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ICHNDEBRN—D—DODIEETEAZDT, TOEWVWEASZ

& T DNA OIEEEFINFHAITE %,

R —ro9— DNA DI ERS & T 2> — 7 Y
—EY U A=H 1977 FICHFE L IFEN RS CEEL 72D

2000 ERFIFEICH Y H—E L FRIORED Rt B> —
4r > — (Next Generation Sequencer: NGS) » &5 L 7=, NGS

IZEEINAR A — R Ligs5E T DNA BEEIIRSsICEME b7
5L, R =7 Y- IS ICERERITTEY, ARH
ICPHTLKBF/RT Yy —r v —3RFOY - —D—
D2TH B,

HO HE# (=<b 0vTE)
RRILERFRPHTAIRMERMBANHIZREE 2 — -
Hi%

BSEE 1967 ERBERICEEND, 89 & RRIFEKRFTFIE
%, 93 RAAZRHEEGEIZMRRELERET., 934 AF
FHRE ISR S, 95 F RRIEXZERICERARAEFE,
2003 £ RFERAFHIEHA AR FAHARRBIZIR(2007 £ & V) #EK
1), 2010 f RRIEXFEGETHHARRRIR, 2015 F£LY
R, &P 2002~06 &£ JST S EHITHARELZFHIE. —BEL T,
HENTO [Z2RXI7BD—5%] ICIRA TR VRV BRZDELD
> TUWL EEICEREZF LRI THEL TV S, IS, v~RAO
COERERE, FVAUPTIOM P20 0 BREGD
Femists, Miakg /o BEiE, HEHOEME,

A B (hhE B3I
RRAFEFREZRARVEMCZER HR

BREE 1965 £ % Fxhd. 88 FERRAFEFWEE 93 F£M
AERBLRARPHELREE T, ZOM90-91F {hiva - /¥
RY—ILKE HFSP HiIRE, 91-93 £ EOEIFHAMHR
8, 94 F BEHRAERRPIHFIARE, 95 FRRKFEX
FHREFAEMNF. 2002 F RBIZIR, 2003 F RRIEK
FRFREFETEMRABBIR, 2008 £ WERAZEMZHRE
FRERERFHIIEE, 2010 £&YVRRAZAZREZRMAR
R, AROEKIZ, ARDA D= XLEZFETFHEETHL D
T2 L LERMRECERCHL T, BROBRICORITSZ
&

it #iT (oL UVAWE)
RRAZIZFRARRCALCIER - B

BREE 1969 FitiBE4E, 93 F RRIFEAFEHZMEE, 97F
RARZREAETFMARHELFEBE T 97 F ST HLIWMAS,
2000 & JST & ZAUTFARK S, 2001 &£ RRRFEERMHARER
Bh#%, 2005 £ KIRAFERRFHRR Bk, 2010 FLVE
B, 2D, 2016~19 £ JSTIMPACT 7R S L2 —Y v —,
2020-25 £ JST S E2H'UF [ERBER] RIBREFE LRI, ATP
ARERO 1 3 FEMMERRAR, TIEANLFHIE AL
WEBYTIL2TIZEHRRLTVS,



INEFTOHHKEINDD

HEF==

S8 (2023 F) 4 BICREEERZICERL, FHICx v E
BRI A Y N—D—BERY F LT, INMNHLEALLSE
FEWLET, MEL->TLWETH, FTOHKE - HiREL L TH
CHRNEZFNT. AREEL LTORDNRY 775> RESEON
RICOVWTHEICBNL £,

IR RITRHE £ 1. NFEROEBEIFBRPCRADKRAICA
&, HEORAOERICENTL AN, KE, NI, WICEEHL
EBROPTIEFIEREETYEBALTELSTHHEHBPICK
b INHPREEEYORVWTEEVDREZ— T 1V, BIREE
RIEZ7E—ICHIFEN A BRIZBEE GEL DI (SR

CHEETHYERELAL, PO TH7-RZEEIT DL LAY,

KOVTHNE, NEDZCKE%Z (RETHHIBTH). RLB
YT EDITm s TV, EERROFFICIE, oY IOy Z & MIE
BOEEHICHEZ S |\, BEBTEYREZER, BLERT EH
FUMETICERICZIOBICAYRAAILL S ICELTWS,

DR &

hEHEFZEDHRWIL, BMERETOFELIFOEE, 4
BOBBEAYF27 LA HYEERNT, 3 - 45025/ (F
HHEEEL) THEEBR ADBE. BT - REF. BUHREDZ.
EFORBE 2EOEBERE (A CEEREEZLES(C1-
2BENES T ENBOATREZAEFEOFRELZITD,
BERBIE 34 AMbLEC, REFEBF T, VX7 F/E=7
FUBROESFRET, EREBBOKED /T 7 4 VEFEYIR & O
72T OAERL L. SRS, D ORFRIIBICEEEI Y D FAE % JLR
HBEH-oTERBEIEON, Lo TH, REEEBEICEDNS
2B WELTHR, SR EN OB (BRI %31
5o T, FERFICZENZIBINGRICAN, ERH 2 REREEE B
DTRATEET D, PICIEME GRIn21 B) €7 o
L] ZZDFEEBBICHFEBR-TlIThEY | $TETSHAL
. REC LT O BRERZEDZ AR L, Y BEMHICELE
LNTWiz, SHIARETEZC o726, F4E, K% L THH
BLEOEENLEEEEZCHLWVZI T FACE > TEZDEE
DNEEFZADANVA, thF Y THo72, BENAE > TT IS,
AL EE DT-bEEZATHEE -BRTS2=7MIEOELL >
72o FICIEBICRBVWKE (RBEAED) OFEA 1 EHE, 2 BEL
WO BEOBMNTEAF Iy JICENTH I EICHERRE R /-,
EREYME TCHEAR Y 2aR—TVERYTLRDF—HF A
—DEER (1920 EROBELAEAEY DZRMFEDER) »°. B
ORI THERESTE =7 M UFEOREER > Tz, LUBE, RBHEL
MEHNRZ L THARRENEDD ZENH->TH, —E L TEHE
BYDOREICEHLD N TELDIE, BET OKEFLREE) %

FLBHELDHEE RE. SHRAVAR—DENFEBE-TWS,
SEFEEERBRE T 2ICH7--> T, AESOEMEEEL T
WBBRIC, BBy REFEBOLR—bERRE L7, 40
FUERIICED TR v FLEROEKLIZ, BEHTRA-TLE
W, MELEEN R LI, ROARELLTORAIZIZHD
EWDTERHL 7=

Y7774yl ARN

WAHSE (RVR Ty b)) P2TRUEERERBY L LW
AR RE L TRICHES > 7Dk, BICRIEFRNEES -
721991 & (4K 337%), FR (RBREAMERE) OFA%E
TCELDORY b ay PTBALEET 774 v 22 RRE
ICHbAHR, AERWZREFOMERFIA L 72, LEHEHENIC
LAYV ERETWEET I 74 v 2a0ORBREZN, BATIEE
FHLFE-TELT, @AHHLFRYIRE, 7272 BFZORMIC
EOTEHBE-THRVWF vy Y REFICLIZbIFT, [—AT, £
LTEDDEETYS| LEELAZLIEOEARAZRKLIBL R
. B4 ER (BUIEAOBHELT) ICIRYBAL, SBRIL,

—HREDORICIIFE-2BELH 21T R EHTHELR Y
T774vYaff BT EHLANIENTEZSLLEVWIE
BRIZOEEHhINTW TN T 5, LUK 30 FUEDOBBAR

T ETZ774 v 2 EDRFEAVEEDL > T, 1999 F
ICENDEEFMRAT GBI T Pl Eho7zBRCid. €777
AV YA T ARABHARICEALT-e XRHIET / LY
ARXPETZT7 4y 210¥n BRATOMREBEDOHE IS TE
BORXRFELF AR E BEECT / LRZOHERTIEE
TI274vvakVENTWS, XZHZEATBHICHY, £
TEZ DR/ LD, 2000 E4E, £ b, ¥ TVR, Ty b
REBEBTHBYOT /) LRIIDRLZITRES N, B<EIC 7
J LIRS LTIEETAEBYZYBRV] EWIBRICERAL
TWoo YBRARTH >/ NREEATAEZMITEICHE L, A &N
7 L7RY o b EEER MR, BRE) CEYBROZTE
—S4E (ERKRE - @) TRy /47 TER, XX HDOHR
PEMEN, BITLTWEET I 74y 22 &) HBEHBED
BWERY #H%KxTE (Kasahara et al, 2007; £ 7574 v a
1% 2012 FICHIETR) . BHBMOT / LECOMTICERT 5
EEBHIT XX HOBERFZEHBRIFLIDZENTES, 207 A
Yy bEBLT, RE TEB] ORDYT / LOHREGHTED
WAL, —RIBBROEE. BIFICIIbERD L VWS BERRRY
SETHEL T, BEROMERT—D—D2THEZITLEV 2T
1Y IR T/ LIRDOIL—VIEZZIIH 5,



L7774y azRAVWEEREESR
EREEFEE, REPORICEL DERIBEEZMA T, Z0
HEEFAND LT, REOFRBERALNICT I2EMTH D, R
FI7R B D IR £5F—HFA
P—DRRTHD, T LTET T 74 vy 2l ERENBH D
T, ERREFICELZETALTLH D, 1993 FICEHL LA
HEARFEFMOBEEMREICHER (0L ITEHIF) L LT
RELAEICE, €77 74 v 2 0RRRICEN, LOBERKT
HEIMPRED NN Z — VRO ERFKEFZHNERTE 2 RNICH
S>TWe, BASTHRICA->TWS, PEEZSE (Mizuno et
al., 1996) & AR (D HEIEEET) (Horikawa etal., 2006) #f%2
EINICHT=D, WTNDHIER. FIGEGNICHE L -lla%e
FRRNRICBIET 22T, EBREICHTLVESHEE5ZTO
ZTORBEBNT DT 7O —F R L >TWD, BITICIZEEEET
LWeAWbZebHoTo, TITIEDERGHOARZ LD/
EHELOTRTWELELL (K1),
FEIEF 2024 FlF aR—<EI YT —EDOF—H
FTAY-—HIREZFEHDTHRLTH S 100 FRICHD
Spemann-Mangold Centennial Symposium Self-Organization
in Biology 2024 in Freiburg"pfbEIE N, FAbF—HF A ¥ —D
—ANELTEMTZFETH D, ZODHFOBIORAIS IR
RERBOIRVWVERERYZ I TH D, bARMMIRIADE WVFR
Fix, ES 27 & 0B, iPS MRRICARINTREFICADS
ADZWEBS D, ROFEROFKEFEE, F—HF4H¥—IC&
2 RBRL E B R D ADEIRE L,

