Vol. 196, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
November 15, 1993 Pages 1240-1247

MOLECULAR CLONING AND STRUCTURAL ANALYSIS
OF CANINE GASTRIC H+, K+-ATPase

1l Song, M. Patricia Mortell, Ira Gantz, David R. Brown and Tadataka Yamada*

Department of Internal Medicine, The University of Michigan Medical Center
Ann Arbor, Michigan 48109-0368

Received September 27, 1993

Gastric hydrogen-potassium ATPase (H*, K*-ATPase) is a heterodimeric protein which
participates in the formation of hydrochloric acid. We cloned canine H*, K*-ATPase o and
subunit cDNAs from canine gastric cDNA libraries and the a subunit gene from a canine genomic
library. The o subunit gene is 13 kb in length and contains 21 introns ranging from 77 to 1,076
bp. Its 5'-flanking region contains putative regulatory motifs for transcription that are similar to
those found in H*, K*-ATPase genes from other species. The open reading frames of « and
subunit cDNAs are 3,500 and 870 bp in length and encode proteins of 1,034 and 290 amino acids,
respectively. They are 80 - 90% homologous to corresponding cDNAs previously identified in
porcine and rodent gastric tissues. o 1993 academic Press, Inc.

Hydrogen-potassium ATPase (E.C. 3.6.1.36) functions as a proton pump in the secretion
of hydrochloric acid by gastric parietal cells [1]. This enzyme resides in intracellular vesicles, is
translocated upon cellular activation to secretory canaliculi by cytoskeletal elements, and through
ATP hydrolysis catalyzes the electroneutral exchange of intracellular H* for extracellular K+ [2].
A structurally-related H+, K+-ATPase which exhibits 63% amino acid identity with its gastric
counterpart has been identified in distal colon where it is thought to play a role in transcellular K*
absorption {3]. Moreover, a renal H*, K*-ATPase exists which may contribute to K+-dependent
acidification processes in the collecting duct [4]. An omeprazole-sensitive H*, K+-ATPase activity
has also been detected in vascular smooth muscle cells [5]. H*, K*-ATPase is a member of the
family of P-type ATPases which form an asparty] phosphate intermediate during ATP hydrolysis.
Na*, K+-ATPase and CaZ+-ATPase constitute other members of this enzyme class. Like Nat,
K+-ATPase, H*, K*-ATPase is a membrane-spanning heterodimer composed of a and B subunits
[6]. The 114 kDa a subunit functions in ATP hydrolysis and catalyzes the exchange of H+ for K+
with a 1:1 stoichiometry [2]. The highly-glycosylated, 35 kDa B subunit has no well-defined role,
but may function in the membrane targeting of the enzyme [7-10] and in modulating the
conformation of the catalytic a subunit [11, 12].
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Considerable information is available on the molecular biology of H, K+-ATPase.
Complementary DNAs encoding the a subunit of gastric H+, K+-ATPase have been cloned from
rat [13], rabbit [14] and pig [15] gastric cDNA libraries, and the human gene encoding this subunit
has been cloned, sequenced [16, 17] and mapped to chromosome 19q13.1 [18]. Complementary
DNAs encoding the f subunit of gastric H+, K+-ATPase have been cloned from rat [19, 20], rabbit
[21], cow [20], pig [22] and human 23] stomach cDNA libraries, and the mouse and rat genes
have been identified and sequenced [24-27]. The gene encoding this subunit has been assigned to
human chromosome 13q34 [28]. Despite this wealth of information, nothing is known about the
structure or genetics of canine H*, K*-ATPase although canine gastric parietal cells have been
used as a model for many physiological studies of acid secretion. Moreover, this cell preparation
may be particularly useful for examination of the regulation of H*, K*-ATPase gene expression.
Accordingly, we have undertaken these studies to isolate the canine H*, K*-ATPase o and B
subunit cDNAs and the a subunit gene.

METHODS

MATERIALS. A 3.5 kb cDNA clone encoding rat gastric H¥, K*-ATPase a subunit was a
generous gift of Dr. Gary E. Shull (University of Cincinnati, OH). Canine, human and rat
genomic libraries in the phage vector \EMBL-3 were purchased from Clontech Laboratories, Inc.
(Palo Alto, CA). Canine gastric cDNA libraries were constructed in Agt11 and AZAP II vectors
(Stratagene) as previously described [29].

LIBRARY SCREENING. ¢DNA and genomic libraries were plated and the DNA in phage
plaques was transferred to nitrocellulose filters. After baking for 2 h at 80° C, filters were
prehybridized for 6 h at 65° C in 0.1 M HEPES (pH 7.5), 1x saline-sodium citrate (SSC), 5x
Denhardt's solution and 100 pg/ml salmon sperm DNA [30]. The rat H*, K*-ATPase cDNA
probe for the o subunit was labelled by random-priming with 32P-dCTP [31]. A fragment of
canine H*, K*-ATPase B subunit cDNA was generated by polymerase chain reaction (PCR) using
oligonucleotide primers which were based on the sequence of the rat gastric H*, K*-ATPase
subunit cDNA {19]. This PCR product was used as a probe in screening for the canine H*, K*-
ATPase B subunit. Hybridization was performed for 12 - 16 h at 65° C in the same solution as
used for prehybridization. Filters were washed for 60 min at 65° Cin 2x SSC, for 15 min at 75° C
in 1x SSC, and for 15 min at 85° C in 0.5x SSC. Positive plaques were detected by
autoradiography using Kodak XAR-5 film with intensifying screens. The DNA from positive
phage plaques was isolated and digested with Bam H I for a subunit DNA and Kpn I-Xba I for
subunit DNA and used for Southern blotting. Two DNA fragments from the o subunit gene (B2 -
B3 and B4 - BS5 on Fig. 1A), which were approximately 1.8 kb in length, could not be
discriminated on the agarose gel because of their nearly identical mobilities. However, after
subcloning into a sequencing vector the two fragments could be distinguished by hybridization to
region-specific 32P-labeled DNA probes.

