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FEE DRIV A2 1 W 1 630 nm &b FL AR R WSO U4 Oy 1 il S B SR AR, K5 SKVE T Bacillus megaterium 1]
1 (0, 25 PASOBM-3 SR 480 I 1) 35 [R5 1) T 0 6t 3 Wi e 5, S N 0EAT 28 IRV HEAE, Sl 2 505848, {8 SR TR RS- BT
WE IR RG0SR R S Al IR T = AN TR ARG SRR, S8R Wi IR B 20 Sl S22 AR ) 6.6 f%(hm1001),
9.6 fi5(hml002)F1 5.3 £%(hml003), FHXFFEALEEI B )24 S0 AT T 437, 8480 DNA LT 45 &8, hmlool %
H—M XE R EH 139V, hml002 & A AN LI B4 DI6SN, A225V, K440N, hml003 & —1f X
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THIR B A BA35D, IXSETRARAL niAT L B R S A

A A7/ EAie (DA

KA A E PASOBM-3, SEIMHEL, BEdE, S AR A EEREAURN, AT

FROES Q7

fiE W6 (indigo) A& — 7 B ¢f i 8 1717 SR 24 1) £
Bobl, RERILRRGR 2 —. O Gk
AT K AE 800 000 t,  E LN HE T 80 000 t.
AHE R 10 A2 7 32 B2 N A e R B R A b R EX
1897 A48 [E BASF A7 )& Wise 6 i, Jf LR
FEMRE, ORI AL, A, AT AR AR
W K, IS A3 ELAT L T8 g s iR ) v 0 B R 2K
.20 A 60 FFEANL ST, RARHE I 4 T4 A ek,
B TS, 3EA 20 4D 80 ER 5, MBS
TRY R S7 SRS AR K, AR ARINIRE] T
B R T A B RE . V9 G PR S5 B,
FHE W AR (0 2R RN AT 2K R fig ' BUA &
PEFIMS MR, IR A R e SRS —
EPE. B TAML, AW A BOR SR I T 4R
SR T RFE TR R, A=l =4
A TR LA ik, BEATRE LR, AR
HARIEE . i AR PS5 7 o s e A s
RO FEE A ROBE S B R, DL D 4RI
BB AR B E ¥ 5 209, EF S R HRAL 10 25
Bt P EWAR AR 1999 4E, Schmid 455 (1) BHF
INEF) H 3 i SR E ) AR H T Bacillus
megaterium FI40 i {6 25 PASOBM-3 3k {5 EF =K
AZ AL R AZ B P450BM-3 (A74G, F87V,
L188Q), I H. a4 K& B 1% 5 A% i 55 fE i 4k Mgl| s
AR, XN R BAE A A ) AL B AE B

I8 T Dy e AR P RN 032 8 PR A 1 77 7 TR B R
)k 8.

SE ) A A Rl Nk ) 36 R ok 1) 1Ak 4%
P, BEHURSRIEAHLE],  AEARS RE R EAT LS
A2, AN B AN N T SAR i A v i ik fif e 5
TG 71005 LR Pl B8 () BAT Sk MR 1AL
Wiy, 55 HAREACAH L, B4 1 IR ) 2E A R 58
FEAE N ATEE T A, Ad 515 10 AT T EE 1
e HAREEAT. 78 H A K& A g A D g s 5
Gz PIEOL T, 8 M R AT T M R
S MADIRER G R, E& - PIEAmKSiE, X
K58 T 85 0 L2 22 TSRS FH Y L

U T )R A A I D R 0 B 32 3 ) g
ML T B AT EORHE 7, AR UK H 4
{6, % P450BM-3 (A74G, F87V, L188Q)N 5 A,
I Ty 5 BR W U ARS8 I A AR, S
ARAFE 3 1) HAT T = ) AR

*[E 5K [ SRR LG 7 B I H (20176050), CSC-DAAD [ 5 ¥ 2 3k 4>
ho A AR BN B AS W PPP SR H L, WYL S R B R i H
(2004¢33036) 1 [ 52 05 ¥ B 27 1ml [F\ 03 KL & RV E A8 B 2 al [W A
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1 #MRlEAZX Y, 5'CATATTGGATCCGTATAGCACAAC 3'( N
R4 %7 BamH 1 B A7 ).

