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Inhibition of inorganic anion transport across the human red 
blood cell membrane by chloride-dependent association 
of dipyridamole with a stilbene disulfonate binding site 

on the band 3 protein 
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The inhibition of inorganic anion transport by dlpyridamole (2,6-bis(diethanolamino)-4,8-dipiperidinopyrimidolS,4- 
dlpyrimidine) takes place only in the presence of CI- ,  other halides, nitrate or bicarbonate. At any given dipyridamole 
concentration, the anion flux relative to the flux in ~ absence of dipyridamole follows the equation: ./.~ m (1 + 
a 2 [ C l - D / ( l  + a41Cl-I) where a2 and a+ are independent of ICI-I but dependent on dipyrklamole concentration. At 
high [CI-] the flux approaches a 2 / a 4 ,  which decreases with increasing dipyridamole concentration. Even when both 
ICI-] and dipyridamo~ concentration assume large values, a small residual flux remains. The equation can be deduced 
on the assmnptioa that C i -  binding allosterically increases the affinity for dipyridamole binding to band 3 and that the 
bound dipyridamole produces a non-competitive inhibition of sulfate transport. The mass-law constants for the binding 
of C i -  and d ipyr ldam~ to their respective-binding sites are about 24 mM and 1.5 ttM, respectively (pH 6.9, 26°C).  
Dipyridamole binding leads to a displacement of 4,4'-dibenzoylsfilbenc-2,2'-disulfonate (DBDS) from the stilbenedi- 
sulfonate binding site of band 3. The effect can be predicted quantitatively on the assumption that the CI--promoted 
dipyridamole binding leads to a competitive replacement of the stilhenedisulfonates. For the calculations, the same 
mass-law constmlts for binding of CI-  and dipyridamole can he used that were derived from the kinetic studies on 
Ci--promoted aelon transport inin'bition. The newly described CI-  binding site is highly selective with respect to C I -  
and other monovalent anion species. There is little competition with SO42-, indicating that Ci - binding involves other 
than purely electrostative forces. The affinity of the binding site to CI-  does net change over the pH range 6.0-7.5. 
Dipyridamole binds only in its deprotonated state. Binding of the deprotonated dipyridamole is pH.independent over the 
same range as Q -  bindlng. 

Introduction 

Dipyridamol~. • (also called persantine, 2,6-bis(di- 
ethanolaminol~-4,8-dipiperidinopyrimido[5,4-d ]pyrimi- 
dine) is a drug that potentiates vasodilatation (including 
coronary dilatation) by adenosine and adenine nucleo- 
tides, blocks ph~telet aggregation by adenosine diphos- 
phate, and inhibits phosphodiesterase activity, thereby 

Abbreviations: HzDIDS, 4A'-diisothiocyanodihydrostilbene-2,2'-di- 
sulfonate; DBDS, 4.4"-dibonzoylstilbene-2,2"-disulfonate; DNDS, 
4,4'-dinitrostilbene-2,2'-disulfonate; N2ph-F , 2,4-dinitrofluoroben- 
zene. 
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promoting an accumulation of cAMP. The potentiation 
of nucleoside action on the circulation is probably the 
indirect consequence of an inhibition of adenosine up- 
take from the blood plasma by the red cells (for a 
summary of the pharmacological actions, see Ref. 1). In 
addition to adenosine transport, dipyridamole also in- 
hibits other transport processes, including the band 3 
protein-mediated anion exchange across the red cell 
membrane [2]. In red cells suspended in media contain- 
ing chloride as the predominant anion species, the in- 
hibition of both chloride and sulfate transport is about 
equal. At 8°C  the K t / 2  for dipyridamole is about 5/ tM 
and hence similar to the value pertaining to such power- 
ful anion transport inhibitors as the stilbencdisolfonate 
4,4'-dmitrostilhene-2,2'-disulfonate (DNDS, Ref. 3). 

In the present paper we report that in the absence of 
CI-  dipyridamole produces little if any inhibition of 
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sulfate or phosphate transport. Addition of chloride 
promotes the inhibition of both transport processes by 
the agent. A more detailed investigation of the effects of 
increasing [CI-] on sulfate transport showed that KI/2 
decreases until a limiting value of about 1.5 /~M is 
reached. These results prompted us to perform a more 
extensive study on the combined effects of dipyrida- 
mole and chloride on sulfate transport and to attempt 
an interpretation of the data in terms of chloride-depen- 
dent dipyridamole binding to a site that is aiiosterieally 
linked to the substrate binding site. The chloride-depen- 
dent dipyridamole binding takes place at a stilbenedi- 
sulfonate binding site or a site allosterically linked to 
the latter. 

After the completion of our experimental work and 
while we were engaged in its theoretical analysis, we 
became aware that Schnell and associates submitted for 
publication some preliminary experimental results on 
the same subject. Their paper includes no data on 
dipyridamole binding and no attempt was made to 
provide a quantitative interpretation. The emphasis of 
the present study is on the demoustratio-~ of a relation- 
ship between dipyridamole binding to the band 3 pro- 
tein and the inhibition of anion transport and on ~he 
quantitative descriptioI: of that relationship. 

Materials and Methods 

Human Rh + blood was obtained from the blood 
bank and used within 3 to 5 days after withdrawal. 

The experiments were performed with intact red cells 
or resealed red cell ghosts. In the intact red cells the 
intraceUular concentrations were adjusted by washing in 
media of the appropriate composition in the presence of 
Nystatin as described by Cass and Dalmark [4]. In the 
ghosts, adjustment was achieved by resealing in the 
desired media as described by Schwoch and Passow [5]. 
In all experiments, the concentrations inside and out- 
side the red cells or ghosts were identical. 

Dinitrophenylation and treatment with 3HzDIDS of 
red blood cells or ghosts, the isolation of the treated 
membranes, SDS-polyacrylamide gel electrophoresis and 
subsequent determination of the radioactivity in the gel 
slices was performed as described previously [6]. 

Sulfate equilibrium exchange was measured as in 
previous work from this laboratory [6]. Dipyridamole 
was added as an ethanolic solution, giving final ethanol 
concentrations of 1~ (v/v) or less in dipyridamole-con- 
taining media. Dipyridamole-free controls always con- 
tained corresponding concentrations of ethanol. 

Binding of DBDS (4,4'-dibenzoylstiibene-2,2'-disui- 
fonate) to the red cell membrane is associated with a 
large increment of DBDS fluorescence. This is almost 
entirely related to DBDS binding to band 3 [7]. In our 
experiments we determined DBDS binding to band 3 in 
resealed white ghosts prepared by the column method 

of Wood and Passow [8]. To criminate small contribu- 
tions of DBDS binding to proteins other than band 3 
we determined the fluorescence changes brought about 
by the addition o f  a band 3 protein-saturating con- 
centration of HaDIDS (final concentration 20 ttM). 

When measuring DBDS fluorescence in the presence 
of dipyridamole, it is necessary to consider the influence 
of dipyridamole fluorescence. Dipyridamole shows tittle 
if any change of fluorescence upon binding to the red 
cell membrane. Consequently, dipyridamole binding 
cannot be measured directly by fluorescence determina- 
tions. However, it is possible to observe the effect of 
dipyridamole on DBDS binding and thus to dt~duce 
information on dipyridamole binding from dipyrida- 
mole/DBDS competition. The emission spectra of di- 
pyridamole and DBDS as produced by excitation at 330 
nm partially overlap. At d30 nm the emission spectrum 
of dipyridamole reaches a minimum while the DBDS 
emission is only 5~ less than at its maximum at 420 nm. 
Hence all our measurements were executed at the former 
wavelength. Some of the fluorescence emitted by DBDS 
is obsorbed by dipyridamole. Under our experimental 
conditions, absorption is 10~ or less. Measuring DBDS 
fluorescence at 430 nm has the added advantage that 
under our experimental conditions (using a Zeiss PM Q 
II photometer and a ghost density of about 2~) the 
effect of light scattering is negligible. The correction for 
the effects of the absorption of the exciting light by the 
contents of the cuvette ('inner fdter effect') was per- 
formed according to standard procedures. 

Variations of dipyridamole fluorescence with hydro- 
gen ion concentration can be described by the mass-law 
equation: [H+I • [dipyridamole]/[H-dipyridamole +] = 
5.62.10 -7 M, corresponding to a pK value of 6.25. 
This value was found to be independent of the presence 
of CI-, SO 2-  and DBDS at the cencentrations used in 
our work, indicating that none of these ions combine 
with the inhibitor. 

