TR R Chin J Biotech 2011, July 25; 27(7): 1082-1091
journals.im.ac.cn Chinese Journal of Biotechnology ISSN 1000-3061
cijb@im.ac.cn ©2011 CJB, All rights reserved.

BEHMBEFIATFEARNFRER = d-1h R B

gHal, kR, TERY, TE#Y, oxkK "7

1 VTR TV EYHARAE R E S LR E, B 214122
2 TR RFEY TR AYRIRSEYREIRME P L, T8 214122

W OE: AT RNEAE R midh £4F 3 F A E Bacillus subtilis Y 44 & A 518 i3 4m 0 A 64 3] 848 L 2086 € 3
Bty A, VAMEFIOATE rpsD AR 4 B 3)F PrpsD A& 1bF TipsD H R XA, HRLLRELE mldh 43 EM
345 04 R A (pHY 300plk-PrpsD-TrpsD k., 733/ % pHY300plk-PrpsD-mldh-TrpsD; #— 3 ¥ & AT A 4640\ B. subtilis
Wb600 F 3% 13 FLLHE B. subtilis Wb600 (pHY300plk-PrpsD-midh-TrpsD); 3t b & 40 H $E 474 tm it A& 4 4540 R 52 36 K 30,
EHRABAEEAELT, ETHNEY 1-FL2-FRAARR (B4 MAK) & & d-HRE#H, FEZHEL 97.5 mg/l,
JRHIE REEACR A 241% . FRF4E R A RN B B. subtilis £ WA = d-AMRERITT A BZIRE.

KBEWR: HEFIRANE, RALRE, Smtniti, d-PhmkF 5

Asymmetric biosynthesis of d-pseudoephedrine by
recombinant Bacillus subtilis

Yanhong Peng'?, Liang Zhang'?, Zhongyang Ding'? Zhengxiang Wang'~, and Guiyang Shi'

1 Key Laboratory of Industrial Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, China
2 Center for Bioresource & Bioenergy, School of Biotechnology, Jiangnan University, Wuxi 214122, China

Abstract: In order to successfully express the carbonyl reductase gene mldh in Bacillus subtilis and complete coenzyme
regeneration by B. subtilis glucose dehydrogenase, the promoter PrpsD and the terminator TrpsD from B. subtilis rpsD gene
were used as the expression cassette to be a recombinant plasmid pHY300plk-PrpsD-TrpsD. After that, the carbonyl reductase
gene mldh was inserted into the previous plasmid and a plasmid pHY300plk-PrpsD-mldh-TrpsD was achieved, followed by
transformed into B. subtilis Wb600 to obtain a recombinant B. subtilis Wb600 (pHY300plk-PrpsD-mldh-TrpsD). Subsequently,
the results for whole-cell biotransformation from recombinant B. subtilis showed that it could be used to catalyze MAK
(1-phenyl-1-keto-2-methylaminopropane) to d-pseudoephedrine in the presence of glucose. The yield of d-pseudoephedrine could
be up to 97.5 mg/L and the conversion rate of MAK was 24.1%. This study indicates the possibility of biotransformation

production of d-pseudoephedrine from recombinant B. subtilis.
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JREEHK (Ephedrine), fb27 24 1-45E-2- H Jrig Bt
PR, 2l DA R SR A )RR e 2 v 43 B 1T 45 31 0 05
TGAFEREAT A, HAT RS AR RRE TR d-th
SR, 430 AR SR IR R ST
HATRGRMGEAER, T2 A FIE R E7 ht-l,
Tl AE =, R 2 B VR T PR AR ) B
R G i, AR Pl 3 43 ) ol 1 A A DR K
VRATBR L 2B A SR AR B TR . R B TS
Yo S [ T R TR R R AR e Ak 4
S A TS W B SO SRR, PR —
SRR | Xk PR I R A R, T AR

