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s u m m a r y

Current Tuberculosis treatment is long and expensive, faces the increasing burden of MDR/XDR strains
and lack of effective treatment against latent form, resulting in an urgent need of new anti-TB drugs. Key
to TB biology is its capacity to fight the host's RNOS mediated attack. RNOS are known to display a
concentration dependent mycobactericidal activity, which leads to the following hypothesis ”if we know
which proteins are targeted by RNOS and kill TB, we we might be able to inhibit them with drugs
resulting in a synergistic bactericidal effect”. Based on this idea, we performed anMtbmetabolic network
whole proteome analysis of potential RNOS sensitive and relevant targets which includes target
druggability and essentiality criteria. Our results, available at http://tuberq.proteinq.com.ar yield new
potential TB targets, like I3PS, while also providing and updated view of previous proposals becoming an
important tool for researchers looking for new ways of killing TB.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

It is estimated that one-third of the world population is infected
with Mycobacterium tuberculosis (Mtb), resulting in about 2 million
deaths worldwide each year [1]. The hosts immune response to
tuberculosis (TB) infection relies in phagocytosis of the bacilli by
the macrophages leading to granuloma formation that stops bac-
terial replication. Inside the macrophages bacteria face stressful
conditions characterized by hypoxia, inducible Nitric Oxide (NO)
synthase derived NO and nutrient deprivation. The bacilli in
OS, Reactive oxygen and ni-
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response switches to a non replicative (latent) state, where it can
remain hidden and alive for decades [2,3]. Reactivation of latent
Mtb is a high risk factor for disease development, particularly in
immunocompromised individuals [4]. Common treatment for
tuberculosis involves a long regime with the front line drugs,
isoniazid, rifampicin, pyrazinamide and ethambutol. However, the
emergence of multi and extensively-drug-resistants (MDR and
XDR) Mtb strains, and the negative drugedrug interactions with
certain HIV (or other diseases) treatments, reveal the urgent need
for newanti-TB drugs [5]. Moreover, it is important to highlight that
the existing anti-TB drugs are ineffective against dormant Mtb, and
that there is a lack of well-defined targets specific for this state
[6,5]. The concentration dependent mycobactericidal activity of
Reactive Nitrogen and Oxygen Species (RNOS) [7,pp215-235]; and
the recent finding showing that Bicyclic nitroimidazol like com-
pounds PA-824 and OPC-67683 (currently in clinical trials) kill non
replicating Mtb by means of intracellular NO release after enzy-
matic reduction of the nitro group, underscores the relevance of
RNOS for fighting TB infections [8e11]. Based on these observations
an interesting hypothesis emerges: that identification of RNOS
enzymatic targets would allow us to design inhibitors against these
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enzymes to synergize with macrophages attack and kill TB in the
latent phase [12]. With this in mind, and taking advantage of the
recent developments in structural bioinformatic methods, we
performed an in-silico detailed evaluation of Mtb druggable pro-
teome and studied its relation with its sensitivity to RNOS stress
conditions and its relevance in the general metabolism of the
bacteria to find putative therapeutics targets of latent Mtb.

To determine which proteins are important in the dormant
phase of Mtb is not only relevant in relation to the search for new
targets, but also as an essential knowledge related to TB biology.
Therefore, several works in the last decades have looked for stress
related genes, using mainly genome wide DNA microarrays in a
variety of conditions, that are supposed to mimic the conditions
encountered by the bacilli inside the granuloma, like hypoxia,
starvation, murine infection and exposure to a variety of RNOS,
among other toxic chemicals [13e23]. These works allowed the
identification of key regulons, whose expression is enhanced under
nitrosative stress conditions, such as the dosRST regulon [24], as
well as several RNOS detoxifying enzymes and cellular repair
mechanisms [22]. The corresponding lists of genes have been thus
used in several in-silico target identification pipelines [25e27], the
last, and most comprehensive in relation to focus on nitrosative
stress related genes, being that performed back in 2007 by Murphy
et al. [6].

Little is known concerning the potential targets of RNOS inMtb.
In other words which enzymes would be totally or partially
inhibited by these species [12]. Given the previously mentioned
observations, predicting nitrosative stress sensitivity emerges as a
promising strategy to fight TB, but requires an understanding of the
chemical reactivity of RNOS that should be translated in an efficient
in-silico search method, as briefly described below. The two main
sources of macrophage derived RNOS are the NADPH oxidase
complex, and the inducible NO synthase, which produce respec-
tively superoxide anion radical (O2*�) [28] and NO [29]. Superox-
ide spontaneously dismutates into hydrogen peroxide, which yields
the potent non selective oxidizing hydroxyl radical (*OH). While
the diffusion controlled reaction between NO and O2*� yields the
nitrating and oxidizing peroxinitrite anion (OONO�) [30,31], which
can further react with carbon dioxide to yield carbonate and NO2*
radicals [32]. All these species have been shown to be cytotoxic
against bacteria, due to reversible or irreversible reaction with key
biomolecules [33]. NO main biological targets are metal centers,
such as the heme and/Fe FeS clusters of various enzymes involved
in aerobic respiration [34,35], a reactivity which could partially
explain the effect of the nitroimidazol pro-drugs [8e11] Interest-
ingly, under aerobic conditions these compounds have also shown
to disrupt mycolic acid synthesis in Mtb, suggesting that other
mechanisms must be operative. NO also reacts with thiols, leading
to S-nitrosilation of key cysteines that may impart enzyme function
[12,36], and other metals center such as Zn, Cu or Mn leading to
inactivation of the corresponding metalloproteins. Recently, for
example, NO has been shown to inhibit several of Mtb p450
enzymes at physiological concentrations, through the formation of
highly stable heme nitrosil adducts [37]. Concerning the other
RNOS molecular targets, much less is known. Peroxynitrite, and its
derivatives, however, have been shown to be potent nitrating
agents, in particular targeting Tyrosine (Tyr) residues [38,39].
Nitro-tyrosine formation and its inhibitory effects are well docu-
mented for several proteins, the paradigmatic cases being the Mn
Superoxide Dismutase [40,41] and the SERCA-2a [42,41,43]. Inter-
estingly, Tyr nitration is enhanced in the presence of metal
cofactors, such as heme or Mn [44]. In summary, RNOS protein
reactivity can be nailed down to the presence of reactive Cys, Tyr or
transition metal centers. Although determining the functional
outcome of the corresponding reaction is not straight forward; in
the present work, and based on our previous experience of RNOS
chemical reactivity, with its expression pattern, under different
infection mimicking conditions, its role in bacterial survival, its
relevance in the metabolic network and protein structural drugg-
ability as determined by our recently developed genome-wide
method, for the whole Mtb proteome. Our results show that this
combined analysis results in a powerful methodology that is able to
highlight and contextualize several new potentialMtb drug targets,
expected to be critically sensitive under nitrosative stress condi-
tions as those encountered in-vivo, while integrating and expand-
ing knowledge for previous proposed targets. Our works thus, not
only represents an update of the previously proposed and known
Mtb targets, but also adds a new perspective for Mtb target
selection.

