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SUMMARY --- Complementary DNA to pig gastric mRNA encoding (H" + xH-
ATPase was cloned, and its amino acid sequence was deduced from the
nucleotide sequence. The enzyme contained 1034 amino acid residues
(Mr. 114,285) including the initiation methionine. The sequence of pig
(H" + K")-ATPase was highly homologous with that of the corresponding
enzyme from rat, but had high degree of synonimous codon changes.
Potential sites of phosphorylation by cAMP-dependent protein kinase and

N-linked glycosylation sites were identified. The amino terminal region
contained a lysine-rich sequence similar to that of the «a subunit of
(Na® + K")-ATPase, although a cluster of glycine residues was
inserted into the sequence of the (H" + K")-ATPase. As the pig enzyme
is advantageous for biochemical studies, the information of the primary
structure is useful for further detailed studies.  © 1988 academic Press, Inc.

INTRODUCTION --— The (H" + K¥)-ATPase of gastric parietal cell is located

in its secretory canaliculi and catalyzes electroneutral exchange of
internal H" and external K* coupled with ATP hydrolysis, maintaining a
large pH difference of more than 5 between the cytoplasm and gastric
lumen (1). Membrane vesicles enriched in this enzyme can be prepared
from pig stomach easily and in large quantity (2,3), and the kinetic
properties of the enzyme have been examined extensively (4-6). As the
pig enzyme 1is advantageous for Dbiochemical studies on coupled ion
transport and its regulation, the information of the primary structure is
prerequisite for further datailed studies. In this study, we cloned and

* 4 K")-ATPase. From the

sequenced c¢DNA coding for pig gastric (H
deduced amino acid sequence, significance of the amino terminal region

was discussed.
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MATERIALS AND METHODS
Poly(A)Jr mRNA was prepared from pig gastric mucosa. Double
stranded cDNA was synthesized according to instructions in the manual of
the cloning kit (Amersham) except that T, DNA polymerase treatment was

omitted. The two 3'-ends of the double stranded cDNA were tailed with
deoxycytidine, and Pstl and Sstl sites of pUC1l8 were tailed with
deoxyguanosine using terminal deoxynucleotidyl transferase. They were

then anguealed and introduced into an E. coli strain C600 (7). A 36-base
probe (¥ TCCAAGTTTCCGGATCTCATCATAGACAAAGATGAG” ) corresponding to the
sense strand of the 3'-terminal coding region of rat (H + K )-ATPase
(amino acid residues 1007-1018) (8) was 5'—-end-labeled with T
polynucleotide kinase and wused for <colony hybridization (7). i
hybridization-positive clone {pHK-16) encoding the carboxyl term}nal half
of pig gastric (H + K )-ATPase was obtained from among 107 clones.
We found a sequence that was similar to that of the 36-base probe except
for changes in two bases without change in the coded amino acid
residues.

To obtain a cDNA clone carrying the amino-terminal region of the
epzyme, cDNA was synthesized 31$ing a 30-base synthetic primer
(¥ CTGTTCGGCACTTGAGCACGGCATCAGGAAY ) corresponding to the sense
strand of the 5'—termin21 region (amino acid residues 609-619) of pHK-I6.
The second library (107 clones) was probed with random-primed  DNA
using an equiglolar mixture of 60~ and 62-base synthetic
oligonucleotide Sy ( CAGTSGCCTCATGTGGGTGGC'I‘GCAGCCATCTGCCTCATTGCCTTTGC—
GATTCAGGCCAGC and 3 AATGAGTGCCAACGCCAGGTACAAATTGTCATCAGTGGTCAG-
GTCTCCCTCGCTGGCCTGAAY ) corresponding to the antisense and sense
strands of the amino terminal region of rat (H" + K")-ATPase (amino acid
residues 110 - 129 and 126 - 146, respectively) (8) as templates, and a
positive clone (pHK-M10) carrying the amino terminal half of the enzyme
was obtained. No differences were found in the nucleotides 1in the
overlapping regions of the two clones. A plasmid was prepared (7) and
most of both strands of c¢DNA (94.9 %) were sequenced by the
chain-termination method (9) following the sequence strategy shown in
Fig.1.

