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Abstract: Resveratrol is a natural phytoalexin with special pharmacological and health functions. Stilbene synthase (STS) is a
key and rate-limiting enzyme in the biosynthesis of resveratrol that is present only in a limited number of plants. The content of
resveratrol from Polygonum cuspidatum is more than 1 000 times higher than grapes and peanuts. We speculate that the catalytic
ability of different STS may be one of the reasons causing differences in the content of resveratrol. To verify the above
speculation, Vitis vinifera stilbene synthase gene (VVSTS) was amplified according to overlap PCR protocol with genomic DNA as
template. VWSTS and PcSTS (PcPKS5) were analyzed through heterologous expression in Escherichia coli. The expression
products were purified with Ni-NTA sepharose affinity chromatography and desalted through PD-10 column. The molecular
weight of the two fusion proteins was about 43 kDa. Enzyme reaction and product analysis showed that the two products were
resveratrol. The enzyme kinetic analysis showed that the catalyze efficiency (K ./K,,) of PcPKS5 was 2.4 times of the VvSTS.
Our findings confirms that STS from certain plants has much higher catalytic capability.

Keywords: Vitis vinifera, Polygonum cuspidatum, stilbene synthase, gene cloning, prokaryotic expression, functional analysis
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Fig. 1 The metabolic pathway of resveratrol"'”. The reactions for the conversion of 4-coumaroyl-CoA and malonyl-CoA
to p-hydroxybenzalacetone by the benzalacetone synthase (BAS), and to resveratrol by stilbene synthase (STS), and to
naringenin by chalcone synthase (CHS). Polyketide pyrones, bis-noryangonin (BNY), and 4-coumaroyltriacetic acid
lactone (CTAL) are derailment side products of the type III PKS reactions in vitro when the reaction mixtures are

acidified before extraction.
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Plus™ II Protein Marker. ProteinRIuer™ I Ity T
e 2L EMHEARARA

o 40 B TR /N B R 6k B Sk 20 AR
BHEABRA B 775 s DNA SRR EGR F) &
OMEGA Bio-Tek 2% 777 i

x5 L R-250, W IAEE Lysozyme, BK
Mt Imidazole, DTT. EDTA ., H &M . $isL 2B,
PR TEREAE AL . TR S . SDS. Hl . HEE,
VKIS TR 55 F 28 1 2lifk K F kG .

113 5|9

FRAE GenBank H EL %5 S5 4 ) 4 1S A5 Tl 3L A
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RS9, s519)v5anER 1 PR,

LA 51916 B R o B I R A I ) e T
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1.2 Ak
1.2.1 Z:H41 DNA FIH#E

Z IR LR R CTAB MR B4
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1.2.2 DNA HEEY 54

YRR (20 pL): TAFEHR <1 ng, 10x
U1 2% vhif 2 uL, BRI PE A D) 10-15 U, ddH,O0
AEFRFRZE 20 uL, 37 CRV 2 he

Table 1 Nucleotide sequences of primers used in overlap PCR

Primer name Primer sequence (5'-3") Size (bp)
178F GGGGGAATTCATGGCTTCAGTCGAGGAATTTAGAAACG 38
178R TGGATTTGTCACATATGCGATTGAACTTCTTC 32
998F TCAATCGCATATGTGACAAATCCATGATCAAG 32
998R GGGGAAGCTTATTTGTAACCATAGGAATGCTATGTAACACAAC 43

Note: The underline in primer 178F showed endonuclease ECOR 1, the underline in primer 998R showed endonuclease Hind 1II.
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P M {K & . 5xTransStart'™ FastPfu 2% i
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gDNA 1 pL, 10 umol/L L FiiE5 4145 1 uL,
TransStart™ FastPfu DNA %4 1 pL, ddH,O
HERFLE 50 L, PCR RN 4cF R : 95 T
5P 2 miny 95 °C 20s, 62 °C 20s, 72 °C 30,
EAEFR 35 5 72 ‘CHEMH 5 min, PCR ) FH B
NEWEEE RS LUK A BT, PSS R 2508 [l
fe—sE ] (178 bp : 998 bp=1 : 3) TRAJEE
bR, 178F. 998R 5[4, Overlap PCR #1
WA WIS B WSTS, LR 4K 1176 bp.
22 FFFISH

