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SUMMARY

Penicillium aethiopicum produces two structurally interesting and biologically active polyketides:
the tetracycline-like viridicatumtoxin 1 and the classic antifungal agent griseofulvin 2. Here, we
report the concurrent discovery of the two corresponding biosynthetic gene clusters (vrt and gsf) by
454 shotgun sequencing. Gene deletions confirmed two nonreducing PKSs (NRPKS), vrtA and
gsfA, are required for the biosynthesis of 1 and 2, respectively. Both PKSs share similar domain
architectures and lack a C-terminal thioesterase domain. We identified gsfl as the chlorinase involved
in the biosynthesis of 2, as deletion of gsfl resulted in the accumulation of decholorogriseofulvin 3.
Comparative analysis with the P. chrysogenum genome revealed that both clusters are embedded
within conserved syntenic regions of P. aethiopicum chromosomes. Discovery of the vrt and gsf
clusters provided the basis for genetic and biochemical studies of the pathways.

INTRODUCTION

Fungal polyketides are an important class of secondary metabolites, which include blockbuster
drugs, mycotoxins and pigments. There has been a growing interest in the engineering and
heterologous expression of fungal polyketide synthase (PKS) genes and pathways to enable
rational production of novel compounds (Schiimann and Hertweck, 2006). Understanding the
molecular genetic basis of the biosynthesis of these structurally diverse compounds is the
underlying key to achieve this goal. Over the past decade, there has been a steady growth of
knowledge on the mechanisms of fungal polyketide biosynthetic pathways (Cox, 2007).
Numerous fungal polyketides have been linked to their PKS genes and gene clusters
(Hoffmeister and Keller, 2007), including some from the cryptic metabolic pathways
uncovered via genome mining (Bergmann et al., 2007; Bok et al., 2006; Chiang et al., 2008).
Nevertheless, the biosynthetic pathways of many previously known fungal metabolites, some
of which have important pharmaceutical applications, still remain to be elucidated.

The filamentous fungus Penicillium aethiopicum Frisvad is known to produce a number of
interesting secondary metabolites, including viridicatumtoxin (1), griseofulvin (2), and
tryptoquialanine (4) (Figure 1), which are used as chemotaxonomic markers for the species
(Frisvad and Samson, 2004). Tryptoquialanine is a tetrapeptide structurally similar to
tryptoquivaline, which is a known tremorgen (Ariza et al., 2002;Clardy et al., 1975).
Viridicatumtoxin is a hybrid polyketide-isoprenoid compound and is a rare example of
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tetracycline-like compounds produced by fungi. Compound 1 shares a common tetracyclic
carboxamide core with the well-known tetracycline intermediate anhydrotetracycline. 1 has
been reported to cause nephrotoxicity (Hutchison et al., 1973) as well as exhibiting modest
antitumor activity (Raju etal., 2004). An epoxide derivative of the compound, viridicatumtoxin
B, was isolated from Penicillium sp. FR11 along with 1; both were shown to inhibit the growth
of methicilin- and quinolone-resistant Staphylococcus aureus at 8—64 times higher activity than
tetracycline (Zheng et al., 2008). Another known fungal compound with a tetracyclic
carboxamide core is anthrotainin (TAN-1652) (Ishimaru etal., 1993;Wong et al., 1993), which
is an inhibitor of neuropeptide substance P binding and is a potential non-steroidal anti-
inflammatory agent. The biosynthetic convergence of tetracycline-like compounds across the
bacterial and fungal kingdoms, and their various bioactivities, further suggest that compounds
of this structural type contain an “evolutionarily privileged scaffold”, which is capable of
interacting with a variety of biological targets. The co-occurrence of tetracyclic carboxamide
core in both the tetracyclines from bacteria and 1 from fungi provides an excellent example to
study the convergence of the polyketide pathway. Previous isotope feeding study (de Jesus et
al., 1982) showed that 1 is produced by a mechanism significantly different from the bacterial
tetracyclines (Thomas, 2001). The formation and attachment of the spirobicyclic ring of
isoprenoid origin on a tetracycline scaffold also warrants detailed biosynthetic investigation.

Griseofulvin, which affects the function of mitotic spindle microtubules in mitosis, is an
antifungal drug and has been in use for many years in medical and veterinary applications
(Finkelstein et al., 1996). Although the use of 2 is mostly superseded by newer and more
effective synthetic antifungal agents, it remains useful for the treatment of some dermatophytes
such as Tinea capitis (ringworm of the scalp) and Tinea pedis (athlete’s foot). Recently, there
isarenewed interest in 2 owing to its specific antiproliferative and antimitotic activities towards
cancer cells (Panda et al., 2005; Rebacz et al., 2007). The recent studies suggest that 2 acts by
inhibiting centrosomal clustering in tumor cells with supernumerary centrosomes, causing
multipolar mitoses, and subsequently, apoptosis (Rebacz et al., 2007). Interestingly, 2 has also
been shown to suppress hepatitis C virus replication in vitro (Jin et al., 2008). The discovery
of the new potentials of 2 has led to new synthetic efforts to search for superior analogs
(Rannest et al., 2009). Structurally, 2 has an interesting cyclization pattern, where the
polyketide backbone is folded to allow formation of orcinol and phloroglucinol ring structures
through a Claisen and an aldol reactions, respectively. A stereospecific oxidative coupling
reaction was proposed for the formation of the grisan structure of 2 (Barton and Cohen,
1957). The biosynthetic pathway of 2 has been extensively studied using isotopic incorporation
(Harris etal., 1976; Lane et al., 1982; Rhodes et al., 1963; Simpson and Holker, 1977), but the
genes and enzymes involved in the biosynthesis remain unknown.

The significant biological properties and unusual structural features of 1 and 2 have motivated
us to perform a genome scanning of P. aethiopicum with DNA pyrosequencing technology
and search for the two corresponding gene clusters. A bioinformatic search for PKS genes and
comparative analysis with Penicillium chrysogenum genome revealed the putative biosynthetic
gene clusters for both compounds, which were confirmed by targeted gene deletions and RNA-
silencing. The two gene clusters provide an important step towards understanding the
enzymatic basis of biosynthesis of 1 and 2.

