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A Survey on Algorithms for Protein Tertiary Structure Prediction
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Abstract  Proteins are important macromolecules that consist of one or more long chains of
amino acids, and perform a great variety of biological functionalities, including catalyzing,
transportation, and responses to stimuli. In natural environment, a protein usually folds into a
specific tertiary structural conformation called native structure. The functionalities of a protein
are largely determined by its structural conformation, rending the understanding of protein
structures fatally important. However, the experimental approaches for the determination of
protein structures are commonly labor-intensive and time-consuming, and thus cannot match up

the speed of protein sequencing. Therefore, it is invaluable to predict protein structures using
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computational approaches. In this study, we summarized the popular strategies for protein
structure prediction, including homology modeling approaches based on sequence-sequence
alignment, threading approaches based on sequence-structure alignment, and ab initio approaches
based on optimizing energy functions. Furthermore, we listed the popular software packages for
protein structure prediction as well as their performance in the CASP (Critical Assessment of
protein Structure Prediction) competition. The evaluation of these approaches showed the following
three observations: (1) If the sequence identity between a query protein and a certain template
protein exceeds 30% , homology modeling approaches usually report accurate prediction results;
(2) For threading approaches, how to improve fold recognition for remote homology proteins
remains one of the challenges; and (3) For ab initio approaches, the design of an accurate energy
function, together with building structural conformation with the assistance of the information of
residue-residue contact information still need investigation. Finally, we summarized this study by
listing our perspectives on protein structure prediction, especially on the the perspective that
protein folding is an elite-driven process. Specifically, the correlation between protein sequence
and its native structure is not that strong from the global point of view; however, at certain
regions, local sequences carry strong signals of local structural preference. These regions might
initialize the protein folding process, and speed up protein folding through significantly reducing
search space of possible structural conformations. The understanding of these regions should
greatly facilitate the developing of novel approaches for protein structure prediction. In summary,
the accurate prediction of protein structures heavily relies on our insights into the relationship
between protein sequence and structure, as well as modeling these insights into an efficient
statistical models and algorithms. Protein structure is a representative problem that a linear
sequence of entities forms specific complex structures under the interactions among these entities;
thus, the advances in the field of protein structure prediction will contribute to solving other
similar problems.

protein structure; homology modeling; threading; ab initio; energy function;
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HRTC o AE AN 7] 22 A 7 F () 905 A A 32 A AN T 7 A Al
AR AAE B T 8 2 38 R T TR AR AR R
1R 45 Fa) A5 5L T 3 56 [ ) 4 Ml 3% 5 V5 0 AT B P 5
IV 2% 18 H AR B B 7 9102 75 48 b TR 2
P J5T 45 K0 5 R N b o VA 0 3% B A T AN A ] 9 A
BEVE JT 2R T 1Y 47 - 1 9 K C T 2 I 47 - 45 AR R T
R 0K H A 8 B U A7 B AR 19 e 45 4
WS H bR 8 BT 51 A 5 R 45+ A IS TS (O
8). T2 Hh U, AR AR AR T T Y A Bk R R A
Ry F A 5 AL S ER B2 DR I 7 IR T B R A H
b E B AR AR 5 3E B A S MO B X
S IHYETE " 1K — 1 1 Y O

DD

VCVINVASQCGKTEVNY TQLVDLHARYAE
CGRILAFPCNQFGKQEPGSNEEIKEFAAG
YNJKFDMFSKICVNGDDAHPLWKWMKIQPK
GKfJILGNAIKWNFTKFLIDKNGCVVKRYGP
VERR XD
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5514 B s

1

FATE et ]
FVE kR EE FE®RE e A B E O SRR R
(1 5 I 48 8 O 91 -4 9 T 2
Hys & A 454
VEITE 95 1) O 5 25 WAL 45 . (1) T ] 1) i) A5 A
AR R 11 R T 45 A SRR 85 (2) e A O
ARSI A =W WA RIS i - = D 3 el R
G - S5 R IR 5 (3) A An] A B e 26 1 L) 235 4y
4.2 HMAMFI-GHEREE
BT (14 7 3 - 5 AL B 0 B 75 AL 3 Prospect™ |
SPARKS™ ] Raptor % 4] *" . MRFalign™" %,
AR
Prospect™ ffi FI 4R (1 4 bR B0 e 51) 45 5

A 8
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M 6 ) 2Z ] 1) UG e 72 B2

E = wy Emum\c + w, Esinglc + w; Epair + w, Egap ’
Horp A8 S E e 228 BEHR A 11 5T 1 B A B 3 A2
S J8CH B 8 5TAH R C Ak B 0 n] e 1 il R
PAM250 ] 73 B 5 AT E oo 2 38 H AR BT
8 SN3E STPNARRE S T e S VA IS B RO
JEE o Ak 11 255 ) B 85 A G 0 2 R R TR T A
AR I (Pairwise contact) E,,, 2K 1 & H 5 &
FEL R P 9 A 5 S T A ik (G T HE BN T 7 AD Ry
A REAE 5 T 25 6 51] 23 T (Gap penalty) E,,, W FH O i
G IR BC H B B £ 19 25 . Prospect SR H“ 43 1fi iR
Z 7R AT AL R AT 3 ek B A 8 - S5
BRTC. (HAR TS T BRI s Boh s 17—
A b 50, DR S 7 4 P A - T 380 114 A 5 0 B0 A )
RO ) iR I M2 T A Y 3 A A A ER A
RS IE I SR M R A 2 OOy, Horpr ¢
S AR 235 A v A LA o % B R T R

