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Origins of Negligible Thermal Expansion in Invar Alloys

Toshihiko YOKOYAMA'"?, Keitaro EGUCHI®
'Institute for Molecular Science, “The Graduate University of Advanced Studies (SOKENDATI)

Abstract

IR 5 FBILA B F TOILWIREHE P TEIZENZ & A E72 0 Invar &4 fec FeyNiy, & FAIZIRDNE 5 T Invar/ 3#
Invar F¥ 72 7597 1F /5 3R MngNi,, martensite 1352 O R - R IEZ, REMKIFILE X SR UMHIRE L (EXAFS)
BRSBTS IRT > v WBEICE DO RS S 2 L—3 3 VICK DRET Uz, FegNiy, Invar 48 Tld, Fe JEE
DEMFZ AR IREIR D 5 B E THEMIZEA LA L, Ni AFATERE N X0I/NEWEODOEREZEWRISEIHIE N,
ZDEEOFERMEOIFBNRIE, Fe OB FIREMRBEIIGCTHAE Y EIRAE VEEZ LS W IERETIVTIE
FROR T E 2D, ARR TOIFBFRIIIREIOR TR TH 5 T LARE N, EARRSIVT VYA - MngNi, 548 T,
B a il BZEENEF XD KE L GF Invar 15), BV c il TIEIBWEMZ LA LR (nvar $1H) Vo zB AR
B2 R Ulze U Mn [ FANREICIS UT c B MICEWIEERFAR A ¥ Vil & Bk & A E 2R E O 75 OidiE 2
EBTEICHET BT ez, WITNOEETSE, Fe, Ni HBWIE Mn, Ni D 2 FHOITCHEE DO OFFTE « JRAT
BUZaRIZIR L CTRI—TI37% <, XHEHTTHA 5N 5 SR TERIEH K FTHHDL DT, &1 0 G 2 Kk

LTWVWiEWC EICHETRETH S,

1. FLsIT
1897 4F, A A A D Guillaum [1] 1&, ZIRFT TR

DIF L TRV FeNi 54 (Fe 65.4%, Ni 34.6%) ZFEH L
Tzo T Invar 8NV ES L T2% E IFBWRM B ORI
HH, SHICESE T Invar 58H 20T ZOHLIGED
5755 AR RN, BB T, REEEER, BAMER,
DiEGIE X £ I E BRI LTl TIA L HEIINC
WS TV, Guillaum (&, Invar 58 0OF A L A
DFEEREFEDFAFROIFEN B, 1920 4/ — )Lz
H (Einstein DHF) ZZEH Uz, TOFEE Invar FH
DRJFITDNT, 1963 4E, Weiss [2] (& il 2 #EMIE T
JWERRB LTz, T O Weiss 7 J/VIX, Fe DR TR
DREVEEZRBALEY (HS) JRELFEEN/NE L
PNEEFMBAE Y (LS) KEOWHZELELZE NS E
DTHB, RIRTIILER HS IREICH B D, g LRI
fEo T LS AN A, BT ERT 2, 2L
T, TOAEOEFEND & 5 EIFRAIRENIC k9 %Ak
DEZE LR ENZDTH B, TOETIVIE Invar &4
DIFBIERFEOARE 2 BB L TR A0 L UTERAE
NTVBEN, EEORIZE - &35 MM S NGE
ET5IEMEMEN, BEXT, ERYEMHEOTED
@ long-standing problem & L THIBNT W3, Tz & 21X
EDHE R TFIE [3] T, Fe,Ni &BICF T &I
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HIRBHKE— AV bR, XeZ0OmMELIFHTTH
BT EMEEENTED, HOMIIXRIZXIZE> T
0 [4]e

