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ABSTRACT
This manuscript shows the current situation of two re-emerging diseases: cholera and tuberculosis, which still
constitute one of the major health problems in poor countries. In this regard, difficulties, challenges and perspectives for the development of new drugs and vaccines against these diseases are discussed. The possible contributions of structural biology, bioinformatics and ‘omics’ to obtain an effective treatment are also considered.
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RESUMEN
Contribuciones de la bioinformática en el diseño de nuevas vacunas y fármacos contra el cólera y la
tuberculosis. El cólera y la tuberculosis son enfermedades re-emergentes que constituyen un serio problema de
salud en los países pobres. En este trabajo se realiza una revisión sobre las dificultades, los retos y las perspectivas
para el tratamiento de ambas enfermedades. Particularmente se abordan las aplicaciones de la biología estructural,
la bioinformática y la integración de datos en el desarrollo de nuevas drogas y vacunas.
Palabras clave: tuberculosis, cólera, diseño de drogas, bioinformática, vacunas, patogénesis,
proteómica, genómica

Introduction
Cholera and tuberculosis (TB) are infectious diseases
declared as global emergencies by the World Health
Organization (WHO) [1, 2]. Emerging disease are those infections that either are newly appearing in the
population or are rapidly increasing in incidence or
expanding in geographical range [3]. The etiological
agents responsible for cholera and tuberculosis were
identified during 19th century; they are Vibrio cholerae and Mycobacterium tuberculosis respectively.
Thus, these are not precisely new diseases, although
new variants of both microorganisms have emerged
like the serogroup O139 of V. cholerae and the multidrug resistant (MDR) strains of M. tuberculosis.
Instead, they are infectious diseases that still remain
with high incidence and lethality in a significant part of
the world, particularly in underdeveloped countries.
In 2006, a total of 52 countries officially reported
WHO 236 896 cases of cholera, including 6311 deaths [4]. However, the incidence of the disease is much
higher since a considerable number of cases are not
reported [4]. Even in this scenario, in 2006 the case
fatality rate increased from 1.72% estimated in 2005
to 2.66% [4]. On the other hand, one-third of the
world’s population is currently infected with the TB
bacillus. Even though only 5-10% of the individuals
infected with M. tuberculosis (but no with the human
immunodeficiency virus, HIV) become sick, TB is a
major cause of illness and death worldwide. In fact,
only in 2006 WHO reported 9.2 million new cases
and 1.7 million deaths, of which 0.7 million cases and
0.2 million deaths corresponded to HIV-positive people [5]. Unfortunately, despite all the efforts that have
been made, no effective treatment is available to
completely prevent and cure the infection by both
pathogens.
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This article points out how different applications
of bioinformatics may contribute to the development
of new treatments for these diseases. In the case of
cholera, bioinformatics could be used to improve the
understanding about environmental survival and pathogenesis of V. cholerae. Therefore, data integration of
different omics results and sequence analysis may
accelerate the discovery of new vaccines and contribute
to find new strategies to combat the disease. For TB,
a different approach on bioinformatics is presented. It
focuses on the rational design of novel and better drugs
based on available 3D structures, either of the target or
already known anti-tuberculosis drugs. The necessity
for developing new drugs obeys mostly to the emergence of strains that are resistant to traditional chemotherapy. In this sense, computer-based drug design may
allow the identification of new drugs with different
mechanisms of action to overcome resistance.

