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Structure-guided engineering for improving the thermal
stability of zearalenone hydrolase

GUAN Ailin, ZHANG Meng, XU Fei’

Key Laboratory of Industrial Microbiology, Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi
214122, Jiangsu, China

Abstract: Zearalenone is one of the most widely polluted Fusarium toxins in the world,
seriously endangering livestock and human health. Zearalenone hydrolase (ZHD) derived from
Clonostachys rosea can effectively degrade zearalenone. However, the high temperature
environment in feed processing hampers the application of this enzyme. Structure-based rational
design may provide guidance for engineering the thermal stability of enzymes. In this paper, we
used the multiple structure alignment (MSTA) to screen the structural flexibility regions of
ZHD. Subsequently, a candidate mutation library was constructed by sequence conservation
scoring and conformational free energy calculation, from which 9 single point mutations based
on residues 136 and 220 were obtained. The experiments showed that the thermal melting
temperature (T,,) of the 9 mutants increased by 0.4-5.6 °C. The S220R and S220W mutants
showed the best thermal stability, the T, of which increased by 5.6 °C and 4.0 °C compared to
that of the wild type. Moreover, the thermal half-inactivation time at 45 °C were 15.4 times and
3.1 times longer, and the relative activities were 70.6% and 57.3% of the wild type. Molecular
dynamics simulation analysis showed that the interaction force at and around the mutation site
was enhanced, contributing to the improved thermal stability of ZHD. The probability of
220-K130 hydrogen bond of the mutants S220R and S220W increased by 37.1% and 19.3%, and
the probability of K130-D223 salt bridge increased by 30.1% and 12.5%, respectively. This
work demonstrated the feasibility of thermal stability engineering strategy where the structural
and sequence alignment as well as free energy calculation of natural enzymes were integrated,
and obtained ZHD variants with enhanced thermal stability, which may facilitate the industrial
application of ZHD.

Keywords: zearalenone hydrolase; thermal stability; protein structure alignment; molecular
dynamics simulation
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JF Hffi 1 Berendsen A% 55854 7 5 10
1 bar®, BRI I E R 2 fs, Jelaik
7 1 ns NVT (N R F4L, VIR, T RRED),
1 ns NPT (N ARLF5L, P RES, T HIRER
BRI AL, ST R ) 200 ns NPT -
AL

ST MD ER I atreh, SRR
SR SR UM N SCEEE, PSS 50 5k
HEARN)-Z R (O) I FE S (RNO)YFI 3 N2 [
()~ HNO, HARWE N 3.5 A F1 30°C%; EhHF1
TE SN« AT IE B (Arg B Lys) 2 KR IE N L A H i
AT 55 H(Glu 3 Asp)Z LR & IR TR 2 (]
HR AR 22 ) R e /N i, AT (R 4 AR,
125 TERRTRFTIEGENK

PLJFRE pET28a-zhd101 kiR, M4 578
it PCR BRI IR D172k
PCR, X B A= B (4 e o7 s HEA 72848 % PCR
7 RN Ak 2 KA E. coli BL21(DE3)
JRZ A AN Y
x1 AHAREASY

Table 1 Primers used in this study

W RAREERN 2 LB WA R AT 37 °C
HRIEFR(2 h ZEA), RIELL 1%RHEERD 4
% TB B33k, B35 E ODgo ik 0.6-0.8, fiIA
LHeSEJ 1 mmol/L i IPTG TS, B34
FJ5, 7E 10 000 r/min A9 T 438 L35,
AT AR ML TTTE £5 HT,  iJ R1) P P e R SCHe 4
R A GRS 2s, (88K 3's, 30 min), 435N
IERTTEY . RIS EIERI 0.22 pm JE R
TERRZY, BfiJ5 A His Trap HP #EUEF TERAE AN
JEHT ERZT AL AR R - B e A A (0.02 mol/L
Tris, 0.02 mol/L BKME, 0.5 mol/L NaCl)>}-féf
10 MEARFR, FELL 1 mL/min B FFE, AR
SEMJE FH 5%K B #(0.02 mol/L Tris, 0.5 mol/L
BRI, 0.5 mol/L NaCh)BR 285 M, SRIFHEATH
FEVERL(15% . 25%F1 100%H) B %), TE 15%Ff
JER AT HIWEE A, )5 A Desalting BB X
H A8 AT kb Ab B 2l fb i 6 5 1 2R 1
B2 0.2 mg/mL, #£47 SDS-PAGE K3 f Je 2219
it S0

