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Abstract: With the dwindling of the non-renewable resources and increasingly serious problems
of environmental pollution caused by chemical catalysis, enzyme-based technologies with low
pollution emission are poised to transform the traditional chemical industry and become highly
important in the strategy of sustainable development. As important biological catalysts, en-
zymes have great application potential and good development prospect in the fields of chemical
industry and medicine due to their ability to catalyze reactions with high catalytic efficiency and
specificity. However, the application scope of enzymes is restricted by the low discovery rate. A-
long with the development of computer technology.computational protein structure prediction
and enzyme design are becoming powerful tools of tailoring enzymes for specific biotechnologi-
cal applications. This review addresses various strategies of the protein structure prediction and
“inside out” enzyme design methods. Finally, the challenges of computational enzyme design are
reviewed.
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Fig. 1 Rosetta de novo structure prediction (left) for
CASP11 target T0806,the crystal structure (PDB ID:5CJA)

is shown for comparison (right)
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protocol (shown here for the Kemp elimination) ™



6, “Inside-out” 5 W& 76 M AL ML B LAl |, 38 5
A E R A A O A A S,
i RosettaMatch™" 48 2% 8 1 Ji B 4f 2 v B vl DL AR+
b A B A S SO BEIR ao U A AR AR T Y ) e
Al X5 T — A BERE SN, 32 R W R A R o 4R
Jo A BT th 2 A O RE B A L, B S L G G X
AP B HEAT PEAL AR — ROV AP A
5 — ] LA RosettaMatch B # 4 2 Houk WF5T
HIF R SABERY . SABER 3 2t 18 % % 11 i 25 14
JE A TE I T REAE AL 7 B L B e AR D AS R T LA
BRI B AR S . Y theozyme i & T B
MEMWEHEZ)GE @1 RosettaDesign & He ] [ 58
AR A P o i DG S 2 B R %o At 2 BE R A T e L 45
FTHOR . a0 R 0 % 1% € % S AW K U 5@ if Monte
Carlo B4R K7 34T Z2 50 R AE AL 45 M BE & 42 .
B (A A8 52 LA R 2% 1R M 1 85 4 1 e /N 55 . SRR R R
PRAF X EE 1 TLART 235 40 18 BIR ) Ay 9 5583 BIR A 3 7T BE 2 A
() 8 B T i % e S5 — 6 B /A O T A R A 9T
pKa fH . SR MW R HK ZEAEE.

B J5 . AR e o U A Y B & A E ),
Rosetta BE &, BCASE & 4T 4 EUBE I M7 s LA 4
S VHERT 4355 05 2 XL 1 45 SR AT VR AL HE) Y
i 8 4 SR U e T 5 SR AT S0 0 8 TR A L JT 45 G 8 1]
A R R =R 2P| Jb i a W =R N | B ]
Y A ORI B 1 AH LA 1020 1 X, SR, 3X
S 22 3 A BRI A G A AL IS 1R T BE AR A 5
5 25 T B A RE R BB L T RH < 7 ' AT RE 2 A7 7E Ho Al
W/ IMEL s AT TC 25 4K 45 B i e /MY 5 . eI — 5
BEGI B T A AU RS R RIS ARG KA SR A L
NG BRLEH L ARAS EARRE A 4L (181 3).,

B3 ReRRBGSME AR &R B EPY
Fig. 3 Folding occurs via alternative microscopic trajec-
[34]

