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Abstract

Mycobacterium tuberculosis, the main cause of tuberculosis (TB), has still remained a
global health crisis especially in developing countries. Tuberculosis treatment is a laborious
and lengthy process with high risk of noncompliance, cytotoxicity adverse events and drug
resistance in patient. Recently, there has been an alarming rise of drug resistant in TB. In this
regard, it is an unmet need to develop novel antitubercular medicines that target new or more
effective biochemical pathways to prevent drug resistant Mycobacterium.

Integrated study of metabolic pathways through in-silico approach played a key role in
antimycobacterial design process in this study. Our results suggest that pantothenate synthetase
(PanC), anthranilate phosphoribosyl transferase (7rpD) and 3-isopropylmalate dehydratase
(LeuD) might be appropriate drug targets. In the next step, in-silico ligand analysis was used for
more detailed study of chemical tractability of targets. This was helpful to identify pantothenate
synthetase (PanC, Rv3602c) as the best target for antimycobacterial design procedure. Virtual
library screening on the best ligand of PanC was then performed for inhibitory ligand design.
At the end, five chemical intermediates showed significant inhibition of Mycobacterium bovis
with good selectivity indices (SI) >10 according to Tuberculosis Antimicrobial Acquisition &
Coordinating Facility of US criteria for antimycobacterial screening programs.
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Introduction

Tuberculosis has remained one of the major
lethal infectious diseases which kill more people
in comparison to any other microbial pathogen.
This is happening while a broad range of effective
drug regime is available worldwide (1). Current
antituberculars have encountered numerous
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challenges such as drug resistance, HIV co-
infection and persistence state. These drawbacks
highlight the unmet needs for drug candidate
which act through new biochemical pathways
(1-3). Sirturo, which inhibits mycobacterial
F1F0-adenosine triphosphate (ATP) synthase, is
the first drug of new class of antitubercular drugs
with novel mechanism that has been approved
in the last 40 years. This drug specifically
addresses Mycobacterium multi-drug resistance.
However, the main challenge to produce this
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new antimycobacterial was the fact that, Sirturo
increases risks of potentially fatal abnormal heart
rhythms (4, 5). Considering problems mentioned
above in tuberculosis treatment, proposing new
drug candidates which address these critical
issues is believed to be a health priority and has
attracted attention of researchers. As a result,
finding new pathways and development of novel
drugs addressing them are rather crucial in
tuberculosis management (3).

Information-processing enzymes such as
DNA polymerase, RNA polymerase and DNA
gyrase are the ones which were widely used in
drug design. Metabolic pathways have acquired
less attention in antituberculars in recent
years (6). Therefore, metabolic pathways
have remained as a fruitful avenue for the
development of new antituberculars which may
address existing drugs shortcomings.

This study focused on characterization
of more promising target as a solid base for
antimycobacterial design. [In-silico analysis
has been reported as more efficient method in
comparison to time-consuming and expensive
experimental investigations of possible drug
targets. [In-silico analysis of metabolome
targets was employed through integration and
application of datasets in different biological
domains. This broad range of selection criteria
covers different aspects of possible targets to
better identify plausible drug candidates. In-
silico ligand analysis was then applied to select
most suitable targets for further cheminformatics
follow up. This procedure was continued by a
virtual screening approach in NIH PubChem
Database for identification of virtual library
hits. Ultimately, the hit molecules were prepared
and assayed against Bacillus Calmette—Guérin
(BCG) to obtain the antimycobacterial activity.
Additionally, this approach was pursued through
cytotoxicity assay in Human Umbilical Vein
Endothelial Cell line.

Experimental

Materials

Chemical intermediates were purchased
from Merck Company (Germany) and Sigma
Company (Germany). The Human Umbilical
Vein Endothelial (HUVEC) cell line (NCBI
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Code: C554) and BCG (1173P2) were obtained
from Pasteur Institute (Iran). RPMI 1640,
streptomycin, penicillin and fetal bovine serum
(FBS) were purchased from Gibco Invitrogen
Company (USA). Trypan blue was provided
from Merck Company (Germany). Ethambutol,
alamar blue and tween 80, dimethyl sulfoxide
(DMSO0) 99.7% purchased from Sigma Company
(Germany). Middlebrook 7H9 Broth Base was
obtained from HiMedia (India).

Methods

Selection of drug target candidates via
integrated criteria

This target identification approach comprised
integrating datasets from different biology
aspects related to criteria such as known function,
essentiality, choke points, non-homology and
involvement in persistence and virulence.
Selection of drug targets was then performed
via integrated criteria, in which only targets
of metabolic pathways which met all desired
criteria were selected.

Targets function was obtained through
bioinformatic resources including KEGG (Kyoto
Encyclopedia of Genes and Genomes) (7) and
TubercuList  (Mycobacterium  Tuberculosis
Database) (8). We discriminated between known
and unknown functions for rational drug design
and complementary future studies through
biochemical or biophysical methods.

Essential genes were used in order to identify
key genes in Mycobacterium growth and
survival (9). Pervious experimental Datasets
of transposon site hybridisation (TraSH)
mutagenesis technique in H37Rv and CDC1551
were extracted from TubercuList database (8)
to choose essential genes for Mycobacterium
growth and survival.

