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Efficient production of biliverdin through whole-cell
biocatalysis using recombinant Escherichia coli

YAN Sihan, SHAO Minglong, XU Meijuan, ZHANG Xian, YANG Taowei, RAO Zhiming

Key Laboratory of Industrial Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan
University, Wuxi 214122, Jiangsu, China

Abstract: Biliverdin is an important cellular antioxidant. Traditionally, biliverdin is produced by
chemical oxidation of bilirubin, which is a complex process and the final product is of low purity. Here
we report an efficient, green and safe process for biotechnological production of biliverdin. A heme
oxygenase (HO) gene from Clostridium tetani was screened, and a recombinant strain Escherichia coli
BL21/pETDuet-hoCt with the ability of transforming heme into biliverdin was constructed. A biliverdin
yield of 32.9 mg/L from 100 mg/L substrate was achieved under pH 7.0 and 35 “C. In order to improve
the supply of reducing power, an NADPH regeneration system using glutamate dehydrogenase (GdhA)
was constructed, resulting in a recombinant strain E. coli BL21/pETDuet-gdhAEc-hoCt which was
capable of producing 71.5 mg/L biliverdin. Moreover, through introduction of a membrane surface
display system, a recombinant strain E. coli BL21/pETDuet-gdhAEc-blc/hoCt was constructed to shorten
the transformation time, and the production of biliverdin was further increased to 76.3 mg/L, this is the
highest titer of biosynthesized biliverdin reported to date, and the research may thus facilitate the green

production of biliverdin.

Keywords: heme oxygenase; glutamate dehydrogenase; anchor protein; biliverdin 1Xa; biocatalysis;
synthetic biology

JHZ: 2 (biliverdin, BV), X FREZNHLIEK,
JE— Rl UMk AR, Rl 20 F AR T,
Hf BVIXa. BVIXB. BVIXy Fl BVIXS % S {4
UM, T BVIXo Bk Ry & — P 8 14 mT )i
Il RO 7= i B e e o B e S
BVIXa™, 7EAMH, #BEH K S 545 b
HRKAE 5, DAGR 3P 7K 0 P 2R 1 0 32 0 1 4
(reactive oxygen species, ROS) {73, IMifHLk
FAE R IRLE R -RRLT RIGIR ) — AR5y, [H)
FETT LA 16 B .32 ROS fH R, 7EBE 2240
B, MEERFEREGIE T AN 2 KE, 16
PRSI Y RAERTTRS, UKIAYT
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S B AERIEN Y R ARGE TLRNRI E.
coli MY A IRNENFTIE (Corynebacterium glutamicum)
e SR B %, Chen ZSHEAAE E. coli
rhSR R R IR M (Synechocystis sp. PCC6803)
AR ho He[A | Ji 4 K T 25 A B AR DA Sk 5 1
NRERZR, (HIZ 7 52 B N IR I 21 2845 ik 52
FIBR ], FEEAC 23 mg/L; Mg R DOITE
Escherichia coli WP 5#i3RIK Synechocystis sp.
PCC6803 Kilify ho JEM, i 2 e ALty
Pl RS R, HiF HO MRS 8K, HERER
FE IR AL %A 34%; Seok F'E I TE C.
glutamicum WP 325K ML1 R -G RS TR RR 1 i
IR, AR SRR M 2D 3R - i,
SRIGTEAL C. glutamicum SR ) HO #HEshiR A CigHR
A IRER R, (HIZ R FREZ BN IRPE AL R &
B RR S . Ak, AR B BAFI L sh )
HIEL E. coli A7 BEMAER , (A TR R AR
HRERMAKND, FPEOEME R,
I, SRR Ik R 1 7k
SR JE R K JIE 5 2% A 24 Wyl o vh i B T 5
K, AW T —FhEm Rl S ROV IR
PINRER R 28 7o XA FRIE R HO i
TTmE R BT, 15 B — PR XU AR ZF AT
(Clostridium tetani) 5 0TS 1% & 0T
¥k E. coli BL21/pETDuet-hoCt. i 31 %t % Ak 24
Py — AL 5 K B, % NADPH 7r§%
i B rp 4 A B €4, T NADP RS2 1)
glutamate dehydrogenase (GdhA, EC 1.4.1.4) =
548 & R o f AW B o- I8 % R A
NADPH"™, S, ABFFEAER AT h k3
BRKIETF C. tetani W) HO Hl E. coli KL
GdhA, {8 FH 12 55 41 TR 7E ALV IS ) 121 R
WA IR 540 T BRI @A T IR ER 3R
FIREFEARCE, SIABRRRR RS, 4K
FEAGIN ) A [EI N, e AR SIS B ik — 2P 4

