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Introduction

Genomics has resulted in the deposition of a huge quantity
of DNA sequence data from a wide variety of organisms in
publicly accessible databases. Such data can be exploited to
generate new knowledge in several areas relevant to medicinal
chemistry including the characterization of human physiological
processes, the identification and validation of new drug targets
in human pathogens, and the discovery of new chemical entities
(NCEsa) from natural sources, which may form the basis for
new drug leads. The term “genome mining” has been used in
various fields to describe the exploitation of genomic informa-
tion for the discovery of new processes, targets, and products.
This Miniperspective will focus on the development of genome
mining approaches for the discovery of new natural products.
It will also discuss future prospects for the application of genome
mining technology to NCE discovery and lead generation.

Natural products and their derivatives form the basis of many
important drugs that have found widespread use in the clinic,
e.g., as antibacterial (penicillin G 1, vancomycin 2, erythromycin
A 3, daptomycin 4), antifungal (amphotericin B 5), immuno-
suppressant (cyclosporin A 6, tacrolimus 7), antitumor (doxo-
rubicin 8, paclitaxel 9, bleomycin A2 10, calicheamicin 11), and
cholesterol-lowering agents (mevastatin 12) (Figure 1).1,2

Despite this, most large pharmaceutical companies are no longer
seriously engaged in the search for new drug leads from natural
sources. The advent of combinatorial chemistry is partly
responsible for this decline, together with the high frequency
at which known natural products are rediscovered in activity
screens of natural extracts.3 However, combinatorial chemistry
has failed to deliver leads that form the basis for development
of successful new drugs and new possibilities in natural product
drug discovery have been opened up by the genomic age.4,5

Thus, it is likely that we will soon witness a resurgence of
interest in natural products for new drug discovery.

The concept of exploiting genomic sequence data for the
discovery of new natural products has grown out of the rapid
expansion in knowledge of the genetic and biochemical basis
for secondary metabolite biosynthesis, particularly in microor-
ganisms, in the 1980s and 1990s.6 As large quantities of genomic
sequence data began to accumulate in public databases at the
turn of the century, it quickly became apparent that many
genomes, in particular those of plants and microorganisms,
contain numerous genes encoding proteins likely to participate

in the assembly of structurally complex bioactive natural
products but not associated with the production of known
metabolites. In the microbial arena, this phenomenon was first
recognized during analysis of the complete genome sequences
of the model actinomycete Streptomyces coelicolor A3(2) and
the industrial actinomycete Streptomyces aVermitilis.7–9 Similar
observations have since been made for other microbial genomes,
e.g., Pseudomonas fluorescens Pf-5, Saccharopolyspora eryth-
raea NRRL2338, and Aspergillus species, as well as some plant
genomes.10–15

Progress in understanding the biochemical programming and
molecular basis of substrate specificity in two types of natural
product biosynthetic systems, known as the modular polyketide
synthases (PKSs) and nonribosomal peptide synthetases
(NRPSs),6 has facilitated the prediction of structural features
of natural products assembled by new examples of these systems
uncovered by genomics. Modular PKSs and NRPSs are both
multienzymes containing numerous enzymatic domains orga-
nized into functional units termed modules, usually distributed
over one or a few giant polypeptides.6 In all of the early-studied
modular PKS and NRPS systems, there is a logical cor-
respondence between (i) the number of modules in the biosyn-
thetic system and the number of building blocks incorporated
into the natural product and (ii) the occurrence of different kinds
of optional domains within modules (Figure 2) and structural
features of the natural product. Such “colinearity” is exemplified
by the 6-deoxyerythronolide B modular PKS,16 which uses
seven modules to incorporate seven propionate-derived building
blocks into the erythromycin macrolactone, and the tyrocidine
NRPS,17 which uses 10 modules to incorporate 10 amino acids
into a cyclic decapeptide antibiotic. In both these systems, each
domain appears to be used once in the overall assembly process.
Every module in these systems contains a domain that specif-
ically recognizes the substrate of the module and covalently
tethers it to an adjacent carrier protein domain. In modular PKSs,
the acyltransferase (AT) domain selects an acyl-CoA unit and
catalyzes its transfer to an acyl carrier protein (ACP) domain,
whereas in NRPSs the adenylation (A) domain recognizes a
specific amino, aryl, or other acid from among the cellular pool
and catalyzes its covalent attachment via a thioester linkage to
a peptidyl carrier protein (PCP) domain (Figure 2).6 Sequence
comparisons of large numbers of AT and A domains of known
substrate specificity allowed conserved motifs associated with
domains that recognize particular substrates to be identified.18–20

Such conserved sequence motifs have proved to be of significant
value for predicting the substrates incorporated by “cryptic”
modular PKSs and NRPSs, uncovered by genomics, into their
structurally uncharacterized products.

