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Abstract Modular polyketide synthases (PKSs) from
Streptomyces and related genera of bacteria produce many
important pharmaceuticals. A program called CompGen
was developed to carry out in silico homologous recom-
bination between gene clusters encoding PKSs and deter-
mine whether recombinants have cluster architectures
compatible with the production of polyketides. The
chemical structure of recombinant polyketides was also
predicted. In silico recombination was carried out for 47
well-characterised clusters. The predicted recombinants
would produce 11,796 different polyketide structures. The
molecular weights and average degree of reduction of the
chemical structures are dispersed around the parental
structures indicating that they are likely to include phar-
maceutically interesting compounds. The details of the
recombinants and the chemical structures were entered in a
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database called r-CSDB. The virtual compound library is a
useful resource for computer-aided drug design and
chemoinformatics strategies for finding pharmaceutically
relevant chemical entities. A strategy to construct recom-
binant Streptomyces strains to produce these polyketides is
described and the critical steps of mobilizing large bio-
synthetic clusters and producing new linear cloning vectors
are illustrated by experimental data.

Keywords Polyketides - Actinobacteria - Gene clusters -
Homologous recombination

Introduction

Polyketides produced by Streptomyces and related genera
are of great importance in the pharmaceutical industry (e.g.
the antibiotic erythromycin and the immunosuppressant
rapamycin). Many are produced by modular polyketide
synthases (PKSs), which suggested the idea of combina-
torial biosynthesis, whereby different sets of modules can
be recombined to produce a vast number of novel hybrid
polyketides [1, 11]. Although experiments to generate
hybrid polyketides have had some success, in most cases
product yield is extremely low preventing industrial
exploitation [9]. Studies on the natural evolution of mod-
ular PKSs suggest that recombination plays a major role
[10]. In vitro construction of hybrid PKSs creates unnatural
junctions, which may account for the low product yield
as there is evidence for strong purifying selection in
PKS modules [30], i.e. most variation in amino acid
sequence is not tolerated. Homologous recombination
occurs between DNA sequences with high sequence simi-
larity [24] and it is likely that there will be fewer problems
when such a junction is used to generate novel polyketides.
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A homologous recombination model was developed [26]
and used to study single crossovers between gene clusters
encoding modular PKSs. The model assumed that homol-
ogous recombination required a region of sequence identity
in the two parent molecules, where the crossover occurs,
flanked on both sides by regions with a high degree of
sequence similarity. Recombinants between 12 PKS clus-
ters were studied and it was shown that many recombinants
had a genetic structure compatible with the synthesis of
novel products.

Many molecular genetic techniques have been estab-
lished in Streptomyces species and it is possible to
manipulate modular PKS clusters [1]. The size of such
clusters (sometimes over 100 kb) presents challenges and
makes recombineering approaches attractive. This requires
systems to select for replacement of gene segments. It has
been shown that, as in many other bacteria, the rpsL gene
can be used for counter-selection in Streptomyces species
[8]. Recombination corresponding to the in silico recom-
bination model [26] requires single crossovers and these
would be most conveniently generated using linear vectors.
Linear plasmids are common in Streptomyces and it is
possible to generate derivatives to investigate the functions
needed for plasmid maintenance [21, 29].

In this paper, we describe a convenient computer pro-
gram CompGen, based on the annotation program Clust-
Scan [25], for producing in silico recombinants and
predicting the chemical structure of any products. This was
used to explore the chemical space generated. We describe
the construction of a cassette system based on rpsL and
show that it is possible to mobilize a complete antibiotic
producing cluster. We also describe the construction of a
linear vector suitable for use with the cassette system.

Materials and methods
Polyketide gene clusters

Modular PKS clusters that were used for the in silico
recombination were derived from Streptomyces and related
genera (Supplementary Table 1).