Cholera
Cholera is characterized by a profuse watery diarrhea
caused by the cholera toxin of V. cholerae (Figure 1).
The dehydration is of such magnitude that, without
treatment, causes hypotensive shock and leads to death
within hours [6]. Although more than 200 serogroups of
V. cholerae have been described, cholera is associated
only with the O1 and O139 serogroups [6]. The O1 serogroup is divided into three serotypes: Ogawa, Inaba
and Hikojima, which are further divided into two biotypes, classical and El Tor. Since the nineteenth century,
seven pandemics of cholera have occurred [7, 8].
Treatment and prevention
Clinical management of cholera has considerably advanced; in fact, the case fatality rate decreased with
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the development of the rehydration therapy [9]. In
addition, antimicrobial agents are used to reduce the
duration of the symptoms [10]. However, the number
of drugs that can be used in the treatment has decreased due to the emergence of V. cholerae strains resistant
to multiple antibiotics [11, 12]. Cholera is a disease of
rapid onset and propagation; therefore, public health
systems are easily overwhelmed when a cholera outbreak occurs, especially in the poorest countries [13].
Several control measures like improvements in water
and sanitation are recommended for cholera prevention, but these are real challenges for developing countries. Thus, a successful prevention of cholera can
only be achieved through vaccination [14]. Undoubtedly, this field has shown increasing results, but today
an effective vaccine with a broad spectrum of action,
few side effects and an economic production is not
available yet.
The first licensed vaccine against cholera was made
with killed whole-cells of the V. cholerae O1 serogroup and the recombinant B-subunit of cholera toxin
(WC/rBS). Although such vaccine is safe and effective,
generating an immune response requires of two oral
doses with an interval of 14-42 days [15, 16]. Consequently, this vaccine is very expensive and has logistic
difficulties, like reaching twice the same population.
Besides, a large volume of liquid (150 mL) is needed
for its administration, and cannot be given to children
under two years of age [17].
A variant of the WC/rBS vaccine without recombinant B-subunit has been licensed in Viet Nam. This
vaccine is safe and immunogenic, does not need buffer solution and may be used in young children [18].
But it is also given in two doses, though cheaper than
the internationally licensed WC/rBS vaccine [19]. In
both cases, killed O139 whole-cells were added to
create bivalent killed whole-cell vaccines, which are
also safe and immunogenic [20, 21].
Recent efforts to develop a vaccine against cholera
have focused on the use of live attenuated strains of V.
cholerae. Such strains possess the pathogenicity factors required for the colonization of the small intestine (e.g., motility, fimbriae, neuraminidase, etc) and
express the B-subunit of the cholera toxin. In this
way, the second internationally licensed cholera vaccine was a live attenuated genetically modified V. cholerae O1 strain of the classical biotype, named CVD
103-HgR. It is administered in a single oral dose to
individuals older than two years [17]. Although it is
safe and has relatively low production costs [22], it
did not show a convincing protection in a population
exposed to cholera a long time after immunization, in
a large field trial performed in Indonesia [23]. Thus,
even though this vaccine is licensed, it is currently
unavailable because the production was stopped [17].
Other oral live vaccines, against the biotype El Tor
and the O139 serogroup, are under development and
have been shown to be effective in preliminary studies and clinical assays [24-27].
Other alternatives to combat cholera might be designed. In this sense, a different generation of vaccines
could be based on the identification of bacterial targets that stimulate the human immune response [28].
Other strategies could be directed to the inhibition of
cholera toxin binding to receptors in the intestine [29],
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Figure 1. Infection cycle of V. cholerae. Within the marine environment, V. cholerae attaches to different
surfaces. The infection starts with the oral ingestion of food or contaminated water, subsequently the
bacteria must pass through and survive the gastric acid barrier of the stomach, then penetrate the mucus
lining that coats the intestinal epithelia. The surviving bacteria adhere to and colonize the intestinal epithelial
cells, eventually producing the cholera toxin (CT) [30]. The B subunit of CT binds to the GM1 ganglioside
receptor in epithelial cells and the A subunit is transported into the cytosol, where it is activated by thiol
dependent reduction [31]. The resulting nicked A1 subunit possesses an ADP-ribosylating activity (ADPR)
that targets the host cell G-protein GsK. ADP-ribosylated GsK, which in turn permanently activates adenylate
cyclase (AC) activity, leading to increased levels of intracellular cAMP, which inhibits active sodium chloride
absorption and increases chloride and bicarbonate secretion [32]. In this way intestinal cells are converted
in pumps that extract water and electrolytes from blood and tissues and pump them into the lumen of the
intestine, causing the cholera symptoms.

the improvement in treatment options for managing
the symptoms [29] or the eradication of pathogenic V.
cholerae from community water supplies. An important challenge for these goals is the fact that, despite
all the efforts and the achieved results, the pathogenesis of V. cholerae is not completely understood.

