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Abstract. We have previously proposed that a mem- 
brane transport complex, centered on the human 
red cell anion transport protein, band 3, links the 
transport of anions, cations and glucose. Since band 
3 is specialized for HCO3/CI-  exchange, we thought 
there might also be a linkage with carbonic anhy- 
drase (CA) which hydrates CO2 to HCO3. CA is a 
cytosolic enzyme which is not present in the red 
cell membrane. The rate of reaction of CA with the 
fluorescent inhibitor, dansylsulfonamide (DNSA) 
can be measured by stopped-flow spectrofluorimetry 
and used to characterize the normal CA configura- 
tion. If a perturbation applied to a membrane protein 
alters DNSA/CA binding kinetics, we conclude that 
the perturbation has changed the CA configuration 
by either direct or allosteric means. Our experiments 
show that covalent reaction of the specific stilbene 
anion exchange inhibitor, DIDS, with the red cell 
membrane, significantly alters DNSA/CA binding 
kinetics. Another specific anion exchange inhibitor, 
benzene sulfonate (BSate), which has been shown 
to bind to the DIDS site causes a larger change 
in DNSA/CA binding kinetics; DIDS reverses the 
BSate effect. These experiments show that there is 
a linkage between band 3 and CA, consistent with 
CA interaction with the cytosolic pole of band 3. 
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Introduction 

Evidence that a membrane transport protein com- 
plex is present in the human red cell membrane, 
where it links the transport of cations to that of 
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anions as well as to glucose uptake, has previously 
been presented (Janoshazi & Solomon, 1989; Jano- 
shazi, Kifor & Solomon, 1991). The most abundant 
transmembrane protein, band 3, is the centerpiece 
of the complex with links both to the membrane- 
bound Na+,K +-ATPase and to the glucose transport 
protein (GLUT1). Since the primary function of 
band 3 is the transport of HCO3 out of the cell and 
its exchange for CI-,  and since the primary role of 
intracellular carbonic anhydrase (CA) is the hydra- 
tion of CO2 to HCO3, we thought that a case could 
be made for a band 3/CA linkage which would in- 
crease efficiency by delivering the processed 
HCO3 directly to band 3 for outward transport. This 
is particularly important in the human red cell be- 
cause Randall and Maren (1972) have shown that 
there is no CA in the membrane. Although there is 
a very high concentration of CA in the cytoplasm, 
about 8.6 x 10 6 cytoplasmic copies of CA/cell 
(Maren, 1967), there are only about 1.2 x 10 6 copies 
of the isozyme, HCA II, which is primarily responsi- 
ble for the physiological carbonic anhydrase activity 
(Carter et al., 1984). It is suggestive, and possibly 
significant, that this number equals the ~ 1 x 10 6 

copies of band 3/cell (Jennings, 1989). In the kidney, 
where CA is essential in maintaining the acid-base 
balance, Zeidel, Silva and Seifter (1986) have re- 
ported that the classical CA inhibitor, acetazolamide 
(ACTZ), inhibits HCO 3 efflux in rabbit medullary 
collecting duct cells which contain a band 3 isoform 
(Schuster, Bonsib & Jennings, 1986). 

The kinetics of CA binding to a specific sulfon- 
amide inhibitor can be measured by stopped-flow 
spectrofluorimetry, because binding of the fluores- 
cent CA inhibitor, dansylsulfonamide (DNSA), to 
CA causes both absorption and emission peaks to 
shift (Chen & Kernohan, 1967). The rationale of 
our experiments is first to establish the DNSA/CA 
binding parameters for normal cells and to use these 
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parameters to characterize the native CA conforma- 
tion. When perturbations of band 3 lead to altered 
DNSA/CA binding kinetics, it follows that the CA 
binding site conformation has undergone a change, 
either by direct or allosteric means. We have found 
that covalent reaction of band 3 with DIDS (4,4'- 
diisothiocyano-2,2'-stilbene disulfonate), the spe- 
cific inhibitor of red cell HCO3/C1- exchange, mod- 
ifies DNSA binding kinetics in human red cell pink 
ghosts. Organic sulfonates, which inhibit red cell 
anion transport with comparable specificity, though 
lower affinity (Barzilay, Ship & Cabantchik, 1979), 
also modify DNSA/CA binding kinetics at concen- 
trations similar to those for anion exchange inhibi- 
tion; DIDS reverses the organic sulfonate effects. 
The observation that reaction of band 3 with either 
of these two specific anion transport inhibitors leads 
to a modulation of DNSA/CA binding kinetics, indi- 
cates that a linkage exists between band 3 and CA, 
consistent with direct transfer of HCO3 between 
these molecules. 

Materials and Methods 

MATERIALS 

Carbonic anhydrase (BCA II, EC 4.2.1.1.) from bovine red cells 
(approximate activity 3,000 W-A units/mg protein), p-nitrophenyl 
acetate, dansylsulfonamide (DNSA, 1-dimethylaminonaphtha- 
lene-5-sulfonamide), benzene sulfonate, bovine serum albumin 
and acetazolamide (ACTZ) were obtained from Sigma (St. Louis, 
MO). 4,4'-diisothiocyano-2,2'-stilbene disulfonate (DIDS), fluo- 
rescein-ovalbumin and Texas Red sulfonamide [1H,5H,11H, 
15 H - xantheno(2,3,4 - ij: 5,6,7 - i 'j '  ) - diquinolizin - 18 - ium, 9 - (2 (or- 4) - 
((5 - aminopentyl)sulfonamido) - 4(or- 2) - sulfophenyl) - 2,3,6,7,12, 
13,16,17-octahydro-,hydroxide,inner salt] were supplied by Mo- 
lecular Probes (Junction City, OR). 4-chlorobenzene sulfonate 
and 3-nitrobenzene sulfonate were supplied by Aldrich (Milwau- 
kee, WI). All other reagents were from Fisher Scientific (Med- 
ford, MA). Outdated blood was kindly supplied by the Children's 
Hospital (Boston, MA). The concentration of bovine CA solu- 
tions was determined by weight, following the manufacturer's 
specifications that the product was 90% protein and assuming 
that the only protein was carbonic anhydrase. 

