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Abstract—We have studied the antimicrobial and hemolytic activity of synthetic antimicrobial peptides
(SAMPs), i.e., ArggPhe, (P1-Arg), LysgPhe, (P2-Lys), and HisqPhe, (P3-His), which have a “linear” type
of amphipathicity and contain the cationic amino acid residues of arginine, lysine, or histidine. In this study,
we have used various pathogenic microorganism strains of gram-negative bacteria (Pseudomonas aeruginosa,
Escherichia coli, and Salmonella enterica), gram-positive bacteria (Staphylococcus aureus), and the condition-
ally pathogenic yeast fungus (Candida albicans). It has been shown that the replacement of the arginine resi-
dues by lysine or histidine residues in the tested SAMPs significantly degrades their antibacterial properties
in the series: P1-Arg > P2-Lys > P3-His. The cationic analog of SAMP, P1-Arg, has the highest antibacterial
activity (MIC5, = 43—76 uM), while peptide P3-His does not exhibit this activity (MICs, > 100 uM). The
P1-Arg and P2-Lys peptides were 6—10 times more active against the opportunistic fungus C. albicans
(MICs; 6.7 and 10.9 uM, respectively) and the P3-His peptide has 100-times increased antimycotic activity
(MICs; 0.6 uM) compared with their effect on bacterial cells. All of the tested peptides with the linear type
of amphipathicity and low hydrophobicity, i.e., P1-Arg, P2-Lys, and P3-His, that contain only two Phe res-
idues regardless of the presence of cationic amino acids (Arg, Lys, or His) exhibit a relatively low hemolytic
activity (not more than 4% hemolysis at 1000 UM peptide concentration). Thus, considering the same syn-
thesis efficiency (56—63%) and approximately the same low toxicity of the tested SAMPs with a linear type
of amphipathicity, it is recommended to use those that contain the cationic arginine or histidine residues to
create antibacterial or antifungal peptide agents, respectively.
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INTRODUCTION

Antimicrobial peptides (AMP) are the most
numerous and well-studied class of biologically active
peptides, which are synthesized in response to contact
with foreign microorganisms [1—3]. Although only a
few AMPs have found application in medical practice,

Abbreviations: AMPs, antimicrobial peptides; CTA, circle type
of amphipathicity; LAT, “linear” type of amphipathicity;
MHC, minimal hemolytic concertation (the peptide concentra-
tion that causes the lysis of no more than 10% of fresh red blood
cells); MICs,, minimal inhibitory concentration (the peptide
concentration that causes 50% inhibition of the microorganism
growth); SAMPs, synthetic antimicrobial peptides; Fmoc,
9-fluorenylmethoxycarbonyl; HATU, 2-(1H-7-azabenzotri-
azol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate;
Hst, histidine; NMM, N-methylmorpholine; Pbf, 2,2.4,6,7-
pentamethyldihudrobenzofuran-5-sulfonyl; PBS, phosphate
buffered saline; TFA, trifluoroacetic acid.

1 Corresponding author: phone: +7 (383) 363-51-35; e-mail:
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the study of this class of compounds continues to
attract the attention of researchers in the world [2—9].
The increased attention to AMPs is caused by the
development of resistant microorganisms, especially
bacteria, which makes the design of new antibiotics
based on antimicrobial peptides very attractive [5—7,
10—12].

