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The effect of ATP, intracellular calcium and the anion exchange inhibitor DIDS
on conductive anion fluxes across the human red cell membrane
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The influence of ATP depletion, the intracellular ionized Ca-concentration, anion substitution and DIDS on
the conductive anion fluxes across the human red cell membrane has been examined. Under physiological or
near physiological conditions it is not possible to observe conductive anion fluxes across the erythrocyte
membrane in that anions totally dominate the membrane conductance. Consequently anions are at electro-
chemical equilibrium and the netflux is zero. However, conductive anion fluxes can be induced by raising the
potassium conductance, either by addition of valinomycin, or by triggering the native calcium activated
potassium channel by addition of the Ca?* ionophore A23187 to cells suspended in a calcium containing
medium. The interpretation of data from experiments with valinomycin induced netfluxes has normally been
done according to a constant field model, and the results have consequently been given as permeabilities.
Since it has been demonstrated recently, that these cation pathways do not conform to a constant field
scheme (Bennekou, P. and Christophersen, P. (1986) J. Membr. Biol. 93, 221-227 and Vestergaard-Bogind,
B., Stampe, P. and Christophersen, P. (1985) J. Membr. Biol. 88, 67-75), it has been chosen, instead of
permeabilities, to calculate the ion conductances from net efflux data, using an independent estimate of the
membrane potential. The main result reported, is that only one component is found for the conductive anion
fluxes in the presence of DIDS using the latter theoretical framework, whereas a sizeable DIDS-insensitive
component is found when the constant field analysis is used. Furthermore it is found that ATP and
intracellular calcium do not influence the anion conductances.

Introduction

Two major transport modes are found for the
translocation of anions across the human red cell
membrane. Exchange transport, where an anion is
exchanged against another anion, either as self
exchange or as hetero exchange. For Cl™ self
exchange an apparent permeability at pH 7.2 and
38°C of about 5-10~* is found [3].
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In the net flux mode anions are translocated
with a counter ion along an electrochemical gradi-
ent. Since the human red cell membrane normally
is very impermeable to cations, it is necessary
either to introduce or to activate a cation pathway
to induce sizeable net fluxes.

At least two different methods are at hand for
inducing an increased cation conductance in hu-
man red cells. Either addition of a cation iono-
phore, among which valinomycin is preferable,
since it is highly K* selective, or by adding a
calcium ionophore to increase the cellular Ca®*
level, thus activating the Ca%*-activated K* chan-
nels.
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The standard method used to characterize the
conductive anion flux across the membrane of
human red cells has been to add valinomycin to a
cell suspension to initiate a KCl efflux into Ringers
with varied potassium concentrations. An ap-
parent constant field permeability for the anion
can then be calculated by a fit of the efflux data to
the constant field equation, as proposed by Hunter
[4]- In this treatment the membrane potential ap-
pears as an implicit variable.

A different approach has been to calculate the
membrane potential from the protonophore-medi-
ated electrochemical equilibrium distribution of
protons across the membrane [5]. Using this
method, an anion conductance can be calculated,
which in turn can be expressed as an equivalent
constant field permeability [6].

Although the results from these two methods
differ considerably, the anion net flux permeabil-
ity, however, is found to be four orders of magni-
tude below the exchange permeabilities, whichever
of the methods is used.

The functional relationship between the ex-
change and net flux mechanisms has still not been
finally determined. Among the various attempts
which have been made to elucidate the relation-
ship between anion exchange and net fluxes across
the red cell membrane, a common technique has
been to examine the effect of exchange inhibitors,
especially DIDS, on both exchange and net fluxes.

DIDS binds highly selective to the anion ex-
change protein [7,8], and inhibits both exchange
and net anion fluxes, which is taken to indicate a
common step for these two translocation modes.

When using the constant field approach, the
maximal extent of DIDS inhibition of the net
fluxes have been reported to be 70-80%, thus
leaving a DIDS insensitive component of 20-30%
[9,10] under conditions where the exchange fluxes
are inhibited almost 100% [11].

However, these estimates have been obtained
using the constant field method [4], and since it
has been shown [1] that some of the assumptions
used in this approach are invalid, we have used
the protonophore-mediated steady-state pH, at-
tained following an increase in potassium conduc-
tance, for estimation of the membrane potential to
characterize the effect of DIDS on the anion net
fluxes.

