J. Membrane Biol. 102, 225-234 (1988)

The Journsi of

Membrane Biclogy

© Springer-Verlag New York Inc. 1988

Protonophore Anion Permeability of the Human Red Cell Membrane Determined

in the Presence of Valinomycin

Poul Bennekou

Zoophysiological Laboratory B, August Krogh Institute, University of Copenhagen, DK-2100 Copenhagen @, Denmark

Summary. A transport model for translocation of the pro-
tonophore CCCP across the red cell membrane has been estab-
lished and cellular CCCP binding parameters have been deter-
mined. The time course of the CCCP redistribution across the
red cell membrane, following a jump in membrane potential in-
duced by valinomycin addition, has been characterized by fitting
values of preequilibrium extracellular pH vs. time to the trans-
port model. It is demonstrated, that even in the presence of
valinomycin, the CCCP-anion is ‘‘well behaved,”” in that the
translocation can be described by simple electrodiffusion. The
translocation kinetics conform to an Eyring transport model,
with a single activation energy barrier, contrary to translocation
across lipid bilayers, that is reported to follow a transport model
with a plateau in the activation energy barrier. The CCCP anion
permeability across the red cell membrane has been calculated to
be close to 2.0 X 107 cm/sec at 37°C with small variations be-
tween donors. Thus the permeability of CCCP in the human red
cell membrane deviates from that found in black lipid mem-
branes, in which the permeability is found to be a factor of 10
higher.
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Introduction

Tons, which are transported passively through cell
membranes by electrodiffusion, distribute accord-
ing to electrochemical equilibrium. If the steady-
state membrane potential changes, the ion will re-
distribute and ultimately reach a new equilibrium.
A group of compounds, protonophores or un-
couplers, induces an apparent proton permeability
across the membrane, when added to a cell suspen-
sion. In a number of papers [1, 11, 16] a proton
carrier from this group, carbonylcyanide m-
chlorophenyl-hydrazone (CCCP) has been used as
membrane potential probe of red cells suspended in
unbuffered Ringer’s solutions. The transport char-
acteristics of CCCP, which translocates across the

lipid moiety of the cell membrane by diffusion/elec-
trodiffusion, have been extensively studied in lipid
bilayer systems [8, 10, 13] and suspensions of lipo-
somes [17, 18], but far less is known about the be-
havior in cell membranes. The rate of CCCP redis-
tribution, following changes in membrane potential,
is determined by the CCCP anion permeability. This
is of no consequence in relation to the final equilib-
rium, but determines how rapid potential changes
can be reflected by the pH shift in the extracellular
medium.

In experiments with lipid bilayers LeBlanc [10]
has determined the permeabilities of CCCP and
found values of 11 cm/sec for the acid, and 2.0 X
1073 c¢cm/sec for the anion, while O’Shaughnessy
and Hladky [13] have found the anion permeability
to be 4.4 x 107* cm/sec. In experiments with red
cells, Macey and Orme [12] have estimated the
CCCP anion permeability to be one or two orders of
magnitude lower than the corresponding figure for
translocation across artificial lipid bilayers. In the
present study a steady-state electrodiffusion trans-
port model for CCCP translocation is established.
The model allows calculation of CCCP anion per-
meability in red cells, and additionally offers oppor-
tunity to distinguish between different electrodiffu-
sion scenarios. As a prerequisite cellular binding
parameters for CCCP are determined.

Materials and Methods

CHEMICALS

All inorganic salts (analytic grade) were purchased from Merck.
Carbonylcyanide m-chlorophenyl-hydrazone (CCCP) was ob-
tained from Sigma and valinomycin from Calbiochem. CCCP and
valinomycin were administrated as concentrated alcoholic solu-
tions.
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CELLS

Freshly drawn, heparinized human blood from healthy donors
was centrifuged, and plasma and the buffy coat removed by aspi-
ration. The cells were washed three times in isotonic NaCl (156
mM), and kept resuspended at a hematocrit of 20% at 37°C at
least 1 hr before use.

Changes in membrane potential were estimated from
changes in extracellular pH as:

RT
AV, = —2.303 F ApH, H

which is valid for cells suspended in a buffer-free medium [11].
ApH, is the change in extracellular pH. R, T and F have their
usual thermodynamic meaning.

