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ABSTRACT: Pyrazinoic acid-resistant tuberculosis is a severe chronic disorder. First-line drugs specifically target the ribosomal
protein subunit-1 (RpsA) and stop trans-translation in the wild-type bacterium, causing bacterial cell death. In mutant bacterial
strain, the deletion of ala438 does not let the pyrazinoic acid to bind to the active site of RpsA and ensures that the bacterium
survives. Hence, such tuberculosis cases require an immediate and successful regime. The current study was designed to identify
inhibitors that could bind to the mutant state of the RpsA protein. Initially, a pharmacophore model was generated based on the
recently published most potent inhibitor for the mutant state of RpsA, i.e., zrl1S. The validated pharmacophore model was further
used for virtual screening of two chemical libraries, i.e., ZINC and ChemBridge. After applying the Lipinski rule of five (RoS), a total
of 260 and 749 hits from the ChemBridge and ZINC libraries, respectively, were identified using pharmacophore mapping. These
hits were then docked into the active site of the mutant state of the RpsA protein, and later, the top 150 compounds from each
library were chosen based on the docking score. A total of 21 compounds were shortlisted from each library based on the best
protein—ligand interactions. Finally, a total of 05 compounds were subjected to molecular dynamics study to examine the dynamic
behavior of each compound in the active site of the mutant state of the RpsA protein. The results revealed that all compounds had
good chemical properties such as absorption, distribution, metabolism, excretion, and toxicity (ADMET), and there was no Pan
Assay Interference (PAINS) or deviation from RoS, indicating that these compounds could be useful antagonists for the mutant state
of the RpsA protein.

1. INTRODUCTION caused by such strains cannot be cured with such less-toxic
first-line drugs; rather, it needs a 02-year regimen with toxic
and second- or third-line drugs, because these strains show
resistance to PZA.° With the advent and spread of PZA-
resistant strains, there is an intense and ultimate concern to
identify novel drugs to ease and shorten the plan.”*

The Mycobacterial pyrazinamidase (PncA) enzyme converts

Tuberculosis (TB) is a contagious, chronic inflammatory
disease caused by Bacillus Mycobacterium tuberculosis (Mtb). In
2019, TB remained the most common cause of death from a
single infectious pathogen. Globally, an estimated 10.0 million
people developed TB disease in 2019, and there were an

estimated 1.2 million TB deaths among HIV-negative people he PZA (inactive £ i h e f noic acid
and an additional 208 000 deaths among people living with the (inactive form) into the active form, pyrazinoic aci

. . . 9 .
HIV." TB affected about 1.7 billion people worldwide as (POA), in wild-type strains of Mtb." However, in mutant

reported by WHO in 2018,” leading to the death of individuals strains, Sp ontaneous mutatiolré in PncA and RpsA prevents th.e
in case of improper or poor treatment. The conventional conversion of PZA to POA.™ Being a target of POA, RpsA is

treatment for TB is a 06-month plan of four first-line drugs, i.e.,

ethambutol, rifampicin, isoniazid, and pyrazinamide.’ Pyrazi- Received: August 31, 2021
namide (PZA) plays a peculiar role in the treatment of TB, Accepted: December 21, 2021
reducing the regimen from 09—12 to 06 months, and is Published: December 29, 2021

referred as short-course chemotherapy.” However, the ability
of PZA to cure TB is restrained by multidrug-resistant (MDR)
and extensively drug-resistant (XDR) strains of Mth.> TB

© 2021 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.1c04764

W ACS PUbl ications 397 ACS Omega 2022, 7, 397—408


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdul+Wadood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Azam+Shareef"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashfaq+Ur+Rehman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shabbir+Muhammad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beenish+Khurshid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raham+Sher+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raham+Sher+Khan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sulaiman+Shams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sahib+Gul+Afridi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c04764&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
https://pubs.acs.org/toc/acsodf/7/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c04764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

an important protein that is necessary for two processes. First,
it enables the bacterium to reproduce rapidly by binding to the
upstream sequence of mRNA, which confirms the linking of
mRNA to a smaller (30S) unit of ribosome and causes
translation. Secondly, it causes trans-translation; when Mtb is
in unfavorable condition, trans-translation makes the ribosomal
machinery relax by restarting the translation of the halted
protein during the process of decoding mRNA."" Therefore, to
overcome PZA resistance, it is critical to target RpsA and the
trans-translation pathway.

