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Abstract: Natural products have played a prominent role in the history of organic chemistry, and they
continue to be important as drugs, biological probes, and targets of study for synthetic and analytical
chemists. In this Perspective, we explore how connecting Nature’s small molecules to the genes that encode
them has sparked a renaissance in natural product research, focusing primarily on the biosynthesis of
polyketides and non-ribosomal peptides. We survey monomer biogenesis, coupling chemistries from
templated and non-templated pathways, and the broad set of tailoring reactions and hybrid pathways that
give rise to the diverse scaffolds and functionalization patterns of natural products. We conclude by
considering two questions: What would it take to find all natural product scaffolds? What kind of scientists
will be studying natural products in the future?

Introduction: Why Do Natural Products Still Matter?

Nature’s small molecules have played a prominent role in
the history of organic chemistry. Over the past century, the
complexity and diversity of natural product scaffolds and
functional groups have been an inspiration to chemists for
developing spectroscopic technology and devising principles and
strategies for total synthesis, both biomimetic and abiotic. For
much of the past half-century, natural products and their
semisynthetic derivatives have also been an important source
of drugs for the pharmaceutical industry.1 In spite of the
historical importance of natural products, their discovery has
been in decline over the past two decades, calling into question
why natural products still matter in an age where advances in
synthetic methodology have made almost any molecule, natural
or unnatural, a reasonable synthetic target.

Natural products still matter for at least four reasons:
First, they continue to inspire synthetic and analytical

chemists.2,3 Current challenges in chemical synthesis include
constructing libraries with the architectural and functional group
complexity of natural products,4,5 designing catalysts to carry
out site-selective oxidations commonly found in natural product
pathways,6,7 and screening catalysts based on natural molecules
(e.g., peptides) to carry out chemical transformations.8 In the
coming years, regio- and stereoselective synthetic catalysts are
likely to complement enzymes in “hybrid” pathways for natural
product derivatives and natural product-like molecules.

Second, they remain a major source of human medicines.9

Of all small-molecule new chemical entities (NCEs) between
1981 and 2006, 34% were natural products or their semisynthetic
derivatives; these molecules comprise 68% (74/109) of anti-
bacterial NCEs and 54% (45/83) of anticancer NCEs.1 Despite
the decline in discovery efforts, the contribution of natural

products and their semisynthetic derivatives to NCEs has
remained steady over the past two decades.1

Third, they have led to important biological insights. Eons
of evolution have optimized natural products’ structures, often
leading to sub-nanomolar potency and profound specificity.
Their ability to perturb a single node in the cellular network
makes them useful as biological probes. For example, rapamycin
led to the discovery of the serine/threonine protein kinase mTOR
(mammalian target of rapamycin) and helped to establish its
role in signaling pathways leading to protein synthesis and cell
proliferation.10 Many natural products have thousands of
National Center for Biotechnology Information database refer-
ences from their use as biological probes; examples include
phorbol esters (46 266), cycloheximide (25 907), colchicine
(16 703), cytochalasin (11 358), and okadaic acid (4603). Natural
products have also demonstrated important capabilities of small
molecules. Staurosporine11 proved that certain pharmaco-
phoressin spite of their small surface areascould selectively
inhibit kinases over other ATP-binding enzymes, a notion that
has been realized with synthetic molecules like imatinib.12 In
the coming years, new technologies for identifying the cellular
targets of natural products will make them increasingly useful
as drug candidates and biological probes.13

Fourth, there are many more natural products to discover.14-16

Efforts to mine new ecological niches17-20 and microbial
taxa21,22 have uncovered a wealth of novel molecules. Bacterial
genome sequences have shown that a single strain has the
capacity to produce 25-30 different molecules, which has
spawned new efforts to discover the ∼90% of natural products
that remain “cryptic”.23-31 Plant natural product biosynthesis
remains rich in growth opportunities; recent advances hold
promise for manipulating pathways in plants and reconstituting
plant pathways in microbial hosts.32-34 New DNA sequencing,35

MS,36,37 and NMR38,39 technologies will accelerate discovery
by making it easier to use a combination of chemistry and

† Harvard Medical School.
‡ University of California, San Francisco.

Published on Web 02/01/2010

10.1021/ja909118a  2010 American Chemical Society J. AM. CHEM. SOC. 2010, 132, 2469–2493 9 2469



bioinformatics to go from a complex cell extract to each of its
pure, structurally characterized components.

This Perspective focuses primarily on the biosynthesis of
templated natural products: polyketides40 and non-ribosomal
peptides.41 While important advances have been made in
understanding how terpenoids, oligosaccharides, and other
classes of natural products are constructed, we cover them only
briefly here; interested readers are encouraged to consult several
recent reviews on the biosynthesis of these non-templated natural
products.42-46 Given the scope of this overview, we have not
been able to include all of the relevant studies and references;
we apologize to those authors whose work was inadvertently
omitted.

1. Natural Products 2.0 Is Based on Connecting
Molecules to the Genes That Encode Them

By the end of the 1980s, natural product biosynthetic
pathways were being deciphered by elegant studies based on
sophisticated feeding experiments with selectively labeled
precursors. However, a pair of landmark papers in 1990 and
1991 dramatically changed the paradigm.47,48 Katz and col-
leagues at Abbott Laboratories in Chicago, and Leadlay and
co-workers at the University of Cambridge, independently
reported the cloning of three giant genes that encoded three
subunits of 6-deoxyerythronolide B synthase, the enzyme that
synthesizes the 14-membered macrolactone scaffold of the
erythromycin antibiotics. The sequences of these genes offered
the unanticipated revelation that the 200 kDa erythromycin
synthase consists of seven “modules”, each consisting of 3-6
independently folded protein domains, for a total of 28 domains.
These domains were distributed across three enormous proteins
to form a multidomain enzyme that resembles an assembly line
(Figure 1). A parallel set of discoveries that non-ribosomal
peptides such as penicillins/cephalosporins, vancomycin, cy-
closporine, and daptomycin are built by similar assembly-line
enzymes49 altered the paradigm for understanding how Nature
synthesizes peptidic natural products. As we will describe in

section 5, the subsequent discovery of the genes that
encode natural products such as rapamycin,50,51 FK506,52,53

epothilone,54 and bleomycin55 revealed their synthetases to be
hybrids between polyketide synthase (PKS) and non-ribosomal
peptide synthetase (NRPS) enzymes, demonstrating the logic
of these assembly-line biosynthetic systems to be compatible.56

The breathtaking discovery that a single elegant models
assembly-line enzymology57scould explain the synthesis of
thousands of diverse natural product scaffolds was enabled by
the tendency of genes encoding a natural product to be
physically clustered in the genomes of their microbial producers
(Figure 2). (The genes for plant natural product pathways are
not physically clustered, so efforts to decipher plant natural
product pathways have lagged behind those to investigate
bacterial and fungal pathways.) Thus, genes have become as
important as chemistry in categorizing known natural products
and identifying likely unknown variants still to be discovered.
There are now ∼1000 bacterial genomes sequenced and >2000
in progress (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi,
accessed October 2009), and there are many thousands of PKS
and NRPS gene clusters in the genomic databases. Connecting
polyketides and non-ribosomal peptides to the genes that encode
them marked the dawn of the current era of natural product
research.

The traditional chemical categorizations of classes of natural
productsspolyketides, peptides, oligosaccharides, terpenoids,
and alkaloidsswill still have purchase for structural and
functional properties. But genetic insights are beginning to
provide an equally valid organizational scheme in which natural
products can be grouped by the enzymes that couple their
constituent monomers or tailor their nascent scaffolds. While
natural products are classically defined as secondary metabolites
diverted from primary metabolic pathways, the emerging
principle that any group of genomes has shared (core) and
unique (auxiliary) genes58 may lead to a new classification
system in which genetically encoded small molecules are

Figure 1. Erythromycin synthase.47,48 The three proteins of the erythromycin synthase harbor 28 domains organized into seven modules; each module is
responsible for inserting a building block into the growing chain. Following macrocyclization and concomitant release from DEBS 3, 6dEB undergoes two
hydroxylations and two glycosylations (highlighted in red) to yield erythromycin A.
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Figure 3. Core vs auxiliary metabolites. Bacillus subtilis NCIB 3610 and Bacillus cereus ATCC 14579 both harbor the bacillibactin gene cluster and
produce this iron-binding molecule (siderophore);307 however, only B. subtilis NCIB 3610 encodes and produces bacillaene,105 while only B. cereus ATCC
14579 encodes and produces thiocillin.241,242 Thus, with respect to these two bacterial strains, bacillibactin is a core metabolite, while bacillaene and thiocillin
are auxiliary metabolites.

