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The K4 peptide (KKKKPLFGLFFGLF) was recently demonstrated to display good antimicrobial activities
against various bacterial strains and thus represents a candidate for the treatment of multiple-drug resistant
infections. In this study, we use various techniques to study K4 behaviour in different media: water, solutions
of detergent micelles, phospholipid monolayers and suspension of phospholipid vesicles. First, self-assembly
of the peptide in water is observed, leading to the formation of spherical objects around 10 nm in diameter.
The addition of micelles induces partial peptide folding to an extent depending on the charge of the detergent
headgroups. The NMR structure of the peptide in the presence of SDS displays a helical character of the
hydrophobic moiety, whereas only partial folding is observed in DPC micelles. This peptide is able to
destabilize the organization of monolayer membranes or bilayer liposomes composed of anionic lipids. When
added on small unilamellar vesicles it generates larger objects attributed to mixed lipid–peptide vesicles and
aggregated vesicles. The absence of calcein leakage from liposomes, when adding K4, underlines the original
mechanism of this linear amphipathic peptide. Our results emphasize the importance of the electrostatic
effect for K4 folding and lipid destabilization leading to the microorganisms' death with a high selectivity for
the eukaryotic cells at the MIC. Interestingly, the micrographs obtained by electronic microscopy after
addition of peptide on bacteria are also consistent with the formation of mixed lipid–peptide objects. Overall,
this work supports a detergent-like mechanism for the antimicrobial activity of this peptide.
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1. Introduction

Antimicrobial peptides (AMPs) are essential components of the
host innate defence of wide array of organisms and show potential as
new therapeutic agents against multi-resistant bacterial pathogens
[1–5]. Databases report over 1000 sequences for natural AMPs (http://
www.bbcm.univ.trieste.it or http://aps.unmc.edu/AP/main.php),
while several thousand other sequences have been designed de
novo and produced synthetically to enhance biological activities and
bioavailability [6]. Although they differ widely in terms of sequence,
AMPs usually consists of 12–50 residues, of which around 50% are
hydrophobic and several cationic (to target negatively charged
bacterial surfaces), having the potential to adopt an amphipathic
secondary structure when bound to cell membranes. Many AMPs kill
bacteria by permeabilization of the cytoplasmic membrane whereas
others penetrate into the cell and target additional anionic intracy-
toplasmic constituents (e.g., DNA, RNA, proteins, or cell wall
components) [7]. These modes of action require an interaction with
the phospholipids within the cell membrane. The precise nature of
AMP–membrane interactions remains controversial and actively
debated. Numerous mechanisms have been proposed, including the
barrel-stave pore [6], toroidal pore [8], aggregate [9], carpet-like [6]
and detergent-like [10] models. All these models imply a first step
corresponding to the interaction with the phospholipids of the
membrane. This process has been shown to involve a highly dynamic
association–dissociation mechanism for various peptides [11,12]
inducing conformation changes of the bound peptides and possible
self-association.

In a recent study, we described a particularly attractive de novo
AMP that we called peptide K4 [13,14]. This 14 amino-acids peptide
(KKKKPLFGLFFGLF) possesses a cationic polar head composed of four
lysine residues and a lipophilic tail composed of ten hydrophobic
residues. This linearly amphiphilic AMP exhibits a broad spectrum of
antimicrobial activity on both Gram-positive and Gram-negative
bacteria without hemolytic activity or cytotoxicity on eukaryotic cells
at low minimum inhibitory concentration (MIC) levels. Moreover, we
obtained images by scanning electron microscopy indicating that K4
kills bacteria by disrupting their cell membrane. We observed the
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presence of numerous spherical elements in the medium with a
diameter ranging from 0.2 μm to 0.7 μm. We proposed that these
spheres correspond to microsomes composed of lipids from bacterial
membranes after cell lyses by K4.

To test this hypothesis and get a better understanding of how this
peptide destroys the pathogen agents, K4 was studied in various
media, using different techniques: circular dichroism (CD), turbidity
measurements, fluorescence spectroscopy, transmission electron
microscopy (TEM), atomic force microscopy (AFM) and NMR. In
water solution, K4 exhibits self-assembly at high concentration,
producing nanostructures that could be observed on TEM. The critical
aggregation concentration (cac) of K4 was determined by pulsed-field
gradient spin-echo NMR (PGSE-NMR). Then, we used SDS detergent,
phospholipid monolayers and phospholipid liposomes to study K4
behaviour in membrane-mimetic media. The peptide folding, when
added to either detergent or liposomes, was followed by CD. NMRwas
used to determine the solution structure of K4 in the presence of SDS
micelles. From NMR data as well as from turbidity measurements and
calcein leakage experiments, we obtain evidence that, in the presence
of K4, the anionic SUVs self-aggregate without disruption until they
precipitate at high peptide/lipid ratio. Using anionic films, AFM
images revealed fast adsorption of K4 in the monolayer leading to its
destabilization.

