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Summary. A membrane protein that is immunochemically similar 
to the red cell anion exchange protein, band 3, has been identi- 
fied on the basolateral face of the outer medullary collecting duct 
(MCD) cells in rabbit kidney. In freshly prepared separated rab- 
bit MCD ceils, M.L. Zeidel, P. Silva and J.L. Seifter (J. Clin. 
Invest.  77:1682-1688, 1986) found that C1 /HCO3 exchange was 
inhibited by the stilbene anion exchange inhibitor, DIDS (4,4'- 
diisothiocyano-2,2'-disulfonic stilbene), with a KI similar to that 
for the red cell. We have measured the binding affinities of a 
fluorescent stilbene inhibitor, DBDS (4,4'-dibenzamido-2,2'-di- 
sulfonic stilbene), to MCD cells in 28.5 mM citrate and have 
characterized both a high-affinity site (K~ = 93 + 24 nM) and a 
lower affinity site (K~ = 430 -+ 260 riM), which are closely similar 
to values for the red cell of 110 + 51 nM for the high-affinity site 
and 980 -+ 200 nM for the lower affinity site (A.S. Verkman, J.A. 
Dix & A.K. Solomon, J. Gen. Physiol.  81:421-449, 1983). When 
C1 replaces citrate in the buffer, the two sites collapse into a 
single one with K{ = 1500 -+ 400 riM, similar to the single K{ = 
1200 -+ 200 nM in the red cell (J.A. Dix, A.S. Verkman & A.K. 
Solomon, J. Membrane  Biol. 89:211-223, 1986). The kinetics of 
DBDS binding to MCD cells at 0.25/xM t are characterized by a 
fast process, r = 0.14 -+ 0.03 sec, similar to ~- = 0.12 +- 0.03 sec in 
the red cell. These similarities show that the physical chemical 
characteristics of stilbene inhibitor binding to MCD cell 'band 3' 
closely resemble those for red cell band 3, which suggests that 
the molecular structure is highly conserved. 
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Introduction 

A s  a final s t ep  o f  u r i na ry  ac id i f ica t ion ,  H + is se- 
c r e t e d  in the  m a m m a l i a n  m e d u l l a r y  co l lec t ing  duc t  
(MCD)  b y  a H + - A T P a s e  on the  lumina l  m e m b r a n e  
o f  the  M C D  cell .  F o r  each  H § s ec r e t ed ,  t he re  is an 
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e q u i v a l e n t  syn thes i s ,  wi th in  the  M C D  cell ,  o f  
H C O y ,  w h i c h  is t hen  r e t u r n e d  to the c i r cu la t ion  v ia  
a C I - / H C O f  e x c h a n g e  a t  t he  b a s o l a t e r a t  f ace  o f  this  
t u b u l a r  s e g m e n t  (S tone  et  a l . ,  1983; K o e p p e n ,  
1985). S tone  et  al. (1983) s h o w e d  tha t  b i c a r b o n a t e  
r e a b s o r p t i o n  in th is  s e g m e n t  is inh ib i ted  b y  the  
s ame  s t i lbene  an ion  e x c h a n g e  inh ib i tor ,  S ITS  (4- 
a c e t a m i d o - 4 ' - i s o t h i o c y a n o - 2 , 2 ' - d i s u l f o n i c  s t i lbene) ,  
tha t  spec i f i ca l ly  inh ib i t s  C 1 - / H C O f  e x c h a n g e  in the  
red  cel l .  Schus t e r ,  Bons ib  and Jenn ings  (1986) 
r a i sed  m o n o c l o n a l  a n t i b o d i e s  in the  m o u s e  aga ins t  
the  m e m b r a n e  d o m a i n  o f  h u m a n  r ed  cell  band  3 and  
f o u n d  tha t  it was  b o u n d  p r e f e r e n t i a l l y  to the  baso -  
l a te ra l  f ace  o f  r abb i t  M C D .  D r e n c k h a h n  et  al.  (1985) 
r e p o r t e d  tha t  a n t i b o d i e s ,  to e i the r  the  c y t o p l a s m i c  
or  the  m e m b r a n e - s p a n n i n g  d o m a i n  o f  h u m a n  (or 
rat)  r ed  cell  b a n d  3, b o u n d  to the  b a s o l a t e r a l  f ace  o f  
a d i s t i nc t  p o p u l a t i o n  o f  i n t e r c a l a t e d  cel ls  in the  
M C D .  T h e  m o l e c u l a r  we igh t  o f  the  i m m u n o s t a i n e d  
p ro t e in  was  a b o u t  120 kD,  s l ight ly  h igher  than  the 
103 kD of  h u m a n  red  cel l  band  3. S u b s e q u e n t l y ,  
Ze ide l  e t  al. (1986b) s tud i ed  C 1 - / H C O 2  e x c h a n g e  in 
s e p a r a t e d  ce l l s ,  f r e sh ly  p r e p a r e d  f rom the r abb i t  
o u t e r  M C D ,  and  found  tha t  the  e x c h a n g e  was  inhib-  
i ted  b y  D I D S  ( 4 , 4 ' - d i i s o t h i o c y a n o - 2 , 2 ' - d i s u l f o n i c  
s t i lbene)  wi th  a KI o f  0.5/XM, s imi lar  to  t h e / ( i  o f  0.2 
~ U  D I D S  for  r e v e r s i b l e  inh ib i t ion  o f  h u m a n  red  cel l  
C 1 - / H C O y  e x c h a n g e  (Knauf ,  1979). 

