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Abstract: In order to obtain a system for rapid synthesis of resveratrol by Saccharomyces cerevisiae, the key enzyme genes of the
resveratrol synthesis pathway were cloned in this study, stilbene synthase gene (STS) from Polygonum cuspidatum and 4-coumaroyl-CoA ligase
(4CL) from Nicotiana tabacum, to construct the fusion gene of 4CL~(GSG);-STS by overlap PCR amplification technology through troducing
three consecutive repeats of GSG as a linker peptide. The recombinant expression vector pESC-TRP-4CL-(GSG)3-STS obtained was then
transformed into S. cerevisiae. The metabolites of the recombinant S. cerevisiae were analyzed by HPLC. Finally, the induction time, and
substrate concentration and addition method for the synthesis of resveratrol by the recombinant S. cerevisiae were further optimized. The result
showed that the yield of resveratrol could reach 7.01 mg/L 8 h after the established recombinant S. cerevisiae cells, which had grown for 48 h,
were induced to express while the substrate 4-coumarate was added at 6 mg/L once every 2 h. The synthesis of resveratrol using this current
system is simple for operation and requires only a short production cycle, thus, provides a basis for realizing a large-scale microbial production
of resveratrol.
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SR B AR DY, B RIS 10 o0 2 2 R
BEARE PR RN R A (1) KREEEERDRIET
SN 1 Shi ZEChE EARIRE T ACL FIfEAE STS 3K
57789 3.1 mgL, Sydor 2L H A JHE 4CL AN
#i% STS #1575 5.8 mg/L, 1M Wang Z575@ 1t &
MR T ACL A %] STS R8N 144 mg/L; (2)
el A 7 MW W Zhang %53 i
Gly-Ser-Gly =ANEIERE linker FERERNG FAUREIT
4CL V% STS 77 S AN LRI 1) 7 UL,
FEEATLASRE 15 4%, 94 5.25 mg/L: Guo 5w
S5 S FHUE B Rl A 2R U R I ACL AFEAL STS 177 X
WFPAFELRIEN T, I HAF K E 2R
linker X7~ RN, DRI 75 B4k 2R AN A
SRVF RS AR [ RIE 7 N ME R e i e A
Ak, ORI TN AT 2 R R AR DG
2, 411 Watt 25U O5 0k B4R AT R B R R R
Hh RIS SEEIL T A2 B B s Sydor 251O7E &
R RER R R R B T B R BB A
FRE RIS RIBEVIUGN IR 10 mM (1) 4-75 SRR AN
R 120 h 54NN S mM 5 ORI R T A2
FrEE . BERHAR R SRR SRR Y DR S (2
frFRaE th R MRS ACL IR sT 29, ekl STS 1
5/, T AEE 4CL FIFERL STS AT S I
FPEERIIREE D, Rk, ABFRER T NS 4CL F1
AL STS ithid (Gly-Ser-Gly)s JUMEIERL ] linker Fili &
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1 MR5EREE
L1 ER R cRB(ER). BRERL

CARA

AW 5T BT B AR O BR % BF (Saccharomyces
cerevisiae)WAT11; FitFH 2L R v fE %k 4 pMDI18-T,
BRP e BE R 1A %548y pESC-Trp(Stratagene, La Jolla,
CA, USA); EZH AN BT H B SCBERGEE R 73 il ok
1 H 5 (Nicotiana tabacum)4-7 G BEAHEY A LR
Nt4CL(NCBI % [ 5 U50846) Al >k B Fg
(Polygonum cuspidatum) ¥ & & B L Kl PcSTS(NCBI &
ki ACC76753), 4rmlfis T ki pCRT7/CT-TOP-

Nt4CL F pET-30b-PcSTS H; HEH A R EILFEH BT
FH &R TR B34 0E X T TaKaRa /A 7](Shiga, Japan); B
H TR AR T I (IR TR AL Al 7%
#(8 g/, FunGenome Company, Beijing, China); £
B 77 B e AE LAl G IR PRI 2% i % BE (Aladdin
Chemistry Co. Ltd., Shanghai, China); 5 S35 E7E
BRI FRE NN 2% 1921 FL (Aladdin Chemistry Co.
Ltd., Shanghai, China), FTHEYIN 4-7 5 IR(Sigma-
Aldrich, St. Louis, MO, USA); F*#JZHU4r B FT I 2
1% 26 AR v 280 AEU RS 0 T P ) PR I ) 3 T S
Fisher Scientific /A #](Waltham, MA, USA), [HZZ/E
P #E & 4 SE F Sigma-Aldrich 2 & (St. Louis, MO,
USA).
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Fig.1 Schematic diagram of the recombinant vector

