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We used Monte Carlo simulations and biophysical measurements to study the interaction of NKCS, a derivative
of the antimicrobial peptide NK-2, with a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
membrane. The simulations showed that NKCS adsorbed on the membrane surface and the dominant
conformation featured two amphipathic helices connected by a hinge region. We designed two mutants in the
hinge to investigate the interplay between helicity and membrane affinity. Simulations with a Leu-to-Pro
substitution showed that the helicity and membrane affinity of the mutant (NKCS-[LP]) decreased. Two Ala
residues were added to NKCS to produce a sequence that is compatible with a continuous amphipathic helix
structure (NKCS-[AA]), and the simulations showed that the mutant adsorbed on the membrane surface with
a particularly high affinity. The circular dichroism spectra of the three peptides also showed that NKCS-[LP]
is the least helical and NKCS-[AA] is the most. However, the activity of the peptides, determined in terms
of their antimicrobial potency and influence on the temperature of the transition of the lipid to hexagonal
phase, displayed a complex behavior: NKCS-[LP] was the least potent and had the smallest influence on the
transition temperature, and NKCS was the most potent and had the largest effect on the temperature.
Introduction
After half a century of almost complete control over microbial
infections, the past decade has brought a worldwide resurgence
of infectious diseases due to the evolution of antibiotic-resistant
strains at an alarming rate.1,2 As a potential class of novel
antimicrobial agents, animal-derived antimicrobial peptides
(AMP) have recently emerged.3-5 These peptides are fast and
lethal toward a broad spectrum of pathogens but are quite
harmless to eukaryotic cells. Some AMPs also possess anticancer and antiviral activity, as well as the capacity to
manipulate the innate immune response.3 The first generation
of antimicrobial peptides is already at the edge of application.4,6
However, the dose effective in vitro is very close to the toxic
dose in animal models, indicating that a concerted effort to
understand the interaction of antibacterial peptides with their
target membrane is of utmost importance.
The precise mechanism of action of antimicrobial peptides
and the molecular basis for their selective cytotoxicity are not
fully understood. Data suggest that, regardless of their origin
and the diversity in their primary and secondary structure, the
antimicrobial activity of the peptides is a result of direct
interactions with the phospholipids of the pathogens’ membrane
rather than association with a specific receptor. It is generally
believed that most antimicrobial peptides lyse their target cell
by the destabilization of the cytoplasmic membrane.3,7-10 The
selectivity of the cytolytic mechanism is assumed to stem from
inherent differences in the lipid composition of the target cells.10
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The NK-2 peptide, corresponding to residues 39-65 of the
NK-lysin protein, has been investigated extensively due to its
high antimicrobial11-13 and anticancer qualities14 as well as low
hemolytic activity.11 The peptide was found to reduce the
transition temperature of the lipid bilayer in a concentration
dependent manner by up to 10 °C.15 The replacement of cysteine
residue within the NK-2 sequence with a serine (C7S), resulted
in a peptide with an improved antibacterial activity referred to
as NKCS in the current study.16 Both peptides are randomly
coiled in water and adopt a helical structure upon interaction
with the lipid bilayer.11,16
Several approaches are used to investigate the interaction
between antibacterial peptides and lipid membranes. These
include biophysical studies using techniques such as differential scanning calorimetry (DSC),17 Fourier transform
infrared (FTIR) spectroscopy,18 circular dichroism (CD)
spectroscopy,19 scattering techniques (X-ray and neutron
scattering),17,20 NMR,21 and surface plasmon resonance
(SPR),22 as well as computational studies including molecular
dynamics simulations,23,24 continuum solvent models,25,26 and
Monte Carlo (MC) simulations.27-34 In this work we characterized the interactions between the cationic peptide NKCS and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
membranes. We employed small-angle X-ray scattering (SAXS)
and SPR along with measurements of the antibacterial and
hemolytic activity in cells. We used CD spectroscopy to estimate
the peptide’s helicity. In addition, we performed MC simulations
of NKCS and its derivatives in a POPE membrane.35-38
Phosphoethanolamine (PE) is a prominent example for the
capability of a lipid to create nonbilayer forms such as hexagonal
phases. Under suitable conditions even cubic structures are
formed.39,40 The local formation of nonbilayer structures is a
prerequisite for the fusion and division of cell membranes when,
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TABLE 1: Amino Acid Sequences of the Peptides

a

The changes are marked in bold fonts.