T h e s e  e x p e r i m e n t s  s h o w  tha t  the  an ion  ex- 
change  p r o t e i n  on  the  b a s o l a t e r a l  f ace  o f  the  M C D  
cel ls ,  w h i c h  w e  cal l  ' b a n d  3, '  is func t iona l ly  and 
i m m u n o c h e m i c a l l y  s imi la r  to red  cel l  band  3. H o w -  
ever ,  the  l ip id  and  p r o t e i n  m i c r o e n v i r o n m e n t  o f  the  
two  p r o t e i n s  p r o b a b l y  dif fers  subs t an t i a l l y  and w e  
w a n t e d  to  k n o w  w h e t h e r  t h e s e  d i f f e rences ,  as  wel l  
as  d i f f e r ences  in the  p e p t i d e  s e q u e n c e  tha t  had  not  
b e e n  p r o b e d  i m m u n o c h e m i c a l l y ,  had  a s ignif icant  
ef fec t  on  the  t r a n s p o r t  and  o t h e r  p h y s i c a l  c h e m i c a l  
p r o p e r t i e s  o f  the  p ro t e in .  
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In order to answer this question, we studied the 
binding affinities and kinetics of a fluorescent ana- 
log of DIDS, the stilbene inhibitor DBDS (4,4'-di- 
benzamido-2,2'-disulfonic stilbene). DBDS in- 
creases its fluorescence by more than a factor of 
two when bound to band 3 so that we could use the 
fluorimetric stopped-flow method to determine the 
DBDS binding affinities and kinetics of MCD cell 
'band 3' and compare these results with those previ- 
ously obtained for the DBDS/band 3 reaction in red 
cell ghosts (Verkman et al., 1983; Dix et al., 1986). 
The present experiments on MCD cell 'band 3' 
show that the DBDS binding affinities and kinetics 
are similar, and possibly identical, in the two cells. 

Materials and Methods 

MATERIALS 

DBDS, synthesized by the method of Kotaki, Naoi and Yagi 
(1971), was kindly provided through the courtesy of Dr. James 
A. Dix. H2-DIDS (4,4'-diisothiocyano-2,2'-dihydrostilbene disul- 
fonate) was obtained from Molecular Probes (Eugene, OR). All 
other chemicals, obtained from Fisher (Fairlawn, N J) were re- 
agent grade. Outdated bank blood was kindly supplied by the 
Children's Hospital (Boston, MA). 

PREPARATION OF M C D  CELLS AND RED CELLS 

Highly purified suspensions of outer medullary collecting duct 
cells were prepared from New Zealand white rabbits as de- 
scribed by Zeidel et al. (1986a,b). The inner stripe of the outer 
medulla was excised, digested with protease, and centrifuged on 
continuous (5-46%) Ficoll | gradients at 2300 x g for 45 min. A 
homogeneous population of cells with morphologic and func- 
tional characteristics of outer MCD cells was located in the up- 
per two fractions. These cells have a high glycolytic capacity, are 
rich in carbonic anhydrase, and use H+-ATPase and C1 /HCO2 
exchange to maintain intracellular pH (Zeidel et at., 1986a,b; 
Silva, Klausner, Segall, Rosen, Zeidet & Seifter, personal com- 
munication). Suspensions were either freshly prepared or had 
been stored at -20~ until use. The suspension was either 
washed four times with 10 volumes of 28.5 mN Na citrate (ti- 
trated to pH 7.4 at 20~ with citric acid) or with PBS buffer of 
the following composition, in raM: 150 NaCI, 5 Na2HPO4, pH 
7.4, 300 + 5 mOsm. To reverse any aggregation of the MCD 
cells, the first wash contained 10 mM EDTA which was omitted 
in the subsequent washes. The cells were vortexed for 5 rain to 
homogenize the suspension. 

For the protein determinations, the MCD cell suspension 
was sonicated for 5 rain in a Branson bath sonicator (Model 12, 
Shelton, CN) and the protein content measured by the Bradford 
(1976) method (Pierce Chemical Co, Rockford, IL). Bovine se- 
rum albumin (BSA) was used as a standard and the appropriate 
corrections were made to compensate for the difference between 
the absorbance ofa BSA standard solution and that of an average 
protein. In a sevenfold replication of one determination at 380 
(p,g protein) m1-1, the standard deviation was 2.3 (~g protein) 
ml-L When all the sources of error are taken into account, par- 

ticularly the sonication process, there is a much larger standard 
deviation at the same protein concentration, 50 (/zg protein) 
ml t. To maximize the sensitivity of this method, the protein 
concentration was determined by the difference between the ab- 
sorbance at 595 nm and that at 465 nm. By this means we were 
able to obtain a sensitivity of 0.5/xg protein (ml supernatant) 
which decreased the error in our measurements for the Scat- 
chard plot by a factor of three. 