Primer name Primer sequence (5'-3") Size (bp)
S220Y-F CCGACAGAGTATTTCTTCGAC 21
S220Y-R ATACTCTGTCGGGGTGGCGGC 21
S220R-F CACCCCGACAGAGCGTTTCTTCGACAATATC 31
S220R-R CTCTGTCGGGGTGGCGGCGCCAACTG 26
S220L-F CACCCCGACAGAGCTGTTCTTCGACAATATC 31
S220L-R CTCTGTCGGGGTGGCGGCGCCAACTG 26
S220F-F GACAGAGTTCTTCTTCGACAATATC 25
S220F-R GAAGAACTCTGTCGGGGTG 19
S220W-F GACAGAGTGGTTCTTCGACAATATC 25
S220W-R GAAGAACCACTCTGTCGGGGTG 22
S220M-F CGACAGAGATGTTCTTCGACAATATCG 27
S220M-R GAAGAACATCTCTGTCGGGGTGGC 24
S136M-F GCTGGATCACCTGATGAACACAGCAGTG 28
S136M-R CATCAGGTGATCCAGCAGTTTGGTCGGC 28
S136L-F GCTGGATCACCTGCTGAACACAGCAGTG 28
S136L-R CAGCAGGTGATCCAGCAGTTTGGTCGGC 28
S136A-F GCTGGATCACCTGGCAAACACAGCAGTG 28
S136A-R TGCCAGGTGATCCAGCAGTTTGGTCGG 27

http://journals.im.ac.cn/cjben
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BNt ) : BRI R 40 uL 43%¢, 7E 45 °C
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AR S5 AA ARV = i 2 1 BT SO, SRS
2 580 /> PDB %54y, H. TM-score ¥ /T 0.5, H
HA 42% 5341 T 0.60—-0.70 (1 092 M)A K 43%74)
fiF 0.75-0.90 (1 108 1), Jf HAEX Eeghty g
97% (2 504 45 ZHD101 HIFESIARIPEL T
20% (1 1A). Bl % SCEBR TU2% CHEBR [R) 2R B i
ARK), T TM-score M 248 & B W (K 1B),
SRR SCUE T E A A A 500 FORUE,
Fif S AL LT AR o B A 2R S T R 1
JT AR PEE , TE 6 MURMEE AR
ZHD101 MG e YEHAT LB (R 2), Twy Tson

Topt F1 tin Y25 57 30 W 3 28 8 (1 o K& A L
ZHDI101 B 5 iy #E e (B 5XWZ 4h).

o T AR 24 b SR AR AR X
WO EW 7 MEAEETT MSTA 400, 45R3%
B2 F AR A R 9 X sk £ AT ZHD101 AYIE T
X3 (a5, a6, a7 Fl a8) K& a9 1 al0 MRJE(E 1C.
1D KA, a9 HEE T IEHTXESE )2
1) o8, 1M al0 i THEMABREE, 5 o5 a6 B
BT A RA . A, N SR C Sl TR
TEVS BRI B AP SR, AE R bR
PRSE IR e . Z RIS 3T ZHD101
F ZPE(RMSF ) X s s SR i, 3l Xt a7, o8
Al a9 Xk, 615 T 3 M ARUE M i 4 °C
DAL Bt 28 AR Y ) Syt o B AT S0, AR OY
VEHL 05, o6 F1 al0 VE BT X,

*2 EERNERBENMEERRERESH

2.2 WHERTXE
KT AESRAE X (a5 il a6:L132-D157,010:

P217-G232, 31 40 N5 k)i 37 28 A8 R R R
51 A Consurf JFHESF A, Gk i X
BT 9T (consurf score<5) 5% LA i .
S5 R F AR K P P AR S M A AR I A
24 (I8 2A) 3X 24 PNEREERER A #0AL T2 115
FIA, R R EE A EEHS 1) 75 77 DI