4 PSRRI PKS ZGIER 2 LR 741 «
S98 E s Medicago sativa MsCHS2M2 | [k i
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MsCHS2 VSVSEIRKAQRAEG LAIGT ; 50
RISTS B DEESRHLETAVNR LAIG 50
PcPKSS5 AL..STEEMMEBQT LAIGT 48
VVSTS BSVEEFRNAQRAXG LAIGT 50
MsCHS2 M . ; ETMERNEITVCES D QoMY 100
RESTS : ETMRNENTA SE DR ENIQVE 100
PcPKSS ' K DIMRLK - s 98
VVSTS 100
MsCHS2 150
RISTS 150
PcPKS5 148
VVSTS 150
MsCHS2 LGG 200
RISTS LGG 200
PcPKSS5 LG 198
VVSTS 200
MsCHS2 250
RISTS 250
PcPKS5 248
VVSTS 250
MsCHS2 300
RISTS 300
PcPKS5 298
VVSTS 300
MsCHS2 ; : V 30 Y GCNMSSACY 350
RISTS : oz 40K I3 Y GNMS SACY 350
PcPKS5 HEGR HVjaB IREk] 1308 Y GNMS SACY 348
VVSTS HEGE, " E: Rl & Y CNMS SACY 350
v
MsCHS2 WEVLEGEGE 389
RISTS EHGVLEGEGE 391
PcPKSS O HCVLEGEGE 388
VVSTS sHGVLEGEGE 391

2 mAEYEE I PKSs RiEERERFI LK

Fig. 2 Amino acid sequence comparison of four type III PKSs of plant origin. Note: Black shading shows amino acid
identities. The active site residues conserved in the type III PKSs (Cysl64, His303 and Asn336, M. sativa CHS2
numbering) are marked with hash symbols, and residues for CoA binding are marked with crosses. CHS active site
residues are marked with filled inverted triangle. The abbreviations for species and accession numbers are: MsCHS2
(Medicago sativa P30074), RtSTS (Rheum tataricum AAP13782), PcPKS5 (Polygonum cuspidatum ACC76753), VvSTS
(amino acid sequence isolated in this work).
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FEEIR 75 1 [R)EAE R 67 %

MERFTLIE i, FPZERIII PRSI I
MEALTE PE O (ZBARTE PE L) Cysled .
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DNAZE FZ ] v Br S 8K, Wi R A8
{&pET30a-VSTS, % ATOP10J&Z 41l ,
& RIRERMLB ARt . PRECRRE T
KRR, RIEH R, FEcoR I /Hind IIIXL
T U] 455
Vg Ay 2 2 ) DA% e 3R 2K A& pET30a-VVSTS

A IR H PkRosetta, 28 H KIRE R MAE
RMLB AR E , A5 3 FHPE ek o b X A
[FI TPTGIN 52t FAS ] 375 5 1 ] 1 R 3K Y 22 57

e AR IR 45144 : ODgoo M O0. 6E7ﬁ5ﬁ1ﬂ/\ X
W 1.0 mmol/LIYIPTG, 25 C iS4 h, difr
j:g%%u%NpNTAMB%%%ﬂFWwaﬁFI

S 2| 47 A7 His o5 2 9 VvSTS & 41 & 1,
SDS-PAGEEEWEIIDF%BFJW, Hor 5 KN
HJ143 kDa, 5 K/ANAF . PDJOHEHEP“F
SDS-PAGEHL Ik I N 4FT /R . il # B o T ik
(MWCO) 10 000 i Bk 45 J %WSTS@EF%
WE R 1 mg/mL.

100 —+
80—
65_~
50—

25— E

—

. | I"
" .‘IH -
!