AFZE T, BRENSHEZZERAT, RS - J&
AR & MR BRI JE R 2 Y TRt 217 o T2 A
KO ERIGIERAEIRENC R T 5 £ DD T, KIEHT
BB ORFAIR (Erikd) MNEEE TEINS, Ly
U Invar ZERIC KT 2K TORFRIRICE K& LT id
MEEN TR, K7z, Fe DE FIREEZLICHES T Fe
JEFA O 1 Bl FRIFEREOEMIE TETZ 5D, Nid
FHOE 1 L OBZEN & 5 72 2 MIEEMICIZ b 5%
Vo &5, BEDIERAIREICHR T 26D THN
¥, ROV ORICEBWTHIIETIRAIREIN & D
KO THEZWHEEND > 7ce TNHEDRFMS, EXAFS
(Extended X-ray Absorption Fine Structure, J/I{ X AR UYL
HIAEE) 12 K> T Fe, Ni JAl PHO Jy Al A AR JERRANTE 72
U, Fle, BB AMNHMART > v )b (Path-Integral
Effective Classical Potential, PIECP) 2 [5] IC D\ 7z Monte
Carlo (MO) FIREZITV, BFRIR, REIZE, JERA
M7 E DRz LTz [6]o

—7, D UE - 7z Invar FitE 2R 9 & N5 MngNi,
BebME Lz, COBEOMRXMEHZHELZE T
2, 1IEJTERT c BICENIZRMNE & A 87 < (Invar ZI2R ),
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a B EE K D K Z R BE (G¥ Invar IR ) ZRd 2 &
Nohotz, Fiz, TOERE, BEDOWIE (112D, &
BTENITSRIVT A RERE LUK EEZ DT
ENHILN TV SR TEHEKEN, 5, TOHERIE
FegNiy, Invar 548 & 1338 > THISHHED M TH %, 97
B, (001) [N THREEEERY, (001) [fHRE T ARG RIS
MEVEHZ 29 % KRR T, BRE— A2 MEPT -
KETTHH, Mn DIKE—AV FORKESREFELCE X
NTW3, AEINVT DX S SIS TE 7D R BEm T
B & LTEENEMEITH D, FeuNiy, Invar 5D XK 5
RSB E D E RN L EFEEDI O RTLLT B
MR x %, RFZETIE, TOAEET Invar/ ¥ Invar F5H
MERHCAECZHHZRIHL, £z, BRFEEGRICET 3
R HEIE & RIS OMEZRET 2R EOHMT,
XHRIAHT « EXAFS » PI-ECP IHIC K 52572172 72 [8]o

2. RER - 7T— 2R - EREE

EXAFS Jll5€ &, Photon Factory BL-9C IZ 33> T FegNiy,
i (8 um) D Fe, Ni-K el i, 7& 5 TIT, MngNij, &
&9 (12.5 pm) O Mn, Ni-K W%, 10 K 125 O MK
M5 ERE TOWREHIP CEEIEIC X O JIE LTz, FeNi
BROREDRRE, FRREE Z 3R 5103 E U7 IE
HSi B A4 — R & Cuffid EXAFS I B REMEZ 18T
RES > 7hY, BL-9C DOIREHIHER DER/REEZ 3 K 2L
WT—E L TWiz, EXAFS OfffTidE & UTH 1 ELE
IOV, 3RDF 2 LT Y MEBRK [9] ZHAWTIE
PRI ZEE Uz, FeNi & T, 57 EREE O #ookt i
I% FEFFS BEGHAZYE [10] TR, MHIMEIGRAKE T — 2 Z
FHEL Uz, MoNi &4 ClE, PEEEOMORNE « FHEE &
FEFFS8 BEGRAEYHE [10] Z W 2o 7235, 28 1 BRI IE W
TNORRBFETFLEHET S (oL 23 FeNi B&ICHBWVT,
WL 5 F-7% Fe & LT8AE, Fe JEAPAIC Fe, Ni Wi /5 DME(ES
%) W, Fe,Ni, Mn & & JH FE SN <, EXAFS TIE#
HETFELTRAITERVWEDE Lz, EXAFS TH B H
5, WUUFE 245K 2 O T OXBIMNARETH 278,
SLFE AT DO TR & i<t )@ b1 O V- EEE AR
5NTWVWBC &icixb,

