20 )

£ 0% L OB ik BEH I ERRTRERNENABOFTRERRSIEEYE
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Jul. 25, 2023, 39(7): 2806-2817
DOI: 10.13345/j.¢jb.220815 ©2023 Chin J Biotech, All rights reserved

« RAEPHEA -

E!

ERRLZESENRISENET HERESE

BEE, T, TWE, BEE, HE
btk = Be Aol A by aeduaR ol 5 505w, Jbat 102206

PSR, D30, T, B, Wl JE SR 4R PR AL IR I 5 ) A O TN R R TE[D]. AR AR A,
2023, 39(7): 2806-2817.

HE Zhimin, MA Wenrui, YU Liping, LU Heshu, YANG Mingfeng. Site-directed mutagenesis enhances the activity of benzylidene
acetone synthase of polyketide synthase from Polygonum cuspidatum[J]. Chinese Journal of Biotechnology, 2023, 39(7): 2806-2817.

B E: JEM(Polygonum cuspidatum)ii B7-&~ B (polyketide synthase 1, PcPKS1) [ i B A & /% ff & B
(chalcone synthase, CHS)Z 3 I ¥ 3k /& Bf 4B (benzylidene acetone synthase, BAS)E L& M, #eéb1k
ok BRI RN DR E E RIAFRL FRRE, dmENEREIRLEIERTIRS LA %4t
AW FERGIEY . KRBT AT EAL PcPKS1 5 F et X% (Rheum palmatum) BAS. #iéI-
(Arabidopsis thaliana) CHS % K&k MR i 89 5 7)) vA B BEARAUAL B 694 %o, #2 7T 4% om B ) 6549 3 A
F B4 5 Thr133. Serl134. Ser339. KA E &R L PcPKSI #ATH T4, mAKF2AR
TARFFHATAR R ARSI BEAL RS, 2 30 AR &3 (high performance liquid chromatography, HPLC) = 4
SHTEEREY, 4£ pH 7.0 2 pH 9.0 494RSPBEAT M T, R R 4R T133LS134A #= S339V 44 BAS
Fa CHS M it 1, H BAS 2% & TR PcPKS1., AR A AR PcPKSI #HATRE TAZEH
B K Ao B T ERAL A4 69 £ M A AR T AR IR .
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Site-directed mutagenesis enhances the activity of benzylidene
acetone synthase of polyketide synthase from Polygonum
cuspidatum

HE Zhimin, MA Wenrui, YU Liping, LU Heshu', YANG Mingfeng"

Key Laboratory for Northern Urban Agriculture of Ministry of Agriculture and Rural Affairs, Beijing University of
Agriculture, Beijing 102206, China

Abstract: Polygonum cuspidatum polyketide synthase 1 (PcPKS1) has the catalytic activity of
chalcone synthase (CHS) and benzylidene acetone synthase (BAS), which can catalyze the
production of polyketides naringenin chalcone and benzylidene acetone, and then catalyze the
synthesis of flavonoids or benzylidene acetone. In this study, three amino acid sites (Thr133,
Ser134, Ser33) that may affect the function of PcPKS1 were identified by analyzing the
sequences of PcPKSI, the BAS from Rheum palmatum and the CHS from Arabidopsis thaliana,
as well as the conformation of the catalytic site of the enzyme. Molecular modification of
PcPKS1 was carried out by site-directed mutagenesis, and two mutants were successfully
obtained. The in vitro enzymatic reactions were carried out, and the differences in activity were
detected by high performance liquid chromatography (HPLC). Finally, mutants T133LS134A
and S339V with bifunctional activity were obtained. In addition to bifunctional activities of
BAS and CHS, the modified PcPKS1 had much higher BAS activity than that of the wild type
PcPKS1 under the conditions of pH 7.0 and pH 9.0, respectively. It provides a theoretical basis
for future use of PcPKSI in genetic engineering to regulate the biosynthesis of flavonoids and
raspberry ketones.

