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Abstract

Background: Based on the homology with fatty acid synthases
and bacterial polyketide synthases (PKSs), thioesterase domains
have been assigned at the C-terminus regions of fungal iterative
type I PKSs. We previously overexpressed Aspergillus nidulans wA
PKS gene in a heterologous fungal host and identified it to encode
a heptaketide naphthopyrone synthase. In addition, expression of
C-terminus-modified WA PKS gave heptaketide isocoumarins
suggesting that the C-terminus region of WA PKS is involved in
the cyclization of the second aromatic ring of naphthopyrone. To
unravel the actual function of the C-terminus region, we carried
out functional analysis of WA PKS mutants by C-terminus
deletion and site-directed mutagenesis.

Results: Only the 32 amino acid deletion from the C-terminus of
WA PKS caused product change to heptaketide isocoumarins
from heptaketide naphthopyrone, YWAI 1, a product of intact
WA PKS. Further C-terminus deletion mutant of WA PKS up to
Ser’7 an active site residue of so far called thioesterase, still
produced isocoumarins. Site-directed mutagenesis of amino acid
residues in this C-terminus region showed that even a single

mutation of S1967A or H2129Q caused production of isocoumar-
in instead of naphthopyrone. Furthermore, the role of tandem acyl
carrier proteins (ACPs), a typical feature of fungal aromatic PKSs,
was examined by site-directed mutagenesis and the results
indicated that both ACPs can function as ACP independently.

Conclusions: Claisen-type cyclization is assumed to be involved
in formation of aromatic compounds by some fungal type I PKSs.
These PKSs have a quite identical architecture of active site
domain organization, B-ketoacyl synthase, acyltransferase, tan-
dem ACPs and thioesterase (TE) domains. Since the C-terminus
region of WA PKS of this type was determined to be involved in
Claisen-type cyclization of the second ring of naphthopyrone, we
propose that the so far called TE of these PKSs work not just as
TE but as Claisen cyclase. © 2001 Elsevier Science Ltd. All
rights reserved.

Keywords: Polyketide synthase; Claisen cyclase; Naphthopyrone;
Deletion mutant; Site-directed mutagenesis; Thioesterase

1. Introduction

Simple carboxylic acids, such as acetate, malonate, are
basic building blocks in the biosynthesis of natural prod-
ucts. Especially, polyketides are assembled by direct con-
densation of these short chain acids as their activated form
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esterase
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of CoA esters in a similar manner to that of fatty acid
biosynthesis. In contrast to fatty acids, polyketides are
diversified in their structures and biological activities, pro-
viding an important source of pharmaceutical and agro-
chemical agents [1,2]. By recent advances in our under-
standing of polyketide biosynthesis, genetic manipulation
of polyketide biosynthesis genes is becoming a promising
tool to produce novel compounds [3-7].

Polyketide chain assembly is catalyzed by polyketide
synthases (PKSs) that are structurally and functionally
analogous to fatty acid synthases (FASs). PKS-mediated
condensation of acyl starter and malonyl unit results in
the formation of a B-ketoacyl thioester. The subsequent
sequential reactions of ketoreduction, dehydration and
enoyl reduction, which normally occur in fatty acid bio-
synthesis, are partly or fully omitted in polyketide assem-
bly cycles in highly programmed manners, which are key

1074-5521/01/8% — see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S1074-5521(00)00068-5



190 Chemistry & Biology 8/2 (2001) 189-197

to the structural diversity in polyketide natural products
[4].

The modular type I PKSs, which catalyze the biosyn-
thesis of reduced macrolide polyketides such as erythro-
mycin, are large multifunctional proteins consisting of so-
called modules. Each reaction necessary for one cycle of
chain elongation and reduction is catalyzed by unique ac-
tive site domains assembled linearly on a module [8]. In
contrast, most of aromatic polyketides in actinomycetes
are assembled by a complex of small, discrete, monofunc-
tional proteins (type II PKS) by the iterative use of a
single set of active sites [3], as exemplified by actinorhodin
PKS [9,10]. Fungal PKSs are formally classified into type I
consisting of a single large polypeptide with a set of active
site domains similar to a module of macrolide type I
PKSs, but they work iteratively to produce their specific
product compounds, including both aromatic and reduced
complex-type compounds such as 6-methylsalicylic acid
[11,12], tetrahydroxynaphthalene [13], T-toxin [14], lova-
statin [15,16], etc. (Fig. 1) Thus, they might be classified as
a separate group of PKSs [17].

