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Abstract 

Drug re-purposing to explore target space has been gaining pace over the past decade with the 

upsurge in the use of systematic approaches for computational drug discovery. Such a cost and 

time-saving approach gains immense importance for pathogens of special interest, such as 

Mycobacterium tuberculosis H37Rv. We report a comprehensive approach to repurpose drugs, 

based on exploration of evolutionary relationships inferred from comparative sequence and 

structural analyses between targets of FDA-approved drugs and the proteins of M. tuberculosis. 

This approach has facilitated identification of several polypharmacological drugs that could 

potentially target unexploited M. tuberculosis proteins. A total of 130 FDA-approved drugs, 

originally intended against other diseases, could be repurposed against 78 potential targets in M. 

tuberculosis. Additionally, we have also made an attempt to augment the chemical space by 

recognizing compounds structurally similar to FDA-approved drugs. For three of the attractive 

cases we have investigated the probable binding modes of the drugs in their corresponding M. 

tuberculosis targets by means of structural modelling. Such prospective targets and small 

molecules could be prioritized for experimental endeavours, and could significantly influence 

drug-discovery and drug-development programmes for tuberculosis. 

Keywords 

Drug repurposing, Drug targets, Mycobacterium tuberculosis, Protein-ligand docking, Sequence 

analysis. 
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Introduction 

Unlike the conventional in vitro “blind” screening programmes, drug discovery efforts over the 

past decade are increasingly becoming rational and are concentred on target-driven lead 

discovery. Novel technological initiatives, such as high-throughput screening, structure-based 

lead design and combinatorial chemistry have resulted in successful identification of compounds 

with desired therapeutic effect. Albeit promising, the present-day drug discovery efforts yield 

very few positive results against the enormous cost and time invested, thus forcing many 

biopharmaceutical companies to leverage investments on a more promising strategy- to re-

purpose known drugs
1
. Such a strategy substantially reduces the time, effort and risk involved 

right from processing and development of the drug till it is commercialized. The significance of 

drug repurposing, i.e. the identification of new use for existing drugs, with or without any 

chemical modification, has been realized by various groups. In the recent past, several 

methodologies to repurpose drugs including in silico approaches based on binding site 

similarity
2, 3

, side-effect similarity
4
, ligand similarity

5, 6
, structure-based virtual-screening

7
 

exploiting genomic and pharmacological spaces for drug repurposing
8-11

, as well as in vitro 

techniques based on experimental screening of FDA-approved drugs against pathogens
12

 have 

been well demonstrated. Indeed, such an effective strategy has been successfully implemented by 

several groups in an attempt to discover viable therapies for pathogenic infections
13, 14

 as well as 

other diseases
15-17

. One of the several advantages of repurposing an FDA-approved drug for a 

pathogen is the lower probability of obtaining an “anti-target” in the host, given that the drug 

was originally developed to treat another pathogenic infection. The approach presented in this 

article delineates the computational identification and analyses of FDA-approved small 

molecules which could be repurposed for unexplored potential target proteins in M. tuberculosis, 

a causative agent of tuberculosis.  

A persistent leading cause of mortality, tuberculosis continues to be a global burden, with 

high prevalence in Asia and Africa. Despite the availability of drug regimens, an estimated 9 

million new cases and 1.5 million deaths were reported in the year 2013
18

. Current 

chemotherapeutic regimens include the use of four first-line drugs i.e. isoniazid, rifampicin, 

pyrazinamide and ethambutol which essentially inhibit the biosynthesis of key constituents of 

mycobacterial cell wall (mycolic acids, peptidoglycan and arabinogalactan) and inhibit bacterial 
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RNA synthesis. The first-line treatment is effective against drug-sensitive bacteria alone. Use of 

combination of second-line drugs i.e. amikacin, kanamycin, capreomycin, viomycin and 

fluoroquinolones is favoured only when the first-line treatment proves ineffective. Albeit 

clinically efficacious, the second-line drugs are reported to cause significant side-effects
19

. One 

of the major shortcomings with the current drug regimen is the emergence of multidrug (MDR) 

and extensively drug-resistant (XDR) strains that render first-line and second-line drug treatment 

futile. Such an emergence of drug-resistance strains usually arises either due to acquisition of 

resistance in the course of a patient’s treatment or due to transmission of drug-resistant bacteria. 

This poses serious complications in the quest of eradicating the epidemic. The success rate of the 

existing drugs on MDR and XDR tuberculosis is minimal
20

, thus entailing a need to explore drug 

target space in M. tuberculosis, explore the potential of existing drugs for repurposing
21, 22

 and 

formulate selective combination of drugs for such a heterogeneous bacterial population; which 

continues to remain a tremendous challenge.  

Established on the grounds of drug repurposing, we present a target identification 

methodology based on exploration of the evolutionary relationship between targets of FDA-

approved drugs (approved for use against diseases other than tuberculosis) and M. tuberculosis 

proteins. A similar integration of pharmacological data and homology information has been 

demonstrated earlier
23

, in order to determine within-target-family selectivity of small-molecules. 

With the help of sensitive remote-homology detection techniques it is possible to explore 

evolutionary relationships across species and draw inferences on related proteins and probable 

small molecule binding-sites. Such an approach has been pursued in the current study using 

FDA-approved drugs, their corresponding target proteins and their homologues in M. 

tuberculosis. The FDA-approved drugs were initially subjected to a filter to eliminate the ones 

known to act on human proteins, since the efficacy of a drug known to target proteins in human 

is questionable in its use as a repurposed drug against a pathogen. Results of enhanced structural 

and functional characterization of gene products encoded in M. tuberculosis proteins
24

 served as 

a guiding tool to explore the functional importance of the potential targets identified. Employing 

sensitive profile-based homology detection approaches coupled with structural elucidations on 

binding sites and literature support, a total of 78 proteins in M. tuberculosis were recognized 

which could serve as potential targets for 130 FDA-approved drugs. Additionally, an attempt has 

been made to increase the chemical expanse by incorporating prospective inhibitors/compounds 
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 5

which could be taken up further in the drug discovery pipeline against tuberculosis. For a 

selected drug-target association, protein-ligand docking was performed to assess the molecular 

details of the predicted interaction, thereby providing cues on binding mode and binding site for 

compounds structurally similar to the drug. The shortlisted FDA-approved drugs, inhibitors and 

potential targets identified in M. tuberculosis could provide an efficient platform to 

experimentally investigate the drug-target interactions predicted. The presented methodology is 

fairly generic and its applicability as a general framework for drug as well as target identification 

in other pathogens can be explored.   
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Methodology 

Dataset 

Sequences of gene products encoded in M. tuberculosis H37Rv genome were retrieved from 

TubercuList (http://tuberculist.epfl.ch/). The updated release of the database (release 27) as on 

March 2013 contains information on 4018 gene products, which has been used in the current 

study. DrugBank
25

 (version 4.2), a database constituting comprehensive drug and target 

information, was used in extracting details on FDA-approved drugs and their associated target 

protein sequences. For a total of 1600 FDA-approved drugs, sequences of 1522 target proteins 

from diverse source organisms were retrieved. ChEMBL
26

 (version 18) database, a collection of 

bioactive drug-like small molecules, was used to obtain details on inhibitors/compounds along 

with useful annotations on their clinical progress. This release holds 1,359,508 distinct 

compound records.  

