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Fig. 1 FCC HP lattice model
(a) A unit of the 2D FCC HP lattice model. (b) A unit of the 3D FCC HP

lattice model.

Fig. 2 A conformation of an amino acid
sequence with length 25
"e "and "o " ("o ") indicate the hydrophobic and hydrophilic amino
acids, respectively. "—" denotes the binding edge and " ---" is the
topological neighboring contact edge. "o " is the first amino acid of the

sequence.
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Fig. 3 An example of pull-move
"e "and "o " indicate the hydrophobic and hydrophilic amino acids,
respectively. As shown in (a), if position A is free, then amino acid 3 can
be placed at A, and amino acid 4 can be moved to the position of amino

acid 3, 5 to 4, 6 to 5. Thus a valid conformation (see (b)) is obtained.
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Table 1 Nine sequences for FCC HP lattice model

No. Length Sequence
1 20 HPHP,H,PHP,HPH,P,HPH
2 24 H,P,(HP,)H,
3 25 P,HP(H,P,),H,
4 36 P;H,P,H,P:H,P,H,P,H,P,HP,
5 48 P,H(PH,),PsH,Py(H,P,),HP,H;
6 50 H,(PH),PH,P(HP;),P(HP;),HPH,(PH),H
7 54 H,(PH),PH,P(HP;),P(HP;),HPH,(PH),H
8 60 P(PH,),H,P;H ,PHP;H ,P ,H,PH,PHP
9 64 H,2(PH),((P;H,),P;H),(PH),H,,
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Table 2 Comparison of computational results by different methods on 2D FCC HP lattice model

No. Length SGAM HGA®  HGA+TR'™  ERS-GAM  HHGA!M TSt ELP ELP+ Time/MC step?

i 20 -1 -15 15 15 15 15 “15(-15)  —15(-15)° 20/732

2 24 -10 -13 -13 -13 17 17 “17(=17) “17(-17) 20/4321

3 25 10 -10 10 12 -12 _12 _12(-12) ~12(-12) 20/2763

4 36 16 -19 -19 20 23 24 _24(-24) _24(-24) 20/32034
5 48 NAY NA -3 -3 _41 —40 _43(-43)  _44(-4332)  9/253384
6 50 NA NA NA -30 _38 NA _36(-3342) —41(-40.14)  5/583347
7 54 21 23 23 NA NA 31 _41(-3843)  —42(-41.5) 9/163842
§ 60 40 _46 _46 55 ~66 -70 ~69(-66.81)  —71(-70.08)  6/1203846
9 64 33 _46 _46 47 -63 -50 _70(=6532)  —75(-74.08)  4/368623

¥ Numbers in bold indicate the lowest energies so far and the numbers in parentheses denote the average energies. ® Time and MC step indicate the

times of the runs which can find the lowest energies and the average number of energy evaluation before the lowest energy is found by ELP+.

means data not available.

9NA



«716e EMEEEYYEHR

Prog. Biochem. Biophys.

2014; 41 (7)

(2) (b)

(,x

50

0

K

(c)
\_x v I«"

k /’» /&( ?
9.

/’7
Car

Fig. 4 Conformations with the lowest energies found by the ELP+ algorithm
for sequences 7~ 9 on 2D FCC HP lattice model
(a) Typical conformation with £=-42 of instance 7. (b) Typical conformation with £=-71 of instance 8. (c) Typical conformation with £=-75 of

instance 9. "@ " and "

N T HE WU ELP+ SV k. Bl
SOBHZ SN T 3D FCC A% s AR Y Sl Bl £ 1 5
TSR, TR 1R RRTH, o Reris
1T ELP+ 59 20 Ik, JFH# ELP+ 5k 5 SGA,
HGA", HGA+TR7IH TSI 1442 (1) i (K AE =51 T
X3RS TIFA) 1~4, HT ELP+ HkRE kR
TR 7% oy M A 2 SCHR e SR fIRRE =R, TR 3

" indicate the hydrophobic and hydrophilic amino acids, respectively.

AT, K 3 i E L KT LUE H, B
JF5 6 ANTS FIERARELS ), TS F ELP+&2: T
BRI ESM T SGA. HGA 1 HGA+TR 75
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Table 3 Comparison of computational results by different methods on 3D FCC HP lattice model

No. Length SGAU HGAD HGA+TR™ TSI ELP+
5 48 NA® NA ~69 74 _74(=74)
6 50 55 _59 _59 NA ~73(-72.2)
7 54 NA NA NA -77 ~77(-76.33)
8 60 ~97 _114 -117 -130 ~130(~130)
9 64 81 98 ~103 -132 ~132(-132)

9 NA means data not available. ® Numbers in bold indicate the lowest energies so far and the numbers in parentheses

denote the average energies.

Fig. 5 Conformations with the lowest energies found by the ELP+ algorithm
for sequences 7~ 9 on 3D FCC HP lattice model
(a) Typical conformation with E=-77 of instance 7. (b) Typical conformation with E=-130 of instance 8. (c¢) Typical conformation with £=—132 of

instance 9. "@" and "

" indicate the hydrophobic and hydrophilic amino acids, respectively.
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An Optimization Algorithm for Simulating Protein
Folding Structures in Lattice Models®
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Abstract Protein folding problem is a classical non-deterministic polynomial (NP) hard problem in
bioinformatics. The energy landscape paving (ELP) method is a class of heuristic global optimization algorithm.
This paper applies the ELP method to simulate protein folding conformations for the hydrophobic-polar (HP)
model on the face-centered-cube (FCC) lattice. By putting forward a new update mechanism of the histogram
function in ELP and incorporating the generation of initial conformation based on the greedy strategy and the
neighborhood search strategy based on pull-moves into ELP, an improved energy landscape paving (ELP+) method
is put forward for the protein folding problem on the FCC lattice model. We test the method on nine benchmark
sequences. The lowest energies by ELP+ are as good as or better than those of other methods in the literature for all
instances. Computational results show that ELP+ is an effective method for protein folding problem on FCC lattice
model.
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