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Summary. In separated outer medullary collecting duct (MCD) 
cells, the time course of  binding of  the fluorescent stilbene anion 
exchange inhibitor, DBDS (4,4'-dibenzamido-2,2'-stilbene disul- 
fonate), to the MCD cell analog of band 3, the red blood cell (rbc) 
anion exchange protein, can be measured by the stopped-flow 
method and the reaction time constant,  rDBDS, can be used to 
report on the conformational state of the band 3 analog. In order 
to validate the method we have now shown that the IDs0.DBDS.MCD 
(0.5 --+ 0.1 /XM) for the H2-DIDS (4,4'-diisothiocyano-2,2'-dihy- 
drostilbene disulfonate) inhibition of  rDBDS is in agreement with 
the IDs0.cw,McD (0.94 --+ 0.07 /xM) for H2-DIDS inhibition of 
MCD cell C1 flux, thus relating 7DBDS directly to anion exchange. 
The specific cardiac glycoside cation transport  inhibitor, oua- 
bain, not only modulates DBDS binding kinetics, but also in- 
creases the time constant  for C1 exchange by a factor of two, 
from 7c1- = 0.30 -+ 0.02 sec to 0.56 -+ 0.06 sec (30 mM NaHCO3). 
The IDs0 DBDS,MCD for the ouabain effect on DBDS binding kinet- 
ics is 0.003 -+ 0.001 p,M, SO that binding is about an order of 
magnitude tighter than that for inhibition of  rbc K + flux (KI,K+,rbc 
= 0.017 tXM). These experiments indicate that the Na+,K -- 
ATPase, required to maintain cation gradients across the MCD 
cell membrane,  is close enough to the band 3 analog that confor- 
mational information can be exchanged. Cytochalasin E (CE), 
which binds to the spectrin/actin complex in rbc and other cells, 
modulates DBDS binding kinetics with a physiological 
IDs0,DBDS,MCD (0.076 --+ 0.005 p~M); 2 txM CE also more than dou- 
bles the C1- exchange time constant  from 0.20 _+ 0.04 sec to 0.50 
+- 0.08 sec (30 mM NaHCO3). These experiments indicate that 
conformational information can also be exchanged between the 
MCD cell band 3 analog and the MCD cell cytoskeleton. 
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Introduction 

In the medullary collecting duct of the kidney, C1-/ 
HCO3 exchange, on the basolateral face of the cell, 
is essential to the urinary acidification process. 
Stone et al. (1983) showed that the specific stilbene 
anion exchange inhibitor, SITS (4-acetamido-4'- 

isothiocyano-2,2'-disulfonic stilbene), inhibits bi- 
carbonate transport in this tubule segment, and 
Zeidel, Silva and Seifter (1986c) found that the C1 / 
HCO3 exchange in separated medullary collecting 
duct (MCD) cells was inhibited by another stilbene 
anion exchange inhibitor, DIDS (4,4'-diisothio- 
cyano-2,2'-disulfonic stilbene), with an IDs0,c~ ,~cD 
of 0.5 tXM, similar to the IDs0,Cl-,rbc of 0.04-1.2 /xM 
for DIDS inhibition of red cell anion exchange 
(Cabantchik, Knauf & Rothstein, 1978; Knauf, 
1979). Schuster, Bonsib and Jennings (1986) and 
Drenckhahn et al. (1985) have shown that there is a 
protein on the basolateral face of MCD cells that 
reacts immunochemically with antibodies to both 
the membrane bound and cytoplasmic fragments of 
human red cell band 3. In the human kidney, 
Wagner et al. (1987) have studied the membrane- 
spanning domain of the analog of band 3 in the inter- 
calated cells of the collecting duct and report no 
immunological differences from the analogous do- 
main of human red cell band 3. 

In a previous study on the anion exchange pro- 
tein in separated rabbit kidney outer MCD cells, 
Janoshazi et al. (1988) have used a fluorescent 
stilbene anion exchange inhibitor, DBDS (4,4'-di- 
benzamido-2,2'-disulfonic stilbene), to characterize 
the physical chemical properties of the anion ex- 
change protein. We have found that the binding and 
the kinetics of stilbene reactions with the MCD cell 
anion exchange protein closely resemble those of 
human red cell band 3 and have concluded that the 
molecular structure is highly conserved. 

DBDS binding to MCD cells requires at least 
two steps: a rapid bimolecular association, too fast 
for us to resolve; and a subsequent conformational 
change, whose kinetics can be determined from the 
characteristic reaction time, ~'DBDS, obtained by the 
stopped-flow rapid reaction method. The depen- 
dence of ~'I)BDS on DBDS concentration can then be 
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used to determine both the equilibrium constant of 
the bimolecular association and the forward veloc- 
ity of the conformational change; these constants 
can be used, in turn, to report on the conforma- 
tional state of band 3. Lukacovic et al. (1984) previ- 
ously used rDBDS to report on conformational 
changes in red cell band 3 caused by interactions 
with the mercurial sulfhydryl reagent, pCMBS 
(p-chloromercuribenzenesulfonate). Janoshazi and 
Solomon (1989) have shown that another stilbene 
anion exchange inhibitor, H2-DIDS (4,4'-diisothio- 
cyano-2,2'-dihydrostilbene disulfonate), decreases 
the rate constant for 3 /*M DBDS binding (7D1DS,rbc) 

to red cell band 3 from 6.0 sec -I to 0 sec -~ and the 
inhibition IDs0,DBDS,rbc -- 0.3 --+ 0.1 /xM. Since this 
IDs0 is very close to the ID50.cl ,rb~ of 0.47 --+ 0.04 
/xm, that we have determined for H2-DIDS inhibi- 
tion of red cell CI- exchange, we concluded that 
changes in rDRDS provide an accurate reflection of 
changes in the DBDS binding site on band 3. There- 
fore, Janoshazi and Solomon (1989) used rDBDS to 
report on red cell band 3 conformation changes in 
studies on interactions between band 3 and other 
integral membrane proteins. We have found that a 
similar close relationship exists between H2-DIDS 
modulation of rDBDS and rcl- in MCD cells and have 
concluded that changes in rDSDS also provide a satis- 
factory report of changes in the conformation of the 
band 3 analog in MCD cells. 

