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Abstract

Aspergillus species have the ability to produce a wide range of secondary metabolites including
polyketides that are generated by multi-domain polyketide synthases (PKSs). Recent biochemical
studies using dissected single or multiple domains from PKSs have provided deep insight into how
these PKSs control the structural outcome. Moreover, the recent genome sequencing of several
species has greatly facilitated the understanding of the biosynthetic pathways for these secondary
metabolites. In this review, we will highlight the current knowledge regarding polyketide
biosynthesis in Aspergillus based on the domain architecture of non-reducing, highly reducing,
and partially reducing PKSs, and PKS-non-ribosomal peptide synthetases.
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Introduction

Polyketides are structurally diverse secondary metabolites including polyphenols, polyenes,
and macrolides. These natural products are produced by polyketide synthases (PKSs) from a
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variety of organisms including bacteria, fungi, and plants (Fischbach and Walsh 2006;
Hertweck 2009). PKSs are categorized into three subtypes: types I, I, and 111 PKSs. As in
the nomenclature of fatty acid synthases (FASSs), type | PKSs refers to covalently linked
multifunctional enzymes, whereas the catalytic components in type Il PKS are free-standing.
Furthermore, type 111 PKSs are homodimeric multi-functional enzymes distinguished from
types I and 11 by the use of malonyl-CoA rather than malonyl-S-pantetheinyl-thiolation
domain species as substrates (Austin and Noel 2003). Apart from these three subtypes, PKSs
are also categorized as iterative or noniterative, distinguished by whether the substrate is
used for one or more than one round of elongation.

Polyketides produced from fungal species have drawn much attention due to their important
role in human health. These compounds include toxins such as sterigmatocystin (1) and
aflatoxin B4 (2); the virulence factor melanin; and the medicinally important anticholesterol
drug lovastatin (3) (Fig. 1). Assembly of these fungal polyketide carbon skeletons are
catalyzed by multi-domain type | polyketide synthases (PKSs) and all known fungal PKSs
so far are iterative in nature except lovastatin diketide synthase (LovF) and its homolog
compactin diketide synthase (MIcB) which are noniterative (vide infra and Abe et al. 2002).
Recent fungal genome projects of Aspergillus species has revealed that these
microorganisms have a surprisingly large number of secondary metabolite genes, the
products of which are mostly currently unknown (Galagan et al. 2005). The sequencing of
fungal genomes also revealed that biosynthesis genes of secondary metabolites in fungi are
generally clustered (Galagan et al. 2005; Keller et al. 2005). For reasons still not well
understood, it seems that most biosynthetic gene clusters are either silent or expressed at
very low levels, and that their products are, thus, difficult to detect or identify. It appears
that some chemical or environmental signals for triggering these “cryptic” pathways are
missing in standard laboratory culture conditions (Bergmann et al. 2007; Chiang et al. 2008;
Schroeckh et al. 2009). Finding the correct conditions to unlock cryptic natural product
clusters will be important to decoding the complexity of the fungal secondary metabolome.
Since reviews describing how to activate cryptic biosynthetic pathways have been published
elsewhere (Chiang et al. 2009a; Scherlach and Hertweck 2009), this review will focus on the
relationship of PKS domain architecture and the structure of the product of the PKS. Three
excellent reviews concerning fungal PKSs have been published by Schumann and Hertweck;
Cox; and Hoffmeister and Keller (Cox 2007; Hoffmeister and Keller 2007; Schumann and
Hertweck 2006). We will try to extend previous understanding and highlight the most
current knowledge of type | PKSs in Aspergillus species.

