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Abstract The life-threatening infections caused by Lepto-

spira serovars remain a global challenge since long time.

Prevention of infection by controlling environmental

factors being difficult to practice in developing countries,

there is a need for designing potent anti-leptospirosis drugs.

ATP-dependent MurD involved in biosynthesis of peptido-

glycan was identified as common drug target among

pathogenic Leptospira serovars through subtractive ge-

nomic approach. Peptidoglycan biosynthesis pathway being

unique to bacteria and absent in host represents promising

target for antimicrobial drug discovery. Thus, MurD 3D

models were generated using crystal structures of 1EEH

and 2JFF as templates in Modeller9v7. Structural refine-

ment and energy minimization of the model was carried out

in Maestro 9.0 applying OPLS-AA 2001 force field and

was evaluated through Procheck, ProSA, PROQ, and

Profile 3D. The active site residues were confirmed from

the models in complex with substrate and inhibitor. Four

published MurD inhibitors (two phosphinics, one sulfon-

amide, and one benzene 1,3-dicarbixylic acid derivative)

were queried against more than one million entries of

Ligand.Info Meta-Database to generate in-house library of

1,496 MurD inhibitor analogs. Our approach of virtual

screening of the best-ranked compounds with pharmacoki-

netics property prediction has provided 17 novel MurD

inhibitors for developing anti-leptospirosis drug targeting

peptidoglycan biosynthesis pathway.
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Introduction

The widespread emergence of bacterial resistance to

existing antibiotics is a global health threat and has

emphasized the need to develop new antibacterial agents

directed toward novel targets [1]. Human leptospirosis that

caused by spirochete pathogen Leptospira interrogans is a

worldwide zoonosis of global concern [2, 3]. The disease

displays the danger of epidemic through contaminated water,

rodents, or pets. Thus, deadly outbreaks may result during

post-flood conditions. People exposed to infected animals

and contaminated water due to their occupational compul-

sions such as recreational activities and farming are also at

major risk of getting infected by leptospirosis [4, 5]. Due to

wide range of wild reservoirs for the pathogen Leptospira,

prevention of infection by controlling environmental factors

is difficult to practice in developing countries. Either an

effective and safe leptospirosis vaccine or a potent drug for

treatment of severe form of leptospirosis is yet to be invented

[6, 7]. Thus, structure-based virtual screening procedure

would be highly useful for discovery of potential inhibitors

targeting novel common drug targets identified from

pathogenic L. interrogans serovars through subtractive

genomic approach [data not shown].

Leptospira is a Gram-negative bacterium; hence, pepti-

doglycan is an important component to provide structural

integrity to the cell wall. The peptidoglycan is traditionally a

target of choice with respect to selective toxicity [8]. Properly
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constructed peptidoglycan provides rigidity, flexibility, and

strength that are necessary for bacterial cells to grow and

divide, while withstanding high internal osmotic pressure [9].

Peptidoglycan is composed of a β-1,4-linked glycans of

alternating N-acetyl-glucosamine and N-acetyl-muramic acid

sugar [10]. Among the intracellular stages of bacterial

peptidoglycan biosynthesis, the ATP-dependent Mur ligases

(MurC, MurD, MurE, and MurF) deserve particular attention.

These enzymes successively add L-Ala, D-Glu, meso-A2pm

or L-Lys, and D-Ala-D-Ala to the nucleotide precursor, UDP-

MurNAc, and they represent promising targets for antibacte-

rial drug discovery [8]. The present study focused on MurD

(UDP-N-acetylmuramoylalanine-D-glutamate ligase) from 88

common drug targets identified among L. interrogans

serovars [data not shown]. MurD catalyzes the formation of

the peptide bond between UDP-MurNAc-L-Ala (UMA) and

D-Glu. The reaction starts by phosphorylation of UMA to

form an acylphosphate, followed by nucleophilic attack by

the amino group of the incoming D-Glu. A high-energy

tetrahedral intermediate is formed, which eventually collapses

to yield UDP-MurNAc-L-Ala-D-Glu, ADP, and inorganic

phosphate [11]. High specificity, ubiquity among bacteria,

and absence in mammals make MurD a promising target for

antibacterial therapy [12].

