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ABSTRACT Several different one-site, two-site, and multisite models of steady-state
ion transport across a membrane are investigated. The basic features, including
cooperative interactions between channels, are the same as in earlier papers in this
series. In particular, the present paper represents a considerable elaboration of part
III. The models might apply to artificial or possibly to biological membranes, but
particular applications must await further elucidation of the molecular structure
and operation of these membranes.

1. INTRODUCTION

This work is a continuation of three earlier papers (1-3) on the same general topic.
We shall make use of notation and concepts introduced earlier without repeating
details here. In particular, part III (3) is a preliminary version of the present paper.

Our original motivation in this work was possible application to K* transport
across the nerve membrane. We now think this particular application is extremely
unlikely, and we are presently working on a rather different nerve model.! However,
because the models studied here are so basic and elementary, and because other
authors (4-6)* believe that cooperativity between channels—as in the present models
—is an essential feature of excitable membranes, the analysis here may well have
eventual applications to or usefulness for some artificial and/or biological mem-
branes.

LHill, T. L. 1971. In Perspectives in Membrane Biophysics. D. Agin, editor. Gordon & Breach,
Science Publishers, Inc., New York. In press. See also T. L. Hill and Y. Chen. 1971. Proc. Nat. Acad.
Sci. U. S. A. Published in August 1971.

! Starzak, M. To be published.
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Because of present uncertainty about the structure and molecular operation of
biological membranes, it seems judicious to consider a variety of theoretical ap-
proaches, including this one which involves ion transport via binding on sites in the
membrane. As will be seen below, these models, except in very special cases, lead to
nonlinear steady-state flux-potential curves for a “pure” conformation. However, it
is in part for this reason that application to the squid membrane, at least, seems very
unlikely,! for the corresponding experimental (“‘instantaneous”) curves are ap-
proximately linear, for both K™ and Na‘t.

Some of the paper (sections 3-5) will be concerned with models in which each
unit of the membrane can exist in two different conformations, as in our earlier
work (1, 3). However, as a necessary prerequisite, attention is also given to one-
conformation models (section 2). Section 6 is concerned with one-conformation,
multisite models.

2. SIMPLE ONE-CONFORMATION MODELS

We present in this section a partial ‘““catalogue” of flux-potential curves for simple
one-site and two-site models. We limit the examples chosen in sections 2 A and 2 B
to the special case of equal ionic concentration in the baths (on either side of the
membrane). However, cases in which these concentrations differ are illustrated in
sections 2 C, 3, and 5. We shall refer here to the ion being transported as M* (rather
than K™).

A. One-Site Model

Fig. 1 shows the model we consider first. The singlebinding site for M* in each unit is
located at an arbitrary position y in the membrane} (y}= 0.50 in part III), where the

B(outside) A(inside)
—y
I ~
—U+y ()
o—
- X
ap ﬂe(y Nx ag ge’
—U
[+]
I
y=0 ;, y=1 (pyo)
FiGURE 1 FIGURE 2

FIGURe 1 Variation of electrostatic potential ¢ and binding potential energy U across
membrane. Binding site is at y.
FIGURE 2 States and rate constants for a membrane unit with site at y.
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electrostatic potential is y¥. The assumed adsorption and desorption rate constants
are indicated in Fig. 2. Then the fractions of units in each of the two states, at steady
state, are

pi=8e"(14+¢*)/2 and po = (ax + as)/ 2, (1)
4 4
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Ficures 3 and 4 Ionic flux as a function of membrane potential (ay = ap = a).
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FiGures 5 and 6 Ionic flux as a function of membrane potential (a4 = ap = a).
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where x = e)/kT(x = 1 &y = 25mv) and
2 = au+ a5+ Be”(1+ €7). (2)
The flux (4 — B) for a membrane with M units is
J = MBe™(as — ase™)/ 2. (3)

Figs. 3-6 show the dependence of J/Ma on x, all in the special case ay = az = a,
for various values of a/B and y. Because of the symmetry of the model, it suffices to
consider the range 0.50 < y < 1. Jis an odd function of x when y = 0.50. There is
considerable variety in these curves, even with such a simple model.

B. Two-Site Model

A two-site version of the above model is shown in Fig. 7. The maximum between the
two minima in the potential curve U is assumed for simplicity to be located at
(4 + ys)/2. The rate constants and notation for the four states are indicated in
Fig. 8, where

’

Ba

Sa = &4 55 = B P = ¢, (4)

Py ’ 2 ’ ’
Barsa, Bs = BsSs, Kka = KaSa/Sp, Kkp = k8SB/S4

As usual, we have employed simple transition-state rate theory in making these
assignments. The 8’s and «’s are not all independent; detailed balance requires that

Berka = Paks.

B (outside) Alinside)

y=0 y, Yoo ¥y=l (P!

FIGURE 7 FIGURE 8
FIGURE 7 Variation of electrostatic potential ¢ and binding potential energy U across
membrane. Binding sites are at y, and yp .
FIGURE 8 States and rate constants for a membrane unit with sites at y, and yg. See
also equations 4.
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[—— 1.0

...... - 5.0

Ficure 9 Ionic flux as a function of membrane potential (ay = ap = ). The labels on
the curves indicate the location of sites, as shown in the inset.