General domain architecture and reaction mechanisms of fungal PKSs

Type | multi-domain PKSs use substrates such as acetyl-CoA and malonyl-CoA (mal-CoA)
in a similar fashion to multi-domain FASs but differ in the existence of incomplete reduction
and/or dehydration steps. Table 1 lists the characterized polyketide genes and their cognate
proteins, as well as domain organizations from Aspergillus species. These PKSs minimally
contain ketosynthase (KS), acyl transferase (AT) and acyl carrier protein (ACP) domains
(Fig. 2a). After translation, the ACP domain of PKSs requires post-translational
modification through the addition of a phosphopantetheinyl group to the conserved Ser by
phosphopantetheinyl transferase (PPTase). This generates a holo-ACP with an approximate
18 A phosphopantetheine (PPT) arm from an apo-ACP. A single PPTase (CfwA/NpgA) has
been identified and likely to be responsible for the activation of all PKSs in A. nidulans
(Marquez-Fernandez et al. 2007). A malonyl extender unit is then transferred onto the
terminal thiol of the phosphopantetheine prosthetic group of ACP, a reaction that is mostly
catalyzed by the AT domain. In the presence of an acyl starter unit on a conserved cysteine
residue of the KS domain, the KS catalyzes Claisen condensation of malonyl extender to
generate a diketide. There are two major subclasses of fungal type | PKSs. They are non-
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reducing (NR) and highly reducing (HR) PKSs distinguished basically by the existence of
domains that can catalyze the reduction and/or dehydration steps (Table 1). In HR-PKSs, the
a-carbon of the diketide may be methylated to generate a-methyl-p-ketothioester by the C-
methyltrasferase (CMeT) domain which uses S-adenosylmethionine (SAM) as a substrate. In
addition, the B-keto group may further be reduced to B-hydroxyl, a,B-unsaturated carbonyl,
or a,B-saturated carbonyl functionalities by the catalytic activities of keto reductase (KR),
dehydratase (DH), and enoyl reductase (ER) domains (Fig. 2b). The processed diketide can
then transfer back to the KS and be extended further. After several rounds of elongation, the
polyketide chain is released from the PKS. Polyketide structural diversity is determined by
the optionally “programmed” activity of CMeT, KR, DH, and ER domains during each
round of extension. However, how those multi-functional enzymes control the product chain
length and the site of “programming” is largely unknown.

Two major subclasses of type | PKSs were also observed by Kroken et al. who performed
phylogenetic analyses on amino acid sequences of KS domains of characterized fungal PKS
genes and putative PKS genes from genomic sequences (Kroken et al. 2003). They showed
that fungal NR-and HR-PKSs are the two main clades of microbial type | PKSs. They also
proposed that NR-PKSs evolved by losing DH-ER-KR domains while gaining the TE/CLC
(thioesterase/Claisen cyclase) domain from their “reducing” PKSs ancestors. Moreover, the
Townsend group has recently identified SAT (starter unit-ACP transacylase) and PT
(product template) domains that control the structural outcome of NR-PKSs. We will
describe their elegant work before going on to the next section.

Discovery of SAT and PT domains

Fungal PKSs are large multi-domain proteins which make overexpression, functional
purification and accurate examination of individual reactions difficult. In order to dissect the
function of individual domains, Udwary, Merski, and Townsend developed an algorithm,
UMA (Udwary-Merski algorithm) that combines primary sequence similarity, predicted
secondary structure, and local hydrophobicity to predict interdomainal linker regions
(Udwary et al. 2002). By using UMA, they identified two previously unidentified domains,
SAT and PT domains, from the norsolorinic acid synthase (NSAS) family of NR-PKSs
(Table 1). NSAS is a family of octaketide synthases that catalyze the assembling of a
hexanoyl starter unit with seven mal-CoA followed by dehydration/aromatization and
Claisen cyclization to generate norsolorinic acid anthrone (4) (Fig. 3a). It was found that 4
oxidized to norsolorinic acid (5) spontaneously during workup, although this oxidation
might be catalyzed enzymatically in vivo, as is known to occur in emodin biosynthesis
(Chen et al. 1995). After purifying different domains as recombinant proteins from E. coli,
the Townsend group showed that hexanoyl-CoA could be transferred to the SAT domain
directly but could only be transferred to the ACP domain in the presence of the SAT domain
(Fig. 3b) (Crawford et al. 2008a). Ma et al. also noticed that the AT domain of NSAS could
only transfer malonate from mal-CoA to ACP but not hexanoate or acetate from the cognate
CoA (Ma et al. 2006). Thus, the SAT domain located in the N terminus of NSAS with high
similarity to the mal-CoA/ACP transferase domain is responsible for selecting the hexanoate
starter unit. The same group further aligned SAT domains of 76 NSAS family PKSs
identified from Blastp searches of the NCBI non-redundant protein sequence database and
realized that SAT domains are widespread among fungal NR-PKSs (Crawford et al. 2008b).
Forty-nine protein sequences harbored the expected GXCXG active-site motif in the SAT
domain, where the active site Cys tethers to the starter unit. Twelve sequences contained a
GXSXG motif, which presumably use oxyester rather than thioester chemistry for
transfering the starter unit. Fourteen sequences had a GXGXG motif, which might be
inactive or have an unknown function. Interestingly, the residue directly upstream of the
active site His in the catalytic dyad of SAT domain contains a conserved Ala for the known
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hexanoy! acceptors and has either a bulky Phe or Tyr for the known acetyl acceptors. Thus,
the SAT domains might use a steric approach to “selecting” the acyl starter unit.

