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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 i ic anion by damole (2,6-bis(di ino)-4,8-dipiperi imido{5,4-
d Jpyrimidine) takes place only in the presence of Cl othcr halides, nitrate or hlcarbonale At any given dipyridamole
ooncenmﬁon,lheamnllmrehnvetotheﬂnxm!l& b of dipyridamole follows the ion: Jy=(1+
oA~/ +ea " |)wbereazanda‘mmdependentol’[ﬂ Ibu( dent on dipyridamol ion. At
high [C17] the flux approaches a,/a,, which d with i g i U ion. Even when both
a- landd-pyndmoleeoneenmnonasslmhrgevalnes,asmull idh ‘ﬂux ins. The can be deduced

on the assumption that C1~ binding allosterically increases the affinity for dipyridamole bmdlng to band 3 and that the
bound dipyridamole prodnm a non-eompenuve of sulfate P The for the binding
of C1~ and dipyrid: ive-bindis sutesareabou(?AmMandISpM respectively (pH 6.9, 26°C).
Dipyridamole binding luds to a displ of 44’-d|t Istilbene-2,2"-disulfonate (DBDS) from the st:lbenedl-
sulfonate binding site of band 3. The effect can be predicted quantitatively on the that the C1~-pi

dipyridamole binding leads to a competitive repl of the stilbenedisulfonates. For the calculations, the same
mass-law constants for binding of C1~ and dipyridamole can be used that were derived from the kinetic studies on
C1 -promoted anion transport inhibition. The newly described Ci~ binding site is highly selective with respect to C1~
and other monovalent anion species. There is litle competition with SO} -, indicating that Cl~ binding involves other

than purely electrostative forces. The affinity of the binding site to C1~ does not change over the pH range 6.0-7.5.

Dipyridamole binds only in its deprotonated state. Binding of the dep le is pH-independ

same range as Ci ~ binding.
Introduction

Dxpyndamolr (also called persamme, 2,6-bis(di-
imid '.;4-dlpynml-

over the

promoting an accumulation of CAMP. The potentiation
of nucleoside action on the circulation is probably the
indirect of an inhibition of ad ine up-
take from the blood plasma by the red cells (for a

dine) is a drug that potenuates vasodilatation (includi

coronary dilatation) by adenosine and adenine nucleo-
tides, blocks platelet aggregation by adenosine diphos-
phate, and inhibits phosphodiesterase activity, thereby

y of the phar 1 1 actions, see Ref. 1). In

Aditi 4

to port, dipyridamole also in-
hibits other port p! including the band 3
t diated anion 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

Abbreviations: H,IMDS, 44" 2,2"-di-
sulfonate; DBDS, a4 -dxbenmylsnlbenc 2,2 -disulfonate; DNDS,
4.4'-dinit 2,2". N,ph-F, 24-dinitrofl b
zene.

Correspondence: H. Passow, Max-Planck-Institut fiir Biophysik,
Frankfurt am Main, Heinrich-Hoffmann-Strasse 7, 6000 Frankfurt
am Main 71, FRG.

equal. At 8°C the K, , for dipyridamole is about 5 pM
and hence similar to the value pertaining to such power-
ful anion port inhibi as the stilbenedisulfonate
4,4’-dinitrostilbene-2,2'-disulfonate (DNDS, Ref. 3).

In the present paper we report that in the absence of
Cl- dipyridamole produces little if any inhibition of

0005-2736,/89,/503.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division)
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sulfate or phosphale transport. Addition of chloride
p the i ition of both port by
the agent. A more detailed investigation of lhe effects of
increasing [C1] on sulfate transport showed that K, ,
decreases until a limiting value of about 1.5 pM 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 chlonde-depen-

"

of Wood and Passow [8]. To climinate small contribu-
tions of DBDS binding to protems olher than band 3
we d d the fl ght about
by the addition of a band 3 protein-saturating con-
centration of H,DIDS (final concentration 20 uM).
When DBDS fl in the p

of dipyridamole, it is Y to ider the infl

of dipyridamole fluorescence. Dipyridamole shows little
if any change of t'luormence upon binding to the red

dent dipyridamole binding to a site tisat is aii ly
linked to the sub binding site. The chloride-dep
dent dipyridamole binding takes place at a stilbenedi-
sulfonate binding site or a site allosterically linked to
the latter.

After the pletion of our 1 work and
while we were engaged in its th 1 lysis, we

cell b q! ly, dipyridamole binding
cannot be measured directly by flucrescence determina-
tions. However, it is possible to observe the effect of
d:pyndarno]e on DBDS binding ami thus to duduce

on le binding from dipyrida-
mole/DBDS compemmn The emission spectra of di-

became aware that Schnell and associates submitted for

ion some preliminary experimental results on
the same subject. Their paper includes no data on
dipyridamole binding and no at!empt was made to

idamole and DBDS as produced by excitation at 330
nm partially overlap. At 430 nm the emission spectrum
of dipyridamole reaches a while the DBDS
emission is only 5% less than at its maximum at 420 nm.
Hence all our measurements were executed at the former

provide a quantitative i P The emphasis of length. Some of the fluorescence emitted by DBDS
the presem sludy is on the io: of a i is obsorbed by dipyridamole. Under our
ship ip binding to the band 3 pro- conditions, absorption is 10% or less. Measuring DBDS

tein and the inhibition of anion transport and on the
quantitative descriptior: 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

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 ﬁlter effect’) was per-
formed ding to dard

Variations of d:pyndamole ﬂuormenoe with hydro-

or resealed red cell ghosts. In the intact red cells the gen ion can be described by the 3!
Tl ions were adj d by washing in . [H*]- [dipyridamole]/ [H-dipyridamole*] =
media of the appropriate ion in the of 5.62-10"7 M, corresponding to a pK value of 6.25.
Nystatin as described by Cass and Dalmark [4]. In the This value was found to be independent of the presence
ghosts, adj was achil ing in the of C1-, SO2~ and DBDS at the ccncentrations used in

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.

Di henylation and with *H,DIDS of
red blood cells or ghosts, the isolation of the treated
SDS-polyacrylamide gel el horesis and

b d ination of the radi ity in the gel
slices was performed as described previously [6].