for very short periods of time, these structures are built in a
living system.41 The fraction of PE in the cytoplasmic membrane
varies between, e.g., 69% of the total phospholipid in Escherichia coli,42 10% in Bacillus subtilis,43 and 0% in Staphylococcus
aureus.44 Even though PE is not always the most abundant lipid
in bacterial membranes, it interacts strongly with cationic
peptides, leading to changes in the phase transition temperature.
Specifically, magainin45 and its analog MSI-7846 show a
significant increase in the lipid hexagonal phase transition
temperature, whereas gramicidin,47 alamethicin,48 and the wasp
venom peptide mastoparan49 reduce the temperature.
The central hypothesis of this paper is that simple structural
features, such as R-helicity and amphipathicity can be used to
interpret changes in the membrane affinity of NKCS. We design
two mutants, NKCS-[AA] and NKCS-[LP], to examine it, and
to correlate the membrane affinity and activity of the peptides.
We show that NKCS, NKCS-[AA], and NKCS-[LP] are, in
essence, random coils in the aqueous solution. Upon membrane
association, NKCS and NKCS-[AA] assume helical conformations, while the helical content of NKCS-[LP] stays low. This
is demonstrated both in the CD spectroscopy studies and in the
simulations. However, the assumption that the biological activity
of a peptide increases with its membrane affinity might not
always be true. For example, NKCS-[AA] and NKCS-[LP]
manifest similar activities despite significant changes in the
values of their calculated membrane-association free energies.
Theoretical Calculations
Monte Carlo simulations of the interaction of a peptide
molecule with POPE membranes were performed as described
previously.35-38 The peptide was described using a reduced
representation with each amino acid represented as two interaction sites, one corresponding to the R-carbon and the other to
the side chain. The initial conformations of the peptides were
modeled using the Nest program,50 based on the structure of
NK-lysin from the Protein Data Bank (entry 1NKL, model 1).
The lipid membrane was approximated as a hydrophobic profile,
corresponding to the hydrocarbon region of the membrane. The
model membrane included also surface charges, corresponding
to the polar headgroups, which interacted electrostatically with
the titratable residues of the peptide, depending on their
protonation state, using the Gouy-Chapman potential. A more
detailed computational protocol is available in the Supporting
Information.
Materials and Methods
Peptides. The peptide NKCS and its derivatives were
synthesized by Biosyntan (Berlin, Germany). All three peptides
carry a net charge of +10 (calculated by counting the Nterminus, lysine, histidine, and arginine as positive charges and
counting aspartate as a negative charge; the C-termini are
amidated). The sequences are shown in Table 1. The choice of
peptides is explicated in Discussion. The purity of 95% was
guaranteed by analytical RP-HPLC (Lichrospher 100 RP 18, 5
µm columns, Merck, Darmstadt, Germany) and MALDI-TOF
(Bruker Daltonik GmbH, Bremen, Germany) performed by the
company.
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Melittin was purchased from Sigma-Aldrich (Deisenhofen,
Germany). It was used to compare its known hemolytic activity
with that of the investigated peptides.51
The peptides were stored at -20 °C. Directly before use they
were dissolved in double distilled water to a final concentration
of 1 mM. Between the experiments the peptide solutions were