MngNi, & DO T ERIE, 770 - st 2—0
MR R X SRmETEEE (VA7) &2 AV THRERMICIR
ELUTze DTz X5 CuKa #iTH D, M XHRIE, Mn
Ko #E X 5172 BR < 72 8 graphite #5648 Tt LTz, FEIC
311, 113 K2 W THDIES S FE a ¢ 2187, 58,
Bravais & 7 CIXKOIEAKE T TH 2D, HEOVHKE TN
DERERZELTNBHDT, HH L, HEOESMETELT
WrERZ G Z T,

FeNi, MnNi 54 PIECP MC &%, FhZFN fec, fet
ETIVEEE (551500 57 %2, RTEEORES 11 fE
TIAEBITERD S Z MCETEL, MRZ®BTHELT
YWHEAEH Uz, HY KTy vylid, @Bl TX
W BN S BB 72 Embedded Atom Method (EAM) [11]
ZHW Tz, FEIZIRE [6, 8] ZBIRE Nz,
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3.1. FegNis, Invar §€

F 9, FeyNiy, Invar 5 DGR 2 X%, Fig. 1(a) 1&
PIECP #HE TRz Fe HS, LS JE TR T ¥ ¥ )LDWT
NI—J77 (8 > T FegNisy, Invar 54 & AR fec Fe D
BTV Y VB LUIMERTH S, Wik B 1 BR
FEPEEE L UC HS Tld 2.530 A, LS Tl 2.491 A PRSI M
/IMEZEH L, Invar &4 CTlE HS A 25.0 meV %5, fec Fe
TP LS D 8 meV IZELEIC R > TWB, LIEH>T
Invar & TI3IRE FRICHE S HFEEREORHNE GER
IRENIC K 2 BZIE & OFIRR , Invar 1) DR TE, foc
Fe TIIIRE FEICHE S TR RIEESEDY I H O IERAIHRE)
HoRDAFZIEX D KEMPU% (Anti-Invar F2R) T &
WY TE %,

Fig. 1(b-d) IC1&, AHIZED EXAFS M HIRE I NTZH 1
WO AT [ B & STRAE [12] D DA TAS T EBUCBE L ¢,
=T PIECPMC & HHIMCEHEOMERZ R LUTZe £9
Fig. 1(b,c) i 5, Fe JAPFHDI 1 BUAildiE & A EEIEN T
WOIXFL, Ni GRS 1| A2 IERENE > &0 &8
MENTWBZ N B, 2720, NiJHHEEE fec Ni
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Figure 1

(a) Binding energies of Invar FeNis, (top lines), fcc Fe (bottom lines),
and fcc Ni (bottom, green dotted line) as a function of the first nearest-
neighbor distance at a temperature of 0 K. For Fe, two types of the
potentials for the HS (red solid line) and LS (blue dashed line) states
are depicted. (b,c) The first nearest-neighbor bond distance around Fe
(b) and Ni (c) given by the experimental EXAFS data (red open circle
with an error bar), PIECP (blue circles and solid line, quantum) and
the classical MC (green diamond and dashed line, classic) methods.
(d) Equilibrium first nearest-neighbor distance (a,/V2) given by the
experimental literature data (red circle and dotted line) [12], and the
PIECP and classical MC simulations.
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Figure 2

Simulated bond distances of Fe-Fe (blue square and solid line), Ni-Ni
(red square and solid line), and Ni-Fe (green square and solid line) pairs,
together with the average ones around Fe (pink circle and solid line) and
Ni (orange circle and solid line). The experimental data for the average
one around Fe and Ni are also shown. The dashed lines are the PIECP
results by using only the HS state in Fe.
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CIREDE TR TH S LAERTE %,