An absolute calibration can be obtained by measurement of
the pH after hemolysis of the cells by addition of a 1 o/0 solution
of saponin, in that the pH in the hemolyzate corresponds to the
pH, in the suspension if the membrane potential were 0 mV.

CCCP BINDING

100 wul packed red cells were transferred to a plastic vessel con-
taining 3000 ul 156 mm NaCl solution, under vigorous stirring. 3
ul ethanolic CCCP solution were added. When pH equilibrium
was attained a sample was withdrawn, centrifuged, and the
CCCP concentration in the supernate determined spectrophoto-
metrically at 363 nm, where the absorption is independent of pH.

At the end of the experiment the cellular pH was deter-
mined by adding 50 ul saponin solution to the suspension, caus-
ing total hemolysis of the cells. 50 pl hemolysate was used for
determination of the cellular hemoglobin content.

In experiments where the intracellular pH was varied, red
cells, suspended in 156 mM NaCl solution at a hematocrit of 50%,
were titrated to the desired pH by addition of 50 mM NaOH or
HCI in a Ringer’s solution.

CCCP FrLux EXPERIMENTS

100 ul of packed cells were transferred to a plastic vessel con-
taining 3000 ul isotonic NaCl (154 mm) and KCl (2 mm) solution.
3 pl ethanolic CCCP solution (concentration varied) were added.
When equilibrium was achieved, 3 ul ethanolic valinomycin so-
Iution (concentration varied) was added to increase the potas-
sium conductance, thus inducing a voltage jump (hyperpolariza-
tion). The amount of ethanol was 2 0/00 in all experiments.

The electrode amplifier output was fed into an A/D con-
verter and the digitized paired values of time and extracellular
pH stored for later analysis.

ELECTRODES

Radiometer electrodes were used for measurement of pH in the
suspension. The glass electrode was a G2222 C with a rise time
(95% response) below 0.5 sec. A K4112 calomel electrode was
used as reference.
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Calculations

The electrodiffusional flux for an anion across the
cell membrane is described by:
Ji= —P;Q{clt - et — ¢? - e?} 2)
where P; is the permeability, ¢; the concentrations
on the two sides of the membrane of the ith anion, ¢
the reduced membrane potential divided by 2, and
Q a potential factor which is dependent on the elec-
trodiffusion model chosen.

It can be shown (see Appendix) that the extra-
cellular pH in a suspension of red cells in buffer-free

Ringer’s solution with CCCP added, following an
instantaneous voltage change, can be described by:

P 1 — e
pH,(¢) = pH(0) + log HE - 1} TE Woe @ +1
€)

where pH,(r) is the extracellular pH at the time ¢, Py
is expio(pH,(0) — pK) and P.. expo(pH,(*) — pK).
W, is a constant depending on the binding parame-
ters and pH. The time constant k is a composite
expression, containing the protonophore anion per-
meability, binding parameters, cell area, cellular
and extracellular volumes, and the membrane po-
tential factor @, the value of which depends on the
electrodiffusion model (see Appendix).

The protonophore anion permeability was de-
termined from a nonlinear fit of experimental values
of ¢, pH(?) to Eq. (3) using a simplex procedure with
a least-squares estimator, for the determination of
the three independent parameters Py, P. and the
permeability P.

CCCP BINDING

The amount of CCCP bound to intracellular compo-
nents is calculated as:

1 + 1QpHn—PK
M? =M ~ [Cl7 \Vo + Vin T3 oK 4)
where M# is the amount of bound CCCP, M the
total amount of CCCP added to the suspension and
[C]1% the total concentration of CCCP (acid and cor-
responding base) in the extracellular medium. V,
and V;, are the extracellular and cellular water vol-
umes. M2 is used in the calculation of the binding
parameters, o and o', which are the amount of
CCCP bound per liter cell water, divided by the
cellular concentration (moles/liter cell water) of
free base or acid, respectively.
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UNSTIRRED LAYERS

The calculated permeabilities have not been cor-
rected for the effect of unstirred layers. With a cell
volume fraction of about 0.03, the mean distance
between cells in the suspension is 20 wm, which
gives a maximum thickness of the unstirred layer of
10 wm in a homogenous suspension. If the diffusion
coefficient of the CCCP anion in water is taken to be
5 X 1076 cm?/sec [10], the error in the determination
of the membrane permeability is about 4%, and
since the system is well stirred the actual error must
be negligible.