We have therefore used rDBDS to study the rela- 
tionship between the anion transport protein and 
other membrane components. The cardiac glyco- 
side cation transport inhibitor, ouabain, stimulates 
C1- flux in MCD cells, which indicates that the an- 
ion transport protein in MCD cells is close enough 
to the Na+,K+-ATPase that configurational infor- 
mation can be passed between them. We have also 
found that cytochalasin E, which binds to a specific 
site on the spectrin/actin/band 4.1 complex of the 
red cell cytoskeleton, causes rDBDS in MCD cells to 
increase by more than a factor of two. Since 
Drenckhahn et al. (1985) have shown that antibod- 
ies to red cell spectrin react immunochemically with 
MCD cells, these experiments with cytochalasin E 
suggest that the MCD cell anion transport protein is 
closely linked to the MCD cytoskeleton. 

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. Hi-DIDS and SPQ (6-methoxy-N-(3-sulfopropyl)quino- 
linium) were obtained from Molecular Probes (Eugene, OR). 

DIDS was obtained from Pierce Chemical (Rockford, ILL Oua- 
bain and digitoxigenin were obtained from Sigma (St. Louis, 
MO). All other chemicals, obtained from Fisher (Fairlawn, N J) 
were reagent grade. 

PREPARATION OF M C D  CELLS 

Highly purified suspensions of outer MCD cells were prepared 
from New Zealand white rabbits as described by Zeidel, Silva 
and Seifter (1986b) and Zeidel et al. (1986c). The inner stripe of 
the outer medulla was excised, digested with protease, and cen- 
trifuged on continuous (5-46%) Ficotl gradients at 2300 x g for 
45 min. A homogeneous population of cells with morphologic 
and functional characteristics of outer MCD cells were located in 
the upper two fractions. These cells have a high glycolytic capac- 
ity, are rich in carbonic anhydrase, and use H+-ATPase and CI-/ 
HCO3 exchange to maintain intracellular pH (Zeidel et al., 
1986b,c). Suspensions were either freshly prepared or had been 
stored at -20~ until use. The suspension was washed 2-3 times 
with PBS buffer of the following composition, in mm: NaCI, 150; 
Na2HPO4, pH 7.4,300 • 5 mOsm and kept at room temperature 
for about an hour prior to the experiments. To reverse any aggre- 
gation of the frozen MCD cells, the first wash contained 10 mM 
EDTA, which was omitted in the subsequent washes. The cells 
were vortexed for 5 min to disperse the suspension. Since the 
properties of these cells varied greatly from preparation to prepa- 
ration, the results of our experiments are always expressed rela- 
tive to a control in the same preparation. 

For the protein determinations, the MCD cell suspension 
was sonicated for 5 min in a Branson bath sonicator (Model 12, 
Shelton, CN) and the protein content measured by the Bradford 
(1976) method. 

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

For the binding kinetics experiments, the MCD cell solution in 
PBS was mixed with an equal volume of 1-8/zm DBDS, in the 
same buffer, to provide an MCD cell concentration of 0.01-0.1 
mg protein ml -~ in the stopped-flow apparatus (Model SFA-11, 
Hi-Tech Scientific, Salisbury, Wiltshire, England). This appa- 
ratus 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 m sec, 
to which must be added an additional 10 msec for delays in the 
trigger circuit. DBDS binding was measured by fluorescence en- 
hancement, excited at 350 nm (resolution 4 nm), path-length 10 
mm, and monitored at 427 nm (resolution 8 nm, path-length 2 
mm). The spectrofluorimeter output was interfaced on-line to our 
computer, wh'ose data acquisition board {Lab Master, Scientific 
Solutions, Solon, OH) provided a 30 kHz conversion. 1000 data 
points, spaced at 4 msec, were collected for each run and 5-10 
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 small, but measurable, slow com- 
ponent of unknown cause in the DBDS binding kinetics. When 
this second component was detectable, the time constant was 3- 
5 times higher than the fast component and the data were fitted to 
two exponentials, which were then deconvoluted so that the fast 
time constant, which is the one we use, could be determined 
accurately. 
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FLUORESCENCE METHOD 

OF MEASURING C l -  EXCHANGE 

Fresh MCD cells were loaded with the water-soluble dye, SPQ, 
which accurately reports intracellular CI concentration (Illsley 
& Verkman, 1987). They were loaded with SPQ by incubation 
with t0 mu SPQ for 0.5-1 hr at 37~ in PBS buffer + 5 mM D- 
glucose, pH 7.4. Extracellular SPQ was removed by three 
washes in PBS, pH 7.4 and very low centrifugation speeds 
(<5000 • g). To minimize SPQ diffusion out of the cells, they 
were kept at 4~ in PBS (without glucose) until used. The 
stopped-flow experiments were carried out as described for 
DBDS binding. The SPQ-loaded MCD cells were mixed with 
equal volumes of buffer containing in mM: 50 (or 60) NaHCO3; 
110 (or 92) Na gluconate, bubbled with 5% COz, pH 7.4-7.9. The 
decrease in cell C1 caused a rapid increase in SPQ fluorescence 
(excited at 350 nm, resolution 12 nm; measured at 427 nm, reso- 
lution 8 nm), which was recorded at a data acquisition rate of 4 
msec/point. The data from a large number of runs was averaged 
and corrected for the slow dye leakage that persists in MCD 
cells, which was measured independently for each set of mea- 
surements. The corrected rates of the CI- flux were fitted to a 
single exponential by nonlinear least squares, convoluted with a 
function describing Stern-Volmer quenching (K = 118.0 M-l), by 
the method given by Illsley and Verkman (1987). Since the prop- 
erties of these cells varied greatly from preparation to prepara- 
tion, the results of our experiments are always expressed relative 
to a control in the same preparation. 

