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X-ray crystallography unraveled the rotation mechanism of Na" translocating V-ATPase
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Abstract

V,-ATPase l& ATP DJIZK RO T3 )VF—ZFA L T, HubiiliTdh % DF HERDINTORERDN 5K 5 AB, EEKD
NS CRIET 20 FE—X—TH 53, AT, ATP 7O FfEEMHB X UCIEHEER D AB, HEEKOREN 5, ATP
DOFEFIC K DT ZREEE(LZHLMIL, T5HIC, ATP 7R VA E X CIERSRI O V,-ATPase (A,B,DF #HE514)
DRGNS, DF HAEKRDREFIC X DT 5 AB, HOKOKIEZ(LZH LML, ATP WS N2 ZH#HEE Lz, C
NS OREIRSIERFMEN S, V,-ATPase DEELEED T TILERE LT,

1. IIC&HIC JERRAT [2] 1 D TEZE 3] R EBZ S DTN EEINT
HIRIDNND A F IRES 2 YN HERF 9 5 < LY D Ejz, —J7, V,-ATPase ICI L TliZ, ATP &EEZE L LT
HRICRETH B, 14 VEREOEE R 57201 FERES™ % e BERF BN Thermus thermophilus H1K0D V-ATPase
&, HIREOAARBICIEAES B A A VlikitE & >80 -, # EHOTIIRIZCEI N TE R, AB, BEROR MRS
DOFTEA F kM ATPase MEELEEHZRIZL T [4] (/I fiRE 2.8 A) %, V,-ATPase (A ,B;DF &K D
%o A F EEMY ATPase 1%, HIfEICEBT BT R)VF—iE FREE [5] (O0FREE 4.5 ~ 48 A), 1 0FBIZL[6] 1D, F-
ETHBATP (77 /=1 V) DIKEROT * ATPase & DEWVHHH S M- T%tfa\ V,-ATPase D&F:
WFE—ZRHULAA D ZE%ET 22238 THD, Ml M7 EHREHE O BRARIC A EL5 5570 R RE T DS RIS D fiftif]
fafIC 749 % P-ATPase, X > KU 7N, ZERRA MEl=nTniz,
DF 5 A RIRICHFEIES % F-ATPase, TIc ER%MlMD A FEHESX, WGERE (Enterococcus hirae) M HFR TN
JUH IR T ICIEET % V-ATPase (Vacuolar ATPase, iR Jid! 72 V-ATPase DFERRIEZEICDOWT, o+ AEWEN, £
ATPase) DHI5NT W%, F-ATPase (&7 10 k> DG4 1, HHEEYIEREZ B L, T OREED Na' ikt
fic & BEENL 2 W T ATP B E 8B T35 ATP S EFERT
Hb, —J, V-ATPase Z T DT 3I)VF—ZFIF L, Fk%

BBV TR VAR TS TR b Y ERELN T
B pH ZBMEIC IR > TV %, V-ATPase [FAlifARRIC & 171E
L, #ifER~ Vw7 2D pH Z#ME(Ld 5 2 & THEWRIY
PHADEL - BHICEHE LTS (1], 207, b e v
b V-ATPase (3 FHHFRIER N AL EDZ  DEIRIC DD
SR Z—7y P L TEEHEIN TV S, me

V-ATPase & F-ATPase DMGEICIIFALLSNZ <, HLiED —
*E?E%?TO}:%Z_ Bhfb\% ATP 7fi (FED &M% ﬁm v
FDBUKMED V, #7H 250 F ki k, 442 R TT m °
B B BENIETED V, *‘B 23 % W& F, #7 & N, EPAL\EEE}:_H , -
U FIC & 0 B 5 T SBHEE 2 & D, RlHEAE
D V,-ATPase 35 X UF F,-ATPase (& [AIHE7) T-E— X — Tﬁé Figure 1 Schematic model of E. hirae V-ATPase. V,-ATPase is

