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Natural products have inspired chemists and physicians for millennia. Their rich structural diversity and
complexity has prompted synthetic chemists to produce them in the laboratory, often with therapeutic
applications in mind, and many drugs used today are natural products or natural-product derivatives. Recent
years have seen considerable advances in our understanding of natural-product biosynthesis. Coupled with
improvements in approaches for natural-product isolation, characterization and synthesis, these could be
opening the door to a new era in the investigation of natural products in academia and industry.

n the past century, diverse classes of natural products
have been isolated and their structures characterized.
These discoveries, along with the elucidation of biologi-
cal and biochemical mechanisms of therapeutic action,
have been central to the work of organic and medicinal
chemists. Natural products have been invaluable as tools for
deciphering the logic of biosynthesis and as platforms for
developing front-line drugs"”. For example, between 1981 and
2002,5% ofthe 1,031 new chemical entities approved as drugs
by the US Food and Drug Administration (FDA) were natural
products, and another 23% were natural-product-derived
molecules’. Natural products are still major sources of innova-
tive therapeutic agents for infectious diseases (both bacterial
and fungal), cancer, lipid disordersand immunomodulation®,

However, the complexity of many natural products can
limit the scope for making chemical modifications to
optimize their therapeutic use. Moreover, obtaining a
renewable supply of active compounds from biological
sources can be problematic. Nevertheless, as the recent
multigram, total synthesis of the potent anti-cancer natural
product discodermolide shows’, the increasing efficiency
of synthetic organic chemistry has reduced the barrier
posed by limited natural supply, even for materials with
very complex structures.

Here, we examine some of the lessons from nature that
remind us of the structural and mechanistic diversity of

natural small molecules, and evaluate the uncertain present
and diminishing future interest for natural products as
central players in the research strategies of pharmaceutical
companies. We begin by describing the structural features of
representative natural products of medicinal importance,
their mechanisms of action and their biosynthesis, before
turning to prospects for future discoveries.

Structural features of natural products

How do natural products compare with drugs?

Figure 1a shows the structures of four natural products that
have proved to be useful as drugs or leads: vancomycin® (1),
staurosporine® (2), rapamycin’ (3) and Taxol'’ (4). These
have been used for the treatment of Gram-positive bacterial
infections, as a lead indolecarbazole structure'' for the
inhibition of protein kinases at the ATP-binding site, for
immunosuppression, and for cancer chemotherapy,
respectively. For comparison, Fig. 1b shows the structures of
four synthetic drug molecules that are in widespread use:
Viagra'? (5), Prozac® (6), Lipitor'* (7), and Gleevec® (8).
These are used to treat erectile dysfunction, depression,
hypercholesterolaemia and chronic myelogenous leuk-
aemia, respectively. Each of the eight molecules has a well-
defined biological target to which it binds with useful
affinity, and all these targets are proteins, except for the
peptidoglycan termini of bacterial cell walls (the target for

Box 1
Signalling within and among organisms

Some important natural products with low molecular
weights act with potency and specificity at protein receptors;
for example, the low-molecular-weight amine
neurotransmitters, derived from enzymatic decarboxylation
of proteinogenic amino acids. These neurotransmitters have
been outstanding platforms for natural-product-based drug
design. Decarboxylation and subsequent oxidation of
tyrosine generates the hormones and neurotransmitters
noradrenaline (43) and adrenaline (44). Similar processing of
tryptophan yields the neurotransmitter serotonin (45) and the
hormone melatonin (46). Simple decarboxylation of histidine
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gives histamine (47), which has at least three well-
characterized activities: (1) bronchoconstriction and
vasodilation; (2) gastric-acid secretion; and (3)
neurotransmission. These simple molecules have provided
starting points for numerous small-molecule drugs. For
example, seven out of ten anti-migraine medicines are
based on serotonin®, several generations of a- and
B-adrenergic drugs are generated from adrenaline scaffolds,
and antihistamines (histamine receptor H1 and H2 selective
antagonists) and selective serotonin re-uptake inhibitors
(SSRis) are some of the world’s best-selling drugs.
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Figure 1 Medically significant natural products and synthetic molecules. a, Natural
products. Vancomycin (1), an antibiotic for bacterial infections; staurosporine (2),