Metabolic choke points, which uniquely
consume or produce a particular metabolite,
was used to identify potential targets based on
the biochemical lethality of metabolic networks
(10). Identification metabolic choke points
reaction that non-compensated by alternative
pathways was performed according to Kushwaha
and Shakya experimental dataset (11).

Non-homology criterion is important to
identify possible interference of drugs with the
human genes which might lead to adverse side



effects (9). Identification of non-homologous
targets was performed according to Anishetty
dataset (12).

In addition, the increasing emergence of
persistent bacteria highlights the need to develop
novel TB bactericides that shorten treatment
length (3). Unfortunately, most of current drugs
are interesting only because of their activity
against growing Mycobacterium tuberculosis
(13). Therefore, persistence is still a critical
criterion in selection of drug target candidates to
obtain ability to combat with persistent bacteria.
Expression during persistence was found through
bioinformatics resource; include TB Database
(14).

Virulence factors (VF) is another criterion to
identify of drug target candidates. These targets
play a key role in establishment and severity of
infection, so that inhibition of these virulence
factors would make the pathogen avirulent
(15). Identification of virulence factors was
done from Virulence Factor DataBase (VFDB)
that comprises virulence factors of 24 species
of pathogenic bacteria, include Mycobacterium
genus (15, 16).

In-silico ligand analysis

Ligands of selected drug targets were
considered to obtain promising ones for follow
up. Therefore, two distinct parameters of enzyme
activity and Lipinski rule of five were used to
evaluate the ligand. Enzyme activity was used
to assay acceptable potencies and associated
ligands efficiencies through their activity against
enzyme. Physicochemical parameters were
also assayed based on Lipinski rule of five as a
method of quantifying drug likeness. According
to Lipinski rule of five, only ligands that violate
just one role may be regarded as drug like
ligands. These rules include (i) no more than
five H-bond donors, (ii) no more than 10 H-bond
acceptors, (iii) molecular weight no higher
than 500 Daltons, and (iv) calculated primary
predictive index of lipophilicity (XlogP) no
more than five (17).

Ligand-based virtual screening

Virtual screening has become attractive
in computational filtering of comprehensive
databases like Pubchem in order to evaluate

205

In-silico PanC antimycobacterial discovery

compounds properties, identify preferred
compounds and eliminate those having undesired
features (18).

In this study, ligand-based virtual screening
protocol was applied using ligand of the selected
target candidate. Filtration strategy comprised
structural similarity, Lipinski rule of five and
mycobacterial bioassay. The structural similarity
search was used against Pubchem database
through measurement of similarity with threshold
between 70%-80% that it is increase possibility
of selecting hits with same bioactivity (19).
Lipinski rule of five and mycobacterial bioassay
were then used to drug likeness and novelty.

Finally, compounds were selected from virtual
library hits for antimycobacterial bioassay. All of
these compounds were commercially available
chemical intermediates.

Antimycobacterial bioassay

The minimal inhibitory concentration of
each compound against Bacillus Calmette—
Guérin (BCG) was determined by the microplate
alamar blue assay (20). Ethambutol was used
as positive control drug. It was solubilized
in DMSO to obtain drug stoke at 100 pg/mL
concentration. Microbial suspension of BCG
(1173P2) was diluted 1:10 with deionized water
to reach to 0.5 Mcfarland. Selected chemical
intermediate solutions were prepared in DMSO
at concentration of 1000 pg/mL. They were
then serially diluted in 7H9 broth to reach 500,
250, 125, 62.5,31.25, 15.62, 7.8 and 3.9 ng/mL
in microplates (n=2). The microbial suspension
of BCG was added to compounds dilutions and
incubated at 37 °C for 4 days, and then 20 pL
of 0.01% alamar blue solution with 12 puL of
10% Tween 80 was added to each well. The
color change from blue to pink was observed
after 48 h, and 72 h reincubation at 37 °C, and
the minimal inhibitory concentration (MIC)
was defined as the lowest concentration of
compounds that inhibited a color change (21).

Cell cytotoxicity assay and selectivity index
(S

The Human Umbilical Vein Endothelial
(HUVEC) cell line (NCBI Code: C554) was
used to assess cell cytotoxicity. The cells were
centrifuged at 3000 rpm for 5 min. Cell pellets
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Table 1. Selected drug target candidates via integrated criteria in Mycobacterium.

Selection Criteria Role of Criteria panC*  trpD®  leuD*® Dataset
Known function Rational drug design and probable study + + + Bioinformatic tools: .

