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SUMMARY

CuTtHBERT, A. W.: Interactions of sodium channels in transporting epithelia: a two-
state model. Mol. Pharmacol. 10, 892-903 (1974).

A two-state (allosteric) model based on that for allosteric proteins is proposed for the sodium
ion-translocating mechanism of transporting epithelia. The model supposes that the mecha-
nism can exist in two alternative configurations: one form which can translocate sodium
ions through the cell membrane, and another form which is unable to do this. Interactions
between a number of substances which either increase or decrease sodium fluxes through the
mucosal membranes are considered in terms of the model. The behavior of the model was
found to mirror that of actual epithelia for a number of experimental situations. At the
present time the following interactions with the translocation mechanism can be best ex-
plained in terms of the two-state model: amiloride-Na*, amiloride-Nat+-antidiuretic hor-

mone, Catt, Cat*-antidiuretic hormone, and Cat+-amiloride.

INTRODUCTION

This paper attempts to explain how the
interactions of a number of substances with
the mucosal membranes of sodium-trans-
porting epithelia affect the translocation of
sodium ions through those membranes. In
particular attention will be focused on the
properties of the mucosal membranes of two
amphibian epithelia, the ventral skin of the
frog and the urinary bladder of the toad.

The need to consider a two-state model
for the sodium channel arose when data had
accumulated which were not consistent with
the Michaelis-Menten approach to interac-
tions at drug receptors; that is, in this in-
stance, at the sodium ion-translocating
mechanism. After the model had evolved it
was found to accommodate other data which
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otherwise fitted within a more conventional
framework. Thus the model appears to have
more general applicability than was antici-
pated.

The body of the paper consists of two main
parts. The first deals with difficulties asso-
ciated with the Michaelis-Menten approach
to drug interactions at sodium channels,
while the second part presents the model and
discusses its applicability. The term channel
is used in this paper as a phenomenological
concept to mean the mechanism translocat-
ing sodium ions across the membrane.
Further consideration of the nature of the
translocation mechanism is given under
GENERAL DISCUSSION.

METHODS

Details of the methods used for measuring
sodium transport and channel density in

892

Copyright © 1973 by Academic Press, Inc.
All rights of reproduction in any form reserved.



TWO-STATE MODEL

amphibian epithelia are presented in detail
elsewhere (1), including the preceding paper

(2).

RESULTS AND DISCUSSION

Difficulties with the Michaelis-Menten Ap-
proach

Certain findings described in the preceding
paper (2) are difficult to reconcile with the
Michaelis-Menten hypothesis when consid-
ering interactions of sodium channels in
transporting epithelia. These findings are
that antidiuretic hormone does not increase
the channel density (more strictly, the num-
ber of amiloride binding sites) in the mucosal
face of frog skin, while the concentration-
inhibition curve for amiloride is moved to
the right along the concentration axis (see
Fig. 7 of ref. 2).

Given these findings, the inadequacies of
the mass-action type of approach become
clearer as possible explanations for the find-
ings are explored. There are three explana-
tions to be considered for the lack of effect of
ADH! on the number of channels, while
allowing for the increase in transport follow-
ing hormone, as follows.

1. Hormone increases the fraction of chan-
nels which are operative (open), or increases
the proportion of time during which they are
operative. Phenomenologically these two op-
tions are indistinguishable, given a fixed
number of channels.

2. Hormone increases the rate of handling
of sodium by each channel. This option
could be equivalent to the second alternative
of option 1 under some circumstances.

3. Hormone causes formation of a small
(undetectable) number of new channels
which handle sodium at an extremely high
rate.

Option 3 can be eliminated, since the for-
mation of a few new channels would need to
be responsible for the shift of the inhibition

1 The abbreviations used are: ADH, anti-
diuretic hormone; SCC, short-circuit current;
EGTA, ethylene glycol bis(8-aminoethyl ether)-
N,N'-tetraacetic acid; MWC, Monad, Wyman and
Changeux.
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curve to amiloride, yet the inhibition curve
after hormone is a monotonic function of
concentration, suggesting a homogeneous
population of channels. Option 2 is equally
untenable, although a simple ‘‘widening”’ of
the channels, together with reduced affinity
to amiloride, is appealingly simple. However
this mechanistic view is too naive, since the
channels remain specific for sodium after
ADH. Furthermore, amiloride inhibition
curves were always monotonic after ADH,
requiring complete conversion of the chan-
nels to the widened form, a very unlikely
situation. IFinally, the stoichiometry be-
tween Na* and amiloride is 1:1 both before
and after hormone. If the channels are
widened to handle more sodium ions, this
should be reflected by an increase in the
number of amiloride binding sites.