Figure 2. Biosynthetic genes are physically clustered in bacterial genomes. The gene cluster for the enediyne C-1027 is shown.190 Genes are color coded
according to the portion of the molecule their protein products contribute to synthesizing, with unassigned open reading frames in gray.
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similarly classified as core or auxiliary with respect to a group
of genomes (Figure 3).

The next five sections of this Perspective are organized like
a typical biosynthetic pathway for a natural product: section 2
surveys natural product monomers and their biosynthetic origins,
sections 3 and 4 discuss how these monomers are coupled into
scaffolds by templated and non-templated systems, section 5
looks at the hybrid natural products that arise from collaborations
between pathways with compatible chemistries, and section 6
examines how nascent scaffolds are tailored by group transfer
and oxidative enzymes. Section 7 covers a special category of
tailoring reactions: post-translational modifications that convert
ribosomally synthesized peptides into natural products. Section
8 looks at Nature’s remarkable ability to control the oxidation
state of intermediates and to use their intrinsic reactivity to set
up cascade reaction sequences. Sections 9 and 10 conclude by
considering two questions: What would it take to find all of
Nature’s natural product scaffolds? What kind of scientists will
be studying natural products in the future?

2. Investment in Building Blocks for Natural Product
Assembly Lines: Monomer Diversity

The enormous sweep of polyketide functional group diversity
comes from a meagerly diverse set of acyl-coenzyme A (acyl-
CoA) building blocks (Figure 4).59 Malonyl-CoA, diverted from
fatty acid biosynthesis, and methylmalonyl-CoA (the key
monomer for erythromycin and many other polyketides) lead
to the introduction of C2 or R-branched C3 units during each
PKS chain elongation step. As we will discuss in section 3,
most of the diverse polyketide functional groups come from an
array of embedded tailoring enzymes that determine whether
the �-ketoacyl thioester that results from coupling a new
monomer to the growing chain is carried forward as a �-ketone,
a �-hydroxyl, an R,�-olefin, or an unreactive �-methylene. In
some cases, specialized acyl-CoA building blocks are synthe-
sized and used as monomers.60 These specialized monomers
are generally produced from primary metabolic building blocks
by a sub-pathway of enzymes encoded in the gene cluster. These
include dihydroxycyclohexenyl-CoA (FK506, rapamycin),61

chloroethylmalonyl-CoA (salinosporamide),62 and methoxy-
malonyl-CoA (many polyketides, including FK506, ansamitocin,
soraphen, geldanamycin, oxazolomycin, and tautomycin).63

Even with these additional acyl-CoA’s as starter units, the
diversity input for polyketides is small, at first glance surpris-
ingly so.

In contrast to the paucity of building blocks for PKSs, NRPSs
are known to utilize more than 500 non-proteinogenic amino
acid building blocks (http://bioinfo.lifl.fr/norine/, accessed
October 2009). Just as with specialized PKS monomers, the
genes that encode these non-proteinogenic amino acids are
embedded in their respective NRPS gene clusters. For example,
four of the seven amino acid building blocks for the glycopeptide
antibiotic vancomycin are non-proteinogenic.64,65 Of note are
�-hydroxytyrosine, which derives from the enzymatic hydroxyl-
ation of tyrosine,66 and two monomers that are constructed de
noVo: 4-hydroxyphenylglycine (Hpg) and 3,5-dihydroxyphe-
nylglycine (Dpg). Hpg arises by a four-enzyme pathway that
starts with prephenate,67 while Dpg is constructed by four
distinct enzymes (including a small PKS) from four molecules
of malonyl-CoA.68 All eight of the Hpg- and Dpg-forming
enzymes are encoded in the gene cluster for vancomycin. PK
and NRP building blocks are not the only ones constructed for
specialized use in a natural product; another building block of

vancomycin, the unusual hexose L-vancosamine, is the product
of a five-step enzymatic pathway encoded by the vancomycin
gene cluster.69

Much of the enzymatic machinery encoded by a natural
product gene cluster can be devoted to generating a single
unusual monomer. Coronatine, a hybrid NRP-PK (see section
5),70,71 is a phytotoxin secreted by plant-associated strains of
Pseudomonas syringae that mimics the phytohormome jasmonic
acid, itself a natural product.72 The amino acid component of
coronatine is coronamic acid, a methycyclopropyl amino acid,
whose biosynthetic genes are clustered with the PKS genes that
generate the coronofacic acid component. The genesis of the
cyclopropane ring from allo-isoleucine is itself a fascinating
story, the deciphering of which led to the identification of a
new class of mononuclear iron-containing halogenases that make
a δ-chloroisoleucyl thioester that is an intermediate for a novel
enzyme-directed cyclopropanation step.73 Some specialized
building blocks are bona fide natural products themselves: a
related mononuclear iron-dependent halogenase converts a
tethered aminobutyrate molecule to γ,γ-dichloroaminobutyrate,
a Streptomyces-produced antimetabolite.74

One further set of examples involves building blocks related
to the imino acid proline (Figure 5). One of these building blocks
is derived from proline itself: enzymes that convert a thioester-
tethered proline molecule to a pyrrole-2-carboxy group by two
subsequent two-electron oxidations75 are found in numerous
natural product pathways. This pyrrole-2-carboxy group is an
electrophilic partner for capture by nucleophilic cosubstrates,
for example in prodiginine biosynthesis,76 in coumermycin
assembly,75 and in many marine natural products.77

Other proline-like building blocks are derived from non-
proline amino acids. Pipecolic acid, the six-ring homologue of
proline found in FK506 and rapamycin, is generated enzymati-
cally by cyclizing lysine in a nicotinamide adenine dinucleotide
(NAD)-dependent oxidation to the C6 imine with expulsion of
ammonia and reducing the resulting imine to pipecolate.78 The
proposed pathways for two other proline-like building blocks
come from distinct amino acids: piperazic acid, a nitrogen-
containing homologue of pipecolic acid found in a variety of
NRPs, is thought to come from glutamate;79 and propylproline,
a component of the antibiotic lincomycin, is generated from
tyrosine by a multistep pathway.80 The wide range of pathways
that convergently produce modified imino acid building blocks
are a testament to the importance of these rigid monomers in
natural product scaffolds.

3. Assembly Line Enzymes Are Efficient, Processive
Catalysts for Iterative Condensation Chemistry

Long, multistep linear reaction sequences are inefficient for
solution-phase reactions, whether enzymes or abiotic catalysts
are involved. For iterative couplings of equivalently reactive
building blocks such as amino acids, Merrifield pioneered solid-
phase peptide synthesis half a century ago.81 Nature has arrived
at the same solution: the biological equivalent of solid-phase
synthesis is used for building fatty acids, polyketides, and non-
ribosomal peptides.57

By covalently tethering both the growing chain and the
monomers to be incorporated at each elongation step, PKSs and
NRPSs are fully processive polymerization catalysts, with no
loss of intermediates to solution (Figure 6). Both systems use
∼10 kDa carrier protein domains bearing a thiol-terminated
phosphopantetheine moiety as the “resin” to which monomers
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and nascent polymers are attached,82 so the (methyl)malonyl
and ketidyl moieties for PKSs and the aminoacyl and peptidyl
moieties for NRPSs are tethered as thermodynamically activated
thioesters. These thioesters have sufficient kinetic stability at

physiological pH and temperature to ensure that off-pathway
hydrolysis, resulting in premature chain termination, is minimal.
The logic of PKS and NRPS chain elongation is identical:56

the incoming monomer is tethered to the downstream carrier

Figure 4. Natural product building blocks. (A) Highlighted are the two- and three-carbon building blocks of the polyketide tetronomycin, the amino acid
building blocks of the non-ribosomal peptide trapoxin B, the five-carbon building blocks of the polyketide cyclooctatin, and the hexose building blocks of
the oligosaccharide gentamicin. (B) Glucose-1-phosphate is the precursor for two of the building blocks of rubradirin, 3-amino-5-hydroxybenzoate and
TDP-D-rubraminose.308
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protein and acts as a nucleophile to attack the electrophilic
thioester that tethers the growing chain to the upstream carrier
protein. In NRPSs, the free base form of the aminoacyl thioester
is the nucleophile, generating an amide as the growing chain
gets transferred to the downstream carrier protein. For PKSs,
decarboxylation of the (methyl)malonyl thioester generates the
carbon nucleophile for the Claisen condensation, and loss of
CO2 drives the equilibrium in favor of �-ketoacyl thioester
formation. Because the incoming building blocks are the
nucleophiles, chain growth for PKs and NRPs is unidirectional,
from the amino terminus to the carboxy terminus of the
assembly-line enzyme.83,84

Polyketide Diversification during Chain Elongation: �-Carbon
Reduction. For polyketide biosynthesis, there is almost no
variation in the C-C bond-forming chain elongation step. Much
of the chemical diversity in polyketide structures comes from
three tailoring domainss�-keto reductase (KR), �-hydroxyacyl

dehydratase (DH), and R,�-enoyl reductase (ER)swhich can
be present in a module in various combinations to control the
oxidation state of the growing chain.40 A module with no
tailoring domain carries the unreduced �-ketone forward to the
downstream module; a KR domain alone yields the �-hydroxyl;
the KR+DH pair yields an olefin; while all three, KR, DH, and
ER, generate a fully reduced methylene. Thus, the genetically
encoded domain content of the PKS module predicts the
functional group at the corresponding �-carbon of its product,
and conversely the functional group array of a polyketide
predicts the identity and order of domains and modules that
comprise its PKS.

