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Tuberculosis (TB) continues to be a serious global health threat with the emergence of multidrug-resistant tu-
berculosis (MDR-TB) and extremely drug-resistant tuberculosis (XDR-TB). There is an urgent need to discover
new drugs to deal with the advent of drug-resistant TB variants. This study aims to find new M. tuberculosis
CYP121 inhibitors by the screening of Indonesian natural products using the principle of structure-based drug
design and discovery. In this work, eight natural compounds isolated from Rhoeo spathacea and Pluchea indica
were selected based on their antimycobacterial activity. Derivatives compound were virtually designed from
these natural molecules to improve the interaction of ligands with CYP121. Virtual screening of ligands was
carried out using AutoDock Vina followed by 50 ns molecular dynamics simulation using YASARA to study the
inhibition mechanism of the ligands. Two ligands, i.e., kaempferol (KAE) and its benzyl derivative (KAE3), are
identified as the best CYP121 inhibitors based on their binding affinities and adherence to the Lipinski’s rule.
Results of molecular dynamics simulation indicate that KAE and KAE3 possess a unique inhibitory mechanism
against CYP121 that is different from GGJ (control ligand). The control ligand alters the overall dynamics of the
receptor, which is indicated by changes in residue flexibility away from CYP121 binding site. Meanwhile, the
dynamic changes caused by the binding of KAE and KAE3 are isolated around the binding site of CYP121. These

ligands can be developed for further potential biological activities.

1. Introduction

Tuberculosis (TB) is an infectious disease caused by Mycobacterium
tuberculosis. It is estimated that about 1,500,000 people worldwide have
died from TB and 9.8 million people have been infected by TB (WHO,
2015). The disease has spread worldwide with a varying number of
cases in each country, where Indonesia ranks second after India as the
country with the most TB cases (CDC, 2015). Jakarta became the city
with the lowest prevalence with 29 cases, while Papua had the highest
prevalence with 2,738 cases. The geographical challenges in Indonesia
cause the unavailability of adequate health facilities in certain regions.
Surveys on 482 districts in Indonesia, only 71 % of districts are served
by the government health officers (Collins et al., 2013).

M. ruberculosis commonly affects the lungs with symptoms of per-
sistent cough, coughing up blood (hemoptysis), fever, loss of appetite,
weight loss, and hyperhidrosis in humans (CDC, 2015). M. tberculosis
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can spread from TB patients to healthy person around them through the
air. When people with TB cough or sneeze, TB bacteria will come out in
the form of splashes (droplets) and stay in the air for several hours until
they find a new host (Saleem and Azher, 2013). A TB patient can cause
10-15 other healthy people to become infected with TB if the patient is
in direct contact with them for a year (Kanabus, 2016).

To deal with the increasing cases of tuberculosis, the Indonesian
Ministry of Health has issued guidelines for the management of tu-
berculosis based on the Directly Observed Treatment ShortCourse
Therapy (DOTS) strategy since 1995. TB treatment standard based on
the DOTS strategy is to use a mixture of two bactericidal drugs for 6
months. Patients who follow this treatment program should be closely
monitored by a doctor and required to complete the treatment (Ministry
of Health RI, 2011). Due to the length of treatment and the lack of
discipline and supervision, many patients do not complete the treat-
ment program. [t causes the infection cannot be eliminated thereby
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triggering the emergence of new TB bacteria that are resistant to
commonly used bactericidal drugs (Kanabus, 2016).

Today the world is facing a global crisis caused by the emergence of
new multidrug-resistant (MDR) and extensively drug-resistant (XDR)
TB bacteria. Bacteria resistant to these standard TB drugs still belong to
the same species (M. tuberculosis), but these bacteria can adapt by
changing their cell structure so that standard bactericidal drugs for TB
become ineffective (MNzila et al., 2011). The Indonesia government has
monitored the cases of MDR-TB since 2010 and it is expected to become
more serious if there is no effort to find new types of drugs capable of
fighting the MDR-TB and XDR-TB (Ministry of Health RI, 2011).