Computer programs

The recombination model for the CompGen module was
implemented as a PERL program on the server. Maximal
common subsequences between two clusters were found
using a standard suffix tree-based algorithm [2]. A region
symmetrically located around the common subsequence
was aligned using the Needleman—Wunsch algorithm [17]
from the EMBOSS package [22]. The recombination
parameters can be set by the user and the parameters used
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in this paper were minimum length of sequence identity
27 bp, length of surrounding region 100 bp, nucleotide
identity in surrounding region 75%. The ClustScan pro-
gram [25] uses an XML format to describe the location of
genes, modules and domains as well as the biosynthetic
order and the chemistry produced by each module. The
recombination program generates the XML description of
the recombinant clusters from those of the parent clusters.
The graphical user interface was written in Java as a
module of the ClustScan program. It has functions to select
the two clusters to be recombined and the recombination
parameters (Supplementary Fig. la). The annotated
sequences are shown in a workspace window (Supple-
mentary Fig. 1b). The recombinants generated by the ser-
ver program can be viewed in a workspace window of the
client. A cartoon overview (Fig. 1a) shows the location of
the crossover in comparison to modules. A details window
(Supplementary Fig. 1c¢) shows the sequences used for the
recombination and the values of the recombination
parameters. The sequences can be filtered (Supplementary
Fig. 1d) to eliminate those that are unlikely to produce
recombinant products. The predicted chemical structures of
the products were generated as isomeric SMILES (Sim-
plified Molecular Input Line Entry System) [28] (Supple-
mentary Fig. 1e) using the same procedure as in ClustScan,
but showing all the recombinants in one window. A Perl
program was written to calculate the molecular weight of
polyketides from the SMILES description as well as the
degree of reduction: unreduced (keto groups), hydroxyls,
double bonds and fully reduced were given scores of 0, 3.3,
6.7 and 10, respectively, and the average degree of
reduction for all positions in the molecule calculated.

Mobilization of the actinorhodin cluster

Standard methods were used for genetic manipulation of
Streptomyces [12] and E. coli [23]. An EcoRI-HindIIl
cassette was constructed carrying the ends of the actino-
rhodin biosynthesis cluster separated by a wild-type rpsL™
gene. The left end of the actinorhodin biosynthesis cluster
(1,129 bp, coordinates 5511250-5512378 in the S. coeli-
color chromosome, accession number AL645882) was
amplified using PCR primers carrying EcoRI and BglIl
restriction sites (GGA ATT CCA CGA CAC AGG AGA
CGA AGG, GAA GAT CTT GCA CGG ACT TCG AGA
CGQG). Similarly the right-hand end (1,116 bp, coordinates
5539867-5540982) was amplified using primers with BglII
and Hindlll sites (GAA GAT CTG GCG TCC TGT GCT
TCC TG, CCC AAG CTT AGC AAC AGC GTG GCA
ACC). The amplified fragments were digested with EcoRI-
Bglll and BgllI-Hindlll, respectively, and cloned into
EcoRI-HindlIll digested pUC18 [18] vector to give plasmid
pKW40. The rpsL gene of S. coelicolor A3(2) was
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Fig. 1 a Screen shot of the
cartoon window of CompGen
program showing generation of
a recombinant between the
rapamycin cluster (rapB,
module 9) and the avermectin
cluster (aveA4, module 12). The
recombination parameters were
minimum length of sequence
identity 27 bp, length of
surrounding region 100 bp,
nucleotide identity in
surrounding region 75%. b The
predicted chemical structure of
the product in a SMILES
format. ¢ The chemical structure
displayed using ChemAxon c
(http://www.chemaxon.com/

products/)
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available as a 640-bp BamHI fragment [20] produced by a
PCR reaction with primers carrying BamHI sites (CGG
GATCCC GGT GTC GCC CAT TTG T, CGG GAT CCG
CCC TTA CGA GGC ATT CT). This fragment was cloned
into the BglI site of pKW40 to give pKWO040. The
mobilizing cassette was excised from pKWO040 as an
EcoRI-HindIll fragment and cloned into Streptomyces
vector plJ903 [14] to give plasmid pKW140. pKW 140 was
transformed into the Str® strain S. lividans 66 TK64 [7] and
transformants selected on thiostrepton-containing medium.
Single transformant colonies were transferred to medium
containing thiostrepton and streptomycin to produce inde-
pendent streptomycin-resistant derivatives.

