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Gramicidin A disassembles large conductive
clusters of its lysine-substituted derivatives in
lipid membranes
Yuri N. Antonenko,*a Grigory S. Gluhov,b Alexander M. Firsov,a Irina D. Pogozheva,c
Sergey I. Kovalchuk,d Evgeniya V. Pechnikova,e Elena A. Kotovaa and
Olga S. Sokolovab
N-terminally substituted lysine derivatives of gramicidin A (gA), [Lys1]gA and [Lys3]gA, but not glutamate- or
aspartate-substituted peptides have been previously shown to cause the leakage of carboxyfluorescein
from liposomes. Here, the leakage induction was also observed for [Arg1]gA and [Arg3]gA, while [His1]gA
and [His3]gA were inactive at neutral pH. The Lys3-containing analogue with all tryptophans replaced by
isoleucines did not induce liposome leakage, similar to gA. This suggests that the presence of both
tryptophans and N-terminal cationic residues is critical for pore formation. Remarkably, the addition of gA
blocked the leakage induced by [Lys3]gA. By examining with fluorescence correlation spectroscopy the
peptide-induced leakage of fluorescent markers from liposomes, we estimated the diameter of pores
responsible for the leakage to be about 1.6 nm. Transmission electron cryo-microscopy imaging of
liposomes with [Lys3]gA showed that the liposomal membranes contained high electron density particles
with a size of about 40 Å, suggesting the formation of peptide clusters. No such clusterization was
observed in liposomes incorporating gA or a mixture of gA with [Lys3]gA. Three-dimensional reconstruction
of the clusters was compatible with their pentameric arrangement. Based on experimental data and
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computational modeling, we suggest that the large pore formed by [Lys3]gA represents a barrel-stave
oligomeric cluster formed by antiparallel double-stranded helical dimers (DH). In a tentative model, the
pentamer of dimers may be stabilized by aromatic Trp–Trp and cation–p Trp–Lys interactions between the
neighboring DHs. The inhibiting effect of gA on the [Lys3]gA-induced leakage can be attributed to breaking
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of cation–p interactions, which prevents peptide clusterization and pore formation.

1. Introduction
The potent antibiotic gramicidin A (gA) produced by Bacillus
brevis was discovered in the 30s of the 20th century,1 but the
high hemolytic activity of this 15-mer linear peptide and toxicity
toward eukaryotic cells2,3 hindered its therapeutic application.
In medicinal practice gA is currently used only as a topical
contraceptive and an antimicrobial.4 This hydrophobic peptide
has become a classical object of biophysical studies due to its
a
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ability to form ion-conducting channels in lipid membranes with
high selectivity to monovalent cations and well-defined singlechannel parameters, i.e. unitary conductance and lifetime.5–7 Electrophysiological experiments have revealed strong sensitivity of gA
single-channel properties to sequence substitutions, especially
at the N-terminus,8–14 thus supporting the head-to-head singlestranded helical dimer (HD) structure of the gA channel.15–20
These findings stimulated research efforts aimed at the design of
gA derivatives having reduced toxicity toward eukaryotic cells, but
retaining high antimicrobial activity.21–23 In particular, a lactambridged gA analogue was reported to exhibit a typically high
antibiotic potency of gA in combination with low hemolytic activity
and suppressed toxicity toward mammalian cells.23 Another step
forward was associated with the design of the [Glu1]gA analogue
with decreased cytotoxicity, which may have therapeutic potential
by protecting brain from perfusion- or ischemia-induced neuronal
cell death.24 Besides, possible applications as anticancer drugs were
found not only for gA and its derivatives,25 but also for combinations of gA with curcumin3 or the pH (Low) insertion peptide.26
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According to our previous studies,27,28 Lys-substituted gA analogues induced not only potassium conductance, typical of gA
channels, but also pores of much larger conductance that were
unselective with respect to monovalent cation conductivity and
permeable to compounds such as carboxyfluorescein (CF) and
sulforhodamine B (SRB). Interestingly, induction of unselective
conductance by the Lys-substituted peptides essentially depended
on the lysine position in the gA sequence, being maximal for
[Lys3]gA among Lys-substitutions in positions 1, 3, and 5.28 The gA
analogues with C-terminal polycationic extensions also appeared
to be able to form unselective pores in lipid membranes.29,30 The
mechanism of formation of pores permeable to fluorescent
markers remains unclear, albeit data of fluorescence correlation
spectroscopy (FCS) have proved the retention of membrane
integrity in the presence of gA analogues.28
Gramicidin is known to adopt diﬀerent conformations in
diverse solvents and membranes, including head-to-head righthanded single-stranded helical dimers (HD) and parallel and
antiparallel (left- and right-handed) double-stranded helical
dimers (DH).31,32 At conformational equilibrium of gA, the
relative contributions of diﬀerent forms depend on the nature
of the organic solvent32 or on the lipid bilayer composition.33
According to CD spectra, [Lys3]gA in liposomal membranes is
predominantly in the form of antiparallel DH at pH 7, while
alkalinization of the medium resulted in an increase in the
contribution of the head-to-head HD structure of the gA channel
form.27 Based on these data, the unselective channels were
tentatively attributed to barrel-stave oligomeric arrangement of
double helices.30 Of note, at high concentrations gA can yield a
densely packed quasi-regular structure, presumably formed by
peptide oligomers.34 Also of relevance is the tendency of polycationic and polyanionic analogues to clusterization in lipid
membranes in the presence of polyelectrolytes in low ionic
strength bathing solutions.35,36
Here, we studied the structure of unselective channels by
transmission cryo-electron microscopy (TEM). Consistent with
the above-mentioned model of the unselective pore,30 the TEM
images of [Lys3]gA in liposomes were approximated by circular
pentameric arrangement of antiparallel right-handed DH
dimers (comprising 10 peptide monomers) stabilized by the
aromatic interaction of multiple tryptophan residues and
cation–p interactions between tryptophans and lysines of
neighboring dimers. The addition of unaltered gA was found
here to inhibit the unselective pore formation by [Lys3]gA,
which could be due to the interaction between tryptophans of
gA and [Lys3]gA leading to the disturbance of the circular
barrel-stave arrangement of [Lys3]gA double helices and the
formation of linear aggregates of gA and [Lys3]gA without an
aqueous channel lumen.