a lead compound for the development of selective kinase inhibitors for cancer;
rapamycin (3), a compound for immunosuppression; Taxol (4), an anti-cancer agent;
b, Synthetic molecules. Viagra (5) for erectile dysfunction; Prozac (6) for depression;
Lipitor (7) for hypercholesterolaemia; and Gleevec (8) for chronic myelogenous
leukaemia. Natural products have strong conformational biases based on
stereogenic centres (1, mauve circles), ether and ring fusions (1, yellow ovals),
strategically placed substituents to select a single conformation (3, green circles),
macrocyclization (3, blue oval), and conjugation (3, yellow oval). Staurosporine’s (2)
interlocking rings lead to a completely rigid core structure. ¢, Three-dimensional
structural representations of rapamycin and Viagra.

vancomycin). Of the eight, only staurosporine is promiscuous in its
recognition of protein targets; it binds to the ATP-recognition site of
many protein kinases — a property that has limited its uses to a
structurallead and a research tool'".

Two-dimensional representations and three-dimensional images
of these structures are shown in Fig. 1 to emphasize their architectural
determinants. These comparisons highlight several general distinc-
tions between natural-products and synthetic drugs/drug candidates.
First, natural products typically have more stereogenic centres and
more architectural complexity than synthetic molecules fashioned by
medicinal chemists (Fig. 1), although several important natural
products thatact with potency and specificity at protein receptors have
simple structures (Box 1). Second, natural products contain relatively
more carbon, hydrogen and oxygen, and less nitrogen and other
elements than synthetic medicinal agents. Third, many useful natural
products have molecular masses in excess of 500 daltons and high
polarities (greater water solubility), and therefore violate Lipinski’s
‘rule of five’: this is a set of guidelines based on the characteristics of
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Figure 2 Natural products that exploit reactive functional groups. Compounds 9-16
allillustrate nature’s ability to either mask or fine-tune the reactivity of functional
groups. a,The enediyne group (red) in calicheamicin (9) and dynemicin (10) is
activated to give a diradical intermediate that damages DNA (as shown for
dynemicin). b, The carbolamine group in ecteinascidin (light blue; 11) is converted
to animinium ion that reacts with DNA. ¢, The dithian-1,3-oxide group (dark blue)

in leinamycin (12) is activated to form an episulphonium intermediate that alkylates
DNA. d, Fumagillin (13) and epoxomicin (14) contain reactive epoxide groups
(green) that trap proteases. e, The masked or explicit B-lactones (mauve) in
lactacystin (18) and salinosporamide (16), respectively, target the proteasome.
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Figure 3 Natural products that exploit shape and polarity complementarity to
biological targets. Biological targets include: G quartets for telomestatin (17); tubulin
for discodermolide (18) and hemiasterlin (19); and ion channels for saxitoxin (20)
and zetekitoxin AB (21).

known drugs that provide an indication of whether a given small mole-
culeislikely to have the desired pharmacokinetic properties to be an oral
drug (in terms ofhow itis absorbed, distributed, metabolized and elim-
inated by the body). All four synthetic drugs featured have a molecular
masslower than 500 daltons and can be orally administered.

Both the natural products and the synthetic drugs have strong
conformational biases and constraints: examples include macrocy-
clizations (the formation of macrocyclic ring structures, such as that
present in rapamycin shown in Fig. 1), fused-ring systems, ether
crosslinks, extensive conjugation and strategically placed substituents
that ‘preorganize’ them for populating conformers that bind to specific
biological targets, in these cases enzymes and receptors (Fig. 1). The
conformer restrictions and/or architectural rigidifications built into
active molecules reflect the importance of minimizing the loss of
entropy as molecules bind to biological targets. Avoiding such energy
loss by preorganizing conformers to present complementary electro-
static, hydrogen-bonding and hydrophobic interactions with the
protein targets allows these and other small molecules to retain
sufficient binding energy to function as potent ligands. These are
typicallyinthe 107 to10~*M range of potency.