Construction of linear vector pKW201

pST200 [27] carries the 298-bp left terminal BamHI frag-
ment of linear plasmid SLP2 cloned into BamHI-Hincll cut
vector pUC18 [18]. This was used to construct the linear
vector pCL204, which contains the replication origin of
linear plasmid pSLA2 as a 6-kb Mlul fragment derived
from plasmid pQC48 [21] and a thiostrepton resistance
gene (tsr) for selection in Streptomyces strains between two
copies of the SLP2 end fragment. The SLP2 ends are
separated by the E. coli vector pUC18 so that the vector
can be obtained as a circular plasmid from E. coli and can
replicate as a linear plasmid in Streptomyces strains losing
the pUC18 sequences. The unique HindIll site of pCL204,

which is present in the pUC18 sequences, was removed by
digestion with HindlIll, treating with Klenow enzyme to
remove the 5’ overhangs and relegation. A linker molecule
(sequences of the two strands, TGT CTG CAA TTG GTC
GTA AGC TTG TCG TG and ACA GAC GTT AAC CAG
CAT TCG AAC AGC AC) containing sites for Munl and
HindIll was ligated into the unique Pmel site to yield
vector pKW201 (Fig. 6).

Measurement of actinorhodin concentration in medium

Ten-millilitre cultures were grown for 3 days in YEME
medium [12] at 30°C with shaking. After removal of
mycelium by centrifugation, the pH of the culture medium
was lowered to 2.5 by addition of HCl. The medium was
extracted with half the volume of 1:1 chloroform/methanol
and the actinorhodin concentration estimated by measuring
ODs4, and using a molar extinction coefficient of actino-
rhodin of 18,600 [3].

Results
Modelling recombination of PKS clusters
The CompGen program was written to implement the

recombination model and determine whether recombinants
will produce a polyketide product. Recombination sites
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were found by using a suffix tree approach [2] to identify
regions of identity and the Needleman—Wunsch algorithm
[17] to assess degree of similarity in the surrounding
regions. Figure la shows an example of such a recombi-
nation in a cartoon form: the left-hand part of the recom-
binant cluster is derived from the avermectin cluster and
the right-hand part from the rapamycin cluster.

The most difficult problem was to predict whether
recombinants would synthesize a polyketide product. The
ClustScan program package was developed [25] to anno-
tate PKS clusters and uses a novel data structure to link the
DNA sequence, the polypeptide sequences and the chem-
ical structure of the product. CompGen was integrated as a
module of ClustScan (generating the new version of
ClustScan called ClustScan-Professional; http://bioserv.
pbf.hr/cms/) and utilizes this data structure to allow
inheritance of the biosynthetic information from the
parental clusters to the recombinant clusters. This allows
CompGen to predict whether recombinants will produce a
hybrid polyketide and also to predict the chemical structure
of the product. In this paper, we use the most stringent
criteria for product formation: the recombinant must have a
loading domain, a contiguous set of modules in the bio-
synthetic pathway and a terminal module.

A graphical user interface allows the user to model
recombination between pairs of clusters. For individual
recombinants, an overview of the recombination is pro-
vided in a cartoon form (Fig. 1a) and the details can be
viewed in a details window. Predicted products can be
displayed and exported as isomeric SMILES [28] (Fig. 1b),
which is a standard input format for chemoinformatics
programs. For instance, the chemical structure can be dis-
played (Fig. 1c).

CompGen was used to model recombination between all
possible pairs of 47 modular PKS clusters derived from
Streptomyces and related genera. Of the 1,081 possible
cluster pairs, 777 were predicted to yield one or more
recombinants. A total of 20,187 recombinants were pre-
dicted to synthesize a polyketide product with 11,796 dif-
ferent chemical compounds being produced. The predicted
linear polyketide backbones of the products were exported
from the program in a SMILES format and were assessed
for chemical diversity; two parameters were used. The
molecular weights of the predicted recombinant com-
pounds were calculated and the average was similar to
those of the parents (473 vs. 481). The average degree of
reduction was also calculated: each fi-carbon atom in the
polyketide backbone can have one of four degrees of
reduction, which were given a score in the range of 0-10:
keto group, hydroxyl group, double bond or fully reduced.
When the two parameters are plotted against each other
(Fig. 2) it can be seen that there is considerable chemical
diversity and the recombinant molecules are clustered
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around the parent molecules, which are compounds of
known pharmaceutical interest. The r-CSDB database
(http://bioserv.pbf.hr/cms/) gives details of the parental
clusters and the chemical structures of the recombinant
molecules.