An alternative form of option 2 is that the
mechanism translocating sodium ions oper-
ates at a faster rate, without altering the
proportion of time during which the mecha-
nism is operative. If the translocation mecha-
nism involves a mobile carrier, the hormone
might influence the environment of the car-
rier in such a way that mobility increases.
Under these circumstances the reduced
affinity for amiloride might be due to a re-
duction in the statistical chance of a success-
ful interaction between amiloride and the
carrier at the outer surface of the membrane.
On the other hand, increasing fluidization of
the membrane would also reduce the chance
of the carrier picking up a sodium ion, so that
the degree of inhibition by amiloride, and
hence its affinity, would not necessarily be
altered by fluidization. This argument im-
plies that hormone must effect alterations
which result in a differential change in
affinity of the translocation mechanism for
sodium and amiloride.

One further, extreme alternative of option
2 is that the channels operative after ADH
are not the same as in the control state; that
is, ADH temporarily inactivates one set of
sites and activates a second set which handle
ions faster and have a reduced affinity for
amiloride. This can probably be rejected,
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since there would need to be complete con-
version between two states if the inhibition
curves for amiloride were to remain a mono-
tonic function of concentration. Further-
more, this makes it difficult to understand
how graded responses to hormone are ob-
tained, and it would be curious if the number
of sites in the two sets were equal.

Option 1 would appear to be the most
plausible explanation for the effects of ADH.
This supposes that a fixed number of chan-
nels can exist in open or closed forms and
that ADH alters the proportion which are
open (or alternatively increases the time
spent in the open configuration). This does
not, however, explain the shift in the amilo-
ride inhibition curve caused by ADH. As-
suming that amiloride binding occurs by
Langmuir type adsorption, four types of
interaction are possible. Amiloride might
bind (a) to open channels only, (b) to closed
channels only, (c) to open and closed chan-
nels equally, or (d) to open and closed chan-
nels unequally. Alternative (b) can be
discarded within the Michaelis-Menten
framework, since no inhibition of transport
would occur, unless combination with closed
channels leads to alteration of the equilib-
rium between the two forms (see below).
Alternative (a) is also unacceptable, since
ADH would cause an increase in the estimate
of channel density, and the inhibition curve
would not be shifted. Alternative (¢) would
give no increase in the number of channels
after ADH, nor would the inhibition curve
be shifted. Alternative (d) gives either an
increase or decrease in channel density (de-
pending on whether the affinity for amiloride
is greater for the open or closed channels),
but again the inhibition curve would be
unaltered. To explain the experimental data
it is necessary to assume both that amiloride
binds unequally to open and closed channels
and that there is a dynamic equilibrium be-
tween the two forms.

The two-state model outlined below is
compatible with the experimental data, and
forms a framework in which to consider
other interactions with the sodium channel.

A. W. CUTHBERT

The Allosteric Model

The proposal is that the channel is an al-
losteric protein possessing multiple stereo-
specific sites for several ligands and is based
on the simple model discussed by Monod,
Wyman, and Changeux (3). The features of
the model are that protein can exist in one of
two conformational states and that binding
sites remain equivalent upon transformation
between the two states, but that the micro-
scopic dissociation constants for a given
ligand may be different in the two states.
Mathematical approaches to two-state
models to explain the actions of drugs and
hormones have been made by several authors
(4-8). Formulation of a model for the sodium
channel may be considered as follows. Let
there be two conformational states of the
channel, the open (R) form and the closed
(T) form. It is assumed that channels in the
R form are able to translocate sodium ions,
irrespective of what ligands are bound, while
the channels in the T' form are unable under
any circumstances to translocate sodium
ions. Thus the translocation of sodium ions
will depend on the relative proportions of B
and T forms. The relative proportions of the
R and T forms will be altered by ligands
which combine preferentially with one form;
for example, ligands with a higher affinity
for the R form will increase the proportion
of that form.

