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Recent studies have demonstrated that mutations In human
downregulated In adenoma gene (ORA) result In congenital
chloride diarrhea (CLD), and that ORA may be involved In chlo-
ride transport across the intestinal apical domains. ORA Is
highly homologous to sulfate transporters, but not to any mem-
ber of the anion exchanger gene family (AEs). Our previous
studies have characterized the existence of a distinct CI-·OW
(HC03-) exchanger, with minimal affinity for sulfate in the hu-
man colonic apical membrane vesicles (AMV). However, the
mechanism(s) of sulfate movement across the colonocyte
plasma membranes in the human colon Is not well understood.
Current studies were undertaken to elucidate sulfate transport
pathways in AMVs of human proximal colon. Purified AMV and
rapid filtration 35S0:4- uptake techniques were used. Our results
demonstrate the presence of a pH gradient-driven carrier-
mediated S0:4-·0W exchange process in the human proximal
colonic iuminal membranes based on the following: a marked
increase in the S0:4- uptake in the presence of an outwardly
directed OW gradient; a significant Inhibition of S0:4- uptake by
the membrane anion transport inhibitor, DIDS; demonstration
of saturation kinetics (Km for 50:4-: 0.80 :t: 0.17 mM and Vmax 649
:t 74 pmoVmg protelnl10 sec); competitive inhibition of SO:4--
OW exchange by oxalate; S0:4- uptake was insensitive to alter-
ations in the membrane potential; and inwardly directed Na+
gradient under non·pH gradient conditions did not stimulate
S0:4- uptake. S0:4- uptake was significantly Inhibited by in-
creasing concentrations of chloride (1-10 mM) in the incubation
media with a K. for CI- of 9.3 :t 1.4 mM. In contrast, OW/HC03-

gradient·driven 36CI- uptake Into these vesicles was unaffected
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by increasing concentrations of sulfate (10-50 mM). The above
data indicate that two distinct transporters may be involved In
50:4- and CI- transport In the human Intestinal apical mem-
branes: an anion exchanger with high affinity for S0:4- and oxa-
late but low affinity for CI-, and a distinct CI-·OW (HC03-) ex-
changer with low affinity for 50:4-.

[Exp Bioi Mad Vol. 226(10):912-918, 2001)
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The product of the downregulated in adenoma (DRA)
gene, which is highly expressed in normal colonic
epithelia, has been shown to be involved in S04"-,

oxalate (1), as well as chloride transport (2, 3). Previous
studies demonstrated that the DRA gene is mutated in con-
genital chloride diarrhea (CLD) patients (4), where the basic
physiological defect is an -impaired ileal and colonic Cl'?
HC03- exchange process. These studies suggested that
DRA may be the mammalian intestinal apical membrane
anion exchanger (CnHC03-) involved in the electroneutral
sodium chloride absorption (4, 5). In this regard, previous
studies from our laboratory have demonstrated the presence
of a CI--HC03- exchange process in the human intestinal
ileal and colonic apical membrane, which exhibited little
affinity for the luminal sulfate (6-8).

With respect to 804"- transport in the mammalian in-
testine, previous studies had demonstrated a S04"--OH- ex-
change activity in the brush-border membranes of rabbit
intestine that was shown to be distinct from the previously
reported CI--HC03- (OH-) exchange process (9, 10). In
addition to a S04--0H- exchange activity, a number of
earlier studies also demonstrated the existence of a distinct
Na+-S04"- co-transport process in brush-border membrane
vesicles from rabbit and rat ileum that is energized by the
transmembrane Na+ gradient maintained by the activity of a
Na+-K+ ATPase pump on the basolateral membrane (10-
12). Other distinct mechanisms for S04"- transport have also



been described on the basolateral membrane domains of the
intestinal epithelial cells no, 11, 13, 14). For example, in
rabbit ileum, studies showed the presence of distinct Cl"-
S04- and S04--HC03- exchange mechanisms in the baso-
lateral membrane vesicles (13-15). Additionally, Cl--S04-,
S04--0H-, and S04"--HC03- exchange mechanisms have
also been described in the basolateral membranes of rat
intestine (16, 17). An S04--HC03- exchanger has also been
reported in brush-border membrane vesicles prepared from
marine teleosts (18) and human placenta (19).