ZEMHIENT WS, F,-ATPase IC DWW T, X Bt B indicated with the dotted line (red).
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V-ATPase TH % T £ ZBH S M LTz (Fig. 1) [7]. AWIFET
&, V-ATPase DA DOMIHZ B & LT, V,-ATPase
RS AV 71=v b (A, B, DF) IZDW\WT, HBHEA,
KRR, ERERCREMEEL, 185NIEARD XS
YEARHT [8] 2175 Tz

2. V,-ATPase DHIA L EHDYE

1995 LIRS, ZHH S IIEERE N S V-ATPase (A;B,DF
HEWR) ZREFHE, BT 5 LITKIIL, V,-ATPase
D XSS 2 B & UTHRMERED TE T, 4
I EETES e TERY, HMECHOTH B
DF & ARDMREE L 72 2 VD -DNRIE L Tz Te 8, K
FHEZRALTE 6 ATRE L MIPTREGE S, A5 SSE fpT
EITD TEERATRETH > 7o RS, KIBHFEBRE AV
TAY T2y FBXUBY T2y b EZFNZTNHME
WCHEH, KEBCARV, AB EAKREEEKTSC L
IR LT [9], FEb R 7 ) — =0 F IS i K&

nucleotide-free AsB:
A subunit

nuclectide-free v,
D subunit

F subunit

Figure 2 Structure of the A;B; and A;B;DF complexes.

BEITO T EHRBETH > Tz RN KIGE BN 2 >
INTBERRZAVCTHREEIES T & T AB, EEHKD
KEFHENSKINL, COBHEDZ 78Rz
TEICE O BEOMNEERZENTE, Ak, KiF
PRI 2 > R VBB R Z W R BIC K > T DF
BIKDKEINEIZ F5 2 750, DF EH AR C O Sk
FRATIC & IN LT [10]. T EDEMED AB, HEHKE
DF &R 5 D V,-ATPase (A,B,DF HEK) OFHEKSE
2R 75 XE VL Z O TRE LTz, ZORER,
LIEICKHBITE 250 (B, M O ZHIET T
LICKII L, CTOENERWS T & T V,-ATPase I DWW T
E REOMHMZRS T LN TE,

3. AB; iBREHDEIE

ATP X ADP 72 DX 7 LA F ROIEFEIE R THRLN
72X 0 LA F RIEREGR AB, AR DRS isE 72 7) iR hE
28 A THEL (PDBID : 3VR2, Fig. 2a), filiffitr 7 1

a, Side view of the nucleotide-free A;B; structure. b, ¢, Superimposed structures at the N-terminal B-barrel (white) of the three structures of
A (b) and B (c) in the nucleotide-free A;B;. Open (O and O’) and closed (C) conformations of A and B are shown in light and darker colors,
respectively. d, Top view of the C-terminal domain (shown in a as transparent surface) of the nucleotide-free A;B; from the N-terminal
B-barrel side. The triangles indicate the nucleotide-binding sites. e—h, Structures of the AMP-PNP-bound A;B;, and i-1, Structures of the

nucleotide-free A;B;DF complex, viewed and colored as in a—d.
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ZwhTHBAY Ty b EIEMEY 712y FTH
5BYT A=y B ENEFN3D, HOEWICHE L
NTHSREEY VT BHREN TV, Eb60Y 7
Zw FENKREENCH B p/SLIV, HEICHS a/f KA
A, CREMANCHZNY VR AL U EBREN T
B0, NTOSREKY T OE—D 3 DOY T 1y M
BICEWDHE T ENHSNITE T NTRANEKY
VDI THEEENTVS NARGREO BN IVIZ DN
TEhEFNEEREDEETA, AVYTaZvD5H
D12 AB, KDY VT ORI T R LT
W5 closed fiiti (Ao Z&D, O 2DDAY Ty

MIEWIC K L7z open #iE (A, BRU Ay) ZE>T
Wz FRRIC, BY 7=y b& 1 D closed 1 (B
Z, 2DiF open i (B, BELU By) ZE-oTHED, AB;
EERZIEHEETH o1z, 3EHHEX 7 LAF R
‘f?:? HAIIE AoBe X7, Ay Bo X7, ABy X7 DH N