Approach to identify potential drug-target interactions in M. tuberculosis 

i) Sequence analysis 

Prior to the use of known target protein sequences associated with 1600 FDA-approved drugs, a 

filtering step was employed to eliminate drugs known to act on human proteins based on details 

pertaining to source organism of each target protein as well as affected organisms reported for a 

drug, as detailed in DrugBank 4.2. We also excluded drugs currently under use against 

tuberculosis. Thence 196 drugs linked with 155 target protein sequences were considered for 

further analysis. In order to identify evolutionary relationship between these target proteins and 

proteins encoded in M. tuberculosis genome, a sensitive profile-based iterative sequence search, 

jackhmmer availed through HMMER3.0 suite of programs
27

, was employed with conditions on 

e-value cut-off of 0.0001 and 5 rounds of iteration. An alignment coverage cut-off of 70% or an 

alignment encompassing at least one functional and/or structural domain was used as an 

additional criterion to ensure reliability of the relationships recognised. The motive behind 

selection of such criteria was to capture the most of target sequence information in the context of 

functional and/or structural domains and eliminate short stretches of alignment. This step 

facilitated credible inferences on binding sites in the potential targets identified in M. 

tuberculosis.  
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ii) Structural elucidations: analyses on binding sites and evaluation 

Structural information for all the target proteins considered was obtained from PDB
28

. Of 155 

target proteins, molecular details on ligand-binding sites could be obtained for 73 targets 

(Supplementary Table 1). Structural information for the M. tuberculosis proteins homologous to 

known targets was retrieved from PDB. For M. tuberculosis proteins with no known structure, 

reliable structural models were obtained from ModBase
29

. ModBase is a large-scale collection of 

comparative protein structure models which are generated using an automated modelling 

pipeline ModPipe. This pipeline primarily relies on MODELLER
30

 for fold assignment, 

sequence-structure alignment, model building and assessment. Models retrieved from ModBase 

were checked for reliability based on z-DOPE score (<0), ModPipe Quality Score (MPQS) cut-

off of 1.1 and a query coverage threshold of 90%. DOPE score
31

 or Discrete Optimized Protein 

Energy score is essentially an atomic distance-dependent statistical potential used to analyse 

quality of model. Criteria such as model coverage, compactness of the model, sequence identity 

and gaps in sequence-structure alignment are also considered to investigate the quality of the 

models
32, 33

 which are summed up as MPQS. Quality of the models chosen from ModBase is 

reliable and therefore such models have the potential to be used with reasonable confidence in 

the assessment of putative ligand-binding sites. Structural models were also obtained using 

ModPipe through a web resource ModWeb (http://salilab.org/modweb) for instances where 

ModBase models are unavailable.  

Comparative evaluation of binding sites across known targets and their homologues in M. 

tuberculosis were established at several levels based on availability of molecular details of target 

proteins: 

a) Target-inhibitor complexes 

Cases where crystal structure of target-inhibitor complexes are available, a structural 

alignment algorithm, TM-align
34

 facilitated identification and assessment of conservation 

of ligand-binding residues in the corresponding homologue in M. tuberculosis. TM-align 

recognizes local structural matches between protein pairs and assigns TM-score which 

provides a measure of structural similarity. TM-score typically acquires a value between 

0 and 1, wherein a TM-score of > 0.50 depicts structural similarity corresponding to same 

fold and a TM-score < 0.30 corresponds to unconvincing structural similarity
34, 35

.  

b) Target-substrate complexes 
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For drugs which are substrate analogues known to exhibit competitive mechanism of 

inhibition, elucidation on binding-sites in predicted targets were established using TM-

align with the help of substrate-bound complexes of known targets.  

c) Unknown ligand-binding site 

Instances where binding site of an inhibitor could not be determined directly from 

structural information, SiteMap
36, 37

 availed through Schrӧdinger suite of programs was 

used to predict binding sites in potential targets identified in M. tuberculosis. SiteMap 

identifies probable ligand-binding sites and ranks them based on the site’s propensity for 

ligand binding with the help of a scoring function, SiteScore. This scoring function, based 

on weighted sum of properties such as size of site, solvent exposure, hydrophobicity, 

hydrophilicity, average grid contact strength with the protein, and donor or acceptor 

characteristics, has the potential to capture pharmaceutically relevant binding sites. A 

SiteScore threshold of 0.80 was used. Additionally, SiteMap predicts and scores 

druggability of each potential binding site primarily based on hydrophobicity
37

. Such 

high confidence binding sites could be conveniently used to generate receptor grids for 

protein-ligand docking studies using Glide (Grid-based ligand docking with energetics)
38-

40
, provided by Schrӧdinger. The docking protocol of Glide includes four major stages. 

Briefly, the first two stages involve an extensive site search and conformational search 

for a given ligand, followed by series of hierarchical filters that examine the spatial fit of 

the ligand to a defined receptor site. The complementarity of receptor-ligand interaction 

is evaluated using a scoring function, GlideScore
38

. At the third stage, the ligand binding 

poses are refined and subsequently energy minimized using OPLS-AA (Optimized 

potentials for liquid simulation-all atom) force field. Finally, the resultant poses are 

ranked using a model energy score Emodel, which combines GlideScore and non-bonded 

interaction energies of the ligand binding poses generated. 

 The computational modelling of protein-ligand complexes has become an 

inevitable element in drug discovery and development
41, 42

. The significant advances 

made over the past few decades has resulted in the availability of more than 60 docking 

algorithms, that are broadly based on shape complementarity, fragment-based, 

evolutionary-based and stochastic Monte Carlo methods
43

. Most of the algorithms avoid 

systematic search of receptor flexibility and exploration of all degrees of freedom in the 
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ligand to reduce computational burden, and use a simplified scoring function (empirical-

based) for computationally efficient evaluation of protein-ligand affinity at the cost of 

accuracy
44

. Devising a docking protocol which combines best possible scoring function, 

protein flexibility, protein-ligand conformational sampling, characteristics of protein-

ligand binding and an efficient search algorithm, remains a challenge in the field of 

computational drug discovery
41, 45, 46

.  

 The choice of the molecular docking program, Glide, has been made on the basis 

of numerous published studies which report the performance evaluation of widely used 

docking programs including Glide, GOLD
47-49

, FlexX
50

, AutoDOCK
51

, DOCK
52, 53

, 

ICM
54

, Surflex
55

 and LigandFit
56

, through molecular docking and virtual screening 

trials
43, 57-66

. In most of the studies, Glide was reported to consistently outperform other 

docking programs, making it the preferred program for molecular docking studies. For a 

selected case, protein-ligand docking study was performed using Glide XP (extra 

precision) scoring function
40

 to evaluate the predicted binding sites of a potential M. 

tuberculosis target and the putative effects of the small molecule on protein function were 

investigated. A schematic overview of the protocol followed is illustrated in Figure-1. 

