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Abstract

TGF-B 1%, HAIORE& iEEER HIHIT 2 ZHEEEMEDY 4 S A VT, ZOMBEREIID ARBRHEE & W\ > 25RO R A
L%, TGF-p DY T F IV EZITZHIFE T, ERT SMAD2/3 DiFEHE(L & & I RRBE RO ML - JiHH
&%, SMAD2/3 DREFEIZZEDRID 2 2378 (HRT) Ik o THIEEN T3, ARIFFETIE, SMAD2/3 ZHILE
T HEMRAIEERNFEARNED X S GHBICE DO THEI NS 2L, Z Oz T TGF-B >~ 7 F LD

HiMA[RETH 5 T & Z4E LTz,

1. FL&IC

NSRRI F =3I VT Ta—RT 7 7 Z—B(TGF-p) 3,
HIRAO %A - 3k, MIRIFE, foRs, MEHE, HfEs<
U 7 AEAFEOHIAZHES ZHEEEOY A MLV T
HY, TOVITFIGEERIBHIIICEB W TS TE
ARFEENTWVS [, 2]e TGF-p DY 7 FIVIEEERDIERL
RMEFHCRDERNEDTH D, ZTOKEEREIE, DAR
FRHERE & W o TeEBERER®, IV 7 VERBHCRE S
N2 RBEEMREDORRNERZ T EHHENT NS
[3-5]c ZD7izé, TGF-p ¥ 7 FIVILERDHEMIE, Th
5 DPIROFEIE A S = X L7 PEfFET % T2 DI R TR0,

TGF-p ORHIE, —FEOLY VAL A =ZvFF—
BRI R A (TRRI, TRRID I X > THIEWICEEI N
%o TGF-B ORBIC X > TIHMEL E NICZABRE SR,
receptor regulated-SMAD (R-SMAD) & BEIX N 5 #5 5 [H T
SMAD2 X T SMAD3 (LUK SMAD2/3 &%) 2V »
{9 %, UV VEE{L & 17z SMAD2/3 IZ, common mediator
SMAD (Co-SMAD) & FEIE % SMAD4 & 25 1 DA\ T O
=& R-SMAD 2431 & Co-SMAD 1 73 7) ZIEK L7z
%, BANBIT UL GBI FHRBEOHIEZITS (SMAD
%, Fig. 1(a) [6]o TGF-p DFIMIE, SMAD R DM
SMAD % /T & /2 WS (non-SMAD %) I X > Th1n
EINDEH[7], AR T SMAD RBRERICBH L T 9 %,

SMAD2/3 1%, FEA TGF-p & 7 FIRERDNT & L
TYER T 25N T TH S, SMAD2/3 1E, N AN H
HI[4E FL) 7 DNA #5 & fE7% £ D Mad homology 1 (MH1) R
AA V%, CHRIFMNC SMAD4 21X U &9 % LKk fth
2N BEEDHAFRICEDNS MH2 R A A 272§
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DRIVFRAALVEINTET, ThH2DDRAAY
WRAREWMEE E THENZ D V=X oTDAEN>
T3 (Fig. 1(b))o SMAD2 & SMAD3 D7 =/ BEEH| D
FHEE D TR <, TOMH2 RAA VT 97% D7
2/ BEANOR—MEND B, —F MHL F XA 2 OBEREIZ
SMAD2 & SMAD3 T# T %74 D, SMAD2 O REFHF =AY
7% DNA $558E1X SMAD3 DZ N & g U TRV, TGF-
I FIVEZT RN TIE, SMAD2/3 D) VB{bkTE
MJIC SMAD2/3-SMAD4 DN\T 1 = E{K (SMAD2-SMAD2-
SMAD4, SMAD2-SMAD3-SMAD4, SMAD3-SMAD3-
SMAD4) A MH2 R A A &N LUTIEREN (Fig. 1(cd)),
T FIICIE TG ORI TN %,

ZL DR VINTEIMD RIS EEMEEHT S L
KR THEEZRIET 22 &MIENTED, X2V HE
o3 [EAE BAE R ORI A R BIR O BER D Fe DI RN 7%
Vo AL TEHT G EF SMAD2/3 &, ZhRix%
N E S FRMEEERZEKT 5. SMAD2/3 DREREI A
DR INT'HE (SMAD2/3 flilklF) & DOMHBFEHICK - T
BEBICHIE S N TS D, SMAD2/3 1 M5 o [E M 7%
Rl m WO R R F L RRNICHEFHTE %] &
WO —AZEb > TR Z BT %, SMAD2/3 134507 X/
BREENSRDZZFNZEREIRVWERISIBETHZH,
R 87 G FRIMELER O T — & X— Z BioGRID4.2 [8]
IZ & % &, SMAD2 5 & U SMAD3 1%, ZhZ N 3227
BXUIOHEDO XNV BEHEEHAT 2 T e MG E
NTWs, LHMLAENDL, ZodicididEd s SMAD2/3
EEMOEF—TIRELAEHREINTELT, &H
SMAD2/3 MR AiRF E R RNICHBEFRTZ 200
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WEARHTH > 7z SMAD2/3 MR+ DL kR, TGF-B &
TFNVOZHEREN: L < BIfR L TV 5, SMAD2/3 7% Hl
& LI BN E AR ORGE 2 I O SR RIAIE, TGF-B
VI FIVOEEERE ORI L E £ 5T, TGF-p 7 FI
REELR R ODFHIE R /1 = X LN ORI HHIEREDBIFEIC R
MEZEVAIRERS,

SMAD2/3 #iAl D% < 1%, MH2 R XA IcH UTHRA
TBHENMHLENT VB, # T TARIIFETIX SMAD2/3 O
MH2 RAALIZEHL, MH2 RXAL VN LUTIERE N
% Z 175 SMAD2/3- fili [T Bk DS s & T 217 -
Teo TORER, ZHRIEERNTFESKROEKZTEEE T
%, SMAD2/3 KA 7507 F R AR CBRE TSMAD
cofactor code] DIEFEMNH 5 M IT & - 72 [9], SMAD2/3
EHINFEROREDHBEHZET S 2ICX> T,
TGF-p > 7 F IV EHiliHT 2 T EHAIRETH D, HAEIIT
& &3 % TGF-B BEEER B OFHIAEE B RO G FH A
REhnd,

2. SMAD2/3- HiEFiE S HDiERIBIE
2-1.SMAD2/3 ® MH2 R XA >~ Dig&

SMAD2/3 O MH2 F X 1 /i 200 5EIEFEE 0 5 75 %
B T, three-helix bundle region, B-sandwich region, loop-
helix region I fll 73 & 41 % (Fig. 1(c))o Three-helix bundle
region & B-sandwich region DIC I & VIV DBEEL TH
D, TGF-p DT FINC K> THFEEI NS SMAD4 £ DN
T O =mAERDOBICD T MR %, TGF-p DY
FIVIC &% SMAD2/3 DV Vg{kiE, SMAD2/3 @ C i
ICTFAET % Ser-X-Ser EF—T TiEET b, WEHMHL LA
I K> T2DDRY VRN VAt 22T %, V Vi
X N7z Ser-X-Ser EF—T71F, T =@{KHDR|DI
T EDOMHBEEMCFIHENS (Fig. 1(d). SMAD2/3 ICHHE
BY BRMMAETIE, JEY VERIREE (BRAIREE) & L
<RV VBALIREE (Z&AKIRAE) I LASEd %, <D

7 AN i dh U7z SMAD2/3 MH2 R X1 > DM TH O fE s
Mt SMAD £ D =Bk bicfEbhn DL, Mifid
IR L ORAICHAENS, TNETIC, MH2
R AA BT % SMAD2/3- flilA FHEAKROHE L LT,
SMAD2/3-SARA #£ & {k [10, 11], SMAD3-FOXHI1 # & &
[9], SMAD2-SKI #£ & f& [9], SMAD2-CBP # & f& [12],
SMAD2-MAN1 # &4 [13] DREENBH S M EN TN 3
(SMAD2/3-SARA HEEKLINOREE L, FRADTIN—TD
MR TH %). LITFIC, %% SMAD2/3- iR & 4K
WEORMICE U TRBUCHEN T 5,

2-2.SARA &1k

SARA BT VAU VT4 %22 INUET, TGE-
DY T I K-> T E N2 A/ SMAD2/3 72
BRT BT EICEST, SMAD23 DV V(b Z{EET %
fB) & 7% ¥ D, SARA &, SMAD binding domain (SBD) &
MHEN S 57 BRI OFEZ IV SMAD2/3 ISt U TR &
% [10, 11]o SARA D SBD i, ThHE TCREEDO=X
gz e 59, 51T Nz/E T SMAD2/3 I3 LT
&9 % (Fig 2(a)). SARA @ SBD & N Kl 5, 7
0 VEIICE AT A VRS, WEEED anNU v o
A, SMAD2/3 MH2 R X > D N K & W17 p >
—FZERTBBAMT Y REIERLTED, TNWEh,
SMAD2/3 D H2 ™\ v 7 Z3E %, B-sandwich region D %
[, three-helix bundle region @ H3-HS WX L THEET %,
SARA (& SMAD2/3 DV Vb Z R 2 2 SV ETH
D, UVVBLENTOWERWHEERIREED SMAD2/3 1K L
THEBET %,

