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A three-barrier two-site Eyring model (4) has become
accepted for the gramicidin channel (6), but more exten-
sive measurements (1) indicate certain inadequacies
( 12, 1). Although these could conceivably represent inher-
ent limitations of the Eyring approach (7, 8), we have
extended (3) the above model by adding a site external to
the barrier at the channel mouth at each end of the channel
and in equilibrium with the adjacent solution. In contrast
to other models (5) that reduce the number of free
parameters by making specializing assumptions as to the
kinds of interactions that could be occurring (e.g., solely
electrostatic), no such restrictions were introduced before
data-fitting; the behavior of the parameters themselves can
be interpreted in terms of the kinds of interactions actually
taking place. We examine this model here to demonstrate
its phenomenological adequacy for Li, Na, K, Rb and Cs,
and to discuss some of the physical implications of the
calculated parameters, particularly as to binding and
permeation. (For a discussion of ionic interactions with
each other and with the channel, see reference 2.) We
should point out that the existence of the additional site can
be rationalized not only on theoretical grounds (reference
3, Fig. 1) and as a necessary bookkeeping device (reference
10, footnote 10) but also, independently, from the blocking
effects of the impermeant tetraethylammonium ion (15).

Fig. 1 plots the experimentally observed (1, 2) I- Vshape
for Li, Na, K, Rb and Cs as three-dimensional plots of
I/GO vs. voltage and vs. log ionic activity. At the lower right
are also plotted the single channel conductances (GO) at
different permeant ion activities. The curves are theoreti-
cal. Clearly the extended model adequately describes the
electrical data in glyceryl monooleate (GMO) bilayers. It
also is satisfactory (2) for the flux ratio exponents in
diphytanoyl phosphatidylcholine (DPPC) (13).

Besides the satisfactory agreement between experiment
and theory, the following should be particularly noted.
First, significant changes in I-V shape occur at concentra-
tions below those used in previous comparisons (4, 9) for
which the lowest concentration was 5-10 mM. Such
changes are particularly important in the case of Cs, for
which the shape in the low concentration limit is crucial to
arguments for interfacial polarization (10). Fig. 1 shows
that a measurement of the true low-concentration limiting
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shape must be performed at concentrations 10-100 times
lower than the 10 mM used (10), for only in the true
low-concentration limit does the I-V shape reflect only the
voltage dependence of the entry step. Thus, the linear
dependence of I upon Vat high voltage observed at 10 mM
(10), interpreted as resulting from interfacial polarization,
is also seen in the I-V data in Fig. 1; but this linear
dependence almost totally disappears at sufficiently low
concentrations. This indicates that the V-dependence
observed at 10 mM is still due to the exit step rather than
the entrance step.
A second point to be noted is that important species

differences exist in the I-V shapes in the limit of low ion
concentration. These reflect differences in the energy
profiles to be discussed below. Recall that the I- V shape in
the limit of low ion concentration depends only upon the
ratios of rate constants for crossing vs. leaving the channel,
together with the voltage dependence of the entry step
[12, 3].

In contrast to the agreement between the experimental
data and the theoretical expectations of the four-site model
(Fig. 1), we have not been able to obtain a satisfactory fit
with the 3B2S model, even when extending it by allowing
the positions of the energy wells and barriers to shift with
differing occupancy.
The physical implications of the model parameters will

now be discussed. Fig. 2 plots the energy profile (in the
potential field) for one-ion occupancy by the indicated
cations calculated from the rate constants and binding
constants corresponding to the theoretical curves of Fig. 1.
The figure makes it apparent that there are clear species
differences in the positions and magnitudes of the barriers
and wells.

