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Abstract. High resistance epithelia express on their
apical side an amiloride-sensitive sodium channel that
controls sodium reabsorption. A ¢cDNA was found to
encode a 1,420-amino acid long polypeptide with no
signal sequence, a putative transmembrane segment,
and three predicted amphipathic o helices. A corre-
sponding 5.2-kb mRNA was detected in Xenopus
laevis kidney, intestine, and oocytes, with weak ex-
pression in stomach and eyes. An antibody directed
against a fusion protein containing a COOH-terminus
segment of the protein and an antiidiotypic antibody
known to recognize the amiloride binding site of the
epithelial sodium channel (Kleyman, T. R., J.-P.
Kraehenbuhl, and S. A. Ernst. 1991. J. Biol. Chem.
266:3907-3915) immunoprecipitated a similar protein
complex from [*S]methionine-labeled and from api-
cally radioiodinated Xenopus laevis kidney-derived A6
cells. A single ~130-kD protein was recovered from

samples reduced with DTT. The antibody also cross-
reacted by ELISA with the putative amiloride-sensitive
sodium channel isolated from A6 cells (Benos, D. J.,
G. Saccomani, and S. Sariban-Sohraby. 1987. J. Biol.
Chem. 262:10613-10618). Although the protein is
translated, cRNA injected into oocytes did not recon-
stitute amiloride-sensitive sodium transport, while an-
tisense RNA or antisense oligodeoxynucleotides
specific for two distinct sequences of the cloned
¢DNA inhibited amiloride-sensitive sodium current in-
duced by injection of A6 cell mRNA. We propose that
the cDNA encodes an apical plasma membrane pro-
tein that plays a role in the functional expression of
the amiloride-sensitive epithelial sodium channel. It
may represent a subunit of the Xenopus laevis sodium
channel or a regulatory protein essential for sodium
channel function.

location across two structurally and functionally dis-

tinct cell surfaces, the apical and basolateral plasma
membranes. These membranes are spatially demarcated by
tight junctions. In these tight epithelia, an apical amiloride-
sensitive sodium channel constitutes the rate-limiting step for
sodium reabsorption, while the basolateral Na*,K*-ATPase
provides the driving force for Na* entry by extruding Na*
out of the cell (for a review see Rossier et al., 1989; Rossier
and Palmer, 1992; Smith and Benos, 1991). The epithelial
sodium channel differs pharmacologically and electrophys-
iologically from the well-characterized sodium channel of
excitable nerve and muscle cells (Noda et al., 1984). It is in-
hibited by the diuretic amiloride, but it is insensitive to
tetrodotoxin, and it is not voltage gated.

SODIUM transport in tight epithelia requires ion trans-
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The molecular structure of this important channel has not
yet been elucidated. Two groups have purified putative epi-
thelial sodium channels either from an amphibian epithelial
cell line (A6 cells) or from mammalian kidney by affinity
chromatography using amiloride analogs. Benos et al.
(1987) isolated a large 730-kD protein complex consisting of
five polypeptides ranging in relative molecular mass from
315to 55 kD. In contrast, Barbry et al. (1987) purified a 185-
kD protein composed of two presumably identical subunits.
An antiidiotypic antibody raised against an antiamiloride an-
tibody recognized a 700-kD complex in A6 cell extracts. The
complex consisted of several polypeptides ranging from 260
to 70 kD (Kleyman et al., 1991), a pattern reminiscent of the
channel purified by Benos et al. (1987). On Western blot un-
der reducing conditions the antiidiotypic antibody recog-
nized an ~140-kD band corresponding to the amiloride-
binding protein of the purified channel (Kleyman et al.,
1991).

Reconstitution of amiloride-sensitive Na* channel activ-
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ity by inserting purified channel proteins into lipid vesicles
has been reported (Sariban-Sohraby and Benos, 1986; Bar-
bry et al., 1990b), and several groups have expressed
amiloride-sensitive sodium channels in Xenopus laevis oo-
cytes by injecting poly(A)* mRNA from different tissues
(George et al., 1989; Hinton and Eaton, 1989; Kroll et al.,
1989; Palmer et al., 1990). Expression cloning in oocytes
has been successful for many monomeric channels and trans-
porters including the Na*-glucose cotransporter (Hediger et
al., 1987), the Na*-phosphate cotransporter (Werner et al.,
1991), and the voltage-gated chloride channel (Jentsch et al.,
1990). So far, expression cloning for oligomeric transport
proteins has not been reported. Cloning of proteins related
to the epithelial sodium channel has been described. Injec-
tion of a cDNA encoding a human phenamil-binding protein
into Xenopus laevis oocytes failed to reconstitute amiloride-
sensitive 2?Na fluxes (Barbry et al., 1990q). In contrast, a
preliminary report describes that injection of a cDNA encod-
ing a 55-kD polypeptide from the purified bovine sodium
channel reconstituted sodium transport in oocytes, but the
activity was not sensitive to amiloride (Cunningham, S. A.,
M. L. Clements, M. P. Arrate, R. A. Frizzell, and D. J.
Benos, unpublished observations).

In this study, we report the cloning of a cDNA from a
Xenopus laevis A6 cell expression library using an antibody
originally raised against the Bufo marinus Na*,K*-ATPase
o subunit. We used this antiserum because it labeled the api-
cal membrane of epithelial cells known to express amiloride-
sensitive sodium transport. A full-length cDNA clone isolated
from an ovary library, distinct from the Na* K*-ATPase
o subunit, encoded an ~160-kD protein associated with
the apical surface of A6 cells. The Apx protein is part of a
larger complex and participates in amiloride-sensitive so-
dium channel activity.

Materials and Methods

Cell Culture Conditions

A6 cells (passage 80-90), from the American Type Culture Collection
(Rockville, MD), were recloned by limiting dilution, and grown either on
plastic dishes or seeded at a density of 1.2 X 10° cells/cm? on polycar-
bonate filters (0.4 pm, 4.5 cm?, Transwell; Costar Corp., Cambridge,
MA) coated with a thin layer of glutaraldehyde cross-linked rat collagen
type 1 (Vitrogen; Celtrix Laboratories, Palo Alto, CA). The cells were cul-
tured in amphibian medium supplemented with 5% FBS and were harvested
when confluent. The cells were treated for 16 h with 300 nM aldosterone
before use for biochemical analysis.

Preparation and Screening of cDNA Libraries

An A6 expression library was prepared and screened as described previ-
ously (Verrey et al., 1989). Briefly, a cDNA library was constructed from
size-fractionated poly(A)™ mRNA from A6 cells grown on plastic dishes.
Size-fractionated inserts (0.5-2.5 kb) were ligated into the pEX 2 expres-
sion vector. POP2136 cells were transformed and the expression library was
screened with a polyclonal antibody directed against the « subunit of Bufo
marinus Na*,K*-ATPase.

Cloning of Near Full Length cDNA

A Agtl]l cDNA library prepared from Xenopus laevis ovary mRNA (kindly
provided by E. Dworkin, Vienna) was screened under high stringency con-
ditions with randomly primed 32P-labeled 3a cDNA clone.

Northern Blot Hybridization
Poly(A)* mRNA from Xenopus laevis tissues and A6 cells was isolated as
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described previously (Geering et al., 1985) and poly(A)* mRNA from oo-
cytes was extracted according to Probst et al. (1979). Poly(A)* mRNA was
treated with glyoxal for 10 min at 50°C, separated on 0.8% agarose gel,
transferred, and UV cross-linked to a nylon membrane (Hybond N, Amer-
sham Corp., Arlington Heights, IL). After prehybridization at 42°C for
6 h, Northern blots were hybridized at 42°C in 50% formamide, 5% SSC,
0.5% SDS, 2X Denhardt’s solution, and 200 pg/ml denatured salmon sperm
DNA, with 10° cpm/ml randomly primed [*’P]dATP-labeled cDNA
probes. The specific activity of the probe was 1-2 X 10° cpm/ug. After hy-
bridization, the filters were washed in 2x SSC/0.1% SDS at room tempera-
ture followed by 0.1x SSC/0.1% SDS at 65°C for 2 X 30 min with subse-
quent exposure to X-ray film with an intensifying screen.

Sequence Analysis

Apx cDNA clone was partially digested by EcoRI and the 4.9-kb insert was
subcloned into Bluescript M13-SK plasmid (Vector Cloning Systems, San
Diego, CA). The Apx clone was sequenced in both directions using the
dideoxynucleotide chain termination method (Sanger et al., 1977). Sub-
cloned fragments were sequenced as double-stranded templates and deleted
clones were sequenced unidirectionally (Promega Corp., Madison, WI,
Erase-a-base system). When necessary, synthetic oligodeoxynucleotides
were used as primers.

