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Abstract. The association of two gramicidin A (gA) pep-
tides via H-bonds in lipid bilayers causes the formation
of an ion channel that is selective for monovalent cations
only. In this study, two gAs were covalently linked with
a dioxolane group (SS dimer). Some functional proper-
ties of natural gA channels were compared to that syn-
thetic dimer in Na+- or Cs+-containing solutions. The SS
dimer remained in the open configuration most of the
time, while natural gA channels had a relatively brief
mean open time. Single channel conductances to Na+

(gNa) or Cs+ (gCs) in the SS dimer were smaller than in
natural gA. However,gNa was considerably more at-
tenuated thangCs. This probably results from a tight
solvation of Na+ by the dioxolane linker in the SS chan-
nel. In Cs+ solutions, the SS had frequent closures. By
contrast, in Na+ solutions the synthetic dimer remained
essentially in the open state. The mean open times of SS
channels in different solutions (Topen,Na > Topen,Cs >
Topen,H) were inversely proportional to the single channel
conductances (gH > gCs > gNa). This suggests that ion
occupancy inside the pore stabilizes the open configura-
tion of the gA dimer. The mean closed time of the SS
dimer was longer in Cs+ than in H+ solutions. Possible
mechanisms for these effects are discussed.
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Introduction

Gramicidin A (gA) is a pentadecapeptide formed by an
alternating sequence ofD- andL-amino acids (Sarges &

Witkop, 1965). This primary structure defines a right-
handed, single-stranded,b6.3 helix in micelles and solid
state (Arseniev et al., 1985; Ketchem et al., 1993, 1997).
gA forms ion channels in biological membranes that are
selective for monovalent cations only (Hladky & Hay-
don, 1972). There is an incomparable wealth of biologi-
cal, physical, and chemical information on gA channels
in relation to other ion channels (Busath,1993; Koeppe &
Andersen, 1996). Each gA peptide partitions in one
monolayer of a lipid membrane. Six intermonomer H-
bonds between the amino termini of two gAs causes the
formation of an ion channel (Urry, 1971). Previously,
gA monomers were covalently linked with a malonyl
(Urry et al., 1971) or with a carbonsuboxide group (Bam-
berg & Janko, 1977). As anticipated, covalently linked
gAs have an average open time considerably longer than
natural gA channels. Recently, two gA monomers were
linked with a dioxolane group (Stankovic et al., 1989).
Because the starting compound for the production of the
dioxolane is tartaric acid, two different stereoisomers of
the dioxolane-linked gA can be synthesized (the SS or
the RR dimers corresponding to theD- or L-diethyl ester
tartrate, respectively). In the SS dimer, there is a con-
tinuous and constrained transition between the twob
helices of gAs. Therefore, the basic secondary structure
of the SS dimer is essentially the same as in natural gA
(Stankovic et al., 1989; Crouzy et al., 1997; Quigley et
al., 1999).

In our laboratory, proton conduction in the SS and
RR dimers has been studied and compared to its prop-
erties in natural gA channels (Cukierman et al., 1997;
Quigley et al., 1998, 1999; Cukierman, 1999). The
transport of protons in water and in gA channels includ-
ing the dioxolane gAs, occurs via a Grotthuss mechanism
(Myers & Haydon, 1972; Levitt et al., 1978; Finkelstein,
1987). It was previously found that single channel pro-Correspondence to:S. Cukierman
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ton conductances in the SS-dioxolane linked gA dimer,
and in natural gA channels have similar properties (Cu-
kierman et al., 1997). Proton transport via a Grotthuss
type mechanism in gA channels is a specific type of ion
transport that does not involve direct interaction between
protons and channel wall (Levitt et al., 1978; Pome`s &
Roux, 1996; Cukierman, 1999). Because proton trans-
port does not occur hydrodynamically as with other ions,
it is of interest to investigate the functional consequences
of inserting a dioxolane link between two gA molecules
on the transport properties of monovalent cations that
interact with natural gA channels. In this study, the basic
conduction and gating properties of the SS dioxolane-
linked gA peptides were compared to natural gA chan-
nels in Na+ and Cs+ solutions. These permeating cations
were chosen because of their markedly different charge
densities. It is shown here that in the SS dimer the single
channel conductances to Na+ or Cs+ are considerably less
than in natural gA. However, the single channel conduc-
tance in the SS dimer is significantly more attenuated in
Na+ than in Cs+ solutions. This is probably due to an
increased channel binding affinity for Na+ in relation to
Cs+. Interestingly, the SS dimer shows closures in Cs+

but not in Na+ solutions.