The steady-state probabilities of the four states are easily found to be (7, 8)

= [BiBslas + a5 + B4 + B3) + By + B3)(xaBs + xs82))/ 2, (5)

P = [0aBs(as + a5 + B4 + Bs) + xnea + @s) (B2 + B3))/ 2, (6)
Po = lasBi(as + a5 + Ba + B5) + xalas + @s) (B2 + )/ 2, (7)
Pow = lasas(as + a5 + B2 + Bs) + (as + @) (kaas + xpas))/ 2, (8)
where

> = (s + a5 + B4 + B5) (s + B4) (as + B5) + b5 + k5Bl
+ (aA + ag)[xf.(aA + ﬁ;) + K,B(aB + B’B)]- (9)

The steady-state flux is

J = M(as + as + B4 + B5) (eaxaBs — asxsBs)/ . (10)

At equilibrium, o, = aze * and J = 0.

HiLL AND CHEN Models of Steady-State Transport across Membranes. IV 689



11 TENOIY
1'ov
02
=0
80 -
9'0~|
\.\. 22
v 0- Kl
’
\.\ \.\:
. Rt
¢0-p \.\\..\\..H”.\l““..“..“..llnoum.a
9 Xy 2 gz
1 1 1 -7
oy I
- - - -
i.\.u..“\..\m\
00emr=r="="""" .27, .
.\.\\u\“.\.\ lN o
PP e
1n~*
22 -0
oz’
I-O.o [¢X"] comses
1'08 §/0 cmeme
oy .
g0 0'G=§/>
00
ov'oe'n

*6 ‘814 99s ‘saAInd UO s[aqe] JO Surusaw
104 '(» = @0 = Vo) [enudjod JUBIQUISW JO UOKOUNJ ® SB XN OTUO] T[] PUB O] STNOL]

01 T¥NOI

o -
R T
i " Ob

)
9 14 I
L _ == T T
\.\.‘\-u\\-wt.- Nll *' w'
00 == T .
A -2°0
n \o\o\. Va
2 7
4
oz’ 5 .
Ry -0 08 wumem
00 =" 4
ov , \“\\\\ 0l
7/ .
\\\\“\\ Iw o -.OIQ\. —
ne’ 4
oz'zz .5
27 lm.o o._ = Q\X

DN/

282 ¢

a_
=

BIoPHYSICAL JOURNAL VoOLUME 11 1971



€] MNOIJ
22,
o'l
02
00
80—
90—
r22
Y'0-
PR |
20~ .\\..\\..\.\.\l.l.l.-oe.oN
\...\\\..\.l.-?l..l.l.l.-oo
9 X v 2 s
| | i
J T T
2- bv- 9-
00— memrm
-2'0
"-
. naY
oz
~9°0 o's ————e
1'0n /0 =

PN/

-80 0 0z=9g/7

*6 “B1.J 998 ‘s9AIND UO S[eqB[ Jo Surugaw
104 ‘(@ = 80 = Vo) enusjod SUBIQUISW JO UOOUNJ B SB XNJ OTUO] €] PUBR Z] STNOIL

9 X
1 1

1 uNoigy
oz
80~} \\
\‘
s "
7
90~ ! .
gy TV
/1, -~ o
0,7/ D e 00
\\\ \\\\
- 4
2

cossyesneessy’

ervsesomnsnsee et

00 ..s..............i..x.x...\.«‘u.....,..wnz.

aarene® 0" ee®
He -

22 S
0z ™

lw : o 0°01 sanennen
Ol »g/o ===

S=gr¥

691

Hnr AND CHEN Models of Steady-State Transport across Membranes. 1V



*(91087 9y} UI SIAIND AIOW )BPOWIIONE

03) UONIONIP Ul PISIAAAI SIXE-X U} IABY X — «— X AQ PJBOIPUL SIAINO 31U} YL 8¢ = Vg

P sI8B) (P = 0 = Vo) [eRusjod SUBIqUWSW JO UWONOUNJ B SB XN[ OMUO] G FUNOLY

*6 "SI 395 ‘s9AIND UO SPqe JO

8utueaw o4 ‘(® = @0 = Vo) [enusjod JUBIQUISW JO UOTIOUNY B S8 XNy OO ] TUNOI
ST TNOIg ’ 1 TNOLY

80~} S

[} ‘€ 90~

- 0%'02°00

[X=+X[\;
. . .
N d \\\ \\\\ -9°0 001 cemeeenne
oc\\ 0 / ot e g/
ne=""_7" 7
L L g0 002=8/%
%= DN/
£ / 2 @
o=

2219901'02: Vg Vx'g= Vg0 | Op 19901 ‘02T W gV B £

BioPHYSICAL JOURNAL VoLumE 11 1971

692



*(2InBy 9Y) Ul SIAIND SIOW F)BPOWOIE 03)
UONIJAIIP Ul PISIFAAI SIXB-X Y} JABY X — «— X Aq PIIBOIPUL SIAIND RIY) YL ' 99 < V¢ qim
sas8)) (P = o = ¥») [enudjod JUBIQWAW JO UWONOUNJ B SB XN OIUO] L] PUB 9] STANOI]

