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Summary. The fluorescence enhancement of 4,4'-dibenzamido- 
2,2'-disulfonic stilbene (DBDS) upon binding to membranes was 
used to examine proximal tubule stilbene binding sites. Equilib- 
rium binding studies of DBDS to renal brush border (BBMV) and 
basolateral membrane vesicles (BLMV) were performed using a 
fluorescence enhancement technique developed for red blood 
cells (A.S. Verkman, J.A. Dix and A.K. Solomon, J. Gem Phy- 
siol. 81:421-449, 1983). In the absence of transportable anions, 
DBDS bound reversibly to a single class of sites on BLMV iso- 
lated from rabbit (Kj = 3.8 p.M) and rat (3.2 p.M); 100 p.M dihydro- 
4,4'-diisothiocyano-2,2'-disulfonic stilbene (HzDIDS) blocked 
>95% of binding. H,_DIDS inhibitable DBDS binding was not 
detected using rat or rabbit BBMV. In rabbit BLMV, DBDS K j  
doubled with I0 mM SO4, 50 mM HCO3 and 100 mM Cf, but was 
not altered by Na or pH (6-8). In stopped-flow experiments the 
exponential time constant for DBDS binding slowed with SOa, 
HCO 3 and CI, but was unaffected by Na. These results are con- 
sistent with competitive binding of DBDS and anions at an anion 
transport site. To relate DBDS binding data to anion transport 
inhibition we used ~5SO4 uptake to characterize several modes of 
rabbit BLM anion transport: H/SO4 and Na/SO4 cotransport, and 
C1/SO4 countertransport. Each transport process was electro- 
neutral and was inhibited by H.,DIDS, furosemide, probenecid, 
chlorothiazide and DBDS. The apparent Kt's for DBDS (3-20 
p.M) were similar to Kj for DBDS binding. These sludies define a 
class of anion transport sites on the proximal tubule basolateral 
membrane measureable optically by a fluorescent stilbene. 
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ABBREVIATIONS 

BBMV: brush border membrane vesicle 
Bicin: N,N'-bis(2-hydroxyethyl)glycine 
Bis-Tris: bis(2-hydroxyethyl)iminotris(hydroxymetbyl)methane 
BLMV: basolateral membrane vesicle 
CCCP: carbonytcyanide-m-chlorophenylhydrazone 
DBDS: 4,4'-dibenzamido-2,2'-disulfonic stilbene 
DIDS: 4,4'-diisothiocyano-2,2'-disulfonic stilbene 
H,D1DS: dihydro-4,4'-diisothiocyano-2,2'-disulfonic stilbene 
HEPES: 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid 
NMG: N-methylglucamine 

* Present address: Department of Internal Medicine, Taipei 
Medical College, 252 Wu-Hsing St., Taipei, Taiwan. 

SITS: 4-acetamido-4'-isothiocyano-2,2'-disulfonic stilbene 
Tris: tris(hydroxymethyl)aminomethane 

Introduction 

Anion transport in the mammalian proximal tubule 
has an important role in the transcellular resorption 
of anions including C1, SO4 and H C O 3  filtered by the 
glomerulus. A number of anion transport systems 
have been described recently in brush border and 
basolateral membrane vesicles isolated from the re- 
nal cortex of rat, dog and rabbit as reviewed in the 
Discussion section [2, 3, I1, 12, 14, 15, 20, 27]. In 
general, epithelial cell basolateral membranes often 
have anion/anion countertransport with broad spe- 
cificity and Na-coupled anion transport; brush bor- 
der membranes often have Cl/anion exchange and 
Na-driven anion cotransport. These transport sys- 
tems have variable sensitivities to disulfonic 
stilbenes. It is not known which protein or proteins 
mediate proximal tubule anion transport, whether 
these proteins constitute a major portion of total 
membrane protein, and what the mechanism for 
stilbene inhibition of anion transport is. 

We have used the stilbene derivitive 4,4'-diben- 
zamido-2,2'-disulfonic stilbene (DBDS) to charac- 
terize anion transport systems in brush border and 
basolateral membrane vesicles isolated from rabbit 
and rat renal cortex. The fluorescence of DBDS in- 
creases by 1-2 orders of magnitude when bound to 
a nonpolar site (membrane protein), providing an 
optical marker for anion transport proteins. We 
used DBDS fluorescence previously to characterize 
the nature of the stilbene binding site on red cell 
band 3 [7, 28], and to examine the mechanisms by 
which chloride, phloretin, p-chloromercuribenzene- 
sulfonate (pCMBS) and general anesthetics alter 
band 3 function and conformational state [6, 9, 10, 
21]. 

Based on equilibrium and kinetic studies of 
DBDS binding to renal vesicles, we identified a 
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class of H2DIDS inhibitable DBDS binding sites on 
renal basolateral membranes which were not 
present on brush border membranes. DBDS binding 
affinities and binding rates were decreased by SO4, 
HCO3 and CI, and not by Na or pH. By assuming 
comparable quantum efficiencies and molecular 
sizes for the band 3-DBDS complex and for the ba- 
solateral anion transporter-DBDS complex, it was 
estimated that basolateral anion transporter(s) 
account for ~20% of total basolateral membrane 
protein. To relate DBDS binding characteristics to 
DBDS inhibition of basolateral anion transport, we 
measured the potency (Kz) for DBDS inhibition of 
severa! modes of basolateral anion transport which 
have not been studied previously in rabbit baso- 
lateral membrane vesicles: anion, pH and Na gradi- 
ent driven SO4 influx. We conclude that DBDS 
binds to a basolateral membrane anion transporter 
which constitutes a significant fraction of total 
membrane protein, where it inhibits an electroneu- 
tral anion transport process with high affinity (<20 
/.s 

Materials and Methods 

M A T E R I A L S  

H235S04 (10 mCi/mg) was obtained from New England Nuclear 
(Bedford, MA/. H_,DIDS and SITS were obtained from Molecu- 
lar Probes (Junct ion City, OR), and DBDS was synthesized by 
the method of Kotaki et al. [18]. Stilbenes were stored as 1 mM 
aqueous solutions in the dark at 4~ DBDS does not undergo 
significant cis- trans isomerization under these conditions [28]. 
Probenecid, furosemide and chlorothiazide were prepared as 
stock solutions in ethanol. All other chemicals were obtained 
from Sigma Chemical Co. (St. Louis, MO). 