Sulfate c¢quilibrium 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’-dibenzoylstilbene-2,2"-disul-
fonate) to the red cell membrane is associated with a
farge i of DBDS fl 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

our work, indicating that none of these ions combine
with the inhibitor.

Isolation of red cell b and their SDS-poly-
acrylamide gel el ph is was performed as de-
scribed previously [6].

All chemicals were analytical grade. The dipyrida-
mole originated from Prof. B. Deuticke, Rheinisch-
Westfilische Techniscihe 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 SOZ~ as the only penetrat-
ing anion species. After addition of dipyridamole at
concentrations up (o 32 pmol/l, sulfate equilibrium
exchange was measured. Fig. 1 shows that there is only
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Fig. 1. Effect of chloride on i

L, & w2 % 20 % B R
[dipyridamole], pM

of sulfate

exchange by dij

Intact red cells, pH 6.9, 25.5° C. The curves pertaining the

the data points observed in the presence of chloride (150 mM) were calcualted using a non-linear curve fitting procedure to fit the data to the

equation J, /J,_o =1/(K, ,, + p)+constant, where J, /J,.o represents the sulfate flux at dipyridamole concentration p as a fraction of suifate

flux at p =0. Left-hand and right-hand panel: experiments performed in the presence of 15 and 150 mM Na,SO,, respectively. The X, ,, values
were 1.9 anu 1.3 #M, respectively. Ordinate: J_, = J, /J,_, abscissa: dipyridamole concentration.

very little inhibition which is possibly related to the
presence of traces of bicarb in the cell suspensi
(see below). When the red cells are equilibrated by the
same method with 15 or 150 mmol/i Na,SO, in the
presence of a fixed concentration of 150 mmol/1 NaCl
or KCi, dipyridamole produces a strong inhibition with
half-inhibition constants of 1.28 and 1.95 pM, respec-
tively.

The effects of chloride were studied in more detail by
varying (1) the dipyridamole concentration at a range of
fixed chloride concentrations (Table I), and (2) the
chloride concentration at a range of fixed dipyridamole
concentrations (Fig. 2).

TABLE |

Inhibition of sulfate exchange by dipyridamole: D.
of half-inhibition constant (K, ;,) on chloride concentration

Suifate equilibrium exchange was measured at a range of fixed
chloride concentrations as a function of dipyridamole concentration.
The empirical X, ,, values were obtained by non-linear least-squares
curve fitting to the equation: J.y =1/(K, ,, + p)+constant where the
constant represents the residual flux at maximal inhibition (average:
5.8% of flux without inhibitor). The predictions are based on the
equation K, , = Kg-(a+ K,)/a where K;=1.47 uM and K, =242
mM (averages from Table V1). a represents the chloride concentra-
tion. The cosntants K, and K are defined in Appendix A, where the
equation is derived (Eqn. A-5). n.d., not determined.

(o} Ky (eM), Predicied
(mM) as measured in the presence of: (model I1)
150 mM SOF~ 15 mM SOZ~
375 160 nd. 19
7.50 7.6 6.4 62
150 37 nd. 38
400 20 26 24
1500 13 19 17

The first set of these experiments followed the same
pattern as the experiments presented in Fig. 1. The X,
values listed in the table decrease with increasing [CI™]
and tend to approach a limiting value for high Cl1~-

i here b K,;;=1pM and 2

M.
When the chloride concentration was raised at fixed
of dipyridamole the sulfate fluxes de-
creased and also approached limiting values. These val-
ues were a function of the dipyridamol i
Even at very high of both dipyridamol
and chloride a small residual flux remained. The results

Jrel
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Fig. 2. Sulfate equilibrium exchange measured at fixed concentrations
of both SO~ (15 mM) and dipyridamole as a function of [C1” ]. Red
cell ghosts. pH 6.9, 26°C. Ordinate: SO~ flux at the chloride
concentrations indicated on the abscissa and the dipyridamole con-
centrations indicated on the curves relative to the flux in the absence
of dipyridamole. The drawn curves were obtained by non-linear
Ieast-squares computer fits 1o the equation J = (1 + aya)/(1+ a4a)
where a, and a, represent constants and a indicates the concentra-
tion of [C1~ ] The a values are listed in Table 11
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of these can be rep d by the equa-
tion
T = (1+ aza) /(1 + a,a) ()

where J, is the ilux at dipyridamole concentration p
relative to the flux at p=0 as measured at the CI~
concentration a. a, and a, 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,, approaches
ay/a,, ie. the ratio of the two constants yields the
asymptotic vaiue of the relative flux at high chloride
concentration.

In Table II the values for a,, a, and the ratio a,/a,
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, and a, for essentially
similar experiments which were performed at fixed
sulfate concentrations of 150 mM and 300 mM instead

TABLE If

Effect of CI™ on the wnhibition of SO?~ equilibrium exch.nge by
dipyridamole

The numerical values of @, and a, were obtained by non-linear
least-squares computer fits of i data to the if
Jo=(1+ ay-a)/(1+ as-a) (Appendix A, Eqn. A-3). a represents
the C1™ concentration in cells and medium, J,; the sulfate flux at
dipyridamole concentration p divided by the corresponding flux at
p=0. The data listed for {SO~]=15 mM are derived from the
curves in Fig. 2, the others from similar experiments at SO~ con-
centrations of 150 and 300 mM. The ratio a,/a, indicates the
asymptotic values of J; at high chloride concentrations. It is com-
pared with the ratios measured at [C1™] =80 mM. These measured
ratios are plotted in Fig. 3 against the ratios calculated for [C1™] =80
mM.
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Fig. 3. Plot of sulfate flux J,; measured at [C1™ ] = 80 mM against the
flux for this C1~ ion from the equation J =(1
+a;a)/(1+ a4a). The a values were taken from Table IL. The
symbols @, X, O refer to 15, 150, 300 mM [SO ™ ], respectively. At
each sulfate ion, flux were at the
dipyridamole concentrations (gM): 1, 2, 3, 4, 10, 32 and at 150 and
300 mM SO~ also at 5 pM dipyridamole. The straight line repre-
sents identity.