Terminal deoxynucleotidyl transferase and random-primed DNA
labeling kit were obtained from International Biotechnologies Inc. and
Boehringer, respectively. Otkﬁr enzymes were purchased frog)z Takara
Shuzo Co., Kyoto, Japan. Y(Y“P)-ATP (5000 Ci/mmol) and oa(“"P)-dCTP
(400 Ci/mmol and 3000 Ci/mmol) were products of the Radiochemical
Centre, Amersham. All other chemicals used were of the highest grade
commercially available.

RESULTS AND DISCUSSION

DNA sequencing of two hybridization-positive clones, pHK-16 and
pHK-M10 demonstrated that they contained the cDNAs coding carboxyl and
amino terminal regions of pig (H" + K")-ATPase, respectively  (Fig.1).
Fig.2 shows the nucleotide sequence of ¢DNA encoding (H" + x")-
ATPase determined using clones pHK-16 and pHK-M10. The translational
initiation site was assigned to the Met-1 codon, as the sequence around
this codon (GCACCATGG) 1is consistent with the consensus sequence for
eukaryotic initiator sites (10). A termination codon (TAG) was found

next to the Tyr-1034 codon. The primary translation product consists of
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Fig.l. Restriction map and sequencing sirategy for pig gastric
A 7 K')-ATPase clones. ' The restriction map 1s a composite of those of
the cDNAs whose sequences were determined. The restriction sites
relevant to the sequencing strategy are shown: A, Apall; B, Ball; Ba,
BamHI; Bn, Banll; H, Hincll; M, Miul; N, Ncol; P,  Pvull; Ps, Pstl; S,
Smal; St, Stul; T, Taqi.  Open areas represent the reading frames, and
‘darkened areas represent untranslated regions. The directions and
extents of sequencing are shown by arrows.

1034 amino acids and the molecular weight of the protein, including the
initiator methionine, was calculated to be 114,285. We identified the
sequences of peptides reported previously: the amino terminal sequence at
positions 3 to 18 (11), the region around the phosphorylation site at
positions 384 to 387 (CSDK) (12) and the region around the fluorescein
isothiocyanate-binding site at positions 515 to 522 (LVMKGAPE) (13).

Alignment of the nucleotide sequences of pig and rat (H™ + K")-
ATPases indicated 89.1 % homology in the coding region, 60.0 % homology
in the 5'-noncoding region and 44.3 % homology in the 3'-noncoding
region. The amino acid sequence homology between the two enzymes was
97.6 % (identical residues) with 28.9 % synonymous codon changes for
amino acid residues. The 4th amino acid residue (alanine) from the
initiator methionine is not present in the rat enzyme. In addition, 24

other residues of the two enzymes are different. Of these, 16 residues

are scored as favored substitutions (14). Substitutions are concentrated
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=33
-1
TCTCAGCAAAGGAGGGTGGCTGCACTGGGCACC

30 40 50 60 70 80 90 100 110 20
ATGCGCAACCCGCAGAATTATCACCTGTACCAAGTAGAGCTGCGTCCTCGTCCTAGTGCGGACATCGCAGCCAAGATGAGCAACAAGAAGGCGGGCCGTGGTGGGGGCAAGAGGAAGGAG
M G K A E N Y E L Y Q V E L G P G P S G D M A A K M S K K K A G R € G X R K E

130 140 150 160 170 180 180 200 210 220 230 240

AAGCTGGAGAACATGAACAAGGAGATGGAGATTAATGACCACCAGCTGTCCGTGGCAGAGCTGGAACAGAAATACCAGACCAGTGCAACCAAGGGCCTGTCTGCCAGCCTGGCTGCAGAG
X L E N M K K E M E 1 N D H Q@ L 8 V A E L E Q@ K Y @ T 8 A T K G L S A S L A A E

