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2-trans enoyl-acyl carrier protein reductase (InhA) has been identified as a promising target for the
development of novel chemotherapy for tuberculosis. In the present study, a series of heteroaryl ben-
zamide derivatives were selected as potent inhibitors against InhA, and their binding properties with
InhA were investigated at atomic and electronic levels by ab initio molecular simulations based on
protein-ligand docking, classical molecular mechanics optimizations and ab initio fragment molecular

orbital (FMO) calculations. The results evaluated by FMO highlight some key interactions between InhA
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and the derivatives, indicating that the most potent derivative has strong hydrogen bonds with the
Met98 side chain of InhA and strong electrostatic interactions with the nicotinamide adenine dinucle-
otide cofactor. These findings provide informative structural concepts for designing novel heteroaryl

InhA benzamide derivatives with higher binding affinity to InhA.
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1. Introduction

Tuberculosis (TB) is caused by Mycobacterium tuberculosis
(M. tuberculosis) and has been a major problem for global health. In
2017, there were an estimated 10.4 million new TB patients
worldwide, and the high mortality rate of TB patients is caused by
its HIV co-infection as well as strong drug resistance of
M. tuberculosis [1]. Drugs such as isoniazid, rifampicin, pyr-
azinamide and ethambutol are currently used for the treatment of
TB, although there are many types of M. tuberculosis bacteria having
resistance to these drugs. In addition, multidrug resistant TB (MDR-
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TB) [2,3], extensive drug-resistance TB (XDR-TB) [4,5], and co-
infection between M. tuberculosis and HIV (TB/HIV) [6—9] are ma-
jor problems in the treatment of TB [10,11].

2-trans-enoyl acyl-carrier-protein (ACP) reductase (InhA) of
M. tuberculosis was shown to be a primary target of the isoniazid
(INH) frontline drug [12,13]. The M. tuberculosis InhA catalyzes the
nicotinamide adenine dinucleotide (NAD™)-specific reduction of
the 2-trans-enoyl-ACP in the elongation cycle of the fatty acid
synthase (FAS)—II pathway. This enzyme is NAD"-specific and re-
duces the trans double bond between the positions C2 and C3 of a
fatty acyl chain linked to the acyl carrier protein [14]. INH is a
prodrug requiring the activation function of catalase-peroxidase
(KatG) enzyme to generate the isonicotinoyl radical [15,16], which
forms a covalent bond with NAD" to generate INH-NAD" adduct, a
potent inhibitor of InhA [17]. Based on this inhibition mechanism,
INH could be called as an indirect inhibitor of InhA.

However, high potency of INH for the TB treatment is reduced by
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drug resistance, which is caused from the mutations in KatG
enzyme [18—20]. To overcome the drug resistance against INH, new
derivatives, which directly inhibit the InhA enzyme without
affecting on the activation by KatG, are expected to be promising
agents against TB [21]. Because the INH resistance is associated
with the KatG mutations, in a rational design of inhibitors against
InhA, many types of heteroaryl benzamide derivatives were
developed as the direct inhibitors against InhA, and their inhibitory
effects on the InhA activity were investigated systematically by the
physicochemical experiment [22]. The results indicated a wide
range of their inhibitory effect; ICsg is in the range from 0.02 to
3.40 uM, although their chemical structures are similar to each
other. The reason for this significant difference in ICso cannot be
explained by the difference in the structure of the derivatives, and it
is necessary to investigate the specific interactions between InhA
and the derivatives for elucidating the reason. The result is ex-
pected to provide valuable structural information toward the
design of novel InhA inhibitors.

In the present study, we investigated the specific interactions
between M. tuberculosis InhA and some heteroaryl benzamide de-
rivatives, in order to clarify which residues of InhA mainly
contribute to the binding with the derivatives, using ab initio mo-
lecular simulations based on protein-ligand docking, classical mo-
lecular mechanics (MM) optimization and ab initio fragment
molecular orbital (FMO) calculations. In addition, we attempted to
reveal which derivatives can bind more strongly with InhA and
inhibit the aggregation of InhA. The present results provide useful
information for proposing novel anti-TB drugs based on the het-
eroaryl benzamide derivatives.

2. Details of ab initio molecular simulations

2.1. Construction and optimization of InhA + derivative complexes
in water

The chemical structures of the heteroaryl benzamide derivatives
employed as inhibitors against InhA in the present study are shown
in Fig. 1. The structure of the InhA + derivative-1 complex was
determined by the X-ray crystal structure analysis, and the bio-
logical profiles of the derivative-1 were also investigated experi-
mentally [22]. We therefore employed this derivative and
investigated its binding properties with InhA, in order to check the
accuracy of our present molecular simulations by the comparison
between the simulated and the experimental results. In addition,
the effect of 47 kinds of the derivatives on the InhA activity was
widely investigated by the experiments of the same group [22].
Among these derivatives, we selected two derivatives shown in
Fig. 1b and c, because their ICsg values are significantly different to

each other, although there is no difference in chemical structures
between them except for the chain between benzene and pyridine
rings. It is noted that the derivative-2 is the most effective, while
the derivative-3 is the least effective among the 47 derivatives
investigated by the experiment [22]. These structures were fully
optimized using the density functional theory (DFT) method
(M062X/6-31G(d,p)) of the ab initio molecular orbital (MO) calcu-
lation program Gaussian09 (G09) [23]. To obtain charge parameters
used in the MM force fields for these derivatives, the charge dis-
tributions of the optimized structures were evaluated by the
restrained electrostatic potential (RESP) [24] analysis using the HF/
6-31G(d) method of G09. It is noted that these charge distributions
were used for the docking simulation as well as the MM optimi-
zations, in order to accurately describe the electrostatic interactions
between InhA and the derivatives.

The initial conformation of the derivative bound to InhA was
predicted from the molecular docking simulations using the
protein-ligand docking program Autodock4.2 [25]. The InhA
structure for docking was downloaded from the protein databank
(PDB ID: 4QXM [22]). We set the grid box of docking as the ligand-
binding pocket of InhA is covered. The size of the grid box was
15 x 15 x 15 A3, and the center of the grid box was set as the center
of the derivative-1 in the PDB structure of the InhA + derivative-1
complex. In the docking simulations, InhA structure was fixed,
while the structure of the heteroaryl benzamide derivative was
freely relaxed, in order to obtain various types of structures for the
docked derivative. The number of candidate structures created by
Autodock4.2 was 200, and the threshold distance for clustering
these structures was set as 2 A.

To obtain stable and low energy structures of the
InhA + derivative complexes, the candidate structures obtained by
the docking simulations were fully optimized using MM force fields
in water. In the MM optimizations, about 2100 water molecules
existing within 8 A from the surface of the complex were consid-
ered explicitly, and the MM and molecular dynamics simulation
program AMBER12 [26] was used for searching low energy struc-
tures. The AMBERFF99-SBLIN force field [27], the TIP3P model [28]
and the general AMBER force field (GAFF) [29] were assigned for
InhA, water molecules and the heteroaryl benzamide derivatives,
respectively. The criterion for the convergence of the MM optimi-
zation was set as 0.001 kcal/mol/A. Among the MM optimized
structures, the most stable one was determined based on the total
energy (TE) evaluated by the ab initio FMO calculations.

2.2. FMO calculations for InhA + derivative complexes

To elucidate the specific interactions and binding affinity be-
tween InhA and the heteroaryl benzamide derivatives, we
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Fig. 1. Chemical structures and ICsq values of the heteraryl benzamide derivatives employed in the present study.
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investigated electronic properties of the InhA + derivative com-
plexes in explicit water molecules, using the ab initio FMO method
[30]. It is noted that the water molecules existing within 10 A from
the derivative were considered explicitly, in order to describe
accurately the effect of these water molecules on the specific in-
teractions between InhA and the derivative. For all complexes, the
number of water molecules is uniformed to be 132, because we
determined the most stable structure of the complex based on the
TEs evaluated by the ab initio FMO calculations. To predict the
binding affinity between InhA and the derivative, the binding en-
ergy (BE) between InhA and the derivative was estimated from the
TEs of the component structures using the following equation.

BE = TE (complex + waters) — TE (InhA + waters) — TE
(derivative + waters) + TE (waters)

In the above calculations, we employed the structure of the
solvated complex optimized by the classical MM method. From this
structure, we extracted the structures of InhA + waters,
derivative + waters and only waters, and the TEs of these structures
as well as the solvated complex were evaluated by the ab initio FMO
calculations.

In the FMO calculations, the MP2 [31,32]/6-31G method of the
FMO calculation program ABINIT-MP Ver.6.0 [33] was used. Each
amino acid residue of InhA, the derivative, the cofactor NAD" and
each water molecule were assigned to a fragment in the FMO cal-
culations, because this fragmentation enables to analyse the in-
teractions between the derivative and each of InhA residues or the
cofactor NAD" affected by the solvating water molecules. In addi-
tion, to highlight the important InhA residues or NAD" for the
binding of the derivative, we analysed the inter fragment interac-
tion energies (IFIE) [34] obtained by the FMO calculations.

3. Results and discussion
3.1. Stable structures of InhA + derivative complexes in water

To confirm the accuracy of the present docking simulations, we
first docked the derivative-1 to the ligand-binding pocket of InhA to
create 200 candidate structures of the InhA + derivative-1 complex,
using the AutoDock4.2 program [25]. They were grouped into four
clusters as listed in Table 1, which shows their lowest binding en-
ergies, numbers of candidate structures and conformations
compared with that in the PDB structure (PDB ID: 4QXM [22]).
Since the rank-1 cluster has 140 candidate structures and the
lowest binding energy estimated by AutoDock4.2, this structure is

Table 1

Clustering of docked structures of the derivative to InhA obtained by AutoDock4.2.
Clusters are ranked based on their lowest binding energy (LBE; kcal/mol). The
number of candidate structures included in each cluster, the conformation of the
representative structure in each cluster compared to that in the PDB structure [22] of
the InhA + derivative-1 complex are listed.

Derivative Rank LBE Number of structures Conformation
1 1 -5.62 140 Similar
2 -5.03 52 Reverse
3 —4.74 1 Reverse
4 —4.51 7 Reverse
2 1 -3.77 178 Reverse
2 —3.68 16 Reverse
3 -3.36 4 Similar
4 —2.34 1 Reverse
5 —2.06 1 Reverse
3 1 —3.64 44 Reverse
2 -3.63 138 Reverse
3 —3.31 18 Similar

expected to be more realistic. Therefore, we compared the repre-
sentative structure of the rank-1 cluster with that of the PDB
structure to confirm that the docked structure is almost the same as
that in the PDB structure as shown in Fig. 2. The root-mean-square
deviation (RMSD) between the docked and the observed X-ray
conformations of the derivative-1 in the ligand-binding pocket of
InhA was evaluated 0.2 A, indicating the adequacy of the present
docking simulations for the InhA + derivative-1 complex. On the
other hand, Table 1 indicates that the conformations of the
derivative-1 in the rank-2, 3 and 4 clusters are reverse to that in the
PDB structure. Therefore, we employed the representative struc-
ture of the rank-1 cluster in the following MM and FMO calcula-
tions. It is noted that we could obtain the comparable conformation
of the derivative-1 to that of the PDB structure by using the charge
distribution of the derivative-1 obtained by the RESP analysis [24]
in the docking simulation. When we employed the default charge
parameter of AutoDock4.2, we could not obtain such comparable
conformation of the derivative-1 for the InhA + derivative-1
complex.

As listed in Table 1, for the derivatives-2 and 3, the conformation
of the rank-3 cluster is similar to that of the derivative-1 in the PDB
structure. We therefore employed the representative structure of
the rank-3 cluster for the InhA + derivative-2 and
InhA + derivative-3 complexes and optimized them in water by the
classical AMBER-MM method.

3.2. Binding affinity and specific interactions between InhA and
derivative

To predict the binding affinity between InhA and the derivative,
we first evaluated BE for each derivative from the TEs calculated by
the ab initio FMO method for the component structures. As listed in
Table 2, the BEs for the three derivatives are in the correct order as
compared with the ICsq values [22]; the larger BE correspond to the
smaller ICsg, although the active derivative-1 displays the similar
BE as the inactive derivative-3. To check the accuracy of the BEs, we

Fig. 2. Superimposition of the derivative-1 conformations in the docked structure
(green) and the X-ray structure (pink) of InhA + derivative-1 complex.
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Table 2

Total energies (kcal/mol) for the component structures of the solvated InhA + derivative complexes evaluated by the ab initio FMO method. Binding energies (BE; kcal/mol)
between InhA and the derivative are also listed to be compared with the ICsq values for the derivatives obtained by the previous experiment [22].

Derivative Total energies BE ICs0 (UM)
Complex + water InhA -+ water Derivative + water water
1 —72283525.8 —71299836.8 —6955131.7 -5971517.7 -75.0 0.05
2 —72319390.8 —71299432.4 —6991284.2 —5971430.8 —105.0 0.02
3 —72294974.4 —71299586.8 —6966874.8 —5971556.9 —69.6 3.40
also investigated the total IFIEs between the derivative and all InhA derivatives.

residues and NAD™. As listed in the last line of Table 3, the value for
the derivative-1 is almost the average of the values for the
derivatives-2 and -3. Therefore, it is confirmed that the total IFIEs as
well as the BEs are in the correct order as compared with the ICsq
values for the three derivatives. In particular, the BE (—105.0 kcal/
mol) for the derivative-2 is significantly larger than that
(—69.6 kcal/mol) for the derivative-3, indicating that the
derivative-2 has higher binding affinity than the derivative-3.

These large BEs of the order of 100 kcal/mol are unreliable. It is
considered that these large BEs come mainly from the over-
estimation of the electrostatic interactions between the charged
groups of InhA residue or NAD' and the derivative, because the
interactions are usually overestimated in ab initio FMO calculations.
To elucidate the effect of water molecules on BEs, we also investi-
gated BEs without considering water molecules and obtained the
BEs of —76.7 (derivative-1), —83.2 (derivative-2) and —67.1 kcal/
mol (derivative-3), respectively. Therefore, it is confirmed that the
order of BEs for the three derivatives is not changed by considering
water molecules and that the derivative-2 has the highest binding
affinity among the three derivatives.

We furthermore investigated the IFIEs between each residue of
InhA or NAD" cofactor and the derivative, in order to elucidate the
key interactions between them and the reason for the significant
difference in binding affinity between the derivatives-2 and 3. The
IFIEs evaluated for the derivatives are compared in Fig. 3, and
Table 3 lists the InhA residues having strong attractive interaction
with each of the derivatives, whose size of IFIE is larger
than —10 kcal/mol. As shown in Fig. 3(a), the present FMO calcu-
lation demonstrates that the derivative-1 interacts most strongly
with NAD™ cofactor and Met98. This result is consistent with the
experiment [22] showing that Met98 of InhA and NAD™ cofactor are
important for the binding between InhA and the derivative-1. In
addition, it is elucidated from Fig. 3(b) and (c) that the derivatives-2
and 3 have similar IFIE profiles as the derivative-1. Table 3 indicates
that Gly96 as well as Met98 and NAD" interact strongly with both
the derivatives. Therefore, we concluded that NAD" cofactor, Met98
and Gly96 contribute mainly to the binding between InhA and the

Table 3

To make clear the reason for the significant difference in BEs
between the derivatives-2 and 3, we analysed the difference in IFIEs
for these derivatives. As shown in Fig. 3(d), the interaction energies
between the derivative and NAD™ cofactor, Ala198 and Pro99 of
InhA are significantly different. These values of IFIEs are listed in
Table 3, indicating that the derivative-2 interacts 11.5 kcal/mol
stronger with NAD™ cofactor than the derivative-3, and that the
IFIEs between the derivative-2 and Ala198 and Pro99 are larger by
5.4 and 3.7 kcal/mol respectively, compared with those for the
derivative-3. As a result, the BE of the derivative-2 is significantly
(35.4 kcal/mol) larger than that of the derivative-3 as listed in
Table 2.

We furthermore investigated the interacting structures between
these InhA residues and the derivatives, in order to elucidate the
reason for the difference in IFIEs. The crucial interactions of the
highest active derivative-2 with the InhA residues existing around
the ligand-binding pocket of InhA are shown in Fig. 4(a). The major
interactions between InhA and the derivative-2 are hydrogen
bonding interactions between the hydrogen atom of amide (—NH)
group and the oxygen atom of the Met98 backbone at 1.93 A dis-
tance, and between the hydrogen atom of the —OCH,— chain and
the oxygen atom of the Gly96 backbone at 2.40A distance. In
addition, we found electrostatic interactions between the nitrogen
atom of pyridine ring of the derivative-2 and the hydroxyl (—OH)
group of NADT cofactor at 2.98 A distance and between the
hydrogen atom of the derivative-2 and the oxygen atom of the
Ala198 backbone at 4.96A distance. The pyridine ring of the
derivative-2 also contributes to the w—m stacking interaction be-
tween the derivative-2 and NAD™" cofactor at 4.72 A distance, and
the electrostatic interaction between the oxygen atom of NAD* and
the nitrogen atom of the pyridine ring is additionally formed. In
fact, the present FMO calculation indicates that the IFIE between
the derivative-2 and NAD" cofactor is —44.8 kcal/mol. Therefore, it
is concluded that the pyridine ring of the derivative-2 is important
for the strong binding between the derivative-2 and NAD" cofactor
and contribute mainly to the interaction between the derivative-2
and NAD™" cofactor.

Interaction energies (IEs; kcal/mol) between the derivative and each amino acid residue of InhA as well as NAD* calculated by ab initio FMO method. The residues having strong
attractive interaction (larger than —10 kcal/mol) with the derivative are listed. Total of IEs for all residues and NAD™ are listed in the last line. The difference in IEs between the

derivatives 2 and 3 is also listed.

Residue Derivative 1 Derivative 2 Derivative 3 Difference between 2 and 3
Gly96 -11.7 -10.0 -8.8 -1.2
Met98 -19.3 -18.6 -19.0 04
Pro99 -0.5 -3.8 -0.1 -3.7
Met103 -04 -2.6 -31 0.5
Lys165 -0.3 -25 24 -0.1
Thr196 -0.1 -1.7 -1.0 -0.7
Leu197 -29 -0.9 -13 04
Ala198 -2.6 -6.7 -13 -54
Ala201 -1.2 -0.7 -1.1 04
le202 -1.0 -1.6 -1.5 -0.1
NAD* -42.4 —44.8 -333 -11.5
Total -101.0 -109.0 —87.8 -21.2
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On the other hand, as shown in Fig. 4(b), the derivative-3 has
similar interacting structures with InhA as the derivative-2,
although the distances between InhA residues or NAD™' cofactor
and the derivative-3 are slightly longer than those in the
InhA + derivative-2 complex. As shown in Fig. 1, the derivative-2
has a —OCH,— group between its benzene and pyridine rings,
while the derivative-3 has only oxygen atom between the rings. By
replacing the —OCHy— group with an oxygen atom, the hydrogen
bond between the derivative-2 and Gly96 is disappeared as shown
in Fig. 4(b). In addition, the distance between the central benzene
and the pyridine rings is shortened by the replacement, resulting in
the separation of the pyridine ring from NAD™ cofactor, as indicated
in Fig. 4(a) and (b). Furthermore, the distance between the

Fig. 4. Interacting structures between the InhA residues and the derivative; (a)
derivative-2 and (b) derivative-3. Red, blue and black lines indicate hydrogen bonding,
electrostatic and -7 interactions, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

derivative-3 and Ala198 is significantly longer than that between
the derivative-2 and Ala198. These differences in the interactions
between the derivative and InhA residues or NAD" cofactor cause
significant (35.4 kcal/mol) difference in BEs for the derivatives-2
and 3. Therefore, it is demonstrated that the —OCH,— group of
the derivative-2 is important for its strong binding to the
InhA + NAD" complex.

3.3. Proposal for novel potent inhibitors against InhA

As listed in Table 2, the derivative-2 has the highest activity and
the largest binding energy to InhA. We therefore employed the
derivative-2 as the lead compound (LC) to develop bioisosteres
which would serve as more efficient InhA inhibitors. A series of
heteroaryl benzamide derivatives were designed by replacing the
important fragments of the derivative-2, using molecular re-
placements acquired from the SwissBioisostere database (http://
www.swissbioisostere.ch) [35]. This database is a collection of in-
formation on 4.5 million of molecular sub-structural replacements
and their information in biochemical assays created through the
detection of matching molecular pairs and by the process of mining
bioactivity data in the ChEMBL database. In the present study, we
explored and analysed new information to propose novel InhA
inhibitors as effective drugs available for treating tuberculosis. The
exploration and development of novel InhA inhibitors were per-
formed by expanding structure activity relationships (SAR) studies
using physicochemical, bulky and bioisosteric replacements at the
aromatic rings (A0 and BO rings) of the derivative-2 as shown in
Fig. 5, in order to increase the interaction between the derivative
and InhA. Nine and five groups were considered for the replace-
ment of the A0 and BO rings of the derivative-2, respectively, and
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Table 4

totally 14 new derivatives with a single replacement of the AO or BO
ring were created. In addition, 45 derivatives with double re-
placements at both the rings were created. Totally 59 derivatives
were created by use of the SwissBioisostere database [35].

These 59 derivatives were screened by the Lipinski's five rules
[36]; molecular weight, rotatable bonds, H-bond acceptors, H-bond
donors and LogP. As listed in Table 4, 15 derivatives meet the rules
to be selected as candidate inhibitors. In addition, we checked if
these derivatives meet the conditions of the absorption, distribu-
tion, metabolism, excretion and toxicity (ADMET rules [37]) prop-
erties or not, using PreADMET software (https://preadmet.bmdrc.
kr). PreADMET predicts the values of physically relevant de-
scriptors and pharmaceutically important properties of ligands that
can be compared with the recommended values of ideal drugs. In
the present study, blood-brain barrier (BBB) penetration, plasma
protein binding (PPB), human intestinal absorption (HIA), hetero-
geneous human epithelial colorectal adenocarcinoma cell lines
(Caco2) and toxicity to mouse and rat were considered. As listed in
Table 5, it was confirmed that all of our proposed derivatives fulfill
the conditions as ideal drugs. These 15 derivatives were docked to
InhA and their binding properties were investigated precisely by ab
initio FMO calculations.

Our proposed novel inhibitors against InhA meeting Lipinski's five rules [36]; (1) molecular weight (MW) is less than 500 g/mol, (2) rotatable bonds is less than 10 bonds, (3)
number of H-bond acceptors is less than 10, (4) number of H-bond donors is less than 5, and (5) LogP is less than 4.15.

Replaced groups Mw! Rotatable bonds? H-bond acceptors® H-bond donors* LogP®
A0/B4 376.45 9 4 1 2.87
A1/B1 376.45 8 4 1 2.87
A1/B2 376.45 8 4 1 2.87
A1/B4 390.47 9 4 1 3.08
A2/B1 376.45 8 4 1 2.87
A2/B2 376.45 8 4 1 2.87
A2/B4 390.47 9 4 1 3.08
A3/B1 390.47 9 4 1 3.08
A3/B2 390.47 9 4 1 3.08
A3/B4 404.50 10 4 1 3.29
A4/B1 376.45 8 4 1 2.87
A4/B2 376.45 8 4 1 2.87
A4/B4 39047 9 4 1 3.08
A7/B1 376.45 9 4 1 2.87
A7/B4 390.47 10 4 1 3.08
Table 5

Our proposed novel inhibitors against InhA meeting the ADMET rules [37]. The different pharmacokinetic properties and their acceptable range; (1) Blood-brain barrier (BBB)
is > 2.0 suggested high absorption to central nervous system (CNS), while BBB is < 0.1 indicates very low absorption, (2) Plasma protein binding (PPB) is >80% for strong protein
binding, (3) Human intestinal absorption (HIA) calculated at pH 7.4 is between 0 and 20% for poor absorption, 20—70% for moderate absorption, 70—100% for fair absorption, (4)
Caco2 permeability (nm/sec) is larger than 70 for high permeability, while is smaller than 4 for low permeability, and (5) toxicity for carcino-mouse and carcino-rat.

Replaced groups ADME Toxicity
BBB! PPB? HIA3 Caco2* Carcino_mouse® Carcino_rat®

AO/B4 0.09 89.19 96.22 51.86 negative negative
A1/B1 0.12 89.26 96.22 49.62 negative negative
A1/B2 0.11 88.71 96.22 50.58 negative negative
A1/B4 0.21 89.34 96.31 53.03 negative negative
A2/B1 0.20 89.96 96.22 47.61 negative negative
A2/B2 0.18 89.29 96.22 48.41 negative negative
A2/B4 0.36 89.81 96.31 52.88 negative negative
A3/B1 0.36 90.27 96.31 51.21 negative negative
A3/B2 0.33 89.70 96.31 52.04 negative negative
A3/B4 0.65 90.04 96.41 53.72 negative negative
A4/B1 0.12 89.61 96.22 49.62 negative negative
A4/B2 0.11 88.92 96.22 50.58 negative negative
A4/B4 0.21 89.59 96.31 53.03 negative negative
A7/B1 0.16 90.26 96.22 48.94 negative negative
A7/B4 0.28 89.93 96.31 52.86 negative negative



https://preadmet.bmdrc.kr
https://preadmet.bmdrc.kr

N. Phusi et al. / Journal of Molecular Graphics and Modelling 88 (2019) 299—308 305

Table 6

Result of docking simulations of novel derivatives to InhA. Created structures are
grouped in several clusters, which are ranked based on their lowest binding energy
(LBE; kcal/mol). The number of candidate structures included in each cluster, and
the conformation of the derivative compared to that of the derivative-1 in the PDB
structure of IhnA + derivative-1 are listed.

Derivative Rank LBE Number of structures Conformation
AO/B4 1 -5.96 99 Similar
A1/B1 2 -5.94 22 Similar
A1/B2 3 —4.85 8 Similar
Al1/B4 1 —6.11 36 Similar
A2/B1 1 —6.69 69 Similar
A2/B2 2 —6.06 29 Similar
A2/B4 1 -6.80 68 Similar
A3/B1 1 -6.52 26 Similar
A3/B2 2 -5.70 5 Similar
A3/B4 1 -6.69 33 Similar
A4/B1 1 -6.60 62 Similar
A4/B2 1 -5.92 30 Similar
A4/B4 1 —6.53 56 Similar
A7/B1 1 -5.77 37 Similar
A7/B4 2 —5.56 43 Similar

3.4. Binding properties between InhA and our proposed novel
derivatives

We first docked each of the 15 derivatives to the ligand-binding
pocket of InhA. The created structures of the InhA + derivative
complex were grouped into several clusters. Among these clusters,
we selected the cluster with larger binding energy and a confor-
mation similar to the derivative-1 in the InhA + derivative-1
complex observed by the X-ray analysis (PDB ID: 4QXM [22]). As
listed in Table 6, most of the derivatives have similar conformations
to the derivative-1, in the first or the second ranked cluster. These
candidate structures of the InhA + derivative complexes were
optimized by the classical AMBER-MM method, in which solvating
water molecules existing within 8 A from the surface of the com-
plex were considered explicitly.

To predict the binding affinity between InhA and the novel de-
rivative, we evaluated the BE of each derivative to InhA from the TEs
calculated by the ab initio FMO method for the component struc-
tures. As listed in Table 7, our proposed derivatives A1/B4 and A4/B4
have significantly larger BE compared with the derivative-2, indi-
cating the possibility of these derivatives as potent inhibitors
against InhA. In addition, to confirm the accuracy of the BEs, we
investigated the total IFIE between the derivative and all InhA

Table 7

Binding energies (kcal/mol) and total interaction energies (Total IFIE, kcal/mol)
between InhA + NAD" and our proposed novel derivatives as well as the derivative-
2 evaluated by the present ab initio FMO calculations.

Derivative Binding energies Total IFIE
Derivative-2 —-105.0 —109.0
AO/B4 -101.3 -79.3
A1/B1 -98.7 -75.5
A1/B2 -112.1 -92.2
A1/B4 -134.5 -113.7
A2/B1 —-100.6 —74.7
A2/B2 -106.6 —80.2
A2/B4 -99.8 -76.2
A3/B1 -103.0 -77.5
A3/B2 -96.2 —96.2
A3/B4 -113.0 -87.8
A4/B1 -121.2 -102.1
A4/B2 -1253 -104.0
A4/B4 -1403 -117.3
A7/B1 -85.9 —66.2
A7/B4 -93.2 -734
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Fig. 6. Correlation between the total IFIEs and the binding energies between
InhA + NAD" and the derivative evaluated by the present FMO calculations.

residues and NAD' by the FMO method. As shown in Fig. 6, the
values of BEs and total IFIEs correlate well to each other, although
the total IFIE for one derivative (A3/B2) is underestimated. In order
to clarify the reason for this result, we investigated the interactions
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Fig. 7. IFIEs between each amino acid residue of InhA and the derivative; (a)
derivative-2, (b) derivative A1/B4, and (c) the difference in IFIEs of (a) and (b).
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between the derivative A3/B2 and some amino acid residues of
InhA to find that the conformation of A3/B2 is significantly different
from those for the other derivatives. This difference is likely to
cause underestimation of total IFIE for the derivative A3/B2. The
coefficient R? of correlation between BE and total IFIE is 0.84.
Accordingly, it is expected that our proposed novel derivatives A1/
B4 and A4/B4 can bind more strongly to the ligand-binding pocket
of InhA than the existing derivative-2. Their IFIEs with each of the
InhA residues as well as NAD' are compared with those of the
derivative-2 in Figs. 7 and 8.

To elucidate the reason for the large BE of the derivative A1/B4,
we investigated its specific interactions with InhA residues and
NAD™ by the ab initio FMO method. As shown in Fig. 7(a) and (b),
the derivative A1/B4 has strong attractive interaction with Met98 as
well as NAD" in the similar way as the derivative-2. To reveal the
effect of the replacement of the A0 and BO rings by A1l and B4, we
moreover analysed the difference in IFIEs between the derivatives-
2 and A1/B4. As shown in Fig. 7(c), the derivative A1/B4 binds more
strongly to Pro99 and Ala157 of InhA compared with the derivative-
2, resulting in the larger BE of the derivative A1/B4 than the
derivative-2. The interacting structures between the derivative A1/
B4 and the InhA residues and NAD" were investigated in detail, as
shown in Fig. 9(a), which indicates that the NH group of the de-
rivative A1/B4 forms a hydrogen bond with the backbone of

()
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Total IFIE : -109.0 NAD™ : -44.8

(b)

|
Met98

Interaction energy (kcal/mol)

Total IFIE : -117.3 NAD™" : -44.3
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Amino acid residues of InhA

II\IAD+ : 0.5 l

Fig. 8. IFIEs between each amino acid residue of InhA and the derivative; (a)
derivative-2, (b) derivative A4/B4, and (c) the difference in IFIEs of (a) and (b).

Fig. 9. Interacting structures between the InhA residues and the derivative; (a) de-
rivative A1/B4, (b) derivative A4/B4, and (c) superimposition of derivative-2 (green
color), derivative A1/B4 (blue color), and derivative A4/B4 (orange color). Red, blue and
black lines indicate hydrogen bonding, electrostatic and m-7 interactions, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Met98 at 2.06 A distance. This interaction is considered to be a
crucial interaction for strong binding of the derivative A1/B4 to
InhA. In addition, the derivative A1/B4 has electrostatic interactions
with Gly96 (3.71 A), Pro99 (2.69 A) and Ala198 (3.83 A). It is noted
that the derivative A1/B4 and the NAD" cofactor interact each other
by the m—m interaction at 3.98 A as well as the electrostatic inter-
action at 2.80 A, resulting in very large (—46.2 kcal/mol) IFIE be-
tween them. Consequently, it was elucidated from Figs. 7(b) and
9(a) that the NAD" cofactor plays an important rule for attracting
the derivative A1/B4 to the ligand-binding pocket of InhA.

The derivative A4/B4 has also large BE as listed in Table 7, and
the IFIEs between the derivative and each residue of InhA or the
NAD™ cofactor are shown in Fig. 8(b). The derivative A4/B4 interacts
strongly with the NAD ™" cofactor as well as Met98. To make clear the
reason for the significant difference in BEs between the derivatives-
2 and A4/B4, we analysed the difference in IFIEs for these de-
rivatives. As shown in Fig. 8(c), the derivative A4/B4 binds more
strongly to Pro99 and Met103 of InhA than the derivative-2. As a
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result, the BE of the derivative A4/B4 is significantly (35.3 kcal/mol)
larger than that of the derivative-2 as listed in Table 7. We
furthermore investigated the interacting structures between the
derivative A4/B4 and the InhA residues and NAD™. As shown in
Fig. 9(b), the derivative A4/B4 interacts with the NAD™ cofactor by
the w—m interaction at 4.43 A as well as the electrostatic interaction
at 2.87 A, resulting in very large (—44.3 kcal/mol) IFIE between
them. The derivative A4/B4 also forms a hydrogen bond with the
oxygen atom of the Met98 backboned at 2.19 A distance, while
there are electrostatic interactions between the derivative A4/B4
and Gly96 (3.74A), Pro99 (2.95A), Met103 (2.63A) and Ala198
(3.75 A) residues of InhA.

From the above analysis of the specific interactions between
InhA and our proposed derivatives, it is expected that some mod-
ifications of the derivative-2 such as the derivatives A1/B4 and A4/
B4 can produce more potent inhibitors to cover the ligand-binding
pocket of InhA. Fig. 9(c) indicates that the B4 ring of the derivatives
A1/B4 and A4/B4, which is located on the right side of Fig. 9(c), is
important for keeping this conformation, because Met98, Pro99
and Ala198 of InhA exist near the B4 ring. It is thus expected that if
the interaction between the side chain of the B4 ring and InhA
could be enhanced by adding some groups to the B4 ring, the
modified derivative-2 may be an efficient inhibitor to cover the
ligand-binding pocket composed of Met98, Pro99 and Ala198 res-
idues of InhA.

4. Conclusions

In the present study, we investigated the specific interactions
between InhA and several heteroaryl benzamide derivatives, using
ab initio molecular simulations based on protein-ligand docking,
classical MM optimizations and ab initio FMO calculations. Based on
the results simulated, we proposed several novel derivatives as
potent inhibitors against InhA and investigated their specific in-
teractions with InhA and NAD™ to elucidate the following points.

(1) The derivatives A1/B4 and A4/B4 shown in Fig. 5 bind most
strongly to the InhA + NAD" complex to be potent inhibitors
against InhA.

(2) The NAD™ cofactor plays an important rule for attracting the
derivative to the ligand-binding pocket of InhA.