Previously, we proposed the use of synthetic anti-
microbial peptides (SAMPS) to design and search for
AMPs with new properties [13, 14]. The structures of
the SAMPs differ from that of the numerous well-
known native AMPs [2, 8, 9]. The design of these
SAMPs is based on the general principles of the effect
of AMPs on microbial cells, i.e., on the principles of
the peptide amphiphilicity, which is the presence of
both hydrophobic and hydrophilic positively charged
groups in the peptide molecule. Depending on the rel-
ative spatial location of the polar amphiphilic amino
acids in AMPs, these peptides can be divided into two
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Fig. 1. A hypothetical representation of the classical circular (a) and linear (b) types of amphipathicity of oi-helical peptides. Rect-
angles and triangles indicate hydrophilic cationic and hydrophobic amino acid residues, respectively. In the case of the circle type
of amphipathicity (CTA) [2, 8, 9], the hydrophobic and hydrophilic polar surfaces of the a-helical peptide molecule are separated
by the longitudinal centerline (a); in this case, the upper surface is hydrophilic and the bottom surface is hydrophobic (a back-
tummy type of amphipathicity). In the case of the linear type of amphipathicity (LTA), the hydrophobic and hydrophilic (cat-
ionic) amino acid residues are located at the opposite ends along the peptide axis and separated by a transverse line perpendicular
to the longitudinal axis of the peptide (b); in this case, the left part of the molecule is a hydrophilic fail and the right part is a hydro-
phobic head. Two-dimensional projections of the spiral wheels of Schiffer and Edmundson [15, 16] of the same peptides are pre-
sented on the right [15, 16]. The projection of the linear type of amphipathicity (b) on the left indicates the higher polar homo-
geneity of hydrophobic and hydrophilic groups than the presentation of the same molecule in the classical form of two-dimen-

sional projections of spiral wheels (right).

subtypes according to the type of their amphipathicity,
i.e., the classic circular type of amphipathicity (CTA)
(Fig. 1a) [2, 8, 9, 15, 16] and the new linear type of
amphipathicity (LTA) (Fig. 1b) [13, 14].

In the above works, it was shown that SAMPs with
the linear type of amphipathicity (LTA-SAMPs) have
increased antimicrobial properties compared to those
with the classical circular type of amphipathicity
(CTA-SAMPs). Compared to the CTA peptides that
contain amphiphilic hydrophobic and/or hydrophilic
cationic groups on the opposite sides of the o-helix,
the LTA peptides are less hydrophobic and, thereby,
exhibit less hemolytic activity, which significantly
increases the selectivity index of these SAMPs [13, 14].

Earlier, we studied the biological activity of these
peptides based on the arginine-containing cationic
peptide RyF, (P1-Arg) [13, 14]. However, some ques-
tions remained unanswered. First, is the previously
revealed increased antimicrobial activity of LTA-
SAMP, P1-Arg (compared to CTA-SAMPs [13, 14])
caused by the presence of the cationic arginine resi-
dues (pK, ~ 12), or, can the same effect be exhibited in
the presence of other cationic residues, such as lysine
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(pK, ~ 10), and/or conditionally cationic residues,
such as histidine (pKa ~ 6)? Second, is there a differ-
ence in the efficiency of the synthesis of the arginine-,
lysine-, or histidine-containing peptides, which can
be caused by the chemical properties of these residues
and protecting groups of the side chains? If the effi-
ciency of the synthesis of the peptides does not depend
on their cationic composition and their antimicrobial
activity does not differ from each other, the advantage
in choosing an effective antimicrobial drug can be
given to those peptides that have less hemolytic activ-
ity or toxicity. Therefore, third, it was necessary to find
out whether the hemolytic activity of LTA-SAMPs
depends on their cationic composition (the presence
of the arginine, lysine, or histidine residues).

In general, the peptide should be recognized as a
prospective antimicrobial drug if it has a high selectiv-
ity index (or therapeutic index, TI), i.e., the high
MHC value and the low MICy, value (TI =
MHC/MICs).

We studied three types of SAMPs with a linear type
of amphipathicity of the general structure XyPhe,,
where X = Arg, Lys, or His to optimize the peptide
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structure and search for the most active antimicrobial
agents. The goal of this work was to study the depen-
dence of the synthesis efficiency of the SAMPs with
the linear type of amphipathicity on the content of the
cationic amino acid components (arginine, lysine, or
histidine) and to assess their antimicrobial and hemo-
lytic activity.