1) KEGG (7) 2) TubercuList (8)
Essentiality Vital for Mycobacterium growth and survival + + +  Bioinformatic tool: TubercuList (8)
Choke points Biochemical lethality of metabolic networks + + +  Kushwaha and Shakya ez al.,, 2010 (11)
Non-homology Prevent of side effects + + +  Anishetty et al. 2005 (12)
Involvement in persistence Important for persistent or latent bacilli + + +  Bioinformatic tool: TB Database (14)
Involvement in virulence  Important for pathogenesis + + +  Bioinformatic tool: VFDB (16)

* Pantothenate synthetase
® Anthranilate phosphoribosyl transferase
¢ 3-isopropylmalate dehydratase, small subunit

were resuspended in complete culture media
at the concentration of 100,000 cells per mL.
100 pL of untreated cells were added to each
well and incubated for 24 h. 100 pL of each
compounds were then added to each well to
reach final concentration of 1000, 500, 250,
125, 62.5 and 31.25 pg/mL in each wells (n=3).
DMSO and doxorubicin (4 uM) were solvent
control and positive control, respectively. Plates
were then incubated for 24 h at 37 °C, with 5%
CO, in a humidified incubator. Cell viability was
assessed using MTT tetrazolium dye according
to Mosmann et al. (22) and Denizot and Lang
(23). 11 pL of MTT tetrazolium dye (5 mg/mL)
were added to each well and incubated in 37
°C for 5 h. The insoluble formazan formation
was dissolved in 100 pl DMSO. Optical
density (OD) was recorded using an ELISA
reader (Organon Tekninka, The Netherlands) at
wavelengths of 570 and 630 nm. % Viabilty and
%Cytotoxicity were calculated by Equation 1
and 2.

mean absaorbance of treated cells

) x 100

% Viability = (
i mean absorbance of negative control

Equation 1

%Cytotoxicity = 100 - % Viability
Equation 2

The ratio between IC, and MIC against BCG
was used to calculate the selectivity index of
each compound for identification of potent hits.
Favorable profile was assessed by selectivity
index (SI) more than 10 pg/mL which was
suggested safe for further screening (24, 25).
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Results

Selected drug target candidates

This step involved integration of six datasets
from different selection criteria. Selection of
Mycobacterium targets was then performed via
integrated criteria. As shown in Table 1, three
targets of metabolic pathways, pantothenate
synthetase (Pan(C), anthranilate phosphoribosyl
transferase (7rpD) and 3-isopropylmalate
dehydratase, small subunit (LeuD), contained all
of these selection criteria. These results suggest
that these three targets might be promising drug
target candidates (Table 1).

Selected ligand

Result showed that pantothenate synthetase
is the only target candidate that had tractable
ligands. Ligand properties were evaluated to
select the best for antimycobacterial design.
In this step, Lipinski rule of five and enzyme
activity were used for further consideration of
drug-likeness and ligand potency, respectively.
Most of these ligands followed Lipinski rule of
five. But they acted differently in enzyme activity
ranging from nm to uM. The best ligand which
had IC,, value of 90 nM and obeyed Lipinski
rules of five, was selected for virtual screening
(Figure 1).

Ligand based virtual hits

In the first step, 57916 hits were obtained
through ligand based similarity search. These
similar hits were filtered through Lipinski rule
of five to obtain 2239 hits. The obtianed similar
drug like hits were then filtered through applying



Figure 1. The selected primary ligand used for virtual
screening, which is also complied with Lipinski rule of five.

mycobacterial bioactivity. About 650 compounds
with mycobacterial bioactivity were eliminated
through this filtration step. Remaining 1589
compounds were then investigated regarding
whetherthey are commerciallyavailable chemical
intermediates or not. At the end, 12 chemical
intermediates were selected for subsequent
antimycobacterial bioassay. These chemical
intermediates and some of their Lipinski related
physicochemical properties are shown in Table
2. It should be noted that the screened inhibitors
were synthesized from chemical intermediated.
The synthetic derivatives were then confirmed
by H-NMR (not shown in this article).

In-silico PanC antimycobacterial discovery

Antimycobacterial bioassay

The chemical intermediates and their
antimycobacterial activities are listed in Table 3.
Six chemical intermediates showed inhibition of
Mycobacterium bovis with minimum inhibitory
concentration (MIC) of <46.8 ng/mL. The
most active compounds were lg, 1d, le and
If with MICs of <3.9, 7.81, 11.7175, 7.8 pg/
mL, respectively. Compounds I¢ and 2b had
acceptable activities (MIC = 46.875 and 31.25
pg/mL) among the other chemical intermediates.

All in all, panc primary ligands lacked
favourable whole bacterium bioassay. But, virtual
hits were shown improved antimycobacterial
activity in comparison to panc primary ligands.
Antimycobacterial bioassay results are shown in
Table 3.

Cell cytotoxicity and selectivity index (SI)

Cytotoxicity determination of screened
compounds is crucial in prediction of their
fate in lead compounds development in drug
discovery process. The cytotoxicity assay of
all chemical intermediates against HUVEC
cell line was tested. The results were used to
calculated selectivity index. The majority of

Table 2. Selected compounds of virtual library compounds and their Lipinski related physicochemical properties.

No Compound Pubchem CID Structure Molecular Formula MW? [g/mol] XLogP® HBD¢ HBA®
J"I/, \‘\\\
Uy &
N H
Z
1 la 6115 C6H7N 93.126 0.9 1 1
=
H
H
J//,/,/// \\\\“‘\\\
N N
=7
2 1b 72913 C7HO6N2 118.13 1.4 1 2
AN
H
H
H H
H\ N
3 lc 798 C8H7N 117.15 2.1 1 0
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Table 2. Continue.

