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Abstract Modular biosynthetic clusters are responsible

for the synthesis of many important pharmaceutical prod-

ucts. They include polyketide synthases (PKS clusters),

non-ribosomal synthetases (NRPS clusters), and mixed

clusters (containing both PKS and NRPS modules). The

ClustScan database (CSDB) contains highly annotated

descriptions of 170 clusters. The database has a hierar-

chical organization, which allows easy extraction of DNA

and protein sequences of polypeptides, modules, and

domains as well as an organization of the annotation so as

to be able to predict the product chemistry to view it or

export it in a standard SMILES format. The recombinant

ClustScan database contains information about predicted

recombinants between PKS clusters. The recombinants are

generated by modeling homologous recombination and are

associated with annotation and prediction of product

chemistry automatically generated by the model. The

database contains over 20,000 recombinants and is a

resource for in silico approaches to detecting promising

new compounds. Methods are available to construct the

corresponding recombinants in the laboratory.

Keywords Polyketides � Non-ribosomal peptides �
PKS/NRPS hybrids � Computer programs � Databases

Introduction

Modular polyketide synthase (PKS), non-ribosomal peptide

synthetase (NRPS), and polyketide/peptide (PKS/NRPS)

hybrid gene clusters, which are collectively called thio-

template modular systems (TMS) [7], are gene clusters

whose protein products are involved in the biosynthesis of

very important classes of compounds that have many

useful biological activities [6, 9, 13, 32]. These modular

biosynthetic 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 organization. The modules themselves

are made up of several domains. A PKS extension module

requires the three domains: ketosynthase (KS), acyltrans-

ferase (AT), and acyl carrier protein (ACP), but often

contains further reduction domains, which modify the

incorporated substrate. Similarly, an NRPS extension
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module requires the three domains: condensation (C),

adenylation (A) and peptidyl carrier protein (PCP) and

sometimes contains further domains to modify the sub-

strate. The final module of a gene cluster usually ends with

a thioesterase (TE) domain, which is responsible for the

detachment of the product from the enzyme and its cycli-

zation. After that, post-polyketide or post-peptide ‘‘deco-

rating’’ enzymes produce the final structure [for reviews

see: 8, 12, 15, 21, 28]. The modular organization allows

much of the chemical structure of a product to be predicted

from the DNA sequence [32].

The DNA sequences of many clusters are available in

public databases, but these are usually not annotated in

detail; in many cases coding regions are annotated as

polypeptides containing PKS or NRPS modules, but no

further details of module specificities are given. There are

also many chemical structures of products in databases, but

they are not usually linked to the biosynthetic clusters. A

number of computer programs have been developed for the

analysis of PKS, NRPS and hybrid gene clusters:

SEARCHPKS [29], DecipherIT [30], NRPSpredictor 1 and

2 [19, 20], Biogenerator [31], MAPSI, [25], ClustScan [22],

CLUSEAN [26], NP.searcher [16], SBSPKS [1], and anti-

SMASH [17]. The de novo analysis of new sequences is

relatively time-consuming and generates considerable data

about the specificities of domains and modules and the

chemical structures of the products. It is, therefore,

attractive to incorporate the results of the analyses in a

database, which allows easy visualization of the biosyn-

thetic steps and extraction of DNA and protein sequences

of domains.

The PKSDB-NRPSDB database [1, 2], which is

associated with the SEARCHPKS analysis program, holds

data on publicly available polyketide, peptide, and hybrid

gene clusters including domain and module architecture

and the chemical structures of the gene cluster products.

Another useful publicly available polyketide database is

the ASMPKS database [25], which was developed on the

basis of the MAPSI program. The DoBISCUIT database

holds data on PKS and NRPS clusters derived from the

literature with a manual re-annotation of the clusters to

achieve uniform descriptions of the modules and

domains [11]. The Norine database [5] contains infor-

mation about the chemistry of non-ribosomal peptides,

but does not contain information on DNA sequences. All

these databases rely on extensive manual curation, so

that they require considerable effort to add new clusters

and there are dangers of errors being introduced.

Recently, ClusterMine360, a database of microbial PKS/

NRPS biosynthesis was published [4; http://cluster

mine360.ca/Default.aspx], which attempts to overcome

the labor of the curation problem by public sourcing of

entries.

The problem of populating databases is becoming ever

greater with the rapid progress in sequencing technology.

For example, even using a conservative estimate that every

actinobacterial genome contains ten TMS gene clusters and

that 1,000 sequenced genomes will soon be available, there

will soon be 10,000 new TMS gene clusters, potentially

encoding novel chemical entities [22, 32]. The ClustScan

program [22] was developed to analyze modular clusters,

but unlike the other programs, takes a ‘‘top-down’’

approach to the annotation of gene clusters so that the

cluster is also considered as a whole unit. A special XML

data structure was developed so that the polypeptides,

modules, and domains are organized in a hierarchical way

and it is possible to predict the structures of the products. In

this paper, we describe how this data structure allows us to

construct the ClustScan database (CSDB), which can be

populated directly from the ClustScan program without any

further manual curation steps.