tories on potential energy surface

5 50 /) B0 5 A L Rosetta 3 T A9 o vh

BT 7 1250 BT IS W) B 1y 3 3 11 45 1 452 28 1 )
4

RAFHNR R, BA R EMA S, HarkE T
Rosetta“Inside-out” % W 2 W 30 & +1 & 7T DL 4 1k
Kemp 14 [ W i) fE©, Retro- Aldol FE™, XK &
B DL ROK A LB S Zn &R DY, (A,
H IR Rosetta BAF A AE 5 = 808 2 2L 1R 7 91 48 R
Ak B8 1, HLAE B o R000 SR HE X T 2 X A B pR AR
B S 7 i I R B R A 1 X0 T ARE AT 5 O3 R TR I
4% PDB $udl 2 9 3 &R 4e 11, R R S 80 R 5
W KA T R B G T RE B R R TR R SR AR R
1S 245 K8 R IR 5% 10 1 ) B, e BT 2 ] A X 67 5 5 e, R
A REWL /NG R 220 L A, — BB ST R 2 T
BN )1 R 5 U i B Rosetta T8 DL A8 57 Ji0RS i
S REEN R VAW ) SN ol = Ml Sl 1 AN & I o e 0 = A
Rosetta fi it 5RECH BLBE L B ANSE A A g I 2 A
SrLh KA M BB 7 ER T 2010 AR 18 [ 3 1 v
A W W BRAR S BIE 5T B B Groot T B A2 4 4% R 186 1)
109 A~ g AR AT F B RETT 5., L4 R 5 92 50 14 19 4
SR ZEFE 0. 8 kal/mol Z NP, HAN, EHHFRET
MD 256 8 (EVB) J7 3 9l Kemp 15 B 5 R
AN IR IA JEEE DHFR M4 A i v A g5 R Y
LI R —E, 55— He B T Y T SR e sk
SOk AR IR JE T B 1 T DG B R R I R I R
JE ) URANTEIN # R 5 1, i B % 7 L PDB %
I b T e R A S B 2 A R B TS R O
it B st o e sk Y 10 FREE R 4 R
T A 5 R S T 4G A R )k BN EE R L i AT 1]
YU B X Hrh — B8R 1 5 A O Ak et L 45 3
1o S RIV I 38 R 1) A 45 B 1L S B K R IR U
BT Y v 20K 5 W A Ay ik e T K A A s R A
K W ME LT RE— 2 s et . ARGl /e 5 g >
B TR KL Enzypep 2 8l S EH, KRB — Fp
“EARLE A7 KW, B Rosetta #1145 & 3h &
53 F 3N 1 S BERLE AT R P00 6 B B — A 2
JiE A 1) 22 K TG i G 2 78 R PAMII2A (AL 55 12 4~ %8
AR O 1 ST B IE L 1% 2 8 MR s R A
e ORI E IR F] 76°C) , JF H AT LLAE 20 LN
G2 P ICK I IR TP R R BOR AR E TG M . KAt
PAMI2A ] DUA#EAL A 46 W g Ak L 528 e Ak L H e Ak | i
PRAE P 1 Z2 PO [ 14 22 JIRAE M S 17 HLAS 52 22 kAR &
JEFN A C Ui IR DR 5L A A BR . B A E bR 8 A R
B R B I AT A 455 55 ] A % i K 2% 1Y Bak-
er FATBA N EE T/ Mayo [ A%,

3 REERE
Wi AR R E g s Th g & Al — 7 1 nl L

Guangxi Sciences, Vol. 24 No. 1,February 2017



18783 R A5 M 5 DB AR B RLAL . 55— 7 It nl LAY
&AW N EEA . [ 1997 4F Mayo i
L R DB B Y DOk B B = R S5
T LR B T R T ik BB R B
2003 4F Kuhlman %) 4 TV {4 15 2 25 1 57 1
R AT B bR RS RIR AR B 3 450
A &SR AR . BEE A Y ot R o
PUREA A PR A L 3 A BOH R T s e & I & A
Wik R RISE = I AR . AR R HATE A — 23R
BT A 1 G 01 LA SR A7 A S ) 25 A R il 1 4
R A5 B A T B T3 BT 52 BR T X o T AL LB Y
e 0 2 ) K 2 9 B AR A 4R L — EL U B 22 L L AR
PAFBA R BOE R, JF HL S A Al REH A 1t
SRR BE RN, TR N T AR U A AT B —
T AT RN T HEA S5 A & B SO Al . AR AS
Wl 7 3 1 TR o 2 L S RE R B A L ey
T3 7 AR A B MER R LA AR S 2
BE =z $ v I A 7 3R B 5 i R AR B O v R
PR T R v A A R BY kB e D) RE T

PR
SE -

[1] WALSH C. Enabling the chemistry of life[ J]. Nature,
2001,409(6817) :226-231.

[2] SCHAFER T,BORCHERT T W,NIELSEN V S,et al.
Industrial enzymes[ M]//ULBER R,SELL D. White bi-
otechnology. Berlin Heidelberg: Springer,2007:59-131.

