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Abstract: The relation between the various spatial structures of the gramicidin A channels and their ionic
conductance has been studied. For this aim, various conformations of the peptide were pre-formed in
liposomal bilayer and after subsequent fusion of liposomes with planar lipid bilayer the measured channel
conductance was correlated with gramicidin structures established in liposomes. To form the single-stranded
76.376.3 helix the peptide and lipid were co-dissolved in TFE prior to liposome preparation. THF and other
solvents were used to form parallel (11 77} and antiparallel (1| =7} double helices. Conformation of gramicidin in
liposomes made by various phosphatidylcholines was monitored by CD spectroscopy, and computer analysis
of the spectra obtained was performed. After fusion of gramicidin containing liposomes with planar bilayer
membranes from asolectin, the histograms of single-channel conductance were obtained. The histograms had
one or three distinct peaks depending on the liposome preparation. Assignment of the structure of the channel
to conductance levels was made by correlation of CD data with conductance histograms. The channel-forming
analogue, des(Trp-Leu)y-gramicidin A, has been studied by the same protocol. The channel conductances of
gramicidin A and the shortened analogue increase in the following order: 1| nr <11 77w < 76.376.3. Single-
channels formed by double helices have higher dispersity of conductance than the 76.376.3 helical channel.
Lifetimes of the double helical and the 76.376.3 helical channels are very close to each ather. The data obtained
were compared with theoretically predicted properties of double helices [1].
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INTRODUCTION

Synthetic and native polypeptides mimic many
properties of ion channels existing in biological
membranes [2-4]. The progress achieved in the study
of cation selectivity and the interactions in the ion-
water-channel system to a large extent has been
made due to research of linear gramicidines A, B, C,

Abbreviations: CTH, current transition histograms; DPPC,
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normalized root mean square deviation; SSPC, PC from sea star
Asteria amurensis; TFE, trifluorethanol; THF, tetrahydrofuran; SD,
standard deviation.
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produced by Bacillus brevis at the sporulation stage
[5-8]. Gramicidins are pentadecapeptides with alter-
nating L and D amino acid residues. These peptide
antibiotics can adopt various helical conformations
typical for poly-LD-peptides. Therefore gramicidins
represent a good model for correlating the channel
properties with spatial structures.

Val-gramicidin A (GA), HCO-L-Val-Gly-L-Ala-D-
Leu-L-Ala-D-Val- L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-
Leu-L-Trp-D-Leu-L-Trp-NHCH,;CH,OH [9], forms in
solution four structural species which are in slow
conformational equlibrium [10]. The NMR studies of
Bystrov and Arseniev and coworkers [11,12] have
shown that in solution GA forms antiparallel (left-
handed) and parallel (left- and right-handed) double
helices (7] n#5.6 and {1 =x5.6 helices) proposed earlier
by Veatch et al [10] (Figure 1). Another dimer
structure, left handed 76.376.3 helix (N-terminal-to-
N-terminal, figures indicate the number of residue
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Figure 1 Schematic presentation of the left-handed anti-
parallel (A) and parallel (B) double helices and right-handed
N-to-N terminal helical dimer (C).

per turn) has been proposed by Urry [13] and Urry et
al. [14] for GA both in solution and in the membrane
channel. On the basis of NMR and CD data [15,16]
the structure of the transmembrane channel is now
generally accepted to be the right-handed #6.376.3
helix. At the same time ‘non-standard’ channels have
been observed by Busath and Szabo [17-19] and
Busath et al. [20], with lower Na* and Cs* and higher
H* conductances than the ‘standard’ channel. It has
been shown in these studies that low-conductance
channels are dimers formed by Val-GA and they have
a lifetime similar to that of the ‘standard’ channels.
However, the structure of low-conductance channels
remained uncertain.

Variation of organic solvents in which GA was
dissolved prior to incorporation into the lipid bilayer
did not result in the formation of channels with
structures other than #6.376.3 dimer [21]. A certain
expectation of obtaining double helical channel was
connected with preparation [22] and study [23,24] of
GA analogues wherein the N-C or C-C terminals
were linked by covalent bridges. It was found that
each bis-derivative forms two types of the channels
with different lifetimes. The short-living channel was
assigned to double helical structure [24] formed,
however, by interdimer associates rather than within
the respective monomeric dimer [23,24]. This cir-
cumstance did not allow the straightforward inter-
pretation of the experimental data. As a result,
formation of GA channels by double helices remained
a possible, but never proven, phenomenon. There-
fore, a direct comparison of the results of theoretical
analysis (including those obtained by the method of
molecular dynamics [6,25]) with the experimentally
observed parameters of the double helical channels,

as well as with the properties of the 76.376.3 channel,
could not be carried out.

Whereas in liposomes prepared from saturated PC
the 76.376.3 helix predominates [26], in unsaturated
PC thermodynamically preferred structures are the
left-handed 11 n#5.6 and 1| nx5.6 helices [27]. Various
non-equilibrium conformational states of GA in
liposomes can be obtained by changing the solvent
in which peptide and lipid are codissolved before
drying. Bano et al. [28] have shown that the #6.376.3
dimer is formed when TFE is used as a solvent, while
in THF or benzene the n75.6 double helices predomi-
nate.

To determine the structure of GA in liposomes
Bano et al. [28] proposed quantitative analysis of
HPLC data. However this approach allows the detec-
tion of only the overall 11 ##5.6 + 1| 775.6 content of
helices. More detailed information was provided by
computer analysis of CD spectra (and FTIR spectro-
scopy) [27], whereby the assignments of CD and FTIR
spectra were based on the NMR data [11,15].