 

Augmenting the chemical space 

The resultant shortlisted FDA-approved drugs were subjected to in silico screening against 

1,359,508 compounds from ChEMBL (version 18) database by employing two-dimensional and 

three-dimensional molecular similarity calculations. This step enabled identification of 

compounds structurally similar to FDA-approved drugs, which can be investigated for their 

usefulness as anti-tubercular agents. 

Fingerprint similarity searching was primarily used to determine similarity between the 

molecules by means of 2D molecular fingerprints. The simplicity of such fingerprints facilitates 

similarity calculations on a large-scale. A molecular fingerprint is a bit string or set of features 

representing substructures and properties of a molecule. In order to quantify the molecular 

similarities, Tanimoto coefficient
67, 68

 was used, which quantifies the fraction of features 

common to pair of molecules in question to the total number of features in both the molecules. 

Open Babel (version 2.3.1)
69

, an open-source toolbox to handle chemical data, was used to 

perform 2D molecular similarity searches for the shortlisted FDA-approved drugs against 
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ChEMBL compounds at a Tanimoto score cut-off of 0.9. Self-hits and salt formulations of FDA-

approved drugs were discarded from ChEMBL dataset. The high scoring ChEMBL compounds 

were further re-screened against their corresponding FDA-approved drugs using a 3D molecular 

similarity program, SHAFTS (SHApe-FeaTure Similarity)
70, 71

 which takes shape and 

pharmacophore features into account. This program provides a hybrid similarity measure which 

is a weighted sum of pharmacophore feature fit values (FeatureScore) and shape-densities 

overlap (ShapeScore), scaled to [0, 2]. The hybrid similarity score cut-off used was 1.0. 
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Results and Discussion 

Potential drug candidates for repurposing 

A total of 130 FDA-approved drugs were identified which are attractive candidates to 

repurpose against 78 potential M. tuberculosis targets. While majority of the approved drugs 

constituted antibacterial agents we could also recognize several antifungals, anti-malarial agents, 

leprostatic agents and anti-infectives which can be explored for their anti-tubercular activity. 

Based on the information on hierarchical rule-based structural classification of drugs obtained 

from DrugBank, the set of 130 FDA-approved drugs could be grouped into 19 classes. Figure-2 

delineates the distribution of 130 drugs across drug classes and the number of potential M. 

tuberculosis targets predicted to be associated with each class. As depicted in the bar chart, the 

most populated drug class in terms of number of drugs pertains to lactams comprising of 51 

drugs associated with 12 targets. This finding clearly implies the possibility of combination 

therapy using lactams, one of the well-studied strategies
22

 that could stand tolerance against 

development of drug resistance in the pathogen. In addition, the effectiveness of other drug 

classes such as quinolones and derivatives, macrolides and analogues and carbohydrate 

conjugates in combination therapy can also be explored. On the other hand, we also noted 

several instances where a single drug is capable of acting on multiple targets. This observation is 

evident in the Figure-2 where 5 single entity drug classes in particular, steroids and steroid 

derivatives (DB02703), furans (DB00336), benzothiophenes (DB01153), benzimidazoles 

(DB00730) and azolidines (DB00698) are predicted to target multiple proteins in M. 

tuberculosis. Indeed, modulating activity of multiple targets with the help of single drug 

(polypharmacology) has been increasingly gaining interest in rationalizing drug design, 

discovery and development
7
. An initial filter on elimination of FDA-approved drugs known to 

act on human proteins excludes “promiscuous” drugs with undesirable polypharmacological 

potential. Hence, the multi-target drugs recognized in the analysis are capable of mainly 

targeting multiple M. tuberculosis proteins. Such multi-target drugs have an immense potential 

as a complement to the current drug regimen and as an alternative to combination therapy. Table-

1 summarizes details on few of the interesting examples. The complete list is provided in 

Supplementary Table 2. 
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Potential drug targets identified 

The potential M. tuberculosis targets could be classified under four functional categories: a) 

intermediary metabolism and respiration, b) information pathways, c) cell wall and cell processes 

and d) lipid metabolism, based on the annotations detailed in TubercuList. Notably, of the 78 M. 

tuberculosis proteins identified as targets, 40 are recognized as genes active during log-phase 

growth of the pathogen
72

 and 42 are reportedly essential for its growth and survival
73, 74

. A chord 

layout of these observations sorted based on functional categories is illustrated in Figure-3. The 

rectangular blocks tagged for respective proteins depict essential genes, while the dots indicate 

their involvement in log-phase growth of the pathogen. Apparent from the figure, more than half 

(41) of the potential targets identified pertain to the category- intermediary metabolism and 

respiration. This finding gains importance as metabolic proteins of M. tuberculosis are one of the 

highly represented functional classes in the host lung that play a significant role in successful 

establishment of bacterial infection and persistence
75

. Various factors contribute to its success, 

several of which can be attributed to the proteins involved in biosynthesis of cell wall associated 

proteins (category: cell wall and cell processes) and the proteins involved in fatty acid 

biosynthesis (category: lipid metabolism) that promote complex formation of cell wall 

components
76

. Evidence on implications of such components in evading host immune response 

and pathogenesis
77, 78

 makes the proteins associated with such components suitable for targeting. 

We could recognize a total of 17 proteins pertaining to the aforementioned functional categories 

as probable targets (Figure-2). Also important in the development of infection in the host, are the 

proteins categorized under information pathways. These proteins participate in protein 

biosynthesis during growth of the pathogen primarily under aerobic conditions
79

. Thus, it is of no 

surprise that majority of the potential targets recognized under this category are essential to the 

pathogen and are actively involved in its growth. Such proteins indispensable for the growth of 

the pathogen qualify as attractive targets for chemotherapeutic intervention and thus, their 

identification as prospective targets forms a crucial step in anti-tubercular drug discovery. 

Details on some of the predicted drug-target associations are provided in Table-2. The complete 

list of potential targets and their corresponding drugs are detailed in the Supplementary Table 3.  