Efforts to discover new antituberculosis drugs can be done through a
variety of strategies, one of which is the use of medicinal plants.
Indonesia is the host of about 7,000 species of medicinal plants that
have been used for generations to treat various types of diseases
(Bermawie, 2004), and some medicinal plants containing anti-
tuberculosis active compounds have been identified (Ramyand et al.,
2013; Mohamad et al., 2011; Chinsembu, 2016; Saludes et al., 2002).
Some medicinal plants reported having good antituberculosis activities
are Rhoeo spathacea and Pluchea indica. The leaf extract of these two
plant species potentially inhibits the growth of M. mwberculosis of the
native strain and the MDR strain of TB (Radji et al., 2015a).

Another strategy for finding antituberculosis drugs is to look for
new drug targets. The current targets of commercial antituberculosis
drugs are DNA gyrase, which is the target of the fluoroquinolone, the
biosynthesis of mycolic acid which is the target of the isoniazid, and
RNA polymerase which is the target of rifampicin (Barry et al., 2006).
One of the most potential target molecules for a new antituberculosis
drug is the CYP121 enzyme that is one of the members of the P450
cytochrome enzyme group in M. wberculosis. This enzyme plays a vital
role in the oxidation process of several compounds, such as steroids,
fatty acids, and xenobiotics (Leys et al., 2002). CYP121 is an essential
enzyme for the viability of M. wberculosis; therefore, this enzyme can be
a promising new drug target (McLean et al., 2008).

The modem drug discovery and development practices employ
computers to find new drug candidates with specific biological activity.
This method, called Computer-Aided Drug Design (CADD), utilizes data
in the form of a three-dimensional structure of various biomolecular
receptors as targets for drug candidates. The CADD method has now
been developed into a more sophisticated technique called Virtual High
Throughput Screening (vHTS) that can screen millions of molecules as
potential drug candidates in a relatively short time (Sliwoski et al.,
2014).

This study was carried out to respond to the severe threat of MDR-
TB and XDR-TB by finding active compounds isolated from Rhoeo spa-
thacea and Pluchea indica that act as inhibitors of M. twberculosis CYP121
through structure-based virtual screening. Sixteen natural compounds
and their derivatives were virtually screened using molecular docking
to find the most potent inhibitors. We discovered that kaempferol (KAE)
and its benzyl-derivative (KAE3) are the best CYP121 inhibitors.
Further investigation using molecular dynamics simulation shows that
both molecules inhibit the CYP121 by affecting the dynamics of the
CYP121 binding pocket. These compounds can be further tested to
confirm their biological activities against TB.

2. Materials and methods
2.1. Materials

PyMol (DeLano Scientific LLC, USA) and DS Visualizer (Accelrys, Inc.,
USA) were employed to visualize and modify the receptor and ligand
structures. A molecular format conversion program, OpenBabel (O'Boyle
et al., 2011) was used to convert various ligand formats. Pre-docking
molecular topology preparation was done using SwissParam (htip://
www.swissparam.ch/) (Zoete et al., 2011). AuteDock Vina (Trott and
Olson, 2010) was the primary docking program used in this work. The
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preparation of the M. tuberculosis CYP121. pdbqt file and determination
of the grid box size were carried out using AutoDock Tools (The Scripps
Research Institute, La Jolla, USA). Analysis of post-docking results was
carried out using LigPlot (Anon, 2020; Laskowski and Swindells, 2011;
Wallace et al., 1996). Molecular dynamics (MD) simulations were per-
formed using YASARA Structure (Krieger et al., 2002). Lipinski's rule
evaluation on ligands was performed using Sanjeevini (http://www.
scfbio-iitd.res.in/sanjeevini/sanjeevini.jsp) (Jayaram et al., 2012a).

2.2. Methods

2.2.1. Preparation of CYP121 structure for molecular docking

The three-dimensional structure of CYP121 in complex with in-
hibitor fragment 24a was retrieved from Protein Data Bank (PDB ID:
SIBD). The CYP121 structure was prepared for molecular docking
processes by removing all sulfate ions and water molecules. Ligand
(GGJ) was removed and saved as a separate. pdb file for validation
docking.

