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Abstract | The bacterial multienzyme polyketide synthases (PKSs) produce a diverse array of
products that have been developed into medicines, including antibiotics and anticancer
agents. The modular genetic architecture of these PKSs suggests that it might be possible to
engineer the enzymes to produce novel drug candidates, a strategy known as ‘combinatorial
biosynthesis’. So far, directed engineering of modular PKSs has resulted in the production of
more than 200 new polyketides, but key challenges remain before the potential of

combinatorial biosynthesis can be fully realized.

Polyketide natural products are among the most
important microbial metabolites in human medicine,
targeting both acute and degenerative diseases. They
are in clinical use as antibiotics (erythromycin A,
rifamycin S), anticancer drugs (doxorubicin, epothi-
lone), cholesterol-lowering agents (lovastatin), anti-
parasitics (avermectin), antifungals (amphotericin B),
insecticides (spinosyn A) and immunosuppressants
(rapamycin) (FIG. 1). Polyketide-derived pharma-
ceuticals comprise 20% of the top-selling drugs, with
combined worldwide revenues of over UK£10 billion
per year.

There is intense interest in discovering analogues
of polyketide natural products with improved or
novel pharmacological properties — the need for
new antibiotics is particularly well recognized’.
Polyketide-drug discovery efforts have traditionally
taken two forms: isolation and identification of new
compounds from the biosphere, or the semi-synthetic
modification of existing drug scarroLps using medici-
nal chemistry. Both approaches are likely to yield
new structures in the foreseeable future. For the past
few years, however, an alternative strategy has also
been used to produce new polyketides — genetically
engineering polyketide synthase (PKS) biosynthetic
pathways. This advance was made possible by the
initial cloning of several polyketide gene clusters in
the 1980s, including the clusters for synthesis of the
aromatic antibiotic actinorhodin?, and the reduced

polyketide antibiotic erythromycin A**. By mixing
and matching some of the actinorhodin PKS genes
with their counterparts from other aromatic-antibiotic
gene clusters, hybrid molecules were often produced®,
giving rise to the concept now known as ‘combinatorial
biosynthesis”. Given the modular organization within
the giant PKS proteins that catalyse erythromycin
biosynthesis, simple mixing and matching of these
intact proteins would be of limited interest. However,
once methods were devised to ‘cut and paste’ portions
of these giant genes to produce chimaeric genes, in a
way that retained the activity of the multiple enzyme
activities that they encode, it became apparent that the
structure of erythromycin (and therefore other related
polyketides) might be rationally modified by creating
patchwork PKS genes from two or more natural PKS
genes spliced together®°, an idea which now dominates
combinatorial biosynthesis' .

Although modular PKS genetic engineering has
now repeatedly been demonstrated'*'¢, the low effi-
ciency of these experiments limits their routine use in
industrial drug discovery, and this type of combina-
torial engineering remains too labour intensive to be
described as high-throughput. Therefore, research has
also focused on developing improved tools for genetic
engineering and heterologous expression, as well as
understanding the structure and function of modular
PKS proteins and post-PKS tailoring enzymes. These
efforts have recently resulted in a biological source of
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Figure 1 | Classes of polyketide metabolites and representative structures. This conventional classification distinguishes
those metabolites (a) in which polyketide-chain synthesis occurs with concomitant reduction from (largely) aromatic metabolites,
such as in (b). However, many polyketides (c) resist easy classification.
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the semi-synthetic drug ivermectin', as well as several
promising chemotherapeutic-drug leads derived from
geldanamycin'*and epothilone’®.

Polyketides: structure and function

Polyketides make good drugs. Of the 7,000 known
polyketide structures, more than 20 (0.3%) have been
commercialized, which is considerably better than
the typical <0.001% ‘hit rate’ from standard pharma-
ceutical screens. Despite their relatively low molecu-
lar weights (on average 800 Da), polyketides bristle
with diverse functional groups, and many are rich in
stereochemistry.

Polyketides have been classified both on the basis
of their structures and on their mode of biosynthesis.
For simplicity, we distinguish between polyketides
that are derived from unreduced polyketone chains
and are largely aromatic (for example, doxorubicin
(FIG. 1b)) and those in which many of the carbonyl
functionalities have been reduced during biosynthesis
(for example, erythromycin A (FIG. 1a)). In the case
of the reduced polyketides, the initial linear chain
is often constrained by macrocycrization into a
biologically active conformation, which promotes
precise interaction with protein targets'. In this
review, we will focus only on the reduced polyketides
produced by modular PKSs, as their biosynthesis has
to date proved most amenable to rational genetic
engineering.