To date, however, detailed mechanisms of S04- trans-
port and possible interaction of a sulfate transporter with
chloride and oxalate transport across the apical membrane
domains of the human colonic epithelia have not been in-
vestigated. Current studies were, therefore, undertaken to
define the characteristics of S04"- transport mechanisms in
human proximal colonic apical membrane vesicles (AMVs)
and to study the interactions of chloride and oxalate with
this transport process. Our present studies clearly demon-
strate that S04"- uptake in the AMV s of the human proximal
colon occurs via a pH-dependent 4,4'-diisothiocyanatostil-
bene-2, 2' -disulfonic acid (DIDS)-sensitive carrier-medi-
ated S04--0H- exchange activity, but not by Na+-S04"-
co-transport process. This S04--0H- exchange process in
these vesicles was significantly inhibited by oxalate and
chloride, but it exhibited much lower inhibition by chloride
compared with S04"- and oxalate. In contrast, the cn
HC03- exchange process in these vesicles was not inhibited
by sulfate. Based on these findings, the presence of an OH-
gradient-dependent carrier-mediated S04--0H- exchange
mechanism distinct from the previously described Cl"-
HC03- (OH-) exchange process in the human proximal
colonic apical membranes has been proposed.

Material and Methods
Materials. Valinomycin, 4-acetamido-4' -isothio-

cyano-2, 2'-disulfonic acid stilbene (SITS), DIDS, amilo-
ride, bumetanide, and acetazolamide were obtained from
Sigma Chemical Co. (S1. Louis, MO). Stock solutions (I M)
of N-methyl n-glucamine gluconate (N-MGG) were made
by titrating 1 M N-methyl o-glucamine (N-MG) with solid
o-gluconic acid lactone. Radionuclide 35S [sulfuric acid]
was obtained from DuPont Research Products (Boston,
MA). All other materials were obtained from either Fisher
Scientific (Fairlawn, NJ) or Sigma Chemical Co., unless
otherwise stated, and were of the highest purity available.

Isolationof Human ProximalColonic AMV. These
investigations were approved by the Institutional Review
Board of the University of Illinois at Chicago. Colons from
healthy adult organ donors were obtained after harvest of
transplantable organs. After discarding the cecum, the re-
maining large intestine was divided into two equal parts,
proximal and distal. The bowel was cleansed with an ice-
cold 0.9% NaCI solution, and the mucosa of proximal colon
was then scraped and frozen at -80°C. Purified apical mem-
branes were prepared from thawed mucosa utilizing diva-

lent cation (Mg+2) chelation and differential centrifugation
technique (20). To reduce any further cellular activity or
metabolism, all the steps were carried out on ice. The purity
of membrane vesicles and the degree of contamination with
intracellular organelles were assessed by appropriate marker
enzymes. Membrane vesicles demonstrated approximately
8- to lO-fold enrichment in cysteine-sensitive alkaline phos-
phatase activity (colonic apical membrane marker) com-
pared with crude homogenate. The corresponding values for
succinate dehydrogenase, NADPH cytochrome-c reductase,
and sodium-potassium-dependent adenosine triphosphatase,
marker enzymes for mitochondrial, microsomal, and baso-
lateral membranes, respectively, ranged from 0.5- to 2.2-
fold compared with crude membranes in all apical mem-
brane preparations. For loading vesicles with various con-
stituents, the desired intravesicular medium buffer was
utilized in the last two centrifugations and in all the resus-
pension steps for the purification procedure and has been
described in the figure legends.

After the final suspension, the vesicles were used for
uptake studies either within 1 to 2 hr of purification or were
quick frozen and stored at -80°C for use within 2 weeks of
preparation without any significant loss of transport activ-
ity. The membrane protein was assessed by Bradford tech-
nique, using bovine plasma globulin as standard (21).