2.2.2. Ligand preparation for molecular docking

The three-dimensional structures of the natural product ligands
were retrieved from PubChem in. sdf format (Kim et al., 2016). The
compounds used in this work were rutin PubChem CID: 5280805,
epigallocatechin gallate PubChem CID: 65064, peltatoside PubChem
CID: 5484066, chlorogenic acid PubChem CID: 1794427, caffeic acid
PubChem CID: 689043, quercetin PubChem CID: 5280343, kaempferol
PubChem CID: 5280863, and myricetin PubChem CID: 5281672, The
derivatization of natural ligands was carried out in two steps: i) the best
docked conformation of natural product ligand was visually observed,
and a functional group was added to the ligand using the Avogadro
program (Hanwell et al., 2012) to maximize the interactions between
ligand and CYP121, and ii) the derivatized ligands were docked to
CYP121 and only ligands with better binding affinities than their parent
ligands were taken for further investigation. The derivatized ligands
were initially prepared by substituting side chain groups of 8 parent
ligands with methyl, amine, benzene, toluene and dinitro-benzenamine
to obtain 40 derivative ligands.

2.2.3. Molecular docking

Molecular docking was carried out using AutoDock Vina (Trott and
Olson, 2010) version 1.1.2, which runs under Microsoft Windows 7
operating system. AutoDock Vina was used based on its accuracy and
speed, which is higher than its predecessor software, AutoDock 4. Au-
toDock Tool was utilized to prepare the input.pdbaqt file for CYP121 and
to set the size and the center of the grid box. Kollman charges and polar
hydrogen atoms were added to the CYP121 structure. The center of the
grid box was set at -8.728, 18.327, and 3.430 in the dimensions of x, y
and z, respectively using 1.000 A spacing and box size of 30 x 30 x 30.
Validation of the docking parameters was done by re-docking the co-
crystalized ligand into the active site of the CYP121 receptor. Analysis
of post-docking results was carried out using LigPlot+ (Laskowski and
Swindells, 2011; Wallace et al., 1996).

2.2.4. Molecular dynamics

Molecular dynamics (MD) simulations were performed using
YASARA Structure (Krieger et al., 2002) version 14.12.2, and run under
Microsoft Windows 8.1 operating system. The force field used in this
simulation was the AMBERO3 force field. Long-distance Coulomb in-
teractions were calculated using the E“_rald particle algorithm, while the
Van der Waals force was limited to 8 A. A cube-shaped simulation box
was placed around a simulated molecule with a distance of 5 nm. The
simulated box size was 50 % 50 X 50 A with the value of n = 6. The
boundary of the simulated box was conditioned in the periodic form.
The water density was set at 1 g / cc at the temperature of 298 K. The
simulation was run for 50 ns with snapshots taken every 100 ps. Vi-
sualization and analysis were carried out using macro files
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implemented in YASARA Structure. Two primary analyses were per-
formed on the MD trajectories, i.e., root mean square deviation (RMSD)
using md_analyze.mcr macro and root mean square fluctuation (RMSF)
for each residue using md analyzeres.mcr macro.

2.2.5. Drug-likeness properties

Determination drug-likeness properties for ligands were done by
following Lipinski's rules to ensure whether all ligand meet the re-
quirements to be used as drug molecules. These drug-likeness properties
are done by using the Sanjeevini program (Jayaram et al., 2012b),
which can be accessed through the website address http://www.scfbio-
iitd.res.in /software/drugdesign/lipinski.jsp#anchortag. Data that must
be entered on this site must be in. mol2 format.

3. Results and discussion

In this work, we virtually screened potential inhibitors against M.
tuberculosis CYP121. Ligands used in this study are compounds isolated
from Indonesian herbs, namely Rhoeo spathacea and Pluchea indica. The

tural compounds isolated from Rhoeo spathacea are epigallocatechin
%IJ, rutin (RUT), and peltatoside (PEL) (Tan et al., 2015), while the
ive compounds isolated from Pluchea indica are chlorogenic acid
(CHL), caffeic acid (CAF), quercetin (QUE), kaempferol (KAE), and
myricet(MYR} (Suriyaphan, 2014).

