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Purpose. The purpose of the present study was to investigate the
transport of organic monocarboxylic acids mediated by the anion
exchanger AE2, which has been already reported to be present at several
tissue cell membranes, including intestinal brush border membrane in
rabbit.

Methods. Membrane transport of organic monocarboxylic acids by
AE2 was investigated by transient AE2-gene expression in HEK 293
cells and subsequent uptake studies by the cells.

Results. Functional transfection of AE2 was confirmed by the
enhanced *Cl~ efflux from the cells. When preloaded with chloride
anion, AE2-transfected cells demonstrated a significantly enhanced
[*C]benzoic acid transport activity compared with mock-transfected
cells. The AE2-mediated uptake was saturable with kinetic parameters
of Km=0.26 = 0.08 mM and Vmax = 6.14 * 0.52 nmol/mg protein/
3 min, and the uptake of ['“Clbenzoic acid was pH-dependent with a
maximal uptake at pH 6.5. AE2-mediated ['“C]benzoic acid uptake
was inhibited by C1~, HCO; ™, and DIDS. AE2-transfected cells demon-
strated significantly enhanced transport activity for nicotinic acid, pro-
pionic acid, butyric acid, and valproic acid as well as benzoic acid
compared with mock-transfected cells.

Conclusions. AE2 is functionally involved in the anion antiport for
organic monocarboxylic acids as well as inorganic anions and is sup-
posed to play a partial role in the intestinal transport of organic acids.

KEY WORDS: anion exchanger; HEK 293; monocarboxylic acid;
intestinal transport; benzoic acid.

INTRODUCTION

Intestinal absorption of organic weak acids has long been
ascribed to passive diffusion according to the pH-partition
hypothesis. However, we have recently shown that several
monocarboxylic acids permeate intestinal brush-border mem-
branes by pH-dependent and carrier-mediated mechanisms, i.e.,
proton-coupled transport and/or pH-sensitive bicarbonate
exchange mechanisms, by using isolated intestinal brush-border
membrane vesicles (BBMVs) and intestinal epithelial mono-
layer of Caco-2 cells (1-8). We have also suggested that MCT 1
may contribute as a proton/monocarboxylic acid cotransporter
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to the intestinal absorption of monocarboxylic acids (8-10).
However, molecular identification of the anion antiporter has
not been achieved.

The anion exchanger (AE) gene family consists of three
members: AE1, AE2, and AE3. These genes encode plasma
membrane CI/HCO; exchange proteins which have homolo-
gous bipartite structures with a hydrophilic, cytoplasmic amino-
terminal domain and a hydrophobic, membrane-spanning car-
boxyl-terminal domain. The membrane-spanning domains share
approximately 65% amino acid identity among family members,
whereas the cytoplasmic domains are less closely related. Each
isoform exhibits a differential tissue distribution (11), but char-
acterization of their specific functions is still in its early stages.

AE2 was originally isolated from the human erythroleu-
kemic cell line K562 (12) and subsequently from several other
tissues, including mouse and human kidney (13,14), rat gastric
mucosa (11), mouse choroid plexus (15), and rabbit small intes-
tine (16). Interestingly, AE2 protein was identified by immu-
noblot analysis in brush-border membrane of rabbit small
intestine (16). AE2 and monocarboxylic acid/anion antiporter
in intestinal BBMVs are very likely to be structurally related,
because both of them are susceptible to inhibition by stilbene
disulfonates. Although several groups (17-21) have suggested
a possible role of AEI'in transport of organic anions in erythro-
cyte membranes, little is known about the organic anion trans-
port activity of AE2.

The purpose of the present study was to investigate the
activity of AE2-mediated monocarboxylic acid transport by a
transient gene expression method using HEK 293 cells. We
compared the functional properties of monocarboxylic acid
transport mediated by AE2 with the characteristics of the pre-
viously proposed monocarboxylic acid/anion-antiport mecha-
nism (5,6,8) in the intestinal brush-border membrane.