The results presented here show that the maxi-
mum inhibition of the conductive anion fluxes is
at least 95%, a finding which questions the ex-
istence of a DIDS-insensitive component of the
normal anion net flux pathway.

Materials and Methods

Chemicals. All inorganic salts (pro analysis)
and di-n-butylphthalate were purchased from
Merck, Darmstadt. DIDS (4,4’-diisothiocyano-
stilbene-2,2'-disulphonate) and the ionophores
CCCP (carbonyl cyanide m-chlorophenylhy-
drazone), valinomycin and A23187 were from
Sigma, St. Louis. Sucrose (Aristar) were from
BDH, Poole. The test combination for determina-
tion of hemoglobin was from Boehringer, Mann-
heim.

Cells. Freshly drawn blood from healthy hu-
man donors was heparinized and centrifuged and
the plasma and buffy coat were removed by
aspiration. The cells used for the valinomycin
experiments were washed three times in isotonic
Ringers solution. In experiments where the cation
conductance was increased by opening of the
Ca’*-activated K™ channel, the cells were first
washed twice in 5 vol. K *-equilibrium Ringer (90
mM KCl/66 mM NaCl/150 uM MgCl, (pH =
7.4)) containing 50 pM EGTA. The cells were
thereafter depleted of ATP and 2,3-diphospho-
glycerate as previously described [12], and washed
three times in K *-equilibrium Ringer.

In the experiments where chloride was replaced
by other anions, the cells were washed three times
in an equivalent salt solution in which the chloride
was substituted by the appropriate anion. When
Cl~ was substituted by NO; or SO}~ the cellular
phase was titrated for chloride to ensure that the
replacement was complete.

The cells were then loaded with Ca marked
with Ca using 0.5 to 1 umol of ionophore A23187
per litre cells, see Ref. 13 for details.

Phthalate method. The cellular contents of K,
Na*, and ¥*Ca and the extracellular concentration
of K™ were determined using the phthalate method
as previously described [2].

During an experiment 100-p1 samples of the
cell suspension (hematocrit = 3.1%) were trans-
ferred to the phthalate tubes, and 5 s later the



tubes were centrifuged for 30 s at 18000 X g.
Approx. 3.1 pl of cells were now isolated as a
pellet under the phthalate layer. The extracellular
concentration of K* was determined by flame
photometry on the top phases of the phthalate
tubes. The rest of the top phases and the phthalate
were removed and the cell pellets were processed
for flame photometric determination of the K*-
and Na*-content and, in experiments with Ca®*-
loaded cells, for scintillation counting of the *Ca
content.

Membrane potential. Changes in membrane
potential (V,,) were determined according to the
method of Macey et al. [5]. The experiments were
carried out with cells suspended in a buffer-free
salt solution at a hematocrit of 3.1% in the pres-
ence of 20 uM of the protonophore CCCP, which
mediates a fast electrochemical equilibration of
protons across the cell membranes. Since the in-
tracellular phase is heavily buffered, a change in
V,, results in a shift in the extracellular pH to a
new equilibrium value, determined by the constant
intracellular proton activity and the membrane
potential. At the end of an experiment Triton
X-100 was added, resulting in immediate hemoly-
sis of all cells. Since all buffering capacity was
confined to the cellular phase, the pH of the
hemolysate reflected the original cellular pH which
remained constant during the experiment. Ab-
solute ¥, values were then calculated from the
differences between the peak values of extracellu-
lar pH and the corresponding cellular pH values.

Experimental procedure. In all experiments one
volume of packed cells were transferred into 30
vol. of buffer-free isotonic salt solution, contain-
ing 3 mM KX and 153 (123.5 when X, the anion,
was sulphate) mM NaX with 20 uM CCCP and
varied concentrations of DIDS, thermostatted at
37°C and vigorously stirred.

In the experiments with Ca?*-loaded cells the
efflux started instantaneously since the cells were
transferred with open K* channels into the salt
solutions. When non ATP depleted cells were used,
the efflux was initiated by addition of valinomy-
cin.