Mobilization of clusters

A general strategy for the construction of mobilization
cassettes was developed (Fig. 3). PCR primers were con-
structed to amplify regions of about 1 kb in length at each
end of an antibiotic biosynthesis cluster. The primers
contained suitable restriction sites so that the two PCR
fragments could be cloned into a standard E. coli vector
(pUCI18). A Streptomyces rpsL gene [8] was then cloned
between the two end fragments completing the mobiliza-
tion cassette that can be sub-cloned into different vectors as
an EcoRI-Hindll fragment.

The mobilization strategy was tested using the actino-
rhodin biosynthesis cluster of S. lividans 66; the PCR
primer sequences were deduced from the sequence of the
closely related strain S. coelicolor A3(2). After con-
struction of the cassette, it was sub-cloned in the E. coli—
Streptomyces shuttle vector plJ903 [14] to produce
pKW140 (Fig. 4), which was transformed into TK64, a
streptomycin-resistant strain of S. lividans 66 [7], which
carries a resistant allele of rpsL in the chromosome. As
the wild-type allele of rpsL in the mobilization cassette is
dominant, this results in a streptomycin-sensitive strain
[8]. Streptomycin-resistant derivatives were selected and
about 25% of them overproduced actinorhodin, which
could be seen as a deep blue pigment around the colonies
(Fig. 5). These were candidates for mobilization events as
an increased copy number results in blue colonies [15].
This was confirmed using pulsed-field gel electrophoresis
(PFGE) after digestion of total DNA with the enzyme
Asel (Fig. 6a). Ten of 12 blue colonies gave two visible
plasmid bands, whereas plJ903 and pKW140 only have a
single visible band. This is expected if mobilization has
occurred, because the actinorhodin cluster contains an
Asel site. The presence of actinorhodin cluster sequences
on these two DNA fragments was confirmed by Southern
blotting (Fig. 6b). As the plasmids are shuttle vectors,
they could be transformed into E. coli and their structure
was confirmed by restriction analysis (data not shown).
The strains with blue colonies, which carried a copy of
the actinorhodin cluster on the plasmid, also produced
much more pigment in liquid culture. The amount of
actinorhodin in the medium for 24 clones was estimated
spectrophotometrically. The parent S. lividans strain
without plasmid produced 0.3 mg/l. The 24 clones pro-
duced amounts between 0.4 and 48.7 mg/l (median value
3.8 mg/l).
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Fig. 2 Properties of the

All products from all cluster pairs

predicted recombinant 10.5
polyketides (blue) apd the 10.0 ~ -
parents (red). The linear

9.5

polyketide backbones of 11,796
chemically different
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to compute the molecular
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parameters were used as in
Fig. 1
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Fig. 3 Construction of mobilizing cassettes
Construction of a linear plasmid vector

The linear plasmid vector pKW201 (Fig. 7), which was
designed to carry mobilization cassettes, was constructed
as a circular plasmid in E. coli and becomes linear after
transformation into a suitable Streptomyces host strain. The
bidirectional replication origin was derived from linear

plasmid pSLA2 [21]. The linear ends were derived from
plasmid SLP2 [29] and a thiostrepton resistance gene (tsr)
was used as a selective marker in Streptomyces. There are
unique cloning sites for Hindlll and Munl in a linker
region, which can be used for cloning HindllI-EcoRI
mobilizing cassettes. DNA from pKW201 was transformed
into S. lividans 66 and undigested total DNA from
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Fig. 4 Construction of pKW140. A mobilizing cassette (plasmid
pKWO040) for the actinorhodin cluster was constructed using the
strategy shown in Fig. 3. The cassette was excised from pKW040 as
an EcoRI-Hindlll fragment and cloned into the E. coli-Streptomyces
shuttle vector pIJ903. The parts of the plasmids shown in black are
Streptomyces-derived sequences and the parts shown in grey are
derived from E. coli vector pBR327, thus allowing replication and
selection of pKW140 in both Streptomyces species and E. coli

transformants was used for PFGE (Fig. 8a). The location of
the plasmid band was confirmed by Southern blotting with
a tsr probe (Fig. 8b). These experiments showed a single
plasmid band (tracks 2-5) at a position consistent with the
presence of linear molecules, whereas circular plasmid
DNA migrated much more slowly (track 7).