35S04- Uptake Studies. The AMVs (20 j.11) were
incubated in incubation media (80 j.11) with known buffer
composition (described in detail in figure legends) and con-
taining 25 j.1M radioactive 35S04"-(unless stated otherwise),
as previously described (10, 19). The transport was studied
at 25°C in a water bath with uniform temperature. The
uptake was stopped at various time points using 5 ml of
ice-cold stop solution containing 50 mM TrislMES and 150
mM N-MGG, pH 6.5. The diluted sample was immediately
filtered utilizing a rapid filtration technique employing 0.65
urn nitrocellulose filters. Filters were then washed twice
with 5 ml of ice-cold stop solution. The filters were then
dissolved in Filtercount and the radioactivity was measured
in a Packard TRl600 liquid scintillation counter (Packard
Inc., Downers Grove, IL). All values were corrected for
nonspecific 35S04- binding to filters and/or vesicles by sub-
tracting the radioactivity present in zero-time vesicle
blanks.

Statistical Analysis. All experiments were per-
formed using at least three or four freshly isolated mem-
brane preparations prepared from proximal colons of differ-
ent organ donors. Results are expressed as mean ± SEM.
Paired or unpaired student's t tests were used in statistical
analysis as appropriate. A P value of <0.05 was considered
statistically significant.

Results
Effect of pH Gradient on S04- Uptake. To de-

termine whether a carrier-mediated anion exchange process
is involved in sulfate uptake into the human proximal co-
lonic AMVs, the effect of an outwardly directed OH- gra-
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that under pH gradient conditions, the OH- gradient-
stimulated sulfate uptake is largely mediated by an electro-
neutral anion exchange mechanism and is not due to any
electrical coupling.

Effect of Extravesicular Na+ on SO:;- Uptake. To
assess the possible existence of a Naf-independent pathway
for sulfate uptake, the effect of extravesicular Na+ (50 mM)
in the reaction medium on SO;- uptake was also investi-
gated. In the presence of an inwardly directed Na" gradient
under non-pH gradient conditions, the sulfate uptake was
relatively slow and no stimulation was observed (Table II).
The lack of stimulation of SO;- uptake in the presence of
Na" confirms the absence of a Na+-SO;- co-transport pro-
cess for sulfate transport in these membranes.

Effect of Inhibitors on 80:;- Uptake. To further
characterize the carrier-mediated SO;j--OH- exchange pro-
cess in the human proximal colonic AMVs, the effect of
various membrane transport inhibitors (0.5 mM) on OH-
gradient-driven sulfate uptake was determined. As shown in
Figure 2a, the anion exchange inhibitors DIDS and SITS
resulted in significant inhibition (>70%) of the OH- gradi-
ent-stimulated sulfate uptake in the proximal colonic AMV.
Under pH gradient conditions, sulfate transport into the
vesicles was inhibited by DIDS in a dose-dependent manner
(Fig. 2b). Although furosemide and bumetanide (inhibitors
of Na-CI and Na-K-CI co-transport processes) also resulted
in inhibition, amiloride (Na+-H+ exchange inhibitor) and
acetazolamide (carbonic anhydrase inhibitor) failed to in-
hibit the pH gradient-stimulated sulfate uptake. These ob-
servations further support the presence of a carrier-mediated
SO;--OH- exchange process in the human proximal co-
lonic AMVs.

Effect of Anions on 804- Uptake. A variety of
organic and inorganic anions have been reported to be al-
ternative substrates for sulfate and/or oxalate anion ex-
change processes in a number of tissues (9, 10). The anion
specificity of the SO;--OH- exchange process in the human
proximal colonic AMVs was determined by examining the
effect of various anions (l mM) on pH gradient-stimulated
sulfate uptake (Fig. 3). Of all the anions, oxalate and unla-
beled sulfate had a maximal inhibitory effect (60%-70%)
on sulfate uptake into the vesicles. Although bromide also
showed slight inhibition of sulfate transport, the uptake was
relatively unaffected by chloride, nitrate, bicarbonate, ac-
etate, and fluoride. respectively. These findings indicate that
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dient on sulfate uptake was determined. The data presented
in Figure 1 demonstrate that in the presence of an outwardly
directed OH- gradient (pH 8.2;n' pH 6.5out) sulfate uptake
was markedly stimulated into the colonic AMVs compared
with the nongradient conditions. As shown in Figure 1, the
uptake of sulfate under pH gradient conditions was signifi-
cantly higher than the uptake in the absence of an OH-
gradient (P < 0.05) up to 5 min. These results suggest the
presence of a pH gradient-dependent carrier-mediated trans-
port process for sulfate across the colonic luminal mem-
brane vesicles.

