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Abstract Despite the availability of effective chemothera-
py and a moderately protective vaccine, new anti-
tuberculosis agents are urgently needed to decrease the
global incidence of tuberculosis (TB) disease. The MurB
gene belongs to the bacterial cell wall biosynthesis pathway
and is an essential drug target in Mycobacterium tubercu-
losis (Mtb) that has no mammalian counterparts. Here, we
present an integrated approach involving homology mod-
eling, molecular dynamics and molecular docking studies
on Mtb-MurB oxidoreductase enzyme. A homology model
of Mtb-MurB enzyme was built for the first time in order to
carry out structure-based inhibitor design. The accuracy of
the model was validated using different techniques. The
molecular docking study on this enzyme was undertaken
using different classes of well known MurB inhibitors.
Estimation of binding free energy by docking analysis
indicated the importance of Tyrl55, Argl56, Ser237,
Asn241 and His304 residues within the Mtb-MurB binding
pocket. Our computational analysis is in good agreement
with experimental results of site-directed mutagenesis. The
present study should therefore play a guiding role in the
experimental design of Mtb-MurB inhibitors for in vitro/in
vivo analysis.
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Introduction

Tuberculosis (TB) is a contagious-infectious disease caused
mainly by Mycobacterium tuberculosis (Mtb). The resump-
tion of TB, which is due mainly to the emergence of
multidrug-resistant (MDR) and extensively drug-resistant
strains of Mtb as well as HIV epidemics, has led to an
increased need to understand the molecular mechanisms of
drug action and drug resistance. These complicated issues
need to be tackled by discovering novel compounds for TB
therapy.

The physiology of Mtb requires a high level of oxygen,
and it usually establishes infection in the mammalian
respiratory system [1]. In the lungs, Mtb are taken up by
alveolar macrophages having high oxygen tension leading
to accelerated growth of Mtb. It is quite difficult to stain
such bacteria as they have an atypical waxy coating on the
cell surface, comprised chiefly of mycolic acid, which
makes the cells impervious to Gram staining.

In 1882, Robert Koch, an esteemed scientist of his time,
isolated and cultured Mtb from crushed tubercles. His
experimental work identified the bacterium as the etiolog-
ical agent of TB. He also developed staining methods for
identification of the bacillus, and these techniques were
subsequently improved on by the German doctor and
bacteriologist Paul Ehrlich, whose method for the detection
of the bacillus provided the basis for the development of the
Ziehl-Nielsen acid-fast staining, which still is an important
tool in TB therapy [2].

Mtb is a tenacious and remarkably successful pathogen
that has latently infected one-third of the world’s popula-
tion. Every year, 8 million new cases of TB appear and
2 million deaths occur [3]. The increasing emergence of
drug-resistant TB and HIV infection, which compromises
host defense and allows latent infection to reactivate or
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render individuals more susceptible to TB, pose further
challenges to the effective control of this disease [4].

Chemotherapy of TB has been divided into first-line and
second-line drugs. First-line drugs include isoniazid, rifam-
pin, pyrazinamide and ethambutol, while second-line drugs
such as para-aminosalicylate, kanamycin, fluoroquinolones,
capreomycin, ethionamide and cycloserine are used, but
these are either less effective or more toxic with serious
side effects [5]. Treatment is made quite difficult by the
presence within host lesions of metabolically silent,
persistent or dormant Mtb, which are not susceptible to
the anti-TB drugs that usually kill growing bacteria but not
the persistent bacteria. During the interaction between Mtb
and host cells, a cyclic reinfection of host macrophages by
tubercle bacillus can occur, allowing the prolonged survival
and persistence of the bacilli. TB drugs currently in use
were developed 40 years ago and showed some extent of
resistance problem towards Mtb [6]. Thus, it is almost
impossible to achieve complete sterilization of lesions. It is
this unique characteristic of these bacilli to withstand
chemotherapy and host immune attack, and its ability to
survive for decades before reactivation that makes TB so
difficult to treat and eradicate. Due to the heterogeneous
bacterial populations in TB lesions and insufficient host
immunity, treatment with a combination of drugs must be
given for extended periods of time to prevent reactivation
of disease by persisting bacilli. Much research effort
focuses on understanding the biology of persistence and
developing therapies that kill persistent bacilli more
efficiently [7].

TB is curable but the therapy still takes at least 6—
9 months. Treatment is laborious and lengthy, and often
results in patient non-compliance, significant toxicity and
multi-drug resistance tuberculosis (MDR-TB). The increas-
ing problems caused by MDR-TB has focused attention on
developing new drugs that are not only active against drug-
resistant TB, but also shorten the lengthy therapy. This
urgent need to develop novel and potent TB drugs to
overcome this neglected disease is of national importance,
as the discovery process in this area has been dormant for
the past 40 years [8].