2-3.FOXH1 E& &

FOXH1 &, 74 —7"~\y FEIDDNAKEA R A A V7%
FOWEN T, S0 bzdlHd 5, WILEMIC
BT, SMAD2-FOXHI A4, goosecoid 7'aE— %

@) (o) o . )
A0 A N 2O
Torp @ '. SMAD2 N~ S
N7 AQ AP g 52
SMAD3  N—ICICEET,— svsc
Cytoplasm TBRI|| [|TBRII
SMAD pathway (C)
CRSMAD Y \
(R-SMADD@) non-SMAD  Three-helix
- \/ pathway bundle region
Nucleus * .
__ & @ SMAD cofactors p-Sandwich
- RSMAD p region
“R-SMAD p
- | ¥ Loop-helix
R { Target genes |— region

Figure 1 TGF-p signaling in cell. (a) Schematic diagram of TGF-p signaling in cell. (b) Domain structures of human SMAD2 and SMAD3. (c) MH2
domain structure of SMAD2. (d) Heterotrimeric structure of SMAD2-SMAD4 complex. The complex consists of two SMAD2 MH2 domains
(green) and one SMAD4 MH2 domain (cyan). Phosphorylated Ser-X-Ser motifs are shown by sphere models.
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SMAD2-SARA SMAD3-FOXH1

SMAD2-SKI

SMAD2-CBP

SMAD2-MAN1

Figure 2 Crystal structures of the SMAD2/3-cofactor complexes: (a) the SMAD2-SARA (orange) complex, (b) the SMAD3-FOXH]1 (gray) complex,
(c) the SMAD2-SKI (blue) complex, (d) the SMAD2-CBP (red) complex, and (e) the SMAD2-MANI (magenta) complex.

—ICHEA L, FE (RREOMIAD RIS E N5 i)
ROME) DIEARICBE ST % [14], £z, ipSHilAEES
FRIC, FOXHI &b MEMEOYII bz iEdT 52 &
M5 NTWS [15], FOHX1 i&, SMAD interaction motif
(SIM) L FEIXN 2 21 FRELD I T SMAD2/3 IZ#EH 9 %
[9]o SMAD3-FOXH1 #&AICEWVT, FOXHI 1 SARA &
ARG E IS NG Z & D SMAD3 ICx L CTHS &
% (Fig. 2(b)), FOXHI1 @ SIM (X, N ASIA 5 s
DN T, BART VR, BUKEONY v 7 2R
L, SMAD3 O three-helix bundle region I ¥5() % H3-H4 [,
H2 NV w7 Rk L3 )L—TDRIDE, B-sandwich region D
MK U THAT %, FOXHL IZRNTIERT % % 2%
JHETHY, VT FIREIICERE N =2k IRED
SMAD2/3 K L THIAT %,

2-4.SKI {8 1&

SKI lZHA B4 KN 7O —F T, TGF-B ¥ 7 FIVIGiER
ZAICHIEAT %, TGF-p ARSIV H 2 D7z 8,
SKI DEPFIFBUC & > T TGF-p ¥ 7 FIVEERMHE X
N3ENADREMEEET NS, HELDOHAKBN
T SKI D FIREMNEHEINTE D, ZoMfIic XD
BOWHENMIZ 5N 5T EMMSENT NS [16], SKI i,
N AN FZET B 25 FRILDFHIEL T SMAD2/3 I3 LT
EET BN, FOHEBMICERNETS & TGF- > 7 )L
OEEEBE LTy a TV Y oy d—IV RN—J iR
BEMFENRES B [17], SKI D SMAD2/3 # & 58 15 (3 1 3
HDaNY w7 AZEKL, SMAD2 @ three-helix bundle
region IC351) % H3-HS T, MU three-helix bundle region &
B-sandwich region DRIC T & 7z BUK DI LTRSS
% (Fig. 2(c)) [9]o SMAD2 & DAHEEMICIE, 7 ==V
TIoRaA Y Vi DO EEOBEUKIET X BEHFIH
ENb, SKIINTIERS 222 /N0 ETHY, ¥ JF
JVRIFINICTE K E N7z =& ARRED SMAD2/3 1S U THS
B9 %,
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2-5.CBP &1k

CBP i35G MALIA 7O —F T, TGF-B D 7 F)Vic
IGE L TC=RKL Uz SMAD23 ICHEB L, &7 IUkE
7R EOEM LT, CBP X, CARIHHNIC SMAD2/3
FEETEZ RS SMAD2/3 IS L THEES %, CBP b
D SKI DMENC T X/ BEEH OMHE ML 42 < Ry, CBP
& SKI A LT SMAD2/3 I i L CHiAd %, SMAD2-
CBP &KW T, CBP & SKI & BRI M D o
AUy 7 A% L, SMAD2 O three-helix bundle region
ICHBIT 2 H-AS HEICHES T %5 (Fig. 2(d) [12l, LA L
SKI 135750, CBPIZ7 =N ViR EDHEDK
WBKIET 2 BRI L, SMAD2 & %7x5 F A EAE
R7ZfmT %,

2-6. MAN1 #E&1&

MAN1 &, IS VA T ENTWB R VINTET,
iV > b EEE PPMIA IC K % SMAD2/3 DtV ~ b7z
9T Lick b, TGF-B ¥ 7 HIVEAICHIET %, MANI
ICHERESS MR ZRRZE ML T B &, BREUER T > a7 -
F LV BV T REGR: £ OBGHREDNFIET 5 [18], T
NE TICHSNT L TE7z SARA, FOXHI, SKI, CBP (3%
%D, MAN1 ZREDO=JME 26 Lic RA AL 2RV
SMAD2 I I L THEE T % (Fig. 2(e)s MANI1 O C KU
ICTFFE 9 % U2AF homology motif (UHM) R A A IEZ DA
HICFE(ES % U2AF ligand motif (ULM) & AHEAEH L, Z
NIT & > TERE NS MANI D/ FEEH SMAD2 O H2
AN 7 ZADAHIHERT S [13]6

3. SMAD2/3 D MH2 FAA 2 Ic KB HEFDERMEA D
—AL

CTNFETHRXRTZZLSIC, SMAD2/3 & ZFDHKETD
AR RICZHETH D, O T x5 HERs
ZRHWT SMAD2/3 I U THEG T % (Fig 3(a)o —RHY
2, =202 RIBEy FRMEERZITS 22808
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Tld, ZOMBICILBLIAESGET —TIDWFHEI NS,
SMAD2/3 D MH2 R A A VICHEET 2 MiRrFoHiciE, #
DEIBILAETZEF—TINELALHFESN TR,
DI 200 BHEFEE D SMAD2/3 MH2 R XA 2 THHLNS
DX BRZIGICDT 20 FRIFEERE, FEFICHEME
Dl SMAD23 IR AL DTH B EWVA B,
SMAD2/3- fifi A FHEEHROMHEZFEE T 5 &, SMAD2/3
D MH2 R A1 B, RS ET 26RO D %
BOK M D /R (patch) 4% 6 DA (patch Al, A2, A3, BI,
B2, B3) 1FES 5 EARTEMNS (Fig. 3(b). 5HlKF
i, TS OBUKM/NEEKOD 1 DRV UEREEIRL, 7
NEEDHREEGDLEB T LICE > T, SMAD2/3 IR LS
ALTWS (Fig 3(c). DX 5%, SMAD23 ICHHH
ICHHND X\ EN TR BEREXZ, BIEFRS
(genetic code) I1Zfifl> T, SMAD cofactor code] & MEFRL
TW53 9], BIEHES T, 4 D0MEOHHS 3 DD
HzeBINT 2 2ickD, 2HET I/ BAORERD ]

(a) SKI S/E?A CBP (b)
b N . SARA
I FOXH1 Patch A1
I SKI
I CBP

= VAN Patch A3

(d)

SMAD2/3 MH2

K

SMAD2/3 MH2 SMAD4 MH2

[] Hydrophobic patches +ixsatasiorA

SMAD2/3-SMAD4
heterotrimer
+

Cofactors

Complex formation

Cofactor binding model 1
SMAD2/3-SMAD4 trimer

Cofactor binding model 4
SMAD2/3-SMAD4 trimer
+ 1xcofactor A + 2xcofactor D

BEL 72> T3, SMAD cofactor code Tld, 6 DATDBE
IKMENEIEIN S, 1 DR LEREEIRT 52 LickD,
SMAD2/3 & iRl F D ORI E/EADAIRE L 72 >
TV, ZERNEEEORIND 5 E DD, HBuKME/INE
HWOMBEDLREIEHTHD, TOXD R X8
7857 v EHEVERTE ERBEHEDY, SMAD2/3 DA 12 4%
P, OWTIE TGF-B v 7T IVOLHEENICE S LT3
EDEEZBND,
CTCCEERC LI, FA—osukM/NMERICE S %
KO, ©ILEE—THEZLEIRNENS T
TH % (Fig. 3(a)o Bl AL, patch Al 1K LTl CBP ¥
SKI, SARA DMEBT 50, ZOHEFERIC b %GR
BxThzThed 2% %, 2RAMSEOHEEMOBKEN
FHETEBIREINTIED, patch B3 T, Pro-Pro-Asn-Lys
BV 5E% P AT ROFE#MIZT TR, MANI T
HHENB KD HIV—TIROREEDRRE W HETCH %0 —fik
753 TR EAE R Tld—@ OGS RAR 2RI L T 1A