Effect of Transmembrane Potential on 80:;-
Uptake. To assess the effect of transmembrane electrical
potential on sulfate influx into the human colonic AMVs,
the effect of valinomycin-induced potassium diffusion po-
tential on sulfate uptake in the presence of pH gradient
conditions was determined. The sulfate uptake was mea-
sured after creating the intravesicular positive membrane
potential and was compared with uptake under voltage-
clamped conditions. As shown in Table I, the voltage clamp-
ing of the vesicles or making the membrane inside positive
failed to significantly alter the sulfate uptake, suggesting

Time (min)

Figure 1. Time course of S04- uptake. Sulfate uptake was deter-
mined at different time points at 25°C by diluting the AMVs (60-70
IJg)preloaded with 150 mM NMGG and 50 mM Tris-Hepes (pH 8.2)
in the reaction medium containing 150 mM NMGG, 25IJM 35 50 4 and
either 50 mM Tris-Hepes, pH 8.2 (0), or 50 mM Tris-Mes. pH 6.5, ( • ).
The data shown are representative of mean ± 5EM of six separate
preparations.

Table I. Effect of Diffusion Potential on 35S04- Uptake"

Groups Conditions
35 80:;- uptake

(pmol/mg protein/15 sec)

Voltage clamped K+out =K+m + valinomycin 19.5 ± 0.50
Inside positive K+out> K+'n + valinomycin 16.5 ± 1.5

Note. The colonic membrane vesicles were preloaded with either 150 mM N-MGG (for inside positive experiments) or 100 mM N·MGG and
50 mM K. Glu (for voltage clamping experiments). and 50 mM Tris-Hepes (pH 8.2). Uptake was measured by incubating the AMVs in reaction
medium consisting of 100 mM N·MGG. 50 mM K. Glu. 50 mM Tris-Mes (pH 6.5), 25 IJM 35 50 4- , and ± 20 IJMvalinomycin.
B Values are mean ± 5EM of three membrane preparations.
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sis of these results with Lineweaver-Burk plot yielded a Km

of 0.80 ± 0.17 mM and a Vmax of 649 ± 74 pmollmg protein!
10 sec. This data again confirms the presence of acarrier-
mediated transport process for sulfate in these membranes.

Effect of Chloride and Oxalate on S04- Up-
take. The uptake of OH- gradient-driven sulfate uptake
was significantly inhibited in the presence of increasing
concentrations of chloride in the extravesicular media (1-10
mM). Dixon plot analysis of SO:;- uptake inhibition by
chloride yielded a K, of 9.3 ± 1.4 mM, indicating a lower
affinity of the exchanger for chloride (Fig. 5) compared with
SO:;-. In contrast, the OH- gradient-stimulated SO:;--OH-
exchange was competitively inhibited with very high affin-
ity in the presence of varying concentrations of oxalate
(0.5-1.5 mM) in the incubation media (Table III). There-
fore, the inhibition of OH- gradient-stimulated sulfate up-
take with oxalate and low affinity of the exchanger for
chloride strongly indicates that SO:;--OH- and Cl"-HC03-

exchangers are distinct carriers.

o

Table II. Effect of Extravesicular Na" on
3580 :;- Uptake"

tCta- ~ (}~"~ ~:~ ,,03- A~ .'t1 / ~oi!'
<l~ ~~ l'I C~ ~~ ~..y ~.l' <:5 f:,~

Anions [l mMI

Figure 3. Effect of anions on pH gradient-stimulated 358° 4- uptake.
Vesicles preloaded with 150 mM N-MGG and 50 mM Tris-Hepes (pH
8.2) were incubated with buffers containing 150 mM N-MGG, 50 mM
Tris-Mes (pH 6.5), 25 IJMS04 -, and 1 mM potassium salts of various
organic and inorganic anions. Sulfate uptake was determined for.15
sec at 25°C. Values are expressed as the percentage of control, and
they represent mean ± SEM (*P< 0.05) of three separate membrane
preparations.

