
Kinetics of  Residual Chloride Transport 

in Human Red Blood Cells after 

Maximum Covalent 

4,4'-Diisothiocyano stilbene-2,2 ' - Disulfonic 

Acid Binding 

P. K. GASBJERG, J .  FUNDER, a n d  J .  BRAHM 

From the Department of Medical Physiology, The Panum Institute, University of Copenhagen, 
DK-2200 Copenhagen N, Denmark 

A B S W R A C W Irreversible inhibition, 99.8% of control values for chloride transport  
in human red blood cells, was obtained by well-established methods of maximum 
covalent binding of 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS). The 
kinetics of the residual chloride transport  (0.2%, 106 pmol 'cm-Z's -I)  at 38°C, pH 
7.2) was studied by means of  S6Cl- efflux. The outside apparent  affinity, expressed 
by K~/2. c, was 34 mM, as determined by substituting external KC1 by sucrose. The 
residual flux was reversibly inhibited by a reexposure to DIDS, and by 4,4'- 
dinitrostilbene-2,2'-disulfonate (DNDS), phloretin, salicylate, and cx-bromo-4-hy- 
droxy-3,5-dinitroacetophenone (Killer III) (Borders, C. L., Jr., D. M. Perez, M. W. 
Lafferty, A. J. Kondow, J. Brahm, M. B. Fenderson, G. L. Breisford, and V. B. Pett. 
1989. Bioorganic Chemistry. 17:96-107), to ~ 0.001% of control cells, which is a flux 
as low as in lipid bilayers. The  reversible DIDS inhibition of the residual chloride 
flux depended  on the extracellular chloride concentration, but was not purely 
competitive. The  half-inhibition concentrations at [CI (°)] -- 150 mM in control cells 
(Ki,o) and covalently DIDS-treated cells (Ki,c) were: DIDS,/(ix = 73 nM; DNDS, Ki.o = 
6.3 ~M, Ki. c = 22 ~M; phloretin, Ki,o = 19 p~M, Ki,c = 17 ~M; salicylate, Ki,o = 4 
mM, Ki.c = 8 mM; Killer III, Ki.o = 10 p~M, Kix = 10 ~M. 

I N T R O D U C T I O N  

Sti lbene derivatives, such as 4 ,4 ' -d i i so th iocyanost i lbene-2 ,2 ' -d isul fonic  acid (DIDS), 
4 ,4 ' -d i i so th iocyano-dihydros t i lbene-2 ,2 ' -d isu l fonic  acid (H2DIDS), 4 ,4 ' -dini t rost i l -  
bene-2,2 ' -disulfonate  (DNDS), and  4,4 ' -dibenzamidost i lbene-2,2 ' -disulfonate  (DBDS), 
are  charac ter ized  as be ing  specific and  efficient inhibi tors  of  an ion  t r anspor t  in red  
b lood  cells. T h e  specificity of  inhibi t ion appea r s  from studies showing that  the 
c o m p o u n d s  have little or  no effect on o the r  t r anspor t  processes at  concentra t ions  
that  efficiently inhibit  ch lor ide  t ranspor t .  T h e  efficacy is i l lustrated by the fact that  the 
inhibi tors  can inhibi t  t r anspor t  o f  monova len t  anions such as chlor ide  and  bicarbon-  
ate ions a lmost  comple te ly  (DIDS: Funder ,  Tosteson,  and  Wieth,  1978; Brahm and  
Wimberley,  1989; Gasbje rg  and Brahm, 1991; DNDS: Fr6hlich,  1982; H2DIDS: 
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Cabantchik and  Rothstein, 1972; Lepke, Fasold, Pring, and Passow, 1976; DBDS: 
Dix, Verkman, and  Solomon, 1986). It is, however, noteworthy that the ma x i mum 
inhibi t ion obta ined unde r  the condit ions used in previous studies is not  100%, but  in 
general  _< 99.8%. Although the residual chloride permeabili ty appears quantitatively 
insignificant in comparison with the uninhib i ted  permeability, its magni tude  is still 
far above the net  chloride permeabili ty (Hunter ,  1977; Knauf, Fuh rmann ,  Rothstein, 
and  Rothstein, 1977; Bennekou and  Stampe, 1988). 

A 99.8% inhibi t ion of chloride t ransport  in h u m a n  red blood cells can be obtained 
by irreversible b ind ing  of DIDS to capnophor in  (band 3 or AE1). By exposing these 
cells to DIDS in the efftux med ium a further reduct ion of chloride t ransport  can be 
obtained,  giving a total inhibi t ion of 99.999%. We will use the term "DIDS-C" when 
deal ing with cells with covalently bound  DIDS and the term "DIDS-CR" when deal ing 
with cells with irreversibly bound  DIDS exposed to free DIDS in the efltux medium.  

The  term "control cells" is used for cells with no DIDS bound  to the cell membrane .  
We have studied the kinetics of chloride t ransport  across the red cell m e m b r a n e  in 

DIDS-C cells. To  make a quantitative comparison with chloride t ransport  kinetics in 
control cells, we have also performed exper iments  with control cells when data could 
not  be obta ined from the literature. 

M A T E R I A L S ,  M E T H O D S ,  A N D  C A L C U L A T I O N S  

All media were prepared from reagent grade chemicals. A standard medium (A) containing 150 
mM KC1 and 0.5-2 mM KH2PO4 was used for the preparation of the cells and the flux 
experiments. In experiments where the extracellular KCI concentration was lowered, sucrose 
was added to the medium to keep osmolarity constant. 

