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Abstract Southern blot analysis of genomic DNAs of
several fungi that produce polyketide compounds with
the 6-methylsalicylic acid synthase (MSAS) gene of
Penicillium patulum as a probe indicated the presence of
an MSAS-homologous gene in the (+)-geodin-produ-
cing strain IMI 16043 of Aspergillus terreus. The gene,
designated atX was cloned from an A. terreus genomic
DNA library and 7588 bp of the gene together with its
flanking regions were sequenced to reveal the presence
of a 5.5 kb open reading frame coding for a protein of
1800 amino acids with 190 kDa molecular mass. The
presence of a short (70 bp) intron near the N-terminus
of the at X gene was predicted that contains the canoni-
cal GT and AG dinucleotides at its 5'- and 3’-splicing
junctions. The predicted ATX polypeptide showed high
homology with P. patulum MSAS along the whole
sequence. On the other hand, slight homology was
detected only around the f-ketoacyl synthase regions
of Aspergillus nidulans wA, PKS5T and Colletotrichum
lagenarium PKSI. No transcription of atX was ob-
served throughout the culture period by Northern
blotting analysis. To identify the function of the poly-
peptide encoded by the atX gene, its coding region was
introduced into the fungal expression vector pTAex3
under the control of the amyB promoter. The construc-
ted expression plasmid was introduced into A. nidulans.
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The transformant produced significant amounts of
6-methylsalicylic acid, the structure of which was iden-
tified by physicochemical analysis. This result unam-
biguously demonstrated that the atX gene codes for
MSAS of A. terreus.
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Introduction

Polyketides are one of the most important groups of
natural products because of their huge structural var-
iety and versatile biological activities (O’Hagen 1991).
In spite of their remarkable structural diversity, the
initial reactions of polyketide biosynthesis follow a
common scheme resembling fatty acid biosynthetic
reactions catalyzed by polyketide synthases (PKSs),
which catalyze p-polyketomethylene carbon chain
formation from acyl primer and malonate C2 units and
subsequent reduction, dehydration and/or cyclization
reactions (O’Hagen 1992, 1993).

Molecular genetic analysis of polyketide biosynth-
esis genes, especially those of bacterial origin, has been
extensively carried out. Thus, the presence of several
types of PKSs has been recognized, such as multifunc-
tional polypeptide PKSs (fungal PKSs), modular PKSs
(bacterial macrocyclic PKSs), and multienzyme PKSs
(bacterial aromatic PKSs) (Hopwood and Sherman
1990; Hopwood and Khosla 1992; Hutchinson and
Fujii 1995).

So far, 6-methylsalicylic acid synthase (MSAS) of
Penicillium patulum is the sole example of a fungal PKS
that has been characterized at both the enzyme and
gene levels (Dimroth et al. 1970; Beck et al. 1990;
Spencer and Jordan 1992a,b). Bacterial PKS genes
have been extensively studied, but PKS enzyme activ-
ities were detected only in a few cases: tetracenomycin
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PKS by Shen and Hutchinson (1993) and 6-
deoxyerythronolide B PKS by Khosla and colleagues
(Pieper et al. 1995).

Hopwood and colleagues have indicated the pres-
ence of sequence similarity among the PKS genes of
streptomycetes and the possible usefulness of PKS
genes as probes for screening of new PKS genes (Mal-
partida et al. 1987). This has been proven in some cases.
For example, we have succeeded in cloning the ak-
lavinone biosynthesis gene cluster from Streptomyces
galilaeus using act genes as probes (Tsukamoto et al.
1992, 1994). The similarity, especially, of the -ketoacyl
synthase gene, is ascribed to the inherent characteristics
of PKSs whose key reaction is the iterative decar-
boxylative aldol condensation. Therefore, cloned PKS
genes might be useful probes, in principle, for the clon-
ing of PKS genes of all organisms.

We have been studying the biosynthesis of seco-an-
thraquinone, (+)-geodin in Aspergillus terreus at the
enzyme and molecular genetic levels and successfully
identified and characterized most of the enzymes
involved (Fujii et al. 1982, 1983, 1987, 1988, 1991;
Chen et al. 1992, 1995; Huang et al. 1995a). However,
no polyketide synthase activity has been detected so far
in spite of our extensive efforts. The only detectable
fungal PKS enzyme activity that we have found is
orsellinic acid synthase of Penicillium cyclopium, the
stereochemical course of the reaction of which was
approached by chiral malonate methodology (Woo
et al. 1989).

To clarify further the nature of fungal PKSs, screen-
ing of the fungal PKS genes was carried out using the
MSAS gene of P. patulum as a probe. We found a pos-
sible PKS gene, designated atX, in the (+)-geodin-
producing strain IMI 16043 of A. terreus. In this paper,
we describe the cloning of the atX gene and its identi-
fication as the A. terreus MSAS gene by heterologous
expression in Aspergillus nidulans.

Materials and methods

Fungal strains

Polyketide-producing fungal strains, A. terreus IMI 16043 [(+)-
geodin producer], Myrothecium verrucaria AH-14 [( — )-rugulosin
producer], Oospora sulphrea-ochracea (asterric acid producer),
P. cyclopium (penicillic acid producer), Penicillium frequentans CMI
96659 (asterric acid producer), Penicillium islandicum IN 487 (skyrin
producer), and Penicillium oxalicum (secalonic acid producer) were
stock cultures of our laboratory.

Strain FGSC 89 (argB, biA) of A. nidulans was maintained on
arginine and biotin-supplemented Aspergillus minimal medium as
described by Pontecorvo et al. (1953).

DNA and vectors

The MSAS gene of P. patulum was a generous gift from Prof.
Schweizer (Beck et al. 1990). AEMBL3, AZAP 11, and pBluescripts

were from Stratagene. pGEM7-Zf(+) was purchased from
Promega. pT7 Blue from Novagen was used for direct cloning of
polymerase chain reaction (PCR) products. pTAex3 is a shuttle
vector carrying the ampicillin resistance gene and the argB gene of
A. nidulans for selection in Escherichia coli and arginine prototrophy
selection in fungi, respectively (Fujii et al. 1995). The plasmid also
carries the promoter and terminator region of the Taka-amylase
A gene (amyB) of Aspergillus oryzae (Tada et al. 1991) flanking
unique EcoRI and Smal cloning sites.