S — LA S A OME ABEA T I BB A5 A, R
BA PG DI BRIt —, BABERKE

B,

AHIEGE 5 H I B i 75 B — R BRI A 14
Fe2-HZ LM (1-phenyl-2-methylamino-propanone,
B Pk MAK) NIEY & — Ve A A= i d-Ph B 15 B
M T R EE IR EE MR E Morganella
CMCC(B)49208", ]\ 4355 4 Ak H 4 2 4 % Ak
IR ) (MLDH), IR TR T B
ALK KT Escherichia coli "HiltAT T =ik 3
Ko AH IR HT TR IEAE i TR A AL AR W Ak S 0 NS
W BRI S B AR IR L MAK
N d-PR R VR ) o S A T NADH Sk 2 (it 140 Ji
Jy VT 5 5k A Jon i AR A4 DU R AR £ R R i
XA R M 2 7 HAE Tolk g o i3 o K
T B8 7E [R] — SR | 36 IR PR S J g 3 [N mldh
5 25 B SR L [N gdh, TS B MLLDH BE J1 A
o B AR A R, SBURE Y It
Rt

M ZEMIAT B Bacillus subtilis J& H BT8R
TR AYANEREL R ekt 3, HA AP SR (Glucose
dehydrogenase, GDH) AT L4 Ak 7 %4 0 A= bl 7 % 0
P [ B 1S J5 7L Y 4 NADH (NADPH)P' . A

morganii

FHBEFEIR 2 7T LA e A 0 e Al o R e a1 ot A vh
WmGR A, BAT, EWNANSS R B. subtilis
HEWEACAE T d-PhIRR BB I FEAR 2D, 2R ILAR DG
T o AT G IE b A A B2 MR TR U0 R A Bk
pHY300plk-PrpsD-mldh-TrpsD %% 4k A\ B. subtilis
Wb600 (H 1l e e B BT k) v {45 i ik i D i
B 70 At R 25 MO AT T b R A R o 40 i N 9 GDH. 528
I 35 RN O T -8 3 ) 1 AN [ 1 D s
WL — MR AL d-PARRECBRGHEAT T WP

R EENE

1.1 ##
V1.1 FHEAIZA

KIGFFE E. coli IM109 . B. subtilis Wb600, K
[ -A BRI SF R B8R pHY300plk HI VLR K2 Toll
Tk A= W 95 U RIAE B R (CICIM-CU) 42 flE ;
pET28a-mldh Hi A BF 5% % 1 @ JF R 47 5 BT AL
pHY300plk-PrpsD-TrpsD . pHY300plk-PrpsD-mldh-
TrpsD Itk B. subtilis Wb600 (pHY300plk-PrpsD-
mldh-TrpsD) RAMFFE Hi4
1.1.2  BFFE

LB i k. HEMR 10 /L, BERHEHY) S g/L,
SAALHN 10 /L, pH 7.0~7.2; % B R: 3530 55 40
A L5%FEIEH; 121 ‘CKE 20 min. AT KT H
FRG R 2F BT B 085 35, MBI, AT A &
HHEE (Amp) ELWE 100 mg/L T EA KRBT
WL, AP ZE (Tet) ELWE 15 mg/L H
T AR R 2 AT R A O
1.1.3 T AR

VT . AR . BRI K. Tag DNA %
4. pfu DNA B4, ANTPs, T4 DNA & |
NADH ., [REI1ENYIEE (Xba 1 . Kpn 1 . BamH 1 %),
BRPEBERR T (CIAP) MW T il A: TAH) TR R
R4 FH AT PCR =Y 2lifbifil & . Fiki DNA
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NI AR & . DNA Marker A Pst I Il Tk %8
v BEIMBGRF G FE A RAEY A F; AR
fR &y (Tetracycline HCI) W F b5t HE /R i A ¥4 R
AR RRERR (B) A1 d-DhKEH (PE) fb2#
Xof Rt ) T v 2 A L M BT s 1R -2
A (MAK) AW E G HAhE R 25 0
B Ay Bk T A B Al R A AR
1.2 A&
1.2.1  B. subtilis Wb600 (7 /£ DNA HI#H2HK
SREEOT 2 W SCHk[11-12], WA Bk,
W TR F IR