(3) Met98, Gly96 and Pro99 residues of InhA mainly contribute
to the binding between InhA and the derivatives.
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ABSTRACT: The enoyl-acyl carrier protein reductase InhA of
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Mycobacterium tuberculosis is an attractive, validated target for anti- (Zecmpotnde) Nt )
tuberculosis drug development. Moreover, direct inhibitors of InhA remain MIC assay & J T N \ SoR 1215
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effective against InhA variants with mutations associated with isoniazid AR N &y s
resistance, offering the potential for activity against MDR isolates. Here, v'%m:’.‘;"g . ~ vies / HQMG
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structure-based virtual screening supported by biological assays was applied Shees daish, \\(\/Qﬁ ‘o tmg
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to identify novel InhA inhibitors as potential antituberculosis agents. High- (~200,000 compounds) gy Gl
VY e
Lok

speed Glide SP docking was initially performed against two conformations

of InhA differing in the orientation of the active site Tyr158. The resulting X-ray crystal structure

hits were filtered for drug-likeness based on Lipinski’s rule and avoidance of

PAINS-like properties and finally subjected to Glide XP docking to

improve accuracy. Sixteen compounds were identified and selected for in vitro biological assays, of which two (compounds 1 and 7) showed MIC of 12.5
and 25 pg/mL against M. tuberculosis H37Rv, respectively. Inhibition assays against purified recombinant InhA determined ICy, values for these
compounds of 0.38 and 0.22 uM, respectively. A crystal structure of the most potent compound, compound 7, bound to InhA revealed the inhibitor to
occupy a hydrophobic pocket implicated in binding the aliphatic portions of InhA substrates but distant from the NADH cofactor, i.e., in a site distinct
from those occupied by the great majority of known InhA inhibitors. This compound provides an attractive starting template for ligand optimization aimed
at discovery of new and effective compounds against M. tuberculosis that act by targeting InhA.

B INTRODUCTION

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M. Received: October 3, 2019

tuberculosis) remains a major worldwide public health problem, Published: December 10, 2019
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especially in areas of high population density and low- and
middle-income countries. It is the leading cause of death by
infectious disease and the ninth leading overall cause of death
worldwide. World Health Organization (WHO) data identified
1.6 million TB deaths and 10 million new TB cases in 2017."
Although TB is considered treatable, this is threatened by the
spread of drug-resistant strains; it is estimated that globally there
are 4.9 million cases of patients infected with multidrug-resistant
tuberculosis (MDR-TB) strains resistant to isoniazid and
rifampicin, the two most important anti-TB agents. In 2017,
558 000 new cases of TB were identified that were resistant to
rifampicin (RR-TB), the most effective first-line drug, with 82%
of these MDR-TB. About 8% of TB patients worldwide are
estimated to be infected with rifampicin-susceptible, isoniazid-
resistant strains (HR—TB).2

The M. tuberculosis enoyl-acyl carrier protein (ACP)
reductase (M. tuberculosis InhA) is an attractive potential target
for development of new antituberculosis drugs. InhA catalyzes
the NADH-specific reduction of 2-trans-enoyl-ACP (Figure 1A)
in the elongation cycle of the fatty acid synthase type II (FAS II)
pathway, the final step of fatty acid biosynthesis in M.
tuberculosis.”* InhA is the primary target of isoniazid (INH),
the second first-line drug for tuberculosis treatment.””’
However, the inhibitory activity of isoniazid is reduced by
mutations either in InhA or, more commonly, in the KatG
catalase-peroxidase responsible for converting the INH prodrug
into its active form.*™'" Thus, identifying inhibitors that directly
bind to InhA without the requirement for activation by KatG
(direct InhA inhibitors) may regresent a valid strategy to
overcome isoniazid resistance.'”'* Hence multiple academic
and pharmaceutical efforts have led to the discovery of direct
InhA inhibitors.”>™"® However, most of the direct InhA
inhibitors so far identified display good InhA inhibitory activity
in vitro but poor activity against M. tuberculosis.">"*~*'

The interactions of InhA with substrate, cofactor, and
inhibitors have been extensively studied.”> One outcome of
these investigations is the identification of the active site residue
Tyr158 as important both to stabilizing the substrate during the
catalytic reaction of M. tuberculosis InhA and to the binding of
direct InhA inhibitors.”*** Two different conformations of the
Tyr158 side chain have been identified in binding of direct InhA
inhibitors (Figure 1B), an “in” conformation associated with the
ternary InhA complex (substrate/cofactor-bound form) and an
“out” conformation resembling that observed in the binary InhA
complex (cofactor-bound form)."”~**

In the present work, we have applied structure-based virtual
screening to select candidate InhA inhibitors from the
compound library of the Specs database (www.specs.net),
seeking to account for the mobility of Tyr158 by including both
conformations of this residue in the screening workflow. This
protocol identified two compounds that showed both inhibitory
activity against M. tuberculosis cell growth and submicromolar
inhibition of purified InhA in in vitro activity assays. A crystal
structure for the complex of the most potent of these with InhA
identified inhibitor binding in a hydrophobic active site pocket
utilized in substrate binding and with Tyrl158 in the in
conformation. These findings demonstrate that these ap-
proaches can identify compounds with InhA inhibitory activity
that are active against M. tuberculosis.

B MATERIALS AND METHODS

Structure-Based Virtual Screening Approach. Struc-
ture-based virtual screening was employed to search the novel
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Figure 1. NADH-specific reduction of 2-trans-enoyl-ACP catalyzed by
InhA (A), in and out conformations of Tyr158 side chain (B). Tyr158
in the in conformation (yellow) in the ternary InhA structure
complexed with the C16 substrate analogue THT (trans-2-
hexadecenoyl-(N-acetylcysteamine)-thioester (yellow carbon atom)
and NAD" (gray) and Tyr158 in the out conformation (pink) in the

binary InhA structure complexed with NAD* (gray). PDB codes of
these structures are 1BVR® and 1ENY,® respectively.

InhA inhibitors from a ligand library of Specs database (Figure
2). Initially, all small molecules (~200000 compounds)
contained in Specs database were docked to InhA-inTyr158
and InhA-outTyr158 receptors using the Glide program™ ™’
with the standard precision (SP) mode to reduce the time-
consuming. Then, the top 2000 compounds ranked by Glide SP
score obtained from each receptor were selected for further
steps. This is followed by the selection of compounds that
showed good Glide SP scores for binding in both InhA-
inTyr158 and InhA-outTyr158. Subsequently, the selection of
Lipinski’s rule of five’*”” and pan-assay interference compounds
(PAINS)*° were employed as the drug-likeness filter. Then, all
filtered compounds were docked to both InhA-inTyr158 and
InhA-outTyr158 by using the extra precision (XP) mode that
showed higher accuracy than the SP mode. Top compounds that
show good Glide scoring function obtained from XP Glide
docking (Glide XP score) in both InhA-inTyr158 and InhA-
outTyr158 receptors were selected as the hit compounds. All hit
compounds were subjected to biological assays.

Molecular Docking Calculations. Molecular docking
calculations were performed by the Glide program.”>~*’ InhA
with the “in” and “out” conformations of Tyr158 (InhA-
inTyr158 and InhA-outTyr1S8, respectively) were considered
as receptors for virtual screening. InhA complexed with a
diphenyl ether derivative (PT70) (PDB code: 2X23)*° and that
complexed with a N-((3R,5S)-1-(benzofuran-3-carbonyl)-S-
(ethylcarbamoyl)pyrrolidin-3-yl)-3-ethyl-1-methyl-1H-pyra-

DOI: 10.1021/acs.jcim.9b00918
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Figure 2. Virtual screening workflow for discovery of direct InhA
inhibitors.

zole-S-carboxamide (KV1) (PDB code: 4COD)*" were selected
as the representative InhA-inTyrl158 and InhA-outTyrlS§,
respectively. The Protein Preparation Wizard Workflow
integrated in the Maestro was employed to prepare receptor
with PROPKA at pH 7.0 for amino acid protonation assignment.
Then, receptors with OPLS-2005 force field were minimized
with the heavy atoms restrained (rmsd of 0.3 A). Small
compounds were prepared with the LigPrep module provided in
the Maestro program. The protonation states of compounds
were generated with Epik at pH of 7.0 & 2.0. Grid box was set by
the default protocol and centered by the ligand.

Plasmid Expression for M. tuberculosis H37Rv InhA. To
facilitate the expression of InhA enzyme, the InhA gene was
amplified by forward primer S’ATCATATGACAGGACTG-
GACGGC 3’ and reverse primer S’ACGCCGGATCCTA-
GAGCATTTGG 3’ which introduced the 5" Ndel restriction
site and 3" BamHI restriction site. The slowdown PCR was used
to amplify an 810 bp InhA amplicon. The amplicon was digested
with Ndel and BamHI and cloned to pET15b. The InhA-
pET15b plasmid that contained hexa-histidine at N-terminal
(InhA-6xHis enzyme) was transformed into E. coli BL21(DE3)
for enzyme expression.

Overexpression and Purification of InhA Enzyme.
Culture of BL21(DE3) cell carrying the wild type InhA was
grown in S L of LB ampicillin (100 ug/mL) medium at 37 °C to
an ODgy, of 0.6 and subsequently induced with 50 uM
isopropyl-f-D-thiogalactopyranoside (IPTG). After shaking at
250 rpm for 4 h at 29 °C, the bacterial cell was harvested by
centrifugation at 4000 rpm for 10 min at 4 °C. The bacterial
pellet was resuspended in 20 mM Tris-HCl, pH 7.9, containing
500 mM NaCl. The bacterial cell was lysed by French press at
2000 psi and followed by centrifuging at 14 000 rpm for 30 min
at 4 °C to remove cell debris. The supernatant was applied to Ni-
NTA chromatography, and InhA was eluted by using a gradient
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of 250 mM imidazole. The fractions containing InhA were
pooled and exchanged into 30 mM pierazine-1,4-bis (2-
ethanesulfonic acid) (PIPES) buffer pH 6.8, containing 150
mM NaCl and 1 mM EDTA via PD-10 desalting columns
equilibrated with PIPES 30 mM pH 6.8, 150 mM NaCl to
remove imidazole. The elution fractions from desalting column
were pooled and concentrated with Vivaspin centrifugal
concentrator. Nanodrop was used to determine the concen-
tration, and SDS-PAGE was used to analyze the purity of InhA.
For protein crystallization, InhA was thrombin cleaved to
remove the N-terminal His-tag prior to buffer exchange into 30
mM PIPES pH 6.8, 150 mM NaCl using a PD-10 desalting
column.

Relative Inhibition of InhA Inhibitors. Triclosan, NADH,
and DMSO were obtained from Sigma-Aldrich. Inhibitors were
collected from the Specs database (www.specs.net). Stock
solutions of the inhibitors were prepared in DMSO such that the
final concentration of this cosolvent was constant at 1% (v/v) in
the final volume of 100 uL for all kinetic reactions. The relative
inhibition for InhA of selected compounds was evaluated in 200
UL of 30 mM PIPES buffer, pH 6.8 containing 1 mg/mL BSA, 50
UM NADH, 75 uM trans-2-dodecenoyl-CoA (DD-CoA), and 1
UM InhA inhibitor. The plate was shaken for 1 min, and finally
the reactions were initiated by adding InhA at 15 nM final
concentration. The mixer of InhA and NADH was preincubated
at 25 °C for 5 min followed by the addition of compound and
continually preincubated at 25 °C for 20 min. The reactions
were started by adding 75 yM DD-CoA. The reaction was run
for 10 min at 25 °C following the fluorescence intensity of
NADH at excitation 4 = 340 nm and emission 4 = 420 nm. The
fluorescence intensity of NADH of each well was recorded every
30 s. The relative inhibitory activity of each compound was
expressed as % relative inhibition of InhA (initial velocity of the
reaction) with respect to control reaction without the inhibitor
as calculated in eq 1.

% relative inhibition

E — E i
compound negative control
= 100 X
positive control Exegative control ( 1)

Feompound 18 the fluorescence intensity of the enzymatic activity
for each compound concentration, Fgve control is the
fluorescence intensity of the enzyme activity in the absence of
any compound, and F, g control is the fluorescence intensity
of the NADH oxidation in the absence of the enzyme. Positive
control wells contained DMSO. Negative control wells did not
contain InhA enzyme. Triclosan was used as the positive control.
For those sample showing at least 60% inhibition, the follow-up
verification was conducted in triple-triplicate in the ICq,
determination mode.

ICs, Determination. Briefly, IC;, values were also
determined in 96-well plates with the serial threefold dilution
with assay buffer that contained DMSO of each inhibitor. The
final condition of DMSO in the final assay was 1%. The ICy,
value was determined by at least eight concentrations, with each
triple-triplicate under saturation condition. The relative
inhibition of InhA was calculated as described above. ICq,
values were calculated from plots of enzyme activity versus the
log of inhibitor concentration.

Antimycobacterial Assay. Microplate Alamar blue assay
(MABA) was used to determine the minimum inhibitory
concentration (MIC) against M. tuberculosis of hit compounds.
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Hit compounds were dissolved in DMSO (Sigma) and
subsequently diluted twofold in 100 mL of Middlebrook
7HIGC in the 96-well plate. A mycobacterial suspension was
prepared in 0.04% Tween 80 and diluted with sterile distilled
water to a turbidity of the McFarland no. 1. The suspension was
then diluted 1:50 with 7H9GC, and 100 mL of this suspension
was added to wells of microplates. After incubation at 37 °C for
approximately 7 days, 12.5 mL of 20% Tween 80 and 20 mL of
Alamar blue (SeroTec Ltd., Oxford, U.K.) were added to all
wells. Growth of the organisms was determined after
preincubation at 37 °C for 16—24 h by visual determination
of a color change from blue to pink. The MIC is defined as the
lowest concentration that prevents the color change. Triclosan
(Sigma) was used as a standard drug. Clinical isolates of M.
tuberculosis were obtained from a stock culture of Ramathibodi
Hospital, Bangkok, Thailand, and they were obtained during
routine diagnostic work (most cultures collected during 2000—
2005). The ethics committee of Ramathibodi Hospital has
approved the use of these clinical isolates for this study.

Crystallization, Data Collection, and Structure Sol-
ution. InhA crystals were grown under similar conditions as
previously described””’" using sitting-drop vapor diffusion in
24-well plates (Hampton Research). Drops containing 1.5 uL of
protein (13 mg/mL) and 1 uL of reservoir solution (17% w/v
PEG 4000, 0.1 M ADA pH 6.8, 6 mM DMSO, 0.1 M ammonium
acetate, 1% glycerol, 4.5 mM NAD") were equilibrated against
500 uL of reservoir solution. Trays were incubated at 19 °C, and
crystals grew to their maximum size within 3—5 days. InhA
complexed with compound 7 was obtained by soaking crystals
overnight in 10 mM compound, 25% glycerol v/v, 17% w/vPEG
4000, 0.1 M ADA pH 6.8, 6 mM DMSO, 0.1 M ammonium
acetate, 1% glycerol, and 4.5 mM NAD" at 4 °C. X-ray data were
collected at 100 K on beamline 103 (Diamond Light Source,
United Kingdom), integrated usin XDS** in the Xia2™’
pipeline, and scaled using Aimless’" in the CCP4 suite.”
Crystallographic phases were solved using Phaser’® with PDB
4BQP** as the starting model and six molecules in the
asymmetric unit. Early rounds of refinement were completed
in RefmacS®” with modeling in Coot.”® The ligand was
generated using the ProDRG server”” and then modeled using
restraints generated in eLBOW in Phenix,"’ and the final
structure completed by iterative rounds of model building and
refinement in Coot and Phenix. Structure validation was assisted
by MolProbity"' and Phenix. Coordinates and structure factors
have been deposited in the Protein Data Bank (www.rcsb.org/
pdb) with accession code 6ROW.

B RESULTS AND DISCUSSION

Structure-Based Virtual Screening. The structure-based
virtual screening workflow employed to identify direct InhA
inhibitors is shown in Figure 2. After the top 2000 compounds,
ranked by Glide SP score, were selected, 81 compounds that
showed good Glide SP scores for InhA binding to both InhA-
inTyr158 and InhA-outTyr158 conformations were collected.
These were subsequently filtered by selection according to
Lipinski’s rule of five and against PAINS-like properties, yielding
65 compounds (Table S1). The binding affinities of these
compounds to both InhA-inTyr158 and InhA-outTyr158 were
further evaluated using the more accurate Glide XP mode. These
compounds showed Glide XP scores for InhA-inTyr158 and
InhA-outTyr158 binding in the ranges 5.1—10.2 and 5.6—9.3
kcal/mol, respectively. For comparison, the Glide XP scores of
two comparator compounds binding to InhA-inTyr158 (2-(o-
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tolyloxy)-S-hexylphenol (PT70), PDB 2X23) and InhA-out-
Tyr158 (N-((3R,5S)-1-(benzofuran-3-carbonyl)-5-
(ethylcarbamoyl)pyrrolidin-3-yl)-3-ethyl-1-methyl-1H-pyra-
zole-5-carboxamide (KV1) PDB 4COD) were —10.5 and —9.1
kcal/mol, respectively. Accordingly, the 16 compounds with the
highest Glide XP scores for InhA-inTyr158(<—9.0 kcal/mol)
and InhA-outTyrl1S8 (<- 6.9 kcal/mol) were selected for
biological evaluation (Table 1). The chemical structures of these
compounds are provided (Table S2).

Antitubercular Activity. With the lower experimental cost
and less administration for biosafety requirement, minimal
inhibitory concentration (MIC) values for the 16 hit
compounds were evaluated against the avirulent strain of M.
tuberculosis (H37Ra) (Table 1). Most of these compounds
showed no activity against M. tuberculosis H37Ra with MIC
values more than 100 yg/mL. Importantly, compounds 1 and 7
(Figure 3) showed biological activity, with MIC values of 25 pg/
mL. Accordingly, MIC values for compounds 1 and 7 against the
virulent strain of M. tuberculosis (H37Rv) were determined.
Compound 7 demonstrated equivalent MIC values against both
M. tuberculosis strains (25 pg/mL), whereas MIC value against

Table 1. Glide XP Docking Scores and in Vitro Biological
Activities of Hit Compounds

glide XP docking score

(kcal/mol biological activity
MIC” relative
InhA- InhA- (ug/  inhibition at
compounds inTyrlS8 outTyrlS8 mL) 1M ICy, (uM)
1 —-10.9 -7.8 25 66 0.38 +0.98
2 —10.6 -7.0 >100 48 NT
3 —-10.5 =72 >100 23 NT
4 —104 —-8.3 >100 44 NT
S —-10.3 —7.6 >100 58 NT
6 —10.2 -7.3 >100 4 NT
7 —-10.2 =7.1 25 62 0.22 + 0.97
8 —10.1 —8.0 >100 44 NT
9 -9.9 -7.8 >100 21 NT
10 -9.7 —-8.5 >100 45 NT
11 —9.6 —-8.2 >100 NY NT
12 —9.4 -7.3 >100 48 NT
13 -9.3 =75 >100 57 NT
14 -9.3 =7.7 >100 58 NT
15 -9.2 —-6.9 >100 14 NT
16 —-9.0 —-7.8 >100 35 NT
triclosan 50 70 0.60 + 0.94
PT70" -10.5 - - - -
KV1°© - -9.1 — - —

“MIC value determined against M. tuberculosis H37Ra. “Reference
compound for Glide XP docking score in InhA-inTyr158 (PDB
2X23). “Reference compound for Glide XP docking score in InhA-
outTyr158 (PDB 4COD).

M. tuberculosis H37Rv of compound 1 is decreased by twofold in
comparison with that against M. tuberculosis H37Ra (12.5 and 25
ug/mlL, respectively). Therefore, compounds 1 and 7 screened
from our present study are promising lead compounds for the
further development of novel antituberculosis agents.

M. tuberculosis InhA Inhibitory Activity. The activities of
the 16 hit compounds were next evaluated in vitro against
purified recombinant M. tuberculosis InhA. Relative InhA
inhibition at a final concentration of 1 uM was evaluated using
the known InhA inhibitor triclosan®" as a reference compound.

DOI: 10.1021/acs.jcim.9b00918
J. Chem. Inf. Model. 2020, 60, 226—234


http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00918/suppl_file/ci9b00918_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.9b00918/suppl_file/ci9b00918_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.9b00918

Journal of Chemical Information and Modeling

0 S
mo© C[“L(o@

OH

compound 1 compound 7

Figure 3. Chemical structures of two active compounds against M.
tuberculosis (compound 1 and compound 7).

These experiments gave relative inhibition values for the 16 hit
compounds in the range of 4—66%, compared to 70% for
triclosan (Table 2). Although all 16 hit compounds displayed
lower potency for InhA inhibition than triclosan, the two
compounds compound 1 and compound 7 identified as active
against M. tuberculosis H37Rv both showed relative inhibition
values greater than 60%. These data suggest that antitubercular
activity of these compounds is likely to arise from inhibition of
InhA activity. These results motivated determination of ICy,
values for InhA inhibition by these two compounds, in
comparison with triclosan. The results are shown in Figure 4.
Compound 1 and compound 7 showed ICg, values for InhA
inhibition of 0.38 and 0.22 M, respectively, compared to a value
for triclosan of 0.60 uM (Table 1 and Figure 2). These data
demonstrate that both compounds are active in both whole cell
and enzyme inhibition assays.

Crystallographic Characterization of InhA Binding to
Compound 7. Identification of active compounds motivated
investigation of their modes of binding to InhA by X-ray
crystallography. Purified recombinant InhA was crystallized in
the presence of NADH in the previously reported C2 crystal®
form by hanging-drop vapor diffusion and crystals exposed to
inhibitors before freezing for diffraction data collection. Multiple
diffraction experiments on soaked crystals yielded a single data
set (diffracting to a resolution of 1.75 A (Table 2)) which, after
molecular replacement, contained positive difference (F, — F.)
electron density, consistent with the structure of compound 7, in
maps for one of the six InhA molecules present in the
crystallographic asymmetric unit. After refinement the real-
space correlation coefficient (RSCC) value (calculated by
Phenix)*’ for bound ligand was 0.897, indicating acceptable fit
to the experimental electron density."” The average B-factor for
the bound inhibitor was 31.66 A%, comparing favorably with a
value of 33.64 A* for the cofactor (most likely in the NAD*
form) averaged across the 6 InhA molecules. Binding of
compound 7 to the InhA active site is shown in Figure S.

Compound 7 is bound in the InhA active site in an extended
hydrophobic pocket, with the bicyclic indane contacting
residues Phel49, Metl5S, Prol56, AlalS7, Ile21S, and
Leu218, and the benzimidazole ring residues Met103, Ala198,
Met199, 11e202, and Leu207. The inhibitor hydroxyl group
makes a water-mediated hydrogen bond to the backbone
carbonyl of Ala211. Tyr158 is clearly resolved as being in the in
orientation; other molecules in the asymmetric unit feature
Tyr158 in in (molecules B and D), out (molecules C and F), and
dual (molecule E) conformations, indicating that Tyr158 can
sample different rotamers in this crystal form. However, our
observation of inhibitor bound only to a molecule with Tyr158
in the in conformation, coupled with the results of super-
positions that indicate a clash between the TyrlS8 out
conformation and the inhibitor indane, strongly support the
contention that compound 7 binds preferentially to InhA in the
inTyr158 conformation. Surprisingly, the inhibitor binds some

Table 2. Crystallographic Data Collection and Refinement
Statistics

Data Collection”

beamline DLS 103

space group C2

molecules/ASU 6

cell dimensions
a,b,c(A) 100.90, 81.60, 189.42
a, B, 7 (deg) 90.0, 95.52, 90.0

wavelength(s) (A)
resolution (A)

0.97624
43.32-1.75 (1.78—1.75)

Ryim 0.046 (0.389)
CCy), 0.997 (0.765)
1/6(I) 10.1 (2.3)
completeness (%) 99.3 (98.4)
redundancy 6.9 (6.8)
Refinement

resolution (A) 43.317-1.75
no. reflections 152796
Ryon/Ricee 0.1871/0.2269
no. non-H atoms

protein 11795

solvent 1031

inhibitor 23

NAD 264
B-factors

protein 39.87

solvent 38.06

inhibitor 31.66

NAD 33.64
rms deviations

bond lengths (A) 0.017

bond angles (deg) 1.480
Ramachandran (%)

outliers 0.00

favored 95.94
PDB code 6ROW

“Values in parentheses are for highest-resolution shell.
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Figure 4. IC;, curves fitting for the inhibition of InhA by triclosan (A),
compound 1 (B), and compound 7 (C) at various concentrations.
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Figure S. Structure of compound 7 bound to InhA and comparison to other InhA complexes. Compound 7 (cyan sticks) binds in the active site of INhA
but does not interact with NAD* (yellow sticks). (A) Compound 7 defined by F, — F_ electron density (green mesh, contoured at 35) calculated after
removal of ligand. (B) Binding of compound 7 is stabilized by close interaction with nine hydrophobic residues (labeled, blue sticks). (C) Comparison
of compound 7 binding with the two previously determined binding sites for triclosan (PDB 1P4S, orange sticks). (D) Comparison of compound 7

binding with a C16 fatty acyl substrate (PDB 1BVR, pink sticks).

distance away from the NAD" cofactor, with the closest
approach being made by the benzimidazole group to the
NAD" nicotinamide ring (6.97 A) and diphosphate (6.58 A).
Interestingly, this mode of binding also differs from those
obtained from Glide XP docking of compound 7 against either
of the two conformations of InhA (InhA-inTyr158 and InhA-
outTyr158). However, there is some partial overlap of the
indane binding site with that of the conformation docked against
InhA-inTyr158 and between the indane of the conformation
docked against InhA-outTyr158 and the crystallographically
observed benzimidazole binding site (Figure S1).

InhA has been the subject of extensive efforts aimed at
discovery of direct inhibitors, with in consequence numerous
crystal structures available for complexes of the enzyme with a
range of ligands (for review, see Chollet et al.).”> We therefore
compared our inhibitor-bound structure with those of other
InhA complexes, with the aim of identifying the extent to which
the observed mode of binding of compound 7 relates to those
described for other inhibitors. These comparisons identify the
binding mode as most closely resembling that of the C16
substrate analogue THT (trans-2-hexadecenoyl-(N-acetylcyste-
amine)-thioester)) which adopts a U-shaped conformation with
the cysteamine/thioester headgroup contacting the NADH
cofactor and the distal end of the aliphatic tail making
hydrophobic interactions with multiple residues (Met103,
Phel49, Metl61, Alal98, Met199, Ala201, Ile202, Leu207,
Ile21S, and Leu218) of which the majority also participate in
compound 7 binding (PDB 1BVR).” Of inhibitor complex
structures, the closest similarity is observed with triclosan
binding to its second site (as described in PDB 1P45 in which
two triclosan binding sites are observed).*” However, triclosan
and related diaryl ether inhibitors usually bind close to the
NAD(H) cofactor, in the binding site utilized by the THT
cysteamine group, and this second site is not normally occupied.
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Importantly, as well as (in common with the majority of InhA
complexes) featuring TyrlS8 in the in conformation, these
structures also feature the H6 a helix (residues 196—206) in an
open, but ordered, conformation. This region of the protein
adopts a variety of conformations and is in some cases
disordered, in the various InhA structures, and is implicated in
substrate binding. These observations lead us to conclude that
binding of compound 7 to InhA replicates that of substrate.

Of the multiple other InhA:inhibitor complex structures
available, the great majority involve inhibitor interactions with
cofactor, and the mode of binding observed here is not
replicated. There is some partial overlap of compound 7 binding
with elements of the binding sites of other inhibitor classes, for
example, of the indane with the aliphatic tail of the alkylated
diaryl ether 8PS (PDB 2B37),*" the fluoroenyl group of the aryl
carboxamide GENZ10850 (PDB 1P44),* the (4, 4-dimethyl)-
cyclohexyl group of the 4-hydroxy-2-pyridones NITD-564/916
(PDB 4R9R, 4R9S),'® the benzimidazole with the natural
product pyridomycin (chain D of PDB 4BII),** or the 2-chloro-
6-fluoro-benzyl group of the thiadiazole GSK625 (PDB SJFO)'°
(Figure S2). However, none of these compounds replicate more
than a small fraction of the interactions observed here. Equally,
the binding site occupied by compound 7 does not overlap with
those of cofactor-independent inhibitors such as the diazaborine
AN12855" (Figure S2). Taken together, these comparisons
indicate that compound 7 adopts an uncommon, substratelike
binding mode that (with the sole exception of the second
triclosan site) is not observed in other InhA inhibitors. Similarly,
while a series of benzimidazole compounds have been reported
to inhibit the equivalent enoyl ACP reductase Fabl from
Francisella tularensis, these bind with their benzimidazole moiety
close to the cofactor in a binding site distinct from that of
compound 7 (Figure $3).%
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B CONCLUSIONS

The work presented here demonstrates that structure-based
virtual screening supported by subsequent biological assays can
identify novel InhA inhibitors with potential to act as
antituberculosis agents. The most active compound, compound
7, shows encouraging inhibitory activity toward InhA, with an
ICy, value of 0.22 M that compares favorably with that of the
widely used model compound triclosan (ICs, of 0.60 yM).
Importantly, this compound also shows activity against M.
tuberculosis H37Rv in antibacterial assays (MIC of 25 pg/mL)
indicating some ability to penetrate mycobacterial cells. A crystal
structure of the ternary complex of compound 7 bound to InhA
in the presence of cofactor (NAD") identifies a mode of binding
distinct from that of most other InhA inhibitors, replicating
binding of the substrate acyl chain at a site distant from the
catalytic center and NAD" binding site. These data justify
further exploration and optimization of the lead compound as a
potential antituberculosis agent.
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1oNa BLFAN (cthyl acetate), 18NLY U (hexane), 18 1% TWTNIUBA (isopropanol), HIOAIUNAUYDIATT

f9Na1?

A o L A 7 a < o @ o A aga
1u@ﬂaﬂym$‘ViuﬂV]Wﬂﬂﬁzﬁﬂﬂﬂlﬂ\iﬂ1iﬂ§$ﬂ‘H§ °lmmmu ) AIN1AZA1YDUNTY AD llﬂﬂﬁﬁlii

iy (dichloromethane)

A A a

= [ 2 AR 4 a J g’; ) a
Glu@ﬂﬁﬂ‘]&lmgﬁuﬂﬂwx‘lﬂigﬁﬂﬂﬂlﬂﬂﬂ'lﬁﬂigﬂ‘]slﬁ Gl,usuumau U) AINIASAYDUNTY AD LaluN

Wosu1 U@ (dimethylformamide)

~

A o L A s a < 2 v o a 7 A
Gluamwmzwuwwqﬂizmﬂmmmﬁﬂimyg GI,‘L!"U‘L!G]'O‘H f) AINMASAYDUNTY AD LONI1UDA

(ethanol)

~

A o L A s a ¢ 2 @ o a s A
Gl‘LlE]ﬂﬁﬂHmZ’Huﬂﬂ‘W\‘lﬂigﬁ\‘]ﬂﬂlﬂﬂﬂTiﬂiZﬂ‘Hﬂ Glueuumu 1) AINMALDAYDUNITY AD IAANTY

laTasyfus1 (tetrahydrofuran)

= [ & a 4 g.}; % 1 aan A 9 Aaa
ludndnvuzriuesmsiszavg luduaou n), ¥), uaz a) Anselgaser idenlaein diial
4 14
Txa (imidazole), TnunadFeun1susiua (potassium carbonate), T @eun15UoIUA (sodium carbonate),
4 4 14
Twaeulalasa (sodium hydride), Tsi@eonlansonlesd (sodium hydroxide), HHHNAITUOIUA (cesium

carbonate), H3 0 A IUNAUVDIAITAINGT)

v

= o &L A s a J 35 @ U aaa A aa
ﬂlu@ﬂﬁﬂ‘HﬂwﬁuﬁﬂWﬁﬂi%ﬁﬂﬂ‘U@ﬁﬂTiﬂi%ﬂHﬂ Tuvunou n) @’Jliﬁ‘ﬂg]ﬂﬁfﬂ Ao ala1 lwa
(imidazole)

v v
KX A X

[ s a J g’/ @ J aan
ludnanvuznilaiiwlszasdvosmsdszang Tuduaou v) Anselfnser Ae asnanvos

4 4
FIFIUAISVIUA (cesium carbonate) taz Twaey 1a1asa (sodium hydride)

v { s a 4 g.’: (5 1 aan
ludnanvaznilaiivlszasdvosmsdszang Tuduaou a) Anselinie Ao Tnunadeon

4
A1TUDLUA (potassium carbonate)

=S [ o AR 4 a 4 g’/ Aaa 9/ o Aanna 1
ludnanvuznilanialszasnvesnslszang luduaeou n) gurginlylunsingase e

U

11919 0 D9 25 DIAUFALTOA
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[ y { 4 a o g’/ AA o aan 1
ludnanvugniliiislszasnuomslszasg Tudunou v) gungiinldlumsinljnser og

U

11979 20 89 30 PR UFALTEE

% y { 4 a o g’/ AA o aan 1
ludnanvugniliilszasnuosmslszasg Tudunou a) gungiinldlumsinljnser og

U

11979 70 89 90 DR UFALT A

@ X ! J a J 3 A o aaa
ludnanvugniliilszasnvesmslszasg luduaou 1) guuginldlumsiilfnser og

U u

Tu%29 20 B4 30 PR UBALT e

= [ o A= 4 a I g’; ~Aq Y o aan 1
Tupnanyuzriannalszasdveanmstlszang luvuasu n) namlslumsinljnse og

Tu¥29 14 84 20 2 T4

= [ o A=< 4 a 4 g’; ~ 9 o aan
Tupnanyuzriannalszasdveanmstlszang luvuaou v) narmlylumsvinljnse og

u

11929 20 84 24 T4

= [ o A=< 4 a 4 g’; ~ 9 o aan
Tupnanyuzriannalszasdveanmstlszang luvuasu a) namlylumsvinljnse og

u

%29 16 84 24 T4

1 ] Y v
Tudndnpaznilinialsyasdveanisdszasg ludunou 9 narilslunsiljise of

U

119149 10 49 30 U1N

Tudndnvaznilwesmslszavs Tusuaou n) msﬂizﬂauﬁﬁwﬁl%aa (silyl group) 180N 18
110 laswiialeda aae'lsa (trimethylsilyl chloride, TMSCI), lnsieialeda aas'lsd (tricthylsilyl
chloride, TESCI), moixg3tinna lamwiialvdanaslsd (tert-butyldimethylsilyl chloride, TBDMSCI), (19
@e3tnalatlfialeda aae'lsa (tert-butyldiphenylsilyl chloride, TBDPSCI), 30 la3le T Inswalada

Aan'lsa (triisopropylsilyl chloride, TIPSCI)

. \ ¢ agq. 2 o oo
ludndnvaznilanialszasdveamsilszang luvuaeu n) asilszneuniivg loda (silyl

group) Ao moe3iina lawinalvaanao 156 (tert-butyldimethylsilyl chloride, TBDMSCI)

= [ é d’d 4 a 4 g.’: [ 1
ludnanvauznilanilseasnvesmsdszang Tuduaou n) onsrdiulasTuaves 1,3-1alus

Tu-2-Twswruea(1,3-dibromo-2-propanol) tazensisznouniivg luda (silyl group) oglusia 1:2 89 1:3

o Y A @ a @ g o \ o oA
ludnanvaznilanivlszasnvoimslszdasg luduaou v) sasrdiulasTuaveseyiuin la

9
ANVUADU N) waztuuFial laa agﬁlumq 1.5:1 ﬁ\? 2.5:1
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o Y A ¢ a ¢ 2 o \ o oA
ludnanvaznilsnivlszasnuesnslszaug luduaou n) sasidiulasTuavesoyriuinla