[3] VICK J E.SCHMIDT-DANNERT C. Expanding the en-
zyme toolbox for biocatalysis[J]. Angewandte Chemie
International Edition,2011,50(33):7476-7478.

[4] KIM J,GRATE ] W,WANG P. Nanostructures for en-
zyme stabilization [ ] ]. Chemical Engineering Science,
2006,61(3):1017-1026.

[5] BRAKMANN S. Discovery of superior enzymes by dir-
ected molecular evolution[ J]. Chembiochem: A Europe-
an Journal of Chemical Biology,2001,2(12) :865-871.

(6] MK — BREMTHICLLZZRE A AT T AT
w7 DA B[ J]. Nippon Nogeikagaku Kaishi, 2004, 78
(8):748-750.

TAGUCHTI S. Biosynthesis of bioplastics with desired
properties by enzyme directed evolution[ J]. Japan Socie-
ty for Bioscience, Biotechnology, and Agrochemistry,
2004,78(8) :748-750.

[7] YANG W,LAI L H. Computational design of proteins
with novel structure and functions[]]. Chinese Physics
B,2016,25(1):018702.

[8] KISS G,CELEBI-OLCUM N,MORETTI R,et al. Com-

JEAE 2017520 F2uEF1H

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

putational enzyme design[]J]. Angewandte Chemie Inter-
national Edition,2013,52(22):5700-5725.
The Science Editorial. So much more to know[ J]. Sci-
ence,2005,309(5731) :78-102.
SUAREZ M,JARAMILLO A. Challenges in the com-
putational design of proteins[J]. Journal of the Royal
Society Interface.2009,6(S4) :S477-S491.
ZANGHELLINI A. De novo computational enzyme de-
sign[ ] ]. Current opinion in biotechnology, 2014, 29
132-138.
KOGA N, TATSUMI-KOGA R,LIU G H,et al. Prin-
ciples for designing ideal protein structures[J]. Nature,
2012,491(7423) :222-227.
TRIKULENKO A V. Role of hydrophobic interactions
in protein chain folding during biosynthesis[ J]. Bio-
chemistry,1998,63(5) :564-567.
PACE C N,FU H L,FRYAR K L,et al. Contribution
of hydrophobic interactions to protein stability [ J].
Journal of Molecular Biology,2011,408(3) :514-528.
FLEMING P J,ROSE G D. Do all backbone polar
groups in proteins form hydrogen bonds? []]. Protein
Science,2005,14(7) :1911-1917.
VOGT G, WOELL S, ARGOS P. Protein thermal sta-
bility » hydrogen bonds.and ion pairs[J]. Journal of Mo-
lecular Biology,1997,269(4) :631-643.
ANFINSEN C B. Principles that govern the folding of
protein chains[J]. Science,1973,181(4096) :223-230.
VENSELAAR H,JOOSTEN R P, VROLING B, et al.
Homology modelling and spectroscopy,a never-ending
love story [ J ]. European Biophysics Journal, 2010, 39
(4):551-563.
JONES D T,TAYLOR W R, THORNTON ] M. A
new approach to protein fold recognition[ ] ]. Nature,
1992,358(6381) :86-89.
LIWO A,LEE J,RIPOLL D R,et al. Protein structure
prediction by global optimization of a potential energy
function[ J ]. Proceedings of the National Academy of
Sciences of the United States of America, 1999, 96
(10) :5482-5485.
PARK H,DIMAIO F,BAKER D. CASP11 refinement
experiments with ROSETTA[]]. Proteins: Structure,
Function,and Bioinformatics,2016,84(S1) :314-322.
ZHANG Y. IF-TASSER:Fully automated protein struc-
ture prediction in CASP8[J]. Proteins: Structure, Func-
tion,and Bioinformatics,2009,77(S9) :100-113.
WEBB B.SALI A. Protein structure modeling with
MODELLER [M]//KIHARA D. Protein structure
prediction. New York:Springer,2014.1-15.
SODING J,BIEGERT A,LUPAS A N. The HHpred
5



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

interactive server for protein homology detection and
structure prediction[ J]. Nucleic Acids Research, 2005,
33:W244-W248.