2. Computational methods

All the analysis performed for the present work are based either
on the in-silico calculation of selected properties for each protein or,
on the integration and meta-analysis of publicly available data.
Below, we present a reference to the data sources together with a
short description of the applied protocols to compute the desired
properties. Further details on the data sources and methods can be
found in the corresponding references. The TuberQ pipeline is
available to be applied to other genomes under request to the
authors.

2.1. Download of Mt protein sequences and preliminary analysis

All Open Reading Frames (ORFs), or possible proteins, from Mtb
H37Rv derived from the complete genome sequencing [45] were
downloaded from the UniProt database (www.uniprot.org, organ-
ism code 3A1773) [46]. This results in a total of 4131 ORFs. All ORFs
were analyzed with the HMMER program [47] and assigned to
PFAM families or domains. For all cases where an ORF matches
more than one domain in PFAM, structural properties were
analyzed separately as well as together.

2.2. Origin and meta-analysis of microarray expression data under
different stress and infection mimicking conditions

To determine which target proteins are relevant under stress
conditions we performed a combined analysis of multiple pub-
lished gene expression datasets derived from microarray experi-
ments performed under a variety of conditions that model different
stress conditions such as: hypoxia, starvation, macrophage culture
among others [22,13e17,19e21,48,49,18]. The complete list of
conditions and the corresponding references analyzed in the pre-
sent work are listed in Table S1. The set is to our knowledge the
most updated and complete set studied so far, and represents an
update of the analysis performed by Murphy in 2007 [6].

2.3. Essentiality criteria

For comparative purposes and the sake of completeness we
included four available whole TB genome essentiality criteria. The
first three genome wide essentiality studies were done by Rubin's
group using a genetic technique known as TraSH (Transposon Site
Hybridization) where a random insertion of this mobile genetic
element is produced in order to knockout a gene. Using this tech-
nique three different studies were done: I) The first one is an in vitro
culture study done by Sassetti and coworkers [50]. II) The library
from the former work was used by Sassetti et al., 2003b [49] and
defied against an C57BL/6J mouse model and a subsequent culture
assay was performed to determine the relative abundance of Mtb
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different genetic lines. From this work only 192 genes predicted (p-
value< 0.05) to be essential in vivo were added because of its
relevance. The last study performed by Rengarajan et al., [18] is a
macrophage survival study using the aforementioned TraSH library
developed by Rubin's group. The last study is from Sassetti's group
done using a himar1 based transposon mutation system and deep
sequencing to determine the frequency of insertions, this study
represents an update from the studies performed in 2003 by
Rubin's group [51]. Based on these studies we assigned a given gene
as essential if it was reported as such in any of these studies. Our
essentiality criteria only covers in vitro growth.

2.4. Generation of structural homology based models

As of June 2015, 467 unique crystal structures are available for
Mtb proteins. For all remaining ORFs, we tried to build homology
based models using our previously developed structural genomic
pipeline [27]. Presently we were able to build a total of 2061
models, which are freely available to download at the TuberQ
website (http://tuberq.proteinq.com.ar/).

2.5. Structural assessment of druggability

Druggability of each potential target was assessed by deter-
mining (and characterizing) each target putative pocket ability to
bind a drug like molecule, as determined by the fpocket program
[52] and our recently developed criteria [27]. Briefly, the method is
based on a Voronoi tessellation algorithm that performs pocket
searches and computes several pocket physico-chemical
descriptors (polar and apolar surface area, hydrophobic density,
hydrophobic and polarity score) that are combined into a single
number called the druggability score (DS), that ranges between
0 (non-druggable) to 1 (highly druggable) [52,27]. Based on pre-
vious analysis of druggability score distribution for all pockets that
are found to host a drug like compound in the PDB, in relation to
other (most likely non or less druggable pockets) (See http://
tuberq.proteinq.com.ar/bioflux/information/Druggabilityanalysis.
html for further details), we classified pockets in four categories,
non druggable (ND), with DS between 0 and 0.2, possibly druggable
(PD), with DS between 0.2 and 0.5, Druggable (D) with DS between
0.5 and 0.7, and highly druggable (HD) with DS between 0.7 and 1.

Active site identification. In order to identify the active site
pocket and/or determine the relevance of a given pocket to the pro-
tein function, we used two different and complementary analysis
based on the data from the Catalytic Site Atlas (CSA) and a PFAM
position site importance criteria, both of which have been shown to
increase a pocket likelyhood of being druggable in a broad sense [27].