) o J =) ] 1 =
ANVUADU V) LAY f)léwu‘ﬁsllﬂ\‘]wu@a ﬂgﬁlusﬁj\i [:1.599 1:2.5

A o & A 7 A o H o ' o JaAy ¥
Glu@ﬂaﬂ‘ﬂﬂ!%ﬁuﬂﬂWﬂﬂi%ﬁﬁﬂﬂl@ﬂﬂ']iﬂigﬂ‘]el:ﬁ; GlUGUUGIfJu q) a@mmuiﬂﬂimmmauwu‘ﬁﬂﬂ
v
Y a A 4 1 1
MNTUADU A) az wasziinanen Tuitiounges 154 (tetrabutylamonium fluoride, TBAF) 0g 11524 1:2

8413 TagTua

[ . a 4 a o’y 1 v A aa
ludnanvarnilwesmsdszavg milszavgibneavesnuIsmawisuaslseneuudgiio

@ 9 ~ 9y b
Toa dauaasauIassade @) Nlsznousiudlreruaou

f. mera 1,3-1aTus Tu-2-Twswiuea (1,3-dibromo-2-propanol) ageywusvesiluea lusasidau

= a =

=2 A o 1 aaa v o a A ~
1:1 939 3:1 I@ﬂIMﬁ Iﬂﬂh@nliﬂﬂ&]ﬂifﬂiu@n‘ﬂ1ﬁ$a'lﬁlﬂu‘ﬂiﬂ NYUNNN 40 93 100 DIAUBAUBY T

q U

Flunan 12 8924 $2 109

[ o’d’ Y 3’, Aaa [ 1 = = 1
9. HaNoYWUsN IanInvuaeu n) taziwudia lsaluoasidiu 1:1 09 3:1 TagTua Taslidansa

=)

Aana ) a ¢ A a I @
Ufisenludihazanedunisd Nguugi 15 09 40 eeruaaden 1Wunar 12 5924 ¥ 19

{ [y 4 { o o { 1 a a
Tagl Auaasunu oynwusvesiuoa Maonldan eyiusvesilueaniinyezadn

4 =2

4 1 o ] 1A
laTasA15uew (aliphatic hydrocarbon) NHIIUIUAITUOU 1 D4 6 BzAdN UV TH¥ATI Ly THNe H3®

'
a % ]

g’/ A A @ v J = A a . o =
UUUN VIQVIE’)?JGI’JLLﬁSUhJ’EJJJ@I’J, @HWM‘E%@QWU@EWI?JWN@ST?MW]ﬂ (aromatic group), uazauwuﬁm@w\l

U

woaniv 3;11 1@M0 15 (hetero-substituted group)

[ J a J o J 1 a a 4
luanvuznilinialszasnvesmsiszavy oynusvesilusaniingozawanlalasmsvou

%9 Ll

a

(aliphatic hydrocarbon) @onl@a1n 4-Insiavluea (4-propylphenol), 3-Tnswatluoa 3 -propylphenol),
4-loTos Tnsa-3-wialuea (4-isopropyl-3-methyl phenol), 4- 1 Taatandail uea (4-cyclohexylphenol),

4-los Tnamuiiafluea (4-cyclopentylphenol), H3® 5-8UATUBA (5-indanol)

J @ 1

[V % 1 4 a 4 = { a
luanyuzuilannalszasnveanslszavyg syiusvesiluoaniiviyos 15u1An (aromatic

L] U

group) Ao uulmau-2-ooa (naphthalene-2-ol)
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J 9

[ % 1 4 a 4 1 [l
luanvazrilinlszasdveinslszavg oywusvesilueaniivg lavend (dioxy group) Ao

EX]

FB 1D (sesamol)

J o

Tudnvaynileialsyasrvesnitlszang oyiutvestlueaiiiivyla'lad (halide-substituted
group) taon 14110 2-Wlgeels-5-(lasWgesIswia) Wuoa (2-Fluoro-5-(trifluoromethyl)phenol), 3.4- la
WgoeolsHuea (3,4-difluorophenol), 2,5-laWgoe IsHuoea (2,5-difluorophenol), #30 1WuAzWgoo T3

180 (pentafluoro phenol)

A o & a < 3 v o A Ag A )
ludnanvaenilamslszang Tuduaeu n) taz v) Avhazarodunso wenlavin lanasls
= . a a 4 J . .
ULNU (dichloromethane), DY¥ Ay (acetone), Tawwnanesulud (dimethylformamide), td N1 B a
a 4 a
(cthanol), tWN1U0A (methanol), 9% T 1u'la3d (acetonitrile), A5z 1aTaTHusU (tetrahydrofuran), lo#a

DTN (ethyl acetate), tanNtsU(hexane), ToTa Tnsmuea (isopropanol), HIDAIUNTUVDIAITAINE

o L @ a ¢ ) v o A A A v
Glu'ﬁﬂ‘]&lmg‘WU\?ﬂWQﬂﬁgﬁQﬂﬂJ@\?fﬂiﬂigﬂ‘]&lﬁ Glueuuﬁau ﬂ) AINIaCAIYDUNTY Lﬁ@ﬂhl@i]'lﬂ D

N1uoa (ethanol), 130 0% lau (acetone)

o & A s a < 3 @ o A acA a
1uaﬂymwuwmﬂizmﬂmmmiﬂizm@ GI,HGU‘L!G]'O‘L! V) AINALNYDUNTY AD “lmama

Wosu1 U@ (dimethylformamide)

= [ & a 4 g’/ @ U aan A 9 aa
1u@ﬂaﬂym$WUQm@Qﬂ1iﬂﬁzﬂB§ 1umum@u ) Iag v) @I'J!ﬁ\?ﬂ%]ﬂﬁfﬂ !aﬂﬂulﬂﬁ]']ﬂ ﬂNﬂTI"’D’ﬁ
4 14
(imidazole), TWUNALHFIUAITUBLUA (potassium carbonate), Txi@eun1sUDLUA (sodium carbonate),
4 4 14
Twaeulalasa (sodium hydride), Tsi@eonlanasonlesd (sodium hydroxide), HHHNAISUOIUA (cesium

carbonate), H3 0@ IUNAUVDIAITAING

v & A= J a J 35 @ J aan A =
“luaﬂymzwuwmﬂszmﬂmmmsﬂizmgg Tuvunou n) ﬁ’JLiQﬂ;]ﬂifﬂ Ao Tnunaizen

14
ANTUDLUA (potassium carbonate)

v 9
Tudnyaynilanialszasduosmstszang luduaou ¥) Auselfiser e Tudonlalasa

(sodium hydride)

' ]
= a 1

o A KR s a 4 g.’: ~ 9 ° Aaan
ludnvagnianialszasdvenisilszang luvuaeu n) guvginlelunisvinl§nsen od

U

119149 50 D4 85 PR UT AT

[ R A= 4 a o g’/ AaA 9 o aan 1
Tuanvazrianialszasaveamslssang luvunou ¥) guuginlglumsvinljnse og

U

11919 20 D4 30 PR UT AT
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v H Y H
Tudnvagnileiialsyasdvesmstszang luvuaeu n) na1ilylumskil§ize eglugaa

= o
15 84920 %2 T4

v H Y H
Tudnvagnileiialsyasdvoamtlszdng luvuaou v) na1illumsil§ize eglugaa

= o
20 949 24 ¥ 119

) v b
Tudnbaznilaiiialsyaesdveamstszans luvunou o) sasrarulaeTuaves 1,3-lalus -

2-Twsmuea (1,3-dibromo-2-propanol) taz oysiusvesHuoa oglusae 1:1 f92:1

o 2 AR J a < g‘/ @ 1 ' v oA
1uamgmzwuwmﬂizmﬂmmmiﬂizwg Gl‘LlGU‘LlG]E]‘L! ) 6@]51?(’31!1@&11]6igﬁ’JNSHWH‘ﬁTI

9 gj/ aa ] ]
laninduaou n) uaz wugia Tya egluge 1:1 99 2:1
o : a < aa {y ¥ a o Ay y v
ludnanvazriitwesmsdszany esdsznouwugianloa 1 laanismsawasilaszy 1]

Y] a 4 9 an o [ v g./; o
Tuanvazlaqvosmsidszdng msldmsidsznowmuugiiaTea dmiududginisiauyes

Lauhlcmf InhA Lﬁ@i%&ﬂuﬁ15ﬁ1u’3’miiﬂ

Y \ a d
ﬂ?ﬂﬂ]ﬂﬂ]iﬂi%ﬂ‘ﬂﬁ

v d

v 4 H [y
MIFanIzFiouHsves 1,3-1alusIu-2-1nsmuea (1,3-dibromo-2-propanol) Himsileany

Q

viyjueanesealaslimeriaitiafialamiialudanaslsa (tert-butyldimethylsilyl chloride, TBDMSCI)
laiueyiusves 1,3-lalusTu-2-Tnsmuealaelilanaslsiitny (dichloromethane) ludavhazats

=

a d
PUNIY

@ 1 A a o’dy
A10819%0 1 (N131)32ABTN)

Y] 4 A A a = a
MITUATIEH MmoFeT-1rnal(1.3-1aTus Ty Ingmu-2-82)p0n®) lawuna lsau (tert-butyl((1,3-

dibromopropane-2-yl)oxy)dimethylsilane)

OH TBDMSCI,CH,Cl, o]

Br\)\/Br imidazole Br\)\/Br

@n1,3-1aTus Tu-2-Twswiuea (1,3-dibromo-2-propanol) (Uszua 10 Hadans) uagdiiai lya

(imidazole) (5zu1ar 13.35 n3u) ludrirazarelanas Is2imu (dichloromethane) (U388 100
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A aa 1 A I A A a = Z a a2 A
UANANT) muasHauaaiouduailszunm 10 un NYUNHY 0 DIAUFAUFYT MINUULANINDITYT

a A

a a 4 Y] o
tanalaminaleaanaslss (TBDMSCH Wiz 22.17 nfy) agldluasweanudvimsniveswan
A A a =< A = 3 ] @ Y a =
Nguvgil 0 oeruvaFod dudgurgl 25 ossusarsod Hunal 16 5 1ue vasnniuduton Tuioy

s o A aa 4 aan ) [ 90’

Ano 150U (saturated NH,CI) (U521 50 Hadans) ilongal)nsel uazihiasazaienianagien
A aa g‘/ a3 g‘/ (Y] o a o o w %’ (2

@3z 30 Yaaans) 3 a5 NumsvuaIiazatedunisuazminieonalouaulaasa lafen

o y . o o ) Y A o 2& a

Faula (anhydrous Na,S0,) Mnumihmnszmediazaemelaussomeae lanaasusiuveunand

la

v d

(Y] J aa Y [aaa a a = d v a
m‘smmswwauwuﬁmeamummﬂmaim%ﬂgnsmnmmuﬂmm H?ﬂﬁi@ll‘l/\lﬂ ITHINUUY

Q

fianTaanazeyiuives 1,3-lalusTu-2-Tnsmunldondedia 1

(g 1 A a c’t;l
#10819% 2 (M3132ABTH)

+ N
N Nai s §
\> . SII Cs,COg3, DMFAr N\\ (I)
N o rt o N
Br
H BI’\)\/ Br O/N \)\/

a Aaa Aa A [ = 4
WU UEIA1laa (benzimidazole) (UTu19M 625 HaANTN) AL HIHFIUAITUBDLUA (Cs,CO,)
[ @ o a o 14 a aa Qy
sz 3.45 n5u) asludriazare lawnanesuilud (DMF) sz 26 Hadans) nauna'ld
9 v
Uszana 30 WA vasnndwavesazate 1,3-1aTus lu-2-Inswiuea (1,3-dibromo-2-propanol) 'l
Y] ] ~ [ A 14 1 A ~ a
06298199 1 (A3zunal 3.50 AFN) NBUITIIMANTLNADITNDY (Ar) NMIUAIHAUABILBINYUNYN
~ I < 3’; aaa 9 =\ sA @
25 seruwaiBeailunal 24 91T niniungalfseineuon Tuitiennas 15A0uA7 (saturated NH,CI)
@szanw 50 Hadans) uavihansazaienanasiedliazaiseiassdan (ethyl acetate) (Uszunas 70
Aa aa gJJ < g ) a 4 o w %} [ = [
H08ans) 3 AT NUaIFUAIazaedunsduazisaiialeneu laasa Isdeudama (anhydrous
o a £ a @ o @
Na,S0,) Mmsuenliaisusgnialematianeauii Insu1Inns1# (column chromatography) Taaldea
o A a ' a a 1% ]
Maza1e 1eNaosFan ao tanisy 1:1 1a8YSu1aT (ethyl acetate : hexane) 32 laasnandaaiiily

A A =
VBUNAINUATLH DD
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v d a

(Y} d a aaa Y a d
msdunsnzHeywusve uuudiia salagldUinseimsunuiives Hnale 1Wa (nuclephilic

Q

R . v v d = v d an d' 14 Y v d'
substitution) izmnagwuﬁmaw\luaauazagwuﬁmmmummﬂma‘n"lﬂmnmamm 2

( ] A a e’dy
#1081399 3 (M3lszaugi)

nsduagieyiusveuuugia lsaisznoualony 2-Wgeals-s-(laswgeslsuia)

5 Wuoa (2-fluoro-5-(trifluoromethyl)phenol)
F
r - Ng
~gi” \Sli/
Ne O N O F
jN \/\\/Br 4“':3 jN \/‘\/O
K,COs,EtOH
CF;

85°C

1ay 2-Wgeals-5-(lasigeelsmiia) Wuea (2-fluoro-5-(trifluoromethyl)phenol) (1521181 0.5
iadans) uay InunaFoumsvema (K,C0,) @szua 111 n3u) aaluasazarewudiia lvan' 14
IN6198190 2 (Uszuar 739 Tadniu) Negludriazarseniuea (EOH) (Uszuiar 15 Tadans)

Z . { a < < o
10 mﬂuummimumiwauﬁqilmﬂuﬂizmm 85 'E]\Tﬁ’]lclfal,%ﬂﬁ Lﬂunmﬂizmm 16 °])"JIIN UASNINITan

u

v
% a

a a ~ /A o a aa
qmwgmuﬁqqmwguﬁ’m nniwAuen Tuilsunas 15Adud7 (saturated NH,CI) (Us5zanat 25 iadans)

9
) (% % ) a a Aa Aaa Y] <
uazmmima183J1aﬂﬂ$f'mm1/11azmma‘ﬂa@mmm (ethyl acetate) (1J5$1I1m 70 HAAANT) 3 AT N

o a

gJ/ o J o v 3 o = o o
AsruaazatsdunIdnazmaiiseneu leasa Tsnduudamla (anhydrous Na,80,) imsuenld
I'd
Y

a a a @ 4 v o 2 2
A13UTgNIA0mAlinnau 1n3u1 Inns 1 (column chromatography) Taalddaviazate fiaozdHan

1 a o L8]
15 @0 1@y 1:1 1agUSH105 (ethyl acetate : hexane) 3% laenspans sl uvoaaIniiadimana

(g 1 A a d’dal
#10819% 4 (N13132ABTN)

(% 4 v aa 1
msdunszioynusvesuugian Isanisznoudls 3.4-lalgeeslsiluea (3,4-difluorophenol)

HO F \i/
\\l// \@: \5.‘/
N= © F N= 0
\l\\]\)\/Br e N\/\\/O F
K,CO3,EtOH .

85°C

1@ 3.4-lavlgoaTsiluea (3,4-difluorophenol) (Uszanar 1.06 n§u) wag InunaiFouniuoiua

20 (K,CO,) (Uszam 2.24 nfu) asluassazarswugiian laan laandded1en 2 (Uszanm 1.5 nSu) heg

U

9 v
Tudnhazargieniuea (EtOH) (Uszum 25 Hadans) andusiimsnivasnaunguvgilssuia 85
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= I @ [ AR a gy P =
peruarsed 1unanlszum 16 ‘F'JI?JQ HAZNINITANPUNHNOIYU NI ﬂWﬂUULﬂNLL@NINLUﬂN

S Y Aa Aaa o [ ) a
ﬂﬁ@ﬂfiﬂ@uﬁ’) (saturated NH,CI) (‘1J'§$3J1ﬂ! 35 UA0aNT) uazmmiaszmWﬁﬂﬂﬁaammazmmamax

v
[%

a A aa <3 g‘/ ) a o o w sol

F1aN (ethyl acetate) (U529t 100 Fadans) 3 AT INUAITFUAMIAzA B UNI SazMIAt R oIEU
o o o a £ a o 4

loasd Ta@oudava (anhydrous Na,80,) iimsuen Ina1sus gnislomaianeaui Insu1Inns i

(column chromatography) Tag1¥@1¥azats tofiaesdan ae tantyy 30:70 1as3110T (ethyl acetate :

Y a o J < A A A
hexane) ﬁlz"lﬂmiwamﬂmwﬂummmmwu@amam

( ] A a rfdy
#1081399 5 (M3lszauTi)

@ o v o aa ~ ¥ ~ X
ﬂ'lﬁ’(?f\'llﬂ'i'lgﬂE]‘l;!‘W‘Ll‘ﬁﬂJ@QLUuWNﬂ’II%ﬁﬂﬂigﬂﬂﬂﬂﬁﬂ 2,5-1@7«@@@157‘]“9?1 (2,5-difluorophenol)

F
L - +
si” Ssi”
N O
@:'\\l\/\\/Br @/ \)V \©
K,CO3,EtOH

85°C

1@y 2,5-lawgoeTsfuea (2,5-difluorophenol) (szu1e 704 Hadniu) uaz TnunaiFou
14 o Aaa ~ 9 % 1 ~ a 4
Miveua (K,CO,) (szanm 1.51 niu) asluaisazaromudion lvan lanindlredianmsilseang 2
v Y
sz 1 n3u) Nedludnihazatseniuea (EOH) (Uszuna 20 Hadans) 10UUINMININaTHaY
A A A I & ° N = A Y
Nogmugiilszunm 85 esramed unanlszaunm 16 53103 uazsiinsangur)laudIQugiNod

@

g’/ a S o a Aaa o
nnuAueu Tutounas 1sAouda (saturated NH,C) (Useuna 30 Jadans) waziiasazatguana
) a a A Aaa g’/ < g’/ ) a 4
Aefraza1eeNanzFan (cthyl acetate) (Uszinal 70 Hadans) 3 A5 NUAIFUAIIAZA18BUNTE
Y 'd
nazmivatidleuouleaialm@eudava (anhydrous Na,80,) Himsuenlidrsusgniaaomnaiia
[ 4 = Yo o a a 1
Aoauy 1Asu1 Inns 10 (column chromatography) lagl¥Aaviiazate tenasssan Ao tanu 30:70 1ag

Aa o 7
31107 (ethyl acetate:hexane) 3¢ laasnansaaiiiuvesraviladimaod

v 1 A a (dy
71081399 6 (M31)3zAYT)

[ 4 o aa A 9 =
MITUATIZHOUNUT VR UV UFIA I¥andsznouale muazgeslsiusa entafluorophenol

F
\N/ HO F \*/
\ /

| F
N= o]
\[\\]\)\/Br \)\/
K2C03 EtOH
85°C
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a [

nnunzgeolsWuea (pentafluorophenol) (Uszu1m 918 Haansu) uag InunaiFewy

14 [ aa A Y % [l A
Asvoua (K,CO,) (Uszua 1.38 n3u) asluasazatouugian leadn laa1naiea1en 2 (Uszuna 922
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Wosu1lud (dimethylformamide), 18N118A (ethanol), INN1UBA (methanol), 82 H 1o lu'lasd
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AAMawsenaslsznovudion lva awdededansn 18 Tash luduaou v) guvginlyly

M3 nsen eglugia 20 83 30 eerusaITod
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TBDMSCI)

a A

as = an Y A d' d‘ g‘/ [ 1
M sesend1sUseneuuusia lsa auvedeansn 18 lash luduaew n) easiaivlag
Twaves 1,3-laTus Tu-2-Twswinea (1,3-dibromo-2-propanol) Haza15lszneuniing leda

(silyl group) E]gl:GlWI;’N 12299 1:3

ax = an Yy A A ad‘ d' g’/ Y 1
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ad A Aaa Yy A A Qd‘ d‘ =) d’d 1
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3
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q
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5-(trifluoromethyl)phenol), 3,4- ulﬂﬂg’e)ﬂii Wuoea (3,4-difluorophenol), 2,5—1@1/\]@6@13 Wuoa

(2,5-difluorophenol), 139 mumﬂgaaiiﬂuaa (pentafluoro phenol)
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IFMswsena1slseneumuugial lea auvedeansh 46 lash luvuaeu n) uag v) 421
a 4 9 . a a 4
araedunId 1aen lann lanas 151mu (dichloromethane), 8% 10U (acetone), lasunanosun
< . . a J ..
lud (dimethylformamide), tdN1UBA (ethanol), LtUNTUBDA (methanol), oz Ialulasd (acetonitrile),
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a J Y a
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4 1 [ 1
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FBMseenaslszneuugia lya autedeansn 46 lash luvuasu n) gaurginlylu

M3 gnsen eglusia 50 83 85 eeruwaITod
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Abstract:

Enoyl ACP reductase, InhA has been identified as promising target for anti-
tuberculosis development. This enzyme is the binding pocket of isoniazid, the first line drug
for anti-tuberculosis agents. However, the potency of isoniazid is decreased due to the
mutation of activation enzyme, KatG. Pyrrolyl benzohydrazide derivatives were designed as
new InhA inhibitors with moderate activities against InhA and mycobacterial cell. Herein, we
aim to develop new highly potent InhA inhibitors based on pyrrolyl benzohydrazide
derivatives. Molecular docking calculations were used to elucidate the key interactions for
binding of these inhibitors in InhA binding pocket. The obtained results showed that
hydrogen bond interaction between ligand and Pro156, Tyr158, Ala198, Val203 and NAD*
cofactor. Moreover, pi-pi interaction was improved the binding affinity of inhibitors in InhA
binding site. The integrated results from docking in this work aided to rational design new
and more potent InhA inhibitors in a series of pyrrolyl benzohydrazide as novel anti-
tuberculosis agents.

1. Introduction

Enoyl-ACP reductase (ENR)
catalyzes the last step of the elongation
cycle in the synthesis of fatty acids. Fatty
acid biosynthesis is essential for survival is
mammals, plants, fungi and bacteria (the
archaeca make isoprenoid-based lipids).t
ENR also known as InhA, it is enzyme of
Mycobacterium tuberculosis (M. tuber-
culosis) caused causative agent for
tuberculosis (TB), an infection caused by the
slow growing bacteria that frequently found

in lungs, called pulmonary TB. The disease
can also spread to other parts of the body,
referred to as extra-pulmonary TB that may
be latent or active. M. tuberculosis has been
the major public health threat that remains to
be the leading cause of mortality with
malaria and AIDS, and infecting nearly
eight million people worldwide, probably
killing more than three million yearly?.
Inhibition of the InhA is one of the most
effective  treatment of  killing M.
tuberculosis, as clinically demonstrated by
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isoniazid, the most potent TB drug.
Unfortunately, both  multi-drug  and
extensively drug resistant (XDR) of M.
tuberculosis  isolates are resistant to
isoniazid, predominantly due to mutations in
KatG, the catalase peroxidase involved in
the activation process of isoniazid. This
problem led to extensive efforts to identify
direct InhA inhibitors.® Pyrrolyl
benzohydrazide derivatives were designed
as new InhA inhibitors with moderate
activities against InhA and mycobacterial
cell. Herein, we aim to develop new highly
potent InhA inhibitors based on pyrrolyl
benzohydrazide  derivatives.  Presently,
molecular docking calculations were used to
elucidate the key interactions for binding of
these inhibitors in InhA binding pocket.

2. Methods

Fifty-three structures and biological
activities of inhibitors were obtained from
literatures review.? The 3D structures were
generated using GaussView 5.0.8 program
(Gview). This results 3D structure from
Gview leads to optimize by M062X/6-31G*
method using Gaussian09 program.
2.1 Molecular docking studies

Molecular docking was done to
clarify the binding mode of the compounds
to provide straight forward information for
further structural optimization.?2 Molecular
docking calculations using Autodock 4. 2
program was performed to predict the potent
inhibitors in the InhA binding pocket. The
X-ray crystal structure (PDB code:
InhA2x23) was used as receptor for this
calculation.

3. Results and Discussion
3.1 Interactions for binding of these
Pyrrolyl benzohydrazide derivatives in
InhA binding pocket by Molecular
docking calculations

Molecular docking calculations were
used to elucidate the key interactions for
binding of these inhibitors in InhA binding
pocket. The obtained results showed that the
important interaction between ligand, amino
acid and NAD" cofactor in InhA binding

pocket are H-bond interaction and =-wt
interaction. In this literatures review, we
study the structure and inhibition values of
InhA at 50 uM. Table 1 shows the chemical
structures and %  inhibition value of
compounds 1, 6, 51 and 52, respectively.
Compounds 1, 51 and 52 show inhibition
values are higher inhibitory activity than
compound 6. Figure 1 shows the binding
interactions of compounds 1, 6, 51 and 52.

As depicted in figure 1a, the six H-
bond interactions green line)  between
compound 1 with Gly96, Val203, Leu218
residues and NAD" cofactor. In binding
mode of compound 51, formed six H-bond
interactions with Met103, Tyrl58, Met161,
Alal98 residues and NAD" cofactor in
figure 1b. Figure 1c shows the results of
docking, all seven H-bond interactions
between compound 52 and Phe97, Prol56,
Met161, Alal198, 11e202 residues and NAD*
cofactor. Moreover, n-r interaction between
ligand with Tyrl58 residue was found
(Figure 1d). Figure 1e, compound 6 showed
the H-bond interaction with ligand formed
Tyrl58, Metl6l, Alal98 residues and
NAD" cofactor.
3.2 Effect of R substituent from molecular
docking calculations

Compounds 1 and 6 have the same
general structures. Only R structure of
compound 6 contained bromine atoms at R
substituent, according to Table 1. The
inhibition value of compound 1 higher than
the inhibition value compound 6. On the
other hand, the results of molecular docking
of compound 6 was formed H-bond
interaction more than compound 1.
Compound 6 contained Br atoms at R
substituent as compared to compound 1,
these atoms must be affected to inhibitory
activity. Compound 1 contained hydrogen
atoms. Small size of compound 1 helped to
recognize the orientation InhA binding site
(Figure 1la). As compared to compound 6,
the orientation of this compound is different
(Figure 1le) as compared with compound 1.
This result suggested that R substituent
should be low electron density and size.
The m-n interaction of compound 52 was
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found as the crucial interaction to bind with Therefore, the important interaction
InhA binding pocket.  This interaction  between ligand, NAD" cofactor and amino
effected to inhibitory activity of InhA. So, acid is H-bond interaction and pi-pi
inhibition may be related to the position and interaction. Moreover, the substituent of
between ligand and amino acid and  new design compounds should be electron
electrostatic  interaction ~ of  bromine  withdrawing group like F and CI at R

substituents. substituent and electron donating group such
as CHs group at pyrrolyl.
T
“ 7 - & '—'ﬁ

7 GLY9o ALAiQ&a\g
Faerd, ot

vRt

NAD1270

<
7

Figure 1. Docked mode of (a) compound 1 formed H-bond, (b) compound 51 formed
H-bond, (¢) compound 52 formed H-bond, (d) compound 52 formed n-n interaction and
(e) compound 6 formed H-bond with inhibitors
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Table 1. The chemical structures and % inhibition value
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Compound R R % Inhibition of InhA at 50 pM
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HN Br
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O O Br
O Br
H'\\‘ Br
51 CHs - Br 75
O Br
o cl
Cl
52 CHs By 76
Cl
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4. Conclusion References
Structure based drug design using 1. Massengo-Tiasse, R. P.; Cronan, J. E.
molecular  docking calculations  was Cell. Mol. Life Sci. 2009, 66 |,
successfully elucidated to predict InhA 1507-1517. o
inhibitors based on pyrrolyl benzohydrazide 2. Joshi, S. D.; More, U. A.; Dixit, S. R
derivatives in InhA binding site. The results Balmi, S. V. Kulkarni, B. G;
Ullagaddi, G; Lherbet, C,;

showed that selected compounds formed H-
bond interactions with Gly96, Phe97,
Met103, Prol56, Tyrl58, Metl61, Alal98,
11e202, Val203, Leu218 residues and NAD"
cofactor. The =-rt interaction was found as
important interaction of InhA inhibitor.
Accordingly, the obtained results from this
work aid to rational design new pyrrolyl
benzohydrazide derivatives as highly potent
InhA inhibitors.
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Abstract:

Protein serine/threonine kinase B (PknB) is an essential serine/threonine kinase of M.
tuberculosis, plays an important role in a number of signalling pathways involved in cell
division and metabolism. However, PknB inhibitors show less potency against whole cell.
To develop protein kinase B inhibitors as new potential anti-tuberculosis agents in class of
4-oxo-crotonic acid derivatives, molecular docking calculations and molecular dynamic
simulations (MD simulations) were applied to understand the crucial interactions, binding
mode and binding energy of selected 4-oxo-crotonic acid derivatives. The results obtained
from molecular docking calculations indicated that highly active compound form hydrogen
bond interactions with back bone of Leul7, Val95, and Asp156 in the PknB binding pocket.
Moreover, van der Waals interactions with Tyr94, Val95, and Met145 in the PknB binding
pocket were crucial for binding affinity. The binding mode and binding energy of highly
active compound obtained from MD simulations were employed to gain insight into the
complex structures of the protein kinase B inhibitors and their binding energetics. The results
can be helpful for further design a novel anti-tuberculosis drug design.

1. Introduction

Tuberculosis (TB) caused by M.
tuberculosis remains as a major world health
problem. It is second only to HIV/AIDS as
the biggest killer worldwide. In 2016, 10.4
million people worldwide suffered from TB
and an estimated 1.7 million people death
from TB.! In particular, standard regimens
using existing drugs such as isoniazid
(INH), the main drug for TB treatment, are
ineffective because of increasing prevalence
of drug-resistant tuberculosis such as
multidrug-resistant tuberculosis (MDR-TB)
and extensively drug-resistant tuberculosis
(XDR-TB). The 2-trans-enoyl-ACP

reductase (InhA) is an attractive target for
designing novel antibacterial agents because
this enzyme is not found in the mammalian
system.>® However, this target developed
the resistance to isoniazid. Intensive
research efforts are directed toward
identification and development of novel
InhA inhibitors, but most of the newly
discovered InhA inhibitors show poor
cellular activity against M. tuberculosis.*
Accordingly, finding new drugs to treat TB
as well as identifying new targets are an
urgent priority. Protein kinase B (PknB) is a
Ser/Thr protein kinase (STPK) and
represents a signaling element involved in
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mycobacterial physiology and virulence of
M. tuberculosis. Protein kinase B has been
considered as an attractive target for
development of anti-TB agents because this
enzyme is essential for bacterial growth and
for survival of the pathogen within the host.
A large number of PknB inhibitors have
been screened and identified as potential
anti-TB agents. Lead PknB inhibitors show
promising enzyme potency and cellular
activity against M. tuberculosis. Moreover,
PknB inhibitors are able to target PknB
outside of the M. tuberculosis cell, avoiding
the problem of poor cell wall permeability.®
Because of poor cell wall permeability,
many anti-TB agents with promising
enzyme potency show weak or no cellular
activity against M. tuberculosis nowadays,
substituted aminopyrimidine compounds
have been synthesized as a new class of
PknB inhibitor. Some of these compounds
show the nanomolar enzyme binding affinity
and micromolar minimum inhibitory
concentrations against M. tuberculosis.®
However, the detailed structure basis for
binding of 4-oxo-crotonic acid compounds
as PknB inhibitor is not well understood.
Accordingly, molecular docking calculation
and molecular dynamics simulations (MD
simulation) were employed in this work to
model the complex structures of substituted
4-oxo-crotonic acid in PknB inhibitors. The
integrated results could be helpful for further
design a novel and more potent anti-
tuberculosis agents.

2. Materials and Methods
2.1 Biological data

Structures and biological activities of
ninety 4-oxocrotonic acid derivatives were
obtained from literature.® All derivatives
were constructed by standard tools in
Gaussview 5.08 program and then fully
optimized by M06-2X/6-31G* method using
GaussianQ9 program.

2.2 Molecular docking calculations

Molecular  docking using the
Autodock 4.2 program was employed with
the aims of generating inhibitor enzyme

Table 1. Structure and biological activity of
4-oxocrotonic acid derivatives as PknB
inhibitors

o
o
J\/\H/ R' = R
R
o
(o] HaCO

(@) cpd. 55 and cpd. 85 (b) cpd. 02
cpd. R R’ %
inhibition
at 20 uM
02 OCHjs - 24.7£1.5
55 @i/ isopropyl 56.2+5.0
85 L 2-[(tert- 87.945.3
Q Butoxycarbo
o nyl)amino]
ethyl

complexes in this study. The available X-ray
structure of PknB in a complex with 1,4-
dihydroxy-5,8-bis({2[(hydroxyethyl)amino]
ethyl}amino)-9,10-anthracenedione  (PDB
code 2FUM) was used as an initial structure
of receptor for molecular docking
calculations. The number of Genetic
Algorithm (GA) runs was set to 200 run per
ligand with the default search algorithm
parameters. The docking protocols were
validated based on the root-mean-square
deviation (RMSD) value between the
docked and observed X-ray conformations.
2.3 Molecular dynamic simulations
Molecular dynamic simulation (MD
simulations) were performed to predict the
inhibitors in the PknB binding pocket.
TIP3P water model and Na* were chosen to
represent water for salvation and ions for
neutralize system. To reduce the bad steric
interactions of solvate water molecules and
Na* ions of each system, the inhibitor-PknB
complex was first minimized by 1,000 steps
with atomic positions of solute species
restraint with using force constant of 500
kcal/mol A2 Non-bonded cut-off was set to
8 A. The threshold value of the energy-
gradient for the convergence was set as
0.001 kcal/mol/ A. Then, the whole system
was minimized by 1,500 steps as the same
conditions of water and ions minimization
without restraining condition. Next, the
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systems were gradually warmed up from 0
to 300 K in the first 20 ps followed by
maintaining the temperature at 300 K in the
last 10 ps with 2 fs time simulation steps in a
constant volume boundary. The solute
species were restrained to their initial
coordinate structures with a weak force
constant of 10 kcal/mol A? during the
temperature warming. This was followed by
70 ps of the position-restrained dynamics
simulation with a restrain weight of 2
kcal/mol A? at 300 K under an isobaric
condition. Finally, 10 ns MD simulations
without any restraints were performed using
the same conditions. The root-mean square
deviations (RMSDs) of the PknB enzyme
and the inhibitors, and binding free energies
were calculated to evaluate the binding
affinities of inhibitors in PknB binding
pocket using the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-
PBSA) methods.

