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Abstract

It is no exaggeration to say that the productivity of a research using computer simulations on

complex molecular systems like biomolecules depends on the ability of the sampling algorithm to
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explore the relevant parts of configuration space. In this study, we investigate the properties of the
multiensemble sampling (MES) which is one of the solutions that surmount limitations of
conventional sampling algorithms. Works for finding out practical systematic ways of using the
MES efficiently to explore distantly separated regions in configuration space are performed. In this
work, the more generalized form of weighting function for MES is used and ‘cavity formation in
water' is simulated using Monte Carlo. Investigating the correlation of simulation parameters and
the efficiency of the method, we propose a practical way of maximizing the power of the MES.
We applied the way to ‘cavity formation in water' and were able to explore the parts of

configuration space relevant to cavities of radius from 0 to 5.6A in a single simulation.

LM B

Aeaste] wae EREE waA AYsn oo, 2 d7ARe FEFEL WE Y
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5o} ok ¥, gjRie] B AA B AR E WSt 4A Yol A¥Fer 0
FZE wWile "o ool AT opuxdt ME(F, @AY 2xFx)e dBlA o,
2 9] 3349 4387 A=A GRehd, ol g dAe] FxE Modeller T3 2
2 "homology” modeling T2 & o] &3t J&¥ 4 JUrh[1,2] ol & JWE o] &3},
RA A 29 3394 F2E B2e F9gE, 293 Z2HE o83 A AEH A
& Y5t &9 8L 528 & Aok @9, ¥4, A, 7 T A AdeAY B
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Aok AN, YA AN dolve AFELEL A Aol drAgor EMFeR
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A BAAESE 339 g =98 94 vez FAsa
AAEZ} A g (computational molecular simulation)g o]-&5le] AEEZIS} Zo] thekslxn
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129 9dFHconfiguration spac)BAP5 o) oj3) ZABYR BAE Ho] itk ol
S Zol A9 Baro] Ao ek RS, Fael BAVL DA S@sloF B
ARE HAE 4+ 971 WEolt BHASZMOSE RAFHHMD) 5 o8 A1EA
Aol nuzidd wet Ay 48 Mddte de FLE BAFT shivt o
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REEUN d0] 13T 8 59, BANFARL BE AfeUA AN 2987,
4, A4Sy GNEY ouASY ARSC g 49T 4+ e 4P FUI 2
g 715 ol solvation, association, macromolecular stability, enzyme catalysis, enzyme-ligand
binding energies site-directed mutagenesis, host-guest studies, conformational changes %5 & A3}7]
HE Az g gFsichs-14] 284 olFA TFd Fokdl AfAUA ALE FHEske dlol
AoiA AP Eo] Atk F, WA BHFHCE 2ol e WHEL BAH A} 3= A9
HEFLE ANE BABEA Z317] diel, AP F2ES TE FE8t= ol A7 3
o ol Fele A9 2719 F27F AAL EReASE A4

W EFEALEY Pl o]82 & U EnUFEZE umbrella sampling (US)[15-18],
mutiensemble  sampling (MES)[19-21], multicanonical  algorithm (MCA)[22,23],  entropic
sampling[24,25], simulated tempering (ST)[26,28], replica_exchange method (REM)[28-30] 5] &
g S gt o] WHEL AFF FAYFI FoAlvke 1A dlA st a3y
MES$} REME A 9Jd dli&e] Wsdye FAGSTS &5 v ¢ 471 §7] 9

3 Z&4ol Dol o] oA EL FEIY sty HZo Ed WEEel e, A
A HA A (global-minimum energy) ko] Fojd wjwt ZATFE & F JE HoloA,

AAA H& ox &4 B2E o] JAM3| itk REMAME J5&3tA e

& A9 Aeplicaysol FAlol ZHHLZ AgHANAA oFzte] v SAET HFHA &FE
o] w2} replica E0] @ulro] At} REMS FASyE £21 AAte) Fojot. 22y REM
AAl A ool Atk A9 AREF ol wel, F, AVt ERE A wet a5
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+ replica®] =7} AAUA =ojvbr] dj&o|c} st replicastS Al Fshe US, MCA or ST
of W3] A Al4tol WasA dch b, MESE 8}te) replicavts Alg ek Ao| US,
MCA, ST¢} 2o}, Ex7 QRS oz o]Fz vHso(universal) FA G o] =
ojRtke o] B2k MESAIM AlgHE replicas oe] 7§ AS9 2oz o)Fold A
o]0}, MCA, ST} 447 REMS B & 1% 25%Un & 4 Aok MESE REM ®r} o
A ALHAeY 2 A A7t HolN e $5A0 ofF F A gLl &4
o i3 AFREF Fog g 2olx ¢a ok