Non-ribosomal Peptide Diversification during Chain Elonga-
tion: Epimerization, r-Ketone Reduction, and Heterocyclization.
In contrast to polyketides, much of the chemical diversity in
NRPs comes from the >500 different building blocks NRPSs
use as monomers (http://bioinfo.lifl.fr/norine/, accessed October

Figure 5. Proline and its derivatives as building blocks for natural products. (A) Lysine gets converted to pipecolate during FK506 biosynthesis.78 (B)
Tyrosine gets converted to propylproline during lincomycin biosynthesis.80 (C) The proposed pathways to piperazate and 3-hydroxy-3-methylproline, both
of which are building blocks of polyoxypeptin A.79
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2009). However, three kinds of transformations that commonly
occur during chain elongation85 further diversify NRP structures:
epimerization, R-ketone reduction, and heterocyclization.

D-Amino acid residues are a hallmark of NRP scaffolds; for
example, they comprise three of the seven residues in vanco-
mycin. Most, but not all, NRPS assembly lines that generate
products with D-amino acids load and couple the corresponding
L-amino acids to make an L-L-peptidyl thioester, and then
epimerize to an L-D-peptidyl thioester before the subsequent
chain elongation.86

NRPs such as the emetic toxin cereulide from Bacillus cereus
have alternating amide and ester linkages in their backbones.
These arise by the alternate loading of amino acids and R-keto
acids in adjacent NRPS modules. The tethered R-ketoacyl
thioester is then reduced by an embedded reductase, and the
resulting R-hydroxyl is the nucleophile for an ester-forming
condensation domain.87

Heterocyclessthiazoles, oxazoles, and their reduced
variantssare commonly found in NRPs, including bleomycin,
epothilone, and yersiniabactin. These are formed by heterocy-
clization (Cy) domains, variants of the amide bond-forming
condensation domain that condense an upstream peptidyl
thioester with a downstream cysteinyl, seryl, or threonyl
thioester. The Cy domain then catalyzes the attack of the thiolate
(Cys) or hydroxyl (Ser) side chain on the newly formed amide

bond. Subsequent dehydration of the tetrahedral adduct yields
a thiazoline or oxazoline,88 and further dehydrogenation by
embedded flavin-dependent oxidase creates the heteroaromatic
thiazole and oxazole rings.89 This transformation dramatically
alters a hydrolyzable peptide backbone into a non-hydrolyzable
heterocycle.

Numerous exceptions to the “rules” of PKS and NRPS
mechanisms are now known; interested readers are encouraged
to consult reviews on these (perhaps not so unusual) violations
of the principles outlined above.90,91

Chain Termination as an Opportunity for Architectural
and Chemical Diversification. The termination machinery of
assembly-line enzymes offers a range of directed fates for the
full-length PK or NRP chain (Figure 7).92 Most natural product
assembly lines have a dedicated 35 kDa termination domain
called a thioesterase (TE) domain.93 TE domains, members of
the serine hydrolase superfamily, transfer the full-length acyl/
peptidyl chain from the final carrier protein domain to the side
chain of an active-site serine, generating an acyl/peptidyl-O-
enzyme intermediate as the last tethered species. Capture of the
acyl/peptidyl-O-enzyme intermediate can be intermolecular or
intramolecular; we consider the intramolecular fates first.

Directed intramolecular capture of the acyl/peptidyl-O-TE
intermediate is a catalytic property of many chain-terminating
assembly-line TEs, creating macrocyclic lactones or lactams

Figure 6. Solid-phase natural product synthesis by assembly-line enzymes. (A) An amide bond-forming condensation reaction during the proposed pathway
for SW-163D biosynthesis.309 (B) The NRPS that constructs SW-163D, showing the nascent intermediates tethered to each thiolation domain. C, condensation;
A, adenylation; T, thiolation; E, epimerization; MT, methyltransferase; TE, thioesterase.
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from regiospecific attack of a hydroxyl or amine within the acyl/
peptidyl moiety.94 This is the fate of the hundreds of known
polyketide macrolactones, including erythromycin, epothilone,
FK506/rapamycin, cyclosporine, daptomycin, and bacitracin. A
spectacular variant of this outcome occurs in the cyclotrimer-
ization that forms the 12-membered serine trilactone of the
enterobacterial siderophore enterobactin;95 dimeric molecules
such as echinomycin are formed by an equivalent TE-catalyzed
oligomerization/cyclization mechanism.96,97 Another remarkable
variant of a tandem reaction involved in chain disconnection
occurs during biosynthesis of the Aspergillus terreus terre-
quinone scaffold. In this case, a dimerizing Claisen condensation
creates the quinone ring as part of the disconnection step.98

There are a variety of natural diketopiperazines (DKPs).
Some, such as thaxtomin99 and gliotoxin,100 are generated by
dipeptide-cyclizing TEs. Interestingly, a recently discovered
NRPS from Salinispora arenicola produces both the seven-
membered macrolactam cyclomarin and the DKP cyclomara-

zine, the latter a truncation product comprising the first two
residues of the former (but lacking a key methoxy group on
Trp1 that might explain its early cyclization).101 Intriguingly,
other DKPs form a newly discovered class that are synthesized
in an NRPS-independent fashion,102 such as the bridged DKP
recently elucidated as an important metabolite in Mycobacterium
tuberculosis.103

A different set of fates result from intermolecular capture of
the acyl/peptidyl-O-enzyme intermediate. If water is utilized as
a nucleophile, then hydrolysis results and the chain is released
as the free acid. This occurs during the biosynthesis of fatty
acids, linear PKs such as bacillaene104,105 and thailandamide,106

and NRPs with linear precursors such as the �-lactam107 and
glycopeptide64,65 antibiotics. Some TEs use a diffusible substrate
rather than water as the nucleophile; during the biosynthesis of
the anticancer agent bleomycin55 and the siderophores vibrio-
bactin108 and pseudomonine,109 TE-catalyzed attack of a nu-
cleophilic amine effects aminolysis, releasing the product amide.

Figure 7. Unconventional modes of chain termination. (A) Oligomerization and subsequent macrocyclization catalyzed by the enterobactin TE.95 (B)
Claisen condensations catalyzed by the terrequinone TE.98 (C) Reductase-catalyzed release during lyngbyatoxin biosynthesis.182 (D) A proposed R-oxoamine
synthase-catalyzed chain release during saxitoxin biosynthesis.111 Bonds formed or modified during chain release are colored red, and post-assembly
modifications are highlighted in blue. R, reductase; OS, R-oxoamine synthase.
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An intriguing variant involves chain termination mediated not
by a TE, but by a PLP-dependent enzyme which decarboxylates
an amino acid and then uses this intermediate during the chain-
terminating condensation to form C-terminal oxoamines as in
prodigiosin76,110 and saxitoxin.111

Bioinformatic analysis of some NRPS assembly lines indi-
cates replacement of the C-terminal TE domain by NADH-
dependent reductase domains. Indeed, these deliver a hydride
ion to reduce the tethered thioester to the thiohemiacetal, which
can unravel to release the peptidyl aldehyde. This is the
oxidation state for the nascent product in the saframycin112 and
nostocyclopeptide113,114 pathways; the aldehyde cyclizes to the
hemiaminal to add further rigidification to the scaffold. If
thioacetal deconvoluton and release of the nascent aldehyde is
slow compared to binding and reaction of a second molecule
of NADH, a further two-electron reduction to the product
alcohol can occur; this is the route in lyngbyatoxin biosynthe-
sis.115

Emphasizing the predictive (and sometimes surprising) con-
nection between genes and molecules, a search for assembly-
line enzymes with C-terminal reductase domains yields tetramate-
forming gene clusters from fungi. In the biosynthesis of the
fungal metabolites equisetin116,117 and cyclopiazonate,118 the
enolate form of the �-ketoacyl-aminoacyl thioester that ac-
cumulates on the final carrier protein domain is an intramolecular
nucleophile for chain release. This yields the 3-acyltetramate
(2,4-pyrrolidinedione) ring found at the C-terminus of dozens
of natural products and is likely the general release mechanism
for such natural products. In such release steps, the reductase
domain is not functioning as a redox catalyst, but instead for a
Dieckmann-type cyclization.

