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Identification of a Polygonum cuspidatum three-intron gene
encoding a type III polyketide synthase producing both
naringenin and p-hydroxybenzalacetone
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Abstract Benzalacetone synthase (BAS) is a member of
the plant-specific type III PKS superfamily that catalyzes a
one-step decarboxylative condensation of 4-coumaroyl-CoA
with malonyl-CoA to produce p-hydroxybenzalacetone. In
our recent work (Ma et al. in Planta 229(3):457-469, 2008),
a three-intron type III PKS gene (PcPKS2) was isolated
from Polygonum cuspidatum Sieb. et Zucc. Phylogenetic
and functional analyses revealed this recombinant PcPKS2
to be a BAS. In this study, another three-intron type III PKS
gene (PcPKSI) and its corresponding cDNA were isolated
from P. cuspidatum. Sequence and phylogenetic analyses
demonstrated that PcPKS1 is a chalcone sythase (CHS).
However, functional and enzymatic analyses showed that
recombinant PcPKS1 is a bifunctional enzyme with both,
CHS and BAS activity. DNA gel blot analysis indicated
that there are two to four CHS copies in the P. cuspidatum
genome. RNA gel blot analysis revealed that PcPKSI is
highly expressed in the rhizomes and in young leaves, but
not in the roots of the plant. PcPKSI transcripts in leaves
were inducible by pathogen infection and wounding. BAS
is thought to play a crucial role in the construction of the
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Cs—C, moiety found in a variety of phenylbutanoids, yet so
far phenylbutanoids have not been isolated from P. cuspid-
atum. However, since PcPKSI and PcPKS2 (Ma et al. in
Planta 229(3):457—469, 2008) have been identified in
P. cuspidatum, it is possible that such compounds are also
produced in that plant, albeit in low concentrations.
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Abbreviations

ALS Aloesone synthase
BAS Benzalacetone synthase
CHS Chalcone synthase
CoA Coenzyme A

LC-ESIMS Liquid chromatography-electron spray
ionization mass spectrometry

OKS Octaketide synthase
PKS Polyketide synthase
STS Stilbene synthase
Introduction

Polygonum cuspidatum (Japanese knotweed, Polygona-
ceae) is a medicinal plant rich in aromatic polyketides (Yi
et al. 2007). Biosynthesis of these polyketides in P. cuspid-
atum is poorly understood, although type III polyketide
synthases (PKSs) are thought to play a crucial role for con-
struction of the basic skeleton of a variety of the aromatic
polyketides. So far 14 plant-specific type III PKS enzymes
have been identified. The most well-studied type III PKS is
chalcone sythase (CHS), which provides the first commit-
ted step in flavonoid biosynthesis (Fig. 1; Schroder 1997).
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Fig. 1 The reactions for the
conversion of 4-coumaroyl-CoA
and malonyl-CoA to p-hydroxy-
benzalacetone by the benzalace-
tone synthase (BAS), and to
naringenin chalcone by chalcone
synthase (CHS). Polyketide
pyrones, bis-noryangonin
(BNY), and 4-coumaroyltriace-
tic acid lactone (CTAL) are
derailment side products of the
type III PKS reactions in vitro
when the reaction mixtures are
acidified before extraction

EnzS

CHS

Benzalacetone synthase (BAS) is another member of the
type III PKS superfamily that catalyzes a one-step
decarboxylative condensation of 4-coumaroyl-CoA with
malonyl-CoA to produce p-hydroxybenzalacetone (Fig. 1;
Borejsza-Wysocki and Hrazdina 1996). BAS is thought to
play a crucial role in the construction of the C—C, moiety
found in a variety of medicinally important phenylbuta-
noids (Abe et al. 2001).

A conserved gene structure is a common feature of the
type III PKS genes found in flowering plants. Besides an
early reported Antirrhinum majus CHS which has two
introns (Sommer and Saedler 1986), all type III PKS genes
contain a single intron at a conserved site (Schroder 1997;
Durbin et al. 2000). Interestingly, two three-intron type III
PKS genes, PcPKSI and PcPKS2 (Ma et al. 2008), were
isolated from P. cuspidatum, and the recombinant PcPKS2
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was found to be a BAS. Interestingly, the catalytic
efficiency (K_,/K,,) of BAS activity of PcPKS1 was 70-fold
higher than that of the PcPKS2 (Ma et al. 2008).

