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As a novel superfamily of type III polyketide synthases in microbes, four genes csyA, csyB, csyC, and csyD,
were found in the genome of Aspergillus oryzae, an industrially important filamentous fungus. In order to
analyze their functions, we carried out the overexpression of csyA under the control of a-amylase pro-
moter in A. oryzae and identified 3,5-dihydroxybenzoic acid (DHBA) as the major product. Feeding exper-
iments using 13C-labeled acetates confirmed that the acetate labeling pattern of DHBA coincided with
that of orcinol derived from orsellinic acid, a polyketide formed by the condensation and cyclization of
four acetate units. Further oxidation of methyl group of orcinol by the host fungus could lead to the pro-
duction of DHBA. Comparative molecular modeling of CsyA with the crystal structure of Neurospora crassa
20-oxoalkylresorcylic acid synthase indicated that CsyA cavity size can only accept short-chain acyl star-
ter and tetraketide formation. Thus, CsyA is considered to be a tetraketide alkyl-resorcinol/resorcylic acid
synthase.

� 2010 Elsevier Ltd. All rights reserved.
Polyketides constitute a large family of natural compounds and
some of them show clinically important properties as antibiotics,
immunosuppressant, etc. Their carbon skeletons are constructed
by polyketide synthases (PKSs) from acyl-CoA precursors.1 Among
the three types of PKSs known,2 fungal polyketides are largely bio-
synthesized by iterative type I PKSs.3 However, we recently re-
ported the presence of genes for type III PKSs in filamentous
fungi.4 Type III PKSs are also known as chalcone synthase (CHS)-
like PKSs with a simple ketosynthase architecture and indepen-
dence of acyl carrier protein.5 Recently, a single type III PKS present
in Neurospora crassa was identified as an enzyme catalyzing the
synthesis of pentaketide alkylresorcylic acid and named as
20-oxoalkylresorcylic acid synthase (ORAS).6

Our previous studies revealed that the presence of four type III
PKS genes (csyA, B, C, and D) in the genome of Aspergillus oryzae
RIB40,7 a genome project strain of industrially important fungus
in Asian countries. Although orthologs of csyA, csyC, and csyD genes
are present in a closely related species, Aspergillus flavus, csyB gene
is unique to A. oryzae. Thus we first carried out overexpression of
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CsyB in A. oryzae M-2-3 and identified csypyrone B1 as the novel
type III PKS product.8 The csyA gene (Accession No. AB206758) en-
codes a protein comprising of 402 amino acids with a calculated
molecular mass of 43.5 kDa. We observed that the expression of
csyA gene in RIB40 was prominent and occurred throughout the
1–7 days of culture.4 Although the similar expression of csyD gene
was observed, CsyD lacks the conserved CHS catalytic triad
(Cys-His-Asn), which is required for the priming and extension of
the polyketide.5 Consequently, we chose CsyA as a next target to
analyze its function by overexpression and identification of its
product compound(s).

The csyA cDNA amplified using the forward (50-cac gtg ATG GCG
CCC TTA ATT CAT GGT-30) and reverse (50-cac gtg TTA GGC CGG
CCG AGC-30) primers was cloned into the SmaI digested expression
vector pTAex39 to place the gene under the control of amyB pro-
moter. We have used A. oryzae M-2-3 as a host fungus to express
heterologous fungal PKS genes.10 Fortunately, no expression of
csyA gene in this strain was confirmed by RT-PCR analysis under
induction culture condition (data not shown). Thus the constructed
expression plasmid pTA-csyA containing argB gene as selection
marker was subsequently transformed into A. oryzae M-2-3 by pro-
toplast-PEG method11,12 for overexpression studies. The A. oryzae
M-2-3 transformant with pTAex3 served as a control. Transfor-
mants selected on minimal medium were first cultured in DPY
medium12 and then transferred to the media containing maltose
to induce the expression of csyA. After culturing in the induction
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media for 3 days, the culture media was extracted with ethyl
acetate under acidic condition, which was then subjected to HPLC
analysis with an Inertsil ODS-3 reverse-phase column (4.6 �
150 mm, GL Science, Japan). In the pTA-csyA transformant extract,
three distinct peaks designated as A1, A2, and A3 were detected at
retention time of 5.5, 11.4, and 17.7 min, respectively, of which A1
was a major peak. None of these peaks were found in the extracts
of control transformant nor the host fungus indicating the forma-
Figure 2. 13C NMR analysis of 3,5-dihydroxybenzoic acid fed with [1,2-13C2] acetate. Fifty
non-labeled sodium acetate was fed to the A. oryzae pTA-csyA transformant culture (1 L
was measured on ECA-500 spectrometer (125 MHz, JEOL, Japan) in acetone-d6. Enlarged
structure as bold lines, and those of methyl carbons of acetate units are shown as close

pTAex3 (control)

pTA-csyA Product A1

5.5

Figure 1. HPLC analysis of Aspergillus oryzae CsyA product. HPLC analysis with an Inertsil
a solvent system of acetonitrile containing 1% acetic acid (solvent B) and H2O containing
Elution was monitored at 254 nm. pTA-csyA, extract prepared from the A. oryzae pTA
transformant.
tion of these products specifically due to the overexpression of csyA
(Fig. 1).