POA specifically binds to the conserved region of the RpsA
protein (Arg357, Phe310, Phe307, and Lys303)."> Among
these residues, Arg357 forms a hydrogen bond with the
carboxylic oxygen of POA, while the residue Lys303 forms a
hydrolgen bond with the nitrogen of the pyrazine ring of
POA."” The rest of the residues, i.e, Phe307 and Phe310,
adopt 7-stacking interaction with the aromatic ring of POA."
In mutant strain, the binding pocket becomes smaller and the
residue Arg357 is far from both phenylalanine residues, due to
the deletion of the ala438 residue. This deletion enables the
POA to form a z-stacking interaction with the pyrazine ring
while forming a hydrogen bond with the residue Arg357, which
efficiently loses the affinity of POA for RpsA, and thus POA
becomes inactivated in the mutant state of the RpsA protein.'”
In an attempt to better understand the challenges in the path
of treatment of MDR/XDR-TB, computational scientists have
found many active compounds that also showed in vitro
activities, i.e., zrl1S (6-amino-3-methyl-2-ox0-2,3,4a,7-tetrahy-
dro-8H-pyrimido[1,2-b][1,4,2] oxathiazin-8-iminium) was
found to be active in blocking the function of the mutant
bacterium RpsA."” The activity of this compound has also been
studied via in vitro analyses, like saturation transfer difference
(STD) spectroscopy,12 fluorescence quenching titration
technology (FQT), and chemical shift perturbation (CSP)
analysis.'"” It was found that zrl15 interacts with the mutant
state of the RpsA protein through the spectrum of STD. The
results of FQT technology also showed that zrl15 enhanced
the tendency for mutated bacterium RpsA to have the deleted
residue ala438. It has also been found that zr/15 has the ability
to interact with the residue Phe307 of RpsA, and hence block
the function of RpsA, resulting in the death of the bacterium.
These experiments also found that the residue Arg357 is the
most critical residue in the RpsA protein of the pathogen and is
also important for the interaction to block the activity of RpsA
of the mutant strain. Based on this active lead compound
(reference; zrl15), in the current study, we have found several
other compounds in both ZINC and ChemBridge libraries that
might have better potential against the target compared with
the compound zrl15."

2. RESULTS AND DISCUSSION

2.1. Exploration of Drug-Like Features. A validated 3D
model was used to explore the drug-like features of the
compound zrl1S (selected as a reference compound), which
strongly interacts with the mutant state of RpsA and may halt
the activity of the desired protein.'” We have generated a
pharmacophore with a total of 07 necessary features selected;
the generated pharmacophore has been depicted in Figure 1.
Finally, ZINC and ChemBridge compound libraries were
screened based on the generated pharmacophore for the
reference compound. Consequently, we have found numerous
compounds having stronger interactions with the target than
the reference compound.
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Figure 1. Validated pharmacophore model with its features.

2.2. Assessment of Drug-Like Features with Chemical
Libraries. A total of two chemical libraries (ZINC and
ChemBridge) were evaluated using a validated pharmacophore
model. Subsequently, 335 and 1692 structurally diverse hits
were retrieved from ZINC and ChemBridge libraries,
respectively, exhibiting 07 features fit to the Extended Huckel
Theory (EHT) pharmacophore model. Finally, 260 and 749
hits were selected from the ZINC and ChemBridge libraries,
respectively, applying Lipinski RoS.

2.3. Molecular Interaction and Selection of Lead
Compounds. The docking protocol implemented in Molec-
ular Operating Environment (MOE) v2016 was first checked
for reliability by calculating the root-mean-square-deviation
(RMSD) between the co-crystal and re-docked conformation
of RpsA, which was found to be equal to 0.78 A using the
Scientific Vector Language (SVL) script in MOE. As a result,
the findings imply that the docking method used is capable of
producing the interaction mode of a protein—ligand complex.
We docked a total of 260 and 749 compounds from ZINC and
ChemBridge libraries, respectively, in the active site of the
mutant state of RpsA (with ala438 deleted). A large number of
hits were obtained from each library, from which the top 150
ranked conformations of all docked compounds for each
library were chosen and saved based on the docking score (S).
The resultant binding interactions between these hits and the
protein were visually observed using the protocol implemented
in MOE v2016. We picked in total 21 best hits from each
library after filtering those hits that exhibited substantial
interactions with the active-site residues, i.e., Arg357, Lys303,
Phe307, Phe310, Leu320, and His322.

2.4. Lead Optimization based on the Binding Energy
and Binding Affinity. The binding energy and binding
affinity of the best hits (21 compounds) from both libraries
along with the reference compound were calculated using the
protocol implemented in MOE. The resulting total of 05
compounds were selected based on their high binding energy
and affinity (Table 1).

2.5. PAINS Filter Assay. All of the 0S5 compounds from
each library were passed through the electronic filter, and their
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties were studied using the online PAINS

https://doi.org/10.1021/acsomega.1c04764
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Table 1. Binding Energy, Binding Affinity, and Lipinski Ro$ for the Finally Selected Compounds

compound ID docking score  binding affinity (kcal/mol) binding energy (kcal/mol) a_acc  a_don h_logP TPSA (A) weight (Da)
ZINC72414676 (Znl) —-5.0323 —5.1600 —32.9300 4.000 2.000 —0.1190 133.9700 305.2740
ZINC16956402 (Znl) —4.5883 —6.2000 —36.2200 5.000 3.000 1.5029 111.7800 303.3180
ZINC16952914 (Zn1) —4.9008 —5.3400 —28.9300 6.000 1.000 —-0.3937 86.9600 305.3180
73904686 (Chl) —5.9046 —7.4400 —46.5600 6.000 1.000 2.4453 88.0700 442.9510
78446875 (Chl) —5.8531 —5.8200 —37.7700 7.000 2.000 2.1265 103.1900 410.4780
reference (Zrl15) —4.5138 —4.9600 —28.4000 2.000 2.000 —0.8010 93.9400 214.2490