F2l MESS] 483 &£49¢ da) A7zt ok 79 B3 MESY AA FojdA
E U A e =28 Uo] MY IR AsFes #AY £ e IfUES
HEgdel ok FYelMe BLAA WIFNEA daeFEY Adn olgo] RASE
72 gledl vla), FHANE o}F 1¥A 2& Adelott. MESE 9% olfE 1 guE
o] & A AYATL AL RoZAM FFAe] AL B opel, HZ LHEH o]5Ed F
48 A7 dde 2 $FA4E dFEEF D U] Yoo B dFE MESE H7]A5H81)
A A2HQ AYer|x 3ok

oJA7HA] MESE o|&% AFJME 719 HYERT O ALHYL Hole v 13
o & drdAe BRI HolAde F 99 gAsled MESE andesm
HET £ e AAHEMT A H3 WHES =3 U] 9% Age Fyeh
ol AellMe F o YA MESY RAFS] BE o)f3ln, ‘B FdM o =7]9
TF ¥A'E BHIIEEMOZ Fy3td, Algul7] W/pEFEY AN BeAne) Fadi
& AL O Z2FRERE 2848 SUsE 5 e AAHA Ay APk

1o &

7}. Boltzmann sampling A A2} non-Boltzmann sampling A|Al
A wdTE Yl glojA FAHA<) Boltzmann sampling A A2 FAHE 2HfrouA] A
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A F AL oFF FARIA God, E Al HEMT R FS(sampling)B EAES 0] ¥
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o, oA ZaM F AL TH SFol FEI ZA &7] Wi, BEF FE 2717t oS
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<% II-1> llustration of the limitation in Boltzmann sampling scheme
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old @& /A HaME ol AEY FAT F9S €S F Ue YukHA F
A WE |83} non-Boltzmann sampling X A2 F2sfof ghot. 28H AFoyA ok
=9 Aoz AW F [l

el O 1. p— -
e—AF,.//kT___ fe w Wd'Q/de'Q _ (e E"/kTW—1>W (11-2)

fe‘E"”W‘IWdQ/de T (e BTy

g A AdF% umbrella sampling (US), mutiensemble sampling (MES), multicanonical
algorithm (MCA), entropic sampling, simulated tempering (ST), replica_exchange method (REM) &

£ ¥ non-Boltzmann sampling A Ao 2AE F1 ok 5 A9 Boltzmann £¥X& 25 o
< 5 e 2EPS w2 I, $£4 12 F£4] -2t 83 498 FA o 2
2], thEE 9] non-Boltzmann sampling o e Wel w52 =% (universal functional
formyo] FolAR] g7 WEel F A Al i) v F g Qojopdt 3 1 AEA
= g

Y. Multiensemble sampling (MES)
MESI| A& We] Ho]

ACmEJAT |, NCa= BTy

Wee le te (1i-3)

s} o] 5 Alo| Ui Boltzmann BE ) FHo2 FojFu), o] BL F4 1129 o]gFo.
2 disge oo E BPEA H2i8K(functional minimization) 2R E oA RoTh[19])
A7IN CEL U9 445, C,— C=AF ;4 Wol o]gFoz dise 237} &
2oty Cpy=to0 4 B 54 IS FAPE F23}7] vt} 0|3 CuE oRA 7
s $4 120 g3 Ado]l 4 111 o IF AT o F¥tE A Ik
AA Aol QoAME Agel AC = C,— C=022 ¥3 A% HFF Agy) 3
7 Edo ABS AL AR, o2 diAske R HEHD oY whEd] 98 ACu) A
Fu Agto29 88 A5E4H 02 Barh[1921] <29 12> L-J fluids} inverse-twelve
flid] g MES A2 A, 10° MC step $¢ #2d ZAMIEY oiAd I BES
2 Roltk (BA). o] 2YE F Ao EAuiE BEY ZYo) vy yuwA gow,
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Fig. 1. Plots of densitics of configurations versus AU,
<29 1I-2> Application of MES to L-J fluid and inverse-twelve fluid

