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AL —BF (AD) 4 9o-#% A MM — 87 (9-OH-AD), iZB W KshA A= KshB AT A M . H 3K & AR
Z 9-OH-AD #9 &L E#k, AR LZFILIEH»HATHE Mycobacterium smegmatis mc’155 #= X & K, Gordonia
neofelifaecis NRRL B-59395, xf /£ 2 ] B % " — 2% R £ T &R 1L 80 2 _E 69 kshA F= kshB 1% % 2 B # 47 %, %,
WNB| 9 HATE R A EAK pNIT 7, MEERAFA, FHEMNF A HAFEH Mycobacterium sp. NRRL B-3805
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Accumulation of 9a-hydroxy-4-androstene-3,17-dione by
co-expressing kshA and kshB encoding component of
3-ketosteroid-9a-hydroxylase in Mycobacterium sp. NRRL
B-3805

Jiadai Yuan’, Guiying Chen’, Shijun Cheng, Fanglan Ge, Wang Qiong, Wei Li,
and Jiang Li

College of Life Sciences, Sichuan Normal University, Chengdu 610068, Sichuan, China

Abstract: 9a-hydroxy-4-androstene-3,17-dione (9-OH-AD) is an important intermediate in the steroidal drugs production.
3-ketosteroid-9a-hydroxylase (KSH), a two protein system of KshA and KshB, is a key-enzyme in the microbial steroid ring
B-opening pathway. KSH catalyzes the transformation of 4-androstene-3,17-dione (AD) into 9-OH-AD specifically. In the
present study, the putative KshA and KshB genes were cloned from Mycobacterium smegmatis mc?155 and Gordonia
neofelifaecis NRRL B-59395 respectively, and were inserted into the expression vector pNIT, the co-expressionplasmids of
kshA-kshB were obtained and electroporated into Mycobacterium sp. NRRL B-3805 cells. The recombinants were used to
transform steroids, the main product was characterized as 9a-hydroxy-4-androstene-3,17-dione (9-OH-AD), showing that
kshA and kshB were expressed successfully. Different from the original strain Mycobacterium sp. NRRL B-3805 that
accumulates 4-androstene-3,17-dione, the recombinants accumulates 9a-hydroxy-4-androstene-3,17-dione as the main
product. This results indicates that the putative genes kshA, kshB encode active KshA and KshB, respectively. The process of
biotransformationwas investigated and the results show that phytosterol is the most suitable substrate for biotransformation,
kshA and kshB from M. smegmatis mc®155 seemed to exhibit high activity, because the resultant recombinant of them
catalyzed the biotransformation of phytosterol to 9-OH-AD in a percent conversion of 90%, which was much higher than
that of G. neofelifaecis NRRL B-59395. This study on the manipulation of the ksh genes in Mycobacterium sp. NRRL
B-3805 provides a new pathway for producing steroid medicines.

Keywords:  Mycobacterium sp. NRRL B-3805, 9a-hydroxy-4-androstene-3,17-dione, 3-ketosteroid-9a-hydroxylase,
heterologous expression, biotransforamtion
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9 (9a-OH)
9-OH-AD(D)"*! 9-OH-AD
9a- Co,11-

Co-

AD(D)

CiiB-

Cho-
4]
3- -9a-
IA kshA
Rieske kshB
512002
Rhodococcus erythropolis SQ1  3-
-9a- kshA  kshB
#2006  Andor
M. smegmatis mc*155 kshA
61" 2009

van der Geize

Petrusma
Rhodococcus
rhodochrous DSM 43269  kshA  kshB
kshB NADH
kshA 712009
H Mycobacterium  sp.
NwIB-01 kshA
B 2011 van der Geize
R. rhodochrous DSM
43269 5 kshA
191
G. neofelifaecis NRRL
B-59395 M. smegmatis mc” 155

ksh kshA  kshB

Mycobacterium sp. NRRL B-3805 kshA
kshB
9-OH-AD
3- -9a-
9a-
1 MR57%

1.1 ERFIRAL
G.neofelifaecis NRRL B-59395
(o] M. smegmatis
mc?155 Escherichia coli DH5a
Mycobacterium sp. NRRL B-3805
pNIT
Christopher M. Sassettia (University of

Massachusetts Medical School)

1.2 EFEMEERT
MgS0O47H,0 0.25 g NH4NO;
1.0 g K,;HPO40.25 g FeSO47H,0 1.0 mg

5¢g lg 1000 mL pH
7.2
LB 10 g
5¢ 10g 10g 1 000 mL
T4 DNA TaKaRa
OMEGA Amresco
1.3 DNA HIEMRIESE
DNA DNA
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(1]

