
pubs.acs.org/jmc Published on Web 09/30/2009 r 2009 American Chemical Society

6324 J. Med. Chem. 2009, 52, 6324–6334

DOI: 10.1021/jm900358q

Structure-Based Design of DevR Inhibitor Active against Nonreplicating Mycobacterium tuberculosis
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Antitubercular treatment is directed against actively replicating organisms. There is an urgent need to
develop drugs targeting persistent subpopulations ofMycobacterium tuberculosis. The DevR response
regulator is believed to play a key role in bacterial dormancy adaptation during hypoxia. We developed
a homology-based model of DevR and used it for the rational design of inhibitors. A phenylcoumarin
derivative (compound 10) identified by in silico pharmacophore-based screening of 2.5 million
compounds employing protocols with some novel features including a water-based pharmacophore
query, was characterized further. Compound 10 inhibited DevR binding to target DNA, down-
regulated dormancy genes transcription, and drastically reduced survival of hypoxic but not nutrient-
starved dormant bacteria or actively growing organisms. Our findings suggest that compound 10
“locks” DevR in an inactive conformation that is unable to bind cognate DNA and induce the
dormancy regulon. These results provide proof-of-concept for DevR as a novel target to develop
molecules with sterilizing activity against tubercle bacilli.

Introduction

The consequence of tuberculosis infection is an outcome of
the dynamic interplay between Mycobacterium tuberculosis
(M. tba) and the host immune defense. In most instances, an
effective immune response by the infected individual results in
bacterial containment within granulomas and the cessation of
disease progression. Clinical studies suggest that the bacilli
within granulomas are not killed but remain dormant in
untreated individuals, causing latent infection that can last a
lifetime.1,2 Approximately 10%of latent infections reactivate,
resulting in active disease months to years after the initial
infection.1,2 Conventional antitubercular therapeutic regi-
mens target rate-limiting steps in metabolic pathways and
enzymes that are unique to prokaryotes such as cell-wall
biosynthesis (e.g., isoniazid) and RNA synthesis (e.g.,
rifampicin). These classes of drugs have maximal activity
against actively dividing bacilli. Their lower efficacy against
slow-growing and nonreplicating tubercle bacilli could ex-
plain why treatment regimens take so long to eradicate
infection.3 Therefore one of the priorities in tuberculosis
research is to provide an intervention that targets clinically
latent infection as an essential addition to current therapeutic
regimens.4

The discovery of genes that play key roles in mycobacter-
ial persistence has paved the way toward identifying novel

targets unique to persistent organisms. Two-component
regulatory systems belong to this class of novel targets.5-7

These signaling systems play a major role in mycobacterial
adaptation to the environment. DevR-DevS/Rv2027c8

(also called as DosR-DosS/DosT) two-component signal-
ing system (TCS) mediates the genetic response of M. tb to
hypoxia,9 nitric oxide,10,11 and carbon monoxide.12,13

These conditions are thought to be associated with bacterial
dormancy development in vivo.14,15 During bacterial adap-
tation to hypoxia and other stress signals, DevR response
regulator mediates the induction of∼48 genes that make up
the DevR dormancy regulon.9 To the best of our knowl-
edge, mycobacterial TCSs have not been exploited for
developing antimycobacterial agents. TCS are not found
in mammalian cells, making this an important new target
for developing novel antibacterial agents.5,6,16 In view of
the role of DevR in dormancy regulon expression and in
hypoxic survival,9,17 the identification of compounds that
target the DevR-DevS/DosT TCS is likely to provide novel
antitubercular chemotherapeutic agents against persistent
organisms.7,16,18 In the present study, a homology-based
model of DevR was generated for use in rational inhibitor
design. A set of structurally diverse potential inhibitor
molecules chosen by in silico screening and docking was
subjected to biological testing. Compound 10 was active in
pathway-specific assays and prevented DevR binding to
target DNA without inhibiting its phosphorylation, inhib-
itedDevR-dependent transcription, andabrogated the survival
of hypoxic but not aerobic or nutrient-starved M. tb cultures.
The likelymode of compound 10 action is that it “locks”DevR
in a conformation that cannot bind to cognate DNA and
initiate subsequent DevR-mediated adaptive responses. Thus
DevR regulator holds promise as a new and novel target for
developingmolecules effective against dormant tubercle bacilli.
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For G.R.D.: phone, þ91 80 22933311; fax, 91 80 23602306; E-mail,
gautam_desiraju@yahoo.com; present address, Solid State and Struc-
tural Chemistry Unit, Indian Institute of Science, Bangalore 560 012,
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aAbbreviations: M. tb, Mycobacterium tuberculosis; TCS, Two-
component signaling system; MOE, molecular operating environment;
E. coli, Escherichia coli; MD, Molecular dynamics; EMSA, electro
mobility shift assay; PZA, pyrazinamide.
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Results