RESULTS AND DISCUSSION

Synthesis of the P1-Arg, P2-Lys, and P3-His pep-
tides. The peptide synthesis was carried out by the
standard solid-phase method using the Fmoc strategy
[17] according to Scheme 1 on a PS3 peptide synthe-
sizer, which was previously adapted for large-scale
preparative synthesis in the reactor version [18, 19].
The synthesized P1-Arg, P2-Lys, and P3-His pep-
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tides were the 11-meric amino acid sequences that
contained the N-terminal amino group, which
impaired an additional positive charge to the peptide,
and the amide group at the C-end, which neutralized
the negative charge of the terminal carboxyl group
(Scheme 1). The efficiency of the addition of one
amino acid unit, which was evaluated by the deprotec-
tion of the Fmoc group at each stage, was 96.9—99.8%
for the P1-Arg, P2-Lys, and P3-His peptides (Table 1).
The final yields of the peptides after 11 steps of con-
densation, deprotection, removal from the polymer
carrier, and purification by RP-HPLC were 56—63%.
According to HPLC and MS data, all the isolated pep-
tides corresponded to the expected structure and were
homogeneous with the content of the main substance
of at least 95% (Table 1).

@

v

Fmoc-Phe—C-OH + H2N®

?
NH,—Phe—C

2

4@

I

H
H,N —YgPhe—Phe—(HI—N—®
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o

Scheme 1. Synthesis of peptides P1-Arg, P2-Lys, and P3-His with the C-terminal amide groups by the solid-phase

Fmoc strategy. Y = ArgP', LysBo¢

, or His, respectively; X = Arg, Lys, or His; PS is polystyrene polymer; 1. piperidine/

DMF (1:5). 2. (a) HATU. NMM. DMF; (b) Ac,O0/NMM/DMF; (c) piperidine/DMF (1 : 5); 3. Repeating cycles:

(a) Fmoc-Phe-OH, Fmoc-Arg"®-OH, Fmoc-LysP°¢-OH or Fmoc-His-OH, HATU, NMM, DMF;
(b) Ac,O/NMM/DMF; (c) piperidine/DMF (1 : 5); 4. TFA/m-cresol.

Thus, the synthesis of the P1-Arg, P2-Lys, and P3-
His peptides in the mode used is quite efficient with
relatively high yields, regardless of the composition of
the amino acids.

The main problem in the peptide synthesis may be
deprotection of the products, removal from the poly-
mer carrier, and purification of the crude reaction
mixture. Impurities in the products, i.e., modified or
shorter peptides, can appear because of insufficient
condensation efficiency or modification of the amino
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acid residues during the synthesis and deprotection.
Some shorter peptides may differ little from the target
product in terms of mobility during HPLC. The effi-
ciency of the addition of monomer units was quite
high for all of the tested peptides (Table 1). The yield,
which was evaluated by the Fmoc deprotection at each
stage, was especially high for the histidine-containing
peptide, P3-His, and averaged 99.8% at each stage.
The total yield for this peptide was 98.2% (Table 1).
However, the yield of P3-His based on the HPLC
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Table 1. Structures, yields, and physicochemical properties of synthetic antimicrobial peptides used in this work

- b
Yield, by Fmoc®, % Retention time®, min .Moleculir
Peptide |  Structure® Yield by Total weight [M + H]
ep ructure .
average total | HPLC®, % | yield", % 80% 50% calc ox
CH,CN | CH,CN : p.
P1-Arg |H-RyF,-NH, 96.9 70.2 85.0 56.0 15.5 20.4 1717.0 1716.5
P2-Lys |H-KyF,-NH, 97.5 75.5 80.0 57.8 14.6 18.2 1465.0 1465.3
P3-His |H-HyF,-NH, 99.8 98.2 70.5 62.9 15.6 20.0 1545.7 1545.8

3The length of all peptides is the same (11 aa). The charge is +10 for all peptides. "The yields of condensation on the polymer support
were evaluated by the Fmoc deprotection after each stage (average yield) and last stage (total yield). “The yield was evaluated by the

comparison of the amount of the peptide before and after purification by RP-HPLC.

The final yield of the peptide after the removal

from the polymer support and RP-HPLC based on the first loaded amino acid on the polymer support. “Conditions of chromatogra-

phy, see Experimental.

analysis was lowest compared with that for the P1-Arg
and P2-Lys peptides (Fig. 2). This can be explained by
the fact that the activation and following attachment
of the monomer histidine units is accompanied by the
formation of some side products, which most likely
affects the purity of the target compound before its
isolation and purification by RP-HPLC. Despite the
difference in the intermediate yields of the three pep-
tides, the final yields of the purified target products
P1-Arg, P2-Lys, and P3-His were approximately the
same (56, 58, and 63%, respectively). Most likely, the
inefficiency of the RP-HPLC purification of the P3-
His peptide is compensated by the high condensation
efficiency of the amino acid units (Table 1).