Fig. 2 IZ1& PIECP MC #H51C X % %8 1 B i Fe-Fe, Ni-Fe,
Ni-Ni O JFEFHEREOIREZ 2R U Tzs HSIRREDH D
FHEME (B 1 FIERRBW R R IR ARG L E 2
T X\, Fe-Fe BiNilF B REMZE & A L2, HSKRED
BOEFIEEEDTNE—FRKEL, LHL, Ni-Ni, Ni-Fe
i Th, BRI HS IREED A DFEMIC LT D
INE L, BFIREENHE—D Ni & Fe OIRREZ OB TR
IEEEDEEEIHIHIE N T VB T &b oz, Fig. 1(c) D
EXAFS OFER T, Ni AL 1 BlAOZZED Ni )8 K
DINE otz e KB LTS, £z, PIECPFIE
DFEHRM S, Ni-Fe DA X O Ni-Ni fit 47 O ZAIE 3R AV
CHIMIENTWVB EWVWE, Fe DBEFIRREZ(LDFENE
2075 Ni-Fe Bl LA TRIBE T % Ni-Ni idhilc s <
MATVS LWV FERBBEBREY, Thid, NidZ<E
{9 % Fe (& HS IRAEEZHLD %9 <, D, Ni-Ni K72 ¥
¥ VI Ni-Fe K DO I TERITEREL TN &N
JRINTH %,

Fig. 1(b,c) B S Mix X 512, Fe & Ni T JE AT
EOFEFRIFFEARL > TV 5, bkl fec THB D
5, A% Fe & Ni O¥AFGIEZEL FD T 8T RE
MELNGEND, BBRICIIERZ T EDNIE-ED EIREN
2o TbB, XREWTTEZ 5NZETEBRLRRIED
CETHADEDTH D, WMHRFARICBT 5 RATHE X
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Figure 3

Mean cubic relative displacement C; given by the experimental EXAFS
(red open circle with an error bar) and by the PIECP simulations using
the two-state (blue circle and dashed line) and the HS-only (green solid
line) models for the average first nearest-neighbor bonds around Fe (a)
and Ni (b).

XIREFFTMORETEZEDTIEREVE VR B,

Fig. 3 1 5 1 fid i 0 B 1% 79 1 O JE K F5 M Co=<(-R)>
(R RF A 12DV T, EXAFS EEEHL LT
PIECP MC FHHEAEZ /R LTz, BWFEN G L &5 1 Blfiod
SAOIESFE = IEFMM) & Ni AEOARE 5T Fe i
PEEBALEEL, HMiAEEE ¢ O 151 OBf%
Fanwz ehbhoiz,

3.2. MngNi,;, Martensite §&

BT MngNiy, RIVT VP A M ESDORREBRXR S,
Fig. 4 IC EXAFS I K 28 1 i i TR Et OmE 2t 2
RUTze TORIIIESFHTH 728 Mn, Ni D EXAFS &
&5 1 BLAIA 2 O RIEEEED SRS N5 & E L
T 2-shell THRHT L7z, Z DR, Mn BPFHIEIENICER 2
FEEA DS Mn()), Mn(s) DETIIT E 720, Ni FBEIZERD
PG L A LR MDA PR ZEE 2R Ui, T,
JFEFREIFEAEE Mn, Ni T 0.03 AFEEDAENH 5Tz, FeNi &
ELRMRIC, XEREYT TS Z 5N 5 NI )T i
JRIFTNC IR TN THW RN EAHL D x5 Tz,
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Figure 4

Experimental bond distances in MngNi,, determined by the Mn and Ni
K-edge EXAFS. [, 5, and av denote the longer and shorter bonds and the
average, respectively.
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Figure 5

Simulated bond distances for (a) Mn(/) and Mn(s) and (b) Mn,, and
Ni,,, and (c) fct lattice constants a and c, together with the experimental
EXAFS and XRD data with error bars. Four kinds of simulated results
are depicted: the quantum LS-HS model (red solid line), the classic LS-
HS model (green dashed), the tetragonal-axis fixed LS model (blue
dashed), and the tetragonal-axis rotatable model (purple dashed).