SPARKS 553 14 ¢ €0, 3% BLAE B A 2R 11 T 1
F B RS A s R R TR — AR E A
JOT T 563 ok 2 A B T AR A 5 AR ARL A A AR AR L SR
S B B TR 57 58 e 51 0 B 5 A — B TE BURT 9 17 1)
%17 (Structure driven profile). 7F 45 ¥4 ik ¥ 5% J7 I »
SPARKS 25 [ 1 = 5L AV W AT b A8 3, AH L 1Y
FI 03RRI < (1) 55 41 A 200 LA & H AR 8 B
Hh B L T N AR A R A AR B (2) IR
A R 3t LA A bR A AR A TR Al & A e
VW] S SRR E L T b R A AT 0 TR 2 Ak
JE R BRI PRt AT LA 3l 28 80 R0 Bk v R
TR B LY 7 9] - 45 A TR

Raptor ({45 (78 T8 77 51 - 25 14 156 IE [v) 8 T X
PR — A~ o Bk P B A TS 40 b 13 . Raprtor
T SRR AR 3 B B 3 — o e A B
MR L (Core) 5 73— 3 Je i 0 iy & il AR
Je BT A TR AR BB (1) 7R 51 - &5 A B C P BB
e 2s 7 H o2 4 BLAE A5 il X885 (2) B 2 [R) 7 A AR
PR A O X F B A O X8R ] ) A E A
FHARES 35 ks 18] 4 A B A T UL AL 9D

TEMFE Al I, Raptor #3743 & 5% 48 5 4T
G RSB IE A A AT A3 A AT o DA K AR
HHEAEHIAT 20 9 78 91 - S5 R R IO 3T 23 eR 8.t 4T 40
BRI B AR LA R P R 4 I AR Y —
X Bk HE . BT DL TG ¥ il gl 35 0 R B R PR SR i
Raptor {57 F % %4 2 P 040 2 A SK it 5 00 04 7 9] - 4
P IBEIE » 2 PR AR Y 29 o 2 A0 46 - (1) SR B A

S5 KR T B 12 £ A 767
,//776:1/: 7\\/\%/;\ BN o
Y2 A\\\ Y /;/(\y/,//*\j\:\z&%/*EFM’Hﬂ

VX XA R,

[/ i ;
—e—e—{((ﬁodoé rGQ—GF\c'm\:é leee—[d5 30 }—e—e—|o\bd eeo
ol [X 352 ' B3 BoXig

0 X351
Wt K IRA RVTAFLE 2L

KL IX SR B AT

[X 153 X 354

el QQ‘OD—G—(?)([;?(?(‘)Q—G—Q*‘Q\Q’\\Q }—e&roq o\o\ eeo
R WY
]
Wil \
T
e 0

SERRTRC rh o A AT O DX 422 ) A AR B AR )

Y — N AZ 0 X8 AR IC I 21 B by & 5 40 i —
A7 (2) FHAR B IS AZ L BR B P BN BB 3
M. £ CASP 3% %8 b i S 10 45 5 % W, Raptor fig %
A R AR = 5 - B O E
1t Raptor [J%EAE |, Raptor X2 ¥ 4R T i — 4
) A R T
(1) RaptorX A~ - A 4 B0 2k M L R0) £ AR K fig
J 5 - 25 4 1 B L R B T 2 SR FH A 28 X 4% (Neural
network) £¢ AR B 42 W H A5 8 15T ) k2 5
A AR 5 A R AN el R . A B 10 PR L B4R
K N RRE LR H A5 2 8 sk AR 0 A0 4E B DA
Ko AR B 1 3T % R 1) 45 4 RO B AR R, 1 e e 2 D)
S SRR ELOIR S (G VT BC . H bR & E L id A
MR 2 R AO 1751
rrrrrrrrrrrrrrrrrrrr > A

,,,,,,,,, @

B0 10 RaptorX SR il 2 14 44 3 34 1 4 B0 H 47 4 11
i b 38 B 0 D AR A

(2) RaptorX i 5| A T Z 150 5 g LAAH AL IE
S HE R BRI Y I T R EDWLE AR 2R
HAnaE B AP AR 54 T, T, Z 18] 1 51 - 45
PR TR BN 3 AEL 1) 7 1) - 235 A4 K TC N 3% 5 Al 2 [
A ERBCAR — 2. M T, 5 T, Z 8] /Y 45 #4) 3K e 7]
DL 5115, RaptorX A7 1 — /> HE A2 36 g 52 2 o
B P BB E 2 [B) A — Bk . U7 ¥ 7R CASPS Al
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CASP9 AR B pt 5 1 P BE.

55— A~ B e 5 ¥ MRFalign™ A DL & 1F 2
HHpred () —~ & f&. 41 PriA . HHpred & X§ H trx
EEN ST S s AR U P SEVINEIPN
BRI, SR S R A B B 7R AT SR AR Y R AT R C. 4K T
F 51) 7Y [5 B 7R AT SR AR (8 e e 7 T T 1k ) 1 A (]
AR R OCTR » — ik e O 58 {5 2K AT R B HIL 37
FOAR F R A 8T v i 3 0 T 20 1 R K ) )
ORI AH I M . H AR BT 5 EA R 1 B =[] A I T
[1) LA 390 2 A ol W 4> B 2% W] SR B AL 3 22 [ ) 15k [
. 75 MRFalign H , i & B¢ C 52 2 199 47 40 26 50l G
Tl 53 ALy G » ey B A I 2 1 ) 51 R A LR R A L
7T PP A 3 00 22 1 2% A K BRI 3 v AT S EK 19 B Ak
X Z BN BT 70 O 11D, %8 T By R af KA 2 18]
() 5 I 36 IE 31 58 & NP-hard [5] # , MRFalign 5% J]
A2 # )5 10 e T 1 (Alternating Direction Method of
Multipliers, ADMM) L) 1155 ¥R A BE B

A&k L P S R E

BB A () M
\ S
BHRES L P |L|S|-|E A =
HtrEA|S|A|-|L[R[Q
/ \ L .
LMD g pgm A M I
MMI MI M
Q ‘M
(a) (b)

