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Application of CYP450 hydroxylases in the biosynthesis of bile acids
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Abstract: Bile acids play a central role in maintaining cholesterol homeostasis and regulating lipid metabolism,
exhibiting extensive medicinal value. However, conventional extraction, separation, and chemical synthesis methods
are unable to meet the demands of current industrial production, rendering biocatalysis a highly promising alternative
for bile acid manufacturing. Cytochrome P450 (CYP450) enzymes, which catalyze the hydroxylation of inert C
(sp’)-H bonds, serve as the core enzymes in the bile acid biosynthetic pathway. Through strategies such as enzyme
design, redox partner engineering, and optimization of catalytic systems, the catalytic efficiency of CYP450s has
been significantly enhanced, enabling the efficient biosynthesis of various bile acids. This review summarizes the

characteristics and synthetic strategies of bile acids, as well as the optimized application of CYP450 hydroxylases,

providing a reference for the green production of bile acids and related drug research.
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Figure 1 The steroid nucleus (A) and stereochemical structure (B) of bile acids; chemical structures of typical natural bile acids (C)
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Figure 2 The chemical synthesis pathway (A) and C12 oxidation strategies (B) of DCA; the biosynthesis of UDCA catalyzed by HSDHs
(C). HSDH: Hydroxysteroid dehydrogenase; 7-KLCA: 7-Ketolithocholic acid
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Figure 3

The structure (A), hydroxylation catalytic cycle (B), and typical electron transfer systems (C) of CYP450s. CYP450:

Cytochrome P450; FdR: Ferredoxin reductase; Fdx: Ferredoxin; CPR: Cytochrome P450 reductase
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Table 1 Currently reported CYP450s involved in bile acid biosynthesis and hydroxylation
Name Source Substrate(s) Reaction(s) Ref
I. CYP450s in the natural biosynthetic pathway of bile acids
CYP7A1 Vertebrates Cholesterol C7a-Hydroxylation [53]
CYP8BI1 Vertebrates 7a-Hydroxycholest-4-en-3-one, C12a-Hydroxylation [54-56]
5p-cholestane-3a,7a-diol,
3a,7a-dihydroxy-5p-cholestanoic acid,
chenodeoxycholic acid,
7a-hydroxycholesterol,
7a.,26-dihydroxycholest-4-en-3-one,
7Ta-hydroxy-3-0xo0-4-cholestenoic acid
CYP7BI1 Vertebrates 27-Hydroxycholesterol, C7a-Hydroxylation [58]
25-hydroxycholesterol,
pregnenolone,
dehydroepiandrosterone
Sa-Androstane-34,17-diol C6a-, C7a-Hydroxylation
CYP4A21  Sus scrofa Chenodeoxycholic acid, C6a-Hydroxylation [47]
taurochenodeoxycholic acid
CYP3A4 Higher vertebrates Lithocholic acid C3-Dehydrogenation; [52]
C1p-, Coéa-hydroxylation
Deoxycholic acid C3-Dehydrogenation;
C1p-hydroxylation
Chenodeoxycholic acid C3-Dehydrogenation;
Cé6a-hydroxylation
Ursodeoxycholic acid C3-Dehydrogenation;
C1p-, C22-hydroxylation
Cholic acid C3-Dehydrogenation
CYP27A1  Vertebrates 5p-Cholestane-3a,7a-diol, C27-Hydroxylation and [57]
5p-cholestane-3a,7a,120-triol, further oxidation
3p-hydroxy-A’ sterols (cholesterol,
7a-hydroxycholesterol, 24-hydroxycholesterol,
25-hydroxycholesterol, cholesterol sulfate)
3-oxo0-A* sterols (4-cholesten-3-one,
7o-hydroxy-4-cholesten-3-one, 24-hydroxy-4-
cholesten-3-one, 25-hydroxy-4-cholesten-3-one)
II. CYP450s used for heterologous biosynthesis of bile acids
CYP107D1  Streptomyces antibioticus, heterologously Lithocholic acid, deoxycholic acid C6p-Hydroxylation [59]
(OleP) expressed in Escherichia coli
CYPg3484  Fusarium sporotrichioides, heterologously Deoxycholic acid C7p-Hydroxylation [60]
expressed in Pichia pastoris
P450,, Fusarium graminearum, heterologously Deoxycholic acid C7p-Hydroxylation [60]
expressed in Pichia pastoris
P450,, Fusarium equiseti HG18, heterologously Lithocholic acid C7p-Hydroxylation [61]
expressed in Pichia pastoris
P450,, Fusarium longipes, heterologously expressed  Lithocholic acid C7p-Hydroxylation [62]
in Pichia pastoris
P450, Allokutzneria albata, heterologously Lithocholic acid C7p-Hydroxylation [63]