DNA SEQUENCING. Restriction fragments of the a and B subunit DNA from positive clones
were subcloned into either M13mp18 or M13mp19 sequencing vectors. They were sequenced in
both directions by the dideoxynucleotide method [32]. Oligonucleotides used as sequencing
primers were synthesized with an Applied Biosystems 380B oligonucleotide synthesizer.
Computer analyses of nucleotide sequences were performed using the Genetics Computer Group
Program (University of Wisconsin Biotechnology Center). Nucleotide sequences were translated
into amino acid sequences using the IUB codes in the Genetics Computer Group program.

RESULTS AND DISCUSSION

Gene and cDNA Structure of Canine H*, K*-ATPase o Subunit. The gene
encoding the o subunit of canine gastric H*, K+-ATPase was approximately 13 kb in length and
was sequenced from two overlapping clones. The first clone, designated DHKG1, spanned an

1241



Vol. 196, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A Restriction Map (Bam H1, sizes inkb)

B1 B2 B3 B4 BS5

0.6

B Exon Position

C mRBNA (exon lengths in bp)
ATG TAG

(41)12 60 114 269 110 193 137 169 124 134 R

EIGURE 1, Gene structure of canine H*, K*-ATPase o subunit. (A) Bam H1 (B1 - B5)
restriction sites are shown with the sizes (in kb) of fragments subcloned into M13 sequencing
vectors (see text for further details). (B) Relative positions of the 22 exons and 21 introns in the
canine H*, K*-ATPase a subunit are depicted. (C) Lengths of exons are depicted by solid boxes
and the locations of the initiation ATG codon and TAG termination codon are shown. The shaded
portions of exon 1 (41 bp in length) and exon 22 (363 bp in length) indicate 5'- and 3'-untranslated
regions, respectively.

area from the 5'-untranslated region to intron 19. The second clone, DHKG2, contained the entire
gene except for the 5'-untranslated region. In addition to the protein-coding sequence, 2.2 kb of
the 5'-flanking region and 400 bp of the 3'-flanking region were determined. As depicted in Fig.
1A, the gene contains five Bam H I restriction sites located in exons 6 (site B2) and 20 (site BS)
and within introns 4 (site B1), 9 (site B3) and 17 (site B4). The protein-coding region of the gene
is encompassed by 22 exons, ranging from 12 to 269 bp in length (Fig. 1, B and C). The 21
introns of the gene range in size from 77 to 1,076 bp. Examination of the exon-intron splice
junctions of the gene revealed that the splice donor and acceptor sites conformed to standard
convention and began with the nucleotides GT and terminated with AG [33].

The nucleotide sequence encompassing approximately 400 bp upstream from the initiation
methionine codon shares >75% homology with corresponding regions of rat and human H*, K+-
ATPase genes (Fig. 2) [17, 34]. Common motifs for transcriptional regulation shared by the
canine, human and rat genes include a TATA box (-56 bp from ATG codon) and an AP4 binding
motif (-102 bp). In addition, there are at least four motifs that are shared with human and rat genes
(Fig. 2), the potential functions of which are not known. These sequence similarities suggest that
the H*, K*-ATPase genes from various species are under similar transcriptional control.

Two canine parietal cell cDNA libraries were screened with a 32P-labeled fragment of DNA
encoding the o subunit of rat gastric H+, K*-ATPase DNA. After screening approximately 106
phage plaques, two full-length clones were identified from 19 positive clones. Upon sequencing,
the canine HY, K*-ATPase o ¢cDNA was 3.5 kb in length and encoded a deduced protein of 1,034
amino acids (Fig. 3). The protein-coding region exhibited 90 - 93% nucleotide identity with rat,
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-2213 oacaactgaggcagagactcgogasggacagtccctgatttigacagaggtctgeoacct
-2153 atgcggggtccgecatcegetgeccacgatggtgectcagtetetgegetgtgact taggttgtggagttcccggatetgtgcagacacagecteatcett
-2053 tgctccaggetecggatgetttegggget ggagggetagegggcageat ggaogagegagagagag gagacacccgaggagectcccacegacgggac
-1953 ttccecgagggeetgeccagggetccaggtgtgtcagtgaatattccacatccaacagegtctaccgaccacecactgtgtgtetagggeactggectggg
~1853 tgctgtgcatacagcagcaaacctggtcceggtettecttccagtgtgacanggetgaaaataagacacoatgtcaggtt gggacaaggggtgtgegtaa
-1753 agcagggtaaagceggatggggectgatgggggtacaatatt agaagtgaggactcccaagagacgacatttgaact gagectcacggegacaaagageca
-1653 tgcaggtacet gaagagagcacgaggcagaaggaact gcaagtyg gg tggggcgggaotgaccttggectgtaggaageacagcaagaagg
~-1553 ccagtggragtggaactgcggtagoagetgageeggggetagggglggcaggaatgattt gggagtttattctgggt gagaagggatgeccctggaaggt
-1453 ggtacgcaggggagtgcgacgtgacacaggtgtttcacgtgtgtggetcagagacagggageccccagtgeaggecgacttcacectgectgectectct
~1353 ctgggggtctectgtageaggetgggget guccaget gggtggetgttggggggaagetgggetgetecatagettagectttcccaggtgacetgecee
-1253 oggagagoaggacgtegccacggcaattatcttatcagactcgteaccct gl ggageccaggeatgagatatcacgaacctgecattccageageccgge
-1153 cectcactgtgecccacaggggtectcacctggggtocctcoaacctggeaccaagatcaagatcgggecaggagectcegacacatettctecccactt
-1053 tgcaccttggtgtecctctcoggy gggtggagacuggaaagctoget gt gatggctccagt ggaagt gt gcaggacctetgggacecgeeet