In this paper, L. interrogans MurD 3D structure was

constructed using homology modeling technique. Structural

refinement and energy minimization of built 3D model was

done using Maestro 9.0. The structural quality of the

predicted model was verified using Procheck, ProSA,

PROQ, and Profile 3D. Validity of the model was assessed

by docking natural substrates (UMA and D-glutamic acid)

and published MurD inhibitors (phosphinic, sulfonamide,

and benzene 1,3-dicarbixylic acid derivatives) [13–15]. The

purpose of the present study was to use virtual high-

throughput screening (VHTS) to find novel inhibitors of the

MurD followed by scoring and ranking of the compounds

to identify potential hits. The novel inhibitors proposed

here would be highly useful for developing antimicrobial

drug against leptospirosis.

Materials and methods

Hardware and software

The present work was carried out in Sun Microsystems SGI

Fuel Workstation with 3.0 GHz processor, 4 GB RAM,

300 GB hard drive, and an Nvidia FX 1700 graphics card

running in Linux operating system. Modeller9v7 [16],

Schrodinger 2009 [17], and online bioinformatics resources

were employed to propose the research findings.

Homology modeling of MurD

MurD was selected as drug target against pathogenic

Leptospira through subtractive genomic approach. The

sequence of L. interrogans MurD was obtained from the

Uniprot. The protein primary sequence was analyzed using

ProtParam [18], and secondary structure was predicted

using PSI-PRED [19]. A Pfam [20] search yielded

Fig. 1 a Phosphinate inhibitor 1

(IC50=95±15 µM). b Phosphi-

nate inhibitor 2 (IC50=78±

19 µM). c N-sulfonyl-glutamic

acid inhibitor (LK2). d Benzene

1,3-dicarboxylic acid inhibitor

(IC50 = 270 µM)
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conserved domains. SCOP [21] analysis was performed to

detect domains based on similarity from experimental

structures. The involvement of the drug target in pathogens

metabolic pathways were analyzed at the Kyoto Encyclo-

pedia of Genes and Genome [22]. Local alignments were

predicted using Basic Local Alignment Search Tool

(BLASTP) [23] at the NCBI and homologous entries were

obtained from the Protein Data Bank (PDB). Cocrystallized

structure of Escherichia coli MurD with substrate UMA

(PDB ID:1EEH) [24] was chosen as template. The

BLASTP alignment was further refined using ClustalX

[25]. The sequence alignment file was used as input to the

Modeller9v7 [16] to construct homology models for L.

interrogans MurD in complex with UMA. A bundle of 20

models from random generation of the starting structure

was calculated, and the best model (structure with lowest

DOPE score) was subjected for further analysis. To gain

better relaxation and more correct arrangement of the

atoms, refinement was done on the built Leptospira MurD

model using Maestro 9.0 by applying OPLS-AA 2001 force

field [17]. Similarly, L. interrogans MurD 3D model in

complex with D-Glu containing sulfonamide inhibitor

(LK2) was predicted based on crystal structure of 2JFF to

obtain residue details of D-glutamic acid binding site [26].

The models and their features were visualized to list UMA

and LK2 binding residues with Maestro 9.0 [17]. The

model generated in complex with UMA was selected for

further validation and virtual screening.

Evaluation of model quality

The stereochemical parameters of the energy minimized

MurD model were assessed by Procheck, ProSA, ProQ

[27–29], and Profile 3D [16]. Procheck and ProSA are

optimized to find native structures, while ProQ is a neural

network-based predictor that is based on a number of

structural features to predict the quality of a protein model.

The target and template Density Optimization Potential

Fig. 2 Secondary structure diagram for the Leptospira interrogans MurD showing location of secondary structural elements with confidence level

of prediction
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Energy (DOPE) profiles were plotted using gnuplot (http://

www.gnuplot.info/), and Modeller SuperPose command

was used to superimpose the 3D structures of template

and target [16]. The developed 3D model of L. interrogans

MurD was submitted to Protein Model Data Base (PMDB)

[30], which collects 3D models obtained by structure

prediction methods.