MATERIALS AND METHODS
Materials

The HEK 293 cells were obtained from Japanese Cancer
Research Resources Bank (Tokyo, Japan). Mouse AE2 cDNA
was a generous gift from Dr. R. Kopito, Stanford University
(22). pPBK-CMV and pCMVpB-gal were obtained from Stra-
tagene (La Jolla, CA, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal calf serum (FCS) were obtained
from GIBCO (Grand Island, NY, USA). Penicillin G, streptomy-
cin, and 44’-diisothiocyanostilbene-2,2’-disulfonic  acid
(DIDS) was purchased from Wako Pure Chemicals Industries,
Ltd. (Osaka, Japan). Valinomycin and [**C]nicotinic acid (2.03
GBg/mmol) were purchased from Sigma Chemical Co. (St
Louis, MO, USA). ["*C]Benzoic acid (0.56 GBg/mmol),
[*“C]propionic acid (1.89 GBg/mmol), [“*C]butyric acid (0.58
GBg/mmol), [**Clinulin (185 MBg/g), and *H,0 (37 MBg/g)
were purchased from New England Nuclear (Boston, MA,
USA). ["*C]Valproic acid (2.04 GBq/mmol) and [*H]aspartic
acid (122 GBg/mmol) were purchased from ARC Inc. (St Louis,
MO, USA). [**Cl]NaCl (0.11 GBq/g) was purchased from
Amersham (Buckinghamshire, England).

Construction of the Expression Vector

Mouse AE2 cDNA (22) (4.1 kbp Nhe I/Hind III restriction
fragment) was subcloned into the Nhe I/Hind III site of the
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expression vector pPBK-CMYV; the orientation of these constructs
was confirmed by restriction mapping and sequence analysis.
Mock-transfected cells mean the cells transfected with pBK-
CMV vector only.

Expression of Anion Exchanger in Cultured Cells

Mouse anion exchanger cDNAs were expressed in HEK
293 cells (23). Cells were grown and transfected in DMEM
supplemented with 10% FCS and maintained in a humidified
incubator at 37°C and 5% CO,. HEK 293 cells were cultured
for 12-16 h before transfection. Transfection was carried out
by adding 20 p.g of plasmid DNA per 150-mm dish as a calcium
phosphate precipitate (24). After 48 h, the cells were washed
once with phosphate-buffered saline (PBS) and used for trans-
port assay after further cultivation for 24-30 h. Transfection
efficiency was 32 = 3% (mean of 3 determinations = S.E.M.)
when assessed by transfecting pPCMV3-gal by the same proce-
dure as above, followed by in situ staining for 8-galactosidase
activity (29).

3Cl1~ Efflux Assay in HEK 293 Cells

Transfected HEK 293 cells were washed in the standard
reaction buffer (30 mM NaCl, 16 mM HEPES-KOH, pH 7.4,
and 200 mM sucrose) and were resuspended in standard reaction
buffer containing 5 n.Ci of [*CI]NaCl in the presence of 3 uM
valinomycin to depolarize the membrane potential for 20 min
at room temperature. The cells were then pelleted by centrifuga-
tion at 10,000 rpm for 10 sec and efflux was initiated by
resuspending the cells in standard reaction buffer. The reaction
was terminated by separating the cells from the medium by a
centrifugal filtration technique using a mixture of silicon and
liquid paraffin (density 1.03). The resultant pelleted HEK 293
cells were transferred into vials containing scintillation cocktail
(Cleasol I; Nacalai Tesque, Kyoto, Japan) and associated radio-
activities were determined with a liquid scintillation counter
(Aloka, Tokyo, Japan).

Uptake Experiments

Transfected HEK 293 cells were preloaded for 30 min
with a loading buffer (90 mM KCI, 46 mM K-gluconate, | mM
Mg-gluconate, 1 mM Ca-gluconate, 2 mM KH,PO,, 10 mM
mannitol, 3 uM valinomycin, 0.1% ethanol, and 10 mM
HEPES/KOH, pH 7.0). Then, the cells were pelleted and washed
once with a transport buffer (130 mM K-gluconate, 1 mM
Mg-gluconate, ] mM Ca-gluconate, 20 mM mannitol, 3 pM
valinomycin, 0.1% ethanol, and 10 mM HEPES/KOH, pH 7.0).
Transport was initiated by diluting the cells to a concentration
of 500,000 cells in 250 pl of transport buffer containing radio-
labeled test compounds. At the indicated time, uptake was
terminated by centrifugal filtration as described above. Uptake
of monocarboxylic acids is shown in terms of the cell-to-
medium ratio (C/M ratio) obtained by dividing the uptake
amount by the medium concentration, except for the study on
the concentration-dependence of transport.

