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In this work, the self-organization and the behavior of the surfactant-like peptides in the presence of biological
membrane models were studied. The studies were focused on synthetic palmitic acid-containing lipopeptides,
C16-KK-NH, (I), C;6-KGK-NH, (II) and C;-KKKK-NH, (III). The self-assembly was explored by molecular
dynamics simulations using a coarse-grained force field. The critical micellar concentration was estimated by
the surface tension measurements. The thermodynamics of the peptides binding to the anionic and zwitterionic
lipids were established using isothermal titration calorimetry (ITC). The influence of the peptides on the lipid acyl
chain ordering was determined using FTIR spectroscopy. The compounds studied show surface-active properties
Surfactant-like peptide with a distinct CMC over the millimolar range. An increase in the steric and electrostatic repulsion between polar
Self-assembling process head groups shifts the CMC toward higher values and reduces the aggregation number. An analysis of the
FTIR peptide-membrane binding revealed a unique interplay between the initial electrostatic and the subsequent
ITC hydrophobic interactions enabling the lipopeptides to interact with the lipid bilayer. In the case of C;g-KKKK-
Coarse-grained molecular dynamics NH, (II), compensation of the electrostatic and hydrophobic interactions upon binding to the anionic membrane
has been suggested and consequently no overall binding effects were noticed in ITC thermograms and FTIR
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1. Introduction

The rapid emergency of bacterial resistance to conventional antibi-
otics puts an increased challenge in the search of alternative treatment
strategies. Infection caused by resistant microorganisms failing to
respond to conventional treatment, results often in prolonged illness,
greater risk of death and higher costs. Antimicrobial peptides (AMPs)
are one of the most promising classes of compounds with potential
use in antibiotic therapy. They are gene-encoded peptides being part
of the innate immune system to the microbial invasion of microorganisms
of all types [1]. A specific structural feature of the majority of antibacterial
peptides is the presence of strongly basic amino acid residues (Lys, Arg)
providing a net positive charge ranging from + 2 to + 9. This feature is
undoubtedly important for initial electrostatic attraction between AMPs

Abbreviations: Cyg, palmitic acid; CG MD, coarse-grained molecular dynamics; DPPC,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol; LUV, large unilamellar vesicle; MLV, multilayer vesicle; POPC, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPG, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol
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and negatively charged membranes of bacteria or other microorganisms,
which leads to an increase in peptide concentration on the membrane
surface. Upon reaching a threshold membrane-bound concentration, a
peptide begins to penetrate into the lipid bilayer via a number of possible
mechanisms. The most frequently proposed mechanisms of antimicrobial
peptide-membrane disruption are a carpet mechanism, as well as a
barrel-stave pore and a toroidal pore formation [2,3]. This leads to
uncontrolled efflux of essential ions and nutrients and ultimately to
death of the bacterial cell [4-8]. The incredible advantages of antimicrobi-
al peptides are their broad-spectrum activity and potentially low levels of
induced resistance [9]. However, some disadvantages, such as poor
bioavailability and high cost of production need to be overcome [10].
Therefore, numerous studies on peptides have been focused on designing
short synthetic analogues exhibiting antimicrobial activity as well as
optimization of the synthetic methods. An interesting alternative seems
to be short synthetic cationic lipopeptides. Lipopeptides containing
positively charged amino acid residues and fatty acid tails have an
amphipathic structure, essential features of antibiotic peptides. In
addition, the presence of hydrophobic tail and hydrophilic head deter-
mines surface-active properties of short lipopeptides. An important
advantage of the lipopeptides is their relatively rapid biodegradability
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[11], unlike that of conventional surfactants, the feature compatible with
the modern trend of developing environmentally friendly chemicals.

In this paper we report on our studies on the activity, self-organization
and interactions of three short synthetic N-terminal palmitoylated
peptides: C;6-KK-NH, (I), C;6-KGK-NH, (II) and C;5-KKKK-NH, (III)
(Fig. 1) with models of biological membranes. An antistaphylococcal
activity of the lipopeptides was earlier reported by Dawgul et al. [12].
Those studies revealed also a high effectiveness of C;s-KK-NH, (I)
against biofilms formed by clinical Staphylococcus aureus isolates [10]
and its ability to enhance the effect of vancomycin in the in vivo study
on the prevention of vascular graft staphylococcal infections [13]. In the
present work, the activity assays of all the lipopeptides against S. aureus
were repeated and supplemented by activity assays against other
representative Gram-positive and Gram-negative bacteria. Moreover,
to explore hemolytic activity of the lipopeptides, they were also tested
against a highly diluted solution of human erythrocytes. The thermody-
namic parameters for binding of the peptides to the anionic and
zwitterionic lipids were established using isothermal titration calorim-
etry (ITC). The influence of the peptides on the lipid acyl chain ordering
was determined using FTIR spectroscopy. Taking into account that the
lipopeptides might act as surfactants, the critical micellar concentration
was estimated by the surface tension measurements. In addition,
molecular dynamics simulations using a coarse-grained force field
have also been employed to explore self-assembly, micellar properties
and interactions with a model of bacterial membrane.