3. Results and Discussion
3.1 Molecular docking calculations
3.1.1 Crucial interaction of selected
inhibitors

High accuracy prediction of docking
parameter in Autodock 4.2 program was
validated based on the RMSD value between
X-ray and docked structures. RMSD value is
1.09 A. Therefore, binding mode of selected
compounds in this study was predicted as
the same parameters. The binding mode of
highest active compound is cpd. 85 in PknB
binding pocket is showed in Figure 1.
The crucial binding interactions are
hydrogen bond interaction between side
chain of R substituent with backbone of
Leul?, Val72, Tyr94 and Met155 residues,
respectively. In addition, van der Waals
interaction between side chain of R
substituent and side chain of Val25, Lys40,
Met92, Val95 and Aspl56 residues were
founded. The binding mode of moderate
active compound is cpd. 55 is showed in
Figure 2. The crucial binding interactions
are hydrogen bond interaction between
carbonyl group of core structure with side
chain of Met92 residue. Moreover, van der

Waals interactions were obtained between
side chain of cpd. 55 with side chain of
Val72, Gly97, Met145, Met155 and Asp156
residues, respectively. For less active
compound, the crucial interactions are
hydrogen bond interaction between C-O of
R substituent with side chain of Leul?
residue. In addition, van der Waals
interactions were found between core
structure and side chain of Val72, Val95 and
Met145 residues, respectively. The obtained
results suggested the crucial interactions of
4-oxocrotonic acid in PknB binding pocket
could be helpful for rational design new
4-oxocrotonic acid derivatives.
3.2 Molecular dynamic simulations
3.2.1 Structural stability during MD
simulations

In order to calculate structural
stability during MD simulation of cpd. 85 in
PknB binding pocket, The RMSDs for all

<\ LEU17
VALZ‘/

VAL72
R

Figure 1. Crucial interactions of highest
active compound (cpd. 85)

[

s AR15
AET145

AST96

MET92

I
i

Figure 2. Crucial interactions of moderate

active compound (cpd. 55)
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Figure 3. Crucial interactions of less active
compound (cpd. 02)

atoms of solute species relative to the initial
structure over the 10 ns of simulation times
were calculated and plotted in Figure 4.
The RMSD plots indicate that cpd. 85
reached equilibrium state after 5 ns.
Therefore, the result obtained from MD
simulations of cpd. 85 was reasonable for
further analyze in more detail of binding
free energy, binding mode and binding
interaction. The binding free energy
calculations were calculated by MM-PBSA
method the result indicated that the
calculated binding free energy of cpd. 85
was -13.29 kcal/mol (the binding energy
obtained from experimental was -12.58
kcal/mol). The obtained result indicated that
binding free energy calculations based on
MM-PBSA method provide good value and
closed to experimental binding free energy.
3.22 Binding mode and binding
interactions of cpd. 85

The binding mode of cpd. 85
obtained from MD simulations formed four
hydrogen bond interactions  between
hydrogen atom of R substituent with
carbonyl group of Glu59, Glu93 residue and
carbonyl group of core structure with side
chain of Metl45 residue, respectively.
Moreover the hydrogen bond interaction
between carbonyl group of R substituent
with side chain of Aspl56 residue was
founded. The van der Waals interaction
between side chain of R substituent and side
chain of Val25 and Val95 residues were
founded.

hl
——PknB ——cpd. 85

0 2 4 6 8 10
Time (ns)

Figure 4. RMSD plots for the cpd. 85 in
PknB binding pocket during MD simulation

Figure 5. Crucial interactions of highest
active compound (cpd. 85) obtained from
MD simulations

Figure 6. Supérimposition of docked ligand
(yellow) and the structure obtained from
MD simulations (Cyan)

4. Conclusion
Molecular docking calculations and
Molecular  dynamic  simulations  were

successfully to predict the binding mode
binding interactions and binding free energy
of 4-oxocrotonic acid derivatives as PknB
inhibitors. Hydrogen bond interaction with
Glu59, Glu98, Metl145 and Aspl56 are key
amino acid residue for improve the
biological activity of novel 4-oxocrotonic
acid as anti M. tuberculosis agents.
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Abstract:

Benzimidazole derivatives are good candidates for anti-tuberculosis agents that
display a promising potency for inhibition of InhA. In this work, molecular docking
calculations combined with bioisosteres were applied to get new potential structures of this
series. This derivative has the same general structure but different in R substituent. Cpd05
was the highest active compound. Cpd32 and Cpd46 shown moderate active compounds.
Cpd55 was less active compound. These compounds were classified based on the predicted
binding affinity. To gain more details of binding interactions of new designed compounds,
molecular dynamic simulations (MD) were performed on the designed inhibitors. The
interactions of Cpd 05, Cpd32, Cpd46 and Cpd5S5 with amino acid surrounding the InhA
binding pocket were analyzed. The hydrogen bond interactions were found as the crucial
interactions for binding in the InhA binding site. These results lead to the synthesis of new
series of benzimidazole derivatives.

1. Introduction

Tuberculosis (TB) is one of the most
common infectious diseases caused by
Mycobacterium tuberculosis, TB kills two
million people every year and it continues to
be a major cause of morbidity and mortality

enzyme of the type Il fatty acid synthesis
system. It is involved in the production of
mycolic acid and is a known target for
isoniazid, an effective antibiotic for
tuberculosis treatment.?

Antibiotics for TB treatment are

all over the world. About one-third of
the world's population is currently infected
with TB. If the present trend continues,
tuberculosis is likely to claim more than 30
million lives within the next decade.
Five percent of all TB cases are now
estimated to be multi-drug-resistant TB.!
The enoyl-acyl carrier protein reductase of
Mycobacterium tuberculosis is a key

classified into two classes, first-line drugs
and second-line drugs. First-line drugs are
mainly bactericidal and combine a high
degree of efficacy with a relatively low
toxicity to the patient during treatment.
These drugs include isoniazid, rifampicin,
streptomycin, ethambutol, pyrazinamide,
and fluoroquinolones. Second-line drugs
are mainly bacteriostatic, which have
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a lower efficacy and are usually more toxic.
These drugs include para-aminosalicylic
acid, ethionamide, and cycloserine.?
Isoniazid (INH), a frontline drug for over
640 years used in the treatment of TB. As a
prodrug, INH must be first activated by
KatG, a catalase-peroxidase that oxidizes
INH to an acyl-radical, which binds
covalently to NAD", the co-substrate for
InhA. The INH-NAD adduct functions as a
potent inhibitor of InhA.* INH drug resistant
tuberculosis caused by KatG mutation.

Hence, there is an urgent need to
discover and develop new anti-TB agents
that target novel biochemical pathways and
to treat drug-resistant forms of the disease.
Recently, molecular docking and molecular
dynamics simulations have been performed
to study the binding of benzimidazoles
derivative onto the active site of InhA in an
attempt to address the mycobacterial
resistance against the drug. The integrated
results should aid in the rational design of
InhA inhibitors with high potential anti-
tubercular activity.

2. Materials and Methods

The four chemical structure, docking
score and binding energy of benzimidazole
derivatives were shown in Table 1.The X-
ray structure of InhA enzyme complexed
with diphenyl ether was taken from Protein
Data Bank (PDB code: 2X23). Chemical
structures of these inhibitors were
constructed using the standard tools
available in GaussView 5.0.8 program and
were then fully optimized using the ab initio
(M062X/6-31G") method implemented in
Gaussian program. Molecular docking
calculations was applied to obtain the
binding mode of benzimidazoles derivatives
using Autodock 4.2 program. Moreover,
molecular dynamics simulations of Cpd05,
Cpd33, Cpd46 and Cpd5S5 were performed
for 30 ns to elucidate the binding mode and
binding interactions into the InhA binding
site.

3. Results and Discussion
3.1 Validation of the molecular docking
calculations

Molecular docking calculations were
employed to predict the potential binding
mode of benzimidazole derivative in the
InhA binding pocket. To ensure that the
binding modes of InhA inhibitors obtained
from molecular docking calculations are
reliable, the docking parameters in
Autodock 4.2 program were validated. The
superimposition  between the docked
conformation and the X-ray crystal structure
of diphenyl ether derivative is shown in
Figure 1. The docked conformation of
diphenyl ether derivative is close to the
binding mode found in the X-ray crystal
structure with rmsd of 0.61 A, indicating
that the docking parameters are reasonable
to generate the binding mode of diphenyl
ether derivative in the InhA binding pocket.
Therefore, molecular docking calculations
could be extended to search the binding
modes of benzimidazole derivatives in the
data set.

Figure 1. Superimposition of the X-ray
crystal structure (carbon atoms colored by
purple) and docked conformation (yellow)
of diphenyl ether derivative in the InhA
binding pocket
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Table 1. The chemical structures, docking score and binding energy of benzimidazoles

derivatives
HO
N 4\N 0-R
Compound R Docking score Binding energy
kcal/mol kcal/mol
05 /©E> 11.97 878
32 ; 1146 931
0
46 @i > 1133 -8.40
2 0
55 ‘E@—\ -11.21 7.47
OH

3.2. Molecular docking analysis of Cpd05,
the highest active compound

Cpd05, the highest active compound
from docking score (-11.97 kcal/mol) was
selected to analyze the crucial interactions of
benzimidazole derivative in InhA binding
site. The obtained results show that Cpd05
formed hydrogen bond interaction between
hydroxyl groups of ligand with oxygen atom
of nicotinamide ribose cofactor (NAD"). In
addition, cation-m interactions between
aromatic ring of Cpd05 with hydrogen atom
of Lys165 residue and sigma-Pi interaction
between aromatics ring of ligand with
hydrogen atom of Metl161 residue is shown
in Figure 2. Moreover, hydrophobic
interaction between hydrogen atom of ligand
with hydrogen atom of Phe97, Met98,
Metl103, Alal57, Tyrl158, Pro193, Val203
and Leu218 residues were founded.
3.3. Molecular docking analysis of Cpd32
and Cpd46, moderate active compounds

The binding mode and binding
interactions of moderate InhA inhibitors of
benzimidazole derivatives, Cpd32 and

Cpd46 were investigated. The obtained
results show that Cpd32 formed hydrogen
bond interaction between oxygen atom and
nitrogen atom of nicotinamide ribose
cofactor (NAD") with hydroxyl group of
ligand. In addition, hydrogen bond
interactions between oxygen atoms of NAD"
with hydrogen atom of ligand at R position
are shown in Figure 3. Moreover,
hydrophobic interactions between hydrogen
atom of ligand with hydrogen atom of
Phe97, Met98, Metl03, Alal57, Tyrl58,

Prol193, Alal98, Val203 and Leu2l8
residues were founded.
For Cpd46, hydrogen bond

interactions between oxygen atom of NAD"
with hydrogen atom of ligand at R position
and hydrogen bond interactions between
oxygen atom of NAD" with hydroxyl group
of ligand were found as crucial interaction
for binding in InhA binding site. In addition,
Cation-P1i interactions between aromatic ring
of ligand with atom hydrogen of Lys165
residue  and o-m interaction between
aromatic ring of ligand with hydrogen atom
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of Metl61 residue is shown in Figure 4.
Moreover, hydrophobic interactions between
hydrogen atom of ligand with hydrogen
atom of Phe97, Met98, Metl103, Phel49,
Tyrl58, Pro193, Alal98, 1le202, Val203 and
Leu218 residues were founded.

Figure 2. The binding mode of Cpd05 in
InhA  binding pocket obtained from
molecular docking calculations

Figure 3. The binding mode of Cpd32 in
InhA  binding pocket obtained from
molecular docking calculations

Figure 4. The binding mode of Cpd46 in
InhA  binding pocket obtained from
molecular docking calculations

3.4. Molecular docking analysis of Cpd55,
the less active compound

The lowest docking score (-11.21
kcal/mol) was classified as the less active
compound of Cpd55. The obtained results
show that Cpd55 formed hydrogen bond
interactions between hydroxyl group on R
substitute of ligand with Tyr158 and Pro156
residues. In addition, hydrogen bond
interactions between oxygen atoms of NAD"
with hydrogen atom of ligand were found as
shown in Figure 5. Moreover, hydrophobic
interactions between hydrogen atom of
ligand with hydrogen atom of Phe97, Met98,
Met103, Tyrl158, 1le202, Val203 and
Leu218 residues were founded.

Figure 5. The binding mode of Cpd55 in
InhA  binding pocket obtained from
molecular docking calculations.
3.5. System equilibration from molecular
dynamics simulations

MD simulations of Cpd05, Cpd32,
Cpd46, and Cpd55 bound with InhA were
performed for 30 ns to evaluate the
structural stability of the complexes and
their binding strength. The RMSDs for all
atoms of three different solute species
(InhA, NAD", and ligand) over the 30 ns of
simulation times were analyzed and plotted
in Figure 6. The plateau characteristic of the
RMSD plot over the simulation time is the
criteria to indicate the equilibrium state of
each solute species. Figure 6 showed that
NAD" reaches the equilibrium state at the
early time. However, RMSDs of all
compounds are more fluctuated, particularly
Cpd32. For Cpd05 and Cpd46 reach the
equilibrium state after 5 ns (Figure 6a and
6¢) Cpd32 reach the equilibrium state after
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15 ns (Figure 6b) and Cpd55 reach the
equilibrium state after 15 ns. (Figure 6d)
3.6. The binding modes of benzimidazole
derivatives in InhA

The binding modes of Cpd05,
Cpd32, Cpd46 and Cpd55 bound with InhA
pocket observed from the simulations are
illustrated in Figure 7. Cpd05 was found
hydrogen bond interaction  between
hydrogen atom of Tyrl58 residue with
nitrogen atom of ligand. In addition,
hydrogen bond interactions between oxygen
atoms of NAD"

(@)
——InhA —NAD
3
=<
= 2
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o
0 T T |
0 10Time (ns)20 30
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——InhA
3
<)
(]
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with hydrogen atom of ligand (Figure 7e).
Moreover, hydrophobic interactions between
hydrogen atom of ligand Cpd05 with
hydrogen atom of Metl99, I11e202 and
Leu207 residues, Cpd32 was found
hydrogen bond interaction between oxygen
atoms of Met98 residue with hydroxyl group
of ligand. In addition, hydrogen bond
interactions between oxygen atoms of
NAD+ with hydrogen atom of ligand and
Cation-Pi interaction between aromatic ring
of ligand with nitrogen atom of Gly98
residue (Figure 7f).

(b)
——InhA —NAD
3
<
Z!
=
CEO I T T 1
0 10Time (ns)20 30
(d)
——InhA
4
@ 3
22
=
o 1
0 1 T T
0 10... 30

Time (ns)20

Figure 6. RMSD plots of compounds 05 (a), 32 (b), 46 (c), and 55 (d) complexes with InhA

In addition, hydrophobic interactions
between hydrogen atom of ligand with
hydrogen atom of Alal57, Met98, Metl1 03
and Metl 6 1 residues were founded, For
Cpd46 Hydrogen bond interaction between
hydrogen atoms of Prol93 residue with
hydroxyl group of ligand was found. In
addition, hydrogen bond interactions
between hydrogen atoms of NAD" with
nitrogen atom of ligand. The n-n interaction
between aromatic ring of ligand with
aromatic ring of NAD" was founded (Figure
7g). Moreover, hydrophobic interactions
between hydrogen atom of ligand with

hydrogen atom of Phel49 and Alal98
residues, Cpd55 was found hydrogen bond
interaction between hydrogen atoms of
Phel49  residue with oxygen atom at
hydroxyl group of ligand. In addition,
hydrogen bond interactions between oxygen
atoms of NAD" with hydrogen atom of
ligand. (Figure 7 h) Moreover, hydrophobic
interactions between hydrogen atom of
ligand with hydrogen atom of Metl55,
Leu207, Met199 and Ile202 residues were
founded.

© The 2018 Pure and Applied Chemistry International Conference (PACCON 2018)
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4. Conclusion

Molecular docking calculations and
molecular dynamics simulations were
performed on a series of benzimidazole
derivatives to achieve a better understanding
of the crucial interactions for binding
affinity of these derivatives in the InhA
binding pocket. The obtained results show
the hydrogen bond interactions were found

as the crucial interactions for binding.
Moreover, the hydrophobic interaction, Pi-Pi
interaction,  cation-mt  interaction, G©-T
interaction, and hydrophilic interactions of
ligands with amino acid in InhA binding
pocket were observed. This information
leads to the design benzimidazole
derivatives with effective in inhibiting InhA.

®

(h)

Figure 7. The binding mode of Cpd05 (e), Cpd32 (f), Cpd46 (g) and CpdS5 (h) in InhA
binding pocket obtained from molecular dynamics simulations
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Abstract:

Benzimidazole derivative has been identified as new potential lead InhA inhibitors
based on virtual screening and biological assay evaluations. This compound exhibited the
good enzyme assay (ICso) and mycobacterial assay (MIC). To develop novel benzimidazole-
containing derivatives based InhA inhibitors, in silico based virtual screening was performed
on ChemBridge database. Our finding indicated that the 5928640 is a potential candidate to
be a novel InhA inhibitor benzimidazole-containing hit for further design. Therefore, novel
InhA inhibitors based on 5928640 derivatives were designed using bioisostere replacement
combined with ADMET prediction and molecular docking calculations. MD simulations and
waterswap calculations were applied to gain insight into the binding mode and key
interactions for binding of 5928640 in InhA binding pocket. The obtained results revealed
that hydrogen bond interaction between benzimidazole core with Tyrl58 is the key
interactions of new benzimidazole-containing derivatives. In addition, hydrophobic
interactions could be considered as the contribution for stabilizing the InhA-ligand complex.
Accordingly, the obtained results from this work aid to rational design of new benzimidazole-
containing derivatives as new potential InhA inhibitors for mycobacterial drug development.

1. Introduction

Enoyl-acyl carrier protein (ACP)
reductase or InhA of Mycobacterium
tuberculosis (M. tuberculosis) is potential
attractive target for anti-tuberculosis drugs
development. The InhA has been identified
as the primary target of isoniazid (INH), the
first-line drug of tuberculosis treatment. A
prodrug, INH is activated to get the active
radical by M. tuberculosis catalase
peroxidase (KatG). Then, the active radical
is covalently bound with nicotinamide
adenine dinucleotide (NAD") at the position
4, producing an active INH-NAD adduct.
However, the inhibitory activity is reduced

by the mutations effect of amino acid
residues in KatG and InhA binding pockets,
leading to the drug resistant of M.
tuberculosis. However, it is still a valuable
target to identify potential and selective
inhibitor of InhA.}® To overcome the drug
resistant of M. tuberculosis, new inhibitors
that directly bind with the InhA were
developed.®® However, low inhibitory
activity based on mycobacterial whole assay
of these lead compounds were reported.
Benzoimidazole derivatives have
been developed as anti-tuberculosis agents
with high effective against mycobacterial
whole cell.>1! Therefore, we aim to identify
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new InhA hits with highly specific with

target enzyme and highly  active
mycobacterial whole cell based on
benzoimidazole derivatives. Substructure

search, ADMET predictions and molecular
docking were employed to identify new
specific InhA inhibitors. In addition, the
structural stability of hit compounds in InhA
binding site was investigated using
molecular dynamics (MD) simulations.
Bioisostere replacement combined with
ADMET prediction were applied for rational
design of new potent InhA inhibitors. The
obtained results from this work aided to
identify new InhA inhibitors based on
benzoimidazole derivatives. The potential
hits compounds of InhA inhibitors were
proposed for InhA enzyme assay and
mycobacterial whole cell assay to further
develop new potent anti-tuberculosis agents.

2. Materials and Methods
2.1 Virtual screening approach

Ligand based virtual screening based
on substructure search and ADMET
predictions combined with  molecular
docking calculations were applied to
identify novel InhA inhibitors based on
benzoimidazole-containing derivatives. The
small molecules from commercial database
(ChemBridge database) were selected as
ligand library for this virtual screening.
ChemBridge database contained 1,300,000
compounds. InhA complexed with diphenyl
ether (PDB code: 2X23) was downloaded
from Protein databank and used as receptor
for virtual screening.’> To select the
potential hit compounds of InhA inhibitors
with good lead-like properties, ADMET
prediction  using  SwissSADME  was
employed.’® Lead-likeness and no PAINS
violation compounds were selected for
molecular docking calculations. Molecular
docking calculations using GOLD program
with Goldscore was used to predict the
docking score and binging mode of small
benzoimidazole-containing molecules in
InhA binding site.

2.2 MD simulations

The AMBER16 package was used
for MD simulations to determine the
structural stability and potential binding
mode of InhA-hit complex. The ff14SB
force field was used as parameter for InhA
and General amber force field (GAFF) was
applied as parameters for ligand and NAD*
cofactor. All missing hydrogen atoms of
InhA were added by LEaP module. Atomic
partial ESP charges for ligand were obtained
from the HF/6-31G(d) calculations.
Complex structure was solvated by TIP3P
waters. To neutralize the charge of solvated
system, Na* ions were added. To reduce
the bad steric interactions of water
molecules and ions, the system was first
minimized with atomic positions of solute
species. Then, the whole system was
optimized. Thereafter, the system was
gradually warmed up from 0 to 300 K. The
solute species were restrained to their initial
coordinate structures. This was followed by
the position-restrained dynamics simulation
under an isobaric condition. Finally, 30 ns
MD simulations without any restraints were
performed using the same conditions.
2.3 Design of novel InhA inhibitors based
on benzoimidazole-containing derivatives

Based on MD simulations, novel
InhA inhibitors based on benzoimidazole-
containing derivatives were design based on
Bioisostere replacement that obtained from
SwissBioisostere. ADMET prediction using
SwissADME was used to predict the
ADMET properties of new designed
compounds.*®

3. Results and Discussion
3.1 Virtual screening of new
inhibitors

In this work, three steps of virtual
screening were performed to identify novel
InhA inhibitors based on benzoimidazole-
containing derivatives. First, substructure
search based on benzoimidazole core
structure was applied to obtain 9,420
derivatives of benzimidazole-containing
from Chembridge database. To get good
drug properties and good candidate for new

InhA
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InhA inhibitors, ADMET prediction was
applied. Using two criteria’s,168 compounds
were achieved based on lead-like properties
and no PAINS violation. Molecular docking
calculations were applied to predict binding
mode and Goldscore of lead-like
compounds. Based on Goldscore, the
estimate binding affinity in InhA binding
site, four compounds with Goldscore higher
than 80 were selected as hit compounds
(Table 1). Two series of benzoimidazole-
containing hit compounds, 2-(1H-benzimi
dazol-2-ylthio)acetamide (three compounds)
and (1H-Benzimidazol-2-yl) methyl (one
compound) derivatives were classified.
Based on ADMET predictions as shown in
Figure 2, we found that hit compounds are
high Gl absorption (Gastrointestinal
Absorption), except 5914960.

Unfortunately, low  blood-brain
barrier (BBB) permeation of all hits were
obtained. 5928640 (2-(1H-benzimidazol-2-
ylthio)-N-(4-methoxyphenyl)acetamide), the
highest Goldscore with good ADMET
prediction was considered as potential hit of

InhA inhibitors. In addition, this compound
might be easily to modify as high BBB
permeation. Therefore, to obtain the novel
InhA inhibitors based on benzoimidazole-
containing derivatives with highly specific
to InhA binding site, MD simulations of
5928640-InhA complexed was applied to
investigate the structural stability and
binding mode in InhA binding site.

Chembridge database
(1,300,000 compounds)

!

Substructure search
(9,420 compounds)

Y

ADMET predictions
(168 compounds)

v

Molecular docking
(4 compounds)

Figure 1. Virtual screening workflow

Table 1. Hit compounds based on benzoimidazole-containing derivative

ID Goldscore Structure
OCHj,
5928640 82.90 HN
N
O
N
H
HN
N ﬂ o)
6533900 81.33 @[ AR i
N CHs
H
Z
H,N \
2 N g N
6659051 80.86 S |
CLy
N
H
CHj
S
i
5914960 80.04
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Figure 2.
compounds

ADMET prediction of hit

3.2 Binding mode of InhA-5928640
complexed

To gain more insight into the binding
characteristic of 5928640 in InhA binding
site, MD simulations was carried out over
30ns of simulations time as showed in
Figure 3. Based on RMSD plotted, the
binding mode and binding interaction of
5928640 complexed with InhA were derived

from MD simulations as displayed in Figure

4.0
—InhA NAD+ lig-5928640
~3.0
03 R 1 (I
PRy I/
220 i
=
Mg -
00 ! T T T T T
0 5 10 15 20 25 30
Time (ns)

Figure 3. RMSD plotted of 5928640
complexed with InhA

=== Hydrogen hond

/" Pro193

Figure 4. Binding mode and binding
interaction of 5928640 in InhA binding site

5928640 is favorable to bind with
InhA binding site via hydrogen bond
interactions.  Three  hydrogen  bond
interactions  were  observed  between
5928640 with NAD" cofactor and amino
acid residues. Nitrogen atom and NH of
benzoimidazole core formed hydrogen bond
interactions with hydroxyl group of Tyr158
and an oxygen carbonyl on nicotinamide
ring of NAD", respectively. In addition, an
oxygen of methoxyl substituent on phenyl
ring interacted with a NH amide sidechain
of GIn214. The binding affinity of 5928640
was increased due to the pi-pi interaction of
benzoimidazole ring with nicotinamide ring
of NAD". Hydrophobic interactions between

5928640 with Alal98, Met199, 11202,
Val203 and Leu218 sidechain were
observed.

3.3 Rational design of 5928640 derivatives

To obtain the novel InhA inhibitors
based on benzoimidazole-containing
derivatives, the integrated results from MD
simulations with bioisostere replacement
were considered. The 4-methoxyphenyl of
5928640 was located at hydrophobic
binding site of InhA. This fragment was

Table 2. ADMET prediction of 5928640 derivatives

Gl BBB Pgp CYP inhibitors
Molecule TPSA WLOGP absorption permeant substrate 1A2 2C19 2C9 2D6 3A4
Triclosan 29.46 5.14 High Yes No Yes Yes Yes No No
Diphenyl ether 29.46  6.09 High No No Yes Yes Yes Yes No
D01 83.08 3.13 High No No Yes Yes Yes Yes No
D02 83.08 2.88 High No No Yes Yes No Yes No
D03 83.08 2.55 High No No Yes No No No No
D04 83.08 2.35 High No No Yes No No No No
5928640 9231 311 High No No Yes Yes Yes Yes Yes
© The 2018 Pure and Applied Chemistry International Conference (PACCON 2018)  PHS52



selected as replacement region of 5928640.
Therefore, 592 compounds of 5928640
derivatives were designed. Based on
ADMET prediction, 110 compounds with
high GI absorption and lead-like properties
were obtained. Four compounds of 5928640
derivatives as shown in Table 2 were good
candidates for InhA inhibitors with high
predicted ADMET properties. These
designed compounds were compared with
two well-known InhA inhibitors, triclosan
and diphenyl ether. D01, D02 are CYP1A2,
CYP2C19, CYP2C9 and CYP2D6
inhibiters. These obtained results were
comparable to diphenyl ether derivatives.
However, novel InhA inhibitors based on
this finding need to optimize to obtain high
BBB permeation.

4. Conclusion

Virtual screening was successfully
applied on ChemBridge database to identify
novel  InhA  inhibitors based on
benzoimidazole- containing  derivatives.
5928640 were found as the most favorable
to bind in InhA binding site based on
Goldscore. Based on MD simulations,
hydrogen  bond interactions, pi-pi
interactions and hydrophobic interactions
were special characteristic for binding of
5928640 in InhA binding site. The MD
simulations  results  combined  with
bioisostere replacement and with ADMET
prediction were applied to design novel
InhA inhibitors based on benzoimidazole-
containing derivatives. Accordingly, the
results obtained from this study aided to
rational design novel InhA inhibitors as
highly potential anti-tuberculosis agents.
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Abstract — Aspergillusidone A-F were isolated from marine-derived fungus Aspergillus unguis. Several inhibitory activities
against potential target of these compounds were reported. To help biomedical science to find new inhibitory activity of
Aspergillusidone A-F bioactive compounds against new potential targets, we aim to find new inhibitory activity against
tuberculosis, the problem infection disease in Thailand. Molecular docking calculations was employed to model
Aspergillusidone A-F complexed with M. tuberculosis PknG. The obtained results revealed that Aspergillusidone A was
strongest bound to ATP binding site of M. tuberculosis PknG with docking score of -9.08 kcal/mol. Based on MD simulations
followed by MM-GBSA interaction energy calculations, the crucial interactions of this compound are hydrogen bond
interactions between Aspergillusidone A and Lys181, Glu233, Val235 and Arg242. In addition, molecular behavior
Aspergillusidone AIPknG complexed was provided the key information to develop as highly specific PknG inhibitors.

Therefore, the obtained results from this study guide to design the new potential bioactive compounds and biological assay
evaluation against PknG and M. tuberculosis cell to find new anti-tuberculosis agents.

Index Terms — Aspergillusidone, biomedical science, PknG, tuberculosis, molecular modeling.

I. INTRODUCTION science to find new biological activity of

Aspergillusidone bioactive compounds, we aim to
M. tuberculosis serinelthreonine protein kinases G, apply structure based drug design approaches based on
PknG has been identified as attractive target for ~ molecular docking calculations to identify the
anti-tuberculosis drug disco\/ery. This enzyme pOtential PknG inhibitors from isolated bioactive
compounds of the endophytic fungus Aspergillus
unguis. The novel M. tuberculosisPknG inhibitor was

proposed.

involved in bacterial cell metabolic processes and
preventing phagosome-lysosome fusion in host
macrophages [1-4] Moreover, sclerotiorin isolated
from an endophytic fungus, Penicillium sp. Strain
2327 was reported as PknG inhibitor with an ICs
value of 765 mM, and acted as a non-competitive

!nhlbltor [5} Talaramlde_ A bioactive compound Structure of Aspergillusidone A-F [9,12] as shown in
isolated from endophytic fungus Talaromycessp. Figure 1 were contracted by standards tools

(HZ-YX1) showed promising inhibition of PknG  jmplemented in Gaussview 307 and were then
activity with an 1Csy value of 55 uM [6]. This result optimized by MO06-2X/6-31G(d). The ligand
guided to search new natural products extracted from Aspergillusidone A-F were prepared using LigPrep

ant_ fndephlyt'(.: fungtus Mas P_:_(QG Ir:thIItOI’S dantd module to generate generate at most 32 conformations
anti-tubercufosts agents. iviany Thai hatural products — anq one Jowest energy ring conformation per ligand

have been reported as potential anti-tuberculosis  for docking study.

Il. MATERIALS AND METHODS

A. 3D structure ofAspergillusidone A-F

agents especially, multidrug resistant tuberculosis o

[7-8]. Aspergillusidone A-F were isolated from R> o

marine-derived fungus Aspergillus unguis. Chlorinated RO ° OH
Aspergillusidone from the marine-derived fungus R

Aspergillus unguis CRI282-03 were reported as the - Rs
aromatase inhibitors, an important therapeutic target Aspergillusidone A’R=H, R;=H, R;=H, R;=COOH
for breast cancer treatment [9-11]. To help biomedical Aspergillusidone B: R=Cl, Ri=Me, R;=H, Rs=ClI
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Aspergillusidone C: R=H, R;=H, R,=Cl, R3=Cl
Aspergillusidone D: R=H, R;=H, R,=Br, R3=Br
Aspergillusidone E: R=H, R;=H, R,=Br, R;=H
Aspergillusidone F: R=Br, Ri=H, R,=H, R3=Br

Fig. 1: Structure of Aspergillusidone A-F.

B. Molecular docking

Molecular docking calculations using Glide XP was
applied to predict binding mode and estimate the
binding energy of Aspergillusidone A-F in PknG
binding pocket. The structure of PknG complexed with
AX20017, an ATP competitive inhibitor of PknG was
downloaded from the Protein Data Bank (PDB code:
2PZI). PknG structure was prepared with the Protein
Preparation Wizard module.

C. MD simulations

MD simulations of highest docking score in PknG
binding pockrt was performed for 10 ns. The
ligand-enzyme complexe was obtained from molecular
docking calculation in sections B. The AMBER12
package was used for all MD simulations to determine
the potential binding mode, binding interactions and
binding free energies. Amber03 force field was applied
as parameter for PknG and General amber force field
(GAFF) was applied as parameters for ligand. All
missing hydrogen atoms of InhA were added by LEaP
module. Atomic partial RESP charges for ligand were
obtained from the MO06-2X/6-31G(d) calculations.
Complex structure was solvated by TIP3P waters in a
truncated octahedral box extending up to 10 A of
solute species. To neutralize the charge of each
solvated system, Nations were added. To reduce the
bad steric interactions of water molecules and ions of
each system, the system was first minimized by 1,000
steps with atomic positions of solute species restraint
(using force constant of 500 kcal/mol A?). Non-bonded
cut-off was set to 8 A The threshold value of the
energy-gradient foe the convergence was set as 0.001
kcal/mol/ A. Then, the whole system was optimized by
1,500 steps as the same conditions of water and ions
optimization without restraining condition. Thereafter,
the systems were gradually warmed up from 0 to 300
K in the first 20 ps followed by maintaining the
temperature at 300 K in the last 10 ns with 2 fs time
simulation steps in a constant volume boundary. The

solute species were restrained to their initial
coordinate structures with a weak force constant of 10
kcalimol A? during the temperature warming. This was
followed by 70 ps of the position-restrained dynamics
simulation with a restrain weight of 2 kcal/mol A? at
300 K under an isobaric condition. Finally, 10 ns MD
simulations without any restraints were performed
using the same conditions. Binding free energy based
on the Molecular Mechanics Poisson-Boltzmann

Surface Area (MM-PBSA) and Normal-mode method
were analyzed.

I11. RESULTS AND DISCUSSION

A. Molecular docking calculations

Docking score of Aspergillusidone A-F complexed
with PknG derived from Glide XP docking was
summarized in Table I. This result indicated that
Aspergillusidone A is favorable to bind with PknG
with docking score of -9.08 kcal/mol. Aspergillusidone
A contained COOH at R; position which is different
substituent as compared to other Aspergillusidone.
This functional might be important for binding
ofAspergillusidone A as compared to
Aspergillusidone B-F in PknG binding site. To gain
more details of binding mode and binding interactions,
MD simulations of Aspergillusidone A complexed
with PknG were performed.

Aspergillusidone Docking score (kcal/mol)

A -9.08
B -6.35
C -1.32
D -6.39
E -6.51
F -1.65

Table I: Docking Score of Aspergillusidone A-F Isolated from
Aspergillus unguis in PknG Binding Pocket

B. Stability of Aspergillusidone A complexed with
PknG

This is binary complexed of Aspergillusidone A
complexed with PknG. Two solute species including
PknG and Aspergillusidone A were considered. To
explore the dynamical stability of
ligand/enxymecomplexe, root mean square deviations
(RMSD) from the starting minimized structure of each
solute species were analyzed as plotted in Figure 2.
The obtained results showed that ligandienzyme
complexed reach equilibrium within 1 ns. Based on the

RMSDs results, the data in terms of binding free
energy and binding mode and binding interactions
after an equilibrium state were analyzed.

40
PknG — Ligand

i
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Fig. 2. RMSD of Aspergillusidone A complexed with PknG
derived from MD simulations.

C. Binding free energy calculation

The binding free energy of Aspergillusidone A
complexed with PknG derived from MM-PBSA and
MM-GBSA methods were summarized in Table II.
Based on the energy contributions, electrostatic
interactions energy was lower than van der Waal
interactions indicated that electrostatic interaction was
main interaction in PknG binding site of
Aspergillusidone A. Binding free energy (AGying)
derived from two methods displayed similar results,
-14.42 kcallmol and -17.76 kcal/mol for MM-PBSA and
MM-GBSA, respectively.