1 R |26 Bam O RD)

PRI N VIEE BamH 1 « Nhe 1« EcoR 1 H
T Fluka (Neu-Ulm, Germany); T4DNA i % i .
TagDNA 4 HF. PCR = #y [l & . Mg ™
WG G BORL R SR GE H Sigma 2
#] (Deisenhofen, Germany); BFl' E.coli DH5«,
F Clontech %~ 7 (Heidelberg, Germany); E.coli
BL21(DE3), Jfi ki pET28a (+) /4 H Novagen 2\ i
(Wisconsin, USA).
1.2 EART
121 & ARG st BESI Y BL, S
TGTGCTATACGGATCCGAATATGGGAACAGC
3, F#514% B2, 5 TGTTCCATATTGGATCC
GTATAGCACCAAGC 3" ( FRIZ% R BamH 1 1]
PraS). Bk XA 514 B1 I B2, XX 5EAE 5]
Wiub J 7 PASOBM-3 JE[A 5 1 469 711 A B4l C
1472 A7) T By A A8 s AR i, X
— 8 T U R AR, Ll pET28a(+)P450BM-3 24
Bt , H QuikChang™ 5& fi 58 A% § 18 [¥) J5 74 )
P450BM-3 JE [K 5] A fI5EAE,
1.2.2 € f5AE PCR M. [7] 500 wl [ Eppendorf
A 25 pmol dNTPs, 4% 10 pmol L3751 4 Al
N s, K4 1 ng ik pET28« (+)P450BM3
£ Jy BB DNA, 2.5 U pfuDNA B &, 5 pl
25 mmol/L MgCl, ] PCR ZZ 1, SR )5 TG I 7%
WK SRR 50 wl. PCR N Z¥UE it 95°C
A2k 1 min 5, fE95°C30s, 55°C 1min, &1
W E T 0.7°C, 72°C 16 min, =3t 14 DMEH,
SRJE T2°CHEM 30 s P 1l Dpn 1 (10 U/pl)ii
12 h JG 403 E.coli DH5a 1, JFUAT I 04K &
b 30 mg/L RABEE () LB Bl i b, 37°Cil
Fige. RAPRE 12 iR 2] 5 ml 544 30 mg/L
RAREE# LB AR, 37°CId s LAg I
JORL,  FQIA JFORL PR T 42 Bt 77 5 4 BOvOR: I
BamH 1 A1 EcoR 1 #F 37°CHE§f# )=, FIH DNA Hiik
F14x 150 DNA I 7D T EE (R S8 AR i 2 R 5N
1.3 5% PCR E ik
1.3.1 %4 PCR 5 W) 1y it . 4l P450 BM-3
cDNA ¥ 5 40 g 4 B DX B v 191, A T 7 LU S
HE, ESI10 5 5553 0 51N BamH 1 R Nhe 1
i B¥E51%, 5" CTAGCTAGCATGACAATT
AAAG 3’ (FRIZ L~ Nhe 1 BEVIAL 55, Fif5l

1.3.2 SR IR s R . 1) 500 wl Eppendorf
BN 100 pmol ) ANTPs, 4% 20 pmol ) I
SIMATNUE Y, K2 1 ng pET28a(+) P450BM-3
fE N BB DNA, DL R A WREEA 0~
0.20 mmol/L MnCl,, 2.5 U Taq DNA &M, 5 wl
PCR ZZ 0¥, 12.5 pl 25 mmol/L (] MgCl,, 2R )5
FHC B8 28 AN 22 AR AR 50wl Je W 2 4002 it
95°CAZ M 3 min Jii, 7 95°C 1 min, 47°C 2 min,
72°C 2 min, £k 25 NEH, KRG 72°C LEfH
2 min. 5 i PCR ¥ ¥4 ¥) % Nhe 1 -BamH 1 X1
Y1 J5 46 N 2 1 A FE 0 XS V) R 1 2k v R R
pET28a(+) » X5 ¥4k 3| E.coli DH5a, ¥ AT 2 &
1 30 mg/L KA & 1) LB 3 ig P b, 37°CiRlik
Fi R, Ae BIRAS B OB AR BN 2 ml LB A4 SS
Ik, FEIAn A R e O R A M, SRS $R A
SR AL E.coli BL21, AT EISH 30 mg/L K
FEM LB BIR TR L, 37Clmeis g%, TRk
PRI (1) ve B, FEHR 2 200 pl & A 30 mg/L
R RN LB WAAREE F2 3L 11 96 Tl H, 37°C
REEFE, B 20 wl EAEE TR, I E] AN )
200 wl &7 30 mg/L RISEE 3 LB MUART IR AL 96
AL, 72 37T CHEFR A Ao A 0.5~0.7 I, JIA
IPTG (&K ¥ 0.5 mmol/L) /5 T H-7E 30°C 4k 1% 7%
48 h, 1SRRI , H DMSO Uz Ay
Ji, AE 630 nm Kb E HW WA, WO A T
A PR R PR IE H SR EREAT S5 ml £ 100 ml AU (1)
Wi ge,  duJa ik W L S N Bl ) A 2B K
D71 T OR AR B R PR R - BOTOR R AT 4 B
5 DNA 7.
1.4 P450BM-3 B3R ERFNZh{k