The results of a number of studies have shown that pro-
duction of p-hydroxybenzalacetone is not an early released
side product of CHS but that this compound is the specific
product of BAS (Abe et al. 2001, 2003; Borejsza-Wysocki
and Hrazdina 1994, 1996). CHSs have been cloned and
sequenced from more than 40 plant species. Most of them
have been expressed functionally in Escherichia coli and
their catalytic properties have been investigated. However,
almost all the CHSs do not have BAS activity in vitro
under the standard assay conditions (without reducing
agent). In this work a further type III PKS gene was
isolated and characterized by functional and phylogenetic
analyses. Since so far phenylbutanoids and their derivatives
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Fig. 2 Sequence OrganiZation ATCOAGTTTO OTOTTGAACT CTTACCTOTT TAATCCTATC AGCCCCTICA TTCATGATCT TTATGATOTC CCACGCTTOC TIGOCTOATT TCTTGGCOCC CAATIGCAAT AGAATOTCTT 130
Of the PCPKSI gene' PUtatlve CTCCTATCOC  TTOOTATATO  OCTOCAAGTG CAAACTTOTC TTTCTTTOOA TCAATCOGTT OTATCCCTTC TACTOCATCC CATAAGCCTT JAGCOOTTAG AAGCACTTCC  ATTTTOATTO 240
regulatory motifs are shown - - ks N R S

N . . COCATACTOT ATAATTACTT CTOGACAGTA TAGGATAATT AAAAGACAAG ATTTTATCTC CATTGITICT CAATOCATCA TTCAACAAAC COGTOTTTGT AGAATTGITG TTGGAATTCA 360
within the promoter region of the I-box

. . CATCTOCTGT  COACATCTTC TOCAAAATOC TCTOATACCA ATGAAGAAA TOTCTCTCTG TTTCTTACAG ATTCAGTTTA TCAAAAACCA GAATTOAATG CACACAAGAA TTTGOCCAAC 480
gene. Blue arrows indicate the CAAT-box
primer Sites uSed in thiS Study for ACAGCTACTC TOTATTGAAC GTITITITTG TACACAACAG AGAGATAACT GTCTCCTITC TIGCATGACA CTTTTATACA GACAAACGAA AATAACTGOC TAGTAGCTAC TICTAATAOAC 600
. ACE I-box V-box TATA-box
clonlng a core fragment of the AGTCTATACC AACTAACTAA AACATCAGTT TTATAATAGA CAGAAATCTA AGCTTATAAT ACAACACCTA TATCTACCTC ATTCACTCOC ACTTCCOCAC ATACCAATTA ATCGATTOAG 720
PcPKSI. The red arrow indi-
it H : A — | ]
cates the position O.f the mnsertion COCATGT | [GIATGE-TAACAG]  GCGATAAG CACCCTG | GOATGA--ATATAG) | GTGGC CCT
site of the second intron in the R MC T D K H PG \— ) G P
. . . z 3( 5 3

Antirrhinum majus CHS gene. 60 61 '\‘;3 308 306
The 5" and 3’ splice sites of
. . . Int 1 Intron 3 ——
introns are boxed. The active site niron PCi Pe2
residues conserved in the type I1I ATG | H H H |'I‘.—\.—\‘
PKSs (Cys164, His303,
M. sativa CHS2 numbering) Promoter Exon1(181 bp) Exon2 (309 bp) JIntron2 Exon3 (426 bp) Exond (266 bp) 3" Region

are marked with #

have not been isolated from P. cuspidatum, but the respon-
sive genes have been identified, possible phenylbutanoid
products have been studied at various stages of the plants
development.

Materials and methods
Plant material and chemicals

Polygonum cuspidatum Sieb. and Zucc. plants were main-
tained in the medicinal plant garden and in a greenhouse at
the Institute of Botany, The Chinese Academy of Sciences,
Beijing, China. Details of culture and chemicals used were
as previously described (Ma et al. 2008).

PCR-based cloning

Genomic DNA was isolated from young leaves using a
modified CTAB method. The core DNA fragment was
amplified using degenerate primers (Fig. 2; Ma et al. 2008).
To obtain the full-length gene, TAIL-PCR was performed
using six gene-specific primers, designed according to the
terminal sequences of the core fragment, and performed as
described (Liu et al. 1995).

The ORF of the cDNA was produced using N-terminal
and C-terminal PCR primers that were designed on the
basis of the full-lengh PcPKSI: sense, the Ndel site is
underlined 5'-TATACATATGGCACCATCGGTCCAGG
AGATC-3' and antisense, the Sall site is underlined 5'-T
ATAGTCGACGTGATGAGCAACTGGTACACTGTG-3'.
The amplified DNA was digested with Ndel/Sall, and
cloned into the Ndel/Sall site of pET-30b (+) (Novagen,
Darmstadt, Germany). The recombinant enzyme contained
a hexahistidine tag at the C terminus.