MnNi 548 TlE, Mn JRTDIESEERTENS, Mn
LS JF TR Z [mERE FARL L RE L, KD ()~(iv) D 4 D
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TV L, (1) Mn LS i FAMEIR Tl e filg1mic Kbz
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rotatable model), (ii) Mn LS J&F DRI 5 ¢ i /5]
I Elli 7 fii 2 72777V (LS fixed model), (iii) Mn D EIHEFS
FAR! (LS) & ERIE (HS) D 2 fEEDIRER & D, FEMAD
g o ®l5 mnc im & = 4Hi 2 TV 3TV (LS/HS model),
(iv) (iii) D HLEHE 7 )L (LS/HS classic model) TH %, Fig.
5(c) ICl&, FioR XAREIYTIC X B e DR EZE (LD IFER
MERAFHBEEEL L BIR Uz, HBRWICIZ, BV cfilid
BUSEMNIZ L A LR L, BV a illZBENRET VT &N
b h o 7z, LS rotatable model Tl c i/ EOEEER R L,
LS fixed model Tl a OEAFENMT L A LR L, WITh
EERMERZHH LU Do/, THUCHLT, LSHS €7
VT, RTERIZT TR L, Fig 5(a,b) DETRIFH#EA
EHTEO—EER LIz, LS/HS classic ETIVTE BT
REIFEFHERETH DN, FeNi FEOBERUL, KIET
EREGHWIRZE L THE D HER G L EWERT
B3, FE, BFmNELSHS ETFVHAREZ L EWVZ B,
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Spherical Mn HS
paramagnetic

Elliptically distorted
Mn LS
antiferromagnetic

Figure 6

LS/HS model for Mn electronic structure in the MngNi,, alloy. At low
temperature, elliptically distorted Mn LS state with ¢,,=2.57 A and
d,=2.64 A is dominant. With a temperature rise, the population of
the Mn HS state with dy=2.62 A increases. This model successfully
explains the experimental temperature dependence of the bond distances
and the lattice constants.
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Abstract

Z OB THERERBUCARAI R aEick (F—/3V b)) ORESIAO#EAZH N E UT, @5%E b > xS
7 LA R EE Fl O 2 BOCIR RIS K B XER Y (XAFS) SEEEHFREL, WEDHDEE D EmWERE L, JE ki
HER K DBV XV F—REEZ FRFICIIR Uiz, SiC ROMEERHE F—/32 MO XAFS JIEZ1TV, BITHE F—/3> b
D XAFS DT AKENENTH BT LR LIz, ARBEF /T2 /0 —TFy b7+ —LHEOEREEL LT,

KEK PF I Ca—Y—IcnEN T3S,

1. FCs&IT

2 keV LU N DR X MRAE DO HEIETEIC K D X AR b
WAIAEE (XAFS) OE X, (L&Y Bk K i,
WEPELR, il &, B TEE ZUMR ORI E &
ENTVD, XHUTEE )G < BB K 2 HE MK
HTHBIDIC, EBIINEELEUEEPH SN TE
Too ZTOHTEINIVT DN TIREDCIEENEE T, FF
N RDMER LY TH B HAEE, T 3RIVF—7 ke
MEL, BEED X NRIBETH B, LHrLED
5, HEREID XAR7 VM e T H 2 AR HH R & BT
Tortesld, TNEFhxI)LF—ofRae, MEEEICEY
THERS O 2T W T aMtEETidhh o, %
TR, EfREL DEIKIE T, KIMEHETORHI
I3 U Tz @R R e e R D IR P M AR & Ll
L~ VS (ST MHEHRICEBR L [1-2], STI#
HER O T )V F = fiRRE IR X #REIK Tl 10-20 eV TH
D [3], BTG EaRICIZE B0, PEARRHIRD SR
REZEMC EES, F iz, STIMEROAKmREIE, P&
R IE R R NE D0, 100 EFT7 LA ZHWS L
A 1| mm® ISEL, BT R K D mEREIC R S,
T DX I STI M BRI B A H 25 & BT 170 s
O EMERER D8, hZEHVNIEEEEN D5
DIREEDREZHKHTE S, EB, 9EZFHNDESSTIT
L A B Es 2 W 72 TAH 7% ZnO O N Belim AX 2 kb
HIEICE Y R=E VT INEEZDNDTIRTH S T LA
SMMCEN, STIMHEROEEDHERE TN TV S [4],