250 260 270 280 290 300 310 320 330 340 450 1]
CTCCTCCTCCCCCATCCCCCCAACCCCCTGACCCCCCCACCCGCCACCCCTCACTACCTCAACTTCGCAACCCACCTGCCGGGCGCTCTGCAGTGCCTCATGTGGGTAGCAGCGGCCATC
L L L R D G PN A L RPPURGT P E Y Y K F A R G L A G G L Q@ C L M W V 1

——370 80 390 400 410 420 430 460 480
chc‘rcnrcccrr‘rccm 'CC'C‘EC TCCACTTCTA CtTT‘Ct‘CE‘(:‘CZTA’C—TCT‘T_CCTA x CCL‘AC‘I‘EGCLCT(.AIcccTGTccT'rGTcc'rcACGGGCTGCTTTGGCTACTATCAG

F E G D L T T G C F G Y Y q

490 500 510 520 530 540 550 560 570 580 590 600
GAGTTTAAGAGCACCAACATCATCGCCAGCTTCAAGAACCTTGTGCCCCAGCAAGCGACTGTGATCCGAGATGGGGACAAGTTCCAGATCAATGCAGATCAGCTCGTGGTAGGCGACCTG

E F X S T N I I A S F K NLVY P Q@QQ ATV I RDGTDIXTF Q1 NADAQLUVY VY G DL
610 620 630 640 650 660 670 680 690 700 710 720
CTCGAGATGAAACGCGGGCATCGAGTGCCAGCCGAC/\TCCGCATCCTCCAGGCCCACGGCCGCAAGGTGGACAACTCCTCGCTGACCGGAGAGTCGGAGCCGCAGACCCGCTCACCCGAG

E M K G G D R D 1 I L @ A Q GR K VY DNGSGSULTGTE S E Q
NN
30 740 750 760 770 780 790 800 810 820 830 840
TGCACACACGAGAGCCCCCTGGAGACCCGCAACATCGCCTTCTTCTCCACCATGTGCCTCGAGGGCACGGCACAGGGCCTGGTGGTGAACACCGGCGACCGCACCATCATCGGGCGCATT
C THESPLETH RNTIATFTFSTMCOCLETG GTA®QGTLTUYVYNTTGTDRTTIIGR I 2
850 860 870 880 890 900 910 920 930 940 950 960
CCCTCCCTCCCCTCCGGGGTAGAAAACGAGAAGI\CGCCCATCGCTATCGAAATCGAACACTTTGTCCI\CI\TCATCGCACCCCTCGCCATCCTCTTTGGTGCCACGTTTTTCATTGTGGCC
A S L A S G VY ENTEK T A1l E I EH F Y D 1 | A G L ATI LFGATTFTF I ¥ A N
70 280 990 1000 1010 1020 1030 1040 1050 1060 1070 1080
ATGTGCATCGGCTACACCTTCCTCCGCGCCATGGTCTTCTTCATGGCCATCGTGGTAGCCTATGTGCCTGACGGCCTGCTGGCCACGGTCACGGTCTGCCTGTCCCTGACAGCCAAGCGG
M C 1 G Y T F L R AMVY F F M AL Y ¥ A Y VY PEGLTLATVYT cC L s L T AR N
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
CTGGCCAGCAAGAACTGTGTTGTCAAGAACCTGGAAGCGGTGGAGACACTGGGCTCCACGTCAGTCATCTGCTCTGACAAGACGGGGACCCTCACTCAGAATCGCATGACTGTGTCCCAC
LA 5Kk NC VY VY K NLEA AVYETTILTGSTS VY I C S D KTGTULTG QNI RNKT VYV S H 40
A
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
CTCTGCTTCCI\CAACCACATCCACTCCGCTGACACTACACAI\GACCI\CTCAGGCCAC/\CI\TTTCACCAGTCCTCAGAGACGTCGLGGGCGCTGTGCCCCCTGCTCACCCTCTGCAACCGC
L W F D NUHI HS ADTTTETDAI QS GQTTFD QS S ETWIRALTECR RVYL T L tu
1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430 1440
GCTGCCTTCAAGTCGGGCCAGGACGCGGTGCCTGTGCCCAAGCGCATCGTGATCGGAGACGCGTCCGAGACGGCGCTGCTCAAGTTCTCGGAGCTGACGCTGGGCAATGCCATGCGCTAC
A A F K S GQD AV PV P KR 1TV | GDAGSTETALTLTE KTFSETLTTLGNAMTGSGY 4
1450 1460 1470 1480 1490 1500 1510 1620 1530 1640 1660 1560
CGTGAGCGCTTCCCCAAAGTCTGCGAGATCCCCTTCAACTCCACCAACAAGTTCCAGCTGTCCATCCACACACTGGAGGACCCTCGGGACCCGAGGCACGTGCTTGTGATGAAGGGCGCS
R ERF P K VY CE 1 P F NSTNIKTFQLS 1T HTTULETDTPT RTDTPTU RTUHTYL Y M K G A_ 5
NN ‘
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680