Ligand-based VHTS

The Ligand.Info tool can interactively cluster sets of

molecules on the user side and automatically download

similar molecules from the server. The low-molecular-weight

phosphinates (Fig. 1a and b) [13], N-sulfonyl derivative

(Fig. 1c) [14], and benzene 1,3-dicarboxylic acid derivative

(Fig. 1d) [15] MurD inhibitors were searched for structural

analogs against Ligand.Info Meta-Database [31]. The top 50

structural analogs for each inhibitors were downloaded from

each sub databases such as Havard’s ChemBank, ChemPDB,

KEEG Ligand, Druglikeliness National Cancer Institute

(NCI), Anti-HIV NCI, Unannotated NCI, AkoS GmhB,

Asinex Ltd, etc. [31, 32]. An in-house library of 1,496 MurD

inhibitor analogs was generated.

Docking and scoring

All the docking and scoring calculations were performed

using the Schrodinger software suite 2009 (Maestro 9.0)

[17]. The inhibitor analogs were prepared using LigPrep

[33]. A grid box was generated on the receptor (modeled

L. interrogans MurD) by picking the active site residues in

Glide 5.5 [34]. Maestro 9.0 virtual screening protocol

constraints such as Run QikProp, Lipinski filter, and

Reactive filter were set to filter ligands with suitable

pharmacological property and no reactive functional

group. The filters demonstrated ability of screened

ligand to follow ADME rule. Glide HTVS and

Standard Precision method parameters were checked

and set to save 10% of the good scoring ligands [17,

34].

Validation of MurD inhibitors

Maestro 9.0 virtual screening protocol was used to dock

MurD natural substrates (UMA and D-glutamic acid) and

four published MurD inhibitors (Fig. 1). The Glide score

and interaction mode of these compounds with L. inter-

Fig. 3 Target (Q8F7V4)–

template (1EEH) alignment

using CLUSTALX
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rogans MurD were kept as reference to validate novel

MurD inhibitors.

Results and discussion

L. interrogans MurD as drug target

Peptidoglycans are the main constituents of the outer cell

wall of Gram-negative bacteria, thus, designing competitive

inhibitors against MurD would disintegrate rigidity, flexi-

bility, and strength that are necessary for bacterial cells to

grow and divide and making the pathogen prone to osmotic

lysis. MurD of L. interrogans is of 463 amino acid length

with 51.3 kD molecular weight. The protein is expressed in

cytoplasm. A potential ATP binding site was noticed from

109 to 115 amino acid residues [18]. The high confidence

level of secondary structure prediction (Fig. 2) would be

useful for evaluating protein 3D model [19, 29]. The

protein was found having three functional domains. A Pfam

Fig. 4 a Profile 3D plot of template 1EEH and target Leptospira

interrogans MurD. b Ramachandran plot of predicted Leptospira

interrogans MurD 3D model. c ProSA-web Z-scores of all protein

chains in PDB determined by X-ray crystallography (light blue) and

NMR spectroscopy with respect to their length. The Z-score of

Leptospira interrogans MurD was present in that range represented in

black dot. d Energy plot for the predicted Leptospira interrogans

MurD
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search of L. interrogans MurD sequence had detected

presence of Mur ligase middle domain (Mur ligase M,

IPR013221, Pfam Acc No. PF08245) from 105 to 278

amino acid position and Mur ligase family Glutamate ligase

domain (Mur ligase C, IPR004101, Pfam Acc No.

PF02875) from 298 to 335 amino acid position [35]. An

additional MurD N-terminal domain was predicted from 1

to 93 amino acid regions through SCOP analysis. The N-

terminal domain responsible for binding the UDP-substrate,

the central domain bearing resemblance to the ATP-binding

domains of a number of ATP- or GTP-ases, and a C-

terminal domain is involved in the binding of the incoming

amino acid [36]. Mur ligases have “closed” and “open”

conformations, and the closure of the domains is believed

to be caused by ligand binding [36]. The MurD of L.

interrogans serovars (Copenhageni and Lai) were showing

99% sequence identity and was highly conserved among

the leptospires.