< A 28 F A GYA

Fw={1+ 2. expl = 2(4C,— 4E, )/ KT} ™" (11-6)
olck. .
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H2d St BN &85 glE Ca’ o]2H Ca YA AfolUA Ao]& MESE A
ARTHR21] o] S F AL EEA wide] 2 I XV AY FAAA dett A
o 9749 7Mde) Z7AE ER 117) ASe] 0@ Bolzman BES) FHE B Ay
Wiz FE8o2H AFduA Rolg AEsA ALY & ANk £, 718 AFEY
o g vlady] fgt SPE g Helth 9 1 AEE 744 Awurisid 4
A3e MESHT A7} WA lon o WU AlddMe o]y @del &Y. $He F
o] AZAE vy fldt F by A3 F2E EX2RYH Al T AEY
Boltzmann 2¥& oo} Bttt <@ 1-3> & MESe Az A & BEajgdd 93dl Ca
o9 MY £X& Id¥ AL (44), & AEA HF EAPRE £ FHHA FESHA
S8 ¢ & Ak FAY EXEL 23 4 BXZRE Yol & ASY Boltzmann £

FEQE 7]&¢] Boltzmann sampling ZA3}9} Y X|ghc}.

08 -1

OBW

Distribution

0.4 1

0.2+

0.0 T T Lf L) T ¥ T - T -l
-300 -270 -240 -210 -180 -150 120 -0 60 30 O 30 60

Electric potential of ion ()

<29 II-3> Application of MES to the ionization

oA 7tA 9] MESE o] &q AToAE 7I&d WHERY ¢ EEHYE Hole dHd 2
ok & AFdMe EARIFRZAN A% E F 99E BASeH MESE 343
22 A4Y F Ye AAFHAMT Q) 4 WHES =28 W 98 AdLe
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ggick o] AJolMe & o LA MESY FATF BE o839, ‘F FoX9
d8 @Y FF YA'S BHASZMOZ $3dd, Algdr] wpasEs AN &
AR 2 ZARRE Z84S SUSE £ e AAHA 23

oX,
o
o
o
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e
L
]
N

S, 74 H4e thE3 2ol F o ditgd F 3ok

1/p
W o [ glep‘c“”’"‘"] -7)

714 pE EE FEdE BAMRY B $4¢ 2R S22 s9ucen ¥
AG. clEAozE p2 U ol GATE o7t Holth £ AAHE p gl Wzt
me e BEEst 2R URE ZASI] MESS EEH Y 5HE 2SR

7 & 49 REFHE 3F 4o 9 BHsIEE AN

£E 20815 K, UE Igem'dl & oA @7 2719 FES] UF MITIIANE 54
78] p = 05, 1, 2, 49 BAFFEN wat ZE7IEE A¥dld, 54 152 BAHE B3
FAL A% AFAURAE ALSAT Al Al 3 e Zolz) 1552 A AKHUA A}

Qo Q= 125 TIPAP & BAEY 3hte FFLE o|FolAth F713 BAZEZ (periodic
boundary conditio) o}gjelA] EAE Alele] AE ALl AMEHUG B BAE Aol 4%
ZAge 175 AdAN ol WY 5 1 FH EEASY W FAS Ay A
preferential sampling ¥118)&F-E AHE3GTh £ AFdAe S8 FAYE Axde &8
£ 1o wIEEA Ak, A7 1 FEY EEA ALel9 Aglolth & oA R
35 4L 3t oLt 2ol FP bt ¥HA F4E AU

Ho

1/2
0= W-8)

714 49} AvE TS 2ol Hosl= 5444 <) Lennard-Jones wh w7 ¥golth
A= 4ud" (I1-9)
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d71A we XA 59 Hololn, ov U YA HASA, u = uy =0.155 keal/mol,
0,=3.1536A0.2 31 ¢, & 0AdA 10A7}A] 0.5A ZHAS 2 2709 g2 At 2%