We propose that K4 may act as a surfactant in building mixed
microsomes composed of peptides and lipids. This destabilization
mechanism of the bacterial membrane supports the “detergent-like
model” previously described [10].
2. Materials and methods

2.1. Sample preparation

The K4 peptide was synthesized as described elsewhere [14].
Sodium-dodecyl-sulfate (SDS) and dodecyl-phosphocholine (DPC)
were purchased from Sigma Aldrich. For NMR experiments, deuter-
ated SDS-d25 (Euriso-top) was used. The phospholipid small
unilamellar vesicles (SUVs) were prepared by sonication of a multi-
lamellar vesicle (MLV) solution, as previously described [15]. TheMLV
solution was obtained by evaporation of phospholipids in chloroform
and then rehydrating the film of lipids thus obtained with water. The
neutral SUVs contain 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) whereas anionic SUVs were prepared using DOPC and 1,2-
dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS) (Avanti Polar
Lipids). The large unilamellar vesicles (LUVs) used in turbidity
measurements and calcein leakage experiments were obtained by
extrusion through 1 μm and 80 nm pore membranes, respectively
(Avanti Polar lipids).
2.2. Circular dichroism

Circular dichroism (CD) experiments were carried out using a
JASCO J-815 spectropolarimeter (Easton, USA) equippedwith a Peltier
device for temperature control. The spectra were obtained in water
using a 2 mm path length CD cuvette, at 20 °C, over a wavelength
range of 195–260 nm. Continuous scanning mode was used, with a
response of 0.5 s with 0.1 nm steps, a bandwidth of 1 nm, and a scan
speed of 50 nm per min. The signal to noise ratio was improved by
acquiring each spectrum over an average of two to twenty scans
depending on the K4 concentration. Spectra were recorded at pH 5, at
several peptide concentrations in different environments: water, SDS
solution, SUVs of DOPC and SUVs of DOPC:DOPS 2:1 solutions. Finally,
each peptide spectrum was corrected by subtracting the background
(either water, SDS, DPC or liposome spectrum) from the sample
spectrum.
2.3. Transmission electron microscopy

The sample of 10 mM K4 peptide was deposited on Formvar
coated grids, negatively stained with uranyl acetate and observed
with a Jeol (JSM 1011) transmission electron microscope equipped
with a megaview III camera (SIS) at the Microscopy Centre of the
University of Caen (CMABio).

2.4. Turbidity measurement

The absorbance of phospholipid vesicle suspensions upon addi-
tions of K4 was measured at 350 nm on a Jasco V-650 spectropho-
tometer. SUVs were used as well as 1 μm diameter LUVs with total
lipid concentration from 0.1 to 2.4 mM. The influence of anionic polar
lipid headgroups on the interaction with K4 was studied using SUVs
composed of different DOPC:DOPS ratios. In all experiments water
was used as reference.

2.5. Calcein leakage experiments

Calcein was encapsulated into DOPC:DOPS 2:1 liposomes by
dissolving a 125 mM MLV preparation in a 20 mM TRIS–HCl buffer
(pH 7.5) containing 4 mM calcein (Sigma Aldrich) to a final lipid
concentration of 10 mM. Liposomes were obtained by extrusion 30
times through 80 nm pore membranes. Untrapped calcein molecules
were then removed by size-exclusion chromatography using a
Sephadex G75 column with TRIS–HCl 20 mM as elution buffer.
Fluorescence measurements were carried out on a SPEX 112
spectrofluorometer (Jobin-Yvon) at 20 °C. Excitation wavelength
was set to 495 nm and emission spectra were recorded from 500 to
600 nm, exhibiting a maximum intensity at 515 nm. The emission
fluorescence spectrum of the calcein-loaded vesicles was first
recorded as a baseline. We used a 0.3 mM liposome preparation,
which provides a convenient fluorescence intensity level. Total
amount of calcein release was determined by adding 1.5 mM Triton
X-100 to this solution, dissolving the lipid membrane without
interfering with the fluorescence signal. Several additions of K4
peptide were carried out on 0.3 mM liposome preparations. Each
experiment was three times reproduced.

2.6. Atomic force microscopy

A monolayer experimental system was used to experimentally
observe the assembly behaviour of K4 peptide with lipid, and the
transferred film was observed by AFM to investigate its structure on
the air/water or lipid/water interface [16,17]. AFM imaging of
Langmuir–Blodgett films (LB films) was performed in contact mode
using a Pico-plus atomic force microscope (Agilent Technologies,
Phoenix, AZ) under ambient conditions with a scanner of 10×10 μm2.
Topographic images were acquired in constant force mode using
silicon nitride tips on integral cantilevers with a nominal spring
constant of 0.06 N/m. Samples for imaging were obtained using the
Langmuir–Blodgett technique from Langmuir films.

2.6.1. Peptide on air/water interface
K4 solution was spread onto the interface, using a high-precision

Hamilton microsyringe. The variation of surface pressure was
measured using a Wilhelmy plate. After stabilization, the surface
pressure was around 12 mN/m. The Langmuir film was transferred on
freshly cleaved mica plates at constant surface pressure by raising
(2 mm/min) the mica vertically through the air/water interface.

2.6.2. Peptide on lipid/water interface
A computer controlled system of user-programmable Langmuir

troughs (Nima Technology, Cambridge, UK), equipped with two
movable barriers, was used for the surface pressure measurements.
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Lipidmixture of 1,2-palmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1,2-palmitoyl-sn-glycero-3-phosphoglycerol (DPPG) (1:1 in
chloroform/methanol) was gently deposited at the air/water inter-
face of mQ water subphase. These saturated lipids were chosen
because the DOPC:DOPS monolayer was unstable on the air/water
interface. After 10 min to allow for evaporation of the solvent, lipid
films of DPPC–DPPG lipid mixture were compressed by moving
barriers at a rate of 8 cm2/min and then equilibrated at the desired
surface pressure of 29 mN/m. After stabilization, the K4 peptide was
injected into the subphase using a microsyringe. The final concen-
tration of the peptide in the trough was 60 μM. The surface pressure
recording started at the same time as peptide injection into the
subphase. The increase of surface pressure due to adsorption of the
peptide onto the monolayer was recorded continuously as a function
of time. The accuracy of surface pressure values was found to be
better than 0.5 mN/m. After stabilization of the surface pressure
(final surface pressure=34.5 mN/m), the Langmuir film was
transferred on freshly cleaved mica plates at constant surface
pressure by raising (2 mm/min) the mica vertically through the
lipid/water interface. Images were obtained from at least three
samples prepared on different days with at least three macroscopi-
cally separated areas in each sample.