M E M B R A N E  PREPARATIONS 

Unsealed red cell ghost membranes were prepared from recently 
outdated blood as described previously [8]. BBMV and BLMV 
were isolated from renal cortex of 1-2 kg New Zealand white 
rabbits and 300-350 g male Wistar rats. Animals were sacrificed 
by decapitation, and the renal artery was perfused with iced 
buffered saline until complete blanching occurred. Renal cortex 
was dissected and homogenized using a Sorvall-Omni mixer for 4 
min at 4~ in 250 mM sucrose, 10 mM HEPES/Tris ,  5 mM EGTA, 
pH 7.0. BBMV were isolated by a Mg-aggregration and differen- 
tial centrifugation procedure [4]. BLMV were isolated by centrif- 
ugation for 16 hr at 100,000 x g, 4~ using a 35-48% linear 
sucrose density gradient [17, 29]. Gradient fractions were col- 
lected and assayed for maltase (apical membrane marker) and 
ouabain-inhibitable Na/K ATPase (basolaterat membrane 
marker) activities. The fractions with highest Na/K ATPase and 
lowest maltase activities were pooled, typically at densities of 
1.14 to 1.15 g/ml. 

Marker enzyme activities were measured and found similar 
to those reported previously [17, 29]. BBMV were enriched in 

maltase specific activity > 15-fold over crude homogenate and in 
Na/K ATPase activity <0.3-fold. BLMV ouabain-inhibitable 
Na/K ATPase activity was enriched > 15 fold and mattase activ- 
ity was enriched 0.2-0.3-fold over crude homogenate. Succina:e 
dehydrogenase activity was reduced >95% in all preparations. 
As reported by Akiba et al. [2], measurements of latency of Na/ 
K ATPase activity in the presence and absence of deoxycholate 
showed t h a t  BLMV were >55% sealed; of the sealed vesicles. 
>95% were right-side out. BBMV and BLMV were pelleted. 
resuspended in 50 volumes of the desired buffer at 4~ for at least 
24 hr and repelleted (40,000 x g, 40 min) before experimentation. 

E Q U I L I B R I U M  D B D S  B I N D I N G  EXPERIMENTS 

Equilibrium binding of DBDS to membranes (ghosts, BBMV and 
BLMV) was determined by a fluorescence enhancement tech- 
nique as detailed previously [7, 28]. The fluorescence of mem- 
brane suspensions ( -0 .2  mg protein/ml) titrated with increasing 
[DBDS] (typically 0-20 gM) was measured (excitation 360 nm, 
emission 420 nm, 8 nm monochromator  bandpass) in a SLM 8225 
fluorimeter (SLM Instruments,  Urbana, IL). At least 30 sec were 
allowed to elapse between the time of each DBDS addition and 
measurement of fluorescence, at which time the fluorescence 
intensity was stable. The measured fluorescence (F ..... ) was as- 
sumed to be proportional to bound DBDS after corrections were 
made for membrane scattering (F,~,,,), fluorescence of aqueous 
DBDS (FD~DS) and inner filter effects [28], 

F . . . .  = Q(Fco, + F,~0 + FD,3Ds (I) 

where Fco~r is the corrected fluorescence. Q is an inner filter 
correction determined by fitting FDnos vs, {DBDSI in the ab.~ence 
of membranes to a quadratic function (AIDBDS] z + BJDBDSI + 
C); Q is equal to B/(B + A[DBDSI) and typically ranges from 
0.95 (<1 txM DBDS) to 0.6 (20 /zM DBDS) 128). 

F~,,rr vs. [DBDS] data were fitted to a saturable, single-site 
binding model using a 3-parameter nonlinear Newton fitting pro- 
cedure, 

Fco,~ = F,,[DBDS]/(Kd + [DBDS]) + F,,,[DBDS] (2) 

where F,, is the maximum fluorescence of DBDS bound to spe- 
cific binding sites (fluorescence units, FU) ,  Ka is a single-site 
dissociation constant  (/xM) and F,,., quantitates nonspecific 
DBDS binding to membrane proteins and phospholipids (FU/ 
/~M). As given in the Results section, nonspecific binding ac- 
counted for <5% of fluorescence at 3 ~M DBDS and - 3 0 %  of 
fluorescence at 15 p,M DBDS. 

D B D S  B I N D I N G  KINETICS 

Kinetics of DBDS binding to membranes was measured using a 
Dionex-130 stopped-flow apparatus (Sunnyvale, CA) which has a 
dead time of <2  msec and a maximum rate of data acquisition of 
512 points in 40 msec. 0.1 ml of solution containing membranes 
(0.5-2 mg protein/ml) was mixed with an equal volume of solu- 
tion containing DBDS (0-32 ~.M). The time course of increasing 
fluorescence (F(t)) was recorded on a MINC/23 computer (Digi- 
tal Equipment Corp., Maynard,  MA) for analysis. Fluorescence 
was excited using a 150-W Hg-Xenon arc lamp and a Zeiss 
MM12 double monochromator  set at 360 nm with 20 nm band- 
pass; emission fluorescence was filtered by a Corion 400 nm cut- 
on filter. F(t) data were fitted to single exponential functions. 
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35SO 4 UPTAKE STUDIES 

35SO4 uptake was measured at 23~ by the rapid filtration 
method. Uptake was initiated by mixing 10/xl of BLMV ( -10  mg 
protein/ml) with 190 p-I of solution containing 3~SOa. Inhibitors, 
when present, were present in both solutions. The composition 
of intravesicular and solutions buffers, and the concentrations of 
valinomycin and CCCP are given in the figure and table legends, 
Transport was stopped after a specified time interval by addition 
of 2 ml of stop solution (150 mM NaCI, 10 mM HEPES/Tris,  10 
mM K_,SO4, 50/XM SITS, pH 7, 4~ and filtered immediately on 
0.65/xm HAWP Millipore filters (Bedford, MA), prewetted with 
100 mM K_,SO4, under vacuum pump suction. The filters were 
washed three additional times with 2 ml of stop solution, dis- 
solved in Scinti Verse Bio-HP scintillation fluid (Fisher Scien- 
tific, Fairland, N J) and counted in a 6847 Nuclear Chicago 
Counter (TM Analytic, Elk Grove Village, ILL Filtration and 
washing were completed in under 10 sec. Nonspecific binding of 
35S04 w a s  subtracted in every experiment. Unless stated, each 
experiment was performed in quadruplicate using at least three 
different membrane preparations. 