expressed in Escherichia coli
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Figure 5 Engineering CYP450s for bile acid biosynthesis. WT: wild type
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TON) ¥ LG-23 $2 75 1 26 ff . IR EA W) 25
B LG-23 #2151 21.5 7%, H IRSEIL LCA 72 A S 1) 32
FRIAABM o

X T Cop-F 3 b ik B {1 AL, Deng %5 LA LG-23
AR, B T R H R R R TN R R E
TR AR SR I, R B T260G 28 A% {ifi #4 1k 2 Al ik %
PERZ RS . B ULOABRRIT B PR R A, A iE Tk
4825 ], 23254k L82V/T260G/G328A 5 M 15 /K
VB IRV B 5, AR B BE AR I A 75 1, $5 402K
PE i 8.5 i, BV B E R T 2 96.3%. 7 T3 J1%
PR 7R, RAFIRI I 2T 2 Cpd 15 LCA 1) C6 T34 iE
245 %5 21.5%; TON 8 /& LG-23 [ 3.8 {5, W R AF 1K
AE S A% Hh fEE AL LCA A2 B 25 AR R (murideoxycho-
lic acid, MDCA).
3.1.3 HMTIEMCYP450 DCA K4 CTp-F#234bE
% BE BH TR (ursocholic acid, UCA) /& H DCA Tk A Ak
UDCA W —5. 8k JIE (Fusarium sporotrichi-

oides) 1] VL5212 )6 B AL B CYPg3484 WAL Z 20 [ M,
HEIF=YE 2 o IR 8 S5 g S itk FAH LT 51, i
& DASE M5 e B0 E AL IR B R B8R ) W (Fusarium
graminearum) ] CYP450 (4 3 iy 4 4 P450,,,) Fitd
R, BEAT LR AR, DR & BRI B AL AR R ISR .
BT C12-OH 5 & [ 2 A ZU B AR 1 CT8- 32 4K, XT
12 DX 3B 5 0 AT Bl AL 175 A8 AR 948, R113V/A368I1
RALH A AL WEE HH 49% 2 51 28 65%. FEULFEA F, 5
A E110S/L365S TEAZ DL i 5 i 1) — 4 4544, — J5 T
/S DCA 58 5 G NS A AR H, bl A
R SR 55— J7 TR 3 DCA 3 NG M AL AT, 39 n &
FUR R I SR A0 ), A R AR R 4 ] o d 2% s B
90% HIUCH, UCA =&t 2 gL'

Zhou 251 &k & F R 21 L AL 5, AR Tk 6 ]
(Fusarium equiseti) HG18 H1 %5 5E T — i &L CYP450
(P450,,) M HAR Rl . H AL LCA 1 C78-F2 21k,
NE AN EERIEZ D) el . (A7E E A AR R,
UDCA 7 ZAY 5.2%. 456 [FUE A 7 7 X 5 R~
IR T 4, I8 I e s SRR I E, R Q112
V362 Fl1 1363 A& 1 4% C74-F0 JE A 75 1 Ak 8 1 1 S
Bidk. o, V3621 AR UDCA /™ FRE A R g i
2.6 i, RN H 61.2% #2815 %2 90.4%. LA, DL P450,,
NEENR, B R G KE b, NKARBRTIE (Fusarium
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longipes) Y248 2 B A [FIFEME LIS PE 1K P450,, » 2 T0%
PEOT SR SRAR IR AR & AR FITH AL B s, 3
568 0 5 JEC A P B i /K A P AN A AR, B 3R
5 B A DU 2 4% & M4 (T116N/V3641/L4881/E268K),
UDCA F= % 11.5% #5122 94.2%. H 24 /R b4
AR I I B, SEI0 3.9 g L ) =

