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Abstract 

UDP-N-acetylglucosamine 1-carboxyvinyltransferase (MurA) is an initial step enzyme, involved in the synthesis 
of major structural elements (Murein) of bacterial cell wall. MurA shows a similar structural pattern as 
compared to 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase consisting of two domains encasing catalytic 
cleft between them. Since crystal structure of Mycobacterium tuberculosis (Mtb-MurA) is not available; 
therefore, we predicted the three-dimensional (3D) structure using homology modeling approach to 
understand its detailed structural features. The molecular dynamics (MD) simulations of MurA enzymes from 
Mycobacterium tuberculosis and Escherichia coli revealed valuable insights into the folding pattern. MD 
simulation of the Ecoli-MurA and the predicted Mtb-MurA showed similar trajectories and folding patterns. The 
MurA enzymes remained in their compact and stable state during the 20 ns simulations.  
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1. Introduction 

Bacterial cell wall structure and its 
composition are two essential features 
required for its survival and growth inside the 
host [1]. Cell wall is considered as a major 
target to most of the antibiotics [2]. Murein is a 
major structural element of the bacterial cell 
wall formed by the activity of UDP-N-
acetylglucosamine 1-carboxyvinyltransferase 
(MurA, EC 2.5.1.7) enzyme [3]. Murein 
synthesis is initiated by the transfer of 

enolpyruvylgroup from phosphoenolpyruvate 
(pyruvate-P) to the 3-hydroxyl of UDP-N- 
acetylglucosamine (UDP-GlcNAc) [4]. 
Escherichia coli MurA (E.coli-MurA) behaves 
as a potential target for the broad spectrum 
antibiotic like fosfomycin [5]. MurA is the first 
enzyme in the synthesis of bacterial cell wall 
[6]. In a similar way 5-enolpyruvylshikimate-3-
phosphate (EPSP) synthase (EC 2.5.1.19) 
also catalyze a similar reaction and is the sixth 
enzyme in the shikimate pathway [7]. In 
contrast to the irreversible inhibition of MurA 
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by fosfomycin, glyphosate reversibly binds to 
the EPSP synthase [7]. Fosfomycin attaches 
irreversibly to the thiol group of MurA cysteine 
residue obtained from E. coli and E. cloacae 
[8, 9]. Moreover, it was found that the 
inactivation of MurA (E. coli) by fosfomycin 
was reported to be reversible followed by 
covalent modification [9]. 

Mycobacterium tuberculosis MurA (Mtb-MurA) 
is an attractive target for small molecule 
inhibitors with the potential to have broad 
antibacterial activity [10]. The structure of Mtb-
MurA consists of two domains, similar to the 
protein architecture of EPSP synthase [6]. In 
contrast to the available structure information, a 
little is known about the dynamics of E. coli-
MurA as well as Mtb-MurA. 3D model of Mtb-
MurA was predicted by homology modeling 
methods in order to understand structure and 
conformation patterns [11]. In the absence of 
experimental data, model building on the basis 
of a known 3D structure of a homologous 
protein is at present the only reliable method to 
obtain the structural information [12]. The main 
objective behind homology modeling is to 
ensure overall quality of the models, accuracy 
of prediction and evaluating the parameters 
provided by the various tools. Homology 
modeling is widely used in structure-based 
drug discovery [13-19]. Homology modeling 
can be employed to study the effect of 
mutations on the protein structure, active site 
prediction, designing novel drugs, and to study 
folding patterns using molecular dynamics 
(MD) simulations [20-22].  

In order to understand the factors contributing 
to its folding and stability, we performed MD 
simulations in explicit water environment at 
temperature of 300 K to provide a deeper 
insight into the structural features of both the 
enzymes [23]. MD simulations of MurA 
enzymes provided detailed information on the 
fluctuations and conformational changes. 
These methods are used to investigate the 
dynamics behaviours of biological molecules 
[20, 21]. MD simulations can track system 
behaviour and understanding of protein folding 
[24, 25]. In explicit conditions, all atoms of a 
protein and surrounding water molecules move 
in a series of time steps. At each time step, the 
forces on each atom, the atomic positions and 
the velocities are computed [26]. The observed 

comparative study suggested that E.coli-MurA 
and Mtb-MurA shows similar trajectories 
pattern in its structural framework. 

