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N7 w7 7oA kg (TRPS) 13, aB X OPH 7 2=vh
MORDERE AR THD (K1), a7 2=y MIEBNT
AV R —==3-7Vr— LU (IGP) £V L-Trp DX
IS THHAL R — N ZERKL, BT T 2=y P TITAERKS
ni=A k=& LtV (L-Ser) Z AT L-N 7 v 77
(Trp) B4R T Do ah 7 = FOIEMEHOIT IGP 25T
HZEIZEY, BT T =y hOMIE B L OB TR ER 2L
THT AT =" THIENALINTND, ZOXH7
T RAT Y —% REOWETE O S AT =R LTS SO 0 F
TER R BRZ RO DT D 72T T AR D HH R4
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AMFFEIZ, TRPS DOEEZE RS IZ I R T 02T ) —
DA% Umbrella Sampling (US) #:% IV /=%y 181 /1%
FHE (MD) 12 X520 A =V ¥ — T OfFHT 525 | Ji
TV TOERE B TH D THD, TRPS DafsLUP
P7a=yME VT 2=y hADIH R OFEAIREET
Open BIL Closed D2RFEDIHEEZFF O LD HHILT
VWA[M. F. Dunn, Arch. Biochem. Biophys., 2013], ¥4 1%
UH VR OFEGIRRED B 3D DIRKE (apo, 1GP FiEA,
and IGP BRUBYH U RHER) IZFBWNTUS-MD THKH7 =
=y DO EESG% RMSD TERLIZH DA GHEIEEL T
W N RT %V (PMF) Z5HRL ., FIRETE DL
WEIE DN ETRRIE ChH DI BT LT, 7287 = N
DKFAEG R NI =7 DEALEFHTL, OV 7 2=
FOREIEZALDE D LRI O YT 2= hOFEIEL
{BIZRAE T A = A DWW TR SR D 7=,
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Apo (PDBID: 1K8X) . IGP ##%%& (PDBID: 1WBJ) 8L
IGP/BU A FiE4A (PDBID: 2J9X) RHEAFI AL L .
AMBERFF14SB/GAFF2 /)35 FWT US-MD FHHEAAT
Sfc, T2 US OSHEREL LT, HifGE T 5pR141 &
BD305 ™ N-O flJi 7-BEHE 3 L UBR141 £BS299 D N-O fH]
JR T BEEfE OB A &R LT, AFHE# . Multi-state
Bennett Acceptance Ratio (MBAR) {1245 Reweight %
WAZET, LREDRSEERE Lk f i &% Reference &%
RMSD % A L L CINZ 7220k T D A =3 /LX —
TR LT,

3. RER

ARFHRIZX0RLIZ 20k ot PME X212~ 3, b
PMF 10, IGP #& &R BEIZIB VT %I Open &L IET
N TCODHEELY KELBH 7 2=y FB BT D E DS
LETREE (K24 ) EUTIET 2L HIAL T, &
7z Open & & REBHWAEE T30 L OKERE SR £
ITOHBTAZETHHICBW T 7 2=y MK EE S
F NI —IINFIeHZ LA BT (X3),
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4.  FEoH

Fex OWFFEIC LT, IGP 5 GRS Al SR ClImE
RSN TRV 7 2=y MR ELS BV AR E N E I
FETDHIENRBIINTZ, ZOLH 7S IIRY T RETE
PEH M E SR EAVED Z LTSI D LB Y I i
ThHHEZEZLND, £ IGP ot 7 2=y NIFEGTHZ
ETa/pY7 2=y MEDKFBRE G R NI — I BB, Z
DEALD TRPS DT B ATV —ZIREL B> TN DHDTiE7s
UWINEVD T EEZRE IEDT-,

5. Aot RE

AT BT DRI B L CHAER AR T TH D,
Fo, RFHRICEWTHERE)NS TRPS T BAT Y —0
A=A NN TCHSTZMN, aBXOPY 7 2=y Tl
BEOSIZBEAL TEEL D> TR, 2O X572 b 2B e
ZHRRET D20 E R BT (QM) FHEDBMNETHY | Ik
DAT 7" &L TR EELBAEEL ~ LT MD FHAEZ A
To/ B 7 2=y MBI OGO Z BT,

