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Two Classes of Alamethicin Transmembrane Channels:
Molecular Models from Single-Channel Properties

Don-On Daniel Mak* and Watt W. Webb`
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ABSTRACT Molecular structures of transmembrane channels formed by alamethicin polypeptide aggregates were analyzed
by measuring open-channel conductances and state-transition kinetics using voltage-clamp technique with artificial phos-
pholipid bilayers isolated onto micropipettes by a novel solvent-free tip-dip method. Two distinct classes of alamethicin
channels, each with a unique set of conductance states and kinetic properties, were identified. Alamethicin Rf5O at low
temperatures forms mostly nonpersistent channels with lifetimes of <1 min. Long-lasting persistent channels are formed by
alamethicin Rf3O at all temperatures and by alamethicin Rf5O at room temperature. In the "modified barrel-stave" model for
persistent channels based on the crystalline alamethicin secondary structure, the aqueous pore of the channel surrounded
by parallel alamethicin monomers has a constriction generated by amino acid side chains protruding from the alamethicin
helices into the pore. The model explains quantitatively the nonohmic channel conductance at high applied voltages and the
conductance values and ion selectivities of various persistent channel states. The kinetic properties of nonpersistent channels
are explained qualitatively by the "reversed-molecule" model in which nonpersistent channels differ from persistent channels
by having one of the channel-forming alamethicin monomers oriented antiparallel to the others.

INTRODUCTION

Alamethicin is a 20-residue, antibiotic polypeptide
(Rinehart et al., 1977; Balasubramanian et al., 1981) that
forms voltage-dependent transmembrane channels (Mueller
and Rudin, 1968). It has been intensely studied (for reviews,
see Hall, 1978; Latorre and Alvarez, 1981; Sansom, 1991;
Woolley and Wallace, 1992) because of its possible use as
a model for more complex channels critical to the function-
ing of excitable membranes (Hall and Vodyanoy, 1984;
Woolley and Wallace, 1992). Under an applied transmem-
brane potential of the correct polarity (Mueller and Rudin,
1968; Cherry et al., 1972), alamethicin readily forms well-
defined channels with multiple conductance states (Gordon
and Haydon, 1972) in a wide range of artificial lipid bilayers
(Gordon and Haydon, 1976; Taylor and de Levie, 1991) and
natural cell membranes (Sakmann and Boheim, 1979). The
channels have long open durations (Boheim, 1974), espe-
cially in phospholipid bilayers at low temperatures (Gordon
and Haydon, 1976). The size of a single alamethicin mole-
cule is too small to form a conducting pore (Woolley and
Wallace, 1992). This, together with the kinetics of alam-
ethicin channel formation (Eisenberg et al., 1973; Gordon
and Haydon, 1976; Hall and Vodyanoy, 1984), indicates
that an alamethicin channel is an aggregate of a number of
monomers. Individual alamethicin monomers in the channel
aggregate have mainly helical conformations and span the
lipid bilayer with the axes of the helices normal to the plane
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of the bilayer (Mathew and Balaram, 1983b; Spach et al.,
1989). Channels are formed by bundles of such helices
surrounding aqueous pores through which ions can pass
across the lipid bilayer. However, because the conforma-
tions of individual alamethicin molecules and their arrange-
ment inside the channel aggregate cannot be directly probed
at present (Woolley and Wallace, 1992), the exact mecha-
nisms underlying voltage-sensitive channel gating and tran-
sitions among conductance states are still controversial,
with many conflicting models proposed (for reviews of the
models, see Sansom, 1991; Woolley and Wallace, 1992).
Furthermore, novel behavior of purified alamethicin under
"reversed" applied voltage was reported (Taylor and
de Levie, 1991). Therefore, despite the simple primary
sequence of alamethicin and the extensive scrutiny of its
characteristics in previous studies, the nature of the alam-
ethicin channels and the mechanisms underlying its activi-
ties are far from being fully understood.

In our studies of single-channel currents in alamethicin
channels using patch-clamp techniques (Hamill et al., 1981;
Cahalan and Neher, 1992), we found that alamethicin
polypeptides can form two classes of channels: alamethicin
Rf5O at low temperatures (3-7°C) generates mostly nonper-
sistent channels that last a short time (<1 min), whereas the
persistent channels that have a long lifetime (minutes to
hours) are formed by alamethicin Rf3O at all temperatures
and by alamethicin Rf5O at room temperature. Each class of
alamethicin channels has a distinctive set of conductance
states.

In this paper, we propose a "modified barrel-stave" model
for persistent channels based on the crystalline secondary
structure of the alamethicin molecules. This molecular
model can quantitatively explain the nonohmic current-
voltage relation for alamethicin channels at high applied
voltage. By considering the conducting ions as "hard
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spheres" with a finite radius, the conductance values and ion
selectivities of the various persistent channel conductance
states can be deduced from the molecular model. We also
propose a "reversed-molecule" model in which the nonper-
sistent channels differ from the persistent channels by hav-
ing one of the channel-forming alamethicin monomers ori-
ented antiparallel to the others. This model qualitatively
explains the existence, the relative abundance at various
temperatures, and the kinetic properties of the nonpersistent
channels. Our molecular models support the mechanisms
proposed by Baumann and Mueller (1974) for voltage-
dependent gating and conductance state transition in ala-
methicin channels.

MATERIALS AND METHODS

Materials

Alamethicin was either purchased from Sigma Chemical Co. (St. Louis,
MO) or received as a gift from Upjohn Co. (Kalamazoo, MI). Alamethicin

from Sigma was purified by high-performance liquid chromatography
(HPLC) following the procedures used by Balasubramanian et al. (1981).
A HPLC chromatogram with eight well-resolved mass peaks very similar

to that in Balasubramanian et al. (1981) was obtained. Only the most

abundant component, which is at least twice as abundant as any other

component, was isolated for use as purified alamethicin in our experiments.
No impurity mass peak was resolved by HPLC in the purified sample.
Mass spectrometry (Archer et al., 1991) showed this to be alamethicin Rf50
with the primary sequence: Ac-Aib-Pro-Aib-Ala-Aib5-Ala-Gln-Aib-Val-

Aibl0-Gly-Leu-Aib-Pro-Vall5-Aib-Aib-Gln-Gln-Phol20 where Aib and
Phol stand for a-aminoisobuteric acid and L-phenylalaninol respectively. It

exists as electrically neutral molecules in aqueous solution at pH 7 (Rizzo
et al., 1987; Stankowski et al., 1988). Alamethicin from Upjohn was used

without further purification. Its major component is alamethicin Rf3O
(Martin and Williams, 1975; Balasubramanian et al., 1981) with Glu in

position 18, which carries a negative charge at pH 7 (Gisin et al., 1977). It
also contains other minor components with slightly different primary
sequences (Rinehart et al., 1977; Marshall and Balasubramanian, 1979).