-953 geocccctecaagtcteagegeccccet gegeacaacaggaatgacagt geecgectgcacgggttegtggeggggaccectgaggtgacaggtgtgeagt

-853 gcctggtgcacactcgecacggcagetgagaggtccgagttcttitgteagtggte g9 g9 ggggtcagagetgggetggaatet

-753 gtccctgacacttagicategeggtetttggttgetetgtgocteggtttcctcatctgtacaacgggggct aotaagagaocacaacttictaaaggge Dog
-713 ctctoctaaaagtocaacaattagetgggtgtggtggeatgtgectgtogteccagetactcaagagget gaggeaggagaatcacttgaacccgggagg Human
-631 cltggatuclgccttlcctcoatg!gtgccucagttlutt(gugcuguglggggtggggatagggguuagatcgg Rat

-653 tgt!gtgaggugclaucauaacultcacgcuqugctcactgggcgggcgtgggacncncagguggtcctccc(noucnncagccatlaccgccaccacat Dog
-613 cggaggttgcagtgagctgagatigcaccactgeactccaacctgggtgtcagagtgacactccatet gagtgtgg Human
-556 gtgctgtaggcaugcugccugtguttaugcatgccagtgggaccclgtcaua!tccccacaagcc(ctgtttcctgtc(ccgcatgglgggoacggiugu Rat

-553 gugcaccggccccctgcogg.actcgggcocgggcagtgtggcctg. . ‘gnggﬂgacoclgccgcccngucucc(ggclctgoglcccguctcuttcocg Dog
(NERRNE I R B NN (RN RN I e e e R N R R AR RO R RN e vl b
-513 gagcaccctectettecagttgatcaggeacgtgetatttagact gaaagaggacactetgcagecagetgatetggtteteactee. ... ... attatg Human
| 1l [ [T b LEEHEREE Ahned i il
-456 catgatacgatgtcataggtgactgtgcccaatacttitagggeticcaagoggacactotgeaga. .. .tgate. . .vv i, tg Ra

-457 igelage....gcggggacaacaggegagtgacttggectcccegtgecteagtetececatetctacggtagggggaggtaagaata-gtactegegtecg Dog
N [ I N N R N e N A A B RN RN AR RN 1 ot

-420 1tcctggectgtgatggageccataggagaatgactcaacccctccatgecteagtttecceatet ooy, gtaaagggt.cttglccegcteg Human
e e e vl AR RN R LR TEEE L

-384 tegtagactagggtggagaaagtgatga..........vv.. gctccautttcccluctg ............... gtaatgggtactccteaggliceg Rat

-362 ggggg&igttgggaggttacntlggt tao(ocgggaoagcccccuaccccgtgcttgccucatagtgugcuccacg;g;L&g;gutlcltgltgttacta Dog
[ L L T T O B O R FOREE SRR TRV EERE Aty

-335 gggggttatiggaaggttaaataagt.tageacatggaagecgtcageacaatgeccagegecataaotgageaccttgigittgetcttettgttg.. .. .. Human
PETERE reeererer v 1l e e 1 [ R e E R F RN AR A N AR

=317 ggggglltc(ggauggttcagcgag(gla!g!glgagagcccctc(icucaclg ltggcutgaogcgugugc(ccgjg;gggggactctlcltg Rat

-263 g!aglactuclacglaglnlgitactacggucalac(cogtgglcccclgglc(caglggcuggtggocatggg tctgguca ...... gttggg Dog
[ T I O R N NN R R RN RN R R RN NN R RN AN NN RA LEree 1 Ay
S291 L ctgeageggtteccaggggctecctgateteag. ggcaggt tgacatggggggat ctgggcaggggagggggggg Human
(A PEEERERE 0 et b 1enetd AR I
—224 e ttgatageccatcagtt. ... ... cctgatctgogtgacaggtggetatgggg. .. tttggacagg. ... .. ctgga Ral

-173 acugccccgcuggtualgcctgagctgcltuggcctngaggtcactwccachglggggccaggctlgctccgcct .cctec  Dog
COLEEE e (e e ek PR e e e e i e [ARRRRA RN RN R Ty Hol

-167 ccagcccaggagggaatgectgaggtgeccaggect agaggtcaccccqaggagect .gtaateggetgiggtegggeggttct .gctecaccecaccge Human
LI e n FALE LR 00 e TREREEEEEN e Feenerin e v b e i gl 1