2.6. Structure based assessment of nitro/oxidative stress sensitivity

The RNOS sensitivity criteria, is based on a combination of
structural data and chemical reactivity knowledge. Asmentioned in
the introduction RNOS main targets are mainly metal centers of
proteins, like the Heme group, Cysteine thiols, and also Tyrosine
residues that can be nitrated. In the case of metalloproteins
modification of the metal center oxidation/coordination state,
results in partial or total inhibition of the activity, thus a proteinwas
predicted to be sensitive to Nitro/oxidative stress if a Fe, Zn or Cu
ion was present and reported to be essential for activity. Predicting
the functional outcome of Tyr/Cys modification is not straightfor-
ward but a reasonable assumption is that if the Tyr or Cys residue is
part of the active site residues (or active site pocket), their chemical
modification may lead to decreased activity. Thus proteins were
also marked as sensitive whenever a Tyr or Cys residue was present
in the predicted druggable pocket. After this initial automatic
analysis, each interesting case was analyzed in detail manually
looking at the available literature and protein annotation data.

2.7. Construction of the whole genome metabolic network of M.
tuberculosis H37Rv

To build the Mtb metabolic network (Mtb-MN), we used the
PathoLogic algorithm within Pathway Tools v. 18.0 [53]. PathoLogic
creates a Pathway/Genome Database (PGDB) containing the pre-
dicted metabolic pathways of a given organism using as input a
Genbank file with the corresponding product annotations and gene
coordinates along the genome. The Genbank entry AL123456.3
downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) was used
as initial input for Mtb-MN reconstruction. The steps involved in
the reconstruction include determining gene-protein-reaction
associations, which are based in either the availability of the cor-
responding enzyme commission (EC) number or alternatively in
the gene product annotation, using a custom dictionary within
Pathway Tools which links products to reactions. We enriched the
annotation file using EC number data from TubercuList v. 2.6
(http://tuberculist.epfl.ch) [54]. We also searched for sequence
similarity with other bacteria in order to assign missing EC
numbers. After automatic reconstruction a detailed manual cura-
tion was performed, which included the deletion of false-positive
predicted pathways, the inclusion of missing pathways with
experimental evidence and the filling of enzymatic “holes” in
existing pathways using the pathway hole filler module. The
reconstructed metabolic network was exported in systems biology
markup language (SBML) format for downstream analyses.
Reactions involving macromolecules (such as DNA, RNA and
proteins, as per the BioCyc ontology) were filtered, and only the
small-molecule complement of the Mtb-MN was considered. The
metabolic Network information was now added to the previous
TuberQ web site and freely available there [27].

2.8. Metabolic network analysis

After Mtb-MN reconstruction, we generated a list of all com-
pounds present in the network, and we collected their frequency as
reaction participants using a Python script. Those who most
frequently appeared as reaction participants are considered cur-
rency compounds (such as ATP, cofactors, water) and were dis-
regarded from the network since they may create artificial links on
the graph-based representation of the network as they are involved
in many reactions which are not necessarily related. A total of 51
compoundswerefilteredbefore the transformationof themetabolic
network into a reaction graph, where nodes represent reactions (i.e
usually enzymes) and there is an edge between two nodes if the
product of one reaction is used as substrate on the reaction that
follows. Cytoscape v. 2.8.3 was used for data visualization and
furtherMtb-MN analyses [55]. Choke-point analysis was conducted
in order to identify potential drug targets from the metabolic
perspective. Choke-point reactions are those that either uniquely
produces or consumes a given product or substrate, respectively
[56]. Therefore, it is assumed that the blockingof such reactionsmay
either lead to the accumulation of a potentially toxic metabolite in
the cell or the lack of production of an essential compound; thus,
choke-point reactions may function as important metabolic nodes
in drug targeting. We also calculated the betweenness centrality of
everynode inMtb-MN. Thebetweenness centrality of a givennode v,
CBðvÞ, in the graphG ¼ ðV ; EÞ,whereV is a set of vertices or nodes and

E a set of edges is given by: CBðvÞ ¼
P

sstsv2V
sstðvÞ
sst

[57] where sst is
the number of shortest paths from s2V to t2V and sstðvÞ represents
the number of shortest paths from s to t that some node v2V lies in.
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Thus, high values of node betweenness centrality from the meta-
bolic perspective reflects the participation of a reaction as inter-
mediary in many other transformations, and its blockage would
generate disequilibrium in many different pathways.

Scoring function. As a last step of our analysis we classified the
different metabolic pathways of the Mtb-MN with a scoring func-
tion to determine which pathways are relevant in the latent phase
of Mtb. Firstly, we defined a pathway as druggable if at least one of
the proteins involved was druggable. After ruling out non-
druggable pathways, the scoring function is defined in equation
(1) in order to assign a score to each pathway:

SF ¼ 1
2
�
�
NRþ Cyþ Chkþ Esþ C

5
þ Sþ H þ St þ I

4

�
ð2Þ (1)

Where NR is the ratio between the total number of reactions pre-
sent in the pathway associated with a gene and the total number of
reactions present in the pathway (spontaneous and enzymatic). Cy
is the ratio between the node centrality and the node with the
biggest centrality. Chk is the ratio between the number of choke-
points in the pathway and the total number of reactions present in
the pathway. E is the ratio between the number of essentials genes
present in the pathways and the total number of genes associated
to the pathways. C ¼ “completeness” is the ratio between the total
number of reactions of the pathway associated with a gene and the
total number of enzymatic reactions present in the pathway. S is the
ratio between the number of genes associated to stress conditions
[22,21,58] present in the pathway and the total number of genes
associated to the pathway. H is the ratio between the number of
genes associated to hypoxia [15,48,24]and the total number of
genes associated to the pathway. St is the ratio between the number
of genes associated to starvation [13,14] and the total number of
genes associated to the pathway. Finally, I is the ratio between the
number of genes associated to infection [16,17,19,20] and the total
number of genes associated to the pathway. In other words the
score sums up data on the relevance of individual genes to char-
acterize the whole path. A value close to 1 would mean that ‘all
genes‘in the pathway are essential, relevant for stress and so on.
3. Results