Keywords: chalcone synthase; site-directed mutagenesis; benzylidene acetone synthase; high
performance liquid chromatography

F 14 Wi (polyketide synthase, PKS)) 2 A7
FEFHN . B AR, S 5404 B
REZE LAY (polyketide, PK)P!, X 24k 44 B
AHOMIE . iR Prafb . DI E RIS 2
HIRe Ol PKS KAK F A4y 3 2, o 128 PKS
(type I polyketide synthase)FIII PKS (type 11
polyketide synthase) 247 7E THUE Y H 5 TR
PKS (type III polyketide synthase)E[ #% /K fili & A%
fiff (chalcone synthase, CHS)ZK i, FEAFLET
Y. CHS AL I AmE A F1 4-77 SL75E
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Figure 1 Reactions underlying the conversion of 4-coumaroyl-CoA and malonyl-CoA to p-hydroxy
benzalacetone by benzylidene acetone synthase (BAS), to naringenin chalcone by chalcone synthase (CHS),

and to 4-CTAL by p-coumaroyl triacetic acid synthase (CTAS). Polyketide pyrones, BNY and CTAL, are

derailment products of the CHS reactions in vitro when the reaction mixtures are acidified before extraction'™.
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Thr132. Serl33. Glul92. Thr194. Thr197.
Phe215, Phe265. Ser338 Hil Pro375, X4
FERRATE CHS Hrm BEfRSY, HAEH AR PKS
rh Rl A 5 R T IBUAR , T 2 3k S R E L 1Y)
GILTR YL T R A Wl () AS TRl Ak 16 1 o 2 A5
AR FAR R 5T B (1 25 M 5 Th BE I H vk
Jez S5 248 B %5 (M. sativa) MsCHS ) 197 {7 .
256 il 338 £ 5748 AR M 45 (Gerbera hybrid)
2- Mk IR -5 it (2-pyrazone synthase, 2-PS)AH X
M LR (T197L . G256L . S338D)Z )5, 2754k
REFI /NG F TR A SR ) A LA A IR T
BN IR X AP PKS IR
S [ 28 AR

ek (Polygonum cuspidatum Sieb.et Zucc.)
J& TRl (Polygonaceae) & 4- 4= A Y, HE
B, AZEAEE., RS RER,
HA ZR BT, HARMZER Tz A2,
SRR RN, R A S AL i &
F B TR A AR DG PePKR ST & FRRL & hi 8
BRI G B PR i, B CHS 1 BAS
WIIREIGME. HArE N E S . B, i
Yy HE ) S5 Z AR ) Th SERE T CHS 2P
FIUH BT R BEES A A ek, 3l i A
GEFR RN 5 SR 45 T B RO PR A5, AT &
PPkl PKS, 2™ A B R0 25 ARG 0
J—RBFFE T . PKS RN EE ZkE, (HXT
FEAk PePKS1 (1) g TGP s B BF ST AR X 552

ARSI A AT HARE S T AR, N ERL

x®1 ERRLFASHY

B3| PcPKSI FER I B PcPKS1 HA5 CHS Al
BAS WU REBHFIE. KRG LB iR m,
PcPKS1 22— NI CHS, 1M S RE Fl 27 70 At
FH PcPKS| [F]If HA CHS F1 BAS L% £,
ARWF5E R E ALK PePKST #4714y T 164
TR 2B G T REAE L, DAIVRA T M bt 2 3
R S5 R 28 X PePKST BT P B 28 4k, g it
— R AL PePKSI HEATIER TR B BE 8
SR

