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Acid secretion by the stomach results in a pH of about 1. This highly acidic environment is essential for digestion
and also acts as a first barrier against bacterial and viral infections. Conversely, too much acid secretion causes gastric ul-
cer. The mechanism by which this massive proton gradient is generated is of considerable biomedical interest. In this rev-
iew, we introduce the first molecular model for this remarkable biological phenomenon. The structure of H*,K*-AT-
Pase at 6.5 A resolution was determined by electron crystallography of two-dimensional crystals. The structure shows
the catalytic a-subunit and the non-catalytic f-subunit in a pseudo-E,P conformation. Different from Na*,K"-ATPase,
the N-terminal tail of the S-subunit is in direct contact with the phosphorylation domain of the a-subunit. This interac-
tion may hold the phosphorylation domain in place, thus stabilizing the enzyme conformation and preventing the
reverse reaction of the transport cycle. Indeed, truncation of the f-subunit N-terminus allowed the reverse reaction to
occur. These results suggest that the N-terminal tail of the S-subunit functions as a ‘‘ratchet’’, preventing inefficient
transport and reverse-flow of protons. We can thus provide a mechanistic explanation for how the H* ,K*-ATPase can
generate a million-fold proton gradient across the gastric parietal cell membrane, the highest cation gradient known in
any mammalian tissue.

Key words——gastric proton pump; H*,K+-ATPase; cryo-electron microscopy; two-dimensional crystal; membrane
protein structure; P-type ATPase
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i # @ P-type ATPase 5] 21X Na*t,K*-ATPase %
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Fig. 1. Reaction Scheme of the Transport Cycle by H*,K*-
ATPase
Cation transport and ATP hydrolysis are coupled to the cyclic conver-
sion of the enzyme (abbreviated as ‘“E’’) between two conformations, E,
and E,, and their phosphorylated intermediates (E,P, E,P). The equilibrium
between E P and E,P states of the H* ,K*-ATPase is largely shifted towards
the E,P state (E,P-preference).

E,P-preference

H* ,K*-ATPase D115 1 F > #izk & ATP fii/ksy
fRSOBHERELY, <5 OB F(LFENHRICEL S T
FEFICLLHEMBMIN TS (Fig. 1.4 ZOBEEIC
£ 51 iEE, KREBHEELELEE S, &
LC2fEoa> 74 A—a> EL,E) 291
IIVT BT ETITbNS. A4 kaY 1 hEfE
AT 7= B &, MIIEZMCBI W Br 1, =T h
H+* & KYiTH U TEEfEZRT. Mlano HY
L CEWEAE 2R 9 E IREEDEER D ATP
AL, Mgt f7/E N T ATP 2k R i,
Uit EN/z EP HRIEZEEKRT 5. ZOHMH
fRKIZ ADP 123 U T2, DED#RIRICE - T
ATP Z BT 2N Z2 K-> 7=, WbidmI X))
F—hEATHZ. TNNEP ANEEMBMINDE
FETH 2Wilast~HE N5, E,P IREETIZA A
AEEYA MSMIRAMICE L TR D, KT OREEIC
EoTHY b, K+ 2% L /- KE, JREBIC
755, ARBEFIMED ATP O#EI1CL > TKT Offif
NN DEENEE S N, SKIST A1 ZIVIHETT 5.
1 57D ATP DK GfEENZ T LT, ThTh
20 FOHT &K bR INs. RISY1 2
I DS NI IEAR AT 72 b2 T dh 2 7Y,
H* K*-ATPase I35 W TR DX, EP/EP
DOV RN K E L EP IR -> TWT, ¥k
LB EPODEMNIEAERISBRNWIETH
%. 6T EP NS EoP ANDORMAGIZ HT NIHF NN &
WEINL2EERBERETHLIEMED, ZDLD

72 E,P 2 (Fig. 1, E,P-preference) 1%, 4
HMIZHFEL<7BRWH Oz <DL, 20
TAY T+ — LIRS Z A Tns 2
LEBGBIE5,

AN EHHNHIEpH ZICLT6 THDI N5, #
HeRs 2 B T C 100 Ji £ (X10°) & @ HY BE L)
MR N TS Z EIZ/b. HT K -ATPase 1%
—REDX O BHEMAZ[F ST, TOXIITKER
1A VREAREZEOHTIENTELZDTHAS
Mo ZOREICHLT, bibiud sk s 1
W E R NGRS WS 7 O —F THRATZ.
AR % W T2 B R A T ERE AR AT D 5 & OF
T, DNONIBER MW E VWD BHEREMBIRZ H
LEEHATLIETINEIRRT S.Y