Table 2. PAINS Results, Structural Formulae, and ITUPAC Names of the Selected Compounds

Ligand PAINS Filter Structure IUPAC Name

Znl Passed A n 4-(4-methylthiazol-2-yl)-N-
}\ N N (morpholinomethyl)-1H-imidazol-5-amine
N, 2 H
== b“/C\N>§#H
S I
S H
H W o
H

(Z2)-5-(1-((4-methylpiperazin-1-ium-1-
yl)amino)propylidene)-4,6-dioxo-1,4,5,6-
tetrahydropyrimidin-2-olate

Zn2 Passed

6-(3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-
propyloxazolo[5,4-d]pyrimidin-7(6H)-one

Zn3 Passed

Chl Passed (6-chloro-3-((((1,4,5,6-
tetrahydrocyclopenta[c]pyrazol-3-
yl)methyl)amino)methyl)imidazo[1,2-
a]pyridin-2-y1)((2R,6S)-2,6-
dimethylmorpholino)methanone

1-(2-((3-ethoxy-4-
methoxybenzyl)amino)ethyl)-N-(pyridin-2-
ylmethyl)-1H-1,2,3-triazole-4-carboxamide

Ch2 Passed

Chiral 6-amino-3-methyl-2-0x0-2,3,4a,7-tetrahydro-
8H-pyrimido[1,2-b][1,4,2]oxathiazin-8-

H\N/H
A ‘ o o PR
N/ minimum
H
H
H \ /4\
Y N s
‘ H H
H H

H

Reference Passed
compound

server.'® The compounds that passed the PAINS filter with Among the most perfidious of those listed in Table 3; is is
appropriate drug-like properties are enlisted in Table 2. 08. Their reactive moieties are encircled by the red line.

399 https://doi.org/10.1021/acsomega.1c04764
ACS Omega 2022, 7, 397—-408


https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04764?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04764?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

Table 3. Areas Enclosed, with Red-Color Parts Showing the Chemistries of the Artifacts

S/No PAINS Reason of being PAINS
1 | TOXOFLAVIN Redox cycler: can produce hydrogen
N N 0 peroxide, which can activate or inactivate different proteins.
VI T
L AN
N ~N
O
2 ISOTHIAZOLONES Covalent modifier: reacts chemically
with proteins in non-specific, non-drug-like ways.
T

3 —0 OH CURCUMIN Covalent modifier, membrane disruptor:
muddles response of membrane receptors.

4 HYDROXYPHENYL HYDRAZONES Covalent modifier,
Q metal complexer: sequesters metal ions that inactivate

)/ proteins.
OH N,
Z NH

5 HOOC, \’/ ENE-RHODANINE Covalent modifier, metal complexer.
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Table 3. continued

S/No PAINS

Reason of being PAINS

O, |
\
(6]
|
I
OH
7 cl
Cl
,\\\NHZ
X \N o
0 l)
Cl ;
Cl
8 OH

PHENOL-SULPHONAMIDES Redox cycler, covalent
modifier, unstable compound: breaks down into molecules
that give false signals.

ENONES Covalent modifier

QUINONES AND CATECHOLS Redox cycler, metal
complexer, covalent modifier.

OH
OH OH
B* c’
<3 <?
N y S
”m2 | w2
= =
o [+ 4
1 1
% 26 80 76 100 % % ¢ % 100
Time(ns) Time(ns) Time (ns)
D4 E*
< 2’
a 3
D2 2
= z
@
1 1
% 2% 50 75 0 % 25 50 76 100
Time (ns Time (ns

Figure 2. Black-colored lines in all graphs showing the plot of the reference compound. (A) Root-mean-square deviation (RMSD) graph of Zn1,
(B) graph of Zn2, (C) graph of Zn3, (D) graph of Chl, and (E) graph of Ch2.

2.6. All-Atom Molecular Dynamics Simulation. Mo-
lecular dynamics (MD) simulation was carried out for all 05
best hits having good interactions, best docking scores, binding
energies, and binding affinities, as well as passed the electronic
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filter with better ADMET properties in comparison with the
reference molecule containing the active-site residues of the
mutant state of the RpsA protein. The dynamics simulation
results revealed that all of the selected compounds showed
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Table 4. MMGBSA Binding Free Energy (kcal/mol) Calculation for the Finally Selected Compounds

