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Molecular mechanism of the unidirectional rotation of the rotor-less V1 rotary
motor
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V-ATPases function as ATP-dependent ion pumps. The hydrophilic V1 portion is

known as a rotary motor in which a central axis DF complex rotates inside a hexagonally arranged
catalytic A3B3 complex using ATP hydrolysis energy. We previously succeeded in obtaining the crystal
structures of the A3B3 complex and the dynamics showing a unidirectional rotation of the complex in
the presence of ATP analog by high-speed AFM. In this study, we elucidated the crystal structures
and biochemical properties of ADP bound and ATP bound A3B3 complex. Based on these and previous
findings, we propose a molecular mechanism of the unidirectional rotation of the rotor-less V1
rotary motor.

V-ATPase



% X C—19, F-19—1, Zz—19 (@)
1. WFZEBARA S Y DTy 5

V il ATPase 1Z. MIE D b £ TE< OAKEF I
£L. ATP DR AVF—%fioTT e b 2ESZ & THEA
Shd pH %I LTV B, VI ATPase 1743 AHHAESCm B e .
OHIFEIE HIETE L, S AR O HGE - #8808 HLEE I BY
HLTWAZ EDNHESNTWS, VA ATPase D5 FHkE %
D EiE, ZNORIFOMEMRICEEN YD | VI ATPase DILE Vg
FNTIERERE L L THIfE ST 5, VAL ATPase 1%, KM
DV, 5y EENIEYED Vo B bR S hTns (K1) .
EEGE RS (AsBs BAA) T ATP BIASR S, TDOZRLF B
— %At o THRE Sy (DGCK) EHE L, ZAUZffE-> TV, #845 T
7u b UREREIND,

HEEE &1 M (BEREE) © VY ATPase 23t | V7 ATPase
EAREEINIC BAEEERIC S L<ITWD Z &R0, ENTEMED V,
ERAY TDA A U gRI B B AR - HE A RO A
B HMNIC L, & 6102, 8K EEE DG EHAIRRR ABs A, VIS (TATP ks
D) M) O X BiEmEEEH NI Lz, Z0%, ViEHEWERO TATP A b ) &
[ADP fifBfi7E H ) MEICKISTEA2H LW AT v 7o gy MMEBEZBHO I LT,
LT . Bon-EEL 1 oFREBEFHMOMEEZHEAET D I VIEAK
OREES THEEET VERETDICE - T2,

Vi HAKRTIEX 7 VAT NG & ESERE & OZRIC L - TREEZ LT 2 Z E B 67
STEM, EUTEEBEERN EL L DRETH D NHBIT D Z LN TE TV, —J, Elizih)s
2D MB AR TIIX 7 VAT RS O DREEZLICER T 2720, fRBERS L 725, L
MBELREZ LT, X7 LF FRFEAE L TRV ABEERHEE L. FU 325D AB T (£
OB ATP FEE AL NFAET D) ORI T
HITHEbLPEACHNFHTHY . Thehno B~ H2. BREABESROREAME
TUE T _NCTRAR DS MEEE R LTz (K 2-a,b),
ATP FESFEMET F 1 27 (AMP-PNP) 177E F TE7- AB: 4
ROFEREETIX, AB X7 D 2 AFTIZ AMP-PNP 23%54
L. ZHUC XK —ED AB EEIRDSLIRREE N L LT
Wz (K 2-c,d), AEDFEENS, ABs AL ATP 23
7RUVIRREC, ATP LSS TE WAL (ATP JERE AL . ATP
CREAT D TE LA (ATP FRE5Y) . ATP EFEA L
TWAAL (ATP FEAH) @ ATP (2%t 5 H7p 2 BLFE %
H D320 AB XT MO INTND Z ENREIH
72 (K 2-a,b), 5T, Eik APM GEHERFIEE O NG
& DEEFEIRFZE) 2k A AB AR ATP y S HAFIC
— I EEER T A LR R L GR¥EE), L
L. ZNEDHFAIT=ALNIFHOEETHoT-,

