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S u m m a r y .  A transport model for translocation of the pro- 
tonophore C C C P  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 
valinomyein, 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 10 -4 cm/sec at 37~ 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 

Ions, 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 
10 -3 cm/sec for the anion, while O'Shaughnessy 
and Hladky [13] have found the anion permeability 
to be 4.4 • 10 -4 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 NaC1 (156 
mM), and kept resuspended at a hematocrit of 20% at 37~ at 
least 1 hr before use. 

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

RT 
AVm = -2.303 --F-- bpHo (1) 

which is valid for cells suspended in a buffer-free medium [11]. 
ApHo 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/o solution 
of saponin, in that the pH in the hemolyzate corresponds to the 
pHo in the suspension if the membrane potential were 0 mV. 

C C C P  BINDING 

100/xl packed red cells were transferred to a plastic vessel con- 
taining 3000/zl 156 mM NaC1 solution, under vigorous stirring. 3 
txl 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/xl saponin solution to the suspension, caus- 
ing total hemolysis of the cells. 50/xl hemolysate was used for 
determination of the cellular hemoglobin content. 

In experiments where the intracellular pH was varied, red 
cells, suspended in 156 mM NaCI solution at a hematocrit of 50%, 
were titrated to the desired pH by addition of 50 mM NaOH or 
HC1 in a Ringer's solution. 

C C C P  FLUX EXPERIMENTS 

100/xl of packed cells were transferred to a plastic vessel con- 
taining 3000/xl isotonic NaCI (154 raM) and KCI (2 raM) solution. 
3 p,1 ethanolic CCCP solution (concentration varied) were added. 
When equilibrium was achieved, 3/xl ethanolic valinomycin so- 
lution (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. 

Calculations 

The  e l ec t rod i f fu s iona l  flux for  an an ion  ac ros s  the  
cell  m e m b r a n e  is d e s c r i b e d  by :  

Ji = - P i Q { c }  n" e -• - c ~  e +} (2) 

w h e r e  Pi  is the  p e r m e a b i l i t y ,  ci the  c o n c e n t r a t i o n s  
on  the  two  s ides  o f  the  m e m b r a n e  o f  the  i th  an ion ,  ~b 
the  r e d u c e d  m e m b r a n e  po t en t i a l  d iv ide d  by  2, and  
Q a po t en t i a l  f a c to r  wh ich  is d e p e n d e n t  on the e lec-  
t rod i f fus ion  m o d e l  c hose n .  

I t  can  be  s h o w n  (see  A p p e n d i x )  tha t  the  ex t ra -  
ce l lu la r  p H  in a s u s p e n s i o n  o f  red  cel ls  in buf fer - f ree  
R i n g e r ' s  so lu t ion  wi th  C C C P  a d d e d ,  fo l lowing  an 
i n s t a n t a n e o u s  vo l t age  change ,  can  be  d e s c r i b e d  by:  

{P= } 1 - e -kt 
p H o ( t ) = p H ( 0 ) + l o g  f f~0-  1 1 + W2e -kt + 1  

(3) 

w h e r e  pHo( t )  is the  e x t r a c e l l u l a r  p H  at the  t ime  t, Po 
is expl0(pHo(0)  - p K )  and  P~ expl0(pHo(~)  - pK) .  
W2 is a c o n s t a n t  d e p e n d i n g  on  the b ind ing  p a r a m e -  
te rs  and  pH.  T h e  t ime  c o n s t a n t  k is a c o m p o s i t e  
e x p r e s s i o n ,  con t a in ing  the  p r o t o n o p h o r e  an ion  per-  
meab i l i t y ,  b ind ing  p a r a m e t e r s ,  cel l  a rea ,  ce l lu la r  
and  e x t r a c e l l u l a r  v o l u m e s ,  and  the  m e m b r a n e  po-  
ten t ia l  f a c to r  Q, the  va lue  o f  w h i c h  d e p e n d s  on  the  
e l ec t rod i f fus ion  m o d e l  ( see  A p p e n d i x ) .  

The  p r o t o n o p h o r e  an ion  p e r m e a b i l i t y  was  de-  
t e r m i n e d  f r o m  a non l inea r  fit o f  e x p e r i m e n t a l  va lues  
o f  t, pH( t )  to  Eq.  (3) us ing  a s imp lex  p r o c e d u r e  wi th  
a l e a s t - s q u a r e s  e s t i m a t o r ,  for  the  d e t e r m i n a t i o n  o f  
the  t h ree  i n d e p e n d e n t  p a r a m e t e r s  P0, P~ and the  
p e r m e a b i l i t y  P .  

