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Replica Exchange Based Local Enhanced Differential Evolution Searching Method
in Ab-initio Protein Structure Prediction

LI Zhang-wei HAOQO Xiao-hu ZHANG Gui-jun
(College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, China)

Abstract To address the searching problem in high-dimensional protein conformational space,a replica exchange based
local enhanced differential evolution searching method in ab-initio protein structure prediction (RLDE) was proposed. In
this paper, the knowledge-based coarse-grained energy model, Rosetta, was employed to considerably reduce the optimal
variable dimension of protein conformational space;the knowledge-based fragment assembly technique was introduced to
further reduce the dimension of protein conformational space. Thus the entropy effect caused by searching in high-di-
mensionality conformational space could be avoided. Additionally,a conformation population was put into every replica
layer, differential evolution algorithm was adopted to update the population in each layer, and the updated populations
were then enhanced by Monte Carlo method. As a consequence, the global optimal conformation and a series of metasta-
ble conformations were generated. In conclusion, RLDE can effectively search the global conformational space through
the strong global searching ability of differential evolution algorithm. The well local searching performance of Monte
Carlo is also employed to sample the local minimum area adequately. Replica exchange strategy ensures the diversity of
population in replica layers, and the capacity of algorithm to jump out of local minimum is enhanced as well, thereby
makes the searching ability further heightened. Test results of 15 target proteins show that the proposed method can
generated high-resolution near-native protein conformations by searching the conformational space effectively.

Keywords Ab-initio prediction, Protein structure prediction, Replica exchange, Monte Carlo, Fragment assembly, Dif-

ferential evolution algorithm
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BHE/NTF 30% M5 T 2R F A AN ; WXt F /551 H
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KRR, = MR EEE 2RI K ETERREEE
B —HEREUNEN FEEREASHNBEERES, FIAR
B R4 BB AR =AM, AR/ TR A4,
HENREEERNERWBRZE,IFFENfA#ERBRE
#B52MRATHB IR E— N RA RN R BT
B T O v R A R AL T SRS B B R W TR B,
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B EaT , RS FRREAE RS W —MEB RN
. Bk, XHRE EFATA R RBEAELRE, BT E R AR
BREEINHRS A HTRSERAE, RBEREOR=4%

WIS A RRNY . AR E —FHETRIAZHRE
FERIE SR 2 A AL R A M A Sk BRI D7 2 (RLDED . HR
FAEET AR AR BE AR B BE A Rosetta Score3 FLA Br A% $0
AR BEREMARZERIOER, T XAREZERNERESF
Bo e T R RSN 5 HANBI AT AR,
RLDE FI#RFBBBI A R M E, i TR =
Bl SRR B R R R R R R F N E SR
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1 EBigHH

1.1 FE e ARy

EUFETEBAEAR F RRBNE RERE", BN
Levitt } Warshel T 1975 SE @2V B AR THR E B
BPOR, AR BRI T - RN ER SR FRE
W% RE Be BRI | BR] FDRURLBE ik B B LR A1k 18
FBHAR R L ETHEERN2F FREBHA
MHEATEBIE, BEBEERAERASHER.

RIDE MM EEHHERIER, RAETHIRM
Rosetta Score3 $HA FREEEE ., HNEHEAREXERE
AEREERTHEEEMEBNITET RRAE N,.C,Ce, 0
XEFHETEFEMNSESRET, H—RFEEHR—120°
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B -RIRBEEHTRENE YAREBE T WEIAH
BEHZ G - EEEE P(A<B) =exp((1/kTz — 1/kT4) +

(Es—E DX HPRERZ MBI A B HIT 8,
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EWREITEEE; - E. A TEAR=HEWRE —F
RER RN, AR REEBENEREERRE
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HEBENBEEORZHREW. EREBERKEHEGT,. XA
Baif AR, BRI RBBR 5~20 EAKEMSIKEA
IABEMR TS A R BRA%E, WA LIB R 150 FRIKENR
R BESR,

