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WED S EEHRIE I, P4 FTHEHOLDICHRE (BIR &, MEDPRBMEES 2ENFER REHOEHRERY) T
RifHIR) ICEEBE e & MIRZERINMRD [ 2= R &, =D FETRTIEERE L IR A T 1 TS EEUBEDNRH
A—77k] 2E > T ERDFORFREEDHRICEY HA TUL =, Vv T IRFIVERBRIN, {ERODRAZETHEOND X /8
BHED IMT > 2= R A F o AERDFORBERML (HILRF SBEOEMFHIE. —D TPV TR EBEOBRFES L
DILEDY VR ICEAMIT A L. TR FAF A v OERHM FLEEZNE LW ED DAY 2T, DL2ENEI T L LR T,
IZ& > TRBEDED NMR > 7L GERMEEEP(FES 7 ) A LHO—HFeHlE, ERICEDFZOHDERDDTIE AL,
L, COBIET VR A F v L DBBECARIAICHK DFICD-RERTO—TOBEREABLTOTFOSLDEVE
50, BEBENEIEHE D, MERYTA L2002k R2H6DTH-12H, RHTHFIEE LIS hBERE—
A= a VICEEINTWAIGAIIHELDY, HF17LF27 DFLARNLTHRELEZY, @REFRANEHRE THOTFOSLZD
LEBERENERICRE L THD, DTN TLFLTAEEG BABRT 2HEIEEIN, EPHFEMIE RTFAESVEE
Bl BAONBAHFARAVEA—=—2aVIZDOVWT, ZNHDOTF TENEETEI TES L IR > TES, I nITIFMEERND 1
EXERE L TNMR & 7 FILOEMBREC(IEY 7 F 0B % NTFENEMEERC I JAFTBEBFRMNES 77 412& Y Ml
SHEL, STEEARENT —2ICkY K<AI LS IC. BERED AD 1 HF052FVORBHZELY 1 2F0OBERELRS
FEEDNRTA—ZEZFRBEL TV ZLILHD, TDHA, EHAEICR Y DD H B,
BFALO20AVEA—TaVICAEISNTWAERELTIE SHTEHAEMENERRICL 20 FEROMERITTEONT:
HigE] #ROTLES &, BEOHFOBEDH Y HERBRL MREIDFEUCEZDFOIDEVDHREEZEHE T, £
BV, BROBRVWEEAEONTLE S, 25 L-FiTIEEEs DFNEE, BEFERRL, ZOANZZALEEZDZED
HEOHKRETHI2RABFECFBEEDOKE=—EBHIF DR TE2L5ICHR->TES, 25 LA-BRIZ, I [H<z e »
NEROCEBRMTIEICBRARNTH > 72h, HOFTIEZ S AEONFE—LZ—OHRHDTFTEA TS, ¥ 7 ADHFDOHE
THHL F VI RT7+— FRZOEEDFD NMR BT /34 WMERMRICZ RO BOBEREBENHETZ [T —Z b
FZTEHLEIRETL—TTIR, FHBEERDLS> LT A—7] & BAABEESEDOhALARMEEZH - 7-IESE /S
M@/ E L TLE->TW, TARDITTEANICIL F FEEWHTZETEBIC S/ antRESTIED [ 759 =T
HEOEI LEERDFIFTLF O TALTHION LY FITH ZFzv b E—X—%EBHTREN LA D ATP HIKD KRG
D, ZH LB E2ER L UBEZER LA IThERohune EE—ZR—DHEFEN I I TEBLALHERTEIXA Ay TV
WHIEZD, IROERNZRA L L THICODWTLEST, I T EENOAEEETIC L D FOIMKDBTOEBZORES
ER RO BORBEAD T THRL T, 2ROXE N LIS MRINFIZRD [W=Zhy 7T Lot g RN
FATATRBEL LTEBTEZLLTCHMBOBEILEDS FTEIHECANZZALMWERINTES, TS LEERmIE. &>
THEEZRVEWTRWDITTH B, NRUBORER (VA P LVTHEONT- R VI BELRF LA T

FHBETIIBRCIFIERAVEA =S a v OFEEREE BEEBEL THLARTRICASZRE) PRV RIBEHIFENT
ZBEVIDIF, DFHINTLKSAFETIILEBEL TV, NRTHEB(7OT TV —LBEDATPIRE®H 0T 7 —1)
REDOHHFTIHERDOHF LIMEFICTERL 272D HHA ICBEVWTHLEMT, EFBCHBEBICHIT2E— 2 —DER,
DZETHD, TNEFTRARFODEODTERVIES L3 BEEOREFEBCT VY 74 —LT 4 VI DRBNPAN=ZX L%
KEFEESIZENTES, L2IAN1BOFERC LA DL 1D EZDBEIC, KWIBFILh D, 22, DFE—X2—9FoIh

FERED 1 HTFHIENBS L T £HREMRICKEENRT > 0EwmD . AEEDOEMAIPESCHEDERICLY ., LDk
2720 HBHODFOTFHERHFEETIHEL, 19FDIBEL ISEH, AV VY RPERINTELZON L, DEFHNDANICIE
T REEICDT. > T WS FEETBINY 2 Z DFDAIRIE, & BOBRDFYyFT7 v T LICL A>T,

hyTFh [EMHTHEE] E LTERLEISI WS, LWhiE 9 ZZTHSRIEERNICEC Y ZTE——g X0 BxRE
BR] BRAZAREICLT. LA L—DFLRNLTERLBE. THIFIVEMAERE—R—X NI BEEREKT D ATP > &
LFEOHRTHLREEDEMETEHZY FXTH - FEEK —FIZOVWT, ENLAFNTEIC AN ZIXLPREED L S IC

FHELY, FTRIFAF—PIV bOE—E V> ZRAFN EZONTVWEOH @RRFEANBEHEDO M F T THH L
BZEES 200 - - BAARICIEERT L2002 o7, BBERIAL FI-ATP 7—HOREZHATRYNICHERL-S
FVRAT 4 TREBEEEREBO _REBEBEITI> 2/ E HEAIAZEBEL T 2D2ORKTHELLMAI>ZLICLEL
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T RUICABOHBEZLEI. K1 ZRTTIWV, 7539 =
FPYZ7Fzy hENT—=IMO—7 &5 S (Kolomeisky, CRC
Press2015) o EHADZF v hEWDSDIE, LFIREICKRFL
TIRILF—HERDEET 2, FIZFEFRE 1 SEFIRE 2
DNHoT EEBBEEHICRTYIYvILLE &, BEBLET
FILF—HERITH > TYDNE . T WbZ TSI =Ty
SFIvhEVWSHDT BRRICE > TRIEKDH ZWRITA
TLESHNE, ERICBINTEBNRIZ Z LBV, &L
SDiF, BRNGEANS, BFICHVNEN TRILF R
BUWoTIZENNENTWSBDT (Wagoner & Dill, J. Phys. Chem.
B 2016). EEDEFRDFE—F—TRISVWS I EREIDZF
ho

FIZEHEHEDT AT T TIE. EHD T I F VIREDSRE
E/N—LDHEET A EDOIRORGICH > T FRHAKD LS
BRTFYIvILEF>TWS, ZUTRTYIvILICA->T. ¥
MBOTEK EVWS ZERITE ERICIEZES WS Z EIFHD L
e T B> TEC E WS KD IFHEETAL SEEEPALICRR
2TZETT &t SlEFE. T5VWSLSCEZTVNDAL A
WHEBWET,

H53—DDEFETFTI (FH) E NT—ZAO—TEFEFILLDHE
&2 & LUICAIET MR BATIITE EEY A AV
ICH->T. ZIIBEELTWB EZIMLZERIGNHERT . {LF
RIGDERD E N TRUENMEI B EVWDIEZHFTT, 2nh/N
J—2MA—7EFFINOLEHZEFTILTTIFE S, ZDLERRED
WINHDEBED E ZH TYEBNBEMIET B &, B HEIE
ZRICLBDETBON/NNT—XNO—YTY, 2L LEUOBER
Tl BEZEETEBRLERBE (PSP yay) EWSEL
FEUET, (EEBBICEL > THEMICIEENNEI B &,

RICECINW—=ZAAyTITETARNDYTI VT EVWSEET

Ratchet model vs Powerstroke model

Continuum Ratchet

State 1 \ .

Linear sequential discrete
stochastic model

S

Energy

d

" ,~-l{'~“ biochemical states
I : : i G-, G+, U-Dis i G0,
f I-1 [ 1+1 x -1 1 1+1
Reaction coordinate Linear track positions
EFREIREFELTERTS LEREONThADERE
IRLF—HRBEIZH> TEE TYEMLGEMAES
BECBL, TRLF—HENEL TRA AL EBET S

Wagonu’ & Dl]] J Phys Chem B (2016)
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A. B. Kolomeisky: Motor proteins and molecular motors, CRC Press

B1 SFxybheNRT—ZMA—7Y

~~

SHEF -

THAIY)

N

=R S

v (B 2), &ElFH
EQORE R ¥ (ARG )
TETWEII ES
WSFZATT7heEWn
SEN—RAY T
V7 Tld ATPase K
IHEEE, HULIFE
A1 3 1 IS/ E L

BW S AV Y DFE
TEZIE ATP1 HF
DR & ICER T RHBK (£RX)

BRATYTHIE T LIERST.EBHEIRT Y TLIEZEVWSDN
W—=ZAYTIVITETILTYT, bE&H ERFREXKRIEEDHER
TY I3 E (Oosawa & Hayashi, Adv. Biophys. 1986). &fa/a L D%
#HTH 1 ATV TEKDIC ATP1 AF%ZHBEITDDIEH >
BV, EBETRBVWNEVWSEERNSETVBALERBWVET,
EHS 1ATP TRISHE 2 EDHDED L HMATIE 1ATP T
A UH 600 M BN EVWSFRXA, ETHE Uc, UHULTA
DEZBDRER S IRAREEN, BHATP EIAT YV D
WAHZARILL T ATPT 2 FORRS EIC—HHENTHEWND
Z EDEERAE e (T. Sakamoto et al., Nature 2008) DT, D7
AT RS TR IRV ERNET,

Loose Coupling Model

ATPase R L ZfT (B8 A1 @ LICHGLAWETZ2ETFL

5 : MyosinDig4&. ATP 1D FONREICESTIXT Y 7
BIF1E IR T, BHREIRTY 7 LE3
Myosin VO EERIC L V) BRICEE S iz

T. Sakamoto et al. Nature (2008)
Loose coupling® 74 7713, BEARLEGHTTH1RATY

TITBDITATP 1 HFEBEET D DIEKTIERLA, &
WIREALETWND,

B2 V—RAhy TV TE594 Ay TVVT

ZZT N7 —=AMO—=JEFILTYT (K 3), /NT—ZA bHO—
TEFTLE. IBEOERELBOERIHDIATIIFE, T
BEBORBERERZLET. BEELZDODDHRIANDEN,
NRETHZDETZ2ONNNT—IANA—VETIEEERT 2
ELZAYYVOBER/INT—ZANA—TETFILIFEEICIEFRD
ATIRWEERBZNERBVWET, UT. FULHBLET,

HEDPFE—Y DB UK RERIRILF—TREVNS L%
EZfcEEIC, ATPRWUIE GTP OIS FETHRIGI NS T X



Powerstroke ModellZ5Z&ICIEL WL\A ?

BERNZDHOWHH~DER (NFEE) THD
ETDONNT—RMA—TETLMEEERT S L.