2. Materials and methods
2.1. Reagents

All the lipopeptides were synthesized manually by solid-phase
method on a Polystyrene AM-RAM resin (0.76 mmol/g, Rapp Polymere,
Germany) using Fmoc [14] chemistry. Details of the peptide synthesis
have been previously described [12]. 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
(DPPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) were
purchased from Sigma-Aldrich.
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Fig. 1. Chemical structures of experimental compounds.

2.2. Antimicrobial assay

The minimum inhibitory concentration (MIC) and minimum bacte-
ricidal concentration (MBC) were determined according to the Clinical
Laboratory Standards Institute (CLSI) guidelines. Reference strains
of human pathogens were obtained from the Polish Collection of
Microorganisms (Polish Academy of Science, Wroctaw, Poland).
The following strains were tested: Bacillus subtilis (ATCC 6633),
Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922),
Klebsiella pneumoniae (ATCC 700603), Pseudomonas aeruginosa
(ATCC 9027) and Staphylococcus aureus (ATCC 25923).

MIC was determined by the microbroth dilution method with
Mueller-Hinton Il liquid medium (Becton Dickinson, France). The tested
bacterial strains at an initial inoculum of 5 x 10° CFU/mL were added
to polystyrene 96-well plates (Kartell, Italy) and exposed to the
lipopeptides at graded concentrations (1-512 pg/mL). After 18 h of
incubation at 37 °C the results were read visually, and MIC was re-
corded as the lowest concentration of a tested compound at which
the inhibition growth was clearly visible. For each plate, the positive
(microorganisms in liquid media) and negative (sterility) controls
were performed.

All the MIC wells which did not show turbidity were cultured on the
Mueller-Hinton II Agar. The lowest concentrations of lipopeptides that
did not show any visible growth on the plates after 24 h of incubation
at 37 °C were taken as the MBCs. The experiments were performed in
triplicate on three different days.

2.3. Hemolytic activity

The hemolytic activity of the tested compounds was measured after
exposure of human red blood cells to the lipopeptides at graded concen-
trations (1-128 pg/mL). The compounds were dissolved in DMSO and
diluted in phosphate buffer (PBS). The final concentration of DMSO in
the sample was 2.5 %. Red blood cells, obtained from a healthy donor
were separated from plasma by centrifugation. Then they were washed
three times in PBS, centrifuged and resuspended in PBS (final concen-
tration of the red cells per sample was 4% (v/v)). The erythrocytes
were incubated with different concentrations of lipopeptides at 37 °C
for 1 h and centrifuged (5 min, 1000 g). The supernatants were trans-
ferred to 96-well plates and hemoglobin release was measured with
an Epoch microplate reader (BioTek, USA) by recording the absorbance
at 550 nm. A 0.1% Triton X-100 solution was used as a positive control
and pure PBS with DMSO (2.5%) as the negative control.

2.4. Preparation of liposomes

For FTIR measurements, multilamellar vesicles (MLVs) consisting of
DPPC or DPPG were prepared by dissolving the lipids in a chloroform:
methanol (2:1; v/v) mixture at a concentration of 50 mg/mL, evaporat-
ed under nitrogen and desiccated under vacuum overnight to remove
any residual solvents. The dried films were then resuspended in a
10 mM phosphate buffer, pH 7.4, containing 2.7 mM potassium chloride
and 137 mM sodium chloride, with a gentle vortex mixing for 2 h at
45 °C (the temperature above the main phase transition point [15]). In
the case of peptide-lipid samples, a lyophilized peptide was blended
with the MLV suspension to obtain the desired peptide-to-lipid ratio
and the peptide-liposome mixture was incubated for 2 h at 45 °C. In
the next step, the samples were frozen and thawed for 5 cycles to
reduce the liposome size and lamellarity. A single freeze-thaw cycle
consisted of freezing for 5 min at a dry ice temperature (—78 °C) and
subsequent thawing for 5 min in a water bath at 45 °C.

In the ITC measurements, POPC or POPG was used as a simple model
of membranes. The vesicles made of POPC or POPG (phase transition
point, T, = —2 °C) remain in the liquid crystalline phase at room
temperature [16]. Therefore, after suspending in phosphate buffer
(pH 7.4), the samples with liposomes were vortexed for 2 h at room
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temperature. Moreover, for the ITC measurements, large unilamellar
vesicles (LUVs) were prepared by extrusion (ten times) of the MLV
suspension through polycarbonate membranes (100 nm in diameter,
Whatman International Ltd.) using a mini-extruder (Avanti Polar Lipids,
Inc.).