The architectures of fungal PKSs are very similar to
each other as shown in Fig. 2. Their linear active site
organization is much more similar to that of mammalian
FASs than to fungal FASs [18]. In most cases, functions of
the fungal PKS genes have been identified by complemen-

tation experiments of blocked mutants. Although direct
product identification of fungal PKSs had been rarely
demonstrated, we have reported successful expression of
atX gene from Aspergillus terreus [12], wA gene from As-
pergillus nidulans [19,20], PKSI gene from Colletotrichum
lagenarium [13,21], and albl gene from Aspergillus fumiga-
tus [22]. Heterologous expression of lovastatin PKS was
also reported by the Hutchinson and Vederas group [16].

A. nidulans wA gene was first cloned and characterized
as the PKS gene involved in pigment biosynthesis of ma-
ture green spores [23,24]. Our recent analysis of wA func-
tion by expression in a heterologous host Aspergillus ory-
zae unambiguously identified that the wA4 gene encodes a
PKS for naphthopyrone compound YWAL 1 [20]. In the
course of the wA expression study, an interesting result
was also obtained with the C-terminus-truncated WA
PKS which was accidentally constructed due to an error
in the previously reported nucleotide sequence [19]. This
truncated WA PKS produced heptaketide isocoumarins,
citreoisocoumarin 2, as a major product instead of a hep-
taketide naphthopyrone, indicating that the truncated
PKS still retained the ability to control chain-length but
lost that for second aromatic ring cyclization. In C-termini
of fungal iterative type I PKSs, acyl carrier protein (ACP)
and thioesterase (TE) domains are assigned based on their
homology with other types of PKS and FAS. However,
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Fig. 1. Typical compounds produced by iterative type I fungal PKSs.
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Fig. 2. Architecture of fungal PKSs. (A) Active site organizations on fungal PKSs deduced from the reported gene sequences are schematically shown.
KS, B-ketoacyl synthase; AT acyltransferase; DH, dehydratase; KR, B-keto reductase; ER, enoyl reductase; MT, methyltransferase; CYC, Claisen cy-
clase. P. patulum MSAS, 6-methylsalicylic acid synthase gene (X5576) [11]; A. terreus ATX, 6-methylsalicylic acid synthase gene (D85860) [12]; C. lage-
narium PKS1, 1,3,6,8-tetrahydroxynaphthalene synthase gene (D83643) [32]; A. nidulans WA, naphthopyrone synthase (X65866) [20,24]; A. nidulans
STCA, stcA gene for sterigmatocystin biosynthesis (L39121) [33]; Aspergillus parasiticus PKSL1, pksL1 gene for aflatoxin biosynthesis (L42765) [34];Co-
chliobolus heterotrophus PKS1, PKSI gene for T-toxin biosynthesis (U68040) [14]; A. terreus LNKS, lovastatin nonaketide synthase gene (AF151722)
[15]. (B) A map of the wA gene with its open reading frame shown as an arrow. Introns are shown in yellow triangles. (C) Architecture of WA PKS

with amino acid residues involved in its catalytic activity.
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actual function of TE in fungal PKS has not been con-
firmed. In general, TE is believed to be necessary for re-
leasing product compounds from PKS [25], but is not al-
ways present in fungal PKSs, e.g., 6-methylsalicylic acid
synthase [26]. The role of tandem ACP motifs which is not
unique to 4. nidulans WA PKS but is found in some other
fungal PKSs [17,27] has not been understood yet (Fig. 2).
These facts prompted us to conduct more detailed func-
tional analysis of the C-terminus region of fungal iterative
type I PKSs using WA PKS as a model. Here, we report
experimental evidence that the C-terminus region of WA
PKS of A. nidulans works not as TE but as Claisen cy-
clase.

