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Abstract: Celastrol and wilforlide A are the main active triterpenoids of the traditional Chinese medicine Lei
Gong Teng, which have anti-tumour, anti-inflammatory and immunosuppressive activities, and are the material
basis for the clinical efficacy of Lei Gong Teng-related Chinese medicinal preparations. By analysing the

biosynthetic pathway of active ingredients, optimizing genetic elements and utilizing "cell factory" to produce
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triterpenoids heterologously will be an effective way to obtain from Tripterygium wilfordii in the future in a "low-
cost and high-efficient" manner. CYP712Ks are the first cytochrome P450s involved in the skeleton modification
of friedelane-type and oleanane-type triterpenoids in 7. wilfordii, and they can catalyse the generation of
polpunonic acid from friedelin and 3-epi-katonic acid from f-amyrin by carboxylation at C-29 position. In this
study, four multifunctional TwWCYP712K1/2/3/5 were used to clarify the catalytic function and substrate selection
preference using in vivo functional characterization in Saccharomyces cerevisiae. The spatial structure of the
protein-substrate binding was clarified through homology modeling and molecular docking, and then the differential
amino acids in the active pocket of the protein were mutated to clarify the crucial amino acids determining the
catalytic function and the selection of substrate structure. A total of 63 mutant elements were constructed, and the
amino acid sites affecting the carboxylation function of TwWCYP712Ks were analyzed. In particular, the key amino
acids affecting the substrate selectivity of TwWCYP712K2 towards oleanane-type and friedelane-type triterpenoids
were revealed and the TwCYP712K2™"" and TwCYP712K2**"" mutants would result in a reversal of the product
ratio. In conclusion, four proteins of TwCYP712Ks were semi-rationally designed by homologous protein
alignment and mutual mutation to elucidate multiple amino acid sites determining the catalytic function of the
proteins, and a series of activity-enhancing or altering mutants were obtained, which provide abundant catalytic
elements for the biosynthesis of active triterpenoids from 7. wilfordii, and the mechanism of carboxylation in the
C-29 position was initially elucidated.
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Figure 1 Biosynthetic pathways and chemical conversions of celastrol and wilforlide A in Tripterygium wilfordii. Colour key: CYP712K

that mainly catalysing the oxidation of the C-29 position of the friedelane-type triterpene are labelled red and those mainly catalysing the

oxidation of the C-29 position of the oleanane-type triterpene are labelled blue

TILT B A 58 4 X3RS 4 ok £ 1 1 = R AR K
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F P FAT R R4 B pEASY-Blunt Zero::-TwCYP7
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Cloning Kit (F§ 5% i ME % 4= W) Bl 24 IR & 7); Fast
Mutagenesis System (b5 4 & AW H AR A R A 7)),
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GgbASI-FBA1t-PGK1p; 3 PGK1p-TwCPR3”'-TDH2t-
X2down, 51N 1 fiizs. BJE, ¥4 X L4 DNA J
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% B} J 1R 4 DNA B2 R 771 50 130 W -5 12 2 BF 3 PR 44
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FLUERE . 1 FH 5% [ Agilent 7890B < AH (4il 45 Bk 7000C
GC/MS Jii i £ W 7= 9, €838 £ 24 DB-5MS (15 m x
0.25 mm, 0.10 pm); £ I 7 82 46 iR JE % B 4 50 °C, fr
FF 1 min, BL 50 °C -min” # & F+ it & 270 °C, J5 PA
20 °C-min” JHRE % 305 °C, S8 J5 -5 12 min; & TR IR
JE ¥ A 250 °C, HLE B 70 eV, 5T & 4 3 6 B X 9 mi/z
10~550; HEAER 1 L.

TwCYP712Ks BRI H KW E ¥ TwCYP712
K1/2/3/5 4 33 A HE D1 4% K 35 Ak p416 GPD-Ura,
DL Sz 06 25 17 B K 2 ) pEASY-Blunt Zero:: TwCYP712K
1/2/3/5 RERUTURL, BvE 51 (R 1) 38 4 A (5 U5 B
B H 3L R B, ] N4 % A: 2xPhanta® Flash Master
Mix 25 uL, 1E ] 54%% 2.5 uL, B AL 1 ul, ddH,0
19 uL. J2BiFEF7: 98 °C 30 's; 98 °C 10's, 60 °C 10 s,
72 °C 1 min, 35 MG¥; 72 °C 5 min; 4 °CHR KR, & HK
Foril J5 V)i [FI PCR 72 40; 4 F BamHI-HF“#11 Sall-HF”
Xf p416 GPD-Ura 1A F AR 3T WG V), IR1F LR 1E 2 14