(c)

Three-helix
bundle region

B-Sandwich
region

Loop-helix
region |

MH2 domain of SMAD2/3

*\
A3]
\\
obic patch
4

Cofactor binding model 3
SMAD2/3-SMAD4 trimer
+ 1xcofactor C

Patch B3

4

Cofactor binding model 2
SMAD2/3-SMAD4 trimer
+ 2xcofactor B

- Patch B2

<

Cofactor binding model 5
SMAD2/3-SMAD4 trimer
+ 2xcofactor B + 2xcofactor E

Cofactor binding model 6
SMAD2/3-SMAD4 trimer
+ 1xcofactor A + 1xcofactor C

Figure 3 Cofactor binding mechanism of SMAD2/3. (a) Superposition of the SMAD2/3-cofactor complexes. The cofactors are shown in different
colors as indicated. (b) Hydrophobic patches of the SMAD2/3 MH2 domain. (¢) Schematic diagram of the interaction between the SMAD2/3
MH?2 domain and cofactors. Secondary structures of the cofactors are shown by cylinders (helices) and arrows (B strands). (d) Proposed
cofactor-binding mechanism of the SMAD2/3-SMAD4 heterotrimers.

PF NEWS Vol. 39 No. 3 NOV. 2021

16

S U WAL



+HHEET B, SMAD2/3 MH2 R XA VD5 ¥FKib BT
Z, WBEONY T— g VICEAES TR EERDZFN
ZNOBUKM/NE TR E NS, SBUKMNEEHEE T
OMHEMERIZZ NIE E5RE TIXARWA, SMAD2/3 #iA T
BRI NE TR S NS 3O B ERZ DR ESD
BB LICE>T, SMAD23 ICH UiBEICHE ST %,

TTETIE, 1DDSMAD23 MH2 R XA EMHATD
MOMEERICELUTHUTER, LhLAEDD, #HKT
DE FY T FIVRIFCIEE LT e (&AL LT)
SMAD2/3 IZX LEEAT BT LIS NTWVS, SMAD2/3-
SMAD4 N7 O#EAIKICIE, SMAD23 DT aFEnsdi-
¥, SMAD2/3-SMAD4 T O AKICH AT 2 RT3,
2 DO SMAD2/3 DEFDBUK M/ NEIE O & HHRICHES
N ESNT EHNTED LEZSNS (Fig 3(d). FEBIS,
W< DD SMAD2/3 #iRI T, (D SMAD & F A
AVEFOTENNSNTED, FMET& XD EMTkE
R T SMAD2/3-SMADA N\ T H=BIKICH AT H L E XS
N3 9],

4. SMAD2/3- #EFESHHMEEICEL S TGF-p 57
IV DFITE

TGF-B D 7T IVIEZRERBERROFIE LM< B/ L T
W5, Bl ZIE TGF-p OB HE IR IG LI A A EEL (R
R R L) OMHEREDFERE L BIRL T2 T L DHIS
NTW3, 22T, RWIRIC K > THE S NIz SMAD2/3-
RER ¥4 SRS G 2 B, TGF-B ¥ 27 )L Ol Hs Al fE
NS % M U 72, TGF-B/SMAD B OTEHALICIE, 5
BiSHEHTFTH S CBP R ETH S T AL N T
%, T T, AKMIINTET D 5 % SMAD2/3-CBP
ORI EAB U T, TGF-p &7 F IV EMHITE R\
ERGE LT, TGF-p & 7 T IV DiENLE L R—Z =T v
YA THM LTz T A, SMAD2/3 I 9 B 55671 7% 1

W& 7z CBP Z HE Ak (E1963L) Wil (CBP 0 SMAD2/3
HEAEKOAZYI D LIZE D) ZRIHT ST Lickb,
TGF-BIKTFME Y T FIIVDINEZHIGI TE S Z L ARE
N7z (Fig. 4) [12], T @ CBP Wi &, SMAD2/3 D patch
AlLTHICH U THEBT 728, Bk NMEEICH LT
#ier L SMAD2/3 OF&HEZ 9 2 fliR 7 & 1 55ia L s,
SMAD2/3- #fi[Al 7 D7) IR EAE F 72 R A HilfE 4 %
T EITE - T, HHIHUARZ AR ER & 3F T O 5
75 BHHLTGF-p & 7 VL Z R TE 2 L HIRFE N
B

5. BHYIC

SMAD2/3- fli Kl D Z R HEFH Z AL T %
['SMAD cofactor code ] (&, BfEID X 8780 TR E
FEATIZR S5 NR, SMAD2/3 O MH2 K XA 2B %
a2 By RN EEHENETH 5, TGF-p DY
TF I EROHEIR O T2 DIC RV —TT, FOREEER
BIEMNAOHEE R BB T 5, ZD®, TGF- 7+
LERIE, TNSOPROIBHEOEEZAFEZ—T v M &
BEENT VB, 2N ESTFRMEEFRE, XL
BISRAE E L CIEHZED TED, AIROKRZICIC,
FFE D SMAD2/3- fliKIFIMHEAF 2 B0 E 9 2 YHE 2 HF
TENX, ZIICHIET % > 7 F )LD R T OHIfE % T RE
£9%, REDOEMBS BRI LEmWREEMZHD
TV 5B T e AR E NS,

6. it

AR TR LTIgEE, = BARRI 2R A AR R A D
FIFREUR, X OVIRORERL ST 7z u—¢&
DOIFHFIC KD EDTT, AWZETIT > Tz XHRIEHTHER
¥, IRNTPFOE—LITAVICTITVE Lz GRESRS
2015G033, 2016G650), E— LT A VAR v T D¥ERESTIC

(c)

K, =1.62+0.08 uM

K, : not detected
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0 10 20 30 40 0 10 20 30 0 10 20 30 0 10 20 30 40
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020 .+ loso
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< <<w

K, : not detected ~ K, =0.333 £0.016 uM

Figure 4 Regulation of TGF-f signaling by inhibiting SMAD?2/3-cofactor interaction. (a) SMAD2 (green)-CBP (red) binding interface. CBP residues
used for SMAD2 binding are shown by stick models. (b) Isothermal titration calorimetry experiments of the CBP mutants (indicated by open
squares in (a)). Dissociation constants (Kp,) are the mean + SEM from 3 independent experiments. (c) Luciferase reporter assays with CBP
mutants. Data are the mean + SEM (n = 4 independent experiments). Bars sharing the same letter are not significantly different (one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison test, P < 0.05).
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&, REBHEHCADE LR, ODXOELHBL BT ET,
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Split conformation of Chaetomium thermophilum Hsp104 disaggregase

Kyosuke SHINOHARA', Keiichi NOGUCHI’, Masafumi YOHDA'
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Abstract

UL Chaetomium thermophilum B2 D Hspl104 (CtHspl04) DOREiE%, X HRkSsahaiitT, 7 o 1 4 & M,
JRT-R I BEMEIIC K O AT U7z, CtHsplo4 O 7 4 A—3/ 3 IX, Flat Ring, Staggered Ring, Intermediate Ring, Split
Ring D 4 DOMEIC T FHEI NIz, HBETHHEMZ VINTENFHET D L, A2 T+ A= 3 VE{EHE#EE N, Split
Ring #EDSHENEE 5 T LV bh o7z, Split Ring #5EAS CtHspl04 DfRIEDA T ISAY = A DIRRETH », FHEDH