Antiserum to Fusion Protein

Fusion protein 3a was extracted from Escherichia coli and washed with Tri-
ton X-100, according to the protocol of Marston et al. (1985) and electro-
eluted from SDS-PAGE. Rabbits were immunized by injecting 150 ug of
electroeluted fusion proteins with complete Freund's adjuvant by injection
into popliteal lymph nodes. The rabbits were boosted at 3-wk intervals by
subcutaneous injections of 100 ug of antigen in incomplete Freund's adju-
vant, and the rabbits were bled 10 d after the last injection.

Selective Cell Surface Radioiodination

Confluent monolayers were rinsed three times with ice-cold amphibian
Ringer’s solution containing 11 mM glucose and 1 mM Ca?*. Radioiodina-
tion was performed following a modification of the procedure of Hubbard
and Cohn (1975). Briefly, 1 ml of amphibian Ringer’s containing 11 mM
glucose and 1 mM Ca?*, 5 ul lactoperoxidase (10 mg/ml), and 1 mCi car-
rier free ['>*I|Nal was added to either the apical or the basolateral side of
the monolayer. The reaction, started by adding 20 ul of glucose oxidase
diluted to 1:100 (type 5; Sigma Chem. Co., St. Louis, MO), was allowed
to run for 15 min at 4°C. The reaction was stopped by adding 20 ul of 20%
sodium azide and the monolayers were rinsed extensively with ice-cold am-
phibian Ringer’s containing 0.2% sodium azide.

Biosynthetic Labeling of A6 Cells with [**S]Methionine

Af cells were seeded on collagen-coated polycarbonate filters (4.5 cm?)
and kept in culture for 9 d. The monolayers were then washed three times
for 5 min in methionine- and serum-free medium supplemented with 300
nM aldosterone. The filter supports were inverted, and 200 ul of
methionine- and serum-free medium supplemented with 300 nM aldoster-
one and 1 mCi/ml [**S}methionine was added to the basolateral surface of
the filter. After a 15-min incubation at 28°C, filters were washed once and
placed for up to 6 h (see legend to Fig. 4) in serum-free medium sup-
plemented with 300 nM aldosterone and 10 mM methionine. The
monolayers were then washed once at 4°C with amphibian Ringer’s solution
containing 1 mM CaCl, and protease inhibitors (1 M antipain, 1 uM
leupeptin, 1 uM pepstatin A [Sigma Chem. Corp.]), and 0.1 mM PMSF
(Boehringer Mannheim Corp., Indianapolis, IN).

Immunoprecipitation

Proteins were solubilized in 0.5% deoxycholate (DOC), 1% NP-40, 5 mM
EGTA, and 10 mM Tris-HCI, pH 7.4, containing 0.1 mM PMSF, and 5
mg/ml of pepstatin, leupeptin, and antipain. The solubilized material was
centrifuged in Eppendorf tubes for 2 min. For denaturation before incuba-
tion with antibodies, SDS was added to the supernatant to a final concentra-
tion of 0.3%. Immunoprecipitation was performed after diluting the sam-
ples with 11 vol of 1% Triton X-100 in 50 mM Tris-HCl, pH 7.5, 5 mM
EDTA, and 150 mM NaCl. Antiserum or preimmune serum was added and
the mixture incubated at 4°C overnight. For the antiidiotypic antibody an
additional step was included. After the incubation with antiidiotypic anti-
body, 10 ug of an anti-mouse IgG antibody raised in rabbits was added and
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incubated for 2 h before adding protein A-Sepharose. This step was not
necessary for the anti-Apx antibody. Protein A-Sepharose beads were used
as immunoadsorbent (1 h room temperature). The beads were washed three
times with 10 mM Tris-HCI pH 7.4, containing 0.1% SDS and 5 mM EDTA.
The antigen was eluted by heating for 5 min in sample buffer and reduced.
SDS-PAGE and fluorography were performed as described by Geering et
al. (1985).

ELISA

ELISA was carried out according to Sorscher et al. (1988). Briefly, round-
bottom polyvinyl chloride microtitration plates (96 wells) were coated with
200-300 ng of purified channel protein in 100 1 BBS overnight at 4°C. The
next day, a 2-h exposure with 200 ul of a 1% solution of BSA in BBS (75
mM NaCl; 100 mM boric acid; 25 mM sodium borate), to block
nonspecific binding sites, was performed. After this blocking step, 100 pl
of an appropriate dilution in BSA-BBS of anti-Apx antibody or preimmune
serum was placed in the wells for 4 h at room temperature. After this treat-
ment, the plates were exposed for 4 h at room temperature to 100 pl of a
1:4,000 dilution of alkaline phosphatase-labeled goat anti-rabbit IgG in 1%
BSA-BBS. The reaction was developed by the addition of 100 ul of 1 mg/ml
p-nitrophenyl phosphate in 1 M diethanolamine and 0.2 mM MgCl; (pH
9.8). Control plates were treated identically except that a 1% BSA solution
in BBS replaced the antigen. Yellow coloration of the wells indicated a posi-
tive reaction that was measured after 10 or 15 min at room temperature by
stopping the reaction with 50 ul of 3 N NaOH and reading the absorbance
at 410 nm.

Synthetic Oligodeoxynucleotides

Oligodeoxynucleotides were synthesized according to the manufacturer’s
manual using a DNA synthesizer (Appl. Biosystems Inc., Foster City,
CA). The two antisense oligodeoxynucleotides were Apx(—13)-(—30)
(5-CCCTTTGAAACTGAATTG-3') corresponding to nucleotides —30 to
—13, respectively; Apx(+479)-(+455) (5-GTGGTTAGGGCGATTCTG-
CTTATGC-3)) both complementary to Apx cDNA sequence, and the
corresponding sense oligodeoxynucleotides Apx(—30)-(—13) (5-CAATTC-
AGTTTCAAAGGG-3), respectively Apx(+455)-(+479) (5-GCATAA-
GCAGAATCGCCCTAACCAC-3).

In Vitro Transcribed RNA

Capped RNA was transcribed from linearized cDNA clones either with T7-
or SP6-RNA polymerase according to Melton et al. (1984). Transcribed
RNA was extracted twice with chloropane, twice with chloroform/iso-
amylalcohol (24:1), and precipitated. Antisense RNA covered nucleotides
—43 to 1032, and sense Apx cRNA nucleotides —43 to 4675.

Microinjection into Qocytes

Oocytes (Dumont stages V-VI) were obtained from Xenopus laevis females
and maintained at 19°C as described (Palmer et al., 1990). Briefly, oocytes
were removed from an anesthetized frog and incubated in modified Barth’s
saline (MBS) containing 85 mM NaCl, 2.4 mM NaHCO3, 1 mM KCl, 0.8
mM MgSO4, 0.3 mM Ca(NO;), 0.4 mM CaCly, and 12 mM Hepes,
buffered to 7.2 with NaOH, plus penicillin (10 mg/ml) and streptomycin (5
mg/ml). After removal, the oocytes were defoliculated with 0.25% col-
lagenase (type 1A; Sigma Chem. Corp.) in MBS without Ca?*. After over-
night incubation at 19°C, oocytes were injected with S0 nl nanopure H,O
containing either 50 ng A6 poly(A)* mRNA or 10 ng Na*,K*-ATPase a-
and 5 ng 3-subunit cRNA. When indicated the RNA was supplemented with
50 ng of oligodeoxynucleotide. Alternatively, 1.25 ug of A6 mRNA was
solubilized in 1.25 ul of 10 mM NaCl, supplemented with 5 ng antisense
RNA, or with 5 ng antisense RNA and 100 ng of Apx cRNA. 50 nl/oocyte
was injected.

Biosynthetic Labeling of Injected Oocytes
with [**S]Methionine

20 ng of Apx cRNA (nucleotides —43 to 4675) was injected into Xenopus
laevis oocytes. Water-injected oocytes served as control. Qocytes were then
incubated for 24 h in MBS containing 1 mCi/ml [**S]methionine at 19°C.
Oocytes were then washed three times with 5 ml of MBS and their quality
checked. Healthy oocytes were transferred into an Eppendorf Inc. (New
York, NY) tube and 20 pl/oocyte homogenization buffer (0.1 mM NaCl, 1%
Triton X-100, 20 mM Tris/HCI, pH 7.6, 1 uM PMSF, 1 uM antipain, 1 uM
pepstatin, and 1 xM leupeptin) was added. The oocytes were dispersed with
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a blue tip (Eppendorf Inc.), the homogenate centrifuged at 12,000 rpm in
a microcentrifuge at 4°C. The supernatant was saved, SDS was added to
a final concentration of 3.7%, and immunoprecipitation with the anti-Apx
antibody was performed.