SPQ FLUORESCENCE EXPERIMENTS 

CI influx into IJLMV was monitored using the entrapped CI- 
sensitive fluorescent indicator 6-methoxy-N-[3-sulfopropyl] 
quinolinium (SPQ) [16]. BLMV were loaded with 10 mM SPQ by 
incubation for 18 hr at 4~ Extravesicular SPQ was removed by 
three washes in >25 volumes of buffer not containing SPQ. CI 
influx experiments were initiated by adding BLMV in buffer con- 
taining 250 mM sucrose, 50 mM K gluconate, 100 NMG gluco- 
hate, 10 mM HEPES/Tris ,  pH 7.0 to 2 ml of isotonic, isosmotic 
buffer containing 50 mM CI. In some experiments, K gluconate 
was replaced by I0 mM K_,SO4; ionic strength was balanced by 
addition of NMG gluconate. Fluorescence was monitored at ex- 
citation and emission wavelengths of 350 and 450 nm, respec- 
tively. CI flux in units of nmol/sec/mg protein was calculated 
from the fluorescence data as described previously [5, 16]. 

27[ 
W �9 

C,) Fmeos �9 

18 | ." �9 Fcor, ~ 

~ '  g I / ; c 5 - " -  '~176 / 
z o W ,  , , , 

0 20 40 60 80 I0O (.~ 
15 ~- [DBDS] ,,,M . . ,4  " /  _ 

on" ~z ~ - //'> 
_j �9 / 
LL 
C3 9 ~ o /  NONSATURABLE 

J / / BINDING (+HzDIDS) 
I-- 
, . ,  6 Z"  - - - - ~ - - - ~  . . . .  

0 3 

O " I I .1 
0 20 40 60 80 ioo 

[DBDS]  , / xM 

Fig. 1. Fluorescence titration of DBDS binding to BLMV. In- 
creasing concentrations of DBDS were added to rabbit BLMV 
(0.4 mg/mD in a 2 x 10 mm pathlength quartz cuvette as de- 
scribed in Materials and Methods. Experiments were performed 
in the absence (rifled circles) and presence (open circles) of 500 
/xM H2DIDS to block the saturable binding component.  Buffer 
consisted of 25(1 mM sucrose, 50 mM K-gluconate, 100 NMG 
gluconate, 10 mM HEPES/Tris ,  pH 7.0, 23~ Corrected fluores- 
cence data were fitted to the single site binding model in Eq, (2) 
with F,, = 6.3 fluorescence units. Ka = 5 ,aM and F,,, = 0.13 
fluorescence units/p.M. Saturable and nonsaturable components 
of binding calculated from the fitting procedure are shown as 
dashed curves. Inset: Uncorrected fluorescence measured in the 
presence (F,ne,,,) and absence (FDBDS) of BLMV, and the fitted 
curve for corrected fluorescence (F~,,r~) are plotted against 
[DBDS]. The FoBos us. [DBDS] data were fitted to the quadratic 
AIDBDSI 2 + B[DBDS1 + C with B/A = 239 /*M 

R e s u l t s  

E Q U I L I B R I U M  D B D S  B I N D I N G  

Upon addition of increasing [DBDS] to membrane 
vesicles containing stilbene binding sites, there is an 
increase in measured fluorescence intensity result- 
ing from several processes: (i) fluorescence of aque- 
ous DBDS, (it) fluorescence of DBDS bound to sat- 
urable sites (protein), and (iii) fluorescence of  
DBDS bound to nonsaturable sites (predominantly 
lipid). In addition, some excitation light scattered 
from the vesicles is measured, and an inner filter 
correction is required to correct measured fluores- 
cence for absorption of excitation and emission 
light by DBDS (see Materials and Methods). These 
corrections become increasingly important for 
[DBDS] > 10/XM and when the fluorescence signal 
arising from DBDS bound to saturable binding sites 
is small. 

To delineate the presence of both saturable and 
nonsaturable DBDS binding sites on rabbit BLMV, 
a fluorescence titration was performed using a cu- 
vette with reduced excitation pathlength (2 mm) to 
minimize inner filter correction at high [DBDS] 
(Fig. 1). The fluorescence, corrected for aqueous 
DBDS, membrane scattering and inner filter effects 
(Fcorr; Eq, (1)), is plotted on the y axis. The figure 
inset gives the raw data for Fmeas and FDBDS as a 
function of [DBDS]. Both saturable and nonsa- 
turable components of DBDS binding are present. 
The saturable binding component was absent in a 
similar experiment performed in the presence of 500 
/AM H2DIDS, a high affinity, nonfluorescent stil- 
bene. The presence of two types of binding sites is 
supported by kinetic experiments (below) in which 
it is shown that nonsaturable binding occurs in <2 
msec, whereas saturable binding occurs in >100 
msec and is inhibitable by H2DIDS and several an- 
ions. 