of 15 mM as in the experiments depicted in Fig. 2. The
asymptotic values a,/a, tend to be somewhat higher at
150 and 300 mM SO~ than at 1 mM SOZ~. However,
the scatter of the data is large and hence this tendency
is not well established. It should be noted that the
relative fluxes measured at 80 mM [C17] are still some-
what larger than the asymptotical values a,/a,. In Fig.
3 the relative sulfate fluxes measured at [CI~] = 80 mM

4 e ay a/ay Jm 507"1
(M) (a=80mM) (mM)
1 00419 00785 0534 0.595 15

2 00378 00905 0418 0410
3 00901 0228 0.395 0.392
4 00774 0.288 0.268 0.305
10 00851 0441 0.193 0.209
32 COs7T1 0624 0.083 0.108

1 00193 00416 0465 0.588 150
2 00495 0134 0.369 0.420
3 00665 0177 0.376 0.380
4 00436 0.152 0.288 0.325
5 00587 0194 0.302 0.408
10 0.138 G.538 0.256 0.288
32 0.186 107 0174 0262
1 00277 00442 0627 0.728 300
2 00465 00982 0474 0.540
3 01072 02058 0521 0.566
4 00391 0124 0.317 0372
5 00845 0.166 0.509 0.543
10 00720 0343 0.209 0.237
32 00819 0493 0.166 (0.316)

are pared to the fluxes calculated for that CI~
concentration by means of Eqn. 1 using the a’s in Table
II. The data points scatter now near the identity line,
indicating that the from the ptotic val-
ues seen in Table II seem to be significant.

In the experiment represented in Fig. 4, the effect of
chloride ion on the inhibition by a fixed
of 2 pM dipyridamole was studied at a
fixed ratio between [Cl~] and [SO"] of 1:10. The
effect observed can be represented by Eqn. 1, using the
average of the a, and a, values listed in Table II for
the dipyridamolc concentration of 2 pM and pertaining
to the three sulfate concentrations used. Thus the chlo-
ride-promoted inhibition of sulfate transport by di-
pyridamole is only little affected by increasing the SO~
concentration from 15 to 300 mM. Nevertheless, a
replot of the fluxes measured at the sulfate concentra-
tions of 15, 150 and 300 mM (Table II) reveals that at
each chloride concentration used a slight increase of
sulfate flux occurs (Fig. 5). It is unlikely, however, that
this is the q of a repl. of C1~ from its
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Irel TABLE 1
10. Promotion of the effects of persantine on sulfate equilibrium exchange by
various monovalent anions species
L ~_ In all experi the of SO and
were 150 mM and 15 M, respectively. The concentration of the
s C TTre—— monovalent anions was 7.5 mM. The pH was 69, except in the
L4 experiments with HCO; were the pH was 7.2. J, = flux in presence
04 of dipyridamole relative to flux in absence of dipyridamole. Each data
point represents the average of two scparate experiments which agreed
02 to within less than 10%.
b 2 2 L anion species T (B)
w 2 30 1sg7mM None 103
Fig. 4. Effect of dipyridamole (2 sM) on SO}~ equilibrium exchange F- 88
as a function of C1~ concentration. The ratio {C1~}/{SO2~ ] was Ci- 40
maintained at 1:10. The drawn curve was calculated by means of i a2
Eqn. 1 using the averages of the values for a; and «, observed at 15, . 74
150 and 300 mM Na, SO, (Table II). (a; = 0.0466 +0.006, o, = 0.108 HCO3y 62
£0.023). This corresponds to K, =256 mM, K, =113 zM and NO; 40°

gx = 0.08. Ordinate: sulfate flux at the C1~ and SO}~

indicated on the abscissa divided by the corresponding fluxes as
in the ab: £ dipyri le (4.

specific binding site, since the effect is independent of
the C1~ concentration in the medium. Possibly it simply
represents an effect of increasing ionic strength.

The pH dependence of the effect observed in the
joint p of C1~ and dipyridamole was studied
only at fixed concentrations of sulfate (1 mM} and

® In 160 mM NaNO;, pH 6.9, 26°C, K, ,; is 4.5 M. The residual
flux at maximal inhibition is 10%.

chloride (30 mM) at three different dipyridamole con-
centrations. The relative flux decreases when the pH is
increased from 6.0 to 7.5 and then approaches a plateau
or a flat minimum which extends at least up to pH 7.7
(Fig. 6). The effect can be almost completely accounted
for by a change of protonation of dipyridamole, assum-

Jeal el
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0s{* ° 08
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-— s ?
04 w,
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a2z nolcl a2 375mM ("]
100 200 EY 10 200 300
Na,50,1.mM (oSG m
me w0
) 15mM[CI] ) 30mM {cl”]
oy s .
———"_J_—‘__——‘
s o8] °
X, —x x
a x__————r-—"‘—_
2 . . —t
02{ 02 ._____‘___————
10 200 3o 100 200 abe
Na 56,1, mM INoSQ.1mM

Fig. 5. Effect of varying [SO ] on the action of dipyridamole on suifate cquilibrium exchange. Ordinate: J,. Abscissa: {SOF~ }, mM. The
dipyridamole concentrations (in pM) are: 0, 1; X, 4; 4, 10; @, 32,
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Fig. 6. pH-dependence of the effects of dipyridamole at a C1™
concentration of 30 mM and a SO}~ concenration of 150 mM. Red
cell ghosts. Ordinate: sulfate flux J,y. Abscissa: pH. The drawn lines
were on the that the pH d d is exclu-
sively related to the ion of dipyri (see Di ion for

TABLE IV
Effect of C~ on the inhibition of phosphate transport by dipyridamole

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

Dipysidamote (sM) CH J
) [) 1.00
4 [ 091
8 [] 089

32 0 085
0 130 100
4 130 037
8 13 033

2 130 030

details).

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

(2) Effects of other lent anions on inhibition of
sulfale mmspon by dapyndamole
The by di le is not only p d

by chloride but also by other monovalent anion species
(Table 11I). The inhibitory potencies of these other
anion species were studied by measuring the inhibition
produced by 15 pmol/1 dipyridamole in the presence of
7.5 mmol/1 of the various anion species. The sequence
NOj; =C1~=Br~ > I~ > F~ was observed. HCO; 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) Phosph and dipyridamol

Experiments wnh phosphate deserve a special inter-
est. At pH 6.9 about 50% of this anion exists in the
divalent form HPO?~ and the remaining 50% in the
monovalent. form H,PO; . lt is believed that the
penetration takes place p ly in the
lent form (reviewed in Ref. 9).

