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Abstract: [Background] D(—)-tartaric acid is a non-natural organic acid, which has great
application potential in health care products, food, and tumor drug synthesis. At present,
D(—)-tartaric acid is produced from cis-epoxysuccinic acid (ESH) hydrolyzed by
cis-epoxysuccinic acid hydrolase [CESH(D)] through biotransformation. This method is simple
and mild but has bottleneck problems such as low enzyme conversion efficiency of CESH(D).
[Objective] To improve the enzyme activity, temperature, and pH stability of CESH(D) through
genetic engineering. [Methods] Directional evolution and semi-rational design were used to
modify CESH(D) in vitro to screen out forward mutants with high throughput. Then the
enzymatic properties were studied, including the enzyme activity, the influence of temperature
and pH on the catalytic efficiency of the enzyme, the temperature and pH stability of the
enzyme, and enzymatic kinetics analysis. Finally, the primary mechanism of mutation sites
affecting catalytic activity was analyzed using molecular docking. [Results] Four positive
mutants L231P/N226S, V771, DI83E, and T223S were screened out. The specific enzyme
activity of the four mutants was increased by 2.2, 1.6, 1.5, and 1.4 folds of the wild-type
enzyme, respectively. The temperature stability and pH stability of L231P/N226S mutant were
significantly higher as compared with the wild-type CESH(D), and its catalytic activity was
1.6 folds at 55 °C, and 1.2 folds at pH 6.0 as compared with the wild-type enzyme, respectively.
Kinetic analysis showed that the affinity of L231P/N226S mutant and T223S mutant to ESH
substrates was significantly increased, with K, values of 20 mmol/L and 21 mmol/L,
respectively, which were 18% and 16% lower than that of the wild-type enzyme, respectively.
Finally, the results of molecular docking showed that the mutated site promoted the interaction
between enzyme and substrate mainly by changing the substrate binding pocket, thus affecting
enzyme activity. [Conclusion] Through experiments, CESH(D) mutants with good temperature
and pH stability and significantly improved catalytic activity were obtained. The mechanism of
mutation site affecting enzyme activity is preliminarily analyzed in this research, which lays a
foundation to study the relationship between the structure and function of CESH(D) and its
further improvement.

Keywords: cis-epoxysuccinic acid hydrolase; D(—)-tartaric acid; directed evolution; semi-rational
design
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D(-)-i#5 1 BRTE A SR Fvh o3 A &g /b HL i
BAK, Jovkam 4R BOL Talkfkk =t AP
THE Y R SR E g B R b, A IR T
R 5 R 15 R SR =) goniofufurone .
R AR IR M ISV 5 . C2 AR )
A . D) A PRI F A 7 T2
Py A3, R I 2R 4R B 1R K A it
[cis-epoxysuccinic acid hydrolase, CESH(D)]7/K
e i = I S8 3R FH R (cis-epoxysuccinic acid, ESH)
Ao

I TR 435 3 R /K it T T 34 S AL K i
BER G 51, M4 CESH ASIA] py B Ak, wf
PLKE ESH 7 A4S /K i S S [ 44 78 A T
M1, CESH(L)REMEML ESH A= i L(+)-H AR,
il CESH(D)W AEf# Ak ESH 2 i D(—)-1 A1 182 .

Cui 255 1 X2k [ HAE4R [C 1 (Bordetella
sp.) BK-52 f CESH(D) I3 [ 7 ¥ 21 Bk 14
(Rhodococcus opacus)) CESH(L) = 5t 70t
KB, [FIFELL ESH MY, KX CESH(D)E /1
A CESH(L)FY 12%, P31t /NF CESH(L),
T2 D)~ A BRI A2 77 AS K & T L(+)-18
AR, BRI T D(-)-i A BRTE B 24 46 T el )
B . B, X CESH(D)#E4T 4> F A 424 2k
W M ) IRTTEE R E M RE R R
T D(—)-T0 A0 R AR W 7 A B i 2 it T 1Y
[m) L

AR R S 1) 2R A2 A 2 B 151
Felg, Sciti CESH(D)EE ARSI+ ekits , i ik
JHHE R VR Z A Mo W, i) CESH(D)H
FIABEHL G AR 1 B AL 5 A8 SO, 45550+
X TR LR AR 5 T Btk BUE AR R
PRI S AL SO, ik IR A pH AR
SEVEGE TG 7B e B 2B A 3% FE R K A
By, DL g gF — 20 3 v i i Tl 1 i {E 2E
SE e