also stored at -20 °C.
Lipid. The phospholipid POPE was purchased from SigmaAldrich (Deisenhofen, Germany) and stored airtight in the
freezer at -20 °C.
Circular Dichroism (CD). CD data were acquired with a
JASCO CD spectrophotometer (JASCO, Gross-Umstadt, Germany) using quartz cuvettes with an optical path length of 0.1
cm. The CD was measured between 260 and 185 nm with a
0.5 nm step resolution and a 1 nm bandwidth. The counting
rate was 50 nm/min with 4 s response time. Each spectrum was
a sum of at least three scans to improve the signal/noise ratio.
The detergent, sodium dodecyl sulfate (SDS) (Fluka, St. Louis,
MO), which mimics some characteristics of biological membranes, was added to the cuvette with final concentrations of 1
and 10 mM in double distilled water before the peptides were
added. As references, the spectra of double distilled water and
SDS at the respective concentration were subtracted from the
measurements with peptides. All spectra were collected for a
concentration of 60 µM peptide in double distilled water. The
molar ratio of peptide to SDS was 1:17 (for 1 mM SDS) and
1:167 (10 mM SDS).
Surface Plasmon Resonance (SPR). Surface plasmon resonance phenomenon allows performing the real-time measurements of the adhesion of molecules to the biomimetic surfaces.
The SPR detector detects the changes in optical properties at
the sensor surface coated with the ligand due to the adsorption
and desorption of the solute.52
The SPR apparatus BIAcore X (GE Healthcare, Freiburg,
Germany) was equipped with an internal injection system (500
µL Hamilton syringe). The running buffer was a 10 mM sodium
phosphate buffer (pH 7.4), and the flow rate was 5 µL/min for
all experiments. We used the BIAcore L1 chip, which was
composed of a thin dextran matrix modified by lipophilic
compounds on a gold surface where the lipid vesicles could be
captured.53 All solutions were freshly prepared, degassed, and
filtered through 0.22 µm pores. The experiments were done at
the room temperature (RT). After the system was cleaned
according to the manufacturer’s instructions, the BIAcore X
apparatus was left running overnight using Milli-Q water as
eluent to thoroughly wash all liquid-handling parts of the
instrument. The L1 chip was then installed, and the surface was
cleaned by an injection of the nonionic detergent N-octyl β-Dglucopyranoside (50 µL, 40 mM).
The phospholipid POPE was dissolved in a methanol/
chloroform (Merck, Darmstadt, Germany) (1/2, v/v) solution.
The solvent was slowly removed by a constant stream of
nitrogen. The resulting lipid film was dried in a vacuum oven
at 40 °C overnight. Just before the experiments, the lipid films
were hydrated in buffer. To form multilamellar vesicles of
POPE, sodium phosphate buffer (Merck, Darmstadt, Germany)
was added at the room temperature to the lipid films and a small
amount of glass beads was put into the vials. After vortexing
for 1 min, the solution was incubated for 2 h at 28 °C, while
every 30 min the sample was vortexed. Then the solution was
cooled to RT and POPE vesicles (100 µL, 1 mM) were applied
to the chip surface. To remove artifacts, NaOH (5 µL, 10 mM)
was injected, which resulted in a stable baseline corresponding
to the lipid bilayer linked to the chip surface. The thickness of
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TABLE 2: Average Binding Free Energy and Fraction of All, “Inner” and “Outer” Conformations of NKCS, NKCS-[LP], and
NKCS-[AA] Predicted by the MC Simulationsa
peptide
NKCS
NKCS-[LP]
NKCS-[AA]