Lessons from natural-product functionalities

Natural products have been effective in teaching us about chemical
functionality that is compatible with the aqueous milieu of biological
microenvironments; the lessons learned have been both surprising
and deep. Some notable examples of instructive natural products, all
of which contain highly reactive functional groups or the precursors
to such groups, are shown in Figs 2 and 3. The enediynes, including
calicheamicin'® (9) and dynemicin'” (10) are among the most potent
cytotoxic agents discovered, with 50%-effective dose ranges in cell-
killing assays as low as 10~ M — a nominal concentration in the
range of one molecule per cell’®. The unusual trisulphide in
calicheamicin and the quinone in dynemicin are redox-activated
triggers that initiate aromatization cascades leading to the formation
of diradical intermediates that damage DNA (as shown for dynemicin
in Fig. 2a). Nature frequently exploits such reactive functional groups
in biologically active natural products. In ecteinascidin (11, Fig. 2b),a
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carbinolamineis converted to animiniumion that reacts with DNA to
form a covalent adduct'*. In leinamycin (12, Fig. 2c), the dithian-
1,3-oxide group in this anti-tumour agent is activated by a thiol to
form an episulphonium intermediate that alkylates DNA". Fumagillin
(13) and epoxomicin (14) both use reactive epoxide groups to cova-
lently trap proteases (Fig. 2d). Fumagillin’s ability to selectively inhibit
methionine aminopeptidase type 2 leads to the inhibition of angio-
genesis (the formation of new blood vessels)”', and fumagillin-
inspired compounds are being investigated as anti-cancer agents.
Epoxomicin inhibits the degradation of proteins by the proteasome®,
and related proteasome inhibitors are being developed for a variety of
therapeutic uses. B-lactones, either masked as in lactacystin (15) or
explicitasin salinosporamide (16, Fig. 2¢) are also potent proteasome
inhibitors®*". These examples illustrate nature’s ability to either mask
or finely tune the reactivity of labile functional groups so that a small
molecule can retain the kinetic stability needed for it to reach and
specifically inhibit biological targets by a covalent mechanism.

Of course, not all natural products work by covalent mechanisms;
most employ the exquisite structural complementarity between a
small molecule and its target. Telomestatin (17, Fig. 3), with its eight
tandem heterocycles in a macrocyclic array, mimics the tetraguanine
fragments (G quartets) found on telomeres™. This mimicry allows
telomestatin to be a nanomolar inhibitor of telomerase. Rapamycin
(3, Fig. 1a) uses two different faces to bind two different proteins with
nanomolar efficiency sufficient to disrupt a cytoplasmic signal trans-
duction cascade®. Discodermolide” (18) and hemiasterlin®®* (19,
Fig. 3) bind to tubulin, and both are exciting leads for cancer ther-
apy. Natural products can also block ion channels, as illustrated by
saxitoxin® (20) and zetekitoxin AB' (21, Fig. 3).

The natural products in Fig. 1a are from traditional sources: soil
microbes (vancomycin, 1; staurosporine, 2; and rapamycin, 3) and
plants (Taxol, 4). Many of the natural products in Figs 2 and 3 are
from nontraditional sources. Ecteinascidin (11) is from a small reef-
dwelling tunicate found in the West Indies™. Discodermolide (18) is
from a deep-water sponge and hemiasterlin (19) was found in two
different sponges — one from South Africa, the other from Papua
New Guinea. Saxitoxin (20) is produced by dinoflagellates (especially
those producing ‘red tides’), although it was traditionally isolated
from filter-feeding shellfish that consumed the dinoflagellates. Its
structural relative zetekitoxin AB (21) was isolated from the Pana-
manian golden frog, but its original producer is probably a microbe
thatis consumed by insects, which are in turn consumed by the frogs.
This previously unexplored biological diversity coupled with modern
analytical techniques and synthetic organic chemistry could lead to a
new chapter of natural-products research, as is discussed in the section
‘Discovery from new sources’ below.