: 010-64807509

J ML 2 R R AR A T 2
1 #R5H*

1.1
111 EHRF0BTRL

AR S vh T BORLOR A7 RN A R IR A 1E
PRI AL 8 % ORAF Y E. coli BL21(DE3),
Clostridium tetani, Synechocystis sp. PCC6803 .
M) Z R, (Rattus norvegicus). N (Homo sapiens)
F1 Corynebacterium glutamicum ATCC 13032 3k
JE 1% heme oxygenase (HO) F:[H 751, M
G MER AR IR PR WS, R AR 4 R
R h 3 7 i S e T T, SRR
& pETDuet HJ Nde | -Xho 1 i 55, FJHEET ik
Jiik. pETDuet-hoCt. pETDuet-hoSP. pETDuet-
hoRn . pETDuet-hoCg. pETDuet-hoHo. L)
pETDuet-hoCt J A 4 4 55 20 Jit . pETDuet-
gdhA-hoCt. AWFFEP IR RN AE B 1.
1.1.2  BF0IK 5

EcoR 1 . Hind IIFRHGITEAVIEE . DNA &

A TEH Dpn 1 2516 [ TaKaRa A w5 &% H PCR
ity . [m] 5 2H il e PN & . PBS BERRER IR
YW A rE e 4R A MR BR A W) 5 SRR
BEME DNA [l & . /v ok g O] £ |
AP DNA JERIZH 00 & A F iR A=
W TRARAR; A NER. #NE- -D-#HA
EF B (isopropyl-  -D-thiogalactoside, IPTG)
B B A TAEY TR (Bl RIARAR; &
x1 AARFAARINER

Table I Gene used in this study

Gene name Length (bp) Protein

ho (Clostridium tetani) 636 WP 035111656
ho (Synechocystis sp. 723 WP_010871494
PCC6803)

ho (Rattus norvegicus) 804 NP_036712

ho (Corynebacterium 648 WP 011014970
glutamicum ATCC 13032)

ho (Homo sapiens) 876 NP_002124
gdhA (E. coli) 1344 U00096

X: cjb@im.ac.cn
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fRaf 21 20 A P62 e AR AT BRZS w5 40 T s
PR BGAT W B S s AR A TR
~Fl ;s Desalting B 7 BEERAH: I A 2 S AEY)
FHE B A R A W

1.1.3 EHxE

LB WA (g/L): AR 10, Wbk
¥ 5, NaCl 10,

LB &G FR3E (g/L): BREFR 10, MEhk:
¥ 5, NaCl 10, BHfgHs 2.

GY Bt (/L)' Hih 20, EEEEHS 20,
(NH,),S0, 5, NaCl 5, Na,HPO,4 15, KH,PO, 3,
MgS0, 0.5,

1.1.4 FEMNHE

PCR ¥, Eppendorf /A w]; UVP HEWR R
1, Bi#ERRE; BRWEIKRS, dbsiis—Y
w7 HAMIKARS, Bio-Rad AHl; FEE K
U3000 =20l EiEA, SRR A TR
ovHEly SLORTERE, M RAEY TR () f
B
1.2 A&

1.2.1 EFBYRERAG 480t

TR AT T 35 DR 20 1 8 B e TR 4 ) ] 4 4
BUAR &0 k58 . M NCBI FEA MK
JA T TR R Y gdhA F&RURD ble J& R 515315
Y, s1EsE 0k 2,

