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AAE DL, B & L PCRATDNATC 4% Pf 225 45 110 )7 1, 207 Dha A P4 25 Jis g H Pl E 19 /N, M8 & 5 a5 1
DhaAZ 45 14 (1le135Phe + Cys176Tyr + Val245Phe + Leu246lle + Tyr273Phe) ; ¥ DhaA K 3158 25 {4 44 4 7€ pET-28a % {4 -
Ji, TE Escherichia coli BL21 (DE3)Wh it A7 35, HAL itk Ja 1Y B A 0 5 28 AR U 78 B2 Ve I 5 ) A8 FB 1 L. Autodock
X R BN, KA G DhaAS I F AN G RE . 45 A ACE AN F B/ N F R A, 58 AR I AR LG
PEEEE T 1LAG%, 310 mg/mLIT T/ B B ff R 3R 18 10 20%. $UES SE M S 06 & L, DhaAZR AR AR AES0 COK IR h)m 5% Al
1R 76%, F BT A I DhaA$E 2 T19%. DhaAZS A8 (KT AH H56 °C, HIFAE HIDhaA$E & T6 °C. 2% I 3 2 28 Dha A P4
25 JE I S 11 8 AT DABR R Dha A #AGRR e M AT T A Ak . (B 382 £:10)
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Improvement in the thermostability and activity of DhaA against sulfur
mustard by multipoint mutagenesis

ZHAO Yuanzhong', ZHONG Jinyi"*, GUO Nan"?, DONG Zhiyang’ & LIN Jie’

'Research Institute of Chemical Defence, Beijing 102205, China
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Am In order to improve the thermostability and activity of DhaAs against sulfur mustard, we engineered DhaA
thermostability and activity against sulfur mustard by modification of residues in the access tunnel. A recombinant plasmid
pET28a-DhaA-Ile135Phe + Cys176Tyr + Val245Phe + Leu246lle + Tyr273Phe containing five mutant genes was constructed by
overlap extension PCR and seamless cloning. The recombinant vector was transformed into Escherichia coli BL21 (DE3). The
native and mutated DhaAs were separately expressed in E. coli BL21 (DE3). Both DhaAs were purified and characterized. The
mutated DhaA showed 1.4-fold higher catalytic efficiency than the native DhaA. Moreover, the degradation rate of 10 mg/mL
sulfur mustard increased by 20%. Thermostability analysis revealed that the relative activity after storing at 50 °C for 1 h was
76%, and was 19% higher than that of the native DhaA. Furthermore, melting temperature (7)) of the mutated DhaA was 56 °C,
which was 6 “C higher than that of the native DhaA. Analysis data of the molecular docking was matched with the experimental
result of the mutants. Therefore, engineering the access tunnels of DhaA is a feasible strategy to improve the thermostability and
activity against sulfur mustard.

T.@W@ multipoint mutagenesis; access tunnel; DhaA; sulfur mustard; catalytic activity; thermostability
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A2 1 92 4 T Dha A 7 B FF 1 1 2 340
FEHT T DhaAX I+ T LR A5 1. 45 R R W], DhaARE 7
FRE IR EN3T C. REpHHS6, K, %2.2 mmol/L,
MPIRIERTS me/mULATET U ff 4 T i580%, (BEE I T
U SR, W R WRIR, T T K IE M 10 me/
mL, [ fif K F49%. IS, DhaAs) 32 it 1 B 2 1,
RITRIE W29 °C, T, M50 C. I, BAHIEDha AR b vk
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= 4 & Dha A it i i 38 R RSP ELIL2,3-—H N
fi (TCP) | 1,2-— ¥ &% (EDB) | 1,2-— & & %e (DCE) #l
TN IS NG M MERE fi# 4T HL#) (Persistent Organic Pollution,
POPs) MJiE4". Jiri Damborsky%s % DhaA#E 47 & [t 4k, 77
T X TCPAE Ak TR 1 2 51 35 1Y 28 A8 {4 Cys176 Ty r FlT 4 = 8
5 W XUGE AL A Cys176 Tyr + Tyr273Phe, 728437 5 {32 T DhaA
PR IEE B L, T sl eE s R, Ok O
VAR E EEAER: (D) Z55IEY; (2) 4554
FERBIK; (3) BRI &R (4) BEARE. %28 AR R g5 /N T 1
P G KN, T 22 KAy - 3F A 1 Tt J5 X ik 1 T
SR PHI VR, $2  T Dha A {L TCPRR 1 45 B8 1 [z 07 # 5%
Ky, DN R 2 5 T % TCPA AR TG 2. i e I el 28 8 s 1
T AE A 2 I R 5k 3 S IRAT R 2 AR AR 4 T BE SR M

