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ABSTRACT In an effort to understand the molecular
mechanisms of voltage activation of ion channels, we have
chosen a system of known structure and examined the
properties of heterodimeric channels formed between
[Val'lgramicidin A ([Val'lgA) and [F¢Val']lgramicidin A
([FgVal'lgA). Gramicidin channels are usually not voltage-
dependent; but the introduction of a single symmetry-
breaking dipolar F¢Val! residue into a ([Val']lgA), dimer to
form the [FgVal']gA/[Val']gA heterodimer induces voltage-
dependent transitions between two conducting states: a high-
conductance state and a zero conductance (closed) state. The
distribution between these states varies as a function of the
applied potential but is not dependent on the nature of the
permeant ion (H* or Cs*). The permeating ions do not seem
to contribute to the apparent gating charge.

Gramicidin channels are one of only two classes of ion
channels for which an atomic resolution structure is available
(1, 2), the other being the porins (3). As suggested by Urry (4),
gramicidin channels are dimers of 83-helical monomers that
are joined by six hydrogen bonds at their formyl-NH termini.
Gramicidin channels form by the transmembrane dimerization
of two nonconducting monomers (5); a channel appearance/
disappearance event, therefore, usually denotes the spontane-
ous formation and dissociation of the conducting (membrane-
spanning) dimer (for reviews, see refs. 6-8).

Taking [Valllgramicidin A ([Vall]gA) as the reference,
gramicidin analogues with position 1 substitutions form sym-
metrical homodimers whose single-channel conductance (g)
and average duration (1) can vary 10-fold. These “mutant”
channels are structurally equivalent to homodimeric [Vall|gA
channels because heterodimers (hybrid channels) form freely
between the different analogues and [Vall|gA (9). If we view
the [Vall]gA dimer as the wild-type channel, then hetero-
dimers are singly mutated channels and homodimers are
doubly mutated channels. Not surprisingly, hybrid channels
usually have properties (g and 7) that are intermediate to those
of the parent homodimers (9).

Gramicidins with 4,4,4,4',4',4'-hexafluorovaline (F¢Val) at
position 1 violate this pattern, because the single-substituted
[FeVall]gA/[Vall]gA channels have a lower g and shorter 7
than either symmetrical parent channel (9-11). Hybrid chan-
nels form freely between [FgVall]gA and [ValllgA, but the
heterodimers are destabilized, indicating that there is a strain
at the junction between the monomers (9). Further, and in
contrast to other heterodimers, [FgVal!]gA/[ValllgA chan-
nels exhibit rapid transitions between at least two current
levels (12).

To understand more fully the properties of the het-
erodimeric channels formed by [FsVal!JgA and [Vall]gA, we
have examined these channels in solvent-depleted phospho-
lipid bilayers by using a modified tip-dip method (13). The
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solvent depletion confers longer average durations on the
channels; and the tip-dip approach allows for better signal/
noise characteristics and higher current resolution. In this
article we characterize the voltage-dependent gating of
[FeVall]gA/[Val!]gA channels when the permeant ion is
either Cs* or H*. These two ions were chosen because Cs* and
H20 move through gramicidin channels in a single file,
whereas H* can jump along the chain of H,O molecules via a
proton relay mechanism (14). We conclude that the gating is
an intrinsic channel property that is independent of the
permeant cation and involves a physical “occlusion” of the
pore; this allows us to propose a molecular mechanism for the
gating. :

MATERIALS AND METHODS

Position 1-substituted gramicidins were synthesized and puri-
fied as described (9, 10, 15). F¢Val was purchased from
Fairfield Chemicals (Blythwood, SC) as a mixture of D- and
L-F¢Val. The enantiomers were not separated because exper-
iments with other analogues ([Val']gA and [Phel]gA) have
suggested that the analogue with the D-enantiomer should be
inert (unable to form B°3-helical dimers).