Reduced polyketides can be divided into two
main classes, the macrocycles and the polyethers.
Macrocycles, such as erythromycin A and rapamycin
(FIG. 1a), contain a large lactone or lactam ring'® and
have a wide variety of biological activities. Antibiotic
and antifungal polyenes', such as amphotericin B
(FIG. 1a) and nystatin, form a subset of the macrolides
that incorporate three to seven conjugated double
bonds. The polyene macrolides are among the giants
of the polyketide world, with rings that contain more
than 44 carbons. A second subset of the macrolides is
the ansamycin antibiotics, which includes rifamycin S
(FIG. 1a) and geldanamycin. These molecules incorporate
the non-proteinogenic amino acid 3-amino-5-hydroxy-
benzoic acid (AHBA) as the first building block and, in
common with rapamycin and epothilone, are hybrids
of polyketides and peptides®.

The polyether ionophore antibiotics, such as mon-
ensin A?! (FIG. 1a) and salinomycin, have a carboxylate
group and two to five ether oxygen atoms (usually
as tetrahydrofuran or tetrahydropyran rings) that
chelate alkali-metal cations. Other polyketides, for
example the potent antitumour enediyne molecules
(C-1027, FIG. 1¢), contain both reduced and aromatic
groups??¥, and cannot easily be classified.

Polyketide producers

Reduced polyketides are mainly synthesized in bacteria
but are also found in terrestrial and marine inver-
tebrates, including insects, molluscs and sponges,
although there is evidence that the true sources of
these metabolites in these organisms are symbiotic

bacteria®. The actinomycetes, a diverse order of
Gram-positive bacteria, synthesize most of all known
polyketides. Among them, the soil-dwelling, filamen-
tous Streptomyces and Saccharopolyspora species are
the most prolific polyketide producers, although myxo-
bacteria®® and pseudomonads®* are also important
sources of these compounds.

The functions of polyketides, which are non-
essential for the growth of producer organisms at least
in vitro, are unknown?. It is often assumed that they
provide a competitive advantage in the environment
through uses in intra- and interspecies communication
or in self-defence. Self-defence as an explanation is par-
ticularly persuasive for non-motile Streptomyces spp.*’
Others have argued that some secondary metabolites
have no value at present to their producer organisms,
but that the ability to produce these molecules provides
a selective advantage®.

PKSs are modular

For the past 15 years, the biosynthesis of the polyketide
core of erythromycin A, 6-deoxyerythronolide B
(6-dEB) (FIG. 2), has provided the paradigm for under-
standing the structure and function of the PKSs that
are responsible for assembling complex polyketides.
6-dEB is constructed on a gigantic molecular ‘assem-
bly line, with a dedicated enzymatic domain for each
biosynthetic step® (FIG.2), a feature known as the
‘collinearity rule’

The boundaries and active sites of the PKS
domains in the gene sequence were identified by
their homologies to the corresponding enzymes in
animal fatty-acid biosynthesis®. Sequence analysis
revealed that the domains are covalently linked and
grouped into functional units called ‘modules’, so
that each module carries out a single chain-extension
step and any required processing reactions before the
intermediate is passed on to the downstream module
(FIG. 2); therefore, these multienzyme complexes have
been named the modular PKSs. The modules are
further organized into multimodular subunits — in
erythromycin biosynthesis these subunits are 6-dEB
synthases (DEBS) 1, 2 and 3. A typical subunit con-
tains two or three modules, although a multienzyme
(MLSAL1) in the PKS that synthesizes the polyketide
toxin mycolactone incorporates nine modules®.
MLSA1 contains over 50 active sites and weighs more
than 2 MDa, making it one of the largest and most
complex catalysts yet discovered in nature.

The organization of the modular PKSs allows a
wide range of complex polyketide products to be
assembled from simple precursors. Also, the structure
(and important elements of the stereochemistry™) of a
polyketide product can often be predicted by examin-
ing the complement of PKS genes. Furthermore, with
only one or two exceptions®, bacterial and fungal
PKS and post-PKS genes are clustered together in the
genome with transcriptional regulators and genes for
self-resistance®. This genetic organization simplifies
the identification and sequencing of complete novel
PKS clusters.
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PKSs that produce novel products. Encouragingly,

through the cytoplasm. ing the pathways. If this modularity extends to the pro- ~ many domains receive their substrates from PKS
teins — that is, if the component enzymes are portable ~ enzymes that catalyse prior steps in the biosynthesis
and can carry out their natural functions in alternative ~ and not by piFrusive LoapING, which suggests that they
CoAS
o
Propionyl-CoA CoAS e (2S)-Methylmalonyl-CoA (Extender unit)
Precursors (Starter unit) (¢} + 6 o
1 HO
DEBS 1 DEBS 2 DEBS 3§ —mm
Loading
molecule Module 1 Module 2 Module 3 Module 4 Module 5 Module 6 End

