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& E:VD, 4k (VD;hydroxylase, Vdh) 2 & pUEMEAEAE 2 D, 19 CHERG , FL2 A0 RO 75 22k A AL )R 7R 1 (ferre-
doxin, Fdx ) FIEk & fb 14 S 2 1134 S ( ferredoxin reductase , Fdr) P-~HL (538 55 85 11, BRIILAI 2 VD, FRA0ER ) =5 20
ik Z S Bt A= 2 D, Tl ALY & e C8E . AR5 20 L H R R 3# K FC B ( Pseudonocardia autotrophica
CGMCC-5098 ) 3L H 2 DNA 53340 DNA itk , PCR 934 Hy Vdh B 5 Fdx-Fdr fil & 3L 35 R B FF 2
AFER B BEAT B #E pET28a-Vdh il pET28a-Fdx-Fdr 20 5k, % AL K AT B BL21 (DE3) , 453545 A Vdh
HEEHE S &4 Fdx-Fdr B AN EREHAE . b5, AW L IPTC H S 5% % T U5 , 51 %94 I &8 (GDH) -
AR AR RGAMER, B B Vdh AR R . Z IR R R RN 45148 : Vdh (0. 05 g) \Fdx-Fdr
(0.05 g) .GDH(0.05 g) #5%j## (0.1 g) . DNAP(50 wL,50 mM) VD, (100 wmol/L) ., FEHAE W ST, ZIK R BE
fig s eAk VD, FN S B R A R R 0 PR Ak SR, S 12 h S5, VD, A0 3R 40. 10%  AHES TR+ [CH (P
autotrophica)) , FEALHF (LT 16. 7% R F AR o ARWFFE B3k BUR 45 ot — 20 il & B e e 2y e 7
HEAl
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Study on the construction of VD, hydroxylase catalytic system in vitro

ZHANG Yang,YANG Ru-jie,LUO Jin-qi, LU Qun,LI Sui-yan”

School of Life science and Engineering ,Southwest Jiaotong University , Chengdu 610036 ,China

Abstract: VD, hydroxylase (Vdh) is a key enzyme for the synthesis of active vitamin D,. Two electron transfer chain pro-
teins ; ferredoxin (Fdx) and ferredoxin reductase (Fdr) are reqiured in the hydroxylation reaction of Vdh. Therefore , construc-
ting an efficient catalytic system of VD, hydroxylase is the key for the industrial biosynthesis of active vitamin D;. In this stud-
y, Pseudonocardia autotrophica CGMCC-5098 genomic DNA and Spinach genomic DNA were used as templates to amplify the
fragments of the Vdh gene and Fdx-Fdr fusion gene by PCR. The recombinant plasmid pET28a-Vdh and pET28a-Fdx-Fdr was
constructed ,and then transformed into E. coli BL21 (DE3) to obtain recombinant bacteria containing Vdh gene and Fdx-Fdr
fusion gene,respectively. Subsequently, the recombinant bacteria were induced by IPTG and freeze-dried, and then coupled
with glucose dehydrogenase ( GDH) -glucose coenzyme regeneration system to form a complete Vdh catalytic system. The opti-
mal reaction conditions for this catalytic system are;Vdh (0.05 g) ,Fdx-Fdr (0.05 g) ,GDH (0.05 g) ,glucose (0.1 g),
DNAP (50 pL,50 mM),VD, (100 pmol/L). Under the optimal reaction conditions, the system can efficiently catalyze the
biosysthesis of VD, and its paricalcitol intermediates. After 12 h of reaction,the conversion rate of VD5 is 40. 10% , which is
much higher than the 16.7% efficiency of P. autotrophica. The results of this study lay a foundation for the further efficient
preparation of calcitriol drugs in the future.