TOXIEHRDIT, 2006 FEXD 100 F T STI 7 L
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A WA O A 7 XERRUUOM LB ORFRICET Uiz, 1
KiTb NIz STIX SRR ESOWIZEE, Hem D0 fRAER H
B3 RRTORMEZHOMCT AT EZHNE LT
H—£TICRTZEONEEAETH > T, TORFETIZ,
100 277 LA ZMKT %45 ST Z 1, ZEMICEWS
fRez L, FEHAMGOMEE L UTEET 5 2 LA
BTH oIz FDIDF T/ INTDERBRDPLELTD
1 nm EDHiREZ L DEARTFOHE R0, M RIVE
BV, RMUEEORRZE, 7 LA MgihEE, V7 b
V1 7 ERAR IR EIT o 12 [5-13], AR TIZREBE O
Bk, MERE, BXT, FIHGIZHENT S,

2. &
2-1. EBIER
WEOHKZK 1 1RT, HE LTI Ntz 52zh
OFENTIRET L, 90° Al ilE & N I- B EEM 5
WTHDEX M2 769 %, el R T EEE DB K
Z107PaThB, adfHEEMEIO— ROy 7F v~
IN=WH D, FEREE TR T E %, MHdROmAN
IR RS 2 i 2 72 "He ITHERIC X D f7bh, FEEE
3320 mK TH %, T OWEBRIEHAENY T LRI ESR
EVSRERZHVT, HEITHAIT S EHTE, WK
IEFEBRORERD N L—F —TEE[RETH S, STI M
HBE 7 S A4F A%y b5 60 cm IFEMIELIZAF T b
DI I BN, 754 F ARy vz ) =7 A
F=YTEHMT T LICED, WEHEEMADHLAN
WTED, bkl L M EROHEIXRE TR 20 mm TH 3,
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(B)BL-11A, 11B,

(U)BL-16A
monochromatic X-ray

3He soption cooler mounted
on pulse tube refrigerator

fluorescent X-ray

N

sample in vacuum

energy scan

100-channel analog/digital
| electronics

Figure 1 Setup of fluorescent yield X-ray absorption spectroscopy
apparatus using 100-pixel STJ detector array.

il 2 D STI MHIZRDE 1%, Efi A RAUEIES Z VT
g X NizDbH, 200 MHz flush analog to digital converter
(FADC) & field programmable gate array (FPGA) 72 H\ 7z
B HEaRIC K D7 OVAREANY BIVICE#EN S,
TEEIEBIEUI BIE T B % o Wl AR 7+ VHIE DRI,
KEEN S E— LT A VO Ez il L, —ERHEE
LT, &F % Y FIVOWEARY MV ERET %, AStT
FIVF—LICHEEART ML, (RO
FIVF—BOANY MR L, AGDEmE TRkl
THOCU R G AR SV ETSS, AFHEREIR A v >
2RI T—OFEWZ V-F A2 N—2 TV I AL, 28
WABEORD B, FHEROHIHIE STARS Z/T L TiTh
N30T, FHABZEOERIECTEROE—LT A1 VITH
ST BTN TES, BIEHTE 5 —L5 1 & BL-
11A, BL-11B, BL-16A T, 70 - 5000 eV DD IE TE %,

2-2.ST) 7 L1 i&igs

il U7z STI Mt ds ORI & Fig. 2 1”9, T OREEI
MXFCRELENTEY, LHEmR=_F 7 ZEL,
B AT REEET ST LT, TAEWUATH S
EAROMMRZEER L, FHEM= A 7T XD E
NIBRCHAET 25HMUE 52 IR L TS, s E
Dk (Si0,) M EEBEMICH 12 EEEHS L, KT
FIVF—ROFE S ZMH LTS [10], TDX S ik
ORI 100 FBv, —DDF v IO FIiEE N TV 3,

X-ray absorber

Al 70nm

AlOy1nm
Al 70nm

Si substrate

Figure 2 Schematic cross section of STJ detector designed for soft
X-ray spectroscopy.
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BT 2)VF—F v 7 2A) D 12 IS T %51 7 AEE
(Me)IZBWT, BEZ 1nA LMD THEWVWY —ZERK
ZERBL TS, 100 F1H 90 £ LLE%E X ikt &
UTHIATE [10], TXIVF—2REEDINTYFE 0.6 eV
EINE D[]

