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Abstract Tuberculosis (TB) is a global health problem and
the situation has become more precarious due to the advent
of HIV infections and continuous rise in the number of
multi-drug resistant strains of Mycobacterium tuberculosis
(M. tb). Biochemical studies on Fatty Acyl-CoA Synthe-
tases (FadD13), one of the gene products of mymA operon,
have provided insights into the involvement of this protein
in the activation of fatty acids. Due to non-availability of
the crystal structure of FadD13, we have employed in silico
approaches to resolve and characterize the structure of this
important protein of M. tb. A three dimensional model of
M. tb FadD13 was predicted by a de novo structure
prediction server that integrates fragment assembly with
SimFold energy function. With the aid of molecular
mechanics and dynamics methods, the final model was
obtained and assessed subsequently for global and local
accuracy by various assessment programs. With this model,
a flexible docking study with the substrates was performed.
Results of ligand interactions with key amino acids in the
binding site are also summarized. The molecular model for
the M. tb FadD13 obtained sheds light on the topographical
features of the binding pocket of the protein and provides
atomic insight into the possible modes of substrate
recognition. The three-dimensional model of FadD13
presented here would be helpful in guiding both enzymatic
studies as well as design of specific inhibitors.
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Introduction

Tuberculosis (TB) remains one of the most important global
health problems causing the loss of 2–3 million lives every
year [1]. One-third of the world’s population is asymptom-
atically infected with Mycobacterium tuberculosis (M. tb),
the etiologic agent of TB [2, 3]. Treatment of the active
cases of TB includes simultaneous therapy with two or
more of the frontline drugs: isoniazid, ethambutol, rifampi-
cin and pyrazinamide [4]. Recent outbreaks of TB caused
by multidrug-resistant (MDR) strains, mainly in the
individuals infected with HIV, have created a precarious
situation worldwide and have generated a significant
interest in expanding the current programs of developing
antitubercular drugs. Greater efforts are needed to investi-
gate the molecular basis of pathogenicity and to develop
high efficacy drugs against the key targets of M. tb. The
determination of the M. tb genome sequence [5] has
provided an enormous boost to these efforts and subsequent
studies have attempted to identify genes that are likely to be
required for the establishment and progression of TB
leading to the identification of novel drug targets [6]. The
rapid expansion of TB-related genomic data sources
provides considerable opportunities to apply advanced
computational analyses for the prediction of potential drug
targets [7, 8]. TB Structural Genomics Consortium has
significantly promoted these endeavors [9, 10]. Several
proteins or pathways of M. tb have been demonstrated to be
valid targets for drug design. The fatty acid biosynthesis
pathway represents one such target for the development of
new antimycobacterial agents [11, 12]. M. tb has ∼250
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genes for lipid metabolism [5, 13]. Many of them are
involved in the synthesis of cell envelope and required for
the virulence of M. tb. Figure 1 shows mymA operon
(Rv3083–Rv3089), which is involved in maintaining
appropriate cell wall architecture of M. tb on exposure to
acidic pH faced in macrophages [14]. This operon has been
shown to be upregulated at acidic pH [15]. Functional loss
of mymA operon results in increased drug sensitivity and
killing of the pathogen. Therefore, gene products of mymA
operon can be employed as effective drug targets [14]. One
of the crucial genes of mymA operon, the fadD13, encodes
a Fatty Acyl-CoA Synthetase (FACS) which is involved in
the activation of fatty acids and catalyzes the following
reaction [16]:

Fatty acidþ ATP $ Fatty acyl� AMP½ � þ PPi
Fatty acyl� AMP½ � þ CoASH ! Fatty acyl� SCoAþ AMP

:

In the present study, we model the structure of M. tb
Fatty Acyl-CoA Synthetases (FadD13) by using a de novo
structure prediction server by fragment assembly with
SimFold energy function, which is subjected to molecular
dynamics simulations in an explicit solvent environment.
Mutational studies were carried out on the refined structure
in order to evaluate the possible binding modes reported
earlier by experimental investigations [17–21].

Materials and methods

All computations were performed on Sun Fire X4600 M2
server, dual-core AMD Opteron with eight processors
running SUSE Linux Enterprise Server Edition 10.0.