2. Experimental details
2.1

Peptides and other chemicals

All reagents and solvents were obtained from commercial
sources and used without additional purification. Egg yolk
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phosphatidylcholine (EggPC) and total lipid of Escherichia
coli were obtained from Avanti Polar Lipids (Alabaster, AL),
and soybean phosphatidylcholine (Type II-S) and bovine heart
cardiolipin were obtained from Sigma-Aldrich (Steinheim,
Germany). Gramicidin A (gA; HCO-L-Val1-Gly2-L-Ala3-D-Leu4-L-Ala56
7
8
9
10
11
12
13
14
D-Val -L-Val -D-Val -L-Trp -D-Leu -L-Trp -D-Leu -L-Trp -D-Leu 15
D-Trp -NH(CH2)2OH) was obtained from Fluka. Analogues of
gA, [Glu1]gA, [Glu3]gA, [Asp1]gA, [Lys1]gA, [Lys3]gA, [Arg1]gA,
[Arg3]gA, [His1]gA, [His3]gA, and Trp-free cationic gA analogue,
[Lys3Ile9Ile11Ile13Ile15]gA, were prepared by standard solidphase Na-Fmoc methodology on 2-chlorotrityl chloride polystyrene
resin using the diisopropylcarbodiimide–1-hydroxybenzotriazole
coupling system. N-terminal formylation of peptides was conducted in the presence of N-ethyldiisopropylamine using
2-nitrophenyl formate.27,37 The peptides were cleaved from
the polymer and deprotected with trifluoroacetic acid-1,2ethanedithiol–triisopropylsilane–water (95 : 2 : 2 : 1) for 2.5 h.
Peptides were purified with RP-HPLC to the rate 495%. The
identity of peptides was confirmed by MALDI-TOF MS.
2.2