The presence of phosphate at pH 6.9 does not pro-
mote the inhibition by dipyridamole of the
of the sulfate (not shown) Moreover, phosphate trans-
port is also not inhibited by dipyridamole, as long as no
Cl~ is present. Upon addition of C1-, phosphate trans-
port is inhibited, in a manner similar to that described

for sulfate transport (Table IV).

(4) Inhibition of chlorid sport
Table V indi that the inhibition of chloride
by idamole is also p d by chloride.

Thus it is clear that the Cl™-d d

g leads 1o a generalized inhibition of both mono-
valent and divalent anion transport.

(5) Chloride-p d effects. of dipyridamole on DBDS
binding
The i described below indi that di-

pyndamole 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
enhanced. This enhancement can be used for quauiita-
tive i igations of DBDS binding (see Methods)

Figs. 7a and 7b show that DBDS binding follows a
simple saturation curve. The half saturation constant
K, ,; depends slightly on the ionic composition of the
medium. From the data shown in these figures and
from additional measurements (not shown), we ob-
tained numerical values for K, ,,. In the absence of
penetrating anion species, K, is 0.68 pM; in the
presence of 130 mM Cl-, 1.1 pM; and in the presence
108 mM SOZ-, 0.5 uM.

Wien DBDS binding is d in the p of
dipyridamole, K;,, remains unaffected provided the
measurements are performed in a medium containing
108 mM SOZ-. If the medium contains instead 130 mM
NaCl, X, ,, for DBDS binding increases to 26.8 pM
suggesting that dipyridamole is capable of competing

TABLE V
Effect of dipyridamole (32 pM) on Cl~ equilibrium exchange
0°C, pH 7.4, EDTA buffer, 20 mM. Red cell ghosts.

{NaC1) (mM) Inhibition (%)
15 46.7
15 412

130 7n9e

130 65.7

P
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Fig. 7. DBDS-binding o rescaled white ghosts (sce i at 430 am (see The
musumsmmadeamumtheabsmewmihepmornuM’ i le. (a) in chloride-free sulfate medium:
K, 2= 0.5 M. (b) Measurements in presence of 130 mM Cl~: K, ,, without di le 1.1 uM, with di 268 uM.

with DBDS for a common binding site or

with a site that is allosterically linked to the stilbenedi-
sulfonate binding site.

The effect of systematically increasing Cl~ con-
centration at a fixed dipyridamole concentration on the
re]ease of DBDS from band 3 is shown in Fig. 8. The

hip observed les that ibed for the
effect of chloride on inhibition by dipyridamole of

dipyridomoie, M
model o 0

modelIb O

model Ja 32
model Ob 32

W D D O 0D &0 N &
el mm
Fig. 8. Effect of C1™ concentration on replacement of DBDS from
‘band 3 by dipyridamole. Ordinate: DBDS binding as determined by
measuring H,DIDS-sensitive fluorescence enhancement of DBDS at
430 nm. @, Control without dipyri le. o, 32 uM dipyri )]

anion port (Fig. 2). It seems most plausible to
assume, therefore, that the effects of dipyridamole on
both anion transport and stilbene binding are due to
dipyridamole binding to the same site and that this site
is identical to or allosterically linked with the stilbene
disulfonate binding site on band 3.

(6) Localization of the site of action of dipyridamole
In view of the findings described above, it seemed
useful to explore further the interaction of dipyridamole
with the stilbenedisulfonate binding site. In order to do
this, we made use of the previous observation that a
specnﬁc lysine resldue cal]ed Lys a pmvules one of the
ammo groups involved in the ding of the
id of stilbenedisulfonates like
2DIDS» or SITS [6]. Lys a has an abnormally low pK
value and reacts easily with 24-dinitrofluorobenzene
(N, ph-F). The rate of reacuon of this residue is reduced
by the p of ly binding stilbene dis-
ulfonates such as DNDS. The tate of dinitrophenylation
of Lys a is also reduced when the reaction with N, ph-F
takes place in the presence of dipyridamole. This effect
is only seen when the reaction is performed in the
presence of Cl™ as the principal anions species. In the

present. The drawn lines were calcualied by means of Eqn. B-1, the
dashed lines by means of Eqn. B-2, using the values for chloride and
dipyridamole binding (K, aud Kjg, respectively) in Table VI and the
values for the mass-law constants of DBDS binding in the absence of
dipyridamole (K4, Kjg, Kyoy) indicated in the text. Eqn. B-1 refers
to competition between dipyridamole and DBDS for the dipyrida-
mole—bmdmg modifier site, Em. B-2 m a.lk)st:nc effects of di-

binding to the g modifier site on
compelition between C1~ and DBDS at the Cl buu‘lmg ‘modifier site.

b of 17, in an all SO}~ medium, dipyridamole
leaves the rate of dinitrophenylation unaltered. Thus,
the effect of dipyridamole on the susceptibility of Lys a
to react with N,ph-F depends on the nature of the
substrate anion, similar to the effect of dipyridamole on
band 3-mediated anion transport. It is most likely,
therefors, that the mode of action of dipyridamole on
anion transpart involves binding to or all ical mod-
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Fig. 9. Effect of dipyri on the dini ion of Lys a on the band 3 protein in chloride nwdium(lmmMNaCI,MmMED’I‘A,pH
7.4),'l'hzeﬂeaoﬂheN,ph-F d by (i) flux ¢ , inlheﬁguuasapemenustoﬁheﬂuxin

(
the untreated coatrol) and by (ii) determination of the unmodified Lys a on band 3 by *titration’ with *H,DIDS. The SDS-polyacrylamide gel
designated ‘control’ shows the H,DIDS binding capacity of Lys a in untreated ghosts. This capacity is reduced when ghosts.
had been treated with N, ph-F (125 gM, pH 7.4, 37°C, 30 min) prior to the exposure to *H,DIDS. When the Nph-F treatment is performed in
the presence of dipyridamole (32 gM) the capacity of Lys a 1o combine with *H,DIDS is largely preserved. Each data point refers to the
ndiomivilyol’HleDSinagelsﬁcc.Thepuksmloeawdaxlhesiteofuﬁmﬁmofband!.