2.7. NMR spectroscopy

2.7.1. 1H NMR
NMR samples for 1H 1D spectra and 2D structural study spectra

typically contain 1–2 mM K4 dissolved in H2O:D2O (90:10) or were
prepared as micellar solutions containing 50 mM SDS d-25 (Euriso-
top). To improve the signal visibility, the pH was adjusted to 5 and
the temperature varied from 283 to 323 K, according to the media.
Spectra were recorded on a Bruker Avance 500 spectrometer
equipped with a 5 mm triple-resonance cryoprobe (1H, 13C and
15N). Homonuclear 2D spectra DQF-COSY, TOCSY (MLEV) and NOESY
were recorded in phase-sensitive mode using the States-TPPI
method as data matrices consisting of 256–400 (t1)×2048 (t2)
complex data points; 48 scans were carried out per t1 increment
with 1.5 s recovery delay and spectral width of 6009 Hz in both
dimensions. The mixing times were 100 ms for the TOCSY; 100, 150
and 200 ms for the NOESY experiments. Spectra were processed
with Topspin (Bruker Biospin) or the NMRpipe/NMRdraw [18]
software package and visualized with Topspin or NMRview [19] on a
Linux station. The matrices were zero-filled to 1024 (t1)×2048 (t2)
points after apodization by shifted sine-square multiplication and
linear prediction in the F1 domain. Chemical shifts were referenced
with respect to the water chemical shift.

2.7.2. Paramagnetic relaxation enhancement experiments
Titration experiments were carried out by stepwise additions of

MnCl2 from 1 and 10 mM stock solutions in water on a NMR sample
containing 1 mM K4 and 50 mM SDS at pH 5. The relaxation
enhancements were monitored by recording 1D spectra after each
addition of the Mn2+ paramagnetic cations (concentrations of 0.02,
0.035, 0.06, 0.075, 0.11, and 0.17 mM). Two-dimensional TOCSY
experiments were also collected as 256 (t1)×2048 (t2) time-domain
matrices over a spectral width of 4844 Hz, with 16 scans per t1
increment and a mixing time of 80 ms.

2.7.3. 31P NMR
31P NMR spectra were recorded on a Bruker Avance 500

spectrometer equipped with a 5 mm BBO probe. A solution of 20 mM
of DOPC:DOPS (2:1) SUVs in H2O:D2O (90:10), at pH 5 was used and
spectra were recorded at 313 K for different K4 concentrations
corresponding to 1/40 and 1/20 peptide to lipid ratios. At ratio 1/10,
no phosphorus peak could be detected due to severe broadening.
2.7.4. Pulsed-field gradient spin-echo experiments
The pulsed-field gradient spin-echo NMR (PGSE-NMR) method

[20,21] was used to measure the self-diffusion of K4 at different
concentrations in H2O:D2O (90:10). Experiments were carried at
303 K and 323 K on the latter spectrometer. NMR signals give rise to
exponential decays in the diffusion spectra, and the apparent
translational diffusion coefficients were obtained with Topspin
(Bruker Biospin) by fitting the following equation to the NMR data:

ln
I
I0

= −Dγ2g2δ2 Δ− δ
3

� �
ð1Þ

with I and I0 representing the measured and maximum intensities,
respectively, D the translational diffusion coefficient, γ the 1H
gyromagnetic ratio, g the gradient strength, δ the pulsed-field
gradient duration and Δ the diffusion delay time [22]. The gradient
strength was varied from 0.007 to 0.32 Tm−1 in 16 steps,Δwas 50 ms
in all experiments and values of 3.2 and 10 ms were used for δ when
following respectively the water and the lipids signals, in this latter
case water suppression with a watergate sequence was used. The K4
self-diffusion coefficients were obtained by calculating the mean
values between coefficients measured from two groups of resonances,
covering 1H distributed along the whole peptide, the first group
corresponding to the Leu6-Leu9-Leu13 CH3 resonances and the
second one to the four lysines εCH2 and Phe7-Phe10-Phe11-Phe14
βCH2 protons.

In addition, the translational diffusion coefficients of the anionic
SUVs in the presence of increasing K4 concentrations were also
determined. For this purpose, K4 was added on a solution of
12.5 mM DOPC:DOPS (2:1) SUVs in H2O:D2O (90:10), with the pH
adjusted to 5 and at 298 K. K4 to lipid ratios 1/100 and 1/50 were
used, giving rise to an increasing turbidity of the solution. Above the
1/20 ratio, lipid precipitation was observed. In all experiments the
gradient strength was varied 0.007 to 0.32 Tm−1 in 16 steps. In order
to follow the water and the lipids signals, Δ was set 50 and 100 ms,
respectively, and δ was set to 3.2 and 20 ms, respectively. Again, to
measure the lipids signals, a watergate sequence was used for water
suppression. Data were treated as described previously to obtain the
lipids self-diffusion coefficients through the analysis of the signals of
the choline CH3 headgroups, of the CH2 acyl chains and of the CH3

acyl chains.

2.8. Structure calculations

1H chemical shifts were assigned according to classical procedures.
NOE cross peaks were assigned and integrated within the NMRView
software. Structure calculations were performed with the ARIA 2.2
software [23]. The calculations were initiated using the default
parameters of ARIA and a set of manually assigned NOEs. The torsion
angles φwere restrained to−60±40° for 3JHN-HA lower than 6 Hz. At
the end of each run, violations and proposed assignment by ARIAwere
checked before starting a new run. This process was repeated until all
the NOEs were correctly assigned and no restraints were rejected. A
last run of 100 structures was performed, in which the set comprising
the 20 lowest energy structures without any distance restraint
violation greater than 0.3 Å, was considered as representative of the
peptide structure. Representation and quantitative analysis of the
calculated structures were performed usingMOLMOL [24] and PyMOL
(Delano Scientific) softwares.