R —Z hA—27EFT LI, Myosin VDIBE, EEHTIEAWL
(BEAFMIC L 2BRER N S)

R, 3 L<EHBT

3 NT—Z2A—JRBELWH?

ILF—DRFICERINZ EVWSON—RIBEZ S TT L.
FIZIE ATP #ERIGTT & RIGTA 7L B> TVWT, &R
TYTTXFTRIXINF—ZBIH D, TDSEDENIHIMEE
ICfEbN2, TEBICEEZRINDIEVWSIEZATYT (K4), T
ITHE, EEDPFE—I—DORREBEOZ . EDAGHEREL
FILEDLNTVWBDEZ S Z5WSEVWNTZT 2 DITTT,

ZFRICR U ThhbhnOBWAIE, ATP. GTP BAD I X/LF
—. D&ED. ATPase. GTPase DR 7LD AG LUADFRR
MERDIRILF—HHEBICEEFEONZLHHDEZDT
[FRWD. ATP, GTP HMEBRDE—Y TH-> Th. {tEIcfED
NZIXRILF—R@FMKPMERIGD R T Y T TlEE L HOBAH
S5RTVWD, I SREIXILF—EFE>TVWEIEHEHDEDS
DTIERVD, EWS DL bhbhOBWTT,

NFENAEBICEBI NS EEO I XL —RIIAH ?

ATP > ADP +Pi  GTP > GDP + Pi
AG~-20 kT
12100 % L < IEZ MU TFANZMEE W)IcfEbh

100% & U 27 W5E, A G IREBAHICHICE 2 MEDEO R
MIFLF—CEREND -

‘ATPase/GTPase}i)@li@%&@ ‘ CEDAGHEE WIS EDILDDA?
T, a X 1T
ATy TEETEITS S . ATP/GTPERE) - — % — CATP/GTF

AG, DAD T3 LF—AWICEEEDR
AG. . ADP-Pi ADP BT ElEHVBBEN?
2 Conversion
Mechanical
ATPase cyde » work I ATPase/GTPase
ATP Null ag o TANF - BHEEAFICE
E 4 BMINBZZEEHYZBN?

il

4 ARENLBEICEDNZIIRILE—E ATP/GTP h5XKZ0H ?

SELOLSIR. SAYY (M5 EIAYVYV) BBRONE
TITKELDARE>TRAHARSINTETH D, I TEHIA
KBIFANSNTWSRFHAHD T, ZhicLnid. ATP ohik
DRRISD ATP H° ADP-Pi ICHREINZRT v 7 (K6 O A+M-
ATP 15 A+M-ADP-Pi £33 X7 v 7) T. BOE—F—R X
A4y (BEF) Lxv 7 OBOABENNAEEDLS (UHNY—
AhO—=7) COMMBERFRTLNT—ANO—UBEE
Woh&Ed, InD 7V FUBRICHEL T YEIM NS /X
J—ZNO—2HEZ % (K6 D A-M-ADP-PiHh 5 A-M-ADP+Pi
KRB ATY ) D2ED, VAN - OV TR > 1B
BEEMNTICRDEWSEZATT, VANV O—70D &
ZFRT7IVFVICHEELTWEDN >TSS LBaWbIFTT T
E.SERETFIFUBELTWRDT, PIOFVaRICEFYIT

JMIVRITIVESER
7 BBAL
#BAH ‘ ETAME
ALV 1 p—
—— ik
214z OO ia » 75 i
L E— B |
TIFLT4TA0 | (GEER) |
36mm

M5 =AYV V

BIEILBDET, PUOFYEFYILT, —F 8<E, 20D
EZAIEZIE. VYBTHREENZ IRILF—DEECERS
N3dEEZZ0DIFTTT, K6 TIC10kT &2 kT, 86T 2T
EVWTHODFEIN CTHIFAEDHEAILL > TEAEDL-TL D
OTHITULHEETIEBVWTIDN, WIFhicLTH, 2D VEE
DODRETERENSACHERE. AECELNTVDEEVNS LS
CEIAZEZTVWEDIFTTT, FARICELI L IFHEVWTT L1,
BEHULCREBVWATTIFE, bhbhld, chigENrLhens
BDICE>TWVWBDIFTT,

HUED TV —FIRICEET 2 —BNAERS

Recovery stroke

+M-ADP-PI
p—y
s — +

A+y
DISERSH DIEERSH

Il 11 Pi ADP
ol| || 2 (| 2 ol

Powerstroke

A-M

.
oo EHEOE 3% — IR UPIOREE
~10 keT IS AG

ATP hydrolysis energy
for recovery stroke

PiDfRBETET 5
ST, EE %
[

A-M-T M-D-Pi { o-M-D-Pi ~2kgT

Pi release energy
-8 kgT for power stroke

A-M-D

6 SAYUBTICHIFIZFTRIRILF—E(

EWSODIEF, TOEZAICRT B EBOhZREKZEzDbIDNIE
RATENEBATT, TDSED—2H, SAVVORIFZFD
FETRE (BE) D¥nEYo>7c773 XY~ &< HUM

(heavy meromyosin) > TWWETFE, chEFZIFVIC
ADP ZET THESIET. R AFM THELET (R7), &
CT—DFBALEVWDE, S AV YVOIESITTRIR LRI EN
RRFICT 7 F VIR T 2HICiE fIRICY ANY - hO—
IO > TWEWETTIFRW (K 6), & 2 2D IKRD IS
S5BWADP FETCTHIEFEENERISDT, YANUZX MO
—JIFBNIESETHERIDALPRBVWANEWNS T ENRESE
nN¥d, COAFMEBETIE. REDOEASDOIILRIAILDIEZE
EFT. ZORICRIRMN/NT—XMO—7D&LSICEEEL TS
(TNZELN=TF—LRA VT EED) bIFTT (B7). Zhid
AFM OBREHC KD T7—T 1 77V N DFZELTBHBAL D



Tail-
truncated
M5

J. Biol. Chem. (2000)
7T L ORETH
\|HTED
42\ coiled-coil DRENEIT72H L ICRIRN L N—=T —LX
TAVITED

CTRBEEIEBCELDZ Y AN R bA—ZICK Y ATRE

- ADPEET COZRBEEIEDTFRENERES L, Z0
RNDERBZ EEBYMRE, TNICHEVTLAN=T =LA
ATA4 VT HERIT

@1 mM ADP

ﬁ

Kodera et al. Nature (2010)

B 7 ADP FET THREDIE E I THITED

BWH EWSZEHBEDNDATIT T E. EEZNRIHA S
H.IOWSBBEIAIIYNTEZEVWS ZEMREINTWVE
9 (Wangetal., JBC 2000), W IC L THE W coiled-coil DR
ERIFEEFREFE. COZRBEALTWEIAY YRFICE. 2
FREADREL TR EVWS I ERBRATT, REMNIFE FIRIC
BIRMNAA VT T B, EWSZ&lE, LIN=F—LAAVITDIT
FILF—F. ZRBEELTTELBZEVWSCEERB LTS A
RESABEBWVWET,

55— D EEEATP FE T CHEINIFEDERRHA (X
RyEYY) EWSEKRPHDFT (K 8), Thldk. —ErIEH
FOFUDSERELTHEEML T, 20RIC—FHIET LV
BRTY, INEMTEIRTERVWATIN, UVBOKHIZT S
<RV, T35 ADP U U —INEERT, UV U—X(FE
BTIERBVWEVWSZENAENTVWED T S A Y VN TFIF
VicEEE UICBERICIEEEICY YBHIRE SN TWSIEY T, &l
BICIFY YEBMEELTWERL, LML, ZNHBEERILIRIC
LIN=T—LRAVTFTBEVNS &, U VBREIR 55
WAY RTIRT—ZAMNO—IHRBIZDEVNDS T ETT, NI
RRICFEITDENWDS I EICRDERWET, lcEx. U VED
FREEICHES AG DMBEEAICEDNIcE LTH, BEN TV FY
NoRET 2 EBEEHDIXILFT—ERELROT TEHRL

T20IFT. BBEAULEBORIEICIE. ATP KD EEOY VEE
BEICESTRILF— AGRHESIBWETTI, LHL/INT—
ARO—270LTWBHEVWSZ EILED XY,

BE. Zo0z&zEZZE, FIRDODTZIVFUANDBRESE. 7
Y RZARYTDBER. FIROT IV FUANOBRETESULIE
EEHADIRIF—F, LN—=T =LAV TICHBIETH 2
o DED ADPBITH, FUFVICHEEBL TWS EEEEAN
EUT. BIENBEBEITNIE HDVEREMNMINTICILRD
AILDNFE T NIFRIRIFEERT . LIN—F—LRA VI T5D
TTde DEDLN—F—LRA VT DEZEDIXILF—IE.
ATP KRN ESRKZDTIFBRL TP IFVEI AV VEDEBWN
BEIRLF— REBH/EIXILF—DHERTVDBEWVNS S
ILaD &Y, fIZIE ADP FETDHEE. COBBIRILF—D
AGF 14~16kT &0 DEDREWVWTT, ZZICHBEEHDE
U2&. MO TRILSCIRILF—N—EfEDNT, 2O
ANBELRD, DEDBEEHNH D EZTDHEEIRILF—IFN
L8 D, EDS. LIN=F—LRA VT EWVWDS HERNBRALEED
BEOIRIILF—RIE. ATP k98 & ISEERIC. POF V-
SAVVEOBWMEETHZ VS DHbhbhOHTT, Th
Tl ATP IO IRILF—FEZIEDNDIZNEWND &,
NEMBREER TR BIRBODT I FUH S OBEREICEICED
nNTVWsEEZSNET,

NFOEBIEDN S EED T2 F— i

M-ADP & actin @WEETH S

Strained leading head

Minus end Plus end

M-ADP + A BEEHINH D & EDHE

e YR P BRI LE— (RELH

DIEETHRILF — —_— I BRHA)

AG =14~16 kg7 _pg wioo T HIRICEASNIAEESD
T F—

A-M-ADP
NENLEFICEEZEINDS TRLF —FATPOBERIGD AG
H oI ngn

ATP DT RILF—FEICERARDT 7 F v o OEREICED
nTwd

In the presence of
ATP

EREATPEET CTRES NI DO RE A

ADPLAEE L TWAWVWEIRIZNNT—ZX A -0 %2R ITIENTED
BIZPIORBEEICEES AG FEEEARIEbLNIZE LTH, BRLT 2
FrhOBETIE, BEEADIFIAY—EERCHOETER
I BIRDT I/ F Vv ~DBEETESLIEBEEAOI LY —(E
LNN—=T—LR7 4> 7 ICF) AR R

Kodera et al. Nature 2010

E8 UYRKERICHEIBEESL THSTH, MICED

H9 MEDHAELRLX—RBEED I HEEHET

EE THAIEA. AEHRNAEFEVSOE, FIRDEZLTSA
TIH?TH, HET 2DIFEIEIFICK SN SHIET 2D T
EENCYY

ZEE £5TT. RFE. ZRRFIBNEE (21VY) $20
5TY. HIRHVEERYT 3 5% 3 RRAICEDZDTTT, §iR
DLN—F—LRA VT &> T—HHET BB HEMH
BLBDET,

EEE Th. TO5IBERNVYEVITET D E ATP OIMKDE
TEZDAGE. TEIODXANYEYITTHEDNTULESATY



&1,

T 5T,

B ThTHAELET LR, AL TRANEISNT, e
RAAVITTBDILZEDFEARIRILF—DEZDENWS &L,
KABBICH > TUEVWERBAN? TRILF—RLICAES S
FREEZIT 2> TVSOREILVWTT LR?