11 MRFalign B BL R 2 & () FERBOIR S 19278 5 (bR

TE I O B T — 2% B AR i A A s I IG T

4.3 BEREESHERIAS

TEARAS T HAREE B 5T 5 B 454 Z 18] i BRI =2
J& s 1 A e B ) R B ARk B BN AR 2 F
B - 25 R I T v 32 H B T BB IR 3 IR) R BR O 4T
Z R B (Fold recognition) [A) i35 , B £ 45 4k 2 o F-
5 HAs 8 B i B A A [ 4 & 2 (Fold) Y A Al
SPin

TR P B A % 36 Uy 1k 2 4 R O 9] - 45 A Bk
T A4 JELAG 4T 43 B A A0 S B 4T 40 S iy P B (P
value). Hi T~ AR IR B FT 4 18 5 8T F 7 51) - 45 44 1% 15C
KB YA G, PRI 4 B Al K B2 A 22 AR R I A R 42
At UE B B BN R FE A S

H AT E i AR e 55 7 IR R THLas 2 T BOR
H 4 =2 455 7] 1 #1 (Supported Vector Machine, SVM) |
FEHL A% Ak (Random forest) . & 4 4> 2% (Ensemble
classification) Z¢ , ffi R U0 F .

Xu % AP ROR A SVM B K 318 7 571 - 25

PRI TC >R I T H AR 2 1 B 5 B B B &5 R T IR
— &AL e SVM B ) fy A CRRIE L5 T 51 - 45
FA IR E A D 4 4T 43 B TEC o 09 H s I 510 FRASE Al 1Y) S5
[F] 3 5 A1~ 50 A IR TEC 174 5 Al A% 0 XS8R A K T 1)
M A% 0 DX 38 T A 422 i 5 BE 50 — R ZE M 4T 4 VS AL
$i173 4. SVM i A] R FRAE AR S f AL B0 H A 2R
P 3T 5 BHR B 1 BT ) 45 A R TG o o SRR A AR R
OO ) 5 ALY 16C P o 5 L SR 22 [A] 1 AH ¢ R B0R
F 0.95. X KW, SVM #5 R G 18 A &% b #F 17 155 4R
.

Wit B AR AR AR s Bl I T B R e 5, AR R
Bk & RE-Fold™. WK 12 ff s, RF-Fold & £ ##
TR SR A B o DR SR B i AR T A - S5 A R AR S
W2 HREA RS HEREHEGE TH &
Al RF-Fold Zi G Z MR SR 9 45 R LUHE HAr &
F BT SRR & T A — A~ 3 & 8L A 3 O d 4R )
MR f I AT R S A

i NEE
(PN A RARAPEST )
1
( )
stk PHER2 PeSEMT
% %4 1%
¥ ¥ v
cH th 9 co oA o
P.(c) P,(c) P,(c)
\ J
Y
P(clv)

12 P PTAS 2E P BT B R 5 A I 0 B AL AR AR

Lin % AW T F AN TRZ I 8 A R IT &
RUHEAT AN 1) R 250 2 07 . FLUR B, Lin 48 AN %
T 188 4 (¥ RRAE ) 2 LA 20 1) 25 1 5 v 1 5 32k s B
FRAE LA S ) 344k 2% M 0T, O 8 b Bl ML AR ARORE R A
SCOP ¥t 4 F NG T R &5y 25 dn . DLkt S s 4> 4y
AR BLRG. 76 SCOP [y 7 A3 B 26 (Class) H1 5K
e N P R S RN (U= SIUR S S SR T B et =

Wei 28 NU 78 0 Bk sk LR BmA T
UM ) A5 H 0 AE B I IR & T A PFPAL 1
3 AP UERHE A S g 25 R R W] PFPA J7 ik 5]
73. 6 0 MHERA R B IR T IS B U R

P18 B ] ) — A F T A R e £ IR
FUR B FE S R AE. Zhao 28 AT 4R T — Fh 4 & fif
FH 18053 43 A 38 A% B R0 S 4 ) i B4R R 2 O
i 8 2 1 BORSEUARRRAE 1 7 Tk AE 6 SR BRI L I



4 31 OB U=

G F I R 25 A 769

REW FAR A B MR Huang 55 AN HEH
FE T AR SRR VE R RS IO T ¥ I A1 T SRR 1] AL
I B BT & B 1Y 43 2 A » 72 B0 2L 215 (Rhdopsin)
189 % Hh s BIAR e 1 2 1 AT & AL U

AR, Ry se IR I 2R 5 G v B IE AR A R R AR 2Z [
$H A fr b . Zhao % NV R A B2 (Bootstrap)
ARG HReAls  SL a5 R R X P R LR AR
T5 v RE 8 A R v 2 1 B o0 2R E A

B 6 488 (AT 28 JR L 1) X6 1 42 5 U5 S 72 i vE
A E EEWER. MR e A BT b W2 2 ()
R VAT 8 2 R AE LA B ) 3 26 R A i A ]
Bl 27 B v 25 (B A i — 2 WF 5 1 SC B [ el
4.4 i[5 IR A

VA S 3 19 3 7R T ] 95 0C & Rl RIS H
i 7 51 5 8 0R J3 91) 76 i Ak b e ] 95 B g A 0
A SE AR A

Xt 7 [) VR AG ) ) A, Liu 2§ A0 PST-
BLAST A ilny 2 )7 51 BCBC A5 B A G 3 FhsZ
] 5 ML (SVM-Ngram, SVM-pairwise, SVM-LA)
HEAT I8 R VR A 5 Liv 25 A7 R 2% A AR08 = A0 HE
F1 i HE 44 % ) (Learning To Rank, LTR) i, 7 &
T ProtDec-LTR B A, i 47 28 [ P55 . 7 A o 45
P42 I A 285 3 R ROC il 48 1 A5k 21 0. 8442,
HLAT B0 0 P

£ WA AT % (1 FALCON@home™ 15 55 M
A B 5T R A I T B RN 2 A S RS XL AR R
FESEAT U AS DU B AN 2% 18 H A5 7 51 5 8 Al o i 3t

Sty r

S DX 85 4 A L. CASPLL 14 45 52 5 7R 3 F )y 2
A BT i A
4.5 TMEHBERTIE

FEARAS B AR 8 R Al B R [A]  HE Z
J&i B — A2 RS ey I TRC R T 5 4 A kA
(4 JE - 1 25 18] A b o DATTT A B H B 28 T BT 1 30300
S KL . FE D BB LB R KO0 R B A B MODE-
LLERM MDSM% (Multiple Dimensional Scaling)
M 1-TASSER"" 2 [ BRR I F.