Substrate specificity predictions combined with the frequently
observed colinear enzymatic logic in modular PKS and NRPS
systems provide powerful tools, which in some cases can predict
many of the structural features of the products of novel modular
PKS and NRPS systems from their primary sequences. However,
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these tools have their limits. It is not always possible to
accurately predict the substrate specificity of an AT or A domain
from its primary sequence, especially if it recognizes a rare or
new substrate, and several examples of nonlinear enzymatic
logic, such as iterative domain or module use and domain or
module skipping, have recently been discovered in modular PKS
and NRPS systems.21 A further complicating factor is presented
by tailoring enzymes that modify the initial PKS and NRPS
products by catalyzing reactions such as hydroxylation or
O-methylation.6 The site of these modifications can often be
hard to predict.

For other types of biosynthetic system, the enzymatic logic
is less clear and, as a consequence, little or nothing can often
be predicted about the structure of putative products “encoded”
by cryptic systems. A good example is the terpene cyclases.22

These enzymes catalyze the conversion of linear, methyl-
branched polyene substrates, such as geranyl pyrophosphate,
farnesyl pyrophosphate, geranylgeranyl pyrophosphate, squalene,
and 2, 3-oxidosqualene, to diverse cyclic products (Figure 3).
While the substrate of a terpene cyclase of unknown function
can often be predicted by comparing its sequence with those of
known function, the mechanistic logic employed by different

Figure 1. Structures of some important natural products used in the clinic.
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cyclases to direct specific formation of different products from
the same substrate is not yet well enough understood to predict
the likely structure of the product of a cryptic cyclase.

Despite the current inability to predict structural features of
the products of some types of biosynthetic system from sequence
data, significant recent progress has been made in the exploita-
tion of genomic information for the discovery of natural products
of both modular and other types of cryptic biosynthetic pathway.
The major advances in different facets of this exciting new field
are reviewed in the following four sections.

Genome Mining for New Peptide Natural Products

The application of sequence-based substrate specificity pre-
dictions to the analysis of a cryptic NRPS system was first
reported in 2000.23 A cluster of genes (the cch cluster) encoding
an NRPS system not associated with the production of a known
natural product was discovered in the partially completed
genome sequence of S. coelicolor. Comparative sequence
analyses revealed the domain and module architecture of this
NRPS system, and the substrate specificity of the A domain
within each module of the NRPS was predicted.23 It was

hypothesized that the trimodular NRPS system assembled one
of two novel D-D-L-tripeptides from the amino acids L-δ-N-
formyl-δ-N-hydroxyornithine (fhOrn), L-Thr, and L-δ-N-hy-
droxyornithine (hOrn), respectively (Figure 4).23 The predicted
hydroxamic acid functional groups in these hypothetical struc-
tures suggested that they might bind ferric iron and play a role
in transport of this essential inorganic nutrient into the S.
coelicolor cell. Ferric hydroxamate complexes exhibit charac-
teristic absorbances in their UV–vis spectra that result from
ligand to metal charge transfer, suggesting a strategy for
selective detection of the natural product in culture supernatants
of S. coelicolor. The potential role of the natural product in
ferric iron acquisition also suggested appropriate growth condi-
tions for its production.

The gene encoding the NRPS was inactivated in S. coelicolor,
and comparative profiling of ferric iron-binding hydroxamate
metabolites accumulated in culture supernatants of wild type
S. coelicolor and the knockout mutant grown under appropriate
(iron-deficient) conditions identified a compound present in the
wild type and absent in the mutant.24 This novel natural product,
named coelichelin, was purified by semipreparative HPLC, and

Figure 2. Analogous enzymatic logic used by the AT domain in modular PKSs and the A domain in NRPSs to select substrates from the cellular
pool and tether them as thioesters to adjacent carrier protein (ACP/PCP) domains. (A) Domains in a typical PKS module. The AT and ACP
domains are present in all modules. The ketosynthase (KS) domain is present in all chain extension modules. The dehydratase (DH), enoyl reductase
(ER), and ketoreductase (KR) domains are optional domains. Modules can contain none of these domains, just the KR domain, the KR and DH
domains, or the KR, DH, and ER domains. These optional domains modify the structure of the growing polyketide chain during assembly on the
PKS in a usually predictable fashion. (B) Domains in a typical NRPS module. The A and PCP domains are present in all modules. The condensation
(C) domain is present in all chain extension modules. The epimerization (E) domain is an optional domain that inverts the R-carbon stereochemistry
of the substrate. The methyltransferase (MT) domain is also optional. When present, it is inserted into the C-terminal end of the A domain and
catalyzes methylation of the R-amino group of the substrate. In some NRPS modules the C domain is replaced with a heterocyclization domain and
additional optional domains with usually predictable function are incorporated.

Figure 3. Trichodiene and pentalenene are examples of two structurally diverse natural products assembled by different sesquiterpene synthases
from the same substrate farnesyl pyrophosphate.