Inhibitors 

DIDS, prepared as the sodium salt as described previously (Funder et al., 1978), was used for 
primary stock solutions of 10 -2 M DIDS in distilled water that were stored frozen until use. 
DNDS (Pfaltz and Bauer Inc., Waterbury, CT) was kept in the dark until use to avoid 
photoisomerization and was added from a stock solution of 10 mM in the efflux medium. 
Phloretin (Sigma Chemical Co., St. Louis, MO) was dissolved in ethanol to obtain a stock 
solution of 0.1 M. Final ethanol concentration was < 0.1% (vol/vol). c~-Bromo-4-hydroxy-3,5- 
dinitroacetophenone (Killer III) was synthesized and kindly supplied by Dr. C. L. Borders, Jr. 
The compound was dissolved in the el:flux medium. Sodium salicylate (pro analysi; E. Merck, 
Darmstadt, Germany) was dissolved in a 1 M stock solution. 

Preparation of Cells 

Freshly drawn heparinized blood was washed once in medium A, pH 7.2, the buffy coat was 
removed after centrifugation, and the cells were washed three more times in this medium. To 
prepare DIDS-C cells the erythrocytes were incubated at 38°C for 45 min at a hematocrit of 
~ 50% in a solution with 50 I~M DIDS. The incubation conditions give six to eight times the 
number of DIDS molecules needed to load the 1-1.1 million sites per cell that are capable of 
binding DIDS covalently. We obtained the same degree of inhibition whether we performed the 
DIDS binding procedure once or twice (jeff [pmol.cm_2.s_l] 96.3 [SD-+ 8.1] vs. 94.1 
[SD ~ 11.0], n = 10, P = 0.63). Finally, the cells were incubated with 3.7-18.5 kBq (0.1-0.5 
la, C i )  36C1 (obtained as KCI; NEN-DuPont, Boston, MA) per ml cell suspension with a hematocrit 
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of ~ 50%. The cells were packed for determinations of  intracellular radioactivity, cell water 
content, and efflux experiments as previously described (Dalmark and Wieth, 1972; Brahm, 
1977). Experiments with DIDS and Killer III were performed by exposing control cells or 
DIDS-C cells to the inhibitor of  choice added to the efflux medium. The experiments with 
DNDS, salicylate, and phloretin included washes of the cells, both controls and DIDS-C cells, in 
medium A containing the inhibitor of choice at the same concentration as added to the 
medium in which the efflux experiment was performed. 

Preparation of Cells for EffTux Experiments in the pH Range 6.0-9.4 

The  DIDS treatment of  the cells was done at pH 7.2, 38°C. The  cells were next washed in large 
volumes of  medium A. After each centrifugation the superuatant was sucked off and new 
medium was added carefully without resuspension of the pellet. Then 0.1 N KOH or HC1 was 
added to the medium and the cells were resuspended. The suspension was then kept at 38°C 
for 3-4  min to obtain redistribution of ions across the cell membrane. This procedure was 
repeated until pH  was stable at the value at which the flux should be performed. The cells were 
now loaded with 36C1 and packed as described above. 

EffTux Experiments 

The tracer efflux experiments were carried out at 38°C, pH 7.2, unless stated otherwise, by 
means of the Millipore-Swinnex filtering technique or the continuous flow tube method as 
described previously (Dalmark and Wieth, 1972; Brahm, 1989). The rate of  efflux in both 
DIDS-C and DIDS-CR cells was well described as a monoexponential  time course for solute 
transport in a closed two-compartment system by: 

at = a®.(1 - e -kt) + ao'e -kt (1) 

where a, and a= are the extracellular radioactivity at time t, and at isotopic equilibrium 
(t > 6"T~/z), respectively, and a0 is the extracellular radioactivity at time zero, caused by 
trapping of  isotope between the cells during the packing procedure. The  trapped radioactivity 
amounts to 2-8%, depending on which efflux method was used. The  higher fraction of  trapped 
radioactivity in the flow tube experiments, however, does not contribute to the magnitude of 
the slope of the tracer efflux curve (Brahm, 1989). The  rate coefficient, k (s-l), for tracer efflux 
equals the negative value of  the slope of  In (1 - aJa~) vs. time t, and was determined by linear 
regression analysis. 

Under  equilibrium conditions the extracellular compartment is much larger than the 
intracellular compartment,  and k is the rate coefficient of  the unidirectional efflux of tracer. In 
experiments with low extracellular chloride concentrations the measured rate coefficient (k') 
was adjusted to the "true" value (k) for the unidirectional solute flow as described by Gasbjerg 
and Brahm (1991). 

The  unidirectional efflux of chloride, J e~ (mol-cm-2"s-l), is defined by: 

jeg = k.(V~/Ac).[Cl~i)] (2) 

where (Vc/Ac) is the ratio of the cell water volume to the cell membrane area. Vc was determined 
as described previously (Dalmark and Wieth, 1972), and Ac was assumed to be constant, 
1.42.10 -6 cm2/cell (Wieth, Funder, Gunn, and Brahm, 1974; Brahm, 1982). [ClIi)] is the 
intracellular chloride concentration (moles per cubic centimeter) as calculated from the relation 
[CI(i)]/[CI (°)] = r = [36C1(i)]/[36C1(°)]. 
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R E S U L T S  

Inhibition of Chloride Transport by DIDS 

DIDS is an efficient inhibi tor  of an ion  t ransport  in h u m a n  red blood cells also at 38°C 
(pH 7.2) as demonst ra ted  in Table  I. The  control cells had a chloride self-exchange 
flux, J~ ~, of 52,400 (SD -+ 6,200) pmol ' cm-2 ' s  -1 (n = 17). In  DIDS-C cells the anion 

flux was reduced by 99.8% to J f  = 106 (SD + 17) pmol'cm-2"s - l  (n = 30). The  
residual chloride flux in DIDS-C cells was further reversibly inhibited by addi t ion of 
DIDS to the efflux medium.  The  combined inhibitory effect of irreversible DIDS 
b ind ing  to the cell membrane  and addi t ion of 50 I~M DIDS to the efflux medium 
gave a max imum inhibi t ion of 99.999% eft (Jc,DmS = 0.60 [SD -- 0,16] pmol-cm-Z's -1 
[n = 15]). Similar results were obtained using resealed red cell ghosts (data not  
shown). 