Homology modeling and model evaluation

Cocrystallized MurD with UMA (1EEH) and N-sulfonyl-

glutamic acid inhibitor (2JFF) from E. coli were two

structural homologous proteins found by BLASTP analysis

and hence, chosen as templates for developing the

Leptospira MurD 3D model. The multiple sequence

alignment was followed by pairwise alignment among

Leptospira MurD sequence and 1EEH (Fig. 3). A total of

20 models of Leptospira MurD were generated in complex

with substrate UMA using Modeller9v7. The substrate

UMA was incorporated to the Leptospira MurD 3D model

in order to enhance the model prediction accuracy and to

detect active site residues. The structure with lowest DOPE

score from the bundle of 20-modeled MurD structures was

selected for further validation. The DOPE plots of target

(Fig. 4a) and template 1EEH had revealed similar 3D

profiles. Stereochemistry assessment of model had shown

99.5% residues in favorable region and 0.5% residues in

disallowed region and was found to compare favorably with

data of crystal structure 1EEH (99.7% in favorable region

and 0.3% residues in disallowed region; Fig. 4b). Evalua-

Fig. 6 a Leptospira interrogans 3D model in complex with LK2

(blue spheres). b The picture showing residues (blue) within 4 A° of

LK2 (structures generated using PYMOL, Delano WL. DeLano

Scientific LLC, USA, 2005)

Fig. 5 a Leptospira interrogans MurD 3D model in complex with

UMA (blue spheres). b The picture showing residues (blue) within

4 A° of UMA forming hydrogen bonds (red dotted lines) with UMA

(structures generated using PYMOL, Delano WL. DeLano Scientific

LLC, USA, 2005)
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tion of Leptospira MurD 3D model with ProSA-web

revealed a Z-score value of −7.54, which is well within

the range of native conformations of crystal structures.

The ProSA-web analysis had shown that overall the

residue energies of the Leptospira MurD 3D model were

largely negative (importantly all active site residues were

largely negative) except for some peaks in the middle

region. The residue energies including pair energy,

combined energy, and surface energy are all negative and

has similar surface energy tendency with template (Fig. 4c

and d). Protein Quality Predictor (ProQ) tool prediction

efficiency increases by 15% when the 3D models

evaluated along with its secondary structure. The second-

ary structure (Fig. 2) and 3D model of L. interrogans

MurD while submitted to ProQ tool had shown LGscore

of 5.045. The result suggests that the model is of

extremely good quality [29]. RMS-superimposition of

modeled structure was performed to check the structure

compatibility with template. The tertiary structure of

Leptospira MurD had shown close resemblances to

Table 1 Novel Leptospira interrogans MurD inhibitors

Sl. 

no 

Lead molecules Mol. Wt. Glide score 

(Kcal/mol) 

Predicted oral 

absorption 

1 364.372 -10.275645 Medium

2 374.454 -10.230890 Medium

3 354.377 -9.891519 Medium

4 348.373 -9.891401 Medium

5 389.404 -9.822184 Medium
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crystallized 1EEH with a Cα RMSD of 0.35 A° and an

overall RMSD of 0.69 A°. The low overall RMSD reflect

the high structural conservation making it a good system

for homology modeling. Through this assessment and

analysis process, it can be concluded that the L. inter-

rogans MurD model generated in the present study is

reliable to characterize protein–substrate and protein–

ligand interactions and to investigate the relation between

the structure and function. With all these evaluations the

predicted L. interrogans MurD model was submitted to

PMBD, and it has accepted the model with less than 3%

stereochemical check failures. PMDB ID for the devel-

oped L. interrogans MurD model in complex with UMA

was PM0075991.

Active site region

L. interrogans MurD has three ligand-binding sites (UMA,

ATP, and D-glutamic acid). These binding site residues

were predicted from the model in complex with UMA

(Fig. 5a and b) and model in complex with LK2 (Fig. 6a

and b). The UMA-binding site residues were Gly16, Gly18,

Ile19, Ser20, Gly21, Asp39, Gln40, Asn41, Arg45, Ser69,

Pro70, Gly71, Ile72, Lys113, Gly135, Asn136, Gly138,

Pro140, Ser157, Tyr159, Gln160, and His181 (Fig. 5b).

