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Summary. Detailed experimental data for conductivity and membrane potentials
are presented for lecithin/cholesterol/decane bilayers in the presence of the uncoupler
carbonylcyanide m-chlorophenylhydrazone (CCCP). These compare favorably with a
theoretical model derived to explain the mechanism of action of uncouplers on bilayers.
The model assumes that the weak acid uncoupler HA and its anion A~ are the sole
species which permeate the membrane. Its key feature is the recognition of the existence
of unstirred aqueous layers on either side of the membrane. The model accounts for,
among other things, a maximum in the transmembrane conductivity at a pH to the
alkaline side of the uncoupler pK, and saturating current-voltage characteristics at high
pH, both phenomena being found for CCCP. From a quantitative fit of model to data,
values of 2.0x 10—3 and 11 cm/sec are deduced for the permeability coefficients of the
CCCP anion and the undissociated CCCP molecule, respectively.

Certain weak acids, also known to be uncouplers of oxidative phosphory-
lation in mitochondria and chloroplasts, induce pH-dependent conductances
and membrane potentials in lipid bilayer membranes (Bielawski, Thompson
& Lehninger, 1966; Skulachev, Sharaf & Liberman, 1967; Hopfer, Lehnin-
ger & Thompson, 1968; Liberman, Mochova, Skulachev & Topaly, 1968;
Liberman & Topaly, 19684, b; Liberman & Babakov, 1968; Babakov,
Demin, Sokolov & Sotnikov, 1968). The mechanism of action of uncouplers
on lipid membranes is of some interest, particularly since their behavior in
bilayers was in a sense predicted by the mode of action suggested for them
in mitochondrial and chloroplast membranes by the chemiosmotic theory
of oxidative phosphorylation (Mitchell, 1966).

This paper represents an experimental and theoretical attempt to explore
the mechanism of uncoupler action on bilayers. On the experimental side,
rather than making a few measurements for a number of different un-
couplers, we have chosen to concentrate on a single uncoupling agent,
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trying to obtain for it a set of data as complete as possible to compare wit.
theory.

We chose the particular agent carbonylcyanide m-chlorophenylhydrazon
(CCCP),
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first described by Heytler and Pritchard (1962), because we had a goo
sample available, but primarily because its acid dissociation constant i
such that with this compound the full pH range of interest is experimentall;
convenient.

It remains for further work to prove or disprove if CCCP is indeed :
good model compound for the whole class of uncoupling agents, but wi
propose that the mechanism described in this paper is applicable to all un
coupling agents so far examined in bilayer experiments (with probably on¢
notable exception). More generally, we propose that this mechanism i
applicable to a larger class of ion-carrier membrane systems, i.e., whert
there is a simple one-to-one stoichiometry between ion and carrier, anc
where either the carrier or the ion-carrier complex is uncharged.

The exceptional case for the uncouplers is that of the substituted benz
imidazoles (Liberman ez al., 1968; Liberman & Topaly, 1968b). For thest
compounds, the stoichiometry is different. The mechanism is probably tha
arrived at independently by Lea and Croghan (1969) and by Finkelsteir
(1970), in which the principal jonic species transported through the mem
brane is a complex, AHA ™, of the weak acid uncoupler HA and its anior
A~. According to this scheme, the observed transmembrane conductivity
varies as the square of the total uncoupler concentration, and the conduc-
tivity has a maximum at an aqueous pH equal to the pK, of the uncoupler
The benzimidazoles exhibit these phenomena.

In contrast, we find for CCCP a conductivity which varies directly witk
uncoupler concentration and which exhibits a maximum at a pH to the
alkaline side of the uncoupler pK,. A linear dependence on uncoupler con-
centration is also displayed by the data of Liberman and Topaly (19685
for a great variety of uncouplers other than benzimidazoles. And although
they found the conductivity maximal at pH’s very near the uncoupler pK,’s,
Hopfer et al. (1968) also reported a maximum well to the alkaline side of
pK, for the uncoupler carbonylcyanide p-trifluoromethoxyphenylhydrazone.

As we demonstrate here, these electrical phenomena, and others, are
consistent with a mechanism in which the principal species transported
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through the membrane are the uncoupler itself, HA, and its anion, A~.
This model was previously considered by Markin, Krishtalik, Liberman
and Topaly (1969) and by Markin, Pastushenko, Krishtalik, Liberman
and Topaly (1969).

The principal difference between our work and theirs is the explicit con-
sideration of two additional features which are essential to dispose of the
phenomena. First, the presence of unstirred aqueous layers on either side of
the membrane is taken into account. Second, it is recognized that the per-
meability of the uncharged species HA through the lipid membrane must
be orders of magnitude greater than that of the charged species A ™.

Materials and Methods

The sample of carbonylcyanide m-chlorophenylhydrazone (CCCP) was a gift from
Dr. George M. J. Slusarczuk, who prepared it by the method of Heytler and Pritchard
(1962). Metachloroaniline was diazotized with NaNO, in aqueous HCI, neutralized with
NaHCOQO,, and coupled with malononitrile in aqueous sodium acetate. The yellow
precipitate was washed with water and recrystallized from methanol. It melted at 177 °C
with decomposition.

Because CCCP is hydrolyzed in aqueous solutions fairly rapidly (we found a 10—5 m
solution was approximately 50% decomposed in one day at pH 7), it was essential that
these solutions be prepared immediately before use.

The aqueous solutions contained: 0.1 M NaCl (to establish a large excess of indiffer-
ent electrolyte and to supply Cl—ions to enable use of Ag/AgCl electrodes); 0.05 M
phthalate-phosphate-borate buffers to the desired pH; and the desired concentration of
CCCP, obtained by adding 1 ml of a concentrated solution of CCCP in 95 % ethanol to
a 100-ml flask already containing the NaCl and buffer, and diluting to volume. The
alcohol solutions were used rather than directly dissolving the CCCP in water because
the latter process is very slow. The alcohol solutions were invariably prepared within
two days, and the aqueous solutions within 1 hr of actual measurement in the bilayer
apparatus.

The lipid solution for forming the bilayer membranes consisted of an equimolar
mixture of egg lecithin (Pangborn, 1951) and cholesterol dissolved to 19% by weight
in n-decane.® Several lipid solutions using three different batches of egg lecithin gave
identical results. We prefer these fairly concentrated lipid solutions rather than the 1 to
2% solutions more commonly used, because they give bilayers of longer life and more
stable electrical properties. No doubt the conductivity, in particular, must be a function
of the composition of the membrane-forming lipid solution, but we have not explored
this question in detail, preferring to keep this variable fixed for the present purposes.

