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Abstract

To explore the possible role of Trp side chains in gramicidin channel conductance dispersity, we studied the dispersity of
gramicidin M (gM), a gramicidin variant in which all four tryptophan residues are replaced with phenylalanine residues, and
its enantiomer, gramicidin M~ (gM ™), and compared them to that of gramicidin A (gA). The conductances of highly purified
gM and gM~ were studied in alkali metal solutions at a variety of concentrations and voltages, in seven different types of
lipid, and in the presence of detergent. Like gA channels, the most common gM channel conductance forms a narrow band.
However, unlike gA channels, where the remaining 5-30% of channel conductances are broadly distributed below (and
slightly above) the main band, in gM there is a narrow secondary band with <50% of the main peak conductance. This
secondary peak was prominent in NaCl and KClI, but significantly diminished in CsCl and RbCl. Under some conditions,
minor components can be observed with conductances yet lower than the secondary peak. Interconversions between the
primary conductance state and these yet lower conductance states were observed. The current-voltage relations for both
primary and secondary gM channel types have about the same curvature. The mean lifetime of the secondary channel type is
below one third that of the primary type. The variants represent state deviations in the peptide or adjacent lipid
structure. © 2001 Elsevier Science B.V. All rights reserved.
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tributed into a main gaussian, or ‘standard’ peak and
a broadly distributed subpopulation referred to as

1. Introduction

Gramicidin A (gA) channel conductances are dis-

Abbreviations: gA, gramicidin A; gM, gramicidin M; gM™,
gramicidin M~ ; GMO, glycerolmonoolein; GML, glycerolmono-
linolein; DPhPC, diphytanoylphosphatidylcholine; DOPC, dio-
leoylphosphatidylcholine; POPC, Palmitoyloleoylphosphatidyl-
choline; DOPE, dioleoylphosphatidylethanolamine; POPE,
palmitoyloleoylphosphatidylethanolamine; g, conductance; i, sin-
gle channel current
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‘minis’ [1]. gA minis are not variants of primary se-
quence, secondary structure, or location in the bi-
layer [2]. They have slightly shorter lifetimes and
some appear to interconvert with other mini or stan-
dard states, the most common event being between a
very low conductance mini (approx. 10% of stan-
dard) and a standard state [1,2]. Their single channel
current—voltage (1V) relationships are rectifying [1]
and have shapes consistent with increased ion bind-
ing affinity in the entry on one side of the channel
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according to the three-barrier, two-site, two-ion ki-
netic model [3]. The low conductance mini iV in
asymmetric solutions detected using Na™ conduc-
tance typically has reduced conductance for Cst,
normal conductance for Ag", and increased conduc-
tance for H*, though Na™ minis with decreased H*
conductance are also frequently observed [3]. Mini
frequency varies from lab to lab [4] and can be
modulated by the addition of detergents [5] suggest-
ing that environmental factors may induce the mini
state.

One theory for the cause of the minis postulates
that the reduced conductance is caused by a change
in the dipole due to rotation of a tryptophan to an
alternative position. Interactions with the lipid—water
interface could stabilize alternative, abnormal trypto-
phan rotameric conformations, producing a diverse
set of tryptophan rotameric conformers for all eight
tryptophans, each individual conformation being too
low a percentage of the total to be detected spectro-
scopically. Of the six canonical tryptophan confor-
mations [6], four are energetically plausible according
to molecular mechanics [7]: the standard ol state, an
02 state that would also produce standard channel
conductance, and pl and il states, both of which
would be expected to produce minis if they are suffi-
ciently stable.

We have therefore studied minis in gramicidin M
(gM) channels, in which all four tryptophans are
replaced with phenylalanines. Many studies of single
channel conductance of gM and gM~ have been
published [8-13] but none have focused on the mini
conductance state. This is presumably because, as
will be shown here, the minis are of very low con-
ductance, short lifetime, and most clearly form a
discrete peak in Na™ and K* solutions.

