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Tuberculosis (TB) continues to be the leading cause of deaths due to its persistent drug resistance and the
consequent ineffectiveness of anti-TB treatment. Recent years witnessed huge amount of sequencing
data, revealing mutations responsible for drug resistance. However, the lack of an up-to-date repository
remains a barrier towards utilization of these data and identifying major mutations-associated with
resistance. Amongst all mutations, non-synonymous mutations alter the amino acid sequence of a pro-
tein and have a much greater effect on pathogenicity. Hence, this type of gene mutation is of prime inter-
. est of the present study. The purpose of this study is to develop an updated database comprising almost

Tuberculosis N s . . .
Genome sequencing all reported substltut10n§ w1th1.n.the Mycqbactemfm'tuberculoszs (M.tb) drug target genes rpoB, inhA, ka.tG,
MDR pncA, gyrA and gyrB. Various bioinformatics prediction tools were used to assess the structural and bio-
MycoTRAP-DB physical impacts of the resistance causing non-synonymous single nucleotide polymorphisms (nsSNPs)
Secondary mutations at the molecular level. This was followed by evaluating the impact of these mutations on binding affinity
SNPs of the drugs to target proteins. We have developed a comprehensive online resource named MycoTRAP-
DB (Mycobacterium tuberculosis Resistance Associated Polymorphisms Database) that connects mutations
in genes with their structural, functional and pathogenic implications on protein. This database is acces-
sible at http://139.59.12.92. This integrated platform would enable comprehensive analysis and prioriti-
zation of SNPs for the development of improved diagnostics and antimycobacterial medications.
Moreover, our study puts forward secondary mutations that can be important for prognostic assessments

of drug-resistance mechanism and actionable anti-TB drugs.

© 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Keywords:

1. Introduction million lives in HIV-negative people and 208,000 deaths amongst
HIV-positive people. Mycobacterium tuberculosis (M.tb) pathogen
circumvents new strategies by which it can find ways to infect, sur-

vive, and disseminate against the barriers set by the host [4]. The

Tuberculosis (TB) has been a deadly disease since 3400BCE with
huge social and economic impact worldwide [1]. According to the

WHO Global Tuberculosis Report, an estimated 10 million people
developed TB in 2019 [2]. Globally, TB is among the top ten causes
of death, with multi-drug resistance posing additional challenge in
managing this global epidemic [3]. In 2019, it took relatively 1.2
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evolution of the M.th genome has been crucial in maintaining its
virulence throughout the centuries as the pathogen undergoes
reductive evolution and confines its essential functionality to the
minimum possible number of genes [5]. The alterations within
the genome composition have been a crucial strategy for the
pathogen to overcome the stresses and challenges posed by the
environment or the host.

The extensive use of antibiotics against M.th has been posing a
threat to the existence of this pathogen, and in response M.tb has
been rigorously selecting the strains that could help the pathogen
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to survive against the antibiotic exposures [6,7]. With time, the
mutations accumulated within the M.tb genome and specifically
in the proteins serving as drug targets, have caused the develop-
ment of resistance against various first and second lines anti-TB
drugs and further its self-transformation into pre-extensively drug
resistant (pre-XDR), multidrug resistant (MDR) and extensively
drug-resistant (XDR) [7,8]. Drug efflux pumps, with a specific
genetic signature could be yet other mechanism for drug resistance
[9]. Mutations at the active site of protein precisely affect the bind-
ing efficacy of the drug or may leave the protein deprived of its cat-
alytic efficiency. Such mutations are well characterized due to their
major role in drug resistance, however there are other mutations
present outside the active region, also termed as secondary or
accessory mutations which are indirectly responsible for causing
resistance [8,10]. Secondary mutations or accessory mutations
cause noticeable rearrangements into the protein structure leading
to altered drug interaction and affecting the dynamics of the com-
plex by altering the shape and flexibility of the binding pocket
through a complex network of interactions within the structure,
defined as “network hypothesis” [11]. These mutations also assist
in compensating the fitness cost developed due to the after effects
of drug resistance mutations, hence termed as compensatory
mutations [12]. It is thus of utmost importance to explore sec-
ondary mutations present in the neglected and less focused geno-
mic areas for complete understanding of the mechanism of
resistance.

We are also witnessing enormous amounts of genome sequenc-
ing data that are being assessed broadly to identify the polymor-
phisms of relative clinical significance and improve the
understanding of drug resistance in M.th [11-14]. However, the
corresponding information is scattered among the large pool of lit-
erature, which renders the researchers to be deprived of the critical
information which might be used for identification of novel drug
targets and development of anti-TB drugs. Over the years, several
databases [15] namely GMTVD [16], TBDreaMDB [17], MUBII-TB-
DB [18] have been developed to store and organize data, but they
are devoid of the recent records owing to which the conclusions
are bound to remain incomplete. Thus, an extensive search of
recent literature to acquire all the reported mutations is critical
for understanding the evolution of anti-TB drug resistance.

Drug resistance-associated genes rpoB, inhA, katG, pncA, gyrA
and gyrB are known to confer resistance against rifampicin (RIF),
isoniazid (INH), pyrazinamide (PZA) and fluoroquinolones (cipro-
floxacin, CIF; moxifloxacin, MFX; levofloxacin, LFX; and ofloxacin,
OFX), respectively [7]. The mutations in these genes are responsi-
ble for detrimental effects over the normal functionality of protein
serving as a target, disrupting its binding with the drug and subse-
quently leading to antibiotic resistance [19]. Single nucleotide
polymorphisms (SNPs) are the most recurrent genetic variations
responsible for disturbing protein functionality and promoting
drug resistance in M.th. Although many of these are benign or neu-
tral and do not contribute much to the phenotypic alteration many
others, primarily the non-synonymous mutations, are deleterious
which have severe consequences on function of the translated pro-
tein and its phenotype. Thus, it is imperative to look for the non-
synonymous mutations reported in the drug-resistant isolates as
they serve as key leads for explaining the mechanism of resistance
development. Apart from SNPs, other variations that include inser-
tions, deletions and frame-shift mutations are also major contrib-
utors towards drug resistance, however these were out of the
scope of the present study and thus were not included.

In order to study the mechanisms of drug resistance, it is criti-
cally important to know the association between mutations in
drug targets and their phenotypic profile by establishing minimum
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inhibitory concentrations (MICs). In-vitro propagation of M.tb is
challenging because of its slow growing nature requiring time
and resources. Alternative (in-silico) methods can help to prioritize
mutations by predicting structural implications, due to the
unavailability of a quantitative estimation of phenotypic profiling
[20]. In the present study, a rigorous search of the recently
reported literature on nearly all the mutations in well recognized
drug resistance-associated genes rpoB, inhA, katG, pncA, gyrA and
gyrB was performed [21]. Apart from these genes, embC, embA,
and embB are also associated with resistance to ethambutol
(EMB) [22] which is a first-line drug. However, in 2019, WHO
released a new drug classification for the treatment of drug resis-
tant TB, reorganizing second-line drugs into three groups (Group-
A, B, and C). Ethambutol has been included in group C [23] and also
serves as a key drug in second-line regimens for MDR-TB and thus
was not included in this study. Various computational approaches
were used to quantify the effects of non-synonymous substitutions
over the protein structure, function, and conservation narrowing
down our search for the candidates with higher potential of induc-
ing the resistance. Further, molecular docking studies were carried
out to examine the impact of the candidate mutations on drug-
protein interaction eventually ending up with hampered drug effi-
cacy. This was followed by normal mode analysis (NMA) per-
formed to gain insights into the interaction profiles by taking
into account the dynamic aspects of the protein which are requisite
parameters for favorable protein-drug interaction, concluding our
search for the potential novel active site and secondary mutations
responsible for conferring the resistance [24]. The computational

analyses and MycoTRAP-DB (Mycobacterium tuberculosis Resis-

tance Associated Polymorphisms Database) platform serving as a
high-throughput platform, could provide the scientific basis of an
initiation to in-vitro studies that aim for an in-depth characteriza-
tion of emerging potential resistance conferring mutations.

2. Methodology

Fig. 1 Illustrates all of the steps of computational methodology
followed in the present study. These steps consist of: 1) Acquisition
of publicly available data and construction of a library predictive of
resistant and susceptible mutations in genes; 2) Determining SNPs
as deleterious or neutral using PredictSNP tool; 3) Structural and
thermodynamic change prediction showing the impact of muta-
tions on protein stability and conformation using three tools based
on different structural features; Site Directed Mutator (SDM),
STRUM and mutation Cut-off Scanning Matrix (mCSM); 4) Deter-
mining the impact of mutations on protein-drug binding by molec-
ular docking; 5) Identification of the dynamic interaction of
mutation inflicted proteins. 6) Scoring conservation of WT and
mutant residues; and 7) Protein-protein interaction network anal-
ysis. These steps are described in detail below:

2.1. Data acquisition and library preparation

A library predictive of resistant and susceptible mutations of
rpoB, inhA, katG, pncA, gyrA and gyrB genes was prepared through
arigorous literature search. Mutations from the two publicly avail-
able databases, TBDreaMDB [17] and GMTVD [16] were also
extracted. Furthermore, mutations reported by web-based tools,
MUBII-TB-DB [18] and CRyPTIC Consortium [25] were also incor-
porated. Based on the intensive data mining of available literature,
each SNP was represented as resistance causing, neutral or unchar-
acterized along with their frequency of occurrence in clinical
isolates.
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Fig. 1. Illustration of the workflow describing all of the steps of computational methodology consisting of: 1) Acquisition of publicly available data and construction of a
library predictive of resistant and susceptible mutations in genes; 2) Determining SNPs as deleterious or neutral using PredictSNP tool; 3) Structural and thermodynamic
change prediction showing the impact of mutations on protein stability and conformation using three tools based on different structural features; SDM, STRUM and mCSM; 4)
Determining the impact of mutations on protein-drug binding by molecular docking; 5) Identification of the dynamic interaction of mutation inflicted proteins, 6) Scoring
conservation of WT and mutant residues; and 7) Protein-protein interaction network analysis.