-162 acagctcagtag......... aaagtgtccaagcctgaaggttaccccaaggagect cataglcagetgtoatcagetggetct-getecace. . .ctca Ra

-75 cctecfclgggtotatcagg]getggtceagaceee. ... aggetetgteteggeganggggogtggeggeaccgggeaccATGGGEAAGGCAgLgagtg Dog
PEORLRER e e et 1o I [ RN I FEEETCETERECEE e ety

-69 <cctec|ctgggtatatcaggfactggtcc.gggece. .. aggetetgtt.. ... gggtgggagcacaggcaccgggcaccATGGGGARGGCCgt gagtg Human
t FEVCRRETORRere e ey 1 (NRARNRRRI [ e A R R R RN NN R AR DR AR RR B

-75 cccaalctgggtatateagg|cctggeccaga-cectagtaggctetgtagaccasagagggcaga. . . gcaccagecaccATGGGORRGGCAgtgagtg  Ral

FIGURE 2. The 5'-regulatory region of the canine H*, K+-ATPase gene (a subunit) and its
companson to human and rat nucleotide sequences. The protein-coding sequences in exon 1 are
indicated by upper-case letters and numbered with the ATG site at position +1. Dotted lines
indicate gaps in nucleotide sequences among species. The putative cap site is indicated by an
arrow. The TATA consensus motifs for RNA polymerase II binding are boxed. Potential
sequence motifs for transciptional control are lightly underlined; darkly underlined sequences
represent tandem repeats in dog and rat genes.

pig, and human H*, K*-ATPase cDNAs. Moreover, the canine gastric HY, K*-ATPase a
contains a lysine-rich region in its N-terminal cytoplasmic domain (amino acids 28 - 55, Fig. 3)
which may function to confer specificity for H transport by H*, K*+-ATPase [35] or promote
enzyme targeting to the apical membrane [36}. The Asp386 residue found in exon 8 may function
as a phosphorylation site common to P-type ATPases. Two lysine residues, Lys497 encoded in

1243



Vol. 196, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
(EX 1) 4 (EX 2)
-17  TGGCGGCACCGGGCACCATGGGGAAGGCAGAGARTTACGAGATGTACTCGGTAGAGCTEEGTCCTGECCCTGEGGGGGACATGGCAGCCAAGATGAGCAAGAAGAAGGCGGGCARGGGAG

(1}

104
(36)

224
(78)

344
(116}

464
{156}

584
(196)

704
(236)

824
(276)

944
(316)

1064
(356)

1184
{396)

1304
(436)

1424
(476)

1544
{516)

1664
(556)

1784
(596)

1904
{636}

2024
(676)

2144
(116)

2264
(756)

2384
(796)

2504
(836)

2624
(876)

2744
{916)

2864
{956)

2984
(996)

3104
3224
3344

3464

M G KA ENYEMY SV ELGPGPGGDMABAA-AIKMSEKZKI KA ATGIKGG

4 (EX 3) {4 (EX 4)
GAGGCAAGAAGAAGGAGARAC TGGAGAACATGAAGAAGGAGATGGAGATCAACGACCACCAGC TGTCGGTGGCGGAGCTGGAACAGAAATACCAGACCAGTGCGACARAGGGCCTGTCTG
¢ K K K E XK LENMEKI EKTEMETINDU HOQLSV AETLTEU QZXKYOQTS5ATUEKTGTL S A

CCAGCCTGGCCGCAGACCTGCTGC TGCGGGACGEGCCCAACGCCCTGAGGCCGCCGCGTGGTACCCCCGAGTATGTCAAGTTCGCCCGGCAGCTGGCAGGTGGTCTGCAGTGCCTCATGT
5 LAADULULTILARDGPNABILRUPZPRGTU®PEYVKTFARZ QLAGTEGIULZQCTILMHUW
L (EX 5)
GGGTGGCTGCTGCCATCTGCCTCATTGCCTTTGCCATCCAGGCCAGTGAGGGTGACCTCACCACCGACGACAATCTGTACCTGGCACTGGCCCTCATCGCCGTGGTCGTGGTCACCGGCT
vV AAAI ¢CLI AF AIQASESGDTU LTTODUDNILYTLALATLTIAVYVVVVTGHEC

4 (EX 6)
GCT’I‘TGGCTACTACCAGGAAT'I'I‘AAGAGCACCAACA’DCATCGCCAGCTTCAAGAACCTGG'I‘GCCCCAGCAAGCAACTGTGA’I‘CCGAGATGGGGACAAG’I‘I‘CCAGATCAACGCAGACCAGC
Y Q E F K S T N I A S K NLVZPQQATVTIR RDGDTEKTFTQTINADTOQL

TGGTGGTGGGCGACCTGETGGAGATGAAAGGCGGGGACCGAGTGCCAGCCGACATCAGGATCCTCCAGGCCCAGGGCTGCAAGGTGGACAACTCCTCGCTGACCGGAGAGTCCGAGCCEC
vV VGDILVEMEKTEG®GDRVYVPADTIRTITILGOQAQGT CI KV VDNSSTILTGESEZ®PRQ
L(EX )
AGACCCGCTCGCCCGAGTGTACACACGAGAGCCCCCTGGAGACGCGCAACATCGCCTTCTTCTCCACCATGTGECT TGAGGGCACAGCACAAGGCCTGGTGGTGAACACGGGTGACCGCA
T RSP ECTHTESZPTLETH RNTIAFTFSTMCLETGTA AGGTLVV NTGTDRT