SHAW D E,DENEROFF M M.DROR R O,et al. An-
ton,a special-purpose machine for molecular dynamics
simulation[ J ]. Communications of the ACM-Web Sci-
ence,2008,51(7):91-97.

LEAVER-FAY A,TYKA M,LEWIS S M,et al.
ROSETTAS3:An object-oriented software suite for the
simulation and design of macromolecules[ ]J]. Methods
in Enzymology,2011,487:545-574.

MISURA K M S,BAKER D. Progress and challenges
in high-resolution refinement of protein structure mod-
els[J . Proteins: Structure, Function, and Bioinformat-
ics,2005,59(1) :15-29.

HUANG P S.BOYKEN S E.BAKER D. The coming
of age of de novo protein design[ ] ]. Nature,2016,537
(7620) :320-327.

JIANG L,ALTHOFF E A,CLEMENTE F R,et al. De
novo computational design of retro-aldol enzymes[]].
Science,2008,319(5868) :1387-1391.
ROTHLISBERGER D,KHERSONSKY O, WOLLA-
COTT A M,et al. Kemp elimination catalysts by com-
putational enzyme design[ J]. Nature,2008,453(7192) :
190-195.

ZANGHELLINI A,JIANG L,WOLLACOTT A M,et
al. New algorithms and an in silico benchmark for com-
putational enzyme design[ J]. Protein Science, 2006, 15
(12) :2785-2794.

NOSRATI G R,HOUK K N. SABER: A computation-
al method for identifying active sites for new reactions
[J]. Protein Science,2012,21(5):697-706.

RICHTER F,LEAVER-FAY A,KHARE S D.,et al.
De novo enzyme design using Rosetta3[]]. PLoS One,
2011,6(5):e19230.

DILL K A, MACCALLUM ] L. The protein-{olding
problem, 50 years on[ ]J]. Science, 2012, 338 (6110):
1042-1046.

SIEGEL ] B,ZANGHELLINI A,LOVICK H M,et al.
Computational design of an enzyme catalyst for a stere-
oselective bimolecular diels-alder reaction[ ]J]. Science,

2010,329(5989) :309-313.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

KHARE S D,KIPNIS Y,JR GREISEN P, et al. Com-
putational redesign of a mononuclear zinc met-
alloenzyme for organophosphate hydrolysis[J]. Nature
Chemical Biology,2012,8(3) :294-300.

XIONG P,WANG M,ZHOU X Q,et al. Protein design
with a comprehensive statistical energy function and
boosted by experimental selection for foldability[]].
Nature Communications,2014,5:5330.

GUMBART ] C,ROUX B,CHIPOT C. Standard bind-
ing free energies from computer simulations: What is
the best strategy? [J]. Journal of Chemical Theory and
Computation,2013,9(1) :794-802.

SEELIGER D,DE GROOT B L. Protein thermostabili-
ty calculations using alchemical free energy simulations
[J7. Biophysical Journal,2010,98(10) ;2309-2316.
FRUSHICHEVA M P,CAO J, WARSHEL A. Chal-
lenges and advances in validating enzyme design pro-
posals: The case of kemp eliminase catalysis[ J]. Bio-
chemistry,2011,50(18) :3849-3858.

KUMARASIRI M,BAKER G A,SOUDACKOV AV,
et al. Computational approach for ranking mutant en-
zymes according to catalytic reaction rates[]J]. The
Journal of Physical Chemistry B.2009,113(11):3579-
3583.

ZHOU L,BOSSCHER M,ZHANG C S,et al. A pro-
tein engineered to bind uranyl selectively and with fem-
tomolar affinity[ ] . Nature Chemistry,2014,6(3) :236-
241.

WU B, WIJMA H J,SONG L,et al. Versatile peptide
C-terminal functionalization via a computationally engi-
neered peptide amidase[ J]. ACS Catalysis,2016,6(8):
5405-5414.

DAHIYAT B I, MAYO S L. De novo protein design:
Fully automated sequence selection[ J]. Science, 1997,
278(5335) :82-87.

KUHLMAN B,DANTAS G,IRETON G C,et al. De-
sign of a novel globular protein fold with atomic-level

accuracy[ ] |. Science,2003,302(5649) :1364-1368.

GRS R EZ)

Guangxi Sciences, Vol. 24 No. 1,February 2017