Results 

Theory 

We have modeled the first steps of  the DBDS bind- 
ing reaction as a bimolecular  association, too fast 
for us to measure ,  followed by a conformational  
change, according to Eq. (1), following the model of 
Verkman,  Dix and Solomon (1983) in the red cell, 

DBDS + band 3 < K, > DBDS-band 3 < k= ) 
k-2 

DBDS-band 3* (1) 

in which * denotes  the DBDS/band  3 complex fol- 
lowing its conformat ion change and K, is the disso- 
ciation constant  for the bimolecular  reaction. The 
kinetics of  the reaction are given by Czerlinski 
(1966) in an equation, which can be simplified to: 

rDaDS = 1/k2 + KI/(k2[DBDS]total) (2) 

provided k2 >;> k-2 and [DBDS]total >> [protein]toul. 
The DBDS concentra t ion in our suspensions (after 
mixing) was 0 .5-4/xM, which is large compared  to 
the number  of  DBDS sites (1.4 nmol DBDS sites/ 
mg total cell protein) in suspensions,  which con- 
tained f rom 0.01-0.1 mg protein m l - ' ,  In our pre- 
vious study on DBDS binding to MCD cells 
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Fig. 1. Effect of 10/zM H2-DIDs on DBDS time course. Frozen 
MCD cells (0.1 mg protein/ml) were incubated for 1-3 min with 
10 p,M H2-DIDS at 20-23~ in PBS, pH 7.4. They were mixed 
with an equal volume of 8/zm DBDS (in PBS) in the stopped-flow 
apparatus�9 The control curve was fitted to two exponentials by 
nonlinear least squares with rf~t - 0.14 + 0.01 sec and r~,ow = 
0.42 +- 0.08 sec. Treatment with 10 btM H2-DIDS caused both 
exponentials to disappear 

(Janoshazi et al., 1988), it was reported that k 2 - 
0.5 -+ 0.3 sec -j ,  much smaller than the value for k2 
= 9.9 -+ 0.8 sec i in this study. A linear fit of  rDBDS 
to [DBDS] -j gives k2 = 1/intercept and K, = slope/ 
intercept and, as will be shown in Fig. 5, the points 
fall on a straight line. 

EFFECT OF H2-DIDS ON 'TDBDS 

Since Hz-DIDS, which is a specific high affinity in- 
hibitor of  red cell CI exchange,  with IDs0,cJ .rbc = 
0.3 /XM (Knauf,  1979), is analogous to DIDS, which 
inhibits MCD cell CI /HCO3 exchange in MCD 
cells (Zeidel et al., 1986b), we expected Hz-DIDS 
also to inhibit the DBDS reaction with MCD cells. 
These  exper iments  were made in pooled MCD 
cells, which had been preserved by freezing in order 
to obtain a homogeneous  population of cells large 
enough for our measurements .  Although these 
pooled cells are unsealed and no longer maintain 
their normal C1 permeabil i ty barrier, they retain 
the ability to bind DBDS,  which may be presumed 
to bind to the extracellular face of  MCD cells, as it 
has been shown to do in the red cell (Verkman et 
al., 1983). As previously pointed out by Janoshazi 
et al. (1988), and as discussed in Materials and 
Methods,  the time course of  DBDS fluorescence 
enhancement  in MCD cells (Fig. 1) consists of  a fast 
exponential ,  which character izes  the conforma- 
tional change, as well as an occasional slow expo- 
nential, whose role we do not understand. Figure 1 



42 A. Janoshazi et al.: Transport Interactions in Kidney Cells 

lO 

zO.8 
0 

OC 

00' -2.00 -I.00 000 I00 
L06 [H2-DIDS (~MI] 

2 ~o 

Fig. 2. Dose-response curve for H2-DIDS effect on DBDS bind- 
ing kinetics. Frozen MCD cells were incubated in PBS (4 /*M 
DBDS, final concentration) with varying concentrations of H2- 
DIDS and measured as in Fig. 1. The time courses were fitted to 
a double exponential by nonlinear least squares and the time 
constant of the fast component is used. 1Ds0.DBDS,MCD =0.5 --+ 0.1 
b~M. v was set at l .0 for r *=0sec ~ and u =0 was set for r ~- 
8.0 sec-L Average of two experiments in each of which an exper- 
imental point is the average of five measurements 

also shows that H2-DIDS reduces the amplitude of 
both exponentials to zero, consistent with the con- 
clusion that the fluorescent enhancement reflects 
DBDS binding to MCD cell band 3. However,  it 
might still be possible for the MCD ceils to have 
additional nonspecific DBDS adsorption sites that 
could be saturated with H2-DIDS. 

Janoshazi et al. (1988) have shown that the 
physical chemical characteristics of the DBDS 
binding site in the MCD cell anion exchange protein 
are essentially the same as those for red cell band 3. 
If the fluorescence enhancement following DBDS 
binding to the MCD cell is to be attributed to inter- 
actions with the C1- exchange site, the IDs0,DBDS,MCD 
for H2-DIDS inhibition of DBDS fluorescence en- 
hancement in MCD cells should be closely similar 
to that for H2-DIDS inhibition of red cell C1 ex- 
change. We determined the IDs0,DBDS,MCD by plot- 
ting the time constant of the fast fluorescence en- 
hancement process as a function of [Hz-DIDS] and 
found, as shown in Fig. 2, that IDs0,DBDS,MCD = 0.5 
--+ 0.I /zM, in excellent agreement with the IDs0 of 
0.3 /ZM for inhibition of CI- flux in red cells. The 
data have been fit to a simple dose-response curve 
and the data are consistent with a single reacting 
species, which indicates that there are no nonspe- 
cific DBDS binding sites which affect our measure- 
ments of 5"DBDS. 

STUDIES OF C1 EXCHANGE 
A N D  ITS INHIBITION WITH H2-DIDS 

The fluorimetric method of measuring cell CI- with 
the dye, SPQ, makes it possible to study C1 /HCO3 
exchange in the stopped-flow apparatus at 20-23~ 
These experiments have to be carried out on freshly 
separated MCD cells, which have retained their CI- 
permeability barrier. Figure 3 shows that these cells 
are characterized by a C1 /HCO3 exchange with 
rCmMCD = 0.13 --+ 0.02 sec, for exchange in 25 mM 
HCO3.  The observation that the flux is inhibited by 
10/ZM H2-DIDS indicates that this flux is to be at- 
tributed to the anion exchange protein. 

