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HWE "HWEHOEDD,

YNV EBEMRAR EEEEE

F—H—-C-U7—00 T(#IK) HFEHOKDLD,) I, AE
= ERNICOEET 2MNES EDHEEVWEH W SF OHENE
fE12. TEE (Overlord)) &MEENZHSDHIRICK D, HERE
NEME, &R BRN, BEERLEEHEL, ABERIEUSHT
FEFREBIETREEFMEEREFICAND, EENGA
ZROWS ORI CIRERBOBFIEH/EKRTHD, E>TWVWBA
EH AL AN MZ2EDERL R B, BENICIEREEDSR
BEF>TWIARD EFOERISEND Z ENTERWNT
EEENH->TWD, HOLITFERBEICHRE., HEFMIFTEL
B, HFELRBTREFELRLEITEEZZ TS5 NS,

efe, TOEZSNEHERNAGEROERIE, H2EBEOREKARK
ZHEoTWD, HS5DDEHE, BHENMERLIIET, BhicEl
EEMIERIBITLE S, ISCHELHBEDZ 3, FHFD
(3% > TWB, WHDCITIRBEH D, EHERRZOHE
ICEFRBERD R B TcDTH D LELENARRERICHE
BUTUESLMBESICZDI—EZ D20 PITRE, TRL

BABEFE>T..

Z3, INEFHIFPEVRRDETIEGW, BHTIREICEID
DOHBBIEBDNE LNV, 2L TEE) FEVWFELNS
RrAMEmTIERL, Al TH B,

SFELDLSIC 7 BICERBZESTICHENE>fco MDT
Al %> zEE 7075 L AlphaGo 2D < > TEEDHHRF v
YEAVEITEEAENMNLTULE > Google & TF D &EEH
DeepMind #4%, SElk Al ZFE>TEOHTREDEWSY v
NROBDOMFEEFANTOS S L TAlphaFold2; #E>TUE
21D TH B, IFIFRAFHAICKED David Baker 507 )L—7
HAKO IOV T L%EHKEKL.DeepMind #tiFY —X 01— K%
NFEUTHTSHS TAlphaFold2, ZFIATE5LS5ICLEIFT
%<, BSR%E web EICABL, 73/ BERIIZZRIFNIL 20 5
ENTUFREEDFREFEIENR> TL B &ILHofce TTICT
—IR—= ElciFe b, B, Y30 YyaoNI, YO04XFX
7, RBEREETIVEYOFAEEL 7 AROKEST 35 HlE
BHERIN, HTHLHEEIDZIENTES, 2DHRHDZ &
&, REHFTHLI TICEHSIAEFIITADNEDNNTWS,

ZFNICLTH, AP T ABERRTEMRZRROHERE W o
THEWW, FYNIBEDUPMBETABEZBALTLES LI
Bbohlhhofce 7ATA YTV 7ICiE X, NMR, 75
A ABEEFTRES N 18 AR 2T VIV EOIFBEN
BRI TWBEY, ZnTEENNAIORNL—ZVITF—% &
UCTHRREERRBWEUERLI oo ZZTRVWHEINZDIE, M
DTZOETEWTWE: T4 /8 3000; %2#%E 500 &M
UEMNBYEShiZRBE 7OV D2 ETHD (2002~
2006), ¥V INVBEDINIclcHINT—> (TA—ILR) IR
5N TW3 (Cyrus Chothia itk D 1000 fEERE L FEIh
) T, 1 A~1 A2 FBEO77IV—%2RKIT25 /D

BOBEEZREITNEINRTOY VY VEOUREEZHTET
EZEVWSTET, DHEIFFED 1/3 ICHz3 3000 EEDOY
VIRVBDIFBEREZH ST EVWSHNIAHTH > o (KE
THRKOZOY I MDE>TWe). U TERIC 2700 &
UL VIRV EDOUEEENRESIN, £D>5 900 Lk
FFREE BEENoBEE 30%UTOHERMY) THofco —A
T7OY Y NEFRDIUBBEREDORIERREEZHREL TW:
ZENS, BERESNLY VNI BITIFEETRBADY VIO E
DEEZCEENTVEL, EEO7OY IV MR TUTHER
FRICTYVYNRVBEDIUBEEZREWEETTFRTZ I LETE
Bhofce LML, TOEERESNLEEZ < OFRBEENSE
@ AlphaFold2 D kL —Z> ' F—F /I >z &, 5E5R
AR W, ¥ /80 3000 DRRIE, &THRISFEERTTIOY
TV NBHEDNEDORBOEAISEDOW=Z 3, AlphaFold2 & W
SETEZBARLEVWS LB 5D,

FHHRICIE, AlphaFold2 I EEMZOMREICREZE
5935, PR EHERIGEWVEENH D DITRELS, 77
A ABEDOERFETICH T DR FEBRODE, X REEENTIC
BT BUBREDH DR FERE, BRELPIWVWIVYILS
7 MERREZBT, BEREDOHMEEZHITEE25, Thll L
KXY "DHBDE, —ROEBBZHAREL, chETOL
SIEBEZFICL—EOMEREDHD, BEEMEDEKRL WL
CHZEHMELTUES EVWS &AL ARZ, REDOEWTFAIE
BICEDWT, REBICEERFBITOEERTATESLSICR
%, BERY VNN VEDBERRE —ROEGBRFEICIE < FK
TrZElcLD, BEOBRKTEEEBRAFOBENR 1D,

—7A, PRENGRER, BMEZRST. RERTO
AlphaFold2 DEEFRICIEEFBHEDNNINEH DL SN,
Z5 U RRBRTEZSBRINT %, ¥ VIV EEREHR,
YNV BERBYINDFEDEERDOF LY —FHREEAD
BREE 25, HHIANEINTWS, THEBENSOF I /B
EHNOFH (BoEKTCOZOTF1 Y TH1Y) b, AINFHlE
FFREZEORLTWIIE, EUWEXICEELTLEVWESTS,
ZES5BofEEI, BEEYZRECIKANSDIESE S, BED
BEEYEMREFEEF AL IXANEIDND TEZAINH >
EWSHICZFBEZNBDDBETTFATESL S
5, BRGKEEFADEIRNZELN T TEBRIBEEZ RD D
BEVNHDIVINVEDY =Ty NEIDBEDBRENTL 31ET
2o BEPREOHR T, AINARBICE >fz&Z 3T -0
ICiFsmecEmnwbirTt, CULAABN Al ZE>TRL—ZY
TITNERWEWSBAD TN TERLD, EHRFOHRTIEZ
SlEnhiEW, Science 5% Mln the short term, it will boost
structure determination efforts, - - And over time it will
also slowly replace experimental structural determination
effortsy EEWTW3,



THIER S EFHAD D D | ITIEEENH D, EEDOEMIFEICA HBDEDZEZAINEED I EIFTERL, TNETOAFE=HLSE
FICA—NETFEEZZZETEBD > fce LEDESICEDTF DR, ZUTHREVWSFEEZOLONIREZEZI TV,
ETHS £ L (Overmind), &, NEOFH-IEZERTcE Al & EBICHATW ZENERNICRZ TEERBZD, %
E—RfbIBIEFERERSES, Th—FILTLATRIL—, UTRIeEDREKICIE, ZDLSBIEBENRBVWT EEZEL DR
ZHREL TV, #ELT 2 N B=FHIEDHERIEF, nFTD N,

ANBE=FIcEOHREBEKREDFETH D, MERFEPRK

* *x * * * *

2020 FERIOFORET, AARAELTOT IR —FEBRTET, ZEOABHRICED, HRICIDBHSTENREED
Tlfco ZARBRHT, SEIARADOFEHREICMA T, 2020 FETA T « v LICARRAZESNIOEEFA S A, RIFFPT OB
DREEHES A, SHEASA, ZUTEMEMD SKBRRZICEHSNICEFOR/IE—SAIC, THEOMEDI L, H5WEY
ATIVRICEELTRS T L, BEDXEZSFEWLLZHELL (CFREODNESTTVWELR), AOFHETZIEVHIEE, 7
Z4 4B, AlphaFold2 FTEKEWNE Y VEEHT, 1YRANATINDEIZ2DLWVRARBNAPI Y EAHEBVWET, L
AW EBWET,

(2021.8.13)



BRERFHIESHR LG >THHTRES. DNA BEHFEN EEEHIENENE

WBESF A

IDRBEERZICMEL THS5D 7 FRHIF. REOEKRBHHTOLIZMET - LTRIFTHED. VNI EBHEIARFAT

DTF—XBENIR>LDBDTHolce INSDOMEDERIZ. ¥V /N\IEELTOBRERFIC K SEHEHIH
ZOERIC, N—FIA7 OHEBERFHRO—BFIZBN LI,

DRITTICIHAREESD TETcD T,

ICHofeh. ZnzEHF
BRTHZBHENK R ST

ERFPHE) CEOZANZHOMEDEHATH D, INHSHEND, TN\ —DFHEINSEEFIHOREZHESHICLTHLLEWVNS

MHEDLEHE, HROEBROAROREICHERMUILER S,

0-7URZY VEBLEFIE. BOKBEDRENLEZREVE
A SRIEINS. BAICIEH DN HILFEICITRVELRTTH S,
COBETEEEITZ (EESED) EEIHSMCHNIE,
KBEZRESEIRIODDRATY 7OHIENESMNCHRZES
S EWSHRFE - TR Z RSOz, Fah® 1983 FICHEK L I
RITRE. COZT N DEGEFZYTADMBBICEA (X172
AA>Yyzoyavicdd) 9§32& KBFFENICHKREIND
CEEREUI, COBGFEBAINLY T ADRL IRIEEH
AT, KBEFEMELEHN 0-7 V5 v EBIER U,
ZD%E. 0-VVRFUVELFOEIC Y NOAVICKBHEFR
HERDDZIVIN\VY—DHZEZRATEL2] (FBEHES 1),
ZOIY/I\>H—0 DNA BN, KSAEREREZRET Z8EE
ELVIERNICT YN\ —FEEz EIFBEBEICaREnE &
[3l. KBEFEEZHRET DEZ(IE. DC5 &&fF 1Tz 50 15E
DEFICE TS SN, DC5 DIEERTIIC 2 D DEERFHE
ABULTHHTI VAT —DEELEENZZE[4]2R U, T
CETIF ITRIIFIIEICOEDDEFEZLBNBRE IR
EHDIENTE e [BLD S IE B3] T, 0-V VA5 Y
YOIV TF—OFEEN RN SVA0 TV /\ YT —D3t
E A (co-microinjection)iC& > THEEINDZ I ENS. I V/\Y
H—DEADIHBERERT (5 TS coactivators) DEEEZFREL
FRULOED, REEE T HICEZFANShEL > U
MUWThICE L. INSIFEREREOIEETH D, BIEL TV
DIEZD 2 DDEERFIFATH > T TNSDHERICE>T
EDLSICUTEHEEDFHIENREDZDONE WSEBETH D,

DC5 5l 5'Alic#EE T 85 EF (3. Southwestern 3% (A
EfF2) TUOO—ZVUTBRIENTEL, TDOE, BAED
HEDOMREZT S SRY EWSEERTF &z DNA EE R XA
VERBOBRBERTMNEGT 7 7I ) —%EH I ENBESHICK
b, 5% SOX RFHEERI &
Molecular Genetics Zfii&ExTHM D &> 7% MRC @ Robin
Lovell-Badge W~ 7 X ® SOX &-ERTFE (SOX 773X U—)
DOEFNEDELTWDT, ThEERT B & FAEENREDIT
feDCE#EET V/INVENZTRYDSOX2 THZZ &IFT <IC

I 7% > fc s Mouse

Hlofeo WEHFBTRRUIHX[E]IF. SOX BERFHHIEHT
BELFZEFRNIC. KBEZFHELTHDOTRLELEDTH
feo

LD L. SOX2 O TFRAICHEET 2EBERF (IRTr 0EF3: &
NnIE SOX2 ZFH DK@ R Z A\ c EMSA TI3ERTE
TWe ; BEEHES 3) MMITH DML, BB SR>
fco Southwestern EDOEHZEZ 2B EFEBIAMZEZTH
e BOVENMEESEWV. ZORRMS. JEF3 (FBEIC SOX2
MEEULRITNIEDNA ITEELBRVWOME LnBWEEX, B
fHffIC DC5 = HIfHECS & U TiFD His3 B FZHEHRT 5 &
EhlT, ZOBEMMRETZTU MY SOX2 ZHIEL TRE. C-K
IHEICBERTEEZED GALY OFEEE R X Unfdinans

SICHEEATRE cDNA ZA4 75 —%25 Y /)R0BEULTRERS
B2HEER T2 (KA. INIFERE. ¥ Y/ BEGHRDER

BazEsO0—=>093koHIc<AVWS N TUWLWE two-hybrid
= (BBE@S 4) Il TWed T, 1.5 hybrid EFRERNTIEIE
A TWe,

Z® 1.5 hybrid iEI&pIHT. 21 xR R ZWE(IC OEF3 A
PAX6 TH 2 Z EMBESHICHR > f2[6]o DF D, SOX2 & PAX6
NEEREE>TIV/\YY—L L TD DCh ZFELL., 20
BERELVLTO-VIVRY I VEBELFZHIRIEZ2DTHZ.ES
fEAYZzoON947THEZTIMNAILY /—THBETRRES
N3 Fgf4 Bz FH. SOX2 B TlE7m < SOX2 &
POUSF1(OCT3, OCT4 &b MEN D) ENMEREREICEL ST
EMEEINDZENHESMNCIR o TV e, 51T, YRR L
TLe SOX AFH B 2D data Z 947 L TROERIC
oo SOX 773XV —DHBEERFEMTREIV/N\YT—PEIKE