T A B L E  I 

Cl- Flux and Permeability in Human RBC, 38°C, pH 7.2 

Flux 

Mean SD N 
Permeability 

pmol'cm-2"s- I £Y1~'5-1 

No inhibition 52,400 6,200 17 5.0 " 10 -4 
Inhibition by covalent bound DIDS 

to RBC 106 17 30 1.0 ' 10 -6 
Inhibition as above + 50 IxM DIDS 

in flux medium 0.60 0.16 15 5.7 ' 10 9 
Lipid bilayers: 

Phospholipid* (20°C) 0.1 ' 10 -9 
Egg lecithin: (23°C) 15. 10 -9 
Phospholipid ~ (20°C) 10" 10 -9 

*Toyoshima and Thompson (1975) 
:Gutknecht, Graves, and Tosteson (1978) 
~Tosteson and Wieth (1979) 

The  reversible inhibi t ion of chloride t ransport  in DIDS-C cells depended  on the 
concentrat ion of DIDS in the efflux medium as demonst ra ted  in Figs. 1 and 2. The  
semilogarithmic plot of Fig. 1 depicts the internal  fraction of radioactive tracer as a 
function of time, and illustrates that l inear efllux curves were obtained at the 
different DIDS concentrat ions in the efflux medium.  Hence, the rate of tracer efflux 
is constant  at each DIDS concentrat ion,  and  the unidirect ional  chloride efflux could 
be calculated according to Eqs. 1 and 2 (cf. Materials, Methods, and  Calculations). 

Fig. 2 3 shows the anion flux in DIDS-C cells as a function of the apparen t  external  
DIDS concentrat ion (0-1 ~M) in the efflux medium.  The  DIDS concentra t ion is 
termed apparen t  because reversible b ind ing  of DIDS to the membrane  reduces the 
free DIDS concentrat ion in the solution. However, it is possible (see Appendix)  to 
derive the half-inhibit ion constant  (Ki, molar) unde r  these circumstances by means of 
an Easson-Stedman plot o f [ 1 / ( I - F ) ]  vs. ([DIDST]/F), where F is the fractional inhi- 
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FIGURE 1. Semilogarithmic plot 
of 36C1- efflux from human red 
blood cells (pH 7.2, 38°C) that 
were first maximally inhibited 
by irreversibly bound DIDS 
(DIDS-C cells), and then sub- 
jected to an additional exposure 
to 2.5-50 v.M DIDS that binds 
and inhibits reversibly (DIDS-CR 
cells). The ordinate shows the 
fraction of radioactive tracer that 
remains in the cells at the time 
of sampling. The number at the 
efflux medium before adding the 

bit ion and  [DIDST] is the concentra t ion of DIDS molecules in the efflux med ium 
before addi t ion of cells. In these exper iments  the chloride concentrat ions and  the 
concent ra t ion  of DIDS b ind ing  sites (i.e., the hematocrit)  are kept constant• An 
Easson-Stedman plot of reversible DIDS inhibi t ion of chloride flux in DIDS-C cells is 
shown in Fig. 2 B. From these data a Kix of 66 (SE _-+ 6) nM could be de te rmined  (see 
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FIGURE 2. (A) The chloride 
self-exchange flux in DIDS-C 
cells as a function of reversibly 
reacting DIDS in the efflux me- 
dium, The half-inhibition con- 
stant at [CI (°)] = 150 mM, Ki, o is 
73 (SE ± 19) nM. (B) Easson- 
Stedman plot of 1/(1 - F )  vs. 
[DIDST]/F, where F is the frac- 
tional inhibition at the nominal 
inhibitor concentration [DIDST]. 
Regression line equation: Y = 
15.1 (SE - 1.3).X - 0.43 (SE ± 
0.85). 
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FIGURE 3. The dependence 
of 36CI- efflux in DIDS-C cells 
(pH 7.2, 38°C) on external 
chloride concentration. Exter- 
nal KCI was replaced by sucrose 
in order to keep external osmo- 
larity constant. 

Eq. A18). The  number  o f  binding sites per  cell was determined to be ~50,000,  a 
value not  significantly different f rom zero (P = 0.63). 

External Affinity to Chloride in DIDS-C Cells 

The  external affinity o f  the residual chloride transport  system to chloride was 
determined by replacing external KCI with sucrose and keeping the intracellular 
chloride constant  at ~ 100 mmol/ l i ter  cell water. Control  experiments  with extracel- 
lular chloride concentrat ions < 1 mM (data not  shown) showed no detectable effect o f  
the ionophore  valinomycin (1 v.M) on initial 36C1 influx rate; i.e., the residual flux is 
not affected significantly by changes in membrane  potential. Other  control experi- 
ments with low extracellular chloride (4 mM; data not shown) using nonlinear  
regression analysis (without the use of  an equilibrium sample) gave results similar to 
those obtained using Eq. 1 and thus demonst ra ted  that even under  these extreme 
conditions the radioactivity in the equilibrium sample was not affected significantly by 
net efflux o f  chloride. Fig. 3 shows the unidirectional ~6C1- efflux as a function of  
extracellular chloride concentration. A Michaelis-Menten-like saturation curve was 
fitted to the data by a nonlinear  regression analysis that revealed an external affinity, 
expressed by a K~/2, c of  34 (SE + 5) mM (for interpretat ion of  the outside apparen t  
affinity, K~/z, see, for example,  Eq. 10a in Fr6hlich and Gunn, 1986 or  Eqs. A4-A6 in 
Gasbjerg and Brahm, 1991). 
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FIGURE 4. The half-inhibition 
constant of reversible DIDS in- 
hibition of residual chloride 
transport in DIDS-C cells, Ki,o 
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FIGURE 5. (A) Inhibition of 
chloride self-exchange flux in 
control cells by DNDS. Because 
of the slow binding rate of 
DNDS to the membrane (com- 
pared with efflux of 36C1-) the 
cells were washed in the efflux 
medium before the flux experi- 
ment. The experiments were 
performed with the continuous 
flow tube method at 38°C, pH 
7.2. (B) DNDS inhibition of 
chloride self-exchange flux in 
DIDS-C cells. The experiments 
were performed with the Milli- 
pore-Swinnex filtering tech- 
nique at pH 7.2, 38°C. 