DNA H BEB Rl . PCR =4 &lifk B AH R (938551
& EfT. BURL DNA 42H0, DNA WEF . &8, K
o AT T 52 25 240 B 1 o 85 AN AL S o 1R E S
JLSCHR[11-12],
1.2.3 M9 PCR #7718

HRHE GenBank | 4l #E 2F AT 14 168 TR bR (6
5. NC_000964.3) rpsD F:H W3 T MK 1+
P 5], Wit 5% PrpsD_F fil PrpsD R,
TrpsD_F il TrpsD_R, 5I1¥)JFFI LR 1, H LA
TAY TEARAFEG K.

1.2.2

x1 XHEAASIMRERFT

Table 1 Primers and oligonucleotides used in this study
Primer name Primer sequence (5'-3') Restsriitztion
PrpsD_F %%GGCGGATAATTG Sl
PrpsD R SS%GCTTATGACTCCT Bam I
TrpsD_F 88%TAAAAACCCCTGC Bam 1
TrpsD_R ié%lA"CGGAAGTTGAC Bl Tl

"The restriction site (underlined) are indicated.

PCR W 451 95 CHIAEM: 5 min; 94 CAEM
1 min, 60 ‘CiEk 1 min, 72 CIEf#i 1 min, 30 M§
;72 CHEAH 10 min, B HIE 4 °C, 45 . PCR
PG ARV S R AT B N WE S L UK S
1.2.4  #E/Kk pHY300plk-PrpsD-TrpsD 1914 #
BamH 1 [ Y] Foki pHY300plk, ZifkJ57E pfu
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DNA BAMVEAT 72 CHZEA#H 10 min, #FH I
) BamH 1 i 55, 13 5)#4K pHY300plk-BamH 1 (-),
Sal 1 . BamH 1 [{§Y) PrpsD B, BamH 1 | Bglll
g ] TrpsD R BS54 Sal 1 . Bgl 1l f§ ) 14
pHY300plk-BamH I () Ji KL % 4 % 1k 8% 52 25 4
L E. coli IM109, F| FHZN 5 = Prrk i i B2
FREYISE
1.2.5  JFEIF#A#K pHY300plk-PrpsD-mldh-TrpsD
It &

BamH 1 B§V)FR: pET28a-midh J5 MW midh
B, 5% BamH | WYUK pHY300plk-PrpsD-TrpsD
AL E. coli IM109, FIH Amp Pt it ) 841
FREVIEAE . [FEF, LABHPE RS #EH PCR 9734 )5
KW, S E PrpsD-mldh-TrpsD JEHFES), LI
PCR ¥ H4J7 5 M HER L, P80 E i AL sis &R
SRR e A A PR 7] 58 A
1.2.6 #4 & B. subtilis Wh600(pHY300plk-PrpsD-
mldh-TrpsD) HIFE

PLHUFCRL pHY300plk-PrpsD-mldh-TrpsD, 5%
SCHR L1317 3R J5 ik il 28 Ay B AT T b 22 Bk 32 8 01 i Ak
B. subtilis Wb600, F| ] Tet (15 mg/L) Hitk ik
T, PEEUSH MRS AL RO, DA AR A 0 R
pHY300plk-PrpsD-mldh-TrpsD N3} 8, 55 5
HEAT BB IS L TR AT
1.2.7  ZHEER 1T A5

G20 VR R S T 1 R o e R N S S £ 2
ATA Tet (15 mg/L) MY LB kK FR3L, 37 C.
200 r/min K537 12 ho WH, A RFRILAR 3%
HIRERD B RE B A Tet (15 mg/L) B LB A 55
F, 37°C. 200 r/min ¥53% 12 h, BOICERK, H
WEMR 2% mh ¥ (0.2 mol/L KH,PO4-Na,HPO, 2% i ik
(pH 7.5), VA H BB R 5% b Y8 0 A ot BH 2548 12
FRENEPZE vPIR) YRR 1~2 WK, B0 )5 IS AT
¥ 1B R 2% vh i B R A R . B AL B 10 min (T
TE 1s45% 4s), PREFHEBIAZALFALE (0 'C~4 C).
WERE S m s B0, VSR A, T
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SDS-PAGE FlA: 1% Ak 5 g Al
1.2.8 & H B. subtilis Wb600(pHY300plk-PrpsD-
mldh-TrpsD) HI% &