Key words :in vitro catalysis ;electron transfer chain;fusion protein ;calcidol
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HTEemE i &9 2 % 2 802 v #4715
I AR 2B IRAS 7, PR AR, B A A TR
Wy Ak W B A 7 ARG, B e B A S 4
o AN Sasaki 25 F F £ Rk EC 8 ( Nocar-
dia autotrophica ) Ji, B ¥ 4k 4= 2 D # 4k & 25-OH-
VD, (HEFAE AR RAFAE PASO il S v 15 b B
HEARB R RE M2 B2 &R, THR
BEE HE D TAREEORTEAE WAL b B R, PASO il K
N T HLFAG BB 5 IR R (0 ALK R AW B I Ak .
Yasuda 25" £ [ RE 2635 AR CYP2R1 f5 VD, fi
BB 25-OH-VD, , AL ZL A5 1 8. 7% |, [al i 7 A=
1a-OH-VD, , Sawadaden 280 e o i KT B B A
P450SU-1 53l 3 3¢ W 1% 3186 5% &R 11 Fdx J Fdr
B A VD, o Fujii 5607 75 217 BR 1 1 3k
K B AR IRIE R Vdh fE#fk VD, I, %5 e 7RI T
AT H (Acinetobacter sp. ) AciB/CH LR ok
BT 21 Bk B ( Rhodococcus erythropolis ) NI86/21 [{)
TheC/D AF o 43 6 , 5 3 PIURPE TheC/D iy
TAL BRI i, A2 20% (B Ak J] 4 5%
Ko Ke %5 R5AK { A 37 IR R 1 ( Pseudonocar-
dia autotrophica ) VD, ¥ AL BEIF 43 IR HE T AN ShAT 1R
(Acinetobacter sp. OC4 ) [k A 1 Fdx Kk E ik
L5 Fdr Z: 544K VD, (100 wmol/L) 7 A &
b, B AL A i h 19. 65% , Bao 417 Mgt T
B # B % F K & ( Pseudonocardia autotrophica ) 1)
VD, FAGRE, EAF KR T2 A S AT 1 (Acinetobact-
er sp. ) FBREA L IL J5L 8 F (ferredoxin, FDX) 1k 48
AL IR 1 38 JR il ( ferredoxin reductase , FDR) £ B
FIK NEN 1A% 1 A AL BT v B A A S Ak
fsE ] K (AD-MO7 ) 73 51l % £k 1 & 16 = B (0. 5
mmol/L) FI S B AL B e ] {4 ( AD-MO8,0. 5 mmol/
L) AR5 518 36. 10% F122.87% , L b 544
R AR R B AL R G B A L — Bl fl
L ESIVEREE I

WG SCRE A 0 18 A A v R T b R O 1R
i £ K W Pseudonocardia autotrophica CGMCC-
5098 15 Bk P450 ¥2 1L ( Vdh, EC 1. 14. 13.
159) Fel ik, % Vdh JF91 5 Fujii™ 8 f9 Vdh ¥
BIHE AT 1 5 28728, AR A X IR e R e
B8 A B AT I BL21 (DE3) Jyfd 11,
[F] I AE AT VD IRSMiEAL 150 b 3R I B Ak
T S vk SR DR 1 (Fdx ) | kS D
R G (Fdr) AT RlE F3K, Wb S 20 43, 3

T e, 1% 388 A% A, I ) A 4 B I U ( GDHD) -7
HPRESBL NADPH EGFEA 8 R s L VD, A
A7 A AEE D AA (1a- 32 3-19- K 4EE R D, ) K
ISP Al SR A — B A 7 B L B A AR S M AL
BHUARR XA R T, KRR Y&
— AL R S AR
1 w57 =®
1.1 B, R R

B (Spinach) W A 56T 3 A FR R
( Pseudonocardia autotrophica CGMCC-5098 ) T £ 5
% BE DG S GDH Hy 52 50 % DR 85 2% A2 25 40
BL21 JeFEih#i44 pET-28a ( Novagen ) ; G 4H 1 3L K
ZH DNA /viE 2 JBORR) & (A6 5t e B B A ik A
BHEARA ) s PCR =1 2li4b 124050 & ok £ U
& TodE v PR & — 2Dk U s & M R A
PTENYIEE Nde 1 Xho 1 ( bifgA: TAEY) TREA R
H)) ;51 ¥ M FE A Gene 4852, Gene 4833 Fl1 Gene
5562, Gene 5561 & B M HE RN 3 iy il AE T AR
TAREA PR 7 58 1 VD, (Sigma) 5 A HL A AL B 8]
P H S50 % H
1.2 ZWH*
1.2.1 314kt