The PT domain which is located between the AT and ACP domains has a critical role in
specific aldol cyclization and aromatization. Without the PT domain, the SAT-KS-AT
tridomain and the holo-ACP monodomain in NSAS can still produce polyketides of the
correct chain length (5 and 6) but in very small amounts (Fig. 3c). However, the products
markedly increase in the presence of the PT domain that drives the irreversible dehydration/
aromatization reaction (Crawford et al. 2008a). Without the TE/CLC monodomain, 5 is the
minor product and naphthopyrone 6 is the major product (Fig. 3a, pathway B). In the
presence of all domains including the TE/CLC monodomain, 5 becomes the major product,
supporting the idea that TE/CLC functions as a Claisen cyclase (Fig. 3a, pathway A). The
crystal structure of the NSAS PT monodomain has recently been solved and displays a
distinct “double hot dog” (DHD) fold (Crawford et al. 2009). The rigid octaketide binding
pocket in the PT domain extends 30 A from the surface to the bottom and can be divided
into three regions; the PPT-binding region, cyclization chamber, and hexyl-binding region
(Fig. 3d). The PPT-binding region extends 14 A from the protein surface into the pocket and
is proposed to bind the ~ 18 A PPT arm. The cyclization chamber (8x13.5 A) can
accommodate two aromatic rings and contains the proposed catalytic dyad His'34° and
Aspl543, The hydrophobic hexyl-binding region (6x6 A) lies at the bottom and is perfectly
adapted to accept the substrate hexanoyl starter unit.

NR-PKSs containing the TE/CLC releasing domain

Aflatoxins are a group of potent environmental toxins and carcinogens produced by
Aspergillus species and their biosynthesis has drawn much attention. Chang et al. and Feng
et al. identified the PKS gene from A. parasiticus responsible for aflatoxin biosynthesis (the
same gene was given different designations, pksA and pksL1, by the two groups) (Chang et
al. 1995; Feng and Leonard 1995). Yu et al. identified pksST from A. nidulans required for
sterigmatocystin (1) biosynthesis (Yu and Leonard 1995), originally designated pksST but
renamed stcA by Brown et al. in order to simplify the nomenclature and reflect the fact that
genes required for a specific secondary metabolite are usually clustered (Brown et al. 1996).
The PKS responsible for sterigmatocystin (1) and aflatoxin biosynthesis, NSAS as discussed
above, contains SAT, KS, AT, PT, ACP, and TE/CLC domains (Fig. 3). It is interesting to
note that StcA contains two ACP domains (Table 1). NSAS forms a complex with HexA/
HexB (a and B components of fungal FAS) and produces norsolorinic acid (5) in the
presence of acetyl-CoA, mal-CoA, and NADPH. Watanabe et al. showed that hexanoyl-CoA
is not a free intermediate produced by the NSAS/HexA/HexB complex suggesting that
hexanoate must be passed directly to the SAT domain of NSAS after being synthesized by
HexA/HexB (Watanabe and Townsend 2002).

Many fungi produce melanins, which are dark brown or black pigments formed by oxidative
polymerization of phenolic compounds. Melanin is known to contribute to survival, cell wall
rigidity and impermeability, and most importantly, is a virulence factor for pathogenic fungi
(Gomez and Nosanchuk 2003). In contrast to melanin biosynthesis in brown and black
fungi, little is known about pigment biosynthesis in green and bluish-green fungi. In A.
nidulans, wA gene was identified to encode a PKS required of green pigment biosynthesis
(Mayorga and Timberlake 1992). Watanabe et al. expressed the wA gene in A. oryzae strain
M-2-3 and this led to the isolation of citreoisocoumarin (7), and its derivatives
dehydrocitreoisocoumarin (8) and compound 9, thus establishing that WA is a heptaketide
synthase (Fig. 4a, pathway B) (Watanabe et al. 1998). Since there is no KR domain in WA,
the secondary alcohol in the side chain of 7 and 9 is presumably reduced by a host reductase.
However, it was later realized that the wA gene originally identified was missing one base
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pair thus caused a frame shift and produced a 67 aa C-terminal truncated protein in their
heterologous expression experiment (Fig. 4a, pathway B). The full length WA was later
heterologously expressed and naphthopyrone YWAZ1 (10) was re-identified to be the real
metabolite (Fig. 4a, pathway A) (Watanabe et al. 1999). This suggested that SAT, KS, AT,
PT, and two ACP domains of WA produce a heptaketide and catalyze the first aromatic ring
formation, and the C-terminal region of WA is involved in the cyclization of the second
aromatic ring of YWAL (10). Thus, the Ebizuka group first demonstrated that the C
terminus of WA turns out to function as a Claisen cyclase (CLC) by using a heterologous
expression system. A detailed functional analysis by a series of C-terminal deletions and
site-directed mutagenesis showed that Serl967 and His2129 residues in CLC domain of WA
are responsible for naphthopyrone (10) formation and this leads to the proposed mechanism
shown in Fig. 4b. Another feature of WA is that it contains two ACP domains. Site-directed
mutagenesis of the Ser residue, a known phosphopantetheine anchor site, to Cys in either
ACP domain produced YWAL (10). This suggests that only a single ACP is necessary to
catalyze the heptaketide formation (Fujii et al. 2001).