1 MR5r%

1.1 #sd
1.1.1 B HRFA R

KW A R 518 F B Escherichia coli
BL21(DE3). %if&fE 3@ E. coli DHS5a., JiTki
pET-28a(+) ¥ i A 5 55 = ff {7 ; H 4 ik
pET-28a(+)-CESH(D) H A S 56 % 44 # N R-AT
1.1.2 FER AR

Tag DNA Polymerase. QuickCut Dpn 1,
dTTP A1 dCTP, % HEAWHARAT)ARA
H]; Phanta Max Super-Fidelity DNA Polymerase,
ML MERE AR WA IR w5 S ER A 35 30
BRAN, B A EYI IR A BR A H] 5 PCR 25
AR, AL RBEAE ARG BRA R ; I
K Be i G 15 00 F BT R W) 58 o

WALAR TR IR G %, U SRR A PR
A ; QPix HAEM i e R G, K450 T (F )
AR ZAHb AT WAt JUemI (i)
A RA A GG EE L, CATEAR
v R AR AL, TR R R AR S
WA
1.2 RTEGHIE @ik
1.2.1 5% PCR BI5|4i& it R i 1

PLSZIG EARAF IR A Bordetella sp. BK-52
f) CESH(D)fF N 5 4% PCR Bt , GenBank % 53
54 EU053208 . it b #5149 ER-PCR-F

(5'-GGAATTCCATATGATGACTCGAACCAAGT
TG-3")A1 7514 ER-PCR-R (5-CCGGATCCT

TAGTTGCTAATACCCAGAATTT-3"), 54l PCR
FWARZ (50 pL): MgCl, (25 mmol/L) 10 pL,

dTTP/dCTP (25 mmol/L) 2 pL, 10xTag buffer
5 uL, JFki pET-28a(+)-CESH(D)Ei# 1 pL, 5|
) ER-PCR-F #1 ER-PCR-R (10 mmol/L)#& 1 pL,

dNTP Mix (2.5 mmol/L) 8 uL., Tag DNA polymerase
(5 U/uL) 0.25 uL, FEMZFR FmA Mo ff i B 1K
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PGEF 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 mmol/L,
FHl ddH,0 %M 50 pL.

PCR JZ W 451F: 94 °C 3 min; 94 °C 30 s,
56 °C 30 s, 72 °C 1 min 20 s, 30 PEH;
72 °C 10 min; 4 °C{R¥E. PCR =it 1%H)
TR W B s FL UK S DR R, P e 255
FF ik — 2 38 2 W iff o SRR
1.2.2 FEMIREXERIEE

AT B U &k, W e B R
K ¥ (megaprimer PCR of whole plasmid,
MEGAWHOP)! Sfe #4) # Bl AL 28 75 S, S 345
VEJ7 A HOH B 28 2058, AR b 5 11
PEREE . TE RO AR Z e A 5 | ) R 72 1 L
f(5:1. 3:1. 20:1, 15:1. 10:1), ¥R
5, B PR 4 T B IR 4 358

MEGAWHOP JZ I {& & (50 pL): Ji ki
pET-28a(+)-CESH(D)# 4 (50 ng/uL) 0.5 pL, %
i CESH(D)ZE A | Bt (megaprimer) (50 ng/uL)7>
WA 2.5, 1.5, 10, 7.5F15.0 uL, dNTP Mix
(10 mmol/L) 1 uL., Phanta Max Super-Fidelity DNA
Polymerase (1 U/uL) 1 pL, 2xDNA polymerase
buffer 25 pL, i ddH,0 #M2E 50 uL, PCR JZJif
ZA%: 68 °C 5 min; 95 °C 3 min; 95 °C 30 s,
72 °C 4 min 30 s, 30 MEH; 72 °C 10 min;
4 °CIR i -

PCR /=¥t )fs, mA 1 pL
QuickCut Dpn 1, PCR {{#E 37 °CF VI 1k
BN BRL 3 ho BEYI Wi O Bk A
% E. coli BL21(DE3)EaZ A 40!,

123 MHRTHRMIFESRERSBEEHIE

PR G AR SCPEH B BRI 7e b Je 5 A7 A= 7Y
SEREAE X ER, A LB WIAR IR (E
50 ug/mL RAREE ) 96 FLANMIES FR (B 1,
B 300 pL/AL)H, 37 °C. 220 r/min ¥R % 55

213 h AEfi o BUSO pl # 1 IO A SRS
LB HiFER(% 50 pg/mL RIREE R, 2%FLbH,
0.25 mol/L JIil =X ¥ 4= 3% FA R L 8M) i 96 L 41 il
Bi i (i 2, #EWE 600 uL/fL)H, 37 °C,
220 r/min #E %555 10 h &4

o A SR R O AL R e i 7k 1. AR
2 LA 4 000 r/min B.0> 10 min J5 W HCEFLIK 5 pL
FIEW T AR, 2 25 uL 1% R B2
SR 10 pL 1 mol/L AR R VAT I (2L S v, Jinl
AZEWIK 2 MAK R 250 pL, # i fA ODaso
SR GI=R
1.3 KTEERIFIBMIZIT
1.3.1 Eg5EASFXIHE