CCCGAGCGCGTCCTGGAGCGCTGTAGCTCCATCCTCATCAAGGGCCAGGAGCTGCCACTGGATGAGCAATGGCGCGAGGCCTTCCAGACTGCCTACCTCAGCCTGGGAGGCCTCGGAGAG
E R Y L ERC S s I L I K G Q@ E L P L D E Q W R EATF QT A Y L S L G G L G E 56

1690 1700 1710 1720 1730 1740 1760 1760 1770 1780 1790 1800
CGGGTCCTGGGCTTCTGCCAGCTCTACCTGAGTGAGAAGGACTACCCOCCTGCCTATGCCTTCGACGTGGAGCCCATGAACTTTCCAACCACTGGCCTGTCGTTCGCGGGACTCGTATCC
R Y L GF C a LS EXDJYFPPGTYAFTDVYTETU AMNNTEFTPTSEGTL S F &0
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
AT GATAGACCCACCCCaa0CCACCaTTCCTaATOCCCTCCTCRRGT GCCGAACAGCAGGCATCCGGGTGAT CATGTGACAGGTGACCACCCCATCACAGCCAAGACCATTGEAGCCAGT
M 1 DPPRATVYPDAVLKGC T AG 1 R VY I ¥ Y TGDTHTPI TAEKT ATLA A S 60
o : . . . + o
Fig.2. Nucleotide sequence of ¢DNA for pig gastric (H + K )-ATPase
and its deduced amino acid sequence. The nucleotide sequence was
determined using clones pHK-M10 (amino acid residues 1-617) and pHK-16
(residues 557-1034). Nucleotides are numbered above the DNA sequence

starting from the first letter of the initiation methionine, and numbers on
the right of each line are those of amino acid residues starting from
Met-1. Asp-386 (phosphorylated during the catalytic cycle) and Lys-518
(fluorescein isothiocyanate-binding site) are indicated by arrow heads.
The consensus sequences of the N-glycosylation site and phosphorylation

site by cAMP-dependent protein kinase are indicated by and 7,
respectively. The amino acid sequences determined by protein chemical
analysis are wunderlined. The lines above the nucleotide sequence

correspond to the sequence of synthetic oligo-nucleotides described in the
Materials and Methods.
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1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
GGCATCATCTCGGAAGGCACCGAGACAGTCGAGGACATTGCAGCCCGCCTCCGTGTGCCCGTGCACCAGCTTAATCGGAAGGATGCCCGAGCCTGCGTGATCAACGGCATGCACCTG
G 1 1 $ EGS ETUVYEUDI1I AARTLT ERTYTPVY DQVY NRIEKTDARATCY I NGMNOGQGL

2050 2060 20790 2080 2090 2100 2110 2120 2130 2140 2160 60
GACATGGACCCATCAGAGCTGGTCGAAGCCCTGCGTACCCACCCTGAGATGGTCTTTGCTCGCACCAGT CCCCAGCAGAAGCTGGTGATTGTGGAGAGCTGCCAGCGACTGGGTGCA
D N D P S EL VY EALRTHTEPEMNTYFARTSPGQQQI KLY [ ¥ ESCGQRILGA n