RESULTS AND DISCUSSION

Genome-wide analysis of P. aethiopicum PKS genes revealed two putative gene clusters for
viridicatumtoxin and griseofulvin biosynthesis

The 454 shotgun sequencing of P. aethiopicum IBT 5753 with the GS FLX Titanium series
generated a total of ~572 million bases with an average sequencing read length of 367.5 bases.
Assembly of the unpaired shotgun sequence reads resulted in 1522 contigs, which consist of
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28,925,551 non-redundant bases, with an N50 of 149.2 kilobases. Based on the phylogenetic
analysis of g-tubulin sequences, P. aethiopicum is closely related to P. chrysogenum, and both
species are grouped under Penicillium subgenus Penicillium, section Chrysogena (Samson et
al., 2004). Assuming that the size of P. aethiopicum genome is close to the sequenced P.
chrysogenum genome (32.19 Mb), the total non-redundant bases were estimated to cover about
90% of the fungal genome.

Using a local BLASTP program queried against a database consists of all the contigs with an
arbitrary KS domain sequences, a total of 30 putative, complete PKS genes were found in the
P. aethiopicum genome. Out of them, there are a total of 7 non-reducing PKSs (NRPKSs), 17
highly-reducing PKSs (HRPKS), 3 partially-reducing PKSs (PRPKSs) and 3 HRPKS-
nonribosomal peptide synthetases (NRPSs) hybrids. For simplicity, the PKSs are designated
as PaPKS[contig number] (Table S1).

Compared to P. chrysogenum, which has a total of 21 putative PKS genes, the P.
aethiopicum genome contains more putative PKS genes. Based on a chemotaxonomic study,
the two closely related species are known to produce distinct sets of secondary metabolites
(Frisvad and Samson, 2004). Since P. chrysogenum is not known to produce 1 and 2, we
reasoned that the orthologous PKSs are not involved in the biosynthesis of the two compounds.
Sequence alignments and phylogenetic analysis implied that out of the 30 putative PKSs genes
in P. aethiopicum, 9 are orthologous to P. chrysogenum (Table S1 and Figure S1).

We reasoned that NRPKSs are likely involved in the biosynthesis of the carbon skeletons of
1 and 2, since these compounds are derived from aromatic polyketide precursors. Among the
P. aethiopicum NRPKSs that are non-orthologous to those found in P. chrysogenum,
PaPKS0274 and PaPKS0880 fall into the same clade as the recently identified Aspergillus
nidulans asperthecin synthase (AptA) (Szewczyk et al., 2008) and Aspergillus terreus
atrochrysone carboxylic acid synthase (ACAS) (Awakawa et al., 2009), both of which produce
fused-ring aromatic compounds (Figure S1). Both PaPKS0274 and PaPKS0880 consist of
starter unit: ACP transacylase (SAT) (Crawford et al., 2006), ketosynthase (KS), malonyl-
CoA:ACP transacylase (MAT), product template (PT) (Crawford et al., 2009) and acy| carrier
protein (ACP) domains, but lack a thioesterase/Claisen cyclase (TE/CLC) domain (Fujii et al.,
2001) at the C-terminal for chain release. Since the ACAS product, atrochrysone carboxylic
acid, has a similar structure to the BCD rings of 1, we predicted that one of these two PKSs
may be involved in the biosynthesis of 1.

Given that genes involved in fungal secondary metabolic pathways are often clustered together
(Hoffmeister and Keller, 2007), we searched the genes surrounding the two putative PKS genes
for clues about the final polyketide products. Preliminary bioinformatic analysis of contig
00274 identified a pair of genes related to isoprenoid pathway downstream of PaPKS0274
gene. The presence of both genes may be associated with the isoprenoid portion of the
spirobicyclic ring in 1. Other genes encoding putative oxygenases, aminotransferase and O-
methyltransferase were also found in the vicinity of the PaPKS0274 gene, which respectively
match the structural features present in 1. On contig 00880, the presence of three putative O-
methyltransferase genes and a halogenase gene flanking the PaPKS0880 gene immediately
points to a potential correlation to the structure of 2.

VrtA and GsfA are two PKSs essential for the biosynthesis of viridicatumtoxin and
griseofulvin respectively

Liquid chromatography-mass spectrometry (LC-MS) analysis of the ethyl acetate extract from
P. aethiopicum wild type (WT) stationary culture grown in yeast malt extract glucose (YMEG)
medium showed six distinct peaks at 283 nm. Two of the peaks have the retention time, UV
spectra and m/z value matching the authentic standards of 1 (RT = 30 min, m/z 548 [M+H-
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H,0]*) and 2 (RT =24 min, m/z 353 [M+H]") (Figure 2). Another peak at RT = 22 min showed
a UV spectrum that is similar to 2 and m/z 319 [M+H]*, which matches with the molecular
weight of dechlorogriseofulvin 3 (Figure 1). The compound was purified from a large culture
of P. aethiopicum and the structure was confirmed to be 3 by comparing the 1H NMR

and 13C NMR spectra to the previously published spectra for 2 (Simpson and Holker, 1977)
and epidechlorogriseofulvin (Jarvis et al., 1996) (Table S3). Two additional peaks (RT = 27
and 28 min) with UV spectra similar to previously reported for tryptoquivalines and
tryptoquialanines were also detected (Ariza et al., 2002;Clardy et al., 1975). Both peaks have
a mass of [M+H]* m/z = 519, which matches with the molecular weight of 4. The additional
peak could be an isomer of 4, analogous to tryptoquivaline and isotryptoquivaline (Yamazaki
et al., 1976). The identity of the remaining peak at RT = 19.5 min is undetermined.

To verify the proposed associations between the putative gene clusters and the metabolites 1
and 2, we developed a transformation system for P. aethiopicum based on existing methods
for A. nidulans using bar resistant marker (Chooi etal., 2008; Nayak et al., 2006). Using double-
homologous deletion cassettes with a bar resistant marker, the PaPKS0274 and PaPKS0880
genes were deleted by double crossover recombination (Figure 3). Approximately 100
glufosinate-resistant transformants were picked and screened with PCR using a bar gene primer
and primers outside of the deletion cassette (Table S2). Atotal of 6 and 5 potential recombinants
were identified for PaPKS0274 and PaPKS880 respectively. Three PCR positive clones from
each knockout experiments were chosen and confirmed by Southern hybridization (Figure 3).
All the PCR positive clones (APKS0274-116, APKS0274-118, APKS0274-123, APKS880-17,
APKS880-112 and APKS880-19) showed the expected band size for correct insertion of deletion
cassette by double crossover recombination into the corresponding genomic copy of the two
PKS genes. Analysis of the PaPKS0274 disruptants showed that the production of 1 was totally
abolished (Figure 2), while the other metabolites were unaffected. For the PaPKS0880
disruptants, only the production of 2 and 3 were abolished (Figure 2). These results confirmed
that PaPKS0274 is essential for the biosynthesis of 1, while PaPKS0880 is required for the
biosynthesis of 2 and 3.

