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Characterization and biotransformation of cytochrome P450
CYP154C34 from Streptomyces nanshensis

GAO Qilin, YANG Jian, LI Rong, LAI Gang, XU Lianhua

College of Life Sciences and Medicine, Zhejiang Sci-Tech University, Hangzhou 310018, Zhejiang, China

Abstract: [Objective] Cytochrome P450 can catalyze the oxidation of unactivated C—H bonds
in complex compounds with high regio- and stereoselectivity under mild conditions. They are
multifunctional biocatalysts which play important roles in the synthesis of chemical raw
materials, the degradation of environmental pollutants, and drug synthesis. This paper probed
into the functions of a novel cytochrome P450 enzyme named CYP154C34 from Streptomyces
nanshensis by heterologous expression and whole-cell biotransformation. [Methods] We
constructed two recombinant BL21(DE3) strains for whole-cell biotransformation harboring
pET28a-CYP154C34-RhFRED and pET28a-CYP154C34+pACY CDuet-Pdx/PdR, respectively.
Additionally, we generated a recombinant BL21(DE3) strain for heterologous expression
containing pET28a-CYP154C34. We employed whole-cell biotransformation to screen the
substrates and analyzed product structures using standard methods. We then compared the
substrate conversion rates of the two strains of whole-cell biotransformation with those of
enzyme reactions. Finally, we analyzed the substrate affinity and analogues of CYP154C34.
[Results] Nine steroids hydroxylated at the 16a position by CYP154C34 were identified,
including progesterone, testosterone, and androstenedione. The BL21(DE3) strain carrying
pET28a-CYP154C34-RhFRED showed the highest substrate conversion rate, achieving over 90%
conversion rates for seven substrates including progesterone, testosterone, and androstenedione.
In addition, CYP154C34 had stronger affinity to its substrates than the analogues. [Conclusion]
This study constructed two recombinant strains of CYP154C34 for whole-cell biotransformation
and identified their catalytic functions. CYP154C34 can efficiently hydroxylate a wide range of
steroid substrates at the 16a position with high conversion rates and excellent regio- and
stereoselectivity, serving as a promising candidate for industrial applications.
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1.1 8l
1.1.1  EFFA AL

Pk Sreptomyces nanshensis SCSIO 01066 14
R R A P R P PR O (RS . CGMICC
1.13898), K #T 1 (Escherichia coli) BL21(DE3).
E. coli DH5a A 5% 5 % [ W {45k , pET28a.
pACYCDuet-1 Nl L3 4K, pET19b-PdX .
pET28b-PdR, pET28b-RhFRED 556 %8 {ij {44
IR
1.1.2 EZRFFNE

THUEE P 55 5 e 5 10 o 4 U R T 2 11
) B Oxoid 2~ ) ; RAL%E & (kanamycin, Kan)#ll
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TR WAy A BR /N 7] 3 2xTransStart® FastPfu PCR
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SuperMix(-dye) 14 B 1t 5% 4 20 4 A W) F R e oy
BBRAF]; JosE v R G A R R e A
IR A BRA R s e BRI 8 DD I B
TaKaRa 23 w5 i iEHCL DNA 2lifbifin &
HATHB A YR A R A w) M e
B JRJENIE . BERR AT IFS . BEER S AL FT B9
I B2 2 JE AN TE R W VAN 333 1 24 B 47 A BR 2 ]
PRt 160-F2 LA 1R WA H B E A Y RN A BR 2
Al 160-FR RL SR | 160-7 e M b S5
FCHTIRSE Ao AR N0 HAh Ak Bt
Bi B i 37 v AR AR B A FRA F

PCR X, MR FLAARA R i
YA, 38 A PR A BR 2 F] 5 NanoDrop
2000C, Thermo Fisher Scientific; “284pn] ULy
FeERE T, BEA s HPLC E2695 /i R 48,
Waters 2y ) ; HPLC 3% 4E(4.6 mmx150 mm,
5um), SZEEFAYRHEARAR; YMC ODS-A
(250 mmx20 mm, 5 um)fil & EiEt:, YMC #Ralss
s BRESREEAY, RatE T AR,
1.1.3 EHRE

LB #5555 (g/L): BERHEHUY) 5, IRER 1K
10,NaCl 10, ##77 pH & 7.2, 121 °CK 5 20 min,
M TR iR .