Electrophysiology

After incubation in MBS for 2 d at 19°C, amiloride-sensitive current was
measured as described (Palmer et al., 1990), and the activity of Na*,K*-
ATPase was determined according to Horisberger et al. (1991).

Results

Cloning of an Apical Protein from Kidney-derived
Epithelial Cells

A polyclonal antibody directed against the o subunit of Bufo
marinus Nat,K*-ATPase labeled both cell surface mem-
branes of amphibian kidney and colon epithelia as well as
Xenopus laevis kidney-derived A6 cells (Fig. 1). This apical
labeling seen in tight epithelia, known to express amiloride-
sensitive sodium transport, prompted us to use the antibody
to screen an expression library constructed from A6 kidney
cell mRNA in order to clone the cDNA corresponding to the
apical antigen. Indeed, the antibody identified a distinct 572-
bp clone (3a) in addition to the expected Na*,K*-ATPase «
subunit clone (Verrey et al., 1989). This cDNA hybridized
to a 5.2-kb transcript from A6 cells and oocytes. The pres-
ence of the Apx mRNA in oocytes encouraged us to use this
572-bp clone to screen a Xenopus laevis ovary Agt 11 cDNA
library. The longest insert (4.9 kb) was further analyzed and
shown to contain a 4,260-nt open reading frame encoding
a protein that we called Apx for apical protein Xenopus.

Nucleotide and Deduced Amino Acid Sequence
The nucleotide sequence and the predicted amino acid se-

Figure 1. Labeling of Xenopus laevis kidney by an anti-Na*,K*-
ATPase a-subunit antibody. Immunofluorescence micrograph was
performed on A6 cells grown to confluency on collagen-coated
polycarbonate filters. The cells were fixed in paraformaldehyde-
lysine-periodate, and 0.5-um-thick frozen sections were prepared
and stained with a rabbit anti-a-subunit antibody, a biotinylated
donkey anti-rabbit IgG antibody, and phycoerythrin-streptavidin.
The antibody labels all cell surface domains (4, apical membrane;
B, basolateral membrane). Similar observations were made using
similar histological methods on tissue sections of the Bufo marinus
kidney and colon (Rossier et al., 1989). A preimmune serum
served as control and no labeling was detected.
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GGTGCGGATTGTGTGTTTGCTGCGAGACGLTGTGTATTCGCTACACCGACGCAGAACTGCGGCACTTATAGAACTACAGGAGGGGCATTGCTTTATCCCCTGCTGAGTGACGACAGAAATGCAGETGTT
TGTTTTTGAGCTACGCAGAAGAAAATGCCAGTTCTCCATAAACATCTTGARGAATTCTAAATAAATCAATTCAGTTTCAAAGGGCCTCAGTCAGTAATGTCAGCTTTTGGCAATACAATTCAGAGATGE
M S A F G N T I E R W

AACATAARAAGTACAGGAGTCATTGCTGOTCTGGGACATTCTGAGAGAATATCGCCTETAAGATCCATGACCACATTAGTGGATTCAGCC TATAGCTCATTTTCTGGCAGTTCATATGTTCCAGAATAC
N I B 8 T 6 V I A G L ¢ H € E R I 8§ P Y B b Mo it n i et S ¥ V P E ¥

CAAAACTCATTTCAGCATGACGGCTGTC&TTATAATGATGAACAGCTTTCTTACATGGACTCTGAATATGTAAGAGCCATCTATAATCCTAGTTTRTTAGACAAGGATGGTGTATATAATGATATAGTG
Q@ N 8 F Q H D G CH Y NDEOQL $ ¥MD S EY VRATIYINUZPZSESLLDIKDGV Y NDIV

*

TCAGAACATGGAAGCTCAAAAGTAGCACTGTCTGGAAGATCTAGCAGCTC T TATGTTCTGACAACACAACATCTGTTCATCGAACTTCACCAGCAAAACTGGATAATTATGTTACTAACCTGGATAGT
S EH G $ 8 K VAL 8 ¢GRS S 8§ 8 L CS$DUNTTT SV HRTSPAI KULDNYVTNIULDS

GAGAAAAATATTTATGCGGATCCAATAAATATGAAGCATAAGCAGAATCGCCCTAACCACAAAGCTTATGGCCTCCAACGAAATAGTCCCACAGGAATAAACAGTTTACAGGAAAAAGAAAACCAATTG
E XK N I ¥ G D P I NM KHEKOQWNURUPNUHIEKAYGIL QR RNS PTG I NSESEL Q EXK ENQ L

TATAATCCATCAAATTTTATGGAAATAAAAGATAATTATTTTGGTAGATC TTTAGATGTTCTTCAAGCAGATGGAGACATTATGACACAAGATTCATATACCCAGAATGCCCTATATTTTCCTCAGAAT
¥ N P 8 N FM E I K DUHNY F GR S LDV L QADSGDIH®TOQQED S YT QgNA ALY F P Qg N

CAGCCAGATCAGTACAGAAACACACAATATCCAGGTGCAAATAGAATGAGTAAAGAACAGTTCAAGGTAAACGATGTACAARAAAGCAATGAAGARAACACAGAAAGAGATGGACCATATCTGACAAAA
Q P D Q Y¥Y RNTQY P GG A NURMZSIKEQF KV NDVQIK S$NUE.ENTERDGU?®PY L T K

GATGGTCAGTTTGTTCAAGGCCAATATGCATCAGATGTAAGGACAAGTTTTAAAAACATAAGACGTTCCCTTAAAAAGTCTGCGTCCGGAAAGATTGTTGCTCATGACAGTCAAGGTAGCTGCTGGATT
D GOQ F V Q GQ Y A 88DV RTS8 ¥F KNTIIRI RZSEILIZ KI KSAZSGIEKTITVAHDSOQSG S C W1

ATGAAGCCAGGTAAAGACACTCCTTCTTTTAATTCTGAAGGGACCATTACTGACATGGACTATGATAACCGTGAGCAGTGGGATATCAGGAAGTCCAGGCTTAGTACAAGGGCAAGCCAAAGTTTATAT
M K P G K D T P S F N $ EG T I TDMUDPDYODNUREZGQWDIRIKSRL S TRASOQ S L Y

TATGAGTCTAATGAGCATGTCTCCGGCCCTCOCTTAARACC TATGAATTCCAAGAATGAAGTTCACCAGACACTCAGTI TCCAARAAGATCCAACTGTARACTC TATTCOTTTC TTATC TCAGCAGCTT
Y ES N E DV 8 G P P L K A MN S K®NEWVD QT L SV F QK DATV K S I PLL S O QL

CAACAGGAAAAATGTAAAAGCCACCCCCTGTCTGATTTAAACTGTCGAGAAGATTACCARGGCATCAACACCTATGC TGTATCATCTTGU TGGAGGGAGACATAGTGCATTTATAGCCCCTGTACACAAT
Q Q E K ¢C K S H P L 8 DL NCEZ KTI T KASTPMILYHULAGG G RHSATF I AUPUVHN

N *
ACAAATCCAGCTCAACAAGAAAAACTAAAGCTTGAGTCAAAGACTTTGGAAAGAATGAATAACATTTCTGTACTACAGCTATCAGAGCCAAGACCAGATAACCATARACTCCCAAAGAATAAAAGCCTG
T N P A Q @ E K L K L E S$ XK TULERM©SNNISUVL QL S$EPRUPDUNUHEIKL P KNZK 8 L

ACACAACTTGCTGATCTCCATGACTCTGTAGAGGCTGGGAATTCTCGCAATTTAAATTCTTCAGCAGAAGAGTCCTTAATGAATGACTACATTGAGAAACTCGAAGGTTGCGCAGAAGAAAGTACTGAGS
T Q¢ L A D L H D 8 V BE G G N 8 G N L N S s &2 E E£ 8L M NDY I EK LKV A Q KKV LR

GARACCTCGTTTARAAGARAAGGACTTGCAGATGAGTTTGCCTTCCAGATTCAAGC TAAATCCACCCARAAGGCCCACCATTGATCATTTTCGATCCTATTCTTCATCCAGTGCAAATCAGGAGAGTGCG
E T S F K R K DL g M § L P CRVF KL®NUPUPI K RZ®PTTIDHTFRSY S S & 88 A N E

TATCTCCAGACAAAAAACTCTGCTGACAGCAGTTACAAAAAACATGACACTGAAAAGGTTGCAGTTACTCGAATAGGAGGACGGAAAAGGATTACAAAGGAACAAAAGAAGCTGTGTTATTCAGAACTA
Y L ¢ T K N S A DS S Y K K DUDTEI KV AV TRTIGOGRI KR RTITIEXKETZGQIZ KI KTILTCY S E