A pentaketide, 1,3,6,8-tetrahydroxynaphthalene (T4HN, 11), is an initial precursor of
melanin. In 1998, Tsai et al. and Langfelder et al. identified the PKS gene from A. fumigatus
necessary for melanin biosynthesis (the same gene was designated alb1 and pksP by the two
groups) (Langfelder et al. 1998; Tsai et al. 1998). Heterologous expression of the albl gene
in A. oryzae M-2-3 resulted in the isolation of a heptaketide YWAZ1 (10) but not the
pentaketide T4HN (11) (Watanabe et al. 2000). It was later realized that an enzyme, Ayglp,
catalyzed chain-length shortening to produce T4HN (11) (Fig. 4a, pathway A) (Fujii et al.
2004; Tsai et al. 2001). Notably, another PKS gene, PKS1, responsible for melanin
biosynthesis was identified from Colletotrichum lagenarium in 1995 (Takano et al. 1995).
When PKS1 was heterologously expressed in A. oryzae M-2-3, a major pentaketide T4HN
(11) together with other minor pentaketides including a-acetylorsellinic acid (12) were
isolated as their acetylated derivatives, 13 and 14, after acetylation in order to avoid
oxidative polymerization (Fig. 5a) (Fujii et al. 1999). When isotope-labeled acetyl-CoA or
mal-CoA was fed into a cell-free extract containing PKS1, only mal-CoA was able to
incorporate into T4HN (11) and this led to the hypothesis that mal-CoA but not acetyl-CoA
serves as the starter unit (Fig. 5a) (Fujii et al. 2000). The detailed product distribution of this
heterologous expression system was later revisited by using LC-ESI-MS (liquid
chromatography-electrospray ionization-mass spectrometry) (Fig. 5b) (Watanabe and
Ebizuka 2004). Interestingly, when the TE/CLC domain was inactivated, PKS1 produced
mainly 6,8-dihydroxy-3-(2-oxopropyl)-isocumarin (18), a hexaketide. The authors thus
concluded that the TE/CLC domain has a critical role in chain-length determination.
However, Crawford et al. demonstrated that when recombinant SAT domain of PKS1 was
purified from E. coli, it was able to accept acetyl-CoA as a starter unit (Crawford et al.
2008c). Crawford et al. thus proposed an alternative mechanism, that PKS1 incorporates one
acetyl-CoA and five mal-CoA to generate 2-acetyl-T4HN (15) which is later shortened by
an ‘Ayglp’ like enzyme in the heterologous host (Fig. 5¢). This alternative mechanism also
fulfills the observed phenomenon that isotope labeled acetyl-CoA is not incorporated into
T4HN since it has been cleaved by the ‘Ayglp’ like enzyme to become acetic acid. As a
consequence, both chain-length control and dehydration/aromatization control would be
carried out prior to the TE/CLC catalyzed Claisen cyclization. This provides a general
pattern for iterative systems that contain SAT domains and a biochemical rationale for the
classical acetyl “starter unit effect”. The function of each domain will promise to become
clearer as data are accumulated in future experiments.
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NR-PKSs with no releasing domain

Since most biosynthetic gene clusters are cryptic, we were curious whether SUMOylation
might play a part in secondary metabolite regulation. Deletion of the sumo gene in A.
nidulans dramatically increases asperthecin (21) production and this led us to identify the
apt gene cluster through a series of targeted deletions (Fig. 6, Apt pathway) (Szewczyk et al.
2008). AptA is a TE/CLC less NR-PKS that catalyzes octaketide formation from one acetyl-
CoA and seven mal-CoA. The lack of a TE/CLC domain in AptA and the presence, near
aptA in the genome, of a B-lactamase, aptB, which is also essential for asperthecin
biosynthesis led us to propose that AptB is responsible for releasing the octaketide from the
NR-PKS, AptA. This hypothesis has recently been validated biochemically by Awakawa et
al. who showed that atrochrysone carboxylic acid (22) is an unstable metabolite released
from ACAS (atrochrysone carboxylic acid synthase) in the presence of ACTE (atrochrysone
carboxyl ACP thioesterase, a f-lactamase-like protein) (Awakawa et al. 2009). Subsequent
decarboxylation, dehydration, and oxidation at various positions resulted in the formation of
21