The cell walls of both Gram-positive and Gram-
negative bacteria possess a unique biopolymer, peptido-
glycan, critical for maintaining the osmotic integrity of
the cell. Enzymes of the bacterial cell wall biosynthesis
pathway are essential proteins without mammalian
counterparts [9]. The synthesis of peptidoglycan begins
in the cytoplasm, with the condensation of phosphoenol-
pyruvate and UDP-N-acetylglucosamine catalyzed by
MurA. This is followed by a MurB-catalyzed reduction
of the enolpyruvate moiety to D-lactate, yielding UDP-N-
acetylmuramate. A series of ATP-dependent amino acid
ligases (MurC, MurD, MurE and MurF) catalyze the
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stepwise addition of the pentapeptide side-chain on the
newly reduced D-lactyl group, resulting in the formation
of UDP-N-acetylmuramyl pentapeptide [10]. These initial
steps in the biosynthesis of the cytoplasmic peptidoglycan
precursor are poorly exploited as anti-bacterial targets.

The genes encoding MurA to MurF are all essential in
Mtb. In addition, Mur proteins are highly conserved among
various bacterial species, and common structural motifs can
be identified. For this reason, a potential Mur inhibitor
would be expected to be bactericidal and to have a wide
spectrum, which validates the choice of these important
bacterial enzymes as targets for the development of new
inhibitors [10—14].

Different computational studies have already been
reported for several Mtb protein targets: the lysine/DAP
pathway of Mtb, methionine S-adenosyltransferase enzyme,
Asp kinase and DNA gyrase for the treatment of TB [15—18].

The main objective of the present work is to report the
three-dimensional (3D) model of Mtb-MurB enzyme (ORF
Rv0482) for the first time based on the crystal structure of
the (Escherichia coli)-MurB. The model provides the
geometry of hot spot regions, i.e., binding site residues,
and therefore provides a clear insight into the importance of
the active site residues in terms of their contribution to
protein—ligand complexes. Moreover, the rational design of
an inhibitor selective towards the Mtb-MurB enzyme could
be more effective if the key residues and atomic level
binding site interactions are known. A combined approach
combining a molecular dynamics study and molecular
docking analysis of 28 already reported inhibitors of (.
coli)-MurB protein was applied to the Mtb-MurB homol-
ogy model to probe its active site residues, interactions,
thereby revealing its mechanism of action.

Methods
Experimental section

All computations and molecular modeling of Mtb-MurB
enzyme were carried out on a Silicon Graphics Fuel Worksta-
tion with IRIX 6.5 operating system and Linux workstation
using MODELLERO9V3, Autodock4.0 and SYBYL7.1 molec-
ular modeling packages.

Homology modeling

The Mtb-MurB (ORF Rv0482) sequence was retrieved from
UniProtKB/TrEMBL database (primary accession number
P65460). In order to identify homologous sequences with
known 3-D structure, a BLASTP search was carried out
against the protein data bank (PDB) using Mtb-MurB as query
sequence [19]. A number of sequences homologous to Mtb-
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MurB enzyme was obtained. The top hit 2Q85 (E. coli)-
MurB showed good alignment with 33% sequence identity,
50% sequence similarity and an E-value (expectation value)
of 5e-57 with that of the Mtb-MurB query sequence (Fig. 1).
The E-value represents a number of different alignments
with scores equivalent to or better than the scores that are
expected to occur in a random database search. Generally, a
lower E-value indicates that alignment is real and does not
occur by chance. The BLOSUMS62 scoring matrix with a gap
penalty of 11 and a gap extension penalty of 1 was used in
this pair-wise sequence alignment [20].

MODELLER9v3 was used for comparative protein model-
ing [21]. The initial crude homology model of Mtb-MurB
along with ligand modeling was obtained in MODELLER9V3
[20]. Simultaneous modeling of the ligand in the protein
model was based on the template, as it can be assumed that
the ligand binding modes are similar in the target and the
template proteins. Accordingly, ligands were then transferred
among target structures, keeping their orientation as a restraint
for the subsequent modeling process. Having placed the
ligand in a near-native orientation in the consensus binding
site of the modeled protein, 100 models were generated by
additionally incorporating information about the ligand.

Fig. 1 Sequence alignment of
Mycobacterium tuberculosis
(Mtb)-MurB with template
(Escherichia coli)-MurB. Red
boxes Highly conserved residues
among MurB proteins of differ-
ent bacterial species, arrows
above residues amino acids in E.
coli and Mtb-MurB investigated
for mutational study in Staphy-
lococcus aureus. Colors indicate
amino acids with their similar
characteristics, stars identical
amino acids, colons similar
amino acids, single dots almost
similar amino acids, red circles
flavin adenine dinucleotide
(FAD) binding residues
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During this modeling step, the ligands were kept fixed in
space. The structural quality of the models was assessed using
six different validation packages, including: (1) Ramachan-
dran plot in PROCHECK, (2) ERRAT plot, (3) Prosall energy
profile, (4) G-factor, (5) Verify 3D, and (6) ProSA Z-score
[22-27].

The best ligand-supported model based on PROCHECK
validation was further subjected to loop modeling in MOD-
ELLER with the help of ERRAT plot. In ERRAT plot, those
regions that have an error values cut-off greater than 95% were
selected for loop modeling. After each round of loop modeling
in MODELLER, ten different structures were generated, which
were again validated based on PROCHECK and ERRAT plot
evaluation, and this cycle was repeated to convergence.
Further, models showing good PROCHECK verification and
ERRAT plot were subjected to native protein fold evaluation
using the above mentioned software.