PR EIS U7 AiE Td 2 I REMED & %o

1. FL&IC

1990 FALL Y, FHEHO— ANDOEEHIE, HE TERY
DOFEHEL A DS & IR TUHENE Thermus thermophilus 0D
DnaK X1 > DO EH| 7% fii#hfr U7zo DnaK, Dnal, GrpE @
fthlc, DafA &\ 9 Thermus Dnak * Dnal # & 1KTE I £
FRKTOBETEFET ST ERHASMCL, mEFH
EZLTWV3S [1], 2OARQVOFEED S &, FiRIC
ClpB OBETFIMEET B T &M o7z, ClpB & ZDHE
KA TH % Hspl0d & AAA+ RN EH T 7 2 —IC
BT 57Ty XuTH5, 1994 4, Lindquist 72 B i,
J#RHC 35 T Hspl04 DREE LTz 2 VB DHERTTS
TEEWELTWS [2], ClpB A DnaK & [d]—DA X
ICFEET AT L5, ClpB A DnakK ¥ A7 L & H[ETHE
FELTWVWA T N FREEI N, FD%, FHLEEHH
%738, ClpB & DnaK ¥ A7 L\ (DnaK, Dnal, GrpE) 73,
il CATE URHE L7 BB E O FAAL (TRER) &4
KA L TN TW B 2 2SI LTz [3]o Lindquist
7B E, BERFO Hsplo4 7 Hsp70 & A7 L E#A U T
BT 2 EeRHEILK (4], MRICEERA Z0F2 v
VIMFET B, BERELIEZ VNI EOMMEET B &N
TE%DIE, Hspl04/ClpB DA TH B, TDizéh, XIS
D BREROIBIBEANDOI RN R EN SRR ZHD, 240D
MZEMTHNT WD [5], T thermophilus @D ClpB 13 Tsai 7z
BITHE D, X KRAS SAGE DRI E N7z [6] - Hsp104/ClpB i,
AAAL, AAA2 EMEIEND ATP ZH5E - IUK RS % R X
A2E, NRAALY, M RALVEMEENSHBI R XA
VINBiEh, UKD 6 BRZER L THEET %2, Th
FETOMFEN S, Hspl0o4/ClpB i& ATP DT 3 )LF—7%FH
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L, VYIHROILICEELE LIzZ VNI BRIEFS LEND
I & THEET S 0D TS, LAL, Tsaifzh
DORES &8, XHHSMT T 6 EIKOMGIE TSN
TWiahoTee RIeBEDFL ¥y Xa YO T-> T
72 hY, Hsp104/ClpB DWFZEIEIT> TWah o7z, 2014 4L,
2 T H DV BN B R Chaetomium thermophilum @ Group 11
13 % X0 = (Chaperonin Containing TCP-1) IZ B9 2
T o> TVBERC, o TWiT )/ LV TKERE
D— NI C. thermophilum 0 Hsp104 (CtHsp104) OiE{ET
D=2 T LTE 557z &M, TOWFEDAR—
N TH o Te. WEREMTA B X Kk S ST X TIENEERIC
HEATED, HREHNITH 5 6 BIKDOREEMNRIATE RV
WS D B —IRICTE#R L Tz, SORER DN
T, HFED—ANTHLEEDHO S, 7T A& M
BRI T M TR s EIC KB 21T S T & THEENE
FEFRMATHE L 72 D, AR4E Structure GEICF X 2 FEERT 5 C
EMNTETZ (7]

2. CtHsp104 O X $R4E A&

KHIGE THIY, K3 U7z CtHspl04 (X, C. thermophilum
@ DnaK ¥ A7 L & 1d U CTiREEE 2R UTzs X7 L
FF FWEELEWELETIIE/I—Tho7zh, ATP®
ADP ZiRINT % Z & T 6 BRZEK LTz, ClpB & ATP 17
ERDORT 6 BAEIEKT %, ATP {F(E FTIE, Wk
DFES BIMFSEZ(LIRRETH B T L DY 6 BARDREEMT A
NiETHBEKNTH S LEZ, ADPFIESMH T CtHspl04
D 6 BIKDREEMNT 2175 T LI Lizo NARIDN R A
A M Flexible TH D, BIRHEEIGHEICIZLEN TN &

BOEDWIEN 5



M domain

M domain

5, N KRB (CtHspl04AN) Dk S HEE AT 7 17 7%
OLMMMWMN&MP£®@AW@ﬁm%m%Zﬁ

DIREETCIRE LTz (Fig. Do T DOREMNGE T, i
%EEE&%E@M%&?7&??%@&%%?&?%
TSR E iz, LIRTICHENT & 7z Hspl04 & ClpB D
BEF—T 2 XKML TV, nucleotide-binding domain
(NBD)1 T, Walker A (Lys229, Thr230) & Walker B (Asp295,
Glu296) DEF—TMWX I LAF REESRT v R L
TW%, NBD2 Tl, Walker A (Lys640, Thr641), Walker
B (Asp706, Glu707), Sensor 1 (Asn748), Sensor 2 (Arg849)

MR LT FRERT Y FZIEE LTS, flfHo X
7 LA F RGO AN, 55 2 OMFETERE (SRH)

ETF—TIHRELHERINTWVS, NBDI Tl&, EEEHIER
Hspl04 TIRESNTWVWAB T IVFEZ VT ¢ U H— Arg333 &

Arg334 IS % Arg349 & Arg350 B, BT % 70 b
S—DX 7 LAF FEGRT Y PO ICREEENTY

%, F7z, NBD2 TlZ, ClpB TIREIN TV A7 ILF=
VT 4 U — ArgT65 IS IRT B Arg788 A, X U LA T
FEERT Y O ICEBEEIN TV 5, 1F5N/hEE
6; BT 4 AV MEETH D, ZFORGEHAIL 6 BIAT
Holze UL, 6 BEHEATEE L TWERWSEIL 74
i& (Split Conformation) Tdh o7z, T ORERIX, CtHsplod
MAILAF ROFE T CLE LTz 6 ®iIkE LTIFEL T
WBHZ L EFET B, HEIENTz 6 BIKIEZEMNITIFET
BLIEEZLNEY, KDNE A IT—E/3—IC
fEHICREET 2T N TE D, £, KEHRAVIT—IC
Zes BAlReEE & 5,

3. V54 FAEFHEMBICK SIS

CtHsp104 @ 6 & &I Split Conformation /% 3 B¥ I 17 1E
TENEINERRNDB DI, 7TAXFETFHMBET
CtHsp104 D K3 72 fiff A7 U 7z, BRI T-ARATIC K D, ADP
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Figure 1 Crystal structure of CtHsp104AN. (A) The monomer
structure of CtHsp104 is shown as a ribbon model, in
which NBD1, MD, and NBD2 are shown in cyan, green,
and salmon, respectively. The bound ADP molecules are
shown as sphere models. (B) The hexameric structure of
CtHsp104 in the crystal structure. The hexamer shows
a left-handed spiral structure along the crystallographic

65-SCrew axis.

f#1E R T CtHspl04AN DA 3E 2 TR E U Teo T DfE IR,
CtHsp104 Tl¥, Staggered Ring & Split Ring & \>5 2 flfH
DHIx % 6 B2AMENE 5Nz (Fig. 2), Split Ring A&

Staggered ring

Split ring

Highly
flexible

Figure 2 Cryo-EM structure of CtHsp104AN in the presence of ADP.
Cryo-EM structures of CtHsp104AN. Yellow, green, cyan,
blue, purple, and red represent P1, P2, P3, P4, P5, P6 in the
CtHsp104 hexamer. Volumes denote the 3D structure of
the staggered ring (at a spatial resolution of 7.9 A) and the
split ring conformation (at a spatial resolution of 6.2 A) of
CtHsp104AN, respectively.
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X, TNETHEIN TV Hsplod DREE & I kELH
725 Tz, Split Ring #E Tl, KimDYP 7 1= b (P1)
DFHL EOBTEENRIITEY, BEELIENCT &
WRBENTUV S, Staggered Ring %ﬁ“ﬂi P1 &t
KDY T 1w b (P6) LDIEEDHEINTVSH,
%mm%%ﬁT@Put%®%mﬁ%bhfm%o%m
Ring f§if & XA MAEEIX RA 2D, wWind 6 2D
P1 & P6 DL EDMREE L 7z Split Conformation T 5,

4. X LFAFFIEEFELREBEEL

i, FRFRIASEMEE (AFM) & W T CtHspl04 2V
I~ —DMEBZELD X 7 LA F MMEFEN 2Rz, His &
U CtHsplo4 A ) I —%{ERK L, 2/NV KT
BbObNIEROXMICEELL, AFM THEER L (Fig
3o 6 HIADY V TIRKEENBIEE NI, U THATD
Y71y FOBTORKEND > Tz, mEMOY T 1
w b ERARMI DY T =y FOFES HEOMEDED S
Staggered Ring, Intermediate Ring, Flat Ring & & #& L 7z,
CtHspl04AN TiZ, F U I — D 81% /' Staggered Ring/
Intermediate Ring T D, 58D D 19% & Flat Ring TH > 7z.
—J7, ATP OWKDZRE N7 1o TdhH% ATPyS D
171 T TlE, 61% A Flat Ring T, 39% 7' Staggered Ring/
Intermediate Ring TH > 720 DL EDHKERD S, CtHspl104 1,
ATP ARAFHEY A 7 JVIZ I T, Staggered Ring/Intermediate
Ring & Flat Ring 258, D& & 2D00Rx%a07
FA=Ta DT ENREENT, LHL, MG
T T A A ETHMBINGG TR S N7z Split Ring A5G 1,
AFM TIEBI S Nz o7z,

A B
Mica substrate
c ADP
50 — .
3 Flat IStaggered
=1
8 40 I 1.4%0.7 nm ]
©
g 30
[T
O 9201
S
3
g 101
=
Z o

AHeight (nm)

5. SEFEFMAEMIFICEKS CtHsp104 DIFES 1T =
9 ZDfEMR

Split Ring HEED ST A 7 VIS HRICHFEET B T &
TR T-81C, ADP X /zid ATP OTFAE T CtHspl04
@%ﬁﬁ%%‘b%%%ﬁﬁ?%ﬁﬁﬁ?(H&WM)T
B Uz WITNOEKMETD, Split Ring Mg BIZEE
7zo ATP {#{E FTl&, CtHspl04 A FEIC Flat Ring & Lff
HELTWABZ ERPARIRLTED, ATPYS FE FTD
FH AFM BISREER & —BLTW5%, ADPF(E FCIX, &
IT Staggered Ring/Intermediate Ring #53& Td O, Wi Split
Ring #HEIC 2L Uz, CtHspl04 O ATP AI7K S g Pl 3
BTHHEMZ RV EICKOER LI NG, TETIVEE
THB YA VEIMNZ BT & T, ATP{ZF(E KT HS-AFM
BRTREEEMENR SNz, AL VOB K> T
B RS EDVEER S N, Staggered Ring DAERE & Split
Ring DHAEDKIEICEIIN L 7= (Fig. 4),