Thus, the efficiency of the synthesis of the P1-Arg,
P2-Lys, and P3-His peptides is nearly independent of
the composition of the cationic amino acids, i.e., argi-
nine, lysine, or histidine.

Antimicrobial activity of the P1-Arg, P2-Lys, and
P3-His peptides. To study the antimicrobial activity of
the P1-Arg, P2-Lys, and P3-His peptides, we used
gram-negative bacteria (Pseudomonas aeruginosa,
Escherichia coli, and Salmonella enterica), gram-posi-
tive bacteria (Staphylococcus aureus), and the opportu-
nistic yeast fungus (Candida albicans).

Each of the peptides at the final concentrations of
0.3—100 uM was added to growing cultures of the
microbial cells. The effect of the peptides on the cell
growth was monitored by the optical absorption at
595 nm of the suspension of the culture medium for
24 h. The quantification of the antimicrobial activity
of the peptides was evaluated by two dose-dependent
curves, which were 1) the dependence of the relative
growth degree of microbe cultures (N,/N,) and 2) the
dependence of the relative growth inhibition degree of
the same cultures(1 — N,/N,) on the peptide concen-
tration. N, and N, are the optical absorption values
(concentrations) of microbial particles after the addi-
tion of the peptide and in the control culture, respec-
tively (Fig. 3). The intersection of these two curves
indicates the minimal inhibitory concentration of the
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peptide (MICs,, uM), which causes 50% inhibition of
microorganism growth after incubation for 24 h at
37°C. As an example, Fig. 3 shows the dependence of
the growth degree and growth inhibition degree of
C. albicans on the concentration of the P1-Arg, P2-Lys,
and P3-His peptides in the medium. Similar graphs
were obtained for the other tested cell cultures (data
not shown), which allowed us to evaluate the corre-
sponding average MICs, values for all peptides used in
this work (Table 2).

Peptide P1-Arg exhibited maximal activity against
the bacterial cultures (Table 2). Peptide P3-His was
not active against bacteria in the concentration range
of up to 100 uM. Peptide P2-Lys had the activity
against two bacterial cultures, i.e., E. coli and P. aeru-
ginosa (MICs, = 77.5 and 80.0 uM, respectively).

Thus, the replacement of the arginine residues in
the previously studied H-R¢F,-NH, peptide by the
lysine residues did not increase the antibacterial activ-
ity. The histidine analog of this peptide even lost any
noticeable antibacterial activity (Table 2).

The different effect of the P1-Arg, P2-Lys, and P3-
His peptides was observed on the opportunistic fungus
Candida albicans (Fig. 3, Table 2). The effectiveness of
these peptides on C. albicans cell cultures was on aver-
age 6—10 times higher than that on bacterial cells. It
should be noted that the effect of P3-His on C. albi-
cans was higher not only in comparison with its effect
on bacterial cells but also in comparison with the effect
of the P1-Arg and P2-Lys peptides on the same cell
culture. Peptide P3-His was the most active against
C. albicans (MICy, = 0.6 uM) compared to P1-Arg
and P2-Lys (MICs, = 6.7 and 10.9 uM, respectively)
(Table 2), i.e., antimicrobial activity of P3-His against
C. albicans was 10 times higher than that of P1-Arg
and P2-Lys. At the same time, the fungicidal activity
of P3-His exceeded its antibacterial activity by a factor
of more than 100 (Table 2).

This unique action of the P3-His peptide against
fungal cultures is confirmed by the literature data,
which indicate a whole class of histidine-containing

No. 3 2021



SYNTHETIC ANTIMICROBIAL PEPTIDES

Ao
1.0

() P1-Arg

1.0

0.5

1.0

(©) P3-His

0 5 10 15 20 25
Time, min

Fig. 2. RP-HPLC profiles of reaction mixtures of peptides
P1-Arg (a), P2-Lys (b), and P3-His (c) after the synthesis,
deprotection, and removal from the polymer support. The
products were detected at 220 nm. Conditions of chroma-
tography see in Experimental.