4. Non-templated Pathways: Advantages, Limitations,
and Strategic Similarities

Some classes of natural products, including oligosaccharides
and isoprenoids, are produced by non-templated pathways.
These pathways are similar to those from primary metabolism,
with the important exception that non-templated pathways for
natural products often produce multiple products while primary
metabolic pathways generally make a single product.

Oligosaccharides. Monomers for oligosaccharide natural
products are typically hexoses activated by conjugation to a
nucleoside diphosphate.119,120 Glycosyltransferases,121,122 the
enzymes that couple these sugars, are not organized into
enzymatic assembly lines; instead, they catalyze the attack of a
soluble acceptor substrate on a soluble donor substrate (NDP-
sugar) (Figure 8). The aminocyclitol antibiotics exemplify two
characteristics of non-templated pathways: First, their products
are generally smaller than those of templated pathways; most
aminocyclitols are composed of three building blocks, despite
being the products of gene clusters with several dozen genes.42

One contributing factor may be the increased challenge of
channeling soluble intermediates along a non-templated path-
way, leading to diminishing yield as the number of monomer-
coupling steps increases. Second, if the monomers being coupled
have more than one nucleophile or electrophile, monomer-
coupling steps can build branched structures. Some aminocy-
clitols consist of a central 2-deoxystreptamine residue that is
used twice as a nucleophile, resulting in a branched trisaccha-
ride.123

A third attribute of non-templated pathways is the potential
for stochastic action of sets of soluble enzymes to carry out

incomplete or additional modifications on elongating oligomers
to produce more scaffold diversity. This may be of use in the
evolution of new scaffold variants with differentiated functions.
One example is the landomycins, a family of hybrid natural
products (see section 5) in which an angular tetracyclic
polyketide is found to be glycosylated with three sugars
(landomycin E), five sugars (landomycin B), or six sugars
(landomycin A).124,125 While this enzymatic “stuttering” is more
typical of non-templated pathways, it does appear in some
templated pathways.91 Since many oligosaccharides like lando-
mycin are hybrid or tailored natural products, we will return to
oligosaccharides in sections 5 and 6.

Isoprenoids. Isoprenoid-based natural products comprise one
of the largest families of natural products from plants, with many
thousands of molecules identified over the past decades.126 The
basic chemical logic has been well established: prenyl chains
are iteratively elongated by C5 units, with the incoming ∆3

isoprenyl diphosphate as the nucleophile and the elongating
chain ∆2 prenyl diphosphate as the electrophile in an SN1
coupling.127,128 Chain elongations leading to polyisoprenes of
C45-55 and C80-110 lengths are found in bactoprenols and
dolichols, which transfer polar metabolites across bacterial and
endoplasmic reticulum membranes, respectively.129 The con-
trolled generation and capture of allylic carbocations in enzyme
active sites leads to a vast range of cyclization patterns at the
C10, C15, C20, C30, and C40 levels, where “volume control” in
the cyclase active site and the regiospecific placement of proton
donors in otherwise hydrophobic active-site environments
control cyclization patterns.130,131

A comprehensive review of isoprenoid biosynthesis33,44,46 is
beyond the scope of this Perspective, but one recent development
will be covered here. Progress in identifying the genes involved
in isoprenoid biosynthesis has been slow, since isoprenoids are
more common among plants, and biosynthetic genes tend not
to be clustered in plant genomes. Some plant isoprenoid
pathways, notably those for taxol132 and gibberellin,133 have
been mapped out, but identifying biosynthetic genes has been
slower in plants than in bacteria. However, much progress has
been made recently in finding gene clusters for bacterial
isoprenoids,44 and the remainder of this section is devoted to
discussing these molecules.

The taxol pathway (Figure 9),132 illuminated by years of
pioneering work from Croteau and co-workers, established the
paradigmatic logic of isoprenoid biosynthesis: a linear polyiso-
prenoid precursor is cyclized to a hydrophobic scaffold, which
is then tailored by the addition of oxygen-based functional
groups. In the taxol pathway, four isoprene building blocks are
coupled to form the linear C20 precursor geranylgeranyl diphos-
phate, which is cyclized to taxadiene.134 Eight oxygen substit-
uents are introduced at the periphery, some of which increase
the scaffold’s solubility and serve as polar functional groups,
while others undergo further tailoring by group transfer.135-141

Gene clusters for bacterial isoprenoids reinforce and extend
this paradigm.44 They generally encode three kinds of enzymes:
those that produce the ∆2 and ∆3 isopentenyl diphosphate
building blocks, those that couple these monomers and cyclize
the resulting polyisoprenoid intermediate, and those that catalyze
group transfer and oxidative tailoring reactions.

At the C15 sesquiterpene level, farnesyl diphosphate is
cyclized by epi-isozizaene synthase to the constrained tricyclic
scaffold of the hydrocarbon. The adjacent gene encodes a
cytochrome P450-type heme hydroxylase that oxygenates C4
first to the alcohol and then to the ketone.142-144 A second
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example at the C15 level is the biosynthesis of the sesquiterpene
epoxide antibiotic pentalenolactone by Streptomyces aVermitilis,
the avermectin producer. The gene cluster that encodes the
farnesyl diphosphate cyclase that generates the tricyclic pen-
talenene hydrocarbon also contains four putative oxygenases,
the first catalyzing triple oxidation of a side-chain methyl to a
carboxylate, the next catalyzing a double oxygenation of one
of the cyclopentane rings to an alcohol and then on to the
cyclopentanone, and the third carrying out a Baeyer-Villiger
oxygenative ring expansion of the ketone to the six-membered
lactone. The final oxygenase is likely an epoxidase, reflecting
four distinct routes to introduce five oxygen substituents in the
mature pentalenolactone scaffold.145-150

At the C20 diterpene level, the gene cluster for the heavily
oxygenated tricyclic terpenoid glycoside phenalinolactone (Fig-
ure 9) allows dissection of the chemical steps in its pathway.151,152

First, the isoprenyl diphosphate building blocks are made by
genes for the methylerythritol pathway, which is more common
among bacteria, rather than the mevalonate pathway, which is
more common among eukaryotes but is present in some bacteria.
Once four monomers have been coupled, the linear C20 precursor

geranylgeranyl diphosphate is epoxidized by an FAD-containing
oxidocyclase to initiate cyclization to the tricyclic scaffold. The
masked aldehyde functionality in the γ-hydroxybutyrolactone
ring is then elaborated and attached with participation of a non-
heme oxygenase. Meanwhile, the A ring of the diterpene
scaffold undergoes an oxygenation on the ring and two
oxygenations on the gem-dimethyls by a suite of three P450
enzymes encoded in the gene cluster. The ring hydroxyl at C3

undergoes a tailoring acetylation, and one of the newly created
pendant hydroxymethyl groups attached to C4 undergoes gly-
cosylation by an L-amicetose residue, whose biosynthesis from
TDP-D-glucose is encoded in the cluster, while the other
hydroxymethyl undergoes acylation by a methylpyrrole-2-
carboxyl moiety. The pyrrole unit is created from proline by a
small NRPS, as noted in section 2. The phenalinolactone gene
cluster reveals the confluence of genes for required building
blocks (∆2 and ∆3 prenyl units, L-amicetose, methylpyrrole
carboxylate) with the genes for isoprene chain elongation and
diterpene cyclization and a set of five oxygenases, one FAD-
containing, three heme proteins, and one non-heme iron
oxygenase.

Figure 8. Oligosaccharide pathways. (A) A schematic view of the streptomycin pathway.42 (B) Iteratively acting glycosyltransferases from the landomycin
pathway.124,125 GTF, glycosyltransferase.
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Other Non-templated Pathways. While we do not cover them
in detail here, three other classes of non-templated pathways
bear mentioning. First, many natural products harbor amide
bonds that derive neither from the ribosome nor from an
NRPS.43 One enzyme class that synthesizes untemplated amides
is the acyl-AMP ligases, homologues of NRPS adenylation
domains that activate a carboxylate by adenylation for nucleo-
philic attack by an amine. Enzymes in this class are common
in the biosynthetic pathways for hydroxamate-containing sid-
erophores like desferrioxamine (Figure 10)153 and are also found
in the pathways for molecules such as coronatine and
simocyclinone.154,155 The pathway for dapdiamide, a non-
templated tripeptide, involves one amide ligation of this sort
and a second by an enzyme from the ATP-grasp superfamily.156

ATP-grasp enzymes have recently been shown to catalyze the
post-translational cross-linking of microcyclamide, a cyanobac-
terial natural product, hinting at a wider role for these enzymes
in natural product pathways.157-160

Two widely distributed plant natural product pathways
involve an enzyme-catalyzed Pictet-Spengler reaction. The
condensation of tryptamine and secologanin forms strictosidine,
the precursor to a variety of alkaloids including vinblastine.161