1.4 ETHBRE3A Monte Carlo BB %

DE B—REFHEMNBS XX RRAES, EEKRH
ERAE SN B R B R L B B0 . DE RUEA
BRI REREN B RA RS B TTHTEEFRA.
B2, B TERORBIFE, HERBEES BB E S
BEEARSBIERERB TERTRERBBRER. 5
DE #xthr , MC BAERMREMERES, S ENETES
FEMREARE, MCEBER B E— 1 HIMER, NHR
AT, R — R AR, E T ER S AR R
EH, R EIRE T 19 Boltamann BERB W = EHHE,
ERMETRARE, EERIERERNHE. BEERE
2538 i 7= 1 Markov o BH SR TE A A5 020 .

RLDE R A B4 32 3 ) S0 e 18 R 2 23 16, T AR
FHMBIEZHE S AEE—MAERE T M DE Bk3tE)
RFPBESATER A MC et s T R R . R 5
BB BIRE, EE8—MRERETHVRERAIZETHE
#1319 Monte Carlo J#f15%. MCEERIFNAHERYE
FREAALEBEIARREERMNERESAR, SEER
BEREREIN DE BB MEE, T USRS RIITE
BB RREE,

1.5 RLDE #i%

RLDE R FEF A1iH A HDR. B fE B LA Rosetta Score3
RS 22 25 R 440, SR A R BR A 3R B R AT AR K st /DR
Z3 16, R R B G B , 3F HL BB A Ot R R R A B T
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RLDE BH:#AT .

#%1 RLDE#i:

1. Input < FFFUF 8.

2. 28 E . AIABY RE, RIZABRESE KT, HEK/ popSize, B
B ARRE iter, RXLHF CR, FEEE L

3. B BRI IR AL . E BRI R A B popSize MNRIEEMME Pine

4, Try.
4, 1 for ! in range(0,RE):

4. 1.1 for M& P; in #8¥ Pine :

4.1, 1,1 4 Py =P;, K i€{(1,2,3, -+, popSize}

4, 1.1 2 BEHLAE RIE B randl, rand2, rand3, H P randl € {1,
2,3,+**, popSize}, randl 7% i, rand2 7 rand3, rand2,
rand3€ {1,2,++,Length}

4. 1. 1. 3 3¢k Py ZE R #R4E, HP j=randl. 4 a=min
(rand2,rand3) ,b=max(rand2,rand3) , k€ [a,b]

4,1.1. 4 for k in range(a,b);

8. 4 Prarger. phi(k)<P;, phiCk)
b. 4 Prager. psi(k)<P;. psi(k)
€. % Pragec. omega(k)<—P;. omega(k)

4.1. 1.5 end for

4.1. 1. 6 @2 F (5 BB B BWER M Prrial

4,1,1, 7 = R BEYLEL randd F rand5, randd € (0, 1), rand5€
(1, Length)

4.1, 1. 8 MIBFAPITRZN LR

o {Puial,mnds‘—nger.mnds , if (rand4<{CR)

