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Abstract

pathogens, and are considered as potential renewable chemical platforms for phloroglucinol and 1,3,5-triamino-2,4,6-trinitrobenzene.

Derivatives of 4-hydroxy-6-methyl-2-pyrone(2-pyrone) are actively involved in plant resistance to insects and

2-Pyrone synthase (2PS), one of the type Il polyketide synthases (PKSs), is the key enzyme to produce 2-pyrone. In this study, a
novel Pc2PS was isolated from Polygonum cuspidatum Sieb. et Zucc., a traditional Chinese herb used for the treatment of cough,
suppurative conditions, and hypertension. The Pc2PS shared 54% - 56% amino acid sequence identity with 2PSs of other species.
Enzymatic activity analysis showed that Pc2PS could catalyze the condensation of one molecule of acetyl-CoA with two molecules
of malonyl-CoA at almost the same efficiency as that of three molecules of malonyl-CoA alone for production of 4-hydroxy-6-
methyl-2 -pyrone. Thus, the presence or absence of acetyl-CoA in the reaction mixture did not affect catalytic efficiency. This
catalytic property of Pc2PS differs from that of previously reported Gh2PSs, which catalyzed malonyl-CoA condensation to form the
same products as Pc2PS but at a lower rate in the absence of acetyl-CoA. In addition, we determined the kinetics of Pc2PS with
malonyl - CoA alone as the substrate for the first time. Pc2PS showed tissue-specific expression in P. cuspidatum; Pc2PS was
predominantly expressed in the root, whereas few transcripts were detected in the leaf. This study enriches the known diversity of

2PS proteins, and provides a novel genetic resource for 2-pyrone biosynthesis.
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Type I polyketide synthases (PKSs), also
termed the chalcone synthase (CHS) superfamily, are
relatively conserved enzymes crucial for polyketides
biosynthesis that share 30% - 95% sequence identity
and a common Cys-His-Asn catalytic triad within a
buried active site cavityl!l. It is remarkable that the
group of
secondary  metabolites,

conserved PKSs produce a diverse

biologically  significant
including pyrones, chalcones, chromones, stilbenes,
and anthraquinones!!l. The type Il PKS superfamily
enzymes are homodimers of which each subunit can
perform a complete series of catalytic reactions,
including  decarboxylation, = condensation, and
cyclization in a single active site cavity!?l. The diverse
functions of type Il PKSs are mainly reflective of the

variety of starter-CoA substrates (acetyl, propionyl, or

other aliphatic and aromatic moieties), the number of
condensations performed, as well as the type of
cyclization and aromatization reactions!!l. The first
type Il PKS to be studied in detail was CHS, which
catalyzes the iterative condensation of 4-coumaroyl-
CoA with three C2 units from malonyl-CoA to
produce a linear tetraketide intermediate, followed by
Ce-C, Claisen cyclization to form the naringenin
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chalconel® (Figure 1a). Stilbene synthase (STS) is an
additional member of the type Il PKS superfamily
and shares a high amino acid sequence identity with
CHS. The reaction of STS is identical to that of CHS,
catalyzing one 4-coumaroyl-CoA and three malonyl-
tetraketide
intermediatel!). However, STS synthesizes resveratrol

CoA molecules to produce the
through C,-C; aldol condensation accompanied by a
decarboxylative loss of the C, carbon (Figure 1b).

In 1995, Helariutta et al.™ isolated a CHS-like
gene from Gerbera hybrida, a member of the
Asteraceae, which showed 74% sequence identity
with Medicago sativa CHS (MsCHS), but the authors
did not identify the products of the novel type Il
PKS. Three years later, the same laboratory reported
that the CHS-like protein catalyzed the condensation
reaction between acetyl-CoA and two malonyl-CoA
molecules, followed by lactonization to synthesize
4-hydroxy-6-methyl-2-pyrone (Figure 1c), and the
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CHS-like protein was named 2-pyrone synthase
(2PS) Bl Jez et al. 19 reported the X-ray crystal
structure of Gh2PS1 in 2000, and showed that
Gh2PS1 and CHS shared a
dimensional fold,
conserved CoA binding sites. Compared with the 28