The procedure for bilayer formation and the Teflon measuring cell were the same
as described previously (LeBlanc, 1969). So also was the electrical apparatus, except
that fiber junction-saturated calomel electrodes were used to measure membrane poten-
tials in experiments with concentration gradients. In these experiments, the gradients
were established by changing the aqueous solution on one side of the bilayer with an
infusion-withdrawal pump. When a pH gradient was used, the pH in the varying solu-~

1 Neither lecithin nor cholesterol individually is this soluble in n-decane, but a
1:1 molar mixture is soluble to at least 50% by weight.
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tion was continuously monitored with a calibrated glass electrode. When the CCCl
concentration was varied, a sample of the final solution was withdrawn and the con
centration of CCCP determined spectrophotometrically. Even with vigorous stirring
there was always a delay of approximately 1 min before the transmembrane potentia
attained a steady value. This was probably an expression of the presence of unstirre:
layers adjacent to the membrane.

Conductivity determinations were always performed with identical aqueous solution
on either side of the membrane. Conductivities were obtained by plotting steady stat:
current-voltage characteristics on an X-Y recorder and taking the slope at zero current
Background conductivities, without CCCP, were always of the order of 10~7 Q~! cm—2
These were subtracted from the values obtained in the presence of CCCP to obtain thi
reported figure, supposedly characteristic of CCCP itself. This is admittedly a debatabls
procedure, and we arbitrarily decided to use only those data where this correction wa:
20% or less. This established a lower limit to the CCCP concentration that could bx
used.?
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Fig. 1. Spectrophotometric determination of pXK, for CCCP. The aqueous solutions
contained 5.19% 10—3y CCCP, 0.1 M NaCl, 1% ethanol, and 0.05m buffer to pH:
30, ——— 9.0, ~==u--- 5.684-0.01, -+-eeveee 6.150.01. Spectra were taken with
a Cary model 14 recording spectrophotometer. The spectra at pH 3.0 and 9.0 were
taken as representative of undissociated and dissociated acid, respectively. The isobestic
point is at 365 nm. Values of K, were calculated from absorbances at 340, 350, 380,
390, 400, and 410 nm for each intermediate pH, yielding K,=8.0+0.2x 10~7 and 8.2+
0.2 x 10~7 mole/liter for pH=15.68 and 6.15, respectively. The mean is K,=8.1+0.3 %
10-7 mole/liter, or pK,=6.0940.02. T=26 °C

2 The background conductance obtained with the lipid composition used here is
invariably one order of magnitude or more higher than we, and others, can obtain with
other membrane-forming solutions. We feel the greater stability and reproducibility of
the background value with the present membranes outweigh this disadvantage.
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Determination of pK,

Heytler (1963) reported a value of 5.95 for the pK, of CCCP, without specifying
the exact procedure. In order to analyze our data, we need the value of pK, in the same
solutions used for the bilayer measurements, i.e., at the same ionic strength, etc. There-
fore, pK, was determined spectroscopically, as illustrated in Fig. 1, with aqueous solu-
tions prepared as described above. The pK, value obtained of 6.09+0.02 is about 2%
higher than reported by Heytler.

Results
Conductivity Data for CCCP

Fig. 2 illustrates the dependence of conductivity upon aqueous uncoupler
concentration at several values of pH. For lower concentrations, at each
pH the conductivity is directly proportional to concentration.

For higher concentrations, the conductivity is independent of concen-
tration. Examination of the several curves in Fig. 2 shows that the departure
from linearity is determined by the conductivity level rather than by the
concentration; i.e., there is a maximum conductivity of 3 to 6x1073
Q™! cm™~? which is only weakly pH-dependent. The appearance with CCCP
of a maximum conductivity is reminiscent of that found with tetraphenyl-
borate (LeBlanc, 1969), which we attributed to the onset of space-charge-
limited currents. The same phenomenon is also found with carbonylcyanide
2,4,5-trichlorophenylhydrazone (Liberman & Topaly, 19685).
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Fig. 2. Dependence of conductivity upon CCCP concentration at several values of pH.

The curves here are not theoretical. The conductivity is directly proportional to concen-

tration at lower concentrations for each pH. The highest concentrations used at pH 4.4
and 7.0 were just below the saturation values. T=26 °C
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Fig. 3. Dependence of conductivity upon pH at a fixed CCCP concentration of 3.46x
10~% M. The theoretical curve is from Eq. (10), using the values 3.6 x 104, 2.0x 103,
and 11 cm/sec for D,/d, Py, and Py,s. T=26 °C

Whatever the cause of the concentration-independent conductivities,
no theory exists that gives a quantitative analysis of the data in this region.
The model developed later in this paper, for example, is clearly inapplicable
there. Therefore, in comparing the model with experiment, we are con-
strained to choose conductivity data at lower concentrations, in the range
where conductivity is dependent upon concentration.

Fig. 3 shows the dependence of conductivity upon pH at a fixed CCCP
concentration of 3.46 x 10~® M, where the conductivity is essentially linear
with CCCP concentration at all pH values. There is a maximum in the
conductivity in the neighborhood of pH &, i.e., approximately two pH units
to the alkaline side of the pK, of CCCP. At low pH, the conductivity varies
inversely with [H*]. On the alkaline side of the maximum, the pH depen-
dence is more complicated. As pH increases, the conductivity first decreases
and then becomes essentially constant beyond pH 11.

The current-voltage characteristics at pH <10 were always mildly super-
linear and exhibited no time delays other than those owing to the resistance-
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Fig. 4. Current-voltage characteristics with a CCCP concentration of 3.46 x 10-%m at
high pH. The curves here are not theoretical. T7=26 °C

capacitance time constants of the system. At pH 210, there was a noticeable
time delay after the potential was set before the current settled to its steady
state value. This time delay increased with increasing pH, reaching a value
of several tens of seconds at pH 12. Furthermore, the steady state current-
voltage characteristics all saturated beyond pH 10, as illustrated in Fig. 4.