Let each channel have n equivalent sites
for binding amiloride (A), and let the micro-
scopic dissociation constants be K, and
K ,r for the R and T forms, respectively. The
fraction of channels in the R form is given by
the state function (3)

- 1 4+ aa\"T"
a-[iee(FE)] o
where L = To/Ro and is the equilibrium
constant of the two states in the absence of
ligand, and @ = K, r/K randa = [A]/K 4.
It was shown (2) that sodium competi-
tively inhibited the actions of amiloride and
that the apparent stoichiometry with the
channel for these two substances is 1:1.
Modifying Eq. 1 to include the competitive
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interaction between amiloride and Nat,
we obtain

5 1 + aa + b8\" "
R‘[1+L<1+a+ﬁ)] @
where b = Kyar/Knarand 8 = [Na]/K xar.
When ADH reacts with the serosal surface
of epithelia like frog skin and toad bladder
the permeability of the mucosal face to
sodium increases. The general view is that
ADH generates a second (intracellular) mes-
senger (9), which then either directly or in-
directly is responsible for the increase in
permeability. Without specifying the nature
of the messenger, X, which eventually inter-
acts with the mucosal membrane, let it bind
to m sites (other than the n sites which in-
teract with Na+ and amiloride), with micro-
scopic dissociation constants Kxr and Kxr,
with the R and T forms of channel. The pre-
diction is that in the presence of hormone the
fraction of channels in the R form will be
given by

_ 1 4+ aa + b8\"
1
+a+ 8 (3)

)T
14+~
where ¢ = Kxp/Kxr and vy = [X]/Kxr.

Since amiloride interacts with the mucosal
membrane to inhibit sodium entry, the value
of a will be greater than 1, but ¢ will have a
value less than 1, since ADH increases
sodium permeability.

Three sets of solutions to Eq. 3 were com-
puted for a range of amiloride concentrations
(Fig. 1a—c). If it is assumed that Na* trans-
port is a function of R, such that Z = f(R),
where Z is the cellular response, then the
results shown in Fig. 1 should mirror the
inhibition of sodium transport by amiloride,
in the presence and absence of hormone and
at varying sodium concentrations. The
theoretical curves clearly resemble the ex-
perimental findings (see Fig. 7 of ref. 2).

Comment must be made on the various
parameters of Eq. 3 and how they were
chosen to produce Fig. 1. It has been as-
sumed throughout that L = 1; i.e., equal
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numbers of open and closed channels exist
in the resting state. It is usual for ADH to
cause a doubling or trebling of sodium trans-
port in frog skin and toad bladder. If values
of L were chosen much larger than 1, bigger
increases in transport with ADH would be
possible. With values of L smaller than 1 the
response to ADH would be correspondingly
small.

The ratio of the dissociation constants for
the B and T forms of the channel with

100

109 107 105

Fi1G. 1. Theorelical tnhibition curves for amilo-
ride in the presence of low (i, 1z) and high (i1, 1v)
sodium concenlrations and in the absence (1, 11%) and
presence (i1, 1v) of anlidiurelic hormone, compuled
from Eq. 3

The ordinate expresses the percentage reduction
of R, and the abscissa, the amiloride concentra-
tion. K 4r/K 4 was 1000 in a and ¢ and 100 in b.
Values of K 4 were taken as 1078. Knop = Knar =
102inaand b;in ¢, Knar = 1072 and Knap = 1073,
Throughout (1 + ¢v)/(1 + v) was taken to equal
0.1;m and n = 1; and low and high sodium concen-
trations were taken as 1072 and 120 X 1073, respec-
tively. The percentage increases in R in the ab-
sence of amiloride caused by hormone were 829,
in a and b and 479, (103 Na) and 109, (120 X 1073
Na) in c.
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amiloride (K ,r/K 4z) were taken as 0.010 in
Fig. 1a and ¢, and as 0.01 in Fig. 1b. This
assumes that the affinity of amiloride for
the closed (7') form of the channel is greater
than for the open (R) form by a factor of
either 1000 or 100. Nearly parallel shifts of
the inhibition curves were obtained in all
instances, but when the ratio was 0.01 (Fig.
1b) amiloride caused less inhibition in the
hormone-stimulated condition than in the
absence of hormone. (In fact, this was also
true when the ratio was 0.001, but the
difference is not obvious.) It should be re-
membered that if a ligand binds equally to
both R and T forms, it would have no effect
on the proportions of the two forms. Refer-
ence to the results of Salako and Smith (10)
and those of the preceding paper (2) will
show that it is common for high concentra-
tions of amiloride to fail to cause complete
inhibition of sodium transport in the pres-
ence or absence of ADH. However, the
differences between complete inhibition and
the amounts of inhibition obtained at high
drug concentrations are so small that it is
not possible to say whether these differences
are real or due to experimental error.