Aglycone
assembly

Post-PKS
processing

S S S S
fo o o o
(AR [(REN
“1IOH OH o
(R
“1IOH OH

110OH

TE-catalysed cyclization

6-Deoxyerythronolide B

Hydroxylation

Glycosyl transfer

Methylation

Glycosyl transfer
Hydroxylation

Erythromycin A

Figure 2 | The modular polyketide synthase (PKS) paradigm. In this figure, erythromycin biosynthesis is used to illustrate
modular PKS function. The precursors of polyketides are small carboxylic acids, such as acetate, propionate and malonate, and
are activated as their coenzyme A (CoA) thioesters. One starter unit of propionyl-CoA and six extender units of (2S)-
methylmalonyl-CoA (carboxylated propionyl-CoA) are required for the biosynthesis of erythromycin A. The erythromycin PKS
(6-deoxyerythronolide B synthase, DEBS) consists of a loading module, six chain-extension modules and a chain-terminating
thioesterase (TE), distributed across three gigantic proteins which are named DEBS 1, 2 and 3. Each chain-elongation module
contains an acyl transferase (AT), a ketosynthase (KS) and an acyl carrier protein (ACP) domain, and variable numbers of
reductive elements, as required. Following TE-catalysed release from the PKS, the aglycone 6-deoxyerythronolide B is
hydroxylated twice, glycosylated twice and methylated on a sugar residue to form the fully active antibiotic erythromycin A.
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might not have been under evolutionary pressure to
develop strict substrate specificities, and therefore
that they might be inherently amenable to rearrange-
ment. The combinatorial strategy is also helped by
our increasing ability to distinguish domains and
their boundaries. It might be feasible to have a truly
‘combinatorial biosynthesis’ of polyketides, in which
all the possible combinations of domains, modules or
subunits are constructed, resulting in vast libraries of
new compounds'?, and because of the PKS colline-
arity rule, such changes could in principle generate
products with predictable structures.

Although domain modularity is important, suc-
cessful combinatorial biosynthesis also depends on
several other factors, including suitable host cells for
library production (such as plant and insect cells®),
phosphopantetheinyl transferase (PPTase) enzymes to
activate PKS subunits by post-translational modifica-
tion*, a complete set of small-molecule precursors”,
post-PKS enzymes with the required flexibility to
modify unnatural substrates®, and so on (for a more
extended discussion, see REF. 39).

Progress and challenges in PKS engineering
By directed manipulation of domains, it has been pos-
sible to decrease*’and increase chain lengths*, to alter
the selection of starter units* and building blocks***,
and to modify the level of B-keto reduction' (FIG. 3).
Swapping whole modules or subunits of PKSs in wild-
type and mutated forms has yielded products that are
hybrids of several polyketides*. The largest reported
number of new structures from a single experiment
is more than 50 derivatives of 6-dEB, including ana-
logues that are altered at one, two or three carbon
centres. In total, more than 200 new polyketides
have been produced by PKS genetic engineering?,
which represents a substantial fraction of the number
of natural polyketides identified to date.

Despite these encouraging results, attempts to
engineer PKSs have shown that the ‘modular’ syn-
thases are not completely modular; that is, individual
domains function with a preferred set of partner
activities*, and all domains have some degree of sub-
strate specificity®. Rational control of stereochemistry
is another challenging problem, as initial mechanistic
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Figure 3 | Direct production of ivermectin-like drugs by genetic engineering of the avermectin polyketide synthase
(PKS). a | The natural biosynthetic pathway results in a mixture of avermectins incorporating either a double bond at C22-C23
or a hydroxyl at C23. b | By genetic engineering, the dehydratase (DH) and ketoreductase (KR) domains of the avermectin PKS
were replaced with a complete set of reductive elements, DH, enoyl reductase (ER) and KR, from the rapamycin PKS. The
resulting hybrid synthase also produced avermectins because of incomplete processing of some chains, but yielded additional
structures that are fully reduced at C22 and C23. This result indicates that it might be possible to obtain ivermectins directly by
fermentation instead of by semi-synthesis. AVES, avermectin PKS.
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studies have revealed that the stereochemical out-
come at both alkyl and hydroxyl centres results from
a complex interplay between the ketosynthase (KS)
and ketoreductase (KR) domains and is, therefore,
difficult to predict™*".

