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ABSTRACT: The Colletotrichum lagenarium PKSdene encoding iterative type | polyketide synthase of
1,3,6,8-tetrahydroxynaphthalene (T4HN) was overexpressAdpprgillus oryzaeSDS-PAGE analysis

of the cell-free extract prepared from the transformant showed an intense band of 230000 which cor-
responded to the molecular weight of the deduced PKS1 protein. By using this cell-free extract, in vitro
synthesis of T4AHN was successfully confirmed as the first example of the fungal multi-aromatic ring
polyketide synthase activity ever detected. To identify the starter unit for TAHN syntM&igbeled

acetyl CoA and/ot*C-labeled malonyl CoA were used as substrates for T4HN synthase reaction. Observed
was the incorporation of*C label into T4HN solely from malonyl CoA even in the absence of acetyl
CoA and not from acetyl CoA. This in vitro result unambiguously identified that malonyl CoA serves as
the starter as well as extender units in the formation of T4HN by fungal polyketide synthase PKS1.

Polyketide metabolites are known as one of the most of proteins with mono- or bifunctional domaing(The third
important groups of natural products with huge structural ones, sometimes designated as type lll, are plant chalcone
diversity. Many of them show significant biological activities synthase (CHS) family7 8).
such as antibiotic, immunosuppressant, antiparasitic, insec- Bacterial PKSs, especially those of actinomycetes, have
ticidal, toxins and so forthl( 2). Polyketide carbon skeletons  been studied extensively and found that modular type | PKSs
are assembled by so-called polyketide synthases (PK®8)  elaborate reduced complex type polyketides such as mac-
utilize acyl CoAs, mostly acetyl CoA and malonyl CoA, as rolides 6, 6). For aromatic compounds, iterative type |l
their building blocks. Reactions of PKSs proceed in a quite systems are involved as exemplified in the biosynthesis of
similar way to that of fatty acid synthase (FAS), but actinorhodin ) and tetracenomycinl().

B-carbonyl groups generated through condensation 0f C  Along with bacteria and plants, fungi produce a great
units remain, in most cases, unreduced during chain- number of compounds of polyketide origibl{ 12). Studies
elongation of PKS reaction$,(4). on fungal PKS began in 1960s by Lynen and co-workers.

Thus far, PKSs are classified into three types. Type | PKSs Their works crystallized as a landmark paper on 6-methyl-
are large multifunctional enzymes with multidomains neces- salicylic acid synthase (MSAS) frorRenicillium patulum
sary for polyketide assembly such Asketoacyl synthase  (13). Later, its gene cloning followed as the first fungal PKS
(KS), acyltransferase (AT), acyl carrier protein (ACP) and gene ever clonedlLé). Since then, several fungal PKS genes
in some casesp-ketoreductase (KR), dehydratase (DH), have been cloned. They aeX from Aspergillus terreus
enoyl reductase (ER), and thioesterase (T&BJ. Type Il for MSAS (15), wA from Aspergillus nidulansfor spore
PKSs, in contrast, are multienzyme complex system consistedpigment biosynthesis16), PKS1 and albl for melanin
biosynthesis fronColletotrichum lagenariunf17) and As-
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1 Abbreviations: ACP, acyl carrier protein; AT, acyltransferase; CHS, Their protein architectures are more closely related to
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dihydroxynaphthalene; DTT, dithiothreitol; ER, enoyl reductase; FAS, i ; i i
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tetrahydroxynaphthalene. have been rarely identified. We have reported successful
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Ficure 1: Biosynthesis of T4AHN and DHN melanin.
S - oH  oH T4HN formation, it was desirable to establish in vitro system
o e — e — smihesizng T4HND.
Ha o Ho " oH Cell-free enzymological studies on microbial PKSs have
advanced since recombinant systems have become available
o on as first exemplified by Shen and Hutchins@4l); Bacterial
Claisen-ype type | PKS for 6-deoxye_rythronollde 5, 36) _and type Il
oyclization o PKSs for tetracenomycin3y) and actinorhodin38) have
T s " been purified and extensively studied. However, no success-
@) 5xMalonyl CoA mz_&\o ZZ ful preparation of active ceII—'free synthesis systems of
Ho o T oo iterative type | PKSs from fungi have been reported except
decarborytation /@E}K MSAS and orsellinic acid synthase. Both are PKSs for single
HO CHy aromatic ring compounds39—41).