Consider first the locations of the barriers and wells for
the group Ia cations. Whereas the top of the entrance
barrier lies almost at the mouth of the channel for the
larger ions, it moves increasingly inwards as the ions
become smaller. A parallel behavior is seen for the location
of the inner binding site, which lies increasingly deeper as
the ions become smaller. In consequence, the voltage
dependence for leaving the channel is much larger for the
smaller ions than for the larger ones.
From examining the levels of the peaks it is clear that
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FIGURE 1 Comparison of experimental data with theoretical expecta-
tions for the I-V shape (plotted as I/IG) and zero current conductance
(GO) for the five group Ia cations. Described in text. All measurements
were made on GMO bilayers; the many-channel I-Vdata were corrected
for capacitative currents by subtracting the currents recorded from bare
bilayers at comparable salt concentrations, frequencies and voltages (see
references 1, 2, 11 for details). A nonlinear least-squares (Levenberg-
Marquardt) algorithm developed by Chris Clausen for simultaneously
fitting multiple data sets and several theoretical functions was used to
obtain the model parameters. Published values for single channel conduc-
tances at low voltage (50 mV) (11) have been supplemented by noise
measurements at ultra-low concentrations (Neher, Eisenman, and Sand-
blom, unpublished). The values of GO were calculated from data mea-
sured at 50 mV using the I/G0 shapes at the appropriate concentrations to
extrapolate back to zero applied potential. The points are experimental;
their reproducibility from experiment to experiment is generally better
than the size of the symbols. The I-V curve in Cs at 10 mM, discussed
extensively in the text, is labeled.

the permeability to larger ions is greater than that to
smaller ions (i.e., the peak energies for the larger ions are
less elevated above the aqueous reference level than are
those of the smaller ions). Despite this, the larger ions have
more difficulty entering, crossing, and leaving the channel
than do the smaller ions because they see larger barriers for
entry, crossing, and exit. For example, the difference in

entrance barrier heights (the height of the entrance peak
above the outer site) for Li vs. Cs corresponds to an
entrance rate constant of 1.9 x 108 s-' for Li vs. 4.6 x 105
s-' for Cs (2). This exemplifies how a high binding affinity
can offset a low jumping rate to give a high permeability.

Note that, contrary to the low selectivity observed for
the overall permeation process, as judged by reversal
potential or conductance at the usual concentrations (9),
there is substantial binding selectivity, as well as rate
selectivity, apparent in the large differences in the depths
of the wells and heights of the barriers in Fig. 2. For
example, the affinity of the outer site differs by a factor of
7,000 between Cs and Li, while that for the inner site
differs by a factor of 400 (reference 2, Table I).
The profiles for H, NH4 and Tl indicate that these

species differ only quantitatively from the other monova-
lent cations. In particular, the locations of the sites and
barriers are rather similar in the case of Tl and NH4 to
those for group Ia cations of comparable size (K and Rb).
Energetically, the profile for Tl also seems reasonable for a
polarizable species of its size since the deeper wells indicate
a stronger binding than for K and Rb. The rate constants
for entry and exit are correspondingly slower, but the rate
constant for crossing lies between that for Rb and K, as
would be expected from size alone.
The profile for H is of interest in its striking similarity to

that for NH4. For both species, the sites and barriers are
located at the same places; but the barriers for entering,
leaving and crossing are all smaller by - 1.4 KCal/M for H
than for NH4, consistent with the rate constants being - 10
times faster for H than for NH4. This result suggests that
the binding of both H (actually H30) and NH4 involves
H-bonds to channel ligands, and that a Grotthuss jump
process is available for H consistent with its ability to slip
past any water "plug" (16).

Besides the above differences in energy profile for the
one-ion--occupied channel, systematic effects of occupancy
on the energy profile are also implied by the finding that
the rate constants and binding constants vary systemati-
cally with occupancy as well as with ion size, as discussed
elsewhere (2).

Finally, certain assumptions made in developing the
theory should be noted. A rate theory approach may be
thought of as a limiting case of a continuum formulation
(7) where the energy barrier is so steep that the kinetics
become dominated by the energy at the peak. The funda-
mental limitations of rate theory have to do with its
description of nonequilibrium phenomena using equilib-
rium properties of the system, an approach valid only
where the time needed for the adjustment of ligands after
an ion jump is small compared to the dwelling time in the
potential well (8). We have assumed, for simplicity, that
the energy profile is instantly established for a given
occupancy state. If this should not be strictly correct, the
physical interpretation should still apply to a time-
averaged state of the system. We have also assumed that

POSTER SUMMARIES 89



10

Li
Nal LI
Kk Na H4~.: R KT

Cs

to to / 0

maKrNCa

.]Rb-' -
Csr- TW ,HI

'TsINERST
OUTE SITE-1

FIGURE 2 Free energy profiles for the indicated cations in the one-ion-,occupancy state. The rate constants and binding constants correspond
to those required to fit the data of Fig. I; their values are given in Tables I and II of reference 2.

the outer site lies external to any applied potential field and
that the locations of sites and barriers, while allowed to
differ among the species, remain invariant for different
loading states. These assumptions can be relaxed should
this become warranted.
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