Figure 4. Proposed (13/14) and experimentally determined (15) structures of coelichelin, a novel nonribosomal peptide natural product isolated
from S. coelicolor by genome mining.

2620 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 9 MiniperspectiVe



its structure was elucidated by mass spectrometry and 1- and
2-D NMR spectroscopy (Figure 4).24 The structure fully
validates the prior prediction that the natural product contains
D-fhOrn, D-allo-Thr, and L-hOrn, but interestingly is a tetrapep-
tide incorporating two molecules of D-fhOrn rather than a
tripeptide containing one molecule of D-fhOrn as had been
predicted on the basis of the colinearity paradigm for NRPS
enzymatic logic.23,24 Heterologous expression of the cch gene
cluster in another streptomycete supported the hypothesis that
coelichelin NRPS employs nonlinear enzymatic logic in as-
sembly of the tetrapeptide.24 Although no medically relevant
biological activity has been reported for coelichelin, it is
structurally quite similar to the well-known angiotensin convert-
ing enzyme inhibitor foroxymithine25 and has been shown to
play a role in ferric iron acquisition by S. coelicolor.26

Recently, A domain substrate specificity predictions for a
cryptic NRPS system encoded within the Pseudomonas fluo-
rescens Pf-5 genome sequence have been used to isolate another
novel peptide natural product.27 Analysis of a decamodular
NRPS system encoded by the ofaA, ofaB, and ofaC genes
suggested that it was likely to catalyze assembly of a leucine-
rich lipodecapeptide. This insight allowed selection of a bioassay
to detect the natural product and guide its purification from P.
fluorescens.27 In an interesting and potentially quite general new
approach for isolation of new peptide natural products by
genome mining, 1H-15N HMBC NMR was also used to guide
purification of the peptide from cultures of P. fluorescens that
had been fed L-[15N]Leu.27 Structure elucidation of orfamide
A, the major peptide identified by these approaches, confirmed
the accuracy of the A domain substrate specificity predictions
and showed it to be a novel cyclic lipodecapeptide (Figure 5).27

Inactivation of the ofaA gene in P. fluorescens abolished
production of orfamide A, unambiguously demonstrating that
the NRPS encoded by this gene is required for biosynthesis of
the natural product.27 Evaluation of the biological activity of
orfamide A showed that it is a biosurfactant that lyses zoospores
of Phytophthora ramorum, the causative agent of “sudden oak
death”, and has moderate antifungal activity against an ampho-
terocin B-resistant strain of Candida albicans.27

A third example of the isolation of novel peptide natural
products by genome mining has been reported by Müller and
co-workers.28,29 In 2001, the identification of novel NRPS- and
PKS-encoding gene fragments, not associated with the produc-
tion of known natural products, in the genome of the myxo-
bacterium Stigmatella aurantiaca was reported.28 Comparative
metabolic profiling of wild type S. aurantica and mutants with
these gene fragments inactivated identified potential products
of some of the putative novel gene clusters, although the
structures of these compounds were not reported at that time.28

Recently, the structures of one group of compounds, myxo-
chromides S1–3, identified by this approach were elucidated, and
cloning, sequencing, and analysis of the gene cluster directing
their biosynthesis were reported.29 Myxochromides S1–3 17-19
(Figure 6) are novel cyclic pentapeptides that are structurally
related to myxochromide A,30 a cyclic hexapeptide isolated from
the myxobacterium Myxococcus Virescens Mxv48. Myxochro-
mide S1 showed no antibacterial or antigfungal activity but was
found to be weakly cytotoxic.29 The NRPS that assembles the
pentapetide core contains six modules and appears to employ
module skipping during the peptide assembly process in another
example of nonlinear enzymatic logic in modular synthetases.31

Aeruginosides 126A and 126B, novel members of the well-
known aeruginosin family of 2-carboxy-6-hydroxyoctahydroin-
dole-containing cyanobacterial serine protease inhibitors, have
recently been identified as the products of a cryptic NRPS
system discovered in the genome of Planktothrix agardhii
CYA126/8.32 Predictions of NRPS A domain substrate specific-
ity have also been used to identify previously unknown
biosynthetic systems for known natural products encoded within
the genomes of sequenced microorganisms.33–35

Recently, novel ribosomally biosynthesized peptides have
been isolated from various genera of bacteria by genome mining,
for example, trichamide 20, a macrocyclic thiazole-containing
peptide produced by the marine cyanobacterium Trichodesmium
erythraeum, and haloduracin 21, a two-component lantibiotic
produced by Bacillus halodurans C-125, both of which were
predicted to be produced by genome sequence analysis (Figure
7).36,37 In these cases, prediction of the amino acids incorporated
into the natural products was relatively straightforward because
it relied on the genetic code and prediction of the points of
excision of the natural products from larger pre-peptides by
sequence comparisons with highly similar systems. While no
medically relevant biological activity has been reported for
trichamide, haloduracin showed activity against Lactococcus
lactis.37