Contributions Energy (kcal/mol)

AEvaw -33.35
AEge -41.94
AE gs 75.29
AGsoIv(MM.PBSA) 44.75
AH(MM.PBSA) -30.55
AGsoIv(MM.GBSA) 4141
AH(MM.GBSA) -33.88
TAS -16.13
AGbind(MM.PBSA) -14.42
AGbindmm.cBSA) -17.76

Table I1: Binding free energies of Aspergillusidone A in PknG

binding pocket derived from MM-PBSA and MM-GBSA
approaches

D. Binding interactions

The binding mode and binding interactions of
Aspergillusidone A complexed with PknG were
analyzed as shown in Figure 3. Based on interactions
analysis, we found that hydrogen bond interactions
between Aspergillusidone A and amino acid residues
surrounding their binding site are crucial interactions.
An oxygen at R, position bound with NH backbone of
Val235. This hydrogen bonding showed highest
hydrogen bond occupation with 95 %. This result was
confirmed by the large interaction energy (Figure 4) of
Val235 derived from MM-GBSA approach. At the
same substituent, hydrogen atom act as hydrogen bond
donor to from hydrogen bond interactions with an
oxygen carbonyl of Glu233. At an oxygen carbonyl of
Aspergillusidone A, 64 % hydrogen bond occupation
was displayed to bind with NHjs'sidechain of Lys181
and the large interaction energy was reported as shown
in Figure 3 and 4. COOH of Aspergillusidone A act s
hydrogen bond acceptors to form hydrogen bond
interactions with Arg242 with hydrogen bond
occupations of 28%. In addition, hydrophobic
interactions were important for binding of
Aspergillusidone A in PknG binding site. These results

were displayed from the binding interaction energy in
Figure 4. Binding interactions energy of Vall179 and
[1e292 were obtained. Side chains of these residues
bound with methyl groups of Aspergillusidone A.

A”&J&l p
« A - mw; :—— mm,:l j
\ \@Js \ oo < e /
f e
S A8 .‘.\”*"1.;
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Fig. 3. Binding mode of Aspergillusidone A complexed with
PknG derived from MD simulations.

~ 00
o
E
= .4.0 1
g Val211
S | » f
8201 lets7 . %5
§ i ol Glu233 Af9242/
5 / Glu280
540 val179 Met283
@
£ 501 Lys181 le292
Val235
8.0
100 150 200 250 300 350 400

Residues

Fig. 4. RMSD of Aspergillusidone A complexed with PknG
derived from MD simulations.

CONCLUSION

Molecular docking and MD simulations were
successfully applied on Aspergillusidone A-F in M.
tuberculosisPknG binding site. Aspergillusidone A
was found as the most favorable to bind in PknG
binding site. Hydrogen bond interactions with Lys181,
Glu233, Val235 and Arg242 were founds as the
crucial interactions for binding. In addition,
hydrophobic interactions of Vall79 and 11292
residues were shown as the crucial interactions to
improve binding interaction energy in PknG binding
pocket. These results aid to help biomedical science for
biological evaluation and identify this compound as
new anti-tuberculosis agents.
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Abstract:

Mycobacterium tuberculosis remains to be the major cause for tuberculosis. Enzyme
Enoyl-ACP reductase (InhA) of Mycobacterium tuberculosis is an enzyme which is important
for the growth of bacteria. This work used molecular docking calculations to study the binding
mode and the crucial interactions of novel pyrrolyl benzohydrazide and pyrrolyl benzamide
derivatives in InhA binding site. The obtained results show hydrogen bond interactions with
Tyr 158 and cofactor NAD* of compound 25 Cation-Pi interactions between aromatic ring of
compound 3 with hydrogen atom of Lys165 were obtained. In addition, sigma-Pi interaction
between aromatics ring of compound 3 and hydrogen atom of Met161 are important for binding
in the active site of InhA. Moreover, hydrophobic interaction between compound 1, compound
3 and compound 25 and Alal57, 11e202 Val203 and Leu218 residues were found. This
information on the structure interaction between enzyme inhibitors and enzymes is important
in the design and development of new drugs as anti-tuberculosis agents.

1. Introduction

Mycobacterium  tuberculosis (M.
tuberculosis) is the causative agent of human
tuberculosis (TB) and remains a major public
menace!. The World Health Organization
(WHO) estimated that there are 10.4 million
new cases of TB and 1.4 million TB deaths
annually?. Among the infected individuals
8.7 million develop active TB and nearly 1.4
million people die from the disease annually.

The pandemic of AIDS has had a major
impact on the worldwide TB problem. On
one hand, HIV infection is the most potent
risk factor for converting latent TB into the
active, transmissible form, thus fueling the
spread of TB; on the other hand, TB bacteria
can accelerate the progress of AIDS
infection®. The enoyl-acyl carrier protein
reductase (InhA) is a key enzyme of the type
Il fatty acid synthesis (FAS) system [4]. InhA
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%/Inhibition of InhA at 50
uM
63

is an enzyme which is important for the Com.
growth  of  bacteria  Mycobacterium
tuberculosis®. In previous research study
pyrrolyl  benzohydrazide and pyrrolyl
benzamide derivatives were developed and 2
tested for inhibition of the biological activity
showing anti-Mycobacterium tuberculosis
and InhA inhibition activity. So, this work 3
study molecular docking calculations to
investigate the structural requirements and
crucial binding interactions between pyrrolyl 4
benzohydrazide and pyrrolyl benzamide
derivatives substances in binding site of A
InhA> 8 7. For development used as a 5
prototype to study benzimidazole derivatives
for use in the design of InhA inhibitors as
anti-tuberculosis agents. 6

1

s

32

e
\24§
o:<_>:o

50

<

z
z—32 LI
o:<—2:o o:<—<:o

42

11

12

<

<
L2 P
sz/ \))io Oj ;io
o o @ w

2. Materials and Methods

Structures and biological activities of 7
pyrrolyl  benzohydrazide and pyrrolyl
benzamide derivatives and InhA inhibitors
against M. tuberculosis were taken from 8
literatures> & 7 as shown in Table 1. The
biological activities of these compounds are
%Inhibition of InhA at 50 uM of biological 9
data. The X-ray structure of InhA enzyme
complexed with diphenyl ether was taken
from Protein Data Bank (PDB code: 2X23). 10
Chemical structures of these inhibitors were
constructed using the standard tools available
in GaussView 5.0.8 program and were then
fully optimized using the ab initio 11
(M062X/6-31G*) method implemented in
Gaussian  program. Molecular docking
calculations were applied to obtain the
binding mode of pyrrolyl benzohydrazide 12
and pyrrolyl benzamide derivatives using -
Autodock 4.2 program. The binding mode
and binding interactions belong the InhA

binding site. @
Table 1. Structures and biological activities -~ < %\_{ >_<3
\_/

of InhA derivatives® % 7. -/
/j/\” R Com. R1 R2 %lInhibition of
- OA[( TnhA at 50 uM
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37
15
19

34
27
51
57

General structure of pyrrolyl benzohydrazide

Com. R1,R2
21 H
22 H
23 H
24 CHs
25 CHs
26 CHs

R3

0 O

%lInhibition of
InhA at 50 uM

72
(ICso= 34.8+
2.1uM)

64

27

75
(|Cso= 12.6i
2.8uM)

76
(|C502 31.1+
2.4uM)

13

General structure of benzamide derivative

Com. R
27 4-CICgH4
28 3-FCgH4

%Inhibition of InhA at 50

uM

99(29% at 50 nM)
99(27% at 50 nM)

29 2,3-CICqHs 99(37% at 50 nM)
30 2-NH,CsHa 99(31% at 50 M)
31 2-NO,CsHq 99(31% at 50 M)

Q@ — .
N \ 7

General structure of pyrrolyl benzohydrazide

Com. R %Inhibition of InhA at 50
uM
32 H 13
33 4-Br 38
34 4-NO, 22
35 4-Cl 36
36 4-F 35
37 4-OH 29
38 4-OCHjs 13
39 3- OCHs 31
40 3-CHs 29
41 2-CHs, 12
3. Results & Discussion
3.1 Molecular docking analysis of

compound 1 of pyrrolyl benzohydrazide
derivative

Compound 1 come from biological
activities were selected to analyze the crucial
interactions pyrrolyl benzohydrazide
derivative in InhA binding site. The obtained
results is shown Figure 1. Hydrophobic
interaction between hydrogen atoms of
ligand with hydrogen atom of Prol56 and
Leu218 residues were founded. Moreover,
hydrogen bond interaction between hydrogen
atoms of ligand with oxygen atoms of Alal57
Tyr158 and Pro193 residue was found.

B

TYR158

ALAEY PRO15B

PRO193

A} 2
Figure 1 binding interactions of compound 1.
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3.2 Molecular docking analysis of
compound 3 of pyrrolyl benzohydrazide
derivative

Compound 3, pyrrolyl
benzohydrazide derivative in InhA binding
site. The obtained results show that
compound 3 formed Cation-Pi interactions
between aromatic ring of compound 3 and
hydrogen atom of Lys165 residue and sigma-
Pi interaction between aromatics ring of
ligand and nitrogen atom of Met161 residue
(Figure 2). For hydrophobic interaction were
found between hydrogen atoms of ligand and
hydrogen atom of Alal57 Tyr158 and
Val203 residues. In addition, hydrogen bond
interaction between hydrogen atom of ligand
with oxygen atoms of Metl155 Tyr158 and
Val203 residue was found.

MEJET

'\ _
S
vANDE
L¥5165 \% TYRIE = ALAls

Figure 2 binding interactions of compound 3.

3.3 Molecular docking analysis of
compound 22 of pyrrolyl benzohydrazide
derivative

Compound 22 of pyrrolyl benzamide
derivative have interactions in InhA binding
site. For Compound 22 differ with Compound
25 at R1 and R2. The obtained results show
that compound 22 formed Pi-Pi interactions
between aromatic ring of compound 22 and
aromatic ring of Phel49 Pi-Pi residue
(Figure  3). Moreover, hydrophobic
interaction between hydrogen atoms of
ligand with hydrogen atom of 1le215 residue
was found. Moreover, hydrogen bond
interaction between hydrogen atom of ligand
with oxygen atoms of Phe97 Met98 Met103
Tyrl58 Met161 Alal98 and 11e202 residues
were found.

PHE149

X

METIO03

Figure 3. binding interactions of compound
22.

3.4 Molecular
compound 25, the
compound of pyrrolyl
derivative

Compound 25, the highest active
compound in pyrrolyl benzohydrazide
derivative come from biological activities
were selected to analyze the crucial
interactions of pyrrolyl benzohydrazide
derivative in InhA binding site. The obtained
results show that compound 25 formed
hydrogen bond interaction between hydroxyl
groups of ligand with oxygen atom of
nicotinamide ribose cofactor (NAD?). In
addition, Pi-Pi interactions between aromatic
ring of compound 25 with aromatic ring of
Tyr 158 residue (Figure 4). Moreover,
hydrophobic interaction between hydrogen
atoms of ligand with hydrogen atom of
Alal58 Tyr158 Phel49 Val203 and Leu218
residues were found. Moreover, hydrogen
bond interaction between hydrogen atom of
ligand with oxygen atoms of Phe97 Met98
Met103 and 11e202 residues were found.

docking analysis of
highest  active
benzohydrazide

/

3 Z

Figure 4. binding interactions of compound
25.
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N\ TS
3.5 Molecular docking analysis of
compound 28 of pyrrolyl benzamide

derivative

Compound 28 of pyrrolyl benzamide
derivative have interactions in InhA binding
site. The results show that compound 28
formed Pi-cation interactions between
aromatic ring and nitrogen atom of Lys165
residue (Figure 5). Pi-Pi interactions
between aromatic ring and aromatic ring of
Tyr158 residue. The hydrophobic interaction
between hydrogen atoms of ligand with
hydrogen atom of Phel49 and Val203
residue were found. Moreover, hydrogen
bond interaction between fluorine atoms of
ligand with hydrogen atoms of Leu215 and
Leu218 residues were found.

Figure 5. binding interactions of compound
28.

3.6 Molecular docking
compound 29 of pyrrolyl
derivative

Compound 29 of pyrrolyl benzamide
derivative have interactions in InhA binding
site. The results formed Pi-Pi interactions
between aromatic ring with aromatic ring of
Tyr149 residue (Figure 6). The halogen
interaction between chlorine atoms of ligand
with hydrogen atom of Met161 residue was
found.

analysis  of
benzamide

Figure 6. binding interactions of compound
29.

Rational design based on the study of
molecular docking calculations when
analyzing the conformation and interactions
in the binding pocket of InhA for to higher
activity. Compound 25 is highest was
selected as template molecule design novel
pyrrolyl benzohydrazide derivative. The
substituent R1 and R2 should be large for to
achieve hydrogen bond interaction and amino
acid around even better. The substituent R1

should be a groups of hydrogen donor and
have a small electron density to form
hydrogen bond with carbonyl group of amino
acids Alal57. The substituent R3 should be

small, such as H, F, Br and Cl for to hydrogen
bond, hydrophobic and halogen interactions
with the phosphate of NADH and amino
acids around.

In  Compound 29 of pyrrolyl
benzamide derivative has %lnhibition of
InhA higher than compound 27, 28, 30, and
31. The substituent should be F, Br and ClI
for to halogen interaction and amino acids
around.

4. Conclusion

Molecular docking calculations
investigate crucial interactions of pyrrolyl
benzohydrazide and pyrrolyl benzamide
derivatives. Molecular docking calculations
to get more understanding of the binding
mode and the crucial derivatives in the InhA
binding pocket. The results show the
hydrogen bond interactions were found as the
crucial interactions for binding. In addition,
the  hydrophobic interaction, Pi-Pi
interaction, Cation-Pi interaction and Sigma-
Pi interaction of ligands with amino acid in
InhA binding pocket were observed. This
information will lead to design to increase the
efficiency of the substance of benzimidazole
derivatives in InhA inhibitors as anti-
tuberculosis agents.
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Abstract:

Mycobacterial enoyl-ACP-reductase (InhA) is an enzyme contributing in mycolic
acids biosynthesis has been established as promising target of anti-tuberculosis drugs. In this
study, 4-thiazolidinone (rhodanine) inhibitors were selected to study crucial interaction using
molecular modelling techniques by molecular dynamics simulations. Molecular docking
calculations were used to elucidate the key interactions for binding of these inhibitors in InhA
binding pocket. The obtained results showed that hydrogen bond interaction between hydrogen
atom of carboxylic group with Ser123 and electrostatic interactions with Phe97, Met98, and
NAD" cofactor were found. Molecular dynamics simulations were performed to elucidate the
binding interaction and binding free energy of 4-thiazolidinone (rhodanine) inhibitors.
Hydrogen bond interactions were found as the crucial interactions for binding in the InhA
binding site. Binding free energy calculations based on MM-PBSA method corresponded well
to the experimental value. The integrated result obtained from this study aid to better
understand on the structural basis of 4-thiazolidinone (rhodanine) derivatives for rational
design more potent InhA inhibitors as potential anti-tuberculosis agents.

1. Introduction

Tuberculosis  (TB), caused by
Mycobacterium tuberculosis (M.
tuberculosis), remains a major global health
problem. In 2017, there were an estimated
10.4 million new TB patients worldwide, and
the high mortality rate of TB is caused by its
HIV co-infection as well as strong drug
resistance of M. tuberculosis®. Drugs such as
isoniazid, rifampicin, pyrazinamide and
ethambutol are currently used for the

treatment of TB, although there are many M.
tuberculosis having resistance to these drugs.
In addition, multidrug resistant tuberculosis
(MDR-TB), extensive drug-resistance TB
(XDR-TB), and co-infection between M.
tuberculosis and HIV (TB/HIV) are major
problems in the treatment of TBL. Antibiotics
for TB treatment are classified into two
classes, first-line drugs and second-line
drugs. First-line drugs are mainly bactericidal
and combine a high degree of efficacy with a
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relatively low toxicity to the patient during
treatment. These drugs include isoniazid,
rifampicin,  streptomycin,  ethambutol,
pyrazinamide, and fluoroguinolones.
Second-line drugs are mainly bacteriostatic,
which have a lower efficacy and are usually
more toxic. These drugs include para-
aminosalicylic  acid, ethionamide, and
cycloserine?. lsoniazid (INH), a frontline
drug for over 640 years used in the treatment
of TB. As a prodrug, INH must be first
activated by KatG, a catalase-peroxidase that
oxidizes INH to an acyl-radical, which binds
covalently to NADH, the co-substrate for
InhA. The INH-NAD adduct functions as a
potent inhibitor of InhA3. INH drug resistant
tuberculosis is caused by KatG mutation.
Hence, there is an urgent need to discover and
develop new anti-TB agents that target novel
biochemical pathways and to treat drug-
resistant forms of the disease. 4-
thiazolidinone (rhodanine) derivatives were
developed as new potent anti-tuberculosis
agents based on direct InhA inhibitors®.
Recently, molecular docking has been
performed to study the binding of 4-
thiazolidinone (rhodanine) derivatives onto
the active site of InhA in an attempt to
address the mycobacterial resistance against
the drug. The integrated results should aid in
the rational design of InhA inhibitors with
high potential anti-tubercular
activity.maximum length of full paper must
not exceed six A4 pages.

2. Materials and Methods

Two chemical structures and their
experimental  biological activities of
4-thiazolidinone (rhodanine)  derivatives
were selected from the literature as presented
in Figure 1% The biological activities of
these compounds were expressed in terms of
M. tuberculosis INhA ICso in uM values. All
chemical structures of these inhibitors were
constructed using the standard tools available
in GaussView 3.07 program and were then
fully optimized using the M062X/6-31G*

method  implemented in  Gaussian09
program. Molecular docking calculations
using Autodock4.2 program was performed
to predict potent inhibitors in the InhA
binding pocket (PDB Code: 1P44).

l N7
seclNes
29 N}
S S
Qﬁ OH va’ OH
0) 0
0 0

e

NH R,

Compound 1, 1C;, 2.9 pyM  Compound 2, IC;, 24.4 pnM

Figure 1. Chemical structures and ICsg
values of the 4-thiazolidinone (rhodanine)
derivatives employed in the present study.

Molecular dynamics simulations
were performed to predict inhibitors in the
InhA binding pocket. TIP3P water model and
Na* were chosen to represent water for
salvation and ions for neutralize system. To
reduce the bad interactions of solvate water
molecules and Na* ions of each system, the
inhibitor-InhA complex was first minimized
by 1,000 steps with atomic positions of solute
species restraint with using force constant of
500 kcal/mol A2. Non-bonded cut-off was set
to 8 A. The threshold value of the energy-
gradient foe the convergence was set as 0.001
kcal/mol/ A. Then, the whole system was
minimized by 1,500 steps as the same
conditions of water and ions minimization
without restraining condition. Next, the
systems were gradually warmed up from 0 to
300 K in the first 20 ps followed by
maintaining the temperature at 300 K in the
last 10 ps with 2 fs time simulation steps in a
constant volume boundary. The solute
species were restrained to their initial
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coordinate structures with a weak force
constant of 10 kcal/mol A? during the
temperature warming. This was followed by
70 ps of the position-restrained dynamics
simulations with a restrain weight of 2
kcal/mol A? at 300 K under an isobaric
condition. Finally, 30 ns molecular dynamics
simulations without any restraints were
performed using the same conditions. The
root-mean square deviations (RMSDs) of the
InhA enzyme and the inhibitors, binding
interactions were analyzed based on the
equilibrium state obtained. The binding
energies were calculated to evaluate the
binding affinities of inhibitors in InhA
binding pocket using the Molecular
Mechanics Poisson-Boltzmann Surface Area
(MM-PBSA)*>® and Normal-mode® methods.
The single snapshot that showed the
calculated binding energy closed to
experimental binding energy was selected to
analyze the binding mode and binding
interactions.

3. Results & Discussion
3.1 Structural stability during MD
simulations and binding energy
calculations

To reveal the structural stability of
simulation system, the RMSD values for the
position of all solute species were separately
analyzed. The RMSD plots for the four
simulation systems over 30 ns are shown in
Figure 2. Convergent RMSD plots indicated
that the equilibrium state was reached for
each system during this simulation period. As
shown, the RMSDs for compound 1 and
compound 2 in InhA converged after
approximately 10 ns. To gain quantitative
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insights into the affinity for binding of 4-
thiazolidinone (rhodanine) derivatives in the
InhA binding site, the binding energies of 4-
thiazolidinone (rhodanine) derivatives/InhA
complexes were calculated by the MM-
PBSA method, reported in Table 1. It is
notable that the calculated binding energies
of inhibitors are correct order as compared
with the 1Cso values. The obtain results could
be successfully used to validate the MD
procedure in this study. Therefore, we
concluded that MD simulations reliably
model binding modes of compounds 1 and 2
in the InhA pocket.

3.2 Binding mode and binding interactions
of compounds

The crucial interactions of compound
1, the highest active compound, with amino
acids surrounding the binding pocket of InhA
enzyme was analyzed, shown in Figure 3 (a).
The major interactions in the InhA binding
pocket are hydrogen bond interactions as
following details: (a) strong hydrogen bond
interactions between hydrogen atom of
carboxylic group of compound 1 with
backbone of Ser123 (1.857 A) can be
observed. Electrostatic interactions between
oxygen atom of hydroxyl (-OH) and carboxyl
(C=0) in carboxylic with Phe97 and NAD"
cofactor were observed, respectively.
Moreover, the hydrogen atom of 1H-indole
group of R substituent has electrostatic
interaction with backbone of Met98 residue
in InhA binding pocket can be found. In
contrast, for compounds 2 showing lowest
active compound, important interactions of
the inhibitors were significantly reduced.
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Figure 2. RMSD plots of (a) compound 1 and (b) compound 2 complexed with InhA.

Table 1. The calculated binding energies (kcal/mol) of 4-thiazolidinone (rhodanine)

derivatives calculated by MM-PBSA method.

Cod Total energies ICso
pa. Complex Receptor Ligand Binding energy (LM)
1 -23255.73 -23182.42 -25.43 -47.87 2.9
2 -23229.38 -23124.44 -61.81 -43.12 24.4
As compared to compound 1, strong and electrostatic interactions between

hydrogen bond interaction between hydrogen
atom of carboxylic group of compound 2
with backbone of Alal57 (2.075 A) were
found. Hydrogen atom of propane in R:
substituent has electrostatic interaction with
Met103 residue in InhA binding pocket can
be found as shown in Figure 3 (b).Based on
the study of the interaction that occurs,
compound 1 has hydrogen bond interaction
distant shorter compound 2 this show
stronger bond. The hydrogen bond
interactions were found as the crucial
interaction for binding in the InhA binding
site and R substituent has electrostatic
interaction better compound 2 as shown in
Figure 3 for explain, so can predict
interactions of inhibitors in InhA binding
site.As compared the hydrogen bond
interaction and electrostatic interaction of
inhibitors in InhA binding site, it can be seen
that these interactions in compound 1 are
higher than compound 2.

Therefore, this fragment is crucial for
favorable 1Cso values. In the carboxylic group
of 4-thiazolidinone (rhodanine) derivatives
have hydrogen bond interactions between
hydrogen atom of hydroxyl (-OH) part in
carboxylic group with backbone of Serl23

hydrogen atom of carboxyl (C=0) with
NAD™ cofactor. Moreover, the R substituent
of 4-thiazolidinone (rhodanine) derivatives
have electrostatic interactions with Met98
and Met103 in InhA binding pocket.
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Figure 3. The binding mode of (a) compound
1 and (b) compound 2 in the InhA binding
pocket. Red and blue lines indicate hydrogen
bonding and electrostatic interactions,
respectively.

4. Conclusion

Molecular dynamics simulations was
successfully applied to investigate the key
structural for binding of 4-thiazolidinone
(rhodanine) derivatives in the binding site of
InhA. Hydrogen bond and hydrophobic
interactions are crucial interactions for
binding of 4-thiazolidinone (rhodanine)
derivatives in InhA binding site derived from
molecular  docking calculations.  The
information derived from this study guided to
design new and more potent InhA inhibitors
against M. tuberculosis.
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Abstract - Mycobacterium tuberculosis InhA has been identified to be one of the potentially underexploited drug targets in
of anti-tuberculosis drug discovery. This research, molecular docking calculations using Autodock4.2 program was used to
study the binding mode and binding interactions between 4-thiazolidinone (thodanine) derivatives ahd InhA. The obtained
results showed that the molecular docking calculation was reliable to predict the binding mode and binding interactions with
RMSD of 0.47 angstrom. The crucial interactions of 4-thiazolidinone (rhodanine) derivatives in the binding pocket are
hydrogen bond interaction between R substituent with Tyr158, Glu219 and NAD' cofactor of InhA. Moreover, hydrophobic
interactions with Met103, Met165, Alal57, Tyr158 and Met161 leading to increasing of InhA inhibitory activity. Therefore,
molecular docking calculations aids to a better understand the structural basis of 4-thiazolidinone (thodanine) derivatives to
rational design more potent InhA inhibitors as potential anti-tuberculosis agents. #

Keywords - Mycobacterium tuberculosis, InhA, Molecular docking calculations.

L. INTRODUCTION over640 years used in the treatment of TB. As
? aprodrug, INH must be first activated byKatG, a
Tuberculosis (TB), caused by Mycobacterium catalase-peroxidase that oxidizesINH to an acyl-
tuberculosis (M. tuberculosis), remains amajor global radical, which bindscovalently to NADH, the co-
health problem. In 2017, there were an estimated 10.4  substrate forlnhA. The INH-NAD adduct functions as
million new TB patients worldwide, and the high a potent inhibitor of InhA [3]INH drug
mortality rate of TB is caused by its HIV co-infection  resistanttuberculosis is caused by KatG mutation.
as well as strong drug resistance of M. tuberculosis ~ Hence, there is an urgent need to discover and
[1]. Drugs such as isoniazid, rifampicin, develop new anti-TB agents that target novel
pyrazinamide and ethambutol are currently used for ~ biochemical pathways and to treat drug-resistant
the treatment of TB, although there are manyM. forms of the disease. 4-thiazolidinone (rhodanine)
tuberculosis having resistance to these drugs. In derivatives were developed as new potent anti-
addition, multidrug resistant tuberculosis (MDR-TB),  tuberculosis agents based on diractlnhA inhibitors
extensive drug-resistance TB (XDR-TB), and co-  [4]. Recently, molecular docking has been performed
infection between  to study the binding of 4-thiazolidinone (thodanine)
M. tuberculosis and HIV (TB/HIV) are major derivatives onto the active site of InhA in anattempt
problems in the treatment of TB [1]. Antibiotics for  to address the mycobacterialresistance against the
TB treatment areclassified into two classes, first-line drug. The integratedresults should aid in the rational
drugsand  second-line ~ drugs. First-line drugs  design oflnhA inhibitors with high potential anti-
aremainly bactericidal and combine a highdegree of  tubercular activity.
efficacy with a relatively lowtoxicity to the patient
during treatment.These drugs include isoniazid,  IL DETAILS EXPERIMENTAL

rifampicin,streptomycin, ethambutol, .
pyrazinamide,and fluoroquinolones. ~ Second-line  Four chemical structures and their experimental
drugsare mainly bacteriostatic, which havea lower biological activities of 4-thiazolidinone

efficacy and are usually more toxic.These drugs ~(rhoda.nine)derivatives were selected from the
include para-aminosalicylicacid, ethionamide, and  literature as presented in Table 1[4]. The biological
cycloserine [2].Isoniazid (INH), a frontline drug for  activities of these compounds were expressed in
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terms of
M. tuberculosisInhAICs, in uM values. All chemical
structures of these inhibitors were constructed using
the standard tools available in GaussView 3.07
program and were then fully optimized using the
M062X/6-31G** method implemented in Gaussian
09 program. Molecular docking calculations using
Autodock4.2 program was performed to predict the
potent inhibitors in the InhA binding pocket (PDB
Code: 1P44).

Tablel: Three chemical structures and their
M. tuberculosis ICss in pM values of
4-thiazolidinone (rhodanine) derivatives.

R
x-S
o
0 H
A
0

=

H
Cpd. R 1Cs0 (uM)
Cl
e
ci
2 @ 19.70
Cl
3 9.50
CI
4 OO 8.70
I11. RESULTS AND DISCUSSION
3.1. Validation of the docking method
Molecular  docking calculations  using  the

Autodock4.2 program was employed in this study
with the aims to generate the initial structure for
binding mode and binding interaction study. The
available X-ray crystal structure of
InhAcomplexedwith InhA inhibitor (PDB code:1P44)
was used as an initial structure of receptor for
molecular docking calculations. The numbers of grid
points in the x, y, and z dimensions with 36x36x36
A% was used to define the 3D grid box size. The
center of this box was placed in the crystal structure.
The Lamarckian Genetic Algorithm was employed to
generate the conformation of the InhA binding
pocket. The numbers of GA runs were set to 100 with

the default search algorithm parameters. The docking
calculation was verified by the RMSD value between
the docked and observed X-ray conformations in its
pocket. The obtained results show that the molecular
docking calculation was reliable to predict the
binding mode and binding interactions with RMSD of
0.47 angstrom as shown in Fig. 1.

Fig.1. Superimposition of the docked ligand (green) and the X-
ray structure of InhA inhibitor (red).

3.2. Moiecular docking analysis of highest active
compounds

Compound 1 were considered as highest active
compound against InhA enzyme with biological
activities ICso range of 2.90 uM. Fig. 2 showed the
binding orientation obtained from molecular docking
calculations of compound 1 as highest active
compounds. The docked conformation of compound
1 in InhA binding pocket formed the hydrogen bond
interactions were found as the crucial interactions for
binding in InhA binding site.
10-chloroanthracene Rsubstituent interacted ~with
Tyr158 and Glu219, hydrogen atom of carboxylic
group with NAD" cofactor as shown in Fig. 2.
Moreover, hydrophobic interactions with Met103,
Met165, Alal57, Tyrl158 and Met161 were observed.
Therefore, the crucial interaction obtained from
molecular docking calculations is in agreement with
the experimental results that showed the high potency
for against InhA inhibitors.

\

s

Fig. 2 The highest active compound 1 in InhA binding pocket.

3.3 The effects of R substituent

“ The interactions of compound 2 (ICse of 19.70 uM),

compound 3 (ICso of 9.50 uM) and compound 4 (ICso
of 8.70 puM) with of amino acid surrounding the
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binding pocket of InhA enzyme were investigated to
study the effect of R substituent.
1-chlorobenzene R substituent of compound
2interacted with NAD" cofactor via hydrogen bond.
Hydrogen interactions of 1,3-dichlorobenzene R
substituent of compound 3 at carboxylic group with
Pro193 and indole ring with Alal57were found. For
compound 4, 1-methylnaphthalene R substituent
formed hydrogen interaction with Prol56 and indole
ring with NAD" cofactor. Additional hydrophilic
interactions of 3 compounds with Met103, Alal57,
Tyr158 and Met161 can be found were shown in
Fig. 3.

Fig. 3. The binding mode of (a) compound 2, (b) éompound 3,
and (c¢) compound 4 in the InhA binding pocket.

3.4 Key binding for improving biological activity

The effect of R position were compared between
compound 2, compound 3 and compound 4. The
result indicated that compound 3 and compound 4 are
more hydrogen bond interactions than compound 2.

R position large substituent and polarity were
required to improve the biological activity against
InhA of toberculosis. Therefore, new design
compounds should be contained the substituent that
they can interacted with amino acid surrounding InhA
binding pocketby structural basis derived from
molecular docking calculations.

CONCLUSIONS

Molecular docking calculations was successfully
applied to investigate the key structural for binding of
4-thiazolidinone (rhodanine)derivatives in the binding
site of InhA. Hydrogen bond and hydrophobic
interactions are crucial interactions for binding of 4-
thiazolidinone (rthodanine) derivatives in InhAbinding
site derived from molecular docking calculations. The
information derived from this study guided to design
new and more potent InhA inhibitors against M.
tuberculosis.
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Abstract

Enoyl-ACP Reductase (InhA) of Mycobacterium tuberculosis is important enzyme for development
anti-tuberculosis drugs. In this study molecular docking calculations were applied to elucidate the crucial
interaction between 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol derivatives with
enzyme InhA binding pocket. The obtained result indicated that the molecular docking calculations was
reliable to predict the binding mode and binding interactions with RMSD of 0.61 angstrom. The crucial
interactions of 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol derivatives in enzyme
InhA binding pocket is hydrogen bond interaction at R position of ligand with Pro156, Tyr158 and Val203.
Moreover, the hydrophobic interaction between InhA inhibitors with Phe97, Met98, Met103 and Ala198 was
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founded. The obtained result could be help for rational design with more potent InhA inhibitors as potential

anti-tuberculosis agents.

