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EE . [ B ] % (deoxynivalenol , DON) C3 {3 F2 L 4 53 44 fb 2 A2 W 25 10 OC BB 67, Fo v DepA 1E4 DON A= ¥y b rp
S — 25 G RR T , A7 A AR TR A A 10 L BR A T e B B AR Ak T Ak b A B FH AR S A 3 1 e A AR X
DepA #4743 F ol , LA ZRAT b 10 % Mtk 38 48 w8 1) 5 A8 il 42 5 FL Tl Ak i R AW 0, [ ¥k ] T 5 4% PCR Al DNA
shuffling FHZ5 A 1 ¥ MR 978 S, 26 il i 0 e I, Wb AR b 44 B S0 408 50 1) 28 AR AR iE A Al 2 M I 3R AE . IR SR FH 4
T3l ) AU = HEEE AR AT, BRI R AR WAL TE PR S R AL, [ S5 R D e B 58 AR Bl 2,510 A1 S12, 58
AETUAH LY, LB T 50 4R R 207% .293% 1 258% , B 124 S E S R R, AR S2.S10 1 S12 /Y K, (B 431k 56.89
27.00 F140.65 wmol- L™ EHFE R 91.7% (43.5%F 65.5% sk, /K, {H5351H 327.30.576.67 F1380.07 L-mmol ' -s™" , J&:4F
AT 1.25.2.20 FIl 1.45 4% A LC P A Y | S8 A8 Tl 538 R 7 R AR 3 3 3 4R s o AR, 40 3l 0 SR = 4RSS R B 4
Brad R, ZE RGN Y DON 1% i T BE B8 45 4 U5 0 L 7 1 18 D0 R 80 O A2 SO A % e v 1 R 2 TR,
[ 2518 1 A58 1T &) 45 PCR 1 DNA shuffling AHES & 1958 ) A0 SRS 208 & T MKt 52 28 A 22 1 DepA (A AL IE I, 3L
Tl Ak R AR RS A

SRR ML TR R ; 2 L AT 5 43l ) A
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Enhanced catalytic activity of deoxynivalenol-degrading
enzyme DepA by directed evolution

LI Yue,CHI Huibing,NIU Jiafeng, MA Bin,ZHOU Huimin,ZHU Ping, LU Fengxia~

(College of Food Science and Technology ,Nanjing Agricultural University ,Nanjing 210095, China)

Abstract ; [ Objectives ] Deoxynivalenol ( DON) can be biotoxified by hydroxyl isomerization at the C3 position. DepA , a rate-limiting
enzyme , plays a critical role in the initial step of DON biotransformation ; however, its low enzymatic activity restricts its potential for
food and feed processing industrial application. To enhance its catalytic activity and improve its application potential, a directed
evolution approach to molecularly alter DepA and obtain mutants with highly improved activity was utilized. [ Methods ] The mutant
library was created using a mixture of error-prone PCR and DNA shuffling. After high-throughput screening, mutants with
significantly increased enzyme activity were described in terms of their enzymatic properties. Additionally, molecular dynamics
simulations and three-dimensional structure simulations were conducted in order to study the molecular mechanism behind the
improved catalytic activity of the mutant enzymes. [ Results ] The mutant enzymes S2,S10 and S12 were successfully screened , which
increased the specific activity by 207% ,293% and 258% compared with the wild type. The kinetic parameters results displayed that
the K, values of mutant enzymes S2,S10 and S12 were 56.89,27.00 and 40.65 wmol - L' | respectively, which depicted 91.7%,
/K, values were 327.30,576.67 and 380.07 L-mmol ™" -s™" , which were
1.25,2.20 and 1.45 folds higher than those of the wild type, and affinity and catalytic efficiency of the mutant enzyme were

43.5% and 65.5% of the wild type,respectively, while the £,
significantly improved compared with the wild type. Meanwhile,the results of molecular dynamics simulations and three-dimensional
structure simulations showed that the increased flexibility, shorter distance of the substrate DON and Asp304, increased hydrogen
bond, increased hydrophobicity and distal effects were the primary factors contributing to the increased enzymatic activity.
[ Conclusions ] The current investigation successfully enhanced the catalytic activity of deoxynivalenol-degrading enzyme DepA by
employing a directed evolution strategy with error-prone PCR and DNA shuffling, thus forming a foundation for potential industrial
application.
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B A B AR R R R D T S Bl ] AR ( deoxynivalenol, DON) A FRIKIEFE R, J2— | EZAF7E T/
& KREMERERSRMEYNEFEG R, HA MR 2w MR G 2045, X R 3h 4 14 fet B
P R A S DRI MR 75 2 095 e R 8 A I T R B 2 A s g A s

FI R, M 75 25 50 A W A ik O 12 4 22 DR TR, T LIGE S AR W e Ak s B B0, Hovh ) fE IR M G
( Devosia sp. ) KR 14 I 148 B ( PQQ) A M (1) s i 20 DepA (EC 1.1.1.5) BE%fL DON [ C3 i Fa 3L/
8 3 — Bl 5 — MOt A0 5 T TR I ( 3-keto-DON)) |, P8 dxk 30 i R ATH P P A P4 — A2 1 R B 152 ( NADPH ) M At
PEREBRA IR DepB/ AKR13B2/AKR6D1 ¥ 3-keto-DON 38 JiL, A5 i IG5 1Y 3 — 570 — I 480 5 5 e ) T 4 I
(3-epi-DON) , Bl C3 f A SA8 46" 3 J2 H A ik fe 0 3R 4019 DON AW #Efbik 42, Hih, DepA 1EH
DON AE Wt A 5 — 20 S SHE IR S , A7 A A 1 338 M AT g ) T, BRI 1 S B T B e ek o T 4 358 v 1)
N BT AR S A Rl (R BRI T R R B T N TR AR S, T LA ek K AR
APERE , S EEAY TA B PE S e )E TR AR AR B BT, AR B T MR AR A 5
Dy, n] P A8 58 AR PR SO, 3 1 v e e RS IR RE R Y L B TR L B 5 AR
MLIEAE R A FL T LA™ 32 T i 9 22 o fi Ak e 1k 1 el 3, i A 36 g IS0 e S5 1k R A RS 1 4
Ruan 255 i Sy 4% PCR X3k F HAK 27 BT i ( Bacillus licheniformis) R-53 (/)22 ZF B VE R B (EC 3.2.1.133)
AT 8 AL B T AL T | 2828 1R V296F/KA15T [ b il J1 4R iR EHF A TG 2.16 £, W4 g 2
W55, PCR SEIE T Thermococcus kodakarensis E@%%égﬁm@7kﬁ§@ﬁ( EC 3.2.1.14) E@ﬁifﬂﬁf{, ZE AR
A L538D X AT Ve I 65 22 220 LU i 1 a0 il = 1 50% 1 21% , B AT PETE NS \ SCRETER 22 2F — b
S £ /K, (B T 44% .27% . 84% 1 37% . EHT, A e B AU 2+ 2o 7 i i 0F 73 6
/B Zhu 2523 5 S A PCR G e 75 31— AN R 5 M R AL 3 R 25 VR Y Leifsonia T 420 6 58 735 ity
T100R/S148L, It izt i Bt BF A= 7Y il A1 5 AE B9 A AR 2548 87 T 100 (30 148 137 55 FEAE $2 i3 il A b 0%
EEeE Ty R OCHRAE T . SR R A0 i A DA DI i B 2R A 75 43 el el i SR 4GE