2. ZRIATHERDEFRERF(CL DEERNT

BTIAMBIIC K DY 2 )N 7 - DFE St i,
TRbB BTSSR FEOL, XRS5 RS T I 2
TWEIND ZRICHER TR, FERA& T2l
0 ZRICDFERICIAD D = KTk Rz W 5.
FHiEimOFE L WRESIISE IOV ICEES D, BE
RRITHR I A H UL, AN Y T LARE 4K)
F TP 2HHALBEBTRICEDZI A -V 2EET S
ZEICEST O P27 AEL TR IR T 7
REZEMTEZLNINICHS. 2 £-BTFHEMBET
BEINLZREENESND DI, SEOXLDICH
B REEDEWAER TH > THBENELND &
WO RIREMH B, RIuks il —MIc, BFICK
2 FUETE R DR K 2 RS B OB EY 1) & U TS
SONTEHEE 0 T R S N IREE T AL
N5, ZORDFEEEANTH U THBMALE
BT Tho> TORMIPNRETH D T &, ik
MEDBES NI BIZE > TS THRIIREIZ
HENEWD ZENRBETADTHAD.

OB X OREE, SEIEEATEML 2 HY,
K*-ATPase £ & F W T, ZRIGHE WZEIERT 2
ZEWTR L. i T itk At E RS
RO TIE—EBOT— MRICRA S0, RSN OkS
R—BOI—MIZEORBE - TIEMS BRI N
THD, H K+-ATPase 2 & D N-TN D5 HE
DT ORIFLE R 3 %2 /0 U C BRI L 7= p22,2,
symmetry Z D R ILHER TH D Z ENbho
. TOZEMNOHEERINDHEEE, JBS (el
MOES) MF320AREHD, FHERFTOHT
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MHEAERNT XTRAVEE R AL ICHFEET S 2 &
Mo, KEMEHZE Z 2B O I LK > TESIT
WEIND., ZOOMABAEIIT XTI —R Y
CREPDZHWTIT o 2. ZOEIEERISITE,
ERMEE R LT LISE Z 5, RE—/iEICEK
HE—LTT NERET HDICHBI NN,
EHNEZIRIN S IRE I N D Z I K o THERED ] |k
CEDBM o, KEFEIEOHRICEKD, 70°6EHR
BEZOVAEEZHBET D I IR L.

3. H*,K*-ATPase D 6.5 A N RAETDILIFIEE

6.5 A /) REE T 57z HY K -ATPase D7 (KR
i& (Electron Microscopy Data Bank code 5104) %
SERCAM™ o, KHITHFEMED & Nat K+ -ATPase!
EHEFITEISPUZDBDTH> = [Fig. 2(A)]. Hifz
B 1121 N (Nucleotide-binding) K X1 >, P
(Phosphorylation) K A-f >, A (Actuator) K A
AWt BREETRATHNS., Xz oD 10
A& ® TM (Trans-Membrane) N1 v 7 X (Ml-
M10) ® 8D TM N v 7 X (BTM) 1%, Nat,
K*-ATPase D FEF )L &R & U THERL 2K
TOY—%5)l (Protein Data Bank code 31XZ) 2
KO TFEBRLSFHATE S, TM EEER SIS
=ML /=M% [Fig. 2(A), arrowheads] 1%, % >
INTEJECHEG U IR E 0 TIERE OME T H
HEEZLHNS.

TRICAERIIZY B0 IO TH DT vkT
V2= (AIF) & ADP $:7F FCfrbi/z. Z
DIHE DA HDEIZ SERCA TO EP-ADP Hifi
HROMERITITHWSNTHD, 19 Bylbnbihd
ZOHEENERINS EZEZ T LarLl, M
FAEH 7 D/ R AA > OfLiERf% [Fig. 2(B)]
5, ZOWEIZEPIRETHD ZENbno/z. P
RAA > OB RIIRESNT=T ZINTF VIR
DILEIZHA SN IEFITHENEE [Fig. 2(B), red
sphere, contoured at 5.5¢) %, U By Froars &
LTHAELEZAFIZESbDEEZSNS. N R
AA IZid ADP & BN 5 HENBR X 1 /- [Fig.
2(B), blue stick model]. AIF & ADP - +4rizEtn
FALEIZHD, £/e A BAAL VITHEET 2@ EIC R
73N 7= TGES ®F — 7 [Fig. 2(B), green spheres]
&2 T, AIF SRS T VA TEBRNWELDIT
I Tna, 20X Bi#E EoREIE, HY,
K*-ATPase M E,P JREEICH D Z L A2 RL TN 5,

