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Abstract:  Arginine deiminase (ADI) has been studied as a potential anti-cancer agent for inhibiting arginine-auxotrophic
tumors (such as melanomas and hepatocellular carcinomas) in phase Il clinical trials. In this work, we studied the
molecular mechanism of arginine deiminase activity by site-directed mutagenesis. Three mutation sites, A128, H404 and
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1410, were introduced into wild-type ADI gene by QuikChange site-directed mutagenesis method, and four ADI mutants
M1 (A128T), M2 (H404R), M3 (1410L), and M4 (A128T, H404R) were obtained. The ADI mutants were individually
expressed in Escherichia coli BL21 (DE3), and the enzymatic properties of the purified mutant proteins were determined.
The results show that both A128T and H404R had enhanced optimum pH, higher activity and stability of ADI under
physiological condition (pH 7.4), as well as reduced Ky, value. This study provides an insight into the molecular mechanism
of the ADI activity, and also the experimental evidence for the rational protein evolution in the future.

Keywords: arginine deiminase, site-directed mutagenesis, protein purification, enzyme activity, optimal pH, anti-tumor

HH7, iFE (Hepatocellular carcinoma, HCC)
EL 28 1A T S L DL A e i 2 — o ek
4E294 600 000 44955 A A8 A 20 B i o S H AR 56
A FTRIZR KRN 18.39%~35.5% (£F10 7 N),
T AEH R Y% A A 2.1% (B 10 T3 N).
W9 B S T2 5 AT Gead iR )T HAE R 1
H 1~4 AW, @i FARIAIT HCC BURAE,
HARGSE %, B LI KR8 U7 2 —Fpa 7 e
TS, BT B, ADI ZEVR A
RS 22 R e B 754 e 4 L Y D&k, LR A A
AN ADI B L S S 1o ) AR 2 I X T
ANMLA LS, AT I IR Sl s R 2R 75 7 e 7
FAANM (W0 FERAniE . RIS rEK,
RN 30 I RPNE S-S LB | VTS = o 7 o )
T 28 PR ZEAG PR30 oK SR - B HA R A L ARG 2
M- % BT AR 15 A R,

UEAER, ADIE A B BIG U 250 A e R 52
TEENANE ZTF RIS IR TR g EM Y,
T3 R 2 A S [ RUBLAE B 4 4\ T R
ADI 1ERBUEZ M T R, & PEG
Bt 32 J5 A Mycoplasma Sk i i ADI H4H &
ADI-PEG-20, ) PEG fk 41 ¥ J5itA& ADI, T 1999
AR 2005 44159 SE R B S 2 i B)R) (FDA)
FIRRN 24 5 1R (EMEA) HHTEFE Ty 28 W 24
YR TIRI7 SRR HCC.  H A3 H XU
YR E ) ADI-PEG-20 7E3EEBEATES 111

B R S5 . ZERTHABRGE b, ARBIFSE 2 X Bkt 25
16 [ SR FL0 2 B 7 ADL 0 5 R BB i A
Pseudomonas plecoglossicida, i% ADI MR %
A, Hifwid pH 4 6.0, 75 Af&KA: 3 pH (7.35~7.45)
AT WS )R 5l S T RS 11 10%
FEAT IR R4 £ Bl LY — 2 T 5 TV ]
SEJTTRR IR b, L T AR 96 FLAR
IR, R 544 PCR Ay ADI 2878
SCPE, H 600 ZWRIEAERE R RAT T AR AR B
pH £ T HEIG 18Em 205 f58) ADI 245 Fk
M314 (A128T/H404R/1410L) 9. ADI 275 bk
M314 fyiiE pH o~ 6.5, #EFER ADI ByHsE
pH #2557 0.5 B0, 7EAE3E pH 4504 TR ARG
610 40% o 2 T ik — DR W] M314 Hh SCHEA
X S R 0 S R T R 5 ), A0 R FH R S 9878
PG TR R MO IV i Tl 5 M P 5 e L