Isolation of red cell membranes and their SDS-poly- 
acrylamide gel electrophoresis was performed as de- 
scribed previously [6]. 

All chemicals were analytical grade. The dipyrida- 
mole originated from Prof. B. Deuticke, Rheinisch- 
Westf'dlische Techniscite Hochschule, Aachen. We are 
indebted to Prof. H. Fasold for the synthesis of DBDS. 

Results 

(1) Effects of chloride on inhibition of sulfate transport by 
dipyridamole 

Using the Nystatin technique of Cass and Dalmark 
[4], human red cells were equilibrated in media contain- 
ing either 15 or 150 mmol/l  SO 2-  as the only penetrat- 
ing anion species. After addition of dipyridamole at 
concentrations up to 32 iamol/1, sulfate equilibrium 
exchange was measured. Fig. 1 shows that there is only 
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Fig. 1. Effect of chloride on inhibition of sulfate equilibrium exchange by dipyridamole. Intact red cells, pH 6.9. 25.5 o C. The curves pertaining the 
the data points observed in the presence of chloride (150 raM) were calcualted using a non-linear curve fitting procedure to fit the data to the 
equation ./e/Je_ 0 = 1/( KI/2 + p )+  constant, where Je /Je .  e represents the sulfate flux at dipyridamole concentration p as a fraction of sulfate 
flux at p =0.  Left-hand and fight-hand panel: experiments performed in the presence of 15 and 150 mM NazSO(. respectively. The Ki/2 values 

were 1.9 and 1.3 ttM, respectively. Ordinate: J~l = Jp/Je-o, abscissa: dipyridamole concentration. 

v e r y  little inhib i t ion  w h i c h  is poss ib ly  re la ted  to the  
p resence  o f  t races  o f  b i c a r b o n a t e  in the  cell suspens ion  
(see below).  W h e n  t he  r ed  cells a r e  equ i l ib ra ted  by  the  
s a m e  m e t h o d  wi th  15 o r  150 r e t o o l / !  N a 2 S O  4 in the  
p r e sence  o f  a f ixed concen t r a t i on  o f  150 m m o l / I  N a C l  
o r  KCl ,  d i p y r i d a m o l e  p roduces  a s t r o n g  inhibi t ion wi th  
ha l f - inhib i t ion  cons t an t s  o f  1.28 a n d  1 . 9 5 / z M ,  respec-  
t ively.  

T h e  effects  o f  ch lo r ide  were  s tud ied  in m o r e  detai l  b y  
v a r y i n g  (1) the  d i p y r i d a m o l e  concen t r a t i on  a t  a r ange  o f  
f ixed ch lo r ide  concen t r a t i ons  ( T a b l e  I) ,  a n d  (2) the  
ch lo r ide  concen t r a t i on  a t  a r a n g e  o f  f ixed d i p y r i d a m o l e  
concen t r a t i ons  (Fig.  2). 

TABLE i 

Inhibition of sol/ate equilibri~n exchange by ~pyridomole: Dependence 
of half.inhibition constant (KI/2) on chloride concentration 

Sulfate equilibrium exchange was measured at a range of fixed 
chloride concentrations as a function of dipyrldamole concentration. 
The empirical KI/2 values were obtained by non-linear least-squares 
curve fitting to the equation: J,~ = lit( Ki/2 + p ) + constant where the 
constant represents the residual flux at maximal inhibition (average: 
5.870 of flux without inhibitor). The predictions are based on the 
equation Kt/2 = Ks'(a + Kt ) /a  where K s =1.47/tM and K I = 24.2 
mM (averages from Table VI). a represents the chloride concentra- 
tion. The cnsntants K t and K s are def'med in Appendix A, where the 
equation is derived (Eqn. A-5). n.d., not determined. 

ICI- I K~/2 (ttM), Predicted 
traM) as measured in the presence of: (model II) 

150 mM SO~ - 15 mM SO.,~- 
3.75 16.0 n.d. 11.0 
7..50 7.6 6.4 6.2 

15.0 3.7 n.d. 3.8 
~ . 0  2.0 2.6 2.4 

150~ 1.3 1~ 1.7 

T h e  first set o f  these  e x p e r i m e n t s  fo l lowed the  s a m e  
pa t t e rn  as  the  expe r imen t s  p re sen ted  in Fig. 1. T h e  K t / 2  
va lues  listed in the  table  dec rea se  wi th  increas ing  [ C I - ]  
a n d  t end  to a p p r o a c h  a l imi t ing  va lue  for  h igh  C I -  
concen t r a t i ons  s o m e w h e r e  b e t w e e n  K I / 2  = 1 ~tM a n d  2 
/~M. 

W h e n  the  ch lo r ide  c o n c e n t r a t i o n  was  ra ised a t  f ixed 
concen t r a t i ons  o f  d i p y r i d a m o l e  the  su l fa te  f luxes de -  
c reased  a n d  a lso  a p p r o a c h e d  l imi t ing  values.  These  val-  
ues  w e r e  a func t ion  o f  the  d i p y r i d a m o l e  concen t ra t ion .  
Even  a t  ve ry  h igh  concen t r a t i ons  o f  b o t h  d i p y r i d a m o l e  
a n d  ch lor ide  a smal l  res idual  flux r ema ined .  T h e  resul ts  

J rel 

~ i k  aipyridomole 
pM o.o  : 

2~ ~ io sb go ~ ~0 
[C[-l,mM 

Fig. 2. Solfats equilibrium exchange measured at fixed concentrations 
of both SO4 2- (15 raM) and dipyridamole as a functinn of [CI- ]. Red 
cell ghosts, pH 6.9. 26°C. Ordinate: SO~- flux at the chloride 
concentrations indicated on the abscissa and the dipyridamole con- 
ccntrations indicated on the curves relative to the flux in the absence 
of dipyridamole. The drawn curves were obtained by non-linear 
least-squares computer fits to the equation J~j = (l + aaa)/(i  + a4a ) 
where o 2 and a4 represent constants and a indicales the concentra- 

tion of [CI- ]. The a values are listed in Table !1. 
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of these measurements can be represented by the equa- 
tion 

J~j = (1 + ~2a)/(l + aaa) (1) 

where J,d is the flux at  dipyridamole concentration p 
relative to the flux at p = 0 as measured at the CI -  
concentration a. a 2 and a 4 are constants that vary with 
the dipyridamole concentration and depend on the re- 
sidual flux that persists when a and p tend to large 
values (see below). At  larger values of a J,d approaches 
a 2 / a  4, i.e. the ratio of the two constants yields the 
asymptotic value of  the relative flux at high chloride 
concentration. 

In Table  II  the values for a2, a 4 and the ratio a2/ct  4 
are listed as calculated by means of  a non-linear least- 
squares computer  fit to the data  in Fig. 2. In addition, 
the table contains values of  a 2 and a 4 for essentially 
similar experiments which were performed at  fixed 
sulfate concentrations of 150 m M  and 300 m M  instead 

TABLE It 

Effect of CI -  on the mlffbition of SOl z -  equilibrium exchange by 
dipyridamole , 

The numerical values of a 2 and a4 were obtained by non-fncar 
le~t-squares computer fits of experimental data to the equation: 
3 ~ t = ( l + a 2 . a ) / ( l + a , t . a  ) (Appendix A, Eqn. A-3). a represents 
the CI -  concentration in cells and medium, J~  the sulfate flux at 
dipyridamole concentration p divided by the corresponding flux at 
p=O. The data listed for lSO2-]=15 mM are derived from the 
curves in Fig. 2, the others from similar experiments at SO 2- con- 
centrations of 150 and 300 mM. The ratio o2 /a  4 indicates the 
asymptotic values of J,~ at high chloride concentrations. It is com- 
pared with the ratios measured at [CI-] = 80 mM. These measured 
ratios are plotted in Fig. 3 against the ratios calculated for [CI- ] = 80 
mM. 

tzM a2 a4 O2/Ct4 Jrel | SO2- ] 
(a = 80 mM) (mM) 