4 VD, ¥ 1k g Vdh 3 ( GeneBank :
KX786150) , & b R 54 14 Fdx #:[H ( GeneBank ;
XM_022011295 ) FI4k A AR I 2 (A B il Fdr JE A
( GeneBank : XM _022006538 ) J¥ 51| 43 #3151 4, 18
Vdh 519 bR 55| AU A Nde 1T F1 Xho
I Fdx f Fdr 519 TC 5% s b5 1), D057 3 0
BamH 1 FilSac 1 ,[FREHE Fdx J5514),Fdr 5754
Flill A Linker; GGCGGCGGCGGCAGC GGAGGAG-
GAGGAAGC GGCGGAGGCGGAAGC, JF i i Over
Lap PCR #17RlG
1.2.2 PCR¥FEEFMHmEE

i G ™ 4 pA FE I 41 DNA /)y i 4 B0 & R L
(1) CGMCC-5098 B DNA Syt it 1 54
P44 Vdh JEH, PCR K& (25 wl) : B [H 41 DNA |
wL, Vdh 3P F RS9 (10 pmol/L) & 1 uL,2 x
Prime STAR Max DNA BA 12.5 L, R 5035k
9.5 pL, PCR ' #454F:94 C 5 min,94 °C 30 5,66
°C 1 min,72 °C 30 5,30 ME¥H,72 C 5 min; Fdx-Fdr
BEPR LA it 9 52 ] Trizol 242 MU RNA, I J — 20 4k
B R & A5 2 A cDNA SRk, [ % 1 514,
K H Over Lap PCR W) 753, 9 A R 5 41 F I,
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Table 1  Primer and sequence

51¥) 4 %K Primer J¥%1 Sequence

Vdh-F 5'-CAGAACATATGGCGCTGACCACCACCGGCACCGAGCA-3’

Vdh-R 5'-GACACCTCGAGTCAGGCGCTGCGCGGCCCCA-3’

Fdx-F 5'-ACAGCAAATGGGTCGCGCAATGGCTGCCTACAAGGTAACCTTGGTAACACCC-3’
Fdx-R 5'-GCTTCCTCCTCCTCCGCTGCCGCCGCCGCCGGCAGTAAGCTCCTCTTCCTTG-3!
Fdr-F 5'-GGAGGAGGAGGAAGCGGCGGAGGCGGAAGCCAGATCGCCTCTGATGTGGAGG-3"
Fdr-R 5'-GCAAGCTTGTCGACGGAGCTTTAGTAGACTTCAACGTTCCATTGTTCTGC-3"

132 W8 F 1% BB ERE I H Uk R
1.2.3  Vdh & Fdx-Fdr Bz ik R M

FkL VIR Z . pET28a ( + ) UKL 10 wL, Nde
[ F1 Xho 1 4% 1 wl.,10 x H Buffer 2.5 L, KB L
77K 10.5 pL, FCEIFARRE, (FHAE 37 CRE 3
h,65 C/K¥ 15 min K35 PR HE N UIEE . LUAH R A
FXTalifbfE Y Vdh 38 = YA T YT

HOmg 48 XL U0 7 ) e ) & 42 K &R pET28a
(+)RPERBES pl, Vdh EE BB 7 pl,10 x T4

florigin

Kan pET28a-Vdh

6581bp

T7 promoter Kan

DNA Ligase Buffer 2 wL,T4 Ligase 1 wL, K AZEK
Spl, HBEEERET 16 CKE 2 h, 157
pET28a-Vdh,

T4 v e 1 He A AR - To4E e pET-28a 24k
AR 2 wl, il )5 1Y Fdx-Fdr 738572 9) 3 pl,2 x
Seamless Cloning Mix 10 L, Nucleuse free water 5
who MCEUFAR)S AR S0 °C I F 20 min, 733
pET28a-Fdx-Fdr, 4 #pM- BRI A 1, 7 A fE
T T 7 PCR SRR I Fr 36 E 2 A A A

pET28a-Fdx-Fdr
6800bp

B 1 J&RHL pET28a-Vdh #0 pET28a-Fdx-Fdr Ei&
Fig. 1  Structure diagram of pET28a-Vdh and pET28a-Fdx-Fdr