PESC-TRP-4CL-(GSG)s-STS
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Table 1 Primers for fusion genes amplification

L AR A31(5-3")
F ATTTGGATCCATGGCGCCACAAGAACAA
R TGATCTCGAGTTAAATGATGGGCACACT
(GSG);-R CAGTTGAAGCTGCCATGCCAGATCCGCCAGATCCGCCAGATCCCAATCCATTTGCTAGT
(GSG)-F ACTAGCAAATGGATTGGGATCTGGCGGATCTGGCGGATCTGGCATGGCAGCTTCAACTG

E: L34 F A2 R T #9 BARGF 7 R R BEY){,4 BamHI A= Xhol; 2.5149(GSG),-F #2(GSG);-R ¥ # F XI55 7] ka4 R UL BL.

13 B4AEWERBER

F RGN E 7R PREEA R PEET (1.1
frig) AEKREFEES, 30 'C, 200 r/min, #5348 h
JE AT BRI R

HAH TR FRIE T BAR G WAL ks
FET 5000 r/min 250 1 min, THE/KEE 3 WG, BEE
T G 11 frid) SR, IR R AT
A SRIE BT S EAE AR N 4-F 5%
FELL B AR =4 2 BE I o

1.4 #FHEZR AN

SDS-PAGE (polyacrylamide gel electrophoresis)
Kol PESEEFREEA)E, ¥ 50 pL IR0 AR
R RR A S & 5 min, 12000 r/min B0 30's,
B 10 uL _EB3ERESR T 120 V1R HIK M ES . % il
ST LRI

Western Blot #illl: SDS-PAGE HLK /3 B 450 5,
50 mA FRifi A% 2 h M EEH % PVDF I b, A
5% NE Wk TBS 22 (0.02 M Tris-HCI, 0.5 M
NaCl, pH 7.5) 37 CE Ml 1 h; ¥ STS ARG LE
TBS HIRFIFERRE 1000 £5, T 37 CHH 1 hy H
TBS-Tween Z&H#% (TBST: % 0.05%M:37-20 ff) TBS)
Pelk =%, LLHRP FRicIiEdiR 1gG, T 37 CHH
1 h; TBST $elsk 3 G & H 6 mg FAAZEZE M (1) T
YRR 2 mL A0 6 ul 30% /K 1K) TBS ¥ 10 mL
Ab R S AR AT G B AR, A8 R AL RO
ImageMaster (Pharmacia Biotech)iZE4T & /3 M AL FE.

L5 =R BAAR

RIBAEHR)G, FASEN LR OB TR
R CIR CBEIEFIFER JG, F S0%0) R BEAfE, i iER
J&i» HE 10 L FE 5T Waters 1525 L7 R0BAH (B A (36
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Waters A 5] ) BEA TR A0t 44 SunfireTM
C 18 At (5.0 um, 4.6 mmx150 mm), JRBHHHNH
i (A) FK (B), A 0.8 mL/min, #:E R 25 C,
KHBREEVERE (ZAF 52N 0~30 min: 10%~70% A,
30~40 min: 70% A), KA 306 nm.

1.6 HAE ST AT

%A Microsoft Excel 2007 s3#TAbHEEdE, KM
Origin 8.0 # £ EZ%, FIH SPSS 18 AT W3
P T

2 ZER51tS
21 WEBMEEARKNEE

3 ILASRL pCRT7/CT-TOP-Nt4CL 1 pET-30b-
PcSTS JMAEHR, LL FAGSG)s-R FI(GSG)s-F/R N L R
519 PCR 4 H43R43 5K v B 3 1) 9~1600 bp #1~1200
bp, 73715 Nt4CL F1 PcSTS HRFHFF (& 2a); ¥ PCR
FEPIEISOR G VENIERR, DL F/R N B RS T
Overlap PCR 3{155: A Fr Bt~2800 bp, 5 NtdCL
A1 PCSTS HRREFEDR  BOR/MERE (B 2b); Kfils
B[R Bl S R 2 e R A pMDIS-T |, WIF
RO f5 SR R IABUA pESC-Trp HHAGFEA
5k pESC-TRP-4CL-(GSG)s- STS, BamHI/Xhol XW[if
DAL FORIIAIE S5 SR & 2C, W E A RIE KR R Az
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Fig.2 Electrophoresis analysis of the recombinant vector
PESC-TRP-4CL-(GSG)5-STS construction