2

_ ) We report here the preparation of active cell-free system
Ficure 2: Proposed mechanisms for T4HN formation.

of T4HN synthesis from thAspergillus oryza#ransformant
overexpressing. lagenariumPKS1 and identification of

expression oatX (15), wA (nwA) (29, 30), andC. lagenarium T4HN starter unit by in vitro analysis.

PKS1(31) using starch inducible--amylase promoter in

heterologous fungal hosts and identified their PKS products. MATERIALS AND METHODS

Hutchinson and Vederas group also reported identification

of products of Lov PKSs2J3). Materials [2-'“C]Malonyl CoA (2.1 GBg/mmol) and
C. lagenariunis a phytopathogenic fungus, a causal agent [1-*“Clacetyl CoA (2.2 GBg/mmol) were obtained from NEN

of anthracnose of cucumber. 1,8-Dihydroxynaphthalene Life Science Products, Inc. Acetyl CoA and malonyl CoA

(DHN) melanin formation is one of the determinants for its Were from Sigma. All other chemicals used were of the

infection @2). 1,3,6,8-Tetrahydroxynaphthalene (T4HN) ( highest purity commercially available grade.

is an indispensable precursor to DHN melanin and is an Strain and Culture ConditianiTheA. oryzagransformant

unique symmetrical compound of polyketide origin with no with the PKS1 expression plasmid pTAPSG was from

apparent starter uni8g). (Figure 1) In our previous paper previous work 81). The transformant was precultured in

on the PKS1 expression experiment, we identified a penta- Czapek-Dox medium containing glucose as carbon source

ketide monocyclic carboxylic aci®) as a possible byproduct ~ and then transferred into induction medium (Czapek-Dox

of PKS1 PKS reaction in addition to the normal product medium containing starch). After 3 days induction culture

T4HN (1) (31). Identification of this monocyclic compound at 30 °C on a rotary shaker at 200 rpm, mycelia were

(2) led us to propose the folding pattern of the pentaketide harvested on a Buchner funnel, washed with distilled water,

intermediate and two possible cyclization mechanisms for and then used for cell-free extraction or stored-&0 °C

the second aromatic ring formation of T4HW) (@s shown  after liquid nitrogen flush freezing.

in Figure 2. A key issue here is how the apparent terminal  Cell-Free Extract PreparationMycelia, freshly harvested

methyl group could be activated to facilitate Claisen-type or stored deep frozen, were flash frozen in liquid nitrogen

cyclization. One possibility is a presence of a strong basic and pulverized in a mortar with a pestle. The mycelial

amino acid residue in the active site that can activate a powder was then suspended in 50 mM potassium phosphate

terminal methyl group. The other one is that malonate servesbuffer, pH 7.5, containing 30% glycerol, 2 mjgtmercap-

as a starter unit instead of acetate that can generate carbaniotoethanol, 1 mM EDTA, and 0.1 mM benzamidine. The

by decarboxylation. To clarify the mechanism involved for mixture was occasionally stirred on ice for 20 min and
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Ficure 3: SDS-PAGE and Western blot analysis of the cell-free

extract ofA. oryzaetransformant. (A) SDSPAGE: Lane 1, crude 0
extract of A. oryzaeM-2-3; lane 2, crude extract oA. oryzaé
pTAPSG transformant; lane 3, 50aPPpt fraction; lane 4, 500@P
sup fraction; lane 5, 2100@0ppt fraction; lane 6, 2100@0sup
fraction. (B) Western blot: lane 7, crude extractfoforyzae M-2-
3; lane 8, crude extract &i. oryzaé¢pTAPSG transformant.
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subsequently centrifuged at 10@0fdr 20 min. The super-
natant was then filtered through four layered gauze to remove §
residual cell debris. Thus prepared crude cell-free extract was ~
then subjected to ultracentrifugation at 50@6r 1 h. The
supernatant was further fractionated by ultracentrifugation
at 21000@ for 2 h.

HPLC and LC-APCIMSReverse phase HPLC condition 1 5
used for enzymatic product analysis was as follows: ODS-
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80Ts column (4.6< 150 mm; Tosoh), maintained at 4Q;
mobile phase, linear gradient from 5% @EN in H,O to
40% CHCN in H,O (each contained 2% acetic acid) over
30 min with detection at 254 nm; flow rate, 0.8 mL/min.

