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Identification of a new C-23 metabolite in sterol degradation
of Mycobacterium neoaurum HGMS2 and analysis of its
metabolic pathways

HE Jianxin"?, DONG Xinlin"?*, HUANG Yongqi'?, SONG Shikui'?", SU Zhengding'*

1 Department of Biological and Food Engineering, Hubei University of Technology, Wuhan 430068, Hubei, China
2 Key Laboratory of Industrial Fermentation (Ministry of Education), Key Laboratory of Industrial Microbiology of
Hubei Province, Wuhan 430068, Hubei, China

Abstract: Mycobacterium neoaurum has the ability to produce steroidal intermediates known as
22-hydroxy-23,24-bisnorchol-4-en-3-one (BA) upon the knockout of the genes for either the
hydroxyacyl-CoA dehydrogenase (Hsd4A) or acyl-CoA thiolase (FadAS). In a previous study,
we discovered a novel metabolite in the fermentation products when the fadA5 gene was deleted.
This research aims to elucidate the metabolic pathway of this metabolite through structural
identification, homologous sequence analysis of the fadA5 gene, phylogenetic tree analysis of
M. neoaurum HGMS2, and gene knockout. Our findings revealed that the metabolite is a C23
metabolic intermediate, named 24-norchol-4-ene-3,22-dione (designated as 3-OPD). It is
formed when a thioesterase (TE) catalyzes the formation of a B-ketonic acid by removing CoA
from the side chain of 3,22-dioxo-25,26-bisnorchol-4-ene-24-oyl CoA (22-O-BNC-CoA),
followed by spontaneously undergoing decarboxylation. These results have the potential to
contribute to the development of novel steroid intermediates.

Keywords: steroid drugs; fadA5; gene knockout; Mycobacterium neoaurum; C-23 steroid
intermediate
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Figure 1 Biodegradation pathway of phytosterols in Mycobacterium neoaurum. A: Side chain degradation
pathway. Phytosterols (light yellow), steroid compounds produced by phytosterol degradation (light green).
The enzyme with question marks and the intermediate with brackets are hypothesized and have not been
tested in Mycobacterium. ChoMs: Cholesterol oxidase; HSD: 3B-hydroxysteroid dehydrogenase/isomerase;
CYP125: Cytochrome P450 protein; FaD19: Acyl-CoA synthetase; ChsEs: Long-chain acyl CoA dehydrogenase;
Hsd4A: Hydroxyl-CoA dehydrogenase; FadAS: Acyl-CoA thiolase; ChsHs: Acyl CoA hydrase; Sal, Ltp2:

Aldolase; TE: Thioesterase; OpccR: Aldehyde reductase; MT: Methyltransferase. B: Parent nucleus
degradation pathway. KstD: 3-ketosteroid-Al,2-dehydrogenase; KshAB: 3-ketosteroid-9a-hydroxylase.
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1 #HBE5F=E

1.1 ##y
1.1.1  fRfL. BS54

M. neoaurum HGMS2 HiAS2 % {77, H:
LN ZH B4 AT 7E GenBank (& 5% 5. CP031414.1)
14515, HG-1. HG-IAhsd4A1. HG-IAfadAS
PR UL S B R e B B it 09 L EL SOk p2NIL-sacB 1
p2NIL-sacB-hsd4A1 HH 5250 % /i 3 1o JE A T 7%
FBhy @ ABFFELL HG-1AfadAS MK H

Fz1 BOEEREFEKTENEAPEIK
Table 1

B, FIEE T hsodA il fadAS BRI REBRH . AT
FEH I T TR AN BORL L3R 2.
1.1.2 EFEKFH

Tag il Pfu DNA S48 BRI DIE . dNTPs
) F TaKaRa (Ki%). Fokialifbi#]& . PCR y=4)
afifbiR & . DNA $RBOAR &0 B R AE RN
At B BRAF] . 4-androstene-3,17-dione (4-AD).
22-hydroxy-23,24-bisnorchol-4-ene-3-one (BA) Fr
HERESE T Amersino (BT M4 . AW 15 F5(98%,
410.40 D)ty F I EIL R BT BR 2 7 (FERH) .

