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. INTRODUCTION

Gramicidin has the distinction of being the first clearly identified and
structurally well-characterized ion channel known to function in lipid
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328 3. B. HLADKY AND D. A. HAYDON

bilayers and biological membranes. Tt has, moreover, remained the only
well-characterized channel for over a decade. In a structural sense, grami-
cidin may not resemble very closely channels of more obvious physiologi-
cal importance. such as those of the nerve and synapse, but it has a
number of properties in common with these channels, and its study has
considerably advanced our understanding of the fundamentals of ion per-
meation. The conductance selectivity, water permeability, and single-
filing characteristics of gramicidin have received particularly close atten-
tion. As a polypeptide in a lipid membrane, its stability as a function of the
membrane structure has also attracted some interest. In this article grami-
cidin is discussed first with respect to its structure and why it is believed
to be a channel, second, with regard to its stability and kinetics of forma-
tion and decomposition in lipid membranes, and third, in relation to its ion
and water permeability.

1I. STRUCTURE
A. Origins and Primary Structure

The gramicidins, of which there are several, are linear 15-amino acid
polypeptides produced by Bacillus brevis. The naturally occurring grami-
cidin is a mixture of gramicidin A, B, and C in the approximate ratio
72:9: 19 (Glickson et al., 1972}, Gramicidin A (Fig. 1) differs from B and C
in that the L-tryptophan in position 11 is replaced by L-phenylalanine and
L-tyrosine, respectively. Most ion permeability studies have been carried
out either on gramicidin A or on the natural mixture. There are differ-
ences in the single-channel properties of the three polypeptides (Bamberg
et al., 1976), but these are sufficiently small that results obtained for the
natural mixture would, in many instances, not be readily distinguishable
from those for the pure A analog,

The primary structure of gramicidin A (Sarges and Witkop, 1964, 1965)
is unusual in several respects. For cxample, it has a heavy preponderance
of hydrophobic amino acids, it has alternating p and © configurations, it

Formyl-1.-Val-Gly-1-Ala-p-Leu-L-Ala-p-Val-L-Val-p-Val-
1 2 3 4 5 [ 7 8

L~Trp—D—Leu—L»Trp-n-LeunL-Trp-D~Leu—L—Trp—NHCH2CH20H

9 10 11 12 13 14 15
Fia. 1. The amino acid sequence of valine gramicidin A (Sarges and Witkop, 1965). Note
the allernation of D- and L-amino acids and the formyl and ethanolamine end groups.
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has no ionizable side chains, and the ionic end groups are blocked. The
substance is very insoluble in water (probably to <10~ " mol liter ") but is
soluble in ethanol, dioxan, and other relatively nonpolar solvents, and
adsorbs very strongly at air-water interfaces and lipid membranes
(Haydon and Hladky, 1972). Despite this, the functional role of gramici-
din in B. brevis is by no means clear. As Ivanov and Sychev {1982) have
pointed owt, the evidence available suggests that, rather than acting as an
inducer of ion permeability, the primary biological purpose of gramicidin
is the inhibition of RN A polymerase, with the subsequent development of
sporulation,

B. Structure of the lon-Conducting Channel

lon conduction by gramicidin occurs by pore formation and the pores
are made up of two molecules of the polypeptide. These conclusions were
reached initially on the basis of electrical measurements of lipid bilayers
(Hiadky and Haydon, 1970, 1972; Krasne et al., 1971; Bamberg and
Lauger, 1973; Veatch et al., 1975). However, no-details of the chemical
structure of the channel were revealed by these experiments, and a dis-
cussion of the ion conduction is postponed until a later section.

The early indications of the likely structure of the conducting channel
were obtained from spectroscopic studies of solutions of gramicidin in
organic solvents. As a result, Urry (1971), Urry et al. (1971), and Rama-
chandran and Chandrasekaran (1972) proposed that gramicidin A existed
as a left-handed helix, described as a mp helix. Urry et al. (1971) consid-
ered that a range of such helices, differing in the number of amino acids
per turn, were theoretically possible. It was also proposed that these
helices could form head-to-head (head = formyl end) hydrogen-bonded
dimers, so accounting for the fact that two molecules are required for
channel formation. The selection of the helix actualty involved was made
from consideration of the requirements that the channel should be suffi-
ciently long to span a bilayer and that it should permit the passage of ions
as observed from conduction studies. The result was the head-to-head

—

() wth) structure with 6.3 amino acid residues per turn, having a length
of approximately 28 A and an internal diameter of 4-5 A (Fig. 2a). Six
hydrogen bonds link the two molecules.

This rather attractive picture was confused by the discovery by Veatch
et al. (1974} that, in nonpolar media, gramicidin A forms four dimers
which are in equilibrium with each other and with the monomer. It was
suggested that these structures were double helices which could either be
parallel (1 1 arm) or antiparallel (1 | 7). Since their overall lengths and
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16,20 Left-ha |'d.—"" ) . i i ] icidi
K amded smijarypa)and T L 7 #)8 (b helical dimers of gramicidin A. (The

hydrogen bonds an.d_tl?e amino acid side chains are omitted for clarity.) [From lvanov and
Sychev. The gramicidin A story. In *'Biopotymer Complexes’ (G. Snatzke and W. Bart-
mann, eds.), pp. 107-125, @ 1982, Reprinted by permission of John Wiley & Sons. Ltd.]

internal diameters were similar to those of the head-to-head helices (Fig.
Zl"J). they were obviously candidates for the conducting structure in the
hilayer.

Considerable effort has been devoted to trying to distinguish which of
1h‘c proposed structures is predominent in lipid membrancs. A summary
of much of lhi_s work has been given by Ivanov and Sychev (1982). From
recent papers in which nuclear magnetic resonance and circular dichroism
lcchplqu?s have been applied to gramicidin in phospholipid vesicles
!Wcmstcm etal., 1979, 1980; Wallace 7 of., 1981 Nabedryk e al., 1982)
tt now seems beyond reasonable doubt that the cffective ion-conducliné
structure is the head-to-head dimer originally proposed (Fig. 2a). Further
Wallace er afl. (1981) conclude that in a lipid membrane the widih amj
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—

FiG. 3. The Corey—Pauling-Koltun model of two molecules of gramicidin A in the x5
—

't conformation.

length of the channel are not affected by the binding of ions. The number
of and most probable positions of ions in the channel are discussed in
more detail in Section IV but it should be mentioned here that ions have
been detected in gramicidin channels by X-ray crystallographic tech-
niques (Koeppe ¢t al., 1979). Two binding sites were found, one close to
cach end of the channel. The polypeptide complexes were, however,
obtained by crystallization from organic solvents and, although they were
helical, it is not clear precisely which helices were present or whether the
findings are wholly relevant to ion conduction in membranes.

Lipid bilayers of stearoyl or oleoyl lipids in the liquid crystalline state
have hydrocarbon region thicknesses of approximately 27 A. The length
of the gramicidin channel is thus well adapted to span such a membrane.
Moreover, the numerous lipophilic side chains of the constituent amino
acids are distributed exclusively over the outside of the channel and arc
thereby in contact with the lipid chains and mostly out of contact with
water. The interior of the channel is bounded by the basic peptide chain
stabilized by —C==0--H—N-— bonds oriented paralle! to the axis of the
complex. A Corey-Pauling-Koltun model of the dimer is shown in Fig. 3.
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iil. CHANNEL FORMATION: KINETICS AND EQUILIBRIA
A. Unit of Conductance and the Properties of a Single Channel

One of the properties of gramicidin which has greatly facilitated.lts
study is its readily measurable single-channel conductance and duration
(Hladky and Haydon, 1970). Figure 4 shows a typical record of channels
opening and closing in a black lipid membrane to which a smatl amount of
gramicidin has been added. Qualitatively similar phenomena can be ob-
served in solventless bilayers as formed by Montal and Mueller (197?) or
in bilayers formed from monolayers over the end of palch-clamP pipets
{Coronado and Latorre, 1983). For a given lipid, electrolyte solution, and
temperature, the conductances of the single channels, as calculated from
the height of the smallest current pulses, lie within a very narrow range of
values. Thus, only one molecular species appears to be responsibie for
conduction. It is atso found that, for low concentrations of channels, the
single-channel conductance is only weakly dependent on membr.anle
thickness (Hladky and Haydon, 1972; Kolb and Bamberg, 1977). ThIS' is
presumably because the passage through the channel is the rate-.determm-
ing step for an ion crossing the membrane and, if the channel is of fixed
dimcensions, then the structure of the lipid surrounding the channel should
be of minor importance. This result was one of the first pieces of_ cvidence
for pore, as opposed to carrier, transport by gramicidin and is_ ilustrated
in Fig. 5. A tfurther demonstration of the same principle is provided by the
experiments of Krasne ¢f af. {(1971) from which it may be inferred that t.he
channel conductance does not change appreciably as the surrounding
lipid undergoces a phase transition. The polar groups of the lipid do, how-
ever, influence the channel conductance. Thus, in bilayers of dioleoyl-
phosphatidylcholine the conductance is only ~50% of its value in mem-

130 pS|
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Fii. 4. Conductance transitions in a bilayer of monoolein + »-hexadecane 1o which

small amount of gramicidin A has been added. The agueons phase was CsCl H. M) l.he
applicd potential L0 mV, and the temperature 23°C, (From the records of J, R, Elliott. with
permission.)
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branes of monoolein (Zingsheim and Neher, 1974; Bamberg and Lauger,
1974). Further data pertinent to this question have been obtained by Ne-
her and Eibl (1977) in experiments in which the structure of the polar
group of a phosphatidylcholine analog was changed systematically, How
the polar groups of the lipid affect the channel conductance is not under-
stood. It is not clear, for example, whether the lipid influences the electro-
Iyte ions directly or whether it does so by perturbing the amino acid
disposition at the mouth of the channel. Apell et al. (1979) have studied
the influence of the negatively charged phosphatidylserine. While the
negative charge had the expected effect of increasing the channel conduc-
tance at low ionic strengths, no quantitative treatment of the observations
was found to be very successful.