Results are organized as follows, we will begin analyzing the
structural druggability of TB proteome performing a broad classi-
fication of the proteins. Secondly we combined this data with a
meta analysis of the expression profiles under different infection-
mimicking conditions, essentiality, and RNOS sensitivity. Finally
we integrated this data with a metabolic network analysis of Mtb.
See Figure 1
Figure 1. Prioritization pipe
3.1. Classification of all Mtb domains structures according to their
druggability and essentiality criteria

We begin our analysis by classifying all available domain
structures (including those derived from X-ray and Homology
Models) according to their structural druggability. For this sake
we first divided the domains in four groups. The first group cor-
responds to the positive control group, i.e those proteins from
Mtb, which have been crystallized in the presence of a drug-like
compound or an inhibitor (we will call this the Crystallized
With Drug or CWD group). The second groups is the group we call
the Drug Binding Domains Group (DBD). Proteins are included in
the DBD if there is at least one crystal structure, of another pro-
tein from the same PFAM domain, that was crystallized in the
presence of an inhibitor or drug-like compound. Thus the DBD
group includes all proteins that could be druggable. The
remaining proteins correspond to all Mtb structures that bear no
relation to any structure hosting a drug-like compound. This
group is divided in X-ray structures from Mtb proteins and
models. For all structures, we computed all the possible pockets
and their corresponding Druggability Score(DS) using fpocket.
Special attention was paid to the pocket hosting the drug-like
compound when available. As expected this is usually the high-
est scoring pocket in the given protein. For the DBD group we
selected the pocket that matches the drug-hosting pocket in the
protein-drug complex structure of the same domain. Finally, for
the remaining proteins we further analyzed the pocket that
matches the active site prediction using CSA, PFAM or both.
Having selected the relevant pockets, we classified each ORF in
the four categories defined in methods according to their DS. The
results are shown in Table 1 below.

The results show as expected that most of theMtb available
structures crystallized in the presence of a drug have high DS
Scores. Moreover, among these proteins appear enoyl-ACP reduc-
tase InhA (P9WGR1), which is the primordial target of the first line
drug for TB treatment isoniazid, as well as Hydroxymycolate syn-
thase mmaA4 (Q79FX8) and Serine/threonine-protein kinase Pkn B
(P9WI81) both proteins for which there are known inhibitors (S-
adenosyl-N-decyl and Ser/Thr-mitoxantrone) that have been
shown to stop mycobacterial growth [59]. Thus and in agreement
with previous works [52,27] our method is able to predict to a high
degree the likelihood of a protein to host a drug-like compound.
From a general point of view, an interesting result is that over half
of the analyzed structures (both crystals and models) are likely to
bind a drug-like compound. This value is higher than the one
computed using only a sequence based analysis [60] of about 21%,
and possibly reflects a bias towards the determination of structures
that are already known as drug targets.

The first group of interest, where novel targets can be found,
concerns the DBD-HD group, the fact that both an association
line used in this work.



Table 1
Mtb proteins classified according to their druggability score. Numbers in pa-
rentheses indicate number of essential proteins as defined in methods. CWD:
Crystallized with drug, DDE: Druggable Domain Extended, RWC: Rest With Crystal
RWM: Rest With Model.

Score/Group CWD DBD RPWC RPWM Total

ND 2 (1) 8 (1) 5 (1) 11 (0) 26 (3)
PD 7 (5) 68 (32) 9 (5) 28 (15) 112 (57)
D 26 (19) 290 (120) 28 (12) 108 (40) 452 (191)
HD 50 (25) 1187 (495) 97 (37) 544 (211) 1878 (768)
Total 85 (50) 1553 (648) 139 (55) 691 (266) 2468 (1019)
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criteria (assignation to DBD) and a structural criteria (the DS)match
for several cases, is a strong argument for the selection of these
1187 proteins, of which 495 are reported to be essential for in vitro
growth and thus interesting for further analysis. Also, there are
about 641 proteins between crystals and models, of which 248 also
are essential, which we predict are highly druggable solely from a
structural point of view. Complete list of these HD proteins, are
presented in SI (Tables S2 and S3). Moreover, their structures and
pocket features are freely available online at TuberQ.

3.2. Prioritization of Mtb proteins according to their expression in
infection-mimicking conditions

To further rank the over 600 (highly) druggable and essential
proteins identified above as best possible targets, we performed an
analysis of the available data concerning their expression level
under infection mimicking conditions. The selected conditions,
which group different reports, comprise Hypoxia, Starvation, RNOS
stress and infection in mice. We first ranked all proteins according
to the number of conditions where the proteinwas found to be over
expressed, thus proteins with an expression score (ES) of 0 are not
found to be over-expressed in any case and are called Non over-
expressed group (NO), while proteins with ES of 4 or 3 are found
over-expressed in three or four different conditions are called OMC
(Overexpressed in most conditions) (This data is presented for each
protein in Tables S2 and S3 in SI). Table 2 shows a global picture of
the over expressed proteins.

In the DBD group data shows that there are 48 druggable pro-
teins, of which 20 are essential, that belong to the OMC group. For
example, there are proteins like the well known Redox sensor
histidine kinase response regulator DevS (P9WGK3), known to be
involved in RNOS sensing and signal transduction harboring a
druggable kinase ATP binding domain. A more interesting case is
presented by 3-methyl-2-oxobutanoate hydroxymethyltransferase
(or Ketopantoate hydroxymethyltransferase KPHMT, UniProtID
P9WIL7), a protein which has been shown to be relevant in both
Hypoxia and Infection. Among the remaining crystallized proteins
Table 2
Number of proteins reported as over-expressed in (NO to OMC) infection-
mimicking conditions. a) Numbers in parenthesis corresponds only to Druggable
and Essential proteins. b) Expression Score (ES) describes the number of conditions
where the protein was found to be over-expressed, ranging from NO (Non overex-
pressed) to OMC (Overexpressed in most conditions, protein is expressed in 4 or 3
conditions, namely Hypoxia, Starvation, RNOS stress, Infection in mice). OSC
(Overexpressed in some conditions) are proteins in which reports indicate to be
overexpressed in 1 or 2 different conditions. Numbers in parenthesis corresponds
only to Druggable and Essential proteins. RPWC: Remaining proteins with crystal
and RPWM: Proteins of unknown druggability with model.