Furthermore, we do not understand the spatial
relationships among domains within the modules that
allow them to cooperate in a sequential fashion. These
relationships must also be maintained in any engineered
enzyme. These interactions might be mediated, in
part, by the amino-acid Linkers between the conserved
domains®. In experiments in which domains have
been exchanged, fusion points are often selected within
these linker regions based on sequence homologies
(so that the hybrid sequence is most similar to the
parents) and/or the ease of different cloning strategies,
without considering possible structural or functional
effects. Consequently, many of these experiments have
resulted in low yields of modified polyketides, or have
failed. As a result, it is often necessary to try to use
different fusion sites within a given linker to increase
the chances of success*.

The context-dependent behaviour of domains low-
ers the potential for truly combinatorial re-ordering
of PKS domains, although large libraries are still an
important goal. Therefore, in the short term, attention
is being focused on three areas™: directed engineer-
ing of analogues of valuable compounds to improve
their activity or pharmacodynamics, installing
functionalities into existing scaffolds that are more
amenable to specific modification by standard semi-
synthesis methodologies, and generating advanced
intermediates for use in the chemical synthesis of
natural products. Even to achieve these more modest
goals, we will need to develop increasingly sophisti-
cated genetic tools for the efficient manipulation and
expression of PKS gene clusters, while substantially
augmenting our knowledge of both PKS architecture
and mechanisms.

New PKS clusters

Sequencing in whole or in part of approximately 50
PKS clusters has revealed important variations on
the modular PKS ‘paradigm’ of DEBS, both in terms
of the order and composition of domains within PKS
modules and some aspects of their operation®***. These
variations suggest new strategies for genetic engineer-
ing, enhancing the prospects for truly combinatorial
biosynthesis. New clusters, particularly those that syn-
thesize metabolites with unusual structural features,
also provide additional domains for inclusion in a com-
binatorial ‘tool kit. As 99% of bacterial strains cannot
be cultured using standard fermentation conditions®,
the polyketide ‘diversome), particularly of marine
microorganisms®, remains largely unexplored.

Finding new clusters. Microbial genome sequencing,
as already shown for Streptomyces coelicolor*® and
Streptomyces avermitilis®, allows us to identify all of the
predicted PKSs present in an organism, as well as (in
principle) the associated regulatory networks. Another

approach to finding new clusters is to screen cosmid
or bacterial artificial chromosome (BAC) libraries of
DNA from a particular bacterium for modular PKS
genes; such screens can isolate the genes that code for
production of specific metabolites, or cryptic clus-
ters that code for production of as-yet-unidentified
polyketide products.

There has also been progress in obtaining DNA
from unculturable bacteria and obligate microbial
symbionts. DNA extracted from soil samples has been
cloned into bacterial hosts such as Streptomyces lividans
without prior cultivation of the bacteria®®®'. These meta-
GeNomic libraries can represent up to 5% of the microbial
diversity that is present in the soil bacterial commu-
nity, a 24-fold improvement on traditional culturing
methods®. Metagenomic libraries from aquatic and
terrestrial invertebrates such as sponges and beetles
— which also contain the DNA of their bacterial sym-
bionts®> — have been constructed, and screening of
these libraries could uncover new PKS genes.

PKS genes in DNA libraries are usually detected
using screening by PCR with primers designed for the
most conserved regions of KS domains®. Locating a
single PKS gene can enable identification of a whole
cluster if the insert size of the library is large enough®*.
Finding a cluster that synthesizes a specific metabolite
is more difficult, because many organisms produce
more than one polyketide. For example, S. avermitilis
contains eight modular PKS clusters®. Unfortunately,
PCR-based methods are biased and can only identify
a proportion of the KS domains that are present, with
the consequence that the metabolic potential within a
given sample is likely to be underestimated®.

Nonetheless, screening approaches have shown that
modular PKS genes are widely distributed among all
the major actinomycete families and genera®, as well
as in marine cyanobacteria®, dinoflagellates®, bacterial
symbionts of marine invertebrates® and many other
species. Such diversity will undoubtedly inspire many
new approaches to manipulating PKS gene clusters.

