5531 B4 310 FEXRAFFERE Vol. 31,No. 3
202542 H Chinese Journal of Experimental Traditional Medical Formulae Feb. ,2025

2 28 B0 R I T R TR S e R A Y
Fo e S D)t RAE

FRBL, IR, RAR', XMV, KA, XNET, THE"
(1. PEPEHSLE PHAALA, LT 1007005 2. LFHLKF EHAFERRFRE, LT 100083)

[(FZE] Bl 5RO R YR W 15 JE B — B R & nL s (FPS) 4 i SL DA, $i e RS 192 B vh vk JE 2k £ 5 1% (FPP)
WA B HE T AR ) TR RS RS R B R . A SR A ORER SR G R T B T B R MU AR T A
ANZ TR B R AR (25 IR A RNA, I U6 5% B4 DNA (cDNA) 55 — 8 | 3% F 3% 7 o W 0 7% s d 8, 831 CaFPS.
RrFPS . MsFPS .HiFPS .PgFPS AtFPS #l AaFPS 3 H ¥ 5 Fp 545140, v B 3L B 4 1, Sk ik 28 3k B 90 AT A= W A B 4 L 4 2
pESC BEfESE MR A . R FH 52 56 25 4 2 1) 7= - M08 8 975 TR G T O JFC 8 TR b L S VR 238 7 R OAS TR AL 4 R VR 1) FPS, L B4 5 0 1)
PR AR R VAL bR o R S 96 2 M R A A0 R 7 B A s A TR R AR P AT SR E . 5 R o7 Rh R DR R A G A X I 4 K 3
1021 bp, 4t 301 A~ R , 2455 O ERE DY IR 1) FPS 4i % 3 [ ERG20 FLAF T SR 406 R o 30 ol 78 PR T 17 F vp S U0 325K
7 R0 L AL O e R Ak S 0 A IR R (TIPP) RN H L5 Yk T 1% (DMAPP) & B FPP AR B 19 JE B o ReFPS, 3 35
RrFPS RS %4 B Bk YB-1-Rr il YB-3-Rr 1 -4 75 4 7= 2 43 il Hb X6 BB B #k YB-1 F1 YB-3 151 231.25% F1 189.3% ., £t il b
B2 7RO TR A 4 R JR (Y FPS 4 i 3L PR (T RE L Bf 5 T Ok A B P Y ReFPS 3L T T 19 28 (1 BT SR AL RE o A oE
e e 7 S Ak B I R T R TR bR A SR AL T DGR R ST

[RER] ERWEELE; 2w B-Midm,; JLH b, e SLAERERR (FPP); vAJ8 I B & MU (FPS)

[hE4ES] R277;Q527;0657 [XHEHRIRFE] A [3ZEHE] 1005-9903(2025)03-0175-09

[doi] 10.13422/j.cnki.syfjx.20250380 [ & 58 H AR B 14 ] N2 W http : //www.syfjxzz.com 5§, http : //cnki.net

(M4 MRk ]  https://link.cnki.net/urlid/11.3495.R.20241225.1537.003

[MEHMBE] 2024-12-2516:25:32

Cloning and Functional Characterization of Farnesyl Diphosphate Synthase Gene in

Biosynthesis of Terpenoid Components in Chinese Materia Medica

ZHANG Yue'’, ZHANG Feng', ZHANG Yue', LIU Chaoyue'’, ZHANG Bolin'’,
LIU jia'", WANG Caixia"
(1. Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China;
2. School of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China)

[Abstract] Objective: This study aims to enhance of the farnesyl pyrophosphate (FPP) pool in Saccharomyces cerevisiae
by heterologously expressing different farnesyl diphosphate synthases( FPSs) from various plants, thereby increasing the production
of terpenoid compounds by the engineered yeast. Methods: RNA from mixed samples of roots, stems, and leaves of seven plants
including Arabidopsis thaliana, Rosa rugosa, Artemisia annua, Centella asiatica, Humulus lupulus, Medicago sativa, and Panax
ginseng was extracted by column chromatography and reverse transcribed into the first strand of complementary DNA(cDNA), and
based on the transcriptome data of the seven species of plants, sequence-specific primers were designed for CaFPS, RrFPS,
MsFPS, HiFPS, PgFPS, AtFPS, and AaFPS, the full-length of the genes was cloned, and the genes were analyzed for

bioinformatics in order to construct a pESC yeast shuttle vector. These seven plant-derived FPSs were further heterologously
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expressed in the previous constructed B -elemene-producing yeast, and the yield of B-elemene was indicated for their catalytic
acivities. Results: The coding sequences of CaFPS, RrFPS, MsFPS, HiFPS, PgFPS, AtFPS, and AaFPS were all of 1 021 bp in
length and encoding 301 amino acids, all of which were similarly related to the endogenous FPS-encoding gene (ERG20) in S.
cerevisiae. After heterologous expression, RrFPS was identified as the most effective in catalyzing the synthesis of FPP from
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). Compared to the control strains, the RrFPS
overexpressed yeast strains YB-1-Rr and YB-3-Rr increased the production of B-elemene by 231.25% and 189.3%, respectively.