The experimental results show that ADH
caused approximately a 3-fold shift in the
inhibition curve whether or not the sodium
concentration was 1 or 110 mEq/liter (2).
Whether the shift at different sodium con-
centrations is exactly the same is difficult to
establish experimentally. By assuming that
the affinity of Na* is the same for the R and
T forms of the channel (i.e., Knar/Knar =
1), exactly the same shift is obtained (Fig.
la and b). If, however, the affinity of Nat+
varies by as little as 10-fold, unequal shifts
are obtained (Fig. l¢, Kyar/Knar = 0.1).
Thus, if the model is correct, the affinities of
Na* for the R and T forms must be, at least,
nearly equal. A further consequence of hav-
ing equal affinities between Nat and the R
and T forms is that the percentage increase
in transport caused by ADH is the same at
all sodium concentrations. This was found
to be so experimentally (11).

A. W. CUTHBERT

In the computations used for Fig. 1, a
value of 0.1 was given to the fraction (1 +
¢y)/(1 + ¥). Thus X, the unknown factor
generated by hormone, would be required to
have only a modestly higher (10-fold) affin-
ity for the R over the T form of the channel.

The factors m and » have been taken as
1 for the results shown in Fig. 1. If indeed
m and n are 1, there can be no cooperativity.
If there is cooperativity, it will be marked
if L is large (>1) (3). In an attempt to
ascertain whether or not interactions at
sodium channels in transporting epithelia
involve cooperative effects, Hill plots were
made from the data contained in a number
of amiloride inhibition curves selected at
random.

For toad bladder the slopes of Hill plots
were always approximately 1, and this was
true too of frog skin when the sodium con-
centration was 1 mEq/liter. For frog skin
at 111 mEq/liter of Na*, the mean value of
the slopes was greater than 1, although in-
dividual values were not invariably so. The
data are summarized in Table 1. From these
findings it is considered that no cooperativity
was present under the conditions in which
amiloride binding was measured as described
in the preceding paper (2). The cooperativity
between channels in frog skin at high sodium
concentrations is small and, when present,
might indicate that some of the channels
occur in clusters. Figure 2 shows a Hill plot
for a frog skin showing a maximal change in
slope caused by changing the sodium con-

TAaBLE 1
Hill coefficients from amiloride inhibition curves

Tissue | [Na*] Hill coefficient
’ .
Meanp | No.of | Range
+ SE | observa- |
tions \
| mEq/l Ji

Toad 111 I0.96 + 0.02 8 0.92-1.03

bladder| 1.1 0.95 2
Frog 111 |1.22 + 0'131 5 ‘ 0.9-1.64
skin 1.1 I0.92 + 0.021 6 |0.86—1.0
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Fi1Gc. 2. Hill plots constructed from amiloride
tnhibition curves

@, frog skin in the presence of 1.1 (left) and 111
(right) mEq/liter of Na*; O, toad bladder in the
presence of 111 mEq/liter of Na*.

centration. It must be remembered, however,
that a somewhat different explanation for
the change in slope of the inhibition curves
was described previously (2).

Interactions with calctum. It has been
known for some time that when calcium is
removed from the mucosal solution bathing
sodium-transporting epithelia the inhibitory
effect of amiloride is reduced or abolished
(12-14). However, in order to alter the sensi-
tivity of the mucosal membrane to amiloride
in this way it is necessary to remove both
calcium from the solution and that bound to
mucosal sites by using a chelating agent.
When calcium is restored to the bathing
solution the inhibitory effect of amiloride
reappears; indeed, other polyvalent cations
(Mg?t, Sr?t, and La®*t) can restore the sensi-
tivity to amiloride (15). When the mucosal
surfaces of epithelia are treated with cal-
cium-chelating agents the SCC increases
(16), although this increase may not be
maintained, perhaps as a result of loosening
between the epithelial tight junctions.
Thus, as in other biological situations, it is
considered that the extent of monovalent
cation permeability may be controlled by
polyvalent cations, such as calcium (15).
In general, sodium transport through toad
bladder is not affected by changes in cal-
cium concentration around the physiological
range (17). However, in frog skin there is
some dependence of sodium transport on
calcium concentration at physiological levels
(18-20), but it is unlikely that the sites in-
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volved arc the same as those from which
calcium has to be removed to affect the
response to amiloride. There is evidence that
sodium gains access to the transport appar-
atus by different mechanisms at high and
low salt concentrations (21). The effect of
calcium removal on the amiloride response is
present at low (2) and high (13) sodium con-
centrations, and thus the amiloride effect in
frog skin is dependent on high-affinity sites
for calcium, which are relevant at environ-
mental salt concentrations. In toad bladder
we have shown that sodium transport, meas-
ured as sodium-dependent oxygen consump-
tion, is sensitive to calcium, but at concen-
trations far below the physiological (15).
The puzzle is how high-affinity sites for cal-
cium can be relevant to the control of sodium
permeability with calcium concentrations in
the physiological range. The answer might
be, if the two-state model of the sodium
channel is correct, that the affinity of cal-
cium for the open and closed forms is similar,
but in favor of the closed form. In this way
sodium transport would be sensitive to cal-
cium at low concentrations, while increasing
concentrations would be without any fur-
ther effect.