T A R R IER IR (Allokutzneria albata)
1) CYP450 (A SCH i 4 N P450, ) [FIFERE CTp-F2 34k
LCA, JEWH 4 50 mmol-L7 I, 24 h 77 4 BE /R i
5 95.9%, W24 N 99% (R). Nt — L E KMk
FE T Tl A 7=, A 4 B AEI DL AR AR 15 T R AR
L84Q/D93A, H M 1% 714 5.6 U-mg’, J2& B} A= A 11y
42.4 1, I HIEPR FE T+ 2 500 mmol-L' i), LCA 1/}
REfE24 h N E2 ¥ 1b.

X SR 7 I T B A A 4 A L B R AT B
AP B U, BON TR 78 3 R AE B AL 2 B AL AR A
SCPE T2 9 346, F88 1k i 400 0755 12 A0 g e R A U 7 R DR
ADISUER TAR &, £ '8 T MEooE i TEA; R T
XF CYP450 3 11 1148 25 1) 5 6 Ak Dy BE TR] 5% 2 11 B A,
NHLES 2 ) A B A B R AR B R AR A AR
32 SHWEE#HEIRE

CYP450 7] j# it A [7] i) S Ak 3 5 R G0 i3 47 BT
&3 (B13C). 1AL 0 LT 35 L0 g B A B0 A% A ) 26 R
A R I 2O Rk SR B 8 R (ferre-
doxin reductase, FAR) Fl & £k % [Fe-S| I 8 E L
(ferredoxin, Fdx) 1% i ; 11 L | i &% 5 FAD F1 FMN [
CYP450 i J7 i (cytochrome P450 reductase, CPR),
W — R & AR EA, PARAR,HESHH
TARET, TRk, FLARREIR 1 B TR 8 R Wb
KI o —ULE CYPA50 PR AS 5 & A S A IE [ iy 45 #6381
REH % E 2, W P450 BM3, LUK fil 4 & FMN 5 [Fe-S]
ZERIE I CYPL16 F RS, 1R =47 K% h, Fdx H
I 2> B & FMN [ 3% 2 %000 2 (A FId AR, BT bl
CYP450 fil &1, P450nor /& H i ME— R B AT A E
% CYP450, 1] L E 5] | NADH 1E 4y B 1 4R,

CYP450 I 18 1k 1 1 75 2 48 A0 38 5L A A8 ) I 41
R N O AR 3 T, R VR P E R
B X T P450,,, 2 R IE CYP450 I, LCA £ i
UDCA KA RALN 1.1%; 11 5 [F] 95 38 5 il feCPR J
FALI, B R A 10.2%, PR, 5k A i AR
I8 SR AR IR — 20 TR i, R i AL i 5E, A
BT A I LA A (1) e 32 e
321 FWEEMHERER X TR R ik
R, AL HABR RGN MNIERS, NI CPR
AT LLZ 5 73R CYP450 TR 3™, N T i m sk,

AR B 2RI P9 YR CPR B 3L ik 57 Y6 CPR. /] —
VIR RIR ) CYPA50 5 58 A0 IR JE AR T B 1) HL 1A% 328
B H BN R B A B R AR A R AR R
S e, B FAR A R SR VR B LE R TE R R E N
&R

R CYP107D1 F A AR J5 £ 4R, Sun 2P0 T
X3 F 98 F HAMEA (bimolecular fluorescence comple-
mentation, BiFC), % it T sfGFP £ & 2% . Fdx il & &
sfGFP-1-10 [ N %, CYP107D1 5 sfGFP-11 [ C ¥ it
&, M H M EAE HEZIR, sFGFP-1-10 il sfGFP-11 JE
B BB A, T RS B £ €5 5 S, {15 0 i T R B
I ZRAS B A IS 5 A AR PetH/PetF o AHEL T 5 4]
i F i) CamA/CamB, % 2H & 18 4> 41 i /i /£ DCA 1)
COp-$2 I Al Z 1 34.8% B 4R TH 2 89.2%, EHL T
SALIE R AR AR 1 = 2500 X T 32 T CYP450 1L 2R
SN A
322 MEMEZER BHAFHAYSHZMCYP450
FLA B AL R, T P4AS0 BM3 i AL A 52 78 iR £
-2 F2& B AR 1 AR AT T8 By B 4 00087, 52 S
K, BEAIBEHE 5 CYPASO S A & B H, A
R T AR B ROR, R N HEAT