In response to the accruing evidence that a significant portion of the regulation of the
expression of secondary metabolite gene clusters occurs at the chromatin level (Cichewicz
2010), we deleted the A. nidulans cclA gene, an ortholog of the bre2 gene of Saccharomyces
cerevisiae (Bok et al. 2009). Bre2 encodes a critical member of the COMPASS (complex
associated with Setl), a conserved eukaryotic transcriptional effector both facilitating and
repressing chromatin-mediated processes through methylation of lysine 4 of histone H3
(Mueller et al. 2006; Sims and Reinberg 2006). Chemical profiling of a cclA deletant
followed by genetic analysis led us to identify two silent gene clusters, one involved in
monodictyphenone biosynthesis (Fig. 6, Mdp pathway) and the other required for F-9775
biosynthesis (vide infra). MdpG which has high similarity with AptA is also a TE/CLC less
NR-PKS. MdpF, a B-lactamase-type TE nearby, thus presumably catalyzes product release.
Subsequent decarboxylation, dehydration, and oxidation generate emodin (23) which is
further processed by downstream enzymes to produce monodictyphenone (24).

NR-PKS containing the TE releasing domain

In addition to MdpG, another PKS, AN7909, responsible for F-9775 biosynthesis has also
been identified from a cclA deletion strain (Bok et al. 2009). Notably, F-9775A and B (25
and 26) together with orsellinic acid (27) can be induced by growth in Czapek's media even
in a wild-type cclA background and deletion of AN7909 not only eliminates 25 and 26 but
also 27 production (Fig. 7) (Sanchez et al.). These results together with the structures of
F-9775A and B, suggested that these compounds are derived from orsellinic acid (27).
Interestingly, a theacitrin derivative (28) has been proposed to be generated from two
molecules of a pyrogallol derivative (29) after oxidative dimerization, intramolecular
cyclization and rearrangement (Davis et al. 1997). F-9775A and B, thus, could be
biosynthesized from three molecules of 27. Remarkably, co-cultivated A. nidulans with the
bacterium Streptomyces hygroscopicus also resulted in the activation of AN7909 and the
production of 25-27 (Schroeckh et al. 2009). Both approaches demonstrated that AN7909
encodes a long-searched for orsellinic acid synthase, OrsA.

NR-PKSs containing the reductase releasing domain

The presence of cluster-specific regulatory activators is a common feature of fungal
secondary metabolite biosynthetic gene clusters (Chiang et al. 2009a). Bergmann et al. first
demonstrated that ectopic overexpression of apdR, a regulatory gene within a cryptic hybrid
PKS-non-ribosomal peptide synthetase (NRPS) gene cluster, resulted in the concerted
activation of the gene cluster and production of two new cytotoxic metabolites (Fig. 13c,
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vide infra). Using a similar approach, the endogenous promoter of a regulatory gene within
the afo gene cluster was replaced with an inducible promoter (Chiang et al. 2009b). This led
us to discover a new compound asperfuranone (30) and two PKSs, one HR-PKS (AfoG) and
one NR-PKS (AfoE), necessary for asperfuranone biosynthesis (Fig. 8). Deletion of a key
hydroxylase (afoD) in the asperfuranone biosynthetic pathway resulted in the accumulation
of benzaldehyde derivative 31 suggesting that AfoG is responsible for catalyzing the
biosynthesis of a tetraketide and then transfering the reduced tetraketide to the SAT domain
of AfoE to generate the reduced and non-reduced hybrid octaketide. Interestingly, the C-
terminal region of AfoE contains a reductase (R) domain and this matches with the reductive
release mechanism to generate aldehyde 31. The reductive release mechanism was first
described by the Cox group who isolated 3-methylorcinaldehyde (32) by heterologous
expression of 3-methylorcinaldehyde synthase (MOS) in A. oryzae M-2-3 (Bailey et al.
2007).

HR-PKSs found in filamentous fungi are the most interesting but the least understood of the
PKS family members. Lovastatin (3, Mevacor, Merck) is a cholesterol lowering drug
produced by A. terreus. It is also a precursor of a more potent anticholesterol drug
simvastatin (Zocor, Merck) which was the second largest selling cholesterol lowering drug
in the world before losing US patent protection (Maggon 2005). The biosynthesis of
lovastatin has been extensively reviewed by Hill and Cox (Cox 2007; Hill 2006). Two HR-
PKSs, LovB (lovastatin nonaketide sythases) and LovF, are involved in the formation of the
lovastatin core structure. LovB and LovF both contain KS, AT, DH, CMeT, ER, KR, and
ACP domains (Fig. 9). Unlike NR-PKSs, HR-PKSs analyzed to date do not contain SAT
domains. It is likely that fungal HR-PKSs initiate polyketide synthesis through
decarboxylation of malonyl-ACP or direct transfer of an acetyl unit, but with less efficiency,
by the AT domain (Ma and Tang 2007). Interestingly, the ER domain of LovB is
nonfunctional and needs to be compensated by the free-standing ER protein, LovC, to
produce dihydromonacolin L (33). There is a condensation (CON) domain in the C terminus
of LovB and this domain is hypothesized to be involved in product release. In vitro studies
of LovB have been hampered by difficulties in purifying sufficient amounts of functional
LovB from either A. terreus or a heterologous Aspergillus host. Recently, the Vederas and
Tang groups were able to purify the 335-kD LovB by using an efficient expression system
from an engineered Saccharomyces cerevisiae strain, BJ5464-NpgA, which contains a
chromosomal copy of the A. nidulans PPTase gene (npgA) (Ma et al. 2009). Reconstitution
experiments indicated that the CON domain is not involved in product release but does play
a crucial role in the formation of 33. This also suggested that other endogenous TESs might
be involved in product release (Fig. 9). LovF is the only known noniterative fungal PKS
identified from Aspergillus so far. It has similar domain architecture to LovB but there is no
CON domain. The Tang group investigated the mechanism of product release from LovF
and found that LovD, an acyl transferase, interacts with LovF and transfers (S)-2-
methylbutyrate to monacolin J (34) to produce 3 (Xie et al. 2009).