2. Results
2.1. Polyketide folding pattern of naphthopyrone YWAI

In our previous work, YWAI1 1 and citreoisocoumarin 2
were identified to be the products of WA PKS [20] and
WAF (C-terminus-truncated WA PKS [19]), respectively.
Apparently, both compounds are heptaketides. As shown
in Fig. 3, the polyketide folding pattern for citreoisocou-
marin 2 is obvious, but two different folding and cycliza-
tion patterns b and ¢ for naphthopyrone are possible. In
fact, both patterns have been reported for fungal naphtho-
pyrones by feeding experiments [28,29]. In order to obtain
clues for how WA PKS controls its reaction, it was neces-
sary for the first place to identify the actual polyketide
folding pattern for YWA1 1. [1,2-13C;]Sodium acetate
was fed to the induction culture of A. oryzae transformant

Table 1

13C NMR data of naphthopyrone YWA2 3 fed with [1,2-3C,]sodium acetate

O HO. N
(e}
Enz
O o OH O

isocoumarin

\HO\”::;L
W — OH OH O

Fig. 3. Polyketomethylene folding patterns for heptaketide isocoumarin
and naphthopyrone.

naphthopyrone

with pTA-nwA [20]. After further 2 days culture, YWAI 1
was extracted and converted to more stable YWA2 3 by
acid-catalyzed dehydration. Observed *C NMR data of
YWA2 3 are shown in Table 1. From 'J (*C-13C) cou-
pling constant data, the folding pattern for naphthopyrone
YWALI 1 was established as pattern c.

After the formation of heptaketomethylene-ACP inter-
mediate, aldol type condensation could give a monocyclic
intermediate, and if it is released from WA PKS by hy-
drolysis, citreoisocoumarin 2 is produced. To form a
naphthopyrone carbon skeleton, ring B closure by Clais-
en-type cyclization must take place following ring A for-
mation by aldol type cyclization.

Since WAF produced no naphthopyrone but citreoiso-
coumarin 2 and its derivatives [19], it is deduced that
WATF is unable to catalyze the second ring B cyclization
and just releases heptaketide monocyclic intermediate to
give isocoumarin derivatives. On the other hand, the intact
WA PKS can catalyze the closure of ring B that leads to

JEnz

0]

YWA2 (3)

So " J
3 .
4 183.1 58
b\‘\ /

position *C §ppm 'J (°C -'°C) in Hz

169.5 50

105.6 58

4a 101.5 63
5 162.3 67
5a 105.3 67
6 158.3 73
7 100.6 73
8 160.7 69
9 100.7 69
9a 140.2 58
10 99.6 58
10a 151.8 63
CHs 20.1 50

Carbon (125.65 MHz) NMR spectra were obtained in DMSO-ds.



naphthopyrone formation. Thus, the C-terminus region of
WA, which is deleted in WAF, is assumed to be involved
in Claisen-type cyclization to form ring B of naphthopyr-
one.

2.2. Construction of C-terminus deletion mutants of WA
PKS and their product analysis

The WAF protein has a deletion of 67 amino acids from
the C-terminus of WA PKS and additional modification
with 24 amino acids derived from the ligated vector se-
quence in this position [20]. To identify the essential region
of the C-terminus of WA PKS for ring B Claisen-type
cyclization, C-terminus deletion mutants were expressed
and their product compounds were analyzed. As shown
in Fig. 4, the mutant WACI with 32 amino acids deletion
from C-terminus produced citreoisocoumarin 2 instead of
normal naphthopyrone YWAI 1, indicating the presence
of amino acid residue(s) essential for Claisen-type cycliza-
tion in the deleted region. WAC?2 is the mutant with fur-
ther deletion of 274 amino acids including TE motif (-G
W S!%7 A G-). This mutant also produced citreoisocou-
marin 2 and its productivity was not affected significantly.
In mammalian fatty acid biosynthesis, TE releases palmi-
tate from FAS [30]. In polyketide biosynthesis, it is known
that DEBS1 without TE showed severe reduction of pro-
ductivity [31]. However, the comparable production level
of citreoisocoumarin 2 by WAC?2 suggested that TE do-
main of fungal aromatic PKSs does work not just as a
simple TE.