common three-

similar catalytic residues, and

residues lining the initiation/elongation cavity of
CHS, Gh2PS has four amino acid residues changed,
which reduced the volume of the active site cavity to
one-third that of CHS. A triple mutant combining
three point mutations in MsCHS (T197L/G256L/
S338I) yields triacetic acid lactone (TAL), which is
identical to Gh2PS. These results demonstrate that the
volume and shape of the active site cavity influence
the function of type Il PKSs. In 2016,
Pietiainen ef al.!” further showed that Gh2PS2 and
Gh2PS3 not only produced TAL consistent with
Gh2PS1, but also formed the strongly antifungal
compound 4-hydroxy-5-methylcoumarin.
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Fig. 1 Reactions catalyzed by CHS, STS and 2PS

(a) CHS catalyzed an iterative condensation of 4-coumaroyl-CoA with three malonyl-CoA and a Claisen cyclization to produce naringenin

chalcone; (b) STS catalyzed one 4-coumaroyl-CoA and three malonyl-CoA to form resveratrol by aldol cyclization; (c) 2PS catalyzed acetyl-

CoA with two malonyl-CoA or three malonyl-CoA to form 6-methyl-4-hydroxy-2-pyrone by lactonization. CHS, chalcone synthase;

stilbene synthase; 2PS, 2-pyrone synthase.

STS,
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Polygonum cuspidatum Sieb. et Zucc. (Japanese
knotweed) belongs to the Polygonaceae and is a
medicinal herb widely used in traditional medicine in
South-East Asia for treatment of arthralgia, cough,
chronic bronchitis, and atherosclerosisf®l.
Pharmacological studies have revealed a variety of
valuable constituents of P cuspidatum, such as
emodin, physcion, resveratrol, piceid, and polydatin,
which demonstrate the bioactivities of anti-oxidation,
anti-inflammatory, anti-cancer, and liver protection!®.
Such results suggest that P. cuspidatum harbors a
series of unidentified type Il PKSs, which construct
the basic skeleton of these useful constituents.

Our laboratory has isolated a number of type I
PKSs from P. cuspidatum, such as PcBAS, PcSTS and
PcCHS, to elucidate their possible roles in the
biosynthesis of the secondary metabolites® %, In the
present study, Pc2PS was cloned from P. cuspidatum
and characterized by means of in vifro enzymatic
reactions. The enzyme produced a 4-hydroxy-6-
methyl-2-pyrone by two decarboxylations
condensation reaction between three molecules of
malonyl-CoA, or between one molecule of acetyl-
CoA and two molecules of malonyl-CoA. In addition,
we analyzed the enzyme kinetics of Pc2PS at the
optimum temperature and pH, and the expression
profile of Pc2PS in different tissues. The results
enrich the diversity of isolated 2PS proteins and
a novel gene for metabolic

provide resource

engineering of P. cuspidatum.
1 Materials and methods

1.1 Plant material and reagents

Acetyl-CoA and malonyl-CoA were purchased
from Sigma (St Louis, MO, USA). 4-Coumaroyl-CoA
was chemically synthesized in accordance with the
method of Beuerle and Pichersky!'!l. 4-Hydroxy-6-
methyl-2-pyrone  was purchased from Aladdin
(Shanghai, China). Polygonum cuspidatum seeds were
obtained from the Institute of Botany, Chinese
Academy of Sciences, Beijing, China, and plants were
maintained in a greenhouse.