P450BM-3 [ 2li {6 K H < J8 & & o5 A )2 it
(IMAC), Hrh&JE%Z &0 ik Ni-NTA /i, R
ST 202 ] SDS- 5% TR s 19 e vt Jl Rk A )
1.5 P450BM-3 &= R/IIE

KH CO- NGB AT, 1%Z FOCHR[S1EAT.
1.6 BEE N KEsE NGBS hF55

P450BM3 {1k i& J7 1 i 2 B SCHR (314 [6]
HEAT. H 12-pNCA EAE B & X oh: 25°C Y,
B4 B EAL S 2 5 1 nmol X il 5 5 1y T 5 1) il
H24 1 U (=13 200 mol™ - L-cm™). J 15| W& A 1) il
T X 25°C I, BE B AL R A2 K 1 pmol
BEWE TS B F - 1 U (6=3 900 mol™-L-cm™)7,
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2 ZRE5HE

371

21 ERRT
Bl 1A Td e s 5 ) LR A BamH 1 Al
EcoR T XUHED (1) 5 i bl vp vk Pl i

bp

6108 —
5090 —

4072 —
3054 —

2036 —
1636 —

Fig.1 DNA electrophresis anaylsis of pET28a (+)
p450BM-3 digested with BamH 1 and EcoR1 by site-
directed evolution
1: 1 kb DNA marker; 2,3: DNA fractions of mutants digested by
BamH | and EcoR | the 1466 bp and 1 684 bp bands corresponding to
the PCR products of the p450BM-3 monooxygenase and

FAD/FMN-containing reductase domain gene fragement, respectively.

h T 2 B PCR S8R MR FAT 24, X
7E PASOBM-3 (1] 51 i 48Ul e DA X sl 47 5 Al A IR AT
RO ABLE BT 51 4 1) ok R b A I PR X IR A
B BT 5, DR e P I e AR R A
BamH T [FIBEIAL s, MR IX — S AE BT g s R AR
(51 FRA 1513 T BamH 1 IBEVIAL 5, 7F LR
JEA R 1469 B IEA s GIN T AT RAE, 1
1 472 BEFEAL ST BN T C-A (548, R I PN 14
RARIE R IR KT LB K AL 8 T UTER AR,
ANGs 50 0 WS . MOSURR B ) H vk T b RT DU
A 3AHIKSTT I, WIS DNA FRAEHLIK 4TI
oA, 3% 3 N4 IS /N 73 Tl A& 5 369 bp.
1466 bp. 1684 bp. X —&5 {WIL R, Wik
FAZIRAF T BamH T FREIERGUIAL A 32— H
4= 5)) DNA Wy 1) 45 AR W, 78 H bR B 5
1469 F1 1 472 PREEAL BT 51N T RO T
BamH 1 FRGIVEREDIAT A
2.2 MnCL KE 3 5% PCR ¥ #9520

Kl 2 AN [H] MnClL, W B~ 43 2 (1) PCR =411
D ARRE LUK R

3054 —
2036~
1636~
1018~

506—1

Fig.2 Error prone PCR to amplify the 1 466 bp band
corresponding to the PCR products of the pET28c/
p450BM-3 (A74G, F87V, L188Q) monooxygenase gene
fragment
I1: 1 kb DNA marker; 2: error prone PCR with 0 mmol/L MnCl,; 3: error
prone PCR with 0.2 mmol/L MnCly; 4:
0.15 mmol/L MnCl,; 5: error prone PCR with 0.10 mmol/L MnCl,; 6:
error prone PCR with 0.05 mmol/L MnCL,.

error prone PCR with

Kl 2 KW, 7 PCR Jx M4k Z& h MnCl, ¥R
i, 738 PCR =i b, X&) Mn*
] Mg #H 1. 3% 4+ 5 TagDNA 58 &l 45 & 5% 1
TagDNA 3 4 B 10045 V. 1E 5 15 &0 F 2 Mg [H]
TaqDNA B HE45 4. 2 Mn> 55 TagDNA 2 45
A, A TagDNA 3 £ i £/ BB KK BEAK 3 805
B R AR AR
23 SERTXEMMETTIE

o AF N1 R 11 € v B T B A R W, MInCl,
R UAS FEE ARG A3 21 PR BH M D B R 22 . 723 AT MInCL, 1)
ZMEN, B33 60%~70% TS T0lE, 24 MnCl,
FR I B 345 51 0.2 mmol/L I 7F AR b & 49 A8 31 85 6
TR, X5 RR I, 2 MnCl, R s A
DNA 98B K g, 7 AR I 48K 22 BOmd ok 25
TEPE, WIR AR KA, AR SO, B
it PR 22 R A /b, TR AE ) 5 4 PCR HEAT € 7]
AR IS G 3 1) SR A A A Y ). ] 3 R
M GEAR S bk B S EAT 96 THALAR BRI 11
gh.