H H
4 1d 10328 C8HON 119.16 1.9
5 le 1539 . \ " CI3HIIN 181.23 3.1
H
O I\
H " H
~
6 It 6710 | C14HONO2 22323 32
/ v .
u |
o
H
H,
H
7 lg 20419 : | N C20H14N202 314.34 48
a "
ST
N,
H (o]
H \ H H
8 1h 77499 S\ C10H9NO3 191.18 0.8
/ OH
H
(o]
H
9 li 78736 C6H1IN3 125.17 0.6
1 N
10 ] 736715 H/4 \ C6HOEN202 138.12 0
N
1 2 76947 C5H5NO3 127.1 0.7
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o

2 N
12 10752 C10H604 190.15 2.2 1 4
o
\\ N
OR H
* Molecular Weight
®Primary predictive index of lipophilicity (Log Octanol/Water Partition), (XlogP)
¢ H-Bond Donor
4H-Bond Acceptor
these compounds (11 out of 12), had IC, value (Table 4).
of more than 100 pg/mL which has acceptable Discussion

cytotoxicity range. l-aminoanthraquinone was
the only toxic compound with IC_j of 14.17 pg/
mL and so was omitted in this step. Non- toxic
effects of the proposed compounds are of great
importance. Because cytotoxicity disapproval
has always led to discontinue further studies on
drug candidates and drug delivery systems (26).

The ratio of IC,, and MIC against BCG was
used to calculate the selectivity index of each
compound. The selectivity index (SI) equals and
more than 10, was chosen for antimycobacterial
screening procedure. The screening ended in five
chemical intermediates with good selectivity
index. These compounds were shown to inhibit
BCG growth with low mammalian cell toxicity

Table 3. Antimycobacterial activity data of the tested compounds.

The global pipeline for new anituberculars is
not sufficient to meet widespread concerns about
this infectious disease (1-3). High burden of
tuberculosis especially in developing countries
where are high risks for HIV has enforced
investigators efforts and government funding to
further improve pharmaceutical pipelines.

Computer mediated techniques in drug
discovery and development have become more
popular in recent years. Computer-aided drug
design (CADD), computational drug design,
computer-aided molecular design (CAMD),
computer aided molecular modeling (CAMM),
rational drug design, in-silico drug design,

MIC (ng/mL)

No Compound sh n
1 la 500 250
2 1b 500 93.75
3 lc 125 46.875
4 1d 31.25 7.81
5 le 31.25 11.7175
6 If 187.5 7.81
7 g 7.81 <3.9
8 1h 500 500
9 li 250 125
10 1j 500 500
11 2a 500 125
12 2b 125 31.25

MIC of ethambutol: 3.125 pug/mL.
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Table 4. Cell cytotoxicity and selectivity index data.

No Compound BCG MIC pg/mL MTT IC,, pg/mL SI (IC_/MIC) pg/mL
1 la 250 1037.522 4.150088
2 1b 93.75 907.784 9.683029
3 Ic 46.875 573.15 12.2272
4 1d 7.81 800.164 102.4538
5 le 11.7175 726.325 61.98635
6 If 7.81 14.17 1.814341
7 g <3.9 344.481 >88.32846
8 1h 500 841.506 1.683012
9 li 125 440.508 3.524064
10 1j 500 1186.853 2.373706
11 2a 125 1092.841 8.742728
12 2b 31.25 924.271 29.57667

IC,, of doxorubicin: 3.1 pg/mL.

computer-aided rational drug design are common
terms in this approach of drug discovery (27).

Computer-aided drug design is being utilized
to find out hits or active drug candidates,
to select lead compound applied for further
evaluations and to optimize their physiochemical
and pharmacokinetic properties in biological
systems. Another computer mediated method
is virtual screening which is to discover new
drug candidates by searching chemical structure
databases to find appropriate chemical hits (11,
12, 28, 29).

The goal of these methods is to enrich the
number of molecules with desirable drug like
while eliminating undesirable toxic properties
and serious adverse events. In another words,
in-silico approach is a method of choice which
significantly diminish time consuming and
resource demanding for chemical synthesis and
in-vivo testing of drug candidates (30, 31).

Literature review had showed that despite
considerable efforts made in discovery and
clinical evaluation of new lead compounds, most
of promising validated targets for tuberculosis
failed to meet required outcomes (6, 24).
Reviewing establish guidline for tuberculosis
also revealed that, only one new antitubercular
drug, named Sirturo, has been approved during
last 40 years (4, 5). Therefore it can be said that,
availability of new drug targets has not been
the limiting factor by now. The more important
point is the possibility of chemoinformatics
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follow up. We have used in-silico ligand analysis
in this study to increase chemical tractability
of targets that are more likely to proceed into
chemoinformatics follow up.

Pantothenate synthetase (PS; EC 6.3.2.1)
comprised a potential platform in in-silico target
and ligand analysis. There is no approved drug
that target pantothenate synthetase, so it would
be an appropriate platform in drug design. That
simply explains why we chose this target in
cheminformatics follow up for the development
of new antimycobacterial agents.