The effect of H2DIDS on equilibrium binding of 
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Fig. 2. Inhibition of DBDS binding by H.~DIDS. Increasing con- 
centrations of H2DIDS were added to a cuvette containing vari- 
ous membrane preparations (0.1-0.2 mg/ml) and 4 /zM DBDS 
using the buffer system given in the legend to Fig. 1. The % 
inhibition was determined from the ratio of corrected fluores- 
cence values measured in the absence and presence of H2DIDS. 
For clarity, the individual data points are not shown for rat and 
rabbit BBMV. Data were fitted to a saturable, single-site binding 
model with K,~ = 2.4 /ZM (RBC ghosts), 25 /zM (rat BLMV), 35 
ttM (rabbit BLMV), >100/xM (rat BBMV) and >100 ttM (rabbit 
BBMV) 

DBDS to red cell ghosts, and to BBMV and BLMV 
isolated from rat and rabbit is shown in Fig. 2. The 
experiment was performed using 4 ttM DBDS, a 
concentration near the Kj at which relatively little 
nonsaturable DBDS binding occurs. While there 
was strong inhibition of DBDS binding to ghosts 
and to BLMV by H2DIDS, there was little H2DIDS- 
inhibitable DBDS binding to BBMV. The quantity 
of H2DIDS-inhibitable DBDS binding to BLMV, 
expressed as fluorescence per mg of vesicle protein 
(Table 1), is - 3 8 %  of that measured for binding to 
band 3 in red cell membranes. It is known that band 
3 constitutes ~50% of red cell membrane protein. If 
the basolateral membrane anion transporter has 
similar molecular weight to band 3 (95 kDa), and if 
the quantum yields and molar absorptivities of 
DBDS bound to sites on band 3 and the BLMV 
membrane are similar, then the basolateral mem- 
brane anion transporter(s) constitutes - 2 0 %  of total 
basolateral membrane protein. The small quantity 
of DBDS binding to BBMV may represent contami- 
nation by BLMV or DBDS binding to a BBMV an- 
ion transporter present in relatively small numbers 
or having low stilbene binding affinity (see Discus- 
sion). 

In red cell ghost membranes, DBDS binding af- 
finity is decreased by transportable anions such as 
CI [6] and by a number of inhibitor compounds 
which bind to band 3 including phloretin and 

Table 1. Equilibrium DBDS binding to red cell ghosts and to 
renal membranes 

Ka F, [protein] Relative binding 
(tZM) (FU) (mg/ml) (%) 

RBC ghosts 0.93 9.9 6.5 100 
Rab BLMV 3.2 4.7 9.9 31 
Rabbit BLMV 3.8 5.9 10.2 38 
Rat BBMV >10 <0.2 13.6 <2 
Rabbit BBMV >I0  <0.2 13.1 <2 

DBDS binding was measured as described in Materials and 
Methods in the absence of transportable anions. F,, represents 
the H2DIDS inhibitable fraction of DBDS binding; F,, and Kj 
were fitted using Eq. (2) for RBC ghosts and BLMV. Protein 
concentration for each sample was measured by the Lowry 
method. Relative binding represents F,/[protein] in each mem- 
brane relative to that in RBC ghosts. 

pCMBS [9, 21]. We examined the effect of CI, SO4, 
HCO3, Na and pH on the Ka for DBDS binding to 
rabbit BLMV (Table 2). There was no effect of Na 
or pH in the range 6-8 (data not given) on K,I, 
whereas the anions decreased DBDS binding affin- 
ity with relative potencies SO4 > HCO3 > CI. These 
results are consistent with a competitive interaction 
between DBDS and anions at a basolateral mem- 
brane anion transport site. To determine semi-quan- 
titatively whether other anions interacted with the 
DBDS binding site, the corrected fluorescence of 
bound DBDS (Fr was measured using conditions 
given in the legend to Fig. 2 (4/xM DBDS, 0.1 mg/ml 
BLMV) for 10 mM anion concentrations. Relative 
Fcorr values were: 1.0 (gluconate), 0.45 (formate), 
0.42 (acetate), 0.35 (lactate) and 0.30 (sulfate). 
Therefore a series of anions appear to alter equilib- 
rium DBDS binding. With increasing temperature in 
the absence of transportable anions, Kj increased 
(2.9 ___ 0.9 ~M, 14~ 3.8 +-+- 0.6 /d,M, 23~ 6.1 +-- 1 
p.M, 46~ in a manner similar to results for DBDS 
binding to red cell ghosts [28]. 

D B D S  B I N D I N G  KINETICS 

Stopped-flow kinetic measurements were per- 
formed to define further the mechanism of interac- 
tion between DBDS and the anion transporter. 
Upon rapid mixing of DBDS with BLMV in the 
absence of transportable anions, there is a biex- 
ponential time course of increasing fluorescence 
with time constants of 150 msec and 6.3 sec which is 
blocked completely by preincubation of BLMV 
with 0.5 mM H2DIDS (Fig. 3). Similar time courses 
were observed with time constants of 200 msec and 
5.5 sec using rat BLMV. No time course of increas- 
ing fluorescence was observed for mixture of DBDS 
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Hg. 3. Time course of  DBDS binding to 
rabbit BLMV, BLMV (1 mg protein/ml) were 
mixed with an equal volume of buffer 
containing 16 ~M DBDS in 250 mM sucrose, 
50 mM K gluconate, t00 NMG gluconate, I0 
mM HEPES/Tris ,  pH 7.0, 23~ in a 
stopped-flow apparatus. The time course 
increasing fluorescence intensity corresponds 
to DBDS binding. Data are shown using two 
different time scales with fitted single 
exponential time constants  of 150 msec and 
6.3 sec. Addition of 0.5 mM H2DIDS to the 
BLMV solution abolishes the time course of 
increasing fluorescence 

Table 2. Equilibrium DBDS binding to rabbit BLMV 

Ion Concentration Ka q'fast ~'slow 
(mM) (/zM) (msec) (sec) 

Control 3,8 • 0.6 152 - 4 6.2 • 0.4 
SO4 10 7.7 • 1 

25 , 320 •  60 6.1 • 0 . 2  
HCO3 25 780 - 100 5.2 + 0.5 

50 7.0 • 0.8 
CI 25 271 • 30 5.4 • 0.4 

100 6.3 • I 
Na 100 3.7 + 0.4 168 • 14 6.3 • 0.8 

DBDS binding was measured in rabbit BLMV in the absence of  
transportable anions (NMG gluconate, control) and with NMG 
gluconate replaced by specified concentrations of possible trans- 
portable ions. Kj, r,~t and r~j,,w were determined as described in 
the legends to Figs. 3 and 4. 

with BBMV from rat or rabbit, with phosphatidyl- 
choline vesicles (200 /ZM phospholipid) and with 
vesicles prepared from lipid extracted from red 
blood cells [28]. We conclude that the time course 
of increasing fluorescence is associated with bind- 
ing of DBDS to saturable sites; binding of DBDS to 
nonsaturable sites (primarily phospholipid) occurs 
within the dead time of the stopped-flow instrument 
(2 msec). 