MODELLER ) 5 7= JEVAE U AB 1 6 2 5% S5E (]
N A R M T DA I e o X o)
6+ (1) B A N AT A gt W m 5 (2) B
BT P AR 2 TR ) BE B L N 2R R] RE R Al R
BT b X6 i 3% 24 ) i 29— 3% k4 . MODELLER it
18 T T A AV BEL S 2 R B R 2 A A B —
WE % B R4, MODELLER feff A 250 8 B 12: L2 401
B K EAR DL R 5313 07 2E BA KA AL A 52 %% BE o
B, DAAE 1w O 7 T 45 4

MDS 1 5 A< JE KRR “ 4 95 53 J5k (] 1) AH B 53
S 23 TR 25 4 700 R B2 M U . MIDS A H i R
FI 5T 5 AR R F T 22 8D 14 3K T DL B A 45 4 15 8
KB e HEWT B bR A B e CC B Y AR Ak 2 R Y BE
B SR 5B = Y AR AR K R B — A Ak TR L L H
B A B /M 25 55 5 2 T B 5 T P 8 2 ) 1 25 55

I-TASSER Sk fI DL E PR LA 3R 2 57,
FEARPAE 1-TASSER X} 978 325 7 4E 1 5 B A Bk
i AN B R S Y R A A (L 13). g

HEHE R

dFfy T TS (BN

ML SRR B 2T

Forfrs

[# 13 I-TASSER %375 &K
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I-TASSER i f§ PROSPECT £ )9 75 ¥ B 4 2k 3k
W6 (4 7 510 - 45 # B5E TC 5 HF 1T DA 3X 26 ) 4R 3K T
Hh Bk 28t e T S Y XA Dy R ER 46 A i ik L 6T
Gl DX P R R U] P R R R G L
G54

I-TASSER 4 5 — /> ¢ (4 72 T H B8 & e& 2t
T T 5] - S5 AR B TC o SR L Y AR AR LA L S
B 25 AR W L SR T M 0 J8 R AH B AR T BB A% A Ak
Hi AR e 4 25 0 1 A .
4.6 3R ING

— MR VAV RE B8 15 B L [ U5 AL SRS
B 0 0 25 R L SRR T A RE % 7 40
FHAEHR P v B 4548 15 5, T Gn 2 KR R 2 (8] 1 A H AR
JH I WET Bk (Solvent accessibility) 28, T 1% 42 [A]

BRSBTS k- AL
ZE IR BRI AR TR A B R A v B AL
RAF G| K T & A AR (B Marks %5 A JE
LR Ry AL H) A5 B SR AE™) 5 53— J7 T R
JE 77 (Selective pressure) 38 i g4k 1 2 F 85 i 3%
PR EE AL DR A — R A ER E 1 LR IE D RE A AR E 1. X
Tofr e 6k e T BRI 08 4 W B B D 245 ) R 1 1Y) 58
A8 IS HRE U [ R A 1 BT Pl s TR Ry kAl
FF AR TR AR S S S5 S RE AR E M Z TRl Y
-

e .3 il i B/ 8 = 6 o WA N S R ]
J7 AR AU 5 3K 2 A 9 U 3 3 e R i T Y i A
Z— SR %t F 3 [6] ¥ (Remote homologue) & [ 5
VL E AR A AL AR A VE SR DR A5 L (EL2 e S AH DL AS
OB A DA S A A 4 VA 9 vk R IO A 1Y
KL

R H R VAV 2 22 R T Be 5 2K n] 5 B i X
ZRAF R S5 GE AR B 4R AT Y 9 5 A5 2 ] Y
R E » T AT 2 =Xt 150 B OB S 57 8 0 55 A A 7 P OC B
DI DT AE BT I5E TIE 4T 20 R BN R 5C i IX I8 5 3
OB X I W] 45 58 1 A 6 B BT I 2 o ok i AL R 2
MR 8 M K UG FE 1F 28 (Maximum ACcuracy, MAC)
4B B I A BE BN AE 25 44 A5 58 TR 1 45 A E LR B
HRIEIR 7 Be sz

PRI TE 7 47) - 45 R 6 T o o B B 405 % DG B IX J5
K TC R I DC B DX S8R E 4 1) Ah B R T AS [ 1 B 3R
BORY DL B e bR DX Sl e 2 B 22 % A T g
PR R ORERTE ARG B X R ROk R B R
a .

5 M
501 EAXBE
5[] i A A 0 U9 A ] DA Sk 8 32 AN AR
T 60 G5 AL B PR TR okt B A AR B E AN
FEAE S H bR 2 AR L B 25 48 15 DSk 000 5 1 B 6%
Xof H A AR T e U D Sk B0k B Rk B
B 2548 28 AL 0 T e

ISk T 32— e SR FH — FioRLRL AR 1 R Be P42 5K
W BR A ] 2 A3 B B 25 4 19 v Bk i H AR
S5k OB 140 FARAE T H 3R I H 45 1)
F BOHE AT B L BB A% DR K [ 1K B B pR BB T I XE
WA WP R RZEIFNT 3 PR

PRO-ALA-ARG-PHE-CYS-GLY-GLY-ALA-TYR-GLU-TRP

LR B

oWnSo L UnS
AV SYANGN

' PHEA AR

% 5 H

REHGR
Bl 14 #E O Sk S R R A

(D) Jey B &tk . % i 3h 3 101 25 07 206 H
FEEFI R — R IR B A Bt Hnl G fY
JR R, Jr BB E K. L i ROSETTAR
K1 9-mer Ml 3-mer F BL XS Be B i 200 4>
FTAT B Ao e 45

(2) Phe. (EARFFH A A Bei i 1 JJy S 45 4 2
Ja WU R IR A R D — R e K
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SR T Bk 25 iR 771

BER  TRARAS B 7 R Y S8 BE S5 A B B/ N RE
PR — DT 2 G I Ak R) L 5 SR ] Monte
Carlo B ADLIR Kk S5 H AR 52 BE.