ZHE WP EONTEORRI DBEEDIRILF—TT, b&
HEEBEIRILF—DREVDT, BENEALELTH, BB
LTLESDITTY, ENTEATIVRARYEYITLET,
Z59BEEFAHDIRIF—RBBLBDETR, TN THIHEE
BIBEEHDIRILF—ZER/LET, EHS5Tv bV E
VITEWSDR—EIXRILF—ZER LT E. ZnERDET
BELTLES T, BEBIKE > TEIRXILF—ZEBL T
ZOBFATERL IR F—EZAFCEBLTEDITTY,
RHho—EERUALIXRILF—Z2/AEEE > TEDIFTREWN
T9Y,

EE BB3EE, BRACINGE. BEIRDFELIFATIR,

ZE £5TY, REBRBAIRZESIEEHTHS >TVID, &
ZRMBEELTRD S5, IR IFERICERL TEXBWVWDIFT
3-0

EE NS INDE—F—EULTEDDIE, FIRDRA VY
IC& > TERBIEVEEEL TE> TESDLIF T, £-51F ATP O
IXRLF—DECDICEDN TS &, FIDESHL oW DB
NEHI3EEIHEFZLTHDIE. K >HWKICEBLET
FRILF—DBICHEHSINTWRREFRRE. Z5VWSBIRTI DN,

T £5TY, h. BEGHTTIFE BZBELTWE
ECBR>TWSDEEIKbIFTY &, BT ERAT I
TYITE, ZnEPESBIET I TISVWSLHDICHIRE
DERDICB> TIRNF—EZBATRERIZY. BBEZHIIC
HY &

= TH, < >fFWRES TR, MR D EERRETL 5
FVWTBATY & BEDRET > A< DIF. BicFEEDOT
VHANINE—THEINTS>TIETIT L1,

T €5TY, TNTHESINTSEDIFTY, EFE. BEAT
BEITZDT, REOBEBIRILF—ZDHDIF/NEL<HBE>TL
5bIFTID,

HH AECEbND ATP OIRILF—IF. MKSREIFES
fcElBaNEXRBEES>THFNED. BRI NIFYEBIE.
DED ATPHHEE L TOMEL T BRLEIC ADPHHIRT 22 &
PRELBDITT, SAZYDOET ATP BRI RS 1 2BIESE
FTZERZETRILF—DEL TRV, K6 TATP & ADP+PI i&
THHREICH > T ZITRIRILF—ENELTLREVNEWNS
ZETT LR BT BIT. ATP NREGDIF. ADP 24U %1
HIC ATP BRERA T, HERDE 5. ADP ¥ Pi DR,
ZDETBTHEBILFEDLNDZIRILF—DHEHTRENWSZET
EENCD

Tk EL,

HHE S 2KE UTENEE. ATP THKDENSE 2 AE
WTBAEINES. B> EHIRNICR 5. ATP DIKDHED
ATV I TREFICELNZIRXILF—RFHETHEVWEVWS T E
TYH,

ZHE FADDINTHB L,

HH ZhiEonDERY. KiE EEOBRZTE. FIZE Bl
ICE—F—TRTH, EILlEVRERFSF—EeFYFF—F
ENN HHWSERE. BRLETOD ATP IIKDEOEZZTIE
FEAEFERET, BEBED7Z 74 ZT4DEIBT, Eb
NBEREIXINF—DHTBATT L. T RESADERI,
BV P OBBENSABERMOE UL TEHATIEALT,
ADP OREBED & AN SABOIXRILF—EROEL TS, #
SWSKBEATINR?

T WP BVWET, 6 TDA-M M5 A-M-T @ 10AT &
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Fig. 6. Diagram illustrating the mechanism by which it is 1 that tension

is generated. The part of a fibril which is shown is in the right-hand half of an

-1 band, so that the actin filament is attached to a Z line which is out of the

picture to the right. The arrows give the direction of the relative motion
between the filaments when the muscle shortens.

A. F. Huxley: Prog. Biophys. Biochemphys. (1957)
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BWET (Sanakamoto et al., Nature 2008) o

TFH HEERSHPWAFMOAYFLN—ZFE>T. 1 DD ATP
DIKDETH, DMEDORWEBZESEWSEDHDRLE
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fg‘:% 5_/110

BE ZnHS. L—RAyTUYITDES—DDIETYRE.,
BOREZES UTHERS THEKERMDPRUL, H#WRED
BoERWEKTD, ZNIEFESBATIN, REZEXDER
FENTHRVWATITH?

ZHE WP SNTERT, BEORSZELS TNIESRIZE< D
LT, RAZEDBMDAE P> TVLETH, HEPEBRORSICELS
T—EL> TWSHERTEELCEESNTWET, 2008 FHiED
X T, KEBABIMBVWCRUICB ST EBWET,

EE BUSAVWSNDTED @HhIXY ~Hhid,

B E5b, BERRWESH DD ESEVWE U F1 BAD
TlE. ATP 5 ADP L7325 & ADP BB ANnG <23 AT
FTiNnEDH., ZDBEIE ADP EBEFICIFITNBATIN?

T FOFUDBWERBEULBWTTIIE, PIVFVERET
d&. (FRMAIAREGL TEADBHENLIBETI D) ADP
BEBSFICHERELE I,

L 6 TZDEED M-ADP 15 A-M-ADP D TRJLF—
ROy 7 THEEADELU T 20EEDHHICL > TELMESE
MEIBHENSZETIR,

ZEE FW (DY MAMYTURBBERTI D),

B ZIRITER U, > T,

HH RESAOR 6 ORABT. ATP OMKFETIRILF—
BELNTBEVWEVWSEWAZENTERIH. M-ATP A M-
ADP-Pi €733 X7 v 7 TRAZMEENTONTHEV>TWS
CERZEDEBDRERSATITE . RIDYA V7L LT
BENILHESHIC ATP OIRILF—HREHE L TEDNTZ D
FTTY. EHS5ZS5VWSHATIE. ATP. GTP DHlK D BEUND &
CEMSIRLF—DERTZ>TVWSDIF, BREEBAL LR
WhEBSATID,

ZEE NENICAEFIZ0RBEH>TVWS & K11 ORIED
BEZ{LTIINR LN=F—LRAVT, I THENLESEZ
LT2hIFTT, CONERNAFDHEDBEDIRILF—FED
ICHBDH>TWS &, BIRDHEEE R Y I DHWIEDEBEE

ICHBDIFTTT LR, BORLICHEDEITH, K10 TBRNLE



RERDEERTT Lo 2. ADPEETFT CORBRTTIFE, BL
ICBEEHIELTEDIFTT, ThEdD, ZNENENRLE
KT CITIFEZRVWDITTY, BEMEVWS & BRBENT D
FUHSENBWNS, RIEBEMTOIC ATP IEFRRBERD
T ke ZORDODICZZTIEAFM D#t TRz EVWS
EP 5T, D6, k& UTRNIE ATP DT XRILF—(F#k
ZREMIDICHERDIFTI,

FH ZNTLWVWATY, WOWARRERSATIIFE - -,

T NFENREEERODHTICIEATPIFES ULTHERER E,
BOT, WOEITOICEBRERITE, ZORMDETITRILF—H
ETIKHZD>TWS &, ATP TIFHL T, BEEHICH - T,
FORBEEHDIRIF—FEIHEETEZN>TWS &, 77
FY. SAVVEHOBWESIRILE—ICHoIcbIFTT,

ZE DED.,ATP OIASRERISY A 2 LEET oI fEb
NTBATT &he THYA I LEET Z L THENIEEET 2
bHRATTH,

ZHE RINOELDODRTYTZRTIC. Y1 7ILehzRT. %
2 ATP IR F—ZEfEbn TS >TEPNNIE. ZhidZ
5?“?-0

EH RAUZEES>TRHATYTIFERR ATP OIIKIMED X T
W PERERULBRWVWSTWS ZEICRB & ATP, GTP LA S
B fE25 > TRDET LR BIXILF—H5HBT3DIFL
IRV U,

ZHE RO TIH hid BEEHDBH > SN ICEINR
WhITTY, BEEHCIRILF—DEISNTWEDIFTT &L
R ZOBEEHZRI U TEIAREKRAN> TS &L TDEW
BEIXILF—TI LR,

HHE ZFNhiEF1 TERBRATTITER, B SIC. BULESR
IXILF—%, @R/ BEDEHIE->TMNILIZELTBAT
T E,

T fofe. BEHMCIS WS, WHHIRILF—ZEID ATP T
FILF—BANS DL o7& LTH, ZNZEESHRIT B EN
S DA FEE T, ATP KD EED RIGH 1 7 JLHNE S 72 WER D FI
TEBWbIFTI &R, LIFE, 2ZTEW W &iF. BEE
HEWVNSHED EDAZNEEO T RILF—IRIF ATP MK R
MERTHDIFTRIBNWTT L&,

SH BRLETO ATP IIKD@BHASEKTEDLIFTRBVWEEX

BOWATT ko 25WSHIDARWAS, RENSIRILE—
PRI & SBRCIHZZBDITT,

EE AURIELSTIN K9 T BEEADIRILF—DR
BHDIRESP>THLTHATLUIESIF?

T FW, EAIOBEEADBVEEDO/EEIRILF—F M-
ADP 70 FYDF7 74274 —MEREDXT, GRIDHEIE
EHNBHDHBAEDEEIRILF—F. 7Yy NANYTOEENS
ROSNET, 2592 &, FIRICEASNDBEEHTRILY
—HKED KT,

B RBAERBRL DD S TEFE U, EWEWWWTT A ?EH
T ho

FH BV, . RIGZRIICED BDICHARICKERIR
LE—REROIGRS> To SAYYDIBE., KELRAR., Toh
WEHIZ T2 &, RIICED B EHICRERRED 84T TUTK
S, ThEMIFTZEDICIE ATP DEENS<HEVE WK
{BZ2DDF, SDETZDERTIF. REGAERFEM T THN
A TY L1,

ZHE BERERNMNTTRVWTT, TH BEEADIRILF—>T,
BERECT, E>EBE>fcddic, M12 TRAUEED
BEMGHISREBELDE. K 10kT HBATTI,

HH BREEHMESZED 105 TIR, bMDFE U,
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B ZhnTiE FIRLSBHRICYVNIEDOINIVRY
DEEBICEITHE—Y—DEZBNLET, S NIV RUF
IROVBIEFREADY A NVILTHIEEE LTERINTH
SRNIAVRUZPRHICERDAENE T, & XIFI NIV RUT
EOVTFITHBTILEIZ N IglicK>TWBF VIV E
BIBRRIEABEENED 2 DDA Y R— M Fr XL EBBLT. Y
RUZRICBITULET (R 1), ZOEE, FIREDOT 1 ~VILE
D7A—=IRUERXAVET YT A—ILRE N3, BiER{E%ES]
SRS TCTFYI7 A= RTZDH, MUY IOV +ROYV
Hsp70 T9, Hsp70 IERIERAD 7 LERIE KO FEFFZARY
RT7FRBEICHEBLTEI>RSBDIF T, 2T Hsp70 lF—
fRIC ADPEITIEE T BB Y VNV BICHEA L. ATP B THREE
FTHIEPASNTVWET,

\IGTJ

—\\ o7 \&

Power stroke vs Brownian ratchet

1
.=,’ trapping by Hsp70 to
# prevent backsliding/
A olding

power stroke by fiié
conformational change of
Hsp70

binding of next Hsp70 to

exert another power
stroke
trapping by next Hsp70

to prevent backsliding

1 EZEBO2O20FEFIL

NRT=ZrO—27FEFI (K1 E) Tl Hsp70 HARED
YR—KNF ¥R TIM23 EEEHBATIN, ThiTHELTZ
ZERBBELT, AVRA—=Y 3 VEHIRID. HikEZS >
K. EBMICIE TIM23 EE&AIC ADP B THEE LTz Hsp70 At
AIBRAEZ UoMDRZI T ATPEADI I L AF R EHEZL
AVIRA—=Y a3 VEMICKDEIREZS >RD, £2F 5.
BIBRAEDH 1 MYVILRIO R X1 UANFE F T EAEN D, 5| =
AENBE Hsp70 1& ATP BUTX I LAF RNRA v F LT=D
T TIM23 E&H L OFEMMENTH > T, 4 vR— MHOM S
h3, #5323 ERD Hsp70 H¥ TIM23 HEAKICP > TET,
BIERICHEG U TERD Z/E . £/25] oK. AU I EHED
EVWSONWNT—XARA—T T, NS, NV RA—/I—/\>
RTEICE—F—&WSZ&ICBDET,

—H. TIVZFYSF v hOBEICIE. Hsp70 & ATP B

E
=

—t) DS

N

= &

N

A - OEESE

T TIM23 BEMKICHE
ELT, A YR—=KF
TRILOHEOTHEHE
ZATBDATIN, 2D
BRFETREEY A~
VILAITEERESET
BRENICIEFETET,
Y4 ~NVILRITEED
BoWwTIEE T3 &,
720 VEE TR
MY MU I RIZEW
2TK %, 595 & Hsp70 (& ATP Z ik L T ADP Bl &
B FEFTA>TERBACLO>NDEELET, CDEE
Hsp70 (& ADP B(C72 5 DT, RIFEAFZ DNARRETE TIM23 18
EEOEONSHANE T, T >ED/NT—IASAOA—=TETILTIE.
ADPEITU>H D BIBD TIM23 &R L FIBRIKICHES L. BIEK
Hz5>R> 5 ATP BUCH-> TR TW <, B&EZML THl
E{E%5| ok D Icoicid. ADP BITRBICHKEL TWRWES
ABDIFTIR. —F7 V=7V ZF v hOBEICIE. ATP
BT TIM23 BEMEICHESE L T, ADP B CRIBRIAZ DO ATE 554
N3, FBITNTHLREEKEDOMNALEETT, 59 D&, RD
Hsp70 P> TETHERD Z<S &, Z25WSDIFT. Ihd
INY RA=N—=/\Y ROE—F—TIH, BREMICIFE TR
&% Hsp7O MRSy TFBEVWSON TSPV ZF v b
T9,

HEEEEdh (REX)

HH ERIOROEAFRODAH, AU Hsp70 A% 7'y &51o%k>
RIS, WoRAIRUNRTF REZREL T KcalBEZ DD H
ELT. 35WoRA52EREZEEFBVWATIMN?