conformations

calculated membrane-association
energy (kT)

fraction (%)

inner
outer
all
inner
outer
all
inner
outer
all

-21.6 ( 1.8
-6.5 ( 0.7
-20.5 ( 1.9
-17.3 ( 1.6
-10.9 ( 1.0
-16.0 ( 1.0
-34.3 ( 0.4
38.9 ( 19.0
-34.3 ( 0.4

85 ( 3
15 ( 3
100
64 ( 2
36 ( 2
100
99.8 ( 0.2
0.2 ( 0.2
100

measured membrane-association
energy (kT)

-18.5 ( 1.1 (n ) 6)
-16.1 ( 0.3 (n ) 5)
-25.7 ( 0.3 (n ) 5)

a

For comparison, the average binding energies of the peptides to POPE measured using SPR are presented in the last column. The number
of experiments, n, is indicated in parentheses. All values are shown as average ( standard deviation.

the bilayer was calculated by assuming that 1000 RU (response
units) correspond to 1 nm layer thickness.54 This bilayer was
subsequently used as a model membrane surface to study the
peptide-membrane interactions. For all peptides, 50 µL of a 1
µM solution was injected while the adsorption and desorption
of the peptide was observed until it resulted in a stable signal.
Finally, NaOH was injected to wash all unbound compounds
away. All measurements were performed in triplicates.
Small Angle X-ray Scattering (SAXS). The POPE vesicles
were prepared as described above with a final concentration of
25 mg/mL. After 30 min at room temperature, mixing with the
appropriate peptide solution followed. The measurements were
performed at the A2 beamline at HASYLAB, DESY. It ran with
a wavelength λ ) 0.15 nm and covered a scattering vector s )
1/d ) (2 sin θ)/λ (2θ ) scattering angle, d ) lattice spacing)
from 1 × 10-2 to 0.5 nm-1. The calibration for the SAXS pattern
was done by measuring rat tail tendon (repeat distance 65 nm,
standard at beamline A2) in addition to silver behenate
([CH3(CH2)2OCOO-Ag], repeat distance 5.838 nm, made
available at beamline A2). The samples were measured in a
temperature-controlled sample holder, where the temperature
was varied with an increase of 2 °C/min and the data were
collected for 10 s per measurement.
The data were normalized with respect to the primary beam
and the background (buffer measurement). The positions of the
diffraction peaks were determined using the OTOKO software.55
The repeat distances were calculated from the peak positions
based on the rat tail tendon and silver behenate calibration.
Antibacterial Assay. The Escherichia coli strain K12 (ATCC
23716), the Staphylococcus carnosus strain (ATCC 51365), and
the Bacillus subtilis strain (ATCC 6051) (all bacteria were
obtained from DSMZ, Braunschweig, Germany) were cultivated
in the respective medium at 37 °C with shaking at 160 rpm to
reach the log-phase. The peptides were 2-fold serial diluted and
10 µL of the log-phase bacteria suspension containing 100
colony forming units (CFU) was added to 90 µL of the peptide
solution to measure the antibacterial activity by a microdilution
susceptibility test. The density of the bacteria suspension was
measured photometrically at 620 nm wavelength with a microplate reader (Tecan, Crailsheim, Germany). Values of the
minimal inhibitory concentration (MIC) were defined as the
concentration of the highest dilution of the peptides at which
the bacteria growth was completely suppressed.
Hemolysis. To measure the hemolytic activity of the peptides,
fresh (maximum storage time was 2 days) human blood (group
0 rhesus positive), was centrifuged for 3 min at 2000 rpm. The
supernatant was discarded and the pellet washed with phosphate
buffered saline (PBS) three times. The erythrocytes pellet was
subsequently diluted with MES buffer (20 mM morpholinoet-

hanesulfonic acid, 140 mM NaCL, pH 5.5 (Merck, Darmstadt,
Germany)) until 20 µL of this suspension added to 980 µL of
double distilled water gave the absorbance 1.4 at the wavelength
of 412 nm, which equaled 5 × 108 cells/mL. The peptides were
diluted in MES buffer to the desired concentrations before 20
µL of the erythrocyte suspension was added to 80 µL of peptide
solution. As the control, 20 µL of erythrocyte suspension was
mixed with 80 µL of double distilled water, expecting 100%
lysis of the erythrocytes. The negative control was made by
mixing 20 µL of erythrocyte suspension and 80 µL of MES
buffer. After all samples were carefully mixed, the suspensions
were incubated for 30 min at 37 °C. Directly after incubation
the samples were stored on ice and MES buffer (900 µL) was
added. All suspensions were centrifuged for 10 min at 2000
rpm to separate intact erythrocytes. Finally, the absorbance was
measured with a spectrometer (Tecan, Crailsheim, Germany)
at 412 nm wavelength.
Simulation Results
We conducted preliminary MC simulations of NKCS in the
aqueous phase and within a POPE membrane and analyzed the
structural and free energy determinants of the membrane
association. The peptide adsorbed on the membrane surface with
an association free energy of -20.5 kT (Table 2). A close look
at the predicted conformations of the peptide showed a mixture
of two main groups (Figure 1A). In the first (Figure 1A), which
we called “the inner group of conformations”, the peptide was
partially dissolved in the membrane. The nonpolar residues were
immersed in the hydrophobic region of the membrane, whereas
the polar and charged residues were located in water, in close
proximity to the membrane surface charge. Most of the
conformations were helical with a distortion (hinge) in residues
Thr-13 and Phe-14 (Figure 1B). In the second, outer, group of
NKCS conformations, the peptide was randomly coiled and
located, in essence, outside the membrane. This group of
conformations resembled in its low helix content the conformations that were observed in the aqueous phase. The lysine and
arginine residues pointed toward the slightly negatively charged
membrane surface, whereas the nonpolar residues of the peptide
faced the aqueous phase and did not interact with the membrane.
The free energy of membrane-association of the NKCS
“inner” conformations was significantly lower (i.e., more
favorable) than that of the “outer” ones (Table 2). Free energy
decomposition suggested that the difference is mainly due to
desolvation of the nonpolar residues (Supporting Information
Table S1). These were embedded in the membrane in the inner
conformations and interacted favorably with the hydrocarbon
region whereas in the outer conformations they faced the solvent.