METHODS 

Experiments on BCA II in free solution or in the reconstituted 
(white) ghost system were performed on a Dionex D-130 stopped- 
flow photometer (Sunnyvale, CA), which has a dead-time of 
2 msec. The analog data were digitized and averaged by a Hew- 
lett-Packard Model 217 computer which was also used for the 
data analysis. Equal volumes of solutions containing either ghosts 
(4-8% v/v before mixing), or buffer, and DNSA were mixed and 
the time course of fluorescence enhancement (excitation 330 nm, 
emission > 400 nm) was measured. At each DNSA concentration, 
the contribution of free DNSA fluorescence was subtracted from 

the enhanced fluorescence. We determined that, at a fixed 
[DNSA] where [DNSA] ~> [BCA II], fluorescence amplitude was 
linearly related to [BCA II]. For each mixing solution, five or 
more consecutive runs were averaged to improve the signal to 
noise ratio. All stopped-flow experiments were carried out at 
room temperature, 23-25~ 

Reconstituted white ghosts were prepared from outdated 
blood, after aspiration of plasma and buffy coat. The cells were 
washed three times with PBS (0.15 M NaC1, 5 mM Na2HPO 4 , pH 
8.0). Cells were then treated with DIDS, as described below, or 
were used directly for ghost preparation. Washed red cells were 
resuspended to 25% hematocrit in PBS, pH 7.4, with (or without) 
the indicated DIDS concentration and incubated at 37~ for one 
hour. Cells were then centrifuged, washed with 25 volumes of 
PBS, pH 8.0, + 0.5% bovine serum albumin (BSA), followed by 
two more washes with PBS without BSA. Cells were then 
hemolyzed in 25 volumes of ice-cold 5 mM Na2HPO 4 , pH 8 (lysis 
buffer), pelleted, and washed an additional three times in this 
buffer (at 4~ to yield white ghosts. Ghosts were then resus- 
pended with five volumes of PBS, pH 8, + 100/~M BCA II and 
incubated for one hour at 37~ to seal them, followed by three 
washes (25 volumes each) in PBS, pH 8, 4~ and final resuspen- 
sion for stopped-flow experiments at room temperature. 

One-step (pink) ghosts were prepared by hemolysis in 20 
volumes of lysis buffer. Ghosts were pelleted and immediately 
resuspended in five volumes of PBS, pH 7.4, and incubated for 
one hour at 37~ This was followed by two washes in PBS, pH 
7.4, and final resuspension in PBS (approx 5% v/v before mixing) 
for stopped-flow measurements at room temperature. 

Treatment with DIDS consisted of a one-hour incubation at 
37~ with the indicated [DIDS] of the resealed pink ghost suspen- 
sion (1 : 20 v/v), which was then used for the stopped-flow mea- 
surements, without further washing. The benzene sulfonate ex- 
periments were performed by suspending the pink ghosts (1 : 20 
v/v) in buffers in which the benzene sulfonates replaced the ap- 
propriate concentration of NaCI to maintain osmolality (DNSA 
solutions were also prepared in these buffers). 

All measurements on one-step ghosts were performed with 
a single beam spectrophotometer (Photon Technology Interna- 
tional, South Brunswick, N J) which uses a reference channel 
quantum counter for signal normalization. The observation cu- 
vette (vol: 400 pA) is part of a temperature controlled stopped- 
flow apparatus (model SFA-11, Hi-Tech Scientific, Salisbury, 
UK). The dead-time, which is governed by the software of the 
data acquisition system supplied with the Photon Technology 
instrument, is of the order of 100 msec. 

DNSA fluorescence enhancement was determined by exci- 
tation at 330 nm (resolution 4 nm) and emission at 460 nm (resolu- 
tion 4 nm). DNSA was added from a stock 1 mM solution (10 
mM HC1, 0.15 M NaC1). Free DNSA fluorescence was monitored 
by excitation at 330 nm (resolution 4 nm) and emission at 580 
nm (resolution 4 nm). Experiments on BCA II in free solution 
were also performed on the Photon Technology instrument in 
addition to the Dionex measurements. 

Enzymatic activity ofBCA II was determined by the method 
of Thorslund and Lindskog (1967), and is based on the hydrolysis 
of p-nitrophenyl acetate monitored at 348 nm. Enzyme (approx 
50/xg/ml) was added to 10 mM TRIS-H2SO 4 at pH 7.6 (-+ DIDS). 
Substrate was added to a final concentration of 0.4 raM, and the 
reaction was followed for 4 rain. A blank without enzyme was 
determined and the rate of the uncatalyzed reaction was sub- 
tracted from the total rate. Activity was calculated from the initial 
rate of the reaction. 

Frozen-thawed ghosts were produced by resuspending 
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Fig. l .  Time course of I /~M DNSA binding to one-step (pink) 
ghosts. Equal volumes of ghosts (1 : 20 v/v) and 2/xM DNSA in 
PBS, pH 7.4, were mixed and the fluorescence enhancement 
monitored at 460 rim. The data have been fit to a single exponential 
with r = 3.77 -+ 0.07 sec. 

ghosts to approximately 80% v/v in PBS and subjecting them to 
three cycles of freezing at - 10~ in an ice water/NaC1 bath and 
thawing at 37~ in a shaking water bath. 