Overview of V. cholerae
and its environment
The viable but not cultivable status and biofilm formation are two survival strategies of pathogenic vibrios
in the marine environment. V. cholerae switches to a
viable but not cultivable state in response to nutrient
deprivation [33], but the exact environmental conditions serving to resuscitate these cells back to freeliving virulent organisms are unknown. The
appropriate signals could be related with the transition
from the aquatic system into the human intestinal
environment upon ingestion [8].
On the other hand, biofilm formation depends on
the synthesis of an exopolysaccharide (EPS) encoded
by the Vibrio polysaccharide (vps) genes [34]. The O1
El Tor strain requires, besides, the MSHA type IV
pilus and flagellar motility [35, 36]. Three distinct
signaling pathways modulate EPS production in V.
cholerae: i) a quorum-sensing pathway, wherein the
absence of the transcriptional regulator HapR results
in enhanced EPS synthesis and biofilm formation [37];
ii) a flagellum-dependent pathway, wherein a sodiumdriven flagellar motor sense reduction in flagellar rotation
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and induce EPS synthesis and biofilm formation via the
VpsR/VpsT signaling cascade [38]; and iii) a phase
variation pathway that yields two distinct
morphological variants termed smoothly and rugose
(wrinkled). Rugose variants are associated with an
enhanced capacity to produce EPS [39]. Maintaining
multiple signaling pathways for EPS synthesis and
biofilm formation may contribute to persistence in the
dynamic aquatic environments occurring between
seasonal cholera outbreaks. Although the VpsR/VpsT
signaling cascade is responsible for biofilm formation, a
direct interaction between the transcriptional activator,
VspR or VspT, and the vps structural genes has not
been demonstrated [38, 40]. Curiously, both VspR and
VspT are homologous to response regulators of twocomponent regulatory systems, which are typically
associated with sensory histidine kinases, but yet no
cognate sensor kinases have been identified [38, 40].

about V. cholerae. Currently, different Vibrio’s species
genomes have been completely sequenced (Table 1).
In particular, the V. cholerae genome consists of two
circular chromosomes: I or large with 2.96 Mb and II
or small with 1.07 Mb, which encode 2775 and 1115
ORF, respectively [50]. Chromosome I encodes most
of the genes essential for cell function (e.g., DNA
replication, transcription, translation, etc.) and
pathogenicity (e.g., toxin, surface antigens, and
adhesion), whereas chromosome II encodes a larger
proportion of hypothetical genes. In other Vibrio
species, the vast majority of hypothetical genes are
also located in the small chromosome.
Certainly, the genome sequence of V. cholerae is
one of the most promising results to develop better
vaccines, new diagnostics methods and treatments of
cholera. Identifying the function of hypothetical
proteins and the role of the small chromosome in the
biology of this pathogen may be important to achieve
this goal. In this sense, bioinformatics methods for
sequence comparison and phylogenetic analysis are
useful to suggest protein functions and study the
evolution of different Vibrio species. Besides, by using
comparative genomics the molecular basis of the
distinct clinical behavior of different pathogenic species
can be disclosed. For example, genes for the type III
secretion system (TTSS) were identified in the genome
of V. parahaemolyticus, but V. cholerae does not have
such genes [51]. Type III secretion system is a central
virulence factor in bacteria that causes gastroenteritis
by invading or interacting with intestinal epithe
lial cells. This finding explains the different clinical
features of V. parahaemolyticus and V. cholerae
infections, which include inflammatory and noninflammatory diarrhea, respectively. Also by comparative genome analyses of pathogenic and nonpathogenic
vibrios, for example V. fischeri, it is possible to identify
features that are common to beneficial and pathogenic
bacteria.
Gene expression profiles at the transcriptional level
have been used to analyze V. cholerae cell growth
in vivo. In a first study, Xu et al. used the rabbit ileal
loop model of V. cholerae infection to obtain in vivo
grown cells under exponential phase, and compared
the global transcriptional pattern of these cells with
those others grown under laboratory conditions [52].
They suggested that iron limitation, nutrient deprivation and anaerobiosis are prominent stressing conditions experienced by the bacteria in the rabbit upper

