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Abstract Tuberculosis (TB) is still a major public health
problem, compounded by the human immunodeficiency
virus (HIV)-TB co-infection and recent emergence of
multidrug-resistant (MDR) and extensively drug resistant
(XDR)-TB. In this context, aspartokinase of mycobacterium
tuberculosis has drawn attention for designing novel anti-
TB drugs. Asp kinase is an enzyme responsible for the
synthesis of 4-phospho-L-aspartate from L-aspartate and
involved in the branched biosynthetic pathway leading to
the synthesis of amino acids lysine, threonine, methionine
and isoleucine. An intermediate of lysine biosynthetic
branch, mesodiaminopimelate is also a component of the
peptidoglycan which is a component of bacterial cell wall.
To interfere with the production of all these amino acids
and cell wall, it is possible to inhibit Asp kinase activity.
This can be achieved using Asp kinase inhibitors. In order
to design novel Asp kinase inhibitors as effective anti-TB
drugs, it is necessary to have an understanding of the
binding sites of Asp kinase. As no crystal structure of the

enzyme has yet been published, we built a homology model
of Asp kinase using the crystallized Asp kinase from M.
Jannaschii, as template structures (2HMF and 3C1M).
After the molecular dynamics refinement, the optimized
homology model was assessed as a reliable structure by
PROCHECK, ERRAT, WHAT-IF, PROSA2003 and
VERIFY-3D. The results of molecular docking studies with
natural substrates, products and feedback inhibitors are in
agreement with the published data and showed that ACT
domain plays an important role in binding to ligands. Based
on the docking conformations, pharmacophore model can
be developed by probing the common features of ligands.
By analyzing the results, ACT domain architecture, certain
key residues that are responsible for binding to feedback
inhibitors and natural substrates were identified. This would
be very helpful in understanding the blockade mechanism
of Asp kinase and providing insights into rational design of
novel Asp kinase inhibitors for M.tuberculosis.
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Introduction

Mycobacterium tuberculosis continues to be one of the
world’s deadliest pathogens, causing a prospective burden
of one billion newly infected individuals and 36 million
casualties within the next 20 years [1]. Despite the
existence of effective chemotherapies, no new drugs have
come onto the market during the past 40 years. In addition,
the rise in drug resistance among M.tuberculosis strains is
becoming a severe threat to public health, illustrated by the
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recent emergence of extensively drug-resistant tuberculosis
(XDR-TB) that has caused a mortality of >98% [2]. The
XDR M.tuberculosis isolates were resistant to isoniazid and
rifampin and to at least three of the six main classes of
second-line drugs (aminoglycosides, polypeptides, fluoro-
quinolones, thioamides, cycloserines and para-aminosali-
cylic acid) [3]. They not only constitute a deadly threat to
the affected patients with TB but also hamper the TB-
control program. If these extensively resistant pathogens are
allowed to develop and spread in the society, they will
constitute a significant public health problem [4, 5]. This
problematic situation illustrates an urgent need to find an
effective medicine for treating such complicated cases.

In the present work we have focused on the end product
regulation of the first enzyme in a branched biosynthetic
pathway leading to the synthesis of multiple end products.
In bacteria, the branched biosynthetic pathway leading to
lysine, methionine and threonine is controlled by the end
products and their biosynthetic intermediates in a process
called feedback inhibition. In bacteria enzymes of this
pathway have a high importance as they constitute targets
for the development of new pharmaceutical compounds. In
this scenario we aimed at selective prediction of interaction
sites of aspartokinase (Asp kinase) (EC 2.7.2.4) shown in
(Fig. 1), which catalyzes the first step i.e., conversion of L-
aspartate to 4-phospho-L-aspartate, of branched biosyn-
thetic pathway leading to the synthesis of amino acids
lysine, threonine, methionine and isoleucine [6, 7]. An
intermediate of lysine-biosynthetic branch, mesodiaminopi-
melate is also a component of peptidoglycan, constituent of
bacterial cell wall. The cell wall plays a vital role in
bacterial growth and survival in hostile environment [8]. In
this aspect we can conclude that Asp kinase also plays a
role for the formation of the cell wall. Asp kinase control
presents a unique situation, where in the presence of any
deficiency in the production Asp kinase, results in the

deficiency of amino acids lysine, threonine, methionine and
isoleucine as well as peptidoglycan of the cell wall.