The Pictet-Spengler product of dopamine and p-hydroxyphen-
ylacetaldehyde, norcoclaurine, is the precursor to another series
of alkaloids including morphine (Figure 11).162 Oxidative

tailoring steps divert strictosidine and norcoclaurine down many
distinct pathways, and recent efforts have shown that modified
precursors can be fed into these pathways in planta to produce
unnatural alkaloids.163,164

Another widely distributed plant pathway is the one from
which lignins and lignans derive: the one-electron coupling of
the phenylpropanoid monomer coniferyl alcohol.165 Directed
coupling products such as pinoresinol166 undergo largely oxida-
tive tailoring to become lignans like podophyllotoxin,167 or
polymerize to yield lignins,168 the second most abundant organic
polymer behind the oligosaccharide cellulose (Figure 12). Some
bacterial pathways also involve the oxidative coupling of
aromatic monomers: indolocarbazoles such as staurosporine are
formed by the oxidative dimerization of two tryptophan-derived
monomers,169-171 and the cyanobacterial pigment scytonemin
comes from the oxidative coupling of indole-3-pyruvate and
p-hydroxyphenylpyruvate.172,173

5. Where Chemistry Allows, Hybrid Pathways Emerge

Two examples from the previous sectionslandomycin,124,125

a polyketide-oligosaccharide hybrid, and phenalinolactone,151,152

an isoprenoid bearing NRP and hexose functional groupssserve
as a reminder that many natural products have a mixed pedigree.
These hybrid molecules, which represent evolutionary opportun-

Figure 9. Isoprenoid biosynthesis. In the biosynthetic pathways for terpenoids such as taxol132 and phenalinolactone,151,152 a linear polyisoprenoid precursor
is cyclized to a hydrophobic scaffold, which is then tailored by the addition of oxygen-based functional groups. These oxygen-based functionalities are
sometimes further tailored by group transfer reactions.

Figure 10. Amide ligases form the amide bonds of hydroxamate siderophores such as desferrioxamine E.153
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ism in mixing genes to create chemical diversity, are synthesized
collaboratively by distinct but chemically compatible biosyn-
thetic systems. A central focus in understanding the biosynthetic
origins of hybrid molecules is identifying enzymes that conju-
gate one class of building block to another; for example, NRPS
condensation domains that accept a PK substrate, or glycosyl-
transferases that recognize a lipid substrate.

PK-NRP Hybrids. Some medicinally important products of
assembly-line enzymes are PK-NRP hybrids, including the
immunosuppressants FK506/FK520 and rapamycin50-53 and the
anticancer agents bleomycin55 and epothilone54 (Figure 13).
While the building blocks and monomer coupling chemistries
of PKSs and NRPSs are quite different, some fundamental
similarities have allowed hybrid pathways to emerge.56

Most notably, both PKS and NRPS assembly lines carry out
acyl transfer chemistry and tether monomers and growing
polymers as pantetheinyl thioesters to carrier protein domains.57

As noted in section 3, the logic of PKS and NRPS chain
elongation is identical: the incoming monomer is tethered to
the downstream carrier protein and acts as a nucleophile (enolate
or amine) to attack the electrophilic thioester that tethers the
growing chain to the upstream carrier protein.

For hybrid chain elongation to proceed, two protein-based
recognition problems have to be solved. The first is a catalytic
loosening of stringency. At an NRPS-PKS interface, the KS
domain must be able to catalyze a Claisen condensation with
an upstream peptidyl thioester chain; at a PKS-NRPS junction,
the condensation domain must catalyze amide bond formation
to an upstream ketidyl thioester chain. The second is a
protein-protein recognition problem: NRPS and PKS modules
must form a productive interface with enough affinity to allow
hybrid chain elongation to proceed. Much progress has been
made in defining and swapping recognition domains at the N-
and C-termini of modules to direct/redirect partner module
recognition.174-179

One well-studied example is the epothilone synthase.
Epothilone is almost entirely a polyketide with one pharma-
cophoric thiazole ring appended to the macrocycle. As expected,
the epothilone assembly line54 has eight PKS modules distrib-
uted over five separate proteins and only a single NRPS module.
The beginning of the assembly line is composed of three
separate proteins, EpoA-C. EpoA is a starter PKS module,

decarboxylating malonyl-S-EpoA to acetyl-S-EpoA. EpoB is a
four-domain NRPS module which begins by activating and
loading cysteine as a pantetheinyl thioester on its carrier protein
domain; it then condenses the cysteinyl thioester with the
upstream acetyl thioester, across the PKS-NRPS interface, to
give N-acetyl-S-EpoB; and finally it cyclizes, dehydrates, and
dehydrogenates this intermediate to yield methylthiazolyl-S-
EpoB.180 EpoC, a methylmalonyl-CoA-utilizing PKS module,
mediates chain transfer of the methylthiazolyl moiety across
the NRPS-PKS interface by C-C bond formation and then
reduces and dehydrates the initial �-ketoacyl-S-EpoC to the
methylthiazolyl-enoyl-S-EpoC.181 EpoA-C thus traverse two
hybrid module interfaces, and the remainder of the assembly-
line enzyme, including the TE-mediated macrocyclization, is
PKS chemistry.

Other Hybrid Natural Products. There are a variety of natural
products that undergo prenylation. Both lyngbyatoxin,182 which
incorporates a C10 geranyl group, and cyclopiazonate,118 which
incorporates a C5 dimethylallyl group at C4 of the indole ring
(subsequently used to create the pentacyclic framework), are
NRP examples. Perhaps more intriguing is the de noVo
construction of prenyl groups during polyketide chain exten-
sion.183 This occurs to introduce �-methyl and higher alkyl
branches in such molecules as bacillaene,184 myxovirescin,185

rhizoxin,186 leinamycin, and a cyclopropyl group in jamaica-
mide.187 This merger of isoprene-building chemistry and Claisen
chemistry on an assembly-line enzyme can now be predicted
from a subset of five genes in PK gene clusters.

In contrast to the landomycin pathway124,125 (section 4), in which
a PK scaffold is synthesized and then elaborated by the addition
of multiple sugars, the pathway for orthosomycin antibiotics such
as avilamycin188 and everninomicin189 begins with the construction
of a heptasaccharide chain and ends with its conjugation to a PK
aglycone, dichloroisoeverninic acid. Avilamycin bears unusual
sugars such as D-olivose, D-fucose, 2-deoxy-evalose, and L-xylose,
so its biosynthetic machinery must convert the primary/core
metabolite TDP-D-glucose into all of these NDP-sugar variants for
oligosaccharide chain elongation, and then connect each to the next
in the proper order. A 54-gene cluster has been described that has
not only the anticipated glycosyltransferases but all the genes
encoding the TDP-sugar-tailoring enzymes to create those needed
building blocks.

Figure 11. Pictet-Spengler reactions in widely distributed plant pathways.161,162
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Remarkably, some hybrid natural products consist of building
blocks from four or more sources. The enediyne C-1027190

(Figure 2) consists of NRP, PK, hexose, and shikimate pathway
monomers, while leupyrrin191 (Figure 13) consists of PK, NRP,
isoprenoid, and dicarboxylic acid monomers.

6. Scaffold Tailoring Is Inevitable and Advantageous

Enzymatic tailoring of a nascent scaffold is a hallmark of
almost all natural product classes. Tailored and hybrid natural
products are two faces of the same phenomenon: evolutionary
opportunism in mixing genes to create chemical diversity by
juxtaposing distinct but chemically compatible biosynthetic
systems. For our purposes, tailoring reactions are generally
peripheralsthe pathway could proceed in their absence and

related non-tailored molecules are knownsand they serve to
functionalize the core scaffold, often occurring later in the
pathway. Clearly, the distinction between tailored and hybrid
natural products can be blurry; the landomycin hexasaccharide124

(landomycin A) could reasonably be considered either a hybrid
PK-oligosaccharide or a PK tailored by glycosylation. As with
hybrid pathways, a central focus in studying tailoring is
identifying enzymes (and their encoding genes) that conjugate
one class of building block to a scaffold from a different class
(e.g., glycosyltransferases specific for PK scaffolds).

We have already noted a few examples of tailoring, such as
the oxidative tailoring of reduced isoprenoid intermediates
described in section 4. Tailoring enzyme chemistries can be
grouped into two broad categories: group transfer reactions and

Figure 12. Oxidative coupling reactions in biosynthetic pathways. (A) Lignin and lignan pathways in plants begin with the oxidative coupling of coniferyl
alcohol.165 (B) The pathway to indolocarbazoles such as staurosporine involves the coupling of two tryptophan-derived monomers.169,171 (C) Intramolecular
cross-linking of aryl monomers forms the cup-like shape of glycopeptides such as chloroeremomycin and vancomycin.226-229
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oxidative transformations. Many tailoring enzymes from both
categories are homologous to enzymes from primary/core
metabolism, consistent with the premise that contemporary
natural product tailoring enzymes have been conscripted from
that enzyme pool.