Ficure 4: HPLC analysis of acetylated PKS1 cell-free product with
UV absorbance an#C radioactivity.

native molecular weight of PKS1 has not been estimated yet,

LC-APCIMS was measured on LCQ (Thermo Quest) under precipitation by ultracentrifugation might be ascribed to

the same condition as for the HPLC analysis. nonspecific aggregation while extraction procedures.
Preparation of anti-PKS1 AntibodyPolyclonal antiserum In Vitro Synthesis of TAHNEnzymatic synthesis of T4HN
against PKS1 protein was obtained by immunizing rabbits (1) was first established by the following experiment.
with SDS-gel purified PKS1 protein expressedescherichia Reaction mixture containing 50L of 50 mM potassium
coli using PET expression system (Novagen). I9G fraction phosphate buffer, pH 7.5, 28 of 100 uM acetyl CoA, 25
was obtained by passage through a Protein A affinity column. uL of 180 uM [2-1“C]malonyl CoA (5.55x 10P dpm), and
SDS-PAGE and Western Blot AnalysBDS-PAGE was 150 uL of enzyme solution (2100@Dppt fraction) was

performed essentially as described by Laemaf)(Gels  ihcypated at 3(°C for 30 min. After acidification with

of 5% acrylamide and 0.5% bisacrylamide were used and gqdition of 50uL of 6 M HCI, the reaction mixture was
electrophoresed in a modified Laemmli buffer system (0.025 gxiracted with ethyl acetate and then acetylated with acetic
M Tris base, 0.192 M glycine, 0.05% SDS). Gels were annydride and pyridine. The acetylated product was analyzed
stained with GelCode Blue stain reagent (Pierce). After py gjlica gel TLC. Radioautogram indicated the formation
separation on SDSPAGE, proteins were blotted onto ot T4HN tetraacetatedf, which was further confirmed by
nitrocellulose membrane (Schleicher and Schuell) by Bio- yp| ¢ analysis (Figure 4). None of T4HN tetraacetadp (

Rad electroblotting apparatus according to the manufacturer's,as detected in the control reaction with the cell-free extract
instructions. The filter was detected by enzyme-linked prepared from nontransformant.

immunodetection with anti-PKS1 antibody and anti-rabbit * pirect Detection of T4HN and Flolin. Direct detection
IgG_-peroxida_se conj_ugate gsing Konica immunostain horse- o T4HN (1) enzymatically formed by PKS1 PKS was
radish peroxidase kit (Konica, Japan). attempted since high enzyme activity was expected in the

21000@ ppt fraction. The PKS1 PKS assay mixture (250

RESULTS uL) contained 10Q«M acetyl CoA, 15QuM [2-14C]malonyl

Fractionation and SDSPAGE Analysis of the Cell-Free
Extract. SDS-PAGE analysis of the crude cell-free extract
prepared from the starch inducéd oryzaetransformant

CoA (5.55 x 1C° dpm), 2 mM DTT, and 20uL of
ultracentrifugation fraction in 0.1 M potassium phosphate
buffer, pH 7.5. Reaction was initiated by adding malonyl

mycelia indicated overexpression of 230000 band which well CoA, incubated at 25C for 60 min, and terminated by
corresponded to the deduced molecular weight of PKS1 adding 100uL of 1 M HCI. Products were extracted with
protein. This band was immunoreactive to antiserum raised 400 uL of ethyl acetate, dried up by flushing of nitrogen
against PKS1 protein expresseddncoli although a ladder  gas, and dissolved in 108L of acetonitrile for HPLC
of smaller bands, possible degradation products of PKS1analysis. Standard T4HN1), carboxylic acid 2), and
protein, could be observed in Western analysis (Figure 3). flaviolin (3) were eluted with retention time at 15, 16, and
By fractionation with ultracentrifugation, this large protein 21 min, respectively. Radioactivity was monitored by liquid

sedimented even at 5009fr 1 h and was mainly recovered
in the precipitates by ultracentrifugation at 2109@6r 2 h,
providing a highly concentrated PKS1 fraction. Although

scintillation counting of fractions collected every 1 min. As
shown in Figure 5 A, two radioactive peaks were observed
and their retention times corresponded to those of T4HN (
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Ficure 5: HPLC analysis of enzymatically formed PKS1 products
with UV absorbance anHC radioactivity. Substrate(s) used in each
reaction: (A) acetyl CoA and [24C]malonyl CoA, (B) [1¢‘C]-
acetyl CoA and malonyl CoA, (C) [2‘C]malonyl CoA.

and flaviolin @), the latter being an autoxidation product of
T4HN (1). Furthermore, these products could be detected
even with UV monitoring at 254 nm alone. Rigorous
identification of products was obtained by LC-APCIMS. This
strong T4HN synthase activity provided us a desirable in
vitro system to identify the starter unit of T4HNL)(
formation.