During the first approx. 90 seconds of each
experiment 100-ul samples of suspension were
transferred to cold-stored phthalate tubes (see
above) at intervals of about 7 s, to determine the
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net efflux of K™ from the cells, while the extracel-
lular pH was recorded. At the end of an experi-
ment samples were taken for determination of the
total compartments of K* and hemoglobin (com-
partments, whether intracellular, extracellular or
total, are here taken as an amount per litre of
cells). The total hemoglobin compartment was used
as a control for the amount of cells, and the
hemoglobin concentration in the extracellular
phase was measured and used for calculation of
hemolysis during the experiment. Only experi-
ments in which the hemolysis was below 1% were
used. In each experimental series the initial cellu-
lar contents of water and K* were determined on
samples from the packed cells stored on ice.

Calculations

Since the transport mediated by both valino-
mycin and the native K* channel is highly K*
selective, the salt lost from the cells is KX (X
representing the anion). In that electroneutrality is
maintained, the net efflux of anion in mmol /litre
cells per hour can be calculated from the initial,
linear decrease in cellular K* content. The amount
of cells in each experiment was determined from
the concentration of total hemoglobin in the sus-
pension. Due to the rather low net fluxes in the
present experiments, from 1200 mmol /litre cells
per hour to 50, the initial loss of cellular anion will
increase the Nernst potential, Ey, with about 1
mV within the first 30 s. Since this change is
within the experimental uncertainty, it has not
been considered necessary to calculate the individ-
ual corrections as previously described [6], and the
nitial Nernst potentials were used in the calcula-
tions instead of the values at the peak membrane
potential. The initial value, Ey, was calculated
from the difference in cellular and extracellular
pH before the cells were transferred to the reac-
tion vessel.

The membrane potential (V) was calculated
from CCCP-mediated new electrochemical equi-
librium of protons across the cell membranes (see
section on methods). A pH-difference (pH., —
pH,.) of one unit is equivalent to a membrane
potential of 61.5 mV (inside negative).
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The anion conductance, gy was calculated from
the equation of Hodgkin and Huxley [14]

Ix=zxJx F=Vn~ Ex) gx 1

where I is the current of anions across the mem-
brane, zy is the charge, Jy is the anion netflux
and F is the Faraday constant.

Apparent constant field permeabilities were
calculated by multiplying the constant field flux
equation with Faradays number and the charge
number, and equating with the Hodgkin-Huxley
current equatton (Eqn. 1) see Ref. 15 for details.

The red cell membrane area was taken to be
1.75-10" cm® per litre of packed cells, when the
cells were suspended in 156 mM NaCl and pH_,;
=172,37C"°.

Results

In order to induce sizeable net fluxes from
human red cells into low potassium Ringers the
very low ‘resting’ conductance for K™ across the
human red cell membrane was increased, either by
using ATP-depleted Ca’*-loaded cells, a treat-
ment which opens the Ca®*-activated K* chan-
nels, or by adding the K*-ionophore valinomycin
to the cell suspension. Using either of these two
methods a highly selective KCl efflux is induced,
and for all practical purposes the K* net efflux is
identical to the Cl~ net flux, since electroneutral-
ity is maintained.

Since both Ca®*-loaded (ATP-depleted) cells
and cells with normal physiological Ca®* content
were used in the experiments, the effect of the
intracellular Ca®* concentration and the presence
of ATP on the chloride concentration was ex-
amined.

It was found, that neither the intracellular Ca**
level in the interval up to 240 uM ionized calcium
(see Fig. 1), nor the ATP depletion (not shown)
had any effect on Cl~ conductance.

In three series of experiments with varying in-
tracellular Ca®* concentrations, see Fig. 1, the
chloride conductance was found to be indepen-
dent of the Ca,,. Mean values and standard
deviations for the chloride conductance and equiv-
alent constant field permeability are shown in
Table 1.
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Fig. 1. The figure shows the effect of cellular Ca** on the
chloride conductance. The different symbols represent dose-re-
sponse experiments on three batches of cells. The ordinate is
the anion conductance in uS/cm?, the abscissa is the cellular
concentration of ionized Ca in pmol per litre cell water.

