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Summary 

H2DIDS, the dihydro analog of  DIDS (4,4'-diisothiocyanostilbene-2,2'- 
disulfonic acid) can interact covalently with membrane sites, resulting in an 
irreversible inhibition of  anion exchange. At low temperatures (0°C) and for 
relatively short  times, however, its interaction is largely reversible, so that  a 
kinetic analysis of the nature of  its inhibitory effect  on C1- self exchange can 
be performed. The effects of  variations in the chloride concentration on the 
inhibitory potency  of  H2DIDS axe consistent with the concept  that  C1- and 
H~DIDS compete  for the transport  site of  the anion exchange system. The 
value of  Ki for H2DIDS is 0.046 ~M, indicating that H2DIDS has a higher affin- 
ity for the transport  system than any other  inhibitor so far examined. If, as 
seems probable,  the covalent labelling of  H2DIDS occurs at the same site as the 
reversible binding, H2DIDS can be used as a covalent label for the transport  
site. The specific localization of  H2DIDS in the band-3 protein thus indicates 
that  this protein participates directly in anion exchange. 

Introduction 

Anion permeabili ty in human red blood cells can be effectively blocked by 
DIDS (4,4'-diisothiocyanostilbene-2,2'-disulfonic acid) or by its dihydro deriva- 
tive, H2DIDS [1--5].  These two compounds  bind almost exclusively to band 3 
(nomenclature of  Fairbanks et al. [6]),  suggesting that  this protein is involved 
in the transport  process. Because these compounds  form covalent, irreversible 
bonds, the nature of  their inhibitory effects cannot  be assessed by the usual 

Abbreviat ions:  DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid; H2DIDS, dihydro  analog o! 
DIDS; HEPES, N-2-hydroxyethylpiperazine~N'-2-ethanesu]fonic acid. 
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methods involving kinetic analysis. Thus, the precise role of the DIDS binding 
sites in anion transport remains obscure. 

Recently it has been demonstrated by NMR techniques that  DIDS reduces 
the capacity of  band 3 to bind Cl-, suggesting that the probe may react with 
Cl- binding sites of this protein [7] and that  the inhibition may be directly 
related to displacement of Cl- from the transport system. Such evidence is not 
sufficient to identify the DIDS binding site, however, since the transport system 
contains at least two different C1- binding sites [8]. One is a transport site and 
the other a modifier site whose occupancy by anions results in a non-competi- 
tive inhibition of  transport. 

Previous evidence [1,4,5] suggests that  the covalent reaction of  disulfonic 
stilbenes is preceded by reversible combination at the same binding sites. This 
reversible interaction causes the same amount  of  inhibition as the irreversible 
binding. This s tudy takes advantage of  the fact that  chloride fluxes can be mea- 
sured under conditions (0°C and short times of exposure) where the irreversible 
binding of  H2DIDS is minimal [3,5]. The effects of variations in chloride con- 
centration on the reversible inhibition of Cl- exchange by H:DIDS are consis- 
tent with the concept that  H2DIDS competes with C1- for binding to the chlo- 
ride transport site. 

Materials and Methods 

Human blood cells were washed and loaded with different concentrations of 
chloride using the nystatin technique [9] as described by Dalmark [10], except 
that  5 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) 
buffer was added to the final wash solutions. The wash solutions, which were 
also used for the determination of  chloride fluxes, contained 1 mM NaC1, 27 
mM sucrose, 5 mM HEPES, and 19--600 mM KCI as indicated. The pH was 7.2 
at 0 ° C. 

For measurement of chloride fluxes, cells were incubated at 50% hematocrit  
for 5 min at 0--4°C in a medium of the same composition as the final wash 
solution, except containing a6c1. The cell suspensions were transferred to small 
polyethylene tubes and centrifuged for 1 min in a Beckman Microfuge. After 
removal of the supernatant, the bot tom of  the tube was cut off  with a scalpel 
and a syringe containing about  5 ml of  the efflux medium (at 0°C) was 
attached to the top of the tube. At zero time, the cells were flushed into the 
efflux medium by depressing the syringe. The final hematocrit  during the 
efflux was 0.03%. Samples of  the supernatant were taken at various times by 
the method of Dalmark and Wieth [11]. Duplicate samples of  the suspension 
were also taken. The logarithm of  (P.. - -  Pt)/Po.  (where Po. represents the counts 
per min of 36C1 per ml of  suspension and Pt represents the counts per min of 
36C1 per ml of supernatant at time t), was plotted against time. 