Tailoring by Group Transfer Enzymes. Nearly all group
transfers involve coupling an electrophilic fragment of a
cosubstrate or primary metabolite to a nucleophilic N, O, or S
in the natural product scaffold. These cosubstrates include NDP-
sugars as glycosyl donors, S-adenosylmethionine as a CH3

+

donor, acyl-CoA as an acyl donor, ATP as a phosphoryl donor,
phosphoadenosine phosphosulfate as a SO3 donor, and di-
methylallyl diphosphate as a prenyl donor. For example, the
aglycones of glycopeptides like vancomycin and teicoplanin can
undergo N-methylation,192 O-sulfation,193 and glycosylation by
UDP-D-glucose and TDP-L-vancosamine;194 a pendant sugar can

be further tailored by acylation with a decanoyl group.195 None
of these group transfer steps involve oxygen, so this scaffold
decoration chemistry could have evolved early in anaerobic
organisms.

Glycosylation196-198 is the most extensive category of group
transfer tailoring. The catalyzed addition of monosaccharides
and their iterative elongation into oligosaccharide chains diversi-
fies natural product scaffolds and often increases water solubil-
ity. Pendant sugars can be essential for biological activity; the
erythromycin aglycone, for example, lacks antibacterial activity
since its two sugars make specific contacts to the 50S ribosomal
subunit.199,200 The sugars added are occasionally common
hexoses such as glucose, N-acetylglucosamine, and mannose
but more often are specially constructed deoxy- and de-
oxyaminosugars119,120 to control the balance of hydrophobicity/
hydrophilicity and provide additional sites for hydrogen bonding

Figure 13. Hybrid natural products. (A) Examples of hybrid natural products. Non-ribosomal peptide-derived monomers are colored blue, polyketide
monomers are colored red, oligosaccharide monomers are colored green, and isoprenoid monomers are colored pink. (B) A condensation reaction links a
non-ribosomal peptide monomer to a polyketide monomer during the proposed pathway for salinosporamide.
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or further tailoring of the hydroxyl or amine groups. These
auxiliary sugars are constructed from UDP- or TDP-glucose by
enzymes encoded within the biosynthetic gene cluster, allowing
de noVo bioinformatic predictions of sugar-bearing natural
products. The genes responsible for constructing sugars and
transferring them to nascent scaffolds can be moved between
gene clusters to provide new variants of related scaffolds, both
naturally and in the laboratory.196,201,202

Recent studies have shown that natural product glycosyl-
transferases have equilibria not far from unity, such that a
glycosyl moiety on one mature natural product can be transferred
back to a nucleoside diphosphate and then onto a new scaffold
in Vitro.203 If this could happen in ViVo, it would be another
route, at the protein rather than the gene level, to construct novel
glycosylated natural products. Most scaffold glycosylations
occur by attack of PK or NRP hydroxyl groups on the
electrophilic C1 of an NDP-sugar. In addition, there are examples
of N-glycosylation on indolocarbazole204 and ansamitocin205

scaffolds, and C-glycosylation at carbons ortho or para to
phenolate oxygens in the salmochelin siderophores206 and in
anthracycline polyketides such as urdamycin207-210 and heda-
mycin.211

Much recent effort has gone into glycodiversification efforts,
building on the sometimes-relaxed specificity of tailoring
glycosyltransferases, the lack of templating, and the occasional
capacity for a glycosyltransferase to act iteratively.196,198,201,202

In ViVo studies in various anathracycline systems have shown
that replacing endogenous glycosyltransferases with variant
homologues, co-expression with new glycosyltransferases, and
mutational analysis can lead to products with novel glycosyl
tailoring outcomes, including replacing an O-glycosyltransferase
with a C-glycosyltransferase.212,213 Construction of operons
containing collections of glycosyltransferases under the control
of inducible promoters has yielded new glycovariants of
elloramycins, mithramycins, and indolocarbazoles.212,214,215

Two types of embedded tailoring domains in NRPS assembly
lines were noted in section 3: epimerization and heterocycliza-
tion. Perhaps the most common tailoring domain contained
within NRPS modules is the N-methyltransferase, which uses
S-adenosylmethionine as a donor of a CH3

+ equivalent to the
amine of the aminoacyl thioester before condensation.85 In
cyclosporine synthetase, 7 of the 11 modules contain such
N-methyltransferase domains, and accordingly the residues they
insert into the growing chain are N-methylated in cyclo-
sporine.216,217 N-Methylation alters the resonance stabilization
in NRP amide bonds, allowing them to adopt a distinct set of
conformations, increasing their hydrophobicity, and promoting
their stability to proteolytic cleavage.

Tailoring by Oxidative Enzymes. The other major type of
tailoring reaction involves O2 as a cosubstrate that would have
been conscripted from oxygenases of primary metabolism after
aerobic organisms gained hold. To overcome the kinetic barrier
to the favorable thermodynamics of O2 reduction, nearly all
oxygenases provide cofactors or coenzymes that can perform a
one-electron transfer to a ground-state triplet O2 molecule. Two
strategies predominate: one is to use redox-active transition
metals, most commonly iron, both in heme218 and non-heme219

microenvironments in oxygenase active sites; the second
(independently evolved) is to use the riboflavin-based coenzymes
FMN and FAD, in which the dihydro oxidation state can engage
in kinetically and thermodynamically accessible one-electron
chemistry with O2.

220

Heme iron-containing enzymes of the cytochrome P450
oxygenase superfamily are widespread tailoring enzymes for
natural products. Among the best studied have been the
regiospecific hydroxylases that hydroxylate the product of the
erythromycin PKS, 6-deoxyerythronolide B (6dEB), first at C6

and then at C12.
221,222 The crystal structure of the 6dEB

6-hydroxylase, EryF, with bound 6dEB gives molecular insight
into regioselectivity,223,224 as does the crystal structure of the
P450 that converts epothilone D to epothilone B by a regiose-
lective epoxidation.225 A set of three cytochromes P450 from
the vancomycin gene cluster, OxyABC, are the catalysts that
sequentially cross-link side chains 2 and 4, 4 and 6, and 5 and
7 of the heptapeptidyl chain while it is tethered at the last carrier
protein of the vancomcyin synthetase assembly line (Figure
12).226-229 These three cross-links create the cup-shaped
architecture of vancomycin and are the essential conformational
constraints for high-affinity recognition of the D-Ala-D-Ala target
on peptidoglycan.

A large number of non-heme iron oxygenases219 tailor natural
product scaffolds by hydroxylation, using high-valent oxo-iron
intermediates and carbon-centered radicals at the sites to be
hydroxylated. Among the most fascinating of this enzyme class
are the diverse transformations in which O2 is reduced and split
but none of the oxygen atoms end up in the resculpted product.
Four examples from �-lactam pathways show the chemical range
of these iron-based scaffold maturation enzymes.

The best-known pair are isopenicillin N synthase (IPNS)230 and
deacetoxycephalosporin synthase (DAOCS)231 (Figure 14), which
function sequentially to convert the acyclic tripeptide aminoadipoyl-
Cys-Val, the product of a three-module NRPS, to isopenicillin N
and then to the cephalosporin cephamycin C. The IPNS reaction
involves a four-electron reduction of cosubstrate O2 to two
molecules of H2O while the tripeptide undergoes a four-electron
oxidation in two two-electron steps. The first step constructs the
four-membered �-lactam ring, and the second step constructs the
thiazolidine in the 4,5-ring system of penicillin. Following an
epimerization in the acyl chain, DAOCS (known colloquially as
expandase) converts the five-membered thiazolidine ring of the
penicillin core to the six-membered dihydrothiazine ring of the
cephalopsorin scaffold. Both enzymes use one-electron chemistry
and control the flux of the carbon and sulfur-centered intermediates
coordinated to the active-site iron.

The two enzymes in this superfamily that participate in
clavulanate and carbapenem assembly perform equally intriguing
chemistry.232,233 The carbapenem synthase takes a (3S,5S)-
carbapenam substrate and, in an O2-dependent reaction, epimer-
izes the unactivated C5 center and installs the 2,3-double bond
in the five-membered ring. Even more remarkably, the clavami-
nate synthase uses three O2 molecules for a sequential six-
electron oxidation of its monocyclic �-lactam for sequential
hydroxylation and ring closure to generate the fused 4,5-ring
system of clavulanate, and then carries out a dehydrogenation
to form the exocyclic double bond of the enol ether moiety.