P

1.1 #R
JR A% 8 AR pET30a K K 7 #F 1A
(Escherichia coli) DHSa W [ It 3¢ 13 78 35 R 47
RAMRA T KA # &L # & BL21(DE3)
pLysS Tt & eAYHEARARAF; &
2H [Fiki pET30a—PcPKSI 1 Guo 25T 2017 4EH4
#U: Muta—direct™ T i R AR AR & FAL
FEA RN ARG R AT 5196 BT 51
P AR T A T AR () B A PR W) 58 1 A
R IanER 1 Fos .
1.2 753
1.2.1 PcPKSI EFERRETRFTIKHFE
PA pET30a—PcPKS1 Fiki tifk, 50 pL
PCR W AR 22 1E47 PCR ¥ 34 , PCR " 8 72 J5 0 -
95 °C 5 min; 95 °C 1 min, 56 °C 30's, 72°C 30s,
30 MEF; 72 °C 10 min, PCR W45 H )G
FIA 1 pL (10 U/uL) Mutazyme ™ 15 1k FH 24k,

Table 1 Primers used for site-directed mutagenesis

Mutation site Primer name Primer sequence (5'—3")

T133LS134A M13301 CCATGTCATCATGTGCACACTCGCTGGTGTTGACATGC
M13302 GCATGTCAACACCAGCGAGTGTGCACATGATGACATGG

S339V M33901 CGACTACGGAAACATGGTGAGTGCGTGTGTGTTGTTC
M33902 GAACAACACACACGCACTCACCATGTTTCCGTAGTCG

The shaded part represents the codon corresponding to the mutated amino acid; The underline represents the mutated base.
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Jikr, PO ARG AT DHSo 832 5 4
O B R i s = S 0l N ) 2 S oo
¥ 1E B (9 5 ki ic N pET30a-T133LSI134A |

pET30a-F216V . pET30a-F266W . pET30a-S339V .
pET30a-S339A . pET30a-S339F.

1.2.2 PcPKS1 FMIRTEHRMEZRIESHK

Ha 0P IE AR Y 2 AN EE A TR ) PR R
AKWFH#i E. coli BL21(DE3) pLysS &3 241
i, F 37 °CEI B 12-16 h, HRAEE
PRI o 7 T 4 3R K TR PR N 98 A8 38 AR O A
0.5 mmol/L IPTG, 25 °C. 180 r/min, Ki=if
SRk 6 h, ZMFEERAEE, RITEES
SEAZMTalife, AR R E AR A SR
FER A PR BE B R 4 G, WL B A B
BilE, FRRe AT UR . B AE Ll AL IS B AR
T B R AR SR B ER A PD-10 (3H
RHE RAEEE RS G-25)iE AT i, - b LR R
B — 2R N M T Mg € Jie L VK (SDS—PAGE) i il %
1.2.3 PcPKS1 FREHFAKINEGIR K51
)

PcPKS1 I 58 48 {4 & A1 fig {2 F b {4 &
(250 pL), PAZMREESN 25 pmmol/L 475 5 k4
fifi A. 65 umol/L N —_WE4HHE A RIEY, FEAR]
pH 119 0.1 mol/L BRI ZZ ¥ K (pH 6.0, 6.5,
7.0, 7.5, 8.0, 8.5, 9.0)H, MMA 2.0 pug 4lifb4f
f) PcPKS1 EHAMBARKEN . BANAKERT
30 °ClEEAR R Y 30 min JFHUH, IAZHk
& 5% MIUKEGIR , S8 FHAFIATR 250 uL W Z R L
PR ZEEL 2 Y%, 10 000 r/min 5.0 10 min, WZH |-
JEAEPUAHR B ECE, FIHEAR TS,
50 pL 50% (IAFR 53550 i K i

W2 S W P2 ¥ 26 Sunfire™ C18 K AHAE
(5.0 um, 4.6 mmx150 mm)f¥) Waters HPLC &l ,
TSI EE(A)HIK(B), Jii#H 0.8 mL/min,
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FABEVE 5 1F: 10%-70% A 30 min. 70% A
10 min, A8 B L P % e RIS A 323 nm,
Fh Bz 2R A SR T 8 e KM IR 4 R 289 nm,