The present study is aimed at elucidating the 3D
structural features of M.tubercuosis Asp kinase and selec-
tive prediction of interaction sites for substrates and
feedback inhibitors. In this paper, we report that the 3D
model of Asp kinase was derived using comparative
modeling analysis [9] and that the generated 3D models
would give insight into the influence of various interactive
fields on the activity and thus, can help in designing and
forecasting the translation inhibition activity of novel
molecules. Further, refinement of the generated 3D model
was done by subjecting it to molecular dynamics (MD)
simulations. Molecular docking studies were also per-
formed to analyze the interactions among Asp kinase and
its ligands, which are found to be helpful in designing of
novel anti-tuberculosis compounds.

Materials and methods

All the calculations were performed on a workstation AMD
Opteron Duo-core 2.0 GHz and 4 GB RAM. Molecular
modeling tasks were performed with Modeller9v3, MD
simulations were analyzed with Gromacs 3.2.1; docking
calculations were performed with AutoDock 4.0. If not
otherwise stated, default settings were used during all
calculations.

Sequence alignments

The sequence of the M.tuberculosis Asp kinase (accession
number NP_218226) was obtained from NCBI database
[10]. With the aim of finding an adequate template for
homology modeling of M.tuberculosis Asp kinase, se-
quence alignments of its amino acid sequence against

Fig. 1 Schematic representation of reaction catalyzed by Asp kinase from M.tuberculosis
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Protein Data Bank (PDB) [11] were performed by means of
the BLAST algorithm [12, 13]. Finally, an alignment
between the selected templates and the M.tuberculosis
Asp kinase was performed using the ClustalX 1.83 with
default parameters [14].

Molecular model building

Among the BLASTp results for searching homology
proteins in PDB, two structures were selected as templates:
the threonine sensitive Asp kinase from Methanococcus
jannaschii complexed with Mg-ADP and Aspartate (PDB
ID: 2HMF) [15] and crystal structure of Threonine sensitive
aspartokinase from M. Jannaschii wit Mg amp-PNP and
Aspartate (PDB ID: 3C1M) [16]. The structure of M.
tuberculosis Asp kinase was predicted by homology
modeling on the basis of the structures of 2HMF and
3C1M using the program Modeller 9v3 [17]. This program
is an automated approach to comparative modeling by
satisfaction of spatial restraints [18–20]. The modeling
procedure begins with an alignment of the sequence to be
modeled (target) with related known three-dimensional
structures (templates). 200 models were generated and
among them the one having lowest root mean square
deviation (RMSD) value when superposed onto the
templates 2HMF and 3C1M, was chosen for further
analysis [21].

Molecular dynamics simulation

In order to validate the sequence-structure alignment, to
remove bad contacts derived from the homology modeling
and to achieve a good starting structure, the model was
subjected to exhaustive molecular dynamics simulation of
8 ns with Gromacs 3.2.1 software using Gromacs 96.1 (43
A2) force field [22]. The initial structure was placed in a
box (7.552nmX6.339nmX8.751 nm) with a total volume of
418.93 nm3. The box was filled with water (11,397
molecules), and 82 water molecules were replaced with
41 Na+ and 41 Cl− ions in random order to neutralize the
system and to represent physiological conditions (0.9%
NaCl solution). The simulations were carried out using
explicit solvent water molecules (described by the simple
point charge, SPC/E) [23, 24] and periodic boundary
conditions (cubic). In the MD protocol, all hydrogen atoms,
ions, and water molecules were first subjected to 200 steps
of energy minimization by steepest descent algorithm [25]
to remove close van der Waals contacts. The system was
then submitted to a short MD simulation with position
restraints for a period of 1 ps and afterward it was subjected
to a full MD without restraints. The temperature of the
system was then increased from 50–310 K in five steps
(50–100 K, 100–150 K, 150–200 K, 200–250 K, and 250–

310 K) and the velocities at each step was reassigned
according to the Maxwell-Boltzmann distribution at that
temperature and equilibrated for 2 ps. Energy minimization
and MD were carried out under periodic boundary
conditions. The simulation was computed in the isobaric-
isothermal (NPT) ensemble at 310 K with the Berendsen
temperature coupling and constant pressure of 1 atm with
isotropic molecules-based scaling [23]. The LINCS algo-
rithm [26], with a 10−5 Å tolerance, was applied to fix all
bonds containing a hydrogen atom, allowing the use of a
time step of 2 fs in the integration of the equations of
motion. No extra restraints were applied after the equili-
bration phase. The convergence of simulation was analyzed
in terms of the potential energy, RMSD from the initial
model structure and root mean- square fluctuation (RMSF).
The analysis was calculated relative to the Cα back bone
structures, and all coordinate frames from the trajectories
were first superimposed on the initial conformation to
remove any effect of overall translation and rotation.