FERRE R IR AV B B E B RO R THIE

(FH24 : )
1. A7av=/bOMEolE 5, B, BRT57v0=
ANSDLE

N RO RSN D E HE O H BT 3N-6 THY, &
T3 TRERRS VDR VB 9 - OB B L = R e 22 ]
AT DB E L TERISND, LInLRBE, KIEDY;
B A EORIEE LA TR T O AR E e B T 3N-6
b FoLbZpunicsd | A BERIEZE O oA B 2,3
WILDARR TLZE M ~E U 352 T OB EAE
BRI O EEIICHRFE S HZ LN TED,

B HEHRBOR TR FIEIIT TR S 25 (PCA)R

time—lagged Independent Component Analysis (tICA)»3J<
Hubind, ZHHIEEFHEIAMMEWIRER FIETHY
MHEZLDOEAEOENEL LGLR TEDIERHSIL T
DD BIRIEXTH—NT AT )T TH—NT AT D
FORBEMHERENRRIZ KL TUXHEVF L TRV, — T,
t—distributed Stochastic Neighborhood Embedding (t-SNE)
ICRFBSNDIERN 72 PRI T MR BN B IC b C& 5L
WS Db 00, FEH e FiETIE—RIZT —# &Kt
U TR BB G R BN 2720 BOmho8+
FOY TV TSI EERED MD FHRIZH LTS
HANRSEVBER TITRW WO RIE R H T,
2018 AT FE R ST HE MR R OE I BT 5 UMAP
[Mclnnes and Healy, arXiv, 201811% t-SNE E[RIFEELL Eo
PEREZ A L7223 B TRl BN E T D WO iAo,
Z ZCAFBRETIZ UMAP O FE BB STHIIE A~
AIREMEZ MR D NSRBI 2 b & s 4 R D R
IZOWTH B 1% (Molecular Dynamics: MD)> 2=l —
TarzEiTV, UMAP BEUEDIENDOFIEICLLERED
fRMTZAT o7,

2. BARMZRIRNG. HHE L
RIREIZDOWTIRIEEEC protein G Bl FASVBIW
Src ¥ —E Sh3 RAS L D& MD 3ol —iar %
ToTBY, SFEEIIHLCT T= g —8
(Adenylate Kinase: ADK)RAA L EE DT 2L —Ig&
MD ~7¥ =2 N —DfiFHT 2 I L 7=, ADK 22O\ Tidd:
B Ca L FL L COMBULET L EZ U, MD EHEY >
R7=7 GENESIS IZ&>TiRalb—rarafTo7z,
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3. fER
ADK [Z[X4I1Z7R 318D 3 DDR AL (Core, LID, NMP)7>
SIRLEHE THD, BEHREL CTOMBERERIIT, £
LID 2% Core RAA AT DWW T A E(Semi—closed)ZHY .,
WIZ NMP DB E A IS Z & T2 R E (Closed)iz
BD, EWVIOBRAeEE 2 R T ZERHBILTND,
ADK MD 7Y =27 —% UMAP 12 &> T ik Tt Wl ~Ht
BRUTZLZA, T 3 DOLEIRRIED DR DB &S AT 73
HHNTZ(X5), ZNBIXZENZF LA Open, Semi—closed,
Closed (ZxfJiL T, 1T UMAP X ADK O EhfEAfi
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—arEITO 3BTV 27N —% UMAP (255 T
BT L 72, UMAP COWRITHIBIZLVIFHIZ B B =L
F—HIFZIL ADK OFSREFSBLIC EOME ALl L<GT
IR TETHY, UMAP (X MD FtHE TR EAEEED
FENTIZ B R TS D FIETHL MRS LD, AT