ification of the stilbenedisulfonate binding site on band ghosts had first been equilibrated with media containing

either C1~ or SO7~ as the predominant anion species
The experiments on which this conclusion is based (called CI~ or SO}~ medium, respectively). They were
are represented in Figs. 9 and 10. Resealed red cell then exposed to N,ph-F at 37°C. After 30 min the
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Fig. 10. Effect of dipyridamole on dinitrophenylation of Lys a on the band 3 proteia in sulfate medium (108 mM Na,SO;, 20 mM EDTA, pH 74,

00 CI~ present). Same experimental arrangement as in Fig. 9. The figure shows that in sulfate medium the presence of dipyridamole during

exposuze to N,ph-F (125 uM, pH 74, 37°C, 30 min) can neither prevent the inhibition of sulfate equilibrium exchange (‘transport’) nor the
dinitsophenylation of Lys a and the consequent decrease of the capacity of Lys o to bind H, DIDS covalently.
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was i d by the ghosts in
N,ph-F-free medivm. 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 *H,DIDS. This titration is based on the fact
that the lysine residues which had been dinitrophen-
ylated are no longer capable of ion with
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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 I and II. With the informa-
tion about the nature of the allosterically interacting

3H,DIDS. Hence, the decrease of the capacity of band
3 for lent *H,DIDS binding is a of the
number of Lys a residues modified during the treat-
ment with N,ph-F. Our findings show that the capacity
of the red cell ghosts to combine with *H,DIDS de-

binding site for C1~ 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 1 is based on the assumption that on each
band 3 molecule there exists in addition to a common
iransfer site for CI~ and SO}~ a modifier site which
combines only with Cl~ but not with SOZ . This model

creases upon dinitrophenylation. When the to
N,ph-F takes place in the presence of dipyridamole,
this d is largely p d, provided the exp can be rep d by
takes plaee in Cl medlum (Fig. 9) If, however, the

d in SOZ~
is meﬁecuve (Fig. 10).

P,

Discussion

(1) The specificity and Sfunction of the chlorlde bmdmg

site i d in the p of dipy

binding
Our data show that chlonde-promoted binding of

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
sites. Dip binding to T would be
facilitated by chlonde ding to M and p ly
replace a substrate anion from the transfer site.
Model I is based on the assumption that on each

idamole tc the stilb lfonate b site of band 3 molecule there exist two modifier sites M and P
the band 3 protein is ible for the i ition of in addition to the transfer site:
anion port by dipyridamole. The inhibition is not
fined to the of di anion species and M(a) — T(a, b)
the promotion of the effect is not restricted to chloride P(p)

smce other monovalent anion species, halides as well as
b can substi for Ci~. heless, the
anion site involved in the p 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 Cl~
to promote dipyridamole binding. Thus the forces in-
volved in the binding of Ci~ 1o the site are unlikely to
be exclusively of electrostatic nature since this could not
convey such large selectivity. This conclusion is funher
supported by the observation that the effects prod:

o

Here capital P the dipyridamole bindi
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-
hibi\ion at a given chloride concentration should be
duced or even abolished by the addition of a large
excess of sulfate (b) which should release the di-

by monovalent anion species other than Cl~ may be
much smaller or, as in the case of H,PO; , may be
virtually absent. Perhaps similar as in a carrier peptide,
some specifically arranged amino acid residues on band
3 are able to replace lhe hydrauon shell of C1~ and the

P le by ion. This is contrary to observa-
tion and suggests at the outset that dlpyndamole acts as
a titive inhit as d in model IL

With respect to model II, we as;ume that the translo-
cation of sulfate bound to the transfer site T can only
take place when the dipyridamole bindirg site P is not

other inhibiti g ganic anions, but not of occupied by dipyridamole p and that the binding of p
sulfate or phosphate requires the occupancy of the modifier site M by chlo-

It is unknown why the pmsenoe ot‘ a bound chlonde nde (a). Occupancy of M with a is assumed to exert no
ion is required for dipyrid: Di on the location rate of the sub
combines with band 3 in its deprotonated, uncharged loaded transfer site T (b).

form (see below). Possibly the negative charge of Cl™
helps to open thc hydrophobic cleft at the surface of the
band 3 molecule which is believed to serve as a pt:

cle for stilbenedisulfonates. The stilbenedisulfonates

" I

(b) C on the of
models I and II: Simplifying assumprwn: Models with
two or three interacting sites for three different ligand
species are fairly complex. A detailed quantitative treat-
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ment would lead to expressions the significance of
which would be difficult to grasp and the evaluation of
which would most likely lead to ambiguous results.
Hence simplifying assumptions need to be made. These
snmphfwuons are introduced at two levels: firstly in
the derlying the deri and sec-
ondly in the final equations derived after preliminary
attempts to fit these still complex expressions to the
data.

The first set of p of the foll

(i) The binding of the ligands to M, P and T takes
place much faster than the translocation of the sub-
strate bound to T. Hence it is possible to calculate
ligand binding by applying the mass law. Since the
amounts of C1~, SO}~ and dipyridamole in the media
inside and oul.stde the cell far exceed the amounts of
carrier mol ilable, ligand can be
neglected.

(ii) The rate of translocation of suifate is propor-
tional to the number of transport protein molecules in
which the transfer site is occupied with sulfate (b).
However, the rates of transport may be different, de-
pending on whether or not M or P are occupied by their
respective ligands.

(iii) Differences of llgand binding to lranspon mole-
cules with inward-di d and d trans-
fer site are di ded. Thus the calculations of ligand
binding include the effects of allosteric interactions
between the vanous bmdmg sites but dxsmgard the

effects of confi d with the
translocation step.
(c) Kinetics of chloride d i le inhibi-

tion of anion transport. (See Appem‘hx A, model 11, for
quantitative treatment.)