1. VEIATPase DIEEETIL

2. WFEDOHK

ARFFETIE ABy BEERN — HRNCREREEN T 50 1 A D= X LD Z B, FHEX 7 L
FF RFEGIC LD AB BEERO IS EZ A LT 5, i & RIFRC AB HAKD X
7 VAT RREA0E OBIFIERIE  ATPase IEMERITE 72 & O AEAFANTCAFLSAE T T o s ARM
WCEDEAF 7 AT EITY, DI, THRENDBEERLOERAREZIER L, = OMEEKEE
ENTZAT D, L EORERERET D Z LIk 0 ABEE RO RIESET) O /) 1% 2 22T
Do BALENTIL, TTCICIRE LV EEEROS THEET L L IiiaTT o2 &gk, X7
LA T RIC K BAEEZAL & BRI X S b O&E 2 L, BlERS 15— % — R FEOAR
BRI AR R EL A 50295 2 L AR HIE L 45,

3. WDk

PLFOFNE & s THFZE 2 24T Lz,

(1) BEX I VAFFHEETTO ALBEAEKRO XBRELBEMREIT
(2) EBEBTTO B EAEROENFZOREN



3) HFHEEMHT TO AB;BA DR AFM Bl £

4) ABBEROEERELRKROB EHREMIT
5) ABBEEKRE—FRICEEEST 50 FREETLVORR
6) iBEEHKE ABBEAKROS TRIEET VO KK

ABFFE TR S NI R Z LUTICREH T D,

(1) EBX I VAF FHEETTO LB EHEED X B REEMBEN
CLET O BFZEIZ X v AMP-PNP #f& & % & JE s & Y &5 - o s
DB EA KO X BHESE DT, o APRANALEARORARE
ABFFETIiL . ADP = AMP-PNP, ADP. VU Ui
HEDERBSEMET TO AB HA KD X B
& fR AT &2 1T o T2
O ADP #5 & AsBs & K O X KA &b 1 3 A7 AT
2. TA 5y fRHE T ADP f5 & A ABs H & K D X
MRS Tk L (K3), X7 L
TF RESY A PO 3 BFTTTIT ADP 2
BMELTLEN, FABXRTEENZENEZ
D7 F—DbEBEHKL TV,
© ATP+ADP MY A,B; & 1K O X # fi i 1 16 fif AT e - & e
X LA F RIS A AR, M (K O H4. ATP+2ADPIEA BIAB. S ADFERIEE
\Z ATP, ADP, Pi DIRA W %= Bl Y — % >~ Amiﬂ
T4 B2 1L D ATP 14+ . ADP 28 2
71 RE A LTe ABs AR O RS & & R AT
(/o fiEse 2.8A) ks Lz, (M4), =
D RETE L ADP 28 3 W ATk & L 72 4 dl Al o &
BERL L CWiz, LEDZ &b, AEEIT
[ADP fRBEFF D | MEEICH Y T 252 &R
%X,

ADP +50,

‘Half closed”

(2) EBEBTTO ABEAEROENFZOREN

O ZEFBEM Do) A FY— (ITC) ZHWVWEX T VAT FiEE B kil &
ITCZHWT, B EAKICHTHEEX I LA TF ROKEEEREZITR -
77e T LT AB, AR ~DIRBEX I LA F FROEEEREZHLNICL
o BIBEOX 7 LEIF RERMT S Z LK 0 ABs 8 A 1K fREEMNE
ZAHEHBLHAL ML,

@ ATP /AR A2 W 72 ATP AN K 4y fif 15 PE &
BREEME T TO ABBEEIED ATP MK 4y fRIEME %2 0 ~ 7=, ATP & B K 17
EHEMICHNTERER, 220U E0 LBPGFEET DI ERHL NIRRT,
Fo, ADP LU UBICKAMHEHRIZCOVWTHLNIZL =,

(3) BHEEHBETTO B BAEERKOEEAFMBE (WBK L DILFEHFE)