HomologyModeling ofDevRProtein. It is well-known that
proteins of the response regulator family exist in active and
inactive forms and that the structures of the two forms may
be quite different. It is therefore ideal to model the structure
of the active form ofDevRwith homologymodeling because
the binding of DNA occurs to the active form. The difficul-
ties inherent in such an effort are obvious. The full amino
acid sequence (1-217 residues) of DevR was used as a query
to search the molecular operating environment (MOE soft-
ware) homology data bank. This procedure revealed that the

closest homology (32% sequence identity; Supporting In-
formation pp S21-S22) was obtained with Escherichia coli
(E. coli) response regulator NarL (PDB ID: 1A04). Accord-
ingly, and realizing the inadequacies of a simple homology
model when active and inactive forms of the protein are
involved, a composite model was built using 1A04 as the
primary template for the N-terminal region and the DosR
structure (PDB ID: 1ZLK)19 as the template for the
C-terminal region of DevR (Figure 1a). Notably, the C-
terminal domain of this DosR structure corresponds to the
active form of the protein. The homology-based model was
subjected to stepwise energyminimization in order to remove
the overlapping regions (hydrogen atoms, side chains, back-
bone, and finally full protein). In addition, the structures
were subjected to a small 200 ps molecular dynamics run in
MOE using NVT ensemble. The model shows an rmsd of
0.81 Å for the 1ZLK protein region and 1.68 Å for the 1A04
protein region. An MOE-consensus check identifies the
region between the 132 and 145 amino acids as a domain
of high variability which occurs within the so-called linker
region and which has been defined as spanning residues
98-149.20 The high flexibility and variability of the linker
region leads to a concomitantly low reliability in the predic-
tion of structure of this domain (Figure 1b). Interestingly, the
linker region of response regulator proteins is known to
undergo large structural rearrangements during activation
and the extent of conformational change varies from one
response regulator family to another.21 Thus it should be
appreciated that the region of DevR, which is likely to be
significant from the functional point of view, is the onewhich
is obtained with the least reliability in the homology model-
ing exercise. Additionally, the overall poor sequence identity
of 32% adds to the difficulty of the problem. For detailed
modeling parameters see Supporting Information.

Identification of a Large Binding Pocket. The composite
homology model (Figure 1a) was chosen for structure-based
studies. The flowchart of the adopted virtual screening
methodology is given in Figure 2. It was searched for
available binding pockets that were ranked by size and
hydrophobicity scores (see Supporting Information for
details). The largest pocket defined by 23 residues
(Figure 3a) was chosen as a target for inhibitor design. This
pocket includes residues from the β4-R4 region of the
N-terminal domain, the R6 helix of the linker domain, and
theR8 andR10 helices of the C-terminal domain. The chosen
active site was subjected to molecular surface analysis to
analyze the nature of the binding pocket. AGaussian contact
surface that surrounds the van der Waals surface of the
protein active site atoms was created to visualize hydropho-
bic and hydrophilic regions in the pocket (Figure 3a).
Gaussian surface analysis of the pocket revealed the highly
hydrophobic nature (green) of the active site. Hydrophilic
patches (purple) were seen around Arg77, Ala98, Ser99,
Ser123, Arg192, and Thr205 residues, suggesting that these
amino acids could play an important role in ligand binding
through hydrogen bonding and other polar interactions.

Pharmacophore-Based Virtual Screening. Nonavailability
of definitive structural information related to the active site
and of potent ligands at the time this study was conducted
made it difficult to initiate a rational approach to explore
probable inhibitors for DevR protein. In addition to this,
poor reliability of the homology model and large conforma-
tional flexibility aggravated the prevalent situation. To ad-
dress these issues, a novel strategy was designed to ascertain

Figure 1. Homology model of DevR. (a) Composite model ob-
tained from 1A04 (NarL of E. coli) and 1ZLK (M. tuberculosis
DosR C-term crystal structure) templates. (b) Overlay of top 10
predicted homology models showing high variability in the linker
region. N-terminal region shown in blue, linker region in green, and
C-terminal region in red.
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the ligand-protein binding mode by using water-protein
interactions that were retained during the dynamics run.
A simple water-based pharmacophore query was built by
examining the robust water-protein contacts during the
molecular dynamics (MD) run by random sampling of MD
structures (see Supporting Information for details). An over-
lay of the active site of the 10 sampled structures is shown in
Figure 3b. Upon the basis of the water to protein contacts, a
model was generated with a nine-feature pharmacophore
consisting of two hydrogen bond acceptors (F1, F2), three
hydrogen bonddonors (F3, F4, F5), and twodonor/acceptor
points (F6, F7). Two additional hydrophobic features were
manually added based upon the active site analysis; feature
F8 was added in the region surrounded by residues Val118,
Leu124, and Thr198 and feature F9 was chosen between
residues Leu125, Leu135, Leu137, and Ile194 (Figure 3b,c).
This pharmacophore query was used to screen a prepro-
cessed (using fingerprinting anddrug like descriptors) library
of compounds obtained from the Zinc Database (Zinc5-
2.5million)22 to get a reasonable sized data set of structurally
diverse molecules with a minimum of five pharmacophore
features (see Figure S3 in Supporting Information).