Preparation of Anti-AE2 Polyclonal Antibody and
Imunoblotting

Rabbit anti-AE2 polyclonal antibody was raised against a
synthetic peptide (CGVDEYNEMPMPV) corresponding to the
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deduced carboxyl-terminal amino acid sequence of AE2 (13).
The peptide was conjugated to keyhole limpet hemocyanin
(Sigma), emulsified in an equal volume of Freund’s adjuvant
(Difco, Detroit, MI, USA), and injected subcutaneously into
New Zealand White rabbits. AE2- and mock-transfected HEK
293 cells were harvested by scraping with a rubber policeman
and washed in PBS before being lysed in 2% sodium dodecyl
sulfate (SDS) solution. Proteins were separated by 7.5% SDS-
polyacrylamide gel electrophoresis, followed by transfer to
PVDF membrane (Millipore Ltd., Bedford, MA, USA). Second-
ary antibodies coupled to alkaline phosphatase were used to
localize antibody binding. Immunoblotting was performed by
enhanced chemiluminescence (ECL; Amersham).

RESULTS

Expression of Monocarboxylic Acid uptake in Xenopus
laevis Oocytes injected with Mouse AE2 cRNA

To clarify whether AE2 has the monocarboxylic acid trans-
port activity or not, we first expressed AE2 in a Xenopus laevis
oocytes heterologous gene expression system. The activities
for uptake of ['*Clbenzoic acid and [*H]acetic acid expressed
in AE2 cRNA-injected oocytes were significantly increased
compared with those in water-injected oocytes (data not shown).
However, since the intrinsic transport activity of oocytes evalu-
ated for water-injected oocytes in the control study was rather
high, we decided not to use oocytes to evaluate AE2 activity
in the present study. Instead, we employed a transient expression
system with HEK 293 cells, which have little CI7/HCO;~
exchange activity (22).

Transient Expression of AE2 in HEK 293 Cells

The AE2 cDNA was inserted into the expression vector
pBK-CMV (AE2/pBK-CMYV). Anti-AE2 antiserum prepared in
our laboratory specifically detected recombinant AE2 as two
bands of approximately 165 and 145 kDa in HEK 293 cells
transiently transfected with AE2/pBK-CMYV vector (Fig.1, lane

1 2

Fig. 1. Western blot analysis of transfected HEK 293 cells. Total
proteins (25 pg/lane) from whole mock- (lane 1) and AE2- (lane 2)
transfected HEK 293 cells were subjected to 7.5 % SDS-polyacrylamide
gel electrophoresis followed by transfer to PVDF membrane. The blot
was immunostained with anti-AE2 antibody.
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2, arrows). These bands have been previously characterized as
the mature and endoplasmic reticulum forms of glycosylated
AE2 (26). AE2 protein exhibited a tendency to aggregate to
higher order multimers (Fig. 1, bracket), which were previously
reported (27). When vector without AE2 was transfected into
the cells (mock) as the control, no band corresponding to the
two AE2 proteins was detected by Western blot analysis (Fig.
1, lane 1). A previous study using antibody has shown an
expression of AE2 at the brush border-membrane in rabbit
enterocytes (16). Although, in the present study, the signal of
AE2 protein was very slight in murine ileal epithelial cells,
AE2 gene specific product was obtained by polymerase chain
reaction (data not shown). This may be caused by inadequate
sample treatment for Western blotting for the tissue sample,
the different portion of the peptide sequence that developed
antibody between rabbit (16) and the present study, or relatively
lower abundance of antigen in mouse.