1.2.4 FTUREHNLKHAR

FIFH G 26 pET28a-Vdh f pET28a-Fdx-Fdr
I3 AR AT I BL21 (DE3) . BUb & IR AT 7R
%50 pg/mL RAREE ZEAY LB -4 1,37 C il s
Feo PRHUES RGP0 RV, PRI B e 7%
Bt , ISR pET28a 38 FH 54 T7 J T7-ter 47
Py AT I, IR AT & RIRE R
50 pg/mL [ LB YA 57 H b, & TE R IR, 37
C,200 rpm, 533 6 h J5 4348 T-80 CLRAF, I U
Oy B RZFE R T A TR BRA /10
1.2.5 FURMAFHGFFRE

UTRAT 1) E 2 R o A D 2 1 B Y 4 LB
B R . 1 mL 3G AR RD T 50 mL
LB i3 75 e, s AR B hoin A2 Bl 50 g/

mL FHREE 2., Y E W A600 155 0.6 ~0.8 ZJd],
IIAZHE 0.5 mmol/L f) IPTG, F 30 °C,200 rpm
ARt FE 12 h [P IPTG By H 20 K AT
[ S35 5 VR s U R

IAEWT 8 000 g 9.0 10 min, {545 % 15 57
I LIAHE 4514/ 10 mmol/L Tris-HC1( pH7.0) E %
14,8 000 g B.0> 10 min, 54 3 YK, F 20 mL Tris-
HCI(pH7.0) SRR ARTIIE, IR 5] 5 iE 17 4 7 i,
WA 500 W, TAE 5s, [AIBR 5 s, JH 5 60 K, BEAEIA
PRLLE 4 7AE 8 000 g B5.0> 10 min, AT, i
HUUWEDSRAE . FIH 12% SDS-PAGE Fi 55 8 1K
AN S AT M
1.2.6 Fdx-Fdr % & & kb

H B 1T MR DR FH 4 L (1 32 C oA
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Fdx-Fdr i F1& 38 1% P . # 60 pL Fdx-Fdr (5
mg/mL), 2. 7 mL PBS (100 mM # fid £ 22 up &,
pH7. 0) Fl NADH 150 pL.(50 mM) F4iffi{a 2 C 90 ul
(50 mM) R A RN, 25 HAA N NADH, 7€ 3 min P
HEP 30 s L T 550 nm WG NI E AR 1k
1.2.7 AR RZAEALE IS IE R ARAL

5 IE R EHRE R R TS, 78 10 mL #51R
ZErhie (0.1 M,pH7.0) Filim A Vdh K Fdx-Fdr ;i
J5 HHLEA % 0. 05 g, GDH BBERAE = 1 HHL it Ay ( ) 25
WL AUE)0. 05 g, A4 8% 0. 1 g, DNAP (50 mM) 50
L, P S7 B AR EE rh A A (1o FRIE-19-25 HI 4k
D,) % VD, 100 pmol/L,30 °C , JZ /i 12 h, TLC #&ill
TNV SEEE 5 R A = 138 o hek s ta i AT o4l s
AT AR IR S TN BT 3 53 BT 45 2 e B5ORR e 3 1

M 1 M 2

2000 bp —|
1000 bhp

250 hp—
100 bp—»

A B

1000 bp -
750 bp —

34T, HPLC 45 55347 s 80RO (835 vk B 26040 0 < 1E
AR FLBIAH N RN EE IEC % =15:85(V/V) AR
IR KK 265 nm, (A% 4 Waters Si0, (3.9 mm
%300 mm) ,¥i# N 1.0 mL/min,

WL EE S Vdh b Ve SR Ak 2% 18 5
H, 1 3o B A Ak S g ) BR 3 2 B A At 25 1A
R OL T , FATHRSE Vdh 5 Fdx-Fdr F A 2
(IR, 3£ 0. 1 o(BEKS Hb ) Vdh: Fdx-Fdr =1:8 .1
4. 1:2.1:1.2:1.4:1)
2 F#R
2.1 PCR¥ERFWERE

i 2 frs, A B .C.D 435k Vdh ZEF (1 212
bp) Fdx £[F (294 bp) Fdr £:[H (945 bp) \Fdx-Fdr
(1431 bp) PCR =¥l , 5B K/MAFT