EE BWTIi, ADP BIT3|53k->T ATP B> 5.
TIM23 EEEISIETNET, Hsp70 D TIM23 EEEADIE
i3 ADP BN ATP BN TEDLD T, WEWBHHRIFH 72D
TI . Craig 5DV IL—7IE. TIM23 EEEIC Hsp70 hiEE
THEEDOXILAFRBAEFANCET B ATPREZEWVWS
ZRUEULR (K2), DED ADP BT/ % & TIM23 E&H&H

5@FITNB2EVNSDIFT. T TZV=Z7Y5F vy bz
LET,

RICAAEZS A (BRBRK) ' Neupert i TY >7zD &
Hsp70 MMEETERWEEFIE WS DERELIEATT (K 3). #



Liu et al. Science 300, 139-141 (2003)

Regulated Cycling of
Mitochondrial Hsp70 at the
Protein Import Channel
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Step size of the Hsp70 import motor
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Brownian ratchet mechanism
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Power stroke mechanism

Yamano et al. JBC 283, 27325-27332 (2008)

B2 Craig 508X
S5TBETIIVEN TILY I VBN MATZES > TV DI,
Hsp70 IcfEELIC< WZ EpbhbF LR (K3 OE A~C),
ZFIT, U UN B0 EHitATS(GE0) D TILY I VEE
MNBE0ELITA TS (E50) &Wo cRdl%z 41 caibkrsE (K
30AHA). invitro THEEEI NIV RYFIZAVYR—KULIZAT
To 59 3&, Brhsasyih—bahiEFLi (B3 DA B.
C)o Hsp70 KWK 5/ T =X MO—Y T3l o5k> T > THREZE
EOXRZEZICIFBRENHSZD T, Hsp70 MEETE S RDAES!
MY MY T RETRBWENY RA—=N=N\Y RTHATILH
BI5HWETTT (K3 DHD), Invitro 1 ViR— kT G50 T
6 EB0 OREY VNV EBETHEAMBELR . thORREEREE
DIFVWHETE2/RNBEWND id. 72927 ZF vk
ZEXRITD. £5LWS52&TY,

The protein import motor of mitochondria: Okamoto et al. EMBO J 21, 3659-3671 (2002)

a targeted molecular ratchet driving
unfolding and translocation Koji Okamoto, Achim Brinker',

Stefan A.Paschen, Ismail Moarefi',
Manajit Hayer-Hartl', Walter Neupert® and
Michael Brunner®
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-
(G} oo
H

3 F&. Neupert 505X

LW T, 2008 FICFAeENP e DIF. MARSADHEEZD
SE&o ERESE T, DD, FfcBId Hsp70 HY ATP BNk
BYA7I)L 1 BHDICBEBEESNSRREORE, DED
Hsp70 EE5SE—9—DRATY T A X% RB5ELIcATT

(B 4), X\O—ZA b O—=7K>f5 1 B0 ATP IKDEY A2
LTSRN D IERE. ATy 7Y Xid. Hsp70 OV T+ —
A=y a3 VERITTREZRZSE (R4K). £T3MTZ

4 BEBORTYTHAIERD

VZFVIFy oS, BIRKAINBFICIEEITTAST
KBDZENTYTIBRITFENS, FIBKKICE > THREITESEE
B, AT v 7Y XBENWBNWBEDDEZREESE (R4 H).

HASADRUEDE 50 FEED. ZNNFEBICKRELTHN
WO TERE2ATI R VY VY DERIIDREZVWE VWS EE
ATWSCENT=ZAMA=IRB5TYIYORIIDRAT Yy TH
A ZXEDBNEFNIE RO Hsp70 MK > DIF T, REL K>
6 223 BL<BBLPBVWTIN (B5), ENE. TUDY
DEFIIDREEZEVWBVWBEZ TV S, A YIR—MNDRERFE
CHDORE, DEDRTYTIHAADECETELB>TLES

Step size for power stroke

/ power stroke with a

W@=—= defined step size

Import rate

Gly(x) <step S|ze Gly(x) > step size

25 -

import proceeds Yamano et al. JBC 283, 27325-27332 (2008)

import stops

B5 NI—ZAMOA—IDRTYTHAX
2£25& (R58K) 73927y IFzv ot ESHE
WS & BIBRGEY VIRV BICE > T R E X N IEL £ IFHNE
EFTA>TKBESBHDRE ATy THAX3NEL%BD
T L £H5. 6 EDFRBRDLSBRELABDET, &2
2PN TA—INIWT YT AT A IR I v —RIESEE L
Lics, BETZEZICR2BIEFEFZINE. AT Y TFA X
HDFTLKRELBDIT L (R 6 HEDEWIR) . WSDIF
T, WBWBREIREICDOWTRAT Y IH A X2 oA TT,
e EHB M7 OESEBE>T TUERMCDOBWERX A Y
PALFEE R XA (HBD) DBEDRT v TH 1 X(F 10~20
TE/BERE NN F—EDBEDRT Y TH A X(E 20~30 7




Step size for Brownian ratchet

local unfolding

Gly(x): short

Gly(x): long

Gly(x): short Gly(x): long

Yamano et al. JBC 283, 27325-27332 (2008)

B6 759=FPYSFzvhDRATFYIHAX

I /BAE. DHFR OBEDR Ty 754 X 60 7 X / BEE
MEembRUT, 115 (B7) ZR%& HBD (& N ik 10 5%&
CHEWERESEZSTI LR NILF—EIEANVY I RDERD
NE<C ENIF20ZESSWHNFETFTESTI & Z3H\DHFR
(& NIgh' C e —fElc B — MBEEZF>TWBH 5. FEWFT
BEZICRITAO-NILICEETBUDNBVWATY L. BDT,
DHFR DA Ty 7H A XdH DI LK REL BB E FEIFT D E
ERITO—NIVIE—FMNICIFEF T DO EEIC Hsp70 HMFEE
FTHICAS> TELHDICHEELTRSI Y TITBENSZET

Yo ATV TIHA AN YNV BEDBREICL > TES EWS DI,

T29ZF7VSFzyv hEZRFLTVWDE, F50WS52ETT,

Step sizes of mtHsp70 differ for different
passenger proteins

HBD

Barnase

10-20 aa 20-30aa > 60 aa

Yamano et al. JBC 283, 27325-27332 (2008)

7 BRI >TRTY THA IHRIED
DWTIKES &, SRAVYRUTPADEREBE WS DIF,
Hsp70 lc &k % ATP IR BUMC I b OV R Y 7AKDRE
MHHBERATT T ES REM (ADIE, ANE) OREIFEL
WohTEFHUTc, ZORDSEDHRTHD > cDiFE. TLEE
NETSADERMZRF> TWBDT, BEUNG S & T LEHH

RIRDF ¥ RIVIC & EXBREARLE> T Hsp70 HES
YI<BBE (M8, £h 5. REUNEESY VN IBZAEIC
cEBBIET, T RIHTBE LT LEIIC Hsp70 I$HEE
PILBBE, TNICE> T FEFRRENLREILESNDHR

Role of membrane potential
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Bc@®»3dTET, 7LES
KKHsp7Ob' @& LY IR
B TOTETEUNIEE T
TREAEEE NS,

BRYVIIAOME

AL
H-BNIEERD TSI VEBTERY VI IRNT YT

ARBETZE, B20Hsp70H'EHY
YIRIREHEUVTRRD &<, 20T
ETHESLVWABEANRRT D

8 EEBICHIFIRELADRE

MNHBREBIEESIVNSIIEH D> TEEVNSTETT,
Il #EF. Hsp70 OBEZE(LZH > TLWRWEEIE

FYZFIVYMEWSERMBIFTTOWWATUL LS,

Joo=

EEE T 5UVERTAS TEICHIRAE B
v 7IBRITTED S5,

Hsp70 ik 5

I ZZIC Hsp70 DWBERIFEERERL TVWRWVWDT, Z
SWolcbDIRTZIVTFYIFY L

EBE BW, NIV TIBIEICE>T TV VEBHDSED
—HEMOEESLEFHROBEEh, ANSHADBEE WS HE
IKHFESLTHE £5WS52&TIR,

Bl EEERBESADEFEICLH>IcATIFE NT—X K
A—7 DREDERTIE. BEEHEE. FIANOBE & HEK
LTWaHDZiET VNS eV & ThIF/NT— O
—JIIEEELBWVWE, UL UBBO—AEED BB L. [RE)
NHH > T ENid ATP DIIKDEBZATUL & S1ThED, ATP
DIKDEIFE ZT—HRAKICESET 2 EEZINIEVWWATL
& DD%

EEE 2 FHBHOD Hsp70 AYRD kT v PEITORIFRIEWNT RN
DT, 1 FEBD Hsp70 IFWo e AREBRF v RILDOSEENS A
TIR.BEND & E(IC ADP ETEENE T, RICT ATP B Hsp70
MREBF v+ RIICK 2 DL 5P > TN\ RA—/NN—=/\V R
TWLDHD Hsp70 H’BEE T B 1= DICIIKDBENBEE WS Z
ETY,

Il Hsp70 B TIM23 EEMEKICHWOBENED B & WD
b ATP OIKDEIEDN S EWVNWDS & &, ZNICHSEER
BRAENDEETT R,



EEE Z5TY, KNS, RESADIAYYDELREVWATY
&L, TES5DHEICIF. FIREDIFEE TS > TVWS BN
BESETETIVVEHTINIAYRYUTZORICA>TLZD
T, 2FERNGIESTICLDZRRBATIT R, BEBESADS
AIVDBEIF S AVVDTIFIUANDEEIRILF—ICLD
DTFHROEHDREAICHR > TR &, DS, AULSIBANZ
ALIRATT TN ES, BEAMNES EVWSRERUMRERBVWEL
feo

Bl RESADFELEHER. XTI LAFROBRICLBEEE
{ED—FREERICESLTH WS 2 ETHNIE, T<KNRT
—ARO—7HBRERUICBABATIFER, SORFHEIIR
Hsp70 RIOBEECHEEBERL TRWVDT, ThIFHRED/N
T—ARO—JICRBEEBLBWVWESESEVWSZETIR,

EEE FO5TIH S, SNIVRNRUFPOEEBDREIE. T
SWIYUTPTU&. BERNTZ Y 7A—ILT a7 EAICT IOV
BEU BT IVNTBEDRSERDT, TheT 707
VIFIYvREESTEIBALULEELHZNEULNBVWTT
I+ &1,

HH E-oL5HLEHESETTI L,

EEE 5. BMESE,

HH RUIYNIBTHLLRERZEATHEEICRREICLS
PO ERELE, Hsp70 BREDNDATRVWARAT Y TH A X
ICRRBRBRATIERE?