Azolectin from Sigma Chemical Co., synthetic dioleoyl phosphatidyleth-
anolamine (DOPE) and dioleoyl phosphatidylserine (DOPS) from Avanti

Polar Lipids, Inc. (Alabaster, AL), and cholesterol from Nu Chek Prep Inc.

(Elysian, N) were used to produce lipid bilayer without further purification.

Solvent-free tip-dip technique
The tip-dip method had been developed to isolate phospholipid bilayers
onto the tips of micropipettes (Coronado and Latorre, 1983) in patch-clamp
experiments (Hamill et al., 1981). However, to avoid any artifact that may
be caused by residual traces of the organic solvent used to spread the lipid
monolayer on the buffer/air interface, a truly solvent-free tip-dip procedure
similar to that used by Hanke et al. (1984) was adopted. Synthetic DOPE
and DOPS in chloroform were mixed in 1:1 molar ratio with various
amounts of cholesterol. The lipid solution was dried under vacuum over-

night. The same buffer solution used in the patch-clamp experiment was
added to the dried lipid (0.025 ml/mg of lipid). The mixture was vortexed

briefly and sonicated in an ice bath for 15 min. The resulting cloudy lipid
suspension showed no visible vesicles under IOOX magnification. The
sonication dispersed the lipid in the buffer, enabling the formation of the

lipid monolayer at the buffer/air interface without the use of organic
spreading solvent. Suspension of azolectin in buffer solution was also

prepared in the same manner. The lipid suspensions were stored in liquid
nitrogen. They were thawed just before the experiment and diluted to a
concentration of 4 mg of lipid/ml with more buffer solution. Lipid suspen-
sion (25-50 ,l) was added to 5 ml of bath buffer solution containing 5 mM

CaCl2, 1 mM MgCl2 (Coronado, 1985), and 30 mM HEPES at pH 7 with
variable NaCl concentration between 0.33 and 2.0 M. Fifteen to thirty
minutes was allowed for a lipid monolayer to form over the buffer/air
interface. The tip of a buffer-filled, heat-polished pipette was moved
through the interface several times until a lipid bilayer formed over the tip
of the pipette, indicated by an abrupt increase in the pipette resistance. A
negative pressure of about 20 mm Hg was applied inside the pipette to
improve the seal (Hamill et al., 1981). This procedure generated stable
seals of about 2-20 GQl in over 80% of all attempts using DOPE/DOPS
mixtures. A similar procedure using azolectin generated seals with 20-40
Gfl resistance.

Single-channel current measurement
and analysis

Single-channel alamethicin current records with characteristic multiple
conductance states were obtained with 0.02-1.00 ,tg/ml alamethicin on the
pipette side or both sides of the bilayer. The appropriate amount of
alamethicin for single-channel recording depended on the buffer ionic
concentration and the lipid bilayer composition.

By cooling the bath buffer solution in experiments to 7.0 ± 0.2 °C with
a Peltier cooling stage (OPMI-2; Medical Systems Corp., Greenvale, NY),
the frequency of transitions among alamethicin channel conductance states
was decreased (Boheim, 1974; Gordon and Haydon, 1976; Boheim and
Kolb, 1978) to facilitate open-channel current noise measurement.

Single-channel currents were amplified by a patch-clamp amplifier
(3900A with headstage 3901; Dagan Corp., Minneapolis, MN); filtered at
37 kHz by a 4-pole Bessel filter; digitized at 94.4 kHz by a pulse code
modulator (VR-10; Instrutech Corp., Mineola, NY); and recorded with
14-bit resolution on videotape. Manually selected records were transferred
to a Convex mini-supercomputer for analysis.
A computer program was written to monitor the average and standard

deviation values of current data points in consecutive 1.36-ms periods. A
conductance state transition was detected if either of the monitored values
fluctuated by more than 1.3 times their normal ranges. In simulated current
records, brief changes in conductance state lasting longer than 0.04 ms
were detected by the program. With the time between the entry of the
channel into any conductance state and its subsequent departure deter-
mined, the average dwell time of conductance state n can be calculated as
the total duration the channel spent in state n in the experiment divided by
the number of state n -+ (n ± 1) transitions detected during the experiment.

In every selected current record with a stable lipid bilayer, the current level
for each conductance state stayed within a very narrow range throughout the
experiment, independent of the number of conductance state transitions that
occurred. Thus, the mean current level (in) averaged over all the time when the
channel was in state n is well defined. The 0th (closed) state mean current
level (io) was the same as that of the bare bilayer leakage current before
the channel appeared. This background current was subtracted from the
mean current levels of the open-channel states to obtain the current
actually passing through the channel ich = (in)-(i0)

RESULTS

Channels from purified alamethicin Rt50
Two distinct sets of conductance states were observed for
channels formed by HPLC-purified alamethicin Rf5O. In
some cases, the alamethicin channel appeared readily when
a positive potential (usually >25 mV) was applied on the
side of the bilayer where alamethicin was present after
the gigaohm seal was formed. The channel stayed open for
a long period of time (minutes, even hours) and only closed
very briefly and infrequently. Fig. 1 shows a typical current
record of this class of persistent channel.
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FIGURE 1 A typical current record of a persistent channel formed by
purified alamethicin Rf5O. The buffer solution contained 1.0 M NaCl. The
lipid bilayer was formed by DOPE and DOPS mixture in 1:1 ratio. Only the
pipette buffer contained 0.2 ,Lg/ml alamethicin. Temperature of the bath
buffer was 7.0°C. Applied potential for this record was +44 mV. The
record has been digitally filtered at 737.5 Hz for plotting purposes.

In contrast, in most trials (over 95% of all experiments),
channels had to be induced by applying a potential higher
than a critical value (90-150 mV, depending on the con-
centration of alamethicin in the buffer solution). Once chan-
nels appeared, multiple channels rapidly formed in the bi-
layer under the high applied potential. The applied potential
then had to be lowered to a holding value (30-80 mV) to
obtain single-channel current records. The channel stayed
open for a relatively short period of time (0.5-80.0 s) before
it closed completely. Fig. 2 shows a typical current record
for this class of nonpersistent channel. The channel shown
closed completely after t = 22.5 s. Once the channel closed
completely, no channel would reappear if the applied po-
tential was kept at the holding value. Another pulse of
applied potential higher than the critical value was needed
to re-induce another channel opening.

Both persistent and nonpersistent channels were observed
in a wide range of experimental conditions. Both were
observed in buffer solution with NaCl concentrations of
0.33, 1.0, and 2.0 M; in bilayers made with azolectin,
DOPE:DOPS = 1:1 mixture and DOPE:DOPS:cholesterol
= 2:2:1 mixture; with alamethicin present on one side or
both sides of the bilayer. Nonpersistent channels were al-
ways predominantly observed. In some experiments, two
channels were observed in the bilayer simultaneously, one
being persistent and the other nonpersistent. However, con-
version of persistent to nonpersistent channels or vice versa
without the channel closing was rarely observed.