(3) MG . X H AR R UL DF e
WP T RS AR 4 KA. 0] 7Ex
BT 10k AR 2 51 Y R B S 45 4 (Native structure)
SR 45 I 1Y) S AR SR U 398 2 R il e 1 ) R

K PF 2 s, 5 AR N = A B )
(1) Gnfay o Aff 5000 )=y 8 45 44 5 (2) dnf 15 11 B8 i o
B (3) Al /ML fE B pR R
5.2 BAMLER

Mk FUI L AR R ROSETTAR Y [ FAL-
CONPT A K Quark™ 45, faj S48 40 R

ROSETTA J& 4 ij 5y W2 i DF $ 50 0k FL
A SAR R 1 Sk B 2k H AR P 9 Ar B Z A 9-mer
B B Ao vE A B & XA B, A PST-
BLAST 153 i f4 AH BLF 51 X5 7 A 45 44 v 48000
AR A B 1 J) #8245 A4 4 A e 3% 5 4R J5 il Monte
Carlo B35 B | B 1) i 18 Jm) 1 45 44 5 b Pk 2k i
— AT A A2 A B K S e R/ (L
[l 15).

TS Jr BLas

)
> o

LT#

H xR 51

{2

% 15 ROSETTA J7 kR i & e

ROSETTA R H] 1 RE it o8 £ 5 & 1 s 72 A1
HAER] A O EAE ) IE R By B T S A K AR
IR

ROSETTA i& I T4 F 120 AR E A
JE. % LIVEBENCH?7 35 45 o () 28 1 ok i, 76 3
TR 2 50 %42 B | ROSETTA RE % 185 k7
T, L34 75 4R i 22 (Root-Mean-Square Deviation,
RMSD)7E 7 A LLN. ROSETTA f)— i 5 J2 18 17
IF A o B fx T — AN Dy 150 & B R /Y 25
Ji&.ROSETTA £ —1 80 #y CPU Lizfr 6h A
BB A — Mg e 2.

FALCON fi#i F§ von Mises 43 4 3 ZI) W) BA. /> 5%
HE B Jry TR 4 R A6 1] P 5 AL R S R S R AT R
B RY S 22 1) A 4R 4% ik [B] A5G V.6 A S ok AR

TS5

£
A

)

FALCON #RIEH ¥ H 1 von Mises 40 i %At
T £f (B, @) ARG N I A & B A R g A L I
15 FH BE & R ECR PEM P AR S S (L 16).

APKKLMNPSTCILMGAVFYWKRH

145 HillLocal Structure

*!—L H2  RAFANEIE , TR A A

A
W3 LR

K 16 FALCON Jy 7 55 8

FALCON (45 87 T HoR F i 3£ A0SR ms , B F)
FH BT ARAS (4 45 K v 8 1k 550 /0N 10 25 4 R 7™ A S kS
(8 43 A1 S X FEAS BT 40 B 2 8L

X T ROSETTA, FALCON W1 # 7 T
(D 48 R 23 [0 KK/ 5 (2) B £ A 21T 2R K
SER I T %A . B 17 fliiR T FALCON 7E 8
R TetfA 4SS FALCON 7= A il 5 A 1 45 44
545 RMSD {2 H 0. 557 A.

QUARK 45 Jy 3 2 (LK 18) . 55 1 2 %M
AR 510 v T 45 b 4 E 510 40— G 25 L T K
PE DL R BR A A 45 JE I A 3 28 5 A 4 B i 4
B e e 44l 5 55 2 A0 R P4k A R &2 A - A 4
SRR EARPFGRERMM KL% 3 LR
ZER RIS KGR B 2 R A5 M H R ES A A LM SR 28, OF
H A7 50 & i Ak,

K 17 FALCON Bl 1etf A py%5 28 ()2 Tetf A Y B SL 451 5
(b)Jy FALCONTRIIZ% 5. 13 1) RMSDAY 0. 557 AF™)
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A4 A4

[ SAE A M AT K }

[ WARE LA M B 5517 }

¢ A 4 ¢
R AR R
SRR DB FRF R B2 FRFRPBHIN
v

[ 2R T ]

18 QUARK Jy ki i

Sk 4 v BE oK BN o A B DL L R R
QUARK 551 AT — L5357 1 B8 & 00, AL S Mo i3
QUARK fyfE & W42 % 3 25 B 5t 7 /2 M (atomic-
level) B 5% 5 )2 1l (residue-level) B9 A X 3 32 10
(topology-leveD) i & T , H A J5L )2 T 6 & Ui 1
B B D AR O AR AR )2 T 0
W) 2% e S TR PT Mk L R AR AR AR )2 T 6
FRE I AR 2 - R IR e HE & AR AR R
7 CASP10 L€, QUARK K B It 57 1 P RE.
5.3 MRIEF

a7 TRCT N E BB RS Sk B
TR X SO G AT O 1, 08 AR n] BE S R AR S A
AR ) T 45 4y

T A SR S R X BT A M R 45 4 AT RS
B R O AR TR 2 A L S a5 M B AL R 25 4. 55
A BE Tt R AR L A PEAL 5 0k R BE A R R
5 I PR R G A A R L S 25 4 e AL