Assessment of the homology model

To obtain an accurate homology model, it is very important
that appropriate steps are built into the process to assess the
quality of the model [27]. Therefore, in the modeling phase,
the model quality was assessed by the geometric quality of
the backbone conformation, the residue interaction, the
residue contact and the energy profile of the structure using
different methods, including PROCHECK [28] ERRAT
[29], WHAT-IF [30], PROSA2003 [31] and Verify 3D [32,
33]. The organization of various domains in the modeled
structure of M.tuberculosis Asp kinase was identified using
Scansite [34] server. Scansite searches for motifs within the
proteins by utilizing the entropy approach that assesses the
probability of a site matching the motif using the selective
values and sums the logs of the probability values for each
amino acid in the candidate sequence.

Validation of the model by docking analysis

A docking study was conducted to evaluate the predictive
ability of the M.tuberculosis Asp kinase homology model
and its suitability for use in the structure-based drug design
studies. As reported Asp kinase is inhibited by feedback
inhibition, in the current study docking studies were
performed to gain insights into the most probable binding
conformations of M.tuberculosis Asp kinase with sub-
strates, products and feedback inhibitors. The structures of
Aspartic acid, ADP (Adenosine di- phosphate), substrates
of Asp kinase and Lysine, Threonine feedback inhibitors of
Asp kinase were built using Chemdraw (Cambridge soft
Inc.) [35]. After a preliminary energy minimization to
discard high-energy intramolecular interactions, the overall
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geometry and the atomic charges were optimized using
HyperChem release 7.5 [36]. In the validation phase,
AutoDock 4.0 [37, 38] was used for performing docking.
AutoDock combines a rapid energy evaluation through
precalculated grids of affinity potentials with a variety of
search algorithms to find suitable binding positions for a
ligand on a given protein. When docking was performed,
M.tuberculosis Asp kinase was kept rigid, but all the
torsional bonds in ligands were set free to perform flexible
docking. Polar hydrogens were added using the hydrogens
module in AutoDockTools (ADT) for Asp kinase; after that
Kollman united atom partial charges were assigned [39].

Docking of ligands to M.tuberculosis Asp kinase was
carried out using the empirical free energy function and the
Lamarckian genetic algorithm, applying a standard protocol
with an initial population of 300 randomly placed individ-
uals, a maximum number of 2.5X107 energy evaluations, a
mutation rate of 0.02, a crossover rate of 0.80, and an
elitism value of 1, where the average of the worst energy
was calculated over a window of the previous 10
generations. For the local search, the so-called Solis and
wets algorithm was applied [37], using a maximum of 300
iterations. The probability of performing a local search on
an individual in the population was 0.06, and the maximum
number of consecutive successes or failures before dou-
bling or halving the local search step size was 4; 100
independent docking runs were carried out for each ligand.
Results were clustered according to the 1.0 Å root-mean-
square deviation (RMSD) criterion. All torsion angles for
each compound was considered flexible. The grid maps
representing the proteins in the actual docking process were
calculated with AutoGrid. The grids (one for each atom
type in the ligand plus one for electrostatic interactions)
were chosen to be sufficiently large to include not only
active site but also significant portions of the surrounding
surface. The dimensions of the grids were thus 60 Å×
60 Å×60 Å, with a spacing of 0.375 Å between the grid
points. After docking the ligand-receptor complexes were
analyzed by Pymol program [40].