In order to further characterize the major product A1, we iso-
lated it from the 5-L induction culture of pTA-csyA transformant.
After removal of mycelia by filtration, combined induction culture
media were applied onto a reverse phase silica gel column
(3 � 50 cm, Cosmosil 75C18-OPN, Nacalai Tesque, Japan). Elution
was carried out with 10% aq acetonitrile containing 1% acetic acid
mg of sodium [1,2-13C2] acetate (99 atom % enriched, Isotec) mixed with 100 mg of
) during the maltose induction for 4 days. After isolation of labeled DHBA, 13C NMR
spectra are shown in boxes. Incorporations of acetate units are shown on the DHBA
d circles. 13C–13C coupling constants are shown in Hz.

min

Product A2 Product A3

17.711.4

ODS-3 reverse-phase column (4.6 � 150 mm, GL Science, Japan) was performed with
1% acetic acid (solvent A) at flow rate 0.8 ml/min (10% solvent B for 20 min) at 40 �C.
-csyA transformant; pTAex3, control extract prepared from the A. oryzae pTAex3



Figure 4. Homology modeling of CsyA and its comparison with ORAS crystal
structure. (A) Homology model of CsyA and crystal structure of ORAS. Homology
model of CsyA was constructed using Modeller based on ORAS crystal structure (PDB
ID: 3EUT). Each protein molecule is shown as a ribbon diagram and the bound
eicosanoic acid within the static acyl-binding tunnel of ORAS is shown as a CPK
model. Side chains in the near vicinity of the ligand are shown as stick models. (B)
Active site cavity of CsyA. Plausible product orcinol, CoA, and a short carbon chain are
placed in the active site cavity (shown as half-transparent surface) of the homology
model. Side chains of Phe204 and Phe205 (shown as stick models), respectively,
form the side and bottom wall of the acyl-binding pocket. Of the corresponding
Met189-Val190 residues of ORAS, Met189 is considered to guide the binding of
hydrocarbon tail of fatty acid substrate. The figures were drawn by PyMOL (DeLano,
W.L. The PyMOL Molecular Graphics System (2002) DeLano Scientific, Palo Alto, CA,
USA.)
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and the eluate was then applied onto a ODS-80TM column
(7.8 � 300 mm, Tosoh, Japan), and finally eluted with 10% aq aceto-
nitrile containing 1% acetic acid at a flow rate of 2.0 ml/min to af-
ford about 25 mg of the CsyA product A1. By physicochemical
analysis including 1H and 13C NMR (Supplementary data), product
A1 was identified to be 3,5-dihydroxybenzoic acid (DHBA). Com-
parison with the authentic compound (Tokyo Chemical Industry,
Japan) confirmed its identity. This result indicated that cysA is in-
volved in the production of DHBA in A. oryzae. Since structures of
product A1 (DHBA), A2, and A3 could be informative for metabolic
relationship among them, isolation and characterization of product
A2 and A3 are now underway in our laboratory.

The involvement of type III PKS in DHBA biosynthesis was re-
ported in kendomycin biosynthesis in Streptomyces violaceoruber.13

Heterologous expression of a gene set including Ken2 PKS con-
firmed the production of DHBA in Streptomyces coelicolor. Ken2
PKS together with Ken3 and Ken7, enoyl CoA hydratase/isomerase,
is considered to catalyze the formation of 3,5-dihydroxyphenylace-
tyl-CoA from four malonyl-CoAs, which is then converted by oxida-
tion and decarboxylation to DHBA in kendomycin biosynthesis. In
contrast to this bacterial DHBA formation, overexpression of CsyA
in A. oryzae yielded DHBA as the apparent direct product.