These phenomena at high pH presented the clue to the interpretation of
all our results. The long time delays and the saturating current-voltage
characteristics are again reminiscent of the behavior observed with tetra-
phenylborate (LeBlanc, 1969) and are undoubtedly here, as they are there,
associated with concentration polarization in unstirred aqueous layers ad-
jacent to the membrane.

Fig. 5 shows that the saturation current, measured from curves such as
those in Fig. 4, varies linearly with [H*]. This result is predicted by the
model described later.

One may wonder at this point why current saturation is not found at
lower pH values. Fig. 4 shows (and the model also predicts) that the satura-
tion current increases with [H*] more rapidly than does the conductivity
(initial slope of the current-voltage characteristic). Hence, the voltage at
which saturation occurs also increases with [H*]. For pH <10, this voltage
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Fig. 5. Saturation current density vs. [H+] at a CCCP concentration of 3.46 x 10~%m.
Eq. (12) gives the theoretical curve shown with values 3.6 x 10—* and 9.8 cm/sec for

becomes greater than 200 mV, which is the level at which the membranes
almost invariably undergo electrical breakdown. Thus, for pH <10, meas-
urements cannot be made at voltages high enough to observe saturation.

Membrane Potential Data for CCCP

Membrane potentials at zero current were measured both with pH
gradients but the same total CCCP concentration on each side of the mem-
brane, and with CCCP concentration gradients with the same pH on each
side.

In the pH-gradient experiments, the pH of the exchanged solution could
be measured continuously, so it is possible to present the results in the most
convenient form of the derivative of potential with pH gradient at zero
gradient. These data are shown in Fig. 6. For pH values between 6 and 9,
the bilayer acts as a perfect H* electrode, within experimental error, giving
the Nernstian value of 59.4 mV/unit pH gradient. At higher and lower pH,
the potentials fall off toward zero.

The experiments with CCCP concentration gradients were more tedious
experimentally and are more difficult to present in the form of a graph.
Since the final CCCP concentration of the exchanged solution could be
determined only at the termination of an experiment by withdrawing a
sample for analysis, the experiments had to be performed one at a time,
and the value of the CCCP concentration gradient varied from one experi-
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Fig. 6. Membrane potentials induced by pH gradients for a CCCP concentration of
3.46 x 10— M on each side of the membrane. The derivative of potential with pH gradient
at zero gradient is plotted. The curve at high pH is calculated from Eq. (19) using
3.6 x10~% and 11 cm/sec for D,/6 and Pg,. The curve at low pH is calculated from
Eq. (22) using 2.0 x 103 cm/sec for P, and a value of 5x 10° Q cm? for the leakage
resistance. T=26 °C

ment to the next. The Table displays the raw data obtained in one sequence
of measurements. In order to present these results coherently in graph
form, the model described in the following sections was used to calculate a

Table. Membrane potential data with the same pH on either side but with a gradient
in CCCP concentration (T=26 °C)

pH [CCCPloyr [CCCPln Wour—V¥in  Puad/Dp?
(um) (M) (mV) (x 1074
10.4 20 3.50 10 2.9
10.8 25 3.46 18 3.0
11.1 23 347 22 3.6
11.4 22 3.50 33 2.8
11.6 23 3.47 36 3.4
12.0 25 3.47 45 2.9

& Values of Py, d/D, calculated from the data using Eq. (20).
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Fig. 7. Membrane potentials induced by 10-fold CCCP concentration gradients with
the same pH on each side. The points are calculated from the data of the Table as
described in the text. The curve is from Eq. (20), using values of 3.6 x 10~ and 11 cm/sec
for D,/6 and Py,
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Fig. 8. Membrane potential vs. CCCP concentration ratio at a pH of 11.4 on either

side of the membrane. The concentration of CCCP inside was 1.0 pm. The dotted curve

is the Nernst potential (59.4 mV for a 10-fold ratio); the solid curve is calculated from
Eq. (20) using 3.6 x 10~* and 11 cm/sec for D,/d and Py,. T=26 °C

value for the quantity 6 Py./D, for each pH data point; then the model was
used again, with this value, to calculate a membrane potential at the pH

for a 10:1 CCCP concentration ratio. These calculated potentials still con-
tain the experimental error. They are shown in Fig. 7.
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In order to demonstrate the validity of this procedure (and to further
test the model, which predicts a rather surprising dependence of potential
on uncoupler concentration gradient), we measured potentials over a wide
range of CCCP concentration ratios at a fixed pH of 11.4. These raw data
are presented in Fig. 8. It is seen that the potential is a highly nonlinear
function of concentration ratio, and the data are fit well by the model with
a single value of the parameter 6 Py,/D,.

Theoretical Model

A fundamental assumption of this treatment is that the nature of the
membrane itself is independent of pH. In particular, we assume that per-
meability coefficients are pH-independent. That this is only approximately
true for the bilayers used in the CCCP experiments is demonstrated by the
fact that the maximum conductivities at high CCCP concentrations do
exhibit a weak pH dependence (Fig. 2).

We present here a simplified version of the model, which fits the data
for CCCP, in which it is assumed that the uncoupler species HA and A~
are in chemical equilibrium with H™ everywhere in the two aqueous phases:

[H'1[AT]/[HA]=K,. (1

This cannot be true immediately adjacent to the membrane with non-zero
fluxes through the membrane. The reasons why this approximation appears
to be valid are discussed in the Appendix, where a more rigorous treatment
is given.

We consider only the case of the steady state. We assume that HA
and A~ are the only species transported through the membrane. Since A~
is the sole ion transported, the steady state current density, j, as measured
by the external circuit current, is related to the flux, JX, of A~ within the
body of the membrane, by j= —eJX.

We recognize the existence of unstirred aqueous layers adjacent to the
membrane. We assume a sufficiently large excess of indifferent electrolyte
such that the electric field can be taken as zero throughout the water.
Hence, all species must be transported through the unstirred layers purely
by diffusion.