The gM channels in the dominant conductance
state have a much smaller conductance than gA stan-
dard channels [8] and dramatically superlinear iVs,
which have been interpreted as indicative of an in-
creased barrier to ion translocation through the
channel [9]. This is probably due to the loss of the
dipole moment of the Trp side chain [14], which, in
gA, is oriented with the negative end towards the
bilayer center in the dominant conformation [15-
18]. The low channel conductance renders the studies
done here more difficult, yet they are feasible with

standard methods. Careful studies of hybridization
by Koeppe and colleagues show that gM forms het-
erodimers with gA as does the enantiomer gM™ with
its analogue gA™, yielding channels of intermediate
conductance. The gA peptide does not form hetero-
dimers with gM ™, nor does gA~ form heterodimers
with gM. The circular dichroism spectra for gM and
gM™ are consistent with right- and left-handed heli-
ces, respectively. It was therefore inferred that the
dominant conductance states of both gA and gM
channels are produced by right-handed B%3-helices
[11]. For instance, it seems unlikely that a helix
with approx. 8.5 or approx. 4.5 residues per turn
could form a stable dimer complex with one having
6.5 residues per turn. Likewise, it would seem un-
likely for peptides of one hand or pitch to intercon-
vert abruptly to another backbone structure. It was
previously argued on similar grounds that gA mini
channels had the same backbone structure as stan-
dard channels [2]. Therefore, the gM mini channels
we discuss here will also be presumed to have the
standard backbone structure.

The Trp side chains are also expected to play a
role in orienting the gA channel in the membrane
[19] as they appear to do in other peptides [20] and
proteins [21]. Replacement of the four Trp side
chains with Phe has no dramatic effect on channel
stability (gA, gM and Trp/Phe variants have mean
channel lifetimes on the order of 1 s) with one ex-
ception, Trp;;1gM, which has a significantly shorter
mean channel lifetime [14].

We report here that rather than a range of minis
spread from approx. 10 to 90% of the standard chan-
nel conductance, most gM and gM™ minis fall in a
single narrow peak with 34-46% of the standard con-
ductance. These were reduced in frequency in RbCl
solution and essentially absent in CsCl solution. A
small percentage of gM mini channels had smaller
conductances (10-34% of standard, hereafter referred
to as low minis). The primary and secondary peaks
in the single gM channel current histogram are not
significantly altered in different lipids or by the addi-
tion of Triton X-100. Interconversions between stan-
dards and a low mini state (approx. 25% of standard
conductance) were observed. The difference between
gA and gM channel conductance distribution sug-
gests that the tryptophan side chains of gA play an
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important role for a large portion of the gA minis,
and that some additional stable variation in the
backbone or the environment can cause minis in gM.

2. Materials and methods

All single channel experiments were performed
under the conditions described in Busath et al. [22].
gA was obtained from ICN Pharmaceuticals (Cleve-
land, OH) and diluted in methanol to 107 mg/ml.
gM was prepared by solid-state synthesis using
9-fluroenylmethoxycarbonyl chemistry on an Applied
Biosystems model 430A peptide synthesizer [23]. Tri-
ton X-100 was obtained from US Biochemical
(Cleveland, OH).

The gM sample was purified using high perform-
ance liquid chromatography (HPLC). gM was sepa-
rated from contaminant peptides with a mixture of
93% methanol and 7% water through an octylsilane
column, then diluted in methanol to approx. 107>
mg/ml. In one sample, the gM was recrystallized
after HPLC  purification.  Glycerolmonoolein
(GMO) and glycerolmonolinolein (GML) were ob-
tained from Nu Chek Prep (Elysian, MN). Diphyta-
noylphosphatidylcholine (DPhPC), dioleoylphospha-
tidylcholine (DOPC), palmitoyloleoylphosphatidyl-
choline (POPC), dioleoylphosphatidylethanolamine
(DOPE), and palmitoyloleoylphosphatidylethanol-
amine (POPE) were obtained from Avanti Polar-Lip-
ids (Alabaster, AL). GMO and GML were sus-
pended in hexadecane at 50 mg/ml. All PC and PE
lipids were mixed with decane at 20 mg/ml, with the
exception of DOPC, which was mixed with decane at
50 mg/ml. A sample of gM™ was acquired from