ARSI S TR & B, SRR T IR T G B K i B3 R A B DepA MOMEALIE PERCAC, M3 DepA
HIMEALTE PR AT 5T R 2 5% PCR BRI DNA shuffling % ARFHSS G 8977 15, % DepA #E47 & 16 4k, LI
ARATFAE AL TG P 0 0 1 1 AR A Il 0o 43T 301 ) 2 AU = A S5 B BT, 48590 58 2 A Tl e A 3 1
1R 43 TR oAy AR i 35 28 i B 8 1) 0 s P (A 0 A 4

1 #HEFE

1.1 FHRSIRF

%ifi% DepA ) DNA J¥3]( GenBank : KFL25551.1) £ %65 AL 5 1 FE 58 4 30 Fm A= W0 BH A RS 7
A, FIREAR pET-28a( +) JFUKL pET-28a( +)/DepA F1FiATE F Escherichia coli BL21( DE3) ¥ B 54
M K27l T ARSI = O, 5 W0 Hh ma ot e 0 g AR )RR BR A w6

FRIIPERXRR N VIR Nde | F1 BamH | WA TR 5 € BR RSL 04544 28 1] 52X Tag Mix ClonExpress Il One Step
Cloning Kit = 2H i | SR 4 U] & BB [N SOGR) & 0 T g st v MERE R IR A w) 5 RIREE 3R (Kan) Fil R
- FLE T (IPTG) W T3 R 3 5 28 | 5 HoAh i 30 - [ 25 48 B Akl A FRA F]
1.2 U H#E5iEHE

JYO8—TIL i 75 k2 40 JfL oy R ATLIE 1 77 0l 35 2 B A AN R WIF 5 9T 5 Centrifuge S804R ¥4 VR B3 Lo AL I 12 [
Eppendorf 23 F] ; UV=2450 £5M3 OB THIE T H A B H3 7] PTC-100 PCR U8 T 32 [ Bio-Rad Al
Pow Pac HC164-5052 & Hi %t HL 3k AU T35 [ Bio-Rad /A 7] 3 JS-380C 4= [ ShATHDS SR U AU T F i1
HRHEARAF,
1.3 REHE
1.3.1 5% PCR RIECEME L) pET-28a(+)/DepA T LH ki AR, Beit& A Nde | BN 5 (T %)
) 1 EUF5 149 (5 -AGCCATATGCACGCGGATGGTGCGGCGGC-3") fI A BamH 1 BN &5 (R RIZ) 19
TS # (5-TCGGATCCTTATTTCGCTTCCGGCAGCGCG-3") , 7E 3@ PCR S 4k & hfin A — & ¥k FE 1Y
dNTP Mg™* Fll Mn** ¥E47 50 5 BEPLIAAE . 4k PCR AR Z 1.0 mmol - L' dCTP, 1.0 mmol - L™" dTTP, ||
TUEG 145 2.0 pL, DNA B4R 1.0 pL, 2xTag PCR Mix 25.0 L, S-S IAAFIE (3.5.7 mmol - L™ ) Mg™
AR HE (0.4.0.5.0.6.0.7 mmol - L") Mo, B /5 LA TG ddH,0 M2 50.0 pl, HE 35 578 5 1 1 fie
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PR Mg™ Fl Mn™ SR EEIF AT 5 Z2BEMLEAS . 58 PCR &JF .94 C HZAE % 3 min; 94 CAS M 15 s,
58 CiH K 15 5,72 CHEMH 1 min,30 MEFF;72 CHEM S min, 20 g- L™ BUSHREE S UK KHIE PCR =4, Bt
FH DNA % mIGaF & ikt ratifk,, itk PCR P=IH Nde 1 F1 BamH T 35470V, BV BN H 19 7B
55 pET-28a(+) FIRFARIATELL, K E A=) s P55 AFGRTE £ E. coli BL21( DE3) J&RSZ 410, #5
55 50 pgemL ™" Kan [ LB 4,37 Cit s 3% 12~ 16 h, RIS BEPLIAAE SCIE
1.3.2 DNA X £H(DNA shuffling) RIELEME LIS 5 PCR %728 S i e R A AL 16 M e i 19 3 4
SR it 5L R AR, FH 8 PR ISR A WA T4, B SEAS DNA Bk BE TR A JF ) DNase 1T 4T RlAL A
Bifb, Wifb25fF :DNase I il 0.003 2 U-pL™",37 CIHAL 10 min, HALTERSG 95 CIMAA 10 min 28 1k,
B0 20 g- L7 B W58 I HE VK 96 3IF , 2 2% S 45 PCR 4fi4b 5 v B R /N 50 ~ 100 bp B9 F B 50 ~
100 bp FBe#bf7C5 14 PCR §7 48 | WA % .25 wL 50~ 100 bp B2 [EIF B, 25 pl 2xTag PCR Mixture 2%
MWK, G511 PCR 9B .94 °C 28 ME 3 min;94 °C7Z8ME 30 5,58 CIE 2k 30 s,72 °CZEfH 90 5,40 MEH;
72 CHEAH 10 min, FELATCH14) PCR 24k = W/ A, i 1.3.1 551493 75 M PCR SOW Y 3 2K
,PE Ak EUE B A 3 pET-28a( +) Fak kA, 4L 2 £3A816 F E. coli BL21 (DE3) , M58 28
X,
1.3.3 SEEMHIE M LB Kan Hrth-FAk EPE BT 2R 2] 96 FLIH R , F L5 600 pL LB( % 50
pg-mL ™' Kan) 55553 DA DepA 7 A= FRIVE Ry FHXT FR . 37 °C (200 remin '§55% 12 h J&5 K 50 pL B REEF
F 75— A 550 pL LB(#% 50 pg-mL™" Kan) [ 96 fLAR 1,37 °C 200 r-min™' ¥5F£ & Dy, ik 0.6, 1A IPTG
LRV 100 pg-mL™",16 °C 200 r-min~' 5555 16 h, BLOWERRAK, LA 200 wL 50 mmol - L™
Tris-HC1( pH7.0) 2% 6P, Ui 4 7% 1 1 7K 78 70 B 8L S5 8 - 80 C ¥R 37 CRlfi, =& Rk 3 1,5 000
remin~ B0 10 min J5 3RS E 15 RN SR BT 28 28 (A R FHL A