HH e

BT 21 [0l B AR VBRI EES 59 0 B ALY
B SESIZB W TR EEI TV, M m L~ D&
ZTPELTWA,

5. A%oOiHE-EE

B 1213 UMAP IZ XD ICHITR O FZER 7205 H T REME A1
ALK ZOMOFR, FRTHAE TRWAF T MD &
2= al Il OW T 23 A5 T IE T D,

De novo REHEE R o NIRRT FRRT D MD #HE
X AEEY SIS

(FE2Y - HraEe)
1. A7ev=/bOWsol s, B, BfRT57ar=
ANSDLE

fii2 7S D de novo iXEHZ RIRA L NTERZDOW
BARNFFORERE - LM T LW 152155 TR L
1RHEINT EE O T R BRI — LA SR B A
HDHZENTED, RIFFETIINES /B O feh FafER 72
HiETHD a NI AT FRAT Xt Gl L, KikE R
LAY TEIME SRR 2 B 522 ArE+
%o ZAVETIC de novo X FHL7-EEE o ~Jv 7 A CCTM
NI FRIL A DO RNOBUKERE T 5 &%
BT D EMHLNEIR>TND, Fe— 0 1T v RVE
TMELHETT V7 ORGSR, IFE BB TS
1A Single Channel state & 10 #=ALL EDOW DDA
AORT =K T 5 Multiple conductance state @ 2 JRHER
BENARFANCEDZ LIRS TN (K6) . LL7278
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TRIADIZDS TV, 22 TATRY =/ N T,
FEEROIFH] - 22 M0 R AE TIERERE TERUWRT DR L=
BEEERIR 3B EER RIS T 7T D,
ZHAUZED CCTM T FROT R/ EEEH IR — HE i+
TEVIDMEIELZE ZITMAET DT TR, ~TFR &
BERAHAAERZWLNIL, 5D a Ny 72 gL L
T2l X7 D de novo BXFHIE THZE& HIET,
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2. BARMIZRIRNE. HHE L
CCTM ~X7'FR 5 &K, 7 &K, 13 BEICHONT
conventional MD 5% 1 v~/ 3 >FEE L7, fFEE
RIFROFAF IV A% LSE D720, FOMREIX
353K LLTc, T FART OYHIEI IR E O T ny =y
MOl b L 7S T V& Ve, 715515 CHARMM36
R, EBREMLEAZHT-DITIEE X DPhPC, A4
X IM KCl, X7 FRRT2EL/ERy 7 2%
CHARMM-GUI ZFH L TR L 7=,

3. fER

13 BAROFHREFEROSH0, 13 BAERTIX 6 AL
W7 BRI ET DD DT, 13 BN T HEEET
NOBGRA X OB A BLOVEI% OB R X 752
A I =5 T F ¥ RVEIRBE D FERa X 75 AT G
L7eWfE SR eI o7, F- 3 EIT HBRIZ 3 Flm D D
AT F RGO ST IR L TREELZED D, F
B OBUKEMDE L CCTM ~_7FROBKERD RS
DEE A DOFRLIR D ENRIB ST,

4. FE&o

CCTM X7 FRART DIEEE GO EAIZONWT, &
IR CORJRT5 7B PR RAEM L7z, FFIC 13 \AR
T ORPBERERND | HIEZEDAD =X N, KT D453 E
ENV I ADKREIMEZIZE DL D THLHEE Z BN,

5. S#HOFHE-BE

CCTM 7' FRART OIS ZA AT L/ FRR A D bic
IO DI ENTEIUL, ZNETRIIFI D72\ ENK
FHEARTFRF ¥ XV ORFFICHR CEL LM snD,
SBITRITIMNTELZE A LT BEOZFL CCTM <7 F
Rk MD #HAEZEL, Fi/e X7 FRFr L%
TERRL T,

LSF B HFEE 2D F-ATPase DY HRE DL

£
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1. A7av=/bOMEoNE 5, B, BRT57v0=

7 hEDREFR
FFI-ATP & Bl O /IR 5r CTdh%d Fi-ATPase 13X,
ATP Bk 7K o3 fif & 3% U a5 8 %175 [mlfin oy 7 —
2 —To5%, NERI AT a3 B3 \ZBlHE Ty NRERES ST

HH e

MEZLTERY (KM7), asBsITxfLTy 28 120° B D
LEBIZ 1 DD ATP ZHIKR RS %, 120° [AHRIEEHIC
80° &£40° DY T ATV AITANTHIEMNTE, 80° L40°
YT AT THIOR—R1E, FNE I ATP-binding dwell
state. catalytic dwell state EFEIXILTUVND, Fi-ATPase @
BUOGAF —LDIFEAETE 55 FRHINC KRS U728,
MRS FRO AR T DB e (P O R ITR
EHONTIERW, EE, 7744 & - BEME %
(Cryo—EM) (ZXVBASNE 2Tt 2H# Fi-ATPase (TF))
D& [Sobti et al., Nature Communications, 12, 4690
(2021)] “TiL, ADP-PiUREEDARBESAL NG P AIA T T
55972 back door 241 L Tl &5 Rl REMED M5
ST, ARFFETIE, 20 TF1 OREER V=45 780 /1%
(MD) FHEIZEY Pi ORI EEDIAIL T DRFET
ZoNata = =