2.5. FTIR measurements

The spectra were recorded using a model IFS66 Bruker infrared spec-
trometer equipped with a DTGS detector (Physicochemical Laborato-
ries, Faculty of Chemistry, University of Gdansk, Poland). Peptide-lipid
samples were placed between two CaF, windows, which were separat-
ed by a 50-um thick Teflon spacer. The samples were thermostated by a
Haake C10 circulator (Gebriider HAAKE GmbH, Karlsruhe, Germany).
Additionally, the temperature of the samples was controlled with a
CHY502 thermometer. The samples were examined over the 24-50 °C
temperature range. The temperature was equilibrated for 10 min after
each step. The spectra were recorded as average of 10 measurements,
each with 16 scans and the spectral resolution of 2 cm™ . For data pro-
cessing, the Bruker OPUS FT-IR software was used. A spectrum of the
phosphate buffer (10 mM, pH 7.4) recorded at appropriate temperature
was used as the reference and subtracted from the sample spectra. The
wavenumber position for the symmetric CH, stretching mode was
determined using a multiple Gaussian curve fitting procedure (Origin
7 software) in the region between 3000 and 2800 cm~'. Before fitting,
the baseline was corrected in the spectral region indicated. A second de-
rivative spectrum was used to determine the position of bands
contributing to the spectral interval. The results were plotted against
temperature.

2.6. ITC measurements

All ITC experiments were performed at 25 °C using an AutoITC
isothermal titration calorimeter (MicroCal Inc., Northampton, USA)
with a 1.4491-mL sample and reference cells. The reference cell was
filled with distilled water. An initial 2-pL injection was discarded from
each dataset in order to remove the effect of titrant diffusion across
the syringe tip during the equilibration process. The experiment
consisted of injecting 4.1 pL (46 injections, 2 L for the first injection
only) of the liposome solution at a concentration falling in the range
of 1.16-1.41 mM into the reaction cell initially containing the buffered
(10 mM phosphate buffer, pH 7.4) 0.05 mM peptide solution. A back-
ground titration was performed using identical titrant with the buffer
solution placed in the sample cell. The result was subtracted from
each experimental titration to account for the heat of dilution. All the
solutions were degassed before titrations. The titrant was injected at
4-min intervals to ensure that the titration peak returned to the baseline
prior to the next injection. Each injection lasted 8 s. To ensure a homo-
geneous mixing in the cell, the stirring speed was kept constant at
300 rpm.

The stoichiometry (n), association constant (K;), and change in
enthalpy (AH) were found by fitting the titration result data to one set
of sites model using Origin 7 from MicroCal. Changes in entropy (AS)
and the Gibbs free energy (AG) were calculated from the following
equation, wherein factor 55.5 is the molar concentration of water,
R is the gas constant (1.986 cal-mol~'-K~") and T is the absolute
temperature:

AG = —RT In(55.5K,;) = AH—TAS.

2.7. CMC measurements

The CMC of the lipopeptides was determined by plotting the surface
tension against the logarithm of lipopeptide concentration and was
found as the intersection of two lines that best fit through the pre-

and post-CMC data. Concentrated solutions of individual lipopeptides
of known concentration were progressively diluted. All surfactant
solutions were prepared in water purified by HLP5 system. The surface
tension of each sample was determined at 25 °C by the Du Noiiy ring
method on an Easy Dyne tensiometer (Kriiss GmbH, Germany).

2.8. Molecular dynamics simulations

Simulations were carried out using the GROMACS 4.5.5 package [17].
The MARTINI coarse-grained force field [18,19] was used to model the
spontaneous self-organization of C;¢-KK-NH, (I), C;6-KGK-NH, (II)
and C;-KKKK-NH, (IIl) into micelles. To generate the initial configura-
tions, 100 molecules of each lipopeptide were placed at random
positions in a cubic box with the edge size of 120 A. The system was
solvated by CG water beads (12,955, 12,744 and 12,158 for I, Il and III,
respectively), wherein each bead was representative of four real water
molecules. The detergent concentration of the micelles during molecular
dynamics simulations was ca. 100 mM. As all the lysine side chains were
positively charged, CG chloride ions were added to neutralize the entire
system. In the next step, the system was energy-minimized before MD
simulations, using 10,000 steps of the steepest descent method. After-
wards, the NPT simulations were performed for 1 ps. The time step
of 10 fs, as suggested by Wigner et al. [20], was employed during
the entire NPT simulations. The temperature was held at 303 K
using the Nose-Hoover temperature coupling. The pressure was
treated isotropically at 1 bar using the Parrinello-Rahman barostat
with a coupling constant T, = 1.0 ps and an isothermal compressibility
of 4.5 x 107> bar~ . The relative dielectric constant for explicit screen-
ing was 15. Electrostatics were computed using a shift function with a
coulomb cutoff of 12 A. Shift function was used for van der Waals as
well, with a switch distance of 9 A and a cutoff of 12 A. The neighbor
list was updated every 5 steps using a cutoffr = 14 A.

To explore lipopeptide-membrane interactions, identical proce-
dure was repeated in the presence of hydrated systems containing
phosphatidylethanolamine (POPE) and phosphatidylglycerol (POPG)
phospholipid molecules arranged in the bilayer structure. To mimic
the membrane of Gram-positive bacteria, a POPE and POPG mixture
at a molar ratio of 1:3 was used [21]. The system was built using
insane.py script available on MARTINI website (http://cgmartini.nl/
cgmartini/). A total of 986 lipids were split and equally distributed
between two membrane leaflets. One hundred molecules of each
lipopeptide were placed randomly on one leaflet of the membrane.
The lipid to lipopeptide ratio was ca. 10:1. The entire system was solvated
and neutralized by adding sodium and chloride ions. The concentration
of free salt ions was ca. 100 mM. Simulations of lipopeptide-membrane
interactions were carried out in the isothermal-isobaric (NPT) ensemble
with semi-isotropic pressure of 1 bar and at a constant temperature of
303 K. The CG MD simulations for each system were run for 2 ps.