In the course of screening for NRPS gene deletion mutants, EasB was identified to be
involved in the biosynthesis of the side chains of emericellamides (35-39) (Fig. 10) (Chiang
et al. 2008). Interestingly, the lack of a product release domain in EasB as well as the
necessity of a free-standing acyl transferase (EasC) for emericellamide biosynthesis nearby
EasB in the genome might indicate that EasC is involved in the product release. The long
chain fatty acids released from EasB then incorporate into EasA, an NRPS, to generate 35—
39. Interestingly, when comparing EasA with AfoG, the HR-PKS responsible for
asperfuranone biosynthesis (Fig. 8), AfoG does not have a product release domain. Notably,
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the absence of a free-standing acyl transferase in the afo gene cluster suggests that the
tetraketide synthesized by AfoG might transfer directly to the SAT domain of AfoE.

Critical insights by the Cox and Fujii groups have been obtained from heterologous
expression of HR-PKSs using A. oryzae as a host. Examples include the tetraketide side
chain of squalestatin S1 (40) biosynthesized by SQTKS (squalestatin tetraketide synthase)
from Phoma sp. C2932; alternapyrone (41) catalyzed by PKSN; and aslanipyrone (42) and
aslaniol (43) biosynthesized by PKSF from Alternaria solani (Table 1 and Fig. 11) (Cox et
al. 2004; Fujii et al. 2005; Kasahara et al. 2006). Partial sequences of two different PKS
genes, pks and aoksl involved in ochratosin A (44) biosynthesis, have been obtained by
O'Callaghan et al. and Bacha et al.; and their roles in ochratosin A biosynthesis have been
demonstrated through disruption of these genes (Bacha et al. 2009a; O'Callaghan et al.
2003). In combination, these studies indicate that two different PKSs are involved in the
biosynthesis of 44. Bacha et al. also showed that disruption of apks1 did not abolish mullein
(45) production arguing against the previous hypothesis that mullein (45) is a precursor of
44,

Partially reducing PKSs

The 6-methylsalicylic acid synthase (MSAS) was the first PKS to be purified from
Penicillium patulum (Dimroth et al. 1970) and also the first fungal PKS gene to be
sequenced (Beck et al. 1990). By using the KS region of MSAS as a probe, Fujii et al. cloned
a PKS gene, atX, from A. terreus (Fujii et al. 1996). Heterologous expression of atX in A.
nidulans led to the isolation of 6-methylsalicylic acid (6-MSA, 46) confirming that atX
encodes MSAS (Fig. 12). MSAS has been comprehensively reviewed by Cox and it should
be note that MSAS does not contain SAT, PT, and TE/CLC domains when compared with
NR-PKSs (Cox 2007). It is not clear how the acetyl starter unit loads to the KS domain and
how the 6-MSA off-loads from the ACP domain. Recently, the biosynthesis of two potent
anti-bacterial and anti-fungal compounds, asperlactone (47) and isoasperlactone (48),
identified from A. westerdikiae has been linked to the 6-MSA biosynthesis pathway (Fig.
12) (Bacha et al. 2009b).