Overview of V. cholerae virulence
A key virulence factor of V. cholera is the cholera
toxin (CTX) genetic element containing the CT operon
(ctxAB) which encodes cholera toxin [41]. Another
important cluster of virulence genes corresponds to
the TCP pathogenicity island, also known as Vibrio
pathogenicity island [42]. Several gene clusters are
found in the Vibrio pathogenicity island, such as TCP
(toxin co-regulated pilus), ACF (accessory colonization factor) and a cluster containing three genes between tagA to tagD. The transcriptional activator ToxT
is also located in this chromosome region [42] . The
TCP is a type IV pilus composed of a single subunit:
TcpA. This virulence factor serves as the receptor of
the CTXF bacteriophage and is also required for
intestinal colonization [43]. TCP seems to facilitate
microcolony formation on the epithelial cell surface
[44]. The function of some proteins coded by the
Vibrio pathogenicity island, for example the gene
products of tcpI and acfB, are still unknown.
The transcriptional regulation of the CTX and TCP
clusters are under the control of ToxT [45]. At the
same time, the transcription of the toxT gene is controlled by the two transcriptional activators, ToxR
and TcpP [46, 47]. This regulatory cascade is known
as ToxR virulence regulon. Within the human intestine
(unlike in the laboratory) the ctx transcription requires
toxR but not tcpP [48], and in addition de-pends on
the bacteria motility and chemotaxis [49]. This
suggests that the true V. cholerae virulence cascade
may differ significantly from that elucidated through
in vitro laboratory experiments, and thus demonstrates
the importance of studying pathogenesis in the context
of a living host rather than in laboratory conditions.
Although additional putative virulence factors, such
as neuroaminidases, secreted proteases, mannosefucose-resistant cell-associated hemagglutinin and
mannose-sensitive hemagglutinin have been characterized, their exact role in the pathogenesis of V. cholerae
is uncertain.
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Table 1. Vibrio species with sequenced genomes (Hyp: Hypothetical)

Studies in omics and possible
applications of bioinformatics
Genomics, transcriptomics and proteomics studies
have been conducted to provide a better understanding
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Treatment and prevention
TB might be cured with chemotherapy if it is early
detected and fully treated; instead the death rate is
about 50% [62]. Two disadvantages of this treatment are its time length and its ineffective elimination
of persistent bacilli [63]. Certainly, patients may delay
in medical attention which inhibits its fast detection
and treatment, increasing the chance of transmission,
complications and death. Besides, poor people which
are the most vulnerable population have limited access to therapy. Latent infection is treated using a single antibiotic (usually isoniazid) during 6-9 months.
In contrast, the active disease has been treated with
combination of several antibiotics for over fifty years
to avoid the rapid development of resistance [64].
First-line drugs include isoniazid, rifampin, pyrazinamide and ethambutol, given during six months. Secondline drugs such as para amino-salicylate, kanamycin,
fluoroquinolones, capreomycin, ethionamide and
cycloserine are used when therapy fails because of
bacterial drug resistance or intolerance to one or more
drugs [65]. TB prevention and control involves the
identification and treatment of infected persons,
including their contacts, and vaccination. The current
vaccine against TB, known as Bacille Calmette Guerin
(BCG) is derived from Mycobacterium bovis which is
a very close relative of M. tuberculosis. BCG vaccine’s
protective efficacy is still a matter of debate [66]. It is
effective in preventing childhood TB, including the
meningeal and miliary or disseminated forms of the
disease, but it fails to protect against the predominant
pulmonary form of the disease in adults [67-69], which
is the most prevalent one. Sacksteder and Nacy pointed
out that BCG has undergone significant genetic changes since its development in the early twentieth century and these variations in relation to M. tuberculosis
genome could play a significant role in the inadequate
efficacy of BCG vaccination in the protection against
pulmonary TB [70]. Two other drawbacks of BCG
vaccine have limited its use. First, it interferes with
the interpretation of the purified protein derivative
test, the only skin test available for rapid TB diagnosis.
Secondly, it is not recommended for boosting vaccination because it is a live attenuated virus vaccine
[71]. As a result, some countries in the world, like the
US and the Netherlands, do not vaccinate with BCG
[70]. These countries prefer to use active case detection, treatment and surveillance with the purified
protein derivative test, to control and monitor M. tuberculosis exposure in their populations. In Europe
and Japan, BCG vaccination is a voluntary choice for
parents [70].
For many years, the scientific community thought
that TB was controlled using BCG and therefore it
would be eradicated soon. Because of that, very few
new TB vaccines have been developed and tested in
humans [70]. But, such way of thinking was completely wrong. Nowadays, three major problems are
directly implied in the rise of TB incidence, deaths
and therapeutic failure. The first is drug resistance
mainly caused by a prolonged therapy, and also the
use and often misuse of antibiotics, leading to the
evolution of MDR strains of M. tuberculosis [72].
WHO reported an estimated 0.5 million deaths
associated with MDR strains infection [5]. The se-