9 ANE, On=FkT7}t SAE, 23} 7o) 43 WA E(thermal radius) & A3t

Eld 4 gloh
<table [1-1>0] 2] B4k chgo] © A% 1 FF9 2718 ULk
1/2
Yn= —(él‘chw)L] I1-10)
<table 1I-1> Simulated systems

System o, o
S0 0 0
S1 0.5 1.26
52 1.0 1.78
S3 1.5 2.18
S4 2.0 2.52
S5 2.5 2.82
56 3.0 3.09
S7 3.5 3.33
S8 4.0 3.57
S9 4.5 3.78
S10 2.0 3.99
S11 5.5 4.18
S12 6.0 4.37
S13 6.5 4.54
Si4 7.0 4.72
S15 7.5 4.88
S16 8.0 5.04
S17 8.5 5.20
S18 9.0 5.35
S19 9.5 : 5.49
S20 10.0 5.64
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v 5 Ao wte] vt 2At

A, F Al e WdEHe BAREY oA 2 F AY e A 4 1179 p
o 2 MESY 58S XA SR YTE o]F 95t g, 7} 1.0A, 2.0A, 3.0A 181
40A9) FFRY AFAUAE AZRAT ZE A4 dsiA, FA oM AFIAUR
o, A&l AC,y=C,— C=022 ¥ AFsto] HZT Agui7] 13 FLA AL
AR E ARAUA AF.9] o2 X AL wEsgh FRY Algol 2olA 2x10°%]
A 107 gEe] RE F2HA0n 4 A9 B 233 WHEAY P e p
10, 2.0, 4.09] FEE AHE3] dA 2 vl 2
€9 T3

2 A9ty <Ay [4> - <28 110>
P28 AMEISIEES W BE FE2d g ITEH M T EEAALOIY A dig

distribution

<29 II-4> Distribution of the distance between the cavity and its nearest water molecule :

results of the first simulation using p=2 for SO and S8 (A4C éé) =)
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distribution
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<229 1I-5> Distribution of the distance between the cavity and its nearest water molecule

results of the second simulation using p=2 for SO and S8 (AC ég)=AF @(;(}))

2.5

1.5 A

distribution

<21y I1I-6> Distribution of the distance between the cavity and its nearest water molecule

results of the third simulation using p=2 for SO and S8 (AC{ = AF )



<2y I4>9 <3y 6% FF0] e A S0 234 WA go] 3574 A 358 7K 4
gl g A& ANF w22 18 RS0tk o] TYEL
7S 3R B B BoF3 ok <3y 7> - <2 19> vkAY AlFEdA
#4163 AYE fmoll HE FH BF, Sowe BTHAEE 2o 5o W Pz 2
Aolth. o] IPEERYH T Ayt F5oE AAste wWjEITTol FEFE 2
2 ¢ F gtk gy, £4 158 BE & § AR0l, 2E mol ¥ Sewrh 2E &S

ZA EohE ARy A] Adte] Fgoze] FHFHUEE Fdte Aol7] "Eelth

1.2
10 N
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; 06 -
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w-E
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MC Step

<2g II-7> <f> and <fi> vs MC step in the simulation for SO and S4
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<% 11-8> <f>> and <fo> vs MC step in the simulation for SO and S6
12
10 4
08 -
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T T T L] T T
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<19 119> <> and <fi> vs MC step in the simulation for SO and S8
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<% II-10> free energy vs job step (O: p=0.5, [I: p=1, A: p=2, V: p=4)

<28 110> A48 p %59l B, 2 A BART ALY BEYR AfMA S
& RolE Aolt). of IE MPTAA B BolA Yt F AT BAFE del o]
A, p %ol 24 BesTE AL ugh

ok Al Al olide] AES MEFTEA

HEFTHAAAM de HolAJE F AE Ao & A, 2 Atoldl e 4 dh=
T2 AES Folok @ (o1FA e AL T4 FES dvx IH) & HiANE IR
o, AFol AC, = Cp— C=022 ¥ AF3t HZI Agw7] 17 Fdo ALH
ARE AfKAUA A o dAse AL BEsle 488 p=1 T A83o F 7}
A stgch e S0, S2, S4, S6 121 S8 5719 AT tF Aolx, T2 e S0, Si,
S3, 84, S5, S6, S7, S8 97/He] AE WF Relth. 74 HAPFA 38 Algo] WEHU 7
AErth 107 BgSe] BE 225 <twble [-2>0] 2 AlgaA A2 AfdUx #E
o] g5 glth. <oy I-1> - <39 3> R ¥d M exdes AL wIe
EEol1, <2y I114> - <Og 116> F WA dPdM L& Aot o] JIHEZTH
FE 8ol €53 MESY gAtsgo] F4ES ¢ 7 ok
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<table II-2> Free energies calculated in individual simulations