X7 TF, D&
a VT 2=y ORE), BT 2=y hER), y T 2=y
rAKB)D « 4 Bsy BEIKRTERSNS,

2. BARZRIRNE, §HHEI7IE

TF, ® post-binding dwell state (PDBID: 7L1Q) & catalytic
dwell state (PDBID: 7TLIR) Z4J#If#&ELL | 47 8 /)52
7 b7 =7 GENESIS % = MD HR %1778 o7, 2o /%7
B D 155121 CHARMM36m Zffi L, ATP, ADP, Pi (1213
INTA—=REAEIELT CHARMM 7135[Y. Komuro et al.,
Journal of Chemical Theory and Computation 10,
4133-4142 (2014)] ZfEHL7, TF, ® Cryo-EM #§1&E5,
Pi 1% 807 H7 A7y 7 EHRIZMEW IS AL TS,
FZ T, ETHIOIZ, post-binding dwell state (start) 75
catalytic dwell state (end) -~ Targeted MD % 3FEFTL .

80° BT AT/ RO HIREME (images) ZHUAFL
72o TD%, ZOHRPRIEIZK LT, Pi % solute region &L

7= Generalized Replica Exchange with solute Tempering

(gREST) %AT\), P DFV=7 b —%157z,
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Solute region @ Pi % 2790K THIZAL , Pi & ADP @ g -U>
15 O BEBE D R 2 LA fRAT LT=(X8), ZDF5HE, end 1
EITITY Y image 1R ZHT P SHESNDZED D72,
X512 image3, image4 Tld end FEED A SITH /R DR
WZ XD D RS LT,
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4. F&D

TF1 O Pi iR E XA T R R E T AT 1Z, Targeted
MD & gREST £ F\N =MD 5HEZ1T72 -7, PianEL
ZRIER MgADP DM AAERZ /NS 52L T, G
BATREZRBR A — /L C Pi DA TET-, SbIT,
SONT-RRKIT image3,4 & end TlLELDZH D57,

5. S#HOFHE-EBE

Target MD XA TR IIZ K- THRIRBED DR BE~1%
EEALSE D120 565 TR EEOREIEITIT AT A
PFAET Do 413, String IEIZE D IEMEZR T R RED HR
BRBOFIEE RN 2l —Ta A dD, 372 P o
R DYRBEATH T E Th D

MD B2 LB De Novo EF Vo 7 HED Y

(FH: 7%)
1. A7av=/bOMEoNE 5, B, BRT57v0=
IhED %

WA ISR FIC BT, VT4 B BB Ve
HORL TRHT D3 A AT TRy | ERRIC v Eon-#
YRTEDEER YT D, TSR EICE TV
THIENHEBELIRSTND, RRET D2 TG
W&EDY A De Dovo €7 V73 #il7e%, De Dovo
BTV TR A SFENEHVD, &
NFTIZ ROSETTA ° MAINMAST 728 OXFXF0 07

HH e

ENBIRE SN T, MAINMAST % 8% & 2 1
TH0, BEEGEEET V7T HDIE, Z20Bl
PR SO EL RE(L T O0NERDD, — . 2
DIDRWBETIL, FIVT 4 — T —RHHERA M, T A
NI F R EDETT— PR AELLT L, De Novo £T
Vo 7 TSRO BRI EZ AT 570 2R REE
TI—ZfREL TR I E L RO kL b DL
TafE@ESTara VBN ELRD, RIS TIE,
MAINMAST (20535172 De Novo ©7T V7 fEEIC
LT MD FEICEASLTLR LTI T 4T 4 T 5T
ANE ST PAS: S ST Ko l=d NV AVA RN =k 1O
7