complex VDW EEL EGB ESURF AGBSA
reference compound —1228.9312 —10241.0306 —3830.7324 73.4547 —9.6234
Znl —1242.6633 —10 388.4400 —3700.7824 70.1550 —22.8870
Zn2 —1225.4674 —10228.3292 —3833.6148 74.0722 —24.8497
Zn3 —1210.4905 —10564.7997 —3713.1522 75.1993 —6.5594
Chl —1254.3164 —10292.0627 —3770.1018 71.9468 —29.6844
Ch2 —1253.3782 —10299.8688 —3761.9038 72.148S —28.6894
Table 5. MMPBSA Binding Free Energy (kcal/mol) Calculation for Finally Selected Compounds
complex VDW EEL EPB ENPOLAR EDISPER APBSA
reference compound —1228.9312 —10241.0306 —3850.1649 1365.0633 —925.9343 —0.5682
Znl —1242.6633 —10 388.4400 —3710.6003 1354.9305 —903.3560 —2.6319
Zn2 —1225.4674 —10228.3292 —3833.8564 1373.6337 —932.3994 —09111
Zn3 —1210.4905 —10564.7997 —3731.4335 1379.7470 —949.3280 3.9574
Chl —1254.3164 —10292.0627 —3764.4848 1372.1981 —915.6635 5.1382
Ch2 —1253.3782 —10299.8688 —3758.1048 1374.0777 —922.9056 1.3824
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Figure 3. Root-mean-square fluctuation (RMSF) analysis. The black lines in all graphs show the RMSF plot of the reference compound. (A) RMSF

graph of Znl, (B) Zn2, (C) Zn3, (D) Chl, and (E) Ch2.

better dynamics behavior compared with the reference
compound. The stability of all of the systems was studied,
considering the RMSD parameters of the whole complex, in
order to check the stability of the selected compounds in the
active site of the RpsA in mutant state with deletion of the
ala438 residue. Simulations were run for a total of 100 ns in
order to analyze the comparative stability of the selected
compounds with the reference compound. The dynamics
simulation results, particularly the RMSD curve, show that the
reference compound has a high deviation compared with the
selected compounds, which indicates the stability of the
selected compounds as shown in Figure 2. The reference
compound’s RMSD curve showing 4 A deviation around 25 ns
could indicate the maximum instability of the complex
compared with the deviation of the selected compounds.
Moreover, gradually, this high deviation decreases and
oscillates after 85 ns; the RMSD curve was found near 1.8
A. Furthermore, the RMSD curve for the selected compounds
revealed that the compound Znl showed local deviation, i.e.,
0.7—-1 A (Figure 2A), and oscillated throughout the MD
simulation time compared with the reference compound that
showed dynamic behaviors initially and then oscillated after 85
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ns MD time. Also, we observed many differences in the
binding free energies (GB and PB) for compound Znl
compared with those of the reference compound (refer to
Tables 4 and S).

These results suggest that compound Zn1 could be a potent
inhibitor of the mutant state of the RpsA protein. Moreover,
the dynamics simulation results for compound Zn2 were found
to be more stable than those for the reference compound, as it
showed slight deviation and more stability than the reference
compound (Figure 2B). This compound (Zn2) has a
minimum RMSD value of ~1.2 to 1.5 A during 30—50 ns of
the MD simulation time. Furthermore, this compound showed
a highly stable RMSD curve (stable) for up to 70 ns, imparting
maximum stability in this trajectory (Figure 2B). Among the
other three complexes, Zn3 had the lowest RMSD value of 1.3
A for about 47 ns, but later diverged even more than the
reference compound during 70—80 ns with an RMSD value of
roughly 3.2 A, which was greater than that of the reference
compound (Figure 2C).

The deletion of ala438 makes the binding site smaller and
less flexible, which renders the protein less reactive for the
remaining two inhibitors, i.e., compound Chl and compound
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Figure 4. (A) DCCM of the reference compound, (B) Znl, (C) Zn2, (D) Zn3, (E) Chl, and (F) DCCM of Ch2.

Table 6. Protein—Ligand Interaction (PLI) Details of the Finally Selected Compounds in Complex with the RpsA Protein

interaction details

compound docking score ligand

Znl —5.0323 N9 9 OE2
017 17 NHI1
N9 9 OE2
N14 14 OE2
S-ring N

Zn2 —4.5883 N7 7 OE2
C18 18 (e]
O12 12 NHI1
012 12 NH2

Zn3 —4.9008 017 17 O
018 18 NHI1
018 18 NH2
6-ring 6-ring

Chl —5.9046 C12 12 OE2
020 20 OH
S-ring N
6-ring 6-ring

Ch2 —5.8531 N20 20 OE1l
011 11 NHI1
C22 22 6-ring
6-ring CB

reference compound —4.5138 N 11 (0]
S 6 NH2
N 10 NHI1

receptor interaction distance E (kcal/mol)
GLU 318 H-donor 2.74 —8.1
ARG 357 H-acceptor 2.94 -3.3
GLU 318 ionic 2.74 —6.5
GLU 318 ionic 3.10 -3.8
GLU 318 n—H 4.43 —0.6
GLU 318 H-donor 2.83 —4.4
ARG 355 H-donor 2.93 —0.6
ARG 357 H-acceptor 3.33 -11
ARG 357 H-acceptor 3.24 -3.6
GLU 318 H-donor 2.78 -1.7
ARG 357 H-acceptor 2.83 —4.2
ARG 357 H-acceptor 3.15 -15
TYR 280 n—7 3.67 -0.0
GLU 318 H-donor 3.46 -0.5
TYR 280 H-acceptor 2.74 -39
GLU 318 n—H 3.64 -0.8
PHE 310 n—r 3.50 —0.0
GLU 318 H-donor 2.70 —18.5
ARG 357 H-acceptor 2.7 -3.7
PHE 310 H-rn 4.07 -1.1
ARG 356 n—H 4.68 —0.6
GLU 318 H-donor 2.85 -17
ARG 357 H-acceptor 3.86 -2.6
ARG 357 H-acceptor 2.88 —8.2