We idealize the structure of the unstirred layers in the usual fashion by
assuming that they extend to a sharply defined distance, J, on each side of
the membrane. Beyond these distances, in the bulk water phases, the solu-
tions are assumed to be perfectly mixed. Finally, we assume a sufficiently
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Fig. 9. Schematic diagram showing concentration profiles in the unstirred water layers
Here we imagine the same bulk concentrations on either side of the membrane and ar
applied potential driving a positive flux of the anion A ~. The thickness of the unstirrec
layers is d; the equilibrium distance is A (see Eq. (A.14) of the Appendix). In the sim
plified model of the text, we assume that A is so much smaller than § that we may cal
culate the concentrations of A~ and HA directly at the membrane/water interfaces by
extrapolating their gradients at large distances (i.e., by using the dotted lines above
where A— and HA are in chemical equilibrium with H*. Actually, at distances of the
order of 1 or less from the interfaces A~ and HA are not generally in equilibrium witt
H+ and their concentration profiles are curved such as shown by the solid lines

large excess of buffer that [H*] can be taken as constant even in the un-
stirred layers.

Since HA and A~ undergo chemical reaction, their individual fluxes ar¢
not necessarily constant, but the sum of their fluxes is constant in the steady
state. Hence, the sum of Ji., the transmembrane flux of HA, and J7 i
equal to the sum of the diffusion fluxes of A~ and HA in the unstirrec
layers:

JPJM = —D, d[A]/dx—Dys d[HA]/dx @

where D,, Dy, and [A], [HA] are the respective diffusion constants anc
concentrations in the water. The variable x is a coordinate normal to the
membrane, which is idealized as an infinite slab of thickness L with bound-
aries at x=0 and L (see Fig. 9).

Notice from Eq. (2) that the flux of A~ in the unstirred layers is nos
necessarily equal to the flux of A~ in the membrane. Thus, A~ does nor
carry all the electric current in the unstirred layer. The remainder is carriec
by diffusion of buffer ions.
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The values of [A] and [HA] immediately at the membrane/water bound-
aries, in terms of membrane fluxes and bulk concentrations, can be ob-
tained by integrating Eq. (2) and substituting from Eq. (1). Define the
reduced proton concentration as s, =[H™* (0)]/K, and, k. =[H* (L)]/K,. The
integration yields: '

[A0)]-[Alo=(HA()]-[HA]o)/ ho= —(JX' +Jfia) 6/(Ds+Dua o)  (3)
and

[AL)]-[Al.=(HA@L)]-[HAL) hy=+ (X + Fa) 6/(Da+Dys hy)  (4)

where [Al,, [HA], and [A]., [HA], are the respective bulk concentrations
in the two aqueous phases.

The bulk concentrations and the flux Ji are experimentally defined
quantities (the latter from the current), so the problem is solved if we have
one more equation for the unknown flux Jg,. This is simply:

JiialPua=[HA(0)] -[HA(L)] ®)

where Py, is the membrane permeability coefficient of HA. Eq. (5) can be
combined with Egs. (3) and (4) to yield an expression for Jii, in terms of
™ and bulk concentrations.

In order to simplify the algebra in presenting the rest of the model, we
specialize the equations to two cases: (1) where the external circuit current,
and therefore J¥, is not zero but with the various bulk concentrations
equal on both sides of the membrane (this corresponds to the experimental
situation chosen in the conductivity measurements); and (2) where the ex-
ternal circuit current, and therefore J%, is zero but with different bulk
concentrations on either side of the membrane (corresponding to the mem-
brane potential experiments).

Model for Conductivity Experiments

In the first case, the relation for Ji, is:

Substituting into Egs. (3) and (4), we then obtain expressions for the con-
centrations [A(0)] and [A(L)] in terms of bulk concentrations [A], =[A].=
[A] and J%:

[AO)]—-[A]=[A]-[AW)]=—J{[Da/6+h(2Pys+Dya/0)] ™. M
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From Eq.(7), we can derive the conductivity, o,=e(@/g/dV)y-o.
where V is the applied potential, by the following argument. Define the
permeability coefficient of A, P,, by:

RIPA=[AQ]-[AW@)] (¥=0). (€&

If the flux J7 is related to the gradient in chemical potential of A, then,
in the presence of a sufficiently small ¥, we expect:

JXIPA=[AO)]-[AL)}+[A]eV/kT. ©

This equation is true only if the potential gradient is constant in the mem-
brane (i.e., in the absence of significant space-charge effects), and is thus
equivalent to the Goldman approximation.

Substituting for [A(0)] and [A(L)] from Eq. (7), solving for JZ, and
writing [A]=[HA]*Y(1 +4) where [HA]"" is the total uncoupler concen-
tration, we find:

(B+h) (10

2
_ ot p €
So=[HAI" P g Gy as fo )

where the parameters o and § are defined by:

a=2P, 6(2Pys +Dyp) !

o (g
ﬁEDA(ZPHAé-}-DHA) .
Returning to Eq. (7), we also see that there must be an upper limit to the
flux J7 where, depending upon its sign, either [A(0)] or [A(L)] vanishes.
This condition defines a saturation current density equal to:

Jsar=e[HAT* (1+h)" ' [Da/6+ h(2Pys+Dya/d)]. (12

The saturation current at a given [HA]** and pH is determined purely by
the unstirred layers and by Pga, so that Eq. (12), unlike Eq. (10), is not
dependent on the constant field assumption.

The physical significance of these equations is as follows. Suppose, as
in Fig. 9, that the applied potential is such as to give a positive JX. Then
[A~] decreases on the left side of the membrane and increases on the right
side due to the voltage-driven flux of A~. This leads to the concentration
polarization expressed in Eq. (7). But these changes in [A™] are partially
offset by the reaction HA=A~+H™ occurring in the water just adjacent
to the membrane/water boundaries, which in turn consumes HA on the
left side and produces it on the right. Thus, an HA gradient also develops
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which tends to drive HA back through the membrane in the opposite sense
of J%, hence, the minus sign in Eq. (6).

Furthermore, from Eq.(6) we see that if 2Py, 6> Dy, +D4/h, then
Jia = ~J2, or Ji,+J% ~0. In this case, the back flux of HA almost com-
pletely offsets the forward flux of A. The concentration polarization is nil,
as is seen most clearly by referring back to Egs. (3) and (4); therefore, the
saturation current given by Eq. (12) is large.

On the other hand, as [H*] and therefore & goes to zero, 2Py, 6 <
Dya+Dy/h. Then we see from Eq. (6) that Jis <J% (when [H*]-0 then
[HA])/[A™]—0,and the back flux of HA cannot offset the forward flux of A ™).
Thus, at high pH, one obtains the full concentration polarization of A~
alone.