GAGAAATTAGATCACCTTGGGATTCAAAAATC TAACTTTGCATGGAAGGAGGAACCCACTTTTGCAAATAGGAGGCAGATGAGTGATTC TGATATTAGTGCAAACAGGATAAAGTATCTGGAGAGCAAA
E K L DH L G I Q K $ N F A WU KUEZEZPTT FAWNURRTEMSDSDTI S ANURTITIKYTLES

* v
GAGCGAACCAACTCATCTTCAAATCTTTCTAAGACAGAACTCAAACAAATCCAGCATAATGCACTGGTTCAATATATGGAGAGAAAAACAAACCAAAGGCCCAACAGCAATCCACAAGTTCAGATGGAA
E R TN § 8 § N L S XK TELIKOQTIQQHDNUSBALUVZQYMERIKTDNS QH®RZPNZSNUPOQV QO ME

AGGACGTCGTTGGGATTGCCAAATTATAATGAATCGAGTATC TACTCCTCTGAAACCAGTTCARGTGATGCTTCCCAAAAGTACCTAAGGAGGAGATCAGCTGGAGCATCATCTTCATATGATGCCACA
R T $§ L 6 L PN Y NEWS I Y S $ ET S 8 8 DA S QK Y LRRRSAGAS® S S s Y D AT

GTAACGTGGAATGATAGATTTGGAAAGACTTCACCTCTTGGACGTTCTGCAGCAGAAAAAACTGCTGGCCTACAACGCAAGACTTTCTCTGATCAGCGCACTTTAGATGGCAGCCAAGAACATCTGGAA
V T WNDU RV FGEK T & P L GR S A AEZKTAGUV QRIXKXKTZ?F D QRTTULDLRDGS Q E H L

GGTTCTTCCCCATCACTCAGTCARAAGACCTCAAAGTCAACTCATAATGAACAGGTCTCTTATGTGAATATGGAATTTCTTCCCTCGTCACATTCCAAGAATCACATGTATAATGACCGGCTGACTGTA
G 8 8§ P 8§ L 8 Q K T 8 K 8 T HNE Q V 8§ Y VvV N¥NMEF L P S $§ H S K NUHMYNDRLTV

CCCGGAGACGGCACCAGTOCAGAGTCTGGAAGAATCTTTGTTTCTAAAAGCAGAGGAARGTCCATGGAAGAAATAGGGACTACAGACATTGTAAAGCTTGCACGAGCTGAGCCATAGCTCCGATCAACTT
P G DG T S A E S G R MTF V S K SR G K SSMEZE I GTTHDTI VXL aAETLSHS S DO L

TACCACATTAAAGGGCCGGTGATATCTTCAAGGCTCGGARAACACAAGAACTACAGCTGCATCCCATCAAGACAGACTCTTGGCCAGCACTCAGATTCAAACTGGAAATCTGCCCAGACAAACACACCAA
Yy H I K ¢ P VvV I 8 s R L EN TR TTAA S HQDRTULULASTQTIETSGNILZPRQTHQ

GAAAGTGTTGTGGGGCCCTGCAGATCAGATTTAGCAAATTTGGGACAGGAGGCACATTCCTGGCCCTTCAGAGCTAGTGATGTATCCCCAGGCACAGATAATCCCTECTCATCTTCTCCTTCAGCAGAG
E §$ VV G P CR SDLANLG QT EAMHSWZPLRASDV S P GTIDNUZPOCZS8 8 S P S A
*
GTTCAGCCCGGGGCTCCAGAGCCATTGCATTGC PTCCARACAGAAGATGAGGTC TTTACGCCAGCCAGCACTGCCAGAAATGAAGAGCCCAACTCCACTGCCTTTAGTTATTTGCTCAGTACTGGAAAA
VvV Q P G A P E P LHCULQQTTEDEUVF TZPA ST ARXETE®PNSESTA RAZZF S$ Y L L &8 TG K
*

COTGTCTCCCAAGGGGAAGCTACTGCATTATCC PTTACT T TC TTACC TGAGCAGGATCGTCTAGAACACCCAATTGTCAGTGAGACTACACCAAGCTCTGAGTC TGATGAAAATGTTTCGGACGCTGCT
PV 8 Q G E A TATULS$SF TFLPBQDRULEUHKPTIVSETT®PS s E S DEUNV S DA A

GCTGAGAAAGAGACGACAACAACACAACTTCCTCAGACTTCAAACGTCAACAAGCCACTTGGCTTTACTGTTGATAATCAAGAAGT TGAAGGGCATGGAGAACCTATGCAACCAGAGTTTATAGACAGC
A EK ETTTTGQUL P ETSNUVDNIEKZ®PLGT FT TV DUNOGQEVESGDGEZPMZ¢QU®PETFTI DS

TCAAAGCAGTTAGAGTTGAGTTCCCTTCCTTCCAGCCAGGTTAACATAATGCAGACTGCAGAGCCT TATCTTGGTGATAAGAATATCGGAAATGAGCAAAAAACGGAAGACCTTGAGCAGAAAAGTAAG
$ XK Q L EL S S L P 8 $ Q VNIMOQETA ATETZ®PJYILGDTEKNTIGNETZ QI XTTE EDTILEQZK s K
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Figure 2. Nucleotide and deduced amino acid sequence of clone Apx. The putative membrane-spanning domain is underlined and the
predicted amphipathic helices are double underlined. Potential N-linked glycosylation sites (NXS/T) are indicated by asterisks. These se-

quence data are available from EMBL under accession number 214997.
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Figure 3. Distribution of mRNA for Apx in Xenopus laevis tissues.
Poly(A)* mRNA was prepared from oocytes stage I[II/IV (lane 1),
A6 (lane 2), kidney (lane 3), distal (lane 4) and proximal (lane 5)
intestines, stomach (lane 6), heart (lane 7), and retina (lane 8) as
described (Geering et al., 1985). Northern blot analysis was per-
formed using 3?P-labeled Apx cDNA. Each line contains 2 um
of poly(A)* mRNA fractionated on a 0.8% denaturing glyoxal
agarose gel. Apx mRNA in distal intestine and retina are visible
on longer exposure time. Apx mRNA from different tissues mi-
grated at slightly different molecular weights; this may represent a
problem of migration, as Na*,K*-ATPase a- and $-subunit mRNA
showed similar small differences on the same blot (data not shown).

quence of the Apx clone are shown in Fig. 2. The cDNA con-
tains a 4,260-nt open reading frame coding for 1,420 amino
acids corresponding to a 159,467-M, protein. According to
the scanning model and the Kozak consensus sequence (Ko-
zak, 1989) for translation initiation, the first potential start
codon 225 nt downstream of the 5’ end represents a strong
initiation site (CAGTAATG). Several potential start sites,
however, are present further downstream (for example, Met
73, Met 151, Met 190, and Met 211). The deduced amino
acid sequence shows no leader sequence, eight potential
N-glycosylation sites, a single putative transmembrane seg-
ment at the COOH terminus (residues 1,303 to 1,320) (Fig.
2, underlined), and three predicted amphipathic « helices
(residues 31 to 48; 1,215 to 1,232; 1,380 to 1,396) (Fig. 2,
double underlined). There is no similarity with other se-
quenced proteins from the EMBL/Genbank data bases, in-
cluding the voltage-gated sodium channel (Noda et al.,
1984), the human phenamil-binding protein (Barbry et al.,
19904), and the o subunit of Xenopus laevis Na*,K*-
ATPase (Verrey et al., 1989). Sequences of the partial 572-
bp 3a clone and the Apx clone (nucleotides 3,571-4,142) are
identical. A 180-bp cDNA probe derived from the 5-end of
the Apx clone hybridized to the same 5.2-kb transoript in A6
cells and Xenopus laevis oocytes, and primer extension on
mRNA of both tissues using a 5’-end oligodeoxynucleotide
showed extended products of identical length. Taken to-
gether, these results indicate that A6 cells and oocytes syn-
thesize the same transcript.