We next characterized the Hz-DIDS inhibition 
by obtaining the dose-response curve shown in Fig. 
4, for which the IDs0,cl ,MCD = 0.94 --+ 0.07 ~M. The 
agreement between the IDs0,a ,MCD in these direct 
experiments on C1- flux and IDs0,DBDS,MCD = 0.5 --+ 
0.1 FZM is very good l, particularly because these CI- 
flux experiments used freshly prepared MCD cells 
with intact anion permeability barriers, while those 
on ~DBDS used pooled frozen cells. These results 
provide very strong support for the conclusion that 
the time course of  DBDS fluorescence enhance- 
ment represents reactions with a single MCD mem- 
brane component ,  the anion exchange protein. 

The MCD cell ~cl ,MCD of 0.13 sec (Fig. 3) is of 
the same order of magnitude as rcJ ,rbc ~ 0.1-0.7 sec 
(depending upon HCO3 concentration; Janoshazi & 
Solomon, 1989). The time constant for CI efflux 
from red cell ghosts into 20-25 mM HCO3 is ~ I sec 
(Illsley & Verkman, 1987; Janoshazi & Solomon, 
1989). These time constants for anion exchange are 
much faster than the rate of change of cellular pH, 
measured by Zeidel et al. (1986c) using an intracel- 
lular pH dye, which is also inhibited by DIDS with 
ID50,pl-I,MCD = 0.5 ~M. The DIDS inhibition shows 
that the pH changes depend upon C1-/HCO3 ex- 
change, but Zeidel et al. 's time constant of 1.5-4.5 
rain is very much slower than ours. The apparent 
discrepancy between these two time constants, 
both clearly dependent on anion exchange across 
the membrane,  may be ascribed to a time delay be- 

We determine IDs0 in our experiments, rather than Kt, 
which is the correct parameter to use in relating inhibition pro- 
cesses in different experiments. As discussed in footnote 1 of the 
preceding paper (Janoshazi & Solomon, 1989), these two mea- 
sures of inhibition are not interchangeable. The stilbene inhibi- 
tots and CI- are all mutually competitive inhibitors, so compari- 
son among IDs0's needs the correction terms given in that 
footnote. Using these corrections, (IDs0)DBDSe~p, should be 1.2 
times greater than (IDs0)SPQexpt. Our value of IDs0.DBDS MC D = 0.5 
--+ 0.1 /xM, as compared to IDs0.c~-,McD = 0.94 --+ 0.07 txN, which is 
reasonable agreement in view of the uncertainties. 
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TIME (sec) 
Fig. 3. Inhibition of Cl exchange by H2-DIDS. Fresh MCD cells 
(0.1-0.2 mg protein/ml) were incubated with 10 mM SPQ for 30 
rain at 37~ in PBS, washed twice in PBS, pH 7.4, resuspended 
in PBS, pH 7.4, and incubated as in Fig. 1. They were mixed with 
an equal volume of 50 mM NaHCO3 and 110 mM Na gluconate in 
the stopped-flow apparatus. Data from one experiment, typical 
of three, rcl = 0.13 + 0.02 sec. Inhibition with 10/xM H2-D1DS 
was measured after incubation for 1-2 min at 20-23~ 

tween the time when the ions cross the membrane, 
which we measure directly, and the subsequent 
change in pH, which Zeidel et al.'s (1986c) mea- 
surements probe. Such a delay could arise if there 
were an additional diffusion barrier, or compart- 
ment, within the cell, which the anion had to tra- 
verse before reaching the alkalinization site, as if, 
for example, the organelles or some other compart- 
ment within the cell offered an impediment to C1- 
and/or HCO3 diffusion. If so, the intracellular C1- 
or HCO3 would not all be contained in a single 
homogeneous compartment and the system would 
be characterized by more than a single time con- 
stant. 

EFFECT OF OUABAIN ON D B D S  BINDING 

KINETICS AND C I -  EXCHANGE IN M C D  CELLS 

In view of the resemblance of the MCD cell anion 
exchange protein to red cell band 3, and our finding 
(Janoshazi & Solomon, 1989) that ouabain modu- 
lates both DBDS binding kinetics and CI exchange 
in red cells, we were anxious to see if the likeness to 
MCD cells extended to the ouabain interaction. 
Zeidel et al. (1986a) found that ouabain inhibited 02 
consumption in separated rabbit outer MCD cells 
by 8.7 -+ 2.7% (n = 5), a figure which suggests that 
there is a small, but real, population of Na+,K +- 
ATPase in these cells, consistent with the necessity 
of maintaining normal K + and Na + gradients. 
Shaver and Stirling (1978) studied the uptake of 3H- 
ouabain in slices of rabbit renal medulla and found a 

g 0.8 

z 0.6 / 

g o4 
F-  

~- 0.2 

-1:0 -0'5 0:0 01s lb 
LOG [Hz-DIDS [,uM)] 

Fig. 4. Dose-response curve for H2-DIDS inhibition of C] ex- 
change. Fresh MCD cells (0.1-0.2 mg protein/ml) were incu- 
bated with 10 mm SPQ for 30 min at 37~ in PBS, washed twice 
in PBS, pH 7.4, resuspended in PBS, pH 7.4, and incubated as in 
Fig. 1. They were mixed with an equal volume of 50 mM 
NaHCO3 and 110 mM Na gluconate in the stopped-flow appa- 
ratus. Each experimental point was obtained on a separate MCD 
cell preparation and rCl- was determined from a single exponen- 
tial fitted by least squares and normalized by dividing by rc1 ,con 
trol (the rCl in the absence of H2-DIDS). v was set at 1 for 
normalized r~l = 0 and set at 0 for normalized rcl = 1. 
ID50,CI-,MCD = 0.94- + 0.07 ~M 

large uptake (-~4 • l06 ouabain sites/cell) in the 
basolateral face of the thick ascending limbs, with 
"little or no"  uptake in the collecting duct, an ob- 
servation which is consistent with Zeidel et al.'s 
(1986a) measurement of a small component of oua- 
bain-sensitive 02 consumption. Although Zeidel et 
al.'s data does not allow us to specify the face of the 
membrane, which contains the Na+,K+-ATPase, 
Shaver and Stirling (1978) have summarized the evi- 
dence showing a basolateral location for this trans- 
port protein in a number of epithelia. We conclude 
that the evidence in the rabbit outer MCD cells is 
consistent with a ratio of Na+,K+-ATPase to band 
3, as great as, or greater than, the ratio of ~400 
Na+,K+-ATPase molecules to 10 6 copies of band 3 
found in the human red cell membrane 2. 