We are now in a position to understand why there can be a maximum
in the conductivity at a certain pH. The variation of ¢, as [H*] ! at low
pH is casy to understand: the species A~ is the sole current carrier in the
membrane, and its concentration varies inversely with [H*] for pH <pK,,.
What is not so obvious is why, in this model, with increase in pH up to
and beyond pK,, the conductivity does not increase with [A~] monotoni-
cally to a constant value. Why does the conductivity go back down for
pH>pK,?

The anwer is again related to concentration polarization. The con-
ductivity is determined by the [A~] concentration at the membrane/water
boundaries, or more accurately, by [A(0)] or [A(L)], whichever is smaller.
If Py, is sufficiently large so that Py, 6> Dys+D4/h at h in the neigh-
borhood of one (pH ~pK,), for example, there is little concentration polari-
zation and the bulk concentration [A] determines the conductivity. For a
sufficiently small value of 4, (pH > pK,) Pya 6 <KDy, +D4/h, and there can
be significant polarization if we also have the condition P, >D,/é, i.e., if
the permeability of A~ is faster than its diffusion through the unstirred
layers. In this case, the conductivity at high pH is less than that near pK,
where concentration polarization was negligible.?

From Eq. (10), we find that the maximum conductivity occurs for
h=h,,, where:

hmax= _ﬁ+[“(1_ﬁ)]—% (13)

Since this quantity must be real and positive, the conditions f<1 and
2B < —a+(a? +4e)* must both be satisfied in order that a maximum occur.

3 The instantaneous conductance, immediately after voltage application and before
concentration polarization has developed, should, on the other hand, increase with

increasing pH monotonically with the bulk A — concentration. We have not investigated
this point experimentally.

17 J. Membrane Biol.4
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These conditions are an exact statement of the qualitative inequalities di:
cussed in the previous paragraph. If § <1, ]/« (which is true for the par:
meters derived for CCCP), then it follows that:

hmax = [H+]max/Ka~(PA/PHA)% . (1‘

Thus the pH at maximum conductivity falls to the alkaline or acid side ¢
pK, depending primarily on whether P, <Py, or vice versa. In the Di
cussion, we argue that the permeability coefficient of the ion A~ mu
almost certainly be orders of magnitude smaller than that of the neutr:

molecule HA. Hence, the conductivity maximum occurs to the alkalin
side of pK,.

Model for Membrane Potential Experiments

In these experiments, JX =0, but the various bulk concentrations ar
not equal on either side of the membrane. Here the equation used to elim
nate the variable Jify is:

Jia ho [HATG (1+ho)™ "—h, [HATZ (14 hy)” !
PHA 1+5PHA[h0(DA+DHAh0)_1+hL(DA+DHAhL)_1:| ‘

a1

Substitution into Egs. (3) and (4) yields equations for [A(0)] and [A(L)] ¢
before. From these concentrations, we can write down immediately th
membrane potential, but only if we make the further implicit assumptio
that the fluxes are small enough that the concentration of A~ at the bounc
aries just within the membrane is related to the concentration just outsid
by the equilibrium distribution coefficients. (Even though J} is zero, th
fluxes of A~ at the two boundaries in the water are not necessarily so, as :
hopefully made clear in the Appendix.) Under this assumption we have

e[y (L)— ¥ (0)]/kT=log[A(L]/[AO)]. (1

Again to avoid as much as possible writing complicated algebraic equation:
we specialize to two cases: (1) a pH gradient but the same [HA]"" on eithe
side, and (2) an [HA]"" gradient but the same pH on either side.

For a pH gradient alone, we find:

(L+ho)+Pypbho S(hy, hy)
(I+hp)+Pys6h S(he, hy)

D)~y ©)="Tlog

where the quantity

(1"

S(ho, h)=(1+ho)(Dp+Dysho)™ ' +(L+h)(Dp+Dua hy) ! (1¢
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is either 2/D, or 2/Dy, depending on whether 4, and 4, are small or large
compared to one. Clearly, if the terms in 4 in Eq. (17) are large compared
to one (low pH), the membrane acts as an H™ electrode, whereas at suffi-
ciently small %, and /4, (high pH), the potential vanishes. The membrane
potential data we wish to analyze here are in the form 4V/ApH, in the limit
of zero ApH. Differentiating Eq. (17) with respect to A, or 4, and keeping
the other constant, then setting h, =h; =/ yields:

Ay L)—y(O)] _ kT _h[1+6Py, S(h, h)]

dpH " e 14+h[1+6Py,S(h, h)] (19)

which is kT/e for large A, and zero for small A.
For an [HA]*' gradient alone, 4, =h,=h, and a similar procedure

yields

R+Pya6h(1+R)(Dpy+Dyp b))~

L+ Pyadh(1+R)(Dpy+Dyah)™*

(D —9 0=~ log (20)
where R=[HAJ*/[HA]Js". For sufficiently small %, the argument of the
logarithm is R, which is just the concentration ratio of A~ itself at high pH;
hence the membrane acts as an A~ electrode. For large % (low pH), the
potential vanishes.

Thus we see that the membrane is an H* electrode at low pH, and an
A" electrode at high pH.

A somewhat surprising result predicted by Eq. (20 is that the membrane
potential has an upper limit when the concentration ratio R becomes in-
definitely large:

Lim [ (L) —y(0)] e/kT=1log[1+ (D ~+Dya h) 6 Pys h] (21)
Rt oo

which is itself indefinitely large only for #—0. No such thing happens with
pH gradients alone.

Comparison of Model with CCCP Data

The model gives an excellent qualitative description of most of the CCCP
data. It predicts correctly a direct dependence of conductivity on CCCP
concentration (except at higher concentrations where presumably space-
charge effects invalidate the constant-field approximation). It predicts the
correct functional dependence of conductivity on pH. It predicts current
saturation at high pH and the correct dependence of saturation-current
density upon [H™*]. It predicts correctly that the membrane acts as an H*
electrode at low pH, and an A~ electrode at high pH. Finally, it predicts

17%
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correctly the rather peculiar dependence of membrane potential on CCC]
concentration ratio at high pH.

Furthermore, it is possible quantitatively to fit these data with a self
consistent set of parameters.

As illustrated by the Table and Figs. 6, 8 and 9, the various membran
potential data at high pH are fit extremely well using a figure of 3 x 10
for the single parameter Py, 6/D,. Analysis of all these data suggests
probable error of about 20%, and a figure of Py, 6/D,=3.0+0.6 x 10*.