To confirm the expression of a functional anion exchange
activity of AE2, we measured the efflux of 3°Cl~ from HEK
293 cells. Efflux of *Cl™ was initiated by incubating the cells
in the medium containing 30 mM Cl17, and the efflux was
evaluated from the remaining amount of *CI~ in the cells. The
values of the remaining *Cl1~ (% of initial) in AE2- and mock-
transfected HEK 293 cells were 58.5 £ 2.6% and 105.2 =
2.6% (mean of 3 determinations * S.E.M.), respectively, at |
min, showing an enhanced efflux in AE2-transfected cells.

Time Course of the Uptake of Benzoic Acid by HEK
293 Cells

Figure 2 shows the time courses of [**C]benzoic acid
uptake by HEK 293 cells transfected with AE2 or expression
vector alone. AE2-transfected cells, when preloaded with 90
mM CI7, exhibited significantly increased and time-dependent
uptake, while no time-dependent uptake was observed in the
mock-transfected cells. The uptake by AE2-transfected cells
linearly increased for 3 min, so all subsequent initial uptake
measurements were performed at 3 min after preloading with
90 mM CI™. Cell volumes of AE2- and mock-transfected HEK
293 cells, evaluated by calculating the difference of apparent
uptakes of H,O and [**Clinulin, were 8.01 = 1.10 ul/mg
and 11.3 = 2.13 pwl/mg (mean of 6 determinations * S. E.
M.), respectively.

Inhibition of Benzoic Acid Uptake by DIDS and by
Inorganic Anions

Specific inhibition of AE2 activity was studied to confirm
that benzoic acid uptake by HEK 293 cells is mediated by
AE2. As is clearly shown in Table 1, the enhanced uptake of
[*C]benzoic acid was significantly decreased in the presence
of DIDS. Furthermore, it was remarkably decreased in the
presence of chloride or bicarbonate ion.

Concentration Dependence of Benzoic Acid Transport

The concentration dependency of the initial uptake of ben-
zoic acid was examined. To evaluate AE2-derived uptake, the
result was expressed after subtraction of the uptake by mock-
transfected cells from that by AE2-transfected cells (Fig. 3).
From Eadie-Hofstee analysis (shown in Fig. 3, inset), a single
saturable process was apparently involved in AE2-transfected

413

-
(4}

C/M Ratio (u.{/mg protein)
S

Time (min)

Fig. 2. Time course of ['“C]benzoic acid uptake in AE2-transfected
HEK 293 cells. AE2- (closed circles) and mock- (open circles)
transfected HEK 293 cells were preloaded with 10 mM HEPES-KOH
buffer (pH 7.0) containing 90 mM KCl at 37°C. The uptake of ['“C]ben-
zoic acid (67 wM) was measured at 37°C in 10 mM HEPES-KOH buffer
(pH 7.0) containing 130 mM K-gluconate. Each solution contained an
appropriate concentration of mannitol to be-isotonic. All experiments
were performed in the medium containing 3 pM valinomycin and
0.1% ethanol. The uptake shown by open triangles is the AE2-depen-
dent uptake obtained as the difference between the uptakes in AE2-
and mock-transfected HEK 293 cells. Each point represents the mean
+ S.EM. of 3 to 4 experiments.

HEK 293 cells. Nonlinear least-squares analysis of the result
yielded an apparent Km of 0.26 = 0.08 mM and Vmax of 6.14
* 0.52 nmol/mg protein/3 min.

Effect of Extracellular pH on Benzoic Acid Uptake

The pH dependence of [“C]benzoic acid transport medi-
ated by AE2- or mock-transfected HEK 293 cells is shown in
Fig. 4. The uptake of ["*C]benzoic acid increased with decreas-
ing pH in both cases. AE2-mediated uptake, obtained by sub-

Table 1. Effects of Inorganic Anions and Anion Exchange Inhibitor
on the Uptake of ["*C]Benzoic Acid in Mouse AE2-Transfected HEK