R X AT 2 IR IE AR O RINGIER & XERT «
IR —DBRROETEDIND, BYIEL LT ER=
F T EBMOWLINER% Fig. 3 (a) 1”3 740 eV DL R T 90%
PLEDOBHESRPES NS [12], RAF IR0,
TRHVERD A 72 i LR B8R 2 AR ISR D7z I 3 DD X
BTNV E—RREENTWVS, 8T V2 —&, EX
100 nm D/XV LY NIZ 7 IV = L7 25 nm K% LTz
EYET, B 86% DAY ¥ a THR—FEN T3,
TOXHET 4 IVEZ—IX30K, 3K, 03 KIZOEDTDORE
EN, 3DDT 4 )V E—7%iE LB Fig. 3 (b) IIRT
EBOTH D, MIHRDIKEITXFRT IV Z—DEHR L
MHEROMEZIRTEEI NS (Fig. 3 () )o MXFRELT
BONENMEEN S, Fiz, Bum ONEHBICEEL T,
BELONET TRV F—IRIFED RN T )V X —E KT %
IWF—FHIHTERTH S [14],

M YEaR e UToRhEIE, D SigE 386X
OS> BRI TE2EE TRl E NG, MR EFAROM
DN I X Z 20 mm, BB 1 mm®, J&EEDY 30 %
FEERDT, HREIBXZ10°TH B, TOMROHEIX
T OYEARMR RS & LIRS L BRWD, BT
a[15] K0 2 M b <, EBITTROMHMNATEE L 75 %,
SYEPERE I B YIS T B BRI E — 7 O Y 2 IE
(FWHM) IZXDidbEd b, N-KFRITHT 2 T30V F—
DRREG 2R TOEBEEZHEE LI AR MV ET 12ev
FWHM T®» % (Fig. 4.) [16]. T DRAEITIR X AR DY
Vay R 7 MO RREE [17] & EEXRTH @,
AT IOV F =TT B IGE OERIEE 1 keV LA OHIFH
TRV =7 TH5 [13],

Efficiency

1000 1500

X-ray energy [eV]

0 500 2000

Figure 3 Spectral sensitivity of an STJ detector and X-ray filters.
Detection efficiency of STJ top electrode (a), Transmittance of
X-ray filter made of 100nm parylene-N and 25nm aluminum
(b), and total sensitivity of STJ spectrometer (c).
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Figure 4 Averaged fluorescent X-ray spectrum over all STJ pixels for
BN powder at X-ray of 430 eV.
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Figure 5 Energy resolution of STJ detector array as a function of count
rate.

MRS OB, TXRVF—nREEL L &I, mL»
RHECENEERE NS, XEDEFAITHT 2 OV AERE IO
BB EZ2us TH D, FHERET VT
REZ WIS 2 e DB RBILRRIE 4 ~ 10 ps & LTV 3,
BIEBIER 8 us DRFDH Y > k L—k & TRV F—7
FRBES AR DR 7 Fig. 5. IC/RT [16]e TR IVF— 7 fiRHE
20 eV ZHIRT B L i KGRI 5 keps T, 100FETF7 L
A 2R T 500 keps ECTHIHTE %, HfRAENHILT %
JFRIE BRI E OO T VB — 2 — " aDT, K
TEEIE DRFE O A OEHIC X O i TE S ReM:
NH 5,

3. fRAG

AIEEEHNT, TNETIC, (EEYREER, KIGEH,
oA R (BN, 7V FF R, BEHIAD XMCD 7%
ENHEINT VD, RICE D IRAE & BRE 2 A U2
LT, SiClicEDZEELY R—7 LIzidBoflEsco
WTLITITRARS [18],

SiICiETA FFv v THEAT, EEY T —DEWN
Wic, SU—xL 7 ba=l ZAMkElE UTEAENEAT
W3, SICICEZEE R—E U733 L nBREEKRERS,
R—E > TEERBA LU TIRETA A V2 AT % &l
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AF VEAEDHOWL N, EARICTEE LDz 1400 ~
1800°C T7 Z—)V& N b, 72— )LEEDOWERLRIE R
JER—EYZRE (10°-10"ecm™) 1K<, SiC T34 AD
AEIMEZBHA TV S, EHERERMEVERK L U TERD
Sit A b D TWVAAREEINREBEN TV S HHESL )
REFUZ R DM > TV [19], TE R—/80 FORSEIR
R TRE S I IEER T HOCIRTEIC K 2 Wl AR b
DHENENTH SN, kD) aY RY 7 Mz
MWieGE, ERT0REE R—30 b OREEDEE X
EREECERVIEDIC, BEWIGEARY NIVORENRH
HThHoleo TTTRMODMENFDNS STI M a2
FHO TG AT N IVIIE Zi8H Tz