Improvements in engineering technologies

Engineering PKS systems is laborious, owing to the size
of polyketide gene clusters (10-100 kb), and also, sev-
eral versions of the same experiment are often required.
In general, two strategies have been used to reconfigure
PKS gene clusters. In the first strategy, homologous
recombination in the natural host has been used to
delete, alter or replace segments of genomic DNA. The
advantage of this approach is that the host bacterium
can produce the original metabolite, but one important
drawback is that homologous recombination is often
difficult to achieve, particularly with slow-growing
organisms such as the Streptomyces spp. Furthermore,
although the heterologous cloning of PKSs in actino-
mycetes has been established®, the genetic tools to
manipulate many other classes of polyketide-producing
microorganisms are poorly developed®. The alterna-
tive strategy is to transfer (portions of) the PKS cluster
to heterologous hosts that are more tractable to genetic
engineering. Where the chosen expression hosts are
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non-actinomycetes, it is often necessary to modify
the hosts so that they can provide an adequate sup-
ply of small-molecule precursors as well as a PPTase
enzyme for efficient post-translational activation of the
PKS proteins®.

Advances in heterologous expression. Using hetero-
logous hosts for both cloning and polyketide over-
production is often the method of choice. Strains that
have already been optimized by classical improvement
strategies, such as Saccharopolyspora erythraea and
Streptomyces fradiae, are obviously useful, and the
genetically well characterized strains S. coelicolor,
S. lividans and Streptomyces venezualae have also been
exploited. These species can coordinately regulate all
the genes that are required for polyketide assembly,
can express and fold the gigantic PKS proteins, and can
synthesize a wide range of precursors. By constructing
deletion mutants of these strains to reduce native PKS
production, ‘cleaner’ backgrounds for heterologous
expression have been produced®”. PKS gene sets from
less tractable bacteria, and engineered hybrid systems,
can be assembled in Escherichia coli and then trans-
ferred by conjugation into these optimized strains”'.
The development of E. coli-Streptomyces artificial
chromosome (ESAC) vectors allows PKS cluster-sized
fragments (>90 kDa) to be transferred in this man-
ner’?. Once introduced into the Streptomyces strains,
the genes are then integrated into the chromosomes by
homologous recombination, or at naturally occurring
or engineered attachment sites.

Progress has also been made in identifying activa-
tor/promoter systems that function well in these hosts,
for example the actII-ORF4/PactI activator-promoter
pair from the erythromycin cluster, although no
single system functions in every species”’>’*. Recent
research has also revealed a superfamily of PPTases
that catalyse the essential post-translational modi-
fication of PKS proteins”. This work has resulted in
a collection of PPTases that have different substrate
preferences (including the extraordinarily substrate-
tolerant enzyme Sfp from Bacillus subtilis”®), which
ensures that a range of PKS proteins can be expressed
in activated form. Sequencing of new PKS clusters
has also revealed gene sets for precursor metabolites
required in building-block assembly. Mobilizing these
genes onto plasmids allows for precursor production in
heterologous hosts, for example methoxymalonyl acyl
carrier protein (ACP) extender units in S. fradiae”.
Several complex polyketides have been produced
heterologously, including 6-dEB”, narbonolide and
10-deoxymethynolide (precursors to pikromycin and
methymycin, respectively)’, 8,8a-deoxyoleandolide
(precursor to oleandomycin)”, megalomicin®,
epothilone®! and aureothin®.

One useful host for PKS expression is E. coli,
although extensive engineering has been required for
this to be feasible. E. coli produces acetyl-coenzyme A
(acetyl-CoA) and malonyl-CoA, but lacks sufficient
quantities of other precursors needed for polyketide
assembly, such as the starter unit propionyl-CoA

and the extender unit (25)-methylmalonyl-CoA®.
Furthermore, the E. coli PPTase enzyme cannot inter-
act with modular PKS proteins®. By making a series
of metabolic modifications, researchers at Kosan
Biosciences (Hayward, California) have engineered
E. coli to produce the polyketide core of erythromycin
A, 6-dEB¥, and an analogue of 6-dEB incorporating
butyrate as a starter unit®. The modified strain of
E. coli has also been used to synthesize yersiniabactin,
a hybrid natural product incorporating both polyketide
and peptide elements*, and the AHBA precursor to the
ansamycin antibiotics such as rifamycin®. In an impor-
tant advance, researchers have recently succeeded in
introducing two post-PKS glycosylation operons into
E. coli, and showed their function by converting inac-
tive 6-dEB to a biologically active glycosylated deriva-
tive, erythromycin C*. If this result can be generalized
to other pathways, E. coli could be a useful host for
the production of novel, therapeutically relevant
polyketides.