Ch2, as compared to the reference compound, although these
two compounds have considerably lower binding energies than
all other selected compounds and the reference compound.
However, the PB values are high, i.e., 5.1382 and 1.3824 kcal/
mol, respectively. The RMSD result for compound Chl
revealed high deviations during 60—70 ns; after that, it
oscillated throughout the MD time (~1 A) compared to the
reference compound (Figure 2D). The RMSD for compound
Ch2 shows maximum fluctuations during 70—83 ns with an
RMSD of ~3.5 A, which might indicate the unstable behavior
of the compound (Figure 2E). However, both the compounds
(Ch1 and Ch2) have better GB and RMSD graph as compared
to the reference compound.

In order to get more information regarding the impact of the
deletion of the single residue ala438 on RpsA protein structure
and function, we calculated the per-residue fluctuation by root-
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mean-square-fluctuation (RMSF) analysis. The RMSF results
show that the active-site residues of each compound had an
entirely different pattern of fluctuations. Comparing the RMSF
results of compound Znl with the reference compound
showed smaller fluctuations for residues 80—110 (~0.4 to
1.0 A) and 122—142 (0.7—0.8 A). Smaller fluctuations indicate
a more stable complex, and vice versa. The remaining residues
were comparable in fluctuations with the reference compound.
Though in some regions the reference compound had fewer
fluctuations, considering the other analysis parameters like
binding energies, docking scores, RMSD, and RMSF values,
Znl seems to be a better inhibitor than the reference
compound (Figure 3A).

Also, compound Zn2 has almost the same residue
fluctuation pattern as compound Znl, with fewer fluctuations
of 0.4—0.9 A for residues 80—110 and 0.5—0.8 A for residues
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Figure 5. (A) PCA of the reference compound, (B) Znl, (C) Zn2, (D) Zn3, (E) Chl, and (F) PCA of Ch2.

122—157. Other regions have local fluctuation as compared to
the reference compound, and in some regions, the reference
compound has local fluctuations as compared to the selected
compounds. Although the reference compound seems stable in
some regions, considering other analysis parameters, Zn2 can
be judged to be a better candidate than the reference
compound (Figure 3B). Similarly, compound Zn3 showed
similar residue fluctuations as Zn2: it also has lesser
fluctuations, i.e., 0.4—1 A for residues 80—115. However, the
compound is comparable to or even better than the reference
compound by considering other analysis parameters (Figure
3C). The other two compounds, i.e, Chl and Ch2, have
similar RMSF results and are found to have local fluctuations
as compared to the reference compound (Figure 3D,E). The
residues’ fluctuations might be the reason that the binding
pocket of the bacterium protein gained the flexibility and the
pocket had become smaller after the deletion of residue ala438.

In other words, the active-site residues become more stable
as the guanidine group of residue Arg357 becomes flexible and
moves away from the active site, but still the selected
compound interacted in a much better way and moved the
system toward stability, which supported their capacity of
drug-likeness for such cases of TB (Figure 6).

2.7. Functional Displacement of RpsA Mutant
Complexes. In order to know the functional displacement
of all of the systems as a function of time, we have performed
the dynamics cross-correlation matrix (DCCM) method. The
results indicate that the binding-site residues where compound
Znl bonded showed a positive correlation compared with the
reference compound (Figure 4A,B), which further confirms
that the positive correlation might be due to the adopted
interactions of these compounds with key residues (residue
regions 40—80, 120, and 160), like hydrophobic, hydrophilic,
and hydrogen. These residues also comprise the binding site.
Overall, the DCCM results delineate that the reference
compound and our selected compound showed similar
patterns of strong positive correlation, particularly at the
residues where the compounds mostly bonded and some
additional nearby residues also showed positive correlation, as
shown in Figure 4C—F. The deep blue color indicates strong
negative correlation, while the red color indicates strong
positive correlation among the residues. The positively
correlated residues move in a similar direction, while the
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negatively correlated residues move in opposite directions. The
details of interactions of active-site residues and all compounds
are enlisted in Table 6.