STJ i gs 7% WV THIE U7z SiC:N OBEEX AT +
JV7% Fig. 6. lIRT . 2R L RADRHE XD 722277 B
ENTVBT Wb D, TIULE TIEHEDE L #E X
BRI TERNZD, 350 eV 5 500 eV OHFIFIC T %
WWE—EEDIT TSR AR b )VERSD T (Fig. 7)o W
W AT BV DY —2 DT 3 )VF—7%, FEFF ZH
TROIZE—=V LIRSS E, CHA MNEBRTHEEER
5N%,
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Figure 6 Fluorescent X-ray spectrum of SiC:N (300 ppm).
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Figure 7 Partial fluorescence yield N-edge spectrum of SiC:N
(300 ppm) (a). Ab initio multiple scattering calculations for N
K-edge absorption edge of N replaced to each site of C sites
(b) and Si sites (c) in SiC(4H).
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Kb FE NIz,
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Figure 1 Two thermal equilibrium phases of (EDO-TTF),PF, (left) and
the relaxation path predicted to occur after the photoexcitation
to CT2 (right).
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Figure 2 Schematic picture showing the system cluster and its self-
consistent environment. The blue arrows means that the
environment works as a potential source for the cluster and the
red arrows means that the valencies of the cluster are "copied"
to the environment to fulfill the self-consistency.
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Figure 3 Patterns of the molecular valencies. The blue (red) one
corresponds to that calculated with (without) the environment.
K. Iwano and Y. Shimoi, "Large electric-potential bias in an
EDO-TTF tetramer as a major mechanism of charge ordering
observed in its PF, salt: A density functional theory study",
Physical Review B 77, 075120 (2008). Copyright 2008 by the
American Physical Society.
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Figure 4 Calculated spectrum (red solid curve) and the experimentally
observed spectrum (blue dotted curve). K. Iwano and Y.
Shimoi, "Large electric-potential bias in an EDO-TTF tetramer
as a major mechanism of charge ordering observed in its PF,
salt: A density functional theory study", Physical Review B
77, 075120 (2008). Copyright 2008 by the American Physical
Society.
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Figure 5 Three principal optical transitions. The CT1 and CT2 occur
within the tetramer, while the CT3 is an inter-tetramer
transition.
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Figure 7 Adiabatic potential curves as functions of the coordinate d.
K. Iwano and Y. Shimoi, " Revealing the Photorelaxation
Mechanism in a Molecular Solid Using Density-Functional
Theory", Physical Review Letter 110, 116401 (2013).
Copyright 2013 by the American Physical Society.
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Figure 8 Trajectories found in this work. The abbreviations, LT,
g-opt, pes-min, ex-opt, and HT mean the configurations of
the low-temperature phase, the state optimized at the ground
state, the state at the potential minimum of Fig. 1, the state
optimized at the CT2 excited state, and the high-temperature
phase, respectively. K. Iwano and Y. Shimoi, " Revealing
the Photorelaxation Mechanism in a Molecular Solid Using
Density-Functional Theory", Physical Review Letter 110,
116401 (2013). Copyright 2013 by the American Physical
Society.
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X-ray crystallography unraveled the rotation mechanism of Na" translocating V-ATPase

Shinya SAIJO', Ichiro YAMATO?, Takeshi MURATA>*

! Institute of Materials Structure Science, KEK,
*Department of Biological Science and Technology, Tokyo University of Science,
* Graduate School of Science, Chiba University, * JST, PRESTO

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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B JLAR))—X

B CEMEEL N~ FF 4 XY K547
(HDD) SES3E ORI ~E2 7 1) —
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