Prial, rands » otherwise
4,1. 1.9 HH Prager 1 Prrial Y BE B : E(Prarge ) F1 E(Prsial)
4. 1. 1. 10 # E(Purgec) >EPeiat) s W Prriat Bt Prarger » TN B
RFBERE
4.1, 2 end for
4.1, 3 BRI EFTAE Pupaare
4. 1. 4 for ™ME P; in FFEE Pupdate :
4. 1. 4. 1R MC FE3 MR EHE TR
4. L 4. 2 i ES B P ANAR N ER E(MO
4.1. 4,3 F EP) > EMO), WISEHHFEE, TURSHBEALL
4.1. 5 BH BT IR S AT EE Penbonce
4.1, 6 end for
4. 2 end for
4. 3 for m in range(0, popSize) ;
4. 3.1 for n in range(0,RE) ;
4.3. 1.1 7E58 n,n+1 BI3 2 o4 BEHLEEE— MK Pa, Pp
4,3.1. 2 715 Pa,Ps IRER Ea,Es
4, 3. 1. 3 BT ARBATHI 4258
P(A<B)=exp((1/kTe—1/kTa) « (Eg—Ea))
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4. 3. 2 end for
4, 4 end for
4. 5 if end condition
4.6 Yes,goto 5,No,return 4
5. Finally:
5.1 end
1.6 HEEREELST
A DE BEMEEEZE R ONP + D+ Gu)™ 1
NP, D, G 5351 2 R HLE AR A0 2E B4R BOR SRR BK .
RLDE B HAHx FEA DE BEM MM ITES FFEkRA
Bl 2 MR sR L R, BB LW AT LB T A8,
4.1, 4 SR BRI AT SR B 08, B 181 & 24 BE A O(NP -
Nuc * Goax * Neg+NP ¢ Guax * Ngg +NP ¢ Guae * Nge) s H
t Nuc AP MC #47 R34 58 KB Nee N RIA 250 2
BR 4.3 PAT B A 32 a5 VR, B 1R R 24 BE 2 O(BNP « Nge +
Guax) o B, RLDE B3 i A 18] 8 24 B 1 OCNP « Ny
Gaax * Nre+5NP ¢ G * Nre) . BT UAE 1, RLDE 33
A B ERITE R E.

2 KIOFNER

2.1 RIRER AR

TE7E (TG MY T o , PPy — o 0 7 3 A 45 10 o o 2
HET IR R KRS LS. & TF Rosetta
¥4, K Python 153 328 RLDE B ¥, I &% K K o,
B.a/B ELFFFIKBEM 32 ] 106 (1) 15 F 7K (4 Fi %t RLDE #E47
Wik, 3 55 Rosetta 83 AT AR, 30K 2B (4091 2
1VII,1ENH,2JU]J,1GYZ,2MU2, 1AIL,4ICB, 2EZK,3GWL,
2MRF, 1FD4,1GB1,1AQY, 2MIT, 116C, Eff I\ B H R &
PDB FE" F 58], vEBGX TR R MO B o B4
Yk HEENER, RTINS REMNE S h LR
PO B TR AR, HOCT R s B g 1
F%1

i BEPEIE o P 5 b A O k4K 49, 38 i PISCES R %5
B2 BRI 2A REMEANT 30% 058 N E15 3]
[¥) 8096 % %51 AT HXHE 2 , (e AEHIT B (0 A B
7= H 200543 B 85 ) - B M5 B B ) LI A 255 BT

SETF R MR B SO . AT B AT, R BRI A
BB B ML, 6, & 0 X 3 AN I AR R R B AR T 5 A
AN AR, DT A5 BT A 5 B T4 5 1Al v AT 4
RLDE {21738 H35 3, Inter Core i7 #bFE2S, 16GB 317
WNFER) 64 fif Windows? $fERGE. BHESHK BT :RE=
8,kT=[0.67,0.72,0.95,1. 14, 1. 36, 1. 63, 1. 95, 2. 33], pop-
Size=30,iter=10000,CR=0. 5, L=3, B M7 BT 30 K.