The effect of anions and Na on DBDS binding 
kinetics is summarized in Table 2; representative 
time course data are given in Fig. 4. There is no 
effect of  Na on the time course, whereas SO4, 
HCO3 and CI slow the time constant for the first 
exponential. The slow time constant is not altered 
by any of the ions or by a change in [DBDS] (2-16 
/ZM; data not shown). Based on DBDS transport 
data using inside-out red cell vesicles [28], the 
slower exponential may represent transmembrane 
DBDS passage and binding to H2DIDS-inhibitable 
sites on the inside vesicle surface. Other interpreta- 
tions cannot be excluded from the data presented, 
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Fig. 4. Effects of anions on kinetics of DBDS binding to BLMV. 
Stopped-flow experiments were performed as in Fig. 3 with re- 
placement of 100 mM NMG gluconate with 75 mM NMG gluco- 
nate + 25 mM NMG-anion. Fitted single exponential time con- 
stants are summarized in Table 2. 

including: (i) DBDS binding to an independent class 
of external binding sites which are HzDIDS but not 
anion inhibitable, and (ii) sequential DBDS binding 
in which a slow conformational change in a single 
DBDS-binding protein (following the faster confor- 
mational change) causes a further enhancement in 
DBDS fluorescence. 

The slowing of the measured fast time constant 
for DBDS binding to BLMV by CI, SO4 and H C O 3  

is opposite to that observed in red cell ghost mem- 
branes [6], where it was concluded that DBDS and 
transportable anions occupy distinct binding sites 
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which interact in a noncompetitive manner. The de- 
crease in DBDS binding affinity and binding rate in 
BLMV are compatible with competitive interaction 
between stilbenes and transportable anions at a sin- 
gle binding site. 

In red cell ghost membranes it was possible to 
define the precise mechanism by which Ci modified 
the band 3-DBDS binding interaction from the mea- 
sured dependences of the binding time course on 
[DBDS] and [C1] [6, 28]. It was concluded that the 
measured binding time course is the rate-limiting 
band 3-DBDS conformationat change which fol- 
lowed a rapid bimolecular association reaction be- 
tween band 3 and DBDS. Only a limited study of 
the dependence of the fast exponential time con- 
stant on [DBDS] was possible using rabbit BLMV 
because of the small signal amplitude and the rapid 
time course compared with that measured in red 
cell ghosts. For mixture of BLMV (1 mg protein/ml) 
with DBDS to give final DBDS concentrations of 2, 
4, 8 and 16 /zM, fitted exponential time constants 
were 151 - 20 msec, 171 -+ 13 msec, 179 • 6 msec 
and 195 • 15 msec, respectively (SD, n = 3 for each 
measurement). The lack of significant dependence 
of the time constant on [DBDS] over an eightfold 
concentration range suggests that .the measured 
binding time course in BLMV represents a rate- 
limiting unimolecular reaction (conformational 
change). Because the fluorescence signal was very 
poor below 2//.M DBDS, it was not possible to study 
the association reaction which must precede the 
conformational change. Interestingly, the rate of 
the BLMV-DBDS conformational change (5-6 
sec -~) is very similar to that measured in red cell 
ghost membranes (4 sec-~; ref 28), whereas the 
BLMV-DBDS binding affinity (3/xM) is much lower 
than that measured in ghosts (<0.1 /xM). 

A N I O N  TRANSPORT MEASUREMENTS 

Measurements of rabbit BLMV anion transport 
were performed to examine the physiological func- 
tion of the DBDS-binding protein identified from 
fluorescence measurements. In BLMV isolated 
from dog, rat and marine teleost, several modes of 
SO4 transport have been identified in which SO4 
movement is driven by cis-H gradients, trans-anion 
gradients and cis-Na gradients [3, 15, 20, 24, 25]. In 
addition, neutral CI/HCO3 and electrogenic Na- 
driven 3HCO3 transport have been identified in 
BLMV isolated from rabbit [2, 11]. The first set of 
experiments were designed to determine the modes 
and properties of anion transport present in rabbit 
BLMV which have not been studied previously. 
The dose response for DBDS inhibition of anion 
transport will then be determined. 

Table 3, Influence of K diffusion potentials on SO4 uptake 

[Klo,,,/[Kh. 

100/5 100/100 5/1(10 

pH driven 165 - 6 160 +- 13 185 +- 20 
Nadr iven 7 8 -  I 7 2 -  5 78-+- 5 
Cldriven 4 4 -  2 4 2 -  2 41 -+ 3 

Experiments were performed as described in the legend to Fig. 5 
with specified K gradients obtained by replacing K with NMG. 
Data represent mean -+ st) 35SO4 uptake in pmol/mg protein for 
one set of experiments (typical of two) performed in quadrupli- 
cate with background subtrated. Incubation times were 4 sec (pH 
driven), 10 sec (CI driven) and 10 sec (Na driven). 

The time course of 35SO4 influx into rabbit 
BLMV stimulated by inwardly directed H and Na 
gradients, and by outwardly directed CI gradients is 
shown in Fig. 5. To prevent coupling of SO4 trans- 
port to other ion gradients by induced diffusion po- 
tentials, BLMV were voltage clamped with K and 
valinomycin. For experiments involving Na and CI- 
gradient driven SO4 transport, BLMV were also pH 
clamped using CCCP to prevent coupling of SO4 
transport to pH gradients which might be induced 
by the ion gradients. Any enhancement of SO4 
transport by ion gradients thus indicates the pres- 
ence of a protein-mediated countertransport pro- 
cess. The data in Fig. 5 show an overshoot in SO4 
uptake, indicating that all three modes of SO4 trans- 
port are present in rabbit BLMV. The electrical 
properties of each mode of transport were exam- 
ined from the effective of K diffusion potentials on 
SO4 influx measured at a single time point, where 
SO4 uptake is approximately linear with time (Table 
3). Because influx rates were unchanged by induced 
diffusion potentials, it is concluded that each mode 
of SO4 transport is electroneutral under the condi- 
tions of the experiment. 