For red cell experiments, bank blood, outdated by no more 
than 2 weeks, was used. After aspiration of plasma and buffy 
coat, the blood was washed three times with PBS buffer. Osmo- 
lality was determined with a Fiske Model OS osmometer (Ux- 
bridge, MA). 

EQUILIBRIUM BINDING OF D B D S  TO M C D  CELLS 

AND RED CELLS 

For the Scatchard plots, known concentrations of DBDS were 
added to MCD cells (0.36-0.38 (mg protein) ml -I) suspended in 
28.5 mM Na citrate, unless otherwise specified. DBDS binding 
was measured by fluorescence enhancement, excited at 350 nm 
(resolution 4 nm) and monitored between 400-600 nm (resolution 
4 nm) in a single beam spectrofluorimeter (Photon Technology 
International, Princeton, N J). The spectrofluorimeter output was 
interfaced on-line to our computer (p-System, Infinity Computer 
Corp, Worcester, MA). In order to maximize our accuracy, it 
was necessary to correct for the small fluctuations in lamp inten- 
sity and photomultiplier amplification, etc., which varied from 
day to day, so each set of measurements was normalized to the 
fluorescence intensity of 1/.toM DBDS at 420 nm, measured at the 
same time. 

Centrifugation Method 

After 25-min incubation with known DBDS concentrations at 
22-25~ the MCD cell suspension was centrifuged at 5000 x g 
for 20 rain. [DBDS]free in the supernatant was measured by fluo- 
rescence enhancement, based on the assumption that no bound 
DBDS (either to protein or lipid) is in the supernatant; 
[DBDS]bound was taken as the difference between [DBDS]total and 
[DBDS]fre~. A total of 71 data points were determined in two 
series of measurements and a standard curve of fluorescence 
enhancement against [DBDS]fre~ was made for each series. K], 
KS, n, the number of binding sites, and c, the bound/free ratio for 
the nonspecific binding sites were determined as described in the 
Appendix. 

Two different methods were used to show that the superna- 
tants were free of protein or bound DBDS. The supernatant pro- 
tein concentration was found (by the Bradford method) to be 
<0.5 ~g ml t in MCD cell preparations in which DBDS was 
omitted. On the assumption that any supernatant binding sites, 
such as lipids, are not saturated, we added known concentrations 
of DBDS to the supernatant, but could detect no additional fluo- 
rescence enhancement. Our detection limit of 5 nM [DBDS]fre~ is 
set by the noise level of the spectrophotometer, which means 
that the errors in the Scatchard plot increase sharply from 2% at 
the higher concentrations up to 20% at concentrations <50 riM. 
The effect of this detection limit is to cause an underestimation of 
[DBDS]f~ee, which means that we cannot compensate for very 
small adventitious fluorescence enhancements in the superna- 
tant. In consequence [DBDS]bouna is slightly overestimated in the 
centrifugation method, which leads to a small shift in the Scat- 
chard plot. 
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Fluorescence Enhancement Method 

Known concentrations of DBDS were added to MCD celt sus- 
pensions and the fluorescence enhancement was measured after 
25-min incubation, as described above. The measured fluores- 
cence unit f,  which contains contributions from both free and 
bound DBDS, as well as light scattering, self quenching and the 
inner filter effect, is given by: 

f =  Q(o~B + fiF + S) (I) 

in which B and F are bound and free [DBDS]. Q is the correction 
for the inner filter and self-quenching effects, S is the light-scat- 
tering of MCD cells and c~ and/3 are the fluorescence intensities 
per bound and free [DBDSI. S was determined from a direct 
measurement of the fluorescence intensity of an MCD cell sus- 
pension in the absence of DBDS. Q and/3 were determined from 
the fluorescence intensity of [DBDS]r~e by a quadratic fit to the 
equat ion , f=  fiF + Q[3F 2. The values ofK~, K~, c~, n and c were 
determined as given in the Appendix. 