2. FARMIZRRIING. BT

AL T, De novo #EIEET I 7I2L0ELTE Ca
T NENRIL AT 57 1EE L CTISAUA-FFR %)
ERER LT, ZhuL CatT WnBMIBHA AL, G
JFTET VERAN TR ab—T vk -7 ==/ MD it
Bat0IRT HIETHD, AT, £258 5D %
(F420-reducing hydrogenase o subunit (FrhA), 20S
proteasome core subunit (PCS), Sputnik virophage
(SV), Bordetella phage (BPP-1), transient receptor
potential vanilloid 1 (TRPV1), CARD domain of
mitochondria anti-viral signaling protein (MAVS),
bombyx mori cypovirus 1 (BmCPV-1), and porcine
circovirus 2 (PCV2)) Z*f4ELC, B TL XL T V-7
AT AT EATO RIRFET VLA R TET VO
WaITo7,

3. MR

CHARMM C19 /%O A i 7€ 7 /v & implicit
solvent EEF1 5 V&AW, K42 737'E 500 EDT =
AZXLT 100 ps X 5 VA7 LD bt FEEIT/2 >
720 ZTOfER, CHARMM C36m /502 1-E7 /L&
GB/SA E7 V&AW1 (SAAA-FFR) LTk
MG DR MEES I, v~y 7 EOMHBREDE KT 5L
BT A TIEMAEE IS5 EN -T2 (1X9),

T, AR ET LV TIIKREREIES N CNDTZ0,

BT T NEARTE L G NEOREEIZ RN HY
IO F R ERT Wb ThHEEZHND,

Fo TR TN T T4 T T FEEN Y T
— KT DIIRN R ENT DD T 4T T DR
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(IS =T — %2 BN T 228 L T4o T 1
Z DAENZHONCH T —Z IR TR ZENEE TH
BHZENDN T[T, Mori, G. Terashi, D. Matsuoka, D.
Kihara, and Y. Sugita, J. Chem. Inf Model., 61,
3516-3528 (2021)],
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Cycles

X9 PCV2 iZx4% SAUA-FFR & SAAA-FRR i2&%
WIERELFHEOLR (A, B):BEMEHEEIZIVTHBIK
B AL 5 S>DET N OFBREDZEAL, (C, D) HBIRE
kN2 5 >DEFAD RMSD D%k

Cycles

4. F&

TLRT T T 4T 4 PSR L IEE LT,
BA R 7 /L, implicit solvent EF /L, 332 —F
4R 7=—=Ur2 MD %M\ %5 SAUA-FFR {E&4EEL
72o Do novo TV 7HEEICH L CRIEABEHLIZED
A, BIFTET NV EHART2RIEEDE R MEES I, IE
RIS X DIE S EN DD o7z, SAUA-FFR 151280,

KRBT E T T V7 N Al RRIZ/R D E IR L TN,

5. A%OiHE- B

TVLX LTI T AT AT TE AT AEDO I OEE k
DIROF NUTUIZRIEIC /2%, SRR RIS B
2y R, IA AR R PR ARG SN & DT |
TR TN T 40T 7 T k & VA E, overfitting
WZRoTH FEIENE L FIREMED DD, S 121L, 2D LH7%R
overfitting Z#EJ T 557 aha/L O A BT,

I s
S FEHFEE S eSS L GENESIS
QM/MM #:DBHZ LA

ZRIFD

(#HY: )\K)
1. AFuy=JroO5todE &, BW, BfR+57 vy
I hEDERE

QM/MM {£13, Bk 2 25 W sz & R 7 & L7
(QM) FHHETH, A PHER Bi 2 1t 17755 (MM) THO A
7)/1\6’5T2§>5 MW7 N—7"CiL, 5378715 (MD) &

B 7 vZ 72 GENESIS (https://www.r-ccs.riken.jp
Nabs/cbrt)ZBA%E LT 5, it F 4 1% GENESIS
QM/MM % % & AL 72 [K. Yagi, K. Yamada, C.
Kobayashi, and Y. Sugita, . Chem. Theory Comput.
15, 1924 (2019)], AFEEE TiX. GENESIS (28175
QM/MM FHHEDOBEREAIL KL | BRSO TR DI FE
RaFEHT 2,