Finally, the Mtb-MurB homology model developed was
assessed on the basis of root-mean square deviation (RMSD)
comparison: (1) Ca-backbone for the whole protein, (2) 6.5 A
around the ligand binding site, and (3) 8 A around ligand
binding site, with the template protein (E. coli)}-MurB (PDB
code: 2Q85).
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Molecular dynamics study

Molecular dynamics (MD) stimulations were carried out
using 43A1 force field of Gromacs96 implemented in the
Gromacs3.3.3 package [28]. A cubic box with the SPC water
model was built and submitted to a maximum of 1,000
rounds of energy minimization using the steepest descent
gradient algorithm [29]. The leap-frog algorithm was used
for integrating Newton’s equations in MD simulation.

Mtb-MurB oxidoreductase enzyme was subjected to a full
MD simulation of 5,000 ps (or 5 ns) at 300 K, with no
restrictions using 2 fs of integration time. Lincs constraints
were used on all protein covalent bonds to maintain constant
bond length [28]. Co-ordinates and energy terms (potential
energy for the whole system) were saved each 20 ps. With
the aim of evaluating the protein system stabilization
throughout the MD period of 5,000 ps, its RMSD and
potential energy were plotted against time.

Molecular docking

The ability of proteins to bind with different ligands in a
highly specific manner is an important feature of many
biological processes. The characterization of the structure and
the energetics of molecular complexes is thus a key factor in
understanding biological function.

Autodock4 program uses the Lamarckian genetic algo-
rithm (GA) and is regarded as the best method in terms of its
ability to find the lowest energy structure, and the accuracy of
its structure predictions [30]. Polar hydrogens were added
using the Autodock Tools interface. Grid maps were
prepared using the AutoGrid utility with 58%76x48 points
and grid spacing set to 0.375 A. Grid dimension was chosen
to cover the 6.5 A area around the ligand, so that all the
active site residues can be accommodated. Docking param-
eters modified from the defaults were: number of individuals
in the population (set to 150), maximum number of energy
evaluations (set to 2,500,000), maximum number of gen-
erations (set to 2,700), and number of GA runs (set to 20).

To understand protein—ligand binding affinity from a
thermodynamics viewpoint, this program provides binding
energy (BE) and inhibition constants (K;) for the docked
ligands [30]. BE gives the extent of the binding affinity of
the protein—ligand complexes, and is calculated as the sum
of the intermolecular energy and torsional free-energy
penalty. K; is calculated by the equation given below.

K; = exp [(AG*1000)/(R*T)]
Where AG is docking energy, R (gas constant) is
1.98719 cal K" mol™" and T (Temperature) is 298.15 K.

After setting the above mentioned docking protocol, we
first extracted the ligand (naphthyl tetronic acid) from the
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Mtb-MurB enzyme model and subjected it to energy
minimization. the binding site for Mtb-MurB enzyme was
defined as amino acids residues within a 6.5 A region
around the ligand. The geometry optimized extracted
molecule was again docked to Mtb-MurB enzyme and
showed an excellent RMSD of 0.60A, indicating that
prediction ability of Autodock4 is acceptable and thus can
be extended to docking of the other 28 Mtb-MurB
inhibitors into the active site regions of the homology
model.

A series of 28 inhibitors against Mtb-MurB enzyme
belonging to 4-alkyl and 4,4'-dialkyl 1,2-bis(4-chlorophenyl)
pyrazolidine-3,5-dione derivatives were reported by Kristinia
et al. [31]. In the present study, we adopted the same
numbering convention for these molecules. Docking analysis
was carried out using the Autodock4 program with the aim
of exposing the active site amino acid residues involving
protein—ligand interactions in order to obtain information
about the bioactive conformation of these Mtb-MurB
inhibitors. All molecules were docked successfully in the
active site of the homology model of the Mtb-MurB
enzyme.

Results and discussion

Homology modeling of Mtb-MurB
and its structure-function relationships

Mtb-MurB (EC 1.1.1.158) is an oxidoreductase enzyme
involved in the cell wall biogenesis. Mtb-MurB has an amino
acid sequence length of 369 and is located in the cytoplasm of
the bacterial cell. To identify homologous sequences of Mtb-
MurB that could be used as a template for model building, a
NCBI BLASTP search against PDB using Mtb-MurB as
query sequence was performed. The top hit from BLASTP,
viz. (E. coli)-MurB (PDB code: 2Q85) has a crystal structure
to 2.51 A resolution, and exhibits 33% sequence identity and
50% sequence similarity with the Mtb-MurB enzyme
(Fig. 1).

The crystal structure of (E. coli)-MurB enzyme complexed
with the inhibitor naphthyl tetronic acid has structural
similarity with known reported inhibitors of MurB enzyme.
This analysis gave us more confidence in using this crystal
structure (PDB code: 2Q85) for homology modeling of Mtb-
MurB enzyme, with further molecular docking to identify
the active binding site residues.