The residues present in LK2-binding site were Gly16,

Asp39, Asn41, Glu44, Ser69, Gly71, Ile72, Tyr159,

His181, Arg184, Thr-320, Lys347, Ala435, Ser436,

Phe437, Asn442, and Phe443 (Fig. 6b). These binding site

Table 1 (continued)

6 368.404 -9.491632 Medium

7 416.423 -9.469696 Medium

8 363.384 -9.439469 Medium

9 286.370 -9.332832 High
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residues were reported as important for UMA (N-terminal

domain), ATP (MurD middle domain), and D-glutamic acid

(MurD ligase C-terminal domain) binding in cocrystallized

structures of E. coli [24]. Thus, all these residues were

confirmed as L. interrogans MurD active site residues and

picked to generate grid in the centroid of these residues for

virtual screening.

Lead identification

One of the most widely used methods for VHTS is docking

of small molecules into active site of protein target and

subsequent scoring. A wide range of different docking

programs are available, most of which use semi-rigid

docking, where the ligands are treated as flexible and the

receptors as rigid. The Glide 5.5 software was used for pro-

ligand docking. Glide offers the full spectrum of speed and

accuracy from high-throughput virtual screening of millions

of compounds to extremely accurate binding mode pre-

dictions, providing consistently high enrichment at every

level.

Virtual screening from in-house MurD inhibitor analogs

library was performed using Glide 5.5. For this, 4,366

conformers were generated from 1,496 MurD inhibitor

Table 1 (continued)

10 230.263 -9.096446 High

11 354.377 -9.068876 Medium

12 341.381 -9.030411 Medium

13 280.280 -8.828546 Medium

14 425.842 -8.753455 High
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Fig. 7 Molecular docking inter-

actions of best ranked lead and

Leptospira interrogans MurD.

The protein is shown in ribbons,

and ligand in ball and sticks.

Hydrogen bonds are shown in

red dotted lines

Table 1 (continued)

15 463.575 -8.735190 High

16 246.305 -8.661520 High

17 447.307 -8.646942 Medium
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analogs. Conformers (2,136) were passed in Lipinski filter

and reactive filter from 4,366 conformers. The dataset was

further condensed to 213 based on best-scoring ligands

through HTVS, out of which 17 ligands were identified as

lead candidates through careful inspection of the docking

poses and possible interactions with the active site for all of

the active compounds. These 17 leads were novel carboxylic

acid derivatives and suggested for first time as MurD

inhibitor (Table 1). Three inhibitors (5, 8, and 13) were

having intact D-Glu fragment [13–15]. All lead molecules

were satisfying pharmacological properties of 95% drugs and

demonstrated high to medium oral absorption availability.

The 10th ranked lead had illustrated 100% oral availability.

In decreasing order, lead 1 and lead 17 demonstrated a Glide

score of −10.28 and −8.65 Kcal/mol, respectively. Two

binding modes were observed while analyzing MurD

inhibitor docking complexes. Sixteen leads were well aligned

to LK2-binding site, and lead 15 was well aligned to UMA-

binding site. Thus, analyzing docking interaction of best

ranked lead and 15th ranked lead would signify the mode of

MurD competitive inhibition.

The best ranked lead (Glidescore −10.28 Kcal/mol) had

shown an overall 256 good van der Waal contacts and no

ugly contacts. The docking complex revealed that Lys125,

Leu131, Glu133, Lys132, Gly138, Ile139, Phe144, Lys146,

Lys318, Ser319, Thr320, Arg301, Phe302, Asn321,

Ser324, Ala327, and Gly328 were involved in good van

der Waals interaction; Leu131, Ile139, Phe144, and Ala327

were involved in hydrophobic interaction, and three

hydrogen bonds were formed with Asn321, Leu131, and

Ser324 (Fig. 7).

Lead 15 interacted with MurD with a Glidescore

of −8.74 Kcal/mol. The MurD 15th lead docking complex

revealed an overall 286 good van der Waals contacts and no

ugly contacts. Ile19, Ser20, Glu92, Gly71, Lys113, Ser114,

Glu115, Gly135, Asn136, Leu137, Gly138, Ile139, Phe141,

Ser157, Tyr 159, Gln160, His181, and Arg301 were associ-

ated with good van der Waals interaction; Ile19, Leu137,

Ile139, Phe141, Tyr159, Pro70, and Pro140 were involved in

hydrophobic interaction and Asn136, Arg301, and Gly138

formed five hydrogen bonds (two hydrogen bonds with each

of Asn136, Arg301, and one with Gly138; Fig. 8).