Tissue Distribution of Apx mRNA in Xenopus laevis

The Apx ¢cDNA hybridized to a 5.2-kb transcript on North-
ern blots containing poly(A)* mRNA isolated from Xeno-
pus laevis kidney, proximal intestine, oocytes, and A6 cells,
and to a lesser extent to mRNA from distal intestine, stom-
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Figure 4. Immunoprecipitation of A6 cell proteins labeled with
[**SImethionine. A6 cells were grown on collage-coated filters,
and were incubated with [*>S}methionine for 15 min (lane ) or
pulsed with [*S]methionine, and subsequently chased in media
supplemented with 10 mM unlabeled methionine for 30 min (lane
2), 1 h (lanes 3 and 6), or 6 h (lane 4) as described in Materials
and Methods. Labeled proteins were immunoprecipitated with
anti-Apx antibody (lanes 1-4), or with preimmune serum (lane 5),
or with an antiidiotypic antibody recognizing the amiloride binding
site (lane 6) and detected by 5-13% SDS-PAGE under reducing
conditions followed by autofluorography. Migration of various mo-
lecular mass is indicated (note that the scale is slightly different for
lanes 1-5 vs. lane 6). A preimmune serum was used as control and
no labeled proteins were recovered. The protein at 40-41 kD ob-
served in lane 6 is not always immunoprecipated with this antibody.
There is indication that it may represent a G protein, which does
copurify with the putative amiloride-sensitive sodium channel
(Ausiello et al., 1992).

ach, and eye (Fig. 3). No signal was detected in heart and
other tissues were not studied.

The Apx Protein Forms a Multimeric Complex
during Biosynthesis

A chimeric protein containing an amino acid sequence cor-
responding to the 572-bp 3a clone was produced in E. coli
using a prokaryote heat-inducible expression vector (pEX)
(Stanley and Luzio, 1984). A polyclonal antibody raised
against the fusion protein was used to immunoprecipitate the
Apx protein from A6 cells after it had been biosynthetically
labeled with a 15-min pulse of [*S)methionine and fol-
lowed by a chase of up to 6 h. Immediately after completion
of the pulse, no labeled protein was recovered from the cell
lysate (Fig. 4, lane I). With increasing chase time, a complex
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protein pattern consisting of ~270; 230-(extrapolated
values), 160-, 130-, and 70-kD polypeptides was immuno-
precipitated (Fig. 4, lanes 2-4). Similarly, an antiidiotypic
antibody which recognizes the amiloride binding site of the
epithelial sodium channel failed to immunoprecipitate the
newly synthesized subunit after a 15-min pulse (Kleyman et
al., 1991); a complex pattern comparable to that recovered
with the antifusion protein antibody was seen during 1 h of
chase (Fig. 4, lane 6). No labeled proteins were immunopre-
cipitated with a preimmune serum (Fig. 4, lane 5).

The Apx Protein Is Restricted to the Apical
Membrane of A6 Cells

To determine whether the Apx protein was membrane as-
sociated and restricted to the apical cell surface, A6 cells
were grown to confluency on collagen-coated Transwell®
filters, and the membrane surface was radioiodinated either
from the apical or the basolateral side. Several polypeptides
were immunoprecipitated with the anti-Apx antibody from
apically but not basolaterally radioiodinated cells (Fig. 5,
lanes / and 2), and the protein complex pattern was similar
to that seen with [**S]methionine biosynthetically labeled

200 —
-— 130 — - .
92 —
66 —
e
.
a5 —
1 2 3

Figure 5. Apx cell surface expression assessed by immunoprecipita-
tion of radioiodinated A6 cell proteins. A6 cells were grown on
collagen-coated filters for 7 d. Apical (lane /) or basolateral mem-
branes (lane 2) were selectively iodinated (as described in Ma-
terials and Methods). In one case, microsomes were prepared from
apically iodinated A6 cells (lane 3). Immunoprecipitations were
performed either without prior reduction (lanes I and 2), or after
reduction with DDT (lane 3) with anti-Apx antibody. Reduction
and alkylation does not affect the apparent molecular weight of the
Apx protein. Molecular weight standards are indicated for lanes /
and 2. A preimmune serum was used as control and no labeled pro-
teins were recovered. ’
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cells. After reduction, a single ~v130-kD polypeptide was re-
covered from apically radioiodinated membranes (Fig. 5,
lane 3). Since the Apx protein is accessible to cell surface
radioiodination using nonpermeant reagents (Hubbard and
Cohn, 19795), it is likely that the protein is membrane as-
sociated with at least some sequences exposed to the ex-
terior. Interestingly, the relative molecular mass of the Apx
protein corresponds to that of an apical membrane polypep-
tide recognized by an antiamiloride antibody in A6 cell mem-
branes photolabeled with an amiloride analog (NMBA)
(Kleyman et al., 1989). Whether the Apx protein corre-
sponds to an amiloride-binding protein awaits further bio-
chemical confirmation.

The Apx Protein Is Part of a
Putative Amiloride-sensitive Sodium
Channel Complex

As it has been shown that the antiidiotypic antibody recog-
nizing the amiloride-binding site cross-reacts with a protein
complex isolated from A6 cells and proposed to be an
amiloride-sensitive sodium channel (Benos et al., 1987), we
tested if the anti-Apx antibody cross-reacts with this purified
protein complex. ELISAs were performed either with pro-
tein isolated from A6 cells or from bovine kidney papilla
cells (Fig. 6). The anti-Apx antibody reacted with the mate-
rial from either source, but the reactivity to the A6 channel
protein was higher than to that of the bovine complex. There
was no signal with the preimmune serum. On Western blot,
the antifusion protein antibody reacted with a single ~160-
kD protein from the biochemically purified homogenous
channel protein isolated from both A6 cells and bovine renal
papillae (data not shown). The biochemically purified so-
dium channel has recently been shown to form amiloride-
sensitive (K; = 50-100 nM), sodium selective (Pn/Px =
8:1) ion channels when reconstituted in liposomes (Saraban-
Sohraby et al., 1992). Taken together, these data suggest that
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Figure 6. Apx protein is part of the putative sodium channel pu-
rified either from A6 cells and bovine kidney cells. The sodium
channel purified from A6 cells and bovine kidney served as anti-
gen to coat 96-well plates. The antigen was revealed with the rabbit
anti-Apx protein serum and with a sheep IgG directed against rabbit
IgG and coupled to peroxidase. Titration curves (absorbance vs. log
antibody dilution) are shown for the A6 cell (0) and the bovine kid-
ney channels (J). Preimmune serum (e®,m) served as control.
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the Apx protein is part of the multimeric epithelial sodium
channel.

Antisense Oligodeoxynucleotides or Antisense RNA
Complementary to the Apx Sequence Inhibit
Expression of Amiloride-sensitive Sodium Current in
mR NA-injected Xenopus Qocytes

Our biochemical studies suggested a relationship between
the Apx protein and the amiloride-binding subunit of the epi-
thelial sodium channel. The two proteins were restricted to
the apical cell surface, shared a similar relative molecular
mass, required maturation for recognition by their respective
antibodies, and formed similar multimeric complexes. To
determine whether this structural similarity is associated
with a functional relationship, we performed studies in Xeno-
pus laevis oocytes. To find out whether the Apx cDNA en-
codes a sodium pore-forming unit or a subunit required for
sodium channel activity, we synthesized the corresponding
c¢RNA and expressed it in oocytes. No detectable amiloride-
sensitive sodium current (Palmer et al., 1990) was measured
in the injected oocytes, although the protein Apx encoded by
the injected cRNA was translated (Fig. 7), indicating that the
¢RNA did not encode by itself a complete amiloride-
sensitive pore-forming unit. To determine whether the pro-
tein, however, was involved in sodium channel activity, A§
poly(Ay* mRNA and oligodeoxynucleotides complemen-
tary to the coding strand of Apx cDNA were coinjected into