Considering the effects of calcium alone on
epithelia, the proportion of channels in the
open form will be given by R, where

. 1+ a\* "

=[] @
where d = Kcar/Kcar and § = [Ca]/Kcar.
Assuming that the amount of sodium trans-
port is proportional to R, the fractional re-
duction in transport from a maximal value
will be given by (1 — R). Values of (1 —
R) against calcium concentration calculated
from Eq. 4 are given in Fig. 3a—c.

Figure 3a shows curves obtained assum-
ing that the affinity of calcium for the T form
of the channel is 100 times greater than for
the R form. Results for values of L between
1 and 0.001 are shown. If calcium does in-
deed act as an allosteric inactivator of the
sodium channel, removal of calcium would
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F1a. 3. Fractional changes in T i.e. (1 — R) with
calcium concentrations computed from Eq. 4

a. Variations of L with Kcag = 1079, Kcar =
10-1, and p = 1. b. Variations in d with L fixed at
0.1. Throughout Kc.r = 101! while Kc.r was
greater by 3.3-1000-fold, and p = 1. c. As for b,
with Kcar 3.3-10 times greater than Kcar, but with
p = 2. The solid bars show the limits for zero and
infinite calcium concentrations.

increase the proportion of the R form. The
value of L = 1 taken in an earlier section
would correspond to the normal physiologi-
cal condition, with calcium present, and
with ADH able to increase transport 2- or
3-fold. Under the abnormal condition, in
which calcium is removed, a lower value of
L is appropriate. It can be seen from Fig.
3a that with values of L < 0.05 and in the
absence of calcium R approaches 1. Removal
of calcium would be expected to increase
sodium transport or sodium-dependent oxy-
gen consumption, as has been discussed pre-
viously. Furthermore, it would be expected
that the hormone would be unable to cause
any further increase in transport in the
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complete absence of calcium, as has been
found (15), although alternative biochemical
explanations may be forwarded for this re-
sult. Figure 3b shows the effects of the varia-
tion of d on the inhibition curves after fixing
L at 0.1. Quite small differences in affinity
(10-33-fold) of calcium for the two forms of
the channel produce inhibition curves of the
form seen experimentally (15), when L is
taken as 0.1. However, it should be noted
that even smaller differences in affinity (3.3-
10-fold) can produce the same pattern of
inhibition with L = 0.1 if the value of p is
increased from 1 to 2 (Fig. 3c).

ADH -calcium interactions. Combining Eq.
4 with the hormonal factor from Eq. 3 gives

_ 1 4 ds\®
“[HL(H—&)

T

1+
If the factor [(1 + cy)/(1 + 7)™ is given
the value of 0.1 as before, the effect of hor-
mone on the calcium inhibition curves can
be seen from Fig. 3a. Addition of hormone
effectively reduces the value of L by 10
times. Thus hormone moves the calcium
inhibition curve to the right. Using toad
bladder it was found that hormone did
indeed affect the calcium inhibition of oxy-
gen consumption in this way. Over a limited
concentration range the calcium inhibition
curve was moved to the right in a roughly
parallel manner and by about one order of
magnitude (15).

Polyvalent metal ions other than calcium
(Mg?t, Sr2t, La*t, Eut) were also shown to
have effects like calcium—that is, they in-
hibited sodium-dependent oxygen consump-
tion—and the inhibition curves were modi-
fied by hormone. Figure 4 is constructed from
data of Cuthbert and Wong (15). The curves
show the percentage inhibition of sodium-de-
pendent oxygen consumption caused by
different concentrations of metal ions (meas-
ured using EGTA buffers). The arrows indi-
cate the direction and extent of the shift in
the inhibition curves caused by a maximally

(5)




TWO-STATE MODEL

147

"o 107 105M

Fi1G. 4. Effects of melal tons on inhibilion of
sodium-dependenl oxygen consumplion in load
bladders

Bladders were treated first with EGTA and
then bathed in EGTA-buffer solution containing
metal ions at controlled concentrations. The ar-
rows show the direction and extent of the shift
caused by a maximally effective concentration of
ADH. Constructed from data given by Cuthbert
and Wong (15).