Fig.3 Blue active colonies incubated at 96 well plate
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I 2 K 96 TALIR L, ABLRZIAT 20 A5
B ™ LB R E W 7 630 nm AL (R 2 ey T2 A 0
BEIK). DAL, CREIX 20 /S al BERATHT IS I AL bR
T 5 ml MBI R IR, AR A AE R, e LA
630 nm it B3 (R, 45 R B R 7 D E kR
PR W TR RRR IR D TR B e
PRI R, SR EEAT T 100 ml BEAR IR 8 IR
i, I P PR 5 AT SRS B A TR [
I, 5 AR R 46 R 00 A 09 W 1)) 3 ) 2 it 2k
(& 4), SiRE-A 5 ARG EA TR A ML
W TER S

0.05
0.04
0.03

0.02

0.01

Fig.4 Kinetic curve of P450BM-3 hydroxlating indole into
indigo from the 7 colones

®—@®: hml005; A— A :hml001; H—M: hml002; A—A: hml006;

O—0: pt; ©—<: hml007; €—@: hml003; X—Xx: hml004.

24 BENHABEERNNFURS EARBIHE
TR bR

BIX 5 ANFE S IE R 4 3 30 DNA P, JRE
JPHIRIE BRI AT, A3 MR R T A
H URAAL S (139V; DI6BN, A225V, K440N;
E435D). MM 8 3 R KV B3R AE T 98 AR W 1) 3k A5
HE—30 F H 1 JRORER ARREBT 98AR A7 f B i —
PR P AL B AT, RILGEARAL mi B TC R
PE, ALRAR RN TR E DN, AT SRR
28 B SR L.

Table 1 Amnio acid substitutions in P450BM-3 mutants

Base shift Amino acid Location
substitution
hml001 A118G 139V Sheet A
hml002 G505A DI68N B-Turns
C677T A225V Helices H
A1323T K440N Strand D
hml003 A1308T E435D B-Turns

2.5 SEARZIFNZEICE! P4S0BM-3 HOIZELFNLA L

i 17 P450BM-3 C it 7 6 N AR,
I A Ni2* -NTA /i Ji o6 Fl 2 B 446 PAS0BM-3.
KB ERUEL,  BEMEHR 2 )2 pH 7.5 0.05 mol/L T
PR #h 22 v (HHr 545 0.5 mol/L NaCl, 0.1 mol/L
K1) F1 pH 7.5 0.05 mol/L MR Eh 28 il (b & 47
0.5 mol/L NaCl, 0.4 mol/L BKM:), itid 4 2 ml/min.
¥ o2l Ak 5 i BE BE 4T SDS- BN M Bt e bt ke
(SDS-PAGE) Hijk, Wil 5 s, B2t 1
JLTAHIAL.

Fig.5 SDS-PAGE of purified enzyme
1: molecular mass marker; 2: parent type enzyme; 3: hml001:
MutantI39V enzyme; 4: hml002: mutantDI68N, A225V, K440N
enzyme; 5: hml003: mutantE435D enzyme.

2.6 EARBFIZEIE P4SOBM-3 4 LB Y 5h 1
SHHE

2 RET RN RIS AR N A B) ) S
¥, 76 2 ml pH 8.2 ) Tris-HCI 2% ' [ N 9 i A
20 wl 100 mmol/L MW, FEAMA 2.4 nmol M, =i
NEH 9min, JIA 20 ul 5 g/L NADPH, i3l [ W
SERP I FEILAE 670 nm IR TH . R 2 AT LLE
1, hml001, hml002, hml003 ik Ak /i ) bL T Eb 5
KBEIS DI T 6.6, 9.6, 5.3 1. HoE AL,
BB —AMEH K, {8, RN BRI
JEPIZERT ), [ 3 AN koo Ko (S T2
AW, h TR AE PASOBM-3 SEAR X 1L R AR 0 11
WPk, FRATTIERE T A N WA Y 12-pNCA
YRR . 851K, A hml002 28 R HExT i%
JEC WA 5 A AT 1 (3R 2), X 12-pNCA 3%
D ToR AR, HoA4 1) AL B X pNCA 13% 13
I TR AR,
27 FEARBFIZITE P450BM-3 K% A Xt
LR