Results and discussion

Sequence alignments

The search using the BLASTp alignment algorithm within
the PDB database showed various potential templates for
molecular modeling purposes. More than 60 crystallograph-
ic structures were found showing high identity score with
respect to M.tuberculosis Asp kinase. No crystallographic
data was observed when BLASTp analysis against humans
was performed for M.tuberculosis Asp kinase. This allowed
us to use this enzyme for the development of potential anti-

tuberculosis drugs. Among the BLASTp results, two
structures were selected as templates: the threonine sensi-
tive Asp kinase from M.jannaschii complexed with Mg-
ADP and Aspartate (PDB ID: 2HMF) [15], and threonine
sensitive Asp kinase from M.jannaschii with MgAMP-PNP
and L-aspartate (PDB ID: 3C1M) [16]. The sequence
identities between M.tuberculosis Asp kinase and templates
2HMF and 3C1M were 35% and 33% respectively. The
most significant step in homology modeling process is to
obtain the correct sequence alignment of the target
sequence with the homologues. The sequence alignment
performed using the ClustalW 1.83 for homology model-
ing is shown in Fig. 2a, and it reveals that the residues
involved in binding of various feedback inhibitors in
templates (Ser7, Gly9, Gly10, Ser41, Thr47, Glu74,
Phe135, Arg151, Gly152, Gly153, Ser154, Thr174, Asp175,
Val176, Gly178, Asp183, Pro184, Arg185, Ala190, and
Val211) were conserved in M.tuberculosis Asp kinase.

Molecular modeling

The coordinates of the crystal structures of M.jannaschii
Asp kinase, (PDB ID: 2HMF, 2.70 Å resolution) [15] and
crystal structure of M.Jannaschii Asp kinase (PDB ID:
3C1M, 2.30 Å resolution) [16] were used as templates to
build the structure of M.tuberculosis Asp kinase. The 3D
models of the M.tuberculosis Asp kinase was built by
Modeller 9v3. 200 models were generated and the model
showing the least RMSD with respect to trace (Cα atoms)
of the crystal structure of the template was saved for further
refinement and validation (Fig. 2b). Further, refinement was
performed in order to obtain the best conformation of the
developed model of M.tuberculosis Asp kinase.

Analysis of the MD simulation

MD simulation of the M.tuberculosis Asp kinase was
carried in order to check the stability of the structural
model proposed for Asp kinase. Analysis of 8 ns dynamics
shows that the M.tuberculosis Asp kinase structure is stable,
after a rapid increase during the first 500 ps the protein
backbone RMSD average and standard deviation over the
last 3 ns of the Asp kinase trajectory was 2.7±0.2 Å. A
plateau of RMSD for the system was achieved within
3 ns of unrestrained simulation, suggesting that 8 ns
unrestrained simulation was sufficient for stabilizing
fully relaxed models. Figure 3a shows the evolution of
the RMSD during the dynamics. The superposition of the
average structure of the M.tuberculosis asp kinase with the
initial model Fig. 3b does not show major structure
conformational changes in comparison to the initial
model, which is consistent with the relatively low RMSD
values. Proteins unbound as previously demonstrated in
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other MD simulations [41, 42] present a higher RMSD
value if compared with the same protein complexed. The
potential energy curve shows a smooth decrease until 4 ns,
after which it was found fluctuating around a constant
value of −5,51,500 kJ mol−1 (Fig. 4a). Berendsen
thermostat have limitations of maintaining velocity rescal-
ing approaches to ensure that the average kinetic energy of
the system corresponding to the expected value at the
desired temperature. In these MD simulations use of
Berendsen thermostat have not been adversely affected
by these limitations.

The flexibilities of the proteins were assessed by the
RMSF values from MD of the trajectory which reflected
the flexibility of each atom residue in a molecule Fig. 4b.
The major backbone fluctuation was seen to occur in the
loop regions, whereas regions with low RMSF correspond
exclusively to the rigid beta-alpha-beta fold. In a typical
RMSF pattern, a low RMSF value indicates the well-
structured regions while the high values indicate the
loosely structured loop regions or domains terminal [43].
In addition, analysis of the structure during the dynamics
simulation indicates that the regions (Fig. 4b) L1 (turn
composed by Gly9-Ser12), L2 (loop Gly150-Gly153), L3

(turn Gly166-Asp168), L4 (loop Asn224-Pro226), L5
(turn Glu251-Ile254), L6 (turn Ile275-Gly277), L7 (loop
Val303-Gly306), L8 (big turn His357-Gly359) and L9
(big loop composed by Ala417-Gly420) present higher
RMSF values, which strongly shows that these regions are
the most flexible in the predicted structure of M.tubercu-
losis Asp kinase.