The two PKS gene clusters for 1 and 2 were designated as vrt and gsf respectively, and the two
NRPKS genes were designated as vrtA and gsfA, respectively (Table 2 and 3). Interestingly,
both PKSs have the same domain architecture and lack a fused TE/CLC domain. The functional
assignment of VrtA and GsfA, which produce polyketides with different chain lengths and
backbone folding patterns in 1 and 2, suggested that this family of “TE-less” PKSs (assigned
as clade IV NR-PKSs here, Figure S1) may account for a greater structural diversity among
fungal polyketides.

We also tested whether the production of 1 and 2 in P. aethiopicum can be attenuated or
abolished by using RNA silencing. This strategy has been previously employed in the
identification of the chaetoglobosin gene cluster from P. expansum (Schumann and Hertweck,
2007), and in the study of tailoring oxidations during tenellin biosynthesis in Beauveria
bassiana (Halo et al., 2008). Gene fragments of PaPKS0274 (3.8 kB) and PaPKS0880 (2.5kB)
were separately cloned into the pPBARGPEL plasmid (Pall and Brunelli, 1993) in the antisense
orientation under the control of a gpdA promoter. The resultant plasmids, pBAR274si and
pBARB880si, were randomly integrated into the P. aethiopicum genome. We recovered 9 clones
for PaPKS0274 and 6 clones for PaPKS0880 that contain the full length gpdA promoter with
contiguous PKS gene fragments. For the vrtA silencing, 3 out of the 9 PCR positive clones
screened did not produce 1, while the other 6 clones showed various degree of reduced
viridicatumtoxin production compared to wild type (Figure S2). In the case for gsfA, all 6 clones
continued to produce 2 and 3, but at various lower titers compared to wild type (Figure S3).
The level of silencing of the two PKS genes is likely linked to the copy number of the silencing
constructs integrated in the transformants, the expression level of the antisense gene driven by
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the gpdA promoter and the endogenous transcript levels of the two corresponding PKS genes.
The inability to silence gsfA completely may due to the high level of endogenous gene
expression as reflected in the relatively large amount of 2 produced in the culture.

Comparative genomics analysis revealed the vrt and gsf cluster embedded within conserved
syntenic regions of P. aethiopicum genome

A more detailed bioinformatic analysis of the two biosynthetic loci revealed adjacent genes
that are highly similar and syntenic to those found in P. chrysogenum genome (80-99%
identity). Except the regions surrounding vrtA and gsfA, the conserved syntenic blocks span
the whole contig 0274 and 0880, and they correspond to a specific locus in P. chrysogenum
contig Pc00c21 and Pc00c06, respectively (Figure 4). Under the assumption that secondary
metabolic genes could be unique to individual species while housekeeping and primary
metabolic genes are usually conserved among closely related organisms, we used those
syntenic sets of orthologous genes to tentatively assign the boundaries of the two putative
clusters (Figure 4).

In the case of the vrt gene cluster, 14 putative genes (designated as vrtA-L, vrtR1 and vrtR2)
were found between orf3 and orf4, which share 93% and 92% identity to Pc21916710 and
Pc21916780, respectively (Figure 4A and Table 1). Most of the genes upstream of orf3 and
downstream of orf4 also share syntenies and high similarities with genes in the corresponding
locus on the P. chrysogenum genome, except that several putative P. chrysogenum
pseudogenes in the locus appear to have been replaced with the vrt cluster. The gsf cluster
consists of 13 putative genes (designated as gsfA-K, gsfR1 and gsfR2) and was found inserted
between orf4’ and orf5’, which are highly similar to Pc06g01020 and Pc06g01000 (92% and
94% identity respectively). The gsf cluster replaces Pc06g01010 in the P. chrysogenum genome
(Figure 4B and Table 2). The genes immediately flanking the gsf cluster also remained syntenic
with the corresponding locus in the P. chrysogenum genome. These observations of vrt and
gsf clusters embedded within conserved syntenic regions led to speculation that P.
aethiopicum may have acquired the two gene clusters via horizontal gene transfer (Walton,
2000). However, careful examinations of the Pc00c21 and Pc00c06 contigs revealed the
presence of small conserved regions (some annotated as pseudogenes), which appeared to be
fragments of vrt and gsf gene clusters, in the corresponding loci in P. chrysogenum (Figure 4).
This suggests that P. chrysogenum may have possessed the vrt and gsf gene clusters in the past
but have lost them during evolution.

Both clusters have two transcription factors (vrtR1 and vrtR2, gsfR1 and gsfR2) that contain
Zn(11)2Cys6 DNA-binding domains, which are similar to pathway specific regulators such as
afIR and ctnA for aflatoxin and citrinin biosynthesis respectively (Ehrlich et al., 1999; Shimizu
et al., 2007). It is unclear if both or only one of the transcription factors is involved in the
regulation of the corresponding cluster.