The derivatives of each natural compound were prepared by adding

ious functional groups to the best docked conformation of each
molecule. fhe new tional groups were aimed to improve the in-
teraction between ligilld and the protein receptor by filling up the
“unoccupied pocket” on the binding site by an appropriate functional
d}up. The choice of functional groups to be added to the parent ligands

made according to the properties of the receptor’s amino acid re-

ﬁ;es around the natural ligand. All derivatized ligands were docked

o CYP121 and only the ligands with better binding affinity to the
receptor were taken for further investigation.

Lipinski’s rule validation was carried out to evaluate whether every

d the requirements as an orally active drug molecule, i.e.,
thel ecular weight of about 500 g/mol, has less than five hy-
gen bond donors, has less than ten hydrogen bond acceptors, and
the logP value of less than 5 (Lipinski et al., 1997) as shown in
ble 1. Four natural ligands violate Lipinski rules, i.e., RUT, EPL, PEL,
MYR, whereas five derivatized ligands violate Lipinski rules, i.e.,
12, EPI7, PEL1, CHL8, and MYR3. There are eight ligands that
low Lipinski's rule, i.e. GGJ (control, 4-(3-amino[1,1*biphenyl]-3-
3-(4-methoxyphenyl)-1H-pyrazole-5-amine), CHL, CAF, CAF5, QUE,

E3, KAE, and KAE3. Among those ligands that meet the Lipinski’s

rule, KAE and KAE3 are ligands with the strongest interaction with

Table 1
The results of the selection of Lipinski rules for 17 ligands.
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. 1. Redonng of GGJ into CYP121 binding pocket. The crystallized con-
“ﬂaliun of GGJ is shown in the red stick structure. The best-redocked pose of

J is shown in yellow stick structure using Pymol. The position of GGJ in the
binding pocket of CYP121 is indicated in the red circle.

121 as indicated by their binding affinities, i.e., -9.1 kecal/mol and
.5 kcal/mol, respectively. Therefore, KAE and KAE3, together with
GGJ were further investigated using molecular dynamics simulation.

3. Lﬁfmm docking

ing validation was carried out to ensure that ligands bind to the
birld?flﬁkct in the correct conformation. In this study, docking va-
nation was performed by re-docking the GGJ ligand into the CYP121
eptor. We found that the binding conformation of redocked GGJ
roduced the binding mode of the co-crystallized ligand with the
inding affinity @#11.5 kcal/mol. Fig. 1 shows the docking validation
ults with the original red ligand and the yellow docking validation
nd. Both structures were superimposed to show that the size and
rdinate center parameters used in the molecular docking were able

to uce the crystalized conformation of GGJ.
We performed molecular docking on 48 molecules consist of natural
derivatized ligands. These molecules were ranked based on their
ding affinities. Table 2 lists the 16 compounds that consist of eight
| product compounds and eight derivatized ligands. The rational
basis of selecting the eight derivatized ligands is that only derivatized

No. Constituent Code Molecular weight (g/mol) Hydrogen bond donor Hydrogen bond acceptor LogP Violation of Lipinski's rule
1 Control GGT 356 5 4 458 o
2 Rutin RUT 610 1n 16 —-1.88 3
3 Myricetin MYR 318 6 B 172 1
4 Peltatoside PEL 606 11 16 —4.32 3
5 emplerol KAE 286 4 [ 231 [+]
6 uguen:et[n QUE 302 5 7 201 o
7 Chlorogenic acid CHL 353 5 9 —1.98 o
8 Epigallocatechin EPI 306 & 7 1.25 1
9 Caffeic acid CAF 179 2 4 —0.14 o
10 Rutin12 RUT12 623 11 16 -1.69 3
11 Myricetin3 MYR3 425 9 10 240 1
12 Kaempferol3 KAE3 346 3 5 427 o
13 Epigallocatechin? EFI7 198 7 B 262 1
14 Peltatosidel PEL1 620 11 16 —4.01 3
15 Chlorogenic acid8 CHL8 434 8 11 —2.28 2
16 Quercetind QUE3 78 5 7 367 o
17 Caffeic acid5 CAF5 269 2 4 184 o
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Table 2

Camputational Biology and Chemistry 85 (2020) 107205

List of 16 natural and derivatized ligands used in this study with their binding affinities.