Validation of homology model

The first validation was carried out using Ramachandran
plot calculations computed with PROCHECK program by
checking the detailed residue-by-residue stereo-chemical
quality of a protein structure [28]. The 8 and =

distributions of the Ramachandran’s plot of non-glycine,
non-proline residues are summarized in Table 1 and Fig. 5a.
Altogether, 100% of the residues in homology model were
in favored and allowed regions. In comparison with the
templates, the homology model had a similar Ramachan-
dran plot with 0.0 % residues in disallowed regions.
ERRAT is a so-called “overall quality factor” for non-
bonded atomic interactions, and higher scores mean higher
quality [29]. The normally accepted range is >50 for a high

Fig. 2 (a) Sequence alignment of M.tuberculosis Asp Kinase with the
crystallized 2HMF and 3C1M from M. Jannaschii. Highly conserved
residues are represented in rectangular boxes. (b) The final 3D-

structure of M.tuberculosis Asp kinase. The α-helix is represented by
cyan, the β-sheet is represented by pink and turns are represented by
wheat
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quality model [29]. In the current case, the ERRAT score
for the Asp kinase model is 88.704, well within the range of
a high quality model, in the mean time the ERRAT score for
the templates 2HMF is 96.388 and 3C1M is 96.703
(Table 1). Thus, the above analysis suggests that the
backbone conformation and non-bonded interactions of
Asp kinase homology model is all reasonable within a
normal range.

WHAT-IF is used to check the normality of the local
environment of amino acids [30]. For the WHAT-IF
evaluation, the quality of the distribution of atom types is
determined around amino fragments. For a reliable struc-
ture, the WHAT-IF packing scores should be above −5.0
[30]. In this case, none of the scores for each residue in the
homology model is lower than −5.0 as depicted in Fig. 5b.
Therefore, the WHAT-IF evaluation also shows that the
homology mode structure is very reasonable. The interac-
tion energy per residue was also calculated by the
PROSA2003 program [31]. In this analysis, the interaction

energy of each residue with the remainder of a protein is
computed to judge whether or not it fulfills certain energy
criteria. The PROSA Z-Score indicates overall model
quality. For the M.tuberculosis Asp kinase homology
model, it gains Z-Score of −10.3, when compared with Z-
Scores of −12.17 for 2HMF and −11.8 for 3C1M templates.
Figure 5c displays the PROSA2003 energy profiles
calculated for the Asp kinase homology model along with
the templates. The energy profile of the M.tuberculosis Asp
kinase homology model is consistent with a reliable
conformation based on its similarity to that of the templates
2HMF and 3C1M. The final evaluation of the built M.
tuberculosis Asp kinase structure was checked by Verify
3D [32, 33]. Figure 5d represents the Verify 3D graph of
the predicted M.tuberculosis Asp kinase model. It is to be
noted that compatibility scores above zero correspond to
acceptable side chain environment. From Fig. 5d, we can
see that almost all residues are reasonable, but only a few
regions are variable (Pro59-pro61, Leu66 and Gly73-Ser77)
and are built poorly.

In order to investigate the organization of various
domains in the developed model of M.tuberculosis Asp
kinase, it was subjected to Scansite server. It was reported
that Asp kinase has regained the ACT domains. ACT
domain is a structural motif in proteins of 70–80 amino

Fig. 4 (a) The potential energy curve of the system during the MDS.
Every 20th observation point has been plotted on the graph. (b)
Graphical representation of root-mean-square fluctuations (RMSF) of
all the Cα from starting structure of models as a function of time. The
graphic shows the average RMSF of the last 3 ns of simulation of M.
tuberculosis Asp kinase

Fig. 3 (a) The graphical representation of root-mean-square deviation
(RMSD) of all Cα from root structure of M.tuberculosis Asp kinase as
a function of time. (b) Superposition of the average structure during
the MD simulation with the initial minimized structure of M.
tuberculosis Asp kinase. The structures are presented as cartoon
diagram. The average structure is colored in limon; the initial structure
is colored in marine
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Table 1 Quality of structures checked by PROCHECK and ERRAT

Procheck ERRAT score

Ramachandran plot quality (%) Goodness factor

Most favored Additional allowed Generously allowed Dis-allowed Dihedrals Covalent Overall

2HMF 91.2 8.3 0.0 0.5 −0.16 0.54 0.11 96.338

3C1M 87.9 12.1 0.0 0.0 −0.11 0.42 0.10 96.703

Ask kinase 93.5 6.5 0.0 0.0 −0.18 0.25 0.08 88.704

Ramachandran plot qualities show the percentage (%) of residues belonging with the most favored, additionally allowed, generously allowed and
disallowed regions of the plot; goodness factors show the quality of covalent and overall bond/angle distances; these scores should be above −0.5
for a reliable model.