The putative biosynthetic pathways for the biosynthesis of viridicatumtoxin

Previous isotope incorporation study showed that the biosynthesis of the tetracyclic
carboxamide core of 1 is significantly different from tetracyclines in bacteria (de Jesus et al.,
1982), including: 1) differences in the cyclization regioselectivity of the carbon backbone
(Thomas, 2001); 2) the non-acetate origin of C3; and 3) the retention of the oxygen at C4a of
1 from [1-13C180]-acetate. These differences exclude the participation of a fully aromatic
tetracene intermediate, such as the pretetramid intermediate in oxytetracycline biosynthesis
(Thomas and Williams, 1983; Zhang et al., 2007). Based on the acetate labeling pattern and
the new gene cluster data, a putative pathway for biosynthesis of 1 can be envisioned (Figure
5). The PT domain of a NRPKS has recently been shown to mediate aromatic polyketide
cyclization (Crawford et al., 2009). Since the PT domain of VrtA shares high similarity to those
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from AptA and ACAS (61% and 50% identity), which were shown to produce polyketide
products with C6-C11 first-ring cyclization regioselectivity, we reasoned that the cyclization
of the polyketide backbone of 1 by VrtA may also proceed via a similar route. We hypothesized
that VrtA may utilize a malonamoyl-CoA starter unit, which is generated by VrtB, followed
by sequential condensation of eight malonyl-CoA units to form the polyketide backbone. The
cyclizations of the BCD rings were assumed to follow the pattern observed in atrochrysone
biosynthesis (Awakawa et al., 2009), in which the oxygen at C4a is retained from an acetate
unit (Figure 5). Cyclization of the last ring (ring A) along with offloading of the intermediate
5 could be mediated by VrtG, which has protein sequence similarity to the recently discovered
p-lactamase-type TE (AptB and ACTE, 60% and 49% protein identity) (Awakawa et al.,
2009; Szewczyk et al., 2008).

The hypothesis of a malonamoyl-CoA starter unit produced by VrtB is supported by the high
sequence similarity of VrtB to acetoacetyl-CoA synthetases (AACSSs) (44% protein identity
with the rat homolog, AACS_RAT), and the structural similarity of the AACS substrate,
acetoacetate, to malonamate. AACS activates acetoacetate as an acyl-AMP intermediate
followed by ligation to the free thiol of CoA to form acetoacetyl-CoA (Fukui et al., 1982).
Similarly, the formation of malonamoyl-CoA from malonamate could be catalyzed by VrtB.
Furthermore, P. aethiopicum has an additional copy of putative AACS gene (PaAACS1086)
on contig1086, which is 96% identical to the only AACS homolog (Pc13g10810) in P.
chrysogenum, while VrtB shares only 50% protein identity with the putative PCAACS
(Pc13g10810). This implies that VrtB is most likely dedicated to the vrt pathway, while
PaAACS1086 is involved in the primary metabolism.

VrtJ has a pyridoxal 5’-phosphate (PLP) binding site and a conserved domain similar to those
found in threonine aldolase (TA), aspartate aminotransferase and g-eliminating lyase (Table
1). The closest characterized homolog of VrtJ is Gly1 from Candida albicans (39% protein
identity), which is a TA that catalyzes degradation of L-threonine to glycine and acetaldehyde
(McNeil et al., 2000). The presence of an additional copy of TA-like gene (PaTA0310) in P.
aethiopicum, which shares higher identity (92%) to the only homolog in P. chrysogenum
(Pc12g01020) than VrtJ (54%), again implies that PaTA0310 is most likely to be the primary
TA involved in glycine metabolism. VrtJ is therefore likely to be dedicated to the vrt pathway
and may be involved in the synthesis of the malonamate substrate for VrtB. A malonamoyl-
CoA starter unit is also likely involved in oxytetracyline biosynthesis, however, the malonate-
derived carboxamide of oxytetracyline is in contrast to the acetate-derived carboxamide of 1
(Thomas and Williams, 1983). One possibility could be a malonamoyl-CoA starter derived
from asparagine, presumably synthesized by VrtJ and VrtB collaboratively (Figure 5). Such a
pathway, however, does not match the previous acetate labeling study as incorporation of an
asparagine-derived malonamoyl-CoA would result in the C3 of 1 being labeled by the C2 of
[1,2-13C]-acetate. This is due to asparagine is originating from oxaloacetate, and the formation
of oxaloacetate from [1,2-13C,]-acetate proceeds via a symmetrical succinate intermediate in
the tricarboxylic acid cycle (Ogasawara and Liu, 2009). Further gene targeting along with
biochemical characterization of the four gene products, VrtA/B/G/J, are likely to shed light to
the enzymatic reactions involved in the biosynthesis of the tetracyclic carboxamide core.

The proposed post-PKS tailoring steps following the formation of intermediate 5 are two
hydroxylations and an O-methylation (Figure 5). The hydroxylations at C5 and C12a are
predicted to be catalyzed by one or two of the oxygenases (VrtH, Vrtl, VrtE, and VrtK), while
the methoxy group is likely to be formed by the O-methyltransferase (VrtF). The pathway that
leads to formation of the spirobicyclic ring of 1 is proposed to involve at least three gene
products in the cluster (Figure 5). VrtD, which is similar to trans-isoprenyl diphosphate
synthases (Table 1) such as the Neurospora crassa farnesyl pyrophosphate synthase (Homann
et al., 1996), is predicted to catalyze the formation of geranylpyrophosphate. Based on the
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shared homology of VrtC with aromatic prenyltransferases, such as A. fumigatus
dimethylallyltryptophan synthase FgaPT2 (Metzger et al., 2009) (Table 1), the protein is
predicted to catalyze the attachment of the geranyl moiety to the C ring of 1 to yield 6 (Figure
5). Most aromatic prenyltransferases identified in fungi transfer the prenyl group to a
tryptophan or indole moiety (Heide, 2009). Intriguingly, VrtC is proposed to catalyze the
transfer of a geranyl group to the aromatic C ring of the tetracyclic polyketide intermediate of
1. Prenylation at the same C6 position is also observed in a similar fungal tetracyclic compound,
hypomycetin, which has an acetyl group in place of the carboxamide in 1 (Breinholt et al.,
1997). Thus, VrtC and the corresponding prenyltransferase in hypomycetin pathway can be
considered as potential enzymes that can modify tetracycline compounds at C6.

We propose that the cyclization of the geranyl moiety of 6 can be initiated by a cytochrome
P450 enzyme-catalyzed hydroxylation (VrtE or VrtK) at the allylic C17, which upon
protonation of the hydroxyl can lead to a C17 carbocation (Figure 5). Attack of C20 on the
bridging C15 forms the C15-C20 bond and transfers the positive charge to C19. A hydride
shift from C15 to C19 is followed by C7 attack on C15 to form the spirobicyclic ring (Figure
5). The 1,3-hydride shift was previously proposed to rationalize the incorporation pattern

of 2H-labeled mevalonate (Horak et al., 1988). The cyclization of the geranyl side chain to the
spirobicyclic ring in 1 is most likely enzyme-mediated; however, no terpene cyclase gene is
found in the vicinity of the vrt cluster. Thus, formation of the spirobicyclic ring in 1 could be
mediated by the prenyltransferase (VrtC) as similarly proposed in paspaline biosynthesis
(Saikia et al., 2006) or facilitated by the P450 enzyme.

