Proc. Natl. Acad. Sci. USA
Vol. 87, pp. 52785282, July 1990
Cell Biology

Functional expression and subcellular localization of an anion
exchanger cloned from choroid plexus
(intracellular pH/ chloride transport/bicarbonate transport/epithelia/cerebrospinal fluid)

ANN E. LINDSEY*, KARIN SCHNEIDER*, DONNA M. SiMMONsT, RoLAND BARONE, BETH S. LEE*,

AND RoN R. KopiTo*$

*Department of Biological Sciences, Stanford University, Stanford, CA 94305-5020; *Neural Systems Laboratory, Salk Institute, La Jolla, CA 92037; and
#Departments of Cell Biology and Orthopedics, Yale University School of Medicine, New Haven, CT 06510

Communicated by H. Ronald Kaback, April 11, 1990

ABSTRACT We have isolated rat brain ¢cDNA clones
encoding AE2, a homologue of the erythrocyte anion ex-
changer, band 3 (AE1). Immunocytochemistry and in situ
hybridization reveal that, in brain, AE2 expression is restricted
to the basolateral membrane of the choroid plexus epithelium.
Expression of a full-length mouse AE2 cDNA in COS-7 cells
resulted in chloride- and bicarbonate-dependent alterations in
intracellular pH, demonstrating that AE2 is a C1/HCO; ex-
changer. Cation replacement studies indicate that AE2-
mediated exchange is independent of extracellular sodium.
COS-7 cells expressing a mutant rat AE2 cDNA clone that lacks
the cytoplasmic NH,-terminal 660 amino acids exhibit identical
responses to cation and anion substitution. These results indi-
cate that this domain does not play a significant role in either
correct insertion of the transporter into the plasma membrane
or anion exchange.

Plasma membrane anion exchangers are a widely distributed
class of transport proteins that play a key role in maintaining
chloride and bicarbonate homeostasis within cells and in the
extracellular fluid. The prototypical mammalian anion ex-
changer is the band 3 protein of the erythrocyte, encoded by
the AE1 gene (reviewed in ref. 1). A distinctive feature of this
glycoprotein is the presence of two distinct structural com-
ponents: a soluble NH,-terminal domain of M, = 45,000 and
a membrane-associated COOH-terminal glycosylated do-
main of M, = 65,000 (reviewed in refs. 2, 3). The NH,-
terminal portion is exposed to the cytoplasmic face of the
plasma membrane, where it associates with several cytosolic
and cytoskeletal elements (reviewed in ref. 4). Most promi-
nent among these interactions is the association with ankyrin,
which serves to physically link the plasma membrane to the
spectrin-based cytoskeleton (5). The ankyrin-binding site has
not been mapped on the primary sequence of band 3.

The COOH-terminal half of band 3 comprises a domain
that spans the phospholipid bilayer multiple times and par-
ticipates in the transport of anions (2, 6, 7). Anion exchange
mediated by band 3 is electroneutral, reversible, and inhib-
ited competitively by disulfonic stilbene derivatives such as
4,4'-diisothiocyano-2,2’-disulfonic acid stilbene (DIDS),
which can also covalently modify a single lysine residue
within the COOH-terminal domain (8, 9). The prediction that
this DIDS-binding residue corresponds to either Lys-539 or
Lys-542 in the mouse band 3 sequence (10) has been recently
confirmed by site-directed mutagenesis (11, 12). The putative
membrane topology of this domain together with inhibitor
binding and proteolytic dissection studies are all consistent
with the interpretation that the COOH-terminal domain alone
is sufficient to mediate anion exchange (2, 6, 7). Further,

synchronized cell-free translation of band 3 mRNA indicated
that insertion of the COOH-terminal half of the protein into
the membrane proceeds in the absence of an NH,-terminal
signal sequence, implying that the COOH-terminal domain
possesses the information necessary for correct insertion into
the endoplasmic reticulum (13).

