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Abstract: Natural products produced by biological organisms have played an important role in
human health. The genomes of several Aspergillus species and several Streptomyces species
have recently been sequenced. Interestingly the genomes revealed a large range of secondary
metabolite genes, for many of which the products are currently unknown, suggesting that there
is a wealth of secondary metabolites yet to be discovered. This brief review will discuss the
current knowledge in polyketides produced by the various different classes of polyketide
synthases (PKSs) present in the Aspergillus and Streptomyces genomes.
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Secondary Metabolites as Pharmaceutically Impor-
tant Natural Products. Natural products remain one of the
most important sources of chemotherapeutic agents currently
in clinical use.1,2 They are secondary metabolites from
various organisms that play nonessential roles in the life-
sustaining, or primary, metabolism of the organisms. These
organisms have developed sophisticated biosynthetic systems
for the production of natural products, partly because these
metabolites provide the producing organisms a survival
advantage over nonproducing counterparts. Many such

natural products possess potent biological activities, such as
antimicrobial, antiviral, and antitumor properties, that make
them particularly valuable as pharmaceutical agents. Natural
products isolated from a variety of biological species have
played an important role in human medicine. Well-known
examples include erythromycin (1), an antibiotic,3–5 rapa-
mycin (2), an immunosuppressant,6 and lovastatin (3), a
cholesterol-lowering medicine (Figure 1).7

Genome Sequencing of Natural Product Producing
Organisms. What is the origin of the diverse polyketide
structures currently found in medicinal uses? This is being
answered as genomes of natural producing organisms are
sequenced in a rapid pace. The genomes of two Streptomyces
species, Streptomyces aVermitilis8 and Streptomyces coeli-
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color,9 revealed that each organism contains clusters of genes
responsible for the assembly, modification, and regulation
of a particular natural product and its related compounds.
What is interesting from a drug discovery perspective is the
fact that the large number of gene clusters in these two
organisms that contain polyketide synthases or nonribosomal
peptide synthases greatly exceeds the number of known
natural products from these organisms. This disparity be-
tween known compounds and number of gene clusters is not
unique among Streptomyces species. Analysis of the genomes
of eight Aspergillus species, namely, Aspergillus claVatus,
Aspergillus flaVus, Aspergillus fumigatus,10 Aspergillus nidu-
lans,11 Aspergillus niger,12 Aspergillus oryzae,13 Aspergillus
terreus,14 and Neosartorya fischeri (also known as Aspergil-
lus fischeri), also revealed that a large number of gene
clusters contain polyketide synthases and nonribosomal
peptide synthetases. The number greatly exceeds the number
of known natural products from these organisms. Another

interesting observation from all the genome sequencing is
the high number of gene clusters that are unique among the
various genomes. Therefore these natural product producing
organisms have evolved to produce a wide variety of
compounds, and interestingly they also evolved to produce
different natural products to suit their unique biological
requirements. Exploitation of this genomic information
creates an exciting new avenue for drug discovery.15,16

Secondary Metabolite Genes in Aspergillus and
Streptomyces. As mentioned in the previous paragraph,
analysis of the eight species of the fungal genus Aspergillus
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Figure 1. Chemical structures of medicinally important natural products: erythromycin A (1), rapamycin (2), and
lovastatin (3).
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and the two species of Streptomyces have revealed that these
species have secondary metabolism pathways that are far
richer than previously known and thus are potentially
valuable sources of new and useful natural products. Genes
involved in secondary metabolism are highly conserved, and
many of them can be identified in genomes from their
sequences.17–20 Interestingly, in fungi including Aspergillus
species and bacteria including Streptomyces species, genes

of particular secondary metabolism pathways are generally
clustered such that all genes whose products are involved in
the synthesis of a particular secondary metabolite are adjacent
to each other in the genome.21 The clustering of biosynthesis
genes is important for the understanding of the mechanism
of how the secondary metabolites are assembled and how
their biosynthesis is regulated.21–23 Whereas it is not gener-
ally possible to predict the precise product of a cluster by
inspection of the gene sequences alone, it is possible to
predict the class of compounds each cluster produces.17,19