6. FL&

AWFRTIE, XEASRMERYT, 72 A 4 8 PR,
AFM, HS-AFM ZH\\T, CtHspl0d DI T+ A—3/ 3
> DT AT U 7z CtHspl04 D H§iE 13, Flat Ring,
Staggered Ring, Intermediate Ring, Split Ring @D 4 DIZ %
ENTz, ATP {F1£ FTl&, CtHspl04 i&FIC Flat Ring ##3E
TIEIELTWzhY, WiffT, Staggered Ring 7 £ O IC
2t LTz, ADP {7(E [ Cid Staggered Ring M F 2750
VI A= 3 rTHY, MOMENDELE BT N,
Split Ring NDEEF DIHE X, ATPEFE FDLE X0 D
LRED -7, HEERON TV, ETVRETHS
HEA VEINAZ ST LT, ATPase MIEHTE(L & MBI A

ADP

ATPyS

ATPyS
J\=Iat ; Staggered

2]
o

:0£10£nm

H
o
L

N
o
L

1.620.7 nm

Number of molecules

o
I

1 2 3 4
AHeight (nm)

o

Figure 3 AFM imaging of His-tagged CtHsp104AN in the defined orientation. (A) Schematic image of the orientation-controlled AFM. (B) AFM
images of CtHspl104AN in the presence of ADP (Left) and ATPyS (Right). (C) Histograms of height differences between the top and bottom
subunits of CtHsp104AN in the presence of ADP (Left) and ATPyS (Right). Scale bar 10 pm.
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Without Substrate
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80 Zfi\ .

60 - 1

100 -
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1

AHeight (nm)

With Substrate
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Figure 4 Histogram of height differences between the topmost subunit and the bottommost subunit of CtHsp104 in the presence of ATP with (Right)
or without model substrate (Left) in HS-AFM observation. Black, orange, blue, and green solid lines represent fitting curves for Flat Ring,

Staggered Ring, Intermediate Ring and Split Ring, respectively.

Passive
splitting
—
Highly
mobile

y
0..’/

ATP-bound state

with substrate

ATP/ADP-bound state
with substrate

ADP-bound state
without substrate

Figure 5 A model of conformational change of CtHsp104.

EEEDFEF I N, Staggered Ring DHEE & Split Ring DA
JEWNRIEICHEIN Uz, T4 OFSRSE & 7 5 A 4 76 THE
MG L, ThZND 6 &A= FD Pl & P6 DD
fi#t i U 7z Split Conformation Td % & 5 sl THRALL L 72 Fifd
ZR-o T\ 5%, MG TREELZPI YTy MY
IRENTVSDICH U, (KIEE FEMEEAE TIEIERICH)
ERXFTVEMEPIY Ty PARENTWVS, TDC
&5, Split Ring MG X HEZEIRRETH D, s/ Sy F
VAWK THEBEDZARA IV E L TEERLIZEDEE
AbNns,

MEOBSRERICEDE, BLABUTFTDES &
CtHspl04 DREEZELE TN HEERT % (Fig. 5). CtHspl04
i, XTLAFREBNRVIRETIEE/ ~— L LTHEKET
%, CtHspl04 DHEERKIIX 7 LA F ROBEEICED 6 &
RICEERT %, ATP DIF(E N T, FIC Flat Ring Z 1K
T %, ATP DIUKDRE N B &, KTy hDay
TH A= g EICXD, NFH—HEED Staggered
Ring IC 2L T %, HEMNH S & ATP k53 iy T HH1E
TN, BINEREZENFEEI NS, ATP K RIC X
I OEE%, ADP #5516 L7z CtHspl04 OREREY 7 ES)
&Y, NFUR—DZENRHNET 2, BZTHLC
DORHE U TZREBIREOHEERT 2 ORELTWS
JREE (Off-pathway state) TH 5 & FHEL T %, T D Split
Conformation (&, FLEOHHHELMICHEIG LIZMEETH %
ATREMEN D %,
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E 1>
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SUROLY WA

ZxB,(0001) &AM 10D Ko Ge “H =% 1

BaaE, HEES 7T - TS A0 &R (Ll sy
: EZKE?#JM%F@%%%%%%%E%@%@ ¥ B—, P HEUREEMPERR T,
PHERESERRE AR R EER A T U 7 IV A Y R

Two-dimensional Ge bitriangular lattice on a ZrB,(0001) thin film surface

Yuki FUKAYA', Jun YOSHINOBU’, Antoine FLEURENCE’, Yukiko YAMADA-TAKAMURA’
'Advanced Science Research Center, Japan Atomic Energy Agency, “Institute for Solid State Physics, The University of Tokyo,
*School of Materials Science, Japan Advanced Institute of Science and Technology (JAIST)

Abstract

Ge(111) B EREENR & UTHE Uiz ZB,(0001) FEIRETTIC I, EHAED S OHLEL - RIEREITIC X O K¢ Ge BHH
FEHICEN EN B, ARRTIE, PFICBI 2 BAMRAENBOCE 778, SPFICET 2 RS EHEGE FEr, kT, H—
JFHERZHENICTHNS T L TZOREEDS D & o 72 0T Ge “H=MRTFOMFEEBNT %, “E=MIK
TIIET Ty "INV FARET 5 2 EDHERMNCTHENTOVSED, AZHUCKD, ZOXSTREENEFLS BT &N
WD THEERNITRE Nz,

. iZLsic % [2]o Si & OITFEED 4.5% KEWV Ge(111) B ETE
ﬁfﬁ JRT1 D% \Frﬂ?@F&Lb\htm\Jﬁvw%ﬁb\ ZrB,(0001) S BEC TSR KET 5 T E D A[RETH D,
ﬁﬁﬁ’mb}%ﬁémﬂ\% BRI T-H sp” IRAIGE IS EIRRICEREIRITICE D “RT Ge BAIEK I NS [3], L

GLIETS5 723 FORETHS, Ef’nh@%iﬁﬁﬁk ML, TOMEITII) Y EIERELEE> TV, A
ﬂ%bfﬁ%h%777l/@%® CERRING T S A T, TORICGeldH, 7T bNY REEDHAREE
INVF—EAREROT Iy 7 a—2AL, W NBBELE TSGR D T L 2SI LR 2R
TEWF v U 7 BEELMOEE, BNk, T 5,

PERDINIV T PPEICIE H S NI ORERAYIME 2 BT 5,

2010 EIC 75 7 = VDRI LT/ =)V 2R E D 2. RER
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Figure 1 TRHEPD patterns for 2D Ge bitriangular lattice on
ZrB,(0001) surface at (a) the [1100] and (b) [1120] azimuths.
The glancing angle is set at 5.0°.
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Figure 2 High resolution core-level spectra of (a) Zr3d, Bls, and Ols
and (b) Ge3d from 2D Ge bitriangular lattice on ZrB,(0001)
surface. The vertical bars at energies of 29.56, 29.40, 29.07,
and 28.92 eV indicate calculated energies and the relative
theoretical spectral weights of the Ge3d peaks of the structure
of Fig. 4. Figure and caption adapted from ref. [3].
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Figure 3 TRHEPD rocking curves for 2D Ge bitriangular lattice on ZrB,(0001) surface along (a) the [1100] and (b) [1150] directions. Open circles
indicate the experimental curves. Solid lines are the curves calculated using the optimum atomic positions. Figure and caption adapted from

ref. [3].

Figure 4 Structure model of 2D bitriangular lattice on ZrB,(0001)
surface determined by first-principles calculations ((a) top
view and (b) side view). Gray, brown, and purple circles
denote Ge, Zr, and B atoms, respectively.