The anion specificities of the BLMV SO4 trans- 
porter are shown in Fig. 6, top. Under voltage and 
pH-clamped conditions, SO4 influx is trans-stimu- 
lated by a series of anions, notably including CI and 
HCO3. The dose-response relation for trans-stimu- 
lation of tracer 3~SO4 influx by internal C1 and HCO3 
is given in Fig. 6, bottom. Fitted KSs for C1 and 
HCO3 were 16 and 20 raM. Thus, the basolateral 
membrane SO4 (anion) transport is saturable and 
operates in an exchange mode with broad anion 
specificity, similar to the properties of red cell band 
3. The relativity high Ka's of the transporter for CI 
and HCO3 suggest that these~ions can regulate the 
activity of the SO4 transporter under physiological 
conditions. 

The inhibitory properties of the BLMV SO4 
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BLMV (10 mg protein/ml, 50 mg valinomycin/mg protein) in 250 
mM sucrose, 100 mM K gluconate, 50 mM Bicin/Tris, pH 8.4, 
was diluted into 190/*1 buffer containing 250 mM sucrose, I00 
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protein, 5 H.M CCCP) in 250 mM Sucrose, 50 mM NMG gluconate, 
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buffer without CI. Bottom: Na-driven SO4 transport. BLMV con- 
taining valinomycin/CCCP in Na-free buffer (same as 0 CI buffer 
used in CI experiments) or Na-containing buffer (250 mM su- 
crose, 100 mR K gluconate, 50 mM Na gluconate, 10 HEPES/ 
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with -~SO4. Uptake measurements  expressed as pmol SO4/mg 
vesicle protein, determined using tracer ~~S04, are the mean ~ SD 
of four measurements 
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NMG gluconate, 10 mM HEPES/Tris  and 10 mM K-anion, pH 
7.0, were diluted into 190/.d of identical buffer containing gluco- 
hate and 35SO4. Each point represents the mean + SD of quadru- 
plicate measurements of 10 sec uptake. Uptake at 0 sec, repre- 
senting nonspecific binding to filters and to BLMV, was 
subtracted in each measurement. In control experiments, there 
was no effect of anions at (1.5 mM concentration in the external 
solution on 35SO4 influx measured in the absence of trans-anion 
gradients. Therefore preloaded anions carried over into the ex- 
ternal solution in trans-stimulation experiments do not affect 
measured SO4 influx. Bottom: HCO3 and CI concentration de- 
pendences of SO4 uptake. Experiments were performed as above 
with K-gluconate replaced by KCI or KHCO~ at various concen- 
trations. For HCO3 experiments.  50 mM HEPES/Tris  buffer was 
used to clamp buffer pH. Each point is the mean - SD of quadru- 
plicate measurements.  Data were fitted to a saturable, single-site 
binding model with K,j = 16 + 5 mM (Cl) and 20 + 3 mM (HCO3) 
and V,,a~ 73 pmol/mg (CI) and 165 pmol/mg (HCO0 

transporter are summarized in Fig. 7. There is inhi- 
bition of  H, CI and Na-gradient driven SO4 influx by 
0.5 mM stilbene (H2DIDS and SITS), and I mM 
furosemide, probenecid and chlorothiazide; there 
was no effect of 1 mM amiloride and acetazolamide. 
This pattern is similar to that observed for anion 
transporters such as red cell band 3; however, the 
inhibition of SO4 transport by chlorothiazide was 
unexpected because this compound is not known to 
alter proximal tubule function. 

The anion specificity for c/s-inhibition of H and 
Na gradient-driven SO4 influx is shown in Fig. 8. At 
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Table 4. Cis-inhibition of ~SO4 uptake by SO4 

[SO4] (H.M) pH driven Na driven 
(% control) 

0.1 (control) 
5 

10 
20 
40 
80 

160 
1,000 

10,000 

100 100 
9 9 + 9  100+- 4 
87---8 101 _+ 4 
73_+4 
17+-2  88 + 7 
10+_2 71 - 8 
10 + I 62 --- 10 
3+_2  62--- 9 

10+_6 7 +  5 

H and Na-gradient driven 35SO4 influx was measured as de- 
scribed in the legend to Fig. 5 with variable external SO4. Trans- 
port rates are expressed as % of control (mean -+ SD) measured at 
tracer SO4 concentrat ion for one set of experiments (typical of 
two) performed in quadruplicate. Data were fitted to a single site, 
saturable inhibition model with K / =  30 H~M (pH driven) and 1500 
p~M (Na driven). 

l0 mN anion concentrations, there was --90% cis- 
inhibition by SO4 with lesser or no inhibition by the 
other anions. Interestingly, the pattern of anion po- 
tencies for cis-inhibition of H-driven SO4 uptake 
were quite different from that of  Na-driven SO4 up- 
take, suggesting that these transporters may be dis- 
tinct. 

To examine further the differences in transport 
characteristics of these systems, the dose-re- 
sponses for cis-S04 and DBDS inhibition were mea- 

sured (Table 4 and Fig. 9). For H gradient-stimu- 
lated SO4 uptake there is a remarkably low KI of 
--30 p.M. In contrast, KI for SO4 inhibition of  Na 
gradient stimulated SO4 transport is >1000 p.M. 
These results support the possibility that Na/SO4 
and H/SO4 (OH/SO4) transport occur via different 
routes. 

The dose-response relations for DBDS inhibi- 
tion of  35SO4 influx driven by inwardly directed H 
and Na gradients are given in Fig. 9. For Na/SO4 
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stimulation. To obtain independent evidence that 
C1/SO4 exchange is present, CI transport was as- 
sayed using a Cl-sensitive fluorescent indicator in- 
troduced recently (see Materials and Methods) [I6]. 
BLMV (voltage and pH clamped with K/valinomy- 
cin and nigericin) were subjected to a 50 mM in- 
wardly directed CI gradient in the absence of Na. C1 
flux increased from 0.34 • 0.02 nmole/sec/mg pro- 
tein to 0.42 • 0.02 nmol/sec/mg protein (mean • 
st), n = 4, P < 0.002) in the presence of 10 mM 
trans-S04, indicating that SO4 gradients trans-stim- 
ulate CI influx. 