1.2.2 EHREHHE

N T A B E A 84K pETDuet-hoCt .
pETDuet-hoSP. pETDuet-hoRn. pETDuet-hoCg
#1 pETDuet-hoHo 53 5|t 2 E. coli BL21(DE3)
B S, 37 CFE 2 h, WA TANH
PEf) LB AR, 37 CHdiEsE. ®#y& PCR
17 35 46 0 i PR PH M B A 2R 2 WP i LB
PRI IR 35 10-12 h, X7 SHhiRe 2 EA
JB R % 28 M 4 R A R A B W1 59
UFEE A MR SR . R PCR 5|9

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

mes1-F Fl mes1-R Xf HIEF 74k, 1628 5
F Dpn 1 14k PCR ™=y AR =22 I [l liess
L E. coli BL21(DE3) &[R4 Mt {5
¥ mes1-gdhA-F Fll mes1-gdhA-R 748 gdhA FEH
[l 37384 77 4 5 e AL B BOREL. pETDuet-hoCt
iz B8 — 5 L BITR A R 1) V8 21 A0 & kA7
B BB WAL E E. coli BL21(DE3) J&%Z
A4, 37 CHE 2 h, BATEIFEPHEN
LB [E{& A, 37 Cid s, W% PCR ik
S E JE KBS E R AL F E A PR LB Wik
Bige R P A 5% 10-12 h, 7% PCR ik %€ 5
PR 72 LB WK SR h G, 42
A5 31§ 40 ik pETDuet-gdhA-hoCt, 3% 2 J5
S MER AR A B A FIIN Y, 56 UE T AL b
AR, M PCR 5149 linker-ho-F
A mes2-R X H AT &AL, P36 45 )5
Dpn 1 {54k PCR 79 i B AR 2 ) T iess F
Pl E. coli BL21(DE3) FE[RZH Mt , i F
5% mcs2-ble-F 1 linker-blc-R §734 blc FEH,
[l e iy B 184 7 5 46 % 4K 9 KL pETDuet-
gdhA-hoCt ¥ B8 — 7 LU R A FH 7] 5 8 20 12 0) &
AT B W AL 2 E. coli BL21(DE3)
BEZAEYf, 37 CHEE 2 h, A FE Tk
[ LB A4, 37 CilkhisR. W& PCR i
T % R S PRI B b 7 = &N BT B9 LB A
Bi R P 597 10-12 h, [H7% PCR ik % 5 f5 Bk
HUBAPERE AL T 2 LB WK IR P R FE, 1RHUS
P F 2 i ki pETDuet-gdhA-blc/ hoCt, 3% % IR
MRS R A BN WY , S0 4 B R
HA AR . R PCR 5% mes2-F
linker2-ho-R XF H:yEA7 R M4k, § 3625 05
Dpn 1 4k PCR =4 rh R 2 5 I i s
DL kL pETDuet-gfp A BiHR, f 5149
linker2-gfp-F F1 mcs2-gfp-R #7314 gfp FEH, Bk
Y5y 5L AL Bkl pETDuet-gdhA-blc/
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hoCt 5 B8 — 7 PUAFITR & [m] 5 o 20 i) & itk A 7
R R R Y AL R E. coli BL21(DE3) &3%
A4, 37 TR 2 h, WA TR PR LB
AN AR, 37 CiliEs:. Wk PCR ik e
JE PRHUBAPES A+ R 2R Bk LB WA IR 5

R2 AMRPEANSY. RREREEK

Table 2 Primer, plasmid and strain used in this study

1SR 10-12 h, Y% PCR i % 1 i R BH
AL T2 LB WA SR SR, SRR R EHA
ki pETDuet-gdhA-blc/hoCt/gfp, 3% % 70 43 e
BAEYIRHEA PR Sk E A R A
R . A ST BT (00 TR RN SR 2 L3R 2.