Materials and Methods

gA CHANNELS

The SS dimer of dioxolane-linked gA peptides was synthesized from
D-diethyl ester tartrate, purified using HPLC, and characterized by
NMR as described before (Cukierman et al., 1997; Quigley et al.,
1999). gA peptides used in the synthesis were either purchased from
Fluka (Milwaukee, WI), or purified from a mixture of different grami-
cidin peptides (gramicidin D) using flash chromatography.

LIPID BILAYERS

Experimental procedures were the same as described before (Cukier-
man et al., 1997). Briefly, membranes were formed onto a 0.1 mm
diameter hole in a polystyrene cup (cis-side) nested inside a plastic
chamber that formed thetrans-side. Membranes were formed from a
mixture of PE (1-palmitoyl-2-oleoyl-phosphatidylethanolamine) and
PC (1-palmitoyl-2-oleoyl-phosphatidylcholine) in a 4:1 ratio (∼60 mM

in decane). Phospholipids were purchased from Avanti Lipids (Ala-
baster, AL). Experiments were performed at room temperature (21–
23°C).

EXPERIMENTAL SETUP

Both sides of the membrane containing identical salt solutions of un-
buffered NaCl or CsCl were connected to an Axopatch 1D amplifier
(Axon Instruments, Foster City, CA) via Ag/AgCl wires immersed in
solutions. DC-voltages were applied across the bilayer. Experiments
were recorded on a VCR tape and analysed offline. Analysis of single

channels were performed using pClamp software (Axon Instruments,
Foster City, CA).

Results

Figure 1 shows typical single channel recordings of the
SS and natural gA channels in different experimental
conditions. The left and right panels show recordings of
the SS and gA channels, respectively. In the top and
bottom panels, recordings were obtained in symmetrical
solutions of 1M CsCl or 1 M NaCl, respectively. The
dashed lines in the left panels represent the closed state
of the channel (0 pA), while in the right panels, they
represent the open state of gA channels (baseline is 0
pA). There were several differences between the SS and
gA dimers: (i) The SS dimer gates in a significantly
different manner than natural gA channels. Notice that
while the SS channel is predominantly in the open state
(seedwell time distributions in Fig. 3 below), gA chan-
nels have brief openings only. In fact, it was this rela-
tively long open time that allowed the identification of
the SS dimer in lipid bilayers. Similar long open times
like those illustrated in the left panels of Fig. 1 werenot
observed with natural gAs under identical experimental
conditions (right panels); (ii) In NaCl solutions, intermit-
tent closures of the SS dimer were not observed. Once
the channel incorporated in the bilayer it remained in the
open state throughout the duration of the experiment.
The bottom recording in the left panel shows a sequence
of incorporations of three different single SS dimers in a
PEPC bilayer. Because SS dimers did not close in Na+-
containing solutions, the determination of single channel
conductances had to follow the strategy illustrated in the
left panel in the bottom row. Several incorporations of
the SS dimer in the bilayer were followed, and single
channel conductances at different voltages determined.
This procedure allowed unambiguous determinations of
single channel conductances in the SS dimer. Because
the single channel conductance to Na+ in the SS dimer is
very small, channel recordings in Na+ solutions had to be
filtered at a low frequency. While it is possible that fast
channel closures may exist and the limited frequency
response of the system could not have detected them, a
careful examination of single channel recordings in NaCl
at cutoff frequencies comparable to recordings in CsCl
did not clearly reveal channel closures; (iii) The single
channel conductances of the SS dimer illustrated in Fig.
1 were approximately 30 pS in 1M Cs+, and 1.5 pS in 1
M Na+ (20-fold difference). By contrast, the single chan-
nel conductance of gA in Cs+ (35 pS) was approximately
3.5-fold larger than in Na+-solutions (10 pS). Dimeriza-
tion of two gA molecules with a dioxolane linker creates
a channel that is not only less conductive than natural
gA, but has conduction and gating properties that depend
on the nature of the premeating monovalent cation.
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In Fig. 2, the single channel conductances to Na+

