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ABSTRACT We show theoretically that extending pore models to allow for fluctuations between configurations with
different energy profiles results in the prediction of coupling between fluxes and forces of different species diffusing
through singly occupied pores. Considering the case of a one-site, two-barrier pore capable of existing in two states, and
using Eyring rate theory to describe the translocation of two permeant species, the flux of each is found to be linked to
the driving force of the other via cross coefficients that are given as explicit functions of concentrations and potential,
and that obey Onsager’s relations when the system is near equilibrium. Conditions for the existence of coupling are that
both states of the channel be permeable to both diffusing species and that the peaks of the two energy barrier shift by
different amounts during the state transition of the pore. Some implications of this model on phenomena of biological

interest are discussed briefly.

INTRODUCTION

Models for ion permeation based on Eyring rate theory
have been generalized to the case of channels fluctuating
between states with different energy profiles (1,2). An
interesting result of this extension is that one-ion pore
models acquire characteristics that are usually regarded as
indicative of multi-ion occupancy. For example, the con-
ductance can have a maximum as a function of ion
concentration, a feature well known for multi-ion channels
(3), but inconsistent with one-ion pore models with fixed
energy barriers (4). This paper shows that, for a one-
particle pore in the presence of two permeant species, the
interaction between the kinetics of permeation and that of
fluctuation can induce a coupling between the fluxes
similar to that postulated in nonequilibrium thermody-
namics. Because the two particles can be either both ionic,
or both neutral, or one ionic and one neutral, the equations
we obtain are susceptible to various applications of interest
in membrane transport. For example, when one species is
ionic and the other neutral, they describe a simple mecha-
nism whereby the flux of a nonelectrolyte can be driven by
the electro-chemical potential gradient of an ion, as is
generally postulated to occur in cotransport phenomena.

DESCRIPTION OF THE MODEL AND
RESULTS

For simplicity, the analysis is restricted to a one-site,
two-barrier pore, as shown in Fig. 1. The fluctuations of the
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energy profiles are described by single kinetic steps
between two classes of states, referred to as “normal” and
“polarized,” according to a nomenclature used previously
(1, 2). Because two permeant species are considered, A and
B, and the internal site can be empty, occupied by A, or
occupied by B, the channel can exist in six different states:
three “normal” and three “polarized” (see Fig. 2).

For simplicity we shall make the following assumptions:
(a) the peaks of the energy barriers are half-way between
the external solutions and the internal site. (b) The loca-
tions of the peaks and of the internal site (measured in
fractions of the applied voltage) are the same for the two
particles and are not altered by the state transitions of the
pore. (¢) The rate constants for such transitions are not
functions of voltage, but depend on whether the pore is
empty, occupied by A or occupied by B.

The meaning of the symbols used for the rate constants
should be clear from Figs. 1 and 2 and their legends.
Because the rate constants for entrance, », and »”, depend
on the external concentrations, they can be written in the
form
V' =p"C". H
In Eyring theory, the rate constants are proportional to the
exponential of the free energy difference per unit mole (in
units of RT, the molar gas constant and absolute tempera-
ture) between the site in which the particle is located and
the peak of the barrier it crosses. Writing explicitly the
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FIGURE 1 Energy profiles of the channel in its normal and polarized
states. In the equations, the rate constants for permeation bear one-letter
subscripts, A or B (to identify the species), in the case of normal channels,
and two-letter subscripts, PA or PB, in the case of polarized channels.

electric component of the energy due to the applied
voltage, v’ and »” become

vV =pCle? v’ = p"C"e P2 (1a)
where z is the valency, « and 8 are the fractional electric
distances shown in Fig. 1, u (=u’ — u") is potential in units
of RT/F, C’ and C” are external concentrations, and the
bars over p' and p” designate the values of these rate
constants when u = 0. (A bar over a symbol will be used
consistently to indicate its value at zero potential.) The
steady state fluxes are calculated by a standard procedure
outlined in the Appendix, the most interesting result being
that, in general, the flow of each species is a function of the
“driving forces” conjugated with both. More precisely, the
expressions for the fluxes, ¢, and ¢g, can be written in the
form

¢ = L|[2 sinh E'(L__L') + Lij 2 sinh zj(u - uj)],
2 2
iandj=AorB )
i#j
where
1 "
Uiy -—mn=2 iandj=AorB (3)
ZiG) iG)
Cpg P8 Cp YPA, Cop
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FIGURE 2 State diagram for the six possible states of the pore. The
unprimed rate constants, » and p, stand for »* + »” and u' + u”,
respectively. The meaning of the primed rate constants is illustrated in
Fig. 1. The other constants, denoted by the letter K, describe the kinetics
of channel fluctuation.
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and the coefficients, L, are functions of the rate constants,
of the external concentrations and of the potential. Because
coupling is the interesting feature of these equations, we
shall concentrate on the coefficients, L,z and Lg,, while the
equations for L, and Ly, which are rather lengthy, are
given for completeness in the Appendix. L,g can be
expressed in the form