PR 1.2.6 Firzs 5 kU] g uk 14 BV B 2 A
FAEMAT WAL TR T LB WREE IR, # 1.2.7
(07 ¥k 45 AN 4 9, SDS-PAGE K3l , LIk Y
T3 R DL SCHR (1410 RIS, BCER 241 7 7 1A 1
WHATEEW AL R . SRR : 50 pg MAK,
50 pumol 2 ¥%, 1 pmol NADH HIid& & 1t 1 mL,
30 ‘CH4k 24 h, 10 000 r/min #5.0> 10 min 5, B E
TH W T 5 ROBOH (3% 2 (HPLC) il & 550 A
-SRI (UPLC-MS) il

T O A 0,35 (HPLC) K6 I 45 /% . Hanbon
Lichrospher C18 43 ; K35 K 210 nm; % 1 mL/min;
FEIR 40 °C. FshA A . HEE © 0.02 mol/L KH,PO, :
IR . = Me=4:96:02:0.13 (V:V:V:V), #EK
WAH - S BHE (UPLC- MS) BI&ME: (A)
g4 (3% : Waters ACQUITY UPLC ; £ &% :
Waters ACQUITY PDA; Z3#r#E: ACQUITY UPLC
BEH HILIC (2.1 mmx100 mm, 1.7 pm); #izhH A:
25 TiEhAE B: 20 mmol/L B ER £ /KB W ; il
4K : 200~600 nm; £ 3 : 30 °C; i : 0.30 mL/min;
SRR 15 ming #EREARL. 1.0 uL. (B) Fi%
&M B ZR S0 Waters SYNAPT MS A% 5 %Ak«
Waters Masslynx V4.1 i3 TAEvY; B-FIUF. ESIH
BRI ESI+; BAEHIE: 3.5kV; HEAL
HE: 20 Vs BFURIREE . 100 °Cs JBiva i) UL -
250 °C ; BRI & : 500 L/h; HEFLSf & : 50 L/h;
MEFERES: 6 eV IR 1 600 Vi 94 m/z
JuHl: 50~500 Da; BEFEEST: m/z 164, m/z 166,
1.2.9 & F B. subtilis Wb600 (pHY300plk-PrpsD-
mldh-TrpsD) 22U X] FR S hir

LI 5 15 57 — I (] 1% 5 20 7 0 A A G
i MAK K20, FH pH 7.5 B8R 2% vh i A 2 &
1 mL, 30 ‘C#1k 24 h, 10 000 r/min %.L> 10 min,
B 3% F 7 HPLC #&0 . HPLC Rl 454 [F) 1.2.8,

1085
R2 REGIEREBELRET
Table 2 UPLC gradient table
Time (min) Flow (mL/min) Rate A% Rate B% Curve
0.0 0.3 95.0 5.0 -
0.1 0.3 95.0 5.0 7
10.0 0.3 70.0 30.0 7
12.0 0.3 70.0 30.0 6
12.1 0.3 95.0 5.0 6

2 ERE0HT

2.1 #i{k pHY300plk-PrpsD-TrpsD HI#3E

P H PR T V% 1Y Bk DNA, #8547 Sal 1 | Bgl 1l
XY, Rk S R R, BEYIE BB 4.9 kb,
820 bp PiZ&HT, 4.9 kb IEREZIK (pHY300plk) YK
/I, T 820 bp i HMiEHE: R Bt (PrpsD-TrpsD) IR
/N, UEHZ ORI E Rl BHAd A PrpsD Rl TrpsD | B,
J HE 4L kL pHY 300plk-PrpsD-TrpsD.
2.2 EERIEHIK pHY300pIKk-PrpsD-mldh-TrpsD
By