Understanding the functional-group arrays used by nature has
informed synthetic- and medicinal-chemistry efforts about bio-
mimetic strategies and isostere (shape-conserving) replacements.
The synthetic molecules in Fig. 1b feature the design principles
favoured by medicinal chemists: a high proportion of aromatic and
heteroaromatic rings, few stereogenic centres, low molecular weights
and a lack of chemical reactivity. In contrast, the enediyne anti-
tumour antibiotic calicheamicin (9, Fig. 2a) islarge (almost 1,400 dal-
tons), devoid of core aromatic rings (until triggered by subsequent
chemical reactions), loaded with stereogenic centres and highly
reactive. Whether its potent biological properties can be exploited for
anti-cancer therapy is not completely settled but an antibody-targeted-
therapy approach Mylotarg, that takes advantage of its extraordinary
cytotoxicity hasbeen in the clinic since 2000 (see refs 33, 34).

Synthetic molecules are increasingly produced by combinatorial
chemistry approaches, in which a common core is elaborated by
attaching combinations of fragments to reactive sites on the core’s
periphery. An old, but still useful, template is the benzodiazepine
core (22, Fig. 4a). In the construction of a synthetic combinatorial
librarybased on the benzodiazepine skeleton (22), diversity elements
(R}, R, and R;) are attached to a common skeleton. If ten versions of
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Figure 4 Template diversification. a, The benzodiazepine core is a common
template for synthetic diversification because the groups indicated here as R,
R,, Ry and R, can be varied widely. b, Dysidiolide (23) has been used as a
template for a natural-products-based diversity library. The native structure was
simplified and a single diversity element was used to create the library (24).
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¢, Compounds 2528 illustrate natural template diversification. Atropine (25)
and cocaine (26) are plant alkaloids with mydriatic and local anaesthetic
properties, respectively. Epibatidine (27) is a non-opioid analgesic isolated from
the skin of an Ecuadoran poison frog, and anatoxin A (28) is the Very Fast Death
Factor produced by cyanobacteria.

each diversity element are used, the library contains 1,000 different
molecules, each with a different combination of R;, R, and R;. Nature
uses similar strategies, especially the oxidative elaboration of a central
core followed by capping reactions (discussed in the section ‘Re-
engineering of biosynthetic pathways’ below). Several natural-
product-like combinatorial libraries have been synthesized™; a
library based on dysidiolide (23, Fig. 4b), a potent phosphatase
inhibitor from a marine sponge®, and summarized in structure 24,
is typical”. In this case, the library construction involved the diversi-
fication of a single element on a single scaffold (24); even with these
apparent limitations, the library contained potent phosphatase
inhibitors”. Successes with combinatorial libraries based on natural-
product templates argue that natural products, which have been
honed by their evolutionary history for biological activity, are
excellentstarting points for structural diversification’”. Combinatorial
biosynthesis (which is discussed in the section ‘Re-engineering of
biosynthetic pathways’ below) uses the manipulation of biosynthetic
machinery to accomplish much the same goal, but with greater
control over core elements.

Nature also dramatically varies the core size and stereochemistry
of molecules, as the series atropine (25), cocaine (26), epibatidine
(27) and anatoxin A (28) illustrates (Fig. 4c). Diversity-oriented
synthesis’”, which combines the strengths of combinatorial multi-
plexing and core variability, is emerging as a powerful technique for
finding biologically active small molecules®.

Advantages and constraints of nature’s biosynthetic strategy
Natural products can be divided into several structural classes:
polyketides, nonribosomal peptides (NRPs), terpenes, alkaloids and
many others. Products are classed according to shared scaffolding
elements, which in turn reflect the strategies for their assembly by
pathways of biosynthetic enzymes in the producer organisms.

Most classical small molecules from nature are secondary
metabolites — products from conditional pathways that are turned
on in a particular context or situation. These include metabolites
made during starvation (for example, carbapenem antibiotics pro-
duced by Pseudomonas bacteria), in development (for example,
antibiotics made when Streptomycetes enter cellular differentiation

832

pathways), and signalling (such as quorum-sensing molecules
biosynthesized at particular culture densities of microbes)*.