The prediction that an S. coelicolor gene encoding a protein
belonging to a third major family of carboxylic acid-activating
and amide bond-forming enzymes,38–40 unrelated in sequence
to either ribosomal or nonribosomal peptide synthetases, is
involved in the biosynthesis of known desferrioxamines, includ-
ing the clinically used iron chelator desferral, has also been
confirmed by a gene knockout/comparative metabolic profiling
approach.41

Genome Mining for New Polyketide Natural Products

The first potentially novel polyketide natural products to be
identified by a genome mining approach belong to the enediyne
group of potent antitumor antibiotics. The enediyne moiety in

Figure 5. Structure of orfamide A, a novel nonribosomal peptide
antibiotic isolated from P. fluorescens by genome mining.

Figure 6. Structures of novel myxochromide nonribosomal peptides
isolated from S. cellulosum using a genome mining approach.
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such natural products is proposed to be assembled by a
characteristic iterative PKS and four universally conserved
accessory proteins of unknown function. Relatively little is
currently known about the mechanism of this process. Using a
genome scanning approach, researchers at Ecopia BioSciences
and their collaborators identified several gene clusters encoding
the five putative enediyne assembly proteins in several actino-
mycetes not previously known to produce enediyne natural
products.42 Bioassays showed that in appropriate growth media
the strains harboring these gene clusters produced agents that
damage DNA, consistent with the hypothesis that they produce
enediynes.42 However, none of these compounds appear to have
been isolated and structurally characterized, so it is still not clear
whether the DNA-damaging agents identified are enediynes or
other natural products and whether they are new or known
compounds.

The application of AT domain specificity and optional
processing domain activity predictions in modular PKS systems
to the isolation of novel polyketide natural products was first
reported in 2004.43 During a search of the Streptomyces halstedii
genome for the gene cluster that directs production of the
polyketide vicenistatin, Kakinuma and co-workers identified
several genes encoding a modular PKS system not involved in
vicenistatin biosynthesis.43 Analysis of the domains present in
each of the eight modules identified as components of this PKS
and prediction of the substrate specificity of the AT domain in
each module led to a hypothetical partial structure 22 for the
polyketide likely to be assembled by the PKS.43 Comparison
of 22 with the structures of other known polyketide natural
products suggested that it was novel. Thus, it was decided to
examine whether a polyketide containing this partial structure

could be isolated from S. halstedii. Two novel polyketides with
moderate antibacterial activity, halstoctacosanolide A and B 23
and 24, were isolated and shown by extensive 1- and 2-D NMR
analyses to contain the predicted partial structure bearing an
extra hydroxyl group (Figure 8).43 Recently the complete gene
cluster believed to direct halstoctacosanolide biosynthesis in S.
halstedii has been cloned and sequenced and its involvement
on the biosynthesis of these novel metabolites has been
confirmed by a gene inactivation experiment.44

More recently, scientists at Ecopia BioSciences have reported
three examples of the isolation of novel polyketides 25-29 from
different actinobacteria using a genome mining approach (Figure
9).45–47 In each case modular genes encoding PKS systems were
identified by genome scanning and the associated gene clusters
were cloned and fully sequenced. Analysis of the domain and
module architecture of each PKS system and prediction of AT
domain substrate specificities, together with functional analyses
of ancillary proteins encoded within the gene clusters, led to
the prediction of putative novel structures for each of the
polyketides. Each of the predicted natural products was subse-
quently isolated and structurally characterized using spectro-
scopic techniques.45–47 All of the isolated compounds are novel
and show significant biological activity: 25 has strong antifungal
activity;45 26–28 inhibit electron transport;46 and 29 possesses
strong antibacterial activity against Gram-positive pathogens
including several strains of methicillin-resistant Staphylococcus
aureus (MRSA) and vancomycin-resistant Enterococci (VRE).47

In each case, physicochemical properties deduced from the
predicted structures were used to guide the isolation procedures.
A furanone similar to 26-28 has also been isolated from the

Figure 7. Structures of trichamide and haloduracin, novel ribosomally biosynthesized peptide natural products of T. erythraeum and B. halodurans,
respectively, discovered by genome mining.