Conclusion: By comparing the functions of FPS-encoding genes from seven different plant sources, it is determined that the

protein encoded by the RrFPS from R. rugosa has the best catalytic ability, which can provide key genetic elements for the

construction of engineered yeast strain constructs with high terpenoid production.
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LI PR 2 B0 S22 34 740 B, 3R 45 AtFPS(GenBank & 5%
5 At4gl7190) . RrFPS (GenBank % 3 5
KP768082.1) . AaFPS(GenBank % %5 AF112881.1) .
CaFPS (GenBank % 5% 5 AY787627.1) . HiFPS
(GenBank & 5t 5 AB053487.1) .MsFPS(GenBank %
% 5 GU361537.1) f1 PgFPS (GenBank & 3¢ 5
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Table 1 Primer sequences
519 JFHI(57-37) KB /bp

Gall | TTTCAAAAATTCTTACTTTTTTTTTGG 27
Cycl i CTTCGAGCGTCCCAAA 16
Gall-AtFPS -1 TAACGTCAAGGAGAAAAAACATGCTTGACTACAATGTACGC 41
Cycl-AtFPS T TTTGGGACGCTCGAAGCTACTTTTCGGTTAGAGCGGAT 38
Gall-RrFPS 3 TTTTCGGTTAGAGCGGATATGAGCAATTTAAGAGCCAAGT 40
Cycl-RrFPS T CTACTTCTGCCTCTTGTATATCTTTTTTTCGGTTAGAGCGGAT 43
Gall-AaFPS [ i TAACGTCAAGGAGAAAAAACATGAGTAGCATCGATCTGAA 40
Cycl-AaFPS T CTACTTTTGCCTCTTGTAGATTTTATTTTCGGTTAGAGCGGAT 43
Gall-CaFPS |- F TAACGTCAAGGAGAAAAAACATGAGCGATCTGAAGACCAGG 41
Cycl-CaFPS T CTACTTTTGCCTCTTGTATATCTTTTCGGTTAGAGCGGAT 40
Gall-HiFPS 11 TAACGTCAAGGAGAAAAAACATGAGTGGTTTAAGGTCAAAATTC 44
Cycl-HiFPS T TTACTTCTGCCTCTTGTAGATCTTTTCGGTTAGAGCGGAT 40
Gall-MsFPS -1 TAACGTCAAGGAGAAAAAACATGGCAGATCTCAAGTCCACATTC 44
Cycl-MsFPS Tiif CTACTTCTGCCTCTTGTAAATTTTTTTCGGTTAGAGCGGAT 41
Gall-PgFPS i TAACGTCAAGGAGAAAAAACATGAGCGATCTGAAGACGAGATT 43
Cycl-PgFPS T TTACTTTTGCCGCTTATATATCTTTTTCGGTTAGAGCGGAT 41
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N2 cDNA N B M #E4T PCR Y14 , PCR & % 2l 98 °C
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(R 5¢ 4 FF 5 52 4E ) DNAMAN #1080 98 55 1k il 25
F P41, 7F 2k blast H 2 K751, 48 R ERG20 H: K 1Y
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expasy.org/tools/protparam.html) 7 T ERG20 ¥ fk. 2
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DNAMAN # A #E47 @ 5L 2 7 5] 2 ¥ e 4] LU X 5 fiff
I MEGA 11 3 ¥ 2 & 4t # b # | bootstrap
4500,
2.4 SHURFPS ik N a4 1 YPD B Rk
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200 r-min JRFH IR E A0, N 0.7~1.0, KGR HR
T il £ T RE IR AZ 2R D 2.2 30T AL A 14 J5ORE e A
e UF R RGZ 25 R F 2 h 5 TR A {E SD-His+
G418 Bl B 45 35 3 vhr, 30 °CHE 3% 48 h i 0 16 FH P %
fEF , P 7 [ %5 SD-His+G418 i [ A1 55 72 9
1L R PRIBCER v B TR I JE AT T VE PCR, B BH %
PRI 26 I e B L R 2 A 5 O A R w1 ) o
2.5 TP E R 5 B-ME A AR T bR FPS g i 5L X Y
BAIE RO I 3ROk R B 9 FPS IR, A B S
0 = M L Y R 7 B A M B T BR YB-3 R i AT
BIE . YPD WG Ak YB-3 B Bk L i A4, M 0.3,
$i2 B8 1x10° CFU-mL" 2 Fh 2 34 YPD W IR K5 97 5
80 mL ) = ff Jfii 111, 30 °C 200 r-min" ¥ % 55 3% &
Agooom M 0.7~1.00 K 2.4 T T B B 5% Ak i 18 F 15 3%
Ik i i AR I R PR BORE B A 0 T BRI S
W F 2 h 5 A 76 SD-Trp-His+G418 Bl K1 1 55 5
1,30 °CH; 5% 48 h J5 0 6 B % 16 7, Pk HBCER Be R
% SD-Trp-His+G418 i 3 A1 3% 55 W o 4% 85 57,
Py o TR VR AT TR 7 PCRORIN , % 43 2 7 ik ik b
BRI DY ZH BIE Y 0 A BR 2 mIE
2.6 KK HIEIARHL
2.6.1 B THAH & B YB-1.YB-3 B b, TR
YPD [& R 55 57 5 v Rl 4k B 7, 30 °CHE 5+ 48 h i #R I
AR YE T YPD AR KT R 80 mL A FE ik L 7E
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FE IR H130°C .200 remin” K537 36 h, BIAGFh 7 ¥k .
2.6.2 FEMAKEE % 2.6.1 0 F il & 4F 19 2 A4S T PR
) ol 7 43 45 b % 25 mL 19 YPD W AR 35 35 Lo
30 °C . 200 r~min #& % £ 7% 12 h J5 A IE -+ = 8¢
2.5 mL"?",30 °C.200 r-min &% 5% 5% 5 d J5 ge 4777
P38 B (RS R BERE i 3147 ) o