Results

CCCP BINDING

When CCCP had been added to a suspension of red
cells, it was found that the total amount of CCCP,
calculated from the extracellular concentrations
under equilibrium conditions, was less than the
amount added, the difference representing the
amount bound. When different amounts of CCCP
were added to a red cell suspension, the bound
amount varied linearly with the total amount, up to
a nominal concentration of 3 X 10~° moles/liter to-
tal water (Fig. 1A).

Furthermore, a variation in binding of CCCP is
seen with variation in intracellular pH, the binding
increasing with decreasing pH (Fig. 1A4). Since
CCCP is a weak monovalent acid, with a pK value
around 6 (see below) it is present both as free acid
and free anion. In Fig. 1(B) is shown the ratios be-
tween the concentration of found CCCP and free
anion «, and bound CCCP and free acid «', with
varying cellular pH.

In contrast the binding parameters « and o’ do
not vary with variations in extracellular pH, when
the intracellular pH is constant (rot shown).

As the protonated and anionic forms of CCCP
have different spectra in the ultraviolet, the pK of
CCCP can be calculated after spectrophotometric
determination of the ratio between acid and base in
buffers with varying pH. The pK value was found to
be 6.10 = 0.03 at 24°C and 5.93 + 0.03 at 38°C, in
media with ionic strength 150 mm, which gives a
ApH/AT = —0.012 = 0.003 in this temperature in-
terval.

Immediately after addition of valinomycin to a
suspension of red cells, with CCCP added as mem-
brane potential probe, the extracellular pH begins
to change. After about 30 sec a new steady-state
value is reached, reflecting the hyperpolarization in-
duced by valinomycin (Fig. 2).
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Fig. 1. (A) Bound CCCP plotted against total amount CCCP
added at two different values of intracellular pH. The upper
abscissa axis is total amount of CCCP added to the cell suspen-
sion, while the lower abscissa axis is the corresponding nominal
CCCP concentration. The ordinate axis is bound CCCP, calcu-
lated according to Eq. (4). Symbols (filled circles and triangles)
represent experimental determinations, the solid lines are linear
regression curves for the experimental points. (B) Ratio be-
tween concentration of bound CCCP and intracellular free CCCP
anion, « (left ordinate axis, filled circles), and ratio between
concentration of bound CCCP and intracellular free protonated
CCCP, o' (right ordinate axis, triangles), plotted against intracel-
lular pH. The straight line is from linear regression

The potassium net efflux on the other hand, at-
tains the highest level immediately following addi-
tion of valinomycin, and declines with time since
the potassium and chloride Nernst potentials
change with the progress in KCl efflux. Within the
experimental uncertainty, however, the efffux is lin-
ear for the first 45 to 60 sec [2]. The time elapsing
after valinomycin addition and before the K* efflux
has reached the maximum value is between 0.5 and
1.0 sec, estimated from measurements of the
change in extracellular potassium concentration,
using a K*-sensitive electrode (not shown). This in-
terval is considered to represent a maximum value
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Fig. 2. pH traces from experiments with various amounts of
CCCP added to the cell suspension; the concentration in pwmol/
liter H,0 is indicated to the right. At the end of the experiments
saponin was added, resulting in total hemolysis of the cells (bro-
ken line). The ordinate axis shows extracellular pH and calcu-
lated equivalent change in membrane potential; the abscissa axis
time in seconds. Valinomycin addition at time zero, indicated by
arrow. The decline in pH and consequently membrane potential
after the new steady-state pH has been reached, pH(x), is due to
the KCl efflux which leads to a decreasing K* Nernst potential

for the time in which mixing and uptake in the cells
is incomplete.

The almost instantaneous rise in potassium net
efflux, and consequently in induced K* conduc-
tance, indicates that valinomycin induces a jump in
membrane potential, and the initial ascending phase
in extraceflular pH thus represents CCCP equilibra-
tion, which is too slow to reflect the instantaneous
voltage change.