2 EREQM

2.1 PcPKS1 RN = AYIxHE

PcPKS1 &—/ 1 1182 i FEgm 6 393 4
RIEMR W K, % PcPKS1 Siayysm
I PKS # K A [FFE ) CHS . BAS H %
RAEERIF I AT . BRIAEEEZ DA SR
BRI 1T BE R M 2 FHOW T REEE AR, B R
R (Thr133), 22 % B2 (Ser134) ., 22 % B2 (Ser339)

(# 2).
2.2 PcPKSI EFERE R R R IRZITIEE M
HE

W 25 5 B A B PePKST FEIR HEXT
WINHE PePKST BY5SS 133 10 70 2 R 28 78 1l 4
M2, 5% 134 22 RN AR, 55 339 fif
HMRRZNMATR, WET 2 PRAZK
T133LS134A Fl S339V., 2 AR LN AT 56 5878
A7 B SR 7 41 EE X 45 SR an i 3 s .

23 EBHEEAMERRIERGK

FAHFL 0.5 mmol/L IPTG S KiEFRik
J&, hRk B BRI YR
MPCHE, FHWR T mE RS R 2 Ui
) BRI I T 28 Ni A SR A2 Hraifk 2 'k &% PD-10
FERiEL, Hidr, PcPKS1 733 43 kDa [ —HAY
(B 4), 751K T133LS134A & S339V HH
[FIAE B3 43 kDa WAl iEPEE M, HRILEL
Pp A= 7Y PcPKS1 25 R B & = (K 5).

24 PcPKS1 REFEFINBREMRNS
FEAE

BRIV B L Y i (benzalacetone, BA) K
% Z A /KBl (naringenin chalcone, Nar)brifE iR
AW 10 pL $E4T HPLC &l o321 745 95 , HPLC
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Ms CHS2
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Cs CHS 360
PcPKS1 361
PcPKS2 358
PiPKS4 360
Rp BAS 353
P STS 358

BNIGEGMOWEVLFGEFGPGITVETVVIARE]

2 RFEMAEIN PKS KRS &R F 5L Xt

Figure 2 Comparison of amino acid sequences of III PKS family of six plant types. Ms_CHS2: Medicago
sativa CHS2; Cs_CHS: Cucumis sativus CHS. PcPKS1, PcPKS2: Polygonum cuspidatum PcPKS1, PcPKS2;
RiPKS4: Rubus idaeus RiPKS4; Rp BAS: Rheum Palmatum BAS; Pc_STS: Polygonum cuspidatum STS.

Black boxes mark the amino acid sites for mutation.
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102 SN TG CACAINECICTGGTGTTGACATGCCCGGC PcPKS1 Z87% v % FH 5 Y
TI133LS134A [Kel&Ne A $1J€CTGGTGTTGACATGCCCGGC RAZIMRIT R fie SRR 5 B 78

RV Y S G TGTTGAACGACTACGGAAACATG 1 PePKS1 (RSMAE(L S AR I RCLE Y 250 uL S
SERCA AN G TGTTGAACGACTACGGAAACATG Z(F 2 FIEl 7). 2781k T133LS134A 7E pH 7.0
N N R AR T T <o [ S S B

B3 PcPKSI SREGRE ([ EEEFFILH S \
Figure 3 Nucleotide sequence alignment of PcPKSI, fE pH 9.0 i, F¢Z2{k TI33LS134A LA
PcPKSI and mutant. RN LN 7, HAOE PR T A A
PcPKS1. Z87E{A S339V 7£ pH 7.0 i tH B iz 3%
AE/REM I , {ERT SR T133LS134A il