BEERKE R LA E OSSR
BLRMA o N AR S R A R 3 M R B K,
(GGGGS),, M % . — 7 HZRE R R, &
B ST AT — B R E A B, 5 — T2 H R
5K 0TI a4 R % KA KV 1 A e 1 .
n B BUAR 75 BARAIE 2R A I IE 3T S, 45 M4 2 TR) BE AR
Fr— B, SCRe A EAE R, 2 A g I 23 [A)
3 B B IR R R T R B O R I, IR 5 ik )
e AR R, 1B E R o B s 24 Pro Bk 3E, LA
TR Rl 8 RS e PR RN AR D 1

FF CYP107D1 4544 OlePs, it & 7 £ i
A RIBER R, UL (PG), 3 AR 550 (1) W 4 T2 12 1K 5%
FMEEF K (GGGGS), i #2 OlePs J H A A I JF A1 15
PDR/PDX, KL (PG), & Hz bk 1) JOR B i, P= 015
K 53.88%

BB I A 1T B85 00 A P 17 PR A 3l
o XFF CYP107D1, 5 PDR/PDX Fili & 2 35 i 4k 2k
BA R Z W ILR L R, 5EAIEJFE A5 PetH/PetF
[ R A o] BE R R B B 1) D) RE, mlG I EAARE
KRR, (H5E A JIE0 . X T fil A 3R 0A W e] 52 2
EE M, FEHL R 58 4 R
323 SHUEEFEBHXKE CYPTALZHITIRE
A I8 AR (1) IR B, A E [ B C7o-F2 251k, A2 B
AR R IR B AT AR . SR170 CYPT7AT A3 CPR M i
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AR O, WA SRR IR B IR AR TR K
SRR . Shang Z5EC2@ 1 %60 T8 40 A N oA, 3
7 CYP7A1 [ H CPR [ AT ¥ 3R 0K, N i A 27 Mok
FE 1) CPR {4 fH [E BE 45 L KA 81 & K CPRAL & 1 2 fi% .
W ERE S FHEEEAMEAN S, SN
CYPTALTERGHFF B F I T ReMERIA

£ % CYP107D1 fi# 4k LCA £ i MDCA [f) By, 71
T EE, Sun ZEP S AR JR AR PetF BEAT Wit .
T FYR P B EL xR o S AN R AAH AR X 3, 454
FARSFPES T A FoldX H B RETHEL, 78 7 MZ DIk
R MR R AR A A i ik I, F) F MDCA 28 75% Hii B2 -
T Rb 3R = A AR AIE W S e 3 AT v 8 B O A, RIS R
AZ K PetF,,, NADH #5 & 203 M 26.9% 42 TF % 46.4% .
5T )1 R IR, RN D64 5 CYP107D1 1)
R105 J¥ BG# A8 ShMr 1/ F, 4600 7 M1 1% 06 JR B,
LT A% 8 T R LT 2.9 £, 1 MDCA #4165 M 32.5%
$2 15 22 80.9%, TON{E M 406.2 H2 =151 617.9.

AR JF AR AR N F AR 3 A% O A, TR
AL T SR LT3 S B AL BRSO TRk
it R Z o [ B CYP450 5 A0 I8 JE AR AR HAE
43 FHUHI R R0, g 37 38 3 M 0 B AR S e R
T, DS 368 3 v s S B e I D T 1 4%
33 EAERKK

ZE 4 CYPA50 [0 i b5 M, 3d i 44 22 s 80l 8 7
R R G0 AR TR YR R0R S5 e i — B A fiE 4k
R, VAL BEAR B IR BT, FOIIRCR ST AR A
il
331 HEFHBERGMME CYPLSOfEILIEA M
BT T BN TR R AR . TEEEREH, NADPH
T T R R A R AR, SR R B e S R
b 2R i % Rk -6- B IR, B JS BH ZWF1 2 K] 9 RS 1) ] 4
% -6- Ttk 12 ot S I 14 A I & B2, 72 42 NADPH™ . 7E
A 20 R A Ak R R R I S A AR A ) 5 R T T
ARG, AT EE S R A0 A P A R T DR R KRR, AT I g
R .