I 96 FLAR i 8 R U e AT AL 6 M B e A BH P 2 AR R, W L AT R R 8% 3%, e B O 3 P 4
= I R AT HEA T T
1.3.4 EERRIAMAGNL G EAEAEEEM LB 5553 (F 50 pg-mL ™" Kan) , 52K 5% 12~16 h, #% 1]
1% ARG RE 2 100 mL 559555 (5 50 pg-mL ™" Kan) 1, 595 % Dy ik 0.6~0.8 B, LA IPTG i
WPEZE 100 pg-mL™",16 CiFEFHTFR 16~20 h, BLOWHERKTE, 7 LIEW, H 50 mmol - L™ PBS ZZ il
(pH7.0) (o TR R 7853 F o, foff PR 75 A A% S ABE e 40 L Js P 5, 8500 i 1 380 P A e 3 3R D Ay AL il ¥R
TR DepA A His A2, (o FER AT 25 FZ AT X 7 A= R A8 AR R B EA 404k . FH Bradford 510 22 40 il
VR TR, A P - ot S PR B — 2R TN A TRR A B FEL UK ( SDS-PAGE ) 56 UE 5 SR g2 1 SR 5%
1.3.5 EEEMNE VAR 100 wmol - L™ DON 250 wmol-L™' 26— "4 &M ( DCIP) .50 wmol - L™
5—H LMy R BT R B G (PMS) L 100 wmol - L™ CaCl, 100 wmol « L™ i I 1 Wb R 12 ( PQQ) & 1.6 pumol - L™
DepA B ALK ,50 mmol - L™ Tris-HCI(pH7.0) #hFAK R & 300 pl,37 °C I 5 min, {48401 L4t
FEHETHC S B IR CAE Doy 250, TG R B 5 S FERG I 25 1F T, 43804 A8 2> 1 nmol DCIP )
fitg iRy 1B TS PR, BREETHE A S

R (AD, ~AD,,.. ) xdfxV, ’
by XEXV

oADK BN IR GAE  AD, 7S FUR BRI VR W GAE ; df i BEA 5 V, N IR BRI, v, oy
INABERARF 51, R KB R] 3k A @5 DCIP G R 5L
1.3.6 RTEHEFERNE 1) MEARIERN pH H & pH [EfaE M, 16 pH (H5.0~10.0 i, JHLL F 2%
PRSI pH {ELXT DepA 8 P FS2 IR« B IR S — 4N 4745 R 2% M (pH {8 5.0~7.0) \Tris-HCl 22 4 (pH {H
7.0~9.0) H &R - A E AL h (pH H 9.0~10.0) . AR G2 i il 45 1) I v WG M0 1009% , 3153041
Xof P 5 pH (B RS PRI WK 2l AL AR T RZE il T 4 C A TR 12 h, e 53R AR i s, DAAL 3
0 h FIREEETE N 100% , 5% A BEE

2) it A s 2 7 I B R R BE RS M o S R i B S« R B TS RIS (25~ 50 °C) R A7 i
A IS 0 R 1, DA [ 30 T A5 %) e i R 1R 100% , TT S ARG G 14 . IR BEAS e M (40 °C )l
FE NG ERRCE T 40 CHULIE 6 h, BEEIFE 1 h BUREI o il 1% 1 F SR AR & 1, DAL 3R O h B 54 100% , 11
AR TS
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3) Wi J1 2 SA I E 5 IR B LE S ~ 500 mmol - L™ Y S M) 3B, #E pH7.0.,37 °C il 4l
ALBE IS PE >R Lineweaver-Burk ¥, DU ik BE O I B B AR AR (1/[ S 1), S by 38 2 1) (81 880CH 9\ A b
(1/[v]) ,7E Origin 9.0 #AF R FEAT LA, LU E DepA B A= 8 Wi [ 2 78 1l 1) K TG 50 K A Ak o 4k
kcal{Eo
1.3.7 SFEhAFEIUNT SR T AR R S 52 AR A 1 SCPF ) AutoDock 4,217 B Sl
fitf PQQ K JIEH) DON HEAT X £, 345 70 1 2 Jy 2 B s SR B RL ) ] 23 7 3l ) 2 B B Desmond
2021.1" X Bp A= RUBEFN 2 A5 i S2_PQQ_DON . S10_PQQ_DON . S12_PQQ_DON & & ¥t A1 A , #h 5% X
V0 2 A, 8T opls i AR R AN ECAA 0 S BOCHE 4 2 A Wi —1> 1 nmx1 nmx1 nm
M TR &I FE K 47, T B s R iy ( simple point charge, SPC) #zCANF /K 40 F, Ry 1 i Y A= U g 1%
AR AR P R R I AGE S UEE ESF 150 mmol - L7 M2 - LUK BIBLHUA R 5 35 FR
Bi, RHHBE TR R BE i/ ME, B S HEFT 100 ps (1 NVP A NPT P , 76453 310.15 K F,
TRLSEAR 5 I TR] B A 0.1 ps, T ABA I H] BB B 2.0 ps, IR JIHEG B T B 1 bar, fH IR H
JEF#E4T 20 000 ps 8943 F 8 S 2B, >k A Origin 2023 51 4F 20 B 4 77 AR i 2% (root mean squared
deviation, RMSD) 4] 75 #R ik 7% ( root mean squared fluctuation , RMSF ) Sz X H#E 25 ( distance)

1.3.8 ZHEMEIMSH A PyMOL 2.4 B \F o3 Mo A8 iy e B Az 51 K 5 708 Tl 1 OC B S SR Ak 1) 2548
22 S MUY 5 982 g Z [l AH BAE T 224k
1.4 HIEREBESSITHH

AR A S P SR R B I E KB 3 AT IR, A R B B e bR e 22 R OR . WA AT

K F SPSS 17.0 B AFH B R 255 224041 (one-way ANOVA) ) Tukey’s K3 ( P<0.05) .