200 K
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Figure 7. Expression of Apx cDNA in Xenopus laevis oocytes. Oo-
cytes were injected either with Apx 4.9 ¢cRNA (lane /) or with wa-
ter (lane 2), pulsed for 24 h with [3*8]methionine, and lysed; and
Apx protein was immunoprecipitated with anti-Apx antibody. The
proteins were analyzed by SDS-PAGE and autoradiography. Sev-
eral bands are detected both in the immunoprecipitates from cRNA
and control injected oocytes indicating that they nonspecifically
reacted with the antifusion protein antibody. In contrast, the 180-
kD polypeptide (arrow), which corresponds to the protein encoded
by the Apx cRNA, is detected only in the cRNA-injected oocytes.
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oocytes. The amount of amiloride-sensitive current follow-
ing A6 poly(A)* mRNA injection varied from 3 to 100 nA
depending both upon the origin of the oocytes (variation
among females) or upon the batch of A6 poly(A)* mRNA.
In all experiments, reversibility of amiloride’s effect on oo-
cyte currents was demonstrated by changing the bath to
amiloride-free media. No amiloride-sensitive sodium cur-
rent was detected in water-injected oocytes (data not shown).
Two different antisense oligodeoxynucleotides produced an
80% inhibition of amiloride-sensitive sodium current, while
the corresponding sense oligodeoxynucleotides had no effect
(Fig. 8 A, black bars). As an additional control, the effect
of the same oligodeoxynucleotides on Na*,K+*-ATPase ac-
tivity was tested following the injection of Xenopus laevis
o- and B-subunit Na*,K+-ATPase cRNA (Fig. 8 A, striped
bars) (Horisberger et al., 1991). Na* K*-ATPase current,
monitored in the presence of 10 mM K* after loading the
oocytes with sodium, ranged between 100 and 400 nA.
No significant inhibition by Apx antisense or sense oligode-
oxynucleotides was observed. Furthermore, the four oligo-
deoxynucleotides tested did not alter general protein syn-
thesis ([*S]methionine incorporation; water injected: 1.65
X 107 cpm/mg total protein; antisense oligonucleotide:
179 x 10’ cpm/mg: sense oligonucleotide: 163 x 107
cpm/mg) or endogenous Na* ,K*-ATPase activity (data not
shown). Northern blot analysis of mRNA recovered from co-
injected oocytes revealed that >90% of Apx mRNA was
degraded by endogenous RNase H in the presence of anti-
sense, but not sense oligodeoxynucleotides, whereas Na*,K*-
ATPase mRNA remained intact (not shown). When anti-
sense ¢CRNA covering the first 1,000 bp was coinjected with
A6 poly(A)t mRNA, amiloride-sensitive sodium channel
activity was significantly reduced, and this inhibition was
overcome by coinjecting excess of Apx cRNA (Fig. 8 B).
When Apx cRNA was coinjected with A6 poly(A)* mRNA,
no change in amiloride-sensitive sodium currents was ob-
served. Our results are consistent with the involvement of the
Apx protein in amiloride-sensitive sodium channel activity
and they rule out that the protein acts per se as the complete
amiloride-sensitive sodium-conducting pore.

Discussion

In this paper we have described the cloning and sequencing
of a cDNA encoding a protein (Apx) that is associated with
the apical membrane of the amphibian kidney-derived A6
cells. During its synthesis, intracellular transport and mem-
brane assembly, the Apx protein interacts with other poly-
peptides and becomes part of a large complex. The Apx
protein is essential for amiloride-sensitive sodium channel
activity, although it does not constitute by itself the amilo-
ride-sensitive sodium-conducting pore.

The Apx Protein Is Part of a Multimeric Complex
Associated with the Apical Plasma Membrane of
Sodium-transporting Epithelial Cells

The Apx cDNA was cloned using an antiserum directed
against the o subunit of Bufo marinus Nat,K*-ATPase. The
rationale to use such an antibody for screening an expression
library was based on the unexpected labeling by the antibody
of the apical plasma membrane of cells known to accumulate
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Figure 8. Inhibition of A6 poly(A)* mRNA induced amiloride-
sensitive sodium current in Xenopus laevis oocytes by antisense
oligodeoxynucleotides (A) or antisense cCRNA (B) complementary
to the Apx sequence. (4) Oocytes were coinjected with A6 poly(A)*
mRNA (black bars) or Na*,K*-ATPase - and 3-subunit CRNA
(striped bars) and (1) water, (2) antisense, or (3) sense oligodeoxy-
nucleotides. Injected oocytes were incubated at 19°C for 2 d.
Amiloride-sensitive sodium current was measured as described
(Palmer et al., 1990), (black bars). Six experiments (n females: 6)
have been performed using the oligodeoxynucleotides (antisense or
sense) described in Materials and Methods and yielded always
similar results. Shown is one representative experiment using oligo-
deoxynucleotide Apx (+479)-(+455). The mean (+SEM) amilo-
ride-sensitive current for A6 mRNA-injected oocytes (arbitrarily
chosen as 100% of activity) was 11.0 + 3.8 nA (n = 7 individual
oocytes). The addition of antisense oligodeoxynucleotide to the in-
jectate reduced amiloride-sensitive Na* current by 91.4% com-
pared with the corresponding sense oligodeoxynucleotide (p =
0.013; paired ¢ test). Mean total current of the oocytes was 119 +
9.8 nA and was not significantly different between the different
pools of oocytes. Sodium pump current was measured in the pres-
ence of 10 mM K* after the oocytes were loaded with sodium
(Horisberger et al., 1991). The mean current for - and 3-mRNA
injected oocytes (striped bar 2; chosen as 100 % of activity) was 188
+ 27 nA (n cocytes: 17; n females: 2) and 0% of activity corre-
sponds to the endogenous Na*,K*-ATPase activity (60 nA). This
suggests that Apx sense and antisense oligodeoxynucleotides do not
produce a nonspecific inhibition of cell function. Oligonucleotides
directed against another region (nucleotides —30 to —3) influenced
the expression of amiloride-sensitive sodium current in the same
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Na*,K*-ATPase in their basolateral membrane and to ex-
press apical membrane-associated amiloride-sensitive so-
dium channels. We postulated that the antiserum recognized
two distinct antigens, the Na*,K*-ATPase « subunit and a
distinct apical membrane protein. Indeed, two different
c¢DNA clones were isolated, one encoding Na*,K*-ATPase
o subunit and the second a protein with no sequence homol-
ogy to other known proteins, including the Na*,K+-ATPase
o subunit (Verrey et al., 1989). The absence of sequence
similarity between the « subunit and the Apx protein sug-
gested that the two proteins shared a common conforma-
tional epitope not observed by inspecting and comparing
their primary structures, or alternatively that the anti-o-
subunit serum antibody contained a contaminating antibody
specific for the Apx protein.

A hydropathy plot of the Apx protein revealed one putative
COOH-terminus hydrophobic transmembrane segment and
three putative amphipathic o helices. These may mediate
membrane insertion as reported for complement protein C9
or perforin (Peitsch et al., 1990). The NH, terminus lacks
the characteristic features of a cleavable signal sequence, as
it is the case for the o subunit of Na*,K*-ATPase (Verrey et
al., 1989), or the voltage-gated sodium channel from excit-
able cells (Noda et al., 1984). Apical membrane association
of the Apx protein is demonstrated by the cell surface radio-
iodination experiments (Fig. 5). Sequences of the Apx pro-
tein must be exposed on the membrane for them to be readily
available for labeling by reagents which are unable to perme-
ate the intact plasma membrane. The precise membrane to-
pology of the protein, however, has not been established.
The Apx protein is associated with other polypeptides and
forms a multimeric complex in the apical, but not the
basolateral, cell surface of A6 cells (Fig. 5). Immunoprecipi-
tation of the newly synthesized Apx protein requires its as-
sociation with these additional polypeptides, a property
shared with the polypeptide that carries the amiloride bind-
ing site (Fig. 4) (Kleyman et al., 1991). This suggests that
the Apx protein and the protein carrying the amiloride bind-
ing site undergo conformational changes during membrane
assembly and/or maturation before their epitopes can be rec-
ognized by their respective antibody. These results are con-
sistent with previous work which demonstrated that other
transport proteins change their conformation once properly
assembled in the membrane (Geering, 1990).

The Apx Protein Participates in Amiloride-sensitive
Sodium Channel Activity

Structural and functional evidence from our study suggests
that the Apx protein participates in amiloride-sensitive so-

fashion. In this case 88 % inhibition was produced by the antisense
compared with the sense oligonucleotide (amiloride-sensitive cur-
rent of control oocytes: 56.2 + 13.2 nA), whereas the expression
of exogenous Na*,K*-ATPase activity was not significantly influ-
enced. (B) Oocytes were coinjected with 50 ng of A6 poly(A)*
mRNA suspended in 50 nl of 10 mM NaCl complemented with
either (1) no cRNA, (2) 0.2 ng of antisense cRNA covering ~1,000
bp of the 5' end, or (3) 0.2 ng of antisense cRNA and 4 ng of Apx
full-length cRNA. Injected oocytes were incubated as above and
amiloride-sensitive currents were measured after 2 d. The mean
(+SEM) amiloride-sensitive sodium current (lane /) was 56.7 +
7.15 nA (n oocytes: 17; n females: 2).
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dium channel activity. We have shown that the Apx protein
shares many features with the amiloride-binding subunit of
the epithelial sodium channel. Under nonreducing condi-
tions, the antiidiotypic antibody directed against the amilo-
ride binding site of the epithelial sodium channel (Kleyman
etal., 1991) and the antibody specific for the Apx protein im-
munoprecipitate similar protein complexes from biosynthet-
ically labeled or cell surface-radioiodinated A6 cells. Each
antibody recognizes an ~130-kD polypeptide under reduc-
ing conditions and reacts with the putative sodium channel
purified from A6 cells or bovine kidney cells (Kleyman et
al., 1991; Fig. 6) which contains a similarly sized protein.
This polypeptide binds amiloride (Benos et al., 1987) and
its relative molecular mass varies between 130 and 180 kD.
A similar variation in relative molecular mass has been ob-
served for the Apx protein. In oocytes, the expressed Apx
protein is ~180 kD (Fig. 7), whereas the protein recovered
from the apical membrane of A6 cells is an ~130-kD poly-
peptide. The upper value is consistent with the 159,467-M,
value calculated from the deduced amino acid sequence of
the Apx clone. The reasons for such variations are not known
and differences in the degree of glycosylation are unlikely to
account for such large divergences. Proteolytic cleavage dur-
ing isolation or purification could explain the observed de-
crease in size. Proteolysis of Na* channel-related proteins
may, however, play a physiological role. In the rabbit urinary
bladder proteolysis of an amiloride-sensitive sodium channel
has been correlated with its sensitivity to amiloride and its
relative selectivity to Na* and K* (Lewis and Clausen,
1991). A similar mechanism may be present in A6 cells as
different types of amiloride-sensitive sodium channels are
measurable (Hamilton and Eaton, 1986). Alternatively,
translation initiation at AUG codons situated further down-
stream may explain the observed size variance.

