View metadata, citation and similar papers at core.ac.uk brought to you by iCORE

BHREERESITOROEL YA F I
M (2014) —¥3alb—¥a v L EBROMEHEN—]
#62% 55 295 273-284 [WF%e 2607
©2014 AEEHEBF LT

2 — FAREBGAS S 2L —32 g VItk B
B UINDBREEERBDIN AT = 4 HER

PO 2L - B2 - bR R

(%A} 2013 42 12 H 30 B ; &7 2014 48 A 12 H ; #IR8 H 21 H)

= =

§ T B OREE L BEOBREMEET S 5 2T, MEELICT 5 BHT AV F— % i
ELTHTHHI ANV -—WBORA L COMITIZEETHL. LrL, B F¥Ial—Ta
YEHVWTHHZAVF —WEOFEZITIHE, RVitARHZLEL T2 8055V, £
g, BT AV —WE EICEBAAES 2 AT EREBIZY Y87 QP E-oTLE) 20
THb. AFTIL, Parallel Cascade Selection Molecular Dynamics (PaCS-MD) & Markov State
Model (MSM) Z A G, HHZAVF % L ) HREM TR L (EHET L HEEBN
F%. PaCS-MD &, W Ialb— 3 ryholiBliEfofuiiis Rl Lili-T, H
W OREENERRCTER S LN A — PRSI 2L —2a YETHS. £LT, MSM
i, FRELTVBERPINITHTHELE, By Ial— a3 ryhoREBHOERITH]
L, PEPRBOMESRGA 2 5HR T2 K ETHS. TNH PaCS-MD & MSM Z#lAGD
52 LT, ZROBINGIREMERIERD S, KN ERITY & KRB ORI %
BB ENTES. PaCS-MD & MSM ZAAEDEIzFHEENY YV BEDT = NT 4 ~
FEBICERAL, Bon AR AN F—HIBIZOWTHERT 5.
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X, HAOIEE Vo 7B F VR BERES L THEELZRITLIOLDH 5.

5 X B ORI L FOBEDOIIEICB T L CHBON TS D%, HHIT A
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X 1. HHZAVE—HE LHERGAOF. (a) 2 RBOETIVHHZALEF—HE. (b)(a) D
HHIZ ANV F—WIE L —F T A, (o) B OY 7 ¥ 7 X BS54,

T, MEEBRICR o 72AT 2 A 2 /DT 52 ENTE S, T2, HHI AV ML KT
5ZLIZEoT, FIRIE, BFE—F—ZHWELTWD Y YT HDOLEDEGHIFE—5 —
OWFERBUE L2 5.2 TWL 00, BEKBIBWTT I JBREOERNED X ) L
252500, LI RBELSHLNITLEILENTES.

HHZ A VF—HIEOIEKIZIE, 5T 81775 (Molecular Dynamics: MD) ¥ 3 2 L —3 3 »%
ZoON)T=Y a YHPELHCLERTWS, MD ¥ 3 2 b= 3 ¥ CRIETREEECHT O
BAEONL720, HEPEILL TWEHMNERZRT WAL THSL. LirL, #@FEDOMD ¥
Iab—varyEHWTHHZAVF —WIEOFREITIHE, & v 37 HoMEEbIC K
MOFRZLELTLIENRELRMETH LS. ZOMBEZHIT L7201, Bie RiIEED
BEICRESNTVWD 500, KIRE LCEHEICRE LR 2L E T HED% .

Z 2 TARTI, ZOREICH LT 2 20Tk, Parallel Cascade Selection Molecular Dynamics
(PaCS-MD) (Harada and Kitao, 2013) & Markov State Model (MSM) (Prinz et al., 2011; Pan and
Roux, 2008; Chodera et al., 2007) # flA AL THEEL HHZ ANV F —51R2%21T) TEE
%L, BT 5. PaCS-MD &, mEfFESNAFET, MEHMO 2 DOREHOEREZ N
ATABZLTHERITIENTES., BAEMICIE, M MD ¥ I2b—Yar&dhA75—F
MICEBAT) 2L TREOMELZISESE, ¥ VRV HOMERMZ LYY T v 7T 5T
BCThHbH. BHHOWENET LA 2ADIN T V27 VIDBBETLOT, HEEBOE
WO RIS ZEMNTED., —H, MSM &, & V252D 7+ — V71 ¥ 7 BBREOWE
TILL LI TEY, BV L-FETHS. MSM Tid, <V I 7@ £ LT
7= 8 OFNT AT, SRO IR % BRRAERD O FHERBOMR M 245 2 LA TE 5.