KDY aR—vvET Y TILRIC

n3
R e

S ERFE g
BeEtAgRe

i)
AT E IR RREY

FEHERR

diprotiy
di

= synthesis o protein - degradation
d‘;:”“ = synthesis of mRNA - degradation

C Notch!) i FERB T 2MRDBHEDHRL VI aL—2aY

cﬁy*%i

‘2k-4k cell stage
Mutantor
o Ju:hu

.WM.IIII/»
SERA > bASEISEEE
: i
2/00000QQO00 |¢ 00800000° t',?
FEEHER g‘)
E
L AMAAMMEL * g

FK --- FHEHRHSWABH
NSRS R IR OBREA 3 7 B L ROMRADFES
ARDBEEENEHEBY ORI TIEIT TR EHICRETH S, Bl
FEPoTWVWREZDRAICHE ) BAZEERICL > THRED
HANHZVEEDLDZENELRIZ S, /v ITTIITRAD
RRABICE S TAENZED>TLESTHEFEEFZCSAVD
13T THD, I TEHADERBAZ - AZHERKRD 3 DA
BIZBANLEL, WINHSDOHEIIOBRA>TWEHDTH D,

(A) A5 4 BE (B) *4hRtk B4A)
N ©
29
— ABEORE
©) REEET
Stop codon in ktu Medaka Ktu
) 336 588

PIH domain e

PIH: protein interacting with Hsp90

w=E|
(E) KTUD#RE
n-n:”/://%/////—:%

.’ngbu L u

prejiimd | -.. 10®

X2

(1) EEMEREED kv ERE (K2)

ELBEEIRTICER L TOEIC, XX hOFERE (NEK
& 3000 BRREZAWT) BEAZREDOR VY —=v 7 %X
L7 BBAAFEHN ENU ZBUAIEICRS L. BFT/ LICER
T AN, ZDFROZEZANDIHHANG=ZHRZ 7Y —=v 7
THb, RAFFIBRZEEHICOTOREERYEL, HE
BEE T RGEME 2 EMIChT> TiTo 72, Bh N —F
BEBTH 7o TDRI Y —= v THICBE>7—
ZNRRERK ktu TH D, ktuld, EHRIEIHICEBE N DN
il (CENCOBE. BRICAFREAR S) OUMEBN T v X L& 73 HEl
i AR R ZEAT (K 2A), BERREWI LI, TOAKAH
ZEEIBRROBETCHTBERMIEAEZREL., EHNLIND
(® 2B), BREEAD:-OHEHI N > ZHEADE (KEH LD
o) B R LR DICEDFHIE (EALESA) (S
BlTWB & LT, TOEEKIE kintoun (ktu) L& EINT=, W
RECBEORE & BiEmIE—REBRLEBONAABIEA HFT T
ICHEHRICHICER TLWIBEORENRRETH 5 Z &'
SNTWz, FLWLWENTOBR, kv ZERETIE, #E - BED
BECAARBE—R—R VRV BEDEEGRTH DI A =T

DAL A

MEZ AR &



—LHPKREBELT, EBEEK->-TWEZEAHBALE (K 10),
IHICEFEINZIEDLYOT / LFREFRAL CRREET %
RELEZEZA EERZREI L TCWERFIIE F2EDE
B, Bh, 2 L CHMREME . ME - BWEZFO>EMIC
LK FET HAEEBNAEGF THo7, Lhb, INEFTELA
SNTVWARWFHEOZ /B Ea—FLTWwEz (K1D),
EYBETREINTVWSIELRTFIE. £ FOBGRORRE %R S
BENZ W, BENRRTEZ 2B BREBASZIT TR W
H B HERF (Kartagener SFEERF & LU KB K. BUETRT
CRFEELLZ & OFERE RTEER) bEETHD, £I T, Z
DER DR TERED H % Heymut Omran 54 (X5 Freiburg
University, K4 ) I2&8E% &) EFET, fEROBEDT /
Ls DNA % 100 RRULAEL 2z, TOHKR 2 DRFZ T, SEIK
RL7z KTUBTRFOEENRRE 5> TIHERERIEL TUL7,
ZOWRTIE, JEICH L7 #ifgIcE X TL 2B DEBHEAE
TLC SEXANICEALEZAI VWEDEFRTE N TET
KENRE 2, £-BUNTIIEFHEOEPHRENFERTH 5,
& 5 (2. David R. Mitchell %4 (SUNY Upstate Medical
University, KE), #aEEE (YRHERAFAFREF RFR
MEYRFER) CHRFAT, BlREYTH277IFEFRXT
HLIDBEEFHIBIZIND LWEDEHNTLRIFIET DL,
ZLTZORANPEA = T — LBIREORRBEEICH D Z &
HREEDT, INLOMREEL T, M- BREOMEICEE
BME - WEN D DX A 2V IBERDOHMI-BEBENA LA &
mofe (R2E), ZOHMIAEL R4V, KE. BEOD Pl AR
EET R ERY BEOBERTLOLRITREOR L TH - 72
TEERBRITWS, LhbYEEEIRy FRENS L ILEREDIC
BORVWCHLWERET, *v b& Wb 3REBIEEZEE (tele-
conference) #%F L. #X A accept SN7-BHLEBFETHEAEL
DHEERNE S >7 (Omranetal, 2008), DFEWF. 7/ LE
POMENECEESNET AL S, BERR I -V DR
VIOBRET, FIRO, LA BENICEERETFICHRR S
EEFEETH T, E-HRAARDOBETESED Pl LRI
MCELZLIIBERETH T

EF KTU DR b=U =g Tb LRI -7, BXEREL
E5<LT ZOKIU 2087730 — (PIH FXA >
EHLTWD) ZEBRLTWAZENHBALENSTH D, FIE,
ENTNOBERTASEIRE 75714y a2B0TiTo7,
Y7774y aldhktuEELCAODOBEFNCOT7 7 I —%
BRLBY., SBEFTHDIT / LRET. 2 TOEETOHEEE
EHIEL 7, T L T2 TOBGETFRIERKES. BE. ME0EH
DEEHETR LTz, BFHED CryoEM OBERLEHLEALT (F
NHERGE (EFRARFEZRIMRE) L oHRHAR). ThZnD
MOXA =T —LOEREROTRICHEE L TWD I L %R
=1k 7- (Yamaguchietal,, 2018), ZDOZEEEAE X >HFICE
ERERIE 0% BAMEEOITEARE T —< AR, 5T
LTV D,

A REIETIEREORERE

211 zict
C REMESE
Da-specific insert (>70 Kb)
=/l jc4 zic1
8.6 Kb

D zicDH|fEsEE % AL GFPDER

X3

(2) Double anal fin (Da)ZEE# (K 3)

AZNOETIVERE L TOBNIE, BEEREREREEED D
LovavTehsd, 1960 ERICTE2—LEET 7710y a
IZHEAR, BRTOAZHARDOELITEL, I HITNFFRPR
ETHBINDZENE WL, TOBRTERICHIRT 2RAERE
K (BRABRZER) PMINESNT, ¥ aFn"F Yy —20
—RE L CEREYFHARRTHTINTWS, ZORTHYE
A% RS Doule anal fin (Da)ZERENLDBICEE -7, Da
IR E IFIEE /A, RERIE. RRBICE 2 &, FBIOYE
FESDONFE (B (V) Drrb, BEONRZ—> KBS
) PEAOZNEB LMD, X XHIERBEXCAT, TNIC
BWG LT, BEIIhS, A EEHATIE (BRRA) AF%E L
TW3, IHICAREE—RICREDERIFEMOKOmL, BF
BIEE-1FVEEZ L TVRHENZ L (REB), Da ZEEFIL.
ZOEFROFENEAL L TWDE (KEREEE, tear-drop B
#E, BeneRMmiEsrEhIcLH9m) (M3A), —RT3&, th
BAEEXT 28, HOEKEICHTWE, ZORBRIIAVTILO
&R (semi-dominant) TEIET 20T, ZOEIMNEBAFEDOZEL
E—DDEGFEDERICL>TEIERIINDZZ D DhH -
TWe, IBICBIEFEZONAVL] EWSEBIEHZH . BLEICE
ho>TLESRERERDS, BRRY Y arosn—=vi%
L& Z A, Zinc-finger UEsE R F Zicl, Zic2% 31— K&
ZEETFDOEFEICEKRL DNA KA BAIN TS Z & A IR
L7z (K 3C), TDZDDEIEFIZEL DiEIE T duplication A
FETIMIL LA, S HHEBD enhancer THIBEHIEAITHNT
W5, zicl, 2 B EFITHRBRREEICEERGERF TH S Z LHH
LN TL7zhY DNA BTF DA Z R RIEB T D zic B F DOFKIER



FIEEAEFEEN W, ZTOEN T THREREIZEE TEILE R
—A. zicBEFIZEE (BET) THHRIET DA
RRTIXAEN D zic B FORBEA/FRMICEEL TW i, O
R B T DaZERIFE KR DNABTA OAICE > THH
ANt ZicBEFOERBT Y NV —TREKH 2 EEH DT,
Zic [3#HBEDMEOERTEICHT I N T WA, FHEMITESL
BB Da BERENFICA 722 & T, Zic DFREITORE
THOMNICT B ENTES,

BIREWT L1, BEARFETIE zic BRFIXAEHOE hEIES
ICBRBLTRERELTWS, 2FY. MHOIZORNEICHEET 2HA
HBOBTERD /N Z—vh BoiZof (KE) 721tk <. Al
DERDHH/INZ =
ZLT Zic 3TN oORED LAMICUET 2 EERGER T
(selector gene) & L THEEEL TW 5, zicBIZTIXRIED SMH
HEE TCETCOBHEBY TREIN, RKENZ—VEHBTHS
ZEDH, BRBYOL b OERE SRILICEERRE %185
TW3 Z AR ENE (Moriyama et al., 2012; Kawanishi et
al., 2013),

RREBETFHIEE SN DaZEED 0 IE, % OFRIIRE
L. HELT BIZIE, HEIRNTO zic DFEBBROBLILA S =
X Ly (Abeetal., 2019), FEINEHEE OB (70 20ER)
HEETDEWVWIFER (Shimadaetal, 2013 ; ABIKIZL THF
TS SHET 2 EBbN TV, zic D FTHREF Wntll @

£ (Heilingetal., 2022) & &, & 512 zic BEFOEFEHEAIT
OFBIL, FEICHEXT 288 (BN, BHEE. 4888 T
—HEEXBE TSN (B 3D), ZNATED 2T 1 v 7EEH
IC&k B EAHIBAL 7= (Nakamura et al., 2014), ThEx & 5 H

L, DaZs

IS AZAZRWERETERGCFOIECY =27 1 v 7 HI#.