Docking and Ranking of ScreenedData SetMolecules.The
MOE-Dock Box was created around the selected pocket
using dummy atoms generated based upon alpha spheres,
and the least energy conformations of each molecule were
docked in the pocket. A comparative docking of the selected

ligands obtained from the initial pharmacophore screening
was also performed with GOLD. The top 100 docked hits
obtained from each ofMOE-Dock (LondondG) andGOLD
(Chemscore fitness function) are shown (Supporting Infor-
mation Table S1).

Selection of Compounds for Biological Testing. Eleven
structurally diverse compounds were selected for biological
screening. A compound was selected if at least one of the
following criteria was met: its presence in the top 100 hits
obtained frombothGOLDchemscore andMOEdG scoring
functions (compounds 2, 4, 5, and 7), a high score either in
MOE or in the GOLD dock score ranking (compounds 1, 3,
6, 8, 9, 10, and 11), structurally diverse nature (to the extent
possible) compared to the other compounds selected, avail-
ability of the molecule with the vendor (Table 1). The
structures of these 11 compounds and of their analogues
are given in Supporting Information Table S2. Compound
10 (MOE Rank 1) was characterized in greater detail using
biological assays. Its structure and docking in the selected
pocket is shown in parts d and e of Figure 3.

Inhibition of DNA Binding Property of DevR. Because
phosphorylatedDevRbinds toDNA,we first testedwhether
compound 10 affected DevR phosphorylation. It did not
interfere with the generation of active DevR species by
phosphorylation, which enabled us to assess the effect of
selected compounds 1-11 on DevR binding ability by
EMSA (Figure 4a). Compounds 1, 2, 3, 4, 6, 9, and 11 did
not inhibit the binding of phosphorylated DevR protein to
fdxA promoter DNA. By contrast, 5, 8, and 10 completely
abrogated DNA-protein interaction at 250 μM while com-
pound 7 inhibited 100% binding only at 500 μM. Com-
pounds 5, 7, and 8 inhibited DevR binding to DNA with
IC50 of 145, 99.0, and 84.2 μg/mL, respectively (Table 1), and
compound 10 inhibited DevR binding to DNA with an
IC50 < 26.2 μg/mL (Figure 4b). Because phosphorylation
is known to trigger conformational changes in response
regulators of the NarL family during activation,23 the order
of compound 10 addition was next assessed to understand
whether the binding pocket was altered by phosphorylation.
Compound 10 inhibited DevR binding to DNA in EMSAs
when added before or after DevR phosphorylation (not
shown). Compound-mediated inhibition of DevR binding
to DNA was established to be specific because compound
10 failed to prevent the binding of HupB, a DNA binding
M. tb protein, to DNA (Figure 4c).

Inhibition of DevR Regulon Gene Expression by Com-

pounds. DevR positively autoregulates its synthesis at the
transcriptional level by interacting with Dev boxes in the
Rv3134c promoter of the Rv3134c-devRS operon.24 There-
fore, inhibition of Rv3134c promoter activity was used as a
measure of anti-DevR activity of those compounds that
interfered with DevR-DNA interaction. Promoter activity
was inhibited by 50% in the presence of 250 μM of com-
pounds 5 and 10 and by ∼30-40% in the presence of
compounds 7 and 8 (Figure 4d). Compound 10 inhibited
the activity of other DevR-regulated promoters as well,
namely narK2 and hspX; all three promoters were inhibited
with an IC50<65.5 μg/mL (Figure 4e). The action of com-
pound 10 was specific, as it did not inhibit constitutive
sigA promoter activity. However, compounds 5, 7, and 8

also inhibited sigA promoter activity (Figure 4d).
Sterilizing Action of Compound 10 on Hypoxic but Not

Nutrient-Starved Dormant or Aerobic Cultures. Hypoxia-
induced nonreplicating persistence is a commonly used model

Figure 2. Methodology for homology modeling of DevR, pharma-
cophore-based virtual screening, docking, and selection of com-
pounds for biological testing.
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of M. tb dormancy in vitro,14 and DevR plays a key role in
bacterial adaptation in this model.17 When compound 10

was added at 131 μg/mL concentration on day 0 to cultures
(Format H1), bacterial viability was reduced by >99%
(4 log reduction, Figure 5a). By contrast, bacterial viability
was not inhibitedwhen compound 10was added on day 30 to
hypoxia-adapted cultures in format H2 (Figure 5b). As
expected, hypoxia-adapted cultures were susceptible to

metronidazole (M) and metronidazole plus isoniazid (M þ I)
but not to isoniazid (Figure 5b).
The sterilizing activity of compound 10 was assessed by

use of enriched broth to revive hypoxia-adapted cultures
under aerobic conditions. Compound 10-treated format H1
cultures (131 μg/mL) failed to revive even after 30 days, while
cultures exposed to lower concentrations recovered partially
after an initial lag period (shown up to 20 days, Figure 6a).