Peptide-Membrane Interactions

Figure 1. Location of the inner and outer conformations of (A) NKCS,
(C) NKCS-[AA], and (E) NKCS-[LP] near the membrane. The average
distance of the R-carbon atoms from the membrane midplane in the
MC simulations is shown for each residue. The horizontal dotted line
marks the location of the lipids polar heads. The calculated helical
content of (B) NKCS, (D) NKCS-[AA], and (F) NKCS-[LP] in the
aqueous phase and near the membrane. Inner, outer, and water
conformations are represented with different curves, as indicated. The
helical content of the outer group of NKCS-[AA] is not shown since
there were only 6 conformations (out of 3600). In all cases the helical
content of the water conformations was the lowest and that of the inner
conformations highest.

Additionally, the membrane-induced helix formation, as well
as close electrostatic interactions between positively charged
residues and the negatively charged membrane surface, made
the “inner” group of conformations more favorable (Supporting
Information Table S1).
On the basis of the preliminary simulations, we hypothesized
that the membrane affinity depends on the compatibility of
NKCS’s sequence with an amphipathic helix structure and
designed two peptides to examine this possibility (Table 1). In
the first (NKCS-[AA]) we added two consecutive Ala residues
into the hinge region of NKCS. With this, the polypeptide
sequence becomes compatible with an amphipathic helix
structure (Figure 2B) and the anticipation was that its membrane
affinity would increase. Indeed, the simulations showed that the
vast majority of the conformations, above 99% of total (Table
2), were embedded in the membrane with nonpolar residues
within the hydrophobic core and the polar residues in the
aqueous phase (Figure 1C). The helical content of these
conformations was much higher than that of the original peptide
and the only distortions were in the termini (Figure 1D).
Reassuringly, the membrane affinity of NKCS-[AA] was much
stronger than that of the original peptide (Table 2), as we hoped.
As a negative control experiment, we also designed a second
variant (NKCS-[LP]) in which Leu-15 was replaced with a Pro.
The idea was to interfere further with the helical structure of
the peptide, thereby reducing its membrane affinity. Indeed, the
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Figure 2. Compatibility of the peptide sequence with an amphipathic
helical structure. The peptide is represented as ribbons colored according
to the hydrophobicity scale in the bar. (A) Representative structure of
NKCS in an “inner” conformation, obtained from the MC simulations
in the membrane. The view is from the membrane surface upward,
and the structure features two short amphipathic helices, connected by
a hinge. (B) NKCS-[AA], constructed as a canonical R-helix. In contrast
to NKCS, the sequence of NKCS-[AA] is consistent with the amphipathic helix structure. This is indeed the predominant conformation of
the peptide in association with the membrane. The view is from the
membrane plan upward, as in “A”. (C) NKCS in a (hypothetical)
canonical R-helix conformation. It is evident from the picture that the
hydrophobic and polar/charged amino acids are spread in all directions
and the conformation is not amphipathic. That is, NKCS’s amino acid
sequence is not compatible with an amphipathic helix structure.