CCATCATCGGGCGCATTGCGTCGCTGGCTTCGGGAGTAGAGAATGAGAAGACCCCCATCGCTATTGAAATCGAACATTTTGTGGACATCATCGCAGGCCTGGCCATCCTCTTCGGCGCCA
I I 66 R I A S L A S GV ENZEI KTU®PTIATIETIEWHT FVDITIASOGTLATIULFGAT

CGTTTTTTGTGCTGGCCATGTGCATTGGTTACACCTTCCTGCGGGCCATGCTCTTCTTCATGGCCATCGTGGTAGCC TATGTGCCCGAGGGGCTGCTGGCCACTGTCACGGTCTGCTTGT
FFVVAMCIGYTT FILRAMYFFMATIUVVAYVZPES GILILATVTUVCILS

CCCTGACGGCCAAGCGGCTGGCCAGCAAGAAC TGTGTAGTCAAGAACC TGGAAGCCGTGGAGACACTGGGCTCCACGTCAGTGATC TGC TCAGRACAAGACAGGGACC TTGACTCAGRACT
L TA K RTULAST KN NTCVV KNTLTEA AVETTLSGSTSVICSDI KTG GTTULTZQNTR
L(EX 9)
GCATGACTGTGTCCCATCTCTGGTTCGACAACCACATCCACACGGCTGACACCACGGAAGACCAGTCAGGGCAGACGTTTGACCAGTCC TCGGAGACC TGGCGGGCGCTATGCCGCGTGE
M TV S HLWFPFDNUHTIMHKTADTTETDU QS GQTTFZDOQSSETWRATLTCHRVUVLEL
L (EX 10)
TCACCCTCTGCAACCGGGCGGCCTTTAAGTCGGGCCAGGACGCTCTGCCGGTGCCCAAGCGCATCGTGATCGGGGACGCGTCCGAGACGGCGCTGCTCAAGTTC TCGGAGCTGACCCTCG
T L C NRAAFK S G QD AV PUVVPEKR RTIUVIGDA ASTETATILTILTEKTFSETULTTULG
L {EX 11}
GCAACGCCATGGGCTACCGCGAGCGCTTCCCCAARGTC TGCGAGATCCCCTTCAACTCCACCAACAAGTTCCAGCTG TCCATCCACACGCTGGAGGACCCGCGCGACCCCCGGEACGTGE
N AMGYRERTFU®PIKVYCETIZPTFNSTNIEKTFEFO QLSTIHTTLETZDTPRDTERUHELYVL

TGGTGATGAAGGGCGCCCCCCAGCGCGTGCTGGAGCGCTGTAGC TCCATCCTCATCAAGGGCCAGGAGC TGCCGCTGGACGAGCAATGGCGGGAGGCCTTCCAGACTGCCTACCTTAGCC
VM XK G6GAPEURUYVLERTCSSIULTII KGO QETLW®PILUDEIGQWREATFUGQTAYTL S L

4 (EX 12)
TGGGGGGCCTGGGGGAACGCGTGC'I‘CGGTT'I‘CTGTCAGCTGTACCTGAGTGAGAAGGACTACCCGCCTGGCTATGCCTI‘CGATGTGGAGGCCATGAAC'I'I‘CCCMCTAGI‘GGCCTG’I‘GCT
G 6L GEURUVILGTFCQLY S K D Y P G F DV EAMENTFZPTS G L CF

L (EX 13)
TTGCGGGACTTGTATCCATGATAGACCCGCCTCGGGCCACCGTCCCTGATGCTGTGC TCAAG TGCCGCACGGCGGGCATCCGGGTGATCATGGTGACGGGTGACCACCCCATCACGGCCA
A G LV s M I DPUPRATUVU®PDAVILI KT CRTAZGTIW®RVYVIMVTGDHZ®PTITAHK
L (EX 14)
AGGCCATTGCAGCCAGCGTGGGCATCATTTCGGAGGGCAGCGAGACAGTGGAGGACATCGCCGCCCGCCTCCGGGTGCC TGTGGACCAAGT TARTAGGRAGGATGCCCGCGCCTGCGTCA
A I A A S5V G6I 11 SE® GSETVETDTIAARTLTERYPVDOQVNR RIEKTDEIARETCUVI

TCAATGGCATGCAGC TGAAGGACATGGACCCGTCCGAGCTGGTGGAGGCGCTGCGGACTCACCCCGAGATGG TG TTTGC TCGTACCAGTCCCCAGCAGAAGCTGGTGATCGTGGAGAGCT
NGM¢OLKDMDPSE’.LVEALRTHPEMVFARTSPQQKLVIVESC
(EX 15)
GCCAGAGACTGGGTGCCATCGTGGCCGTGACCGGGGATGGGGTGAACGACTCCCCAGCCCTGAAGAAGGCCGACATCGGCGTGGCCATGGGCATTGCCGGCTCGGACGCTGCCAAARATG
Q R L GA I VAV TGD VNDSPALIKI KADI GV AMGTIA AGSTDAATEKNA
1 (EX 16)
CAGCGGACATGATCCTGCTGGATGACAACTTTGCCTCCATCGTGACAGGCGTGGAGCAGGGCCGGCTGATC TTTGATAACCTGAAAAAGTCCATCGCCTACACGCTGACCAAGAACATCC
A DMI LLDDNVFASTIVTSGVEUQGRTILTITFDNTLIEKIEKZSTIAYTTILTIKWNTIFP
L(EX17)
CCGAGCTGACGCCCTACCTCATCTACATCACCGTCAGCGTGCCCCTGCCCCTCGGGTGCATCACCATCCTCTTCATAGAGCTCTGCACCGACATTTTCCCGTCGGTGTCCCTGGCGTATG
ELT?P Y LI Y ITVSV?PLPILSGSTCTITTIULTFTIZELTZTCTDZ DTITFU®PSVSLAYE