KINETICS OF D B D S  BINDING TO M C D  CELLS 

AND RED CELLS 

For the binding kinetics experiments, the MCD cell concentra- 
tion was 0.02-0.2 mg ml ~, for suspensions in either the 28.5 mM 
citrate solution, or in PBS. The MCD cell solution was mixed 
with an equal volume of 1-10/zM DBOS, in the same buffer, in a 
stopped-flow apparatus (Model SFA-I 1, Hi-Tech Scientific, Sa- 
lisbury, Wiltshire, England). This apparatus consisted of two 
hand-driven syringes which rapidly drove 0.2 ml of solution 
through a mixing chamber into an observation cuvette in the light 
path of our single-beam spectrofluorimeter. The path length from 
the mixing chamber to the observation port, together with the 
time required to replace the solution in the observation chamber, 
gave an effective dead time of 40 msec, to which must be added 
an additional 10 msec for delays in the trigger circuit. DBDS 
binding was measured by fluorescence enhancement, excited at 
350 nm (resolution 4 rim), path length 10 mm, and monitored at 
427 nm (resolution 8 nm, path length 2 mm). The spectrofluori- 
meter output was interfaced on-line to our computer, whose data 
acquisition board (Lab Master, Scientific Solutions Inc., Solon, 
OH) provided a 30-kHz conversion. 1000 data points, spaced 
between 2-10 msec, were collected for each run and 3-5 runs 
were averaged for each data point. The data were usually fitted 
by nonlinear least-squares to a single exponential, except that, 
occasionally, there was a measurable slow component of small 
amplitude with a time constant one order of magnitude higher. 
We do not know the cause of this second exponential and have 
neglected it except that, when it is detectable, the data have been 
fitted to two exponentials which were then deconvoluted so that 
the fast time constant, which is the one we use, could be deter- 
mined accurately. 

In the red cell experiments, the cell solution contained 0.5% 
washed red ceils in PBS. The signal was small, due to the high 
absorbance of hemoglobin in our 300-450 nm observation range, 
so that it was necessary to average 50-100 runs for each data 
point. 

EXPERIMENTS WITH H2-DIDS 

Approximately 0.1 mg total protein/ml of MCD cells were re- 
acted with 1 /xg H2-DIDS for 30 rain (37~ in PBS and centri- 

fuged. The cells were washed twice with saline buffer containing 
0.5% bovine serum albumin (BSA) to remove unreacted H2- 
DIDS and twice with saline buffer to remove BSA. [This is a 
modification of the procedure for red cells by Ramjeesingh, 
Gaarn and Rothstein (198/)).] 

Results and Discussion 

EQUILIBRIUM BINDING 

Our experiments are based on the premise that the 
DBDS fluorescence enhancement that we observe 
is the result of binding to MCD cell 'band 3' and that 
there is relatively little nonspecific binding. Since 
DIDS, which is known to bind to red cell band 3 
with high specificity (Lepke et al., 1976) reacts co- 
valently with the membrane, covalent DIDS binding 
should suppress DBDS fluorescence enhancement 
in MCD cell 'band 3,' as it does in the red cell 
(Verkman et al., 1983). Figure 1 shows, not only 
that covalent binding of 1 /J.M H2-DIDS suppresses 
DBDS fluorescence enhancement, but also that flu- 
orescence enhancement in H2-DIDS-treated cells 
does not increase with [DBDS], as it would if any 
nonspecific DBDS binding sites remained. Thus, 
there are no measurable nonspecific DBDS binding 
sites that do not react with H2-DIDS. 

Since the yield of MCD cells was low, the maxi- 
mal amount of pooled fresh separated MCD cells on 
any single day virtually never exceeded 10 mg, and 
averaged ~5 mg. In order to avoid problems of bio- 
logical and preparative variability, it was necessary 
to complete an entire series of measurements on a 
single pooled sample. When a series of measure- 
ments required more than a single day's supply of 
cells, we pooled samples from several day's runs, 
which meant that the cells had to be frozen. Scat- 
chard plots can be made by either fluorescence en- 
hancement of an entire cell suspension or by cen- 
trifugation. Fluorescence enhancement requires a 
relatively small number of cells but evaluates the 
number of binding sites in fluorescence units, rather 
than giving them directly in nanomolar units. In the 
centrifugation method the supernatant is separated, 
which permits measurement of the number of sites 
in nanomolar units, but more cells are required so 
that this method can only be applied to pooled fro- 
zen cells. 

The initial set of experiments was carried out in 
28.5 mM citrate buffer, since citrate is a nontrans- 
portable anion in the red cell. Thus our results were 
not affected by the transport kinetics of C1 and 
could be compared with our previous results in red 
cell ghosts (Verkman et al., 1983) measured under 
the same conditions. Figure 2 shows that the bind- 
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Fig. 1. Effect of covalent H2-DIDS reaction 
on DBDS/ 'band 3' binding in MCD cells. The 
upper (control) curve shows the relative 
fluorescence (in fluorescence units, s e e  