Liposome preparation

Liposomes were prepared by evaporation under a stream
of nitrogen of a 2% solution of a lipid in chloroform followed
by hydration with aqueous buﬀer solution containing appropriate fluorescent markers. The mixture was vortexed, passed
through a cycle of freezing and thawing, and extruded through
0.1 mm pore size nucleopore polycarbonate membranes using
an Avanti Mini-Extruder.
2.3 Leakage assay using the fluorescence de-quenching
method
Liposomes were prepared from EggPC in the presence of CF
(100 mM). The extra-liposomal CF was removed by passing the
liposome suspension through a Sephadex G-50 coarse column
using Tris/MES eluting buﬀer (100 mM KCl, 10 mM Tris, 10 mM
MES), pH 7.0. To measure the rate of CF eﬄux in the presence of
gA analogues, liposomes were diluted in Tris/MES buﬀer, pH 7.0
and the fluorescence at 520 nm (excitation at 490 nm) was
monitored using a Panorama Fluorat 02 spectrofluorimeter
(Lumex, Russia). At the end of each recording, 0.1% TritonX100 was added to complete the eﬄux process.
2.4 Leakage assay using fluorescence correlation spectroscopy
(FCS)
Liposomes were prepared from soybean phosphatidylcholine
(PC, 4 mg in a sample) and bovine heart cardiolipin (1 mg in a
sample) dispersed in 0.5 ml of Tris/MES buﬀer (pH 7.0) in the
presence of fluorescent markers: 1 mM SRB, 3 mg ml1
rhodamine-labeled 3 kDa dextran or 10 mg ml1 rhodaminelabeled 10 kDa dextran. The unbound marker was removed by
passing the liposome suspension through a Sephadex G-50
coarse column (for SRB) or through a Sephadex G-150 coarse
column using Tris/MES eluting buﬀer (pH 7.0). FCS measurements were carried out using a homemade FCS setup,38–40
including an Olympus IMT-2 inverted microscope with a 40,
NA 1.2 water immersion objective (Carl Zeiss, Jena, Germany).
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An Nd:YAG solid state laser was used for excitation of SRB at
532 nm. The fluorescence that passed through an appropriate
dichroic beam splitter and a long-pass filter was imaged onto a
50 mm core fiber coupled to an avalanche photodiode (PerkinElmer
Optoelectronics, Fremont, CA). The signal from an output was
correlated using a correlator card (Correlator.com, Bridgewater, NJ).
The data acquisition time was 120 s, and 3 to 5 curves were
averaged.
Experimental curves were fitted by the correlation function
for three-dimensional diﬀusion:41,42
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with tD being the characteristic diﬀusion time during which a
molecule resides in the cylindrical observation volume of
radius r0 and length z0, given by tD = r02/4D, where D is the
diﬀusion coeﬃcient and N is the mean number of molecules in
the confocal volume.
2.5 Transmission electron cryo-microscopy (TEM) and image
processing
Liposomes were prepared from 10 mg EggPC dissolved in 100 ml of
ethanol containing 10 mg gA, 10 mg [Lys3]gA, or both peptides. The
suspension of liposomes in Tris/MES buﬀer (pH 7.0) with and
without gA and [Lys3]gA was quickly frozen in liquid ethane using
a Vitrobot Mark IV (FEI, Netherlands). Cryo-micrographs were
taken using a FEI Tecnai G2 Spirit TEM, 120 kV working voltage
at 26 000 magnification, under low-dose conditions (the dose was
less than 20 e Å2), using defocii in the range of 2.5–3.5 mm. Images
were captured using a CCD camera Eagle (FEI). The pixel size on
the micrograph was 5.3 Å. Parts of liposome images (90  90 pixels)
were cut from the micrographs using the program BOXER,43 bandpass filtered, aligned first against the rotational average, then
against a total sum of all previously aligned images, as implemented in the program IMAGIC.44 Stable classes were obtained
after four iterations of alignment. To measure the thickness of
liposomal membranes, all images within a class were summarized and the intensity profiles were calculated across the whole
image, using the ImageJ program (http://imagej.nih.gov/ij/). For
each profile the width at half-maximum (WHM) was calculated.
Preliminary 3D reconstructions of [Lys3]gA clusters were
calculated using angular reconstitution45 with imposing C4,
C5 and C6 symmetries. The C5 symmetry gave the smallest
error during reconstruction, thus this type of symmetry was
imposed on the final structure. The structure of the [Lys3]gA
cluster was determined at 2.8 nm resolution. Fitting five righthanded double stranded antiparallel helical dimers (PDB ID:
2IZQ)46 into the obtained electron density revealed good agreement with the size of the cluster.
2.6

Molecular modeling of [Lys3]gA oligomers

As gA contains tryptophans at positions 9, 11, 13, and 15, a few
discrete modes of dimer–dimer interfaces involving tryptophans
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can be proposed. Modeling of [Lys3]gA oligomers was based on
the crystal structure of gA in complexes with monovalent cations
(PDB ID: 1AV2)47 that represents the dimer of right-handed
antiparallel bb7.2 DHs47 stabilized by stacking of W11 indole
rings from neighboring DHs. These ‘‘W11–W11’’ dimers of DHs
cannot form larger structures, including those enclosed into a
barrel-stave pore. However, the rotation of one partner in this
DH dimer by 2 residues (B1001) along the double-helix axis
resulted in the formation of an alternative DH dimer with
stacked indole rings of W9 and W11 at the dimerization interface. These ‘‘W9–W11’’ DH dimers can be easily encircled by
rotational and translational transformations into a pentagon
structure with the interior angles of 1081 (Fig. 8). The obtained
model of 5-mer was minimized (200 steps) with CHARMm force
field implemented in QUANTA (Accerlys Inc.) using a dielectric
constant (e) of 10 and the adopted-basis Newton–Raphson
method. The coordinate file of the pentamer model can be
obtained upon request.