A 1.5 hybrid screeningl= & %, SEF3 = PAX6MDEE

Lm

His3™ B BHifika

BEEML

GAL4 AD

— (@




B DC5 & DC5-con (PAX6#EAERSI % consensus|ZZEH)
DIEEFELS| D LB

SOX2#E & Rl PAX6#& & R
DC5 AAATATTCATTGTTGTTGCTCACCTACCATGGATJC

DC5-con  AAATATTCATTGTTGATGTTCACGCATCATGGATGC

PAX6E 14T D
ERICERTRE

C PAX6DDC5 ~DHEEH SOX2& DHIEEITIRET S
Z L H#RITEMSADHER, DC5-conDBE ELEE L 1=,

Probe DCs DC5-con
1§ Il 1
SOX2(202) T o " " " 1

HRAMIZSOX2% PAX6E
B FEMREE A
IUNIY—DEHIEE

Pax6(169)
(ng)

DC5(8-mer) 1
+S0X2 1
+PAX6 1
+S0OX2+PAX6 100

DC5-con(8-mer) 1
+S0X2 1
+PAX6 8*
+SOX2+PAX6 8*

(* PAXBHS 8 E#EE LI-C EI2ED
BULESEMIL)

FEEELT B E@FEL HS53—DD/IN— N F—REFEDEE
HZfE>T (=M F—DBEEBTHSHEIF homodimer ZFRK
LT) M1HT. BEHHEZRETE S, £, HAEDEND
IR= K~ F—EFIC &> THIEENEGFIRES (- ~F—E
FNPAXE THNIE. 7Y RY ) VERFRERERDERTF |
JX— K F—5H" POUSF1 THNlL Fogf 4 E=F4E ES MO
HICBE5Y 2EGTF) » JOHEBENELFZERT 2HE
% . "SOX-partner code” &M A T 2000 % (T Trends in
Genetics FHICHRUTZ[T]. COETILIEZFEEZE P L THE,
20 F =R 5 THLLLEIAEINTVWS,

OEF3 ' PAX6 THZEWSHERIE. 2EDEETH o7,
F—IT. PAXG FROFEICHRARBIEERFE LTI TICHS
NTEH. UL BHFAEIF 1998 FDFwX[8] T. 'SOX2 & PAX6
HMEFFICERI N2 TR KBECEIFRELBZVWETE 6—
TURE ) VEGRFHIBLEEIND) EBRNTWDTH S,
ZOIRRTH. OEF3 A PAXG THDEEFEZ SNEH 5T,
FEZDEZ(E. 0EF3 H' PAX6 THD EKINBHL>TERAET
HH2DEH. DC5 BEIFIDOFRD PAX6 (0EF3) #EEBCH L.
PAX6 BJhd DNA &> > ABS & & PAX6 @ DNA
BRICEEESNDBERINOBATRES EB>TWeT &
TH3 (EB),

Z I TR BIIRDERZIT>7co HED DCEEsllE&. DC5
DOF D PAXG #EEHEEZ. PAX6 BIih D DNABEIY YT
A (consensus) ECFlicEZ#Z 6D (DC5-con) & ZAREL
T. (WEERF® in vitro TO#E (EMSA TEiT) &, (2)DC5
IYVN\Y—DEE{ (FRICDRFE luciferase B FH
ROEMEL) ommEm,SEE L (KC)

DC5 Ee3llic® DC5-con EFlic . SOX2 [dEMTHiEE
9%, PAX6 BITIE, DC5 ICIKIFEAEREELRVDICH L

T. DC5-con £ L TIRBLHERT %, &T. PAX6 & SOX2
L ERFIC DC5 DNA [CINZ 3 & SEIE PAX6 MMEEE TH -
TH SOX2 £ & hicmmANICERLSEE L. —A. DC5-con it
TR L TlE. SOX2, PAX6 OEEIRINNDIEEDOINRE SN
3rEIFT. WEDDNAKBRICET 2 HENGHRIERE S nGH
>

T TN\ —DFEEIFES D ? PAXE, SOX2 Rk
ICEEHZED NS DCE RIICHEET BHBEICR>T, TV
N Y —DBVEHIEHHREE o, DC5-con EEFIIC PAX6, SOX2
N (EREDOLSI) ARFCHEELTH, TY/N\Y—OFHELIFIZE
EhERERD DTz TOBRIPRDI EEZRL T,

SOX2 & PAX6 N ERESEMEIL Db DEEE%E/E > TDNAIC
BEBE L TEET BE5IE. TnSBMOEARRIIOM TR
<L FHUWESITH S, SOX2-PAX6 #EE 1D DNA fESES D
55 PAX6 EHEEERT A OBERTIE. PAXE B
AAVEYVH R EFRELER> TV,

SOX2 & PAX6 WEEEFEMHIDHDEEEREZE->TWD T
L&, EMSA TOBEIEA DC5 #{E> & DC5-con £ H HH&FF
BEW(DNA &£D 3 DTFEEENELD compact BEEZ & >TW
)T EDSESIMN b K DB ESZW, 20K
SIEZDD. WO DOHATHRZR TS SBICHFZRETL
Foleh. TOREGHNT.

URFDOARRKE - EmEEMFEORE T photonics & EFT
ETERHEREEHBHOSRDI EERARL, 2 D208 F /HFH
10 nm OERETEEL TV &, SRTFREADETORTY
SXEVHIENEE DHER. BELHIRERMICO T NI %, Z
DOYVT7 hOEGVWTEF /HFEOEHNIND, 202 &%Fl
BIhiE. EERTFEAFEZOLDOTIEHRL TH, BAHHIES
L7z DNA OZRIFFHAITE 21E9 T Fhxbelc L TEBRER
FEREROEENRFEEMNZ I ENTEZRLE S, 2D e
5, HEREBR, FERICAUEERZIBY LU KZEREDORK
NiExE (R BISRER) BEEOHRMRERSDT

EROTH A VIFEFKTH D, 50 nm ED&F /RFIc. SH
ExzNUTH0EEN SRS DCE BEF D 1 A8 forward E25l %=
SR TORETEHRBDE. ARKICLT DC5 EID 1 A
reverse BEFZR UK BRITCORETEDILHEDERRET %, N
5%RBETSHE.DCOMINIF 2AEEAD ., MiklcRF /HF%E
D DC5 EAA R DD, FRICL T, WMiKICES /HFZ
D DCbh-con RS HERHT 2, Ihsic, SOX2 ¥ PAX6 &
M, $HB\E SOX2 & PAX6 DEEIVREEZMALEEIC, (1)
BEALLZARIT MLDOBARNENTEFRERAICY 7320
M2 Lich-> Tl ()7 /RF ORI nm £ TEET 50D
h? E5ICHE->T. (3)DC5 DNA NEERFOFEEICE>TE
DESICEHRTZOMN? Z5AIT2DTHS (K D). EBRICIE.
—DEF /HF (FDREIC DC5DNA DMIEBEYT %) & & ICHEH
BETTROHAERDIET EWVS, BIBEDERETH D, B



D ¢+ / #iF(2#Fh-DC5 DNAD R % . BELHD
TSXEVHEEEDS 7 Mk > TRET 1EE

a) SOX2 binding region PAX6 binding region
AATGATCTAAATA F‘AWGTqGTTGPTCACCTACCATGGAT(S#)AATAAT

G(;ld e DC5 sens ;éﬁuence

W 3
Thymidine heptamers
Y . by < N4 4 s

WA wl e
DC5 antlser‘lAse sequence i / ~, -y
Thymidine heptamers et 3
4

150 (w75 bending,

Gap distance(dg) —_
b) o 03
= 100
’ 2
2
dg' " & Bending angle & 50 \w/ bending
o £ (614.3 nm)
----- ‘Q-l;ro-tein bindin 8
g 00 600 700

Wavelength [nm]

E &4/ HFRICEDHEAD TS XEVHERE
DT O SHETE S T-DC5 DNAD R

Plasmon resonant wavelengths
of gold nanodimers

Single transcription factor

0 * PR
580 600 620
Wavelength (nm)

Frequency distribution

Pair of transcription factors

T4 —TF /RFRT OAEICIRET 2HEL (2 DBRAK
RHE) ZWMOREULIcDEIC, BELEZE AR MLAIL T
KDTHB. ANEBIF T TEELRESULWEY ZRDRFEET,
ARBFHEEROOEICAERZETUC. KEICRIRES L
WiERZzEHE U9

BERTFEMZRWVRETIE, DC5 B ERALES /AT
DTS AEVHIEIF 587 nm lcE—=7 & F DA, Fhic SOX2
EIMZ2EE—TIE, 604 nm (Y7 kL. SOX2 & PAX6 %
FERFICMZZE, 612 nm ICETY T hUTc, ZORENS,
SOX2 ¥ DC5 DNA ICHEET % & 60°DKE=/REMA DNA ITH
fe5&ns (Thlk. SOX2 @ DNA #&&HY. minor groove %
CURBW2L5ERAZEF DO T, OAENSHBRATH >
f2) o SOX2 & PAX6 A EFICIERAT 2 &, (BZ5< PAXE A
B9 2HATT) DNANE 5T 6 BT 5, <D PAX6 DFFE
TR LT ZAblE. DC5-con BEFlZE > e iZBa I E a0\,

ZDZENS, DNA OEENSEINI-BIZERREIC K 3
HDTEHZM. RO EMNREI Nz, SOX2 & PAX6 & DC5
fLylld 3D TESEZIED . ZOHFER, BT SOX2 & PAX6 H'
DNA IZ#5& U154 (DC5-con AD 2 BF DML U I2iEE) &
DH K=/ DNA DEHZESHZ5T,

ZOERIE. in vitro ORIGZE>TcRBTH o fefedIc,
SOX2 ¥ PAX6 #F & L Tld C RinfllOEREEE(LICEED DR
Wil ZE R W e, RIBEOHRTERLUEHDZER W, LML,
DC5-con IC SOX2, PAX6 HE& U THEBEIEEIFRE A0

ZEREDNS, SOX2 & PAX6 & DC5 EeH D 3 B FEEEL
BN T#HT. SOX2 @ C Kimfl] & PAX6 @ C Kinfllb6EE
EEERL T EFEOEGTICNT EEEE(LEEERIET S
EEFEmLTWEBl, #hzdbtE T—MRbd 3 & BERFIE
BEERER->THH T, DNA HEFEECHEEHEEEZRE
%) EWDSZ &Lk,

B EICHRARTE 2, SOX2 &/8— M F—EBERFHEZESE
ICEBOEEETE. /C—kF—FEFH PAX6 THDEEICR
STcb DTV, ES #ifEk & CHERGEHEEEEZRT
SOX2 & POUSF1(OCT3/4)DiHELEDHE THRKKRIR
RIFHERTE 5,S0X2 OFEEETI ACAA[T/AlICEEES % POU
RFOFEAEIE LT, POU EFHEMTOFBEIY YT IR
5 ATGCAIA/TIAT N ZDFFRKZD Z L IFFTHEWN, 1~-31EE
OAVEYHIHMSDILA, SOX2 £EEHFEZED S % POU
RFDEEZRDHTED[I0][11]. £l Z5<GBE2RFDIE
BICH EDKEEFELDLANILICEFEEZEZ TWS,

T5IC. 2DDHEERFHNRA—OHIBATHRRINTWTS,
TNONEICEGRZERL TEEHEZR RS DI TIER
WEWS, EDEROFEE H S, SOX2, POUSF1 ZHFIRT
% ES g T, 1F&AEDHE SOX2-POUSF1 DEEKE
ULTZhSDEERFAMMERL TWS, LAUL. ES MiflgnxkD
RERMEICHIGT 2 TET S X Meififa TlE. SOX2 H POUSF1
HHAEACRREINTWSICE bS5 T | MENEGHERE L
TEHREHIEICEDL > TWREIRIFBRO TEWDTH B[12],

FERBS LI, FRIRT /S LAT—9. bZYAVVTN—LT
—INBENAEDID DBNWTHEEL TWBRRTHZ. TNoH%E
H &l Ul in silico TOETREFIERY T —7 FRAEBATH
2. ZDEEICIEAREK, BERFD in vivo TDY ./ AR TORE
BEIICET 2T —% (ChiP-seqi EIT & 2) NRERDIZH,
ChiP-seq O R &> LEERFOEES AN SN icifaDiE
BOERENTH D, DI EHH> T, HIZIL open chromatin
HEHOFICREENS, BEERFEMETO DNA KSR (3>
YRR B BERTFOFEEERIITHZEREL TESN
FEETILIDERLEWN, UM L. ZO7 7O—F Tld, AfFTl
NBEERFESRICER O, BENAEER FESIAIERR
INaBERENEWV. FOHZRETKRIEIRET & W7/ in silico
studies ICR5HES. WIIHDEEZES LIzW,

Koo/ A, B, C (&, X#[6] Kamachi, Y., Uchikawa, M.,
Tanouchi, A., Sekido, R., & Kondoh, H. (2001). Pax6 and
SOX2 form a co-DNA-binding partner complex that
regulates initiation of lens development. Genes Dev.,
15(10), 1272-1286. Doi: 10.1101/9ad.887101 DXz HZE
U THWe, /XXRIL D, E & 3X#R[9] Morimura, H., Tanaka, S.,
Ishitobi, H., Mikami, T., Kamachi, Y., Kondoh, H., & Inouye,



Y. (2013). Nano-analysis of DNA conformation changes
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L3N REABROMRICED. LROY TR T v FEE
H, JL—Fb, EMICLD T FITEZTHDI &> TEL
(& Suzuki 2014, <% Zarco-Zavala 2020, v Varghese
2018) , #LTZH T, o & HLERNREE L EB TR
NTWRH EPBC L ICERDEBNMRBICE U THETITES
BDDLWBERE ST 5 &, #lElIFEMET & ICEBIICHR

c-ring ’ FO

c-ring & y subunit ASEEET S
‘ Guo et al. Elife 2019: 8: 43128 ‘

TERENHD, RADESLHE. HEDEATHEL, Th
TH, BEKED ATP EREROMENSIE. HICHEMICH
K#EGULEEZ LD Z1EY (Bedaquilin) NER SN, LHIM
MREREORBOVDALDEEG>TVWS ( %Guo 2021) .