2 ZREHSH

2.1 5% PCR REXEHNTEEME

h4E PCR M WAK Z . 1.0 mmol - L™" dCTP . 1.0 mmol-L™" dTTP.3.00 mmol - L' Mg2+ .0.40 mmol - L™
Mn®* 54T 2 58 535 PCR, A 14 000 XANFeAL T 6 51 6 PRI PRS2 M A9 S AL MR, 3R 1 AT AR A
2-5G BTG R (322.79218.05) U-mL™" 2 EF/E R 2.86 £, ZRARNRIL KA 4 AL EILIL I A, 73 51k
GI17T T758C A772T F1 A1048C, Horh G117T ShJo LoAE , HiAt 3 ASTlEE 528 5| B2 1) 28 ZE MR 22 Ak 73 5] o
L1253P (S258C Fl1 K350Q, AR H G AR a1 2 5 S BTG M 240, 15278 1 2-6B . 2-7D Al 2-5G VE J#bitk
#E4T DNA shuffling ,

F1 SHEPCRARBURTHELEFERISEBRTN

Table 1 Amino acid changes and activities of mutants generated from error-prone PCR

Tit G/ (U-mL™") PR R e IR
Enzyme Activities Enhanced folds Base changes Amino acid changes
1 Wild type( WT) 112.83+6.56 1.00

2-6B 257.15+11.56" 2.28 C23T/A526G/C1615T/T1676C/A1460G/G222C  S176G/V559A/Y487C

2-7D 244.47+14.30" 2.17 T215C/G818T/A949T/A1194G/T1218C M72T/G273C/T317S
RAE  2-5G 322.79+18.05° 2.86 G117T/T758C/AT772T/A1048C 1253P/S258C/K349Q
Mutants  2-9F 182.67+12.63°¢ 1.62 T87C/A641C/A1199G N214T/Y400C

2-8H 191.36£11.06° 1.70 C248T/A668G/T1275A A83V/E223G

2-11C 212.57+12.78° 1.88 A137T/G997C/T1517G 461L/A333P/M506R

I RSV BAR AR /NG PR 257 B (P<0.05) . T,

Note ; Different letters in the same row mean significant difference at 0.05 level. The same as follows.
2.2 DNA shuffling REXER S IEE /%

PLGEARA 2-6B . 2-7D Fl 2-5G 1E A M 4T DNA shuffling, A 3 600 ZN564k T it i 5 BREETE I
PR S A AR 2 AT SRR S12 MG kA (458.01£4.57) U-mL™", JE B4 R 3.57 £%, 51
B IR AL G221V D252V . G273C  T317S Fll K349Q ., M H 1% k52 m A B, e $E 585 Wl S2 .10 Mz
S12 FE47 43 B Al ik B il 2 P T 7
2.3 REMmUMEZERMAR
2.3.1 RETEFH SDS-PAGE HIKIIE  Xf 48 2 $8 5) 4 PCR Fl 1 %8 DNA shuffling K75 /Y 542 /K S2.S10
1 S12 AT K BERRIR M oy g5 4lidl , xF alifh J5 58 A8 Bt A T SDS-PAGE 387, 25 3R WLIE 1, ARl 5 B A= A
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AT 43 i K/N—8, A SR 200 62x10°, 5 IS (HARST
% 2 DNA shuffling REEHEEER SEBRRT

Table 2 Amino acid changes and activities of mutant enzymes generated from DNA shuffling

it G/ (U mL™) PR LA fb AIMRAL
Enzyme Enzyme activities Enhanced folds ~ Base changes Amino acid changes
wT 127.99+1.45¢ 1.00
S2 330.62+14.28 2.58 C23T/G117T/C228T/A526G/G1569A/C161ST/TI676C  S175G/V559A/R539C
S1I0  453.87+0.06° 3.54 A526G/T542G/GIT9A/T1676C S175G/V559A/VI81G
. C99T/G117T/A471G/G662T/T542G/ C669T/AT55T/
;ffﬁk SI2 458.0124.57° 3.57 G818T/A949T/A1048C/ A1050G/A1194G/ ?;f;;/lgfgzw 6273¢/
utants T1218C/C1242T Q
S14  283.32+13.68° 2.21 GL17T/T215C/A949T M72T/D252V/T317S
S17  298.63+10.67° 2.33 C23T/G818T/T1676C G273C/V559A
232 RTEHBY&IERN pHE.BEEN pH{E.BE MO0 M 12 3 4
FREMME A4S ol ) N pH R I e 25 21 (& igg _
2-A) R, RALHEE S2.S10.,S12 5 W A= AU Y fc 3 S 75—
pH [, ¥k pH6.0, RAFFGHY pH (E A2 1 D E 45 00 W - G = Wy
_ 45
(1 2-B) WK, R ASH S2.S10.S12 5 B 4 3 7 N :
pH7.0 KSR BT 5 iy, 76 pH {H 6.0 ~7.0 B R 45 I 4
60% VA I (R AT R , 2828 A5 Ml i 1) e 3 2 g
pH {ELFN pH EARE 15—

R 7L ik ik s 07 Ui R A 2 5 2R (18 2-C) iR BE1 RETELMLSH SDS-PAGE Wil
2375 MfF S2 .S10.S12 55 A= B Y 3 I v 16 EEAH R, 2 Fig. 1 SDS-PAGE verification of purified
35 °C, ZEAERG IR BEAR E M (40 C) e 45 5% (K mutant enzymes
- D)iﬂ_‘ G2 A5 S10 {4525 5 T 07 A 0 i 5% 4 il M ARAETE H marker; VK8 1. BFAE R DepA ; Ukl 2., 2848

S2;VKkiE 3. 58ARE S10; VKA 4. 5348 S12,
M Standard protein marker;Lane 1:Wild type DepA ;Lane 2:

T 7E 40 CHALHE 2 h SR 60% LI L IR A TS
PE, 284 S2 . S12 Y #ES i Mk 357 b BT A AU il 25, Ul B

Mutant enzyme S2; Lane 3: Mutant enzyme S10; Lane 4: Mutant

SUIN 157
%/EX‘T,%&;F @75 ’ﬂﬂ enzyme S12.
A B 100 -
2 2
= 2
s 3 g3 ¥
o
= Lo
2 g £ 5 4
Ee ol
- =
= E T2 o2
& &
0 1 1 1 1 | 0 1 1 1 1 1 1 |
5 6 7 8 9 10
pH{H pH value
C 100 D
2 2
S £
cE W .
iH oo #H o
= £ %0 £
€5 w 25
B £s
Z 3
T E 2f =
& &
0 1 1 1 1 | 0 1 1 1 1 1 |
25 30 35 40 45 50 0 1 2 3 4 5 6
R /°C Temperature AbHEEF[E]/h - Treatment time

—=— WT; —e— S2; —— S10; —— SI12;