Materials and Methods) of  DBDS binding to 
0.1 mg ml ~ MCD cells in 28.5 mM citrate, pH 
7.4, 23~ The contribution of  free DBDS has 
been subtracted and the curve has been 
corrected for self-quenching and inner filter 
effects. The bottom curve shows the relative 
fluorescence after pretreatment with I ixM 
Hz-DIDS, as described in Materials and 
Methods 
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Fig. 2. Scatchard plot of  DBDS binding 
to MCD cell 'band 3' measured by the 
centrifugation method. Bound is 
[DBDS]bo.,d (nmol (rag protein) -z) and 
Free is [DBDS]fr~ (/.tM). The solid line 
is a two-site fit, drawn as described in 
the text, and the dashed line is the 
nonspecific binding, calculated as 
described in the text. Each of  the 71 
points is an average of 3-5 runs 

ing curve obtained by the centrifugation method on 
frozen MCD cells is characterized by two binding 
sites, which are also evident in measurements  by 
the fluorescence method in both fresh and frozen 
cells, as shown in Figs. 3 and 4. To facilitate com- 
parison between MCD cell 'band 3' and red cell 
band 3, we have fitted our binding data to the se- 
quential binding model used by Verkman et al. 
(1983) to fit their red cell data (see further discus- 
sion in the Appendix).  Verkman et al. used the F- 
test to show that the sequential binding model fits 
the red cell data significantly better than a single- 

site model and we would expect the same conclu- 
sion to apply to MCD cells since the scatter of the 
data is similar. 

The data obtained by the centrifugation method 
in Fig. 2 were fit to a two-site Scatchard plot by 
nonlinear least-squares using the method given in 
the Appendix.  The high-affinity apparent dissocia- 
tion constant,  K~ = 93 + 24 nM (nl = 1.0 --+ 0.1 nmo1 
(mg protein-])) and the low-affinity apparent disso- 
ciation constant,  K~ = 430 + 260 nM (n2 = 1.0 + 0.1 
nmol (mg protein)-]),  as shown in Table 1. These 
data agree with those obtained by fluorescence en- 
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Fig. 4, Equilibrium binding of DBDS to 
MCD cell 'band 3' measured by the 
fluorescence method using freshly 
prepared MCD cells. The fitting 
process is as described under Fig. 2 
and each of the 28 points is the average 
of three runs. K~ = 86 -+ 12 riM; K~ = 
570 --- 210 n~4 and n = 0.7 -+ 0.I nmol 
(mg protein) -I 

hancement, K~ = 93 + 13 ng  (nl = 0.8 + 0.1 nmol 
(mg protein) -1) and K~ = 610 + 180 n M  (n2 = 0 . 8  + 

0.1 nmol (mg protein)-~), also shown in Table 1. 
Freezing the MCD cells does not appear to affect 
the equilibrium binding of DBDS, as can be seen by 
a comparison of Fig. 3 with Fig. 4 whose dissocia- 
tion constants are given in the legend. Table 1 also 
shows that the binding affinities, obtained from the 
Scatchard plots in 28.5 mM citrate buffer of MCD 
cell 'band 3,' agree well with those observed previ- 
ously in the red cell ghost, which provides strong 
support for the view that the DBDS binding sites in 
MCD cells closely resemble those of red cell band 3. 

The relationship between the DBDS binding 
sites in red cells and band 3 can be probed further 
by replacing the nontransportable citrate in the sus- 
pension medium with 130 mM C1-. Under these 
conditions, Dix et al. (1986) showed that the two red 
cell DBDS binding sites, which are observed at 28.5 
mM citrate, collapse into a single site at 130 mM C1-. 
As Fig. 5 shows, a similar behavior is observed by 
the fluorescence method in MCD cells, whose sin- 
gle binding site has K~ = 1500 + 400 nM (nl = 1.3 + 
0.2 nmol (rag protein)-1), in good agreement with 
the red cell, as shown in Table 1. Since the principal 
function of red cell band 3 is CI-/HCO2 exchange, 
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T a b l e  1. Affinities for DBDS binding to MCD Cells a 
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K{ n~ K~ n2 
(riM) (nmol(mg protein) ') (nM) (nmol(mg protein) -t) 

Centrifugation method  (28.5 mM citrate) 
MCD cells 93 -+ 24 1.0 +- 0.1 
Red cell ghosts  110 -+ 51 1.6 - 0.2 
Fluorescence  enhancemen t  method (28.5 mM citrate) 
MCD cells 93 -+ 13 0.8 -+ 0.1 
Red cell ghos ts  65 -+ 8 1.6 +- 0.2 
Exper iments  at 130 m ~  C1- 
MCD cells 1500 -+ 400 1.3 -+ 0.4 
Red cell ghosts  1200 -+ 200 3.3 -+ 0.3 