Sequence homology and conserved domain search

The 503-long amino acid sequence of mycobacterial
FadD13 (Entry name: Probable chain fatty acid-CoA ligase
FadD13, [Mycobacterium tuberculosis H37Rv]; [GenBank:
CAA16147]) was retrieved from NCBI databank. Sequence
of M. tb FadD13 was subjected to pairwise alignment using
NCBI-BLAST [22, 23] against PDB [24]. Multiple
sequence alignment using CLUSTAL W [25] was carried
out with FadD in Escherichia coli (E. coli FadD) and long

chain-Fatty Acyl-CoA Synthetase in Thermus thermophilus
(ttLC-FACS) for the search of conserved regions in M. tb
FadD13. Domain search was carried out by using Pfam
database [26] and validated through literature survey.

Initial model generation

The model of M. tb FadD13 was predicted by using
comparative modeling, fold recognition and de novo
methods. Homology models were generated using ESy-
Pred3D [27], SWISS-MODEL [28], Prime (Schrödinger)
[29] and Modeller9v5 [30]. The sequence of FadD13 was
also submitted to PHYRE (Protein Homology/analogY
Recognition Engine) [31]; a threading based method and
Rokky-P [32]; structure prediction server that integrates
PDB-BLAST, 3D-Jury, and the SimFold fragment assembly
simulator. Five models were generated from Rokky-P
server. Structures generated by all these methods were
assessed using various protein structure evaluation servers
like PROCHECK [33], WHAT IF [34] and VERIFY-3D
[35] to select a final model for further refinement by
molecular dynamics (MD) simulations.

Model refinement

With the aim of evaluating the stability and folding,
conformational changes and getting insights into the natural
dynamics on different timescales of protein in solution, 12
nano-seconds (ns) MD simulations were performed in the
study. Simulations were carried out by using Desmond 2.0
(Schrödinger) [36] by employing OPLS-AA force field
[37]. All production-phase MD simulations were run with a
time step of 2.0 femto-seconds (fs) with far time step size of
6.0 fs using RESPA integrator under the NPT ensemble
(300 K and 1.01325 bar pressure) with explicit solvent by
using the TIP4P [38] model for water and by using Na+ and
Cl− for ion placement, periodic boundary conditions, the
particle mesh Ewald (PME) [39] method for electrostatics, a
10 Å cutoff for Lennard-Jones interactions, and the use of
SHAKE [40] for restricting motion of all covalent bonds
involving hydrogen atoms. The temperature was maintained
by the Nosé-Hoover coupling algorithm [41] while the
pressure was maintained by using Martyna-Tobias-Klein
method [42]. Energy and trajectory were recorded after every
100 ps and 5 ps, respectively.

The equilibration process is comprised of six stages: the
solvated structure was minimized first with solute restrained
and then again minimized without restraints by using hybrid
method of steepest descent and the LBFGS (limited-memory
Broyden-Fletcher-Goldfarb-Shanno) algorithm [43] with a
maximum of 2000 steps including initial 10 steps of steepest-
descent. The system was heated at a temperature of 10 K in
two stages in NVT and NPT ensemble, respectively by using

Fig. 1 Schematic organization of the structural genes of mymA
operon of M. tuberculosis [14] mymA operon consist of seven genes
with fadD13 being the last one, which is involved in activation of fatty
acids
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Berendson thermostat and barostat [44] for a time period of
12 ps keeping non-hydrogen solute atoms restrained. The
system was then heated for a time of 24 ps to 300 K in NPT
ensemble again keeping non-hydrogen solute atoms
restrained. In the last stage, the system was simulated for
24 ps in NPT ensemble by using Berendson thermostat and
barostat [44] with no atoms restrained. Frames from the
trajectory were extracted every 1 ns and were energy
minimized by using Prime (Schrödinger) [29]. The geometric

correctness of the minimized frames was assessed using
VERIFY-3D [35], PROCHECK [33], WHAT IF [34], ProQ
[45], ProSA [46] and ERRAT [47].

Binding site prediction

Binding site was characterized by using Q-SiteFinder [48] and
CASTp [49] and these were validated by using the informa-
tion on binding sites in other homologous proteins [17, 50].