TE R A RN RS S T RE 2 M
e X A A AL T-BEM  PCR N S S s 2 A
Wi R B g7z —U8 ) B, QuikChange
PCR 1k (PRskiE g4k sk fa o, HH
B R LAFRAR A JFORA AR, foff FH PR 4% & 9828 0 a0
(2 1) B ARG [T PCR 4718 H 3L, Hj=
Y S 2N IR TR, TR IR T AT 1 Y
B BRI LF-4 o AR ok, DRI, AT LAGE
1t Dpn T B4 P DIl R S AT ook, D) J 4k
T R 5 AR B TR, 2R AL K I AT OB = 3
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I AR BT, ADI 7481k M314
A7 ADL FEA PR pH A5/ TG 71 $E 20.5
fi, feid pH 3RS T 0.5 ANf, AE—28 T
M314 HREE ZHERR (57 % T g B2 AL
ARSI 1 78 s ARG T M314 1) 3 AR ir
A A128T. H404R F1 1410L Xt ADI [ J1 Fi
SEVERBGREE . FEXT M314 5878 (57 s A 745 Hhy A
Lo, AL128T AFTIE M 228, H404 i
MBI C405, FE PN TR WS
MY EEAE ;1M 1410 A8 AT C Ky B 4
& I, PO EGE, 14100 XF ADI =42,
FTCHA B o ASBFGETE JEX) 3 D EIEIR 0
A128. HA04 Fil 1410 #E4T 51 01 5748 LA B W H X il
TG IISEI , SAhyifE— 253U A5 SR AR ST S K
o SLIRZER IR, A128T il HA04R X ADI 1y
B S SR, I 14200 X BTG 7 5 A
N, RS T A128T il HA04R 1E 4 A it
FIRURL R 572 ) 0 s SR AR VR R AR T S A8 bR
M1 (A128T). M2 (H404R). M3 (1410L) A
M4 (A128T/H404R), JFf-X} WT-ADI JH: 5 2% i}
B FPE AT TS, 2R T R X ADI
it 15 F7 (0 s ) K o FALE], BB ADI T
A S5 ) VR AL ) 60 8 1 5 ) LR s A it T
SEES AR

1 A@EFE

1.1 Bk FRAFERE

$¥74: %1 ADI (WT-ADI), ADI 4Fk M314
(A128T/H404R/1410L) % E. coli IM109 Fl BL21
(DE3) 34 Ry A S 56 =5 P o

LB Higedt: BREENR 1%, BEFE 05%,
NaCl 1%, pH 7.0, 115 ‘C K[ 20 min,
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1.2 FERKFFEE

QuikChange it #| &  (210518) W H
Stratagene /A7) ; DNA marker. JFiki/NE $EHGA
& B marker, HFUE A& T T
WEREN (SDS). IWIEMENE . SUNMBERE . p-Fi
2 FEW LR (PMSF) S50 B A TA:
Y TRABRA R ; PCR 5144 i & ¥ 2 4¢
Invitrogen 2~ ] (i) #EAT 5 FLAb 4R A
FEA R AR

M TAES (MINEREIEARGIRAF),
HL - RF (TR R i A A FRA A, B A
WA (TR Z YRR R A ), 3K15 &
REHEAZEE.OHL (Sigma A Fl), AKX
e I A% A% (Bio-Rad /2 ), AKTA avant
(GE healthcare /A ), 752 R 4ha] Lo 66
I (B ETARAF) %
13 ERREEHE ADI REHK

W #5547 Fok: pET24a-ADI 1 E. coli BL21
(DE3) N TRFEEF T LB/Kan (Kan Z9kJE
30 pg/mL) WIASEFRE S, SRR G SRR
Ko HARE A UL AT o DU TR B i R
ADI 1 % 1% I 3
EU030267) Akt , &it51¥ (£ 1), RAN A
AbHy R R bR

PCR ¥ B4R : BAFIH 50 pL, Horp
QuikChange® Lightning DNA 4T 1 pL, 10x
SN G 5 b, REEAR BRI (20~50 ng/ul)
1 pL, FEMTIY (125 ng) 1.25 pL, K514
(125 ng) 1.25 pL, dNTPs IR &% 1 pL,
QuikSolution &5 1.5 uL, #b ddH,0 % 50 uL.
PCR W #2/7: 95 °C 2min; 95 °C 20s, 60 C
10's, 68 C 4 min, #1718 ~F#; 68 “C 5 min,

(GenBank Accession No.
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*1 ERRTIY
Table 1 Primers for site-directed mutagenesis

Primer name Primer sequence (5'-3") Size (bp)
A128T-F TGATCGGCGGCGTGACCGGCCAGGACCTG 29
A128T-R CAGGTCCTGGCCGGTCACGCCGCCGATCA’ 29
H404R-F GCCGTGGCGGCGGCCGTTGCATGACCTGCCCG’ 32
H404R-R CGGGCAGGTCATGCAACGGCCGCCGCCACGGC 32

1410L-F GCATGACCTGCCCGCTCGTGCGCGACCCGAT 31
1410L-R ATCGGGTCGCGCACGAGCGGGCAGGTCATGC 31

The underlined sequences are the mutated sites.