An independent and parallel strategy is found in oxygenases that
are iron-free but use flavin-bound coenzymes. While they are
typically found in gene clusters where activated aromatic substrate
moieties undergo capture of an electrophilic oxygen from flavin-
hydroperoxy intermediates, the flavin-hydroperoxides can also
utilize the distal oxygen as a nucleophile to attack an electrophilic
ketone or aldehyde in a natural product scaffold. By converting
ketones into lactones that undergo hydrolysis, Baeyer-Villiger
chemistry can effect regioselective and stereoselective C-C bond
cleavages;234 two pathways in which this chemistry carves away
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and remodels a portions of a polycyclic framework are those for
aflatoxin235,236 and mithramycin (Figure 15).237

7. Ribosomally Synthesized Peptides Can Become
Natural Products by Complexity-Generating
Post-translational Modifications

Normally, we do not think of ribosomally synthesized
peptides as being precursors to natural products. However,
genomic and bioinformatic studies have recently revealed that
heterocycle-containing cyclic peptides from cyanobacteria such
as the patellamides, ulithiacyclamides, and lissoclinamides are
derived from ribosomally synthesized peptide precursors.238

Almost 100 variants of these peptides are generated by the post-
translational cyclo-dehydration and dehydrogenation of Cys, Ser,
and Thr residues, with protease-mediated excision of these
highly modified octapeptides from a preprotein backbone.
Combinatorial diversity arises from mutations in the pre-protein
octapeptide sequences.239

An analogous combination of bionformatics and genetics
has led to the recent finding that thiomuracin, thiocillin,
thiostrepton, and nosiheptide, representing the class of
thiazolylpeptide antibiotics240 targeting the 50S subunit of
the bacterial ribosome, are also generated by the post-
translational tailoring of Cys-, Ser-, and Thr-rich peptide

Figure 14. Oxidative tailoring reactions from �-lactam pathways. (A) IPNS230 catalyzes two successive two-electron oxidations to form the 4,5-ring system
of the penicillins. Following an epimerization reaction in the acyl chain, DAOCS231 (expandase) catalyzes the conversion of the five-membered ring to a
six-membered ring to form the 4,6-ring system of the cephalosporins. The portion of the aminoadipoyl-Cys-Val tripeptide that becomes the �-lactam core
is highlighted in green, the bonds formed by oxidation are colored red, and post-assembly modifications are shown in blue. (B) CarC catalyzes both the
epimerization and the desaturation of the carbapenem core; both modifications are shown in red.232 (C) CAS catalyzes three different oxidative transformations
during clavulanate biosynthesis, each of which is shown in red.233

Figure 15. Baeyer-Villigerase action remodels the mithramycin scaffold by effecting C-C bond cleavage.237
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sequences found at the C-termini of precursor proteins (Figure
16).241-245 More than 80 members of this antibiotic class
are currently known,240 but microbial genome scanning
suggests that many more exist. Of special note in molecules
such as thiocillins and thiomuracin is the trithiazolyl pyridine
ring system at the center of these antibiotics. Crystal
structures of these molecules bound to the 50S ribosome246

show that the trithiazolyl pyridine has a propeller structure,
directing the pendant peptide chains in an architectural array
that creates the three-dimensional contacts necessary for high-
affinity binding and blockade of bacterial protein synthesis.
Among the many questions of biosynthetic interest is the
construction of the central pyridine ring. As indicated by the
existence of thiostrepton and other congeners with six-
membered nitrogen heterocycles in reduced oxidation states,
the ring-forming step may be an aza [4+2] cyclization
process, similar to strategies utilized in the total synthesis
of several members of this antibiotic class.247,248 It is not
yet known whether this reaction is concerted or stepwise,
nor if it involves active or passive participation by one of
the proteins encoded in these gene clusters. In such a
mechanism, the initial dihydropyridine ring could be reduced
to the tetrahydro state found in thiostrepton, or the upstream
peptide chain could be oxidatively eliminated to give the
heteraromatic pyridine found in thiocillin and nosiheptide.
This chemistry has analogy to the proposed carba [4+2]
cyclizations noted in the next section for lovastatin,249

kijanimicin,250 and indanomycin.251

8. Oxidation Control and Cascade Reactions Are
Important Components of Biosynthetic Logic

We have noted the extensive use of redox chemistry by
tailoring enzymes to introduce oxygen atoms and to carry out
oxidative cyclizations of nascent scaffolds. More generally, PK
and terpenoid pathways rely on oxidation control of the
functional group inventory to generate dramatic product struc-
tural diversity from simple building blocks. As discussed in
section 4, terpenoid pathways exert oxidation control by first
generating a reduced, unreactive polycyclic intermediate and
then tailoring it with oxygen-based functionality. Some PKSs
employ a different form of oxidation control: generating a
reactive polyketone or polyene intermediate and then steering
its reactivity toward markedly divergent structural outcomes.

Fused Aromatic Scaffolds: Polyketone Cyclization Steered
by Regiospecific Reduction. While modular PKSs like the
erythromycin synthase have a separate module for each
elongation cycle, most iterative PKSs have a single KS, AT,
and ACP domain for elongation cycles, so they generate
polyketone chains bound to an ACP domain.40 In contrast to
the polyethers discussed below, none of the oxygens in these
PK intermediates derive from molecular oxygen. The fates
of these polyketone chains are controlled by reductase,
cyclase, and aromatase domains as in the assembly of
tetracycline (Figure 17).252,253 Generation of alcohols by KR
domains at various points in the chains helps establish the
regiochemistry of cyclization. Other forms of oxidative
intervention at the polyketone stage can divert product

Figure 16. Converting a ribosomally synthesized peptide into a natural product. A schematic view of the thiostrepton pathway is shown.241,244 The C-terminal
17 amino acids of the structural peptide TsrH undergo 14 post-translational modifications, including cleavage of the leader peptide, to become thiostrepton.
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structure dramatically: in the enterocin pathway, oxidation
of an R-methylene in a thioester-tethered polyketone chain
sets up a Favorskii rearrangement to generate the polycyclic
scaffold of enterocin (Figure 17).254,255

Enediynes: A Conjugated Polyene Intermediate. Gene clus-
ters for multiple enediynes have revealed that the core is
assembled by an iterative PKS which harbors KR and DH
domains but no ER.190,256-258 Two of these PKSs were
recently shown to generate conjugated polyenes and/or
polyene methyl ketones, presumably derived from decar-
boxylation of an initial �-keto or �-hydroxy carboxylic acid
(Figure 18).259-261 It is not yet known whether these
intermediates are on-pathway, but it appears likely that the
pathway to the enediyne core involves oxidative tailoring of
a conjugated polyene intermediate.

Polyethers: Oxidation Sets Up a Cascade Reaction. Polyene
chains, both conjugated and unconjugated, can also be generated
by modular PKSs. The precursor to polyethers is a carrier
protein-tethered polyene chain devoid of oxygens at the ring
precursor positions, but oxygen can be re-incorporated by
tailoring, this time by O2-utilizing epoxidases (Figure 18).262,263

These transformations are the key steps that enable ether bond
formations as the epoxides undergo reaction and closure to the
tetrahydrofuran and tetrahydropyran rings found in the large
class of polyether natural products. The gene clusters for a
handful of polyethers have been identified,264-269 and they
encode two key enzyme classes: flavoprotein epoxidases to
epoxidize the olefins, and epoxide hydrolases that are thought
to guide the cascade of epoxide-opening events. As yet, none
of the PKS gene clusters for the giant polyether toxins such as

Figure 17. Oxidation control in iterative PKS pathways. The regiochemistry of cyclization is controlled by regiospecific reduction or oxidation reactions,
leading to widely divergent outcomes.253,254

Figure 18. Oxidative chemistry that converts polyenes into polycyclic scaffolds. (A) The pathways to polyether polyketides involve the epoxidation of a
polyolefinic precursor, followed by an epoxide-opening cascade that constructs the tetrahydropyran and tetrahydrofuran rings.262,263 (B) Polyenes are the
precursors of enediynes.259-261 Additional oxidation reactions may occur out of the sequence shown in the figure.
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maitotoxin, ciguatoxin, and brevetoxin have been cloned, but
similar mechanisms have been proposed for their biosynthe-
ses.270

Other Intramolecular Cyclizations That Form Polycyclic
Ring Systems. There are less well understood and more complex
tailoring events that lead to the formation of polycyclic ring
systems by certain PKSs. Among the most notable are cycliza-
tions that have the attributes of [4+2] cyclizations, although it
is still debated whether they proceed by stepwise or concerted
mechanisms, or if they are catalyzed by Diels-Alderase

enzymes.271,272 The most famous PKS in this class is the
lovastatin nonaketide synthase,273 and others include the recently
described PKSs for the octahydronapthalene ring in kijanimi-
cin250 and the indane bicyclic system in indanomycin (Figure
19).251 The availability of more gene clusters and encoded
enzymes makes it likely that conclusive mechanistic analyses
of these natural [4+2]-type ring-forming reactions will be
conducted. Note that three PKS modules in apposition must
contain functional KR and DH domains but lack functional ER
domains to set up the tri-olefinic precursors for the [4+2]

Figure 19. Cascade reactions for polycyclic ring systems. (A) Proposed [4+2]-like cyclizations during the biosynthesis of lovastatin273 and indanomycin.251

(B) Proposed intramolecular cyclizations during the coronatine276 and anatoxin-a277 pathways.
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cyclizations. In the pathway to kijanimicin’s octahydronaptha-
lene ring system, the PKS would generate a chain with olefins
in a 1,3,9 relationship prior to the [4+2]-type cyclization.250

Similar cyclizations may play a role in forming the polycyclic
ring systems of FR182877,274 dihydromaltophilin,275 and related
molecules.