(left panel) or Cs+ (right panel) were plotted against salt
concentrations. In this figure, the open and filled circles
represent single channel conductances in gA and in the
SS dimer, respectively. In the left panel (NaCl) experi-
mental points were fitted to an adsorption isotherm.

gNa 4 gmax? (1 + KD/[Na])−1 (1)

in which gNa is the single channel conductance to Na+,
gmax is the maximumgNa, and KD is the dissociation
constant of Na+ from the pore of the channel.gmax and
KD were 1.4 pS and 70 mM for the SS, and 16 pS is and
409 mM for the gA channel, respectively. In the right
panel, a similar plot is illustrated for both channels in
different symmetrical [Cs]. Fitting to Eq. 1 was not at-
tempted in Cs+ solutions because both gA and SS chan-
nels have a behavior that is more complex than in Na+

solutions and suggestive of multiple ion occupancy (Ei-
senman et al., 1978; Urban et al., 1980; Finkelstein &
Andersen, 1981). Notice that at high [Cs+], there is a
clear decline in single channel conductance for both the
gA and SS channels. As mentioned in relation to Fig. 1,
the difference in single channel conductances between
open and filled circles is considerably less in Cs+ than in
Na+ solutions for all concentrations.

Dwell time distributions for the SS channel in 1M

CsCl are shown in Fig. 3. Histograms of the number of
open and closed events are shown in the left and right

panels, respectively. Because a single exponential was
fit to each set of experimental points (mean open time
(Topen) 4 235 msec; mean closed time (Tclosed) 4 15
msec the gating of SS dimers is consistent with a simple
closed↔ open kinetic scheme.

Discussion

The new experimental findings presented in this study
are: (i) Dioxolane-linked gA channels (SS) have a
smallergNa andgCs than natural gA channels. (ii)gNa is
considerably more attenuated thangCs. (iii) When Na+ is
the permating cation, the SS channel remains in the open
state, while with 1M Cs+ closing events with a mean
duration of∼15 msec were recorded. In both solutions
however, the mean open time of the gA dimer is consid-
erably longer than in natural gA channels.

Results from this and previous studies demonstrated
that the conductivity sequence for the monovalent cat-
ions H+ > Cs+ > Rb+ > Na+ is the same as in natural gA
channels (Myers & Haydon, 1972; Andersen & Proco´-
pio, 1980; Urban et al., 1980; Cukierman et al., 1997).
Another gA characteristic that persists in the SS channel
is that when Na+ is the permeating cation (Fig. 2), both
channels seem to behave in a single occupancy mode
(Andersen & Proco´pio, 1980; Finkelstein & Andersen,
1981; see however, Eisenman et al., 1978; Urban &
Hladky, 1979, and Ring & Sandblom, 1983, for different

Fig. 1. Single channel recordings of the SS (left panels) and gA (right panels) in 1M CsCl (upper row) or 1M NaCl (bottom row). Recordings were
low-pass Bessel filtered at 150 Hz and digitized at 400 Hz except for the bottom recordings on the left which was low-pass filtered at 50 Hz and
digitized at 100 Hz. For the sake of clarity, the original single channel current in the bottom left panel left was decimated. This consisted in averaging
stretches of single channel recordings every 50 msec, and displaying the average. Notice in the upper recording of the SS channel in CsCl a few
brief openings of gA channels. It was not possible to completely purify the SS dimers from unreacted gA monomers. However the contamination
of single channel recordings of the SS dimer by natural gA channels was minimal and did not interfere with single channel analysis.
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interpretations). By contrast, the relationships between
gCs and [Cs+] in both channels show signs of multiple
ionic occupancy. At high Cs+ concentrations, multiple
channel occupancy causes a decrease in single channel
conductance (Eisenman et al., 1978). This is one pos-
sible interpretation for the attenuation of the Cs+ sin-
gle channel conductance at very high concentrations
(Hladky & Haydon, 1972; Eisenman et al., 1978; Finkel-
stein & Andersen, 1981).