MEMBRANE POTENTIAL

The change in extracellular pH used for estimation
of the membrane potential (see Eq. (1)), was calcu-
lated from pH(e) using P. from the fit to the trans-
port model in the case of the flux experiments, oth-
erwise from the maximum pH, deflection (see Fig.
2). The value of the membrane potential calculated
from the fit was within =1.2mV from the value cal-
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Fig. 3. Calculated CCCP anion permeabilities as function of
CCCP concentration. The valinomycin concentration was 0.1
uM in all experiments. B represent constant field permeabilities,
@ single-barrier permeabilities. Dashed line drawn by eye. Ordi-
nate axis is permeability in cm/sec; abscissa axis nominal CCCP
concentration in wmol/liter total water

culated from the peak value, corresponding to a dif-
ference of 0.02 pH units.

The new steady-state pH, pH,(e), in the extra-
cellular phase, and the corresponding membrane
potential calculated from the pH difference across
the membrane show a considerable dependence
both upon valinomycin concentration, and CCCP
concentration (see Fig. 2). The variations in mem-
brane potential with either valinomycin or CCCP
concentration are saturating functions, as previ-
ously reported [1].

CCCP ANION PERMEABILITY

CCCP anion permeability was determined as best fit
to Eq. (3), from paired observations of time (time
for valinomycin addition taken as zero) and extra-
cellular pH, in experiments where either the CCCP
or valinomycin concentration was varied. The stan-
dard deviation of the experimental pH values com-
pared to the model was typically 0.01 pH unit.

Figure 3 shows the CCCP~ permeability, calcu-
lated from experiments where the valinomycin con-
centration was constant, 1.0 X 1077 M, and CCCP
varied, and Fig. 4 the permeability calculated from
experiments, with a constant CCCP concentration
of 3.33 x 107% M, and the valinomycin concentra-
tion varied.

For constant field diffusion, the potential factor
Q@ has the value —d¢/sinh¢, where ¢ is the reduced
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Fig. 4. Calculated CCCP anion permeabilities as function of va-
linomycin concentration. The CCCP concentration was 33.3 uM
in all experiments. Symbols and ordinate axis as in Fig. 3. Ab-
scissa axis, nominal valinomycin concentration in umol/liter to-
tal water

membrane potential divided by 2. For a single-bar-
rier electrodiffusion model Q = —1.

As shown in Figs. 3 and 4, the constant field
permeability, as calculated from the fit to Eq. (3), is
an increasing function of both CCCP- and valino-
mycin concentration, whereas the single-barrier
permeability seems to be constant regardless of
both CCCP- and valinomycin concentration. When
the valinomycin concentration is held constant at
0.1 uM the single-barrier permeability is found to be
(1.98 = 0.16) x 10~* cm/sec (s, n = 18), while the
permeability is found to be (1.95 = 0.23) x 10~* cm/
sec (sp, n = 18) when the CCCP concentration is
held constant and the valinomycin concentration
varied.

In that the membrane potential is dependent on
the concentrations of CCCP and valinomycin, and
the calculated CCCP anion permeability depends on
the membrane potential, the CCCP~ permeability
can be related to the membrane potential (Fig. 5).
Because no a priori information exists either regard-
ing the distribution function for the calculated per-
meabilities, or a straight line relationship between
the calculated CCCP permeability and the mem-
brane potential, a nonparametric description of the
correlation has been used.

The Spearman rank correlation coefficient [4]
for membrane potential vs. CCCP~ permeability for
a pooled group of experiments has been found to be
0.686 in the constant field case, » = 61, which is
significant at the 0.1% level, while the correlation
coefficient for the same data is found to be 0.115 in
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Fig. 5. CCCP anion permeabilities vs. calculated membrane po-
tential. Symbols and ordinate axis as in Fig. 3. Lower line gives
the mean of the single-barrier permeabilities; upper curve the
calculated apparent constant field permeabilities. Abscissa axis
represents the membrane potential in millivolts

the single-barrier case. This means that the CCCP~
permeability calculated with the assumption Q =
—1 is independent of the membrane potential. The
mean value of the CCCP~ permeability in the sin-
gle-barrier case is (2.11 = 0.28) x 10~ cm/sec (sD,
n = 61). The single-barrier permeability for the
CCCP anion is thus a constant with an overall mean
value of 2.11 x 10~* (Fig. 5).