2. PaCS-MD & MSM ZHW/-BHIRIX—5E

2.1 7Y LIMHE

HHZANVE W E5ET 286, 7 v /8 BOMEZEM 2 REPRICY > 7)) v 73 508
WHbH, BHELRFIE LT, 2200FEHET I OHHI AN F-HEEZEZTALI (M 1@)).
COHHIANF—#FEAE MD Y32l —3 3y THMCEWKMY O F) v 7/ T& T
e, WIHTAMERBESAIK 1bb)DLHIIZ%E. L, FHERMIZIZBYXH59 2,
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2ODEEMREZRT TS HHT AV F —REED W &, i OREMENEIZ N F v 7&
NTLEH. MD ¥ 2L —¥ 3 v % reactant DEEN SIGD-5E, 1(c) D & 9 1T H
WLrH 7))y rc&izn. M) Dk ) RERERESMTIE, K1) &I3RR A48 7%
HHZAVF—HEAEOSNTLE). TOXHIZ, 7Y ¥ FHEECOHIRE DR %
EORMBIETH 7)) Y 7EIE LTRSS TY A,

DL YT v IREE BT 2010, TRETICHA L TEWIZIE, L7 h5HE
#: (Hukushima and Nemoto, 1996; Sugita and Okamoto, 1999) 7 ¥ 7' L F# > 71 ¥ 7 (Torrie
and Valleau, 1977), Metadynamics (Laio and Parrinello, 2002; Nishihara et al., 2008), Steered
MD # (Isralewitz et al., 2001a, 2001b; Jensen et al., 2002) B ES N TS, Lo2rL, LTV
7 S T OBRICFMIS ) VW KRG TLESDH L. T2, TNHOHEDNL I,
W2 2GSRI L DARERFIBOMELZ Y~ 7)) ¥ 7357012, ROWMEE FIF7:
D, ROUEEOIMIITRPRT V¥ Ve VoA T ARMAZEEEZF > Tnb. 2O X
ILINA T AR, DUTBMERKEE, ME, PFLEHZEDNT A= ZiR#ELL) 2
THHALZTNERS2WOT, b7 ¥ 747 ) Wi b O -0 OHiFHESLEE 72 5.
LAL, iz 87 A—=5Lid, ROZHHZANVF G LNTA—F LD z0, RF
A= OBALEARS WEBELFIRE L2, BAICEoTE, 7)) Y 7ORMERR LD 3
T A= ORBLIIPT BEHEER O PRI E D 5.

2.2 PaCS-MD

PaCS-MD 354 7 A% L CHOEEAO 2 DOIRER OB 283 Hik s LTREI N, F
7o, WERED»SHDHNOBBZFHET 572DIHNLZ L TES.

212 PaCS-MD OFNAzRT. XU, HIREBICH 2L H W CER O MD ¥ X 2
L—yary&4) (WEtE)., BoniEnx+ry 7y ay vodhyrs, HEOMELZRAT
REEE L, B EL2 5 2 228 MD Y I 2L —Y g R BEMIZIT) (st
cycle). KIZ, £ ) HIOREIEWIHEEZ HEGEA TR CEBEZEIEL, Thz2 oLk
REICtE < % 5 F THT9 (2nd to Nth cycle). MBI, HIREE & HIREZ X 2115
OEIMMEATE S, MAPEFATIE, BHZAVE—HIEZHBORISEERS L. F7-,
FOGEERE DAL O B HEOFRMAE V2 DICRE R % ) £ 7Y Y 7 TERVEE, Root
Mean Square Deviation (RMSD) & H\ 720, FEA 0BT 5 86— F 5 R BERO 5o
WIS R BT L.

PaCS-MD TIZ B OMEADIE S ZHRHEITERZT->TBY, HEEBROLDDNA T A
ERF—HEH L TWRW. Z0720, N 7 AZRELT 57200082 0LEE Lwv., £
7o, TOREETIZI D ERBICHELCHEERZBINT A2 L TE L. ZOMHIL, #
RIS WHEE 2 32 2 25, WIZL2R4E LawiEEoRk s Eo MBMER 2 BN -
AEELZLITHIETENLLTHAS (K 2).