An intriguing variant of a cascade reaction occurs during the
biosynthesis of coronofacic acid, the polyketide moiety of the
phytotoxin coronatine. Studies with a purified PKS protein
indicate that a cycolepentenone-�-ketoacyl thioester arising from
an assembly-line-mediated Claisen condensation undergoes an
intramolecular endo-trig cyclization to give a 5,6-hydrindane
ring system as a precursor to coronafacic acid.276 Similar on-
assembly-line intramolecular cyclizations may play a role in
the biosynthesis of anatoxin,277 spinosyn,278 and tetronomy-
cin.265

9. What Would It Take To Find All Natural Product
Scaffolds?

Given that natural products are genetically encoded and gene
pools are finite, can we hope to discover most (if not all) of the
natural product scaffold classes (Figure 20)? Chemists have been
isolating natural products in earnest for much of the past century,
in part to catalog Nature’s molecules and in part by bioactivity-
guided extraction and purification for medicinal purposes.
During the third quarter of the 20th century plant extracts from
more than 3000 species were extensively assayed for anticancer
activity alone.279 Of the 250 000-500 000 plant species,
estimates are that ∼10% have been studied for natural
products.280,281

The isolation of natural products from microbes, mostly
bacteria and fungi, followed from their utility as antibiotics; in

Figure 20. Examples of common natural product scaffolds.
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a golden era from the 1930s to the 1950s, most of the natural
antibiotic classes that have seen wide clinical use were
discovered.282,283 During the past two decades, however, natural
product discovery efforts in the pharmaceutical industry have
decreased almost to zero.15,16 Several factors have contributed
to the decline, including rediscovery of known molecules;
difficulties with stability, formulation, and resupply of molecules
with complex architectural scaffolds; the incompatibility of
natural products with high-throughput screening; and a prefer-
ence for reduced stereochemical complexity in screening decks.
Even after 50 years of intensively screening terrestrial actino-
mycetes, it is estimated that less than 10% of their natural
product inventory has been sampled.14 Rather than discussing
proposals for increased screening to improve discovery rates
for new natural product scaffolds,284 we turn instead to genomics
and bioinformatics as predictors of new molecules.

The ∼1000 sequenced bacterial genomes harbor thousands
of predicted biosynthetic gene clusters.24,26 As large as the
potential currently seems, there is an important reason to think
it might even be understated: the set of sequenced bacterial
genomes is biased toward pathogens. Pathogenic bacteria like
enterobacteria, staphylococci, and streptococci have very limited
capacity for natural product biosynthesis; one contributing factor
is that many of their genomes are ∼3 megabases (Mb), which
is a size breakpoint for genomes with significant auxiliary
metabolic capacity. In general, above 3 Mb, the larger the
genome, the greater the coding capacity devoted to biosynthetic
gene clusters.285 For genomes as large as Streptomyces (8-9
Mb), 25-400 kb of DNA can be devoted to such gene clusters,
consonant with historical experience that streptomycetes are
prolific antibiotic producers.

Sequenced streptomycetes such as S. aVermitilis and S. griseus
have been observed to make ∼2-3 natural products but harbor
∼25-30 predicted biosynthetic gene clusters.23,27,286 To date,
we are missing 90% of the natural product biosynthetic capacity
of even the workhorse producers. If even 20% of the 20-25
cryptic molecules were novel, the current knowledge base from
streptomycetes would double. Various efforts to activate these
“cryptic” gene clusters are underway, including placing them
under the control of strong promoters.29

One test of the power of bacterial genomics and bioinfor-
matics would be to sequence 1000 new bacterial genomes from
genera such as Streptomyces and Myxococcus to determine
whether the average of 30 clusters per genome holds. If so, and
if 20% of the 30 000 encoded moleculessonce expressed,
isolated, and characterizedswere novel, then 6000 new mol-
ecules would be available for screening. While the fraction that
would have new scaffolds and/or biological activities is
unknown, the odds of novelty would increase if bacteria from
underexplored niches were emphasized, including those from
marine sediments21,287 and symbionts of plants and insects,17

since novel molecules18,19,288,289 have recently been character-
ized by this route.

The power of bioinformatics would allow the evaluation of
whether gene cluster saturation were being approached. Such
a sequencing/bioinformatics effort would also determine whether
an ambitious goal of ∼90% coverage of all the encoded
scaffolds (perhaps beginning with the more bioinformatically
accessible PK and NRP scaffolds) could be approached, and
how many genomes would be required to get there. This project
would be analogous to the ongoing protein structure initiative
(http://www.structuralgenomics.org) in which high-throughput
X-ray structures of proteins are being solved for a 10-year period

to approach the point where most protein folds have a solved
structure, in part as a prerequisite for protein design and
functional re-engineering. If scientists similarly knew the
universe of PKSs, NRPSs, and the associated enzymes that make
novel building blocks, a gene-based mix-and-match strategy
should enable the generation and testing of new scaffold
variants.

In parallel, there are ongoing efforts in enzyme evolution in
many laboratories around the world to evolve enzymes with
engineered catalytic abilities for transformations of industrial
synthetic interest. All of those principles and methodologies
would be transferable to modulate enzyme specificity and
gatekeeper roadblocks in natural product pathways. In that sense,
the 90% of all microbial natural products from the contemporary
global microbial communities would be a starting point to
connect genotype evolution to chemotype evolution of useful
new molecules.

10. Which Disciplines Will Merge with Natural Product
Research in the Future?

Natural product research has been dominated by chemists and
biochemists, and for good reason: isolation, structural charac-
terization, total synthesis, diverted synthesis for analoging, and
biochemical characterization of pathways are all chemical
pursuits. But as the connection between natural products and
the genes that encode them grows stronger, the tools of modern
genetics will increasingly be brought to bear on natural product
research, leading to its likely merger with four disciplines.

Genomics and Bioinformatics. The connection with genomics
and bioinformatics has its roots in the discovery of the
erythromycin synthase by Leadlay and Katz,47,48 grew stronger
with the revelation of abundant cryptic gene clusters in the
Streptomyces coelicolor and Streptomyces aVermitilis ge-
nomes,23,286 and continues to expand as the database of
sequenced bacterial genomes exceeds 1000.24,26 One long-term
goal of this branch of chemoinformatics is to automate the
identification of gene clusters in sequenced genomes and the
prediction of their small molecule products, and significant
progress toward this goal has been made with efforts to predict
the structures of non-ribosomal peptides and polyketides.106,290,291

Microbial Ecology. While the natural roles of natural products
are only beginning to be understood, it appears likely that many
natural products mediate interactions among microbes or
between microbes and larger organisms.292-295 The nexus of
natural product research and microbial ecology will involve
studying, inter alia, the global distribution of classes of gene
clusters;296 how differences in the complement of encoded
natural products allow related microbes to adapt to distinct
ecological niches; and how the set of natural products produced
by a microbe influences the other organisms in its niche. Insights
from this line of study will guide efforts to stimulate the
production of cryptic natural products in microbial genomes.

Synthetic Biology. One important contribution from the
decades of research into natural product biosynthesis is a large
“parts list” of enzymes that catalyze specific transformations
relevant to the construction and tailoring of molecular scaf-
folds.297 Synthetic biologists have proven adept at compiling
parts lists and using them to understand existing processes and
design new ones.298 The reconstitution of complex terpenoid,299,300

polyketide,301 and non-ribosomal peptide302 pathways in hosts
like Saccharomyces cereVisiae and Escherichia coli likely
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presages more widespread efforts to reconstitute existing
pathways and design new pathways by constructing artificial
operons.

Systems Biology. Researchers are beginning to use the tools
of systems biology to answer important questions in natural
product research: How do core metabolic networks link to
auxiliary pathways and adapt to their conditional expression?303

How do global and pathway-specific regulatory networks govern
the production of natural products?304,305 Can transcriptomic
and proteomic responses to a novel natural product reveal its
mechanism of action?306 Metabolomics, a direct merger between
systems biology and small molecule research, will play an
increasingly important role in the coming decades.37
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