The saturation current density at [H*]=0is D,/ according to Eq. (12)
and its derivative with [H*] is (2Pyus+ Dua/6)/K,. The data of Fig. 5 thu
analyzed give D,/6=3.64+0.4x10"* and Py, + Dya/25=9.5+1.0 cm/sec
Since Dy, must be of approximately the same magnitude as D, the latte
figure must be Py, itself, so that Py, 6/D,=2.6+0.5 x 10* from these data
which compares very well with the value obtained from the potential meas
urements. The figure for D,/é compares with the value of 3.6 x 10™* cm/se
found for tetraphenylborate using the same cell (LeBlanc, 1969). The thick
ness of the unstirred layers, 6, is most probably determined by the geometri
thickness of the Teflon septum. This is about 1072 cm, close to the valu
of & determined directly in the tetraphenylborate experiments. Hence, th
aqueous diffusion constant of the CCCP anion must be close to that o
tetraphenylborate, i.e., 5 x 10~° cm?/sec, as is reasonable.

The value of P,, the permeability coefficient of the CCCP anion, i
best obtained from the conductivity at low pH, where it varies inversel:
with [H*], using Eq. (10). The value obtained is 2.04+0.2 x 10~ cm/sec
This parameter could also be determined from the current-voltage charac
teristic at high pH, but because P, > D,/é, that procedure does not yielc
an accurate value (LeBlanc, 1969). We note again, however, that the ap
pearance of current saturation at high pH is consistent with this large P,
figure obtained at low pH.

Finally, the three parameters Py,, P,, and D,/6 now fixed equal t
11+2,2.040.2x 1073, and 3.6 +0.4 x 10~ * cm/sec, respectively, permit th
calculation from Eq. (10) of the full pH-dependent conductivity as show
in Fig. 3. The fit to the data is excellent. The maximum conductivity i
predicted to occur at a pH of 7.96, i.e., approximately two pH units to th
alkaline side of pK,, in agreement with the observations.

The one phenomenon we are unable to account for in a fully satis
factory manner is the fall in the H *-gradient-induced membrane potential
at low pH (Fig. 6). This is undoubtedly connected with the fall in conduc
tivity at ow pH (Fig. 3) and the presence of a non-zero background con
ductivity. But using the Goldman constant-field approximation and th
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equations derived here, we find at low pH:
d[y (L)~ y(0)]jd pH=(kT/e) 5o (60+ Treai) (22)

where o, is given by Eq. (10) and o, is the background or “leakage”
conductivity. Estimating o, as the observed apparent conductivity in the
pH 4 range without CCCP present (2x 1077 Q™! cm~2), we calculate the
curve shown in Fig. 6 at low pH. The observed fall in membrane potential
occurs approximately one pH unit higher than predicted. The same kind
of discrepancy between membrane potential and conductivity data was
noted by Markin ez al. (19695) for the uncoupler tetrachloro-2-trifluoro-
benzimidazole. Either we are seriously underestimating o, or the Gold-
man equation is being misapplied to our case. Perhaps space-charge effects
are the cause of the latter, even though the conductivity is perfectly linear
with CCCP concentration at the concentration used and in the neighborhood
of pH 4.

Discussion

The three parameters used to fit the CCCP data are D,/8, P,,and Py,
and the values obtained are 3.6 x 107*, 2.0 x 1073, and 11 cm/sec. The first
figure is nominal. The second is comparable to the permeability of the
tetraphenylborate anion in similar membranes (LeBlanc, 1969) and prob-
ably to that of the phenyldicarbaundecaborane anion, whose flux is also
limited primarily by unstirred layers (Liberman & Topaly, 1969). There are
no experimental data with which to compare the value for the third para-
meter, Py, , and one could hardly hope to find any.

No attempt to measure a permeability as high as 11 cm/sec using direct
molecular flux experiments could succeed. With a permeability some four
orders of magnitude higher than molecular diffusion velocities through
unstirred aqueous layers, the flux would be determined by the unstirred
layers to approximately one part in 10*, well beyond attainable experimental
accuracies.

But our large value for Py, is not unreasonable. From electrostatic
considerations, one would expect the neutral species HA to be orders of
magnitude more permeable than the charge species A~ through the low
dielectric constant bilayer (e.g., Finkelstein, 1970). This expectation is
consistent with the observations of Bean, Shepherd and Chan (1968). They
measured zero-current isotopic fluxes of several less permeable acids and
bases through bilayer membranes. The pH dependence they found was
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what one expect if, in each case, the neutral molecules were orders o
magnitude more permeable than the respective ionic form.

Thus, our value of 5.5 x 10° for the ratio Py, /P, is not surprising. Wha
is remarkable about CCCP is that its anion permeability, P,, is so large
Its high anion permeability is, of course, what makes CCCP such an efficien
“proton carrier” in bilayers and, perhaps, such an efficient uncoupler o
oxidative phosphorylation.

The present model is, of course, not restricted to uncoupling agents alone
By changing some symbols, it is readily generalized to any system involving
a carrier for a nonpermeable ion where there is one-to-one stoichiometr:
in the ion-carrier complex, and as long as either the carrier or the ion-car
rier complex is uncharged. Whichever of these species is uncharged shoulc
have the much higher permeability. The mathematics are more comple:
unless the carried ion is buffered, but in most experiments this can bx
practically achieved by having the carried ion present in the water in larg
excess.

These conditions are met by some but not all conductance-inducing
agents; for a recent summary, see Mueller and Rudin (1969). For example
they are not met by the gramacidins or nystatin, where the stoichiometry i
not one-to-one, but they are met by the n-actins and valinomycin. For these
latter, as for the uncouplers, we submit that, in order to analyze properly
the experimental data, it may be necessary to take into account unstirrec
layers and the expected large permeabilities of the uncharged carriers.

I am greatly indebted to Dr. George M. J. Slusarczuk who kindly prepared the sample
of carbonyl cyanide m-chlorophenylhydrazone.

Appendix

The simple mode] of the text assumes that HA, A—, and H ™ are in chemical equilib-
rium throughout the water phases. This cannot be true, in general, in the immediate
vicinity of the membrane/water interfaces. Yet the simple model is adequate to describe
all our experimental data for CCCP, which raises the question: what values of rate
constants for various equilibration reactions must be obtained in order that the simple
equilibrium model be a good approximation ?