Keywords : 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol Derivatives,
InhA inhibitors and Molecular Docking calculations
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Fumansdudaeulesd nhA flnalasaulafiassiiniswaunarseyiuslungy 1-(benzimidazol-1-y0)-3-(2,3-
dihydro-1-h-inden-5-yloxy) propan—Z—oLIﬁﬁﬂizaw%ﬂwwiunwsaaﬂqwéﬁugaiiﬂfmisﬂlﬁqq%u Tnglasgilou
FEnsfuaduiadansienie (molecular docking calculations) dsazsinlvidladisdunsisenfiddayseninans
auUS 1-(benzimidazol-1-y)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol Adatululnsinsduvenoules
InhA sadsrtlimauisguuuunimsiuasguuuunstuiueseulesifuassudsiogiulnansdu Tnediss
manTriaideiagilildassudalnifivseansamilatwielfiluassudueulsd InhA wazdeuuniiss
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FUTINTeyan1alAsIasIavesasoyius 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy)
propan-2-ol lngigAnassiaiiowasaingiuteyaansiaiiuazanngudeyandninisssumavesusemalneduiu 9
Tassadhs Fuansinnssd 1 nndwihnsuiulasaidiadsiiaasessdeuitnmasunieiaieudu ab-initio
(M062x/6-31G*) Tneldf Tusunsy Gaussius 09 nadeuANuITeieveslusunsu Autodock 4.02 Anwigutuuns
JuAiureasauRUs 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol aglulnsen1sdu
woules] InhA (PDB Code: 2X23) Fae3n1sdiuamnisdnaliafanifonislinsessinanisfnuinasazuna
nsAn
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m31efl 1 IassaranagAmdsandass (docking score) vasansoywus 1-(benzimidazol-1-y)-3-2,3-dihydro-
1-h-inden-5-yloxy) propan-2-ol

Iﬂiﬂﬁ%ﬂﬂﬁbﬂﬂ‘uaﬂmiauﬁuﬁ‘ 1-(benzimidazol-1-y)-3(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol

. Y AMNAIUDETE
M1UIUET RUYLAVEATT Taseadneans .
(docking score)

HO,
N’\Nﬁ o) O
2 8 BNJ/\O’@/O -11.85

-12.09

HO
NAN)/\O
3 9 3 ; -11.83
HO,
YW
4 34 ) ; NI -11.43
HO
N\ o) Cl

5 38 ) ;N -11.39

NAN)/\O/Q
6 39 @ 1139

HO
=\
7 60 N? N O‘O 11.14

8 63 @ O -11.12
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HO
N=\ )T =
N [¢] \

\ / -11.02

NaN15IELaZRAUTIUNE
1) wansnsIvEauANLNTafevadlUsknsy Autodock 4.02
nasnMsisuisussnindaseadsildannisiuinluaiansiennesanstududoalsa Tulnss
n1sduveseulasd InhA wudnldar RMSD windu 0.61 Sanseu deaunsadudulainssidouiznisfiuim
IuLaﬁam%ﬁaﬂﬁaﬁli’fﬁmmmL%aﬁaiumivﬁmwﬁLmu'ﬂmii’]’mﬂqﬁwaﬂmiauﬁué 1-(benzimidazol-1-yl)-3-(2,3-
dihydro-1-h-inden-5-yloxy) propan-2-ol Tulwsaeulwal InhA

2) 3msflzﬁé'umﬁ%mﬁﬁﬂﬁ'ﬁuﬂaemsaqﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy)
propan-2-ol Tulnsaoules InhA
2.1) asayius 1-(benzimidazol-1-y1)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol il
ANEI9UBETE (docking score) g4
Lﬁ'aﬁmimﬁﬁﬁaﬁaqﬁuﬁ )-1benzimidazol--1yl)-2)-3,-3dihydro--1h-inden--5yloxy) propan--2ol it
Uizﬁm%ﬂwwiuﬂﬁﬁug’qqﬁqm Ao @suunELan 3, 8 uar 9 BeilAndinudase (docking score) fi® -12.09, -11.85
uay -11.83 Diundlunisneia Fuansluguit 1 nuifndumsiseniiddoyded
159019189 3 IAndunsnsusilaiusylalasiauiunsaeziily 2 vila Ao nnezdilu Val203 way Ala198
Tneiinszning svmensendauvasaunusaismneias 3 funsnexiilu Val2o3 uay Alal98 uenainidainduns
Asvvfinlalasiidnsening evmnaulalasiauvesdunuanunsnosiily Met103, Phe97, Met98, Pro193, Phe149,
Tyr158, Alal98, Val203, Leu207uag Leu218 @19v1etaa 8 tinsunsnsevianuszlalasiauiunsnesiily 2
wiin sywisezaeylslasiauvesdunudiunsnesilu Prol156 uay Tyrl58 uenaniduissunsisenvis lelasind
nsgninsezmaulalnsiauvesdununnunsnesiily Met103, Phe97, Met98, Met155, Phe149, Tyr158, Alal57,
Ile202, Val203 uag Leu218 wazansuunoiay 9 lunudunsnsewuuiuselalasiau uaiinounsnsenviinlalasind
nsgninernenlalasiauvesdunuanunsnesily Met103, Phe97, Met98, Met155, Tyrl58, Pro193, 1le202,
Val203, IIE215 wag Leu218
mﬂmi'imiﬂzﬁé’umiﬁ%mﬁﬁﬁmﬂuaqmiawﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy)
propan—2—ol1uﬂajuﬁﬁm docking score g4 WUIATVNIELAY 3 UAZAITNUIULATY 8 LNATUATASYIUUUNUGY
181n519u Fanudasuanea 3 winsunsnsefiuiuseninasuneay 8 iesnasuineay 3 SAwdau
da32 (docking score) ﬁqﬂﬂdwmwmmaﬁu 8 dUSUAIITRLNBLAY 9 WUIIAINENUBEATE (docking score) ﬁﬁwﬁqm
Tunquilisuiamzdunsieuulelasindn

3‘Uﬁ 1 gﬂLLUUﬂWi?‘]’U‘Uaﬂmiagﬁuﬁ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol 91
UseAvsnmlunsdudagegn (n) ansvmaneiae 3 (v) asvangias 8 wag (a) a1svaneiay 9 Tulwsnis
Jursaoulwsl InhA spaeinlsailaainnisiuialuadiansienis
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2.2) a']ia‘lgﬁ'uﬁ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol fifidn
WAI1UDETE (docking score) Ununang

Lﬁaﬁmimﬁdmiauﬁuﬁ 1-(benzimidazol-1-yl)-3-(2,3- dihydro 1-h-inden-5-yloxy) propan-2-ol it
Uszansawlunsdudeuiunans fie @rsvuneian 34, 38 uaz 39 ezmumwawmaasv (docking score) WAy
-11.43, -11.39 Wwag -11.39 Fhumislumenein fuandugui 2 wuIAnsunsiseTid eyl

asnunelaY 34 Insunsnserviianuselalasiauiunsnezdlu 3 uiln Ao nsnezdlu Metl61, Pro193
ey Val203 sewineeznousandlaurssaunuanunineziilu Met161 uag Prol193 uaysewitseznoululnsiauuedd
wnusfunsaezilu Met161 way Val203 usnainidamusunsisorviialelnsindnseninsesmeulalnsiauvedd
wnuAnunsnagiilu Met103, Pheld9, Met155, Tyr158, Ala198, Ile202 wag Val203

gsvunelay 38 Wnsunsnsenlalasiidnszninsezneulolasiauvesdununnunsnesiily Met98, Phe97,
Met103, Alal57, Tyr158, Pro193, Ile202 , Val203 way Leu218 Laza13uuiutay 39 LAndunsnsovinnusy
lalastaununsaariilu 2 ¥ln As nsAoedlu Prol156, Alal98 kay Val203 5¢1in90snalaanTLauyadanunnu
nsnezdlu Ala198 wag Val203 waziinounsnsenvianusslolasiau Inuiinsswinserneulalasiauiu nsnesiilu
Pro156 uenaniifuindunsasevinlelasindn seninsesnelalnsiauvesdunusiuninosily Met9s, Phed7,
Met103, Tyr158, Alal57, Pro193, Val203 way Leu218

mnmﬁmeﬁé’umﬁ%mﬁﬁwﬁnyuaqmsmgﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-

inden-5-yloxy) propan-2-ol lungufifidmdssudase (docking score) U1unans NUIN@ITNNILLAY 34 Lay
ansmuean 39 nsunsiseviiatuselalasiau Jmuasuuneay 36 aniedunsiseviniusylelasiaud
udausafign denalsiamdsnudass (docking score) vasansvanelay 34 flagsdign

(‘U) (R) .
&

F =

U 2 JUnuunsuvesanseyiiug 1-(benzimidazol-1-y1)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol 7l
UsganSanlunisdudaununans (n) @1suunea 34 (1) @asuunga 38 way (A) @nsvaieay 39 Tulns
mMssuvaseaulel InhA vautainlsanlaainnisaiuinluaflIasfaniag

€aN

2.3) msaqﬁ’ué 1-(benzimidazol-1-y)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol i
ANEIUBEsE (docking score) A

Lf‘jaﬂmimwﬁqmsaqﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol i
Usvavsnmlunistiudannae ansvuneiay 60, 63 way 71 dslimdsudase (docking score) Winfiu -
11.14, -11.12 uag -11.02 muanau denunuslunisnea G’]’QLLamﬂugﬂﬁ 3 WU’j’]Lﬁﬂé’u@iﬁ%mﬁﬁ’ﬁmﬁﬁﬁ

asnunelay 60 Wnsunsnservdaiusylalasiaudiunsnesiily 1 ¥da Ao nsnosdlu Alal98 s¥1ing
orneLeaNTILTeELNUATUNIAozill Alal98 wonanidmusunsiservinlelasindnszminesneulslasioy
YasaLnuAnUnsABLIlY Phe97, Met98, Met103, Tyr158, Pro193, Ile202, Val203 was Leu218

asrunea 63 Wnsunsnservianusylalasiaununsnesdilu 1 via Ae nsaezdlu Alal57 5¥1ie
arneusaNIIuYBBLNUAfUnsnezily Alal57 wenanhduindunsnsuvialelnsndnseninserneylslasiou
YasaknUANUNIABLALY Phe97, Met98, Met103, Phe1d9, Alal57, Pro193, Alal98, Val203 uaz Leu218
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waransyuNeaY 71 nedunsnsevialalasindnseminserneulalasiauvedununiunsneyiily Phe9?,
Met98, Met103, Pheld9, Tyr158, Pro193, Ala198, Val203 uay Leu218

mﬂmi%Lﬂswzﬁé’umﬁ%mﬁﬁwﬁzymaamiauﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-
yloxy) propan- 2-ol lungufisiamdaaudasy (docking score) i1 Wudﬂmﬂumjuﬁlﬁmﬁumﬁ%mf"f“uﬂimazﬁiu
Wigs 2 d1unis Ao Alal57 waz Alal98 Lﬁawwﬂmié’uégﬂuﬂejmfﬁmwé’wmaaiz (docking score) fifuaz
Tnssaiawesamstiudslunguilfouamuniiffanuneny Ssdmalimusunsizetos

5UN 3 sULuuMsIuvesanseyiius 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol il
Uszansnnlunisdudeaununas (n) ansuuneay 60 () @suunewas 63 way (A) asuuneay 71 Tu
Tnsannsduvaseulay InhA vasdeialsanlaainnisawinluaiaisaeanie

2.4) ANUABINTITNNATIAFI9UBIEI1TOYNUS 1-(benzimidazol-1-y1)-3-(2,3-dihydro-1-h-inden-5-
yloxy) propan-2-ol

mﬂmamiﬁwmmiuLaﬁam%ﬁaﬂﬁyaLLasmiﬁﬂmé’umﬁ%mmaamiaqﬁuﬁ‘ 1-(benzimidazol-1-yl)-3(2,3-
dihydro-1-h-inden-5-yloxy) propan-2-ol Autaulasl InhA a’mﬁaa?’dmmcﬁaami‘uaqmié’uéy’qLﬁaﬁﬂﬂqums
ponuUUNAz A S USRS AvE nniiaty Feeudesnismdlasadisvesarseyitus 1-(benzimidazol-1-
yU-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol Wudwﬁmméfaqmsmﬂﬂﬁqa%’wﬁmﬂ'Lmuﬁ R %qwﬁaaﬁd]umg
uwnuindaudulelasintn wu wywiia vieniiedia uazdeadumfinnungnzAeudndua) Femyunuiidsnan
a’mL‘fJW;&'Lmuﬁﬁv‘iﬂﬁé’umﬁ%mﬁLﬁmﬁuﬁmwmvﬁummﬁu %ﬂ%ﬁﬁiﬂzjmiaaﬂqwfﬁfé’ugnLauisuﬁ InhA §5iu

d3UNan13IvY

31n15AnwIN1TNIseenuuulutanalasldn1sAuInveasoyius 1-(benzimidazol-1-yl-3-(2,3-
dihydro-1-h-inden-5-yloxy) propan-2-ol Tngl4sz18euiimsiuaas Tuadaansioniasiuau 9 Taseadns dae
TUsuwnsy Autodock 4.2 ﬁmmmmm’tumsﬁmwgﬂLmei%’waamsayﬁuﬁ‘ 1-(benzimidazol-1-yl)-3-(2,3-
dihydro-1-h-inden-5-yloxy) propan-2-ol Tulnssn1sduveseulesi InhA Taglian RMSD wiiiu 0.61 Sanseuds
Flvannsafusulihesndeuitmsmualuamaifenidlifmuindetiolunssunsisenfiameianzas ves
a13auus 1-(benzimidazol-1-yl)-3-(2,3-dihydro-1-h-inden-5-yloxy) propan-2-ol ¢ namsiseiiaenndesiu
UITYNBUNLN [Ganesh, S. P., et al,, 2014] ﬁaﬁ?umamsﬁﬂmﬁlé’ﬁgmmﬁmmim‘L%’L‘ﬁuLLu'zmaLﬁaﬂﬂﬂdm3
ponuuuansiutnlsafifiussansnmluniseonguimedanmgslunisdudaeulss inhA uazannsadiluimuen
flmifissansnmatulunisoangvssudaeulesl InhA uandelalasuuaiien uodalada

finAinssuUsenne

YovauAndtnunemuatiuayun1TIde Tasansduasumidelugaudnwiuasdinenu Auenssuns
Weuriewd asenisaedygying ndadnmalu (YSTP) vasunayeysaid m3ni (SCA-CO-2559-2443-TH) d sy
Ruyuatuayunside AnIneimans ininedeguasustil augineimans uningraeinyasmansuazaud
weluladdidnmsednduazaeufiumesuiand dmsunisatvayulusunsuuaziniesiolunsdiuin
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UNANED
AsRauasiuilsadiinnusniussiuideinymnisaesivendetalse sadaludiivials
svpvnalumsinunduanfudeidosnslunisinm lumiaseildiensafouianmsanassiaiouaiadalaseadig
Tneldsuidouiinseunaluamanifonislunsindenatstud wouls PknG mlmiledlassadaduaseyius
2-oeflulw3u 9 nnsAnwldansiaun 23 Tassadrauiseandu 5 nauilAnAsuBasyIInIsAUIAlGeAIaTS
fennslun1sdufisini -8.00 kcal/mol Sunsisenfiddyfenusylalasauiiintunsneszily ngaain 233 uag

nanezdlundu 235 nafildannisinuilihlugnmstmuniduansdudueulel PknG wWisduasiuiulse

Aadgy - assudalsn asdugueuly PknG n1sAnassialioudss 2-esiilulnanu

Abstract

Development of new anti-tuberculosis agents is urgently required due to drug resistant tuberculosis
problems. New drugs that effected to short duration of treatment timeline are required. This work, structure
based drug design using molecular docking calculations was applied to screen new PknG inhibitors in a series
of 2-aminopyridine derivatives. Twenty-three compounds with different five structures were obtained based
on docking free energy lower than -8.00 kcal/mol. The crucial interactions were hydrogen bond interaction
of new compounds with Glu233 and Val235. The obtained results from this study lead to develop novel

PknG inhibitors as anti-tuberculosis agents.

Keywords : anti-tuberculosis agents, PknG inhibitors, Virtual screening, 2-aminopyridine
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umin

fulsadulsaiifanugudnuiainnsindelulasuuaiiieddfedn M tuberculosis Faifudlgm
assaguiiddyuedlan Wulsaadeduiymvdnlunduussmaimdsiauuagiselddes Tl 2015 3
Srunnvesihetalsanelniiomn 104 Sruauuasiifiaefideiniomn 1.4 §uau (WHO, 2016) Tned w3y
nshnspvesTalsntuartuagfuuTinuaumuuresssins dmsuefildlunisinvfalselutagiuuds
oonidu 2 nguauyszansam Iaurelunguues First-line wazenlungy second wag third-line Jadusneiifing
Tlumsshwannnnndt 40 U (Chetty et al, 2017) ustegnslsfnunisaoetlumsshufalsadadulymmanlu
ms3nwilutiagsu safinaAedymsmiuiulsaend Sadgminaiidvlimesnu falselutagiuliaunsold
Tuns¥nuialseldestediszavsam dalumsinunielmiffivssansnmgaaranmsoudlotapmmsonld
Fauduiidosnslunisinurialse Tnsmedlnlifldlunisinuasdesansofissinuialsaiiinisienls &
svoznaniildlunisdnuduas anasiinnuazanuilumslderlunisinw Sunstensenineen-sflanauad
311N (Shehzad et al,, 2013)

wulasflaiua (Kinase enzyme) iudnnguieulusifidutmunglunisfmuisinulsauazszay
Aanudnsalunisldlunssnwlse lnslanisuziSaazdnvaielsa (Kana et al, 2014; Klebl and Muller, 2005;
Schreiber, Res and Matter, 2009) a9nmsanswuinlassadrsouleslauainuludofulsaidnuusfians 39
Dt manefidfglunstauassudumavenlunsinsfalsalaefidanusmeionldszsyaan falunns
$nwnduas Teldsuanuaulalunisiaueinun ialsaeules PG Wudnioulelawadhmnedmiunsiau
asfudeialsuasiiasnduamuidenesuiineiamnassuddunduuasansiudaouled PinG Ifinansoyius
wulelasielya (Székely et al., 2008; Magnet et al., 2010; Sipos et al., 2015; Scherr et al., 2007; ) miaﬂgﬁuﬁ(
2-axiTulW3HRY (Anand et al,, 2012) wagngudus (Singh et al, 2015) FauiaanswanSustossumA Sclerotiorin
(Chen et al,, 2017) Rnnsaududoyanuianslunguuesesilulniifugniauidumssudueuleilauaiu
Srnunnuanduiaoililunssinulsamagdguil 1 fadunmsimuaslunduvesesilulnadfuiaduuums
fomnzavdmiumsiaumasiuduoulsl PknG uazuennieuideves Anand Iéimulassadsvasansoysiug
2-oziluln3ifu Sefissansamluniseengrisudiuiunans feduudrluanidfeisadlalunsiauanssuds
woulasl PnG naalvallneilassadrsiugiudu 2-osflulnifidu Ssmannnisdnuldansiasadslndiinnadng
UsrAnsnmlumstiudsgauasiauduninuinlsafeslusuns
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Turuddeildiznsinassatioussudadasadilagldssifoviansiualnaiansdonidaeituneu
YOIMSARATIHIE

1. nMswTeugrudeyalasaiivasiadvesanseyius 2-peflulnsafuimun 1,837 lassadreiildann
5eLJ8U35 Sub structure search Tagande Ligand preparation Tuluswnsu Glide (Friesner et al., 2004 and 2006;
Halgren et al., 2004)

2. MsUsusnamsivveneuluiimung PknG dmdulunisednisuadusnamednssnssuduls
odudeyanisduresansiudaouluidmnennlasadaensisd 2Pz Fadulasiadrsveseules PknG fiduiy
a13duda AX20017 Tumiﬂa%ﬁnmmwanqwé‘iumﬁu5&%@&813%5&Lauisaﬁ PknG dsun1sAnynIsAuInly
laanifonnarnsAnassiatiouass

3. nsdnassiatieuasdlneldnisiuinluamansdoniasmsmuaAmdnlumsiulneiduneu
wanadsguil 2 Tnsiduarnnsiienlasairsfmuniléannszideuds sub structure search uazindoudies
Ligand preparation luauamunisnsnaznasnulunisdulaglilusunsy Glide Tngldnsauiundsnulunisiu
WUV Glide XP

4. &anmsAwnluailanifeniadenlasiadsiiidmdsnutiesndt -8.00 kcal/mol unldlunis
fsaunlassadilngerde Lipinski's rule of five nMsutangulasiairslagld Binning clustering i Similarity Cutoff

WAy 0.5 azn1siansansunsnseidfglulnsnisduniuaiau

NaN1579e
1. MSARESILEN DU

aaa

A g A v Lo & . | o ¢ A
wietdunistiuduniseengusdudueuludlawe (kinase) vesarslunguuasarsoyius 2-oxilulwsfinu

a

e uanseengrsdudueules PknG wazansiunulsafiiuszaninmas Tnssadees 2-exilulnififugn
Tdusuuuulunmsdumiinislflunssnuilselutagiuaingiutoya Drugbank Swmuinddesioun 8 faildu
EJ’]%JHH’IISQLLazﬁLﬂﬁﬁWUIUHﬁiaaﬂQVlégUézdL@ul‘dﬁimua 1éiwn Imatinib, Nilotinib, Pazopanib, Dabrafenib,
Ceritinib, Osimertinib, Ribociclib kag Olmutinib %’ﬁﬁmmLflulﬂlé’qﬂﬁmiauﬁué 2-peflulnsifuaraiunsa

Wawnduendldlunsihnldluewan lnedunsumsfnassiaiiouasauanadisgud 2

212,856 laseadne

Specs database

!

1,837 Tasedsne

Sub structure search

)

156 Tasaadg

nsdruanluaftanifanns (Glide XP <-8.00 kcal/mol)

l

142 Taseasng

Lipinski's rule of five

!

72 Taseaine

Binning clustering ﬁ Similarity Cutoff winfiu 0.5

|

23 Taseding

swuszlalaiau (Glu233 uaz Val23s)

UM 2 TumsunsAnassialliouasa
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Fnsnassiadiousidlunsfinuiidngnis sub structure search lugrudoyaanaiadl Specs Idanseysius
2-peilulnaNauavun 1,837 laseaing WAEATLINNTSINAIVRIATBURUS 2-oefilulnsaauranualulnsansdu
voaeulasl PknG TagldsidouisnisAualuafansdonis (Glide XP) Inswuiniianssanun 156 Taseadnadisl
wdanulunstuanmsiwnalueiansdoniaisnit -8.00 kcal/mol uaziiiolilalasiadsansivnzdmsu
nsoangudidus s lassadeansiuddlmdueld Lipinskis rule of five Fsgnldlunisfinnsanlasiadrsves
ansayius 2-oxflulwidfunuidlansvoun 142 lessadilnuaudafionngaudmiuniseongriduen vin
thild Binning clustering # Similarity Cutoff infy 0.5 LLaxLﬁaﬂa'ﬁé’U&j’;&ﬁﬁmwé’dmﬂumﬁuﬁﬁ?ﬁﬁqmiumas
nauldlassadreasutmmnguiionun 78 Tassadranaziilofiansundedunszonfiddynielulnsanisdures
woulas] PknG fuansduda Tetrahydrobenzothiophene (AX20017) uazatasidiuves ATP fuluduainsnues
wulesl PknG aiinstuszlelnsiausswinansdudatunsnesilungnniin 233 (Glu233) uaznsnesdlundu 235
(Val235) Tnewulassadrafifiiusylalasiauna 2 funis s1uau 23 Taseadradenisn el 1 feansimanidnany
wsnzaufiasiamnnduansdudinsyhnureseulul PknG wavansiulseialsasely

A19199 1 anseyius 2-oxdilulniinuvlalnindiaueanssdeuisnisAnassiatousss

Hit No IDNUMBER docking score Hit No IDNUMBER docking score

(kcal/mol) (kcalVmol)
1 AJ-292/14921003 -9.58 13 AO-476/43362695 -8.61
2 AT-417/43484907 -9.26 14 AE-848/32001037 -8.52
3 AK-105/40693577 -9.15 15 AG-664/36602004 -8.50
4 AN-465/43460979 -9.09 16 AJ-292/08600008 -8.47
5 AE-413/20090042 -9.04 17 AN-465/43461088 -8.44
6 AO-555/14497001 -8.98 18 AH-262/31956054 -8.31
7 AG-401/41015807 -8.97 19 AK-968/11781368 -8.22
8 AG-401/43410761 -8.94 20 AJ-292/40871953 -8.19
9 AP-653/41545019 -8.84 21 AN-465/43479889 -8.19
10 AG-205/36992131 -8.79 22 AN-584/43409796 -8.10
11 AG-205/37175017 -8.69 23 AG-205/11316021 -8.01
12 AR-682/43286375 -8.64

2. nwgnsneiauazsunsisenlunisiuvassnssusaeulest PG @ildinnisdasssiaiiousss

mnmsdraradiouaimuingns 23 lasaiiianiifsyaninmlumsiiudaeules PinG figautsna
Snvaslassaisiuglnsandelasasedifniusylelasauiuiunanesdlunganiin 233 (Glu233) uasnsnasily
1A 235 (Val235) Iditavun 5 ﬂ&jmﬁﬂﬁ 2-9eluln3aRY, 2,4-lnezdlulnsiny, 3-axilulnslaa, 4-oxdilulnsasu
uaz3-ovilu-[1,2,4) losielala-[1,5-a) nddu Ineflansdudaiidusunumesusasnguiinmisiuay Sunsisend
Lﬁm%uﬁagﬂﬁ 3

2.1 MINFardunsise1ves 2-oxliluln3isiu

anseuius 2-exlulnaiy (undulassadsiinulfinniian Tasivtoun 16 Tassade TnsdunsAsemdn
fiintufe ozmexlulnsiausiumsd 1 vio 3 lundlniiRuAniusylalasaufum NH backbone wasnsmaxiilu
MU 235 (Val235) wagnyesdiluves 2-svilulnifulnslifuisiuselalasiauivesnousandiauvemynisueia
(0=C backbone) nsaeillunganiin 233 (Glu233) ansynetay Al-292/14921003 Wuansifamdsaulunisdy
mfiaslunguuonanaziiniuselelnsiauly 2 dumisvesnsresiilufinananuds Smuifndunsisoriddyie
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stuszelaauiintussiaaaels (CU fumy NHs' vesnsnesiluladu 241 (Lys241) uenanidmudunsizen
yilelasTndnfiintusswineansduds A-292/14921003 funsnerilulelsdifu 157 (le157) nsnoxiluoraniiy
158 (Ala158) nineziluleledigu 165 (le165) nsnoziilundu 179 (Vall79) nin exiiluunlslefiu 232 (Met232)
nsnezillulnlstu 234 (Tyr234) nsneziilunganiln 280 (Glu280) nsneziluiumlslellu 283 (Met283) uagninoxil
Tuleledagu 292 (1le292)

2.2 MINIILazdunsizenves 2,4-laesiilulniiau

2,4 lpozilulnaiAudunauvesansoyiusinulfunnidususui 2 sesonanslunguues 2-exflulniiu
anulasaireionn 4 lasadidlnedunsisenfiddyrosarslunguifeiusylalasouilindussnineyaey
Tulastausiumiisit 1 vi3e 3 TurslniRAuAniusylalasiauriuny NH backbone veinsnoziilunau 235 (Val235)
wayngjezlufisumsd 2 uas 4 uaziinfiustlalasiauiufueznousendiauveanasuaiia (O=C backbone)
nsmoxiilungmiin 233 (Glu233) waznsaesiilundu 235 (Val23s) Insansunaiay AK-105/40693577 iuansiid
Amdanulunisduiiigalungy uenanaziisiusylalasiau 3 dumiafunsa oziilunganiin 233 (Glu233) uas
nanoedlunau 235 (val23s) Smuitustlelasauiiinszninamganfusiiavesassudsivezneusandiauvomy
A135uBila (O=C backbone) Nsnaxiilungmiin 280 (Glu280) waziiuszuwAnlosau-lnseninndilladunsneziilula
Bu 241 (Lys241) uenanidamusunsiseaiiniusylelasTninfiintutunsnesilufioglulnsamsturesansdudy

2.3 MINglazsunsnseved 3-oxdlulnslya

3 pzfilulnslgadinuifiamdsnulunisdudisnd 1 Tassadefoarsnuieay AO-555/14497001 Fuiin
ftusylalasiautunsaerilungeniin 233 (Glu233) uaznsnogiluadu 235 (Val235) fail vy NH uazoznou
Tulnsiausunied 2 vaaulnsleaiiniusylalasiauiung NH uazasusilavensnasilsidy 235 (val235)
dunyjor sflufidumiad 3 Anttusglalasiauiunansveliavensnesilunganiin 233 (Glu233) wonaniidmy
aumﬂimﬁjumlaimlwummmmm’namimmmwmmm 4.6 1@L3JV1@ﬂ“UVLW§3J®u Aunsmegdluleled@u 157
(le157) nsnoziiluszaniiu 158 (Ala158) nsmeviilutunlslefiu 283 (Met283) uaznsnezilulolediFu 292
(Ile292)

2.4 MINWIaEdunsise1ves d-oxliluln3isu

arsoyiuslungures 4-eedlulnafidu Adamdsnulumsduiildanmsinuill 1 lassadsde Ao-
476/43362695 FuAnituszlelnsiautunsnesdlungnniin 233 (Glu233) wagnanowiilundu 235 (Val235) dsil
aznaululasiaudumisil 3 venalnidduwAniusslelnsioufuny NH uazafueliavesnsnesiilsanndu 235
(Val235) uagnyjerfiluiidumied 4 1Anvuselalasiauriungarivedavesnsaezilunganiin 233 (Glu233)
Sunsiselalnslniniiintussnindwlsifuiunsnesiuoraiiu 158 (Ala158)

aaa

2.5 NNSIFLATIUATNISENURY 3-0ellu-[1,2,4]-lnselala-[1,5-a]-lnsHau

3-peiilu-[1,2,4]-lasielala-[1 5-al-lnsafudonule 1 Tassadreidandenulunissuiisfe Ak-
968/11781368 lnesunsnseniAniude oxnexlulnsiausumisi vorulasieleaifniusylalasiauiung NH
warAsuafiavesnsaesdlsndu 235 (Val23s) me;g'azﬁiuﬁﬁ%mﬁﬁ 3 \Anustlalasuiunygansueiiaves
n3nozillungmin 233 (Glu233) YenniuEITmusunsisevialelasintnseninansnosiluleleddu 157
(le157) nsmeziluszariu 158 (Ala158) warnsmezdluiumnlslediu 283 (Met283)
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Elucidating the structural basis of InhA inhibitors for anti-tuberculosis agents:

Ligand and structure based drug design approaches
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Abstract

In this research, computer aided molecular design approaches were applied to investigate
and optimization of novel drug targets due to high potential. Enoyl-ACP reductase (InhA) of
Mycobacterium tuberculosis, has been shown to be the primary target of the isoniazid. The
isoniazid resistance arises from the mutations of InhA. The developing new and more potent anti-
tuberculosis agents, which are selected the heteroaryl benzamide derivative as potential anti-
tuberculosis agents active against Mycobacterium tuberculosis InhA. Molecular docking
calculations, molecular dynamics (MD) simulations and three dimensional quantitative structure
activity relationships (3 D-QSAR) were applied to elucidate the important information of InhA
inhibitors. Therefore, the important information from this studies were applied to understand the

binding mode of inhibitors in binding pocket, the crucial interactions of inhibitors in binding pocket
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and the structure requirements of heteroaryl benzamide derivatives as InhA inhibitors provided
guidelines for the design of new and more potent InhA inhibitors.

Keywords : Heteroaryl Benzamide Derivatives, Molecular Docking Calculations, Molecular
Dynamics Simulations, Three Dimensional Quantitative Structure Activity
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Iiﬂ*?zuiimﬂuiiﬂamiaﬁﬁmmwﬁﬂmmm%mwﬂﬁﬁﬂZi/?ﬂm‘UﬂW?L?mlzgwaigfaéz?ml,az
duamguesnisidedinvesauinlan Jagtuaniunisalluszimalneesdniseunsdelanlddndusiy
Tlnooglunduussinafidelaiatuisanivauinlsald (Wotd Health Orgarization,
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(Graham, A. W. et al., 2005) toulsal Enoyl-ACP reductase (InhA) Lﬂul,au”lﬁnﬂlﬂmmaiumﬁaaﬂqw%:uaq
freleleluedn Fududrerdidalunisinuialsn (Rozwarski, D. A. et al, 1998) Tagviutinfiss
U3 duvesanelnsaluiuly FAS Il patway Tunssuaumsnismsdaasssiadasadvontotalse
atdlsfinnunisldlelluedadsiidymar dnfonainnatsiuguosneules InhA nuinisheses
lelwluen@nigdedlaensafunszuiunissuniuiuselalasiauiitienisduves Nicotinamide adenine
dinucleotide (NAD") fiafisanuarannisinulunadeudmuinnsiesivedleleluadaieites
funisnatgiuguesieuleyl catalase-peroxidase (KatG) fael (Rozwarski, D. A. et al, 1999) Fevil4
fvanenduauitensiuiisimunanssudaeulest InhA dlmilaglifesnsnszurunanszduain
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susmdoyanislasadnenesaiseyifus heteroaryl benzamide fauansdannsnsd 1 91niu
n1susulassasrsliiatosaaoszidovisnisAruruaiinioudu ab initio (M062X/6-31G*) lasly
TUsunsuGaussius 09 (Frisch, M. J. et al., 2009) nageuANUEoRevedUTLNTY Autodock 4.2 (Morris,
G. M. et al,, 2009) Anw13Uuuun133UiIiuveIa1TauRus heteroaryl benzamide nglulnsan1sdu
wowlasl InhA (PDB Code: 4QXM) (Guardia, A. et al,, 2016) freszilauiimsuialuamarifeni
Anwrantanamedlulaunfindifieeduisuagruiensruiunisdrdynisduaiilusssued ¥inns
ATUIUMIAINTIUNTIUBATEVDA150UNUS heteroaryl benzamide n1elulnsanisduieulesd InhA
Iagleas MM-PBSA (Wang, J. et al., 2001; Kaledin, M. et al., 2004; Wang, J. et al., 2006; Hou, T. et al.,
2011) faesziieuisnisdnassnadnddauiana kazAnyiAUARIN1TN19lATIATI9Y0IaTOYNUS
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heteroaryl benzamide Litetiiudnfusfunninlunisdiudidaessidouisnisanwauduiusssning
Tassadaduatuiunninmadiuds Tiemeiuazasunaiildannsinuilusarssdeuisnmsine ot
Yoyailsunuszgndlilunisoonuuulasiaiiavesanseysius heteroaryl benzamide fisienfusiunnm
aetulun1ssudaoules inhA

A1319% 1 lassadrauazarduduaninlunisdudaeulayd InhA (Cs) 183a150UWUS heteroaryl
benzamide (Guardia, A. et al., 2016)
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1) Wan13AN¥Ia158YWRUS heteroaryl benzamide a8 szidsuisnisAruinlanafiaans
Ronns
1.1)  wansastadeuanutndefievasiusunsy Autodock 4.2
naannsUSsUfisusEninddassasadildannsiuanmesanstu Sade Talsalulnss
mssuveneulsl InhA veadeialsasdanaiu wuiilulnsinssuveasulesd InhA voadesalsali
RMSD i1y 0.50 §9anseu 31nn159ouiuiuvetaseyius heteroaryl benzamide 5¥13191A5383579
nanmadnesdiulasadnadildanmsmuanesassududefalsalulnsimsiuvoneuls InhA vas
FoTailsa wuivasdassadediiumiinsneiailnddeeiy ﬁQLLaﬂﬂugUﬁ 1
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UM 1 n1sdeuriuiunedanseyius heteroaryl benzamide s¥n3198unudndnn1udnaisd (@7u7)

waLlAsIEs19nleaNNNSAILIN (@wnd) vasasdudadainlsalulnsanisiuveseulas InhA
FUARLAL

1.2) Ainszsisunsisenitdrdyvasansoyus heteroaryl benzamide Tulwsaiaulas]
InhA
asouius heteroaryl benzamide fifiAnfusiunamnisdudaoules InhA gafian wlo
finnsndaansoyius heteroaryl benzamide Aifisgansnnlunisdudsgeaniie dansuunsian 19
fiuszAvsamlumstiudaaules InhA Fee ICs Wity 0.02 pM fztuuun1se uansidlugudi 2 (a)
wuiAndunsisendid ey fo sumsisorviieiusylelasiauszninseznenlelasiauvemyieludfiveznon
28NTLAUYDINTABLI LY Met98 Hiszeyring 2.044 Seanvau uazornaululnsiauvenislnisuduny
lensandavoslaumiined NAD' fszegving 2571 Siansou uenaniduindunsisonsinlelnsindniu
nInaedily Phe97, Pheld9, Tyrl58 wag Metl61 a150uWus heteroaryl benzamide sl fusfunnn
nsudaeulssl InhA Ununans Wefiarsandsarseyius heteroaryl benzamide Aifiuszansamlunis
fudaaunans Ao ansvaneian 25 Assansamlunisdudaoulest InhA Fee ICs Wik 1.00 pM
fsunuunsnes fauanddugud 2 (b) nuinAnsunsizeniid iy fe Iindunsisorvdaiusylalasiou
gnivenoulalasiauveavyioluniuezneuveteandiauvesninoziily Met9s lnuilszaving 2.153
geanseu wazernaululnsiauvedds 3,5-dimethyl-1H-pyrazol-1-yl funylansendavadlaunines NAD'
flszovsing 2,681 Ssanson uonanidanusunsisenvialelasindniunsneziily Phed7, Pheldo,
Tyrl58 way Met199 @158uWus heteroaryl benzamide Afienfusiunnmnisdudaeules InhA Gﬁl”lqm
Flofinsnnfisanseyius heteroaryl benzamide fifiuszavsninlunisdudsign Ao arsvaneiay 38
FafiusrAnsninlunissudaoulesd InhA e ICs Wiy 6.10 pM Siguuuunisnad uansdslugud 2
(©) nuinAndunsAsenfiddy fe sunsiserviiaiuselalasiauseniisernonlulnsiauaeiis
3,5-dimethyl-1H-pyrazol-1-yl fiunylensendavadlaulines NAD® Hsveiing 3.050 daansoy uan Nt
guinsunsnsevialalasininiunsaegiilu Tyrl158, Met161, Alal98, Met199 uag Ile202
91NN153LAS 18RS UnTATo A AyuesatseyWus heteroaryl benzamide
UszaAniainlunisdudagegn U1unans uagdian nud1a1suNIeaY 19 waga1saneiay 25
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lelasauiindaussnnniiasaneiay 25 Jedmaliarmaneiay 19 fussaniamlunissuduoules
InhA figsninansvanetay 25 uazarsvaneay 38 Indunsisenaiaiusylelnsioudiudesniuas
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U 2 JUnuumsiuresansfiudaansoyitus heteroaryl benzamide ansvianetay 19 Aidaudunam
msdudneula InhA 44 (a) ensnuneaY 25 fAnmusunninnsdudaeule InhA Uiunans
(b) warasuNNEaY 38 AtmAusunamnstudaeulsl A f () Tulnsinissuveaeyle
InhA seadetalsaitldanmsmualuaiansienia