Predictive fatty acid binding 

P-motif

A-motif

L-motif

Fig. 2 Multiple sequence alignment of M. tb FadD13 with E. coli
fadD and ttLC-FACS. The identical residues in the aligned sequences
are indicated with an asterisk (*). P-motif is phosphate-binding site

colored in blue, A-motif is adenine-binding site colored in purple,
L-motif is linker motif colored in yellow and fatty acid binding site
is indicated in green
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Docking studies

In this study, docking was performed with the substrates
ATP, coenzymeA (CoA) and fatty acids—capric acid
(10:0), palmitic acid (16:0), lignoceric acid (24:0) and
cerotic acid (26:0) by using induced fit docking (IFD)
protocol (Schrödinger) [51]. Initially, protein structure was
prepared using protein preparation wizard and tautomers of
substrates were generated by using LigPrep module
(Schrödinger) [52]. Then IFD was performed according to
the following three steps. First, the ligand was docked into
a rigid receptor model with scaled-down vdW radii (Glide
SP mode). Next, Prime was used to generate the induced-fit
protein–substrate complexes and these complexes were
then ranked by Prime energy. Finally, each ligand was
redocked into every refined low-energy receptor structure
produced in the second step using Glide XP [53] at default
settings. An IFD score that accounts for both the protein–
substrate interaction energy and the total energy of the
system was calculated for ranking the IFD poses.

IFD protocol was then subsequently used to dock all
three substrates (multiple ligands) into the binding site of
the predicted model. The docking of substrates was
performed in the order of ATP followed by fatty acid and
CoA in the end. This order was decided according to the
mechanistic action of the enzyme stated above. The docked
complexes were subjected to molecular dynamics simulation
for 6 ns using Desmond 2.2 [36].

Mutational studies

Based on structural information from firefly luciferase [18],
propionyl CoA Synthetase (PrpE) enzyme of Salmonella

Fig. 3 Analysis of the final model after molecular dynamics
simulation. a RMSD plot of the MD simulation as a function of
timescale b z-plot of final model generated by ProSA. The z-plot
shows only chains with less than 1000 residues and a z-score ≤ 10.
The z-score of M. tb FadD13 is highlighted as large dot c Energy plot
of the final model obtained by ProSA d) Main-chain parameters of the
final model as predicted by PROCHECK e) Ramachandran plot of the
final model obtained by PROCHECK

Table 1 Quality assessment of the models obtained by various
protein structure prediction servers

Structure prediction server PROCHECK a Verify3D b WHATIF c

SWISS-MODEL 83.10% 93.83% −2.121
ESyPred3D 89.20% 83.27% −0.691
Prime 79.10% 89.27% −3.270
Modeller 65.4% 43.06% −4.822
PHYRE 88.3% 87.42% −1.549
Rokky-P-Model 1 86.60% 87.50% −0.387
Rokky-P-Model 2 90.50% 88.69% −0.143
Rokky-P-Model 3 91.50% 88.49% 0.266

Rokky-P-Model 4 90.80% 86.71% 0.015

Rokky-P-Model 5 90.50% 76.59% −0.619

a Percentage of residues in the most favored region
b Percentage of residues having 3D-1D score >0.2
c Ramachandran Z-score, Z-values above 4.0 and below −4.0 are very
uncommon

304 J Mol Model (2011) 17:301–313



Fig. 3 (continued)

305J Mol Model (2011) 17:301–313



enterica [19], human long-chain fatty acid-CoA ligase 4
(ACSL4) [20] and E. coli FadD [17], mutants at K487A
and R397Awere constructed which provided us with a clue
to investigate substrate binding in these altered structures.
Mutations were carried out by using Modeller9v5 [30] and
then docked with the substrates (ATP and fatty acids) by
using IFD protocol [51] as discussed above and the docked
complexes were subjected to molecular dynamics simula-
tion for 6 ns using Desmond 2.2 [36]. Protein-ligand
contacts were generated by using LIGPLOT [54].