Strains, plasmids and primers [llustration Sources
Strains
E. coli BL21(DE3) Cloning and expression of host Laboratory stock
E. coli BL21/pETDuet Harboring pETDuet Laboratory stock
E. coli BL21/pETDuet-gfp Harboring pETDuet-gfp Laboratory stock
E. coli BL21/pETDuet-hoCt Harboring pETDuet-koCt This work
E. coli BL21/pETDuet-hoSP Harboring pETDuet-hoSP This work
E. coli BL21/pETDuet-hoRn Harboring pETDuet-AoRn This work
E. coli BL21/pETDuet-hoCg Harboring pETDuet-hoCg This work
E. coli BL21/pETDuet-hoHo Harboring pETDuet-hoHo This work
E. coli BL21/pETDuet-gdhAEc Harboring pETDuet-gdhAEc This work
E. coli BL21/pETDuet-gdhAEc-hoCt Harboring pETDuet-gdhAEc-hoCt This work
E. coli BL21/pETDuet-gdhAEc-blc/hoCt Harboring pETDuet-gdhAEc-blc/hoCt This work
E. coli BL21pETDuet-gdhAEc-blc/hoCt/gfp Harboring pETDuet-gdhAEc-blc/hoCt/gfp This work
Plasmids
pETDuet-gfp pETDuet derivative with gfp Laboratory stock

pETDuet-hoCt
pETDuet-hoSP
pETDuet-hoRn
pETDuet-hoCg
pETDuet-hoHo
pETDuet-gdhAEc

pETDuet-gdhAEc-hoCt
pETDuet-gdhAEc-blc/hoCt
pETDuet-gdhAEc-blc/hoCt/gfp

Primer name

mcs1-F
mcs1-R
mcs2-F
mcs2-R
mcsl-gdhA-F
mcesl-gdhA-R
linker-ho-F
linker2-40-R
mcs2-blc-F
linker-blc-R
linker2-gfp-F

mces2-gfp-R

pETDuet derivative with Ao (C. tetani ')

pETDuet derivative with /o (Synechocystis sp. PCC6803)
pETDuet derivative with ho (Rattus norvegicus)

pETDuet derivative with Ao (C. glutamicum)

pETDuet derivative with o (Homo sapiens)

pETDuet derivative with gdhA (E. coli)

pETDuet derivative with gdhA (E. coli) and ho (C. tetani)
pETDuet-gdhAEc-hoCt derivative with blc (E. coli)
pETDuet-gdhAEc-blc/hoCt derivative with gfp

Sequence (5'—3")

AAGCTTGCGGCCGCATAAT
TGGATCCTGGCTGTGGTGAT
CTCGAGTCTGGTAAAGAAACCGCTG
CATATGTATATCTCCTTCTTATACTTAACTAATATACTAA
GATGG
ATCACCACAGCCAGGATCCAATGGATCAGACATATTCT
CTGGAGTCATTCC

AAGCATTATGCGGCCGCAAGCTTTTAAATCACACCCTG

CGCCAGC
GGTCGGGAGGCGGTGGCTCCATGGAGAATACCTTTCT
GAACGAAATCCGT
TCCGCCCGAGCCACCGCCACCCTTAAAGCGGTCGAAC
TCCAGCTC
GTATAAGAAGGAGATATACATATGATGCGCCTGCTCCC
TCTCGTT
GGAGCCACCGCCTCCCGACCCTCCGCCACCTGAGCCG
CCACCTCCACTACCAGGCTGCTGTACCCAAAT
GGTGGCGGTGGCTCGGGCGGAGGTGGGTCGGGTGGCG
GCGGATCAATGGGTAAGGGAGAAGAACTTTTCACTGGA

Gene synthesis
Gene synthesis
Gene synthesis
Gene synthesis
Gene synthesis
This work
This work
This work
This work

Size (bp)