ESb DBD RPWC RPWM Total

OMC 48 (20) 8 (4) 27 (9) 83 (33)
OSC 591 (192) 64 (20) 253 (82) 908 (294)
NO 914 (283) 67 (13) 410 (119) 1391 (415)
we find, for example, proteins like L,D-transpeptidase 2 (UniProtID
I6Y9J2), the Alpha-beta hydrolase (UniProtID I6XU97) and DNApol
III delta subunit (UniProtID O06363). Interestingly, almost half of
the analyzed “essential” proteins are over-expressed in some con-
ditions, an observation that possibly reflects the fact that Mtb
protein expression is highly regulated and adaptable to variety of
subtle different conditions or external stimuli, and that the
up-regulated proteins perform key functions.

3.3. Incorporation of a stress-sensitivity prediction

Asmentioned in the introduction, one key hypothesis to fight TB
is to identify which proteins are already targeted by the RNOS
attack of the immune response and try to inhibit them also phar-
macologically. Therefore, and beside the expression analysis, we
used sequence-structure information combined with chemical
reactivity knowledge to predict possible sensitivity towards RNOS.
As described above, these species main targets are metal centers of
proteins, like the Heme group, Cysteine, and also Tyrosine residues
that can be nitrated/oxidized. The sensitivity condition for previ-
ously identified druggable and essential proteins is also presented
in Tables S2 and S3, while a global analysis is presented in Table 3
below.

The data from Table 3 show that there are over 800 proteins
which are potentially sensitive to RNOS. Tyrosine presence is twice
as common as Cysteine or metal ion, but it is should be noted that
its predictive power as RNOS sensitive is moderate in the best case.
Combination of RNOS sensitivity with previous criteria shows that
there about 200 proteins that fulfill all of them and are thus ranked
on top. Beyond the global analysis it is interesting to see what new
proteins fill all criteria (Druggable, essential, Over-expressed and
sensitive to RNOS) and thus emerge as possible targets from this
analysis. One case, that caught our attention are Inositol-3-
phosphate synthase (I3PS, ino1) (See Figure 2 to view the detec-
ted cavity (UniProtID P71703)). The druggable pocket harbors two
oxidable tyrosines and one oxidable cysteine and matches the NAD
binding site and has a considerable size.

3.4. Construction and incorporation of Mtb metabolic network
analysis to prioritize protein targets

As a last step in our prioritization procedure, we used Pathway
tools and manual revision to build a comprehensive Mtb-MN. One
of our goals is to identify choke points, those reactions that either
have a unique substrate or product, because genes associated to
these reactions are supposed to relevant for Mtb. Another relevant
characteristic is the centrality of the reactions, meaning the many
pathways converge or emerge from them. Global characteristics of
the network are presented in Table 4 and Figure 3. Overall we could
assign 985 unique genes/proteins to 1369 enzymatic reactions that
can be grouped in 257 pathways. Of a total of 1708 enzymatic
reactions, 1305 were associated to previously reported essential
genes. We failed to unequivocally assign additional 339 reactions
that form part of the MN, possibly due to a lack of gene/protein
Table 3
Mtb proteins predicted to be sensitive to RNOS. In a) Highly Druggable proteins b)
Proteins are considered over-expressed if ES is greater than 3. Numbers in paren-
thesis corresponds only to druggable and essential proteins.

Feature Crystal (models) Essential (E) HDa and E HD,E and
Overb

AS Metal 149 86 57 41
AS Cys 130 (164) 64 (49) 37 (37) 30 (28)
AS Tyr 269 (274) 135 (84) 82 (69) 58 (42)



Figure 2. Inositol-3-Phosphate Synthase Structural properties A) View of the I3PS fold with the druggable pocket depicted in red spheres (PDBID 1GR0). B) Closeup view of the
druggable pocket superimposed with NAD binding site. Oxidable Cysteine and Tyrosine residues of the site are drawn ticker. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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detailed characterization, the presence of spontaneous reactions
and limitations of the algorithm used to reconstruct the network.
We determined that 509 reactions correspond to choke points.
From these, 77% are associated with essential genes, compared to
55% if all reactions are considered, thus as expected there is sig-
nificant coincidence between essential genes and choke points. To
prioritize genes/proteins we first decided to score each pathway
according to their metabolic relevance, as determined by their
number of choke points and their centrality, as well as their rele-
vance to host infection mimicking conditions, as determined by the
number of ES or over-expressed genes (see methods for details).
These results are presented in SI Table S4.

MN analysis revealed several high scoring pathways, for
example the responsible for mycothiol biosynthesis depicted in
Figure 4. Mycothiol is crucial for the intracellular redox status
regulation, and plays a pivotal role forMtb survival in macrophages
[61]. All the involved enzymes (Rv0046c, Rv00486, Rv1170,
Rv2130c, Rv0819) are essential, and 2 of the 4 crystallized proteins
(Ino1 -Rv0046c- and mshB -Rv1170-), have a DS greater than 0.7.
Ino1 is also over-expressed in RNOS stress, hypoxia and starvation
while mshB is over-expressed in RNOS stress conditions (Figure 4).
Table 4
Top pathways as classified by our scoring function. A is the number of genes involved in
points and D is the centrality of the pathway.