1.2 Cloning of Pc2PS cDNA

We performed BLASTn and BLASTx searches
against P cuspidatum  transcriptome  data
(unpublished), using some reported PKS genes as the
query, and identified several novel PKSs. Using the

candidates PKS sequences to design PCR primers, the

open reading frame (ORF) of Pc2PS was reverse
transcribed and amplified from P cuspidatum total
mRNA. The sense primer was 5-ATGGAG-
AAATCTTCCGCCAACGC-3" and the antisense
primer was 5-TTATATAGTGATCGGCACGCTA-
CGTAA-3". The Pc2PS gene was subcloned into the
expression vector pET-30a using the ClonExpress®
Entry One Step Cloning Kit (Vazyme Biotech Co.,
Ltd, Nanjing, China), which was transformed into
Escherichia coli expression strain BL21 (DE3).

1.3 Heterologous expression and purification of
recombinant protein

The E. coli BL21 (DE3) cells containing the
ORF of Pc2PS were cultured at 200 r/min and 37°C in
300 ml Luria-Bertani (LB) medium supplemented
with kanamycin (50 mg/L). After attaining 4, of 0.4—
0.6, 0.1 mmol/L isopropyl-D-1-thiogalactopyranoside
(IPTG) was added to the culture and the incubation
temperature was decreased to 28°C. After 12 h, the
bacterial cells were collected by centrifugation at
6000 g for 15 min. The purification of recombinant
Pc2PS was performed according to the method as
described!"?. The purified protein was stored at —80°C
for long-term storage.

1.4 Enzyme reaction and product analysis

The standard enzyme assay contained 10 nmol
malonyl-CoA and 3.6 pug purified recombinant
enzyme in a final 100 pl volume of 100 mmol/L PPB
(pH 7.0). For enzyme assays to determine the
influence of acetyl-CoA, 10 nmol acetyl-CoA was
included in the standard assay solution. As a control,
the recombinant protein was inactivated by boiling at
100°C for 10 min. Incubations were carried out at
30°C for 30 min and quenched with 5% glacial acetic
acid, then extracted with 100 pl ethyl acetate. The
ethyl acetate layer was evaporated to dryness under
nitrogen, and the residues were dissolved in 50 pl of
50% (v/v) methanol for HPLC/MS. Assays to
determine the optimal pH were performed in triplicate
the pH 5.5-8.5.
temperature was identified in triplicate within the
range from 15°C to 5S0°C.

The products were analyzed by HPLC and LC-
MS. Products analysis was performed using an
Agilent 1260 HPLC (Agilent, Santa Clara, CA, USA)
on a Zorbax SB-C18 column, 5 pm, 4.6 mm X
250 mm (Agilent). The gradient -elution was
performed with H,O and CH;CN, both containing 1%

covering range The optimal
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acetic acid. The HPLC conditions were as follows:
0 - 4 min, 5% - 12% CH;CN; 4 - 20 min, 12% - 77%
CH;CN; the flow rate was 0.6 ml/min. The detection
wavelength was 280 nm for 4-hydroxy-6-methyl-2-
pyrone. The retention time of methylpyrone was
12.89 min.

For on-line HPLC/MS analysis, HPLC was
carried out using the Agilent 1290 HPLC system
coupled to an Agilent 6530 high-resolution Q-TOF
mass spectrometer (Agilent) fitted with an ESI source.
The mass spectrometer operating conditions were as
follows: all spectra were obtained in negative ion
mode over a mass range: 50-1 000 m/z; drying gas
flow rate: 5 L/min; dry gas temperature: 300°C ;
nebulizer 35 psi; and collision energy: 25 V. The LC/
MS/MS data were as follows: 4-hydroxy-6-methyl-2-
pyrone, R, = 12.89 min; [M-H-CO,]™ 81 (100), [M-H
-CH,-CO]" 83 (9.5), [M-H-CH,0,-CH,]~ 65 (17),
[M-H-CH,0,-H,0]" 63 (4.5). The numbers are m/z
values in atomic mass units with relative intensities in
parentheses(®l.

