
ORIGINAL PAPER
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Abstract Structural characterization of enzymes that
belong to microbial metabolic pathways is very impor-
tant for structure-based drug design since some of these
proteins may be present in the bacterial genome, but
absent in humans. Thus, metabolic pathways became
potential targets for drug design. The motivation of this
work is the fact that Mycobacterium tuberculosis is the
cause of the deaths of millions of people in the world, so
that the structural characterization of protein targets to
propose new drugs has become essential. DBMODEL-
ING is a relational database, created to highlight the
importance of methods of molecular modeling applied
to the Mycobacterium tuberculosis genome with the aim
of proposing protein-ligand docking analysis. There are
currently more than 300 models for proteins from
Mycobacterium tuberculosis genome in the database. The
database contains a detailed description of the reaction
catalyzed by each enzyme and their atomic coordinates.

Information about structures, a tool for animated gif
image, a table with a specification of the metabolic
pathway, modeled protein, inputs used in modeling, and
analysis methods used in this project are available in the
database for download. The search tool can be used for
reseachers to find specific pathways or enzymes.

Keywords Bioinformatics Æ Mycobacterium
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Introduction

Despite the availability of effective short-course che-
motherapy (DOTS) and the Bacille Calmette-Guérin
(BCG) vaccine, the tubercle bacillus continues to claim
more lives than any other single infectious agent [1].
Recent years have seen increased incidence of tubercu-
losis in both developing and industrialized countries, the
widespread emergence of drug-resistant strains and a
deadly synergy with the human immunodeficiency virus
(HIV). In 1993, the gravity of the situation led the World
Health Organization (WHO) to declare tuberculosis a
global emergency in an attempt to heighten public and
political awareness [2]. The combination of genomics
and bioinformatics has the potential to generate the
information and knowledge that will enable the con-
ception and development of new therapies and inter-
ventions needed to treat this airborne disease and to
elucidate the unusual biology of its aetiological agent,
Mycobacterium tuberculosis.

The treatment of tuberculosis is a special problem in
the field of chemotherapy.Many of the drugs employed to
treat the disease are used only for treating infections
caused by mycobacteria. Treatment of the active case
of Mycobacterium tuberculosis always includes
simultaneous therapy with two or more of the frontline
drugs: isoniazid, ethambutol, rifampicin and streptomy-
cin, which are used to decrease the rate of emergence of
resistant strains as well to increase the antibacterial ef-
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fect[3, 4, 5]. Recent outbreaks of tuberculosis caused by
multidrug-resistant (MDR) strains, mainly in individuals
infected with HIV, have added a scaring element to the
scenario, and also created a wordwide interest in
expanding current programs for development of new
drugs of different kinds to the existing ones, and based on
the principle of selective toxicity on enzymes or structure
of the bacillus, both to treatMt strains resistant to existing
drugs, and shorten the duration of treatment to improve
patient compliance [6]. Because of the importance of the
Mt genome, large-scale molecular modeling became nec-
essary to model new structures for drug development.
DBMODELING is a relational database of Mt, which
contains models for segments of more than 300 proteins
identified in the Mt genome (Table 1). The main interest
in the study of metabolic pathways of some infectious
agents is the fact that some of these pathways may not be
present in humans, making them selective targets for drug
design, decreasing impact of symptoms of drugs in the
organism. This identification and characterization of ex-
treme importance for drug development in the future.

One of the most important applications of molecular
modeling techniques in structural biology is docking of a
ligand molecule to a receptor, such as a protein [7, 8]. If
the structure of the receptor is known, the application is
essentially one of structure-based drug design. These
methods have a number of related aims; they often seek
to identify the location of the ligand-binding site and
perhaps the geometry of the ligand in the active site.
Another goal is the correct ranking of a series of related
ligands in terms of their affinity, or to evaluate the
absolute binding free energy as accurately as posssible [9].

DBMODELING is a bioinformatics database that
describes metabolic pathaways and their component
reactions, enzymes, and substrates [10]. Furthermore,
since we aimed to use this database for drug design,
special attention is devoted to potential protein targets.

