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The investigation and manipulation of
nature's vast biosynthetic potential with
the tools of molecular biology, genetics,
and chemistry has initiated an exciting
new era for drug discovery.[1] At present,
the prime targets for combinatorial bio-
synthesis are polyketides, due to their
structural complexity and their large
variety of pharmacological properties.[2]

As a consequence of fundamental advan-
ces in genetic engineering of bacterial
polyketide biosynthetic genes, it is now
possible to generate structurally diverse
libraries that are virtually unavailable by
conventional synthetic methods.[3] Poly-
ketides are constructed by repetitive

Claisen condensations of (methyl)mal-
onyl-coenzyme A [methyl(malonyl)-CoA]
units with an acyl-CoA starter unit, in a
manner that closely parallels fatty acid
biosynthesis. On the basis of both genetic
studies and architecture of the enzymes,
bacterial polyketide synthases (PKSs) are
generally classified into two types.[4] The
aromatic type II system comprises a set of
iteratively used individual enzymes that
generate poly(b-keto) intermediates and
catalyze cyclodehydratations to yield ar-
omatic compounds, for example actino-
rhodin. In contrast, the modular type I
system consists of large multifunctional
proteins that accommodate distinct ac-

tive sites for each step of catalysis. An
example of a type I PKS product is
6-deoxyerythronolide B (6-dEB, 1), the
parent, nonglycosylated macrolide core
of the antibiotic erythromycin. The linear,
modular organization of the type I PKS

catalytic domains programs the structure
of the resulting polyketide and thus
makes it predictable. Structural diversity
of the polyketide family originates from a
variety of biosynthetic building blocks
and catalytic domains. First, the choice of
starter unit, the number of C2 extensions,
and the mode of cyclization define the
nature of the polyketide backbone. Sec-
ond, the nature of the acyltransferase and
the degree of b-oxo group processing
(ketoreduction, dehydratation, and enoyl
reduction) give rise to alkyl branches,
keto, hydroxy, methenyl, or methylene
functionalities (Figure 1). Finally, after the
polyketide has been formed, tailoring
enzymes may catalyze post-PKS trans-
formations of the polyketide such as
glycosylations, (ep)oxidations, acylations,
and methylations.[1±5]

The tremendous variety of polyketides
in nature[2a] is governed by many possible

combinations and permutations of func-
tional subunits, as well as by the se-
quence and number of modules. In a
similar fashion, genetic engineering al-
lows modifications of polyketide struc-
tures by a variety of targeted genetic
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Figure 1. Modular arrangement of a type I PKS (DEBS) that produces 6-deoxyerythronolide B (6-dEB, 1). ACP� acyl carrier protein, AT�acyltransferase, DEBS�
6-deoxyerythronolide B synthase, DH�dehydratase, ER� enoylreductase, KR� ketoreductase, KS� ketosynthase, TE� thioesterase.
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mutations, such as inactivation, substitu-
tion, and addition of catalytic domains or
even entire modules.[6] As numerous
studies revealed, modular PKSs are in fact
amenable to a variety of modifications
and display tolerance towards nonnatural
PKS substrates.[7] Recently, it has become
possible to conveniently express func-
tional hybrid PKSs in genetically engi-
neered bacterial hosts (i. e. Streptomyces
coelicolor CH999[8] or S. lividans K4-114[9] ),
which lack a background of polyketide
biosynthetic genes. Genetic manipula-
tions of polyketide synthases are thus
considerably promising for the biosyn-
thesis of novel hybrid polyketides. On the
basis of a single-plasmid expression sys-
tem, however, for each new polyketide,
specifically targeted mutagenesis experi-
ments have to be performed prior to
expression. The number of novel engi-
neered polyketides thus does not exceed
the number of separate engineering
steps. In addition, considering the large
size of the expression plasmids (ca. 50 kb
for 6-dEB synthase, DEBS), and the
limited number of unique restriction sites
along the gene cluster, manipulation of
the PKS genes becomes a cumbersome
task.