The putative biosynthetic pathway for the biosynthesis of griseofulvin

The biosynthesis of 2, as implied by the previously established pathway (Harris et al., 1976),
required at least seven biosynthetic enzymes (Figure 6). Formation of the heptaketide backbone
by GsfA is initiated by priming with acetyl-CoA, followed by sequential condensations of six
malonyl-CoA units (Simpson and Holker, 1977). Since neither a fused TE/CLC nor a stand-
alone TE is present, we proposed that the C1-C6 Claisen cyclization of the polyketide backbone
could be mediated by the PT domain of GsfA, while the C8—-C13 aldol cyclization could occur
spontaneously to afford the benzophenone intermediate of 2 (Figure 6). Alternatively, the PT
domain may mediate the cyclization of both aromatic rings. As PT domains of fungal PKSs
are so far known to only catalyze aldol cyclizations (Crawford et al., 2009), the mechanism of
folding and cyclization of the polyketide backbone by GsfA requires further investigation.

Isotope feeding experiment by Harris et al. (1976) established that two of the O-methylation
steps at C6 and C12 hydroxyl groups occur immediately after the formation of the
benzophenone intermediate to yield griseophenone C, while the methylation of the hydroxyl
group at C10 occurs at a later stage (Figure 6). Three O-methyltransferases (GsfB/C/D) are
encoded in the gene cluster and can therefore catalyze the required methylation steps.

An interesting feature in the biosynthesis of 2 is the formation of the heterocyclic ring by a
stereospecific phenol oxidative coupling, which leads to the unique spiro structure of 2. Geodin
is another grisan compound similar to 2, which also undergoes a similar stereospecific oxidative
coupling. It has been established that the A. terreus dihydrogeodin oxidase (DHGO), which
converts the benzophenone dihydrogeodin to (+)-geodin, is a multicopper blue protein similar
to laccases (Fujii et al., 1987; Huang et al., 1995). The structural similarity of 2 to geodin
suggests that a similar enzyme may be responsible for the oxidative coupling reaction, but no
such enzyme is encoded in the gsf cluster. A P450 oxygenase (GsfF) was found in the gsf
cluster, although no oxidation is required en route to 2. We proposed that GsfF may catalyze
the stereospecific oxidative coupling reaction of griseophenone C to form the grisan core
(Figure 6). Oxidative coupling reactions catalyzed by cytochrome P450 enzymes are not
unprecedented. A well-known example is OxyB involved in the phenol coupling reaction
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during the biosynthesis of vancomycin (Zerbe et al., 2004). GsfK, a putative NAD(P)-
dependent oxidoreductase, is likely to catalyze the stereospecific reduction step at the C-ring
resulting in the R conformation at the C2, forming the second chiral center in 2 and 3 (Figure
6).

Gsfl is a halogenase that shares high similarity (60% identity) to the recently discovered flavin-
dependent chlorinase (RadH) in the biosynthesis of radicicol (Wang etal., 2008). In this current
study, 3 is a major product in the P. aethiopicum culture when grown on stationary YMEG
liquid culture, albeit often produced at a slightly lower ratio to 2. To confirm the function of
Gsfl, the gene was disrupted in the same manner as the two PKSs. Two positive gsfl disruptants,
Agsfl-1V5 and Agsfl-1V11, were found after screening approximately 100 glufosinate-resistant
transformants. LC-MS analysis showed that disruption of gsfl completely abolished the
production of 2, while production of 3 remained (Figure 2). This confirmed the role of Gsfl as
a halogenase responsible for the regiospecific chlorination of 3 at the C13 position to form

2. The result also suggests that chlorination does not affect the formation of the grisan ring and
could therefore be one of the last steps in the 2 biosynthetic pathway in P. aethiopicum (Figure
6).

In conclusion, we have successfully associated two polyketide products to their corresponding
gene clusters by bioinformatics and comparative analysis of the P. aethiopicum genome, and
subsequently confirmed the functions of three of the biosynthetic genes by targeted gene
replacement. As opposed to the previously reported low gene targeting efficiency in other
Penicillium spp. (Casqueiro et al., 1999; Schumann and Hertweck, 2007), our results showed
that gene targeting by double homologous recombination in P. aethiopicum is relatively
feasible. The P. aethiopicum transformation system developed in this study will facilitate future
mechanistic studies of the two pathways, as well as the numerous other PKSs found in the
genome of this fungus.

SIGNIFICANCE

The present study unveiled the biosynthetic gene clusters of two interesting polyketide spiro

compounds, 1 and 2, 1 is a rare example of fungal compound that is structurally similar to the
tetracycline antibiotics from bacteria, while 2 is an important antifungal drug that has been in
use for a long time for treating dermatophyte infections. Localization of the two gene clusters
within conserved syntenic regions of the P. aethiopicum genome raises interesting questions

regarding the evolution of clustering of secondary metabolite genes in fungi and may provide
insights to the underlying genetic basis of Penicillium chemotaxanomy.

The vrt cluster is an interesting example of a biosynthetic pathway that encodes for a
polyketide-isoprenoid hybrid compound in fungi. Understanding the exact mechanism of
which the anhydrotetracycline-like core of 1 is formed by further targeted gene deletion and
biochemical characterization of the gene products may provide new chemical insights. The
unusual folding and cyclization of the isoprenoid moiety to form the spirobicylic ring also
deserves further investigation. More importantly, unveiling the clustered genes for biosynthesis
of 1 has opened up the possibilities to generate novel tetracycline analogs using combinatorial
biosynthetic strategies by integrating bacterial and fungal genes that can act on the tetracycline
scaffolds.

There has been a renewed interest in 2 owing to its newly discovered anti-cancer and anti-viral
properties. It is significant that this is the first report of the genetic basis of biosynthesis of 2.
Further functional characterization of the gene cluster will advance our understanding of
biosynthesis of 2 and could lead to isolation of intermediates that may have important
implications in producing useful structural analogs either by enzymatic or chemical
modifications.
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EXPERIMENTAL PROCEDURES

Strains and culture conditions

P. aethiopicum, IBT 5753, was obtained from the IBT culture collection (Kgs. Lyngby,
Denmark) and maintained on YMEG agar (4 g/l yeast extract, 10g/l malt extract, 16 g/l agar)
or glucose minimal medium (GMM) (Cove, 1966) at 28°C.