ROSETTAP! ™ £ 4 fff 3 193 i 5w o 1 Sk
PHUER ST R REIFRE SN KDL R

%) Fil 12 R RIS 2 AR R B IR I R 42

AR R AN IR ISR Li S R
B M 3 PR C R F RMSD 1 F A fF
SR e (A R AR R T R T B Caliburs
16 R TAE R LR b Li 25 5 gF— 2 SR B P
il 2 vt DL R PRl I 4% A [ 7 52 22 T) 1Y) T e 722 46
MEEAR PR T 8 4F 4 ONION B RS MERESR & T
14 f% BB AEZY 12 min A XS 10° 4> 28 1 BT iy R k47
5.4 MSFE NG

ISk T 3 AT 4 T A A A Al 45 A il B
WHOR R Be i ik, R BEPR T AR R
F R g e Sl 5 o AN A KON D12 7 NG = i 1L
K 2 240 F 45 #4 B 0 CE G B 28 1 2 1 o 465
DI A I K BT =0 e b NI TR g il i D =
JOT ) U0 A A 2% L O DA Sk T 3 R — 2B (5 i A

6 FEBRZEMTIN CASP L3

CASP [t %8 (Critical Assessment of protein
Structure Prediction) J& 4 Bk yi i PN 25 H i 45 ¥4 T
DL FE . N 1994 4ETF G, B W 4F —JE. H Hij, CASP
EU B A 5 5 A4 TR 42 Mo 57 A5 TR 4 fh 7 Bl B
FFIN 5 LAk | 25 4 B s PEAL 5 ARy A B T
B WL VEA 2 1 J5T 465 4 T 1) T A

PEAL 2548 TIUIN RS B AT 22k 3 R SR ] T
B5K) 5 S A5 22 1) 22 S B R EE L L B GDT
TS.GDT_HA ., TM-score® 247 4%, Hirp GDT_TS
TR T WA G5 M TE 25 5E T D0 e i 22 45 B i 1 8 8 X
BEf C T 2 R BE B 4 e VA2 AL A LR
8 A LAV LUl 1 - 24 s GDT_HA J& GDT_TS 11y
B RAS  BIHE GDT_TS Hiig 8 A By 0.5 A
TM-score J& 7 S M0 e e 22 45 [ 5 T2 T

L

B o I S

L= 1+d;/d;
A RAE. b d o TN 254 5 B S g5k vh 4 < A
BRHERHIES. 3 2 $A T WU AR 55 #5 78 CASP11
RSS2 T Z (6 378 A R T 20 O AL Z 5 1Y
H—4k4T 7.

TE 2014 A Y55 11 Jm CASP HeBgH , KA T 78 4~

H bR A5 S5 126 4S540 380, I DA 25 F 3R B
VAT o 2% 11 T S AR 3 4 2 A S Sk )
Ay R 3 TR AR 45 (Template - Based Modeling, TBM)
DL K TRt 2245 (Free Modeling, FM) P 2.
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F2 HMOBNBERE CASPU LR (Hp ZERTHREXUEHNESZD)

F TR (TBM) H b JF 51

TeHE R 2 (FMD B $7 7 51

T A 55 7% ZA{a T A 55 2% VA
Zhang-Server 71. 7964 Zhang-Server 43.8107
nns 69.2103 QUARK 41. 4452
BAKER-ROSETTASERVER 67.4999 RBO_Aleph 28.4216
QUARK 64. 7060 BAKER-ROSETTASERVER 27.0235
myprotein-me 58. 6524 nns 22.6296
RaptorX 42. 2683 Seok-server 20. 7412
MULTICOM-CONSTRUCT 41.4001 MULTICOM-CLUSTER 18. 5134
MULTICOM-CLUSTER 40. 9565 myprotein-me 17. 2838
FALCON_EnvFold 22.6152 MULTICOM-CONSTRUCT 15. 3968
FALCON_MANUAL_X 21.8916 MULTICOM-REFINE 14. 6670
FALCON_MANUAL 20. 8235 RaptorX 12. 4504
FALCON_TOPO 18. 6477 FUSION 12.1728
MULTICOM-NOVEL 18. 5263 MULTICOM-NOVEL 7.7466
FFAS-3D 13.4991 BhageerathH 6.8712
Seok-server 9.3163 FALCON_MANUAL 1. 3082
MULTICOM-REFINE 8. 5480 FALCON_TOPO 0. 9833
HHPredA 6. 7472 Pcons-net 0. 3218
raghavagps-tsppred 3.4547 FALCON_EnvFold —0.6743
HHPredX 2.5288 FALCON_MANUAL_X —0.8263
IntFOLD3 —1.7179 FFAS-3D —2. 7400

12 TBM 26 (19 3% Al o, 5 T I-TASSER 1)
Zhang-Server Fiill ¥4 G fic 4, 28 3% TF & 09 1000 55 32
FALCON_EnvFold Hi4 %8 9. B’ 19 iR T T0765
H A7 7 510 50 45 5, b B 19(a) 2 Zhang-server
45 B ) TM-score A 0. 761, 1 fff B 45 5.
A s MULTICOM-CLUSTER #4845 % 8 T
Z AR Z 1) B S 16 L 41 A AN 58 & AR S
IR TAC 408 /2 17 EO TC ofF 4 % RIASS AR 3R 31 it o DT 156 B
T 2B AR A

K 19 ik T0765 Ay Hil 45 ((a) &y Zhang-server
PSS 5 (b) g TO765 fy 324544

FE B HEMEARSHECARQE T
P A R S5 dr & AL Ak, R 2 AR s R 21 45
PR 3 AR O A5 3] e T it A 36 T R i i AR
fm TBM S8 1 1) 3 00 o B R, oK o 2 56 T R Al
R B S ).