In order to obtain a distinctive viewpoint of the drug-target associations predicted for M. 

tuberculosis, a drug-target network was generated using Cytoscape v.3.0
80

 which is a tool for 

Page 12 of 45Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 13

data integration, visualization and analyses of data in the form of networks. Figure-4 illustrates 

the connectivity between 78 potential targets (denoted as coloured nodes), and their 

corresponding 130 FDA-approved drugs (denoted as white nodes). The drug-target network 

delineates 21 connected components. Evidently, three kinds of associations can be interpreted 

from the figure: 

i) Single drug, single target: 9 instances of such drug-target associations can be 

recognized from the figure. Some notable examples of this type include thymidylate 

synthase thyA (Rv2764c) with its potential drug candidate sulfadoxine (DB01299), 

urease alpha subunit ureC (Rv1850) with acetohydroxamic acid (DB00551), 

isoleucyl-tRNA synthetase ileS (Rv1536) with mupirocin (DB00410) and RNA 

polymerase sigma factor sigA (Rv2703) with fidaxomicin (DB08874). Few of these 

proteins have been regarded as desirable targets due to their recognition as critical 

determinants of infection
81-83

. Furthermore, the experimental evidence on potent anti-

mycobacterial activities exhibited by a couple of associated drugs provides credible 

inferences on the predictions made
84, 85

. 

ii) Single drug, multiple targets: 92 drugs were identified which can be explored for their 

polypharmacological potential. Several noteworthy cases include nitrofural 

(DB00336), a compound proven to be effective against mycobacteria
86

,  

thiabendazole (DB00730), an antihelminthic drug and sulfamethoxazole (DB01015), 

a bacteriostatic agent effective against M. tuberculosis
87

. One of the interesting 

examples in this category is the drug triclosan (DB08604), an antimicrobial agent 

widely used in personal care products, which has been demonstrated to inhibit enoyl 

reductase inhA of M. tuberculosis
88

. However, based on our analysis we could 

identify multi-target potential of triclosan. Figure-4 highlights multiple associations, 

including proteins belonging to the category “intermediary metabolism and 

respiration” and “lipid metabolism”, predicted for triclosan apart from inhA.  

iii) Multiple drugs, single/multiple target(s): Drugs which can be investigated for 

combination therapy are represented by several drug classes in the figure. As 

described in the previous section and also apparent in the figure are drugs of various 

drug classes, theorized to target proteins categorized under “intermediary metabolism 

and respiration”, “information pathways” and “cell wall and cell processes”.  
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In depth investigations on two of the instances are provided in the following sections. 

Case study 1: ureC as a target for acetohydroxamic acid 

Urease, a nickel-containing enzyme, is responsible for assimilation of urea through ureolytic 

activity, thus generating ammonia, a nitrogen source, utilized by M. tuberculosis during its 

growth
89

. Although, the pathogen has the ability to adapt to varied host environmental 

conditions, the urease activity could be indispensable for its survival under conditions where 

nitrogen sources are limited
89

. Thus, inhibiting this enzyme has the potential to impair the growth 

of M. tuberculosis. Based on our analysis we could identify M. tuberculosis urease as a feasible 

target for acetohydroxamic acid.  

A prokaryotic urease enzyme is composed of three subunits: α-subunit, β-subunit and γ-

subunit, which assemble as trimer of trimers arranged in a triangular fashion. The active site of 

the enzyme is constituted by the α-subunit which contains two nickel ions
90

. Acetohydroxamic 

acid, a structural analogue of urea, is a competitive inhibitor of urease. The inhibitor occupies the 

active site of the enzyme and coordinates with both nickel ions and active site residues
91

. With 

the help of crystal structure of acetohydroxamate-bound urease of Enterobacter aerogenes we 

were able to probe the molecular details of probable inhibitor-binding site in ureC (α-subunit) of 

M. tuberculosis. The α-subunit of urease enzyme of both M. tuberculosis and E. aerogenes were 

recognized to be closely related (see Table-2). Figure-5(a) shows the superposition of the 

modelled structure of M. tuberculosis ureC on the crystal structure of inhibitor-bound 

Enterobacter aerogenes urease, the inhibitor-binding residues and their conservation is 

exemplified in Figure-5(b). Interestingly, the inhibitor-binding residues and the metal 

coordinating residues were recognized to be completely conserved in ureC of M. tuberculosis, 

thus implying the possibility of enzyme inhibition in M. tuberculosis by acetohydroxamic acid. 

Case study 2: Fusidic acid as a drug candidate for fusA1 and fusA2 

Protein factors, along with ribosomal machineries, play important roles in the efficient synthesis 

of a protein. Two such critical roles are brought about by elongation factor G (EF-G); one during 

translation, by promoting guanosine 5′-triphosphate (GTP)-dependent translocation of nascent 

peptide chain from A-site to the P-site of the ribosome; and second during ribosome disassembly 
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by interacting with ribosome recycling factor
92

. M. tuberculosis encodes two EF-Gs fusA1 

(Rv0684) and fusA2 (Rv0120c), which have been identified as potential targets for fusidic acid. 

The in vitro susceptibility of M. tuberculosis to fusidic acid has been demonstrated earlier, and 

its effectiveness against susceptible and resistant strains of the pathogen is noteworthy
93

. Fusidic 

acid, an antibacterial agent, has been shown to exhibit its bacteriostatic activity by trapping EF-G 

in a post-translocational state, thus, preventing its release from the ribosome during translation
94

. 

Crystal structure of ribosome with EF-G in this arrested state in the presence of fusidic acid
94

 

was utilized to determine the putative residues in M. tuberculosis targets that may be essential for 

fusidic acid activity (see Table-2). Figure-6(a) shows the multiple sequence alignment of fusA1 

and fusA2 with respect to fusA of Thermus thermophilus pertaining to fusidic acid-binding 

region. The key residues in fusA of T. thermophilus, which allow fusidic acid to exert its 

inhibitory effect, are conserved in fusA1 and fusA2 of M. tuberculosis as illustrated in Figure-

6(b). 

For majority of the predicted targets (53 of 78) information on inhibitor-binding sites could be 

directly obtained from the crystal structures of their corresponding homologous known targets. 

Instances where binding sites could not be readily inferred, SiteMap (see methodology section) 

was employed to obtain pharmaceutically relevant binding sites in the predicted targets. These 

sites provide a resource of putative pockets in the target proteins which could be probed using 

their respective potential drug candidates. A list of high scoring binding sites estimated for 20 

targets is provided in Supplementary Table 4. 

Inferences from augmented chemical space 

In order to provide a larger scope of exploration in the chemical space, we acquired a two-step 

screening of the ChEMBL compound library against the FDA-approved drugs. 1367 ChEMBL 

compounds were recognized to show high molecular similarity to 101 FDA-approved drugs. By 

virtue of molecular similarity to FDA-approved drugs, it is possible to recognize prospective 

unexplored inhibitors that might exhibit potent mycobacterial activity. Table-4 details few 

notable examples. The entire list of compounds similar to approved drugs is provided as a 

supplementary material (Supplementary Table 5). The feasibility of couple of such compounds 

as potential anti-tuberculars is investigated further. 
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 Sulfamethoxazole is a bacteriostatic agent belonging to a class of organic compounds 

which constitute benzenesulfonamide moiety with an amine group attached to the benzene ring. 