LeDock &% 9% (1) 73 F X HE I A
B, XHEm RN, it LeDock #1444
fit /& ESH (PubChem CID: 2734802) 5% i 71k )
CESH(D) (PDB ID: 5ZUM)#EFT PN 2z,
] UCSF Chimera"“F1 WinCoot!" "% 6B (1) 3
XTI TS 30T, it SICIARRE RS SA L
N CESH(D)H T 2 5L BR 7 1 -
132 HENEMRT R RTREREE

%} Strum 1 PoPMuSiC!' 144 ) CESH(D)
S0 YT R A AR L (AAG) 4 R T 4
I, R R AR SR & B HAE(AG) TR 1
{75 7E GenBank %(#)% Hhifi it BLAST 54k
i %t CESH(D)#Y = — B E &R, ClustalW 31
Xt X B EE (A T 2 4 [ X A, kR
RAHETR 1) R SFHE
1.3.3  E S8R X EMEE TR

PLEE 4 JiioRL pET-28a(+)-CESH(D)/E k£
M, TESEFE 5B S b F)F NNK/MNN % i
FRIE1Y, TR E SR g AR,
P AR RN R A SO, SCREM TS S 3Rk Al
R 1.2.3,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



F RS € AT BE BT COE A S DR HA L 7K A i 1745

1.4 HERTHIZIT

R 4 B L 2 728 S8 T A i AR 5 A8 ST Y
TR LS AL, AT — Ll IS 4R R B K 1Y OF ) R AR
A, RN S S THPN A A, A 2Bk
PCR PO a4 A 248 1k, DLIASIE N 25 1
FEM .
1.5 RTEHFHEROAR
1.5.1 RTEMHFTIESHAK

B B A= B (wild type, WT)FIL V58 A5 T 4%
i3 LB 8535 50 pg/mL RIREZ)H,
37°C. 220 r/min #8755 35 & ODgoo 1 0.4-0.6,
IIAZHE N 0.2 mmol/L #Y IPTG, 30 °C,
220 r/min JRi% 1555 8 h, B EAEALRIE,
4 °C, 4000 r/min &.0> 20 min JTEFEAK, 20K
WIS, BRI 600 W, #8755 3 s, {58k
3s, &FETAERTE 9 min, 4 °C. 12 000 r/min
B0 30 min WAE VB, BIOMMESRR . B
2% Ni-agarose 19 2|2ifb HWW&EH, @i+ =k
FHE A TR 44 - 3R N s T g 4 J B UK (SDS-PAGE)
& HWE M CESH(D)W 4 FRME LR,
FH2% T =2 % 1 (Bradford :)'Ml %2 CESH(D)
A R
1,52 RETMIEBENERNESN

K CESH(D)ZK i I i =X 30 A B8 FH R &
B D()-TE A R A R U,
i B R e o € 7 0 VO R U KRR
PG 1 B SO AR AE R 1 umol VB A R
Jr e A ) T R P A TS B SR
EE i o

3 E WT RIS I AR [ (1) 3 ) 2% 2
B, FEAS R B B A2 5 30 R A IS ) v v b
IMAGEREW, T 37 °C. pH 7.5 &1 Nk
JZ v 8 min, 4 °C. 12 000 r/min &5.0> 10 min I
£ FUEW, WIE F VS WAE 480 nm Kb EEE
(ODys), >KH Lineweaver-Burk XUE|IEAEE 45

) Ko Fl koo () EPIHE SR 10, 15, 35,
50, 70. 90, 110, 130 #l 150 mmol/L, H:4-#k
JERE 3 AT
153 mEREMEREREMN

BUE B ALFER, 7E pH 7.5 B 244 F 439 F
4. 25,30, 37. 40, 45, 50, 55. 60 Fl 70 °C
S R, DA e BTG 05 SCR 100%,
PR BRI E 3 P17, BERV IR EEXT WT
FR I AR R 52

OIS G 20, 43 0 F RO [R] I
H 60 min, SRJG1E 37 °C, pH 7.5 B &1 F I E
Btp I, 0BT I P I B e
1.5.4 &i& pH 1 pH 2 EM

BUE AW, 15 37 °C&ME T 25T pH
40, 45, 50, 55, 60, 65, 7.0, 75,
8.0. 8.5, 9.0 Fl 9.5 S il fHTG , 55N
pH X WT FIOLH 5 AB A (1) 52 1 .