Fluorescein conjugated ovalbumin (FI-OV) fluorescence 
was excited at 494 nm and measured through a 530 nm bandpass 
filter (emission = 520 rim) in the Dionex instrument. Our measure- 
ments showed that fluorescence amplitude was linear with 
[F1-OV] at concentrations less than 0.3 txM. Ghosts were pre- 
pared, sealed, and washed after resealing, as in the BCA II recon- 
stitution experiments, except that the [FI-OV] added at the reseal- 
ing step was 12 b~r~, resulting in an average incorporation of 5-6 
/~M F1-OV. Ghosts were then appropriately diluted (approx. 1 : 20 
v/v) in PBS so that measurements would be in the linear concen- 
tration-dependence range. 
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Fig. 2. Bottom curve: binding of 1 /ZM DNSA to 1 /xM BCA II 
in free solution. Equal volumes of 2/xM DNSA and 2 ~M BCA 
II in PBS, pH 8.0, were mixed in the Dionex apparatus and 
the time course of fluorescence enhancement was fit to a single 
exponential with r = 1.l --+ 0.0l sec. Upper curve: reversal of 
DNSA binding by 10 tzM ACTZ. Equal volumes of a 2 /~M 
DNSA/2/xM BCA II complex at equilibrium and 20/xM ACTZ, 
in PBS, pH 8.0, were mixed and the decrease in fluorescence 
was fit to a single exponential with r = 3.8 -+- 0.03 sec. Origins 
of the curves have been shifted to make this display. 

controls obtained under similar conditions. Errors are given as 
~ S D .  

Results and Discussion 

PROPERTIES OF CARBONIC ANHYDRASE IN B E E F  

AND HUMAN RED CELLS 

KINETICS 

The fluorescence enhancement is plotted as a function of time, 
as shown in Fig. 1, and fitted by nonlinear least squares to a 
single exponential of the form a(l)e -~t' + a(2). The pre-exponen- 
tial, a(l), the fluorescence enhancement of bound DNSA at equi- 
librium, and the time constant, r, are the two experimental vari- 
ables which are obtained directly from the fitted curve and are 
transformed into k x and Ko,app, the parameters which we used to 
characterize the DNSA/CA association. The forward rate con- 
stant, kz, is computed from ? according to Eq. (2) in the next 
section. The apparent ligand binding constant, KD,~pp, is obtained 
by plotting a(1) as a function of ligand concentration as shown 
in Fig. 7, in which the data are fitted by nonlinear least squares 
to a single-site binding curve, of the form: Y = b(2)X/(b(1) + 
X) in which X is the ligand concentration, b(1) = Ko,app and 
b(2) is a fitting parameter. This treatment is applicable when the 
amount of ligand in the system is great enough, compared to 
the amount of binding protein, that total ligand concentration 
essentially equals free ligand concentration. When we are unable 
to determine the concentration of CA, as in experiments with 
HCA retained in pink ghosts, we cannot determine whether total 
ligand equals free ligand. In these cases, KD,ap~ is used as an 
empirical measure of DNSA/CA binding for comparison with 

Sulfonamides, which are the classical inhibitors of 
CA activity, are characterized by a broad range of 
Kt's, ranging from 2 nM for the important CA inhibi- 
tor, ethoxzolamide, to 50/XM for sulfanilamide (inhi- 
bition of HCA I, Maren& Sanyal, 1983). The fluo- 
rescent sulfonamide, DNSA, was first used by Chert 
and Kernohan (1967) in experiments on beef CA. 
They reported that KD for DNSA/CA binding = 
0.24 -+ 0.01 ~M at p H  7.4 for the purified bovine 
carbonic anhydrase (BCA II) used in their experi- 
ments. DNSA bound with 1:1 stoichiometry and 
inhibited esterase activity with K, = 0.4/aM. Chert 
and Kernohan showed that DNSA can be com- 
pletely displaced by ethoxzolamide, whose binding 
constant, KD =- 0.25 riM, is three orders of magnitude 
tighter, showing that DNSA binds to the inhibitor 
site. We find that Ko,~pp = 0.28 • 0.10/xM (6 expts.) 
for DNSA binding to the commercial BCA II prepa- 
ration that we have used, in good agreement with 
Chen and Kernohan (1967). Figure 2 shows the time 
course of 1 #M DNSA binding to 1 /zM BCA II with 
7" = 1.1 • 0.01 sec. Figure 2 also shows that DNSA 
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is easily displaced by 10 b6M ACTZ, for which Lind- 
skog (1963) has determined that KD = 0.008 tZM for 
bovine CA. 

The heterogeneity of human CA makes compari- 
sons with the literature difficult. In the human red 
cell 86.6% of the CA is present in the low activity 
form, HCA I, and 13.4% is HCA II (Carter et al., 
1984); the relative anhydrase activity of HCA II is 
from 4-15 times that of HCA I (Maren, 1967). The 
affinity of ligand binding to CA depends upon the 
specific isozyme/inhibitor couple. For example, 
Taylor, King and Burgen's (1970) measurements of 
DNSA binding provide an instance in which 
HCA II, the high anhydrase activity isozyme, has 
the lower affinity for DNSA, in contrast to the more 
usual situation in which the higher inhibitory affinity 
is associated with the isozyme with the higher anhy- 
drase activity. For HCA II, Taylor et al. (1970) re- 
ported that KO,DNSA = 1.7 /zM, as compared to 
Ko,ONSA = 0.22 ~M for HCA I. In our experiments 
with hemolyzed human red cells, which contain both 
HCA I and HCA II, we determined that KD.app = 
0.10 • 0.05 /zM (4 expts.), similar to KD,DNSA for the 
high affinity (low activity) HCA I site. This agree- 
ment seems reasonable since the HCA I site com- 
prises more than 85% of the total and the DNSA 
affinities to HCA I and HCA II are relatively close. 