We attempt to answer this question with the extended kinetic treatment given here.
This extended treatment involves many more parameters than could ever be determined
by experiment. It also involves complicated algebraic expressions. For these reasons we
ultimately confine our attention to predicting the outcome of the one experiment (the
dependence of saturation current density on [H*] at high pH) where by comparing
predictions with CCCP data we can unambigously say something about the relative
magnitudes of various rate constants for the CCCP system.
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Equilibration can occur through homogeneous reactions in the water phases:

ki

A +H=HA, (A.1)
k2
k3

A +H,0,,=HA,, +OHj,. (A.2)
ks

If K, and K, are the dissociation constants of HA and water, then:
kylky=K, ka/ks=K,. (A.3)

Equilibration can also occur through heterogeneous reactions at the membrane/water
interfaces:

ks
An:emb + H:;; = HAmemb (A4)
ke
ky
Ax;emb + HZan = HAmemb + OHa_q . (A'S)
ks

We assume that the activities of OH—, H™, and H,O inside the membrane are so low
that there are no intramembrane homogeneous reactions analogous to (A.1) and (A.2).
We also neglect reactions involving buffer species because we imagine they are slower
than the corresponding protolytic reactions.

Let [A,,(x)] and [HA,,(x)] represent the concentrations of A~ and HA within the
membrane at position x. Let J¥(x) and Jf, (x) be the steady state fluxes in the water
phases at x. Because of reactions (A.4) and (A.5), the fluxes of A~ and HA are dis-
continuous at the two membrane/water interfaces. At x =L:

T Ty = — T+ Ta(L) y
(AW (ks [Ty + ko)~ [HA ()] (ke + K, ke /[H* ). &0

The fluxes in the water at the interfaces are assumed to be linearly related to concentra-
tions. At x=L:

JX(L) =kn [A(D)]— K5 . [AL)], (A7)
Tia (L) =k [HA(LY] - Ky [HA(L)] . (A.8)
There are equations analogous to (A.6)-(A.8) for x =0 in which L is replaced every-

where by zero and the signs of all coefficients on the right-hand sides are reversed. By
detailed balancing, we have the relations:

A 7HA LA pHA
k6/k5:Kw kS/k7=Ka kwmkmw/kmwkwm' (A9)
Consider first the situation in the unstirred layers, where the homogeneous reactions

(A.1) and (A.2) occur. At the steady state, both d[A]/d¢ and d[HA)/dt vanish, so we have
the following pair of differential equations:

D, d*[A)/dx>=[A](k,[H" ]+ ks)— [HA](k, + k, K, /[H']), (A.10)
Dyad’[HAY/dx*= —D, d*[A]/dx*. (A.11)
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Because we assume sufficient excess buffer so that [FH ] is constant, these are equation
with constant coefficients and readily solved:

[A]=7, exp(x/)+p, exp(=x/A) +y3 X +74, (A.12
[HA]=—[y, exp(x/A) +y,exp(—x/A)] Da/Dya+[73x+7y4]h  (A13

where the »’s are constants to be determined by boundary conditions. The quantity .
is the equilibration distance and is defined by: '

;“—ZE(k2+k3/h)(DA+DHA h)[D s Dy, . (A.14

The quantity #=[H*]/K,, as before. We have made use of relations (A.3) to eliminat:
ki and k.
The boundary conditions at the membrane/water interfaces at x =0 and L are:

JX()=—Da(d[A]jdx);;  Jia(D)= —Dua(d[HA]/dx); (A.15
where {=0, L. The boundary conditions at the unstirred layer-bulk solution interface:
at x=—¢ and L+ 4, on the other hand, are written in terms of bulk concentrations

[A(-)]=[Aly;  [HA(—8)]=[HA],, (A.16
[A@L+8)]=[Al: [HA(L+8)]=[HA]. (A17

To be consistent, the constant y, in Egs. (A.12) and (A.13) must be set equal to zero for
x positive, and y, must be set equal to zero for x negative.

The fitting of boundary conditions (A.16) and (A.17) is simplified by the knowledge
that the equilibration distance 1 is much smaller than the thickness & of the unstirrec
layers. The following estimates give some idea of the magnitude of A. We imagine tha
the second-order rate processes described by k; and k, are diffusion limited; thus
k=~ k,~10° mole—' sec ! (Eigen, Kruse, Maass & DeMaeyer, 1964). Since K,,& 10~*
(molefliter)? and K,~ 10 ¢ mole/liter for CCCP, we have k,~ 104 sec~'and k; ~ 10%*sec
by (A.3). Finally, we estimate Dy, ~ D, ~5 x 1076 cm?/sec. With these figures, we see
from (A.14) that 2 has a maximum value of 2x 105 cm at pH 7. It decreases sym
metrically as pH is raised or lowered from 7: Ax~2x10-%cm at pH 4 and 10, anc
Ax2x10"7cm at pH 2 and 12. Thus, A <5~ 10~2cm at all pH values, so that the
remaining exponential terms in (A.12) and (A.13) can be neglected in fitting the boundary
conditions (A.15) and (A.16) at x=4 and L+ 4.

The solution for LEx=L+4 is:

[AX)]=[A]+Cirexp(L—x)/A 4+ C,r(L+6—x), (A.18]
[HA (x)]=[HAJ, = (C11 Da/Dya) exp (L—x)/Ay + by Cp(L+5—x) (A.19)

where 4, is defined by (A.14) with A=/, , and
Cir= Ay (Da+Dyp hy) ™[I (L) Dy hy/Ds = TE(D], (A.20)
Car=(Da+Dya hp) ™[R (L) + Hia (D] (A21)

The solution for —3< x£0 is:

[A)]=[Alo+Cioexpx/ig+ Cro(x+9), (A.22)
[HA(x)]=[HA],—(C,0 Da/Dyp) exp x/Ag+ ho Coo(x +8) (A.23)
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where 1, is given by (A.14) with h=h,, and C, and C,, are defined as in (A.20) and
(A.21) except that L is replaced by zero everywhere and the signs are reversed.