Engineering strategies. Many attempts to engineer
PKSs have taken the domain as the combinatorial unit.
In these experiments, individual activities are deleted,
introduced or exchanged using sites within the linker
regions that separate the domains, but many of these
experiments fail. One way to circumvent this problem
is to carry out less invasive domain ‘surgery’ by site-
directed mutagenesis. Our limited knowledge of the
molecular basis of specificity and mechanisms means
that this approach has so far only been reported for
the acyl transferase (AT) domains***. A potentially
powerful alternative technique is to disable a function
by specific mutagenesis at the active site, and then to
provide in trans a replacement function from a different
domain. In one example, the AT domain from the sixth
module of DEBS was inactivated, and substituted with
the discrete malonyl-CoA:ACP transacylase (MAT)
from S. coelicolor, which selects acetate as a building
block instead of propionate®; the expected des-methyl,
6-dEB product was synthesized. In the future, it should
be possible to alter the extender-unit specificity of the
MAT domain to incorporate a broader range of building
blocks at selected positions.

Another tactic is to swap complete PKS modules
and entire subunits; the domain interactions within
these regions have already been optimized, so this
type of strategy is less likely to perturb the structure
and function of the PKS. The most successful strat-
egy for joining two non-cognate modules together is
to use an existing intermodular linker sequence and,
in particular, the linker associated with the upstream
module*®®'. To carry out engineering on the subunit
level, whole multienzymes have been expressed from
several compatible vectors with different resistance
markers**2. Mutant versions of each subunit were
then combined through co-transformation of differ-
ent plasmid combinations, rather than by making new
plasmids for each of the several mutants. Therefore,
this strategy marks an important step towards truly
combinatorial polyketide engineering”. However, this
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Figure 4 | The ‘double helical’ model for modular polyketide synthases (PKSs). Each
PKS subunit is a homodimer, and the individual proteins are twisted around each other to form
a double helical architecture. The ketosynthase (KS), acyl transferase (AT) and acyl carrier
protein (ACP) domains are located at the core of the helix, whereas the reductive activities
occupy the periphery of the structure. This arrangement places the ACP at the spatial centre of
the module, where it can interact with all of the other domains (as shown), in particular the

KS domain on the opposite subunit. In this representation, the linkers in between the domains
are shown as lines. Interdomain interactions during chain extension and processing are shown
in the right hand panel. (1) ACP and AT interact during loading of the extender unit. (2) ACP and
KS’ cooperate during chain extension. (3) ACP and KR cooperate during ketoreduction and (4)
ACP_and KS_, interact during intermodular chain transfer. DH, dehydratase; ER, enoyl

reductase; KR, ketoreductase.
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approach only works when the constituent subunits are
derived from homologous sets of PKS genes, so that
they retain an inherent ability to interact and function
with each other®.

Advances in molecular biology have also impacted
on PKS engineering. For example, engineered homolo-
gous recombination® has proved useful for manipulat-
ing large sections of PKS genes in E. coli, such as regions
encoding AT domains'’; if required, the resulting
plasmids can then be transferred by conjugation into
an alternative host for polyketide production®®. This
technique has recently been coupled with the directed
evolution of PKS domains, which has the considerable
advantage that many experiments (for example, choice
of linker splice sites) can be carried out simultaneously.
4,000 variants of the LoabiNG pipoman AT-ACP of the
pikromycin PKS were created by DNA family shuffling,
and the resulting mutant synthases were screened for
biological activity in S. lividans; only three altered PKSs
led to production of bioactive compounds®. Advances
in the total synthesis of long DNA sequences could
enable assembly of entire hybrid PKSs, or even gene
clusters, from scratch, introducing convenient restric-
tion sites to aid in genetic engineering, and tailoring
codon usage to the particular expression organism®.

Emerging structural information

Determining the architecture of the modular PKSs is
crucial to the success of engineering, but the size and
complexity of PKSs make their structures difficult to
analyse. Any structural models must account not only
for the ability of all of the domains within each module

to interact with the ACP in a coordinated fashion, but
also for communication between successive modules
(ACP -KS, ) during chain transfer (FIG.4). Also, as
each PKS contains several protein subunits (up to 8,
REE 21), these must be arranged correctly to synthesize
only the desired end product.

A structural model for modular PKSs was proposed
in 1996, on the basis of biophysical studies of purified
DEBS proteins®. These experiments revealed that each
subunit is a homodimer, and that individual domains
(particularly the KS-AT didomains and thioesterase
(TE) activities) remain dimeric even when released
from the PKS as discrete proteins; by contrast, the
reductive activities were always monomeric. These
studies also showed that a particular KS preferentially
interacts with the ACP domain on the opposite subunit
during chain extension. These findings were incorpo-
rated into a ‘double-helical’ model for modular PKSs*
(FIG. 4). In this structure, individual proteins in each
dimeric subunit are wrapped around each other. This
topology places the KS (and possibly AT) domains at
the centre of the helix, consistent with their intimate
homodimeric behaviour; by contrast, the reduc-
tive activities occupy the periphery of the structure.
Nonetheless, all of the domains in each module seem
to be able to interact with an ACP domain (FIG. 4), and
the closest contact between the KS and ACP domains
within the same module occurs across the subunit
interface, as required by the crosslinking studies.