2 The disproportion between the number of copies of the 
Na+,K+-ATPase and the anion exchange protein in MCD ceils 
means that a large amplification factor is necessary for ouabain 
to have any effect on DBDS binding kinetics or CI- flux. We 
have considered this problem in detail in our previous red cell 
paper (Janoshazi & Solomon, 1989). In experiments in which the 
total amount of ouabain present in the system was small com- 
pared to the total amount of band 3, we showed that one mole- 
cule of ouabain could modulate the Cl- flux of at least 30 anion 
exchange proteins and the DBDS binding kinetics of at least 200 
copies of the protein. 
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Fig. 5. Effect of  ouabain on DBDS binding kinetics to MCD 
cells. Frozen  MCD cells (0.14 mg protein/ml) were incubated in 
PBS with 10/*M ouabain for 10 min at 20-23~ and then mixed 
in the stopped-flow apparatus  with different concentrat ions of 
DBDS. The time course  was fitted to a double exponential  by 
nonlinear least  squares  and rDBDS was taken from the fast expo- 
nential. K1 = 1.6 • 0.3 ~M (control); 1.8 • 0.5 ~M (+10 /,,tM 
ouabain), k2 = 9.9 • 0.9 s e c t  (control); 5.7 • 0.4 sec i 
(+ ouabain). Average  of  three exper iments ;  in each of  which, an 
exper imental  point is the average of five measu remen t s  

Figure 5 shows that 10 /J,M ouabain causes a 
significant change in the DBDS/band 3 binding ki- 
netics; similar results have been obtained with 100 
/XM ouabain (data not shown). The forward rate 
constant of the conformational change, k2,DBDS, is 
decreased by about 50%, from 9.9 -+ 0.9 sec -l to 5.7 
+- 0.4 sec -~, with very little change in K~ (see Fig. 5 
legend). We next carried out a set of experiments to 
see if this effect was related to the interaction of the 
cardiac glycoside with MCD cell Na+,K+-ATPase 
under physiological conditions. We first determined 
the dose-response curve for the ouabain effect on 
~'DBDS and found that IDs0,DBDS,MC D = 0.003 -+ 0.001 
/XM, after 1 hr incubation at 37~ as shown in Fig. 
6. Ouabain binding to MCD cells is tighter by a 
factor of about five than human red blood cell bind- 
ing, for which Solomon, Gill and Gold (1956) give 
K1,K+,rbc = 0.017 /xM for inhibition of human red cell 
K + flux, and also tighter than the Kd ~ 0.02/XM for 
ouabain binding to Na+,K+-ATPase isolated from 
the lamb kidney medulla (Wallick et al., 1980). 

Solomon et al. (1956) found that the KAK+ rbc for 
inhibition of K + flux by another cardiac glycoside 
inhibitor, digitoxigenin, was 0.24/xMin a series of 
measurements, which showed that the K*,K+,rbc de- 
pends upon the specific molecular structure of the 
glycoside. This dependence of binding affinity upon 
molecular structure provides a sensitive test that 
can be used to distinguish specific interactions with 
a characterized receptor from nonspecific binding. 
Having found that digitoxigenin also decreased the 
forward rate constant of the conformational change, 
we measured the dose response and found that 
ID50,DBDS,MCD = 0.09 -+ 0.004/~M, after 10 min incu- 
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Fig. 6. Dose- response  curve for ouabain effect on DBDS binding 
kinetics in frozen MCD cells. Frozen MCD cells (~0.2  mg pro- 
tein/ml) were incubated with different concentrat ions  of  ouabain 
for 1 hr  at 37~ before mixing with 4 b~M DBDS in PBS in the 
stopped-flow apparatus .  The t ime course  was fitted to a double 
exponential  by nonl inear  least squares  and rg~DS was taken from 
the fast exponential .  IDs0.DBDS,MCD = 0.003 --+ 0.001 kcM. Two 
exper iments ;  each point is the average of  6 -9  measurements  

bation at 20-23~ as shown in Fig. 7. Thus digitoxi- 
genin, like ouabain, binds more tightly to MCD cells 
than to red cells, and more than an order of magni- 
tude less tightly than ouabain. The specificity of 
these high affinity binding constants, and their simi- 
larity to the red cell Na+,K+-ATPase binding con- 
stants, indicates that the binding site for the cardiac 
glycoside inhibitors is Na+,K+-ATPase. 

An additional method of confirming that glyco- 
side induced changes in 7DBDS depend upon glyco- 
side binding to a specific membrane site is provided 
by the time required for the effect to develop, since 
the effect of cardiac glycoside action on cation 
transport is very slow, while nonspecific absorption 
is generally rapid. For example, Chen and Verkman 
(1987) found that nonspecific binding of DBDS to 
brush-border membrane vesicles from the rat renal 
cortex was complete within <2 msec. We have 
found that the effect of both ouabain and digitoxi- 
genin on 7DBDS develops relatively slowly, as shown 
in Fig. 8. Appropriately for experiments on sepa- 
rated MCD cells 3, the 21.3 min Touabai n we measure 