k k, Iy 1 ks - -1
E+RX =5 ERX =< E-RX= E.X".ROH ‘k_ E+X"'+ROH
ky 2 3 4

El1 DhaAfhH%id7e".

Fig. 1 Kinetic mechanism of DhaA .

E: Enzyme; RX: Substrate (halogenated alkane); E.RX: Enzyme-substrate
complex; E-R.X: Alkyl-enzyme intermediate; E.X"'.ROH: Enzyme-product
complex; X': Halide product; ROH: Alcohol product. k: Kinetic constant of

an individual catalytic step.

DhaA ik H 3 i b 2 5L R 40 B 4 11, 1le135. Cysl76.,
Val245, Leu246., Tyr273H KL T “I'1” MEH, EEE
38 I 56 B9 VE AT . Jiri Damborsky %5 gE — 4 DL XU AR
Cys176Tyr+Tyr273Phe’ty it} & B, X7 T3 11 Dl i e
R IAT MM, IR T2 A RERA R, Hp
DhaAZ 25 {4 (1le135Phe + Cysl176Tyr + Val245Phe + Leu246lle
+ Tyr273Phe) % TCPAYHE AL G 42 5 13243

U3 SCHk B T X Dha A$f 10738 38 X IR 2 4T e e adE
fb, A5 T2 A e PRI & 0 RAPE AR K, S Hr 450 &
B, R 2 AR A [R) A A 0 1 T3 G 46 /D, BN Tk A
At AKAVE R, T8 2K A FH AT LAJsE 2 2 S X 85 1 40 - 19 5
M), 350 2R PR e k.

24 Rk, DT 7SN E Y ) Dha ASE (M BT TR o0 R
TLARIE . I TR T K (KPR AR 0.7 g/L) , X5
TCPHY ¥ i A RL, DR P 2% pE 38 i Dha A 1F 4 C138 38 /455 K
PR, LIS 02 A8 PR I 7 S0 1 4 AN 3R e 1k

TELL ST B )R AT, AR5 e 2% Autodock
A AL Dha A B A= A5 A5 44 (11e135Phe + Cys176Tyr +
Val245Phe + Leu246lle + Tyr273Phe) 53S0 4>F X423
T, MR 2 B4 AL, IR P RS RBRINES 5 REAR
TBIE LR 2 2 AR IF PR Ak i v, JFadk—2 i@ it
S M PCRAIDNATCAE DI 45 5 7 vk, 22X 54 4
{7 05— MEF E fE DhaA I, #5860 58 AR (R IF F W B4 5F
PR R AR e, DM ST TS 2 T 1) S BR g .

I RERES 5]

L1 K348t

L1l Ekk, /AL B4 KRBT 1E %R k2R pET28a-DhaAfh
b E B2 B A ST T E At s Escherichia coli BL21 (DE3)
HIE. coli Trans-TUAZ 25 40 L F 4= 50 4 A A

L12 RXFE  DNABEME IR &, Bk DNA/INE fid Bt

23% BT 4 715

R A, WAL AR AL BB A R A .