2+

When chloride was replaced by SO; , Br-,
NOj; and I the ratio between the conductances
was found to be 0.48:1.0:1.48:2.12:2.49 for the
sequence sulphate, chloride, bromide, nitrate and
iodide. See Table II for the absolute values of
conductances and equivalent constant field per-
meabilities.

When DIDS is added to a suspension of cells
with induced high potassium conductance, an in-
creasing saturating hyperpolarization is seen with
increasing DIDS concentration (see Fig. 2),
whereas the KCl efflux attains a minimum at
about 6 pM DIDS, and thereafter it seems to

TABLE I
CONDUCTANCE AND PERMEABILITY

The three columns showing the permeabilities correspond to
the columns showing the conductances. The variation in con-
ductance between the three series is in the accordance with the
interdonor variation reported previously [6). The high value of
the permeability in the middle column is due to a lowered
extracellular chloride concentration (140 mM) compared to the
normal 156 mM. The apparent constant field permeabilities
are very sensitive to changes in the chloride ratio, compared to
the conductances [25].

gL (uS/cm?) Pgy (107 cm/s)

Expt. 1 2 3 1 2 3
Mean 20.3 27.5 19.3 420 870 4.67
S.D. 1.52 1.49 355 027 046 093
n 8 7 8 8 7 8




TABLE I1
CHORD CONDUCTANCE AND PERMEABILITY

Chord conductances, gy, and the corresponding equivalent
constant field permeabilities, Py.

gx Py
(pS/cm?) (108 cm/s)
SO~ 11.0 1.87
Cl1- 276 7.63
Br~ 410 11.3
NOj 61.6 16.8
1- 68.6 18.9

re-increase slightly with increasing DIDS con-
centration (see Fig. 2). Accordingly the calculated
apparent conductance passses through a minimum
too at about 6 uM DIDS, where the maximum
inhibition is found (see Fig. 3).

Although the conductances for C1-, NO;” and
SO;~ are different under comparable conditions,
the DIDS inhibition of the net fluxes of these ions
show identical patterns, and the normalized con-
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Fig. 2. The figure shows (upper half) the chloride net flux and
membrane potential (lower half) as function of the DIDS
concentration. The upper ordinate axis is the net flux in
mmol/litre cells per hour, the lower ordinate axis is the
membrane potential in mV. The abscissa axis is the DIDS
concentration in pmol per litre extracellular water. The DIDS
concentrations were calculated from the total amounts added
to the suspension. With the hematocrit used (3.1%), the num-
ber of DIDS molecules at a 1 pM concentration is about two
times the number of band 3 binding sites, and the free DIDS-
concentration was thus below the nominal concentration, espe-
cially at the lower end of the concentration range.
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Fig. 3. Anion conductances as function of the nominal DIDS

concentration. (8) C17, (®) NO; and (a) SO; . The ordinate

axis is #S/cm? and abscissa axis DIDS concentration in pmol
per litre extracellular water.

ductances as function of the DIDS concentration
can be described by a single curve (see Fig. 4).

Discussion

Since it was originally established, that cation
fluxes across the human red cell membrane could
be anion restricted [16,17], attempts have been
made to characterize the anion net translocation
pathway and its relation to the exchange pathway.

It was originally proposed by Hunter [4], that a
fit of efflux data for valinomycin induced KCl
fluxes to a constant field equation for K* and Cl1~
could be used for a calculation of the chloride

g
104 =
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e
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Fig. 4. The figure shows (ordinate axis) normalized anion
conductances (that is the conductance at a given DIDS con-

centration divided by the uninhibited value) as function of the
DIDS concentration. Symbols and abscissa axis as in Fig. 3.
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permeability. The reservation inherent in this the-
oretical approach is of course that both chloride
and potassium ions should follow constant field
kinetics.

For chloride no information concerning the
translocation mechanism exists. Furthermore it
has been shown in experiments with lipid mem-
branes, that the valinomycin-induced K* fluxes
conform to a carrier kinetics scheme, which only
under certain limiting conditions can be ap-
proximated to free electrodiffusion [18].