Within the range of applied potential used (between
-68 mV and +80 mV), the mean channel current ich in
each conductance state of both persistent and nonpersis-
tent channels was directly proportional to the applied
potential Vap (Fig. 3). The conductance values An of the
persistent and nonpersistent channels at various conduc-
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FIGURE 2 A typical current record of a nonpersistent channel formed
by purified alamethicin Rf5O. The same experimental conditions and digital
filtering were used in Fig. 1. The holding potential during the single-
channel data was +42 mV. The channel-inducing pulse went up to 92 mV.

tance states were calculated from the slope of the graphs:
An = icjh/Vap. The conductance values of the persistent
channel states were consistently higher than those of the
corresponding nonpersistent channel states.

Despite the wide range of the average dwell times for the
persistent and nonpersistent channels under various exper-
imental conditions, the average dwell time a persistent chan-
nel spent in conductance state n was generally much longer
than that of a nonpersistent channel under similar experi-
mental conditions (Table 1), especially for lower conduc-
tance states.

Channels from unpurified alamethicin Rf30
When unpurified alamethicin from Upjohn Co. was used in
our patch-clamp experiments, nonpersistent channels were
not observed. Channels remained active for minutes and
closed only for brief intervals (Fig. 4). Besides the regular
set of "normal" conductance states n, for about 15% of the
time the channels occupied another set of "odd" conduc-
tance states n', each with a conductance value smaller than
the corresponding normal state n. The current levels of both
the normal and odd conductance states were stable and
ohmic between 20 and 80 mV. Careful examination of the
current records showed that the majority of conductance
state transitions involve normal states only (state n state
(n ± 1)) or odd states only (state n' -> state (n ± 1)').
Whereas transitions involving both normal and odd states
(n -> (n + 1)' and n' -> (n - 1)) were also observed, other
combinations (n -> (n - 1)', n'-> (n + 1), n -- n', and
n-> n) were not observed. In experiments done by Taylor
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FIGURE 4 A current record of a channel formed using unpurified ala-
methicin Rf3O with normal states n and odd states n' in the same buffer
solution as in Fig. 1. The lipid bilayer was formed by azolectin. The pipette
buffer solution contained 0.02 ,ug/ml alamethicin. Temperature of the bath
buffer solution was 23°C. Applied potential was 60 mV. The record was
digitally filtered at 737.5 Hz.

80.0

FIGURE 3 Graphs of single-channel current versus applied potential for
various conductance states of a persistent channel (A) and a nonpersistent
channel (B). The same experimental conditions were used in Fig. 1. Current
measurement under negative applied potential was rarely successful be-
cause of the low probability of forming alamethicin channels under nega-
tive applied potential (Eisenberg et al., 1973)

and de Levie (1991) using HPLC-purified alamethicin
Rf3O from Upjohn Co. under very similar conditions (in
diphytanoylphosphatidylcholine and cholesterol (2:1) bi-
layer in 0.5 M KCl at 19°C), only one set of conductance
states was reported.
The properties of the odd conductance states can be

understood using the standard "barrel-stave" model
(Baumann and Mueller, 1974) in which the channel changes
its conductance state when a single alamethicin molecule
joins or leaves the channel-forming aggregate. The channels

TABLE I Average dwell time (s) of the various conductance
states of alamethicin channels

Our experiment data* Previous data$
applied potential = 44 mV applied potential = 90 mV

State Persistent Nonpersistent Rf3O Rf5O

1 0.21 0.022 0.259 0.0305
2 0.52 0.026 0.341 0.0361
3 0.74 0.11 0.405 0.0664
4 0.33 0.16 0.556 0.110
5 0.11 0.10 0.575 0.124
6 0.10 0.06

*Data from our experiments (±0.002 s) using purified alamethicin Rf5O in
DOPE/DOPS bilayer in 1 M NaCl at 7°C.
*Data obtained by Boheim (1974) using purified alamethicin Rf3O and
Rf5O in PS bilayer in 1.0 M KCI at 3°C.

in normal conductance states observed most of the time are
entirely formed by molecules of alamethicin Rf3O, the major
component in unpurified Upjohn samples. A channel in an
odd state n' probably contains a single molecule of some
minor alamethicin component, resulting in a channel con-
figuration with a smaller pore. This is similar to the forma-
tion of "hybrid" channels with conductance values different
from those of pure alamethicin channels in mixtures of
alamethicin Rf3O and its dansyl derivative (Eisenberg et al.,
1977). In this model, a channel in a normal state can only
enter an odd state if the channel is joined by a non-Rf3O
molecule, resulting in an n-> (n + 1)' transition. The
channel will remain in the odd states with n'-> (n ± 1)'
transitions as long as the non-Rf3O molecule remains in
the channel while other alamethicin Rf3O molecules join
or leave the channel aggregate. The channel only returns
to a normal state when the non-Rf3O molecule leaves the
channel in an n'-- (n - 1) transition. Those transitions
(n -> n', n' -* n, n -> (n - 1)' and n' -> (n + 1)) that
cannot be achieved by a single alamethicin molecule
(Rf3O or non-Rf3O) joining or leaving the channel were
not observed.

Because normal states occurred about 85% of the time
and there are five to seven alamethicin molecules in the first
few conductance states, the probability that the molecule
joining a channel is a Rf3O molecule 0.97, according to
simple binomial distribution. Because alamethicin Rf3O
only makes up about 45% of the unpurified Upjohn samples
(Balasubramanian et al., 1981), Rf3O molecules must have a
higher affinity than other non-Rf3O molecules to join a
channel. The probability of forming a channel with two
non-Rf3O molecules 0.01, too low to be clearly observed
in our experiments.
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Comparison with previous studies

Comparison of electrical and kinetic properties of alamethi-
cin channels formed by a single alamethicin species ob-
served in our experiments with those previously reported
reveals that whereas pure alamethicin RfSO at low temper-
atures (3-7°C) forms mostly (>95%) nonpersistent chan-
nels, persistent channels are formed by alamethicin RfSO at
room temperature and by alamethicin Rf3O at all temperatures.

Although various kinetic and electrical properties of sin-
gle alamethicin channels have been investigated in many
previous experiments (Gordon and Haydon, 1972, 1976;
Eisenberg et al., 1973; Boheim, 1974; Hall, 1975; Bezrukov
and Vodyanoy, 1993), no systematic, quantitative compar-
ison of the results of those studies has been done because of
the wide range of different conditions (temperature, bilayer
lipid and buffer ion compositions) used in various experi-
ments. Assuming that alamethicin channel conductance is
directly proportional to the buffer solution conductivity
(Eisenberg et al., 1973, 1977), corrected channel conduc-
tance values under a standard set of conditions (in 1.0 M
NaCl at 7.0°C, our experimental conditions) were calculated
from experimental conductance values using electrolyte
conductivity data from Washburn (1929). All published
numerical conductance values of alamethicin channels
(Eisenberg et al., 1973; Boheim, 1974; Bezrukov and
Vodyanoy, 1993) are included in our comparison.
The conductance values of normal channel states we

obtained with unpurified Upjohn alamethicin (E in Fig. 5)
agree with the corrected values measured by Eisenberg et al.
(1973), also using unpurified Upjohn alamethicin (D in Fig.
5), and those measured by Boheim (1974) with purified
alamethicin Rf3O (C in Fig. 5). This shows that the corrected
conductance values reflect the nature of the channel and are
independent of the environment around the channel. It also
confirms that channels with normal conductance states ob-
served in our experiments using unpurified Upjohn ala-
methicin were formed entirely by alamethicin Rf3O mole-
cules. However, no odd states were reported by Eisenberg
et al. (1973).