Despite efforts to determine the structures of a mod-
ule or subunit, the only structure solved to date is of a
single domain, the TE/cyclase from the erythromycin
and pikromycin systems®'®. The crystallographic
structures revealed that the TEs are homodimers, as
expected from the earlier proteolysis work®, and that
they belong to the o/f hydrolase family, but with unu-
sually open substrate channels that span the proteins.
The shape of the channels agrees with the known
substrate preferences of each enzyme.

Other relevant structures are those of the pocking
pomains from the erythromycin PKS. This designation
refers to the sequences of amino acids at the C and
N termini of PKS subunits, which are thought to par-
ticipate in the correct ordering of PKS multienzymes''.
By fusing together two docking domains, it was pos-
sible to solve the structure of a docked complex by
NMR'®, This structure, which is representative of a
large group of such docking elements, revealed the
shared basis for the association of subunits, as well
as an unexpected role in their dimerization. It also
indicated how the DEBS proteins discriminate against
inappropriate partners.

It might soon be possible to assemble an overall
structure for a PKS module from the X-ray and NMR
structures of its constituent domains, as has been
accomplished for other large multienzyme complexes,
such as the 2-oxoacid dehydrogenases'®. These efforts
will almost certainly be aided by sophisticated homol-
ogy modelling based on solved structures'®. Recent
progress in the expression of individual domains and

didomains'® is encouraging.
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Figure 5 | Post-polyketide-synthase elaboration of a polyketide library. Structures of putative bioactive compounds
produced by co-expressing the gene for the desosamine-specific glycosyl transferase DesVIl and a plasmid library encoding
different macrolactones in Streptomyces lividans. In each case, liquid chromatography-mass spectrometry analysis yielded a
mass consistent with the anticipated structure of the desosaminylated polyketide. The pink box indicates the natural products of
DesVIl — 14-membered narbomycin and the 12-membered 10-deoxymethymycin (YC17) — whereas the blue boxes indicate

where the alternative macrolides differ in structure from narbomycin.

Domain modularity

Combinatorial engineering depends on domain port-
ability, and the substrate preferences of several activi-
ties have been studied to identify domains of each type
that are suitable for combinatorial use. The ATs have
strict substrate and stereochemical specificities, typi-
cally accepting a single extender unit'®. Some KS'*"1%®
and TE'® domains are significantly more tolerant to
alternative structures, although they are not entirely
promiscuous. Therefore, until it is possible to manipu-
late substrate specificities by, for example, using solved
crystallographic structures to identify specific active-
site residues involved in substrate selection, these prefer-
ences will limit the potential of combinatorial methods.
Encouragingly, two groups have recently shown that
sequence motifs shared among AT domains''® are
located at the active sites and have a direct role in sub-
strate choice*®; by altering these specific residues, the
specificity of an AT was relaxed from methylmalonate
only to both malonate and methylmalonate.

The KR domains also tolerate different sub-
strates'!, and these activities have been successfully
swapped among different PKSs'?. The stereochemical
outcome of the natural KR-catalysed reactions can be
reliably predicted by aligning conserved amino-acid
motifs within the domains®*'", but the direction
of reduction in engineered PKSs can be affected in
unpredictable ways by both the substrates and their
context within the hybrid synthases***'. So whereas
KR domains show the substrate flexibility required for
combinatorial applications, we need to improve our
ability to predict or to control the stereochemistry at
the resulting hydroxyl centres.

The mycolactone PKS®*' might provide the most
useful set of domains for combinatorial applications.
Sequencing has revealed that the amino-acid identity

among many comparable domains (for example, KSs
and ACPs) in all 16 modules of this PKS is very high.
Remarkably, these virtually identical activities operate
on the polyketide chain throughout the chain-extension
process, meaning that they can tolerate large variations
in substrate size and functionality. This observation
indicates that the mycolactone domains might be the
least discriminating PKS enzymes identified so far; if
this hypothesis is proved correct, these domains might
prove invaluable in future PKS engineering.

Post-PKS enzymes

The post-PKS decoration of polyketide structures,
for example by oxidation, methylation, alkylation or
glycosylation, dramatically alters their molecular
binding properties and is crucial to their biological
activity®. A current challenge, therefore, is to develop
combinatorial approaches that lead to novel polyketide
skeletons and also to complete structures that can serve
as drug candidates.