3. Results and discussion
3.1. Biological and hemolytic activities of the lipopeptides

The lipopeptides were assayed against representative Gram-positive
and Gram-negative bacteria as well as against a highly diluted solution
of human erythrocytes. Results of the microbiological tests are summa-
rized in Table 1, whereas those of hemolytic activity are displayed in
Fig. 2. As seen in Table 1, modification of the polar part of the lipopeptide
does not affect significantly its antimicrobial activity. The minimum
inhibitory concentrations (MICs) of the lipopeptides studied ranged
from 4 to 16 pg/mL, while the minimal bactericidal concentrations
(MBCs) ranged from 4 to 32 ug/mL. The MBC/MIC ratios are less than
or equal 2, asserting the bactericidal power of the tested compounds.

The hemolytic activity studies revealed that C;¢~KK-NH, (I) showed
the highest hemolytic effectiveness (Fig. 2). In the concentration range
of 16-128 pg/mL, a rapid increase in the hemolytic activity was
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Table 1
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Antimicrobial activity of lipopeptides against representative Gram-positive and Gram-negative bacteria.

Lipopeptide Gram-positive bacteria Gram-negative bacteria

S. aureus B. subtilis E. faecalis E. coli K pneumoniae P. aeruginosa
Minimum inhibitory concentration [MIC pg/mL]
C16-KK-NH, 8 4 8 8 16 8
Cy6-KGK-NH, 8 4 8 8 16 16
C16-KKKK-NH, 4 4 16 8 4 8
Minimum bactericidal concentration [MBC pg/mL]
C16-KK-NH, 8 4 8 8 16 8
C16-KGK-NH, 8 4 16 8 16 32
C16-KKKK-NH, 8 4 16 8 8 8

observed for this compound, contrary to the remaining ones. At a concen-
tration of ca. 25 mg/mL, C;6-KK-NH, (I) caused the 50% lysis of human
erythrocytes, whereas with C;5-KKKK-NH, (IIl) the concentration re-
quired for the 50% lysis was about five times higher (128 mg/mL).

3.2. Calorimetric studies: binding of lipopeptides to lipid vesicles

The binding isotherms were determined by injecting either POPG or
POPC lipid vesicles into the peptide solution, i.e. by gradually reducing
the free peptide concentration in the reaction cell. On this basis, the
enthalpy of binding of the lipopeptide to the liposome (AH) was deter-
mined as well as a binding constant, K,, reflecting the affinity of the
lipopeptide for the liposomes and the stoichiometry of the binding, n,
that is the number of phospholipids per peptide (Table 2). As seen, the
binding of C;6-KK-NH; (I) and C;6-KGK-NH, (II) to POPG vesicles is
an enthalpy-driven exothermic reaction (Fig. 3). The apparent associa-
tion constant of the latter with the POPG membrane decreases almost
three times in comparison to the former indicating that a neutral
amino acid inserted between the positively charged lysine residues
affects evidently the binding affinity of the peptide to the negatively
charged membrane. This finding is in good agreement with the previous
studies of peptides composed of basic residues [22]. In the case of
C16-KKKK-NH, (III), association with the negatively charged POPG
membrane occurs with no detectable enthalpy changes under exper-
imental conditions and only the small, constant, and exothermic heat
flows suggest a weak or no interaction between the peptide and the
lipid bilayer. This is all the more surprising because previous studies
with Lys, (n = 2-5) have shown that each Lys added to dilysine
increased by one order of magnitude the binding affinity of the
peptide for negatively charged membranes [22]. Hence, one can
expect that analog III should exhibit a higher affinity for the POPG
membrane than analog I. Similar discrepancies have been reported
by Montich et al. [23]. Titration of Lyss to anionic POPG lipids pro-
duced only small endothermic binding enthalpy, which dropped to
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Fig. 2. Hemolytic activities of lipopeptide compounds: C;6-KK-NHj (1), C;6~KGK-NH, (II)
and C;6-KKKK-NH, (III). The concentrations are given in pg/mL and presented as log c.

0 kcal/mol upon binding of Lyss to the large unilamellar vesicle.
This finding pointed to the entropy-driven binding process that
also depends on vesicle size. Blume and co-workers [24] have
highlighted that the side chains of basic amino acids such as lysine
not only provide a positive charge, but also a flexible hydrocarbon
spacer that enables hydrophobic interactions. Hence, the binding
of Lyss to POPG vesicles is a resultant action of compensating
contributions from both electrostatic and hydrophobic interactions.
In our opinion, such a compensation of both interactions appears in
C16-KKKK-NH,, (III). Moreover, it is proposed that an increase in
endothermic contribution due to hydrophobic interactions is the
result of desolvation of both the peptide and the membrane surface
during interactions. As a matter of fact, electrostatic attraction
drives the positively charged peptide toward the surface of the
negatively charged membrane, but as the peptide approaches the
membrane, the repulsive desolvation force becomes greater than
the attractive electrostatic one. This results in a significant increase
in favorable hydrophobic interactions mediated by non-polar
fragments of the peptide, leading to incorporation of the peptide
into membrane core [25,26].