EEE AREC»AHLLT, BE5EOKRES (FYTUFa—R)
T L BEFREDDP—FBHRICA->TEDERTYTITBA
T O—ALBTFYTA—=NUT 4 TBOMN TA—NILEBT Y
TA=IWT 1 VT30 BERESEOT A XICL>TA>TL
BZIRUNRTFREORSIDEDDIATT, TNILL>TARTY
YA IDED B,

EH HOERBETWWERBSARKIFE., 7O0-NILBRT7 YT 4+—
T TDRINDPTEI>TVNSDRES, BEETEIASNET

£ ALY VIRVETH,

B EAShEIR.
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HH ZNTRATY 7HA IHEDLSKEWN?

B BSENTO-NILBTYI7A—IULT1rTRm5, ZThdt
BIDPILTHRIDICLKLKTH ATV TIHA IR ED SR
WTIh, 1 YIR—hEENEDBREIFTY,

HH EED,

B MSYEYTOHRNBRBLLBRILEFIEL S,

HH EELIEDLBZOH -
&oEPPILW,

‘o MDD EUE, EZDEZSE. B

EBE B5RMIC, ER @ posttranslational 72 fE%E@ 6 B4k T BiP
NELZTZo=7>
ZFTYVRTIN, E
BRAEONSTRENTE
D@E@ElE, A~AONXYT
SloBBE—4—HE
S50T/NT—R~O—
IhbULn A '
£BULIEFNIE. #ELE
AOFEICED T h,
BEWULET,
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9 V-ATP 77—t O BYF#HT

Bl S, 75 ABEZE>S T V-ATPase (V-ATP 7 —+)
IEDWVWT FRABRRDELSF T, BARBRKRIGBREICHIG U BiEE
RETDEVWSERZITVWE UK ICHWTHIUHREEL
WS DIEX T LAFRPBWREOEE T, MEFEEEE WS
DIF ATP BRI T, ATPREERFEEBEL WS DIF. ATP RE
MMEL T ATP #EEHRE 5 DIREDIEE T, ATP MK A HEFEEE
EWSDIE ATPYS #fE> T, ATP IIkA B ZF>T5TH B
SHEETT, INSOBEZ Y SAABBEOBNTRITTH LR
EVWSDIFTYT, BEEREBICESSICEBENKTAHZDIIE.
HHICXT 9 2 OERREEDY 120 BT DDEWIC & - THN 3 FIC7k
5&EVWSZ2ETY,

zLTZZ (B 10) hodhoredeid. BERNICIE, EER
REFEOAEICHIGU 2 3BEOBENH DA TID, ZEE
REICEEENZ DT DH - T ZNSIFEMNSAFVNTVEY
ho LT, E@H 120 EBIK ERDEERRREICHE > TIEIERA U



ADP + Pi
ATP hydrolysis at ABgen;
o V. 120°step
120°step State1-2 o Saet2
ATP hydrolysis
at AB,, state 1 ADP + Pi

pmm—————

Vanus
State2-1

<= Vi
= state2-1

Vanue
2nuc state2-2
State3-2*

ADP + Pi ATP hydrolysis at ABgem;

10 V-ATP7—EORIBYA VIV EY 5147 EMBE

BENHTLLBEVWSIDNBEICHR > TWS, THEANICEEE
RETEEBERRIZEDSBVWATIR. EOFHFTH, TTDT,
SE. TWRICLUTWBIFRED V-ATP 7—E D V), SO DEEZ
{BIEHD R DBERNICIEC B, S WRZ % & hBEEFREEI R E L
STENTEFETD,

ZITHI0ONS, INSOBEZRIRT D&, £9 ATP RS
EHETHLUEE (®11E) EWS0iE, BERANLREEE=D
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EELICHRALYBRE - BRIEEEZBWL, PRV RICHEDLD, HMEI b R THEEEELPRE,
HREMELEZIEILOH LT HRAAMBEDERLEREINTWVS, T OV N TOERLEE E WL ER
TH-HICE, MEOAADNLDEFELE I FIVIIREL, TEEA-I IV EITERET Z—AHT, &
ZICHLTI AR TEFRLIEVETIRERH D, T v FU T denovo ICIFESNT, BEIFED I b
AV FUTEILKR, A, PEITDHIETERD, T rIAVYFUTEILARTE7-0I1C1E, T bary U T7EER
T5 1000 BEEABZ D2/ BEHLIYFYE V% ;tl,éb&a‘éﬁ/z%ﬂﬁk@ﬂ“’“% AMHLLEFEI LY
FUTRICERE, H2WVWEFHREMRLAITAIERS AL, MEARICIEZS LI ba vy FUTEERPEED Y
ETVVIDODR R EEREOERK - ik, REEE, #Wﬁ27ﬁ@% EREZR T ARy M T
—IPBEINTVWS, EHICRA, T AV FYUTEER, RESE, OoF L AERTEOMICYEREM (2>
27 b)) BLENPRONY, TNOAPEEEXRICEL I AN TERINTVS, HHRECTIEH, It FUT
ERODICKRABRANLA X 7BENIMEATEDL I IO oM, ZOBELEENEDL S ITHFINDI DI
DWT, BERY, £1tF, MREEYE, BEEYEREEEARFEREAVLVTHELTLS,

2. XEEOMEKRE
S haAY R TICERESNIZEZ VR IEOREY Y E L OD FiEE
FTf=blE, RN I7BORREICIEIPYEL (&IE) HE N FEE
THZE,TAaHDBI OV FY THED AAA-ATP 77—+ D Mspl
A, ThAVEYTARICREEINIER /X BEZRH L A ER
THRELEREICKYAATHORBT IHIMEEECYET IO ERED
TEHERH LI, AR TIE, Mspl ICLPEERIEDOEEDEHH
A, MOFILAXTTHEREDPRIZONE S H, FILHXZ
TOEBRVRVEOBICAILAXZEI Y27 LY v R
AYvAREORTFIREET D, EWSHWICERDZET, RED
SHREEPELONICTEIEEZDHILTWVS, 5T, BOMBEARRB
HEORERFOMICZERENOKRR, BITA~OERIBETFICLN

GEfildependentT

A
Geta-cepandert @
Get2

t
B

w3 backto
INETIS, Mspl IZ&->T 2 bary RUTHENSEIERAN /Tmm
JRRARET A LT v Hh— (TA) 2> /X7 BRERICBEHT S 2 & %,
HABEMBICL D2 A LT T RAERTIRIEST 22 1Tk LTz, T
Bhb, RUFFXFY—LhroI bV RYTICEREXINDET
LEE Pexl5A30 S A KAV NS EERS S ¢ mNG- (oM M=
Pex15A 30 % #¥| (B -estradiol) FEBHIC—FHICHKIRSY, £ recognition
®/%¢§EMaMLAEL_ VDS L 7=, RIC, Pex15A30 DRI A A4 ¢
SL. ARIC Mspl 0XBAHS 7 F—XFEE FOE—4K T lgi%éiliickL)?Ié‘#if)‘hf:TA’S’I//(bEO) ER ~
VIl 20 EEOBEHEZ, RAEBHMIBETCE=X—L, LWo7tA
i Fay FU 7ICEBERXRSING Pexl5A30A T P FUTHABERICBINTZZEZ2HENHHFETRI Z &
AT &7 (Matsumoto, Ono et al., JCB accepted, 2022),
RKIZ Mspl IZ& » THlEIRHDNZBEX TA 22 /37 ED, Mspl UADED & 5 HEFITEKEFEL T ER BT
TEhERT LIz, FRERINIZERITED TA XY RXIBEYFA MY LD TA XYV BHEROY v A Y
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Get3 L ZD ER LDOZAK Getl/2 (AHETGET Y RFLEMRR) (2L->TER~DEBREATHONE, 22T
ShaYRYTICEREEEINT PexlbA30H M5 GET VAT AICKEL TERICEBITT 20 E 5 A% get3A
¥R, getlAget2 A ¥EfE > THAR, ZDOHER, Mspl (L& > T3l &kAN7z Pexl5A30D I Far RUT7H5
ER ~NDOBITIZ GET Y AT LICKRETEZZEAPALAICH >/, LHL Mspl Z2BRIHKIET 5 &, get3A #,
getlAget2 A %R T3 Pex15A30 O—E0IL ER ICBITT DD T, MRIFEVWAEA S, GET Y X FLICKEFELHZL
TIraAYFUTHBERIZBITTIIRENH D Z LA D (Matsumoto, Ono et al., JCB online published,
2022), COREAIFAVEFYT-ER VR b ENTE0H, FEEKFEVEETH DN, SEHORFTEET
H5,

SraYFRUTHERI RO —& SAMBEEEICE S B-NLIILEERRO D FHEE

SV FUTHRICIENDFORR7EOBY BZRETHHRY 0 Tomd0 RENLILEBEDER »
N8 (B NLIWBELZ /I E) EEL, T3V RU T7OMEICHBATH S, SAM EEEKITINSD X
YIROBD B NLILBEERENE~ADHEALEIBS PS5 -2 THD, hicbld. SAMEEED, #
BY 731y b (B R08) PERDIZODEAEFICOVWT, B0RETHEBEERETEIEICHRMLE
(Takeda et al., Nature 2021), Z L CT. SAME&E&EIAZDOH 721 =y b (Samb50 & Mdm10) ¢ EBD g N
LILER Y Ry BEANBZ RN, EEONLABERKREEL. AEICHAASHROEES (8 NLILRA
YyFETI) EBALMICLE, 50 SAMESGHREEDS (Tomd0) OEEE (B NLAERTEE) 074+
EMBEEERE LA (RBERD), BENSTBENT: SAMEBEBICLZEB LV /X0ED B NLILESER
DAHZXLIE, HED BAM EABICE 2 AN ZRLERBELERDIDIOTHY, TDLIBANZXLHIE
{ERICED LS ICEB I Nh, BREEHD THEBKEL,

3. Research projects and annual reports

Eukaryotic cells are highly compartmentalized into membrane-bounded organelles with distinct
functions. Mitochondria are essential organelles that fulfill central functions in cellular energetics,
metabolism and signaling. We are studying the molecular mechanisms of biogenesis and quality
control of mitochondria and other organelles from the viewpoint of protein and lipid trafficking.

We previously found that the cell has a mechanism to achieve proofreading or correction of the
delivery of mistargeted tail-anchored (TA) proteins. Msp1, an AAA-ATPase in the mitochondrial outer
membrane, detects and extracts TA membrane proteins mistargeted to mitochondria and transfers them
to the ER for further delivery to downstream organelles along the secretory pathway or for cytosolic
proteasomal degradation. In the current project, we are aiming at obtaining the entire picture of this
re-transfer of mistargeted proteins by answering the questions of what the spectrum of the substrates
for Msp1-mediated re-transfer is, whether such a re-transfer can operate in other organelles, and
whether inter-organelle contact sites and chaperones are involved in the re-transfer of proteins. In
addition, we are making efforts for the search and analysis of the factors for other subcellular re-
localizations and other cases of multiple protein localizations.

In the present study, we have succeeded in showing the mitochondria-to-ER transfer of mistargeted
proteins extracted from the mitochondrial outer membrane by Msp1, using time-lapse fluorescent
microscopy. MNG-Pex15A30, a model mitochondrially mistargeted peroxisomal protein, was
transiently expressed by [B-estradiol under Doa10-defective conditions to prevent its degradation.
Then, expression of mMNG-Pex15A30 was shut off and expression of Msp1 was induced by the
galactose-inducible promoter. The fate of mMNG-Pex15A30 was monitored by fluorescent microscopy,
thereby convincingly demonstrating that Pex15A30, once mistargeted to mitochondria, is transferred
from mitochondria to the ER (Matsumoto, Ono et al., JCB accepted, 2022).
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Next, we examined which factors other than Msp1 are involved in the transfer of mistargeted TA
proteins extracted from the mitochondrial outer membrane by Msp1 to the ER. Newly synthesized ER
TA proteins are delivered to the ER by Get3, a chaperone dedicated to TA proteins in the cytosol, and
its receptor Get1/2 on the ER (together called the GET system). Therefore, we examined if Pex15A30
mistargeted to mitochondria also depends on the GET system for its transfer to the ER using get3A
and get1Aget2A strains. The results showed that the transfer of Msp1-extracted Pex15A30 from
mitochondria to the ER was dependent on the GET system. However, when Msp1 was overexpressed,
a fraction of mistargeted Pex15A30 could be transferred to the ER even in get3A and get1Aget2A cells,
suggesting that there is a pathway for mitochondria-to-ER transfer independent of the GET system,
albeit with low efficiency (Matsumoto, Ono et al., JCB accepted, 2022). Whether this pathway requires
the mitochondria-ER contact is an interesting question, and will be a subject of future studies.