It has recently been shown, that the valinomy-
cin-induced K™* fluxes across the erythrocyte
membrane do not conform to such limiting condi-
tions [1], and it is not feasible to use a constant
field treatment. Consequently, although this treat-
ment gives an order of magnitude estimate of the
chloride net permeability, as stated by Hunter [19]
it is not sufficiently accurate to allow detailed
(quantitative) comparisons between anion net and
exchange fluxes.

A different approach has therefore been used
for the characterization of anion net fluxes. Since
it has been demonstrated, that red cell membrane
potentials can be estimated using protonophore
mediated pH changes [5] and KCI net fluxes can
be estimated from concentration data, it is possi-
ble to calculate a chord conductance according to
the treatment given by Hodgkin and Huxley [14].
To facilitate references to earlier works, apparent
constant field permeabilities based on the conduc-
tances are given too, but in our opinion no physi-
cal significance can be attached to these permea-
bilities.

Ca’* and ATP

It has been reported, that ATP depletion and
Ca?* loading of human red cells inhibit the mono-
valent anion exchange [20] and sulphate exchange
[21], in the latter case with an apparent inhibition
constant of about 6 pM. Within the experimental
uncertainty, which is about 10%, no effect of
depletion to a level below 1 pM ATP or Ca
loading up to 240 pM ionized calcium is seen on
the calculated chloride conductances. Thus the
present experiments do not support that a raised
intracellular Ca?? level increases the chloride net
permeability as proposed by Biirgin and Schatz-
mann [22]. A possible explanation for this dis-

crepancy could be that the Ca?* concentration
used in the present experiments do not exceed 240
eM, which may be well below the concentrations
used by Biirgin and Schatzmann [22] (who used 1
mM in the extracellular solution), but more prob-
ably that that they estimate the membrane poten-
tial from the Nernst potential for potassium ions.
Since the highest obtainable K* conductance
across the red cell membrane through the Ca?™-
activated K* channel is only 3 to 4 times the
chloride conductance [13], the membrane potential
will differ from the K™ Nernst potential if the K*
and Cl1~ Nernst potentials differ.

Selectivity sequence

Although the absolute conductance found in
the present paper deviate from other determina-
tions (due to the different theoretical approach)
the selectivity sequence is in agreement with the
sequence found earlier [19], and conform to an
Eisenmann sequence I, representing a weak bind-
ing site for anions [19,23]. The absolute value of
the equivalent constant field permeability for
chloride, calculated from the conductance (see
Table II), are 2 to 4 times higher than the values
previously reported [9,10,19,24]. In our opinion
the reason for this is that earlier works, using the
constant field approach have overestimated the
membrane potential, and thereby the driving force
for the efflux, and thus underestimated the per-
meability [1].

DIDS inhibition

The almost complete inhibition of the anion
conductance in the presence of DIDS, which is
found in the present experiments, indicates that in
the normal human red cell, only one major trans-
port pathway exists for the net anion flow. That
the inhibition for the different ions can be de-
scribed by a single curve, see Fig. 4, supports the
notion, that this pathway is a common pathway
for these inorganic anions.

A maximum inhibition of 90 to 95% is found at
a nominal DIDS concentration of about 6 uM.
When the DIDS concentration is increased fur-
ther, the apparent conductance increases again
due to an increase of the net flux, whereas the
membrane potential still show maximal hyper-
polarization (see Figs. 2 and 3). This indicates that



DIDS, at higher concentrations, induces a non-
conductive pathway for chloride, and that the
inhibition of the normal conductive anion path-
way could approach the 99+ % level found at
maximal inhibition of the exchange pathway. At
present we have no information regarding this
tentative non-conducting pathway.

This result is at variance with earlier works,
which reports a sizeable, about 33%, DIDS-insen-
sitive component [9,10]. A comparable inhibitor
insensitive fraction has been reported for a related
inhibitor, DNDS [24].

In our opinion this DIDS-insensitive compo-
nent appears as a consequence of the constant
field treatment, which introduces an error in the
(implicit) estimate of the driving force for the flux
as discussed above. This error becomes smaller the
closer the membrane potential is to the K* Nernst
potential, that is the more hyperpolarized the
membrane is, and the final (inhibited) permeabil-
ity is thus compared to an initial (uninhibited)
value which is to low. This is illustrated by the
high normal values reported in the present paper
(see Table II).