NKCS-[LP] peptide associated with the membrane with less
negative free energy than the original peptide NKCS (Table
2). Also here it was possible to distinguish between two groups
of conformations. The outer group resembled that of NKCS in
orientation and helical content. In both, the N-terminus up to
Thr-13 was on average adsorbed on the surface of the membrane
(Figure 1A,E) with quite high helical content (Figure 1B,F).
The C-terminal region of NKCS-[LP], however, was located
in the aqueous phase, and somewhat distorted, by design, due
to the presence of Pro-15. Besides disruption of the R-helix,
Pro-15 lowered the kink’s flexibility, making the amphipathic
arrangement of the peptide even less plausible than that of the
original peptide.
To summarize, the conformations of the three peptides
investigated in the simulations could be divided into two groups.
The inner conformations were helical to various degrees, and
amphipathic, with nonpolar residues facing the membrane. The
outer conformations were much less helical and the interaction
of the peptide with the membrane was maintained only by the
Coulombic attraction between the positively charged Arg and
Lys residues of the peptide with the membrane surface charge.
According to the simulations, the membrane affinity of the
peptide depended on the compatibility of its sequence with the
amphipathic helix structure, in agreement with our hypothesis.
Next we describe experiments that characterize the helicity of
the three peptides and examine their membrane affinity and
activity.
Experimental Results
CD Spectroscopy. To characterize the structure of NKCS,
NKCS-[LP], and NKCS-[AA], we carried out CD experiments
in the presence and absence of SDS. According to our results,
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Figure 4. SPR measurements of the (A) NKCS, (B) NKCS-[LP], and
(C) NKCS-[AA] peptides. Injections of POPE, NaOH, and peptides
are indicated. The frame highlights the time range of the peptide-membrane
interaction of NKCS with POPE. The onset was normalized to zero
for NKCS-[LP] and NKCS-[AA]. The asterisks mark the end of the
peptide injection and the beginning of peptide desorption. RU )
response units.
Figure 3. (A) CD measurements of NKCS and its derivatives in double
distilled water. Negative bands in the region 198-200 nm and positive
bands in the range 216-218 nm indicate disordered peptide structures.
CD measurements of NKCS and its derivatives mixed with 1 mM (B)
and 10 mM (C) SDS. The low concentration of detergent induced the
adoption of ordered structures. At 10 mM SDS, NKCS and NKCS[AA] clearly fold into R-helices (positive bands at 190-192 nm,
negative bands at 208 and 222 nm). NKCS-[LP] is a mixture of β-sheet
and random coils.

the three peptides were randomly coiled in water (Figure 3A).
After the addition of the negatively charged SDS detergent, the
adoption of a secondary structure was visible. Below the critical
micelle concentration (CMC) of SDS, which is 8 mM, the
peptides showed a preference toward the R-helical conformation
(Figure 3B). The strong signal of NKCS-[AA] indicated a higher
helical content in comparison with the two other peptides. At
an SDS concentration above the CMC (10 mM), the helicity of
NKCS and NKCS-[AA] increased (Figure 3C), but NKCS-[LP]
seemed to adopt a mixture of random coils and β structures.
SPR. The interaction between the peptides and the lipid
bilayer was investigated using the SPR method. The successful
coating of the BIACore L1 chip by POPE was documented by
the increase in the response units from 18200 to 24000 after
rinsing with NaOH to wash away the unbound lipids (Figure
4A). The increase corresponded to a layer of thickness of 58
Å, similar to the thickness of a hydrated membrane obtained
on the basis of SAXS measurements.
After injection of NKCS, a strong adsorption of the peptide
was visible followed by a very slow desorption (Figure 4A).
Such a behavior suggested a strong interaction between the
peptide and POPE bilayers. The thickness of the peptide layer
was estimated as 14 Å, corresponding to the diameter of an
R-helix.56,57 A different picture was observed after injection of

NKCS-[LP] (Figure 4B). The peptide also adsorbed quickly.
However, its desorption was very fast, which is indicative of a
weaker affinity to the membrane than NKCS. The measurement
allowed to estimate the peptide layer thickness as 29 Å.
The interaction of NKCS-[AA] with the POPE bilayer was
more complicated (Figure 4C). After the injection of the peptide,
its adsorption was very fast and strong but turned into a short
desorption after 100 s. After an additional 80 s, a peptide
adsorption occurred again. When the injection ended a slow
desorption was observed. From the reference units (RU) one
could approximate a peptide layer thickness of 12 Å, which
corresponds to a single peptide layer. However, it should be
stated that the determination of layer thickness from RU is a
very difficult task and the reported values should be taken only
as approximations.
For comparison, we determined the peptides’ membrane
affinity from the SPR sensograms, following previous studies.22,58
The obtained values were similar to the computationally
predicted ones, i.e., -18.5kT, -16.1kT, and -25.7kT for NKCS,
NKCS-[LP], and NKCS-[AA], respectively (Table 2).
SAXS Measurements. SAXS measurements were performed
to investigate the influence of the peptides on the repeat distance
(sum of lipid bilayer thickness and water layer between two
lipid bilayers) and the inverse hexagonal phase transitions of
POPE. All peptides changed the inverse hexagonal phase
transition temperature of POPE liposomes (Supporting Information Figure S1 and Table 3) whereas the repeat distance, which
was determined to be 55 ( 9 Å at 37 °C for POPE, remained
the same within the error for all experiments (data not shown).
All tested peptides shifted the transition temperature to higher
values in a concentration dependent manner (Table 3). There
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TABLE 3: Increase of the Inverse Hexagonal Phase
Transition Temperature of a POPE Vesicles upon
Interaction with NKCS Derivatives, Expressed as ∆T (°C)a
molar ratio [lipid/peptide]