2.2. Determining SNPs as deleterious or neutral

The reference M.tb H3;Rv genome used was NC_000962.3. The
protein sequences for the M.th genes investigated in the present
study were obtained from UniProt, which is a freely accessible
database hosting protein sequence and functional data. The Uni-
Prot IDs for rpoB, inhA, katG, pncA, gyrA and gyrB corresponded to
POWGY9, POWGR1, POWIE5, I6XD65, POWG47 and P9WG45. Char-
acterization of non-synonymous (ns) SNPs as deleterious or neutral
was performed using PredictSNP tool [26]. PredictSNP is a disease
associated mutation classifier and gives a consensus score based on
the output of six different amino acid (AA) based function and
pathogenicity prediction tools, namely Multivariate Analysis of
Protein Polymorphism (MAPP), nsSNPAnalyzer, Protein Analysis
through Evolutionary Relationships (PANTHER), PhD-SNP,
PolyPhen-1 and PolyPhen-2, Sorting Intolerant From Tolerant
(SIFT), and Synonymous Non-synonymous Analysis Program
(SNAP) (Table 1). MAPP calculates the difference in physicochemi-
cal properties between the wild and mutant AAs. Larger the devi-
ation, higher is the chance that the mutation causes functional
disruption of the protein. PANTHER is an evolutionary based tool
which anticipates the function of hypothetical genes based on their
evolutionary relationship to experimentally characterized genes
with known function [27]. PhD-SNP is a support vector machine
classifier-based method that predicts deleterious SNPs using
sequence and profile information [28]. Polymorphism Phenotyping
(PolyPhen) engages a set of empirical rules to determine the func-
tional disruption in the presence of mutation [29]. PolyPhen-2 is
different from PolyPhen-1 in terms of features used for prediction
and uses eight sequence based and three structure-based AA prop-
erties for predicting the functional and structural damage due to
AA substitutions [30]. SIFT is an evolutionary based algorithm
which measures the impact of AA change on the function of protein
based on physical properties and sequence homology [31]. SNAP is
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based on a set of codon-aligned nucleotide sequences which deter-
mine synonymous and non-synonymous substitution rates [32].
Consensus prediction made by PredictSNP represents an accurate
and robust alternative to the predictions delivered by individual
tools. The AA sequence of a query protein was uploaded in FASTA
format on PredictSNP along with the list of mutations in a text for-
mat. PredictSNP web server gave consensus prediction along with
the predictions made by the individual tools for all selected
mutations.

2.3. Structural and thermodynamic change prediction

To examine the impact of mutations on protein stability and
conformation, three tools based on different structural features;
SDM, STRUM and mCSM were utilized. SDM calculates a stability
score based on environment-specific AA substitution frequencies
within homologous protein families [33]. The score is equivalent
to the change in free energy (AAG) between the wild-type (WT)
and mutant protein. To further enhance the significance of SDM
predictions, the nsSNPs that were submitted to SDM were also ana-
lyzed by STRUM which combines the WT protein sequence profiles
with low-resolution structure models built by I-TASSER to calcu-
late the fold stability change (AAG) of protein molecules upon
single-point mutations [34]. Lastly mCSM, a machine learning
approach that integrates graph-based signatures, pharmacophore
properties and experimental conditions and uses this information
to calculate changes in the stability of protein structure [35] was
used. The consensus AAG score of all the three tools were consid-
ered to denote the impact of mutations on protein stability as
highly destabilizing, destabilizing or stabilizing.

Based on the results drawn from various sequence and
structure-based tools, consensus mutations, that were predicted
to be functionally deleterious and structurally destabilizing, were
derived and considered for further analyses.
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Table 1
Computational tools used to study the impact of mutations on protein structure and function.

Software Information Description Value/Range PMID

MAPP Physicochemical variation Deleterious/ Neutral - 15,965,030

PANTHER Protein analysis through evolutionary relationship Pathogenic/Deleterious - 20,015,972

PolyPhen-1 Sequence, phylogenetic and structural information Deleterious/ Neutral - 12,202,775

PolyPhen-2 Eight sequence based and three structure based amino  Deleterious/ Neutral 0-1 (<0.15 tolerated, 0.15 < 1.0 possibly 20,354,512
acid properties damaging, 0.85 < 1.0 damaging)

SIFT Sequence homology and the physical properties of Deleterious/ Neutral 0 (<0.05 pathogen; 0-1) 12,824,425
amino acids

PhD-SNP Support vector machine prediction trained on sequence Pathogenic/ Benign 0-1 (<0.5 benign, >0.5 pathogenic) 16,895,930
and evolutionary information

SNAP Neural network method based on sequence information Non-Neutral reliability index measure (range 0-9) 17,526,529

SDM Environment-specific substitution tables Reduced stability/ AAG < 0 reduced stability; AAG >0 21593128,

Increased stability increased stability 28,525,590

STRUM Sequence profile, structural profile, different energy Destabilizing/ AAG < 0 destabilizing; AAG > 0 stabilizing 27,318,206
functions based on I-TASSER model stabilizing

mCSM Graph-based signatures, pharmacophore properties and Destabilizing/ AAG < 0 destabilizing; AAG > 0 stabilizing 24,281,696
experimental conditions stabilizing

mCSM-lig Protein-ligand affinity change upon mutation Destabilizing/ AAG < 0 destabilizing; AAG > 0 stabilizing 27,384,129

stabilizing

2.4. Impact of mutations on protein-drug binding

Molecular docking was performed to quantify the influence of
mutations on the binding affinity of drugs targeting proteins
encoded by rpoB, inhA, katG, pncA, gyrA and gyrB genes. An initial
screening was done employing mCSM-lig. This is a freely available
online tool that uses graph-based signatures of WT structural envi-
ronment to assess the structural ramifications on drug binding due
to mutations in the protein [36]. The mutations having strong
destabilizing effects on protein-drug binding were subjected to
docking using Schrodinger suite [37]. The X-ray crystal structures
of WT proteins were obtained from Protein Data Bank (PDB) [38]
and the structures represented by following PDB IDs: RpoB
(5UHB) [39], InhA (1ENY) [40], KatG (1SJ2) [41] (recently a cryo-
EM structure of katG was published [42] however it has not yet
been released on PDB), PncA (3PL1) [43] and DNA gyrase (5BS8)
[44]. The ligand bound crystal structures were available for RpoB,
InhA and DNA gyrase (in complex with MFX). In case of mutations
in InhA protein, ligand bound crystal structures were available only
for 121V (PDB ID: 2AQH) [45] and S94A (PDB ID: 2NV6) [46]. The
mutations in WT protein structures were incorporated by employ-
ing the Maestro interface available from Schrodinger. Prior to
molecular docking, the WT and mutant protein structures were
prepared using Schrodinger’s protein preparation wizard [47]. Sev-
eral tasks were performed during protein preparation which
include deleting water molecules, repairing truncated sidechains,
adding hydrogens and assigning partial charges. The chemical
structures of the first line TB drugs (RIF, INH and PZA) and fluoro-
quinolones [48] were obtained from PubChem compound database
[49] and were used as ligands in the present study. The ligands
were prepared using the LigPrep module [47] which generated
accurate and energy minimized conformations of compounds.
The idea behind generating structurally diverse compounds is to
explore all the chemical and structural properties a compound
could possess as even small changes can amount to significant
variations in computational results. Subsequent to this, a grid
box was generated centered on the active site residues of the pro-
teins using the Receptor Grid Generation module. The active site
for each of the protein, RpoB, InhA, KatG, PncA and DNA gyrase,
was acquired from literature [39,43,46,50,51]. Lastly, the ligands
were docked in the active sites of WT and mutant proteins using
the extra precision approach of Schrodinger’s Glide module [52].
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2.5. Dynamic interaction of mutation inflicted proteins

Proteins are highly dynamic in nature and their structural fluc-
tuations have an important role in their functions. Therefore, it is
quite imperative to assess the impact of mutations on the native
conformations of proteins. Post molecular docking of the proteins
were run on DynaMut, a web server that takes into account NMA
and integrates it with graph-based structural signatures and gives
a consensus prediction of the impact of a mutation on the stability
of a protein [24]. NMA is a powerful technique for predicting
molecular motions and examines the vibrational entropy changes
due to harmonic oscillating fluctuations as a consequence of muta-
tions in the protein [53]. Vibrational entropy changes (AASyi,
ENCoM in kcal.mol~"K~') and NMA predictions (AAG ENCoM in
kcal/mol) were recorded to examine the effect of mutations on pro-
tein flexibility and stability thus influencing overall protein
dynamics.