PEHU PR R V5 1Y kL DNA HEATEY), H k4t R
WE 1A Fi7s, BamH 1 WY fE BB, 0508
5.7 kb fil 1.1 kb, 5.7 kb J&#k{k pHY300plk-PrpsD-
TrpsD I R/IN T 1.1 kb A B IR BE (mldh) BRI,
UL R Bt midh EARABRLT s Sal 1 . Bgl I XL
VG B 457, 235 4.9 kb Fl 1.9 kb, 4.9 kb Ny
#Z K pHY300plk AYAK/N, 1.9 kb A F Bt PrpsD-
mldh-TrpsD BRI, i BATE % BH M 1R P 10 B0k
CAfA midh Fr B, RIS, DUBHPE TRV A9 Bk DNA
Jy#iMR, PrpsD F I TrpsD R K b FilEs14, #4T
PCR 474, HUkfIZERanE 1B s, PCR ™4
1.9 kb, XiE—E Uk ik, pHY300plk-PrpsD-
TrpsD T 4fi A mldh F Bt o

M TR ARG DI A 7% 45, 5 AT IE IR E
AR S, B RO A R, Rt
i ME PrpsD-mldh-TrpsD 3[R 55 [0 K0E mldh
R BGEEERIER S5 . FEEUSRL pHY300plk-PrpsD-
mldh-TrpsD, WLk I PrpsD-mldh-TrpsD 3N
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A C
bp bp
11 501 11 501
5077 5077
2838 2838
1700
1159 : Z(S";
805 305
504

1 F4HFRH pHY300plk-PrpsD-midh-TrpsD B335 BE HE 5L 6 kA&

Fig. 1 Detection of recombinant plasmid pHY300plk-PrpsD-mldh-TrpsD by agarose gel electrophoresis. (A) Restriction enzyme
analysis of plasmid pHY300plk-PrpsD-mldh-TrpsD. (B) PCR analysis of plasmid pHY300plk-PrpsD-mldh-TrpsD. (C) Restriction
enzyme analysis of plasmid pHY300plk-PrpsD-midh-TrpsD from recombinant B. subtilis Wb600. M: A/Pst 1 DNA marker; 1:
pHY300plk-PrpsD-mldh-TrpsD/Sal 1/Bgl 11; 2: pHY300plk-PrpsD-mldh-TrpsD/BamH 1; 3: PCR amplification of PrpsD-mldh-TrpsD
from plasmid pHY300plk-PrpsD-midh-TrpsD; 4: pHY300plk-PrpsD-mldh-TrpsD/Sal 1; 5: plasmid from recombinant B. subtilis/Sal 1.

R B IR TS, P I g 45 R R % PrpsD il
TrpsD J¥ 55 O 1B AU FE2F MAT I 168 kK rpsD
FER R 2 F MZ& TR P —30, [FES midh
B e ), U IZTORL ) AR ) b 1 6 3% 4
I PrpsD. mldh #1 TrpsD F Bt
2.3 FELHE B. subtilis Wb600(pHY300plk-PrpsD-
mldh-TrpsD) BI¥E
231 JTHATE I

2 IO PH M T 9% 19 Ok DN, Sal T B 5 HL 9k
Ko, Z5 R mE 1C Fros, A E ZE AT E A7 b &
A5 AR T I BORL R/ N—B BORL, W25 A i
PHME P E % AE 4 iR pHY300plk-PrpsD-
mldh-TrpsD.
2.3.2  SDS-PAGE 3l

Y T 4 A PR PR PR AT SDS-PAGE 43 #fr, 2%
AN 2 iR, AL B. subtilis Wb600 (pHY 300plk-
PrpsD-mldh-TrpsD) 4 Jifl o 4G AH X 43 F F2 & 24
42.5 kDa M A LAFRIE o AR AT 5% 2 11 3 SOk
[7 45 3 P 5 30 I it 4 A 6T 73 B ity 42.5 kDa, X
ot P 2 R 2 T T B R A i BRI i
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42.5kDa

B2 MEFHFTE Wb600 R H ELAE SDS-PAGE il
Fig. 2 Detection of B. subtilis Wb600 and its recombinant
strain by SDS-PAGE. 1: cell crude extract of B. subtilis Wb600;
2: cell crude extract of B. subtilis Wb600 (pHY300plk); 3: cell
crude extract of B. subtilis Wb600 (pHY300plk-PrpsD-mldh-
TrpsD); M: standard protein molecular weight marker.