HU PCR =¥t AT B NE HHEE I HL VK 73 FT PCR
MY SEE O, SRS TERI A PCR =4 H A 2 pL
%) Dpn T FR&IVENDIEE (L —METH L BAL B
KiF5) GATC), T 37 C&MF R 5 min ¥ J5
TR T SR A

BV )5 () PCR 7= AL K AT 7 IM109,
SHEAL T BT HY% PCR KlE, JF4REUFR EFT
FEHNIIAE , o B il e 104 0 S5k % A K I A 1
BL21 (DE3), FAfmifsf.

14 ADIMZERRAL

P95k M1 (A128T). M2 (H404R). M3
(1410L) \WT-ADI K M314 (A128T/H404R/1410L)
I3l LB/Kan ARG IR 3L, 1F ODgoo 4 1.0 /2
F, IMAZLHSE S 0.2 mmol/L 4 IPTG, 30 ‘Cif
F 5h 5, 8000 r/min E.0> 15 min WAL R, H
BERRENZE M (20 mmol/L, pH 7.0) BE® 2 1K,
IR E/Z R 1 6 W IR, TKiAs
R B T A RE (400 W, 10~15 min, #i75 1s,
21k 3s), BBERER T 12 000 r/min 2.0 20 min,
T B A

FHEEWE A (20 mmol/L, pH 7.0, #ila4hss h
W) “EAii HiPrep DEAE FF 1382 0rkE, |
FEFR TR A BEER IR 1, PR B

(20 mmol/L, pH 7.0, BEERENZE M, 1 mol/L
NaCl) HFATLMEGENL o IR0 P850 DB i 4 3t
ARG A TR IR AT

FHEAW C (20 mmol/L, pH 7.0, WE2ahss
¥, 0.15 mol/L NaCl) “F-f Superdex™ 200 #%EJi%
THURENTRE , B PR S MR A RS DA T
VR K iE MR E S T 0~4 CUKARIR AR, IF
#EfT SDS-PAGE 4347,

1.5 ADI RETHBIEEFERHAR
1.5.1 ADI BT 1 K Wi J1 il e

ADI i J7 (800 5E J7 v 6] A BF 53 2 1 SRk
Wit AR

TG F1 B L. 37 O, FErsh AL
1 pmol ¥ Z R $h 1R £h A= i N 2 R 1) i 12t . X
J1U,

JRNE R & B« F 10 mL A9 b (63 ik ik
JA 0.5 mL = Zt— 5 -B e ki v, 3 mL YRR
W (5 Fe), 2 mL S [RIve VR R bR
(0~50 mg/L), Z5HLL 2 mL £ TR, ¥
IRAIUF IR WK 10 min J5, BEIRER,
SR R E WA, A HIRR R 2R

ADI B 790 5%E « B 50 pL 16 SF R 1Y
BT A 950 pL JE# (10 mmol/L L-45%
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72, 0.5 mol/L BfRENZE vy, pH 6.0), ZAKFH
Jy1mL, F 37 CE&AF T 30 min J5, 100 C
WKW 5 min, FEEFSRNE, KRRV, iE 4

B S5 3 SOk IOy v I WO, AR A v T
THRH AP NER &, JFHE . 1R A
wmr

AR S (ng/mL) < BB A5 B0 S AR R (mL)

Wit 3% 3 (UImML R )=

TR 7314 x B AL IR TR) (i) > A I AR (mL)

B A AR AR T AR TR
AR/ FHY Bradford 8 (A &m0 & Ui 45
HEATHRAE
1.5.2  Bif BN BE AR E PR I