The result of the derivations consists of the expres-
sion:

1+n-a+n-a?+1-a°
Jg=—— 23

147 a+5-at+5ea® @

where J,, represents the sulfate flux at dipyridamole
concentration p relative to the flux at the concentration
p= 0. The T p which are

dent of a, but d dent on b and p and on
the dlssocmmn constants for a, b, and p at the various
binding sites.

Preliminary attempts to fit the data to this equation
showed that a good fit could be obtained if all terms
except the linear terms were neglected. This indicates
that some of the interactions that according to the
model may occur play a negligible role. We assume that
the binding of chloride and sulfate to the transfer site
remains unaffected by chloride binding to the modifier
site M (ie. K,=K3; K;=K;). We further stipulate
that there is no dipyridamole binding to P when no
chloride is bound to M (K, = K, = K, = o) and that

the chloride-p d dipyridamole bindi |snolaf-
fected by chloride or sulfatc binding to T (Kg=
K;,). Under these assumptions we arrive at:

i+aya
o= Tracg ®

where J, = flux at dipyridamole concentration p Ttela-
tive to the flux at p =0, and where

%=%I-(l+qx%')
.‘-KL (1+—] @

p/Kg rep the fractional p of P with p
and gy the residual relative flux that persists after all
sites P are occupied. At a-> o0, J, approaches
asymptotic values which are a function of p:

2
~ a l"qxx'
Ja(a=o0) === 7 )
wk
This prediction is in i with the

observations represented in Fig. 2. From the values of
a, and a, in Table II on can calculate the numerical
values for the constants gy, K, and Kj listed in Table
VI. The table further shows that essentially similar
results are obtained when the experiments are per-
formed in the p of fixed i of 15,
150 and 300 mM sulfate. This demonstrates the virtual

TABLE VI

Ky, K, and gy for different sulfate concentrations
Approximate values of the dissociati of di;

(Ky) and chloride (K, ) as defined by model 11 described in the text
and in Appendix A. gx is a composite quantity which r-flects the
fractional residual sulfate flux at maximal inhibition (se: Appandix
A). [SOZ~ }indicates the sulfate concentration in the medium. pH 6.9,
26°C. For the calculations the values for @, and a, from Table 11
were inserted into the equations (see Appendix A, Eqn. A-3): Ky=
Plak = @2 /an)/(ay/ag—1) and Ky=(+p/Ks)/aq=(1+qx-
P/Kg)/a,. The gy values were determined by calculating for a range
of assumed values of g the corresponding values for K and K,. For
the resulting values of K, and K standard deviations were calcu-
lated. The assumed gy value that yielded the lowest standard devia-
tion for Ky and K, was chosen and is represented in the table
together with the corresponding values of Ky and K.

[s0i~] Ky K L3 n
(mM) (M) (mM)

15 16104 192+ 83 0.0325 6
150 11104 2871113 0135 7
300 17106 246+ 90 0070 6




Py 4,

of chloride b
(K,) of sulfate concentration *.

The numerical values for K; and K can be used to
predict the K, 2 values for the inhibition by dlpynda»
mole as d at fixed chlorid

g to the modifier site

K,
If g < 0.5, one obusins: K 2= K1+ 1)
(Appendix A, Eqn. A-5)

In l'able 1K, /2 values obtained at a range of

hl are compared with the predict-

ions by this equation, using the averages of the respec-

tive values for Ky and K, listed in Table VI. The

agreement between observation and calculation is rea-

sonable. Again, the results are virtually independent of
the presence of either 1 or 150 mM SOZ~.

The inhibition of sulfate port b ht about by
the combined actions of Cl~ and dipyridamole de-
creases with decreasing pH (Fig. 6). This effect can be
acoounted for almost entirely by assummg that only the

harged form of dipyridamole com-
hines with band 3 and produces ink.bition while the
mass law constants for CI~ and d:pyndamole binding
(K, and K, respectively) are pH indep

A ing a pK for d of dipyridamole of
625 one can calculate that at PH 6.9 about 20% of the
dipyridamole is protonated and hence ineffective. Using
the data for K, in Table VI (1.47 gM at pH 6.9) one
can calculate a value for the binding of uncharged
dlpyndamole of 1.18 M. lnsertmg tlus latter value and
the for CI- g to the modifier
=242 mM Table VI) into Eqn. A-3 and using

of dep d dipyridamole as
calculated for each pH on the assumption of a pK of
6.25 one obtains the curves shown on Fig. 6. These
dicti based on indep _,“‘expen-
menlal data, rep the
well at least over the pH range 6.0-7.5.
(d) Models for the effects of dipyridamole on DBDS

site (K, =
the

binding to band 3. (See Appendix B for g
treatment.)

The results p d in the p suggest
that the action of d le on stilbenedisulfonate

binding to band 3 can be m(erpreted in terms of model
II. This interp
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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(p7s) P(p) P(P)
model Ha medel 1ib model Ilc

Our data are not reconcilable with model 1lc whick
stilbenedisulfonate and
chioride for lhe transfer site. Such competition should
lead to the disappearance of the effect of dipyridamole
at high concentrations of either Cl~ or SO2-, which is
contrary to our observation (Figs. 1, 5). We shall con-
fine, therefore, the discussion to models I1a and Iib.
Before discussing the effects of dipyridamole we shall

ider DBDS binding in the ab and p of
cither chloride or sulfate. A ding to Fréhhch [10}a
related stilbenedisulf DNDS, with C1—

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
K, ,, value for DBDS binding from 0.68 pM to 1.1 gM)
and that increasing the concentration of SOZ~ which
supposedly combines with the same transfer site as C1~
causes, if anything, a slight reduction of X, , from 0.68
#M to 0.5 pM. The effects of C1~ on DNDS binding
observed by Frohlich are also small and not very differ-
ent from our findings with DBDS. Hence, the small
effects observed do not necessarily 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 K, ,, 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 d values agree bl
well with the predictions of model IIa (Eqn. B-1) but

TABLE Vil

Effect of dipyridamole on K, of DBDS binding to band 3.
of experimental results with predictions of models Ila and I1b (evalua-
tion of the data in Figs. 7a,b)

Kip ® and l(,/2 were calculated by means of Eqns. B-1 and B-2,

about the location of thc DBDS binding site. There
exist several possibilities: DBDS (s) could bind 1o trans-

* The slight systematic effects of SO~ concentration on Jy, de-
picted in Fig. 5 are obscured by the scatter introduced by the
estimate of numerical values for three independent constants (K,
K3, gx) from a rather limited aumber of experimental data.

values were inserted: K, =24.2
mM, Kg=1. 47:AM (average of the data in Table V). Stilbene binding
in the presence of 130 mM CI~, K)s=1.42 uM; in the absence of
both CI~ and SO?~, Ky, =0.68 uM; in the presence of 108 mM
SO”, Kz = Kipy =05 pM.