BINDING KINETICS 

As suggested by Taylor et al. (1970) and supported 
by King (1976), the kinetics of sulfonamide inhibitor 
binding consist of a bimolecular association, fol- 
lowed by a conformational change, as expressed 
below for DNSA: 

kl k2 
DNSA + CA ~ DNSA-CA ------" DNSA-CA* 

k i k 2 

(1) 

in which * denotes the complex after the conforma- 
tional change. The kinetics of such a sequential reac- 
tion scheme can be solved simply in two cases: if 
the bimolecular association is either very fast or 
very slow, compared to the conformational change. 
In the first case, the velocity reaches a maximum at 
high ligand concentrations, as we observed for 
DBDS (4,4'-dibenzamido-2,2'-stilbene disulfonate) 
binding to band 3 (Verkman, Dix & Solomon, 1983). 
In the second case, the velocity depends linearly 
upon ligand concentration, and can be described by 
the following equation, given by Czerlinski (1966): 

~-1 = kl[DNSA] + k 1/(1 + K2 ) (2) 

which is applicable if the concentration of one of 
the reactants, in our case DNSA, is large compared 
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]Fig. 3. Dependence of ~.-1 for DNSA binding to BCA II in free 
solution, as a function of [DNSA]. Conditions as in Fig. 2 except 
that [DNSA] ~> [CA] for all measurements. The line has been fit 
by nonlinear least squares with slope = 0.48 + 0.01/zM 1 sec-1 
and intercept = 0.29 -+ 0.08 sec -~. Data from two experiments 
(three at some concentrations), varying the BCA II concentration 
from 0.1 to 1.0 /~M. When error bars are not shown, they are 
within the points. 

to CA, or if the suspension is buffered by a large 
amount of DNSA, as is also the case in our experi- 
ments. K 2 = kz/k_2, the association constant for 
the conformational change. Figure 3 shows that ~--1 
depends linearly on DNSA concentrations from 1 
to 10 ~M for CA concentrations varying between 
0.1 and 1.0 /ZM, consistent with Eq. (2). Since we 
do not have an independent method for determining 
K2, kl is the only kinetic constant that can be ex- 
tracted from Eq. (2). Taylor et al. (1970) analyzed 
the kinetics of DNSA binding to HCA II, the human 
enzyme whose properties approximate BCA II, ac- 
cording to the simple bimolecular association model. 
They reported that kl = 0.24 /ZM -1 sec -a, not far 
different from our value of 0.48 -+ 0.01 /ZM -1 sec -~ 
for commercial BCA II, derived from Fig. 3, indicat- 
ing that the resemblance between BCA II and 
HCA II extends to the kinetics of DNSA binding. 
We have also determined the kinetics of DNSA bind- 
ing to pink ghosts in one experiment and have found 
that k~ = 0.31 -+ 0.01 /~M 1 sec-~ in very good 
agreement with Taylor et al. (1970). When equilib- 
rium has been reached, the interaction between 
DNSA and CA can also be characterized by KD,app, 
the apparent binding constant. KD,app is obtained by 
plotting the equilibrium fluorescence enhancement 
of the bound DNSA, as a function of DNSA concen- 
tration, as described in Materials and Methods. 

In the early phases of the project we experienced 
great difficulties in measuring DNSA binding kinet- 
ics in human red cells because there is a large and 
broad hemoglobin (Hb) absorbance peak at about 
430 nm, not far from the 460 nm emission peak that 
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we use in determining DNSA. In an attempt to find 
an inhibitor with appropriate spectral qualities, Mo- 
lecular Probes kindly synthesized Texas Red sulfon- 
amide for us, but this compound does not bind spe- 
cifically to CA, presumably because the size of the 
large Texas Red moiety makes the inhibitor too large 
to permeate the small inhibitor cavity in CA. We 
then turned to reconstituted white ghosts which are 
free, not only of Hb, but also of endogenous HCA. 
It proved impossible to elute Hb without also eluting 
HCA, which is not surprising in view of the binding 
that has been observed between Hb and HCA II 
(Backman, 1981). We would have liked to study a 
reconstituted system in which HCA II was incorpo- 
rated into resealed white ghosts, but the cost of HCA 
made this impossible. The next best alternative was 
to reconstitute BCA II, which was affordable, into 
resealed white ghosts. 

PERMEABILITY OF GHOSTS TO SULFONAMIDES 

Since extracellular DNSA has to traverse the cell 
membrane to bind to cell CA, it is necessary to 
determine whether cell membrane permeability af- 
fects DNSA/CA binding kinetics. The importance 
of lipid solubility as a determinant of sulfonamide 
permeation of red cells was clearly shown by Holder 
and Hayes (1965). They compared the permeation 
of red cells by ethoxzolamide and ACTZ, molecules 
of roughly equivalent size but vastly different lipid 
solubility. In their units, the permeability coeffi- 
cient, Pub, is 4,500 hr-1 for ethoxzolamide as com- 
pared to 27 hr- 1 for ACTZ; the CHC13/H20 partition 
coefficient is 25.0 for ethoxzolamide as compared 
to 0.001 for ACTZ. The lipid solubility of DNSA 
makes its permeation very much faster than ACTZ, 
as shown by an experiment in which we measured 
the debinding of DNSA from DNSA/CA in pink 
ghosts suspended in a DNSA-free buffer and found 
r = 6.6 -+ 0.7 sec, not significantly different from 
the debinding time constant in hemolyzed ghosts, 
8.1 - 0.7 sec. This shows that DNSA permeation 
of the ghost membrane has no detectable effect on 
DNSA binding kinetics. 

Resealed white ghosts, prepared by the method 
of Steck and Kant (1974), upon which our method 
of preparation is based, are characterized by a single 
membrane hole with a diameter of 30-40 A, and 
resealed pink ghosts have a smaller membrane hole 
with a diameter of about 18 A (Lieber & Steck, 
1982). Since the planar dimensions of DNSA, mea- 
sured on CPK models, are approximately 8.8 x 12.4 

and the molecule is about 6 A thick, DNSA should 
be able to permeate white ghosts through the hole, 
and ACTZ, which is smaller, should be able to per- 

meate pink ghosts. Nonetheless, pink ghosts offer 
considerable impedance to ACTZ permeation. We 
used a method based on the time course of DNSA 
debinding to measure the time course of ACTZ per- 
meation in two experiments and found that r is 112 
sec in pink ghosts as compared to 25 sec in hemo- 
lyzed red cells. 