1.4 = DNA BYIEEX
G. neofelifaecis NRRL B-59395

M. smegmatis mc®155 DNA
[12]

1.5 HEH#HI DNA FEHI PCR 415

1

PCR (50 pL)

ms 0.5 uL 10x 5uL
Tag 0.6 uL MgClL 3 uL 50 uL
94 C 5 min 36

94 C 50s 52°C 50s 72°C
I min) 72 °C

1.6 S FRATE B LIS AR &
Mycobacterium sp. NRRL B-3805
[13]

10 min

1.7 SR EBIEEL
100 pL Mycobacterium sp.

NRRL B-3805 2 uL

x1 AHARPAASY
Table 1 PCR primers used in this study

30 min
2500V
500 pL.
30 °C 180 r/min
3h 5 000 r/min
100 puL.
20 pg/mL 28 C
8-10 d

2 min

PCR (14]

1.8 HUFEMLFEERNEE

BC NMR
'H NMR

TOF-MS m/z
303 [M+H]" IR vpa(cm™') 3304,1735,1655 "°C
NMR (CDCl5,400 MHz)5 29.2(C-1) 33.4(C-2)
180.36(C-3) 125.1(C-4) 172.0(C-5) 31.6(C-6)
23.0(C-7) 35.8(C-8) 76.1(C-9) 37.1(C-10)
26.8(C-11) 28.2(C-12) 44.2(C-13) 42.0(C-14)
21.1(C-15) 35.3(C-16) 200.8(C-17) 11.8(C-18)
18.9(C-19) 'H NMR (CDCl;) 0.93(3H,s,H-18)
1.38(3H,s,H-19) 2.03 (1H,ddd,H-8) 6.05 (1H,s,H-4)

Primer name Primer sequence (5'-3") Size (bp)
MSMEG_5925-F  ACTCATATGGCTACCGAGACTGTCGG (the underline indicates Nde 1) 26
MSMEG_5925-R  AGCGAATTCAGCTCGACTGCTCCGCCTTC (the underline indicates ECoR I) 29
MSMEG_6039-F CTAGAATTCGGAGGAATCACTTCGCAATGGTGACTGATGAGCCCCTGG (the 48

underline indicates ECOR 1)
MSMEG_6039-R  GCAAAGCTTCTATTCGTCGTAGGTGACTTCG (the underline indicates Hind III) 31
SCNU_16633-F CAGCATATGATGGCTGACACCGACATCCG (the underline indicates Nde 1) 29
SCNU_16633-R ATCGGATCCTTCGTCGGCGCGAGTCATCAGAC (the underline indicates BamH 1) 32
SCNU_18062-F ATAGGATCCGGAGGAATCACTTCGCAATGACCGAACTGACCCCGCAC (the 47
underline indicates BamH I)
SCNU_18062-R GCTAAGCTTCAGAACTCGATCTTGAGCTTGTCGG (the underline indicates Hind I1I) 34
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1.9 HEMNEVEILREESH t
100 mL
05 /L) 2 R
( 0.05% Tween-80 ) 2.1 3-HE-90-RENEIRIERFEERSRIR
30 C 180 r/min ODso0o eSS0
0.8 ( 28 mmol/L) M. smegmatis mc*155
24 ht* 12 h MSMEG_2870
MSMEG_5925  kshA MSMEG_2893
=6 4 MSMEG_6039  kshB
HPLC el G.neofelifaecis NRRL B-59395 3
Essentia LC-15C HPLC kshA SCNU_16633
WondaSil C18 SCNU_18995 SCNU_20231 2 kshB
(4.6 mmx150 mm 5 pm) 35°C SCNU_18062
254 nm =65 35 SCNU_05586
1 mL/min 20 pL
=(9-OH-AD / )x100% (
1.10 ZEHESBTFEEBEHED )
50 mL M. smegmatis m¢’155 2 kshA
48 96 144h MSMEG_5925 3
10° 10* 10° RPKM 101.47
20 pg/mL 288.50 100.33
28 C 7d 2 kshB

*2 HESRFESXERE -HIE-9e-FENBHRLDERRHEERKESIN
Table 2 Transcription analysis of KSH-encoding genes in M. smegmatis m¢’155 and G. neofelifaecis NRRL B-59395