PKS-NRPS hybrids containing the Dieckmann cyclase domain

As discussed above, structural diversity in Aspergillus secondary metabolites is often

created by mixing PKSs with FASs, other PKSs, and NRPSs in a single biosynthesis
pathway. Many filamentous fungi sequenced to date also contain at least one hybrid PKS-
NRPS where a single enzyme contains both PKS and NRPS domains. a-Cyclopiazonic acid
(CPA, 49) is a pentacyclic indole tetramic acid mycotoxin produced by several Aspergillus
and Penicillium strains. Because the dimethylallyltransferase involved in CPA biosynthesis
is located between the aflatoxin biosynthesis gene cluster and the adjacent telomere of A.
oryzae, Tokuoka et al. were able to identify cpaA, the PKS-NRPS gene responsible for CPA
biosynthesis, by comparing the subtelomeric region of the CPA nonproducing strain A.
oryzae RIB40 with that of the CPA-producing strains A. oryzae NBRC4177 and A. flavus
NRRL3357 (Tokuoka et al. 2008). They found that NBRC 4177 has an additional 17-18 kb
beyond the region corresponding to the telomere repeat in RIB40. The subtelomeric region
of RIB40 near the aflatoxin biosynthesis gene cluster encodes only a portion of the 5’ region
of the cpaA gene, but not the entire gene, and it could consequently be deduced that cpaA is
necessary for CPA biosynthesis. The remaining genes involved in CPA biosynthesis are next
to the aflatoxin biosynthesis gene cluster. (Chang et al. 2009; Tokuoka et al. 2008).
Heterologous expression of CpaA in A. oryzae M-2-3 led to the isolation of cyclo-
acetoacetyl-.-tryptophan (CAATTrp, 50) (Fig. 13a) (Seshime et al. 2009). This suggests that
the PKS portion of CpaA catalyzes diketide formation and DH, CMeT, ER, and KR domains
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are nonfunctional. The NRPS portion of CpaA containing condensation (C), adenylation
(A), and peptidyl carrier protein (PCP) domains that catalyze the condensation of diketide
and Trp. Two possible mechanisms of 50 release by the R domain located on the C terminus
of CpaA have been proposed, including Dieckman cyclization (Fig. 13a, pathway A) and
reductive releasing/cyclization/reoxidation (Fig. 13a, pathway B). By using recombinant
PTP-R didomain, PTP, and R monodomain proteins, the Walsh group demonstrated that the
R domain of CpaA does not function as a reductase because the Tyr in Ser-Tyr-Lys catalytic
triad for the reduction is mutated to Leu (Liu and Walsh 2009). This provides direct
evidence that the C-terminal R domain actually functions as a Dieckmann cyclase (DKC)
but not a reductase. They also showed that the Tyr in Ser-Tyr-Lys catalytic triad in the R
domain of TENS and ApdA is mutated to Phe. Therefore, Dieckman cyclization is the
mechanism of releasing products from TENS and ApdA (vide infra).

TenS (tenellin synthetase) and the adjunct genes involved in tenellin (51) biosynthesis have
been identified from the insect pathogenic fungus Beauveria bassiana by using degenerate
primers for the CMeT domain (Fig. 13b) (Eley et al. 2007). Heterologous expression of tenS
without orf3, encoding a trans ER, in A. oryzae M-2-3 led to the isolation of prototenellins
(52-54) (Halo et al. 2008). This validated that the C-terminal domain of TENS does not
function as a reductase but, rather, as a DKC. Coexpression of tenS with orf3 led to the
production of pretenellin A (55) suggesting that the ER activity is required at the first round
of polyketide synthesis to generate a correctly elaborated polyketide.

By using a genomic-driven approach, Bergmann et al. induced aspyridone A (56) and B (57)
production via the activation of the apd gene cluster regulator, ApdR, in A. nidulans (Fig.
13c) (Bergmann et al. 2007). Because ApdA lacks a functional ER domain, the free-standing
ER, ApdC, is likely involved in the formation of the tetraketide that is then linked to Tyr by
the NRPS portion of ApdA. Similar to TENS, a Dieckmann cyclization is likely to occur to
generate intermediate 58, which then converts to 56 and 57 after oxidative ring expansion.

PKS-NRPS hybrid containing the reductase domain

Pseurotin A (59) is a competitive inhibitor of chitin synthase and an inducer of nerve-cell
proliferation. Maiya et al. identified a PKS-NRPS, PsoA which is involved in 59
biosynthesis, from A. fumigatus (Fig. 14) (Maiya et al. 2007). The PKS portion of PsoA
contains KS, AT, DH, CMeT, KR, and ACP domains that catalyze pentaketide formation,
presumably using a propionate starter. The NRPS portion then condenses .-Phe with the
pentaketide. The R domain which has correct catalytic triad in the C terminus of PsoA might
catalyze a reductive cyclization (intramolecular Knoevenagel condensation) to generate the
first putative intermediate, 60, that then serves as a precursor of 59.