3. Results
3.1 N-terminal Lys- and Arg-substituted gA analogues induce
CF leakage from liposomes
According to our previous study,28 [Lys3]gA and [Lys1]gA, but
not [Glu3]gA, [Glu1]gA and unaltered gA, induced leakage of
fluorescent markers from liposomes via the formation of largediameter pores. Here we extended the series of gA analogues
and examined those having arginine or histidine at the N
terminus. For these experiments, liposomes were loaded with
the fluorescent dye CF at a high concentration (100 mM), so
that the fluorescence was initially strongly reduced due to
concentration quenching. As can be seen from Fig. 1, [Arg3]gA
and [Arg1]gA induced the leakage of CF from liposomes, similar
to [Lys3]gA, whereas [His1]gA and [His3]gA did not induce the
CF leakage at pH 7.0. Anionic peptides ([Glu1]gA, [Glu3]gA,

Fig. 1 The CF leakage from liposomes induced by Lys-, Arg- and Hissubstituted gA analogues. gA analogues (1 mM) were added to CF-loaded
liposomes (EggPC, 2 mg ml1) in Tris/MES buﬀer, pH = 7.0. The cartoon
illustrates the increase of CF fluorescence intensity due to reduced
concentration quenching of CF fluorescence upon CF release from
liposomes.
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[Asp1]gA) and unaltered gA were also inactive in this system
(data not shown). To assess the level of complete release of
entrapped CF from liposomes, the detergent Triton X-100 was
added at the end of each experiment (100% level of leakage)
and used to normalize the fluorescence response.

Fig. 2 Eﬀect of [Lys3]gA on the leakage from liposomes of fluorescent
markers: sulforhodamine B (panel A), 3 kDa dextran (panel B), and 10 kDa
dextran (panel C). Dye leakage was monitored using FCS. Autocorrelation
functions of the marker-loaded liposomes were measured after 5 min
incubation with 1 mM [Lys3]gA (red curves), without [Lys3]gA (control; black
curves), and after the addition of 0.1% Triton X-100 (grey curves). Liposomes were prepared from soybean PC with cardiolipin (80 : 20 by weight)
in Tris/MES buﬀer, pH 7.4. Lipid concentrations were 0.2 mg ml1 (panel A),
2 mg ml1 (panel B), and 2 mg ml1 (panel C). Blue curve in panel A was
recorded with 0.1 mM [Lys3]gA and the blue curve in panel B was recorded
with 10 mM [Lys3]gA.
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3.2 [Lys3]gA-induced pores allow permeation of molecules
with a diameter of about 1.6 nm
To estimate the pore size, we probed the liposomal leakage of
SRB and rhodamine-labeled dextrans with molecular masses of
3 kDa and 10 kDa. In these experiments we used FCS, enabling
to monitor the fluorophore release under the conditions of its
low (non-quenching) concentration in liposomes. As shown in
our previous paper,48 the amplitude of the autocorrelation
function measured under stirring conditions is a sensitive
parameter reflecting the leakage of a fluorescent marker from
liposomes. The amplitude of the autocorrelation function is
inversely proportional to the number of fluorescent particles
(N = 1/G(t - 0)), where particles can be any fluorescent ‘‘point
objects’’ in comparison to the dimension of the observation
volume (i.e. about 1 mm3). Initially (before the leakage induction) the system has a limited number of particles per observation volume comprising predominantly several dye-loaded
liposomes. After the leakage, the number of particles increases
tremendously, because every liposomal particle produces thousands of particles of free dye leading to a significant decrease in
the parameter G(t - 0). Fig. 2 displays autocorrelation functions of fluorescent markers entrapped and released from
liposomes before and after 5 min incubation with [Lys3]gA
(red curves), and also after the addition of Triton X-100 (grey
curves), leading to rapid complete eﬄux of a fluorescent
marker. From comparison of panels A, B and C it is seen that
[Lys3]gA caused complete leakage of SRB (Fig. 2A), but insignificant leakage of 3 kDa dextran (Fig. 2B), and no leakage of
10 kDa dextran from liposomes (Fig. 2C). Even a slight increase,
but not a decrease, of the autocorrelation function can be
noticed in Fig. 2C. Thus the diameter of [Lys3]gA-induced pores