A noticeable difference between natural gA and its
dioxolane-linked dimer concerns an overall reduction in
single channel conductance for all Ia group monovalent
cations (Stankovic et al., 1989,present results). Inter-
estingly, the single channel conductance to Na+ is con-
siderably more attentuated than with other monovalent
cations,gH, on the other hand, is similar in natural gA

and SS channels (Cukierman et al., 1997). With the no-
table exception of protons that cross the SS dimer via a
Grotthuss mechanism, the transport of monovalent cat-
ions in gA channels occurs via a single file or no-pass
diffusion mechanism (Levitt, 1984; Finkelstein, 1987).
It has been suggested that there are no major electrostatic
barriers for the transport of Na+ across natural gA chan-
nels (Finkelstein & Andersen, 1981; Dani & Levitt,
1981). It was reasoned that the mobility of Na+ ions
inside the pore of gA channels is essentially determined
by the mobility of water molecules (Finkelstein &
Andersen, 1981; Dani & Levitt, 1981). Water molecules
located ahead of Na+ in the single file must leave the
channel in order for Na+ to exit the pore. Thus, one
possible explanation for the markedly reduced Na+ con-
ductance in the SS dimer would be that water permeabil-

Fig. 2. Relationships between single channel conductances for the SS (filled circles) or gA (open circles) and different [Na] (left panel) or [Cs].
Single channel conductances were measured from linear regressions of current-voltage plots in the range of ±100 mV. Points are the means ±SD

of 3 to 7 different measurements (different channels in different bilayers). In the left panel, best fits to Eq. (2) in text were achieved with the
following parameters (mean ±SEM): KD 4 409 ± 66 mM (open circles), 70 ± 18 mM (filled circles), andgmax 4 16 ± 0.9 pS (open circles), and
1.4 ± 0.1 pS (filled circles).

Fig. 3. Dwell time distributions of the open and closed states are shown in the left and right panels, respectively. Experimental points were fitted
to single exponential with mean open and closed times of 235 and 15 msec, respectively. The transmembrane potential was 100 mV. Single channel
recordings were low-pass at 200 Hz with a Bessel filtered and digitized at 400 Hz. Single channel open and closed events were defined by a threshold
located half way between the fully closed and open levels of the channel.
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ity in this channel is reduced. This is not likely however.
It was previously shown that the single channel proton
conductance (gH) in PEPC bilayers is similar in both the
gA and SS channels (Cukierman et al., 1997). The rate-
limiting step for proton transfer across the channel is the
reorientation of water molecules inside the pore as in a
typical Grotthuss’s mechanism (Pome`s & Roux, 1996;
Cukierman, 1999; DeCoursey & Cherny, 1999). The
overall mobility and dynamics of water molecules inside
the pore are ultimately determined by the energetics of
H-bond interactions between waters and the wall of the
channel pore (Pome`s & Roux, 1996; Quigley et al.,
1999). A larger number of (or stronger) H-bond inter-
actions between water molecules and channel wall could
in principle decrease both proton transfer and water mo-
bility in the pore. Therefore,gH can in principle be con-
sidered as a qualitative indicator of water mobility inside
the channel pore. BecausegH is similar in both the SS
and gA channels, water mobility should not be dramati-
cally different in these channels. Moreover, if water mo-
bility were significantly decreased in the SS dimer, a
stronger attenuation of Cs+ could have been noticed.
Consequently, it seems more likely that Na+ ions bind
tighter to the pore of the SS dimer than to natural gA
channels. Because of its small size Na+ would tend to lie
off-axis in the channel pore and interact with oxygens of
the channel wall in order to achieve a more coordinated
solvation (Tredgold and Jones, 1979; Mackay et al.,
1984). It is likely that in the SS dimer, the oxygen from
the dioxolane linker could solvate Na+, binding it tighter,
and reducing its transit time inside the pore. In sum-
mary, the addition of a dioxolane linker between gA
monomers (SS channel) causes an overall reduction in
single channel conductances to different monovalent cat-
ions, with the notable exception of protons which do not
interact directly with the channel wall (Pome`s & Roux,
1996). In relation to Na+, a significant electrostatic in-
teraction between this cation and the wall of the pore
develops in the SS dimer.