GTACAAATATAG

CAACAAG
Q Q @
163

GTTGCTIT
cC T
164

Heterologous expression in Escherichia coli
and recombinant enzyme purification

Heterologous expression and purification of recombinant
PcPKS1 were performed according to the method as
described (Ma et al. 2008).

Enzyme reaction and product analysis

The standard assay (250 pl) contained 25 pM starter CoA,
65 UM malonyl-CoA, 0.1 M potassium phosphate (pH 7.0),
and 2.0 pg of protein, and was incubated at 30°C for
60 min, then extracted twice with 250 pl of ethyl acetate
and centrifuged at 10,000g for 10 min. Acetic acid (5%
final concentration) was added before the extraction step to
detect any side product. After drying under vacuum, the
residue was dissolved in 50 pl of 50% (v/v) methanol. The
product analysis of recombinant PcPKS1 were as described
(Ma et al. 2008).

Enzyme kinetics

Kinetic constants were determined according to the method
as described (Ma et al. 2008).

Enzyme native molecular mass determination

The relative molecular mass of PcCPKS1 was determined on
a calibrated gel filtration column as described (Liu et al.
2003).

DNA and RNA gel blot analysis

Ten microgram genomic DNA was digested with restric-
tion enzymes EcoRI, EcoRV, and HindIIl. Hybridization
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was performed using an [«¢-*?P]dCTP-labeled PcPKS] frag-
ment (364 bp) including both the coding and promoter
regions as probe. The primers used to amplify the probe
were: forward, 5'-GTACACAACAGAGAGATAACTG
TC-3'; and reverse, 5'-GGTCATGTGC TCGCTGTTGGT
G-3'.

RNA gel blot analysis of PcPKSI was performed
according to the method as described (Ma etal. 2008).
Hybridization was performed using an [¢->2P]dCTP-labeled
PcPKS1 fragment (295 bp) including both the coding and
3’ untranslated regions as probe. The primers used to
amplify the probe were: forward, 5'-GATGAGATGAGG
AAGAAGTCG-3’; and reverse, 5'-CCGTATATCACA
TGCTAGCTAGC-3'.

Phylogenetic tree construction

A neighbor-joining tree was generated as described (Ma
et al. 2008).

Results
Isolation of the PcPKS1 gene and cDNA

Using primers Pcl and Pc2 (Fig. 2; Ma etal. 2008), a
715 bp core fragment was cloned and its deduced amino
acid sequence exhibited over 90% identity with CHSs of
other plants in the Polygonaceae family. Interestingly, the
Pc1/Pc2 PCR fragment contains an additional intron in the
3’ region of the gene sequence (Fig. 2). Flanking sequences
were obtained by thermal asymmetric interlaced (TAIL)-
PCR (Liu etal. 1995), and the resulting gene was desig-
nated as PcPKSI (Accession no. EF090266; Fig. 2). The
cDNA (Accession no. EF090604) of PcPKSI was ampli-
fied with gene specific primers for full-length ORF and the
reverse transcription products as template.

Sequence analysis

The full-length PcPKSI is 2,424 bp, contains a promoter
region of 720 bp, 1,182 bp of coding region, and 209 bp of
3’ untranslated region. Interestingly, the coding region of
the PcPKS]I is interrupted by three intervening sequences
of 106, 103, and 104 bp (Fig.2). In comparison with
PcPKS2 (Ma et al. 2008), the insertion sites of the three
introns are completely identical in PcPKS! (Fig. 2). No sig-
nificant homologies were found between the three introns
sequences of PcPKSI and three introns sequences of
PcPKS2 (Ma et al. 2008). Sequences of the introns 1, 2, and
3 of PcPKSI revealed 22, 23, and 49% identity with the
corresponding three intron sequences of PcPKS2. PcPKSI
intron 1 and intron 2 conform to the GT-AG rule; while the
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5’ splice site and the 3" splice site of the intron 3 follow a
rare GC-AG rule (Brown et al. 1996; Buchanan et al. 2002;
Fig. 2). Various conserved regulatory motifs were identi-
fied within the promoter region (Fig. 2).