Pantothenate synthetase is known to catalyze
an essential step in the de novo biosynthesis
of pantothenate through a Bi Uni Uni Bi Ping
Pong kinetic mechanism (32). The PS reaction
proceeds through two steps. The first part of
reaction is ATP dependent formation of a pantoyl
adenylate intermediate. In the second part,
nucleophilic attack of B-alanine on the activated
carbonyl group of intermediate lead to formation
of AMP and pantothenate (33).

Several approaches have been applied in
design for pantothenate synthetase inhibitors.
These included high-throughput screening (HTS)
(34-36), analogues design through mimicking
intermediate reactions (33), and fragment-based
approach (37, 38).

High throughput screening system has
developed to screen a small library of compounds
for inhibitor design. Inhibitor examples were
resulted from this approach is nafronyl oxalate



and actinomycin D. They had poor activity
against pantothenate synthetase. Some strategies
like molecular mechanism determination would
be helpful in finding effective inhibitors from
HTS model (34, 36).

Another research based study on HTS model
has performed by Velaparthi et al. (35). They
have made further modifications in the active
compounds of HTS model through docking
insights in modeling process. Inhibitory effect
of these compounds were found to be IC in
range of 90 nM to 7.13 uM for PS and Minimum
inhibitory concentration of Mtb > 128 uM. At
high concentration of PS, this inhibitory effect
could be affected by off-target toxicity of PS
and its metabolites. They proposed that a drastic
modification of the main scaffold would be
required to reduce pharmacokinetic and adverse
drug effects (35).

Active ligand selected for further virtual
screening obtained from the referred study. They
reported better IC, for PS in comparison to other
studies. Ligand-based virtual screening was then
performed to improve HTS model hits. Finally,
five out of twenty one selected virtual library
hits showed good activity in antimycobacterial
bioassay. These compounds had good inhibitory
activity in comparison to primary compounds
in Velaparthi’s study. This result may prove the
hypothesis that ligand based virtual screening
strategy based on filtration is an improving
strategy to find effective inhibitors from HTS
model. These potent inhibitors with less toxicity
are expected to be useful in designing inhibitors
of Mycobacterium through structure based drug
design in future studies.

Ligand-based virtual screening approach was
used to identify the intermediate compound with
appropriate antimycobacterial activity. These
compounds possibly providing the seeds for
novel antimycobacterial leads. There was a gap in
previous computational methods such as virtual
screening. Limited use of library input filtration
through Lipinski rules was the main reason for
limited number of hits with drug likeness or
lead likeness in antitubercular drug discovery.
Early consideration of such factors has been
advocated to improve ultimate success in drug
identification (30, 31). Therefore, Lipinski rules
of five were used in first steps of this study.
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In general, experimental exploration of
target in the whole cell is more acceptable than
single target. It is simply because potent enzyme
inhibitors frequently fail to translate into agents
that will kill or even inhibit growth. It worth
saying that, many successful antibacterial
have multiple targets. Some of the key
antimycobacterials such as isoniazid, required
after uptake metabolic activation to exert their
bactericidal effects (39) Therefore, whole cell
bioassay against BCG procedure was used as the
efficacy testing in this study.

At the end, five chemical intermediates
include indole (1c), indoline (1d), 2-fluorenamine
(1e), 1-amino-4-anilino-9,10-anthraquinone (1g)
and coumarin-3-carboxylic acid (2b) showed
inhibition of Mycobacterium bovis with good
selectivity indices (SI) >10 (25).

Indole (1¢) and indoline (1d) had good activity
against Mycobacterium with MIC values of
46.875 and 7.81 pg/mL, respectively. Indole and
indoline activity against Mycobacterium have
also been in agreement with other researchers
(40-42). The most important result of previous
study has been the tuberculostatic effect of
indole was comparable with Isoniazid (INH)
(40). In this study, antimycobacterial activity of
indoline is more than indole. Previous research
has focused on anti-TB activity of Schiff base
derivatives of indolin-2,3-dione (isatin) (42)
but it seems that more investigation on indoline
derivatives is needed.

The compound 5-methoxyindole has
previously been identified from fragment-
based screen against pantothenate synthetase
of Mycobacterium tuberculosis. The precise
binding mode has revealed through crystal
structure analysis of 5-methoxyindolen which
bound to PS. It revealed two key hydrogen-
bonding interactions. One takes place between
the OMe group of the indole and the backbone
nitrogen atom of Vall87. The other H bond
occurs between the indole NH group and sulfate,
which itself interacts with the Ser197 backbone
nitrogen atom and the Lys160 residue (37). We
propose similar mechanism for derivatives of
indole and indoline.

In this study, two of three anthraquinone
based compounds (1f and 1g) were found to
exhibit high antimycobactrial activity with MIC



Khoshkholgh-Sima B ef al. / IIPR (2015), 14 (1): 203-2014

values of 7.81 and <3.9 pg/mL. But cytotoxicity
of 1f in HUVEC cell line was not in acceptable
range. It can be said that some anthraquinone
containing compounds might act as novel
potential therapeutics in the future.

Recently, molecular hybridization of the
phthalimide subunit that present in thalidomide
and sulphonamide drugs has developed
antimycobacterial compounds against M. leprea
and M. tuberculosis (43). This hypothesis was
tested in compound 1 h. Unfortunately, N-(2-
Hydroxyethyl)-phthalimide (1h) did not show
good activity but additional studies on the
antimycobacterial activity of N- phthalimide
derivatives are currently underway in our
laboratory.