Discussion 

Fig. 9. DBDS inhibition of SO4 influx, pH and Na gradient 
driven 3sSO4 influx was measured in quadruplicate using the 
methods given in the legend to Fig, 5 using a 4-sec time point for 
pH-driven transport and a 10 sec time point for Na driven trans- 
port. Data were fitted to a saturable, single-size inhibition model 
with Kt = 20/xM (pH driven) and 3.2/xM (Na driven) 

transport, the /</ for DBDS inhibition ( -3  ,aM) is 
similar to the Kd for DBDS binding measured in the 
absence of transportable anions. The K,r for DBDS 
inhibition of H-driven SO4 influx is larger (20 ,aM), 
consistent with the possibility that the transport 
proteins for Na/SO4 and H/SO4 cotransport are dif- 
ferent. It is unlikely that the differences in Kd are 
due to a competitive interaction between H/OH and 
DBDS for binding to the anion transport site be- 
cause there was no measured effect of pH on the 
DBDS binding affinity. 

To demonstrate that the measured Na/SO4 co- 
transport is a property of the basolateral membrane 
and not due to brush border contamination, 35SO4 
uptake measurements were performed on BBMV. 
For experiments performed on BBMV under condi- 
tions identical to those used in Fig. 9, the percent- 
ages inhibition of Na-stimulated SOn uptake by 
DBDS were (mean • so, n = 4) 96 -+- 9%, 90 • 8%, 
85 • I%, 80 • 7% and 78 • 11%at [DBDS] = 8, 16, 
32, 64 and 100 ,aM, respectively. These results are 
very different from the data shown in Fig. 9, indi- 
cating that Na/SO4 cotransport  inhibited by low 
concentrations of DBDS is absent in BBMV. These 
results are consistent with the reported Kt of 350 
/./.M for DIDS inhibition of Na-driven SO4 uptake in 
rat BBMV [3]. 

It has been unclear whether the proximal tubule 
basolateral membrane contains C1/SO4 exchange, 
and whether  pathways for CI and SO4 transport are 
distinct [15, 20, 23]. The 35SO4 uptake results in Fig. 
5 indicate that C! gradients do trans-stimulate SO4 
uptake; however, the magnitude of the stimulation 
is less than that obtained for H and Na-gradient 

We have used a site-specific fluorescent probe, 
DBDS, to characterize optically the renal baso- 
lateral membrane anion transporter. There are a 
number of applications of a probe which at some 
concentration binds specifically to membrane pro- 
tein sites and undergoes a measureable change in 
fluorescence properties. (i) The probe can be used 
to identify optically tissues which contain specific 
binding sites. When viewed under a fluorescence 
microscope (excitation 360 nm, emission >400 nm), 
addition of 10 "aM DBDS to suspended proximal 
tubules results in a marked signal over thetubule  
(and over red ceils), but not in other structures. (ii) 
The probe can be used to examine the physical 
properties of the binding site. Studies of probe bind- 
ing affinities, kinetics, and thermodynamics give in- 
formation about protein conformation and subunit 
interactions; energy transfer experiments can be de- 
signed to determine distances between transporter 
binding sites. (iii) The mechanism of transport inhi- 
bition by the probe or by other inhibitory com- 
pounds can be examined from the effects of trans- 
ported substrates and inhibitors on probe binding, 
and (iv) The probe can be used potentially to label 
the transporter for isolation and reconstitution stud- 
ies. 

DBDS has been used previously to study band 3 
structure and function in human red blood cells. 
Based on equilibrium and kinetic studies of DBDS 
binding to red cell ghost membranes in the absence 
of transportable anions, it was concluded that 
DBDS binds initially to a low affinity site on one 
monomer of a band 3 dimer. The initial binding is 
followed by a protein conformational change which 
increases the affinity for the DBDS molecule al- 
ready bound, and modifies the binding site on the 
second band 3 monomer to decrease its binding af- 
finity for a second DBDS molecule [7, 28]. Based on 
the effects of C1 on DBDS binding, it was shown 
that Cl and DBDS possess distinct binding sites on 
band 3 which interact in a noncompetitive manner 
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[6]. DBDS binding has also been used recently to 
estimate the target size for the band 3 stilbene bind- 
ing site by radiation inactivation [30]. 

The characteristics of the DBDS binding site on 
BLMV are notably different from those in the red 
cell membrane. In the absence of transportable an- 
ions, the DBDS-binding dissociation constant is -3  
/xg on BLMV, whereas the high affinity Ka is 0.06 
/.~M on red cell ghost membranes [28]. Interestingly, 
Ka for DBDS binding to ghost membranes is 3/xM 
before the conformational change occurs which 
"locks" DBDS into a high affinity state on the first 
monomer of the band 3 dimer, raising the possibility 
that the BLMV anion transporter lacks the ability to 
accommodate the DBDS molecule by a conforma- 
tional alteration. The Kd for DBDS binding in- 
creases in the presence of transportable anions for 
both band 3 and for the BLMV anion transporter. 

In'BLMV, the apparent rate of DBDS binding 
decreases in the presence of transportable anions, 
whereas in ghost membranes, the rate increases. 
The findings in BLMV are compatable with compet- 
itive binding of DBDS and anions at a single binding 
site, whereas the results in ghost membranes re- 
quire a noncompetitive interaction between trans- 
portable anions and DBDS. The independence of 
the apparent DBDS binding rate on [DBDS] in 
BLMV indicates that the rate-limiting binding reac- 
tion is a unimolecular step, or equivalently, a con- 
formational change. The rates of the conformational 
change for BLMV isolated from rat and rabbit are 
approximately equal (5-6 sec -~) and similar to that 
measured in ghost membranes (4 sec-I). Thus, both 
similarities and notable differences exist in the char- 
acteristics of stilbene binding to anion transporters 
in the red cell and renal basolateral membranes. 