S_ _ u—u
Ly = — A WA Wy VCi C%Ch C§ cosh iz——él, “4)
where
S - PaPeaippa KpKpa;
57
W, - (‘-”_'_, - f—j"), (i-AorB). (5)
Pi Ppi

A, given in Eq. A13, is a polynomial of second degree in the
four variables, C), C, Cp, C3. The reciprocal coefficient,
Lg,, is obtained from Eq. 4 by merely interchanging the
subscripts A and B. Because S and A remain unaltered, as
is shown in the Appendix, L, will differ from Ly, only for
the argument of the hyperbolic cosine. However, when the
system is sufficiently close to equilibrium, we shall have
cosh =~ 1 and L,z = Lg,, in agreement with Onsager’s
relations. In this limit, Cy~ Ch = C,, Cy= C§ = (G,
za(u — u,) = 0, and Eq. 4 reduces to

L= — SWAW,

Cn\Cy
Yo + YaCa + 18Cs + YaaCi + 2va8CaCs + v Ca’

(6)

where the coefficients, v, are constants deducible from the
general expression for A, Eq. A13. Due to the quadratic
terms, Ciand C in the denominator, Eq. 6 shows that L,g,
viewed as a function of either C, or Cj, increases from zero
to a maximum and vanishes at high concentrations. From
Eq. 4 and the corresponding equation for Lg,, it is also seen
that, when the two solutions have the same composition
and when z, = zg, the validity of the relation, L,g = Lg,, is
not restricted to situations close to equilibrium, since it
holds true for any potential.

DISCUSSION

We have shown that in a one-particle channel the interac-
tion between the kinetics of transport and that of channel
fluctuation can give rise to cross interactions between the
fluxes and forces of different permeant species. Eq. 4
shows, however, that coupling requires that the three
parameters, S, W,, and Wj all be different from zero. As
can be seen from Egs. 5 and A2, S will differ from zero
only when both species, A and B, permeate normal as well
as polarized channels. Moreover, the requirement that W,
and Wj be nonvanishing quantities is equivalent to the
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condition that the two energy peaks of the pore shift
unequally in the transition between the two states. The
justification for this statement follows from the definition
of W; in Eq. 5 and the recollection that, according to the
formalism of Eyring’s rate theory, the ratio, p”/¢’, is equal
to the exponential of the difference between the two energy
peaks (in units of RT').

Note that, if Lyg = 0, coupling can be either positive
(Lag > 0) or negative (L,p < 0), as in principle there is no
correlation between the signs of W, and Wy when 4 and B
are different molecules. Only when they are chemically
similar (as in the case isotopes), W, and Wy must be
practically equal and L,z will be negative. One interesting
consequence of the fact that L,z may not vanish when A
and B are different isotopes of the same chemical species is
that the present model will generally predict deviations
from Ussing flux ratio equation, which in this case are not
related either to active transport or to multi-particle occu-
pancy.

A case of physiological interest to which this model may
be relevant is that in which the flow of a nonelectrolyte is
linked to the driving force of an ion (cotransport). For
example, if A is neutral and B is an ion, and if we also
assume for simplicity that C,= C4, Eq. 2 predicts that the
flow of A will be driven by the electro-chemical potential
gradient of B according to the equation

éa = 2 Lap sinh M %)

The detailed behavior of the flux will clearly depend on
the values assigned to the parameters of the model. How-
ever, Eq. 7 is compatible with the common finding that the
kinetics of cotransport differ according to whether the
driving force is varied by changing the concentration or the
potential gradient (5), since the dependence of L, on
concentrations in Eq. 4 is manifestly different from its
dependence on potential.

If A and B are both ions, Eq. 2 allows one to derive an
expression for the zero-current potential that can be writ-
ten in the same form as the Goldman-Hodgkin-Katz
equation, the permeability ratio being given by a fraction
of two polynomials, linear in the variables C), Cj, Cj, Ch.
Concentration-dependent permeability ratios have been
measured both in artificial (6, 7) and biological channels
(8,9), and have been generally interpreted in terms of
multi-ion pores (10, 3), or channels with modulatory bind-
ing sites (11). This model suggests the possibility of still
another explanation.

APPENDIX

Proof that the Parameter S in Eqgs. 4 and 5
is Invariant with Respect to the Interchange
of the Subscripts A and B

Fig. 2 shows that the pore can exist in six states. From the requirement
that they be in mutual equilibrium when the concentrations and the
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potential are the same in the two solutions, one deduces the six following
relations:

pin = p{ Wi,  PrikE = Prikei,

_ o (i=AorB)
pipi Kpi K = ppipt K; Kp.

(A1)

Solving the last two separately for Kp/K and equating the results, one
finds

PakpaPpaip KpKpa = pp ippPppaka Ka Kep. (A2)
Because the left-hand side coincides with S, defined in Eq. 5, Eq. A2

proves that this quantity is symmetrical with respect to A and B, and,
consequently, that L, = Lg, near equilibrium.