430 +- 260 1.0 +- 0.1 
980 +- 200 1,6 -+ 0.2 

610 -+ 180 0.8 -+ 0.1 
820 -+ 100 1,6 +- 0.2 

a Red cell ghost  data  at 28.5 mM citrate f rom Verkman et al. (1983); red cell ghost data at 130 mM CI 
from Dix et al. (1986). 
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Fig. 5. Effect of  Cl-  on DBDS binding 
to MCD cell 'band  3' measured  by the 
f luorescence method.  0.357 mg MCD 
cell protein ml ] were incubated for 25 
min at 23~ pH 7.4 in 160 mM ionic 
strength buffer containing 130 mM 
NaC1, and the balance Na  citrate. The 
dotted curve for [CI-] = 0 is taken 
from Fig. 3 and that  for [CI-] = 130 
mM was obtained by a nonlinear  
least-squares  fit to a single-site 
Scatchard plot with K ~ = 1500 -+ 400 
nM and n = 1.3 -+ 0.4 nmol (mg 
protein) ~. The correction for 
nonspecific binding sites (dashed line) 
was taken from the [CI } = 0 data. 
Each of the 18 points is the average of 
three runs 

the observation that the replacement of citrate by 
CI- produces virtually identical results in the DBDS 
binding affinities provides additional strong support 
for the view that closely similar anion exchange 
mechanisms are expressed in both red cells and 
MCD cells. 

There may be a difference, however, in the 
number of binding sites per mg membrane protein. 
Superficially, Table 1 shows that the total number of 
DBDS binding sites/mg protein is similar in MCD 
and red cells, but the preparations are very differ- 
ent. The red cell measurements were made on white 
ghosts in which the hemoglobin and other intracel- 
lular proteins have been washed away. Band 3 com- 
prises 25% of the red cell membrane protein 

(Guidotti, 1972) and one DBDS binds to each band 3 
with a site density of 3.2 (nmol DBDS sites)/(mg 
membrane protein). Our experiments with MCD 
cells are carried out on a preparation of whole cells 
which, though relatively pure, contains significant 
fractions of other material, but the site density of 
1.4 (nmol DBDS site)/(mg total cell protein) is com- 
parable. It may well be that the site density of 
stilbene binding sites in kidney cells is much greater 
than in the red cell since Talor et al. (1987) report 
H2-DIDS site densities of 11 and 32 (nmol H2-D1DS 
sites)/(mg membrane protein) for luminal and baso- 
lateral membranes, respectively, of bovine kidney 
cortex. Our MCD cell site density would be 
comparable to theirs if the membrane proteins corn- 
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p r i s ed  -~4 -13% o f  the  to ta l  p ro t e in  in our  p r e p a r a -  
t ion.  l 

BINDING KINETICS 

W e  have  m e a s u r e d  the  t ime  c o u r s e  of  D B D S  bind-  
ing to f r e sh  M C D  cel ls  by  the  s t opped - f l ow  m e t h o d  
and find in the  t yp i ca l  e x p e r i m e n t  s h o w n  in Fig.  6, 
tha t  t he re  is a fas t  c o m p o n e n t  wi th  a ra te  c o n s t a n t  
o f  7.1 -+ 0.2 sec i ( [DBDS]  = 4 /.LM). We have  
m o d e l l e d  the  first  s t eps  o f  the  r e a c t i o n  as a b imole -  
cu la r  a s s o c i a t i o n ,  too  fas t  for  us to m e a s u r e ,  fol- 
l o w e d  by  a c o n f o r m a t i o n a l  change ,  a cco rd ing  to 
Eq.  (2) fo l lowing  the  m o d e l  o f  V e r k m a n  et  al. (1983) 
in the  red  cel l ,  

DBDS + protein ~ DBDS-protein < k2 ) DBDS-protein* (2) 
k 2 

c 
z 

u _  

tad 

5 

o:2 o:6 1.b l a 1~ 
TIME {sec) 

Fig. 6. Time course of 4/x,M DBDS binding to 'band 3' in frozen 
MCD cells in PBS. The data have been fitted to a double expo- 
nential (dashed line) which has been deconvoluted to give the 
fast exponential (full line) with 1/r = 7.1 -+ 0.2 sec ~, as described 
in Materials and Methods 

in wh ich  ' p r o t e i n '  d e n o t e s  the  M C D  binding  p ro te in  
and  * d e n o t e s  the  D B D S / p r o t e i n  c o m p l e x  fo l lowing  
its c o n f o r m a t i o n  change .  I t  is p o s s i b l e  to d e t e r m i n e  
KI and  k2 by  p lo t t ing  r aga ins t  [DBDS]  -~ acco rd ing  
to Eq.  (3) (g iven b y  V e r k m a n  et  al . ,  1983): 

r = K I / ( k 2 [ D B D S ] t o t a l )  + 1/k2 (3) 

Since the site density is so high, we have carefully consid- 
ered the possibilities for experimental error in either of the two 
numbers which comprise the site density, the ratio of the total 
number of DBDS sites to the total amount of protein in the 
sample. The total number of DBDS sites is obtained by differ- 
ence between the initial and final [DBDS]free in the supernatant. 
Control experiments confirm that there has been no loss of 
DBDS from our initial supernatant solution as, for example, by 
adsorption to the walls of the pipette or test tube, which would 
serve to increase the apparent number of sites. We have deter- 
mined the DBDS extinction coefficient in our initial supernatant 
solution to be 28.5 -+ 2.5 mM -~ cm < at 350 nm and 49.6 -+ 1.9 
mM -~ cm i at 336 nm in good agreement with the values of 32.1 
mM ~ cm ~ at 350 nm and 50.0 mg ~ at 336 rim, given for DBDS 
by Rao et al. (1979). 