R TR R AR KRR, T ZHD101
) S ARGE K, 1E Pymol HX T e Y 24 N5R L HE
TS . i Rosetta_Cartesian DDG
THE T &R ARG O 51 M 4 B g2 1k
(AAG). FEE G T % X IR 5% v 5 7 K F0L 1 A
A% v J 3L BB [ IR (AAG<0) Y 1] 28 A48 24 Ok
TR B G AR IUIBRAL) , SRASRTIU I BTk
F| 16 #1(S220), KHAYA 12 F(S136 F1 N137),
A RAS SRR 22100 I I A X SR iR R AR
i 52 PhERAT, e BEBRFIRZ T 10 FhiYFRIEA S

5, AT T3 3 AR S T B TR
KA AAG (B, 3 DFREXS B i 22 2 2R
(R G AR ) 725 (B4 AAG=—3.0 kcal/mol), i3
HEF AR AT "R R, b T EEIEm R,
PEEL AAG<-3.0 kcal/mol F{ 248 A 1R 70 fig 1k 5 AR
Beit, i€ T S136M/L/A  S220Y/W/R/M/L/F
It 9 RS (A 2C).

Table 2 Structural similarity and thermal stability parameters of proteins

PDB ID, chain TM-score T (°C) Tso (°C) Tope (°C) T (°C), t}, (min)  Reference
3WZL, A 1 40.0 43.9 35 45°C, 5.5 [9]
5NG7, A 0.8259 55.0 ~45 30 n.d. [35]
5NFQ, A 0.805 1 85.0 =75 50 n.d. [35]
4UHC, A 0.8254 n.d. 80—85 n.d. n.d. [36]
SFRD, A 0.801 0 n.d. 85-90 80 n.d. [37]
2YH2, A 0.650 4 n.d. n.d. n.d. 110, 56 [38]
SXWZ, A 0.966 0 n.d. n.d. 35 40,2 [39]

“n.d.” indicates that the data has not been determined by experiment.
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s 4 i 3fUHC, Thermogutta terrifontis* (350+)
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Z 3L 28 ASXWZ, Cladophialophora bantiana
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Z0.06 2 504 YH2, Pyrobaculum calidifontis VA1 arboxylesterase
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’ 10% : i
0.02 - > 4?W3, Proteus mirabilis } Lipase (150+)
000520 4 60 80 100 :
Sequence identity (%)
C Cap domain D
N ZHDI101 (3WZL) C
1 REXEHIEFE A ZHDIO1 #) MSTA CEH TM-score M PSRRI # il B: 2

FLEMPRGE K BEW. C: FrikfE A MEH XS, D: ZHD101 B9 F B a5/ 7 K]

Figure 1

Selection of non-conserved regions of the structure. A: Kernel density distribution map of TM-score

and sequence similarity in MSTA library of ZHD101. B: Phylogenetic tree of ZHD101 structural analogs, the
information from left to right is enzyme PDB ID, source, function, quantity; The horizontal line is the sequence
similarity between the corresponding PDB structure and ZHD101; The “*” next to the organisms indicates that
it has thermal stability data. C: Structural alignment of the selected proteins. D: Schematic diagram of the

protein topology of ZHD101, the yellow dots represent catalytic triads, the ‘a’ stands for alpha helix and ‘B

stands for beta sheet.
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Figure 2 Construction of mutant library. A: Heatmap for conservation analysis of ZHD101, from the most
variable fraction 1 being turquoise, to the middle conservative fraction 5 being white, to the most conservative
fraction 9 being maroon. B: Statistics of amino acid mutation types. C: Conformational free energy (AAG)

heatmap of selected residues (S136, N137, S220), slashes represent mutants with AAG<-3.0 kcal/mol.
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Figure 3 Expression and purification of wild type
ZHD and its mutants using Escherichia coli
BL21(DE3). M: Premixed protein marker; 1: Purified
wild type ZHD; 2—10: Purified protein of mutant
S220R, S220F, S220M, S220Y, S220L, S220W,
S136M, S136L, S136A.
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Figure 4 Far-UV CD spectra and thermal denaturation of wild type and its mutants. A: CD spectra at 4 °C
under pH 7, 20 mmol/L Tris-HCI buffer. B: Thermal melting curves monitored at 220 nm in Tris-HCI buffer.