Natural/parent ligand Binding affinity (kcal/mol) Derivatized ligand Binding affinity (kcal/mol) The functional group(s) added to the parent ligand
—10.6 —1L0 ——CH,—NH,
s
—-B8.2 —10.4 @
X 9.3 -10.3 —CH,
i I .
v
L - I\
) -9.3 -106 ©
i —0.1 1P - -105
o
—BS - —10.0 @
oo =0 LN —B.5 H4C.. :
-
—B.B —10.1 NH;
N
/
N

compounds with binding affinities higher than that of their parent
natural compounds are included in the list for further investigation.

Ligand GGJ is stabilized by interacting with 13 amino acid residues
through hydrophobic interactions, i.e., Thr77, Val78, Val82, Val83,
Ala167, Phel68, Val228, Thr220, Gly232, Ala233, Ser237, Phe280, and
Arg386. GGJ is also stabilized by three hydrogen bonds between its N25
nitrogen atoms with OG oxygen atom of Ser237 and two nitrogen atoms
at the center of the HEM group (Fig. 2).

Ligand KAE is stabilized by 13 hydrophobic contacts with Val78,
Val82, Serl63, Leul6d, Alal67, Phel68, Alal78, Asnl181, Trpl82,
Aspl85, Val228, Thr229, and Gly232, where seven of them are similar
to the hydrophobic contacts that stabilize GGJ, which indicates that
KAE and GGJ have similar pattern of interactions. KAE is also stabilized
by five hydrogen bonds between its O3 oxygen atom with O atom of
Alal78 and N atom of Trp182, O4 oxygen atom with the OD2 oxygen
atom of Asp185, O5 oxygen atom with the 022 oxygen atom of Val 228,
and N atom of Ala233. Interestingly, KAE3 has different residual con-
tacts with its parent ligand, KAE. KAE3 is stabilized by hydrophobic
contacts with Met62, Thi65, Val78, Val82, Val83, Alal67, Phel6s,
Trpl82, Val228, Thr229, Gly232, and Pro285. KAE3 is also stabilized
by four hydrogen bonds between its O5 oxygen atom with the OG1
oxygen atom of Thre5 and O oxygen atom of Pro285, and O2 oxygen
atom with O oxygen atom of Thr77 and OG1 atom of Alal67 (Fig. 3).

3.2. Molecular dynamics

In this study, molecular dynamics simulation was performed to
study the effect of ligand binding on the molecular dynamics of the
receptor. In contrast to the molecular docking, molecular dynamics can

simulate receptors and ligands flexibility and allows the receptors to
move and adjust the conformation with binding ligands (Alonso et al.,
2006). In molecular dynamics, complex molecules are simulated in the
(cell) system filled by a particular solvent so that the complex con-
formation can change.

In this study, the molecular dynamics simulation was performed
using YASARA Structure (Krieger et al., 2002). Molecules simulated in
molecular dynamics are CYP121 without ligand (code: RES), CYP121
complexed with GGJ ligand (code: GGJ), CYP121 complexed with KAE
ligand (code: KAE), and CYP121 complexed with KAE3 ligand (code:
KAE3). Ligands KAE and KAE3 are the best binders to CYP121 among
ligands that meet the requirements of Lipinski's rule.

Molecular dynamics simulates the conformational change of a mo-
lecular system by modeling the movement of all atoms in the system in
a three-dimensional space. This conformation change can be analyzed
by locking at the simulated time curve of RMSD (root mean square
deviation), with RMSD value as the amount of conformational change
experienced by a molecular system relative to the initial conformation
att = 0.