Gene ID Encoding subunit of KSH AD (RPKM) Cholesterol (RPKM) Glycerin (RPKM)
MSMEG_2870 KshA 13.13 10.67 1.42
MSMEG_5925 KshA 101.47 288.50 100.33
MSMEG_2893 KshB 0 6.2 0
MSMEG_6039 KshB 0 28.2 0
SCNU_16633 KshA 54.87 214.60 113.7
SCNU_18995 KshA 70.12 11.23 2.33
SCNU_20231 KshA 23.62 104.63 12.39
SCNU_18062 KshB 88.22 61.095 40.52
SCNU_05586 KshB 3.22 5.23 3.10

RPKM: reads per kilobase of coding sequence, per million mapped reads.
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MSMEG_6039
G. neofelifaecis
NRRL B-59395 kshA
SCNU_16633 SCNU_20231
SCNU_16633
RPKM 214.60 kshB SCNU_18062
MSMEG_5925

MSMEG_6039 SCNU_16633 SCNU_18062

M. smegmatis mc*155 MSMEG_5925
Mycobacterium tuberculosis H37RV
KshA!'7l Rv3526
82% R. erythropolis SQ1
KshAl 61%
R. rhodochrous DSM 43269
58%  MSMEG_6039

M. tuberculosis H37RV

KshAl”

KshB
73%
R. erythropolis SQ1  KshB!!
60% R. rhodochrous DSM 43269
KshB 58%
G. neofelifaecis NRRL B-59395
SCNU_16633

Rv3571

M. tuberculosis

H37RV ~ Rv3526 (kshA)
53% R. erythropolis
SQ1  KshAl 61%
R. rhodochrous DSM 43269  KshAl®
55% SCNU_18062
M. tuberculosis H37RV KshB  Rv3571
52%
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R. erythropolis SQ1 KshB!! 64%
R. rhodochrous DSM 43269
KshB!"! 65%

22 FHHRNBIMESHEWL
1
M. smegmatis mc® 155 DNA
MSMEG_5925-F/R  MSMEG_6039-F/R
PCR MSMEG._5925 (

1151bp) MSMEG_6039 ( 1 061 bp)
2A 1 2 Nde I/EcoR I
DNA MSMEG_5925
pNIT
EcoR I /Hind III
MSMEG_6039
MSMEG_5925 MSMEG_5925
MSMEG_6039

pNIT-Mksh ( 1A)

G. neofelifaecis NRRL
B-59395 DNA
SCNU_16633-F/R  SCNU_18062-F/R

DNA SCNU_16633 ( 2B 1 1170 bp)
SCNU_18062 ( 2B 2 1 056 bp)
Nde [ /BamH [ SCNU_16633 pNIT
BamH [ /Hind III
DNA
SCNU_18062 SCNU_16633
SCNU_18062
pNIT-Gksh ( 1B)
Nde I  Hind III
pNIT-Mksh ~ pNIT-Gksh
pNIT-Mksh
DNA ( 2A 4)
6261 bp pNIT
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A
Kan
pNIT-Mksh
Nde 1 (8.4 kb)
MSMEG 5925
EcoR 1 /MSMEG_6039 OriM

Hind I1I

1 FikxF# pNIT-Mksh 1 pNIT-Gksh 7= = &
Fig. 1

A

bp M 1 2 3 4

2 HFRAEERKIRAETERIXSN

B

Kan
pNIT-Gksh
Nde | (8.5 kb)
SCNU _16633
SCNU 18062
BamH [ / - OriM

Hind 111

The construction of expression plasmids pNIT-Mksh and pNIT-Gksh.

bp M

8000
5000
3 000
2 000

Fig. 2 Agarose gel electrophoresis analysis of recombinant plasmids of pNIT-Mksh and pNIT-Gksh. (A) 1: the PCR
product of MSMEG_5925; 2: the PCR product of MSMEG_6039; 3: pNIT; 4: pNIT-Mksh /Ndel, Hind III; M: DNA
marker. (B) 1: the PCR product of SCNU_16633; 2: the PCR product of SCNU_18062; 3: the pNIT; 4:
pNIT-Gksh/Nde 1, Hind III; M: DNA marker.

2 kb DNA MSMEG_5925 Mycobacterium sp. NRRL
MSMEG_6039 2B 4  pNIT-Gksh B-3805 3805-Gksh
SCNU_16633 23 EAEHBUENOLE
SCNU_18062 (2 226 bp)
pNIT (6 261 bp)
( 3A) HPLC ( 3B)
Mycobacterium sp. NRRL B-3805 Mycobacterium sp. NRRL
B-3805 AD ADD (
PCR 3A 1 3B c) kshA-kshB
pNIT-Mksh AD
Mycobacterium sp. NRRL B-3805 ( 3A
3805-Mksh pNIT-Gksh 7-12 3B a) 3B ( a ¢)

cjb@im.ac.cn

529




530

ISSN 1000-3061 CN 11-1998/Q Chin J Biotech ~ April 25,2015 Vol.31 No.4

A 1 2 3 4 5 6 7 8 9 10 11 12

— ADD—

B mV

- o .