These conductance values obtained for alamethicin Rf3O,
purified or unpurified, agree with those of the rare persistent
channels obtained in our experiments (B in Fig. 5) and those
measured by Bezrukov and Vodyanoy (1993) (A in Fig. 5),
both using purified alamethicin Rf5O. Thus, pure alamethi-
cin RfSO molecules can form channels with the same con-
ductance values as those formed by pure alamethicin Rf3O
molecules, so the conductance of channels is not entirely
determined by the primary sequence of the alamethicin
molecules.
The conductance values of the nonpersistent channels

obtained in our experiments with purified alamethicin Rf5O
at 7°C (G in Fig. 5) agree with those obtained by Boheim
(1974) for purified alamethicin RfSO (H in Fig. 5) under
similar temperature. The requirement of an inducing poten-
tial pulse to generate the nonpersistent channels in our
experiments was not reported by Boheim (1974). Such
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23°C. Filled boxes (A) are the coffected conductances of channels formed
by purified alamethicin Rf50 in diphytanoyl PC bilayer as measured by
Bezrukov and Vodyanoy (1993) in 1.0 M NaCI at 230C.

differences in channel kinetic behavior can be due to dif-
ferences in experimental conditions and protocols used
(Boheim, 1974). Bezrukov and Vodyanoy (1993) only re-
ported observing persistent channels when using purified
alamethicin Rf5O at room temperature. Apparently the rel-
ative frequency of observing the persistent and nonpersis-
tent channels is strongly affected by temperature, with non-
persistent channels dominating under low temperatures and
persistent channels dominating at room temperature.

Whereas the conductance values of odd states formed
with unpurified samples (F in Fig. S) are -94% of those for
the corresponding normal states (E in Fig. S), those of
nonpersistent channels formed by purified alamethicin Rf5O
(G in Fig. S) do not have any simple relation with the
persistent channel values (B in Fig. S). Besides, transitions
between normal and odd states were observed much more
frequently than transitions between persistent and nonper-
sistent channels. Therefore, nonpersistent channels are fun-
damentally different from odd conductance states caused by
impurity molecules in the channel aggregate.

Besides the conductance values, mean dwell times of the
channel in various conductance states (or rates of conduc-
tance state transitions) were also widely reported (Boheim,
1974; Gordon and Haydon, 1975, 1976). However, there is

Rf5O Rf3O Rf5O
.01 - 00 N
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no simple relation describing the large effects of tempera-
ture, applied potential, buffer ion, and bilayer lipid compo-
sitions on alamethicin channel dwell times in various con-

ductance states (Boheim, 1974; Gordon and Haydon, 1976;
Boheim et al., 1983; Hall and Vodyanoy, 1984). Therefore,
we can only compare channel dwell times we observed with
those obtained by Boheim (1974) under similar experimen-
tal conditions (at 3°C using PS bilayer in 1 M KCI buffer).
The dwell times of the various persistent channel conduc-
tance states in our experiments agree reasonably well with
those of alamethicin Rf3O channels observed by Boheim
(1974) (Table 1), whereas those of nonpersistent channel
states are similar to those of alamethicin Rf5O channels
observed by Boheim (1974). This further supports our con-

clusion that the alamethicin Rf5O channels observed by
Boheim (1974) are our nonpersistent channels; and the
persistent channels we formed with purified alamethicin
Rf5O are those that were previously only observed in ala-
methicin Rf3O samples.

DISCUSSION

Nonohmic behavior of channel current

The relation between alamethicin channel current inh in
various conductance states n and the applied potential Vap
was investigated previously (Eisenberg et al., 1973; Gordon
and Haydon, 1975; Taylor and de Levie, 1991) over a wide
range of Vap. Although ich was found in many experiments
(Eisenberg et al., 1973, 1977; Boheim, 1974) to be propor-

tional to Vap for IVapI < 100 mV, which agrees with our

experimental results (Fig. 3), the relation is super-linear for
alamethicin channels in phospholipids under IVapl > 100
mV (Eisenberg et al., 1973; Taylor and de Levie, 1991).
This nonohmic relation between ich and Vap can be ex-

plained using a model proposed by Lauger (1975) in which
the channel current ich was regarded as bidirectional, ther-
mally activated transport of ions over a single energy barrier
inside the channel, like the movement of electrons in a

saturated thermionic diode. Thus, in an experiment with
equal concentration of monovalent ions on both sides of
the membrane,

ich = eoAnph [2 sinh('2k)] (1)

X [exp( ) + exp

where k is Boltzmann's constant, T the temperature of the
system, h Planck's constant, and eo the electron charge. The
proportionality constant An factors in the channel pore size.
The potential drop across the channel is Vch. The energy

barrier terms, En+ for cations and En- for anions, determine
the ion selectivity of the channel. The model is applicable as

long as the ions experience only one prominent energy

barrier during transport through the channel. No details
concerning the form of the potential barrier inside the chan-

nel or dimensions of the channel have to be assumed. The
channel current according to this model is proportional to
sinh(eoVch/2k1) and therefore is proportional to Vch for
eOVch << 2kT and changes more steeply for larger Vch, as
observed by Eisenberg et al. (1973) and Taylor and de Levie
(1991).

In series with this nonohmic resistance Rch of the channel
itself is an ohmic spreading or access resistance R'P caused
by the high current density in the vicinity of the channel
(Holm, 1967). Thus, the actual potential drop across the
channel Vch is only a fraction of the applied potential Vap
across the lipid bilayer: Vch = cnVap, where cn (<1) is a
constant with a unique value for each conductance state n.