1 0.0419 0.0785 0.534 0.595 15 
2 0.0378 0.0905 0.418 0.410 
3 0.0901 0.228 0.395 0.392 
4 0.0774 0.288 0.268 0.305 

l0 " 0.0851 0.441 0.193 0.209 
32 g.0571 0.624 0.083 0.108 

l 0.0193 0.0416 0.465 0.588 150 
2 0.0495 0 .134  0.369 0.420 
3 0.0665 0.177 0.376 0.380 
4 0.0436 0.152 0.288 0.325 
5 0.0587 0.194 0.302 0.408 

10 0.138 0.538 0.256 0.288 
32 0.186 1.07 0.174 0.262 

1 0.0277 0.00A2 0.627 0.728 300 
2 0.0465 0.0982 0.474 0.540 
3 0.1072 0.2058 0.521 0.566 
4 0.0391 0 .1 2 4  0.317 0.372 
5 0.0845 0 .166  0.509 0.543 

10 0.0720 0.343 0.209 0.237 
32 0.0819 0.493 0.166 (0.316) 

06 .  

o 
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Fig. 3. Plot of sulfate flux J~a measured at [CI - I = 80 mM against the 
flux calculated for this CI- concentration from the equation J~  = (1 
+ a2a)/(l + aaa ). The a values were taken from Table It. The 
symbols e, ×, o refer to 15,150, 300 mM [SO42- ], respectively. At 
each sulfate concentration, flux measurements were performed at the 
dipyridamole concentrations (FM): 1, 2, 3, 4,10, 32 and at 150 and 
300 mM SO 2- also at 5 FM dipyridamole. The straight fine repre- 

sents identity. 

of  15 m M  as in the experiments depicted in Fig. 2. The  
asymptotic values a 2 / a 4  tend to be somewhat  higher at  
150 and 300 m M  SO 2 -  than at  1 m M  SO 2 - .  However ,  
the scatter of  the da ta  is large and hence this tendency 
is not well established. I t  should be noted that  the 
relative fluxes measured at  80 m M  [Cl - ]  are  still some- 
what  larger than the asymptotical  values a 2 / a  4. In  Fig. 
3 the relative sulfate fluxes measured at  [CI - ]  = 80 m M  
are compared to the fluxes calculated for that  C l -  
concentration by means  of  Eqn. 1 using the a ' s  in Table  
I1. The  da ta  points scatter now near  the identity line, 
indicating that  the deviations from the asymptot ic  val- 
ues seen in Table  I t  seem to be significant. 

In  the experiment represented in Fig. 4, the effect of  
chloride concentration on the inhibition by  a fixed 
concentration of  2 / t M  dipyridanlnle was studied at  a 
fixed ratio between [CI - ]  and [SO~-] of  1 :10 .  The  
effect observed can be represented by  Eqn. 1, using the 
average of  the a z and a 4 values listed in Table  I t  for 
the dipyridamolc concentration of  2 / t M  and pertaininjg 
to the three sulfate concentrations used. Thus  the chlo- 
r ide-promoted inhibition of  sulfate transport  by  di- 
pyridamole is only little affected by increasing the SO 2 -  
concentration f rom 15 to 300 mM.  Nevertheless, a 
replot of  the fluxes measured at  the sulfate concentra-  
tions of  15 ,150  and 300 m M  (Table II)  reveals that  at  
each chloride concentration used a slight increase of  
sulfate flux occurs (Fig. 5). I t  is unlikely, however, that  
this is the consequence of  a replacmeent  of  C I -  f rom its 
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Fig. 4. F.ffect of dipyridamole (2 FM) on SOl -  equilibrium exchange 
as a london  oi C I -  concentration. The ratio I C I - I / I S 0 7 - 1  ,.,,as 
maintained at 1:10. The drawn curve was calculated by means of 
Eqn. 1 using the averages of the values for a I and a 2 observed at 15, 
150 and 300 mM NaaSO4 (Table !1). (a  2 = 0.0466 4-0.006, a 4 = 0.108 
4-0.023). This co.-responds to K1=25.6 raM, Ks=l .13 FM and 
qK = 0.08. Ordinate: sulfate flux at the Ci- and SO42- concentrations 
indicated on the abscissa divided by the corresponding fluxes as 

measured in the absence of dipyridamole (J~l). 

specif ic  b ind ing  site, s ince the  ef fec t  is i n d e p e n d e n t  o f  
the  C I -  concen t r a t i on  in  the  m e d i u m .  Possibly  it  s imply  
rep resen t s  a n  ef fec t  o f  inc reas ing  ionic  s t rength .  

T h e  p H  d e p e n d e n c e  o f  the  ef fec t  o b s e r v e d  in the  
j o in t  p resence  o f  C I -  a n d  d i p y r i d a m n l e  was  s tudied  
on ly  a t  f ixed concen t r a t ions  o f  sul fa te  (1 m M )  ~.n~ 
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TABLE Iil 

Promotion of the effects of persantine on sulfate equilibrium exchange by 
various monooalcnt anions species 

in all experiments, the concentrations of SO 2 -  and dipyridamole 
were 150 mM and 15 ;tM, respectively. The concentration of the 
monovalcot anions was 7.5 mM. The pH was 6.9. except in the 
experiments with HCO~" were the pH was 7.2. J=: = flux in presence 
of dipyridamole relative to flux in absence of dipyridamole. Each data 
point represents the average of two separate experiments which agreed 
to within less than 10~. 

Monovalent anion species J~a (7o) 

None 103 
F-  88 
CI- 
Br- 44~ 

l -  74 
HCO 3 62 
NOr 40" 

" In 160 mM NaNO 3, pH 6.9, 26°C, KI/2 is 4.5 vM. The residual 
flux at maximal inhibition is 1070. 

ch lor ide  (30 m M )  at  three  d i f fe ren t  d i p y r i d a m o l e  con-  
cent ra t ions .  T h e  re la t ive  f lux decreases  w h e n  the  p H  is 
inc reased  f r o m  6.0 to 7.5 a n d  then  a p p r o a c h e s  a p l a t eau  
o r  a f lat  m i n i m u m  wh ich  ex tends  a t  least  up  to p H  7.7 
(Fig.  6). T h e  effect  c an  be  a l m o s t  comple t e ly  a c c o u n t e d  
for  b y  a change  o f  p r o t o n a t i o n  o f  d ipy r idamole ,  a s sum-  

Jr l l  

Qi5 

06 

0.4 • • 

02 3.75 mM [C('I 

16o 2~o 3~o 

Jrel Jm! 

1.0 15ram [CI-I o 30mbl tCl ' ]  

o ~  ° o ~  

2 _...._...-. 

02 A ~ • • 

1~0 26O 36O 160 2~0 360 
INn $0/,|, mX [ N o . ~ ] , ~  

Fig. 5. Effect of varying [SO42 - i on the action of dipyridamole on sulfate equilibrium exchange. Ordinate: J~:. Abscissa: lSO~- ], raM. The 
dipyridamole concentrations (in ~aM) are: o,  !; x ,  4; t,, 10; e ,  32. 
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Fig. 6. pH-dependence of the effects of dipyxidamole at a O-  
concentration of 30 mM and a SO 2- concentration of 150 mM. Red 
cell ghosts. Ordinate: sulfate flux Jrel- Abscissa: pH. The drawn lines 
were calcuahed on the assamption that the pH dependence is exclu- 
sively related to the protoz~ation of dipyridamole (see Discussion for 

details). 

ing that only the deprotonated form produces inhibition 
(see Discussion). 

(2) Effects of other monooolent anions on inhibition of 
sulfate transport by dipyffdcanole 

The inlfibition by dipyridamole is not only promoted 
by chloride but also by other monovalent anion species 
(Table Ill). The inlnbitory potencies of these other 
anion species were studied by measuring the inhibition 
produced by 15/Lmol/1 dipyridamole in the presence of 
7.5 mmol/1 of the various anion species. The sequence 
NO 3 = CI- = Br- > I -  > F -  was observed. HCO 3 was 
also effective. However, the result depicted in the table 
is not strictly comparable with the others since it was 
obtained at pH 7.2 rather than 6.9 as in the experiments 
with the halides. 

(3) Phosphate transporl and dipyndamole 
Experiments with phosphate deserve a special inter- 

est. At pH 6.9 about 50~ of this anion exists in the 
divalent form HPO 2-  and the remaining 50~ in the 
monovalent form H2PO f .  It is believed that the 
penetration takes place predominantly in the monova- 
lent form (reviewed in Ref. 9). 