3500 000
3000 000
2500 000

2000 000
1500 000 IL AD

1000 000

500 000

0 . —

=500 000

00 25 50 75
mlz

3 ZBUEYREREN (A) 1 HPLC (B) 94

100 125 150 175

Fig. 3 TLC and HPLC analysis of products. (A) TLC analysis of products. 1: the products of strain NRRL B-3805; 2: the
products of NRRL B-3805 with pNIT; 3—6: the standard samples of AD, ADD, ADD and AD; 7-9: the products of strain

3805-Mksh cultured in phytosterol, sitosterol or cholesterol;

10—12: the products of strain 3805-Gksh cultured in

phytosterol, sitosterol or cholesterol. (B) HPLC analysis for the transformation products. a—c: HPLC analysis for the
products of the recombination strains, the standard sample of 9-OH-AD and the products of the strain NRRL B-3805.

Mycobacterium sp. NRRL
B-3805

3304
TOF-MS [M+H]" m/z
303 302 9-OH-AD
302.4 AD C NMR
C9 853.8 ppm
876.1 ppm c9 1
[18] "H NMR
8 0.93(s)
1.35(s) ppm 6.05(d) ppm 1
83.5-4.5
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Horinouchi
[19] 9a-
9-OH-AD kshA kshB
KSH
9-OH-AD
2.4 FHEHRMNARIKIBIEEL
HPLC
36 h 3
9-OH-AD

3805-Mksh 108 h
9-OH-AD
453.1 pyg/mL 34 ug/mL
90.6% ( 4A)
120 h
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500 350

450+ -+ Phytosterol 300 Phytosterol
3400} = Sitosterol a -a Sitosterol
£ - =) .
E‘f 350 Cholesterol g 2501 Cholesterol ‘
= 300} =200}
% 250+ %
£ S 150+
= 200+ *g
§ 150 2100}
S 100t S
= ool < sop

0' * . ! O - . = : * . !
50 100 150 200 50 100 150 200
t (h) t(h)

4 TEFk 3805-Mksh (A) #0 3805-Gksh (B) XfJLFhE#AY4E 1k
Fig. 4 The transformation of the several substrates by 3805-Mksh (A) and 3805-Gksh (B).

9-OH-AD 183.3 pg/mL
9-OH-AD
3 itk
3805-Gksh
9-OH-AD 108 h KSH KshA  KshB
335 pg/mL 296 pg/mL KshA 9a- KshB
120 h 225.7 pg/mL KshA
67% ( 4B) 9-OH-AD M. smegmatis
mc?155  kshA R. erythropolis SQ1
25 B ATEIRE AR kshA  kshB R. rhodochrous
DSM 43269  kshA  kshB!”
3805-Mksh 3 Mycobacterium sp. NwIB-01 kshA
144 h
98.97% 85% M.smegmatis
mc’155 2 kshA 2 kshB
*x3 EHELHFHE 3805-Mksh B RRFEE S MSMEG_5925 (kshA )
Table 3 The stability analysis of the plasmid MSMEG._6039 (kshB )
3805-Mksh -
Time (n Plution  CFU — CFU CFU G. neofelifaecis
factor Kan(—) Kan(+) Kan(+)/kan(-) NRRL B-59395 3 kshA 2
48 107 291 288 98.97%
107 29 28 96.55% kshB SCNU_16633 (kShA
96 10 273 252 92.31% ) SCNU_18062 (kshB )
10° 23 21 91.30% -
144 10 236 209 88.56%
107 20 17 85.00% kshA  kshB
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kshB

SD
(CGGAGGAATCACTTCGCA) kshA
kshB pNIT
(SD) Mycobacterium sp.
NRRL B-3805

kshA  kshB

Mycobacterium sp. NRRL
B-3805
kshA
kshB
9a-

kshB  kshA

9a-
MSMEG_5925 MSMEG_6039
SCNU_16633 SCNU_18062
kshB  kshA

3
3805-Mksh
90.6% 3805-Gksh
67%

M. smegmatis mc’155 kshA  kshB

9-OH-AD
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Mycobacterium sp. NRRL B-3805

AD ADD
(3-ketosteroid
D'-dehydrogenase, KsdD) AD
ADD ADD
9-OH-AD
9-OH-AD ksdD
3- -9a-
AD 9-OH-AD
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