2.8. Principal Component Analysis of RpsA Mutant
Complexes. Motion mode analysis was performed in order to
explore dynamically favorable conformational changes in the
chemistry of the bonded compounds and the targeted protein.
The input selected for principal component analysis (PCA)
was the coordinate covariance matrix calculated from the time
series of 3D positional coordinates of different compound
complexes throughout the 100 ns MD simulation time. The
results show that except for Zn3, all the other compound
complexes had almost similar patterns and did not deviate
from one energy state to another, while Zn3 showed a different
pattern with different energy states, which might indicate the
unstable pattern of binding of the compound in the active site
of the mutant state of the RpsA protein. All other compound
complexes showed similar energy states, which indicate that
most of the time (the whole MD time), the compound resides
in the same site, resulting in similar energy states (Figure SA—

Furthermore, we tried to understand the most dominant
structural interactions of the compounds and protein with the
aid of eigenvalues and eigenvectors. The results helped us to
separate the high-energy state complexes from the low-energy
states, which could ultimately lead to identification of lead
compounds as compared to the reference compound. It was
found that each complex exhibits a different motion from the
other one. It has been noted that the phase motion of the
reference compound was mixed and clustered (Figure SA), as
shown by the blue dots in the beginning followed by red and
then blue dots. The dots (each dot represents a single
conformation) of the compound Znl were found be in an
arranged form (ordered) and compact as compared to the
reference compound, starting from the red-color dot and
ending in blue-color dots covering the area from —300 to +300
along PC1 and —200 to +100 along PC2. As for the reference
compound, it was not so assembled; rather it was more
dispersed, indicating that Zn1 has a good magnitude along with
motion of the mutated RpsA during the overall MD simulation
time. The complex of Znl resides in an almost similar energy
state (Figure SB), revealing the stable behavior. The complex
of Zn2 showed little disassembly, but was still more arranged
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Figure 6. Ligand interaction of reference compound (F), and the five finally selected compounds, i.e., Znl (A), Zn2 (B), Zn3 (C), Chl (D), and

Ch2 (E). The green colors show the ligand molecule.

than the reference compound, starting from the red-color dot
and ending in blue color covering a phase space of —350 to
+400 along PC1 and —200 to +300 along PC2 (Figure SC).
The Zn3 complex showed a lot of dispersion and occupied a
large phase space during the whole MD time (Figure SD). The
other two compounds (Chl and Ch2) have the same pattern of
phase motion along the magnitude. The Chl complex covers
an area of phase space from —200 to +300 along PC1 and
—200 to +200 along PC2, whereas Ch2 and reference
compounds also cover almost the same (Figure SE,F).

2.9. Ligand Interaction and Visualization. The 3D
compound interactions and visualization of all compounds was
carried out in order to study their interaction in detail. The
compound Znl showed 02 stronger hydrogen bonding with
the active-site residues, i.e., Arg357 and Glu318, with 02 ionic
interactions with residue Glu318 and a 7-stacking interaction
with residue Glu318, along with several hydrophobic
interactions with residues Ile317, Tyr280, Phe310, and
Arg356. The ligand interaction details are given in Table 6,
while the 3D interactions are shown in Figure 6. The
interaction table shows that compound Zn2 forms 03 hydrogen
bonds with active-site residues Glu318, Arg3SS, and Arg357,
along with several hydrophobic interactions like Lys303,
Tyr280, Phe310, and Arg356 as shown in Figure 6B. The
compound Zn3 shows 03 hydrogen bond interactions with
residues Glu318 and Arg357, with a 7—x interaction with
residue Tyr280 as shown in Figure 6C and Table 6.

According to the interaction detail given in Table 6, the
compound Chl has 01 7—H bonding with residue Glu318,
with 01 7—7 stacking interaction with residue Phe310 and 02
hydrogen bonding with residues Glu318 and Tyr280. Similarly,
Ch2 has stronger interactions than all other compounds; it has
04 hydrogen bonds, 03 with residue Glu318, and 01 with
residue Arg357, along with 02 ionic bonds with residue
Glu318, an H—r interaction with residue Phe310 and 7—H
with residue Arg356, as shown in Figure 6E and Table 6. The
reference compound has fewer interactions with the targeted
protein as compared to the selected compounds.

The reference compound has only 01 hydrogen bond
interaction with residues Glu318 and Arg357, with some
hydrophobic interactions with residues Tyr280 and Phe310 as
shown in Figure 6F and Table 6.
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3. DISCUSSION

The reference compound is an active potent inhibitor for the
deleted ala438 RpsA protein state.'” The compound bound to
the active site of mutated RpsA consisting of residues Lys303,
Phe307, Phe310, and Arg357, which could help in stopping the
trans-translation of the bacterium, and may shorten the life of
the bacterium and cure MDR/XDR tuberculosis. The first-line
drugs of TB do not bind to the active site of the protein, due to
the mutation in the corresponding protein-conserved region.
This mutation (deletion of ala438) makes the active site of the
protein smaller and more flexible. In first-line drug therapy, the
POA, which is the active form of PZA, was the most successful
drug that binds to residues Lys303, Phe307, Phe310, and
Arg307 of the RpsA protein and forms different interactions.
However, upon mutation, POA fails to bind to the active site of
RpsA of the mutated bacterium. The reference compound
showed good activity against such cases.'” The current study
uses various computational drug design methodologies, such as
virtual screening, docking, and molecular dynamics simulation,
to identify the best compound to shorten the disease’s
treatment schedule and cure it cost-effectively based on this
active compound. During these various computational
approaches, we have identified a total of 05 differently diverse
compounds, having better dynamics simulation results than the
reference compound. Among the selected and reference
compounds, compound Znl was found to be the most active
against the mutant state of the RpsA protein. The other 04
compounds showed similar dynamics behavior like RMSF data
to the reference compound, but their RMSD, DCCM, PCA,
and protein—ligand interaction (PLI) profile showed that these
selected compounds were more active and formed stronger
interactions with the mutant state of the RpsA protein. The
selected compounds have a lower RMSD graph as compared to
the reference compound, which indicated that the binding of
these selected compounds to the active site of the mutant state
of the RpsA protein makes the protein more stable as
compared to the reference compound. Binding of RpsA to
these compounds instead of its substrate may destroy its
activity and creates an unfavorable condition for the bacterium.