3 VvSTSZEA Ni" g4 1L & SDS-PAGE Hik[E
Fig. 3 SDS-PAGE analysis of VVSTS stained with
Coomassie brilliant blue. M: protein molecular weight
standard; 1: total protein from Rosetta cells harboring
the His-tagged VVSTS construct after induction with
IPTG for 4 h at 25 °C; 2: soluble fraction; 3: insoluble
fraction; 4: unbound protein after Ni-NTA sepharose
adsorption; 5: washing with elution buffer of low
concentration of imidazole; 6,7: recombinant VvSTS
after Ni-NTA sepharose affinity chromatography.
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Fig. 4 SDS-PAGE analysis of VVSTS after desalting
through PD-10 colume. M: protein molecular weight
standard; 1-3: recombinant VvSTS after desalting
through PD-10 colume.
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6 h, MR EFRE . ANI-NTABUBREE )24l
fbJ5, SDS-PAGEHLUKEIMNKEISHR, 4ifbE 5
THR/N GRS PD-10FE SR H vk & dn &l
6N . LA FE (MWCO) 10 000/ 85
Wi, F3PcPKSSHE ALK E 42 mg/mL.

24 MR ESHEMRS

FIBE P AR i R OB 3% (HPLC) 13
n ETA FE s o VVSTS 4 1k p- & 5L 5l i A
(p-coumaroyl-CoA) FIN _BEAATFA (malonyl-CoA)
SR PR HPLC S AN 7B TR o A dh AL
PR B 3 R E TC R s, BE— A IESE T
VVSTSTE Lhp-F B ELH A RN —BEA A IR
INHBEA AL 2 R A . PcPK S5 LRE
it T LA S 2 i AR,
2.5 VWSTS 5 PcPKS5 BIfiEZ hF 4547

R AE| ¥ (Lineweaver-Burk) il &2 VvSTS
FIPCcPKS5HE 8l 112 24Ul , KRR o 1E[F]—
RN SV AKR R, VVSTS 5 PcPKS54) HiITE

2 A BB SOV 26 (VVSTS: pH 7.0, 50 C;
PcPKSS: pH 7.0, 40 'C) T fbp-& S HLAHEEA
N BRI A, A2 AR P . WKL LR
H L P T - SR T AR SR S B YIS
Yoy AR R RCE (KadKn) |,

PcPKS5 N VVSTSHI2.44% .

kba M 1 2 3 4 5 6 7
100— [e—
-
-
62— .\-
E we
-
30— . =

El5 PcPKS5 ZHHB4E{k SDS-PAGE ik [E

Fig. 5 SDS-PAGE analysis of PcPKSS5 stained with
Coomassie brilliant blue. M: protein molecular weight
standard; 1: total protein from Rosetta cells harboring
the His-tagged PcPKS5 construct after induction with
IPTG for 6 h at 25 °C; 2: soluble fraction; 3: insoluble
fraction; 4: unbound protein after Ni-NTA sepharose
adsorption; 5: washing with elution buffer of low
concentration of imidazole; 6,7: recombinant PcPKS5
after Ni-NTA sepharose affinity chromatography.
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30—
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Fig. 6 SDS-PAGE analysis of PcPKSS5 after desalting
through PD-10 colume. M: protein molecular weight

standard; 1-7: recombinant PcPKSS5 after desalting
through PD-10 colume.
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Fig. 7 HPLC elution profiles. (A) HPLC elution profiles of resveratrol standard. (B) HPLC elution profiles of
VVSTS enzyme in vitro reaction product. (C) HPLC elution profiles of resveratrol standard and VvSTS enzyme in
vitro reaction product.

%2 VVSTS # PcPKSS B zh h# 55
Table 2  Steady-state kinetic parameters for VvSTS and PcPKS5

p-Coumaroyl-CoA Malonyl-CoA
Enzyme
Ke (min™) Ky (umol/L)  Ke/Kyy M7's)  Key (min™) Ky (umol/L)  Keo/Kyy (M's™)
VvSTS 2.4 7.0 5 807 5.1 58.4 1462
PcPKS5 3.7 4.4 13910 3.9 23.2 2 836
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fi 32 v T A 2 TP A A ) HEIR (R STS Y