Certain imidazole based compounds such as
nitroimidazole series, PA-8242 and OPC-676833,
which has showed good in-vitro and in-vivo
activity against mychobacterium tuberculosis
in both active and persistent form have
entered into clinical studies and they are being
evaluated. Since then nitroimidazoles explored
as a promising scaffold for the antituberculars
development (44-47). Unfortunately, our study
showed 1j (imidazole based compound) had no
activity against Mycobacterium.

The compound 5-methylisoxazole-3-
carboxylic acid had no antimycobacterial
activity in this study. Several reports in the
literature has demonstrated the antitubercular
activity of isoxazole scaffold. Some of these
compounds were exhibited nanomolar activity
against the replicating bacteria (R-TB) and low
micromolar activity against the non-replicating
bacteria (NRP-TB) (48).

On the other hand, coumarin-3-carboxylic
acid (2b) generated good activity and exhibited
MIC values of 31.25. Several reports has
demonstrated antitubercular activity of coumarin
scaffold (49, 50). A series of coumarins with
mono- and  disubstituted benzaldehydes
substitution in position 3 was studied against M.
tuberculosis. These compounds were exhibited
a significant activity (50-100 pg/mL) when
compared with the first-line drugs (50).

Amongst 12 chemical intermediates, some
of them exhibited a pronounced activity against
M. bovis BCG with good selectivity index
values. These derivatives can be considered
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as starting points for further modifications to
reach compounds with promising antitubercular
activity to enter into other complicated assays
involving mechanism of action, in-vivo tests and
perhaps clinical trials.

Conclusion

In the present study, we seek target and ligand
in-silico techniques with the aim of avoiding the
time-consuming and costly step. Both Lipinski
rule of five and bioassay against Mycobacterium
were used to optimize the efficiency of
virtual screening and resulted in identifying
more potent and efficient antimycobacterial
compounds. After biological assay, we identified
five antimycobacterials with selectivity index of
> 10. Therefore we suggest that this compound
might be helpful to identify new hits with better
activity profile against Mycobacterium and are
proposed for further studies.

Acknowledgments
We are grateful to Physiology and
Pharmacology  Department and Medical

Biotechnology Department of Pasteur Institute
of Iran for kind support and cooperation.

The financial support of this work was partly
provided from grant number 456 of Pasteur
Institute of Iran, through Ministry of Health and
Medical Education in Iran.

References
(1) Vohra R, Gupta M, Chaturvedi R and Singh Y. Attack
on the scourge of tuberculosis: Patented drug targets.
Recent Pat. Antiinfect. Drug Discov. (2006) 1: 95-106.
Arcus VL, Lott JS, Johnston JM and Baker EN. The
potential impact of structural genomics on tuberculosis
drug discovery. Drug Discov. Today (2006) 11: 28-34.
Zhang Y, Post-Martens K and Denkin S. New drug
candidates and therapeutic targets for tuberculosis
therapy. Drug Discov. Today (2006) 11: 21-27.
Bedaquiline(Sirturo-Janssen Therapeutics), First new
drug specifically for MDR-TB 2013 [sited 2013 Jan 3],
available form: URL: http:// www. Aphadruginfoline.
Com/new-drug-approvals/first-new-drug-specifically-
mdr-tb.
Osborne R. First novel anti-tuberculosis drug in 40
years. Nat. Biotechnol. (2013) 31: 89-91.
Crowther GJ, Shanmugam D, Carmona SJ, Doyle
MA, Hertz-Fowler C, Berriman M, Nwaka S, Ralph

@

3)

4)

©)
(6)



SA,Roos DS and Van Voorhis WC. Identification of
attractive drug targets in neglected-disease pathogens
using an in-silico approach. PLoS Negl. Trop. Dis.
(2010) 4: 804.

Kegg database [sited 2013 Jan 3], available form:

http://www.Genome.Jp/kegg/.

Tuberculist database [sited 2013 Jan 3], available

form: http://tuberculist.Epfl.Ch/.

Barh D, Tiwari S, Jain N, Ali A, Santos AR, Misra

AN, Azevedo V and Kumar A. In-silico subtractive

genomics for target identification in human bacterial

pathogens. Drug Dev. Res. (2011) 72: 162-177.

(10) Rahman SA and Schomburg D. Observing local and
global properties of metabolic pathways:‘Load points’
and choke points in the metabolic networks. Bioinform.
(2006) 22: 1767-1774.

(11)Kushwaha SK and Shakya M. Protein interaction
network analysis-approach for potential drug target
identification in mycobacterium tuberculosis . J. Theor.
Biol. (2010) 262: 284-294.

(12) Anishetty S, Pulimi M and Pennathur G. Potential
drug targets in mycobacterium tuberculosis through
metabolic pathway analysis. Comput. Biol. Chem.
(2005) 29: 368-378.

(13) Duncan K. Identification and validation of novel drug
targets in tuberculosis. Curr. Pharm. Des. (2004) 10:
3185-3194.