Root mean square deviation (RMSD) analyses of all four simulations
show that the conformations of CYP121 reach a plateau in 10 ns. The
RMSD values of the RES system are more fluctuative than that of the
other systems. The RMSD curve shows to be stable up to 13 ns with an
average RMSD value of 1.17 A, which indicates that the molecular
conformation of the RES system does not change significantly at this
period (Fig. 4). However, the RMSD curve starts to fluctuate after 13 ns
up to 48 ns. It suggests that the protein adopts several different con-
formations within that period. Furthermore, the RMSD curve starts to
stabilize back up to 50 ns. The fluctuation of the RES system could be
due to the absence of the ligand in the binding pocket of the receptor
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Fig. 2. Binding conformation of GGJ inside
CYP121 binding pocket. (a) Ligand GGJ is
shown in green carbons using Pymol. (b) Two-
dimensional plot of interactions between GGJ
and surrounding residues using Ligplot.
Hydrogen bonds are indicated in green dashed
line. Residues with hydrophobic contacts with
the ligands are indicated in the eyelash symbol.

Fig. 3. Binding conformation of KAE (upper
panel) and KAE3 (lower panel) inside CYP121
binding pocket. (a) Ligand KAE is shown in
orange carbons. (b) Two-dimensional plot of
interactions between KAE and surrounding re-
sidues. Hydrogen bonds are indicated in green
dashed line. Residues with hydrophobic con-
tacts with the ligands are indicated in the
eyelash symbol. (¢) Ligand KAE3 is shown in
blue carbons. (b) Two-dimensional plot of in-
teractions between KAE3 and surrounding re-
sidues. Hydrogen bonds are indicated in green
dashed line. Residues with hydrophobic con-
tacts with the ligands are indicated in the
eyelash symbol. (a) & (c) are visualized using
Pymol; (b) & (d) are visualized using Ligplot.
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25
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——RES GGI KAE ~——KAE3
Fig. 4. Root mean square deviation (RMSD) plot of four systems (RES, GGJ,
KAE, KAE3) over 50 ns MD simulation.

that causes the protein to explore more conformational space.

In the GGJ system, the RMSD values reached a plateau within 6 ns
and remained stable 48 ns before looking for a new conformation after
49 ns. Conformational changes experienced by the GGJ system are
fewer compared to the RES system indicating that the presence of li-
gand in the binding pocket of CYP121 limits the flexibility of the re-
ceptor to explore more conformational space. The natural ligand KAE
and derivatized ligand KAE3 systems show similar characters as the
GGJ system, where the stabilization of protein conformation is obtained
within 6 ns.

Ligand binding can stabilize a protein receptor by creating mole-
cular interactions with amino acid residues on the binding pocket; thus,
restricting the flexibility and dynamics of the receptor. The ability of a
ligand to improve a receptor’s stability, or melting temperature (Tm), is
the most predictive measure to identify promising candidate ligands for
crystallization trials, with 92% of crystallized ligand-receptor pairs
possessing a Tm above 55 °C (Alexandrov et al., 2008; Zhang et al.,
2015). Miller et al. (2015) conducted a brute force approach for iden-
tifying ligands that stabilize receptors using G protein-coupled re-
ceptors (GPCRs). They concluded that ligand with higher potency to
bind to GPCRs is correlated with ligand’s ability to induce receptor
stability (Miller et al., 2015).

Molecular dynamics simulation allows the movement of amino acid
residues on the protein. The value of this movement over a particular
time range can be analyzed by calculating the RMSF (root mean square
fluctuation) value. The fluctuations of amino acid residues and overall
molecular dynamics of the receptor may be affected by the presence of
ligands that interact with amino acid residues on and around the
binding pocket (Skjaerven et al., 2011).