19

21

25

45

51
45
50
45
45
69

75

CGGTTTCTTTACCAGACTCGAGTTAGTGGTGGTGGTGG 70

TGGTGTTTGTATAGTTCATCCATGCCATGTGT

: 010-64807509

X: cjb@im.ac.cn
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123 BEHIRIES 4L

HO My #ik: M—80 CUkFEBUH HFl, T4
TR LB MGl , PRBCREE A
SHAYNHEEE (50 pg/mL) HiPEARY 10 mL LB
WARSEFR A, 37 CRl B IR 4% 1% (VT1V)
42 Rl B 4 AR AR FE BT A R 19 100 mL LB
WK R AR 22 55 9E 2-3 h, 1% ODgoo 5%
0.6-0.8 B ALK R 0.5 mmol/L 1) IPTG,
30 CRIIEFR. BEOWEREIA, FH PBS #iiREhsz
IR (pH 7.4) VRV 2 WA 10 mL 28 0 R
B, TR RS, 12 000 r/min
IR 5.0 20 min, BRI 3575 55 4 B A

HO 2l : BB 0.22 wm 8B U8
AFR, 3 Ni-NTA SEFZENT, AR E
(4 WK S SR A 780 B R I AR AT 4l AL B . W RN A
IR s 5 R 47 121 38 S5 o T X 2 AR AR i 5 i )
W alifb )5 M T AR A AL B, BR PR 5
X F Bradford $ki % # 11 R

GdhA 5 HO M3tRik: Jriklal HO MRy
#Kik,
1.24 BEgENE

HO FHEINE (% 3): VAR 100 mg/L
MELZK, Wik ODgw l 6-8 1 E. coli BL21(DE3)
Y ZLFR I 60 mL, BR PRI 2T 33 mg, 2
REREE 35 °C, $EFEFEHE 150 r/min, 45 umol/L
NADPH, pH 7.0, 4% 100 mL, ¥4k 1 h,
WKV 5 min LAk o F HPLC HaAS i
T, RPAGI 2% {4 P e e P R A M (T A
MEAE R UV KIS, CsfE (Agilent 5 um,
4.6 mmx250 mm), VWM N (HEE : 20F -
K D ZFR=40 1 40 1 19 : 1), ¥ N 1 mL/min,
K+ 370 nm, #Fid 35 'C, #EFEE 10 L.
il 1% 1 B s B/ AR BT 1 nmol AHER R
T E M

GdhA FEIEIE . 1.5 mL J2 W AR & o4
50 mmol/L L-A % &, 0.1 mmol/L NADP",

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

50 mmol/L WEFREF S vpif, 2L 9.6 png, K5k
4:37 °C, pH 7.0, i# L ¥ 340 nm 4k NADPH
W AR 1) 728 A0 0 5 WIS 0, TS T B S
4340 A i 1 pmol NADPH FI 5 2 it i
1.2.5 BEEFEMR

HO Y fpcid 52 o7 i B Fdpeid B pH: 435
7E25°C.30°C.35°C.40°C.45°C.50°C.55C
TRE T IE HO BRGNS , AR5 ) fcid S W o
SYRIFEARTE pH 6.0, 6.5, 7.0, 7.5, 8.0 (N4
FNE HO BG, PRITMEFH il SOV pHo

fil ) A T < R IR 3 I AE 0 °C L 20 °C
25°C, 30°C. 35°C, 40 C. 45 CHE NI
2 h JE il AR AR B, MRS R PR E T
1.2.6 ABEEFRSMMELETBSEE

BEAFHER 123 FikEEkER
100 mL AR E SR 5L, Jig% 6-8 h G £%
A 2L GY ¥ B0 5 L R WEREh 5%, R IRV
J& ODgoo i55) 6-8 B, USIMZUSEH 0.5 mmol/L
i IPTG, 28 CisSlisd 10-12 h, KA
8 000 r/min &.0> 15 min, 3% FiE, BRI,
AT A LAk

2 BERXR504

2.1 EBHEHIMEE

PR 1.2.2 IR 5 BRAR TR SR A HO &
B, RBUTR, P35 ho P, BRI UE
B L 1

%*3 HO®EN
Table 3 Enzyme activity of HO

Enzymes

Specific activity (U/mg)