Methods

Molecular modeling

Molecular modeling methods, first reported by Browne
et al. [11] are able to predict the 3D structure of a protein

sequence by using information derived from homolo-
gous protein of known structure [12, 13]. The utility of
homology methods is evident when considering the vast
numbers of the open reading frames (ORFs), which are
potential protein coding sequences, produced as a result
of genome sequencing projects. It has been estimated
that of the order of 20—30% of these open reading
frames can be assigned to a fold classification derived
from structures in the PDB [14, 15].

If a 3D model of the protein of interest can be de-
rived, it may be usable as the basis for a structure-based
drug-design study. In addition, such models can be
useful aid to the rational design of experiments such as
site directed mutagenesis or in understanding protein
stability and function.

For modeling of proteins identified in the genome
from Mt, we used restrained-based modeling imple-
mented in the program MODELLER [12], which was
parallelized by the program Parmodel [16] on a Beowulf
cluster with 16 nodes (AMD Athlon 2100+: BioComp.
São José do Rio Preto, SP, Brazil). Parmodel was used
to model the Mt genome. It controls the distribution of
the MODELLER jobs on the Beowulf cluster using a
library from C language, message passing interface
(MPI). It allows parallel MODELLER execution and
decreases the processing time of the modeling process.

3D structure analysis

Difficult cases in homology modeling correspond to
protein sequences that only posses distant homologues
of known structure, where the level of sequence may be
low. In such cases incorrect alignment can lead to re-
gions of a model that have significant structural errors
[9].

The quality of the predicted model determines the
information that can be extracted from it. Thus, esti-
mating the accuracy of 3D protein models is essential for
interpreting them. The model can be evaluated as a
whole as well as in the individual regions. There are
many model evaluation programs and servers (Table 2)
[17, 18].

A basic requirement for a model is to have good ste-
reochemistry. Some useful programs for evaluating ste-
reochemistry are PROCHECK [17, 19] and
WHATCHECK [20]. The features of a model that are
checked by these programs include bond lengths, bond
angles, peptide bonds and side-chain ring planarities,
chirality, main-chain and side-chain torsion angles, and
clashes between non-bonded pair of atoms. The G-factor
is essentially just log-odds score based on the observed
distributions of the stereochemical parameters. There are
also methods to test 3D models that take into account
many spatial features compiled from high resolution
protein structures implicitly. These methods are based on
3D profiles [21, 22] and statistical potentials of mean
force [23, 24]. Programs implementing this approach in-
clude VERIFY3D [24], which measures the compatibility

Table 1 Contents of DBMODELING for the Mycobacterium
tuberculosis genome

Mycobacterium tuberculosis

Number of ORFs 3,924
Number of related structures 319
Number of solved protein structures 17
Number of modeled protein structures 302
Number of proteins with sterechemical
quality worse than 85%
(Percentage of residues in the allowed
regions of Ramachandran plot)

8

Number of pathways 102
Number of enzymes 294
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of a protein model with its sequence using a 3D profile
[25, 26]. All models were evaluated by the above pro-
grams and the RMSD from ideal geometry extracted for
each model with the program X-PLOR [27].

The purpose of PROCHECK and WHATCHECK is
to (a) verify the syntax of the file, (b) check the consis-
tency of an atomic model with the current library and
identify outliers for further investigation, (c) detect gross
errors in the structures, such as mistracing of the chain,
(d) check for local abnormalities of stereochemistry, and
(e) procedure global stereochemical quality criteria [28].
The atomic coordinates of the investigated enzyme are
required to use VERIFY3D and as result it generates a
profile window plot for the enzyme with the 3D-1D
score for each amino acid, the 3D profile score S for its
amino acid sequence, and the ideal score Sideal, calcu-
lated from the length of the enzyme. These programs
were used to assess the quality of the available models
and can be performed by any researcher in the
DBMODELING web page for each enzyme.