Table 1 The primers used in this study. F: Forward; R: Reverse

Primer name

Primer sequence (5'-3")

X2-up-F
X2-up-hr-R
TDH3p-F
TDH3p-hr-R
TwOSC 1" 7L F
TwOSC 17" hr-R
ADHI1t-F
ADHIt-hr-R
tHXT7p-F
tHXT7p-hr-R
GgbAS1-F
GgbAS1-hr-R
FBAI1t-F
FBAI1t-hr-R
PGK1p-F
PGK1p-hr-R
TwCPR3*-F
TwCPR3“hr-R
TDH2t-F
TDH2t-hr-R
X2-down-F
X2-down-R
PCRI-F/R
PCR2-F/R
PCR3-F/R
PCR4-F/R
p416-CYP712K1-F
p416-CYP712K1-R
p416-CYP712K2-F
p416-CYP712K2-R
p416-CYP712K3-F
p416-CYP712K3-R
p416-CYP712KS5-F
p416-CYP712K5-R

CGTCTATGAGGAGACTGTTAGTTGGAT
CTTTGAAATGGCAGTATTGATAATGATAAACTCGAGACCACTTCGAGAGCAAGTTGCCTG
TCGAGTTTATCATTATCAATACTGCCATTTCAAAG
CTCAGCAACTTTGAGCTTCCACATTTTGTTTGTTTATGTGTGTTTATTCG
ATGTGGAAGCTCAAAGTTGCTGAG
CACTTATTTTTTTTATAACTTATTTAATAATAAAAATCATAAATCATAAGAAATTCGCTCAATAGCCTTTGGAT
GCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAATAAGTG
GGCCCGAAATTGTTCCTACGAGGCATATCTACAATTGGGTGAAATGG
CTCGTAGGAACAATTTCGGGCC
CCGCTATCTTCAGCCTCCACATTTTTTGATTAAAATTAAAAAAACTTTTTGTTT
ATGTGGAGGCTGAAGATAGCGG
TCTAAACAGATTCAATACTCATTAAAAAACTATATCAATTAATTTGAATTAACTTAAGTTAAACAAACTG
GTTAATTCAAATTAATTGATATAGTTTTTTAATGAGTATTGAATCTGTTTAGA
CTATTGTGCAGATGTTATAATATCTGTGCGTAGTAAGCTACTATGAAAGACTTTAC
ACGCACAGATATTATAACATCTGCACAATAG
GAACTAGGTCAGAGCTGCTAGACATTTTGTTATATTTGTTGTAAAAAGTAGATAATTA
ATGTCTAGCAGCTCTGACCTAGTTC
GCATGAATTATTAATAATAAAAACTAAATCATTAAAGTAACTTAAGGAGTTAAATTTACCAAACATCCCTCA
ATTTAACTCCTTAAGTTACTTTAATGATTTAGTTTTTATTATTAATAATTCATGC
TCTGTGAGGCCGATTATGCAGGGCGAAAAGCCAATTAGTGTG
CCTGCATAATCGGCCTCACAGA