Nucleic acid isolation and Southern blot analysis

Genomic DNAs of fungi were isolated by the modified procedure of
Biel and Parrish (1986) as previously described (Huang et al. 1995b).

Genomic DNAs were subjected to restriction enzyme digestion
and capillary-transferred from agarose gel onto Nytran membranes
(Schleicher and Schuell). DNA probes were labeled with
digoxigenin-dUTP using the DIG DNA labeling kit (Boehringer
Mannheim, Germany) according to the manufacturer’s instructions.
Hybridization was carried out in a solution containing 5 x SSC
(1xSSC =0.15M NaCl, 0.015M sodium citrate), 0.1% SDS,
2% blocking reagent (Boehringer Mannheim), 0.02% sodium
N-lauroyl sarcosine at 65°C overnight. Filters were washed
twice with 2 x SSC, 0.1% SDS at 65°C for 30 min. Enzyme-linked
immunodetection was carried out using the DIG nucleic acid detec-
tion kit (Boehringer Mannheim) as recommended by the manufac-
turer.

Total RNAs were isolated by the phenol-SDS method (Chargwin
et al. 1979) with additional LiCl precipitation. Poly(A)" RNA was
separated by oligotex-dT30 (Daiichi Chemicals, Japan) according to
the manufacturer’s instructions.

Construction and screening of A. terreus partial genomic DNA
library

Genomic DNA of A. terreus was digested with BamHI, and the
digestion products were separated by agarose gel electrophoresis.
DNA fragments of approximately 8 kb recovered by electroelution
were ligated with EcoRI and BamHI-digested AEMBL3 phage DNA
arms. Packaging of the ligation mixture gave a library comprising
1.4 x 10° plaque forming units.

The second genomic DNA library of 3.6 x 10* plaque forming
units was constructed with approximately 8-10 kb EcoRI digested
fragments and EcoRI-digested AZZAP II phage DNA arms.

Screening was carried out by plaque hybridization with a
digoxigenin-dUTP-labeled probe of the fi-ketoacyl synthase region
of MSAS (MKS). Detection was carried out using DIG nucleic acid
detection kit (Boehringer Mannheim) and nitroblue tetrazolium salt
and 5-bromo-4-chloro-3-indolyl phosphate.

DNA sequence analysis

DNA sequence analysis was carried out by the dideoxy chain termi-
nation method using Sequenase version 2.0 (Amersham) and fluor-
escein isothiocyanate-labeled primer or terminator (Yuki Gosei
Kogyo Co., Japan) with an Hitachi SQ-3000 auto DNA sequencer.
Fragments for sequencing were generated either by restriction diges-
tion or deletion with exonuclease I11 and mung bean nuclease. DNA
sequence data were organized and analyzed by using the DNASIS
program (Hitachi Software Engineering Co., Japan) and DNA anal-
ysis program package of the Human Genome Center (Institute of
Medical Science, The University of Tokyo). The final sequence of the
cloned atX DNA was determined from both strands.
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Nucleotide sequence accession number

The nucleotide sequence data reported in this paper have been
deposited in the DDBJ, EMBL and GenBank nucleotide sequence
databases with the accession number D85860.

Construction of the atX expression plasmid pTA-ATX

Construction of the atX expression plasmid pTA-ATX was carried
out as summarized in Fig. 1. A 3.2 kb Xhol- Sacl fragment from the
atX gene was subcloned into pGEM7-Zf(+) to form pGEM-ATXI1.
The N-terminus region from the ATG translation initiation codon
to the Xhol site (480 bp) was amplified by PCR using 5'-sense
primer: 5-CTC GAG CAA GCC ATG GAG GTA CAT-3" and
3’-antisense primer: 5'- ACA AAC TCT GCG GTG GGA TT-3". In
the 5'-sense primer, the designed Xhol site is underlined. Amplifica-
tion with Ex Taq polymerase (Takara Shuzo, Japan) was carried out
in the following conditions: template azX-2 DNA, 100 pmol of each
primer, 8 ul of 2.5 mM dNTP solution, 10 ul of 10 x Ex Tagq poly-
merase buffer (Takara Shuzo) and 2.5 units of Ex Taq polymerase
were combined in a total volume of 100 ul. The cycle of 94° C for
30, 58° C for 1 min, and 72° C for 1 min was repeated 25 times. The
amplified fragment was directly subcloned into pT7 Blue vector
plasmid to construct pT7-ATX1. The absence of Taq polymerase
fidelity error was confirmed by sequencing analysis. The Xhol frag-
ment cut from pT7-ATX1 was inserted into the Xhol site of pPGEM-
ATXI1. A plasmid with the correct orientation was selected and
named pGEM-ATX11. The C-terminus of the atX gene (3.0 kb Sacl
fragment) was inserted into the Sacl site of pPGEM-ATX11 to con-

HindlIII

pTA-ATX

Xbal

HindIIl AX.ORF

pUC118

BamH1 yp1/5mal

Fig. 1 Construction of atX expression plasmid pTA-ATX. (PCR
polymerase chain reaction, ORF open reading frame, Pamy B, Tamy
B promoter and terminator of amyB)

struct pGEM-ATX21, which has a correctly assembled atX gene.
After blunting by Klenow enzyme, the 6.2 kb Xbal fragment con-
taining the whole atX coding region was inserted into the Smal site
of expression plasmid pTAex3 (Fujii et al. 1995). The plasmids thus
constructed, pTA-ATX (right orientation) and pTA-ATXR (oppo-
site orientation), were used to transform A. nidulans FGSC 89.

Transformation of A. nidulans

Protoplasts of A. nidulans were prepared by the method of Tilburn et
al. (1983) and Huang et al. (1995b). Transformation was carried out
according to the procedures described by Gomi et al. (1987). Stable
transformants were isolated by repeated transfer of sporulating
colonies on selection plates.