From Eq. 1,

(2)

Values for cn (Table 2) were derived by fitting Eq. 2 to
the experimental data from Taylor and de Levie (1991)
(Fig. 6). From the values of cn, the magnitude of the
spreading resistance around the alamethicin channel RsP =

(1-Cn)/An can be calculated.
Because the persistent channel is enclosed by a bundle of

identical alamethicin molecules (Mathew and Balaram,
1983b; Spach et al., 1989), the channel pore must be highly
symmetric. We represent the channel pore with a circular
pore, the only configuration with an analytical formula for
its spreading resistance (Maxwell, 1873; Smythe, 1967;
Hille, 1984a). We define the equivalent radius rlq of a

channel in conductance state n as the radius of the circular
pore with the same spreading resistance as the channel,

(3)

where o- is the conductivity of the buffer solution. The
values of r:q calculated (Table 2) are significantly smaller
than those channel radii previously calculated using simple
models of alamethicin channels, assuming that the channel
pore has a uniform cross section throughout its length
(Boheim, 1974; Baumann and Mueller, 1974; Hanke and
Boheim, 1980; Sansom, 1991). The r'nq for the first conduc-
tance state is smaller than the ionic radius of Na+ (Hille,

TABLE 2 Channel parameters for various conductance
states of alamethicin channels

Persistent channel Nonpersistent channel

State cn rq (A) ?a (A) enq(A) r^x (A)
1 0.80 0.60 1.57 0.29 1.51
2 0.61 1.15 2.25 0.91 2.20
3 0.49 1.84 2.94 1.80 2.90
4 0.42 2.68 3.63 2.61 3.61
5 0.37 3.64 4.33 3.44 4.33
6 0.325 4.58 5.04 4.33 5.04
7 - 5.26 5.76
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FIGURE 6 Graph of experimental persistent chann
age applied across the lipid bilayer for various coi

points are data obtained by Taylor and de Levie (I
channels formed by purified alamethicin Rf3O in dip}
choline and cholesterol (2:1) bilayer in 0.5 M KCI
fitted using Eq. 2 and values of cn in Table 2.

1984b). To understand this, we propose a

stave" model for the channel.

Modified "barrel-stave" model for
persistent channels

The original barrel-stave model (Bauma
1974), in which the alamethicin channel
ductance states contain different numbers
the channel-forming aggregate and condu
sitions occur when an alamethicin monorr

a channel aggregate, still explains m(

among various proposed models, the larg
tinct conductance states observed (Gord
1975; Fleischmann et al., 1983). Howevei
in quantitatively explaining the observed
tance values from molecular models we

Contribution of the spreading resistanc4
resistance was ignored in most of them.
simple three-dimensional geometric forn
for alamethicin molecules in the channels
proposed (Baumann and Meuller, 1974
Hanke and Boheim, 1980) ignored the vol
the alamethicin molecules so that the por
mated (Mathew and Balaram, 1983a). The
(Sansom, 1991; Lavar, 1994) was very c

actual shape of the alamethicin molecules
side chains of different shapes and sizes pr
helix. For a better model of the alamett
assume a more realistic shape for the alan
based on its experimentally determined se(

Although the secondary structures of
fragments, and analogues have been extei

techniques including x-ray diffraction (Butters et al., 1981;
Fox and Richards, 1982; Bosch et al., 1985), nuclear mag-
netic resonance (Davis and Gisin, 1981; Banerjee et al.,
1983; Schmitt and Jung, 1985; Esposito et al., 1987; Chan-
drasekhar et al., 1988; Yee and O'Neil, 1992; Kelsh et al.,
1992), circular dichroism (Vogel, 1987; Cascio and
Wallace, 1988), Raman spectroscopy (Vogel, 1987), theo-
retical molecular dynamics simulation (Fratemali, 1990),
and energy optimization (Furois-Corbin and Pullman, 1988;
North et al., 1994) (for review, see Sansom, 1991, 1993),
the precise conformation of alamethicin molecules inside
the special environment of a channel has not been deter-
mined by experiment (Woolley and Wallace, 1992). Exper-

0.1 0.2 imental evidence indicated that because of the large number
of a-aminoisobuteric acid (Aib) residues present in the
alamethicin molecule, its conformation is largely helical

iductance states. The (Burgess and Leach, 1973; Paterson et al., 1981; Marshall
1991) from persistent et al., 1990) and very stable (Jung and Dubischar, 1975;
hytanoylphosphatidyl- Esposito et al., 1987). In the hydrophobic environment of a

at 19°C. The lines are lipid bilayer, the secondary structure is more ordered
(Vogel, 1987; Cascio and Wallace, 1988) and helical (Haris
and Chapman, 1988) than in organic solvents, especially in
the presence of a transmembrane electric field of the right

modified "barrel- polarity (Brumfeld and Miller, 1989). Furthermore, the dis-
tribution of residues in the crystalline conformation de-
scribed by Fox and Richards (1982) generates an amphi-
pathic structure (Kerr and Sansom, 1993) that will be
stabilized at the water-lipid interface inside the channel,
with the polar elements facing the aqueous channel pore.

inn and Mueller, Therefore, for our modeling purpose, we assume the highly
s in various con- helical structure described by Fox and Richards (1982) as an

i of monomers in approximation for the conformation of the alamethicin mol-
Lctance state tran- ecules forming the channel.
ier joins or leaves Besides the conformation of the alamethicin molecules
Dst satisfactorily, forming the channel, the conductance of the channel is also
ye number of dis- determined by the arrangement of alamethicin helices
Ion and Haydon, around the channel pore. In a channel configuration pro-
r, previous efforts posed by Fox and Richards (1982), the N-terminal helices of
channel conduc- the molecules are roughly parallel to the channel axis, so

re too simplistic. that the channel has a funnel shape, with a wider channel
e to the channel pore at the C-terminals of the alamethicin molecules. The
Also, extremely relatively large side chain of the phenylalaninol will help to

ns were assumed fill the interhelical free volume at the wider end of the
The planar form channel (Vogel et al., 1993). The side chains of Gln7 pro-

Mueller, 1976; trude into the channel pore in a plane that is normal to the
lume occupied by channel axis, forming a constriction in the channel pore
e size is overesti- (Fig. 7 A). Energy calculations by Sansom (1993) indicated
e cylindrical form that this molecular arrangement is stable and can form
lifferent from the channels containing variable numbers of molecules (as re-

with amino acid quired by the barrel-stave model). In this configuration, the
*otruding from the Glu'8 side chains are far from the channel pore, so the
iicin channel, we model agrees with the experimental finding that binding a

nethicin molecule methyl ester (Eisenberg et al., 1977; Hall, 1978) or benzyl
condary structure. ester (Boheim et al., 1987) to the carboxyl group of the
f alamethicin, its Glut8 of alamethicin Rf3O did not affect the conductance of
nsively studied in the alamethicin Rf3O channels. Using that model, we as-

y a wide range of sume that the resistance of the channel itself Rnh is mostly
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A

B ion at closest approach
to protruding side chain

,' region
inaccessible
to the ions

FIGURE 7 (A) Configuration of alamethicin molecules in a persistent
channel proposed by Fox and Richards (1982). Two molecules at opposite
sides of the channel are shown with molecular structure based on the x-ray
crystallography data of Fox and Richards (1982) in the Brookhaven Data
Library. The N-terminals of the molecules are at the top of the diagram.
The Gln7 side chains of the molecules clearly protrude into the channel
pore, forming a constriction at the level indicated by the dashed line aa'.
(B) Schematic cross section of the persistent channel pore at its constriction
along the plane aa' indicated in A. This channel is formed by seven
alamethicin molecules. The protruding Gln7 side chains are represented by
circles of radius z. The centers of the circles are at the cormers of the regular
heptagon (dashed line). A current-conducting ion at closest approach to the
protruding Gln7 side chains is represented by the filled disc of radius a. The
effective pore area of the channel according to our model is the gray region.
r1.' (indicated by the thick scale bar) is the maximum radius of an ion that
can pass through the channel.