Time
-Na gluconate -Na gluconate

(min)

0.25 7.0 ± 4.0 8.0 ±5.0
1.00 17 ± 11.5 20 ± 10.0
5.00 38 ± 26.0 37 ±23.5

90.0 38 ± 19.5 55 ±21

Note. Vesicles loaded with 150 mM N-MGG and 50 mM Trls-Hepes
(pH 8.2) were diluted into an incubation medium containing either
150 mM N-MGG and 50 mM Tris-Hspes (8.2) or 100 mM N-MGG, 50
mM Na+ Glu, 25 IJM 35S04-, and 50 mM Tris-Hepes (pH 8.2).
35S04- uptake was determined at 25°C at different time intervals.
a Values are mean ± SEM of three membrane preparations.
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this SO:;--OH- antiporter is highly substrate specific for
sulfate and oxalate.

Kinetics of S04--0W Exchange Process. To
determine the kinetic characteristics of the transport pro-
cess, uptake of sulfate as a function of increasing substrate
concentrations in the incubation medium was investigated.
As shown in Figure 4, the OH- gradient-dependent SO:;-
uptake was saturable in the presence of increasing concen-
trations of sulfate over the range of 0.0 I to 1.0 mM. Analy-

8 DIDS[j1M)

Figure 2. A, Effect of transport inhibitors on 35S04- uptake. The
colonic AMVs preloaded with 150 mM NMGG and 50 mM Tris-Hepes
(pH 8.2) were incubated with the reaction medium containing 150
mM NMGG, 25 IJM35S04-, and 50 mM Tris-Mes (pH 6.5) ± 0.5 mM
of the transport inhibitor. Results are expressed as the percentage of
control, where control represents uptake in the absence of inhibitor.
Values represent mean ± SEM (*P < 0.05) of four separate mem-
brane preparations. S, Dose-dependent inhibition of 35S04 uptake
by DIDS. 358 ° 4- uptake was determined under pH gradient condi-
tions at 25°C for 15 sec. The AMVs preloaded with 150 mM NMGG
and 50 mM Tris-Hepes (pH 8.2) were diluted in the incubation me-
dium consisting of 150 mM NMGG, 25IJM 35S04-, 50 mM Tris-Mes
(pH 6.5), and increasing concentrations of DIDS over the range of
0.01 to 0.5 mM. Results are expressed as the percentage of control,
and values represent mean ± SEM of four separate membrane
preparations.

SULFATE TRANSPORT IN THE HUMAN COLON 915



soo

105-5-10 o
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Figure 5. Effect of chloride on 35 80 4- uptake. Initial rate of 3550 4-
uptake was determined at 25°C in the presence of increasing chlo-
ride concentrations over the range of 1 to 10 mM. AMVs were pre-
loaded with 150 mM N-MGG and 50 mM Tris-Hepes (pH 8.2). Up-
take was measured by incubating the AMVs in medium containing
150 mM N-MGG, 50 mM Tris-Mes (pH 6.5), 25 IJM 358 ° 4- , and
varying concentrations of potassium chloride. The results are repre-
sentative of four separate membrane preparations. Dixon plot analy-
sis of 804- uptake inhibition by chloride yielded a K,of 9.3 ± 1.4 mM,
indicating lower affinity of chloride for the carrier. '

S04-[mM)

Figure 4. Kinetics of 355° 4- uptake. 3550 4- uptake was deter-
mined at 25°C with increasing extravesicular concentrations of sul-
fate (0.01-1.0 mM). The vesicles were preloaded with 150 mM N-
MGG and 50 mM Tris-Hepes (pH 8.2). Osmolarity was kept constant
on both sides of the vesicle membranes by altering N-MGG concen-
tration in the incubation medium. Results shown are representative
of mean ± 5EM of 11 separate membrane preparations.