The DBDS binding experiments define a class 
of stilbene binding sites on a basolateral membrane 
anion transport protein which has specificity for 
SO4, HCO3 and CI. Based on measurements of the 
fluorescence of maximally bound DBDS on BLMV 
relative to that on red cell ghost membranes, it was 
estimated that -20% of BLMV membrane protein 
is the DBDS-binding protein, and probably the an- 
ion transporter. The DBDS-binding experiments do 
not address directly the characteristics of the anion 
transporter and whether a heterogeneous popula- 
tion of anion transporters are present. 

Several modes of anion transport were charac- 
terized on rabbit BLMV from 3sSO4 uptake and SPQ 
fluorescence measurements. There is an anion ex- 
changer with broad specificity which exchangers 
SO4 with SO4, CI, HCO.~, PO4 and a number of or- 
ganic anions. SOn transport is also driven by H gra- 
dients in the absence of COz and by Na gradients. 
Under experimental conditions used, each mode of 
anion transport is electroneutral and inhibited by 

stilbenes, furosemide, probenecid and chloro- 
thiazide, but not by amiloride and acetazolamide. 
Several properties of H and Na-gradient driven SO4 
uptake are different, including the anion cis-inhibi- 
tion, SO4 cis-inhibition and DBDS inhibition, sug- 
gesting that H and Na-gradient driven SO4 uptake 
processes may be separate. 

SO4 transport mechanisms have been studied in 
brush border and basolateral membranes isolated 
from a number of renal and intestinal epithelia. In 
BBMV isolated from dog kidney, a SO4 efflux path- 
way inhibited weakly by DIDS was identified using 
buffer containing Na [14]. Similarly, in BBMV iso- 
lated from rat kidney, Na driven SO4 transport was 
characterized with a KI of 350/xm for DIDS [3]. In 
contrast, the rabbit ileal BBMV has both Na and H 
driven SO4 transport inhibited by stilbenes and furo- 
semide [I, 19, 26]. In the flounder renal tubule 
BBMV, a neutral SO4/anion exchanger has been 
found which is inhibited by stilbenes and probene- 
cid, with half-maximal activation at 5 mM SO4 [25]. 

In BLMV isolated from rat kidney, H, Na and 
CI driven SO4 transport have been identified, simi- 
lar to our results obtained using BLMV isolated 
from rabbit kidney [3, 20]. Kt for DIDS inhibition of 
H driving SO4 uptake was 2.4/~.M with half-maximal 
activation at 5.4/xM SO4. The substrate and inhibi- 
tor specificities for the rat BLMV anion transporter 
were similar to those reported in the present study. 
A similar DIDS-sensitive, H and anion driven SO4 
transporter was studied in BLMV isolated from rat 
jejunum [15]. In addition, a neutral, DIDS-sensi- 
tive, H driven SO4 transporter has been identified in 
BLMV isolated from the Teleost renal tubule [24]. 
In the human red blood cell, band 3 is known to 
mediate SO4/anion exchange with broad anion spe- 
cificity, as well as H gradient driven SO4 transport 
in the absence of HCO3 [221. 

It is not certain how many distinct renal BLMV 
anion transporters exist. The electrogenic Na/ 
3HCO3 cotransporter recently identified on basolat- 
eral membranes in rat and rabbit proximal tubule is 
probably distinct from the SO4 transporter studied 
here [2, 11]. Unlike the SO4 transporter, the Na/ 
3HCO3 cotransporter is electrogenic, requires 
HCO3, and is inhibited only at high stilbene concen- 
trations. A Na-independent, neutral CI/HCO3 ex- 
changer was identified on BLMV isolated from 
rabbit kidney which was inhibited by DIDS, furo- 
semide and probenecid [12]. Recently, we used a 
Cl-sensitive fluorescent indicator to measure the 
time course of intravesicular C1 in rabbit BLMV in 
response to ion gradients [5]. H gradient driven CI 
transport in the presence and absence of HCO3 was 
found to be neutral and inhibited by H2DIDS. In 
addition a C1 flux trans-stimulated by Na was identi- 
fied which required HCO3 but not K: this transport 
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system probably represents Na/CI/2HCO3 coupled 
transport. There was no evidence to support the 
presence of a voltage-sensitive CI conductance or a 
K/CI cotransporter. 

Therefore there probably exist at least three 
and possibly more distinct anion transport proteins 
in the rabbit proximal tubule basolaterat membrane: 
neutral anion/anion exchange and Na/anion 
cotransport, and electrogenic Na/3HCO3 cotrans- 
port. It is unclear whether the Na/CI/2HCO~ trans- 
port system represents a mode of the Na/anion co- 
transporter, or whether it is a different system. In 
general, the basolateral membrane neutral anion 
transporters have high affinity for stilbenes (<20 
/ZM). The DBDS binding site(s) defined in the 
present studies, although described as a single satu- 
rable binding site, probably represent(s) a heteroge- 
neous population of binding sites on distinct anion 
transpor( proteins with overlapping anion specifici- 
ties. For this reason, quantitative comparisons of 
anion effects on DBDS and DBDS inhibition of an- 
ion transpor! are not possible. These comparisons 
were possible in the red cell system [7] because of  
the presence of a single protein (band 3) comprising 
~50% of total membrane protein. 

Recognizing these limitations in the analysis of  
data obtained in the basolateral membrane system, 
we can conclude: (i) DBDS binds to saturable 
stilbene binding site(s) on the basolateral membrane 
where it undergoes a fluorescence enhancement. 
There is little measureable DBDS binding on the 
brush border membrane. (ii) DBDS and anion bind- 
ing, for a wide range of anions, is apparently com- 
petitive at an anion binding site. (iii) The rabbit 
proximal tubule basolateral membrane contains 
neutral, stilbene-inhibitable anion/SO4 exchange 
and Na-driven SO4 cotransport which are probably 
mediated by distinct proteins. In independent ex- 
periments, the basolateral membrane also contains 
neutral CI/OH(HCO0 countertransport and Na/ 
C1/2HCO3 coupled transport. (iv) The basolateral 
membrane anion transport processes are inhibited 
by DBDS, likely at the stilbene binding site(s) ob- 
served in DBDS binding studies. Further definition 
of the molecular size and physical characteristics o f  
basolateral membrane anion transport proteins will 
require labeling, isolation and reconstitution stud- 
ies. 
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