L] 1NN 9] NNOIJ
1
oS ‘€
8'0-| £ ol 2 b

2°0+"9/% 1

90~ 9'0-
2
os g ‘O-
ol ‘2 A
2049/ g 1 2%-Lf
9 X ¢y 2
T T T T T T
- b~ 9- \
00 19q0] EAY 00 1940
0z =g/ 1Y%
1'0="g/0 / L a3 102%/0

V DA/ 80 e

00 ‘19901 *1 « g/ 1 < Yg/0 22 19q0; 129/ % 1 /0

693

HiL AND CHEN Models of Steady-State Transport across Membranes. IV



*(an8y syj urdur 00’ [ = Yo/8%
3y} 03 sAne[RI) uonenba uewWP[OO Y} WOIJ ST (6170 = Yo/40) oAIO paysep ay ], "ofueyd
[BUONBWIOUOY JO J0UISQB Ul ‘s9AINO [enuajod-xnp [BONAIOdY) NS-OMI,, 6] FUNOI

a3ueyo
[BUOHJBWIIOJUOD JO 0UISQB Ul ‘saAINd enuajod-xny [BOURIO) NS-3UQ,, 8] TWNOI]
61 TNOIJ 81 WNOI]
(uowp|o9‘ejis-om})
00°l -<.\a- 9'0-|- 00l = <c\u
e'0- 002'0
00L'0
L8970 v o-|
2'0- 8070
6i2°0

S0

612’0
1'0-} (uowpjo9) \
612°0
2 x \\\ X

QN

BiopHYSICAL JOURNAL VOLUME 11 1971

-
|

T T T
// - ¥b- 9-

L 1’0 22 19q07 050s &
2. g/%
\ 0'02s g/¥ 062 g/'®
/4 Yopn/p

0'g = g/ Yo/

NN
N
:

KA

694



Figs. 9-14 illustrate the dependence of J/Maon xwhena, = ap = «,84 = 8z = B,
and k4 = kz = . The remaining parameters are x/B, a/8, y. , and y5 . The shorthand
labeling system used in these figures for y, and yj; is included in Fig. 9. Curves with
labels 00, 11, 22, etc., are odd functions of x. Also, a curve, say, for 04 is obvious (by
symmetry) from 40, etc.

Figs. 15-17 present a few examples in which 8./8s = x./xs # 1, though we still
take a4 = ap = a. Recall (1) that a deep potential well (Fig. 7) is associated with
strong binding and a small value of 8. For example, in Fig. 7, 85 > B4 and ks > &4 .
In effect, in each family of three curves in these figures, «, 84, and 4 are held con-
stant, while 85 and x5 are varied (xz/xa = B85/B84). The symmetry of the J(x) curves
(referred to in the preceding paragraph) is of course destroyed when 8, # fz.
It is apparent from these examples that asymmetry in the 8’s can more or less du-
plicate the effects of asymmetry in site locations (seen in Figs. 9-14). But, for sim-
plicity, we confine ourselves in the remainder of this paper to cases in which 8, = 85 -

C. Examples with a, # az

Some experimental results of Mozhayeva (9), and the well-known (10, 11) Goldman
equation, both suggest that we might illustrate a4 # a5 by choosing cases in which
practically linear J(x) curves are obtained when a, = a5 . It is clear from Figs. 3—
6 and 9-14 that, for particular parameter choices, simple one-site and two-site models
do in fact lead to essentially linear curves. We have not made a study of the range of
parameters giving this kind of behavior, but merely select here two arbitrary exam-
ples, suggested by the above figures. These “linear” examples are included in Figs.
18 (one-site; a/B = 2.5, y = 0.5) and 19 (two-site; x/8 = 20, a/8 = 5, label 22),
along with curves for az/a, # 1. The Goldman equation is also illustrated in Fig.
19: the value of P (see below) is adjusted to make the linear (as/as = 1.00) Gold-
man curve coincide with the two-site linear curve; then, with this valae of P, the
ag/as = 0.219 Goldman curve appears as the dashed line in the figure. Intermediate
Goldman curves are omitted to avoid confusion.

The Goldman equation is usually derived (10, 11) from a continuum model, but
we show in section 6 that, as one might expect, it is also a limiting form of the flux
for a discrete-site model when the number of sites is large. In the notation of section
6, this equation can be written

J = MPx(ase® — ag)/(e° — 1), (11)
where P is a permeability coefficient.

3. ONE-SITE, TWO-CONFORMATION MODEL

We here generalize section 2 A to a model in which each unit may exist in one of two
conformations, I and II, and each conformation has one binding site for M™. The

HiL AND CHEN Models of Steady-State Transport across Membranes. IV 695
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FIGURE 20 States and rate constants for a one-sime, two-conformation membrane unit.

notation is a combination of that in sections 2 A and 2 B. In conformation I, the
site is at y, ; in I, it is at y. . In the transition state between conformations I and II,
we assume the site to be located at (31 + y:)/2. The diagram and rate constants are
shown in Fig. 20 (see also Fig. 1 of part III [3]), where s; = ¢***and r = ¢™*.