ARk 6p-OH DCA 1 &1 20 A %, Sun 2557 K
FFE M5 T N V5 NADPH F2E £ 45 . it ik
NAD" ¥ ¥ nadK B¢ i 25 & ¥ 28§ pntAB, % 16 3 )\
71.2% 53 SR TE 2 90.3% A1 77.6%.  t5e 2846 7 (1) 4= 40 it
HEAAR 2 TE 75 AME TR IN NADPH, #4615 5 99.1%.
332 RERYAMB SEIRYIKEERZE, fER
Fr 3 AT BE BT L T TGV A A AR, KA R B 5
FEARRR, BRI T R . A T R R AR
VORI, 0 B e — R JORE (B 6). HRIK
(cyclodextrin, CD) #& 6.7 2% 8 ™ &) BE JE i a-1,4- % %]

B BT FRIRAE R, 43 RN o= - p-FRRKS . Lok
HL R K R TH AN B K 25 s, e 5 P SR I AL S T B
IRV AL A, AT $ v LV A e 1k A AR 4 )
Hﬂg[%]o

Wb, B 0 20 % LT B 0t 240 B A R Tl 1 A, $
e 44T B R 4 A R P 355 A T LA 5 JE 7 17 40 B Y 1
BIE, Rk AL . Tween 80 421 I HI/K AL (O/W)
RUAALT), — 75 T BT PR, A B T Y R e
WIS G 1 — T E N AR & TR M, BEfE s
AR 2 LTI S 2 g G e e A 0 P R 2L, v
PR I8 3% 1, TR TR NS, 2R & B
(polymyxin B) & M % F 2F AT B8 (Bacillus polymyxa)
ERRINPIA R, @A S IR AN e
%, T i P IR I T

£ K W FT 1 JE B B CTa- ¥ JE AL i 4k 4R &
32 pg-mL" 2 K B8 2 B A IH ] B 5 A0 R N 42.99% 3%
T2 60.96%; 45% F2 T4 3 B- I MRS 1€ 128 AL [ 1 1Y) v
RO IR, B RIEF 61% . SR1, i ik FE 1 Bhis B
W R R XS 2 B P AR A e D ot i, S 1S 4 B T A M
DAAERE, S i s M T 25 k0T

BAKT 5, BT CYP450 5 11 2 k1 LK R 4%
ST 5 A R 4 TN 5%, KA R (1 A1 SR s IR g T 5
XoF T SN A 7 RS AL %, R AR LA, AR
I 380 A Tt 35 2 5 [0 B 7 AR E 250 R P i 2 T S it
FAR, DUHR Tl Ak S 37 5%
4 REERZE

RHITBRAE A — 236 2 10 S AR A 4, A
A AR I 2 o 3 95 o AN AT B (1) f £, BN & FlAE
MR E B IR IT SR UL T . CYP450 B2 LR I 45 #4015
T T i 1A 45 A A P R T R L, ST RE T R 1 A
R I R OK R S F 9 ) dd I i 42 R
LT - R ENRIEREH S EE, Wit
CYP450 ¥ JEEA IR A7 A R % 1 FE A [F) IV BR & BT
i, SRR IR BRI R BB . SR 2 RS
PEEIR AL TG, CYPASO AL BUR E— 42T, N
M ABRE TR AL R P A BRBE 58 T IR Sl

B CYPAS0 AW AL AR R I 78 C U5 v 2 0t
J&, BRI O A Al B T AT A A — SRS
TR B M A R 5 Tk B R 286, R
W T AFAE SR A I B FAE IR 15 5 CYP450
(I VC BT AL AT 75 RN R AT, CAsE— 3D 4R T A% 18 AL
2Ry MNSEIG R IGIE R Tk A 7=, Ak R Fa et S
HEMWH R, FFREE AL ARG M

KW T T LR f B SHE R — R AR
SRRV RR 8 A R, 45 AN TR R S S5 i AR
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Figure 6 Commonly used substances to improve substrate utilization
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Tl A A = SR A R S8 =R 4R R T R 1 25 ﬁ%
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