2 REEMPEFERTR
Fig.2 The enzymatic properties of mutant enzymes
AL Rl [ pH el Optimal reaction pH value; B. pH B fa 8 T pH value stability; C. I S TR Optimal reaction
temperature ; D. {5 BEFE M (40 °C ) Thermostability (40 °C ).
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233 REBmIHNFSHBNE RARNREE30 =S8N e 25 ] 3K 3, 5278/ S2.S10 F1 S12 /Y
FeI% 1435120 (2 503.33+32.15) U-mL™" (3 211.67+154.95) U-mL ™" F1(2 921.67+118.46) U-mL ™", & ¥4
A 3.07.3.93 F13.58 i, 2875 Hf S2.S10 F1 S12 Y K, {H 5510 56.89.27.00.,40.65 pwmol « L™ J& B A= 1Y

19 91.7% .43.5%F1 65.5% , UL F R AR H K (B FAS, 2 BB 5 )Y DON 1955 F1 ) 36 5 2 A8 g 2.,
S10 #1812 8y k_ /K A4 R 327.30.576.67 F1380.07 L-mmol ' +s™" B AL AU A 1.25.2.20 F1 1.45 £%,

AR A B i R W L TG T d iy
R3 RELBILENRINFESH

Table 3 Specific activity and Kinetic constants of mutant enzymes

i FeiG 71/ (U-mg™") K.,/ b /s keu/ Ky

Enzyme Specific activities (umol-L7") oo (Lemmol™'+s7")
wT 816.67+20.21¢ 62.02° 16.21° 261.37¢
RARK s2 2 503.33+32.15° 56.89" 18.62° 327.30°
Mutants S10 3 211.67£154.95 27.00¢ 15.57° 576.67°
S12 2921.67+118.46" 40.65° 15.45¢ 380.07"

24 RTEHBEAFERSHSFHLE
2.4.1 SFShAFEEM WE 3-A FiR . BARIALE 8 ns K FEM7, RMSD {8 2.25 A; i 2875 § S2.S10
N S12 WA R Y 5 8% 43 HIAE 1013 F1 13 ns AT 5 AN, 507 A TUAH H , 28725l S2 . S10 A1 S12 )
RMSD 435 FF 55 3 2.75 .3.60 F13.20 A, RMSD (1) )5 5 134 S 10 0 22 WA 28 A8 B A0 42 10 S Ts s im0 0 Heis
S eSS (3 3) B~ , A8 S2.S10 A1 S12 4 He i 7143 5l & B9 A4 FU 5Y 3.07.3.93 Fi1 3.58 £%, 5 RMSD
B AR f 28 SR — 2, 15d B S8 A8 i 0 23, R A AL TG PR3 =

W 3-B s E AR S2.S10.812 ) POISGY +e---- GTGF™ Z R MR 5% 3612 sh 1Y [ rh i LU Y A 75 o
o LR AR S2 7F Thr531 F Ser548 Ak LI K 5878 [ S10 11 S12 7 GIn539 F1 Val541 4L i) RMSF {EAH kb
P A AUIH . FTE BB B s s B e, ISGY e GTGF i T DepA A7GPEAL A5 fF T, XF DepA
FHEAL I PR AR A, 247 ISGY -+ -+ GTGF553DuiB’J H i BERA N, #HEE PQQ FIIKY) DON B4 5 E A DepA
TGP 148 i S AR AL TG 4 e

A 45T B 8N

401
35
30r
25F
2.0 LV
15F
1.0+

0.5r

0,0 1 1 1 1 0 1 1 1 1 1 ]
0 5 10 15 20 0 100 200 300 400 500 600

t/ns R A Residues
— WT; S2; — S10; — S12
B3 RmTEHHFREZE(RMSD,A) #75R3K% (RMSF,B)

Fig. 3 Root mean squared deviation( RMSD,A)and root mean squared

(=)

“ISGY -+ GTGF™'
ra

~

YT TE/A RMSF

¥ HR2/A RMSD

fluctuation ( RMSF ,B) of mutant enzymes

7E DepA f1L DON f#Z5 05 B rfr T PEAL S Asp304 75 1% 18k vh & 35 G5V | 2 5 R 1k 116 Bt
T g A E R AL PRI, BFSY Asp304 5JEH DON C3 v ¥ 2L (45 25 B4 DON 156 4%
VX B R S WS R 2 [ 25 A R S B AR RIS AR BRI DON 1Y S5 A% ik TR B 0 A &5 51 L
& 4, {EEPA AT Asp304 5JEY) DON C3 (i B2 MEE B R 1E 5.6 A BT, M9 28 Wi S2 Ay S M) 1 I it 2
2k 4.5 A 575 HE S10 I EY BRI B R EAE 3.7 ~4.3 A, ARG S12 R I IE B e 2 e 3.2~
4.3 A FWILE DON & AE AL N I, 275 i S2.S10 Fll S12 S W AAK 28 A4 JE ) 1 T3 HE 25 4 Fb B A LA /)N
PRI, B2 5 e AR IR N, 978 Wi I T2 2 12 280 (36 3) Wb, 5878 i S2.,S10 1 S12 1 K, 432 B
AR 91.72% \43.53% F1 65.54% , 5 U B AR A AT, Ud BH 228 il 5 RS 40 %) 2 R H 360, (A5 Ak
TEPEREE



756 3]

U PN T

CEYE S

242 RTHMHP=HEWEUSHT Wit 2
PRIT A5 B A 18 MR8 55 04 4 F AL, 254
A HT a7 S2.S10 1 S12 5 EF4E A DepA )
FIEMRTREE Asp304 5IEY) DON C3 fi IR R
B, SR E 5 Fros . R AR R % R R
Asp304 54 DON C3 iR FEMEEE N 6.4 A
MIAE 278 il S2.S10 A1 S12 v % HE B 43 51 b 4
BEM6.1.3.8 Al 4.2 A X 55y 3 J1 2R
SRR B (B 4) i PIESE T R
TACHE B 1 4 o T AR R S 0 R L I B R
AT AR v Y S LA

T3 A3 HT IR 5 ) B Al S B S i 1R 22 [
FHEAEH I AR Ak, 32F— 20 43 #1035 1 42 5
AR, X228 Bl S2 & S10 HEA7 45 Ky 43 #r &

L O

Asp304

Asp304
WT S2

E 5

JEBHERS/A Distance

A

() é 1I0 15 20
t/ns
7E 30 ns T FH A FEB P EEE Asp304 5K
DON C3 #EH IS
Fig.4 Distance between the Asp304 and C3 hydroxyl group