Isolation and identification of the ATX product

The A. nidulans pTA-ATX transformants were precultured for
3 days at 30° C on a rotary shaker in Aspergillus minimal medium
containing glucose as a carbon source. Mycelia were collected by
centrifugation and transferred into fresh medium containing soluble

Smal
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starch as a carbon source. Cultures were continued for a further
3 days at 30° C. Culture medium was acidified and extracted with
ethylacetate. After evaporation, residues were analyzed by thin layer
chromatography (TLC plate Merck 16485; benzene : acetone = 3:1).
The presence of a compound that was absent in A. nidulans FGSC
89 extract was detected as a main product. The compound was
isolated by oxalic acid-impregnated silica gel column chromatogra-
phy (benzene-acetone solvent system) and recrystallized from
chloroform. From a 200 ml induction culture was obtained 65.5 mg
ATX product as colorless needles. The following physicochemical
data identified the ATX product as 6-methylsalicylic acid: mp,
174-5°C (CHCl3); EI-MS, m/z = 152 (M), 134 (-H,0); 'H-NMR
(acetone-dg/TMS, 500 MHz) é(ppm) 2.58 (3H, s), 6.78 (1H, d,
J=8Hz), 6.79 (1H, d, J =8Hz), 7.33 (1H, dd, J = 8Hz, 8Hz);
13C-NMR (acetone-de, 125 MHz) §(ppm) 24, 113, 116, 123, 135, 142,
164, 174.

Results

Genomic Southern blot analysis of polyketide-producing
fungi

Genomic DNAs of several polyketide-producing fungi
were analyzed by Southern blot hybridization using the
P. patulum MSAS gene (Beck et al. 1990) as a probe. As
shown in Fig. 2, a single hybridizing band was ob-
served in the (+)-geodin-producing strain of A. terreus
when the MKS probe was used. No homologous band
was detected in genomic DNA of P. cyclopium of which
the main metabolite is penicillic acid biosynthesized via
orsellinic acid, a C-4 hydroxylated derivative of 6-
methylsalicylic acid. Under the same stringency condi-
tions, no homologous bands were detected even in
A. terreus when probed with the acyl carrier protein
region of the MSAS gene (data not shown). This result
indicated the presence of an MSAS-like PKS gene in
A. terreus that is not quite identical to that of
P. patulum. This A. terreus gene was tentatively named
atX.

Cloning of the atX gene from A. terreus

In the Southern analysis of genomic DNA performed
using the MKS probe, single positive bands of about
8 and 10 kb were detected in BamHI and EcoRI-diges-
ted A. terreus DNA, respectively. From the AEMBL3
and AZAP II partial genomic DNA libraries an 8 kb
BamHI fragment (atX-1) and a 10 kb EcoRI fragment
(atX-2) that hybridized with the MKS gene were cloned.
Restriction enzyme mapping of these fragments re-
vealed an overlap of more than 5 kb in a total region of
about 12 kb.

DNA and deduced amino acid sequence

The genomic DNA fragments atX-I and atX-2 of
A. terreus were subcloned as a series of overlapping

a 1 2 3 4 5 6 7 b 1 2 3 4
231k —p> —>
66 —F - — - -
44 — —
23— — -
20 —9 —

Fig. 2a, b Southern blot analysis of genomic DNAs of polyketide-
producing fungi. a Approximately 1 pg of genomic DNA of each
fungus was digested with BamHI, separated on a 0.7% agarose gel,
and then transferred to a nylon membrane filter. The blot was
hybridized with the digoxigenin-labeled f-ketoacyl synthase region
of the 6-methylsalicylic acid (MSAS) gene (MKS) in 5 x SSC at 65°C.
Washing was carried out in 2 x SSC at 65°C. Lane 1 Penicillium
cyclopium,2 P. frequentans, 3 P. islandicum, 4 P. oxalicum, 5 Aspergil-
lus terreus, 6 Oospora sulphrea-ochracea, 7 M yrothecium verrucaria.
b Genomic DNA of A. terreus digested with restriction enzymes
(lane 1 BamHI, 2 Bglll, 3 EcoRI, 4 Pstl) was hybridized with the
MKS probe

DNA fragments. The nucleotide sequence of the
MSAS-hybridizing region was determined over
7588 bp as shown in Fig. 4. The strategy applied for
bidirectional sequencing of this DNA segment is shown
in Fig. 3.

Open reading frame analysis indicated the presence
of a small intron in the N-terminus region of the coding
sequence. The presumed intron possesses typical 5'-
and 3-splicing signals of fungi (Gurr et al. 1987). The
presumptive translation initiation codon ATG GAG
occurs at nucleotide 954 and the methionine starts
a 5.5 kb large open reading frame coding for a 1800
amino acid polypeptide of 190 kDa.

Sequence analysis of the 5'-flanking region revealed
the presence of structural features considered to be
important for gene transcription. A TATA box-like
sequence (TATAA) was found 177 bp upstream from
the translation start, and a CAAT element (CAAAT)
was located at 238 bp upstream from the ATG.

Comparison of the ATX polypeptide with other
polyketide synthases

The deduced amino acid sequence of the ATX poly-
peptide was compared with other polyketide synthase
proteins to analyze the structural relationship among
them.

As was expected, the deduced ATX polypeptide se-
quence displayed throughout a high homology with the
P. patulum MSAS sequence (Beck et al. 1990) (Fig. 5).
The degree of amino acid sequence identity between
ATX and P. patulum MSAS is 62%. In particular, the
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proposed active centers of MSAS were well conserved
in ATX as shown in Fig. 6. The size of the encoded
protein and the conserved active centers strongly in-
dicated that atX is a gene coding for MSAS of
A. terreus. On the other hand, the sequence homology
of ATX with other fungal PKSs, A. nidulans wA
(Mayorga and Timberlake 1990, 1992), PKS5T (Yu and
Leonard 1995) and Colletotrichum lagenarium PKSI
(Takano et al. 1995), was restricted to the f-ketoacyl
synthase region (Fig. 5), although the active site amino
acid residues of these PKSs are preserved as shown in
Fig. 6. Interestingly, fairly high homology of 35.4%
was observed with Saccharopolyspora erythrea eryAl
gene products (Cortes et al. 1990; Donadio et al. 1991;
Bevitt et al. 1992; Donadio and Katz 1992), which are
bacterial type-I modular polyketide synthases.