Figure 8. Structure of predicted chain elongation intermediate for a cryptic modular PKS discovered in S. halstedii (left) and the experimentally
determined structures of the metabolites assembled by this PKS (right). The portion of the experimentally determined structures highlighted in bold
corresponds to the predicted intermediate.
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myxobacterium Stigmatella aurantiaca by a gene knockout/
comparative metabolic profiling genome mining approach.28,79

Two modular PKSs not associated with production of known
natural products have also been identified in the genomes of
Saccharopolyspora species.48,49 Sequencing of the genes encod-
ing these PKSs and analyses of the module and domain
architecture of the PKSs, together with predictions of AT domain
substrate specificity, suggest that these PKSs are likely to
assemble novel natural products.41,42 In both cases, the PKS
genes were inactivated and the profile of metabolites produced
by the wild type and mutant strains was compared.48,49 No
significant differences could be identified in either case, sug-
gesting that the gene clusters are not expressed under the growth
conditions examined. In the case of the PKS gene cluster
identified in Sacc. erythraea, module and domain swapping
experiments were used to show that components of the PKS
were active, strongly suggesting that the PKS is functional and
would produce a metabolite if growth conditions allowing
expression of the PKS could be identified.49

The modular PKS examples discussed above illustrate the
predictive power of the genome mining approach for identifying
potential polyketide NCEs and show how deduced physico-
chemical or biological properties for the predicted structures
can be used to identify the corresponding metabolites. However,
for some classes of PKS enzyme, such as those that use their
active sites iteratively or that employ nonlinear enzymatic logic
in their assembly processes, it is not possible to predict the
structure(s) likely to be assembled by enzymes of unknown
function. Nevertheless, the genome mining approach can still
be applied in attempts to identify the products of novel synthases
uncovered by genome sequencing projects.

A recent example is the discovery of germicidins 30–34
(Figure 10), which inhibit germination of streptomycete spores,51

as the unexpected products of a putative type III PKS of
unknown function encoded by the sco7221 coding sequence in
the S. coelicolor genome.50 Bacterial type III PKSs typically
employ a single active site to catalyze the iterative condensation
of malonyl-CoA building blocks to form poly-�-ketomethylene
intermediates that undergo aldol or Dieckmann cyclizations,
followed by dehydration and enolization reactions to yield
aromatic products such as 1,3,6,8-tetrahydroxynaphthalene,
phloroglucinol, or 3,5-dihydroxyphenylacetyl-CoA.52–54 Bio-
chemical studies with the purified, recombinant protein encoded
by sco7221 showed that it was active with a variety of acyl-
CoA starter units and malonyl-CoA as an extender unit (D. W.

Udwary and B. S. Moore, personal communication). They did
not, however, provide strong indications for the likely metabolic
product of the PKS. Comparative LC-MS profiling of metabo-
lites in organic extracts of wild type S. coelicolor and a mutant
lacking the sco7221 coding sequence identified five compounds
lacking in the mutant but present in the wild type.50 NMR and
MS analyses of the purified compounds showed them to be both
new and known members of the germicidin family of natural
products (Figure 10).50 Feeding experiments with labeled
precursors and analysis of S. coelicolor mutants with altered
fatty acid biosynthetic machinery led to the hypothesis that
germicidin A 30, the major metabolite produced by this type
III PKS, is assembled by elongation of a specific �-ketoacyl-
ACP intermediate in fatty acid biosynthesis with ethylmalonyl-
CoA.50 The resulting triketide undergoes enolization and
cyclization to give the pyrone structure of germicidin A. The
use of �-ketoacyl-ACP starter units and the use of ethylmalonyl-
CoA as an extender unit are both without precedent for type III
PKSs. The utilization of acyl-ACP starter units by germicidin
synthase has recently been demonstrated in vitro.55 Moreover,
type III PKSs normally catalyze several iterations of chain
extension, whereas germicidin synthase catalyzes only one chain
extension reaction and can therefore be thought of as modular
rather than iterative. As a consequence of these unusual features,
the involvement of a type III PKS in germicidin biosynthesis
could not have been predicted.

A second example is an antibiotic produced by Bacillus
subtilis that inhibits prokaryotic, but not eukaryotic, protein
synthesis and was first discovered in the mid-1990s.56 Its
structure was not reported at that time because of its chemical
instability. Recently, two independent lines of enquiry showed

Figure 9. Structures of novel modular PKS products isolated by Ecopia from various actinobacteria by genome mining.

Figure 10. Structures of known (30 and 32) and novel (31, 33 and
34) germicidins identified as the products of a cryptic type III PKS
encoded within the S. coelicolor genome.
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that this antibiotic was the product of the pksX gene cluster,
which encodes a cryptic hybrid PKS/NRPS system in B. subtilis
and Bacillus amyloliquefaciens FZB42.57,58 Because of several
unusual features of the PksX synthases/synthetases, including
unconventional module organization, novel domains, and em-
ployment of nonlinear enzymatic logic in the assembly process,
the prediction of structural elements and thus physicochemical
properties of the product could not be used to guide its isolation.
This hindrance was overcome by using comparative metabolic
profiling of B. subtiltis strains containing the pksX gene cluster
with those lacking the pksX gene cluster, in conjunction with a
minimal chromatography-based purification strategy. Thus,
bacillaene, the novel product of this cryptic cluster, was isolated
and structurally characterized (Figure 11).59 The known polyketide
antibiotics difficidin and macrolactin have recently been identi-
fied as the products of two further cryptic type I modular PKS
systems encoded within the genome of B. amyloliquefaciens
FZB42 using a gene knockout/comparative metabolic profiling
approach.57,60

These examples demonstrate that even when few or no
elements of the structure of the products of cryptic biosynthetic
systems can be predicted, the genome mining approach can still
be applied to the identification of new metabolic products of a
microorganism and the discovery of novel and unanticipated
biocatalytic properties for well-known enzyme classes. Such
discoveries will expand the tool-kit of enzymes that can be
employed in ongoing efforts to produce analogues of natural
products by genetic engineering.