2. EAROFIRANE . FHE A

[QSimulate &DEHE] Filt, HElk o3RI
8 b5 HE 7 v 27 7 4, QSimulate (https:/
gsimulate.com) % B % L 7=, & % (X, GENESIS &
QSimulate #7147 7V —#fiL | WHINEA R DR A
PP =T x—A%BlS LT, ZRIZED, DFTB 5T
ns/day, DFT T+ ps/day OF#E7Z: QM/MM-MD

Z LS N Ll - = (Y
n+;%~z7) A] Hba\—fiof_ ( 10) o
# of electrons # of basis sets # of basis sets
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10. HOKUSAI-BW CH#|EL 7= GENESIS & QSimulate
1285 QM/MM-MD FHE D/ RT 4 —< A,

[ SRR R R EDFELEE] String FEHIZE A/ RL¥
—&H (MEP) #£52% GENESIS (23231 7-, String
IBER DS EERID 2 % DT IREEHAA—T D
BEEORECRBL AA—VEFHEEIEHIET MEP %
KD chain-of-replica M 1 > T D, String {ETiE

£ AA—V%Dgradient O ~Eh)9, @QZEMFHIZEE
FIL7pd7, LWOOEMEZ DR 2L T MEP 2355115,
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[BER S ~DRA] B3 L7- k% triosephosphate
isomerase (TIMIZRDEEFR SR~ Lz, TIM (%,
dihyroxyacetone (DHAP) » b
glyceraldehyde 3-phosphate (GAP)Z/EKT% 4 DD
T ub B RS i DR R Th D, ZiLbD MEP
R SHIZT T LTI TV B RV R EH B
RNVX—EFHE LT,

phosphate

3. fER

BI11IZ, ABFZEIC 0SB TIM OFESE S D BUGY)
. FEEAI~IVB LR (V)Z7R T, String 1512
FO I~V Z 2RI MEP 2RO 7c, ZNEINDOREEITHL
16 A A—V% U, Bthread x 128 MPI Ot HERIZEY .,
A 2.6 BRI TROLNZ, ZO%, T T LTY T
Vo 7R LA =¥ — (PMF) R TlL, 64 U4 R
TIZXIL T, TR 12 ps (K174 0.5 fs X 24,000
277 )D MD FRZIATUIC, ZOIHREFHRITIEFIC
RELERAENIEEL, (RO T IETITFR C&E o7
75, BI% L7- GENESIS/ Q-Simulate 712 J Ak
HOKUSAI-BW % f\W\5Z&C, £ 1,500 /—RI:E (6 )7
a7 REH) TEITTHIENTE,

X101 MEP & PMF O R/LF —7 07—/ L ik
T2, & PEEROE XN IZIZZ L3 2\ A3, PMF
TIET RV —OMEXHED T35, EERIZIE, ZO K&
D R.7= B OFEEET 15 keal/mol THY, PMF CTHHL /-
BEL I —E7 %,
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11, QM/MM FHEIZEVEHZ TIM IZE% 4 5
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Investigation of structural characteristics of Hero
proteins using MD simulations
(#824: Im, Niitsu)

1. Background and purpose of the project,
relationship of the project with other projects
Most proteins denature and aggregate under stress
conditions, such as near-boiling temperatures,
drying and freezing, and high salinity. In cells,
molecular chaperones regulate protein folding and
prevent aggregation or misfolding of client proteins,
protecting proteins after such stress shocks. Recently,
some of the intrinsically disordered proteins (IDPs)
are also found to function as “molecular shields”.
Heat-resistant obscure (Hero) proteins are identified
in Human and Drosophila, predicted to be IDPs, and
remain soluble even after boiling at 95°C. In vivo
experiments have demonstrated that Hero proteins
protect proteins from denaturation under stress
conditions. Hero proteins can also block the
aggregation of several types of pathological proteins
in cells and Drosophila strains modeling
neurodegenerative diseases. These functions of the
Hero protein as a "molecular shield" are unique and
likely to be biologically significant. However, the
molecular mechanism of their function is unknown.
In this project, we perform MD simulations on all
atoms to understand the properties of the Hero
proteins and investigate and compare the structural

and thermodynamic properties of the Hero proteins.
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Furthermore, we intend to demonstrate how the
features of the amino acid sequence of Hero proteins
relate to the properties of the disorderly structure,
and the function of preventing denaturation and

aggregation of client proteins.