Genomic analysis in A. nidulans identified 27 polyketide
synthase (PKS) and 14 nonribosomal peptide synthetase
(NRPS) products, but thus far only sterigmatocystin (4),
penicillin (5), terrequinone (6), triacetylfusarinine(7), ferri-
crocin (8), aspoquinolone (9), and aspyridone (10) are known
secondary metabolites produced by this species (Figure
2).16,24–26 The low homology between the secondary me-
tabolite gene clusters in the eight aforementioned species
suggests that each species makes its own unique set of
secondary metabolites to complement its own biological
traits, and thus a large number of compounds await discovery
in Aspergillus as a whole. Genome sequencing revealed that
S. coelicolor contains 21 natural product clusters and S.
aVermitilis contains 25 natural product clusters (type I
modular and both type I and type II iterative PKS, chalcone
synthase, NRPS, and terpene cyclase).8,9,27
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There have been a number of excellent recent reviews
concerning polyketides and their biosynthesis by Hill, Walsh,
Cox, and Keller.28–31 This review will not seek to provide a
comprehensive evaluation on the subject; instead, the focus
of this brief review will be on the different types of PKS
genes found in both Aspergillus and Streptomyces. The goal
is to examine PKS clusters where the products are known
to serve as a roadmap for the understanding of the vast
number of currently still unexplored polyketide pathways
provided by the genome projects.

Organization of PKS. Polyketide synthases are respon-
sible for the biosynthesis of polyketides.20,32,33 These
enzymes catalyze repetitive Claisen condensations to form
the elongating polyketide chain. The enzyme systems are

classified according to their architectural organization. In type
I systems, the constituent catalytic components are covalently
linked into large multifunctional proteins while in type II
systems the catalytic components are free-standing. In
bacterial genomes such as Streptomyces both modular type
I and iterative type II systems exist. Fungal type I PKSs are
distinct from both bacterial PKS types and are characterized
by one single large multidomain enzyme similar to bacterial
type I PKSs, but can be used repetitively, similar to bacterial
type II PKSs. At a minimum PKSs contain ketosynthase
(KS), acyl transferase (AT), and acyl carrier protein (ACP)
domains. In addition, optional �-keto processing reactions
may be catalyzed by the ketoreductase (KR), dehydratase
(DH), and enoyl reductase (ER) domains. Further modifying
domains include cyclase (CYC) and methyl transferase (MT)
domains.33

In a bacterial type I system, best exemplified by erythro-
mycin, one set of active sites, a module, is used to carry out
either initiation or one round of chain extension. Each module
contains KS, AT, ACP, plus modifying domains to determine
the choice of substrate and degree of reduction or dehydration
(Figure 3).28,34 The number of modules determines the length
of the polyketide chain length; therefore, typically type I PKS
clusters are very large in size. The bacterial type II PKS
contains several small enzymes, each responsible for one

(27) Ikeda, H.; Ishikawa, J.; Hanamoto, A.; Shinose, M.; Kikuchi, H.;
Shiba, T.; Sakaki, Y.; Hattori, M.; Omura, S. Complete genome
sequence and comparative analysis of the industrial microorganism
Streptomyces avermitilis. Nat. Biotechnol. 2003, 21 (5), 526–531.
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(2), 256–320.
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2007, 5 (13), 2010–26.
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Figure 2. Chemical structures of known A. nidulans secondary metabolites.
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chemical reaction.35,36 These enzymes are used iteratively
toproducemainlyaromaticpolyketidessuchastetracenomycin.37,38

According to the variation in these optional processing
domains the fungal PKS can be divided into three classes:
nonreducing or aromatic (NR-PKS), partially reducing (PR-
PKS), and highly reducing (HR-PKS) enzymes (Figure 4).
Surrounding the PKS genes are additional genes coding for
other modifying enzymes. In certain cases the biosynthetic
cluster contains additional PKS or NRPS genes that act
together to produce the natural product. By examining the
organization of the PKS, it is possible to predict the class of
polyketides that the PKS produces.

Bacterial Modular Type I Polyketide Synthase. The
importance of modular polyketides in human health has
prompted tremendous effort in understanding the mechanism
for the assembly of this class of natural products. Erythro-
mycin is the first modular polyketide of which its biosyn-
thesis genes were discovered, by Leonard Katz and Peter
Leadlay, and has served as the model for the understanding
of modular polyketides (Figure 3a).3,4 The polyketide core
is assembled by three very large polypeptides denoted
DEBS1, DEBS2, and DEBS3.5 The subunit contains two
unique modules defined as a set of covalently linked enzymes
that are responsible for one round of polyketide chain
elongation and subsequent processing of the backbone. In
addition DEBS 1 contains domains necessary for the loading
of the primer unit, and DEBS 3 contains a thioesterase
domain for the catalytic release of the polyketide chain from
the enzyme. A signature feature of a modular PKS is that
adjacent modules are used sequentially in an assembly line
manner, therefore analysis of bacterial genomes can easily
identify a type I PKS. In addition the bioinformatic programs
are available that can predict from sequence homology to
the selectivity of the acyl transferase domains of each
module. However because of module skipping, iterative uses

(35) McDaniel, R.; Ebert-Khosla, S.; Hopwood, D. A.; Khosla, C.
Rational design of aromatic polyketide natural products by
recombinant assembly of enzymatic subunits. Nature 1995, 375
(6532), 549–54.