Pathway A B

Alanine degradation IV 1 1
[2Fee2S] iron-sulfur cluster biosynthesis 3 10
L-1-phosphatidyl-inositol biosynthesis (Mycobacteria) 2 3
mycothiol biosynthesis 5 6
Alanine biosynthesis III 1 1
NAD biosynthesis I (from aspartate) 5 6
Chorismate biosynthesis from 3-dehydroquinate 5 6
Histidine biosynthesis 8 10
Homocysteine biosynthesis 2 2
Selenate reduction 2 5
Lipoate biosynthesis and incorporation I 2 2
UDP-N-acetyl-D-glucosamine biosynthesis I 4 5
Mycolate biosynthesis 22 182
Taxiphyllin bioactivation 1 1
dTDP-L-rhamnose biosynthesis I 6 4
Another top ranking pathway is the one responsible for histidine
biosynthesis, which has been suggested as harboring potential drug
targets due to its absence in mammals [62]. The pathway is
composed by eight essential proteins. Two of them have a struc-
ture/model and are druggable.

A further top-ranked path is the well characterized mycolate
biosynthesis pathway. Mycolate is an integral cell wall component
of Mtb that participates in survival ability of Mtb within infected
hosts, virulence and evasion of the immune system. This pathway is
targeted by first-line tuberculosis drugs such as isoniazid and
ethambutol [63]. The pathway compromise 22 genes (Rv3804c
Rv0470c Rv0242c Rv1483 Rv1483 Rv0242c Rv3720 Rv2524c
Rv0974c Rv2247 Rv2502c Rv3280 Rv3799c Rv2524c Rv3720
Rv0636 Rv2245 Rv2246 Rv0644c Rv3372 Rv3801c Rv3800c). The
importance of this pathway lies in the number of genes that are
essential (83%) and druggable (60%). Also 90% of the reactions that
participate in this pathway were found to be choke points. See
Table 4 for further details.

MN analysis also reveals the relevance of sulfur metabolism
which has been shown to be essential for the survival and virulence
of many pathogens includingMtb. Moreover, most genes are absent
that particular pathway, B is the total number of reactions, C is the number of choke

C D Best gene
in pathway

Pathway
importance

0 42,990 Rv2780 0.684747
9 25,887 Rv1465 0.643445
3 4038 Rv0046c 0.606344
6 10,870 Rv0046c 0.537073
0 25887 Rv1464 0.530718
4 14,256 Rv1595 0.500894
4 34,233 Rv3227 0.482852

10 11,012 Rv2122c 0.479155
1 5104 Rv3340 0.468182
5 6819 Rv1285 0.457486
2 17,349 Rv2217 0.452901
3 293,284 Rv1018c 0.452365

162 75,004 Rv2246 0.451791
1 0 Rv0186 0.450000
4 6857 Rv3464 0.445889



Figure 3. Reaction graph of the Mycobacterium tuberculosis metabolic network. Each node represents a predicted reaction in the M. tuberculosis metabolism, and there exists
an edge between two nodes if the product of a given action is used as substrate for the following reaction. Node sizes were drawn proportional to their betweenness centrality on
the reaction graph, and top-ranked reactions according to this metric are shown. Nodes in red represent choke points. Detailed processing of two pathways are highlighted, namely
mycothiol biosynthesis and phosphatidyl-inositol biosynthesis, both having high scores according to our analyses. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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in humans. Among these pathways, methionine metabolism,
including degradation to homocysteine, performed by the drug-
gable protein Rv3340 (overexpressed in most conditions) and
Rv3341. Particularly interesting among the involved proteins is also
sahH (Rv3248c), whose role in the regulation of L-homocysteine
has been recently elucidated [64]. Moreover, it has also been
implicated as intermediate in Mtb resistance mechanisms, along
with MetK (Rv1392) [65]. SahH catalyzes the hydrolysis reaction of
SAH to homocysteine and adenosine with NAD þ acting as a
co-factor. The protein has a alpha/beta fold composed of a Ross-
mannmotif that binds NAD and SAH (as this fold is characteristic of
nucleoside binding proteins) [66]. The druggable pocket is
delimited mainly by polar and negatively charged residues and has
a volume of 2284 Å3, rather big as it has to accommodate both the
ligand and the cofactor. It has 2 tyrosines (Tyr 493 and Tyr 495) in
the binding site of NAD making it potentially sensible to RNOS.
SahH has been determined to be essential in both high throughput
knockout studies performed [50,51].

Among other top-scoring pathways revealed by our MN analysis
are those related to lipoate synthesis. The two key genes (Rv2218
[lipA] and Rv2217 [lipB]) are essential and lipB was also found to be
druggable and expressed under starvation condition. Moreover, the
druggable pocket of LipB has Cys 176, Tyr22 and Tyr 91 making the
pocket potentially sensible to RNOS. Although not an ubiquitous
process in bacteria, lipoate has been implicated with a role in
microbial pathogenesis including immune response-induced
oxidative and nitrosative stress in mycobacteria, and it has also
been acknowledged that lipoylated proteins take part in important
antioxidants processes [67e69], thus the attractiveness of this
high-scoring pathway from the target-finding aspect. Moreover,
LipB has been structurally characterized and shown to have
promising therapeutic properties [70].

Finally, another important pathway revealed by our MN analysis
is “alanine degradation IV” performed by an unique gene (Rv2780).
Although it was not reported as essential, this L-alanine dehydro-
genase is the first antigen reported to be present in the pathogenic
Mtb, but not in the vaccine strain Mycobacterium bovis BCG [71].
Moreover, it was suggested that the lack of a functional alanine
dehydrogenase impairs BCG replication in humans [72]. This pro-
tein is druggable and appears to have a key function in nitrosative
stress since it is over-expressed in all the studied conditions. In
summary, our integrated analysis of Mtb metabolism along with
expression, essentiality and druggability data has allowed the
identification of important pathways harboring promising thera-
peutic targets. All this information is freely and easy accessible at
the TuberQ website, and presents a direct route for a fast evaluation
of a given protein potentiality as drug target to fight TB.