The building blocks for natural products are most often the
monomer constituents (amino acids for nonribosomal peptides;
acyl-CoA thioesters for polyketides; isoprenyl-pyrophosphates for
terpenes) of primary metabolic pathways, which are shunted into the
secondary pathways when a particular metabolic channel is opened.
When monomers dedicated to secondary metabolic pathways are
required, such as 4-OH-phenylglycine and 3,5-(OH),-phenylglycine
for vancomycin (Fig. la) and methoxymalonyl CoA for some
polyketide initiations, they are produced by a ‘just-in-time’ cellular-
inventory strategy*”. To this end, biosynthetic gene clusters for non-
ribosomal peptides or NRPs (such as vancomycin) and polyketides
(such as rapamycin in Fig. 5) contain both genes for the assembly-
line enzymes and genes for enzymes to make the dedicated
monomers needed for the assembly lines to run*. A third set of
clustered genes typically encodes enzymes that tailor the nascent
products released from assembly lines, most notably for glycosyla-
tion and oxidation: these two modifications are often required to
make the product biologically active*’. The gene clustering allows
coordinated regulation and inventory control of both enzyme
catalysts and small-molecule building blocks. The enzyme catalysts
are needed to run the secondary pathways comprising 20 to 40 steps
that turn out the finished natural products.

The simple monomers are used in sets of iterative condensations;
linear intermediates are built up by a single type of chemistry. For
example, for terpene and isoprenoid natural products, the funda-
mental chain-elongation step is C-alkylation enzyme catalysis, which
adds a C,-isoprene unit to the end of a growing chain by means of
allylic carbonium ion chemistry. The growing chain is held in the
microenvironment of the oligomerizing enzymes that control
foldamer conformation. This is turn dictates cyclization patterns,
such as in Taxol or polycyclic triterpene assembly. In NRP- and
polyketide-chain buildup, both the growing chain and the incoming
monomer are tethered covalently to the enzyme as thioesters. For
NRPs, the iterative elongation step is amide-bond formation,
whereas in polyketide-chain growth it is Claisen-type C-C bond
formation to the 3-keto—acyl thioester products.
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How isso much structural diversity generated in these three classes
of natural products, which are produced from alimited pool of simple
primary metabolites? The general answers are incomplete processing
and/or active tailoring of the initial intermediates during chain
elongation, acyclic foldamer control for regiospecific cyclization reac-
tions and post-elongation tailoring and maturation by enzyme
action. In terpenes, foldamer control and the placement of basic side
chains in the terpene cyclase active sites controls the location and size
of cation-mediated cyclizations**’. In NRP-assembly lines, cysteinyl,
seryl and threonyl side chains can be regiospecifically cyclized, dehy-
drated and oxidized to create thiazoles and oxazoles during
elongation. In multimodular polyketide assembly lines, the initial
B-keto—acyl thioesters from Claisen condensation can be processed all
the way to B-CH, methylene groups or can accumulate as 3-keto,
B-hydroxy or af-olefinic intermediates”*’. Where full-length
peptidyl thioesters or full-length polyketidyl thioesters have been
assembled on the most downstream way stations of NRP- and
polyketide-assembly lines, chain release can occur through hydrolysis.
Alternatively, chain release can occur through an intramolecular
regiospecific cyclization from a nucleophilic -OH or -NH in the chain
to forma macrolactone or macrolactam. Intramolecular release results
inamacrocycle that builds in conformational constraints®.

The biosynthesis of the immunosuppressive drug rapamycin (3)
illustrates how structural diversity is generated from simple building

insight review articles

blocks™. As noted in Fig. 5, this is predominantly a polyketide natural
product with a dihydroxycyclohexenyl CoA as a starting building
block, and seven equivalents of malonyl CoA and seven equivalents
of methylmalonyl CoA as the elongating monomers. One amino acid
is incorporated; in this case L-pipecolate, which is derived from a
dedicated enzymatic cyclization of the primary metabolite lysine.
The order in which these four classes of monomer are incorporated is
determined by the order of the 15 modules in the enzymatic assembly
line. Figure 5 shows how the single nonribosomal peptide synthase
(NRPS) module is at the end, suggesting that pipecolate is the last
monomer to beincorporated. Thelinear acyl-S-enzyme intermediate
that is proposed to undergo capture by intramolecular cyclization to
yield the 30-member macrolactam is also shown. The nascent
macrocyclic product is then tailored by a series of enzymatic methyl-
ations and oxidation/oxygenation steps to yield rapamycin.