1.1.3 TEfg Fast PfufR & B H 2 X 4 A F]; Exnase
MultiSIE |5 v MEBE A= ) BB A BR A ).

114 3KF Bl K R Bradford 8 (o e B I i 750 & 0 T A
TAYTRE (B BAOPABRA R RIBEZE (Kanamycin) 1
FI b 5t s DNAGY 57 i b v A A6 o = i A Bk
Al HD (213 =99%) H B il 58 e 4 it I Al k4350 3
RRELE

115 BE5RE LBE:FRIE (1 L) 5 g Bk, 10 gl FI, 10
g AL, INZEMKANET Ly LB SRR R4 FELBIIAR I 77
FrP A LS%E B K.

1.2 5 FX#ER I

1.2.1 2S5 Feyks  7EPDBEUE A7) F#iDhaA
1 78 HI DhaAZS 25 1 (1le135Phe + Cys176Tyr + Val245Phe +
Leu246lle + Tyr273Phe) 18 1454 (437110 1ICQW HI4FW6),
JHChimerafl B 25 25 4 1 22 42 B9 UL 1R RN o3 5, VE R 32
3.

122 BESFHESE I Chem3DHHHDR KA, /F
ol RE N

123 SF3EEERE EXHEN, SoH Autogrid B 3 4 BRI
ZARHATHE TR, AHOCS RO BT s A% T R/NE K T8 =53
MAOMISEITIR, AT HITRIRGE 0.5 A, B 3L Ay n] e s i | Ak
A S B A DG % 1l J5E 1 5 F AutoTools T EL /3L,

16 M FE Al 1, Fil Autodock 4.0F2 43 51 % e 44 1 32 {4
HEAT 4y FXHET R, XHER A SEOR B AT ga pop size
300, ga num evals 250 000, ga num generations 27 000, ga run
100, 48 2% 4.1 % F{ Lamarckian Genetic Algorithm.

1.3 DhaAR T LT

131 8RRE R ESIEMPCRADNAT 4 P45 6
M7 % JEA T Dha AZS S (R Fy . 15 i primer 505 F i1
19, BB A AL AL, 1T SR L

*1 PCR3|#1F 7]

Table 1 Oligonucleotides used as primers

514 Primer 5974 Primer sequence (5—3")

1 AAATGGGTCGCGGATCCGAATTCATGTCTGAAATCGG
CCAGGTCGGGAACGGACGGATGAACTCCAT
ATCCGTCCGTTCCCGACCTGGGATGAATGG
ACGGACGACGTATTTTGGCAGTGCGCCTTC
CTGCCAAAATACGTCGTCCGTCCACTGACC
GCGGGATGATAAAACCTGGGGTGCCCCAAAAC
CCAGGTTTTATCATCCCGCCGGCTGAAGCC
TTCCTGGAGGAAGTGCAGACCAGGGCCGAT
TGGTCTGCACTTCCTCCAGGAAGACAATCCG
TGCTCGAGTGCGGCCGCAAGCTTTCACAGGGCAGGCA

DhaA ¥ £ S 2225 5 A 1K2: (1) LLpET28a-DhaA ki
M, s 5ILL SR, 5193F04. 5195516, 519 THI8. 51919
FIO0ZEATPCRY 1S, PCRY MY S WAKR R IR )T 5% (4 F i
Beszgbdhm ) U, PR A A AR IS BE, A BliE
D.2.0.@.6&. 2)URFBED. DM, 514363k
frEFIEMIPCR, HEIAEGHBQO; LA B®@ ., @M,
B TR0 4T S M PCR, BRHAEFBEDO); DI B
QB . &AM, 51 3M10EFTHE & TfFPCR, 58 HE
HEQO®@DG.

O 0 3 N RN
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(=}
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Val245 Tyr273
Leu246

Mlel35  Cysl76

l PCRY"## PCR amplification

De—
| —
S m—

O] @ ® ® 6

lm%mNﬂPCR Overlap PCR

SpET-28a%k (3% 122
1 Connected to the pET-28a vector
Tyr273Phe

Ile135Phe Cys176Tyr Val245Phe
Leu246lle

pET-28a

E2 #EDhaART RIS E.
Fig. 2 Steps to construct mutated DhaA.