Lipid bilayers were formed at the tip of silanized borosilicate
glass pipettes from diphytanoylphosphatidylcholine/n-hexa-
decane (with Cs* as the permeant ion) or diphytanoylphos-
phatidylcholine/squalane (with H* as the permeant ion)
monolayers spread on the air/electrolyte interface (13). The
electrolyte was 1.0 M CsCl or 0.1 M HCI at 25 * 2°C.
Single-channel currents were recorded by using a Dagan 3900
amplifier (Dagan Instruments, Minneapolis), stored on a
PCM-VCR (Unitrade/Dagan), filtered by using an 8-pole
Bessel filter (Frequency Devices, Haverhill, MA), digitized at
5 times the (—3 dB) filter frequency, and analyzed by using
PCLAMP (Axon Instruments, Foster City, CA). Different ki-
netic models were compared by using Akaike’s asymptotic
information criterion (16) or the F test (17).

RESULTS

Fig. 1 shows single-channel current traces observed with Cs*
as the permeant ion for channels formed by [FsVall]gA and
[Vall]gA. When a gramicidin analogue is added alone to the
electrolyte solutions, one observes only homodimeric chan-
nels, either ([FsVal']gA), channels (Fig. 14) or ([Vall]gA),
channels (Fig. 1B). When both gramicidins are added together
(Fig. 1C), one observes the two homodimeric channel types
and two new channel types with properties that are quite
different from those of the homodimeric channels. These
channels are heterodimeric [FsVall]gA/[Vall]gA channels.
While the homodimeric channel types have well-defined con-
ducting states of relatively long durations, the new (het-
erodimeric) channels occur as brief “bursts” of activity with
rapid transitions between low- and high-conductance states

Abbreviation: gA, gramicidin A.
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Gramicidin homodimers and heterodimers: the four channel types observed in the presence of [Vall]gA and [FsVall]gA. A and B show

traces for homodimeric channels observed in the presence of only a single analogue. (4) ([FsVal']gA); channels. (B) ([Val']gA): channels. C shows
channel events observed in the presence of both analogues. In addition to the two homodimeric channels, there are two (bursting) hybrid channel
types: high-conductance events (h#, denoted by ®) and low-conductance events (h/, denoted by *). An example of each of these events is shown
at a 10-fold expanded time scale below the traces in C. Conditions: 1.0 M CsCl, 200 mV, and 500 Hz.

(see the expanded trace segments in Fig. 1C). These bursts of
activity reflect transitions between different conductance
states in membrane-spanning dimers (12). There are two
heterodimeric channel types that can be distinguished by the
different currents in their high-conductance states. The chan-
nels with the larger peak currents are denoted sh, and the
channels with the lower peak currents are denoted Al. These
two channel types correspond to the two possible orientations
of the [FgVall]gA/[Vall]lgA channels with respect to the
polarity of the applied potential. When [FsVall]gA and
[Val']gA are added asymmetrically (one analogue to each side
of a bilayer), the hh events are seen when the current flow is
from [FeVall]gA to [Vall]gA, and the Al events are seen when
the current flow is from [Vall]gA to [FsVall]gA (12). We
define the latter polarity as positive. (Both heterodimer ori-
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Fic. 2. Duration and interval distributions of [FsVall]gA/
[Val']gA channels. (41) Duration distribution for Al events. The
solid curve is the best fit obtained with the sum of two exponential
distributions; the interrupted curves are the underlying distributions.
The time constants and relative fractions of events are: 0.08 ms and
0.38; 33 ms and 0.62. (42) Corresponding interval distribution. The
solid curve is the best fit obtained with the sum of two exponential
distributions; the dotted curves are the underlying distributions. The
time constants and relative fractions of events are: 2.9 ms and 0.84;
13,600 ms and 0.16. (BI) Duration distribution for sk events and
([FeValllgA), channels. The solid curve is the best fit obtained with
the sum of two exponential distributions; the interrupted curves are
the underlying distributions. The time constants and relative frac- .
tions of events are: 10 ms and 0.57; and 630 ms and 0.43. The
long-lived events are ([FsVall]gA), channels. (B2) Corresponding
interval distribution. The solid curve is the best fit obtained with the
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entations are seen in Fig. 1 because both gramicidin analogues
are present in both monolayers.)