2. Materials and methods 

Structure prediction and evaluation 

3D structure of Mtb-MurA was predicted using 
homology method. The structural homolog 
search was performed in the Protein Data Bank 
(PDB) [27] using PSI-BLAST, HHpred [28], 
HMMER [29] and Phyre [30]. A BLAST [31] 
search with identity >30% was considered as 
the suitable template for the structure 
prediction [20, 24]. The HHpred identified 
structural homologue in the PDB, structural 
classification of proteins (SCOP) and CATH. 
The fold recognition methods were used to 
optimize the sequence-structure alignment, 
which was further utilized to develop the three 
dimensional models using MODELLER [32]. 
The homology modeling is based on the 
alignments of the studied proteins. The most 
reliable model was evaluated on the basis of 
root mean square deviation (RMSD) and TM 
score [25]. The selected models were further 
refined using SCWRL 4.0 [33] and CHARMm 
[34] energy minimization. The GROMOS [35] 
algorithm implemented in DeepView [36] was 
used for energy minimization of the predicted 
models. The 3D models were evaluated using 
PROCHECK and ERRAT server [37, 38]. 

Molecular dynamic simulation 

MD simulation method was performed at the 
molecular mechanics level implemented in the 
GROMACS 4.6.5 computer program [39] using 
the all atom functions by OPLS (optimized 
potential for liquid simulation) on Mycobaterium 
MurA (Mtb-MurA) and E.coli MurA (E.coli-
MurA) at 300 K in order to investigate and 
compare the folding profile [40]. Both the 
proteins were first soaked in a cubic box of 
water molecules with a dimension of 10 Å. The 
editconf and genbox modules were used for 
creating boundary conditions and solvation 
respectively. The spc216 template was used to 
solvate the proteins. The charges on the 
proteins were neutralized by the addition of Na+ 
and Cl- ions to maintain neutrality. The system 
was then minimized using 1500 steps of 
steepest descent. The temperature of the 
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systems was raised from 0 to 300 K during 
their equilibration period (100 ps) under 
periodic boundary conditions. Equilibration was 
performed in two phases of NVT ensemble 
(constant number of particles, volume, and 
temperature at 100 ps) and NPT ensemble 
(constant number of particles, pressure, and 
temperature at 100 ps). After the equilibration 
phase, the particle-mesh Ewald method [41] 
was applied and the production phases 
consisting of 20 ns were performed. The 
resulting trajectories were analysed using 
g_energy, g_gyrate, g_rms, g_rmsf, g_hbond 
and g_sas utilities of GROMACS. All the 
graphic presentations of the 3D model were 
prepared using VMD (Visual Molecular 
Dynamics) [42]. 

3. Results and discussion  

Structure analysis 

The sequence of Mtb-MurA was 
obtained from tuberculist database (Uniprot: 
P0A5L2). The Molecular mass of Mtb-MurA 
was 44-kDa with the  isoelectric point of 5.3. 
The HHpred and PSI-Blast identifies Bacillus 
Anthracis, Pseudomonas Aeruginosa, Listeria  

Fig.1: (A) 3D structure Mtb-MurA with 18 α-helices, and 
24 β-sheets. (B) Overlaid structures of model and 
template. Unaligned regions are clearly indicated in the 
structure.  

Monocytogenes, and E. coli MurA as templates 
with > 45% identity. The E. coli MurA (PDB Id: 
3KR6) was selected as a suitable template for 
the structure prediction of Mtb-MurA. The 
MODELLER aligned the template structure and 
query sequence and finally generated the 3-D 

models by satisfying the spatial restraints [43]. 
The predicted structures showed low violations 
of restraints are considered to be more precise 
as shown in Fig. 1A.  