The present treatment is a generalization of part III in that the sites have arbitrary
locations (4 and y.) and we may have a4 #= a3z.

The equilibrium grand partition function (g.p.f.) for one unit is the same as in
equation III-7 except that the two e =/ factors there are replaced by e *** and ¢ ¥**,
respectively. Equations III-3, III-10, and III-11 all hold, as before.

After considerable algebra, the probabilities of the four states at steady state can
be written

= (BsiF)Bsi(1 + 1)/ 2, (12)
P = (0'BestF) (aa + a5)/2, (13)
P = (BusiF)Basi(1 + 1)/ 2, (14)
P = (@BisiF) (s + as)/2, (15)
where
-1+r+m[§1+’;:+"° (st ) | (16)
2 = 1BestF 21 + nBusiF 2o, (17)
Si=astoas+Bsi(l+r)  (i=12). (18)

Note that Y ; is the one-conformation ), of equation 2.

It is interesting that, in this one-site model, the inclusion of the other conformation
in the steady state does not perturb the “internal’ ratios p;/p1 and p:/ps (compare
equation 1 with equations 12-15). This is a quasi-equilibrium property which is not
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maintained in models with two or more sites per conformation. However, in these
more complicated models, this property can be made the basis of a useful approxi-
mation (section 4).

According to equations 12-15, the ratio of the two conformations at steady state
is

_12=P2+P20 — 71(22/1325:) . (19)
P. p+po 1 (i/Bist)
Here, n/n’ is an equilibrium property (equation III-11), and the other quantities on

the right-hand side are one-conformation steady-state properties.
Four cycles contribute to the flux. The final expression for J is very simple:

J = P1Jl + P2J2, (20)

where
Ji = MBsi(as — asr)/ 2 (=1,2) (21)

is the one-conformation flux (equation 3). The simple additivity in equation 20 is a
reflection of the lack of perturbation of one conformation by the other, referred to
above. Equation 20 does not hold exactly in models with more than one site per
conformation.

We illustrate the application of equation 20 by a case similar to those in’Figs. 3
and 4 of part III. We take:

I: a./B =40, y =080,
II: a./B: = 030, y = 0.80.

——gag /CA‘ 1.00 J/MCA I'
1.0 | === 0.0227 0.8

nNUO

x
o~

z —-0.4

-0.6

FiGure 21 Illustration of model in Fig. 20.
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Also, we use Q = 0.0627,a = ¢"%,5 = —0.32, and v = 0.14. Q was chosen to give
P, = 0.50 (center of transition) at x = —2.15. A negative & causes the transition to
occur at larger | x| for x positive than for x negative. Incidentally, a negative value of
o implies that the net (algebraic) charge on I is greater than that on II.

Fig. 21 shows the theoretical J(x) for az/as = 1.00 M¥ = M{) and as/as =
0.0227 (M « MY¥). Theoretical P, (x) curves are included in the figure to show the
conformational change.

4. QUASI-EQUILIBRIUM APPROXIMATION

We are, of course, already using the Bragg-Williams approximation (1) in our treat-
ment of interactions between neighboring units. In this approximation the units
may be considered “independent” despite the interactions. In this paper we take the
Bragg-Williams approximation for granted, and are not referring to it, below, in our
discussion of a quite different approximation.

The diagram method (7) of determining steady-state properties of a system of
independent units is the method of choice when the diagram is not too complicated.
Explicit analytical expressions for the p’s and J may be derived, for example. If the
diagram is quite complicated and a computer is available, the steady-state linear
equations in the p’s may be solved directly for each parameter set (see section 5). If
the diagram is extremely complicated, a numerical Monte Carlo solution may be used
(12).

In two-conformation models of intermediate complexity, where the one-conforma-
tion case is feasible but the two-conformation case is difficult, a quasi-equilibrium
approximation may be useful. This approximation is suggested by the exact results
of the preceding section.

The approximation consists of using equation 20 for J and an expression for P,/ Py
which is based on the following analogy with the equilibrium situation. In the g.p.f.
for an open system at equilibrium, the separate terms are proportional to the proba-
bility of observing the system in the corresponding states. Thus, in section 3,

i% - Zl_,(l + ‘Iz>\3 e:h:) . (22)
P n (1+Q1)\Be”l)

The factor 7/1’ (equation III-11) is equal to the probability ratio of conformations
(p3/pt) with no ligand (M*) bound; the two factors in parentheses provide a cor-
rection for the influence of bound ligand. In the steady-state approximation, we shall
still use the equilibrium expression n/5" (which is correct at steady state in the model
of section 3) for the ratio of “empty” conformation probabilities, but we need a
generalization of the bound ligand effect. The parentheses themselves, in equation 22,
are g.p.f.’s for binding. But “binding” g.p.f.’s are not defined at steady state. How-
ever, at equilibrium, a binding g.p.f. is equal to the reciprocal of the probability
P*(0) that the system is empty (i.e., that there is no binding) (13, 14). Since P (0) is
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A A

(a) A

FIGURE 22 Two models used in study of quasi-equilibrium approximation.

a well defined quantity at steady state, as well as at equilibrium, we use 1/P(0) to
construct the desired correction for ligand binding. That is we use, at steady state,

Pr_n Pi(0) (23)
Pi 7 Pu(0)’

where P;(0) is the one-conformation (I) steady-state probability that there is no
binding, etc. The combination of equations 20 and 23 allows, then, the approximate
calculation of steady-state properties of a two-conformation model from 7/4" and
exact steady-state one-conformation properties [J1, Jz, P1(0), Pr(0)]. The one-con-
formation properties may be found either from the diagram method or by direct
numerical solution of the steady-state linear equations.