ZHTE A Wb ot, 22T, H—HHEGFHETH
NGz LT, BEHE (R) KW [6] ZHWTH
BrEFtEOO Y F 2 TR KT B X 2 IS FE E S
mitE{t U7zo Fig. 3(a) & 3(b) DFERMIHE R -00E 7
WCHMELTzm Y F U TR TH S, 53T A— 2 DFH
3, FEERESBREINIZV 3, —HY—ZEENTh
TWVW3ETAEHZEDOD, RNEa Y+ 7RO

PF NEWS Vol. 39 No. 3 NOV. 2021

26

K2 X <HELTWS T EARTEN S, SRl ORE/RT
THE LIERFEFIEOMER, S FHEETtEsNED
DL EFFERMPENT IS KT H 2 ehbholz, &5
2, COE=METERVTHELE Ge3d DFES I >
JVF— DL, FBREREBIST2 2 EDh 5
7z (Fig. 2(b)o AR TN Uiz oz, TOHE =
KTEHOTCHELLZET Y FIEEIR, AE BT
737t (ARPES) DWEAERE & X —HLTWV5 3],

4. TLH

BlfE, ZXcEmMIHE 2UcER - KL TED, U
F T = RRDNZ T LA T LIS O RS 72 D O e E R
LTNFETCYEICER—EINTVWS, ARTHNA L KT
Ge BO "H=MAKRFHEEICIE, ThETHHEINTE
75y "NV RZ2ETZ R AIKEIENWT BT LD
HY, ZXOTT Ty MY RUTERIZON S E —&USHEK
L7z [71o

), FEEREFE O 2T 5 Z &I X D ARAOH
PG ZEE L5 T EMATRE L T8> To, TR LR
HRZZHE OB ORMZENITN 5 £ < hHE > THREICHT
DWe—HlEWZR B,

5. B

AFETHN U RIE, 2%E, 54— TJU—F5
A4, HAREWM, mHE=, B EZ, DMEHE REiE
ZHOBRKEDHFEMFICEZEDTH B, KRHIZEIE PE-
PAC P S 200952-007, 2017G639, 2019G684 D& & T
fToniz, £z, RAZEO—BIE ISPS RHfFEL JP20H00328
DR EZ T2 DTH %,

&!n



51 Ak

(1]

(2]

B3]

(4]

(3]
(6]

(7]

C.-C. Lee, A. Fleurence, Y. Yamada-Takamura, and T.
Ozaki, Phys. Rev. B 100, 045150 (2019).
A. Fleurence, R. Friedlein, T. Ozaki, H. Kawai, Y. Wang,
and Y. Yamada-Takamura, Phys. Rev. Lett. 108, 245501
(2012).
A. Fleurence, C.-C. Lee, R. Friedlein, Y. Fukaya,
S. Yoshimoto, K. Mukai, H. Yamane, N. Kosugi, J.
Yoshinobu, T. Ozaki, and Y. Yamada-Takamura, Emergence
of nearly flat bands through a kagome lattice embedded in
an epitaxial two-dimensional Ge layer with a bitriangular
structure, Phys. Rev. B 102, 201102(R) (2020), https://doi.
org/10.1103/PhysRevB.102.201102.
Y. Fukaya, A. Kawasuso, A. Ichimiya, and T. Hyodo, J.
Phys. D: Appl. Phys. 52, 013002 (2019).
A. Ichimiya, Jpn. J. Appl. Phys. 22, 176 (1983).
Y. Fukaya, A. Kawasuso, K. Hayashi, and A. Ichimiya,
Phys. Rev. B 70, 245422 (2004).
T. Ogata, M. Kawamura, and T. Ozaki, Phys. Rev. B 103,
205119 (2021).

(RS2 © 2021 459 A 27 H)

EEBN
FEAAEE  Yuki FUKAYA

H A TR SR FE RS S i EERE T T
Ty x— WER

T 319-1195 JUKIRTIBE AR R i Aof K 5
77 2-4

e-mail: fukaya.yuki99@jaea.go.jp

W& JEE = 2003 4 H A5t I WHoE T (81
HAE IR Ze BT RANS) AT, T8t
()

BALDOWIFE - W =IO cE OAIE & ST

H{27¥  Jun YOSHINOBU

BRI B

T 277-8581 TEERAATMADEE 5-1-5
e-mail: yoshinobu@issp.u-tokyo.ac.jp

W& JEE = 1997 48 ST R AW MEWT 9T i B
Bz & U THE, 2007 FF R B, P
SL
RIEDOWIZE : REICBIT BN Fay
T/ XU R BT IVAMEDIERL L [

ARG YRR I AT X 2 RIS DBRE).

PF NEWS Vol. 39 No. 3 NOV, 2021

+ 717X Antoine FLEURENCE

LR EIRRF AR R R E < T U T
WHA T A%R Gl

T 923-1292 A1) IIIRBESEHIEE 1-1
e-mail: antoine@jaist.ac.jp

W JE 2009 4E 0 5 BIFT g I THFZEIC
TEH, 2018 -0 B Bl 11 (WEe),
BILDWITE © “ R RO EREREEN
IR K B AT

=Rt (A B2+ Yukiko YAMADA-TAKAMURA

01

JeREFerRl AR R ERER A< T U T
WY ALV RAGR Bz

T 923-1292 f4) 1| EESETIHE 1-1
e-mail: yukikoyt@jaist.ac.jp

W& JEE = 2006 4E 70 5 BiFTJE I THIZE SR
XS, L (T2,

BILDOWIFE - F E okl ofEl

BOEDWIEN 5



SUROLY WA

XD IV A% IO TAR ARG S TE OB FE O ELFZ B

Y % S
A TV F— GBI TR, AR

Direct observation of chemical bond formation process using short pulse nature of X-rays

Shunsuke NOZAWA'?, Shin-ichi ADACHI"?
' High Energy Accelerator Research Organization,” The Graduate University for Advanced Studies

Abstract

A TIE, BETFEREY V7 EXBEHHEBET L —Y— (Xoray free electron laser: XFEL) ZHWT, Hic k> Thll2E
5% - RO OB EEEGRIEZ ) 7V &2 A LTl b Uz, R XARATREGELIEIC & > TRE E Nz Xy
TFEIEIC X O, RO THE CAREEZ L ZFH MDY 7 IV 2 A LISGEMT 5 2 EDAJRETH 5 T EAVRE Nz,

1. IFLCsIC PR = FE R O g, B T OETFE— L
LIS EE, FPHOMEOAER, H25WVIUINE YA, BYNVFHIDICERMINIB TR E D%
KK THREBAMEZERT 5BI5 L LTEREINS [1], ICK>THRIZ BN, 7V ARRE I FEE T4 50 € a

ﬁffu {EZENIGICPED BIRRE - D TREDOZLER] O 5 100 EaEETH S 2], Lz o THEDED/S

FE T B7Ic, B FBEMERCEEEEMSR SO 5T VA ZEFIRAT S, ¥R —)L ORI R X #5925k
TO—F R ENTVEN, ApE ClHioFERURICFEL MAREL 725 [3]0

TV % X EREER 0 Rl 8 IS & 2 B TR AT iE I D

WY %, 2-3.XFEL [EH173 7 = L PRSIV A X 8R4

—7, BitE, B - $EEE D SACLA O X 9 7% XFEL &,
2. BERI9RR X SAEDES N8RS & SASE OFHZ VTV 5, B DER
2-1. &R =FUA LT-BSR 9 AR X &RIE BEIHHZAVTETHL S BER/ UV AE T —LEE

AW BT BRI RS R T Ta—T 2 DHIL, BREHESHC X > TP E-RIChRS &, 7
WTW5, TH—THIFETF AT — VO EZ2FD Xz Jal—Z—l AW TS, TVl —F— @Elj%ﬁf'ﬁ
TR AREIE Z2 R 6E 9 1iE, B Esisss bz i1 ITHETOEFNZE, BEWICHWHEZRS, 8B T
LAV TA[Ib S 2 2 EWFREL 75 %, T T TEMY YV HIgYENTFEd 5 2 LIc X 0 XEEOHBE L — "ﬂ‘
TIBELNZHEGHEE HCHEEE IS (Self-Amplified —MSASE £ LTHNT %, U 7RG & I35,
Spontaneous Emission: SASE) % F|H L 7z XFEL I B % XFEL CI3ETZEE ST 50BN, IS
XROREFHOENE, ZN50O X IV ATRIZDOWT B BHETHINDET N FIEMNE S L 155, #1770

fEHICEFIHT %, PEECHHBE U7z T 3 )V F—250 % S B BRI K - TS
B L TRIENEESNICB W TN Y FEMmONEREN, &
2-2.ERVVJICHBIFBETMWNIVR X BRE BINCBBI /0 U BEE TCETNNVFRIEMmENS, L

Bk, BFERY OB TFOUENESEIC X 5 72h3 5 T XFEL fifink Tl 100 7 = L ML R O L
THIFS5NS T & THESOBRTMICHHI NS ER — AXBRERAWVEYMENZEZITS T EHRFEL 25 [4],
HBTHBN, BHIBEHEREICK> TR TRV F—%

AR 7SR O = JE A B B il TV 5. REEDNMAHE b 3. {LERIEDOFRIE

THIEZER %8383 % E T ORMNY ¥ FNELZEI [ D 3-1. LERERE & BER S AR R E

FlFBEMNTELD, MRLELUTETFIIESH om 2 w5 "% &, BazY s8R zENldT s iclt
EOBTINSFZIERT B, BTN FHREIHIC K > Thn N[5, BENTE2BMZHIHIT 2 LIEIEFICEE L,
WOEENT B &, FDZEMIIILAY D ITHRIS U Tz R iE 2 5D ZOMHE, MEERIEEED FOBEET5RIGTHD,
B (D IVR) DFET 2, EDIVADIKER 5 FOMEECS %388 TRISEEDMEHE E N B E R ICB L
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T, N0 & ERURR D fRAE TR ST BORE Z2 3B 5
LTV T ENELWDTH D, T T TAMETE, 5
W T THEEDO D DS OOV IS EIREEZ GRIRAE &
LRV Y IV vz, 26, RO TS
R, KIGICEHE5 9 557 T4EE % KIS H 50 Ui
LT ENTEBYD, KGBETIZRICEWTIIHEANTD
%5