The samples were shown in colors as labeled in the plots.
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Table 3 Characteristics of wild type ZHD101 and
its mutants including T,,, ATy, relative activities, AAG

Mutant T, (°C) AT, (°C) Relative AAG
activity (%) (kcal/mol)

WT 40.0+0.4 0.0 100.0£32 0
S220L  40.4+0.1 0.4 70.6£9.4 -3.798
S220F  40.9+0.1 0.9 61.6+£2.2  -3.798
S220M  41.1£0.3 1.1 61.0£3.3  -3.972
S220Y 41.8+0.1 1.8 545433  -3.330
S220W  44.0+0.4 4.0 40.7£9.8  -6.170
S220R  45.6+0.1 5.6 56.1£6.3  -4.235
S136M  40.9+0.1 0.9 69.3£2.9  —6.078
S136L  41.4+0.2 1.4 47.8+3.9  -3.031
S136A  41.7+0.1 1.7 38.247.6  -3.150
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R4 WT. S220R 1 S220W HIFSE M RIE

Table 4 Characterization of the stability of WT, S220R and S220W including T,,, AT, relative activities
(35 °C and 45 °C), Topi, Tso, tin

Mutant T, (°C) AT, (°C) 35 °C relative activity (%) 45 °C relative activity (%) T, (°C)  Ts0 (°C) 12 (min)

WT 40.0+0.4 0.0 100.0+3.2 100.0+5.6 35.0 43.9 5.5
S220R  45.6+0.1 5.6 54.543.3 70.6+4.5 45.0 48.8 90.0
S220W  44.040.4 4.0 40.7+9.8 57.3+6.7 45.0 47.8 22.0
A B i
80 | 120} 120 | Y WT
& &0 S 100} 100 +8§220R
e, 0] Z 60} 60 | Vol
Q9 . =
£ 20} S 40 40 t B
s Z | | —— " ..
< T 0f 0r
o
201 ' ‘ , , . =20} , , ‘ , =20
20 30 40 50 60 70 20 30 40 50 60 70 0 20 40 60 80 100 120 140

Temperature (°C) Temperature (°C) Time (min)
5 EHAFREMNRLE A BAERVRE Top. B: BORIIGEE Tso. C: 45 CHPLRIEHT
] ty05 ARG 4045 S A (AARXS T B e AR 0 S
Figure 5 Characterization of enzyme (WT, S220R, S220W) kinetic stability. A: Optimal reaction
temperature T,,. B: Thermal half-inactivation temperature Tso. C: 45 °C thermal half-inactivation time t;,.

The relative enzyme activity of the ordinate refers to the enzyme activity of each mutant relative to its own
maximum value.

F 5 Co WY 5 AR I 2% (root mean square XY RMSF {EEA FFE, A RE,
deviation, RMSD) M ¥ J5 # {1 5fi(root mean square R T 2 AT 5 AR AR AR E MR R L
fluctuation, RMSF)., RMSD {2 s 25 1 i 4% i, R R AR AR K Rosetta fastRelax Hif
FEEARAIE B, WT. S220R 1 S220W A9°F-E4 J5 IS5 H I MD Bl 7347 1 98 A8 A7 s B 3 Xk
RMSD B 435l 2 (1.6+0.2) A (1.940.2) A F1 (RS b7 A0 BE B 0 A S s R . 154,
(1.5£0.3) A, B/NF 3.2 AP RIIHAMGRAERS 220 AAE ISR M R B2 W, #Bn] S380%
R TREIRS (K 6A). RMSF HAIRIME  FRIEAYZS B0 B AR A A, 3k Fhas [a) 47 & 1 A8
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Figure 6 Molecular dynamics simulation analysis for wild type (red) and mutant S220R (cyan), S220W

(grey). A: The root mean square deviation (RMSD). B: The root mean square fluctuation (RMSF) and

protein tertiary structure revealed by B factor, a thick model represents a large B factor; The squares
highlight the cap domain.
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Figure 7 The enhancement of hydrogen bonds and salt bridge forces. A: Hydrogen bond A and salt

bridge B bonding in wild-type ZHD101, S220R_relax and S220W _relax structures. B: Schematic diagram

of the interaction force in residues K130, S/W/R220, and D223 of WT (red) and S220R (cyan), S220W

(grey); The numbers between two residues represent distances in units of A. C: Kernel density distribution

plot of hydrogen bond A and salt bridge B distance in molecular dynamics simulation; The mutants were
shown in colors as labeled in the plots.