Studies of the statistics of channel opening show that at low concentra-
tions in the membrane this is a random process; that is, there are no
indications of interaction or cooperativity. It is also found that the fre-
quency of occurrence of channels with any given duration declines exXpo-
nentially as the duration increases (Hladky and Haydon, 1972} (Fig. 6).
This is consistent with a closure process which is, first order, as would be
required if a dimer were to dissociate into monomeric units. Determina-
tions of the temperature dependence of the mean channel duration yield
activation energies in the range of 70-80 kJ mol~!. This corresponds
satisfactorily with the notion that several hydrogen bonds have to be
broken in the dissociation reaction (Hladky and Haydon, 1972; Bamberg
and Liuger, 1974).

Unlike the single-channel conductance, both the frequency of opening
of channels and the mcan channel open time or duration are strong func-

agueous solution

g .. BH

channel

lm NN

a b

. FiG. 5. A schematic iltustration of gramicidin A dimeric chaanels in lipid bilayers. (a) A
bilayer of total thickness comparable to the length of the channe!, ¢.g., of monopalmitolein
+ squalene. (b) A bilayer such as of monoolein + n-decane which, with the polar groups

included. is some 25 A thicker than the length of the channel, The single-channel conduc-
tance in the thinner membrane is approximately 25% higher.
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) H( 6: A cumulative frequency histogram of single-channel durations for gramicidin A
in lipid bilayer membranes of monopalmitolein + n-decane. The curve is a single exponential

corresponding to & mean channel duration of 1.71 seconds. (Data of Elliott, t981, with
peEmission.)

tions pf the membrane lipid. This becomes clear from a few qualitative
expeniments. The frequency of opening, however, is meaningful only with
a knowledge of the amount of gramicidin in the membrane since, obvi-
ously, dimer formation requires encounters between monomers. Unforiu-
nately, there is no simple and precise method of determining the mem-
bruane concentration of gramicidin A. and the opening frequency has to be
determined by another method to be described below. The variation of
channel duration with membrane composition is, by contrast, readily
measured. Figure 7 shows records of single-channcl events in two mem-
branes, each of monoolein but with different hydrocarbon solvents. This
effect is discussed in Section 111,C.

. In the course of testing the dimer hypothesis, a number of chemically
linked gramicidin dimers have been synthesized and examined for their
conduction properties (Urry ef al., 1971; Bamberg and Janko. 1977;
Fonina er al., 1982). The linkages have been achieved by means of deriva-

1
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F1G. 7. An effect of membrane composition on single-channe] duration: (a) monoolein +
squalene; (b) monoolein + decane bilayer. The temperature and applied potential were 23°C
and 100 mV, respectively, The aqueous phase in (a) was KCI (0.5 M) and in (b) was CsCl
(1 M). (From the records of J. R. Elliott, with permission.)

tives of dicarboxylic acids [HOOC(CH,),COOH], and head-to-head,
head-to-tail, and tail-to-tail dimers have been produced. 1t has been
shown that the dimers form channels without the need for further associa-
tion and that their conductances are similar to, though usually less than,
that of the normal hydrogen bond-linked gramicidin A dimer. The ion
selectivity also remained essentially unchanged. The mean open time for
the chemically linked species was, however, usually one to two orders of
magnitude longer than for the hydrogen-bonded channel.

B. Multichannel Membranes: High Levels of Conductance

At relatively high concentrations of gramicidin, the unit conductance
cvents shown in Figs. 4 and 7 occur so frequently that many channels are
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open simultaneously and the membrane conductance can rise to levels
many orders of magnitude larger than that of a single channel. The study
of membranes with such high conductances has helped greatly in the
clucidation of the kinetics and equilibria of the channel formation re-
action.

The rate constants of both the formation and the dissociation reactions
can be determined by the use of a voltage jump relaxation technique. The
cquilibrium between conducting and nonconducting gramicidin species in
a lipid membrane which contains appreciable amounts of hydrocarbon
solvent is strongly dependent on the membrane potential. This is primar-
ily because the forward and back reactions depend upon, among other
things, membrane thickness, and the thickness is a function of the mem-
branc potential. Thus, a step change in potential produces a relaxation of
the membranc conductance to a new equilibrium value. The half-life of
this process depends upon both the rate constants, and these can be
extracted by unalysis of the conductance transient (Hladky, 1972; Bam-
berg and Liuger, 1973). The results obtained by Bamberg and Liuger
(1973) and Zingsheim and Ncher (1974) were consistent with the equa-
tions derived for the reaction

kr

G+0G G, n

ko

where G and G, represent the gramicidin monomers and dimers, respec-
tively, in the membrane. In other words, the forward reaction was found
to be approximately of the second order and the back reaction first order.
The dissociation rate constant (kpp) was in close agreement with the values
of the sume parameter calculated from the single-channet mean duration
(7) where &y, = 1/7. The forward rate constant (kg) was concluded to be
several orders of magnitude smaller than the diffusion limiting value.
This, it was suggested by Bamberg and Livger, may be attributed to the
fact that a rearrangement of the lipid around the polypeptide is necessary
for channcl formation. Since the studies were carried out using mono-
olein- and diotcoylphosphatidylcholine—n-decane membranes of hydro-
carbon thickness ~48 A it is possible that the local thinning necessary for
the monomers to make contact in the middle of the bilayer (Fig. 5} is a
major inhibitory factor.

The experiments of Bamberg and Liiuger and Zingsheim and Neher
showed that the channel formation was second order but did not prove
that it was bimolecular. This, however. was demonstrated convincingly
by Veatch er af. (1975) by the usc of an analog of gramicidin A, dansyl-
gramicidin C. This analog is strongly fluorescent but has conductance
properties similar to those of gramicidin A. The fluorescence enabled the

s
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concentration to be determined in planar bilayers simultaneously with the
conductance. A quadratic dependence of the conductance on the fluores-
cence intensity was accurately obeyed in a system in which nearly all the
gramicidin was monomeric, showing that the channel is indeed a dimer.
Veatch et al. also showed that the equilibrium constant for the monomer-
dimer reaction was strongly dependent on the lipid composition of the
membrane, as had been inferred qualitatively from single-channel studies.

Further evidence in support of the dimer model was provided by the
synthesis of another analog of gramicidin A, o-pyromellitylgramicidin
(Apel et al., 1977). This derivative is appreciably water soluble and,
unlike gramicidin A itself, reaches a relatively clear and reproducible
adsorption equilibrium with a lipid membrane. When added to the aque-
ous phase on only one side of the membrane, o-pyromellitylgramicidin
increases the conductance very slowly but, when on both sides, it imme-
diately yields the highly conducting membranes found for gramicidin A. {t
is also found that the conductance increases with the square of the aque-
ous concentration. Thus, in addition to substantiating the dimerization
mechanism, these experiments also suggest that the dimers are formed by
the interaction of monomers from opposite sides of the bilayer.

C. Dependence of Channel Stabllity on Membrane Composition
and Physical Properties

The equilibrium constant K for the dimerization of gramicidin may be
cxpressed conventionally as

K = kkﬂ(]) = [Gg]/[G]z (2)

By the use of o-pyromellitylgramicidin, the value of K has been examined
in monoolein bilayers in which the hydrocarbon thickness and surface
tension have been varied by equilibrating the membranes with different
hydrocarbon solvents. For membranes of monoolein + n-hexadecane, K
was some 10 times larger than for membranes of monoolein + #-heptane.
It is known from measurements of mean channel duration (7) that kp is
smaller for the hexadecane than for the heptane membrane but this differ-
ence is little more than one order of magnitude; the remaining responsibil-
ity for the difference lies in kg. The large variation in K has been ac-
counted for in terms of the work required to deform the bitayer during
channel formation (Hendry et al., 1978). Thus, in Fig. 5a where the thick-
ness of the bilayer is equal to the channel length no extra work is required
but. in 4 situation such as in Fig. 5b, the deformation of the membrane
involves a displacement of the lipids from their normal positions. The
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vyork c!one may be cshnpaled roughly by assuming a square-well deforma-
tion of the s:urface (radius r) and a constant surface tension (o) (Fig. 8).
An expression for the equilibrium constant may then be deduced and
tested. To a first approximation,

K = Kq exp{~2mr(a/2)(h — ho)/kT] (3)

where /r and hy are, respectively, the thickness of the membrane and the
length of the channel, & is the Boltzmann constant, and 7 is the absolute
temperature, If(, is the equilibrium constant when # = hy. With iy = 28 A
r=8 A, and with h and o/2 determined respectively from capacitance an(i
contact ar}glf: measurements (Requena et «f., 1975), Eq. (3) was found to
hold to within experimental error (Hendry ef af., 1978). If this model is
correct, therefore, the forward rate constant kg in particular should de-
pend strongly on the thickness and surface tension of the bilayer in which
;hco;ljremnclshare forming. As yet very little is known about how kg de-
grour.)sf)n other variables such as the chemical nature of the lipid polar

The factors which determine the dissociation rate constant &p have
been more thoroughly examined. Correlations between In 4p and the
membrane surface tension have been found (Neher and Eibl, 1977; Rud-
nev et af., I‘98l). However, it seems that thickness must a|5(') play'some
part. Thus, in monoglyceride bitayers of decreasing thickness, &p eventu-
ally becomes roughly constant when the channel length and membrane

o
! 1
[ A
/cﬂ2 : )
: IBV
1|
bilayer I
he h
channel

aqueous phase

FIG. 8. iNustration of the p: i
1cmiun80r n/:n I!I;Jslr;}::)n'of tlhlf parameters used in Eqs. (3) und (5). /2 is the Gibbs sutface
s ¢ stde of the lipid bilayer: r is the radius of the equiv:
comaion of one > o the lpid b L adius eguivalent square-well deforma-
on ot the membrane; 0 is the angle between the lipid surface and a normal to the plane of

the membrane; & and A, are, respecti 1 mem
3 : : 1 . Tes et . o~ - o " a a ”
(e b N spectively, the thickness of the membrane and the length of
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thickness are similar (Elliott et al., 1983). This observation can be ration-
alized by supposing that the membrane tension tends to destabilize the
dimeric channel only when it has a component acting parallel to the axis
of the channel, i.e., when the angle 6 in Fig. 8 is less than 96°. It can then
be argued that the activation energy AG* needed to raise the conducting
complex to its transition state would be smaller by an amount AGj, deter-
mined by the magnitude of the surface tension and the distance { through
which it acts. In the conventional notation of Eyring rate theory

kp = v exp(—AGkT) exp(—AGwkT) 4)

where » is a frequency factor and A Gy is the activation energy when 6 =
90°. AGy may be written

AGY = {Ha/2)os 8 5

where [ is the effective perimeter of the channel and {. o/2, and 8 are as
described above. For a range of monoglyceride membranes for which o/2
was known and ¢ could be crudely estimated, the plot of logi kp versus
(0/2) cos B was, as required, fairly linear (Fig. 9) (Elliott ef al., 1983). The

2 3 4
{W2)cos & (mN m™)

F1G. 9. A test of Eqgs. (4) and (5). kp is the dissociation rate constant of gramicidin. A
dimeric channels in lipid bilayers formed from monoglycerides and hydrocarbons. o/2 is the
Gibbs surface tension of one side of the bilayer and @ is the angle at which the tension acts on
the channel {see Fig. 8). The three points which lie on the ordinate are for membrancs of
thickness less than or equal 1o that of the channel and for which @ has therefore been taken
as 9°. (From Elliott ot af., 1983; with permission.)