TS/ LOMBAETORIEBOMRICHKRE L7 (Nakamura
et al., 2021; Fukushima et al., 2023), £7-. DaZ R T zicE
EFEREICIEA I NI DNAKTH 2K 180kb ORXIFED + T >~
AR THBIEBHBLE (B 3C, LrbZ20F 5T

piggyBac BI k5 VARV EANILRIITANANZEFNEFNTED
BRER L TERLI-FROEBEAF (mobile element) TH %
ZeHEETH 7 (Inoueetal, 2017; Inoue & Takeda, 2023),
ZOES ICHEARDBE 15 FHOMRDEL D Da BRED 5

EENTLRREERLTEY . 52OV O DETHRTH B,

Da ZR{KF 1960 FRICEEERFZDEHERIEL L EHER
MTHREL-XZXHER (EHIAL Y ay) hoR2h-7d
DTHB, BAICE>TAZH DaZREKIE, £SICERI LD
EELBUYTH T,

(3) BAXIED haZRiE (M4)

BRICBNT2ZEFRLERIL 7Y ar0—2T, TR EA
HhoDEYY), ha EREIGEXFICEBHELIERECHD &0
SERBEIZE>TRES Nz, HEBETREBOELY LICEITS
DT, WP OERZE Eh ok TWB E, EnlY) EUHBEK

BOKZIEFTHHELTCWEZDOTH 5,

20

AL BICIEND (F4A),
U%&m(ﬁﬁ&%)tWH#B@%ﬁ(HE@fﬂ)@:OT
HWRSIND, 20 ha ZERIIEFRAPFERINT, EHRMHLT
EHRVWZERALN TV (RAA) . 2EDT—< (EME?)
D—DELT NAFY Y =ZADLIOEEXRFRBELTE S -
T, BEMCRY Y afosn—=—v %2Rkl 1z, TOHERR
BT L. EEBYTIINOTERBZRY 724 RERBE%:
J1— F3 28I F (medaka (Olyzias latipes) Polyketide
synthase, O/PKS L #p4) Th -1, ktuZEBEE LRI, [70
—ZV T LTHIZHOD, INfI? ) L WS BERAERLZ, &
EEREEFE LTREE L OPKS IZEHOBRE R A &8
D type | PKS T, BIMICERBIIICTFET 2RI AREESR FAS
LS EOELUENH D (R4B), RIBEOFMARITLY .
TRETEIEOERNTREBALY T LOERILDEND T
v 7 THHRIEE (M 4C) AR > TLARL, i, BRESY O
7 =2k PKS OEEFA 2 D (SpPKS1, SpPKS2) 7/ LIS
FETHZ LT TICREINTWEDT, 7o FEVRE%EA
WCHREIHE R 7 sl fz, T DFER. SpPKS2 %/ v o & v
L7z Z3hETIE. KBHLY 7 LOBE (BF) ORI ZES
ICBRE I NTe TNODRERIE. EYORBANS T LD/ F
Z U= avITIZ PKS DEREDHERNICHETH S
ZEEREBLTWS, JZFEFTHEFEOTHRXE L THREKRLE
(Hojoetal., 2015), LA L. ZD#%EL LB AICHEAAH LT,
OIPKS DEMIISHERREDF £ L H>TWD,

Ix

(A) ha DFRIFEL
PEDELHIHR R
wT

K@H@W@HE@TTE

- %

X3

(B) REEEF bar =5 um
medaka (Olyzias latipes) polyketide synthase, OIPKS
2052 aa i
[ks T [ar [ [ou] [er[ [kr[Jaec]]  Polyketide ?
b AL I Pad $-CoA
’ —>
(OF=r=37 wi=Rod Oﬁ
N 0
@ e KS: ketosynthase, AT: acyltransferase,
BER © DH: dehydratase, ER: enoyl reductase,
9 s KR: ketoreductase,
SR e ACP: acyl carrier protein,
TE:thi

NS st (AORE) @ OV LR
OO0 TENZ7RREAINY YL [ FEtan (248)

X4

LR PKS BEFIEMEY. BYERLHRINTET,
RUT 24 FI3tEY,. 2B, BRACLEEHOEYENERT

DIEEROEDFENTHY . HRABREETEEZEL, BR.
EFERELTHERAINTLS, —H, H4 L PKS AN 432

FZVE—2a v ORERICHELEYZEEL TWL AR
EMHTRE LT, £ b2ERTHTHEBHOSELEILY VBAIL
PO LGEERDET BN, MIRERBREERT 2% < OEY TR
ROy 7 LDl 2 BiEeREES (Y3, B, AIEER



EDT Ty b EORIACEY) . BERIKALEYIEZ DN
AFTRADL I OWIFRORFBEROBEIEDLENTH 5,
TEBEOBEMN CNOEYORIKILEABETIETNEZ
ENRESNTH Y, ARILD A HZXLDRPLNBAND, X
£ PKS OEYREN,EDIL, HELF, BREEVFZONEIC
LEBTES LB hbNB,

ha (WAYOL5

BIRD 3 DDERGDHARDIERE L T, SHEF LR YRS
TWRENH D, (1) EEBMERO Y7 FILVAFORIELE %
DBIRE, (2) FRETEREBO LD, (3) OIPKS DEYD
RE L RBRAINY T LOEBNERERILA D=L, THD,

(1) IE2WT, ZRERERIE, YTR, ¥77714v>a%M
WEARTHARY D Z EDbhr>TWE, DY, BROESBICH
HINSBERMA—HF A F— LIENZEBHIEET, DL
FICIEZ TWBEBBEMENEREATAEY H L. K% BRA
L= E@0EH T Nodal (Tgf-BR—/8—=7 72U —) AR
N3, Nodal IZFEDARAISAEICHRL. Eik L. LARENLER
FHRBR*Y FT7—2% ONILT D, ZOR—VU—If, FITHEE
FOFBRICEOV-L0OT LB L TV D, Lo LFEEFE
ELTE, YT FILARFNED &5 ICHEOEAISEICILELT 5 D
ZLTAHBTEREDE S A HZ X LTHEA I Eh TV
hE, YT FIVRTFORIGRAEBL TRIAL -V, BREEDBRE
T, MRS I N T FILRFA R I NI BT EA
ERV, BEMEWT &, MiERERZEEO->TWLD Z EARFE
HICHETEAVWEREEZONTWS, BERTWLWEMELA
WS D S FMERI O (iRt 7 v TR FCS 75 &) %8
BELTARICTF Y LYY LW 7774 v aRIEZOF
v LyIICldmETH D (keda et al., 2023) .

(2) 1220 T, HEERIE. BHEE (REE). ABE (B o
OMUZEBES BR L), BIEH. EREEBESYON HZ0E
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b)) BUNROINY, TNOHIFEEHERICELIAEENERINTVLWS, YHRETE, T raVvFUT%E
ROICERABRFALAZIBEPHIEARATED LS IO BN, ZOBELEENED LS ITHFSNDIDNIZD
WT, BEP, £, MREEYE, BEEYFLREEBABRFEERAOCTHEL TWS,

2.$$F®ﬁ%ﬁ¥

(1) S b FUTZAENZ 20845 —% SAM ?’EA% £ B B-NLILEERRKD D FHEE
ShaAYRYTHEICIEADTFRRZ /R0 BDE %hfﬁﬁ’é‘f") VX Tomd0 A ENLILBIEEDRE S > /3
08 (B NLABERERZ YU E) PHFEEL, FH/FU DHEEEICKLATH D, SAM EEAEKIZI oD R v
WRTBED B NLIVIBERR & AMME~FLTZ B 1E, SAM ?’E./:.—\T$®7F%E}Z*T7—‘L:“/ FELZZODEERICONT,
EOMBEMAEBEEREL, SAMEEENZOY 721y FEEHEBD B RNLILRVIRIBEANEI RN,
EBEONLILESEEREZRL, ABICHAADHFREOEEAR (B NLILZAAL vy FETIL) ZBHSAIC L 7= (Takeda
et al, Nature 2021), LA L, EEBEALEDLSIZ B v — FaFYIITTERICALILBEICHEA T30
DWTIEHARBTH -7z, 5ME, SAMBEEGREEEERERLICHDIED Tomd0 DEEED 7 74+ EFBEMERE
W% 2.8 A DEEHMEEETRE L7 (Takeda et al., Nat. Struct. /I//o/ Biol. 2023), & 512 invivo T B /AL JL
BEERBOELD f > — FEMRE Samb0-E2EBMBS L CEERO—BNBEEER%E, PRIV 7 4 FiEAER%E
BIEELTEZX—92ERREEIULL, NLABEEROBEN%Z1T>72. SAMBEEHRD Samb0 D f1 X~ 7
VREEBE Tom40 D BI19XR+Z VKA B /—F%T’EU Nig@Elicma->T B8R RZ Y RET B ¥— FAE
méﬂfb\to ,81 BTALZ Y FIIBENP+DICIEIRA LD o727, BlLIFUAICHERE TERINS B N
L LD AEBIC AFHAY 77\4‘%L%f‘ﬁo’cu\to ZD% B NLILERNEGE BL LY BETICH S 80 FE
BED N i*”mi‘b7)< vEA BlEBVLWHL, BlIiE B19E B ¥— l"&ﬁ/ﬁﬁzt’( B /NLIIIEENTRT 5 &E R
Lbb, Thbb, EBED B NLAAPEBEELIFERINEZDICIE, CiHAlLrLD B ¥— FORE, /NLIL
FEROEFRTY— b aRECHMITE L, FHROIC C%@B:ZF7/F&ﬁ/—F%Rmbfﬂbw%%bé
T=DICNIFED B AV MERBEBODEFBRELDNLILRIZWSTZARAL I ELRBRBETHEZ WD
Mot TNIE, MED BAMEGHEIZELS B NLALEZYRIVBEOBEERE IZIE BREIAHZXLTHY,
EAWICED LS ICERI N, HEEBERFEL,