The final model was validated using seven different
tools:

(1) Ramachandran plot showed that the backbone dihedral
angle distribution of all the amino acids residues
represents: 86.2% in core region, 12.1% in allowed
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region and 1.7% in generously allowed region, as
presented in Table 1 and Fig. S1 respectively (see
electronic supplementary material). This indicated that
the backbone dihedral angles v and ¢, in the Mtb-
MurB model were reasonably accurate.

(2) An ERRAT plot calculated non-bonded interactions
between different atom types of amino acid. We can
determine the ‘structure error’ at each residue in the 3-
D structure of the protein using this plot. This provides
an indication for loop refinement at those regions
where the plot bar exceeds the 95% error value in
ERRAT plot, shown in Fig. S2. Loop refinement was
performed in several cycles, taking a few amino acids
(4-12) in each step and validating through ERRAT
plot. ERRAT plot of the loop refined model showed an
increase in the overall score for structural quality to
93%.

(3) To support the evaluation of protein fold quality, Mtb-
MurB model was subjected to Prosall folding energy
analysis. This program calculates the knowledge-
based mean fields to judge the quality of the protein
folds and has been used widely to measure the
stability of a protein conformation. Folding energy of
protein generally has negative values, and these values
correspond to the stability and nativity of the
molecules. Thus, protein folds with high negative
value are considered more stable. The folding energy
of both the (E. coli)-MurB crystal structure and the
Mtb-MurB model, and its comparative energy profile
is shown in Fig. S3. We note that the Prosall folding
energy of Mtb-MurB remains negative for all the
amino acids, indicating the acceptability of the Mtb-
MurB model structure (Fig. S3).

(4) G-factor provides a measure of how unusual or out of the
ordinary a property is on the basis of phi, psi, chil, chi2
and chi3 angles. G-factor for Mtb-MurB model was
—0.20, which indicates the usual distribution of proper-
ties (Table 1). It has been established that a G-factor
value between —0.5 and —1.0 indicates that the property
is unusual, while below than —1.0 is highly unusual.

(5) Verify 3D was used to assess whether a primary
sequence is compatible with the current 3D structural

model; 92.51% amino acids have average 3D-1D
compatibility scores >2 for the Mtb-MurB model
structure (Table 1). The compatibility scores for all
the residues in the developed model are also shown to
be above zero and are presented in Fig. S4.

(6) Evaluation of Mtb-MurB homology with ProSA-web
reveals that the ProSA Z-score value is —8.33 in the
range of native conformations of the crystal structures,
as shown in Table 1 and Fig. S5.

(7) RMSD validation criteria include the superimposition
of the residues within the active site regions surround-
ing the naphthyl tetronic acid inhibitor, in both Mtb-
MurB and (E. coli)-MurB protein. We obtained
RMSD values of 0.78 A and 1.52 A for 6.5 A and
8.0 A regions surrounding the naphthyl tetronic acid
inhibitor. RMSD of the C,-backbone for the whole
protein was 1.79 A (Table 2, Fig. 2a). Superimposition
of the active site residues within the 5.5 A region
surrounding naphthyl tetronic acid inhibitor (ball and
stick) in Mtb-MurB (green) and (£. coli)-MurB (cyan)
showed that most of the active site residues were
conserved and superimposed in both these proteins,
except that Asp270 and GIn288 of Mtb-MurB were
replaced with Glu282 and His304 in (E. coli)-MurB,
respectively (Fig. 3).

MurB is an oxidoreductase enzyme that belongs to the
flavin adenine dinucleotide (FAD) family—a cofactor
binding protein super family—that share a characteristic
FAD-binding fold. MurB is located in the aminosugar
pathway, a sub-pathway that provides precursor for
peptidoglycan biosynthesis [12, 32]. It catalyzes the
reduction of UDP-N-acetylglucosamine enolpyruvate to
UDP-N-acetylmuramic acid by involving a sequence of
two half-reactions. First, bound FAD is reduced by a two
electron transfer from NADPH, and then it transfers these
two electrons to the C-3 of the enol pyruvyl group of
glucosamine.

The homology model of Mtb-MurB oxidoreductase
enzyme along with the ligand naphthyl tetronic acid and
FAD cofactor is presented in Fig. 2b. Structurally Mtb-
MurB is a mixed (x + {3) protein, composed of three

Table 1 Validation statistics

comparison of predicted Ramachandran plot statistics (E. coli)-MurB Mtb-MurB
Mtb-MurB model with the
template (Escherichia coli)- % Amino acids in most favored regions 91.2 86.2
MurB crystal structure % Amino acids in additional allowed regions 8.5 12.1
% Amino acids in generously allowed regions 0.3 1.7
% Amino acids in disallowed regions 0.0 0.0
G-factor —-0.01 —-0.20
Verity 3D: Average 3D-1D compatibility score for % amino acid>0.2 100 92.51
ProSA Z-score -10.17 —8.33
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Table 2 Three dimensional (3D) structure comparison root mean
squares deviation (RMSD) of the Mtb-MurB homology model with
the template (E. coli)-MurB enzyme

Cy- 6.5A region around 8A region around
backbone ligand ligand
179 A 0.78 A 152 A

domains. Domain 1 contains five (-strands and one
o-helix, which includes residues 3—67 and residues 327—
346; Domain 2 contains seven [3-strands and six o-helices,
which includes residues 68-201; and Domain 3 contains
five 3-strands and five «-helices, which include residues
202-326. The topology of the Mtb-MurB model with the
above mentioned three domains shown as rectangular boxes
is presented in Fig. S6 (see electronic supplementary
material). It can be seen that the ligand binding site is
surrounded by domains 2 and 3, and is quite accessible
from the protein surface, while cofactor FAD is surrounded
by all three domains and is buried in the protein core.