BUE B aifb)5 i WT-ADI K H: 58 A8 43 1)
A BN P A [F] pH R BERREHZZ vhi (0.5 mol/L,
pH 6.0/pH 7.4) ', JFEANFE AR (20 C~
65 °C, [H][f 5 'C) &M HEATREAR S il o H A
TN, BT AP S 10 mmol/L
L-f5%MR, 28R 1.5.1 #Boriw HEHE 7, HR
WE 3o L WT-ADI S A48 B e A [R) L 45
PEF BT A e = S 08 100% , HALE S5 Z
RezgCEITiOR EPORIER(HESI

BUE 4L 5 i WT-ADI e HR AR il T
AR (25 'C~65 C, [HIBEw 5 C) &M FAb#
LhJ&, 407 pH 6.0 Fl pH 7.4 BERRENZE vhil
T LG S, Al P 4 2 i i B e 4 Bk g 44
Z: JRG bR E Tk, EEIE 3. LA
A5 e s S 1o 1009, HAW(E 5 2 s
SN AT EAER
15.3 B&3&E pH # pH eI E

W ali Ak )5 i) WT-ADI K H: 58 725 il 76 A [l
) pH (3.5~9.0) & T #EATHE AL S0 H:
Hid pH fH, Frfii By gz ol 0.5 mol/L i
MR Eh 2% vh ik, pH 3.5~5.5; 0.5 mol/L W2 i 2%
&, pH 6.5~8.0; 0.5 mol/L Tris-HCI 2% #f ik ,
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pH 8.5~9.0, J£Z: MR 1.5.1 #5/3IlE Hofs oy, &
SME 3 UK. LTINS (1 5 i i 36 7 ok 1009%
HAE 5 2 A 20 A EVER

Balifes iy WT-ADI K H AR e ik rh
AN pH 28 s A R AR ) S, T 37 °C
AFE 1 h, 7E 0.5 mol/L, pH 7.4 BERRENSE rhil h 2
HE 1.5.1 FBA3IN 7 FLR TG ), EAEME 3 K. LA
JITIN A5 Fe v B 11 1009, oAb (B 5 2 s
AR A FXHEE R
154 AFERZEHREARGLIEEES S8
% H

P SCHR 1410, UL LA EIR MR,
4y 9I7E pH 6.0 Fil pH 7.4, 0.5 mol/L B W2 4h 2%
R, 37 CARMETR, HIR 1.5.1 %5 1Y
WA E Y, ME WT-ADI K H 5 AR fi e
2~10 mmol/L Mk B R 7= Wy IV R i A it
FEME 3 %, 4% Lineweaver-Burk XUFI/E
PR A5 Ko AT Vinax o

2 HER5AW

21 ADIHESRRTET

JBESE ADI JCEE S LR IR SLTE R R A
MR R SeXT ADI 248 bk M314 Hh Z LR
RAL28, H404. 1410 HE17EA 25 2845 LI B3 3
AL RS S R 0 R S PR s, Ryt —2b
XU B SEAE S SR AR A . LAHE A WT-ADI
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[ pET24a-ADI ki itk , did4 ikl PCR
P, PAFTRELR 6.5 kb MR RIS,
Hirh pET24a FURL I 2424 5 300 bp, ADI 3
R R Bek/Ng ok 1250 bp (] 1) 2 7% PCR 5
WEJG , PR T e i 0 15 37 i $ Bk R )

ZIF X, RAERT A IE# . Horh
M1 (A128T). M2 (H404R). M3 (1410L) #i
M4 (A128T/H404R) 435X} 5 DNA J¥41] 382 {if
(G—A). 1211 &= 1212 fii (AC—GT). 1228 fii
(A—C). 382 fii (G—A) Al 1 211 £ 1 212 fi}
(AC—GT), i i Pl s 22 AR VA A T 1F
DRI
2.2 WT-ADI #1 ADI ZRTHRRY 4 1L

WT-ADI %75k M314, M1, M2, M3 il
M4 % HiPrep DEAE FF & 1 3¢ #: )2 #7 #l

Superdex™ 200 %k it U8 2T IR B ARAS BA—%
W, AL 5 Y AR 7 K 58 A8 R ADL 43103
46 kDa.SDS-PAGE M7k (&1 2) Wn 1l B+
A A J2 0 RV ik 0 J2 A T LA AR AR L VK 2 4001
) A TR OtV Tt o
2.3 ADI AR TIRIEEF SRR
2.3.1 FEESIHER