Our approach could recognize three ChEMBL compounds structurally similar to 

sulfamethoxazole (see Table-4 and Figure-7), which differ in the group attached to the benzene 

ring. Of the three, two compounds CHEMBL610753 and CHEMBL608998 have been evaluated 

experimentally for their activity against Leishmania infantum
95

. Figure-7 illustrates the 2D 

representation of these small molecules and their 3D alignment with respect to sulfamethoxazole. 

Owing to their high structural similarity to sulfamethoxazole, the probable mode and the site of 

binding of these ChEMBL compounds in the associated target(s) can be inferred from the 

structural aspects of a sulfamethoxazole-bound protein. We pursued a protein-ligand docking 

study in order to determine the characteristics of the binding site and the binding mode of 

sulfamethoxazole in one of its associated targets folC (Rv2447c).  

 The activity of folylpolyglutamate synthetase folC of M. tuberculosis is essential for the 

growth and survival of M. tuberculosis, as it aids the conversion of folates to polyglutamate 

derivatives which are in turn vital in diverse biosynthetic pathways. In addition, this enzyme is 

also thought to exhibit dihydrofolate synthetase activity. This bifunctional enzyme comprises of 

two distinct domains: an ATPase domain at the N-terminus and a C-terminal Rossmann-fold 

domain, which flank the active site region
96

. This region hosts functionally important loops 

including dihydropteroate-binding loop (α1-α2 loop), P-loop and a β5-α6 loop (res: 197-210) 

which is proposed to provide a mechanistic switch to regulate enzyme activity
96

. Such a 

functionally important region was recognized as a pharmaceutically relevant pocket by SiteMap 

with a SiteScore of 1.058, which was used as a receptor grid to dock sulfamethoxazole using 

Glide with XP scoring function. Investigations on the binding poses of the drug revealed a 

docked pose with a best possible score of -6.75 kcal/mol. Figure-8 exemplifies the binding 

pocket, the docked pose of sulfamethoxazole and the proximity of the drug to the functionally 

important loops. The probable residues influenced are highlighted in ball and stick 

representation. Notably, these residues include Lys218, Lys77, Asp202, His356, Glu176 and 

Ser100 which are involved in stabilizing activated conformation of the M. tuberculosis enzyme 

and are also engaged in metal ion coordination. Thus, the proposed site and mode of binding of 

sulfamethoxazole could be theorized to impede proper functioning of the enzyme. While the 

details on binding site of sulfamethoxazole can be extrapolated to the ChEMBL compounds 
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structurally similar to the drug, thorough investigations on binding affinity of these compounds 

and their bioactivities is required to validate their potential as anti-tubercular compounds.  

Comparison with previously published computational studies 

Several computational efforts have been pursued in the past decade, including our previously 

published studies, in order to outline strategies for identification of attractive M. tuberculosis 

targets and potential drug candidates that could serve as anti-tubercular agents
2, 97, 98

. A 

comparison with previously reported targets and drug candidates is discussed further. 

A list of 451 M. tuberculosis proteins of high targetability was proposed previously by 

our group
97

 with the use of an extensive target identification pipeline, targetTB, which employs 

systems, sequence and structural level analysis of M. tuberculosis proteins coupled with data-

intensive filters. Our analysis could identify nine such proteins of high targetability as feasible 

targets for 14 FDA-approved drugs (Table-3). A recently published study by our group on 

structural characterization of binding sites in M. tuberculosis on genome-wide basis has provided 

cues on proteins that could serve as polypharmacological targets
98

. Four such targets with 

polypharmacological potential overlapped with our analysis and indeed, were recognized as 

proteins belonging to a set of targets which could be potentially targeted by single FDA-

approved drug (Table-3). 

We also compared our predicted drug-target associations with TB-drugome
2
, a resource 

which provides a list of approved drugs and druggable M. tuberculosis targets that have been 

computationally determined on the basis of binding-site similarity between targets of approved 

drugs and M. tuberculosis proteins. No overlapping drug-target associations were identified; 

however we identified 11 M. tuberculosis targets in our analysis which were identified as 

druggable targets in TB-drugome, and 6 approved drugs (chloramphenicol, ketoconazole, 

mupirocin, novobiocin, triclosan and tetracycline) in TB-drugome which have also been 

recognized in our analysis as drug candidates for repurposing against tuberculosis. Table-3 

summarizes the list of M. tuberculosis proteins recognized as high-confidence targets in 

previously published studies. 
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Proof of the principle 

Apart from several computational studies, experimental investigations on exploiting the use of 

available drugs as possible repurpose-able candidates for tuberculosis, has been demonstrated by 

numerous groups. However, we approached the question of identifying FDA approved drugs that 

may be effective against tuberculosis without considering previously known information. 

Interestingly, 74 out of 130 approved drugs proposed in our analysis have been experimentally 

supported earlier, as anti-tubercular agents capable of inhibiting the pathogen either alone or in 

combination with other drugs. Supplementary Table-2 summarizes literature reports on 74 of 130 

approved drugs whose anti-tubercular activity has been tested either in vitro, in vivo or in clinical 

studies. 

 In addition, several studies have also exploited the pharmaceutical relevance of proteins 

encoded in M. tuberculosis genome. Mutational studies
73, 74

, use of transposon site hybridization 

techniques
99, 100

, analyses on response of the pathogen to nutrient starvation
101

, biochemical 

studies under different conditions
102, 103

, drug-induced alterations in gene expression
104, 105

, genes 

involved in non-replicating persistence
106

, conditional gene inactivation
107, 108

 and numerous 

gene-knockout experiments
109-118

 have aided in comprehending genes essential for growth, 

survival, virulence and antibiotic resistance in M. tuberculosis, and thus qualify as attractive 

targets. Interestingly, we could identify 59 of 78 potential targets (Supplementary Table-3) from 

our analysis which concurred with such targets of interest. 

 Identification of such pharmaceutically relevant targets and drugs in our analyses justifies 

the strength of the computational approach used; therefore the rest of the drug-target associations 

have the potential to serve as a guiding tool for experimental endeavours. 
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Conclusion 

Drug repurposing strategies have been increasingly gaining importance over the past decade and 

several pharmaceutical companies and research groups have successfully established new uses 

for old drugs. Over and above the high-throughput screening techniques, used to determine new 

indications for approved drugs, there has been considerable interest in the usage of 

computational approaches to extract, integrate and assess relevant biological and chemical 

information, in order to design protocols for an accelerated drug repurposing pipeline. Such time 

and cost-saving strategies are of immense use particularly for pathogenic microorganisms such 

as M. tuberculosis which have acquired antibiotic resistance over the course of co-evolution with 

their human host.  

Besides the recognition of approved drugs which could be repurposed against 

tuberculosis, comprehension of the target space of the pathogen also acquires equal stance. 