IF1-KO mouse; apparently normal
| Nakamura. et al. Biosci Rep 2013, 33(3). pii: 00067 |

‘ However,

Transformed
fibroblast cells
from

IF1-KO mouse

wT KO did not develop
cancer in nude
normal mice.
* breeding
* growth Tumor cells

Faccenda. Nakamura,
Yoshida et al. Cell Rep
2017:18.1869-83

* body weight
« starvation
« motion ability

overexpress IF1

breast  lung colon

3 N T N T N T
« tissue anatomy —_—
* mitochondria 71 | e
* ATP synthase BF1 [:: Sanchez-Cenizo et al. JBC
« ATP synthesis 2010; 285. 25308-13

B}YMINIVRUTZOYVINVE IF1 F. EPEBERET
ATP ERDHDIXIF— (HAE) "ZLL< % ATP &
BERICES L. $OE (ATP 4) X <T () . ATP %
BRITHET B &<, ZNA5. IF1 AW EFHIEICTHEL
25 KON IRAEESEH. KOXTRICIEBADEELER
nighofe (@) , e2REIC. KOXYIRFAVICEDIT<WL
EWSTHREEZ R DI () o AVliEIE. IF1 Z%2ICEM
LTW3d (%) . AVilllRidmEER/BRI/BICEDTEH > IE
SHEERTATP ZE> TWBA, 2D ATP %= ATP &RBERD
BRI THEUEWLSICIFTI THELTWS EEZ SN, £
2T, IF1 B L THiEzRAS B2 LEaYERDUHNIE. £
NITNARNICE S & DEFEIVC, DY BIBAREFZENT.
BRIFTEGI 2 (BL2EER) ©

E—F—TchIE<BOEBICDWT, SVF LARRD S EES
DO—FmEIRFG (Brownian ratchet) &, <CWSWBIM T
(power stroke) N\ >7co ATP &RBERIL. ATP TRIEG%EK
B9 255, W40°S&ICOEANY v > 7T B power stroke
E—Y—TH2Zt%. BEULKBRZLOBIPRERTHER
Lz (8) oD e Fo I2WTld. BRFE &R (3¢ Guo 2017)
Ic & >, Brownian ratchet motor T#% % Z & IEIFIFHERE
Kol ATP BHEERIE. REDENS 2BDE—4% —H'[OEx
HMEHBUTESLILHDE 22D,



Saita et al. PNAS,

2015; 112, 9626-31

\ F, is a power stroke motor

O Powered WWAMAWWO relaxed
Torque = k x AO 8ok | ) ) i
KR Rzx2 R%3 At By
+ATP )Il: u\ iy
= - 10 |
o 200N )
M~\6§f%' Id g‘ i i ". .':
ag\rje ic fiel i g 'l T H
( TR0 NG NG
20 ATW;P;on, |
. A somtics Tid gf ATP on
1. EQRETHERLIAE, BHLITLS GHOmticy "ol "8
[ [ 19 FOATPH B —L T

2. $9A0ES EITNRDHHT
FLIRSHL TS 0

Good!  ~ 40° = Fo-motor step (~ 36° )

E#EFDHE 120

| _F, is a Brownian ratchet motor |

cring [FEMELETALADE
EEBICE->TWLS

H* [F220HAYOABY. B
BRF7ARTEAICHAYTS

ERSMH BREELNHDE.
—ARI<EE5$ dmotor &7

T

subum!a S e ring

Wﬁmg
il

COOH (Asp or Glu)

i
XF7FIOODTED E—2—1of2!
) S(ER)  3ATP:8H*
c-ring @MY 54T 1=vhDH ;é( b 3ATP : 10 H*
(= 1EIGTEE H DR 4 LE 3ATP: 10 ~ 15 H*
EYEC LIRS BRI 3ATP:14H

ATP ERBEROTNH TOREENS XY —KNL T4 0FE, AN
WRRGZHND B DEROERFEZIFFTR U, £4F
BEDOHEAD, 2 0FHOERILOBIHDIBORIC. 774 AE
FHEHREO VI —TICH B ZEE S5 H > DIRE 572 (KGuo
2019) ,

5. R OBRZOKRIERD > D - -

1-b SBFVrROY -+ - « FEELKDD

RERZER (H D) IKERY Y IIBORURTFROEEE &
D Z A TIUFEEBENDITD fzfcd (folding) EHBITZY v R
0=y (ME® GroEL-ES) DIARIF. EWKbD AR >Tce 5

TICIEABRITE L BB VW D D, b EIXBRREICATEIRIC
BB X Nz IRBE (dynamic tethering) TEBSEY folding HYEEH.
REBEICEBTEZ28HBEEMBADV BB HATORICHES

NTLHEO folding NERT 2 EWSHERESL (¢) . BES
Nt EO—HIERENSAICEZLT L. 2RPMTRIFTHT
BEHHD (v) .

RS VNV BREBNGBAREGETIRED T folding 5%
(spontaneous folding) » ZDEFIC, £9 & EIF/NET < FREA
CHESTRSTFDZVWEREDLSICHR D, EEDORTRFICH
B 3HMEDOEARBIEHDLS folding 5, LML, e ENEE

ENZELEDERICKEDZ LR TET BEHBBADL VDT,

Z I SEAML folding 29 2. ZNEREDIRT. EWS DN
REBOBEKLEZS (¢) ,

S~ O -— H
w~R0O=3(GroEL/ES)O) folding $&Bh
Motojima et.al EMBO J 2010, BBRC 2015,JB 2018
o
e 7 B <y
rol e - -
— // A [
“3\4 e (9 CJ
cycle
Va\'R ‘i’?@ ATR | u > release
Denatured
protein _A?%}\. —_— ﬁ@
GroEL (S )
o b spontaneous
] folding
+ rate-limiting intermediate
Rearrangement 1
Spont. &f % @ 5 @ & ‘@
7 > > >
folding Very fast
Denatured Collapsed Native
protein
Segmental In-cage Folding -
i Q folding release \ complellon N
= o
n-cage |
folding D )
Fast =
Tethered Near-native Native

HE DT ¥ RO=Y GroEL/ES: tether, segmental folding, in—cage release

‘ Motojima et.al. J Biochem. 2018; 164: 369-79. ‘

Zhid. "EMYVNIBRERICHATORICHCASSNT
BEAEDFE LT folding LTWa & WSRROKMEFT5 K
E D A. Horwich, K1Y ® UHartl) OHREETFILEES TV
%, WENEZTEEN >feh (ERIFIEL WHEIRIEES T
WBDTHB) . Z2ZHPADDERULE, LML, KEIFfEZ
DFITIR>ES UTHREDERZRDBEMN oI, #HNP-TH
BHEICBRETEZDIC: - (FEXEAT0T75IEFRHAE>TVWS
DIEFDOEENMCHIFTET Z &FE. TIILBITNIET <oH
%) o FRTIDERUTCOHRFBHEMOBRBRVDSHFICHES
ULH L. FAT=B D major journal #%#5 i rejection D&
oteo ZD5BIC. KEFAFITO— AU Frydman)h. B840

7:!:\/\0

YrROZY (TRIC) TlE. EEREATDIBICHEALERLS
folding ML, WS ZezREHULE (TR Yy I ZEENS
BfcX) (J¢Joachimiak 2014) . fAfe 5 DR & IFIFHERAT
FEWD ZNTHERCEDEZETILIIERINLEFE T K
BHEOYvYROZVOERABBET LIS TEREDSH 2 F X
TH 3.

ATP
—

o |,
o™ &
%o

D v NO=> TRIiC: tether, segmental folding, in—cage release

¢

‘ Joachimiak et al. Cell 2014 : 159, 1042 ‘

H5—D, RESD Celli& (July 8. 2021) IC7aA & 3 it
I CE TR, B ABELRXL T DB AEEHED Y Y
OB RETRHEEL ST EERELTWVWT, 5= &
RIBLIZDT, LLUTHEW, FRED ATP SGERE KB
B CRERETZ L. ATFE25 A0 VIV BEHREICENE
BXIND, ANTHDE, PspA EWSHTVIIRVET, ATP B
BEORERETEEZZSITEEZBEL TW, E5IC. PspA



EATTRMES ¥ I ETH

ah. 2EHERUY—&L  PspA, membrane
TEman, EEEIcEE Chaperone
EEL. T/ —ILAEEIC  monomer 2
N EE 2 EEDA A > R et /
DRNEMABENEH>  polymer

ZENDbH o e (¢
Kobayashi 2007) ., FEI(C
NeRTHEE L TEZEE
T2V BREEWE
ZEDHRL, BRIFH o Tz
M. TN EDBRIFZL A
h o feoCell EED X Tl
PspARUN—IdHEDES I LI FOKRZETDY VI Z2 DL 3
ZENTE BOREICHKEST 2 ENERBEMERE RSN
TW3, PspA BIRORIGEPHBEPEBEREOKREZED. Wb
[EEFIEDFREZE{LD producer TH D (B +ROV) THO.
HEBBDEMICHHEITZEEY V/NVE (ESCRT-lIl family) @
HWEN—YavEoTc, wMXERSE. PspA (& ATP IIKk &
EENBD. FNICE>TE/XN—DERINY—ICRD., £EH D,
Z5VWZE BADOERTH, BEIRUY—ZRREELTHS
Fffolding T2 &, E/N—DEFT2ELERIY—ICRS
Bhofce HBOR. ATP ZMATHNIEL Mo Tz,

fubular

»mbrane
silayer

| Linet al. Cell 2021: 184,3660-73 |

2. FEIOOFORREREME - - - evidence-based policy

N T Iy IDREVERORBX EBERNH SNl Tald. B
METDSEICRZEEDBET GEXDEREDET) BEEZOD
B D I5EIC D W TR @YX ZFt A TUWM e,

IR DWeDF, TEFIR, OBRMEBEEVNTS S, flz
HIFZE BHDI DB, YRVDEMEERRSFKS 2T 2EMR
HWe WHOET ) o YRUDBEMNKETES, &Hh. H
KUTIRBMENRKICIFESH. & UL, YR EEDZE

SUFEREZUVESEEH D V1 I AEZETERKIEY X T O}
HICEHRUTREIND LSS5, ER. BMERERTRS NI,

HREARDT SR —RBEOAFHXD S, EFE>THKS
BRBHSIES, MHBHSES) (Fhe <Ledk. BEF)

EZICRENEETCVWD I LN DL D, BF DI, BORGEK (¥
B E TR e RF ) ZIRVVIAD C & TREMNRET WD, 5L

ICIER L TWB R IFT R SEFIRIEGWAS, ZEBETHRERIEE
BWESS, um BAIOI7OVILOEETIETAILRIFIFEA
EEENTVWRLDLS, WO BEFERIFEETWRWES S,
Flo, BEICEMRBREIZEEZADBRELAAMS BV, ZF—)L
KEAIICRB LTIV ADMAREREEE LD e, B EDFRNIE & <

FOEE LK BREICBEISBVWERERGFTHEZD I L DD
B, FEWZEL EWS, PERBRVEDVWWESES, LML
FHEWTIERBRRIEBAFRW, ZT5WS evidence ICEDTWTEX
nig (evidence-based policy) . TRITOBSHEEKIE. 3> & &
mEULIFEZZENTE, FABNIBTFTEDZHEDERDZIETTH
2, COBHEDFEULLIFHEELLDT YouTube TRS5N S
(https://www.brh.co.jp/event_lecture/detail/777)
SELWFIF RECBER/EXREZ—ZEIEENE. EVWSH
BWOENH B,
ENRLRTH D, FHIAIINAFEEETEENRTVWEZDT
50%T% ./ —)LFRT 1 HTLRT D EROEREENH D) .
AR THE0%IY / —ILDHDONH B, INTEITLESH WL (O
DOHFZEEFE) LTHS (BRAFDATH WV, HIEED S DREE
BEDRZWN) | RBZRDOLSBRERFEI SBVDTIEEND,

—F

FEM OO TIRLLVE B EER

ERDIAILAE . 50% IR/ — )L TR TEEM?
HWRL-I5E . BRPICEHEISETORREIE?