&: 010-64807509 X: cjb@im.ac.cn



3348 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

Ak, K130 FRIEAYZIEMIEEFN D223 FlAk
FIFRFEMEE AT LUK BL— X $0A47F B, # 220 2845 i
W Bl K130 5k JE i 15 3h 0% B i91EH J1 & 2EAR
1k, S220R relax. S220W _relax ALK ER4F B
FIEEES (2.4 A FLEFA RN (4.4 AR5 (E TA);
MD %5 L8R, S220R . S220W 25 (AEL#E B
B A R B FE 4.0 A PG 43 A 9 B R R (A
7B-C), 5 WT H L, g4 513 T 30.1%
1 12.5%, S220R F1 S220W Z&7544 i 5 £H 4 FH
JIERAG R T a5, JF HH B AR At 5 5
¥ Ar 4 S220R  (AT.=5.6 °C) Ml S220W
(AT,=4.0 °C) iy #AT3 E PE 1Y 1 K Al [a]
S220R 45 T R PR H Ay IS e M BT A, LB AR
2R [k R B K 3K TR AL FH T e R e v ) 4
I FETE— 2 B BTHR o

3 WwhEE®

AW ELZEARGEM X, #E T
ZHD101 PIS5H) R G K, #F—2 P81 47
SPGB B G F R BETT R, Bk A T
2205 F1 136 55RO 51 9 Fh 5 B R (AT,,=0.4—
5.6 °C), HRIELFM 2 NRASAK S220R F
S220W, M T AR, T, & T 5.6 °CH
4.0 °C; feidi [N EEFHE T 10 °C; #eP RS
TELEE A BRI T 4.9 °CAHI1 3.9 °C; 45 °CTF Ry #hf
PG IR Jr BIAE K T 15.4 £5F0 3.1 f%; 45 °CF
B HE T BTG R 23 1) A 70.6% 11 57.3%. Z545 BlR
15 Fe Ve Kl 3l 0y S Ae o MR R AL, 130
S220R F1 S220W W4 il 5 A5 {4y ST XeF i rr A
PEA IE M s, BREHR RS . )5,
WL Fah 12, R S220R RAF 1S
FIXIER SN RMSF {EREAL, SCBLRRAE M X
BRI, DT R R AR E AR R
Fllo S220R Fl S220W [ Fift 5 AR 75 Xo} L B 3w () A

http://journals.im.ac.cn/cjben

AT ME8 AT T %, 83 98 S5 220-K 130,
M K130-D223 1R 7ok 8 m g g k. [\
B, X6 AR M I et 88 B TS S ARE T
AU, T T S S T e s R R A el s
220 SHEIENI T ZHDI101 JEMIZEA 4% For, IR
BIHEAL IR0 9.3 A, S220 AU 228 14(S220L
F. M. R. Y. W)AHE T 87 A= B34 4 5% B0 55
FIBEI, HLEAR J5 I S SRR M A3 G, RS 452 2%
LGN, FR A8 AR Y 2 B R 65 T e = BUIR )
HEATE P DX S5 PR M RS 45 B 11 A% DX 388 1 T A sk
/N, DT B PR R B 2%, o e SEpt s 4R it
5%,

AR R, LT | JELFIRE & 2 07 T
PRI 2% 2 N7 1 2 11 B PR R e T AR BT SR
REFRAIL/INIORG 119 58 48 SO, fofi 75 el et ol A B 1 o5
RUER], FAHASTEE PER R Y 2284, b
TERIT R B XS 454 . P AIE B A2 4
ZHD101 Wi —2P I feeis , b2k Bk |
DX IR PR RO A T P S SR I S A

REFERENCES

[1] ZINEDINE A, SORIANO JM, MOLTO JC, MANES J.
Review on the toxicity, occurrence, metabolism,
detoxification, regulations and intake of zearalenone:
an oestrogenic mycotoxin[J]. Food and Chemical
Toxicology, 2007, 45(1): 1-18.