Figure 3. (a) Pocket (defined in Supporting Information Table S6) selected for docking of compounds. Various surface properties are
indicated, namelyH-bonding (purple), hydrophobicity (green). (b)Overlay of 10 sampled structures obtained from themolecular dynamics run
showing pharmacophoric points chosen based on water-protein contacts. Hydrogen bond trace is shown in gray. Red sphere represents an
acceptor feature, blue sphere represents a donor feature, pink sphere represents donor/acceptor feature. Hydrophobic feature is shown in
yellow. (c) Nine feature water-based pharmacophore used for initial database screening. (d) Compound 10 docked in pocket. (e) Two-
dimensional structure of compound 10 in pocket of DevR homologymodel. (f) Two-dimensional structure of compound 10 in pocket of DevR
crystal structure.
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By contrast, compound 10-treated cultures in format H2
(compound added on day 30) were not sterilized and recov-
ered partially after an initial lag period. As expected, control
and isoniazid-treated cultures revived under aerobic condi-
tions although a slight lag in recovery of metronidazole-
treated cultures was noted (Figure 6b). These results estab-
lish that addition of compound 10 (131 μg/mL) on day 0
interferes with bacterial adaptation necessary for hypoxic
viability and leads to bacterial sterilization. The sterilizing
action of compound 10was specific for hypoxic cultures as it
did not inhibit the growth or viability of aerobicM. tb culture
(not shown).
To further confirm target specificity, the effect of com-

pound 10 onM. tb gene expression and viability was tested in
the nutrient starvation model wherein dormancy develop-
ment is not mediated by DevR.25 Rv3134c and hspX pro-
moter activities were not induced in the starvation model
(Supporting Information Figure S1) and was consistent with
previous reports.25 Compound 10 had no effect on myco-
bacterial viability in this dormancy model and thereby
confirmed compound 10’s specificity for DevR-mediated
dormancy development pathway (Supporting Information
Figure S1).

Predicted Interactions between Modeled DevR Structure

and Active Compounds. To obtain biologically active con-
formations (poses), compounds 5, 7, 8, and 10 (showing
biological activity) were further docked into the selected
pocket of homology model using the MOE-dock module.
A total of 1000 conformations were generated for each of the
molecules and docked and ranked based upon London dG
binding free energy score. Ligand-protein interaction ana-
lysis of the top scored poses docked in the protein is given in
Supporting Information Table S3. Hydrogen bond analysis
shows involvement of only a few strong hydrogen bonds in
the ligand binding. On the contrary, a large number of weak
C 3 3 3H 3 3 3O and C-H 3 3 3N hydrogen bonds were observed
in all the docked poses of active molecules. Moreover, these
poses showed a predominance of hydrophobic interactions
between the aromatic rings (in compound) and the hydro-
phobic residues of the binding pocket. To identify the key
residues responsible for ligand binding, a pixel hit map of the
hydrogen bonds formed between ligand molecules and pro-
tein was generated. Active site residues Arg77, Ser99,
Leu124, Leu125, Ala130, Gly164, Arg197, Thr198, and
Ala201 were found to be mostly involved in interaction with
bioactive ligands (Supporting Information Figure S2).

Figure 4. Effect of test compounds on DevR binding to fdxA promoter DNA in electro mobility gel shift assay. (a) Compounds 1-11 were
tested at 500 and 250 μM concentrations, respectively. Lanes 1, 2, compound 1; lanes 3, 4, compound 2; lanes 5, 6, compound 3; lanes 7, 8,
compound 4; lanes 9, 10, compound 5; lanes 11, 12, compound 6; lanes 13, 14, compound 7; lanes 15, 16, compound 8; lanes 17, 18, compound 9;
lanes 19, 20, compound 10; lanes 21, 22, compound 11; lanes 23, 24, positive control and free DNA. (b) Lanes 1-7 represent 262, 209.6, 157.2,
104.8, 52.4, 26.2, and 13.1 μg/mL of compound 10, respectively; lanes 8, 9, positive control and free DNA respectively. (c) Effect of compound
10 onHupB binding with fdxA promoter; lane 1, 500 μMof compound 10; lanes 2, 3 correspond to positive and negative controls. (d) Effect of
compounds 3 (negative control), 5, 7, 8, and 10 (250 μM each) on Rv3134c promoter activity in gfp reporter assay. (e) Effect of different
concentrations of compound 10 on DevR-regulated promoters.
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Prediction of Minimal Essential Pharmacophore Features

of Inhibitor. As we were quite successful in obtaining a
candidate inhibitor using modeled DevR protein, the struc-
tures of the potent molecules were reanalyzed. Assuming
that the active molecules bind to the same pocket in a similar
fashion, a qualitative pharmacophore of important structur-
al features was generated using the MOE pharmacophore
elucidationmodule. Of the four active molecules, compound
8 was not considered for pharmacophore elucidation owing
to its structural similarity with active compound 10. Various
conformations for each of the active compounds (5, 7, 10)
were generated using a rule-based systematic search of
specific torsion angles for all of the rotatable bonds present
in the molecule and aligned to obtain the most common
pharmacophore feature using the MOE-pharmacophore
elucidation module. The pharmacophore with the highest
alignment score is shown in Supporting Information Figure