2. Specific usage status of the system and
calculation method

We performed all-atom MD simulations at 300K and
0.15M NaCl for Hero proteins.

We employed the CHARMMS36m force field for Hero
proteins and TIP3P model for water. We used
GENESIS to perform 100 ns MD simulations for
AlphaFold2

Hero proteins, starting from the

predicted structures.

3. Result

The predicted atomistic structure of Hero9 holds an
achelix around the C-terminal region (Fig 12).
During the 100ns MD simulation, the helicity was
maintained high. On the other hand, the N,
C-terminal regions of the Hero9 peptide were
disordered. Compared to the C-terminal region, the
N-terminal region appears to form interactions with

other amino acids.

M' ¢

Fig 12. AlphaFold2 predicted structure for Hero9.

4. Conclusion

In this project, we investigate the structural and
thermodynamic properties of Hero proteins by using
all-atom MD simulation. We performed 100 ns MD
simulations for the Hero proteins using GENESIS.
During 100 ns MD simulations, the helix of the
Hero9 protein was stable, but the N-terminal region
disordered and exhibited

of the protein was

interactions with other amino acids in the structure.

RS E

5. Schedule and prospect for the future

We will further perform MD simulations of Hero9 to

understand the relationship between dynamic
structural properties and functions. We will also
conduct simulations of other Hero proteins, and
compare structural features and differences among
Hero protein family.
Exploring Conformational Space of
Phosphoglycerate kinase in the presence different
substrate

(#24 :Ren)

1 Background and purpose of the project,
relationship of the project with other projects
Phosphoglycerate kinase is a transferase presenting
in all living organisms which catalyzes the reversible
transfer of a phosphate from
1,3-bisphophoglycerate (1,3-bPG) to ADP producing
3-phosphoglycerate (3PG) and ATP. The enzyme is a

two-domain protein. 1,3-bPG and 3PG bind to the

group

N-terminal domain, while the nucleotide substrates,
MgADP or MgATP bind to the C-terminal domain.
Experiments have shown that the substrate binding
to PGK will trigger a large structural transition from
open conformation to fully closed state. Recently, our
found that the

collaborators ligand-binding

cooperativities between adenine-nucleotides and
3PG is dependent on the type of adenine-nucleotides
by NMR spectroscopy. MgADP and 3PG bind to
hPGK with
MgAMPPNP, a nonhydrolyzable ATP analogue, and

3PG bind to it with positive cooperativity.

negative cooperativity, whereas

Previously, we have applied replica path sampling to
of 3PG and

adenine-nucleotide bound PGK. In this project, we

study the structural transition
aim to investigate the conformational dynamics of
PGK in the presence and 3PG and different
(MgADP MgATP
respectively) by conventional atomistic MD (cMD)

adenine-nucleotides and
simulations and decipher the mechanisms of the
negative binding cooperativity between 3PG and

MgADP and positive binding cooperativity between
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3PG and MgATP.
2 Specific usage status of the system and
calculation method
We  performed multiple independent cMD

simulations of wild type PGK in the presence of 3PG
and different nucleotide substrates (MgADP or
MgATP). For each system, we ran 10 trajectories
starting from the open and closed state respectively.
Each ¢cMD simulation lasted 50ns. In addition, to
examine the effect the D374N mutation on the
binding cooperativities between 3PG and nucleotide
substrates, we also conducted similar simulations of
D374N mutant. The total simulations time was

about 2us.

3 Result

Our simulations revealed the intrinsic flexible
dynamics of PGK. Starting from the open state, 3PG
and nucleotide substrate bound PGK remains in the
open form within 50ns. Large conformational
fluctuation of the enzyme can be observed which can
induce more open conformations as shown in the
bottom panel of Figure 13. On the other hand, the
fully closed state is unstable for substrates-bound
PGK. A domain motion occurred very quickly during
the ¢cMD simulations to induce the conformational
transition from the fully closed state to a half-closed
state (top panel of Figure 13). Moreover, MgATP
induced a more compact half-closed state compare to
MgADP, which might be related to the different
3PG

adenine-nucleotide. In addition, we found that the

binding  cooperativity  between and
charge complementary among 3PG and nucleotide in
the PGK active site play an important role in the

cooperative binding of substrates.
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Figurel3: Distribution of the inter-domain distance
of wild type and D374N mutated PGK in the
presence 3PG and nucleotide substrates at open (top)

and semi-closed (bottom) state respectively.