controlled by the size of the channel pore at the constriction.
The spreading resistance R'P then effectively includes the
resistance of the buffer medium on either side of the con-
striction. In a cross section of the channel at the level of the
channel constriction (aa' in Fig. 7 A), we represent the
protruding Gln7 side chains as discs with radius z and
centers at the corners of a regular polygon (Fig. 7 B). The
number of sides of the polygon is the number of alamethicin
molecules forming the channel.
From our experiment data, the equivalent radii r:q of the

channel pore calculated are not significantly larger than the
crystal radius of a typical unhydrated ion (-1 A; Hille,
1984b). It is inappropriate to regard the electrolyte inside
the channel pore as a continuous medium. A systematic way
to take into account the finite size of the ions is to represent
the ions moving through the channel as spheres with the
radius a of unhydrated ions. The unhydrated ionic radius is
used because an ion passing through the channel pore con-

striction can be solvated partially by the hydrophilic Gln7
side chains at the constriction. Ions can approach the chan-
nel boundary formed by the Gln7 side chains as close as
their ionic radius, as shown in Fig. 7 B. Because of the finite
radius of the ions, there is a region in the channel pore that
is effectively inaccessible to the ions. The effective con-
ducting area of the channel pore at the constriction is just
the area that is accessible to the center of an ion (the gray
region in Fig. 7 B).
The areas of the gray region in Fig. 7 B were fitted to the

experimentally derived values of 7r(ren)2 by varying the
parameters a, z, and N1, the number of alamethicin mono-
mers in the state 1 channel. We do not presuppose N1
because it is possible that there are some lower conductance
states that were not properly resolved from the closed state
(Hanke and Boheim, 1980). Besides, aggregates containing
more than two monomers may still be nonconducting
(Spach et al., 1989). All values of N1 can give an acceptable
fit between the calculated areas of the gray region and
1r(r. )2, but only N1 = 5 gives a reasonable value of 1.1 A
for a comparable to the ionic radius of Na+ ion (0.95 A).
(N1 = 4 gives a = 0.5 A, whereas N1 = 6 gives a = 1.7 A.)
The best value of z for N1 = 5 is 2.3 A (Fig. 8). This agrees
reasonably with our model, as the van der Waals radius of
the Gln7 side chains is 2.6 A for the amide group and 2.1 A
for the carboxyl group (Sutton, 1958).

In Fig. 8, the agreement between the model channel pore
area and the value of .(ren)2 is good for the lower conduc-
tance states (up to state 4). Starting from state 5 (N. = 9),
the model channel areas are lower than that of 1(ren)2. This
deviation may be due to steric hindrance in fitting the
alamethicin molecules together in the channel aggregate.
Fig. 9 is a schematic diagram showing how, in a channel
with a small number of monomers, the protruding Gln side
chains can approach one another closely, so that our model

0
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0(0%

0)
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0

o
6

c o
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1.0 2.0 3.0 4.0
state index n

5.0 6.0

FIGURE 8 Graph of equivalent pore areas 7r(rT)2 (open boxes) and
theoretical pore areas calculated according to our molecular model for
various persistent channel conductance states. The solid line is model pore
area calculated using N1 = 5, z = 2.3 A and a = 1.1 A, with no helix steric
hindrance considered. The dashed line is calculated using the same values
for z and a, but with correction due to steric hindrance of the main helices
modeled as discs of radius 5.7 A, whose centers are 4.3 A from the centers
of the Gln7 discs (see Fig. 9).
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Gin side chains

B

Helices

FIGURE 9 Schematic cross sections at the level of the pore constriction
of a persistent channel at various conductance states, showing how our

modified "barrel-stave" model may not be exact in channels in higher
conductance states because of steric hindrance from the main alamethicin
helices. (A) Channel in conductance state 1 formed by five alamethicin
monomers. (B) Channel in conductance state 5 formed by nine monomers.

is accurate (Fig. 9 A). In channels with more monomers

(Fig. 9 B), the main helices of the alamethicin monomers

prevent the protruding Gln7 side chains from approaching
one another closely. Using the simple model in Fig. 9 and
assuming that the steric hindrance only takes effect at Nn >
8, the correction due to helix steric hindrance can be esti-
mated. The agreement between the corrected model pore

area and nr(ren)2 is better but not exact (Fig. 8), which is to
be expected for the crude representation of the complex
shape of the main alamethicin helix with a simple disc in
our model.

Fig. 10 shows that the effective channel conductance
1/R_h is directly proportional to the equivalent pore area

wn(req)2 for various persistent channel conductance states:

1/Rcnh = Kin), (4)

0
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FIGURE 10 Graph of the equivalent pore area ff(r"q)2 versus the actual
channel conductance 1/R h for various persistent channel conductance
states. The line is fitted by linear regression.

where K is the slope of the graph. This empirical linear
relation implies that the channel energy barrier terms E+
and En in Eq. 1 do not change significantly as enq changes
over an order of magnitude. Whereas the channel constric-
tion for a channel in state 5 or 6 is large enough so that an
ion can probably pass through the channel with most of its
first shell of water of hydration intact, an ion must shed
most of its hydration shell to pass through a channel in state
1 or 2. For the energy barrier experienced by ions crossing
the channel to be independent of the channel size, the
hydration energy (Edsall and McKenzie, 1978) of the ion
must be effectively compensated by the interaction energy
of the ion and the polar Gln side chains forming the channel
constriction.
The value of K from Fig. 10 is 1.7 X 1010 Sm-2. This

gives an effective channel conductance that corresponds to
the conductance of a disc of 1 M NaCl buffer at 7°C with
area W(r,q)2 and thickness -3 A. Although the channel
should not be modeled simply as a disc of continuous
medium, the estimated thickness of the disc is nevertheless
in reasonable agreement with the dimensions of the channel
constriction caused by the protruding Gln7 side chains. The
value of the parameter K derived in our model of the
alamethicin channel with a constriction is not unrealistic.