Both 4l and hh events occur as bursts with rapid transitions
between two well-defined current levels, high (H) and low (L),
where the current through the L state is indistinguishable from
zero (see also Fig. 4). To verify that these bursts result from
conductance transitions in membrane-spanning dimers (see
ref. 12), the H-state duration and interval distributions were
examined (Fig. 2). For the Al events, the duration distribution
of the H state can be described by the sum of two exponential
distributions (Fig. 241), which indicates the existence of (at
least) two high-conductance events (H and H*). (There was no
significant improvement in the fit when the results were fitted
by the sum of three exponential distributions.) The corre-
sponding distribution of L-state durations and interburst in-
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sum of three exponential distributions; the dotted curves are the underlying distributions. The time constants and relative fractions of events are:
0.18 ms and 0.44; 52 ms and 0.26; and 6700 ms and 0.30. (C) Duration distribution for Ak {and ([FsVall]gA), events with durations <60 ms}. The
solid curve is the best fit obtained with a single exponential distribution. The time constant is 10 ms. (C2) Corresponding interval distribution. The
solid curve is the best fit obtained with the sum of three exponential distributions; the dotted curves are the underlying distributions. The time
constants and relative fractions of events are: 0.18 ms and 0.46; 59 ms and 0.43; and 55,000 ms and 0.11. Results are based on 25-min recording on a single
bilayer. Conditions: 1.0 M CsCl, 150 mV, filtered at 4 kHz, and digitized at 20 kHz. The analysis was done by using a 2-kHz digital filter.
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tervals (Fig. 242) can be described by the sum of two expo-
nential distributions (with no significant improvement in the
fit when a third component was included). The long-lived
population (average duration, 13.6 s) consists of interburst
intervals; the short-lived population is intraburst intervals.

For the hh events, the H-state current is indistinguishable
from the current through homodimeric ([FsVal!]gA), chan-
nels (12). For the initial analysis of the h events, therefore, the
([FeVall]gA), channels were included in the analysis; the
results are shown in Fig. 2 B1 and B2. The duration distribution
is well described by the sum of two exponential distributions
(Fig. 2BI), where the longer-lived population is ([FsVal]gA),
channels. The corresponding interval distribution can be de-
scribed by the sum of three exponential distributions (Fig.
2B2), where the most long-lived population is interburst
intervals. When the analysis is restricted to the hh events only,
the H-state duration distribution can be described by a single
exponential distribution (Fig. 2CI), while the interval distri-
bution again can be described only by the sum of three
exponential distributions (Fig. 2C2). Again, the most long-
lived population is interburst intervals. The two shorter-lived
populations are intraburst intervals, which indicates the exis-
tence of (at least) two different low-conductance states (L and
L*).

Similar bursting channel activity is not observed with
([Val']lgA), or ([FeVall]gA), channels. We conclude that a
burst of hh and Al activity denotes the formation of a
[F¢ValllgA/[Vall]gA channel, which can undergo rapid tran-
sitions between (at least) two different conductance states. H
= L conductance transitions thus result from conformational
changes in intact B%3-helical heterodimers. (It is not clear,
however, whether the heterodimers always are stabilized by six
hydrogen bonds.)

To show more clearly the polarity-dependent heterodimer
behavior and the transitions between the H and L conductance
levels, [FeVall]gA/[Val!]gA channels are shown at a 40-fold
expanded time scale in Fig. 3. Fig. 34 shows results with Cs*
as the permeating ion; Fig. 3B shows similar results with H*.
For either ion, the [FsVal']gA/[Val!]gA channels show volt-
age-dependent gating behavior: the channels tend to reside in
the H state at positive potentials and in the L state at negative
potentials. The L state has a near-zero conductance at all
potentials, irrespective of the identity of the permeant ion.
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The very low H* conductance of the L state of [FgVal']gA/
[Val!]gA channels suggests that the low conductance is due to
a severe steric blockage of the pore that prevents H* perme-
ation via a proton relay mechanism, which in turn suggests that
H,0 cannot pass the block (see ref. 18). We conclude that the
gating events result from an alteration in the channel (peptide
backbone) structure.

When H* is the permeant ion, there are readily discernible
brief transitions from the L state to some finite current level
(Fig. 3B). These events are illustrated in more detail in Fig. 4.
Fig. 44 shows a [FeVal']gA/[Vall]gA burst with many such
transitions and extended segments of the current through the
bare bilayer before and after the burst. The expanded record
in the lower part of the figure shows the “activity” that occurs
in the L state and is not present in the baseline current either
before or after the burst (upper trace). We assign the duration
of a burst to be from the first transition from the zero current
level to the H-state current level to the last transition (in the
burst) back to the zero current level. Fig. 4B shows the current
level histogram for this event and for the bare bilayer (just
before the burst). The current through the (quiescent part of
the) L state is indistinguishable from the current through the
bilayer.