4  Conclusion

simulations indicate that

PGK

conformational fluctuation in the open state.

e Our

substrates-bound shows  large

e We found that the fully closed state is
unstable even in the presence 3PG and
stable

adenine-nucleotides. Instead, a

half-closed state is firstly revealed in our

simulations.

e We show that charge complementary
between 3PG and nucleotides at the active
site of the enzymes determines the
structures of the half-closed state. The
D374N  mutation  which  alter the

electrochemical environment at the active
site dramatically affect the communication

between 3PG and adenine-nucleotide.
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Exploring Catalytic Mechanism of Enzymatic
Reactions by Multiscale Machine Learning Model
(YaoKun Lei)
1. Background and purpose of the project,
relationship of the project with other projects:
Chemical reaction involves the motion of electrons so
that quantum calculation is necessary for simulation.
But it is well known that quantum mechanics (QM)
calculation is very time-consuming. One solvation is
to fit the quantum results by parametric model. The
classic force field follow this route but cannot be
applied to chemical reaction due to the simplicity of
energy terms. To keep the balance between accuracy
and time cost, machine learning (ML) model known
for its powerful potential to fit any continuous
function is used to fit energy and force generated by
QM calculation. But most existing models are
single-scale model in which the coordinates of all
atoms are used as input to model to predict the total
energy and force of the system. But for enzymatic
reaction system, the input dimension is extremely
large due to its system size, resulting in huge
memory cost and high computation complexity. In
addition, the common reference method applied to
is QM/MM method where
energy is composed of potential of QM and MM

enzymatic reactions

region and interaction between two regions. The last
two terms are calculated by classic force field which
is a simpler parametric model than ML model.
Therefore, it’s a waste of resources to fit the results
of a simpler parametric model by another complex
one. Therefore, to applied machine learning model to
enzymatic reaction. Here we adopt a multi-scale
model called FieldSchNet in which only force, energy
and charge of QM region is predicted by ML model
and the rest two terms are processed by classic force
field. Therefore, the input to ML model is just the
coordinates of QM region and the external electric
field applied on each QM atom so that the input’s
dimension is much less than single scale model. We
integrate machine learning model with GENESIS to

simulate chemical systems. This method is firstly

RS E
applied to a text book reaction, the substitution
between Cl- and CH3F for test.
2. Specific usage status of the system and
calculation method
Most of the calculations were performed by the end
of the previous fiscal year. Wherein, 100 picoseconds
GaREUS simulation was performed to sample the
configurations used as training dataset using 32

replicas.

3. Result

We train the model with the training dataset
collected by GaREUS sampling. The resulting mean
absolute value of prediction error of energy and force
is respectively 0.879 kcal/mol and 0.318 kcal/mol/A.
In addition, during the test we found that
introducing the electrostatic potential applied on
each QM atom by solvents to ML model can improve
the prediction accuracy (Figure 14(a)). With an
optimized model, we carry out GaREUS simulation
again but force generated by ML model.
Unfortunately, the system is gradually pushed to the
region with larger prediction error and then the

simulation will break down due to large force (Figure

14(D)) .
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Figure 14 (a). Root mean square error (RMSE) of
predicted energy of QM region with training step.
Blue Line: introducing electrostatic potential applied
on each QM atom into ML model, Orange Line:
original model. (b) the evolution of absolute value of
prediction error of energy with simulation.

4. Conclusion

¢ We found that introducing external potential
applied on each QM atom can improve
prediction accuracy.

e We applied a multi-scale model to fit the
energy and force calculated by QM/MM
method. The resulting prediction error of
energy and force are

e We found that the fluctuation will push the
system to the region with large prediction

error causing the breakdown of simulation.

5. Schedule and prospect for the future

We are currently using active learning method to
sample configurations with large prediction
uncertainty so that the model can be further
improved. After the test, we plan to apply this
method to more complex reaction system: enzymatic

reaction to study the catalytic mechanism.
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