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ABSTRACT
Bacterial natural products are important sources of chemical diversity for commercial exploitation by the 
pharmaceutical industry. In the past few years there has been a lot of interest in generating new compounds 
as potential drug candidates by manipulating the programming of biosynthetic gene-clusters in vitro. In 
order to assist this process a novel expert system for in silico drug design and discovery was developed 
(3DIS). The expert system has server-client architecture, with analysis being carried out on the server and 
a Java user interface for the client which can be a PC, Mac or Linux. 3DIS consist of two program packages: 
for semi-automatic DNA sequence analysis (ClustScan) and for the generation of novel gene-clusters by 
virtual homeologous recombination (CompGen). ClustScan and CompGen were used to generate two spe-
cialised databases. CSDB is a ClustScan database of well characterised polyketide and nonribosomal peptide 
natural products. The database contains 170 uniformly annotated natural product gene-clusters. In contrast, 
r-CSDB is a virtual compound database for molecular modelling studies produced by the CompGen program 
package and contains more than 11,796 novel compounds. In silico studies are only useful if it is possible to 
generate strains producing them. Continuing progress in synthetic biology will improve methods to achieve 
that. A major issue for the pharmaceutical industry is maintaining a continuous supply of promising new 
leads for drug development. We propose that recombinatorial biosynthesis offers a new and exciting strategy 
whereby large and chemically diverse libraries of polyketides can first be screened in silico and then gener-
ated in the laboratory for further new lead development. Given that many polyketides are used clinically as 
antimicrobials, the 3DIS comes at an important time when with ever increasing numbers of pathogens are 
becoming resistant to our current antibiotic armamentarium.
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INTRODUCTION
Bacterial natural products are important source of chemical diversity for commercial exploitation by the 
pharmaceutical industry. In the last few years there has been a lot of interest in generating new compounds 
as potential drug candidates by manipulating the programming of biosynthetic gene-clusters in vitro (1).
The modular polyketide synthases (PKS), non-ribosomal peptide synthethases (NRPS) and polyketide/
peptide (PKS/NRPS) hybrid gene-clusters, which can collectively be called Thiotemplate Modular Systems 
(TMS) (2), are gene-clusters whose protein products are involved in the biosynthesis of very important class-
es of compounds that have many useful biological activities (3). These modular biosynthetic gene-clusters 
are particularly interesting as they function according to a “building block” principle in which each module 
is usually responsible for a single extension step during the synthesis of the product. DNA sequencing of 
PKS, NRPS and hybrid gene-clusters showed that their products are multi-functional enzymes with multi-
modular organisation. The growth of the polyketide or peptide carbon chains begins with the condensation 
of starter unit with the first extender unit and proceeds up to the completion of the linear polyketide, peptide 
or hybrid chains. Each module - minimally encoding ketosynthase (KS)/condensation (C) domains, acyl-
transferase (AT)/adenylation (A) domains and acyl carrier protein (ACP)/peptidyl carrier protein (PCP) 
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domains – is responsible for the extension of a polyketide, peptide or hybrid chain by one building block 
and might contain additional catalytically active domains for the modification of incorporated building 
blocks. The last module of a PKS, an NRPS or a hybrid gene-cluster usually ends with a thioesterase (TE) 
domain that is responsible for release of the product and its cyclisation to form an “aglycon”. After that, 
post-polyketide or post-peptide enzymes complete the biosynthesis of a polyketide, peptide or hybrid final 
structures (for review see: 4). Modularity implies that the chemical structures of the aglycon products can be 
predicted from the DNA sequences by analysing the specificity and functionality of the individual domains 
in the encoded polypeptides (3).
A number of computer programs have been developed for the analysis of new modular PKS, NRPS or hybrid 
gene-clusters: SEARCHPKS (5), DecipherITTM (6), NRPSpredictor (7), Biogenerator (8), MAPSI, (9), Clust-
Scan (10), CLUSEAN (11), NP.searcher (12) and SBSPKS (13). Some of them (SEARCHPKS, MAPSI and SB-
SPKS) have been used to structure and maintain publically available databases of polyketides, peptides and 
hybrid compounds. The PKSDB-NRPSDB database (14; 13) holds data on publically available polyketide 
and peptide gene-clusters including domain and module architecture and the chemical structures of the 
gene-clusters products. Another useful publically available polyketide database is the ASMPKS database (9). 
There is also the database of non-ribosomal peptide, the Norine database (15) that does not contain informa-
tion on DNA sequences. In order to use these tools and assist this process we have developed a novel expert 
system, 3DIS (an acronym of the term: “In Silico Drug Discovery and Development”), for the in silico drug 
design and discovery which is described here.