233 ALWFIER b Rl

Vi L A e BT A T A B A R N, R
S5 95 W E IS WOPEAT HPLC A1 UPLC-MS #7747
HPLC frillgsLani& 3 fros, MEIRATLIE S, 76
A B A 5 TR R A DR B I 1) 43531 2 29.23 min
H131.43 min B0, X BEARAEIEGE , X P04 53 ) %
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N MAK 1 d-PhpR el , 40045 40 W 5 41 B ) 2 )
W& d-ORRE TN . T 33.8 min PYETEG NS
B MAK 5840 BN ol 2= A, i ROt
ARF AL SONE A R =4, i T RE AR A B A 2
P, XHEAT UPLC-MS 2087, #12545 4
TR 227.2, {BARBERE RMATFI, A1 E—
HHIBETE

Tyt — T RE AL, R = RGBT -
J 3 K FH 2% (UPLC-MS) X B ALt AT 70 Fr, D7 e
=P oy 15, SmIE 4 fs. HohE AL B,
C 73908 MAK | [-JFR BB A d-Oh JoR S8 Bl s 5 98 19
VPR T O35- Bk 8 . N MAK . -RR BT AN d-Oh R
B A R B - B R, AT LR B F AR

A UV_VIS_1
200 WVL: 210 nm
MAK
% 100 - l-ephedrine \ d-pseudoephedrine
27.64 NoqHp
‘n N 1.41
| f T T
20 : ' Y
22.0 30.0 36.0
¢ (min)
C UV_VIS 1
200 WVL: 210 nm
2 100
24.08 33.89
.A L//\
T I I
20 : ' —
22.0 30.0 36.0
t (min)

3 MREFEAEREENIRE HPLC Bk

B IMAH] 354 164, 166 F1 166; [RII7E1E£:4%
HARAFIEE T (146, 148 1 148) T, (Al &I AH R Az
BRI A E R AR, PR BR IR 43510 3.56 min
7.85 min. 7.98 min, 383k BRE I A (L3 R B
FI ) R 5T 33 L T DL e i A AL . & D
Sk B 2 TR AR P TR R S - A - Ik 8] . AT T
VIE M, FERIBESFREE T 146 F1 148 T, 4
PR AR VR AE O B EE ) 43 53114 3.52 min AT 7.96 min
SAT SR KM A, X HEARAE i, 30 7 A4 0 4 31
I MAK il d-Ph R S0 e e , ) Bp AR 4R 30 79 ) 06g 1)
JoT i [ AT 0 HE 6T 7 Y 43 5 3 i A 163(164-1) Al
165(166-1), Bl MAK FIURK B AG 0 F 2 K/, A
T AT DA Ui o 2H o A e AR i b 5 d-Ph R B

B UV_VIS_1

200 r WVL: 210 nm
MAK

\ 29.23
A

= 100 F
/ \ d-pseudoephedrine
//
33.86
| _k] II/\I/-\|
-20 ! L L |
22.0 30.0 36.0

t (min)

Fig. 3 HPLC chromatogram of the transformation products and the standard sample. (A) HPLC chromatogram of the standard sample
(l-ephedrine, MAK and d-pseudoephedrine). (B) HPLC chromatogram of the transformation products in the presence of MAK from
recombinant B. subtilis. (C) HPLC chromatogram of the transformation products in the absence of MAK from recombinant B. subtilis.
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N 3.56 B 7.85
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C D
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& 0 EArerereeeTrEe & Ll A
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100 ¢ EE 100 ¢ el
s s 164
8 g
S ! g ] 131|147
o T TaY =
g }47166 g L 165
117 133 = 105
< 5 73 | < | |
60 80 100 120 140 160 180 200 220 240 60 80 100 120 140 160 180 200 220 240
Mass-to-charge ratio (m/z) m/z
100 148
é
3
=} -
<
E 149
2 166
o L
< 117 133 |