The PcPKS1 cDNA is 1,182 bp in length and encodes a
deduced protein of 393 amino acid residues with a pre-
dicted molecular mass of 43.2 kDa and a p/ of 5.88 (data
not shown). The deduced amino acid sequence showed 57—
97% identity with those of other type III PKSs of plant ori-
gin (Fig. 3): 97% identity with Rheum palmatum CHS2,
83% identity with A. majus CHS (Sommer and Saedler
1986), 80% identity with M. sativa CHS2 (Ferrer et al.
1999), 72% identity with R. idaeus RiPKS4 (Zheng and
Hrazdina 2008), 72% identity with R. palmatum BAS (Abe
et al. 2001), 70% identity with P. cuspidatum PcPKS2 (Ma
etal. 2008) and 57% identity with Aloe arborescens
octaketide synthase (OKS) (Abe et al. 2005).

Polygonum cuspidatum PcPKS1 contains the catalytic
triad of Cys164, His303, and Asn336, and all identical CoA
binding sites (numbering of M. sativa CHS2) (Fig. 3). Fur-
thermore, most of the active site residues, including Val98,
Thr132, Ser133, Metl37, Glyl63, Thr194, Gly2l11,
Gly216, Ile254, Ser338, and Pro375, along with the CHS
“gatekeeper” Phe215 and Phe265 (Austin and Noel 2003),
are well conserved in PcPKS1. However, the CHS active
site residues Val196 and Thr197 are uniquely replaced with
Ile and Cys in PcPKS1, respectively (Fig. 3). In addition,
18 amino acid residues are conserved in PcPKS1, R. palma-
tum BAS (Abe et al. 2001) and PcPKS2 (Ma et al. 2008),
but are different from other CHSs, and ten amino acid resi-
dues that are conserved in the CHS enzymes but do not
appear in P. cuspidatum PcPKS1 as indicated in Fig. 3.

Phylogenetic analysis

The phylogenetic tree showed that PcPKS1 is located
together with R. palmatum (Polygonaceae) CHS2 in a clus-
ter containing other typical chalcone-forming enzymes
(Fig. 4). For PcPKS2 (Ma et al. 2008), the phylogenetic
analysis showed that it grouped together with R. palmatum
(Polygonaceae) BAS (Abe et al. 2001) in a cluster contain-
ing all functionally divergent plant-specific type III PKSs
(Fig. 4).

Characterization of PcPKS1

Polygonum cuspidatum PcPKS1 was heterologously
expressed in E. coli with an additional hexahistidine tag at
the C terminus. The purified enzyme gave a single band
with a molecular mass of 43 kDa on SDS-PAGE (Fig. 5).
On a calibrated gel-filtration column, the native molecular
mass of the enzyme was about 90 kDa, indicating a
homodimeric structure of PcPKS1.
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Fig. 3 Comparison of the MsCHS2 49
primary sequences of P. cuspid- AmCHS 49
atum PcPKS1 and other plant- RiPKS4 4‘?
specific type III PKSs. Multiple ﬁ{’m:z :};
sequence alignment was calcu- PePEST 50
lated with the DNAMAN pack- o
age. Black shading shows amino \:;I‘I{(E 1:3 >1 k‘?‘; I 33
acid identities. The active site RiPKS4 99
residues conserved in the type I11 RpBAS IIK\'TQ\’ 92
; PcPKS2 !\ HE TQV 97
PKSs (Cys164, .H1s303, and PoPKS 1 DMVV 100
Asn336, M. sativa CHS2 num-
bering) are marked with #, and MsCHS2 ITKBLG 149
residues for CoA binding are AmCHS SINIBLD 149
. . . . RiPKS4 G 149
marked with +. Amino acid resi- RpBAS 142
dues are conserved in PcPKS1, PePKS2 147
R. palmatum BAS and PcPKS2 PcPKS] 150
(Ma et al. 2008), but are absc?nt MsCHS2 199
from other CHSs (marked with AmCHS 199
filled inverted triangle). Amino RiPKS4 199
acid residues that are conserved FF’B"\‘“}, 192
X ePKS2 197
in the CHS enzymes but do not PePKS1 200
appearin P. cuspidatum PcPKS1
are marked with filled triangle. MsCHS2 SDERIDSLY M I‘ VEE] 249
L . AmCHS JENHFSNLVERALF, IPGV 249
The abbreviations for species RiPKS4 SDTHLDCLVEQAL FENGVAS | LLPE 249
and accession numbers are: RpBAS SETHLDSMI €QA 1 LEVGAAAV DLTV S A 242
PcPKS1 (Polygonum cuspida- PePKS2 SEINISSMIETSVLERGAAAV : 247
fum ABK92282), MsCHS?2 PePKS1 I'DIEHL [)‘-sk\ ALF . 521\: +I 250
(Medicago sativa P30074), MsCHS2 LEDVEG 1 VEBKE 299
AmCHS (An[irrhinum majus AmCHS t"K[)[ SRITHEE] 299
P PR I\ ‘
BAE80511), RiPKS4 (Rubus E['J[;:\‘:I LENVEN LB 25
idaeus ABV54602), RpBAS PePKS2 : L=K1 LPVLISN 297
(Rheum palmatum AAK82824), PePKS1 LEDVRGLI 300
aI.1d PcPKS2 (Polygonum cus- MsCHS? W 349
pidatum ABY47640) AmCHS _ ; M 349
RiPKS4 NEIDOVEAKL G| ¥ 349
RpBAS RRBDOVTAKYGBE M 342
PcPKS2 (SRBDHVIEAATGEN M 347
PePKS1 ANEBDOVEAKL G| M 350
v
MsCHS2 KeTON8LKTTGEGLEWGVLFGFGPGLT IETVYELRSVAL 389
AmCHS LYTEEERSSTGEGLDWGVLCAFGPGLTVHT IMMRSMQLS 390
RiPKS4 ANGVTIRILSIGQISKSLLILAWFLFSLY 383
RpBAS K§JLE ATTGEGLEWGVLFGFGPGITVETVVLRSVPVIS 384
PcPKS2 RELENERATTGEGLEWGVLFG IGPGVIVETVNLRSVP I IH 389
PcPKS1 KSILENSHATTGEGLDWGVLFGFGPGLTVETVYLHSVPVAHH 393