Results and discussion

Homology comparison

ttLC-FACS (PDB-ID: 1ULT) was identified as the best
homologue with a reliable expectant value from BLAST
[22, 23] analyses. Alignment of sequence from 1ULT with
that of M. tb FadD13 resulted in 32% identity and an
expectancy score of 2e-57. Pfam [26] database search
revealed one AMP-binding domain. Figure 2 shows

Fig. 3 (continued)
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multiple sequence alignment of M.tb FadD13 with E. coli
FadD and ttLC-FACS, which reveals three conserved
regions: two ATP-AMP binding domains, residues 163–
173 referred to as P-motif, 300–306 denoted as A-motif and
one fatty-acid binding domain, residues 375–399 named as
FACS signature motif. These domains are conserved within
the superfamily of adenylate forming enzymes.

Model refinement and assessment

Based on the results obtained from various protein structure
evaluation servers, model 3 generated by Rokky-P was
selected as the final model (Table 1). A 12 ns molecular
dynamics simulation was performed on the final model by
using Desmond 2.0 [36]. Frames were collected after every
1 ns, energy minimized and then checked with various
protein-evaluation servers. A plot of the total energy versus
MD time shows that the total energy reaches equilibrium by
10 ns. The analysis of the RMSD map obtained in Fig. 3a
during the 12 ns MD simulation shows that after a small
rearrangement from the initial conformation (RMSD of
∼2 Å between the starting conformation and the first
stabilized ∼500 ps), the structure is relatively stable during
the whole MD. The final model obtained was tested with
the ProSA [46] program by examining whether the
interaction of each residue with the remainder of the protein
is maintained in a favorable manner. Figure 3b shows that
ProSA [46] of the model gave a Z score of −9.81; which is
within the acceptable range (−10 to 10, good ProSA scores
are negative and depend on length of protein). Figure 3c
shows that the energy remains negative for almost all amino
acid residues indicating the acceptability of the predicted
model. The six graphs on the main chain parameters
(Fig. 3d) plot shows the structure (represented by solid
square) compared with well-refined structures at a similar
resolution. The dark band in each graph represents the
results from well-refined structures; the central line is a
least squares fit to mean trend as a function of resolution,
while the width of the band on either side of it corresponds
to a variation of one standard deviation about this mean.
The results show that the model lies within the allowed
region for all six parameters checked. Ramachandran plot

of the model shows that 99.8% of the residues lie in the
allowed region as shown in Fig. 3e with only 1 residue in
disallowed region for the same structure. The VERIFY-3D
[35] analysis showed the compatibility 3D-1D score >0.2 to
be 99.40% corresponding to acceptable side chain environ-
ments. ProQ [45] gave a very good LGScore of 6.03 and a
good MaxSub of 0.17 for the model while ERRAT [47]
showed the overall quality factor to be 79.59% for the model.
The ‘what-if quality report’ [34] results summarized in
Table 2 indicate that the refined model showed a Z-score of
−2.16 which falls in the acceptable range for a valid structure.
The Z-score of ≤−5.0 denotes a poorly refined molecule.

Description of the model

The predicted model for M. tb FadD13 consist of two
domains—a large N-terminal domain (residues 1–395) and a
small C-terminal domain (402–503) that are connected by a
six-amino acid peptide linker, the L motif (residues 396–
401). Secondary structure analysis of the model by iMolTalk
[55], shows that the structure contains 12 α-helices, eight 310
helices and 26 β-strands (Fig. 4a). The protein belongs to the
family of adenylate-forming enzymes that depicts the
presence of an A-motif (adenine-binding site; residues 300–
306) and P-motif (phosphate-binding site; residues 163–173)
which forms the AMP/ATP binding domain, as predicted by
Q-SiteFinder [48]. Another conserved 25-amino acid long
segment, a fatty-acid binding region (residues 375–399;
FACS signature motif), which is common to the family of
FACS, was also identified and predicted by CASTp [49].
The motifs were designated based on the structural studies of
ttLC-FACS [50] and E. coli FadD [17]. Analysis of the
electrostatic potential mapped on to the solvent accessible
surface of the model presented in Fig. 4b reveals that the
electrostatic potential distribution is markedly different in the
binding domains of ATP, CoA and fatty acid.