£ FM 258994l o, QUARK IR BB I 7

P BE o 3 A S P B 79 0 f W5 T v 0 22 1 4K 1 5
R 3% AR 1 Y BE B B k. ROSETTA o A #5241y 1
RER I, 1 20 iR 1 FM 2R 45 #y8 T0793-D1 1Y i
25 A8 5 S I AR IR BE 1 TM-score {UH 0. 48
4T . ROSETTA HUM i 25 44 5 H #5751 1 25
%) TM-score 2y 0. 78. 35 W I BAJE T ROSETTA
RE B KRR, BT 1 — 4 v I 1k % 3R 10 e £ oK B0
W% AR WoR X — 7 A S| FALCON #k
A rpoRT D3 e R o U0 Ak TR L O HL AR s 100 v
B3R X 28 3 Y T BA 7 CASPLL w1 4K F
FALCON_TOPO Pk }% FALCON_EnvFold %f T J&
AR 7 51) 4 S52 30  k.

b
B 20 (a)FREEHE T0793-D1 51 4549 ROSETTA (145
FRBC 25 S ; (b) 7R 1% 235 #4300 B U AR 26 1 162
o, 7E CASP11 HA kb #E W H 458 0T

b

.
(L) X 7 13 Sl i P00 A 56 o 85 G L ) 43 fk 37
A TIUIN F) B A B TR A P B = MRS A T T
HEA A8 3 b S F50 O 3 T LA B T T A A -
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(2) X FEM ALK 2 R 1k T7 ik (LA 45
14 BE 12t oK K80 ARy B4 T 3 IR 19 45 #4914 Jas 46T 1)
P B — 5 19 ELAME o D P R 5 ik I 2 5 K A
AR A R AL R

(3) X T B Ak R UL 30 A SR . — B
S BEAS TN G2 DA 5 5 — ol SR 2 () I 5
ZA TN G Z 101 5% Z& . CASP L 38 1) 45 R £ 9]
5 A B A I R RE.

7 ERARHBEERSEHBNIA

LI 2R RO P A A R 2 A B
J2 A B 45 R R308RI B 4 A R A R R
TN A R O B R AR B AR 45 A
B X AT G R R R 55 O vk A5 B

B I E B 41 % & NR(Non-Redundant)

JEERS 36 AR W H R {5 8 0 (National Center
for Biotechnology Information, NCBD) £l . NR &
BN T8 B A R T 8 48 &R, i Gn BLAST,
PSI-BLAST % T E.. %4 3 4> 32 B (% & A 5 % 51
JBE UL 3.

B 0 8 1 5 45 74 )% & PDB(Protein Data-
base Bank) 4% " . PDB #4815 7 42 it ) {5 B 2
IEEME A REMER, TEAEUTEL  HE
T2 1) As A 5| SRk B B o B2ER B E A &
LR 7 5 e v AL R T A I TR
B 5 RS, B ZE 2015 4F 9 A
22 H.PDB WS T 104196 S8 A B 45 # . IF L4 4
2y 200 FEPO BB LN, R4 T T 53 A E
B0 AR T R RO A ) A R

e 5 FIAE TR 1 A AL T A 7E 2R 5 L G 2
TE 28 I 55 RE 06 fe 3 o Hb 390000 2 1 0 190 285 4 DA B 3 3k
() AR LA HH.

x3 EIAMEBRFIIHERE

2 4 41k A
UniProt http://www. uniprot. org/ S SCHR & B R A Y s BE R E B
PIR http://pir. georgetown. edu/ TR IR K 27 B2 2 vy B 37 19 2 1 B {5 B TR (Protein Information Resource)
Pfam http://pfam. xfam. org/ A B 55 R RV 1 P B T 2% AT A TR A N 11 22 ) 0 B
4 BELNEAREHEEE
2 1 - A
SCOP http://scop. mre-lmb. cam. ac. uk/scop/ EARBURAEEEE BEAES ML TS BRE K42
CATH http: //www. cathdb. info/ BRI A B R L 7E SCOP 19T 8 B 55 /8 58 1 2 1) In A 4 M2
Protein http://www. ncbi. nlm. nih. gov/protein/ 2 11 DA W 5T 58 28 1 O T A0 3 DR 4 00 2 A T A G A X 3R ) o 0R
x5 FAMEARMNAELZIR
LS T R4 PR Xof W7 B CASP Il 45 28 45 7 ik
I-TASSER Zhang-Server http://zhanglab. ccmb. med. umich. edu/I- TASSER/
RaptorX RaptorX http://raptorx. uchicago. edu/StructurePrediction/predict/
ROBETTA BAKER-ROSETTASERVER http://robetta. bakerlab. org/
HHpred HHPredX http://toolkit. Imb. uni-muenchen. de/hhpred/
MULTICOM MULTICOM-CLUSTER http://sysbio. rnet. missouri. edu/multicom_cluster/

FALCON@ home FALCON_TOPO

http://protein. ict. ac. cn/ TreeThreader/
p p
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21 224 Y R L B RS HE TUI BR B AR
1 7 BR A LR (H I SR A7 7 B0 RS 52 Ak 52 2%
77 T A R . 3 A5 A TN B RE 4R e AT A AN
NILANTT TR

(D HH B9 45 H 15 5 11U

21 R T Y S R ) A s O S BE AL 4.
X E R 9 5 25 Y S HR R UL B A% 7 81 S 4

A B SR AN . 25 o (E G o R 6 R S 1 JR 3R A7) R
A AR W 0 1 A R AR T L AE R0 A kA R
X 86 X I ) R 90 7 90 90 R B S B R T L O
HA5 Z 88 RHK A R M Z5 i R 5 LR RS i 4 ka1
G —2 AR M F A R B BURA B B E5 4 i 1]
Ph AERAG S AU A R 2 A 3R A5 5 e 5 I
IR RE A5 F I 2 A P e A AN TR A9 A L SR A B
588 2 A4 A0 16 P ) AT DA AR R IR JZ 1 545 5
o BELE B A L LI LB R RS A P G AR A A
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SRAE T OO TR L BUE U SE A E | T i 25
T (1) 25 48 25 18] JF R 78 2 1 o 3 & 48 R 0 70
M. A2 R B RAF 5, AT 8 40 0 52 25 1] B 13 R
0 H A TE R IR A

(2) PR5F B 2 B A% O X A FMVHE B2 05

HE T AN R 2R 5 51 5 8 1 B R
o A% O DX A FIVAE 22 33K 26 B3 19 90 T HE 22 (1)
A ] RE %5 A S5 M 4R A B AT & R Y
TERE.