F. Heitz [8]. It had the same elution profile as gM
(data not shown). Approx. 10-20 pg injections of
peptide were added to 2-3 ml salt baths (1 M KCI,
2 M KCl, or I M NaCl).

Voltage was applied using Ag-AgCl electrodes and
a List Medical (Darmstadt, Germany) Patch Clamp
L/M-EPC7, or a Warner Instrument (Hamden, CT)
Bilayer Clamp BC-525C. The data were collected
using a Macintosh computer with a NI-DAQ data
acquisition board (National Instruments, Austin,
TX) and IGOR Pro software from Wave Metrics
(Lake Oswego, OR).

At least 50 channels were observed for each experi-
ment, and three or more experiments were performed
at each condition to confirm results.

Analysis of channel current and lifetime was per-
formed using TAC and TACFit from Bruxton
(Seattle, WA). Channels with signal-to-noise (chan-
nel conductance to peak-to-peak noise) ratios less
than 1 were not analyzed.

3. Results

All peptides used in this report were carefully pu-
rified with HPLC. The sample of gM™ coelutes with
gM. After purification, the majority of channels ob-
served were standard gM channels, with conductance
corresponding to published values for gM [12]. Fig. 1
compares gA and gM single channel current distri-
butions in 1 M KCl, GMO. Whereas the mini chan-
nels for gA are spread from approx. 10% of the stan-
dard conductance up to the standard conductance,
nearly all of the mini channels for gM are located
between 30% and 40% of the standard current. Low

Table 1

Comparison of standard channel current (is) and mini channel current (iy) under various conditions

Pept. Llpld Salt m (mV) is iM im/is
etM GMO 1 M KClI 100 0.61+0.04 0.24+0.05 0.39
sM™ GMO 1 M KCI 100 0.59%0.05 0.21+0.05 0.36
M GMO 1 M KCl 150 1.08+£0.02 0.40£0.01 0.37
M GMO 1 M KCl/detergent® 150 1.04£0.02 0.39£0.01 0.38
M GMO 1 M NacCl 200 0.62+0.04 0.21+0.05 0.34
M GML 1 M KCl 100 1.03£0.01 0.42+0.01 0.40
M DPhPC 1 M KClI 200 0.60+0.01 0.28 £0.01 0.46

Channel currents are mean = S.E.M. (pA).
48 uM Triton X-100.
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Fig. 1. Comparison of channel types in gA and gM. Histogram
gramicidin M on a broad scale (B) and an expanded scale (C),
periments were in 1 M KCI, 100 mV, 21°C (A); 1 M KCI, 150
threshold determined by baseline noise below which no channels

minis form the shoulder of the left-hand side of the
mini peak. Addition of Triton X-100 did not appear
to affect the relative frequency of gM minis (compare
Fig. 1C,D). Fig. 2 shows representative examples of
various channels observed during an experiment with
gM in 1 M KCI. The standard (A), mini (B), and low
mini (C) channels are evident in the current traces.
Table 1 shows various conditions under which gM
mini channels were observed. For each of the listed
conditions, the mean current of the standard channel
(is) is given. This standard current is then compared
to the mean current of the main mini channel type
(im). The relative current is given by dividing iy by
is. The mean mini channel current is consistently 34—
46% of the standard channel current, regardless of
lipid type (GMO, GML, DPhPC), presence of deter-
gent (Triton X-100), salt bath composition (1 M and
2 M KCl, 1 M NacCl), applied voltage (100-200 mV),
and peptide chirality (gM and gM™). The average
frequency of mini channels ranged from 15 to 35%
for all of the experimental conditions in Table 1.
The average lifetime of the channels in 1 M KCI,
GMO, at 100 mV was 1.34 s for the standard chan-
nels and 0.39 s for the mini channels. In all condi-
tions, mini channels appeared to be shorter in aver-