HO (C. tetani) 90.2+1.3
HO (Synechocystis sp. 85.8+0.9
PCC6803)

HO (Rattus norvegicus) 48.9£0.6
HO (C. glutamicum) 27.3+£1.1
HO (Homo sapiens) 23.2+0.5

Control -




DB S EAAGHEL ERECSRARESE

bp

2 000

1 000
750

500 —
250 —

1 ho HEHIE % PCR I

Figure 1 PCR wverification of ho gene. M:
marker; 1: hoCt; 2: hoRn; 3: hoCg; 4 hoHo; 5:
hoSP.

2.2 A[ERIE HO BIFTIEFAEGE 1l E
FEHE 1.2.3 W R4 5 MRS [ R A HO &
2 TR PR A ORE il R S gl il . /D o R R AT
SDS-PAGE Zr#7, WK 2A. 2B iR, 4T
i 25-32 kDa 4b B E &, K HO 78
E. coli BL21(DE3) W IEH KiK. AR
HO il 1% ) 5 45 R W3R 3 Pz .
2.3 AREIRIE HO BEF MR LR
231 mERER
ANFERIE HO FEAS R BE T DU A5 1) il % 445
R 3A, 5 FOANFEIRIE HO B f5cid K20 i B

=
|
1 8 LI =

E 2 =HH SDS-PAGE H Kk E

ARG R ZER, #1635 Cktr. C. tetani 3K
JR ¥ HO 7 3040 °C 1} #FRE 20 H 42 w5 IO T |
REER T 40 CHE, BTG TR IEWT T %
232 ®Hi& pHRR

ANTEIR R HO FEAS[R] pH T {05 14 ik 445 5% D,
Kl 3B, 5 FORESRIE HO [ HcE [ b pH FFA
HHEZES, W pH 7.0-7.5, HH C. tetani .
Synechocystis sp. PCC6803 # C. glutamicum >
JiAY HO fid pH i 7.0, Rattus norvegicus F
Homo sapiens i) HO fzidi pH & 7.5, pH
KF 7.5 8UNF 7.0 i), BEE LG T %,
233 HIBTEMLRE

¥ 5 tREHBEMR AT 0 'C. 20 C.

25°C. 30°C., 35°C., 40 °C. 45 CHM2h /5
or LR A Wl S . A5 RN 3C, fE 0 T
T, 5 HREAWEEILFRAHL, H,
C. tetani PRI HO FILH E A FaEME:, 15
0°C. 20 C., 25°C, 30 ‘C. 35 C&M NG
FIBIRFFTE 80%LA -5 7E 40 “C 204 T G 144
FEAIR R 40%-50%. il EEILF] 45 CHf, 5 RE
2 T S4 A A I 1) T

Figure 2 SDS-PAGE analysis of proteins in recombinant strains. (A) Crude enzyme. M: marker; 1: control;
2: HOCt; 3: HORn; 4: HOCg; 5: HOHo; 6: HOSP. (B) Purified enzyme. M: marker; 1: control; 2: HOCt; 3:
HORn; 4: HOCg; 5: HOHo; 6: HOSP.

=: 010-64807509 X: cjb@im.ac.cn
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A
1207 = hoCt
- L == hoSP
o 100 I\!zoRn
= B | e hoCg
g 80 7 —hoH‘%)
S 60t ‘
2 i BP
E 40 + W \
Q : A N -
2 20 i ’ ! I
Al | WA H'l .
o LLE A d [T dh
25 30 35 40 45 50 55
Temperature (°C)
C
—=—hoCt
1004 —e—hoSP
- —a—hoRn
= L ——hoCg
= 80
= ——hoHo
Z 60
S
Z 40}
=
L
& 20}
0

10 20 30 40 50
Temperature (°C)

ws]
—
A1
[=]