Database design

A MySQL (http://www.mysql.com) database based on
the relational database management system (RDBMS)
was developed to archive protein structures identified in
the Mt genome. All supporting data related to the 3D
structure modeling, such as protein name, atomic coor-
dinates in PDB format from modeled proteins, fasta
sequence, metabolic pathways, links to others databases
and information about the protein were arranged in the
MySQL [29] database under a master table. Four sepa-
rate tables in MySQL were developed to contain path
information for the image directory and text data related
to the modeled protein, and their analysis for all struc-
tures. The database was queried from an html client
using a Perl-CGI program, quick display of the records
as dynamically generated web pages in different frames.
Records were positioned, edited, retrieved, and dis-
played with various algorithms that were written in Perl
[30]. The search engine was developed to display results
of searches dynamically based on relational information
from the database about 3D structures using input data
such as keywords pertinent to the metabolic pathways or

specific proteins. The design of the database tables is
shown in Fig. 1. Due to the importance of protein
modeling, several databases were created, such as
MODBASE [31, 13] (http://salilab.org/modbase),
GTOP [32] (http://spock.genes.nig.ac.jp/�genome/
gtop.html) and others. However, the present database
offers tools not available in the previously cited data-
bases, such as structural quality analysis of the models,
animated figures for the models, and a more robust
modeling protocol (each model was chosen from a set of
1,000 models). The building of several models enhances
the chance of obtaining good structures because the
changes in the initial spatial restraints will generate
different conformations in the final structures. Since
several models are calculated for the same alignment, the
best structure can be selected by picking that with the
lowest value of the MODELLER objective function and
stereochemical quality. The value of the objective func-
tion in MODELLER is not an absolute measure in the
sense that it can only be used to rank models calculated
from the same alignment[12].

Database contents and update

DBMODELING will be growing the number of organ-
isms andmetabolic pathways, once new templates become

Table 2 Programs and web
servers useful in the evaluation
of comparative modeling

S server; P program
aUsed in evaluation of gener-
ated models by DBMODEL-
ING.

Model valuation

Name Type World Wide Web address
ANOLEA S http://www.fundp.ac.be/sciences/

biologie/bms/CGI/anolea.html
AQUA P urchin.bmrb.wisc.edu/�jurgen/aqua/
BIOTECH S biotech.embl-heidelberg.de:8400
ERRAT S http://www.doe-mbi.ucla.edu/Services/ERRAT/
PROCHECKa P http://www.biochem.ucl.ac.uk/�roman/

procheck/procheck.html
ProsaII P http://www.came.sbg.ac.at
PROVE S http://www.ucmb.ulb.ac.be/UCMB/PROVE
SQUID P http://www.ysbl.york.ac.uk/�oldfield/squid
VERIFY3Da S http://www.doe-mbi.ucla.edu/Services/Verify_3D/
WHATCHECKa P http://www.sander.embl-heidelberg.de/whatcheck/

code_gene
name_gene

product_gene

chain
length
identity

equation

pathway
code_pwy
name_pwy

enzyme
code_enz
name_enz

codes
code_gene
code_enz
code_pwy

information

template

similarity
score

blast_comment

Fig. 1 This diagram describes the entity relationships for database
tables. Each table is related to one code (code pwy, code enz and,
code gene). For each selected pathway there is only one code pwy,
which will select their non-redundant enzymes linking to the
information results about each enzyme. The diagram reports the
data set presentation in the web interface without redundancy
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available, new models will be built. Several tests were
performed with the contents of DBMODELING. The
fingerprints of database results are shown inFig. 1 and 2a,
b. The current form of DBMODELING shows infor-
mation about the statistical modeling such as the number
of genome sequences, proteins, stereochemical restraints
(proteins with £ 85% of residues in allowed regions of
Ramachandran plot are excluded), total number of pro-
tein from database and proteins already solved, which are
not contained in the database (Table 1).