[DNDS] (/zM) 

Dependence of  Reversible DIDS Inhibition of Chloride Transport on External 
Chloride Concentration in DIDS-C Cells 

T h e  half- inhibi t ion constant ,  Ki,o for reversible DIDS inhibi t ion of  the res idual  
ch lor ide  t r anspor t  in DIDS-C cells at dif ferent  ex te rna l  chlor ide  concentra t ions  was 
d e t e r m i n e d  by rep lac ing  externa l  KCI with sucrose. T h e  results are  dep ic ted  in Fig. 
4, showing that  Ki.c decreased  slightly with a decrease  of  [CI (°)] (P = 0.05). 

Inhibition eff err of  J o andJc by DNDS, Salicylate, Phloretin, and Killer I II  

To fur ther  character ize  the res idual  ch lor ide  t r anspor t  in DIDS-C cells, the Ki values 
for DNDS, salicylate, phlore t in ,  and  Killer III  were also de te rmined .  Fig. 5, A and B, 
shows the inhibi t ion of  chlor ide  t r anspor t  by means  of  DNDS in control  and  DIDS-C 

TABLE II 

Half-Inhibition Constants for Four lnhibitors of Chloride Efftux from Human RBC 
at 38°C, pH 7.2 

Inhibitor Ki,o (0 DIDS) /(ix (+ DIDS) 

DNDS 6 IxM 22 I~M 
Phloretin 19 IxM 17 I~M 
Killer III 10 I~M 10 ~M 
Salicylate 4 mM 8 mM 
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FIGURE 6. 36C1- efttux from 
DIDS-C cells (38°C) in the pHIOl 
range 6.0-9.4. 

cells as a function of  the external DNDS concentration. Because of  the relatively low 
affinity in control and DIDS-C cells, Ki is de termined directly from the two plots (Eq. 
A21). The  half-inhibition constants for DNDS in control and DIDS-C cells (Ki.o and 
Ki,c) were determined to be 6.3 (SE -+ 0.6) ~M and 22 (SE + 3) wM, respectively. The  
same procedure  was used to determine Ki.o and Kix for salicylate, phloretin, and 
Killer III, and the results are summarized in Table II. 

Chloride Flux as a Function of pH (°) 

Fig. 6 shows the residual chloride flux at 38°C in DIDS-C cells in the p H  (°) range 
6.0-9.4 under  conditions of  equilibration between the external (pH (°)) and internal 
(pH(i)). In clear contrast to what was found in control cells in the same pH range 
(Brahm, 1977), no maximum for chloride efflux was observed in DIDS-C cells. The  
same observation was made with DIDS-CR cells (data not shown). 

Temperature Dependence of Chloride Transport after Maximum Irreversible DIDS 
Inhibition 

The temperature  dependence  of  the residual chloride flux in DIDS-C cells was 
determined in red blood cells in the temperature  range 0-38°C at pH  7.2. Fig. 7 is an 
Arrhenius plot o f  the temperature  dependence  of  the residual chloride flux. An 
apparent  activation energy of  77 (SE-+ 3) kJ'mo1-1 was determined by linear 
regression analysis. The  apparent  activation energy in DIDS-CR cells was 69 (SE + 2) 
kJ 'mol-1 (data not shown). 
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r - - -  t 5 0 
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E A = 77.2±2.5 kd.mol-1 
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FIGURE 7. Arrhenius plot of 
chloride self-exchange flux in 
DIDS-C cells (pH 7.2). The 
slope of the straight line gives 
an apparent activation energy 
of the transport of 77.2 
(SE + 2.5) kJ'mol-t. 
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D I S C U S S I O N  

Anion transport in human red blood cells is very fast under physiological conditions. 
The current view is that the transport protein (band 3, capnophorin, AE1) mediates 
the transport of monovalent anions by a ping-pong mechanism with transport sites 
that face either the external or internal side of the membrane, and translocate only 
when an anion is bound to the site. This nonconductive self-exchange flux almost 
completely overshadows a tiny conductive flow of anions. Studies of the self-exchange 
flux and conductive net flux of chloride in red cells (Brahm, 1977; Hunter, 1977; 
Knauf et al., 1977; Lassen, Pape, and Vestergaard-Bogind, 1978; Fr6hlich, 1982) 
have led to the suggestion that the coupling of the obligatory self-exchange once out 
of 10,000-100,000 cycles may fail and establish the net flow of anions. Fr6hlich 
(1982), who suggested either that the transporter returned empty from one to the 
other side of the membrane (slippage) or that a chloride ion with low frequency may 
pass across the membrane without a concomitant conformational change of the 
transporter (tunneling), concluded that tunneling was probably the origin of the 
chloride conductance. Conductance studies by Knauf et al. (1977) suggested that 
60--70% of the chloride conductance was inhibitable by DIDS, whereas Bennekou and 
Stampe (1988) showed that the conductive flow of chloride could be inhibited almost 
100%. 

We were puzzled by the fact that the so-called efficient and specific inhibitor of 
anion exchange, DIDS, after maximum covalent binding to the red cell membrane 
inhibited unidirectional chloride efflux by only 99.8%. At 38°C the chloride self- 
exchange flux is ~52,400 pmol-cm-2"s -l ,  and the apparent permeability is 
~5.0 '10 -4 cm-s -! (Brahm, 1977; this study). A residual flux of 0.2% equals an 
apparent permeability of ~1.0"10 -6 cm's -I that is still one to two orders of 
magnitude larger than the value obtained from the conductance studies (see 
Bennekou and Stampe, 1988). However, this residual flux may be further reduced to 
0.001% of the control value by adding 50 t~M DIDS to the efflux medium in 
experiments with DIDS-C cells. Our control experiments show that this inhibition is 
reversible and that the reversibly bound DIDS has a very high affinity for the residual 
transport system with a Ki of 73 nM. Our results further indicate that the number of 
binding sites for reversible DIDS binding is very small compared with the one million 
binding sites found for reversible DIDS binding in control cells at 0°C (Janas, 
Bjerrum, Brahm, and Wieth, 1989). 