[—= hoCt
zza hoSP
== hoRn
= hoCg
rem hoHo f I

6.0 6.5 7.0 7.5 8.0
pH

—
K <o
o o

B~
=)

Relative activity (%)
(=)
=

]
<

(]

[ — (S T NG R U5 T %)
S Lth o th O L
T T T T 1

Conversation rate (%)

[== RV |
T

t(h)

B3 A[E:XRiEHO RiEEE (A). &iEpH (B). BREREME (C) MEMBRERNALLE D)
Figure 3 Optimal temperature (A), optimal pH (B), thermal stability (C) and comparison of the ability of

different HO enzyme for synthesizing biliverdin (D).
AERIR HO & RBEGRZERE N LLE
PR 1.2.4 AJ7 R ARIC 5 PR 41 T R IR
TEA4S H il SOV A F T AT AR S5 . e ik
ZIF 1.2.4, pH (B% Rattus norvegicus Fl Homo
sapiens Y5 HO ¥4k pH 7.5 #b, AN 7.0),
SERIORESEFT HPLC A, 258K 3D, C.
tetani KR HO bR A, N 29.3%.
2.4 C. tetani KJRH) HO £MMREEL S
B =B KM
241 [RYRE XS HIBERR D
b ROV IREE 35 °C, pH 7.0, 45 pumol/L
NADPH, {5 ODgoo N 15, TENEH) MM L1 R W
JEA B 25, 50, 100, 150, 200, 250 mg/L
A2 T AT . BRI EE R NIE 4A Fi,
FE = VR B R 45 10 T 2R B0 Hh B S 1 R g 40 ol 30
G MIRPIREE R 100 mg/L B, AR,
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24H 28. 7%
242 HAEAEWN LML ERBEENEN
SR R A T R A TR AR A
BCAS, e T AV B A 3 R KPR R
B P A S AR R, A6 SOV IR 35 °C,
pH 7.0, 45 umol/L NADPH, i)k 4 100 mg/L,
B AR ODgoo 43900 5. 10, 15, 20, 25, 30,
35 WIS N AT R A A G IR SR R . 451
e 4B iR, SALIK R AL ODgoo H 25 B,
ALK R, 24N 32.9%.
243 7A[E NADPH KE T & BB &
LB
WE 7T AT NADPH M LIA &,
0. 15, 30, 45, 60, 75, 90 pumol/L,
PR 1.2.4 W7 AT AL S 50 . S5 R sl 5
N, Bl R R R T, ISR R A bR
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# GdhA Fl HO &AW Pk BL21/pETDuet-
gdhAEc-hoCt, JEHLEIIE WK 6 Frs . #iv% PCR
WUEZE R E 7A PR, MR ESRIER . Bub
TG ETT SDS-PAGE 43471, & 7B Fis,
f£ 25 kDa il 45 kDa AbH B B E ALK, 551
5 HO #1 GdhA HEHA/rF8—3, &KW HO
GdhA 7E E. coli TRERSIEH FRik, #1241
A GdhA 15 71 51 U/mg.

P T FL A S5 AR [R], 72 RN 35 °C, pH
7.0, 20 g/L HEAMR, WKHUWE 100 mg/L, Hik
i ODg0o=25 W51 T, Mk BL21/pETDuet-
gdhAEc-hoCt 4> 0 il % 1k & MU 2% 3= 45 R AN K]
8 PR, ¥4k 30 h, H%EZ )" 5 iK% 33.7 mg/L,
LW HE ¥ BL21/pETDuet-gdhAEc-hoCt A5 45
U BV SR B BT NADPH, HU 48 B B4 1 i
Y14 A R RE A T IR 4% A A i o
hoCt