293 Cells
Uptak I/mg/3mi
Concentration ptake (l/mg/3min)

Inhibitor (mM) Mock-transfected AE2-transfected
K-Gluconate 130 542 =284 30.88 + 1.37¢
Chloride 10 274 £ 241 2.18 £ 2.52
Bicarbonate 10 0.00 = 1.47 1.18 = 0.86
DIDS 0.2 3.68 + 2.80 5.27 £ 243

Note: Uptake measurements of AE2- and mock-transfected HEK 293

cells were conducted as described in the legend to Fig. 2. Transport

of ["*C]benzoic acid (67 uM) was measured at 37°C in 10 mM chloride-

free HEPES-KOH buffer (pH 7.0) containing each inhibitor. Each value

represents the mean * S.E.M. of 4 determinations.

¢ Significantly different from the uptake by mock-transfected cells by
Student’s t-test (p < 0.05).
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Fig. 3. Concentration dependence of benzoic acid uptake in HEK 293
cells. The uptake of ['*“C]benzoic acid in AE2- and mock-transfected
HEK 293 cells preloaded with 90 mM chloride ion was measured for
3 min at 37°C in chloride-free 10 mM HEPES-KOH buffer (pH 7.0).
Each solution contained an appropriate concentration of mannitol to
be isotonic. The data were obtained by subtraction of the uptake by
mock-transfected cells from that by AE2-transfected cells. Inset: Eadie-
Hofstee plot for the saturable process of concentration-dependent ben-
zoic acid uptake. Each point represents the mean = S.E.M. of 3 to
6 experiments.
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Fig. 4. Extracellular pH dependence of benzoic acid uptake in HEK
293 cells. The uptake of [“C]benzoic acid in AE2- (closed circles)
and mock- (open circles) transfected HEK 293 cells preloaded with
90 mM chloride ion was measured for 3 min at 37°C in chloride-free
10 mM MES-KOH (pH 6.0) or HEPES-KOH buffer (pH 6.5, 7.0,
7.5) containing 130 mM K-gluconate. Each solution contained an
appropriate concentration of mannitol to be isotonic. The uptake shown
by open triangles is the AE2-dependent uptake obtained as the differ-
ence between the uptakes in AE2- and mock-transfected HEK 293
cells. Each point represents the mean = S.E.M. of 3 experiments.

7.5

Yabuuchi, Tamai, Sai, and Tsuji

traction of uptake by mock-transfected cells from that by AE2-
transfected cells, was optimum at pH 6.5.

Transport of Various Monocarboxylic Acids in HEK
293 Cells

Substrate specificity of AE2 was assessed by measuring the
transport of several monocarboxylic acids. Uptakes of [“C]benzoic
acid, ["C]nicotinic acid, [“C]propionic acid, ["“C]butyric acid
and [**C]valproic acid by AE2-transfected HEK 293 cells were
significantly increased compared with mock-transfected cells
(Table 2), whereas the uptake of an acidic amino acid, [*H]aspartic
acid, was not increased by AE2-transfection.

DISCUSSION

The present study was designed to examine whether the
anion exchanger AE2 transports organic monocarboxylic acids
by exchanging them with bicarbonate and/or chloride ions,
since firstly AE2 has been shown to be present at the brush-
border membrane by immunoblot analysis (16), secondary AE2
is sensitive to DIDS and has a transport function to exchange
anions such as CI~, HCO;~, NO;~, and SO,%~ (22,26,28,29),
and lastly AE1, a member of the same family as AE2, has been
suggested to transport organic anions (17-21).

A heterologous gene expression system, Xenopus laevis
oocytes, expressed transport activity after AE2-cRNA injec-
tion. However, since the oocytes also showed a similar
intrinsic activity, we used HEK 293 cells to evaluate AE2
function. We confirmed the functional expression of AE2 in
HEK 293 cells by immunoblot analysis and measurement of
CI7/Cl™ exchange activity, and we demonstrated that AE2-
transfected HEK 293 cells exhibit significantly enhanced
benzoic acid transport activity compared with mock-
transfected cells. The transport activity was DIDS-sensitive.
The enhanced [**C]benzoic acid uptake in AE2-transfected
HEK 293 cells cannot be ascribed to cell volume change
after transfection, since no significant difference in cell volume