The function of post-PKS enzymes is typically
tested using gene knockouts, followed by characteriza-
tion of the resulting metabolites; in this way, it is also
often possible to draw conclusions about the sequence
in which modification events occur®®''*, An alterna-
tive approach is to express a particular post-PKS gene
in a heterologous host in the presence of a polyketide
scaffold”. Once the role of a particular enzyme has
been determined, it can then be evaluated for its use in
combinatorial biosynthesis. Glycosyltransferases (GTs),
for example, have been investigated in vivo in various
ways, for both their tolerance to alternative sugars and
to novel aglycones. These experiments are usually car-
ried out in heterologous hosts, using combinations of
native and exogenous GTs, sugars or sugar gene sets
and PKS pathways''*'"7. In one example, the pathway
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to the sugar desosamine and the associated GT gene
desV1I from the pikromycin pathway were co-expressed
with a library of plasmids encoding different macro-
lactones''® (FIG. 5); the host in this case was a mutant
strain of S. lividans in which the polyketide produc-
tion had been disabled'”. Although conversion of the
polyketides was generally low, bioassays revealed that
the novel macrolides had antibiotic activity. Analogous
experiments have been used to probe the specificity
of polyketide P450 mono-oxygenases*>’>!17120121 apd
methyltransferases'?.

These types of experiments have revealed that,
whereas some post-PKS enzymes have specific sub-
strate preferences, others are flexible enough to allow
the efficient production of novel compounds. For
example, in its native role, the P450 enzyme PikC
from the pikromycin pathway catalyses the hydroxy-
lation of both 12- and 14-membered macrolactones
and recognizes two alternative positions within
the smaller ring'**'*; it has also been shown to act
on hybrid polyketides that incorporate portions of
pikromycin, tylosin and erythromycin'®. The des-
osamine GT from the same pathway, DesVII, shows
similarly broad tolerance for hybrid macrolides'®'>.
Other promising enzymes include the GTs from the
oleandomycin''*'*¢ and tylosin'"® pathways, the spino-
syn methyltransferases'? and the post-PKS enzymes
of ansamitocin biosynthesis'?’. However, as existing
post-PKS activities are not likely to modify all possible
new polyketide backbones, in the future, it might be
necessary to relax or tailor these specificities further
using site-directed mutagenesis or directed evolution
approaches.

Perspectives

So far, genetic engineering of PKSs has resulted in
more than 200 new compounds®, some of which show
promise as drug candidates. From an engineering per-
spective, it now remains to develop even more efficient
and rapid methods for manipulating gene clusters in
various species, and for facile transfer of engineered
gene sets to heterologous hosts which have been opti-
mized for all aspects of polyketide production. No
single ‘superhost’ strain is likely to be the answer for

all cases. Better knowledge of the three-dimensional
architecture of PKSs, the details of how domains oper-
ate and interact, and the molecular basis for substrate
specificity and stereocontrol will pay dividends in
the design of hybrid synthases that are likely to be
functional. In particular, if amino-acid units could
be reliably engineered into polyketides using mod-
ules from non-ribosomal peptide synthetases'?, the
diversity of the molecular libraries produced would be
greatly magnified. One way forward is hinted at by the
successful chemical assembly of peptide-polyketide
materials on solid supports and their ensuing combi-
natorial PKS enzyme-catalysed cyclization into solu-
ble libraries'®. Also, the ideas and methods of forced
enzyme evolution'**"*!, already highly successful at
improving the bioprocessing fitness of conventional
enzymes, might yet be brought fruitfully to bear on
these assembly-line multienzymes. Routine and
effective combinatorial engineering of polyketide bio-
synthesis as an integral part of modern drug discovery
remains both an alluring and a tangible goal.

Note added in proof

In recent work, Menzella et al.'** synthesized codon-
optimized genes encoding 14 chain-extension modules
derived from eight PKS clusters. The modules were
designed to incorporate unique restriction sites not
only at the module boundaries, but also flanking each
domain within the modules, the intermodular linker
sequences and the docking domains. Using these gene
cassettes, the authors engineered 154 distinct bimodu-
lar combinations, fronted by the loading module from
DEBS and terminating in the DEBS TE. On the basis
of analysis by liquid chromatography/tandem mass
spectrometry, nearly half of the chimaeric systems
yielded the predicted triketide lactone products in an
engineered strain of E. coli**. The authors’ use of syn-
thetic ‘building blocks’ is important as a logical way of
speeding up the search for productive combinations
of all types of PKS units — modules, domains and
linkers. Although in this case each experiment was
individually engineered, this research represents an
important step towards combinatorial production of
polyketides.
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