3. Results

The K4 peptide is studied here by using various technical
approaches, in various media, namely pure water, water in the
presence of neutral or negative micelles and water in the presence of
lipidic monolayers or liposomes of different compositions. The data
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are presented for each technical approach and the discussion is
then divided in three parts: we first discuss the peptide self-
assembling propensity, the structure obtained in micelles is then
presented and the last part focuses on the peptide interactions with
phospholipids.
3.1. Circular dichroism

CD spectroscopy was used to investigate the secondary structure
of K4 in different media (Fig. 1). The CD spectrum of the peptide
dissolved in water is characteristic of a random coil structure and no
modification of the profile is observed upon addition of various salts
up to 100 mM of NaCl, NaHCO3 or Na2HPO4 (data not shown). By
contrast, as shown in Fig. 1, the K4 structure is dependent on the SDS
micelle concentration. In the presence of 3 mM SDS we can observe a
weak negative band at 225 nm and a strong positive band around
201 nm. This shape is characteristic of a β-turn [25]. At higher
concentration (50 mM SDS), K4 CD spectrum exhibits an α-helical
trend, with minimal mean residue molar ellipticity values at 208 and
222 nm and a maximum close to 195 nm. In the presence of 50 mM
DPC neutral micelles, the poorly defined spectrum displays a weaker
α-helical character. The effect of SUVs addition is also sensitive to the
charge of the phospholipids. When adding pure neutral DOPC SUVs,
the CD spectrum remains characteristic of a random coil conformation
as observed in water. In contrast, the addition of anionic SUVs
composed of DOPC:DOPS mixture induces strong changes in the CD
spectrum leading to a shape similar to that obtained by the addition of
3 mM SDS. Attempt to increase the SUV concentration was limited
due to the strong absorption of phospholipids which imposes a
maximum of 0.5 mM SUVs. At this concentration, a clear transition
toward an α-helical profile cannot be observed.
Fig. 1. 100 μM K4 peptide CD spectra in various media. (A) In water (open cross), in the pres
presence of 3 mM (open triangles) and 50 mM SDS (open squares) and 0.5 mM anionic SU
3.2. Transmission electronic microscopy

Fig. 2 shows the micrograph of a water solution of K4 peptide at
10 mM. While few fibres can be observed, most of the peptide is
present as spherical self-assembled structures with a mean diameter
of around 10 nm.

3.3. Turbidity measurements

Absorbance measurements of several liposome suspensions were
performed upon successive additions of K4, providing information on
the vesicles behaviour as absorbance increase with the medium
turbidity. First, the role of the anionic phospholipid in the K4 action on
vesicles was studied using different liposome preparations. No
absorbance increase is observed when adding K4 on neutral DOPC
SUVs at 0.5 mM (Fig. 3A) and 1 mM (data not shown). This result
demonstrates the weakness of the interaction of K4 with zwitterionic
lipids. In contrast, addition of K4 on 0.5 mM SUVs made of several
DOPC:DOPS ratios induces strong increases of the turbidity, as
displayed in Fig. 3A. The extent of this increase is related both to
the peptide concentration and the anionic phospholipid content.
However, for each lipidic composition if enough peptide is added the
solution becomes completely opaque and the absorbance saturates.
This turbidity increase is attributed to vesicle aggregation induced by
the peptide. At low K4 concentration the observed smooth turbidity
increase can be attributed to an increase of the vesicle size due to
peptide incorporation. The shapes of the curves, corresponding to the
absorbance versus the peptide concentration, are strongly dependent
on the DOPS content. At DOPS amounts of 10% and 20% of the total
lipids, solutions turn abruptly opaque at very low K4 concentrations,
12.5 and 20 mM, respectively. The corresponding peptide to lipid ratio
are 1/40 for 10% DOPS and 1/25 for 20% DOPS. But, for DOPS amounts
ence of 0.5 mM neutral SUVs (black circles) and 50 mM DPC (open squares); (B) in the
Vs (black triangles).
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Fig. 2. Transmission electron micrograph of 10 mM K4 in water solution.

Fig. 3. Absorbance of liposome suspensions versus (A) K4 concentration or (B) peptide
to lipid concentration ratios. For clarity, only the first steps of the absorbance increase
are plotted. (A) DOPC SUVs at 0.5 mM (dashed line, black diamonds); DOPC:DOPS SUVs
at 0.5 mM and 50:50 (black squares), 60:40 (black diamonds), 70:30 (open circles),
80:20 (open triangles) and 90:10 (open squares). (B) DOPC:DOPS 70:30 SUVs at
0.5 mM (cross symbols), 0.75 mM (open diamonds), 1 mM (black squares), and
2.4 mM (open triangles).
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greater than 20% of total lipids, more K4 is needed for vesicle
aggregation. Thus, anionic charges are required for the peptide to
promote vesicle aggregation, but at high anionic phospholipid
concentrations, electrostatic repulsion between vesicles probably
interferes and competes with the peptide action. The high density of
negative charges at the vesicle surface may also be responsible of the
complete neutralisation of the K4 charges preventing aggregation.

Absorbance increase is also strongly related to the lipid concen-
tration as shown in Fig. 3B, which displays the absorbance versus the
peptide/lipid ratio. The experiment was performed using 0.5 mM
DOPC:DOPS 70:30 SUVs. At this ratio, full absorbance saturation
requires a peptide/lipid ratio of 0.09 (peptide at 45 μM) and good
sensitivity versus the total lipid concentration is observed. Indeed for
SUVs with a concentration of 2.4 mM aggregation is observed for a
ratio around 0.015 (peptide at 35 μM) whereas lower SUV concentra-
tions require a higher peptide/lipid ratio to start vesicle aggregation.
This observation is consistent with a higher lipid concentration in
favour of aggregation.