CTCGCCAAGGCATTACCATCCC

TCTCAGATGAGGACAATGTAGTGGTAG/ TCCTCGGTGAACTTGCGACGAGCCTC
GGTGGTTACCCCCAACAGGAAATCACTGGAG/ CCACAGGGCTTGACCTGGAAGCGGT
GAGACCCTGCTCCTCTTCATCGAGCTGC/ CAGACAATGGCTTGGGCACGAATACGGG
GTTTGCGGCGACGCGAAAGGTATGGC/ GTAACAGCAAAAGACGCCACCA
TTTCTAGAACTAGTGGATCCATGGCCACCATCACTGACATC
ACATGACTCGAGGTCGACGGTTAACCGGCAAATGGATTGAAAC
TTTCTAGAACTAGTGGATCCATGGCCACTACCATCATTG
ACATGACTCGAGGTCGACGGTTAGGAAGAAAATGGATCAAATC
TTTCTAGAACTAGTGGATCCATGGCCACCACTACCATC
ACATGACTCGAGGTCGACGGTTAGCAAGAAAAGGGATGGAATC
TTTCTAGAACTAGTGGATCCATGACAACAATCACTGATGT
ACATGACTCGAGGTCGACGGTTAAGAAGAAAATGGATTGAACC
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Fi B Sk CloneExpress® Ultra One Step Cloning Kit i
& H R B R M kAT B HE 4R, 50 °C R B
25 min. H B YLK p416: TwCYP712K1/2/3/5 $5 4L &
Trans1-TUEZ MM, AT 52X HEHE LB
[R5 23 1, F 37 °Cf8 Bl w35 7%, Phik o 7% 3t
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EAEERAAEE HEHS LY BY-SHAZHE 4., M
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BERCZ 25 B0 B8 5 KE p416 GPD Al p416: TwCYP712K
1/2/3/5 B AL FURLFE A 22 IR 2 38 v, IO ROVAR R 50%
PEG 3350 120 pL, 1 mol-L" LiAc 18 uL, ssDNA 5 pL.
JFRE2 pL, ddH,0 35 uL. T30 °CH5 774 P E 30 min;
Bt J5 42 °CH#L 15 min; 3 600 r-min™, & 0> 5 min J5 UX
SRR, fERBIE 6 W EE Ak &, 9 100 uL
JC B /K B 2 5 AT T SD-Trp-His-Ura [8] #4577 % I,
30 °CHE 77 3 KJa, WEEASPAR b7 il Bk HL 3 A 9 B 7%
% 3 mL SD-Trp-His-Ura {4 15 77 HE v, %5 7% 22 W TR
MG, I A, = 0.1 8N 5 mL YPD #5373 v, 30 °CH;
H4K.

FEADIRBUFNARM 7R R IR I N SRR LR &
i 7 B U I, & FE A HLAH, SR F e i 28 AN R T
FJG, IIN 100 uL 3% B S . e ROB A (il -1
2 ¥ (Q Exactive HF, 32 [E Thermo Scientific 23 )
SE BRI =Y, B A A R 0.1% H R - 7KV, B AH
Nl 2, I, A F ACQUITY UPLC HSS T3 i i A
(100 mm x 2.1 mm, 1.8 pm) #4745, % 0.4 mL-min™,
HEREE S pL, AR E A 40 °C, WARA EFE P N 0~
4 min, 30%~83% B; 4~6 min, 83% B; 6~8 min,
83%~85% B; 8~10 min, 85% B; 10~13 min, 85%~
100% B; 13~15 min, 100%~30% B. i Ff 1E & 74 =X
o BRI T IR AT AR I, R G I 251 A R
m/z 450~460, 34 7] 0.2 s, #9 S I #E 45 L-min™,
E 08 I FE 320 °C, HLME 55 FE 0.4 pA, il 45 5 A
Xcalibur A AT 50071 K5 2 B EPEAE Graphpad Prism
10 B B AT JUSTREAR (K56, 43 BT G vF B A () 11 22
St

ERAFFILEX 24 >R A Clustal X (http:/www.
clustal. org/clustal2/) 1 ESPript 3.0 (https://espript.ibcp.
fr/ESPript/ESPript/) 7F 2k W 3l XF I 4 TwCYP712Ks
1 & BE BR 1Y 51 3 AT 2 &5 51 L X, 98 F MEME 7£
2k ™ % (https://memesuite. org/meme/tools/meme) X
TwCYP712Ks AT PR 5F 5 /7 430 7 o

EAEEREMy FXIHE KA I-TASSER (https://

seq2fun.dcmb.med.umich.edu//I-TASSER/) W ik 43 51 %
TwCYP712K 1/2/3/5 8 H #EAT MK BL, R H ProSA
(https://prosa.services.came.sbg.ac.at/prosa.php/) A il 25
5 2 R 5k i o) AH B VE P RE R0 & B4 . M Pubchem
(https://pubchem.ncbi.nlm.nih.gov/) ‘B J5 M ¥4 K /N7
T AP AR (Pubchem CID: 91472) 1 B-75 #4 &
(Pubchem CID: 73145) (1] = 4k 45 #J, 3+ F Open Bable
BT sdf s 46 pdb % K.