¥z, MUT I UICKBRENMRICEST, HEMRHT
TORFDAL T A= a>NEP ThadI &
%, B L 7z, 817

IREmMAEEICI, flEsMcE TRE<BEOLE
K& a 5N/ [Fig. 2(C), indicated by arrow].
ZOMEEIEEE LT M4, MS, M8 & M5—6 ] D #l
fastl—7Ic k> TR EEN TN S, KHITRL
W< D OERILIFAER (SCH28080) Df5HIC
HETH O, 1819 BT Cys813 1T HMMHIH & L T
AW 535 omeprazole WA ST HHELEL T
FE 3N TW2S [Fig. 2(C), magenta spheres) . 18
N5 OHERNT Kt [Fig. 2(C), red spheres] &
MAMICEH ZEMmE D, ZOFvET 1 —IIHE
HoEEYA FThDEFKHZ, KT OADOITY
B ENEZLNS.

BHED TM N v 7 X (BTM) 1T M7 & M10 IZ
iz TWwb [Fig. 2(A), blue surface, Fig. 2(C)
black tube]. E7/=Mfdst K A1 > [Figs. 2(A) and
(C), blue surface] 1< M7-MS8 [ O#fas L —7 &
—MMELEBERZH A, 2O of $ERD
HEEICHETH D &IN5 SYGQ EF — 7 DFEME
U [Fig. 2(O)], BEHOMMEI R A A > Lk #E
BLTWSEEDND. MlEs R AA > D—REF
& Nat K+-ATPase & ik U T 30 % 2 & @ AH [A] 1%
LBWIZeEnnb 59, BEMIZIEI<BTY
5. 19 HT K+-ATPase |3F & WO @EEE/LREICS S
INBNE D, MENNS DY D INTE R REERS
W EREICHT 2P ERT I ENS, @EEIC
BESHA M S N2/ R A A >0 o 85 O Ml i 44
W—TEBOLXOBBENEETHLOMd LIER
2%

Z DX DIT HT, KT, ATPase ® &K # & 1%,
SERCA (fifiitr7 1= bDH) RFICHEITED
W (~70%) Nat,KT-ATPase &JE# 12k <L/~
BiEELTWrE LhLERs, 2071V 74—
LIRS E S T FE S 2. BN
Ko (BN, #3255 1%, STIM 25 U
—AROBROHE S L TRWESIN, ZORmAT
TP RAAEREL TV [Figs. 3(A) and (C),
arrowhead]. SERCA @ E,P-ADP & E,P IRAe D #
WEaEEET 5L, MENR AL > OREDN, e
NOHBHKDOHEE ZHREDT B AFITH> TS Z
ENDHINDE. O bbb ® HT K -ATPase O ## &
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Fig. 2. Cryo-EM Structure of Gastric H*,K+-ATPase at 6.5 A Resolution

A) Surface representation of the H* ,K*-ATPase aff-protomer (EM data bank code 5104, showing cytoplasmic side-up) with the fit homology model in tube
model (PDB code 31XZ). Color code of the density map: N domain, yellow; P domain, red; A domain, green; TM domain of the a-subunit, wheat; S-subunit, blue.
B) Relative orientation of the cytoplasmic domains. A spherical density contoured at the 5.5 o level (red) shows the position of bound AIF complex to the invariant
Asp385, which is covered by highly conserved 28TGES motif (green spheres) . The ADP molecule (stick representation) was fitted into the extra density found at the
surface of the N domain. In this figure, the enzyme is shown from a viewpoint on the cytoplasmic side. C) A close-up view of the TM domain (from the opposite
side of panel A) shows a large cavity structure (indicated by arrow) with surrounding several of amino acids important for inhibitor binding (highlighted as magen-
ta spheres) found in the luminal side. The TM helices of the homology model of the a-subunit [color changes gradually from M1 (blue) to M10 (red)] and the 8-
subunit (black) are shown as tube model. The red spheres indicate the positions that correspond to bound Rb* in the Na*,K+-ATPase structure,!¥ showing ap-
proximate locations of the cation binding sites in the H* ,K*-ATPase. The conserved SYGQ sequence, which is critical for the assembly of the af-protomer, is
shown as yellow spheres.
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Fig. 3. The N-terminal Tail of the f-subunit Functions as a Ratchet

A) Interaction between the a- and S-subunit. The single and double arrowheads indicate the position where the N-terminal tail of the f-subunit contacts the P
domain and M3, respectively. B) ADP or K* sensitivity of the EP formed by AN deletion mutants. To measure dephosphorylation, the E32P formed with
[y-32P]ATP was chased with an excess of cold ATP to terminate phosphorylation, without (ligand free, blue) or with 1 mM ADP (+ADP, red) or 10 mM K+
(+K+, green), followed by acid quenching. For each mutant, the phosphorylation level of the ‘ligand free’ condition was assigned to 100%. C) Comparison of the
H+,K*-ATPase in the E,P state (surface) with SERCA in the E;P-ADP state (tube model, the A and TM domains are not shown for clarity) . Arrowhead indicates
interaction between SN and the P domain.