The fact that the Easson-Stedman analysis shows that the number of binding sites is 
small makes it unlikely that the residual transport of chloride is due to a general 
slowing down of all transport sites mediating the anion transport. We have consid- 
ered whether the residual flux is caused by a progressive loss of the ability to bind 
DIDS irreversibly, e.g., by a glycation of the site for irreversible DIDS binding. If so, 
the number of functional transporters after irreversible DIDS binding should increase 
with cell age and a wide range of permeabilities for chloride should be represented in 
the population of DIDS-C cells. To evaluate this possibility we have made the 
following theoretical assumptions: (a)the lifetime for an erythrocyte is 120 d; 
(b) chloride efflux in "newborn" erythrocytes is inhibited by irreversibly bound DIDS 
down to the level found in DIDS-CR cells; (c) the erythrocytes gradually (linearly) lose 
the ability to bind DIDS irreversibly with time (e.g., because of glycation of the site for 
irreversible DIDS binding); (d)the half-time for chloride tracer efflux from this 
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theoretical, inhomogenous  erythrocyte popula t ion  (obtained from linear regression 
on a semilog plot) is 29 s (as we find experimental ly in DIDS-C cells). With these 
assumptions we calculated that the rate constant  for chloride tracer efflux increases 
from 1.4-10 -4 s - l  in "newborn" ceils (the rate constant  for DIDS-CR cells) to 
727-10 -4 s -1 in ceils aged 120 d. We see that: (a) the correlation coefficient for the 
semilog plot of  the theoretically obtained efflux curve is <0.99;  (b)the intercept  is 
< 0.88; and  (c) the semilog plot is clearly curved with a marked deviation (up to 7%) 
from the best fit of a monoexponen t ia l  curve within the time range used. MI the 
points are inconsistent with our  exper imental  results, making  it unlikely that 
increasing cell age abolishes the irreversible b ind ing  of DIDS to the cell membrane .  

We may therefore conclude that in the popula t ion  of DIDS-C cells there is also a 
narrow range of chloride permeabilities; i.e., the n u m b e r  of functional t ransport  sites 
per  cell varies insignificantly in the popula t ion  of DIDS-C ceils. The  residual flux is 
mediated by a small fraction of t ransport  sites that perform at the op t imum activity 
after maximal  irreversible DIDS binding,  or a somewhat larger fraction of t ransport  
sites mediates the anion t ransport  with a somewhat slower rate. The  fraction of 
t ransport  sites still per forming anion transport  is, u n d e r  all circumstances, small 
compared with the total amoun t  of t ransport  sites. 

It would be of interest to compare  the Ki value of 73 nM for DIDS inhibi t ion of the 
residual t ransport  system at 38°C with the cor responding  Ki value for reversible DIDS 
inhibi t ion of chloride t ransport  in control cells. The  reversible DIDS inhibi t ion in 
control cells is believed to be caused by mixed hydrophobic and ionic interactions 
between band  3 prote in  ligands and the two sulfonic groups in DIDS. The  irreversible 
b ind ing  occurs as a second step between the reversibly bound  DIDS and an adjacent 
amino  group of a lysine residue (see Janas  et al., 1989). Because the irreversible 
b ind ing  takes a considerable time at 38°C (time constant  1/k = 2.2 rain; Janas  et al., 
1989) compared with the efflux half-time of ~ 50 ms, the kinetics of a reversible 
inhibi t ion of chloride t ransport  in control cells should be obtainable by means of the 
rapid cont inuous  flow tube method  at this temperature .  However, at 38°C the rate 
constant  for reversible DIDS b ind ing  to the cell membrane  appears  to be too slow 
compared  with the rate constant  for 36C1 efflux. We found (data not  shown) that at 
the lower inhibi tor  concentrat ions the reversible inhibi t ion was not  at its ma x i mum 
before most of the intracellular radioactivity was lost to the efflux medium,  making 
the determinat ions  of rate constant  too uncertain.  1 The  half-time for irreversible 

I Assuming a diffusion coefficient for DIDS in water in the range of 10-6-10 -5 cm.s -1, the maximum 
(diffusion limited) bimolecular rate constant for reversible DIDS binding is in the range of 10~-101° 
M-I.s -1. If the DIDS concentration is 1 nM, then the rate constant for DIDS binding is in the range 
of 1-10 s-L The rate constant for chloride transport in control cells is ~ 10 s-I; hence, at very low 
DIDS concentrations the reversible DIDS binding appears to be diffusion limited. However, we also 
observed increasing DIDS inhibition with time in the lower micromolar range, where the maximum 
rate constant for DIDS binding is expected to be in the range of 103-104 s -I (i.e., much faster than 
the chloride exchange rate). The explanation for this slow rate of reversible DIDS binding is 
discussed by Janas et al. (1989), who also observed a surprisingly slow rate of reversible DIDS binding 
at 0°C. The localization of the DIDS binding site 3.04.5 nm from the internal membrane surface 
suggested by Rao, Reithmeier, and Cantley (1979) supports the idea that steric hindrance could be 
the cause of the slow binding rate. However, this explanation is at variance with the observation that 
H2DIDS, which is believed to bind to the DIDS binding site, binds much faster than DIDS at 0°C 
(Shami, Rothstein, and Knauf, 1978). 
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DIDS binding, on the other hand, is too short to allow a prewash of the cells in the 
DIDS-containing efflux medium before the efflux experiment, as was done at 0 ° 
(Janas et al., 1989). However, at 0°C the half-time for irreversible DIDS binding is 
~ 3 h and reversible inhibition of 36C1 efflux with DIDS has been studied in 
prewashed control cells by means of the Millipore-Swinnex method (Janas et al., 
1989). The affinity of  reversible DIDS binding in control cells at 0°C was also found to 
be very high, with a Ki of 30 nM. 