[2] YU ZL, HU DS, LI Y. Effects of zearalenone on
mRNA expression and activity of cytochrome P450
1A1 and 1B1 in MCF-7 cells[J]. Ecotoxicology and
Environmental Safety, 2004, 58(2): 187-193.

[3] FB4kFR, THEHEH, XTI, HBLR. W A R KR

M T Xl 22 4 LR 400 ) B A 1 Sk S R ).
2 H2E(BEA4RR), 2011, 38(1): 1-5.
ZHENG JC, MA YY, LIU JB, XIAO XM. Effect of
bisphenol A and zearalenone on the expression of cell
cycle protein in SK-N-SH human neuroblastoma
cells[J]. Fudan University Journal of Medical Sciences,
2011, 38(1): 1-5 (in Chinese).



EEN F/E0ESNERFEIFIKEIBIREEENE 3349

(4]

[10]

LYAGIN I, EFREMENKO E. for

detoxification of various mycotoxins: origins and

Enzymes

mechanisms of catalytic action[J]. Molecules, 2019,
24(13): 2362.

YUMBE-GUEVARA BE, IMOTO T, YOSHIZAWA T.
Effects of heating procedures on deoxynivalenol,
nivalenol and zearalenone levels in naturally
contaminated barley and wheat[J]. Food Additives &
Contaminants, 2003, 20(12): 1132-1140.

SRR . K IR B 0 TR R B A A O R L R R AR RY
WSS RH[D]. dbat: o E AR B B e e
3, 2021.

ZHANG JN. Isolation and identification of a bacterial
strain with zearalenone detoxicated ability and study
on its detoxification characterization and
application[D]. Beijing: Master’s Thesis of Chinese
Academy of Agricultural Sciences, 2021 (in Chinese).
ABD ALLA ES. Zearalenone: incidence, toxigenic
fungi and chemical decontamination
cereals[J]. Nahrung, 1997, 41(6): 362-365.
PRAPAPANPONG J, UDOMKUSONSRI P,
MAHAVORASIRIKUL W, CHOOCHUAY S,
TANSAKUL N. In vitro studies on gastrointestinal

monogastric and avian models to evaluate the binding

in Egyptian

efficacy of mycotoxin adsorbents by liquid
chromatography-tandem mass spectrometry[J]. Journal
of Advanced Veterinary and Animal Research, 2019: 1.
PENG W, KO TP, YANG YY, ZHENG YY, CHEN CC,

ZHU Z, HUANG CH, ZENG YF, HUANG JW, WANG

AHJ, LIU JR, GUO RT. Crystal structure and
substrate-binding mode of the
mycoestrogen-detoxifying  lactonase ZHD  from

Clonostachys rosea[J]. RSC Advances, 2014, 4(107):
62321-62325.

VIEILLE C, ZEIKUS GIJ. Hyperthermophilic enzymes:
sources, mechanisms for

uses, and molecular

thermostability[J]. Microbiology and Molecular
Biology Reviews, 2001, 65(1): 1-43.
TAKAHASHI-ANDO N, OHSATO S, SHIBATA T,
HAMAMOTO H, YAMAGUCHI I, KIMURA M.
Metabolism of zearalenone by genetically modified
organisms expressing the detoxification gene from
Clonostachys rosea[J]. Applied and Environmental
Microbiology, 2004, 70(6): 3239-3245.

CUI YL, CHEN YC, LIU XY, DONG SJ, TIAN YE,
QIAO YX, MITRA R, HAN J, LI CL, HAN X, LIU
WD, CHEN Q, WEI WQ, WANG X, DU WB, TANG
SY, XIANG H, LIU HY, LIANG Y, HOUK KN, et al.