DBMODELING is updated regularly to take into
account new sequences from others infectious agents,
and new template structures released by the PDB that
might allow the construction of models for previously
unmodeled proteins, or might provide a better template
for already existing model entries. The database will be
updated at least monthly to reflect the growth of the
sequence and structure databases, as well as improve-
ments in the methods and utilization of new softwares
used for analyzing the models.

Results and Discussion

Access and interface

The aim of the DBMODELING is to provide access to a
collection of annotated models generated by automated
homology modeling fromMt. All models in the database
are publicly accessible via our interactivewebsite at http://
www.biocristalografia.df.ibilce.unesp.br/tools/index.php.
The DBMODELING user interface provides user-
friendly menus, so that all information can be printed in
one step from any standard web browser (Figs. 2a, b). A
small ribbon representation is included to obtain a first
impression of the model structure. Model atomic coor-
dinates can be downloaded in PDB format and their se-
quences in fasta format. The database can be queried for
protein or metabolic pathway or gene name as keyword,
selecting the database table andoptions asAND,OR, and
only one keywords, to refine search. The search interface
allows combining all these different descriptors to com-
plex queries. For each model, DBMODELING provides
frames in web browsers, which are adjusted into table
form. The fields are defined with links to the target se-
quence entry in Swiss-Prot [33], the template structure

Fig. 2 a Description pathway-enzyme links to information about
enzyme, and b Result frame of web page for 3-dehydroquinate
synthase from Mt
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entries in PDB [34], structural information, analysis, and
information about the modeling, such as the inputs used
in the MODELLER for each model. The database is
searchable by metabolic pathways and proteins. It also
includes links to amore detailed description of the model,
a summary of all models for a given protein, the PDB
database [35] for a detailed description of the template
structure used in modeling, the Swiss-Prot+TrEMBL
protein sequence database [33], and link also to the
KEGG [36] pathway database, which consists of graph-
ical diagrams of biochemical pathways including most of
the known metabolic pathways, and some of the known
regulatory pathways, and MetaCyc [37] database, which
is a metabolic-pathway database that describes

pathways and enzymes occuriring in 158 organisms. In
addition, it links to the model atomic coordinates in the
PDB format, which is available for download, the target-
template alignment used to obtain the model, visualiza-
tion of the model performed by PROTGIF tool, which
generates animated figures for all models.

Accuracy of the models

To facilitate the evaluation of structure quality we devise
a simple rating scheme for the deposited models, as
shown in Table 3. The accuracy of comparative model-
ing is related to the percentage of sequence identity on
which the model is based, correlating with the relation-
ship between the structural and sequence similarities of
two proteins [38– 40] High accuracy comparative models
are based on >50% sequence identity to their templates.
They tend to have �1 Å r.m.s. error for the main-chain
atoms, which is comparable to the accuracy of a medium-
resolution NMR structure or a low-relosution X-ray
structure. Medium accuracy comparative models are
based on 30–50% sequence identity. They tend to have
�90% of the main-chain modeled with 1.5 Å r.m.s. er-
ror. There are more frequent side-chain packing, core
distortion and loop modeling errors, and there are

Table 3 Structural model quality using Ramachandran plot report

Structural
model quality

% of the residues in the
most favored regions of
the Ramachandran plot

Excellent >95
Good 90–95
Fair 85–90

All models that were rated below 85% were not deposited in the present
version of this database

Fig. 2 (Contd.)
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occasional alignment mistakes. And finally, low accuracy
comparative models are based on <30% sequence
identity. The alignment errors increase rapidly below
30% sequence identity and become the most significant
source of errors in comparative models. In addition,
when a model is based on an almost insignificant align-
ment to a known structure, it may also have an entirely
incorrect fold. Other factors such as template selection
and alignment accuracy usually have a larger impact on
the model accuracy, especially for models based on
<40% sequence identity to the templates [31]. All
structural models in the database were built using
alignments with more than 30% sequence identity, which
generated models with medium and high accuracy.