#1 WRAEARFERRMRGER

Min RMSD/A Meantstg _Replica

No PDBID Len Fold — .2 Exchange
RLDE  Rosetta RMSD/A "o o/
1 1V 36 « 1.51 1.86  1.654+0.07  17.92
2 1ENH 54 « 1. 24 2.01  1.47+0.16  18.62
3 2JU] 56 o« 2.86 413 3.34+0.19  18.08
4 1GYZ 60 « 1. 68 2.14  1.96+0.17 17,59
5 2MUZ 71« 2.01 3.37  2.15+0,08 16,53
6 1AIL 73« 3.31 5.11  3.95+0.38  15.53
7 4ICB 76 o« 2.44 4.21  2.63+0.14 15.52
8§ 2EZK 99 o« 3.02 5.09  3.57+0.43  15.70
9 3GWL 106 « 1.11 7.49  5.21+0.56  13.41
10 2MRF 33 o/f 1.82 2.53  1.9540.10  20.09
11 1FD4 41  o/f  3.06 5.45  4.27+0,58  16.28
12 1GBl 56 a/B  3.05 6.27  3.84+0.39 12.86
13 1A0Y 78 a/f  3.07 5.25  3.91+0.48 14,48
14 2MIT 32 B 3.98 5.05  4.68-+0.26 16.18
15 116C 39 B 3.46 4,21 3.79+0.24 16,20

2.2 ZBRER

AR H MRS R A 1 TR, B R s bR R B 4
IS v U S 425 g 10 B0 BE 5 4% RMISD {8, B4 A
YA b R EAR B R A RE R S, BTG ER 1) S FRR RL-
DEHZEMBH=ENFAME BEKENEAERSNEKH
Rosetta B 4 I 5, Rosetta B LR HE SCER[37]5E
B AR R T4 P SE 58 O ok U B S ) = AR DL
st A 2 fR, BB R R BRI S S IR R TR E
e 254 3% Al RLDE B3 B8 2 B9 Bi il 25 #9 . R il Rosetta
BEAFIMBNER. WREAREELAAREEITES S
T35 4 VSIS B0 0 1 S 19 45 449 1 /IR BLBE F8 AR RMISD
A 1 i3, £ 1 PEJE45 5% R RLDE B RS
BRI R A EARME 2 B AR R e R (B AR kB B R
BHEH.

150 125
gxzrw g 100F
5 00} & (el
= ke
g g
g "B & Sop
£ %oF £ 25f
2 4
2 2
& 25 o 0y
0 -25

E B &
|
]
]
]
]

Protein Energy Score
g 3

- B

8 91011121314 151617 18 19 20

RMSD 7A

i
Y - 3 5l Y i L Aad ¥ Al Asdoad o
23456 7 8 910111213141516 1718
RMSD/ A

34567 8 9101112 13141516 171819 20
RMSD /A

A1 BRERIBRRER

D http: //www. rcsb. org
2 http://dunbrack. fcce. edu/PISCES. php



5 5 3]

ZEEEYE A BT R A ST 0 JR R SR 22 2 A B 1 R MK T 5 ¥ 215

P 2 ToU 45 A S B0 T 1 R 5 A ) = AR (U X

3 at5itit

SEEEE R b, RLDE 58 1 Hii 48 2 5 i 6 B 0 2 1 A2
1ENH,GAE] T 1. 24A, i R B (4 B VR BE A B T
2. T1A, R RAT BN o KB/ T 100 178 14, -2 Bl
FEREILF) T 2. 25A, [ 1 £B],RLDE 8 $:4 Rosetta B A
AP AR RS R EE S RLDE Bk GBS 0 MW
Fa 523 [B] R, 3 HLZ A5 1) R 38 fICAY IX 3885 17 Rosetta
BEMERXEHEHE/DN, EXHTRER XA REHEAR.
P& 2 e R TR RLDE 385 Fl1 Rosetta B L8 20 &
HR = 4454 5 LR E W E NS Z [ AR .. S
7 » RLDE B 3315875 B i 4544 5 SC 50 I 28 9 2544 L. Rosetta
BRITBRIMEMESXBES, MM, S TF4LKRE
B o SRS , RLDE 38k AR A5 AR I b 3R W0 20 5545 3 s W v F
BB 454 AN loop 34 X 4544 , RLDE B3 th AE % $8 31 J5 #40
A B (BB R LR SOR I A SRR HA