(14) TB Database [sited 2013 Jan 3], available form: URL:
http://www.Tbdb.Org/cgi-bin/expression/geneexpression.
PI?Name=rv3602c.

(15)Shanmugham B and Pan A. Identification and
characterization of potential therapeutic candidates in
emerging human pathogen mycobacterium abscessus:
A novel hierarchical in-silico approach. PloS One
(2013) 8: 59126.

(16) VFDB: virulence factors database [sited 2013 Jan 3],
available form: URL: http://www.Mgc.Ac.Cn/vfs.
(17)Ballell L, Field RA, Duncan K and Young RIJ.
New small-molecule synthetic antimycobacterials.
Antimicrob. Agents Chemother. (2005) 49: 2153-2163.

(18) Manetti F, Magnani M, Castagnolo D, Passalacqua L,
Botta M, Corelli F, Saddi M, Deidda D and De Logu A.
Ligand based virtual screening, parallel solution phase
and microwave assisted synthesis as tools to identify
and synthesize new inhibitors of mycobacterium
tuberculosis. Chem. Med. Chem. (2006) 1: 973-989.

(19) Willett P. Fusing similarity rankings in ligand-based
virtual screening. Computation. Struct. Biotechnol. J.
(2013) 5.

(20) Taneja NK and Tyagi JS. Resazurin reduction assays
for screening of anti-tubercular compounds against
dormant and actively growing mycobacterium
tuberculosis, mycobacterium  bovis bcg and
mycobacterium smegmatis. J. Antimicrob. Chemother.
(2007) 60: 288-293.

(21)Haj Mohammad Ebrahim Tehrani K, Kobarfard F,
Azerang P, Mehravar M, Soleimani Z, Ghavami G and
Sardari S. Synthesis and antimycobacterial activity
of symmetric thiocarbohydrazone derivatives against

(M
®)
©

213

In-silico PanC antimycobacterial discovery

mycobacterium bovis beg. Iran. J. Pharm. Res. (2013)
12: 331-346.

(22)Mosmann T. Rapid colorimetric assay for cellular
growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods (1983) 65:
55-63.

(23)Denizot F and Lang R. Rapid colorimetric assay
for cell growth and survival: Modifications to the
tetrazolium dye procedure giving improved sensitivity
and reliability. J. Immunol. Methods (1986) 89: 271-
2717.

(24)Basso LA, Silva LHPd, Fett-Neto AG, Azevedo Junior
WFd, Moreira [dS, Palma MS, Calixto JB, Astolfi
Filho S, Santos RRd and Soares MBP. The use of
biodiversity as source of new chemical entities against
defined molecular targets for treatment of malaria,
tuberculosis, and t-cell mediated diseases: A review.
Mem. Inst. Oswaldo Cruz. (2005) 100: 475-506.

(25) PhillipsOA, Udo EE and Varghese R. Antimycobacterial
activities of novel 5-(1h-1, 2, 3-triazolyl) methyl
oxazolidinones. Tuberculosis Res. Treat. (2012) 2012:
1-7.

(26)Hadidi N, Hosseini Shirazi SF, Kobarfard F, Nafissi-
Varcheh N and Aboofazeli R. Evaluation of the
effect of pegylated single-walled carbon nanotubes
on viability and proliferation of jurkat cells. fran. J.
Pharm. Res. (2012) 11: 27-37.

(27)Kapetanovic I. Computer-aided drug discovery and
development (caddd): in-silico-chemico-biological
approach. Chem. Biol. Interact. (2008) 171: 165-176.

(28)Hasan S, Daugelat S, Rao PS and Schreiber M.
Prioritizing genomic drug targets in pathogens:
Application to mycobacterium tuberculosis. PLoS
Comput. Biol. (2006) 2: 61.

(29) Raman K, Yeturu K and Chandra N. Target TB: A target
identification pipeline for mycobacterium tuberculosis
through an interactome, reactome and genome-scale
structural analysis. BMC Syst. Biol. (2008) 2: 109.

(30)Barry CE, Slayden RA, Sampson AE and Lee RE.
Use of genomics and combinatorial chemistry in
the development of new antimycobacterial drugs.
Biochem. Pharmacol. (2000) 59: 221-231.

(31)Ekins S, Freundlich JS, Choi I, Sarker M and
Talcott C. Computational databases, pathway and
cheminformatics tools for tuberculosis drug discovery.
Trends. Microbiol. (2011) 19: 65-74.

(32)Zheng R and Blanchard JS. Steady-state and pre-
steady-state kinetic analysis of mycobacterium
tuberculosis pantothenate synthetase. Biochem. (2001)
40: 12904-12912.

(33) Ciulli A, Scott DE, Ando M, Reyes F, Saldanha SA,
Tuck KL, Chirgadze DY, Blundell TL and Abell C.
Inhibition of mycobacterium tuberculosis pantothenate
synthetase by analogues of the reaction intermediate.
Chem. Bio. Chem. (2008) 9: 2606-2611.

(34) White EL, Southworth K, Ross L, Cooley S, Gill RB,
Sosa MI, Manouvakhova A, Rasmussen L, Goulding C
and Eisenberg D. A novel inhibitor of mycobacterium
tuberculosis pantothenate synthetase. J. Biomol.