Expression of ATX in A. nidulans

No transcript of atX was observed by Northern blot
analysis of all growth phases of A. terreus (data not
shown). Thus the function of the atX gene cannot be
assessed by experiments such as gene disruption. In
order to identify its actual function, expression of the
atX gene in a heterologous host was carried out by
using fungal expression vector pTAex3 (Fujii et al.
1995), which has been successfully applied for the ex-
pression of dihydrogeodin oxidase of A. terreus in
A. nidulans (Huang et al. 1995a). In this plasmid, ex-
pression of the cloned gene is controlled by the amyB
promoter of A. oryzae. Expression under the amyB
promoter is strictly regulated by the specific carbon
source in the culture medium, that is, induction by
starch or maltose, and repression by glucose (Tada
et al. 1991).

The ATX expression plasmid pTA-ATX was con-
structed by insertion of the at X gene into the EcoRI site

EC()]RV BamPI{I Bc{mHI EL'()]]QV

P ———
pei

EcoRV “BamHI BamHI ~ EcoRV
| S — —

Sflcl

EcoRV

XIh()I

of pTAex3 without removing the intervening sequence
(Fig. 1). A. nidulans was transformed with pTA-ATX,
pTA-ATXR (atX gene in opposite direction) or the
vector plasmid pTAex3 without an insert as a control.
Integration of plasmid DNA into the genome of the
host was confirmed by Southern blot analysis (data not
shown). Transformants were cultured first in glucose-
containing Aspergillus minimal medium (Pontecorvo
et al. 1953) for 3 days and then in starch-containing
medium for a further 3 days to induce gene expression.

From the culture medium of pTA-ATX transform-
ants was isolated an acidic compound that was absent
in the control cultures. The compound was identified as
6-methylsalicylic acid by physicochemical analysis.
After recrystallization from CHCl;, 65.5 mg of 6-
methylsalicylic acid was obtained from 200 ml induction
culture medium. This result unambiguously demon-
strated that the atX gene codes for MSAS of A. terreus.
This is to our knowledge the first time that a fungal
polyketide synthase gene has been expressed in a hetero-
logous fungal host.

Discussion

Hopwood and colleagues (Malpartida et al. 1987) first
showed homology among the streptomycete PKS
genes and demonstrated the possibility of cloning these
genes with homologous PKS probes. In addition to
streptomycetes, fungi are another rich source of poly-
ketide compounds of diverse structural variety from
single aromatic ring compounds, such as 6-methyl-
salicylic acid and orsellinic acid to highly modified
aflatoxins (Turner and Aldridge 1983). To determine
whether it would be possible to clone fungal PKS genes
by homology, Southern blot analysis of genomic DNAs
of several polyketide-producing fungi was carried out.
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TATCTCTTCCCTTAATGATCGGATGTCTAAAAGGAGCAGTGGATTTCGAGATCTAATCTA

CACCCATCGGACTACTCAAAGGAGTCATACTATGGAGCACACGTAGCGCGATAGAGACGT

AGATAAGATGGAGAGGGCGGGGATAAATTCTAGACCTGCAGATTGTGAGCCCCAATTACC

CAAAAAGGCAAAAGACCCTGCACATTGACCTAAGCGGATGATAGTTATGCTCCGTGAATA

TACGGAATAGTAGAATCTGACAAGCAGATTGGCACCCCCAGCTCTACCAATAACGATGGA

ACGGGCATACCACGACACACGCAAGAGTCTGTCGCTAAGGGGAGCTACTGCACGGTGTCC

CTTGGTCTCAAAGCGCTAGGGGAAACGGCGCGAAACAGATCCACAGTTCCCACAGTGACA

GACTGTCTTCGGCTATCATTCCCTAACCGCGAATGAGGACCCATAATGAGACCACCATTC

CAAGAATACCAAGAATACCAAGGATGCCAATTCTCACCATCGCAGACGCCGAGACTTCCA
GACGTGCTTGATGCGACTTCGCGACGTTTTAGCGCCAGAAGCCATCACAGATTAATCATT
CCTTTACCT.

AGGGGTTCTGCGGTGCAGGGCTCCGAGAGACAGGCGCCAATTCCTGGCG

CTAGTCTCCTATCTGCACGTCCCGGGAAGATTCCGTAGGACTGGATGCCCGAATTCTTCG

CGGGATGCAAGTGTTGACGAAGATCCAC GACTTGTTTGCACATGGCAGGTGCACTGG

AGATTCTGATTCGAAACACTATCCACCATACCTCGCGTGGTACTGCTGAAGATGGTGATC
AAGCGAATCAAGACAGAAGGAGTCAAATCCCTCGCGATATTCAGAAAACTGTAGTAATAT

CGCCGAAGATTTTGCGGAC

CAGTGAATCATATACTGTACCGAGTATAAGATGTAGAGC!
TTTCAATCAAAGAAATTCCCTACCATACCATCTCTCCTCTTCAGGCGTTATAGGATTCTC
TCCTCTATCAGTTGATGCTCCATTGACAAAATCTTTTACCGGCTTCTCTCGCATAGACAG

CAAATATCAGCAAGAGCAGCCATGGAGGTACATGGAGATGAAGTGTTGTCAGTCGACTCT
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GGCATCTCAACTCCGCCCTCG GG.
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CCTGCCGGCTTGCCGGGGGCAATCATTCTCCGGAAGAACTGTGGCAGTCCATTCTAAACA
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D G K T NGIMAZPN N AIZ KA AZGQETLV AW