2.6. Scoring conservation of WT and mutant residues

Conservation analysis of codons helps in understanding the
evolutionary conservation of a particular residue in a protein that
could be of structural and functional importance. Conservation
scores are determined based on the AA frequencies at a certain
codon in the alignment. To perform AA conservation analysis in
the present study, the sequence for each protein, RpoB, InhA, KatG,
PncA, GyrA and GyrB was downloaded from UniProt database [54]
followed by a NCBI PSI-BLAST [55] run against the non-redundant
protein database for each TB protein. A profile search was gener-
ated using five PSI-BLAST iterations with an e-value cut-off of
0.001. Next a position specific substitution matrix (PSSM) was gen-
erated, the elements of which were conservation scores for each
position for each TB gene. The overall substitution score ranges
from —8 to 10 where the positive value represents that the muta-
tion is favorable, fit and evolution can accept this transition over
normal WT codon during the time of need. On the other hand, neg-
ative values reflect the less likely mutations or mutations that
result in altered functionality. For all nsSNPs, the conservation
scores of all the substitutions were acquired. Additionally, a score
for replacement of WT with mutant AA was analyzed which repre-
sents the substitution score. The mutations with high substitution
score (>5 in this study) would be less detrimental for the overall
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integrity of the protein and thus the normal function of the protein
would not be hampered.

2.7. Protein-protein interaction network analysis

Protein-protein interaction (PPI) network was analyzed using
STRING database version 11.0 for all TB proteins studied in this
work. STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins) is a freely accessible web resource and biological data-
base which harbors information about PPIs curated from numerous
sources, including experimental data, computational prediction
methods and public text literature collections [56].

3. Results and discussion
3.1. Data acquisition and library preparation

In the present study, we have assembled known mutations and
present a database, MycoTRAP-DB for TB-protein coding genes,
rpoB, inhA, katG, pncA, gyrA and gyrB from the previously published
databases as well as thorough data mining of the available litera-
ture till December 2020. A repository comprising a total of 3303
mutations was prepared which included mutations from GMTVD,
TBDreaMDB, MUBII-TB-DB and CRyPTIC Consortium. Moreover
the remaining mutations, not included in the above databases,
were acquired by rigorously searching the published literature
related to the drug resistance in M.tb (Supplementary Table 1).
The final collective mutations were 701, 56, 504, 476, 822, and
744 for rpoB, inhA, katG, pncA, gyrA and gyrB respectively. By
removing the duplicates, synonymous mutations and point muta-
tions leading to insertions and deletions, we obtained 1795 total
mutations for further analysis. The final mutations obtained for
rpoB, inhA, katG, pncA, gyrA and gyrB corresponded to a total of
406, 37, 446, 402, 258 and 246 mutations, which were further
characterized based on their resistance conferring potential
(Table 2).

3.2. Amino acid conservation and substitution analysis

Conservation score reflects the significance of a WT AA at a par-
ticular codon position in preserving the normal functionality of the
protein [57]. On the other hand, the deviation from the normal
function caused by a particular substitution based on newly
inserted AA is depicted by substitution score. Analyzing these
scores for all the AAs at a specific codon presented the information
about evolutionarily favorable mutated AAs at that position. The
conservation and substitution scores of all the AAs for each gene
have been provided as Supplementary Table 2. The positive values
for conservation scores showed the high degree of conservation of
an AA at that position in retaining the protein function. The overall
less substitution scores for mutations than WT in our study indi-
cated that these mutations may deteriorate the protein of its over-
all original function. This provides an opportunity for evolution to
select the advantageous changes bestowing bacteria with muta-
tions that could possibly promote its viability and virulence

Table 2
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[58,59]. M.tb acquires these less favorable mutations which com-
pletely or partially eliminate the activity of the associated protein
but in turn, make the bacteria more fit to survive against the anti-
TB drugs. Similar observations were made for 1335T, T262R and
T76P mutations of KatG and PncA where the mutations led to sub-
stantial deprivation in activity of proteins but in turn, provided
resistance to bacteria against two most potent anti-TB drugs
namely INH and PZA [58,59]. Therefore, the secondary mutations
identified to be resistance conferring in this work could be declared
as suspects that despite being less favorable by evolution hold
great importance in the survival of the pathogen in stress
conditions.

3.3. Analyzing impact of nsSNPs on protein function

rpoB: A total of 517 nsSNPs were studied for their impact on
protein function and virulence. Results were obtained for 406
mutations; the remaining 111 mutations were not used due to
irregularity in the WT residues at certain codon positions. Out of
406 nsSNPs, 258 (63.5%) were recorded as deleterious, while 148
(36.5%) were predicted as neutral (Supplementary Table 3). The
rpoB gene mutations are predominantly located within RIF-
resistance-determining region (RRDR) corresponding to codons
426 to 452 in M.tb [60]. A deeper digging into 258 deleterious
nsSNPs brought to light three codon positions, 441, 451 and 456
in RRDR region where four or more AA variants were present. All
these mutations, D441F/N/V/Y/A/G/C; H451R/N/Q/C/P/T and
S456F/Q/P/W/Y, are known to be associated with RIF drug resis-
tance and were found to be highly deleterious in our analyses.

inhA: A total of 42 nsSNPs were analyzed for their effect on pro-
tein function and pathogenicity, of which 37 nsSNPs were obtained
by PredictSNP. Among 37 nsSNPs, 13 (35.1%) were predicted as
deleterious, while 24 (64.86%) were listed as neutral (Supplemen-
tary Table 3). The mutations on the active site of InhA protein
through altering its binding with the substrate NADH can disrupt
the architecture of the active site and reduce the binding affinity
of the drug with InhA. The highly prevalent mutations associated
with INH-resistance are found in the active site region (G14, S20,
V21, D64, V65, 195, G96, D148, F149, K165, 1194, and T196) of InhA
[46]. The active site mutations, [21V/T, I95T/P, and 1194T were pre-
dicted to be deleterious to protein function, the same has been
observed in DST [61]. The mutations, 121T, S94A and I95P have
been identified to be associated with resistance in both, INH- as
well as ETH-resistant clinical isolates [61]. However, S94A and
A190S (commonly occurring mutations) were predicted as neutral
and did not have any impact on the function of protein.

katG: Among 500 katG nsSNPs analyzed for functional impact
and pathogenicity, predictions were obtained for 446 nsSNPs. A
total of 351 mutations (78.6%) were recorded as deleterious, while
95 (21%) were predicted as neutral (Supplementary Table 3). Resis-
tance causing nsSNPs in katG are known to be distributed through-
out the coding region. The high number of variants present at a
single codon position is indicative of its high mutational propensity
in unfavorable conditions providing an escape route for bacteria to
survive [62]. In the present work, five such codon positions were

Total number of the mutations gathered from multiple sources and pre-processing for selection of mutations for final analysis.

Gene Total mutations in MycoTRAP-DB Synonymous mutations INDELS Non-synonymous mutations Final analyzed
rpoB 701 187 36 478 406

inhA 56 11 4 41 37

katG 504 12 24 468 446

pncA 476 5 7 464 402

gyrA 822 552 5 265 258

gyrB 744 442 1 301 246
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observed and all the mutations at these positions, N138S/H/D/T,
W300G/C/D/I/R, S315L/I/R/T/N/G, W321L/S/R/G/F and W328R/L/C/
S/G were predicted to be deleterious with most of them already
known to be associated with INH drug resistance [61]. However,
the mechanism of resistance in case of W300D, W321G and
W328C substitutions has not been explored yet. The deleterious
secondary mutations, other than 138, 300, 315, 321 and 328 codon
positions, present in the entire coding region of katG were also
explored for their effects on the protein.

pncA: The functional and pathogenic analysis in pncA was initi-
ated with a total of 402 mutations. Based on the consensus results
from PredictSNP, 281 (70%) of them were identified as deleterious
mutations and 121 (30%) as neutral (Supplementary Table 3). The
281 deleterious mutations included mutations at the iron binding
site (D49, H51, H57, H71) and catalytic triad (D8, K96, C138). These
results were in concordance with the previous reports that demon-
strate the mutations within the active site as the highly detrimen-
tal or the resistance conferring mutations [43]. Among them, the
variants D8H and C138R were less studied thus offering an oppor-
tunity to thoroughly explore their impact.

gyrA and gyrB: A total of 271 gyrA and 284 gyrB mutations were
analyzed for their functional and pathogenicity impact. Predictions
were obtained for 258 and 246 in gyrA and gyrB, respectively. The
consensus prediction resulted in 63/258 (24.4%) and 64/246 (26%)
as deleterious in gyrA and gyrB, respectively, while 195/258 (75.6%)
and 182/246 (74%) were identified as neutral mutations in gyrA
and gyrB, respectively (Supplementary Table 3). As evident from
the literature, the QRDR of the gyrA (codon 74-113) and gyrB
(codon 461-499) are hotspot regions [63]. QRDR mutations
A90V, S91P and D94G/N/A/H/Y/V/F in gyrA and D461N/H, D472H/
A, N499D|T in gyrB are involved in fluoroquinolone resistance
[63,64] and most of them were identified to be deleterious to pro-
tein function by our analyses. However, mutations A90V and D94G
of gyrA were predicted to have no impact on protein function
despite being resistant in clinical isolates.

3.4. Structural consequences of nsSNPs

The AAG value calculated as the difference in AG score of WT
and mutant protein structures is considered as the perfect measure
for depicting the impact of single point mutation in changing the
stability of the protein [65,66]. Positive and negative values of
AAG (kcal mol-1) correspond to increase or decrease in the overall
stability of the protein. In the present study, a single point muta-
tion was classified as highly destabilizing (AAG < 0 by all three
tools, SDM, STRUM & mCSM), destabilizing (AAG < 0 by any two
tools) and stabilizing (AAG > 0 by any two or all three tools). Sup-
plementary Table 4 shows change in protein stability using SDM,
STRUM, mCSM web servers in presence of each single point muta-
tion for rpoB, katG, inhA, pncA, gyrA and gyrB.