The aim of the present work is to correlate the
ionic conductances of GA channels in lipid bilayers to
their polymorphous structures. The experimental
approach is based on the formation in liposomes of
gramicidin channels with predetermined structures
and their subsequent transfer into planar bilayer by
fusion of liposomes with the lipid bilayer. THF and a
few other solvents were used to form the double
helices in the liposomes while TFE was used for
76.376.3 helix formation. Liposomes were prepared
from the lipids containing unsaturated fatty acid
residues {asolectin, soybean PC and SSPC} in order to
shift the equilibrium towards the w75.6 helices. The
conformation of GA in liposomes was monitored by
CD spectroscopy with computer analysis of the data
obtained. After fusion of GA-containing liposomes
with the planar lipid bilayer, the single channel
currents were recorded and analysed for different
kinds of GA channels. In other words we used
liposomes as a transport vehicle for the delivery of
GA channels with predetermined spatial structures
into the planar bilayer. The combined analysis of
CD data and channel parameters allowed channel
structures to be related to their transport function.

MATERIALS AND METHODS

Materials

Val-GA was obtained from GD (Boehringer) by
countercurrent distribution [29]. The amino acid
analysis on Mark Il (Durrum) detected ca. 6% of Ile-



GA in the sample. DPPC was from Serva, soybean PC
and asolectin (IIS) were from Sigma, SSPC was
obtained from Dr. E. Ya. Kostetsky (Far East
University, Vladivostok). In the latter preparation
the fraction of unsaturated fatty acids with >2
double bonds is ca. 50%, similarly to the soybean
PC [30]. Lipids were stored at —20°C under nitrogen,
their purity was checked by TLC. TFE was from
Fluka and THF was from Merk. Water was deionized
on a Milli-Q water system (Millipore Corp.) and
degased under vacuum. A chromium mixture was
used to clean the glassware.

Preparation of Liposomes from TFE and Ethanol
Solutions

The procedure was described by Killian et al. [26].
Stock solutions of the appropriate amount of GA
(0.1-0.5 mg) and lipids were prepared in methanol
(0.8 ml) and chloroform (0.8 ml), respectively. The
solutions were mixed and solvents were removed in a
rotary evaporator. The dry mixture of peptide and
lipid was dissolved in TFE or ethanol (1.6 ml) to
obtain GA concentration ~ 10~* M. After incubation
for 2 h at 20°C the solvent was removed by rotary
evaporation (at 45 °C) and samples were dried for 2 h
under ~ 1072 torr. The dry lipid-peptide film was
hydrated in 10 mM NaCl in H,O (pH 6.5) to 5-7.5
x 107*M GA concentration at 1:25-200 peptide:
lipid molar ratios and to 1 x 10~% M GA concentra-
tion at 1:600-1000 ratios. The samples were allowed
to swell for 30 min at 20°C and then were sonicated
at 20°C (or at 45°C for DPPC) by Braunsonic 1510
sonicator for 2-3 min until they became optically
clear.

Prepargation of Liposomes from THF, Benzene,
Ethylacetate and Isopropanol Solutions

Appropriate amounts of GA and a lipid as dry
powders were dissolved separately in the solvent of
choice and the solutions were combined. The GA
concentration was ~ 102 M (i.e. higher than in TFE
and ethanol in order to increase the fraction of the
dimer). The solvent was rapidly evaporated under a
nitrogen stream and then under high (~10~2 torr)
vacuum [28]. The rest of the preparation procedure
was as described above. For other details see [27].

Measurement of CD Specira

Spectra were recorded at 20°C on the Jasco 500 C
dichrograph in demountable cells (Héllma) with
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1073 cm and 1072 cm optical path length. The
spectra reported are the average of two or three
scans. The spectrum of the appropriate suspension
of liposomes without GA was used for the baseline.

CD Data Analysis

As shown by CD and FTIR spectroscopy {27] GA
forms three structures in liposomes, namely the
right-handed #6.376.3 helix (designated as U) and left-
handed 11 rx5.6:and 7] n75.6 helices. The measured
spectrum can 'be expressed as a linear combination
of the spectra of these basic structures:

(Bl; = ful®liu + /1181 + Ai1[Oliyy

where f,, fi;, f;; are their molar fractions deter-
mined by the least-squares method (the f; >0
constraint was not applied). The spectra of 11 nn5.6
and 1] n75.6 helices (Figure 2) were taken from [10}
(structures established in [11] and [12] and the GA
spectrum in liposomes made of DPPC was taken as a
spectrum of 76.376.3 helix [27]. CD spectra were
calculated in the 204-248 nm region at 2 nm inter-
vals. The quality of each computed fit was evaluated
by a normalized root mean square deviation as

Z(oexpt - Bcalc)z
NRMSD= [~
D

where e and 8., are experimental and calcu-
lated residue ellipticities, and N is the number of data
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Figure 2 Reference CD spectra used for computer analysis
of CD data (see text).
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points used. Molar fractions of the structures f; were
determined both with constraint }_, f; = 1 and with-
out it. In the latter case the results were normalized
to 100% in order to remove variations due to
concentration errors [31]. Such an approach as a
rule results in a drop of NRMSD (in comparison with
> fi =1 version) and these results are shown in
Tables 1-3 and in Figures 3-5. Although in the case
of Y, f;=1 somewhat different f; values were
obtained (similar to Mao and Wallace [31], the order
of fu, fi1. f;, preference remains the same as without
the constraint (with the exception of soybean PC
liposomes prepared from ethanol, see below). Calcu-
lations performed with adding of the fourth basic
spectrum of right-handed 1t nn5.6 helix (species 4
[10]) showed the absence of this structure in the
equilibrium (f; = 0) as well as in the lipids used by us
earlier [27]. Additional correction of the spectra of GA
analogues with a variable number of tryptophans
was made according to [32].