0 1
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results of Neher and Eibl (1977) and of Rudnev et al. (1981) for mem-
branes of other lipids yield, as far as can be seen from the more limited
data, plots which are roughly paraltel to that for the monoglycerides. This
suggests that, although the chemical nature of the lipid is of considerable
importance in determining AG ¥ or v (or probably both these parameters),
variations in surface tension and perhaps also thickness still influence kp
in the sume way. A curious feature of the results is that for any reasonable
valuc of the channel perimeter /, { is relatively large (~15 A). This implies
that, in the transition state, the two monomers are much further apart
than nceded for the breakage of the hydrogen bonds between the two
polypeptide helices. However, as Elliott of al. (1983) have pointed out, it
is possible that a4 water bridge is formed in the center of the bilayer when
the monomers move apart. The ends of the gramicidin molecules are
hydrophilic and the channel is permeable to water. There is consequently
some reason to think that water would tend to fill a hole transignily
produced between the (wo parts of the channel.

D. Effects of Anesthetics

A large varicty of relatively inert lipophilic or amphipathic substances,
including many general anesthetics, perturb the ion-conducting channels
of the nerve and synapse (Seeman, 1972). The mechanisms by which
these substances act are not well understood owing largely to the com-
plexity and unknown structure of the channels involved. It is therefore of
interest that some, at least, of the same substances have a marked effect
on the conducting properties of gramicidin. The influence of hydrocar-
bons has aiready been described in the previous section where it was
shown that, although the single-channel conductance was not changed,
the rate constants for formation and dissociation of the channels were
respectively decreased and increased. For the shorter chain n-alkanes
(i.e., smaller than n-decanc) in monoolein membranes at concentrations
approaching saturation in the aqueous phase, the changes in the formation
rate constant and in the equilibrium constant were very large.

Although substances other than the hydrocarbons have not been inves-
tigated so thoroughly. some results for the n-alkanols and halothane are
available (Pope ef af., 1982: O. Brandt and D. A, Haydon, unpublished
results). In common with the alkanes, little effect is found on the single-
channel conductance but, again, there is a marked increase in the dissoci-
ation rate constant. Figure 10 shows how the mean channel duration
(= 1/kp) varies with the agueous phase concentration in three instances.

-

1s)
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Fic. 10. The dependence of gramicidin mean channel duration on anesthetic concentra-
tion. The lipid bilayers were of monoolein + squalene {of squalene) and contained <5%
{v/v) of this hydrocarbon. The concentrations of n-decane correspond roughly to the frac-
tional saturation in the aqueous solution. The electrolyte in each instance was 0.5 M KCl and
the temperature 23°C. (The data for n-decane are from Elliott ef al,. 1983: the n-hexanoi
results are from Pope er al., 1982; and the halothane data are unpublished results of O.
Brandt and D. A. Haydon.)

The concentrations of n-hexanol and halothane for the blockage of the
nerve impulse in sciatic nerve are 6 and 5 mM, respectively (Seeman,
1972). No quantitative measurements of either the equilibrium constant or
the formation rate constant have been reported, although it appears that
for n-octanol neither of these parameters changes by more than an order
of magnitude at nerve block concentrations (J. R. Elliott, personal com-
munication). The »-alkanols and halothane do not affect membrane thick-
ness appreciably (Elliott and Haydon, 1979; Elliott, 1981; J. P. Dilger,
personal communication). The n-alkanols, like the n-alkanes, do however
increase bilayer surface tension (Elliott and Haydon, 1979; Elliott, 1981)
and it seems probable that halothane would do so too. Since single-chan-
nel mean duration is known to be sensitive to membrane surface tension,
the effects of the n-alkanols and halothane may therefore be explicable in
these terms. On the basis of the simple model described in Section 111.C it
would be necessary for the membrane thickness to be greater than the
cffective channel length. This appears to be true for the monoolein—
squalene bilayers used in the anesthetics experiments (Elliott ef af., 1983),
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IV. MOVEMENT OF IONS THROUGH THE PORE

A. Gramicidin Forms Pores

A pore spans the membrane and has a hole through it, occupied by
components of the aqueous phases. The measured currents through indi-
vidual gramicidin-conducting units, called channels (see Figs. 4 and 7),
leave no doubt that each channel is a pore. Some of the observations
which led to this conclusion are (Hladky and Haydon, 1972; Myers and
Haydon, 1972; Haydon and Hiadky, 1972} (1) the single-channel currents
at high ion concentrations are large and insensitive to large changes in the
thickness of the membrane, (2) the channels are simultaneousty adsorbed
to both surfaces of the membrane, and (3) the selectivity and conduc-
tance—activity relations imply that ions are transported partially hydrated
and that hydrogen is transported via a chain of water molecules. In addi-
tion, (4) there are plausible conformations of gramicidin which would
make pores (Urry et al., [971; Ramachandran and Chandrasekaran, 1972)
and would be consistent with the observed function (Haydon and Hladky,
1972: Bamberg et al., 1977; Weinstein ot al., 1979), and (5) the osmotic
and tracer fluxes of water through the channels display the long pore or
single-file effect and the movements of ions and water are coupled (Ro-
senberg and Finkelstein, 1978a,b: Levitt ot al., 1978),

B. General Features of lon Transport

The conductance in solutions of the alkali chlorides first increases with
ion concentration, then reaches a limiting or maximum value as shown in
Fig. t1. The limit or maximum indicates that permeant ions compete for
occupancy of the pore and that pores will usually have at least one associ-
ated ion at concentrations greater than | M. For any reasonable model of
the pore, the volume of the lumen is small compared to the volume perion
in the aqucous phases at [ M and thus it is clear that permeant ions are
more concentrated in the pore than in the aqueous solutions,

Only small monovalent cations and neutral molecules are significantly
permeant. Single-channel conductances are not observable in CaCl,,
MgCly, TEA-CI, choline-Cl. or Tris-Cl solutions, but they are in solutions
of sodium or potassium with a variety of anions. Furthermore the rever-
sal, or zero-current, potentials in concentration gradients of NaCl, KCl,
TIOCOCH-, TINO,, RbCI. and CsCl demonstrate perfect cationic sefec-
tvity within experimental error (Myers and Haydon, t972; Urban ¢t af.,

ION MOVEMENTS IN GRAMICIDIN CHANNELS 343

g
]
i | |
1 2 3
activity
Fts. 11, Conductances at 50 mV versus molal activity for NaCl (W), KCI (@), CsCl{O),

and TIC (0. The curves are drawn according to Eq. (A-§} using the constants of Fit G-a in
Table 1. Experimental points from Urban ef af. (1980} and Neher ¢t af. (1978).

1978, 1980; Rosenberg and Finkelstein, 1978a; Schagina ¢f af., 1983). The
size limit for monovalent cations is larger than cesium, methylammonium,
and formamidinium but is smaller than dimethylammonium and guanidi-
nium (Hladky and Haydon, 1972; Eisenman et al., 1977; Urban, 1978).
The size limit for neutral molecules lies between water and urea (Finkel-
stein, 1974). These cutoffs suggest a pore radius of about 2 A which was
the principal criterion for deciding between the various possible my  heli-
ces (the single-stranded 8 helices).

The accumulation of cations and exclusion of anions must be explained
in terms of the properties of the pore walt. The only polar groups available
to form the wall and to interact with the ions and water are the oxygens
and hydrogens of the peptide bonds. In the structures proposed for the
pore these are aligned paralle! to the walls of the pore and are hydrogen
bonded. Presumably the cations can **bind’’ to the oxygens with sufficient
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strength to account for their accumulation. The absence of anion permea-
bility then indicates that anion interaction with the peptide hydrogens is
not sufficiently strong. Urry ez af. (19824) propose as a structural basis for
this difference that the carbonyl bonds tilt, shifting the oxygens into the
flumen while no such movement is possible for the hydrogens.

The failure of any divalent ion to permeate is at least partly a conse-
quence of the attraction between its charge and that of the counterions in

the solution. The potential of this force, called an image potential, is

proportional to the square of the charge on the ion. Thus, if the image
potential lowers the concentration of a monovalent jon 10-fold in the
middle of the pore retutive to the ends. it will reduce that of a divalent ion
by 104, i.c.. sufficiently to render such an jon impermeant (Hladky, 1972).
Divalent cations do appear lo bind to the pore near the ends, where they
reduce the fluxes of monovalent ions (Hladky, 1972; Bamberg and
Liuger, 1977: Urban, 1978). Further evidence for divalent 1on binding is
obtained from “C NMR spectra of gramicidin incorporated into lysolec-
ithin micelles (Urry et al.. 1982b). Barium, sodium, and thallium ions all
shift the NMR spectra of the same carbonyl groups located near one end
of the molecule.