In fungal PKSs, the TE motif is not always present and
6-methylsalicylic acid synthase that lacks this motif is a
typical example [17,27]. (Fig. 2) To the best of our knowl-
edge, all fungal aromatic PKSs with TE motifs involve
Claisen-type cyclization in their PKS reactions as shown
in Fig. 5. Furthermore, their protein architecture, such as
C. lagenarium PKSI1 [32], and Aspergillus STCA [33], are
quite similar as shown in Fig. 2. Thus, TE motifs in these

KS AT ace (tgy  Product
WA i— HH
(2157 a.a)
WACH —8 HH -~
(-32a.a.)
WAF —8 HHP
(-67 a.a.)
WAC2 —a H-
(-274 a.a.)
OH OH O OH O
naphthopyrone (1) | {isocoumarin (2)

Fig. 4. Protein architecture of WA and its C-terminus truncated mutants
with their product compounds. TE indicates a catalytic domain.
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Fig. 5. Claisen-type cyclization reactions involved in fungal PKS reac-
tions.

fungal PKSs may not be simple TE to release their prod-
ucts from PKS enzymes, but possibly be involved in Clais-
en-type cyclization as was found in WA PKS.

2.3. Site-directed mutagenesis of the WA PKS C-terminus

To date, four TEs have been structurally characterized
by X-ray crystallography [35-38]. Of these, the Vibrio har-
veyi myristoyl ACP TE [35] and the mammalian palmitoyl
protein TE [36] contain a classic Ser—His—Asp triad [39] in
the active site. Similar catalytic triad might be operative in
fungal PKS Claisen-type cyclization. When amino acid
sequences of these Claisen cyclization type fungal PKSs,
WA, PKSI1, and STCA, are aligned, presence of several
highly conserved amino acid residues becomes apparent in
their C-terminus regions (Fig. 6). Thus, a series of site-
directed mutagenesis was carried out in this region to
identify the amino acid residue(s) essential for Claisen cyc-
lization.

The mutant S1967A in which putative TE active site
residue Ser'®®” was mutated to Ala did not produce naph-
thopyrone at all but produced citreoisocoumarin 2 instead.
This is in accord with the result of WAC2 which has a
deletion up to the TE motif. Also, the single mutation of
His?'? into Gln resulted in the production of citreoisocou-
marin 2, which is also in accord with the result of deletion
mutant WACI lacking the amino acid residues after
Asp?'?% just three residues upstream of His?!? (Table 2).
These site-directed mutagenesis results indicated that at
least both Ser'”®’ and His?'* are essential for Claisen-
type cyclization to form ring B of naphthopyrone
YWATL 1.

2.4. Deletion of the N-terminus of WA PKS

Compared with 6-methylsalicylic acid synthase and re-
duced complex-type fungal PKSs, also conserved in these
Claisen cyclization fungal PKSs are relatively longer N-
terminus regions upstream of P-ketoacyl synthase do-
mains, suggesting their importance in Claisen cyclase re-
actions (Fig. 2). If these fungal PKSs have homodimeric
subunit structures with head-to-tail interaction as mamma-
lian FASs [18], C-terminus Claisen cyclase domains might
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Fig. 6. Alignment of amino acid sequences of C-terminus regions of Claisen cyclization fungal PKSs. Conserved amino acid residues are shown in red.
Ser and His residues involved in Claisen cyclization are shown in green and blue, respectively.

interact with N-termini of complementary subunits. To
assess this possibility, N-terminus deletion mutants of
WA PKS were expressed and analyzed.

To our surprise, the mutant WAN1 with just five amino
acid deletions from its N-terminus apparently lost PKS
activity and no product was detected at all. None of mu-
tants with further deletion from the N-terminus produced
any detectable polyketide compounds. These results indi-
cated the important role of N-termini of fungal Claisen-
type PKSs, that has not been recognized so far.

2.5. Role of tandem ACP motifs

Another characteristic feature conserved in Claisen-type
fungal PKSs is that most of them possess tandem ACP
motifs where the Ser residue is known as the site to which
the 4’-phosphopantethein group is attached as an anchor
for polyketomethylene chain elongation. (Fig. 2) Signifi-
cance of this feature was probed by site-directed mutagen-
esis. Both Ser!®®? and/or Ser!®™ in two ACP motifs
present in WA PKS, were mutated to Cys or Ala. As
shown in Table 3, presence of at least a single intact Ser
residue, either Ser!®? or Ser'3%, is good enough for WA
PKS to function as naphthopyrone synthase. Although
S1804A mutant produced heptaketide isocoumarins, it
could be attributed to secondary structural change of the
C-terminus. Thus, the characteristic feature of tandem
ACPs in these PKSs is not related with Claisen cyclase
function. It is interesting to know whether both Ser resi-
dues are modified with 4’-phosphopantethein in intact WA
PKS, or just one specific residue is attached.