In the case of all the peptides studied, each injection of the
zwitterionic POPC lipids into the reaction cell containing lipopeptide
produced an endothermic heat of reaction which decreased only slightly
in magnitude with subsequent injections and remained incomplete
even after 46 lipid injections (Fig. 4). Thus, the titration does not provide
the total binding enthalpy indicating only very weak interactions.

3.3. FT-IR spectroscopy: effects of lipopeptide binding on lipid organization

The frequencies of the asymmetric v,5(CH,) and symmetric vs(CH;)
stretching bands of the methylene groups belonging to the acyl chains
of the phospholipids are adequate indicators of the phase transition
from the gel phase (Ls) to the liquid crystalline (L) phase. It is
known that the “melting” of the all-trans chains of the phospholipids
in the gel phase to the liquid-crystalline one increases the number of
gauche conformers. At the main phase transition point, the bilayer
model contains equal percentages of the ordered and disordered
phospholipids. The phase transition points are dependent on the chem-
ical nature of the model membrane constituents [27,28].

The lipids undergo a highly cooperative chain melting phase transi-
tion, as indicated by an abrupt increase in the v,s(CH,) and vs(CHs)

frequencies from the values around 2917 cm™ ' and 2850 cm ™! at the
temperature below the transition point up to around 2923 cm~! and
Table 2
Thermodynamic parameters for lipopeptides binding to the LUVs POPG vesicle.
Lipopeptide n K, AH AG AS
10° mol ! kcal/mol kcal/mol cal/mol/deg
Cy6-KK-NH, 14 9.06 —0.34 —10.05 34.09
C16-KGK-NH, 1.7 3.04 —0.58 —9.85 31.10



image of Fig.�2

ucal’sec

kecal/mole of injectant

0.02

E. Sikorska et al. / Biochimica et Biophysica Acta 1838 (2014) 2625-2634

60 90 120 150

180 0

30

Time (min)

60 90 120 150

180 0

2629

30 60 90 120 150 180

0.00
-0.024
-0.044
-0.064
-0.08

0.1

T T T T T T

C,-KK-NH,

T

C,-KGK-NH,

C,-KKKK-NH,

0.0 4
-0.1
-0.2
0.3 4
-0.4
-0.5 4
-0.6

s

N

T T

LI L] "
-.ﬁ;. dm-, ..‘l 'I“. .l“ -} 5

T T T T T T T
00 05 1.0 1.5 20 25 3.0

00 05

10 15 20 25 3.0

Lipid:peptide molar ratio

00 05 1.0 1.5 20 25 3.0 35

Fig. 3. Isothermal titration of lipopeptides with POPG LUVs at 25 °C. The lower curves represent the heat of reaction (measured by peak integration) as a function of the lipid/peptide molar ratio.

2853 cm~! for asymmetric and symmetric stretching vibrations,
respectively, at a higher temperature. Fig. 5 displays an evolution of
the maximum frequency of the vs(CH,) as a function of temperature
for DPPC and DPPG, in the absence and in the presence of the
lipopeptides. The first derivative of the curve was calculated to detect
more precisely the T, of the lipids and lipid-peptide mixtures. The
lipid:peptide molar ratio was 10:1. In addition, in the case of the
DPPG:Cy6-KKKK-NH, (III) system, the FT-IR spectra were also taken
for the sample with the 4:1 molar ratio.

As seen in Fig. 5, the lipopeptides show a significant influence on the
hydrophobic core region of the DPPC membrane. The T, of DPPC
decreases by 0.8-2.1 °C upon premixing with the lipopeptides studied.
A lower phase transition temperature means that the arrangement of
the lipid matrix is perturbed, which is the consequence of a close contact
of the lipopeptides with the hydrophobic part of the membrane.
Besides, the peak positions of the stretching band remain significantly
above those of the pure DPPC in both the gel and fluid phases indicating
an increase in membrane fluidity within the entire temperature range.
In turn, addition of the lipopeptides to anionic lipid DPPG vesicles
results in diverse influence on the DPPG phase behavior. In the case of
C16-KK-NH, (I), only a slight increase in the phase transition tempera-
ture is observed (Fig. 5). However, introduction of a neutral Gly
residue between two positively charged lysines dramatically
changed interactions with the DPPG vesicles. Hence, in the case of

0.25
0.20

0.15

ucalsec

0.104

0.051

Lhﬂ. bk
L DU | | T L | T T
0 20 40 60 80 100 120 140 160
Time (min)

04

Fig. 4. Isothermal titration of C;6—KKKK-NH, (III) with POPC LUVs at 25 °C. Each injection
produces an endothermic heat of reaction which decreased only slightly in magnitude
with subsequent injections. The binding appears to remain incomplete even after 46
lipid injections.