The sclectivity of the transport process among small cations is most
simply displayed by cither the ratio of conductances or the ratio of the
permeabilities, at ion concentrations sufficiently low that these two ratios
are cquad. The permeability ratios arc easier to determine. These ratios
(Urban ¢1 af., 1980) are compared with aqueous diffusion constants and
conductances at 0.01 M (Ncher of af., 1978: Urban et af., 1980) in Table 1.
With the exception of thallium, the sequence is the sume as for aqueous
diffusion. This scquence could arisc in several ways. It would, of course,
be seen if the ions diffused fully hydrated through a large hole. However,
if 50, the pore would not be able lo discriminate against chloride, dimethy-
lammonium, calcium, and urca. Furthermore, the permeant jon concen-
tration in the pore would not be increased above that in the aqueous
phases. The sequence would arise in a very different manner if transport
were proportional to the binding of ions to sites, the ions preferred water
to the sites, and the ions were fully dehydrated within the pore. However,
these conditions predict strong selectivity, no accumulation of ions, and a
very small flux of hydrogen ions, ail of which are in marked contrast to the
cxperimental results., Finally the aqueous sequence would arise if the
rate-limiting process in transport were the escape of the ion from part of
its water of hydration. This explanation is consistent with all other evi-
dence as discussed below,

The high permeability of hydrogen in the pore, as in aqueous diffusion,
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TABLE 1
COMPARISON OF SELECTIVITIES BETWEEN lONS
Li* K* Rb* Cs* H* NH; T
Aqueous mobilities” 0.77 1.47 L.55 1.54 6,98 1.47 l:?
PPy, at | mM* 0.29 29 3.5 55 4.6 8.2
0.33¢
Gi/Gy, at 0.01 M 0,35¢ 26 30 2.9 26.5 2.3 4.3

50 mVv

 Ratio of limiting aqueous mobilities, from Robinson and Stokes (1965).

b Biionic permeability ratios at low ion concentrations, from Urban e «f. (1980).

¢ Ratio of conductances at 0.01 M, from Neher ¢¢ al. (1978).

¢ Value at 0.1 M, from Myers and Haydon (1972).

* Yalue at 0.01 M, from Eisenman et al. (1977).

f Value at 0.1 mM, calculated as the sum of the biionic potentials for T1*/K* at 0.1 mM
and K*/Na* at | mM. )

* gy (0.01 M) = 0.3 pS extrapolated from the data of Neher et al. (1978) using the

parameters in their Table 2. .
" Value adjusted from data at 12.5 mM, from Urban ez al. (1980).

reflects a different mechanism of transport than for the alkali cations, e.g.,
proton exchange along a chain of water molecules (Haydon and Hladky,
1972). This mechanism implies the presence of water molecules in the
pore, as has been confirmed by measurement of the water fluxes. Eleclr(_)—
osmotic experiments also demonstrate directly that hydrogen transport is
different from transport of the alkali cations since the latter produces a
flux of water while that of hydrogen does not (Rosenberg and Finkelstein,
19784 Levitt et al., 1978).

Current-voltage relations provide an indication of the location of the
rate-limiting step. At high activities, ions can be supplied to the pore as
rapidly as they can be transported, and the superlinear current-voltage
relations reflect the movements of ions through and out of the pore. At
fow ion activities, in which arrival of ions at the pore is much less fre-
quent, the sublinear current—voltage curves indicate that the potential
scnsitive steps are now faster than ion access' (Hladky and Haydon, 1972;
Hladky et al., 1979; Eisenman ¢t al., 1982). Andersen (1983a,b) has
shown for 0.1 M salts that, at high potentials where transport within the
pore should be faster, the rate of the limiting step is very weakly potential
dependent, and it is reduced by sucrose in the aqueous phases even

" In the two-ion, four-state model, this shift in the site of the rate-limiting step is possible
only if exil from singly occupied pores is potential dependent or second jon entry can occur
{Hladky, 1972).
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though sucrose cannot enter the pore. Thus the rate-limiting step almaost
qcr!ainly occurs at or just outside the mouth of the pore. Access can be
Im’ming only if transfer through the pore is faster than is jon exit.

The maximum or limiting value in the conductance-activity curves
demonstrates that ions compete for occupancy of the pore. In fact there is
now .cxtcnsi\fc evidence that the pore can be occupied simultaneously by
two tons, at least transiently. While this evidence is independent of any
particular model, the possibitity of double occupancy greatly increases
the range of kinetic phenomena which can occur. These are much easier
to discuss with a definite model in mind.,

C. Models for lon Transport through the Pore

Any kinetic model must be consistent with the structure of the pore.
From the proposed structures there are many potential binding sites for
1ons; the probable number corresponds roughly to the number of carbonyl
oxygens in the wall of the lumen, say 20. However, these are not all
c_qunva!cm. Different side chains of the amino acids may result in interac-
tion with some carbonyi groups being stronger than with others, and,
furthermore, the image force will tend to hold ions near the ends of the
pore. The number of sites occupied at least 5% of the time that an ion is in
the pore is therefore unknown,

Ideally a kinetic model would be based on a known structure for the
pore and on the actual interactions of the ions and water in the pore with
Cflch other and with the pore wall. Such calculations are at present impos-
sible even numerically, though the principle has been illustrated by molec-
wlar dynamics calculutions using a greatly simplified model for the pore
and completely ignoring the water (Fischer ¢t al., 1981). A less satisfac-
h:)ry_ approuach, but one which still refers to real sites, is to use a type of
[:yn.ng rate theory for the jumps between the sites. The exponential po-
tential dependence assumed for the rate constants in this type of theory is
pr(l)bably reasonable as long as the individual jumps are short. The calcu-
Iul.l.ons arc tractable for pores which are never more than singly occupied
{Liuger, 1973), or for pores which never have more than one vacancy
(K_ohlcr and Heckmann, 1979). However, the theoretical expressions en-
l_ﬂl[ 50 many arbitrary constants that kinetic data can never supply values
tor them.

Fo.rl!ln.alcly under some circumstances, which are likely to include
gI'ZImEC'IdII'I. a simpler and less ambitious approach is possible, based on
transitions between the possible occupancy states of the pore, rather than
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on jumps between binding sites. Imagine a motion picture of ions going
through the pore. Look at the individual frames of the film and catalog
these into a small number of groups corresponding to different states of
the pore, for example (1) pore is empty, or (2) there is one ion and it is to
the left of center. The number of frames in each group represents its
frequency of occurrence. Whenever two successive frames differ in state,
a transition has occurred. These are also tabulated to obtain the frequen-
cies of transitions. 1f the ends of the pore are preferred to the middle and
the pore can be doubly occupied, the smallest possible number of such
states is four. These occur with frequencies X for empty, X, for one ion
on the left, Xy, for one ion on the right, and X, for two ions, one at each
end. In reality each of these states must represent a collection of many
configurations of the ions, water, and pore wall. The Kkinetic model con-
sists of stating that the list of states is adequate and that the frequency of
transitions between states is proportional to the probability that the pore
was in the initial state times a “‘rate’’ constant. This rate constant depends
on external factors, e.g., the applied potential and the concentrations in
the aqueous solutions, but it must not depend pn the past history of the
pore. This last point is not trivial. For instance if an ion arrives at the left
from the right, it is immediately available for transfér back to the right.
However, if the ion arrives from the left-hand solution, it must traverse a
distance of at least I nm before it can cross to the right. Thus the value to
be assigned to the rate constant for the transition is in general different for
these two prior histories. The assumption that the history does not matter
is appropriate if an ion at one end is almost always at one particular site or
if it is almost always at one of several sites connected by rapid exchange
reactions.

The use of an occupancy state description of the pore greatly simplifies
the equations relative to models which refer to a realistic number of
jumps. But there is a price to pay. The transitions between states now
involve the movement of ions over considerable distances. Thus it is no
longer reasonable to assume without evidence that the *‘rate’’ constant
has any particular potential dependence. With this difference the two-ion,
four-state model is mathematically equivalent to a two-site model. Fortu-
nately, the potential dependence of those ratios of constants which de-
scribe equilibrium properties is still simple (see Urban et al., 1980).

The two-ion, four-state model is the simplest which can treat ion inter-
action within the gramicidin pore. Nevertheless it still requires a mini-
mum of five rate constants (listed in Table II) to describe the possible
transitions at zero potential and additional functions to specify how the
rates vary with potential. The full theory extended to treat two species of
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TABLE H
RATE CoNSTANTS USED IN THE Two-lon,
FOUR-STATE MODEL TO PREDICT THE
CONDUCTANCES AT LOw APPLIED POTENTIALS

Constant Transitions Description

A o — 10 Access to empty pores
00 — 01

B 10— 00 Exit from singly
01 — o) occupied pores

D 0F — 1 Access o singly
10— 11 occupied pores

£ I —al Exit from doubly
— 10 occupied pores

K 10— 0t Transfer between the
01— 10 ends of the pore

ion simultancously present has been set out by Urban and Hladky (1979)

and that paper should be consulted for the equations and references to
carlier work.

D. Analysis of lon Fluxes: Conductances, Current-Voltage
Relations, and Permeability Ratios

Two large collections of data exist. both pertaining to pores embedded
in membranes made from glyceryl monooleate. At 0.01 M the ratio of the
conductances (Urban e7 al., 1980 Neher et al., 1978) differs from the low
concentration limit of the permeability ratio for each pair of ions investi-
gated® (Urban ¢f af., 1980), and hence from the low concentration limit of

* Since the conductances vary with potential the (hiionic) permeability ratio and the
conductance ratio should be compared at the same potential. Andersen (19834) and Decker
and Levitt {1983) have both reparted that the conductance ratio for potassium and sodium
measured at [0 mAf and at the biionic potential, 27-28 mV, is in fact the same as the limiting
permeability ratio, 2.9. Andersen (1983a), however, found that the conductance ratio was
the same from 25 to 150 mV. which contradicts the single-channel results of Urban ef of,
(1978, 1980), Nceher e af. (1978). and Decker and Levitt (1983), as well as the current—
voltage relations with membranes contuining many channels measured by Eisenman ef of.
{1982). Thus there must be an experimental error either in Andersen’s results or in all of
these other studies. Decker and Levitt (1983) find that the ratio at 100 mV is 2.45, in
agreement with Urban er af. (1980), but that it increases to 2.9 at 27 mV. Alternative esti-
males of the conductances at 27 mV can be obtained in two ways. First, the conductance
ratio at 1K mV, where (he singte-channel currents are much larger. is 2.45 (Decker and
Levitd, 1983), and the ratios of the currents at 27 and 10 mV mcasured with the same

i
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the conductance ratio (see Table I). These deviations result from competi-
tion for occupancy of the pore. The minimum apparent binding constant
K, consistent with these data can be estimated by assuming that at low
concentrations the binding of sodium ions is negligible and the conduc-
tances G of the other ions follow a simple Michaelis—Menten relation

G = G Kual(} + K, a) (6)

where a is the concentration of the ion in question. Then for each ion,
when it is paired with sodium,

(Pi/Prn)e=0/(Gi Guadamoooe = 1 + K'1(0.009) (7)

These minimum values for the apparent binding constants for ions to the
pore are roughly 10 M~ for potassium, 25 M ! for cesium, 40 M~! for
ammonium, and 150 M~' for thallium. The actual binding constants could
be much larger.