1.5 Determination of Kkinetic parameters

A standard assay, consisting of five
concentrations of malonyl-CoA (from 60 to
960 mmol/L) and 7.2 pg purified recombinant Pc2PS
protein in a final 100 pl volume of 100 mmol/L PPB
(pH 7.0), was used for a kinetic analysis of malonyl-
CoA. The experiments were carried out in triplicate.
After preincubation of the assay mixture at 30°C for
5 min, reactions were performed by adding the protein
and the mixture was incubated for 30 min. The
reactions were quenched with 5 pl glacial acetic acid,
and the products were quantified by HPLC. The
kinetic parameters were then calculated. Eadie-
Hofstee plots were used to derive the K, and kg,
values.

1.6 Phylogenetic tree construction

Forty amino acid sequences for type I PKS
proteins were aligned using ClustalX (2.1) 3, A
constructed with MEGA
version 7.0 using the neighbor-joining method!4,

phylogenetic tree was

Statistical support for the tree topology was assessed
by means of a bootstrap analysis with 1000 replicates.
1.7 Quantitative real-time PCR

Total RNA of P. cuspidatum was extracted from
leaves, stems, and roots using the Plant Total RNA
Purification Kit (GeneMark, Taiwan, China). The first-
strand cDNA was synthesized from 3 pg total RNA

using the Hifair ™ I 1st Strand ¢cDNA Synthesis
SuperMix (Yeasen, Shanghai, China) with oligo (dT)
primers
protocol.
technical replicates were used to analyze Pc2PS

in accordance with the manufacturer's
Three biological replicates and three
expression.

To explore the expression pattern of Pc2PS
transcripts, we performed quantitative real-time PCR
in 96-well plates using QuantStudio™ Real-Time PCR
Software (Applied Biosystems, USA) with the Hieft™
gPCR SYBR® Green Master Mix (Yeasen, Shanghai,
China). The standard reaction mixture contained
5.0 pl of 2x Hieff™ qPCR SYBR® Green Master Mix,
0.2 pl of each primer (10 pmol/L), 1.0 pl diluted
(1  20) cDNA template, and 3.6 pl RNase-free water.
The amplification cycle program was 95°C for 5 min
followed by 40 cycles of 95°C for 10 s, 58°C for 20 s,
and 72°C for 20 s. The melting curve was produced
after 40 cycles at a heating rate of 0.05°C/s, to test the
specificity of each primer pair over the temperature
range of 60°C-95°C. Three technical replicates were
used for each sample. The NDUFAI3 gene was used
as a control to normalize the expression level of 2PS
as previously described (unpublished).

2 Results and discussion

2.1 Isolation and characterization of 2PS from
P. cuspidatum

In previous works, a number of PcPKSs have

been isolated and characterized®!%15]. Based on

Polygonum cuspidatum transcriptome data
(unpublished), the full-length sequence of Pc2PS was
detected by heterologous screening, and then
amplified from root-derived cDNA. The ORF of
Pc2PS was 1 155 bp long and encoded 384 amino
acid residences, which had a predicted molecular
mass of 41.9 ku and calculated isoelectric point of
5.96 (https://web. expasy. org/protparam/). Multiple
alignment analysis demonstrated that the amino acid
sequence of P cuspidatum 2PS (the GenBank
accession no. MK455782) shared 52% - 83% identity
with type I PKSs from other plant species. Pc2PS
and PcPKS4 were highly similar with 83% identity!'3).

Analysis of the multiple alignment revealed that
amino acid sequences of type I PKSs were highly
conserved among the plant species (Figure 2).
Polygonum cuspidatum 2PS maintained a conserved

catalytic triad Cysl164, His303, and Asn336
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(numbering represents the position in MsCHS)['®l. The
majority of the active site residues were conserved in
Pc2PS, including Ser133, Ile254, Gly256, Ser338,
Pro375, and the Phe215 (numbering
represents the position in MsCHS). Interestingly,
Thr132, Thr197, and Phe265 were substituted by Asn,
Gly and Leu, respectively. The active-site residue 197