Discussion

Binding of CCCP to red cells is a pH-dependent
nonsaturable process at least up to a concentration
of 3.3 x 107> moles/liter, as can be seen from Fig. 1.
In that CCCP is a weak acid, with a pK of about 6.0
depending on the temperature, the acid base ratio
too varies with pH. The binding parameters « and
o', that is the ratio between bound CCCP and free
anion, respectively free acid, is shown in Fig. 1(B).
As can be seen from the Figure, «, which is the
binding constant calculated on the basis of the intra-
cellular concentration of free CCCP~, is a slowly
decreasing, linear function of pH, while o', the
binding constant calculated on the basis of free acid
is an increasing, nonlinear function of pH.

Apart from the fraction of CCCP present in the
intra- and extracellular spaces, a third fraction must
exist in the lipid phase of the membrane.

Since the total amount of CCCP calculated from
the extracellular concentration and the binding pa-
rameters at equilibrium with varied extracellular pH
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is found to be constant, and identical to the added
amount, this fraction is numerically insignificant,
and does not influence the analysis of the redistribu-
tion.

The shape of the binding curves (see Fig. 1B)
suggests that the CCCP anion is bound to an intra-
cellular titratable component, for which hemoglobin
seems to be a likely candidate in view of the almost
linear acid-base titration curve [15], and the number
of binding sites required. At the highest CCCP con-
centrations used, up to one mmol of CCCP is bound
per liter celis. If the bound species were the acid,
the pH dependence of the calculated binding param-
eter o’ would be difficult to explain, and this param-
eter is considered to be an artifact, resulting from
the linear binding of the anion. The actual binding
mode however, is of no consequence for the calcu-
lation of the transport parameters, which is depen-
dent on the total amount bound only.

In the commonly used kinetic model for trans-
port of protonophore anions across artificial lipid
bilayers, it is assumed that the anion does not leave
the membrane in the experimental period (which for
lipid bilayer experiments is of the order of millisec-
onds), and that the species transported between the
compartments is protons, which associate/dissoci-
ate with the carrier anion at the membrane interface
(3, 10].

In the present paper, the quasi steady-state
transport in red cells has been characterized under
experimental conditions, which are quite different
from the lipid bilayer case. Another ionophore, va-
linomycin, was present and the transport was fol-
lowed for a period of up to 30 sec. In this period a
considerable redistribution of CCCP between the
inner and outer compartments occurred. The size of
the redistribution depends on the size of the poten-
tial jump, and both uncharged CCCP and the anion
are supposed to move across the interface bound-
aries as part of this process.

In the analysis, it is assumed that addition of
valinomycin to a red cell suspension induces a
change in membrane potential with a rectangular
profile. This assumption is based on the rapid in-
crease (less than 1 sec) of the KCl efflux to a maxi-
mal value, indicating a reasonably short rise time.
This efflux is nearly constant for the first 30 to 45
sec, whereafter it decreases [2].

The degree of constancy of the membrane po-
tential during an experiment (20 to 30 sec) can be
estimated from the linear change in extracellular pH
following the peak value (see Fig. 2). The deviation
from a constant value is found to be 3 to 4 mV in the
experiments with the highest induced fluxes (high
concentrations of valinomycin and CCCP), and de-
creasing with decreasing levels of ionophores.

It has been attempted to fit the data to the
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model, but with ¢+ + Ar substituted for 7. The result-
ing parameters did not change significantly, how-
ever, and Az was not found to be significantly differ-
ent from 0.

In conclusion a square-wave profile seems to be
a reasonable approximation for the change in mem-
brane potential induced by valinomycin.