SERANF 2 Frs, 2 pH ih 6.0 T2 7.4 1),
WT-ADI ) H3% 77 M 20.20 U/mg %% 0.86 U/mg,
PR E T 4.25% 5 72K M1 Fl M2 7
pH 7.4 B He3iE 34393 3.78 U/mg #1 8.19 U/mg,
5 pH 6.0 B AH LRI EEG T3 505 41.17 % Fi
76.82%; ] M3 1t pH 6.0 WA LIE T
15.65 U/mg, {B7E pH 7.4 B}, FIGHEHE 110K
5.05% . %F2¢78 7 55 A128T Fl HA04R XiJ fitHh
JI R EF, I ESRE T A128T il HA04R 1

1 WT-ADI R4 F0 QuikChange E £ €35 PCR 18 7= 44

Fig. 1 Plasmid template and QuikChange PCR product. M: 1 kb DNA marker; 1: plasmid of WT-ADI; 2: PCR
products of the A128T site-directed mutagenesis; 3: PCR products of the H404R site-directed mutagenesis; 4: PCR
products of the 1410L site-directed mutagenesis; 5: PCR products of the A128T/H404R site-directed mutagenesis.
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2 3 4 5 6 kDa M 1

2 34 5 6

2 WT-ADI #1 ADI &ZT#k M314. M1, M2. M3, M4 EB R 4L SDS-PAGE HjkE L

Fig. 2 SDS-PAGE analysis of the purified WT-ADI, and ADI mutants M314, M1, M2, M3, M4. (A) 1-3: crude
enzyme of WT-ADI, HiPrep 16/10 DEAE column of WT-ADI, SuperdexG-200 gelfiltration of WT-ADI; 4-6: crude
enzyme of M314, HiPrep 16/10 DEAE column of M314, SuperdexG-200 gelfiltration of M314. (B) 1-3: crude enzyme
of M1, HiPrep 16/10 DEAE column of M1, SuperdexG-200 gelfiltration of M1; 4-6: crude enzyme of M2, HiPrep
16/10 DEAE column of M2, SuperdexG-200 gelfiltration of M2. (C) 1-3: crude enzyme of M3, HiPrep 16/10 DEAE
column of M3, SuperdexG-200 gelfiltration of M3; 4-6: crude enzyme of M4, HiPrep 16/10 DEAE column of M4,

SuperdexG-200 gelfiltration of M4. M: protein marker.

* 2 WT-ADI R ERTEERIESE 11 LLES

Table 2 Specific activity of ADI mutants and WT-ADI

pH 6.0 pH 7.4 pH 7.4/pH 6.0
Source

Specific activity (U/mg) Specific activity (U/mg) Percentage (%)
WT-ADI 20.20£1.01 0.86+0.05 4.25
M314 (A128T/H404R/1410L) 12.27+0.57 10.80+0.61 88.02
M1 (A128T) 9.18+0.45 3.78+0.15 41.17
M2 (H404R) 10.66+0.52 8.19+0.38 76.82
M3 (1410L) 15.65+0.79 0.79+0.03 5.05
M4 (A128T/H404R) 13.62+0.66 9.81+0.41 72.03

UL AT B S ARRIESY 5 TR, S5 ER,

M4 ZEAERRAE pH 6.0 B ELid 71k 13.62 Uimg, #E
pH 7.4 B A % 1A IR B8 72.03% . IR HfE
I, A128T 5 H404R %} ADI 7F A4 3 i 4
(pH 7.4) T HIBENG J 30 W& AR HEERT,
1410L X+ WT-ADI 1 pH 7.4 24 F Xt g 1% J1 42 55
T BAE