RpoB: A total of 406 nsSNPs were subjected to stability analy-
ses, and predictions were obtained for 299 nsSNPs. Among these,
4 (1.3%) were highly destabilizing, 182 (60.9%) destabilizing and
113 (37.8%) stabilizing mutations. Few mutations were dropped
due to the absence of WT residue in crystal structures (RpoB as
well as some other genes). The mutations H451R/N/Q/C/P/T and
S456F/Q/P/W/Y of RRDR region were observed to reduce the stabil-
ity of the protein with the exception of D441F/N/V/A/G/C which
did not have a destabilizing effect though affecting the protein at
functional level. The mildly destabilizing effect in case of all the
variants at D441 position might be associated with lower protein
fitness penalty thereby retaining the overall fitness of the bacteria
in presence of the drug thus further enriching their frequency in
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the population [62]. In case of rpoB, lineage defining mutations,
T3561 and S394L [67] were predicted to stabilize the protein.

InhA: Among 37 nsSNPs analyzed for structural impact on InhA
protein, 21 (56.7%), 9 (24.3%), and 7 (19%) were predicted to be
highly destabilizing, destabilizing, and stabilizing, respectively.
Highly destabilizing effect on structures was noted for certain well
known INH-resistance associated mutations, 121V/T, 195P/T and
1194T present on the active site of protein. Other than the active
site, K8N and S94A mutations, known to cause resistance widely,
were also found as destabilizing in our analysis [61]. Lineage defin-
ing polymorphism V78A [67] has no role in resistance however, it
was predicted to destabilize the protein structure.

KatG: The structural stability prediction tools revealed a total of
434 mutations, out of which 18 (4.1%), 317 (73%) and 99 (22.8%)
mutations were classified as highly destabilizing, destabilizing
and stabilizing, respectively. Highly destabilizing effect on protein
structure was noted for certain well known INH-resistance associ-
ated mutations like N138S, W300G, W321G, amongst others with
the exception of S315T and S315N. A very low destabilizing effect
was observed in terms of AAG value in case of S315T and S315N
mutations. This can be attributed to lower protein fitness penalty
based on the similar observation in RpoB [62]. The secondary
mutations, WO0R, A109V, W328G, A614E, R128G, D142G, T275P
and W328G were also recorded as destabilizing, pointing towards
their possible candidature to effective drug binding. One of the
most commonly occurring and lineage defining mutation R463L
[67] was predicted to exhibit a stabilizing effect on the protein
structure.

PncA: After the completion of functional analysis, we proceeded
with all the 402 mutations to examine their role in inducing the
structural changes within the protein. A total of 71 highly destabi-
lizing (17.6%), 295 destabilizing (73%) and 36 stabilizing (8.9%)
mutations were obtained. As expected, the prominent residues
that form the iron binding site (D49, H51, H57, and H71) and the
catalytic triad (C138, D8, K96) were predicted to destabilize the
protein with H51N, H71D/E/Q and K96E being the most destabiliz-
ing ones. All mutations within these sites displayed the deformity
in protein structure except D8V. With negligible structural alter-
ation and even displaying the deleterious functionality earlier,
D8V hints at the high impact of active site residues over the protein
functionality altogether. Being in a catalytic triad and a prime site
facilitating the interaction with PZA, a mutation at D8 seems suffi-
cient to compromise the interaction without destabilizing the
overall structure [43].

DNA gyrase: Post functional and pathogenicity analyses, the
mutations were subjected to structural analysis which showed
26/227 (11.5%) and 13/228 (5.7%) mutations as highly destabiliz-
ing; 143/227 (63%) and 128/228 (56.1%) as destabilizing and
58/227 (25.6%) and 87/228 (38.2%) as stabilizing in GyrA and GyrB,
respectively. Highly destabilizing effect on protein structure was
noted for L96P (GyrA) and D472A (GyrB) which are prevalent in
fluoroquinolone resistance associated mutations [64,68]. The most
prevalent QRDR mutations D94G/H/N/A/Y/F/V, G88A or D89N in
GyrA and N499D/Y/T/S in GyrB showed very less or no effect on
protein stability although these mutations have a remarkable role
in fortifying the functionality of the protein. This may be due to the
fact that alteration of these key residues does not lead to the defor-
mation of overall structure nonetheless deprives the protein from
its function [69]. V125M, a deleterious and highly destabilizing
mutation, was observed in the active site region of GyrB pointing
towards its possible role in affecting drug binding. Lineage defining
mutations, T8OA [67] was predicted to increase protein stability
and S95T [67] was predicted to have a destabilizing impact on
protein.
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3.5. Prioritized mutations

For protein-drug interaction studies, mutations were prioritized
on the basis of functional and structural effect, prevalence in drug
resistant isolates, conservation score, clinically validated, resis-
tance pattern and fold change in drug binding affinity (Supplemen-
tary Table 5). Table 3 shows the number of nsSNPs characterized as
functionally deleterious or neutral and structurally stabilizing or
destabilizing for each gene. The individual tool predictions for
the functional and structural impact of prioritized mutations have
been provided in Supplementary Tables 6 and 7, respectively.
These prioritized mutations were explored for their mechanism
of resistance using protein-drug interaction studies.

RpoB: The 22 prioritized mutations included the most prevalent
and clinically validated RRDR mutations (D441F/N/V/A/G/C,
H451R/N/Q/C/P|T, S456F/Q/P/W|Y) and secondary mutations
(A75V, V976M, D1012G and L1128Q) (Fig. 2A). Eleven mutations
in RRDR and 4 secondary mutations were predicted to be deleteri-
ous as well as destabilizing. The remaining 7 RRDR mutations were
deleterious for function and stabilizing with respect to structure,
but were considered for further analyses due to their high fre-
quency in drug resistance. The H451D and S456L are the most fre-
quently reported mutations among MDR/XDR strains of M.tb across
RIF drug resistance spectrum [70,71]. H451D mutant has been
described to provide fitness benefits to the pathogen under
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hypoxic conditions [70]. Mutations in rpoA, rpoB, and rpoC are also
common in clinical isolates carrying S531L mutation in rpoB and
play a major role in compensating for the fitness loss of the bacte-
ria [10,72].

InhA: Among 11 prioritized mutations, 6 mutations, 121V/T,
V65M, I195P/T, and 1194T were present on the active site of InhA
and had a highly destabilizing and deleterious profile (Fig. 2B).
The other mutations, S94A, A190S, G141R, G183R and H265D were
secondary mutations. Mutations, S94A and A190S did not have any
impact on protein function but reduced its stability largely. G141R,
G183R and H265D were considered owing to their significant
impact and high prevalence [73].

KatG: The 13 prioritized mutations included clinically validated
and highly destabilizing mutations (N138S/D, R128G, D142G,
T275P, W300G, W328G); frequently occurring yet uncharacterized
destabilizing mutation (W321G, less evidence in literature sup-
porting its resistance pattern); most common and stabilizing/less
destabilizing mutation (S315T/N), and other secondary mutations
(WO9O0R, A109V, A614E) [25,74,75]. Fig. 3A shows the prioritized
primary and secondary mutations in KatG protein. The INH-
resistant M.tb katG (S315T) variant has been studied to carry fully
functional catalase peroxidase activity while decreased INH-
oxidase activity [61] makes the bacteria more fit to tackle ROS
produced by macrophages and also survive in the presence of
isoniazid. Mice studies have revealed that M.tb S315T mutation

Depiction of nsSNPs as functionally deleterious or neutral and structurally stabilizing or destabilizing as well as the prioritized mutations for each gene.

Predict SNP Structural analyses

Gene Results obtained Deleterious Neutral Highly destabilizing Destabilizing Stabilizing
rpoB 406 258 148 4 182 113

inhA 37 13 24 21 9 7

katG 446 351 95 18 317 99

pncA 402 281 121 71 295 36

gyrA 258 63 195 26 143 58

gyrB 246 64 182 13 128 87

y ®)

*) IR

Primary (RRDR): D441F/N/V/A/G/C; H451R/N/Q/C/P/T;

S456F/Q/PIW/Y
Secondary: A75V, V976M, D1012G, L1128Q

Primary (Active site) : [21V/T, V65M, 195P/T, 1194T
Secondary: S94A, G141R, GI83R, A190S, H265D

Fig. 2. Distribution of prioritized primary and secondary mutations in (A) RpoB (B) InhA. Protein is shown in cyan, primary mutations in red and secondary mutations are
shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A)

(B)

Primary (Active site) : N138S/D, W300G, W321G

Secondary: WOOR, A109V, R128G, D142G, T275P, W328G,

S315T/N, A614E
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Primary (Active site) : D8H, C138R
Secondary: A46V/E/P, L116P, W119G/L, L120P, V128A/G

Fig. 3. Distribution of prioritized primary and secondary mutations in (A) KatG (B) PncA. Protein is shown in cyan, primary mutations in red and secondary mutations are
shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

does not affect bacterial fitness, and it remains fully virulent and
highly transmissible [76]. Consequently, the S315T variant is more
often found in MDR-TB patients than in INH mono-resistant clini-
cal isolates [77]. Our analysis also found that S315T does not confer
any highly destabilizing effect on the protein structure due to
which its catalase peroxidase activity is retained and bacteria do
not lose their overall fitness.