intestine. Also, intestinal environment signifi-cantly
enhanced the expression of several virulence genes,
including those involved in processes like mo-tility,
chemotaxis, intestinal colonization and toxin
production. In a second study, V. cholerae cells shed
from cholera patients were compared with V. cholerae
cells grown in LB to stationary phase [56]. In this
case, a high expression level of those genes required
for nutrient acquisition and motility was also found,
but the genes required for chemotaxis were under
repression and, besides, no differential expression was
found for genes of the ToxRS/TcpPH/ToxT regulon.
The authors of this study suggested that human
colonization creates a hyper-infectious bacterial state
that is maintained after dissemination and that may
contribute to epidemic spread of cholera.
Moreover, proteomics has been used to understand the physiological adaptation of V. cholerae to
different conditions. In particular, the effect of mild
acid treatment on the physiology of the classical strain
O395 was investigated [57]. Also the proteome of El
Tor strain N16961 was compared in aerobic and anaerobic conditions in the pI range of 2 to 11, the anaerobic condition was used as an approximation to the
environment found by V. cholerae during infection in
the intestine [58]. Most of the proteins analyzed in
this case belong to the aerobic or anaerobic metabolism of carbohydrates [58]. On a recent report, a more
realistic approximation to host conditions was achieved by analyzing the proteome of V. cholerae recovered from human stool [59]. In this case, the majority of the identified proteins are involved in protein
synthesis and energy metabolism [59], in correspondence with previous studies. Proteins related with the
pathogenesis of cholera, including the A and B subunits
of CT and the toxin-coregulated pilus, were also
identified. The outer membrane porin, OmpU, was
identified in all the analyzed samples [59]. Furthermore, a proteome reference map was presented for El
Tor strains in the pI range of 4 to 7 [60].
Now it is widely accepted that a catalogue of genes,
transcripts or proteins is not enough to understand
and the biological system [61]. To improve our
knowledge about V. cholerae the available data must
be integrated. Bioinformatics can support such
integration process with database searching, text mining
tools, network construction and pathway analysis.
At the same time further investigations are needed,
especially in rela-tion with the environmental
persistence mode and the virulence process of V.
cholerae.

Tuberculosis
TB infection is mainly asymptomatic. It is generally
controlled by the immune system responses but a
residual population of latent mycobacteria may persist. About 5-10% of latent infection may progress to
active disease [5]. The leading reasons are the weakness of immune systems responses, frequently in
people infected with HIV, and the inefficient control
of the initial infection or a subsequent reinfection.
The active disease or post-primary TB is predominantly a pulmonary disease involving extensive damage
to the lungs and efficient aerosol transmission of
bacteria.
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cond problem is related to the spread of HIV infection
[73], which depresses and deteriorates the immune
system. The last but no least, is the abandonment of
TB control programs.
At present, many researchers are hopingly testing
different forms of recombinant BCG waiting for modifications to improve its protective effects [74, 75].
The first human clinical trial of a recombinant BCG
vaccine (rBCG30) was initiated in 2004 [76]. This is a
live vaccine, consisting of BCG genetically modified
to produce abundant amounts of a 30 kDa antigen that
has been shown to produce a strong immune response
in animals and humans. Other live organisms have
been considered as potential TB vaccines; one of these
is Mycobacterium microti. This candidate vaccine orally administered in mice demonstrated a greater efficacy as compared to BCG at a high dose [77].
The experts’ opinion suggests that the entire characteristic required to develop an effective vaccine
against TB may not be found in a single vaccine, instead multiple vaccines may be needed for an efficient
control of the epidemics. They recommended a hybrid
approach using multiple vaccines that can be administered regardless of the infection status of the individual and with activity both in naive and already
infected individuals [70, 78].
Certainly, there is no time to waste; at every second someone in the world is newly infected with TB
bacilli [5]. WHO has developed a Stop TB Strategy
aimed at reducing the global burden of TB by 2015,
by ensuring all TB patients access to high-quality
diagnosis and patient-centered treatment. The strategy also supports the development of new and effective
tools to prevent, detect and treat TB [5].