Gel Filtration

After CD measurements the sample was diluted by a
double volume of the same solution {10 mM NaCl)
and 15-20 ul of it was applied to Sephadex G-50
(medium) column 1 x 45 cm (Whatman). The 2238
Uvicord SII (LKB) detector was used at A=280 nm.
Gel was used only once; for the next run the column
was prepared afresh. A typical elution profile of the
liposomes is shown in Figure 3. The collected
liposome fraction (~0.5 ml) was diluted to the GA
concentration 107°-107'! M before adding to the
pre-formed planar lipid bilayer.

Single-channel Recording

Planar lipid bilayers were formed from asolectine
{type 1IS, Sigma) in n-decane (40 mg/ml} across a
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Figure 3 Elution profile of sonicated GA/SSPC dispersion
(prepared from TFE) at 1:25 peptide:lipid molar ratio.

hole (diameter 1 mm) in a Teflon partition separating
two 2 ml chambers. The experiments were done with
solutions of 100 mM NaCl (or KCI} at 19-21°C.
Aliquots (1-3 ul) of the liposome suspension with
GA concentration 10~9-107*! M were added to both
aqueous phases. Recordings of the current traces
were started at once after the appearance of the first
spikes, usually in 10-30 min after addition of lipo-
somes. The single-channel measurements were done
at 70 mV potential which was applied to the mem-
brane by Ag-AgCl electrodes. Current transitions
were amplified by a Keithly-427 amplifier and
recorded on a 7005 Brul and Kjer F-M recorder for
the subsequent computer analysis. The current
traces were observed simultaneously on the 5525
Tektronix oscilloscope. The records of single-channel
currents obtained were filtered at the low-pass filter
cut of frequency 100 Hz (8-pole Bessel) and stored on
an F-M recorder. Recorded data were digitized at
10 ms intervals. Records were eliminated from the
final data set if there were overheads of spikes
produced by several simultaneous open transitions.

Digitized records were analysed using a PClamp
5.5 software package (Axon Instruments, USA). The
channels with a current amplitude that was greater
than 20% of the maximum amplitude of the current
transitions were analysed. The portion of the transi-
tions falling below this threshold was negligible.
Determination of current transition amplitudes was
based on current transition histograms (CTHs).
Approximation of the CTH obtained was performed
by a many-component Gaussian distribution by the
PClamp 5.5 statistical module using linear regres-
sion analysis. The same software was used for
calculating the average channel durations of the
open time distributions.

RESULTS

Conformational Equilibrium of GA in the Membranes
from CD and Single-channel Data

Asolectin. At first the fusion of GA-containing lipo-
somes from asolectin was performed with the planar
bilayer of the same lipid. The observed and calculated
CD spectra of GA in liposomes are shown in Figure 4.
The results of corresponding quantitative analysis of
the spectra, i.e. relative fractions of 1| 775.6, 17 775.6
and 76.376.3 helices, are listed in Table 1. Usage of
TFE results in the formation mainly of the 76.376.3
helix (~75%) in asolectin liposomes, which corre-



sponds to the data of Killian et al. [26] and Sychev et
al. [27] obtained for other lipids.

Usage of THF at the same peptide:lipid molar ratio
(1:150) results in predominant formation of #75.6
helices. The initial molar fraction of double helices
(~65%) as well as its drop with time up to ~ 55% are
in agreement with the data of Bano et al [28]
obtained by HPLC. The content of double helices
observed when using benzene (~ 65%) is somewhat
lower than that obtained by HPLC for liposomes
prepared from egg yolk PC. A still lower fraction of
#75.6 helices is observed in the cases of ethylacetate
and isopropanol which have not been used before
(Table 1). It is worth noting that the content of
1] 75.6 helix is about twice as high as that of {1 775.6
helix. The portion of double helices in asolectin (from
THF) drops to ~50% at the reduction of the
peptide:lipid ratio to 1:600, in accord with [28]. At
the 1:600 molar ratio the CD spectrum can be
reliably measured only up to 210 nm and the
NRMSD in this case increases; nevertheless the
fraction of 1] n75.6 helix is higher than that of
11 77w5.6 helix, similar to the 1:150 ratio.

Figure 5 shows typical single-channel traces after
fusion of GA-containing liposomes prepared from
various lipids with the planar bilayer made of
asolectine. The corresponding CTHs in the case of
asolectin liposomes are shown in Figure 6. When
using THF three levels of conductance can be seen on
the CTH in accord with the number of the GA main
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structures in liposomes. It is tempting to assume
that each of these three forms has its own level of
conductance. When GA dissolved in methanol is
added (to both aqueous compartments) the high-
conducting channel 3 is observed and the peaks 1
and 2 on the CTH are practically absent (Figure 7).
The structure of this channel is well known as a
right-handed 76.376.3 helix {15,16,33]. Conductance
levels 1 and 2 are also manifested very weakly when
preparing liposomes from TFE (Figure 6D). This
implies that the causative factor of conductances 1
and 2 is the formation of double helices in liposomes
where their portion falls to 25% when using TFE
(Table 1). The assignment of peaks 1 and 2 to 1] 7
and 11 == helices respectively (see Table 1) is based
on the correlation of the relative integral intensities of
peaks 1-3 and the fractions of the corresponding
structures according to the CD data. Thus when
using THF, a higher content of the 7| 775.6 helix in
comparison with 17 775.6 corresponds to a higher
intensity of peak 1 relatively to peak 2. Other data
favouring this assignment will be given below. The
total intensity of peaks 1 and 2 assigned to double
helices is ~55% and changes slightly with time
(Figure 6 (A)-(C)).