S3. The ligand-based pharmacophore shows that five points
are essential to describe the activity of molecule: two hydro-
gen bond acceptors (F1 and F2), one donor (F3), and two
hydrophobic/aromatic features (F4 and F5). The presence of
one acceptor (F1) and one donor (F3) close to each other
suggests strongly that the potent compounds have an amide
functional group. A similar feature was found in the crude
water-based pharmacophore used in initial screening of the
database (Figure 3c).

Discussion and Conclusions

DevR is a key regulator of the hypoxia-induced dormancy
response in M. tb. DevR-regulated genes are also strongly
induced in vivo,26-28 suggesting that it could be a good target
for developing drugs against persistent organisms.16,18,19

Structure-based virtual screening is often used to identify
candidate inhibitors from among large compound libraries.

Figure 5. Effect of compound 10 on viability of hypoxic M. tuberculosis cultures. (a) Format H1. (b) Format H2. M, metronidazole;
I, isoniazid; control, contains equal concentration of DMSO.

D
ow

nl
oa

de
d 

by
 T

A
T

A
 I

N
ST

 O
F 

FU
N

D
A

M
E

N
T

A
L

 R
E

S 
on

 N
ov

em
be

r 
5,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
30

, 2
00

9 
| d

oi
: 1

0.
10

21
/jm

90
03

58
q



6330 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 20 Gupta et al.

When this study was initiated, the crystal structure of only the
C-terminal domain of DevR was available.19 Therefore, a

composite homology model was built and subjected to virtual
screening for potential DevR inhibitors. The main feature of

Table 1. Bioactivity, Ranks (MOE and GOLD), and Structures of the Selected Compoundsa

a * Inhibited binding of DevR to DNA by 50% (μg/mL). z Inhibited DevR-dependent promoter activity (GFP fluorescence) by 50% (μg/mL).
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this work is the identification of a substituted phenylcoumar-
in, compound 10, that specifically inhibits DevR activity and
function and drastically reduces the hypoxic survival ofM. tb
by 4 logs. Pathway specificity of compound 10 is supported by
several observations: it inhibited binding of DevR, but not
HupB, to DNA; it inhibited DevR-regulated but not sigA
promoter activity; it interfered with the viability of hypoxic
but not that of either aerobic M. tb cultures or dormancy-
adapted cultures in the nutrient starvation model. This is
consistentwith the available knowledge thatDevR is not essen-
tial for aerobic growth or adaptation to nutrient starvation.25

Sterilizing Activity of Compound 10. The sterilizing action
of compound 10 on M. tb was established by the recovery
assay. Its action is in contrast to that of conventional
antitubercular drugs whose antibacterial activity diminishes
in hypoxia-induced dormancy. Our findings collectively
suggest that interfering with DevR during the early stages
of bacterial adaptation to oxygen limitation is a novel and
effective means to target dormant or nonreplicating organ-
isms. Compound 10-mediated bacterial sterilization was
noted in format H1 but not in format H2. A possible
explanation could be that in the former, compound 10

efficiently bound to DevR target protein and prevented its
positive autoregulation and subsequent activation of the
dormancy regulon. In format H2, hypoxia-adapted bacteria
accumulate DevR to higher levels due to induction9,24 and
the addition of compound 10 to adapted cultures failed to
completely neutralize DevR function due to stoichiometric
insufficiency. An alternate explanation for the failure to
observe compound 10 activity in format H2 is that DevR

may be required during the early stages of adaptation to
hypoxia as suggested recently.29

Isoniazid, rifampicin, ethambutol, and pyrazinamide
(PZA) are the mainstay of antitubercular regimens world-
wide. In spite of a high MIC, PZA is a cornerstone of TB
chemotherapy as it shortens the duration of therapy from
9 to 12 months to 6 months by killing a population of
semidormant tubercle bacilli that are not cleared other-
wise.30 PZA is proposed to target membrane energetics as
a mechanism of action.31 The challenges of high MIC and
drug resistance to PZA underscore the need to develop alter-
native molecules with unique mechanism of action against
semidormant and dormant bacteria. Diarylquinolines are
promising newmolecules that target ATP synthase and have
bactericidal activity against both aerobic and dormant my-
cobacteria.32,33 Here we show for the first time that bacterial
sterilization is achievable by disrupting DevR function. It is
hoped that optimization and pharmacological investigation
of compound 10 would lead to the development of potent
drug candidates against dormant bacteria. An approach of
combining molecules such as compound 10 derivative, dia-
rylquinolines, and PZA, which target different bacterial
components and act through differentmechanisms of action,
is likely to produce bactericidal synergism against recalci-
trant nonreplicating subpopulation of M. tuberculosis.

