schwendener, R.A.; Vrijbloed, J.W.; Obrecht, D. Properties and Structure-
Activity Studies of Cyclic Beta-Hairpin Peptidomimetics Based on the Cationic Antimicrobial Peptide Protegrin I. Bioorg Med.
Chem. 2005, 13, 2055–2064. [CrossRef]

20. Giles, F.J.; Miller, C.B.; Hurd, D.D.; Wingard, J.R.; Fleming, T.R.; Sonis, S.T.; Bradford, W.Z.; Pulliam, J.G.; Anaissie, E.J.;
Beveridge, R.A.; et al. A Phase III, Randomized, Double-Blind, Placebo-Controlled, Multinational Trial of Iseganan for the
Prevention of Oral Mucositis in Patients Receiving Stomatotoxic Chemotherapy (PROMPT-CT Trial). Leuk. Lymphoma 2003, 44,
1165–1172. [CrossRef]

21. Panteleev, P.V.; Bolosov, I.A.; Balandin, S.V.; Ovchinnikova, T.V. Design of Antimicrobial Peptide Arenicin Analogs with Improved
Therapeutic Indices. J. Pept. Sci. 2015, 21, 105–113. [CrossRef]

22. Panteleev, P.V.; Bolosov, I.A.; Ovchinnikova, T.V. Bioengineering and Functional Characterization of Arenicin Shortened Analogs
with Enhanced Antibacterial Activity and Cell Selectivity. J. Pept. Sci. 2016, 22, 82–91. [CrossRef]

23. Panteleev, P.V.; Ovchinnikova, T.V. Improved Strategy for Recombinant Production and Purification of Antimicrobial Peptide
Tachyplesin I and Its Analogs with High Cell Selectivity. Biotechnol. Appl. Biochem. 2017, 64, 35–42. [CrossRef]

24. Panteleev, P.V.; Bolosov, I.A.; Kalashnikov, A.À.; Kokryakov, V.N.; Shamova, O.V.; Emelianova, A.A.; Balandin, S.V.;
Ovchinnikova, T.V. Combined Antibacterial Effects of Goat Cathelicidins with Different Mechanisms of Action. Front. Microbiol.
2018, 9, 2983. [CrossRef]

25. Sychev, S.V.; Panteleev, P.V.; Ovchinnikova, T.V. Structural Study of the β-Hairpin Marine Antimicrobial Peptide Arenicin-2 in
PC/PG Lipid Bilayers by Fourier Transform Infrared Spectroscopy. Russ. J. Bioorg Chem. 2017, 43, 502–508. [CrossRef]

https://doi.org/10.1038/s41579-020-0340-0
https://www.ncbi.nlm.nih.gov/pubmed/32152509
https://doi.org/10.1016/j.biomaterials.2015.02.063
https://www.ncbi.nlm.nih.gov/pubmed/25818457
https://doi.org/10.1007/s11033-012-1997-x
https://doi.org/10.3390/vaccines6030063
https://www.ncbi.nlm.nih.gov/pubmed/30223448
https://doi.org/10.1016/0014-5793(93)80175-T
https://doi.org/10.1002/1097-0282(2000)55:1&lt;88::AID-BIP80&gt;3.0.CO;2-K
https://doi.org/10.1016/j.bpj.2010.02.024
https://doi.org/10.2174/0929867324666170424124416
https://doi.org/10.1126/science.286.5439.498
https://doi.org/10.1021/bi00163a038
https://doi.org/10.1016/S1074-5521(96)90145-3
https://www.ncbi.nlm.nih.gov/pubmed/8807886
https://doi.org/10.1016/j.peptides.2010.10.006
https://www.ncbi.nlm.nih.gov/pubmed/20946928
https://doi.org/10.3892/etm.2015.2202
https://www.ncbi.nlm.nih.gov/pubmed/25667681
https://doi.org/10.1016/j.bbamem.2006.07.001
https://doi.org/10.1021/bi060305b
https://doi.org/10.1016/j.peptides.2008.03.018
https://doi.org/10.1007/s00249-016-1167-5
https://doi.org/10.1016/j.bbagen.2014.06.018
https://doi.org/10.1016/j.bmc.2005.01.009
https://doi.org/10.1080/1042819031000079159
https://doi.org/10.1002/psc.2732
https://doi.org/10.1002/psc.2843
https://doi.org/10.1002/bab.1456
https://doi.org/10.3389/fmicb.2018.02983
https://doi.org/10.1134/S1068162017050144