3 0 u a b a i n  binding to its receptor  is a bimolecular associa- 
tion with forward rate constant ,  kon, and backward rate constant ,  
koff. As pointed out  by Shaver  and Stirling (1978) and Wallick et 
al. (1980), the rate constant ,  7ouabain = ko.[O] + koff, in which [O] 
is ouabain concentrat ion.  Accura te  compar isons  between sys- 
tems require determinat ion of ko, and/<off, kon depends,  as Wal- 
lick et al. (1980) showed,  on exact  concentrat ions  of Mg, K and 
ATP,  which we do not  know. We have also not determined koff 
which,  under  the condit ions of  Shaver  and Stirling (1978), is of  
the order of  magni tude  of kon[O] at 1 /~M ouabain.  The order-of- 
magni tude differences be tween our  data and those  of Shaver  and 
Stirling (1978) and Wallick et al. (1980) are included for illustra- 
tive purposes ;  the differences are so great that exact  kinetics are 
not  important .  
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Fig. 7. Inhibition of  TDBDSI by digitoxigenin. Frozen MCD cells, in 
PBS (0.1 mg protein/ml) were incubated with different concen- 
trations of digitoxigenin for 10 min at 20-23~ and mixed with 4 
/~M DBDS,  as descr ibed in the legend to Fig. 6. To solubilize the 
digitoxigenin, C~HsOH (0.1%) was added to experimental  and 
control suspens ions .  Since the alcohol concentrat ion varied with 
the digitoxigenin concentrat ion,  each point was normalized to its 
own alcohol control.  The  data was fitted by nonlinear least 
squares  to a single exponential .  ~, was set at 1.0 at normalized 

I rD~DS.die = 0.31 (max i mum inhibition, 70%, 2.5/~M digitoxigenin) 
and at 0 for normal ized ~';~os.ai~ = 1.0 (min imum inhibition, 0 
digitoxigenin). ID~0.~DS.MCD = 0.09 --+ 0.004 /XM. Average of two 
exper iments ;  each point is the average of 10 measu remen t s  
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Fig. 8. Time dependence  of  digitoxigenin and ouabain effect on 
DBDS binding kinetics.  Previously frozen MCD cells (0.1 mg 
protein/ml) in PBS were incubated with 0.1 /.t,M digitoxigenin or 
1.0 ~M ouabain at 20-23~ and mixed with an equal volume of 
PBS buffer  containing 4/~M DBDS. The fraction of the m a x i m u m  
effect (70% inhibition for digitoxigenin; 50% inhibition for oua- 
bain) on ~'OBDS was measured  as a funct ion of time. The control 
was an independent  exper iment  in which MCD cells were mixed 
with 4/xM DBDS without  cardiac glycosides to give the min imum 
effect. The  time course  for the development  of  the glycoside 
effect was fitted to a double exponent ial  by nonlinear least 
squares  and "/'glycoside was calculated from the fast exponential .  
7digitoxigenin : 8 ~+ 2 min; ";ouabain = 21.3 + 0.9 rain. Average  data 
f rom two exper iments ;  each point is the average of 5-10 mea- 
surements  

for the development of the effect at 1/XM ouabain is 
very much faster than the ~- of ~-350 rain for the 
binding of 1 /xM 3H-ouabain to the thick ascending 
limb in rabbit renal medulla slices, as given by 
Shaver and StMing (1978), and very much slower 
than ~- ~ 0.3-6 rain for 1 /xM 3H-ouabain binding by 
isolated lamb kidney Na+,K+-ATPase given by 
Wallick et al. (1980). Since digitoxigenin lacks the 
sugar moiety, its time course is expected to be 
faster than that for ouabain. The time constant, ~- = 
8 -+ 2 min at 0.1 /XM is smaller than that for ouabain 
and would be even smaller at a comparable 1 /xM 
digitoxigenin concentration. The molecular speci- 
ficity of these time constants provides further sup- 
port for the argument that the cardiac glycosides 
bind to the Na+,K+-ATPase and that our effects 
cannot be ascribed to nonspecific adsorption. 

In order to confirm that conclusions reached on 
the basis o fDBDS binding kinetics apply to anion 
exchange itself, we have determined the effect of 
ouabain directly on C1- exchange flux in fresh sepa- 
rated MCD ceils. Figure 9 shows the results of one 
experiment, typical of three, in which 10/XM oua- 
bain increases ~'c~ from 0.30 + 0.02 sec to 0.56 + 
0.06 sec (average ~'cl  ,ouaba in / 'Tc l - , con t ro l  = 1.9 -+ 0.3). 
Furthermore, as Fig. 9 also shows, the C1-ex-  
change disappears when the anion exchange protein 
has been inhibited by H2-DIDS. In order to see 
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Fig, 9. Effect of  ouabain on C1- flux. Fresh  MCD cells (0.13 mg 
protein/ml) were incubated with 10 mM SPQ for 30 rain at 37~ in 
PBS, washed  twice in PBS, pH 7.4 and resuspended  in PBS, pH 
7.4. They  were mixed with an equal  volume of  60 mM NaHCO3 
and 92 mM Na glnconate  in the stopped-flow apparatus.  The base 
line shift is independent  of  the order of  the exper iments ,  which 
was randomized and cannot  be attributed to SPQ leakage. Four  
runs were carried out  with (and without) ouabain (10/XM ouabain 
incubated at 20-23~ for 10 rain). After  correction for dye leak- 
age, the  t ime course  was fitted to a single exponential  by nonlin- 
ear  least  squares  to give rCl ,control = 0.30 -+ 0.02 sec; 
7Cl-.ouabain = 0.56 + 0.06 sec. Eight runs were averaged for the 
exper iments  with 15 p.M H r D I D S ,  which was incubated with 
ouabain-treated cells for 3 rain at 20-23~ The H_,-DIDS curve,  
whose  origin was the same as the preparation treated with oua- 
bain alone, has been shifted vertically to increase visibility. One 
exper iment ,  typical of  three 
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Fig. 10. Cytochalasin E effect on time course of DBDS binding 
to MCD ceils. Frozen MCD cells (0.100-0.125 mg protein/ml) 
were incubated for 30-60 min -+ 2/xM cytochalasin E at 20-23~ 
in PBS, pH 7.4. They were mixed in a stopped-flow apparatus 
with an equal volume of PBS to make an 0.5-4/~M DBDS solu- 
tion. To solubilize the cytochalasin E, C2HsOH (0.1%) was 
added to experimental and control suspensions.  K~ = 0.6 + 0.1 
/ZM (control); 1.7 --+ 0.3 ~M (+CE).  k2 = 9.9 -+ 0.9 sec- '  (control); 
4 -+ 1 sec ~ (+CE).  Average of  two experiments in each of which 
one experimental point is the average of 4-6  measurements 

whether the ouabain effect depended upon the ex- 
tracellular cationic environment, we carried out an 
additional set of three experiments in which the ex- 
tracellular Na + was replaced with K +. The ouabain 
effect was independent of this change, since 10/XM 
ouabain increased rcl by a factor of 2.8 +- 1.2, not 
significantly different from the factor of 1.9 -+ 0.4 
observed with Na +. The increase in ~'o produced 
by ouabain in MCD cells is similar to, but in the 
opposite direction from, results in the red cell, in 
which 10/xM ouabain decreases rci ,rea cell by a fac- 
tor of about two (Janoshazi & Solomon, 1989). In 
these phenomenological experiments there is no a 
priori way to predict whether ouabain would be ex- 
pected to increase or decrease rc~ ; our experiments 
are designed simply to determine whether ouabain 
modulates Cl- flux. Since Fig. 9 shows that the spe- 
cific cardiac glycoside transport inhibitor, ouabain, 
does modulate anion exchange, we may conclude 
that the anion and cation transport proteins are 
close enough together that conformational informa- 
tion can be exchanged between them. 