454 sequencing and bioinformatic analysis

The genomic DNA used for sequencing was prepared as described (Gauch et al., 1998) from
mycelium grown in stationary liquid culture. The shotgun sequencing was performed at the
GenoSeq (UCLA Genotyping and Sequencing Core) with the GS FLX Titanium system
(Roche).

The 454 sequencing reads were assembled into contigs with the GS De Novo Assembler
software (Roche). The contigs were converted into BLAST database format for local BLAST
search using stand-alone BLAST software (ver. 2.2.18) downloaded from the NCBI website.
Gene predictions were carried out using the FGENESH program (Softberry) and manually
checked by comparing with homologous gene/proteins in the GenBank database. Functional
domains in the translated protein sequences were predicted using Conserved Domain Search
(NCBI) or InterproScan (EBI). Phylogenetic analysis was performed with MEGA4 software
(Tamura et al., 2007).

Fungal transformation and gene disruption in P. aethiopicum

Polyethylene glycol-mediated transformation of P. aethiopicum was done essentially as
described previously for A. nidulans (Andrianopoulos and Hynes, 1988; Chooi et al., 2008),
except that the protoplasts were prepared with 3 mg/ml lysing enzymes (Sigma-Aldrich) and
2 mg/ml Yatalase (Takara Bio). Construction of fusion PCR knockout cassettes containing the
bar gene were carried out as described (Szewczyk et al., 2007), except that the homologous
regions flanking the resistant marker were increased to 2 kb. Fusion PCR products were gel
purified and sequenced before using for transformation. The bar gene with the trpC promoter
was amplified from the plasmid pBARKS1 (Pall and Brunelli, 1993), which was obtained from
the Fungal Genetics Stock Center (FGSC). RNA-silencing plasmids were constructed from
pBARGPEL1 (Pall and Brunelli, 1993) obtained from FGSC. Glufosinate used for the selection
of bar transformants was prepared by extracting twice with equal volume of 1-butanol from
commercial herbicide Finale (Bayer), which contains 11.33 % (w/v) glufosinate-ammonium
(Hays and Selker, 2000). The resulting aqueous phase was filter-sterilized and used directly at
40 pl per ml of GMM with 1.2M sorbitol and 10 mM ammonium tartrate as the sole nitrogen
source. Miniprep genomic DNA from P. aethiopicum transformants was used for PCR
screening of gene deletants and was prepared as described previously for A. nidulans (Chooi
et al., 2008). Primers used for amplification of fusion PCR products and screening of
transformants, were listed in Table S2. Southern hybridizations were performed with DIG-
High Prime DNA labeling and detection starter kit 11 (Roche Applied Science) following
manufacturer’s protocol.

Chemical analysis and compound isolation

For small scale analysis, the P. aethiopicum wild type and transformants were grown in YMEG
liquid medium (20mL) for 7 days at 28°C without shaking. The cultures were extracted with
equal volume of ethyl acetate and evaporated to dryness. The dried extracts were dissolved in
methanol for LC-MS analysis. LC-MS was conducted with a Shimadzu 2010 EV Liquid
Chromatography Mass Spectrometer by using both positive and negative electrospray
ionization and a Phenomenex Luna 5p 2.0 x 100 mm C18 reverse-phase column. Samples were
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separated at a flow rate of 0.1 ml/min on a linear gradient of 5 to 95% solvent B in 30 min
followed by isocratic 95% solvent B for another 15 mins (solvent A: 0.1% (v/v) formic acid,
solvent B: CH3CN with 0.1% (v/v) formic acid). The identity of 1 and 2 were confirmed by
comparing the UV spectra, retention time and m/z value to the authentic standards: 1 (a gift
from Dr. Wongon Kim, Korea Research Institute of Bioscience & Biotechnology) and 2
(Sigma-Aldrich).

Dechlorogriseofulvin was isolated using a solvent-solvent partitioning scheme as described
previously (Hutchison et al., 1973) followed by crystallization in MeOH. Briefly, the ethyl
acetate extract from a two liters stationary liquid culture of a Agsfl mutant was evaporated to
dryness and partition between CHCI3/H»0. The CHCI3 layer was further partitioned with
hexane/MeOH (90%). The 90% MeOH layer was dried completely and redissolved in a small
volume of MeOH (1 ml). Formation of white crystals, which was later confirmed to be 3, was
observed when the MeOH extract was left undisturbed at room temperature (further crystallized
at 4°C). The crystals (28 mg) were collected by filtration, washed in cold methanol and dried.
Purity of the compound was checked by LC-MS and the structure was confirmed by NMR
with reference to published spectra (Table S3).

HIGHLIGHTS

e 454 sequencing unveiled the gene clusters for viridicatumtoxin 1 and griseofulvin
2.

e vrtand gsf clusters lie within conserved syntenic regions of P. aethiopicum
genome.

e VrtA and GsfA are nonreducing PKSs required for biosynthesis of 1 and 2.

e gsfl encodes chlorinase involved in the biosynthesis of 2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Viridicatumtoxin 1 Dechlorogriseofulvin

2:
3:

R=Cl
R=H

Tryptoquialanine 4

Figure 1.

Structures of the major secondary metabolites produced by P. aethiopicum. The numbering
schemes for the carbon atoms for 1-3 are based on previous studies (de Jesus et al., 1982;
Simpson and Holker, 1977).
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HPLC analysis (283 nm) of metabolites produced by wild type and mutant P. aethiopicum
strains. The mutant AvrtA, AgsfA or Agsfl no longer produced 1, 2 or 3, respectively. Standards
of compounds 1 and 2 are shown. The identity of 3 was established by NMR characterization.
Peaks labeled with t have UV spectra and m/z values matching to 4 and can be isomers.
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Figure 3.

Homologous recombination schemes for deletion of vrtA and gsfA genes in P. aethiopicum.
The knockout cassettes for (A) vrtA (PaPKS0274) (B) gsfA (PaPKS880) are shown with
marked restriction sites. The corresponding Southern blot results for the wild type and the
mutants are displayed on the right. Small arrows indicate approximate binding sites of the
primers used in PCR screening.
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Figure 4.