The presence of phosphate at pH 6.9 does not pro- 
mote the inhibition by dipyridamole of the penetration 
of the sulfate (not shown). Moreover, phosphate trans- 
port is also not inhibited by dipyridamo!e, as long as no 
Cl- is present. Upon addition of CI-, phosphate trans- 
port is inhibited, in a manner similar to that described 
for sulfate transport (Table IV). 

(4) Inhibition of chloride transport 
Table V indicates that the inhibition of chloride 

transport by dipyridamole is also promoted by chloride. 
Thus it is clear that the O--dependent dipyridamole 

TABLE IV 
El/eel of Ci- on the inlubiticm of phosphaze transport by dipyridamole 

15 mM sodium phosphate with and without 130 mM NaCI, pH 6.9, 
26°C. 

(t~M) O- J'e 

0 0 1.00 
4 0 0.91 
8 0 0.89 

32 0 0.85 

0 130 1.00 
4 130 0.37 
8 130 0.33 

32 130 0.30 

binding leads to a generalized inhibition of both mono- 
,,alent and divalent anion transport. 

(5) Ctdoride-promoted effects of dipyridamole on DBDS 
binding 

The experiments described below indicate that d i -  

p y r i d a m o l e  interferes with the binding of the 
stilbenedisulfonate DBDS to the band 3 protein and 
that this interference is promoted by the presence of 
chloride. 

In aqueous solution, DBDS is slightly fluorescent. 
Upon binding to band 3 the fluorescence is greatly 
elthanced. This enhancement can be used for quautita- 
tire investigations of DBDS binding (see Methods). 

Figs. 7a and To show that DBDS binding follows a 
simple saturation curve. The half saturation constant 
Kb, 2 depends slightly on the ionic composition of the 
medium. From the data shown in these figures and 
from additional measurements (not shown), we ob- 
taints! numerical values for K~/2. In the absence of 
penetrating anion species, K~/2 is 0.68 ttM; in the 
presence of 130 mM CI-, 1.1/aM; and in the presence 
108 mM so~- ,  o.5 ~M. 

WLhen DBDS binding is measured in the presence of 
dipyr/damole, K1/2 remains unaffected provided the 
measurements are performed in a medium containing 
108 mM SO 2- .  If the medium contains instead 130 mM 
NaCI, K~/2 for DBDS binding increases to 26.8/~M 
suggesting that dipyridamole is capable of competing 

TABLE V 
Effect of dipyridmno~ (32 ~M) on CI- equ~brium exchange 

O°C, pH 7.4, EDTA buffer, 20 raM. Red cell ghosts. 

[NaCl] (mM) Inhibition (%) 7.5 46.7 7.5 41.2 130 71.9 
130 65.7 
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Fig. 7. DBDS-binding to n:sealed white ghosts (see Methods) as determined by measuring fluroescence enhancement at 430 nm (see Methods). The 
measurements were made either in the absence or in the presence of 32 FM dipyridamole. (a) Measurements in chloride-free sulfate medium: 

Kin/2 = 0.5 FM. (b) Measurements in presence of 130 mM CI -: Ka/2 without dipyridamole L1 ~tM, with dipyridamole 26.8 FM. 

with DBDS fo~' a common binding site or  combines 
with a site that  is  allosterically l inked to the sti lbenedi- 
sulfonate binding site. 

The effect of  systematically increasing C I -  con- 
centrat ion at  a fixed dipyridamole concentrat ion on the 
release of  DBDS from band 3 is shown in Fig. 8. The 
relationship observed resembles that  described for the 
effect of chloride on inhibit ion by  dipyridamole of 

£ 

. ._. . . '~.  * model no 0 

model nb 0 

model ]Io 32 morsel lib 32 

IC|-1.~4 

Fig. 8. Effect of CI~ concentration on replacement of DBDS from 
band 3 by dipyridamol~ Ordinate: DBDS binding as determined by 
measuring H2DIDS-scnsitive f l ~  elthancamem of DBDS at 
430 nm. e. Control without dipyridamole, o, 32 #M dipyridamole 
present. The drawn lines were calcuahed by means of Eqn. I l l ,  the 
dashed lines by means of Eqn. B-2, usin 8 the values for chloride and 
dipyridamol¢ binding (Km attd/~s, respectively) in Table V1 and the 
values for the mass-law constants of DBDS binding in the absence of 
dipyridamole (Ki4, Kls, Klm) indicated in the text. Eqn. B-I refers 
to competition between ,t;pyrld,~m)le and DBDS for the dipyrlda- 
mole-blnding modifier site, Eqn. B-2 to allosteric effects of di- 
pyridamole-binding to the dipyridamole-binding modifier site on 
competition between C1- and DBDS at the CI- binding modifier site. 

anion transport  (Fig. 2). I t  seems most  plausible to 
assume, therefore, that  the effects of dipyr idamole on 
both anion transport  and st i ibene b inding are due  to 
dipyridamole b inding to the same site and  that  this  site 
is identical to or allosterically l inked with the sti ibene 
disulfonate binding site on band  3. 

(6) Localization of  the site of  action of  dipyridamole 
In view of the findings described above, i t  seemed 

useful to explore further the interaction of dipyridamole 
with the st i lbenedisulfonate binding site. In order  to do  
this, we made use of the previous observation tha t  a 
specific iysine residue called Lys a provides one of the 
amino t'O'oups involved in the covalent  b inding of  the 
isothiocyanate residues of  st i lbenedisuifonates l ike 
H2DIDS or SITS [6]. Lys a has  an  abnormal ly  low pK 
value and reacts easily with 2,4-dinitrofluorobenzene 
(N2ph-F), The rate of reaction of  this residue is reduced 
by the pi~sence of noncovalently b inding sti lbene dis- 
ulfonates such as DNDS.  The rate of dini t rophenylat ion 
of Lys a i~.~ also reduced when the reaction with N2ph-F 
takes plac~.~ in the presence of dipyridamole.  This  effect 
is only seen when the reaction is performed in the 
presence o1[ C I -  as the principal  anions species. In the 
absence of C i - ,  in an all SO 2 -  medium, d ipyndamole  
leaves the ~rate of dini t rophenylat ion unaltered. Thus, 
the effect of dipyridamole on the susceptibili ty of Lys a 
to react witLh N2ph-F depends on the nature of the 
substrate anion, similar  to the effect of dipyr idamole on 
band 3-mediated anion transport.  I t  is most  likely, 
therefore, that  the mode of action of dipyr ldamole on  
anion transp,3xt involves b inding to or  allosterical mod.  



200 

.lO3cpm 

.~ 200- i con'~roi 

100' 

, j 

N2ph-F N2Ph-F 
+ dipyridomole 

0 lb 2b ~0 3o 10 20 30sliceno. 

100% ] 88 % J tronsport 
l~g. 9. Effect of  d~'pyridamole on the dinitrophenylation of Lys a on the band 3 protein in chloride medium (130 mM NaCL 20 mM EDTA, pH 
7.4). The effect of  the Nzph.F treatment was determined by (i) flux m ~ t s  ('transport', expressed in the figure as a percemage of  the flux in 
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e[ectrophe:etogram designated "control' shows the HaDIDS binding capacity of Lys a in untreated ghosts. This capacity is reduced when ghosts 
had been treated with N2ph.F (125 FM, pH 7.4, 370C, 30 rain) prior to the exposure to 3H2DIDS. When the N2ph-F treatment is performed in 
the presence of dipyridamole (32 /tM) the capacity of Lys a to combine with 3H2DIDS is la~e]y ~ Each data point refers to the 

t'adinactisity of 3H2DIDS in a gel slice. The peaks are located at the site of migration of band 3. 

ification of the stilbenedisulfonate binding site on band ghosts had first been equilibrated with media containing 
3. either CI- or SO 2- as the predominant anion species 

The experiments on which this conclusion is based (called CI- or SO42- medium, respectively). They were 
are represented in Figs. 9 and 10. Resealed red cell then exposed to N2ph-F at 37°C. After 30 rain the 
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F~& 10 Effect of dipyridamole on dinitrophenylauon of Lys a on the band 3 protein in sulfate medium (I08 mM NazSO~, 20 mM EDTA, pH 7.4, 
no CI -  present). Same experimental arrangement as in Fig. 9. The figure shows that in sulfate medium the presence of dip~,qridamole during 
exposure to N2Pl:t.F (125 pM, pH 7.4, 37°C, 30 rain) can neither prevent the inhibition of sulfate equilibrium exchanse ('transport') nor the 

dinitrophenylalion of Lys a and the consequent decrease of the capacity of Lys n to bind 3H2D|D $ covalen(iy. 



reaction was interrupted by washing the ghosts in 
N2ph-F-free medium. Each batch of cells was then 
subdivided into two. One of them was used for flux 
measurements. The other was used to determine the 
number of modified band 3 molecules per cell by titra- 
tion with 3H2DID$. This titration is based on the fact 
that the lysine residues which had been dinitrophen- 
ylated are no longer capable of  covalent reaction with 
3H2DIDS. Hence, the decrease of the capacity of band 
3 for covalent 3H2DID~ binding is a measure of the 
number of Lys a residues modified during the treat- 
ment with N2Ph-F. Our Fmdings show that the capacity 
of  the red cell ghosts to combine with 3H2DIDS de- 
creases upon dinitrophenylation. When the exposure to 
N,  ph-F takes place in the presence of dipyridamole, 
this decrease is largely prevented, provided the exposure 
takes place in C1- medium (Fig. 9). If, however, the 
exposure is performed in SO 2 -  medium, dipyridamole 
is ineffective (Fig. 10). 