Table 2. Uptakes of Monocarboxylic Acids in AE2-Transfected HEK
293 Cells

Uptake (pl/mg/3min)

Monocarboxylic Mock- AE2-
acid transfected transfected

Benzoic acid 344 * 0.99 23,72 + 5.22¢
Nicotinic acid 0.66 * 0.52 5.83 = 1.03¢
Propionic acid 4.74 + 538 32.67 * 3.45°
Butyric acid 11.03 = 0.37 24.62 + 1.35¢
Valproic acid 10.15 = 1.72 26.25 * 3.86°
Aspartic acid 11.08 = 1.57 8.69 * 1.32

Note: Uptakes of {'*Clbenzoic acid (67 uM), [“C]nicotinic acid (26
M), [M*Clpropionic acid (20 wM), ['*Clbutyric acid (63 uM), [*C]val-
proic acid (18 uM) and [*Hlaspartic acid (30 nM) were measured by
incubating AE2- and mock-transfected HEK 293 cells in chloride-free
10 mM HEPES-KOH buffer (pH 7.0). Each value represents the mean
+ S.EM. of 3 to 4 determinations. All experiments were performed
under identical conditions as described in the legend to Fig. 2.

@ Significantly different from the uptake by mock-transfected cells by

Student’s t-test (p < 0.05).
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between AE2- (8.01 pl/mg protein) and mock-transfected
(11.3 wl/mg protein) HEK 293 cells was seen. The 36CI~
efflux from AE2-transfected HEK 293 cells was enhanced
in medium containing benzoic acid compared with medium
containing K-gluconic acid (data not shown). Although there
is the possibility that an efficient pH-change in cells caused
by AE2 may affect the uptake of benzoic acid, these results
demonstrate that the enhanced uptake of [**C]benzoic acid
in AE2-transfected HEK 293 cells can be ascribed to the
transport by AE2 protein.

In this study, AE2-transfected HEK 293 cells significantly
enhanced transport of several monocarboxylic acids, such as
benzoic acid, nicotinic acid, propionic acid, butyric acid, and
valproic acid, as compared with mock-transfected cells. How-
ever, an acidic amino acid, aspartic acid, was not transported
by AE2. We have previously shown that uptakes of most of these
compounds were enhanced by imposing an outward bicarbonate
gradient in rabbit intestinal BBMVs (6). Accordingly, the intes-
tinal monocarboxylic acid/anion antiporter appears to have a
similar substrate specificity to AE2.

In rabbit small intestine, CI"/HCO;~ exchange activity
has been shown to be present only on the brush-border surface
of crypt and villus cells (30). In addition, at the brush-border
membrane predominant AE2 signal was demonstrated by
immunoblot analysis of rabbit ileum (16). Saturable kinetics
and the relatively acidic optimal pH of 6.5, which is close to
small intestinal microclimate pH, observed in AE2-mediated
benzoic acid transport are consistent with those for transport
of other monocarboxylic acids in the intestine (6). At present,
since benzoic acid transport across the intestinal brush-border
membrane has not been characterized in detail, a precise com-
parison of the transport characteristics at the brush-border mem-
brane with those of AE2, cannot be made.

This study suggested that the benzoic acid transport activ-
ity via AE2 protein is affected by chloride and bicarbonate
ions. Considering the physiological concentration of these
anions, there is the possibility that inorganic anions in intestinal
lumens may not provide an optimal condition for AE2-mediated
monocarboxylic acid absorption. Since AE2 is supposed to be
functionally bi-directional, it may facilitate secretion of mono-
carboxylic acids from enterocytes to lumen.

AE? is widely distributed among various tissues and cul-
tured cell lines (11-16) in addition to small intestine. Accord-
ingly, it is possible that AE2 proteins may contribute to the
transport of various monocarboxylic acids and play an important
role in the transport of organic acidic drugs and nutrients in
various tissues where AE? is present.

In conclusion, in the present study, it was demonstrated
that AE2 protein functions as a pH-dependent organic monocar-
boxylic acid transporter.