Effect of 504- on CI--HC03- Exchange Pro-
cess. Previous studies from our laboratory have identified
an electroneutral Cl"-HC03- (OH-) exchange process in the
human proximal colonic AMVs. To examine that the ob-
served pH gradient-driven sulfate uptake does not occur by
the CI--HC03- exchanger, pH and HC03- gradient-driven
36C1- uptake in the presence of increasing concentrations of
SO:;- were examined. Under pH gradient conditions, the
OH- and HC03- gradient-stimulated 36C1- uptake was not
inhibited in the presence of varying concentrations of 804"-
over the range of 0 to 50 mM (Fig. 6). If 80:;- was being
transported by the CI--HC03- exchanger, some inhibition
of 36C1- uptake by sulfate would have been observed under
these conditions. Therefore, the lack of inhibition of pH and
HC03- gradient-stimulated 36C1- uptake by 804"- and low
affinity of the 80:;--OH- exchanger for chloride strongly
indicate that 80:;--OH- and CI--HC03- exchanger pro-
cesses in the human proximal colonic AMVs occur via two
distinct transporters.

Discussion

In the present study, our results, for the first time, pro-
vide evidence to support the presence of a distinct SO:;--
OH- exchanger in the human proximal colonic AMVs. This
exchanger involves a carrier-mediated electroneutral anion
exchange activity rather than an electrogenic process. Ad-
ditionally, Na+-S04"- co-transport activity was not detected
in these membranes. The characteristics of the human apical
proximal colonic SO:;-· OH- exchange process are similar
to previously described SO:;--OH- exchange activity in rab-
bit ileum (10). The Km for SO:;- reported in the current
study (0.8 ± 0.17 mM) and the anion selectivity of human
colonic AMVs is comparable to those of the SO:;--OH-
exchange process in rabbit ileal brush-border membrane
vesicles. Of all the anions tested, oxalate and unlabeled

sulfate were found to be potential substrates for this ex-
change system.

In parallel studies performed with Caco-2 cells, we
have also demonstrated the existence of an SO:;--OH- ex-
change process that is highly sensitive to inhibition by
DIDS and can transport oxalate as well as chloride, but with
lower affinity for chloride compared with SO:;- and oxalate
(22). Similar to the studies in Caco-2 cells, in current study,
the SO:;--OH- exchanger of the apical colonic AMVs also
exhibits high affinity for oxalate and DIDS and a very low
affinity for CI-.

Recent studies from our laboratory have identified a
CI--HC03- exchange process in the human proximal co-
lonic AMVs (6), raising the possibility that this exchanger
might be involved in the OH- gradient-dependent sulfate
uptake. To further elucidate whether the S04"--OH- ex-
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Table III. Effect of Oxalate on the Kinetics of 35S04- Uptake"

Kinetic parameters Control
Oxalate

(0.5 mM)
Oxalate

(1.5 mM)

Vm ax (pmols/mg protein/10 sec)
Km (mM)

409 ± 95.5
0.640 ± 0.23

400 ± 126
1.28±0.14B

776 ± 289
2.77 ± 0.87 B

Note. Values are mean ± SEM of three membrane preparations. The membrane vesicles were loaded with 150 mM N-MGG and 50 mM
Tris-Hepes (pH 8.2). Sulfate uptake (0.1 mM) was determined at 25°C for 10 sec by incubating the vesicles in the incubation media consisting
of 150 mM N-MGG and 50 mM Tris-Mes (pH 6.5) and increasing concentrations of oxalate over the range of 0.5-1.5 mM.
a p < 0.05 compared with control.