C C C P  BINDING 

T h e  a m o u n t  o f  C C C P  b o u n d  to in t r ace l lu l a r  c o m p o -  
nen ts  is c a l c u l a t e d  as:  

M B = M - [C]}  Vo + Vin 11 ++ 10PHin-PK10 pH~ (4) 

w h e r e  M B is the  a m o u n t  o f  b o u n d  C C C P ,  M the 
to ta l  a m o u n t  o f  C C C P  a d d e d  to the  s u s p e n s i o n  and  
[C]}  the  to ta l  c o n c e n t r a t i o n  o f  C C C P  (acid and  cor-  
r e s p o n d i n g  base )  in the  e x t r a c e l l u l a r  m e d i u m .  Vo 
and  Vin a re  the  e x t r a c e l l u l a r  and  ce l lu la r  w a t e r  vol-  
umes .  M 8 is u s e d  in the  ca l cu l a t i on  o f  the  b ind ing  
p a r a m e t e r s ,  a and  a ' ,  w h i c h  are  the  a m o u n t  o f  
C C C P  b o u n d  p e r  l i ter  cel l  wa t e r ,  d iv ide d  by  the  
ce l lu la r  c o n c e n t r a t i o n  (mo le s / l i t e r  cel l  wa te r )  o f  
f ree  b a s e  o r  ac id ,  r e s p e c t i v e l y .  
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UNSTIRRED LAYERS Bound CCCP 

(motes/100)al cet[s) 
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 s•176 
between cells in the suspension is 20 /zm, which 
gives a maximum thickness of the unstirred layer of 
10/xm in a homogenous suspension. If the diffusion 
coefficient of the CCCP anion in water is taken to be 
5 • 10 .6 cm2/sec [10], the error in the determination 
of the membrane permeability is about 4%, and lx10-8 
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 amoufft 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 • 10 -5 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. 1A). 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. I(B) is shown the ratios be- 
tween the concentration of found CCCP and free 
anion a, and bound CCCP and free acid o~', with 
varying cellular pH. 

In contrast the binding parameters o~ and o~' do 
not vary with variations in extracellular pH, when 
the intracellular pH is constant (not 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~ and 5.93 --- 0.03 at 38~ 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). 

~ pH c 6.73 

5 x 10 -6 1'0 x 10 -8 

8x10 -6 16x10 -6 2/-, x 10 "6 [CCCP] 
(motes/t tot(at wctter) 

(I. Ct' 

100 | / 200o 

50" , .1000 

0- 
8 pH~ ~ 

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, c~ (left ordinate axis, filled circles), and ratio between 
concentration of bound CCCP and intracellular free protonated 
CCCP, c~' (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 KC1 efflux. Within the 
experimental uncertainty, however, the efflux 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§ 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 p.mol/ 
liter H20 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(~), is due to 
the KCI efflux which leads to a decreasing K + Nernst potential 

for the t ime in which mixing and uptake in the cells 
is incomplete.  

The a lmost  instantaneous rise in potass ium net 
efftux, and consequent ly  in induced K + conduc- 
tance, indicates that val inomycin induces a jump in 
membrane  potential,  and the initial ascending phase 
in extracellular p H  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 f rom pH(oo) using P= f rom the fit to the trans- 
port  model in the case of  the flux experiments ,  oth- 
erwise f rom the m ax i m um  pHo deflection (see Fig. 
2). The value of the membrane  potential  calculated 
f rom 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 
/zM in all experiments. �9 represent constant field permeabilities, 
�9 single-barrier permeabilities. Dashed line drawn by eye. Ordi- 
nate axis is permeability in cm/sec; abscissa axis nominal CCCP 
concentration in/zmol/liter total water 

culated f rom the peak  value, corresponding to a dif- 
ference of  0.02 p H  units. 

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

CCCP ANION PERMEABILITY 

CCCP anion permeabi l i ty  was determined as best  fit 
to Eq. (3), f rom paired observat ions  of  time (time 
for val inomycin addition taken as zero) and extra- 
cellular pH,  in exper iments  where  either the CCCP 
or val inomycin concentrat ion was varied. The stan- 
dard deviation of  the exper imental  pH values com- 
pared to the model  was typically 0.01 pH unit. 

Figure 3 shows the CCCP-  permeabil i ty,  calcu- 
lated f rom exper iments  where  the val inomycin con- 
centrat ion was constant ,  1.0 x 10 .7 M, and CCCP 
varied, and Fig. 4 the permeabil i ty calculated from 
experiments ,  with a constant  CCCP concentrat ion 
of  3.33 x 10 -5 M, and the val inomycin concentra-  
tion varied. 