R1 KARFAASY

Table 1  Primers used in this study

TB HiFRK(g/L): MEbHREW) 12, BREA
i 24, K,HPO, 12.56, KH,PO, 2.31, ¥ pH
£ 74, 121 °CKH 20 min, ATEAERIE NS
21 A4 0 e A L R P R T
1.1.4 5|4

ABE 5T BN 51 9035 R AU R A YR
A BR ARG, R PAGE 4k, 5197
I 1,
1.2 CYP154C34 £HRENFELEHLEET
RIHIE

B A R Sreptomyces nanshensis
SCSIO 01066 P&k HEF £ 50 mL LB 415 77 5L
i, 28 °C. 180 r/min }53% 7 d, &I
PR . B T A% 2R SO R B A BR A
PREA I A AT AR o 22 SE P 4 7
P15 32 4087 Y P450 il BE 1R, IF 4 58 2 [E] B P450
fitf iy 24 /N A 44 BT BT PASO iR 4 R
CYP154C34 (GenBank %3E%5: OR224964), #l
AR = P450 il CYP154C8, P44
IPER 78%.

¥4 pET28a-CYP154C34-RhFRED f#)
BL21(DE3): L. pET28a “M#itk, pET28a-Ndel
1 pET28a-Xhol NH[#), f#if] 2xTransStart®

Oligonucleotide

Primer sequence (5'—3")

pET28a-Ndel
pET28a-Xhol
CYP154C34-F
CYP154C34-R
RhFRED-F
RhFRED-R

PdR-F

PdR-R

Pdx-F

Pdx-R
CYP154C34-single-F
CYP154C34-single-R

ATGGCTGCCGCGCGGCACCAG
GAGCACCACCACCACCACCACTGAGATCCG
CGCGCGGCAGCCATATGATGAGCCCTACGCCGAACCC
GCAGCACGCCGCCGTGCAGCCG
ACGGCGGCGTGCTGCACCGCCATCAACCG
GGTGGTGGTGCTCGAGTCAGAGGCGCAGGGCCAGCC
GCCAGGATCCGAATTCTATGAACGCAAACGACAACGTGGTCATCGT
ATGCGGCCGCAAGCTTTTAGGCACTACTCAGTTCAGCTTTGGCGGCG
AAGGAGATATACATAATGTCTAAAGTAGTGTATGTGTCACATGATGGAACGC
GCGTGGCCGGCCGATATCTCACCATTGCCTATCGGGAACATCGACCAC
CGCGCGGCAGCCATATGAGCCCCTACGCCGAACCC
GGTGGTGGTGCTCGAGTCAGCCGCCGTGCAGCCG
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FastPfu PCR SuperMix (—dye)y 14 pET28a i ki ,
IRAFLANEAL ) pET28a JFikr, 23 7l L Streptomyces
nanshensis SCSIO 01066 & [K 41 Fl 52 56 5 {5 i
i) pET28b-RNFRED JFki At , 4714 CYP154C34
1l RAFRED 1A ;i i Jo 4 v b 3500 ok LA 1
3 AR R BrE A, [l PO L /3] BL21(DE3)
e, R T & 50 mg/L Kan 19 LB 4 I,
37 °CHE 7 1 1% i Ui 1 BH P o e