DOES CELL CA INTERACT 
WITH MEMBRANE CONSTITUENTS. 9 

CA can interact with the cell membrane either me- 
chanically, by entrapment in the membrane cy- 
toskeleton, or chemically, by binding to a protein 
or other component of the membrane. Parkes and 
Coleman (1989) have shown that BCA II can react 
with human red cell membrane fragments to form a 
complex which exhibits enhanced catalytic activity, 
as shown by increases in both Km and Vmax, not only 
for BCA II, but also for HCA II. The membrane 
proteins in the Parkes and Coleman preparation may 
not have remained in their native state since the 
membranes had been prepared by five sonications 
following eight washes in 10 mM HEPES buffer. 
Nonetheless, the CA remained bound to the mem- 
brane after centrifugation through a sucrose density 
gradient and Parkes and Coleman showed that CA 
could be cross-linked to the red cell membrane, 
though there was no evidence of specific association 
with any red cell protein. 

In the course of our studies with BCA II, which 
is the predominant and probably the only CA in 
bovine red cells, we learned that the only way to 
incorporate BCA II in ghosts was to incorporate it 
at the time of resealing. BCA II would not diffuse 
into unsealed ghosts and remain in place after wash- 
ing. However, when BCA II was placed in the re- 
sealing solution, incorporation of BCA II depended 
smoothly on the BCA II concentration. There was 
no binding of BCA II to the outside face of re- 
sealed ghosts. 

We next carried out a series of experiments to 
see how tightly the reconstituted BCA II was held 
by the ghost. For this purpose, we created large 
holes in the membrane by subjecting the reconstitu- 
ted sealed ghosts to three freeze-thaw cycles. We 
established that the apertures caused by the freeze- 
thaw procedure were large enough to permit passage 
ofBCA II by washing the resealed ghosts with water 
to remove both the cytoskeleton and the remaining 
cell contents. After this treatment no incorporated 
BCA II remained. On the other hand, washing at 
high ionic strength with PBS removes a variable 
amount, from 10-35%, of the BCA II, leaving the 
rest firmly bound, impervious to further PBS washes 
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Fig. 4, (Left) Ionic strength dependence of the elution of reconstituted BCA II from frozen/thawed resealed ghosts. Ghosts were 
washed with 5 volumes of the ionic strength shown next to the curves (100% = 0.16 M, control = unwashed ghosts) and resuspended 
with 5 volumes of PBS, pH 8, for mixing. DNSA = 5/xM, final concentration. NaOH wash was with 0.1 N NaOH. (Right) Fluorescence 
amplitudes (proportional to [BCA II] at a fixed [DNSA] >> [BCA II]) plotted as a function of ionic strength wash. The line has been 
fit by nonlinear least squares with intercept = 22.3 + 1.4 fluorescence units and slope = 0.272 -+ 0.02 fluorescence units/raM 
ionic strength. 

(up to four additional washes). In order to remove 
the remaining bound 65-90% of the BCA II, it was 
necessary to wash with lower ionic strength. Figure 
4 (left) shows how the retained CA is released as 
the reconstituted ghosts are washed with buffers of 
decreasing ionic strength (volume ratios of 5 : 1). 
After the water wash, 45% of the BCA II remained 
(relative to the curve marked 100% in Fig. 4, left) 
which can be reduced to zero by a subsequent water 
wash with a volume ratio of 50 : 1. 

The concentration of BCA II retained following 
the first PBS wash is smoothly dependent upon the 
ionic strength of the wash solution as shown in Fig. 
4 (right). The ability of 0.1 N NaOH to remove the 
cytoskeleton is illustrated by the fact that a single 
wash with 0.1 N NaOH removes the remaining 45% 
of the bound BCA II. These observations suggest 
that the BCA II is caught up in the cytoskeleton, 
since the low ionic strength and NaOH washes 
which remove the cytoskeleton (Steck & Yu, 1973) 
remove the BCA II, and those that leave the cy- 
toskeleton intact, such as further washes with the 
high ionic strength buffer, have no further effect on 
BCA II elution. 

In order to see whether the retention of BCA II 
depended upon specific characteristics of the en- 
zyme or was a generalized phenomenon that would 
apply to other proteins, we carried out a control 
experiment using fluorescein-labeled ovalbumin. 
We chose ovalbumin because its size was compara- 
ble to CA [CA: 30,000 D, V = 0.742 ml gm-l; oval- 
bumin; 45,000 D, V = 0.748 ml gm -1] (Maren, 1967; 
Tanford, 1967). We found no striking difference be- 
tween ovalbumin and BCA II. Ninety percent of the 

fluorescein-ovalbumin was retained after the first 
two PBS washes. After an additional water wash 
50% remained, which was reduced to 10% after a 
second water wash. These experiments indicate 
that, as far as dependence on ionic strength is con- 
cerned, a very large fraction of BCA II retention is 
similar to that of ovalbumin and is consistent with 
some generalized protein interaction with the cy- 
toskeleton. 

EFFECT OF D I D S  ON D N S A / C A  BINDING 

The observation that BCA II can be removed from 
white ghosts at low ionic strength does not mean 
that there is no association at physiological ionic 
strength. The probe that we used to look for such 
an association was the conformation changes in band 
3 that are induced by covalent reaction with DIDS. 
Observation of an allosteric change in DNSA/CA 
binding kinetics subsequent to DIDS/band 3 reac- 
tion would serve as evidence of an interaction be- 
tween band 3 and CA. The specificity of DIDS bind- 
ing to band 3 was established by Ship et al. (1977), 
who showed that 90% of covalently bound DIDS 
(10/XM) was bound to band 3 and that anion efflux 
declined linearly with DIDS concentration over the 
range of 0-9 ~U DIDS. We had previously shown 
(Fossel & Solomon, 1981) that extracellular DIDS 
induces a change in the conformation of the glyco- 
lytic enzyme, glyceraldehyde-3-phosphate dehydro- 
genase, which has a well-defined binding site on the 
cytosolic pole of band 3 (Low, 1986). DIDS also 
alters the conformation of the membrane-bound red 
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Exper imenta l  Expt .  kl,o~Ds/kI,control gD,app,control gD,app, + DIDS 
condit ion 

tzM D N S A  ~M D N S A  

Covalent  DIDS 

Ave  • SD 

Noncova len t  DIDS 

Free solution b 

1 1.32 + 0.09 
2 1.04 -+ 0.05 
3 1.35 -+ 0.06 0.15 -+ 0.03 0.26 -+ 0.04 
4 1.05 +- 0.05 0.19 -+ 0.02 0.27 +-+- 0.05 
5 1.15 + 0.04 0.16 +_ 0.01 0.22 -+ 0.01 