Subsequently, 5 models were generated and 
evaluated on the basis of RMSD and TM-score. 
The predicted model showed similar 
architecture with other MurA enzymes in its 
framework. is highlighting the overhanging 
sequence which is further modeled using ab 
intio protocol of the I-TASSER [44]. The 
generated model was optimized using the 
CHARMM 22 force field present in the DS. The 
side chains of the model were refined using the 
SCWRL4 package [45]. Then the energy 
minimization of the 3-D structure was 
performed in order to avoid bad molecular 
contacts by using the Deepview that contain 
steepest descent protocol implemented in 
GROMOS. The minimized energy for the 
optimized models of Mtb-MurA was observed 
to be -18543.44 kJ/mol. The RMSD was found 
to be 0.613 between the template and initial 
predicted model structure of Mtb-MurA 
indicating similar conformations (Fig. 1B). 
Procheck showed 97.3% of the residues are in 
the allowed region of the Ramachandran plot 
[46]. The overall quality factor score predicted 
by Errat was 96.6 for Mtb-MurA.  

The topology for the given structure of Mtb-
MurA was generated using PDBsum, in order 
to understand the detailed structural features of 
the structure [47]. The initial Mtb-MurA strcture 
contains strands 25.6% (107 aa), alpha helix 
31.8 (133 aa) and 3-10 helix 10 % (2.4 aa). The 
structure showed the presence of 6 beta 
sheets, 4 beta-alpha-beta motifs, 5 β-hairpins, 
2 β-bulge, 24 β-strands, 17 α-helices, 32 helix 
–helix interaction, 21 β-turns and 8 γ-turns. 
Moreover, there was no disulphide bonds were 
found in the structure of Mtb-MurA (Fig. 2).  

Systems stability during simulations 

MD simulations of Mtb-MurA showed an 
acceptable stability profile at a temperature of 
300 K. To ascertain the equilibration of the 
systems prior to MD analysis, the average total 
energy, potential energy and the constant 
average fluctuation of temperatures were 
monitored. The constant temperature 
fluctuations at 300 K on both the Mtb-MurA and 
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Ecoli-MurA suggested a stable and accurate 
nature of the MD simulations performed (Fig. 
3). The average potential energy and total 
energy of E.coli-MurA were found to be -
1237662.367 kJ/mol and -1045427.775 kJ/mol, 
while for Mtb-MurA were 1198225.041kJ/mol 
and 1012307.599 kJ/mol, respectively. The 
structure of Mtb-MurA showed comparable 
average energies values suggesting the stable 
conformation of predicted Mtb-MurA structure. 

Radius of gyration 

Radius of gyration (Rg) is a parameter linked to 

the tertiary structural volume of a protein and 
has been applied to obtain insight into the 
stability of the protein in a biological system 
along the MD simulation. The average Rg for 
Mtb-MurA structures was found to be lower 

than Ecoli-MurA during simulations. The overall 
Rg values were found to be in the range of 
2.18-2.20 nm for both the proteins. The result 
clearly suggests that the MurA enzymes of both 
E. coli and M. tuberculosis showed similar 
compactness at 300 K (Fig. 4).  

Root mean square deviations  

Root mean square deviation (RMSD) is one of 
the most important fundamental properties to 
establish whether the protein is stable and 
close to the experimental structure [47, 48]. 
RMSD is a measure of the deviation of the 

conformational stability of the proteins from the 
backbone structure to the initial starting 
structure. The E. coli-MurA and Mtb-MurA 
showed constant RMS deviations (0.15-0.175 
nm) from the initial structure throughout the 20 

Fig. 2: The topology map of Mtb-MurA protein generated by PDBsum showing secondary structure elements in the framework 
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ns time scales (Fig. 5). The behaviour of Mtb-
MurA in the explicit solvent conditions was 
related to that of E. coli-MurA. This suggested 
that the predicted structure of Mtb-MurA is a 
structural homologue to that of E. coli-MurA, 
thus indicating the reliability of predicted 
structure.  