THEAKRE T 2 3 B A2 BEAE R IRl A v i 2
SR B Z —, R AT R AR AR
= HISTS,

19844 Schoppnerff 5% il B STS X I ) H A
RN T, p-&EMAEA (Ky=2 pmol/L)
e STSHFRd ™, 25 40 i L Ath 285 ¥ 25 10 )
To B A o IEAER, ST A AT STSPO R R
RLSTS! V50 2 280 I 5 4 3l i F45 A
14 5 I A 28 2 g 25 S T, 30 2 3
T2 SRR RCR A AT Hebk . o T
HEiE AR, AU AER — LR R
AR HER TS, [ EL BT PR A W) 4 47 ok U5
STS, B>k Y8 F 4 4 VvSTS il 3k I8 F g Bt
PcPKSSIMEALTE P, DI T 4 A 76 il [ v 4%
HFTFMEsh IS8, 5REW, VvSTSAH
PcPK S53595% p- 7 W Mkl il A LA 1= 2 i e 542k
PO p- A S RS A AL ROCR (Kea/Km) T
ELER BN, PcPKSSHIE T I VVSTSHI2.44%,
HE— A UE B T A [ 50 P8 S TS A AL 146 1 1 52 474
255, STSIEPEM 22 5205 B T 122 BEAE A )
NG EARPIREZ —.

% Ak, & R A B B (Chalcone
synthase, CHS) /2 & S A8 ¥ H e L [R) Ao A )
ZWIZERIL PKS, Brfy © 4453 DR ge ik i 4E
PRI PKS @AM R (f24 STS) #B
Sk H T CHS J iz B4 fG Ly il s P g
DA 5 A2 R ) R 43 b — BB A 1 A B S R AR R Y
FERAP kA AR STS RN
5 F RGN EIHATE B — AT 5352, T
Ay 9T IRl —RHE P CHS SER 2541 —ie ],
K, ARG PcPKSS 5 RtSTS HAT ik
87% K [, LG MEAL AR 58 2 —8, il
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HA STS i& M%) VVSTS 5 PcPKS5 (1] JEE(Y
K 67%. 1E CHS {fH PR S AR VvSTS HAT 1
AR, Val9s Bk e HUAL, 1fii PcPKSS 28 T 5
4>, Val98. Thr132., Ser133. Vall96 F1 Thr197
3y 98% Gln, Tle. Ala. Ile #l Cys BUft, VvSTS
1 PcPKS5 5 MsCHS2 B[] P51 251K 71%H0
67% o 1X L2 B R 1) 2028 AT B B T AN [F] i) 25 ]
S5k, AR A SRR A FT RE S I A G
RS SEIR IR AT 848 CHS H /D HULA %
JEmR, sEAl L EA STS P, A2l
PKS Tt P HAth B 53 it 2 e 1) 22 FEH 340k H H:
JR B ——CHS 1ML /N, X 2/
(AR S5 Tz 28 g o A A 4, X
25 (8] A8 A0 A% R AR T 3 RS IR IR ) 1R R
Pl AR BE FER AL R AL Y A SEIRAIE
B STS THRE M ARAT 22 th T S B>
B LR B M U TR MO I AR AL
M5 R R A 4 % A el As B2, STS
1 CHS FI AR Y, B p-7 S WE4H I A 1
kAR A TR BOAH R A T R R b A, fE S
2 ) H STS 3l i A4k C2/C7 aldol LA Y 1
g, M CHS M fEfk C6/C1 w3 AR IMbE
A HH 2 Z AT /REA(E 1), Thr132 7E STS Al CHS
ST B PRI v 2 4 25 2 06 F VR Y
Thr132 {57 & R S48 1 FlSefifk Cys164 T AL
T “aldol-switch” i Fis BEFE S HE R 45, M fif
STS KA T 45 CHS AR B FEHLEI P, VvSTS
H Thr132 J2PR5FIY, 1i7E PcPKSS H' Thr132 #
He B, HWEMAT Y IOFESEE, AT
HE— 20 T M 22 S AR R IR R, SRR E
G AR TR 1 Al A 27 3 A A A OGS R AT —
B TAERE S
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