Discussion 

(1) The specificity and function of  the chloride binding 
modifier site involved in the promotion of  dipyridamole 
binding 

Our data show that chloride-promoted binding of 
dipyridamole to the stilbenedL~dfonate binding site of 
the band 3 protein is responsible for the inhibition of 
anion transport by dipyridamole. The inhibition is not 
confined to the transport of divalent anion species and 
the promotion of the effect is not restricted to chloride 
since other monovalent anion species, halides as well as 
bicarbonate, can substitute for Ci-.  Nevertheless, the 
anion binding site involved in the promotion of di- 
pyridamole binding is highly specific with respect to 
monovalent anions. A large excess of  sulfate (up to 
300-fold) exerts only little effect on the capacity of C i -  
to promote dipyridamole binding. Thus the forces in- 
volved in the binding of CI-  to the site are unlikely to 
be exclusively of electrostatic nature since this could not 
convey such large selectivity. This conclusion is further 
supported by the observation that the effects produced 
by monovalent anion species other than Ci -  may be 
much smaller or, as in the ease of H2PO~-, may be 
virtually absent. Perhaps similar as in a carrier peptide, 
some specifically arranged amino acid residues on band 
3 are able to replace the hydration shell of CI-  and the 
other inhibition-pr3moting inorganic anions, but  not of 
sulfate or phosphate. 

It is unknown why the presence of a bound chloride 
ion is required for dipyridamole binding. Dipyridamole 
combines with band 3 in its deprotonated, uncharged 
form (see below). Possibly the negative charge of CI-  
helps to open the hydrophobic cleft at the surface of the 
band 3 molecule which is believed to serve as a recepta- 
cle for stilbenedisnlfonates. The stilbenedisulfonates 
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could induce the opening on account of their own 
negative net charge, while the uncharged dipyridamole 
is unable to achieve this by itself. 

(2) Models of the inhibitory mechanism 
(a) Description of  models 1 and I1. With the informa- 

tion about the nature of the allosterically interacting 
binding site for CI-  and dipyridamole in mind it is 
possible to design models for the quantitative evalua- 
tion of our data. Two models were considered in some 
detail: 

Model I is based on the ,assumption that on each 
band 3 molecule there exists in addition to a common 
transfer" site for CI-  and SO~- a modifier site which 
combines only with CI- but not with SO~-. This model 
can be represented by 

M(a) - -  T(a, b, p) 

where M indicates the modifier site, T the transfer site, 
a chloride, b sulfate and p dipyridamole. The brackets 
enclose the ligands that are able to combine with the 
respective sites. Dipyridamole binding to T would be 
facilitated by chloride binding to M and competitively 
replace a substrate anion from the transfer site. 

Model II is based on the assumption that on each 
band 3 molecule there exist two modifier sites M and P 
in addition to the tra-~sfer site: 

M(a) - -  T(a, b) 

P(P) 

Here capital P represents the dipyridamole binding 
modifier site and the little p in the brackets indicates 
that this site combines with p but  neither with a nor b. 

Even without quantitative considerations, it is obvi- 
ous that model I is not suited for the interpretation of 
our experimental results. According to this model, in- 
hibition at a given chloride concentration should be 
reduced or even abolished by the addition of a large 
excess of sulfate (b), which should release the di- 
pyridamole by competition. This is contrary to observa- 
tion and suggests at the outset that dipyridamole acts as 
a noncompetitive inhibitor as represented in model II. 

With respect to model lI, we assume that the translo- 
cation of sulfate bound to the transfer site T can only 
take place when the dipyridamole binding site P is not 
occupied by dipyridamole p and that the binding of p 
requires the occupancy of the modifier site M by chlo- 
ride (a). Occupancy of M with a is assumed to exert no 
influence on the translocation rate of the substrate 
loaded transfer site T (b). 

(b) Comments on the mathematical formulation of 
models I and I1: Simplifying assumptions. Models with 
two or three interacting sites for three different ligand 
species are fairly complex. A detailed quantitative treat- 
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men t  would  lead to  expressions the significance o f  
which  would  be  diff icult  to g rasp  a n d  the evaluat ion of 
which  would  mos t  likely lead to ambiguous  results. 
Hence  s implifying assumpt ions  need to  be  made .  These  
s implif icat ions a re  in t roduced  a t  two levels: firstly in 
the assumpt ions  under ly ing  the  der ivat ions  a n d  sec- 
o n d l y  in the  f inal  equat ions  der ived af te r  p re l iminary  
a t t empts  to  fit these still complex  expressions to  the 
da ta .  

T h e  first set o f  a ssumpt ions  consists  o f  the fol lowing: 
(i) The  b ind ing  o f  the f igands to M, P a n d  T takes 

p lace  m u c h  faster  ~ the t rans loca t ion  o f  the sub-  
s t ra te  h o u n d  to  T.  Hence  it is possible to  calculate  
f igand b ind ing  b y  app ly ing  the  mass  law. Since the  
a m o u n t s  o f  C i - ,  SO 2 -  a n d  d ipyr idamole  in the media  
inside a n d  outs ide  the cell fa r  exceed the a m o u n t s  o f  
car r ie r  molecules available,  f igand consumpt ion  c a n  be  
neglected.  

(ii) The  ra te  o f  t rans locat ion o f  sulfate is p ropo r -  
t ional  to  the  n u m b e r  o f  t r anspor t  pro te in  molecules  in 
which  the t ransfer  site is occupied  wi th  sulfate (b). 
However ,  the  ra tes  o f  t r anspor t  m a y  b e  different ,  de-  
p e n d i n g  o n  whe the r  o r  no t  M or  P a re  occupied  b y  their  
respective f igands.  

(iii) Differences  o f  f igand b ind ing  to  t r anspor t  mole-  
cules  wi th  inward-d i rec ted  a n d  ou tward-d i rec ted  t rans-  
fer  site a re  dist~w~trded. Thus  the calculat ions  o f  l lgand 
b ind ing  include the effects o f  allosteric in terac t ions  
be tween the var ious  b ind ing  sites bu t  d i s regard  the 
effects o f  confo rmat iuna l  changes  associa ted wi th  the 
t rans loca t ion  step. 

(c) Kinetics o f  chloride-promoted dipyridamole inhibi- 
tion o f  anion transport. (See Append ix  A,  mode l  II, fo r  
quant i ta t ive  t reatment . )  

The  resul t  o f  the  der ivat ions  consists  o f  the  expres-  

sion: 

l + ~l'a + ~2"a2 + ¢3"a3 (2) 
Jna l+v4.a+,s.aZ+v6.a3 

where  Jfd represents  the  sulfate flux a t  d ipyr idamole  
concen t r a t ion  p relative to  the flux a t  the  concen t ra t ion  
p ~ 0. The  cons tan t s  • represent  expressions which  are  
independen t  o f  a,  bu t  dependen t  o n  b a n d  p a n d  o n  
the  dissociat ion cons tan t s  for  a ,  b,  a n d  p a t  the var ious  
b ind ing  sites. 