Xt 15 AR H , RLDE B8 3 TR EEEN LR
REMER (R FERT RLDE B3 M PATH ST RHE. &
HRBIA S i, RIS AS R L B AR BB AT B A 2
BEMESANRERE-NFESENEE, 23k Z
R, RLDE % Bt F R BEE 416 : kT =1[0. 67,0. 72,0. 95,
1.14,1. 36,1. 63,1. 95,2. 337, ;X SE(E AR LR K SFEme 135
BEREBOM XA R BARIRBE T . WA, B
BEEEWANRE BIAZES RS BRmEBERES 285 L

I RABASBA RS, BIEL ERAEE RS W
R RVEAIFRI AR E R B GERERTO. D HE
1R FI BRI A, A BT R E H b, B AR SR Y KT
10%, B XA B CKF 0. D) 15 Bl A< 28 e 3k F 550 % M T
IEABNZIEEE T 09 @R A s (R H R AR 250 5 it
TRERAS REEURBREELIBASBARIBEME, I
WA —Fh B Y 7 8, (B2 MRS R B il LB 3, 48
Rt R A AR B 1 & 2L AR R i X BB T, FE R
AR BB B /IMEL T AS BEBS B AR B 3422 , PRI TT DASSHIE - Bl 45 J2
BEEENRERE®EMN. &E, kit RLDE B
RIAAZ e 31775 i PR AR P REIE AT

RIS B, fr i RLDE B3k s 48 ¥4 .25 1 iF
TS HRAE, AR TR BB EH L RASHE, B3
FiR i8 R # hA8 Bl 5 RMSD 4 fifE L i geit, &
FEHLIIE £ R RLDE %%, 4R R B A K78 Rosetta FH k.
MPE AT LA, RLDE 5 RHE 15 B 4 R RMSD A #14
/NTF Rosetta B, X # W RLDE Bkt Rosetta B A H
SRVEAMRAERE S, BE, ESBULMIIRKER |, RL-
DE B384 £ B b Rosetta AL RHAERES, i 3 Fr
AINAZE H TVIL BT B e A ik ERA R
WI2EHE , —J7 i i TIP3 A4 B BT L SR P X AR AS [R) 1 Tl
WA A T B2 5] 55— J5 1, 1R AN
BT s T R T SO b U kA A O R RO I R 22
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£ BTk RLDE B3k 4 B Ay Wi 2R 1 b i B AR gl 45
FNE R EEXT T B YR S5HIFN loop FRIX 454 i HI fiE
HBAHBAR . BRXMEROBEARE . 5%, —1H
B FERE R, AR B loop MR H R FRIMEH 1 £
AR 1 X T R S BN IR R A R (15 AT AR Y
A MR X s LUK,y BEPR 30 B A DR LA R ik 1) e B
B A A BE LR — R IR s i, M 52 1) e i

FAVAEURE P the PT R (A9 6 18 R B P B AR TR /IMA

BRIE AU — AR T RIS 0 SR T 58 25 43 it
LB A M ML T 7 B (RLDE) . 3R I T AR R
FEfE A Rosetta Score3 fI B H R BERMLTH R
23 6] (O 4E 5, RIS A & R EMESHE B ARk TR
TR BN 5 A B2 AR B R A 2 v Bk M 5%, 1
THZS AP RENZHENE CRASRERERERHES
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BEACTEIEXT R HEAT B 3T #R )5 F) A Monte Carlo Bk KR
A R R U R R, B 2 e e SR ) T A
SR BE L R R AR BB S, AT SR 2R — RII B EH
BRILHER. 15 MEARURNSREY, TR EEEE K
Hb X FI R 23 B AT R, B BN R BE IO B R KR SHR

BSt R BT SR R L A B TR R AR B 1 AR i
R E I — X HAATBIE. WA 1 i, TR R
BARHIMR BRI RMSD {H#R 8/, X s BEE8 T i B
DIRANBRER . AT — PP SR ERER
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