Dimerization of gA channels with different linkers
causes a major prolongation of the mean open time of
natural gA channels (Bamberg & Janko, 1977; Stankovic
et al., 1989; Cukierman et al., 1997). However, cova-
lently linked gA channels do not lose the ability to close.
The mean dwell times in the SS dimer depend on the
nature of the permeating cation. The mean open time in
HCl solutions was approximately 30 ms (Cukierman et
al., 1997), and in this study it was demonstrated that the
mean open time increased to 230 msec in 1M CsCl. With
Na+ as the permeating species, the SS dimer remains
essentially in the open state. The mean open times are
inversely proportional to the single channel conduc-
tances. This indicates that a long residency time (high
binding constant of ion to channel causes low ionic con-
ductance) of an ion inside the channel’s pore stabilizes

the channel in the open configuration. Similar phenom-
ena have been described before in other ion channels like
the delayed rectifier in neurons (Matteson & Swenson,
1986), acetylcholine receptors (Marchais & Marty,
1979), Ca channels (Nelson et al., 1984), and K channels
from the sarcoplasmic reticulum of mammalian skeletal
muscles (S. Cukierman,unpublished observations). It
was also demonstrated that in natural gA channels, the
mean open time increases with the bulk concentration of
the permeant cation (Kolb & Bamberg, 1977). This ob-
servation is also consistent with our experimental results.
An increase in cation concentration leads to an increased
averagic ionic occupancy of the pore thus lengthening
the channel’s open time.

Ring and Sandblom (1983, 1988, 1992) proposed
that the association of gA monomers (open state of chan-
nel) in bilayers is stabilized by the channel’s ion occu-
pancy. Dissociation of monomers was markedly reduced
by the channel’s ionic occupancy. Our experimental ob-
servations suggest that the open state of the channel is
also modulated by ion occupancy of the pore even when
two gA monomers are covalently linked, and as such,
unable to dissociate in the plane of the bilayer. While the
hypothesis advanced by Ring and collaborators is cer-
tainly consistent with their experimental and modeling
results, it seems that ion occupancy of the pore can favor
the open state of the channel by mechanisms other than
the stabilization of monomer-monomer association via
H-bonds.

By contrast, the mean closed times do not have a
simple relationship as a function of single channel con-
ductances with different permeant cations. The mean
closed time increased 1,000-fold (from 15msec in HCl to
15 msec in CsCl), and with the caveat that recordings in
Na+ had to be dramatically filtered, no clear closing
events were detected in the latter condition. Stankovic
and collaborators (1989, 1990) have not detected closing
flickers in the SS dimer in KCl or HCl solutions. While
our experimental results in HCl solutions are in disagree-
ment with theirs (Cukierman et al., 1997; Quigley et al.,
1999), it is of interest to note that closing flickers in the
SS dimer depend on the nature of the permeating cation.
Crouzy et al. (1994) have performed molecular dynam-
ics simulation in both the SS and RR dioxolane-linked
dimers. Their results suggested that it is possible for the
dioxolane to protrude inside the pore and close the chan-
nel. In particular, it was found that one K+ inside the RR
stereoisomer of the gA dimer stabilized the dioxolane
linker inside the pore. Gating modulation by permeant
cations of the SS dimer is a complex phenomenon in
which the interaction of permeant cations with different
parts of the pore could favor different states of the chan-
nel. Because of its relative simplicity, the SS dimer of-
fers a unique opportunity to investigate at the atomic
level the basic rules that govern ion channel gating.
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