C16—KGK-NH, (II), T, dropped by about 1.5 °C. Still more interesting
results have been found for C;5-KKKK-NH, (III). This compound has
the highest overall positive charge among the peptides studied.
However, contrary to expectations, it has no marked influence on
the behavior of the DPPG phase, even upon increasing its concentra-
tion up to the DPPG:peptide molar ratio of 4:1, where the total
charge compensation occurs (Fig. 5). It is believed that the effective
screening of the negatively charged DPPG head groups upon electro-
static binding of the positively charged molecule reduces the lateral
repulsions between the lipids and consequently the gel phase is sta-
bilized, as manifested by shifting the transition toward a higher tem-
perature [29]. In turn, a partial insertion of the molecule into the
membrane driven by hydrophobic interactions induces fluidization of
the bilayer and deformation of the packing of the phospholipid acyl
chain typically leads to a decrease in the transition temperature [24,
30]. In our opinion, in the case of C;s-KKKK-NH, (III), compensation
of hydrophobic and electrostatic interactions leads to almost no overall
effect on Tp,,. However, raising the C;5-KKKK-NH, (III) concentration
results in a distinct decrease in vs(CH,) wavenumber below the T,
which is typically related to an increase of the lipid acyl chain ordering.
On the other hand, the increase of the lipid acyl chain ordering in the
gel phase should lead to a distinct increase in Ty, which is inconsistent
with our data. Thus, the decrease in the wavenumber is rather due to
an increase in interchain vibrational coupling caused by a reduction of
rotational disorder of the chains after peptide Ill binding [29,31].

3.4. Critical micellar concentration increases with steric hindrance and
electrostatic repulsion

Due to the surfactant-like structure of the lipopeptides, their critical
micellar concentrations (CMCs) were determined using the surface
tension measurements versus log of the lipopeptide concentration.
CMCs of C;g-KK-NH, (I), C;6-KGK-NH, (1) and C;6-KKKK-NH, (III)
were estimated to be 1.07 mM (547 ug/mL), 1.89 mM (1,070 pg/mL)
and 14.6 mM (11,200 pug/mL), respectively. It is known, that the
micellization process in aqueous solution results from a balance of
different intermolecular forces, including hydrophobic, steric, electro-
static, hydrogen bonding and van der Waals interactions. Nevertheless,
the driving force for sell-assembly of surfactant molecules in aqueous
solution is the hydrophobic effect. An increase in hydrophobicity of a
surfactant reduces the CMC. Hence, the CMC decreases with increasing
hydrocarbon chain length and decreasing the size of the head group
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[32-34]. Due to the fact that all the peptides studied have the same
hydrocarbon chain length, any changes of CMC value are determined
by polar head groups. Our results show that the CMC value increases
when the polar head group becomes bigger. With C;¢-KGK-NH; (II),
introduction of a neutral glycine residue affected the size of the polar
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Fig. 6. (A) Number of clusters as a function of time and (B) cluster size distributions over
the last 100 ns of CG MD simulations.

head group but not the overall charge as compared to that of C;5-KK-
NH, (I). Consequently, steric interactions seem to be a major factor
opposing micelle formation reflected in the slight increase of CMC. In
turn, in the case of C;-KKKK-NH, (III), high CMC value is the conse-
quence of an increase in the size and in charge of the polar head
group. This compound has twice as high total positive charge as the
two remaining ones, which modifies balance between hydrophilic
and hydrophobic properties. As seen in the example of C;5-KKKK-
NH, (II), an increase in the hydrophilicity of the lipopeptide
increases the CMC, the finding being compatible with the literature
data [35].

3.5. Coarse-grained molecular dynamics: self-organization of lipopeptides

In Fig. 6, the aggregation process is presented as a function of time
for each lipopeptide. Two detergent molecules were classified into the
same cluster if any of their alkyl chain beads fell within the distance of
6 A of each other. The self-assembly can be considered as a three-step
process, i.e. a quick aggregation of the monomers into small clusters,
fusion of these clusters into larger ones and formation of micelles. In
the last step, the aggregation process reaches an equilibrium and the
micelles do not aggregate further even when their hydrophilic shells
come into contact. This is due to the repulsion between positively
charged Lys residues being unfavorable for micellization. The number
of clusters appears to stabilize at ca. 600 ns and remains at a constant
level up to the end of simulation. Fig. 6B displays the cluster size
distributions calculated for each system in the last 100 ns of CG MD
simulations. As seen, the size and charge of the head group are major
determinants for the micelle aggregation number. The trend observed
shows that with an increase in size of the head group the aggregation
number decreases, which is compatible with the literature data [36].
In the case of peptide III, an increase in the overall charge of the
monomer results in a stronger electrostatic repulsion, which additionally
reduces the aggregation number. In ca. 90% of the micelle of this peptide,
the aggregation number does not exceed 15. Perhaps not all the lysine
residues are protonated upon micelle formation. In this situation, the
size of the clusters should be bigger.
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Fig. 7. Individual micelles from final snapshots of CG MD simulations with similar aggregation numbers: (A) C;6-KK-NH, (I, (B) C;6~KGK-NH, (II) and (C) C;-KKKK-NH, (III). Fatty acid
tails are colored yellow, while lysines and glycines from head groups are colored cyan and magenta, respectively. Aggregation numbers, radii of gyration, and ratios of moments of inertia

are given beneath each picture.