Identification and quantification of the enzymatic prod-
ucts showed that recombinant PcPKS1 efficiently afforded
naringenin as a single product at pH 7.0 (Fig. 6a). It effec-
tively yielded p-hydroxybenzalacetone as almost the sole
product at pH 9.0 (Fig. 6¢). Both products are observed at
pH 8.0, with a preference for naringenin formation (Fig. 6b).
The enzymatic products were identified by HPLC and LC-
MS in comparison with authentic samples. Moreover, no
traces of bis-noryangonin (BNY) and 4-coumaroyltriacetic
acid lactone (CTAL) (Fig. 1) could be detected in the
enzyme reaction mixture at different pH values (Fig. 7).

For the chalcone-forming activity, PCPKS1 exhibited an
optimum within a range of pH 7.0-8.0 in either Tris—HCI or
potassium phosphate buffer (Fig. 7). Besides 4-coumaroyl-
CoA, its derivatives were accepted as starter substrates;
however, the relative activities were lower (Table 1). In
contrast to CHS, which showed broad substrate specificity

toward aliphatic CoA esters, PcPKS1 did not accept isobu-
tyryl-CoA, isovaleryl-CoA, or acetyl-CoA as a substrate
(Table 1). For the chalcone-forming reaction, we deter-
mined the kinetic parameters for 4-coumaroyl-CoA (K, =

129 uM, K, = 6.48 min~', K, /K,, = 8,388 M*1 s7!) and
malonyl-CoA (K, =57.5 uM, K. =648 min~!, K /K, =
1,878 M~ s7h.

For the p-hydroxybenzalacetone-forming activity, the
pH optimum of PcPKS1 was 9.0 (Fig. 7). At this pH value,
4-coumaroyl-CoA and feruloyl-CoA were the only cinnam-
oyl-CoA derivatives accepted as starter substrates (Table 1).
PcPKS1 did not accept isobutyryl-CoA, isovaleryl-CoA, or
acetyl-CoA as a substrate (Table 1). For the p-hydroxy-
benzalacetone-forming reaction, we determined the kinetic
parameters for 4-coumaroyl- CoA (K, =305uM, K, = 8.64