The MurB protein family is divided into type I and
type II, based on the presence or absence of various
secondary structural elements, and on how these struc-
tural elements interact with its substrates. (E. coli)-MurB
is classified as type I and contains a Tyr loop and split
PP fold, whereas Staphylococcus aureus (S. aureus)-
MurB is classified as type II and lacks these secondary
elements.

X-ray model and homology model structural analyses
have indicated that the E. coli and Mtb type I MurB
proteins and S. aureus type I MurB protein have similar
overall folds, although there are differences between the
substrate binding regions due to amino acid deletions, as
presented in Figs. 1 and 2, respectively [12, 32-34]. (S.
aureus)-MurB lacks both a loop structure containing
Tyr190 and the single split fold found in the substrate
binding domain of type I (E£. coli)-MurB [12], and the same

Fig. 2 a Superimposition of C-
backbone of Mtb-MurB (yellow)
and template (E. coli)-MurB
(blue). b Homology model of
Mtb-MurB showing three
domains: domain 1

(yellow), domain 2 (pink) and
domain 3 (cyan). Cofactor FAD
and ligand naphthyl tetronic acid
is shown in ball and stick model
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is found in the Mtb-MurB model. Similarities between type
I and type II catalytic sites include: Ser237 of Mtb-MurB
(Ser229 in (E. coli)-MurB, and Ser226 in (S. aureus)-
MurB) is a catalytic residue and participates in the proton
transfer to the enol intermediate formed during the second
reduction step [35].

Experimental evidence for important amino acid residues
and knowledge of their roles in enzyme structure—function
relationships are crucial for developing enzyme-specific
anti-bacterial drugs. Using the crystal structure of (E. coli)-
MurB (PDB code: 2Q85) and (S. aureus)-MurB (PDB
code: 1HSK) proteins, we identified key amino acid
residues making hydrogen bonding interactions with FAD
and the ligand in the Mtb-MurB model. A multiple
sequence alignment of Mtb-MurB with (E. coli)-MurB
and (S. aureus)-MurB protein is presented in Fig. 1. The
observations generated from these sequence—structure rela-
tionships are described below.

Residues Gly47, Gly49, Ser50, Asn51, and Arg218 in
Mtb-MurB; (E. coli)-MurB corresponding residues include:
Gly47, Gly49, Ser50, Asn51 and Arg214; (S. aureus)-
MurB corresponding residues include: Gly67, Gly69,
Ser70, Asn71 and Arg213) are observed close to the FAD
binding site. Also, residues Tyrl75, Argl76, Arg2l3
Ser226, Asn230, His259, and Glu296 [corresponding
residues in (E. coli)-MurB are Tyr158, Argl59, Arg214,
Ser229, Asn233, GIn288 and Glu325] are located close to
the UDP-N-acetylglucosamine enolpyruvate binding site in
(S. aureus)-MurB protein [34]. Residue Ser226 of (S.
aureus)-MurB [Ser229 of (E. coli)-MurB and Ser237 of
Mtb-MurB] was reported as a catalytic residue whose
hydroxyl group is thought to transfer a proton for the
reduction of UDP-N-acetylglucosamine enolpyruvate [32,
35]. Tt is well established that the Gly-X-Gly motif, i.e.,
Gly67-Asn68-Gly69 in (S. aureus)-MurB and Gly47-
Glu48-Gly49 in (E. coli)-MurB protein, corresponds to
the FAD-binding domain of FAD-binding proteins (Fig. 1).
The corresponding motif does not exist in Mtb-MurB due
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Fig. 3 Superimposition of
active site residues within 5.5 A
region surrounding naphthyl
tetronic acid inhibitor in
Mtb-MurB (green) and (E. coli)-
MurB (cyan)

to deletion of the residue (possibly due to occurence of a
point mutation during protein evolution) between these
residues (Fig. 1). Interestingly, we noted that in Mtb-
MurB, Gly47 and Gly49 made three hydrogen bonds with
both the o-phosphoryl and the (3-phosphoryl moiety in
FAD, while in (S. aureus)-MurB, Gly67 and Gly69 made
single hydrogen bonds with the «-phosphoryl moiety of
FAD. This analysis clearly showed that FAD is more
tightly bound within Mtb-MurB as compared to (S.
aureus)-MurB protein. This unique feature of the Mtb-
MurB protein might be important in the MurB family of
proteins. This motif in (S. aureus)-MurB interacts with
the o-phosphoryl moiety of FAD via the main-chain
nitrogen, and the Ser70 residue (Ser50 residue in (E.
coli)-MurB and Mtb-MurB) interacts with the [3-
phosphoryl moiety of FAD via both its main-chain
nitrogen and side-chain hydroxyl group; while Arg213
and His259 [Arg214 and GIn288 in (E. coli)-MurB and
Mtb-MurB] help in maintaining the electronic state of the
FAD cofactor [33].