PncA: Eleven prioritized mutations include the active site
mutations like D8H and C138R and secondary mutations A46V/E/
P, L116P, W119G/L, L120P, V128A/G predicted as deleterious and
destabilizing by structural and functional analyses (Fig. 3B).
Among the secondary mutations, L116P, W119G, and L120P were
the commonly occurring mutations [78-80]. We observed the
presence of several mutations D33A, I6L, S179C and E181R in pncA
that display a susceptible phenotype against PZA and have also
been found in MDR strains of M.th [81-83]. Their existence in
MDR strains comes with a low fitness cost as these mutations pre-
serve the protein functionality and at the same time can be sus-
pected for their role in the establishment of MDR. This
phenomenon justifies the existence and natural selection of those
susceptible mutations which contribute to the drug resistance
without compromising the overall fitness of the pathogen.

DNA gyrase: A total of 21 DNA gyrase mutations were consid-
ered for further analysis, amongst which A90V, S91P, D94A/G/N,
L96P, D461H, D461N, D472A and N499D were QRDR mutations.
The other mutations, R309Q, H368Q, R392C [84], R495H, V125M,
R212S, R421H, R446C [85], E501V [21], T511N [86-88] and
G512R [89-92] were secondary mutations further analyzed in-
depth by virtue of their destabilizing and deleterious profiles.
Fig. 4A and B represent the primary and secondary mutations pri-
oritized for further studies in DNA gyrase and GyrB ATPase domain
respectively. Development of resistance to fluoroquinolones poses
the concern of generating XDR-TB strains [85]. A study showed the
presence of mutations in gyrA and gyrB in pre-XDR and XDR M.tb
strains where all the strains had at least one mutation in QRDR
of gyrA [93] and gyrB [94]. Interestingly, the strains with INH
mono-resistance also carried gyrA mutations S91P and D94N/Y
[93].
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3.6. Protein-drug docking and interatomic interactions analyses

The crystal structures and the protein-ligand complexes for WT
RpoB, InhA and DNA gyrase (in complex with MFX) obtained after
molecular docking had root mean square deviation (RMSD) value
of 0 indicating complete alignment of the structures. In case of
InhA, the RMSD values obtained after superimposition of WT to
121V and S94A protein-ligand complexes were 0.45 and 0.29,
respectively. Table 4 lists molecular docking scores depicting the
affinity of WT and mutant proteins, RpoB, InhA, KatG, PncA and
DNA gyrase, with the respective drugs. The vibrational entropy val-
ues (AASy;p) depicting molecular flexibility and NMA-based values
(AAG) indicating overall stability of WT and mutant proteins
mutations are provided in Table 5.

RpoB: Molecular docking of WT and 22 mutant RpoB structures
with RIF was performed to study the effect of mutations on RpoB-
RIF binding. Of the total 22 mutations, mutations at all codon posi-
tions reduced the binding affinity of RIF to RpoB except in the case
of D441Y, S456P and L1128Q where glide docking scores (in kcal/-
mol) were more or less similar to WT (-6.5). Large difference in
docking scores was observed for S456W (-0.6) followed by
D441C (-1.6), H451C (-1.1), H451Q (-1.6), H451T (-1.5) and
H451R (-2.0). Docking scores for D441Y, S456P and L1128Q corre-
sponded to —6.3, —6.0 and —6.2 and did not show any significant
reduction in binding affinity. The unexplored secondary mutations
A75V (-4.3), V976M (-4.7) and D1012G (-4.4) also had reduced
docking scores determining their imperative role in drug resis-
tance. A benign mutation 1497F had a slightly higher than WT
docking score equivalent to —6.9.

The RIF binding pocket is lined by a group of hydrophobic
residues, Leu436, Leud458, Gly459 and Ile497 on one side and
a polar GIn435 residue at the other end. In WT RpoB, residues
participating in H-bonds with RIF include Phe439 (2 bonds)
and Arg454 (2 bonds) along with other key residues Gln438,
Asp441, His451, Ser456, Asn493 and I1e497 forming hydropho-
bic network (Fig. 5A). The influence of RRDR mutations at codon
positions 441 (D441F/N/V/A/G/C), 451 (H451R/N/Q/C/P/T) and
456 (S456F/Q/P/W[Y) has been studied in length for their
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(B)

R392C <

Primary (QRDR) : A90V, S91P, D94A/G/N, L96P, D461H/N,

D472A, N499D
Secondary: R309Q, H368Q, R392C, R495H, R446C, ES0
TS1IN, G512R

1V,

Primary (Active site) : V125M
Secondary: R212S, R421H

Fig. 4. Distribution of prioritized primary and secondary mutations in (A) DNA gyrase (B) GyrB (ATPase domain). Protein is shown in cyan, primary mutations in red and
secondary mutations are shown in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

destabilizing role and reduced binding affinity of RIF to RpoB
[95].

In RIF-resistant isolates, 70 to over 90% of RIF-resistant isolates
harbor mutations at RpoB codons 441, 451 and 456 [96]. However,
the frequencies of SNPs in these three codons are variable in different
geographic regions [96]. In case of mutations D441A/C/F/G/N/V/Y,
substitution to F/G/V/C resulted in highly reduced binding affinity
and moderately reduced in case of A/N/Y. In case of D441A/N
mutation, the loss of H-bond with Arg613 and oxygen of RIF in case
of substitution to Ala/Asn led to an altered orientation of ligand
and disrupted proper drug binding. No change in ligand position
was noticed upon replacement of Asp with Tyr, D441Y, still the
resistance induced might be due to the low cell wall permeability
since this exclusion barrier is responsible for natural resistance of
some strains [97,98]. In D441C, the drug formed 3H-bonds but
with different residues from the WT, which was due to breakage
of H-bonds with Phe439 and Arg613 and a drastic reduction in
binding affinity for RIF. The D441C substitution changed the posi-
tion of RIF and exposed it to the solvent in response to a significant
reduction in hydrophobic interacting residues further making the
binding pocket inaccessible to RIF. In case of D441F mutation,
decreased molecular flexibility (AASyj, ENCOM -0.049), alter-
ations in H-bonds as well as decreased hydrophobicity along with
large conformational change in the ligand was noticed which
restricted the ligand from reaching the catalytic site. The D441V
mutation increased the molecular flexibility (AASy;, ENCOM
0.281), the H-bond between carbonyl of RIF and Arg454 shifted
to H-bond between oxygen and Arg454 leading to ligand disorien-
tation in the binding pocket and a considerable decrease in ligand
binding affinity. All the H-bonds were lost in D441G mutation
which did not let the ligand to reach the depth of the binding
pocket and moved it towards the surface which is also reflected
from the highly reduced docking score as compared to WT.

In RpoB protein, His451 is the most important B-subunit resi-
due, involved in RNAP/RIF complex, through hydrogen bonding
with the RIF ring system oxygen atoms as determinants. His451
mutants are considered “affinity mutants” since they interfere
with crucial protein polar/hydrophobic RNAP/RIF interactions
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[99]. The substitutions in codon 451 (H/Y/D/R/L/P) in RpoB are very
common in M.tb clinical isolates highly resistant to RIF [100-102].
Substitution of His to any other AA is quite rare as it is not well
physiologically favored due to its chemical properties [103]. The
mutation of His451 to D/R/Y has been well studied for the mecha-
nism of resistance [104-106]. However, the other variants identi-
fied to be deleterious to function and destabilizing to structure
by our analysis have not been well explored. In the case of
H451C/Q/T mutation, the weak interatomic interactions in the
mutants lead to an increase in the flexibility of the native protein
reaching 0.369, 0.307 and 0.467 (AASyi, ENCOM) for H451C/Q/T,
respectively. A considerable change in ligand orientation in the
binding pocket of RpoB and loss of H-bonds was seen making RIF
exposed to the solvent and leading to much decrease in docking
score as compared to WT and other mutations. An overlap in the
conformation of ligand to that of WT was found in H451N muta-
tion which is also evident from their almost similar docking scores.
The residues in H451P mutation are changing from polar to
hydrophobic which resulted in loss of H-bonds with Arg613 and
key residue Phe439 and thus change in ligand orientation and an
increase in flexibility (AASy;, ENCOM 0.682) of the native protein.

Mutation at codon 456 is another predominant alteration as
reported in previous studies [95,96]. At Ser456, W/F/Q are most
frequently occurring substitutions [96] and their mechanisms of
resistance have already been explored. Amongst the other variants
(S456P/Y), in S456P since Ser is known to mimic Pro, this mutation
induced hardly any change in conformation of ligand which is also
clear from its similar docking score to WT along with slight
increase in molecular flexibility (AASy;, ENCOM 0.074). In the case
of S456Y mutation, the single aromatic ring of RIF moved in a
direction opposite to WT and formed H-bond with Arg493. All
the H-bonds formed amid WT RpoB and RIF were lost leading to
a considerable decrease in the docking score as compared to WT.