Band 3 (AE1l) belongs to a family of homologous genes
(reviewed in ref. 1) that includes AE2, a band 3-related cDNA
previously cloned from erythroleukemic (14), renal, and lym-
phoid (15) cell lines, and a recently identified neuronal homo-
logue, AE3 (16, 17). Comparison of the sequences of AE2 and
AE3 indicates conservation of the overall domain organization
noted above for AE1, with little primary sequence homology
among the NH,-terminal domains (1). By contrast, the COOH-
terminal domains of AE2 and AE3, including the two potential
DIDS-binding lysines, are highly homologous to the corre-
sponding domain of AEl. This similarity has led to the
speculation that AE2 is an anion exchanger that participates in
the regulation of intracellular pH (pH;) (15). Recently, such a
function has been demonstrated for AE3, whose COOH-
terminal domain shares about equal homology with AE2 and
AE1 (16). Although transcripts of AE2 have been identified in
a wide variety of epithelial and nonepithelial tissues (14, 15),
there has been no direct assessment of the cellular or subcel-
lular distribution of the AE2 polypeptide in any tissue. We
have identified the sole site of AE2 expression in the brain and
have used heterologous expression of AE2 cDNA to directly
assess its function in anion exchange.

MATERIALS AND METHODS

c¢DNA Cloning. AE2 cDNAs were isolated from a rat
choroid plexus library (18) (kindly provided by D. Julius,
University of California, San Francisco) screened at low
stringency with a mouse AE1 probe (10). A full-length cDNA
was assembled from two clones that overlapped at an internal
EcoRlI site and subcloned into Bluescript (Stratagene) vec-
tors for amplification and sequencing. cDNAs were se-
quenced (19) on exonuclease III/S1 nuclease-generated
nested deletions (20). cDNAs were also subcloned into the
expression vector pMT2 (21) (generously provided by R.
Kaufman, Genetics Institute).

In Situ Hybridization. Bluescript plasmids bearing a 147-
base-pair (bp) Bgl 11/Nsi 1 fragment and a 173-bp Alu 1/Pst
I fragment isolated from the 3’ untranslated regions of mouse
AE1 (10) and AE2 (15), respectively, were transcribed into
antisense RN A probes using T7 polymerase (Stratagene) and
UTP[*S] (New England Nuclear). Brains from female
BALB/c mice were perfused and fixed in situ, sectioned, and
processed for in situ hybridization exactly as described (21).
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Immunohistochemistry. Choroid plexus was freshly dis-
sected from BALB/c mice and immediately fixed in paraform-
aldehyde/lysine/periodate as described (22). Cryostat sec-
tions (20 um) were incubated with a 1:100 dilution of antiserum
against an AE1 COOH-terminal dodecapeptide, a-C; (22),
which cross-reacts with AE2 (see below) (1:100). The immuno-
reactivity was detected with horseradish peroxidase-coupled
sheep anti-rabbit IgG Fab fragments developed with diami-
nobenzidine in the presence of 0.01% H,0, as described (22).

Studies on AE2 Transfected Cells. Choroid plexus was
dissected from third and fourth ventricles of mouse brain and
washed thoroughly in ice-cold PBS to remove erythrocytes
prior to solubilization in SDS/PAGE sample buffer (23).
COS-7 cells were transfected as described (16, 24). Cells were
harvested by scraping after 48 hr and solubilized by incuba-
tion in 1% Triton X-100 at 4°C for 15 min. Detergent-insoluble
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material was removed by centrifugation for 10 min at 14,000
x g at 4°C (25). Protein samples were separated by SDS/
PAGE, electrophoretically transferred to nitrocellulose, and
blotted with a-C, antibody followed by '%°I-labeled protein A
as described (22). No bands were detected in parallel, iden-
tically processed blots incubated with nonimmune serum or
immune serum in the presence of an excess of immunogen
peptide (22).

pH; measurements on transfected COS-7 cells, loaded with
2',7'-bis(carboxyethyl)-5,6-carboxyfluorescein (26), were
performed exactly as described (16).