Perspective

Continued advances in genome sequencing and molecular genetic technology will ensure
that reverse genetic approaches, i.e., analyzing the chemotype of a specific PKS null mutant,
will continue to play a crucial role in elucidating secondary metabolite biosynthesis. Since
the complexity in chemical structures seen in secondary metabolites is generated by
enzymes and ultimately genes, scientists worldwide are now trying to predict the structure of
the secondary metabolites from their cognate genes. A central question is how the
“programming”, i.e., chain length determination, sites of reduction and cyclization, are
achieved in an “iterative” system. By using heterologous expression systems and/or
reconstitution of the catalytic domains, deduced with the UMA algorithm, as individual
enzymes, it is now possible to dissect these megasynthases and understand the function of
each domain(s). Taking advantage of fungal genome projects and modern molecular genetic
techniques, fungal natural product researchers are now entering an exciting new era in
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understanding the logic of polyketide biosynthesis and in engineering the biosynthetic
pathways to produce novel chemical entities. It should be noted that there are no SAT and
PT domains in PR- and HR-PKSs, and thus, the basis for their complex programming are
unclear. Since fungal genome projects have made the sequences of hundreds of PKS genes
available, analyzing PKS architecture or each PKS domain provides an avenue to discover
new biosynthetic pathways.
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Fig. 1.
Three important secondary metabolites from Aspergillus
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Fig. 2.

General reaction mechanisms catalyzed by iterative fungal PKSs. a Minimal fungal PKS
containing KS, AT, and ACP domains. b Programming of CMeT, KR, DH, and ER domains
in HR-PKS
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Fig. 3.

SAT and PT domains of NSAS in aflatoxin B4 biosynthetic pathway. a Biosynthetic
pathway of norsolorinic acid (5), sterigmatosystin (1), and aflatoxin B4 (2) (pathway A); and
naphthopyrone (6) formation in the absence of TE/CLC domain (pathway B). b In vitro
hexanoyl transfer activity in the presence of SAT, ACP, or SAT and ACP monodomains. ¢
Products detected after reconstituting different domain (s) of NSAS in vitro. d Proposed
cyclization mechanism catalyzed by the NSAS PT domain
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Fig. 4.

TE/CLC containing NR-PKSs involved in melanin biosynthesis. a Biosynthetic pathway of
YWAL (10), T4HN (11), and melanin (pathway A); and isocoumarin formation in the
absence of TE/CLC domain (pathway B). b Proposed mechanism of Claisen cyclization by
TE/CLC domain of WA
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Fig. 5.

Two different proposed T4HN biosynthetic pathways catalyzed by PKS1. a Proposed
biosynthetic pathway using mal-CoA as a starter unit and metabolites isolated from
hetrologous expression of PKS1 in A. oryzae M-2-3. b Revisit the product distribution
produced by wild type and TE/CLC less PKS1 by LC-ESI-MS. ¢ Alternative proposed
mechanism of T4HN (11) formation using acetyl-CoA as a starter unit. *: 14C-labeled
carbon form acetyl-CoA
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AP PP

Fig. 6.
TE less NR-PKSs involved in asperthecin (21, Apt pathway) and monodictyphenone (24,
Mdp pathway) biosynthesis
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SR

Fig. 7.
Proposed F9775 (25 and 26) and orsellinic acid (27) biosynthetic pathway catalyzed by TE
containing NR-PKS, OrsA
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Fig. 8.
Biosynthetic pathway of asperfuraone (30) mediated by one HR-PKS (AfoG) and one NR-
PKS (AfoE) that containing the reductase (R) releasing domain
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Fig. 9.
Lovastatin (3) biosynthesis mediated by one iterative HR-PKS (LovB) and one noniterative
HR-PKS (LovF)
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Fig. 10.
Proposed functions of EasB (HR-PKS), EasC (AT), and EasA (NRPS) involved in the

biosynthesis of emericellamides (35-39)
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Fig. 11.
Chemical structures of compounds 40-45 synthesized by fungal HR-PKSs
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Fig. 12.
RP-PKS domain architecture of 6-MSA synthase (MSAS) and the connection of
asperlactone (47) and isoasperlactone (48) biosynthesis in A. westerdijkiae
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‘PRSP

PRAPP

Fig. 13.

Fungal PKS-NRPSs containing the Dieckman cyclase (DKC) releasing domain. a Two
possible product release mechanisms in cAATrp (50) formation in the CPA (49)
biosynthetic pathway. Dieckman cyclization/releasing (pathway A) and reductive releasing/
cyclization/reoxidation (pathway B). b Major compounds isolated from A. oryzae M-2-3
transformed to express tenS (52-54) or to co-express tenS and orf3 (55). ¢ Proposed
biosynthesis and production of aspyridones (56 and 57) after activation of the regulator in
apd gene cluster
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PRAPP

Fig. 14.
Proposed function of PsoA, a PKS-NRPS containing the reductase (R) releasing domain,
involved in pseurotin A (49) biosynthesis Appl Microbiol Biotechnol
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