The voltage-dependent H/L equilibrium was further exam-
ined by using current level histograms (Fig. 4B) to determine
the probability of being in the H state (pH) as a function of V:
pH is a sigmoid function ¥ and independent of whether Cs* or
H™ is the permeant ion (Fig. 54). The shape of the pH(V)
relation is similar to that of conventional (Hodgkin-Huxley)
activation curves observed for many different voltage-
dependent channel types (19). The results were fitted by
models with two, three, and four states, and the quality of the
fits were evaluated by using Akaike’s asymptotic information
criterion (16). The kinetic analysis in Fig. 2 shows the presence
of two components in both the H and the L duration distri-
butions; not surprisingly, the best fit to the results in Fig. 5 was
obtained with a four-state model with two high-conductance
states (denoted H and H*) and two low-conductance states
(denoted L and L*), with H* and L* being intermediate states.
The solid curve in Fig. 54 denotes the best fit of the four-state
model in Fig. 5B to the Cs* results by using the 0 mV equi-
librium constants and apparent gating valences indicated in
Fig. 5B.
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Fic. 3. Cs* and H* currents through [FsVall]gA/[Val']gA channels. (4) Cs* permeation at different potentials (1.0 M CsCl). (B) H*
permeation at the corresponding potentials (0.1 M HCI). Polarity was as in Fig. 1: upward deflections denote current flow from the [Vall]JgA to
the [FsVal!]gA half of the channel. The arrow with each trace denotes the dimer duration, which was determined as the time from the first transition
to the H level to the last transition back to the zero current level; the horizontal lines between the traces denote the bilayer current level.
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FIG. 4. Further analysis of [FsVal!]JgA/[Val']gA channels with H*
as the permeating ion. (4) Burst of [FgVall]gA/[Val']gA channel
activity. The upper trace shows the current before, during, and after
the burst. Before and after the burst, the current noise is small; during
the burst, there is substantial “activity” in the L state. The expanded
segment shows a stretch of L-state activity at an 10-fold expanded time
scale. Conditions: 0.1 M HCI, 100 mV, and filtered at 5 kHz. (B)
Current-level histograms for the background current (solid bars) and
for the burst (open bars). The L-state current was estimated to be 0.39
pA (after excluding the “shoulder” to the right of the major peak),
which is <1% of the H-state current and indistinguishable from the
background current.

DISCUSSION

We have shown that [FgVal']gA/[ValllgA channels display
voltage-dependent gating behavior, with transitions between a
low-conductance (closed) state and a high-conductance
(open) state. The voltage-dependent gating does not depend
on the identity of the permeant ion (Fig. 5). The conductance
of the L state is indistinguishable from zero, even when H™ is
the permeant ion, which indicates that the pore lumen is
occluded (at least to the extent that H* cannot jump from H,O
to H,O across the occlusion) and that H,O cannot move
through [FeVall]gA/[Vall]gA channels in the L state. This
result also implies that the permeating ions do not contribute
to the apparent gating charge. We conclude that the gating is
an intrinsic channel property that is uncoupled to ion move-
ment into or through the pore. The H = L transitions are likely
to result from a substantial alteration in channel structure; but
the basic B%3-helical structure is preserved, as shown by the
results in Figs. 2 and 4 and by the finite conductance of the L
state of [FeVal'lgA/[Gly']gA heterodimers (11, 12).
[FsVall]gA-based heterodimers thus form voltage-dependent
channels in which the molecular architecture of the gating
assembly is known.

The gating occurs in a channel that does not possess fixed
charges, which raises questions for voltage-dependent gating in
general. In voltage-dependent cation channels, for example,
the large-scale voltage dependence is ascribed to the positive
charges in the S4 segment (20, 21). The magnitude of the
apparent charge movement [~3 elementary charges per sub-
unit in Shaker potassium channels (22)] could suggest that
channel gating involves very substantial conformational
changes. The present results, however, show that a consider-
able voltage dependence can arise in the absence of a frank
charge displacement. In addition, the present system serves as
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FiG. 5. Voltage-dependent single-channel gating. (4) pu(V) for
[FsVal']gA/[Val']gA channels with either Cs* (@) or H* (V) as the
permeant ion. The Cs™ results were fitted by using the four-state gating
model shown in B, in which the voltage-dependent equilibrium distri-
bution among the states is described by a Boltzmann expression:
K(0)y-exp{—zeV/kT}, where K(0) is the equilibrium constant at 0 mV
and z is the apparent valence. (B) The model (with two high-
conductance, H and H*, and two low-conductance, L and L*, states)
and the 0 mV equilibrium constants and apparent valences.