(2) FUAFFZICERBEINAEZER N VEOBRECYELOD FHEE

ERMBEOFILAZIHNEL CHEETDIROICIE, ST LARTOMEEEBI XV RIBNELLFILART
@Eﬁéﬂ% EDPBBTHD, INEFTHLFXTEZYRIBIEZOREAS 7 FLICLEDY > TEREICER
M ICEEIND, FLTH—BREICEKBLABEER R BITERHICHBRINDI EEZONTE, LHL
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=B ldmiE, 2>/ BOMBEANE®IENT LHIEETIE
B, BENICERENERIY B, LrLlxs LiERE - Tomd0 8
RNy BERHL, BICHBI 27T TIERCEEDPY
BL, Whif [EEX0OKIE] #1752 & T, REMICELL
AYNVBORENEZERSTZ2VATLNIGERET S L%
B L7 (Matsumoto and Endo, J. Biochem. 2023), ¥ 7
HhbHI rar U T7HAED AAA-ATP 7 —+ D Mspl A%, =2
Py MU THBICEREEINZELZ N I7BEZBRELT
BlEdkE, ER BICEYAATHRT 2HEEE LY ET A S ¥
NREBZEHEBHE L (Matsumoto, Ono et al., JCB, \, / Tom40 p19
2022)s ZNTIE IS LEZ Y NI BORREOKRIE G tho A Sam50 p1
WHXZTHRI DD ? KR TIE, ER ICHEEXI N
7z bav I\ UT7NER /7 ED ER H%b\b@%l%%)i?
ta‘zzn':’félf'éf ZERFED P-type ATP 77—+ Spfl B84 5 7]
HEEIC ’DL\’CTﬁpTLtoii Spfl REBHBMETIEI IV FUTHAED TA XY RIBO—EDONT v H—
ﬁ//\? SN ER ICERBET A2 22 RH L7, SoICREXEEBORBEZF 7ICLTH L Spfl ORBFEZFE
THE, BEXEINEZIFMIVRUTHAEBEZRRIEN ER ABEDL, S IR TAOBEIEIET S 2
tERHLE, TN OREDOEAIE Spfl KE\ICHS ER X b vxaﬁﬁvl;v:XTD—/I/OD#M/hZJFa%\
HOENICEDZRMEEICAETZ2HDOTIHAWT 2R L, TNODFERIF Spfl AT bar FYT7E
ERFEITCOEZ Y /NIJEDOELWVWRELMOERICEDLS Z L AMRETI2H0EEI LN,

SAM #E &KL Tomd0 DITA—ILTA T hEKEDES
KDOSAAEBEEE

3. Research projects and annual reports
This year’s accomplishments
1) Molecular _mechanism of B-barrel protein folding by a mitochondrial outer membrane
translocator, the SAM complex.
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.

The mitochondrial outer membrane houses membrane proteins characterized by barrel-like structures,
known as B-barrel membrane proteins. These proteins, such as porins and Tom40, play a crucial role
in facilitating the passage of small molecules and proteins, thereby contributing to mitochondrial
function. 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, and revealed a novel mechanism (B-barrel switch
model) in which the SAM complex switches its subunits with the B-barrel protein substrate to promote
its formation of the B-barrel structure and its insertion into the outer membrane. (Takeda et al., Nature
2021). Nonetheless, it still remained unclear how the substrate folds the p-sheet and assembles it
into a precise barrel structure, closing the sheet. In this study, we determined the cryo-EM structure
of the SAM complex with a folding intermediate of the substrate Tom40 at a spatial resolution of 2.8 A
(Takeda et al., Nat. Struct. Mol. Biol. 2023). Furthermore, we established an experimental system to
monitor B-sheet formation of the substrate and its transient interaction with Sam50 as well as within
Tom40 during B-barrel formation in vivo, using disulfide bond formation as an indicator for analysis of
barrel structure formation. In summary, the structurally correct formation of the substrate's 3-barrel
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requires the growth of the B-sheet from the C-terminal side, significant bending of the sheet during
barrel formation, and the involvement of the N-terminal -segment inside the forming barrel, ultimately
leading to the closure of the barrel. This mechanism differs entirely from the process by which
bacterial BAM complexes form B-barrel proteins. The evolutionary acquisition of this mechanism is an
intriguing aspect worth exploring further.

2) Molecular mechanism of re-transport of mislocalized organelle proteins.

For eukaryotic cell organelles to function properly, the proteins responsible for the function of each
organelle must be correctly delivered to the organelle. It has been believed that organelle proteins are
precisely transported, and that mislocalized proteins are quickly degraded. However, we have
recently found that intracellular transport of proteins is not always precise and that mislocalization can
occur stochastically, but that there exists a system that detects such mislocalized proteins and not only
degrades them but also re-transport them, so to speak, by "proofreading of protein transport" to finally
achieve correct protein localization (Matsumoto and Endo, J. Biochem. 2023). Msp1, an AAA-ATPase
in the mitochondrial outer membrane, detects and extracts mislocalized membrane proteins from the
mitochondrial outer membrane, which are then transported to the ER membrane for degradation or re-
transport (Matsumoto, Ono et al., JCB, 2022). Then, an important question is if such proofreading
of protein transport could operate in other organelles. In this study, we investigated the possibility that
the ER P-type ATPase Spf1 is involved in the quality control and extraction of mitochondrial outer
membrane proteins mislocalized to the ER from the ER membrane. First, we found that mitochondrial
outer membrane tail-anchored (TA) proteins and some N-anchored proteins are mislocalized to the ER
in Spf1-deficient yeast cells. We also found that when Spf1 expression was induced after the
expression of the mislocalized substrates was turned off, the mislocalized mitochondrial outer
membrane proteins decreased from the ER and their localization to mitochondria was restored. We
confirmed that these changes in localization were not due to secondary effects of Spf1 deficiency-
induced ER stress or changes in the inter-organelle ergosterol distribution. These results strongly
suggest that Spf1 is involved in achieving correct localization of membrane proteins between
mitochondria and the ER.

4, WX, EEGLE

R

Matsumoto S, Ono S, Shinoda S, Kakuta C, Okada S, Ito T, Numata T, Endo T, GET pathway mediates
transfer of mislocalized tail-anchored proteins from mitochondria to the ER. J. Cell Biol. 221,
€202104076 (2022) .

Kakimoto-Takeda Y, Kojima R, Shiino H, Shinmyo M, Korokawa K, Nakano A, Endo T, Tamura Y,
Dissociation of ERMES clusters plays a key role in attenuating the endoplasmic reticulum stress.
iScience 25(11):105362 (2022).

Takeda H, Busto JV, Lindau C, Tsutsumi A, Tomii K, Imai K, Yamamori Y, Hirokawa T, Motono C,
Ganesan |, Wenz, L-S, Becker T, Kikkawa M, Pfanner N, Wiedemann N, Endo T, A multipoint guidance
mechanism for B-barrel folding on the SAM complex. Nat Struct Mol Biol 30, 176-187 (2023).

Akabane S, Watanabe K, Kosako H, Yamashita S-I, Nishino K, Kato M, Sekine S, Kanki T, Matsuda N,
Endo T, Oka T, TIM23 facilitates PINK1 activation by safeguarding against OMA1-mediated
degradation in damaged mitochondria. Cell Rep. 42, 11254 (2023).
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Hirashima T and Endo T (News and Views), A protein entry path into chloroplasts. Nature 615, 222-
224 (2023).

Araiso Y and Endo T (Review), Structural overview of the translocase of the mitochondrial outer
membrane complex. Biophys. Physiol. €190022 (2022).

Araiso Y, Imai K, Endo T (Review), Role of the TOM complex in protein import into mitochondria:
structural views. Ann. Rev. Biochem. 91, 679-703 (2022).

Matsumoto S and Endo T (Review), Proofreading of protein localization mediated by a mitochondrial
AAA-ATPase Msp1. J. Biochem. 173, 265-271 (2023).

BAEMRHTLE
SRR R, R, MTHAE, SV RUTRYAI/EOESEE ERAGE. EXDHwdk 281 (12),

1151-1156 (2022).
EEES, THAE, TEAFE, S hav R T2y 080ExEE, ERES 41 &7 [T rary Y 7

FRERBEOHEMN] , 664-675 (2023).