WS S2ERR, 351 F FARARR pH &4 F
% 60 min, RJ57E37°C. pH 7.5 BT
o7 7 ARG A B pH ARUE Pk
1.6 XTHEQWZREWEUE DT

@1k Chimera 1 WinCoot 2 {F it WT Fll
1E [n] 28 A% iff 19 25 (0] 25 4 A8 Ak, 4 I 43 by
CESH(D)fif§ M 5 1) A8 Ak 15 26 11 40 1 25 # ele A
PIHER .

2 HERE4M

21 KEMIRTXEMHEER
2.1.1 5k PCR £HHIRR

Syl PCR LI oL AR R R b Mn® Mk B
KA A3 2 A R H TGP S ) 4 A BE HIL 28
ARFERY 2B 1 R, RFEEREER Mn®
FREEA P 1 CESH(D)E:N . 4R Mn* ¥k
JFE i s R 2 S BO™ A I R A BT A B
BLGEAS SCE R AE (IR, SE AN BIAG R Y 0K
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bp

960

E1 AR Mo RET S PCR kB M:
DNA Marker; 1-6: 0.1, 0.2, 0.3. 0.4. 0.5.

0.6 mmol/L of Mn*"

Figure 1 Electrophoresis of error-prone PCR at
different Mn?>* concentrations. M: DNA Marker; 1-6:
0.1,0.2, 0.3, 0.4, 0.5, 0.6 mmol/L of Mn*".

BN TE R AR N CESH(D)YR R P4 H A
1-5 DR EER KA A, R TEN], XA
[FlHE Mn*" ) PCR F=9il e, ARG 45 5
PeFE Mn* ¥JE 0.5 mmol/L, #]LIfE CESH(D)
FER A b e 1-3 AN IERR 5L
2.1.2 MEHRLEXEREIL

MEGAWHOP 14 & 1) 5 41 Jit 7. pET-28a(+)-
CESH(D)YK JEZ) K 6.25 kb, K 2 45 B, 24
SRR 0 BB ol 10:1 A1 51 BF, B HER

M 1 2 3 4 5 M bp

bp

8000
4000
2000
1 500
1 000

B2 A REEFIRYSIFER 289 MEGAWHOP
HikE  M: DNA Marker; 1-5: S|4 HIRHR =
Z W51, 3:1, 20:1, 15:1, 10:1

Figure 2 MEGAWHOP electrophoresis  with
different proportions of primers and templates. M:
DNA Marker; 1-5: Ratio of primer to template
quantity were 5:1, 3:1, 20:1, 15:1, 10:1.

A5, T 10:1 250 T 1 B G 2570 58 R 3 b
Wi, DR, SEBZAME 1 1 550

¥ MEGAWHOP j=#)4: Dpn 184k )5 B2
8 N E. coli BL21I(DE3)E 2 5400, &4 T4t
PP, FRAFBEMLIS AR SCPE, FEZSIR 1x10°,
22 KEMIRTXERTFEGE RS

KT e i, X CESH(D)
BEHLZEAS SCRER) A i e 55 B 96 FLAL, it
5 500 PNRAS, 153 24 N IE R RASK, HEE
i e ) heatmap U1 3 Fr7s (K HEUE A Aago 1

B3 96 FLRAGE LAY heatmap

Figure 3 Heatmap of enzyme activity screening in 96-well plates.
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WOBfE, A8, B9, C10, D11 il E12 KAl
W, E1 A H2 R WROGAE I 45 s i A, BV
TEAL R FT Re A i 4 /55 A9 1E ) 282844

X RIS AT 0, RASAE T 25 mL
PERE SRR IR AN, 5K Y K E R £l
B o =1 D0 [ = .o o1 O S R v 2 o - X e £ S
W15 ATS A P2 e I 28 A8 IR T T DNA Iy o 45 SR 4n
PR RIS R, HEBR TG X RA A,
RARPE 1-2 MAMRGERDE, HRAZ
FETUAL B B s A4, 150 BH T A A A 1) BB
7 SC PR L SO o e A o
2.3 RRTHFEARMABIERE
2.3.1 ZFHIER R

Fl BLAST # /4% PDB & 1 %4k b 54k
) 7 Fp 5 CESH(D) A R E AT, 4
% 3NOS5. 2Y7D. 3C6C. 3CHV ., 3E02.
3FAS il 3LOT. fH ClustalW B {E#EAT Hexd 43
Mr, R —Ss SR e RSP, a1 P22,
H47. H49 FIN140 55 ; —SEa LRI = B IR ST
), UE40. Q52. D110 FIS118 %5, jXuufiy
Al figxt CESH(D)MF b h e B L, 1E
T SRAME A SN B A5 SR, AR 5 i U
TR, fE 5 SLRE BRI R S8 AR 7 5 B 23 ikt T

x1 BEHNRTEODRTHRELEERINFEE
#ZR

Table 1 Catalytic activity and sequencing results
of random mutation forward mutants