Pre l iminary  a t t empts  to  fit the da t a  to  this equa t ion  
showed tha t  a good  fit could  be  ob tah ted  if  all t e rms  
except  the l inear  te rms  were  neglected.  This  indicates  
t ha t  some of  the  in teract ions  tha t  accord ing  to  the 
mode l  m a y  occu r  p lay  a negligible role. W e  assume tha t  
the b ind ing  o f  chlor ide  a n d  sulfate to  the t ransfer  site 
r emains  unaf fec ted  b y  chlor ide  b ind ing  to  the modif ier  
site M (i.e. K 2 ffi K3; K s = K6).  W e  fur ther  s t ipulate 
tha t  there is n o  d ipyr idamole  b ind ing  to  P when  n o  
chlor ide  is h o u n d  to  M ( K  7 = Klo ffi K n = 00) a n d  tha t  

the ch lor ide-promoted  d ipyr idamole  b ind ing  is no t  af -  
fected b y  chlor ide  or  ~ l f a t e  b ind ing  to  T ( K  s = K 9 = 
Ki2 ). U n d e r  these as sumpt ions  we arr ive  at :  

] 4- 0 2- a (3)  
J ~  l + a 4 .  a 

where  J~d = flux a t  d ipyr idamole  concen t ra t ion  p "rela- 
tive to  the flux a t  p = 0, a n d  where  

1 p +.,+~-(,++.~) 

1 p o,:+,,.(,+~) ,,, 

p / K  s represents  the f rac t ional  o c c u p a n c y  o f  P wi th  p 
a n d  qK the  residual  relative flux t ha t  persis ts  a f te r  all  
sites P a re  occupied.  A t  a - - ,  co, J,~ app roaches  
a sympto t i c  values which  a re  a func t ion  o f  p :  

l + q g ~  
jrdla=oD) a2 15 ) 

a4 1 + ~  p 
Ks 

This  predic t ion  is in qual i ta t ive  ag reement  wi th  the  
observa t ions  represented  in Fi& 2. F r o m  the  values  o f  
a 2 a n d  a 4 in  Tab le  II  o n  c a n  ca lcula te  the  numer ica l  
values for  the  cons tan t s  qK, K !  a n d  K s listed in  Tab le  
VI. T h e  table  fu r the r  shows  t ha t  essential ly s imilar  
results a re  ob ta ined  when  the  exper iments  a r e  per° 
fo rmed  in  the presence o f  f ixed concen t ra t ions  o f  15, 
150 a n d  300 m M  sulfate.  This  demons t ra tes  the vi r tual  

TABLE Vl 

1(,8, K I and qg for d i f f e r  sulfme concentrations 

Approximate values of the dissociation constants of dipyridamole 
(Ks) and dllol/de (Ki) as defined by model It described in the text 
and in Appendix A. qx is a composite quantity which r-fleets the 
fractional residual sulfate flux at maximal inhibition (s~ Appendix 
A). [SO4 2- ] indicates the sulfate concentration in the medium, pH 6.9, 
26° C. For the calculations the values for o 2 and a4 from Table l l  
were insetted into the equations (see Appendix A, Eqn. A-3): K s ffi 
P ( q K  -- a2/a4)/(a2/a4 -- 1) and K I = (1 + p/Ks) /a  4 = (1 + qg" 
p/Ks) /a  z. The qK valu~ ~ determined by calculating for a ~ng¢ 
of assumed values of qx the corresponding values for Ks and K I. For 
the resulting values of K a and K s standard deviations were calcu- 
lated. The assumed qx value that yielded the lowest standard devia- 
tion for K s and K I was cho~n and is represented in the table 
together with the corresponding values of K s and E I. 

[ s o + -  1 Ks K~ qK ,+, 
(mM) (pM) (raM) 

15 1.6±0.4 19.2+ 8.3 0.032.5 6 
150 1.1 -I-0.4 28.7 d: 11.3 0.1,35 7 
300 1.7,+-0.6 24.6-t- 9.0 0.070 6 



independence of chloride binding to the modifier site 
(KI)  of sulfate concentration *. 

The numerical values for K 1 and K s can be used to 
predict the/('1/2 values for the inhibition by dipyrida- 
mole as measured at fixed chloride concentration: 

lf qx ~ O.5,oneoblgms: K,/2ffi gs(l  + ~ ) 

(Appendix A, Eqn. A-5) 

In "fable I Ki/2 values obtained at a range of 
chloride concentrations are compared with the predict- 
ions by this equation, using the averages of the respec- 
tive values for K s and K I listed in Table VI. The 
agreement between observation and calculation is rea- 
sonahle. Again, the results are virtually independent of 
the presence of either 1 or 150 mM SO 2- .  

The inhibition of sulfate transport brought about by 
the combined actions of CI- and dipyridamole de- 
creases with decreasing pH (Fig. 6). This effect can be 
accounted for almost entirely by assuming that only the 
deprotonated, uncharged form of dip,/ridamole com- 
bines with band 3 and produces Lnl',bition while the 
mass law constants for CI-  and dipyridamole binding 
( K] and K s, respectively) are pH independenL 

Assuming a pK for deprotonation of dipyridamole of 
6.25 one can calculate that at pH 6.9 about 20~ of the 
dlpyridamole is protonated z~_d hence ineffective. Using 
the data for K s in Table VI (1.47 tiM at pH 6.9) one 
can calculate a value for the binding of uncharged 
dipyridamole of 1.18 pM. Inserting this latter value and 
the mass-law constant for CI- binding to the modifier 
site (K I = 24.2 mM, Table VI) into Eqn. A-3 and using 
the concentrations of deprotonated dipyridamole as 
calculated for each pH on the assumption of a pK of 
6.25 one obtains the curves shown on Fig. 6. These 
predictions, based on independently obtained experi- 
mental data, represent the measurements reasonably 
well at least over the pH range 6.0-7.5. 

(d) Models for the effects of  dipyridamole on DBDS 
binding to band 3. (See Appendix B for quantitative 
treatment.) 

The results presented in the previous sections suggest 
that the action of dipyridamole on stilbenedisulfonate 
binding to band 3 can be interpreted in terms of model 
If. This interpretation requires, however, assumptions 
about the location of the DBDS binding site. There 
exist several possibilities: DBDS (s) could bind to trans- 

* The slight systenuitic effects of SO42- concentration on Jm de- 
picted in Fi 8. 5 are obscured by the scatter introduced by the 
esthnate of numerical values for three independent constants ( K1, 
Ks, qK) from a rather limited number of experimental data. 
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fer site T, modifier site M or dipyridamole binding site 
P, or combinations thereof: 

M ( a )  - -  T(a, b) M(a. s) -- T(a, b) M(a) -- T(a, b, s) 
~P(p, S'~) ~ P ( ) ~  ~P(p)-~ 

model lla model ilb model llc 

Our data are not reconcilable with model llc which 
involves competition between stilbenedisulfonate and 
chloride for the transfer site. Such competition should 
lead to the disappearance of the effect of dipyridamole 
at high concentrations of either CI-  or SO42-, which is 
contrary to our observation (Figs. 1, 5). We shall con- 
fine, therefore, the discussion to models lla and lib. 

Before discussing the effects of dipyridamole we shall 
consider DBDS binding in the absence and presence of 
either chloride or sulfate. According to Frt~dich [10] a 
related stilbenedisulfonate, DNDS, competes with CI- 
for binding to the transfer site. Our data show that the 
effect of Ci- on DBDS binding is small (increasing the 
chloride concentration from 0 to 130 mM increases the 
KI/2 value for DBDS binding from 0.68 pM to 1.1 pM) 
and that increasing the concentration of SO 2-  which 
supposedly combines with the same transfer site as CI- 
causes, if anything, a slight reduction of KI/2 from 0.68 
/tM to 0.5 pM. The effects of CI- on DNDS binding 
observed by Frghllch are also small and not very differ- 
ent from our findings with DBDS. Hence, the small 
effects observed do not nec~sarily need to be inter- 
preted as competition between stilbene and chloride at 
the transfer site and the absence of competition with 
another substrate, sulfate, argues against such interpre- 
tation. 