For  constant  field diffusion, the potential factor  
Q has the value -4~/sinh4~, where 4~ 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 ~M 
in all experiments. Symbols and ordinate axis as in Fig. 3. Ab- 
scissa axis, nominal valinomycin concentration in/xmol/liter to- 
tal water 
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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 

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

As shown in Figs. 3 and 4, the constant  field 
permeabil i ty ,  as calculated f rom the fit to Eq. (3), is 
an increasing function of  both CCCP- and valino- 
mycin concentrat ion,  whereas  the single-barrier 
permeabi l i ty  seems to be constant  regardless of  
both CCCP- and val inomycin concentrat ion.  When 
the val inomycin concentrat ion is held constant  at 
0.1/xM the single-barrier permeabi l i ty  is found to be 
(1.98 -+ 0.16) x 10 -4 cm/sec  (SD, n = 18), while the 
permeabi l i ty  is found to be (1.95 - 0.23) • 10 -4 cm/  
sec (SD, n = 18) when the CCCP concentrat ion is 
held constant  and the val inomycin concentrat ion 
varied. 

In that the membrane  potential  is dependent  on 
the concentrat ions of  CCCP and valinomycin,  and 
the calculated CCCP anion permeabil i ty  depends on 
the membrane  potential,  the C C C P -  permeabil i ty 
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 permeabi l i ty  and the mem- 
brane potential ,  a nonparametr ic  description of the 
correlat ion has been used. 

The Spearman  rank correlat ion coefficient [4] 
for membrane  potential  vs .  C C C P -  permeabil i ty for 
a pooled group of  exper iments  has been found to be 
0.686 in the constant  field case,  n = 61, which is 
significant at the 0.1% level, while the correlation 
coefficient for the same data is found to be 0.115 in 

the single-barrier case. This means that the CCCP 
permeabil i ty calculated with the assumption Q = 
- 1  is independent  of  the membrane  potential. The 
mean value of the C C C P -  permeabil i ty in the sin- 
gle-barrier case is (2.11 -+ 0.28) x 10 .4 cm/sec  (SD, 
n = 61). The single-barrier permeabil i ty for the 
CCCP anion is thus a constant  with an overall  mean 
value of  2.11 x 10 -4 (Fig. 5). 

D i s c u s s i o n  

Binding of CCCP to red cells is a pH-dependent  
nonsaturable  process  at least up to a concentrat ion 
of 3.3 x 10 5 moles/l i ter ,  as can be seen f rom 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 
~ ' ,  that is the ratio be tween bound CCCP and free 
anion, respect ively  free acid, is shown in Fig. I(B). 
As can be seen f rom the Figure, oz, which is the 
binding constant  calculated on the basis of  the intra- 
cellular concentra t ion 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.  

Apar t  f rom the fract ion 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  C C C P  calculated f rom 
the extracellular  concentrat ion and the binding pa- 
rameters  at equilibrium with varied extracellular p H  
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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 cells. 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 KCI 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 

model, but with t + At substituted for t. The result- 
ing parameters did not change significantly, how- 
ever, and At 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(~), even at CCCP concentra- 
tions below 1 /xM [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. 

ff 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. 
(I), where Q 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 transto- 
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 [5, 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 = -~b/sinh~b 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. Q = - 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 
• 10 -4 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 

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/IV). 
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Appendix 

CCCP BINDING 

The amount of bound CCCP can be expressed as: 

M B = M - M v (A1) 

where M is the total amount of CCCP, M F the amount of free, 
and M s 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 [-~ (A2) 

which is valid on both sides of the membrane. 
m F can then be expressed as: 

M F = go[A]{1 + 10 pH~ + Vin[A]{l + 10 oHin-pK} (A3) 

where Vo and Vin 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: 

[C]} (A4) 
[A] - 1 + 10 pH~ 

where [C ] ~-is the total extracellular concentration of CCCP (acid 
and base). 

Inserting Eqs. (A3) and (A4) in (AI) yields: 

1 + 10 pHi~-pK 
M s = M -  [C]} Vo + Vi, 1 + 10 pHo-p~ " (AS) 

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

[B]i~. [A]~ 
a '  = - -  (A6a,b) o~ = [B]~' [A]i~ 

where the bound amount is taken on basis of 1.0 liter cell water. 

CCCP FLux 

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

d [O]in d[A]  
A r  �9 J -~ -Vin(1 + a)  - - 7  - (Vo + Vin(l + cd)) - - ~  (A7) 

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). Ar is 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: 

Ji = -P iQ(c l  ~e~r - c~ e-~r �9 (A8) 

Q is a potential factor that depends on the transport model [7, 9, 
12]. For a single-barrier model Q -~ - 1, for a constant field model 
Q = -r with ~5 = FVm/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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OUT 

v2 

[B ]  o 

A 

[H+]o 

[A]  o = 

IN 

= IB] in  ~ [B] b 

f 
i = [ H"] i  n 

= [A] in ~ [A ]  b 

V m _ V m RT 
i~ o = Vm = 2 - # ' - ~  

Fig. 6. This Figure illustrates the assumed transport scheme, on 
which the model is based. (A) represents the undissociated 
CCCP, while (B) represents the anionic (base) form 