In our modeling, we find that the channel in state 1
probably contains five monomers. Using our model, we can
calculate that an aggregate with four monomers will form a
channel with model pore area of 0.08 A2. Assuming the
empirical relation in Eq. 4, we calculate its conductance to
be about 0.012 nS in 1 M NaCl buffer. This conductance
value is 1/12 that of our conductance state 1 and is not
resolved from the closed conductance state (state 0) in our
experiments because of low applied potential and high
filtering frequency used in our experiment and the short
dwell time of the channel in that state. However, this
matches within experimental error the conductance value of
the lowest conductance state observed by Hanke and Bo-
heim (1980).
The equivalent radius rlnq calculated for state 1 is 0.6 A,

substantially smaller than the Na+ ion radius (0.95 A). This
can be understood with our model. The channel is perme-
able to ions with radii less than the radius rn" of the circle
inscribed by the protruding Gln7 side chains surrounding the
channel pore (Fig. 7 B), which can be much larger than enq
(Table 2). For Nn = 4, rn" = 0.95 A, so that it is not
permeable to Ca2+ ions with ionic radius of 0.99 A (Hanke
and Boheim, 1980). For state 1, rT' is 1.57 A, so channels
in that state are permeable to ammonium ions with ionic
radius of 1.5 A but not to methylammonium ions with ionic
radius of 2.3 A (Gordon and Haydon, 1975). (EtOH)NH 3
ions with ionic dimensions of 2.5 A X 3.0 A can pass
through channels in state 3 with nnax = 2.9 A but not
channels in state 2 with n,ax = 2.3 A (Eisenberg et al.,
1977). However, there are cases where ions with radii not
significantly larger than rn" may still pass through the
channel (Lauger et al., 1980), like channels in state 2, which
are permeable to dimethylammonium ions with radius of
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2.6 A (Gordon and Haydon, 1975). This is because the
picture that the alamethicin channel has a fixed pore size
ignores the flexibility (Furois-Corbin and Pullman, 1986b)
and constant intramolecular and intermolecular thermal mo-
tion (Karplus and Petsko, 1990) of alamethicin molecules in
the channel. Also, the "hard-sphere" model for ions ignores
long-range ion-peptide interaction, which is also important
in determining the permeability of the channel to ions. In
some cases, ions with radii smaller than -nn still cannot
pass through the channel, probably because of strong inter-
action between the ions and the peptide side chains (Muel-
ler, 1976; Hall, 1978), like channels in state 4 with a'n =
3.7 A, which are impermeable to trimethylammonium ions
with radius of 2.8 A (Gordon and Haydon, 1975).

Although our model is not the only one that can account
for the nonohmic behavior of alamethicin channels at high
Vap (Lavar, 1994), the configuration of the channel-forming
alamethicin monomers assumed in our model is more real-
istic and is supported by many previous studies. In our
model, the hourglass shape of the channel pore implies that
the current flux density in the channel vicinity has no abrupt
change to generate nonuniform ion concentration in the
buffer as assumed by Lavar. Levels of open-channel current
noise calculated based on our model agree much better with
experimental measurement (forthcoming paper) than those
based on Lavar's model.

"Reversed-molecule" model for
nonpersistent channels

A simple, plausible model that can qualitatively explain
most of the observations in our experiments, including the
formation of both persistent and nonpersistent channels by
purified alamethicin Rf5O, their relative abundance, and the
difference in their kinetic behavior and conductance values,
is the "reversed-molecule" model. In this model, we assume
that one of the alamethicin monomers in the aggregate
forming a nonpersistent channel is aligned with its dipole
moment antiparallel to the external electric field, whereas
the rest of the alamethicin monomers are properly oriented
with their dipole moment parallel to the external field.

In the presence of a lipid bilayer, alamethicin molecules
can be in three populations: free aqueous alamethicin, ad-
sorbed alamethicin on the bilayer surface with helix axis
parallel to the bilayer surface, and inserted alamethicin
spanning the bilayer with helix axis normal to the bilayer
(Baumann and Mueller, 1974). These three populations are
in thermodynamic equilibrium. Under our experimental
conditions, in the absence of transmembrane applied poten-
tial, there are many more adsorbed than inserted alamethicin
molecules (Huang and Wu, 1991).

Unlike alamethicin Rf3O, molecules of alamethicin Rf5O
are electrically neutral in the pH environment used in our
experiment. Therefore, a fraction of the alamethicin mole-
cules adsorbed to the lipid bilayer may form dimers with

alignment to lower their electrostatic energy because the
lipid bilayer environment, with its lower dielectric constant
(Edmonds, 1985), does not effectively screen the electro-
static interaction between the dipoles. In the dimer config-
uration, most of the dipole moments of the individual mol-
ecules are canceled out because of their antiparallel
alignment. However, the irregular shape of the molecules
prevents the dipole moments from aligning completely, so
that there is a smaller "residual" dimer dipole moment.
A transmembrane applied electric field shifts the equilib-

rium toward the inserted alamethicin, which, with its dipole
aligned parallel to the external field, has a lower electro-
static energy. Because of the smaller "residual" dipole mo-
ment of the dimers, they are not as effectively inserted into
the bilayer by the applied field. A nonpersistent channel can
only form when several inserted alamethicin monomers and
one inserted dimer aggregate together. Thus a high applied
potential is required to insert the dimers into the lipid
bilayer in significant numbers before nonpersistent channels
can be observed. In contrast, persistent channels can be
generated at a lower applied potential because they are
formed entirely from alamethicin monomers that are in-
serted more effectively by the applied potential into the
membrane than the dimers.

Inserted alamethicin molecules must aggregate into chan-
nels through attractive interaction. This attraction is proba-
bly mediated through the lipid bilayer. Although the dom-
inating interaction between inserted alamethicin monomers
may be attractive, to form persistent channels, the electro-
static repulsion between their parallel dipole moments must
be overcome to form dimeric and trimeric aggregates before
they are stabilized by the shorter-range Lennard-Jones at-
traction between them (Furois-Corbin and Pullman,
1986a,b). Formation of persistent channels is therefore sup-
pressed by the slow aggregation of the monomers into
channels, so that although persistent channels can appear at
a lower applied potential, they are much less frequently
formed than nonpersistent channels. On the other hand, an
inserted dimer with its smaller "residual" dipole moment
generates less electrostatic dipole-dipole repulsion against
other inserted monomers in the surrounding lipid bilayer
and provides a nucleus for aggregate formation. Under the
high channel-inducing potential, a large number of properly
aligned monomers are available in the lipid bilayer to ag-

gregate around the dimer. Thus, multiple nonpersistent
channels were generated rapidly during the channel-induc-
ing voltage pulse in our experiment.
When enough parallel monomers join an aggregate to

form a conducting channel pore in persistent channels, the
repulsion between their parallel dipole moments is effec-
tively screened by the buffer solution in the channel pore.

Energetically favorable interactions between the hydro-
philic side chains and water molecules and ions in the
channel pore further stabilize the channel. The channel very
seldom enters the trimeric or tetrameric nonconducting
states in which the parallel, mutually repelling dipoles of the

their helix dipole moments (Hol et al., 1978) in antiparallel
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stayed open for a long time once they were obtained in our
experiment.

In the presence of reversed molecules, the nonconducting
trimeric or tetrameric aggregates are energetically more
favorable than larger aggregates. In a smaller aggregate, the
parallel molecules can approach the reversed molecule
closely and the electrostatic attraction between their anti-
parallel dipole moments is not screened by the aqueous
channel pore. When the applied potential was reduced in our
experiments, the concentration of inserted alamethicin
monomers in the lipid bilayer decreased. Parallel molecules
left the energetically unfavorable conducting aggregates.
Only smaller, nonconducting dimers or trimeric aggregates,
each containing a reversed molecule, remained so that the
nonpersistent channels disappeared after a short time.