20 3
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of 500+ channels observed in gramicidin A (A) and 200+ channels in
and gramicidin M with 8 uM Triton X-100 in the salt bath (D). Ex-
mV, 21.5°C (B-D) in GMO/hexadecane bilayers. Arrows indicate the
were measured.

age lifetime than corresponding standard channels.
Although low minis were quite infrequent, they did
not appear to be shorter than standard channels, as
exemplified by the low mini arrow C identified in
Fig. 2.

Fig. 3 compares current histograms of gM in 1 M
KCl1 (A), 1 M RbCl (B), and 1 M CsCl (C). The lipid
and voltage used in A were adjusted so that the stan-
dard peak conductance would be comparable to
those in B and C. Otherwise, it would have been
about half that in C (CsCl), as seen in Table 1, con-
sistent with the K*/Cs™ conductance ratio in gA [24].

R
U UL

Fig. 2. Single channel current traces of a representative sample
of channels observed in gM, 1 M KCl, GMO, 150 mV, 21.5°C.
The scale bars represent 1 pA (vertical) and 1 s (horizontal).
The arrows point to a standard channel (A), a mini channel
(B), and a low mini channel (C).
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Fig. 3. Current histograms comparing gM conductance dispers-
ities in 1 M KCI (A), 1 M RbCl (B), and 1 M CsCl (C). Each
histogram represents 100+ channels observed under the follow-
ing conditions: GMO/hexadecane, 150 mV, 21.5°C (A);
DPhPC/decane, 200 mV, 21.5°C (B); and DPhPC/decane, 200
mV, 21.5°C (C). The mean standard channel conductances are
1.06£0.06 pA (A), 1.30£0.06 pA (B), and 1.37£0.08 pA (C).
The left and right arrows designate 22% and 39% of the mean
standard channel current, corresponding to the (approximate)
relative currents of low mini and mini channels, respectively, in
NaCl and KCI solutions.

The discrete mini peak in KCI is reduced in RbCl
and nearly absent in CsCl as indicated by the arrows
positioned at 22% (representing low minis) and at
39% (representing the secondary peak) of the stan-
dard channel conductance in each case. The few var-
iant channels which were observed in CsCl had the
relative conductance of low minis.

Fig. 4 shows the current-voltage relationship of
the standard (circles) and mini (squares) channels
in gM, 1 M KCI, GMO taken from conductance
histogram peaks. The current—voltage relations are
both superlinear to about the same degree; the
g200/g100 1s 3.13 for the standard channels and 3.03
for the mini channels. Lower voltages were not uti-
lized because of the low conductance of the minis.

Fig. 5 shows some of the observed interconver-
sions between standard and low mini state. We ob-
served four interconversions in 1877 s of channel on-

time during 3454 s of data acquisition in 1 M KCl
solution, DPhPC/decane bilayers. Three of these are
shown in Fig. 5 (traces A and B). One interconver-
sion was seen in 6363 s of channel on-time in GMO,
I M KCI, 150 mV (data not shown). In the case
shown in the first trace, a standard channel con-
verted to a low mini conductance level for a short
time (<100 ms) and then reverted back to standard
conductance (Fig. 5A). Fig. 5B shows a two-step
turn-on of gM like those observed previously in gA
[25] ascribed to an intermediate state in the dimeri-
zation process. The presence of two interconversions
during a single channel conductance period in Fig.
5A implies beyond doubt these events are not caused
by coincidental opening and closing of separate
channels. One double interconversion was also ob-
served in CsCl solution (Fig. 5C). In a related set
of 1 M KCI experiments designed to study interfacial
dipole potential changes several instances of double
interconversions were observed, as shown in Fig. 5D.
More interconversions were noticed in HCI solu-
tions, but additional conductance peaks were noticed
as well, so we chose not to focus on HCI solution
properties here.