RESULTS

The sequence of rat choroid plexus AE2 cDNA (Fig. 1a) is
identical to that recently obtained for a rat stomach AE2
cDNA clone (17). The deduced amino acid sequence is 98.6%

a
mouse:  MSSAPRRPASGADSLHTPEPESLSPGTPGFPEQ.EEDELRTLGVERFEEILQEAGSRGGEEPGRSYGEEDFEYHRQSSHHIHHPLSTHLPPDARRRKTPQGPGRKPRRRP 109
PPEEETEEE e b e e ey e e bbb et b v et e e e b e e e e e e e e e e
rat: MSSAPRRPASGADSLHTPEPESLSPGTPGFPEQEEEDELRTLGVERFEEILQEAGSRGGEEPGRSYGEEDFEYHRQSSHHIHHPLSTHLPPDARRRKTPQGPGRKPRRRP 110
mouse:  GASPTGETPTIEEGEEDEEEASEAEGFRAPPQOPSPATTPSAVQFFLOEDEGAERKPERTSPSPPTQTPHOEAAPRASKGAQTGTLVEEMVAVASATAGGDDGGAAGRPL 219
(R AR RN RN R A R R AR R A NN R R R NN AN A R AR RN RN RN RS RN R R RN RN R RN AN RN RN RN RN RA R
rat:  GASPTGETPTIEEGEEDEDEVGEAEGFRAPPQQPSPASSPSAVQFFLQEDEGTDRKAERTSPSPPTQTPHQEAAPRASKGAQTGTLVEEMVAVASATAGGDDGGAAGRPL 220
mouse:  TKAQPGHRSYNLQERRRIGSMTGVEQALLPRVPTDESEAQTLATADLDLMKSHRFEDVPGVRRHLVRKNAKGSTQARREGREPGPTPRARPRAPHKPHEVFVELNELLLD 329
(RN R RN RN RN R RN A N R RN N A NN R N R RN RN A NN N RN RN N R N NN RNy
rat: TKAQPGHRSYNLQERRRIGSMIGVEQALLPRVPTDESEAQTLATADLDLMKSHRFEDVPGVRRHLVRKNAKGSTQAAREGREPGPTPRARPRAPHKPHEVFVELNELOLD 330
mouse:  KNQEPQWRETARWIKFEEDVEEETERWGKPHVASLSFRSLLELRRTLAHGAVLLDLDQQTLPGVAHQVVEQMVISDQIKAEDRANVLRALLLKHSHPSDEKEFSFPRNIS 439
FEEREERETE Rt b e bbby bbb bbb et b et e et et e b e e e et e e b vy i
rat:  KNQEPQWRETARWIKFEEDVEEETERWGKPHVASLSFRSLLELRRTLAHGAVLLDLDQQTLPGVAHQVVEQMVISDQIKAEDRANVLRALLLKHSHPSDEKEFSFPRNIS 440
mouse:  AGSLGSLLGHHHAQGTESDPHVTEPLIGGVPETRLEVDRERELPPPAPPAGITRSKSKHELKLLEKIPENAEATVVLVGCVEFLSRPTMAFVRLREAVELDAVLEVPVPV 549
(AR NN R AN RN NN N R NN N RN RN RN R A R R RN NN N AN N NN N NN AR RN
rat: AGSLGSLLGHHHAQGTESDPHVTEPLIGGVPETRLEVDRERELPPPAPPAGITRSKSKHELKLLEKI: sNAEATVVLVGCVEFLSRPTMAFVRLREAVELDAVLEVPVEV 550
mouse:  RFLFLLLGPSSANMDYHEIGRSISTLMSDKQFHEAAYLADERDDLLTAINAFLDCSVVLPPSEVQGEELLRSVAHFQROMLKKREEQGRLLPPGAGLEPKSAQDKALLOM 659
RN RN AR RN N RN AR A RS RN R AR A RN AR N R NN RN R R RN A A NN RN AR A AR RENY]
rat:  RFLFLLLGPSSANMDYHEIGRSISTLMSDKQFHEAAYLADERDDLLTAINAFLDCSVVLPPSEVOGEELLRSVAHFOROMLKKREEQGRLLPPGAGLEPKSAQDKALLOM 660
mouse:  VEVAGAAEDDPLRRTGRPFGGLIRDVRRRYPHYLSDFRDALDPQCLAAVIFIYFAALSPAITFGGLLGEKTKDLIGVSELIMSTALQGVVFCLLGAQPLLVIGFSGPLLV 769
PUEEEEE T e e e bbb e bbb e e e e e e b e e e r e e e Cer e et e e e et e et
rat: VEVAGAAEDDPLRRTGRPFGGLIRDVRRRYPHYLSDFRDALDPQCLAAVIFIYFAALSPAITFGGLLGEKTQDLIGVSELIMSTALQGVIFCLLGAQPLLVIGFSGPLLV 770
mouse: FEEAFFSFCSSNELEYLVGRVWIGFWLVFLALLMVALEGSFLVRFVSRFTQEIFAFLISLIFIYETFYKLIKIFQEHPLHGCSGSNDSEAGSSSSSNMTWATTILVPDNS 879
(RN R RN RN R R R RN R RN R R N R RN RN R NN RN R R RN R R R RN N RN R RN A N AN A A
rat: FEEAFFSFCKSNQLEYLVGRVWIGFWLVLLALLMVALEGSFLVRFVSRETQEIFAFLISLIFIYETFYKLIKIFQEHP LHGCSVSNDSEAD . SSSNNMTWAATTLAPDNS 879
mouse:  SASGQSGQEKPRGQPNTALLSLVLMAGTFF IAFFLRKFKNSRFFPGRIRRVIGDFGVP IAILIMVLVDYSIEDTYTQOKLSVP SGFSVTAPDKRGWVINPLGEKTPFPVWM 989