60 80 100 120 140 160 180 200 220 240
Mass-to-charge ratio (m/z)

B4 BHEMEBEAREURNEESFaIE-FUEE

Fig. 4 Selected ion chromatogram and mass spectrometry of the transformation products from recombinant B. subtilis and the
standard sample. (A) Selected ion chromatogram (m/z146) and mass spectrometry of MAK. (B) Selected ion chromatogram (m/z148)
and mass spectrometry of /-ephedrine. (C) Selected ion chromatogram (m/z148) and mass spectrometry of d-pseudoephedrine. (D)
Selected ion chromatogram (m/z146+148) and mass spectrometry of the transformation products from recombinant B. subtilis.

2.4 E!AH B. subtilis Wbh600(pHY300plk-PrpsD-  JIIA 9 mg %A 0.05 mg 1 MAK 5400,
mldh-TrpsD) £ 4R AS 3 FiRiE R B2 N2 HPLC 4r#rillsE , 55 E s fros . B,
2.4.1  FHESEXNT HYFH 210 5200 PRI oA R B A, o AR i A

Sy BIBCRE IR E A 12 h R TR A, 0.1 g HINE 0.2 g MK IR, Y AR K
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20 1 /1 Conversion rate of MAK 112 " [ Conversion rate of MAK 715
—0O— Gpg (mg/L) | —0O— Gpg (mg/L) -
S 16 | — — 1% & 20 [ [ ] 112
— ] o - o101 oal —
E: e s i
gl —to+—to (48 o0 —
= 12 F Lo— ¢ —~ = 16 o4 9 5
Z A 3 g " 3
2 o] 16 E 2 E
g % g 12 =
g 8 O 8 16 ©
g 14 g 8
> >
E 4, 5 13
@] 42 O 4}
0 0 0 0
0.1 0.2 0.3 0.4 0.5 45 9.0 135 18.0 22.5 27.0 31.5
Amount of cell (kg/L) Clucose (8/L)

5 ERAEXEHREYELRIT
Fig. 5 Effect of the amount of cell on whole-cell
biotransformation.

T 02 g, - ElETRE, X5V EFI
WFIT A SRAN — 2, Wkt 0.2 g 1 R SefE Ak s
TR I A S
2.4.2  FTHTHEASEXT T 2 AN D1 5950

HL 0.2 g 3EFEmi] S 12 h p A B E M, fn
A 0.05 mg MAK FIA [R] & 1) 5 %5 5 5% 1k ) 1,
HPLC Ml , 45 R anE 6 Fis . 7EMIEEE Jy 18 g/L
BF 7 ) 0 7 h R o YO VR AR T 18 g/L B,
70 0 Sk W A R ) S TR 5 T R
18 g/L J5, W1 T i A A M il GDH. i
T NADH 4= iU /b, Fe & - B0bE 45 B VR B 1) 4k 22
B w7 e RN A
243 T MAK HESEX] E ] 2001 55 1L 79
A7)

HL 0.2 g 3EFEmTi S 12 h p A BB E A, fn
A 18 mg [IHIZEFEFASR = ) MAK #5400,
HPLC 73 Al 5 , 45K 7 Fras . IRH MAK 1E
A EE Ry 0.4 /L B~ 7™ it fie & . 24 MAK
W HEART 0.4 /L B, BB TS0 B2 388 o it =2 334
M 24 MAK 3% 7T 0.4 /L i, i 78 2 M MAK
SRR EIER, SR, Y A
UG A0 VA JEE £ 18 o 52 i AT

6 HBEMERENSMEEYELTNE
Fig. 6 Effect of the concentration of glucose on whole-cell
biotransformation.
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Fig. 7 Effect of the concentration of MAK on whole-cell
biotransformation.
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SARTINGE , Z5RWE 8 PR, AFEEEFREH T, K
I 12 h HEAR A B d-Ph R BT 7 2 e e o S ()
TS AR R4S, 0 T A i 2B SRR TR) - R 7
SRS vy o N IS 7i 13-4 B Vaat /S s~ i
SR RN 2 /8 SR R o N0 S N 7 Dt 1 ¥
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Fig. 8 Effect of culture time on whole-cell biotransformation.