2.6.3 FCURECS WAL 2.6.2 T F &8GR
WO 5 % 2 50 mL B0 % 1, 12 000 remin & .0
10 min( #0242 8 em, F[H) , B2 HLAH™, o
0.22 pm JE AR, S0 WL 3E 47 77 W e I (R ot ok 2 ik
o A INAE O BEAR B TR B 4 o f R
R T & T A5 R B TR T A TR AT R ORI (R 2K
A1) 1 mL, 12 000 r-min” & 0> 1 min, 2% L&, A
0.5 g BY S EK FI 2 1R 2,185 300 wL, i e iR 2, 70 Hz Bf
JE% 960 s( & 120 s 5 10 s) , FF A & & .15 700 L,
A (% 80 kHz, L % 80 W) # HL 30 min,
12 000 r-min" &5.0> 15 min, 3 0.22 wm 8 &, B - 75
WSO pLELET MAN,O-F( = H HERER) = #
R BERE 50 wL, 80 °CAT A=k S Mz 30 min, H T4
3% -5 1 (GC-MS) Ko I 3 47 2 A T T ) % ot o
2.7 BRI B 7 AR TR Y A R BT

2.7.1 X BRI EC A M B-HE A AR B
TE A TBE A, T 0T R B A 100 mg - L A BEVR
JEHE BE Ry R BN BT W, 4% 2.7.2 0 7 e
I VE 18] 5 i1 28 2 Y=0.000 1X+0.946 4, [n] )7 & %k R*=
0.999 1,2k E 5 [l 0~50 mg L', HU%& i xF B8 &,
LR LRV i, e i ot &2 43 20 80 mg- L' 1Y B,
FHh B B ZR B OGS BE R V V, 4 2.7.2 00 F O R
W 0 W0 R 2 Y=7x10°X+2.348 2, [i] 7 £ %k
R*=0.998 7, £k V£ Hl 0~50 mg- L™ HUAZ 1 [ 1 %of 1
al I R £ TR VS g, TAC 1 5T et Vi B2 R 100 mg - L' (1)
REW, FE 06 Ry R0 BSR4 272 00 F 7 ik
K I, 4 [0 09 1 28 R ¥=0.001 8X-0.332 6, 1] H %
L R>=0.999 7, 23w [l 0~50 mg- L.