The approximation is exact in the special case of section 3. Thus, from equation 1,

P:(0) = pr = Busi(l +r)/ 2. (24)

Hence equations 19 and 23 are identical in this case.

It should be emphasized that the “approximation” is really an approximation only
under conditions such that both conformations are present in significant amounts
(i.e., in the region of the conformational change). Otherwise, the approximation
automatically gives the correct properties of the one conformation which virtually
dominates. Actually, the latter situation prevails over most of the range in x in the
two-conformation examples in this paper.

As a check, we have made a partial analytical study of the two models shown in
Fig. 22 and have verified that equations 20 and 23 are not exact in these cases. Inci-
dentally, Fig. 22 a has 16 flux diagrams (7) and 95 directional diagrams associated
with it; Fig. 22 b has 50 flux diagrams and 450 directional diagrams. The diagram
method is impractically complicated, or nearly so, in the latter case.

Also, in a numerical example (with a, = a3), related to Figs. 19 and 21, we com-
pared exact results on Fig. 22 b (from the steady-state linear equations) with the ap-
proximation. The approximation was very effective: J/Ma and P, were in error by
at most 0.001 (usually by much less than this, especially in the case of P;).

5. TWO-SITE, TWO-CONFORMATION MODEL

Here we extend section 2 B to a two-conformation model. We first present the neces-
sary generalities, then an illustration.

HiL AND CHEN Models of Steady-State Transport across Membranes. IV 699
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Ficure 23 States and rate constants for a two-site, two-conformation membrane unit.
See also equations 25-28.

Fig. 23 (see also Figs. 7 and 8) shows the diagram and rate constants, where

9 ’ P ’ ’
Bai’Sai, Bpi = BsiSpi, Kai = KaiSai/Spi, Kkpi = KBiSpi/Sai,

Bai
Sai = &4 =B =T (i=1,2). (25)

These are the same rate constants, for each conformation, as in equations 4. Detailed
balance, at equilibrium, requires that

Baksr = Bpikar,  Basksz = Bakaz,
’ 7 1.7 7 ’ 1.7
NBama = nPama, nBsmz = 0 Psms,
’ ’ ! PN ’
NBa18s1Mas = 0 BasBrMan . (26)

At equilibrium, aze™™ = a,, as usual.

To proceed further, we need additional kinetic assumptions. For simplicity and
in the absence of information to the contrary, we continue to assign to the transi-
tion state properties which are intermediate between those of reactant and product.
Examples of this have already appeared in equations 4 and 25, and in Fig. 20. Other
examples, which we employ here as well, were introduced in equations II-13 and
II-14. In addition, we assume that the transition state has a polarizability and ef-
fective net charge intermediate between the values for conformations I and II. We
then have

n = 1(0)a"e %",

7 = On(0)a"e e, (27)
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where 7 (0), which we use as the reference rate constant (2), is the value of n when
w = 0 and x = 0. Also,

1/2 1/2
Bar ! Sa1 ’ r [ Baz ! Sa2
M\ - Na =1 \ 5 )
42 Sa2 A1 Sa1
1/2 1/2
s = 1 (le)/ Sp1 "7, _ 77’ (Bm)l Sp2
B = - — B = - —
B2 Sp’ Ba sp’

12
R (341 I3m) " sa185m
ap =\ >——) ——

Na

Ba2 Br2 Sa28p2 ’
1/2
’ 1 [ Baz Bm) 542 Sp2
NaBp = N \ 57— . ( 28 )
(I341 Bm Sa1881

These relations are consistent with equations 26. In the illustration (below), to re-
duce the number of parameters, we restrict ourselves to the special case

Bas = Bsi = Bi, Kai = Kpi = Ki (i = 1, 2), (29)

as in Figs. 9-14.

We have already illustrated the one-site model in Fig. 21. We repeat this process
here, using the two-site model. We employ the steady-state linear equations rather
than the diagram method (see section 4). We make the following choice of param-
eters:

I: aA/ﬂl = 5, K1/ﬁ1 = 5, label 40;

I: ay/B:=1, x/By =25, label40. (30)
—— &g/a, =1.00 J/Ma,
—— 0.0227
-10.8

I I

I

] 1 |

2 x 4 6

FIGURE 24 Illustration of model in Fig. 23. Compare Fig. 21.
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We express rate constants and J/M in units of 9(0), and arbitrarily take (compare
part II) 8; = 44(0). That is,

Bi=4, as =20, B =20, x, =20, ks = 100.
Also, we choose (see the end of section 3)
§=—030, vy=015 a=¢% Q= 00248.