First, we compared the RMSF values between the RES and GGJ
systems (Fig. 5a). There are 77 amino acid residues in the GGJ system
whose RMSF value changed by more than 50 % compared to the RMSF
values in the RES system, which suggests that the presence of GGJ li-
gand causes a change in the fluctuation of 77 amino acid residues. From
77 amino acid residues, two residues have hydrophobic interaction
with GGJ ligand, i.e., Gly232 and Ala233, which are located in the
binding pocket of CYP121 (Fig. 5b). The change in RMSF values was
seen most significantly on Pro104 residue with an increase of 300 %
compared to its value in the RES system. [t is quite interesting because
Prol04 does not interact directly with the ligand. The high value of
RMSF on Pro104 suggests that the presence of GGJ ligand in receptor
molecules does affect not only the flexibility of amino acid residues
around the binding site but also affects the flexibility of amino acid
residues that do not interact directly with the GGJ ligand. Fig. 7b shows
the location of 77 amino acid residues in receptor molecules under-
going RMSF changes in the presence of GGJ ligand.

Fig. 6a shows the comparison between RMSF values of the RES and
KAE systems. There are only seven amino acid residues which RMSF
values changed by more than 50 % in the presence of KAE ligand, i.e.,

Camputational Biology and Chemistry 85 (2020) 107205

: |

=

-1

z |
z I
|

o b} L
Wl bty AN "*f-""w‘u‘«:’g.mnm;»"J'er-w-@"'“-ﬁ;a.\ﬁf‘)‘#

o 30 100 150 200 50 300 350 400
Reside

——RES GGJ

(b)

a
Fig. 5. The flexibility of amino acid residues on RES and GGJ systems. (a) Root
mean square fluctuation (RMSF) of each amino acid residue on RES (blue) and
GGJ (red) systems. (b) Positions of amino acid residues in the GGJ system
whose RMSF value changed by more than 50 % compared to the RMSF values in
the RES system are indicated in red.

Arg26, Thr77, Pro79, Asn118, Ser170, Ile175, and Ala178. From seven
amino acids, only Alal78 residue has direct interaction with KAE ligand
(Fig. ob). Although there is only one residue that interacts directly with
KAE ligand, five residues that have an RMSF value increase of more
than 50 % are located in the ligand binding site. There are only two
residues that do not lie in the binding site, i.e., Arg26 and Asnl18.
Despite being distant from the binding site and does not interact di-
rectly with the KAE ligand, these two residues have a rather high RMSF
value increase when compared to the residues located on the binding
site.

Fig. 7 a shows the comparison between RMSF values of the RES and
KAE3 systems. There are only eight amino acid residues with RMSF
values changed by more than 50 %, i.e. Argl4, Val82, Ser170, Glu221,
Phe231, Asp282, Pro332, and Leu392. From eight residues, only Valg82
has direct interaction with the KAES3 ligand (Fig. 7b). Three of the eight
amino acid residues (Argl4, Pro332, and Leu392) are distant from the
receptor binding site, whereas the other five amino acid residues are
located on the binding site.

In general, the effect of the GGJ ligand on the dynamics of the
amino acid residue is more prominent than that of KAE and KAE3 li-
gands. However, most of the amino acid residues affected by the GGJ
ligand are located far from the active site of the receptor. From 77
amino acid residues whose RMSF values affected by the presence of the
GGJ ligand, there are only two residues interact directly with the li-
gand. In contrast, the presence of KAE ligand only causes seven amino
acid residues to change the value of RMSF with five amino acid residues
among them located on the binding site of the receptor molecule, while
on KAE3 ligand, eight amino acid residues are undergoing dynamic
changes as a result of the presence of KAE3 ligands. Five of the eight
residues of which are located on the binding site of the receptor mo-
lecule.




-

RMSF (A)y

bt AR i AL

Residn

00

RES -KAE

(b)

Fig. 6. The flexibility of amino acid residues on RES and KAE systems. (a) Root
mean square fluctuation (RMSF) of each amino acid residue on RES (blue) and
KAE (red) systems. (b) Positions of amino acid residues in the KAE system
whose RMSF value changed by more than 50 % compared to the RMSF values in
the RES system are indicated in red.