E 512, PaCS-MD I ZBAHFIHEIHE L2 FETHH 5. BHEFHETE120 /- KDy v
PEEOFEZIEDTLE ). KEBEEYEIEOYEEE, /- FOEPBRE:D, FfHEO
W 2HEPENSTLED. 72, LAYV AKBEOL I ITHEDY I2Lb—Yarol TS
) A BRI L CEE 2D TS, 1 D0 OELDO DIV 7)) Aol
PHEZ B2 0OFMEFET v, FRISH LT, PaCS-MD TD 12DH A Z VNDO MD ¥ 3 2
L= a VIEENEFNWHNYTH Y, HEIEKELTW R, LA oT, 5/ —FHRFo v
LT12OMD YIalb—YarypEELTYH, ZOMHOEEZERL CiHEZ2EDTH &
{, 12Dy 3Ialb—YarofELRiE BoYIal—Ya VIEEL2522VOTHE. 2
D Z L1 PaCS-MD ASEIEFIFHE T L ) mOWiEFRR 2z otk 2 /R L T 5.
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H reactant product
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reaction
Pre-calc. coordinate
P0r) (short MD) (or RMSD)
select 15tcycle
& tart
res (short MD)
P(r) —
© select
S & restart 2" cycle
1S} (short MD)
P(r)
select *
& restart "..
A
select N cycle
& restart (short MD)
P(r)

2. PaCS-MD ®O-FJE.

2L 7)) A EHWCHHIANVTE - E5I58 9 5 57 LT, Weighted Ensemble (WE)
(Huber and Kim, 1996; Zhang et al., 2010) % Forward Flux Sampling (FFS) (Allen et al., 2006,
2009) 25 5. WE % FFS b fiEEAD 2 DDIRER OREE N4 7 A% LTHRET L FET
BB, TNSDOTFTHER PaCS-MD T, L7 IO TEE L) H B OGN 2 A EA
FIZEWAH 5. WE TiE, BioLF)IDNST V7 M) OREOHEZFHLTH LWL
T AR LTEBY, FFS T, BIiOL 7V IO V7 MUDS, MHIREEKIREOR
5ET YRR FICHh AHENT v ¥ AGRIEN, HiLwL Ty e LTSRS, —
75, PaCS-MD Tid & ) #RBISE VRS2 HEGERATH LWL 7Y A 2B LT3, Th
S5DENII Y, BIREADOPURIE, PaCS-MD O L Y #HVEfrsns., 72, L7V
B ORI EAHTIZ, WE TIZ& L 7V A ORI EADHETH 5 DITH L, FFS %
PaCS-MD TEL 7Y MO BRSIETIZ RV, ZD728, PaCS-MD Tid#Eilod MSM % H
WTChS V27 M)DOFITZIT> TV 5b.

2.3 MSM

AHTIZ MSM OB L AN T MO WTHESI L, BER L OGR4 HR<2%. MSM O
BRI 2 FIHEOMHI 2.4 BT .

HLEEDRETPEIREBICH LRDF A FI T A%E LD, TOZTIIETORIEZR A,
E SRV, 7203, B RIREBICoETEx S, EIRETS. bL, Bigle=0,727,. ..
DMEHIETIORORBRZHB L2405, —HORDFEZ, RVFNIREMOERTE
FTIENTES, BIISNIREE, RHEZEREL-HERAEO 1 >OREBE LT I L8
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T&E%., ZOBBENPN 27 HPTRBRINDIGE, HAHAWHNKIREZ BIZET L HERITEE]
DRBIZOBEAET 5. L HOREZFOEFIREHBEOYE, OB ILBIERHERE, v
bW 5 lagtime 7 \CDBKIET SH L x L ODBERATH] T(r) TRED T O L. BRITYIOESE
Tyi(r) SR (¢ — 7) TIREE 4 128D, K ¢t TRE j IV A BRIEREZRL TS, 3LID
WD FEMIEN ) AV R LTS R b, Thpi® = Tiyp® 27y, 72720, pit 3RDHIER
RECIREE ¢ IV AR R T,

BiZl ¢t TLMAOREL HDLMERLET T MVva pt) TET. b L, WIPIREZRTHEER
N7 PVH p0) THZ LN G, KH nr ROMERRT ML

(2.1) p(nt) = T(n7)p(0) = [T(7)]"p(0)

EEITL, CNEZFryy I~ rv-arveEITu T FEATH 5.

oML, EERETHSHNEEER K Lo T MO oNnD. 2720, K 0%
FOK(i # 7)1 IRE @ 2 SRE j ~NOFAOBEGHNHRELRT. FTOMPERIZR L L)
W, IR Ky = =, K bk b, RFER IR

J

(2:2) p(t) = Kp(t)
TXRENS. 22T, WM 2R, Z ORIz HEXIIE S
(23) p(t) = exp(Kt) p(0)

ZHo. 72720, WECHIIERMN TR TH 5. K2 IF~v Ay — AL Jidh,
HHERE N OBERAL SN IREMORIEZ 2T, pt) IEAMIIZETD t TEFRS DL,
FTADBEZTWBLERTIE, NQ3)DPIETO ¢t THi/z3Nb LIRS v, FEE, HFROMEZ
BITIETAFITARINITTINTD BEEREEIIIRAR DY, Z ORMHMEE X b Ew
A 7r — VTR 2\fIE~ 27 — Rt b R b H b,

BRATH T(r) &EETY K L ORICIER(2.1), (2.3) OB D & W% 1R,

(2.4) T(r) =exp(KT).