Towards the exploration of druggable target space in M. tuberculosis our previously published 

study
97

 demonstrated the use of sequence, structural and systems level analysis in concert with 

integration of diverse datasets to recognize high priority targets. Another noteworthy study on 

computational identification of M. tuberculosis proteins as targets for drug-like compounds 

experimentally active against M. tuberculosis, has provided interesting insights on compound-

target associations that can be readily pursued for biochemical studies
119

. Furthermore, 

recognition of M. tuberculosis proteins involved in interaction with the host cellular components 

could aid in prioritization of targets that could be determinants of pathogenesis. Recent published 

works on recognition of protein-protein interactions across M. tuberculosis and human provide 

useful resource of attractive targets
120, 121

.  

Through exploration of evolutionarily relationship between known targets of FDA-

approved drugs and proteins in M. tuberculosis, we were able to demonstrate the recognition of 

78 M. tuberculosis proteins which could serve as potential targets for 130 approved drugs. By 

elimination of approved drugs capable of acting on human proteins, we have minimized the 

chances of obtaining an anti-target in the host. Indeed, repurposing drugs against tuberculosis has 

considerable advantages, especially as a time and cost saving strategy and the less likelihood of 

an approved drug exhibiting adverse and/or toxic side effects in human. However, there can be a 

possibility where a drug predicted as an anti-tubercular drug candidate is unsuccessful in 
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exhibiting anti-tubercular activity. This can be due to distinct features of the binding site of M. 

tuberculosis protein and its homologous known target protein, or due to the inadequate 

penetration of the drug to the site of infection in the host. The latter case is largely reliant on in 

vivo experimental investigations or clinical studies on viability of the drug, whilst the former 

case can be tackled by identifying similarities and dissimilarities in the binding pocket-lining 

residues between established ligand-bound targets and their homologous M. tuberculosis 

proteins, which is attempted in the current study. Sequence and structure-based assessment of M. 

tuberculosis proteins homologous to known targets has yielded credible inferences on putative 

binding sites in potential targets. We also recognized potentially druggable sites for instances 

where information on binding sites could not be readily inferred from known targets. 

Identification of target-specific drugs and drugs with polypharmacological potential, capable of 

acting on multiple M. tuberculosis proteins, could be clearly comprehended from drug-target 

network. Such drug-target associations can be investigated for their chemotherapeutic relevance. 

In addition, we have made an attempt to recognize prospective anti-tubercular compounds by 

virtue of their structural similarity to FDA-approved drugs. The approved drugs predicted as 

promising candidates for repurposing against M. tuberculosis, in concert with the structurally 

similar compounds could serve as an effective resource for an experimental follow-up towards 

anti-tubercular drug development and drug discovery.  
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Tables 

Table 1. List of some of the predicted drug-target associations in the context of drug classes. The 

complete list is provided as a supplementary material (Supplementary Table 2) 

Sr. 

no. 

DrugBank 

ID 

Drug name Drug class Predicted targets 

1. DB00336 Nitrofural* Furans pstP (Rv0118c), mdh (Rv1240), 

ilvG (Rv1820), ilvB1 (Rv3003c), 

ilvB2 (Rv3470c) 

2. DB00551 Acetohydroxamic 

acid 

Carboxylic acids and 

derivatives 

ureC (Rv1850) 

3. DB00560 Tigecycline* Tetracyclines rpsL (Rv0682), rpsS (Rv0705), 

rpsN2 (Rv2056c), rpsI 

(Rv3442c), rpsM (Rv3460c) 

4. DB00698 Nitrofurantoin* Azolidines Rv0306, rpsJ (Rv0700) 

5. DB00730 Thiabendazole Benzimidazoles Rv0248c, frdA (Rv1552), nadB 

(Rv1595), sdhA (Rv3318) 

6. DB01421 Paromomycin* Carbohydrate 

conjugates 

rpsJ (Rv0700) 

7. DB01598 Imipenem* Lactams pbpA (Rv0016c), ponA1 

(Rv0050), blaC (Rv2068c), pbpB 

(Rv2163c), Rv2864c, ponA2 

(Rv3682) 

8. DB02703 Fusidic acid* Steroids and steroid 

derivatives 

fusA2 (Rv0120c), fusA1 

(Rv0684) 

9. DB04794 Bifonazole Benzene and 

substituted derivatives 

cyp138 (Rv0136), cyp135A1 

(Rv0327c), cyp135B1 (Rv0568), 

cyp51 (Rv0764c), cyp139 

(Rv1666c), cyp136 (Rv3059) 

10. DB08933 Luliconazole Azoles cyp138 (Rv0136), cyp135A1 

(Rv0327c), cyp135B1 (Rv0568), 

cyp51 (Rv0764c), cyp139 

(Rv1666c), cyp136 (Rv3059) 

*Experimentally investigated earlier for their anti-tubercular activity
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Table 2. Details on some of the potential targets identified in M. tuberculosis. The complete list is provided as a supplementary 

material (Supplementary Table 3) 

Rv ID Essential 

gene? 

Protein 

description 

Crystal 

structure/ 

model 

[region] 

UniProt ID 

of known 

target 

homologous 

to Mtb 

protein 

Protein 

description 

Crystal 

structure/ 

model 

[region] 

Source 

organism 

Seq. 

identity 

TM-

score 

Drug predicted to 

be associated with 

Mtb protein 

(DrugBank 

ID:name) 

Rv0120c No Elongation 

factor G 

FusA2 

Model 

(2DY1:A) 

[21-714] 

Q5SHN5 Elongation 

factor G 

4V5F:AY 

[1-691] 

Thermus 

thermophilus 

34% 0.68 DB02703: 

Fusidic acid 

Rv0684 Yes Elongation 

factor G 

FusA1 

Model 

(2XEX:A) 

[3-701] 

Q5SHN5 Elongation 

factor G 

4V5F:AY 

[1-691] 

Thermus 

thermophilus 

60% 0.80 DB02703: 

Fusidic acid 

Rv1850 No Urease alpha 

subunit UreC 

Model 

(4UBP:C) 

[3-577] 

P18314 Urease subunit 

alpha 

1FWE:C 

[1-567] 

Enterobacter 

aerogenes 

60% 0.95 DB00551: 

Acetohydroxamic 

acid 

Rv2139 Yes Dihydro-

orotate 

dehydrogenase 

Model 

(1F76:A) 

[1-332] 

Q08210 Dihydro-

orotate 

dehydrogenase 

(quinone) 

1TV5:A 

[158-569] 

Plasmodium 

falciparum 

32% 0.92 DB01117: 

Atovaquone 

Rv2447c Yes  Folylpoly-

glutamate 

synthase FolC 

2VOS:A 

[1-487] 

P08192 Bifunctional 

protein FolC 

1W78:A 

[1-422] 

Escherichia 

coli K12 

29% 0.85 DB01015: 

Sulfamethoxazole 
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Table 3. List of M. tuberculosis targets identified in our analysis concurring with previously published works. 

Sr. 

no. 

Rv ID Associated drug(s) based on our analysis targetTB target 

(Raman et al. 

2008) 

Mtb pocketome 

polypharmacological 

target (Anand and 

Chandra, 2014) 

TB-drugome 

(Kinnings et al. 