Utility of Water-Based Pharmacophore. The key challenge
in molecular modeling of DevR is that the protein exists in
active and inactive forms with widely different conforma-
tional features, and it becomes an issue to select those
structural features that are biologically relevant. The linker

Figure 6. Revival of compound 10-treated M. tuberculosis hypoxic cultures. (a) Format H1. (b) Format H2. M, metronidazole; I, isoniazid;
CC, culture control; DMSO, contains equal concentration of DMSO as test compound. Revival is represented on a scale of 1 to 40, where an
arbitrary value of 1 was assigned to zero day cultures.
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region between the N- and C-terminal domains is function-
ally very important, but there was not much structural
information about it. In the absence of definitive structural
information about the binding site, our novel strategy to use
water-to-protein interactions (to identify pharmacophore
points) as a crude filter was the crucial step in virtual
screening and paid fruitful dividends. It helped to maximize
our chances of obtaining an active molecule from the ligand
database. Use of water-protein interactions worked suc-
cessfully as a probe to spatially identify favorable hydro-
philic regions for ligand binding inside the pocket with both
hydrogen bond donor and acceptor features. Moreover,
issues relating to system flexibility and temporal stability of
ligand-protein interactions were best modeled using this
approach. Retention of similar pharmacophore features in
the ligands that were retrieved underscored the high efficacy
of this simple approach used for screening. In this study a
relatively shortmolecular dynamics run of 200 pswas carried
out to derive binding site conformation and water distribu-
tion. However, proper care was taken for protein stabiliza-
tion before setting up the molecular dynamics simulation
and sampling of structures was done only after the protein
was stabilized (this happened even after 100 ps). Further
confidence in the pharmacophore’s authenticity came from
the identification of one biologically active molecule
(compound 10) from among the 11 screened compounds
that were shortlisted from the docking exercise.

Comparison of Homology Model and X-ray Crystal Struc-

ture of DevR. The 3D structure of the nonphosphorylated
(inactive form) of full-length DevR protein was published
recently.20 Although we had finished most of our studies by
then, we found it meaningful to compare various structural
and functional aspects of the modeled and experimental
DevR structures in order to critically assess our computa-
tional approaches in designing inhibitors against this target.
Comparison of the secondary structural elements in the
N-terminal region shows a close similarity between the two
structures except for the presence of a β5 sheet in the
homology structure. In hindsight, this difference appears
to be obvious; the NarL template structure has a (βR)5
structural motif, which is a very common motif in the
response regulator family,34 but this is actually not present
in the experimental structure.20 In the absence of a suitable
template with high sequence identity, the region defined by
residues 99-103 was not predicted correctly (Supporting
Information Table S4). Domain-wise rmsd analysis of the
homology model with the X-ray crystal structure shows
considerable deviation in the linker region when compared
to the C- and N-terminal domains (Supporting Information
Table S5). The homology model shows rotation of the
R7-R10 helix bundle in the C-terminal domain around the
R5-R6 linker helices with respect to the experimental crystal
structure. The linker helices in the homology model are also
folded inwardwhen comparedwith those in the experimental
structure.
With respect to the C-terminal region, it may be noted that

although we had taken information for this domain from its
X-ray structure,19 the composite homology model still
showed large deviations in the CR atoms of the R10 helix
compared to that of the experimental structure (which is
inactive, Supporting Information Tables S4 and S5). Similar
differences between inactive (experimental; 3C3W) and
active (1ZLK) forms were pointed out recently by Hol’s
group.20 This dilemma points out that there may be some

fundamental structural differences between active and in-
active forms of a protein and that every molecular modeling
exercise involves, in its own way, a “leap of faith”, hoping
that a sufficiently critical amount of relevant information is
being used in construction of the model. In the present case,
our use of a water-based pharmacophore model appears to
have been the critical ingredient in arriving at some com-
pounds with high inhibitory activity.
DevR is believed to undergo an extensive helix rearrange-

ment during activation.20 Our experimental data provides
valuable insights into the probable architecture of the native
pocket; surprisingly, compound 10 does not inhibit DevR
phosphorylation (activation) and yet it somehow prevents
formation of the DNA binding active species. This implies
that the pocket architecture is preserved in both inactive and
active states of DevR protein (Supporting Information
Figure S4). In the crystal structure, the pocket comprises
residues from both N- and C- terminal domains (part f of
Figure 3, Supporting Information Table S6); it includes
residues from the R9 DNA binding helix, those involved in
interdomain interactions and R10 helix region in the inactive
protein (Supporting Information Figure S2), suggesting the
possibility that bound compound 10 might prevent forma-
tion of the active conformer. In the absence of an active form
structure for DevR, the best possible binding pocket was
chosen computationally. Compound 10, which secured the
top rank in the MOE docking scheme, was also the most
potent molecule identified in this study, further suggesting
the computationally defined pocket to be a relevant binding
site. Future challenges are to confirm the binding site and to
analyze the proposed mechanism of inhibitor action by
experimental approaches. We rationalize the computational
and experimental data by considering the inhibitionmechan-
ism from the point of view of conformational selection rather
than from an induced fit model.35 Insights from the recent
X-ray structural analysis of full-length inactiveDevRprotein20

also favor the involvement of various protein conformations in
the response regulation process. However, such a comparison
remains elusive in the absence of a full crystal structure of the
active formofDevR. In conclusion, highlighting our success in
obtaining a specific inhibitor against DevR protein and by
consideration of the activation mechanism proposed for
DevR,20 our findings suggest that inhibitor compound 10

“locks” DevR in a conformational state that does not trans-
duce into the activated protein conformer essential for DevR
activity during bacterial adaptation to hypoxia.