and only a small subset containing the top-ranking
ones is selected for biological activity tests.
Many 3D structures of possible therapeutic targets
for TB are available thanks to the efforts of the Tuberculosis Structural Genomics Consortium (TBSGC)
[83], the Structural Proteomics in Europe (SpinE)
consortium [84] and the XMTB Structural Proteomics
Consortium [85]. One goal of the TBSGC is to determine the structures of over 400 potential drug targets
from the genome of M. tuberculosis and analyze their
structures in the context of functional information.
Selected protein targets belong to five different classes:
extracellular proteins; iron-regulatory proteins; proteins targeted by known anti-TB drugs; proteins specific to mycobacteria and proteins with predicted novel
folds. Some of these proteins were intentionally selected because of their participation in functional pathways related with pathogenesis, virulence and survival.
Some others, especially those specific to mycobacteria
whose functions are unknown, were involved in this
study to gain further information on the above mentioned processes. About 229 different M. tuberculosis
protein structures can be found in the Protein Data
Bank [86], including 144 determined by TBSGC. These
structural data have already been used in computerbased drug design. As result several lead compounds
with the perspective to become anti-tuberculosis drugs
have been identified, as shown below. They block
proteins present in cellular pathways responsible for
mycobacterial viability, pathogenicity and modulation
of immune response, which constitutes successful
targets for chemotherapy.
Computer-based inhibitor design for AccD5
Some of these targets are proteins involved in cell
envelope synthesis. Indeed, these are the targets for
most of the antibiotics (e.g., isoniazid, ethionamide
and ethambutol) used in chemotherapy. For example,
one of the front-line antibiotics, isoniazid, targets the
biosynthesis of mycolic acid, a major cell wall component that is unique to mycobacteria [87]. This fatty
acid is also important for antibiotic resistance, pathogen survival and virulence [88, 89]. With the emergence
of strains resistant to isoniazid, other targets in the
biosynthesis pathways of cell wall lipids have been
explored, such as AccD5. This enzyme has probed to
be essential for methyl-branched long-chain acids
biosynthesis [90]. Bioinformatics has been applied in
the search for drugs targeting AccD5. Specifically, the
existing 3D structure of AccD5 [90] allowed the application of TBVS approach. As result, inhibitor compounds were identified from the National Cancer
Institute (NCI) [91] diversity set and the University
of California, Irvine, ChemDB database [92]. The
AccD5 inhibitor has a Ki of 13.1mM and binds AccD5
competitively with a 20-fold higher affinity than its
substrates (Figure 2A) [90]. The TBVS methodology
was applied using the DOCK [93] and ICM-PRO
[94] programs.

Contribution of bioinformatics
to the rational design of new drugs
for TB
It is a fact that chemotherapy has lost potency against
resistant strains of TB bacilli. Thus, TB treatment is
entering a challenging era, where effective control
requires the identification of new drugs and novel drug
targets. Advances in this field have been recently made and some promising drug candidates like R207910
[79] and PA824 [80] are already in clinical trials [81].
These drugs outperform the old ones because of their
high activity against MDR strains and their potential
to shorten the therapy.
In this field, bioinformatics may contribute to the
rational design of new drugs and this will be later
illustrated. Drug discovery in silico approaches requires structural 3D information either from the target or
the ligand. These are classified in target-based virtual
screening (TBVS) and ligand-based virtual screening
based on the 3D primary information source being
used [82]. TBVS employs 3D structure of the protein
target and ligand-based virtual screening uses known
ligands 3D structures. Although, both methodologies
are being used in TB drug design, only the results of
applying TBVS are covered in this review. TBVS involves explicit molecular docking of each ligand into
the binding site of the target, producing a predicted
binding mode and a score for each database compound.
Then, compounds are ranked according to their scores

Computer-based inhibitor design
for MtuLigA
Another target used in computer-based inhibitor design
is a NAD-dependent DNA ligase, known as MtuLigA.
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This enzyme is essential in M. tuberculosis as showed
by gene knockout experiments and other studies [95].
M. tuberculosis codes for at least three different types
of ATP-dependent ligases and a NAD-dependent ligase. The advantage of choosing LigA over ATP-dependent ligases is that the former exists only in bacteria
and entomopox-viruses [96], in contrast to the second
one, which is ubiquitously found [97]. Srivastava et al.
reported the crystal structure of the adenylation domain of MtuLigA bound to AMP [98]. This crystal structure was used in TBVS using the programs AutoDock
[99] and Gold [100]. The 10% of the best scored ligands
were selected for in vitro inhibitory activity evaluation
assays. A novel class of specific inhibitors for MtuLigA
was identified corresponding to glycosyl ureides,
which were able to distinguish between NAD- and
ATP- dependent ligases and inhibited MtuLigA in the
micromolar range (Figure 2B) [98].