4 (Ex 18}
AGA}\GGCGGAGAGTGACATCA'ICCACC’I‘GCGCCCACGGAACCCAAAGCGAGACCGATTGGTCMCGAGCCCC'I‘GGCTGCCTACTCCTAC'I'!‘CCAGATCGGTGCCATCCAGTCATTTGCTG
K A E S DI MUHLRER P K RDRUILVNEZPILA AAYSYF QI GA I QS FAG

GCTTCACGGACTACTTCACGGCCATGGCCCAGGAGGGCTGGTTCCCGTTGCTGTGTGTGGEGCTGCGGCCGTACTGGGAGAACCACCACCTACAGGATCTGCAGGACAGCTACGGCCAGG
F T DY F TAMAOQEGWTYF¥ PLULCV GLIRUP Y WENUHIU HTLZGQTDTILIGQDSY G QE
L(EX 19)
AGTGGACGTTCGGGCAGCGCCTGTACCAGCAGTACACCTGCTACACCGTGTTCTTCATCAGCATCGAGATGTGCCAGATCGCTGACGTCCTCATCCGCAAGACACGCCGCCTGTCTGCCT
W TFGQ RLY QQYTCYTUWVE F U FISIEMTCSQQTIADUVYT LTIIRI KT RIRILSATF
4 {EX 20)

TCCAGCAGGGCTTCTTCAGGAACAGGATCCTGGTGATCGCCATCGTGTTCCAGGTCTGCATCGGC TGCTTCCTGTGCTACTGCCCCGGAATGCCCAACATC TTCAACTTCATGCC CATTC
Q 0 G F F R NIRIJLVIATIUVYEFOQOVCIUGT CTFULCYCPGMZPNTITFNTFWM

L(EX 21) L (EX 22)
GGTACCAGTGGTGGCTGGTCCCCATGCCCTTTGGCCTCCTCATC TTCGTC TATGATGAGATTCGGAAAC TTGGAGTTCGCTCTTGCCCAGGGAGC TGGTGGGATCAGGAGCTCTACTATT
Y Q WWLVPMPTFOGLILTITFVYDETIWRIEKIULGVHR RTCTCPSGSWWODOQQZETLYY ™

AGAGGAACCATCCCTGCACCCCCCGCAGCAGAGGTGGGEGGCATGGGACCCGCTGGGCCGCCACTGGAACATCAAAGCGACCAGGAGCCCTGGCACCTGTGTCAGC TCCTGCAGCCCACG
%

GCGCCCCGACCTTCGGAGGGCCCTCCCCGCTCCCCTTCCCCATCCACAGAGAGCCCACCCCGTCAGGGCGCTCCCTGGGCCAGGTCCTGGTCTGAAGAGTGGGGAGGGGGGGTGTTGGCAG

GAGTGGGGCGCTGGCTGTTCCTGTGAGGCGGGTC TGCACTCGGGGTGCCCAGAGGGCTCCCCAGGGTACTGCTTCAATACACACCTGTGCCGCGTGATAGTARTARACCAGCTACACTGA

CGAAAAAAPARAAAAARARAA

FIGURE 3. cDNA and deduced amino acid sequences of canine H+, K*-ATPase a subunit.
Nucleotide sequences are numbered sequentially in the left column from the initiation ATG codon
(+1) through the polyadenylated tail. Numbers in parentheses on the left column denote amino
acid sequence position; amino acids (in the single letter code) appear below the nucleotide
sequence. Exon boundaries are indicated by arrows. The stop codon and polyadenylation signal
sequence begins at nucleotides 3103 and 3444, respectively.
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-40 CCCGTGTTCTGCAGGAGGGGACTCCAGGGGCCGGGACGATGGCAGCACTACAGGAGAAAA
M A A L Q E K K 8