SSPC. As seen from Figure 8 and Table 2 THF in this
lipid also favours double helices, their content reach-
ing ~ 75% at 1:150 peptide: lipid ratio. Similar values

Table 1 Conformational States of GA in Liposomes from Asolectin (Estimated from
the CD Data) and Relative Integral Intensities of the Peaks 1-3 in CTH after Fusion of
Liposomes with Planar Bilayer from Asolectin

Method Solvent Peptide: Time GA structure in liposomes
lipid (days) Tl nm K 76.376.3
(M:M) Peak number in the CTH
12 28 3

CD TFE 1:150 0-1 0.00 0.25 0.75
CTH TFE 1:150 0 0.04 0.11 0.85
CD THF 1:150 0 0.56 0.10 0.34
1 0.48 0.08 0.44
1:600° 0 0.31 0.15 0.54
CTH THF 1:600 0 0.28 0.16 0.56
CD Benzene 1:150 0 0.49 0.16 0.35
1 0.49 0.04 0.47
Ethylacetate 1:150 0 0.52 0.05 0.43
1 0.48 0.00 0.52
Isopropanol 1:150 0 0.46 0.08 0.46
1 0.38 0.09 0.53

“Tentative assignment.

PNRMSD (~ 20%) is higher than for the rest of the spectra.
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Figure 4 CD spectra of GA in asolectin liposomes prepared
from TFE (a) and THF (c); (b) and (d) are corresponding

calculated curves. NRMSD values are 12% and 17%
respectively. Peptide:lipid molar ratio is 1:150.
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were obtained by Bano et al [28] in HPLC experi-
ments. At the 1:600 ratio (THF or benzene) the
fraction of 7n5.6 helices falls according to the
CD data {qualitative estimation because of difficulties
in recording spectra at 1 < 220 nm) and correspond-
ingly low relative intensity of peaks 1+ 2 (~25%) is
observed in the CHT. An increase in the peptide:lipid
ratio of 1:25 is followed by some decrease in the
double helical content. However, with this lipid the
single-channel experiments are more reproducible at
a 1:25 ratio (Figure 9) than at the ratio 1: > 150. The
relative intensity of the peaks 1 + 2 assigned to 1] 7=
and 11 7 helices is ~ 50%. As for asolectin, that ratio
does not change with time (Figure 9 (AJ-{C)). The
change in the intensities of peaks 1 and 2 in the CTH
with time (Figure 9 (A)-(C)) is of interest, because a
similar time dependence of the content of 1| 775.6
and 11 n75.6 helices is observed according to the CD
data (0.35/0.20 — 0.23/0.33, Table 2).

With TFE the 76.376.3 helix predominates in the
liposomes (~ 80%, Table 2), in accordance with the
data of single-channel experiments (Figure 9 (D) and

Tl

Figure 5 Single-channel current traces in asolectin/decane planar bilayer after its fusion with GA-
containing liposomes from asolectin (A), SSPC (B) and soybean PC (C). The conductances denoted at the
vertical scale (on the left) are the values corresponding to the maxima of the peaks on the current transition
histograms (Figures 6, 9, 13). In all records, channels are seen with conductances less than for the
‘standard’ level 3. These low-conductance channels have about the same lifetime as ‘standard’ ones.
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Figure 6 Cuwrrent transition histograms obtained after
fusion of GA-containing liposomes made of asolectin with
planar bilayer. Liposomes were prepared from THF (A-C)
and TFE (D). The time of channel recording after fusion
event is indicated. Relative integral intensities of peaks 1-3
are: 29:16:55 (A); 27:25:48 (B); 28:16:56 (C); and 4:11:85
(D). The total number of transitions are 858 (C) and 395 (D).
The conductances corresponding to the maxima of the
peaks are presented in Table 4.
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Figure 7 Current transition histogram obtained after addi-
tion of GA solution in methanol (2.5 x 10~* M) to aqueous
phase (on both sides of the membrane). Relative integral
intensities are 1.5:7.5:91. Conductance corresponding to
the main peak is 11.8 pS. The total number of transitions
was 544.

Table 2). The result can be considered as a control
experiment to that shown in the Figure 9{(A)—(C].

Des(lip-Leu),-GA. To facilitate the assignment of
peaks 1 and 2 in CTH to particular channel
structures we have studied the shortened membrane
active analogue, des(Trp-Leu)s-GA, for which con-
formational equilibrium in dioxane and THF is
shifted to the left-handed 1| #75.6 helix (up to 90%
[32]). For comparison, GA in dioxane has the ratio
1) 7n5.6/ 11 wn5.6 = 1 [34]. According to the CD data
(Figure 10), the 1] 7#5.6/ 11 7n5.6 ratio of the analo-
gue falls to 0.56/0.16 = 3.5 (Table 2) after incorpora-
tion into SSPC liposomes. This is still higher than the
ratio for GA 0.35/0.20=1.75. Finally, after fusion of
the liposomes with planar bilayer the intensity of
peak 1 (1| »7 helix) in the case of the analogue is
higher than for GA (cf. Figures 11 and 9 (B) and (C)).