1. ERICYAIWAE S BT RESE
10 ml ® 50%IA/—)L or KTIHESANLY
EURLT= SDUED DA ILADEENF ZB*

2. KDSHNEI0RTEIKYM AT
BEURLIZSHUNED AL ADEENE 25+

* HERERADBRE T, EFACE2E EREICRERTHTIART
BEEINNADERHNTED, PCREPNIEE LY.

3. AL - - BRAKKE>TZOERARERICI- -
BEURIOE S DL - B8 - HIBER OB D ZEICDVNTD
BRIEZD2 0FTREBESIH > fco BikT/ LOBINT
ZEELSCHBLIEHETH D, £ MDY, BIRMRHRRTE TR
<CEKRHOERA, RTFYTILI—ILAL TZVITANERHELT
Efel e, WHRZRIEHHET 7Y hDEHITEH 5~ 6 FEH
T LIctiERTH 2 2 &, KIcBE L EFDRICROE
HANBE L T< 24 EEERIBEZ R CREOMIBEANA
Ihfel e, BEMFED EDOM > TEZ, RAICERIND
IR, —MREFICHAEBETBNTEE2EX D, &
DORBTEREL TWS David Reich ¥ "sX#9 2 A%, (NH
KHER) EWSHROBSERETRELSNZTIES LLWAZEN
DT (B—ROWFIEEZ LIS L COXRTBOEAEETTZ
ERBD) . FORIEEETUE oo STHHERXGIBEEE
TWBH, TiflF. & ERPEOE hOELICDVWTEZTW
%, ZUT. SETERI DA WELI -2 (EBS) A
ZRNMOBLOEREETREIC Uy EWSREEZ T WS,



EIMXZRET H EROEFL

Ef - FRPESSTHYBE
BEROELE, FHTRY, FoFCHEFLE

BEI2R 51T

a#%

XDER

b 0D BEIE K

~4007% 51
~300F &8l
~140F E#]
~805 Rl
3305 4FHi.
BT DB KIUKD L%,
BENES>THWEEFMNNS:-
BRARH, [EERRB2RST

DEICE "ANEDBNDEDEZEARD DI, FHANS
BMHBWNET/NYFICTDIL -2 BCTEISHTIZEANER
THB, BIU2RBHTIZE. ENCDBINDENEFHUIT 2R
NHOREER., MOWHNRDIENICEASNBWER ST,
Tld, BEEIML 2 BSTIERT NV FICTDIL->2iEDD OFBAR
DETE - BiEEX Z oD INITIFHETH D, MFNEZ DD
TABREEEEENS, ELVNEXZSNS. &EE5, L
L. BREESMOEEHBEISITHADAEAFLH ED
ETH Do 2RBTRIIRILEF—MENTHD . REMOBIFT
BENERMELEDHDIENTES, &EHE 5, LHL. #
SWSBBHGRDONTEDZLSICHR DB VWREDZ &
Bbond, hOBWDETEH, BICEFRBXIFEICE EHEICHT
% (ARBYEBELED) OTBITHUZEEL T THETZ
e, MFEHIMEZDDOTHAEDE Z THHR LT TR ERIMAE
(CNEF7 7V H0EICE > TEKRHEBE FLTPEBINEKRE
UCTTRERET 2RO D ICHEER > IBARICESTR) %=
BWASZENTES, EVWSDIEHZBEEDHRZ>ehd U
nu,

UMULBSDEN BTH/NNYFHICTDIL - LB 2 B51TE
MiE, s, AZEVWTHET, BEROBERICHSBVLS
. 2L T, BRZBRUATNERS RV, ZRICERER

2BIC S Shhif. EIMEERL, i

BEIZRHITT
Bzbirstd #BE(R. #)
AL RS
EZBULLS (BN =)
EMEERY TS (BS1=80)
NP TIELL BeoLfERA EER
EMERD AT NATF BEISRDLERET S
AEE(E, EIFE? or SHELICRAMNM > THELTLS?

2. ERFEZC, 2ERDIRA (RB) THS, KSDEEKER.
ARDORRITHRETHD BN SBEY DBMEBE ICL > T EHET S
RERB. MO AEICAIVNESHRIE. oI SRBRELHE, ZHA
TWeo CNIF. ZDER AR EZZETRITDEEICEZ S,

Supporting facts (1)
REIF | ERORITBEES. MIFTHN

Roach et al. Nature 2013; 498. 483. |

a Endofstide  Maximum external rotation  Release BAICKEERIFHHIE.
« 2H0%%
& = . "
\7L\ BOPHERABUT
AR M NRIRILF—FT
/\\ i e\ G \ N HT. —RITHHE
Arm-cocking phase 1 Acceleration phase
VIR RCEET,
0 45 =40 m/Fb =F4i% 130 km iRz X ZE<[E%R

2005 FHIDARE-TLIMRIZ BRADLIIZHRIFHIENTES

EEDOFHT, RAEWSROEEZRIFICES O TORELEY
D TR FICHRULIcDTH %, BEIE HATES TS DM
HZzBRU. BYZ LD BEeRATEWVAWEY ZEID T
BZENTETC. REDBRERDIENTERLESZS,
thDFERAUKRAHRD KIORENBIAR E WX 5D DI
WA IR &I3H D, £ NORBIERE > e < FTH
H, RROZBOEETHREE0 FOK5SVWDAE—RTKRA
TE3RE35 (FOFKKFIE 150 F0 1) . 200 FFAOE
RADBENS, DNSBEKRICKRATELLSES. W,
e, BAZL DDA BEHADED. FEHEHELZERS,

Supporting facts (2)

TflZxMe, zITNIE. FIZRHAECS
FUIRT—(ZIFFIZB AL
16073 %E /. BRI DEIRENSHFIE
2005 FRIDA . BFEDEINEST-

BORE RAICFELAESELLEENR

HAFS : /AICEIOTHRL-EEENOHRR %

R, U FICREH DB (Ho) DM ?
THRFRERF-ON?

FUNRVI—EBRIDENNSICFIEMIBNES L, HiES
NIcEHRADBEN ST EHDH DR U b N0 & B o fehi,
FNRFDONSBVNEWVNS, ZNTH, BTRZBH UKD
e DRERA 5. 160 AFFIOERANRENE L bh >l A
REED & EITHISNIcADIRMBR T, FRENENEHE
fEhbndZ5T. Ehickd & 200 HFERIDAIRDEEE
FEFELE o1,

W DRI S B0 BNV FICERFPT VRIS >cDES
She A—ZARFIET I ADBREICADEEHRS LEDHDHH
Sl EETHDRBETHARD, REANESHEDLNSEN,
BRARERTIT>@E 5B LETHRNLEZ S, 2595 & X
HEH? ULHL, REORBEARIBEELDET > EEW (25
THBW? KFHETIE ZED DR TEAD BT ZRR EET)
BEZEICEELRD > Tch? AV FICERFICMA SR
ENB BN, TNETINEBRETBEEYRI DB T, 2
CTIRFEZEML THFTERT 5 (CTNHBEL2 BFHITOHR)



DOMNLHEDREE 12D B 5D
HERARDODSEFERBZRITTWD, Z2O55ICK>
FADALMELNHZZEICENDEAEZMILED D, ARD
HIETH D, RocAIRAZEIWEDY>Tch T2 &ICHED
Nico ATHRIBLRITRIES S, PHT. BOXZEH L TE
£, ARZBICEAELTFRICT S, ADKL D ZEDE
L&D, ERCEEEFBELL T, ZDZ3ICRRDE, &
MOBEEID 217 TR BRNICKEL TEYZED LS ITR
%, O, B2 BHTOEVWIXRILF—NENEREYOR
EEREBIMCRII o Tco SSICENEBAINT, B2 BHTOHE
NERIFHERE FTRBO/N\Y T —ER>TH L,
COVNSHBTIRESV O THIICEEDHZDH, DHSHKEWN
M BU R, RAIE > THHALEIRIL- o SDRHS
NIERKICEERBZSE > TWeEBWHL T I L,

MEHE IMEE

RO-ANFRM — BRER
D BITIARIZED

Proffitt et al, Nature 2016; 539, 85 ‘

BEADHAEHYE - T2 8 '

FRBBFOITHRTNIEFRICHEN

HFERRORE, REEFTAMLBRRZ 12
BER. BITHH. FET. DR TEB(EH) -

4, BEFAOZDE - - - Al OBF
3ERIOZOFRICFAG. 7/ BEIIDSDY VIV EDIL
F1EE TR DLW T, molecular dynamics IC45{t L7z Anton
St (D. Shaw) E#ETHRIC &K 2 RERESTE (F. Hirata)
ICHFT 2 E W, UL, Z20%, EE556ZNIFERERAL
TWAEWK ST, B TEAVLN, BELSZDONE LNk,

RoseTTAfold MELREFEIN

tRNA-d:

< ¢
TM-score: 90

i, EBR A, THI
TI/BERINEZTNOIEDENIED
BERDEEET A

‘ Baek et al., Science 10.1126/science.abj8754 (2021). ‘

hbobic, 2o 2 F7T Al (artificial intelligence, A1) I
LRBEFAIROE UTce TOBAE. Al E1E. BT DICHEAR
BET—IXR—INS50DEHKETH D, Google ETDRED
DeepMind #DFEF L 7z AlphaFold2 A¥ 2020 £0EEI > T
AN TEEBIGEWVESETHABZEN U T, KPIEE & DBEEE
RAREEZBLTHEVWVWDT, BY V/\VEDOEBELFATE 3,
ZUL T, KBl SERFRXEDTY Y NV RZOTIL—TH 5
AlphaFold2 [CIt# 9 % E8ED RoseTTAFold hNEER S iz, B
Wrecslc, 2hld2> (or32) OFVINVEDT = /ST
RIFH5mE (or3&E) OFELILEEHRDOEEE. [ZIFERIC
FHUL (EX. Science, July 15,2021 n535|A) . AlJED
WWeEZ 3, EnTd7I /BRI ZANITNEET2DS5
ICFAERENBONE I ETH D,

&

LFRETEREBL TES S, TCIRERRETADRBEIAN 5
ICERI. Nature on-line (HARBTD B DR, https://doi.org/
10.1038/s41586-021-03828-1) Ic AlphaFold2 ®# L Wi
XORES NI, EM5E T NTc, 2 DFX ZFA TPR.DNA
TEZIE F. Sanger OIEEMIRENYT / LADF L WHERZ R
Wik SIE. VIV EBDBL2MRADENBZEHMIT 2ARL
Sfce 2020 DAY U —)LEESLIE. AlphaFold2 (373 D Z &
HTWeH, ZORBIC, BSIFE DYV IIBEL HEDIFEA
E27T (1) = AlphaFold2 THEEFAL TWeDE, 250U
5. 5 ADSE, FREBEICHEEDETHHEDNWI A, 25
ICZD56H 2 ARHSIEEBVWEWESEZZLARNILELEEVD

(http://alphafold.ebi.ac.uk) o UL T, &M IE>EDFHI
TERVWHDDS SHEMDEARYICHEEDBZWRAZ D
25&W5, P /EAEOMUEX THNSD T, BERMD
W DA DT VI BEZID EIFTEEZFRIL, ZD5EEFD
DRIEDEBEN S MEEREBZHETE L TWS, FFEAENFER
SN, ENTHEHICFERZ Y1 NETaFESnEe (TR .

( https://colab.research.google.com/drive/1LVPSOf4L50
2F2TRWBmMYJJYYLDIOU2NTL) HUICBRDIKRS> ¥ VIV E
DT I/ BRENEADLTHES, FEAEELWESENFAS
NEEWSENHECENSEHIZATES,
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1ELRICTERDV&oETHERENSABD/—NILENE
y = f(x) @R, DI
; % _ = W f: folding %k
R x=g(y) ZELOTERLL x: 7R
Y (utir) E5 AT x (7a/BEd) £RHD g dfolding B

y: ILIRHEE

DFY, THA UL R EZfoldingd %
TI/BESERHTIE

HBINVEICEFEET DR DE N\ VEDIDEEET
AL ZDTI/BEIERHT L

REDIAVNVEIZ IDWBEY 755
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2013 FLHDEEETF#®HE (Direct Electron Detector; DED) OHIRICKD. 754 AEFEMEE (Cryo-Electron Microscopy;
Cryo-EM)*'IC & 2 B A EEERIT O DR IRIENICE L. X RERESETICRSIBEAERERTOEIBRAED 1 D>
foo EBRIT. Cryo-EM IC & 2 BERTOBFRERIE. ELBMUTE D, BERICIE X RIERBERTOBRHEREBZ D EFHES
nTWa, £z, Cryo-EM IC L 218:&E I, 100 kDa % TEIZ2 D FEDEABEDOEERFITICIETAINRL. EWSDTFEDENEFE
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HROEFEHEICERORENH > 2HBATH. EM BIRETHET 22L& T ZRPNOREOEEEZRFICHSHNCTED &N
KEBAVY N TH D, KRB TIREENTOALFEIOAF VAN ADRNNAVEABEE IOF VA I ADBEREEIERT 2B LEDES
ROBERITZIBNT 5. ZOEERITTH, KW ERDOX Uy hOEES N,

FEOAF VA IR & BRPIERIE
2019 £ 12 A, REREZHRHEE LCHBEIOF VLR

tHsRERE Hir SRR

(Severe Acute Respiratory Syndrome Corona Virus 2; :
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BT, RoBIEE 2 BEOR (TYNA—7) OHICZ0ER 5
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& 32O NTD O5>50Wghh 1 DICHEELTVWEDICKT L.
2940 JifKIF 2 D, FIEF3 DD NTD ILEELTED., #n?
NOFUAED NTD ICH T 2B MEZRRL TWS Z EhDbh > T,
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ERANBRATDEZDITEBLLY —ILTHS, 5IC,
AlphaFold2 TE hDIFEAETRTOEHEBEE T LT
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"Evolution of the SARS-CoV-2 proteome in three dimensions (3D) during the first six months of the COVID-19 pandemic. Lubin et al. bioRxiv 406637

(2020)

? An infectivity-enhancing site on the SARS-CoV-2 spike protein targeted by antibodies. Liu et al. Cell S0092-8674(21)00662-0 (2021)
¥ Antibody-dependent enhancement and SARS-CoV-2 vaccines and therapies. Lee et al. Nat. Microbiol. 5, 1185-1191 (2020)

“Highly accurate protein structure prediction with AlphaFold. Jumper et al. Nature (2021)

* Highly accurate protein structure prediction for the human proteome. Tunyasuvunakool et al. Nature (2021)
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E£YMLFARERE Laboratory of Biochemistry
B EEEE Prof. Toshiya Endo, Ph.D.