Docking studies with substrates

Substrates ATP, CoA and various fatty acids were docked
to M. tb FadD13 by using IFD protocol of Schrödinger
[51]. ATP and CoA gave a XP Gscore of −9.06 and −9.88,

Table 2 What-if quality report (Z-score) a for the initial model of FadD13 before performing the MD simulation and for the final model of M. tb
FadD13 refined by the MD simulation

Backbone–backbone
contacts

Backbone–side
chain contacts

Side chain–backbone
contact

Side chain–side
chain contacts

Z-score for
all contacts

Initial model −1.25 −3.02 −2.73 −3.34 −3.39
Refined model −2.24 −0.92 −1.63 −0.83 −2.16

aWhat-if Fine packing qQuality cControl report. Average values of the Z-score for all contacts of the protein can be read as follows: −5.0≤Z-score
(guaranteed wrong structure) <−3.0≤Z-score (probably bad structure) <−2.0≤Z-score (good model)
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respectively. Fatty acids bind to M. tb FadD13 in the
following order of decreasing binding: cerotic acid> ligno-
ceric acid> palmitic acid> capric acid as can be seen from
their scores in Table 3. M. tb FadD13 has higher affinity for
very long chain fatty acids especially cerotic (26:0) and
lignoceric (24:0) acid as compared to palmitic (16:0) / capric
(10:0) acid as also observed through experimental studies [21].

Docking was also carried out with multiple ligands in the
following order: ATP, fatty acid (lignoceric acid) followed
by CoA (Fig. 5a) and the docked complex was refined
using Desmond 2.2 [36]. The key amino acids interacting
with the substrates were identified as: Gly166, Lys172,
Thr304, Glu305, Thr485, Lys487 forming hydrogen bonds
with ATP, Tyr362 and Asp371 with fatty acid and Thr167,
Thr168, His170 and Tyr362 with CoA as analyzed by
LIGPLOT [54] (Fig. 5b).

Effect of the mutations at residue Lys487

Mutational studies involving Lys529 of firefly luciferase
[18] and Lys592 of propionyl CoA Synthetase (PrpE)
enzyme of Salmonella enterica [19] suggest that lysine at
this position is a critical residue for effective substrate
orientation and favorable interactions leading to efficient
adenylate production. This prompted us to investigate the
interactions and conformational changes upon ligand
binding to the corresponding lysine (K487) in the predicted
model of M. tb FadD13. Hence a model of mutant K487A
was generated. Interestingly, K487A mutant showed a XP
Gscore of −6.59 in comparison to the score of −9.06 in the
wild type upon ATP docking as confirmed by experimental
investigations that resulted in ∼95% loss of activity [21].
The RMSD calculation between Cα atoms of wild type and
mutant model docked with ATP was 3.58 Å after 6 ns of
MD, suggesting conformational changes upon ATP bind-
ing. The hydrogen bonding distances of ATP docked to the
wild and the mutant structure were compared by using
LIGPLOT [54]. Figure 6a shows that oxygen atom O3 of
ATP is involved in hydrogen bonding with Thr167, O7 and
O13 with Thr304 while O13 also forms H-bond with Lys487,
O6 and O9 with Lys490 and O11 with Arg397 and Lys399 are
involved in hydrogen bonding in the wild type while in the
mutated structure, there is no hydrogen bonding between
mutated residue (Ala487) and ATP, instead hydrophobic
interactions exist, as seen in Fig. 6b. It is observed from
protein-ligand interactions in wild and mutant structure that

Table 3 Docking of M. tb FadD13 with substrates by using induced
fit docking

Substrate IFD scorea XP Gscoreb

ATP −917.14 −9.06
CoA −926.51 −9.88
Cerotic acid (26:0) −903.10 −5.01
Lignoceric acid (24:0) −903.47 −4.41
Palmitic acid (16:0) −901.30 −3.53
Capric acid (10:0) −899.96 −2.65

a IFD score = Glide score + 0.05 Prime Energy
b XP Gscore expressed as kcal/mol

L-motif

C 

N 

Fatty acid binding 
site 

P-motif

A-motif

a

b

Fig. 4 Three-dimensional model of M. tb FadD13. a Schematic
representation of M. tb FadD13. Red color cylinders represent α-helix
and blue arrows represent β-sheets. N and C terminals are represented
in white color b Electrostatic potential surface map of the protein with
the A-motif, P-motif and fatty-acid binding site. Positive potentials are
shown in blue, negative potentials in red and neutral in white
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the substrate orientation has completely changed in the
mutated protein which may affect the adenylation process.