WdHbH., b LIOMRBEETORN CHEBERB <~V 78BRICL > THESFS %5, &
OB T 2 BRATHNC L - THSICER S5, #i, BRITY T(r) o7 v 7
XS THITE D A2 L IXE L 2was, BT — 7 RS0 VS, FEOMEL V-
725 TS K #8503 5 kb ER SN T 5 (Grubmiiller and Tavan, 1994;
Sriraman et al., 2005).

BRATY T(r) LHEEAH K &, ThEN, wm(r) & N OEAMEZFDS, HEOLEAN
7 MV, 2bO. BB AVEHPSETOBREMIIERTH L ZEAMRIEEINS. 22
T, EVWORBRAMHEIZEIEICIEATWS LT DL, up(r) & M\ EROBRICH S,

(2.5) k() = exp(AgT).
FNFNOHEAMIE, implied time scale & K IXNBEFHE X 7 — )
(2.6) T = =N = —7/Inp(7)

2dH, BT AEANRT PNVIEZ ORI AT — VIt C-EER0ERY 52 5.

2.4 ZILATETILDIEEE
MSM Ti&, ¥V 7#BIZHE ) 5T OREZERIE I 7 0 IR ICEERIL S, Zh s olkEE
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MOBERER, F-13, BRBAENMD YIal—YaroF—y2bitEshs. LTI,
MSM TOIV I 7 ETFNOWES % BHITER XS, FEIESCHER (Prinz et al., 2011; Pan and
Roux, 2008; Chodera et al., 2007) Z 2l S h /-,

S FOREBEMOBRAIZIZ, 2927y o777 a—F%2HwAh, MD F5Y 27 M)
DI FTAIY) TR, I7URBEELRT L. 7 TAY) YT OFEKEITE, K-Means
R K-Centers 2 EN L LN DH, HBEROMITHLPLTVE I, 7927 —dulb O
MOR/MEEZ G525 28T, 79 A7 —HLEOBEENIZIZE LRI RA5 Y 7
TEHEDRESNTVS, RIZ, IZ70RREBICMD YIalb—Ya ry2oHoNsiEEs
FHOUBTH. MD ¥ Ialb—2a UPOHLROBHBEIHRONTVEDT, I 7 uRIREMO
BRERZDLIENTE D, BONTERBED SBRBITY T(r) %, Pz, RALBEEHNT
M€ 9 % (Prinz et al., 2011; Chodera et al., 2007).

RBTNATHIEL LTRABTEL %0, ERBTY T ARoN2E &, WG ¢ TOIRE p(t)
EWEH (6 + 7) TORKE p(t + 1) & ORI,

(2.7) p(t+71)=Tp(t)
THEIND., TS LT, RaVPgIREBISEL 2L &, B,
(2.8) T=Tm

TRIND. 12720, n FIPHRECTOMEIMixEL, S, m=1Thsb. (28, T
KEBOMESADVEAME 1 OBAENRT PVICHNBTEILE2RL TS, 75 A5 ) V7 TR
SN2 7 aIRENIMTT HZ LR DL oTVEEEA, RODKREVEAMEIZLITHY,
WRELTwRW, 2oz &ix, EERENLE1IOGEETLIILLFEETH .

¥/, PEREOHHI AL F— 3 PEREBOERIMM P 556N 5,

s

(2.9) F; = —kpT'In

max; 7

72720, ZoXiE, ROMERSAVPREVEOHHZAVF -2 0L TWA. FH5NZH
HZANVF—HED» SHEETILOBEMA r—V e nwaslzd 25 4 v 7 A0 1E, Mean First
Passage Time (Singhal et al., 2004), Transition Path Theory (Noé et al., 2009), String Method
(Pan and Roux, 2008), Milestoning (Schiitte et al., 2011) DT % M AE bE 72 GRS
bbb, F2, BONLZERBITY ZEAMBEEAENRT FVIZHWML, BH$T5Z LT, BRTS
WRERERLW oY ELLTAF I AOBBEZOREM A — Vv, 7+ —V7T 41 ¥ 7k
IZH O LN DIREMOERRRICHT2MAREDEONS. FEL I, 3CHk(Noé et al., 2009,
2011) Z B S 7z,