431 4 8 2
Iin A¥F1 MNE2 ME3 Al AN §2 AE3
1.26 0.119 0.115 0.116
1.78 0.575 0.592 0.625 0.621 0.626 0.621
2.18 1.570 1.572 1.534
2.52 2.601 2.732 2.917 2.843 2.788 2.705
2.82 4.345 4.227 4.115
3.09 4.880 5.778 6.044 5.954 5.906 5.738
3.33 7.875 7.796 7.637
3.57 7.674 9.473 9.374 10.624 9.906 9.913

s ETLEAN FABoFE dgE°] UF We Agde ol 2o wiiEs ACw
& @AY 235 RAe AY £715387] YEY) SmI} Sm+l RS i duiAFE F
3t ACnmnt & MEHOo 2 ZASE Aol A&Yo|t gy oJAS AYsy) Ao An}
B 3E d AYAZ BRH o ok Akt BEAE Eol7] e B 5o F
Eo] dajof gy YE B F9 ¥ 99, MChun BE NPHOE ZHFE dHAFY

7 2uglel UT goba 4 Uz,

Distribution
w
| ) S

<7 I-11> Distribution of the distance between the cavity and its nearest water molecule : results of
the first simulation using p=2 for SO, S2, S4, S6 and S8 (AC N =0, m=2,4,86,8)
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[I-12> Distribution of the distance between the cavity and its nearest water molecule : results of the

second simulation using p=2 for S0, $2, S4, S6 and S8 (AC D =AF Y, m=2,4,6,8)

11-13> Distribution of the distance between the cavity and its nearest water molecule : results of the

third simulation using p=2 for S0, S2, S4, S6 and S8 (UC 8 =AF 3, m=2,4,6,8)
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distribution

<Y I1I-14> Distribution of the distance between the cavity and its nearest water molecule :

results of the first simulation using p=2 for S0, S1, S2, S3, S4, S5, S6, S7 and S8
(4C8=0, m=1,2,-,8)

distribution

<19y II-15> Distribution of the distance between the cavity and its nearest water molecule :
results of the second simulation using p=2 for S0, S1, S2, S3, S4, S5, S6, S7 and

S8 (ACB=uF Y, m=1,2,,8)
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<2% II-16> Distribution of the distance between the cavity and its nearest water molecule : results
of the third simulation using p=2 for SO, Si, S2, S3, 84, S5, S6, S7 and S8

(ACB=aFZ, m=1,2,-,8)

In f?+1 ]
" (1-12)
<table I[-3> Free energies obtained from simulation with p = 0.5, 1, 2, and 4

- p =05 p=1 p=2 D=

0 0.851 0.85 0.839 0.838
1.26 1.847 1.809 1.819 1.78
1.78 3.073 3.03 3.019 2.987
2.18 4.51 4,549 4,403 4.478
2.52 6.124 6.079 5.998 6.168
2.82 7.887 7.829 7.827 7.947
3.09 9.868 9.85 9.723 9.908
3.33 11.821 12.034 11.617 12.067
3.57 13.99 14.408 13.967 14.441
.3.78 16.452 16.645 16.335 16.537




30 J. Natural Sci., Pai Chai Univ. Vol. 15, No. 1, 2004

rm p =05 p=1 p=2 p=4

3.99 19.023 19.23 18.924 19.023

4.18 21.915 22.025 21.661 21.736

4.37 24.927 25.035 24,568 24.825

4.54 28.193 28.189 27.854 27.997

4.72 31.635 31.724 31.106 31.307

4.88 35.416 35.259 34.665 35.122

5.04 39.256 38.936 38.774 39.109

5.20 43.566 43.157 42.973 43.424

5.35 48.029 47.791 47.417 47.868
e EXE BFIAS o cE A 4o e 2 wigo] A me wiEFTAG
&8 Ye g vehle dAESFE B 5 Q2 Wtk 4 I602¥H & F UAS
o, 3¢ € gl A mo) W oA FeoiE 2 Wl WY 4 ol 00] e
v, Al melvt &3 Qlokd o gt 1o] €t fEle olRde AEY wiEFTIYS]