Molecular mechanism of B-barrel protein folding by a mitochondrial outer membrane
translocator, the SAM complex.

The mitochondrial outer membrane contains B-barrel membrane proteins such as porins and Tom40,
which mediate the exchange of small molecules, ions, and proteins between the cytosol and
mitochondria and are essential for mitochondrial functions. The SAM complex in the mitochondrial
outer membrane is a translocator responsible for the formation of the B-barrel structure of these
proteins and their incorporation into the outer membrane. We have previously determined the high-
resolution structures of the two forms of the SAM complex, each of which contains different subunit
proteins (Takeda et al., Nature 2021). We revealed a novel mechanism (B-barrel switch model) in
which the SAM complex switches its subunits (Sam50 and Mdm10) with the B-barrel protein substrate
to promote its formation of the B-barrel structure and its insertion into the outer membrane. In this
study, we have determined the cryo-EM structure of the complex (B-barrel forming intermediate) of the
SAM complex and a substrate Tom40 (in preparation). The mechanism of the SAM-mediated 3-barrel
folding is completely different from the one mediated by the bacterial BAM complex, and therefore, it is
extremely interesting to know how this mechanism was acquired evolutionarily.
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mediates transfer of mislocalized tail-anchored proteins from mitochondria to the ER. J. Cell Biol. 221,
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TTHLE. SPA. FNER, 2EEDL, I3V FUTAREREFRAZED V7 74 FEMEE, BARBEME
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2021.6.14-16, EN, QA

TTHALE. BBA. FNHEE, 2FEdEH0, T b PV TR VERBAOEEER, B21RAAEAER
FRERT—0av /8RS FHE: R N EOBEKERBEMEORER], 2 IEm+ 47U v F,
2021.6.16-18, EKN, M

Toshiya Endo, (Plenary lecture) Protein machineries that make and maintain mitochondria 35th Annual
Symposium of the Protein Society, #* > 7 4 >, 2021.7.7-14, B4, O
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+A 7Yy K, 2021.12.1-3, EA, AHA
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CLE

AE ME, SH KE. &F BF. i BL, 28 50, T BF, sSREFHRIBEMEZRAV/ZI MO
YRUTRRIERAT — FTOMEEGROSBHE SRS, BAREMZSIERE FI9RKE, 774 v,
2021.6.5, ER, O

40



ik BT, @ BA. SH BB, BAE Hh. F) KR BB ASE, 7 AFTEFREHEENICL > TH

LMo bV R TR RIBRAT — FTOMESGHROBE & e, HAE(FSILEIE 390
=, 74>, 2021.6.5, EAN, O

NNEER, BEIEL, REETE, THILE, FBEMAMN BA7LT7e FTe PSS+ —+ HdIOMEANZER
O THE, FIBERBAMREENFERKRE, #7414, 2021.6.29-7.2, BN, HE

REETL, BEIEH, MMFEEERY VICLD2 XX EESBEBETOMEAEOBEEERE O H FIEE, £
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1. ARBUE

DTFHBREMFARETIE, [ZV/0BO—4%| A RERHROBE LTEREL, Y /XIEOHED HILETD
ANZXLERLIZ, ATH I [DF v ROVICED 74+ —ILT 1 v 7 Mo L0 (208 R
BEBEE ] ICEREH T THIRZED TS,

ZUNRTBEIFELLERSIN, ELWESEZ & > THID TARKOBEEZ RKIET 50, ZTNICIEELDHF v ~RA Y
NEELEIZEZLTWE, £/, WoTtAELWKEEZERS L2/ X0&8S, MBICTEICAN B4 DX ML XIC
LoTEMLEY, BENERICE>TES LTHELWEBEZ ENEVWER Y RIBLEET D, COLHI Wb 3
<ARA VN7 BE>F, Bl A0t cmd, MiEsHICk > THIRZEZFEZEL. 7Y NI T —EmP/—
FUYUREDL I LBEL DHBREMEEDRREHL>TWS, [>T, [y BHIELLARKTS productive
folding] & [SR 7+ —IWFLEZY NI ELZBEICNBT5-00REEBEIE 2L EHRT I L I1E (4
YROBHEOEEE] HRALALVLTOEGVRATLOEEEDHEE LW HSHANHIE. KWAOHEEETH S,
AFRETIE, EROIVET M- T, 320FERTOY 27 MIODWTHIRAHEL TE7, Thabb,

1) NEERICBITR RV BEREEE,. L Ry 2 ZE1HE. ALy LEEED /AR F—2 @ NaEIEEEREED
fR e

2) AT L UEBRINNTF S v ROV HspdT OEERRAT

3) AV NUBRBEEBICEDL IR X T A1 1S

LT, 7A8Yz2 k1) 1220WT, 2O 1FE3HNBTESNEMRISOVWTRNT 5,

MNEEICHE TR 2o EBREEE, LRy 2 REE, ALy LEEEDOIOR F—2 NEFER SISO
MNBERTIZAT7 A=W R LR ROBIEYA P Y AABREINTALAEFF I OTTY —LRICE>TH
fRENn% (ERAD), ZOBETHHESIZL Y, 2008 FIZ ERdj5 & WS BTEENI KR IN., IXT7+—IL K&/ s
BOREEEEBICEVWTEELREIZR/ZL TWD I EE T TICHE L T =72 (Science 2008, Mol. Cell 2011 % &),
512 ERdjS AANLT T LRy TOEREHIET 22 EICL > T, MBERO ALY T LEBH#IEEEB-TWSE Z
EaEFERLT-(PNAS2016), 2D & 5 HE@A L, L Ry 7 RGEEN LR NV EBREBEEBE ALY T LEEED
JAXP=7ITEFBLTVS, MEEIELCAOND LD ICBILHREBETICH D H. ZOBILRREICEWT ERdj5 A
BIUEEZRIBET 527-0I101F, Ao DOFERICL > TETHZBRITNIERL RV, EVWAZEINIE, BEFIEEDL
51CLTERABICIEEENDZ DA, MEEIZED LS IZLTHA FVILASLBEFEBTLIDA, ABIT BN LK
EHAMEERDS, TNIENBEREWD FILARTICERINT-HMBEDZ LEORKDRO—D2THLH B, AHRETIL,
HRAMONTELDEFE ST BRDIFLBTEICL > T NEKICEFOIMBBEINTWEA A ZXLEZRPESHAICL
D2OH B, i, MBEBEREOL Ry JRBENEDL S ITEBRINDI O, TOMEEBPICHEL T,

2., XEEOHERR

NFICEITBE 2N ERESE, LRy 72§, Aoy LEREEDS QR F—7 L NEIFEE S OARE
MR/ ED—D2THH/NEETIE, RN/ BEREEE - L Ry 7RG - ALY T LRXFZAZIAEWNWS =
DOBRBERNMFEZRIILH VL, EBELZHEL TV, MEFRIEBEN 7+ —LT 4 > 7DHBTHY . ZDOL Ry
JRBETY A FYVILEEE L, BUBEBICHIEIN T WS, £/ 2 OBICEBEEATEL. BN 7+ — LT«
v EMELTWSE (M1-Q),
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ZOBLHBRIET, B4 INEERTY LT 4 RETTER
IZHFE L 72320l 3k ERdj5 2% R L. ERdj5 AVhgtko L
JF R NIE EDEM BLUHF v _O Y BiP £
EEERT S EERE L7z, ERA)S (/@A TI R 7
F—ILRLEPBEZDYRILT 4 FiEAEEEDET
SEMETUMT L. INBEI ST A RV IILA~DBEHERE L.
AR EAFEERBICEVWIEEREFIAZRZL TV
ZExEREL7(E1-@.R. Ushioda et al., Science 2008;
M. Hagiwara et al., Mol.Cell 2011; R. Ushioda et al,,
9 Mol.Biol.Cell 2013),

_— _,: e 512 ERAJS AVNBHIEICHET B0 T LRy
1 @ 7 SERCA2 DU RN T 4 FHEAE E S DB E TR

YAy —L bUI' h/;b

L. BEHEERMT 5T & TRBE~DHILY 7 LFRA%E
?@ Ca* : AEL, NEED ALY T LBBEICEEES5ZTWS T &

DS MR 572, I HICHILS Y LEIEE LT, Nk
M 1. chEcIEkEBIE 7 +— LT oah  BEDLFY ZRRFANNL T LTF v 2L IP3ZEED
DELEBUREOBE LTEASNTER, —4. 8 AEEL Py 7 AERENICHET 2 b RELTHY,
B/ EEREDBTRISOBEEEZBESMICLT Ry 7EF v L% ERAj5 ORITEME % A L T reciprocal
x4 A DA BEICHEIET 2 & WS R T A HIEERE
ERASMICLO2HB (F1-0B),

S 52 ERA)S OEEMZASHMCT S0, ERAS /v o x>/ /v 7T b%LIRA, CRISPR/Cas9 %= AL
THAL L 7= ERdj5 K48 Hela flifa. F7-1& MEF fifa& AU T, ERdj5 RIBIC L 2laNER #8157, ERdj5 X8
R TIE. HILT T LA F 2V EBERENISERLT 2 Drpl 2SEH/AL L TH Y. Drpl @ GTPase SEMEMKEMNIZI ~ O
YEUTOLOYVEIY AT B Z & x BH L7, ERd}5 KIAIC ié\ PO FUTEERNHIZI b2 P U THEEDK
TAE5lERZ L, MIEANTO ROS 2 LE&Hk, 2D EIC RO TR -V REERSY, ZOMIBIE
BEUEREREODEEZBMIE2AEEI IR INS, it\ﬁﬂwEMSAEiﬁﬁwﬁ HETFTEEEZEH
LM LTze TNHDHMEIL ER)S OFIENICE L. ZTOEEUABFRMT HER L4 -7 (R, Yamashita et al., Sci.
Rep.2021), ¥7-. B—= ¢ OHBEWME . CHOMAZICH 1T 24k (IgG) EAIZDWT, Hspab 7AE—X — %7
FBLERBREMEL/, Hspab 7OE—X—%2H|3 28T, CNETORBREUKRL L Z 2 E0ELASEEE
8 L7 (H. Tanemura et al., Sci. Rep. in press),

3. Research projects and annual reports

We have been focusing our research on the productive folding of nascent polypeptides by molecular chaperones
and protein quality control mechanism for misfolded proteins within the cells. Particularly, we have been devoted
our activity on the following two major research projects:

Maintenance of ER homeostasis through the crosstalk among Protein Quality Control, Redox regulation, and
Ca?* flux. We identified ERdj5 as a disulfide-reductase in the endoplasmic reticurum (ER). ERdj5 forms the
supramolecular complex with EDEM and BiP, and activates the degradation of proteins misfolded in the ER by
cleaving the disulfide bonds of misfolded proteins and facilitating the retrograde transport of these proteins from
the ER lumen into the cytosol, where they are degraded by the ubiquitin-proteasome system, which is called as
ERAD (R. Ushioda et al., Science 2008; M. Hagiwara et al. Mol. Cell 2011; R.Ushioda et al. Mol. Biol. Cell 2013).
We found that ERd]5 cleaves the disulfide bond of SERCA2b, a Ca®* pump on the ER membrane, and regulates its
function. Additionally, ERd]5 senses the Ca?* concentration in the ER and regulates the interaction with SERCA2b.
It suggests that the redox activity of ERd]5 is involved not only in protein quality control but also in Ca?* homeostasis
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in the ER (R. Ushioda et al., PNAS 2016). Furthermore, Inaba group (Tohoku Univ.) and we elucidated the structure
of SERCA2b (Inoue et al. Cell Rep. 2019). This information may help to understand the activation mechanism of
SERCA2b pump through ERdj5. On the other hand, we have revealed the mechanism of the electron transfer to
ERdj5 from the nascent chain. Furthermore, we summarized our previous works as a review of the redox-dependent
endoplasmic reticulum homeostatic mechanism.