I (RN RN R R R RN RN RN AR NN N N NN RN R RN RN NN RN RN RN RN RN R R NN RN NN RN RN RN RN RN
rat: SA...SGQERPRGQPNTALLSLVLMAGTFFIAFFLRKFKNSRFFPGRIPGVIGDFGVP IAILIMVLVDYSIEDTYTQKLSVP SGFSVTAPDKRGWVINPLGEKTPFPVWM 986

MVASLLPAVLVFILIFMETQITTLIISKKERMLQKGSGFHLDLLLIVAMGGICALFGLPWLAAATVRSVTHANALTVMSKAVAPGDKPKIQEVKEQRVTGLLVALLVGLS 1099

AR RN R RN A NN R R RN N A NN RN R RN NN NN NN NN NN NN NN
rat: MVASLLPAVLVFILIFMETQITTLIISKKERIVQKGSGFHLDLLLIVAMGGICALFGLPWLAAATVRSVTHANALTVMSKAVAPGDKPKIQEVKEQRVTGLLVALLVGLS 1096

mouse:

MVIGDLLRQIPLAVLFGIFLYMGVTSLNGIQFYERLHLLLMPPKHHPDVTYVKKVRTMRMHLFTALQLLCLALLWAVMSTAASLAFPFILILTVPLRMVVLTRIFTEREM 1209

PERLEETEEEE e bbb e b bbb bbb b e e e e b e vt et e e e e et e e bl
rat: MVIGDLLRQIPLAVLFGIFLYMGVTSLNGIQFYERLHLLLMPPKHHPDVTYVKKVRTMRIDLFTALQLLCLALLWAVMSTAASLAFPFILILTVPLRMVVLTRIFTEREM 1206

mouse:

KCLDANEAEPVFDECEGVDEYNEMPMPV* 1238

PECERETEER b e et
rat: KCLDANEAEPVFDECEGVDEYNEMPMPV* 1235

mouse:

—l¢0Cc>

——

pRK154
500 bp

pBSL110

F16.1. AE2cDNA clones. (a) Alignment of rat choroid plexus (upper line) and mouse lymphoid AE2 (15) amino acid sequences. The program
GAP (27) was used for the alignment. (b) Map of the truncated rat AE2 cDNA (pRK154) and the mouse full-length AE2 (pBSL110) constructs
used in the expression studies. Untranslated regions at the 3’ and 5’ ends are shown by the dotted shading. The NH,-terminal region
corresponding to the AE1 cytoplasmic domain is unshaded; hatched shading denotes the hydrophobic domain homologous to the AE1 membrane
domain. Locations of two in-frame deletions of 3 and 9 bp, respectively, are shown by vertical arrows.
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identical to murine AE2 clones isolated from kidney and
lymphoid cells (Fig. 1a). The predicted rat AE2 protein is
shorter than its murine counterpart by 3 amino acids. There
are only 15 of a total of 1238 residues that differ between the
two species. The rat sequence has a Glu at position 34 that is
absent from mouse AE2. A tripeptide, Ser-Glu-Gln, and a
Ser, present in the mouse sequence at positions at 882 and
861, respectively, are absent from the rat. Both of these
differences occur in a region corresponding to the large
extracellular loop of AE1 between putative transmembrane
spans 5 and 6 (10). Indeed, 5 of the 15 amino acid differences
between rat and mouse AE2 are located within the =55
residues comprising this putative extracellular loop, which is
the least conserved region among all of the AE family
members (1). Two constructs used in the transfection exper-
iments are illustrated in Fig. 1b.

Antisense RNA probes corresponding to unique 3’ untrans-
lated regions of mouse AE1 (10) and mouse AE2 (15) were
used to examine sections of mouse brain by in situ hybridiza-
tion at high stringency (21) (Fig. 2a). Hybridization with the
AE1 probe in the brain was indistinguishable from that ob-
tained with either probe in the ‘‘sense’’ orientation, consistent
with Northern blot data (not shown), confirming the lack of
AE1 gene expression in this tissue. In contrast, a strong signal
was obtained with the AE2 probe exclusively in the choroid
plexus of the third, fourth, and lateral ventricles (Fig. 2a, lower
panel). Background levels of hybridization with this probe
were observed in all other regions of the brain, indicating that
choroid plexus is the sole site of AE2 expression. The local-
ization of AE2 polypeptide exclusively in choroid plexus
epithelium was confirmed by immunofluorescence staining of
alternate serial sections (not shown) from the same mouse

FiG. 2. Localization of brain AE2. (a) In situ hybridization of
mouse brain using antisense RNA probes to mouse AE1 (upper
panel) and AE2 (lower panel). (b) Immunoperoxidase localization of
AE2 in thin section of mouse choroid plexus stained with a-C,
antibody. Apical (AP) and basolateral (BL) surfaces are noted.
Arrows indicate basolateral membranes strongly stained with the
antibody.
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brain used in the above in situ analysis using a polyclonal
antibody (a-C;) to a highly conserved COOH-terminal syn-
thetic peptide of mouse AE1 (22). Staining of thin sections of
isolated choroid plexus with this antibody, which cross-reacts
with AE2 (Fig. 2b), demonstrates that AE2 is localized exclu-
sively at the basolateral plasma membrane of this polarized
epithelium. No apical staining was observed. Examination of
total choroid plexus protein by immunoblotting with a-C, (Fig.
3a) revealed a single immunoreactive 165-kDa band (Fig. 3a,
lane 2), demonstrating the absence from our preparation of
erythrocyte AE1. This latter protein migrated as a character-
istic broad smear of 95-105 kDa (Fig. 34, lane 1). A 165-kDa
band was also consistently observed in Western blots of
choroid plexus from rat and cow (not shown), indicating that
this epitope is highly conserved between species.