Discussion

The CompGen program allowed the easy generation of
theoretical recombinants with control of the recombination
parameters. The identification of “natural” recombination
sites is not trivial; on average, there are about 19 produc-
tive recombinants per cluster pair. The number of recom-
binants is proportional to the square of the number of
clusters so that a threefold increase in the number of
clusters will result in nearly ten times as many recombi-
nants. Even with the 47 clusters used here, there are already
almost 12,000 unique compounds. An important feature of
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Fig. 5 S. lividans 66 strains transformed with plasmid pKW140: the
right-hand side shows a clone that was selected for StrX, the left-hand
side is a mnon-selected transformant. PCR was used to amplify
sequences at each end of the actinorhodin biosynthesis cluster from
S. coelicolor A3(2) and these sequences were assembled in an EcoRI-
HindIII cassette separated by a wild-type rpsL* gene. The cassette
was cloned into a low copy number E. coli-Streptomyces shuttle
vector (pIJ903) and the resulting plasmid (pKW140) was introduced
into a streptomycin-resistant (rpsL) mutant of S. lividans 66 [which is
closely related to S. coelicolor A3(2)], strain TK64 selecting
transformants with thiostrepton. When StrR derivatives were selected,
about 25% showed intense blue colonies, because of overproduction
of actinorhodin

the program is that it generates the chemical structures of
the linear backbone of products and allows the export of
the compounds in a standard SMILES format [28]. We
wrote a program to calculate simple chemical parameters
of the compounds: molecular weight and degree of
reduction. Figure 2 shows that the recombinant compounds
possess a high degree of chemical variability and are
clustered around the parent compounds, which are of
known pharmaceutical interest. The SMILES format also
allows the use of more sophisticated chemoinformatics
programs to look for promising compounds using a range
of strategies. The recombinatorial approach will allow the
mining of the complete range of potential natural chemical
diversity. It is likely that the compounds currently pro-
duced by microorganisms have been selected to fulfil
specific functions such as inhibiting competitors and other
pharmacological effects are more or less incidental e.g. the
immune suppressor rapamycin was first isolated because of
its weak antifungal activity [5]. Thus, many chemical
structures with useful pharmacological properties would
not be selected in nature.

In silico studies can predict new polyketide products,
but this is only useful if it is possible to generate strains
producing them. Streptomyces species are attractive for this
purpose as they have a well-developed molecular genetics
and there is extensive experience of industrial fermenta-
tion. A further critical advantage is that Streptomyces
chromosomes [4] and many plasmids [13] are linear so that
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Fig. 6 Asel digests of plasmids carrying the actinorhodin cluster.
a PFGE gel of DNA digested with Asel: track 1, S. coelicolor M146;
track 2, S. lividans TK64; tracks 3—14, independent blue streptomy-
cin-resistant clones of S. lividans TK64 (pKW140); track 15, plasmid
pKW140; track 16, plasmid plJ903. PFGE program: 6 V/cm for 14 h,

BamHl

<&
SLP2 end
%;p

BamHI
BamHI - {>SLP2 end pKW201
11079 bp
pSLA2 ori
Hindlll#

Munl

Fig. 7 Map of plasmid pKW201

Fig. 8 PFGE of pKW201 in S. lividans 66. a track 1, A-HindIIl,
tracks 2-3, two transformants of pKW201 into S. lividans TK64;
tracks 4-5, two transformants of pKW201 into S. lividans 1326; track
6, pCL204 digested with Hindlll and Xhol; track 7, pCL204
undigested (circular DNA). PFGE program: 5 V/cm, 16 h, ramped
20—40 s. b Southern blot of the gel from (a) hybridized with the zsr
gene

b
1 2345 67 8 9 10111213141516

pulse times ramped 2-6s. b Southern blot of the gel from
(a) hybridized with the 2.8-kb EcoRI-HindIII fragment from plasmid
pKWO040 carrying both ends of the actinorhodin cluster and the rpsL
gene