TE AR 0T 45 A8 T0I A 09 i e ) R A
5 BT AE W 46 FDHE B2 6B 5 10 2 2 2F T A - 45 # B
PEBE M B T, Bt 2B M A B2 T 0 P AE 2
(Common structural framework) f#E 2, 3 34 [6] J5
R B ES o A & U TR LR 4K O H AR
J7 40 5 B R # Hh 25 48 2 ] #Y 8K 1R) A, 7E CASP11
IR T A ) T 1 e

AP SR A S BA BRI F S AR SF A A
PRAUESR 08 BURR E 1 4 M 45 13X 2B 5 (5 5 X 3
TEASE & H B NG5 48 5 5 55 15 5 X 8l o J=) &6 34
B IR A SR AL HAS TR DX ) i 55 5 S
PRAFIE Y 22 S AR B 1 7E SE Ak b A ) X0 28 728 4%
WO BE AN [

258 W FEAC R RS, 5] i Kleinberg 25 A i Fi Y
R A R e 2 £ % (Markov Chain Monte-Carlo)
FARAMG T T B 45 0 2 Ak 23 18] Marks 48 AP
N4 7 51 - 45 0 56 R ICHE 3 A 5 D RE X AN 23 [R) o ST
MER AR, BRI A R B A ) X3 3 A e 2
25t

B I HE A A R B T I 2 A T S
b B R SRAE S R ST DI DL R T R AR ST XA
(i) A 2 A 25, Sl 57 AN () 1) A 23R A5 8 i) 2 . iR fF
5 X RS E R B A A B RE L AR A I A R g
1M 5555 Xl T H 268 SC B & 0y Jm A 4, 18
R KT 5 2 5 0E R B0 3 fh i S 4
PR RR AL BE A [ 3 A 30 0 6 S ) 8 S A
HEACRL TR Xof 452 5 R T T A R T & AR I R s
ENELEUR

(3) fig i BRI AR I DA e R S5 i i 2 8 R
Ak

A BT 8 i 88 5 S S A E R B RUR

JG R e A (] A AR A AR A ) B B il Ak 1) £ 5
AN TR M L IR 2 A S — AR BRAE P 91 o Ry R
B R A EAE AR X B S A 5 1 e 2 R A
S AR S A R BT 1 T R A A B A (Super-
secondary structure motifs) , t 61 £ H 3 76 A % 22
(1) Jry ¥ Be 2 18] J A AH AR AR X A4S B B 4 3
T M55 757 51 518U [ 32 30 0 AH 6 AS PR 57 19
R XTSI e A S IR AN AR T AR E A
5 J TR R TR . AR DA Sk TN 1Y) R A oR BT
w2 TN [ J2 K Y BE A bR B AR R L R P Ay
% jE. ROSETTAS ™ f1 FALCONP ™ 7£ | Bt B
P2 048 R A v TS [ 9 B BECR A [R) 1 g
pREL . 7E CASP H HUA T 47 BRI, B BT A BB i oK
BB oie ) B 2= R B DL RGeS ek B,
7% 1T AR LA FNHE SR T (Y 45 A 4 2 0 5. XF
T {55 I A Fh 45 1 1 g & sR By et 2 —
H TAER E AL
(4) TR K BE %) 33 R 42 fioh T30
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JOT 25 K T b TG 1 A5 S 00 T LT R Y v
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since a protein spontaneously folds into its specific tertiary
structure in the natural environment.

Protein structure prediction is a representative problem
that a sequence of entities form a complex structure under
The existing prediction

interactions among the entities.

approaches can be categorized into three families; (1) the
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homology modeling approaches to align the query sequence
against the sequences of proteins with known structure;
(2) the threading approaches to thread the query sequence into
a known structure, and evaluate the fitness of the sequence
and structures; (3) the ab initio approaches that attempt to
identify the structural conformation with the minimal free
energy. The existing approaches applied a great variety of
algorithmic techniques, including dynamic programming,
linear programming, Markov random field, conditional
random field, etc. More importantly, the applications also
promote the development of new algorithms, called profile
hidden Markov model (HMM), and the comparison of two
profile HMMs, etc.

In the study, we summarized the existing approaches to
protein structure prediction. We also presented the evaluation
of the existing approaches by using the performance in the
Critical Assessments of Protein Structure Prediction (CASP)
competitions. The current status can be summarized as:
(1) A protein structure can be accurately predicted if it has a

sequence identity of over 30% with a template protein; thus,

the homology modeling problem has been closed. (2) For
threading approaches, the fold recognition accuracy is around
60% , and more researches are needed for the remote homologue
proteins. (3) How to assemble the structures with complex
topology remains one of the challenges for the ab initio
approaches.

In the field of protein structure prediction, we have
developed a fragment HMM model called FALCON, which
was ranked 3rd in the CASP-8 competition. We also developed a
high-throughput prediction server called FALCON @ home.
Currently FALCON@ home has over 20 000 volunteer CPUs
from all around the world, and can process over 2130
proteins per day.

The study was funded by the National Basic Research
Program of China (973 Program) under Grant No. 2012CB316502,
the National Natural Science Foundation of China under
Grant Nos. 31270834, 61272318, 11175224 and 11121403,
and the Open Project Program of State Key Laboratory of
Theoretical Physics, Institute of Theoretical Physics, Chinese
Academy of Sciences, China (No. Y4AKF171CJ1).