It should be noted, that a previous analysis has
demonstrated, that under the present experimental
conditions the anion exchange systems do not inter-
fere with the CCCP-mediated pH equilibration, and
consequently do not bias the membrane potential
calculated from pH(x), even at CCCP concentra-
tions below 1 uM [2]. It has been observed [6, 14],
that addition of CCCP to valinomycin-treated cells
accelerates the valinomycin-mediated potassium ef-
flux. This acceleration has been interpreted, either
as a direct coupling between valinomycin-K* and
the CCCP anion, thus forming an electroneutral
complex [17, 18], whereby K* and CCCP~ efflux
bypasses the energy barrier for charge transloca-
tion, or as a direct CCCP influence upon valinomy-
cin K* conductance [1], through a lowering of the
potential barrier.

If a direct coupling between valinomycin-K*
and CCCP~ to an electroneutral complex were re-
sponsible for the potassium net efflux acceleration,
there must, with a nearly constant extracellular pH,
be an electrodiffusional reflux of CCCP~ of the
same size as the K* efflux acceleration.

When the calculated CCCP~ permeability is ex-
trapolated to zero concentration of either CCCP or
valinomycin (see Figs. 3, 4), it gives a value unbi-
ased by a possible coupling. If the net electrodiffu-
sion influx of CCCP~ is calculated, using this unbi-
ased permeability the size of the influx is found to
be one order of magnitude lower than necessary to
account for the increase in K* net efflux. Conse-
quently the coupling does not contribute signifi-
cantly, if at all, to the CCCP~ redistribution in the
presence of valinomycin. CCCP~ translocation
across the red cell membrane can thus safely be
treated in an electrodiffusional framework.

This conclusion is directly supported by a flux
ratio analysis of the valinomycin-induced K* fluxes
in the presence of CCCP {2], which shows that no
acceleration of the K* exchange fluxes is found un-
der equilibrium conditions. According to this analy-
sis, the acceleration under net flux conditions is due
to an effect of CCCP upon the rate constants in the
valinomycin transport cycle.

The transport of an ion through the membrane
can be treated either as an electrodiffusion process
using the integrated Nernst-Planck flux equation, or
alternatively, according to absolute rate theory, as a
series of translocations across barriers in activation
energy, from one local minimum in potential energy
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to the next [19]. In both cases, the resulting flux
equation can be represented by the left part of Eq.
(1), where O depends on the specified potential en-
ergy profile, or series of activation energy barriers,
respectively.

In the Eyring formalism [19], the single-barrier
scenario means that the anion experiences only a
single activation energy barrier, when it is translo-
cated across the membrane and Q = —1. In the
Nernst-Planck formalism, the potential energy bar-
rier for translocation can be represented by a trape-
zoid [3, 7, 9], characterized by the ratio between the
minor and major bases r. If the trapezoid becomes
rectangular, r = 1, the constant field equation with
Q = —d¢/sinh¢ ensues, while when degeneration
into a triangle, r = 0, the flux equation in the
Nernst-Planck formalism has the same dependence
of the membrane potential as the Eyring formalism
with a single activation energy barrier, i.e. 0 = —1.

When the CCCP anion permeability is calcu-
lated according to constant field conditions, a signifi-
cant rise in permeability is seen in dose-response
experiments (see Figs. 3, 4). If, on the other hand,
CCCP anion permeability is calculated according to
a single-barrier model, where the flux has a steeper
dependence upon the membrane potential, the
CCCP anion permeability is found to be a constant,
regardless of CCCP or valinomycin concentration.

The single-barrier behavior of the CCCP efflux,
found in the present work is in accordance with the
membrane potential dependence reported by Macey
and Orme [12] for translocation across the red cell
membrane of the positively charged tetraphenyl-ar-
sonium ion, and indicates that the plateau in the
activation energy profile across the red cell mem-
brane is very narrow. In this respect the red cell
membrane seems to differ from artificial lipid bilay-
ers, where O’Shaughnessy and Hladky [13] and Ka-
sianowich, Benz and McLaughlin [8] report a value
of 0.57 for r in a study of CCCP, and r = 0.65 in
experiments with the protonophore FCCP (p-tri-
fluoromethoxyphenylhydrazone) [3].

The value of the CCCP anion permeability, 2.11
x 10~% cm/sec, as reported in the Results section, is
one magnitude lower than the value reported by
LeBlanc [10] for artificial lipid bilayers, but in
agreement with the estimate given by Macey and
Orme [12] for translocation across the red cell mem-
brane.