Nishida et al. [34] performed site-directed mutagenesis
of (S. aureus)-MurB genes and tested the ability of the
resulting constructs to complement a temperature-sensitive
MurB mutant of S. aureus. Residues Asn71, Tyrl75,
Argl76, Arg213, Ser226, His259, and Glu296 of (S.
aureus)-MurB, were found to be essential for its activity.
Sequence alignment provided evidence of conservation of
these amino acid residues among 15 bacterial species other
than Mtb [34]. We examined in detail the amino acid

residues of MurB protein in three different species—S.
aureus, E. coli and Mtb—using multiple sequence align-
ment methodology (Fig. 1).

Residues Phed46, Gly48, Gly49, Ser50, Asn5Sl1,
GInl17, Valll9 and Vall68 are observed to form
hydrogen bonds with FAD, while Asn241 bonds with
naphthyl tetronic acid in the Mtb-MurB homology model
(Fig. 4). Residues Ile45, Gly47, Gly49, Ser50, Asn51,
Prol11, Cys113, Serl116, Gly123 and Arg214 are observed
to form hydrogen bonds with FAD, whereas Asn233
bonds with naphthyl tetronic acid in the crystal structure
of (E. coli)-MurB [32, 33]. Hydrogen bonding residues of
Mtb-MurB model that interact with FAD and the ligand
(naphthyl tetronic acid) are presented in Fig. 4, to give a
clearer view of the structure—function relationships of this
enzyme.

Further, we employed molecular electrostatic potential
surface (MEPS) maps as a tool to understand the
difference in the charge distribution of the Mtb-MurB
model compared with that of the (E. coli)-MurB crystal
structure. It is a well established fact that molecular
electrostatics form the main part of the non-bonded
interaction energy between ligands and proteins, govern-
ing the strength of non-bonded interactions as well as
molecular reactivity. Different physico-chemical environ-
ments, such as electrostatic, steric, and hydrophobic forces
experienced by the ligand at the active site of the protein
could contribute to ligand selectivity/specificity [36].
Thus, comparing the MEP of (E. coli)-MurB and Mtb-

@ Springer



946

J Mol Model (2011) 17:939-953

Naphthyl tetronicacid

Fig. 4 FAD along with the key residues of the Mtb-MurB model.
FAD and naphthyltetronic acid is represented by ball and stick model.
Yellow dotted lines indicate hydrogen bonds

MurB proteins at the inhibitor binding pocket could
provide an effective means of understanding the selec-
tive/specific inhibition of Mtb-MurB protein.

The MEPS maps of Mtb-MurB and (E. coli)-MurB are
presented in Fig. Sa,b, respectively, with their MEPS color
ramps. To facilitate comparison, MEPS of the two proteins
were placed on the same scale (—100 to +100 kcal mol ™).
The MEPS map of (E. coli)-MurB protein (Fig. 5a) showed

Fig. 5 Molecular electrostatic
potential surface (MEPS) map
of Mtb-MurB (a) and (E. coli)-
MurB (b) along with the MEPS
color ramp from (+100 to —100)
keal mol'. Most positive po-
tential regions are shown by red
color while most negative po-
tential regions with blue color,
on the same potential scale for
comparison. The ligand naph-
thyl tetronic acid is shown in
ball and stick model

@ Springer

blue color regions spanning most parts of its surface in
comparison to that of the corresponding Mtb-MurB protein.
It is clear from Fig. 5 that the MEPS around the ligand
naphthyl tetronic acid showed variation in both (E. coli)-
MurB and Mtb-MurB proteins. Striking differences were
observed at the tetronic acid site (chlorobenzene), showing
higher positive potential regions in Mtb-MurB vs neutral-
to-negative MEPS regions in (E. coli)-MurB, respectively
(Fig. 5). Thus, there is clear evidence of differences in
charge complementarity observed near the chlorine atom of
the ligand naphthyl tetronic acid, indicating tighter binding
in Mtb-MurB than in (E. coli)-MurB (Fig. 5). In other
words, ligand binding site in Mtb-MurB contained a wide
range of charge distribution, while (E. coli)-MurB has a
narrow range of charge distribution from electropositive to
electronegative. The present analysis clearly indicates that
(E. coli)-MurB has a very short range of MEPS values
within the active site as compared to that of the Mtb-MurB
protein. Thus, MEPS analysis revealed basic differences in
the ligand binding pocket, which could be exploited in the
future for the rational design of selective Mtb-MurB
inhibitors.