MAR A, NI, BELEL, I PV FUTPARICEREREINEZTALT >y H—BE2 0 7 BOREKIE
K, FE22RIPAZEARABRFESES, T—2oYav 7V HREAZ X7 BHRAOFRS,] 2 <1£2022.6.7-9,
EA, O

Toshiya Endo, Protein machineries that make and maintain mitochondria, Mitochondria and Friends 2.0:
Scientific Symposium Dedicated to the Memory of Walter Neupert, Munich, 2022.6.27, /&4, O5&

Toshiya Endo,  Protein machineries in transport and re-transport of mitochondrial proteins (Invited lecture
-Closing talk),_El\/IBO Workshop on New Challenges in Protein Translocation across Membranes Sant Feliu
de Guizols, Spain, 2022.9.17-21, B4, O

WMAREN, NFHIE, BEIEL, B JEBRENMICHITIMBEREEEORE Q022FEEHARE/(FEE
MEZEEE) , FBERARECFERKRS, EHE, 2022.11.9-11, ER, OHE

Toshiya Endo, Pathways and machineries that mediate and regulate mitochondrial protein trafficking (Invited),
ISF Workshop: Mitochondria Past and Present - Evolution, Proteostasis, Dynamics and Disease, Kibbutz
Ein Gedi, Dead Sea, Israel 2022.11.13-16, B4, HE

EEIEHE, AN BORBIMETSEI NIV RYTTIRTAREZ S ROMRE, XN TEBRES VRY
v L, ERE, 2022.12.12-13, EAN, O

(—mHF&)

N EMT, #%EER, B2ElEH, ANE, I3 FUT7O0EEEZAS T 20 TEBOMRA, BERELFS
HA T ERESSEIf s, #8M), 2022.5.27, BN, RR&Z—%%k

M Ed, BAEETF, ek, 2FlEH, BANE, UV UBEAREBXEBEER ZAVZI 3 FY T3
EEICE T2 Y BEEEEE OB, HAECFSEIZEE’’EMFIS, #BM, 2022.5.27, AN, KX
X —FEK

NEIER, BREETE, fTHLE, SFtEL, BA7 LT RT e Fad F—EHIdIOMBERBED D FHEE,
68 HA%EF Kﬁak%fzaw KiE (N7 Uy R) 20225.28 ERN, OE

AEME, IWMELF, SHAE BHER, ERL, 5FTF, 2BIEE | THRET, SRRERFHEDEM
BREFICL>THLLICH 27T AV RY TRV RNIERAST —F TOM EEEOBEL XA FI0X, B
ERAEARAERZSES, 2<IE,  2022.6.7-9, A, O
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I HER. BREFTE. MTHLE, BFlED, 3T 0¥ (1 LQEEGREERICH T 2ERBEREOBATILTE R T
E Ay F—tHdloRES, F74RHAMRENFERE, REGIF)IIX, 2022.6.28-30, EA, O
BADEERE, IRAERE, ANEN. EFAES, S FaV RUTICRESNIFRZ I — FRNADEENIER, 5

TARBAMBEEYMFE RS, BRATIFNIIX, 2022.6.28-30, EA, M3

Saori Shinoda, Tomoaki Sakamoto, Seisuke Kimura, Toshiya Endo, Identification of nuclear-encoded RNAs in
mitochondria, 823 B ARNAZSF =, R, 2022.7.20-22, @A, HE

Haruka Sakaue, Toshiya Endo, Analysis of the import regulatory mechanism of mitochondrial IMS protein,
EMBO Workshop on New Challenges in Protein Translocation across Membranes, Sant Feliu de Guizols,
Spain 2022.9.17-21, B/, RREX—H*X

Suzuka Ono, Shunsuke Matsumoto, Toshiya Endo, Membrane protein quality control in mitochondria and the
ER by Mspl and Spfl, EMBO Workshop on New Challenges in Protein Translocation across Membranes,
Sant Feliu de Guizols, Spain, 2022.9.17-21, B4, RA X —F%

Saori Shinoda, Tomoaki Sakamoto, Seisuke Kimura, Toshiya Endo, Identification of nuclear-encoded RNAs in
mitochondria, EMBO Workshop on New Challenges in Protein Translocation across Membranes, Sant Feliu
de Guizols, Spain, 2022.9.17-21, B4, RAZ—%%

FlgZE, BEAM, A% 1B, EmEdES, MEE-I b3 P TEEMEMZERT 2 BRERMESESED
ROVEREE NI, BISEBAE TR AR, BHE, 2022.11.9-11, BN, OB+ KRR 2 —%%

REET, &FNE0, HFESICETS2I M FY TEBBZ Y XVEOA ViR — AEKEE, E5EIHA
HFEEKRE, LoE, 2022.11.9-11, EA, AE+ R Z—%K

S, BAXZEF, e 7, 2FAEE, BN R, VYEBEERBEEEHN ZAVAZI LY FUT -/
faEmIcE T 2R Y vEEEREEFORE, FIBERBERELFEAR, &HE, 2022.11.9-11, EA, KX
2 —F&K

IINEFESTE, mBEL A, Spf1IA AR T2 I Y FU 7-ERBICHIT DB X /3 B0 BREE#EE, $45EH A2
FTEMFEEER, Bk, TE, 202211.30-12.2, N, RKREZ—%X

NEHER, REET, THME, Z2EIEL, MEANZERER /¢ BHIdAIE TOMESGEROHEFAEEOE
R, FASEAADFEYFEFESR, Bk, TIE, 2022.11.30-12.2, BN, FRZ—H%

AP LEY, EEEX NBEY, WHEZ, &FIEH, MEEZE, 2 Fa3v ) 7EEBEETIM23ILPINKIE
BEOAYN—E LT, MOBTHEFEINZPINKIDBEZIIH T 5, BLSRIEBAD FENFSFR, B, T
¥, 2022.11.30-12.2, EA, FRZ—%K

IMELF, WENX, SHKE, JNEEMR, BHFEEE, BEHRL, 7F58F, SIS, "EHAFE, 2 tar
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BHEAEE, RAEHE, ANEN, BEIEH, IV FUTAEBEINIZI— FRNAORREMORRE &
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6. ZOMFEHEIE
1) HNAHES
MEMmREmes - EBHFE (S)
REL I PV P TOEEREBEHTZIES XV XVERBY X T LDy FEE
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REL CMEAR X BEOLERE L Z OFIEEE O ZA
MERAERE D EEAEL, BUISEE  2020-2024 £ (5 F)
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BEL AN IBEORBAETAI PV RY T IOTHRR Y R OBEEYEHE
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MRREE  EFELED, RSEE 1 2020-2025 £ (6 F)
HERRERMYSE - BT REHR

BEL IV RUTHABLTREIZHBREROEENEE ORH
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BREL I by FUTERBL S EONEEBICE T D TFEE R
MRAREE  REET, BGEE 1 2020-2022 £F (3 &)
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2) FHEE
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{157,
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EMAR - 2022F9 8 28 H
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B EES Y 7 PRER
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NER BRIV IAGR2ELEICATTHARELVIBES LV, BEOMBREBNT 2REOGI D) %2To72, %
DHBNFIIVTARB Y a v EBTVWAFEETK LT, 221 FEEASITA>TWLWAHEREBEED -0, EFEORER
IEMNLCREEIT > T2,

34



St

2023&9 ﬁ% MU=k (LEEBXRES)

35



SFHEEYFMEE Laboratory of Molecular and Cellular Biology
IR HIE 5 Associate Prof. Ryo Ushioda, Ph.D.

1, ARBPE

DFMEREDEARECTIEH. [FVROBO—4% | A REBFROBELTEHREL. EV/XVBEOHED LI E
TOANZZXLERLIC, BFTH, BIC [DF v RAOVICEBZ 75— T 1 7Lk L0 (&
VNBEREEREE| ICTEREHL T IHREED TWVD,

LRI BREELLAREN, ELWEELZ L > THIO TERREDMEEE RIBET 2D, ZNICIEBLDHFL v
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DESIBVDLWE<TRRER Y /N IE>F, BICHEEEZFBLAWESIT TR, Mg icL>TlREREEFEL, 7
WINAT—FRNR—=F VY VREOL S BREADHBEMEEODRERE DR > TWVWE, - T [ZVYNIBEIE
L < &8 % productivefolding] & . [T R 7=V F LRI/ BHBIEICAET -0 REEEEE
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BaEMSE, BDAOMEREETH D,

APRETIE, LEROA VLT M-S T 3 DOFEERTAT 7 MIOWTHRZHEEL TE/, TH4bb,

1) MREEICBIT22 RV BEREER, L Ny 7 IHEH, ALY T LESEED I OX b~ @ /NFIRE S
ESAo): A

2) A= UEEMNDTF T v A HspdT OIEEERHT

3) RN BEREEBICED IR AT A V15

LT, 7Yz b1 I220WT, BoNTHMBIZOVWTENT %,

INRIRICBIF R 2N BREEE, LEy 7 REE., AV LEEEOI/BRR =7 MaFEEEEFO
fZEA

MEETIZAT7H =L R LEEYRNIBEYA P AABEEINTCHALIEXFF 70T 7Y —LRICK
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WREAY R BORZEEEMEICEVWTEELARINZRALLTWVWE I AT TICHRE L TEL (Science 2008,
Mol. Cell 2011 72 &), SHICERAS A ALY I LRy TOEEZEHTE I EICE>T, NNEERD ALY Y
LIEFEMEHIFAZE -S> TWE L E2FHER L/Z(PNAS 2016), T D L5 HB@E,M L, L Ky 7 R#EHAEN LIzR /1
VERBEEBLANYTLETEDI/ORM—=7ITEBLTWS, /MEERIEE<HAONS LD ICERIRIETIC
HHEN, COBRCNIRBEICEWT ERAS AMETTEEZRIET 27-DI1C1F. AOHIDAKRICE > TETHEBRIT
niFasrtwn, EnWAEZZEZNE, BFIEEDLSICLTERIS ICEEENEZ DA, MAKIEFEDLSICLTY
A bYADOLBEBFEBTVWION, PEITTENBWARELRMEL RS, INIENBAEEVDS FILHRTICES
NIMREENFTLEORRKOBDO—DTHH D, K. MEHAONTE-DLITE ST BRDIF-HAEICL - T,
MEERICBEFIMERENTWEIAWZXLEBLNILDDOH D, T/ NEBEAREOL Fy 7 RBREBAED &
JICHEINION, TOMMBRIAICHEEL TV,