Fig. 3 Inhibition of [Lys3]gA-induced CF leakage from liposomes by gA
and its Trp-free cationic analogue, [Lys3Ile9Ile11Ile13Ile15]gA. [Lys3]gA was
added at t = 0 min; gA was added at t = 0 min (green curve) or 5 min prior
to the addition of [Lys3]gA (grey curve); [Lys3Ile9Ile11Ile13Ile15]gA (denoted
[Lys3Ile]gA) was added at t = 0 min (pink curve) or 5 min prior to the addition
of [Lys3]gA (cyan curve). Red and blue curves correspond to negative controls
without [Lys3]gA. Concentrations were: EggPC, 2 mg ml1; peptides, 0.1 mM.
The buﬀer contained 100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.
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diameter of rhodamine B estimated to be 1.6 nm.50 Of note, the
diameter of fluorescein was found to be 0.7 nm.51
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Fig. 4 Dependence of [Lys3]gA-induced CF leakage from liposomes on
the concentration of gA. gA was added to liposomes 2 min prior to the
addition of [Lys3]gA. Concentrations were: lipid, 2 mg ml1; [Lys3]gA,
0.1 mM. Liposomes were prepared from total lipid of E. coli in Tris/MES
buﬀer pH 7.

should be smaller than the hydrodynamic diameter of 3 kDa
dextran reported to be 2.33  0.38 nm,49 but larger than the

gA inhibits the formation of [Lys3]gA-induced pores

In further experiments we studied the eﬀect of unaltered gA on
the CF leakage from liposomes. Simultaneous addition of gA
and [Lys3]gA induced the CF leakage with a smaller rate and
amplitude than the leakage caused by [Lys3]gA alone (compare
black and green curves in Fig. 3). The 5 min preincubation of
liposomes with gA before addition of [Lys3]gA induced leakage
that was even more suppressed (grey curve). Thus, gA not only
was unable to induce the CF leakage from liposomes (red curve
in Fig. 3), but also suppressed the CF leakage induced by [Lys3]gA.
The addition of gA in the course of [Lys3]gA-mediated CF leakage
led to deceleration of the CF release in the time scale of minutes
resulting in complete retention of a part of the dye (data not
shown) suggesting that the process of [Lys3]gA clustering was
reversible. Interestingly, although the Trp-free cationic peptide
[Lys3Ile9Ile11Ile13Ile15]gA also did not induce the leakage of
CF from liposomes (blue curve in Fig. 3), it was a much poorer
inhibitor of the [Lys3]gA-mediated CF leakage than gA (pink
and cyan curves in Fig. 3).
Fig. 4A presents a series of CF leakage curves induced by
[Lys3]gA after 2 min incubation with diﬀerent concentrations of
gA. At a gA/[Lys3]gA ratio of 0.2 : 1 (red curve) half inhibition
of the leakage was obtained, while at a 1 : 1 ratio of the peptides
the CF leakage was fully suppressed (green curve). Fig. 4B shows
the dependence of the leakage on the gA/[Lys3]gA ratio in a broad
concentration range.
It is known that the charge of lysine depends on pH, and the
peptide becomes neutral at pH 11. If the formation of unselective
pores actually requires the presence of the cationic charge on the
Lys-substituted gA analogue, then alkalinization of the medium to
pH 11 would substantially inhibit the pore-forming activity of
the peptide. We tested this prediction in leakage experiments
with SRB, because SRB fluorescence is independent of pH,52
unlike CF fluorescence which is dramatically pH-dependent.53