natural AMPs, so-called histatins (Hst). These histi-
dine-rich (cationic) antimicrobial proteins are con-
tained in saliva and show selective activity against both
conditionally pathogenic yeast cultures, such as
C. albicans [20], and other yeast cultures [21]. For
example, it is known that Hst-5, has the strongest fun-
gicidal effect against pathogenic fungi including not
only C. albicans [22] but also other medically import-
ant Candida species, such as Candida kefyr, Candida
krusei, and Candida parapsilosis (MICsy = 3—7 uM),
as well as Cryptococcus neoformans and Aspergillus
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Fig. 3. Dependence of the relative growth degree (V,/N)
and growth inhibition degree (1 — Np/NO) of C. albicans on
the concentration of the P1-Arg (a), P2-Lys (b), and P3-
His (c) peptides after incubation for 24 h. N,/N is the
ratio of the optical absorption (concentration) of the
microbial particles after the addition of the peptide prepa-
ration to that in the control culture.

Jumigatus (MICs, = 1.5—2.0 uM) [23]. It is also known
that Hst-5 can inhibit the transformation of almost

100% of C. albicans cells into more pathogenic hyphae
[24, 25].

The antimicrobial activity of histatins makes them
part of the innate immune system [26]. Histatins (Hst-1,
Hst-3, and Hst-5) were first isolated in 1988 as pep-
tides, which were involved in maintaining oral homeo-
stasis and binding metal ions [20, 22]. Earlier studies
have pointed to membranolytic action for Hst, which
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Table 2. Antimicrobial activity of peptides P1-Arg, P2-Lys, and P3-His

MICs), uM
Peptides
Candida albicans Staphylococcus Escherichia coli | Salmonella enterica PSQL{dO{’)’lOI’lGS
aureus aeruginosa

Pl1-Arg 6.7 42.8 48.2 59.4 76.0
P2-Lys 10.9 >100.0 77.5 100.0 80.0
P3-His 0.6 >100.0 >100.0 >100.0 >100.0
AgNO;? 48.0 26.6 18.6 22.2 22.1
Chlorhexidine?® 9.7 1.8 1.7 7.7 9.4

aAqueous solution of silver nitrate [14] and chlorhexidine were used as the internal controls to compare the relative antimicrobial activity

of the peptides.

causes fungal cell death. However, recent studies have
shown that more likely sites of Hst exposure are mul-
tiple intracellular targets, i.e., the mode of Hst action
is more metabolic than membranolytic. For example,
it is known that Hst-5, once inside fungal cells, can
affect the functioning of mitochondria and lead to oxi-
dative stress, and the ultimate cause of cell death can
be an imbalance of ions because of the osmotic stress
[27]. In addition to these diverse actions on intracellu-
lar targets, the pathways based on the ability of
histatins to bind to copper and/or zinc metal ions are
also discussed.

The metabolic pathway of AMP exposure to
microbial cells is more effective than the membrano-
lytic pathway because the former allows the initiation
of a cascade of processes, which lead to an indirect
violation of the normal metabolism of cells and, ulti-
mately, to cell death. The membranolytic pathway of
AMP exposure to microbial cells is direct and “mech-
anistic” in a certain sense, i.e., AMP acts only on the
cell membrane, which leads to its destruction. The
membranolytic process requires a larger number of
peptide molecules. These reasons probably explain the
increased fungicidal activity of the tested P3-His pep-
tide, which exhibits metabolic action, like many other
histidine-containing AMPs. Its fungicidal activity was
more than 10 times higher compared to the P1-Arg
and P2-Lys peptides, which are characterized pre-
dominantly by the membranolytic effect, like many
other cationic AMPs. Moreover, we assume that the
activity of P3-His against C. albicans exceeds its activ-
ity against the tested bacterial cells because the yeast
cells contain specific receptors on their surface to his-
tidine-rich peptides.

According to the literature data (e.g., the review
[27] and the references therein), Hst-5 binds to the cell
wall proteins of C. albicans (Ssal/2) and glycans and is
absorbed by cells through fungal polyamine carriers.
Once inside fungal cells, Hst-5 can affect the mito-
chondrial function and cause oxidative stress. How-
ever, the ultimate cause of cell death is volume dysreg-
ulation and ion imbalance because of osmotic stress.
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Since not only Hst-5 but also other histatins have spe-
cific activity against C. albicans, we can assume that
there are specific receptors for histidine-rich peptides
on the surface of C. albicans yeast cells.