2. XEEOHERR
NRAFICEITZ2 N7 EREEE,. LEy 7 RH#, AL LEEEOI/OR =2 NEFESE#FO
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MIENNGEEDO—2THL/NEETIE, YNV EREEE - L FY 7RG - hALS TV LRXAA IR R L
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Tl FE ERAj5 2% R L. ERdjs p/\@EDL 7 F > & v /08 EDEM BLUHF¥ v Oy BiP L EEEEZF
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% B L7 (R. Ushioda et al., Science 2008; M. Hagiwara et al., Mo/l.Cel/2011; R. Ushioda et al., Mol.Biol.Cell
2013),
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Yamashita et al., Sci. Rep. 2021),
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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 mechanisms for misfolded proteins within the cells. Particularly,
we have devoted our activity to 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 reticulum
(ER). ERd]j5 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
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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 ERdj5 cleaves the disulfide bond of SERCA2b, a Ca?* pump on the ER membrane,
and regulates its function. Additionally, ERdj5 senses the Ca2* concentration in the ER and regulates
the interaction with SERCAZ2b. It suggests that the redox activity of ERd]5 is involved not only in protein
quality control but also in Ca2* homeostasis in the ER (R. Ushioda et al., Proc. Natl. Acad. Sci. U S A.
2016). Furthermore, the 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 the
SERCAZ2b 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 Ca2* 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 ERdj5 affects the Ca?* release activity
of the IP3R (S. Fujii et al., Proc. Natl. Acad. Sci. U S A. in press) . Additionally, we found that ERdj5
deficiency causes mitochondrial fragmentation due to Ca2* homeostatic disruption (R. Yaamashita et
al., Sci. Rep. 2021) . It was clarified that redox regulation by ERdj5 is involved in the uptake and
release of calcium ions in the ER.
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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 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) Systematic search for B. subtilis YidC substrates

In bacteria, protein membrane insertion is mediated mainly by two pathways: the Sec and YidC
pathways. The Sec pathway utilizes the SecYEG membrane protein complex as a protein-conducting
channel to translocate polypeptides across the membrane. In contrast, YidC has a functionally crucial
membrane-embedded hydrophilic groove instead of a channel. However, the molecular mechanism of
how YidC mediates membrane protein insertion remains to be largely unknown. To understand the
interaction between YidC and substrate membrane proteins, it is important to identify many substrates.
However, particularly in Gram-positive bacteria, only a limited number of substrates have been currently
identified. Therefore, to identify novel B. subtilis YidC substrates, we now constructed a unique
membrane insertion assay system using MifM an arrest peptide and examined the YidC-dependence
of membrane insertion for various membrane proteins derived from Bacillus subtilis. We then identified
a total of eight novel membrane proteins that are likely to be novel YidC substrates. Subsequent
analysis using these proteins demonstrated the universal importance of arginine in the membrane-
embedded groove of YidC.

2) ldentification and characterization of novel translation arrest peptides

Three of the translation arrest peptides previously found in eubacteria (SecM, MifM, and
VemP) are encoded upstream of genes encoding components of the protein localization machinery.
Based on common features shared by these arrest peptides, we have previously investigated more
than 30,000 eubacterial genomes and then identified more than 10 putative novel arrest peptides. Using
E. coli and B. subtilis systems, we currently demonstrated that they indeed induce translation arrest in
either one or both of these bacteria. We also demonstrated that at least some of the highly conserved
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residues are crucial for the arrest. Our toeprinting analysis determined the arrest sites of these arrest
peptides. Interestingly, many arrest peptides contained RAPP-like sequences, while some were found
to possess novel arrest-inducing sequences. Our analyses suggests that a wide variety of bacteria
encode arrest peptides upstream of the sec/yidC genes, highlighting the universality of regulation of
protein localization machinery by an essentially shared mechanism involving regulated translation
arrest of the upstream gene.
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MEFORBGEMEBOHEMEBROANICT R, B4 ADP VRV ILELER (BXR) LZ20HEBEAKRTORERE
ERTEED TS,

2. XEEOHERE

1) PP VEBBYRTLOBEESR
C.perfringens B2 2D EEAFRERIET I/ F 2 BENICADP URIV LT 2EER la & cNEME
AABET H2EB bAoA D, BAIGUBIL Y ZHKDBSLROMEZEDTEY ., aBRBLIUVEBET /7 F &
DEEGHROEELE X RERBERITTHLOMCL., BELEREDRBITAED TE, ZHOSROEMRIBEH
BAEERT D2, b OMIEAXLER WL, 2020 F, b BEILOBEFE 7 74 +ETEMETED. TOHEE
. CTHMMEBWVWT 29ADMEETE, bBELIZTEBELOHD, S5IClaDEATIHEFERALLE
EZ, AEBLLZbEAICIaZNMAT, 7T—2%2X&E. C1HMEERWEITE2To757, 77 ADITOEET
R=ZNLILAPRERODIOE, BEALIPZFLEEEINTVWAVEVWLEOEDRITD I ENATE, TNENEN
1TV, 29A & 28ADBETOMITICHIN LT, lalE NEKBDO R X A>T, TEHD IbEILIC—DES
5, RbBEEROIF., ZOBHICLY. laDNKFEDODa~U v 7 IAN—ERITEEATHD, Inilla DNXEK
BsciE, b BEILOEERG (ER6A) THRE¢r v T~EHmVTi, COZehdlad b ELENL
TOESZBIINKEL LRI TITONEEEZOND, FTHONICHR>TVWEIERZZTIL—TICET S 2K
NER. REESHREOLBRL? S b BAOFROFHNG, & /s BIREXEEE % IRE L 7= (Nature
Structural & Molecular Biology, 2020),

LT, HAYEMUEEORENPHBELA>TWEIT A 74 VILEPE D ZHNEECOT OB ER 7 54+
BEFBEMEEXFBANTHESHIZ L (Nature Communications, 2022), A A 25Xk T8 THDH. CDTb (&
IND, 2DEDOEEANTET—D ULV ERBER LD I EINBEINTELDY, ZOoBERL L, BIZT
RN TERL, £/ CDTaDEZBICHLZENHDEEZOND, CDT THLEHEEMAE T ERDEE
NHDOTIERWVWEEZ, TOBEREEEDTE, REEES LMNG o FEHE T T, CDTa#E4a L7z CDTb
B %A EFTEMBETCOT—RAE BN EEDT, TORB, FA~TEZT—D b BHFEEDHIZIF X
ERLEABDTEHEHD CDTh BEABEABFEL TWDE I LA b 7z, TNICCDTa%2MA T, 754 4EEF
BEHUBETCOEREREEIT>7T-, HOBRE CDTalNFH COTh EILICHEALABEZBAL ML (BEE1KE
BH) , TONREEIE 26ATHB, ISITRIBOBERLDOVOEDTH S NSS-loop I RKEAHZ T &
HFRHL., INA CDTa L DFEEELE VNV EBBICEETHD I E AR LIz, &5HIZ, CDTa # CDTh &
FLICEHEA LIRETOBERTA S, BAELAIEHM»Y D CDTa & CDTh [EALE AL, CDTa ® NRKIED a~
Uy 7 AN —ERIT7-KEE COTh RILEAEHD 2 DD EEZ ZNEFNEHRL L THOAIT Lz, THIENXE
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HBOaN) Y IRDT VY 74— LT AV DENEKRFERATNDODTCORETH 2, INOLD_HLDEHRD
LNV BEEBOMTHEAFTELLIChh>TLAEL, INLDX YNV EEBEBY AT L%E XL VEER
VRTLEZBDF, SOICHREED T LB,

BLlE, 2O EBEZOBEL T TR, MlEERRICLIZinvivo 7Ty A BLUBREBICLZ2BILAES
BRbhbinvitro 7y A4 DR%ENH LIS T, WEAERL WIS t LTW?, &5(C b ZREWEERELE /3
78BDTHAHEBIELTWS, nanopore ZFAW/A DNA ¥ —4 v X TICERLENLTWD, RAERIC
nanopore #FFBW/AT I /B — T VR 20D T I/ BEBDITDIIEDNTEDIHNE SIS EOBEETH
DM, TNICHELIBEARZR Y NXVEZRAWVWSZELREETHA S, INICAITT, IbEFLIFRADEZ VXV E
BEBYATLTHY, INERAWEEREICAMRIEIEEZETHA S,

(2) M _pinEF CPILE (BEC) D#ExE & #4E
FEEAATRELBRFET., VzLYaHOIYTA MY (CPEIRBHOBEEN RO, FIEOBRTES
ZHREEENT, ZDEFRIE Clostridium perfringens iota-like toxin (CPILE) & #p%& & 17z, CPILE (& CPILE-
a,CPILE-b @ 2 DDAV R—F YV bW LRI 2HANBHRTH D, FIRDAFXEBRELEELAH D CPILE-b &
AL BERTZBO T, BEHVOIRTIROA T RERIb T 4 7 4 ILHEFHZ% CDTh TIHREEEALLIL
Phe TTZE/H@d 77 v 7TTETHEY, INAEXVRIEEREBFSBICELIRTHD ZEIEhh>TWB.—HA,
CPILE-b @ 7 7 > 7"&IEEBALIL Ser TH Y | HEBAOKREZIHERK - FARKE LB LEHY, EDkH R
E@’&L’CL\%@#E%/ W CTICERABERDY L, INOIJ7ARMNIPITLBD2HYEZD., X /3

B OEHEEE. ﬂ[i{%fﬁi&%d)iﬁéﬁﬂbb% T2, Fle. TNOOEBABFICHLEBLCHREZT IO
’CL\%)O

(3) ADP U Lt i B

HAIZADP U R bEER (BER) L Z20EBX Y XEBOEAKONT t@%L%ﬁ% BTET, la-7
7 F v BER. C3-RhoAEEWER. SCARP-FT7Z v BERZHELNICL TERLD, TOLI BHRIEHERTH
FEAER WL, TNSOMEICLY., ADP USRI LLIZZ v /0BT 2 /BThh, 5L DNA DIEET
HiE U EERHEE T, MWU#/”W?%&VOL EASMZLE, TS ADP URVILLEZRDOE
o, TODFEEBEIHI > TERH, £/ b PARPARED D FEBIIABALIAZ CEALL,

(4) Z2 2 Y v aHA ZHDELEDHR

ROIVYIAAABTLEYFUYRED) Yy IHABROXRBEER T, B, Yr Ry cMiEns, H
ATHEEBAZERNE LT, BbRAEFNH, BEML-AKET MEEBETD2Z2n6, BFBREREA-T
W3, HAIFRTHRWIRZBICT 2, COWIC2HASRVEENTEY., 12l L 7FY [ 5 —DIFE
LERTHDIIEDP b >TWDE, ZOMRALERABEL, BERECEAVLWIKRITRBO -, IR, L
EEFRERBELT, 98KDa /N> FIZETHEFEET T, 67KDa & 31KDa ® 2 o lconhnd, BENHT
MALDI—TOF # B 7= mascot BITA >, X7 I v IHAHEKDEETHAI EHER L=, BE. 754
FEFEMBEEZANT, ZORASROBEZHLNMICLEL>ELTWS

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.