Pharmaceutics 2023, 15, 2047 15 of 15

26. Bolosov, I.A.; Panteleev, P.V.; Sychev, S.V.; Sukhanov, S.V.; Mironov, P.A.; Myshkin, M.Y.; Shenkarev, Z.O.; Ovchinnikova, T.V.
Dodecapeptide Cathelicidins of Cetartiodactyla: Structure, Mechanism of Antimicrobial Action, and Synergistic Interaction with
Other Cathelicidins. Front. Microbiol. 2021, 12, 725526. [CrossRef] [PubMed]

27. Safronova, V.N.; Bolosov, I.A.; Kruglikov, R.N.; Korobova, O.V.; Pereskokova, E.S.; Borzilov, A.I.; Panteleev, P.V.;
Ovchinnikova, T.V. Novel β-Hairpin Peptide from Marine Polychaeta with a High Efficacy against Gram-Negative Pathogens.
Mar. Drugs 2022, 20, 517. [CrossRef] [PubMed]

28. Tang, M.; Waring, A.J.; Lehrer, R.I.; Hong, M. Effects of Guanidinium–Phosphate Hydrogen Bonding on the Membrane-Bound
Structure and Activity of an Arginine-Rich Membrane Peptide from Solid-State NMR Spectroscopy. Angew. Chem. Int. Ed. 2008,
47, 3202–3205. [CrossRef] [PubMed]

29. Schmidt, N.W.; Lis, M.; Zhao, K.; Lai, G.H.; Alexandrova, A.N.; Tew, G.N.; Wong, G.C.L. Molecular Basis for Nanoscopic
Membrane Curvature Generation from Quantum Mechanical Models and Synthetic Transporter Sequences. J. Am. Chem. Soc.
2012, 134, 19207–19216. [CrossRef]

30. Schmidt, N.W.; Mishra, A.; Lai, G.H.; Davis, M.; Sanders, L.K.; Tran, D.; Garcia, A.; Tai, K.P.; McCray, P.B.; Ouellette, A.J.; et al.
Criterion for Amino Acid Composition of Defensins and Antimicrobial Peptides Based on Geometry of Membrane Destabilization.
J. Am. Chem. Soc. 2011, 133, 6720–6727. [CrossRef]

31. Wu, Z.; Cui, Q.; Yethiraj, A. Why Do Arginine and Lysine Organize Lipids Differently? Insights from Coarse-Grained and
Atomistic Simulations. J. Phys. Chem. B 2013, 117, 12145–12156. [CrossRef] [PubMed]

32. Soundrarajan, N.; Cho, H.-S.; Ahn, B.; Choi, M.; Thong, L.M.; Choi, H.; Cha, S.-Y.; Kim, J.-H.; Park, C.-K.; Seo, K.; et al. Green
Fluorescent Protein as a Scaffold for High Efficiency Production of Functional Bacteriotoxic Proteins in Escherichia coli. Sci. Rep.
2016, 6, 20661. [CrossRef]

33. Safronova, V.N.; Panteleev, P.V.; Sukhanov, S.V.; Toropygin, I.Y.; Bolosov, I.A.; Ovchinnikova, T.V. Mechanism of Action and
Therapeutic Potential of the β-Hairpin Antimicrobial Peptide Capitellacin from the Marine Polychaeta Capitella teleta. Marine
Drugs 2022, 20, 167. [CrossRef] [PubMed]

34. Mani, R.; Cady, S.D.; Tang, M.; Waring, A.J.; Lehrer, R.I.; Hong, M. Membrane-Dependent Oligomeric Structure and Pore
Formation of a β-Hairpin Antimicrobial Peptide in Lipid Bilayers from Solid-State NMR. Proc. Natl. Acad. Sci. USA 2006, 103,
16242–16247. [CrossRef]

35. Roumestand, C.; Louis, V.; Aumelas, A.; Grassy, G.; Calas, B.; Chavanieu, A. Oligomerization of Protegrin-1 in the Presence of
DPC Micelles. A Proton High-Resolution NMR Study. FEBS Lett. 1998, 421, 263–267. [CrossRef] [PubMed]

36. Lee, J.Y.; Yang, S.-T.; Lee, S.K.; Jung, H.H.; Shin, S.Y.; Hahm, K.-S.; Kim, J.I. Salt-Resistant Homodimeric Bactenecin, a Cathelicidin-
Derived Antimicrobial Peptide. FEBS J. 2008, 275, 3911–3920. [CrossRef]

37. Greenfield, N.; Fasman, G.D. Computed Circular Dichroism Spectra for the Evaluation of Protein Conformation. Biochemistry
1969, 8, 4108–4116. [CrossRef]

38. Raj, P.A.; Karunakaran, T.; Sukumaran, D.K. Synthesis, Microbicidal Activity, and Solution Structure of the Dodecapeptide from
Bovine Neutrophils. Biopolymers 2000, 53, 281–292. [CrossRef]