The rate constant  for the efflux, k, was determined from the slope of  the 
line which best fitted the data, as determined by the method of  least squares. 
The fractional inhibition, i, was calculated from the observed values of k with 
and without  H2DIDS [12], which was either present in the medium at zero 
time or was added at a later time as indicated. All fluxes were carried out at 
0°C and pH 7.2. 
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For experiments with bicarbonate, cells were prepared with nystatin as 
described above in a medium containing 550 mM KCI. Half of  the cells were 
then incubated for 30 min at 0--4°C in a similar medium containing 400 mM 
HCO~ (in place of  an equivalent amount  of  chloride) which had been bubbled 
with 95% CO2. The cells were loaded with 36C1 and fluxes were measured as 
described above, except  that  the efflux medium was gassed with COs for the 
bicarbonate fluxes. After  addition of  cells to the medium, five samples were 
taken over a period of  60--90 s to establish a control  flux value, then H2DIDS 
was added and five more samples were taken. Similar experiments were run 
with the other half of  the cells in chloride medium, and the effects of  H2DIDS 
in the two circumstances were compared.  

H~DIDS, synthesized by the procedure of  Lepke et al. [5], was supplied by 
Dr. S. Ship of  this laboratory.  All other  chemicals were reagent grade. 

Results and Discussion 

The reversibility of  the inhibitory effect  of  H2DIDS is illustrated in Fig. 1. 
Because albumin readily binds disulfonic stilbenes [1], it would be expected 
that  after addition of  a large excess of  albumin, almost all of  the H2DIDS 
reversibly bound to the cells, as well as the free H2DIDS in solution, would be 
sequestered by albumin. As expected,  albumin added prior to H2DIDS com- 
pletely prevented inhibition of  chloride transport.  When albumin was added 
53 s after the cells had been exposed to H:DIDS, the inhibitory effect  was com- 
pletely reversed within a few seconds *. Albumin itself had no significant effect  
on chloride exchange. Thus, under the condit ions of  the present experiments, 
the inhibitory effects of  H2DIDS were completely reversible. 

In the experiment of Fig. 1, inhibition by H2DIDS was fully evident at the 
time of  the first sample (about  2 s) and did not  increase with time of  exposure 
to the agent. In nine similar experiments, the points for times less than 4 s did 
not  deviate significantly ( P >  0.1) from the line. The reversal was similarly 
rapid. Thus, the measured inhibitions can be considered to reflect an equilibri- 
um between free H2DIDS and H:DIDS bound  reversibly to the inhibitory sites. 

From Fig. 2 it can be seen that inhibition asymptotically approaches 100% 
with increasing H2DIDS concentration. Thus no significant H~DIDS insensitive 
C1- flux is evident. Inhibition was half-maximal at 0.3 pM. This value is much 
lower than that observed in previous studies [1,3,5,13],  where much higher cell 
concentrations were used so that  most  of  the reagent was bound by the cells 
and the degree of  inhibition was dependent  on the ratio of  the amount  of  
reagent to the number  of  cells [13].  Under the condit ions of  the present exper- 
iments, a 4-fold variation in the cell concentrat ion (0.015--0.06% hematocrit)  
did not  significantly affect  the inhibition. Thus these data reflect the apparent 
affinity of  H2DIDS for the inhibitory site, rather than depletion of  reagent by  
the cells. 

Modulation of  the C1- concentrat ion by  the nystatin technique [9],  such 

* H e m o g l o b i n  at a f i n a l  c o n c e n t r a t i o n  o f  2 m g / m l  at 0 °C  wa s  ine f f ec t i v e  in reversing the  e f f e c t s  of  
H 2 D I D S .  Thus  i ts  b inding  af f in i ty  for the  p r ob e  m u s t  be  l o w .  F u r t h e r m o r e ,  s m a l l  a m o u n t s  of  

h e m o l y s i s  should  n o t  in f lu e n c e  the  inh ib i tory  e f f e c t s .  
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Fig. 1. Reversal  of  H 2 D I D S  inhib i t ion  of  CI-  se l f -exchange.  F luxes  were  car r ied  ou t  as descr ibed in Mate- 
rials and Me t hods  in a m e d i u m  con ta in ing  300  mM CI-.  The  c o m p o s i t i o n  of  the  m e d i u m  pr ior  to the s tar t  
of  the  flux is ind ica ted  to the r ight  of  each line. Add i t ions  to the m e d i u m  dur ing  the course  of  the  flux 
are  ind ica ted  by  ar rows,  m con t ro l ;  A 0.05/% bov ine  s e rum a l b u m i n  ad d ed  be fo re  s tar t  of  flux; ~, 0 .75/~M 
H 2 D I D S  added  a f t e r  40  s; o, 0.5 /aM H 2 D I D S  presen t  in the m e d i u m ;  e, a l b u min  (final c o n c e n t r a t i o n  
0 .05%)  added  a f t e r  53 s. 