Mz 328 ANES 3 Aolel 2Ae Aol ok wd Frkol 88 AAE AS
54 1129 @e 0 BH) T2 BEY oItk AN, HAlole] 7o) Pojd4E
F4 1129} Zkol 348 Z7HBAG oILsHe AT Aolel Az Pal FoW oyl Ag
o ¥R WY A WA B,

Distribution

<22 ¢ 1I-17> Distribution of the distance between the cavity and its nearest water molecule : results of the
first simulation using p=1 for S0, S1,-, and §20 (AC D =AF B, m=1,2,--, 20)
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<21%¥ 1I-18> Distribution of the distance between the cavity and its nearest water molecule :

results of the second simulation using p=1 for SO, S1,---, and S20
(ACH=4aFF, m=1,2,-,20)

FEE olxde F ATE oFod AE Wl 47 10%04 4x10° 7R 43 N F
& 3t AU FEE ANSET. p =05, 1,2, 4 ALF 2 AFAHA FEL <tadle
I-3>0] Jge AT 2tk o] FEL ALt S0olA S1374A9] ASS & We] 2ALSIA
Btk 2z p gol thel 10° WSS FE 33 A¥e F A4 a9 B2 p= 13
28 AFS3lA <table II-1>o] YEE RE AS PASIE Hgith 7 p ol tis) 5x10° w)
B BE 333 A¥S F 94 o of AFSdME pdl HF JdEEE AY
A <3y 117> # <a¥ 18> p=1& A3ty A& wEEXE 18 Rolt}h o] 1
FESoIA 43 Ha A& MESY wWEFNEAsHolE ke Bojut.

122

my
rhu

B AFeN 8= MESS FAFSFE 4 178 go] ditslste ‘B o9 TF ¥
38 of#] 1A Aol &3t O A8H 4L ZARIT F A A Bl 7
o ¥ A= <28 4> - <2Y [F10>E 53 € F xR0l 4 A7l IAge WEs

B
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49 99E0 M2 ¥4E O F 3998 YA gAY o9 JudtE, 3 &
FHolAM e F JHeR 9 o|Fo] WMWAHA o] R&A =7 WEolth &, p S
upo] 7im & AL Ade, AL p @& AHEEE 2 ool oS AAe Bl UF
€ BAqF3 Qo a2g F A7 UF de dojAfle Afede 2 Atold FES Fo
Al 1% 4TS dFe T ASE Folokdnh of Ao UE AL AFEEFH o5
Z1€3he A% Z& MESS £4& ¢ 5 Aok F A9 oA J=rF 2¥A H3A g+
ZAtde B ZS g Alw wAES ACnd] FES AN 2N & 5 Yot
A Beode EFsHA] qEA ol FEY Bl el AEHer Qs oF gt Eof
of & ZFEo] v HARY Hol9 qulAgog AT ACwt FHE ReE A 2
Hzolojol gt RS 4 112 gt £XZRE AHFY 5 Aok 0 2A A £X g
o] B o At Fxit HEF o|Rde FE Aol DAL Fow FEIth olFA
e 7 ARHY, 3T 2ol A WA ol X ol g AFEH AlFst b ACw 3
< AAte 2T Xl ACo = 0 2 FI A1FEA AJEHAE A o2 dXEE
Ag 2-33] WHEEc O o ol g v 2713E g A B9 AlgelA Addd
AFiA ez gotA (F, A = AC) £4E HEFT ol AAZ r < 564 9
IFES AN Rt AFIAAT <aF 114> X <3 1-18>71A]9) DFEL &

gk MESY] wjded A E S SHAFT Ak & A7 AAEL MESE OFT A
EE2 #d Eopd {3 AFHE AE F Adte L& A ok se Mg T8
e 584 €Al Ay ez QFEoJAE conformational changes $& B&o|x, w#z
H¥(protein folding) ol stz Firth. £, MES oj&e] HEHBE 93, & F79
Z7E EUE 3l MESE #7318 Al golr}.
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