ATGCTCTTCGGACAGCCGGAGTCGACCCTCTGACGGTTGGGTATGTGGAAGCTCACGCAA
N AL RTAGVDUPULTV G Y V EAH A

CGTCAACCCCTCTTGGCGATCCTACCGAGGTCAGCGCCGTCTCAGCAGTCTACGGCARAG
T S T P L G D P T EV S AV S AV Y G K

TGGATTTCGGAGGCCACTAGAGACTCCCGGA-

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140
13

1200
33

1260

1320

49

1380

1440

89

1500
109

1560
129

1620
149

1680
169

1740
189

1800
209

1860
229

1920
249

1980
269

2040
289

2100
309

2160
329

2220
349

2280
369

2281
370

2341
390

2401
410

2461
430

2521
450

2581
470

2641
490

2701
510

2761
530

2821
550

2881
570

2941
590

3001
610

3061
630

3121
650

3181
670

3241
690

3301
710

3361
730

3421
750

3481
770

3541
790

3601
810

3661
830

3721
850

3781
870

3841
890

3901
910

3961
930

4021
950

4081
970

4141
990

GCAGACCGGAAGGGAATCCTTGCTTCATTGGCTCTGTCAAACCCAACGTGGGCCATTTGG
G R P E GNP CVF I G S V K PNV G H L

AAGCGGGCGCTGGCGGCGTCGGTTTCATCAAAGCAGTCATGGCAGTTGAAAAGGCCACTT
E A G A G GV G F I XK AV MAV EIKAT

TCCCCCCACARACCAACCTGAAGAGACTCAATTCTCGCATTGACTGGGACCAAGCCGGAG
F P P Q T NL XK R L N S R I D WD Q A G

TGAAGGTCGTCCAGGAGACACTGGAATGGCCTGGCAATGAGGATGACGTCCGCCGAGCCG
vV K v vV Q ET L E W P G N E DDV R R A

GTGTTTGCTCTTACGGATATGGCGGTACGGTCTCCCATGCAATCATCGAGGAGTTTGCGC
G v CcsSY 6 Y G G TV S HATITIETETF A

AACAGCTCCAACGGCCGACTACCAACACAACCGATGAAGAGCCTCTGCCTCGGATTCTTC
¢Q ¢ L Q R P T TNTTUDETEU?PTLUPIRTIL

TGCTGTCGGCACCTCAAGAGAGACGCCTTGCTTTGCAGGCACGGACACAGGCCTCCTGGA
L L S AP QE&RIRILA ALIOQA ARTOQA S W

TTGCCGCGGAGGGCAGAAATAGAACCCTGGAGTCGATCGCAACCACCTTGAGCACTCGTC
I A A EGRNU RTULE S I ATTTUL S T R

GTGGGCACCATGACTACCGGGCTGCCATCATCGCAGAGAACCATGATGACGCTGTGCAGA
R GH HD Y R AA I I A ENUHTUDTUDAV Q

AACTGTCTGACATTGTCAATGGTAAAGCAGCCGAATGGACGACGTCGAGTCGTGTTCTCG
K L s D I VNG K AAZEWTT S S R V L

ATGCCAGTTGCTCCAAGGACGTGGTGTGGGTTTTCTCCGGTCATGGCGCACAATGGACTG
D A S C S KDV VWV F S GHGAOQWT

CAATGGCTACGGATCTCCTCAAAGACATTGTGTTCTATCAAACAATCAGCCGTCTGGACC
A M A TDULUL X DI V F Y Q TTI S R L D

CGATTGTGGAGCGCGAARATGGGCTTCTCGGCATTGCATTCCCTTGCAAGTGGCGATTTCG
P I V EREMGT F S ALHSULAS G DF

AATCGTCCATCAAGGTGCAAGTGCTCACCTATCTCGTACAGGTGGGACTGGCTGCCATCT
E S S I KV Q VL TYULVQV GUL A ATI

TGCGCTCGAAGGGACTGGAGCCCCAGGCTGTCATCGGTCATTCAGTTGGCGAAATTGCCG
L R S K GL EUPQAUV I GH SV G E I A

CCTCAGTCGCGGCCGGCTGTCTGACTGCAGAAGAAGGCGCCCTGATTGTCACCCGCAGAG
A S VAAGCTLTA AEETGATLTIUV TR R

CAAACCTCTATCGGCGTGTGATGGGCGCGGGCGCAATGGTTCTCGTCAACATTCCATTCG
A NL Y RRVMGAGAMUVILVNTIT?PTF

CCGACATGGAGAAAGAGCTTCAAGGCCGGACGGACCTGGTGGCCGCCATTGACTCCTCGC
A DM EZ X EUL Q GRTDULV A ATID S s

CGTCTTCATGTGTTGTTTCCGGTGCCACTGAAGCTGTCCTGGCGCTCGTGGAAGACCTCA
P S S C VvV S GATEA AV LALVETDTL

AGTCTCGTGGTGTCAACGCTTTCCGGGTCAAGACGGATATTCCCTTCCACCACCCGATGC
K S R GV NAF RV K TDTI P FHUHPM

TGGATCAGCTGTCCGAGCCATTGCGAGAGGCCATGGAAGGGTCCCTGTCGCCACGCAAGC
L D QL S EPL REAMEG S L S P R K

CCAGAGTCCGTCTTTACTCGACGTCGGCAGAAGACCCACGCAGTATGGTTGCTCGGGATA
P R VR L Y S T S A ED PR S M V A R D

TCCATTACTGGACCAGCAACATGGTCAACCCGGTCCGGTTGACGGCCGCAGTGCAGGCAG
I HY W T S NMV NPV RULTAA AUV Q A

CAGTGGACGATGGCCTGCGACTGTTCCTTGAAGTCTCTTCTCATCCCATTGTGTCTCACT
AV DDGIULU®RTULV FLEV S S H P I V S H

CCGTCCGAGAGACCATGTTGGACCTGGGTGTGGAGGACTTCACCGTGACCAACACCATGG
S VRETMULUDU LGV EDTFTV TNT M

CTCGCAATAAGCCTGCCGACAAGACTATTCTGTCCAGCATTGCCCAGCTTCACTGTCGGG
A R N K P A DX TTIUL S S I A QL H C R

GCGCCGTCGTCAATTGGAAGAAGCAGCTGCCGGGCCCTTGGGCGCTGGATGTGCCCTTGA
G A V VN W K X QL P G P WATULDV P L

CGACGTGGGACCACAAGCCCTTCTGGCGGCATATTCACACTGGCCCTATCAGTGCCTCGA
T T W D H K P F WRH I HTT G P I S A S

CTTTGCATGATGTGGACAAACACACGCTGTTGGGTCAGCGCGTTCCCGTTGCGGGACAAA