2) Wan1sANBIAITaYNUS heteroaryl benzamide A28521d8U3FITN15318009WaTALTS
Taana
2.1) AYULADYINTNLAZNITATUIUAIAINEIIUNTITIUDATLVDIE1TOYWUS heteroaryl
benzamide Tulwsen1sduvasiaulast InhA
NNTIRINaindlianalaen1sA1uIn RMSD vasnnagnauvesaulesl InhA
Taurlnunes NAD* uazanseysus heteroaryl benzamide nuiiluusszuuiinsiasuvesansusznou e
Wisuidisuiulassaisannlassainadudiu duanslusud 3 aviuldilassaiaoules inhA Taurnines
NAD* uawansayus heteroaryl benzamide lunnszuuiian RMSD Aoutnaiafiosdausiingn 2 ns auis
30 ns uazdien RMSD 1adelut 0.5-3.0 Swansou deiufidelsiiednadeluraena 5 ns gaveumi
NSAUIUMATNENIUNTTUDATEVRIETEUNUS heteroaryl benzamide Tulwsinisuveseulsy InhA
fauandluaisedl 2 uaziileinisrasnnsmmaArauduiusseninamdansiudaseitliannns
yipAeaLn1IAIAL WU IeAmnuduiug () 0.8642 dauanslugud 4
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a15797 2 MsATUIAINEUN1SIUBasE UMY kcal/mol Tag3s MM-PBSA (n=100 snapshot)

AIUULAY ICso (UM)  AH TAS AGeal AGep,”
17 0.05 -31.26+3.61 -21.82+5.47 -9.45+3.85 -10.03
19 0.02 -30.34+3.03 -20.05+4.43 -10.29+3.62 -10.57
21 0.19 -29.61+£3.48 -21.00+4.85 -8.61+3.67 -9.23
22 0.04 -38.93+3.22 -28.41+4.58 -10.52+3.51 -10.16
33 3.40 -34.07+3.33 -26.35+6.33 -1.72+5.22 -7.51
34 1.55 -39.88+4.00 -31.60+£5.22 -8.28+4.01 -7.98
35 0.26 -34.75+3.36 -25.52+4.69 -9.23+3.56 -9.04

) AGeyp=RT IN[ICso], 110 R = 1.988 cal/mol K waw T = 300 K

R*=0.8642

AG,,, (kealmol)
&

-6 -7 -8 -9 -10 -1 -12
AG . (keal/mol)

FUN 4 N5 19aRIANUFURLS TEN AU TTUBATZAINNITNARBILAL A NG
N159UINATTAIUIN

2.2) AUNUINITINAALIUATNIVIVDIEITOUNUS heteroaryl benzamide Tulwsens
Juvaaulyy InhA
funtian1snafiseninsanseyius heteroaryl benzamide Aflassadnafiunnsnariy
MTIALIUIYDY picolinamide ¥99d1IUUIBLAY 21 LAy N-phenylformamide Ya98199U8LAY 22
sziiuldinflfumianisedvesaseysiug heteroaryl benzamide fiuane1afiu a1svaneLay 21
fsgansamlunssudaeules InhA a7 1Cs, Wiy 0.19 uM feiunulunisanea LLamﬁﬂugﬂ‘ﬁ 5
(a) Windunsiseviiniuselalasiauseninesneulalasiauvemyjioludiveznoueendiauresnsnasily
Met98 Aa8Tzaging 2.127 deansou wazornaululnsiauyednd 3,5-dimethyl-1H-pyrazol-1-yl fumsl
lansendaveddaunnmod NAD' szavwia 2.852 Swanson uananidmudunsisorvialslasindniu
nsmozillu Met161 ansuunesay 22 SUszansawlunisdudueulasd InhA e ICs Wiy 0.04 uM
Heunualuni921967 meé“ﬂugﬂﬁ 5 (b) nuan1sAneIny sunsnsenrianusslalasiausening
aznoulalasiauremyisluniveznaueandiauveinsnevily Met98 szvnne 1.855 §3anTou uazny
dunsnserstalalasindniunsnesiilu Met161, Alal98 uag Ala201 1NEISHUIBLAY 21 LALEns
Vgl 22 fiflanuuanssiusesiteny picolinamide wag N-phenylformamide muddu dawaliid
Fumisn1snefiveansiedemnsavsazlszUssansamlumsiuduoules InhA wansefu a1nua
A3fnw nudn @suIneaY 22 Redunsisevieusylalnsauiindusuarsunsizevialelasingn
funnniranswaneian 21 Sedmaliarsuuneae 22 fszansamlunisdudaeulesd InhA fndnans
wueLaY 21
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JUN 5 funiden1seiiardunsisenvesasvanelay 21 (a) wararmianeiay 22 (b) lulnsinisdvves
wulwyd InhA

funtan1snadiseninsanseyius heteroaryl benzamide ilassadnafiunnsneiu
assmuvisvamiteznauluaeldssninmauuTusiuaslndiy ersunea 17 aelgszninanauuduiy
1alwAu Ao Ty (CH,) SUszansamlunissudaeules InhA @1ean ICs, Ry 0.05 UM Lagans
waneay 33 aeldsywinauuiuiuilnEiy fe evmeusendiau (09 fuszansawlunsduduoula
INhA A28 A1 ICso LYINAU 3.40 pM LLazmiﬂy’qaawmaLaﬁuﬁﬁi’ummmﬁwﬁaéﬁ’ﬂLLaqugﬂ‘ﬁ 6
PINHANITANET WUI1 @15UNBLaY 17 1Ansunshsenstanuselalasiausenineznaulalasiauues
21lnsAunulaLnees NAD' Seue1ne 2.876 deansen Lavdunsnsenvianuselalasininiunsnozily
Met98, Met161, Leul97 wag Ala201 @nSudnsvnneay 33 1indunsnsenvianuselelasiausening
aznoulalasiauvemisluniuernousanaureensnasiily Met98 Figszenng 2.093 89anTou uazdd
\ndunshsevialalasindniunsaegdily Tyr158 way Leu207 a1ARANTSANYI WUIN E15UNNELAY 17
Aedunsisenvdelalaslidnfiunnnitaisuanewas 33 fussdmaliarsuaneay 17 Susyansamly
nsdudaeuls InhA l8Aninanswaneay 33

V) ,
JUN 6 Fumian1sneiiuazdunsisenvesduneiay 17 (@) uagansvaneiay 33 (b) lulnsansduves

uloal INhA

AUMINNINeFsEnInsaseyiius heteroaryl benzamide fiflassadafiunnsnaiiu
AsILvLsvesaasernouluaglgse It uuduiUelnsAu asuuneay 19 aslgseningsuuduiu
29l95AU Ao wwsnnluy (-OCH,-) §1A1 1Csy 0.02 pM nudAndunsisenvianusylalasiauseninseznay
lalasiauvoausniluy ((OCH,-) AuprmaupanBIauYBINIABLily Gly96 Lazlaunnianes NAD' seagnig
2.513 uay 2.485 Seansen MUEEU uenantuduindunsiseadalalasindnfunsaeyiilu Tyr15s,
Met161 way Alal98 a@nsuuneLa 35 @18laseuinaiauudunuiginsau Ae wshalnle (-SCH,-) TR ICs
0.26 pM MNATAIATIEBUASATENEIRY WU Andunsiserseninsezaeulalasiauvemyjioludiu
aMoLEDNTLIUYDINIABZlY Meto8 sx8Wia 2.369 Sanson wenantuduindunsisevialslas
Winiunsnosdily Met161 way 11202 @15Uu18ta 34 aelgseningaauuduiulelnsau Ao Bnu
(-CH,CH,-) 11 1Cso 1.55 pM nudn iindunsisenviiafiusylalasiauseninsezneulalasiauvevielua
AUDLADUBBNTLIUVBINTABYILU Met98 Syaving 2.213 93ansed wagdunsnserstialalasindniu
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nsmezilu Phe1d9 waz Metl99 91ANANISANYISUASATHITLANT UYBIANTHIALNUIDLAY WU
#15uuNeLaY 19 ‘1‘7iL“’f‘]umﬂeziﬂsxﬂaué’wazmauﬁﬁm%Lﬁﬂimmma‘iﬁqq%Lﬁmé’umﬁ‘%m%ﬁmﬁuﬁz
Telnstauiitnnninanswanesay 35 uarasuanewa 34 faiudsdmaliasuuneiay 19 fussansnwly
msdudaeuled InhA l8dninansuuneta 35 wasansmuneiay 34

Phe97

JUN 7 fummlan1seiinagdunsisenvesasunneia 19 (a) @15vunngia 35 (b) uavasuaneay 34
() Tulnsanrsduveaeulsyd InhA

3) wansAnwAuduRuSSnasIndndasadreiuafudunamlunisiugsuuay
AAVDIA159YNWUS heteroaryl benzamide
nansAnEIAMLEITUSSSInasswindassaetuiiutunanlunstudeine sudeu

WNTesegaUssuiigudvilanuvileudduana (CoMsIA) TngAnwraudanialassasiawagen
fusfunninlunsdudadeoulesl InhA va3a150uRUS heteroaryl benzamide $1u7u 39 Tassadng
Tnsusniluyaadrawuudiass (training set) 91uu 33 1As9aine uazyanaaeu (test set) 6 LATIa31S
WU WUUINAD9 CoMSIA ﬁaﬁqm Ao wuushaesditlan r.? uaen ¥ Wiy 0.500 wag 0.965 ANESU
Fafldrusrmvesauinanedn awwdidnlas-awnfin auulalasindn wavauulalasauuensdines
1 10.0 %, 395 %, 31.6 % way 18.9 % ANAIFU dauanslun1sed 3 HANTSANENE ANAINNENNT0
Tun1sviune (predictive ability) sesuuusiassdildsngt 0.600 wanslidiuiuuusiaos Comsia e
lda1unsnasureAiufoIn1sm1alATaa319909a150UNUS heteroaryl benzamide lun1soangn?
mstanmuagliamnsnihluldlunseeniuuaseyius heteroaryl benzamide Aalvsifisiuszansnw
Lﬁuqa%ﬂé’

A19197 3 HaNeatAvreIRUUTIARY CoMSIA Yaseuus heteroaryl benzamide

Statistical parameters
rc\,2 r? N Spress SEE F Fraction
S/E/H/A 0.500 0.965 5 0.556 0.151 100.608 10.0/39.5/31.6/18.9

ro,>; non-cross-validation, r* cross-validation, N; Optimum number of components,

model

Spress; Standard error of prediction, SEE; Standard error of estimate, F; F Value, S; steric field, E;
electrostatic field, H; Hydrophobic field, D; Hydrogen Donor field, A; Hydrogen Acceptor field
NUUUTIABs CoMSIA Yasansayus heteroaryl benzamide #iffign wuin Arfusfunnm
Tunns8udavnsansoyitus heteroaryl benzamide fildannisvitunglalndidssfunisnaassuang
Tsnswaruduitusserihsadugunamlunssudsnmavnassuaznisviiue fuandlugud 8 fedu
Fsanunsndudiulsiuuudians QSAR vasanseysius heteroaryl benzamide Liifiananindodiofivamne
Tumsvhuwsarfuifunnmlunsdudsannsumiasnaununmaouiaslugud 9 ldaunsaduus
famnudeansmalassaireiidrdyuesansoyius heteroaryl benzamide 1 LilaaannununIwaeuiag
flFvosauuanein awwlalaslndn warawwlolasaunenaiines dulldnvasiluguarlivendy
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Abstract

Tuberculosis (TB) is caused by Mycobacterium tuberculosis. Decaprenyl phosphoryl—B—D—ribose
oxidase (DprE1) involved in arabinogalactan biosynthesis partway of M. tuberculosis cell wall has
been identified as a promising target for anti-tuberculosis drug developments. A group of 4
aminoquinolone piperidine amide derivatives were identified as noncovalent DprEl inhibitors.
These compounds were modified to increase their inhibitory activities against DprE1 as well as M.
tuberculosis. However, these DprEl enzyme inhibitors are not efficient. Therefore, in this research
3D-QSAR, molecular docking calculations, molecular dynamic simulations, and fragment molecular
orbitals were performed to elucidate the structural requirements and crucial interaction of 4

aminoquinolone piperidine amide derivatives. These results lead to better understanding of the
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structural requirement of 4-aminoquinolone piperidine amide derivatives for designing effective

anti-tuberculosis agents.

Keywords : Decaprenyl phosphoryl—B—D—ribose oxidase (DprEl), M. tuberculosis, 3D-QSAR
Molecular Docking Calculations, Molecular Dynamic Simulations, Fragment

Molecular Orbitals Approach
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nsfaa FMO Taeldszaleuds MP2 / 6-31G* iefnunlastadramedidnnsedinduas Suns
Asenitddnyszmrinseules DprEl fuansduds Taeldlsunsa ab initio FMO ABINIT-MP ver.6.0 \iloan
srovbhalunsdan Sddlmanavenhmelussuuresisasdunudi 8 A (78 Tuana) dwsunssun
FMO n1sfufuseninensaezdluudasduazdunud aunsoldeiureddunsisenfidrfysening
fragment 94 DprE1 wazaunus luwnedl FAD vi3elausinines gnutsesnifuaudiude flavin ring,
diphosphate fiiifoulesifu D-ribital ua adenine deoxyribose U58989 DprEl, FAD uasdunuaae 0, -
2 war 0 MUy nEuSuRsAsEwesaza (FIE) Wundwuiliintusswinesunsiservesoulal
DprE1 Tausinumed Aunud uasluanavesii [4] waiildannsdnwdeszieuds FMO calculations vy
Iindsnusunsisorssnineoulesd DprEl fuansdudsluseiudidnasou wenaniinganusay (TEs) ves
Tusiulaunnines uaz aunusgnihsAnaievndanulunsdu (86) Tnendssnlunsduaansom
IFanaunisil 1 uae 2

BE= TEcomplex - TEreceptor - TEligand _TEwater (1)
BE =  TE(DprEl + FAD+ + AQ + water) — TE(DprEl + FAD+ + water)
- TE(AQ + water) + TE(water) (2)

NANITIVY
1. M3ANYIANUABINIINNLATIATINVDIATOYIUS d-aminoquinolone piperidine amide Mesziley
70 3D-QSAR




U‘E%I’Jﬁ‘U‘ﬂﬂ’mﬂuﬂ’ﬁﬂ%‘s’éu%’d’m’]is&ﬁu%’la 1ou. 39y ASYA 12 | 12-13 nsngiAu 2561

Ha7bAa1NNIIANYIAIINABIN1TN19LATIE519v898150YNUS 4-aminoquinolone piperidine
amide MeseideuTs 3D-QSAR wuihuUINaeIfiafiagaiiA1nNausalunsyiuewiniu 0.62 Useneu
luseiesureluianafe auny steric, aunu electrostatic, @uy hydrophobic wagawiu H-bond donor

= [

aasiBudnisiidiusin Ao 8.2 % 37.9 %, 22.5 % way 31.1 %, AMUEIRU

S8

A5199 2 ANSIENIANNEDAVRILUUDIIAD9 QSAR

M FM B HERG AL
LUUINADY , , Wasidudnisiidusu
q ; N S SEE F
S/E/H/D 0.62 0.96 6 0.92 0.31 76.52 8.2/37.9/22.5/31.1
100 -
* Traning sat

9.0 4 @ Test et

g 8.0 .i

E .0 "'j‘. -

E ] L]

E B0 '*

E 5.0 o e ?
40 4 -

30 + v T v T . !
e &0 50 60 TO EQ 90 100
Experimantal log{11C.,)

UM 1 LAAIANUAUNUS TEMINIANPUIUN ATNNITININALAINN AU ULBL AN LHAINNITNARDY

Mswdanagaunig

nansAnEIReNIduzLanunsAsEveeiidudiiinad el DprEl WU11AOUYS steric
(3U 3 n.) Uinnouhidmdesdeliveuanungng nasnmsfnwinuaewisdimdesiiuinus euny
1030 uansimyunuiiiswmisdaadunguundn aouviaf electrostatic (U 3 9.) wuiipouiad
AunsiuTnanaesa LLam'jmnguﬁﬁﬁwLmﬂaﬁmsﬁ@mamﬁaLﬂumﬁqaﬁﬂmau MBS hydrophobic
(3U7 3 A) uandlifuinfineuriidmiuinanseslaninuagineia ddunyunuiifdumistensd
anautFdulelaslidn Aeuias H-bond donor (U7l 3 1) wudrdireuttasiifiduiisumislulasiou
294298150180 ANHANIIANYIAIUADINITIATIAT19V098158YHUS d-aminoquinolone piperidine
amide annsnagUldimsunuiivesanssudsialndasiinuaifdunyunuiivundn Snaauofidumy
Aedinasouuazdanudulelasindniigaiievinliarsdudsflniivssansanluniseangnisuds
wouleyl DprEl ATy

gﬂ'ﬁ 2 WHUNABUYIS (N) AU steric (v) @wnw electrostatic
(m) @wd hydrophobic (3) @uwd H-bond donor




WANULNLAUD LL‘U‘UIUGLG]Q‘E

2. masnwniluiaganifeni
2.1, Han1sasvEeUAMLULTedovedlusunsy Autodock 4.02
N9 nNsISsUTisusEdlasadeildannmsuamesastiududealsalulnsinssures
woulas] DprEt wudnlulnssnsdureaeulesl DprEl voudoadsaliian RMSD winfu 1.15 Ssansou
MnnsTeuiufusrindlasiaiawanmadnassiulasadrildannsiuanesasiududotalse
Tulnssnsduvesieulest DprEl wutitaaesdlassadsdimunmisnanwilndifestuduanddusui 3

a _ a s = < ¢ A Y Ay ° =~
3UN 3 Aunuandnmadnasd @de) wazlassadeilaanniseun @)
yesansdusudeialsalulnssnisdueaoulesl DprEl

2.2 MIIATIENOUNINI81V9E150YNUS 4-aminoquinolone piperidine amide Tulwsansiu

vaaaulwyl DprEl

dlefi9rsaunfeansoyius 4-aminoquinolone piperidine amide ﬁﬁﬂisﬁm%mwftumsﬁuéﬂaqqq
Ao asvaneas 2 deiuseansanlunsiudsoule DprEl A18A1 ICs 111U 0.005 pM H@Lnis
Tumsnei uanaddluzuil 4 wuiRndunsisendiddy fe sumsisorviieiusylelasiauiiviuesney
lulnsiauveaseglsundniuvgiefuvesnsnesfily Gln336 uaznyafuenddnveanyiiessiedunsn

aviilu Leu317 wanannidmusunsisewuulnvesneeslsunfniuieeslsunfnvasdawnawas (FAD)

JUN 4 3UkUUN15IUVRIaNsaURUS d-aminoquinolone piperidine amide aMsMNELaY 2
Tulnsansduveseulesd DprEl AldainnisAualuaAaishenis

dlefiansandaansoysfus d-aminoquinolone piperidine amide ﬁﬁﬂizaw%mwhmié’ug’qﬁwqm
fio ansvanewa 9 Seiiusvansamlunsdudueules DprEl fhesn ICs Wity 78 uM Sumislunis
219 wanadslugudl 5 nuinAndunsisondidfey fe Sunsisorvdefiusylalasiauiiuiiinesney
Tulnsiauvestezlsundnfunsnesiily Arg325 uenaniifamudunsiseuuulnwevseslsudniuag

aelsundnvaslaLnAmes




U‘E%I’Jﬁ‘U‘ﬂﬂ’mﬂuﬂ’ﬁﬂ%‘s’éu%’d’m’]is&ﬁu%’la 1ou. 39y ASYA 12 | 12-13 nsngiAu 2561

gllﬁ 5 gULLUUﬂWﬁU‘Uadmiayﬁuﬁ 4-aminoquinolone piperidine amide #@19%U8AY 9
Tulnsansduveseulesd DprEl AldainnisAualuafiaishenis

3. MsPaemuunaindsliana (Molecular dynamic stimulation model)

LﬁammaaummmL%‘aﬁaﬁuaamiauﬂ’uﬁ‘ 4-aminoquinolone piperidine amide Tulwsin1s3u
yoseulwl DprEl FesuidouiBnsdasuunaindsduena sannmsAnvmuindeinmandennsim
RMSD sewinaiaulesd DprEl lauvinines wagasmungiay 2 wudrszuuididaunandsaindiuly 2 ns
fauandlusudl 6 angunuissuuianuaiosuariinnuundededmivilufnwsuuuunisivues
FULUUMTINIRILAE M TATLIANNE I UNNTIU

4.0
—DprEl —FAD+ —Cpd.02 (b)

Time (ns)

JUN 6 uans RMSD wasansvaneiay 2 lulnsansduveeuled DprEl

1. MINATILVBUNTATE1VOETOYRUS d-aminoquinolone piperidine amide Tulwsansiuves
vl DprEl messidounisinasauuunaindsluana
Lﬁ'aﬂﬁmmﬁqmiayﬁuﬁ‘ 4-aminoquinolone piperidine amide Aifiussansamlunséiuds
aeanfeansviaeiay 2 FediussAndamlunsdiudeules DprEl Faeen ICs Wiy 0.005 pM Tfums
Tunsmes wansdsluguil 7 nuinfndunsizeniidfio Sunsizorviaiusylelasiouiuiiimemes
lulnsiauvensezlsundniunyiefiuvesnsnezilu Gln336 uaznyafuenddnvemyieusiedunsa
oviilu Leul7 way Lysd18 uanannidanusunsasonuulnwesseslsundnfuiteslsuifnues
TaunAne stdenndosiugui 4




WANULNLAUD LL‘U‘UIUGLG]Q%

-4 b \ S48
¥ 5 49

gﬂﬁ 7 EULLuumﬁwaﬂmiauﬁuﬁ‘ 4-aminoquinolone piperidine amide @131118La% 2
Tulnsansduveaeulesd DprEl AldnsTassuuunaindsuana

4. wiseudunsisesendnauleld DprEl AUA159YRUS 4-aminoquinolone piperidine amides
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molecular orbitals

Compound Log1/ICsg Total IFIE (kcal/mol)
1 7.40 -69.7
2 8.30 -75.5
3 8.22 -70.1
4 8.15 -73.5
9 4.11 -51.7
11 5.33 -54.1
12 5.74 -55.7
15 6.68 -62.0
16 7.68 -68.7

0 . Logl/ICs, (M) . .
10 0 2 4 6 8 10

30 1 R*=0.9397

Total IFIE (kcal/mol)
A
S

U 8 nemuanIAuATUSTEnINAINANIUsUAIASeN  (total IFIE)  AuAnAuiupnnmmisdinm
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M. tuberculosis WuwuaiiFefiiuamgmanlunainialsaded Enoyl ACP reductase (ENR)
3o InhA Wueulwiddnlunisdunsesinsaladuililuduissneundnueauaiide fafueuled InhA
Fauduthmnglunsiauiiedsudsialsn Yagiudieleleluesdn Wuenduds M. tuberculosis usnuin
deldenlele-luesdasieiilosazifinnisiosndeanivgiinainnisnateiuiues Katc suided
?Nﬁ’";’mqﬂizmﬁLﬁaﬂ’meizﬁmﬁmwmaqﬁ’gé’ué?mauiszjﬂ InhA Ineilayiiusuas Pyrrolyl benzohydrazide
JuitugruuarldisTuanarifeniaiieAnudunsitenseninsansndusudaty inhA WWivane ewuidn
ansfuduindunsisenfunsnesiiluly InhA léun Wuselelasiauil Pro156 Tyr158 Alal98 Val203 wax
Taunnimes NAD wagstuselndadudunsisenfistodfiudsyansninseninsansngududauasluana
inhA fuagldiBnsdrassuvumanaindaduanaiiefnuilassadiildsunUasmuszezianfiviali
Tasvadaafiosiian Sinnsieseihuiuannsnianesnuuulasadslmlifiesudaeulssl inha
Ifogn e aung

Addry : Taulsa lwananidenns Fen1sdnasanuumanaiailiiana

Abstract

M. tuberculosis is a cause of tuberculosis. The Enoyl ACP reductase (ENR) or InhA. InhA is
an important enzyme for synthesis fatty acid of a bacteria cell. Nowadays, isoniazid (INH) is a drug
target for treatment of active tuberculosis infections, but mutation of KatG to resistance INH. In this
study, molecular docking calculations and molecular dynamic simulations were applied to
elucidate the binding modes and crucial interactions between pyrrolyl benzohydrazide derivatives
in InhA binding pocket. The obtained results provided that hydrogen bond interaction between
licand and Pro156, Tyr158, Ala198, Val203 and NAD" cofactor. Moreover, pi-pi interaction was
improved the binding affinity of inhibitors in InhA binding site. The integrated results obtained from
this study aided by the rational design of new and more potent InhA inhibitors.

Keywords : Tuberculosis, Molecular Docking Calculations, Molecular Dynamics Simulations
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Jaulsn (tuberculosis) fadulsnfinfaseuseduduassvetian lngluuszwalnedifiealse
wniign 11u 14 Useimavaslanuasdnsifinturesiiie fulsaselnidnadogendnlands 1.3 wh
waza1ndtgUaeselndffiussuna 120,000 s18sedasiidnsinsidedIngeiia 12,000 (konkao,
http:// www. konkao.net/read.php?id=26124) Fensidedinfiunannaredadertadunisdldinns
UimsSnwuazmssnwiiissansamlifsmeiiesanifinnsiiosn

Faulsaflanmgdnain Mycobacterium tuberculosis (M. tuberculosis) BaifununiiiFenanansa
wiglantussuumadumeladsdnnuialsaluden [He X et al. (2007)] 57891431 M. tuberculosis
HuwupfiSefinlsradmniiuszneulusensaluladn (mycolic acid) Fudunsaluiuiildioules Enoyl
ACP reductase (ENR) 38 InhA lunisduiasiginsalufiumdni daquulunisfnuifalsalden
Tolaluozdn (isoniazid, INH) #ve1usinfu KatG ilesudanisdaasizinsalesiy [Gaurava S. et al.
(2017)] MeauidieldenlelyluorindeiiongyiliAnnshoslugtaslnefanvnanmsnaieiug
yoafuilddaunsgiiouley InhA waznisnanesiugues KatG dawaliniaiindunsizensenineeuas
oriluvesieuludanas fedudensuisaunnuosnisiesdsinlfaunsatiuiesnuuuuas i
138U InhA 1¢

[Shrinivas D. J. et al. (2017)] sneauienloleluszdnidungueniiioyiiusues Pyrrolyl benzo-
hydrazide tfuitugiu fadulunsinuadeifailassadranguoyiusves Pyrrolyl benzohydrazide
Mﬂﬁﬂ‘bﬂﬂmﬁuﬁaLﬁ@@@ﬂLLUULLﬁSWWUWﬁWﬁ%’UL‘f]uimaf]aﬂﬂigUg’ﬂ InhA TnggaianTanAne laun
n1sfnudunsfsedaeislaanaiifonis (molecular docking calculations) uag@ny1n1531a89uuY
mamaindsluiana (molecular dynamics simulation) tednwnlassaiefiaunlamaszezinaiivh
Tilawasaafiosiign Gaanuanisinumainiazillgniseenuuuasiilmififvssansnmuasduds
nshesld

B3

1. 1hlAseainevedoyiius pyrolyl benzohydrazide 91131 53 1ASIA5199INNTNUNILITIUNTTH
uazdonlassainsfildaieifuinesudsiifuasimngauiiuansimisd 1

2. Anwwuuinaeadsluanalasasne 3 47 lneld Gaussview 5.0.8 program

3, ynsusuiatioslaseadne 3 37 dewinussansamuvediassasansiagld Gaussian program
waziingmsviluiananifenilaglilusunsy Autodock 4.2 (PDB code: 2X23)

4. Ansgisumsitowedasadenmaed 1 uszdenlasadedldiofidudimatiudias
nansuazANfinsanALANAsTessunsizeuilewlueenuuulianaslmifdussansnmsoly

5. Anwimswdsuulaslassaediafiosiianiinaisneg felsunsu AMBER12 Tasiilassaiis
vosouleidmneiidusvanstiudinnssdouimsiaouvumanatadduanailsvhnisinussuy
fifnwndunuy canonical Insfinaonnanmsinwsammaldimualiuiimnsvesssuuasiiuazgnmai
Asdifl 300 ey Wuminuay Tagld 03 dmsunsiimesfiesurelusiu 14 RESP anmsduaailags
M062X/6-31G* Tananavastnudia TP3P Idgnifudlulunnszuuillunsfnuniznisdassuuunis
wadadeluanalunisiivun auiuwsvesdunuanazlaiinisninua non-bonded cutoff ludiainiu
10 A warld SHAKE method %28lun1s constrain esmouviaviun 113U time step Al4flaniaiu 2 fs
Andsnilunmsturesassudsiisuiueulsdidming sunlasszdeuds MM-PBSA
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1. msnwlngléisluanaifanis

nsfinsuuuiaesddianalagldisluanaiifenfufiovhunednumenisnaiuagnisiin
Sunsfsevesanssudatuliana InhA

MaAnsunsizefinsnesilusie Inedunsiseiiinlaud wuselalnsiausaziuselaviaus
%GWUSzlﬁIWiLﬁ]uLﬁﬁﬁ]’]ﬂﬁ’]'ﬁ&qfuEq?dﬁj‘UIJJLaf]]al,‘i’j’lﬁiﬂﬂ Gly96 Phe97 Met98 Met103 Pro156 Tyr158
Met161 Alal98 Met199 Val203 Leu218 wazlaunnines NAD' LLameﬁ’qgﬂﬁl 1 uagn1siianuszlanaud
swdwmsﬁué‘?&ﬁuimaqaL{lmmwm 9 laun nsmogiilu Tyr158 Lys165 Leu218 wag launnines
NAD* LLﬂmﬁdEUﬁl 2

nsiiniuszlalasiau (Hydrogen bond) ﬁuﬁzia‘lmwmﬂuﬁumﬁ%mﬁﬁqamﬁuiwdwazmam
Lelasiauiveznoudu 9 AT518nN5.WN1AIR (electronegativity) gandn Fansiarsannisiiaiuse
lglnsiauvesanssussiunsnosiluvadiinana InhA nszazauarsvesiusziisans Inglassadned 24
1 waw 5 Aelassadefidianissudegs nansuazimuddulnglaseadiedl 5 famstiudade 63 Wedidus
waznuwusylalasiau 6 Wusy szninalaseadned 1 LLazImaqaLﬂmmaé’aﬂf DYABUDDNTLIUVDINTA
aziilu Gly9s inwusrlelasiauiuezneulalasiaulasaded 1 seozve 2.478 A (FudiTen) nsnevily
Val203 1A 3 Wuszlalnsiaussesiing 1.893, 2491 uay 2.110 A AuernoueendLaudiunusiiaiaiu
9091Asead1ed 1 (Fudinku) ezneulalasiauvensaeziily Leu218 iinWusylalnsiaufvezne
aaﬂsm:«m‘iuimaasm] 1 5382919 1.893 A (1&uden) wazlaunnmas NAD' iiniuselalasiauainlaseasng
7 1 v00z mauaaﬂ%wuuaua maﬂaﬂmmu Syurung 2.101 A (@udaing) LL?{GNGNTU‘VI la N1SiiANUGY
lalnsiauvaslasiadied 5 AfAnsduda 11 Lﬂaimmmimmimmaummmuammgﬂm 2 WUWUSE
lolasiau 5 Wusy fal nsmozily Ala198 1fin 2 Wuselalasiuiulasiaded 5 anesmeulslnsiouves
nsnezdlu Ala198 wazezneslusilufuoznoueondiauvadasadned 5 fssaseing 2.105 A uaz 2.475 A
Aua1eU (dudllen) ianuselalasiaussninserneulalasiauaeinsneziilu Met199 uazornou
paNTLauTedlAsIadned 5 szpzring 2.361 A (Fuditnii) uavezneusendiout 2 svneuvadlaunnnes
NAD" iinwuszlalasiaufvernoulalnsiaunazezaoulusiiuralaseaded 5 szazvnsio 2.138 A
uay 2.353 A muddu (Fuidd) uaglassadiedl 24 Aolassadeiifidnisdudilundugs Ao 76 wWedidud
warwuitustlalasiauiionun 10 Wuss wansdiagud 1c Tassadedl 24 ieiuselalasiouiunsnesiilu
Phe97 s¥uninsaznaulalasiaunasornaunaasusyeyuiie 1.743 A (§udiden) svneulalasiauvesnse
ovilu Met98 iinfusylslnsiaufiuernounaniunadlasiadned 24 ssoyning 2.058 A (Fuduniu)
nsnezilu Met103 fiovnoulslasauiniusylalnsouiulnsaded 24 vesozneuraoIuszazie 2.096
AGdudnn)oznausendiauvesnsnasily Prol56 tinnuselalasiauduesnanlalasiau
v0ilA59a5197l 24 sTerrng 2.383 A (Fudiag) nsiiniuselalasiaussninsernaulalasiauvesnse
aviilu Tyri58 wazevnaueandiauvedlaseadiefl 24 szaeng 1.225 A (Fuddu) ezneulslnsiauves
nsmewiilu Met161 Anwuszlalasiauszoying 2339 A fuszneunasiuveslasaainad 24 (Fuduwy)
aznoulalasiauveansnesily Ala19s iAnwusylalasiauiuesnounaoIuveslassadedl 24 szezing
2.150 A (Fudinaes) uazlaunnmes NAD' 1in 3 susslalasiauainevmeulalasiauiuezneueandiau
LaOTAOUARDSY 2 BYABUTIFLMUNgTY SEzWn 1.595 2.332 waz 2.276 A auadisu (Fuduns)

n1319f1esasdudanagluanainhA fviliAntusslanuaud 1dud Sunsiserszaing
wavlesau-usyln Sunsisenseninaiussdnun-Wuselnuazsunsisenseninaiuss ln-wuseln Falifes
Tassad1edl 1 waz 24 inuselanaudtunsnesilunaslaunnimnes NAD® Y841LaNa InhA wana
fagui 2 Taelaseasnedl 1 wusunsizenanleseuuinvesesnelulnsauiingaezilu Lys165 fuiuss
Tnvaaasinsea (pyrrole) Tulaseadnedl 1 (FudiTen) iniussinunvetezneulalasiaulunsnasily
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Leu218 wagWuselnuesnauudy (benzene ring) ¥84lAsea5199 1 (@ududU) waviinnuseln-wussln
sENINUVUTUveLlaLNnaas NAD waglasaaden 1 (duden) uaneiagu 2a uazlaseasnen 24
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VAL203

LEU218
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e Mycobacterium tuberculosis (M. tuberculosis) L'f]ua%m&mﬁﬂmaﬁmi‘iﬂ (T8) Tne InhA 1 woulesd#id
mudddensalyiulnvesuuaiiiie Mycobacterium tuberculosis sTUEANY 3D QSAR wazAnwSuRsAsEEae
sufouitluanarifonis iefnwianudesnismalassadne uuuunistuuasdunsisendiddyvosarsoyiug
benzohydrazide pyrrolyl Wag pyrrolyl benzamide Tulnsen1sdu InhA nRafnwLanunsnseuuUiuselalasiau
38114 Gly96 Lay Metl61 Aua1suunelay 18 alinsiindunsnseiuunusyln-ln senineaeglsun@n Tyrl58 uag
Tn-uarileseu indunsiseuuuszninseslsininfuesaeulelnsiauues Pheld9 uenanildmuindsunsiseuuy
Talasindnsemineansmunean 18 23 uag 32 fiu Gly96, Phed7, Alal57, Tyrl58, Metl61, Alal98, Val203 uag Ile215
Gﬁa;gaﬁﬁﬁ’zyfuaqﬁumsﬁ%masmwmié’ué‘?ﬂﬁ’mauiszjﬁ wazaudesnsmdasadieildnmuideiiinnuddalunis
genuuukazmue i lmiiieldlunsiudealse
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Investigation of 3D- Quantitative Structure Activity Relationship and Molecular Docking
Calculations of Pyrrolyl Benzohydrazide and Pyrrolyl Benzamide Derivatives as

Anti-Tuberculosis Agents
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Abstract
Mycobacterium tuberculosis (M. tuberculosis) is the causative agent of human tuberculosis (TB) and
remains a major public menace. InhA is an enzyme which is important for the growth of bacteria Mycobacterium
tuberculosis. This work 3D QSAR and molecular docking calculations were investigated. To study structural
requirements, the binding mode and the crucial interactions of novel pyrrolyl benzohydrazide and pyrrolyl
benzamide derivatives in InhA binding site. The obtained results showed hydrogen bond interactions between

Gly96 and Met161 with compound 18, Pi-Pi interactions between aromatic ring Tyr158 and Pi-cation interactions
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between aromatic ring with hydrogen atom of Phe149. Moreover, hydrophobic interactions between compound
18, compound 23 and compound 32 and Gly96, Phe97, Alal57, Tyr158, Metl61, Alal98, Val203 and Ile215
residues were found. These information on the structure interactions between enzyme inhibitors with enzymes
and structural requirements are valuable and important for the design process and the development of new
drugs as anti-tuberculosis agents.