In our experiments and those by Boheim (1974) done
under low temperature, mostly nonpersistent channels were
observed, whereas at room temperature the persistent chan-
nels dominated (Bezrukov and Vodyanoy, 1993). This
agrees with the observation by Woolley and Wallace (1993)
that low temperature favors association of adsorbed ala-
methicin in lipid bilayers, so more dimers can form to
generate nonpersistent channels at a low temperature. This
dimer association is partly mediated through interactions
between the alamethicin polypeptides and the lipid bilayer
(Huang and Wu, 1991). Large temperature dependence in
the properties of the lipid bilayer between 7 and 25°C
probably causes the drastic change in the relative abundance
of the two classes of channels at different temperatures.

Conversion of persistent to nonpersistent channels is rare
because the concentration of inserted dimers is much lower
than that of the inserted monomers. Conversion of nonper-
sistent to persistent channels is also rare because the re-
versed molecule in the aggregate is more strongly attracted
by the other properly aligned molecules because of its
antiparallel dipole moment and has little tendency to leave
the aggregate.

Nonpersistent channels were not observed in experiments
using alamethicin Rf3O samples (Eisenberg et al., 1973;
Boheim, 1974), probably because electrostatic repulsion
between the negative charges on Glu'8 of alamethicin Rf3O
molecules prevents the formation of dimers in the first
place.

In our experiments, the relative frequency of observation
of persistent and nonpersistent channels was not signifi-
cantly affected by whether alamethicin was on just one or
both sides of the bilayer. This agrees with our model that the
channel-gating mechanism involves an initial voltage-sen-
sitive insertion of alamethicin into the lipid bilayer followed
by a rate-limiting aggregation step, as proposed in the
original barrel-stave model (Baumann and Mueller, 1974).
The monomers needed to form both the persistent and
nonpersistent channels are inserted from the side of the
bilayer at a higher potential. The applied potential prevents
adsorbed monomers from inserting into the bilayer from the
other side even if they are present. Thus, the frequency of

fected by the presence or absence of alamethicin on the side
of the bilayer with a lower potential.

Because the length of the alamethicin molecules in heli-
cal form is just enough to span the hydrophobic carbon
chain region of the lipid bilayer (Fox and Richards, 1982),
the reversed molecule probably spans the bilayer with its
terminals at more or less the same level as the other mole-
cules in the channel. Fig. 11 shows that Pro14 of the reversed
molecule should be at about the same level as Gln7 of the
parallel molecules and facing into the channel pore (Kerr
and Sansom, 1993). Thus, the protruding Gln7 side chains at
the channel constriction probably face one of the -CH2-
groups of the Pro'4 of the reversed molecule. The channel
pore areas at the channel constriction can be calculated
using our molecular model, with correction allowed for the
smaller radius b of the Pro14 side chain from the reversed
molecule. The equivalent pore area n(req)2 of the nonper-
sistent conductance states can be calculated from the exper-
imentally determined channel conductance by applying the
empirical relation Eq. 4 to nonpersistent channels. The
model pore area can be fitted to m(r:q)2 by varying the value
of b. The best value of b is found to be 2.0 A (Fig. 12),
which agrees well with the van der Waals radius of 2.1 A for
the Pro14 -CH2- group (Sutton, 1958).

According to our model, conversion from nonpersistent
to persistent channels without channel closing can occur
when the antiparallel monomer in the channel aggregate
flip-flops 1800 into a parallel orientation while remaining a

part of the channel aggregate. The rarity of such conversions
in our experiments makes it highly unlikely that a monomer

flipping from antiparallel to parallel orientation can occur

frequently enough to be the mechanism generating channel
conductance state transitions, as proposed in the flip-flop
model (Boheim et al., 1983). Our experimental observa-
tions, especially the types of possible transitions between
odd and normal conductance states in unpurified alamethi-
cin Rf3O samples, support the conductance state transition
mechanism proposed in the barrel-stave model (Baumann
and Mueller, 1974).

Q18

41

FIGURE 11 Diagram showing two antiparallel alamethicin molecules
with terminals at the same level. Note that Gln7 (Q7) of one molecule is at

formation of persistent and nonpersistent channels is unaf-
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FIGURE 12 The graph of equivalent pore areas X(r,)2 (open boxes)and
the best-fitted theoretical pore areas (solid line) calculated from the "re-
versed-molecule" model.

CONCLUSION

Our studies of alamethicin channel cuffent using patch-
clamp techniques reveals that alamethicin polypeptides can
form two distinct classes of channels: persistent channels
that have a long lifetime (minutes to hours) and the non-
persistent channels that last a short time (< I min). Each of
the two classes of channels has a distinctive set of conduc-
tance states. Comparing the electrical and kinetic properties
of the two classes of channels we observed with results of
previous studies (Eisenberg et al., 1973; Boheim, 1974;
Bezrukov and Vodyanoy, 1993) shows that alamethicin
Rf50 forms mostly nonpersistent channels at low tempera-
tures (3-7°C), whereas persistent channels are formed by
alamethicin Rf30 at all temperatures as well as by alamethi-
cin Rf50 at room temperature.

Considering the results of studies on the secondary struc-
ture and aggregate configuration of alamethicin, we pro-
posed a molecular model for the persistent channels based
on the crystalline secondary structure of alamethicin mole-
cules (Fox and Richards, 1982). According to this modified
barrel-stave model, the aqueous pore of the persistent chan-
nel suffounded by parallel alamethicin monomers has a
constriction generated by Gln7 side chains protruding from
the main alamethicin helices into the channel pore. This
constriction provides the energy barrier that, according to a
theory proposed by Lauiger (1975), generates the nonohmic
current in alamethicin channels observed under high applied
potential (Eisenberg et al., 1973; Taylor and de Levie,
1991). By considering the conducting ions as "hard spheres"
with a finite radius, the conductance values of the persistent
channels in various conductance states can be calculated
from the model, and many previously published ion
permneability experiment results can be quantitatively
accounted for.
The existence, relative abundance at various tempera-

tures, and kinetic properties of the nonpersistent channels
observed in our expeniments can be explained qualitatively

byorrvre-oecl oe nwih0h opritn

alamethicin channels differ from persistent channels by
having one of the alamethicin monomers in the channel-
forming aggregate oriented antiparallel to the others. Ac-
cording to this model, the observed kinetic properties of the
two classes of alamethicin channels support the mechanisms
for voltage-dependent channel gating proposed in the orig-
inal barrel-stave model (Baumann and Mueller, 1974), in
which the voltage-dependent insertion of alamethicin mol-
ecules into the lipid bilayer precedes the aggregation of the
inserted molecules to form channels.
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