Kl 6 Wor ToR AR R AR R AE 370~500 nm 't
T R Y AR E L. AL 6 TR BRATTRT DA K 5 AR i
L SR AN A 45 A DX S5 B KR S e 28 A A T AR TR
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P B AR . BT s AW I LE 425 nm AL, 1 AR AR T P4S0BM-3 [ S/ AR SE Ky, AT 5 i

hml001, hml002, hml003 5% A W W & 43 % 78
416 nm, 417 nm, 422 nm, i IRIX B IAR A7 5N

TR GG ALK 2 R G5

Table 2 Kinetic parameters of the parent enzyme and mutant enzymes

Specific activity

Enzyme K., /(mmol-L™) ko /87! (ke /s /K, /(mol-L™")]
¢(pNCA)/(U-nmol™) E(indole)/(U-nmol™)

parent enzyme 81.62 64.1 2.2 2.86 1300

hml001 42.24 423 1.8 2.98 1655

hml1002 115.5 615.4 1.5 3.12 2080

hml1003 36.53 339.7 1.9 2.90 1526

All reactions are performed in pH 8.0, 0.1mol/L Tris-HCl buffer at 25°C.

370 395 420 445 470 495

A/nm

Fig.6 Absorption spectra showing substrate binding by

the characteristic blue shift in the Soret band
@®—@®: parent type; A—A : hml001; H—M: hml002; O—O:
hml003. 0.2 nmol - ml™ enzyme in 2.5 ml of 50 mmol/L potassium
phosphate buffer (pH 7.5) and 25 pl of 10 mmol/L indole in
dimethylsulfoxide (DMSO) and 2.5 ml of 50 mmol/L potassium

phosphate buffer as a reference.

3%

KSR R 54l PCR 2 MBHL R, 7EC
HrEmim I RTEKEMEM L — PR T
P450BM-3 ALK )35 T, D3RG T = AR
RGN N S N AR S N )
Glu436Asp PR 5 MR A T R H
AN A LRAR, AR R VTR X2
DAL Sk G i 1 R TR 2 1 1 (PR A A A AN S TR 1 58
AL — K, IR 54 PCR ¥ =4
Z— IR TR AN S e A SRR I R L TR B AR
SE [V HEAL I, 538 1 S AR AT 2 R IR 1 1 e
(T ZLA AT, AEAWE T ORI Mn® IR H #2521
FITE R ve B RS . ASHIE A 20 1 i 0 P 1 e B ok
H T Mn 494 0 1 0.05 mmol/L PCR J W 4
A AEHEAT 55 PCR AL Mn? UK E JE A4
L.

BATE 22, B A R R Al T DLIE I A
REARFAN A IRFf AR S35 BB AT R SR Bl it
Iresiss, et AE AR R BT At e R
FEMEHBEINT =, BT ISR B REA T it ] fig
el BATHEBEA TR TR, S H TR
TR DL R e A e SR TG A JE 5 g A g
AN JR A RSB (10— AT AR GE I T-BL, R4 T
b AE R AR 2 R L 11 i 7).
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Cytochrome P450BM-3 Mutants With Improved Catalytic
Properties of Hydroxylating Indole to Indigo by Error-prone PCR’

LI Hong-Mei", MEI Le-He"", URLACHER VLADA?, SCHMID ROLF D?

("Department of Chemical and Biochemical Engineering, Zhengjiang University, Hangzhou 310027, China;
Pnstitute of Technical Biochemistry University of Stuttgart, Stuttgart, Germany)

Abstract Monooxygenase domain of cytochrome P450BM-3 from Bacillus megaterium was evolved by
error-prone PCR. Three mutants (D168N, A225V, K440N; E435D; 139V) with higher hydroxylating activity than
the parent type P450BM-3((A74G, F87V, L188Q)) were obtained, coupled with a sensitive screening method of
absorption of hydroxylating indole to indigo at 630nm. The catalytic activities of three mutants were 6.6(hml001),
9.6(hml002), 5.3 (hmlI003) fold higher than that of the parent type P450BM-3 respectively. The kinetic analysis
revealed that the mutant enzymes exhibit a higher substrate binding ability and catalytic efficiency than the parent
enzyme. DNA sequence indicated that hml001 and hml003 cover one amino acid substitution (I39V and E435D,
respectively), hml002 contains three amino acid substitutions (D168N, A225V, K440N).

Key words cytochrome P450BM-3, directed evolution, indigo, error-prone PCR, catalytic activity
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