Equations 25, 27, and 28 then complete the assignment of rate constants required in
Fig. 23. Fig. 24 (which is analogous to Fig. 21) shows the calculated flux curves for
ap/as = 1.00 and 0.0227. P, curves are also included in the figure.

6. MULTISITE, ONE-CONFORMATION MODELS

We first consider various cases of the model shown in Fig. 25. There are M inde-
pendent channels of this sort in the membrane. The adsorption and desorption con-
stants (for sites 0 and n) are a4, az, and B4 = 85 = B. The «’s (Fig. 25) are rate
constants for a jump between adjacent sites (the only kind of jump allowed). Ions
in a channel do not interact with each other (except through the “exclusion prin-
ciple”: at most one ion per site).

A. Almost Empty Channel

In this case a./B and ap/B are small so that the sites are almost always empty.
Hence we can ignore the restriction that an ion cannot move into a site already oc-
cupied. Let py < 1 be the steady-state probability that the Nth site is occupied. Then

B (outside) Al(inside)

—

VAVAVAVAN

n LEIEREE A o

—xps K‘x/Zn

-X/2n

—.Ka3k.

FiGURE 25 Multisite ionic transport model. Compare Fig. 7.
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the steady-state linear equations are

0 = (s — Bpo) + (ka1 — KaPv)

0 = (xapo — Kap1) + (kaP2 — rap1) (31)
etc. The steady-state flux is

J/M = as — Bpo = kaPo — Ksp1 = - . (32)

If we use the method of Parlin and Eyring (15), we can combine equations 32 to
eliminate the p’s and find

J aAez"aB
M~ e+ 14 Bl — )/(xa — x3)] (33

When 7 is large, x4 — xs = «x/n. Then

J _ KX(aA e' -_— an)

N e =D (n large). (34)

This is the Goldman equation, 11, with permeability coefficient P = «/8n. When
x = 0, equation 33 becomes

J/M = «(as — a5)/(2c+ Bn)  (x = 0). (35)

This agrees with equation 9 of Hill and Kedem (16), if, in that equation, we let
a4/B and ax/B approach zero. Note that our # + 1 corresponds to their n.

Since the Goldman equation, 34, is of particular interest, we introduce another ap-
proach which is appropriate when n is large. The general (difference) equation of the
set 31 can be rewritten as a differential equation in p (N):

_ _xdp  p 36
0= —av T (n large). (36)
The solution is
pP(N) = ce™" + c. (37)

Because n is large, sites 0 and n will almost be in equilibrium with baths 4 and B,
respectively, so that the boundary conditions are

p0) = ay/B and p(n) = as/B, (38)

except for negligible terms. Then, from equations 37 and 38,

_ (as — as)e™™ + a e — ap
p(N) = F G . (39)
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To find the flux we use the second of equations 32:

9
7= () — xp(D) = = )o@ — (), (40)
which leads again to equation 34. Note that, from the first of equations 32,
J
0) =24 <. (41)
p(0) B §77

Hence the small terms dropped in equation 38 are =J/Mg. These terms are smaller
than the dominant terms by a factor of order «/ng8. Special cases of equations 34 and
39 are:

x = 0: equation 35; p(N) = %‘3 + (@5 — ag)(N/n) ; (42)

[ PV d = nes + an)/28, (43)
o fex\[a). _a

a4=a5.—ﬂ—(;)(ﬁ), p(N)—B, (44)

o = ap:J = 0; p(N) = (‘h/ﬁ) zN/" (45)

B. Almost Full Channel

In this case a./8 and as/B are large. If we replace ions by “holes,” this problem is
essentially identical with the above. Let py < 1 be the steady-state probability that
the Nth site is empty. Then

0 = (aupo — B) + (xkspo — xap1)

0 = (xap1 — kaPo) + (kP — kaP2) (46)
etc. When n is large,
X 6p 2 !
4
0= n N + aN"’ (47)
ZN[n —z
Py = Alasmede 7t one T — el (48)

aAaB(e 7 — 1)

J _ Bxx(ase” — ap) .
A_l N aAaBn(e‘ el 1) : (49)

Equation 49 is the flux in ions, not holes; it also has the form of a “‘Goldman equa-
tion.” Equations 48 and 49 are identical with equations 39 and 34, respectively, if|
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in the latter equations, we replace a4/8, as/B8, and N by 8/as, B/as,and n — N,
respectively.
C. Channel with Arbitrary Density

In this more general problem, “interference” between neighboring occupied sites
has to be considered. The appropriate generalization of equations 31 and 46 is

0 = [as(1 — po) — Bpo]l + [ksp1(1 — po) — kapo(l — p1)],
0 = [kapo(l — p1) — xsp1(l — po)] + [kspe(1 — p1) — kapr(1 — p2)], (50)

etc. The flux J for x = 0 but arbitrary # is given by equation 9 of reference 16. We
have not found a solution for arbitrary x and ».