In functional studies we demonstrated that the Apx pro-
tein is required for the expression of amiloride-sensitive
sodium channel activity. Xenopus laevis oocytes injected
with poly(A)* mRNA from A6 cells expressed amiloride-
sensitive sodium currents that were markedly reduced by
Apx-specific antisense oligodeoxynucleotides or antisense
cRNA (Fig. 6). Antisense strategies including oligodeoxy-
nucleotides (Shuttleworth and Colman, 1988) or antisense
cRNA (Melton, 1985) have been widely used to analyze
the function of cloned genes or cDNAs (for review see Col-
man, 1990). Antisense oligodeoxynucleotides promote spe-
cific cleavage of mRNAs by oocyte endogenous RNase H,
whereas antisense CRNA which hybridizes to the translation
initiation site will efficiently block translation. Both of these
antisense approaches affected amiloride-sensitive sodium
channel activity, which indicated that the Apx protein is
required for the expression of a channel activity. The Apx
protein per se, however, does not constitute a complete
amiloride-sensitive sodium-conductive pore because injec-
tion of a sense cCRNA covering the entire Apx coding region
into oocytes failed to reconstitute amiloride-sensitive sodium
currents, although the protein Apx is translated. Together
these results suggested that the Apx protein is required for
sodium channel activity. It may be only one portion of the
pore that is either essential for the assembly of a multimeric
complex or it indirectly modulates channel activity. These
speculations are consistent with the model proposed by Benos
et al. (1987) in which the renal epithelial sodium channel
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consists of several subunits including an amiloride binding
protein (130 to 180 kD) that may correspond to the Apx pro-
tein and a pore-forming unit controlling the sodium conduc-
tance. This view is further strengthened by our observation
that the anti-Apx antibody does cross-react with the purified
putative sodium channel from A6 cells (Fig. 6), indicating
that the protein Apx is part of the purified putative sodium
channel. This model differs significantly from the model
proposed by Barbry et al. (1987, 1990b), who purified a
180-kD protein dimer taking advantage of its affinity to the
amiloride analog phenamil. Although their protein induced
amiloride-sensitive sodium transport after incorporation
into lipid vesicles, the injection of the corresponding cRNA
into oocytes did not produce amiloride-sensitive 22Na fluxes
(Barbry et al., 1990a). This hydrophilic phenamil-binding
polypeptide which does not have a putative transmembrane
segment, does not demonstrate any similarity with the Apx
protein. Whether this discrepancy reflects species or tissue-
specific differences or channel heterogeneity (Garty and
Benos, 1988) remains to be established and will require the
cloning of the various subunits in different species.

The tissue distribution of the Apx protein in Xenopus
laevis is in large part consistent with the known expression
of amiloride-sensitive sodium channel activity in distal kid-
ney nephron (Palmer and Frindt, 1986), distal colon (Zeiske
et al., 1982) and in the embryo during early development
(Biggers et al., 1988). The lower abundance of Apx mRNA
in kidney tissue compared to A6 cells, a cell line which
shares features with tubular cells from the distal nephron,
suggests that only some kidney cells, probably the distal
tubular cells, express the Apx protein. This agrees with the
generally accepted concept that amiloride-sensitive sodium
channels are restricted to the distal part of the nephron. Al-
though Na* channels in the Xenopus laevis colon have been
reported to be calcium sensitive but amiloride insensitive
(Krattenmacher et al., 1990), our mRNA expression data
are compatible with the observation that amiloride-sensitive
Na* channels are present in the mammalian colon (Zeiske
et al., 1982). We detected Apx mRNA in stomach and, al-
though it is unknown whether amphibia have Na* channel
in this tissue, Machen et al. (1978) documented amiloride-
sensitive sodium transport in the gastric mucosa of newborn
pigs and rabbits. We also observed Apx mRNA in large
amounts in oocytes, although no Apx protein is detectable
(Fig. 7), and during Xenopus laevis early embryonic devel-
opment (Burgener-Kairuz et al., 1990); these observations
are consistent with the idea of expression of an amiloride-
sensitive sodium channel during blastulation and neurulation
(for review see Biggers et al., 1988).

In conclusion, we have cloned and sequenced a novel pro-
tein that is associated with the apical surface of the
amiloride-sensitive sodium transporting amphibian A6 cell
line. The protein, which is part of a large molecular com-
plex, shares properties with the protein carrying the amilo-
ride binding site. The Apx protein is required for amiloride-
sensitive sodium channel activity in Xenopus laevis.

We wish to thank Eva Dworkin-Rastl (Vienna) for providing ovary cDNA
library, Liliane Racine who performed the immunocytochemical localiza-
tion, and Monique Reinhardt for technical assistance in sequencing the
c¢DNA. We also thank Dr. Hugh O'Brodovich for critically reading the
manuscript.

This work was supported by grants from the Swiss National Science

1505



Foundation (31.246404.89) to J.-P. Kraehenbuhl and (31.26497.89) o
B. C. Rossier, T. R. Kieyman is a recipient of an Established Investigator-
ship Award from the American Heart Association.

Received for publication 8 April 1992 and in revised form 4 September
1992.

References

Ausiello, D). A, J. L. Stow, H. F. Cantiello, J. B. De Almeida, and D. J.
Benos. 1992. Purified epithelial Na+ channel complex contains the pertussis
toxin-sensitive Gai-3 protein. J. Biol. Chem. 267:4759-4765.

Barbry, P., O. Chassande, P. Vigne, C. Frelin, C. Ellroy, E. J. Cragoe, Jr.,
and M. Lazdunski. 1987. Purification and subunit structure of the
[*H]phenamil receptor associated with the renal apical Na+ channel. Proc.
Natl. Acad. Sci. USA. 84:4836-4840.

Barbry, P., M. Champe, O. Chassande, S. Munemitsu, G. Champigny, E. Lin-
gueglia, P. Maes, C. Frelin, A, Tartar, A. Ullrich, and M. Lazdunski.
1990a. Human kidney amiloride~binding protein: cDNA structure and func-
tional expression. Proc. Natl. Acad. Sci. USA. 87:7347-7351.

Barbry, P., O. Chassande, R. Marsault, M. Lazdunski, and C. Frelin. 19905.
[*H]Phenamil-binding protein of the renal epithelium Na+ channel.
Purification, affinity labeling, and functional reconstitution. Biochemistry.
29:1039-104S.

Benos, D. J., G. Saccomani, and S. Sariban-Sohraby. 1987. The epithelial so-
dium channel. Subunit number and location of the amiloride binding site. J.
Biol. Chem. 262:10613-10618.

Biggers, J. D., J. E. Bell, and D. J, Benos. 1988. Mammalian blastocyst: trans-
port functions in a developing epithelium. Am. J. Physiol, 255:C419-C432.

Burgener-Kairuz, P., I. Theulaz Corthesy, F. Verrey, K. Geering, J.-P. Krae-
henbuhl, and B. C. Rossier. 1990. Gene expression of sodium transport pro-
teins during early development in Xenopus laevis. In The Frontiers of
Nephrology. R. W. Berliner, N. Honda, and K. J. Ullrich, editors. Elsevier/
North Holland, Amsterdam. 139-149.

Colman, A. 1990. Antisense strategies in cell and development biology. J. Cell
Sci. 97:399-409.