To identify the polyketide nature of DHBA produced by the CsyA
overexpressing transformant, feeding experiments with 13C-la-
beled acetates were carried out. The initial feeding experiment
with sodium [2-13C] acetate gave 13C-enrichments at C-2, -4, -6,
and -7 indicated that DHBA was formed by the condensation of
four acetate units, excluding an involvement of shikimate pathway.
More information on the possible ring closure pattern was ob-
tained by the feeding of [1,2-13C2] acetate. 13C NMR analysis of
the DHBA fed with [1,2-13C2] acetate indicated that all signals were
accompanied by doublets due to incorporation of intact acetate
units. The C-7 signal was coupled with C-1 signal with a coupling
constant of J = 72 Hz. Two coupled C–C pairs with J = 66.5 and
68 Hz indicated the presence of two acetate units in DHBA benzene
ring. The higher intensity of non-coupled 13C signal of C-2 (or C-6)
was ascribed to the incorporation of methyl carbon of acetate and
then followed by decarboxylation, whose signal appeared as an en-
riched singlet (Fig. 2). This acetate labeling pattern corresponded
well with tetraketide nature and is similar to that of orcinol de-
rived from orsellinic acid. Also, this labeling pattern is different
from that of DHBA derived from 3,5-dihydroxyphenylacetyl-CoA.13

Thus, CsyA is considered to be a tetraketide alkyl-resorcinol/res-
orcylic acid synthase, and the oxidation of its side chain resulted in
the production of DHBA in A. oryzae transformant. Orsellinic acid is
the smallest tetraketide methylresorcylic acid and the biosynthetic
precursor of penicillic acid in Penicillium fungi.14 Bacterial orsellinic
acid synthase (OAS) gene aviM was identified in Streptomyces viri-
dochromogenes Tü57 involved in the biosynthesis of avilamycins as
the first iterative type I PKS gene in 1997,15 which belongs to a
partially reducing type PKS clade in phylogenetic analysis.16 On
Figure 3. Proposed CsyA reaction and 3,5-dihydroxybenzoic acid formation in A. oryzae. C
(R1 = –CH3) and 3 malonyl-CoAs. Then, aldol cyclization of tetraketide in CsyA active cen
R2 = –H) by the following decarboxylation. Further oxidation of the starter side chain by
the other hand, genes for fungal OAS were reported quite recently,
which belongs to a non-reducing type I PKSs clade.17,18 As a fungal
type III PKS, CsyA could function as OAS or orcinol synthase though
no orsellinic acid nor orcinol was detected in the A. oryzae pTA-
csyA transformant (Fig. 3).
syA catalyzes tetraketide formation with a short-chain acyl-CoA such as acetyl-CoA
ter cavity forms orsellinic acid (R1 = –CH3, R2 = –COOH), and/or orcinol (R1 = –CH3,
the host fungus gives 3,5-dihydroxybenzoic acid formation.
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Related type III PKS for pentaketide alkylresorcylic acid synthe-
sis from N. crassa was reported by Horinouchi and co-workers.6

This enzyme named 20-oxoalkylresorcylic acid synthase (ORAS)
prefers stearoyl-CoA as starter substrate and condenses four malo-
nyl-CoAs to give pentaketide products. Our feeding experiments
indicated that A. oryzae CsyA is a tetraketide synthase for orsellinic
acid and/or orcinol. CsyA showed 38% identity with ORAS which is
the highest among type III PKSs of which 3D structures are
reported. Thus homology modeling of CsyA was carried out using
Modeller19 based on the structure of ORAS20 (Fig. 4A). From 3D
structures of several type III PKSs, it was suggested that their active
site cavity sizes control carbon chain-lengths of their products.21,22

In N. crassa ORAS which utilizes long-chain fatty acid CoA ester as a
starter, the presence of a static acyl-binding tunnel for the starter is
observed.20 However, structural model of CsyA indicated that side
chains of Phe204 and Phe205 (shown as stick models in Fig. 4B),
respectively, form the side and bottom wall of the acyl-binding
pocket. Thus binding of long acyl chain could be blocked by these
Phe204-Phe205 residues. Of the corresponding Met189-Val190 resi-
dues of ORAS, Met189 is considered to guide the binding of hydro-
carbon tail of fatty acid substrate. The cavity size of CsyA catalytic
center is similar to that of ORAS to accommodate a single aromatic
ring which is significantly smaller than that of plant CHS.23 These
modeling studies strongly indicate that CsyA is a tetraketide al-
kyl-resorcinol/resorcylic acid synthase using short-chain acyl-CoA
starter though site-directed mutation and crystallographic studies
should be carried out to confirm the above mentioned assumption.

Independent study on CsyA was carried out by Zhan and co-
workers.24 They expressed His-tagged CsyA in Escherichia coli and
analyzed its catalytic activity in vitro. Products they observed were
all pyrone compounds with fatty acyl starters including long chain
C10–C18 CoAs. None of aromatic compounds were detected. This
contradictory result from ours might indicate that proper expres-
sion system is required for functional analysis of PKSs, even in
the relatively small type III PKSs.
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