Putative vrt and gsf clusters embedded within conserved syntenic regions of P. aethiopicum
genome. (A) vrt cluster on contig 0274 and the corresponding locus on P. chrysogenum contig
Pc00c21. (B) gsf cluster on contig 0880 and the corresponding locus on P. chrysogenum contig
Pc00c06. Blocks on the thin lines indicate conserved syntenic blocks on the contigs. The
symbols (A < A € V) indicate short conserved regions within the vrt and gsf clusters that
are remained at the corresponding loci in P. chrysogenum. Block arrows: black, genes predicted
not to be involved in the biosynthesis of 1 and 2; white, putative pseudogenes.
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Figure 5.
Proposed pathway for the biosynthesis of viridicatumtoxin 1. DMAPP — dimethylallyl
pyrophosphate; IPP — isopentenyl pyrophosphate.
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Figure 6.

Proposed biosynthesis of griseofulvin 2. The function of the halogenase Gsfl has been

confirmed using knockout as shown in Figure 2.

Chem Biol. Author manuscript; available in PMC 2011 May 28.

Page 19



Page 20

Chooi et al.

000 suonoesaiul utsload-ursiold arerpaw sreadal uLIAUE ‘SINV ‘£0Z00P2 0v/92 8E€50 DIYN ‘115984 sndredourdun €1G/celT 9o
“Alurey

¥0-9T  (MoyD) aseury sutjoyd pue (Hdv) asesdjsuesoydsoyd-,e apisodakjBoutue ‘0zTG0Pd 26/58 029916T22d ‘wnuaboshiyd *d 29v/66YT  GHO

Pajoa}ap SUIBWIOP PaAIasu0d aAeInd oN 6/26 089916720d ‘wnuaBoshiyd 'd 1S9/v16T MO

-3¢ UIeLOP XI|3Y B}3Q Papue.s-2|gnop Yim ulajoad paziajoereydun ‘L62y900 G6/€6 0T.2910T20d ‘wnuafoshiyd *d v22/SL9 €M

PaJ0RIop UTBLUOp PBAISSUOD ON 001/66 0629167224 ‘wnuafosiiyd *d LyTivvy o

21-98 85213189 PaRdIPald ‘0070902 G6/16 092916720d ‘wnuaBosAiyd 'd 292/68L  THO

G0-9¢ urewiop Butpuig-vN@ J481snfo seajonuig 9sA0z(1UZ 1I- TV ‘99000MeWS 8vIve 05€L0BTTUY ‘48b1U Y 9€8/LGLT  THWA

60-92 urewiop 4030} uonduasueLy 913108ds [efuny ‘zZgoroweyd 18/0L 098520 VIdN ‘18yosy eAI10}eS03N GTLI8YTZ  TYMA

1€-9T s1spodsued) Ajiwepiadns Joyen|ioed JofeN ayL ‘SHIN ‘#2T90PI 68/08 02200BETUY ‘43BIU Y €0G/0/ST  TMA
LYITE aselniesap 1S .mcm_su_c YV

Tv-9¢ 0S¥d 8WoIL20IKD ‘05pd ‘29000weyd vG/LE aseInjesap gJan ‘snaejy Y VES/LPBT  MMA
0L-3¢ aseA| Buireuiwija-eleg ‘grzToWed €6/L€ 9[TVNVD TAT9] TAID ‘suedlqe epipued

(1 p1oy) Ajiwegiadns aselaysueiouiwe

L1791 ajepedse Juapuadap-dd ‘(v.L) asejop|e auiuoaiyy A1o11oads-mo| ‘Z0590p2 19/Ly 8EPTO DTSS ‘WNI0NO0IBIIS BIUNOIBIIS 88/6¥CT  [HA
T1-92 aseuaBAxo (11)94-90¢ ‘TLTE0WEY asepIxo-0g ulljuaqqb
saseuabAxolp Ge/8T ZTOIN ‘wnaeqge) euenooiN

1232 parelal pue SNdI ‘009d ‘T67€900 05/6€ 09€860 V1OV ‘snieAe|d 'y ETY/L6ST  IMA

TT-9¢ $85e)0NPaI0PIX0 Juspuadap-Av4 perefas pue HIGN ‘YS90900 69/0S (01dv) £'2009NYV ‘suejnpiu "y ETP/SOET  HMA

v2-9¢ Anweyadns sseureioe|-g-ojjelsw ‘67800HBWS 7L/09 (g1dv) £ TO0INV ‘sueinpiu 'y LOEIYZ6 ~ OMA
2T 2dAy 67/SE 443r ‘wnso|n|jad wnibuekjod

¥0-871 urewop ssesgysuenjAylaw ‘zyzgouweyd G9/5G 0veL0PTTUY ‘J8bIU Y 8ET/LTL  MA

¥2-95 0S¥d 3W0IYI0IAd ‘29000wWeyd s/ee L0TY0 DALY ‘snais} 'y 026/868T  FMA

99, saseyuAs ayeydsoydip |Auaidosi-suel) ‘G8900P2 89/vS  [062260] ¥ONAN SOV ‘essesd elodsoinaN 67€/902T  QMA
9¢/02 [X¥1€] z1deb ‘snyebiwny v

€L-97 aselaysue|AuBId OljeWOIe ‘6Z7E0HOI L 65/S7 665€0 DADIN ‘SIUBD WNJOdSOIOIIN €8Y/ZSYT  OMA
95/0v 1vY SOV ‘snolbianlou snyey

081-90'T > 8SEIBLIUAS \0D-|A180B0I80R ‘YBSEOMHd ¥9/15 TET90 D1d ‘shusdal-1on13 eioydouaihd €2LICTE.  GUA

dOV-1d-LVIN-SH-1VS 5L/09 (vidv) €'0009NV ‘SUBINPIU Y ¥Z8T/8LSS  VHMA

anjeA 3 urewoq pantasuod  (96) Anreqiwis/Auspl Bojowoy d1Sv1gd  (ee/dq) ezis  8uso

T 3lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

*191SN[2 1A 8] Buijue]) pue ulyiim ssusb aaneind

NIH-PA Author Manuscript

Chem Biol. Author manuscript; available in PMC 2011 May 28.



Page 21

'/ /¥r/SNO UOISSaII. 8] J9PUN Yueguas) 0} PaRIWgns Sem Jalsn|d aush 1A ay) Jo sousnbas

“win|101u8d - *d ‘sniB1adsy- 'y :uonRIABIGaE SNUSS)

Chooi et al.