2.4.5  EIEFMA T EYFH ALY

0.2 g BEFRmEHy 12 h B EAFEREAE, m
A 18 mg HHEZIER 0.4 mg 1) MAK 5L 0,
HPLC 73 #r il d-PhRK i 7= 50 97.5 mg/L, JIE
W IR AR 24.1% o
3 9tk

UTEEAE R B HHUF O8RS BN U T 2 Rl 25 )
HFR, EESMNA T EFREMA A . WA,
NSz, TR . A AR Ak I e A
SR P A Tl R 109 T R R A A 7 IR 2
PEERZ —, BABERKRE . M 28 T
WER HET A% RS R G h i AR s 3, B3
Afb . L K FAEFE R R R A, SR
WRIERGAH L EA LR 800 BT
P dF FROAS I Gk, 5 S BIRALIE AU BFRIAKOT
ik, (AR T 8 AR IRIT S A 2 )
DR aR NN RIS b S i = e VA sk 7/ = |
BEDR TR R, AR 2 AT B VR A R R T AR R A
ARG LG, Jf B R N R

ARIHWRMETMAH B. subtilis W5tk r=
d-TNRREETR , TE4L B. subtilis 75/ A BAEAE O B0 T
AEAS LY MAK S04 B0 d-DhREEIR . AIF5E 3
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£ B. subtilis Wb600 1415 3, FIH58 5 2+ PrpsD
FNLNEF TrpsD SZBL midh 1Ak 28 BAT R 09 s 3L
Feik, [RINHE A 40 M N GDH i bl df 7t 4 75 A4 ]
X H A P AT A A M A RN SRy, T e
4 97.5 mg/L, JIEMEIREARN 24.1% , WIS
T HEREER A YR TR, R T B S AR EESM R
PERIIA, RORFEAR T 74 1 i 4 AR

AR ER R F, FIH M morganii 14k
MAK 7= d-OhREC0E , 8 S, b Al
B, WA Y 85.2 mg/L, BE/RLALARIE
84.4%; A HILFEIE midh F1 gdh B FH K HFT
B AN XS BRI 5™ d-PhRR BT, EARSEBL T R R E A
P A, {H AR B MLDH s A H R
AR B o0 R ICAMIER RS (1R T, 25 R &)™
Yo7 i FEE IR F AL SR AR, 439028 58 mg/L
M 57.6%™; MILZTF, ARBEFE P P=Y =R R a2
e, ARSI IR A A AR AR o DA S v ) 25 M o X
WAL RS T, A VR R Y L PN 7 1 i B
WL T m iR 0, (RIS K, w1 R
A RESE TR AL N b B v GDH G ) AN, HL Y
IR R, (ARG R 2, SEmE Y
FERAHZEAN K . WAL, HH AN, 3 i A
JId Sl S PR T 0 PR A, A AR A A W A 1
£ [F7) A A 7 T 2 M T 1 7 A T 2 W R 1) ™ A
SR AR RN pH, SEU N A BEFERGE Y pH
FAFT AT, BEZ WY, AP IR
BT midh FEDUTERS 2F ORF B H ) S RGR A, TEAR
SN A O R R DU A A 7 R A, (AR g
T i fitp R e Al o R A T R 5 SR [R) R, S 2T LA
#5434 I GDH #% DU%al 1 2k MLDH 5 GDH
WA 2Z B0 L ] 56 2R AT 4 o 7= 1) 7 s sl oot
i L F B GDH BT 7 %8 e (9 B AR BB AR, LU Ry 1
6 TR R T DR S B M B T X BB ST
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