Experimental Section

Homology Modeling of 3D Structure of DevR, Pharmaco-

phore-Based Virtual Screening, and Docking of Compounds. The
tertiary structure of DevR was predicted by the homology
modeling approach36 using the molecular modeling package
molecular operating environment (MOE 2006.08; Chemical
Computing Group Inc., Montreal, Canada; www.chemcomp.
com). Briefly, sequence alignments were obtained by using
Clustal.37 The superposition of the coordinates of CR-atoms
of the theoretical model with NarL as the template protein
(1A04) was performed with the MOE-homology module. Pro-
blematic and overlapping regions of the built homology struc-
tures were analyzed with the help ofMOE stereochemical check
and by visual inspection of outliers from the Ramachandran
plot and then rectified. The structural parameters were evalu-
ated, and the prediction quality of the modeled structure was
assessed. The homology model of DevR was searched for active
sites with theMOEAlpha Site Finder.38 A short 200 psMD run
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of water-soaked protein (with water layer width of 5 Å) was
performed, and the nature of various hydrogen bond inter-
actions between water molecules and the protein within the
active site of DevR were studied using the in-house hydrogen
bonding analysis tool (HBAT) software.39 A total of 2.5 million
molecules obtained from the Zinc database22 (Zinc5, Jan 2005
release) were screened against the chosen active site in the
modeled DevR structure using water-based pharmacophore
query. Preprocessing of the ligand database was done using
pharmacophore preprocessor using PCHD scheme annota-
tion for the ligands. Screened ligands were docked within the
chosen active site of the homology modeled protein with both
MOE-Dock module and with GOLD (GOLD 3.0; Cambridge
Crystallographic Data Centre: Cambridge, UK) docking soft-
ware; the results obtained with these two software were com-
pared. Selected hits obtained after virtual screening were
subjected to biological testing. Detailed information on homo-
logy modeling of DevR, virtual screening, and docking of
compounds is provided in Supporting Information.

Bacterial Strains and Growth Conditions. M. tb H37Rv was
revived from-80 �Cbacterial stocks and grown either inDubos
medium containing 0.1% Tween-80 and 10% (v/v) albumin
dextrose complex (ADC) (referred to as DTA medium) or in
Middlebrook 7H9medium containing 0.1%Tween-80 and 10%
ADC (MTA). All cultures were grown at 37 �C in a shaker
incubator (190-220 rpm) unless mentioned otherwise.

Chemical Compounds.All the selected hits (compounds 1-11)
were purchased from Chembridge Corporation Limited, USA,
and were reported to have a purity g90% by 1H NMR.
Compound 10 was analyzed by HPLC using reverse phase
C-18 column and was determined to have a purity of >95%.

Electromobility Shift Assay (EMSA). N-terminal GST-
tagged DevR was purified as described.40 fdxA promoter
DNA probe was generated by PCR from M. tb DNA using
32P end-labeled oligonucleotide primer FdxAF (TGACGGG-
CTATCGTAAGTTTATG) and FdxAR (CACGCACTCAC-
TACCGATCACA). Activated DevR was generated by phos-
phorylation with acetyl phosphate and used in EMSA as
described.24 Briefly, DevR∼P (1 μM final concentration) was
preincubated for 10 min at 30 �C in the phosphorylation
reaction in the presence and absence of test compounds. Labeled
DNA (∼2 ng) was added to the reaction and further incubated
on ice in binding buffer for 30 min. DNA-protein complexes
were analyzed by electrophoresis as described.24 Purified HupB
protein (generous gift from Prof. H. K. Prasad, New Delhi) was
used in EMSA as described above.

GFP Reporter Assay. M. tb harboring various DevR-regu-
lated gfp reporter promoter plasmids were used to assess the
activity of various compounds as described.24 Initial compound
dilutions were prepared in dimethyl sulfoxide and subsequent
2-fold serial dilutions were in 0.1 mL of DTA medium in
microplates. M. tb stocks were cultured in DTA medium up to
midlogarithmic phase (OD595 ∼ 0.4) under shaking conditions,
diluted in the same medium (OD ∼ 0.05), and dispensed
in 100 μL aliquots per well. Control wells contained only
compound, bacteria, or medium. The plates were incubated
for 48 h, and GFP fluorescence was measured as described.24

GFP fluorescence due to promoter activity was calculated by
subtracting background fluorescence of vector and com-
pounds. Results are expressed as mean( SD percent inhibition
[1 - (RFU)compound/RFUDMSO)�100] from three independent
experiments each in triplicate wells.