, K /K, =4,721 M~ s7!) and malonyl-CoA (K, =

cat’
131.7 uM, K. =8.64 min~', K /K, = 1,094 M~ s7").
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Fig. 4 Neighbor-joining tree of type III PKSs. Numbers at the forks are bootstrap values from 100 replicates. Four bacterial type 111 PKSs were
used to root the tree. The accession numbers used in the analysis were as previously described (Ma et al. 2008)
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Fig. 5 SDS-PAGE analysis of recombinant PcPKS1 stained with
Coomassie brilliant blue. Lane 1, molecular mass markers with masses
indicated in kDa. Lane 2, total protein from uninduced E. coli strain
BL21-Rosetta (DE3) harboring the His-tagged PcPKSI construct.
Lane 3, soluble extract from uninduced E. coli. strain BL21-Rosetta
(DE3) harboring the His-tagged PcPKSI construct. Lane 4, total
protein from BL21-Rosetta (DE3) cells harboring the His-tagged
PcPKS1 construct after induction with IPTG for 6 h at 30°C. Lane 5,
soluble extract from BL21-Rosetta (DE3) cells harboring the His-
tagged PcPKS1 construct after induction with IPTG for 6 h at 30°C.
Lane 6, recombinant PcPKS1 after Ni2*-chelating chromatography.
Lane 7, recombinant PcPKS1 (7.5 pg) after passage through a PD-10
column
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Gene organization of CHS in P. cuspidatum

Genomic DNA isolated from young leaves of P. cuspida-
tum was digested with EcoRI, EcoRV and HindIll. DNA
gel blot analysis with a probe of 364 bp fragment (-211-
153th nucleotide acid sequence) including both the coding
and promoter regions of the PcPKSI showed the presence
of two to four bands differing in size (Fig. 8). Since there is
no EcoRI, EcoRV, and HindIIl restriction site in the
PcPKS1 gene, the DNA gel blot results indicate that 2—4
copies of CHS exist in the genome of P. cuspidatum.

Expression of PcPKS1

RNA gel analysis performed using a PcPKSI fragment
(nucleotides 1,348-1,643) including both the coding and 3’
untranslated regions as probe, in this region nucleotide
homology with PcPKS2 (Ma etal. 2008) was only about
53%. RNA gel blot analysis revealed that PcPKSI
expressed differentially in various tissues (Fig. 9a) and in
response to different types of environmental stimuli, such as
treatment with a pathogen elicitor, or wounding (Fig. 9b, c).



Planta (2009) 229:1077-1086

1083

(a) 1473

1207 PH7.0
241 Naringenin

675 I

(m v]

409 ‘

| g, .|

-123
0.0 7.0

14.0 21.0 28.0 350 42.0

[Minutes]

(b) 573

472

pH8.0
| Naringenin

i
—

14.0 21.0 28.0 350 420
[Minutes]

368
Benzalacetone

264

(m v]

1680

56
AL
-48
0.0 7.0

e

(c) 573
A pHO9.0

368

Benzalacetone

264

(m v]

160 Naringenin

56

I fl.
 FRUT | .

14.0 21.0 28.0 350 420

[Minutes]

-48
0.0 7.0

Fig. 6 HPLC elution profiles of enzyme reaction products of the chal-
cone-forming activity and the p-hydroxybenzalacetone-forming activ-
ity of the PcPKS1 at pH 7.0 (a), pH 8.0 (b), and pH 9.0 (¢). HPLC
separation conditions are described in “Materials and methods”. Note
that naringenin chalcone is converted by acid treatment to racemic
naringenin through a nonstereospecific ring C closure
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Fig. 7 The pH dependence of the chalcone-forming activity and the
p-hydroxybenzalacetone-forming activity of the PcPKS1 in 100 mM
potassium phosphate buffer (KPB). BA, p-hydroxybenzalacetone; Nar,
naringenin chalcone

Table 1 Substrate specificity of recombinant PcPKS1 from Polygo-
num cuspidatum

Substrate Enzyme activity (% of max.)
Chalcone-forming  p-Hydroxybenzalacetone-
activity® forming activity®