2010) 

1. Rv0120c Fusidic Acid Yes No No 

2. Rv0136 Fluconazole, Terconazole, Voriconazole, Ketoconazole, 

Miconazole, Sertaconazole, Posaconazole, Bifonazole, 

Luliconazole 

No No Yes 

3. Rv0327c Fluconazole, Terconazole, Voriconazole, Ketoconazole, 

Miconazole, Sertaconazole, Posaconazole, Itraconazole, 

Bifonazole, Luliconazole 

No No Yes 

4. Rv0399c Cefalotin Yes No No 

5. Rv0547c Triclosan No No Yes 

6. Rv0568 Fluconazole, Terconazole, Voriconazole, Ketoconazole, 

Miconazole, Sertaconazole, Posaconazole, Itraconazole, 

Bifonazole, Luliconazole 

   

7. Rv0651 Roxithromycin, Clindamycin, Clarithromycin, 

Quinupristin, Lincomycin 

No Yes No 

8. Rv0687 Triclosan No Yes No 

9. Rv0706 Azithromycin, Quinupristin Yes No No 

10. Rv0764c Fluconazole, Terconazole, Voriconazole, Ketoconazole, 

Miconazole, Sertaconazole, Posaconazole, Itraconazole, 

Bifonazole, Luliconazole 

No No Yes 

11. Rv1393c Clofazimine No No Yes 

12. Rv1484 Triclosan Yes No No 

13. Rv1595 Thiabendazole No No Yes 
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14. Rv1666c Fluconazole, Terconazole, Voriconazole, Ketoconazole, 

Miconazole, Sertaconazole, Posaconazole, Itraconazole, 

Bifonazole, Luliconazole 

No Yes No 

15. Rv1714 Triclosan Yes No No 

16. Rv1820 Nitrofural No No Yes 

17. Rv1850 Acetohydroxamic acid Yes No No 

18. Rv1941 Triclosan No Yes Yes 

19. Rv2139 Atovaquone Yes No Yes 

20. Rv2703 Fidaxomicin Yes No No 

21. Rv3458c Doxycycline, Lymecycline, Clomocycline, 

Oxytetracycline, Demeclocycline, Minocycline 

Yes No No 

22. Rv3559c Triclosan No No Yes 
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Table 4. Few examples of ChEMBL compounds similar to FDA-approved drugs. The entire list is provided as a supplementary 

material (Supplementary Table 5) 

Sr. 

no. 

DrugBank 

ID 

Drug name Molecular formula ChEMBL compound Molecular formula SHAFTS score 

1. DB00487 Perfloxacin C17H20FN3O3 CHEMBL732 

CHEMBL735 

CHEMBL1180570 

C16H18FN3O4 

C16H16FN3O4 

C20H25FN3O3 

1.225 

1.26 

2.016 

2. DB00817 Rosoxacin C17H14N2O3 CHEMBL288437 C13H13NO3 1.715 

3. DB01015 Sulfamethoxazole C10H11N3O3S CHEMBL610753 

CHEMBL608998 

CHEMBL1972802 

C10H9N3O5S 

C10H10N2O3S 

C10H11N3O4S 

1.349 

1.499 

1.585 

4. DB01051 Novobiocin C31H36N2O11 CHEMBL1834263 

CHEMBL1834269 

C36H45N3O14S 

C37H48N4O12 

1.726 

1.824 

5. DB02703 Fusidic acid C31H48O6 CHEMBL1552107 

CHEMBL1477084 

C31H48O6 

C31H48O6 

2.309 

2.132 
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Legends to Figures 

Figure 1. Workflow adopted. A schematic diagram of the steps adopted for identification of 

drug-target associations for M. tuberculosis is illustrated.  

Figure 2. Distribution of predicted drug-target associations on the basis of drug classes. A bar 

chart representation of distribution of approved drugs across 19 drug classes (in grey) and 

number of targets (in light grey) identified to be associated with each class is depicted.  

Figure 3. Functional importance of the potential targets recognized in M. tuberculosis. The 

potential targets could be grouped into four functional categories which are represented in the 

form of a sorted chord layout. The size of each section of the chord is akin to the number of M. 

tuberculosis proteins under that section, denoted in brackets. Listed towards one end of each 

section are the Rv IDs pertaining to a functional category. Information on genes which are 

essential for growth and survival of M. tuberculosis are indicated as rectangular blocks coloured 

according to the functional category, while the blue dots depict the genes active during log-phase 

growth of the organism. 

Figure 4. Drug-target network. The set of 130 approved drugs which have the potential to be 

repurposed against 78 targets in M. tuberculosis are rendered as connected components in the 

network diagram. The coloured nodes correspond to M. tuberculosis targets, coloured according 

to functional categories, while the white nodes pertain to drugs. The colour key adopted for Rv 

IDs is identical to that portrayed in Figure-3, which is as follows: yellow, “intermediary 

metabolism and respiration”; green, “information pathways”; red, “cell wall and cell processes” 

and violet, “lipid metabolism”. The numbers associated with the connected components denote 

drug classes ranked based on number of drugs. The descriptions of drug class under each rank 

are as follows: (1) Lactams; (2) Benzene and substituted derivatives; (3) Quinolines and 

derivatives; (4) Carboxylic acid and derivatives; (5) Tetracyclines; (6) Macrolides and 

analogues; (7) Carbohydrate conjugates; (8) Diazines; (9) Naphthyridines; (10) Azoles; (11) 

Steroids and steroid derivatives; (12) Naphthalenes; (13) Furans; (14) Fatty acyls; (15) 

Cyclohexylamines; (16) Coumarins and derivatives; (17) Benzothiophenes; (18) Bezimidazoles; 

(19) Azolidines. 
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Figure 5. Mycobacterial urease as a viable target for acetohydroxamic acid. A) A cartoon 

representation of superposition of modelled structure of M. tuberculosis ureC (urease subunit 

alpha), in yellow, on the acetohydroxamate-bound crystal structure of E. aerogenes urease 

subunit alpha, in blue, (PDB code: 1FWE:C) is shown. The bound ligand, acetohydroxamic acid, 

is shown in stick representation with nickel ions as spheres. The binding site of acetohydroxamic 

acid in the alpha subunit of urease is indicated with an arrow. B) Inhibitor-binding residues and 

the metal coordinating residues in E. aerogenes urease (in blue) observed to be completely 

conserved in mycobacterial ureC (in yellow) are shown in stick representation. This figure and 

Figure-6 are generated using PyMOL
122

 (http://www.pymol.org). 

Figure 6. Inferences on fusidic acid binding residues in M. tuberculosis targets. A) Multiple 

sequence alignment of mycobacterial fusA1, fusA2 and their corresponding homologue fusA 

(UniProt ID: Q5SHN5|EFG_THET8) of T. thermophilus is shown. Only those aligned regions 

are shown which house residues involved in fusidic acid binding as reported for fusA, which are 

conserved across fusA1 and fusA2. The conserved residues are indicated as triangular symbols. 