The CompGen program [23] models homologous

recombination between modular PKS clusters and was

developed to help overcome problems of low yield in

genetically manipulated clusters, when inappropriate

recombination junctions are employed. It utilizes the XML

data structure from ClustScan to predict the chemical

structures of products from recombinant clusters. Contin-

uing advances in computer-aided drug design technology

[14] are making it possible to predict which of these

chemical entities are likely to possess useful biological

activities. Initial studies with 47 cluster pairs generated

nearly 12,000 polyketide structures [24] so that, if 1,000

gene cluster sequences were available, in silico recombi-

nation should generate over 5,000,000 polyketide struc-

tures, mostly novel chemical entities. Most exciting of all,

when such a product looks promising in silico, a ‘‘designer

bug’’ can be created in the laboratory to produce it [23, 24,

32]. In this paper, we describe the recombinant ClustScan

database (rCSDB), which contains information about in

silico recombinants.

Materials and methods

The databases are implemented using MySQL [http://

www.mysql.com/]. The Web interfaces were written

using Google Web Toolkit (GWT; https://developers.

google.com/web-toolkit/overview) technology with the

Apache tomcat server [http://tomcat.apache.org/]. The DNA

sequences of the clusters were obtained from GenBank

(http://www.ncbi.nlm.nih.gov/) and were annotated using

ClustScan [22]. The in silico recombinants were obtained

using the CompGen program [23, 24]. The CSDB and

r-CSDB databases are freely available at http://bioserv.

pbf.hr/cms/.
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Results

The ClusScan database (CSDB)

Each cluster has a hierarchical structure with genes con-

taining modules that are made up of domains. This is

reflected in the organization of the database (Fig. 1); a

detailed description of the structure of tables is shown in

Fig. 1S in the supplementary material. The domains are

classified into types based on activities and specificities.

The domain properties determine the nature of the chem-

ical extender unit, which is built in by the module and the

chemical structure of the extender unit (in an isomeric

SMILES format, [27]) is associated with each module. All

of these data are generated by a ClustScan analysis of

the cluster DNA sequence. If literature references for the

cluster are available, they can be added manually to the

cluster entry. The information from ClustScan can auto-

matically generate the chemical structure of the linear

product, but automatic prediction of the cyclization, which

occurs for most products, is not at present feasible. How-

ever, if the cyclized structure is known, it can be added to

the aglycone field of the entry. At present, there are 57

PKS, 51 NRPS, and 62 hybrid gene clusters in CSDB (170

in total); the clusters are listed and can be selected by

clicking (Fig. 2S of the supplementary material). These

clusters are derived from actinomycetes, myxobacteria, and

Bacillus species, but the database structure is suitable for

any bacterial modular clusters.

The specially written Web interface allows several

clusters to be opened in separate tabs facilitating compar-

ison. The genetic structure of each cluster is represented in

a cartoon (Fig. 2a) with genes, modules, and domains. The

cartoon image can be downloaded in PNG-format

(Fig. 2b). The details window below (Fig. 2c) shows gen-

eral information about the cluster and its product and lit-

erature references, if available in the database. It also

shows the linear chemical structure and (if available) the

cyclized aglycone structure. Clicking on a module changes

the details window to module information including loca-

tion in the DNA and the nature of the extender unit

incorporated. Similarly, clicking on a domain gives infor-

mation of the location, activity, and specificity of a domain.

It is possible to download DNA or protein sequences of the

genes, modules, or domains as well as the DNA sequence

of the whole cluster (see: Figs. 3S to 6S in the supple-

mentary material).

There is a search function that allows the user to find

clusters, modules, and domains with particular properties.

For instance, it is possible to list all AT domains that utilize

a particular substrate (see Fig. 7S in the supplementary

material). The DNA or protein sequences of chosen

domains can be downloaded for analysis. This facility to

obtain collections of modules or domain solutions from

CSDB has been used to generate data used in several

publications. Phylogenetic analyses using KS and C

domains, respectively, were used to help assemble PKS and

NRPS clusters in the genome sequence of Streptomyces

tsukubaensis [3]. PKS modules extracted from CSDB were

used for an analysis of synonymous vs. non-synonymous

codons in order to identify regions undergoing strong

selection, which helps in the selection of targets for in vitro

manipulation of clusters [33]. Clusters and domains were

used for the analysis of PKS cluster evolution, which

identified gene conversion and horizontal gene transfer as

important forces [34].