48



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 have reported the cryo-EM structures of
the translocation channel Ib-pore and its complex with la (Nat Struct & Mol Biol., 2020)
Furthermore, this year, we reported binary CDT (CDTa and CDTb) toxin complex from the most
clinically important bacterium Clostridioides difficile (formerly Clostridium) ( Nature communications,
2022). CDTb has been proposed to be a di-heptamer, but its physiological heptameric structure has
not yet been reported. Here, we report the cryo-EM structure of CDTa bound to the CDTb-pore, which
reveals that CDTa binding induces partial unfolding and tilting of the first CDTa a-helix. In the CDTb-
pore, an NSS-loop exists in 'in' and 'out' conformations, suggesting its involvement in substrate
translocation. Finally, 3D variability analysis revealed CDTa movements from a folded to an unfolded
state. These dynamic structural information provide insights into drug design against hypervirulent C.
difficile strains.

(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 studying the difference of the pore in CPILE-b compared with Ib-pore and
CDTb-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 ARTSs, 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 component 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, WX, EEHY (2022.4~2023.3)

Kawamoto A., Yamada T., YoshidaT., Sato Y., Kato T., and Tsuge H. (2022) Cryo-EM structures of
the translocational binary toxin complex CDTa-bound CDTb-pore from Clostridioides difficile.

Nature communications, 13(1):6119. doi: 10.1038/s41467-022-33888-4. (&E#HH Y )

5. $RRERAL (2021.4~2022.3)

1) LEZ-. IARK, SEE. MERZ. ETEY

S SAABTFEMBEI LD T4 74 LB BEZ CDTa CDTh A KD SR
£ AEAEAERSS 2022.67-9  [D3 LM BEOBKEESE]

2) FEEAM, LE%C, E TR
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X7 IYrIHABAFKESR PcPV-2 0 & a0 BT

FEOSE FF I VRY YL (FvF54) 2022.9.5-6

3) HHMB. AEE. LB, ETEHR

C. perfringens HRICE D E3 CPILEb 0BBEREFIE. £V Yy THRINI-RRERMLE E D
EOSE FFL VRIS YL (FvF54) 2022.9.5-6

4) \WHEFEC, NIRKRAK. SHE. mEEz. BTEH
TAT74AYNENEET D _RHERDOESBEN

FEOSE FF I VRY YL (FvF54) 2022.9.5-6

5) RKHEE. LE%(C, BT R

A1 A 2EF1a-GFP ¥ XS DXV /N7 BEBB DR & SR

E 60 MEYYEFSE BHEE 2022.9.28-30

6) NEEH, FHM. LBHC, B TEH

Effect of narrowest clamp of binary toxin on cell toxicity

F60BEYMYEFS KEE 2022.9.28-30

7) LWHEC, ZHIEE. BHEEES. B TEH

UI7AFTEFEMBICL 250 BEEERNT CTHON IR > TELIEIBRDES BHEE
60 MAEMYESFS HEE 2022.9.28-30 [D3 WA : ABEREXRS L UVRERKETE (R —) ]
8) IWHZF(Z, HHM. ETXH
TA74YNVEDZKDEBRDR /N7 BEFEBOENIHERT

FA9RIEXZ IV B HIRZEES R#HE 2022.11.19

6. ZOMBEER

(1) st ES

HEmrEmihe - £8HFER (B)

REL VI TAABTEMBEICL 2 XV BREBOHNEERT TRAKRE  FTEH
{8 #:2021~2023

[TALR - B AT LAEEYFHRATI S| HEFREE RBRFEEVEHEHR
L URY —LICBERLE DB OISAABEFEMBICL 2BERT EAKRE 2 TEH
1§ :2022

(2) Z2HEH

Journal of Biological Chemistry, Editorial boards member
Toxins, Editorial boards

42 IBHIREESR Z£B

HAE{FR FHEE

(3) REE

D3IDWLHEEZIAN., TLED2O20FEETEELFLT!
FE21 ARy /BRYSE FAOBERKETE
Fo0MEYYEFS FERRETE (RR%-)
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Background ws lota toxin and CDT toxin =

Analysis of Ib-rosette

Cryo-EM map of C.difficile CDTa-bound CDTb-pore

CDTaboung COTL di-heptamer
——— 1 Cheptamer

Kawamoto, A. OYamada, T. et al. Nat Comm, n press

%60 BEMMEYSE EEEST

G o

BEEMNT
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BT ¥ —BIAEE Laboratory of membrane bioenergetics and metabolism
#¥% #L 3 Prof. Ken Yokoyama Ph.D.

1, HREE

EROHFICETRALF—PHBRETHY ., £HPTRILF—ZFEVCTORICER, TNEESEEAEZHAET
DN, ERT R IILF—% (Bioenergetics) THD, EMDIXILF—BETHS ATP [F. £l +av KR
TICHEET D ATPEREBERICLUIESNS, fEoN/ ATP (X, £WHEET D 2 &0 £ED T DA, DA,
Bk EICEhND, ftEzE, RBAE T O~ ATPase (V-ATPase)ld. ATP %> T/NERICA 7+ > & Eix
L. ZOBELEzBL THRAREBEREYIES, V-ATPase O L 512, ATP 2> TEBEABRX /N EILH
EEREEIN, ZOEEAIE, TNETNOEEROBEZTAOLNICT EZETEVLWRbA > TERA, FRHALR

LEEROTWD, BLFITRZ Y NXIEIPLRDIDFEBMNE D P> T ATP DT RILF — % EXECEE| x}ﬁ'@k
Z0MF. ETHEEKRVEAETHY ., MRAIRZEGHRZOREDO—D2TH D, ZOHFHEMDOEIEA % AR
T2ICF. TOEBEERERZLENDY., TDHDOFHEE L THAIE., 1 DTFREGEHRE 774 FBHEICL
HBEEYFEEIT o TE T,

—H T, EBPTANLF—ZFAT 28RIE. BUPEHMICEIERSFVERLIHZ, FHzBLIHE2E
FEFORICIE., TALF—RHFEROBRNMRLLY ., TXLF—ERNEZTDOLONFDREROD L ERES
NTW3, H4lZ, TRV F—BETHZ ATP OffFaNEE L HFEREDERE. AFAX -7 W) FK
THPTIMRICEFL, ERIA LT —FORRIHEN - Fo - BROBBEICRYBATLS,

2. XEEOHARRE

1) FoF1ATP &R E R OMBARE (=44 i) oOfFE

FoFl (213 ATP 2&63 2 3 DOBMERUAHY (K1), TXTOBEEAIIC ATP AHES L ZRKICEED
EHEWICEZS (EBHKE), LAL, B0 ATP A1 DEOMERMICHEA LT IR AMERE (2=
YA FEREE) TlE. ATPICHT2BAMUELS . » O ZO0REENMEVWG E, BEAUEZRT I’ bA -
TWi, L DFREN 1= #4#%@%%@%% VKA TELN R Y4 M EBRETOM
WHERE © DREIZbh A > T LY,

SEOMRETIZ, 77AFTEFERELZAVDIILICLY, 22U A4 MaEFAREZZREOBEZRZ D 2 & IC
BRI LTz 77 AFBFEMBICLD2BEMRTIE. X BERBERTCEIIL0TERL>—BEDOPREIE
%ﬁ%%i?%ltﬁTgéomﬁkﬁv$oTWTE®27v#?P%HU@DtFﬁléﬁb FoF1n &
ISR LT 1/3 8D ATP A, RIGHICREREL, BohfEEIYy P24 A BTEMETRER
ElL,. TOEBEBNTHILET, IRNTCOMBY 7212y MIXILFAFRAEEGLTOAWLND #EE 12
OfIES 71—y FZADP AHEAE L2 US BiE (=4 A MEE)AB LNz, NDEEIX. 3208 ATRT
BWBEE s > T W, USHEETIE, BTP I ATP TlEA <. MKk @EZLD ADP AL TWW s,

B
azf; € 7, ", m
‘—' 4
3 e g AW s voo o, Sves: iy .'
B M ﬁ ] B 7 ATeem |
Y A B o ! B by
. . ND structure Walker structure o etrectirg S srurtrs ey

#h 5 R Fils o BESE (*’DEQ‘H(%) (Eﬁ'{k%)

1 SHOMERCTHOoNICHE -7 F BOOBEX |2, FIBPOREZ— T v THEE

7 LFF RFEFLZZVIEIREE (ND structure) T, | #HIIRRE(ND structure)k ATP P fEET 2 &, 1D
3oDBHEEELE LD, Walker BE&ETIZ. 3208 | OBHAEAL. I, $5—20 ATP A ESE

& B, BA. BBEZE L B, 1% EE:d % & EFIRETH D Walker & ICHAIT
EFAICEE L ah s ATP Z /KT 5,
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DRI, YA FETIE, ATPIZBDP TlEARL, BTP IZHEAL. BTP TIKDEARI D E WD
ZEPBEOLMICE T M EDZEAS, FoFlL IZ2X 7 LFFEMEAEL TUOAEWIBIREL S EHREETTD
ETIL(E2)ZREL, REOERICERIEFTAEIT DI ENTERREEZI TV,