Garty, H., and D. J. Benos. 1988. Characteristics and regulatory mechanisms
of the amiloride-blockable Na+ channel. Physiol. Rev. 68:309-373.

Geering, K. 1990. Subunit assembly and functional maturation of NaK-
ATPase. J. Membr. Biol, 115:109-121.

Geering, XK., D. I. Meyer, M. P. Paccolat, J.-P. Krachenbuhl, and B. C. Ross-
ier. 1985. Membrane insertion of alpha- and beta-subunits of Na*,K*-
ATPase. J. Biol. Chem. 260:5154-5160.

George, A. L., Jr., O. Staub, K. Geering, B. C. Rossier, T. R. Kleyman, and
J.-P. Krachenbuhl. 1989. Functional expression of the amiloride-sensitive
sodium channel in Xenopus oocytes. Proc. Natl. Acad. Sci. USA. 86:7295-
7298.

Hamilton, K. L., and D. C. Eaton. 1986. Single-channel recordings from two
types of amiloride-sensitive epithelial Na+ channels. Membr. Biochem.
6:149-171.

Hediger, M. A., M. J. Coady, T. §. Ikeda, and E. M. Wright. 1987. Expression
cloning and cDNA sequencing of the Na+/glucose transporter. Nature
{Lond.). 330:379-381.

Hinton, C, F., and D. C. Eaton. 1989. Expression of amiloride-blockable so-
dium channels in Xenopus oocytes. Am. J. Physiol. 257:C825-C829.

Horisberger, J.-D., P. Jaunin, P. J. Good, B. C. Rossier, and K. Geering.
1991. Coexpression of «, with putative 8; subunits results in functional
Na,/K. pumps in Xenopus oocytes. Proc. Natl. Acad. Sci. USA. 88:8397~
8400

Hubbard, A. L., and Z. A. Cohn. 1975. Externally disposed plasma membrane
proteins. 1. Enzymatic iodination of mouse L cells. J. Cell Biol. 64:438-460.

Jentsch, T. J., K, Steinmeyer, and G. Schwarz. 1990. Primary structure of
Torpedo marmorata chloride channel isolated by expression cloning in Xeno-
pus oocytes. Nature (Lond.). 348:510-514.

Kleyman, T. R., E. I. Cragoe, Jr., and J.-P. Krachenbuhl. 1989. The cellular
pool of Na+ channels in the amphibian cell line A6 is not altered by miner-
alocorticoids. Analysis using a new photoactive amiloride analog in combi-
nation with anti-amiloride antibodies. J. Biol. Chem. 264:11995-12000.

Kleyman, T. R., J.-P. Kraehenbuhl, and S. A. Ernst. 1991. Characterization
and cellular localization of the epithelial Na+ channel. Studies using an
anti-Na+ channel antibody raised by an antiidiotypic route, J. Biol. Chem.
266:3907-3915.

Kozak, M. 1989. The scanning model for translation: an update. J. Cell Biol.

The Journal of Cell Biology, Volume 119, 1992

108:229-241,

Krattenmacher, R., R. Voigt, and W. Clauss. 1990. Ca2 +-sensitive sodium ab-
sorption in the colon of Xenopus laevis. J. Comp. Physiol. B Metab. Transp.
Funct. 160:161-165,

Kroll, B., W. Bautsch, S. Bremer, M. Wilke, B. Tummler, and E. Fromter.
1989. Selective expression of an amiloride-inhibitable Na+ conductance
from mRNA of respiratory epithelium in Xenopus laevis oocytes. Am. J.
Physiol. 257:1.284-1.288. .

Lewis, S. A, and C. Clausen. 1991. Urinary proteases degrade epithelial so-
dium channels. J. Membr. Biol. 122:77-88.

Machen, T. E., W. Silen, and J. G. Forte, 1978. Na+ transport by mammalian
stomach. Am. J. Physiol. 234:E228-E235.

Marston, F. A., 8. Angal, S. White, and P. A. Lowe. 1985. Solubilization and
activation of recombinant calf prochymosin from Escherichia coli. Biochem.
Soc. Trans. 13:1035.

Melton, D. A. 1985. Injected antisense RNAs specifically block messenger
RNA translation in vivo. Proc. Natl. Acad. Sci. USA. 82:144-148.

Melton, D. A, P. A, Krieg, M. R. Rebagliati, T. Maniatis, K. Zinn, and M. R,
Green. 1984, Efficient in vitro synthesis of biologicaily active RNA and
RNA hybridization probes from plasmids containing a bacteriophage SP6
promoter. Nucleic Acids Res. 12:7035-7056.

Noda, M., S. Shimizu, T. Tanabe, T. Takai, T. Kayano, T. Ikeda, H. Taka-
hashi, H. Nakayama, Y. Kanaoka,, N. Minamino, X. Kangawa, H. Matsuo,
M. A. Raftery, T. Hirose, S. Inayama, H. Hayashida, T. Miyata, and S.
Numa. 1984. Primary structure of Electrophorus electricus sodium channel
deduced from ¢cDNA sequence. Nature (Lond.). 312:121-127.

Palmer, L. G., and G. Frindt. 1986. Amiloride-sensitive Na channels from the
apical membrane of the rat cortical collecting tubule. Proc. Natl. Acad. Sci.
USA. 83:2767-2710.

Palmer, L. G., I. Corthesy-Theulaz, H.-P. Gaeggeler, J.-P. Krachenbuhl, and
B. C. Rossier. 1990. Expression of epithelial Na channels in Xenopus oo-
cytes. J. Gen. Physiol. 96:23-46.

Peitsch, M. C,, P. Amiguet, R. Guy, J. Brunner, J. V. Maizel, Jr., and J.
Tschopp. 1990. Localization and molecular modeling of the membrane-
inserted domain of the ninth component of human complement and perforin.
Mol. Immunol. 27:589-602.

Probst, E., A. Kressman, and M. Birnstiel. 1979. Expression of sea urchin his-
tone genes in the oocyte of Xenopus laevis. J. Mol. Biol. 135:709-732.
Rossier, B. C., and L. G. Palmer. 1992. Mechanisms of aldosterone action on
sodium and potassium transport. In The Kidney: Physiology and Pathophysi-
ology. D. W. Seldin and G. Giebisch, editors. Raven Press, New York.

1373-1409.

Rossier, B. C., F. Verrey, and J.-P. Krachenbuhl. 1989. Transepithelial so-
dium transport and its control by aldosterone: A molecular approach. Curr.
Top. Membr. Transp. 34:167-183.

Sanger, F. G., 8. Nicklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.

Sariban-Sohraby, S., and D. J. Benos. 1986. Detergent solubilization, func-
tional reconstitution, and partial purification of epithelial amiloride-binding
protein. Biochemistry. 25:4639-4646.

Sariban-Sohraby, S., M. B. Abaramow, and R. Fisher, 1992, Single channel
activity by the purified amiloride-binding subunit of the epithelial sodium
channel. Am. J. Physiol. 263:C1111-C1117.

Shuttleworth, J., and A. Colman. 1988. Antisense oligonucleotide-directed
cleavage of mRNA in Xenopus oocytes and eggs. EMBO (Eur. Mol. Biol.
Organ.) J. 7:427-434,

Smith, P. R., and D. J. Benos. 1991. Epithelial Na+ channels. Annu. Rev.
Physiol. 53:509-530.

Sorscher, E. J., M. A. Accavitti, D. Keeton, E. Steadman, R. A. Frizzell, and
D. J. Benos. 1988. Antibodies against purified epithelial sodium channel pro-
tein from bovine renal papilla. Am. J. Physiol. 255:C835-C843.

Stanley, K. K., and J. P. Luzio. 1984. Construction of a new family of high
efficiency bacterial expression vectors: identification of cDNA clones coding
for human liver proteins. EMBO {Eur. Mol. Biol. Organ.) J. 3:1429-1434,

Verrey, F., P. Kairuz, E. Schaerer, P. Fuentes, K. Geering, B. C. Rossier, and
J.-P. Krachenbuhl. 1989. Primary sequence of Xenopus laevis Na+-K+-
ATPase and its localization in A6 kidney cells. Am. J. Physiol. 256:F1034~
F1043.

Werner, A., M. L. Moore, N. Mantei, J. Biber, G. Semenza, and H. Murer.
1991. Cloning and expression of ¢cDNA for Na+/Pi cotransport system of
kidney cortex. Proc. Natl. Acad. Sci. USA. 88:9608-9612.

Zeiske, W., N. K. Wills, and W. Van Driessche. 1982. Na+ channels and
amiloride-induced noise in the mammalian colon epithelium. Biochim. Bio-
phys. Acta. 688:201-210.

1506