ACKNOWLEDGMENTS

The authors are grateful to Dr. R. R. Kopito for supplying
AE2 cDNA and to Dr. Hitomi Takanaga for advice on gene
manipulation. This work was supported in part by a Grant-in-
Aid for Scientific Research from the Ministry of Education,
Science and Culture, Japan and by grants from the Japan Health
Science Foundation, Drug Innovation Project and Japan
Research Foundation for Clinical Pharmacology.

415

REFERENCES

1. A.Tsuji, M. T. Simanjutak, I. Tamai, and T. Terasaki. pH-Depen-
dent intestinal transport of monocarboxylic acids: carrier-medi-
ated and H*-cotransport mechanism versus pH-partition
hypothesis. J. Pharm. Sci. 12:1123-1124 (1990).

2. M.T.Simanjutak, T. Terasaki, I. Tamai, and A. Tsuji. Participation
of monocarboxylic anion and bicarbonate exchange system for
the tranport of acetic and monocarboxylic acid drugs in the small
intestinal brush-border membrane vesicles. J. Pharmacobio-Dyn.
14:501-508 (1991).

3. A. Tsuji, H. Takanaga, I. Tamai, and T. Terasaki. Transcellular
transport of benzoic acid across Caco-2 cells by a pH-dependent
and carrier-mediated transport mechanism. Pharm. Res.
11:30-37 (1994).

4. H. Takanaga, I. Tamai, and A. Tsuji. pH-dependent and carrier-
mediated transport of salicylic acid across Caco-2 cells. J. Pharm.
Pharmacol. 46:567-570 (1994).

5. H. Takanaga, H. Maeda, H. Yabuuchi, I. Tamai, H. Higashida,
and A. Tsuji. Nicotinic acid transport mediated by pH-dependent
anion antiporter and proton cotransporter in rabbit intestinak
brush-border membrane. J. Pharm. Pharmacol. 48:1073-1077
(1996).

6. 1. Tamai, H. Takanaga, H. Maeda, H. Yabuuchi, Y. Sai, Y.
Suzuki, and A. Tsuji. Intestinal brush-border membrane transport
of monocarboxylic acids mediated by proton-coupled transport
and anion antiport mechanisms. J. Pharm. Pharmacol. 49:108—
112 (1997).

7. 1. Tamai, H. Takanaga, H. Maeda, T. Ogihara, M. Yoneda, and
A. Tsuji. Proton-cotransport of pravastatin across intestinal brush-
border membrane. Pharm. Res. 12:1727-1732 (1995).

8. 1. Tamai, and A. Tsuji. Carrier-mediated approaches for oral drug
delivery. Adv. Drug Delivery Rev. 20:5-32 (1996).

9. H. Takanaga, 1. Tamai, S. Inaba, Y. Sai, H. Higashida, H. Yama-
moto, and A. Tsuji. cDNA cloning and functional characterization
of rat intestinal monocarboxylate transporter. Biochem. Biophys.
Res. Commun. 217:370-377 (1995).

10. 1. Tamai, H. Takanaga, H. Maeda, Y. Sai, T. Ogihara, H. Higashida,
and A. Tsuji. Participation of a proton-cotransporter, MCT1, in
the intestinal transport of monocarboxylic acids. Biochem. Bio-
phys. Res. Commun. 214:482-489 (1995).

11. K. E. Kudrycki, P. R. Newman, and G. E. Shull. cDNA cloning
and tissue distribution of mMRNAsS for two proteins that are related
to the band 3 CI"/HCO;~ exchanger. J. Biol. Chem. 265:462—
471 (1990).

12. D. R. Demuth, L. C. Showe, M. Ballantine, A. Palumbo, P. J.
Fraser, L. Cioe, G. Rovera, and P. J. Curtis. Cloning and structural
characterization of human non-erythroid band 3-like protein.
EMBO J. 5:1205-1214 (1986).

13. S. L. Alper, R. R. Kopito, S. M. Libresco, and H. F. Lodish.
Cloning and characterization of a murine band 3-related cDNA
from kidney and from a lymphoid cell line. J. Biol. Chem.
263:17092-17099 (1988).