The recombinant-ClustScan database (r-CSDB)

r-CSDB uses CSDB for information on parent clusters. It

has tables for each pair of clusters that have been used for

recombination, which are associated with tables corre-

sponding to each recombinant, which detail the recombi-

nation sites in each recombinant (Fig. 1, Fig. 1S in the

supplementary material). The DNA sequences of the

recombinants and the genetic structure of the recombinant

clusters are generated from this information using data

from CSDB. At present, there are 47 PKS parental clusters

and 20,187 recombinant gene clusters in the r-CSDB

database, which generate 11,796 unique compounds (see

Fig. 8S in the supplementary material). Data can be entered

into the database by importing further parental clusters

Fig. 1 Structure of CSDB and r-CSDB. Each block represents a table

in MySQL and details of the tables are shown in Fig. 1S. The r-

CSDB-specific tables are in orange. r-CSDB uses information from

CSDB to reconstruct the sequence and genetic structure of

recombinants
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from the CSDB database and data about recombination

sites from the CompGen program allowing easy expansion

of the database.

r-CSDB can be accessed using a specially written Web

interface that generates the information about recombinant

DNA sequences and the biosynthetic pathways and prod-

ucts from the database entry. After selecting one parental

cluster, a list of clusters for which there are recombinants is

shown. Selection of the second parent shows a list of

recombinants and by clicking on the list it is possible to see

the details (Fig. 3). The locations of the recombination

sites are shown and a cartoon showing the genetic struc-

tures of the parents and the recombinant is shown. The

predicted chemical structure of the recombinant product is

shown as an isomeric SMILES and as a chemical structure.

It is possible to download the DNA sequence of the

recombinant. It is also possible to get an overview of the

chemical properties of the recombinants generated from a

particular parent. For example, Fig. 4 shows the distribu-

tion of molecular weights and degree of reduction for

recombinants generated between the avermectin cluster

and all other clusters. It is also possible to display the

information for recombinants between a single pair of

clusters.

The Web interface offers a simple and convenient tool

for working with small numbers of recombinants. When

Fig. 2 Screenshots of the avermectin cluster in CSDB. a Cartoon

view of the genetic structure of the cluster: genes are shown as red
arrows, modules as blue bars, and domains as green circles. b General

information about the cluster with chemical structures of the linear

backbone and aglycone together with the isomeric SMILES descrip-

tions. Clicking on the ‘‘Image’’ button produces a window containing

the cartoon of cluster genetic structure in PNG format (c)
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larger quantities of data are needed (e.g., for processing a

large number of recombinant chemical structures with

chemoinformatic programs) the standard tools incorporated

in MySQL can be used to export the appropriate

information.

Discussion

The CSDB and r-CSDB databases are based on the XML data

structure developed for ClustScan [22] and are implemented

using MySQL. This links the DNA sequences to the proteins

and the chemical structure of the products. This allows easy

direct entry of new data, avoiding errors associated with

manual steps and considerably reducing the labor of adding

new clusters, which is a major factor reducing the growth of

most other databases for modular biosynthetic clusters [1, 2,

5, 25]. ClusterMine360 [4] tries to overcome this problem by

public sourcing of entries, but it is not yet clear how suc-

cessful this is for accuracy and growth of the database. The

data structure of CSDB is also well suited in dealing with the

consequences of genetic manipulation of the clusters. The

present data structure is designed for bacterial clusters and it

is easy to add profiles allowing the identification of novel

domains or domains in unusual organisms, which may not be

recognized by the standard profiles. At present, the data

structure is not suitable for clusters derived from eukaryotes

(e.g., fungi, slime moulds, plants), because it does not allow

gene models with introns. If such models were implemented,

it would be possible to include such clusters. However, most

of the known eukaryotic clusters involve either iterative

PKSs, where the chemical structure cannot be predicted

as the number of iterative steps is unknown, or clusters for

b-lactam synthesis, where the conserved NRPS synthesizes

the standard tripeptide precursor, i.e., the structure is clear

without further analysis. Other databases allow the extrac-

tion of sequences associated with particular clusters. How-

ever, CSDB also allows the extraction of sets of sequences

with particular properties (e.g., AT domains with the same

substrate specificity), which is a very useful resource for a

variety of purposes including manipulation of clusters and

evolutionary studies. Evolutionary studies are of more than

just academic interest as they can help to assemble clusters in

genome sequencing projects [3] or suggest strategies to

develop new recombinant products [33, 34].

The r-CSDB is a unique database of in silico recombi-

nants, which will become of ever-increasing interest. On the

one hand, computer-aided drug design technology is

advancing rapidly [14], which increases the efficiency of

recognizing promising candidates. On the other hand,

advances in cloning technology and synthetic biology make

it easier to construct recombinants in the laboratory to

produce the desired compounds. Vectors and tools are

available to construct recombinants using traditional genetic

Fig. 3 Screenshot of r-CSDB information about a recombinant

between the avermectin and spinosad clusters. Information about

the locations of the recombination sites in the two clusters and the

predicted chemical structure of the product as well as the SMILES

description are shown. The cartoon shows the genetic structures of the

parents and the recombinant. By clicking on the FASTA button the

DNA sequence of the recombinant can be downloaded
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engineering approaches [24]. The size of clusters (50-150 kb

of DNA) is within the reach of DNA synthesis approaches

and, if many recombinants were required, it would be pos-

sible to construct them economically by using common DNA

segments for different recombinants [10, 18].
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