2170 2180 2190 2200 2210 2220 2230 2240 2250 2260 2270 2280
(GTGGCTGTGACAGGGGATGGTGTGAATGACTCCCCAGCCCTGAAGAAGGCAGACATCGGTGTGGCCATGGGTATTGCTGGCTCGGATGCTGCCAAAAATGCAGCCGACATGATCCTG
vV A Y T G DG VY N DS P ALTIKTKADTIGVY A MG 1 A G S D A A KN A A DN 1 L
N
2290 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

GATGACAACTTCGCCTCCATTGTGACTGGCGTGGAGCAGGGCCGACTGATCTTTGACAACTTGAAAAAGTCCATCGCCTACACGTTGACCAAGAACATCCCTGAATTGACGCCCTAC
D b NTFASTIVYTGSYESQGT RTLTITFTDNTLTEKTKTSTEAYTTLTTZKNTILIPETLTFPY W0

410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
ATTTACATCACCGTCAGCGTGCCCCTGCCCCTCGGGTGCATCACCATCCTCTTCATTGAACTCTGCACTGACATCTTTCCATCTGTGTCCCTGGCATATGAGAAGGCCGAGAGTGAC
1 Y 1 T ¥ § ¥ P L P L G C 1 T 1 L F | EL CT D1 F P S V¥V § L AYEIKAESTD 4

30 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
ATGCACCTGCCCCCGCCGAATCCAAAGCGTCACCGGTTCGTCAACGAGCCCCTGGCTGCCTACTCCTACTTCCAGATCCGTGCCATCCAGTCATTTGCTGGGTTCACTGACTACTTC
XM H LRPRNTP®PIKXT RTDTBRTLTYNTETPTLA AATYTSTYTFSG QT! GAIl s TFAGTFTODYTF W0

2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760

GCCATGGCCCAGGAGGGCTGGTTCCCACTGCTGTGTGTGGGGCTGCGGCCACAGTGGGAGAACCACCACCTACAAGACCTGCAGGACAGCTATGGCCAGGAGTGGACGTTTGGGCAG
AMAQECNFPLLCVGLRPQHENHHLQDLQDSYGQEVTFGQ1

2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
CTGTACCAGCAGTACACCTGCTACACTGTGTTCTTCATCAGCATCGAGATGTGCCAGATTGCTGACGTCCTCATCCGCAAGACCCECCGCCTCTCAGCCTTCCAGCAGGGCTICTTC
LY e QY TcyYyTVYGPFFI1S5s 1 EMNTG CSaQTI abDvVv L1 RKTTIRTRTLSAFQQGF F 0

2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
AACAGGATCCTGGTGATCGCCATCGTGTTCCAGGTCTGCATCGGCTGCTTCCTGTGCTACTGCCCCGGGATGCCCAACATCTTCAACTTCATGCCCATTCGGTTCCAGTGGTGGCTG
N R I LY 1 A 1Y FaQUVYCI1G6GEGCFILCYSC®PGHNPNIFNFWMWPI!I RFQW V¥ L 00

3010 9020 ___ 3030 3040 30§90 3060 3070 3080 3090 3100 3o 3120

CCCATGCCCTTTCGCCTCCTCATCTTCGTCTATGATGAGATCAGGAAACTTCGAGTTCCCTGTTGCCCAGGGAGCTCGTGGGACCAGGAACTCTACTATTAGAGGGACCATTGCCTG
P M P F G L LI FY YDETIRBRIEKTLTSEVY®RCC?®PGS ¥ ¥ D QELYY s [ 1)

3130 3140 3150 3160 317
GCCATCCTTGCATACACCACAGTGGGGGGCAGGGACACACGGAACCCCTGCG

Fig. 2 - Continued.

in two regions (positions 1 to 75 and positions 570 to 600), in which 9
and 4 residues, respectively, are changed. In the o subunit of tne
closely related (Na* + XK')-ATPase, 63.0 % of the amino acid residues are
identical with those of pig (H™ + K')-ATPase (15).