7Z: a. Nt4CL. PcSTS LBy 34, M: DNA Marker,
1~3: Nt4CL JAH, 4~6: PcSTS AH; b. #&AE PCR A&
4R, M: DNA Marker, 1~6: @%&AE; ¢ TAFKMNL
& 4R, M: DNAMarker, 1: F4074%, 2: £40/f4: BamHI
Fa Xhol R Eg47 = 4.
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Fig.3 Analysis of the recombinant protein
7Z: a. SDS-PAGE #M|% R; b. Western Blot 445 R,
M: Protein Marke, 1: E4F#HEFERL4h, 2: THHEFK
ik 8 h,
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Fig.4 HPLC analysis of the recombinant Saccharomyces

cerevisiae
i a. ARPEAFES HPLC 574 %; b. THBAH
4 HPLC ¥4 &,

24 EUABEBE LB AERA

TR I 25 PR R 2 R S AR ) B I AR P R RN
I TVAEIIE RS, AR R REEA 1 — A
SRRt B B CL AR B SRAER
PR TREBVR IS, AR AR STk B> R Fe i
R T AR, 33T T R R
AT FE: B o fEE 5N R 18 h, 5 138
JEA) 47 RIS NI FEEXT 22 P B = 2 e (P
5a), ZERLIREEIEE] 24 mg/L B ADK SRR S E]
3.38 mg/L, SRJEHAE 4-F IR IR N 24 mg/L,
HHR TSI R (B Sb), SiRRHH
MR E A, 1HIESEZT 8 h 5
RRIMALZE,  HEWAG RGeS AN BEAEAE— & B
RORE, BRI 2 T SR s 7 =X (& 50,
SEIRKE: 4 24 mg/L 1) 4-F ER IR (0h 14
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h 730 12 mg/L) I, EZER =] DL 3 5.27
mg/L, 434X (0h. 2h. 4h A1 6h 43 Hh0 6 mg/L)
I, g ] DLgk— 24 A3 7.01 mg/L.
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Fig.5 Optimization result of the recombinant Saccharomyces

cerevisiae fermentation
A a 4B 2B R AR PR FeEe (S
‘¥4 18 h); b. FHFE A G RFEEFFNHA (4528
TAREI A 24 mg/L); ¢ 4B LBFAG XA ARFEEFF
W% (4-F 2 BOR ISR E 34 24 mg/L ) H-F- SR A 8 h.
RERETZRPATERATATEE; RRFEHEATERLE,
B p<0.05.

2.5 EABRIEE RS K AR EEAR R LR

R 2 45T HRTA ) SRR Rl A
RIBE SR, R FREDBAR T BIG A# ie™
BEREK, AAL 1 mgL"™™, &L 391
mg/L", ZHUET 1~10 mg/LHS220 AR TR A
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EAEEE SRR R R T b
R REEFRIRETE, AW = ROR AT U 5T
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S PRI AN [F0} B 2H BRI B G 1 1 A2 P e e
(s 22 5, 2 5]\ ACL Fl STS e[ Sl i 4H
H 4-F SRR A R A2 ACL FIRIE R EA IR
7% (Arabidopsis thaliana). % (Nicotiana tabacum)-
¥k (Populus) AIKE (Glycine max), =& b
[k B TN I MR STS (1) RIE 32 204 i %)

(Vitis vinifera). f£E C(Arachis hypogaea) F1jg#L
(Polygonum cuspidatum), 7= & L s sk 5 T4

TIARAL; ASFEIRIERI ACL AT STS 444 FHEGBAS
[, P 5 mg/L (9 ME ACL A4 STSI., 4l
T ACL A1 %] STS 4141 W 7+ 4CL AR AL STS
AP, ABFFEN AR T IR ACL FIRAL STS - H
4337 7.01 mg/L KIHZEFE, 4CL AT STS HAHAK
IR SR AN [N A2 P e e B ) e AN, R A
JRRl & Rk AN A T 2R R RIS H T B R4
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HFRIL, R, RGN KN DR (PAL)
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FRFEE RIS FEFREIEA (SD #53RI), EiF
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xR 2 EARBREGESHBEEATEIR
Table 2 Comparison of resveratrol production by recombinant Saccharomyces cerevisiae