4. Discussion

4.1. What's novel in TB targets?

Given the potential of whole genome target identification
approaches, since the deciphering of the whole Mtb genome [45],
several in silico based works have appeared on the subject
[73e75,25,76]. They usually included some druggability prediction,
a role in dormancy based on previous gene expression data, an
essentiality and/or an off-target criteria to prioritize the protein



Figure 4. Representation of the Mycothiol biosynthesis pathway with two outstanding proteins pockets depicted with their corresponding DBD partner pockets shown. The most
important proteins in this pathway Ino1 and mshB are shown in red. A representation of the pocket and of the known drugged pocket of the PFAM Family (DBD) are shown next to
their respective protein. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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targets. Essentiality criteria [51,50] were based mainly on experi-
mental mutagenesis studies which have the drawback that, due to
redundant and compensatory functions, result in only 10e15% of
genes being individually essential [77e80], but many more can be
synthetically lethal when knocked down in combination [81]. In
this context, we prioritized a target druggability and stress sensi-
tivity over its essentiality, and look for its role in the context of Mtb
metabolism, by highlighting whole pathways to be targeted instead
of single proteins. Concerning the off-target criteria it is important
to note that a desirable anti-TB drug should be specific for the
bacteria and do not interfere with hosts proteins. This usually
translates in either a sequence [73] or structural comparison [65]
between potential targets and the host proteins, and those targets
too similar to host proteins are discarded. The difficulty with this
approach is that even a single aminoacid substitution may result in
differential binding, as shown by the emergence of antibiotic
resistance due to this type of mutations, and the selectivity of many
drugs [77,82]. A paradigmatic case are the diarylquinolines that
target Mtb membrane bound subunit F0 of the ATP synthase (pre-
sent in all organisms) that shows nonetheless a very narrow
spectrum of activity, loosing potency even against other actino-
bacteria, being inactive against both gram positive and negative
bacteria, and showing over 20 thousand fold selectivity versus
mammals [83,84]. Therefore, we believe that off-target criteria
should be very stringent and can be even considered in later stages
of pharmacological development, usually in the context of struc-
tural ligand binding studies. In any case it is interesting to compare
present results to previous target selection pipelines, to see what
are common as well as new identified targets.

Among our top scoring targets, many proteins broadly
mentioned in the literature as signaling proteins (pnkB, pnkG,
DevS) or related to mycolic acid synthesis (IhnA, pcaA, pks13, fas,
fad32D), panthenoate biosynthesis (panB) and Cytochromes (cyp
121 and cyp125) have already been highlighted by Chandra's Lab



Table 5
Newly and revalidated Mtb targets found using structural druggability, metabolic importance analysis and expression data in infection mimicking conditions. Revalidated
targets are taken from [25].

Protein name Rv Status Druggability Pathway (importance) Profile expression

Inositol-3-phosphate synthase Rv0046c New target 0.719 Myo-inositol biosynthesis (0.3871) L-1-phosphatidyl-
inositol biosynthesis (Mycobacteria) (0.6063).
mycothiol biosynthesis (0.5370)

Str, Hyp, Sta

3-phosphoshikimate 1-carboxyvinyltransferase Rv3227 New target 724 Chorismate biosynthesis from 3-dehydroquinate
(0.4828)

Str

O-acetylhomoserine aminocarboxypropyltransferase Rv3340 New target 635 Homocysteine biosynthesis (0.4681) Hyp, Sta, Inf
3-oxoacyl-[acyl-carrier-protein] synthase 2 Rv2246 New target 709 Mycolate biosynthesis (0.4517) fatty acid biosynthesis

initiation II (0.3883) 8-amino-7-oxononanoate
biosynthesis I (0.3765)

Str, Hyp

Octanoyltransferase Rv2217 New target 703 Lipoate biosynthesis and incorporation I (0.4529) Sta
Bifunctional protein GlmU Rv1018c New target 911 UDP-N-acetyl-D-glucosamine biosynthesis I (0.4523) Str, Hyp, Inf
Rv1465 Rv1465 New target 926 [2Fee2S] iron-sulfur cluster biosynthesis Str
1D-myo-inositol 2-acetamido-2-deoxy-alpha-D-

glucopyranoside deacetylase
RV1170 Revalidated 781 Mycothiol biosynthesis (0.5370) Str

Sulfate adenylyltransferase subunit 2 Rv1285 Revalidated 891 Selenate reduction (0.4579) sulfate activation for
sulfonation (0.4326)

Str, Hyp, Sta

dTDP-glucose 4,6-dehydratase Rv3464 Revalidated 676 dTDP-L-rhamnose biosynthesis I (0.4459) Str
Enoyl-[acyl-carrier-protein] reductase [NADH] Rv1484 Revalidated 919 8-amino-7-oxononanoate biosynthesis I (0.3765)

stearate biosynthesis II (bacteria and plants) (0.3700)
3-methyl-2-oxobutanoate hydroxymethyltransferase Rv2225 Revalidated 937 Phosphopantothenate biosynthesis I (0.4351) Str, Hyp, Inf
Mycocyclosin synthase Rv2276 Revalidated 887 Mycocyclosin biosynthesis (0.4435) Hyp
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and TDR Targets [75,25,85] as potential drug targets (shown in
Table 4). Thus, as expected, there are some common ussual find-
ings. Interestingly, none of these reports point to our top scoring
proteins in the mycothiol synthesis pathway (like mshB and ino1)
relevant for the redox balance in mycobacteria and suggested as a
relevent metabolic pathway to kill the pathogen (See Figure 4
Inositol-3-phosphate synthase (I3PS, ino1) (UniProtID P71703) is
a member of this mycothiol pathway). I3PS is the protein that
converts Glucose-6-P to 1D-myo-inositol 3-phosphate, it has been
reported as essential in both high throughput [50,51] as well as
single mutant studies [86]. It is part of the DosR regulon and is also
highly over-expressed under starving conditions. As shown in
Figure 2 I3PS structure (pdbid 1GR0) presents a druggable pocket
(DS score of 0.719) which overlaps with the NAD binding site, a site
also known to be able to host drug like compounds in other pro-
teins like InhA. Interestingly it displays 2 RNOS sensitive residues
Tyr145 and Cys26 as well as a “structural/catalytic Zn” whose role
has not been completely elucidated. Clearly I3PS harbors all char-
acteristics of an ideal target.