Two AE2 cDNA constructs (Fig. 1b) were expressed
transiently in COS-7 cells. Plasmid pBSL110 contains the
full-length murine lymphoid AE2 cDNA (15) (open reading
frame = 1238 amino acids) and pRK154 contains a truncated
rat choroid plexus AE2 cDNA. The open reading frame
encoded by this latter plasmid initiates at Met-660, encoding
a polypeptide that lacks all but the COOH-terminal 46 of the
705 NH,-terminal amino acids of AE2, which are analogous
to the cytoplasmic, membrane skeleton-binding domain of
erythroid AE1 (28). Both constructs were efficiently ex-
pressed in COS-7 cells, as judged by Western blotting (Fig.
3). A major 165-kDa band was detected in detergent extracts
of COS-7 cells transfected with full-length AE2 cDNA (Fig.
3a, lane 3) but not with vector alone (Fig. 3a, lane 4),
demonstrating that the a-C, antibody recognizes AE2. The
mobility of AE2 from transfected COS-7 cells is indistin-
guishable from that observed in detergent extracts of native
choroid plexus membranes (Fig. 3a, lane 2). A 155-kDa band,
also detected in immunoblots of COS-7 cells expressing
full-length AE2 (Fig. 3a, lane 3), probably represents an
oligosaccharide processing intermediate, since it and the
165-kDa bands are replaced by a single 142-kDa species when
AE2-transfected COS-7 cells are incubated for 24 hr in the
presence of tunicamycin at 8 ug/ml (data not shown). Cells
transfected with the truncated rat choroid plexus cDNA,
pRK154, synthesized a major immunoreactive species of 65
kDa (Fig. 3b, lane 2). The molecular mass estimated for
full-length and truncated AE2 polypeptides is in good agree-
ment with the mass of the proteins predicted from the cDNA
sequence. These mobilities are also consistent with the

a 123 4
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Fic. 3. AE2 protein expression in rat choroid plexus and in
transfected COS-7 cells. (a) Western blot (7.5% PAGE) of human
erythrocyte ghost membranes (lane 1); mouse choroid plexus (lane
2); COS-7 cells transfected with full-length AE2 cDNA, pBSL110
(lane 3) or vector, pMT2 (lane 4). (b) Western blot (10% PAGE) of
erythrocyte ghosts (lane 1); COS-7 cells transfected with truncated
AE2, pRK154 (lane 2) or vector, pMT2 (lane 3). Molecular masses
are indicated in kDa.
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F1G.4. pH; measurements in single COS-7 cells expressing AE2 cDNA. (a) Effect of chloride and sodium removal on pH; in cells transfected
with AE2 ¢cDNA (pRK154) or vector control (pMT2). (b) Effect of DIDS on Cl-dependent alkalinization in COS-7 cells transfected with pRK154.
pH; was recorded from a single cell treated as in a in the presence and absence of 100 uM DIDS. The trace with 500 uM DIDS was from a different,
identically treated cell with the same resting pH; and magnitude of Cl-free response. All traces are representative of at least 10 independent trials.

correct identification of the translational initiation sites in the
sequences and with the presence in mouse (15) and rat AE2
of Asn-linked oligosaccharide chains.