B4 5E U PCRP= W ik A 7 B g W Jie 2 72, O P A
I3 39 & [l i H A 4
1.3.2 BAHMEHIME i HExnase MultiSi#E41TDNAK TG
HEPHE, KR BO., FEQO@O5FRFEL I PCRY & F
& KR A pET-28ailF 17 = F BepE 4z, M d sl JFokn. S ik
FNEEAE A 1R 2 % Exnase MultiS{iff i 5t I 5.
1.3.3 #HURMFEIIE  PrE 858 E A Tk 54 A Toke
WHRE. coli Trans-T1H, I A5 PR 7 [, X B o [ 4% 5%
I 2 BUFOR EAT H TS PCRIEG IE i, 3% db st 3 Bl Bl A Wy 3
ARA R w0 . DU TG 1 S e i 4 SR P A R TR TR AR E.
coli BL21 (DE3)H1, —80 “CA .
1.4 DhaARTKHIFFRIAFOLEL
1.4.1 DhaARTHEAIFEFTRIEL B T-80 CHER L
1%45 B 1 2 P T 8 MR B2 50 pg/mL kanaf LBE; 52, 37
°C 200 r/minid ARG IR, 25 26 5450 pg/mL kanaf) LBR?
FEW AR, W RN T4y —, 37 °C 200 v/mindE 53 KR
T 1A ODgo fE 35 51 0.6-0.8, Jil A 2% 91 mmol/LIYIPTG, 16
CiFHEFER. B LA LET, 4 °C 6 000 r/minE[>10
min5 E1#E 3, {f I Buffer AT E 4N, 44 40 i 5 IR A
VKV H R 7 AT R A ST R R A (2 B R R R 20
kHz, S0NEEN, TAENFE]S s, [ BRI E]S s) , B A% 0 b i
R R, 4 °C 10 000 r/minfF-25.0510 mind -3, S8 HAEH
B R TR
1.4.2 MAEBRA4L PO E QWA @RS (FPLC) 4l
WCBEME A, AR R MEE S 7E 2i 4k it e i3 0.22 pumE e,
S28 i HisTrap HP % FlZ AT B A () Bufferdll . Buffer A%y
20 mmol/L Tris-HCI, 500 mmol/L NaCl, 20 mmol/L Bfmk, pH
7.5; Buffer B420 mmol/L Tris-HCI, 500 mmol/L NaCl, 500
mmol/LIKIE, pH 7.5. 4lifb.5¢ il Jo ¥4 W 48 1 B 9 78 1A ] Histrap
Desaltingflji £ & Buffer C (50 mmol/L Gly-NaOH, pH 8.6) #1,
Fimalifb )5, {4 FHSDS-PAGEH vk I H 9 85 1. I 2 vk
& HiBradford s i, BB E]4 CLAFE.
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1.5 DhaAR TR HIEE 14 RN E

1.5.1 DhaARTEMFFRMLFN  MHEEFHEMIL
42 Dha AT A UF Dha A AR AKX IF S0 16 M. R AR &R B
KBRS mL, 280 #70.1 mol/L HEPES, FINaOHi % pH
7.5, AU FE 1% Brij3s 5 10%A9 4 = i, 0.2 mg/mLEH
B, 2 mg/mLEYIF 1< 45 °CLZ 10 min, 784 W I 42 2 1B
A IR A ZAE ARG B, PA10 mindt 3 A SR K IR RO R ik R
Xt &, TR LT 77 (nmol min™ mg™) .

1.5.2 DhaARTEEIIFTFIMIMEME il Agilent 7890AF,
HH €8, 1% H 45 Dha A B A= 780 F Dha A% 28 R S 7] 9 B2 5% T30
R M % WA 2 AR T mL, 37 SR e B4 ik 2.
4.6, 8, 10 mg/mL, H.A47 5 W 43 1A]2.5.1. 5230 minji, i
A2 mL S B AL, fidf 1] Agilent 7890ASUAR (4315 AT 537
SRS R FIDAG N 2%, #6025 7 E 280 C, #EFER1 uL,
LS mL/min, JHEFEF40 CIHE£F]1 min, 30 °C/ minf|k
%200 °C, 14452 min, 30 °C/ minJ}iE 2280 C144F1 min.
1.5.3 DhaART{RHIEIB(ERRE TE30-60 °C ([H]ff@S5 C)
SR, DN E WIS FT, AR RE fea S0 T

1.5.4 DhaARTRKFIEpH  fEmGd R T, pHIEEE A
510014 )52 1w 28 v ( ForhpHAE 5.0-7.0F 1100 mmol/Li A7 452 iR —
TG IR 4N 2% P K, pHAE 7.0-9.0H 100 mmol/LAY Tris-HCIZE
&, pHE9.0-10.0f1100 mmol/LAY NaHCO,-NaOHZE vpift ) , #
FE FeidipH.