A similar conclusion follows from the conductance—activity curves at
low activities as shown in Fig. 12 (Neher et al., 1978). These data are
presented as Eadie-Hofstee (or Scatchard) plots, since whenever the
conductance follows a Michaelis—Menten curve the Eadie—Hofstee plot is
a straight line (see Fig. 13) whose slope (—1/K,) and intercepts ( Gupay for
Gla—0,a > », and Gpa K. for G— 0, a — 0} immediately provide the
constants of the empirical relation. Furthermore, by using this type of plot
any deviations, at low concentrations, from the simple binding curve are
displayed prominently. At low concentrations (i.e., high G/a) it is clear
that for potassium, cesium, and thallium the plot has a *‘tail," i.e., G
increases only slightly as G/a falls. In other words, even at these concen-
trations competition occurs and K,a > 1.

The limiting slope of the Eadie-Hofstee plot at low concentrations
provides an estimate of K, (see Fig. 13b and Appendix I).

dGld(Gla) = - /K, 8)

The experimentai value of this slope and thus of the apparent binding
constant are crucially dependent on the accuracy of the low concentration
data and are thus difficult to determine from the data. The tails are consis-

solutions, i.e., without indifferent electrolyte. are 1.18 for sodium and 1.27 for polassium.
The conductance ratio at 27 mV is therefore 2.63. Second, it is unlikely that the change in
ratio from 27 10 50 mV will exceed that from 50 to 100 mV. The experimental values at 100
and 50 mV are 2.45 and 2.56 (Neher ¢t al., 1978), respectively and thus the estimates for 27
mV is less than 2.45 +2(2.56 — 2.45) = 2.67. The discrepancy between these two estimates
and the 2.9 reported by Decker and Levitt may be a consequence of the increased inaccu-
racy which is inevitable when single-channel measurements at low concentrations are at-
tempted at iow applied potentials. :
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ants of Fit G-a in Table 111. In the dashed line in(d). 8 is changed t0 2.35
from Neher et af. (1978): closed data points from Urban et al.

tent with apparent binding constants of 10—40 Af ! for potassium, 30-100
M ! for cesium, and greater than 800 M ! for thallium.

The apparent saturation of the conductance at low activities revealed
for potassium, cesium, and thallium by both of the m¢thods discussed
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Fic. 13. Interpretation of Eadie~Hofstee plots for (a) G = (G K1 + K.a)or(b) G
given by Eq. (A-1).

above must be reconciled with the obvious increases in conductance
which occur at higher concentrations. These increases must represent the
effects of additional ions. In the two-ion, four-state model, entry of the
sccond ion induces ion exit from the doubly occupied pore, If this induced
exit can be followed by rapid transfer between the ends, the conductance
can increase above the limit for first ion exit. The two-ion process is in
turn limited at the highest activities as a result of two effects, First, ion
reentry into the vacated sites becomes faster than internal transfer ( Dy
>> 2K) (see Table 1l for definitions of rate constants} which leads to
wasteful filling and emptying of the pore ends, and second, the pores
become tied up in the blocked, doubly occupied state (Da >> E).

The Eadie~Hofstee plot for an ion which can be transported by the two-
ion mechanism (i.c., for which 2£, 2K > 8) will have the gencral
appearance shown in Fig. 13b. At the lowest activities, corresponding to
the tail, the conductance is limited by first ion entry, while for activities
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corresponding to the bottom of the straight segment it is limited by second
ion entry. Thus the true value of G/a at G = 0 (a = 0) is closely related to
A while the intercept is related to D. The limiting slope of the tail provides
an estimate of the first binding constant, while the slope of the straight
segment is closely related to D/2E + D/f2K. The remaining relation
needed to determine the constants is provided by the downturn at the
highest activities which is described by EK/D.

The equations relating the constants to the Eadie-Hofstee plots for the
case discussed and the alternative cases 2K = B and D = 0 are set out in
Appendix 1. Curves generated from this model as examples are included
in Fig, {2. The constants used for sodium, potassium, cesium, and thal-
lium are compared with those of previous fits (Urban, 1978; Urban ef af.,
1978, 1980) in Table 111.} They should be regarded as rough estimates.

' There have been three other attempts to fit data for monoglyceride membranes. Neher ef
al {1978) used an expression with seven adjustable constants which was based on a four-site
equilibrium binding model. Eisenman and co-workers no longer support the equilibrium
binding assumption. The first binding parnmeter K in Table 2 of Neher er af, is calculated in
the sume manner as K, here. Levitt (1978b) used the two-ion. four-state moded to fit the data
of Hladky and Haydon (1972), Myers and Haydon (1972), und Hladky (1974). His fitted
constants are not isted for three reasons: (1) he asumed (hat the ratio of the rate constants
forentry A/1> was the same ax for the equikibrivm binding constants, AE/BD, e thal B = £
which contradicts the duta: (2) he assumed that AE/BD was correctly given by a theoretical
vilculation of the effects of the image force. but this vatue is not consistent with the data:
and (3} in his analysis of the permeability ratios, he assumed that ions cannot enter pores
already occupied by an {on of the other species. Finally Sandblom of af. (1983) have divided
the pore into four regions instead of two and have developed a four-site, 16-state model.
Kinelic data cannot possibly determine the large number of constants available in the gen-
eral form of this model (roughly 2% for each specics of jon al zero potential), and the
cyuations derived from it are extremely cumbersome. Sandblom ¢f af. choose to simplify the
muodet by wssuming that the outer regions remain al equilibrium with the agucous phases.
Eisenman and Sundblom (1983) have used the resulting equations Lo fit the conductance-
activity and current—voltage relations measured with monogtyceride membranes and flux
ratio exponents (see Section [V F) measured with phospholipid membranes (Procopio and
Andersen, 1979; Finkelstein and Andersen, 1981}, Inevitably, with so many adjustable con-
stants, they succeed, However, the binding constants they caleulate for the outer sites
preclude their equilibrium assumption. If the outer sites are to remain at equilibrium with the
aqueous phases, then the rate constant for dissociation from these regions must be fast (> 102
see . But then since the rate of entry carnot be faster than ditfusion 1o within about 2 A of
the pore [see Eq. (1)), the maximum binding constant o an outer region is only 1.5 x 0¥
M Tsec 7107 sec ' = {.5 M. The values caiculated by Eisenman and Sandblom for
rubidium. cesium, and thatlivm are orders ol magnitude karger. Eisenman and Sundblom also
propose that triple and quadruple occupancy of the pore is common. Much clearer, more
direet evidence is required before this conclusion can be accepled. Sandblom ef of. (1983)
assert that the conductance—activity and Mux ratio data cannot be fitted simultaneousty
unless higher occupancy occurs, but Finkelstein and Andersen (198F) huve succeeded. using
the two-ion, four-state model.
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TABLE 111
CompartsoN ofF THREE SETS OF VALUES FOR
THE RATE CONSTANTS®

Constant Na* K+ Cs* Ti* Fit
A0 M-!sec™!) 48 6.7 74 |
5.5 16 18 5318 11

] (9 (14) (23.5) G-a
D {187 M~ sec™) 18 9.7 23 I
53 14 16 37 iI

® 9 14 238 Gea
K (107 sec™") 1.6 4.3 8.0 I
1.3 2.6 8.2 6.7 11

[.5 4.5 12 6 G-a
B/AA (mM) 1100 290 240 I
8 2.5 1.6 0.1 il

500 100 10 2° G-a
Bk (1000) 3400 450 22 I
4 15 16 0.09 Hi

2000 200 12 - 8 G-a
E (107 sec™) 75 10 20 1
26 20 113 i.5 1

20 9.9 12.3 i9 G-a

E/R 6.7 i1 879 83 G-a

° Values of A and D in parentheses were calculated assuming A = D,
® Values subject to large errors if A > D (see text).

The fits for potassium, cesium, and thallium proceed much as outlined
above. For sodium the conductance data can be fitted using several very
different combinations of constants. Finkelstein and Andersen (1981)
have argued that for sodium the decrement in conductance from the ex-
pected line (Fig. 12a) is a secondary effect and that only one sodium ion
can enter the pore. If this view were correct, sodium would not only bind
less strongly than potassium, but would be qualitatively different from the
other ions. The data are also consistent with equal rates of first and
second ion entry. The predicted first ion binding is still weak if transfer
between the ends, K, is not fast compared to first ion exit, B (case 2,
Appendix I). Values of 2K/B near 1 would satisfy this condition and be
consistent with the change in shape of the current-voltage relations
(Hladky and Haydon, 1972; Hledky, 1974). The values given in Table 111
as Fit G-a assume 2K/B = 1 and D = A. The values given as Fit 1l (for
which transfer is fast compared to first ion exit} also fit the conductance—
activity and current—voltage data. but they predict strong binding.