Amongst the unexplored secondary mutations, in the A75V
mutation, only one H-bond, with Arg454, was retained in contrast
to 4H-bonds in WT protein-ligand complex (Fig. 5B). Val contains
two non-hydrogen substituents i.e., two carbons which increases
the bulkiness near the protein backbone resulting in confined
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Table 4
Molecular docking scores depicting the affinity of WT proteins and their mutant forms with the respective drugs.
Protein Drug Mutation Glide score (kcal/mol)
RpoB Rifampicin WT -6.5
A75V —-4.3
D441A —4.1
D441C -1.6
D441F -1.7
D441G -2.0
D441N -6.1
D441V -3.6
D441Y —-6.3
H451C -1.1
H451N -54
H451P —-4.0
H451Q -1.6
H451R -2.0
H451T -1.5
S456F -3.8
S456P —6.0
5$456Q —4.3
S456W -0.6
S456Y —-4.1
V976M —4.7
D1012G —-4.4
L1128Q —6.2
[497F (Benign) -6.9
InhA INH-NAD WT -16.8
21T —16.6
121v -13.5
V65M -10.2
S94A —141
195T -15.9
195P -14.9
G141R -17.0
G183R —-15.7
A190S -8.2
1194T -13.0
H265D -17.0
V78A (Benign) -17.2
KatG Isoniazid WT -5.0
W90R —4.5
A109V —-4.1
R128G -4.5
N138S —-4.8
N138D —-4.9
D142G -4.9
T275P —4.2
W300G —4.5
S315T -4.7
S315N -4.9
W321G —-4.4
W328G —-4.9
AG14E -5.0
A110V (Benign) -5.1
PncA Pyrazinamide WT —-4.7
D8H —-4.7
A46V —4.4
A46E —-4.4
A46P -4.6
L116P —4.6
W119G —-4.5
W119L —-4.4
L120P —-4.4
V128A —-4.7
V128G —4.6
C138R -4.7
A134D (Benign) —4.8
DNA gyrase Ofloxacin WT -7.3
Moxifloxacin WT -6.8
Ciprofloxacin WT -8.2
Levofloxacin WT —-4.8
Ofloxacin A90V -5.0
Moxifloxacin A90V -4.8
Ciprofloxacin A90V —-4.0
Levofloxacin A90V -3.7
Ofloxacin S91P -4.6
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Table 4 (continued)
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Protein Drug Mutation Glide score (kcal/mol)
Moxifloxacin S91P -33
Ciprofloxacin S91P -4.0
Levofloxacin S91P -2.9
Ofloxacin D94A -6.0
Moxifloxacin D94A -4.8
Ciprofloxacin D94A -39
Levofloxacin D94A -3.8
Ofloxacin D94G -43
Moxifloxacin D94G -4.9
Ciprofloxacin D94G —4.6
Levofloxacin D94G -35
Ofloxacin D94N -33
Moxifloxacin D94N —-43
Ciprofloxacin D94N —6.6
Levofloxacin D94N -3.5
Ofloxacin L96P -3.4
Moxifloxacin L96P -5.2
Ciprofloxacin L96P -4.8
Levofloxacin L96P -3.2
Ofloxacin R309Q -33
Moxifloxacin R309Q -6.7
Ciprofloxacin R309Q —-4.7
Levofloxacin R309Q -3.6
Ofloxacin H368Q —-48
Moxifloxacin H368Q -5.8
Ciprofloxacin H368Q -6.0
Levofloxacin H368Q -3.1
Ofloxacin R392C -5.4
Moxifloxacin R392C -53
Ciprofloxacin R392C —6.7
Levofloxacin R392C -29
Ofloxacin R495H -3.5
Moxifloxacin R495H -3.2
Ciprofloxacin R495H —4.2
Levofloxacin R495H -3.6
Ofloxacin R446C —-43
Moxifloxacin R446C —-4.7
Ciprofloxacin R446C -5.8
Levofloxacin R446C -33
Ofloxacin D461H —-4.9
Moxifloxacin D461H -3.7
Ciprofloxacin D461H -4.3
Levofloxacin D461H —-4.1
Ofloxacin D461N -3.6
Moxifloxacin D461N -2.8
Ciprofloxacin D461N —4.3
Levofloxacin D461N —-4.3
Ofloxacin D472A -5.1
Moxifloxacin D472A -5.2
Ciprofloxacin D472A —6.3
Levofloxacin D472A -3.7
Ofloxacin N499D -2.8
Moxifloxacin N499D -5.4
Ciprofloxacin N499D -6.1
Levofloxacin N499D -4.0
Ofloxacin E501V -29
Moxifloxacin E501V -34
Ciprofloxacin E501V -49
Levofloxacin E501V -3.2
Ofloxacin T511N —4.2
Moxifloxacin T511N -4.7
Ciprofloxacin T511N -4.6
Levofloxacin T511N -3.5
Ofloxacin G512R 2.1
Moxifloxacin G512R -2.2
Ciprofloxacin G512R —4.8
Levofloxacin G512R -3.5
Ofloxacin S95T (Benign) -7.3
Moxifloxacin S95T (Benign) -6.8
Ciprofloxacin S95T (Benign) —8.2
Levofloxacin S95T (Benign) —-4.8

GyrB (Nter), ATPase domain Ofloxacin WT -5.5
Moxifloxacin WT -5.7
Ciprofloxacin WT -5.0
Levofloxacin WT -3.7
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Table 4 (continued)

Protein Drug Mutation Glide score (kcal/mol)
Ofloxacin V125M -5.5
Moxifloxacin V125M -2.7
Ciprofloxacin V125M -7.6
Levofloxacin V125M -3.6
Ofloxacin R212S -4.0
Moxifloxacin R212S —4.1
Ciprofloxacin R212S —4.4
Levofloxacin R212S -1.1
Ofloxacin R421H -6.5
Moxifloxacin R421H -5.6
Ciprofloxacin R421H -6.5
Levofloxacin R421H -2.2
Table 5
Vibrational entropy values depicting molecular flexibility and AAG values indicating overall stability of WT and mutant proteins mutations.
Protein ~ Mutation NMA Based Predictions (AAG ENCoM in kcal/mol)  Outcome AASyi, ENCoM (kcal.mol-1.K-1)  Molecule flexibility Outcome
RpoB A75V -0.05 Destabilizing 0.063 Increase
D441F 0.039 Destabilizing  —0.049 Decrease
D441N -0.181 Destabilizing 0.227 Increase
D441V -0.225 Destabilizing 0.281 Increase
D441Y 0.313 Destabilizing  —0.391 Decrease
D441A -0.252 Destabilizing 0.315 Increase
D441G —0.469 Destabilizing 0.586 Increase
D441C -0.197 Destabilizing 0.246 Increase
H451R —0.031 Destabilizing 0.039 Increase
H451N -0.563 Destabilizing 0.703 Increase
H451Q —0.245 Destabilizing 0.307 Increase
H451C —0.295 Destabilizing 0.369 Increase
H451P —0.545 Destabilizing 0.682 Increase
H451T -0.373 Destabilizing 0.467 Increase
S456F 0.273 Destabilizing  —0.342 Decrease
5$456Q 0.098 Destabilizing  —0.123 Decrease
S456P —0.059 Destabilizing 0.074 Increase
S456W 0.372 Destabilizing  —0.465 Decrease
S456Y 0.278 Destabilizing  —0.348 Decrease
V976M 0.397 Destabilizing  —0.496 Decrease
D1012G -0.161 Destabilizing 0.201 Increase
L1128Q —0.266 Destabilizing 0.332 Increase
InhA 121v -0.344 Destabilizing 0.43 Increase
21T -0.282 Destabilizing 0.352 Increase
V65M 0.028 Destabilizing  —0.035 Decrease
S94A —0.242 Destabilizing 0.303 Increase
195P —0.498 Destabilizing 0.623 Increase
195T -0.272 Destabilizing 0.339 Increase
G141R 0.613 Stabilizing -0.767 Decrease
G183R 0.08 Destabilizing  —0.1 Decrease
A190S 0.225 Destabilizing  —0.281 Decrease
1194T —0.085 Destabilizing 0.106 Increase
H265D -0.073 Destabilizing 0.092 Increase
KatG WO90R —0.664 Destabilizing 0.83 Increase
A109V 0.216 Destabilizing  —0.27 Decrease
R128G -0.997 Destabilizing 1.246 Increase
N138S 0.102 Destabilizing  —0.127 Decrease
N138D 0.138 Destabilizing —0.172 Decrease
D142G -0.577 Destabilizing 0.721 Increase
T275P —-0.03 Destabilizing 0.039 Increase
W300G -2.195 Destabilizing 2.744 Increase
S315T 0.345 Destabilizing  —0.432 Decrease
S315N 0.164 Destabilizing  —0.205 Decrease
W321G -1.194 Destabilizing 1.492 Increase
W328G -1.606 Destabilizing 2.008 Increase
AG14E 0.142 Destabilizing —0.178 Decrease
PncA D8H 0.128 Destabilizing —0.16 Decrease
A46V 0.2 Destabilizing  —0.249 Decrease
A46P 0.203 Destabilizing  —0.254 Decrease
A46E 0.148 Destabilizing  —0.185 Decrease
L116P -0.833 Destabilizing 1.041 Increase
L120P -0.274 Destabilizing 0.342 Increase
W119G -1.153 Destabilizing 1.442 Increase
W119L -0.711 Destabilizing 0.889 Increase
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Protein  Mutation NMA Based Predictions (AAG ENCoM in kcal/mol)  Outcome AASyi, ENCoM (kcal.mol-1.K-1)  Molecule flexibility Outcome
V128A -0.43 Destabilizing 0.537 Increase
V128G -0.738 Destabilizing 0.922 Increase
C138R 0.372 Destabilizing  —0.465 Decrease
S67L(susceptible)  0.22 Destabilizing —0.274 Decrease