{Dipyridamolz] Ky K\t Ky2®

(M) observed model la  model 11b
(mm) (mM) (mM)

) 11 12 43

32 2638 235 839
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not with those of model IIb (Eqn. B-2). Thus these
experiments suggest that dipyridamole and sulbenes
compete for a common site which is neither id 1 to

models of dipyridamole and stilbene in-
hibitors (e.g. DNDS HZDIDS) show remarkably simi-

the transfer site nor to the chloride binding modifier site
(Table VII).

This inference could be further tested by the numeri-
cal evaluauon of expenmems in wh:ch the release of
DBDS by di was d as a function of
Cl- ooacemrauon. The increase of DBDS release with
increasing [C1~] could again be predicted by model Ila
(Eqn. B-1) but not by model IIb (Eqn. B-2) (Fig. 8). It
should be noted that in all predictions about the effect
of dipyridamole and Cl1™ on stilbene binding, values for
K, and K; were used that had been derived from the
independently executed studies of inhibition kinetics in
which no stilbene had been used (Table VI).

Comments and Conclusions
DPinvridamol 1 e iR
p.

of i ic anion bi with a

by
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

lar g y and di suggesting that they share
the abnlity to enter the hydrophobic cleft that is sup-
posed to accomodate the stilbenedisulfonates |9]. This
would leave little room for significant differences of
binding and hence for different effects on the accessibil-
ity of the transfer site for the substrate anions. Qur
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~ ard DBDS re-
ported here (p. 198) would support the need for such
work.

The quantitative evaluation of our data in terms of
model IIa

M) — T@. by
P(p,s)
showed that the expected Ip 1 of the i
of two sub and two i at three different

sites is uonsnderably reduced by the fact that the mlnbl-
tion is and a!most entirely d

by the all 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

(reviewed in Ref. 9). This may mean that the bindi
sites for dlpyndamole and sulbenes overlap only par-
tially and that upon the
binding site retains ns ability to bind the inorganic
anions. Differences of the configuration of the band 3
lecule after the ing of stilb disulfc and
dipyridamole may also be expected on account of the
fact that the stilbenes introduce two negauve net charges

while dipyridamole binding is d with the bind-
ing of the negative net charge of one single chloride ion
only.

Dipyridamole and stilbenedisulfonates are chem-

lcally totally unrelated (Fig. 11). However, molecular
N
"O
S O
no ~\("

dipyridameie

W

RS
T Q@

HDIDS

Fig. 11. Structural formulas of dipyridamale and H, DIDS.

dipyridamole and the stilbenedisulfonates to P are
known, one oould predict with reasonable accuracy the
action of di damole on both t and stilbene
binding as a function of the chlorid ion. The
other allosteric interactions between the three sites seem
to be of minor significance for the overall events.

Appendix A

Kinetics of anion

sport inhibition by dipyridamol
Model I
M(a) — T(a, b, p)

Cl- binding to the modifier site M enables dipyrida-
mole (p) to combme with the transfer site T and to

ion of port by petition with
ar- (a) and SOZ~ (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 VIIL

a® _ ab b p+pa

+ N
KK KK, K K

a a
= (H-‘\—,‘+72 |bE|

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



TABLE VIl

T M Desig- Definition of
nation mass-law constants

- - E

a - aE a)-{E} = K, [aE}

b - bE [b]E] = K,[bE]

P - pE [p)-{E} = K54[pE}

- a Ea [a]-[E] = X, (Ea)

a a aEa {a]-{Ea) = K;[aEa]

b a bEa (b]-[Ea] = K([bEa]

P a pEa 1p}-[Ea} = Kq[pEa]

Assuming K,=K;, K=K, Kis=o0 (ie, no di-
pyridamole binding to T without binding of a to M) one
obtains

B[ ) e 1) k] v

Sulfate flux J, = %,,[bE] + ky),,[bEa]

. a
‘u"’knuf
»= K, b p-a
(5 )(”K, 2 Ao s

Sulfate flux and dipyridamole concentration p relative
to the flux at p=0

J’ (l+ (l+—+——)

(1+—)(1+ ") 2P

KKy
This equation implies:
(i) without Cl~ (a=0) or dipyridamole (p=0) no
inhibition;
(i) al a- p eo Js=0, ie, maximal inhibition is
This is contrary to

fra = (A1)

experimental observation.
Model 11

M(a) — T(a, b)
P(P)}
a = chloride, b = sulfate, p = dipyridamole, T = transfer
site, M =Cl~ binding modifier site, P = dipyridamole
binding modifier site.
Table IX lists the various forms that the transport
protein may assume in the presence or absence of a, b,

E is the sum of all forms listed in Table IX.
E, =~ E+Ea+aEa+aE+bE+bEa = (K /b)- X,-[bE}

E, ~ Ep+Eap+aEap+aEp -+ bEp+bEap = (K,/b) X;-p-[bE]
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All symbols indi thre ible the
square brackets were omitted for si of
tation. a, b and p represent the concentrauons of a,b
and p, respectively.

a* b, ab
X, = K#K_z"l(.l(,‘} KK,

ab
KIKI K.,,Kq Kyknl(s KuKs * KukiK,
Sulfate flux:

J, = k12 [bE] + kyy55[bEa] + kyy35[bEap) + ky[bEp)
Ksa pKsa
9= (Jon+ g 2 + ks gy + klbEpl)-(0B)
where
[bE] = (b/Ks)-E/(X, + X, p).