It has also been found that these compounds had lower PB
and GB values; lowering of these values indicates good binding
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free energies, which in turn means higher stability, or, in other
words, maximum or strong interaction of the compound with
the protein. The DCCM results of these compounds also
showed that the selected compounds, especially Znl, has a
strong positive correlation with the active-site residues (deeper
red color) as compared to the reference compound, which has
a slight positivity. The PLI profile showed that the selected
compounds have stronger and more intermolecular interaction
with the residues of the target protein than the reference
compound. Moreover, all of these 06 compounds also passed
through the PAINS electronic filter and there were no artifacts
found. These compounds were also found drug-able after
applying Lipinski Ro5, with a good docking score. The above
results revealed that these compounds may have the ability to
bind to the active site of the targeted protein and stop its
activity, which ultimately could cure the MDR/XDR M.
tuberculosis.

4. CONCLUSIONS

Various attempts have been made, and numerous drugs have
been identified, in order to have a brief and successful regimen
of M. tuberculosis. The current study was designed to identify a
candidate drug that has better efficacy, ADMET properties, is
free of PAINS, and shortens the regimen of the disease. Based
on the reference compound of the target protein RpsA, we
have identified 0S5 variously diverse compounds. All these
identified compounds were compared with the reference
compound via various computational methodologies. The
results show that all of the selected compounds were notable
due to their having drug-likeness, binding energies, and
interaction with the key residues of the active site. Among
these, compound Zn1 was identified as the most active, which
showed a lesser a-carbon deviation and residue fluctuation,
better interaction with residues, and a good binding energy,
ie, —22.8870 and —2.6319 kcal/mol, respectively. Overall,
compound Znl may have the potential to shorten the regimen
of TB.

5. MATERIALS AND METHODS

5.1. Exploration of Drug-Like Features. A pharmaco-
phore based on the reference compound was designed for
exploring drug-like features in the compound, leading to the
inspection of large chemical libraries in MOE v2016. The
reference compound was first docked rigidly into the active site
of mutated RpsA, followed by pharmacophore generation with
the EHT approach. The pharmacophore was generated with
07 features, of which 02 were marked as essential features. The
RpsA protein with pdb code 4NNI'* was downloaded from the
protein data bank and mutated in MOE v2016 by deleting the
residue ala438. The generated model was validated by a test
database containing anti-Tb drugs along with the reference
compound. All compounds of the test database were screened
on the 07-featured complex-based pharmacophore and their
mapping modes were analyzed.

5.2. Assessment of Drug-Like Features with Chemical
Libraries. For evaluation and assessment of the drug-like
features, the validated pharmacophore geometry was screened
with chemical libraries like ZINC and ChemBridge using a
virtual screening protocol implemented in MOE v2016. Such a
model is used as 3D query during in silico screening to identify
the best hits of different physicochemical properties. The main
purpose of such screening is to identify a novel drug-like pose
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for further assessment.'” A total of 335 and 1692 hits were
retrieved from ZINC and ChemBridge library, respectively, as
a result of the screening. To predict the drug-likeness of the
compounds, Lipinski RoS was applied, according to which the
compound that is drug-like would have a log P in the range of
—0.4 to +5.6; a molecular weight of 180 to 500 Da; number of
atoms ranging from 20 to 70 (including H-bond donors not
more than S and H-bond acceptors not more than 10); and a
polar surface area no greater than 140 A.'® By strictly following
the above rules, 260 and 749 hits, respectively, for ZINC and
ChemBridge libraries were selected for further evaluation.

5.3. Molecular Interaction Study and Selection of
Lead Compounds. For molecular interaction studies and
selection of lead compounds, all of the retrieved hits were
docked into the active site of mutated RpsA. A docking
protocol implemented in MOE v2016 with parameters like
rigid and ligand-based docking was performed. A maximum of
total 10 conformations were allowed to be saved for each
ligand using the default parameters of MOE, i.e. Placement:
Triangle Matcher, Rescoring: London dG, GBVI/WSA dG,
and Refinement: Rigid Receptor. Using the SVL script of
MOE, the RMSD between the co-crystal and re-docked
conformation was calculated as 0.78 A, suggesting that our
docking protocol is reliable.'” On the basis of the docking
score, 05 top-ranked compounds were selected for further
evaluation. All of the 05 compounds having better or at least
comparable binding affinity and binding energy to the
reference compound were selected for molecular dynamic
simulations. The docking score, binding mode, pharmacophore
mapping, binding energy (stability), binding affinity, and visual
ligand interaction indicate that these selected lead compounds
might act as structurally diverse, potent, and novel antagonists
for the mutated ribosomal protein RpsA of Mtb.