Steroid intermediates produced by gene edited Mycobacterium neoaurum strains

Parental strain  Genetic manipulations

Main product

M. necaurum (1) Deletion of multiple kshAB (AkshAB12), kstD and hsd4A genes (1) BA
HGMS2 (2) Deletion of multiple kshAB (AkshAB12) and hsd4A genes, overexpressing kstD gene (2) DBA

(3) Deletion of kstD and hsd4A genes, overexpressing kshA1/B1 genel*! (3) 9-OH-BA
M. necaurum  Deletion of multiple kstD (AkstD123), hsd4A and fadA5 genes, overexpressing katE and NADH 9-OH-BA
DSM 44074  genes™™
M. neoaurum (1) Deletion of multiple kshAB (AkshB12), multiple kstD (AkstD123) and hsd4A/fadAS5 genes (1) BA
ATCC 25795  (2) Deletion of multiple kshAB (AkshAB12) and hsd4A genes, overexpressing kstD1 gene (2) DBA

(3) Deletion of multiple kstD (AkstD123) and hsd4A genes™ (3) 9-OH-BA
M. neoaurum  Deletion of multiple kstD (AkstD123) and Itp2 genes, overexpressing chsE1-E2 and 9-OH-PDC,
ATCC 25795  hsd4A genes™® 9-OH-PDCM
M. neoaurum  Deletion of multiple kstD (AkstD123) and chsH2 genes, overexpressing hsd4A and chsE1-E2 9-OH-PDCM
DSM 44074  genes?®”
*2 AMRFEANEK. KA
Table 2  Strains, plasmids and primers used in this study
Name Description Source
Strains

M. neoaurum HGMS2

M. necaurum HGMS2 was maintained in our laboratory, and its genome sequence is [38]
available in GenBank (CP031414.1)

HG-I kstD211 deleted in M. necaurum HGMS2 [39]

HG-IAfadA5 fadA5 deleted in HG-I [33]

HG-IAhsd4Al hsd4Al deleted in HG-1 [33]

HG-TIAfadA5A/hsd4A1 Combined deletion of fadA5 and hsd4Al in HG-I This study
Plasmids

P2NIL Nonreplicating plasmid for allelic recombination in Mycolicibacterium, KanR [39]

p2NIL-sacB Derived from P2NIL and contains sacB Bacillus subtilis 168, KanR [39]

p2NIL-sacB-hsd4A1l

Suicide plasmid derived from p2NIL carrying two homologous arms of hsd4Al and [33]

selective marker gene cassette from p2NIL-sacB

Primer
hsd4A1-D-R CCCAAGCTTGATGCCAGCACACGCGGC [33]
hsd4A1-U-F GAAGATCTTGCCGAAATGCATGATCG [33]

http://journals.im.ac.cn/cjben
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1.2 A&
121 EMEERFSH

TE GenBank (http://www.ncbi.nlm.nih.gov/)
B e rh N LA R fadAD LR L 7
https://www.genome.jp/tools-bin/clustalw }Z https://
espript.ibcp.fi/ESPript/cgi-bin/ESPript.cgi #17 JF
H X . ZEM %G https://www.ncebi.nlm.nih.gov/
genome/?term =HGMS2 #17 R G & B WA
1.2.2 HBEKREE

MWAE Li PV enifaE Ry, 2 IR
HAH AR I T B AR o ISk A ScienTZ
(TR Scientz-2C HLZFFL RGN B2 ki Ay
FAL RSB E A b (B S8 B
2500 V, HEBH 1000 Q, H%E 25 uF), A EE
PCR VL BRI R, K PR B2 VR 5 A5 A
0.05% Tween-80 ) 5 mL LB #5373, 30 °C,
200 r/min }53% 2 d, fiERFENA AT PCR %7€,
U0 IR R AR A7 E-80 °C.
123 MEYERMEDEL

BT EEMRIE S 0.05% Tween-80
) LB 555 F 30 °CH5 5% 48 h, £F ODgoo fH
IBE 1315 iF, B HFRYIERNE] 50 mL H LR}
(15 g/L). #ZH(1 g/L). NaNO; (5.4 g/L).
(NH,),HPO, (0.6 g/L), B-¥Hiks(3 g/L). TW-80
(0.05%, JRAAF B MY 5 BE(10 g/L)4H K
(R BEREFR 5L, JFAE 30 °C Al 200 r/min T %
g 7d. RIE, BRI 1 mL J SRk SR
Yy, T WO AE Y S R B R O T AT
P, AW RS 7 K TEWRE b 10 8 S50
(high-performance liquid chromatography, HPLC)
K3 .
124 Y BEEN

B RS CTR OB 1:3 I HL B 5E iR
Ao IRAWLL 12 000 r/min .0 5 min, W5k
THW, SRJE A ETE WG T I T 4R A5 30 [ 408y
PN AT 2 7 < AN 3 S e I BB L W 7