4-Coumaroyl-CoA 100 100

Cinnamoyl-CoA 66 0

Caffeoyl-CoA 38 0

Feruloyl-CoA 16 57

Benzoyl-CoA 19 0

Acetyl-CoA 0 0

Isobutyryl-CoA 0 0

Isovaleryl-CoA 0 0

4 Substrate specificity was measured for formation of major product of
the enzyme reaction at optimum pH

kb EcoR1 EcoRV HindIIT
o
b —
3:.0 — -
1.0 —

Fig. 8 DNA gel blot analysis of PcPKSI. 10 pg genomic DNA of
P. cuspidatum was digested with EcoRI, EcoRV and Hindlll. Hybrid-
izations were performed for 16 h at 65°C with an [¢-32P] dCTP labeled
PcPKS]I fragment (364 bp) including the coding and promoter regions
as probe. Washing of the membrane and detection were as described in
“Materials and methods”
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Fig. 9 RNA gel blot analysis of PcPKSI tissue-specific expression
(a) and induction (b, ¢). For tissue-specific expression (a), total RNA
was prepared from young leaves (1), mature leaves (2), petioles (3),
stems (4), rhizomes (5), and roots (6). For pathogen treatment (b),
mature leaves were collected from the seedlings inoculated with Agro-
bacterium tumefaciens (EHA105) after 0, 2, 4, 8, 12, 24, and 48 h. For
wounding (c¢), attached mature leaves were cut. Samples from all treat-
ments were harvested after 0, 2, 4, 8, 12, 24, and 48 h. Hybridization
was performed using an [«-3?P]dCTP-labeled PcPKSI fragment
(295 bp) including both the coding and 3’ untranslated regions as
probe. Washing of the membrane and detection were as described
above for DNA gel blotting analysis

Discussion

It is a common phenomenon that type III PKSs produce
some early released derailment side product such as BNY
and CTAL (Fig. 1; Akiyama et al. 1999; Austin and Noel
2003). The results of a number of studies have proven that
production of p-hydroxybenzalacetone is not an early
released side product of CHS but instead it is a specific
product of BAS (Fig. 1; Abe et al. 2001, 2003; Borejsza-
Wysocki and Hrazdina 1994, 1996). In this study, we
described the enzymatic properties of a bifunctional PKS
that possesses both CHS and BAS activities. The following
evidence suggests that the formation of p-hydroxybenzalac-
etone is an intrinsic property of recombinant PcPKS1:
(i) for the enzymatic property, the pH optimum of the
p-hydroxybenzalacetone-forming activity of PcPKS1 is 9.0
(Fig. 7), which is similar to R. palmatum BAS (8.0-8.8)

@ Springer

(Abe etal. 2001) and identical with PcPKS2 (Ma et al.
2008), and PcPKS1 effectively yielded p-hydroxybenzalac-
etone as almost the sole product at this pH optimum
(Fig. 6¢); (ii) for catalytic capability, PcPKS1 exhibited the
highest level of activity for p-hydroxybenzalacetone pro-
duction. The catalytic efficiency (K., /K,,) of BAS activity
of PcPKS1 is 4,721 M~! s~! which 1.5- and 70-fold higher
than that of the R. palmatum BAS (Abe et al. 2001) and
PcPKS2 (Ma etal. 2008) at pH 9.0; (iii) for substrate
specificity, at the pH 9.0, like the PcPKS2 (Ma et al. 2008),
4-coumaroyl-CoA and feruloyl-CoA were the only cinnam-
oyl-CoA derivatives accepted as starter substrates
(Table 1). In contrast to typical CHS (Morita et al. 2000;
Abe et al. 2002), such as the R. palmatum BAS (Abe et al.
2001) and PcPKS2 (Ma et al. 2008), PcPKS1 did not accept
isobutyryl-CoA, isovaleryl-CoA, or acetyl-CoA as a sub-
strate at different pH values (Table 1).

To date, two PKSs, RiCHS (Beekwilder et al. 2007) and
RiPKS4 (Zheng and Hrazdina 2008) were described as
bifunctional PKSs exhibiting both CHS and BAS activity.
BAS activity of RiICHS was found in the engineered E. coli
and yeast cells, there was no exact sequence information for
RiCHS (Beekwilder etal. 2007). Zheng and Hrazdina
(2008) postulate that BAS activity of RiPKS4 was created
by the sequence variation in the C terminus due to DNA
recombination at the 3’ region of its coding sequence
(Fig. 3). However, this speculation could not be proven by
the PcPKS1 sequence, no notable similarity was found in
the 3’ region between PcPKS1 and RiPKS4 (Fig. 3). In
R. palmatum BAS, one of the characteristic features is that
the active-site Phe215 is uniquely replaced by Leu. This
exchange was essential for R. palmatum BAS activity as
confirmed by mutagenesis, it interrupted polyketide chain
elongation at the diketide stage (Abe et al. 2003). Interest-
ingly, sequence analysis showed that Phe215 and Phe265
are uniquely replaced by Leu and Cys in PcPKS2 (Fig. 3;
Ma et al. 2008). This mechanism does not apply to PcPKS1
as well because F215 in PcPKS1 is conserved (Fig. 3). It is
hard to explain why recombinant PcPKS1 possesses both
CHS and BAS activities. Austin and Noel (2003) proposed
that BAS utilizes a second active-site Cys for the decarbox-
ylation reaction of a diketide intermediate to produce
benzalacetone. We speculate that the PcPKS1 uses an
alternative pocket to hold the coumaroyl moiety for the
diketide formation. It is tempting to speculate that PcCPKS1
may be an intermediate in the evolution from CHS to BAS,
and it may have a peculiar subtle structure as compared
with typical CHS. It is also possible is that the residues sur-
rounding the F215 are responsible for multiple product for-
mation. Detailed sequence analysis showed that 18 amino
acid residues are conserved in PcPKS1, R. palmatum BAS
(Abe etal. 2001) and PcPKS2 (Ma et al. 2008), but are
different from other CHSs, and ten amino acid residues that
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are conserved in the CHS enzymes but do not appear in
P. cuspidatum PcPKS1 (Fig. 3). These amino acids may be
important for the bifunctional characteristics and pH depen-
dence of PcPKSI. In order to test the function of these
amino acids, site-directed mutagenesis experiments of the
PcPKS1 are in progress in our laboratory. Furthermore,
efforts of homology modeling failed to find an explanation
for special characteristics of PcPKS1, but the good solubil-
ity of overexpressed PcPKS1 might allow to carry out pro-
tein crystallization (Fig. 5).