By comparing the RMSF values of the four systems (RES, GGJ, KAE,
and KAE3), it suggests that GGJ causes a change in the conformation of
amino acid residues both on the binding site and distant amino acid
residues, whereas KAE and KAE3 only cause changes in amino acid
residue on the binding site. The inhibitory mechanism performed by
GGJ ligand is thought to affect changes in the conformation of the
whole amino acid residues while the inhibitory mechanisms of KAE and
KAE3 ligands alter the conformation of the amino acid residue on the
binding site.

The change of the dynamics of amino acid residues located away
from the ligand and the binding site is known as long-range effect
phenomenon caused by the “domino effect”, ie. the change in one
amino acid residue is transmitted to the adjacent residue and then
forwarded to the next residue. Oelschlaeger and colleagues first mod-
eled the domino effect on the enzyme by studying metallo-f-lactamases
(Oelschlaeger et al., 2003). In their study, the impact of the mutation on
Gly196 on the dynamics of metallo-p-lactamases IMP-1 and IMP-6 was
investigated using molecular dynamics simulation. The amino acid only
distinguishes IMP-1 and IMP-6 on position 196, which is located far
from the active site of the enzyme, i.e. Gly196 for IMP-6 and Ser196 for
IMP-1. This mutation can cause changes in the specificity of metallo-p-
lactamases to cephalosporin. The following mechanism explains the
effect of the mutation on residue 196: when Gly replaces ser, a hole
exists which causes the loss of interaction between Ser196 and Lys33.
The loss of interaction between the two amino acid residues causes
increased flexibility in the surrounding residues, and this effect is then
transmitted to the binding site of metallo-f-lactamase.

The long-range effect plays an important role in the allosteric me-
chanism of the enzyme inhibition, specifically when the ligand binds to
the enzyme not on its active site but is capable of affecting the activity
of the enzyme. Conformational changes and dynamics on the allosteric
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Fig. 7. The flexibility of amino acid residues on RES and KAE3 systems. (a)
Root mean square fluctuation (RMSF) of each amino acid residue on RES (blue)
and KAE3 (orange) systems. (b) Positions of amino acid residues in the KAE3
system whose RMSF value changed by more than 50 % compared to the RMSF
values in the RES system are indicated in red.

site are transmitted to other distant amino acid residues, which influ-
ence the conformation and the dynamics of the protein as a whole.
Vettoretti and coworkers conducted a detailed study of the mechanism
of allosteric activation by different types of ligands against Hsp90 using
molecular dynamics simulation (Vettoretti et al., 2016). In their study,
the long-range effect is explained by a different mechanism than that
proposed by Oelschlaeger et al. (2003). Vettoretti et al. proposed the
receptor conformation selection mechanism for attachment with li-
gands. After the attachment of the ligand occurs, the population shifts
towards a conformation chosen by the ligand. The theory of con-
formational population selection is also proposed by Nussinov et al.,
who examined allosteric mechanisms on cell signaling using molecular
dynamics simulation (Nussinov et al., 2014).

Multidrug-resistant TB (MDR-TB) is concerned becomes a sig-
nificant health issue and burden for TB patients particularly in
Indonesia due to the frequency of increasing TB resistance is getting
higher. MDR-TB does not respond at least to the isoniazid and ri-
fampicin, the two most potent anti-TB drugs. Current treatment for
drug-susceptible TB should contain the standard four-drug regimen
consisting of isoniazid (H), rifampicin (R), ethambutol (E) and pyr-
azinamide (Z) for six months due to premature treatment interruption
can cause drug resistance. Even it showed high efficacy; however, the
regimen is not always well-tolerated in drug dosage and absorption.
Moreover, the regimen often time gives side effects and severe adverse
conditions, such as hepatotoxicity (Tiberi et al., 2018; Matteelli et al.,
2018). Thus drug discovery and development of TB infection is a sig-
nificant key for TB treatment and control. TB drug development had
faced dormancy for decades.

Interestingly, recent efforts from many research groups have awa-
kened a promising TB drug pipeline. Several new anti-TB agents, both
synthetic and natural sources, are simultaneously studied in clinical
trials by showing potential anti-TB activity in the hit to lead and lead
optimization stages (Poce et al., 2014; Hoagland et al., 2016). There is
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