"gatekeeper”

is thought to control the number of malonyl-CoA
molecules condensed. As reported previously, the
T197G substitution opens a new tunnel at the base of

the cavity, which results in larger polyketide
products!'’7l. In the present study, the TI97G
MsCHS (1 MVSVS IIEKAQR ECPE T WNERVANEA @V
Pc2PS (1 MEK S SANAA! [WNKAFAV[S @ |
Gh2PS (1 SSDDVEVIIEIEAGR OIGIN AN A | GTANPEINCW
PcPKS4 (1 MEK SEAATRA! [WNKFA | [=HS) @]
PcOKS (1 ANV L QIEIIRN S QKA TE PN VINKINAV[EP T@Y
RpALS (1 ADV L QIZENRIN S QK2 S[EIP Vi VINNIKERWAHEP T{@Y
MsCHS (76) |MKE EYMAHIDARED vvv VPRI GKEAAW
Pc2PS  (68) EMKGKEDIFGY/ATHFIVREQ TANAQNIE [N [FVALN
Gh2PS (81) YMQEZTUEEFM ReDLVVTGYE EAAN
PcPKS4 (69) EMEEKAD | FTYR 2 HFVROH IAND IEAA[R
PcOKS (77) NMGKIZSUETFRGAN T ARGE UL IM ILG\YEAA[S
RpALS (77) NMGKIIZGUETFEG DL IM L GINE AALS
MsCHS (157) YMVM® -F GGTVLRL -L ENNKG VCSE
Pc2PS  (149) VM | MelP[€l@H GlclcHiVANIN  [{b) | VVENNLE VCSE
Gh2PS (162) YNIL M9 °[€dA  [CICHRVANIN -L ENNKGHRVLIIVCSE
PcPKS4 (150 llmPHG GTVLRLEKDIIAENNKG VCSE
PcOKS (158) TMVM® GGTVLRLIYKDJPAENNKGHRVLMVCSE
RpALS (158) TMVMe -F GGTVLRLIKDIBAENNKGARVLMVCSE
MsCHS (237 MUWIA@TIIABIDETE G/ | DGEEIFRE ML KR
Pc2PS (230 AOH VED:DG: | I1GD | CIH (€W | L[-[MRE[ I [&
Gh2PS (242 DOT!'LEDTEK:MK LZIRE QEHRE
PcPKS4 (231 LIUWIA@IT I VEYEDGE I KGN | C[H (el | L QIR E ™ I [
PcOKS (238) EQIMEASOAT I[ENELHTMAL MSKEE
RpALS (238) HQIMSATEAT IRNSILHTMALEIETH JEMSKEVE
#336
MsCHS (318) AMZP ELAVNATRE VI MeNM S S« /M | LBER K
Pc2PS  (311) GIYQELMLIATRQIMKDNAEN S TIAS L WA RRKH
Gh2PS (323) NMIED[L - SRHV AGWIL FINID ENYR KIS
PcPKS4 (312) GINAQE[ML - TRQI" 'K DMeN 'S TAS L Mg RSKH
PcOKS (319) EMSKDE4M:'DSRY TER R“RE
RpALS (319) EMTKDM:IDSRY T R“RHE

substitution in Pc2PS did not result in a larger
polyketide. The R. dauricum ORS, which contains the
T197G
products, such as orcinol and triacetic acid lactonel!!.

substitution, also yield small reaction
The reason for this might be that the large side chain
of Metl194 blocked the tunnel created by the T197G
substitution. Pc2PS could only synthesize the small
polyketide 4-hydroxy-6-methyl-2-pyrone, which also
might be due to the large side chain of another
residue, but mutation experiments are needed to test

this hypothesis.

@S TR RRK | TN B K TEMSE (20 V8D K VK RRY Y
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A |IREWG] IKVSVIE-T MREYN R
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Fig.2 Comparison of primary sequences of P. cuspidatum 2PS and other CHS—superfamily typelll PKSs

MsCHS, M. sativa CHS; Pc2PS, P cuspidatum 2-pyrone synthase;

Gh2PS, G. hybrida 2-pyrone synthase;

PcPKS4, P cuspidatum polyketide

synthase 4; PcOKS, P cuspidatum octaketide synthase; RpALS, R. palmatum aloesone synthase. The catalytic triad (Cys164, His303 and

Asn336) are marked with a hash symbol #; the active-site amino acid

residues 132, 133, 197, 256 and 338 are marked with x; the gatekeepers

215 and 265 are marked with +, and the residues for the CoA binding are marked with *.