NKCS

NKCS-[AA]

NKCS-[LP]

1000:1
300:1
100:1

4
10

3
5
9

4
5
6

a
The aggregation of the sample POPE + NKCS in the molar
ratio of 100:1 was so strong that the transfer into the measurement
capillary was not possible.

TABLE 4: Antibacterial Activity of NKCS, NKCS-[AA],
and NKCS-[LP] against E. coli, S. carnosus, and B. subtilis
Determined as MIC (Minimal Inhibitory Concentration,
µM)
peptide

E. coli

S. carnosus

B. subtilis

NKCS
NKCS-[AA]
NKCS-[LP]
melittin

0.63
1.25
2.5
2.5

2.5
2.5
5
0.63

1.25
2.5
5
0.63

was no effect on the pretransition between the gel and liquid
crystalline phase for any of the peptides (data not shown).
Antibacterial and Hemolytic Activity. The three peptides
NKCS, NKCS-[LP], and NKCS-[AA] and melittin (as a control)
were tested against one Gram-negative and two Gram-positive
bacteria strains and human erythrocytes. NKCS and its derivatives exhibited a good antibacterial activity against both types
of bacteria, though they were slightly more active against the
Gram-negative E. coli (Table 4). NKCS-[LP] showed an activity
similar to that of melittin against E. coli, while NKCS and
NKCS-[AA] were more potent. For the Gram-positive strains
the minimal inhibitory concentration (MIC) of the three NKCSbased peptides was higher than the MIC of melittin. The peptides
showed low hemolytic activity in comparison to melittin. At
the very high concentration of 100 µM, the NKCS-[LP] and
NKCS-[AA] derivatives caused lysis of 44.5% and 36.9% of
red blood cells, respectively. The hemolytic activity of NKCS
reached only 19.6% (Supporting Information Figure S2).
Discussion
In the present study we designed two cationic peptides based
on NKCS, the 27-amino-acid fragment encompassing the
membrane-active core region of NK-lysin. Their antibacterial
and hemolytic activities, secondary structure, and interactions
with model POPE membranes were investigated. The experiments were inspired by MC simulations.
Despite the overall good agreement between calculations and
experiments in this study, it should be noted that our computational model has inherent limitations owing to its simplification
of the complexity of the peptide-membrane interaction. First,
the model treats the interaction of a single peptide molecule
with the lipid bilayer and is not suitable (in its current form)
for the study of peptide concentration effects, which are key to
the understanding of antimicrobial peptide’s membranolysis.
Thus, the simulations are suitable only for results obtained at
low peptide concentration. Second, the model membrane is
planar (although free to change its width). Thus, membrane
curvature effects, which are anticipated in the presence of POPE
lipids, cannot be simulated. Third, both the peptide and
membrane are described using a reduced representation, providing a procedure that is computationally feasible. However, it
does not allow studies of specific peptide-lipid interactions in
atomic details. Hydrogen bonds and salt bridges between the