1t has not been possible to restrict the values of the rate constants for
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rubidium sufficiently to warrant entering them in the table. In the Eadie—
Hofstee piot (Fig. 3 in Neher et al., 1978) there appears to be a small short
tail, i.c., the conductances at low activities are higher than expected for a
single occupancy pore. If the tail is treated as an artifact, then the binding
is weak and the curves are fitted much as for sodium. Weak binding such
as that suggested for sodium would be surprising since the conductances
for rubidium are more like those for cesium and potassium. On the other
hand if the tail is real. then its limiting slope must be small and it must
extend to larger values of G/g (corresponding to smaller G's) than have
been resolved. The fitting parameters listed by Neher et al. (1978) indicate
that they were of this opinion. The rubidium data then suggest a value
D= A= 1510’ M-' sec ! while B/K and B/A are unspecified but could be
cpnsidcrably smaller than those for cesium. This possibility is interesting
since in ox brain lipid membranes the flux ratio data suggest that B/K is
indeed much smaller for rubidium (Schagina et al., 1983).

For thallium the conductance data specify D = 25 x 107 M~ and the
sumPD/2E + D2K = 5M ', The values to be assigned to A and B depend
cruciatly on the data at and below | mM. If A = D. then B ~ 25 x 10°
sec '1if A is larger than D, B can be much smaller. The values for K and K
can be reversed without changing the conductance-activity relation. Ur-
ban et al. (1980) found K substantially greater than E for thallium. The
ability of thallium to block the fluxes of other ions such as sodium (Neher,
:g;ig; also suggests an unusually small vatue of & (Urban and Hiadky,

. Ve;alch and Durkin (1980} have used equilibrium dialysis to measure the
binding of thallium to gramicidin pores in dimyristoylphosphatidylcholine
vesicles. They calculate a first binding constant to the pore (2AA/B) of
500-1000 A-'. However, in their calculations they took no account of the
Donnan potential which develops when thallium binds to the gramicidin
present on one side of the dialysis membrane and not on the other. This
pothlial reducces the concentration of the free thallium in the region of the
gramicidin. Thus the true binding constant is larger than that calculated
by an amount which depends on the exact concentration of bound thal-
lium. 1t could be as much as three- to fourfold larger.

E. Interpretation of the Rate Constants

Thc rates of entry are high. It is instructive to compare them with the
maximum possible rate of access from the aqueous phase which is given
by the rate of diffusion of ions. J. up to a hemisphere at the mouth of the

pore,
J = D2araN, ‘ )]
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where « is the concentration in the bulk solution in moles per unit volume,
D is the diffusion constant, N is Avogadro’s number, and r is the radius
of the hemisphere. There is ambiguity in the appropriate choice of r; one
reasonable choice is the smallest possible distance between the centers of
the mouth of the pore and of a fully hydrated ion. This is roughly 2 A.
Thus for D = 2 x 1075 em? sec™!

A diffusion = JIC =15 x 108 M~! sec”! (10)

which is about 3-10 times larger than the observed values. Thus as con-
cluded earlier (Hladky, 1972; Lauger, 1976; Urban ¢f al., 1980), diffusion
{free from contact with the pore) is not limiting. Andersen (1983a,b) has
shown that for high applied potentials the rate of the limiting step in
access is very weakly dependent on applied potential and it is reduced by
the presence of sucrose in the aqueous phases. Sucrose cannot enter the
lumen. These results require (at least for high potentials) that the slow
step occurs outside the lumen. The obvious suggestion which satisfies all
the requirements is that the rate is limited by the partial dehydration
which must occur before the ion can fit into the lumen (Hladky and
Haydon, 1972; Hladky, 1984).

It is apparent from all three fits to the data that the rates of first and
second ion entry are similar, while the second ion binding constants, D/E,
are much smaller than the first, A/B. The reduction in the binding constant
when two ions are present presumably arises from some combination of
electrostatic repulsion of each ion by the other and compression of the
water molecules trapped between them. Electrostatic repulsion will be
identical for all species if they bind to the same sites. while repulsion
resulting from compression of the water will also be the same if cach
species enters accompanied by the same number of water molecules. The
similarity of the two rate constants for entry suggests that the limiting step
occurs near the mouth of the pore where electrostatic repulsion will be
weak (Levitt, 1978a) and water can move out of the way before the ion
enters,

The rate constant for first ion exit, 8, and hence the values of B/24 and
B/K in Table 1II, vary greatly from one fit to another. The value of B
affects the conductances only at low activities. Very few conductances at
sufficiently low activities were included in the data analyzed for Fits I and
I. Fit G-a emphasizes the low activity data of Neher et ai. (1978), but
even so the values in the table represent a somewhat arbitrary choice
from a range of possible values. For instance for potassium, fits to the
data in Fig. 12b could be obtained for at least a fivefold range. A definitive
value will not be available until a set of constants has been shown to
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describe both the conductance-activity curves and either the concentra-
tion dependence of the permeability ratios! or the concentration depen-
dence of the flux ratios (see below).

The rate constant for transfer, K, varies remarkably little between ion
species. This observation suggests that transfer along the chain of oxy-
gens lining the pore is limited by nonspecific factors such as the image
force and the water movements which must also occur. These factors are
discussed further in the section on ion-water interaction (Section VI).

The listed values for the rate constant of exit from doubly occupied
pores are those obtained without regard to any possible secondary effects
at very high ion concentrations (Urban et al., 1980; Finkelstein and An-
dersen. 1981; see Appendix 1). If repulsion between ions within the pore is
independent of species, then the combinatton of constants AE/DB should
be the same for all species (Urban ef af., 1980). In the present fit, labeled
G-a in Table 111, this condition has not been imposed and it is not satis-
fied. There are two plausible explanations. Some or all of the values of E
may be wrong as discussed in Appendix [: those for sodium and potas-
sium are the principal suspects. Alternatively the repulsion may vary with
the 100 species present.

F. Analysis of lon Fluxes: Flux Ratios

The analyses of permeability ratios and of flux ratios are similar in that
both depend on unidirectional fluxes. The flux ratios are, however, much
simpler in one crucial respect, that only one ion species is present. They
are, however, also more difficult experimentally since a large flux must
exist for a long time to transfer enough tracer to be measured. Glyc-
eryl monoolcate membranes have not as yet been thought sufficiently long
lived to allow these experiments.

The flux ratio exponent # is an empirical constant defined as

JIJ = Wa"ia") explzeAVIKT)) (1

* Andersen (1983h) has proposed that when the fluxes are limited by an external access
step, which he calls diffusion. the conductance-activity relation yields an underestimate of
the first binding constant. and 1he permeability ratios are concentration dependent for rea-
sons not imcluded in the two-ion, four-state model. As discussed elsewhere (Hladky. 1984),
his caleulations are based on the assumption, incorrect for gramicidin, that the external
steps are not affected by the occupancy of the pore. When access is limited close to the
mouth of the pore (see Hladky, 1984, for details). the equations become equivalent to those

used by Urhan ef af. (19800, 1t is also worth noting that the principal difficulty in fitting the
permeability ratio data is to restrain the predicted increase with concentration. There is no
need to invoke additional mechanisms.
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where J is the unidirectional or tracer flux in the direction of the arrow; «’
and @" are the ion concentrations on the left and right side of the mem-
brane, respectively; z is the ion valence; and e is the charge of the proton.
Whenever Eq. (11) is satisfied,

GIT = (22e¥kT)n (12)

applies in the limit of low applied potentials. The two-ion, four-state
model predicts in this limit (Hladky et al., 1979)

n =1+ 2KDa/[(Da)* + Da(3B + 2K} + 2B + 4KB] {13)

Thus whenever both the conductance and the unidirectional fluxes can be
measured over a sufficient range of concentrations, K/B and D/B can be
evaluated simply from the data. Schagina et al. (1983) have found for
RbCl and membrzanes made from ox brain lipids that at 2 x 1073, 102,
10-!, and 1 M, nis 1.6, 2,2, and 1.5, respectively. For 0.1 M CsCl and 0.1
M NaCl, they observe 1.7 and 1.2. They argue, using the theoretical
results of Kohler and Heckmann (1979, 1980), that only two ions can be in
the pore at once. Using Eq. (13), their results for fubidium imply that 1000
B/K = 0.67 and B/2D ~ 0.17 mM. If the maximum values of n for CsCl
and NaCl are those reported these values woukld indicate 1000 B/K ~ 20,
B/2D ~ 5 mM and 1000 B/K ~ 1000, B/2D ~ 17 mM, respectively.
Unfortunately, no single-channel conductances have been reported for
membranes made from ox brain lipids.

Finkelstein and Andersen (1981) briefly reported conductances and
tracer fluxes (see Procopio and Andersen, 1979) for CsCl and
diphytanoylphosphatidylcholine membranes. From the flux ratio expo-
nent which reaches 1.6 at 1 M, 2K/B = 20 and D/B ~ 10 to 20 M~'. With
these values known, the conductance-activity relation specifies A = D =
1.4 X 10* M~! sec ' and thus B = B X 10° sec™' and K > 8 X 107 sec'.
This minimum value of X can be calculated without using conductance
data obtained at concentrations above 1 M. Instead Finkelstein and An-

dersen used all of the data and found K = 9 x 107sec'and E = 5 x 107
sec™!,

G. Analysis of Transitions: Spectroscopic Evidence

There is insufficient space in this article to discuss in any detail the
NMR spectroscopy of gramicidin incorporated into lysolecithin micelies.
Urry and collaborators have now amassed considerable evidence (see
Urry et al., 1980a,b) that gramicidin can be incorporated into these mi-
celles in a porelike conformation which binds two ions. They have esti-
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mated binding constants.and on and off rates for sodium ions (Urry et al.,
1980a) which are very close to those listed in Table 111 as Fit 115

The conductance data for sodium on glyceryl monooleale membranes
can be fitled using a variety of rate constants including those suggested
by Urry et «l. However, comparison with ¢onstants which fit the con-
ductance data for potassium makes it unlikely that the first or tight
binding constant in the membrane is as large as proposed by Uri_'y
et al. for gramicidin in micelles, The flux ratio data for ox brain
lipid or diphytanoylphosphatidylcholine membranes exclude these values
(Finkelstein and Andersen, 1981; Schagina et al., 1983).