2.2 Phylogenetic analysis

To reconstruct a phylogenetic tree, we chose all
types of PKS, one CHS each from different families
of gymnosperms, monocots, and dicots, all members
of 2PS, and other types of PKS isolated from
P. cuspidatum (Figure 3). In the phylogenetic tree, the
P cuspidatum 2PS formed a separate cluster with
PcPKS451, and was grouped with other non-chalcone-
type Il PKSs, including STS
benzalacetone synthase (BAS) from P. cuspidatum®'!

forming and

and BAS from Rheum palmatum (Polygonaceae) 2%,

Except for the grouping of PcCHS with the chalcone-
forming enzymes, other PcPKSs were clustered
together with Rheum palmatum BAS and formed an
independent branch. They were not only grouped into
clusters consistent with their enzymatic function, but
also formed a species-specific cluster. Generally, plant
STSs form a clade with CHSs, as observed for
Arachis hypogaea STS and Pinus strobus STSP!, but
PcSTS was grouped with the non-chalcone-producing
type Il PKSs. The protein sequences of the three non-

CHS genes identified from P cuspidatum, namely
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Fig. 3 Phylogenetic tree analysis of CHS superfamily enzymes

Multiple sequence alignment was performed by CLUSTAL W(1.8). The B-ketoacyl carrier protein synthase lll (FABH and KAS 1l) of E. coli was

served as an outgroup. The indicated scale represents 0.1 amino acid substitutions per site. 2PS from P. cuspidatum is highlighted with arrow.

Abbreviations: ACS, acridone synthase; ADS, alkyldiketide CoA synthase; ALS, aloesone synthase; AQS, alkylquinolone synthase; BAS,

benzalacetone synthase; BBS, bibenzyl synthase; CHS, chalcone synthase; CURS1, curcumin synthase 1; CUS, curcuminoid synthase; DCS, diketide

CoA synthase; DpgA, dihydroxyphenylacetic acid synthase; OKS, octaketide synthase; OLS, olivetol synthase; ORS, orcinol synthase; PCS,

pentaketide chromone synthase; QNS, quinolone synthase; STS, stilbene synthase; VAS, phloroisovalerophenone synthase; VPS, valerophenone

synthase; RppA, red brown pigment producing enzyme. The Genbank accession numbers are shown in parentheses.
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PcBAS, PcSTS, and PcPKS4, were used as queries in
a BLAST
Biotechnology Information protein databases. All
PKSs with shared identity of more than 75% with
PcPKSs were from members of the Polygonaceae,

search of the National Center of

such as R. palmatum, Fagopyrum esculentum,
Persicaria minor, Rheum australe, and Fallopia
Typically,

associated with plant

multiflora. secondary metabolites are

resistance. For example,
Aquilaria sinensis PKS1 abundance is remarkably
enhanced by CdCl, treatment/??. Tt has been reported
previously that PpORS knockout mutants developed
that

permeability and sensitivity to drought®]l. Based on

abnormal leaves showed increased dye
the above-mentioned results, we speculate that the
Polygonaceae has undergone rigorous environmental
screening prior to the extant species diversification.
This screening process resulted in notable divergence
between the PKS genes of the Polygonaceae and those
of other plant families, hence the PKSs isolated from

species of Polygonaceae show within-family identities

(@

ku Pc2PS
-
. e
63— ..
48— . .
35— -

04

03

V/(nmol'min'-mg™)

0.1

V/(nmol'min~'-mg™)

55 60 65 70 75 80 85
Buffer condition (pH)

comparatively higher than those with members of
other families.
2.3 Enzymatic activity of Pc2PS