Soybean PC. Usage of THF to form double helices is
based on the so-called ‘molecular memory’ of the
polypeptide [26], i.e. having being transferred from
THF to the lipid bilayer, it still ‘remembers’ the
starting structure adopted in that solvent. For
asolectine and SSPC, the relative content of the
16.376.3 helix increases with time (Tables 1 and 2),
implying that the nn and n6.376.3 helices are not in
equilibrium. Another way to obtain the double
helices is by the selection of the proper lipid favouring
those structures. In this case double helices repre-
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Figure 8 CD spectra of GA in SSPC liposomes prepared
from TFE (a) and THF (c); (b) and (d) are corresponding
calculated curves. NRMSD values are 5% and 8% respec-
tively. The peptide:lipid molar ratio 1:25. Curve (c¢) was
obtained at the next day after liposome preparation.

sent thermodynamically preferred structures. In
order to reach the equilibrium state it is better to
use ethanol as a solvent for a GA/lipid mixture and to
incubate the prepared liposomes additionally at
68°C for 4-5 h [27]. The study of GA by the protocol
described for liposomes made of SSPC and asolectine

has shown that the relative content of double helices
in the equilibrium state is ~40% and ~30%
respectively, while in soybean PC it is more than
60% (Figure 12, Table 3). Therefore soybean PC was
used for a single-channel experiment. The 11zz helix
predominates over the 1| nn structures in liposomes
made of this lipid and this dominance is maintained
after fusion of liposomes with planar bilayer (Figure
13 (A), Table 3). The high value of SD for the
component 2 (Figure 13) makes the analysis of CTH
difficult. Decomposition of the profile into three
components was made in this case by analogy with
the data for other lipids.

With TFE and liposomes made of soybean PC, the
76.376.3 helix is the main form (~75%, Table 3)
which agrees with the data of the single-channel
experiment (Figure 13 (B)). The result can be
considered as a control experiment to that shown in
Figure 13 (A).

Single-channel Parameters

Conductance. As seen from Table 4 the three levels
of GA conductance both in asolectin and SSPC
membranes relate to each other as 0.64:0.82:1. In
KCl1 solution low-conductance levels in CTH are of
low intensity, so that only their mean value con-
ductance can be determined. Such low intensity is in
accord with the lower content of double helices in the
presence of K™ shown by CD for GA in liposomes [27].

Table 2 Conformational States of GA and des(Trp-Leu),-GA in Liposomes from SSPC and DPPC
(Estimated from the CD Data) and Relative Integral Intensities of Peaks 1-3 in CTH after Fusion of

Liposomes with Planar Bilayer from Asolectin

Lipid, Method Solvent Peptide: Time GA structure in liposomes
peptide lipid (days) Tl mr 117 76.376.3
(M:M) Peak number in the CTH
12 2 3
SSPC, GA CD THF 1:150 0 0.52 0.25 0.23
1 0.46 0.18 0.36
1:25 0 0.35 0.20 0.45
1 0.23 0.33 0.44
CTH THF 1:25 0 0.28 0.22 0.50
CD TFE 1:25 0 0.00 0.20 0.80
CTH TFE 1:25 0 0.09 0.15 0.76
SSPC CD THF 1:25 0 0.56 0.16 0.28
Des(Trp-Leu)p-GA CTH THF 1:25 0 0.35 0.26 0.39
DPPC, GA CD THF 1:25 0 0.35 0.14 0.51
CTH THF 1:25 0 0.22 0.78

#Tentative assignment.
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Figure 9 Current transition histograms obtained after
fusion of GA-containing liposomes made of SSPC with the
planar bilayer. Liposomes were prepared from THF (A)- (C)
and TFE (D). The time of channel recording after the fusion
event is indicated. Relative integral intensities of the peaks
1-3 are 36:15:49 (A), 28:21:51 (B), 28:22:50 (C) and 9:15:76
(D). The total number of transitions are 524 (C) and 488 (D).
The conductances corresponding to the maxima of the
peaks are shown in Table 4.
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Figure 10 CD spectrum of des(Trp-Leu);-GA in SSPC
liposomes prepared from THF (a) and the corresponding
calculated curve (b). NRMSD = 7%. The peptide:lipid molar
ratio is 1:25.
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Figure 11 Current transition histograms obtained after
fusion of des(Trp-Leu),-GA-containing liposomes made of
SSPC with planar bilayer. Liposomes were prepared from
THF. The total number of transitions is 408. Relative
integral intensities and the conductances corresponding
to the maxima of the peaks 1-3 are presented in Tables 2
and 4.

But the ratio of Na*/K* conductances for the low-
conducting channels is about the same as for the
76.376.3 channel (Table 4), i.e. channels formed both
by double helices and the 76.376.3 helix apparently
do not show Na* /K" selectivity.