M I 2 3 4 5 6 7

o s R R 2 pH 9.0 I i R
=N = TR B, LR A A R R Ik
55— .’ TI33LSI34A ZJil, HASERENE, MR
y v - f9 BAS TEHEL i 585 TP A R 2 AL 8).
e -
24 — - l - - 3 Wk
4 Bt PePKS1 EQE XS ML 25 /Rl B (chalcone synthase, CHS) (EC

Figure 4 Expression and purification of PcPKSI 2.3.1.74)8 Z 5 B 4 Tl kE K v o A

from Polygonum. cuspidatum. 1 Total' prote.in; 2: EEMI R R B, 1972 4E, Kreuzaler 2515 7K
Supernatant protein after ultrasonic centrifugation; 3:

Precipitated protein after ultrasonic centrifugation; 4: FE RTS8 7 AU B I e U 1) CHS 1 A5 g
Supernatant after incubation with Ni*" resin once; 5: FERE DT WS BoR JLE A 1 CHS FEFRHEIR

Supernatant after 2 incubations with NiZ* resin; 6: SR LA CHS FEA BAS 19T 081
Ni*" resin elution collection solution; 7: PD-10 > i

column protein elution collection solution. AR E RO TR, WERHEY) SRR b
A M 1 2 3 4 5 6 7 8 B M1 2 3 4 5 6 7 8
kDa kD

97 — - _‘,'3 -

- - i’z . o e
36 — " -

5 ZRE{K T133LS134A (A)K S339V B)ERFRIES LKL

Figure 5 Expression and purification of T133LS134A (A) and S339V (B). 1: Total protein; 2: Supernatant
protein after ultrasonic centrifugation; 3: Precipitated protein after ultrasonic centrifugation; 4: Supernatant
after incubation with Ni*" resin once; 5: Supernatant after incubation with Ni*" resin twice; 6: Supernatant
after incubation with Ni** resin for three times; 7: Ni*" resin elution collection solution; 8: PD-10 column
protein elution collection solution.
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Figure 6 HPLC elution profiles of benzylidene acetone and naringenin chalcone. A: 323 nm HPLC
chromatogram. B: 289 nm HPLC chromatogram.

*2 BHAHEEEEESR

Table 2 High performance liquid chromatography quantitative results

Sample No. pH 9.0, 323 nm, active relative area of BAS pH 7.0, 289 nm, active relative area of CHS
Standard sample 807+0.402 389+0.433
PcPKS1 80+0.258 1 089+0.283
T133LS134A 498+0.374 99+0.345
S339V 453+0.451 521+0.412
A 0.004 F %
2 0.003 F i
2 0.002 v|
8 |
£ 0.001 | . 5\:'W
0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
Retention time (min)
B z |
. 0.0005 | 5 @
= | \
5 0.0000 o W
£
-0.000 5 |

0.00 10 00 15 00 20 00 25.00 30.00 35.00 40.00
Retention time (min)

7 PcPKS1 {RSMNEB{E & B2 A~ 49) HPLC & %[
Figure 7 HPLC elution profiles of PcPKS1 fusion enzymes in vitro reaction product. A: HPLC result of
enzymatic product at pH 7.0 and 289 nm. B: HPLC result of enzymatic product at pH 9.0 and 323 nm.

&B: 010-64807509 B: cjb@im.ac.cn



2814 ISSN 1000-3061 CN 11-1998/Q =4 T #2244  Chin J Biotech

A 0.014}
0.012F
0.010}
0.008 |
0.006 Nar

0.004 /
0.002 | [ A S
AN e

\ P

0.000 f

Intensity (AU)

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00
Retention time (min)

B 0.004F
[ BA

g 0.003 f o

< 0002 .\

Z 0001}

= 0.000 b /™ \ J\«WW“W

~0.001F

0.00 2.00 400 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00
Retention time (min)
C
[ L Nar

0.001 0}
=)
< 0.0005} Mm
£ IMWWW J
$ 0.0000 '
k=

0,000 5 b

0.00 2.00 400 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26,00 28.00 30.00 32.00 34.00 36.00 38.00 40.00
Retention time (min)