In silico validation of lead candidates as potential MurD

inhibitors

UMA, D-glutamic acid, and four reference inhibitors

(Fig. 1) were docked flexibly into L. interrogans MurD

Fig. 8 Docking interactions of

15th ranked lead and Leptospira

interrogans MurD. The protein

is shown in ribbons, and ligand

in ball and sticks. Hydrogen

bonds are shown in red dotted

lines

Sl. No. Ligand name Glide score (Kcal/mol)

1 UMA (Natural substrate) −6.97

2 D-Glutamic acid (Natural substrate) −5.32

3 Phosphinate inhibitor-1 −6.59

4 Phosphinate inhibitor-2 −6.03

5 Sulfonyl inhibitor (LK2) −9.08

6 benzene 1,3-dicarboxylic acid derivative inhibitor −6.54

Table 2 Summary of docking

results of natural substrates and

published MurD inhibitors
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active site for validation of identified lead candidates as

inhibitor. UMA was docked to MurD with a Glide score

of −6.97 Kcal/mol with seven hydrogen bonds (two

hydrogen bonds with Asn136 and one hydrogen bond each

with Ile19, Ser20, Asp39, Lys113, and Gly138). D-Glutamic

acid had docked with a Glide score of −5.32 Kcal/mol with

three hydrogen bonds (Arg301, Asp316, and Lys318). The

docking of two phosphinate inhibitors (Fig. 1a and b) with L.

interrogans MurD demonstrated a Glidescore of −6.59

and −6.03 Kcal/mol, respectively. The sulfonyl inhibitor

(Fig. 1c) demonstrated Glidescore of −9.08 Kcal/mol, and

benzene 1,3-dicarboxylic acid derivatives MurD inhibitor

(Fig. 1d) had shown Glidescore of −6.54 kcal/mol. The

phosphinate inhibitors were well aligned to UMA-binding

site and benzene 1,3-dicarboxylic acid derivative inhibitor

was aligned to LK2-binding site.

The lower Glidescore (−10.28 to −8.65 Kcal/mol) of

identified lead candidates (Table 1) compared to substrates

and reference inhibitors (Table 2) in respective docking

complexes revealed that the novel leads would bind more

competitively into MurD active site than substrate UMA,

D-glutamic acid, and existing inhibitors. The binding

modes observed in these 17 lead candidates were well

aligned with existing MurD inhibitors. Importantly, the

involvement of identified lead molecule in blocking

substrate binding residues through hydrogen bonding

(Asn136, Gly138, Arg301) van der Waals (Ser20, Asp39,

Lys318) and hydrophobic interaction (Ile19, Thr320)

justified them as potential inhibitors against L. interrogans

MurD. These novel inhibitors may be validated in vitro

through biochemical assays. MurD being unique to bacte-

rial species and the active site being almost conserved in

bacteria, the same inhibitor may also be trialed against other

Gram-negative bacterial pathogens in order to design

common effective inhibitor.

Conclusion

Peptidoglycan biosynthesis pathway is unique to Lepto-

spira and absent in host human. Properly constructed

peptidoglycan provides rigidity, flexibility, and strength

that are necessary for bacterial cells to grow and divide,

while withstanding high internal osmotic pressure. MurD

ligase is essential for addition of D-Glu to nucleotide

precursor; UDP-MurNAc, thus, is critical for proper

construction of peptidoglycans. Metabolic pathway analysis

had revealed that no alternative enzyme could add D-Glu to

UDP-MurNAc in Leptospira. Thus, Leptospira MurD is of

significant interest for novel inhibitor design to overcome

the challenges of severe leptospirosis. A high-quality

homology model of L. interrogans MurD was reported

through computational validation. Our approach employing

Glide for virtual screening along with QikProp ADME

evaluation provided 17 novel MurD inhibitors. The novel

17 carboxylic acid derivative inhibitors identified through

high-throughput virtual screening using L. interrogans

MurD homology model would be of interest as common

inhibitor against leptospiral serovars. As peptidoglycan

biosynthesis pathway is unique to bacteria, the in silico

identified MurD inhibitors are likely to be broad spectrum

Gram-negative inhibitors if synthesized and tested in

animal models.
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