In the deduced amino acid sequence, consensus sequences for
sites phosphorylated by cAMP-dependent protein kinase (KRXXS and RRXS)
(16) were found at residues 359 to 363 (KRLAS) and residues 950 to 953
(RRLS), respectively. As histamine activates cAMP-dependent protein
kinase, which is involved in the control of acid secretion from parietal
cell (17), it will be interesting to know whether the enzyme activity is
modulated by phosphorylation. Three Asn residues (Asn-225, 493, and
730) similar to known N-glycosylation sites (NX(S/T)) (18) were also

found.
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+

Gastric (H" + K')-ATPase is classified into cation transporting

ATPases, such as (Na© + K+)ﬂ, Ca2+—, K*- and H'-ATPases (19). The

primary structures of these enzymes are highly homologous, and conserved
regions may Dbe essential for common catalytic steps, such as
ATP-binding, phosphorylation and dephosphorylation of conserved aspartic
acid residue (Asp-386), and transmission of energy to cation transport.
On the other hand, the cation selectivity may be determined by less

+

homologous regions. (H" + K')-ATPases have a lysine-rich consensus

sequence similar to that of the o subunits of (Na' + K')-ATPase in their

amino terminal region (15, 20-25), K X(GXGGG)(K/R)1_3X(K/R)1_2

1-2%0-2%1-3
Xl-AZZXKZE where Z is E, D or N, although a cluster of glycine residues

(GXGGG) is inserted in the middle of the sequence of (H' + K')-ATPase
(Fig.3). Since this lysine-rich sequence is not found in other related
cation transporting AlTPases (19), it may have a common regulatory
role(s) in cation binding and its occlusion by (H" + X*)- and
(Na®™ + XK")-ATPases. The cluster of glycine residues found only in
(H" + K")-ATPase may determine the enzyme specificity for H*.

H*/x* pig ;IK} KAENY EL!{EQVE LGPGPsgDMAAmMg

Rat MG K ENY ELYSVE LGTGPGGDMAAK MSKKKAGGGGGKKKEK  LENMKKEME

Na*/k* Pig MG KGVGR DKY EPAAVSEHGD K  KKA KKER  DMDELKKEVS

Sheep MG KGVGR DKY EPAAVSEHGD K  KKA KKER  DMDELKKEVS

Chicken MG KGAGR DKY EPTATSEHGT K  KKKA KER  DMDELKKE1S

Hela MG KGVGR DKY EPAAVSEQGD KK G KKG KKDR  DMDELKKEVS

Rat o MG KGVGR DKY EPAAVSEHGD KK S KKA KKER  DMDELKKEVS

a (+) MG RGAGR E Y SPAATTAENGGG K KKQ KEK  ELDELKKEVA

o a 111 MGDK KDDK SSP KK S KA KERR DLDDLKKEVA

Torpedo MG KGAAS EKY QPAATSEN  AK NS KKS KSK TTDLDELKKEVS

Artemia AK  KKQ KKGK  DLNELKKELD
Fig.3. Coemparison of the N-terminal amino acid sequences of (H" + K+)—
ATPases from pig and rat and those of (Na + K )-ATPase a-subunits from
various species. The sequences of (H' + K*)-ATPases shown are for pig

(this study) and rat (8), and those of (Na® + K")-ATPase are for pig
kidney a (15), sheep kidney o (20), chicken a (21), Hela cells a (22),

rat o, a(+), alll (23), Torpedo californica electric organ o (24), and
the brine shrimp Artemia salina (25). The residue numbers are based
on the sequence for pig (H + K )-ATPase. The first five amino acids
of rat, sheep, and pig o and rat a(+) subunits are known to be removed
by post-translational processing (15,20,23). Basic amino acid residues
are shown in boldface. The Lline was drawn above the lysine-rich
sequence.
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