Experiments were also carried out on larger vesicles (LUVs of
around 1 μm diameter) giving the same conclusion (data not shown).
A progressive absorbance increase is observed upon K4 additions and
aggregation occurs at lower peptide/lipid ratio for high lipid
concentration.

Overall these experiments strongly emphasize the role of lipid
polar heads in the interaction with K4. It is also consistent with a
former step of incorporation of peptide in the lipid bilayers followed
with an aggregative process.

3.4. Calcein leakage experiments

All fluorescence spectra were recorded for 0.3 mM liposome
preparations. An emission fluorescence intensity of 1.3±0.2 rfu
(relative fluorescence units, arbitrary) was obtained at 515 nm for
the quenched calcein entrapped into the vesicles. Total amount of
calcein release obtained by Triton X-100 addition gave rise to an
increase of fluorescence emission up to 2.62±0.1 rfu, as the self-
quenching was relieved. Several additions of the K4 peptide were
successively performed to obtain 1/100, 1/50, 1/12 and 1/4 peptide to
lipid ratios, but did not give rise to any significant increase in the
fluorescence intensities (lower than 0.2 rfu in all experiments)
showing no calcein leakage upon peptide addition. Thus, the K4
peptide destabilizes the vesicles without perforating the membrane,
even at quite high concentrations. The absence of calcein leakage
again points out that vesicle aggregation occurs upon peptide addition
and suggests a specific mechanism of K4 which is not able to form
pores in pure lipidic vesicles.

3.5. Atomic force microscopy

Atomic force microscopy was used to monitor the self-assembly
of the peptide on the air–water interface, as well as the ordering of K4
with neutral (DPPC) and anionic lipid monolayer (DPPC:DPPG
80:20). The surface pressure of 29 mN/m was chosen from the
literature as corresponding to a reasonable estimate of the surface
pressure in biological membranes [26–29]. The data are presented in
Fig. 4. On the air–water interface (Fig. 4A) the main information
concerns the coarseness of the AFM image which is consistent with
the presence of auto-assembled peptide structures. A few fibres can
also be observed as previously encountered in the TEM micrograph.
Such structures are also found in the AFM images obtained by
allowing a K4 peptide solution to dry on mica surface (data not
shown). When the peptide is injected under an anionic lipid
monolayer (DPPC:DPPG), a high adsorption of the peptide to the
monolayer can be observed through the increase of surface pressure
recorded as a function of time (Fig. 1S, Supplementary data). With a
high initial surface pressure (πi=29 mN/m), K4 penetrates easily
into themonolayer and induces an increase of the surface pressure of
5.5 mN/m indicating that the peptide interactswith a high affinity for
anionic membranes. AFM images (Fig. 4B–D) show a progressive

image of Fig.�2


Fig. 4. AFM topographic images. (A) K4 peptide interfacial film transferred onto mica.
(B) DPPC:DPPG (2:1) lipid monolayer at 29 mN/m. (C–D) Lipid/K4 monolayer at the
end of adsorption of K4 at two different concentrations: (C) 60 μM and (D) 120 μM. For
all images, scan size is 5×5 μm2, and height scale is 10 nm.
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Fig. 5. Amide proton region of 1H NMR spectra at 323 K, pH 5.0 (H2O/D2O) of K4 at
various concentrations. (A) 20 mM, (B) 12 mM, (C) 10 mM, (D) 8 mM, (E) 6 mM,
(F) 4 mM and (G) 2 mM.

Fig. 6. Apparent diffusion translational coefficient (D) of the K4 peptide versus
concentrations at 303 K (black circles) and 323 K (black diamond). Above 6 mM, the
curves obtained by fitting Eq. (2) to experimental values are also shown (solid lines).
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destabilization of the lipid monolayer after K4 injection into the
subphase. The higher the concentration of K4 injected, the more the
monolayer is destabilized. Using zwitterionic DPPC monolayers at
the same initial surface pressure, the adsorption of K4 is found to be
lower (Δπ=3.5 mN/m) than with previous anionic mixtures
corresponding to a lower extent of penetration of the peptide
(Fig. 2S, Supplementary data).

3.6. NMR spectroscopy and structure determination

We use proton 1D NMR to investigate the dependence of K4
structure on concentration in water, over a range of 2 to 20 mM
(Fig. 5). Above 4 mM, we observe a severe broadening of all the
peptide proton resonances. This broadening is associated with the
ability of the K4 peptide to self-assemble at high concentration, while
reversibility of the self-assembly is indicated by narrowing of the
resonances obtained by dilution of the peptide.When looking in detail
at the amide proton region, we note that this trend is more
pronounced for the HN of residues localised in the hydrophobic tail.
Hence, only the HN peaks of Lys3 and Lys4 are clearly observed for
20 mM K4 at 323 K. Further evidence for the self-assembly of K4 was
obtained by measuring its diffusion coefficients (Fig. 6). The graphs
exhibit a slope rupture around the concentration 5 mM. This
behaviour appears to be quite similar as the one observed with
surfactant molecules [30,31] and suggests a critical aggregation
concentration (cac) above which the peptide is in a self-assembled
form. Considering rapid exchange between free and self-assembled
forms, the observed diffusion coefficient D is the mean value between
that of free monomeric form Dfree and aggregated form Dagg. This is
usually described using the two-site exchange model [21].