To evaluate the function of AE2, we studied the effects of
inhibitors and of ion substitution on pH; regulation in trans-
fected COS-7 cells. Typically, between 5% and 15% of cells
transfected with either pRK154 or pBSL110 expressed AE2,
as judged by immunofluorescence staining of fixed, perme-
abilized cells with a-C, antiserum (data not shown). Individ-
ual transfected cells expressing AE2 were identified on the
basis of their ability to mediate marked (>0.3 pH unit)
intracellular alkalinization within 30 sec following Cl re-
moval, a functional measure of anion exchange activity.
COS-7 cells transfected with vector (pMT2) alone display a
considerable variation in their response to this maneuver.
The mean (= SEM) initial linear rate of pH; increase following
Cl substitution was 0.081 = 0.03 pH/min, representing a
range of 0.05-0.129 (» = 8). In contrast, cells selected as
positive by our assay alkalinized at a mean rate of 0.857 =
0.22 pH/min, with a range of 0.62-2.01. Importantly, no
vector-transfected cells (n > 500) were observed to exhibit
rates approaching the minimum criterion for selection as
positive. Identification of functionally positive transfectants
was also verified following pH; study by immunofluorescence
staining with a-C, antiserum in situ. A total of 11 cells was
examined in two different microscopic fields by the func-
tional assay. The response of each cell and its position within
the field were recorded. Without disturbing the microscope
stage, the cells were fixed, permeabilized, and stained with
antibody. The 4 cells that were scored as positive in the
functional assay were all positive by immunofluorescence,
whereas the 7 functionally negative cells were not immuno-
reactive.

The resting pH; of cells expressing pRK154 (pH; = 6.94 +
0.03, n = 9) or pBSL110 (pH; = 6.85 = 0.03, n = 7) was
significantly (P < 0.01, Student’s two-tailed ¢ test) more
acidic than vector-transfected controls (pH; = 7.10 = 0.04, n
= 7). Vector-transfected (Fig. 4a; pMT2) and wild-type (not
shown) COS-7 cells respond to chloride removal with a
variable but slow rise in pH;, which is reversed upon read-

dition of Cl, consistent with the presence of a low level of
background anion exchange activity. In contrast, COS-7 cells
transfected with truncated (Fig. 4a; pRK154) or full-length
(pBLS110; not shown) AE2 responded to removal of external
Cl with a rapid and dramatic cytoplasmic alkalinization that
was rapidly reversible upon return of Cl to the medium.
Following return to baseline pH;, Cl and Na were simulta-
neously removed. In six independent experiments, neither
alkalinization due to Cl removal nor recovery upon restora-
tion of Cl was dependent upon external Na. Alkalinization
induced by Cl removal was partially inhibited in the presence
of 100 uM DIDS (Fig. 4b), a blocker of anion exchange in
erythroid (8) and nonerythroid (2) cells. Complete inhibition
in this assay required the presence of DIDS concentrations in
excess of 500 uM.

DISCUSSION

Our data demonstrate that AE2, which is expressed in a wide
variety of cell types at the mRNA level (14, 15), functions as
a Na-independent anion exchanger that is sensitive to inhi-
bition by stilbenes. The concentration of DIDS required to
completely inhibit AE2-mediated anion exchange in COS-7
cells is considerably higher than that required to block AE1
in erythrocytes (8). This relative insensitivity to DIDS has
been previously observed for anion exchangers in a variety of
nucleated cells, including human K562 (29), vero (30), HL-60
(31), and neutrophils (32, 33). In several of these and in other
myelocytic lines (15, 29, 34), endogenous AE2 mRNA
expression has been demonstrated, suggesting that this DIDS
insensitivity might be an intrinsic property of AE2 and not a
consequence of its cellular environment.