Our observation that covalently bound DIDS reduces the number  of binding sites 
for reversible DIDS binding is compatible with the concept that the binding sites for 
reversible and irreversible DIDS binding in control cells are very close to each other. 
We cannot exclude that the difference between the Ki values obtained with control 
cells at 0°C (30 nM) and with DIDS-C cells at 38°C (73 nM) is due to temperature 
effects, indicating that the reversible DIDS inhibition in DIDS-C cells is of the same 
kind as the reversible DIDS binding in control cells, the only difference being that the 
residual transporters cannot bind DIDS irreversibly. 

Our data obtained at 38°C indicate that Ki depends on extracellular chloride (Fig. 
4). However, our data do not seem to fit a ping-pong model where DIDS only binds 
to the outward-facing conformation of the transport protein and competes with 
extracellular chloride (Eq. A20). From the data shown in Fig. 4, a K~/2, c of 189 
(SE -+ 72) mM is required to explain the data if the inhibition is of the competitive 
type. However, a value of 34 (SE -+ 5) mM was obtained from the data shown in Fig. 
3. The discrepancy can be explained by assuming that the inhibition is only partly 
competitive, or that the population of residual transporters is not homogenous but 
consists of  subpopulations with different affinities for competitively inhibiting DIDS. 
The apparent  outside affinity, expressed by the K~/2, c value of 34 mM in DIDS-C 
cells, should be compared with the K~/z value of 2.8 mM obtained in control cells 
(Knauf and Brahm, 1986). 

The inhibition experiments with the reversibly binding inhibitor DNDS did not 
allow a determination of DNDS binding sites by the Easson-Stedman method because 
DNDS has a relatively low affinity to the transporter. In control cells we found a Ki of 
6.3 (SE -+ 0.6) izM at [Clio)] = 150 mM. Assuming competitive inhibition (Fr6hlich, 
1982) and a K~/2 of 2.8 mM (Knauf and Brahm, 1986), a true Ki (dissociation 
constant) of  115 nM is obtained by use of Eq. A20. This result extends the weak 
temperature dependence of DNDS binding observed by Fr6hlich (1982), who 
obtained dissociation constants of  84, 86, and 90 nM at 0, 10, and 20°C, respectively. 
In DIDS-C cells we found a significantly higher Ki of 22 (-+3) ~,M for DNDS. 

The Arrhenius plot of the residual chloride flux in DIDS-C cells shows a constant 
apparent  activation energy of 77 (SE -+ 3) kJ 'mol-  l in the temperature range 0-38°C. 
Brahm (1977) found a nonlinear temperature dependence for chloride efflux in 
control cells in the same temperature range with apparent  activation energies of  125 
(SE-+ 4) kJ-mo1-1 in the range 0-15°C and 84 (SE + 4) kJ'mo1-1 in the range 
15-38°C. 

In DIDS-CR cells we found an Arrhenius activation energy of 69 (SE _+ 2) kJ'mo1-1. 
This value is not very different from the values found in DIDS-C cells. Toyoshima and 
Thompson  (1975) determined the Arrhenius activation energy for chloride transport 
across an artificial lipid bilayer membrane using egg phosphatidylcholine vesicles and 
obtained a value of 19 _+ 2 kcal'mol -j  (80 -+ 8 kJ'mo1-1) that is not significantly 



7 2 6  THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 101 • 1 9 9 3  

different from the value obtained in DIDS-CR cells. Hence, the activation energy for 
chloride transport in DIDS-CR cells does not allow us to determine whether a 
phospholipid or a nonphospholipid transport mode is responsible for chloride 
transport in DIDS-CR cells. 

It is of  interest to compare our results obtained by use of tracer methods with 
inhibition data obtained by studies of net chloride efflux. However, it should be noted 
that the apparent  constant field permeabilities that can be obtained from conduc- 
tance values (e.g., by Eq. 262 in Sten-Knudsen, 1978) may not be equivalent to the 
permeabilities obtained in tracer studies even in DIDS-CR cells (see, for example, 
Bennekou and Stampe, 1988). If  we assume that they are equivalent, we can conclude 
that the combined effect of reversibly and irreversibly bound DIDS inhibits exchange 
more efficiently than conductance. The conductance study of Bennekou and Stampe 
(1988) at 37°C in control cells and in cells exposed to 16 p~M DIDS in the efflux 
medium gave apparent  constant field permeabilities of 7.6"10 -8 and 0.27"10 -8 
cm's -1, respectively. The values should be compared with our respective values of  
50,000" 10 -s and 0.57" 10 -s cm's- l  for 36C1 efflux (see Table I). Combining the data, it 
can be calculated that the exchange component  of the chloride efflux is reduced by 
99.9994% (or 170,000 times), whereas the conductive component  is reduced by only 
96.4% (or 28 times). It is not likely that the residual conductive transport is caused 
solely by conductive chloride efflux across the lipid bilayer. According to Toyoshima 
and Thompson (1975), the permeability for chloride transport in phosphatidylcho- 
line vesicles (Table I) is due principally to a carrier-mediated exchange process 
involving a phospholipid-HCl complex. 

The permeability data for chloride transport across artificial lipid membranes are 
somewhat scattered and values from 0.01 to 1.5"10 -8 cm's - l  are obtained in the 
temperature range 20-23°C (Table I). At 20°C we measured a permeability coeffi- 
cient of 0.1"10 -s cm-s-l in DIDS-CR cells (data not shown). From the red blood cell 
conductance data and the data obtained with artificial lipid bilayer membranes we 
suggest that the residual permeability in DIDS-CR cells is due to chloride efflux 
through a residual conductive pathway as well as phospholipid-mediated chloride 
exchange across the lipid bilayer of the red cell membrane.  The scatter of permeabil- 
ity data on artificial lipid bilayer membranes makes it impossible for us to conclude 
whether nonphospholipid, nonconductive chloride transport (protein-mediated ex- 
change) contributes to the residual permeability in DIDS-CR cells. Hence, it is 
possible that covalent and reversibly bound DIDS in combination inhibit nonphos- 
pholipid, nonconductive chloride transport completely. 