2.6. Mechanism of Claisen-type cyclization in fungal PKS
reaction

Deletion and site-directed mutagenesis of WA PKS
identified that at least two amino acid residues, Ser!%%
and His?'?, are essential for Claisen-type cyclization to
form naphthopyrone YWAL 1. Ser’® and His*'?* may
form a so-called catalytic triad type proton transfer system
[39] with an acidic residue of yet unidentified Asp or Glu
residue. A two-step mechanism could well explain Claisen-

Table 2
Products of WA PKS and its mutants with site-directed mutagenesis in
possible Claisen cyclase domain

(1) | @

native WA| + =

H2129Q - +

S1967A . +

HO
m

OH O

naphthopyrone (1) |isocoumarin (2)




Table 3
Products of WA PKS and its mutants with site-directed mutagenesis in
ACPs
(1)) | =
native WA + -
S$1682C 2 "
S1804C + -
S1682C, S1804C | - =
S1682A + -
S1804A - +
S1682A, S1804A | - -
HO 0L o HO ~
ro CH O
OH OH O OH O
'naphthopyrone (1) ‘isocoumarin (2)

type cyclization and product release mechanism as shown
in Fig. 7. In the first step, polyketomethylene intermediate
anchored on phosphopantetheinyl residue is transferred on
to Ser'%’ with aid of proton transfer from Asp (or Glu)
via His?'?. This step immobilizes the monocyclic inter-
mediate from highly mobile ACP to facilitate the follow-
ing ring B cyclization reaction. Then, His?'? imidazole
base abstracts the methylene proton at the position corre-
sponding to C4a of YWAI 1 and aids its attack to ester
carbonyl to cyclize. Following C-O bond cleavage releases
the product compound. Formation of hemiketal proceeds
non-enzymatically since its stereochemistry is not con-
trolled (data not shown).
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It is needless to say that further biochemical analysis is
necessary not only to confirm this cyclization mechanism
but also for mechanistic issues such as how these fungal
PKSs control condensation cycles, stabilization of chemi-
cally active polyketomethylene intermediates, aromatiza-
tion and cyclization.

3. Significance

Fungal PKSs are high molecular weight proteins con-
taining multiple catalytic domains and thus classified as
type 1. However, different from bacterial modular PKSs,
they apparently use their catalytic domains iteratively to
elaborate product polyketide compounds. Catalytic do-
mains such as B-ketoacyl synthase, acyltransferase, ACP
in fungal PKSs are assigned based on homology with
FASs and bacterial PKSs. In this work, actual function
of so far assumed TE domain of fungal PKSs was identi-
fied to be Claisen cyclase using A. nidulans WA PKS.
Based on the results of site-directed mutagenesis, a mech-
anism of the Claisen cyclization and following product
release was proposed that could be general in Claisen cyc-
lization type fungal PKSs.

4. Materials and methods
4.1. Feeding experiment with [1,2-13 C, Jsodium acetate

A. oryzae transformant harboring pTA-nwA which produces
naphthopyrone YWAI1 1 was first shake-cultured in 10 ml Cza-
pek—-Dox medium containing glucose as carbon source for 4 days
at 30°C and then transferred into 200 ml of the same medium and
shake-cultured for 4 days at 28°C. After filtration, mycelia were
transferred into 2X200 ml Czapek-Dox medium containing

HO,

HO HO

h Hig2129 - HE \ Hig2129
g & N
N
; ] -y o]
- )
O=H - Q o0N,S 0, Q H
oY.s -
. HO LO) HO, H

HO

Fig. 7. Claisen cyclase mechanism involved in the second ring B formation of naphthopyrone.
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starch as carbon source (induction medium) and shake-cultured
for 1 day at 28°C. Then mycelia were collected on a Buchner
funnel, washed with sterile water, transferred into 3 X200 ml
fresh induction medium, and then fed 3X100 mg of
[1,2-3C,]sodium acetate. After another 1 day shake-culture at
28°C, culture medium was collected and extracted with ethyl
acetate. Five hundred mg of crude extract was suspended in 50
ml of concentrated HCI and kept at room temperature for one
night, then poured into excess water and extracted with ethyl
acetate. Dehydration product YWA2 3 was then isolated by
oxalic-acid-impregnated silica gel column chromatography (ben-
zene—acetone solvent system) and recrystallized from ethanol.
NMR spectra were obtained as DMSO-ds solution with a
JEOL Alpha-500 instrument.