2.5 EtEFIE

BEIZ3R X7z PaCS-MD & MSM ##lAAbE-HHT AN F—3HERkoTIE L, K30X
2% b, 9, PaCS-MD 2L &0 v 7Y v 7 %2475 . BiEHEIC & - TR % 18
WL, HWMD YIa2alb—aryzaEffds. BoONHEENOHEEDS VF 2 72170,
BEOREIRZATH. B2, HWE T AH5EIEv RMSD Ofiz b ofiEd M EER. 2hb
M EORERE 2 RS IC L CH72 0~ 7 A 2 VARICHED X5 ICoEEE 5.2, M Aok
WMD ¥YIalb—varEfr). 861, ET XU rERTv, BUHWE T AREEICEW
RMSD Ofliz b oWiEd M E®A. Zhz, HROMEIZ 8L %5 T THYEST. MSM
NI TV %L 72012, K4 iE PaCS-MD 28475 Twb. PaCS-MD D%
SV M) IV TFGREVLERD .
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[ Preliminary MD calculations ]

'
E [ Structural ranking ] E ,oTTTTTT T _MSM TN

' I
' i

|
\ —7—'[ Geometrical clustering ]
'

. —{[ Rank | ] | Rank-2 ] .. [Ran:(—M ]] : ' l I
: f | Dl 5

I

\ ¥ v ¥ H !

' . . ot N

' [ traj-| ] [ traj-2 ] { traj-M ] E i Estimation of transition matrix E

' 1 I '

i Short MD calculations H i l '

'

. 1 Vo :

! H 1 [ Calculation of stationary distribution ] H
I

|

[ Structural ranking H '

. J a l

I ' !

i 1 Vo

| H I

[ I | . )
i [ Rank-1 J [ Rank-2 ] [ Rank-M J E ! Generation of free energy profile ]
'
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4. Chignolin O XK#H#E# (PDBid : 1TUAO).

HIOREE T SRR S /2 B, MSM 2 FI V72T IC A%, PaCS-MD TER L7z
ETOMD F7Y =7 M) (b LI, RISHEZREICEHE LHE 2HWwTr 25 V7%
179. BBITHIOHEEHR, CHIREBOMERGMA 2RO T, HHZANVT—EIH%4T9. Lagtime
7, FA(2.6) #HT, implied time scale 2SR L 72 % v 5.

3. BHIXILFX—EEOM

HiZE® PaCS-MD & MSM # W THM T AV F— 250 2 Fik%, /N 287 HOKBPTOD
T —=NVT 4 Y TBEBIZEA LR ERNT S, S THRo727 37 HiZ 10 07 3 MRk
257 A chignolin TH 5 (K 4). 73 /EEHNIZE, Gly-Tyr-Asp-Pro-Glu-Thr-Gly-Thr-Trp-Gly
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RMSD / A

0 I AR TP UTD ST (SO S O SUNS NS SR T S 1
0.0 05 10 15 20

Time / ns

B 5. PaCS-MD ToO##iKi#E~D RMSD DUk, KIZ#AEYZ: 1 £y O PaCS-MD »
W 20 A 2 VOFHE R T, HEH A ZMIIE 10 KD 0.1-ns MD ¥ 32l —¥ g
UHREENTN S,

THZbNM5.

PaCS-MD TiZ, 3 Ui, 5 L7z chignolin D2 W CHIFHE 217V, Boh ko
B T v & A2 20 fEE TS PaCS-MD O#ig#EE L7z, KIZ, 20 &Y b® PaCS-MD % AT
VY, 4% PaCS-MD T 20-cycle x 10-run x 100-ps MD %#4T-7z. &N T v F v 7I2iE, 74—
JU K L7z chignolin &M & L7z Co BT RMSD i L7,

MSM Tid, EMMA software package (Senne et al., 2012) Z H\>, 7 5 A & —HLL O /M
HEAY 025 A LB XN T SR VTR Toz. 7220, 10psD STV FUDI L,
WD 20ps FIEEM R0 % &0, MSM % HWAMHICIZ#H L Twi v, Chignolin
DT+ —=NVF 4 T BRERRDL 20, 3 O0KEEEIY, HB1(Asp3:N-Thr8:0) & HB2
(Asp3:N-Gly7:0), HB3(Asp3:0-Gly7:N) & SUGKEREL & 5 22fICHH L2 MD 5 =27 MY
FHOWR. INSOKREFBAHEHEI 7+ — NV F - I 274 — )V FOREZERTIHEE LTHRAT
WFETH W 51T 5 (Satoh et al., 2006; Harada and Kitao, 2011, 2013). HB3 OIEEIL 7 + —
VFEA Y TOMN)H—boTHBY, HBL OB RAMEND 7 + — V74 ¥ 712, HB2 D
BEEIZI AT+ —=VTF g Y ZIZHEELTWS, MSM TOFNTIZIE, HB3 <4 A 23 b5
V7 M) OAREMH L.