Diclectric relaxation measurements (Henze ef al., 1982) using 10 mM
thallium and gramicidin incorporated into what were apparently multilay-
ered lysophosphatidylcholine liposomes demonstrate a charge movement
which could be an ion shifting between sites within the pore. The rate
constant caleulated, K = 4 x 10" sec’ ', is surprisingly slow, however.

H. Location of lon Binding Sites

The current-voltage data demonstrate that access and exit of ions are
respectively very weakly and weakly dependent on the applied potential
{Urban ¢f ¢l., 1980; Andersen, 1983a,b). Thus, in agreement with expec-
tation, the ions appear to spend most of the time near the ends of the pore.
When the pore is doubly occupied it is difficult to see how this could be
otherwise, since water and the ion at the farther end must emerge before a
new ion can enter much deeper than is allowed by exchange with a single
water molecule.

Spectroscopic evidence can provide more detailed information. Sodium
and thaltium both perturb the NMR resonances of the carbonyl groups in
the first turn of the helix (Urry er al., 1982a,b). These experiments demon-
strate a preferred binding site at this location (for gramicidin in lysophos-
phatidylcholine micelles) but they do not exclude weaker binding any-
where else. To demonstrate the weaker binding the concentration must be
raiscd, but this increase leads to occupation of the preferred sites and
exciusion of binding to the weaker sites. The data do show that in the
presence of a bound ion, sccond ion binding is much weaker and is only
appreciable at the far end of the pore,

* Urry ef al. state that in their fit of the twa-site model D > 4, yet the values they report
are I3 =6 > 10" M "sec 'and A = 5.2 x 107 M~ sec™', which are insignificantly different.
Similurly they never stute the value of K used to predicl the conductances. However, since
they obtained thix value by fitting the duta of Urban er af. (1980, it must have been near 107
see L
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V. MOVEMENT OF WATER THROUGH THE PORE -

Gramicidin increases the water permeability of lipid membranes as
measured either as a volume flow in an osmotic gradient or as the flux of
a tracer. The permeability measured in osmotic experiments was about
five times larger than that determined in tracer experiments (Rosenberg
and Finkelstein, 1978b). This finding is the equivalent for water of the
result for ions that the flux ratio exponent is greater than 1. It is clear
evidence that the movement of one water molecule is affected by the
movements of many others.

For a single-file pore such as gramicidin containing a small number of
water molecules, the ratio of the osmotic and tracer permeabilities is not
given directly by the number of water molecules in the pore (Kohler and
Heckmann, 1979, 1980)—just as there is no immediate relation (see Ur-
ban and Hladky, 1979) between pore occupancy by ions (governed by A/B
and D/E) and the flux ratio exponent (governed by K/B and D/B). How-
ever, it seems that the ratio of the water permeabilities is an underesti-
mate of the true number. If the pores are almost always full (entry faster
than all other processes), Kohler and Heckmann (1980) find that for a
permeability ratio of 5, the number of molecules per pore could be six,
seven, or eight depending on the precise relation between transport and
the number of vacancies. There is, of course, no guarantee that the pore
usually contains the maximum number of water molecules. Levitt ef al.
(1978} have estimated from models of the pore that it could hold 10 water
molecules. It should be emphasized that at present there is no serious
proposal for how water in the pore is organized, how water interacts with
the walls (there are presumably about 20 binding sites but neighboring
sites cannot be occupied simultaneously), or how large the fluctuations
are likely to be in the number of water molecules in the pore,

Vi. INTERACTIONS OF IONS AND WATER IN THE PORE

When there is a net flux of water through the pore, any ions which enter
wiil tend to be swept along with the water. Under short-circuit conditions.
this generates a current, while on open circuit the current generates a
streaming potential which builds up until it is large enough to bring the
current to zero. The converse effect, called electroosmosis, is the produc-
tion of a net flux of water by current flow. Both effects have been ob-
served for gramicidin (Rosenberg and Finkelstein, 1978a: Levitt ef al.,
1978). Using cither effect, together with irreversible thermodynamics, it is
possible to calculate N, the number of water molecules transferred per
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ion. At low ion concentrations this number is apparently somewhere be-
tween 6 or 7 (Rosenberg and Finkelstein, 1978a) and 9 (Dani and Levitt,
1981a). Rosenberg and Finkelstein found the same number for 0.01 and
0.1 M solutions of NaCl, KCt, and CsCl, while Levitt er af. saw no
difference between NaCl and KCl at 0.15 M.

At higher ion concentrations the pores will usually be occupied by more
than one ion. The number of water molecules transferred per ion is then
equal to the number between the ions when the pore is doubly occupied
(Rosenberg and Finkelstein, 1978a). This number will in general be differ-
ent from the number transferred per ion at low concentrations. Rosenberg
and Finkelstein report that the number transferred per ion drops to 5 for 1
M NaCl, KCI, and CaCl while Levitt ef al. found that it dropped to 6 for 3
M KCI or NaCl.

The transition between the low and high concentration behavior should
coincide with the transition from the one-ion to the two-ion mode for ion
transport (Hladky, 1983). It thus depends on the ratio D/B and not on
single or double occupancy of the pore as had previously been assumed,
At 0.15 M CsCl (for which D/B = 17 M~ is the smaliest anyone pro-
poses), the results already represent primarily the high concentration be-
havior. The absence of any variation with concentration or between spe-
cies below 0.15 M thus suggests that the numbers transferred per ion are
similar for the two modes of ion transport (compare footnote 4 in Finkel-
stein and Andersen, 1981). Some other explanation must be sought for the
fall in NV at concentrations above 1| M. A nonspecific effect is quite possi-
ble since the fall apparently occurs for the same concentrations with
NaCl, KCI, and CsCI. Finkelstein and Andersen suggest that the number
of water molecules in the pore is reduced by the high osmolality of the
solution. If so, the fractional change in the number of water molecules in
the pore would need to be greater than 209, which far exceeds the change
in mole fraction of water in the bulk phases,

Darti and Levit! (1981a) have used water permeability measurements to
determine ion binding in the pore. They assumed that on open circuit,
where the current is zero, no water could flow through a pore occupied by
anion and thus in effect that

Pola)/Pod0) = Xoo = Ul + (2Aa/B) + (ADa*/BE)] (14)
This expression is in fact only an approximation,® but it is good enough
for estimations of 8/2A. Dani and Levitt (1981a) found 115 mM for lithium,

© Water can be transported at open circuit when all channels are occupied by at least one

ion it either (1) the aumber of waler molecules transported perion is different in the one-ion
and two-ion modes, or (2) the number of water molecules transported per ion is different in
the two dircctions of fransport. The second condition is theoretically possible in the pres-
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69 mM for potassium, and 2 mM for thallium. When the large errors
possible in both types of analysis are taken into account, these values are
very similar to those determined from the conductance activity data: 127
m M for lithium [where K}, in Table 2 of Neher er al. (1978) equals 1.5 A/B
if 2K = B], 50 mM for potassium (Fit G-a, Table III), and | mM for
thallium (see previous section). Despite this rough agreement some cau-
tion is required. Dani and Levitt report that the water permeability is 6 X
107" cm* sec”! pore~! when there are no ions. This value is six times
larger than that reported by Rosenberg and Finkelstein (1978b).

Dani and Levitt (1981b) also pointed out that the osmotic water permea-
bility of singly occupied pores (at short circuit) can be calculated from the
conductances at low ion concentrations if the fraction of pores which are
singly occupied is known. Thus as shown in Appendix 11, it follows to a
good approximation that

Py = (V,GRTIf)NIzF)? (15)

where P, is the osmotic water permeability of a singly occupied pore, V,
is the partial molar volume of water, G is the conductance, f; is the
fraction of pores which are singly occupied, N is the number of water
molecules transferred per ion, R is the gas constant, and F is Faraday’'s
constant. The three parameters Py, G, and f; must be determined at the
same concentration. The ratio G/f; at low concentrations cannot be deter-
mined directly from the tail of the Eadie-Hofstee plot since the limiting
slope is not the reciprocal of the binding constant (sce Appendix I) and the
intercept on the G axis is not the proper Gu... However, the ratios ((/
)0 and (fi/a),.q are easily (though not always accurately) determined
from the Eadie—Hofstee plots and from either the data of Dani and Levit
(1981a) or the fits in Table 111, respectively. These values and the calcu-
lated water permeabilities for ion-occupied pores are listed in Table 1V.
The results suggest that at Jow ion concentrations the presence of an ion
in the pore substantially reduces the water permeability, e.g., for thallium
the permeability drops from more than 10" to roughly 3 x 1016 ¢m?
sec”'. The large reductions for cesium and thallium occur primarily as a
result of the slow exit of ions from the pore.

At higher ion concentrations the water permeability of singly occupied
pores calculated using Eq. (15) increases. Theoretically, using the predic-
tions of the two-ion, four-state model for G and fi, the relation becomes

P = (N, 2NAIK(B + Da)/(2K + B + Da)] (16)

ence of a large osmotic gradient. particuiarly if the large changes in the number of waler
molecules in the pore referred to earlier are genuine. These factors become important when
P(a)/P(0) becomes small, i.c., they must be taken into account to estimate values of D/E
(Hladky, 1983).



362 5. B. HLADKY AND D. A, HAYDON

TABLE 1V
CALCULATION OF THE WATER PERMEABILITY OF OCCUPIED PORES
AT Low Jon CONCENTRATIONS

From data of Dani and

Levitt (1981a) From Fit G-a
(Cler), - Fla P fila P
(pS MY (M (10 " em® sec™ M-y (107" cm? sec™)
Li* 348 8, 1.46 5.9 2.15
Na' 95 — —h 2.5 14
K 260} 14.5 6.5 20 4.7
Cs» 450 200 0.82
- 750 500 0.55 1000 0.28

* Tuken from Table 2 in Neher er al. (1978).
* Dani and Levitt do not provide a value of fi/a nor do they state how they
calculated w value for P,

where N, is Avogadro’s number. Thus according to the model the in-
creased water permeability is allowed by second-ion entry and induced
ion exit. For second-ion entry faster than transfer between the ends, the
permeability approaches a maximum limit of

Prax = NIV, K2N (17)

For the values in Table 11 these limiting values range from 1.8 x 1014
em’ sec ! for sodium to 1.5 x 10713 em® sec”! for cesium.