GyrA A9V 0.238 Destabilizing  —0.298 Decrease
A90S -0.016 Destabilizing 0.019 Increase
A90T 0.128 Destabilizing —0.16 Decrease
A90G 0.034 Destabilizing  —0.043 Decrease
A90C 0.059 Destabilizing  —0.073 Decrease
S91P —0.053 Destabilizing 0.066 Increase
S91A -0.103 Destabilizing 0.129 Increase
D94G 0.015 Destabilizing  —0.019 Decrease
D94H 0.237 Destabilizing —0.297 Decrease
D94N 0.004 Destabilizing  —0.005 Decrease
D94V 0.080 Destabilizing  —0.100 Decrease
D94A -0.013 Destabilizing 0.016 Increase
D94F 0.230 Destabilizing ~ —0.287 Decrease
D94Y 0.375 Destabilizing  —0.469 Decrease
L96P —0.358 Destabilizing 0.447 Increase
R309Q 0.042 Destabilizing  —0.053 Decrease
H368Q —0.287 Destabilizing 0.358 Increase
R392C —0.149 Destabilizing 0.186 Increase
R392L —0.086 Destabilizing 0.107 Increase
R495H -0.115 Destabilizing 0.144 Increase
S95T -0.034 Destabilizing 0.043 Increase

GyrB V125M 0.399 Destabilizing  —0.499 Decrease
R212S -0.619 Destabilizing 0.773 Increase
R421H 0.026 Destabilizing  —0.032 Decrease
R446C —0.557 Destabilizing 0.697 Increase
D461N —0.037 Destabilizing 0.046 Increase
D461H —0.045 Destabilizing 0.056 Increase
D472A -0.126 Destabilizing 0.157 Increase
D472H —-0.07 Destabilizing 0.088 Increase
D472N -0.107 Destabilizing 0.134 Increase
N499D —0.048 Destabilizing 0.06 Increase
N499Y 0.23 Destabilizing  —0.288 Decrease
N499T 0.058 Destabilizing  —0.072 Decrease
N499S 0.021 Destabilizing  —0.027 Decrease
T500A —0.088 destabilizing 0.110 Increase
T500N —0.085 destabilizing 0.106 Increase
E501V -0.134 Destabilizing 0.168 Increase
E501D -0.318 Destabilizing 0.397 Increase
A504V 0.307 Destabilizing —0.384 Decrease
T511N —0.247 Destabilizing 0.309 Increase
G512R 0.597 Stabilizing —0.746 Decrease
M2911 —0.348 Destabilizing 0.435 Increase

movement of nearby residues. So, under the influence of Val, pro-
tein flexibility (AASy;, ENCOM 0.063) increased and the position of
ligand within the binding site got disturbed further affecting the
binding capacity of ligand to the protein. In case of V976M muta-
tion, substitution from Val to Met disturbed the interactions with
neighboring protein residues as a result of which the ligand, after
entering the pocket, rotated and moved in an opposite direction
from the binding pocket and thus low ligand affinity for the pro-
tein. As is evident from Fig. 5C, in the case of mutation from Asp
(polar) to Gly (non-polar) at position 1012, a H-bond with
Arg454, the key residue of binding pocket, is broken which forced
the ligand to move away from the hydrophobic binding pocket
subsequently leading to reduced affinity of RIF for RpoB thus
increasing the flexibility of molecule (AASyi, ENCOM 0.201). The
L1128Q mutation did not largely impact ligand binding and all
the H-bonds and hydrophobic interactions were retained except
that the mutation pushed the ligand marginally inside the binding
pocket (Fig. 5D) but an overall increase in randomness (AASyi,
ENCOM 0.332) in the protein structure was observed.

InhA: To investigate the impact of mutations on the binding of
activated INH with InhA i.e., INH-NAD adduct, molecular docking
was performed. All the mutant structures showed reduced docking
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scores (in kcal/mol) as compared to WT score, —16.8. Mutations
121V (-13.5), S94A (-14.1), 195P (-14.9), 195T (-15.9), G183R (-
15.7) and 1194T (-13.0) resulted in a low-affinity INH-NAD binding.
A large difference in binding affinity was observed for V65M (-
10.2) and A190S (-8.2). The score for I121T (-16.6), G141R (-17.0)
and H265D (-17.0) was more or less comparable to the WT. The
docking score for the benign mutation V78A was more than WT
and corresponded to —17.2.

The strong binding in WT is the result of 6H-bonds and 15
hydrophobic interactions formed between WT InhA and INH-
NAD (Fig. 6A). INH-NAD is buried in a largely hydrophobic binding
pocket in InhA protein thus changes induced in hydrophobicity by
certain mutations might have been responsible for decreased bind-
ing affinity of activated INH. In I21T, a loss of few hydrophobic resi-
dues owing to the weakly polar nature of Thr as well as bulky side
chain restricting the movement of neighboring backbone residues
was observed. In case of 121V (active site) mutation, though Ile and
Val are equally hydrophobic, minor differential changes were
observed in terms of interactions with the adjacent residues but
an overall increase in randomness (AASy;, ENCOM 0.430) in the
protein structure was seen. Ile is known to be highly important
in protein-ligand binding. Val at the same time has high frequency
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(D)

Fig. 5. Hydrogen bonding and hydrophobic interactions in RpoB-RIF complex. (A) WT (B) A75V (C) D1012G (D) L1128Q. The left panel is a view of the drug inside the binding
pocket of protein and the right panel illustrates protein residues interacting with the drug. RIF is shown in cyan in WT and yellow in mutants. Hydrogen bonding and
hydrophobic residues are shown in pink. Black dashed lines represent hydrogen bonds. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Hydrogen bonding and hydrophobic interactions in InhA-INH-NAD complex. (A) WT (B) V65M (C) A190S. The top panel is a view of the drug inside the binding pocket
of protein and the bottom panel illustrates protein residues interacting with the drug. INH-NAD is shown in cyan in WT and yellow in mutants. Hydrogen bonding and
hydrophobic residues are shown in pink. Black dashed lines represent hydrogen bonds. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

of occurrence near the ligand [107] in absence of which INH-NAD
ligand changed its coordinates with respect to its conformation in
WT leading to low-affinity ligand binding. Major loss of inter-
atomic interactions was observed in 1194T (AASy;, ENCOM
0.106) as compared to 195T (AASyi, ENCOM 0.339) depicting its
upper hand in modifying the environment inside the binding
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pocket. In case of 1194T, a H-bond formed between Ile194 and
INH-NAD was no longer seen and the ligand moved in direction
opposite to that in WT on encountering Thr instead of Ile. In case
of 195P, replacement of Ile to Pro did not change the H-bonds
and hydrophobic interactions however increased the solvent expo-
sure due to which the position of ligand got disturbed reducing its
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Fig. 7. Hydrogen bonding and hydrophobic interactions in KatG-INH complex. (A) WT (B) W9O0R (C) A109V (D) W321G. The left panel is a view of the drug inside the binding
pocket of protein and the right panel illustrates protein residues interacting with the drug. INH is shown in cyan in WT and yellow in mutants. Hydrogen bonding and
hydrophobic residues are shown in pink. Black dashed lines represent hydrogen bonds. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

strength of binding to InhA. In another active site mutation V65M,
substitution of Val with Met accompanied development of H-
bonds with adjoining residues which consequently augmented
rigidity (AASyi, ENCOM —0.035) in the affected area and narrow-
ing of the binding pocket. A large reduction in hydrophobicity
and breaking of the H-bond with Val and formation with Met in
the V65M mutation induced a huge conformational change owing
to which the ligand did not reach the hydrophobic pocket and set-
tled on the surface of protein (Fig. 6B).

Mutation S94A increased protein flexibility (AASy;, ENCOM
0.303) by change in interatomic interactions, specifically formation
of hydrophobic interactions owing to the hydrophobic nature of
Ala. With no Ser at 94 position, the ligand rotated at phosphate
linkages and changed its course to reach the binding pocket com-
promising interactions with the neighboring residues and did not
fit well inside the binding pocket. S94A mutation has been shown
to reduce the binding of INH-NADH and increase the IC50 and Ki by
17 and 30 times respectively as compared to WT [108]. In sec-
ondary mutations, G141R and G183R, substitution from Gly
(smallest AA) to Arg (polar) led to the formation of a few new inter-
actions with the neighboring residues which made the affected
area quite stable. Also being present away from the binding pocket,
the resulting change in flexibility did not influence ligand binding
much compared with WT as is reflected from the overlapping coor-
dinates of ligands in WT and mutant protein-ligand complexes. In
the A190S mutation, overall molecular flexibility was decreased
(AASyjp, ENCOM —0.281) due to the change from hydrophobic resi-
due Ala to Ser which is a polar AA with tendency to form H-bonds.
A considerable rotation was seen in INH-NAD from its position in
WT since the ligand on coming across Ser got exposed to solvent
and did not fully reach the binding pocket (Fig. 6C). Exchange of
His with any AA is mostly non-favorable as its pKa is very close
to that of physiological pH and thus the binding capacity of ligand
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was not hampered and docking score observed in H265D mutation
(-17.0 kcal/mol) was similar to WT.

KatG: Molecular docking of WT KatG and 13 mutant structures
with INH was performed to study the effect of mutations on KatG-
INH binding. As compared to WT (-5.0), R128G (-4.5), T275P (-4.2),
W300G (-4.5) and W321G (-4.4) mutants had lesser docking scores
(in kcal/mol) representing their reduced INH binding affinity. The
scores for N138S (-4.8), N138D (-4.9), D142G (-4.9), W328G (-
4.9),S315T (-4.7), S315N (-4.9) and A614E (-5.0) were more or less
comparable to the WT. The docking scores of the unexplored sec-
ondary mutations, W90R (-4.5) and A109V (-4.1) determine their
possible distinctiveness in minimizing the INH-oxidase activity of
KatG and further leading to resistance against INH. Almost similar
to WT docking score was obtained in case of benign mutation
A110V (-5.10).