¥ 9, PaCS-MD DOFIREANOPEM:Z R CTHSL. K 512 1 HD PaCS-MD 2875 C,
RMSD D[IERIZAL 2R, A4 7 VL IO T, RMSD DEASK AL DE (= 0) 123
DNTWBEZENbRb,. F/2, RMSD OHMPIAL i LTWwWAZ L5, PaCS-MD Tldff
BB Z)ILLS T Y TN LTHE I ENbh 5.

6 T chignoling ® 2 DD KER GO AL HHZ ANV F— ML E2/RT. 6 (a) A
5%, PaCS-MD TEOLNA5MIEKE )LD >TH Y, PaCS-MD M HEEZEMZ)ILL V7
VY7L TwbZeEPbhrsbs. K 6b) T, FHREOHHIANVF-—HEEZRLTH 5.
(HB1,HB2) = (6.0,2.2) fHZICHH T A VF —R/NDRENDH ), THPRKMETHS. £
7z, (HB1,HB2) = (2.4,5.8) ICHHIZ ANV F —H/NOREERH D, I A7+ —)V FLIMEEZR
LTw5.

INSOERPHHI AN F - ETOMER, ZhETOMIEE I~ LTWE. Ly
L, SA74 =NV FHEOHBHT AT —RIZBITIHE L HETR R > Tnwb,. Zhid, PaCs-
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Probability Distribution PaCS-MD + MSM
14 0.20 14
(a) (b) r4--- Mls fold
12 0.16
o [
(&) (5]
= | =
s 84— 0.08 8
% _g ,/ Native
m 87T 0.04 & 7 ()
T T
4 | 0.00 : g‘
* fes=S
2 | | 0.00 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
HB2 distance [A] HB2 distance [A]

B 6. PaCS-MD & MSM %W /-atH#ER. (a)PaCS-MD THOLNA T T2 MY
5EME L7225, (b) PaCS-MD + MSM 12 & Y 7B L2 B = 5 L ¥ — i
& AV F—RUNRIE ISR 3 2 .

MD @ HfE& 2 KRR E L72729T, HHZ AV T —HE L TRRMED» SEEn 3
T A= FREEE ) FLH YT VT TE T h ol biieEz oAb, LOHED
EOWHHIALE—#EE2H 72012, I A7+ — ) FIREBORE 2 HWORE L LTAT
HaRBD RS X,

MSM TR 72 H KB OMEREEESAi & transition path theory (E and Vanden-Eijnden,
2006) & VT, RIARMEE L I A7+ — WV MM OBRREORHEB I ko7, ZOHME,
I A7 F =)V FD S RKIMERENDBRMEEIX 7.6ns, MiE, 30ns & RREDL Sz 2 oDk
B ORI A 7 — VIZEBRTIEHL IR TWAR VDS, MD FHHEEZHVRED ) 255
Hons DA —F—72L%2 5N TW5 (Suenaga et al., 2007). GRIRD7ZEBAEIL, Fh LD
12 F—F—/h&W», IA T+ — )V EEMEDY 7 7047k SITMA, BITICHERL
27— %3 HB3 <4 A DADD, BEIIWICI 287 M REELTEY, REMEROR)E
WHELHBEINICHDEEZONS.

CZTRLZBTIE, 12OMD b5 V227 FYDOEZIZ100ps TH Y, EaHEER I 400 ns
ThH5b. 20X, FFEIECFHEHNTARHZ A LVF LR 2 LD TE 550N
L72FE, BHHZAVF —FHE0BNI L TETH 5.

4. BBbHYIZ

§ N BN T T AR A 7 — VIXAHPHIC D2 A7), MD YIal—Yarvw
MW ERMANOY > 7 v 73R AE S 5. BN TEHERORI N ELTw5
LIz, HHIALVEF—HIEZH 22121, WEXFHE LoREEIMES . 550, 5HEiE

ORNMLEIZDHEAADZ L, SHRFHEOILLAFEISANNRTH A,

AT, ¥ 7 HOMEEBE BHZ A VT —EIEE W BE2 S, PaCS-MD & MSM
ZHAEHOE THHIZANVF =2 RENIFR T2 L I HeFEEBA L. N7 A%%
FHLEWI LTI A—FORELE B E, PLRWARIETY 7)) ¥ 7 %47 2 % PaCS-MD
FHOCTKEICHEZRESIEL2 LT, HHZ AN T —OFHICLE LG R O WY~
7Y Y7 EuREL L, PaCS-MD THEOHN/AF—% % MSM THENTT 5 Z & T, FHIREOH
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HIANVF—EIEOLNLZ L Z2@H L7z, EHICARTHEZ chignolin 74— V74 ¥ 78
RICEH L THHZ AV —HIEZ2ERT 5 2L T, HEORUMD X OATEO SR
RL7z.