0-9

effective concentration of hormone. While
Ca?* and Sr?* displace the curves to the
right, La**, Eu**, and Mn?** displace the
curves to the left, the hormone being with-
out effect on the inhibition curve to mag-
nesium. These results too can be accomo-
dated within the two-state model.

It may be supposed that the binding of
one ligand to a protein molecule will affect
the binding site for other ligands via con-
formational changes in the macromolecule.
Since ADH does not affect the inhibition
curve for magnesium, one explanation is
that the hormonal factor, X, has an equal
affinity for its sites on both the R and T
forms of the macromolecules in the presence
of Mg?*. On the other hand, X would be re-
quired to have a higher affinity for the R
form in the presence of Ca?*t and Sr?*, while
in the presence of La®+, Eu**, or NMn?* the T'
form would possess the higher affinity for X.
Bentley (22, 23) found that toad bladders
bathed in solutions in which magnesium re-
placed calcium were unable to respond to
ADH, a finding in accord with the sugges-
tions made above.

Calctum release from binding sites. In the
model proposed in this paper calcium acts as
an allosteric inhibitor of sodium ion trans-
location by increasing the proportion of the
T forms of the channel. Conversely ADH,
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acting as an allosteric activator, will increase
the proportion of R form, at the expense of
the T form. Since the affinity of calcium is
lowest for the R form, the net conversion of
T to R channels must result in the release of
part of the bound calcium.

It has been shown (24) that ADH causes
an increased efflux of 4*Ca from the mucosal
surface of toad bladders previously loaded
with this isotope. Similar results were ob-
tained for frog skin.? While it cannot be
proved unequivocally that the increased
calcium efflux is from membrane receptors,
the detection of an increased efflux is in
accord with the predictions of the two-state
model.

Calcium-amaloride interactions. In the pre-
vious sections it was proposed that amiloride
and calcium act in concert to increase the
proportion of the T form of the channel.
The effects of calcium are considered to be
maximal at physiological concentration, a
result of proposing a high affinity for cal-
cium for both forms of the channel, but with
a relatively small preference for the T form.
If this is so, calcium is bound so effectively
to the membrane that it might be considered
part of the membrane structure. Recently
Oschman and Wall (25) demonstrated cal-
cium binding activity by electron microscopy
in a number of cpithelial cell types, which
appeared to saturate at low calcium con-
centrations. Although the binding sites ap-
peared to be on the inside of the membrane,
they disappeared in the presence of the
chelating agent EDTA.

An equation relating interactions of
amiloride and calcium with the epithelial
surface may be adduced by combining Eqs.
1 and 4. The relevant equation is

5 _ 1+ aa\”
R—I:1+L(1+a>

. (1 + da)"]“’
1446

Amiloride-sodium interactions have been

(6)

? Unpublished observations.
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ignored for simplicity. Thus it can be seen
that the effect of calcium removal is effec-
tively to reduce the value of L, that is, to
increase the proportion of the B form with
respect to the T form. Figure 5a and b shows
two solutions of Eq. 6 for the percentage
inhibition of R in the presence and absence
of calcium. The model predicts that calcium
removal increases the SCC, decreases the

1001 a .
S0 Ca Ca
0
1001 b
50 \L‘
L°i
0
1001 ¢
50
0 Ca
109 108 106

F1G6. 5. Effects of calcium on response to amiloride

The ordinate shows the percentage reduction of
R vs. amiloride concentration calculated from Eq.
6. In each set of curves the uppermost represents
responses in the presence of calcium. Lower curves
represent responses in the presence of a chelator
which is assumed to remove calcium completely (a
and b) and partially (c) from binding sites on or
near the channel (see the text for full explanation).
aandb. K, r =10"%and K,p =108, p=n = 1.
a.L =0.001 and (1 + d8)/(1 + 8) = 100 maximally.
b.L =0.01 and (1 + ds8)/(1 + &) = 10 maximally.
c. K47 =10"and K4z = 1077, L = 1. To the right
of each pair of curves is a simulated concentration-
response curve. Each step represents a 10-fold
increase in amiloride concentration. These show
how calcium removal affects the basal sodium
transport. The scale is as for the curves. This figure
should be compared with the experimental results
in Fig. 6.
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maximal inhibition produced by amiloride,
and in addition increases the macroscopic
binding constant, the so-called K, of the
Michaelis-Menten terminology.