Protein concentration was determined by the Bradford 
method, as described in Materials and Methods. In order to 
make sure that the Bradford method gave the same results as the 
Lowry method, another member of the laboratory assayed a 
sample by the Lowry method and obtained a value of 0.78 mg 
ml ~, as compared to the value of 1.03 -+ 0.07 mg m1-1 he ob- 
tained by the Bradford method (using an ovalbumin standard); 
our independent assay by the Bradford method gave a value of 
1.17 -+ 0.09 mg ml < (using a bovine serum albumin standard). 
The possibility existed that micelle formation might prevent ac- 
cess of the reagent to all the amino acids in the sample, which 
would decrease the apparent protein concentration. Conse- 
quently, we arranged for an amino acid analysis after total com- 
bustion of one of our samples, which yielded a value of 1.44 mg 
ml ~, in very good agreement with our determination, by the 
Bradford method, of 1.56 -+ 0,14 mg ml -~ on the same sample. 

p r o v i d e d  k2 >> k-2 and  [DBDS]total >> [protein]torah A 
l inear  fit o f t  to  [DBDS]~oI~E gives  k2 = 1/ intercept ,  K1 
= s lope / i n t e r cep t .  Us ing  Eq.  (A3) in the  A p p e n d i x ,  
k - 2  = k 2 / [ ( K f l K { )  - 1]. S ince  the  0.5 to 5/XM D B D S  
used  in our  e x p e r i m e n t s  is > than  the  1.4 nmol  
D B D S  s i tes / (mg to ta l  cell  p ro te in )  in s u s p e n s i o n s  o f  
< 0 . 4  mg  M C D  ce l l s /ml  and  s ince  (as will  be  shown  
in T a b l e  3) k2 >> k 2, the  cond i t i ons  for  Eq.  (3) a re  
sat isf ied.  

Tab le  2 s h o w s  the resu l t s  o f  the  e x p e r i m e n t s  to 
d e t e r m i n e  r in M C D  cel ls  in PBS as  a func t ion  o f  
[DBDS]  -1. F o r  c o m p a r a t i v e  p u r p o s e s ,  we have  
m a d e  m e a s u r e m e n t s  on red  cel ls  wi th  the  resul t s  
g iven  in Tab le  2. C o m p a r i s o n  o f  the  b ind ing  k ine t ics  
o f  D B D S  s h o w s  tha t  the  resu l t s  for  M C D  cell  ' b a n d  
3' a re  v e r y  c lo se  to  t hose  for  the  h u m a n  red  cell .  

W e  have  d e t e r m i n e d  the  d e p e n d e n c e  of  r on  
[DBDS]  -1 at  28.5 mM c i t ra te  and  o b s e r v e d  the  lin- 
ea r  r e l a t i onsh ip  s h o w n  in Fig.  7, wh ich  fits Eq.  (2) 
ve ry  well .  T h e  va lues  o f  k2 and  KI o b t a i n e d  f rom the  
s lope  and  i n t e r c e p t  can  be  c o m b i n e d  wi th  K{ to give 
k 2 and  K2, as  s h o w n  in T a b l e  3. The  o b s e r v a t i o n  
tha t  the  va lue  o f  2.1/XM for  KI,  the  t rue  d i s soc ia t ion  
c o n s t a n t  for  the  b i m o l e c u l a r  a s s o c i a t i o n  in M C D  
cel ls ,  is v e r y  m u c h  g r e a t e r  than  the a p p a r e n t  d i sso-  
c ia t ion  c o n s t a n t ,  K{ = 0.09/XM m e a n s  tha t  the  ini- 
t ial  b ind ing  is v e r y  w e a k  and  c l ea r ly  i l lus t ra tes  the  
ef fec t  o f  the  c o n f o r m a t i o n a l  change  in lock ing  the 
b o u n d  D B D S  into  its si te on  M C D  cell  ' b a n d  3. '  
This  is a c o n s e q u e n c e  o f  the  fact  tha t  kz for  the  
c o n f o r m a t i o n a l  c h a n g e  is 9.9 sec  -1, abou t  t w e n t y  
t imes  g r e a t e r  t han  the  r e v e r s e  ra te  cons t an t ,  k 2 
w h i c h  = 0.5 sec  1. In  o t h e r  w o r d s ,  the  first  b ind ing  
s tep  m a y  no t  be  p a r t i c u l a r l y  specif ic ,  bu t  once  the  
p ro t e in  r e c o g n i z e s  h o w  wel l  the  l igand  fits its s i te ,  it 
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Fig. 7. Dependence of the fast 
component of r on [DBDS] -~ in MCD 
cells (0.1 [rag MCD cell protein] ml -I) 
in 28.5 mM citrate at 23~ pH 7.4. The 
line has been drawn according to Eq. 
(3) by least-squares with Kt = 2.1 -+ 
0.3 ~M and k2 = 9.9 -+ 0.9 sec -] 