NH2

N

CH3
N

CH3
H
CH3

3D structural analysis of MbtLS complexes
TBVS involves several steps and it may become
complex depending mostly on the selected docking
program to be used. Sometimes, a simple but careful
structural data analysis of protein 3D complexes may
reveal new clues for drug design. Visualization and
interpretation of the binding mode of inhibitors in their
target’s pocket in crystallographic complexes may provide a straight path to design novel inhibitors and to
improve the potency of the already known ones. For
example, the structural information obtained from the
lumazine synthase (MbtLS) crystal structures with two
inhibitor compounds 3-(1,3,7-trihydro-9-D-ribityl2,6,8-purinetrione-7-yl) propane 1-phosphate (TS-44)
and 3-(1,3,7–trihydro-9-D-ribityl-2,6,8-purinetrion7-yl) butane 1-phosphate (TS-70) [101] demonstrated
that compounds derived from purinetrione may serve
as potential and specific inhibitors for MbtLS (Figure 3). MbtLS, like other enzymes involved in the biosynthesis of riboflavin, represent attractive targets
for the development of drugs against bacterial pathogens, because the inhibition of these enzymes is not
likely to interfere with enzymes of the mammalian
metabolism. In particular, MbtLS catalyses the penultimate step of riboflavin biosynthesis pathway. Recently, new purinetrione compounds were identified
based on the already known analogues mentioned
before [101].

A

B

Figure 2. Structure of lead inhibitor compounds for AccD5 (A) and MtuLigA (B) enzyme respectively.

not an aminoglycoside 6-N-acetyltransferase as it was
previously suspected [103].
3D structural analysis of beta-lactamase
Beta-lactam antibiotics are extremely effective in
disrupting the synthesis of the bacterial cell wall in
both gram-positive and gram-negative bacteria, but
not in M. tuberculosis. The enzyme responsible for

57. Hommais F, Laurent-Winter C, Labas
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A

Contribution of bioinformatics
to the understanding
of the TB disease

B

3D structural analysis of Rv1347c protein
Structural analysis has also been useful in addressing
protein function linking with experimental studies, as
is the case of the aminoglycoside N-acetyltransferase
(Rv1347c) protein. Rv1347c was annotated as a possible aminoglycoside 6-N-acetyltransferase, which could
not be demonstrated by biochemical assays [102]. It
was not until the resolution of its crystal structure
and the corresponding structural analysis combined
with functional data that its correct function was
elucidated. In fact, Rv1347c belongs to the GCN5related family of N-acyltransferases (GNAT), so it is

Figure 3. Pentameric assembly of lumazine synthase from M. tuberculosis in complex with its inhibitor
(PDB_ID: 1W19). Each subunit is represented in ribbon and partially transparent surface with a different
color (red, blue, orange, violet and green). The binding sites are located between two subunits and are
occupied by the ligand which is representing using yellow spheres. The ligand corresponds to compounds
derived from purinetrione. For example: 3-(1,3,7-trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl) propane 1phosphate (A) and 3-(1,3,7-trihydro-9-D-ribityl-2,6,8-purinetrion-7-yl) butane 1-phosphate (B) both are
shown in ball and stick style.
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beta-lactam resistance of TB is beta-lactamase. Thanks
to the structural analysis of this enzyme, the features
implicated in this resistance are now known at the
atomic level. This helped in the understanding of the
resistance mechanism and the design of drugs able to
overcome resistance. The enzyme shares the common
fold present in other class A beta-lactamases, but specific amino acids substitutions in the active site (N1
32G, R164A, R244A and R276E) account for its broad
specificity, relatively low penicillinase activity and
resistance to clavulanate (Figure 4) [104].

biochemical pathways analysis that might offer potential opportunities to improve the understanding
about pathogenesis, virulence and resistance mechanism needed to discover new targets and efficient
cholera vaccines.

Conclusions
Undoubtedly, it is not simple to find a solution for
TB and cholera but some improvements have been
achieved and others are expected to come soon. In this
sense, the exploitation of complete genome sequences
and structural protein data through bioinformatic tools
have allowed the rapid identification of new possible
targets and drug candidates. In the case of TB, in silico
approaches such as TBVS are being used in the design
of novel drug candidates, some of them to overcome
currently chemotherapy resistance. Although these drug candidates are still in a premature stage of
development they may constitute the starting point
to obtain better treatments for TB in a near future. In
the case of cholera, other bioinformatics tools are being
used such as those related to prediction of protein
function, identification of hypothetical proteins and
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