Determination of T4AHN Synthase Starter UniNs pro-
posed in our previous papedl), malonyl CoA instead of
acetyl CoA might be a starter unit in PKS1 T4HN synthase
reaction. Determination of the starter unit of this reaction
was presumed to be difficult since acetyl CoA could arise
from the decarboxylation of malonyl CoA to serve as the

Fujii et al.

PKS1 products by UV absorption at 254 nm and the
incorporation of“C label from [13‘C]acetyl CoA or [21“C]-
malonyl CoA on HPLC simultaneously (Figure 5). As
summarized in Table 1, amounts of PKS1 products [T4HN
(2), carboxylic acid 2), and flaviolin @)] formed in vitro
from acetyl CoA plus malonyl CoA (reaction A and B) or
malonyl CoA alone (reaction C) were found to be in the
similar range as estimated by peak area at UV 254 nm.
Radioactivity incorporation from [2¢4C]malonyl CoA was
comparable in reaction A and C irrespective of the presence
of cold acetyl CoA. On the other hand, negligible level of
1C incorporation from [1*C]acetyl CoA was detected in
reaction B with [1!Clacetyl CoA and malonyl CoA.
Relative'“C specific incorporation from [#4Clacetyl CoA
(b/a of reaction B in Table 1) was found to be less than 1%
of those from [2¥“C]lmalonyl CoA p/a of reaction A in
Table 1). TheoreticafC specific incorporation from [C]-
acetyl CoA should be 25% of those from & ]malonyl
CoA if acetyl CoA serves as a starter unit of PKS1
pentaketide synthase reaction.

From these results, we could conclude that the fungal type
| PKS, T4HN synthase (PKS1), utilizes not acetyl CoA but
malonyl CoA as the starter unit.

DISCUSSION

To the best of our knowledge, this is the first report on
the successful detection of cell-free activity of multi-aromatic
ring PKS from fungi. TheC. lagenariumPKS1, T4HN
synthase, was overexpressed in a heterologous fuAgus
oryzae and its cell-free activity was confirmed. Although
fungal PKS study has a long history, MSAS and orsellinic
acid synthase, both for single aromatic ring polyketides, have
been the only two fungal PKSs whose activities have been
detected in vitro 39—41). MSAS was purified and its gene
was cloned by Schweizer’'s group only a decade dgh. (
Since then, several fungal PKS genes have been cloned for
both aromatic and reduced polyketides. However, no other
cell-free activity of PKS has been reporte2b(27).

Acetate or its equivalent acetyl CoA has been believed to
be a G starter unit of polyketide biosynthesis. However,
bacterial PKSs for actinorhodi8®) and tetracenomycir8{)
from streptomycetes have been shown to utilize malonyl CoA
as a starter of polyketide synthesis. Starter unit for T4HN
(1) has been discussed for a long time since it is a symmetric
compound with no apparent starter. ldentification of mono-
cyclic carboxylic acid 2) as a byproduct of PKS1 reaction
in vivo (31) suggested that accidental decarboxylation of
malonyl starter or misloading of acetate as a starter forced
to form the compound 2. Thus, the malonyl starter
mechanism was favored. As malonyl CoA can be converted
to acetyl CoA in vitro by enzymatic or nonenzymatic
decarboxylation and contamination of each other compound
is inevitable, great caution should be paid to identify the
starter unit by in vitro PKS reaction. In T4HN synthesis by
theC. lagenariumPKS1, its starter unit was unambiguously
identified to be malonyl CoA by virtue of high enzyme
activity of the cell-free preparation. As shown in Figure 2,

starter unit even though malonyl CoA alone is used as the the mechanism of decarboxylative Claisen-type cyclization

substrate.
The strong activity of PKS1 enzyme preparation (21@D00
ppt fraction) enabled us to monitor the in vitro formation of

well explains the naphthalene ring formation. In vitro
formation of monocyclic carboxylic acid2) as a minor
product (HPLC retention time at 16 min) was also observed
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Table 1: In Vitro Incorporation of*C Label from Acetyl CoA or Malonyl CoA into PKS1 Produtts