(quasi) equilibrium across the cell membrane�9 Consequently the 
right sides of Eqs. (A7) and (A8) can be equated�9 

Since 

[B]in 1 
[A] = 10vH~. pK = ~  (A9) 

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

A t .  P �9 Q([B] i .e  6 - [B]oer 

= _Vin(1 + ( ~ + f i ( 1  + ( , +  V__o~)} d[B]i~ " (al0) 

Since the total CCCP compartment is closed: 

[A]{Vo + Vin(1 + Od)} + [BJoVo + [B]inVin(1 + a) = M (All) 

which is valid for all t. 
Insertion of Eq. (A9) in Eq. (AI 1)gives: 

[B]~.{Vin(1 + o~ + 3(1 + ~')) + f iVo} + [B]oVo = m (AI2) 

and solving for (B)o(t): 

m - [B]in(t){Vi.(1 + a + fl(1 + ~')) + 3Vo}  
[B]o(t) = (A13) 

Vo 

Insertion of Eq. (AI3) in Eq. (A10) leads to a first-order 
differential equation. After separation of the variables we have: 

d l n { [ B ] i . C  - M e 6 }  = - k d t  (AI4) 

where 

Voe ~ + {Vi.(l + o~ + /3(1 + cV)) + Vofi}e  e~ = C (A14a) 

and 

A r . P ' Q  

VinVo 1 + ~ + f i  1 +od + 
�9 C = -k.  (Al4b) 

Equation (A14) is integrated and rearranged to give: 

[B]in(t) = {[BJin(0) - M * M ~ - e  } e - k ' + ~ - e  *. (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: 

[BJo(t) = 3[BJ i . ( t )  " 10 r'~'('J-pr: (AI6) 

which is inserted in Eq. (A15) to give: 

fl[B]in(t). 10PH,,(O-P K 

M - [B]in(t){Vi,(1 + er + 3(1 + a')) + 3Vo}  

vo 
(A17) 

which is solved for (B)in(t) to give: 

M 
[BJin(t) (A!8)  vo{lop Hoo~ ~ + 1} + v~.{1 + .  + 3(1 + c~')}" 

Inserting Eq. (A18) in Eq. (A15) and rearranging gives: 

I0PHo(tl-pK M 
M M ,b 

{{[B]in(0)- ~-e*} e-kt+ ~ - e  } f i V  o 

V~o(I + ~ + f i( l  + ~ ' ) )  

Vo 
- 1 .  (A19) 

For convenience 

c [B]~~ �9 c 
3Voer WI;  M e  ~ 1 = W2; 

Win(1 + a + 3(1  + o~')) 
Vo + 1 = W3 (A19a,b,c) 

are introduced. 
These expressions, which are constants characteristic of 

the individual experiments are inserted in Eq�9 (A19) to give: 

WI 
lOOHo(t)-pK W2e -kt + 1 W3" (A20) 

For t = 0 and t --9 ~ Eq. (A20) reduces to: 

10 pH~176 = W1 - W3 = P~ (A21 a) 
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Wl 
10 pn~176 - - -  W3 = Po (A21b) 

W z +  1 

which, when  solved for W~ and W3 yield: 

W2-}- 1 
WI = - - ( P ~ - P 0 )  

W2 

1 
and W3 = (P~ - Po) ~ - Po, (A22a,b) 

w2 

Equat ion (A20) can now be written as: 

t 1 pHo(t) = pH(0) + log - 1 1 + Wze -kt + " (A23) 

Insert ion of  Eq.  (A21b) in Eq. (A16) gives: 

[B]o(0) = P0/3[B]~n(0). (A24) 

Insert ing Eqs.  (A12), (A14a) and (A24) in Eq. (Al9b) we 
get: 

e 26 _ /3P0  
W 2 = Vi n 

(1 + c~ + /3(1 + c()) + /3(1 + Po) 

Since 

(A25) 

FVm 
P= = 10 p~~ and ~ = 24~ = - (pHo(~)  - pHin) �9 lnl0 

Eq. (A25) can finally be writ ten as: 

/~(P~ - Po) 
W2 = V~, 

V--'~ (1 + o~ +/3(1 + a ' ) )  + /3(1 + Po) 

(A26) 

Equat ion (A23), to which the data  are fitted, contains two 
constants ,  k and W2, that  are dependent  on the binding parame- 
ters. It is apparent  f rom inspect ion of  these constants ,  Eqs.  
(A14b) 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  undissocia ted  acid should be used,  whereby numeri-  
cally the same cons tan ts  appear.  