MATERIALS AND METHODS
The 3DIS has server-client architecture, with analysis being carried out on the server and a Java user interface 
for the client, which can be a PC, Mac or Linux machine. The CSDB (the ClusScan DataBase) and r-CSDB 
(the recombinant-ClustScan DataBase) data are stored in a relational database using a PostgreSQL database 
system. The graphical interface has been implemented using Java Server Page (JSP) technology with the 
Apache tomcat server (http://tomcat.apache.org/). They are available at http://bioserv.pbf.hr/cms/. The follow-
ing informatics tools and languages have been used: Universal Markup Language [UML, (16)], BioSQL v1.29 
(http://obda.open-bio.org/), Perl (http://www.perl.org/), Java (http://java. sun.com/) and JavaScript (http://ja-
vascript.internet.com/). Chemical structures of the starter and extender building blocks were encoded as 
extended isomeric SMILES [Simplified Molecular Input Line Entry System (17)] allowing display of product 
structures using Jmol v. 11.2.14, 2006 (http://www. jmol.org/) and/or ChemAxon (18).

RESULTS AND DISCUSSION
The 3DIS consists of two suites of programs for the semi-automatic DNA sequence analysis (ClustScan) 
(10) and for the generation of novel gene-clusters by virtual homeologous recombination (CompGen) (19). 
ClustScan and CompGen are used for the generation of two specialised databases. The CSDB is a ClustScan 
database of well characterised polyketide, peptide or hybrid natural products. On the other hand, r-CSDB is 
a virtual compound database for molecular modelling studies developed by the use of CompGen program 
package.

The ClustScan program package
The ClustScan (the Cluster Scanner) is an integrated suite of computer programs that take a “top down” ap-
proach to the annotation of gene-clusters encoding TMSs. ClustScan can analyse the large amounts of data 
produced by sequencing projects (genome and metagenome data sets) and can generate good predictions 
of the most likely chemical products from these gene-clusters, allowing identification of interesting gene-
clusters. Rapid progress in sequencing technology makes the use of ClustScan ever more important. Without 
such a tool, it is not practical to carry out sufficiently detailed analyses of the mass of data already available 
today. For example, even using a conservative estimate that every actinobacterial genome contains 10 TMS 
gene-clusters and that 1,000 sequenced genomes will soon be available, there will be 10,000 new TMS gene-
clusters, potentially encoding novel chemical entities (3; 10). We have used the ClustScan program package 
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to analyse prokaryotic (20) and eukaryotic (21; 22) genome (3) and metagenome (10) DNA sequences.

The CompGen program package
The CompGen (the Compound Generator) is also an integrated programs suite written in Java. Like Clust-
Scan, CompGen runs on a LINUX server with a Java client on the user’s computer. The major goal of the 
CompGen suite of programs is structuring and maintaining a publically available database of the entirely 
novel chemical entities generated by the in silico modelling of homeologous recombination between se-
quenced TMS gene-clusters. Like ClustScan, CompGen also predicts the chemical structures from the in 
silico generated recombinants. The future role of CompGen will be to predict the biological activities of these 
chemical entities using computer-aided drug design technology (23). Pairwise recombination between 1,000 
TMS gene-clusters should generate nearly 1,000,000 new gene-clusters, each potentially producing a novel 
chemical entity. Most exciting of all, when such a product looks promising in silico, a “designer bug” can be 
created in the laboratory to produce it (see below).
ClustScan and CompGen were used to structure and maintain publically available databases CSDB and 
r-CSDB containing genetic, biochemical and chemical information on the well known natural products 
synthesised by TMSs, as well as of predicted, entirely novel recombinant products.