Using the known values of Ki/2 for the binding of 
DBDS in the absence of dipyridamole, and of di- 
pyridamole in the absence of DBDS, (both pertaining to 
the appropriate experimentally used chloride concentra- 
tion), we find that the measured wdues agree reasonably 
well with the predictions of model Ila (Eqn. B-l) but 

TABLE VII 

Effect of dipyridamole on KI/~ of DBDS binding to band 3. Comparison 
of experimental results with predictions of models Ila and lib (eval~- 
tion of the data in Figs. 7a, b) 

Kl,,. z a and Kt/a b were calculated by means of Eqns. B-1 and B-2, 
respectively. The followin 8 numerical values were inserted: K I ffi 24 .2  

raM, K s ffi 1.47pM (average of the data in Table Vl). Stilbene binding 
in the presence of 130 mM Cl-, Kle =1.42 FM; in the absence of 
both CI- and SO~-, KI4 ffi 0.68 FM; in the p~esencc of 108 mM 
SO 2- , K22 ~ K]ol = 0.5 pM. 

[Dipyridamol,:] Kt/2 K~fz ° Ki/2 b 
(pM) observed model lla model lib 

(nun) (mM) (mM) 
0 i .1 1.2 4 .3  

32 26.8 23.5 83.9 
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not with those of model l ib (Eqn. B-2). Thus these 
experiments suggest that dipyridamole and stilbenes 
compete for a common site which is neither identical to 
the transfer site nor to the chloride binding modifier site 
(Table VII). 

This inference could be further tested by the numeri- 
cal evaluation of experiments in which the release of 
DBDS by dipyridamole was measured as a function of 
CI-  concentration. The increase of DBDS release with 
increasing [Ci-] could again be predicted by model l la  
(Eqn. B-I) but not by model l ib (Eqn. 13-2) (Fig. 8). It 
should be noted that in all predictions about the effect 
of  dipyridamole and CI-  on stilbene binding, values for 
Kt and K s were used that had been derived from the 
independently executed studies of inltibition kinetics in 
which no stilbene had been used (Table VI). 

Comments and C o ~ u s i o u s  

Dipyridamole produces non-competitive inhibition 
of inorganic anion transport by combination with a 
modifier site that does not overlap with the transfer site. 
The binding site does seem to overlap, however, with 
the binding site for stilbenedisulfonates like DNDS (p. 
199) or DBDS (p. 198). Many carefully executed and 
evaluated experiments suggest, that these latter agents 
compete with the substrate ions for the transfer site 
(reviewed in Ref. 9). This may mean that the binding 
sites for dipyridamole and stilbenes overlap only par- 
tially and that upon dipyridamole binding the substrate 
binding site retains its ability to bind the inorganic 
anions. Differences of the configuration of the band 3 
molecule after the binding of stilbenedisulfonates and 
dipyridamole may also be expected on account of  the 
fact that the stilbenes introduce two negative net charges 
while dipyridamole binding is associated with the bind- 
ing of the negative net charge of one single chloride ion 
only. 

Dipyridamole and stilbenedisulfonates are chem- 
ically totally unrelated (Fig. 11). However, molecular 

H2o~os dipyridom¢le 

Fig. II. Structural formulas of dipyridamole and H2DIDS. 

models of dipyridamole and representative stilbene in- 
hibitors (e.g. DNDS, H2DIDS) show remarkably simi- 
lar geometry and dimensions, suggesting that they share 
the ability to enter the hydrophobic cleft that is sup- 
posed to accomodate the stilbenedisnlfonates [9]. This 
would leave tittle room for significant differences of 
binding and hence for different effects on the accessibil- 
ity of the transfer site for the substrate anions. Our 
results suggest, therefore, that it may be worthwhile to 
consider in future work whether or not stilbenedi- 
sulfonates compete in fact with the substrate. The ab- 
sence of competition between SO 2 -  and DBDS re- 
ported here (p. 198) would support the need for such 
work. 

The quantitative evaluation of our data in terms of 
model Ila 

M~-a~)p(p Ts~)a" b) 

showed that the expected complexity of  the interactions 
of two substrates and two inhibitors at three different 
sites is considerably reduced by the fact that the inhibi- 
tion is non-competitive and almost entirely dominated 
by the allosteric interactions between the modifier site 
M and the common binding site P for stilbenes and 
dipyridamole. Thus, when the dissociation constants for 
the binding of chloride to M and for the binding of the 
dipyridamole and the stilbenedisulfonates to P are 
known, one could predict with reasonable accuracy the 
action of dipyridamole on both transport and stilbene 
binding as a function of the chloride concentration. The 
other allosteric interactions between the three sites seem 
to be of minor significance for the overall events. 

Appendix A 

Ninetics of  anion transport inhibition by dipyridamole 

Model I 

M ( a )  - -  T ( a ,  b ,  p )  

CI-  binding to the modifier site M enables dipyrida- 
mole (p) to combine with the transfer site T and to 
produce inhibition of transport by competition with 
CI-  (a) and SO 2 -  (b). 

Table VIII lists the various forms that the transport 
protein may assume in the presence or absence of a, b, 

P -  
E = sum of all forms listed in Table VIII. 

E = (1 + ~., + ~-- + ~a---~-2~ + ~ K b  + ~-~. + ~ + K ~ K  ] ~--2[bE] 
i ~ 2  ~ 1 ~ 2  1 ~ 6  $ 55 66 1 / 

where a, b and p represent the concentrations of a, b 
and p, respectively. 



T M Deslg- Definition of 
nation mass-law constants 

- - E 

a - a E  [ a l - i E |  = K a I a E  ) 

b - b E  [ b l - [ E  ] = KslbE l 
p - pE LoI-[E I = gss[pE I 
_ a Ea [al-lE] = K~IEa] 
a a aEa [al.lEa] = g3[aEa ] 
b a bEa [b l- [Ea] = Ke[bEa ] 
p a pea Lol-lEa] = K~[pEa] 

A s s u m i n g  K 2 = K3,  K s = K6, K55 = 0o (i.e., no  di-  
p y r i d a m o l e  b ind ing  to  T wi thou t  b ind ing  o f  a to  M )  one  
ob ta ins  

- + a a b p-a  K s 

Sul fa te  f lux Jp = k l2[bE]  + k u 2 2 [ b E a  ] 

• a 
b ~i2 + k1122~1 

5 KgssKI 

Sul fa te  f lux a n d  d i p y r i d a m o l e  concen t r a t i on  p re la t ive  
to  t he  f lux a t  p = 0 

a a b ~. (,+~,)(,+~+~) 
a a b 

Thi s  equa t ion  implies:  
( i)  w i thou t  C I -  ( a = 0 )  o r  d i p y r i d a m o l e  ( p = 0 )  n o  
inhibi t ion;  
(i/) a t  a . p =  co, J , ~ = O ,  i.e., m a x i m a l  inhib i t ion  is 
c o m p l e t e  inhibi t ion .  T h i s  consequence  is c o n t r a r y  to  
expe r imen ta l  obse rva t ion .  

Mode l  H 

M ( a )  - -  T ( a ,  b )  

~ ' p ( p f  

a = chlor ide ,  b = sulfate,  p = d ipy r idamole ,  T = t rans fe r  
site, M = C I -  b i n d i n g  mod i f i e r  site, P = d i p y r i d a m o l e  
b ind ing  mod i f i e r  site. 

T a b l e  I X  lists t he  va r ious  fo rms  tha t  the  t r anspor t  
p ro t e in  m a y  a s s u m e  in t he  p resence  o r  absence  o f  a, b,  
p.  

is the  s u m  o f  all f o r m s  l isted in T a b l e  IX.  

E~ = E+ Ea4-aEa+aE+ bE+ bEa = (Ks/b) .X~.[bE [ 

E L = Ep+ Eap+aEap+aEp+bEp+bEap = (Ks /b )X2 .p . lbE  I 

2O5 

All  symbo l s  indica te  concen t ra t ions .  W h e r e  poss ib le  t he  
squa re  b r acke t s  were  o m i t t e d  for  s impl ic i ty  o f  r ep re sen -  
ta t ion,  a ,  b a n d  p rep resen t  the  concen t r a t i ons  o f  a ,  b 
and  p,  respect ively.  

a a a 2 b a .b  
x , = ] + ~ + ~  + K - - ~ + ~ +  K , K  6 

X2=|'~7 a a a 2 b a .b  
+ ~--~,  + ~,--~-_ + ~,--'f/~,~ + ~ , - - ~  + K,2K, K6 

Sul fa te  flux: 

Jp = k12[bE ] + knza[bEa ] + kl133[bEap] -4- kl3[bEp] 

Ksa pKsa 

where  

IbE] = ( b / K  s). E / (  X~ + X2 p ). 