&: 010-64807509

CTR(S:1, RFLE) AT VRN R 3 85 7= .
1.25 S EEEIESHHPLC)

W REER S CTRCERLL 1:1 1 He o e 70T
& o BHEAWILL 12 000 r/min 8.0 5 min, g
FVEW, SR E AT . 8 TR RRE S
S RAE 40% 0 H A W PR 5 AT 0.22 pm
FLAE L JE FHF HPLC W& . il 5 4-AD. BA
AR UE S L8, #IA T HPLC W& By, B4
W 1A AR Waters Se i B EE EE—2, HF

PGS G YR EE .
1.2.6 Lot

e PR AL &R G, B 20 7K =60:40,
0.2% 1%, MAE Li 070 7 b A F o (-
TEHE FH(liquid chromatography/mass spectrometry,
LC/MS)K& il .

1.2.7  &H S

IN 43 F % W (nuclear magnetic resonance,
NMR)%GE Y, 4/ TR T CDCLs J5 , ] Bruker
BSR4 "H M PC NMR 3%, RA
Mestrenova 14.0 X AZ B E s 4740 78 .

2 BERE54

2.1 HG-IAfadAS X EF=Y 9T
Kl 2 iR, ERE HG-1 i B 4 2
4AD, HH/DEM BA, bk fadAS FEH LA,

k ﬂj 4-AD
N % o
| — s i

1 1 I HG-I
0 2 4 6 8 10
Time (min)

2 HG-IAfadAS5 kB4 #) HPLC 5347
Figure 2 HPLC analysis of HG-IAfadAS fermentation
products.

B<: cjb@im.ac.cn



4556

ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

TERAHE ., BT 4AD. BA DI4h, HILTH
AR, A 2 G AL
2.2 EREGEES A FifEEE(FadAS) BB RIS
£ M. neoaurum ATCC 25795 FI M. neoaurum
DSM 44074 Hiiagls5: fadAS IR A BLZIL A4 AP,
WG SCAEMR FadAS BISHREARIS T 17 A4%
hafe, IR A9 M. neoaurum ATCC
25795 A1 M. neoaurum DSM 44074 5 AR FEET
FadAS5 HEMFH 25 KR . M NCBI £l E T
7 M. tuberculosis H37Rv (& 535 : AXK73888.1).,
M. smegmatis me” 155 (&3¢S . ABK75580.1).
R jostii RHA1 (&35 : ABG96464.1), M. neoaurum
ATCC 25795 (&35 : AKK31743.1). M. neoaurum
DSM 44074 (& 3¢5 : CDQ47076.1) .M. neocaurum
HGMS2 (&35 AXK73888.1)f FadA5 HEHF

1 10 20 30

GWLSGLH
GWLSGLH
GWLSGLH
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GWLSGLH
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DSM 44074
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HGMS2
MC2 155
H37Rv
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ATCC 25795
HGMS2
MC2 155
H37Rv
RHAI

N TAGTSSQISDGAAA VI
ATCC 25795 pNebd-hloRg-3ilel W.0.85 1 1
HGMS2 I
MC2 155
H37Rv
RHAI

F, K 3 AR RE S M. tuberculosis H37Rv .
M. smegmatis mc” 155, R. jostii RHA1 7= 545
K, JFHFRIMES 58 85%. 92%. 74%, 5
M. neoaurum ATCC 25795. M. neocaurum DSM
44074 BRBE, PAIAMEEERE R T 99%,
VLA BRI FadAS S5 e DI REARL, 7T RE
AN FadAS 1922 551 AR 281k .
23 UEMARNEHWERE

SHZAL G PIH) HR-MS 4 Hr £ (Bl 4A),
5 BA (m/z 330.256)M L, A mvz 343.261 {4
RE=P R G5t th T BB A — DM I 2L 8
1 F BA B I LR W (K 4B), B5 BA H

AMER ERER, ZaY A S1EEY BA
AW FE], H—J2 C22 FRirrf ity
KT AR, RHFEYIN C22 MBA R,

DSM 44074
ATCC 25795
HGMS2

S TG

RLITTALHELERTS

B GARLITTALHE LERT/TAEH

MC2 155
H37Rv
RHAL

3 FRBEAEE FadAs BIFE5 Lk 3t

TGERLI TTALHELERT

Figure 3 Sequences alignment of FadAS from different strains.
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Figure 4 Structure identification of compound A. A: LC/MS analysis. B: 'H analysis. C: "°C analysis. D:

HSQC analysis.