2.7.2 KSR F B-ME A A 5 J& 18 Agilent
HP-5 B4 45 (0.25 mm=30 m,0.25 pm) , 25 A
LU 1.5 mL-min”, FEFE 1R B 280 °C, A4 it it
FELERERD 1 wL, B )7 FH R R IR T EE 80 °C R
1 min; P 20 °C -min” 19 3 & Tt il 2 180 °C , £ %
3 min; A 20 °C -min' ) 3 B 7+ i & 280 °C, {4 #F
6 min) ; B 3% A5 00 O S B IR (ED L T RE
70 eV, B TR 230 °C, DU AT EE 150 °C, ik
HL R 5 KV, 22 52 0 Wi (MRM) A 138 (m/z 161.1~
93.1) , % LR 3 min, BT 595 Bl m/z 40~450,



531 55 3 4] HEXBAFZRS Vol. 31,No. 3
202542 A Chinese Journal of Experimental Traditional Medical Formulae Feb. ,2025

I 2R 435 2 F Sl Agilent HP-5 B4
HHE(0.25 mmx30 m,0.25 pwm) , 2SN SR, T E
1.5 mL-min™, ZEFE 3R B 300 °C, A 233 ERE , ERE
i1 L, B ¥ JHR G 45 80 °C, - 4F 1 min; LU
20 °C »min™ 19 3£ & T+ & 280 °C, & 4§ 15 min; LA
20 °C - min™ {9 3 £ 7+ % 300 °C, £ 15 5 min) , i i
SN FREE FEED, B FRERET0eV, BT
P53 BE 230 °C, DU B AT I B2 150 °C, ik i i 8 kv,
MRM #3471 45 (& 4 m/z 136.9~95.1, 7 ff [ i
m/z 336.8~69.1) , % 7 4R 5 min, J5i 3% 39 i 75 FE A
m/z 40~450,

2.8 G 4rHr oK FH SPSS 23.0 2R 47 EE 4 A,
Shapiro-Wilks K 35 #F 17 1E 45 70 10 K5 50, £F & IE A8 4
AT IR DL x5 TR o ZULIE] LR B
ZEAT AT, PR LB S 5 R AT S IE A A A A TR
AL B . Ll P<0.05 H 2R A G H#E L.
3 #R
3.0 7Rl RE Y FPS g B A BT 1 RN R Y # 2
Pl It B E S L H A S
SRNA WG Ay, Asso un PITE 2.0~2.4, FZ W KE
b Al O A T DNA 5 e, w1 T R R SR
PCRAK Y . DLith e sk Ak 45 19 7 M A 9 1) cDNA
AR BEAT PCR ™1, 5w B 3K 15 19 PCR ™M 42 1%
Br i B R I H UK K I, 7E 1 000~2 000 bp A HL— F.
WISE I 550, 45l KOMGE G U . XF PCR = W k4T
W, 9 545 200 B i LR P52 1021 bp, 4
i 301 A~ R , 4> B A CaFPS. RrFPS ., MsFPS,
HiFPS .PgFPS . AtFPS | AaFPS, 59" 45 1A % 4% J5
BEATI ), W 25 R W 7R s BE TR 5 Y R R A
1% )7 5 — 2, o FH Rz /DN 42 42 7] 6 4R 45 0 kL pESC-
his-Pgall-AtFPS-Tcycl . pESC-his-Pgall-RrFPS-Tcycl |
pESC-his-Pgall-AaFPS-Tcycl . pESC-his-Pgall-CaFPS-
Teyel. pESC-his-Pgall-HiFPS-Tcycl, pESC-his-
Pgall-MsFPS-Tcycl #l1 pESC-his-Pgall-PgFPS-Tcycl .
LA,
3.2 RGHAEWHT R MEGA 11 5001 2 &
SR, 25 1 & B v BE Y 7 S FPS 4 % 3k R 55
W RERE N TR Y ERG20 3 R Y WA MGE R4 KL R
Horft CaFPS 5 PgFPS % — 32, A 100% [ A AL
Y ; MsFPS . AaFPS . HiFPS . RrFPS Fl AtFPS % % 1
SASRE 9 43 32 v, A TR U (9 ERG20 35 R AT {5
BEAR L, AT AR Sy [R) T 7 A3 AR O A L &
SR AR ST R B A 2 2k 1R 4% 25 A 8L 4 i) Ry
75% F150% Lk 1o FPS 9 5 AP ~F 25 #4388 43 1) R Jis

a 2000 bp
1500 bp
1000 bp

750 bp

Hu..,;.a._.\_au

b 3000 bp
2 000 bp
1500 bp
1000 bp

A B C D E F G H
7 : A. Trans5K DNA Marker; B. AtFPS; C. RrFPS; D. AaFPS;
E.CaFPS;F.HiFPS;G.MsFPS;H.PgFPS
Bl 1 7% FPS 45 5 [ i 3R A5 4% 5 A AL 0k (a) R B 3% PCRIRAE 1R
Rk (b)
Fig. 1 Agarose gel electrophoresis (a) and colony PCR agarose
gel electrophoresis(b) of 7 FPS coding genes