WIS, ATFEOIGHTERICDERLTBE 2.,

BIZIE, 7 V0B ENGFTHHY A Y FEDBERBEEER(FyF 7)) I2B0WT, &
HHIZANVFE—DFE2T 2548, ¥ T Y FORBANED X I LD LI THE
HHZAVEF—2SKELEDboTLE). B, FURX0ELEYVAN Y FOFYyF U7 TIE, K
BOBANREHEEEZERL, 22 7HETHRZ AVE - %254 % 7305 b
TWDN, £ DKy X7V 7 hTlE, FHERBOHRINS & V87 ok % EE LTk
AHHZANVY—%5ET 500, ZOREILTLIEL I GEE2V. 2L oE, EBTHES
N5 B R I A AR S O IcE 575, x:T@ﬁfﬁﬁLtﬁ¢%%Eml%
V¥ —fli% b OWEDEBRTHONLMIEL T2 LIRS v, 22T, BHAKRGEMMEE
%B%%ﬁ&bfpxﬁMD%ﬁw,MM&T%%?%:&T,9/A7 @ﬁ%%ﬂ@w
2, SOBEOSVHEAHHIANVF -2 TELEELON5,

SOOI, KEEL, ABTEALET A —VT 4 v ZBEDUAMCDEATX 2R %
HLTWE, AFEZRAZFOIIGHEIELILICE T, N TRBWHOENR L WY ~
NIEDT + =T 4 v 7 BBOMIHC, AIERICORNE Y YR HEEE LR T VWISV F
DR - EastEL LRSI NS, S, ICHBFORHZ RICFER L ThE 20,

z £ X &

Allen, R. J., Frenkel, D. and ten Wolde, P. R. (2006) . Simulating rare events in equilibrium or nonequi-
librium stochastic systems, The Journal of Chemical Physics, 124, 024102.

Allen, R. J., Valeriani, C. and ten Wolde, P. R. (2009) . Forward flux sampling for rare event simulations,
Journal of Physics: Condensed Matter, 21, 463102.

Chodera, J. D., Singhal, N., Pande, V. S., Dill, K. A. and Swope, W. C. (2007). Automatic discovery
of metastable states for the construction of Markov models of macromolecular conformational
dynamics, The Journal of Chemical Physics, 126, 155101.

E, W. and Vanden-Eijnden, E. (2006). Toward a theory of transition paths, Journal of Statistical
Physics, 123, 503—-523.

Grubmiiller, H. and Tavan, P. (1994). Molecular dynamics of conformational substates for a simplified
protein model, The Journal of Chemical Physics, 101, 5047.

Harada, R. and Kitao, A. (2011) . Exploring the folding free energy landscape of a S-Hairpin miniprotein,
chignolin, using multiscale free energy landscape calculation method, The Journal of Physical
Chemistry B, 115, 8806—8812.

Harada, R. and Kitao, A. (2013). Parallel Cascade Selection Molecular Dynamics (PaCS-MD) to gen-
erate conformational transition pathway, The Journal of Chemical Physics, 139, 035103.

Huber, G. A. and Kim, S. (1996). Weighted-ensemble Brownian dynamics simulations for protein as-
sociation reactions, Biophysical Journal, 70, 97-110.

Hukushima, K. and Nemoto, K. (1996). Exchange Monte Carlo method and application to spin glass
simulations, Journal of the Physical Society of Japan, 65, 1604-1608.

Isralewitz, B., Baudry, J., Gullingsrud, J., Kosztin, D. and Schulten, K. (2001a). Steered molecular
dynamics investigations of protein function, Journal of Molecular Graphics and Modeling, 19,
13-25.

Isralewitz, B., Gao, M. and Schulten, K. (2001b). Steered molecular dynamics and mechanical functions



HA— FRBEFN S I 2L —va s ilk b5 V87 BHEBB O/ o £ %R 283

of proteins, Current Opinion in Structural Biology, 11, 224—230.