As described in the introduction, the main goal of the
present database is to provide structural models to be
used in docking simulations and drug design. However,
since the accuracy of structural models is highly
dependent on the sequence identity between template
and target, it is necessary to make clear to the user that
only models that show high structural quality should be
used in such efforts. Therefore, we strongly recommend
that any docking simulations should be focused on
structural models that were rated as excelent quality.

Examples of molecular modeling using
DBMODELING

There are severalMt enzymes whose structures have been
determined using X-ray crystallography. The atomic
coordinates of these enzymes are available at (http://
www.doe-mbi.ucla.edu/TB) Mt Structural Genomics
Consortium. The strategy of the Consortium is to deter-
mine the 3Dstructures of proteins fromMt andplace them
in the public domain. There are 170 structures of enzymes
with released atomic coordinates in PDB available at the
MtStructuralGenomicsConsortium site. The focus of the
database are structuralmodels andmetabolic pathways of
these enzymes. In addition, attractive drug targets involve

gene products from important metabolic pathways such
as the shikimate pathway. Among several pathways
present in DBMODELING, we will discuss one pathway
as example of the power of DBMODELING database.

In plants and microorganisms, all the key aromatic
compounds involved in primary metabolism, including
the three aromatic amino acids found in proteins, are
produced via the shikimate pathway. The shikimate
pathway is essential in algae, higher plants, bacteria, and
fungi, but absent from mammals, which depend on these
compounds for their diet [41]. This pathway is an
attractive target for drug development.

The shikimate pathway consists of seven enzymes
that catalyze the sequential conversion of erythrose-4-
phosphate and phosphoenolpyruvate to chorimate [42]
(Fig. 3). All pathway intermediates can also be consid-
ered branch point compounds that may serve as sub-
strates for other metabolic pathways [43]. The molecular
organization and structure of the shikimate pathway
enzymes varies considerably between microorganism
groups. Bacteria have seven individual polypeptides,
each possessing a single enzyme activity, which are en-
coded by different genes. Due to the importance of this
pathway, we performed molecular modeling for two
enzymes of this pathway, (1) shikimate kinase I (Mt SK,
EC 2.7.1.71), whose encoding gene(aroK, Rv2539c) was
proposed to be present by sequence homology. Shiki-
mate kinase catalyzes a phosphate transfer from ATP to
the carbon-3 hydroxyl group of shikimate resulting in
the formation of shikimate-3-phosphate (S3P) and ADP
[44], and (2) 5-enolpyruvylshikimate-3phosphate (Mt
EPSP) synthase encoded by the aroA gene, which cata-
lyzes the transfer of the enolpyruvyl moiety from phos-
phoenolpyruvate (PEP) and inorganic phosphate [45].

Comparison of the structural model of Mt SK with
the recently solved crystallographic structure (PDB ac-
cess code: 1WE2) [46, 47] generated an rmsd of 1.2 Å
after superposition of Ca.Mt EPSP synthase has not yet
been solved to perform structural comparison with
homology model. This result illustrates the applicability
of DBMODELING in generating reliable structural
models for protein targets.

Fig. 3 The shikimate pathway in the sequence of seven metabolic
steps, from phosphoenolpyruvate and erythrose-4-phosphate until
the conversion to chorismate
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Conclusion

Large scale protein homology modeling, in which whole
sequence databases or whole genomes are used as input
into automated modeling algorithms, have been reported
by several groups [9]. By using powerful computer systems
with multiple processors, these efforts have allowed the
creation of large databases of homology models for pro-
teins. DBMODELING can be accessed by any researcher
with access to the internet. This project emphasises that
homology modeling is a useful tool in structural biology
and that it can be very valuable in annotating genome
sequence information and contributing to structural and
functional genomics. Furthermore, superposition of a
structural model present in DBMODELING showed
good agreement with the crystallographic structure, val-
idating the modeling protocol. The availability of accu-
rate models has application in biologically significant
problems such as substrate specificity and areas such as
drug design [48]. In the future,DBMODELINGwill grow
the number of the organisms to reflect importance of the
study of proteins from metabolic pathways as potential
targets for drug design such as shikimate pathway en-
zymes, and others potencial targets.
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