To overcome these limitations, a multi-
ple-plasmid system for the generation of
polyketide libraries has been developed
in the laboratories of KOSAN Biosciences,
Inc. (Figure 2).[10] In lieu of constructing
one single-expression plasmid containing
the entire set of PKS genes, individual
open reading frames (ORFs) or single
modules of PKSs are cloned on separate,
compatible expression plasmids.[11] To co-
express the individual plasmids in a
heterologous host, the vectors are equip-

ped with mutually selectable resistance
markers. Two vectors are autonomously
replicating plasmids on the basis of the
pRM1 shuttle vector with SCP2* and
ColE1 origins of replication in Streptomy-
ces spp. and E. coli, respectively. For the
third plasmid, an integrating vector
(pSET152) was chosen, which inserts the
PKS genes site-specifically at the actino-
phage fC31 attachment site. In all vec-
tors, the PKS genes (ORF1, ORF2, and
ORF3) are cloned downstream of a Strep-
tomyces promoter (PactI), which is acti-
vated by the product of the activator
gene, actII-ORF4. Although the concom-
itant expression of vectors in a host with
multiple antibiotic selection is an estab-
lished method in molecular biology,[12]

the multiplasmid approach has a partic-
ularly high impact on combinatorial bio-
synthesis. As soon as functional subunits
are available, they can be readily com-
bined in all possible permutations and
variations with little effort. For example,
with x versions of ORF1, y versions of
ORF2, and z versions of ORF3, a combi-
natorial library of x� y� z mutants will be
rapidly accessible. In comparison, with
the same number of mutagenesis experi-
ments, a single-expression-plasmid sys-
tem would only provide a maximum of
x� y� z polyketides. In theory, two pos-
sible AT domains and four possible b-
carbon atom modifications contribute to
eight possible mutations per module,
which results in 8� 8� 64 variations in
each DEBS ORF. Concomitant expression
of ORF1 ± ORF3 in a combinatorial fashion
would provide 643�262 144 mutants and
consequently, at least hypothetically, a
library of 262 144 polyketides. In compar-
ison, with the same experimental effort, a

single-expression-plasmid system would
only provide a maximum of 64�3� 192
polyketides.[10]

Scientists at KOSAN Biosciences, Inc. ,
have engineered altered DEBS subunits
by exchanging DEBS genes with rapamy-
cin PKS genes.[13] They engineered eight
ORF3 variants into the pSET integration
site of S. lividans, then individually co-
transformed the resulting strains with
each of four ORF1 variants on pRM1-tsr
vectors and two ORF2 variants on pRM1-
hyg-derived vectors.[10] From 14 plasmids
prepared, 8� 4� 2�64 triple transform-
ants were obtained, out of which 46
contributed to a library of 43 hybrid
polyketides (Figure 3). Novel compounds
have been produced at a level compara-
ble to expression studies with a single
plasmid carrying all three ORFs. Consid-
ering the immense synthetic effort for the
chemical de novo synthesis of erythro-
mycin by R. B. Woodward and 48 collea-
gues in 1981,[14] the multiplasmid ap-
proach is clearly a powerful technique
for generating novel erythromycin ana-
logues. Due to the feasible co-expression
of the modified DEBS subunits observed,
combining entire protein subunits from
different modular PKSs has been antici-
pated to result in hybrid PKS complexes.
By means of the multiplasmid approach,
natural and altered subunits from DEBS
with related picromycin synthase (PikPKS)
and oleandomycin synthase (OlePKS)
subunits have been successfully co-ex-
pressed.[15] In fact, the in vivo assembly of
heterologous PKS complexes from natu-
rally occurring subunits resulted in an
increased production of hybrid polyketi-
des compared to the DEBS mutagenesis
studies.

In the same context, the possibility to
heterologously co-express fragments of
very large (>50 kb) PKS gene clusters,
such as for rapamycin, rifamycin, or
epothilone, is an important feature of
the multiplasmid approach. If the native
producer is a slowly growing microorgan-
ism, the use of a Streptomycete-based
multiplasmid expression system may sig-
nificantly enhance productivity. In addi-
tion, by dissection of the gene cluster, the
biosynthesis becomes readily amenable
to genetic manipulations. This has been
impressively demonstrated for the bio-
synthetic genes of the myxobacterial