Mutation ~ Mutated base Mutated Catalytic relative
site amino acid activity (%)

77 GTT-ATT V771 160.0

223 ACC—-TCC T223S 137.5

226 AAC—AGC N226S 145.0

231 CTA—-CCA 1L231A 135.0

DL WT AL 6 1 100%: 7E 37 °C. pH 7.5 54 F WT
Y LL TS 24 30 U/mg

The catalytic activity of WT was set at 100%: Specific
enzyme activity of WT at 37 °C, pH 7.5 was 30 U/mg.

2.3.2 BESE{ASFATIE
BB A ESH A1 2% 574k i9 CESH(D)i#EA 743

TrHE, RWE 4A FiR. BERYIZSEEIE
IR AR AT E s A 4%, XTIRY)
A=) 14 0 HE AR HORS i F 2  s im B), A
IEEHC CESH(D) P BERLIA SA LA HIA T2
JEFRZ 5 R11, E14. H47. H49, T82. L83,
P113, D115, Y138, 1162, W164, L1838,
E190, C225 il K227, HEBRMASFIEE IR,
Wi L83, 1162, L188 Fl C225 1F K& M il
AR, W 4B s

B4 IMXHEWEAKS CESHD)H D FIHIZFARENE S ORERTEERB) TEE
Figure 4 Schematic diagram of CESH(D) molecular docking (A) and substrate binding pocket non-conserved

amino acids (B).
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233 HEHEBRT
EARMATTIE A HAE AG BEAREE
PR EESHTY, EHRABGM AG B AR
TR, NIFRIIZ AR R T &S E A iR
M HRAE AG B, WUEBHZ R AR F
BEEBMERE

Strum A1 PoPMuSiC 313 HLA L 7 2%
Rk 2 R, He E9. N262 1 P22 R {R~F
PEZ LR, Dong ZEP7%F %t CESH(D)E§fEALAL
HIBFsE 2B, D115, E190, R11 1 E9 25
AL Y B AL IR . HEBR Rk &k
N Ja, B G32. E128. D183, D193 H
L231 1B N E s AR A2 AR 1
24 TELIBFARTCERTFIE

R 5 1) A 4 SR R 207 b 4 LA R AL
R AR LS R, YEPEG32, V77, L83, EI28,
1162, D183, L1883, D193, €225, T223. N226
L2311 12 ML TR 248 . 3R 3 JRoR
T SRR S I OE 1 O e A5 R, S AR
L188. D183 Fl L231 #RIRMF I IE m] RASLE

F2 BRTREBAEN

Table 2 Selection of pseudo-mutant amino acids

Tool Site Amino acid Rosetta value

Strum 9 E —6.01
183 D -3.32
190 E -3.2
193 D —4.39
231 L —4.31
262 N —5.68

PoPMuSiC 22 P -2.1
32 G -5.7
115 D -5.6
128 E —4.5
183 D -3.1
285 E -3.3

Rosetta {8 A& H H fE AG (kcal/mol)ZE 1L
Rosetta value is the change of folding free energy AG

(kcal/mol).

* 3 TERIEMERRETHRELETERNFEE
ZR

Table 3 Catalytic activity and sequencing results
of site-specific saturated dominant mutants

Mutation Mutated base  Mutated Catalytic
site amino acid  relative
activity (%)

77 GTT—ATT V771 160.0
183 GAC—-GAG DI83E 148.0
183 GAC—-GGG DI183G 125.0
188 CTG—ATG L188M 124.0
223 ACC—TCC T223S 137.5
226 AAC—AGC  N226S 145.0
231 CTA—CCA L231P 156.0
231 CTA—-GCG  L231A 135.0

B, VEICHEE £ o d ok B ) SR AR A TR
SESLHG s I HAK LI L83 BT R AR 4 S 3k
GRS, W L83 X CESH(D)AF Ak i%
PHAEEZE X,
25 HERTIRITHER

R Tk — 20 v K B A R R K iR
CESH(D)RIEALIE 1, BEEUEE FEFA4E B CESH(D)
BB EWZRARN S V771, DIS3E. L231P
I N226S FATH A o 278 AL A AH A 1Y I L 25 2R
(£ HKI, L231P Fl N226S WA 5 20 4 i}
MG 4 de o 3, M WT B9 2.2 4% 1 V771,
D183E 5 H A7 5 415 B i 1% $2 FH ORI A
AR, RARBLHR &AL A B Y, AT RESE
M T4 A R AR I 2 ™ 4% 2 L e AR K
RN 1 B 9% AR R 5 58 AR AR 2 8] A AR AE —
SE MBSO P, R AR 4k S50 3 R AR )
HAEMW,
26 RTHFHFRMARER
2.6.1 BREIRIEEHAHER