T L H DV DI KHTTULULG QR V P V A G E

CGACTATGGTGTTCACCACCCAAATGGATGACCAGACCAAGCCTTTCCCAGGAAGCCATC
T T M VvV F T T Q M DD Q T K P F P G S H

CACTGCACGGCTCTGAGATTGTTCCGGCTGCTGCCCTTGT
P L H G S E I V

ACACTTTCTTGCATGCCA
P A A AL V NTT F L H A

CCAGGGCTACCACCCTTTCCAACATTACTCTTCGCGTCCCAGTGGCCATCAGCCAGCCGC
T R A TTUL S NI TULIRUV PV ATI S Q P

2340
389

2400
409

2460
429

2520
449

2580
469

2640
489

2700
509

2760
529

2820
549

2880
569

2940
589

3000
609

3060
629

3120
649

3180
669

3240
689

3300
709

3360
729

3420
749

3480
769

3540
789

3600
809

3660
829

3720
849

3780
869

3840
889

3900
909

3960
929

4020
949

4080
969

4140
989

4200
1009



4201
1010

4261
1030

4321
1050

4381
1070

4441
1090

4501
1110

4561
1130

4621
1150

4681
1170

4741
1190

4801
1210

4861
1230

4921
1250

4981
1270

5041
1290

5101
1310

5161
1330

5221
1350

5281
1370

5341
1390

5401
1410

5461
1430

5521
1450

5581
1470

5641
1490

5701
1510

5761
1530

5821
1550

5881
1570

5941
1590

6001
1610

6061
1630

GCGACATCCAGGTGGTGGTGTCACAGAATCAAATCAAGATCTGCTCCCGTCTCACTCAGA
R DI Q VvV vV S gNOQTIUZE KTIUCSIRILTQ

AGGCGGATTCTGGGGCAGACGAAGGTTCCTGGCTGACACACACTACGGGTCAGTGGGAAG
K A DS G ADEGSW L THTTGQ W E

CTGGTGGAAGCAAGAACCCCCCGGCGCAACTCGATATTGCTGCTATCAAGGCTCGTCTCG
A G G S K N P P A ¢ L D I A A I K A R L

CTAATAACAAGTTGGCGGACAACTTCTCCATCGACTATTTGGACARGGTTGGCGTTTCGG
A NN X L A DNV F S I DY L DZXV G V S

CCATGGGCTTCCCTTGGGCAGTTACAGAGCACTACGGCACCCTGCAGGAGATGATCGCTC
A M G F P WAV T EHYGTUL QEMTI A

GCGTTGATGTCGCGCCAGACGTCCCCGCGACCAGTCCACTCCCCTGGGATGCTGCCTCTT
R v DV AUPDUVPATS PL 2 WD A A S

GGGCCCCGATCCTCGATGCGGCCACCTCAGTGGGATCCACGCTCTTTTTCGATCAGCCTC
w A P I L DAATSV G S TULFF D QP

GCCTGCGCATGCCGGCTCACATTCACGGGGTTCAAGTCTACACCACGCAGCCGCCTCCCA
R L R M P A H I H GV Q VY T T Q P P P

AGGTGGGTTACCTGTACGTGGAAAAGGCTGGCGATCGGGATCTGGCGGTGCATGTCAGTG
K VvV 6 Y L Y VEKAGDRUDTILA AV HV S

TCTGCGACGAGCTCGGAACCGTCTTAGCTCGATTCGAATCCATGCGCTTTTCCGAGATCG
v ¢DpELGTV L ARV FE S MRTF S E I

AAGGCACGCCGGGCAGTAACGGCAGCGAGGAGAGTCTTGTCCACCAGCTCGCATGGCCTC
E G T P G S NG S EE S L V HQUL A W P

CCGCCACCTACAGCGAGAAGCCGCTGACAATCAACAATGTCGTCCTCATTTCCCGGGATA
P A TY S E K PL TIDNINWVUVL I S R D

GGAACGTCGCAGATCTCTACTGTGGGTCTTTGAAAGATCGTGTGTCATCTATCACGGTGC
R NV ADUL Y C G S L KD RV S S I TV

TGGATGCTGCTGCCGACCTGCTTTCCCTTTCGCAGGATCCCAGCAGTGTCTTGCAAGCAA
L bDAAADILULS L S QD?P S S V L Q A

AGGATACAGCGGTGGTGTACGTGCCCGGTCCCCTCCACAGCGCGGATTCTATCCCGACTG
K D T AV VYV P G P L HSADSTIPT

CGGCCCATTCCTTCCTCATGGAATTGCTCCTCCTGGTCAAAATCATTGTCAATGGCTCTT
A A H S F L M ELUL L L V XK I I VNG S

TGCCCACCAAGGTCTTTGTCCTTACGGACCGCGTCTGCGAGAGTGAGTCTGCGACGGCTC
L P T XKV F VL T™DU RV CE S E S A T A

TCGCTCAGTCTCCGATCCACGGTGTCTCCCGCATCATTGCTTCGGAGCACCCAGATCAAT
L A 9 s P I H GV s R I I A S EH P D Q

GGGGCGGACTGATTGACGTCGAAACGCCGGBCCAGTTCCCACTCGAGACGATGAAGTATG
W G 66 L I DV ETU?PGQFPILETMZK Y

TGCAGGAGGCGGACAACATCCGCATCTCGGATGGCATACCCAGAATTGCTCGTCTGCGCC
vV ¢ EADNTIR®RTI S DG I PRI AURTULR

CGCTTCCTCGCGACAAGCTCCTACCGCCTAGCAAGCAGACTTCCCTGCTTCCCCGGCCCG
P L P R DKL L P P S K Q T 3 L L P R P

AAGGTACCTACTTAATTACGGGTGGACTGGGCGCTCTGGGGTTGGAGGTCGCACAGTTCC
E G T YL I T”GGL GALGULEVAQF

TGGTGGAAAAGGGTGCTCGTCGATTGATCCTCGTTTCTCGGCGTGCCTTGCCTCCGCGCT
L VvV E XK GARURUILTIULUV S RRATL P P R

GGGAGTGGGCAGACATCCTTGCTGATCCATCGTCCTCGCTGGCGCCGGCGCTGGAGACAA
R EW A DP I L A D P S S 8 L A P AL ET

TCCAGGCCCTTGAGACACAGGGAGCCACTGTCCACACCCTCGCAGTGGACATTTCCTCTC
I 9 AL ETQGA ATV HTIL AV DI S S

CTGACGCAGCGCCTCAACTGGCAGTCGCCATTGATGCTCTGTCGCTACCTCCAGTCCGCG
P D A A P QL AV ATI DATL S L P P V R

GCGTGGTCCACGCAGCAGGCCTTCTGGACAGCCAGCTGGTCCTCTCCGCCACGTCAGACT