Fig. 5 (a) Ramachandran plot
for predicted M.tuberculosis
Asp kinase. (b) The WHAT-IF
packing quality scores calculat-
ed for the homology model of
M.tuberculosis Asp kinase. The
score should be above −5 for a
reliable model. (c) Prosa 2003
energy profiles calculated for the
templates 2HMF (Red), 3C1M
(blue) and built Asp kinase from
M.tuberculosis (black). (d) The
3D profiles verified results of
predicted M.tuberculosis Asp
kinase, residues with positive
compatibility score are reason-
ably folded
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acids that are one of a growing number of intracellular
small molecule binding domains that function in the control
of metabolism, solute transport and signal transduction [44–
48]. ACT domain is composed of four β strands and two α
helices arranged in a βαββαβ fold. In M.tuberculosis Asp
kinase two ACT domains are organized; one is from 267–
332 and another is from 349–407 towards the N-terminal
end (Fig. 6).

In brief, the geometric quality of the backbone confor-
mation, the residue interaction, the residue contact and the
energy profile of the structure is all well within the limits
established for reliable structures. All evaluations suggest
that a reasonable homology model for M.tuberculosis Asp
kinase has been obtained that can be exposed for
examination of protein-substrate and protein inhibitor
interactions.

Molecular docking of Aspartic acid into Asp kinase
homology model

To further verify our constructed homology structure, we
used the molecular docking approach described in Sect. 2.5
to dock the natural substrate molecule (i.e., Aspartic acid)
to the modeled M.tuberculosis Asp kinase. We obtained
almost the same binding mode of Aspartic acid as that
observed in the crystal structure of the threonine sensitive
Asp kinase from M.jannaschii complexed with Mg-ADP

and Aspartate (2HMF) and threonine sensitive Asp kinase
from M.jannaschii with MgAMP-PNP and L-aspartate
(PDB ID: 3C1M). The docking conformation and
corresponding complex analysis of aspartic acid is depicted
in Fig. 7a. Aspartic acid is trapped in a cavity, in which
both the carboxylic groups and amino group of aspartic
acid are involved in hydrogen bonding interactions with
Arg151, Lys210 and Ser263. The binding energy, the
intermolecular energy, cluster rank and cluster number for
docking of Aspartic acid are represented in Table 2. The
computational result is consistent with the result reported
by Grant [49] which showed that the proteins containing
ACT domain as a structural motif reside in a growing
number of different intracellular small molecule binding
domains that function in the control of metabolism.
Docking of aspartic acid into the homology model of Asp
kinase showed that the binding site of aspartic acid is
situated in ACT domain.

Molecular docking of ADP into Asp kinase homology
model

Figure 7b represents the docking conformation and
corresponding complex analysis of ADP natural product
of Asp kinase. We obtained almost the same binding mode
of ADP as that observed in the crystal structure of the
threonine sensitive Asp kinase from M.jannaschii com-

Fig. 6 Organization of various domains in M.tuberculosis Asp kinase
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plexed with Mg-ADP and Aspartate (2HMF). The phos-
phate groups of ADP are involved in hydrogen bonding
interactions with Thr361 and Arg384. The nitrogen atom in
the purine ring is engaged in the hydrogen bond interaction
with Ser386. The docking results of ADP are represented in
Table 2. The docking analysis of ADP into predicted model
of M.tuberculosis Asp kinase is consistent with the result
reported by Grant [49], which showed that the proteins
containing ACT domain as a structural motif resides a
growing number of different intracellular small molecule

binding domains that function in the control of metabolism.
Docking of ADP into the homology model of Asp kinase
showed that the binding site of ADP is situated in ACT
domain.