39. Langham, A.A.; Waring, A.J.; Kaznessis, Y. Comparison of Interactions between Beta-Hairpin Decapeptides and SDS/DPC
Micelles from Experimental and Simulation Data. BMC Biochem. 2007, 8, 11. [CrossRef]

40. Hollósi, M.; Majer, Z.; Rónai, A.Z.; Magyar, A.; Medzihradszky, K.; Holly, S.; Perczel, A.; Fasman, G.D. CD and Fourier Transform
Ir Spectroscopic Studies of Peptides. II. Detection of Beta-Turns in Linear Peptides. Biopolymers 1994, 34, 177–185. [CrossRef]

41. Mantsch, H.H.; Perczel, A.; Hollósi, M.; Fasman, G.D. Characterization of Beta-Turns in Cyclic Hexapeptides in Solution by
Fourier Transform IR Spectroscopy. Biopolymers 1993, 33, 201–207. [CrossRef]

42. Chirgadze, Y.N.; Nevskaya, N.A. Infrared Spectra and Resonance Interaction of Amide-I Vibration of the Paraellel-Chain Pleated
Sheets. Biopolymers 1976, 15, 627–636. [CrossRef] [PubMed]

43. Andrushchenko, V.V.; Vogel, H.J.; Prenner, E.J. Optimization of the Hydrochloric Acid Concentration Used for Trifluoroacetate
Removal from Synthetic Peptides. J. Pept. Sci. 2007, 13, 37–43. [CrossRef]

44. Steinberg, D.A.; Hurst, M.A.; Fujii, C.A.; Kung, A.H.; Ho, J.F.; Cheng, F.C.; Loury, D.J.; Fiddes, J.C. Protegrin-1: A Broad-Spectrum,
Rapidly Microbicidal Peptide with in Vivo Activity. Antimicrob. Agents Chemother. 1997, 41, 1738–1742. [CrossRef] [PubMed]

45. Ostberg, N.; Kaznessis, Y. Protegrin Structure-Activity Relationships: Using Homology Models of Synthetic Sequences to
Determine Structural Characteristics Important for Activity. Peptides 2005, 26, 197–206. [CrossRef] [PubMed]

46. Tam, J.P.; Wu, C.; Yang, J.L. Membranolytic Selectivity of Cystine-Stabilized Cyclic Protegrins. Eur. J. Biochem. 2000, 267, 3289–3300.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2021.725526
https://www.ncbi.nlm.nih.gov/pubmed/34484167
https://doi.org/10.3390/md20080517
https://www.ncbi.nlm.nih.gov/pubmed/36005520
https://doi.org/10.1002/anie.200705993
https://www.ncbi.nlm.nih.gov/pubmed/18338418
https://doi.org/10.1021/ja308459j
https://doi.org/10.1021/ja200079a
https://doi.org/10.1021/jp4068729
https://www.ncbi.nlm.nih.gov/pubmed/24024591
https://doi.org/10.1038/srep20661
https://doi.org/10.3390/md20030167
https://www.ncbi.nlm.nih.gov/pubmed/35323465
https://doi.org/10.1073/pnas.0605079103
https://doi.org/10.1016/S0014-5793(97)01579-2
https://www.ncbi.nlm.nih.gov/pubmed/9468319
https://doi.org/10.1111/j.1742-4658.2008.06536.x
https://doi.org/10.1021/bi00838a031
https://doi.org/10.1002/(SICI)1097-0282(20000405)53:4&lt;281::AID-BIP1&gt;3.0.CO;2-2
https://doi.org/10.1186/1471-2091-8-11
https://doi.org/10.1002/bip.360340204
https://doi.org/10.1002/bip.360330202
https://doi.org/10.1002/bip.1976.360150403
https://www.ncbi.nlm.nih.gov/pubmed/1252598
https://doi.org/10.1002/psc.793
https://doi.org/10.1128/AAC.41.8.1738
https://www.ncbi.nlm.nih.gov/pubmed/9257752
https://doi.org/10.1016/j.peptides.2004.09.020
https://www.ncbi.nlm.nih.gov/pubmed/15629531
https://doi.org/10.1046/j.1432-1327.2000.01359.x
https://www.ncbi.nlm.nih.gov/pubmed/10824115

	Introduction 
	Materials and Methods 
	Production of Recombinant Protegrin Analogs 
	Antimicrobial Assay 
	Hemolysis and Cytotoxicity Assay 
	Bacterial Membranes’ Permeability Assay 
	CD and FTIR Spectroscopy 
	Animal Studies 

	Results and Discussions 
	Peptide Design and Expression and Purification of Protegrin Analogs 
	In Vitro Biological Assays 
	Spectroscopy Analysis of PG-1 and Its Analog [V16R] 
	In Vivo Assay 

	Conclusions 
	References