60 AGTCATGCAGCCAGCGGATGGAGGAGTTCCAGCGCTACTGCTGGAACCCAGACACGGGGT
s ¢ s Q RMEZETFOQRY CWNUZPUDTG Q 28

80 AGATGCTGGGCCGGACACTGTCCCGGTGGGTGTGGATCAGCCTCTACTACGTAGCCTTCT
M L G R T L S R W V W I S L Y Y V A F Y 48

140 ACGTGGTGATGACTGGAATCTTTGCCCTGTGCATTTACACGCTGATGTGCACACTTGACC
vV V™M T G I F AL C I Y T L MCTL D P 68

200 CATACACGCCTGACTACCAAGACCAGCTAAAATCACCAGGGGTGACCTTGAGGCCCGATG
Y T P DY QD QL K S P G V T L R P D V B8

260 TCTATGGGGAGAAAGGCCTGGACATTTCCTACAACGTCTCTGACAACAGGACCTGGGTAG
Y 6 E K 6 L b I S Y NV S D NR T W V D 108

320 ACCTTGTGAACATCCTCCACAACTTCTTGGAAGGCTACTCGCCCACATCCCAGGAGGACA
L vV NI L HNF L E G Y S P T S Q E D N 128

380 ATATCAACTGTACCTCTGAGAAGTACTTCTTTCAGGACGTTTTTGGGGCCCCAAATCACA
I N ¢ T s E K Y F F Q DV F G A P N H T 148

440 CCAAGTTCTCCTGCAAGTTCATGGCAGACATGCTGCAAAACTGCTCAGGCCTGACAGACC
K F s ¢ K F M ADMILUGQNTCSGLTD P 168

500 CCAACTTCGGCTTTGCAGAAGGAAAGCCGTGTTTTATTATTAAAATGAACAGGATCGTGA
N F G F A E G K©P CF I I KX MNR I V N 188

560 ACTTCCTCCCCAGCAACAGCACAGCGCCCAGGGCCGACTGCACCTTCTTGGACCAGCACA
F L P §$ N S$ T AP RADCTTF L D Q H K 208

620 AGGATGACCGGCCCCTGCAGGTGGAATATTACCCACCCAACGGTACCTTCAGCCTTCGCT
b DR P L QV E Y Y P PNGTF 5 L R Y 228

680 ATTTCCCTTACTACGGGAAAARAGGCGCAGCCCCACTACAGCAACCCTCTGGTCGCCGCGA
F P Y Y G K K A Q P HY S NP L V A A K 248

740 AGCTTCTCAATGTCCCCAGAAACACGGAAGTCCTCATTGTGTGCAAGATCCTGGCAGATT
L L NV P RNTEV L I V CEK I L A D Y 268

800 ATGTGACCTTTGACAACCCCCATGACCCCTATGAAGGGARAGTGGAGTTCAAGCTCACCA
vV T F DN P KD P Y E G KV EF K L T I 288

860 TTCAGCAGTAGAGAGCAAGGAGGCTGCACCCTGGCCCCCATGACCCCTATGARGGGAAAG
Q Q wxv 290

928 TGGAGTTCAAGCTCACCATTCAGCAGTAGAGAGCAAGGAGGCTGCACCCTGGCTGCCCAC

980 CCCCCTGCCATCCCTGTACTCCTCCTAGCTGCCCGTC

FIGURE 4. ¢cDNA and deduced amino acid sequences of canine H+, K*-ATPase B subunit.
Nucleotide sequences are numbered on the left column with respect to the initiation ATG codon
(+1). Numbers on the right column denote amino acid sequence position; amino acids are notated
by the single letter code. The stop codon (TAG) is indicated by asterisks at nucleotides 268 to
270.

exon 10 and Lys518 encoded in exon 11 may represent pyridoxal 5'-phosphate and ATP-
protectable fluorescein isothiocyanate (FITC) binding sites respectively [2]. Both canine and rat
H*, K*-ATPase cDNAs encode a -KKEK- amino acid sequence (residues 38 - 41 of canine
protein) which is also contained in the cytoskeletal protein villin and may represent a potential actin
binding site involved in tethering the « subunit to the apical membrane [37].

¢DNA Sequence of Canine H+, K*-ATPase g Subunit. A single clone encoding
the full length canine B subunit cDNA was isolated from a canine gastric cDNA library using the
partial length PCR-generated canine H*, K*-ATPase § subunit. Its nucleotide sequence contained
870 bp which encoded 290 amino acids (Fig. 4). The amino acid sequence exhibited 80 - 85%
identity with the H*, K+-ATPases encoded by cDNAs isolated from rat, rabbit, pig and human
stomach [19-23]. Like its counterparts from other species, the canine H*, K*-ATPase g cDNA
encodes an -FQRY- amino acid sequence (residues 17 - 20) located in the cytoplasmic domain
which is similar, but opposite in orientation, to that found in the transferrin receptor [38]. Gottardi
and Caplan [36] have speculated that this sequence may form a tight-turn recognition motif capable
of acting as an orientation-independent signal for the rapid internalization of the f subunit into the
preapical tubulovesicular compartment of parietal cells. This event may occur after the withdrawal
of acid secretory signals and may result in a relative reduction in H+, K*-ATPase activity.

1245



Vol. 196, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS

This work was supported in part by NIH grants R01-DK34306, R37-DK33500 and P30-

CA-46592, and from NIH funds provided to the University of Michigan Gastrointestinal Peptide
Research Center (P30-DK34933). Dr. Gantz is a recipient of a Veterans Administration Research
Associate award. Nucleotide sequence data from this article have been deposited in the GenBank
data base under accession numbers M36978 (dog o subunit cDNA), M76486 (dog B subunit
c¢DNA) and M36979 (rat a subunit gene).

—

o N ownkwN

10.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.

22.

23.

24.
25.

26.

27.
28.
29.
30.

REFERENCES

Mirossay, L., Di Gioia, Y., Chastre, E., Emami, S., and Gespach, C. (1992) Biosci. Rpts.
12, 319-368.

Rabon, E.C., and Reuben, M.A. (1990) Annu. Rev. Physiol. 52, 321-344.

Crowson, M.S. and Shull, G.E. (1992) J. Biol. Chem. 267, 13740-13748.

Wingo, C.S. and Cain, B.D. (1993) Annu. Rev. Physiol. 55, 323-347.

McCabe, R.D. and Young, D.B. (1992) Am. J. Physiol. 262, H1955-H1958.