WKIEL, AV T2=Zv hDPIL—T, AYTI=Y FD

— LD N KERHNCTFET 2 Glu261 B X T Arg262,
BY 7A=Yy bDArg 74 VH— XN BMHEBICH S
Arg350 D HRERENTVED, X7 LA F REEELT
WEWZEMND ST, TIN5 3DDX T LA TF RiEES
NEEZZAVRA—arvkEloTWV e,

RIT, ATP L ED XS ICHBT 2 ZHSMNCT 57
8, ATP 775127 TH5 AMP-PNP DIEfE N CiEmbE &
72X LAF FIEAE AB, EEARDOHGEZ 7 fREE 3.4 A
TH&E L7 (PDBID : 3VR3, Fig.2b), 3EiDOX 7 L
FF FREEEALD S B 2 AT AMP-PNP D5 E L T
7zo AMP-PNP E#5B L TWVWERWABAXRTIEX 7 LA F R
JERE ST AB, HAKRD AB. X7 ICE > & B FMLIL 72O

VHRA—=T g U RESTED, AMP-PNP T 2 A
MMEWEEZ SNTZT8D, TD AB X7 % empty T & %
D7z, iz, AMP-PNP &fEB L TWVIZ2DD ABRY
OREEIEHNMCESITED, £z, X7 L4F FIER
H8 AB, HERD ABy X7 & &, AMP-PNP & fH B {E
AU TOWIBEOREEDIZME X BTV, TD ABy
RTVER I VLA F RZHELTVWAREDEETH S &
EZHNTDOTbound B & # Dz, X7 LA F FIER
A”&&@A%®Aﬂ%&7@,M?@ﬁﬁ??ﬁzﬂ
LR L bound ICHEIEZ LT B & E XA BNz, TT T,
TDABNTWERXILAF REMAETEZ VIR
T bindable T & D7z, ZNTIE, T D bindable #iZ &
DX ST LT ATP Z7li#, #5E L bound BN & Hiti 2 48
EXBZD7EASH? ATPDOy Y VEBEHEEHNT S
Arg262 & Arg350 & DO, bindable T & bound B & T
BIL Tz, —7, empty B Tld Arg262 & Arg350 & D
FEEAEDWTED, TOREEDEVBII T LA T R
T2HAEDENZEA TS AREEAVRIE S Nz,

TDXIIT, AB, HEKRIE ATP LH5E T EHRWE (empty
A, ATP &#5E9 52 MW TESH (bindable ), ATP
EREELTVAH (bound &) D3 DDEES ABXT H
LR ENTVWB T WIS MNTIE 5Tz, ATP DIFHE F T
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{Z bindable ! & bound F{ I ATP A5 A L 2 DD bound HY
MTEZD, i &Ho Tz bound I IV T ATP V53
fEN3 &, bound B empty BT, empty 2 bindable
BN L LT AB #HARKIZICDHDOREEICE EB EEX
5Niz, DED, %&@A&@A%®%Lﬁ%1mﬁﬁ
RS IT N TV T kick b, U EDERE,
V,-ATPase H ATP DL JLF—%fli>T— ﬁﬁk@%ﬁ%
L H%z, AB, EOEROIEFIMELEN S HfEd 2 2 &N
T&ET

4. V,-ATPase {5 & FDiEE

X7 LA F RIEFEET D V -ATPase (A,B;DF 5 14)

DHE WG 2 70 fRAE 2.2 A TIRE L7z (PDB ID : 3VR4,
Fig. 2¢0), AsB, EEA L ERRIC, JERFRTSNERZIRT
ATy e BY Ty FOHLOZEHEE T
PO THE DY Ty e FY T2y FAHAZT
Nizihtiz & > TWiz, DY 7=y hJ DF HEEKDH