60-9T ursioud Ajquissse awiosos|aNN ‘dvN ‘95600weyd 86/56 0£9916720d ‘wnuaBoshiyd 'd 6TE/ZTIT 8O

80-3¢ urewop JYVNS ‘6€L50wesd

T¢-9¢ [eulwa)-N ‘9 uixejuAs ‘2, Teoureyd 66/.6 0v9916T20d ‘wnuaboshiyd *d €9z/888 40
anjeA 3 urewoq pantssuod  (9%) Auaejiwis/Amuspi Bojowoy 41Sv1g (ee/dq) azis  8us

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Chem Biol. Author manuscript; available in PMC 2011 May 28.



Page 22

21USd - *d "el198N - *N “B||84aqI9 - O ‘wniwolsey) - O “elunoiknog- g ‘snjjibiadsy- v uoneIABIgae SNUsS

L1-92 auouadey ejna3joN “Meud ‘€rr090D 86/36 0£600090d ‘WwnuaBosAiyd ‘d 20L/892  .8HO
Gg-o1 uigjold 11-.222ZN ‘zr6L0weyd 96/v6 0860009094 ‘WnuaBosA1yd °d TTV/9VET  .LHO
P3108}9p UIBWIOP P3AISSUOD ON 6/06 0660009004 ‘WnuaBosAiyd °d LGT/L08 94O
91-92 urewuop 10)oe} uonduosues d119ads [ebuny ‘zgoyoweyd 96/v6 000T0090d ‘WnuaBosAiyd ‘d €8//2G€C  .GHO
0€-o asepiwe ‘0Te80MHd 96/26 020T0090d ‘WwnuaBosAiyd *d €G9//8TC MO
Pa10818p UIBLIOP PaAIBSUOD ON +98/08 0£0T06909d ‘wnuaboshiyo d 112/59.  .EMO
0¢-3¢ Tyeadal || asela1saoIyl ‘FrEopd
1291 Zheadal || 8seI9IS30IY L ‘SPYEOPD 66/96 0701009004 ‘WwnuabosAiyd “d 99¢/0TET  ,zHo
P3103)3p UIBLIOP PAAIZSUOI ON 06/98 050T00902d ‘WwnuaBosAiyd *d T6E/9v2T L THO
60-98 urewop Bulpuig-wNG@ Ja1snjo seajanuig 9sAg(11uZ NI- 1V '99000MBWS L9/€S 6,550 OTSS ‘WNIONOI3|IS BIUNOI3|OS STy/8reT  zyish
50-92 urewiop 1030} uonduasuel 21198ds [ebuny ‘zgoroweyd 89/25 Z'0978NY ‘suejnpiu "y 889/8TTc  Tuysh
ve-or aseudbiolpAyap ureyd Hoys ‘€5690Mdd 65/0% 09¥916212d ‘WnuaBosAiyd ‘d 162/820T  Misb
72-91 Alweygns woed/giw3 ‘Jsodsuel) souelsisal Bnip ‘gaw3 xXnige ‘TTL00491L T9/Ly T'6578NY ‘SUBINpIU Y vGS/TE0C  [isP
LT-9¢ (sutaoudoneyy) seseushiospAysp ‘OxId ‘¥¥9090D
GT-9¢ aseuabojey ueydordAn ‘ozgyoweld G./T9 aseuaboley juapuadap-ulAely HpeY ‘1ISIBAIYD D €€6/9/6T 1isb
T€-0T $852|0JPAYOPIUE Pale|al DBOA ‘Palelal” DBIA ‘ZTOTOPD 68/18 §60000T000600YV ‘9ezA10 Y L€2/688  HisO
L€-9,  suonoesdul uiajoid-uiajoud ayerpsw syeadal unkue isjeadal uniue ‘SINY ‘0200pd Lee 10220 99HO ‘wnsoqo|f ' 662/€€0T  OJsb
L€-9g 0S¥d aWwoyd0IAD ‘05pd *29000wesd €6//€ LY0E 14VHAVHOIN "ea0000jeWsRY ‘N 29v/e09T  isb
60-0T sasejeIpAyap/sasesawida sebns-areydsoydip-apISos|anN ‘OBIM ‘TG70D0D vL/T9 2'8206NY ‘SUeInpIu Y LLEWETT s
Sy/lz y9selajsuen|Ay1sw-O uIxolejse giwo ‘snaej) 'y
1291 asesajsuejAyaw-0 ‘T6800wWeld Tv/9¢ 0vT906212d ‘WwnuabosAiyd “d T0ET/8LE Qs
ive yoselajsuen|Ay1sw-O uIxolejse giwo ‘snaej) 'y
0z-92 asesaysuesAyIaw-O ‘T6800weyd 16/2€ G6218 14V4AVHOIN ‘ea0000jewey ‘N 96€/T6TT  OJsh
10-96 SISayluAsolqg auouinbeuaw/auouinbign ul paAjoAul aselAYIsIA ‘319N ‘9222900 Gh/6z  gdselasuenAaW-O uLsAeIg exIg ‘toanjiing ‘9
€e-9, aselajsuB|ApBW-O ‘Te800wWed T9/T¥ 02160 VVINd ‘logautew °d 6Tv/icyyT  gisb
09/2y (SYOV) 16780 D31V ‘snalial 'y
dOV-L1d-LVIN-SH-1VS TLILS VISMd BUBION "G 06LT/2L9G  VisD
anjeA 3 urewoQ pantasuod  (96) Areiwis/Anuspl Bojowoy d1sv1g  (ee/dg) ezis  sueD

Chooi et al.

*191sN|9 JsB ayy Bupjuels pue uIym saush aaleInd
Z?3lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Chem Biol. Author manuscript; available in PMC 2011 May 28.



Page 23

Chooi et al.

'8/ ¥7/GNS UOISSAIIL 8} Japun yueguas 0] paniwgns sem 1alsn|a auab Jsb syl Jo 8ousnbas yueguas) Ul UoISIaA 8y} WOy Juatapllp ‘HSINIDL Aq paroipald se uonejsues) [enideouod 0g0T06902d UO paseq

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

t

Chem Biol. Author manuscript; available in PMC 2011 May 28.