M. tb Aerobic Viability Assay (REMA Assay). Antimicrobial
activity of compounds on aerobic M. tb culture was tested in
triplicate cultures as described.41 Plates were incubated for
7 days. Thereafter, Resazurin (30 μL of 0.02%) and Tween-80
(12.5 μL of 20%) were added to each well. Wells were observed
after 48 h for a color change fromblue to pink. Fluorescencewas
measured in a spectrofluorimeter with excitation at 530 nm and
emission at 590 nm.

M. tb Viability Assay in Hypoxia Model of Dormancy
(HyRRA Assay). Briefly, M. tb stocks were grown in Dubos
medium until logarithmic phase (OD595 ∼ 0.4) and further
diluted to an OD595 of 0.003. Culture aliquots of 2 mL were
injected into 4 mL vacutainer tubes with self-sealing caps and
kept static for hypoxia to set in as described.41 Format H1:
compounds were injected into tubes on day 0, and the cultures
were incubated until methylene blue decolorized (indicating
anaerobiosis, typically∼30 days). FormatH2: compounds were
added to 30 days-old nonreplicating dormant cultures and
incubated further for 11 days. Metronidazole (M) and isoniazid
(I) were used as controls to assess drug susceptibility of anoxic
and aerobic cultures, respectively. After 30 days and 41 days
(for formats H1 and H2, respectively), conventional CFU
analysis was performed on culture aliquots by serial dilution
plating. Resazurin (300 μL of 0.02%) and Tween-80 (70 μL of
20%) were injected into the remaining culture in each tube,
vortexed, and incubated overnight prior to determination of
MICs and bacterial viability by HyRRA.41

Revival Assay for Hypoxia-Adapted Cultures. At 30 days and
41 days under formats 1 and 2, respectively, cultures were
pelleted at 11000g, washed with Middlebrook 7H9 medium,
resuspended in 4 mL of the same medium supplemented with
5% OADC and 0.1% Tween-80, and grown under aerobic
shaking conditions (190 rpm in 50 mL tubes). Aliquots of
200 μL were withdrawn from each tube at 5 day intervals to
monitor the recovery of dormant cells by resazurin reduction
assay andOD595 measurement. Similar results were obtained by
both assays.

Nutrient StarvationModel of Dormancy.GFP reporter assay:
M. tb strains harboring Rv3134c/sigA promoter gfp reporter
constructs were grown to OD595 ∼0.40 in MTA medium under
shaking conditions. Cells were pelleted at 5000 rpm, washed
twice with phosphate buffer saline (PBS), and resuspended in
either PBS or MTA medium. Cultures were diluted to OD595 ∼
0.02 and 1 mL aliquots were incubated in 2 mL cryovials.
Cultures aliquots of 200 μL were withdrawn at one week
intervals into black clear-bottomed 96-well microplates and
GFP was measured as described above. Viability assay: Com-
pounds were tested in a nutrient starvation model as reported25

using the culture setup described above. Viability was assessed
in two formats: in format N1, compounds were added on day 0
and incubated for 6 weeks. In format N2, compounds were
added to six-weeks-starved cultures and incubated for 11 days
(Supporting Information Figure S1). Control cultures contain-
ing 1.5 μg/mL of methylene blue did not decolorize and con-
firmed that oxygen was not depleted in the nutrition starvation
model. For viability determination during starvation, CFU/mL
was determined by plating serial dilutions.
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Supporting Information Available: List of 100 top scored
compounds obtained from MOE and GOLD docking results.
Segregation of top 200 top scored docked compounds into
chemical classes (1-11) of similar structural scaffolds. Hydro-
gen bond analysis of protein ligand interactions for the top
scored docked conformation for the biologically active com-
pounds (5, 7, 8, and 10). Comparison of secondary structure of
the homology model with the X-ray crystal structure crystal
structure of DevR (PDB ID: 3C3W). Domain-wise rmsd of
CR atoms of the homology model with the X-ray crystal
structure of DevR (PDB ID: 3C3W). Comparison of pocket
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used for docking of compounds in homologymodel with pocket
present in crystal structure. Effect of 10 on DevR-regulated
promoter activity and viability of M. tuberculosis in nutrient
starvation model of dormancy. Hydrogen bond interaction
array predicted between compounds and DevR. Ligand-based
pharmacophore generated from the biologically active ligands
based upon maximum feature alignment criteria. Interaction of
10 and DevR in protein model and structure. 3D view of
inhibitor (10) docked into the putative binding site of the DevR
protein. Domains-wise distribution of amino acids in DevR
protein, sequence alignment, homology model generation using
MOE-homology module, identification of the active site, mo-
lecular dynamics, pharmacophore generation, docking. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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