1. HARBE

EREYOMBEAICESEICRELLAILARS (MI/NEE) BENMESNH, ZnorlRICEREShE
@%TLk&&%%ﬁﬂaﬁbTm%oﬁﬁﬁ@ CRBEDAINHXZTHDI AR TIE, FKRHATPEL
EEBHICHLARYERS - BREEZEBL, PRN—YCHBEDL D, MEI MOV R FHEEE EEVPEE,
Wﬁzﬁﬁ%%;bwtﬁéﬁ&aﬁ EEDRBEFREIESNTWS, T AV RUFOEELREE & HAEE i
FReHITE, HEOAANSDERFE YT HILIKIEEL, REERSLI NIV RUTERET Z—HT, &
Ehmbf NIYRUTZEFHIZICEDHIBENH D, ShIVRKUT i%nwokiﬁbh? BEDOI b
AV RUTZEILK, 9H, HEITZIETEID, SNIVRUTZEILKT ZOHICIE S NIV KU 7EBR
T2 1000 BEEZHMZ 29V /IVBEAILIAUEVE ib&bt@*%%ﬁﬂﬁx@ﬂﬁ%%, AMMSEFI MOV
RUFRICERE, H2WEHFHAERUATNERS BV, lIERICIEIS LI AV RYZEERYPEEDY
ETVVIDREOOYVINVBEEREDER - X, REEE, ANHARTEOEERABRZRK AW HRRY MD
—IDBEINTWVWDS, S5ICRA, SFIYRUTFEER BESE oA ILHRS EOBICYENEM (O
U K) BUANEOHND, TNoSHMEBEHEEICELIIEENMERINhTWS, YHARETIE, S FNIVRUT7
EHRDMCRRZBAINARSEENHREANTEDLSICDL 5N, TOBEEEENEDLSITHIBFTINDDMIC
DWT, EEY¥, &£1F, HEEYE, BEEVMFRERRIBFEZAVWTHRELTWS,

2. XEEOMEHRR
ShNIVRUZPHABRENS VRO -9 SAMBERD YV ZA ABFBEHE (EM) BEDRE

1000 Blch LRFEAEDIRNAVYRYUFZHYYNRVERFRINIVRUTZHAENS > ZRO7—5D TOM B

{ZM‘_J: DETNIVRUZPRHICEDAEZN, Z0HRAE, EEZH WE YKJIJXEWSLINIYRUTZAD

Bl TN, ABICIFNDFOEXREESRIYVEFIUHETZVDOMD B NLIIEESY YV /IIE
/J*‘??Ea‘%o BNNLIIBES Y RVEIE TOMEEREN L TABEZEBL £, BEIMISAEDO ST VR
O —% SAMESHKICEKD, BNNLIEEEZE DL D DDONAEICIEAZI NS, SAM EE5K(IE Sam35, Sam37,
ZULT B /NNLIIWBIES V)XV ED Samb0 & Mdm10 M5 En3H, Mdm10 EE (I SAM E&KITHE &
AFENTWBDTIFERL, SAMESGHRE ERMESEEGR(EREZ NIV RUTZDOV YT M ZE DL 2BEK)
EDBETAFIVIIREERTZIENRBIN TV, Flc5lE, SAMESEN 8 NLIILEESY » /() E
ENBICHMADEEAZRAT D0IC, HFBHAREDO Mdm10 258 SAMEBEEREEER VW SAMES
EDT 547 EM s % D iRAE 2.8-3.2A TRE Uz (Takeda et al. Nature 2021),

Mdm10 Z& £742\\ SAM &5 &KEETIE, Samb0 M 2 EFEEFERLTED ((Samb50),-Sam35-Sam37),
£ Samb0 & B NLIIARLICHAUBW TSF7ZILEOR, THofc (ZDEEEZ SAM™ EESEREER),
Samb50 ES UDHEERIFIFEA RS (RAIIEEENIFSAZENTWE), Sam35 & Sam37 NEWI(C
HEERLDD, Samb0 @ 2 ERICY 1 MYVILAINSHEET 22 & T, Samb0 & SAM EEEICEE L TV
oo —H, INETOENMZNBETEEDEEED EM BTN SI1E, SAMEESHEOEEE LT Sam50: Sam35:
Sam37 =1:1:1DEFEFTERINDIATO I EFREE (SAMEGEEER) NREBIhTED, =
CILFDOATOIEERDI A A EMBESRERS SN/, £ T, His 78KV HA ¥ %= Fh2hm
Uiz 2 E$ED Samb0 %, WTEM Samb0 ZRAUBAKICEAL, His Y7 Ic&kd7 7427 BT
fco ZTDHER, His-Samb0 & &6 HA-Samb0 A& I hicZ &h 5, SAM™ESENAI NIV KU F EIC
ENMNCEELTWR I ENREI NI, S5ICR1T 1 7 PAGE IC L 2EEHY 1 XDMBIFTPLEBRERICKD, H
FEADOI NIV KU 7 EICIE SAMEEEE SAMT™ESENELICEET DI ENESHER STz, TN

TIEERBEI NIV RY 7 EIC SAM EEEKE SAM™ EEENEET Z2DHh, EED B /NLILEES >/
BHIER{EIE, B NLIEEZFER TS B ANV RDSERD CHADODANZ Y RD T8 ¥4 )L H* SAM
%’Eé{mca’&u‘ékénéc_ EPHENTWD, 22T His 7 ZMUZEE Tom40 @ B 7 FILEREICERE
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{tL, EE550 SAMEBEEERIEET 2 ZHANC, ZOFER, BEE Tomd0 @ B ¥ 7 FI)Lid SAM™ EEKIC
EEITDZEP b o, Thabs, SAM™EESEKIEIEEBD Tom40 2 IF ANDRIEREODFETHDI &
Moot

BEDMIBEDETILCIE, EE Tom40 D B V7 HILH SAMT™ EEEKICERIND &, Tom40 [F—HD
Samb50 B F E ANEDLZIET SAM EERICHESE L, —@MIC Samb50-Tom40-Sam35-Sam37 & L\ 5 R
BEEZD< %, ZOBEEEFT, Tomd0 D B NLILBEINFEERINZ EEZ 5N 5, B /INLILBENTERT
% & Tom40 1 SAM EEENSREET Z2RENH DD, FACEOLBIOECZENBERINS, H5—20D B /L
JVBIRES > )X B D Mdm10 A Tom40 &E AnEHh 232 & T, TRE Tomd40 = SAMEEENSEBVWET Z &
NREBINTWe, EBE, SERESI N Mdm10 Z2&8 SAM EEHER (SAMWM B EER) TIE, SAM™ES
EHRD—AD Samb50 DFHN MdmT0 ICANTEDL>TED, Mdm10 D/NLILEERNIC Sam37 DRWAU v T
AEENADRAL ZET, Mdm10 A SAM EEERICDBREFILEHSNTWEZ, 2DE, Mdm10 NES5—DD
Samb0 B FEANE DB Z & T SAM™EERIBERIN, REVYAIIDNE/ETZEEZI 5N,

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.

Most mitochondrial proteins are synthesized in the cytosol and are transported to mitochondria by dedicated
import systems.  The outer membrane contains several b-barrel membrane proteins, including porins, which are
responsible for the transport of small molecules. b-barrel membrane proteins move through the outer membrane
via the TOM complex and are inserted into the outer membrane from the intermembrane-space side by the
translocator SAM complex, forming a b-barrel structure. The SAM complex is composed of Sam35, Sam37, and
the b-barrel membrane proteins Sam50 and Mdm10, yet Mdm10 is not always incorporated into the SAM complex,
but it dynamically moves back and forth between the SAM complex and the ERMES complex (an inter-organelle
tethering complex between the ER and mitochondria). To elucidate the mechanism by which the SAM complex
incorporates b-barrel membrane proteins into the outer membrane, we determined the cryo-EM structures of the
yeast SAM complexes with and without Mdm10 at a resolution of 2.8-3.2A.

In the structure of the SAM complex without Mdm10, Sam50 formed a dimer ((Sam50).-Sam35-Sam37), and
each Sam50 was "laterally open" with the b-barrel not completely closed (this complex is called the SAM®™"
complex). Sam35 and Sam37 interacted with each other and bound to the dimer of Sam50 from the cytosolic
side, thereby anchoring Sam50 to the SAM complex. On the other hand, biochemical and low-resolution EM
analyses have suggested a heterotrimeric structure (called the SAM®™™ complex) consisting of Sam50 : Sam35 :
Sam37 =1 : 1 : 1 stoichiometry as the structure of the SAM complex, and the cryo-EM structure of the
heterotrimer in micelles was also recently reported. We thus introduced two types of Sam50, one with a His-tag
and the other with an HA-tag, into a yeast strain lacking endogenous Sam50, and performed affinity purification
using the His-tag resin. The results showed that HA-Sam50 was purified together with His-Sam50, indicating that
the SAM“™ complex does indeed exist on mitochondria. Furthermore, analysis of the apparent complex size by
native PAGE and cross-linking experiments showed that both the SAM®™* and SAM™™ complexes are present on
yeast mitochondria. Then, an arising question is why the SAM®™ and SAM“™ complexes exist on mitochondria. It
is known that the SAM complex recognizes the “b-signal” in the C-terminal b-strand of the b-barrel part of the
substrate precursor. Therefore, we immobilized the b-signal of the His-tagged substrate Tom40 on the resin and
examined which SAM complex binds to it. We found that the b-signal of substrate Tom40 binds to the SAM®™"
complex. In other words, the SAM?™ complex was a species that accommodates the substrate Tom40.

In our current model, when the b-signal of the substrate Tom40 is recognized by the SAM?™" complex, Tom40
binds to the SAM complex in a manner that replaces one of the Sam50 molecules, transiently forming the Sam50-
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Tom40-Sam35-Sam37 intermediate complex. Once formation of the b-barrel structure becomes complete, Tom40
needs to dissociate from the SAM complex, but our previous biochemical analyses suggested that Mdm10,
another b-barrel membrane protein, could replace Tom40 and drive the mature Tom40 out of the SAM complex.
Indeed, in the cryo-EM structure of the SAM complex containing Mdm10 determined in the present study (the
SAMM™™® complex), one of the Sam50 molecules in the SAM“™" complex was replaced by Mdm10, and the long
helical structure of Sam37 was inserted into the barrel structure of Mdm10, thereby tethering Mdm10 to the
SAM complex. After this, Mdm10 was replaced by another Sam50 molecule, and the SAM“™ complex was re-
generated to complete the reaction cycle.