Here, we focused on the control of the Ca?* pump and channel by the redox regulation in the ER. Here, we obtained
the structural information of SERCA2b for understanding how ERdj5 promotes the influx of Ca?* by SERCA2b. Then,
we found that the reductase ERd]5 affects the Ca®* release activity of the IP3R. Additionally, we found that ERdj5
deficiency causes mitochondrial fragmentation due to Ca? homeostatic disruption. It was clarified that redox
regulation by ERdj5 is involved in the uptake and release of calcium ions in the ER. Then, we found that cytosolic
calcium ions were constantly elevated in ERdj5-deficient cells. We also found that Drpl is activated in a Ca2+-
dependent manner, and that the activated Drpl ruptures mitochondria (R. Yamashita et al., Sci. Rep. 2021).

4, ®WY, EERYE
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Riyuji Yamashita, Shohei Fujii, Ryo Ushioda and Kazuhiro Nagata: Ca2+ imbalance caused by ERdj5 deletion affects
mitochondrial fragmentation, Sci. Rep. 11, Article number: 20772 (2021)
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RVINGBENAF T 2 22 AARE Laboratory of Protein Biogenesis
%45 TFEL(E Prof. Shinobu Chiba, Ph.D.

1. HREME

EMERIIEICR N 0EIMETIEMNENRICOEEGERERATIENTEDN, R XVEBXIEFLD
ETHDEBDFRPIRILF—REAABNICET AL T TRESIEELAL, MEARTIZ. CNSORFOE4
DEENERICERT S22 ETOED>OEMAFE L THREBILENT VWS, ZOL) LERITFORBILEZZ S
ZROVEDH, ERNTFOEREBEOREZBFIE TH 5,

UMERETIE, 2/ X0BOAKRERH. &6, TOLEHMEE (BEL) ONFEBEZHESMCTEIE
AR LAREZEDTWD, EHEFFHOEBIB TCHDI RV /X0 BIERS NEELES T2 Z0BRIZ, BR
NEMANEEBRINDIBUOEER /O ELRTHY, TOAHZXLEBRT D LIF. BEEEI’EDTH~
CEBEINDIWELERT DI LICEND, MAT, HKLld, AROEECEBEELREST I A~ hgy
NROBHERBHE L, BIZIE. HEE MM IZ, BROELETEEZERTIVRY —LICBEH,ITF. BS5DOFR
HMRZ—FELE (TLXLM) $92EE2HFD, COUBEZAABL. 2 XJEEHRALETH S YidC 0EHE%
EZR—L. TOEREZVTLEZALICHAEST 2% %2EB-oTW5, FEEBIRERABECHREHEL-XB
B SecM b, BIROR L CHEAXEBIIRFOVEDTH S, 2NoD [BCHRRLHE] OXRIF. BEF
DERERFICOVWTOEADEBBZIERT 210 THY . BA4 L. [MRELHEA/FREZBEL2EGER] ICHAE
BLTWS, ZOMRZBL T, [MRELHODFEYMF] LWV F-AREZMABORIKEEBICERKL 2L,
¥/, &b, BROSEBERBICETA2H-AMR 0z bHEBEIL. KEV’ELoND2D0H 5,

2. XEEOHERR

(1) BV RGBEAFIJRALR—EZ—FZFAVWEFELZ VIV EOBNEHOBBENBKRH

EMRECRAE LAZHER MifM 1Z, CRKIBMTEICFETE2T7LAMEF—72NLTCYVRY — LD EHRE
AT 2L TEBOBIREBRZTLA NS 2, ZOBRTL XML, 7L X FREIA N KiGAA» 55 25RS5N
52 ETRRBRINDG, ZIHET, ZO5| KR NDBERZHICEOW [V N0BRAF IR LER—2—] %
BELTE, 52, 2% KT Y ARV »IZEA L 7% Transposable protein-dynamics reporter (TnDR) #
BEL, RARZ Y XIBONKBHHREEBME L7477V EFERH LI, ZOFRh L, TLRMPREBRINS
HLOERENTZZ LT BROFELTE SRV AEHIHMEHLMBNICHERT 2 2 &£ 2 A TE 7, (Fujiwara
et al., Cell Rep. 2020), ]&ir. T ® TnDR & Xt DNA > — 4 > 2B A2 EAEHLE D & THREMZ KEC
mExE/. E_HARD TnDR(TnDR-seq) DEFEHLED TETHY  ZNEHBWL, X /X7 B0 co-translational
RERNZEEHES /L 74A FICRETZES L5107,

(2) FIMPRT7 L X FEAFORE & BT

EFMEICEVLVTBERICEHINEZFRTLAMNEFD S5 32 (SecM, MifM, VemP) X, & > /XU BRE
tEBZI—-FI2EEFOLERICI—FINTWVE, o ICHBOREEFANY &L, FIFEEETIC, 4
0 0BBEULEODEEMEY / LZ#RBHICRRL., 2N VEREMEBERFOLERICO—FEINTWLBER
TLRAMAT%E, &5IC32RH L. 224, ApcA, ApdA, ApdP & 434 L 7= (Sakiyama et al., Nucleic Acids
Res.2021), $E. ZDH —F &2 I L ICHEKRL. 30,000 U LEDNITYTT / LEF{RICT L XA PRFOBRR
TiTo7 TORBR.FRTLRAMNEFZI - N3 20 8HEOHI2BGFANI0BEBULREIN, RE. Zh o
NPT LA MZZRITHENZIRTPTH B,

3. Research projects and annual reports

Since our discovery of Bacillus subtilis MifM, which monitors the activity of the YidC-mediated membrane
insertion pathway, we have been interested in and studying this class of proteins called ‘regulatory nascent
chains’, which function while they are still in the midst of the process of biosynthesis on the ribosome. A
remarkable property of this class of gene products is that they interact cotranslationally with components of
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the ribosome including those comprising the polypeptide exit tunnel, and thereby arrest their own translation
elongation. The arrested state of translation elongation affects translation of the downstream target gene
either positively (in the case of MifM) or negatively. Importantly, these regulatory nascent chains serve as a
co-translational substrate of the protein localization pathway to be monitored, such that the arrest can be
stabilized or canceled in response to changes in the effectiveness of the localization machinery under given
conditions of the cell. Thus, these nascent chains represent unique biological sensors that enable real-time
feedback regulation of the target machinery. In the MifM regulatory system, its translation arrest is released
when the nascent MifM chain, as a monitoring substrate of YidC (the regulatory target), engages in the YidC-
mediated insertion into the membrane. The regulated elongation arrest of MifM enables cells to maintain
the capacity of membrane protein biogenesis. As introduced above, our interests are also focused more
generally on the mechanisms of protein localization and biogenesis, the biological processes where nascent
substrates undergo dynamic interactions with the machineries of translation, targeting and translocation. We
envision that our research activities should ultimately lead to the development of a new research area that
might be called “nascent chain biology”, which aims at understanding the still hidden principle of the central
dogma of gene expression, where nascent chains are likely to play key roles.

This year’s accomplishments

1) Proteome-wide capture of co-translational protein dynamics using a transposable protein-dynamics
reporter (TnDR)

The elongation arrest of MifM is force-sensitive and is canceled when the MifM nascent chain is pulled from

the N-terminus. We took advantage of such a force-sensitivity to capture co-translational pulling force on
nascent chains in a proteome-wide fashion. Using transposon, we constructed a gene-fusion library, in which
the N-terminal regions of proteins were fused N-terminally to the arrest sequence of MifM and then screened
proteins that canceled elongation arrest. We have recently identified hundreds of proteins that canceled the
elongation arrest of the protein-dynamics reporter, most probably reflecting their abilities to initiate the
maturation and/or localization process co-translationally (Fujiwara et al., 2020. Cell Rep.). We currently
developed a second generation of TnDR or TnDR-seq, which greatly improves coverage by combining the
current version of TnDR with the next-generation DNA sequencing technology. This new method indeed
allowed us to detect co-translational dynamics of nascent proteins in a genome-wide fashion.

2) ldentification and characterization of novel translation arrest factors

Three of the translation arrest factors previously found in eubacteria (SecM, MifM, and VemP) are
encoded upstream of genes encoding components of the protein localization machinery. Using this and other
information, we have previously searched more than 400 eubacterial genomes and found three more
translation arrest factors encoded upstream of genes for the protein localization machinery, and named ApcA,
ApdA, and ApdP, respectively (Sakiyama et al., Nucleic Acids Res. 2021). We now continued our search across
more than 30,000 eubacterial genomes and identified more than 10 candidate genes that may encode novel
arrest peptides.

4, WX, EERL

[REF#wmX

Takada H., Mandell Z., Yakhnin H., Glazyrina A., Chiba S., Kurata T., Wu K., Tresco B., Myers A., Atkinson G.,
Babitzke P, Hauryliuk V.; Expression of Bac/illus subtilis ABCF antibiotic resistance factor VmIR is regulated
by RNA polymerase pausing, transcription attenuation, translation attenuation and (p)ppGpp. Nucleic Acids
Res. (2022) in press
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% T A Prof. Hideaki Tsuge Ph.D.
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NEETHAEBEIbAORDE, BLIEIUAIL Y ZHOBEZ0OMREZEDTHY, aBERBLIVCEBETI/7F D
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£, 3 A. Nature Structural & Molecular Biology sE~#8& L 7= (R#EEAF. LH (M2) . FH, T <&
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3. Research projects and annual reports

We have been focusing our research on the structural biology of infectious disease. Especially our focus is
macromolecular complexes, and we would like to reveal the interaction between the infectious factor
protein and human protein. These basic researches were expected to find a novel drug in infectious
disease.

This year’s accomplishments

(1) The iota toxin produced by Clostridium perfringens type E, is a binary toxin comprising two
independent polypeptides: la, an ADP-ribosyltransferase, and Ib, which is involved in binding to the cell and
translocation of la across the cell membrane. We reported the cryo-EM structures of the translocation
channel Ib-pore and its complex with la. The high-resolution Ib-pore structure demonstrates a similar
structural framework as observed for the catalytic ¢ -clamp of the anthrax protective antigen pore.
However, the la-bound Ib-pore structure showed a unique binding mode of la. One la binds to the Ib-pore,
and the la N-terminal domain interacts with Ib via two other Ib-pore constriction sites via multiple weak
interactions. Furthermore, Ib-binding induces la N-terminal a -helix tilting and partial unfolding, whereupon
the unfolded N-terminus continues to the ¢ -clamp gate. This study reveals a novel mechanism of N-
terminal unfolding that is crucial for protein translocation. The study was reported in Nat Struct & Mol Biol
in 2020. Furthermore, we are currently trying to reveal the structure of C.difficle binary toxin (CDTa and
CDTb) complex.

(2) Recently, outbreaks of food poisoning in Japan were reported in which Clostridium perfringens was
strongly suspected to be the cause based on epidemiological information and fingerprinting of isolates. The
isolated strains lack the typical C. perfringens enterotoxin (CPE) but secrete a new binary toxin consisting
of two components: C. perfringens iota-like enterotoxin-a (CPILE-a), which acts as an actin ADP-
ribosyltransferase, and CPILE-b, a membrane-binding and protein-translocation component. We are trying
to reveal the structure and functions of CPILE-b compared with Ib-pore.