Because of concern over the role of the lipid or
detergents in formation of gA minis, we also checked
their effects on the mini conductance peak for gM, as
mentioned above. GMO and GML experiments pro-
duced similar results. Standard channels in GML

Current (pA)

0.0 r T 1

75 100 150 200

Voltage (mV)

Fig. 4. Current-voltage relationship plot for standard channels
(®) and mini (m) channels observed in gM, 1 M KCI, GMO/
hexadecane, 100-200 mV, temperature corrected to 23°C. Each
point represents the mean current of over 50 channels. The
lines extrapolate from the data points at 100 mV toward the
point (0,0) on the graph.
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Fig. 5. Interconversions between standard and low mini con-
ductance states of gM channels. Conditions for A and B were
DPhPC/decane membrane, 200 mV, 1 M KCI, 21.5°C. In A,
the bracket denotes the 100 ms interval during which the stan-
dard channel exhibited reduced conductance equivalent to ap-
prox. 25% of the standard conductance. In B, a low mini chan-
nel converts into a standard channel after 60 ms of on-time. In
C, a gM standard converts to a low mini state and then back
to a standard state in DPhPC/decane, 200 mV, 1 M CsCl,
21.5°C. In D, there are two examples of standard-to-low mini-
to-standard interconversions observed in the same conditions as
A and B, but with 1 pug/ml phloretin in the salt bath. The verti-
cal scale bar represents 0.5 pA (A,B,D) or 2 pA (C). The hori-
zontal scale bar represents 500 ms (A,C), 1 s (B), or 2 s (D).

bilayers had about 66% higher current than in GMO
bilayers at 100 mV in 1 M KCI (Table 1). The fre-
quencies of mini channels and the i\/is ratios were
the same for both lipids, as well as for DPhPC bi-
layers.

Experiments were also performed in solutions con-
taining 8 uM Triton X-100, similar to gA experi-
ments conducted by Sawyer et al. [S]. Whereas they
reported that 8 uM Triton X-100 increased gA mini
channel frequency and decreased standard channel
conductance, no significant changes in these observ-
ables were seen in gM channels with the addition of
detergent (Table 1).

In DPhPC bilayers, gM standard channel conduc-
tance is reduced compared to GMO and GML bi-
layers. This is similar to what is found in gA and has
been attributed to a greater interfacial dipole poten-
tial in phospholipids [22]. Additional experiments
were performed in DOPE, POPE, DOPC, and
POPC, but the overall channel conductance was

too small to accurately assess the mini channel pro-
file. The standard channel mean currents at 23°C are
as follows: DOPE, 1 M KCI, 175 mV, 0.33%+0.01
pA; POPE, 1 M KCI, 200 mV, 0.34+0.02 pA;
DOPC, 1 M KCl, 150 mV, 0.37x£0.01 pA; and
POPC, 2 M KCl, 150 mV, 0.29%0.01 pA.

4. Discussion

These experiments suggest four main conclusions.
First, given the identity of the backbone structures
for gM standard and gA standard channels [11], the
absence of a broad shoulder of minis (approx. 50—
90% of standard current) in gM in all of the condi-
tions indicates that these mini channels in gA are
dependent on the presence of the tryptophan side
chains.

Second, a phenomenon independent of the trypto-
phan side chains causes gM to display a well-defined
population of mini channels with 34-46% of the
standard conductance. Previous studies of gramicidin
M present single channel traces and current histo-
grams, although none focus directly on the presence
of mini channels. Fonseca et al. [10] and Koeppe et
al. [11] present a current histogram and a single
channel current trace of gM™ in 1.0 M CsCl, with
small numbers of low minis as observed here (Fig.
30).