CYTOCHALASlN T R E A T M E N T  OF M C D  CELLS 

Inside the human red cell there are cytochalasin 
binding sites both on the glucose transport protein 
and the cytoskeleton. Cytochalasin E (CE) binds to 
a spectrin/actin/band 4.1 complex in the cytoskele- 
ton with a Ka ~ 1-0.01 /zM (Lin & Lin, 1978; Lin, 
1981). CE does not react with the glucose transport 
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Fig. 11. Dose-response curve for cytochalasin E effect on DBDS 
binding to MCD cells. Frozen MCD cells (0.10 mg protein/ml) 
were incubated with various concentrations of CE for 30-50 rain 
in PBS, pH 7.4 at 20-23~ To solubilize the CE, CzHsOH (0.1%) 
was added to experimental and control suspensions. After incu- 
bation, the cells were mixed with 4 /~M DBDS in PBS in the 
stopped-flow apparatus. The curves are double exponentials fit- 
ted to the data by nonlinear least squares and ~'DBDS was taken 
from the fast exponential.  IDs0,DBDS,MCD = 0.076 --+ 0.005 /~M in 
two experiments.  One fresh MCD cell experiment (0.15 mg pro- 
tein/ml) showed IDs0,DBDS,MCD = 0.04 --+ 0.01 /~M 

protein, but cytochalasin B (CB), which also binds 
to the CE site in the cytoskeleton, is a specific in- 
hibitor of glucose transport with I D s 0 , g l u c , r b c  = 0.3- 
0.5 /zM. Since CE can displace CB from the cy- 
toskeletal site, the glucose transport inhibitory 
properties of CB are usually studied in the presence 
of CE (see Cushman & Wardzala, 1980). In the red 
cell, Janoshazi and Solomon (1989) have found that 
cytochalasin B (in the presence of CE) has a signifi- 
cant effect on ~'DBDS suggesting some form of linkage 
between band 3 and the glucose transport protein. 

In MCD cells, we found that CE had a large 
effect on the kinetic and binding constants that de- 
scribe DBDS binding to the anion transport protein, 
as shown in Fig. 10. CE (2 /zg) causes K~ to in- 
crease from a control value of 0.6 -+ 0.1/xg to 1.7 --+ 
0.3/XM, decreasing the binding affinity by a factor of 
almost three. In addition, the rate constant, k2, de- 
creases from the control value of 9.9 -+ 0.9 sec ~ to 
4 -_+ 1 sec ~. The dose-response curve in Fig. 11 
shows that these effects were produced at physio- 
logical concentrations of CE, since the 
IDs0,DBDS,MCD of 0.076 +-- 0.005 /.s is in the range for 
CE interaction with the red cell spectrin/actin/band 
4. I complex. These kinetics and binding affinity ex- 
periments, taken together, show that CE binding in 
the MCD cell causes a significant change in the con- 
formation of the DBDS binding site on the MCD 
cell anion transport protein. Conformational infor- 
mation can be easily transported between the intra- 
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Fig. 12. Cytochalasin E effect on CI- flux of MCD cells. Fresh 
MCD cells (0.2 mg protein/ml) were incubated with 10 mM SPQ 
for 30 rain at 37~ in PBS, pH 7.4, washed twice and resus- 
pended in the same medium. They were then incubated with 2 
/xM cytochalasin E for 30 min, and mixed with an equal volume 
of 60 mM NaHCO3 and 92 mM Na gluconate in the stopped-flow 
apparatus. The data were fitted with a single exponential by least 
squares. For the control, rCi = 0.20 _+ 0.04 sec; +CE, rcl = 
0.50 -+ 0.08 sec 

cellular and extracellular faces of the anion trans- 
port protein, as was shown in the red cell by Fossel 
and Solomon (1981) who reported that extracellular 
DIDS affected the conformation of enzymes in the 
intracellular glycolytic complex, which is bound to 
the cytoplasmic moiety of red cell band 3. Salhany, 
Cordes and Gaines (1980) also showed that DIDS 
binding modulated the reaction between red cell 
band 3 and intracellular hemoglobin (Hb). 

The C1- flux experiments whose results are 
given in Fig. 12 show that CE not only deforms the 
DBDS binding site, but also modulates MCD cell 
C1- transport.  CE (2 /xM) causes the C1- flux to 
decrease by a factor  of more than two, ~'cl increas- 
ing from its control value of 0.20 _+ 0.04 sec to 0.50 
-+ 0.08 sec, showing that the conformational change 
reported by the DBDS binding kinetics is associated 
with a profound change in the primary function of 
the MCD cell anion transport  protein. 

Although there is no evidence that a protein 
analogous to the red cell glucose transport  protein is 
present on the basolateral face of the MCD cell, we 
probed the cell for possible effects of CB on DBDS 
binding kinetics in the presence of CE. Our inability 
to detect  such a response indicates that either the 
response is too small for us to detect ,  or that the 
analogy between rbc and MCD cell membrane 
transport  systems does not extend to the glucose 
transport  protein. 