To evaluate its catalytic function, P. cuspidatum
2PS was heterologously expressed in E. coli with an
additional hexahistidine tag at the C terminus.
Analysis by SDS-PAGE revealed that the molecular
mass of the purified recombinant protein was 42 ku
4a). The
recombinant protein Pc2PS was assayed by the

(Figure enzymatic activity of the
reaction with acetyl-CoA and 4-coumaroyl-CoA
together with malonyl-CoA. The HPLC analysis
determined that the recombinant Pc2PS produced a
new peak at 12.92 min from acetyl-CoA and malonyl-
CoA compared with the negative control (Figure 5).
The product of the
determined as 4-hydroxy-6-methyl-2-pyrone (TAL)
by comparing the HPLC retention time and the UV-
spectrum with the reference compound. Analysis of
the reaction mixture showed that Pc2PS produced
TAL as a single product, consistent with previous

recombinant

protein  was

0.8

0.4

02F

0.0

Only malonyl-CoA Malonyl-CoA and acetyl-CoA

(d)

V/(nmol-min~'-mg™")

000 1 1 1 1
10 20 30 40 50

Reaction temperature/°C

Fig.4 The properties of recombinant Pc2PS
(a) SDS-PAGE analysis of the purified recombinant 2PS. M, molecular mass standards (left) . Pc2PS (right); (b) The effect of acetyl-CoA

on activity of Pc2PS enzymatic reaction;

dependency of TAL-forming activity of P. cuspidatum 2PS.

(c) The pH dependency of TAL-forming activity of P cuspidatum 2PS;

(d) The temperature
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Fig. 5 Product identification by LC-Q-TOFMS
(a) Authentic compound of 4-Hydroxy-6-methyl-2-pyrone; (b) TAL generated by Pc2PS; (c) the products of negative control; (d) The MS/

MS fragmentation of Pc2PS products; (e) UV spectra of Pc2PS enzyme reaction products. The chemical structures of product and fragmentation

are shown.

reports for Gh2PS1P). The LC/MS analysis of the
reaction mixture identified an additional compound
with m/z of 125 ([IM—-H]") in the negative ion mode.
The MS/MS analysis of this compound showed that
the compound was proposed to be 4-hydroxy-6-
methyl-2-pyrone based on data in the METLIN MS/
MS Metabolite Database (https://metlin. scripps. edu)
and previous publications®™”). The P. cuspidatum 2PS

accepted acetyl-CoA as a substrate, but did not accept
4-coumaroyl-CoA.

As previously reported, 2PSs are able to produce
2-pyrone from malonyl-CoA alone, owing to the
ability of 2PS to decarboxylate malonyl-CoA to form
acetyl-CoA. However, its decarboxylation activity
limited the measurement of K, and &, for acetyl-CoA
and malonyl-CoA. In addition, absence of acetyl-CoA
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in the reaction mixture decreased the rate of synthesis
of the product. Thus, the majority of previous works
did not measure the enzyme kinetics of 2PS. The
Pc2PS was also able to produce TAL from the assay
mixture containing malonyl-CoA alone. Interestingly,
the rate of synthesis of TAL did not change
significantly in the absence of acetyl-CoA (Figure 4b).
The reason for this may be that the rate of
decarboxylation of malonyl-CoA was much faster
than that of synthesis of 2-pyrone, therefore the
duration of decarboxylation could be ignored, or that
acetyl-CoA did not increase the incorporation from
malonyl-CoA in the Pc2PS reaction, as described
previously by Eckermann er al. P! Given that the
presence of acetyl-CoA had no effect on the activity
of the protein, we could measure the kinetics of
Pc2PS with malonyl-CoA alone as the substrate.