(3) We are interested in the specificity of ADP-ribosyltransferase (ART). We have revealed the complex
structures of la-actin, C3-RhoA and ScARP-guanine for the last ten years. From these structures, we
understood they all use the ARTT-loop in common. Furthermore, we consider that this is a common
substrate recognition mechanism for all ARTs, all protein/amino acid-target and DNA/base-target ARTs.
However, it is still an open question of the specificity of human PARPs, which belongs to a different group
of ART. Thus, we are trying to reveal the structures of PARP in order to understand the specificity.

(4) We are studing the two componet toxin from Pomacea canaliculata. We purified the binary toxin from
red egg of Pomacea canaliculata and ought to reveal the pore forming mechanism and function.

4, /X, BEEHRE (2021.4~2022.3)
"
1) 5B%. 2TEH

EZ % 93%,5 6 5,p862-866 (2021)
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BEERFAETE v64(2),p69-76 (2022)
XIBERFEDT-DD I SA A BFEMERTOES =
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5. F&HXL L (2021.4~2022.3)

1) WE%Z “2 54 FEFBEMEIC & B Clostridium perfringens KhEXET B KO EEDEEBICHES 7~
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B2l1EAAL N ERER (BiL)  2021.6.7~9
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translocation unfolding in C.perfringens binary iota toxin”
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3) WHZEC, HEAL JIARK, XEE. sBER. ETEH "/ 74/ FBFEHBRICE > THLAICLED
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BorTRINF> v VvRY DL (FvF4>) 2021.9.9~10

4) NARK, LHAFC, SHE. MEEe. ZTXH
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5) EZTxH

Sll MEEFEMROFLEMEBEL T

CTINTVABEBLOTATAVIVERROEDER 7 74 FBFEMBRIC L D EA RS L 2 oE B
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FET 2 IIL¥—BIAEE Laboratory of membrane bioenergetics and metabolism
3% &L Prof. Ken Yokoyama Ph.D.

1. HRBE

EMOMRFICE IR ALF—DPRETHY ., EMPATRILF—ZFEVLTVWRICER, TNEFES5ETHEA*ZHRT
DN, EEITFILF—%F (Bioenergetics) TH D, EMDIXILF—BETHS ATPIF, FICI bavy FU7
ICHFEETDATPAERBRICEYVESNS, EONATPIZ. EVHFEHT D L. £EEDTFOER. DR, &
EREIEDND, &z, KA O~ ATPase (V-ATPase)ld. ATP% - T/NEARICA F > &8k L,
ZOBMAEEL THRALEBRSE%2IBS5, V-ATPase D& 50, ATPZE > TEBEZERNRZ v /37 BT EHHEE
EFEN, ZOHERIE. TNZTNOBEEEROBEZREOLNICT H I L TEVRbA > TERLA, THAERLE
S2TW3, bolETREVINIVBIOREIDTEBAE I > TATPO IR L —2 X CEHICERTE0H
. ETHEKEVHBETHY . BARINZEDGRZOBREDO—DTHE, ZONFHEMOMETHEAZHEAT 31
3. ZOBELHRERZLENDY, TDHHOFEHEE L THLAR., 1DTFRGEBERE 7S A A BHEICL2#EE
EYFEHEI{ToTET,

2, XEEOHREE

1) V/A-ATPase O BRI & T
SERAWEZEER V/A-ATPase (TSSAZER) &, FEFRLICH IR LA VEEA LY VEEIC, £ VEE
7S VEREICEZLLOT, BEICEDH S ADP OMBERMUIICHTIRMUEMETLTWS, ZDEERKE
Z0 ATP ERGEECHMREERE, EXRNAMEIITER O V-ATPase L IZIZFALTH Y. BER V/A-
ATPase ¢t RIEFEEZ TRV, B L7 TSSAZEK V/A-ATPase %, EDTA %2 &0 Y VBEFERTENT 2 2
ET.EABLTWD ADP 2 FIFREICBRCIENTES, XILFTFREZEEHWVIKED V/A-ATPase
Vosetree) ZF / TA RV ICEBER L., BRFBA T3 LT, TXTOMEY A FAZOREDEE (ATP #4
FLBE)ZBDIENTED, RIC ITHLT MESHEE. MAFELEE ATPRAFLERGFICHD LS IIR
IEREMA RS E-% BRAEGELTCII7A4F 7Yy FEMERLE (K1), ZNEFNORISEHTD I A4 F
7'V y K&, Titan Krios TiRE L. BRFET T2 2 &L TURBEEEH -,
BRI TH D V, XA v id, BRI 2 3 2D AB dimer ', EEG#HY 721y FERYBATH
%, 32m ABdimer I, XL FAFRFOBEYRLICANTHST, BBLAEE (ABBI). PPHL#EE (AB #
B). BAL#EE (ABH) B> TW, ATPEEABTVWEH TOBETIE. TN TOMBEIRMIC ATP H L <
. DEBEMTHD ADP OBEENBRINT (Viand. ATP REMMEL, ATP EENEREREIC7 % M4 TIL.
AB #EA. ABRAICIEX 7 LA F FOBEEINBERINEA. ABRICIEX I LAFROBEN AL -7, DT
. ABBRIC ATP PEB L T Vi BEILARDZ I EETRT, SO LF. ETOMBEITMAAX I LA F FTHD
LNTHH, BORENLI DI EERT, ATP OMKDEIELL RS ATP 7FR7A2EB L L THWEH
THEOLNT-EETIL ABEICIE ADP A2, AB ZBICIE ATP A& L TW 7 Voenya)o TP Z & 1E AB B D ATP
DHRREF->TWEIEETHD L ERL, Thbhbb, ABEED ATP AN E N3 1213 ABEA~DEBEZLH
I ZEERT, ABEM-ABRHAOEEEN (L. BMOREEZFED O T, ATP OMADERG & O EIEA & L
TWBZEHRBT 5, ATP OMKSBRIGIE. BEREH S BERGAD T, BOREA/HERVEOBHET
INF—EICL->THEIINDEZ EZTRT D,
3DODOMIEERAMI T, ATP IKDBO KISBEBENF AN DEBFICEI Y, ZNENORIGHEH X /X7 BOEEE &
BEBRICHBET AL THERBEHMOBENEEL TWEZEADA = (B 2), SEIOWMERREICLY ., T2
DOMBERAMTO ATP MADBRIGOBHAIT R —ZH, BZ VX0 BOREEHET 5, ZEBALH,
IZRVEL COLSICEBTHYREEALT ATP GREZN/EE L, ShoEEICL Y ATP KRR C/EY
FEIN2BARAOEEARIE. KELERETH D,
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e, DBRENDIREICHZ ATP A A LB DRI, EA LA ATP DREBICL2EHEI ALY —=
b, BEBRICHDE, O~Q0ETLED 1200@ENHBRITZ I & T, 1HTF0 ATP AR E L ATP

BERHBEICRS,

3. Research projects and annual reports
Energy is necessary to sustain life. ATP, the energy currency of life, is produced mainly by ATP synthase in

mitochondria. The ATP is used by living organisms for synthesis, degradation, and transport of biomolecules.
For example, vacuolar proton ATPase (V-ATPase) uses ATP to transport ions into vesicles and is responsible
for various physiological phenomena through its acidification How a molecular machine composed of tiny
proteins, such as FoF1-ATP synthase and V-ATPase, converts the energy of ATP into transport and motion
is a very interesting question and one of the life science problems to be solved. To elucidate the mechanism
of this molecular machine, it is necessary to see its movement and shape, and we have been using single
molecule observation and cryo-electron microscopy for structural biology to elucidate it.

We have obtained an important insight in molecular mechanism of rotary ATPase using cryoEM last year.
The mutant V/A-ATPase (TSSA mutant) used in this study has changed the threonine residue in the active
center to a serine residue and the serine residue to an alanine residue, resulting in reduced affinity for the
catalytic site of ADP involved in inhibition. The basic properties of this mutant enzyme, such as ATP
synthesis and hydrolysis activities, are almost the same as those of wild-type V-ATPase and can be
considered equivalent to wild-type V/A-ATPase. Purified TSSA mutant V/A-ATPase can be dialyzed in
phosphate buffer containing EDTA to almost completely remove bound ADP. The nucleotide-free state of

the V/A-ATPase (Vnuctree) can then be reconstituted into nanodiscs and analyzed as single particles to obtain
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a structure with all catalytic sites empty (ATP-binding waiting structure). Next, the cryogrids were prepared
by adding the reaction solution to the cryogrid under the catalytic waiting, hydrolysis waiting, and ATP
binding conditions, and then flash freezing the cryogrid (Fig. 1). The cryogrid under each reaction condition
was subjected to data acquisition with a Titan Krios, and single-particle analysis was performed to obtain
the three-dimensional structure. The V| domain, responsible for ATP hydrolysis, consists of three AB dimers
that form the catalytic hexamer, surrounding the rotational axis subunit. three AB dimers, with and without
nucleotides, consist of an open structure (ABopen), a slightly closed structure (ABsemi-closed), and a closed
structure (ABciosed). In high ATP concentration, all catalytic sites were occupied with ATP or the degradation
product ADP (V3nuc). ABopen had no nucleotide density. This indicates that ATP binds to the ABgpen to form
the Vinue. This indicates that all catalytic sites are occupied by nucleotides before the rotation of the axis
occurs. In the structure obtained under the condition of using ATP analogues as substrates, which slow down
the hydrolysis of ATP, ADP was bound to the ABciosea and ATP to the ABsgemi-closed (Vprenyd). This indicates
that the structure is waiting for the degradation of ATP in ABsemi-closeds 1.€., the degradation of ATP in ABsemi-
closed 18 accompanied by a conformational change to ABciosed, suggesting a tight coupling of the ATP
hydrolysis reaction with the axis rotation, since the conformational change from ABsemi-closed t0 ABclose 18
accompanied by an axis rotation. The ATP hydrolysis is exergonic reaction, suggesting that the rotation is
driven by the free energy difference between the catalytic sites. At the three catalytic sites, the reaction
processes of ATP hydrolysis occur separately and simultaneously, and each reaction is strictly coupled with
the rotation of the axis protein, indicating highly mechano-chemical energy conversion (Figure 2). This
elaborate and ingenious mechanism by which ATP synthase functions and the natural mechanism by which

ATP is efficiently produced by rotation of the axis is a tremendous marvel.

4. ®/X, BEELGE
1. Structural snapshots of V/A-ATPase reveal the rotary catalytic mechanism of rotary ATPases. Kishikawa J,
Nakanishi A, Nakano A, Saeki S, Furuta A, Kato T, Mitsuoka K, and *Yokoyama K. Nature Communications volume
13, Article number: 1213 (2022)

5. RRERLLE

1. Structural intermediates in rotary V/A-ATPase from initial to steady state visualized by time-resolved
cryo-electron microscopy. FERF. F/IE—. FAEME. XME, L 5 59 0 HAEYYEFS
£ AV 74 VFE 11/2021 £ 54 v EEK

2. VIAFTBEFEMBEICE S ATP EREROBIEEEORIE FHIE. PEERTF. F/ILZ—, BHLE 2021
£ F 94 | BEREMFEEREF Y T4 VB 12/2021 KRR &2 —Fk

3. VSAFBTFEMBEBWIEBRFRTICES ATPySHEET V/A-ATPase 0 h(h#EE  (EASH. F
NZE—, FERF. PHHE. Bl F94 0 AREMFRRE £ 74 UM 12/2021 R —F&k

4. FERE FoFl OBINBEMITICK > TRIGEBZHONICT 5, FHIE. FEEF. FILE—. #H LG
2022 % 1/8 A HEFMRARAME ZHEXRFE QEHXKX

5. BEXRFT v v ay b TREPATV B ATPase D EIERERE #HLk 2022 £ 1/8 £ EFSHFTSHEI
2 HHEKRY OBEHEX
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6. ZDfiFEeEE

1) A#ES

1. RIEMERfHE EBHFREB
REZL LV TAFBFEMIEICEL S VA ATPase @ [OlEx##E o fZ A7 rRfiE&E: Bl B INEFE R2-
R4 (3 )
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