M4 1.5.1 Fikiift WT MZE48{k L231P/
N226S. V771, DIS3E Fil T223S My 3%k,
WA BRI R e R R,
SDS-PAGE #5& H 5 1 CESH(D)Y 4 F i &
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F4 HERTHRBELFNE 2.6.2 BERFIFEDIER
Table 4 Catalytic activity of the combined mutants %5 BR T WT HISSARR T B S R 2E
Mutation site Mutated amino acid acci:ili}t];i(z 0;e)lative % , Fﬁ‘ﬁ % ﬁ 1ZIS5< d_ ESH E':J % ’ﬂﬁ (ﬁ'lﬁ i@% ﬂ: WT.
231/226 L231P/N226S 223 H. L231P/N226S i fbis s WT #2155 2 £51U4 I
231/226/77 L231P/N226S/V771 162 2 BHONE (F SHERDR, RAEK
77/226 V77I/N226S 150

H ANH 0 o/ .
7183 VITDIS3E 138 PET;, Ko fEAHEE WT 20 FIFEAR T 18%F1 16%;
183/231 DIS3E/L231P 155 T223S [ kea/ K (HT 572 WT B9 1.9, 1.4, 1.3

1.3 1%,

BEALE (& 5A). CESHDYERMIFRTAIE 2,63 2EN CESHD)RTAEEER M
PERIE, EALAAET EERY, EAXKNY SOV EEXT CESH(D)f i 20 I (K] 6A)

32 kDa, 7B KRMFRIXTE S WT EEA 5, FH], RAK DIS3E MG EL 43 °C, &
HLG W@ T Ni-agarose 4lifLJ5, CESH(D)  WT Y 40 °CRYA $£5, 50 °CHf D183E KRB

Y1 32 kDa Ab BB — 4507, Al IRF] 95%LL T WT By 1.2 %, T Hth 58 728 4 (%) el Yk e

AT TR 2R 5 B (] 5B). FEAS TR RN EE TR A G 5 WT J6 B 2 2500

A kDa 1 M 2 3 4 M 5 Bxpa M1 2 3 45

40

32
25

&5 E4E CESHD)ERERTIRAYEEERA)FIZELERB)AI SDS-PAGE Z5R M. H[IIEHIYL Marker;
1-5: 75K L231P/N226S. V771, WT. DI183E #l T223S

Figure 5 SDS-PAGE results of crude enzyme solution (A) and purified protein (B) of WT and its mutants.
M: Protein non-pre-staining Marker; 1—5: Mutants L231P/N226S, V771, WT, D183E and T223S.

x5 HHEE CESHD)MZRTIKMILEEE RN N FESH

Table 5 Specific enzyme activity and kinetic parameters of WT and each mutant

Mutant Mutation site K, (mmol/L) ke (s kea! Ky (mmol/(L-s)) Specific activity (U/mg)
WT 24.5+0.30 18.40+1.23  0.75+0.05 30.20+1.68
L231P/N226S 231/226 20.0+0.20 27.80+2.06  1.39+0.10 67.35+2.50
V771 77 25.0+0.25 26.12+2.54 1.05+0.11 48.32+1.55
DI83E 183 25.740.15 23.50+1.38  0.95+0.18 43.70+1.17
T223S 223 20.6+0.21 20.12+1.15  0.97+0.06 41.5242.03
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TR R IF S 5 SR & 6B iR T A WS B 988K L231P/N226S 4fifiti i 43 51 T
BEAEf T 50 °CHEE 1 h )5 BRG M BLE FrE,  pH 6.0, 6.1, 6.2, 6.3, 6.5 KNI TG, 45
{HZ AR L231P/N226S Fil DIS3E Wy Er: (& 8)W/RZ AR L231P/N226S 1 H5if [ i
¥AEPETE, 55 CHERIAREE S5 WT R pHIHEN 6.2,

1.7 f5H0 1.5 £%, pH Fatirima LUK 7B, RAIK
2.6.4 pH X CESH(D)3 2 (K 5% B89 21 L231P/N226S X iR I B85 i 37 77 W 5ity F oAt 58

pH SMFFE(E 7A)ERM, RAEK VTTI, ASRF WT, pH 4.0 (RIARTEE & WT 19 1.2 £,
D183E Fil T223S Myl i pH 5 WT A, SRR pH R WT FIRL, HR%E