Fig. 2. E f fec t  of  H 2 D I D S  on CI - s e l f - e xc ha nge .  Fluxes  were  m e a s u r e d  at  0°C in a m e d i u m  con ta in ing  150 
m M  CI-. Inh ib i t ion  was ca lcu la ted  by  c o m p a r i s o n  wi th  f luxes m e a s u r e d  in the same m e d i u m  w i t h o u t  
H2DID S .  Each po in t  represen ts  the average  of  dubp l i ca te  f luxes d e t e r m i n e d  f rom at  least four  t ime  
p o i n t s .  

that  the inside and outside chloride concentrations were nearly equal and the 
membrane potential was close to zero, had a pronounced effect  on the inhibi- 
tion of  chloride exchange by H2DIDS (Fig. 3). For  example, at 0.5 pM H2DIDS 
the inhibitions for 150 300 and 600 mM C1- were 64, 42 and 28%, respectively. 
This finding suggests an interaction of  the inhibitor with a Cl- binding site. The 
presence of  two chloride binding sites in the anion-exchange system, however, 
one the transport site and the other  a modifier site at which halides cause a 
non-competit ive inhibition of  transport  [8], makes it more difficult to deter- 
mine the mechanism of  action of  the inhibitor in this case. 

In such cases where there is substrate inhibition, many of  the classical meth- 
ods for plotting kinetic data fail to yield straight lines or are difficult to inter- 
pret [ 14--16].  Straight lines can be obtained, however, by plotting 1/i (where i 
is the fractional inhibition) versus 1/1 (where I is the concentration of  the 
inhibitor, H2DIDS). In this double reciprocal plot  (Fig. 4), the slope of  the line 
represents the concentrat ion of  inhibitor required to cause 50% inhibition, the 
apparent Ki. For each chloride concentration,  the data fit straight lines, indi- 
cating that H2DIDS acts at a single site within the concentrat ion range studied. 
The increase in apparent K t with increasing C1- concentration suggests that C1- 
and H2DIDS compete  for a common binding site. 

The site can be identified in terms of  its affinity for chloride by use of  the 
Hunter-Downs plot, in which 1(1 -- i)/i, a measure of  the apparent Ki, is plotted 
against the chloride concentration. As discussed elsewhere (Knauf, P., Ship, S., 
Breuer, W., McCulloch, L. and Rothstein, A., unpublished), for models in 
which the inhibitor acts at the substrate or modifier site, this plot  yields a 
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Fig. 3. Ef fec t  of  CI-  c o n c e n t r a t i o n  on  the  inh ib i t ion  of  CI-  se l f -exchange by  H2 DIDS .  Fluxes  were  mea-  
sured  at  0°C and inh ib i t ion  was  ca lcu la ted  as descr ibed in Fig. 2, e x c e p t  t ha t  the  m e d i u m  co n t a in ed  dif- 
f e ren t  CI-  c o n c e n t r a t i o n s  as ind ica ted .  

Fig. 4. Doub le  rec iproca l  p lo t  of  f rac t ional  inh ib i t ion  versus  inh ib i to r  c o n c e n t r a t i o n .  Th e  da t a  are  t ak en  
f r o m  Fig. 3 (po in ts  wi th  10% or  less inhib i t ion  were  no t  used) .  Th e  lines were  d e t e r m i n e d  by the  m e t h o d  
of  least  squares .  

straight line in which the x-intercept is equal to the negative of the dissociation 
constant for chloride at the site where it competes with H2DIDS. The experi- 
mental data {Fig. 5) can be fitted by the method of least squares to a straight 
line with an x-intercept of --62 mM (90% confidence interval --104 to --26 
mM) *. This value corresponds very closely with the reported affinity of chlo- 
ride for the transport site, Ks, which is estimated at 65 [18] or 67 [8] raM. It is 
significantly different {P< 0.001) from the value of --335 mM [8] which 
would be predicted on the basis that H2DIDS binds to the modifier site. The 
simplest interpretation consistent with the data, therefore, is that H2DIDS com- 
petes with C1- for the transport site. 