Normal frog skins show an altered re-
sponsiveness to amiloride when the mucosal
surface is treated with a calcium-chelating
agent. Under these conditions the SCC is
increased and maximal inhibition is reduced,
sometimes to zero (i.e., amiloride is without
effect on transport), but with no appreciable
effect on apparent affinity. In an earlier
paper (13) it was suggested that amiloride
formed a ternary complex with calcium and
the channel and that only this complex was
capable of blocking sodium entry. This re-
striction did not preclude the formation o
binary complex of amiloride and the channel,
except that this complex was not able to
block the translocation of sodium ions. This
conventional explanation, based on Michaelis
kinetics, fits the experimental data well,
but if a similar restriction is applied the data
can be explained using the two-state model.
Thus, if the restriction is introduced that
the R form can be easily converted to the
T form only with calcium bound, no change
in apparent affinity for amiloride will be
obtained. Consider a partial reaction of the
system thus:

nCaT = n — yCaR + yR + yCa

With calcium present, amiloride can inhibit
transport completely by converting all the
channels to the T form. In the presence of a
chelating agent Eq. 6 would still apply; that
is, L would not be changed, but only a frac-
tion of the channels could be easily con-
verted to the T form. Figure 5c illustrates
solutions of Eq. 6 with this restriction, and
shows that increased SCC and reduction of
maximal inhibition with no change in ap-
parent affinity are expected. Figure 6 shows
the result of a typical experiment on frog
skin. Exposure of the mucosal surface to
calcium-free solution containing 1 mmM
EGTA reduced the maximal inhibition and
increased SCC. The effect of EGTA was
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progressive but could be reversed by adding
calcium. The progressive effect is what
might be reasonably expected if EGTA
slowly removed calcium from high-affinity
binding sites. Curiously, although calcium
restores the blocking effect of amiloride, its
action is rapidly reversed again by EGTA.
As Fig. 6 shows: the apparent affinity of
amiloride remains constant in situations
where appreciable blockade of transport can
be obtained. There is some suggestion that
the affinity is reduced at low levels of block-
ade (curve 4, Fig. 6b) although accurate
measurement is difficult at this level.

Recently it was found that the response of
newly molted skins to amiloride under
¢ ‘lcium-free conditions resembles the results
given in Fig. 5a and b; that is, both maximal
inhibition and affinity are reduced whereas
the SCCs are consistently high. When cal-
cium is then added, the response to amiloride
becomes normal within a few hours.? It ap-
pears that binding of calcium to newly
molted skins may be part of an aging process
required before the channels behave nor-
mally to amiloride. Thus subtle differences
between newly molted and normal skins
remain to be explored. It would appear that
the two-state model might explain the be-
havior of both types of skin under nominally
calcium-free conditions, even though the
behavior of normal skin in this condition
can also be understood equally well with the
conventional approach.

In the preceding paper (2) it was shown
that while calcium removal reduced the
inhibitory effect of amiloride the amount of
label bound to channels was not reduced.
One of the properties of the two-state model
is that the state function (R) and the bind-
ing function (¥) do not necessarily coincide.
The binding function Y (i.e., fraction of
ligand sites occupied in R and T forms) is
given by

y—._ a(l+La)
" 14 a+ LA + aa)

Figure 7 shows how both R (shown as frac-

@)
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tional reduction in R) and ¥ vary with the
concentration of amiloride in the presence
and absence of calcium. While there is a
close correspondence between the fractional
reduction in B and ¥ in the presence of
caleium, this does not hold for calcium-free
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FiG. 6. Calcium-amiloride interactions in frog
skin

a. Cumulative concentration-response curves
to amiloride on SCC of frog skin. Successive curves
were obtained at approximately hourly intervals.
The sequence of amiloride concentrations used
was 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000 X 10~¢
M. The vertical bars represent 20 uamp, and the
horizontal line is zero current. Skin area was 7.1
cem?. In curves 1, 2, and 4 the mucosal solution was
calcium-free and contained 1 mM EGTA. Normal
Ringer’s solution was used for curve 3. Initia) cur-
rents were 256, 256, 176, and 216 wamp, respec-
tively, for curves 1-4.