B0 6.5, JeAE Ak L231P/N226S (Rl pH AT A8fk V771 Fl T223S MOREMERTE T WT Bk
FA, 290 6.2, H pH 6.0 BfHYFIAEEE - WT A FFE, {H7E pH 5.0-9.0 W BE NI A B 71y

1245, BoR T —EFEEE TN R YERE . Fal o M
Ag B
2
o 120 —WT “E; 120
z 100 —~-L231P/N2268 g 1007
6 80 1 == V??l 2 g 80 —
a § — DIS3E g < WT
E 60 \— T2238 S 2 60r  — L231P/N226S
S g0f : 22 4 il
5 o R —~DIS3E
g 207 : g 200 712238 N
2 0 - 5 0
&"3 0 10 20 30 40 50 60 70 80 3 0 10 20 30 40 50 60 70 80
Temperature (°C) Temperature (°C)

6 REXNFLERE CESHD)RRTMELFARREEIFME A SR EHE 2. B: i
JEE o T AR P ) W

Figure 6 Effects of temperature on catalytic activity and stability of WT and mutants. A: The effect of
reaction temperature on enzyme activity. B: Effect of temperature on enzyme stability.

A _ B

§ ]

2120 E 120

5 100 3 100

(5] L~

g 30 S 80

E 60 S 2 60 —WT

S ——L231P/N226S 23 ——L231P/N226S

5 40 V77l o 5 40 V771

3 > & —~DI83E

g 20 ~DIS3E = 20

g / ks . —~T2238

2 35 45 55 65 75 85 95 e 30 40 50 60 70 80 9.0 100 11.0 120
pH pH

7 pHXMEHAZR CESHD)RRXRTIKELFDRIBEMRIZM  A: & pH XEEREN. B: pH
X i A R T A9 52 )

Figure 7 Effect of pH on catalytic activity and stability of WT and mutants. A: The effect of pH on enzyme
activity. B: Influence of pH on enzyme stability.
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bty
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6.0 6.1 62 63 64 65 6.6
pH

B8 pH XRZ{R L231P/N226S 14 E I E N

Figure 8 Effect of pH on catalytic activity of
mutant L231P/N2268S.
2.7 REMEAM=HEWERUS DR

F F] Chimera B {F W0 25 4% 58 48 oL /5 7
CESH(D)H 25 [a] 43 A o B, KB L83 i ;S i
G PE R DRI, V77, T223. N226 1 1231
L RN A A A4S, 1 D183 i S g
HEALTE P PO

2.7.1 L231P/N226S &5 4

WLEE 231 3w S AB T Ja 245 (B 9) R BE,
{37 /5 _F ) Leu 22484 Pro, 1M Pro 1T H & A9
W ot RS AL T HL AT BN S R R B, =
FORAT 528 [ B R R FEAERY, IF H R 5
231 (R SR EE A M ARAb Y C225 WA EAEH]
F19855 o 10 BAR T 226 37 5 28 A8 BiT IS B 45 #
254k, 226 37 55 FH Asn 275N Ser Ji M4k 3L A |
BRI AT AR I, T FLOR R — A
S35 K227 A EAER Ik

P Y 2848855 T S IR 45 & 484k
M) C225 K& K227 WfEM 1, Bk 1 8 Sl b sk
FEP MERA N, IFH. 231 A A R AR AR
Yy 3 N 7 1 2 TRl B R BRI, 40 SE K 38
B, ABTFIIRYIEA 4SS IR
WF 25 AR R IR S T A

9 BINNAS5RAESERNEREERTERE
Figure 9

A: ¥4 A CESH(D). B: 2874544 L231P
Interaction of site 231 with surrounding amino acids. A: Wild-type CESH(D). B: Mutant L231P.

E10 26 fim5EERERMBEEERTEE
Figure 10

A: BFAERI CESH(D). B: %7514k N226S
Interaction of site 226 with surrounding amino acids. A: Wild-type CESH(D). B: Mutant N226S.
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2.7.2  T223S D

WX EE 223 A7 s S HI S R 25 A (K] 11)
RIL, 223 i g Thr 22480 Ser J5, M%5E KL A
i/, 5 245V DL RJEW 4SS G 1148 Ak 1 5k 3
L 1881127 [i] iy AH H 1 FH ok 55 o

223 (s TIRYES G HASHIE R, Bl
TIRYISEE@IE F 1188, e N, I H. 231
AN A5 25 AR RS 38 i Jr 119 4 TR BELRAALR:
AR S O 2 S R e 40, A fH
B AL 76 PEAS I 5