E 4

of the substrate DON for mutants during 30 ns

molecular dynamics simulation

DON W

Asp304 DON
S10 S12

R At

Asp304

7£ PyMoL #=#lf Asp304 54 DON C3 (L2 E

Fig. 5 Distance between Asp304 and C3 hydroxyl group of the substrate DON during PyMoL simulation
B, ST E PO BT 175 (7 ZUHEIR i 22 2R 9872 T ARG , E AR AL 3838 AR R IR
DON K4 3-keto-DON HE H 1 P38 38 (1) 2 8] Az BELUS /N Rl S175G Hh FR i i 23 R in 1 3 kv

B K , T3 8 T R A AR ReR Y
A RIS Phed05 2 [8] (5 /K 7 FHTH 2%, (R )2
AMEIN T Y5 Leu549 22 [] By B /K A0 B AE
FH(E 6-A—C) , Bi K HH B A F 1 38 558 {58 A8
fity S2 F1 S10 W] LUBE 445 & 9, AT 32 /=
SIRYIEM I R AR B 12 B
(#3),S2 F1S10 W K,, 435S A1) 91.72%
H143.53% , A BB A RIS B3 & . BKAE
FH 338 5 2 28 AF i S2 A1 S10 AL S PR E5 Y
JRHZ—

X 5 AE M S12 MEATEE RIS HT K BR, 44 T
TR BT T Y 349 v 2 3 R PR R R 28 AR
R BN G , GIn349 5% DON Y i & 45
g, HAMNERL T IRY S Gln349 MY SAEVER . 1t
Hh KPS GInl91 Z 0] 1 A B4R FIH 2% B2
WANE I T WS Tyr192 22 1] i A 8 VE .
[, AR J5 , 2R 2% T IR A Phed05 (1) 51 7K AH
AR, BAMEIN TIEY S Leul24 F1 Leu549
B KA EAEFH (B 6-D), Hi K& R
Leul24 Leud06 FI Leu549 T i (14 55 7K W 4% i
iKY DON K774 3-keto-DON B 25 5 i i /K
HAE , B E EE YR, S12 1Y K, R AR

% - ’
g By
Leu406

.

AN

\ ] 2 \“ f)
6 7E PyMoL &l R EF £ B R R TEFRE RO L E

Fig. 6 Active center comparison among wild type and mutant

L Gmo
~ .

enzymes during PyMoL simulation
A—D BFAE T Je 2845 il S2,S10 1 S12 Wild type and mutant enzymes
82,510 and S12.
T L SV B R R FOR B U BUK A BV E S R FOR
The hydrogen bonds formed are shown by the yellow dashed line,and the

hydrophobic interactions formed are shown by the green dashed line.



a4l 2R, A R T A BOR B R Xk B R AR RS DepA HOHEAL T TE 757

(14 65.54% , 1E & L2820 I, 5 I 36 A 0 38, o HC A A SR A9 B a1 L /K A PRI 0 10 5 1
TR AR Tl S12 AL TE MR = i R 22—

LR AT R, 278G S2.S10 il S12 Hh kA AR AR V559A \R539C V181G, G221V D252V |
G273C I T317S BEEG GO 10 A R0 f T i 5 0 5 | S A A v P4 e . eI Y s A
P R A G I o A SR VR R M 45 A WL AN RS 25 G () RE il ey o 3% 3l 3ok 7 R — 3 3 )
26 5 TG MR i R A AT 7 A SR AR T | A 1 0 SR A A b R O R A Y TR g 5%
AR I8 B IR 0 IS B MU W 45 A T A8, S BE % S B e B O B IR R T 2 A RE Y B
R 350 S A I A R R v SR T S2.S10 T S12 AL TR Ak f IR 22 —

3 WS

FEAE Tl A =gl )32 B, LA AR TGP AR e Pk (0 B S 3 TS Tl Ak A F= e Y #e R
P TR MR PR T e iy AR o W e A M RE A E T B, SR, B TR B
BT BRI T iS5 F I REZ I A 56 21, BRI T =z i M2 R, 2 M AS 32 26 254
AR BR ] , 38 e 5 ) A o B TL ) 2 A8 {37 aki M 5728 SO, R At e B i A PR REAR (IS T BT PRI I 2 d B AR Y
AR T BB Y il T RE SR WS 2 — . BN, Tang %561 38 5 2 42 5 45 PCR Xt % 6 i A0 CHFDH
(EC 1.17.1.10) #4752 m1 84k, IARAS U BEAS TG 5 4 A5 5828 4k M2, 38 17 = Tl i 1w . R
TRt T S 8 11 3 i A AR DG HRGE , R G Tk B 28 A 75 0 1) 43 2 T, 6D P 40 1 R DA A DG G
AAHFE XS X BE 2R B DepA AL TS PEARAY ()R, 38 50 S fF PCR F1 DNA shuffling AH45 G 19 715
Xof FEIE AT R | e O e B Ak T M o v 0 28 AR Il S2,.S10 AT S12,

T PO T o AL D 2 R 3 e T O 0 B R S AT B RS A R R S B X 4R
K H 55 PCR XHOER A (EC 4.1.99.25) #4770 F it , D 28 28 B i fHE AL 16 M4 & T 3.79 %, 2%
PG B0, S ARSI MR O RN B, i T 2828 B A AL 16 . 59 41, Cllifron 25144 38 3of 58 4 4iE
fifi (staggered extension process, StEP ) ¥ ¥ L M i S (EC 4.2.1.91) A TR , 38 55 4544 73 B S o+
Bl ) AR K IS AE B A S M 25 AR TR VS AR, SCEL T AR TR AR . ARBFIT R
IS it P T v 5 R S B K A B R N, I DON 145 G 127 ) 3-keto-DON ) BE T
WG AT, NI = T B AL TG PR AN 533l ) A48 (9 IS 40 S A OB B8 (2 A i Ak R 1
HESH, FERIEE TRV R FERY P EEEEAY Tyro8 5590 Y P TR B 3 e Bt 420l 1) it e B
B K S E AR NES A RE D) R G R R AR A R — 2 B0 R TR I TOHE B 5 Ak
TR FL DG 2R, 2878 il 10 S 0 TBOHE B 4 A B T m LA 1 . PR AR5 45 6 47 30 ) 24
PR = A ZE AU AT, HE 7R T 5 AR B AL 6 PR B 5 i 23 - WL, ok R Ll s i S B 4 T A8