F IR b==2 TR Nng B! R
FINAE B RR A JRA R g (mg/L) JFEAm  deE (mg/L/h) Lk
4CL (Arabidopsis thaliana) 0.1x4=0.4 mM
L YPD 4-coumarate 0.78 96 0.012 0.008 [18]
RS(Vitis vinifera) (65.6 mg/L)
4CL (Populus trichocarpa
xPopulus deltoides) SD 4-coumarate 10 mg/L 1.45 48 0.145 0.030 [19]
STS (Vitis vinifera)
4CL (Arabidopsis thaliana)
STS (Vitis vinifera) SD 4-coumarate 12 mg/L 5.25 78 0.438 0.067 [8]
4CL (Nicotiana tabacum) 5 mM
L YNB 4-coumarate 5.8 96 0.007 0.060 [4]
STS (Vitis vinifera) (820 mg/L)

4CL (Nicotiana tabacum)
. SD 4-coumarate 6x4=24 mg/L 7.01 56 0.292 0.125 This study
STS (Polygonum cuspidatum)

4CL (Arabidopsis thaliana) 0.075 mM
. SD 4-coumarate 12.2 72 0.992 0.169 [9]
STS (Polygonum cuspidatum) (12.3 mg/L)
4CL(Arabidopsis thaliana) 10+5=15 mM
o YPD 4-coumarate 391 144 0.159 2715 [6]
STS(Vitis vinifera) (2460 mg/L)
PAL, CPRa (Populus
trichocarpaxP. deltoides) . 10 mM
C4H, 4CL (Glycine max) CM Phenylalanine (1650 mg/L) 0.29 120 0.0002 0.002 [14]
STS (Vitis vinifera)
PAL, CPRa (Populus
trichocarpaxP. deltoides) 1 mM
. CM 4-coumarate 0.31 75 0.002 0.004 [14]
C4H, 4CL (Glycine max) (164 mg/L)
STS (Vitis vinifera)
TAL (Rhodobacter sphaeroides)
area (Escherichia coli) sucrose
. . . 4-coumarate  10x9=90 mg/L 2.3 180 0.0256 0.013 [20]
4CL (Arabidopsis thaliana) medium
STS (Vitis vinifera)
PAL (Rhodosporidium toruloides)
. ) . 12 mM
C4H / ACL (Arabidopsis thaliana) YP Tyrosine 5.8 80 0.003 0.073 [21]
. (2172 mg/L)
STS (Arachis hypogaea)
TAL (Rhodobacter sphaeroides) 3 M
4CL (Arabidopsis thaliana) YPD Tyrosine 6.2 120 0.011 0.052 [22]
Y. . (543 mg/L)
RS(Vitis vinifera)
TAL (Rhodobacter sphaeroides) _
4CL (Arabidopsis thaliana) SD 4-coumarate 10(2246_ i:)g(;{t)M 144 96 0.563 0.150 [7]
STS (Vitis vinifera) ’

7E: YPD 3RS BERRY . BOMAR AR, SD A SRS RIEAL, YNB AL B RUREAERA,
CM 34k AR 432, YD Bl BRI EGIREIA. AR TR E A2 264 R 38 X axn=x"RE KA A &
REH x> snkAaN, FRIma, 4040.1x4=0.4 mM & T 4-5 LBRAMEIREH 04mM, 44 Kifvkn, BRAHm 0.1 mM. “atb=x"
RESEID T ERIEA x5 52 KN, THRESHH aFa b, 4o°10+5=15 mM AT 4-F BB mEREH 15SmM, 52 Rk,
AR A 10mM Fo SmM., 30 E=F /R mg, FE="%/FH.

189



DR EmRH Modern Food Science and Technology

2019, Vol.35, No.5

3 Z5ig

AL BB 2 AEiE e, S ERA 27
AR, O T2 H st K /R, BEFUTR
— M I CE & A R T O . I
AR R A T7 0, RIKRNE . B IR R A
Yyisvias in 7y A5 Bt — bR B A AR B A
BPREICR . AW TP RAE R A
IR R REE R R BRI TV, SR
FERR LA

(1] 2598, 2032, 20 0, 55 A 22 7 B 7 1k e [0). Hh B 245,
2016,47(14):2568-2577
LI Xian-kuan, LI He-yu, LI Shuai, et al. Advances in study
on resveratrol [J]. Chinese Traditional and Herbal Drugs,
2016, 47(14): 2568-2577

[2] Konstantin V. Kiselev. Perspectives for production and
application of resveratrol [J]. Applied Microbiology and
Biotechnology, 2011, 90: 417-425