Outline of the Calculation of the Fluxes and
Explicit Expressions for the Coefficients of

Eq.2

Using the subscript i to represent either A or B, the number of pores in
each state per unit area will be denoted by N (normal, empty), Np
(polarized, empty), N; (normal, occupied by i), Np; (polarized, occupied
by i). Because the sum of all the Ns is assumed to be constant, we will
have

NT=N+NP+NA+NPA+NB+NPB, (A3)
which implies that only five states are independent. If N is chosen to be
the dependent variable, and if we define for brevity

v=vV -+, u=p 4+ (A4)
the steady-state values of the five independent Ns are described by the
equations

di\:'—’ = KpN — KN,

+ [#paNpa + peNps]l — [vpa + ve]l Np = 0 (AS5)
le .
F= lliN — ”'iNi + Kini - KP,N, = 0, (l =Aor B) (A6)
d Ny,
Ftﬂ = vpiNp — pupi Np; + KpiN; — K\Np; = 0,

(i=AorB). (A7)

Once the Ns are evaluated, the steady-state fluxes of A and B can be
calculated from
& = v — uiN; + vp; Np — pp;Np; = 0, (i=AorB). (A8)
With algebraic rearrangements Eq. A8 can be written in the form of Eq.
2, where the coefficients are lengthy functions. Here we shall give the
expressions for L, and shall complete (by defining A) that for L,s, it being
understood that Ly and Ly, are obtained from the other two by simply
interchanging the subscripts A and B. It is useful, in order to shorten the
equations, to define the following quantities
K=K+ Kp, K, =K +Kyp

(i=AorB) (A9)

@ = wi(Ki + mpi) + Kpipp; (i=AorB), (Al10)

the unprimed u’s being defined in Eq. A4. L, is finally given by

T + Tpa

(A11)
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where

T, = JCi Ci

Qppi [KuX(Ka + ppa)

ot -—n S
+ KKpapipa + Kamtavpa]l + =—=—
PBPpPB

. [iiaﬁi»scé + papreCi + VCi Cg (0psP5 + Puprs)

« CO:

oh 22— o) > "")]’—i (A12)

-
Pra

and Ty, is obtained from T, by interchanging normal with polarized
states; that is, by removing in T, the subscript P from the rate constants
that bear it and adding it to those that don’t. The quantity A, that appears
in the definitions of L, and L,g, is found to be given by

A=KQQp + Ap + A (A13)
where
Ap = Qp {[K(Ka + #pa) + Kpabipalva
+ [Ke(Ka + a) + Kattalvpa + Kavavpal
+ [MPAKPA(kB + up) + #sKs(i(A + tpa)}vaves (A14)

and Ay is obtained from A, by interchanging the subscripts A and B.

The research for this study was supported by a grant from the Muscular
Dystrophy Association.

Received for publication 9 January 1984 and in final form 27 February
1984.

252

10.

11.

REFERENCES

. Lduger, P., W. Stephan, and E. Frehland. 1980. Fluctuations of

barrier structure in ionic channels. Biochim. Biophys. Acta.
602:167-180.

L&uger, P. 1980. Kinetic properties of ion carriers and channels. J.
Membr. Biol. 57:163-178.

Hille, B., and W. Schwarz. 1978. Potassium channels as multi-ion
single file pores. J. Gen. Physiol. 72:409-442.

Léuger, P. 1973. Ion transport through pores: a rate-theory analysis.
Biochim. Biophys. Acta. 311:423-441.

Heinz, E., and P. Geck. 1978. The electric potential difference as a
driving force in Na*-linked cotransport of organic solutes. In
Membrane Transport Processes. J. F. Hoffman, editor. Raven
Press, New York. 1:13-30.

Myers, V. B., and D. A. Haydon. 1972. Ion transfer across lipid
membranes in the presence of gramicidin A. II. The ion selectivi-
ty. Biochim. Biophys. Acta. 274:313-322.

Neher, E., J. Sandblom, and G. Eisenman. 1978. Ion selectivity,
saturation, and block in gramicidin A channels. II. Saturation
behavior of the single channel conductance and evidence for the
existence of multiple binding sites in the channel. J. Membr. Biol.
40:97-116.

Hagiwara, S., S. Miyazaki, S. Krasne, and S. Ciani. 1977. Anoma-
lous permeabilities of the egg cell membranes of a starfish in
K*-TI* mixtures. J. Gen. Physiol. 70:269-281.

Ashcroft, F. M., and P. R. Stanfield. 1983. The influence of the
permeant ions thallous and potassium on inward rectification in
frog skeletal muscle. J. Physiol. (Lond. ). 343:407-428.

Sandblom, J., G. Eisenman, and E. Neher. 1977. Ionic selectivity,
saturation and block in gramicidin A channels. I. Theory for the
electrical properties of ion selective channels having two pairs of
binding sites and multiple conductance states. J. Membr. Biol.
31:383-417.

Krasne, S., S. Ciani, S. Hagiwara, and S. Miyazaki. 1983. A model
for ion-composition-dependent permeabilities of K* and T1* dur-
ing anomalous rectification. /n The Physiology of Excitable Cells.
Alan R. Liss Inc., New York. 83-96.

BIOPHYSICAL JOURNAL VOLUME 46 1984