% & pET28a-CYP154C34 Fl pACY CDuet-
Pdx/PdR fJ BL21(DE3): f#i [l Nco I Al Hind 111
X} pACYCDuet-1 Jovfr AU FRAG- 2 1 Ak 4 f4
PL pET19b-PdR SR Y1 PAR B I id 4 T
BE iR AR 541 E pACYCDuet-1 #:42, 38
% pACYCDuet-PdR Jiiki ; % pACYCDuet-PdR #%
k3] DHSo JBSZZ8 A0, FHRAM T 34 mg/L
Chl 19 LB F# b, 37 °CREFRud i Jm ik PH I 7
B, KrIRIEIE AR pACYCDuet-PdR J5ik i
Nde I #1 EcoR ViEA7 AL Y], LA pET28b-Pdx Jy
Bt 4 Pdx JEN; fF Pdx BRI AL ALY
pACYCDuet-PdR kL {1 JC4% v % 42, 3R15
pACYCDuet-Pdx/PdR; # pACYCDuet-Pdx/PdR
4k3| BL2I(DE3), 2% (srFrekEthim ) %
&4 pACYCDuet-Pdx/PdR ¢ BL21(DE3)iil £ %,
JZ 5 M s AEHTI EE ) pET28a-CYP154C34-
RhFRED M#iti, LI CYP154C34-single-F/R
519, ¥ HE A pET28a [A] P ) CYP154C34
F, i TosE e S L) pET28a #4243k
75 pET28a-CYP154C34, # pET28a-CYP154C34
AL F] & pACYCDuet-Pdx/PdR i) BL21(DE3)
H, IR T 50 mg/L Kan #1 34 mg/L Chl (9
LB Pl I, 37 °CHE 3% 7% i iz B s b .
1.3 CYP154C34 R4 RITHIE R =15 E

FEARYE CYP154C KGN YITEFebE,
FH S IARZEAL S W EEXT CYP154C34 IEY ik . 4o
B 1R, AR i e S e L 18 Fh i R4k
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G ARSI G YIR C3 M C21 i 2 ML
FEA AR G 53R 4 25 (A) C3 AR A 5
(B) C3 (i AFHE; (C) C3 A NI H C21 i f
I (D) C3 pioMEAEL . C21 (A LRI . AHE
L5 CYP154C34-RhFRED Fl& 8 IR
HFEHATIRPIWITE . #75 pET28a-CYP154C34-
RhFRED ¥ BL21(DE3)#F11%] 5 mL % Kan
LB WA R 7254, 37 °C, 220 r/min 55555374 ;
DL 1% H2 R0 5k TR 2 A 311 Kan 19 TB 15 3%
e, 37 °C. 220 r/min }53% % ODgoo M 0.8

FIA 0.1 mmol/L B IPTG iS5 135,22 °C.,
180 r/min 4k£E153E 20 hy; B .OWEERA, &
TFE) 110 K532 BB 10% H i A il iR
(pH 7.H)Z b ; 7ETCH 24 FLARH, BALIMA
1 mL & PE B 100 pmol/L 1 &1k &#r, 78
25 °C. 250 r/min /4 N %5 24 h; 10 000 r/min
B0 5 min B 500 uL EIERET) EP B,

TS AR B B2 IR N 77400 5 5 g 7=
1 0.22 pm JEBEE I AARE A, {#H HPLC &
SR SN ) (PR A R : 35%—100% ) H i
FEEEVEE 10 min, 100% M BELKLEZEE 10 min,

35%H BEF-1 10 min, FEHBEE 1 mL/min, A
WA BEE N 240 nm). 5510 230 1 [ 4 04 1]
AV ORa 7/ TR AR b 7L TR AN N X - PO Bt
40 2-{d F % pET28b-RhFRED f# BL21(DE3),

B R AR 5 A B RN SE IR 2 AR R o 7= P 1)
Y78 SR AR I b LT A 3, i B A e g
Wy R U St LE R [R)IAH 2540 A £ B8 BsF 1) DA T
YETE SN o FUASEHI A5 I T 1 L TB 3557 2
FRFRAAR, B0 T T 100 mL % 10%H i 1Yy
WA (pH 7.4)Z& thilH; A 40 mg iKY,