G VvV VvV HAAG VL DS QL VL S AT S D

CTGTCGAGCGCGTGCTGGCGCCCAAGATCACCGGAGCGCTGGTCCTTGGCACCGTCTTCC
s VER VL AP K I T GAULUV L G TV F

CCCCCAAGGCACTCGATTTCTTCATGCTATTCTCCTCATGCGGACAGATACTAGGCTTCC
P P K AL DVF F ML F 8§ s C G Q I L G F

CAGGTCAAGCATCCTACGCGTCCGGAAACGCGTTCCTTGATGCATTCGCAACATCGCGCC
P G Q A S Y A s G N A F L DA F A T S R

GACACCAAGGAGACAACGCTGTCGCCGTGCAGTGGACCAGCTGGCGCTCCCTCGGCATGG
R HQ GDNAV AV Q W T S W R 8§ L G M

CAGCCAGTACCGACTTCATCAACGCTGAGCTAGCCAGCAAGGGCATCACTGACATCACTC
A A S TD Ff I N A ELA S K G I TOD I T

4260
1029

4320
1049

4380
1068

4440
1089

4500
1109

4560
1129

4620
1149

4680
1169

4740
1189

4800
1209

4860
1229

4920
1249

4980
1269

5040
1289

5100
1309

5160
1329

5220
1349

5280
1369

5340
1389

5400
1409

5460
1429

5520
1449

5580
1469

5640
1489

5700
1509

5760
1529

5820
1549

5880
1569

5940
1589

6000
1609

6060
1629

6120
1649

6121 GCGACGAGGGGTTCCGCGCGTGGATGCATATTTCCAAATATGATATCGACCAGGCCGCCG 6180
1650 R D E G F R A W M H I S K Y D I D Q A A 1669

6181 TCTTGCGCAGTCTGGCCTTCGAGGCCGATGAACCCCTCCCCACCCCTATCCTTACGGATA 6240
1670 v. L R S L. A F E A D E P L P T P I L T D 1689

6241 TTGCCGTCCGCAAGGCTGGCTCCGCCTCCTCCGCTGATGCTCCCTCTGCTGCACCGAAAG 6300
1690 I A V R K A G S A s S A D A P S A A P K 1709

6301 AGACGAACGAAATGCCGGAATCGATCCCGGAGCGTCGTACCTGGTTGGATGAACGAATCC 6360
1710 E T N E M P E S I P E R R T W L D E R I 1729

6361 GTGATTGTGTGGCCCGCGTGCTTCAGCTGGGGAGCAGCGATGAGGTTGATTCCAAGGCCG 6420
1730 R D ¢ V A R V L Q L G S § D E V D S K A 1749

6421 CTCTGAGTGATCTGGGAGTCGACAGCGTCATGACCGTTAGCTTGAGAGGTCAGCTGCAGA 6480
170 A L §$ D L G VvV D §$ VM T V S L R G Q L Q 1769

6481 AGACGTTGGGGGTCAAGGTGCCACCCACACTGACCTGGAGTTGCCCGACGGTGTCACATC 6540
1770 K T L G V K v P P T L T W s C P T V S H 1789

6541 TGGTGGGATGGTTTTTGGAAAAGATGGGAAATTGATTAGAGCTGATGGTTTCTCCTTGTG 6600
1790 L. V G W F L E K M G N * 1800

6601 TGTTCTTCATTTGATATATATTTGTTGTTTCGTCTCTGGTTTCCCCCTTTGCCTGTTCCC 6660
6661 CTGAATCAATTTGCCAAGACTGTGATGCCAACTGAACCTGACGAGATTGTATATGTCACA 6720
6721 TGATATTAATTTGTATGAGGATATTAGCAATAGACGAGTCATGTTTTTGGATATATATAT 6780
6781 ACTCTCCCTGCGCGAAAGGAGGCAGGAATGAAGCTGGAGAAGAGGCGATGAATTGGATAG 6840
6841 GCTTTCTGCAGACGCCTCTGGAGTAGGGGATGTGCTAGGCCTAAACGGGCAGGCTCACGG 6900
6901 CCTGAGGCTCCAGCGTTCCCAATTGTTTCCCTATCAAGTCAAGGGTGTTGGGGACGGAGA 6960
6961 GCTTTCTCTTGCGCAATAAAGAATAGTCGATTTAGTTTCTTGAACGTGCACATACCGCAG 7020
7021 CATTGTAGGAATTGGCTCGTCAATTGACATAATTCGGATGTATCTCAACATCATCTGTAG 7080
7081 AGCATCGTGTGTGAAATATATATCATACCAACTTGAATACCATCAAGAAGACATAGGTTC 7140
7141 TAGTTACTGAGATAGTTGCATTAAACAGCTCGTATCAACTATGCGTATGCTTCGCTAAAT 7200
7201 ACTGTAGCATGCAAAGATACCACACTCACTGAAAGTTGATCTGAGATGAGAACTGCAAGA 7260
7261 GGCAGTTTTCACCGAGTCAGGCTGTCCTATCTTCTGGTGTCTAGACAACTTCCCACTGCT 7320
7321 ACGTATATTCATCGACTAAGGTGTGGACAGTCTAGTACATTATCTGTAAGCTACTTCAGG 7380
7381 CAGTACATGCGACGTGTGCCAGAGATAGTCTCGGATGCAGTATAAGACATCGTGGCAATG 7440
7441 AAAAAGATCATCTAAAACCGGAGCTTGCTTATAATAACCTGACAGGATAACCACTTATAT 7500
7501 TTGCACTCCGAACCCCGGAGTGTATGCTCCAATACAGCAGTAGCCCATCACCTCAGGAAA 7560
7561 CCTCATAAATTCACTTACTCAAGATATC 7588
Fig. 4 Nucleotide and deduced amino acid sequence of the A. ter-

reus atX gene. The intron is indicated in lower case. A potential
TATA box and CAAT box are underlined

With the P. patulum MSAS probe, no hybridizing sig-
nal was detected in the genome of orsellinic acid-pro-
ducing P. cyclopium even at low stringency conditions,
indicating a significant difference between orsellinic
acid synthase and MSAS at the genetic level, although
these PKSs catalyze the formation of single aromatic
ring compounds that differ by only one hydroxyl
group.