The prediction of a maximum value for the rate constant for transfer
from data on water movements requires certain assumptions. Perhaps the
simplest are (1) only transfer between the ends is coupled to water move-
ments, (2) transfer occurs by a vacancy diffusion mechanism in which the
ions can only enter hotes left by the previous movement of a water mole-
cule. (3)ion and water movements into holes occur at the same rates, and
(4) the water movements into holes occur at the same rate regardless of

the presence and position of an jon. It then follows that (see Finkelstein
and Andersen, 1981)

INLP, {5 X 107 sec™!  (Dani and Levitt, 1981a)
K=——"= 18
N2V, 2 X 1V sec™! (Finkelstein and Andersen, 1981)
where Py is the osmotic water permeability of an ion-free pore. The values
of K for cesium and thallium in Table 111 and that for cesium reported by
Finkelstein and Andersen (1981) all violate this inequality. Thus at least

onc of the assumptions used to derive it is wrong.
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The discrepancy between the observed rate of transfer and the maxi-
mum possible by a vacancy diffusion mechanism is farger than suggested
by this comparison. Thus as noted by Dani and Levitt (1981b) in vacancy
diffusion, water movements determine the local mobility or diffusion con-
stant for the ion, but the ion is also subjected to the image force. The
stronger this force, the larger must be the diffusion constant to yield any
particular value of the rate constant. The comparison given above as-
sumes no image force. The actual maximum rate constant consistent with
vacancy diffusion and with PP = P, must be considerably smaller.

Andersen and Procopio (1980) have suggested that for high applied
potentials, ion movements through the pore are so fast that ions must be
able to push some water molecules ahead of them. If the same were truc
at low applied potentials it could explain the high values of the rate con-
stant for transfer.

VIl. APPENDIX )

The conductance-activity relation predicted by the two-ion, four-state
model is

(s 2
 (zep? B+ K B
- 2
“ (' +%+A££)(l +Bfa2k') (A-1)

where z is the ion valence and e is the electronic charge. From Eq. (A-1)
the behavior at very low activities can always be described by

_ (e} AakK [ 24 D D ]
G =S F+ax/|! (_B—__§+B+2K)" (A-2)
Thus in the limit of low concentrations
_{ze} AK
Gla—o = T BT 3K (A-3)
and the initial slope is (see Fig. 13b)
46 1 B Ad
dGTdle0 = T K, = 34 — DIKIB ¥ 2K) (A4

The conductance relation can lead to straight line segments (see Fig.
13b) on an Eadie-Hofstee plot in three ways.
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I. When only one ion can enter, i.e., D = (,

G= (1?2 [z(sixzx)](%)/ (1+ '2%?') (A-5)

which yields a straight line on a Eadie~Hofstee plot for all activities.

2. When exit from singly occupied pores is faster than transfer between
the ends, i.e., the ends are at equilibrium with the adjacent solutions, Eq.
(A-1) simplifies to

_ (ze)? (K) 24a /( 2Aa ADaZ) -

6= GIF)/ 1 +F 55 (A-6)
which gives a straight segment at low and medium concentrations. The
curve drops below the tine for high concentrations (low G/a) where Da/E
= 0.5. In practice Eq. (A-6) will appear to fit the data whenever B = 2K.

3. For sufficiently rapid ion entry that Aa/B >> 1 and Da/B >> 1 the
conductance in Eq. (A-1) becomes

_ (ze)? DakK Da Da
= kT 2B + 2K) (‘ + ‘z‘E)(' e 21() (A7)
which for either
Dal2E < 0.5 or Dal(B + 2K) < 0.5 (A-8)
is approximaiely
( KE )[Da(ZE + B+ 2K)]
_(ze)? \2E+ B + 2K 2E(B + 2K) (A-9)
T kT 1+Da(2E+B+2K) -
2E(B + 2K)

Thus provided there is a range of concentrations for which either

2E >> Da>> B or 2K >> Da >> B (A-10)
the Eadie—Hofstee plot in this range will be a straight line with
slope = —2E(B + 2K)/D(2E + B + 2K) (A-11)
and intercepts
_ (ze)? KE
Geu=0 = “RT 3E + B + 2K (A-12)
and
_(ze)) DK
(Gla)g-o = %T 2B + 2K) (A-13)
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Thus when these conditions are satisfied, the intercept on the abscissa is
related to the true low activity limit by

(Gl@)inercent/(Gla)y = DI2A (A-14)

It must be emphasized that the simple retation between the intercept
and the value of D is correct only when the inequalities are strictly
obeyed. For instance the curve for potassium shown in Fig. 12 was gener-
ated with AA/(B + 2K) = 260 pS, and D = A, and thus the intercept
predicted by Eq. (A-14) is 130 pS M. The intercept obtained by laying a
straight edge on the plot is nearly 200 pS M~ L.

There are several difficulties encountered in fitting the conductance—
activity, current—voltage, and permeability ratio data. First, the product
KE is determined solely from data at very high concentrations (= 2 M), At
these levels changes in concentration may have secondary effects (Urban
et al., 1980). Finkelstein and Andersen (1981) have obscrved that 5 M
urea reduces the conductance of | M NaCl by 23% and that of | M CsCl by
44%, and that this provides evidence for an indirect effect of high solute
concentrations. They propose as a possible mechanism that the high os-
molality of the solutions reduces the pressure inside the pore which
results in a reduction in pore diameter. This mechanism might account for
a greater effect on larger solutes. At 5 M the osmotic pressure would
indeed be of the order of 100 atm which as a driving force for water
transport is very impressive. However, a negative pressure of 100 atm
within a cylinder of radius 2 A would induce a tension in the wall of only 2
dyn cm~! which is almost certainly negligible. If there is an effect of
osmolality per se¢ it is much more likely to be a change in the number of
water molecules in the pore (Urban et al., 1980; Finkelstein and Ander-
sen, 1981). The decrease in the mole fraction of water between distilled
water and a 5-osm solution is roughly 10%. If the change within the
pore were as large, it would represent a decrease of one in the number of
water molecules per pore for half of the time (see also Scction V1.

Second, the conductances specify Jower limits for K and £ but they do
not reliably specify which is which. This assignment must be based on
another type of data. Urban ¢f al. used the concentration dependence of
both the permeability ratios and the shape of the current—voltage rela-
tions. For sodium, potassium, and cesium they found K << £, while for
ammonium and thallium, K > E. Eisenman et «f. (1982) have attempted to
evaluate K/B from the current—voltage relations at low activitics and rate
constants which vary exponentiatly with potential. Unfortunately, with-
out the exponential assumption the data can be fitted for a large range of
values of K/B. For instance at low activitics the data can always be fitted
using K/B — = if the assumed potential dependence of A is adjusted to fit.
Eisenman and co-workers (1980) also conclude that the pore must be
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divided into more than two regions since three steps in series, each vary-
ing exponentially with potential, cannot fit the current-voltage relation.
Without the exponential assumption, the conclusion no longer follows.

Third, Urban ¢t al. assumed that repulsion between ions within the
pore was independent of ion species, i.e., that AE/DB was a constant for
all species. The fit 1o their data was insensitive to changes in B (i.e., large
changes could occur in the fits), thus any errors in E will have been
imposcd on the values of B by this assumption.

Finally. in the present fits, relations derived for very low potentials
have been used to interpret data obtained at 50 mV. This problem is
purely technical but can perturb the calculated vatues of the constants.
The conductances at 50 mV should be corrected to the values at 0 mV
using measured current-voltage relations. These corrections can be of the
order of 10%. In practice, the values of K calculated without correction
are probably about 30-50% too high. In the curve fitting of Urban et al.
(1980}, the full expressions using potential-dependent rate functions were
employed and thus no correction of the data was necessary.

VIll. APPENDIX i

The osmotic water permeability of ion-occupied pores is related to the
conductance since water movements in an ion-occupied pore require the
ion to move as well. From the usual equations of irreversible thermody-
namics (see Dani and Levitt, 1981b)

Jy = (Vo P /RT)AT + (V,,NG/ZF)AY (A-15)
and
{ = (VU,NGIzF)AT + GAY (A-16)

where Jy is the volume flow, Ax is the difference in osmotic pressures
between the two sides of the membrane, and Ay is the difference in
potential. Thus the water flux at short circuit, Ay = 0, is

J¥IVy = (PSIRT)Ax (A-17)
while on open circuit
[T P:;t\ﬁ ?WG N _Pgt ~
oy = [R5 - (L) M) 5p L Py, (A-18)
Thus
VoG RTINIZF)? = Py — P% (A-19)
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follows without any assumptions about the transport process. Dani and
Levitt (1981b) made two further assumptions. First, on open circuit they
assumed that all the water flows through the fraction X, of pores which
are ion free and thus that

Pgi = Xy Py {A-20)

Second, they assumed that the flow on short circuit can be divided into
flows via ion-free, one-ion, two-ion, etc., pores, i.e.,

Py =XoPo + X\Py + XoPy + - - - + X, P, (A-21)

where the P values are constants. Substituting these into Eq. (A-19) gives
their working equation. Their first assumption is correct if the number of
water molecules transferred per ion is the same for conduction by the one-
ion and two-ion mechanisms and the same for transfer in the two direc-
tions (Hladky, 1983). It will be a reasonable approximation for low ion
concentrations. The second assumption is not correct for the two-ion,
four-state model. In that model and using the same assumptions about the
number of water molecules transferred, the difference between the short-
circuit and open-circuit water fluxes becomes

« _40c_r KN B+Da V,
B W = T NIIK T B+ Da RT AT (A-22)

It follows directly from Eq. (A-22) and the definition of the permeabilities
that

Ps — PE = fiPy (A-23)
where the osmotic permeability of an ion-occupied pore is

_NWu_KB+Da) _RT, . G
Pi= 2NA» 2K + B + Da) =N Vwﬁ (A-24)

It should be noted that the permeability of singly occupied pores varies

with concentration and that the permeability for doubly occupied pores is
zero. At very low ion concentrations

NV, KB
3N, 3K+ B (A-25)

1 -

while at high concentrations

P, = N2V, KI2N, (A-26)
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