1.5.5 DhaAZRI{ERIHIEE ¥t Dha Ay 1 fll Dha A%
AR 4 B T30 °CL 40 °CL 50 C. 60 °C. 70 CKIBH
RYEINE, T5E F VK 15 min, 12 000 /ming.0>10 min, B &
T, AR A . I 5% (CD) WI%E0.3 mg/mLyk FE
DhaA T /{: % F1 Dha AZ€ 2% {4 78 2 7 T+ 45 44 7290 nm%]320
nmfYIIOE, ISR BA T,

1.5.6 DhaARTEMNNESEHNE I FEE S5
H2.4.6,8,10, 12 mmol/L, pHff 48.5, 40 CL&KFTF, Ml5E
Dha AZE A5 VA B IS 07 0400 338 8 v, LIS 4 e 88 AR 490 338 32 A 3L
BB 2k, 1157 DhaAZS A8 PR AR B2 7 1) oK PG 50K, (B RN B
K H BV, M.

2 RS

2.1 SFXEFER

Autodock 15 48l Dha A ¥ A= 8 5 58 AR PR X 5+ 7 S0 43
FRF LB RN FE 20 R, RAERI T FRNEEHE . 45a3%
NN 5 K38 /N T A R I Dha AZE A8 4 fiE % $2 8 %
TF TSI AL
2.2 DhaARTIRHIHEEFR

i FIPCRAYY™ 14 F B JiE PRI v, 5 5 738 057 p5 B 5 - B,
B AN 3T R, 2 S5 HEAT B T PCR,, i PRI 56 i P ]
4A, MO S PR AT A = s i DR 6 31 11 4 PRI 4B T 755

&2 AutodockiE I 4R
Table 2 The autodock simulation results

LEA SR DhaABf/f: 1 DhaAZe2fk  ZF{k{H
Binding constant DhaA wild type Mutated DhaA Variation
454 fig Binding energy -3.92 -4.37 0.45
Fi A% % Ligand efficiency -0.56 -0.62 0.06
P4 % %% Inhibition constant 1.33 0.62 0.71

(¢/mmol L™)
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Fig. 3 Electrophoresis analysis of PCR products of DhaA.

M: DNA marker; Lane 1-2: fragment of (D; Lane 3-4: fragment of 2); Lane
5-6: fragment of 3); Lane 7-8: fragment of @); Lane 9-10: fragment of (5.

A B

bpeM 12 3 4 bp L2 3

6000

500
200
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700
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E4 PCREHMIRAEME R RIXS M. (A) ML : DNAJH T T & 45
s 1-29L3E: HB@®); 3-44L1E, FB@®; (B) MfLifi: DNASY FJii i
bt s 1FLIE : 7 BEpET28a; 29Lif: HED; 3fLiE: HEQO@O..
Fig. 4 Electrophoresis analysis of PCR products of DhaA. A: M, DNA
marker; Lane 1-2, fragment of @@®); Lane 3-4, fragment of @®). B: M,
DNA marker; Lane 1, fragment of pET28a; Lane 2, fragment of (D); Lane 3,
fragment of Q@@ ®.

JC B PR 4 A HE 00 T AL TORL R AT I 5 IE, I A AR 3R
HISAN L s X TRy 5 28
2.3 DhaARTEFHRIEFLEL

FE A2 X 440 )5 (1 SDS-PAGEHL 3k 70 45 R L& S. % 31
136 x 10°4h Y 25155 TR AT 2k R T30 45 19 4 1 Fb— 3. A
GRS AR I IR P A AT M AR B SR A A 80%L I,
RUITTE TR B R A AR BSOS kA sifbEm&En, JF

M,/IOH’_I\_/[_ 1 2 3 4 5 6
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-

El5 DhaAZR R A F 4L ) SDS-PAGE.