Genome Mining for New Terpenoid Natural Products

Terpenes are a large group of structurally diverse polycyclic
hydrocarbon metabolites produced by many plants and micro-
organisms. They are biosynthesized from linear polyprenyl
pyrophosphate precursors of differing lengths.52 Terpene cy-
clases catalyze the key transformations of these linear precursors
into the polycyclic terpenoid carbon skeletons via a series of
cation-mediated cyclization and rearrangement reactions.22,61

Although the substrate utilized by terpene cyclases of unknown
function can usually be predicted using sequence comparisons,
it is usually not possible to predict many or any structural
features of the products. Thus, genome mining for terpenoid
natural products cannot currently be easily targeted toward new
structures.

Analysis of the genome sequence of the model plant
Arabidopsis thaliana has identified 13 genes encoding likely
oxidosqualene cyclases.15 While some of these are involved in
the biosynthesis of known Arabidopsis natural products, e.g.,
cycloartenol, the function of others is cryptic. In 2004, Matsuda
and co-workers reported the cloning and expression in yeast of
a cDNA encoding one of the cryptic A. thaliana oxidosqualene
cyclases.15 Incubation of oxidosqualene with a crude homoge-
nate of the expression host yielded a single triterpenoid product
that was subsequently produced by expression of this cDNA in
an engineered yeast strain lacking lanosterol synthase (to prevent
low product yields resulting from a competition between the
heterologous oxidosqualene cyclase and lanosterol synthase for
the cellular pool of oxidosqualene).15 Structure elucidation of
this product by MS and NMR showed it to be the novel
triterpenoid thalianol 36 (Figure 12).15 An epoxidized derivative
of thalianol was also isolated from the engineered expression
host.15 Since the A. thaliana genome appears to encode many
more oxidosqualene synthases than are required to account for
the number of triterpenoid metabolites it is known to produce,
it was hypothesized that many of the genes encoding cryptic
oxidosqualene cyclases are only expressed under highly specific
conditions.15 Consequently, heterologous expression of the
cDNA encoding such cryptic cyclases represents a powerful
approach for defining their function and potentially discovering
new plant triterpenoids. Indeed, one of the other cryptic A.
thaliana oxidosqualene cyclases has recently been shown to
catalyze lanosterol biosynthesis,62 which was previously un-
known in plants, and another of the cryptic A. thaliana
oxidosqualene cyclases has been shown to catalyze assembly
of the iridal skeleton via an unprecedented Grob fragmentation,
using the heterologous expression approach.63

An analogous heterologous expression approach has recently
been utilized to elucidate the function of a cryptic sesquiterpene
synthase encoded within the S. coelicolor genome.64 Thus,
incubation of the purified recombinant protein derived from
overexpression of the S. coelicolor sco5222 coding sequence
in E. coli with farnesyl pyrophosphate led to the formation of
epi-isozizaene 37 (Figure 13), which has never been isolated
as a natural product.64 However, a gene encoding a putative
cytochrome P-450 is adjacent to sco5222 and the two genes
are probably co-transcribed,7 suggesting that epi-isozizaene
could be an intermediate in the biosynthesis of its oxidized
derivative albaflavenone 38 (Figure 13), a known natural product
of Streptomyces albidoflaVus.65 Interestingly, neither epi-isoziza-
ene nor albaflavenone has been detected in volatile extracts of

Figure 11. Structure of bacillaene, a novel antibiotic produced by a
cryptic hybrid PKS/NRPS system encoded by the pksX gene cluster in
Bacillus spp. A dihydro derivative and several double bond isomers of
bacillaene and its dihydro derivative were also isolated.

Figure 12. Structure of thalianol, the novel triterpenoid product of a
cryptic oxidosqualene cyclase encoded within the A. thaliana genome.