25 °C, 250 r/min % 24 h; A 100 mL Z &
CERAEH3 IR, 5 KB CMR CBRARTFHL ™ 5
SRR H Bt 3 0 P ) 35 VRORE ) e S by
Yy ; slifb 5 B PR R 45 & T 5 14 DMSO-d
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1.4 CYP154C34 HEBRIEREBFHME
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¥ pET28a-CYP154C34 %44k %] BL21(DE3)
E, A 1.3 W HAERR R RS R E N
Fik, BOWERMBE, HH NiTSERE 4
B difb i E A COo 2063 & K
P450 i 2 T8 EH A Li i R Y 10%
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Candidate steroid compounds for substrate screening.
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Fo L3 A2 60 S AT CO AUA , TGS,
PRIC IR JFESHCO; FL S +CO FR AR
T AT 2 22 00E ], 220615 1) KB AE 450 nm
3 AL 3R Anax 490 nm A8 G EEEIE S Augo,
FRAE 22 (1) 15 P450 B AV o

Cpaso (LMOl/L)=(Anax—As00)/0.09 1 xFi B A5 EL 1)
1.5 CYP154C34 B9k g & N K 2 pET28a-
CYP154C34+pACYCDuet-Pdx/PdR A BL21(DE3)
NTENEYNEL

K NSV AE 1.5 mL EP & gk 4T .
CYP154C34-RhFRED @58 4 10 pmol/L. ]
EWEDLERE S U, #4585 10 mmol/L. NADPH
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1 mmol/L., JE#) 100 pumol/L, i I it 17 2% vy
WANTEE] 100 pLo SRR H T g & A4l
K H Bradford 5 & sl G E . VAR R
Be il 58 B 7€ 25 °CWEE 24 h, A 100 pL H
RPN P IR HEFT HPLC &, & pET28a-
CYP154C34+pACY CDuet-Pdx/PdR [ BL21(DE3)
I FWEY AL RGBTSR . EONE
SRR A ROV AT B e I g ik 5 R
1.3 R A
1.6 CYP154C34 FAIRMFEF A 2

P450 B FIKPISS & )G, MLLR M) Fe' 2 M
I REZS 1] 7oy [ BEAS Fe 1, Hidm KW i
23\ 420 nm BT 390 nm FHERS S, @i A
DS AR Ab AT DA 5 Hh e RIS 0 =2 () ) e 5 v
B Ky BURRIGH CYP154C34 B E T HA
M, F45 600-350 nm AW OERE ;  d % 2
() GG IMA R, Kl & A R e B
BFERE, MIS IR I i A FA B B AR b
BF, FRRINA 2-3 IR PRIEIC Y 25 5 ik 21

- bp & M bp

5296
2000

bp

1350

1015 1 000

750
500

250
100

5 B g B A IS G D ) s O AR A 22
S ] o 22 015 I Hh 1 e RAE RN B/ IMEL 430 425
1E 390 nm A7 AL AT 420 nm 245 AR ELCE] . H
toe KAB IR 2% fie /M AT LAARAS i BH (2 0 O i 22
IR AA; DURYIWR BN AR AR, AA Ak
br, f#FH Origin 2018 A% 5 B e il
Lia, mAKXQ)IHES R 5 0w
£ Kao

AA=(Buar/2[E]) {(KgHEJ+[LD)—{(KgHEJF[L])*~
4[E][L]} ) )
iﬁ:qj: Bmax ﬂﬂ%ﬁ%q&?ﬂzﬁi, E ﬂ‘:’ P450 @ﬁm