B TGO BGOSR AR A TR LEORTE S 1 B AR B 0 WF 58 A DT Bk T D e )
TE B IR T A5 ISR 5 | AZEAR S ol S EEFIAR Ak . = SR AR A E A | DU 2R 25 ) E BT RS
D e 2 T 4 P Af TR AT A A 3K B 2 AR — B AN S Xt e v e SRR A A A 3k e — e Sy R AR ) it
RERI RS Jrak 00 Gu USRI R A 1) 2 A el B G S R A 7 s, e BRI S T P PO Y 2R A L34A
L137V 7552 BT AP 4 $ e 0 [ s 0 Sl 2 58 e 7 AR I 1, 3 O A% 8 LA P vty J s i 2R 1 5
TRERAE T RANTE . ASBFST & I S R4 A R DepA FOMEALTEPE | 245 5 045 v T 60 i A T35 P 2 L
TR IR

Zi b, L 55 PCR Ml DNA shuffling FHZ5 G 197 %, RTS8 B U1 3RAT T BTG 1 5 25 4 s 10 22 A2 il
S2.S10 #1812, H: He i 77 B A= B4 4R i 1 207% (293 % F1 258 % , WA, 3 B 5 A% g (1) JiE ) 5 T R
AR B R . T B 1 E RN = AR ZS AR A 4R R 8 AR 5 R R RS N IS DON i) ik i
BIAR SR M A R g K A s DT R LR R A E . AR SRR R < 1) AL SR W e A B R PIX
R MR DepA HOMEILTE M S TOlb W AR L T S 2R

2% 3Lk References:

[1] Chen Y,Kistler H C,Ma Z H. Fusarium graminearum trichothecene mycotoxins : biosynthesis, regulation,, and management[ J]. Annual Review

of Phytopathology,2019,57.15-39.



758 [T S S A N S S 4 547 %
[2] Khaneghah A M,Martins L. M,von Hertwig A M, et al. Deoxynivalenol and its masked forms: characteristics, incidence , control and fate during

[10]

[11]

[12]

[13]

[14]

[15]

[16]

17]
18]
19]
20]

— — o/

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

wheat and wheat based products processing:a review[ J]. Trends in Food Science & Technology,2018,71:13-24.

Mishra S, Dixit S, Dwivedi P D, et al. Influence of temperature and pH on the degradation of deoxynivalenol ( DON) in aqueous medium:
comparative cytotoxicity of DON and degraded product[J]. Food Additives & Contaminants Part A : Chemistry, Analysis, Control , Exposure &
Risk Assessment,2014,31(1) :121-131.

Sumarah M W. The deoxynivalenol challenge[ J]. Journal of Agricultural and Food Chemistry,2022,70(31) :9619-9624.

Juraschek L. M, Kappenberg A, Amelung W. Mycotoxins in soil and environment[ J|. The Science of the Total Environment,2022,814;152425.
Chlebicz A, Slizewska K. In vitro detoxification of aflatoxin B, , deoxynivalenol , fumonisins, T-2 toxin and zearalenone by probiotic bacteria from
genus Lactobacillus and Saccharomyces cerevisiae yeast[ J]. Probiotics and Antimicrobial Proteins,2020,12(1) :289-301.

Sobrova P, Adam V, Vasatkova A et al. Deoxynivalenol and its toxicity[ J]. Interdisciplinary Toxicology,2010,3(3) :94-99.

B TR W, KR 2 A R LR BT TR (0] B T, 2023 ,44(9) < 1-7.

Luo H Y,Zhang H H, Yao B. Research progress of vomitoxin hiodegradation mechanism[ J]. Feed Industry,2023,44(9) ;:1-7(in Chinese with
English abstract) .

ARANZE, SR DB AP, 2. LR D BRI 2 T I R S R ] B e A B A I 2441, 2023, 14(6) :90-99.

Lin R Q,Wu S T,Yu D N,et al. Research progress on detoxification technology of deoxynivalenol[J]. Journal of Food Safety & Quality,2023,
14(6) :90-99(in Chinese with English abstract).

Carere J,Hassan Y 1, Lepp D, et al. The identification of DepB:an enzyme responsible for the final detoxification step in the deoxynivalenol
epimerization pathway in Devosia mutans 17-2-E-8[ J]. Frontiers in Microbiology,2018,9:1573.

Carere J, Hassan Y I, Lepp D, et al. The enzymatic detoxification of the mycotoxin deoxynivalenol: identification of DepA from the DON
epimerization pathway[ J]. Microbial Biotechnology,2018,11(6) :1106-1111.

He W J,Shi M M, Yang P, et al. A quinone-dependent dehydrogenase and two NADPH-dependent aldo/keto reductases detoxify deoxynivalenol
in wheat via epimerization in a Devosia strain[ J]. Food Chemistry,2020,321;126703.

da Silva Amatto I V,da Rosa-Garzon N G, de Oliveira Simdes F A et al. Enzyme engineering and its industrial applications[ J]. Biotechnology
and Applied Biochemistry,2022,69(2) :389-409.

M3, RS a2 S A TR  E RS (D). AR TR, 2019,35(10) : 1843-1856.

Qu G,Zhu T,Jiang Y Y et al. Protein engineering ; from directed evolution to computational design[ J]. Chinese Journal of Biotechnology,2019,
35(10) ;1843—1856( in Chinese with English abstract).

AL R, kB, 55, 8 I EARAE R ST TR TP R FTE R [ T] . A A9 ,2022,3(6) : 1081-1108.

Qi Y P,Zhu J,Zhang K, et al. Recent development of directed evolution in protein engineering[ J]. Synthetic Biology Journal,2022,3(6) :1081—
1108(in Chinese with English abstract).

Lin-Goerke J L, Robbins D J, Burczak J D. PCR-based random mutagenesis using manganese and reduced dNTP concentration [ J].
BioTechniques, 1997,23(3) :409-412.

Arnold F H. Engineering enzymes for non-aqueous solvents[ J]. Trends in Biotechnology,1990,8(9) :244-249.

Cadwell R C,Joyce G F. Randomization of genes by PCR mutagenesis| J|. PCR Methods and Applications,1992,2(1) :28-33.
Stephanopoulos G. Metabolic engineering by genome shuffling[ J]. Nature Biotechnology,2002,20:666—-668.

Ruan Y Q,Zhang R Z,Xu Y. Directed evolution of maltogenic amylase from Bacillus licheniformis R-53 ; enhancing activity and thermostability
improves bread quality and extends shelf life[ J]. Food Chemistry,2022,381:132222.

R, AR S AR, B4 PCR BT i v AR 1 IR 65 22 /K Ak e TK-PUL AR MR BFTE[J]. B Tl Bk, 2022,43(18) : 130-136.
Zeng J,Guo J J, Yuan L. Research on improving the catalytic activity of thermoacidophilic type Il pullulan hydrolase TK-PUL by error-prone
PCR[J]. Science and Technology of Food Industry,2022,43(18) :130—136(in Chinese with English abstract).