DOFERHEE [10] KD B E > T SBRHEE T, NEEDNGS
WKHASNTVE AN RIAAIEEED a NY v 7 Zid
AB, EEKRONIICH B2 < ORE L HAMEH L T\,
V,-ATPase D & D ATPase {HMEZ (B S B 5 DICHE L D
P72y FOBEWVWBATEVEFY Ty FDCKR
SHAHIEKIE, BY 7 2=w bD C R R A AV EMHEEH
LTV,

X7 LA F RIEHEGE D AB, 51k & V,-ATPase
(A;B,DF &) OViAREEZ ik 5 &I1c kD, DF
BEEKEOHAERIC L D O SN EEZ L E HR
TBHTENTER, X7 LA4F RIEFAEM AB,DF 514
IZi&, 1 DD empty B (AB:. X77) & 1 DD bound ! (AB,,
R7) PMFELTWz, ULHMLEDNS, empty BLE S LD
NExEFEEL UGS, X7 LAF RIERGAT AB, HE
R bindable Bid A;B,DF HEARTIE X 7 LA F R <
T& bound N (L L Tz TOEEZEITX 7 LA
F REEET AB, HEKICIB W T AMP-PNP & DFEAIC K
DHEC > T2 L EIFHIC K SUT W, RO D AB R i
AB, EEKICRFEFE LAY, Xharv$7 brarvkR
—>a VI L T Wiz, TOaAYVKRA— 3 V7% closer
Mg (Ag BEU Bx), TOD ABe N7 % tight B & %D
Ftze X7 LAF RIEEEH AB, HE1KD bound 243 DF
BEREOMEERICED tight BINEZE{L LD L&
AbNie,

tight IO X 7 LA F REEENL Tld B D Arg 7 1~/
A— (Arg350) M7 — LFEEKD Arg262 ICHE L T /e,
T D Arg350 DRHEZEDN X T LA F FEDFBARICED K
IBWBEEHIEZTOENEMNST8, ATP 707 Th
% AMP-PNP 5B LT X 7 LA F RGBT V,-ATPase
(A;B,DF 51K OWEEZ 7 fRAE 2.7 A THRE L7z (PDB
ID : 3VR6), AMP-PNP (& bound ! & tight Bl 0D 2 &I hS
&L, empty ICIFHEA L o7z X7 LA F RIEGH
AB, AR TORBREFMIC, empty LTI X7 LA F
Rl g 2MENMENED L EZ 5Nz, AMP-PNP O

FIEDWIFEN 5



y U VB M IE X7 LA F RSS! AB, 64 L ARk
IZ, AV 7 2=w D Lys238, Thr239, Arg262 & BHY 7
A=y bD Arg 7 ¢ VH— (Arg350) LHEMEHLTW
Tzo 27 LA F FEEGT V,-ATPase D tight 7135 X U bound
BN 7 LA F REEGENIZ IR LTz & T A, tight BT
BWTArg 7« H— (Arg) Dy VU VEBISH L 1.6 At
DE, yVUEBZENEMAKRDS Gluel I L 07 ABH LT
Wiz, Glu26l (3 HHEEERFD V,-ATPase IC 35> T ld ATPase
TEHEIC AT (1], F-ATPase ICB W T H v VO
JRTEKENMUHEER LTV [12], U EORERL S,
DF &R E DM AMERICK DT 2 Arg 7 ¢V H—DF)
EDATP MUK RO Z oM F &I T EHRBE N, 5
Eml, BNz X T LA F REEET V-ATPase DA g 1
ATP NIVKDRFFE ORI Z L B A TVWBEDEEZS
Nz,