Figure 2. Three-plasmid expression system for PKS genes. Shown are derivatives of pRM1-tsr, pRM1-hyg, and
pSET-apm. pRM1-tsr and pRM1-hyg are bifunctional vectors for replication in both E. coli and Streptomy-
ces spp. (oriColE1� origin of replication and bla�b-lactamase resistance gene for selection in E. coli ;
oriSCP2*� origin of replication ; tsr, kan, hyg� thiostrepton, kanamycin, or hygramycin resistance genes,
respectively, for selection in Streptomyces ssp. pSET-apm is an integrating plasmid (pSET152) with apramycin
resistance gene (apm) and fC31-int attP loci for attachment and chromosomal integration of ORF3. The
drawing is not to scale.
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secondary metabolite epothilone.[16, 17]

Epothilone is a promising anticancer
agent against taxol-resistant tumors.[18]

Since classical chemical approaches re-
quire over 20 synthetic steps, extraction
of the natural compound from culture
broths is favorable. Using the natural
producer, on the other hand, does not
appear to be economical. Sorangium
cellulosum has a doubling time of 16 h,
and 12,13-deoxyepothilone D (18), which
is the most attractive clinical candidate, is
formed only in trace amounts. To over-
come these limitations, the large epothi-
lone biosynthetic gene cluster was cloned
into two compatible plasmids and co-
expressed in a host (Streptomyces coeli-
color CH999) with a doubling time of 2 h.
The loading domain, the non-ribosomal
peptide synthetase (NRPS), and modules

1 ± 5 were cloned on a pRM1-tsr deriva-
tive, whereas modules 6 ± 8, a gene for a
P450 oxidase, and some post-PKS genes
were cloned on an integrating pSET-apm
derivative (Figure 4). In fact, sequential
transformation of the plasmids and culti-
vation of the host ± vector system result-
ed in successful production of epothilo-
nes A (19) and B (20). Although initial
results showed a reduced in vivo produc-
tivity, with genetic and strain improve-
ment, such as implementation of the
epothilone resistance gene, the plasmid-
borne expression system is likely to
become a favorable producer of epothi-
lones. Additionally, introduction of a
methylmalonyl-specific AT and deletion
of the P450 gene is a promising method
for the fermentation-based preparation
of epothilone D (18).

The multiple-plasmid approach is a
promising method for exploring addi-
tional combinatorial post-PKS tailoring
transformations such as oxidations,
methylations, acylations, and glycosyla-
tions. Many of these tailoring reactions
are critical for biological activity and for
molecular recognition between the drug
and its cellular target. A variety of sub-
stitutions have already been successfully
carried out with a single-plasmid system
by using heterologous hosts or knock-out
mutants.[19] A two-plasmid system for the
bioconversion of e-rhodomycinone to
rhodomycin D by concomitant expres-
sion of the carbohydrate biosynthetic
and glycosyltransferase genes has recent-
ly been demonstrated,[20] but numberless
possible combinations wait to be exploit-
ed. Likewise, the palette of type II PKS
products may be extended by shuffling
distinct PKS genes encoding minimal
PKSs, acyltransferases, cyclases, and a
variety of tailoring gene products. The
multiplasmid approach is also full of
promise for other biosynthetic systems
such as non-ribosomal polypeptide syn-
thetases, which have a structure similar to
that of type I PKSs.[21]

To date, numerous modular and aro-
matic PKS biosynthetic gene clusters
have been sequenced, which provide a
versatile ªtoolboxº of building blocks for
combinatorial biosynthesis. The multi-
plasmid approach is the method of
choice to investigate the scope and
limitations of creating novel compounds
by fusing unique features from two or
more biosynthetic pathways in a ªmix-
and-matchº fashion. The technique per-
mits both heterologous expression of
very large biosynthetic genes by co-
expression of subunits as well as gener-
ation of large numbers of structurally
diverse compounds for high-throughput
screening. Excitingly, the whole extent of
possibilities for combinatorial biosynthe-
sis remains to be explored.
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Figure 3. Combinatorial library production. Shown are selected structures (1 ± 16) out of 43 macrolactones
produced by S. lividans K4 ± 114 strains transformed with pRM1-tsr, pRM1-hyg, and pSET-apm derivatives.
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Figure 4. Proposed epothilone biosynthesis. Heterologous expression of the myxobacterial metabolites
epothilone A ± D in an S. coelicolor CH999 host. Genes cloned on pRM1-tsr are drawn in blue, genes cloned on
pSET-apm derivative in red. NRPS�non-ribosomal peptide synthase.