Conclusion

CCCP translocation across the human red cell
membrane, following a fast hyperpolarization in-
duced by valinomycin, can be described by an elec-
trodiffusion transport model. The transport kinetics
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conform to a single barrier, rather than to a constant
field, scenario. This finding, which is in accordance
with other red cell studies using lipid-soluble cat-
ions, questions the validity of constant field calcula-
tions, which traditionally have been used for human
red cell transport studies.

Since the steady-state translocation of CCCP is
a “‘well behaved” process, CCCP seems to be an
appropriate choice for a lipid-soluble anion to probe
the human red cell membrane, and supports the no-
tion that genuine membrane potentials can be esti-
mated using this compound.

That CCCP translocation across the human red
cell membrane can be described by electrodiffusion
furthermore indicates that CCCP~ coupling to a va-
linomycin-K* complex is not a significant part of
the translocation process across the erythrocyte
membrane.

The deviation of the CCCP permeability and
transport mode from what is found in experiments
with synthetic lipid bilayer membranes do indicate
that results from such experiments are only partly
valid for translocation across the human red cell
membrane.

The author wishes to thank Drs. O. Scharff and P.A. Knauf for
valuable discussions, which contributed much to the clarity of
the present paper. This work was supported by the Carlsberg
Foundation (1983/84 no. 266/1V).
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Appendix

CCCP BINDING

The amount of bound CCCP can be expressed as:

M? =M - MF (A1)
where M is the total amount of CCCP, MF the amount of free,
and M? the amount of bound CCCP.

As CCCP is a weak monovalent acid, the ratio between the
concentration of free anion and free acid is given by:

_ [CCCP] [B]
pH — pK = log [CCCP] log (4] (A2)
which is valid on both sides of the membrane.
MF can then be expressed as:
MF = V,[A}{1 + 10PHo-PK} + V, [AK1 + 10pBin-pK} (A3)

where V, and V,, are extracellular and intracellular water vol-
ume.

Equation (A3) is valid, when the distribution of CCCP has
come to equilibrium, since the concentration of free acid is then
identical on the two sides of the membrane.

The concentration of free acid is then:

[Cl7

1+ 10PHo~PK (ad)

(Al =

where [C]%is the total extracellular concentration of CCCP (acid
and base).
Inserting Eqs. (A3) and (A4) in (A1) yields:

1 + 10p8in—pK

" T+ 10PR PR | (A5)

M5 =M-ICl7 |V, + V;

The binding parameters a and o' are related to the amount bound
by

L_BE Ak
(BI:’ (AL

(A6a,b)
where the bound amount is taken on basis of 1.0 liter cell water.

CCCP Frux

The amount of CCCP anion crossing the cell membrane can be
written as:

Ar-J = -V, (1 + a) i[% = (Vo + V(1 + ') d—g?—l (AT)

assuming that intracellular CCCP binding is linearly proportional
to the concentration of the free anion, and that the rate of associ-
ation/dissociation is fast compared to the rate of transport (see
Fig. 6). Aris the membrane area; remaining symbols are as previ-
ously defined. Under the present experimental conditions, where
the only extracellular buffer capacity is represented by minute
amounts of bicarbonate and extracellular water and CCCP, the
error introduced by equating the left and right sides in Eq. (A7) is
negligible.

The electrodiffusional ion flux across the membrane can be
expressed as:

J; = —P,0(cPe — cle2), (A8)

O is a potential factor that depends on the transport modet [7, 9,
12]. For a single-barrier model @ = —1, for a constant field model
Q = —¢/sinhg, with ¢ = FV,,/2RT (anion).