The problem is not difficult when » is large (though numerical calculations are
usually awkward). The differential equation is

_ X _0p 9P

0= n(l 2p)a1v+51'v“=' (51)
This can be written

oo _x _ »].

W[W n(P P).]—O,

or

ap_x oy
¥ -r;(p P) = a. (52)

A second integration (with integration constant c;) is then easy but the result, except
in special cases, is a transcendental expression for N(p). The boundary conditions,
used to evaluate ¢, and c,, are

= %4 = 9B
p(O)—aA_'_B, p(n) T E : (53)

Using the method of equation 40, we find the flux to be

J/M = —«e. (54)
In the special case x = 0, we have
3_2’1 — _ B(an - aA)(N/n) a4 N
aNz =Y P(N) = (a4v+ ﬁ)(aa + ﬁ) aa + By (pS)
J _ KB(OZA—GB) (56)

M n(as + B)(as + B)°

Equation 56 is a special case of equation 9, reference 16.
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When a, = a3, the differential equation is satisfied by

43
= = . 7
p=- T3 constant (57)
Then
J/M = —xey = (kx/n)p(1 — p) = xaBx/n(a + B)> (58)

Note that J is linear in x.
In the general case (n large), a possibly useful interpolation formula for the flux is

J _ kBx(ase” — ap)
M " ias+ B)es ¥ BE =D’ )

This is correct in the limiting cases x = 0, a4 = ap, as/B and ap/p large, and a4/B
and ap/p small. This is also a “Goldman” equation.

D. At Most One Ion per Channel

This is a case in which, for some reason (e.g., ionic repulsion), a channel can ac-
commodate only one ion at a time. The flux, when x = 0, is given by equation 17 of
reference 16.

A solution for arbitrary x and n is not difficult. The steady-state linear equations
are

0 = (asp’ — Bpo) + (ksPr — Kapo),

0 = «apo — «8p1) + (xksP2 — Kkap1), (60)
etc., where p° = 1 — py — py — --- — p, (probability channel is empty). The dia-
gram method (7) is useful in this case. After considerable algebra, we find

J _ Blase® — as) _ P(x)(ase” — as) (61)
M )> &+ 1+ 8 = D/ — xa)l’

where

1 - e’)
KB — Ka
Baincie® — (n 4+ 1)kge” + sl + Baglnks — (n + 1)ka + kae’] . (62)

(ks — Ka)? (ks — Ka)?

Y = (as + as) ("—Z;:_—_—K:‘e—)+ﬁ(l + ) + 6

+

The Parlin-Eyring method (15) readily gives the second form of equation 61 (com-
pare equation 33) but this method does not provide p’ (x). When n is large,

J _ kx"(ase® — ap)
M~ ras(xe* + 1 — e*) — as(1 + x — 3)]° (63)
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This does not have the form of a “Goldman equation.” Note that 8 is absent. Two
special cases of equation 63 are:

x=0:J/M = 2%(aa — az)/r(as + as), (64)
as = as: J/M = (xx/n)(1/n); p(N) = 1/n; p° = B/na. (65)

E. Arbitrary f(N); Almost Empty Channel

We have restricted ourselves so far in this section to the linear electrostatic potential
shown in Fig. 25. We now extend this work somewhat. We consider an arbitrary
variation in potential as in Fig. 26.

The top curve in the figure shows the variation of the electrostatic potential through
the membrane, starting from zero outside (B) and ending at ¢ (or x = e/kT) in-
side (4). This electrostatic potential curve is assumed to be unperturbed by M* ions
in the channel. The binding potential is U as in Fig. 25. There are n + 1 equivalent
binding sites in a channel, and we take 7 to be a large number (here and in section
6 F). The electrostatic potential at site N is yf(¥, x), which defines f(N, x). Above,
we examined the special case f(N, x) = 1 — (N/n) (Fig. 25), which leads to the
Goldman equation. This not only assumes a “constant field” (linear electrostatic
potential), but also does not allow for Donnan effects at the edges of the membrane.

Incidentally, it is easy to treat a generalized U in Fig. 26 such that sites 0 and » are
different from the rest (e.g., 0 and » are protein sites; 1,2, - - - , n — 1 are lipid sites).

When ¢ = 0, the adsorption and desorption rate constants (for sites 0 and n) are
a4, ap,and B, = Bz = B. We assume that the “jump”’ constants (Fig. 26) are

Kan = k €Xp {—[f(N * 1)2 - f(N)]x} ’
(14
X"
o —
B(outside)] A(inside)
P
-
)
e KAN
KBN‘_"

FIGURE 26 Multisite ionic transport model. Arbitrary variation of electrostatic potential.
Line labeled (25) as in Fig. 25.
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and

KsN = K €Xp {U(N) _'Z(N — l)]x}. (66)

Let py << 1 be the steady-state probability that the Nth site is occupied. Then the
steady-state linear equations are

= (aa — BP0) + (kspr — kaop),
0 = (kaoPo — x;P1) + (xmP2 — xa1p1), (67)

etc. The steady-state flux (4 — B) is
J/M = a'A - ﬁ'po = KaoPo — KkmPr = °* . (68)