1.18 -+ 0.15 0A7 +- 0.02 0.25 -+ 0.03 

1.02 -+ 0.01 

1.02 +- 0.05 

a The data  for expt.  3 are shown in Fig. 6, in which the 100% line is that  for 1.2/zM DIDS. The  data  
for expt.  5 are those  in Fig. 7 in which the  pooled values were used for the 1.2/.tM DIDS figure. The 
data  for co lumns  3 and 4 were obtained in the  same exper iments  used  for column 2. 
b DIDS 10 /zM; there was also no effect on enzyme  activity which was 0.046 -+ 0.001 rain -~ in the  
control  as compared  to 0.047 -+ 0.002 min -1 in the presence  of DIDS (3 expts.) .  

cell glucose transport protein (Janoshazi et al., 
1991). Hb also binds to the cytosolic domain of band 
3 and Salhany, Cordes and Gaines (1980) have 
shown that DIDS alters Hb affinity. 

Our initial DIDS studies were carried out to 
determine whether reaction of DIDS with band 3 
would alter the kinetics of DNSA binding to BCA II 
incorporated into white ghosts. Cells were reacted 
covalently with DIDS before reconstitution, and kl 
for DNSA/BCA II binding was measured as a func- 
tion of DIDS concentration (expressed as mol DIDS 
bound/tool band 3). We first determined that 10/XM 
DIDS had no effect either on the time course of 
DNSA/BCA II binding in free solution or on BCA II 
enzymatic activity, as shown in the bottom line of 
Table 1. In resealed white ghosts, however, k~ in- 
creases regularly with the fraction of band 3 that 
has reacted with DIDS, as shown by the results of 
the two pooled studies in Fig. 5. The dependence can 
be described empirically by a binding curve which 
saturates when all of the band 3 has reacted with 
DIDS (DIDS/band 3 = 1.0) at kl = 0.6/ZM -1 sec -1. 
These results show that the conformational change 
in band 3 subsequent to binding of DIDS on the 
extracellular face of the reconstituted ghost leads to 
a change in the conformation ofBCA II as evidenced 
by the altered kinetics of DNSA binding. 

The next set of experiments were designed to 
determine whether a similar effect can be observed 
in pink ghosts, in which some native HCA is also 
retained, along with the Hb. The experiments in Fig. 
6 show a covalent-DIDS-induced stimulation of the 
rate of rise of ~.-l, whose dependence on [DNSA] 
increases with the fraction of band 3 reacted with 
DIDS. There was no effect with noncovalent DIDS, 

I 

T 

0.700 

0.500 

0.300 ' ' ' , 
0.000 0.400 0.800 1.200 1.600 

(DIDS/Band 3) CONCENTRATION R A T I O  ( M o l / M o l )  

Fig. 5. Effect of  DIDS on D N S A  binding kinetics in ghos t s  recon- 
sti tuted with BCA II. The  forward rate cons tant ,  k 1 , is plotted 
as a funct ion of  the ratio (mol DIDS added /mol  band 3). The  
midpoints  of  the data  pairs have  been jo ined by straight  lines. 
The data may  also be fit empirically by nonl inear  least  squares  
to a single-site binding curve with m a x i m u m  kl = 0.61 -+ 0,008 
]J~M- I SCC- 1. 

as shown in Table 1. The value for kl, determined 
from the slopes of the lines relating ~'-1 to DNSA 
concentration in Fig. 6, increases with the fractional 
amount of band 3 reacted covalently. The control 
k~ (0.31 -+ 0.02 /ZM -1 sec -1) rises to 0.38 -+ 0.01 
~M - 1 sec - 1 at 50% reaction (difference from control, 
P < 0.01, t-test) and to 0.43 -+ 0.02/zM-~ sec-1 for 
100% reaction (difference from 50%, P < 0.02, t- 
test). We also studied intermediate concentrations 
ranging from 10 to 75% and found an orderly increase 
in kl with increases in the fraction of band 3 reacted. 

The DIDS-induced conformation change in 
HCA is also evidenced in a decreased binding affin- 
ity, as shown in Fig. 7 by the rise in Ko,app from a 
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Fig. 6. Effect of covalent DIDS on DNSA binding kinetics in 
pink ghosts. Ghosts (1 : 20 v/v, [band 3] = 1.2 p~M at this dilution) 
were incubated at 37~ for 1 hr with either 1.2/xM DIDS (100% 
tool DIDS/mol band 3) or 0.6/~M DIDS (50%), and the binding 
kinetics for the indicated DNSA concentrations was measured 
as in Fig. 1. For the control (O), slope = 0.31 m 0.02/~M l sec-I; 
for 50% DIDS/band 3 ([2), slope = 0.38 -+ 0.01 b~M -I sec-l; for 
100% DIDS/band 3 (A), slope = 0.43 -+ 0.02/xM -l sec -1. When 
the error bars are not shown, they are within the points. 

control value of 0.16 -+ 0.01 /3.M to 0.22 --+ 0.01 /XM, 
after covalent reaction with DIDS. The difference 
between these two values of KD,ap p is significant at 
P < 0.01 (t-test). Since the DIDS figure is a pooled 
value for all the DIDS concentrations sufficient to 
react with 100, 150 and 200% of the band 3, this 
experiment shows that the effect saturates when all 
the band 3 has reacted with DIDS. A similar satura- 
tion effect was observed using ki as an index. Since 
nonspecific adsorption would not saturate, these ex- 
periments confirm our attribution of the DIDS effect 
to a specific reaction with band 3. 