The presence of putative regulatory motifs such as ACE
(Arias et al. 1993) and E-box (Hartmann et al. 2005) in the
promoter region suggested that the expression of PcPKSI
may respond to different environmental stimuli and tissue-
specific activation (Fig.2). Indeed, PcPKSI is highly
expressed in the rhizomes and in young leaves, but not in
the roots of the plant, and its transcripts in leaves were
inducible by pathogen infection and wounding. Similar
expression patterns of PcPKSI (Fig.9) and PcPKS2 (Ma
et al. 2008) most likely suggested that PcPKSI and PcPKS2
have similar functions in this plant. Phenylbutanoid and its
derivatives have been found in several plants, such as anti-
inflammatory glucoside lindleyin in R. palmatum, gingerol,
and curcumin in ginger plants (Abe et al. 2001), and rasp-
berry ketone, the characteristic aroma of the raspberry fruit
(Borejsza-Wysocki and Hrazdina 1996). Besides several
aromatic polyketides including anthraquinones, such as
emodin, physcion and chrysophanol, and stilbenes, such as
resveratrol, piceid and 2,3,5,4'-tetrahydroxy stilbene-2-O-p-
glucoside (Xiao etal. 2002; Hegde et al. 2004; Yi etal.
2007), the phenylbutanoids have not been isolated from
P. cuspidatum so far. However, the similar evolutionary his-
tory between P. cuspidatum and R. palmatum and the fact
that PcPKSI and PcPKS2 (Ma et al. 2008) were both iso-
lated from P. cuspidatum may indicate that such compounds
are produced, albeit in low concentrations. Therefore,
further studies are needed to address the physiological role
of PcPKSI and PcPKS2 (Ma etal. 2008) and elucidate
whether PcPKS1 is a true bifunctional enzyme with both
CHS activity and BAS activity in P. cuspidatum.

In addition to PcPKS1 and PcPKS2, there are more type
IIT PKS genes with 1-2 intron(s) in P. cuspidatum (Ma
et al. 2008). It is still unclear whether multi-intron type III
PKS genes exist in other members of the Polygonaceae.
This phenomenon was found in bryophytes; among the 19
putative type III PKS genes in Physcomitrella patens, six
contained no introns, four contained one intron, and others
contained two introns (Jiang et al. 2006). Plant -ketoacyl
synthases (KS) are considered as ancestors of type III
PKSs. Most of 3-ketoacyl-CoA synthase (KAS) genes do
not have introns in the coding region (James et al. 1995;
Todd etal. 1999; Kajikawa et al. 2003a; Kajikawa et al.
2003b; Blacklock and Jaworski 2006). There are two

“intron evolutionary” models concerning the original form
of genes that today are interrupted. The “introns early”
model supposes that introns have always been an integral
part of the gene, and genes without introns have lost them
in the course of evolution. The “introns late” model sup-
poses that the ancestral protein-coding units consisted of
uninterrupted sequences of DNA, and that introns were
subsequently inserted into them (Lewin 2000). The fact that
some type III PKS gene do not have introns in bryophytes
and most of the KAS genes do not have introns in the cod-
ing region seems to support the “introns late” hypothesis.
But the example of the evolution of terpene synthases
seems to support the “introns early” model (Trapp and
Croteau 2001). Clues obtained from studies of bifunctional
enzyme activity combined with the unusual gene structure
of P. cuspidatum PcPKS1, provide an interesting example
for the molecular evolution and structure-function studies
on type III PKS enzymes.
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