To compare the micelles formed by different lipopeptides, we selected
those with similar aggregation number (Fig. 7). Hence, for peptides Il and
III, the micelle with the highest aggregation number, and peptide I, the
micelle with the lowest aggregation number in the entire system have
been chosen for further analysis. The average radii of gyration (Rg) of
the micelles over the last 100 ns of simulations are 16.1, 18.8 and 19.3
A for peptides I, I and III, respectively. Thus, the effective radii of the
micelles, based on the relationship between the radius of a solid sphere
of uniform density and its radius of gyration [37], should be about 20.8,
24.3 and 24.9 A, respectively. An analysis of the micelles' shape by
calculating the ratio of the average principal moments of inertia tensors
(Table 1S, Supplementary material) indicates a deviation from the
spherical shape. The average moments of inertia for the C;5-KK-NH,
(I), C;6—KGK-NH,, (II) and C;-KKKK-NH, (III) micelles over the last
100 ns of simulations are in the ratios of 1.24:1.13:1, 1.22:1.11:1 and
1.21:1.12:1, respectively, revealing a prolate shape of the aggregates.

Fig. 1S (Supplementary material) shows the density profiles of
various groups in the selected micelles as a function of the distance
from micelle's mass center (COM). As expected, the hydrophobic
interior of the micelles is devoid of solvent molecules and chloride
ions. The distribution of water does not extend much at a distance of
ca. 10 A from COM. Penetration of chloride ions into the micelles is
less than that of water and, regardless of the size of the monomer's
head group, the density of the ions reaches a maximum value of ca.

g

¥
¥

400 ns

1000 ns

20 A. The fluidity of the hydrocarbon chain in the lipopeptide micelles
can be assessed by probability distribution function of various hydrocar-
bon beads with respect to the micelle COM (Fig. 2S, Supplementary
material). The width of the C4 distribution oscillating around 18 A in
each case is visibly broader than for the other beads. This wide-spread
distribution indicates that the terminal carbon atoms show the tenden-
cy to be turned toward the water/head group interface region rather
than to be pointed to the COM in a straight line. The overall probability
distributions of the beads from the head groups span the regions of 15 A,
18 A and 20 A for C;6-KK-NH, (I), C;6-KGK-NH, (II) and C;s-KKKK-
NH, (III), respectively. As seen, the addition of one residue to the
polar head extends the distribution by 2-3 A.

To evaluate the extent of torsional motion of the micelle, the angle
formed by the vector between C1 and C4 sites and between C1 and
the mass center of the micelle (C4-C1-COM) was examined (Fig. 3S,
Supplementary material). The angle distribution mode is asymmetric
and shifted toward the lower angle values. The nonzero angle values
support the suggestion that the fatty acid chains are not perfectly
aligned through the micelle COM. The fairly broad plateau observed in
the range of 21° to 45° for peptides I and III is slightly shifted toward
higher angle values for peptide II (24°-51°), indicating a somewhat
different arrangement of lipid tails in micelle's interior. Besides, the
average hydrophobic solvent accessible surface area (SASA) per
molecule estimated to be 226 A? for peptide II is lower by 8-13 A?

2000 ns

Fig. 8. Snapshots from the POPE:POPG binding simulations for C;¢~KK-NH; (I). Fatty acid tails are colored yellow, while lysines are colored cyan. Lipid tails are colored gray, while lipid

head groups are colored pink and purple for POPG and POPE, respectively.
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Fig. 9. 2D density map of the lipopeptides, POPG and POPE lipids in the upper leaflet of the membrane based on the last 100 ns of a total of 2 pis CG MD simulations. A grid spacing was setto 5 A.

from that for the remaining peptides (Table 2S, Supplementary material),
confirming a slightly different arrangement of the molecules relative to
each other.

3.6. Coarse-grained molecular dynamics: lipopeptides bind and insert into
the lipid bilayer

Coarse-grained molecular dynamics simulations were performed to
visualize the binding and insertion of the lipopeptides into the bacterial
membrane. In the first approach, the systems were built according to
the procedure proposed by Horn et al. [38]. A representative micelle of
each lipopeptide extracted in the first stage of the CG MD simulations
(vide supra) was positioned on one leaflet of the lipid bilayer composed
of POPE and POPG at a molar ratio of 1:3. For each lipopeptide, three
unique systems were created, which differ from each other with initial
distance between the micelle and the lipid bilayer. The systems were
neutralized, minimized and subjected to NPT molecular dynamics
simulations for 1 ps. However, despite many attempts, none of the
micelles have been inserted into the membrane during the simulations

as was reported for C;s-KGGk [38]. In each case, the micelle bound to
the surface of the membrane and remained intact to the end of the CG
MD simulations.