The level 3 conductance of the 11-membered
analogue (6.6 pS, Table 4) is somewhat lower than
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Figure 12 CD spectra of GA in soybean PC liposomes
prepared from TFE (a) and ethanol (d); (b) and (e)
corresponding calculated curves with NRMSD values 19%
and 24% respectively; (c) spectrum of GA in asolectin
liposomes prepared from ethanol {corresponding calculated
curve with NRMSD value 14% is not shown). The liposomes
prepared from ethanol were incubated for 5 h at 68°C.

the corresponding value for GA (7.2 pS) in the same
membrane. This result is in accord with the data of
Kolb and Bamberg [35], who found that the single-
channel conductance decreases with increasing fatty
acid chain length of the lipid, i.e. the membrane
thickness. The same is true for the low-conductance
double helical channels, since the conductances of

all three levels for the analogue relative to GA are
0.90+0.01.

Lifetime of the Channels

In Figure 14 lifetimes for channels are plotted against
conductance. One can see that the average lifetime of
low-conductance channels (~1 s) is not different
from the lifetime of the 76.376.3 channel. In general
this is in agreement with the data of Busath and
Szabo [18] obtained for the planar bilayer made of
diphytanoyl-PC. Average lifetime of the channels
formed by fusion of GA containing liposomes pre-
pared from soybean PC with the planar bilayer is
three to four times lower than for asolectin and SSPC
liposomes.

Standard Deviation. As noted above, peaks 1+2
amounting to 50-55% of the total intensity of CTH
do not change with time when using asolectin and
SSPC for liposome preparation. At the same time in
the case of SSPC (and to the lesser extent, of
asolectin) components 1 and 2 in CTH obtained by
channel recording for the first 35-40 min after fusion
are sharper than in the CTH obtained by channel
recording during ~ 3 h (Figures 6 and 9). This is due
to the increase in SD of peaks 1 and 2 with time
{Figure 15). On the other hand, the SD of component
3 is lower than that of components 1 and 2 and it
does not change with time. In the case of soybean PC
liposomes, all three channels have a conductance SD
higher than the rest of studied lipids (Table 4).

The results obtained in the present study can be
summarized as follows:

Table 3 Conformational States of GA in Liposomes® from Soybean PC and Asolectin
{Estimated from the CD Data} and Relative Integral Intensities of Peaks 1-3 in CTH
after Fusion of Liposomes from Soybean PC with Planar Bilayer

Lipid Method Solvent GA structure in liposomes
Tian Minn 16.316.3
Peak number in the CTH
1® 2° 3

Soybean (89 Ethanol® 0.28 0.34 0.38
PC CTH Ethanol 091 0.43 0.38
CD TFE 0.12 .14 0.74
CTH TFE 0.18 0.18 0.64
SSPC CD Ethanol 0.20 0.21 0.59
Asolectin CD Ethanol 0.11 0.17 0.72

®The liposomes prepared from ethanol were incubated at 68°C for 5 h.

PTentative assignment.

“Calculation with the constraint ), f; = 1 results in the relationship: 0.34:0.42:0.2, i.e. in such
cases the {1zn5.6 helix becomes the most abundant.
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Figure 13 Current transition histograms obtained after

fusion of GA-containing liposomes from soybean PC with

planar bilayer. Liposomes were prepared from ethanol and

incubated for 5 h at 68°C (A) and from TFE (B). The total

number of transitions are 653 (A) and 1309 (B). Relative

integral intensities and the conductances corresponding to
maxima of the peaks 1-3 are shown in Tables 3 and 4.

(1) According to the CD data three structures are
formed in the membrane: left-handed 7] mn5.6 and
11 775.6 and right-handed 76.376.3 helices. The peaks
1-3 in CTH are assigned to distinct channel struc-
tures on the basis of the data obtained for GA in three
different lipids as well as the data obtained for
des(Trp-Leu),-GA.

(2) The ratio of 1| »75.6 and 17 n#n5.6 structures
depends on the composition of liposomes and gen-
erally correlates with the ratio of the intensities of
peaks 1 and 2 in CTH.

(3) The channel conductances 1-3 depend weakly on
the liposome composition.

(4) The lifetime of channels 1 and 2 assigned to the
double helices is very close to the lifetime of the
76.376.3 channel.

(5) The SD of channel conductances 1 and 2 is
higher than that of 76.376.3 channel conductance
and slowly increases with time.
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DISCUSSION

In the present study, GA-containing liposomes were
used to deliver channels onto the planar bilayer. Two
ways of GA insertion into bilayer can be generally
envisaged: (1) via transfer through the aqueous
phase and (2) by direct liposome-bilayer interaction.
The former cannot serve as the main way since the
aqueous phase favours the GA monomeric state
(Alimpiev et al., unpublished), which obviously does
not ‘remember’ the double helical structures adopted
by GA in organic solvents. Owing to this fact, the
technique used earlier and based on adding GA in
different organic solvents to the water (up to 10~8-
10~ '° M concentration) [21] results in the formation
of only one type of the channel structure.

There are a number of ways by which the GA-
loaded liposome can interact with the bilayer, such as
fusion, semifusion, adsorption or collision. In this
paper we do not specify these mechanisms and we
use the term ‘fusion’ in a broad context, implying
incorporation of GA into bilayer without going into
the water phase.

In another set of experiments by Sawyer et al. [21]
the peptide and the lipid were joined in different
solvents, the overall GA concentration being
2 x 107 M and the peptide:lipid molar ratio being
1:10°. The solution was equilibrated for 1h, the
solvent was removed and the dry mixture was
dissolved in n-decane at the GA concentration
2 x 1079 M, where peptide is present as a monomer.
The planar bilayer was formed from the latter
solution. The presence of lipid in a nonpolar solvent
increases the decay rate of double helix by four
orders of magnitude due to the interaction of
polypeptide with the PC polar heads [36,37]. There-
fore, even if some monomer transforms to double
helix in the course of evaporation it should decay
again to a monomer in the decane solution. Therefore
it is not surprising that in the described experiments
only ‘standard’ channels were observed [21].