C O N C L U S I O N  

Our comparative study of unidirectional chloride efflux in control cells and in cells 
treated irreversibly with DIDS shows that the kinetics of chloride transport in control 
and DIDS-treated cells differ with respect to the outside apparent  affinity to chloride 
and DNDS, to pH, and to temperature dependence. The number  of residual 
transporters after maximum irreversible DIDS binding is very low compared with 
control cells in accordance with the notion that the function of a transporter is 
blocked by irreversible DIDS binding that also prevents a further reversible binding 
of DIDS to the transporter. It is not possible from our data to conclude whether the 
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popula t ion  of residual t ransporters  is a subpopula t ion  of slightly modified band  3 

molecules or a t ranspor t  system outside band  3 that cannot  b ind DIDS covalently. 

It is impor tan t  to note that m a x i m u m  irreversible DIDS b ind ing  does not  inhibit  
the mediated chloride t ranspor t  completely. A further reversible DIDS b ind ing  is 
necessary to reach an apparen t  chloride permeabil i ty as low as values repor ted  for 
artificial lipid bilayer membranes .  

A P P E N D I X  

In experiments where the anion exchange is determined at low concentrations of the high 
affinity inhibitor DIDS, the concentration of free DIDS molecules in the suspension may be 
significantly lower than the DIDS concentration in the efflux medium ([DIDST]) before addition 
of the packed red blood cells. Because of the high affinity of the inhibitor, a significant degree 
of inhibition of anion exchange is attained at inhibitor concentrations that are of the same 
order of magnitude as the concentration of inhibitor binding sites at the hematocrit of 0.5-1% 
used in our efflux experiments. Therefore, the concentration of DIDS molecules in the efflux 
medium may be significantly reduced by resuspension of packed red blood cells. If one uses 
[DIDST] in calculations of the half-inhibition constant (Ki), for example, this value is overesti- 
mated because the free DIDS concentration that half-inhibits the anion efflux is lower than 
[DIDST]. 

Problems of this kind are well known in enzyme kinetics, and a suitable method for 
determination of inhibition constants has been developed (the Easson and Stedman method; 
Webb, 1963). Although this method has been used in studies of inhibition of chloride efftux 
from red cells (Janas et al., 1989), it was not shown that it is valid for the proposed ping-pong 
mechanism for anion exchange in these cells. 

The principle of the method is as follows: In a plot of 1/(1 - F) vs. [IT]/F, where F is the 
fractional inhibition and [IT] is the total concentration of the inhibitor, a straight line should be 
obtained for systems with 1:1 probe-ligand interactions. Ki is determined as the reciprocal of 
the slope of the straight line, and the intercept with the ordinate equals minus the concentra- 
tion of binding sites divided by Ki. 

The kinetics of the anion exchange mechanism (the ping-pong model) has been described 
thoroughly by Fr6hlich and Gunn (1986). For a shorter description of ping-pong kinetics under 
self-exchange conditions, refer to Gasbjerg and Brahm (1991). The reaction scheme for the 
ping-pong mechanism is: 

kl k2 k3 
CI (i) + E lil ~ C1E (i) ~- CIE (°) ~ C1 (°) + E (°) (AI) 

k-i k_~ k-3 

Intracellular chloride, CI0~, is transported across the cell membrane by combining with the 
inward-facing site of the anion transporter, E ~i). The inward-facing complex, CIE 0), may 
undergo a conformational change into an outward-facing complex, CIE I°). Finally, CIEIo) may 
dissociate into the outward-facing conformation of the transporter, El °~, and extracellular 
chloride, C! ~°), whereby a reaction half cycle is completed. The equilibrium constants in the 
ping-pong model are defined as: 

kl [C1E 0)] 
K1 - k_ i - [C10)] • [E 0~] (A2a) 

kz [CIE ~°)] 
Ks - k-2 [CIE 0)] (A2b) 
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k3 [Cl~°)] • [E I°)] 
K3 - k-3 - [CIE I°)] (A2c) 

It can be shown that the unidirectional effiux of chloride from the intra- to the extracellular 
compartment,  J err, is given by: 

kl'k2"k3 
j e f f=  k2"k3 + k-j'k3 + k-l'k-2 "[cI(i)]'[E6)] (A3) 

(see, for example, Britton, 1964, part II, pp. 15-16). [E0)] is expressed in moles per square 
centimeter, [CI (i)] in molar, and the composite rate constant in molar -~ per second, and 
consequently the unidirectional efflux will be expressed in units of (moles per square 
centimeter) per second. The  fractional inhibition is defined as: 

Z" 
F = 1 - -  (A4) 

whereJ~ ~r andJ~  n" are the unidirectional chloride efflux in the presence and in the absence of 
the inhibitor, respectively. It is assumed that the inhibitor acts only by reducing the number  of 
active transporters; i.e., in Eq. A3 only the concentration of  E (i) is changed by introduction of  an 
inhibitor. By inserting Eq. A3 into Eq. A4: 

[E! i~] 
F = 1 - -  (A5) 

where [E/i)] and [E~ )] are the concentration of free inward-facing binding sites in the presence 
and in the absence of  the inhibitor, respectively. From Eqs. A2a--c it follows that the 
concentration of inward-facing binding sites, [E~i~], is proportional to the sum of the concentra- 
tion of  all free forms of  the transporter in the absence or in the presence of  the inhibitor ([C10)] 
and [CI ~°)] are kept constant): 

[E (i)] + [CIE 0)] + [CIE <°)] + [E <°)] 
[E(i)] = r t-';li)l (A6) 