The CSDB database
The CSDB is a database containing genetic, biochemical and chemical information on natural products syn-
thesised by TMSs and annotated using the ClustScan suite of programs (10). At present there are 57 PKS, 51 
NRPS and 62 hybrid gene-clusters in CSDB (170 in total) (Fig. 1). The CSDB database contains all data start-
ing with gene-clusters DNA sequences together with the DNA and protein sequences of annotated genes, 
modules and domains of TMS gene-clusters present in FASTA formats. It also contains all known polyketide 
and peptide building blocks in the form of isomeric SMILES, along with the programmed logic that allows 
total prediction of linear and partial prediction of cyclic polyketide and peptide chains and aglycons in the 
2-D or 3-D forms suitable for further computer processing. Polyketide, peptide and hybrid linear chain and 
aglycons can be visualised using Jmol or ChemAxon. The CSDB database is fully searchable using ClustScan 
TMS gene-clusters annotations as well as TMS compound structures. The CSDB data can be manipulated 
using a number of conventional bioinformatic tools and programs.

The r-CSDB database
The ClustScan (10) and CompGen (Starcevic et al., in preparation) suites of programs were used to structure 
and maintain the r-CSDB database of predicted, entirely novel recombinant products that can be used for the 
in silico screening with the computer aided drug design technologies (23). At present there are 47 parental 
PKS gene-clusters, 777 cluster pairs and 20,187 recombinant gene-clusters in r-CSDB database (Fig. 2) that 
generates 11,796 unique compounds. Like CSDB, r-CSDB also contains all data starting with gene-clusters 
recombinant DNA sequence, the DNA and protein sequences of genes, modules and domains and of the re-
combinant gene-clusters present in FASTA formats. It also contains all known polyketide and peptide build-
ing blocks in the form of isomeric SMILES, along with the programmed logic that allows total prediction 
of linear and partial prediction cyclic polyketide and peptide chains and aglycons in the 2-D or 3-D forms 
suitable for further computer processing. Polyketide, parental and recombinant linear chain and agycons can 
be also visualised using Jmol or ChemAxon. The r-CSDB database is also fully searchable using CompGen 
(Starcevic et al., in preparation) suit of programs of TMS gene-cluster annotations as well as recombinant 
compound structures. As CSDB, the r-CSDB data can also be manipulated using a number of conventional 
bioinformatic tools.
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Figure 1. Screenshots of CSDB. (A) CSDB homepage and (B) the data of the erythromycin aglycon.

Construction of strains producing novel chemical structures
In silico studies are only useful if it is possible to generate strains producing them. An efficient system for 
the selection of recombination between gene-clusters, providing an effective method to mobilize hybrid 
gene-clusters onto various replicons which is necessary for successful engineering in vivo was described 
(Starcevic et al., in preparation). The advantage of such approaches is that, when a gene-cluster is cloned, it 
can be used for recombination with all the existing cloned gene-clusters allowing the number of compounds 
produced to grow rapidly. Continuing progress in synthetic biology (24) should improve the methods of 
synthesizing long stretches of DNA and reduce the cost. PKS gene-clusters are of significant size (50-150 kb) 
so they would need comparable technology to that used for chromosome synthesis of Mycoplasma species 
(1.08 Mb).
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Figure 2. Screenshots of r-CSDB. (A) r-CSDB homepage, (B) the data of 7th recombinant between ery and nid gene-
clusters and (C) the graphical presentation of homeologous recombination.

CONCLUSION
A major issue for the pharmaceutical industry is maintaining a continuous supply of promising new leads for 
drug development. We propose that recombinatorial biosynthesis 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 polyketides are used clinically as antimicrobi-
als, the 3DIS comes at an important time, with ever increasing numbers of pathogens becoming resistant to 
our current antibiotic armamentarium.
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