5.4. PAINS Filter Assay. The Pan Assay Interference
Compounds (PAINS) is an electronic filter, focused on the
quality of compounds in the database. PAINS analyzes the
compounds that are likely to be more assay-interfering and
chemically reactive, frequently hitting, and not known by
toxicophoric filters."® Therefore, it is recommended to study a
combination of filtered compounds for obtaining the desired
pharmacokinetic properties like ADMET of a compound
earlier in drug designing and development. An online PAINS
server'® was used to pass the compounds through this filter,
and the ADMET properties were predicted by visiting the
online server http://biosig.unimelb.edu.au/pkesm/prediction.
Only those compounds that passed the PAINS filter and had
better ADMET properties were selected.

5.5. All-Atoms Molecular Dynamics Simulation. The
top 05 compounds having better docking score, binding
affinity, binding energy, and better interaction as compared to
the reference compound were studied for molecular dynamics
simulations. MD simulations revealed important energetic and
structural information about the major biomolecules, and
receptor and ligand interactions. MD simulations and analyses
for the systems were carried out in AMBER v2018 with the
force field (ff14SB)."” To neutralize the system, counter ions
(Na* and Cl”) were added by using the LEAP module. The
octahedral box of TIP3P water model with a 12.0 A buffer was
used for solvating the whole system. For the van der Waals and
long-range electrostatic interactions, the cutoff distance 10 A
was used. For treatment of long-range electrostatic inter-
actions, the Particle Mesh Ewald PME algorithm was used.”
The SHAKE algorithm was used to constrain the bonds
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involving hydrogen atoms, followed by 0.5 ns of constant
pressure equilibration at 300 K.*' For controlling the
temperature, Langevin dynamics was used.”> Finally, 100 ns
MD simulation was carried out with the CUDA version of
PMEMD in GPU for all of the equilibrated complex systems at
constant temperature and pressure.23 MD trajectories were
analyzed using the CPPTRAJ module of Amber v2018.

5.6. Dynamic Cross-Correlation Map. The DCCM is a
3D matrix image that indicates the correlation of movement of
amino acid residues with time. This analysis was carried out to
study the comparison of Ca atoms throughout the correlation
matrix for all of the complexes and systems™" in order to
evaluate the continuous correlations of domains. Based on the
Ca carbon atoms, the DCCM analysis used 9800 snapshots.
The Ca carbon atoms in the trajectories were cross-correlated
with the displacements of the backbone Ca atoms. S; is the
symbolic representation of the correlation coefficient, where i
and j are atoms and S; is the correlation coefficient between
them; mathematically

S; = (Ar,. Arj>/(<Ari2><Ari2>)l/2 1)

where the bracket “()” defines the time average during the
whole trajectory. Ar; or Ar; represents the displacement vector
calculated by subtracting the instantaneous position of the ith
or jth atom from its average position. The value of DCCM
ranges from —1 to +1, where S; > 0 represents the movement
with positive correlation (same direction) between two atoms,
i.e, ith and jth atoms, whereas S; <0 shows the movement
with negative correlation (opposite direction) between the ith
and jth atoms. Cpptraj was used for the analysis of DCCM,
and Origin software was used for plotting the data.”” In the
graph of DCCM, two types of correlations are shown, i.e.,
positive correlation and negative correlation. A positive
correlation indicates that the ligand and protein movements
occur in the same direction and the system achieves stability
while they interact with each other. In contrast, a negative
correlation indicates that the ligand moves away from the
binding pocket and gives anti-parallel correlation, or that the
complex is unstable. Moreover, the intensity of the color in the
DCCM map is directly proportional to the strength of the
positive and negative correlations. These correlations are
indicated by red to light red, and blue to light blue color,
respectively. The red color shows positive correlation and blue
color shows negative correlation; a deeper color means a
stronger respective correlation, and vice versa.

5.7. Principal Component Analysis. The principal
movements of high amplitude were assessed by PCA analysis
in the receptor26 using cpptraj package. The covariance matrix
was calculated by taking the Ca coordinates, followed by the
analysis of eigenvalues and eigenvectors with the diagonalized
covariance matrix. The PCs, ie., eigenvectors, indicate the
direction of movement of the ligand and receptor atoms,
whereas the corresponding eigenvalues represent the mean
square fluctuations of the atoms of the complex. PC1 and PC2
were used for calculation and plotting purposes to check their
motions.

5.8. MM-PBSA Calculation. MM-PBSA/GBSA is used for
calculation of binding free energies. The MMPBSA/GBSA
approach is based on the combination of continuous solvent
fashions and molecular mechanical energies. For these
calculations, the MMPBSA.py a python script was used to
calculate the free energy of the reference compound and
selected (searched) compounds. In this study, the BFE
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(binding free energy) of various sample compounds in
comparison to the reference compound was calculated. The
binding free energy was calculated according to the following
formula:

AGbind = AG

‘complex

- [AG

receptor

+ AGligand] (2)
where AGy,q is the binding free energy, AG  mpiex is the free
energy of the complex, AG,.c is the energy of the protein,
and AGyg, is the free energy of the ligand.
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