D =
C−cac

C
Dagg + 1−C−cac

C

� �
Dfree ð2Þ

with C the peptide concentration. The data obtained above 6 mMwere
fitted to this equation giving cac values of 5.3 mM and 5.5 mM and
Dagg values of 0.8×10−10m2 s−1 and 0.9×10−10m2 s−1 at respec-
tively 303 K and 323 K.

Given the Stokes–Einstein equation

D =
kBT
6πηr

ð3Þ

with D the diffusion coefficient of a particle, kB the Boltzmann
constant, T the temperature, η the viscosity and r the particle
hydrodynamic radius, we then evaluated the aggregate size with

ragg = rH2O ×
DH2O

Dagg
ð4Þ

with ragg and rH2O the hydrodynamic radii of the self-assembled
peptide and the water, respectively. The DH2O water diffusion
coefficients at 303 K and 323 K were 2.89×10−9m2 s−1 and
4.57×10−9m2 s−1, respectively, and we used rH2O=0.11 nm. These
values combined with the previous Dagg ones gave diameters of 8 and

image of Fig.�4
image of Fig.�5
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11 nm at 303 K and 323 K in good agreement with the TEM mean
values of around 10 nm for the K4 self-assembled form.

1D spectra at a K4 concentration of 1 mM were recorded with
increasing SDS concentrations (10, 20, 30, 50 and 200 mM, data not
shown). No significant differences in terms of chemical shifts or line
widths could be detected on the spectra with SDS at 50 and 200 mM.
Thus the SDS concentration was set at 50 mM for the subsequent
experiments corresponding to approximately 1.6:1 peptide to SDS
micelle ratio assuming 60 SDS molecules by micelle [32]. The quality
of the spectra is very good in water and SDS allowing us to assign
nearly all the protons, despite the very close resonances of the
methylene protons of the four lysines. The 2D spectra were acquired
at 283 K in water, and at 293 K and 323 K in SDS detergent. The
assignments, at 293 K and under the various studied conditions are
presented in Tables 1S–3S in the Supplementary data.

In the presence of SDSmicelles, most of the non-glycine residues in
the hydrophobic tail, particularly Leu6, Phe7, Leu9, Phe10 and Phe11,
exhibit 3JHN-HA coupling constants lower than 6 Hz. By contrast, in
water, the amide proton 3JHN-HA coupling constants are all higher than
6 Hz. In agreement with the circular dichroism profiles, these results
suggest that K4 does not adopt a characteristic structure in water, but
is mainly helical in SDS detergent. The Pro5 appears to be in the trans
conformation based on NOE patterns, since we can observe strong
cross peaks between its Hδ and the Hα and Hβ of the Lys4, as well as
very weak NOE between the proline Hα and the preceding Hα and Hβ

protons.
For the ARIA final run, the K4 peptide structures in the presence of

SDS, are calculated using 213 distance restraints and 5 dihedrals
restraints (Table 4S, Supplementary data). The 20 lowest energy
conformers, refined in a water shell, are represented in Fig. 7A. The
global fold of the K4 peptide displays a well-ordered helical
hydrophobic C-terminal moiety (6–14) and a disordered N-terminal
region which contains the four lysines. The two parts are separated by
the Pro5 residue which bends the peptide. Indeed, the backbone
C

NA

B

Helical
hydrophobic tail

Disordered
cationic head

Fig. 7. Structures of K4 in the presence of 50 mM SDSmicelles. (A) The 20 lowest energy stru
superposition was performed using the backbone atoms of residues 5–13. (B) Ribbon repre
(lysine in blue, proline in yellow, phenylalanine in red and leucine in green). (C) Helical w
RMSD on the whole structure is 2.40 Å and falls to 0.86 Å if the poorly
defined N-terminal moiety is ignored. Table 4S, Supplementary data,
reports the RMSD values of backbone and heavy atoms on different
regions of the peptide. On the helical wheel projection (Fig. 7B), we
can see that the residues are distributed side by side according to their
type. i.e. one side of the helix is composed of the four phenylalanines, a
second of the three leucines and another with the two glycines.
Without being typically amphipathic this residue distribution gen-
erates a “hydrophobic gradient” around the helix. The Pro5 residue
bends and projects the polar N-terminal head outside the helix
normal at the opposite side of the Leumoiety (Fig. 7). The peptide size
in SDS micelles is about 2 nm which is less than half that of the
extended conformation (about 5–6 nm) as shown in Fig. 7C.

No major structures were obtained neither in water nor in DPC
micelles. Calculations with ARIA did not converge due to the small
number and the low intensities of the NOE cross peaks.

The 31P spectra of the DOPC:DOPS (2:1) SUVs were recorded after
addition of peptide. As shown in Fig. 8, a pronounced broadening of
the resonances is observed suggesting a gradual increase of the
vesicle size induced by addition of the peptide. This was further
reinforced by the self-diffusion coefficients measurements of the
anionic SUVs in the presence of increasing K4 concentrations. The
lipid diffusion coefficients decrease from 4.4×10−11m2 s−1, with-
out K4, to 3.0×10−11m2 s−1 at the 1/100 peptide to lipid ratio and
then 2.7×10−11m2 s−1 at the 1/50 ratio, suggesting vesicle size
increase. Above the 1/20 ratio, lipid precipitation was observed.
These values are mean ones between the coefficients measured from
the choline CH3 headgroups, the CH2 acyl chains and the CH3 acyl
chains resonances.