4. WX, BEEGE

RE®RX

H. Takeda, A. Tsutsumi, T. Nishizawa, C. Lindau, J.V. Busto, L.-S. Wenz, L. Ellenrieder, K. Imai, S.P. Straub, W.
Mossmann, J. Qiu, Y. Yamamori, K. Tomii, J. Suzuki, T. Murata, S. Ogasawara, O. Nureki, T. Becker, N. Pfanner, N.
Wiedemann, M. Kikkawa, and T. Endo, Mitochondrial sorting and assembly machinery operates by b-barrel
switching. Nature 590 (7844), 163-169 (2021)

H. Shiino, S. Furuta, R. Kojima, K. Kimura, T. Endo, and Y. Tamura, Phosphatidylserine flux into mitochondria
unveiled by organelle-targeted Escherichia coli phosphatidylserine synthase PssA. FEBS J. 288, 3285-3299
(2021) (Online published on Dec 7. 2020)

T. Tamura, A. Fujisawa, M. Tsuchiya, Y. Shen, K. Nagao, S. Kawano, Y. Tamura, and T. Endo, Umeda M, Hamachi I,
Organelle membrane-specific chemical labeling and dynamic imaging in living cells. Nat Chem Biol. 16 (12), 1361-
1367 (2020) (online published on Sep 21, 2020).
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Y. Araiso, K. Imai, and T. Endo (Review), Structural snapshot of the mitochondrial protein import gate. FEBS J.
online published on Dec 10, 2020

Y. Tamura, S. Kawano, and T. Endo (Review), Lipid homeostasis in mitochondria. Biol. Chem. 401, 821-833 (online
published on April 22, 2020)

5. ZRERLBE

Toshiya Endo: Pathways, machineries and mechanisms of mitochondrial protein and lipid transport (BfF#EE&)
DBB Zoom Seminar (hosted by Stockholm University), Online 2020.6.1

MEEPSE, BAEEF, EENEE, BANR ShIYRUT - MBEEBICET2Y VEESRE=EER 08
Bt ORR&—%K) HB72EHAHEREYZSAR, A 71>, 2020.6.9-11

MTEeF NSEEF FEREE, RIS $HFHEZ ZFEASH BENER S h3IYRUT-NEEREEES
HFERMESEEHR Y SR Y —DBEBMNERA N L ABRICHES TS (RAY—HRK) F72EIBAMBEEY
FRKRE, AvF414r, 2020.6.9-11

=Y, BAEH, HHERF EBFKSK SHEM RRSH, ZE)EH, HNER: Split-APEX2-GFP %
BWwice k2 bV RUTZ-NEBHEBIV Y YA NBEY VNN VEORE RRY—FK), F72EHAHM
RBEYZESKE, A>ZF14Y, 2020.6.9-11

Haruka Sakaue, Jiyao Song, Toshiya Endo: Requirement of the TOM complex for mitochondrial outer membrane
protein biogenesis in vivo (IR X ¥ —HFKRK) F200HAEZERERIFESFR, AV 71>, 2020.7.7-9

HEF S, BAESETF, BENEH ANE S IV RUTPUNEEBICEITS ) VIEESRERR CHXEF
FEAORE (OEHK), FIRIBERLE(LFEKRE, A F1Y, 2020.9.14-16

AN, AEXZE, FHEBE, eEFETF, NBEBEET, EEEC, =B EW, HNE: Firmicutes bacterium
HRODCDP-DAGEHiEERTam41 DiERBEDME (R Y —HK), F43LHANFEYFERER, A7
1>, 2020.12.2-4
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MEEPSEE, BAESF, EEAEE, ANE SOV RUTZ-NEEEY VEEEREBEERO (R —%K) ,
FAEHAD FAEMFERER, A>F40Y, 2020.12.2-4

ANBEN, AEXE, AeEF, NBEEF EEERL, EE1EM, BN Firmicutes bacterium B3RO
CDP-DAGEHEERTam41 O RE S OB (OERK), F280UEIFENFEELEISF—, AV 1Y,

2020.12.3
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EELED  BAPMEREERE
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EEED  BAREMFRNRES

EEEW  BAMREYFIEEREEZES

EEE KW 0 JST/CREST THREASY 1+ 37 X, #MEARROKBEREY A FI7 X HERE

3) 7ONY—FEH

H3AE: [YouTube 54 7ERE T§53565TI7RY7Z— I RIAYVRUTFZOLEHEFZHEN]
https://www.miraikan.jst.go.jp/events/202010241602.html
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EHEHK - 2020.10.24
BAT . BARZRREEREOV I MARELD S TRE
EELEW - [YouTube 24 JEE Th—2tyvyay MREBICEL, ZARICMFEEBEVD ?,]
https://www.miraikan.jst.go.jp/events/202010251603.html
EreHK © 2020.10.25
EHEDHEER : [YouTube S 7ERE 108 HEEVEFORAYIAVRRAE~INTREIINSHES
=]
https://www.youtube.com/watch?v=TKG7HX6aJFQ&feature=youtu.be
EiERE © 2020.9.25

RTE9RA MREZE (+BEMEE) OUNJ—F THAILARXRIHERSZ (£R)
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SFHREEMFEHREE Laboratory of Molecular and Cellular Biology
HEHIR HH = Associate Prof. Ryo Ushioda, Ph.D.

1. HARBE

DFHEEMFEMRRETIE. "FVNNVEDO—4%) ZREBARDORE ULTEREL. FV/INVEDHAENSIEE TDX
AZXLERQIC, FTH, BIC "RFVrROVICEZ 7A—ILT 0 V7 EHIRgHEERIE) S XV Ty o ERE
EIEEE) ICERZH TR ZED TWD,

FYINVBIRBIEULKERI N, ELWEEZE & > THIH TAROEEEZ RKIET 20 ThCIFELXDOAFIvROVH
BEREHEEZLTWS, £fe. WolkAEULWEEEZERS LY Y/ VES, HIBICRETICHANBTELA DA ML RiCK
STEMLED, BEHNERICEL>TESUTHELWEBEZ ENBWIY YINVBEHHRET 5. DL SBWDDSH<
RRYVINVESE, BICEREZRLGWZIT TR, MEEEICE > TRIRZEZFEEL. PILYNACIY—HEP/\—F
VY URDE S BELADEREHEEDORAE DR >TWS, #E>T. M9VIVBZEULART S productive
foldings & TSR T7A—ILR LY VIRV BZBEIEICANBT I -HDOREEREE 2o b EbMARI D &F. TH
YINVEERROEESE). MELANILTOEGRY AT LOEEEDMEE SWSEANSIF. WEOMRABETH 2,
AMRETIE. EEOAVETRNIR ST, 3D20FERTOI I M OWTHIRZHEL TS /e, IS5,

1) MNERICHFZY VN VEREER. L Ry I G AILYILEBEEDIORN—7 @ INEEREEEERFD
fi#RR

2) IAS—7VEERNDFY v ROV Hspd7 DEEREIT

3) YNV EREERICEL IR AT 1 VB

T, 7Yz 78 DIE2WT, 2D 1 FI3MNBTESNIEHNRICDOWTHENT %,

INBFICHEIFZ Y VI VEREER, LRy R§E. ALY LEEEOIOX =7  INEEFEE S OEH
IWBETIRT7A—=ILRUEY Y IRVBIEY A NV IAERESNTHASIEFF Y FOFT 7Y —LRICL > THE
Eh3 (ERAD), ZOBETHHSICED. 2008 FiC ERAj5 & WSBRLERNHKREEIN. SXATA—LRI VI
BOREEEEBICEVWTEELRRIZRLL WS EE T TICREL TER (Science 2008, Mol. Cel/ 2011 72
o EBITERAB N ALY ILRY TOERZFIHT D EICK > T MNEERO ALY T AEEE#ZEIES TW
32 &mERBUR(PNAS 2016), ZDLSBBEANS, L Ry I RAG#\ENLEY VIV EREEEE ALY T AE
BHEOIVOXAM—=7IEELTWVWS, MNEEEEI<ANSND LS ICBIENRETICHZD. ZOBENEREICENT
ERdj5 hETTEIEERIET 2/cIcld, ASHDAEICL > TERAZERIThIERS W, EWAZZEZINIE BF
[EEDELSICLT ERAD IKIEBEENZDD. MNBEFEEDLSICLTHA NVILHASBEFEBTWEZDH, HEEIFT
BRABWKERBEE LD, CNIZNEBEEWSAIARTICERSINICHEEYZ LORROHED—DTELH D, {EF
HMoNTELDERFRESTEK ERZFIBAEICL > T NEERICEFMHGIN TWEI XA AZXLAEHESMNCLDD
BB, £l INBEREDOL Ry 7 AREBENE DXL SICTBEINDZDH. FOEBEBICEHEL T\,

2. REEOWRBR

INBFICHEIFZ Y VI VEREER, LRy R§E. ALY LAEEEDOIOX =7  INBEFEE S OEH
HIEANRED—DTH2/NEETIEH. FYNVEREEE - LRy I RGH WLV TLARAARI I ZEWS =D
DERBEERANFEZRIFLH V. EEEEHEIFL WD, MEBEREBILN 7 A—ILT 1 T DBETHD, ZDL RV
ZBEEYA MNVIILEHRL, BIEWREBICHEINTWS, £, Z<OBIBENEEL. BIEN 7 A —ILT 1 >
SEELTVNE (@1-D),
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C DEALKIRE T, BAI/NEERTIYZILT « RETTEN
ICRHE U Z= el ERdj5 =5 B L. ERdj5 HVI\iakD
LOF>5 )X E EDEM 8K URF+ROY BiP &
BERZNT 5 &z RE U, ERA5 I3/ afa T3 X
T7A—=ILRUIEDBEBEEDIYRIT « NiEEZEEBD=E
TOEETYIRT L. MNBED ST NV IILADHERZ R L.
YVNVEREEERBICEWIEELRKEEZRIZLTWS
CEEBHULRE (B 1-@. R. Ushioda et al., Science
2008; M. Hagiwara et al., Mol.Cel/ 2011; R. Ushioda
et al., Mol.Biol.Cell 2013),

p __)HSSH — I 5(C ERdj5 MINEERE EICFEET DALY D LR T

SERCA2 DY RIL7 1« RiEEZBEDRITEETHHEL.
Far7Y—LER BERZENRT 5 &ETMNBEANDAIN Y T LARAZR

U, NBEDOAIL Y T LABRICEEEZSEZ TWSZEN
BASHCE STz SSICHAILYTLFIEE UT, /NEEF
TEDOL Ry ARFNDILY T LF v IV IP3 SREDE

1. ThETMNIEREEBIEW T A —ILT VT %H | |
DEUEBRERBOBE LTEILNTE ko —A. B '?‘El’ R 9 Az “%Jﬁﬂ?%’ﬁff’?‘“tﬂb—cab‘
Mo RO ETRISOEEEESMc Lt MY TEFr¥XI)%Z ERAS OETLEFEREZNLT

=t reciprocal IChDEEMMICHITET 5 & WS, e TIH
REEEEEZESMNCLDDHD (K1-09),

YRy —L4 Y4 rJL

/NaR R

SE., &5|C ERAj5 DEEMEBESHICT B/, ERAS /v oI5 o>/ /v T N%EUI#EHR. CRISPR/Cas9 %
FWTHIIZI U7z ERdj5 K38 Hela #if3. F/-(& MEF #if2Zz AW T, ERdj5 KIBIC K ZMNEEZHR U1, RH

TlE. INETHSNTWEHRMUADBLREDHETI NIV RUZOMAEMREI N, O NIV NY 7O
2%, THILEEMAE Hela M2, MEF fila cHBIER Iz, NEEBES > /U E ERM)b OXRIEN, BEI NIV KU
T DFEEICHEE RIFT DI EFANRc, SEl. ERA5 EEAREN T A MVILDAIL Y D LA A VBENEENIC ERET
52 EREEIED I, ERAD RIBHATIE. NILY D LA # VBEKRENICEELT S Drpl ASEME(LLTED. Drpl
M GTPase SEMEMREFEMICI IV RYFZDLLUOEI0DA R Z % RBE U, ERDj5 KEBICLZI NIV RUTFE
EBWREI NIV RN FEEDET S| ERIL. MilERNTO ROS # LRSI B, 2O &lckD., MBEOFRN—
VREBRI T, ZOMELIFHEREEREREDEEEZBIMICIAEEEREIND, £, RED ERJ5 RIE
FRBEDFEMEETIE DI EHBESNIC Uz, INSOHERIE ERD5 OFHIEICEBL. Z0EBEMEBERHT 2HER
Eiofe (Submitted)s 51T, L Ry 7 RIKEFNAVNEERIEEEEREBICOWTHSRICE Lo, < IYETK
HIEZA DI ENHEFE.

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) .
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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 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 in the
ER (R. Ushioda et al., PNAS 2016). Furthermore, Inaba group (Tohoku Univ.) and we elucidated the structure of SERCAZ2b
(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 ERdj5 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.

4. WX, BEGE
HHES L Ry 7 2 & 2/ BEIEREHEREEBOBRA~ETRICDE & U TDNEE~, £F 192(4),

536-546(2020)

5. ZFRERLGE

HHT ETREOBELTONEE, £ 1 EBLRYIR R&D ZESYTIA NI YRIDAL, AVI1Yy,
2021.03.04-05 (RFHEH)

REE, BH%, KEME : EL Ry AREBEEBET 27V FA VEFEEEBORE, 5 72 D HANMEEYZ
SRR, AvT4>, 2020.06.09-11

Ryo Ushioda: Redox signal for maintenance of ER homeostasis. 5 93 BIHAELFEREY VIRI T L,
d>Z4r, 2020.09.14-16

FIHEEX, KEfZE, BH=:ERM5 ZN U/3ER b L 2 > —HIEEE DR, 55 27 B HRETFHRS,
Fd>Z4 >, 2020.12.07

BESE, HHS KEME DEEL Ry 7 RFEDLSICEBEINDZOH, FIERAINARTYV—VEFOS,
d>Z4>, 2020.12.2

’

6. ZOfthiFcER

1) NEESR
BB S - BB A
FEG RAICE T SEMRRREICED BN FIEE O RFE
Wgeoaied | MMk, BUSEE © 2020-2021 F

HERPAREE - $FEmFeR (]

TS L REEZ U A AR S IEB MR & Rt Re 1
HEAFRE - BEHR RARE | E2EEN)

BSEE 1 2020-2021 4

HAEEARERERE (AMED) EFEEEE

A/ R=yaVElE7O0 5 L - EAZXF—L (ACT-M)
BREL AT VBAEED FIC & DYURIM(LEE
RERMEEER KRS  BlHR BSEE 1 2020 F
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BLEE

FEG  IAFIEFZVVUILIAFIVEY I I VERIBICEZFOY T —EI VIO REO AN X LBHRICET S
O

mEARE | HHzE BSEE 2020 F

HitKRF CORE Z/RERMAE
TS L LRy T ZHIENC & B /N\ERE B I RS D AZER
e | HlHz, BSEE 2020 F

MR E MBS - EBIFRC
TS L LRy RIS LB NIV D NEEMEHREE
WgeER®E | HHRz, BUSHFE  2018-2020 F

RPAMREMBIE - I ERMHE
FEA | TMX4 ZHib & 9§ 2/\RIEERSERE TOETR v h 7 —7 OfEA
WML | BEE, BSHFE  2018-2020 F

2) PHER

(1) BHEZ : XERFE BIPEIN - PMBERMZE SFREEER
(2) BHEzR  MEEX L RS HEA
(3)
(4)

3) HHE  REEZRTFTEESFMIEKR FEEEFEM

4) BHET  FEPMEE A HRT Y =) YWk

3) PYUKU—FEE

() A% : B - BLFEYAIVARREE 'SLKEYAIVRATZ V) K8
(2) HH= : HAZMIRES TO0S5HEKREESHEH ATV R FIR

(3)

HHR  RERVKESEFSR EERE Ea%z ThiF) F2H0,

Seont]

Do Epjoy KSUIL. - ..