The y-intercept of the line in Fig. 5 is 0.092 pM (90% confidence interval 
0.042--0.143}, the apparent Ki at zero chloride concentration. For a mobile 
carrier system, only half of the transport sites are exposed to H2DIDS at the 
external side of the membrane [19]. Thus, the true Ki, which represents the 
dissociation constant for the interaction of H2DIDS with the transport site, is 
actually half of the y-intercept value (Knauf, P. et al., unpublished), or 0.046 
pM. Thus H2DIDS has a higher affinity for the anion exchange system that any 
other inhibitor which has so far been examined. 

It can be noted from Fig. 5 that a clear distinction of the nature of the inhi- 
bition (competitive or non-competitive) and a quantitative assessment of the 
values for the constants is facilitated by the use of high substrate concentra- 

* Stat is t ical  analysis  was p e r f o r m e d  as fol lows:  T h e  c o n f i d e n c e  in terval  for  the  y - in t e r cep t  was  calcu-  
la ted  by  s t anda rd  t e chn iques  [17 ]  based  on  the  a s s u m p t i o n  tha t  the  e r ro r  in y was r a n d o m .  The 
c o n f i d e n c e  in terval  for  the  x - in t e r cep t  was  d e t e r m i n e d  b y  f inding the  po in t s  at  wh ich  the  lines 
descr ib ing  the  u p p e r  and  l owe r  b o u n d s  of  the  c o n f i d e n c e  interval  for  y in tersec t  the  x-axls.  The  
99 .9% c o n f i d e n c e  in terval  e x t e n d e d  f r o m  - -167  to  11 raM. Thus ,  the  x - i n t e r cep t  was s ignif icant ly  
di f f eren t  at the  P <~ 0 .001  level f r o m  the  va lue  of  - - 3 3 5  m M  e x p e c t e d  if H 2 D I D S  were  ac t ing  a t  the  
m o d i f i e r  site. 
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Fig. 5. H u n t e r  and  D o w n s  plot .  The  da t a  were  ob t a ined  f rom e x p e r i m e n t s  in which  e i ther  the CI-  concen-  
t r a t ion  or  the  H 2 D I D S  c o n c e n t r a t i o n  was varied,  wi th  the  o t h e r  p a r a m e t e r  held cons tan t .  F luxes  and inhi- 
b i t ions  were  d e t e r m i n e d  as descr ibed  in Fig. 2. The  line which  bes t  fit the  da t a  was d e t e r m i n e d  by the  
m e t h o d  of  least  squares .  T h e  b r o k e n  line represen ts  the  theore t ica l  line in the  case where  H 2 D I D S  and CI-  
do  no t  c o m p e t e .  

tions, since the substrate affinity is rather low (K~ = 65--67 mM). At low sub- 
strate concentrations the effects on the degree of  inhibition would not  be ade- 
quate for kinetic analysis unless the data were unusually precise. 

Dalmark [8] has shown that the transport  and modifier sites differ in their 
relative affinities for chloride and bicarbonate. The transport site has a higher 
affinity for bicarbonate than for chloride, while the reverse is true for the mod- 
ifier site. Therefore at tempts  were made to measure the effects of  substitution 
of  bicarbonate for chloride on the inhibition by H2DIDS. Difficulties in main- 
taining constant  pH during the flux measurements preclude a quantitative treat- 
ment  of  the results, but  in each of  three experiments the inhibition was 
reduced (7--20%) by substi tution of  bicarbonate for chloride. These results are 
consistent with the concept  that  H2DIDS binds to the transport site. 

The experiments described above were all done under conditions in which 
the binding of  H~DIDS is reversible. At higher temperatures and after longer 
times of  exposure, the H~DIDS becomes covalently bound [3--5]. All of  the 
available data are consistent with the hypothesis that the site of  covalent bind- 
ing and the site of  reversible binding are the same [4,5]. It seems, therefore, 
that labelled H2DIDS can serve as a marker for the transport site. Its specific 
localization in band 3 [1,2],  with a linear relationship between binding and 
inhibition [3,5],  thus indicates that  the band 3 protein is directly involved in 
anion transport. Ultimately, as band 3 is dissected and sequenced, labelled 
H:DIDS can be used to identify the anion transport  site within the protein 
structure. 
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