TIX, BNZSP RAA 2% E,P JBRRICH L 271 4. NRFRIELERIC K DHERIEDETT

DREILDBZ I ET, BRIGIZELS EP OFk%E FREOEFHEEAMT D0, W< DMD NFE
MZATWBEEDITHAATZ. I Thhb, 20 Ui K18 B #H (44, 48, A13) % o $H & HEK-293 #f
Y7oy NEMAER ZZ A HY KT -ATPase 12 R HFB S e, 55 N7 M RE M 2 12 B A A
K 8 72 E,P-preference 2 AT S HETH D, (WT) EFEBREDLIEN 22779 HY KT-ATPase %

BN 2RI LHE, YRNICE D TEP NEKS FHL TWiz, B [y-2P]-ATP & /= B3P
NG5O T RWD, EWSIRFIEN T, DNNIVA-F 14 ZAEBRTIE, ZH5DLEEAEN
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WT ® H ,K*-ATPase & L XTHE7 5 E,P/E,P 7
fizmnr”U7 [Fig.3(B)]. E/P & E,P Ti, FHIC
NI BREZENKRESEALS (Fig. 1). EPII,
H* ZPAZE L /2R AR T %57 TH O,
ADP IZxf U TREZ N H S, DE D ADP DR
XS TEPIIERY DBIbIN5S. ZOHRINIT
Lo TATP BNEkEINS729, EPIIVWHITET
FIVF—OHBATHDES A D, FIRMIZ E,P
i3 ADP | ﬁbf?@ HETHD, 1F KA
AND KT DFEGITE S THY P BEALRIGAMEE S N
%, fa‘éf;’mxb, ADP 1249 % E3?P Q2%
K5I &T, RICHEMETSEP OHMzEHIS Z
EMTED., BEHEATPICE> TNV SN
E¥P Z k%, JES1ED ATP %2 ADP © K+ &
WL, BREITHIEP BZERLE. NXK
WMDY I MBE S IREALN ERIEL L HEK (48,
A13) 13 ADP O & - THHEIC EP &2 E /)
L7 [Fig.3(B)]. ZHiZx L WT & 4413, H,
K*-ATPase ICBWT EP MiF LA EBmE I Ninn
EVOBEOHREDED, S 1TE A E ADP Kzt
ERIEMMoTE. IS OEEEEIL, AN OME
/R4 L 7= H* ,KT-ATPase |3 % @ E,P-preference
ZROTEPHHEZERTESLDITRD, @
HWMAZ SN TSN (E,P — EP+ADP — E,
+ATP) NiEfT LB RLTWS, —AHTT
NTOERMKNK 1T L TEZHEEZRLE. TN
&, H*,K*-ATPase /' E,P/E,P V-5 @ & IR BEIC
brEDEEZEZLEND. DFD, §XTOHEP
WM EP ITBITT 572012 TIZEoTK
ZERY CBALEZTDHENDZETHD. Ok
iz E7=, BN ORIEDN E,P ET?E(E@‘%:&

T, [ERBDE J#(EPHEzP) HERH5ZT,
Wt (E;P — E(P) | Ey%’i’%‘iifh%l&

R 5.
5. H*,K*-ATPase D7 F = v &

DL bt SHEERICRI 9 2 =BAERIE, TNET
MR ICEE RN ICEE LW EEZ 5N TNV B
MY, fEEERE RS o SHITER T2 2 & TCTREFE
EHEZHETS2ZEZ2RLTWS, DED ANIZP
RAA 2% E;P HRICE R R EIC DR EHD S
TET, EEP S EP ADHKIRER S, WhiE
“SFzv R ELUTHERELTWSEF A S,
Figure 3 (C) IZ H* ,K*-ATPase @ E,P IR D #1&