(36) Khosla, C.; Harbury, P. B. Modular enzymes. Nature 2001, 409
(6817), 247–52.

(37) Fujii, I.; Watanabe, A.; Sankawa, U.; Ebizuka, Y. Identification
of Claisen cyclase domain in fungal polyketide synthase WA, a
naphthopyrone synthase of Aspergillus nidulans. Chem. Biol.
2001, 8 (2), 189–97.

(38) Hutchinson, C. R. Biosynthetic Studies of Daunorubicin and
Tetracenomycin C. Chem. ReV. 1997, 97 (7), 2525–2536.

Figure 3. (a) Organization of bacterial modular type I PKS. Biosynthesis of 6-deoxyerythronolide B. (b) Organization of
bacterial iterative type II PKS. Biosynthesis of tetracenomycin F1. Abbreviations: DEBS, 6-deoxyerythronolide B
synthase; LD, loading domain; M, module; KS, ketosynthase; AT, acyltransferase; KR, ketoreductase; DH, de-
hydratase; ER, enoylreductase; ACP, acyl carrier protein; TE, thioesterase; MAT, malonyl-CoA ACP acyltransferase.
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of certain modules, and additional modifications in some
cases, it is still not possible to 100% predict the precise
structure of the product of a cryptic type I polyketide synthase
cluster.

Bacterial Aromatic Type II Polyketide Synthase. The
biosynthetic pathway for tetracenomycin C an antibiotic/
antitumor produced by S. glaucescens. As a typical bacterial
type II PKS the components of the PKS are encoded by a
series of small individual genes (Figure 3b).38 The linear
decaketide is synthesized by five genes, tcmJ, tcmK, tcmL,
and tcmM.38–40 The two genes tcmK[R] and tcmL[�] encode
for the two KS components. The gene tcmM encodes for
the ACP. The addition of the cyclase TcmN to the other
PKS components forms the fused ring TcmF2. A second

cyclase TcmI then further converts TcmF2 to TcmF1. Several
additional steps then catalyze the formation of the final
product tetracenomycin C.

Fungal Nonreducing Polyketide Synthase (NR-PKS).
The biosynthetic pathway for aflatoxin/sterigmatocystin
exemplifies a typical nonreducing PKS pathway (Figure
5).41,42 Aflatoxin is a well-known toxin, and sterigmatocystin
is an intermediate in its biosynthesis. Aflatoxin is a product

(39) Shen, B.; Hutchinson, C. R. Enzymatic synthesis of a bacterial
polyketide from acetyl and malonyl coenzyme A. Science 1993,
262 (5139), 1535–40.

(40) Thompson, T. B.; Katayama, K.; Watanabe, K.; Hutchinson, C. R.;
Rayment, I. Structural and functional analysis of tetracenomycin
F2 cyclase from Streptomyces glaucescens. A type II polyketide
cyclase. J. Biol. Chem. 2004, 279 (36), 37956–63.

Figure 4. Chemical reaction catalyzed by iterative fungal PKS.

Figure 5. Biosynthetic pathway for sterigmatocystin and aflatoxin.

Figure 6. Domain structure of the norsolorinic acid PKS,
an example of a NR-PKS.

Figure 7. Domain structure of the 6-methylsalicylic acid
PKS, an example of a PR-PKS.
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of A. flaVus and A. parasiticus while sterigmatocystin is an
ultimate product of A. nidulans.43 Due to the biological
relevance of aflatoxin, an enormous body of literature on
aflatoxin/sterigmatocystin biosynthesis has been accumulated.
The initial biosynthetic step is the fatty-acid catalyzed
formation of hexanoic acid by AflA/B for A. parasiticus and
by StcJ/K for A. nidulans, which is then extended to
norsolorinic acid by the norsolorinic acid (NA) PKS (Figure
5).44,45 Using the UMA algorithm, the Townsend group has
shown that the NA PKS in A. parasiticus contains the
minimally required ketosynthase (KS), acyltransferase (AT),
and acyl carrier protein (ACP) domains (Figure 6).20 The
lack of KR, DH, and ER domains is a signature of
nonreducing polyketide synthases. The A. nidulans genome
contains several nonreducing PKSs such as AN6000.3 and
AN0150.3, where the polyketide product is not known,
suggesting that several aromatic polyketides have yet to be
identified in A. nidulans alone.