Sulfate [mM)

Figure 6. Effect of S04- on 36CI- uptake. 36CI- uptake under pH
and HC03--gradient conditions was examined at 15 sec in the pres-
ence of increasing concentrations of sulfate in the incubation me-
dium. As S04- concentration was varied from 5to 50 mM, changes
in osmolarity were kept constant by adjusting potassium gluconate
concentration in the medium. The results are expressed as the per-
centage of control, and they represent mean ± SEM of three sepa-
rate membrane preparations.

change is mediated by the previously described Cl--HC03-

exchanger, inhibition of OH- gradient-driven S04- uptake
by Cl", as well as inhibition of HC03- (OH-) gradient-
stimulated Cl" uptake by S04'-, was also examined. Al-
though, increasing concentrations of Cl" significantly inhib-
ited OH- gradient-driven S04'- uptake (Fig. 5), increasing
concentrations of S04- failed to influence HC03- (OH-)
gradient-driven Cl" uptake (Fig. 6). Also, as compared with
the Km for S04'- (0.80± 0.17 mM) of this exchanger, Dixon
plot analysis yielded a K, for Cl" of 9.3 ± 1.4 mM, indicat-
ing a lower affinity of the carrier for chloride. A significant
competitive inhibition of OH- gradient-dependent S04- up-
take was also seen in the presence of external oxalate. Ad-
ditionally, OH- gradient-driven sulfate uptake was highly
sensitive to inhibition by DIDS, whereas HC03- (OH-) gra-
dient-dependent Cl" uptake demonstrated a much lower
sensitivity to inhibition by DIDS. Based on the above ob-
servations, S04--OH- and Cl"-HC03- exchange processes
appear to be mediated by distinct carriers.

To date, a family of at least three structurally and func-
tionally related genes for anion exchangers termed as AEl,
AE2, and AE3 (brain and cardiac subtypes: bAE3 and
cAE3, respectively) has been identified (23). Recent studies
from our laboratory have clearly shown the expression of
AE2 and bAE3, but not AEI and cAE3 along the entire

length of the human intestine (24). Furthermore, we have
shown that both AE2 and bAE3 polypeptides are restricted
to the basolateral membranes of the polarized epithelial
cells in the human intestine (24). However, the apical anion
exchanger, a potential candidate for luminal chloride ab-
sorption, still needs to be identified.

In this regard, the DRA gene has been shown to be
mutated in CLD patients where the basic defect has been
demonstrated to be in the intestinal CnHC03- exchange
process (4). Moreover, recent genetic studies indicated that
DRA is a candidate for CLD, and suggested that DRA may
be the luminal CnHC03- exchanger (25). The eDNA se-
quence of DRA has been shown to exhibit high homology to
sulfate transporters, but not to the members of the AE fam-
ily (1, 2). Additionally, earlier in vitro studies have demon-
strated that DRA is sulfate and oxalate transporter (1). How-
ever, more recent studies have shown DRA to be capable of
transporting chloride as well (2, 3). Along with the demon-
stration of two distinct S04-/0H- and CnOH- exchange
processes in Caco-2 cells (22) and human proximal colonic
AMVs, recent studies from our laboratory also showed that
thyroxine down-regulated the relative abundance of hDRA
mRNA in parallel to a reduction in S04--0H- but not Cl--
OH- exchange process (22). Altogether, these data strongly
suggest that DRA may be primarily responsible for S04--
OH- exchange process which appears to be distinct from the
previously described Cl- -OH- (HC03-) exchange activity
across the apical membrane of the human proximal colono-
cytes and Caco-2 cells. Our findings, therefore, appear to
support one of the proposed models of Kere et al (5) for the
epithelial apical chloride transport, where they also sug-
gested that the apical CnHC03- (OH-) exchange process
might require two or more transporters having functions that
are tightly coupled by a common substrate. In this model, a
mutation in only one of the proteins could block the func-
tions of both transporters and cause the observed defect in
the CnHC03- (OW) exchange in CLD patients.

Therefore, based on the data of our present studies, we
speculate the existence of two distinct exchangers that may
be involved in chloride and sulfate absorption across the
human intestinal luminal domain: an S04--0H- exchanger
with high affinity for sulfate and oxalate but low affinity
for chloride, and a distinct Cl"-HC03- exchanger with
low affinity for sulfate. S04--0H- exchanger with low
affinity for Cl" might be the gene product of DRA, how-
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ever, the molecular nature of the apical membrane
CI--HC03- exchanger remains to be defined. Further stud-
ies are required to elucidate, in detail, the functional role of
ORA in luminal Cl" absorption and its relationship to other
chloride transporters.
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