A s s u m i n g  k l  2 m kit22, k13 = kit33 a n d  de f in ing  
kl133//k12 = qK yields:  

= R~2tE 1. ~p 

1 + K.~a/K6K 1 +[(qKp)/Klz] . (K~2/K n + Ksa /KeKi )  
x~+ x2.p 

Sulfa te  f lux a t  d i p y r i d a m o l e  c o n c e n t r a t i o n  p re la t ive  to  
the  f lux a t  p = 0: 

[ Ks.a p [KI2 Ks .a \ ' I  

.x,~ = .,.,_-~ = K s - .  ( I  + ~6K~ )(  X, + X2P) (A-2) 

TABLE IX 

T M P Desig- Definition of 
nation mass-law constants 

- E 

- a - Ea [E]-la] = KdEa] 
a - aE lEl-la] = K2[aEI 
a a - aEa [Ea].[a] = K~[aEa] 
b - bE [El.lb] = Ks[bE ] 
b a - bea lEa]-[bl = KdbEal 

p Ep [E]'[pl = KT[Ep] 
a p Eap [Ea].[p] = Ks[Eap] 

a a p aEap [aEa].[p] = Kg[aEap] 
a p aEp [aEl-[p] = Klo[aEp] 
b p bEp [bE]-lp] = Kn[bF_p] 
b a p bEap [bEaJ.[p] = Kt2[bEap] 
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This  expression c a n  be  t ransformed into 

1 + eta + ¢202 + ¢3a 3 
• /gel 1 + T, ta + ¢$a2 + ~.6a 3 

where  the ¢ values represent  coeff icents  tha t  a re  func-  
t ions of  p ,  b a~d  the var ious mass- law cons tan t s  K,  bu t  

no t  o f  a .  
F o r  the special case: 

K 2 = K3,  K s = g 6 ,  Le., b ind ing  o f  C I -  o r  SO 2 - ,  respec- 
tively, to  t ransfer  site T is no t  af fected b y  b ind ing  o f  
C I -  to  modif ier  site M;  
K s = K 9 = Kl2, i.e., d ipyr idamole  b ind ing  to  modif ier  
site P is on ly  affected b y  C I -  b ind ing  to  modif ier  site M 
but  no t  b y  C1-  o r  SO 2 -  b ind ing  to t ransfer  site T;  
K ~ = K l o = K H  = oo, Le., n o  d ipyr idamole  b ind ing  
wi thout  C1-  b ind ing  to  modif ier  site M; 
follows: 

a l a b 

a n d  one  obta ins  for  Jrd a n  expression wi thout  quadra t i c  
o r  cubic  t e rn~  

Jnd = Jp | + a 2 a  (A-3) 
Jp-o 1 + a a a  

where  

1 p 1 p 

This  equa t ion  implies: 
(i) wi thout  C I -  ( a = O )  o r  d ipyr idamole  ( p = O )  n o  
inhibi t ion:  J ~  = 1.0; 
(ii) a t  high concen t ra t ions  o f  C I -  ( a  = oo) the flux J~d 
tends  towards  the asympto t ic  value a 2 / a  4, which  is a 
func t ion  o f  p a n d  q g ,  where  the exper iments  show tha t  
q x  -~  1.0. 

F o r  J,~l = 0.5 one  ob ta ins  the half - inhibi t ion cons t an t  
KI /2  for  d ipyr idamole :  

g --  0"SKe - ( K z + I ~  (A-4) 
I/2 -- 0.5 -- qK ~ a J 

which  yields for  q g  << 0.5 (cf. Tab le  VI): 

g , /2  = g s ( ~  + t )  (A-5) 

a n d  for  the l imit ing case a >> KI:  

Kt/2 = Ks 

A p p e n ~  B 

Effect o f  dipyridamole on stilbenedisulfonate binding 

With in  the  f rame  o f  reference o f  model  II there exist 
three possible sites for  s t i lbene b inding:  

M(a) - -  T(a, b) M(a, s) - -  T~a, b) M(a) - -  T(a, b s) 

~ P ( P , 4  " ~ P ( P (  ~ P ( P ) " f  
Ila lib llc 

The  symbols  have  the  same  m e a n i n g  as  in A p p e n d i x  A.  
s refers to  st i lbenedisulfonates,  like D N D S  or  DBDS.  

Us ing  these sho r thand  descr ipt ions  o f  the  three pos-  
sibilities for  s t i lbene b inding ,  i t  is easi ly possible  to  
ex tend  the der ivat ions  in A p p e n d i x  A to  include the 
var ious  fo rms  tha t  ar ise  as  a consequence  o f  s t i lbene 
b inding,  us ing  the fol lowing defmi t ious :  

Model l l a  
Compet i t ion  be tween p a n d  s for  modif ier  site P. 

IEI-s = g141Es], [Ea].s = Ki6[Eas], [aEal-s = Kis[aEas ] 

[aE]-s ffi K2o[aF~ l, [bE]-s ffi K22[bEs], [bEa|-s = K24[bEas | 

E f E I + E 2 +  E 3 

where:  

E 3 = [Es] + leas] + [aEas] 4- [aEs] + [bEs I + [bEas] 

ffi ( K 5 /b) -  X 3- [bE] 

with 

1 a a 2 a b a.b 
x~ = ~ , ,  + K - - ~  + ~ + g - - ~  + K----~ ~ K,g~g~, 

I f  K a = K  3, K s f K 6 ,  K s f K g = K t 2 ,  K T = K 1 0  = 
K11 = 00, (i.e., the  same  assumpt ions  as  in A p p e n d i x  A)  
and K14 = K20 = K22, K16 = Kls  = K24 (i.e., the b ind ing  
o f  s to  modif ier  site P is af fected b y  the absence  o r  
presence o f  b o u n d  C I -  a t  modif ier  site M), then 

l Ej,._- a 

Using the per t inent  expressions for  E~ a n d  E z in Ap-  
pendix  A one  ob ta ins  

s (B-l) 
E3 s + KI/2 

where  

Ki/2 = K~4 Kt4------------~ 

l + KteK I 



M o d e l  l i b  
Effect of  binding of  p to modifier site P on competi-  

tion of  a and s for modifier site M. 

[El.s : Kml[Esi, IEs]-a = Kio2laEs ], [Es]-b ffi Kl06[bEs] 

[Es]-P = Ki0s[Esp l, laEsl-p ffi Kiog[aEsp], [bEsl-p ffi Kll2[bEsp] 

~ ' = E I + E ~ + E  4 

where 

E 4 = IF.s] + laEs] + lb "Esl + lEspl + laEspl + IbEsp] 

Experimentally we observe that dipyridamole bind- 
ing removes the stilbenedisulfonate from band 3. Hence, 
[Esp] = [aEsp] = [bEsp] = 0. We may  write, therefore, 

E4 = i Es] + iaEs] + lbEs] = ( K s / b  )- )(4" IbEI 

I f  Kto 2 = K 2, Klo 6 = K" e = K 5, (i.e. stilbene binding 
to M has no effect on C I -  or  SO42- binding to transfer 

site T) then: 

Using the appropriate expressions for E t and E 2 in 
Appendix A one obtains: 

E4 s +K~/2 (n-2) 

where 

M o d e l  l l c  
Effect of  binding of  a to M and of  p to P on 

competit ion among a, b and s for the transfer site T. 

K p t f f i K 2 o f K 2 2 ,  KI~,=KIs=KTA (see Model ila) 

[El-s = K20o[sE]. [Ea]-s = Ksco[sEa]. [sEal-p = K~[sEap], 

[sEl-p ffi KteolsEp] 

E~= E,+ f2+  E5 

where 

Es = IsE] + IsEa] + [sEp] + [sEap] ffi ( K s / b  ) .  X s . [bE] 

Assuming K 2 = K 3, K s = K 6, Ks = K9 = Kt2, K7 = 
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Kt0 = Kit  = ao and K20o = K3oo (i.e., stilbenedi- 
sulfonate binding independent of  C I -  binding to mod- 
ifier site M), KI~ o = oo (i.e., no dipyridamole binding 
without C I -  binding to M), one obtains 

1 a p l) 
$ 

E = K t / 2  + S (B-3) 

where 

Xl+ X2p = 1 + ~'~l (1 + ~ ) ( I  + ~ + "~s) 

s " a p 
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