Ananalogousbutdistinctlogicisused in theassembly of the enediyne
cores by polyketide synthase assembly lines, which are then followed by
tailoring reactions™”. Altogether, 55 enzymatic reactions are used to
combine five classes of building block (acetyl CoA, malonyl CoA, tyro-
sine, chorismate and glucose) to give the enediyne C-1027 (ref. 53).

Tailoring reactions to control oxidation states
All the linear chain-elongation steps in polyketide and NRP
monomer assembly occur as thioesters, and without any protecting

RapA: 900 kD PKS (8563 aa)

RapB: 1070 kD PKS (10222 aa)

7 8 9 10 |

RapC: 660 kD PKS (6260 aa)

[11 12 13 14 E

I I
SH SH SH

I I
SH SH

Figure 5 Biosynthesis of natural products. The rapamycin synthase assembly line
consists of four multimodular proteins (RapA, RapB, RapC and RapP). Fourteen
polyketide synthase modules are distributed in RapA—C and the fifteenth, a
nonribosomal peptide synthase module (NRPS), comprises the RapP protein.
RapA-C comprise the three-subunit assembly-line machinery for the polyketide-
chain initiation and elongation. Each of the 15 modules has a carrier-protein
domain (peptidyl carrier protein, PCP in RapP). This is post-translationally
modified with a phosphopantetheinyl arm containing a terminal cysteine on which
the elongating acyl chains are assembled. The most downstream acyl

RapP: 169 kD NRPS (1541 aa)

Pre-rapamycin Rapamycin

intermediate is shown on the PCP domain of RapP as it undergoes an
intramolecular cyclization, thought to be catalysed by the second condensation
domain (C) of RapP. The first C domain makes the acyl-N linkage to the pipecolyl
moiety of the acyl chain, while the adenylation domain (A) selects, activates and
incorporates the pipecolyl moiety. All the atoms of pre-rapamycin come from the
four building blocks malonyl CoA, methylmalonyl CoA, pipecolate and
dihydroxycyclohexenoate, as shown. After cyclo-release from the assembly line,
pre-rapamycin undergoes a series of oxidative and 0-methylation-tailoring steps
to yield the final product: rapamycin.
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Figure 6 The role of oxidation in the construction of natural products. a, The oxidative
tailoring of vancomycin by three haem-containing proteins introduces aryl ether (C—0)
bonds and aromatic (C—C) crosslinks (shown in red) that rigidify the vancomycin
skeleton. b, The spectacular series of oxidations that convert taxadiene to Taxol. Eight
oxygen atoms are introduced into the scaffold by cytochrome P450 mono-
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oxygenases, and these are further modified into carbonyl, ether or ester links. The
intermediates shown have been identified, but not all the responsible enzymes have
been characterized; some of the transformations require more than one enzyme™ %,
¢, A key step in the biosynthesis of morphine and other opium alkaloids involves the
oxidative coupling of two phenol radicals to form the key bond shown in red.

groups to mask the reactivity of ketones, alcohols and olefins. In
particular, the alcohol side chains in the nascent products from a
polyketide assembly line come from the carbonyl groups of malonyl
or methylmalonyl monomers. However, additional hydroxyl groups
(derivatives of oxygen) are introduced by tailoring mono-oxygenases
that act with regio- and stereospecificity. A spectacular case of post-
assembly-line oxidative tailoringlogic occurs in vancomycin biosyn-
thesis, where three haem proteins, all encoded in the biosynthetic
gene cluster, act in temporal and regiochemical sequence to intro-
duce the 4-6 and 2—4 aryl ether™, and 5-7 (C—C) crosslinks™ in the
aglycone scaffold (Fig. 6a). These crosslinks generate the rigid
architecture necessary for high-affinity recognition of the N-acyl-D-
Ala-D-Ala termini of bacterial peptidoglycan strands.

Baldwin noted at a recent Horizon Symposium (http://www.
horizonsymposia.com) that the oxygenative maturation of the taxane
skeleton to Taxol reveals a comparable enzymatic strategy of assem-
bling the taxane scaffold in a reduced oxidation state and then
conducting regiospecific and stereospecific enzymatic oxidations
(Fig. 6b). The initial cyclization product from the C,, isoprenoid
geranylgeranyl pyrophosphate is taxa-4(5),11(12)-diene (ref. 56).
This intermediate undergoes eight specific hydroxylations by
cytochrome P450 mono-oxygenases”*. Four of the newly intro-
duced hydroxyls are then enzymatically acylated, allowing precisely
controlled oxidation on the periphery of the tetracyclic scaffold.