(surface) #, SERCA E,P-ADP REEDJETET )
(tube model, PDB code, 2ZBD) &L /=HD T
H5N, EIP/E,PIREEDERIZBNWT, P RAAL >
MRESHNTVWDZENDNS., P RAA VITH
T2 CRBALEAIE, E,PIRRETIIN RAA >
MO RESHEENTA RAA Y ’J:D“C%bilg'é?h
TWwa, &Z55 ADP &% %~9 EP KAk
W, BHRETGFICHES 2 ET AN blbh"ﬁhf,
U BALEALY N B A1 2 2hki& L TWwd ADP
DR PBRIZH LU THEHL TWDSZ ENDN5
[Fig. 3(C), arrow]. 4 [E EP #iETRWH I N/
AN &P RBAALOMEMEMT, REOXDEP R
AL DEEEMZEL T, HY K -ATPase /8 E,P
EHERTERNVWEIDICL TS EEZEZ LGNS, L
Mo TCZOMEZE RIBIEGE, P RASIN
HEICEIT 5K 512720, ADP & U Vg5 ATP
MY D END MR DEITNAREICIE > 2 &
AbN5.

H*,K*-ATPase N RIHZ R D EE L, Diirr
S5IC& > TS S ITHEHMITHRES SN, 2D Xenopus
oocyte IZ o $H & HLFEH X B /= AN RIEZ BRIk DA
RTINS 15O NI RERIT, SN RIBZE RIS :bw‘é
E P/EzP SEERAEDYEF A T & bl U CEHE I
HICB®R T2 ZEE2RL, invivo _:bb)‘f%i’)h
ObNDOETFNEEMITIZL D &>z, iz, B
HWZ L1z, Nat,Kt-ATPase W\ Tfr> 7z BN
RIBE R OMEITRERIT, BAMEAFRRELZ RS
inolZ &S, BNOTF v b &L TOHARE
13 H , K+-ATPase 5 R TH 5 Z EMNRI NIz,

PRAASODENZ, ANIIMIANU T ZXED
L TW5, A RASEMIZEDRSY > H—
DE &7 SERCA @ E\P/E,P L HICHEEEZHAD
EVNOSHEDDHD,DPNMNP RAA 2 EMIANY
v 7 ADWF EMHEANERLU T EP O%REMZ iR
LTV HEEEGEETERN, ANEK32 Y
JBRTHEREINTVWSD, SEIOME CTHEINE
BN DEEL, —AKD -~ I ATHDEMEL
G, K 197 JBHOEI UL, &B5<
BRAME D CIRBEMZR oo v 7 A TR, &
MO ElEnfEz L Tns EEZ N5,
Bk Z &2, Dirr 512X % Xenopus oocyte T
DFEERTIE, NKui 13 ZEDORIBTHS N HE
72 BiP N D EBD, 29 RAEDORIBTHES &
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WORERZRLZ. D A RAAL VICHEET HEEIC
REFE SN/ TGES EF— 713, E,PIREETOY >~
B EIEN SRR L, EeslEmESEI2/MY >
FRALRIZ B W CHERREIZ R, Leni> T,
BN OHEEIZEANETNTHRIBLESS, P KX
A4 > EM3INEKHZEBIZRD, PRAALOY >
B RN A R A1 2k o Tl S 7z EoP #iid %
WL 5< 25 2 EI3ARETH 5 5. 6.5 A /3fiRkE
DVAREEIL N LRSS, TNTNDOT I /B
SEET HIIIA TS THD, SO fEREN E &M
EHE A2 EIT KD HEEMTS, ZOEm TIrbh
TWwaY7azy MNEMHAEEROER S BRI DR
N5 THAD.

6. HHYIC

DLl EBERERI RIS R 5, Db
7s¥ HT K'-ATPase 78 & N & e & DI
100 G507 0 h VBEARZBKTE 200 %
MATHITF oy NETIVERET S, BEMIE
ERCERERT 0N BEARL, 3 kS
AN EWITIEDHRNENERD. ZOWKIE
X, BRI A A D EEOYT IR 57T TR
<, 7Joh>o#iizfkE>., NPz HF K-
ATPase 372D TNIZ “TF v b ZHATH
0, AHIHELLRWEKIGEIZ, 4 >
B A ZIIVIES TN DHETT 5 KD ITHI S N
TWbHDEEZLNS.

BHEE AWM ROZTICHZD, EBTHEMBICHE
U CHili7eB 2 TEE £ L2 /hh—3EK (JEOL
DATUM), H*,K+*-ATPase ® cDNA % #J% L CIH
EELSNIHEEICEHHBL £T. NREHR
825 BAK D Xenopus oocyte T D HEREMRHTICBIT %
FE[E A2 72 3% 17 L CJH W 7= Katharina Diirr 18+,
Thomas Friedrich T IZE&# U £9. ARHFFLHLE
R o@ LU CARRBBIEZEE LR OMREL
IR L £7
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