B, LoNRYIHE
2 ZEREHM

2.1 CYP154C34 £HMAEMELEELER
B M

¥y % pET28a-CYP154C34-RhFRED firis i
CYP154C34, Rh\FRED FIZE ALY pET28a =4~

B K 2A. 2B fin; 8 pACYCDuet-

bp bp bp

2 000
2 000! 330 1000
730 500
250 250
100 100

2 M CYP154C34 EHEFHIE PR K B B ikE

Figure 2 Electrophoretic maps of each fragment were generated during the construction of CYP154C34
recombinant bacteria. M in the figure stands for marker. A: The gene RhFRED was amplified using
pET28b-RhFRED as a template, while the gene CYP154C34 was amplified using the genome of Sreptomyces
nanshensis SCSTIO 01066 as a template. B: To amplify the linearized pET28a with Nde T and Xho I restriction
sites at both ends, the circular pET28a was used as a template to amplify. C: The PdR and Pdx genes were
amplified using pET19b-PdR and pET28b-Pdx as templates, respectively. D: The CYP154C34 containing
pET28a homology arms at both ends was amplified using pET28a-CYP154C34-RhFRED as a template. The
DNA sequence of CYP154C34 was amplified using pET28a-CYP154C34-RhFRED as a template. The
amplified product contains homology arms at both ends of the CYP154C34 sequence.
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Pdx/PdR JiT 5 (1) Pdx #1 PdR 4l[& 2C fiR; #)
# pET28a-CYP154C34 i 75 £k ML 1Y pET28a
1 CYP154C34 W&l 2B, 2D Fi7n. CYP154C34
240 if A e A B 2 T R R TR T T A R
R BBISIY 1S, A R B ia B ik
#| BL21(DE3)H,,
2.2 CYP154C34 JR4MEHITHIZ R =K E
I A i BE ff FH 2R 18 CYP154C34-RhFRED
A E AN MM A YRRALIA R, 24D
ARSI SN )34 ik HPLC 0. dlad

pET28a-CYP154C34-RhFRED

A OH
OQ:EFB pET28a-RhFRED
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3 HPLC 2 RIEYIFIE
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W AR G0 9 AMEA Wt TR N

HAAFRMEEMIE 3C Fin. N THESYN
gERY, DLZRERAE MRS, xR Ak 2R i (1)
FrfEih (160-F2 KE22 0 | 1 7a- 525200 | 21-F0 5240
PRSP A T LT o G5 IRERHT, 160-F2 55242
V] % R B B 0 6012 07 7 ) O B3 B[] — B (8] 4A)
h TR E 2RISR, s T 9 AR
45ithy, B 3 MEEYIRY 160 AL EIEAL )
AR UE S AT DASRAS S Sl 2 A TR 9 b 3 i 3

%
b

O
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Progesterone

H

%
Y

Androstenedione
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T o
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HO /.OH
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O
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HO
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Figure 3 HPLC analysis and substrate screening. A and B represent two typical substrates that can be
catalyzed by CYP154C34. A: CYP154C34 can completely convert testosterone into products within 24 h. B:
CYP154C34 cannot fully convert 17a-hydroxyprogesterone into products within 24 h. C: Steroid substrates

that can be catalyzed by CYP154C34.
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Figure 4 HPLC analysis and identification of product structure. A, B, and C show that CYP154C34
converts progesterone, androstenedione, and testosterone to generate 16a-hydroxylated products compared
with the standard compounds. a shows the HPLC analysis of the conversion substrates using BL21(DE3)
harboring pET28a-RhFRED, serving as a control; b shows the HPLC analysis of the conversion substrates by
BL21(DE3) harboring pET28a-CYP154C34-RhFRED; ¢ shows the standard compounds of the
16a-hydroxylated products.
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Figure 5 NMR data for 160-hydroxyestradiol. "*C-NMR spectrum (A) and "H-NMR spectrum (B) are shown. A:
PC NMR (151 MHz, DMSO-d6) & 155.35, 137.61, 130.88, 126.43, 115.42, 113.21, 89.24, 77.20, 47.79, 43.99,
43.82, 38.71, 37.15, 34.54, 29.62, 27.43, 26.18, 12.89. B: '"H NMR (600 MHz, DMSO-d) & 7.03 (d, J=8.5 Hz,
1H), 6.50 (dd, J=8.4, 2.6 Hz, 1H), 6.42 (d, J=2.6 Hz, 1H), 3.86-3.80 (m, 1H), 3.29 (d, J=5.6 Hz, 1H), 2.70 (dd,
J=10.5, 5.8 Hz, 2H), 2.21 (dt, J=9.6, 3.8 Hz, 1H), 2.13-2.07 (m, 1H), 1.77 (d, 3=3.3 Hz, OH), 1.75 (d, J=3.8 Hz,
OH), 1.73 (dd, J=6.7, 4.0 Hz, 1H), 1.67 (d, J=9.1 Hz, 1H), 1.64 (s, OH), 1.41 (qd, J=7.8, 2.2 Hz, 2H), 1.29 (d,
J=3.6 Hz, OH), 1.27 (d, J=3.5 Hz, OH), 1.24 (s, 1H), 1.23 (s, 1H), 1.21 (s, 0H), 1.20-1.17 (m, OH), 0.66 (s, 3H).
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Figure 6 Purification and enzymatic property analysis of CYP154C34. A: The results of SDS-PAGE
electrophoresis for CYP154C34 showed that the protein bands were singlular, and the molecular weight of
the protein was approximately 50 kDa. B: The spectra were measured in a 50 mmol/L sodium phosphate
buffer (pH 7.4) containing 10% (V/V) glycerol. Resting state (dash line), reducing state solid line, and
reducing+CO state (dotted line) are depicted. Inset: CO difference spectrum ((reducing+CO state)-reducing
state). C: The graph depicts the change in absorbance at 446 nm over a period of 200 s, with the absorption
level eventually returning to its initial state.
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Figure 7 Comparison of conversion rate of CYP154C34 in whole-cell conversion (in vivo) and enzymatic
conversion (in vitro). The conversion rate of 10 steroid compounds was analyzed using three catalytic
systems and presented in a heat map. The color intensity represents the level of conversion rate, with darker
shades indicating higher rates. The calculation of conversion rate was based on the ratio of product peak to
the sum of product peak and remaining substrate peak in the reaction product.