Since the undissociated acid is very permeable, compared
to the anion [10], it is assumed that the undissociated acid is in
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ouTt IN
Vo Vin
{B]O - - [B]in - [B]b
[H*], [H )i
EA)O B R [A]in - [A]b

m_ym.y =,RT
Vm -Vo —Vm-ZF
Fig. 6. This Figure illustrates the assumed transport scheme, on
which the model is based. (4) represents the undissociated
CCCP, while (B) represents the anionic (base) form

(quasi) equilibrium across the cell membrane. Consequently the
right sides of Egs. (A7) and (A8) can be equated.
Since

_[[B%]i_“ = ](QPHin—PK = é (A9)

if [A] is substituted into Eq. (A7), this leads to

Ar - P - Q(IBlie ® — [Bloe®)

= — Vi {1 +a+B (1 +a + ‘l//—)} dlft}‘“. (A10)
Since the total CCCP compartment is closed:
[AKV, + V(1 + &)} + [BLV, + [BlnVi(l + ) = M (Al])
which is valid for all 7.
Insertion of Eq. (A9) in Eq. (All) gives:
[Blo{Vil + a+ (1 + &) + BV} + [BL,V, = M (A12)
and solving for (B),(?):
(Bl,(1) = M — [Blu@{Vi(l + a + B0 + &) + BVG}. (A13)

Va

Insertion of Eq. (Al3) in Eq. (A10) leads to a first-order
differential equation. After separation of the variables we have:

dIn{[B]nC — Me®} = —kdt (A14)
where
Vet +{Vp(l + a+ B +a')+ V,Blet =C (Al4a)
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and
Ar-P-Q 5 C =~k (A14b)
Vi,,VU{l +a+/3<1 + o +V—”>}
Equation (A14) is integrated and rearranged to give:
(B1a(0) = {[B1,0) — 5 ¢} e + W ee. (A15)

As CCCP equilibrates, the pH in the extracellular medium,
which is buffer free, changes. Expressing the concentration of
protonated CCCP in the extracellular and intracellular water
phases according to the buffer equation and assuming the acid to
be in equilibrium across the membrane leads to:

[Blo(1) = BIB]ix(2) - 10PHaI-pK (A16)
which is inserted in Eq. (A15) to give:
BIBIn(0) - 10%Ft0-2K
_ M~ [Bln@{Vi( + 3+ B(l +a9) + BVO}‘ (A17)
which is solved for (B)i,(¢) to give:
M
[Blin(t) = (A18)

V{1070 pK 3 11 + Vi {l + « + B + o)}

Inserting Eq. (A18) in Eq. (A1S) and rearranging gives:

M
{[B]in(()) — % e¢} eM + %ed’} BV,

1QPHo(—PK =

B Vin(l + & + B(1 ‘i‘oz'))wl

v, (A19)
For convenience
C . [Blu0)-C
AV,er =W g 1= W
Vil + @ + B(1 + &)
v +1=W, (A19a,b,c)

are introduced.
These expressions, which are constants characteristic of
the individual experiments are inserted in Eq. (A19) to give:

W,

10PHo=PK = — .
Woe ™ + 1

Ws. (A20)

For ¢t = 0 and 1 — = Eq. (A20) reduces to:

[QPHo=-PK = W, — W, = P, (A21a)
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Wi
Ho(0)-pK — - =
10° P W, + 1 Wy = Py (A21b)
which, when solved for W, and W; yield:
W, = W, + 1 b _p
L= T, (P )
1
and W3 = (Px - Po) Freali P(). (A22a,b)
W,
Equation (A20) can now be written as:
H,(1) = pH(O) + I ‘(P* 1) L—e AR
p a(t) =P ( ) og PO 1 + WZeAkt " ( )
Insertion of Eq. (A21b) in Eq. (A16) gives:
[B1,(0) = Py BI[B]in(0). (A24)

Inserting Eqgs. (A12), (Al4a) and (A24) in Eq. (A19b) we
get:
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e — BP,

W, = 7 . (A25)
7"’(1 +a+ B+ o)+ B+ Py
Since
FV,
P, = 10pHo=1-pK apd RT = 2¢ = —(pH,(») — pHj,) - Inl0
Eq. (A25) can finally be written as:
. — P,
W, = AP - By (A26)

—“;ﬂ(l +a+ B+ )+ B +P0).

Equation (A23), to which the data are fitted, contains two
constants, k and W,, that are dependent on the binding parame-
ters. It is apparent from inspection of these constants, Egs.
(Al14b) and (A26), that their values are unchanged even if the
interpretation of the binding mode (binding of the protonophore
anion) do not hold, since in that case the binding parameter for
binding of undissociated acid should be used, whereby numeri-
cally the same constants appear.