Pas 548 Vi R A AR IX 1 AL AL AL R -mg2c 25
AL R EMRIX 20 o BE AR ST B 28 — M3 —
KA AM E X[ DD(XX)2-4D [ T 45 #4481 A4 4
BV, WE2 K3,

- LaFPS ARA73616.1

@ MsFPS ADC32809.1
92 EpFPS ACN63187.1
59 GhFPS ANR02604.1

—— @ AaFPS AAD17204.1
27

100

HaFPS AAC78557.1
57 |=——————— @ HiFPS BAB40666.1

NsFPS QLI142756.1

42 —— @ CaFPS AAV58896.1

W= @ PgFPS AAY87903.1

@ RrFPS KP768082.1

@ AtFPS NP001328530.1

$288C-ERG20 NP012368.1

0.1
B2 7HEREREXENREZLETN

Fig. 2 Phylogenetic tree of relationships among 7 genes

3.3 JRIE R RE R SR R 3.1 R A Y R

B TR B BE YB-1 BA A, Bk R T R R AT 1A R

PCR G , H () 25 75 1 000~1 500 bp, Il J7 45 51§
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Fig. 3 Sequence alignment of FPS protein from different plant sources
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Fig. 4 Determination of fermentation products of YB-1 strain
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Table 2 Effect of 7 genes on production of B-elemene, squalene

and ergosterol in YB-1 strain (x+s,n=3)

#3 RrFPSERKNSAX YBI3HB-HMERK L% ZREE"=
B (x+s,n=3)
Table 3 Effect of RrFPS gene on production of B -elemene,

squalene and ergosterol in YB-3 strain (x+s,n=3)

Ftk  BMFEM/mg L Bli/mg L ZfMAEE/mg- L 4

600 nm

Wtk pHiFEM/mg L B/me- L ZMAEEE Mg L A,

YB-1 14.06£0.46  1.41+0.03 3.35£0.07 5.77£0.29
YB-1-At  17.38+0.30%  1.71+0.06"  5.16+0.44”  6.29+0.01”
YB-1-Rr  30.50+0.45% 1.97+0.12"  7.96+0.04”  6.53+0.03”
YB-1-Aa  24.95+0.31%  1.18+0.02"  3.08+0.77%  6.12+0.03”
YB-1-Ca  24.62+0.14%  1.79+0.01"  5.20+0.04”  6.50+0.01”
YB-1-Hi  19.24+0.46% 2.93+0.06"  6.78+0.63%  6.69+0.26>
YB-1-Ms  18.28+0.15%  1.56+0.07"  5.28+0.75  5.90+0.23?
YB-1-Pg  29.17+0.94%  2.06+0.03"  4.91+0.01>  6.41+0.35Y

1 : 5 YB-1 H#% V' P<0.05,% P<0.01

B IR T B-BE M 9 A7 o A 2l i Ak
M VA & 18 K Bt e A 0% 5 i A R ik 4
R T A g AR O R TR 3R GK K RS RS Bl ok
P = 05 20 A WA FPP A HERY | A 250 A8 AR O
Ti) , Dk 2 Y O 1 A2 ) [t 458 3 4P 0 W 1) A R, L
il SR Wk 356 45 {2 1T X FPP Aoy 45 sk SR Y 5 ) 4k

YB-3 54.52+0.43 2.50+0.04 38.72+0.06 11.4540.86

YB-3-Rr 101.61£0.58” 2.32+0.12"  35.56+0.15” 12.48+0.09”

5 YB-3 e # VP<0.05,% P<0.01

SCH AT LUK ReFPS 5 1 R SR W I L e AT AT A% 4
1o B A I Y 7 o

Zi b R SR R GA 7 P W b e
FPP (LA, e 284 52 5 A RrFPS 3 PR (1) TR PG i £
FLA B e 1 B-H B M 77 B, 3K R A o A R 2R
A W 0 TR T R DA R R A TR SRS . AR N A
W 55 1Y Jay BR AR AE T A7 TR T 8% B A P 59 i T X
7 A0 A R 3k IR T sk 2 5 PR A A A T g 59 IE
WA R — R . A RS B T AR Y
A A AR T X S AR AR S 14 43 B AR 4 ) 4%
B S AT SR AT PR o A R 7 2 R AT X 3 R TR Y A
HhTyRe AR AR Ak i 53 B AR T AR 1 00 Ak
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