181 F Autodock 4.2.6 X TwCYP712K1/2/3/5 5
FUEAT DA N AT Ab B, S-S % 4 Assign AD4
type, H-RAF A pdbqt 45 2o X /IN 7 AR Wi A1 B- 7 Wk
AT I RN I e A A B, PR AT N pdbqt A% K. I
TwCYP712K1/2/3/5 & F 1 W 2k Ifil 41 2% (HEM) [ f7
B, B Rz DX A O, IR XIS, {4 HEM #
e A5, ARAE N Grid box. W B XS HUG, B1T
Autodock FEAT 7> T 0182, 159 B0 e 45 B ok dig. il
AutoDockTools # {14 Hi /Ny T AL EE V2 & 454, B JS
F PyMOL #1247 AT ARAG AR 2
3 TwCYP712K1/2/3/5 & H 5EM
KRR L -7 i 2R (0 e 5 3L, IR OV M A8 PR &
FERRAE AT R, 456 2 EJP 5 J B AR 7 2
JP o e R, B 22 R R FE R B SR (K SRS, B AL iE
P48 K i A R R I /E o 4% I8 Fast Mutagenesis
System iR 71 & 1t B 15, FIl H SnapGene A4 15 11 55 R AL
51 ¥, UA p416:TwCYP712K1/2/3/5 NRERF KL, FE4T 58
ARFARY B, SN R BARUTURE 10 ng, 2x TransStart”®
Fastpfu PCR Super Mix 10 pL, 1E = [7 5] #) % 1 uL,
ddH,0O #h & £ 20 pL. RN AEFF: 94 °C 3 min, 94 °C
20's, 56 °C 20 s, 72 °C 4 min, 25 ME¥F; 72 °C 10 min;
4 °CIR¥F. 2 1.0% B JlgbE&E R sk o 25 158 H 1 2%
WAL B IE R RE S, NN 0.5 uL DMT B, 78 70 1R 21 )5
37 °CEIRIFEE 1 h, W BR B ORI AR . L 2~5 uL
WAL= WA 2 50 L DMT & 2 a0, %A T8
AN HERMN LB Bk RE L, T37 CiE g%,
Y- W00 56 I T i 7D B T B R VR OR B, R IR, 45 3
TwCYP712Ks T 4K . % pdl6:: TwCYP712K1/2/3/5 B
A (wild type, WT) FH 98 48 {k 4 il % A4 2 BY-SH &
ZAS R, Ak R B ) B R W U Y G A
Fi7R

[—] o 7R
ERRT

ERS5Sh
1 BEFp-EREMAREENREREE
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Figure 2 Construction of chassis strain and comparison of TwWCYP712Ks catalytic activity. A: Construction strategy of the BY-SH yeast

strain for friedelin and f-amyrin productions by CRISPR-Cas9 method; B: GC-MS analysis of the fermentation products of BY-SH; C: Mass

spectrum of the products of BY-SH; D: Relative yields of 3-epi-katonic acid and polpunonic acid in yeast expressing TwCYP712Ks. Relative

content represents the amount of all metabolites relative to the amount of 3-epi-katonic acid produced by TWCYP712K1.n =3, x+s. "P<

wkk

0.001,

katonic acid (F) and polpunonic acid (G) produced by TwCYP712Ks

P <0.000 1 vs TWCYP712K1; E: LC-MS analysis of BY-SH products expressing 7wCYP712Ks; F, G: Mass spectrum of 3-epi-
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Figure 3 Bioinformatics analysis of TwWCYP712Ks. A: Multiple sequence analysis of TwWCYP712Ks. The yellow triangle marks the

selected amino acid sites for mutation; B: Motif analysis of TwWCYP712Ks

Table 2 TwCYP712Ks amino acid sequence identity

Protein pairwise comparison Amino acid sequence identity

CYP712K1-CYP712K2 73.35%
CYP712K1-CYP712K3 72.82%
CYP712K1-CYP712K5 70.96%
CYP712K2-CYP712K3 90.27%
CYP712K2-CYP712K5 76.36%
CYP712K3-CYP712KS5 74.47%
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Figure 4 Homology modeling and molecular docking analysis of TwCYP712Ks protein and amino acid residues in the active pocket

selected for mutagenesis. A—D: The docking results of TwWCYP712Ks with friedelin; E—-H: The docking results of TwWCYP712Ks with

p-amyrin. The displayed amino acid residues are 5 A away from the substrate
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Figure 5

Mutagenesis assay of TwCYP712Ks and molecular docking. A: Relative yield of polpunonic acid in yeast harboring

TwCYP712K1 or its mutants; B: Relative yields of the products in yeast harboring TwCYP712K2 or its mutants and the active site of

TwCYP712K2. The HEM is shown in green, while the substrates friedelin and f-amyrin are shown in yellow and pink, respectively. The

residues that can enhance or reduce protein activity are shown in blue or rose, respectively; C: Relative yields of the products in yeast

harboring TwCYP712K3 or its mutants; D: Relative yields of the products in yeast harboring TwCYP712KS5 or its mutants. All data were

analyzed based on the wild-type yield of each gene as 100%
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