3-2. Y7/ EDRR

BAF T AAF DN LT, VYT &
KIZE—E1 4 VMO TRDE X, AR T
BICKFE LR EDREURNERENS 6], TORE
FIEFELI ERAEBICIS UTESAR RO &
MHISNTED, DTty THEERR SRR &
Vo IGHMICBWTETEHZED TS, TOEHERD
RARFIRIRRE T L, At oEN EEENS 28, /3
WAL —HP =Y K> THEW Y > T IV % &
EEERPTERIVIERHC WS VY T/ SRR E
ICHAERAZERLT, Bl FAVERENS T ENT
MEINhbd, Ko T, Bl Ins bz, xR
A= UL A ERT 28R ZEHENT 2720
2, TORGHEYTTIVE LT, XEREROfE =%
i L7z

3-3. BEESFAE I K B &1THIE

KL= =B PN TeY T T A OIB A
i, BILREZEOENSICE > THRENZINTED
(71, 7 =L M~ EIBWORRIZA T —)LO@ERILA R
7 FIVIZHNT, 600 nm (LIS HIRT % €— 7 d5EE -
Feftolz, M TEHMIZE—2 2T FZ2/RY, Density
functional theory (DFT) EIEIC K 2 NiEIKAED 73 T RG2S
{RISHEEE U 72 @ iR ©— 7 DS DEL T, Fhdhh
S e TREENERANC I % L E— g ER B T2 L
w RV T IDBRES T EAREEINTVSD, BT
HEEDAD L TCEEICS Ly R T M E 5728, Al
HOEEWRINEE & HEEZBIS DWW TR AL ERE B
H3 T &iEEL,

L7e> T, Al SIEEDNEREN, FiLng
THVEENZBREICK C 2 3 AaME 2 bz Rdici, <
D FBRRIC R R X BEAE 25w U, 70 TRsE 2 bz
BB 2 080 B B, AT, T/ HORFRRAr—
VT, 500 nm HEICH 25— BHHIRT 5 &
MEHIENT VW%, T OWENZRCOEZE T OME D
HHREMEZ £ 725 LTV EH, IR L ISR OB G,
5, TORRRAT —)V TR =2 ARk & 2
L, ZNShEHEANEHEEZLT 5T & T, HLw
LML TNBT EWNRBENT NS, ThicD
W B BERE R XARHIE 2 - OAUE, Bl =840 5 ikl
PUEBRAAND T FREEZ L Z BRI % C L A[EET
Hb, TNEOFERIFHNCHEDE, Ca~F /B r—)u
DRISZAF 27 A DN TIE KEK DL IEF v 278 AR
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DG EHERL PF-AR[8] T, 72 L b~EIWAT—)LD
FOGZEAF 27 A DWW TIEFLER SPring-8 F v >/ /%A
M XFEL filisk T % SACLA[4] T, ZNZNIRI X
RRRE 21T 120

3-4. BRI BR X 4Rkl

B O RO EHERRIC B W THIE LT 2 72K
IR X RRIAWEEL (Time-resolved X-ray solution scattering :
TRXSS) &, WY > LIVHOEHRL TV 55T 0ONHE
RS L2 BT B T & DT E B A A YIRS G AT
HETH B [9], WED sub-A DI X #i7% F W T=8ELy 7
Wi, FHFPLNVORSEEMRZROD, XEEFICE-
THELENZ DT, I 7/ &k 5 OREL Y 7 Vi,
FICRFE RO RZ 5 2 5. RS K > TEwY
YTIVOHRTEHNZEE LT, HWE T 2EOMIEZE
frichnz, woRgEL, Bl - /AEREEERTSH %
VR EFEETIREND D, INLFHEITONS
NHOEBMZIRAE &, 7— VMR Z2EE L0 i1
Hick-oTkdoh, ZNHZMWEY T HIVHSRET S
TEICky, HNE T3 AEDOHEZR{LDA BT NS,
FKERDOWE TIE, FRANOBGHR - L—Y—RHc X 3
Gz LT % 72IC, ERIEERNXA Y T Z2HOT, B
ARIZIEIRERTEHD, BIRIERY A 7))V O@PICERE L
ez b VBT ZEEHC B R T, R
LIe XfRe L—Y =tz R —fEIc s L T35 (Fig. 1),
R OEEHRAE S XEREGEL > 7 V& O THlES, E i
FICHERE T N TV 5,

YU IIWTHBIVT /&R, @FEFCYT /&
M2 DEFRANCHELNT LTy PSS ZFD, AR OSAR
ENELEB L, P THENCE>TE - BETFHREUDE
SBETTHL DEN> nTHRAEK (61K ZEKT
%0 SENIEZTIT> i FHERE 03 M Tld, Y37 /857
FH1DODOHEK, 2D0HEFE-/z Bk 3 DHEE-=
BARDEARICE>TWVWS, LHMLEDNS, F2Y - 97
7 AT L—Y—0D 3 5K TH 2 E 267 nm THIE L7285
B, TNTNOEEERD XKEEL A P EEANDFT 51E, =
AN SDRANZRINTH D, ZOMDEEHNEDF
B3 MHTZ % [11], AW TR E 267 nm 2 W
=V T /A Au(CN), —BIKIC DWW TEIRE ISR 21T
2 (Fig. 2)o

Sample
injector

Optical laser pump
(100 fs)

—
—_— X-ray detector
) -\\ X-ray probe
o (SACLA: ~ 10 fs,
PF-AR: ~ 50 ps)

Figure 1 Schematic of time-resolved X-ray solution scattering at the
storage ringand the XFEL facilities.
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Figure 2 Schematic of Au(CN), trimer.
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4. FFERBEOFRIL

4-1. SR FHBE L BESHEDNFEETIL

RO YN % D X BHATRBELD 22015 5 2 R 0 fils
U 7455 % Fig. 3 1S9, SO L—Y =L EHE
DBIEREM 2 < A F A 800 7 = L bR (i alj DS IR K
4D M5 300 /B ETCRRNCE(LET Bz 2 D—EHD
BELEMEEORMZ(LZR U TEY, BITRE~ 1+ X
800 7 = I REbAH 5 100 ¥ aR & TOHORFHIKIC DWW T
1% SACLA C, PELEE;RT 100 ¥ a5 300 F /HETD
RERIIC DWW T PF-AR TRM L, Wifis% TRl L7z 7
— R RAERFRE] 100 ¥ Ok TR LTz,

RIC T D XBRELDZEDMEZ DBUEERZRIC T —V X
1d 32 LI k> TIERONZEENMBEBORKZELZ
Fig. 4 1IR3 9, BIEERTOS A F X 800 7 = L FHH 5 100

Difference scattering intensity (g4S(q)) (arb. unit)

Figure 3 Experimental difference scattering curves, gAS(q,t), in

theentire time range from —800 fs to 300 ns.
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Radial intensity (2S(r)) (a.u.)

Figure 4 Radial distribution functions, r2S(r), obtained by sine-
Fouriertransformation of gAS(g) after subtracting solvent
contributions.

Y ORORFIETE, B8 (P BXUE ok (P2)
D4 - BT HIEEEEIC KT % E— 7 DHBIC BRI E N T
Wb, BT A F A 800 7 = L R TIX, $93.5 Afhin
WA — 7 MENENE N, S FREOBRITEICRE
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28 AfHEICY T R LTWB T D, L—Y—HEIC
Ko NEEBFOEAMEIEC SEENT, &-2F
FRNCHBEAREEHEDECC L 2RISR LTWS,
Fh v — 7 OfiRZ itCRT% THIRT % &, % T
WFHRIEDSEL 725> THE D, FEaiEsa VAR THA

TWieE DN, MERISGENHER/ADERKE Nz &h
T B, —7F, 300 ¥IRLE 10 7/ IS THiZIC
HIRTZE =00 (P3) ©—21iF, WEEIERKL TV
5T LR EENGIITH O, T ORGEZLABIER
RRABEOERTH 5,

4-2. P FERBRICHRAT NS EMEIEEEL

Fig. 4 DRRZITIC LT, —HEOBREI MBI URE
FE R (Singular Value Decomposition: SVD) £ L,
A RS HR A ORGSEfET 21T7 > 72 (Fig. 5). EBICH
IR MBI LT, ZhENOE - SRSz <
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TA—Z L UTHEERR(LZ1To T Ll kb, HEIRREMNE
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Figure 5 Time-dependent concentrations of the four states and their
transition kinetics. The name of each species is indicated
above each trace.
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Figure 6 Species-associated RDFs of the four structures obtained
from the SVD and PCA analyses and their fits using model
structures containing multiple Au-Au pairs. As fitting
parameters, we considered three Au-Aupairs for S,, T,’, and
T, state and six Au-Au pairs for tetramer.
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Figure 7 Schematic of reaction mechanisms for reactions involving
three atoms and two bonds.
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Figure 8 (a) The difference scattering curves. (b) The residual
difference scattering curves created by removing the transition
dynamics from T,° to T, and the contribution of solvent
heating from (a). (c) Timedependent Au—Au distances,
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Magnified views of the late time range (> 360 fs).
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Figure 9 Trajectories of the excited-state wave packets determined
from TRXSS data.
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late time range.
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Figure 11 X-ray molecular movie of the bond formation process
(https://www.youtube.com/watch?v=e8-vdKTD8cY).
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Changing times in structural biology
A personal view from a long-term fellow
at KEK

Vincent Olieric
KEK Long-Term Invited Fellow

In November 2020, I was quarantined in my hotel in Narita
as part of the prevention measures against COVID-19 when I
read the news in the journal Nature: “It will change everything:
(Google) DeepMind’s artificial intelligence (AI) makes a
gigantic leap in solving protein structures”'. Eight months
later, on July 22, 2021, DeepMind and the European Molecular
Biology Laboratory announced the AlphaFold® database—
likely the most important contribution of Al to the advancement
of science to date—giving researchers free and open access
to ~365,000 protein structure predictions and making their
algorithm available. Not only for individual proteins but
machine learning systems also provide accurate predictions for
both protein-protein complexes and nucleic acid structures.