In the next step of our theoretical studies, other simulation systems
were built in such a way that 100 molecules of each lipopeptide were
randomly placed close to one leaflet of the 1:3 POPE:POPG lipid
bilayer. In this approach, during the first nanosecond of simulations
two concurrent processes were observed, i.e. association and incorpora-
tion of the monomers of the lipopeptides into the membrane and the
self-organization of the lipopeptides into micelles. In the further
stages of MD simulations, positively charged lipopeptide micelles
are attracted by a negatively charged membrane surface. However,
in the case of C;-KGK-NH, (II) and C;5-KKKK-NH, (III), not all
lipopeptide molecules clustered into aggregates were bound to one
membrane leaflet and due to the periodic boundary conditions
they were free to bind with the opposite leaflet of the lipid bilayer.
This is probably a consequence of significant crowding of the
lipopeptides in the initial state of simulations. Thus, to mimic the
physiological conditions, where all the lipopeptides bind to the
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Fig. 10. (A) Membrane curvature induced by C;s-KGK-NH, (II) after 1 ps and 2 ps of CG
MD simulations. Lipid head groups are colored pink and purple for POPG and POPE,
respectively. (B) 2D density map of the lipid head groups in the upper and inner leaflets
of the membrane based on the last 100 ns of a total of 2 us CG MD simulations. A grid spacing
was setto 1 A.

outer leaflet of the lipid bilayer, the lipopeptide molecules not
associated with the outer membrane surface were removed from
the systems before they had been able to bind to the inner leaflet of
the membrane. Afterwards, the systems were neutralized by addition
of sodium ions, minimized and subjected to further NTP simulations.
Consequently, the number of lipopeptide molecules in the systems
with lipid bilayer decreased to 97 and 87 for C;6-KGK-NH, (II) and
C16-KKKK-NH, (III), respectively.

In subsequent steps of the CG MD simulations, small surface-bound
aggregates of the lipopeptides either insert into the lipid bilayer and
upon complete insertion the lipopeptide molecules are gradually
dispersed or move toward each other and fuse to form larger micelles
still associated with the membrane surface. Fig. 8 displays snapshots
from the POPE:POPG binding simulations for C;¢-KK-NH; (I). The
snapshots from simulations for two remaining systems are shown in
Figs. 4S and 5S (Supplementary material). As seen, not all surface-
bound micelles were inserted into the lipid bilayer during the simulations.
Nevertheless, these micelles affect the membrane structure through a
distinct enrichment of POPG lipids at the binding site with membrane
surface resulting in some POPG-rich domains (Fig. 9) and by modulation
of the membrane curvature (Fig. 10).

4. Conclusion

In recent years, there has been an increased interest in application of
short cationic lipopeptides as a group of compounds with promising
antimicrobial properties. Previous studies have shown that conjugation
of aliphatic fatty acid with the N-terminus of peptides affects both their
antimicrobial potency and physicochemical properties [39]. Avrahami

and Shai [40] reported that the presence of a hydrocarbon chain
increases the hydrophobicity of the peptides and their self-assembling
capacity in solution, which translates into interactions with the biological
membrane of microorganisms.

In the current paper, we present the results of studies on three short
synthetic cationic lipopeptides modified with palmitic acid. All the
lipopeptides presented in this paper show surface-active properties
with clear CMC in the millimolar range (1.07-14.6 mM). An increase
of steric and electrostatic repulsion between polar head groups shifts
the CMC to higher values and reduces the aggregation number. It should
be emphasized that achieving critical micellar concentration is not
necessary for inducing antimicrobial activity and all the peptides
studied inhibited microbial growth at concentrations below that
required for micelle formation.

Previous theoretical studies on the mechanism of action of the short
cationic antimicrobial lipopeptide, C;5-KGGk, have shown that the
compound prefers to aggregate in solution and changes the inner
ordering of the lipid bilayer upon binding. In the fully inserted state,
the acyl chains are completely buried in the hydrophobic core of the
membrane, while the peptide fragment remains largely hydrated and
is in close contact with the head groups [38,41]. In our work, the binding
of the lipopeptides to anionic lipids has been found to be a process
consisting of a balance between electrostatic and hydrophobic interac-
tions. The substantial compensation of electrostatic and hydrophobic
interactions is clearly evident in the case of C;6-KKKK-NH, (III),
where no overall effects of binding to monovalent anionic lipids were
noticed on ITC thermograms and FTIR spectra. However, the presence
of the fatty acid chain enables penetration into zwitterionic vesicle,
which is reflected in the reduction of the main transition point of
the lipid and in increasing membrane fluidity. In the case of each
lipopeptide, the binding to zwitterionic vesicle is entropy-driven
and is too weak to be precisely quantified by the ITC method. Never-
theless, the interactions of the lipopeptides with pure zwitterionic
phospholipids provide a clear picture of the role of hydrophobic in-
teractions in lipopeptide-membrane binding process. In our opinion,
a unique interplay between the initial electrostatic and subsequent
hydrophobic interactions confers lipopeptides the ability to interact
with the lipid bilayer. The palmitic acid tail may penetrate into the
hydrophobic core of the membrane, whereas the basic Lys residues
contribute to membrane association through favorable electrostatic
interactions with anionic lipids. Both types of interactions provide
a sufficient energy to anchor the peptide into the membrane.
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