834

Athird example oflate-stage redox tailoring is found in the reticu-
line to salutaridine to morphine pathway (Fig. 6¢). These examples of
late-stage redox tailoring contrast with a chemist’s approach towards
total synthesis. Here, fragments are prepared using a convergent, not
a linear, approach; the fragments have protecting groups that can be
orthogonally manipulated, and the desired final oxidation states are
mainly built into the strategy of fragment construction. As a result,
synthetic chemists have a much larger set of building blocks with
which to carry out their convergent strategies. Despite this, the regio-
and stereospecific hydroxylation of related carbon centres in complex
molecular scaffolds remain synthetic challenges for which the
chemist cannot readily mimic the natural enzymatic process.

Re-engineering of biosynthetic pathways

The burgeoning database of microbial genomes has led to the cata-
loguing of hundreds of gene clusters that encode polyketides, NRPs
and hybrid polyketide-NRP natural products™. The coding logic can
be deciphered in some cases to make good predictions of what dedi-
cated metabolites will be used as monomers for the assembly lines,
what the structures of advanced intermediates will be, and whether
post-assembly-line tailoring steps, such as methylations, acylations,
glycosylations and oxidations (including hydroxylations), are
encoded. These create a set of catalytic-part lists for engineering new
polyketide, peptide and hybrid ‘unnatural’ natural products by
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Figure 7 Recent natural products obtained from nontraditional sources. a, The
nodulisporic acids (29, 30) and b, the guanacastepenes (31-36) are from endophytic
fungi, the large group of fungi that live inside higher plants; ¢, halomon (37) is from a
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red alga; d, pederin (38), which was long believed to be an insect metabolite, is
produced by bacteria; e, apratoxin (39) and jamaicamide (40) are from marine
cyanobacteria; f, epothilone (41) and tubulysin (42) are from myxobacteria.

domain deletions, mutations and swaps**®. Glycosylation variants
in anthracycline anti-tumour molecules” and in glycopeptide
antibiotics of both the vancomycin and teicoplanin scaffolds have
been reported in vitro”’, whereas engineered glycosylations of tetra-
cyclic aromatic polyketides have been conducted in vivo™. Dozens of
variants of the deoxyerythronolide scaffold in the erythromycin
family have been produced by re-engineering up to three catalytic
domains at a time in the three-subunit deoxyerythronolide B (DEB)
synthase®. This is followed by tailoring glycosylation®.

With current gene-synthesis technology, it is possible to make
assembly lines, for example, for DEB synthase, using dozens of
designed restriction sites. These allow chemists to swap a given
domain or module with synthetic or natural genetic variants from
any other assembly line. Gene-shuffling methodologies similarly
increase diversity, solarge libraries of variant synthases for polyketides,
NRPs and polyketide—-NRP hybrids (rapamycin, FK506, bleomycin
and epothilones, for example) can probably be constructed and their
yields of new products determined by structure-based and/or
activity-driven screens. The feeding of alternate monomers into
native and engineered assembly lines also leads to new natural-
product variants®.

The engineering of Escherichia coli to express the key taxadiene
intermediate in the assembly of Taxol® and the sesquiterpene
amorphadiene — a precursor to the anti-malarial agent
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artemisinin® — have been described, thus indicating that the recon-
struction of regiospecific terpene cyclization machinery can also be
accomplished.

Discovery from new sources

Each time chemists are able to access new swathes of biological
diversity, new — often strikingly new — natural products are
discovered. Indeed, what are currently the most interesting natural
products come mainly from recently accessed biota. The realization
that there was a large, and largely unexplored, group of fungi
(endophytic fungi) living inside higher plants led to focused discov-
ery efforts in both industrial and academic laboratories. The
nodulisporic acids (29 and 30, Fig. 7a) were discovered in an endo-
phytic fungus from Hawaii®. The guanacastepenes (31-36, Fig. 7b)
were isolated from an endophytic fungus from Costa Rica using an
antibiotic assay”’. The guanacastepenes provide an elegant illustra-
tion of nature’s ability to use late-stage redox reactions to re-model
core structures and produce a suite of diverse molecular skeletons.
This core diversity differs from a typical synthetic combinatorial
library featuring only peripheral modifications.