2021 £& RAEFHE
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TONRVBENAAI TR AMRZE Laboratory of Protein Biogenesis
#Hi% TIE B Prof. Shinobu Chiba, Ph.D

1. EBRE

MAXFORNDSBREZBEGBERNVWNCU TEMEEAET O EVWSHEIF. EPZOFLNBENT
BT TWD, BIICERNZ RS E, E@EEEEICY VBN RET 2ECFNRBOEERERBT
ENTEDNARYYNNVEDRIFARTHZ DL S, ZORFARICEDVWTY VI BERERENNIEFET &
AMEHETDENDIEILRBDE, £ BRI FYNNIBPZOMBERERDIFPIXRILF—RE
ABNTRE T TRERBEELBZ WV, BICHRABERDPDLETHD. HAIZIE. EMRROFTH S
PEAEVWSBEFROBEDLLODECDIFOERELBEDRHEHHEHOLETH S,

EARETIE. FYNITEOERERA. S5ICF. ZOEBEE (BEL) OO FEREBZHSNCITSEI L
ZEEUMRZEDTWND, EMFHOREBERTH 25 VN IVENERSNERZERT T S 0DBER. BR
DNEMNEEZBMEINZIRYOEERTOECATHD. COANZILZEBET B &iF. BRBEENEMTEAN
EEBMEINIBBEER IS EICEDL B, MAT. BRIBG. GHORETEBRRBEZEREITSZ1I=—I BT Y
NIVBEZRH U, fIZIF. BHERE MIfM &, BIROZRETESZEH T2 URY —LAILBEHIT. BSOER
RZ—FHELE (PLAN) $2HEZHED, COMEZFAL. Y N\VEREAKETH S YidC DFENEZ
EZY—UL. TOEGHREZY 7Y A LICHRET BREZE>TVWS, MifM ORRICERIFHLBEMAETH S
FPEHEBRXSNAREUCKEBE SecM ., BIROB L THEZREIZRAFOVOEDTHD. ThoD ME<H
RE L ORI BLFORERBRICOVWTORADERZILRT 2D THH., BAF. TBIRELENE
REBUDEMBRAR CHEBEBLTWVWS, TOMAZEL T, "BREBELEODFEYE EVWSHLBRANDE
DRI EFRICEBU W\,

2. REEOMRBE
(1) FVNRVEIAFZVRALIR—F—ZBWEHESY VIV EDEINZEE DRENR T
MEE MifM (&, CRRMMEICEET D7 LANEF—T7ZNUVLTURY —LRAEHEERI S ETES
DERERZ 7L ANT 2, COFR7ZLANE ZLZANEFIA N KRIGAIN S 2REND Z & TRIRES N2,
D5 > RDABRZHICEDW . "9V NRVBYAFZIVRALR—F—) ZEBEL, 5. FhEISVUX
RY > ICEA Uz Transposable protein-dynamics reporter (TnDR) %HEHEL. HA LY VI/IKIED N Xik
WiHEMELIESATIVEEELU, Z0OHRHSE, PLAMDBEREINDZBDERIRI 22 & T, BROEL
T 2RV HZHOSHEHZHENICERI DL Z2m M lc. ZORER. BFBE®. co-translational BESE
FERRENS 2RD NZH->THETI B E, Floy ZOLSBHNBBERZRBRTCEZLDOIVINIENERIN
32 ENTRBEI N (Fujiwara et al, Cell Rep. 2020), Z® TnDR &R DNA ¥ —4o > Agfli =l HED
T3 TRBEREZRE<ALES B, EZHAD ThOR (TnDR-seq) DEFEHESH TS,

(2) FRBR7 L A NAFOREE & BT

EFfEICEVWTEERICEHEEINEBRZLANAFDS5 3D (SecM. MifM, VemP) &, VNV EF
EEBE I—-—RIZEBEEFOLRICI—RIhTW3, SO, 400 BEULOEEMEY / LAEBENICE
KU, YN\ VEBEREMEBEGTFOLRICI—REINTWSIERZLANEFE., S5IC3D2RHEL. #h?
. ApcA. ApdA. ApdP & &% U Tc, ApcA. ApdA [FRIREICEHE L. ApdP IXIRHEICHKT %, KBEHE.
HREROBRRZRZEAWSESE. EEENLBIFNS. TNSIBWIThBBR7LANES ISR T &, £
ZFOBERTZLANE, HZIFEOIARY 1 AFTRIZIEEEFNFNRI N, HEBNLBZEEBITZTV. %
NZENOFPZLANRFICLBDPRZLANCEEREINZRAEL e, EERREW &, EOENLDBETEN
FRNMIICELREBDNZINSD7 LA NEFH., EWICELOF7 X /A5 (RAPG U <& RAPP) I
KEITZHIETHRIZLANERCI CEHREEI N (Sakiyama et al., Nucleic Acids Res. 2021),
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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) 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 indeed 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 are also developing 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.

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 comprehensively 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. ApcA and ApdA are encoded by actinobacteria genome, whereas ApdP is encoded by a-
proteobacterial genome. Genetic and biochemical analyses using the £. coli and B. subtilis translation systems
showed that they all arrest translation elongation at a specific codon. Comprehensive mutational analysis allowed
us to identify the sequences that are crucial for translational arrest. Interestingly, these arrest factors, which likely
have occurred independently during bacterial evolution, were also found to cause translational arrest in a manner
depending on amino acid sequences (RAPG or RAPP) that are similar to each other (Sakiyama et al., Nucleic Acids
Res. 2021).
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4. WX, EBRE

RERX

Fujiwara, K., Katagi, Y., Ito, K. and Chiba, S. (2020) Proteome-wide capture of co-translational protein dynamics in
Bacillus subtilis using TnDR, a transposable protein-dynamics reporter. Cell Rep. 33, 108250.
doi: 10.1016/j.celrep.2020.108250.

Sakiyama K, Shimokawa-Chiba N, Fujiwara K, Chiba S. (2021) Search for translation arrest peptides encoded
upstream of genes for components of protein localization pathways. Nucleic Acids Res. 49, 1550-1566.
doi: 10.1093/nar/gkab024.

5. ZFRERBE
Shinobu Chiba: Proteome-wide detection of nascent chain dynamics. Nascent Chains 2020 (4th Annual
Conference on Protein Folding on the Ribosome). 2021/ 12/11-12. Zoom Webinar (EE&E - BEFHEH)

6. ZOMFTER

1) HNEREE

REMIE - PIMEZEREME (A) SHEME
REL MRS LHEOLEEEE -2 TIHEE
MAREKE : TESE. BUSFE - R2-R6 £ (5 F)

PR EMHBE - HEFMR
REL  BREHERULTEZIZHESY Y/ VEOBHRBREDRMTNHAE
MAEREKE  BREE. NSFE - H31-R2F (25F)

2) 7"] NU—FEE

BR-ZIT7EVETAIVARREE "SSTA TV AT Ty (REE  MEEF  REXEDRZHHR)
(_173'7’;7'] 2020 2R3 18H-20H
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VIV EBREEYFMAEE Laboratory of Protein Structural Biology
% ET A Prof. Hideaki Tsuge Ph.D.

1. HARBE

YNV EDBERSYPEMOERBRICLDERATRBEDERD DDH D, YVINVEEEH. FICK
AERFERANTHIE MDY Y NVEOREFRZRIZVWEEZTWS, ZOEREFERL SFHRIICIFRE
REEFHYARIT 2 REEOTEENEEFND, BEUTOMERT—VZE#HE LU THERZED TW S,
XS ERBERITE )V A ABTFEMEBEZETELRFEELTHWS,
(1) MEY /I VEEEEBEOBE S WE DR - C perfringens N ED W HEHRIET7 7 F % ADP UR
VIMbT B la s NEIY R A M= XA EZBTHENNEEXTZ2EE b NS58BS, COBFE. V71 ABEF
FEWSEICLD b DEEEWEICERE U TIMEEED TS, HLIE 2020 FEIC b EFE la-lb BAES
BEOBEZHESMNC Uz, INICED. ZHEABRDOY VNIV EEBOBBOEBRNEAT,
(2) ADP URVILLERL ZDEND FTEESERDOEEEYE | A RRERMEY L ADP URYILILESR
(ADPRT)ZDM LT, MANDYVIRVEZEBHIL., RANDIYITFHIGCERICHEESEZ D, CORBIEE
MEZORBEEBOEMERSNICTNRN, AR ADP YRV EER (BR) tZ20EEESHRTORSR
ERITZED T WD,

2. XEEDOHRHR
(1) ZEnER  bEAL aEEILBEADY FA ABFBEHIRIC L Z2EERE

C.perfringens B’ > ZHAERI TV F U ERFEN ADP YRV ILLT 25K la & I EHBEAANERE
TEHIEEIb LS54, BLAEUAILD ZHASROMRZES TED. L BEBSLIVEET7 IV FY EDERK
DEEE X RIERBEERTTHSNICL, BECMEDRBRITEED TEf. _HOERDEURBEHEXER
T BICiF. Ib DIFENXRIELRWL, UL, BY VIRV THDZENDS, Y TIIABEEREILHELUL S
fco TDROITAABFHEMBICLZIBINEEDTET, TV TILBEAEDRBRE LTI YUY RDRIY
—ZVURED T, BOBEDOT—YNEICKRIIL. ZORFHS b BILOBDHRERTICKIILIZ, lah'7
JF>®D ADP YRV ILEEEERIET DI Ib NOKBEZLEALAY IT—%FK. RICHBELT
BEZZREILOIb AV IV—HISBRZIEAZEM. @ZnIiCladiEEal. la DIIFEBEENIFTE T T, Dla
NloAYIY—BAEZERTD. CDL4DDRATY ITHREERD,

2020 F 3 B, BARIFIbEREALE. ladEE LU IbEAOEEZ 7 71 ABFEMEZ AW BT THS M
IEUTce COERIS. LTOZEL LA >TER (1) lald 724D b EIIC—DHEET S, (2) laldN
KEDRAALYTHEEL. 77 FY ADP URYIMEEREZRH D CRImRA AV IE, ZDOLICABT %, (3)
lad NFKifIEZDHEEICLDERIFED aNYy 7 AN—8#EIT 5, (4) Dla ® NKFDKEIF. b EALDK
EEA (BERG6A) THDPI TV TINERNT W, 2DZENSlaD b EALZNL TOEEBIE N KRif
NEBIFTTITONBZEEZSND, £ (5) FLEAMISEAANIE. R—=F/NNLILHAZELTRHRWV, F\W short
stem BINNHEAE U TEEL. 5. 2hh5ELER (long stem &) 1245 2 & TEADZELEANK
ENd, PESHICHE>TWBRELRZTIN—TICEBI 2 BN ER. RRESREDEERNS b BILOFHBE O
MW, YNV BREEEBZIRIBLUC. cNSOBR%EZ. 2020 F3 AR &V 2021 FicE Lz (Nat
Struct & Mol Biol. 27(3):288-296. : R#EZEKRZFE, ILH (D1) . FH. BT ERRKRZE. FWEAZOHEA
L& & O Methods Enzymol. 2021:649:125-148. |ILH&ET) .
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F1 74 VLER AHEORSORDBADRS
Iota toxin complex from E type Clostridium perfringens —BHEBEERE L TASN2, WODDERER
5, TcdATcdB D77 Fo07 ) AV IILLICEb 3 E
ZRBROM. BREUKTIRIEIOERTHS. ZH
NEZROBASNEDONTWVWS, R, KED 222071
—TIDBT A 74 VIEDZEAERDEADOEE
(CDTh)ZBES M LTWB, £EE55%H CDTh @ 7 £
NETIC2DER L 14ERBETH D, D 142
KISBEALFER. £/ CDTa EBICHABR T —T 1 7
FUORNEEZOSND, 2D, BRIGTEEBNGIRED
CDTb EBFLE & U CDTa#E& L CDTh RALOBEEZ
BASMCINKEREZED TWD, JHROZHDERD
FEEAIORAXSEZ THRZEDTWNS,

Iota toxin b
Binding component

L

‘.
R 4 Endosomal membrane
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a-7 U FUEEE, C3-RhoA EEIR., SCARP-I 7 ZVEEHFERESHICLTE T, TNSDHELS.
ADP DR IMED—R B EERFHEBEHASNC Uz, 9R8bE, FVNNVEBEDF7I/BH. $HDLIiE DNA
DEELFAUEEZZFHBEBORHE ADPYRVIMETZEVWS ZEZBEEMNC L, HARICEDL- . SH
(BE. HARLZFKE) NCoR@zxrZE=, HmXYRIRE iz (Toxins, 2020).