Fig. 5 SDS-PAGE analysis of mutant DhaA.

M: protein marker; Lane 1-2: Crude cell extract; Lane 3-6: After His-tag
purification.

23% BT 4 717

T B 8 Bradford 8 - 5% vk 1 Y0 5 571 42 90 4 Dha A% 25
B & & A 10 mg/mL.

2.4 DhaAR T R EEZ %R

241 DhaARTHMFFBLES  WHOTR, E4 1
W0 min Ay B2 1 28 o B -0 E A, 7 H Dha A% A8
e s ] P 7 A S B H ) 5 T Dha A BT AR Y. 3153 il
(1 b 35 3 45 28 2B A I 7Y LT 14 H1 860 nmol min” mg 4
5311205 nmol min™ mg”, $255 T 1445

—— F1#R/Kf# Spontaneous hydrolysis

—=— DhaA¥f/:fiff DhaA wt A
—— DhaAZ%5fiff Mutated DhaA
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Fig. 6 Comparison of the catalytic actitity between the native and
mutated DhaA.

242 DhaARTEMAREIRET FRMMBEME N TEEES
R, 5 DhaATFAE B LA, Dha A% 25 1A AN [R) ik 5 1Y) JF T
SRR I v X R R IR T AR I i R Tk A
AL S, 310 mg/mLIF F AR R M A7% 2 = 511 63%,
T E20% (J&7) .

243 DhaARTHMHREERRE WESH/~, 7EpH 8.6/
Gly-NaOHZE ik 290, BE & 1R 1Y T, RASRM IF 10
T PR R 5, FE40 CHT S B i, S H R I8 BN IR
MR ETFRIS0 CLLUG, G E R .

244 DhaARTHRIFRIEpH  WNEIOFT R, T i S il B
N, S8 AR PR e 3 S N pH R 8.528 47 Tl 24 pH > 9 B, [iff7if 1
T %

2.4.5 DhaARTEMMIAEN LI L5 R XY, DhaAZ AL
IRYESO C T /KR hJE 58 4 S F76%, L4 H Dha A i
19%, WnEN0. 73 455 0] Dha AT SR T, (H }156 °CHLEF
A KIDha AR 6 °C, X1 B Dha AZE 75 IR ) #0R S 1 v T3
H: A DhaA.

24.6 DaARTUEMZIAZFSENE 2 AR EST 7
"FDhaAZE A5 PR B AR S0 0 B, DA ) e FEE R Ao 32 FEE AR 9l
XUEN A B 2 25 7 Dha A AR AR 8l f1 4408, WE R, 13
FI| Dha AZ& 75 (A il 412 52 1 A9 K G BK RN H5e KR W T,
439 °41.68 mmol/LF1683 pumol/L/min, DhaAZ& AR AR [ K, & Lt
WA= RUAY K {1 7)N0.52 mmol/L.

e a%w

¥4 7 () DhaAZs A5 14 (1le135Phe + Cysl76Tyr + Val245Phe
+ Leu246lle + Tyr273Phe) X571 MY I A e M H
P, FRUIRGMDhaA HE ) F3E I 9 57 K AFE 2 32 = Dha A Xf
IFF G MR AR E MR ORI, R — B IR R
CAVERERAMD4 53 ¥ 3l J) 5 AR I W o B, 1 i
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120.00
= [1#K/Kfi%# Spontaneous hydrolysis

100.00 = DhaA¥F/ERff DhaA wt

| » DhaA%¢7%fiff Mutated DhaA
80.00
60.00
40.00
20.00
O 4 6 8 10

T Mustard gas concentration (p/mg mL™")
El7 DhaARF AR MDhaAR BRI R EIREFTF FRMEMELE.

Fig. 7 Comparison of the degradation rate of sulfur mustard of different

1%

concentrations between the native and mutated DhaA.
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Fig. 8 Optimum temperature of mutated DhaA.
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Fig. 9 Optimum pH of mutated DhaA.
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Fig. 10 Comparison of the thermostability between the native and
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V: Reaction velocity, S: Substrate concentration.
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