Molecular dynamics simulation

Molecular dynamics simulations were performed to
determine the stability of the predicted 3D structure of
Mtb-MurB enzyme. The trajectories were stable during
the whole production phase of the 5,000 ps (or 5 ns) MD
simulation run. Trajectory stability was monitored and
was confirmed by analysis of backbone RMSD and
potential energy (Fig. 6) as a function of time. RMSD
values for Mtb-MurB showed a rise in the first 2,000 ps,
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Fig. 6 Graphical representation of RMSD of backbone carbons vs
time (a) and potential energy vs simulation time (b) for the Mtb-MurB
model

and then remained stable for the remaining simulation
time. The average RMSD for the Mtb-MurB model when
measured from 5,000 ps was found to be 0.36 nm, and the
potential energy (kJ mol™') was found to be stable
throughout the simulation time. Root mean square fluctu-
ation (RMSF) of C, carbon atoms (Fig. S7), RMSF of
backbone (N, C,, C) atoms (Fig. S8) and RMSF of side
chain atoms (Fig. S9) were plotted for the developed
model in order to understand the dynamic stability of the
protein system. It was observed that, throughout the
dynamic simulations, very few fluctuations exceeded
0.5 nm, and even fewer fluctuations exceeded 0.6 nm for
the total protein. The graph showed that residues at the N-
terminus, 184-208 and 257-272, are very flexible and
have fluctuations close to 0.5 nm, while active site
residues showed less fluctuation and remained stable.

Molecular docking analysis

Docking analysis was performed on 28 Mtb-MurB inhib-
itors to identify key amino acid residues involved in
making interactions with the Mtb-MurB model structure.
All inhibitors were docked successfully in the Mtb-MurB
homology model, showing good docking scores. The
docking program Autodock computes binding energy
(BE) and inhibition constant (K;) with respect to the docked
inhibitors. The structure of 28 Mtb-MurB inhibitors, their
experimental activity (ICsg) and Autodock-computed BE
and K; values along with H-bond interacting residues are
presented in Table 3.

The docked pose of the most potent molecule, 10a (IC5o=
5.8 uM), and naphthyl tetronic acid obtained using
Autodock4 software is presented in Fig. 7. Naphthyl tetronic
acid showed strong hydrogen bonding interactions between
the oxygen atom of the carbonyl group of its five-membered
ring and Asn241 (Fig. 7a); while molecule 10a forms
hydrogen bonds with residues Asn241 and Ser237 in Mtb-
MurB model (Fig. 7b and Table 3, respectively). In addition,
Tyr122, Gly123, Argl56, Arg218, Gly262 and Lys274 are
among other residues involved in making hydrogen bonding
interactions with the other docked inhibitors in the Mtb-
MurB model (Table 3).

Multiple sequence alignment of Mtb, E. coli and S. aureus
MurB proteins revealed that Ser237 is conserved in all three
species. Residue Asn241 is conserved in Mtb and E. coli
MurB proteins and the corresponding residue in S. aureus
MurB is Arg230. Residues Tyrl22, Gly123, Argl56 and
Arg218 are conserved in all three species; residue Lys274 is
conserved in Mtb and E. coli MurB protein; and residue
His304 is conserved in Mtb and S. aureus MurB. Thus,
docking analysis provided direct evidence of the key
inhibitor binding residues in Mtb-MurB, which are in
agreement with those of the E. coli and S. aureus MurB
proteins.

BE and K; values of the most potent molecule 10a is
—8.73 keal mol " and 0.39 pum, respectively, while those of
the least potent molecule 3¢ are —7.16 kcal mol ™' and
5.66 um respectively (Table 3). Using 28 Mtb-MurB
inhibitors, we obtained a good correlation of 0.83 between
BE and activity value (ICsg), and 0.81 between K; and
activity value (ICsg), respectively (Fig. S10).

Docking analysis was also performed on the mutant
models of the Mtb-MurB enzyme. Tyr155 was mutated
to phenylalanine and Ser237 to alanine. Site-directed
mutagenesis experimental analysis of S. aureus species
for these mutants (Tyrl75 mutated to Phel75; Ser226
mutated to Ala226) was determined and the corresponding
K4 (ligand dissociation constant) values are presented in
Table 4 [34]. Experimental kinetic values and our
molecular docking analysis for the mutants and wild type

@ Springer



948 J Mol Model (2011) 17:939-953

Table 3 Structure of 28 molecules along with their experimental activity and Autodock-computed binding energy (BE) and inhibition constant
(K;)along with the H-bond interacting residues in the Mtb-MurB model

Autodock
Molecule Structure of compound 1Csp Binding  Inhibition ~H-bonding
ID (UM) Energy  constant interactions

(kcal/mol)  (K;) um

Ser237,

10a 5.8 -8.73 0.39 Asn241
Asn241,

7m 10 -8.41 0.68 Lys274
Ser237,

15a 50 -7.54 2.98 Tyr122
14a 49 -7.54 2.98 Ser237
Asn241,

9a 5.4 -8.79 0.36 Tyrl22,
Gly123

Asn241,

Tn 13 -8.73 0.39 Arg156
o His304,

3e y 50 -7.29 451 Gly262
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Table 3 (continued)