single crossovers generate viable recombinant molecules
[19]. The successful engineering of PKS clusters needs
effective methods to mobilize them onto various replicons.
We used a method in which the ends of a cluster are cloned
into the target replicon and homologous recombination
with a complete copy of the cluster transfers it onto the
replicon. As such recombination events are rare, it is nec-
essary to have a selection for transfer events. We chose the
rpsL gene as a marker gene, because it had previously been
used to select recombination events in a Streptomyces
species [8]. Successful transfer of the actinorhodin gene
cluster [15] was demonstrated in 10 out of 12 actinorhodin-
overproducing blue colonies (Figs. 5, 6). There was also
higher production in shake flasks (median value of blue 24
clones 3.8 mg/l compared to host strain 0.3 mg/lI). How-
ever, the production of the blue clones fluctuated a lot,
which probably reflected a need to optimize the fermen-
tation conditions e.g. pH control [3]. This provides a gen-
eral strategy for obtaining overproduction of sequenced
clusters and for transferring them to other more convenient
hosts. Two of the blue colonies did not show any visible
plasmid bands (Fig. 6, tracks 3 and 12) and these clones
were not investigated further. However, the fact that they
are resistant to thiostrepton suggests that part of pKW 140
(Fig. 4) including the zsr gene has probably integrated into
the chromosome. It is conceivable that the resulting DNA
rearrangements resulted in duplication of part of the act
cluster resulting in overproduction; close examination of
the digestion of one of the clones (Fig. 6a, track 12) shows
some weak bands that could correspond to such a low copy
number DNA amplification. We also describe the con-
struction of the linear vector pPKW201, which has restric-
tion sites for the cloning of transfer cassettes.
Recombination between two clusters could be carried
out in Streptomyces if both are carried on linear DNA
molecules. It would be possible to select homoeologous
recombination between clusters by incorporation of suit-
able selective markers flanking the clusters. The different
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recombination events could be distinguished rapidly using
a set of PCR primers for different regions of the two
clusters. If a particular recombinant were wanted, the novel
junction could be synthesized using standard PCR-based
methods and used to force the desired recombination event.
The advantage of such approaches is that, when an addi-
tional cluster is cloned, it can be used for recombination
with all the existing cloned clusters allowing the number of
compounds produced to grow rapidly. Continuing progress
in synthetic biology [6, 16] should improve the methods of
synthesizing long stretches of DNA and reduce the cost.
PKS clusters are of significant size (50-150 kb) so they
would need comparable technology to that used for chro-
mosome synthesis of Mycoplasma species (1.08 Mb). Once
nucleotide sequences of several clusters had been synthe-
sized, they could be used to synthesize all of the recom-
binants between those clusters. A synthetic biology
approach needs suitable vectors (e.g. the linear vector
pKW201 described in this paper) and would benefit from
the ability to transfer clusters between different plasmid
vectors and/or the chromosomes of different species using
the rpsL-based constructs.

An important question, which can only be answered
experimentally, is how high the yield of novel polyketides
will be. The fact that novel polyketide synthases, which
evolve in nature, must have high enough yields to allow
selection to act on the products, suggests that this approach
is promising. As discussed above, this approach will allow
access to polyketide structures that do not have selective
advantages to Streptomyces hosts and most of the novel
structures will probably have no antibacterial activity.
However, any novel antibiotic is likely to kill the host as
there will be no resistance mechanism. A strategy to
overcome this problem would be to control expression of
the new recombinant products. In many cases, this might
be achieved by putting the transcriptional activator genes
of clusters under control of a promoter that can be switched
on, when production is desired.

A major issue for the pharmaceutical industry is main-
taining a continuous supply of promising new leads for
drug development. We propose that recombinatorial bio-
synthesis offers a new and exciting strategy whereby large
and chemically diverse libraries of polyketides can first be
screened in silico and then generated in the laboratory for
further new lead development. Given that many polyke-
tides are used clinically as antimicrobials, this new strategy
comes at an important time, with ever increasing numbers
of pathogens becoming resistant to our current antibiotic
armamentarium.
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