Several  of the major cytoskeletal  elements in 
the red cell are also found in MCD cells. As already 
pointed out in the introduction, Drenckhahn et al. 
(1985) have obtained immunochemical  evidence 

showing that ankyrin, the red cell cytoskeletal pro- 
tein that binds band 3 to spectrin, is present in MCD 
cells. Their  evidence shows that both the band 3 and 
the spectrin binding domains of ankyrin are co-lo- 
calized with the membrane sites for band 3 on the 
basolateral face of  MCD cells. Antibodies to brain 
spectrin are also bound on this face of the cell. 
These experiments show that components  of  the 
red cell spectr in/act in/band 3 complex are present 
in MCD cells. Fur thermore ,  Drenckhahn and Merte 
(1987) have shown that the band 3 analog is not 
uniformly distributed along the basolateral mem- 
brane, but rather is localized to specific regions; 
they have suggested that this distribution may result 
from binding of band 3 through ankyrin to the cyto- 
skeleton. Thus, it seems reasonable to suggest that 
the cytoskeletal  components  include the cytochala- 
sin E binding site, all the more so because it is 
known that cytochalasins have profound effects on 
transporting epithelia (Ausiello, Hartwig & Brown, 
I987). At the least, the CE experiments show that 
intracellular ligand binding can modulate the rate of 
anion exchange in MCD cells. If we can also as- 
sume that CE binds to the cytoskeleton in MCD 
cells, our experiments indicate that perturbations of 
the cytoskeleton are transmitted all the way across 
the membrane to the extracellular binding site for 
DBDS, as if pulling a string on the cytoskeleton 
could raise a flag at the the extracellular site for 
anion exchange inhibition. 

Discussion 

Discharge of the primary duties of both the rbc and 
the MCD cell are dependent  on a rapid C1-/HCO3 
exchange, so it is not surprising that the anion ex- 
change proteins are similar, and probably function- 
ally identical, in these two cells. In most other re- 
spects, the cells appear to differ widely since the 
MCD cells are nucleated and contain a number of 
organelles, including a small population of mito- 
chondria, which enable the MCD cells to support 
about half of  their energetic needs by respiration 
(Zeidel et al., 1986b). In contrast,  the red cell has no 
nucleus and no organelles and meets its relatively 
small requirements for energy solely by glycolysis. 
The major function of the red cell is the carriage of 
02 and CO2, which depend upon both the anion 
exchange protein and the very large intracellular 
[Hb]. The red cell cation transport  maintains os- 
motic equilibrium by lowering the total intracellular 
cation content  to balance the requirements imposed 
by the high [Hb]. The cation leak in the red cell is 
very slow, so that only a sluggish transport of  Na + 
and K + is necessary to keep the cell in osmotic 
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balance. The relative velocity of the anion and cat- 
ion transport processes is illustrated dramatically 
by the ratio of the 400 copies of the Na+,K +- 
ATPase to the 5 x 105 dimers of band 3. 

Since the MCD cell is primarily concerned with 
proton transport, it has no need of the high concen- 
trations of Na+,K+-ATPase found in the neighbor- 
ing thick ascending limb cells in the outer renal me- 
dulla, which are devoted to transport of Na + as 
required for operation of the countercurrent mecha- 
nism and for regulation of extracellular volume. As 
Zeidel et al. (1986b) pointed out, there is a slow 
cation leak in MCD cells since uncharged NH3 per- 
meates the cell membrane much faster than NH2. 
Thus, there is a requirement for at least some mem- 
brane-bound Na+,K+-ATPase. Similar in a way, to 
the red cell, MCD cells depend upon anaerobic gly- 
colysis for a significant fraction of their metabolism, 
probably because of their location deep within the 
renal medulla where 02 tension is low. 

In view of the similarities of the physical chemi- 
cal characteristics of the DBDS binding sites in the 
red cell and MCD cell, it is not surprising that we 
now find that ouabain binding modulates anion 
transport in the MCD cell, as in the red cell, and 
that cytochalasin E, which appears to interact with 
the anion exchange protein in the red cell, also does 
so in MCD cells. In the red cell, Fossel and Solo- 
mon (1978) have previously shown that the glyco- 
lytic enzymes are linked together in a megadalton 
complex, which interacts with band 3, and which 
may provide the locale for the segregated pool of 
ATP, which Proverbio and Hoffman (1977) have 
shown to be preferentially metabolized by the red 
cell Na+,K+-ATPase. Recently, Janoshazi and 
Solomon (1989) provided evidence suggesting that 
the Na+,K+-ATPase and the glucose transport pro- 
tein are also linked to red cell band 3 to form a 
transport protein complex responsible for the trans- 
port of both anions and cations. 

When our observations in the MCD cell are 
taken together with the immunochemical evidence 
that ankyrin, band 3 and spectrin are co-localized 
on the basolateral face of the MCD cell membrane, 
it becomes tempting to suggest that the entire multi- 
protein complex of band 3, Na+,K+-ATPase and 
cytoskeleton are present also as multi-protein com- 
plex in MCD cells. The likeness is further supported 
by the fact that a significant fraction o f  the energetic 
needs of MCD cells are supported by glycolysis, 
even though we have presented no evidence of a 
link between the glucose transport system in MCD 
cells and the MCD analog of band 3. Evidence is 
now accruing that several elements of such a com- 
plex are transferred to other cell types together with 
the anion exchange protein. In the turtle urinary 
bladder, Drenckhahn et al. (1987) have found that 

the anion exchange protein is co-localized with ac- 
tin, isoforms of ankyrin and spectrin on the baso- 
lateral cell surface. In the superficial cortex of the 
human eye lens, immunochemical evidence for 
band 3 and ankyrin has been obtained by Allen et al. 
(1987) who report that these same cells have previ- 
ously been found by others to contain spectrin, 
actin and band 4.1. Furthermore, Nelson and 
Veshnock (1987) showed that Na+,K+-ATPase, pu- 
rified from the canine kidney outer medulla, binds 
specifically to ankyrin, purified from the human red 
cell, with an apparent K~ of 1-2.5 riM. The observa- 
tion that so many elements of the multi-protein 
transport complex (anion exchange prote]n/cyto- 
skeleton/Na+,K+-ATPase) are transferred together 
to these other types of cell provides support for the 
supposition that the functional interactions we have 
observed are important to the function of anion ex- 
change not only in red cells and MCD cells, but also 
in a variety of other cells and tissues. 
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