Exploration of the marine environment has also had a profound
effect on natural-products chemistry. Early investigations focused on
highly halogenated metabolites such as halomon’" (37, Fig. 7c) from
aredalga, but many of the moststructurally intriguingand biologically
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potent molecules, such as discodermolide (18) and hemiasterlin
(19), have come from sponges. Sponges are full of bacterial symbionts,
and many sponge metabolites probably have bacterial origins. An
interesting preliminary study has shown that pederin (38, Fig. 7d) —
awell-known insect metabolite with a very similar structure to that of
several sponge metabolites— has a bacterial origin™.

Other productive new sources include cyanobacteria, as repre-
sented by apratoxin A” (39), a potent cytotoxin with an unknown
mechanism of action, and jamaicamide’™ (40), a potent neurotoxic
sodium-channel blocker (Fig. 7¢). Both apratoxin A and jamaicamide
were isolated from the cyanobacteria Lyngbya majuscula (one strain
from Guam, the other from Jamaica). Myxobacteria (gliding bacteria)
have also been excellent producers of structurally interesting and
biologically active natural products. Derivatives of epothilone” (41)
from Sorangium cellulosum are currently being used in cancer trials,
and tubulysins™® (42) from Archangium gephyra are potent tubulin
disruptors with potential anti-cancer activity (Fig. 7f).

As the examples from cyanobacteria and myxobacteria suggest,
there are still many natural products to be discovered from bacteria.
Thisbiosynthetic potential is not surprising because bacteria encom-
pass the main pool of genetic diversity on the planet; they interact
with their surroundings, competitors and community members
through small molecules, and they are largely unexplored. Fewer
than 1% of the bacteria on Earth, and probably fewer than 0.1%, have
ever been cultured”’. Most bacteria live in microbial communities
where the members are mutually dependent on each other, and
because current culturing practices select for strains that can live on
their own, most bacteria are not cultured”. Several approaches to
dealing with uncultured bacteria have been proposed, including
reconstituting the natural communities’ and capturing biosynthetic
gene clusters directly from DNA taken from the environment’*.
Finally, the wealth of bacterial genomic data now available empha-
sizes that there are many biosynthetic gene clusters in culturable bac-
teria for which no associated small molecule can be isolated.
Natural-product production is a highly regulated process and these
cryptic pathways are not turned on under standard culturing
conditions. A genomics-guided approach to discovering, sequencing
and expressing these pathways has been described®".

Conclusions

The inventory of natural molecules remains incomplete, and discov-
eries of new structures and functions are likely to continue as under-
explored sources of natural products are more systematically
evaluated. The functional-group diversity and architectural platforms
engineered into natural products during biosynthesis continue to
provide lessons for synthetic and medicinal chemists in their strategies
for making biologically active mimics, and provide selective ligands
for cellular targets. Deciphering the molecular logic of biosynthetic
enzymes and pathways, as monomers are assembled and nascent
productstailored, has opened up practical approaches to re-engineer-
ing assembly lines to create unnatural variants of natural products.
The molecular scaffolds created and used in nature are likely to persist
as central design elements in subsequent generations of syntheticand
semi-synthetic ligands that could become therapeutic agents for
receptors, enzymes and ion channels.

Finally, although there has been a trend within the pharmaceutical
industry to downscale efforts in natural-products research in
recent years, careful reconsideration of this area could change this.
Several problems with natural products that influenced the original
company decisions to withdraw from the field (such as the challenges
associated with identifying the active components from natural-
product extracts that typically contain several compounds) are being
addressed by technological advances. For example, the throughput
of methods for compound purification and identification has
increased. It seems clear that there is still great potential for accessing
therapeutically relevant chemical diversity from nature—in particular,
from the many organisms that have notyet been cultured. A revival in
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interest in using natural products in early-stage drug discovery could
be exactly what is needed to boost pharmaceutical output. O
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