Effect of the mutation at residue Arg397

Mutation of Arg397 in the fatty acid binding domain results
in complete loss of activity as shown by studies carried out
in E.coli FadD (R453A) [17] and human ACSL4 (R529S)
[20]. We examined the effect of mutation of Arg397 to alanine

in the predicted model of M. tb FadD13 by examining
docking and binding interactions of the substrates. R397A
mutant gave a XP Gscore of 3.26 on fatty acid (cerotic acid)
binding in comparison to the score of −5.01 in the wild type
suggesting significant decrease in binding. Superimposition
of Cα atoms between the wild type and mutant model
docked with cerotic acid gave RMS score of 3.83 Å after
6 ns of MD, suggesting a conformational change on the
protein structure upon ligand binding. Analysis of protein-

Fig. 5 Docking of multiple
ligands (ATP, fatty acid and
CoA) to M. tb FadD13 by using
induced fit docking. a M. tb
FadD13 docked with ATP,
lignoceric acid (24:0) and CoA
with lignoceric acid shown in
pink color, ATP in purple and
CoA in blue b Ligplot showing
the protein-ligand interactions in
M. tb FadD13 complexed with
ATP, lignoceric acid and CoA.
ATP is represented by Atp 997,
lignoceric acid by Faa 998 and
CoA by Coa 999
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Fig. 6 Protein-ligand contacts
of M. tb FadD13 docked with
ATP. a Ligplot showing the
protein-ligand contacts in M. tb
FadD13-ATP complex with ATP
represented by Atp 999 b Lig-
plot showing the protein-ligand
contacts in mutant FadD13-ATP
complex with ATP represented
by Atp 999
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Fig. 7 Protein-ligand contacts
of M. tb FadD13 docked with
cerotic acid. a Ligplot showing
the protein-ligand contacts in
M. tb FadD13-cerotic acid com-
plex with cerotic acid
represented by Fac 999
b Ligplot showing the protein-
ligand contacts in mutant
FadD13-cerotic acid complex
with cerotic acid represented by
Fac 999
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ligand contacts using LIGPLOT [54] shows the hydrogen
bonding between oxygen atom (O2) of cerotic acid with
nitrogen atom (NH1) of Arg397 and NZ atom of Lys399 and
O1 with NZ atom of Lys490 as seen in Fig. 7a while only O2
participates in hydrogen bonding with NZ atom of Lys469 in
the mutated structure (Fig. 7b) with no interaction with
Ala397 signifying a change in substrate orientation.

Summary

The emergence of multi-drug resistant M. tb strains,
coupled with the increasing overlap of the AIDS and TB
pandemics has brought TB to the forefront as a major
worldwide health concern. No new classes of drugs for TB
have been developed in the past 40 years and there is an
urgent need for discovering new drug targets.

FadD13, a key gene product of mymA operon of M. tb
offers to be a promising drug target for the development of
antitubercular agents. In this study, we propose the three-
dimensional structure of M. tb FadD13 generated by using a
de novo method and further refined by MD simulations. The
structure predicted was shown to conform to experimental
data revealing the conserved motifs corresponding to ATP/
AMP and fatty acid binding. The ATP-AMP binding domain
(Y163TSGTTGHPKG173, G300YALTES306) and fatty acid
signature motif (N375GWFRTGDIGEIDDEGYLYIKDR
LK399) are the conserved motifs of FACS. Key amino acid
interactions between substrate and protein were in agreement
with the experimentally determined important residues. It
is known that residues Lys (487) and Arg (397) are
significant for ATP and fatty acid binding, respectively
and are conserved throughout the family of Fatty Acyl-
CoA Synthetases. Mutations at K487A and R397A
resulted in the reduction of binding affinity of ATP and
fatty acids, respectively as seen from docking analysis. It
also caused change in substrate orientation as observed
from protein-ligand interactions in wild and mutant
structure. These observations support that these mutations
can affect adenylation process and loss of activity as
known for other homologues. We hope that the validated
model of FadD13 presented in this study will be a step
forward toward the design and the development of novel
therapeutics against tuberculosis.
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