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 lb-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 lb via two
other lb-pore constriction sites via multiple weak interactions. Furthermore, lb-binding induces la N-terminal «-
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
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in Nat Struct & Mol Biol. 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, WX, EELGE (2020.4~2021.3)
RE®RX
Tsuge H. A myelin sheath protein forming its lattice.
J. Biol. Chem. 295(26):8706-8707.
doi: 10.1074/jbc.H120.014273. (2020) (EFHAED)
Yoshida T, Tsuge H. Common Mechanism for Target Specificity of Protein- and DNA-Targeting
ADP-Ribosyltransferases
Toxins (Basel). 2021 13(1):40. doi: 10.3390 (EZAED)
Yamada T, Tsuge H.
Preparation of Clostridium perfringens binary iota-toxin pore complex for structural analysis using cryo-EM
Methods Enzymol. 2021;649:125-148. doi:10.1016/bs.mie.2021.01.032. (BEZHED)
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BIXRILX—RKBEMAEXE Laboratory of Membrane Bioenergetics
%t 3 Prof. K. Yokoyama, Ph.D.

1. HARBE

EMOERFICIEFIRILF—DPRETHD, EGHIRILF—ZFEVNPTWVWHICEZ, ThEFESTHMAEHE
T3DH. EAEIRILF—% (Bioenergetics) THd, FMDIRIF—BETHS ATPF. ElCI,IVR
UTZICEET S ATP ERBRICLDIESNS, ESNhic ATP &, EUHEFHT D &P, £EEDFOER. o
R, MXELRE I EbNS, & Z2IE, FEEZOK Y ATPase (V-ATPase)ld. ATP > T/INEARICA A > %
WXL, ZOBMAEEEL TEAREBIERZIES, V-ATPase D& Slc. ATP %2> TEEBZERY /XU E
FERAEEEEN, ZOEEAE. FNFhOERXREDOEBEEHESMNCT 2 ETLELWRDbA > TELI, FH
BREZEO>TWS, YVYNNTENSBRIDFERBMNESP>T ATP OIRIIF—ZEXEPEHICERTZOH
E. ETHEKFEVHEBETHD., BRINREEGRZORED—DOTH D, BRIE. 1 DFEGHEREV 1A
BHEICE2EBEEYFICED, V-ATPase LT ATP §HiBESR FoF1 OBEEHEEDHEBEICHDBA TS/, —
AT, AGHPIXILF—%FBT 2BRIEE. BEVPEHRICESEREZVWERND D, EaELLIE2EEF
OFIClE. TRILVF—RKRBEROBRNMRLUSD., IXIILF—EBREZOLONFTRERDDIIEHHREINT
W2, LEOEZEDH &, ERIRILF—ZDOHRANSEL - Fd - BROMBEICEDHATWS,

2. XEEDHRHR

(1) V/A-ATPase U 4 A EMHEZ A\ - BERT

EREFEME (V744 EM) ICLDBRFREITIE. YV NIBOBEZRETDIENBRAED 1 DTH 2,
BEFEEREROEBERLUBITFEOREBICLD., VN VEBNFERBICRRBRFOBETEBERETDIZEN
AIBEIC R o Tco BIFE. BARIF. ARRZFICHZ2BERFEREZRZ 2 Titan Krios & D, V/A-ATPase(V-
ATPase, VoV1)®D Vo A DEER RFDRETREL, Vo A TRESNZ7ONYORBEEN. HKWR
BEE R DKRKERBEEICEDEEEEICI>TREIDIEZBEEMNC U, 2DREIE. 2020 & 8 AIC elife
ICRFIE T,

TEIC. WEEEBNFIINTWS V1 E2TO ATP RENIC K ZMENDFEERBEZMRPT 5D, RIGEEZ
EZTOEETY Y REERL, ATP #81E5, ATP KD RES, ADP LU0 VEBEES S, Z0Es R
EU, MY 7ILEBETOIINM T ET B & T, ATP KD BRIGE POEEGHOEEE, TRb505 -
NEIXNF—ZHREBZHESNCITZIEZENICBERITZED TWD, RFEETIE. ATP EBHNIEZGTOR
FRRBEBEEZREL., 3DOHI2MEILUNITNRNT ATP EBDONZXILAFRTHHLHENTWS I EZHAS
MM Utc, COERIGE. 30OHDIMEIRMICTHKEEULTWBRXILAFREN2LWVWL 3 THBL THEIEELTWS
Z & (tri-site R5E) XTI 2HERTH D,

(2) WIREESKZHET 2LEYDOERER
SMNIAYRYUTPHREESEEIRLABERIDICHDEEINEGTT /I V=Y VB (ATP) &RICHERERE)
ZHIRTI2EERKEZE S TVWEN, —HTEEZN, ECENICFREESERDFELZ T2 LRBOEFH
MIEV D EVWSEHENH B, FAEIX. MASC 7y EAEWSAEEZRWT 2500 BEOBEEOHNSI M
YRUTZ®D ATP GRIC T 2EEEDRKZITV. 8EED ATP GHEZBFZR DI, 5. NS5OV
KODDIFIRFEESHE | ZFHEIT S 2B L, TOHRIF. 2020 FD 8 AIC BBA [CHEFEhi,
REEF, HEFANBHEHINCIFREESKZHEIZIEZHSMNMI L, INSDEERIF. HBARIEL
TEBAZINTVEHDHH D, WIREESHE | DAV AFDEND FTHEARENTRE N, WIRHEESHK
| ZBENE LIRSV I THAVICET ZBEBEREBZcHIC. HERIEALICESEROBERTEZ Y 51
ABEZRAVWTED TWS,

36



3. Research projects and annual reports

Energy is necessary to sustain life. Bioenergetics is an important scientific field, whose aim is how life changes
energy into a form that is easy to use and how it is used. ATP, the energy currency of life, is synthesized by ATP
synthase, which exists in mitochondria or in bacterial plasma membranes. The produced ATP is used in variety of
biological processes, such as muscle contraction, the synthesis and degradation of biomolecules. For example,
the vacuolar proton ATPase (V-ATPase) uses ATP to transport ions into vesicles which are responsible for various
physiological phenomena through its acidification. How molecular machines made up of tiny proteins converts
the energy of ATP into transport and motion is a very interesting question and one that needs to be solved in the
life sciences. To understand the mechanism of these molecular machines, we need to see its movement and shape.
For this purpose, we have used single-molecule rotation observation and structural biology with cryo-electron
microscopy. Our final goal is to clarify and describe how living organism transform and use energy to live.

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.

This year’s accomplishments
1) Structural analysis of V/A-ATPase using CryoEM

Single particle analysis by cryo-electron microscopy (cryo-EM) is one of the most powerful methods to determine
the structure of proteins. With the advent of direct electron detectors and the development of analysis methods,
it has become possible to determine the structure of protein molecules at atomic resolution. Last year, we
determined the structure of the Vo domain of V-ATPase at atomic resolution using Titan Krios (FEI) equipped with
an automated imaging system at Osaka University, and indicated that the inhibition of proton leakage observed
in the Vo portion is owing to the rotational inhibition by a large conformational change in the hydrophilic arm of
a subunit. This result was published in eLife in August 2020.

In addition, to elucidate the mechanism of ATP-driven rotation of V1, which is still controversial, we prepared
a frozen grid with different reaction conditions. Last year's project, we determined the atomic resolution structure
under ATP-saturated conditions and found that all three catalytic sites was occupied by nucleotides that appear
to be ATP. This result supports the tri-site hypothesis, which states that the number of nucleotides bound to the
three catalytic sites remains between two and three.

2) Relationship between anesthetic action and ATP concentration change

The mitochondrial respiratory chain complex plays an important role in the synthesis of adenosine triphosphate
(ATP), which is required for various biological activities, but pharmacological and genetic studies have shown that
reducing the activity of the respiratory chain complex extends the lifespan of C. elegans. We conducted a search
for inhibitors of mitochondrial ATP synthesis among 2500 existing drugs using a method called MASC assay, and
found 8 ATP synthesis inhibitors. Furthermore, they found that some of them inhibit respiratory chain complex I.
These results were published in BBA in August 2020.

In this year, we found that the inhibitors inhibit the purified respiratory chain complexes. Some of these
inhibitors have been used as anticancer drugs, suggesting that respiratory chain complex | may be a target
molecule for anticancer drugs. In order to obtain structural information for drug design targeting respiratory
chain complex |, we are now analyzing the structure of the complex bound with inhibitors.
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Yokoyama K. (2020) Biocim Biophys Acta Bioenerg 2020 Nov 1;1861(11):148281.
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3. Research projects and annual reports
We have investigated how transcription factors regulate developmental processes under the inflow of various
external signals involving cell-cell or cell-substrate interactions. This year, we focused on the following research

projects to conclude issues that we previously raised.

This year’s accomplishments
1) Deriving neural stem cell lines with specific anteroposterior CNS regionalities from epiblast stem cells

We have previously developed a procedure to directly establish the neural stem cell lines from epiblast stem cells
under a serum-free culture condition. This procedure simplifies the neural stem cell-deriving processes during
embryogenesis by starting from the epiblast stem cells. (1) The employment of the serum-free culture condition
allowed the analysis of the processes of neural stem cell derivation and regional specificity endowment, being
freed from complex interactions with the surrounding tissues that occur during embryogenesis. (2) Establishing
neural stem cell lines in culture is equivalent to arresting the neural developmental process at the stem cell stage
and accumulating the stem cells. In contrast, the stem cells in embryos proceed to neurogenesis differentiating

neurons and glial cells.
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This study highlighted the anteroposterior variations in the Wnt signal strength imposed on the
embryonic CNS, which occur confined to the developmental stages of establishing the neural stem cell regional
identities.

When the epiblast stem cells were placed in the neural stem cell-deriving culture condition, the cells
developed as clumps in the first five days, without assuming a neural stem cell-like morphology. However, during
this period, the epiblast-characteristic Pou5f1 was already downregulated, and the neural-characteristic Sox1 was
activated. The above and other observations indicated that the neural characteristics and anteroposterior regional
specificities were established earlier than the neural stem cell stabilization into cell lines, which occurred after
three weeks.

The expression of the Otx2 gene in the fore/midbrain and the Hoxa genes in the hindbrain and the
spinal cord was investigated to identify the regional specificities associated with the individual neural stem cell
lines. The analysis indicated that the neural stem cell lines established under the low, medium, and high Wnt
condition beard the regional identities of fore/midbrain, hindbrain, and trunk spinal cord, respectively, of the
~E10.5 CNS (Fig. 1).

Moreover, the established anteroposterior regional specificity of the neural stem lines was stably
maintained without relying on the subsequent Wnt signal levels. In embryos, the anteroposterior differences of
Wnt signal inputs to the neural tissues occur before E10, but are then lost. Thus, both in vivo and in vitro, the
differences in the Wnt signal inputs during the neural stem cell derivation provide the regional identity to the
neural stem cells; once the stem cells are established, the regional identities are stably maintained regardless of
the Wnt signal inputs at later stages.

2) Involvement of the transcription factor ZIC2 in the regulation of endoderm derivation from the epiblast

We have previously shown that epiblast stem cell aggregates cultured under a low-Wnt signal condition undergo
cell rearrangements analogous to the node-proximal gastrulation upon transferring in the laminin-rich Matrigel
matrix (Inamori, Fujii, et al.,, 2010). We also found that the endoderm-characteristic transcription factor
gene Sox17 was activated synchronously with the Zic2 gene activation. We examined the consequence
of Zic2 knockout in the mouse embryos at the gastrulation stage to investigate the relationships
between Zic2 and Sox17 gene functions.

We set up genetically engineered mouse lines where the Zic2 gene is knocked out (ablated) in
the FoxaZ2-expressing cells, the precursors for the endoderm development in the epiblast, to see the consequence
of Zic2 gene knockout in these cells. The mouse lines produced by genetic crossing harbored the tamoxifen-
activatable recombinase gene CreER in the Foxa2 locus and a LoxP sequence-flanked Zic2 exon. Administration
of tamoxifen to the pregnant mice allows inactivation of the Zic2 gene in the Foxa2-expressing cells in developing
embryos, the timing of which can be manipulated (Fig. 2).

Taking advantage of these mouse lines, we collected E6.5 embryos with Zic2 knockout and
immunostained for SOX17 expression. The data showed that Zic2 ablation in the Foxa2-expressing cells caused
the Sox17 downregulation, the gastrulation inhibition, and the endoderm loss in the embryos. These observations
indicated that the transcription factor ZIC2 is involved in the endoderm genesis, and Sox17 is downstream of
Zic?2.

4, WX, HEELBE
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Taira Y, lkuta Y, Inamori S, Nunome M, Nakano M, Suzuki T, Matsuda Y, Tsudzuki M, Teramoto M, lida H, Kondoh H.
The formation of multiple pituitary pouches from the oral ectoderm causes ectopic lens development in
hedgehog signaling-defective avian embryos. Dev Dyn. 2020 Dec;249(12):1425-1439. doi: 10.1002/dvdy.222.
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