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

38R, 7E pH 7.4 XM F, ADI RALHR
M1, M2 Fl M4 1) K (E 55T A il 4 25 R
£ pH 7.4 if WT-ADI B Ky fE F1 4.41 mmol/L 4351
%% 1.07 mmol/L, 1.02 mmol/L F10.83 mmol/L.
[, 285Kk M1, M2 il M4 1) Kead K 558187 A= il
YA REERSEE, Hrb M4 18 pH 7.4 B
Kea/Km Hi 2 937 L/(mol-s)F+ 2% 25 060 L/(mols),
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MEHAT DI, 5828k M1, M2 F1 M4 TEig S
JUE 0 14 25 R LA RORE I A 1 A A 2803 T T 3 A
LN =
232 mERMEESHEENE
ARB P FEEE T WT-ADI Jr iR AR AE
pH 6.0 Fll pH 7.4 50 A0 e s 1 i B8 AR
SETE, 45 R ILK 3A F1 3B, 8 3A FH, 7 pH 6.0
AT WT-ADI S H S8 R M314, M1, M2,
M3 F1 M4 il 1) fpeidi 52 T BE 448 40 °C 5 7 pH
AN WT-ADI S 5 725 i 1) e 3 S oy ek &8
12 35 °C (¥ 3B). fEAHTREMIE, ERIGITHE
QIR A TGFAE 25, ADI 2748k M1, M2

£3 pH7.4&HT WT-ADI RERT#HBEHN N FSH

M4 FE R AEBNR SR (35 C~42 C) K/E
FEERYEMET (pH 7.4) HUBES S5 WT-ADI
ANFRBRERS (K 3B),
K 4A B, 1E pH 6.0 I WT-ADI 2 H5e 78
B TEAR T 40 CHIZAF P ORI 1 h J5, ADI £ 28748
Tt AE 0T T A Bl G 1 AS AN, 7E 40 C~60 C 4%
T, WT-ADI b H: 5 718 il A X 36 A3 G T F
WE . K 4B E£W, 7E pH 7.4 BF, 7£ 20 'C~40 C
21T, WT-ADI Ko H: ADI 2878 Wk 1A X 8 4335
FI R IR R /N, 7E 55 T~60 C&AF 4R 1 h
= Erélzzﬂ ADI FIZRZE#R M314, M1, M2, M3
FT M4 (RE X ) A G ) TG [ 2 e .

Table 3 Kinetics parameters of ADI mutants and WT-ADI at pH 7.4

Source Vmax (umol/(min-L)) Km (mmol/L) Keat (53 Keat/ Km (L/(mol-s))
WT-ADI 0.092+0.01 4.41+0.23 12.95+0.26 2 937+164
M314 0.122+0.02 0.67+0.02 17.66+0.24 26 358+865
M1 0.125+0.03 1.07%0.05 17.45+0.23 16 308+792
M2 0.126+0.04 1.02+0.05 20.30+0.28 19 902+1 013
M3 0.079+0.02 3.87+0.22 13.05+0.19 3 372+£198
M4 0.129£0.05 0.83+0.03 20.80+0.27 25 060+962
A B
100 - —=— WT-ADI 100 — —=— WT-ADI
90 L ——M314 90 | ——M314
—— M1 80 - ——MI
g 807 A ——M2 S ——M2
e L ~ 70 +M3
[ 70 / ——M3 . _ oy
'; 60 —— M4 E oU —— M4
g 50+ g S0r
2 40t 2 40r
S 30t g 30r
Q
& o0l & 20t /
10 il
O 1 1 1 1 J 0 c I 1
20 30 40 50 60 70 20 30 40 50 60 70

Temperature (°C)

3 pH6.0(A) #ApH 7.4 (B) &#TiREX WT-ADI #1 ADI &

Temperature (°C)

LHRERE S RIS

Fig. 3 Effect of temperature on activity of ADI mutants and WT-ADI at pH 6.0 (A) and pH 7.4 (B).
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I, A5ARN ST ADI YRR E PETC I B 5
WT-ADI K H: ADI 28725 kI 7E 20 "C~40 C 544
T RIS B AR
233 EBERN pH 5 pH BE

AR HZEL T WT-ADI K H AR il Y e ik
N pH F1 pH e PE, 45 anE 5A Fil 5B,
K 5A 7~, WT-ADI Fil M3 Ay#¢iE pH i 6.0,
M314, M1, M2 il M4 fiiE pH #°8 6.5, JF
H M314, M1, M2 Il M4 275 B0 15 188 87 A=

A

—=— WT-ADI
——M314
——MI1

;\3‘ —>— M2

e ——M3

2

2 —Mé

g

(o]

=

=

[}

7

0 b 1 1 1 \% ]

20 30 40 50 60 70
Temperature (°C)
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Fig. 4 Thermostability of ADI mutants and WT-ADI at pH 6.0 (A) and pH 7.4 (B).
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