2) BEDMREERF v T3y MRITICE D V/A-ATPase O EMEILIERE 0 A2 B

FEEEIL, 774 FBFEMEICLY . V/A-ATPase ' ATP OMADBTCHEIEET 2EFE2HIRT 5 2 L ICHD
L 7= (Nature Communications, 2022). ZOHRMEN . 3 Db 2B T ATP OMKDEBIED 1 EA
AADDORIKFICEZ 52 Z & THORIEG#HAEE L, hELC ATP ONKDBI R ILF—ZRENICERT S Z
EEBOMNIILTZ, EVWEZ D E, 3DODMEIMIC ATP DMESLZIREICARZ Z EPEEICHETH D, LD
LA S, ATP A WIREED V/A-ATPase 12 ATP BMEE L72HBE. 1 9F D ATP 7217 TRIERA R Z 2 HEH
HY, ZOLS57% 1 MESBMIICK2EREORE T AV, SE. EHKRED V/A-ATPase M EHEAYICEISR TE 5K
REICEDZ AR — X —HEABPT 2010, BESBER Ty 7Y ay MEFZET->72 (K3), ATP T2 ICH
YErRWTz V/A-ATPase (233 L T, ATP BEMEWRETCRIGEE 60 BB LIZBOABABRN 7 7A4AF TV y
RAEERLTze TOR, RIGKRICIEZ ATP ORBEZEBL T2MBAF > 2b I MNICMA, RICHBRET CIC ATP
» V/A-ATPase ICHEA LA WVWESIC L, 2DT Uy FhbiE, ATP A1 HFiEE LBEN B L NIh ATP
PNERDICHEET DM TIER <, BALRIAIC ATP ARSI N2 Eh b, &OIC ATP A S L7z, 1207
LB ETHE I ENTRREINT, RIZ, B ATP BELRMHET V/A-ATPase # 5 BWEISESHE-b D, LV
30 BMRIGESBIRIGERDN DZNENT TAF T Yy FEER LT, b BRESETRREN OB LNEEIC
I, ATP DY 1 FREELIEEEL 29

L7=E s, 32T NTOENMIC ATP
NEEGLEEBEN TN, TDZ &

¥ :‘ﬁ::lt |/:|_\ L7= ¢§ EH ?%E‘ L7z ° 5% %'E D 7% V/A-ATPase\v yBeaction V/A-ATPase  Reaction V/A-ATPase  Reaction
. o _ R mixture v ¥ mixture N ¥ mixt
EERBY RIS ATP HEET 25 ; - mixiure
— M A (= N =H — N
ki\ - |:||§ ﬁL = LAT P iﬁﬁ e é nrzeh Sample mixing at 25 °C Sample mixing at 25 °C Sample mixing at 25 °C
[=XN 1200@$E¢%H'J@¢%ﬁ’635%:t 50 uM ATP << K4 5 4 mMATP >> Ky 4 mMATP >> Ky
N N " sec .
nhh o7z, ATP B 2 5 FiEE L7415 D i g
: ; . o
BETHRLEMIC ATP ARAL T g g Dispenserati gt e frgeze 8
H A =
Wiz Z &ﬁ\b‘ 120 @$E"§'%)HU@7]‘%L% 1seontogridan;freeze § §
’C*?)E)o 30 *9\&}/_5—5'@1::&5/&75\6 g _§ 30 sec §
N o Q 1 »
.1 FD ATP AW =EB LIS g % ) R
= 8 Dispense onto grid and freeze
]
@
I

Mo FEWEELIC 1 2F O ATP A

3. REBFIE RRFHSLIORLBEZZEZZRIOAENI DT T A
GBLIBEDHFMINR. 2DFTHE | +50 vy FAERL., /54T EFEYECEE L. BRTFRTCE
LEBSEoHFEGRIPEWI EATEBIN | &5,
7=
LEDRERED S,

1, BAWAERMIICHEA L ATPOA T 120°RIE:9 % A, REGRIESEDHEEBRIARL,

2. BAWAEAISMA, BAUCEEAIC ATP AMHEE L7@BiEld, 30 BRICITERL TLWA I enn, ZOFEBED
wRRENEC, Tabb, BEaEE0HERRAEL,

3. V/A-ATPase O&{F#EE L8E T, ATP A S L T 1200RIEAR I 5 2 & T, ROBBAIIC ATP A EE L.
3DFD ATP WM iEE LI-ERHREICHR S,

4. V/A-ATPase DOREEZAC IZEEEAICEE Z Y. FoFl TR ONEEBH AR WLEE (PNAS Nexus, 2022) %
BIIC, BEEREDPOEFREAZATI2IEPELNICE-T-(K 4 S8),
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Viate #5318 VsemitatedB &

Vaate #8518 Vanue HiiiE

ATP ABeom | Bcioses ABuosed

' .n;" o 120" step
AB o0, ‘WWM
"~ ABugees | SO% |

4, EEIREEICH D V/A-ATPase O EFRE~NDBEHEE RIOD ATPEET 5. —D2 D ATP 215 T
120°BAEA R D (Vicemiate)o 120°EET 22 & T, RD ATP O#EAATREICHY . ATP AEALT2HF
D ATP BHEA L7=REEIC D (Vopre)o & HIC 120°ElEEd 2 2 & T, ZEBDOMAIC ATP AREAETES &S
2, ATPAREATEIET, 39TFD ATPHHEA LEEBRE Vo)l 5,

3. Research projects and annual reports

Energy is essential for the sustenance of life, and bioenergetics is a crucial scientific field that aims
to understand how living organisms convert energy into usable forms and how it is utilized. ATP, the
energy currency of life, is synthesized by ATP synthase, present in the mitochondria or bacterial plasma
membranes. This produced ATP is used in various biological processes, including muscle contraction,
and biomolecule synthesis and degradation. The vacuolar proton ATPase (V-ATPase) uses ATP to
transport ions into vesicles, which is responsible for different physiological phenomena by acidification.
The mechanism of how tiny protein-based molecular machines convert ATP energy into transport and
motion is a fascinating and important question that needs to be answered in the life sciences. To
comprehend this mechanism, it is crucial to study the movement and shape of these molecular
machines. To achieve this goal, we have utilized single-molecule rotation observation and structural
biology with cryo-electron microscopy.

Our ultimate aim is to understand and explain how living organisms transform and utilize energy to
sustain life. On the other hand, the process by which life utilizes energy is likely related to aging and
age-related diseases. Several enzymes involved in energy metabolism are reported to be involved in
life-span altering genes, and the amount of energy intake itself determines lifespan. We have started
to study the relationship between the intracellular concentration of ATP, the energy currency, and
lifespan using molecular imaging techniques. The results revealed a close relationship between aging,
anesthetic effects, and metabolic control and ATP levels in the individual. Thus, we are addressing the
issues of aging, lifespan and disease from the perspective of bioenergetics.
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Based on these points, we have carried out three themes;

1. Molecular mechanism of rotary ATPase/synthases, V-ATPase and FoF1.

2. ATP homeostais in living cells

3. Structural biology of membrane proteins involved in ATP homeostasis using Cryo-electron
microscopy

Achievements in 2022

1) Structural basis of unisite catalysis of bacterial FoF1-ATPase

ATP synthases (FoF1-ATPase) are crucial for all aerobic organisms. F1, a water-soluble domain, can
catalyze both the synthesis and hydrolysis of ATP with the rotation of the central ye rotor inside a
cylinder made of asfs in three different conformations (referred to as Be, Btp, and Bor). In this study, we
determined multiple cryo-electron microscopy structures of bacterial FoF1 exposed to different reaction
conditions. The structures of nucleotide-depleted FoF+ indicate that the € subunit directly forces Brp to
adopt a closed form independent of the nucleotide binding to Brp. The structure of FoF1 under conditions
that permit only a single catalytic $ subunit per enzyme to bind ATP is referred to as unisite catalysis
and reveals that ATP hydrolysis unexpectedly occurs on Btp instead of Bor, where ATP hydrolysis
proceeds in the steady-state catalysis of FoF1. This indicates that the unisite catalysis of bacterial FoF1
significantly differs from the kinetics of steady-state turnover with continuous rotation of the shaft.

2) Structural transition of the ground-state structure to steady-state structures by sequential binding of
ATP to V/A-ATPase

Vacuolar/archaeal-type ATPase (V/A-ATPase) is a rotary ATPase that shares a common rotary catalytic
mechanism with FoF 1 ATP synthase. Structural images of V/A-ATPase obtained by single-particle cryo-
electron microscopy (cryo-EM) during ATP hydrolysis identified several intermediates, revealing the
rotary mechanism under steady-state conditions. Here, we identified the cryo-EM structures of V/A-
ATPase corresponding to short-lived initial intermediates during the activation of the ground state
structure by time-resolving snapshot analysis. These intermediate structures provide insights into how
the ground-state structure changes to the active, steady state through the sequential binding of ATP to
its three catalytic sites. All the intermediate structures of V/A-ATPase adopt the same asymmetric
structure, whereas the three catalytic dimers adopt different conformations. This is significantly different
from the initial activation process of FoF1, where the overall structure of the F1 domain changes during
the transition from a pseudo-symmetric to a canonical asymmetric structure (PNAS NEXUS, pgac116,
2022).

4, WX, EELY

RE®mX

1. Cryo-EM analysis of V/A-ATPase intermediates reveals the transition of the ground-state structure
to steady-state structures by sequential ATP binding. Nakanishi, A., Kishikawa, J.I., Mitsuoka, K.,
Yokoyama, K. J Biol Chem 299: 102884-102884 (2023)

2. Structural basis of unisite catalysis of bacterial FoF1-ATPase. Nakano A, Kishikawa J, Nakanishi

A, Mitsuoka K, and *Yokoyama K. PNAS Nexus volume 1, pgac116 (2022)

5. ZRERKYL
1. F1-ATPase @ substep D IEfE RS, *#ILEk 2023 & £SHEHMEERIIISE N

NEER—JL 2023/1/6 OEEFE
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2. UI7AFTEFEMEICLHATPEMERFoOF1IOEIEE QR hEIH. FIIE—. BL BAERT
FNF—RRE BLEFRE =B FWBKRFE HWIKR—I 2022/12/16 HOEFEE

3. #l ® O IFAFRF YT ay MK BV/A-ATPaseD EERHEE DR HABMEBESS B JIFHA
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