peptide and lipid, as well as the exact stereochemistry of the
interaction, are not taken into account explicitly.
According to previous studies,16 our CD measurements, and
the MC simulations, NKCS was mostly unstructured in water
but adopted an R-helical conformation in the membrane-mimetic
environment. Moreover, the simulations of the peptide in POPE
membranes showed a helix disruption at residues Thr-13 and
Leu-14. The origin of this break in the helicity becomes clear
when the peptide was presented as a canonical R-helix (Figure
2C). Two distinct hydrophobic faces, of the N- and C-termini,
are oriented in different directions; i.e., the hydrophobic
moments of the termini do not point in the same direction. Upon
membrane interaction, this would not be a favorable conformation. However, the analysis of the computationally predicted
inner conformations revealed that the kink in the middle allowed
a deviation from a regular R-helix to a conformation with an
improved amphipathic organization of the peptide. The kink
enabled the helices in the N- and C-termini to align their
hydrophobic moments so that the hydrophobic regions of both
were oriented toward the membrane (Figure 2A).
The replacement of Leu-15 with Pro in NKCS-[LP] was
assumed to perturb the R-helix even further, and both the CD
measurements and the simulations supported this notion. NKCS[LP] was found to be significantly less helical than NKCS, which
can explain the reduced membrane affinity of this peptide in
comparison to NKCS (Table 2). The weaker helicity of NKCS[LP] can be correlated with the lower impact on the inverse
hexagonal phase transition of POPE. Moreover, the SPR
experiment showed a peptide layer of 29 Å, which is larger
than the diameter of an R-helix.56,57 This result can be correlated
with the MC simulations that showed that while NKCS-[LP]’s
N-terminus was embedded in the membrane, the C-terminus
fluctuated above the surface (Figure 1E), resulting in an apparent
thicker peptide layer.
The addition of two Ala residues into the sequence of NKCS
was surmised to increase the R-helicity and improve the
amphipathicity of the peptide, creating a single uninterrupted
hydrophobic face (NKCS-[AA]; Figure 2B). The SPR experiments showed an association of NKCS-[AA] with the POPE
membrane. The measured peptide layer thickness of 12 Å
corresponds, approximately, to the average diameter of an
R-helix, in agreement with the MC simulations. The computed
and measured membrane-association free energy of NKCS-[AA]
was much more negative (favorable) than that of NKCS (Table
2). Thus, we expected NKCS-[AA] to interfere more strongly
with the membrane structure and to be more active against
bacteria. However, the SAXS studies at various lipid-peptide
ratios revealed consistently that the impact of NKCS-[AA] on
the POPE bilayer structure was weaker than that of NKCS. The
results also showed that NKCS-[AA] was slightly less active
against bacteria than NKCS.
The three peptides shifted the temperature of inverse hexagonal phase transition to higher values. Observations of the
peptide-induced lipids phase behavior can give an indication
about membrane disruption. A temperature reduction suggests
the generation of a negative membrane curvature whereas a high
transition temperature indicates stiffening of the membrane and
the induction of a positive curvature. The POPE lipid promotes
spontaneous negative curvature,59 and the adsorption of NKCS
and its derivatives balanced this tendency and stabilized the
bilayer. When the threshold concentration of the peptide was
reached, a strong perturbation of the membrane occurred, leading
eventually to lysis.17,60
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This study was performed to examine the hypothesis that
R-helicity and amphipathicity are the major structural features
determining the membrane affinity of cationic antimicrobial
peptides. We designed two peptides, based on the primary
structure of NKCS. By exchanging (NKCS-[LP]) or inserting
amino acids (NKCS-[AA]), we altered the R-helical content and
amphipathicity of the peptide. Our CD and SPR measurements
were in keeping with the Monte Carlo simulations regarding
the secondary structure and membrane affinity of the peptides.
Moreover, NKCS-[LP] showed a decreased antimicrobial activity and weak influence on POPE’s hexagonal phase transition
temperature, in comparison to NKCS, which correlated well with
its lower (calculated and measured) membrane affinity. In
contrast, the increase in the membrane affinity of the NKCS[AA] peptide in comparison to that of NKCS did not result in
increased membrane-lytic potency. Quite the contrary, the
peptide was slightly less active than the original NKCS (Tables
3 and 4).
Antimicrobial and membranolytic activity correlate with
membrane affinity; the affinity must be high enough for the
peptide to associate with the membrane. Indeed, NKCS-[LP],
which showed a reduced membrane affinity in comparison to
NKCS also exhibited a reduced activity. However, NKCS-[AA]
demonstrated approximately the same activity as NKCS in spite
of its increased membrane affinity, implying that activity
depends also on other factors. Perhaps the membrane adsorption
of a kinked peptide, such as NKCS, can cause more significant
membrane disruption than a perfect R-helix, such as NKCS[AA]. In this respect, it is noteworthy that a cyclic analog of
melittin (which retained the overall helical structure) showed
reduced membrane affinity but increased activity.61
Conclusions
Overall, the present study demonstrates how the interplay
between simulations and experiments can be combined to
provide a molecular picture of the membrane interaction of
NKCS. The next challenge is to understand the mechanism of
membrane lysis. For that, it is necessary to replace the crude
representation of the membrane that was used here by a
molecular (perhaps even atomistic) model.
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