&: 010-64807509

[13]

[15]

[16]

[17]

[18]

[19]

(20]

[22]

Computational redesign of a PETase for plastic
biodegradation under ambient condition by the GRAPE
strategy[J]. ACS Catalysis, 2021, 11(3): 1340-1350.

HEINEMANN PM, ARMBRUSTER D, HAUER B.
Active-site variations activity and

loop adjust

selectivity of the cumene dioxygenase[J]. Nature
Communications, 2021, 12: 1095.

GOLDENZWEIG A, GOLDSMITH M, HILL SE,
GERTMAN O, LAURINO P, ASHANI Y, DYM O,
UNGER T, ALBECK S, PRILUSKY J, LIEBERMAN
RL, AHARONI A, SILMAN I, SUSSMAN IJL,
TAWFIK DS, FLEISHMAN SJ. Automated structure-
for high
bacterial expression and stability[J]. Molecular Cell,
2016, 63(2): 337-346.

GUEROIS R, NIELSEN JE, SERRANO L. Predicting
changes in the stability of proteins and protein

and sequence-based design of proteins

complexes: a study of more than 1 000 mutations[J].
Journal of Molecular Biology, 2002, 320(2): 369-387.
DOMBKOWSKI AA, SULTANA KZ, CRAIG DB.
Protein disulfide engineering[J]. FEBS Letters, 2014,
588(2): 206-212.

NESTL BM, HAUER B. Engineering of flexible loops
in enzymes[J]. ACS Catalysis, 2014, 4(9): 3201-3211.
KHAN FI, LAN DM, DURRANI R, HUAN WQ,
ZHAO ZX, WANG YH. The lid domain in lipases:
structural and functional determinant of enzymatic
properties[J].  Frontiers in
Biotechnology, 2017, 5: 16.
FENG XD, TANG H, HAN BJ, ZHANG L, LV B, LI C.
Engineering the thermostability of p-glucuronidase
from Penicillium purpurogenum Li-3 by
transplant[J]. Applied Microbiology and Biotechnology,
2016, 100(23): 9955-9966.

ZHAO HM, ARNOLD FH. Directed evolution converts
subtilisin  E

Bioengineering and

loop

into a functional equivalent of

thermitase[J]. Protein Engineering, and
Selection, 1999, 12(1): 47-53.
DONG RZ, PAN S, PENG ZL, ZHANG Y, YANG JY.

mTM-align: a server for fast protein structure database

Design

search and multiple protein structure alignment[J].
Nucleic Acids Research, 2018, 46(W1): W380-W386.
KELLOGG EH, LEAVER-FAY A, BAKER D. Role of
conformational sampling in computing
mutation-induced changes in protein structure and
stability[J]. Proteins, 2011, 79(3): 830-838.
ASHKENAZY H, ABADI S, MARTZ E, CHAY O,

MAYROSE I, PUPKO T, BEN-TAL N. ConSurf 2016:

X: cjb@im.ac.cn



3350 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

[25]

[26]

(28]

[32]

[33]

an improved methodology to estimate and visualize
evolutionary conservation in macromolecules[J].
Nucleic Acids Research, 2016, 44(W1): W344-W350.
ASHKENAZY H, EREZ E, MARTZ E, PUPKO T,
BEN-TAL N. ConSurf 2010: calculating evolutionary
conservation in sequence and structure of proteins and
nucleic acids[J]. Nucleic Acids Research, 2010,
38(suppl_2): W529-W533.

LANDAU M, MAYROSE I, ROSENBERG Y,
GLASER F, MARTZ E, PUPKO T, BEN-TAL N.
ConSurf 2005: the

projection of evolutionary

conservation scores of residues on protein structures[J].

Nucleic Acids Research, 2005, 33(suppl_2): W299-W302.
CELNIKER G, NIMROD G, ASHKENAZY H,
GLASER F, MARTZ E, MAYROSE I, PUPKO T,
BEN-TAL N. ConSurf: using evolutionary data to raise

testable hypotheses about protein function[J]. Israel
Journal of Chemistry, 2013, 53(3/4): 199-206.
GLASER F, PUPKO T, PAZ 1, BELL RE,

BECHOR-SHENTAL D, MARTZ E, BEN-TAL N.
ConSurf:
proteins by

identification of functional regions in
surface-mapping of phylogenetic
information[J]. Bioinformatics (Oxford, England),
2003, 19(1): 163-164.