Figure 13. Structures of epi-isozizaene, a novel sesquiterpene synthase
product discovered by Streptomyces coelicolor genome mining, and
albaflavenone, a known Streptomyces metabolic product likely to be derived
from epi-isozizaene by cytochrome p-450-mediated oxidation.
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S. coelicolor, suggesting that the gene encoding the sesquiter-
pene synthase is not expressed under the growth conditions
employed.64

A similar heterologous expression approach was used earlier
to investigate the function of another cryptic sesquiterpene
synthase encoded by the sco6073 coding sequence of the S.
coelicolor genome.66 These experiments showed that this
synthase catalyzes conversion of farnesyl pyrophosphate to the
novel compound germacradienol 39 and the known germacrene
D 40 (Figure 14).66 However, concurrent investigations of the
function of this synthase using a gene knockout/comparative
metabolic profiling approach showed that it was involved in
the biosynthesis of geosmin 41 (Figure 14),67 a well-known
sesquiterpene-derived hydrocarbon alcohol produced by many
Streptomyces species. Subsequently, the purified synthase has
been shown to catalyze conversion of farnesyl pyrophosphate
into geosmin in addition to germacradienol and germacrene D.68

Mining Fungal Genomes for New Natural Products

All of the natural products in the three sections above were
discovered by mining bacterial or plant genomes. Fungi are well-

known as prolific producers of bioactive natural products, but
discoveries of new natural products by mining fungal genomes
have only been reported in the past 2 years. Analyses of the
genome sequences of Aspergillus species have identified numer-
ous cryptic gene clusters encoding enzymes likely to be involved
in natural product biosynthesis but not associated with the
production of known Aspergillus metabolites.12,13 Recognizing
that the ability to successfully mine Aspergillus genomes for
new natural products requires the cryptic gene clusters to be
expressed, Keller and co-workers applied DNA microarray
analyses to examine expression of secondary metabolite gene
clusters in Aspergillus nidulans.13 Several known and putative
secondary metabolic gene clusters were identified as being under
the control of LaeA, a recently identified pleiotropic regulator
of secondary metabolite production in Aspergillus spp.13 By
deletion or overexpression of laeA, they showed that LaeA
activates expression of some of the gene clusters and represses
expression of the others.13 A gene encoding a putative dim-
ethylallyl-L-tryptophan synthase in one of the clusters that is
positively regulated by LaeA was inactivated, and comparison
of metabolites produced by the mutant and wild type identified
a yellow compound lacking in the former that was present in
the latter.13 MS and NMR studies identified this compound as
the antitumor agent terrequinone A 42 (Figure 15), which was
not previously known as a metabolite of A. nidulans but has
been isolated from another Aspergillus species.13 Terrequinone
A is derived from a hybrid biosynthetic pathway involving a
novel NRPS assembly line and prenyl transferases.69,70 The real
power of this approach is in the potential it offers for activating
normally silent secondary metabolic gene clusters in diverse
Aspergillus species by manipulation of laeA expression levels.
However, this potential remains to be demonstrated because the
terrequinone biosynthetic gene cluster is clearly expressed in
wild type A. nidulans.

In a related approach, Hertweck and co-workers discovered
a silent gene cluster encoding a cryptic hybrid PKS-NRPS
system in the genome of A. nidulans. They identified a gene
encoding a putative pathway-specific activator protein within
this gene cluster. Ectopic integration of a plasmid containing
this gene under the control of an inducible promoter into the
genome A. nidulans resulted in activation of expression of the
cryptic gene cluster under inducing conditions. HPLC-DAD-MS
analysis revealed two new metabolites in the induced strains
that were isolated and determined by NMR, IR, and MS analyses
to be the novel compounds aspyridone A 43 and aspyridone B
44 (Figure 16).71 This work illustrates the considerable potential
of regulatory gene manipulation strategies for identification of
the products of silent cryptic secondary metabolic gene clusters
in microbial genomes.

Another recent report from the same group resulted in the
isolation of a second novel family of natural products from A.
nidulans by a genome mining approach.72 It was observed that
multiple genes in the genome of A. nidulans appear to encode

Figure 14. Structures of germacradienol, germacrene D, and geosmin,
discovered as products of a cryptic sesquiterpene synthase encoded by
the S.coelicolor genome.

Figure 15. Structure of terrequinone, a previously unknown natural
product of Aspergillus nidulans discovered by genome mining.

Figure 16. Structures of aspyridones, novel hybrid PKS-NRPS
products discovered by activation of a silent cryptic gene cluster
identified in the Aspergillus nidulans genome sequence.

Figure 17. Structures of aspoquinolones, novel Aspergillus nidulans natural products discovered by genome mining.
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anthranilate synthases.72 Anthranilate is known to be a precursor
of quinazoline, quinoline, and acridine alkaloids,72 but no such
compounds have been isolated from A. nidulans. The metabo-
lome of A. nidulans HKI0410 was screened for nitrogen
containing metabolites using HPLC-DAD and HPLC-UV-MS.
This resulted in the identification of four new prenylated
quinoline-2-one alkaloids, aspoquinolones A-D 45–48 (Figure
17), the structures of which were elucidated by 1- and 2-D NMR
spectroscopy.72 These compounds exhibited potent antitumor
activities and are the first prenylated quinoline-2-ones isolated
from Aspergillus species. Indeed, very few examples of such
compounds are known from filamentous fungi. In Penicillium
species, prenylated quinoline-2-ones are known to be derived
from anthranilate.72 Thus, it seems likely that one of the
anthranilate-synthase orthologues identified in the genome of
A. nidulans is involved in the biosynthesis of aspoquinolines
A-D.