8a

7i

7k

7j

71

7h

3c

7.2

18

12

11

11

50

50

-8.61

-7.26

-7.81

-8.00

-9.04

-7.38

-7.16

0.49

4.78

1.90

1.36

0.23

3.87

5.66

Tyr122,
Asn241

Asn241

Arg?18

Arg218

Tyr122,
Asn241

Ser237

Arg218
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Table 3 (continued)

Tc

13a

3d

Ta

13b

7t

3a
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Cl

)
N Cl

]

Cl

s
i

10

50

35

10

20

52

50

-8.27

-7.40

-7.66

-8.16

-8.17

-9.07

-7.49

Tyrl22,
0.87 Asn241
3.78 Ser237
Ser237,
241 Asn241
Tyr122,
1.04 Asn241

1.02 Argl56

0.23 Arg218

Arg218,

3.23 Gly123
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Table 3 (continued)

7d

7b

3b

8b

Te

3f

7g

o}
° z
=z

@ 1O

>

¥

% &
'S
afe

Q

ZJ

Ny
£Q

[}

Q

:5;
ohe

Q

§
&

z

>

o)

Q

Q

Q

8.9

5.6

42

7.2

50

50

11

-8.22

-8.89

-7.56

-8.91

-7.48

-6.98

-7.82

0.94

0.30

2.87

0.29

3.31

7.62

1.86

Ser237

Ser237

Gly123,
Asn241

Asn241,
Ser237

Ser237

Asn241,
Tyr122

Ser237

*Molecular numbering convention and Mtb-MurB inhibitory activity value from Ref. [31]
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Fig. 7 Docked poses of naph-
thyl tetronic acid (a) and potent
molecule 10a (b) in the Mtb-
MurB homology model

PRD 265

Mtb-MurB, (E. coli)-MurB and (S. aureus)-MurB enzymes
are compared in Table 4. The most active molecule 10a was
docked in the above mentioned mutant models of Mtb-MurB
using the Autodock4 program. BE and K; values obtained for
the mutants were less than values obtained with the wild type
Mtb-MurB enzyme (BE=-8.73 kcal mol™' and K;=
0.39 uM) since the contribution from these individual key
amino acid residues at the binding site is abolished, affecting
the function of the enzyme (Table 4). This analysis provided
clear evidence of the importance of these amino acid residues
in the active site of Mtb-MurB enzyme, and also the
importance of our developed homology model. The smaller
the dissociation constant, the more tightly the ligand is
bound to the protein, or the higher the affinity between
ligand and protein. The values presented in Table 4 clearly
depict the good correlation between our computed docking
results and the experimentally obtained ligand dissociation
constant for different Mtb-MurB mutant models [34].

In summary, the 28 molecules belonging to 3,5-dioxopyr-
azolidine derivatives studied are potent inhibitors targeting
Mtb-MurB. We observed that the homology model of Mtb-
MurB assisted molecular docking analysis of this class of

inhibitors, establishing a strong relationship between enzyme
inhibition, decreased soluble peptidoglycan synthesis, and
antibacterial activity. Thus, the present structure-based inhib-
itor design study is encouraging, and indicates the possibility
of developing novel anti-bacterial inhibitors targeting an early
step in peptidoglycan biosynthesis.

Conclusions

We report the development of a homology model of Mtb-
MurB enzyme based on the high-resolution structure of the
(E. coli)MurB enzyme. The Mtb-MurB homology model
provided for the first time a 3D structural model that can be
used for screening different molecules for Mtb-specific
MurB inhibitory activity. The developed model showed
good overall structural quality and was confirmed using
several different validation tools. The overall stability of the
Mtb-MurB model structure was finally investigated using an
unconstrained MD simulation. The results showed that
RMSD and potential energy remained stable during the
5 ns MD simulation.

Table 4 Comparison of the experimental kinetic values and molecular docking analysis for the mutants and wild type Mtb-MurB, (E. coli)-MurB

and (S. aureus)-MurB enzymes. BE Binding energy

Mtb-MurB Autodock® (S. aureus)-MurB® (E. coli)-MurB°®
BE (kcal/mol) Inhibition constant (M) K4 (uM) K4 (uM)

Y155F (Mutant) —8.48 0.61 173 (Y175F)

S237A (Mutant) —7.45 3.44 180 (S226A) 7.3 (S229A)

Wild Type —8.73 0.39 41 4.1

 Autodock analysis was carried out using the most potent inhibitor (10a) from the series

bKd values were obtained for the physiological ligand UDP-GIcNACEP [15]
¢ K4 values were obtained for the physiological ligand UDP-GIcNACEP [35]
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Twenty-eight Mtb-MurB inhibitors were docked in the
homology model, and reasonably good correlation was
found between in vitro activity (ICsy) and the BE obtained
using the program Autodock. The docking study on mutant
models also provided clear evidence of the importance of
Tyr 155 and Ser237 as ligand-binding amino acid residues.
There is a good correlation between our computed BE and
K; values and the experimental kinetic values of different
Mtb-MurB mutant models. Thus, the present work forms
the basis for further molecular modeling and biochemical
studies on targeting the Mtb-MurB enzyme for TB therapy.
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