Although more work is necessary before it is
possible to discuss the significance of the present
results for the various mechanisms proposed for
the anion net flux pathway and the functional
relation to the exchange protein, the parallel ef-
fects of DIDS on the exchange and net anion
fluxes are indicative of a close relationship, but at
present no explanation exists for the differences
between exchange and net fluxes with regard to
the effects of ATP and calcium.

Conclusion

The present work represents a first attempt to
reevaluate the characteristics of the conductive
pathway for anions in human red cells, a reevalua-
tion which has become necessary in that it has
been shown, that an earlier, commonly used theo-
retical model for the transport is insufficient.

It has been demonstrated, that the DIDS in-
hibition of the conductive fluxes of a selection of
different inorganic anions follows the same pat-
tern, thus supporting the notion that these ions
use a common pathway.

The main result however, is that only one path-
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way exists for the conductive anion translocation
across the human red cell membrane.

Acknowledgements

The authors wish to thank Annelise Honig and
Kirsten Abel for excellent technical assistance,
and expert assistance in preparation of the
manuscript by Villy Rasmussen. This work was
supported by The Carlsberg Foundation (1985 /86
no. 341 /1V).

References

1 Bennekou, P. and Christophersen, P. (1986) J. Membr. Biol.
93, 221-227.

2 Vestergaard-Bogind, B., Stampe, P. and Christophersen, P.

(1985) J. Membr. Biol. 88, 67-75.

Brahm, J. (1977) J. Membr. Biol. 70, 283-306.

4 Hunter, M.J. (1971) J. Physiol. 218, 49-50P.

5 Macey, R.1,, Adorante, J.S. and Orme, F.W. (1978) Bio-
chim. Biophys. Acta 512, 284-295.

6 Bennekou, P. (1984) Biochim. Biophys. Acta 776, 1-9.

7 Cabantchik, Z.I. and Rothstein, A. (1974) J. Membr. Biol.
15, 207-226.

8 Wieth, J.O., Bjerrum, P.J., Brahm, J. and Andersen, O.S.
(1982) Tokai J. Exp. Clin. Med. 7 Suppl., 91-101.

9 Knauf, P.A., Fuhrmann, G.F., Rothstein, S. and Rothstein,
A. (1977) J. Gen. Physiol. 69, 363-386.

10 Knauf, P.A,, Law, F. and Marchant, P.J. (1983) J. Gen.
Physiol. 81, 95-126.

11 Funder, J. and Wieth, J.O. (1976) J. Physiol. 262, 679-698.

12 Vestergaard-Bogind, B. and Stampe, P. (1984) Biochim.
Biophys. Acta 775, 328-340.

13 Vestergaard-Bogind, B., Stampe, P. and Christophersen, P.
(1987) J. Membr. Biol. 95, 121-130.

14 Hodgkin, A.L. and Huxley, A.F. (1952) J. Physiol. (London)
116, 449-472.

15 Sten-Knudsen, O. (1978) in Membrane Transport in Bi-
ology (Giebisch, G., Tosteson, D.C. and Ussing, H.H,,
eds.), pp. 5-115, Springer-Verlag, Heidelberg.

16 Scarpa, A., Cecchetto, A. and Azzone, G.F. (1970) Bio-
chim. Biophys. Acta 219, 179-188.

17 Harris, E.J. and Pressman, B.C. (1967) Nature 216, 918-920.

18 LAuger, P. (1980) J. Membr. Biol. 57, 163-178.

19 Hunter, M.J. (1977) J. Physiol. 268, 35-49.

20 Motais, R., Baroin, A. and Baldy, S. (1981) J. Membr. Biol.
62, 195-206.

21 Low, P.S. (1978) Biochim. Biophys. Acta 514, 264-273.

22 Birgin, H. and Schatzmann, H.J. (1979) J. Physiol. 287,
15-32.

23 Wright, EM. and Diamond, J.M. (1977) Physiol. Rev. 57,
109-157.

24 Frolich, O., Leibson, C. and Gunn, R.B. (1983) J. Gen.
Physiol. 81, 127-152.

25 Bennekou, P. (1985) Acta Physiol Scand 124, Suppl. 542,
154.

w