What is certainly going to be transformative in structural
biology arrives only a couple of years after the cryo-electron
microscopy (cryo-EM) “resolution revolution™. Structural
biology is changing fast.

I entered the field of structural biology in 2001 at the onset
of the dominance of macromolecular X-ray crystallography
(MX) at synchrotron radiation as a tool for obtaining structural
information of macromolecules. Since 2009, I have been in
charge of the protein crystallography X06DA-PXIII beamline
at the Swiss Light Source (SLS) at Paul Scherrer Institut (PSI),
Switzerland, which just passed 2,000 entries in the Protein Data
Bank (PDB). In 2021, I joined KEK as a long-term invited
fellow in the Structural Biology Research Center (SBRC) group
headed by Pr. Senda, aiming at preparing the future of X06DA-
PXIII associated with the SLS2.0 upgrade, as well as training
myself in cryo-EM.

Changing practice in structural biology

Knowledge of the structure of large biological molecules,
crucial as their function depends on their 3D shape, is addressed
by three main techniques. While nuclear magnetic resonance
(NMR) is restricted to small macromolecules (< 40 kDa) and
cryo-EM thus far limited to low-resolution structures, MX has
been the leading method for the structural investigation of large
molecules over the past decades. Instrumental in the success of
MX were the constant technological advances at synchrotron
beamlines to the point that many structures are nowadays

generated within minutes in a fully automated manner. However,
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cryo-EM has made revolutionary progress in recent years owing
to tremendous developments in electron detectors and image
processing. Without the need for crystals, cryo-EM single-
particle analysis now provides high-resolution detail rather than
molecular blobs and is growing as the method of choice for
structure determination.

During my stay at KEK, I had the chance to practice and
experience the power of cryo-EM by screening my samples
at the TARA facility at Tsukuba University with help of Dr.
Aramaki, at the SBRC cryo-EM facility with Dr. Adachi and
Dr. Kawasaki, as well as by following Dr. Shinoda at the new
cryo-EM facility in Hokkaido University. Seeing the donut
shape structure of the small bacterial sliding clamp—my 81
kDa benchmark protein but also my very first crystallographic

structure—on the electron micrographs was remarkable.

The end of the phase problem in crystallography?

The computation of electron density requires phases for
the diffracted waves, but diffraction measurements only
provide amplitudes—this is known as the “phase problem”
in crystallography. With the growth of the PDB, molecular
replacement (MR) was developed and became the predominant
route to macromolecular structure determination. However,
MR requires an accurate search model, so structures without
homologs in the PDB were traditionally derived experimentally
by finding the positions of heavy atoms that have been added or
are intrinsically present in the macromolecules—the so-called
experimental phasing method. At least, this was the situation
before AlphaFold and the era of highly accurate structure
prediction.

My colleagues at SLS and myself have developed
experimental phasing at the beamline X06DA-PXIII over the
past 10 years, with a particular interest in low energy. The
method comes with its own challenges, especially for ways
of dealing with absorption. How these have been addressed at
X06DA-PXIII and BL-1A at the Photon Factory at KEK, headed
by Dr. Matsugaki (Fig. 1) are very different, but triggered a long-
term collaboration between the two teams.

Since 2012, we visited KEK on several occasions to evaluate
the unique capabilities and incremental developments for low-
energy experimental phasing at BL-1A, namely, 3.75 keV
with helium atmosphere to reduce absorption, the mini-kappa
goniometer for high-completeness measurements with true
multiplicity, and the V-shape detector configuration to catch
high-angle reflections. In addition, with the help of Dr. Hikita,
we shaped crystals as spheres and cylinders using a deep-UV
laser to reduce sample absorption. We later identified that the
new PSI JUNGFRAU detector, initially developed for X-ray
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Figure 1 Dr. Matsugaki and his team adjusting the position of the PSI
JUNGFRAU detector (BL-1A, Photon Factory, March 28,
2021)

free-electron laser (XFEL) applications, performs well at low
energy and we were excited to validate our finding at BL-1A in
Spring 2020.

The COVID-19 pandemic forced us to revise our plan on
shipping the JUNGFRAU to KEK. The conditions to enter
Japan became more stringent and I also had to give up on my
attempt to come to KEK in the summer of 2020 for cryo-EM
experiments. Japan finally reopened its borders on October 1,
2020, but for long-term VISA holders only. In the meantime,
Dr. Wang, head of the MX team at PSI, had fully supported my
plan for a 1-year stay at KEK, and together with my Japanese
colleagues, we started the VISA application process—a daunting
experience in the time of COVID. Here I want to thank the
dedicated administrative support from Sukegawa-san and
Zeniya-san from SBRC, Arimoto-san, and Katsuki-san from the
KEK international office, as well as Sugaya-san from the user
office.

In November 2020, my colleague Dr. Leonarski shipped the
JUNGFRAU detector, a 323 kg package worth 677,920 CHF of
equipment. With negative COVID PCR tests, my colleague Dr.
Tomizaki and I traveled to Japan on an empty airplane (Fig. 2).
After 2 weeks' quarantine, we started our beamtime at BL-1A
with remote support from Switzerland—online communication
tools imposed by the pandemic are here to stay. Thanks to the
generous commissioning beamtime, we kept the JUNGFRAU
at BL-1A for an additional 6 months! Overall, the experiments
were very successful as we could solve many crystal structures
experimentally. In August 2021 however, we found out that all
those structures could also be solved by MR with AlphaFold
generated models—for us, the impact of structure predictions

with AlphaFold was immediate.

PF NEWS Vol. 39 No. 3 NOV 2021

_41 -

Figure 2 Traveling in times of COVID-19 (ZRH-NRT, November 21,
2020)

Structural biology in the era of structure prediction

Computational methods are expected to play a major role
now that structure predictions have reached the accuracy of
experimentally determined models. They will ease solving
structures, by facilitating at the front-end crystallization with
the design of stable protein constructs, and at the back-end by
helping MR and model building. But how long will researchers
still attempt to determine structures experimentally, independent
of the method used? These advances are going to transform
structural biology and broader life science research similarly to
the release of the human genome sequence 20 years ago. We are
entering an era where every biologist is a structural biologist.

The future of MX is certainly worth thinking about at the
time where most synchrotrons around the world upgrade to
fourth-generation designs. Crystallography remains highly suited
to yield precise atomic coordinates of macromolecules under
a few hundred kDa in size and facilitate the development of
new therapeutics. At both new synchrotron sources and XFELs,
time-resolved methods will be used to capture high-resolution
dynamic information along reaction pathways as a function of
time, temperature, pressure, and other perturbations. Visualizing
molecular movies of drugs in action will be one of the next
challenges.

From the increased throughput of crystallographic structure
determination with enhanced remote capabilities to the resolution
revolution in cryo-EM, the advent of cryo-electron diffraction
or the prospect of using cryo-electron tomography to study the
structure of macromolecules in situ—realizing the Cell Atlas at
the structural level—and lately, the development of Al tools that
can predict structure with high accuracy, structural biology is

undergoing radical changes at a fast pace!
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My time in Japan has been both scientifically and personally
very rewarding. Knowing that the Japanese borders only opened
two months from March 2020, I feel extremely fortunate and
privileged to have had the opportunity to spend 2021 in Tsukuba.
I very much enjoyed living at the Ninomiya house from where
I commuted to KEK by bike. While missing gatherings and
other events with colleagues, the COVID-19 pandemic made me
discover Japan with a unique perspective. I often felt as if [ were
the only foreigner in the country! I want to warmly thank all the
people, both in Switzerland and in Japan, who helped me with

this unforgettable experience!
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1. October 1st, 2021
2. PhD student (SOKENDAI, Department
of Materials Structure Science) D3

PhD student of MEXT scholarship
(SOKENDALI, Department of Material

Structure Science) D1

.4 1. October Ist, 2021
\ 2.
|

3. Instructor of Physics, University of the

Philippines, Senior Engineer, Western 3. Physics of atomic, nuclear and high

Digital Storage Technologies Inc. energy at Vietnam National University

(Philippines) Ho Chi Minh City, University of Science
4. X-ray absorption spectroscopy of semiconductors with 4. To develop of time-resolved X-ray diffraction technique to
optoelectronic applications measure the dynamical processes of photoinduced phase
5. To be trained as a scientific researcher, contribute to science, transitions
and jumpstart my scientific career 5. To install a high-repetition-rate laser system and a high-

speed control X-ray detector and to reconstruct the time-

resolved X-ray diffraction experimental system
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