H(83.64, 3.37), H B2 T AHERIE®G2.13),
ZALEY A EKIE(E 40) BRI A 23
f, b BA 27T —"4k, C22 K 8>200x10*6 it
PIFIBrizAL &9 C22 A — Mk . i id i i
2% & (heteronuclear singular quantum correlation,
HSQQC)/r#7([%l 4D), 82.13 MiHETE 27.42 F(H 5,
#3), Wik, ZEY A #2E%E N 24-norchol-
4-ene-3,22-dione, fir44 N 3-OPD,
24 LEW A BWKEIREZEDH
2.4.1 HG-IAfadA5/Ahsd4A1 B2 #R A I
Jyik—BHHf 24-norchol-4-ene-3,22-dione
(3-OPD) AR ™ A= A2, Wil B 2 1 35 IR ke o
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Pk HG-IAfadAS5/Ahsd4Al. M4 Li 257 RTHR
TR, 2 AR S 4L vk i IR A 7
M , % 1 Song 0¥ hsd4A1-U-F .hsd4A1-D-R
F14) [R] 5 g 1) 5 | P AP % PCR S PR E 44
W& o AR T AT 4 4 BOFF 1A HG-1Afad AS
LN ZH R hsddAl LR, AR 45 B AR T B
FRAA L, BFAERURFRZ) 2 100 bp, mEBRAY PCR
FERIR/NGT 1400 bp, MHELZ TFHEE. WA 6
F7R, VKB 6. 75 NARMBRAER, 2-5 5
8.9 S A MBRA B AR . Ptk 3-4 AR BR A E R,
R ELZH, $E4T DNA T, Z539F52, M
HG-1AfadAS5 RASA R T hsddAL JE[A
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El5 L&Y AL

Figure 5 Structure of compound A.

£ 3 3-OPD HI#xHLEE

Table 3 'H and "*C data of 3-OPD

Carbon No. BC (3, x10°%) 'H (8, x10°7%)
1 34.00 2.30,2.26
2 32.89 2.47,2.38
3 199.61 -

4 123.90 5.74
5 171.34 -
6 31.98 1.83,1.03
7 28.11 2.11,1.73
8 35.60 1.54

9 52.04 1.60

10 35.72 -

11 21.02 1.57, 1.41
12 38.61 1.32,1.28
13 42.68 —

14 55.36 1.08

15 24.44 1.66,1.19
16 39.54 2.01,1.97
17 53.75 0.96

18 12.27 0.76

19 17.41 1.20

20 50.32 2.52

21 16.40 1.14

22 212.76 —

23 27.42 2.13

—: That means there are no hydrogens on this carbon.

242 HEYEELZE/NATYOH

Stk HG-1AfadA5/Ahsd4A1 . HG-IAhsd4A1
5 HG-1AfadAS5 #47 & B/, WK 7 Fow,
TE HG-IAfadAS TR EY LA @B hsddAl, &

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

B 3-OPD JH 2k T, KMk 5 Pk HG-1Ahsd4Al
FEIARRE, #ELL BA ALY LN
3-OPD (1977 £ Al REAE hsdd4A FiI fadAb L k42
Z I PEdaE , B w AR e A — 22
fi] FE B A 25 4% B 15 8 (thioesterase, TE)ZK fif A%
AN 2 i g R R 45 4 1) A S 00T DR e e
(P&l 8)7= 4 3-OPD YA AT RESE fadAS YR
53] 3,22-diox0-25,26-bisnorchol-4-ene-24-oyl CoA
(22-O-BNC-CoA)IFHZ, #% TE /Kl 3,22-dioxo-
25,26-bisnorchol-4-ene-24-formic acid (22-O-BNC),

W T R EEA B-BARRZEH , TEA AN AT
O AT DIEIR ISR T A R R 4E 3-OPD.,

bp M 1 2 3 4 5 6 71 &8 9

6 hsddAl BERFFRE _REHEE PCR £E
Figure 6 PCR Identification of hsd4Al knockout
strain. M: DNA marker. 2-5, 8-9: Knockout strains.
6—7: Unknockout strains.
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Figure 7 Comparison of fermentation products of
strains HG-IAfadAS5, HG-IAhsd4A1, HG-IAfadA5/
Ahsd4Al.
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refers to known metabolic pathways. The red line indicates a new metabolic pathway for hypothesized
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Figure 9 Phylogenetic tree analysis of Mycobacterium neoaurum HGMS?2.
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