B) Fusidic acid binding residues in fusA as indicated in the alignment are represented as sticks 

(PDB code: 4V5F:AY) with their van der Waals radii represented as dots.  

Figure 7. Sulfamethoxazole and its structurally similar ChEMBL compounds. 2D chemical 

structures of the drug sulfamethoxazole and the three structurally similar ChEMBL compounds 

(CHEMBL610753, CHEMBL608998, CHEMBL1972802) are depicted in the left panel of the 

figure, while the right panel depicts their respective pairwise 3D alignment. Visualization and 

alignment of chemical structures was pursued using Marvin 15.5.18, 2015, ChemAxon 

(http://www.chemaxon.com) 

Figure 8. Characterizing the site and the mode of binding of sulfamethoxazole. A) The 

bifunctional enzyme folC of M. tuberculosis (PDB code: 2VOS) is shown in cartoon 

representation (grey) with a zoomed-in view of the high scoring binding site recognized using 

SiteMap. This high scoring binding site sandwiched between N-terminal ATPase domain and C-

terminal Rossmann fold domain houses functionally important loops as highlighted in B). The 

proximity of the docked sulfamethoxazole (shown as sticks) to these loops is illustrated in B). 

Cobalt and magnesium ions are represented as blue and pink spheres, respectively. C) The 
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probable residues influenced (ball and stick representation) upon binding of sulfamethoxazole 

are indicated. Note: The missing coordinates of the disordered residues of α1-α2 DHP-binding 

loop were filled, corrected and refined using Prime
123

, availed through Schrodinger suite. Figures 

were generated using Maestro
124

.  
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Figure 1. Workflow adopted. A schematic diagram of the steps adopted for identification of drug-target 
associations for M. tuberculosis is illustrated.  
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Figure 2. Distribution of predicted drug-target associations on the basis of drug classes. A bar chart 
representation of distribution of approved drugs across 19 drug classes (in grey) and number of targets (in 

light grey) identified to be associated with each class is depicted.  
114x52mm (300 x 300 DPI)  

 

 

Page 39 of 45 Molecular BioSystems

M
ol

ec
ul

ar
B

io
S

ys
te

m
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Figure 3. Functional importance of the potential targets recognized in M. tuberculosis. The potential targets 
could be grouped into four functional categories which are represented in the form of a sorted chord layout. 
The size of each section of the chord is akin to the number of M. tuberculosis proteins under that section, 
denoted in brackets. Listed towards one end of each section are the Rv IDs pertaining to a functional 

category. Information on genes which are essential for growth and survival of M. tuberculosis are indicated 
as rectangular blocks coloured according to the functional category, while the blue dots depict the genes 

active during log-phase growth of the organism.  
197x193mm (300 x 300 DPI)  
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Figure 4. Drug-target network. The set of 130 approved drugs which have the potential to be repurposed 
against 78 targets in M. tuberculosis are rendered as connected components in the network diagram. The 
coloured nodes correspond to M. tuberculosis targets, coloured according to functional categories, while the 

white nodes pertain to drugs. The colour key adopted for Rv IDs is identical to that portrayed in Figure-3, 
which is as follows: yellow, “intermediary metabolism and respiration”; green, “information pathways”; red, 
“cell wall and cell processes” and violet, “lipid metabolism”. The numbers associated with the connected 
components denote drug classes ranked based on number of drugs. The descriptions of drug class under 

each rank are as follows: (1) Lactams; (2) Benzene and substituted derivatives; (3) Quinolines and 
derivatives; (4) Carboxylic acid and derivatives; (5) Tetracyclines; (6) Macrolides and analogues; (7) 
Carbohydrate conjugates; (8) Diazines; (9) Naphthyridines; (10) Azoles; (11) Steroids and steroid 

derivatives; (12) Naphthalenes; (13) Furans; (14) Fatty acyls; (15) Cyclohexylamines; (16) Coumarins and 
derivatives; (17) Benzothiophenes; (18) Bezimidazoles; (19) Azolidines.  
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Figure 5. Mycobacterial urease as a viable target for acetohydroxamic acid. A) A cartoon representation of 
superposition of modelled structure of M. tuberculosis ureC (urease subunit alpha), in yellow, on the 
acetohydroxamate-bound crystal structure of E. aerogenes urease subunit alpha, in blue, (PDB code: 

1FWE:C) is shown. The bound ligand, acetohydroxamic acid, is shown in stick representation with nickel ions 
as spheres. The binding site of acetohydroxamic acid in the alpha subunit of urease is indicated with an 
arrow. B) Inhibitor-binding residues and the metal coordinating residues in E. aerogenes urease (in blue) 
observed to be completely conserved in mycobacterial ureC (in yellow) are shown in stick representation. 

This figure and Figure-6 are generated using PyMOL122 (http://www.pymol.org).  
203x256mm (300 x 300 DPI)  
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Figure 6. Inferences on fusidic acid binding residues in M. tuberculosis targets. A) Multiple sequence 
alignment of mycobacterial fusA1, fusA2 and their corresponding homologue fusA (UniProt ID: 

Q5SHN5|EFG_THET8) of T. thermophilus is shown. Only those aligned regions are shown which house 
residues involved in fusidic acid binding as reported for fusA, which are conserved across fusA1 and fusA2. 

The conserved residues are indicated as triangular symbols. B) Fusidic acid binding residues in fusA as 
indicated in the alignment are represented as sticks (PDB code: 4V5F:AY) with their van der Waals radii 

represented as dots.  
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Figure 7. Sulfamethoxazole and its structurally similar ChEMBL compounds. 2D chemical structures of the 
drug sulfamethoxazole and the three structurally similar ChEMBL compounds (CHEMBL610753, 

CHEMBL608998, CHEMBL1972802) are depicted in the left panel of the figure, while the right panel depicts 

their respective pairwise 3D alignment. Visualization and alignment of chemical structures was pursued 
using Marvin 15.5.18, 2015, ChemAxon (http://www.chemaxon.com)  
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Figure 8. Characterizing the site and the mode of binding of sulfamethoxazole. A) The bifunctional enzyme 
folC of M. tuberculosis (PDB code: 2VOS) is shown in cartoon representation (grey) with a zoomed-in view 

of the high scoring binding site recognized using SiteMap. This high scoring binding site sandwiched between 
N-terminal ATPase domain and C-terminal Rossmann fold domain houses functionally important loops as 

highlighted in B). The proximity of the docked sulfamethoxazole (shown as sticks) to these loops is 
illustrated in B). Cobalt and magnesium ions are represented as blue and pink spheres, respectively. C) The 
probable residues influenced (ball and stick representation) upon binding of sulfamethoxazole are indicated. 
Note: The missing coordinates of the disordered residues of α1-α2 DHP-binding loop were filled, corrected 

and refined using Prime71, availed through Schrodinger suite. Figures were generated using Maestro72.  
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