Fungal Partially Reducing Polyketide Synthase (PR-
PKS). The atX gene from Aspergillus terreus encodes for
the PKS of 6-methylsalicyclic acid.46,47 The partially reduc-
ing polyketide synthase (PR-PKS) contains KS, AT, DH,

KR, and ACP domains (Figure 7). The DNA sequence of
the KS domain is distinguishable from NR-PKS. Interestingly
there is a high degree of homology between fungal PR-PKS
and iterative type I PKS found in bacteria. The calO5 gene
in the calicheamicin gene cluster from Micromonospora
echinospora and the aViM gene in the avilamycin gene cluster
from Streptomyces Viridochromogeneses Tu57 are two such
bacterial genes with high homology to fungal PR-PKSs.48,49

Although there are several PR-PKSs found in Aspergillus
genomes, thus far the only compound ascribed to a gene
cluster is 6-methylsalicyclic acid.

Fungal Highly Reducing Polyketide Synthase (HR-
PKS). Lovastatin, a product of A. terreus, is a potent inhibitor
of HMG CoA reductase and therefore a valuable therapeutic
agent for cholesterol lowering.50,51 The biosynthetic gene
cluster for lovastatin has been deciphered. It contains 17
genes spanning over 64 kb.7,52 The polyketide is assembled
by two separate HR-PKSs, LovB and LovF, working in
concert. LovB, also called lovastatin nonaketide synthase
(LNKS), contains seven active sites: KS, AT, DH, MT, ER,
KR, and ACP domains (Figure 8).53,54 Expression of LNKS
in A. nidulans provides evidence that the ER domain in
LNKS is not active and an accessory protein, LovC, contains
the necessary ER catalytic activity. A second type I PKS,(41) Yabe, K.; Nakajima, H. Enzyme reactions and genes in aflatoxin

biosynthesis. Appl. Microbiol. Biotechnol. 2004, 64 (6), 745–55.
(42) Minto, R. E.; Townsend, C. A. Enzymology and molecular biology

of aflatoxin biosynthesis. Chem. ReV. 1997, 97 (7), 2537–2556.
(43) Yu, J.; Chang, P. K.; Cary, J. W.; Wright, M.; Bhatnagar, D.;

Cleveland, T. E.; Payne, G. A.; Linz, J. E. Comparative mapping
of aflatoxin pathway gene clusters in Aspergillus parasiticus and
Aspergillus flavus. Appl. EnViron. Microbiol. 1995, 61 (6), 2365–
71.

(44) Watanabe, C. M.; Townsend, C. A. Initial characterization of a
type I fatty acid synthase and polyketide synthase multienzyme
complex NorS in the biosynthesis of aflatoxin B(1). Chem. Biol.
2002, 9 (9), 981–8.

(45) Watanabe, C. M.; Wilson, D.; Linz, J. E.; Townsend, C. A.
Demonstration of the catalytic roles and evidence for the physical
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in the biosynthesis of aflatoxin B1. Chem. Biol. 1996, 3 (6), 463–
9.
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Figure 8. Domain structure of the lovastatin PKS, examples of HR-PKS.
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LovF, provides lovastatin’s diketide moiety, 2-methylbu-
tyrate. Although no compound of structure similar to
lovastatin has been reported in A. nidulans, the genome
contains two adjacent NR-PKS genes, AN3610.3 and
AN3612.3, suggesting that a compound of a similar biosyn-
thetic pathway to lovastatin has yet to be discovered.

Hybrid PKS/NRPS Gene. Aspyridone is an example of
a secondary metabolite in A. nidulans biosynthesized by a
hybrid PKS/NRPS gene (Figure 9).16 By replacing the
promoter of the C6 transcription factor gene found in the
aspyridone cluster with an inducible promoter, the Hertweck
group induced the entire pathway, allowing the chemical
elucidation of the product of this specific gene cluster. The
hybrid apdA gene contains domains commonly found in HR-
PKSs such as KS, AT, DH, MT, and KR domains. The gene
also contains domains found in NRPS genes such as a
condensation domain (C), adenylation domain (A), peptidyl
carrier protein (PCP), and reductase domain (RED).

The Road Ahead. The completed Aspergillus and Strep-
tomyces genomes clearly demonstrate the richness of
polyketides that could potentially be produced by these
organisms. The task ahead will be to chemically match the
numerous unexplored PKS clusters in these genomes with
their chemical products. The availability of shared resources
such as the Broad Institute Fungal Genome Initiative (http://
www.broad.mit.edu/annotation), Comprehensive Microbial
Resource (http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomeP-
age.cgi) and the Database for NRPS and PKS (http://
www.nii.res.in/search/html) have made the task easier.17

Investment in the development of better tools for functional
analysis of secondary metabolite genes and in the under-
standing of the regulation of secondary metabolism will also
be important in order to translate the sequence information
into potential therapeutics.
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Figure 9. Domain structure of the aspyridone NRPS/PKS.
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