Fig. 5 (A) Dependence of [Lys3]gA-induced leakage of sulforhodamine B from liposomes on the concentration of [Lys3]gA at pH 7 (circles) and pH 11
(triangles) measured by FCS. (B) pH dependence of the [His3]gA-induced leakage of sulforhodamine B from liposomes. The leakage was estimated from
the ratio of the autocorrelation functions of the SRB-loaded liposomes after 5 min incubation with [Lys3]gA (or [His3]gA) and before the addition of the
peptide using eqn (1). Concentrations were: lipid, 2 mg ml1; [His3]gA, 10 nM. Liposomes were made from soybean phosphatidylcholine with cardiolipin
(80 : 20 by weight). The buﬀer was 100 mM KCl, 10 mM Tris, 10 mM MES, 10 mM b-alanine.
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Fig. 5A shows concentration dependences of the [Lys3]gAinduced SRB leakage at pH 7 and pH 11, as measured by a
decrease in the amplitude of the autocorrelation function using
the following equation:48
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gt ðt ! 0Þ
(1)
aðtÞ ¼ 1 
G0 ðt ! 0Þ
where a(t) is the portion of the released SRB, G0(t - 0) and
Gt(t - 0) represent amplitudes of autocorrelation functions
G(t) in the limit t - 0 at the moment of the peptide addition
(zero time) and t min after the addition, respectively. It is seen
from Fig. 5A that at intermediate peptide concentrations (about
0.1 mM) there was a pronounced diﬀerence in the membranepermeabilizing potencies of [Lys3]gA at pH 7 and at pH 11: the
peptide induced practically complete leakage of SRB at pH 7
after 5 min incubation, whereas modest leakage of the dye was
observed at pH 11. These data support the requirement of the
cationic charge of lysine for pore formation by [Lys3]gA yielding
the dye leakage.
As shown above, histidine-substituted gA peptides did not
induce leakage from liposomes (Fig. 1), which could be attributed to a low degree of histidine protonation at pH 7.0 due to
its pKa of about 6.5. In fact, lowering of pH led to the activation
of SRB leakage induced by [His3]gA (Fig. 5B). This result highlights the requirement of the cationic charge for the formation
of large pores leading to the leakage of liposomes.
3.4 TEM images indicate the formation of oligomeric
[Lys3]gA-induced pores
TEM studies were conducted to examine the structure of pores
formed by gA analogues in liposomes. Fig. 6 shows the examples
of TEM images of control liposomes (a), liposomes with unaltered
gA (b), liposomes with [Lys3]gA (c) and liposomes with the mixture
of [Lys3]gA and gA (d). The membrane of liposomes containing
[Lys3]gA was almost 20% thinner than that of the control EggPC
liposomes, and 10% thinner than that of the liposomes containing unaltered gA (Fig. 6e). The gA-caused thinning of the lipid
bilayer is in agreement with earlier X-ray diﬀraction data on
modulation of bilayer thickness by gA,54 which was associated
with a hydrophobic mismatch between the gA channel length and
the membrane thickness.
To compare liposomes with and without gA, we cut the
pieces from the liposome images, combined, aligned and
superimposed them to obtain the projection images of the
lipid bilayers (panels a–d in Fig. 7). This procedure greatly
increased the signal-to-noise ratio for the selected images. The
parts of the bilayer images were selected and analyzed using the
ImageJ program (Fig. 7). We calculated the intensity profile
within the selected area by summarizing all pixels along the
vertical side of the rectangle. The resulting graphical presentation
demonstrates that the [Lys3]gA-containing liposomes possess
clusters of high intensity. To further increase the signal-to-noise
ratio and better visualize the clusters, we subtracted the structure of a control liposome and that of a gA-containing liposome
from the structure of a [Lys3]gA-containing liposome (Fig. 7).

Phys. Chem. Chem. Phys.

Fig. 6 TEM images of intact liposomes formed from EggPC (a); gA-containing
liposomes (b); [Lys3]gA-containing liposomes (c); liposomes containing
both gA and [Lys3]gA (d). Bar – 100 nm. White rectangles show the parts of
the liposome membrane selected for further analysis. Inserts – class-sum
averages of selected and subsequently aligned liposome membrane
parts. Bar – 10 nm. (e) Values of the lipid bilayer thickness for all studied
liposomes (L, liposomes without peptides; gA, liposomes with gA; [Lys3]gA,
liposomes with [Lys3]gA; [Lys3]gA + gA, liposomes with a mixture of gA
and [Lys3]gA).

Both difference images revealed clearly visible clusters with the
dimensions of the order of 4 nm, and with the same thickness as
the membrane. Thereby we obtained 30 different cluster projection structures (some examples are shown in Fig. 7e). Most of the
projections represent the side views of the cluster, and we
additionally collected and similarly processed the other views
of the clusters (including top views). Based on the CD data
showing that antiparallel DH is a predominant form of [Lys3]gA
at pH 7,27 we assume that clusters found in the images represent
oligomers of DH. Obviously, clusterization may yield various
structures including tetramers, pentamers, and hexamers of DH.
We used IMAGIC5 and the angular reconstitution method44 to
obtain the 3D structure of the cluster (Fig. 7f) using diﬀerent
C-type symmetries at the last reconstruction stage. The pentameric
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3.5 Stabilization of [Lys3]gA oligomers through W9–W11 and
K3–W13/W15 interactions