The general form of these solutions is sketched as the solid lines in Fig. 9. Since
JR ) + T4, o) =T+ Yy for all x, Egs. (A.18)-(A.23) reduce to Egs. (3) and (4) of the
text when x—L >4, and x <€ — 4,; i.e., A~ and HA are essentially in chemical equilib-
rium with H* at distances greater than A from the membrane/water interfaces. Thus, in
the simple model of the text, we are assuming we can accurately approximate the aqueous
concentrations of A~ and HA directly at the membrane/water interfaces by ignoring
the exponential terms in (A.18), (A.19), (A.22) and (A. 23).

Eqgs. (A.18)-(A.23) fix the aqueous concentrations of A~ and HA in the unstirred
layers in terms of bulk concentrations, which are observable quantities, and the fluxes
J3(0), etc., which are not. To eliminate these latter quantities, we must now consider
the heterogeneous reactions (A.4) and (A.5). Using Egs. (A.6)-(A.9) and (A.18)-(A.23),
we find (=0 or L):

JSOA+F+Gh)=Jy(1+F)+ i\ F;, (A.249)
where the quantities F; and G; are defined by

Fy=1¢,(A/Dya+1/K50)

Gy=x;(/Ds+ 11k ) (A.26)

and

K=k, kévm/krﬁw hi+ kg kg?n/kg?v . (A.27)

Eqgs. (A.24) and (A.25) are substituted into (A.18) and (A.19) to yield the
following expressions for [A(L)] and [HA(L)] in terms of bulk concentrations and the
fluxes J% and Jify

([A(L)] - [A]L) (DA +DHA hL) =JZ‘ [5 +/1L

(1+F;) hy Dya/Ds—Gy, hL]
(14+F,+Gphy)

Frhy Dya/Dy—(1+ Gy, hL)]
(1+F,+Gphy)

(A.27)

+Ji [5+,1L
and

(THA ()] ~[AL,) Oy + Dya )=, I3 [6- 2

1+FL_GLDA/DHA]

(I+F.+G hy) (A.28)

F—(ht' +GL)DA/DHA]
(L+F.+GLhy)

+hJia [5—/1L

These are an analogous pair of equations obtained at x =0 with L replaced by zero
everywhere and all signs reversed on the right-hand sides. The mathematical problem
is completed by eliminating Jif,, the sole remaining unobservable, using (A.28) and its
analog at x =0 together with Eq. (5) of the text.

Except for the terms in i;, Egs. (A.27) and (A.28) are identical to Eq. (4) of the
text. Hence, the simple model described there is clearly a good approximation if all the
A terms are negligible compared to the respective J terms. From our estimates of the
magnitude of A for CCCP, ii follows that in the pH range 3 to 12 all the 4 terms are
indeed negligible, irrespective of whether F and G are large or small, except the one term
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containing A ~! in the coefficient of J, in (A.28). This can be large at high pH (low 4
if ¥ and G are small. For example, at pH 12 (h~10-% for CCCP), we estimate:
Ax2x10"7cm, so A~ ' A~ 10~ ¢cm, which is actually one order of magnitude large
than 4.

But if this one term in A is not negligible, we do not predict correctly at least on
experimental observation for CCCP, the dependence of saturation current on [H1]
This is shown as follows. Take the bulk concentrations to be equal in the two aqueou
phases. Ignore all 1 terms in (A.27) and (A.28) except the one containing #~1, and tak
F=G =0 for the moment. Use (A.28) and its analog at x =0 together with Eq. (5) of th
text to find Ji, as a function of JI' and bulk concentrations. Substitute into (A.27) t¢
get [A(L)], and use (A.7) to find [A,(L)]. The condition for current saturation i
[A,(L)]1=0 (for negative J3) which yields:

Jsar/e[A1=(8/Da+1kpm) " +h(1/2Pua+2/Dya) ™" . (A.29

Eq. (A.29) differs from Eq. (12) of the text in two trivial ways and one nontrivia
way. A term in k2, is present here and not there because there we assumed [A,(L)]«
[A(L)]; here we used Eq. (A.7). But the term in k%, is negligible for the CCCP systen
as evidenced by the fact that we must have P, 3> D,/d in order to see current saturation
Remembering that the definition of the permeability coefficient, P,, of species n re
quires that

P,<k!,.J2. (A.30

We see that /D, > 1/k%,, for the CCCP system. Also, a term /4Dy, /d appears in Eq. (12
and not in Eq. (A.29). This is because we have systematically ignored 4 Dy, with respec
to D, in deriving (A.29) (A <1 at the pH values of interest).

The nontrivial new term in (A.29) is the quantity A/Dy, in the coefficient of 4. Bu
this term leads to incorrect predictions. The coefficient of # found experimentally fo:
the CCCP saturation current densities at pH 10 to 12 was approximately 20 cm/sec
Therefore, from (A.29), we have 1/2Py, + A/Dy, =0.05sec/cm. But we estimatec
Ax2x10%cm at pH 10, and since Dy, =5 x 105 cm?/sec, A/Dyy ~0.4 sec/cm a
pH 10. Hence Eq. (A.29) cannot fit the experimental data with positive Py, !

Therefore either our estimates of A are too high by at least an order of magnitude
or we cannot ignore the quantities  and G in Egs. (A.27) and (A.28). We believe the
latter is more likely; i.e., the heterogeneous reactions (A.4) and (A.5) must occur witl
significant rates in the CCCP system.

An estimate of the magnitudes of these rates can be obtained by inquiring how large
the quantities F and G must be to reduce the A~! term in (A.28)—and therefore the
A term in (A.29)—to negligible size. We require either F or G/ to be large comparec
with A/6h. From the definitions (A.26) and (A.27), we see that at small 4 there is ar
h~1lterm in F which dominates all other terms in F or Gh. Furthermore, using ou
experimental value of Py, =11 cm/sec and inequality (A.30), we see that 1/AHA <5 x
10—2 sec/em and can probably be ignored with respect to /Dy, (which we estimatc
as 4x 10~ 2sec/cm at pH 12, 4 x 10~ sec/cm at pH 10) in Eq. (A.26) for F. Thus
FZAkTkA,JkA i Dy, and a sufficient condition for Eq. (12) rather than Eq. (A.29) tc
be valid is that K7k /3., > D,/d. But, as we have argued above, k3, > D,/é for the
CCCP system, so we require only that k7 2k%,, inorder that the simple model of the
text be valid.

This means that the heterogeneous reactions (A.4) and (A.5) must occur for the
CCCP system at rates comparable to those at which A~ and HA are exchanged betweer
membrane and water.
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