Molecular docking of threonine into the homology of Asp
kinase

Investigating feedback inhibitor binding sites may help to
explain the action mechanism of feedback inhibitors and
other potentiators and thus contributes to drug design for
tuberculosis treatment. With this in mind we performed a
docking calculation of threonine and lysine by running the
AutoDock program on modeled M.tuberculosis Asp kinase,
as described in the methods section. In case of threonine,
the interactions with the M.tuberculosis Asp kinase showed
(Table 2) very similar binding profile of binding to ACT
domain. Threonine is involved in hydrogen bonding
interactions with Lys210, His254 and Arg262. Figure 7c
represents the predicted conformation and binding mode of
threonine with M.tuberculosis asp kinase homology model,
which was also consistent with the binding mode reported
by Grant [49].

Table 2 Summary of docking results of ligands onto M.tuberculosis
Asp kinase

Docked
molecule

Cluster
rank

Cluster
number

Binding energy
(kcal/mol)

Final inter-
molecular
energy
(kcal/mol)

Aspartic acid 1 49 −8.59 −14.59
ADP 1 21 −10.86 −12.21
Threonine 2 17 −6.58 −8.52
Lysine 1 39 −8.12 −9.33

Fig. 7 (a) The docking
conformation of Aspartic acid in
the ACT domain of M.tubercu-
losis Asp kinase homology
model. (b) The docking confor-
mation of ADP (Adenosine di-
phosphate) in ACT domain of
M.tuberculosis Asp kinase ho-
mology model. (c) The docking
conformation of lysine in the
ACT domain of M.tuberculosis
Asp kinase homology model.
(d) The docking conformation
of Threonine in the ACT do-
main of M.tuberculosis Asp ki-
nase homology model. Built
model of Asp kinase is repre-
sented in cartoon. Ligands and
the residues interacting with
ligands are represented by sticks

J Mol Model (2010) 16:1357–1367 1365



Molecular docking of Lysine into the homology of Asp
kinase

In case of lysine, another feedback inhibitor of Asp kinase,
the docking result showed very similar binding profile of
binding to ACT domain where lysine is involved in
hydrogen bonding interactions with Ala206, Lys210,
Asp261 and Ser263. Table 2 shows the docking results of
Lysine onto the M.tuberculosis Asp kinase 3D model.
Figure 7d represents the predicted conformation and
binding mode of lysine with M.tuberculosis Asp kinase
homology model, which was also consistent with the
binding mode reported by Grant [49].

In summary, the docking results of Asp kinase with
natural substrates, products and feedback inhibitors around
the ACT domains provide strong confidence about the
homology model. Therefore, it is obvious that this docked
model would provide more detailed information and
accuracy in its description of ligand binding with M.
tuberculosis Asp kinase. We presume that such an
application of feedback inhibitor binding can be of great
use in the detection of new ligands.

Conclusions

In this paper, we have developed high accurate homology
model of M.tuberculosis Asp kinase homology model using
2HMF and 3C1M crystal structures. The quality of the
homology model depends on the level of sequence identity
between the templates of known 3D structures and the
protein to be modeled. In this case, the level of sequence
identity between the target and the templates (35% &33%)
is observed to reach the threshold value of 30% sequence
identity for obtaining a homology model. In addition, the
molecular dynamics simulation improved the general
structure of the generated model. This model has been
qualified using several validation methods, including
PROCHECK, ERRAT, WHAT-IF, PROSA2003 and
VERIFY-3D. All evidences suggest that the geometric
quality of the backbone conformation, the residue interac-
tion, the residue contact and the energy profile of the
structure is well within the limits established for reliable
structures. The docking studies of this homology model
with natural substrates, products and feedback inhibitors
were found to be consistent with the published data of the
key role played by ACT domain to bind to ligands.
Furthermore, based on the docking conformations, a
pharmacophore model can be built for M.tuberculosis Asp
kinase. Different from classical homology modeling, the
combination of homology modeling, substrate and feedback
inhibitor docking will be very useful in helping us
understand the binding modes of Asp kinase and its

ligands, and avoid obvious pitfalls in our further design.
In conclusion, we believe that these results may help in the
understanding of the mechanism of action of M.tuberculo-
sis Asp kinase. Further it will provide information for those
who want to pursue their work in the design of selective
Asp kinase blockers for the treatment of tuberculosis.
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