Jensen, M. O., Prk, S., Tajkhorshid, E. and Schulten, K. (2002). Energetics of glycerol conduction
through aquaglyceroporin GIpF, Proceedings of the National Academy of Sciences of the United
States of America, 99, 6731-6736.

Laio, A. and Parrinello, M. (2002). Escaping free-energy minima, Proceedings of the National Academy
of Sciences of the United States of America, 99, 12562—12566.

Nishihara, Y., Hayashi, S. and Kato, S. (2008). A search for ligand diffusion pathway in myoglobin
using a metadynamics simulation, Chemical Physics Letters, 464, 220-225.

Noé, F., Schutte, C., Vanden-Eijnden, E., Reich, L. and Weikl, T. R. (2009). Constructing the equilib-
rium ensemble of folding pathways from short off-equilibrium simulations, Proceedings of the
National Academy of Sciences of the United States of America, 106, 19011-19016.

Noé, F., Doose, S., Daidone, I., Lollmann, M., Sauer, M., Chodera, J. D. and Smith, J. C. (2011).
Dynamical fingerprints for probing individual relaxation processes in biomolecular dynamics
with simulations and kinetic experiments, Proceedings of the National Academy of Sciences of
the United States of America, 108, 4822-4827.

Pan, A. C. and Roux, B. (2008). Building Markov state models along pathways to determine free
energies and rates of transitions, The Journal of Chemical Physics, 129, 064107.

Prinz, J., Wu, H., Sarich, M., Keller, B., Senne, M., Held, M., Chodera, J. D., Schutte, C. and Noé,
F. (2011). Markov models of molecular kinetics: Generation and validation, The Journal of
Chemical Physics, 134, 174105.

Satoh, D., Shimizu, K., Nakamura, S. and Terada, T. (2006). Folding free-energy landscape of a 10-
residue mini-protein, chignolin, FEBS Letters, 580, 3422-3426.

Schiitte, C., Noé, F., Lu, J., Sarich, M. and Vanden-Eijnden, E. (2011) . Markov state models based on
milestoning, The Journal of Chemical Physics, 134, 204105.

Senne, M., Trendelkamp-Schroer, B., Mey, A. S. J. S., Schutte, C. and Noé, F. (2012). EMMA: A
software package for Markov model building and analysis, Journal of Chemical Theory and
Computation, 8, 2223—-2238.

Singhal, N., Snow, C. D. and Pande, V. S. (2004) . Using path sampling to build better Markovian state
models: Predicting the folding rate and mechanism of a tryptophan zipper beta hairpin, The
Journal of Chemical Physics, 121, 415.

Sriraman, S., Kevrekidis, I. G. and Hummer, G. (2005). Coarse master equation from Bayesian anal-
ysis of replica molecular dynamics simulations, The Journal of Physical Chemistry B, 109,
6479-6484.

Suenaga, A., Narumi, T., Futatsugi, N., Yanai, R., Ohno, Y., Okimoto, N. and Taiji, M. (2007). Folding
dynamics of 10-residue -hairpin peptide Chignolin, Chemistry-An Asian Journal, 2, 591-598.

Sugita, Y. and Okamoto, Y. (1999). Replica-exchange molecular dynamics method for protein folding,
Chemical Physics Letters, 314, 141-151.

Torrie, G. M. and Valleau, J. P. (1977). Nonphysical sampling distributions in Monte Carlo free-energy
estimation: Umbrella sampling, Journal of Computational Physics, 23, 187-199.

Zhang, B. W., Jasnow, D. and Zuckerman, D. M. (2010). The “weighted ensemble” path sampling
method is statistically exact for a broad class of stochastic processes and binning procedures,
The Journal Chemical Physics, 132, 054107.



284 Proceedings of the Institute of Statistical Mathematics Vol. 62, No. 2, 273-284 (2014)

Cascade-type Massive Parallel Simulation for
Protein Conformational Transition Pathway Search

Yasutaka Nishihara', Ryuhei Harada? and Akio Kitao'
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2 Advanced Institute for Computational Science, RIKEN

Free energy landscape calculation and analysis play important roles in elucidating
the relationship between protein conformation and function. Calculating the free energy
landscape of proteins by using molecular dynamics simulations often requires long calcu-
lation time. This is because many degrees of freedom in proteins generate a large number
of conformational substates and proteins are frequently confined in few substates. To ex-
plore protein conformational space widely and efficiently, a novel free energy calculation
method is proposed as the combination of Parallel Cascade Selection Molecular Dynam-
ics (PaCS-MD) and Markov State Model (MSM). This method is applied to folding free
energy landscape analysis of a small protein as a test case.

Key words: Free energy landscape, conformational substate, molecular dynamics, folding, Markov

process.