Root of mean square fluctuation 

Vibrations around the equilibrium are not 
random, but depend on the local structure 
flexibility. To calculate the average fluctuation 
of all residues during the simulation, the root 
mean square fluctuation (RMSF) of the Cα 
atoms of protein from the primary structure 
were plotted as a function of residue number 
using g_rmsf module of GROMACS [48]. The 
RMSF of Mtb-MurA as a function of amino acid 
residues was calculated and compared with E. 
coli-MurA during the simulations. A similar 
pattern of RMSF was observed for both the 
proteins (Fig. 6). While, a slightly different 
pattern was observed in the β-hairpin region 
present between 260-280 amino acid residues. 

Hydrogen-bond formation 

Due to the lack of a high resolution protein 
structure, structural analyses of H-bonds were 
not very conclusive. The hydrogen bonds 

formed between the amino acid residues of the 
protein controls the protein structure 
conformation and the presence of extra 
hydrogen bonds renders the protein structure 
more resistant to unfolding [49]. The helix 
forming residues are thought to be a major 
contributing factor for thermostability. The 
hydrogen-bonds between Mtb-MurA and water 
molecules were calculated and it was found to 
be slightly less than the E. coli-MurA (Fig. 7). 

Solvent accessible surface area  

Solvent accessible surface area (SASA) is 
defined as the surface area of a protein which 
interacts with its solvent molecules. 

Denaturation of protein causes increase in 
SASA due to the hydrophobic regions exposed 
to solvent during unfolding [50,51]. The 
calculated SASA values for Mtb-MurA with 
respect to backbone were found to be exactly 
similar to E. coli-MurA at 300 K (Fig. 8) 
suggesting that the hydrophobic residues 
present in the Mtb-MurA molecule are not 
exposed to the solvent i.e. the proteins 
remained in its folded form. It is suggested that 
the predicted accessible surface area can be 
used to improve prediction of protein secondary 
structure. 

 

Fig. 3: The average temperature fluctuations as a function of time obtained at 300 K. Black and red colour 
represent values obtained for E. coli-MurA and Mtb-MurA, respectively.  
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Fig. 4: The radius of gyration values as a function of time obtained at 300 K. Values were calculated with the use 
of C

α
 atoms. Black and red colour represents values obtained for E. coli-MurA and Mtb-MurA, respectively.  

 

 

 
Fig. 5: RMS deviation values as a function of time obtained at 300 K. Values were calculated with the use of Cα 
atoms. Black and red colour represent values obtained for E. coli-MurA and Mtb-MurA, respectively.  
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Fig. 6: Average RMSF as a function of amino acid sequence numbers at 300 K. Values were calculated with the 
use of C

α
 atoms. Black and red colour represent values obtained for E. coli-MurA and Mtb-MurA, respectively.  

 

 

 
Fig. 7: Average number of hydrogen bonds between protein and water as a function of time obtained at 300 K. 
Black and red colour represent values obtained for E. coli-MurA and Mtb-MurA, respectively. 
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Fig. 8: Solvent Accessible Surface Area (SASA) as a function of time. Values were calculated with the use of C

α
 

atoms. Black and red colour represents values obtained for E. coli-MurA and Mtb-MurA, respectively.  

 

Conclusions 

MurA enzyme is a potential target for broad 
spectrum antibiotic for MDR-TB. It is essentially 
involved in making the cell intact inside host by 
synthesizing Murein. MurA provides structural 
stability to organism. In this study, 3D structure 
of Mtb-MurA was generated with a high 
precision refinement to understand its structural 
features. A 20 ns MD simulations were 
performed in a box of water molecules to 
understand the behaviour of Ecoli-MurA and 
Mtb-MurA. The results suggested that the 
compactness and the stability of Mtb-MurA 
were similar to that of E. coli-MurA. Both 
enzymes showed similar trajectories in the 
solvent molecules.  
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