14. H. Gehrig, W. Muler, and H. Appelhans. Complete nucleotide
sequence of band 3 related anion transport protein AE2 from
human kidney. Biochim. Biophys. Acta 1130:326-328 (1992).

15. A. E. Lindsey, K. Schneider, D. M. Simmons, R. Baron, B. S.
Lee, and R. R. Kopito. Functional expression and subcellular
localization of an anion exchanger cloned from choroid plexus.
Proc. Natl. Acad. Sci. USA 87:5278--5282 (1990).

16. A. Chow, J. W. Dobbins, P. S. Aronson, and P. Igarashi. cDNA
cloning and localization of band 3-related protein from ileum.
Am. J. Physiol. 263:G345-352 (1992).

17. R. C. Poole and A. P. Halestrap. Transport of lactate and other
monocarboxylates across mammalian plasma membrane. Am. J.
Physiol. 264:C761-C782 (1993).

18. N.Hamasaki, H. Matsuyama, and C. Hirota-Chigita. Characteriza-
tion of phosphoenolpyruvate transport across the erythrocyte
membrane. Eur, J. Biochem. 132:531-536 (1983).

19. Y. Matsumoto and M. Ohsako. Transport of drugs through human
erythrocyte membranes: pH dependence of drug transport through
labeled human erythrocytes in the presence of band 3 protein
inhibitor. J. Pharm. Sci. 81:428-431 (1992).

20. T. Minami and D. J. Cutler. A kinetic study of the role of band



416

21.

22.

23.

24.

25.

3 anion transport protein in the transport of salicylic acid and other
hydroxybenzoic acids across the human erythrocyte membrane. J.
Pharm. Sci. 81:424-427 (1992).

M. Ohsako, Y. Matsumoto, and S. Goto. Transport of aspirin
and its metabolites through human erythrocyte membrane. Biol.
Pharm. Bull. 16:154-157 (1993).

B. S. Lee, R. B. Gunn, and R. R. Kopito. Functional differences
among nonerythroid anion exchangers expressed in a transfected
human cell line. J. Biol. Chem. 266:11448-11454 (1991).

F. L. Graham and J. Smiley. Characteristics of a human cell line
transformed by DNA from human adenovirus type 5. J. Gen.
Virol. 36:59-72 (1977).

F. L. Graham and A. J. van der Eb. A new technique for the
assay of infectivity of human-adenovirus 5 DNA. Virology
52:456-467 (1973).

J. R. Sanes, J. L. R. Rubenatein, and J.-F. Nicolas. Use of a
recombinant retrovirus to study post-implantation cell lineage in
mouse embryos. EMBO J. 5:3133-3142 (1986).

26.

27.

28.

29.

30.

Yabuuchi, Tamai, Sai, and Tsuji

S. Ruetz, A. E. Lindsey, C. L. Ward, and R. R. Kopito. Functional
activation of plasma membrane anion exchangers occurs in a pre-
golgi compartment. J. Cell Biol. 121:37-48 (1993).

S.-T. Alan, C. Sardet, J. Pouyssegur, M. A. Schwartz, D. Brown,
and S. L. Alper. Immunolocalization of anion exchanger AE2
and cation exchanger NHE-1 in distinct adjacent cells of gastric
mucosa. Am. J. Physiol. 266:C559-568 (1994).

I. Sekler, R. S. Lo, and R. R. Kopito. A conserved glutamate is
responsible for ion selectivity and pH dependence of the mamma-
lian anion exchanger AEl and AE2. J. Biol. Chem. 270:28751-
28758 (1995).

1. Sekler, S. Kobayashi, and R. R. Kopito. A cluster of cytoplasmic
histidine residues specifies pH dependence of the AE2 plasma
membrane anion exchanger Cell 86:929-935 (1996).

R. G. Knickelbein, P. S. Aronson, and J. W. Dobbins. Membrane
distribution of sodium-hydrogen and chloride-bicarbonate
exchangers in crypt and villus cell membranes from rabbit ileum.
J. Clin. Invest. 82:2158-2163 (1988).