T4HN (1) + carboxylic acid 2) flaviolin (3)
substrate &) rel peak area k) *“C incorp b/a (a) rel peak area k) 4C incorp b/a
(A) acetyl CoA+ [2-**C]malonyl CoA 443 63 257 143 (100) 112 14 436 129 (100)
(B) [1-“CJacetyl CoA+ malonyl CoA 235 259 1.1 (0.7) 119 52 0.4 (0.3)
(C) [2-**C]malonyl CoA only 487 69 790 143 (100) 141 12749 90 (70)

2 (a) Relative peak area of each compouidZ, 3) were monitored on HPLC at UV 254 nb)(*“C incorporation (dpm) were deteremined by
liquid scintilation counting of HPLC fractions collected every 1 min.

KS AT ACP CYC
A. nidulans WA . Z ML z
(;57 a.a.)
i 7
A. nidulans STCA 7 IS
(2181 a.a.)
C. lagenarium PKS1 . Z
(2187 a.a.)

Ficure 6: Architecture of fungal type | polyketide synthases of Claisen-type cyclization SKH®&toacyl synthase; AT, acyltransferase;
ACP, acyl carrier protein; CYC, putative Claisen-type cyclase.

with scarce incorporation of label from [€]acetyl CoA. interesting to note that lower eukaryotic PKS1 and bacterial
This result indicates that starter of byprodug) (s also RppA catalyze the formation of the same compound T4HN
malonate and its decarboxylation might occur while chain (1), but mechanistically in quite different manners. The
elongation to first ring closure on the PKS1 enzyme that former catalyzes the elongation of polyketomethylene chain
leads to formation of3). However, it should be noted that on the SH residue of phosphopantetheine group attached to
these data could not discriminate whether decarboxylative the internal serine residue of acyl carrier domain. On the
carbanion generation and the second ring formation of hand, the latter apparently does not use acyl carrier protein
naphthalene occur in a concerted manner or by distinctand carries out chain elongation probably as a CoA ester.
stepwise way. Fungal DHN melanin has critical role in pathogenicity to

Claisen-type cyclization was assumed to be involved in ot only plants 44, 45) but also mammalsl@, 46—48). And
other fungal PKS reactions, for example, naphthopyrone and T4HN formation is the indispensable first step of its
norsolorinic acid anthrone Synthesis by PKSs encoded bybiosyntheSiS. The establishment of cell-free System of fungal
A. nidu'ans WAand pksST(pksL) Of Aspergi”usspecies_ T4HN Synthase in th|S Study OpenS a frontiel’ fOI’ detailed
Interestingly, these Claisen-type PKSs including PKS1 have mechanistic studies on this important enzyme, such as choice
quite similar protein architectures as shown in Figur®.( of starter, control of condensation cycles, and controls of
In Claisen-type cyclization, involvement of C-terminus @ldol and Claisen cyclization to form T4HN)
region so far recognized as thioesterase (TE) domain was
proposed in our previous publication omA expression ACKNOWLEDGMENT
experiment30). Compared with MSAS and reduced complex-  The authors are grateful to Prof. Katsuya Gomi (Graduate
type fungal PKSs which lack Claisen-type cyclization step, School of Agriculture, Tohoku University, Sendai, Japan)
relatively long N-terminal sequences upstream of KS do- for his kind supply of the plasmid and fungal strain, and to
mains were also conserved in these type of fungal PKSs, Prof. C. Richard Hutchinson (School of Pharmacy, University
suggesting possible importance of N-termini in these PKS of Wisconsin-Madison) for his critical reading and comments
reactions. Despite similarity in protein architecture, these on the manuscript.

PKSs show individual specificities such as choice of starter
units (acetyl or malonyl for WA, malonyl for PKS1, and REFERENCES
hexanoyl for STCA) and number of condensation cycles. To

clarify the mechanism for these specificities, further enzy-
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reported here is an essential first step toward this purpose.
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