LINDORFF-LARSEN K, PIANA S, PALMO K,

MARAGAKIS P, KLEPEIS JL, DROR RO, SHAW DE.

Improved side-chain torsion potentials for the Amber
ff99SB protein force field[J]. Proteins: Structure,
Function, and Bioinformatics, 2010, 78(8): 1950-1958.
JORGENSEN WL, CHANDRASEKHAR J, MADURA
JD, IMPEY RW, KLEIN ML. Comparison of simple
potential functions for simulating liquid water[J]. The
Journal of Chemical Physics, 1983, 79(2): 926-935.
BUSSI G, DONADIO D, PARRINELLO M. Canonical
sampling through velocity rescaling[J]. The Journal of
Chemical Physics, 2007, 126(1): 014101.
BERENDSEN  HIC, POSTMA  JPM, van
GUNSTEREN WF, DINOLA A, HAAK JR. Molecular
dynamics with coupling to an external bath[J]. The
Journal of Chemical Physics, 1984, 81(8): 3684-3690.
LUZAR A, CHANDLER D. Effect of environment on
hydrogen bond dynamics in liquid water[J]. Physical
Review Letters, 1996, 76(6): 928-931.
BARLOW DJ, THORNTON JM.
proteins[J]. Journal of Molecular Biology,

Ion-pairs in
1983,

http://journals.im.ac.cn/cjben

[35]

[39]

[41]

168(4): 867-885.
WRAL, B, VIR TSR KR TR Bk &
KRB K A B AR PR [D]. AW TR 24l 2021,
37(12): 4415-4429.

CHEN Q, (LU/LV/LU/LYU) C, XU F
Computation-aided design of the flexible region of
zearalenone hydrolase improves its thermal stability[J].
Chinese Journal of Biotechnology, 2021, 37(12):
4415-4429 (in Chinese).

ELISA FERRANDI E, SAYER C, de ROSE SA,
GUAZZELLI E, MARCHESI C, SANEEI V, ISUPOV
MN, LITTLECHILD JA, MONTI D. New thermophilic
o/p class epoxide hydrolases found in metagenomes
from hot environments[J]. Frontiers in Bioengineering
and Biotechnology, 2018, 6: 144.

SAYER C, ISUPOV MN, BONCH-OSMOLOVSKAYA
E, LITTLECHILD JA.
thermophilic esterase from a new Planctomycetes
species, Thermogutta terrifontis[J]. FEBS Journal,
2015, 282(15): 2846-2857.

SAYER C, FINNIGAN W, ISUPOV MN, LEVISSON
M, KENGEN SWM, van der OOST J, HARMER NJ,
LITTLECHILD JA.
characterisation of Archaeoglobus fulgidus esterase
reveals a bound CoA molecule in the vicinity of the
active site[J]. Scientific Reports, 2016, 6: 25542.
HOTTA Y, EZAKI S, ATOMI H, IMANAKA T.
Extremely stable and versatile carboxylesterase from a
hyperthermophilic archaeon[J]. Applied and
Environmental Microbiology, 2002, 68(8): 3925-3931.
HUI RJ, HU XY, LIU WT, LIU WD, ZHENG YY,
CHEN Y, GUO RT, JIN J, CHEN CC. Characterization
and crystal structure of a novel zearalenone hydrolase
Cladophialophora bantiana[J]. Acta
Crystallographica Section F  Structural Biology
Communications, 2017, 73(9): 515-519.
CARUGO O, PONGOR S. A
root-mean-spuare distance for

Structural studies of a

Structural and biochemical

from

normalized
comparing protein
three-dimensional structures[J]. Protein Science, 2008,
10(7): 1470-1473.

YU HR, DALBY PA.
molecular-dynamics networks to counteract enzyme
trade-off[J]. of the
National Academy of Sciences of the United States of
America, 2018, 115(52): E12192-E12200.

(KX 5T9  METTT)

Exploiting  correlated

activity-stability Proceedings