Table 2. Concentration dependence of DBDS binding kinetics to MCD cells and red cell preparations 

T T r T 

(sec) (sec) (sec) (sec) 

(DBDS conc) -~ 0.25 ~M -t 0.5 /xM -t 1.0 b~M l 2.0 /xM -t 
MCD cells a 0.14 -+ 0.03(5) 0.21 -+ 0.01(3) 0.24 -+ 0.02(4) 
Red cells a 0.12 -+ 0.03 0.14 -+ 0.05 0.18 -+ 0.05 0.25 -+ 0.07 

a Expts. in PBS. Number of expts, in parentheses. Errors are SD. 

Table 3. Kinetic and equilibrium constants for DBDS/band 3 
binding in red cells and MCD cells 

Constant Units Red cell ghosts MCD cells a 

Kt /zM 3.0 +-- 1.4 2.1 --+ 0.5 
k 2 s e c t  4.0 -+ 1.5 9.9 + 0.8 
k 2 sec t 0.09 _+ 0.02 0.5 ---0.3 
K2 44 - 20 22 -+ 9 
K3 ~M 0.9 --+ 0.1 0.6 --+0.2 
K[ /~M 0.065 -+ 0.008 0.09 -+ 0.0l 
K~ /zM 0.8 -- 0.1 0,6 - -0 .2  

a Data obtained by the fluorescence enhancement method. 

environment of the anion exchange protein, have 
very little effect on inhibitor binding, and by exten- 
sion on the anion transport process itself, which 
strongly suggests that the molecular structure is 
highly conserved. 
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snaps across to its new configuration. Examination 
of Table 3 shows that an entirely analogous situa- 
tion obtained for red cell band 3. 

Thus, both the binding affinities determined 
from the Scatchard plot and the binding kinetics 
show that the physical chemical characteristics of 
stilbene inhibitor binding to MCD cell 'band 3' 
closely resemble those for red cell band 3. This 
means that differences between red cell and MCD 
cell, in either the peptide sequence or in the micro- 
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Appendix 

We have used the sequential binding model for DBDS binding to 
red cell band 3 (Verkman et al., 1983) to fit the Scatchard plot of 
our MCD data. Verkman et al. made a careful comparison of the 
sequential binding model with another model in which binding to 
the sites is entirely independent; they found that the points for 
the sequential model fit the data much better (X 2 = 1.9) than for 
the independent site model (X 2 = 6.2). We have not made such a 
comparison, but have chosen the same sequential model 
Verkman et al. used in order to facilitate the comparison of MCD 
cell and red cell results. Equation (2) in the text is based on a 
bimolecular association, too fast for us to measure, followed by a 
conformational change, as follows, 

DBDS + protein ~ DBDS-protein ~ k2 ~ DBDS-protein* (2) 
k-2 

in which 'protein' denotes the MCD binding protein and * de- 
notes the DBDS/protein complex following its conformation 
change. The next step in the sequential model is 

DBDS + DBDS-protein* ~ (DBDS)2-protein*. (A2) 

The two observed sequential binding affinities, K~ and K~, are 
related (see Verkman et al., 1983) to the constants in Eqs. (2) and 
(A2) by the following, 

K'~ = KJ(1 + K2) (A3) 

K~ = K3/(1 + 1/K2) (A4) 

in which K2 = k2/k 2. The Scatchard binding data is obtained by 
fitting the data to the following curve, as described below: 

B/F = ((K~ + F)yn)/(K~K~ + 2K~2F + F 2) + yc (A5) 

in which B is [DBDS]bou,d, F, [DBDS]free and c is the B/F ratio for 
the nonspecific binding sites, y is the conversion factor from 
fluorescence units to nmol and is 1.0 in the centrifugation 
method, and n = nl + n2, in which ni and n2 are the number of 
high-affinity and low-affinity sites, taken to be equal, according 
to the sequential binding model. The Scatchard binding data for 
the centrifugation method are then obtained by a nonlinear four- 
parameter fit to the data for K~, K~, n and c. 

To fit the data from the fluorescence enhancement experi- 
ments, Eq. (1) from the text was substituted into Eq. (A5) and 
the fluorescence intensity of a mixture of DBDSbound and 
DBDSeree was used to make a five-parameter fit to the substituted 
equation to obtain K~, K~, c~ (required for Eq. (1) in the text), yn 
and 7N. KSx and K~ are in nanomolar units, but n (the number of 
binding sites) and c (the B/F ratio for the nonspecific binding 
sites) are in fluorescence units. To obtain -/, which is necessary 
to convert from fluorescence units to nmol, we use the value of c 
previously determined by the centrifugation method and as- 
sumed that this parameter was the same in the fluorescence en- 
hancement measurements. 