4. Discussion

Antimicrobial peptides offer an interesting way of developing
new antibiotic molecules. Numerous parameters modulate both
~1,8 nm

~2.0 nm

N

C

C P5L6

L9

L13
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ctures of K4 derived from the 100 structures calculated in the final iteration of ARIA. The
sentation and sizes of the best structure of K4. The side chains are represented as stick
heel projection of the K4 peptide.
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Fig. 8. 31P NMR spectra of DOPC:DOPS (2:1) SUVs depending on the concentration of
added K4 peptide: 20 mM SUVs alone (dotted line) and with a peptide/lipid ratio of
1:40 (dashed line) and 1:20 (continuous line).
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antimicrobial and hemolytic activities including sequence, chain
length, net positive charge, helical propensity, amphipathicity,
hydrophobicity and hydrophobic moment [8,33–40]. Major
improvements in the knowledge of the link between each of these
variables and peptide activity allow us to the design de novo original
active antimicrobial peptides. Thus, the peptide analysed in this
study was constructed following several general rules using the
Antimicrobial Peptide Database (APD: http://aps.unmc.edu/AP/
main.html) [41]. The overall charge is cationic (+4), the C-terminal
sequence is hydrophobic and comprises three leucine and four
phenylalanine residues, and the hinge connecting the charged polar
head and the hydrophobic segments is provided by a proline residue.
This surfactant-like design is shown to be very efficient against
several bacterial strains.

4.1. Self-assembling propensity

The K4 peptide is first studied in water by CD and NMR. At low
concentration, no defined structure can be observed by CD, even in
the presence of various salts which are able to induce a helical fold as
encountered in the case of an amphipathic helix [42]. Proton NMR
spectrum of K4 at low concentration is characteristic of the absence of
any definite structure, whereas the increase of K4 concentration
induces a severe broadening of all the peptide proton resonances in
the NMR spectra. This broadening is associated with peptide
aggregation; such an interpretation is further supported through the
measurement of translational diffusion coefficients by pulsed-field
gradient NMR experiments. We obtain a cac value of 5.3 mM at 303 K,
while the estimated size of these auto-assembled objects is around
10 nm. In good agreement with the NMR data, we observe numerous
spherical objects from 8 to 16 nm and few fibres on the TEM and AFM
micrographs. K4 seems to promote the formation of micelles or
vesicles. Unfortunately, the peptide concentration is too high to be
studied by CD. Furthermore, NMR linewidths are too broad when the
peptide is self-associated, preventing us from obtaining information
on the K4 structure in this complex and on the self-assembly process.
Based on the estimated size of the aggregate (10 nm), such large
linewidths are consistent with slow dynamic behaviour between the
monomeric and the aggregated peptide forms at the NMR chemical
shift timescale. This slow dynamic is probably due to a strong packing
between the hydrophobic side chains of the hydrophobic tail. This
hypothesis is further supported by the observation that the self-
assembly line-broadening is less pronounced for the four lysine
linewidths of the peptide polar head, which are probably less compact
due to charge repulsion and their exposure to the solvent. Neverthe-
less, dilution of the aggregate leads to a well-defined proton spectrum
that is characteristic of the monomeric form of the peptide, thus
demonstrating the reversibility of the self-association.

Self-assembling properties have already been encountered for
small cationic surfactant-like peptides [43–49]. Indeed, the molecular
and chemical similarities between the detergents or lipids and these
peptidesmay explain their ability to self-associate inmicelles, vesicles
or in more complex nanostructures such as nanotubes. Nevertheless,
to our knowledge, no data are available on the interaction of these
nano-objects with the phospholipids.

4.2. Structural studies in micelles

Then, to investigate the peptide behaviour in a hydrophobic
environment, we performed structural studies using CD and NMR
spectroscopy in the presence of detergents. SDS and DPCmicelles are
very suitable as anionic and neutral membrane models in NMR
studies because of the small size of the micelles and their high
dynamic behaviour [50]. The CD spectrum of K4 in the presence of
anionic SDS micelles, at high concentration, exhibits a helical trend,
showing that this peptide adopts a well-defined structure in this
hydrophobic environment whereas it remains unfolded in water. In
agreement with the CD profile, the NMR structure of K4 is mainly
helical in the presence of SDS. Indeed, as shown by structure
calculations the hydrophobic tail is a well-defined helix (6–14)
starting at the proline in position 5, with a disordered poly-lysine
polar head. When using a paramagnetic probe, this poly-K cationic
head strongly influences the interaction between the MnCl2 and the
peptide preventing the complete location of the peptide in the
micelle. However, the hydrophobic tail along the micelle surface is
consistent with the observed relaxation enhancement. This C-
terminal moiety is composed of strongly hydrophobic residues
(four Phe and three Leu) with a residue-dependent distribution
(Fig. 7B). Most of helical cationic AMPs such as magainin, cecropin,
mellitin etc are composed of amphipathic helices. Hence, the
mechanism of K4 cannot be related to many other helical peptides,
whether natural or synthetic, which display amphipathicity along
their helix structure.

Interestingly, in DPC micelles, the K4 CD profile exhibits a weaker
helical pattern and ARIA structure calculations do not converge. This
highlights the fact that the K4 conformation is less stable in the
presence of zwitterionic micelles and shows the role of the charge to
induce the folding of the hydrophobic tail. The presence of the
proline and two glycines affects the helix stability. This result could
explain the high selectivity and low hemolytic activity of the K4
peptide considering that most microorganisms possess an anionic
membrane in contrast to the external leaflet of eukaryotic cells,
which are mainly composed of zwitterionic lipids. Generally, if no
relation between the degree of helicity and antimicrobial activity is
observed, high helicity is often related with high hemolytic activity
[51]. Proline has been demonstrated to contribute to the short
helical AMPs selectivity since the substitution of a single proline
residue can decrease its antimicrobial activity and significantly
increase its hemolytic activity [40].