We describe a functional assay for identifying cells ex-
pressing AE2 cDNA, based upon the rapid alkalinization of
the cell in response to removal of extracellular Cl. Such an
alkalinization occurs as a consequerice of reversal of the
exchanger when provided with a gradient for Cl efflux and
ample extracellular substrate (bicarbonate). It has been used
by others (35, 36) as a criterion for identifying anion exchange
in nonerythroid cells. Our data suggest that wild-type COS-7
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cells express a low and variable level of anion exchange
activity. However, the lack of immunological reactivity of
vector-transfected COS-7 cells with the a-C, antibody by
Western blotting (Fig. 3) suggests that ‘‘basal’’ anion ex-
change activity is mediated either by a protein distinct from
AE2 or by AE2 present at undetectably low levels. It has
recently come to our attention that AE2 mRNA can be
detected in COS cells by Northern blot analysis (S. L. Alper,
personal communication), suggesting that this ‘‘back-
ground”’ anion exchange activity may well be due to low
levels of expression of the endogenous gene. It is clear from
Western blots (Fig. 3) and immunofluorescence (not shown),
however, that AE2 expression in transfected cells exceeds
the basal levels by several orders of magnitude (especially
when considering that the Western blots compare the total
AE2 levels in a population of transfected cells, of which only
a fraction are actually positive). Similarly, we are confident
that, although our functional assay is somewhat self-
referential, overexpression of AE2 leads to Cl-dependent pH;
changes that exceed background levels in both rate and
magnitude by severalfold.

The observation that resting pH; in AE2-transfected COS-7
cells is lower than in vector-transfected controls is consistent
with results we have previously reported for another band 3
homologue, AE3 (16). These data suggest that AE2 can
function as an acid-loading anion exchanger, which, when
overexpressed, surpasses the COS-7 cell’s acid-extruding
pH; regulators. On the other hand, our data do not rule out
the possibility that the transfection procedure itself could
alter the COS-7 cell’s ability to regulate pH;, either by
affecting the intrinsic buffering capacity or by altering the
regulation of endogenous acid extruders. Although we can
estimate the total number of AE2 molecules expressed per
cell, our data do not allow us to estimate the number of these
present at the cell surface. Differences in the copy number of
functional (i.e., surface) AE2s could account for some of the
observed variability in transport rates.

Previous studies of sulfate self-exchange in proteolyzed,
resealed erythrocyte ghosts lacking the NH,-terminal, cyto-
plasmic domain of AE1 suggested that anion transport ac-
tivity is restricted to the COOH-terminal =45-kDa fragment
(37). Those studies, however, assessed the role of AE1l
proteolytic fragments in mediating divalent anion exchange,
a process that differs in kinetic and mechanistic detail from
the transport of physiologically relevant monovalent anions
(2, 6). Moreover, the previous studies were unable to eval-
uate the role of the NH,-terminal domain in mediating the
correct insertion of the AE1l polypeptide into the plasma
membrane. Our data confirm those observations with AE1
and extend them to AE2. We show that the 579 COOH-
terminal amino acids of AE2 are sufficient for proper inser-
tion of the protein into the plasma membrane and for medi-
ating chloride/bicarbonate exchange activity. Further inves-
tigations are needed to determine whether the NH,-terminal
659 amino acids play a role in regulating anion exchange
activity, in targeting the nascent polypeptide to the correct
membrane of epithelial cells or, by analogy with the corre-
sponding domain of AEl, in tethering the plasma membrane
to the epithelial cell spectrin/actin membrane skeleton.

Our data show that, in the brain, AE2 is expressed solely
in the choroid plexus, an epithelium that is the major site of
cerebrospinal fluid (CSF) production. The effect of stilbene
disulfonates such as DIDS on the secretion of CSF (38, 39)
and on its pH (40) has led to the proposal (41) that HCO;
secretion into CSF is mediated by an apical plasma mem-
brane anion exchanger. In contrast, Saito and Wright (38, 42)
have proposed a model for HCO; secretion across the cho-
roid plexus in - hich cyclic nucleotides activate an electro-
genic efflux pawnway for HCO; at the apical plasma mem-
brane. They postulate that intracellular HCO; accumulation

Proc. Natl. Acad. Sci. USA 87 (1990)

is achieved by the dissociation of intracellular carbonic acid
and by DIDS-sensitive ClI/HCO; exchange at the basolateral
membrane. Our data support the latter model and provide a
molecular tool for future studies into the role of anion
exchange in the formation of CSF.
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