The primes indicate that these rate constants are x-dependent in accordance with

!
Qg QAa (1—fo)z aB ap —fnz ¥
=424 and p, = -2 = 2 ¢ /™ (69)
=g =% =% =B
where fy = f(N, x). It is not necessary explicitly to “split” the (thermodynamic) x
factors between a, (or ap) and 8.
With n large, we can treat N as a continuous variable. We then find from equations
66 and 67 that p (N, x) satisfies the differential equation

aP of dp ’f 70
vt avan TP =0 (70)
where f(N, x) is considered to be a known function. Equation 36 is a special case
[f = 1 — (N/n)). Equations 69 provide the boundary conditions [p(0, x) and
p(n, x)]. A first integration of equation 70 gives

o _ 7
+ px aN = (1. ( )
Then
N , ,

p(N, x) = W= [02 + c1£ P s dN], (72)

where, using equation 69,
cl=a3”__a‘e- and C2=%‘5e', (73)

B./; ez!dN .
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The flux follows from equation 68:

T o o Meud ) (74)

M “aN oN
B j; e’ dN

As a check, we have also derived equation 74 by the Parlin-Eyring (15) method (n
large). Equations 70 and 74 are of the Nernst-Planck type.

Equation 74 is a generalization of the Goldman equation. Clearly, J is not usually
a linear function of x when a, = a5 (i.e., MY = M?). In fact, even with an arbitrary
constant field, J(x) is not linear (when a4, = a;). For suppose :

fO,x) =1+ a(x), fln,x)=>b(x),
SN, x) = 1+ a) — (1 +a— b)(N/n). (75)

Above, in this section, we took @ = b = 0. Then, from equation 74,

_._I__xx(l+a-b)(a4e —Ola) (76)
M Brle@+az — g2
This is not linear in x(as, = ap) even whena = b (excepta = b = 0) ora = —b.

It would, of course, be approximately linear if a(x) and b(x) are always small
compared to x.

The function p (N, x) in equation 72 is generally not simple. Exceptions (in ad-
dition to cases above) are: (a) equilibrium (¢; = 0); and (b) e = as, linear f, and
a = b, in which case p(N, x) = (a/B)e"** (independent of N).

F. Arbitrary f(N); Channel with Arbitrary Density

This problem is not difficult in principle, with » large and f(N, x) arbitrary, but
numerical calculations are a bit involved. We merely write down the general equa-
tions here. Proceeding as in section 6 C, we find the differential equation

T x X812+ p1 - px 2 =, (1)

which is a generalization of equations 51 and 70. A first integration gives

ap of
P — 7
ay T X521 —p) = (78)
This is a so-called Riccati equation. The flux is again found to be J/M = —«c;.
The boundary conditions are
a—fo)z —/nz
Qe apé
= ——— d n = — . 79
Po as+ B anc p ap + B ( )

HiLL AND CHEN Models of Steady-State Transport across Membranes. IV 709



Finally, we note that, in all of these cases (nlarge), p (N, x) does not depend on «,
and that J is simply proportional to «.

This research was supported in part by research grants from the National Science Foundation and the
General Medical Sciences Institute of the U.S. Public Health Service.

Received for publication 11 August 1970 and in revised form 13 May 1971.

REFERENCES

Huw, T. L., and Y. CHeN. 1970. Proc. Nat. Acad. Sci. U.S.A. 65:1069.

Hiir, T. L., and Y. CHeN. 1970. Proc. Nat. Acad. Sci. U.S.A. 66:189.

Hiw, T. L., and Y. CHeN. 1970. Proc. Nat. Acad. Sci. U.S.A. 66:607.

. Tasaki, 1. 1968. Nerve Excitation. Charles C. Thomas, Publisher, Springfield, Ill.

. Apam, G. 1968. Z. Naturforsch. 23b:181.

BLUMENTHAL, R., J.-P. CHANGEUX, and R. LeFeveRr. 1970. J. Membrane Biol. 2:351.

Hir, T. L. 1968. Thermodynamics for Chemists and Biologists. Addison-Wesley Publishing

Co., Inc., Reading, Mass. 141-153.
8. Hur, T. L. 1966. Proc. Nat. Acad. Sci. U.S.A. 55:1379.

9. MozHAYEVA, G. N. 1969. Biophysics. 14:68. '

10. GoLpMAN, D. E. 1943. J. Gen. Physiol. 27:37.

11. PLonsgy, R. 1969. Bioelectric Phenomena. McGraw-Hill Book Company, New York. 112-115.

12. GorpoN, R. 1970. J. Appl. Probab. 1:373.

13. Huy, T. L. 1964. Thermodynamics of Small Systems, Part II. W. A. Benjamin, Inc., New York.
xi.

14. Hur, T. L. 1966. Proc. Nat. Acad. Sci. U.S.A. 56:840, 844.

15. ParRLIN, R. B, and H. EYRING. 1954. In Ion Transport Across Membranes. H. T. Clarke, editor,
Academic Press, Inc., New York. 105.

16. HiL, T. L., and O. Kepem. 1966. J. Theor. Biol. 10:399.

NoUuAWN -

710 BiopHYSICAL JOURNAL VorLume 11 1971