4.2. Fungal expression system

Fungal expression plasmid pTAex3 possessing the o-amylase
promoter (amyB) of A. oryzae and auxotrophic marker argB of
A. nidulans was used. Protoplast preparation and transformation
procedures were described previously [40].

4.3. Construction of C-terminus deletion mutants

The C-terminal fragment of wA gene between unique Mlul site
and His?'® was amplified by polymerase chain reaction (PCR)
using Mlul-site sense primer and antisense primer with a designed

stop codon at the Asp?!%

and Mul sites. After subcloning into
pT7-Blue T-vector, this fragment was cut out with M/ul and
inserted at Mlul site of pTA-nwA [20] to construct pTA-wACl1
which could express WACI truncated PKS.

The C-terminal fragment of wA gene between unique Nfel site
and Thr'®3 was amplified by PCR using Nhel-site sense primer
and antisense primer with designed stop codon at Ser'$$4. After
subcloning into pT7-Blue T-vector, this fragment was cut out
with Nhel and Xbal (site in the vector), and replaced with Nhel
fragment of pTA-nwA to construct pTA-wAC2.

4.4. Construction of N-terminus deletion mutants

The region after N-terminus deletion of the Af/II region of the
wA gene was amplified with a designed sense primer with an
EcoRI site and start codon and specific antisense primer. The
amplified fragment was cut with EcoRI and AfIII was replaced
with the EcoRI-AflIl region of pTA-nwA to construct pTA-
wANI1 and other expression plasmids of N-terminus deletion mu-
tants.

4.5. Site-directed mutagenesis

PCR-based site-directed mutagenesis was carried out. pTA-
nwAH2129Q to express the H2129Q mutant was constructed as
follows. The Mlul-site to the His*'* region of the wA gene was
amplified with Mlul-site sense primer and H2129Q antisense
primer. This fragment was then used as a primer to amplify the
Mlul site to the stop codon region with antisense stop codon

primer with a Mlul site. The amplified fragment was then sub-
cloned into pT7-Blue T-vector and its sequence was confirmed.
After cutting with Ml/ul, the fragment was introduced into the
Mlul site of pTA-wA to construct pTA-nwAH2129Q as was car-
ried out to construct pTA-nwA [20].

pTA-nwAS1967A to express S1967A mutant was constructed
as follows. Ser!®’—M/ul region of wA gene was amplified with
S1967A sense primer and Mlul-site antisense primer. This frag-
ment was then used as a primer to amplify the Nhel-site to Mlul-
site region with Nhel-site sense primer. Amplified fragment was
then subcloned into pT7-Blue T-vector and its sequence was con-
firmed. This Nhel-site to Mlul-site region was introduced into
pTA-nwA to construct pTA-nwAS1967A.

Site-directed mutagenesis to construct ACP mutant expression
plasmids was also carried out by PCR-based mutagenesis. PCR
fragments with mutations were replaced with the corresponding
region of pTA-nwA.

4.6. Detection of WA and mutant PKS products

A. oryzae transformants with WA PKS or its mutant expres-
sion plasmid were pre-cultured in Czapek—Dox medium contain-
ing glucose as the carbon source and then transferred into an
induction medium (Czapek—Dox containing starch). After 1 day
induction culture, the culture medium was acidified and extracted
with ethyl acetate. Then, ethyl acetate extract was analyzed by
HPLC with a reverse-phase column (Tosoh ODS-80Ts, 4.6 X 150
mm) maintained at 40°C. The solvent mixtures were (A) water/
acetic acid (98/2) and (B) acetonitrile/acetic acid (98/2). The chro-
matography was run with a linear gradient of solvent from 5% B
to 40% B in 30 min with detection at 254 nm. The retention time
of YWAI1 1 was 27 min and that of citreoisocoumarin 2 was 22
min. Product analysis was carried out on each representative
A. oryzae transformant, but production was not analyzed quan-
titatively because copy numbers of integrated expression cassette
may vary in each A. oryzae transformant.
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