T7 pro T7 term

Figure 6 Map of recombinant plasmid pETDuet-gdhAEc-hoCt.
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LI 45 S TE A o Aot R S PR I EE 4 S BL21/
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10B fii7~, 7F 44 kDa AbFH BI R W& F &40, 1IE
B ZMEE 4 (outer membrane lipoprotein Blc,
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Fie B8 1.2.6 17 X E 4 BL21/pETDuet-
gdhAEc-blc/hoCt Fl1 BL21/pETDuet-gdhAEc-
hoCt #4775 LifEREF%, B.0MUREIA. H PBS
WL Z WA IS R AR, WA RET
0.25% Na,CO; IR Ja I A S AR ZR , il M2t
FAWIE N 100 mg/L, 20 g/L L-BRAMR, ERH
2 1L, 1A ODgoo M 25, 7E 35 C (150 r/min,
pH 7.0 2540 T T B340, VORI L 1 i b
PHERR MW . S5 RmE 11 i, EAE
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Figure 9 Map of recombinant plasmid pETDuet-gdhAEc-blc/hoCt and pETDuet-gdhAEc-blc/hoCt/gfp.
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PR 1 D B 71 3 2ot A2 S AR R VR R L
SRR AR 2T 2 7= A PR S A A i )
IR, HEAEEA DB . AR50t Ak
B THAE R AL 2A ], A IR BE i il
W, M H S A A, XA B Al e g
R EoR . FIAEAKRBIFRE 5 LAY RN
woT AR IR R, AR Bk ik
HMAEE, 29 23 mg/L, {HiZ 5532 20 W IEPE I
21 R A BOE M BR 61, Seok 25U it e
C. glutamicum 3L R iK M 21 2R G s g bR
PRI A TR AL, LS i i A i 21 2
i, SRJE i FRIK HO HEsh a2k IR gk =
BT A R TR LT S 2%, 77 ) o3 i S X
RIXE, RIS, X s 2R B R FiE 20t
¥, Robinson ZE LT F ] EcN(T7) E. coli M
BVIXa. BVIXB Al BVIXS, FEa43514 9.18 pg/L .
51.79 pg/L #1 111.45 pg/L.

ARG E el X 5 FORERRIE HO 7£
E. coli BL21 (DE3) Hilif 5k, MET 5 #k
FHGE, 29K E. coli BL21/pETDuet-hoCt
E. coli BL21/pETDuet-hoSP . E. coli BL21/ pETDuet-
hoRn .E. coli BL21/pETDuet-hoCg .E. coli BL21/
pETDuet-hoHo, X A[ERIET) HO #47 B2
JoT (R BIF S FN B AL, 7 2 1 S 1A= 1 C. tetani
KM HO, HUEETEIAS] (90.2£1.3) U/mg. XK
FHAME G N4 NADPH By =X, X & E
BL21/pETDuet-hoCt #1724 L L0, %
2514 pH 7.0, 35 C, WKL ODgoo N 25, JiE
YIH FEE A 100 mg/L, AHZEZE =55 32.9 mg/L.
WFoE & PL, BEEHEE NADPH WRIE MRS, H
SRFE R BT, mAME RS A NADPH
WA R A = A . ST I, ABFT A
Wi NADPH f4: R4t, 1k E. coli A 5 KK
) GdhA B3k, FIH GdhA 2 58RI
#17 NADPH (M FE, Z5RFRPEHE BL21/
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pETDuet-gdhAEc-hoCt REW 52 L 4y 2 R hy il
eV, TFAMNEGI NADPH B a] g7 AH4E %
MDA B, 5 L K BERERE AL G IR SR R 7 s ik
F 71.5 mg/L. Wk, S4iiafs k& i insk
ZRMWBK, X —B G R R AT e Y
HEA UM SZRE, 55 0 0 4 Al AR KA
ARl R T RN R 58, ¥ E. coli
KR ble FER 5 hoCr FENBlA Fik , ) FHIEAY
[ Ble ¥ HOCt A TR /R, LAMASRE R %
AR, TIREEARM: EAE BL21/pETDuet-
gdhAEc-blc/hoCt IR, HOCt B4 TR
TR, 5 L KEHEAN NS L )k — 240
25 h, [FE =Rk EHE, b 763 mg/L, &
H TR IE R s i, AR A AR P Tl Ak
R A: PSR R B T — 2 (B A SR A
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