The reason for the penetration of histatines, as we
assume, is not their cationic composition (the histi-
dine-containing P3-His peptide has one positive
charge due to the terminal amino group and a weak
positive charge due to histidine residues) but the pres-
ence of microbial receptors specific to histidine-rich
peptides. In this case, penetration of the peptides into
the cell most likely should occur not through an elec-
trostatic but a receptor-mediated mode. However, the
electrostatic interaction also plays an important role in
the initial binding to the negatively charged cell sur-
face of C. albicans.

Hemolytic activity. SAMPs as potential drugs
should meet the following criteria: high efficiency of
their synthesis, an enhanced antimicrobial activity,
and relatively low toxicity to higher organisms, partic-
ularly low hemolytic activity. In most works concern-
ing the design of modified natural AMPs, scientists
were able to reduce their hemolytic activity by chang-
ing the protein structure, whereas attempts to increase
the antimicrobial activity of the modified AMPs did
not always lead to the desired result [6, 25, 26]. Prob-
ably, nature has already chosen the optimal structure
of the corresponding AMPs. Nevertheless, a decrease
in the hemolytic activity of the modified natural AMP,
even while maintaining its previous antimicrobial
activity, led in some cases to a significant (up to 50-
fold) increase in the selectivity index of this AMP [6].
When hemolysis does not exceed 10% at 100—125 uM
concentration of the peptide in the medium, the index
of hemolytic activity is considered acceptable [6, 11,
12]. It should be noted that a decrease in hemolytic
activity was generally achieved by a decrease in the
total hydrophobicity of the modified natural AMPs by
replacing hydrophobic amino acid residues with any
neutral, hydrophilic, or cationic amino acid residues.
In some cases, this replacement significantly reduced
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Fig. 4. Hemolytic activity of peptides P1-Arg, P2-Lys, P3-His.

their hemolytic activity but had no noticeable effect on
their antimicrobial activity [11, 12].

The results of the concentration dependence of the
hemolytic activity of peptides P1-Arg, P2-Lys, and
P3-His are shown in Fig 4. The hemolytic activity of
these peptides did not exceed 4% even at a rather high
concentration (up to 1000 uM) in the erythrocyte-
containing medium. This value is a relatively low
hemolytic activity index in comparison with the liter-
ature data known for natural AMPs (10% at 100—125 uM)
[6, 11, 12].

Thus, the hemolytic activity of peptides P1-Arg,
P2-Lys, and P3-His is low and differs little from each
other (within 2—4% at the same 100—1000 UM con-
centration of peptides) regardless of their cationic
amino acid composition.

Nevertheless, some insignificant differences
should be noted between the hemolytic properties of
the P1-Arg, P2-Lys, and P3-His peptides. The hydro-
phobicity of peptides P1-Arg, P2-Lys, and P3-His
should be approximately the same due to the same
number of hydrophobic (two Phe) and hydrophilic
cationic (nine Arg, Lys, or His) residues in their struc-
tures (Table 1). Therefore, no difference should be
expected in the hemolytic properties between the
tested peptides. However, as mentioned above, hydro-
phobicity of the arginine- and histidine-containing
peptides, which was evaluated by their retention time
during the RP-HPLC analysis (Table 1), appeared to
be slightly higher than that of the lysine-containing
peptide. We found that the hemolytic properties of the
tested peptides change proportionally to their hydro-
phobic properties. The arginine- and histidine-con-
taining peptides exhibited a similar hemolytic activity
(2.4 and 2.7%, respectively), which was higher than
the hemolytic activity of the Lys-containing peptide
(1%) at the same peptide concentration of 500 uM
(Fig. 4).
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Thus, according to their hemolytic activity and
hydrophobicity of the tested peptides, they can be
arranged as P3-His > P1-Arg > P2-Lys.