Table 1 gives the results of five experiments 
(including the two above) with 1.2 ~M DIDS, which 
is the DIDS concentration required for mol/mol re- 
action with the band 3 in our pink ghosts. The aver- 
age ki ratio of 1.18 -+ 0.15 is different from 1.0 at 
P ~- 0.05, t-test [the t value for P = 0.05 is 2.776; 
our t is 2.773]. As Table 1 shows, there is a great 
deal of variability between experiments and for ex- 
periments 2 and 4 there is no effect of covalent DIDS 
on the kl,DiDS/kl,contro 1 ratio. In the last three of the 
experiments in the Table, we extended the DNSA 
concentration range to include points at low 
[DNSA], so that we could also determine KD,app, as 
was done for expt. 5, which is the control curve in 
Fig. 7. Table 1 shows that there is a comparable 
increase in experiments 3 and 4. The error-weighted 
average of the ratio, g D , a p p , D i D S / g D , a p p , c o n t r o  I , is 
1.41 ---- 0.06 for experiments 3, 4 and 5, which differs 
significantly from 1.0 (P < 0.01, t-test), confirming 
the effect of DIDS on the DNSA/HCA binding con- 
stant. Taken together with the effects in Figs. 6 and 

Fig. 7. Saturation of the DIDS effect on DNSA binding to pink 
ghosts, as measured by signal amplitude. Fluorescence ampli- 
tudes fit to single-site binding curves. Data for DIDS experiments 
(100, 150 and 200% mol/mol [DIDS]/[band 3]) were pooled and 
fit to a single curve. For the control, gD,ap p = 0.16 -+ 0.01 /xM 
and for the pooled DIDS curves, KD,app = 0.22 --+ 0.01 /XM. Error 
bars are within the points. 

7, these experimental results show that DIDS inter- 
action with band 3 modulates the kinetics of DNSA 
binding to HCA in pink ghosts. 

EFFECT OF BENZENE SULFONATE INHIBITORS 

ON D N S A / H C A  BINDING 

In the course of their extensive study of the chemical 
properties of red cell anion recognition sites, Barzi- 
lay et al. (1979) characterized congeners of both 
benzene sulfonic acids (BS) and stilbene sulfonic 
acids (DS). Although the IDs0's for anion exchange 
inhibition were in the txM range for DS and in the 
mM range for BS, Barzilay et al. (1979) found that 
both BS and DS had a common site of action on 
the anion channel. Barzilay and Cabantchik (1979) 
chose to characterize the nitroaromatic sulfonic 
acids (3-nitrobenzene sulfonate, 3NBS, and 4,4'-din- 
itro-2,2'-stilbene disulfonate, DNDS) to make their 
detailed and comprehensive comparison of the prop- 
erties of the BS and DS inhibitors. They found that 
both 3NBS and DNDS act on the transport site of 
anion exchange and that the inhibition of each conge- 
ner is competitive. 

In our study of BS effects on red cell water 
and urea permeability, we found (Solomon & Toon, 
1992) that one of the organic sulfonates, 4-chloro- 
benzene sulfonate (4CBS), inhibits red cell urea per- 
meability by up to 94%, while stimulating water per- 
meability by up to 46%. Benzene sulfonate (BSate) 
has similar, but smaller effects. These organic sulfo- 
nate effects on red cell urea and water permeability 
are much larger than those exercised by DIDS, 
which has been shown to have no effect on red cell 
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Fig. 8. Effect  of  benzene  sulfonate on DNS A binding to bovine 
carbonic anhydrase  in free solution. DNS A and CA solutions 
were prepared in either PBS, pH 7.4, (top curve) or 150 mM 
BSate (sodium salt), 5 mM NazHPO4, pH 7.4, (bottom curve).  
[DNSA] = 2 ~M and [CA] = 0.5 ~M after mixing. 7"contro 1 = 
1.6 --+ 0.1 sec; ZBs = 1.8 + 0.1 sec. 

Fig. 9. Effect of  75 mM benzene  sulfonate on D N S A  binding to 
pink ghosts .  Pink ghosts  were treated with 1.5/xM DIDS in PBS 
for one hour  at 37~ before resuspens ion  in benzene  sulfonate  
buffer for stopped-flow measu remen t s .  [DNSA] = 1 /xM. Zcont = 
4.9 -+ 0.4 sec; 'rBSat e = 21.4 -+ 1.1 sec; "rBSate.DIDS = 5.0 ----- 0.2 sec. 

urea permeability while stimulating water perme- 
ability by up to -~ 20% (M.R. Toon and A.K. Solo- 
mon, unpublished). Somewhat to our surprise, the 
BS inhibitors exercise much more profound effects 
on DNSA/HCA binding kinetics than do the DS. 
Despite the lack of a sulfonamide group in BSate, 
there is a superficial resemblance between BSate and 
the sulfonamides, so it was necessary to determine 
whether there was any direct effect of BSate on 
DNSA binding to BCA II in free solution, before 
embarking on DNSA/HCA binding studies. The 
control experiment in Fig. 8 shows that 150 mM 
BSate has a relatively small effect (12.5%) on the 
time course of 2 IXM DNSA binding to 0.5 IXN BCA II 
in free solution; a similar result 1 was found with 25 
InN 4CBS. In pink ghosts, however, 75 mM BSate 
caused a very large increase in the time constant, 
z, for DNSA/HCA binding, which went up by a 
factor of four, from 4.9 -+ 0.4 to 21.4 -+ 1.1 sec, as 
shown in Fig. 9. In view of the competitive inhibition 
of DS and BS congeners for the anion exchange 
inhibition site that Barzilay and Cabantchik (1979) 
had reported, we expected that covalent reaction of 
DIDS to band 3 would block the anion exchange 
site. Thus, BSate would no longer be able to bind 
to its site on band 3 so that it could no longer modify 
the z for DNSA/CA binding. The data in Fig. 9 show 
this to be the case, since covalent DIDS decreases 

i We a t tempted  to carry out  additional exper iments  with 3- 
n i t robenzene sulfonate (3NBS) but  were unable to do so because  
3NBS interacts  with B C A  II in free solution. The wide spec t rum 
of  compounds  that  Taylor  et al. (1970) and others  found to react  
with CA all contain  a sulfonamide group which is lacking in 
3NBS, but  it is still possible  that  3NBS may  bind to the same site. 