M 3 M 4

2000 hp=—
1000 bp _

B2 PCR =¥ ikE
Fig. 2 Agarose gel electrophoresis of PCR amplification products
7 :M:DNA Marker;1:Vdh PCR j=#j;2 . Fdx PCR ;=4 ;3 :Fdr PCR ;=4 ;4 :Fdx-Fdr Over Lap PCR =4, Note:M:DNA marker;1;PCR product
of Vdh;2:PCR product of Fdx;3 :PCR product of Fdr;4:Over Lap PCR product of Fdx-Fdr.

M 1 2

2000 bp

1000 bp

750 bp
500 bp
250 bp

100 bp

A

2000 bhp
1000 bp

M 3 4

750 bp
500 bp
250 bp
100 bp

B

3 PCR BEWIEEAFRH pET28a-Vdh( A) #1 pET28a-Fdx-Fdr( B)
Fig.3 PCR colony verification of recombinant plasmids pET28a-Vdh (A) and pET28a-Fdx-Fdr (B)
7F :M:DNA Marker;1.2.:Vdh 7% PCR 77473 4. Fdx-Fdr E7% PCR 7=¥J, Note:M:DNA Marker;1,2:PCR amplification of Vdh in recom
bination plasmid of pET28a-Vdh;3,4:PCR amplification of Fdx-Fdr in recombination plasmid of pET28a-Fdx-Fdr.

2.2 FHRM pET28a-Vdh K& pET28a-Fdx-Fdr I

iE

7% PCR YIRS R NIE 3, o A S EE 4]

ik pET28a-Vdh [ 1R 75 PCR & i B Uk I, €l B
R E A Uk pET28a-Fdx-Fdr T 7% PCR #E 1% HL Uk
], Vdh 2 A/N 1 212 bp, Fdx-Fdr 36/ 1 431



Vol. 33

W 155 VD, BRACHHASMEA A R R BTS 5

bp, B % PCR K/NME& UL, B P45 2R 5 B ARy
SR 100%
2.3 ERKBHENESRE
W 4 P, A BRI 374t 45 kDa i izis
TR A A SRR E RN &1 A2
KDa M 1 2 3 4

i
45.0— Vdh
35.0—
B50—uw
¥ FPF
18.4 1
14.4:2 l,
!
A

Sy BT IS TKGE L3 4 S AN SR vk,
A Vdh AiERIA . B EIHAE 48 kDa Fif T iF S
A S U Fdx-Fdr a8 E3 05 ,5.6.7 25
WA, B, DUREDKE ,8 Ry AN S0 Uk i, n]
I Fdx-Fdr A7 nfERIRE Y

kba M 5 6 7 8§

116.0— :
[ =1
66.2 Fdx-Fdr
45.0
35.0— %
25.0— - =
k
B

18.4

14.4-

4 pET28a-Vdh( A)/pET28a-Fdx-Fdr(B) & B 5% 1% SDS-PAGE 4347
Fig. 4 SDS-PAGE analysis of pET28a-Vdh( A)/pET28a-Fdx-Fdr(B) Recombinant protein expression
142 : M : Protein marker;1.2:pET28a-Vdh 1555 ;3 4 : pET28a-Vdh 537 ;5 .6 .7 : pET28a-Fdx-Fdr 153 )5 ;8 : pET28a-Fdx-Fdr 15 %7, Note:M:
Protein marker;1,2:E. coli BI21 transformed by pET28a-Vdh plasmids after induced ;3,4 E. coli BI21 transformed by pET28a-Vdh plasmids before
induced;5,6,7 . E. coli BI121 transformed by pET28a-Fdx-Fdr plasmids after induced ;8 : E. coli B121 transformed by pET28a-Fdx-Fdr plasmids before

induced.