Fig. 7 TEM study of cluster formation in [Lys3]gA-containing liposomes.
(a–d) Projection structures (computed from N images) of (a) intact liposome, N = 1534; (b) gA-containing liposome, N = 627; (c) [Lys3]gAcontaining liposome, N = 312; and (d) liposome containing both gA and
[Lys3]gA, N = 450. The membrane is shown with a dotted rectangle. On
the right of each projection structure, the intensity profile within this
rectangle is shown in red. Bottom row – from left to right: difference
maps of the structures in (b) and (a); in (c) and (a); in (c) and (b); and in (d)
and (a). Arrows are pointing to the cluster in the membrane of a [Lys3]gAcontaining liposome; (e) image processing of [Lys3]gA clusters: row
1 – projections, used for 3D reconstruction; rows 2–4 – re-projections
of the 3D reconstruction, using C4, C5 and C6 symmetries, respectively.
Corresponding reconstruction error is specified on the right. (f) 3D
reconstruction of the [Lys3]A cluster. Left, top view; right, side view. White
dotted line marks the borders of the lipid membrane. The pentameric DH
model (PDB ID: 2IZQ), represented as a molecular surface, docked into the
EM density using UCSF Chimera. (g) Resolution curve calculated according
to Fourier Shell Correlation (FSC) between two halves of the data containing odd and even number of particles. The resolution at the 0.5 correlation
level is 2.8 nm.

structure was the most realistic one because it had the smallest
reconstruction error (Fig. 7e) and the DH model obtained using
UCSF Chimera55 demonstrated the most accurate fit into the
pentameric 3D reconstruction (Fig. 7f). We failed to resolve the
pore within our 3D reconstruction, as at the resolution obtained
(2.8 nm) it was impossible, consistent with the previous results for
potassium channels.56 It should be pointed out that the conclusion on the pentameric nature of the [Lys3]gA clusters was drawn
from the analysis of the ensemble of many clusters. Therefore,
better fitting of the pentameric model of the peptide pore could be
a result of statistical predominance of this arrangement or the
result of domination of the pentameric form over other forms.
Further work should answer this question.
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The model of a [Lys3]gA oligomer was generated independently
of TEM data. Analysis of the available crystal structures indicates
that gA tends to form large multimeric complexes. For example,
dimers stabilized by W11–W11 stacking interactions were found for
right-handed kmbb7.2 DHs.46,47 Infinite chains linked by hydrogen
bonding between the N-termini were observed for left-handed
kmbb5.6 DHs.57 Trimers of left-handed kmbb5.6 DHs interacting
through tryptophan side chains and co-crystallized lipids formed a
crystal packing arrangement in lipidic mesophases.58 The best
packing interactions were observed in the dimer of kmbb7.2
DHs (PDB IDs: 1AV2, 1BDW, 2IZQ), where indole rings of four
W11 from neighboring DHs formed aromatic and van der
Waals interactions.
The tentative model of a [Lys3]gA oligomer, which was
generated using kmbb7.2 DHs (as described in the Methods
section), represents a pentamer with a large central pore of
B10 Å internal diameter. This pore is large enough to accommodate CF, but requires some side chain movement to allow
the passage of SRB (Fig. 8). Stabilizing intermolecular interactions involve W9–W11 aromatic interactions between contacting DHs. In addition, cation–p interactions are present
between amino groups of ten K3 and indole rings of W15 or
W13 from neighboring DHs. As observed in the model, each K3
is located between two indole rings (from its own DH and the
neighboring DH) and has geometry that meets the distance and
angular requirements for cation–p interactions.59
The modeling of the pentameric structure of kmbb7.2 DHs is
consistent with our TEM data, including the 3D reconstruction
of TEM images and the evaluation of the thickness of liposome
membranes. In agreement with the results of TEM studies
indicating that [Lys3]gA induces larger membrane thinning
than gA, we found that hydrophobic thickness calculated by
the PPM method60 of modeled 5-mer [Lys3]gA was 20 Å,
compared to 23 Å for head-to-head single-stranded bb6.3 HD