LB RFONIBIC & LRIEIC LD . ATPy S T74E FCTO M ARM (2 X D BHERE ABy EAIA
DI 2R o T REE AL 2R 2 D Z LIS LT 5, AFE T, AL 2B T TH 5
NTeX 7 vAF NIRRT 28 MEZEEICATP BEICEKFLEZELICO W TE
gL, LT, IKEE ATP FHEFC - FAMoRGZESZIEZ D Z LI
L7,

(4) B, BAEROEERELFAEROBEWEMIT

BoNTHERNS . NKRFRAALURATP AWM T I ) BEEIk 2 ER L,
ABEAROHEER R CHELLICEELEXZONDELTH D R350 2R E L
72, R350K ZHAKZRKBIFH L, HEERBKESIEKER G HE. ATPase 151 % W
LT LT, S HICARZERKO X BRAL MG ICH P Lz, o7&
AT L B0 ) e 2 TR LT Y L R350 78 A3B3 A A D I FriE S Ak - B B e 4 & 41
STWALIZ ERHLNE -T2,



(5) ABEAERNR—FMIIEEESNT 50 THIEET L ORERE

ATP DFEE IR & 72 5 5 Tl A3B3 EARO— 7 mEHSEE OBEME T L Tuve, £
7=, ATPase IGVEIXEIHREIA H 5 VI HAK L b 15 512 EH- LTz, ABFECH L=
EAEWTFR « TR - BRI RO T X TERIET 5 Z 12k b, A3B3 EHAKD
BRI R D ET VAR L (M 5a-h) GrsCHEmT),

5.V, EEEREABEERDD FHBETILOLE

Bound ADP-bound ADP-bound Empty

ATPHIIK D fRED || ATPEES D || ADPREBESED || ATPIIK DRSS
i Bound K Bound Tight

Bound

o .ol B 8

Empty —«g al ,
Bindable-like Half-closed

Tight ADP-bound Tight-like

a-d. ERAFMTEIEIN=-R T VT avMEE
e-h. AB,ESHRDHFHIBETIL
i-. VESAKRDHLFHEBETIL

(6) iBEHKL ABBRAKDODTHREETT VOHLE

[EIHRERDS 22Uy AsBy AR L VI BERD TR O RFITF U TH 525, BIERESFET D 2
& THRGI RS 2 53 p s B E S 4v, IEREZR — T mBHREB) 2 K L TV D 2 EavRir sz (11
5e-1), [EIHRHHIT AsBs AR DORIEZAL O T2 IZBLICRHER LTV D 721 TR < | RISy -F- 1A
ZHAEHL TS Z LR LN E R T,

\_

AR LD ABy ERD Iy 1 A T = XAOMEIIL, Vi T —F — ORI 72 R EERE DR A
REFRICEE CTHDHIEND T, ZOMDLGFE—4 —BH D0 11O — iR REE O BRI
LHEETHDLEEZBND, £T-. V-ATPase MNEHE T2 H L B0m HIERIE: & O EE KR
JER OBRSLZ OIRHIEICHO W T H R T 5 Z L A SN %,



5 4 1 4

Jun Tsunoda, Chihong Song, Fabiana Lica Imai, Junichi Takagi, Hiroshi Ueno, Takeshi Murata, 8

Ryota lino, and Kazuyoshi Murata

Off-axis rotor in Enterococcus hirae V-ATPase visualized by Zernike phase plate single-particle 2018

cryo-electron microscopy

Sci. Rep. 15632
DOl

DO1:10.1038/s41598-018-33977-9

Shintaro Maruyama, Kano Suzuki, Motonori Imamura, Hikaru Sasaki, Hideyuki Matsunami, Kenji 5

Mizutani, Yasuko Saito, Fabiana L. Imai, Yoshiko Ishizuka-Katsura, Tomomi Kimura-Someya, Mikako

Shirouzu, Takayuki Uchihashi, Toshio Ando, Ichiro Yamato & Takeshi Murata

Metastable asymmetrical structure of shaftless V1 motor 2019

Science Advances eaau8149
DOl

DOI:10.1126/sciadv.aau8149

Abhishek Singharoy, Chris Chipot, Toru Ekimoto, Kano Suzuki, Mitsunori lkeguchi, Ichiro Yamato 10

and Takeshi Murata

Rotational Mechanism Model of the Bacterial V1 Motor Based on Structural and Computational 2019