P4 actamicro@im.ac.cn, & 010-64807516



TR S| UEWIAEAI, 2024, 64(2)

513

Bl . 1700 325 22 0 A0S B BRSO R AL

CYP154C34-RhFRED 9 4= 4 g 2L W) %% fb 1k &R
ATLAKT 9 MEEWI I 7 A5 170 522 i F1
SAL AT RS AN SEEL M T 90% M S LR, HR
DR T R 2 A 0 5 A S5 R L T VA 2
g, ARTFMAEASERITE. S
e, #ik CYP154C34, Pdx, PdR =AEHAK
AN IR R A 9 AR A Ak
R T35 CYP154C34-RhFRED il 75 11
AP IR R

0.00 % —

-0.05

2.5 CYPI154C34 MRYE S EM AN
AL T 5 DY) (testosterone |
androstenedione, progesterone. corticosterone Fil
estradiol)Fll 2 MNEYIZALIH)(trans-dehydroandrosterone
il pregnenolone) 47 T LK, FHIE T Ky
fd. WK 8A fFr7~, LU progesterone M|, 4n]
CYP154C34 M Hi RIS, CYP154C34 1L
420 nm Zc A7 2 TR, BEZ 390 nm 24 1Y
W2y B, RARRETESE A B RIRAS,
BHFIOCREFII IR CTEAHIAR T GG 2 # (K 8B).

-0.20 ’~ V

_0.25 1 1 |
350 400 450 500

350 400 450 500
Wavelength (nm) Wavelength (nm)
C 040 D
035} )
030 Estradiol
Q
é 025k Pregnenolone
—g 0.20 - Progesterone
g 0.15 Trans-dehydroandrosterone 11.89
< 0.10h Androstenedione
0.05 Testosterone 1.92
0'00 1 1 1 1 1 ]
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16
K, (umol/L)

Progesterone (umol/L)

B8 XIESNTREMESFMANLE

Figure 8 Spectroscopic analysis and comparison of the substrate binding affinity. Equilibrium dissociation
constants between CYP154C34 and the substrates were determined by substrate titration. A: The titration
curve of progesterone, a representative substrate, showed a continuous decrease in the 418 nm absorption
peak of the protein spectrum and a simultaneous increase in the 386 nm absorption peak with an increase in
substrate concentration. Eventually, the spectrum stabilizes at a completely high-spin state. B: The difference
spectrum between each spectrum and the original spectrum. C: The titration curve was generated by
measuring the difference in absorption at 418 nm and 386 nm in the difference spectrum, and plotting it
against the concentration of progesterone. The Ky value was calculated as 1.65 pmol/L using curve fitting. D:
Comparison of the Ky values for seven different compounds.
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