5. EEEEIBOETIV

AR TR O NTFEMMEEZ &I, V,-ATPase D|alfiz
WHEDTT IV ERET S (Fig. 3)o X7 LAF REEAH
V,-ATPase T bound ! & tight ! D 2 f&FTIC ATP DS &
LT3, tight IICHE A U7z ATP 1 Arg 7 « AT —D y
U VEBIE DWW RSB DIREETH D, T D ATP B
KRS % T LIC XD KIS AZ— T %, ATP H3fK
NHREND L AB, HAEKICITEERETHBZX LA F
RIS SROMEICE &5 X5 REEREMEEEI NS &
EZbN%, DED, tight T empty BINEFEZELL,
X7 LA F RIS d 2 8RMEMET LS, ADP &V
VEBOWEEENRE T B, 77, empty BE ATP & DFSHD
A[HEZS bindable TN\ L M2 L2 C L, AB; HAKIE
X7 LA F FIFEATIOIREBIC A2 N, Ly
L5, tight B & DF HAKIEEFE LTV S0,
AB; EOROREZLIFIHIENZ L EZ 5N, HERIC

E, INSOHEIREICZLT S EFRLTVS, DE
ATP
Bindable access
ADP & Pi
release
Figure 3 Rotation model of V,-ATPase.

IC, bindable %1d5 2 WIZHIEIREED AB X7 & ATP & DMl
BITBHTLICED ABEARIEX 7 LA F FIEGEIORK
HEIZZEL, 2D bound BUC ATP DES L, THICLD
DF #HEAKIZEET %, AL, £ & & H o7 bound Y
N DF &R e OMEERIC XD tight BINEEZEEL,
Arg 7 o4 VH=Dy U VBISEDWT, IZUHOREN S
120 E$ NG T B

6. BbYIc

AWFFE T, BEREICHKT % V-ATPase ICDW\T, X
JLAF RIEHEARBRUX 7 LA F FEEERD AB,
E1kEB & T V,-ATPase (A,B,DF & 1K) DG % B
5MIC LTz,

X7 LA F RIEEET AB, B EARORSE A ADIERFR
Haeb, ZOIEHEDERED SFEZREL TWD T
&, DF HEHRE DREEIC K D tight ADREEZ LA
FHZ N ATP NKTRD NV HH— 755 T IR EDUR
XN, V,-ATPase DH LW EIEHEHEDET IV EIRET 3
T M TE, GERE V-ATPase DHIEZ & &1, FILHIE
WORE G TEI 2 I al—Yay, 10T
BIEE & OHBING LT 2 D TN B, KTz, RAIEX—5
w R THBY b+ V-ATPase ICBI S B2 &7 CH %,

HiEr

ARG TR LT B 2 XEREIHTEE 7T — 2 OUUEE
&, BT ARIVF—IEISERN - T F T 7 7 R —
@ BL-1A, NE3A, NWI2A 35 X U SPring-8 D BL41XU %
HOTirbh X Lz, X7z, SRS - HAZARHRIE
BEARRE B, 2 —7 w P AR IWRT O S L,
7% 5 UCNC IST HISIIALESAHEE R E L ENT (5147
YA L ZDEH 72 B UT-fhdE dnkl a2 & Seimity 32 H,
i) OXReZ I TEMENTZEDTY, TTICHERZE
LE9d,

Top view of the C-terminal domain viewed as in Fig. 2d, h and 1. ATP with triangle “P” in a and d represents an ATP molecule that is
committed to hydrolysis. The rectangle “P” in b represents a phosphate molecule after ATP hydrolysis. a, The AMP-PNP-bound V,: Two
ATPs are bound in the “Bound” and “Tight” forms at first. The reaction is triggered by the ATP hydrolysis in the “Tight” form. b, The
nucleotide-free A;B;: By the conversion to ADP and phosphate, the conformation of the A,B, part in V,-ATPase may return to nucleotide-free
A;B; (ground structure of A;B; complex) in a cooperative manner. The “Tight” form changes to the “Empty” form with the release of ADP
and phosphate and the “Empty” form changes to the “Bindable” form. ¢, The AMP-PNP-bound A,B,: By new ATP binding to the “Bindable”
form, the conformation changes to A;B,;, which has two “Bound” forms with two ATP, and then the DF rotates. d, The “Bound” form from
the beginning changes to the next “Tight” form, induced by DF binding and the V,-ATPase returns to the initial state with 120° rotation.
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