An MKS-homologous gene, atX, was cloned from
A. terreus IMI 16043, which produces (+)-geodin as
a main metabolite. (+)-Geodin is a seco-anthra-
quinone compound derived from octaketide emodinan-
throne. Thus, this MKS-homologous gene from A. ter-
reus was expected to encode emodinanthrone synthase.
However, no transcript of atX was detected during the
growth of A. terreus by Northern blot analysis. The dot
matrix comparison of the amino acid sequences of ATX
and the MSAS of P. patulum showed high homology of



Fig. 5 Dot matrix comparison
of ATX with fungal polyketide
synthases. The ATX polypeptide
was compared with the
Penicillium patulum MSAS
polypeptide (Beck et al. 1990)
and the A. nidulans wA
polypeptide (Mayorga and
Timberlake 1992). Comparison
was carried out with a window
size of 10 and a stringency of 6

A. terreus ATX

1800

1800

1445
1084 1

723 1 , // ‘

/ 1445 4

1084

7234

A. terreus ATX

362

1 356 711 1066

b

B-ketoacyl
synthase

P. patulum MSAS

acyltransferase P-ketoacyl ~acyl carrier
reductase

A B-ketoacyl synthase

RISYHLNLMGPSTAVDAACASSLVAIHHGRGAILQGE
RISYHLNLMGPSTAVDAACASSLVAIHHGVQAIRLGE
RINYYFKFSGPSVSVDTACSSSLAATHLACNSIWRND
RINYHFGFSGPSLNVDTACSSSAAALNVACNSLWQKD
RISYHLNLMGPSTAVDAACASSLVAIHHGVQAIRLGE
EVAWEAGAEGPVTVVSTGCTSGLDAVGYGTELIRDGR

A. terreus ATX

P. patulum MSAS
A. nidulans wA

C. lagenarium PKS 1
S. erythraea eryAlll
S. glaucescens temK

B Acyltransferase

A. terreus ATX

P. patulum MSAS
A. nidulans wA

C. lagenarium PKS 1
S. erythraea eryAlll

GLEPQAVIGHSVGEIAASVAAGCLTAEEGALIVT
GITPQAVIGHSVGEIAASVVAGALSPAEGALIVT
GITPSFVLGHSLGDFAAMNAAGVLSTSDTIYACG
GIRPSAVMGHSLGEYAALNAAGVLSASDTIYLVG
GVEPAAVVGHSQGEIAAAHVAGALTLEDAAKLVA

C B-ketoacyl reductase

GTYLITGGLGALGLEVA A. terreus ATX
GTYLITGGLGVLGLEVA P. patulum MSAS
GTALVTGGTGALGGHVA S. erythraea eryAlll KR2
VNNAGRPGGGATAELAD S. coelicolor actlll

D Acyl carrier protein

SDLGVDSVMTVSLR A. terreus ATX
ADLGVDSVMTVTLR P. patulum MSAS
NELGMDSLLSLTVL A. nidulans wA ORF 1
ADYGVDSLLSLTVT A. nidulans wA ORF 2
TDLGCDSLMALTVS C. lagenarium PKS 1 ORF 1
AALGMDSLMSLSIL C. lagenarium PKS 1 ORF 2
TELGFDSLTAVGLR S. erythraea eryAlll ACP2
OQDLGYDSIALLETIS S. glaucescens tcm M

Fig. 6A—D Alignment of the ATX amino acid sequence with the
active site regions of polyketide synthases. A f-ketoacyl synthase
motif; B acyltransferase motif; C -ketoacyl reductase motif; D acyl
carrier protein motif (Hallam et al. 1988; Bibb et al. 1989; Beck et al.
1990; Cortés et al. 1990; Bevitt et al. 1992; Mayorga and Timberlake
1992; Takano et al. 1995) Bold letters indicate the active site cysteine
residue (A), the active site serine residue (B), The NADPH-binding
motif (C), and the pantetheine-binding serine residue (D)

the complete sequences from N-terminus to C-termi-
nus. In particular, high homology was observed in their
active sites, e.g., nearly 100% identity between the f3-
ketoacyl synthase regions (Fig. 6). These results strong-

1589

A

B-ketoacyl acyltransferase acyl carrier
synthase protein

A. nidulans wA

1421 1774 aa 1 398 795 1192 1986 aa

protein

ly suggested that atX is the gene coding for MSAS or
a closely related PKS of A. terreus.

Identification of ATX as the MSAS of A. terreus was
carried out by expression of the atX gene in A. nidulans,
which is the genetically most well characterized fungus
and a suitable host for the functional analysis of cloned
fungal genes. The pTA-ATX transformant of A. nidulans
produced quite high amounts of 6-methylsalicylic acid,
which was identified by physicochemical analysis. This
successful expression also demonstrated that the inter-
vening sequence of the atX gene was correctly pro-
cessed in A. nidulans.

Several other fungal PKS genes have been cloned
and their nucleotide sequences reported, e.g., A. nidulans
wA (Mayorga and Timberlake 1992), A. nidulans
PKSST (Yu and Leonard 1995), and C. lagenarium
PKSI (Takano et al. 1995). Of these, the PKS5T and
PKS1 products are assumed to be norsolorinic acid
anthrone and tetrahydroxynaphthalene, respectively.
However, no direct identification of these PKS prod-
ucts, including the wA product has been carried out.
Interestingly, fairly high homology exists between these
three fungal PKS sequences, including tandemly
duplicated active sites for acyl carrier protein char-
acteristic of fungal PKSs except MSAS. Structural
identification of these PKS products is the first neces-
sary step in dissecting functional mechanisms of
these types of fungal PKS reactions. Our expression
system with the pTAex3 vector and A. nidulans will be
a useful tool for this purpose and future functional
analysis by genetic manipulation such as site-directed
mutagenesis.

Recently, Khosla and colleagues reported the suc-
cessful expression of the MSAS gene in the bacterial
host Streptomyces coelicolor, using their expression vec-
tor (Bedford et al. 1995). In their case, an intervening
sequence had to be removed to construct the expres-



sion plasmid and the production level was comparat-
ively low.

In fungi, DNAs introduced by transformation are
usually integrated into host genomes and the trans-
formants are mitotically highly stable (Fincham 1989).
Once the desired transformant has been selected, a fur-
ther selection force, such as antibiotic addition, is
usually unnecessary. Therefore, the fungal system is
suitable for large-scale expression and product analysis.
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