Solid state NMR chemical shifts [26] demonstrate
that the large monovalent cations bind further from
the channel center. Perhaps the optimal binding lo-
cation of an ion affects its induction of the configu-
ration leading to the secondary conductance state.
Hence, Cs™ almost never induces the mini state,
Rb" sometimes induces the mini state, and K* and
Nat induce the mini state frequently. It might be
noted that another apparently unrelated structural
variant of gramicidin A has also been found to dis-
play a secondary conductance state [27].

Third, the reduced lifetime of mini gM channels
suggests an inherent instability for the mini channels
compared to the standard channels. The conforma-
tional or configurational change responsible for re-
ducing conductance could also introduce instability
to the dimer.

Fourth, the current—voltage relationships for stan-
dard and mini channels are superlinear to about the
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same degree. Superlinearity in the gM iV has been
suggested to be due to a large barrier to passage
through the channel such that the most voltage-de-
pendent step is most rate-limiting [9]. If this interpre-
tation is correct, the similarity in iV shape suggests
that reduced conductance in the gM mini is not due
to an increase in the translocation barrier. Instead, it
must be caused either by a distributed retardation
throughout each step of the transport process or an
increase in energy focused in a fairly voltage-inde-
pendent region of the reaction coordinate.

Interconversions between the standard and low
mini conductance states are observed occasionally
in DPhPC bilayers in 1 M KCIl at 200 mV. These
indicate that gM low minis are conformational or
configurational variants of the standard channels
rather than peptide contaminants. Fu et al. [28] dis-
covered by solid state NMR that the peptide plane
between Val; and Gly; in gA is rotationally bistable
with lifetimes for 10° inward and 20° outward rota-
tional conformations in excess of 10 ms. Perhaps
some of the observed states are due to different com-
binations of these peptide plane-1 rotamers. This
seems like an attractive explanation for the observed
interconversions. Alternatively, the lipid configura-
tion around the channel could be bistable. So far,
no interconversions involving the secondary state
have been observed, suggesting that it may represent
a more energetically isolated configuration.

One would suppose that the phenomenon respon-
sible for mini channels in gM should also be present
in gA. Perhaps the discrete mini peak exists in gA,
but is broadened (spread to lower conductances) due
to a tryptophan related process, as is the standard
peak in the formation of minis with 50-90% on the
standard channel conductance. This could partly ex-
plain why the sharp peak at 40% of the standard
channel conductance is not observed in gA, but it
seems more likely that in gA the structural configu-
ration yielding the gM mini peak is not accessible
given the total lack of an identifiable secondary
peak in the gA conductance histogram.

From these results, one would predict that a more
detailed study of the minis found in other gramicidin
variants with tryptophans replaced by non-polar side
chains, such as gramicidin N (in which the four tryp-
tophan residues of gA are replaced with naphthala-

lanine residues [29,30]), should reveal the presence of
similar mini conductance channels.

It is interesting to note that gA channels also in-
terconvert to a mini state, typically having approx.
10% of the standard channel conductance [2]. Per-
haps these interconversions represent similar config-
urational changes in the two peptides. It may be
useful in future studies to explore whether the dura-
tions of the gM and gA low mini states derived by
interconversion between standard states are consis-
tent with the non-converting mini channel lifetimes.
Also, it may be useful to explore our qualitative ob-
servation that gM interconversions were more com-
mon in DPhPC bilayers at high voltages than in
GMO bilayers at low voltages, and that they were
more common in HT solutions than in alkali metal
cation solutions.

In summary, gramicidin M channels are shown to
have a discrete secondary permeation state of sub-
stantially reduced conductance and lifetime and a
low mini state of yet lower conductance. This con-
trasts with the situation for gramicidin A, which has
only one discrete peak with mini conductances form-
ing a disperse shoulder. The additional permeation
states for gM imply alternative peptide and/or lipid
configurations that are stable on the time scale of
seconds.
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