BEn 23us5RAEaEREE/ERTER
Figure 11

2.7.3 L83 &0k

83 s AT AT S8 AL 25 P B 2R 0 , IR
AL X T CESH(D) H AL AL i B A 3 25 5
S WREE 83 v FE BT A= Y CESH(D)H Y 45 R 7
(& 12), L83 i T4 N4 Ly, IF
HiZ A B =Y iEE 1 loop X, T loop X ik
) A A T 2 o) JFC 40 3 P R 5 AR AR R Y Y
M 4 PR 83 57 st (AT i 8 AR S5 AR K )
SEA T ASH G2 R HE AR R 1 A7 i) 40 AR DA T S 25 i

A: WA CESH(D). B: %754 T223S
Interaction of site 223 with surrounding amino acids. A: Wild-type CESH(D). B: Mutant T223S.

12 83(USHEHLEE CESHD)THZEMNEER

A: JREESSH. B: BKPESE IR

Figure 12 Spatial location information of site 83 in wild-type CESH(D). A: Peptide chain structure. B:

Hydrophobicity results.
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2.7.4 V11 9

77 47 5 Val 28284 Tle J& , I i A A8 K,
smT — MR, S56TFAAT B IrEghit
By vae WA AR ek, I H 506 T AT
JHY a MEHELEM 5 A35 FI R39 & 8 AR 5.
YEF (& 13).

) 5 AR PR TG B2 5 1 S R T k5 AR
WAL R B a BRES B TR LA Z (R AH HAE
PN, 9% X BB A5 It e, ] RER
T AL LR H47 5 HoA SR A
HAERT, T O Y DR e PR
AT A AT A A5 4 i O LR o il A
AT PR B ML R 5 i — 20 i SE
2.7.5 DIS3E & 1h

Bl 14 J@/R T 83 Mz &, HAT
MR 13R1A, W Asp R4EH Glu J5, ZIEFRIK
PEAR L oA o MNEESE A AR I, $8m T —AN
FREEEH], 5 M176 BIAHEAE I J1TH %, 5 Q219
FIAEEAE ] 38 . BRI A i A AR T

s, i LHC G 72 52 Wi Wl A 15 2 A AL 1 7
IR RIS

3 WREER

DA PRTER S . BRI A 51T
W B E KNS . BTS2 E g
2, I CESH(D)H A Y Ak il 45 D(—)-
R A= AR, RN SRR AR, B AR A 4l
JER, HEA DO)-EABRM Tk A=, SR
A7 CESH(D) AR A B 77 K-l AR 52 R
D(—)-1F £ R A= 7™ oz v 32 31— BRI

AHFFE LASKIR T Bordetella sp. BK-52 I
REIEIAR K G CESH(D) MBFFE T4, it iE
] A B4 A2 BRI TSR g X CESH(D) Y
HEACTE AT el . A5 SRARH 4 AN IE 1) AR R
L231P/N226S. V771, DI83E #il T223S, fifk
MG AHAS WT Zp5lde 7 2.2, 1.6, 1.5 F
1.4 % o B R R 95 & PR AE /K L231P/N226S

13 77T s 5RRSEBRMNEEERRER
Figure 13

A: BRI CESH(D). B: R4 V771
Interaction of site 77 with surrounding amino acids. A: Wild-type CESH(D). B: Mutant V771.

14
Figure 14

183 L= S5 ERERMBEEERTEE

A: ¥4 % CESH(D). B: %875{& D183E
Interaction of site 183 with surrounding amino acids. A: Wild-type CESH(D). B: Mutant D183E.
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F1 DI83E 1% il B2 £ 1tk DL S R AR 4K L231P/
N226S Hl T223S 1 pH fa e AT WT #4
FRAER . B 1R R 4 AN IE [ AR K )
kea/ Ko TELA3 5002 WT B9 1.85, 1.40., 1.27 Al
1.30 i, #F—2UEB T HARSCR g . 8@
1 o3 R SE T B & 58 AR s CESH(D)
MEAL TS P SR R R AT T D B, R B I 4R
R B R ] B R R AR S BUR WA A 450
oA, NI S Y R A AR IR A
TV, A A RS

WIS TR pH RE ey . i
PR 1 BH B 2 = A AE 1) AR, SR L gE ]
DU T 25 6 3 2 A5 B 24, Al A
CAVER UL K433 71 2% (MD)RLAU S 6 1R
FI AR AR 25 4 43 AT 5 A48 i IS T I 0 45 6 3l 38 1 L
7ARME . SRR DU T 5 IR A
TERIREMARLSE, RIUEZ CESH(D)Z5H4-TkE
PR SCAE B, DAE— 25 ool oAb L il 2 e
YR T8 D(-)-T8 A R A Tl b o
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