4.3. Interaction with phospholipids

Peptide–lipid membrane interaction is a critical step in the mode
of action of antimicrobial peptides and, whether as monomer or
oligomers, it is widely believed that a non-specific binding process is

http://aps.unmc.edu/AP/main.html
http://aps.unmc.edu/AP/main.html
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Fig. 9. Scanning electron micrographs of E. coli treated with K4. E. coli in mid-logarithmic growth was incubated with antibacterial peptide K4 for 2 h. Left: K4 was at a concentration
of 100 μg/ml, and the inset corresponds to untreated bacteria (adapted from [14]). Right: Phosphocholine liposomes with SDS detergent adapted from [57].
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responsible for peptide antimicrobial activity. Because of its short
helical tail composed of 9 residues, K4 is not long enough to span the
membrane bilayers, thus preventing pore formation.

To mimic the membrane, we used phospholipidic monolayers
and SUVs or LUVs of different phospholipid compositions at
different zwitterionic to anionic phospholipid ratios. The CD profile
of the K4 peptide in the presence of neutral SUVs (DOPC) indicates
a random coil as observed in water solution. Interestingly, K4
spectra in the presence of anionic SUVs (DOPC:DOPS 2:1) have a
quite different shape, with a minimum at 228 nm, which is typical
of a β-turn CD profile [25]. According to the previous results
obtained with detergents, this observation highlights the role of the
anionic hydrophobic environment into stabilizing a particular K4
conformation. Nevertheless, the CD profile does not exhibit a
typical α-helical structure as obtained in the presence of SDS
micelles but is similar to the intermediary β-turn spectra recorded
in the presence of SDS at concentrations lower than the cac. As
pointed out previously, due to signal broadening, we were unable
to carry out a proton NMR structural study of K4 in the presence of
SUVs. However, information about the SUV-peptide interaction can
be extracted from 1D 31P NMR spectra. Thus, the addition of K4
peptide onto SUVs of negatively charged phospholipids induces
progressive increase of the vesicle size as highlighted by 31P NMR
line-broadening and translational self-diffusion coefficients mea-
sured by NMR. This phenomenon was also observed by turbidity
experiments as addition of small K4 amounts on anionic vesicles
induces absorbance increase. Such a progressive increase of the
vesicle size has already been observed when adding detergent on
liposomes [52–54]. At higher concentration, depending both on the
total lipid concentration and the anionic polar head content, K4
induces anionic vesicle aggregation as observed by absorbance
measurements. No absorbance increase was observed with zwit-
terionic vesicles suggesting the absence or a very weak interaction
with K4. The association of the peptide with phospholipids and
membrane destabilization is also consistent with the AFM data,
demonstrating a destabilization of the anionic phospholipid
monolayer.

It cannot be excluded that those favourable electrostatic interac-
tions with anionic phospholipids could induce a local increase of the
peptide concentration and subsequent peptide aggregate formation.
However, such a process is not necessary to account for the bilayer
destruction. It has been demonstrated with SDS micelles that lipid–
detergent association occurs with the detergent in a monomer form
suggesting that micelle formation is not a prerequisite for the
formation of mixed lipid–detergent microsomes. This monomeric
mode of action of detergent is observed even when detergent
concentration is higher than the cac value [55,56]. In the present
case, the K4 peptide is active on bacteria at concentration below its cac
value and interaction with the membrane should occur in the
monomeric state.
About the precise mechanism of K4 action, the calcein leakage
experiments permit to conclude on the absence of pores induced by
K4. In such a case, a mechanism involving a bactericidal site of action
located inside bacteria could be proposed. However, scanning electron
micrographs of E. coli treated with K4 displayed particles presumably
composed of lipids and peptides (Fig. 9). Such a behaviour is also
observed when adding SDS on liposomes (Fig. 9). In both cases
apparent mixed lipid–peptide and lipid–detergent microsomes are
formed. The difference in the sizes of the observed mixed microsomes
can be related to the sizes of the precursors; K4 was added on full
sized bacteria [14] whereas SDS was added on liposomes [57].
Obviously, the formation of mixed lipids/peptides objects requires the
disruption of the bacterial membrane and is not in agreement with
the observed absence of calcein leakage in the present study. The
simplest way to explain this is to take into account of the difference
between pure lipid liposomes and more complex cellular membrane
of bacteria.

Among the different mechanisms of action of antimicrobial
peptides, we propose that K4 is associated with the membrane and
follows a detergent-like mode of action which involves a first step
closely related to the carpet-like mechanism when the peptide is
interacting as a monomer. We suggest that this leads to the formation
of mixed peptide/lipid microsomes.

5. Conclusion

This study deals with K4 peptide behaviour in various media,
with the aim of getting more information on the mode of action of
this de novo antimicrobial peptide. In random coil conformation at
low concentration in water, we demonstrate the self-assembly
propensity of this peptide in water solution. By contrast, in the
presence of SDS micelles, K4 adopts a well-defined partially helical
structure, involving the hydrophobic moiety, comprising the
residues 6 to 14. The interaction of K4 with liposomes is highly
sensitive to the lipid polar heads. Partial folding of the peptide and
membrane destabilization only occurs with the presence of
negatively charged lipids. This suggests that electrostatic interac-
tions play a major role in the initial recognition and membrane
binding of the peptide. The localisation of the charge on one side of
the peptide, with a hydrophobic tail in the other region confers an
overall shape of K4 closely related with the one of detergent such as
SDS. This analogy is also consistent with the self-assembly
propensity of the peptide in water solution. Furthermore, when
added on liposomes, K4 behaves like a detergent by increasing the
vesicle size. Finally, a model involving the formation of mixed
peptide/lipid microsomes is consistent with the SEM micrographs
observed when K4 is added on bacteria. This study represents a
valuable addition to our understanding of the mechanism of action
of detergent-like AMPs which are able to destabilize the bacterial
membranes.
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