1 + [CI0)}.K1 + [CI(i)]'K1.K2 + ~ ' K I ' K z ' K 3  
[Cl~°q 

By introducing 

[E] = [E {i)] + [CIE (i)] + [CIE ~°)] + [E I°)] (A7) 

in Eq. 6 and substituting Eq. A6 in Eq. A5: 

[E~] [Ei] 
F = 1 1 - -  (A8) 

[Eu] T 

is obtained, where [Ei] denotes the total concentration of all inhibitor free forms of the 
transporter when the inhibitor is present, and [Eu] = T denotes the total concentration of  all 
forms. Rearrangement of Eq. A8 yields: 

1 T 

1 - F - [ E i ]  ( A 9 )  

An apparent  inhibitor constant, Ki,app, is defined as: 

[E]'[I] ([E0)] + [CIE(i)] + [CIE(°)] + [EI°)]).[I] 
- - -  - ( A 1 0 )  

Ki,app [EI] [E(i)I] + [CIE~i)I] + [CIE{°)I] + [E(°)I] 
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Ki,ap p may also be expressed by means of the equilibrium constants in Eq. A1, the fixed chloride 
concentrations, and the dissociation constants for inhibitor binding to the four different forms 
of the transporter, which are defined as: 

Kil = (AIla) 
[E0)I] 

[CIE0)]'[I] 
Kiz - - -  (A1 l b )  

[CIEli)I] 

[CIE~°)]-[I] 
Ki3 - - -  (A1 lc) 

[CIE~°)I] 

[D°)]-[I]  
Ki4 - - -  (A1 ld) 

[E~°)I] 

Insertion of Eqs. AI l a - d  in Eq. AI0 yields: 

[E 0)] + [CIE (i)] + [CIE ~°)] + [E t°)] 
Ki,app = [E(i)] [CIE0~ ] [CiE~O)] [EtO)] (A12) 

Ki-"~ + ~ + ~ + Ki4 

Elimination of [E0)], [CIE6)], [CIE~°q, and [Elo)] in Eq. A12 by use of Eqs. A2a-c yields: 

1 Kt "K2"K3 
- -  + K l  + KI 'K2  + - -  
[CI0)] [CF °)] 

Ki,app = 1 Kt Kl "K2 KI "K2"K3 (AI 3) 

gil.[Cl(i)------- ~ 4" ~i2 4- T i  3 4" gi4.[Cl(O,------- ~ 

(Ki,ap p is equivalent to ID50 (Eq. 45) in Fr6hlich and Gunn,  1986.) Insertion of Eq. AI0 in Eq. A9 
yields: 

1 T.[I] 
1 - F - [EI]'Ki.ap p (A14) 

The concentration of inhibitor in the efflux medium before addition of cells ([Iv], the nominal 
inhibitor concentration) is equal to the sum of the concentrations of bound and free inhibitor 
after addition of cells: 

[IT] = [I] + [El] (A15) 

Here [EI] is expressed in molar, whereas in Eq. A14 it is expressed in moles per square 
centimeter. However, we might as well have chosen to express the concentration of binding 
sites in molar because the hematocrit is kept constant in the different experiments. This would 
not have changed Eq. AI4, which is dimensionless. Insertion of Eq. AI5 into Eq. AI4 yields: 

1 1 (T'[ITI ) 
1 - F - Ki.ap p " ~ [ - ~  - T (A16) 

The concentration of all forms of the transporter, T, equals the sum of the concentration of free 
and inhibited forms: 

T = [Ei] + [EI] (AI7) 
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Eqs. A17 and A8 are inserted in Eq. A16 to eliminate [El]: 

1 - F - Ki,app "~7~-~i ]  T = Ki,app ~ F 

Eq. A18 shows that the Easson-Stedman method may also be used in studies of inhibition of 
anion transport mediated by a ping-pong mechanism. If 1/(1 - F) is plotted against [IT]/F, a 
straight line is obtained with a slope equal to the reciprocal apparent inhibition constant and an 
intersection with the ordinate equal to minus the ratio of  the concentration of  binding sites to 
the apparent inhibitor constant. 

In this derivation it has implicitly been assumed that the inhibitor could bind to all four forms 
of the transporter with different affinities (dissociation constants); i.e., the inhibition is of  the 
mixed type. From Eq. A18 it is seen that knowledge about the type of inhibition (mixed, 
noncompetitive, uncompetitive, or competitive) is not necessary for determination of  the 
concentration of binding sites. In principle, there are 15 possible combinations of inhibition 
types (i.e., the inhibitor may or may not bind to each of the four forms of the transporter, 
giving 16 combinations, of  which one (no binding at all) is the control situation. If the inhibitor 
binds to all four forms of the inhibitor, the inhibition is of the mixed type, and the 
interpretation of the inhibition constant is expressed by Eq. A13. In the special case, where the 
inhibitor affinities to all four forms are equal (noncompetitive inhibition): K,l = Ki2 = Ki3 = 

Ki4 = Ki, Eq. AI3 reduces to: 

Ki,ap p = K i (A19)  

If the inhibitor binds only to the outward-facing conformation of the transporter (competitive 
inhibition), Eq. A13 reduces to: 

/[cW]~/2 ) Ki,app = Ki4"~ + 1 (A20)  

where K~/2 is the extracellular chloride concentration at which the unidirectional efflux is half 
of its theoretical maximum value in experiments where [Cllo)] is varied and [Clli/] is kept 
constant (see Gasbjerg and Brahm, 1991). 

In experiments where the inhibitor concentration by far exceeds the concentration of  
inhibitor binding sites, we used a less elaborate method for determination of half-inhibition 
constants. Irrespective of the type of inhibition, the unidirectional efflux in the presence of an 
inhibitor, J elf, may always be expressed by: 

Ki'app (A21 ) jeff- = j e f f .  gi,app + [I] 

which may be obtained by combining Eqs. A4, A8, A17, and AI0.  In these experiments Ki,ap p 

andjeu ff were obtained by nonlinear fitting of Eq. A21 to the experimental data. 
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