2.4 Steady-state kinetics analysis

The optimal pH and optimal temperature for 4-
hydroxy-6-methyl-2-pyrone-forming  activity  of
Pc2PS were 7.0 and 30°C in PPB, respectively
(Figure 4c, d). Given that Pc2PS was a pH-sensitive
type lll PKS, its catalytic activity decreased rapidly at
pH outside the range of 6.5 to 7.0. The steady-state
kinetics analysis (Figure 6) showed that recombinant
Pc2PS had a K, value of 978.5 umol/L and £, value
of 1.186 min™! for malonyl-CoA under the optimal pH
and optimal temperature. The catalytic efficiency (k,/
K.) for TAL formation was 20.2 s™!'mol™'-L, which
was slightly lower than that of Aloe arborescens
PCSI7, but was of the same order of magnitude as

4
3 i }
o %
g
- 2 F
g
£
S
E
S
]
§
0 1 1 1 1
0.003 0.004 0.005 0.006

[V/(nmol-min"-mg™")]/[S/(umol-L")]

Fig. 6 Eadie - Hofstee plot for P. cuspidatum 2PS
¥/ (nmol - min"' - mg!') is the reaction rate and S/(umol - L!) is
the substrate (malonyl-CoA) concentration. Each point represents

the average of three independent experiments in duplicate.

that of 4. arborescens octaketide synthase (OKS) P4,
Similar to Pc2PS, both AaPCS and AaOKS accepted
malonyl-CoA as a substrate, and their catalytic
efficiencies were almost identical in the presence or
absence of acetyl-CoA in the reaction mixture. Pc2PS
was the first 2PS whose kinetics were measured with
malonyl-CoA alone as the substrate.
2.5 Expression pattern

To determine the expression pattern of Pc2PS in
different tissues, we performed quantitative real-time
PCR analysis of cDNA from roots, stems, and leaves.
The highest expression level of Pc2PS detected was in
the roots, followed by the stems, and the lowest
expression level was in the leaves (Figure 7). The
expression pattern of Pc2PS differed distinctly from
those of Gh2PSs. The highest expression level of
Gh2PS1 was detected in the leaf blade, scape, bracts,
and corolla Bl The highest expression level of
Gh2PS2 was detected in the leaf blade, petals, ovary,
and young capitulum. Gh2PS3 was only expressed in
the roots!l.

150
120 |
90

60

3

A\

1.0 F

Relative expression level

0.0

Leaf Root Stem

Fig.7 The expression profiles
Expression profiles of Pc2PS gene in leaf, stem and root of

P. cuspidatum.

4-Hydroxy-6-methyl-2-pyrone, the product of
Pc2PS, is the smallest polyketide produced by type Il
PKSs. In metabolic engineering, TAL has the potential
to contribute to renewable chemical platforms through
metabolic engineering™). In Gerbera, TAL was used
as a substrate to produce gerberin and parasorboside,
the derivative of which inhibit seed germination and
fungal growthBl. Other than several polyketides such
as emodin, resveratrol, and piceid, TAL and its
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derivatives have not currently been isolated from P.
cuspidatum. The present expression pattern analysis
showed that the expression level of Pc2PS in the roots
was more than 100 times higher than that in the
which that  2-pyrone-related
compounds or other unknown derivatives of TAL

leaves, indicated
might be generated in P cuspidatum. The catalytic
efficiency for TAL formation was relatively lower,
which might indicate that such compounds were
produced, albeit in low concentrations. Therefore,
additional studies are needed to isolate 2-pyrone
derivative compounds from P. cuspidatum.

In conclusion, P. cuspidatum 2PS is a novel type
IT PKS that produced 4-hydroxy-6-methyl-2-pyrone
as a product from three molecules of malonyl-CoA.
Pc2PS is the first 2PS to be isolated from P
cuspidatum, and P. cuspidatum is the second plant
species from which 2PS has been identified in
addition to G. hybrida. Because the presence or not of
acetyl-CoA in the reaction mixture did not affect the
efficiency, we determined the kinetics of Pc2PS for
the first time. In a future study, site mutations of the
active site residues of Pc2PS will be investigated to
determine novel key residences which influence the
size of products.
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