b. Log concentration-inhibition curves for the
results of Fig. 6a. Concentrations causing 509, of
the maximal inhibition possible for each condition
are marked with a vertical line.

c. Plots of amiloride concentration against
ratio of amiloride concentration to percentage
inhibition for curves 1, 2, and 8. No change in ap-
parent K,, is seen.
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F1G. 7. Fractional reduction in state function
(R) and the binding function (¥) vs. amiloride con-
centration in the presence and absence of calcium,
calculated from Eqs. 6 and 7

The calcium factor (1 + dé)/(1 + 5) was taken
a8 1000, and L as 0.001. Thus the effect of removing
calcium is to reduce L from 1 to 0.001. Throughout
K 47 and K 45 were taken as 10~° and 1077, respec-
tively, and p and n were taken to equal 1.

conditions. Under this condition the conver-
sion of R to T by amiloride is impaired,
while the relation between ¥ and amiloride
concentration is moved to the right. Thus,
under calcium-free conditions, the R form
binds amiloride but the complex is unable
to prevent sodium ion translocation. This
possibly provides a satisfactory explanation
for the lack of effect of calcium removal on
amiloride binding at the concentrations
studied previously (2).

Incidentally, when cooperative effects are
present, R and Y functions cannot coincide.
Since all the previously reported binding
studies were carried out under conditions in
which no cooperative effects were discernible,
a 1:1 relationship between number of chan-
nels and number of binding sites is more
tenable.

Translocation of sodium. The competition
between sodium and amiloride has been
referred to earlier. One unanswered question
is whether the sodium which competes with
amiloride is the same sodium destined for
translocation. From binding studies (2) it
was shown that calcium removal did not
affect amiloride binding, yet sodium trans-
port was not greatly inhibited. The con-
clusion was that under these circumstances
amiloride was bound to the R form of the
channel, from which it must be concluded
that Nat need not bind to this site for trans-
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location. Alternatively there may be mul-
tiple attachment sites for amiloride, one of
which is the site of Nat binding. If this is so,
the lowered affinity of amiloride for the R
form may result from the unavailability of
this site, which is then free to interact with
Nat.

~ The relation between sodium ion penetra-
tion (26, 27), sodium transport (11, 28), and
sodium concentration is a curvilinear one,
which could represent mass-action kinetics
between Nat and the R form of the channel.

GENERAL DISCUSSION

A plausible model of the sodium channel in
transporting epithelia has been presented
which is based on the MWC model for allo-
steric proteins. The MWC model is one of a
large class of two-state models (see ref. 7)
which predict results of the same form as
given in this paper. An important task for
the future is to devise experiments which
might distinguish among various two-state
models and between them and -classical
models.

Throughout this paper the term channel
has been used to mean the mechanism by
which sodium ions are translocated across
the mucosal membrane of epithelia. Simi-
larly, the term open indicates when this
mechanism is operative, while the term
closed indicates inactive mechanisms. It
must be realized that detailed knowledge of
transport mechanisms for ions across bio-
logical membranes is not available, but
something may be learned from results with
model membranes. In lipid bilayers a num-
ber of macrocyclic compounds can facilitate
ion movements across bilayers, and these
compounds can function either as carriers
(e.g., valinomycin) or as channels (e.g.,
gramicidin and alamethicin).

In this paper the term carrier might have
been used as a substitute for channel. For
the model to apply to a carrier type of sys-
tem there would need to be two conforma-
tions of the carrier with different affinities
for a given ligand, and hormone would be
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required to increase the proportion of those
conformers able to translocate sodium ions
across the membrane. It must be empha-
sized that the approach made in this paper
does not distinguish between carrier and
channel mechanisms.

In summary, the model proposed here
suggests that sodium movement across the
mucosal membrane of epithelia depends on
the relative proportions of the two conforma-
tions of a transport mechanism, with the
R form designated as active. Substances
which may affect the state function R, such
as calcium, ADH, and amiloride, thus affect
the level of sodium transport. In contrast,
binding studies using [“C]amiloride are con-
sidered an indication of the binding function,
Y, and are not necessarily related to the le-
vel of transport.

Three types of binding sites on the mecha-
nism are necessary in the model. First is the
binding site for sodium and amiloride, the
latter acting as a competitive antagonist.
A second binding site is required for the
ligand generated by the hormone, this ligand
behaving as an allosteric activator. Calcium
is considered to be an allosteric inhibitor
acting at a third independent site.
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