Assuming &y, = kyy25, k3 = Kk;y3; and  defining
kuy/ki = qx yields:

b
9y =knalEl -

1+ Ksa /KKy +{(axp)/Kia) (Kia /Ky + Ksa/KKy)
X+ Xy-p

Sulfate flux at dipyridamole concentration p relative to
the flux at p=0:

Ky KsAa) .
I, [‘+ KKy qKKu( Kn M KeK,y %

PR a2
p=o (1+—-)(X,+x2p)
TABLE IX
T M P Desig- Definition of
nation mass-law constants
z - - E
- a - Ea [E]-{a] = K,{Ea]
a - - aE [El-[a] = K,[aE]
a a - aEa {Ea)-[a] = K [aEa]
b - - bE {E}-{b] = K[bE]
b a - bEa {Ea]-[b] = K¢[bEa}
- - P Ep {E}-{p] = K,[Ep]
- a p Eap [Ea}-[p] = Kg[Eap]
a a P aEap [aEa]-[p] = Kq[aEap]
2 Z » aEp [aE}-[p] = KyofaEp}
b - P bEp [bE}-[p] = Ky [bEp]
b a p  bEsp [bEa)-[p} = Kz{bEap]
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This expression can be transformed into

. 1+na+na+na’
1+ 0+ 70% + 7,0°

where the 7 values represent coefficents that are func-
tions of p, b ar.d the various mass-law constants K, but
not of a.

For the special case:
K,=K;, Ks=K,, ie., binding of 1~ or SO~ respec-
tively, to transfer site T is not affected by binding of
Cl1™ to modifier site M;
Ky =Ky=K,,, ie., dipyridamole binding to modifier
site P is only affected by C1~ binding to modifier site M
but not by CI~ or SO~ binding to transfer site T;
K,=K,,=K;, = 0, ie, no dipyridamole binding
without Cl~ binding to modifier site M;
follows:

b
X= (1+— (1+—+}—5)
a 1 a b
X, = (m+z)(l+ 5 +z)
and one obtains for J,,; an expression without quadratic

or cubic terms

g Jo _1+aa
™ Jpo 1+aa

(A-3)
where

""KL.(“‘"KL,) and u.=Kl(1+ 7(:)

This equation implies:
(i) without C1~ (a=0) or dipyridamole (p=0) no
inhibition: J,4=1.0;
(ii) at high concentrations of Cl~ (a= o0) the flux J
tends towards the asymptotic value a,/ay,, which is a
function of p and gy, where the experiments show that
qx <10.

For J,,; = 0.5 one obtains the half-inhibition constant
K, , for dipyridamole:

05Ky (K,

Ki2=95-g, ( l) (A
which yields for g << 0.5 (cf. Table VI):

K,/,=K,(% +1) (A5)

and for the limiting case a > K,:

Kip=Kg

Appendix B

Effect of dipyridamole on stilbenedisulfe

binding

Within the frame of reference of model II there exist
three possible sites for stilbene binding:

M(a) — T(a,b) M(a,s) — Ba. b) M(a) — T(} bs)

P(p.5) \l’(p) P(p)
Ita 1b Tle

The symbols have the same meaning as in Appendix A.
s refers to stilbenedisulfonates, like DNDS or DBDS.
Using these shorthand descriptions of the three pos-
sibilities for stilbene binding, it is easily possible to
extend the derivations in Appendix A to include the
various forms that arise as a consequence of stilbene
binding, using the

2

Model Ila
Competition between p and s for modifier site P.

[E]-s = Ky4[Es), [Ea]-s = K,¢[Eas], [aEa)-s = Kyg[aEas]
[aE}- s = Kyg[aEs], [bE}-s = Ky, [bEs], [bEa]-s = K,[bEas}
E=E +E+E,
where:

= [Es]+[Eas] +[aEas] + [aEs] + [bEs] + [bEas]

= (Ks/b)- X5 [bE]
with

2

If K,=K,, Ks=K,, Kg=Ko=K;3, K;=Kyo=
K, = o0, (i.e., the same assumpnons as in Appendix A)
and K, = K= Kj,, Ky= Ky3= K, (i.c., the binding

of s to modifier site P is affected by the absence or
presence of bound Cl~ at modifier site M), then

()0
> K KIGKI Kz Ks

Using the pertinent expressions for E, and E, in Ap-
pendix A one obtains

s

Ry (B-1)
where
142 (1 + —)
K=K " Kus
Kk



Model IIb
Effect of binding of p to modifier site P on
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Kio= Ky =0 and Kio= Kspo (i, stilbenedi-

P

tion of a and s for modifier site M.

[E)-s = Koy [Es], [Es]-a = Ky [aEs), [Es]-b = K oq[bEs]

[Es) P = Kys[Esp), [aEs]-p = Kio9[aEsp). [bEs}-p = Kyyo[bEsp]
E=E+E+E,

where

E, = [Es]+{aEs] +{bEs] + [Esp] + [aEsp] + [bEsp]

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

Ejy = [Es]+[aEs] +[bEs] = (K5 /b)- X,- [bE]

If Ky =X;, Kyps=Kg= K, (i.e. stilbene binding
to M has no effect on C1- or SO}~ binding to transfer
site T) then:

1+L)

s
L0 L A%

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

s

Ry

(B-2)

where
x,,,=x,,,,[1 + Ki‘(u %‘)]

Model Hic
Effect of binding of a to M and of p to P on
competition among a, b and s for the transfer site T.

Kyy=Kx=Ky. Kig=Kig=Ky  (seeModel Ifa)

[E]-s = Kago[sEl. [Ea)-s = K;o[sEal, [sEa}-p = Koo[sEap].
isE]-p = KioolsEp]

E=E+E,+Es

where

E, = |sE] +[sEa] + [sEp] + [sEap] = (K;/b)- X;-[bE]

Assuming K, =K, Ks=Kq Kg=Ky=K;5, K;=

binding ind dent of C1~ binding to mod-
ifier site M), Ko = oo (ie., no dipyridamole binding
without C1~ binding to M), one obtains

LS PO .P_)
X, sz(‘+K1 ]+Km]

s
£= Kipts @3

where

@ » a b

T+ {1+~ (l+—+—)

X+ Xp _ K,( K,,) K, Ks
Xs LAY PR P )
Kml“'K. 1+Kw]

K=
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