Sachs, G., Munson, K., Balaji, V.N., Aures-Fischer, D., Hersey, S.J. and Hall, K. (1989)
J. Bioeng. Biomembr. 21, 573-588.

Horisberger, J.-D., Jaunin, P., Reuben, M.A., Lasater, L.S., Chow, D.C,, Forte, J.G.,
Sachs, G., Rossier, B.C. and Geering, K. (1991) J. Biol. Chem. 266, 19131-19134.
Noguchi, S., Maeda, M., Futai, M. and Kawamura, M. (1992) Biochem. Biophys. Res.
Comm. 182, 659-666.

Blostein, R., Zhang, R., Gottardi, C.J. and Caplan, M.J. (1993) J. Biol. Chem. 268,
10654-10658.

Gottardi, C.J. and Caplan, M.J. (1993) J. Biol. Chem. 268, 14342-14347,

Chow, D.C., Browning, C.M. and Forte, J.G. (1992) Am. J. Physiol. 263, C39-C46.
Shin, J.M., Besangon, M., Simon, A. and Sachs, G. (1993) Biochim. Biophys. Acta 1148,
223-233,

Shull, G.E. and Lingrel, J.B. (1986) J. Biol. Chem. 261, 16788-16791.

Bamberg, K., Mercier, F., Reuben, M.A., Kobayashi, Y., Munson, K.B. and Sachs, G.
(1992) Biochim. Biophys. Acta 1131, 69-77.

Maeda, M, Ishizaki, J. and Futai, M. (1988) Biochem. Biophys. Res. Comm. 157, 203-
209.

Maeda, M., Oshiman, K.-I., Tamura, S. and Futai, M. (1990) J. Biol. Chem. 265, 9027-
9032.

Newman, P., Greeb, J., Keeton, T.P., Reyes, A.A. and Shull, G.E. (1990) DNA Cell Biol.
9, 749-762.

Song, 1., Yamada, T. and Trent, J.M. (1992) Genomics 14, 547-548.

Shull, G.E. (1990) J. Biol. Chem..265, 12123-12126.

Canfield, V.A., Okamoto, C.T., Chow, D., Dorfman, J., Gros, P., Forte, J.G. and
Levenson, R. (1990) J. Biol. Chem. 265, 19878-19884.

Reuben, M.A ., Lasater, L.S. and Sachs, G. (1990) Proc. Natl. Acad. Sci. U.S.A. 87,
6767-6771.

Toh, B.H., Gleeson, P.A., Simpson, R.J., Moritz, R.L., Callaghan, J.M., Goldkorn, 1.,
Jones, C. M., Martinelli, T.M., Mu, F.-T., Humphris, D.C,, Pettitt, JM., Mori, Y.,
Masuda, T., Sobieszczuk, P., Weinstock, J., Mantamadiotis, T. and Baldwin, G.S. (1990)
Proc. Natl. Acad. Sci. U.S.A. 87, 6418-6422.

Ma, J., Song, Y., Sjostrand, S.E., Rask, L. and Mérdh, S. (1991) Biochem. Biophys. Res.
Comm. 180, 39-45.

Canfield, V.A. and Levenson, R. (1991) Proc. Natl. Acad. Sci. U.S.A. 88, 8247-8251.
Morley, G.P., Callaghan, J.M., Rose, J.B.,, Toh, B.H., Gleeson, P.A. and van Driel, L.R.
(1992) J. Biol. Chem. 267, 1165-1174.

Maeda, M., Oshiman, K.-1., Tamura, S., Kaya, S., Mahmood, S., Reuben, M.A,, Lasater,
L.S., Sachs, G. and Futai, M. (1991) J. Biol. Chem. 266, 21584-21588.

Newman, P.R. and Shull, G.E. (1991) Genomics 11, 252-262.

Song, L., Brown, D.R,, Yamada, T. and Trent, J.M. (1992) Genomics 14, 1114-1115.
Gantz, [., Takeuchi, T. and Yamada, T. (1990) Digestion 46 (suppl. 2), 99-104.
Sambrook, J., Fritsch, E F. and Maniatis, T. (1989) Molecular Cloning: A Laboratory
Manual, 2nd ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

1246



Vol. 196, No. 3, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

31.
32.

33.
34.

35.
36.
37.

38.

Feinberg, A.P. and Vogelstein, B. (1983) Anal. Biochem. 132, 6-13.

Sanger, F., Nicklen, S. and Coulsen, A.R. (1977) Proc. Natl. Acad. Sci. U.S.A. 74,
5463-54617.

Mount, S.M. (1982) Nucleic Acids Res. 10, 459-472.

Oshiman, K.-1., Motojima, K., Mahmood, S., Shimada, A., Tamura, S., Maeda, M. and
Futai, M. (1991) F.E.B.S. Lett. 281, 250-254.

Shull, G.E., Greeb, J. and Lingrel, J.B. (1986) Biochemistry 25, 8125-8132.

Gottardi, C.J. and Caplan, M.J. (1993) J. Cell. Biol. 121, 283-293.

Friederich, E., Vancompemolle, K., Huet, C., Goethals, M., Finidori, 1.,
Vanderkerckhove, J. and Louvard, D. (1992) Cell 70, 81-92.

Collawn, 1.F., Stangel, M., Kuhn, L.A., Esekogwu, V., Jing, S., Trowbridge, 1.S. and
Tainer, J.F. (1990) Cell 63, 1061-1072.

1247