z from 21.4 _ 1.1 sec, as given above, back down 
to 5.0 -+ 0.2 sec, for the curve marked +BSate + 
DIDS. This finding shows that BSate binding to the 
DIDS site is responsible for the observed increase in 
r. The small remaining inhibition of the fluorescence 
enhancement in the presence of DIDS is attributed 
to the direct DIDS effect on the binding kinetics as 
was shown in Fig. 7. 

Barzilay et al. (1979) measured the inhibitory 
potency (IDs0) of ten BS congeners which varied 
over two orders of magnitude (0.6 to 61 mM) and 
found that they were linearly related to the Hammett 
coefficient, o-, a measure of the negatively charged 
groups in the molecule. In order to see whether the 
same factor was involved in the effect on DNSA/CA 
binding kinetics, we measured the apparent KI in 
three experiments with BSate and two experiments 
with 4CBS. The maximum increase in z was deter- 
mined for both BSate and 4CBS, and/s was then 
determined by fitting a single-site binding curve (by 
nonlinear least squares) to the fractional inhibition 
as a function of BSate and 4CBS concentration, as 
illustrated for a single experiment in Fig. 10. The 
average Kl,app for BSate is 50 -+ 31 mM, and that for 
4CBS is 6.0 + 0.6 mM. These Kt,app'S differ by an 
order of magnitude. They are virtually the same as 
the IDs0's Barzilay et al. (1979) found for anion ex- 
change, both in magnitude and difference, as shown 
in Table 2. The agreement between these two mea- 
sures of BS action shows that the same factors that 
determine the inhibitory potency of anion flux inhibi- 
tion also govern the BS effect on DNSA/CA bind- 
ing kinetics. 

Our experiments have shown that, far from be- 
ing an enzyme which diffuses freely in a cytosolic 
solution, CA is bound in the mesh of structural pro- 
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Table 2. Comparison of organic sulfonate effects on DNSA/CA 
binding kinetics and anion exchange 

Organic sulfonate DNSA/CA Anion 
binding kinetics exchange* 

KI,app IDso 
mM mM 

Benzene sulfonate (BSate) 50 --- 31 47 -+ 15 
4-chlorobenzene sulfonate 6.0 • 0.6 5.5 • 2.2 
(4CBS) 

* Barzilay et al. (1979). 

Fig. 10. Dependence of benzene sulfonate effect on DNSA bind- 
ing kinetics in pink ghosts on [BSate] and [4CBS]. Fractional 
inhibition is that of ~--x, where the control ~--~ is set at zero 
inhibition. For BSate, Kl.app = 34.5 -+ 5.1 m s ;  maximal inhibi- 
tion = 0.95 -+ 0.05. For 4CBS, Kl.ap p = 6.1 • 0.4 raM; maximal 
inhibition = 1 • 0.03. 

teins which underlie the membrane. It can only be 
removed by drastic treatments which disrupt this 
ordered network. Furthermore, the results of the 
DIDS and the organic sulfonate experiments, taken 
together, lead us to conclude that there is a linkage 
between band 3, presumably via its cytoplasmic 
pole, and cytosolic HCA, which leads to an allosteric 
interaction affecting the conformation of the sulfon- 
amide binding site of HCA. 

Thus, in this cytosolic array of proteins, CA is 
constrained to a position in which it can interact 
with band 3 to carry out CO2/HCO 3 hydration most 
effectively to satisfy the body's needs. We have 
previously suggested (Solomon, 1992) that band 3, 
the most abundant integral membrane protein, is the 
centerpiece of a transport protein assembly which 
contains the integral membrane proteins, the 
Na § and GLUT1, as well as the glyco- 
lytic enzyme complex in the cytosol. Low (1986) 
presentsoevidence that the cytosolic pole of band 3 
is a 250 A long cylindrical dimer which intersects at 
its midpoint with the spectrin-actin-ankyrin mesh 
and extends through the mesh to binding sites for 
the glycolytic enzymes and Hb at the N-terminus of 
band 3 deep within the cytosol. Our findings now 
show that CA is another member of the cytosolic 
entourage and lead to the suggestion that the cytosol 
is a strictly ordered assembly that bears much more 
relation to the spatial organization typical of a bio- 
logical membrane, albeit a three dimensional one, 
than to the freedom of motion characteristic of 
free solution. 

Low et al. (1987) showed that binding of the 
glycolytic proteins, including aldolase and glyceral- 
dehyde-3-phosphate dehydrogenase was controlled 
by tyrosine phosphorylation of band 3. Subse- 

quently Harrison et al. (1991) showed that this phos- 
phorylation process regulated erythrocyte glycoly- 
sis. Our studies (Fossel & Solomon, 1978) showed 
that the action of the cation transport inhibitor, oua- 
bain, on the extracellular face of red cell Na § § 
ATPase could effect a change in the conformation 
ofglyceraldehyde 3-phosphate dehydrogenase in the 
cytosol. Clearly, band 3 and its cytosolic pole play, 
not only a structural, but also a functional role in 
the supply of metabolic energy and the transport of 
ions across the red cell membrane. The addition of 
CA to the roster of transport related proteins with 
which band 3 interacts is entirely consistent with 
both of their roles in the transport and metabolism 
of HCO~-. 
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