Analyses

Front. Physiol. 1-12
DOl

DO1:10.3389/fphys.2019.00046

lida Tatsuya Minagawa Yoshihiro Ueno Hiroshi Kawai Fumihiro Murata Takeshi lino Ryota 294

Single-molecule analysis reveals rotational substeps and chemo-mechanical coupling scheme of 2019

Enterococcus hirae V1-ATPase

Journal of Biological Chemistry

17017 17030

DOl
10.1074/jbc.RA119.008947




38

V-ATPase

2020

790-796

DOl

17

2018

Takeshi Murata

New methodologies for human membrane protein crystallography

Gordon Research Conference on IGF and Insulin System in Physiology and Disease

2019

(

)

18

2018




Fabiana L Yakushiji, Jun Tsunoda, Chihong Song, Hiroshi Ueno, Ryota lino, Satoshi Ogasawara, Junichi Takagi, Kazuyoshi
Murata, Takeshi Murata

Immobilization of conformational state of E.hirae V-ATPase complex using PA tag system for structural analysis

18

2018

Takeshi Murata

N-terminal b-barrel domain constraint gives rise the asymmetrical motor structure of V1-ATPase to provide cooperativity

Gordon Research Conference in Molecular and Cellular Bioenergetics

2017

2017

2017




Takeshi Murata

Molecular mechanism of the structural formation of V1 rotary motor

53

2017

KEK 20

2017

V-ATPase

92

2019

Kouki Shimizu, Fabiana Lica Yakushiji, Katsuhiko Moriyama, Yoshiyuki Goto, Takeshi Murata

Na+-transporting V-ATPase is a new target for drug development against Vancomycin-resistant Enterococcus (VRE)

Gordon Research Conference (Bioenergetics)

2019




Takeshi Murata

Development of new antibacterial drug targeting V-ATPase in Vancomycin-resistant Enterococcus

Gordon Research Conference (Bioenergetics)

2019

Shintaro Maruyama, Motonori Imamura, Takayuki Uchihashi, Kazuya Nakamoto, Kenji Mizutani, Fabiana L. Imai, Yoshiko Ishizuka-
Katsura, Tomomi Kimura-Someya, Mikako Shirouzu, Toshio Ando, Ichiro Yamato, Takeshi Murata

Combination of high-speed atomic force microscopy and X-ray crystallography reveals the mechanism of the rotary catalysis of
a shaftless V1 motor

Gordon Research Conference (Bioenergetics)

2019

Shintaro Maruyama, Motonori Imamura, Takayuki Uchihashi, Kazuya Nakamoto, Mizutani Kenji, Lica Fabiana Imai, Kano Suzuki,
Yoshiko Ishizuka-Katsura, Tomomi Someya-Kimura, Mikako Shirouzu, Ichiro Yamato, Toshio Ando, Takeshi Murata

The combination of high-speed atomic force microscopy and X-ray crystallography reveals rotary catalysis of a shaftless V1
motor

57

2019

Tatsuya lida, Yoshihiro Minagawa, Hiroshi Ueno, Fumihiro Kawai, Takeshi Murata, Ryota lino

Chemo-mechanical coupling scheme of rotary molecular motor Enterococcus hirae V1-ATPase revealed by single-molecule analysis

57

2019




Burton-Smith Raymond. N, Tsunoda Jun, Yamamori Yu, Miyazaki Naoyuki, Imai Fabiana L., Song Chihong, Tomii Kentaro, lwasaki
Kenji, Takagi Junichi, Ueno Hiroshi, Murata Takeshi, lino Ryota, Murata Kazuyoshi

The off-axis rotor of Enterococcus hirae V-type ATPase by Volta phase contrast cryo-EM

57

2019

2019

(Uchihashi Takayuki)

(30326300) (13901)

(lino Ryota)

(70403003) (63903)