Given the large number of putative natural product biosyn-
thetic genes identified in Aspergillus genomes,13 it is likely that
many new compounds will be identified in these and other
filamentous fungi by ongoing genome mining efforts as more
and more genome sequences become available.

Conclusion

From the genome sequence data currently available in public
databases, it is already clear that many microbes and plants have
the potential to biosynthesize novel natural products. With the
ever-increasing pace at which genome sequence data are being
acquired, driven by continuing advances in sequencing technol-
ogy, an abundance of cryptic natural product biosynthetic
systems will be discovered. Continued development of genome
mining tools will make these cryptic systems a potentially
invaluable resource for the discovery of NCEs. Genome-
screening approaches, such as PCR-based identification of
coding sequences for putative halogenase enzymes,73 which
appear to be associated exclusively with natural product
biosynthetic pathways in bacteria, continue to be developed and
applied to the discovery of novel metabolites. Such approaches
offer an attractive alternative to whole genome sequencing for
the discovery of cryptic biosynthetic gene clusters.

The predictive sequence analysis tools for modular biosyn-
thetic assembly lines allow rapid assessment, in some cases, of
the likely structural novelty of the products of cryptic systems,
and progress in the development of these tools continues to be
made.74 In many cases, they provide sufficient structural insights
to predict physicochemical properties that can be exploited in
isolation strategies. The discovery of salinilactam A, a novel
modular PKS product from mining of the Salinispora tropica
CNB-440 genome sequence, provides the most recent demon-
stration of the continuing importance of this approach.75

Incorporation of isotopically labeled predicted precursors prom-
ises to offer a very useful extension to this approach for guiding
metabolite isolation.27,76 The recent emergence of nonlinear
enzymatic logic in modular systems may, however, significantly
impair predictive power of these tools,21 depending on the
frequency at which these nonlinear phenomena are encountered.

Gene knockouts coupled with comparative metabolic profiling
of wild type and mutant strains have proved to be a powerful
approach for identifying products of cryptic biosynthetic systems
in several microorganisms.24,29,50,59 For many plants and
microbes, however, gene inactivation is far from straightforward.
In these cases, heterologous expression of single biosynthetic
genes or whole gene clusters offers an alternative with dem-
onstrated potential.15,62,64

Establishing whether gene clusters encoding cryptic biosyn-
thetic systems are expressed is an important prerequisite for
initiating a genome mining campaign. This can be rapidly
assessed by RT-PCR, Northern blotting, or DNA microarray
analysis. Manipulation of the cellular levels of pleiotropic
regulators of secondary metabolism by gene knockout or
overexpression has proven potential as a strategy for the
activation of silent cryptic pathways,13 but the application of
this approach for new metabolite discovery has yet to be
demonstrated. An alternative approach for the activation of silent
clusters is the manipulation of pathway specific regulatory genes,
which has demonstrated utility for the identification of novel
natural products by genome mining.71 Heterologous expression
of genes in synthetic operons under the control of a strong
constitutive promoter offers yet another alternative for activation
of silent clusters as demonstrated by the recent identification
of gaudimycins (novel angucyclines) as the products of two
silent type II polyketide synthase biosynthetic systems identified
in Streptomyces spp.77 Much recent progress has been made in
the heterologous expression of entire biosynthetic gene clusters
under the control of inducible promoters in the genetically
tractable and fast-growing host Escherichia coli.78 Application
of this technology to identification of the products of cryptic
biosynthetic gene clusters has yet to be reported but may be an
attractive option for clusters that are silent under laboratory
conditions in their natural host.

In conclusion, the future of genome mining for new natural
product discovery seems bright and it is likely that the coming
years will see an explosion of interest in this exciting field.
Genome mining approaches are likely to be incorporated into
the drug discovery process of biotechnology companies and may
also provide the stimuli needed to catalyze the re-entry of big
pharmaceutical companies into natural product drug discovery.
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Note Added in Proof. Cane and co-workers have recently
shown that the cytochrome P-450 encoded by the gene adjacent to
the sco5222 coding sequence is indeed responsible for the conver-
sion of epi-isozizaene to albaflavenone, as proposed, and that
albaflavenone is produced by S. coelicolor. See: Zhao, B.; Lin, X.;
Lei, L.; Lamb, D. C.; Kelly, S. L.; Waterman, M. R.; Cane, D. E.;
Biosynthesis of the sesquiterpene antibiotic albaflavenone in
Streptomyces coelicolor A3(2). J. Biol. Chem. 2008, DOI: 10.1074/
jbc.M710421200.
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