Keywords : Mycobacterium tuberculosis, 3D QSAR, molecular docking calculations, InhA

unin

Fulsafulsaiadefiduanamdnveanisaevesuszansinlanludagiiu uagdsruiuvesgieseln
Fidistunnd Wudymmdnfiddylulssmadimdninu fesimuuarUssmaifammuuiumesssnsgs (Salla A
Munro 2007) teules] Enoyl-ACP reductase (InhA) 1uteulesdiifinnuddgysenisiasaivinveniouuniiie
M. tuberculosis ilesannieulssiidfunidueulsiivninlunsdaaszsinsalatu mycolic acid dafussfusznou
ninvomuradvosteuvaiiseTalsarelsa (Drugs. 2004) wenaniduduthmuneiiddalunisesngnitudilsa
Jalsavessomdniildlunissnudesileleluedn udegrslsinuuszaniamlunissnulsainlsaveden
leloluen@nazanas Lilssannisnaneiuduoseules KatG vimihiinszduienloleluedalieglusuoyyadasy
dioduifu NAD" Tausiniaesifoglugy adduct fiaganunsndudaoules InbA 18 Fadunissufsfieiznisdon
mﬂmu?ﬁadau%ﬁﬁﬁﬁmﬁﬂmmiauﬁué pyrrolyl benzohydrazide iLag pyrrolyl benzamide LavennwuUiayng
5&meﬁwudﬂﬁmaﬁiumsé’ué’?ﬂiiﬂfmisﬂiumqmﬂimahjmumiﬂizé}:ué’wLaulsu:ﬁ KatG (Joshi, Dixit, et al., 2017)
ﬁaﬁmm%{faﬁﬁqﬁm’mé’aaﬂﬁﬁ%ﬁwmsauﬁuﬁ‘ pyrrolyl benzohydrazide waz pyrrolyl benzamide wAnw ol
senuuukazdumiuuulunstudateTalsauazievls’ InhA

B33y

Tassasreduduresasdufueulusl InhA founldannsaiidlaslfivsunsulianansluinads Gausview
mﬂfuﬁwmiﬁwmmﬂ%’Uiﬂiaa%fwﬁmﬁmﬁqm (full geometrical optimization) Ae5z108UIS Ab initio M062X/6-31G*
(Jena, Waghmare, Kashikar, Kumar, & Harinath, 2014) dievhnisenalutuneuiiadoud aldlaseadiiatosus
avluana Mnduthlassaraverdlulflunsdunadeimsluenaiifenis msdnmaruduiussewhalassadaiy
Afusunnmlumsdudauuuanuiia (30-05AR) Tnslassadrsvesansdiudoules] InhA uansienanedl 1

nsAnwANudIRUSIBsBnasisudanidassesluanatuaiunniwlunseangninisdnmuuussdia
nsfnwanuduiussevinlassadefusutunniwlunmsduduuy 30-05AR 1438 aTgiiuufioudd

mmmﬁau@ﬂmaqa (Comparative Similarity Index Analysis, CoMSIA) (Ahamad, Islam, Ahmad, Dwivedi, & Hassan,

2019) Fau3deu Computer-Aided Molecular Design tuneudfnlumsiinsiivaesistuenauvslsilu 3 dunou

Ao

1. nsalaana (Alignment rule)

Tuismsesesituasnduanann 4 lasadumelundesdeivmaiitivua sidtureudtaindudunoud
dieyitgn Imﬂumiﬁﬂmﬁaﬂ%ﬁ%mimﬂuLaqaﬁw%%miﬁnmgﬂLmeﬁwaamiagﬁué pyrrolyl benzohydrazide
uaz pyrrolyl benzamide Ingldign1s1nssdouriuussnsin1sdvvesdiiu
2. MTIAATIEALAETEABNLTY (COMSIA Analysis)

Twanafildnetululutuseudl 1 uazargnassuivnlu 3 57 sou 9 Tuanadulnsmdngnuiaifsasyil
199adn (grid point) seulstanadiuIuan %@mﬁ@é’ménﬁ%Lﬂuiwwawau (probe atom) FsmsAATIEHIzAUI
Sunsisorsenininsuesnouivluanavosindudaie Sunsisoramein Sunsiendiinlnsauniin n1slilusneu
(H donor) wagn133ulUsAau (H acceptor) 9ntudunsizorfand1nazgniuiinliluansns ietlulieszilag

5108U% cross-validation LLazmimaaﬂwqﬂmmuwﬁﬁ&la (Partial Least Squares)
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3. MsuUIKA (Interpretation)

nsUssifiunaiuvudtasdadlinansiuisafuiiunnmiiigniuazerdoararmaimisalunisimie
(Predictive ability, q) {unawilunisiiansanlaean q° AsTA1gInNTT 0.6 waznsuUsNaszkandluzUveIn AR UYRS
103dUUs2AS (coefficient contour map)

= 14 = ack [ 5=3 g
nsfnwslesEdeuIsluanaishanig
Iaseasawdn (X-ray crystallography) ¥84 InhA 59id 2X23 gninanld@nwidun3nseniddglulnsanisdu
InhA Y8%a58URUS pyrrolyl benzohydrazide wag pyrrolyl benzamide Aguanslumsned 1 MnuWIATIERsunsizen
NdAny

A15199 1 wanslassasrsnazarnudunninlunisdudivesansouius pymolyl benzohydrazide waz pyrrolyl
benzamide (Joshi et al., 2018; Joshi, Dixit, et al., 2017; Joshi, More, et al.,, 2017)

R2
Ry
ans R1 R2 R3 MIC (W/mL) ANNunNINTLNSEUE
1* H H L
Foorm N 1.6 5.35
T
2 H H i
HN
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fés\o N
T
3 H H i
g " 16 5.31
-0
T
(o]
i H H N
o 16 531
T
5 H H O Br ;
HN r
N 50 4.13
?‘0/\( Br
O O Br
6* H H SO
HN
N 50 4.00
5*0’\( cl
O O (I
7 H H S
HN
\ 1.6 5.31
s;\o N
T
8 H H °
Fo~pn 16 5.34
° o
9 H H R
f‘:o/\ﬂ’N 1.6 5.29
° o
10 H H 2
Fo~N 50 380
0 o
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11 H H Q
For~ Nt 50 377
° o
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(6]
[e)
_0O O H
13 H Ho| ¥ \—SN_N»—Q—OCHS 1.6 5.34
HsCO,
14 H H _
% 0\_52: och, 1.6 5.37
b i i %O%Z:Fd 9 3.12 5.12
16 H H NS,
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-0 OH;C
17 H H ¥ \—H«Nk)—Q 1.6 532
-0 OHsC
18 I Ho| % ) 16 5.41
-0 OHsC
19 H H ¥ \—HI(N_B'\T)—Q—NOZ 1.6 5.37
20% H H NN
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21 H H . o
HN
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Br
[e] Br
22 H H L1
OHN
)L'”j:@ 6.25 4.88
1"2‘ Cl
Oo Cl
23 H H 0
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]
0o Br
24 CH3 CH3 o Br
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Br
o] Br
25 CH, CH, o
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‘5. Cl
(e] Cl
26* CH; CH; EjHN,N:} 625 07
Cl
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H
F
28 H H
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N
29 H H o [
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30 H H o
@ 3.12 4.95
N
H
31 H H o
%)1\ 3.12 4.99
N
* O o
32 H i g“,fN >\\© 50 3.79
N
H
O o
33 H H e )\\Q 3.125 5.09
H Br
O o
34 H H = 12.5 4.45
N NO
H 2
O o
3 i i gﬁN »\Q 6.25 4.74
N cl
H
36 H H s
gﬁN-N)\Q\ 12.5 4.41
N F
O o
37 H i gHN_ 12.5 4.41
N OH
O 0
38 H Ho| p. 125 4.43
N OCH;
0 o COCH;
39 H i gﬁN.NY\Q 125 a.44
H
O o CH
40 H H 5
gJH‘N_N»\Q 12.5 a.41
H
a1 H H o o™
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NUGLUG * test set

NANI3IY
nsAnwAudIRUSI BB danidasseduanadudiunniwluniseangyamedanmuuusuia
Han15Anw1 CoMSIA model ¥89a158YWUS pyrrolyl benzohydrazide wag pyrolyl benzamide 9117 41
Tas9a$13 Tnendu training set $7uau 35 159819 test set 6 1aseadne waz outlier 3 Taseadns Fann3199t 2 wudn
wuusians CoMSIA fifign Ao wuudiassiifian of uazen ¥ Wiidu 0.722 wag 0.959 muandu Jeiisnsidrmunisiian
991V09 AUNNAWDSN aunudlanlasawnin auulalasliin warauiunislUsnau Aa 4.09%, 12.06%, 11.46% way
10.97% Auddu fauanslumsieit 2 nanisAnwvesuuus1ass CoMSIA model 6 @unsaesurenudesnis
mﬂmqa%ﬁwaqmsagﬂ’uﬁ‘ pyrrolyl benzohydrazide Wag pyrrolyl benzamide 1§ wazdlevihnsvageunisviunesn
Sunnnnlumsiudedildain CoMSIA model W‘udwﬁmmuﬁL%aﬁaé’mamﬂugﬂﬁ 1(Ahamad et al., 2019)

AN5199 2 Avnsadivesnisanewuusiass CoOMSIA model
Field type q2 r’ N S SSE F ansINsidIusI

S/E/H/HD 0.722 0.959 5 0.198 0.077 98.701 4.09%/ 12.06%/ 11.46%/ 10.97%

NUYLUR : o A9 Predictive ability; N fi® optimum number of components; s fiastandard error of prediction; SEE @@ standard error
of estimate; FAi® F-test value; S g steric field; E Ap electrostatic field; H A hydrophobic field; HD ﬁahydrogen donor field; HA f®
hydrogen acceptor field
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6 Training set Test set
=
£ 55
e 2
=
&
sz A5
=
Hin)
c 4
£ 35
3.5 4.5 5.5 6.5

HH

=

Ausiumalunsdugionaiveaas

UM 1 asmlanuduiusseninendudunnmlunisdudvesanseyiusaseuyius pyrrolyl benzohydrazide ua
pyrrolyl benzamide #ilannsnaassuagyinunelagnuudiass CoMSIA

Favorable steric .
- ) Il Favorable positive charges Favorable Hydrophobic Favorable hydrogen bond donor
Unfavorable steric I Favorable negative charges Unfavorable Hydrophobic - Unfavorable hydrogen bond donor

'3

JUT 2 unun maeuRsALNaNe3N (A) auudidnlasauwndin 8) aunulalasivin (O awwnslilusnew (O) ildan
LUUd1ae3 CoMSIA NaTian way lassasianiluvesanseuius pyrrolyl benzohydrazide wag pyrrolyl benzamide

q

Model Aiffigmirumiunsununmasuinsvesansvaeay 18 Lﬁaamﬂﬁ@hﬁ’mmmwhﬂfﬁﬁug’aqaqm U7l 2
WNLAMABUTISENLNTALUSHA LA RS AU N ABUTSAULBLANTASALARN AIULHUNTNABUIISAUINAABSN WHLATN
poutisawulelasindn uar ununmpswnsauunisliuseeu ldausaduuusnaldidosaniimsdouriuiuves
dnouving

fin1san R1 Geeglng C1 Insusiuct oglndnouiidunsuuinidnuansinngunuil R1 azdosdunyly
ddnnsoudeasiiily C1 danudu negative charge ylvidianmseulaun H, CHs, CH.CHs 1udu

915047 R3 ﬂauﬁﬁﬁﬁwLﬁuﬁumm‘majme'i’m%nmmqﬁy’uﬁaqLﬂumﬂﬁaLé‘ﬂmau%ﬂﬁmwmﬂu positive charge
wylidianasouldiun H, CHs, CH.CHs s ﬂauﬁqi‘ﬁlmwmm‘lwmLLaﬂqdwu%LammiaﬁuﬁaqLﬂuwﬂﬁﬂﬁLﬁﬂmawmmdw
vsnauseuanniy negative charge wyadidnasoulaun O uaz S Ui uasAeunTALAUUIAENLARIITUIIM
mquumaqmwmqaLaﬂmammmmmnmuuﬁuaummLﬂu negative charge viyjfadianmseulaun F, Cl uaz Br {usu

miﬁnmé’umﬁ‘%mé”msmﬁau%’%‘[mLa@aﬁﬁanﬁa

NAYBIOUATASENANTUBLAY 18, 23 hay 32 Tulnsan153uvad InhA (Schroeder, Basso, Santos, & de Souza,
2005; Sink et al,, 2015) WUII@ATALNBLaY 18 HAnSunsAsevinlelasintnfunsnosiily Phed?, Alals7, Tyr158,
Ala198, Val203 uaglle215 dn1siinsunsisenasfinnuselelasiauiunsnesiily Gly9s wagMetl61 \iASUASASELUU
Wusgln-ln wagln - uanlosey funsnexiily Tyrl58 uay Pheldd suddu uenanidainsunsisensialslnsinin
Auln - wanlasaunulawnnmas @3uaNsnuNeLay 23 1ndunsnsenviatalasiudniunsnosllu Phe97, Pheld9,
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Tyr158, Ala198 wagVal203 finsiindunsnsenvdanuselalasiaununsneziilu Tyrl58, Pro193 way Leu218 inouns
Aseuvuiustln-ln uagln - uanlessu funseezilu Tauvnned was Lys165 auddu(Sink et al, 2015) uenanil
gunnsunsnserviialalasiidndulanniees wazaisunisiay 32 iindunsnsenaialalasindniunsnesiily Gly9s,
Tyr158, Met161, Ala198, Val203 wazlle215 finsiinounsnservianuselalasiauiunsneziily Prol193 iinsunsnsen
wuuiiusgln-lnlaunnnes wazln - uanlessuiunsnesiilu Lys165 waglaunnines wansdisgy 3

UM 3 anwagnisneilulnsanisdvveseulayd InhA @1svanewas 18 (A)  a@svuewe 23 (B) waga1suugay 32
0

~~ €N

aAUgULaraTUNANITIdY

HAYBILUUTIADY 3D-QSAR CoMISA wuiiianudesnisnidlassasnefeusiin Cl azdeudunylididnnsou
F99evilei C1 flaruu negative charee fiusion R3 ﬂauﬁ’a%ﬁﬁwLﬁuéuumimjﬁmiﬂﬁuaﬁamedw%mmmqﬂ”’u
foudunylididnaseudeliaundu positive charge ﬂaumsaLLmsumm“ImmwmmeaaﬂmwwumiuauaLLamm
Uinunsruondumifididnnseunansiuinaiureuandu negative charge uananiiguinaouitisaunsuun
Enitiumidlalasnauluinasauuiy wanaiunuassudenfunyididnnseunansiuinadureuauy
negative charge Lﬁaﬁ’]ﬂmimﬂNamﬂmiﬁﬂmg‘dLLUUﬂWﬁUﬁJmaﬁaﬁauﬁué pyrrolyl benzohydrazide wag pyrrolyl
benzamide 1ulnsa InhA wuindidunsasendiddalaud lelastndn Wusylelasiau wWuseln-ln wazln - uanleosu
funsneriluuaziaunines 1nmssreesuuLazmssenuuulaanalumsinuitelidnlaaudesnismslasad
fddalunssudatmanevedsatalsa %ﬂumiﬁﬂmﬁ%ﬁﬂﬂémiaaﬂLLuumié’J’Ué’?ﬂﬁﬂmjﬁszbaiﬁﬁmz%m%mw
1umiﬁu€j’jﬂqaﬂdwmiﬁumu

AnmANssuUsENIA

vevuAmURRLITNITosunats (uEide anq.) audaidudadiuuinnssuniaadl (PERCH-CIC) A
Wermans ainedeguasivstil dwunisatuayuy veuRalasinsyuandudufininermansuazimalulading
(TGIST) (SCA-CO-2561-6957TH) dTuiunuatiuayu YeveuamaneIng1Aans un1ingguasivsi quduily
welulaBurisyn@ (NANOTEC) uazgudinaluladdidnnsofinduaznoufininesuisnd(NECTEC) ayiAszila3asilo
wargnEANNaEAINlUN UL URNS
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Computational investigation of quinazoline analogues as PknB inhibitors for
tuberculosis treatment through combined QSAR, molecular docking and molecular
dynamics simulation
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Serine/threonine protein kinase protein kinase B (PknB) of Mycobacterium tuberculosis with
possible roles in a number of signaling pathways involved in cell division and metabolism.
This enzyme has been identified as tuberculosis drug development target. In this study,
HQSAR and 3D QSAR CoMSIA were applied to understand the structural requirement of
quinazoline based PknB inhibitors. In addition, molecular dynamics simulations (MD
simulations) were performed to evaluate the binding affinity in a series of quinazoline
derivatives. The result indicated that the best QSAR models show reliable predictive ability.
The predicted biological activity corresponded well to experimental result. MD simulation
showed good correlation between experimental and calculated binding free energy using MM-
PBSA, MM-GBSA and waterswap calculations. Moreover, hydrogen bond interactions and
hydrophobic interactions are crucial interactions between quinazoline derivatives in PknB
binding pocket. Based on the integrated results, it successfully provide fruitful information
for design of novel PknB inhibitors with highly and more potent as anti-tuberculosis agents.
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Molecular Docking Calculations of Novel Pyrrolyl Benzohydrazide and Pyrrolyl
Benzamide Derivatives InhA Inhibitors as Anti-Tuberculosis Agents
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Mycobacterium tuberculosis remains to be the major cause for tuberculosis. Enzyme Enoyl-
ACP reductase (InhA) of Mycobacterium tuberculosis is an enzyme which is important for
the growth of bacteria. This work used molecular docking calculations to study the binding
mode and the crucial interactions of novel pyrrolyl benzohydrazide and pyrrolyl benzamide
derivatives in InhA binding site. The obtained results show that H-bonding interactions with
Tyr 158 and cofactor NAD" of compound 25. Cation-Pi interactions between aromatic ring of
compound 3 with hydrogen atom of Lys165 was obtained. In addition, sigma-Pi interaction
between aromatics ring of compound 3 with hydrogen atom of Metl61 are important for
binding in the active site of InhA. Moreover, hydrophobic interaction between ligand and
Pro156, Alal57, 11e202 Val203 and Leu218 residues were found of compound 1, compound
3 and compound 25. This information on the structure interaction between enzyme inhibitors
and enzymes is important in the design and development of new drugs tuberculosis inhibitors.

Keywords: InhA; Docking; Pyrrolyl benzohydrazide derivatives; Pyrrolyl benzamide derivatives
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Mycobacterial enoyl-ACP-reductase (InhA) is an enzyme contributing in mycolic acids
biosynthesis has been established as promising target of anti-tuberculosis drugs. In this study,
4-thiazolidinone (rhodanine) inhibitors were selected to study the structural requirement and
crucial interaction using molecular modelling techniques including 3D-QSAR CoMSIA
approach, molecular docking calculations and molecular dynamics simulations. Molecular
docking calculations were used to elucidate the key interactions for binding of these
inhibitors in InhA binding pocket. The obtained results showed that hydrogen bond
interaction between R substituent with Tyr158, Glu219 and NAD" cofactor were found. 3D-
QSAR CoMSIA study was applied to investigate the structural requirement of 4-
thiazolidinone (rhodanine) inhibitors with reliable predictive ability (q°). Molecular dynamics
simulations were performed to elucidate the binding interaction and binding free energy of 4-
thiazolidinone (rhodanine) inhibitors. Hydrogen bond interactions were found as the crucial
interactions for binding in the InhA binding site. Binding free energy calculations based on
MM-PBSA method corresponded well to the experimental value. The integrated result
obtained from this study aid to better understand on the structural basis of 4-thiazolidinone
(rhodanine) derivatives for rational design more potent InhA inhibitors as potential anti-
tuberculosis agents.

Keywords: Enoyl-ACP-reductase (InhA); 4-thiazolidinone (rhodanine) derivatives; Molecular dynamics
simulations; Molecular docking calculations; 3D-QSAR

© The 2019 Pure and Applied Chemistry International Conference (PACCON 2019)



(PACCON gifplellizn

PURE AND ApPLIED CHEMISTRY 2018 o
INTERNATIONAL CONFERENCE !w -2

Rational design of PknB inhibitors in class of 4-oxo-crotonic acid

derivatives as highly potent anti-tuberculosis agents
Chayanin Hanwarinroj,* Naruedon Phusi,* Pharit Kamsri,? Auradee Punkvang,?
Patchareenart Saparpakorn,® Supa Hannongbua,® Khomson Suttisintong,*
and Pornpan Pungpo®”

'Department of Chemistry, Faculty of Science, Ubon Ratchathani University
*Department of Chemistry, Faculty of Science, Nakhon Phanom University
*Department of Chemistry, Faculty of Science, Kasetsart University
*National Nanotechnology Center, 114 Thailand Science Park, Pathumthani, Thailand
*E-mail: pornpan_ubu@yahoo.com (Corresponding author)

Abstract: Protein serine/threonine kinase B (PknB) is an essential serine/threonine kinase of
M. tuberculosis, plays an important role in a number of signalling pathways involved in cell
division and metabolism. However, PknB inhibitors show less potency against whole cell.
To develop protein kinase B inhibitors as new potential anti-tuberculosis agents in class of
4-oxo-crotonic acid derivatives, molecular docking calculations and molecular dynamic
simulations (MD simulations) were applied to understand the crucial interactions, binding
mode and binding energy of selected 4-oxo-crotonic acid derivatives. The results obtained
from molecular docking calculations indicated that highly active compound form hydrogen
bond interactions with back bone of Leul7 Val95 and Asp156 in the PknB binding pocket.
Moreover, Van der Waals interactions with Tyr94 Val95 and Met145 in the PknB binding
pocket were crucial for binding affinity. The binding mode and binding energy of highly
active compound obtained from MD simulations was observed. The result can help for
further design a novel anti-tuberculosis drug design.

Keywords: Protein serine/threonine kinase B; Anti-tuberculosis agents; Molecular docking calculations;
Molecular dynamic simulations
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Abstract: Enoyl ACP reductase, InhA has been identified as promising target for anti-
tuberculosis development. This enzyme is the binding pocket of isoniazid, the first line drug
for anti-tuberculosis agents. However, the potency of isoniazid is decreased due to the
mutation of activation enzyme, KatG. Pyrrolyl benzohydrazide derivatives were designed as
new InhA inhibitors with moderate activities against InhA and mycobacterial cell. Herein, we
aim to develop new highly potent InhA inhibitors based on pyrrolyl benzohydrazide
derivatives. Molecular docking calculations were used to elucidate the key interactions for
binding of these inhibitors in InhA binding pocket. The obtained results showed that
hydrogen bond interaction between ligand and Pro156, Tyr158, Ala198, Val203 and NAD*
cofactor. Moreover, pi-pi interaction and hydrophobic interactions were improved the binding
affinity of inhibitors in InhA binding site. Reiliable 3D-QSAR model was obtained based on
g? value. The structural requirement of pyrrolyl benzohydrazide derivatives were investigated
based on QSAR contour maps. The integrated results from docking and QSAR in this work
aided to rational design new and more potent InhA inhibitors in a series of pyrrolyl benzohydrazide
as novel anti-tuberculosis agents.

Keywords: Pyrrolyl benzohydrazide; InhA inhibitors; 3D-QSAR
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Abstract: Benzimidazole derivatives are good candidates for anti-tuberculosis agents that
display a promising potency for inhibition of InhA. In this work, molecular docking
combined with bioisoester was applied to modification to gain new potential structure of this
series. This derivative has to same general structure but different R substituent. Cpd05 was
highest active compound, Cpd32 and Cpd46 were moderate active compounds and Cpd55
was less active compound were classified based on the predicted binding affinity. To gain
more details of binding interactions new designed compounds, Molecular dynamic simulation
of inhibitor-InhA was employed. The interactions Cpd 05, Cpd32, Cpd46 and Cpd55 with of
amino acid surrounding the binding pocket of InhA enzyme were analyzed. Hydrogen bond
interactions were found as the crucial interactions for binding in InhA binding site. These
results lead to synthesis new series of benzimidazole derivatives. The biological activity of
new synthesized compounds will be consecutively evaluated.
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Benzimidazole derivative has been identified as new potential lead InhA inhibitors based on
virtual screening and biological assay evaluations. This compound exhibited the good
enzyme assay (ICso) and mycobacterial assay (MIC). To develop novel benzimidazole-
containing derivatives based InhA inhibitors, in silico based virtual screening was performed
on ChemBridge database. Our finding indicated that the 5928640 is a potential candidate to
be a novel InhA inhibitor benzimidazole-containing hit for further design. Therefore, novel
InhA inhibitors based on 5928640 derivatives were designed using bioisostere replacement
combined with ADMET prediction and molecular docking calculations. MD simulations and
waterswap calculations were applied to gain insight into the binding mode and key
interactions for binding of 5928640 as well as the new designed 5928640 derivatives. The
obtained results revealed that hydrogen bond interaction between benzimidazole core with
Tyrl58 is the key interactions of new benzimidazole-containing derivatives. In addition,
hydrophobic interactions could be considered as the contribution for stabilizing the InhA-
ligand complex. Accordingly, the obtained results from this work aid to rational design of
new benzimidazole-containing derivatives as new potential InhA inhibitors for mycobacterial
drug development.

Keywords: Benzimidazole-containing derivatives, InhA inhibitors, MD simulations, Waterswap calculations
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1) -benzimidazol-1-yl-( 3) -2,3-dihydro-1H-inden-5-yloxy ( propan-2-ol was
discovered as novel anti-tuberculosis agent by structure based virtual screening onto
enoyl-ACP reductase )InhA (binding site and mycobacterial whole cell assay .Here, this
compound was used as the template for developing of highly potent anti-tuberculosis
agents .In this study, bioisosterism was applied to modify the structure of 2,3-dihydro-
1H-inden-5-yloxy ring and molecular docking calculations was applied as screening
tools to obtain new structures of 1) -benzimidazol-1-yl-( 3) -2,3-dihydro-1H-inden-5-
yloxy (propan-2-ol derivatives . The obtained results show that 72 novel compounds
were highly predicted binding energy in InhA binding site than template compound .
Moreover, molecular dynamic simulations were applied to elucidate the binding mode
and binding interactions into the InhA binding site . The crucial interaction of highly
active compound formed hydrogen bond interactions between hydroxyl group with
hydroxyl group of nicotinamide ribose cofactor and Tyrl158 . The binding affinity of
highly active compound was improved by hydrophobic interactions of modified
substituents onto 2,3-dihydro-1H-inden-5-yloxy ring with amino acid surrounding
binding site . Accordingly, the obtained results aid to understand the crucial interactions
of 1)-benzimidazol-1-yl-(3)-2,3-dihydro-1H-inden-5-yloxy (propan-2-ol derivatives of
InhA inhibitors and provide information structure concept for designing of novel
compounds with better potency against M .tuberculosis.

Keywords: anti-tuberculosis agents, enoyl-ACP reductase, molecular docking
calculations, molecular dynamic simulations
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Mycobacterium tuberculosis Serine/Threonine Protein Kinase G, PknG has been
focused as attractive target for anti-tuberculosis drug development . This enzyme
involves in signal transduction partway that is essential to promote mycobacterial
survival within macrophages. Herein, we aim to develop new anti-tuberculosis agents
based on PknG inhibitors with short treatment durations from Thai natural products.
Bioactive compounds which isolated from marine-derived fungus Aspergillus unguis
were docked into PknG binding pocket to elucidate the binding mode, binding
interactions, and binding affinity . The obtained result based on docking score suggested
that aspergillusidone A was strongest bound to PknG active site with docking score of -
9.08 kcal/mol .Based on MD simulations, hydrogen bond interactions of hydroxyl group
with carbonyl backbone of Glu233 and Val235 were found as the crucial rule for
binding in PknG binding site .In addition, molecular behavior aspergillusidone A/PknG
complex was provided the key information to develop highly specific PknG inhibitors
from bioactive compounds . Therefore, the obtained results from this study guide to
design the new potential bioactive compounds and biological assay evaluation against
PknG .

Keywords: PknG inhibitors, natural products, molecular docking
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Abstract

In this research, computer aided molecular design approaches were applied to investigate
and optimization of novel drug targets due to high potential. Enoyl-ACP reductase (InhA) of
Mycobacterium tuberculosis, has been shown to be the primary target of the isoniazid. The
isoniazid resistance arises from the mutations of InhA. The developing new and more potent anti-
tuberculosis agents, which are selected the heteroaryl benzamide derivative as potential anti-
tuberculosis agents active against Mycobacterium tuberculosis InhA. Molecular docking
calculations, molecular dynamics (MD) simulations and three dimensional quantitative structure
activity relationships (3 D-QSAR) were applied to elucidate the important information of InhA
inhibitors. Therefore, the important information from this studies were applied to understand the
binding mode of inhibitors in binding pocket, the crucial interactions of inhibitors in binding pocket
and the structure requirements of heteroaryl benzamide derivatives as InhA inhibitors provided

guidelines for the design of new and more potent InhA inhibitors.

Keywords : Heteroaryl Benzamide Derivatives, Molecular Docking Calculations, Molecular
Dynamics Simulations, Three Dimensional Quantitative Structure Activity

Relationship
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Abstract
Tuberculosis (TB) is caused by Mycobacterium tuberculosis. Decaprenyl phosphoryl-B-D-

ribose oxidase (DprE1) involved in arabinogalactan biosynthesis partway of M. tuberculosis cell wall
has been identified as a promising target for anti-tuberculosis drug developments. A group of
4 aminoquinolone piperidine amide derivatives were identified as noncovalent DprE1 inhibitors.
These compounds were modified to increase their inhibitory activities against DprEl as well as
M. tuberculosis. However, these DprEl enzyme inhibitors are not efficient. Therefore, in this
research 3 D-QSAR, molecular docking calculations, molecular dynamic simulations, and fragment
molecular orbitals were performed to elucidate the structural requirements and crucial interaction
of 4 aminoquinolone piperidine amide derivatives. These results lead to better understanding of
the structural requirement of 4 -aminoquinolone piperidine amide derivatives for designing

effective anti-tuberculosis agents.

Keywords : Decaprenyl phosphoryl-B-D-ribose oxidase (DprEl), M. tuberculosis, 3D-QSAR
Molecular Docking Calculations, Molecular Dynamic Simulations, Fragment
Molecular Orbitals Approach
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Abstract

M. tuberculosis is a cause of tuberculosis. The Enoyl ACP reductase (ENR) or InhA. InhA is
an important enzyme for synthesis fatty acid of a bacteria cell. Nowadays, isoniazid (INH) is a drug
target for treatment of active tuberculosis infections, but mutation of KatG to resistance INH. In this
study, molecular docking calculations and molecular dynamic simulations were applied to
elucidate the binding modes and crucial interactions between pyrrolyl benzohydrazide derivatives
in InhA binding pocket. The obtained results provided that hydrogen bond interaction between
licand and Pro156, Tyr158, Ala198, Val203 and NAD" cofactor. Moreover, pi-pi interaction was
improved the binding affinity of inhibitors in InhA binding site. The integrated results obtained from

this study aided by the rational design of new and more potent InhA inhibitors.
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Abstract

PknB, an essential serine/threonine kinase of M. tuberculosis, plays an important role in a
number of signaling pathways involved in cell division and metabolism. However, up to now, PknB
inhibitors show less potency against whole cell. To develop protein kinase inhibitors as new
potential anti-tuberculosis agents, structure based drug design based on molecular docking
calculations was applied to understand the crucial interactions and binding mode of quinazoline
derivatives as PknB inhibitors. Molecular docking calculations were evaluated in terms of the root
mean square deviation (RMSD) between the docked and observed X-ray conformations of PknB
inhibitor in its binding pocket. The RMSD value with 1.27 angstrom was deemed acceptable.
For all compounds, the ligcand pose with the lowest final docked energy was selected as the best
binding mode of these potential PknB inhibitors. The results indicated that highly potent inhibitors
showed important hydrogen bond interactions with back bone of Leul7 Val95 Gly97 and Asp102
in the PknB binding pocket. Moreover, Van der Waals interactions with Val25 Val98 and Alal42 in
the PknB binding pocket were crucial for binding affinity. Therefore, molecular docking calculations
aids to a better understanding of structural requirements of quinazoline derivatives for rational

design with more potent PknB inhibitors as potential anti-tuberculosis agents.
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