a model for conformational transitions in B-sheet-like struc-
tures because there exists a high-resolution channel structure
(1, 2) that provides hints about the underlying mechanism(s)
and constrains the model building. Our results may thus help
understand how the putative movement of the S4 segment
could be coupled to a channel’s closed = open transitions. We
will in the remaining discussion consider the molecular basis
for the voltage-dependent H = L transitions in [FsVal']gA/
[Vall]gA channels.

(i) The results should be considered in the perspective of
results obtained with other substituted gramicidin channels.
When F¢Val [with a dipole moment in the Cg,C,,C, plane of
1.6 debye (1 debye = 3.338 X 1073 m-C); see ref. 10] is
replaced by the related F3Val (which also has dipole moment
of 1.6 debye in the Cg,C,,C, plane, albeit along a different
axis), the resulting [FsVall]gA/[Val!]gA heterodimers {or
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([F5Vall]gA), homodimers} do not show similar conductance
transitions (10). Similar unexceptional behavior is observed
with other dipolar position 1-substituted analogues (10). When
Val! is replaced by Gly, however, the resulting [FgValllgA/
[Gly'lgA heterodimers are similar to [FeVall]gA/[Vall]gA
heterodimers, except for a much less pronounced voltage
dependence (11, 12). In this series of substitutions, FsVal! is a
prerequisite for voltage-dependent gating, but the detailed
gating behavior varies as a function of nondipolar substitutions
elsewhere in the channel.

(ii) Whereas the introduction of a dipolar residue at position
1 can reduce the single-channel current substantially (10), the
zero current in the L state is too low to result from ion—dipole
interactions or inductive electron withdrawal from the car-
bonyl oxygen in the FgVal! residue (see ref. 23). Moreover,
such a mechanism would not account for the presence of two
conductance states or why ([FsVal!]gA), channels have a Cs*
permeability that is higher than that of ([F3Vall]gA), channels
(10). The conductance transitions must result from alterations
in channel structure.

(iii) There are no fixed charges in [FgValllgA/[Vall]lgA
heterodimers, and the gating valences presumably are related
to a reorientation of the dipolar FgVal! side chain, possibly in
combination with a rearrangement of the peptide backbone.
Based on the sign of the gating valences (Fig. 5B), it is likely
that the H state is favored when the negative end of the FsVal
dipole (the two CF; groups) is directed away from the
[FeVall]lgA monomer (i.e., when the x; torsion angle is within
the range of —60° to +60°). A simple rotation of the FsVal!
dipole cannot account for the observed gating behavior,
however. By assuming that the applied potential drops linearly
over the channel length, the apparent gating valence (zq)
associated with a maximal 180° rotation about the C,—Cg axis
of FeVal can be approximated as zg =~ 2u/l (where p is the
dipole moment in the Cg,C,,C, plane and ! is the channel
length): zg =~ 0.027—or only ~5% of the 0.56 needed to
account for the voltage dependence of the L = L* transition
(see Fig. 5). A “free” rotation of the FsVal! side-chain dipole
can account for only a small fraction of the apparent gating
charge.

The rotation of the side-chain dipole is not “free,” however,
but is constrained by the rest of channel. In preliminary
conformational energy calculations, we find that the rotation
of the FgVal! side chain around its C,—Cg axis is constrained
relative to that of Vall. The main steric conflicts are between
the FgVal side chain and its own backbone, Val’ in the same
monomer, or Ala’ in the other monomer. The constraints vary
with the rotameric state of Val’. The calculations suggest that

Proc. Natl. Acad. Sci. USA 92 (1995) 2125

short-range interactions stress the backbones of both mono-
mers when the FsVal dipole is rotated. The movement of the
dipole thus can serve as a “trigger” or “gating sensor” for more
extensive conformational changes. This type of gating mech-
anism is likely to be a general feature of ion channels.
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