3]  FARHABAZE B SR A A R A P I T e 3 FEE 7).
AP 184%,2014,41(2):352-357
WANG Chang-song, ZHAO Ying, ZHAO Guang-rong.
Advances on resveratrol production of engineered
microorganisms [J]. Microbiology China, 2014, 41(2):
352-357

[4] Jules Beekwilder, Rianne Wolswinkel, Harry Jonker, et al.
Production of resveratrol in recombinant microorganisms [J].
Applied and Environmental Microbiology, 2006, 72(8):
5670-5672

[51 Shin So-Yeon, Han Nam Soo, Park Yong-Cheol, et al.
Production of resveratrol from p-coumaric acid in
recombinant  Saccharomyces  cervisiae  expressing
4-coumarate: Coenzyme a ligase and stilbene synthase genes
[J]. Enzyme and Microbial Technology, 2011, 48(1): 48-53

[6] Sydor Tobias, Schaffer Steffen, Boles Eckhard. Considerable
increase in resveratrol production by recombinant industrial
yeast strains with use of rich medium [J]. Applied and
Environmental Microbiology, 2010, 10(76): 3361-3363

[71 Wang Ye-chun, Yu Oliver. Synthetic scaffolds increased
resveratrol biosynthesis in engineered yeast cells [J]. Journal
of Biotechnology, 2012, 157(1): 258-260

[8] Zhang Yan-sheng, Li Song-zhe, Li Jia, et al. Using unnatural
protein fusions to engineer resveratrol biosynthesis in yeast

and mammalian cells [J]. Journal of the American Chemical

190

[%]

[10]

[15]

[16]

Society, 2006, 128(40): 13030-13031

Guo Hui-li, Yang Ya-dong, Xue Fei-yan, et al. Effect of
flexible linker length on the activity of fusion protein
4-coumaroyl-coa ligase: Stilbene synthase [J]. Molecular Bio
Systems, 2017, 13(3): 598-606

Watts Kevin T, Lee Pyung C, Claudia Schmidt-Dnnert.
Biosynthesis of plant-specific stilbene polyketides in
metabolically engineered Escherichia coli [J]. BMC
Biotechnology, 2006, 6(22): 1-12

Yang GG, Xu XY, Ding Y, et al. Linker length affects
expression and bioactivity of the onconase fusion protein in
Pichia pastoris [J]. Genetics and Molecular Research, 2015,
14(4): 19360-19370

R Daniel Gietz, Robin A Woods. Transformation of yeast by
lithium acetate/single-stranded carrier DNA/polyethylene
glycol method [J]. Methods in Enzymology, 2002, 350(350):
87-96

BN, 2 28, 855 0, 5. VR I PR R R 2R [ T
o IR S K T RERIT ST E JE 0] 2E ) TR 2 41,2014,30(3):
341-354

ZHENG Shi-gang, LI Zhen, ZHAO Shan-cang, et al.
Advances of resveratrol synthase gene in the application of
genetic engineering and Dbiofunctional investigation [J].
Chinese Journal of Biotechnology, 2014, 30(3): 341-354
Emmanouil Trantas, Nickolas Panopoulos, Filippos
Ververidis. Metabolic engineering of the complete pathway
leading to heterologous biosynthesis of varius flavonoids and
stilbenoids in Saccharomyces cerevisiae [J]. Metabolic
Engineering, 2009, 11(6): 355-366

Xue Fei-yan, Guo Hui-li, Hu Ying-ying, et al. Expression of
codon-optimized plant glycosyltransferase UGT72B14 in
Escherichia coli enhances salidroside production [J]. Biomed
Research International, 2016: 9845927

TR S, D AEH AR, 55 RN R RUE 1 28 P e A
W& BUOR BB - PO 5 M M AL R BU R (] £ LR A4,
2014,30(10):1622-1633

GUO Hui-li, LUO Zai-qi, YANG Ya-dong, et al. Comparison
of stilbene synthase from different plant sources for
resveratrol  biosynthesis [J]. Chinese Journal of
Biotechnology, 2014, 30(10): 1622-1633

Wang Miao-miao, Sun Jing-feng, Xue Fei-yan, et al. The
effect of intracellular amino acids on GSH production by
high-cell-density cultivation of Saccharomyces cerevisiae [J].
Applied Biochemistry & Biotechnology, 2012, 168(1):
198-205 (T&%8 150 51D



R EmiB Modern Food Science and Technology 2019, Vol.35, No.5

191