2.4 Fdx-Fdr EEEMHEEN
FE S5 AT A T2 X IR, = AT 305
20 A NADH J5 , 7E 550 nm Ab WA 35 T 5 (

0.8 4

0.6 4

550nm (OD)

0.5 1

5), L ESRIES A R C 4532 T i Fdx-Fdr il
BEAMN AT, WITHESE RSN ] 5 KK H Fdx-
Fdr & 8 1 BA AR G

—&—without NADH

—8—with NADH

0 50 100

150 200

fif 7] Time (s)

5 #HREfE CiEHr Fdx-Fdr &

Fig. 5 Cytochrome C evaluation of Fdx-Fdr activity

2.5 FREXFEEIERAL

MASE B A B [ A (1o-2 JE-19-5 4R AR R
D, ) FEAk = Wi i B , SR, S 56 U R S B Ak
B, FAE RS S Sok i —3

VD, F Ak = 1) JFit S0 & HPLC 534, 40 F Ik
B ESI-MS:m/z 401.0[ M + H] ", LK 4> T VD,
Sy FTHE K 16 (Jh 25-0H-VD, ) o #% g M4k & 1%

HIHJE {55 H'H NMR (400 MHz, CDCL, ) 8 (ppm) :
10.21(d,J = 6.8 Hz,1H),7.70(d,J = 7.6 Hz,
2H),7.44(d,J = 8.8 Hz,2H),6.65(d,J = 6.8
Hz,1H) , HPLC Kl 737 &I (&1 6) , # it FlR U
FEAH [F] ) O B3 B[] b A 5 20 58 S A, 156 VD, A%
B0 Ly = o W - | SR £ R T 5 S Y VA £
KHE PR AL IR, A VAT IR SMiELL VD, B 58T
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Vdh 5 Fdx-Fdr LWEIXTRPFEARZmR (£2) , 25 40.10%,
HLFIEE 1 4t =i b B R e S A
10004 T‘ . VD 1 . . 250HD:
800 l . &
5 600
E |
400' ‘ ‘ ......................................
<001 A ? 25-0H.Ds o
0 A FETeET —
0 2 4 6 8 10 12 14 16 18
Time/min

6 HPLC &l 5347 B
Fig. 6 HPLC analysis chart

®2 FRELEGINENLRBERKRDELER

Table 2 Conversion ratios of substrates in different hydroxylation reaction systems

Vdh: Fdx-Fdr Substrate cofiiﬁfjt)in( wmol/L) Converfiéoﬁﬁie( % )
18 100 32.37
1:4 100 40.10
1:2 100 14.43
1:1 100 9.51
2:1 100 4.32
4:1 100 11.74

3 itig

LA 2 DCELEEZ 259 16 B s b Pt
RAPELEIT T A ITRL, B E A R AR, 7= %
1, R AE A & i AL B 2R B 2
o W KB, 22 FPER BRR HLA e Abi feiEk 2l
WIBOVE R (B S T 72 h, e L4y g 1o
MIZ T, RN TR A, B A m kbt
R T B AR , AR T A P Se BRI L fiE
A AL 1o S 17 R 2R 1 2 A 23 O Bl 3 I e o i
W], MR A . e fd L TR R, R B4 K
FREEF A S A 2R BT 58 b K 5 R ST
(10 HEL A o e 2 1 B R, R A Ak 1R R e 1k
HIKF 19.65% 2 MK AL -5 A SR B T A%
5 T A [A] — 4 B R AT A Ak Y R Ak Rk B
36. 10% " HBETR K H BRI B TGS R A
il ek w4143, I AR s s R, 5T

ELTE MR BP0 P2 A BIOE P , I R1) FH 4 280 1 ot S il
M RSB NADPH i ilg AR 46 26, 44 2 T (R A1 i
AR R 3 S AR ROR , Ref i Akih 7 B A rh
[ AT VD, B AL pin <7 g fe A AL — B, 54k —
REEEALZRIRER 40. 10% BB ARt 12 h U A
FRVE R R AL BT ] 16. 7% o % WFT 5 2 FEAI%
BEACIT ], FEARRUAS , A (T 2R, R 4 v 1 % A Ak
RN AR LRSS 245 ) O 6% 4204k 1) Tl 1 8
TR SR T

S 3k
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