EXPERIMENTAL

Reactants. We used reagents for the peptide syn-
thesis from Sigma, Fisher Scientific, Bachem, and
Protein Technologies (United States); polystyrene
polymer 855013 Novabiochem® NovaSyn®TG Sie-
ber resin functionalized by 9-Fmoc-aminoxanten-3-
yloxyl fragment (200 mmol/g, Merck Schuchardt
OHG, Germany); protected amino acid monomers
(Protein Technologies, United States); condensing
agent HATU, i.e., 2-(1H-7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate
(Cat. No. 023926, Oakwood Products, United States).

Peptide synthesis. The peptides were synthesized by
solid-phase Fmoc strategy [17] according to Scheme 1
on a peptide PS3 synthesizer (Protein Technologies,
United States), which was adopted for the preparative
synthesis in the reactor variant [ 18, 19]. The content of
the target compound in the synthesized peptides was
at least 95% according to RP-HPLC data.

Strains of microorganisms. The strains of gram-
negative bacteria (Pseudomonas aeruginosa, Esche-
richia coli, and Salmonella enterica), gram-positive
bacteria (Staphylococcus aureus), and the condition-
ally pathogenic yeast fungus (Candida albicans) were
produced and maintained in the Collections of
Extremophilic Microorganisms and Type Cultures
(Institute of Chemical Biology and Fundamental
Medicine, Siberian Branch, Russian Academy of Sci-
ences).

Analytical RP-HPLC was performed on an LC-20
AD chromatograph (Shimadzu, Japan) using an
SPD-M20A detector (Shimadzu, Japan) on a Gemini
column (5 um NX-CI8, 110 A, 4.6 x 250 mm (Phe-
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nomenex, United States). The column was equili-
brated by 0.1% TFA, and the chromatography was car-
ried out in a linear gradient of acetonitrile concentra-
tion (0—80%) for 30 min at a flow rate of 1 mL/min. The
products were detected at 210, 220, 240, and 260 nm.

Molecular masses of the peptides (Table 1) were
evaluated on a REFLEX 111 MALDI-TOF spectrom-
eter (Bruker Daltonics, Germany) and an
LC/MS XCT Ultra ESI-MS spectrometer (Agilent
Technologies, United States) in the Center of Mass-
Spectrometric Analysis (Institute of Chemical Biology
and Fundamental Medicine, Siberian Branch, Rus-
sian Academy of Sciences).

Preparation of the peptide solutions for biochemical
studies. The peptide solutions of a certain concentra-
tion were prepared using dry samples immediately before
the experiment. The concentrations of the P1-Arg,
P2-Lys, and P3-His peptides that contained two phenyl-
alanine residues were additionally evaluated by mea-
suring the optical absorption in the near-UV region of
the spectrum. The molar absorption coefficients at
260 nm (330 L mol~' cm™!) were previously deter-
mined in the solutions prepared from dry samples of
the peptides. The peptide solutions for the evaluation of
antimicrobial activity were prepared at 1—2 mM initial
concentration and stored at —15°C in the dark for no
more than a month. Immediately before the experi-
ment, the solutions were diluted to the desired con-
centration with water or the Muller—Hinton medium.
The initial peptide concentration for testing of their
hemolytic activity was 10 mM in water.

Antimicrobial activity of the peptides. We used a sus-
pension of overnight broth cultures, which was grown
on a standard nutrient media. The number of micro-
organisms (titer) in the suspension was evaluated by
the optical absorption at 595 nm. To evaluate the anti-
bacterial effect of the peptides, they were incubated
with the cell cultures in 96-well culture plates. The
overnight broth cultures were resuspended in the
Muller—Hinton medium (the Saburo medium for
C. albicans) and harvested until the number of micro-
organisms reached ~5 x 10> CFU/mL. The solutions
of the peptides were introduced into the wells, fol-
lowed by the addition of the cell suspension in a ratio
of 1 : 9 (v/v, the total volume of 200 uL). The final
concentrations of the peptides were 0.3—100 uM. In
the case of the negative control, the corresponding
volume of the Muller—Hinton medium (the Saburo
medium for C. albicans) was introduced instead of the
tested peptide solution. In the case of the positive con-
trol, the corresponding volume of the AgNO; or chlor-
hexidine solutions in appropriate dilutions at the final
concentrations of 0.3—100 uM were introduced
instead of the peptide solution. The reaction mixtures
were incubated for 24 h at 37°C on a shaker incubator
(Kuhner LT-X, ABTEK, Russia) at 560 rpm. The
optical absorption of the suspension was measured at
595 nm at regular intervals (0, 2, 4, 5, 6, 7, 8, and 24 h)
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on a plate iMark™ spectrophotometer (BioRad,
United States). The results were expressed as a mean
value of the optical absorption of the cell suspension
obtained in three independent experiments in two
repeats. The average statistical error (standard devia-
tion of the experimental values) did not exceed 15—
30%. The standard deviation (S) was calculated using
the formula:

n
S = \/12(xi _xm)za
(=)
where #n is the number of measurements, X; is the ith
element of the data series, and x,, is the arithmetic
mean of the data series.

Calculation of MICsy. The mean values of the opti-
cal absorption of cell culture suspensions were used to
evaluate the values of the relative growth degree of
microbe cultures (N,/N,) as the ratio of the optical
absorption (concentration) of the microbial particles
after the addition of the peptide preparation (N,) to
the optical absorption (concentration) in the control
culture (NV,). The peptide concentration, which led to
50% growth inhibition of the microbe cells, was evalu-
ated by the dependence curves of N,/N, (in percent-
age) on the peptide concentration.

Photometric method of the evaluation of hemolytic
activity of antimicrobial peptides against human eryth-
rocytes. The hemolytic activity of the peptides was
tested against fresh human red blood cells according to
previously published methods [6, 28]. The method is
based on measuring the optical absorption at 540 nm
in the supernatant liquid after centrifugation of a sus-
pension of red blood cells. After destroying the red
blood cells, hemoglobin releases from the cells, and
the medium turns the characteristic red color, which
persists after the precipitation of red blood cells. Fresh
human erythrocytes were washed three times with
PBS (10 mM Na,HPO, and 1.76 mM KH,PO,,
pH 7.4) that contained 173 mM NaCl and 2.7 mM
KCI. The double serial dilutions of the peptide solu-
tions were added to the erythrocyte suspension in PBS
(50 uL) to a final volume of 100 uL. The final erythro-
cyte concentration was 4% by volume (the volume of
the suspension of the precipitated erythrocytes was
taken as 100%). The reaction mixture was incubated
for 30 min at 37°C. After centrifugation, the optical
absorption of the supernatant was measured at
540 nm. The optical absorption of the solution, which
was obtained after the treatment of erythrocytes with
10% Triton X-100, was taken as 100%. The optical
absorption of the solution, which was obtained after
the treatment of erythrocytes with a buffer solution
without peptides, was taken as 0%. The analysis of the
hemolysis was performed two times using the same
human blood sample. The data are presented as mean
values * standard deviations of three independent
experiments. The mean error of the experiment did
not exceed 15—20%.
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CONCLUSIONS

The synthesis of the cationic peptides with the gen-
eral formula XyPhe, where X is the arginine, lysine, or
histidine residues occurs with approximately the same
efficiency and is almost independent of their cationic
composition:

P3-His = P1-Arg = P2-Lys.

The replacement of the arginine residues by the
lysine or histidine residues significantly reduces the
antibacterial properties of SAMPs in a series:

P1-Arg > P2-Lys > P3-His,

i.e., the cationic SAMP analog, P1-Arg, exhibits max-
imal antibacterial activity (MICy, =43—76 uM), and pep-
tide P3-His has almost no activity (MICs, > 100 uM).

All peptides P1-Arg, P2-Lys, and P3-His exhibit
6—10 times higher activity against conditionally
pathogenic yeast culture Candida albicans than against
bacterial cultures. However, the order of effectiveness
of the antifungal and antibacterial action of the pep-
tides is completely different from the case of their
effect on bacterial cell cultures. The efficiency of the
peptides against the yeast C. albicans culture decreases
in a series:

P3-His > P1-Arg > P2-Lys.

Considering the same efficiency of the synthesis
and approximately the same low toxicity of the tested
peptides, we recommend using SAMPs with a linear
type of amphipathicity that contain the cationic argi-
nine or histidine residues to create antibacterial or
antifungal drugs, respectively.
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