As we have shown [27] the higher fluidity of
unsaturated membranes is responsible for the con-
formational shift towards the left-handed nr5.6 helix,
which predominates in solution. Accordingly the
lipids containing unsaturated fatty acid residues
were used in the present study to form double helical
channels. It is of interest that Busath et al [20]
observed that the rise of temperature from 25°C to
37.5°C results in an increase of low-conducting
channels. Such behaviour can also be explained by
the increase of membrane fluidity with temperature.
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Table 4 Parameters of GA and des(Trp-Leu),-GA Single Channels formed by Fusion of
Peptide-containing Liposomes® from Different Lipids with Planar Bilayer from Asolectin

Peptide, Electrolyte  T(°C) Peak number in the CTH
lipid 1 2 3
1| 7n® 11 wa® 76.316.3
GA, Asolectin NacCl 21 A° 8.80 11.16 13.61
SD 0.86 0.90 0.40
19 A 8.11 10.12 12.42
SD 0.69 0.66 0.44
KC1 19 A 20.5 25.1
Na*/K* 0.5 0.49
GA, SSPC NaCl 19 A 7.24 9.81 11.69
SD 1.04 0.77 0.39
KCl A 19.3 22.92
SD 0.70
Na‘*/K* 0.4 0.51
Des(Trp- NaCl 19 A 6.61 8.67 10.45
Leu),-GA, SSPC SD 0.76 0.65 0.38
GA, DPPC NaCl 19 A 8.4 12.0
SD 0.39
GA, soybean PC NaCl 19 A 6.2 8.7 11.69
SD 0.96 1.27 0.79

?Liposomes were prepared from THF.
PTentative structures of the channels.
°A = single-channel conductance (pS).

As follows from the Results, computer analysis of
CD spectra provides useful information on the
conformational equilibrium of GA in the membrane.
In principle one may assume that the observed
channels 1-3 have the same polypeptide backbone
structure and differ only by the orientation of the
tryptophan side chains. However, the change of CD
spectra is unequivocally correlated with the changes
of FTIR spectra in the amide I and II bands range {27].
Such a correlation negates the assumption made.

As the reference spectra of 1| n#5.6 and 11 ##n5.6
helices we have used the spectra of these structures
obtained for solutions. The orientation of indole rings
of tryptophans may be somewhat different in solu-
tion and in membrane which may contribute to the
error of calculation when using the spectra of GA in
solution. However, the CD curves observed for the
liposomes with high content of 1] #75.6 helix (Figures
4{c) and 10(a)) and 11 n75.6 helix (Figures 8(c) and
12(d)) are close to the corresponding spectra for
solution (Figure 2). In addition, the results of our
computer analysis for liposomes prepared from THF,
benzene and TFE are in agreement with the data of
Bano et al. [28] obtained by HPLC.

Similarity of the spectra of 1| n75.6 and 11 775.6
helices in the 215-250 nm range is another potential
source of error as noted earlier [27]. In general the

formation of both 1| 7n#x5.6 and 11 n#5.6 helices is
proven by our CD data, although the assignment of
the peaks 1 and 2 in CTH to 7| nr and {1 mr helices
(and not vice versa) should be considered as tenta-
tive. At the same time this assignment is in accord
with the results of theoretical analysis of energetic
profiles of 1] 77 and 1177 channels made by Sung
and Jordan [1,38]. According to this study the
channel conductance should increase in the se-
quence: T| nm <11 77 < 76.376.3.

There is no reason to believe that the error in the
computer analysis of CD curves arise as a conse-
quence of not taking into account other structures, in
particular the monomer. Actually, since the dimer-
ization constant of GA in bilayers is as high as
~3x 10" cm®M~! [39] and the surface area/
pospholipid molecule is 0.6-0.7 nm?, the monomer
has been shown [21] to be almost absent at the
peptide/lipid molar ratios used in our experiments.

When fusing liposomes prepared from SSPC and
especially DPPC with a planar bilayer made of
asolectin, the content of double helices in the
bilayer diminishes compared with the liposomes
(Table 2). This means that under fusion there
occurs a fast shift of the equilibrium ratio of
double helices and 76.376.3 helix. Fast conforma-
tional rearrangement of the channel in planar



A 4
100
10 t R . e * I T
,;; 1 -', s, e 3. .
: 0.1 K2 H ¢
001 .
E L 1 L y . i A 1 L
— 14 12 10 8 6
- ] B J
_ 100f 1
0 f eun s
- a-». v
o | AN
3z 0.1 ¢
0.0V h
p=) 1 | 1 | 1 i I
12 10 8 6
c
o 100-C 1
o :0 i ]
- ‘ =
O “ N G
o SNl ’5 ]
0.01 )
1 1 1 i 1 1 1 1 )3 i

14 12 10 8 (] 4
Conductance (pS)

Figure 14 Correlation between the open channel lifetimes
and their conductances. Channels were formed by fusion of
GA-containing liposomes (from THF} with planar bilayer.
Liposomes were prepared from asolectin (A), SSPC (B) and
soybean PC (C). The average lifetimes are 0.97 s (A), 1.39 s
(B) and 0.33 s (C). The total number of transitions are 755,
540 and 625 respectively. The corresponding current
histograms are shown in Figures 6, 9 and 13.