Zhu L,Song Y, Chang C C,et al. Engineering Leifsonia alcohol dehydrogenase for thermostability and catalytic efficiency by enhancing subunit
interactions[ J |. ChemBioChem,2021,22(22) ;:3178-3183.

Goodsell D S, Morris G M, Olson A J. Automated docking of flexible ligands: applications of AutoDock[J]. Journal of Molecular Recognition,
1996,9(1) :1-5.

Morris G M, Huey R, Lindstrom W, et al. AutoDock4 and AutoDockTools4 ; automated docking with selective receptor flexibility[ J]. Journal of
Computational Chemistry,2009,30(16) :2785-2791.

Bowers K J,Sacerdoti F D, Salmon J K, et al. Scalable algorithms for molecular dynamics simulations on commodity clusters[ C]//Proceedings of
the 2006 ACM/IEEE conference on Supercomputing-SC’06. November 11-17,2006. Tampa, Florida; ACM Press, 2006 ;84.

Ahmad B,Saeed A, Castrosanto M A et al. Identification of natural marine compounds as potential inhibitors of CDK2 using molecular docking
and molecular dynamics simulation approach[ J]. Journal of Biomolecular Structure & Dynamics,2023,41(17) :8506-8516.

Wu K, Yang Z J,Meng X G,et al. Engineering an alcohol dehydrogenase with enhanced activity and stereoselectivity toward diaryl ketones:
reduction of steric hindrance and change of the stereocontrol element[ J]. Catalysis Science & Technology,2020,10(6) ;1650-1660.

Yang H,Yan R X,Li Y,et al. Structure-function analysis of a quinone-dependent dehydrogenase capable of deoxynivalenol detoxification[ J ].
Journal of Agricultural and Food Chemistry,2022,70(22) :6764-6774.

Zhang S Y,Sun L Z,Dong L, et al. Targeted regulation of pulsed electric field( PEF ) treatment on responsive amino acids based on the molecular



55 4 3] 2R, A R T A BOR B R Xk B R AR RS DepA HOHEAL T TE 759

[30]

[31]

[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[44]

[45]

[46]

[47]

dynamic simulation[ J]. Innovative Food Science & Emerging Technologies,2022,82:103197.

Qiu S,Xu S Y,Li S F,et al. Fluorescence-based screening for engineered aldo-keto reductase KmAKR with improved catalytic performance and
extended substrate scope[ J]. Biotechnology Journal,2021,16(9) :e2100130.

Gonzélez-Duarte R A, Atrian S. Protein engineering of Drosophila alcohol dehydrogenase. The hydroxyl group of Tyr'*? is involved in the active
site of the enzyme[ J]. FEBS Letters,1992,308(3) :235-239.

Creaser E H,Murali C,Britt K A. Protein engineering of alcohol dehydrogenases,effects of amino acid changes at positions 93 and 48 of yeast
ADHI1[J]. Protein Engineering, Design and Selection,1990,3(6) ;523-526.

Sandholu A S, Mujawar S P, Ramakrishnan K, et al. Structural studies on 10-hydroxygeraniol dehydrogenase:a novel linear substrate-specific
dehydrogenase from Catharanthus roseus[ J]. Proteins,2020,88(9) :1197-1206.

Gu J,Xu Y,Nie Y. Role of distal sites in enzyme engineering[ J]. Biotechnology Advances,2023,63:108094.

Gu J,Sim B R, Li J R, et al. Evolutionary coupling-inspired engineering of alcohol dehydrogenase reveals the influence of distant sites on its
catalytic efficiency for stereospecific synthesis of chiral alcohols[ J]. Computational and Structural Biotechnology Journal ,2021,19 :5864-5873.
Wang X Y, Zhang X B,Peng C,et al. D3DistalMutation:a database to explore the effect of distal mutations on enzyme activity[ J]. Journal of
Chemical Information and Modeling,2021,61(5) :2499-2508.

Zhu J X,Wang ] X,Han W W et al. Neural relational inference to learn long-range allosteric interactions in proteins from molecular dynamics
simulations[ J ]. Nature Communications,2022,13,1661.

Choi ] M,Han S S,Kim H S. Industrial applications of enzyme biocatalysis; current status and future aspects[ J]. Biotechnology Advances,
2015,33(7) :1443-1454.

Cukuroglu E, Engin H B, Gursoy A, et al. Hot spots in protein-protein interfaces; towards drug discovery [ J]. Progress in Biophysics and
Molecular Biology,2014,116(2/3) :165-173.

Erdemir A, Mutlu O. Functional and structural characterization of the pentapeptide insertion of Theileria annulata lactate dehydrogenase by site-
directed mutagenesis , comparative modeling and molecular dynamics simulations[ J]. Journal of Molecular Graphics and Modelling,2017,74 .
344-351.

Tang C D,Zhang Z H,Shi H L, et al. Directed evolution of formate dehydrogenase and its application in the biosynthesis of L-phenylglycine from
phenylglyoxylic acid[ J]. Molecular Catalysis,2021,513:111666.

Yang G,Miton C M, Tokuriki N. A mechanistic view of enzyme evolution[ J]. Protein Science,2020,29(8) ;1724-1747.

XuL S,Li T T,Huo Z Y, et al. Directed evolution improves the enzymatic synthesis of L-5-hydroxytryptophan by an engineered tryptophan
synthase[ J]. Applied Biochemistry and Biotechnology,2021,193(10) :3407-3417.

Clifton B E, Kaczmarski J A, Carr P D, et al. Evolution of cyclohexadienyl dehydratase from an ancestral solute-binding protein[ J ]. Nature
Chemical Biology,2018,14(6) :542-547.

ZRHRHE XY RREEE, 55, BT 40 1 3 1 E R VmoLac R4 5 ME IR WM AL IR PE R BB DR ST [ J ], 3 S5 2 RE AL 2 2 4, 2021,
42(8):2518-2528.

Li C C,Liu M H,Han J R, et al. Theoretical study of the catalytic activity of VmoLac non-specific substrates based on molecular dynamics
simulations[ J|. Chemical Journal of Chinese Universities,2021,42(8) :2518—-2528(in Chinese with English abstract) .

Wang X X,Ma Q Y, Shen J,et al. Application fields, positions, and bioinformatic mining of non-active sites:a mini-review [ J |. Frontiers in
Chemistry,2021,9:661008.

Karamitros C S, Murray K, Winemiller B, et al. Leveraging intrinsic flexibility to engineer enhanced enzyme catalytic activity[ J]. Proc Natl Acad

Sci USA,2022,119(23) :e2118979119.

RIEHE LT H