Fig. 8 Tentative molecular model of 5-mer of [Lys3]gA; top view (A): side
view of two neighboring DHs from the 5-mer (B). Pentamer of righthanded kmbb7.2 DHs is shown in surface representation colored light grey;
main chain of double helices is shown by ribbon; and tryptophan and
lysine residues forming intermolecular contacts are shown by sticks
colored blue (K3), red (W9), cyan (W11), and grey (W13 and W15). Hydrophobic membrane boundaries (at the level of lipid carbonyl groups)
calculated by PPM are shown by horizontal red and blue dotted lines (B).
Images were produced using PyMOL (at www.pymol.org).
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(PDB ID: 1GRM) and B30 Å for the left-handed mkbb5.6 DH
(PDB ID: 3ZQ8).
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4. Discussion
We propose that the process of pore formation by [Lys3]gA in
lipid membranes involves two distinct stages: the formation of
the antiparallel double helix (DH) from two monomers followed
by the clusterization of DH yielding a DH pentamer. According
to CD data,27 antiparallel DH represents the major conformation of [Lys3]gA in membranes of liposomes at neutral pH.
The mechanism of clusterization of double helices is unclear.
We suppose that this process is driven by both aromatic
interaction of tryptophans and cation–p interaction between
cationic amino acid residues (one or two of them on both sides
of the membrane) of one DH and one or several tryptophans of
the neighboring DH leading to circular clusters having central
aqueous lumen. Cation–p interactions, particularly between
Lys and Trp, were previously found to significantly enhance
the strength of oligomerization of hydrophobic helices in a
membrane environment.61 The involvement of cation–p interactions in the formation of a protein tertiary structure was
discovered earlier by bioinformatics analysis62 and confirmed
by molecular dynamics simulation.63,64 Cation–p interactions
were also found to participate in the formation of some enzyme–
substrate complexes,65 as well as in oligomerization of HIV-1 Vpr
proteins.66
The involvement of cation–p interactions in the formation
and/or stabilization of the pore structure by [Lys3]gA and other
cationic gA analogues is favored by the following observations:
(1) basic amino acid residues are required for the induction of
liposome leakage, which is proved by the fact that [Lys3]gA,
[Lys1]gA, [Arg1]gA, and [Arg3]gA are active, while [Glu1]gA,
[Glu3]gA, and [Asp1]gA along with unaltered gA are inactive,
(2) [Lys3Ile9Ile11Ile13Ile15]gA, having lysine in position 3 similar to [Lys3]gA but lacking tryptophans, is unable to form large
pores, (3) the induction of pore formation by [Lys3]gA and
[His3]gA depends on pH, being suppressed upon alkalinization, and (4) unaltered gA inhibits pore formation by [Lys3]gA.
The latter result supports our model implying that cation–p
interactions between tryptophan and charged lysine residues
indeed stabilize the circular oligomer of [Lys3]gA. If at least one
monomer of [Lys3]gA is replaced by that of gA lacking the
charged residue, the circular oligomer would be broken, thereby
resulting in the loss of the ability to form the barrel-stave pore in
the membrane. In the case of pentameric arrangement of the
[Lys3]gA pore, it would be sufficient to add gA at the one-fifth ratio
to [Lys3]gA to inhibit [Lys3]gA-induced membrane leakage. Fig. 4B
illustrates such an experiment.
Histidine-substituted gA derivatives [His1]gA and [His3]gA
were unable to induce the dye leakage of liposomes at pH 7,
although a histidine residue in the cationic form is known
to exert cation–p interactions with tryptophan in membrane
peptides.66 The inactivity of [His1]gA and [His3]gA in pore
formation could be due to the fact that the majority of histidine
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residues are uncharged at neutral pH (pKa of histidine is about
6.5), rendering cation–p interaction unstable. Actually in the
M2 protein from the influenza A virus, the cation–p interaction
between His37 and Trp41 causes opening of a proton channel
only at pH below 5.8, whereas at neutral pH the channel is
closed.67 In agreement with this consideration, the decrease in
pH of the solution led to stimulation of [His3]gA-mediated dye
leakage from liposomes.
As an alternative to cation–p interactions, the requirement
of positively charged amino acid residues for the induction
of large pores by N-terminally substituted gA derivatives could
be ascribed to the interaction of the cationic residues with
phosphate groups of phospholipids.68 However, it is unclear
how phosphate groups can provoke peptide oligomerization.
Besides, within this mechanism, it is difficult to explain several
experimental findings: (1) the inability of the cationic peptide
[Lys3Ile9Ile11Ile13Ile15]gA lacking tryptophan residues to
induce the liposome leakage (Fig. 3), (2) the inhibiting effect
of gA on the [Lys3]gA-induced leakage and clusterization of
[Lys3]gA, and (3) the essential dependence of the pore-forming
activity of the Lys-substituted peptides on Lys position in the gA
sequence, being maximal for [Lys3]gA among the substitutions
in positions 1, 3, and 528 (on the contrary, interaction with
phosphate groups is expected to be maximal for the terminal
position of Lys in the gA sequence). Therefore, intermolecular
cation–p interactions between peptide residues are most likely
responsible for clusterization of [Lys3]gA and related peptides
that leads to the formation of large pores in lipid membranes.
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