Another, not previously noted case is exemplified by L-D
transpeptidase (LDTP1) which is involved in the cross-linking of
peptidoglycan in the mycobacterial cell wall (and thus related to
the Mycolic acid biosynthesis) fundamental for in vivo resistance.
LDTP1 is an enzyme involved in formation of peptidoglican cross-
linking bonds, and thus essential. It is over-expressed in all condi-
tions, particularly in the presence RNOS. The druggable pocket (DS
score of 0.701) which is also the active site holds the key Cys 226
which is the nucleophile in the enzymatic reaction, strongly
arguing in favor of its potential inhibition by RNOS. Interestingly, it
has also been suggested that LDTP1 catalytic activity could be
inhibited by Beta lactamic compounds [87,88].

Nevertheless, there are targets predicted by TargetTB which are
not predicted by our classification pipeline. In general, this is due to
the fact that our pipeline prioritizes structural druggability and
infection mimicking conditions in order to classify potential drug
targets for the latent phase of Mtb infection. For example, both
DdlA (Rv2981c) and EmbA(Rv3794), known targets of cycloserine
[89] and ethambutol [90], respectively are druggable and essential
but lack any upregulation during infection mimicking conditions
making them less attractive as latent phase targets. On the
other hand, two targets that belongs to the
mycolyl-arabinogalactan-peptidoglycan biosynthesis pathway,
AftA (Rv3792) and AftB (Rv3805c), were not predicted for us owing
to lack of structures or models available.

Finally, from a metabolic network point of view, again several
known targets appear such as mycolate biosynthesis, important for
in vivo immune system modulation. Moreover, pathways involved
in some way to RNOS response are top ranked and pointed to be
relevant like NAD biosynthesis, homocysteine biosynthesis or
IroneSulfur cluster biosynthesis. Summarizing Table 5 presents a
set of new 7 targets identified by our pipelines, as well as a reas-
sessment of 6 previously identified targets, with their computed
characteristics.

4.2. The potential of TuberQ as a target-finding and
characterization tool

A final important contribution of the present work, is that all the
data, including newly predicted RNOS sensitivity and Metabolic
Network analysis is freely available on TuberQ web site (http://
tuberq.proteinq.com.ar/). We expect that the TuberQ database
becomes a useful resource for all researchers working in the field of
drug development in TB. The main feature of TuberQ is to provide
wide druggability analysis of Mtb proteins in a consistent and
effective manner, contributing to a better selection of potential
drug targets for screening campaigns and the analysis of targets for
structure-based drug design projects. On the other hand, we hope
TuberQ can be used as a repository where a researcher can easily
access information for a specific protein of interest. For example, if
the Rv3227 (3-phosphoshikimate 1-arboxyvinyltransferase) is used
as a query, seven records are shown in the start page (see Figure 5
for further information), corresponding to different crystals. By
clicking, in one of them, the corresponding record is expanded. On
the left side of the screen, four main tabs can be displayed. The
Initials-Tab, expands the identificatory data of the protein, such as
the Uniprot ID, protein “common” name, PFAM domain and the
PDB ID or homology based model ID. By analyzing the biological
functions of the protein, we find it is essential and over-expressed
under stress conditions. Also, in this page, the best BLAST hit
against the human genome is shown. In our example, it corre-
sponds to a protein with very low identity. Selecting the tab with
the structure name will open the structure-related data, including

http://tuberq.proteinq.com.ar/
http://tuberq.proteinq.com.ar/


Figure 5. TuberQ as a target selection tool. The different information tabs that are available when searching for proteins in TuberQ, are shown. In the initials Tab, information
about the assignment to the corresponding crystal structure or model and the PFAM family are depicted with the corresponding links to UniProt, PFAM and PDB (when available).
The Structure tab allows the user to view and analyze the druggable pockets and any available drug or cofactor in the PDB or models. The metadata tab contains information about
function annotation taken from UniProt and expression data in various infection mimicking conditions. Finally, the Reactions tab shows assignment(s) of the protein to various
metabolic pathways.
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the interactive pocket visualization module. This visualization
allows to analyze the druggable pocket in the context of the protein
like residues that delimit a given pocket, the pocket volume as
defined by alpha spheres, the presence of drug-like compounds or
cofactors (such as metals or NAD) which can also be co-visualized
in conjunction with the detected druggable pockets. The third tab
contains the metadata, which corresponds to information derived
from other databases and bibliography. With this information, we
may assume this protein plays a role in latency, since it is overex-
pressed in conditions of oxidative stress and is up-regulated in the
dormant phase. The fourth and last tab (Reactions) allows to see the
protein in its metabolism context. In this casewe easily identify this
protein as being a component of the chorismate metabolic
pathway. Overall, TuberQ allows obtaining relevant information of
a protein of interest in a user-friendly way. In the case of
3-phosphoshikimate 1-carboxyvinyltransferase we may select it to
further study, since we found that is essential and druggable, it
appears overexpressed under different conditions that mimic
infections and does not show significant similarity with human
sequences. A final remark is that TuberQ framework allows to
upload new data into the resource so new analysis can be done,
once the information is obtained. Third party users are encouraged
to provide feedback and request to the authors to upload newgene/
protein properties that they consider useful for the resource.
4.3. Conclusions

Combining structural druggability, essentiality and nitro-
oxidative stress sensitivity criteria, in the context of Mtb meta-
bolic network and expression data, we built an in-silico target
prioritization pipeline that allowed identification of new potential
stress sensitive TB targets, shown in Table 5. The identified proteins
in the phosphatidyl-inositol and mycothiol biosynthesis pathways,
thus represent best potential candidates to display synergical
mycobactericidal effect when pharmacologically inhibited in
combination with nitro-oxidative stress generating compounds or
as those encountered by the bacteria in the macrophage. We also
made all performed analysis and gathered data freely available in
the TuberQ web site to allow other researches to analyze any Mtb
protein of their interest.
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