bilayer is in particular due to the presence of
decane (Sychev and Barsukov, unpublished). One
can assume that other con-

formational rearrangements in particular nn5.6 —
nn7.2 also proceed faster in a planar bilayer than
in liposomes. If so, such rapid transition cannot be
excluded after incorporation of the nn5.6 helix into
the planar bilayer and its interaction with Na™ ions
at the membrane potential applied (see also [40]).
Then the low-conductance states observed {(or one
of them) may correspond to the nn7.2 helix. At the
same time there is no a priori reason to expect the
formation of such helices in the membrane since
they were not found in liposomes in the presence of
Na* ions [27]. In any case this ambiguity does not
abolish our conclusion that the helical structures
of channels 1-3 differ in the type of the peptide
backbone conformation rather than in minor
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Figure 15 The time course of SD for the peaks 1-3 in the
current transition histograms: (O) peak 1, (A) peak 3,
liposomes made of SSPC; (O) peak 1, (4) peak 3, liposomes
made of asolectin.

structural features, e.g. at the channel entrance.
Our suggestion is based particularly on the control
experiments where the ‘standard’ channels were
formed by the fusion of the 76.376.3 helix contain-
ing liposomes with the planar bilayer {see Results).

Comparative study of the structure of water and
the hydration of ions in the zn7.2 and nn5.6 helices
by the Monte-Carlo method resulted in the conclu-
sion that the n75.6 helix cannot be filled with water
and therefore cannot act as a channel [41]. However,
these calculations were done with atomic coordinates
obtained by theoretical analysis [42], while according
to X-ray data of Langs [43] and Langs et al. [44] the
inner diameter of the 775.6 helix (4.6-5.5 A) is much
larger than proposed from theoretical analysis and
NMR data for solutions (~ 3 A [11]). The latter figures
are large enough to accommodate water molecules
and Na*' ions. Considering the nn5.6 helix as a
putative channel structure we primarily refer to the
Na* channel studied in the present work. On the
other hand a 1} n#7.2 helix forms upon interaction of
GA with Cs* in solution [45] as well as in crystals
[46].

The average lifetime of low-conductance channels
is similar to that of the 76.376.3 channel. This result
does not accord with the assumption that double
helical channels should have a longer lifetime
because of the high number of intermonomeric H-
bonds [18,47]. We interpret the result on the basis of
a sliding mechanism of channel opening (for details
see [23,27,48]). We suppose that the main factors
determining the lifetime of the channels are the
surface tension of the membrane and the mismatch
between the channel length and the thickness of the
lipid bilayer. In the double helix channel model we
suggest that the switching on of the channel is
connected with local thinning of the membrane as
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was supposed {48,49] for the 76.376.3 channel as
well.

The average lifetime of the channel formed by a
considerably, ~8 A, shortened analogue, 1.31 s,
does not differ from that of GA channel (1.33 s)in a
planar bilayer made of SSPC/decane. This result
would seem rather unexpected except for the data on
Kolb and Bamberg [35] and Hladky and Haydon {49]
which showed that in thick membranes (>40 A)
formed with decane the mean lifetime of GA channels
decreases only slightly with increasing the chain
length of the lipid; with thinner membranes formed
in the presence of hexadecane, this dependence
becomes stronger. Thus, to shorten the lifetime ten-
fold the thickness of the ‘decane’ membrane has to be
increased from 41.8 A (palmitolein, 16:1 chain) to
58.4 A (erucin, 22:2 chain), i.e. by ~ 17 A. Since the
775.6 helix of GA (~ 31 A [43]) is only ~4-5 A longer
than the zn7.2 and 76.376.3 helices (~26-27 A,
[15,45,46]) the similar lifetimes of low-conductance
and 76.376.3 channels do not exclude formation of
both nn7.2 and nn5.6 helices in the bilayer.

Bamberg et al. [50] have shown that the SD of the
channel conductance in the CTH depends on the
membrane lipid composition. As we see now this
applies to the 76.3726.3 channel. Increase of SD of
channels 1-3 observed in the present study with
soybean PC in comparison with the values obtained
with other lipids implies that this effect may be
associated with the double helical channels (espe-
cially if one assumes that in this case GA incorpo-
rates into the planar bilayer with its boundary lipid).
In the case of asolectin and SSPC the SD of low-
conductance channels is more than two times higher
than the SD for the 76.376.3 channel. Flexibility of
side chains, in particular of Trp in double helix,
might contribute to such an increase as suggested by
Urry et al [51] for the enhanced dispersity of
des(Val’-Val®)-GA channel conductance relative to
that of GA. The second reason for the exceptionally
low dispersity of the 76.376.3 channel conductance
might be formation of the channel by junction of two
helical monomers, i.e. by a simple mechanism, which
is not used in other polypeptide and protein chan-
nels. On the other hand, the double helical channels
penetrate the membrane and have a more compli-
cated mechanism of opening. It is worth noting in
this connection that the SD of the double helical
channel approaches that of the Na channels (e.g.
from rabbit T-tubular membranes {52]).

In conclusion, the data presented here provides
considerable, though indirect, evidence supporting
the assumption that low-conductance channels are

formed by double helices. An alternative explanation
of low-conductance channels was proposed in [18]
and [19]. The appearance of these channels was
assigned to a conformational transition near the
channel mouth; however, no structural studies were
performed to prove that assumption. Direct informa-
tion on the structure of low-conductance channels
would require performing spectroscopic and single-
channel measurements on the same system. Such
work is currently in progress.
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