D
_0.0002f BA
]
< 0.0000 /
2
5 -0.0002}
£

-0.000 4

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00
Retention time (min)

8 ZRI{F T133LS134A F S339V IMNER [z K2 74 HPLC & 1% [E

Figure 8 HPLC elution profiles of T133LS134A and S339V enzymes in vitro reaction product. A: HPLC
result of TI33LS134A enzymatic product at pH 7.0 and 289 nm. B: HPLC result of TI33LS134A enzymatic
product at pH 9.0 and 323 nm. C: HPLC results of S339V enzymatic products at pH 7.0 and 289 nm. D:
HPLC results of S339V enzymatic products at pH 9.0 and 323 nm.
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PO H Y PcPKS1 HAT CHS 1 BAS XU G
RS, PcPKS1 2381 ) R 40 4% & 40 Hr kW]
E— ALY CHS, T ) 68 G < 4 B ep
PcPKS1 2 H i [AlEfHA CHS A1 BAS M fig fi:
g PE

ZRARK T133LS134A F1 S339V LAY
PcPKS1 A H , 6 PE A7 5 0 e AR 30 = 2 4544
MIHCAE , BAS G153 1 B E 3R TH(E 9). Hir,
Ser134 Fl Ser338 f&5 CHS =¥ K & 2 /K I
B G WA A R B R 5% 3, Ter133 J2N
PRATT AR T O S S PR R b X AR B 2 — o XA
T P s R L ) 22 A B3 A Sy o) i 1 IS 40
PR A EEAEN

AW R A AL PcPKST LAY
Thr133. Serl134. Ser339 {ii (/& 10), Thrl132
FEAE YIRS PKS o BEfR5F, 2010 45,
Shimokawa %5 X} % ' K %% (Rheum palmatum)
BAS ) Leul32 #4717 — R K& m K22
(L132G.L132A,L132S.L132C.L132T,L132F,
L132Y. L132W #1 L132P), #5378, L132T
AR T RpBAS A /R il A BEG 1, A

- Sy Ak o GRS T
( é_.,_—-;—;‘-‘ ) .j(':
\ A S ST 5]

FERAZR T133LS134A A5 HA MRl iG Pk,
TE pH 7.0 (U414 F , H CHS 16 8 S T8 4=
A PcPKS1, X 5EM KRB MRS R 3, #
YOI T 327 506 SR 5 Tl 7 3 M LA AR
M, 2009 45, Klundt 58654 2Bk (Hypericum
androsaemum) ] — 2% W il 5 i (benzophenone
synthase , BPS) & 4 T 48 N B9 T135 (X [
MsCHS 1 T132)%748 K Leu, SAMFF AR
RN A TR — B, ARG R R A
R HTE CoA 5N Bt CoA AL MKW
i) BPS 7E LI HE - % A8 Sy 7R JE it g e 5 1t
PE, ZAL SR RAS AR T B A R BPS (ISR
PRI SRR IR A UE R, PR
A7 o 2 R R B B 1) B0 A 5 4 AT LAY VS i 8 —
IS PKS JsUA7 B P 100 7 A ) — Tl 48 i) il
2007 4F, Abe ZEWBFZEM KE(R. palmatum)
BAS 1) 338 {3/ 225 FR 9% N4 TR(S338V) ), H
BAS {EHERS N T 2 521, SAWIIEh 338 AR
FARRRARIR], W 338 {1 8%F T PcPKS1 & 4%
BAS MG B F LT HED S338 {3 sk 31 A )
TIRY S REREE S, s B AR
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L
P SMTR site-directed . P
. N 7 %4 Site-directed mutagenesis
Thr133Serl 34 Gl S
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Figure 9 3D structure pattern diagram of PcPKSI and mutant.
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is P. cuspidatum Ser134, S338 means P. cuspidatum Ser339.
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