Khoshkholgh-Sima B ef al. / IIPR (2015), 14 (1): 203-2014

Screen. (2007) 12: 100-105.

(35) Velaparthi S, Brunsteiner M, Uddin R, Wan B,
Franzblau SG and Petukhov PA. S5-tert-butyl-n-
pyrazol-4-yl-4, 5, 6, 7-tetrahydrobenzo [d] isoxazole-
3-carboxamide derivatives as novel potent inhibitors of
mycobacterium tuberculosis pantothenate synthetase:
Initiating a quest for new antitubercular drugs. J. Med.
Chem. (2008) 51: 1999-2002.

(36) Yang Y, Gao P, Liu Y, Ji X, Gan M, Guan Y, Hao X,
Li Z and Xiao C. A discovery of novel mycobacterium
tuberculosis  pantothenate  synthetase  inhibitors
based on the molecular mechanism of actinomycin d
inhibition. Bioorg. Med. Chem. Lett. (2011) 21: 3943-
3946.

(37)Hung AW, Silvestre HL, Wen S, Ciulli A, Blundell
TL and Abell C. Application of fragment growing
and fragment linking to the discovery of inhibitors of
mycobacterium tuberculosis pantothenate synthetase.
Angew. Chem. Int. Ed. Engl. (2009) 48: 8452-8456.

(38)Sledz P, Silvestre HL, Hung AW, Ciulli A, Blundell
TL and Abell C. Optimization of the interligand
overhauser effect for fragment linking: Application
to inhibitor discovery against mycobacterium
tuberculosis pantothenate synthetase. J. Am. Chem.
Soc. (2010) 132: 4544-4545.

(39) Barry CE, Boshoft HI, Dartois V, Dick T, Ehrt S, Flynn
J, Schnappinger D, Wilkinson RJ and Young D. The
spectrum of latent tuberculosis: Rethinking the biology
and intervention strategies. Nat. Rev. Microbiol. (2009)
7: 845-855.

(40) Kader MA and Zaki O. The effect of indole derivatives
onmycobacterium tuberculosis. Experientia. (1960)
16: 140-141.

(41) Whitehead CW and Whitesitt CA. Effect of lipophilic
substituents on some biological properties of indoles.
J. Med. Chem. (1974) 17: 1298-1304.

(42) Aboul-Fadl T, Abdel-Aziz HA, Kadi A, Ahmad P,
Elsaman T, Attwa MW and Darwish IA. Microwave-
assisted solution-phase synthesis and dart-mass
spectrometric monitoring of a combinatorial library
of indolin-2, 3-dione schiff bases with potential
antimycobacterial activity. Molecules (2011) 16: 5194-

214

5206.

(43) Akgiin H, Karamelekoglu 1, Berk B, Kurnaz I,
Saribiyitk G, Oktem S and Kocagdz T. Synthesis
and antimycobacterial activity of some phthalimide
derivatives. Bioorg. Med. Chem. (2012) 20: 4149-
4154,

(44)Pandey J, Tiwari VK, Verma SS, Chaturvedi V,
Bhatnagar S, Sinha S, Gaikwad A and Tripathi RP.
Synthesis and antitubercular screening of imidazole
derivatives. Eur. J. Med. Chem. (2009) 44: 3350-3355.

(45)Lee S-H, Kim S, Yun M-H, Lee YS, Cho S-N, Oh T
and Kim P. Synthesis and antitubercular activity of
monocyclic nitroimidazoles: Insights from econazole.
Bioorg. Med. Chem. Lett. (2011) 21: 1515-1518.

(46) Tawari NR and Degani MS. Pharmacophore modeling
and density functional theory analysis for a series of
nitroimidazole compounds with antitubercular activity.
Chem. Biol. Drug Des. (2011) 78: 408-417.

(47)Gupta P, Hameed S and Jain R. Ring-substituted
imidazoles as a new class of anti-tuberculosis agents.
Eur. J. Med. Chem. (2004) 39: 805-814.

(48) Moraski GC, Markley LD, Chang M, Cho S, Franzblau
SG, Hwang CH, Boshoff H and Miller MJ. Generation
and exploration of new classes of antitubercular agents:
The optimization of oxazolines, oxazoles, thiazolines,
thiazoles to imidazo [1, 2- @] pyridines and isomeric
5, 6-fused scaffolds. Bioorg. Med. Chem. (2012) 20:
2214-2220.

(49) Virsdoia V, Shaikh MS, Manvar A, Desai B, Parecha A,
Loriya R, Dholariya K, Patel G, Vora V and Upadhyay
K. Screening for in-vitro antimycobacterial activity
and three dimensional quantitative structure—activity
relationship (3d gsar) study of 4 (arylamino) coumarin
derivatives. Chem. Biol. Drug Des. (2010) 76: 412-
424.

(50) Cardoso SH, Barreto MB, Lourenco M, Henriques
MdGMd, Candéa AL, Kaiser CR and de Souza MV.
Antitubercular activity of new coumarins. Chem. Biol.
Drug Des. (2011) 77: 489-493.

This article is available online at http://www.ijpr.ir