The strong binding affinity of INH to WT KatG protein can be
explained by 8 hydrophobic network forming residues present
around the ligand (INH) along with the 1H-bond between His270
and NH2 group of INH and one pi-pi (Trp107) interaction
(Fig. 7A). In the mutations, T275P and D142G, Thr and Asp are
changing to non-polar and neutral residues known to induce flex-
ibility (AASyj, ENCOM 0.039) and (AASy;, ENCOM 0.721) in pro-
tein, respectively. In the case of T275P, the mutant residues
formed an intricate network of interactions with surrounding
AAs changing the shape of the binding pocket and leading to a loss
in INH interactions which certainly changed the orientation of INH
thereby affecting its absolute binding and activation.

Substitution of a nonpolar AA (Trp) with a positively charged
residue (Arg) as in matter of W9OR, led to a huge loss of interac-
tions with neighboring residues and an increase in local flexibility
(AASyi, ENCOM 1.246) although there was no change in orienta-
tion of the ligand (Fig. 7B). In the case of A109V mutant structure,
more hydrophobic and hydrogen interactions were observed to be
made by Val with the surrounding residues along with the increase
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Fig. 8. Hydrogen bonding and hydrophobic interactions in PncA-PZA complex. (A) WT (B) W119L (C) A46E (D) A46V. The left panel is a view of the drug inside the binding
pocket of protein and the right panel illustrates protein residues interacting with the drug. PZA is shown in cyan in WT and yellow in mutants. Hydrogen bonding and
hydrophobic residues are shown in pink. Black dashed lines represent hydrogen bonds. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

in rigidity of nearby area (AASy;, ENCOM —0.270) which can result
in the constriction or change in the shape of binding pocket [109].
Furthermore, the ligand was observed to adhere away from the
hydrophobic core of the binding pocket subsequently leading to
its improper binding and activation (Fig. 7C).

In context with the mutations R128G, W300G and W321G, the
WT residues are being replaced by small AA Gly which is aliphatic
and devoid of any side chains which is thought as a contributory
factor for the partial rotation of drug inside the enzyme binding
pocket. Moreover, the replacement of an aromatic and high molec-
ular weight AA Trp with Gly as in the case of W300G and W321G
(Fig. 7D) mutant models led to the depletion of necessary interac-
tions with the surrounding residues required to stabilize the bind-
ing pocket. All these variations collectively contributed to
disrupting the ligand binding affinity, by changing its orientation
away from the catalytic site to a more solvent exposed area. These
mutations are therefore associated with low disturbances in drug
binding and less INH resistance (0.5-1 pg/ml) [110,111]. However,
more experimental studies are needed to confirm this hypothesis.

In the mutation A614E, the codon position Ala614 is localized
near the C-ter domain of KatG. This conserved codon position
appears to mutate and code marginally favorable negatively
charged AA Glu to defend bacteria against INH stress. The substitu-
tion brings challenges to the protein in terms of reduction in halo-
gen and hydrogen bonds in mutated structure but subsequently
the increment in the number of new hydrophobic and weak hydro-
gen interactions seems to compensate for the onsite loss. This
somehow favors the drug to properly adjust inside the binding
pocket and thus forms a stable protein-drug complex which
explains this substitution as functionally deleterious and overall,
structurally destabilizing yet not hampering binding affinity of
INH much as compared to the WT. S315T and S315N mutations
turned out to be deleterious to protein function but had a stabiliz-
ing and mildly destabilizing effect on protein structure respec-
tively. Still, they are most frequently appearing mutations in the
drug resistant isolates. Both the mutations increased the interac-
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tions of mutated residue with the neighboring AAs which accom-
panied stability in the enzyme binding pocket. Apart from the
minor alterations in the position of nearby residues, a prominent
differential change in orientation of the ligand or conformation of
the binding pocket was not seen between WT and mutant pro-
tein-ligand complexes since this was a conservative substitution.
Still the resistance induced by substitution of Ser with Thr at codon
position 315 might be due to some other mechanisms like interfer-
ence in the electron-transfer chain triad and proposed mechanism
of threonine steric constraint further helping this mutation in
reducing INH-oxidase activity and causing resistance [112]

PncA: Docking studies performed to assess the impact of muta-
tions on protein-drug binding exhibited low ligand binding
propensity in the case of all the mutations except D8H, V128A
and C138R. The docking score (in kcal/mol) for the WT was found
to be —4.7 while the score in case of mutant protein-ligand com-
plexes ranged from —4.4 to —4.7. The benign mutation A134D
had higher docking score of —4.8 as compared to the WT.

Hydrophobic interactions are key driving factors in maintaining
the conformational integrity of the binding pocket in PncA which
facilitates prompt activation of PZA. The residues, Asp8, Lys96
and Cys138 form catalytic triad in PncA where Cys138, upon acti-
vation by Asp8, initiates the covalent catalysis by acting as a nucle-
ophile. Lys96 on the other hand stabilizes either the Asp8 or the
thiolated form of Cys138 during the catalysis mechanism [113].
The Fe*? jon has a catalytic role than a structural one and is coor-
dinated inside the active site by residues His57, His71, and His137
[43].

In case of WT PncA, besides the hydrophobic environment, the
residues Ala134 and Cys138 form two H-bonds with the carbonyl
oxygen atom and Ile 133 forms one with the terminal amino group
of PZA thus contributing to the stability of the complex. Further-
more, the polar interactions between Asp8, His71 and His137 of
the protein and PZA together with the pi-pi interaction between
aromatic Trp68 and aromatic ring of PZA reinforce the integrity
of the drug-protein complex and assist the PZA activation (Fig. 8A).
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Fig. 9. Hydrogen bonding and hydrophobic interactions in DNA gyrase-OFX complex. (A) WT (B) L96P (C) D472A (D) R392C (E) R495H (F) R446C. The left panel is a view of
the drug inside the binding pocket of protein and the right panel illustrates protein residues interacting with the drug. OFX is shown in cyan in WT and yellow in mutants.
Hydrogen bonding and hydrophobic residues are shown in orange for GyrA-NTD and pink for GyrB-CTD. Black dashed lines represent hydrogen bonds. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Substitution of Asp with His as in the case of DBH mutant struc-
ture resulted in the formation of more intense inter-atomic inter-
actions (hydrophobic and hydrogen) with the surrounding
residues and altered environment of the binding pocket. The sus-
tained rigidity depicts lower flexibility in D8H mutant with
ENCOM values for AASy;, reaching down to —0.16. Upon ligand
binding, D8H mutation did not interfere much with the hydropho-
bic structure of the binding pocket and thus all polar interactions
and the H-bonds with PZA were retained as found in WT. An
increase in docking score can be due to the rotation of the aromatic
ring of PZA which caused the ligand to come in close proximity to
Trp68 which besides the pi-pi interaction enhanced the hydropho-
bicity of the pocket, thus enabling Trp68 to firmly stack with
nearby hydrophobic residues. In WT, change from Cys138 to Arg
enriched the hydrophobic environment of the binding pocket.
Moreover, the tendency of Arg to form salt-bridges with Asp placed
the Asp49 in the vicinity of PZA, helps in the restoration of key H-
bond with its carbonyl oxygen group enabling the mutant C138R to
maintain an efficient docking score of —4.7. The stable and com-
pact binding can also be substantiated by the surge in interatomic
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interactions in the mutant which explains the lower flexibility
value, AASy;, ENCOM of —0.465.

Mutations W119G/L presented comparable results by keeping
intact most of the interactions visible in WT. In W119G, a change
in the position of Asp8 and Phe13 caused a gentle constriction in
the binding site thus bringing down the docking score to —4.5
only. On the other hand, a shift of docking score to —4.4 was seen
in W119L caused by stacking of interacting hydrophobic residues
and loss of the critical H-bond at Cys138 eventually disorienting
the drug within the binding site (Fig. 8B). Besides the difference
in the stability of the static conformations of W119G/L, the com-
plex of both mutations did not form the multitudes of interac-
tions as the flexibility values were recorded to be 1.442 and
0.889 in W119G and W119L, respectively. Mutations A46E/P/V
display variations of docking capacities among each other at the
single codon position. Although, due to the rise in hydrophobic
interactions and H-bonds within the complex, all the three
mutants replicated the results of WT in displaying reduced com-
plex flexibilities with the AASy;, ENCOM values of —0.254,
—0.185 and -0.249 in A46E, A46P and A46V, respectively.
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Compared to the WT, A46P showed the minute shift in docking
score, —4.6, due to its presence near the loop forming residues
(51-77) that comprise the mouth of the binding site [43]. On
the other hand, the docking scores of A46E (-4.4) and A46V (-
4.4) were lower than the WT due to fewer hydrophobic residues
in these two mutants and also because of the absence of pi-pi
interaction at Trp68 compared to the WT. Fig. 8C and 8D illus-
trate H-bonding and hydrophobic interactions between PZA and
A46E and A46V mutant proteins, respectively.

The docking scores in V128A and V128G were close to that of
WT and found to be —4.7 and —4.6, respectively. The increased
entropies associated with Ala and Gly induced flexibility in the
protein with AASy;, ENCOM values being 0.537 and 0.992 each
for V128A and V128G. In V128A, the altered positions of hydropho-
bic Phe13 and Leu19 residues turned out to be favorable for the
drug and enhanced its binding with PncA. However, the change
in positions of residues, Asp8 and Phe13, in case of V128G resulted
in the constriction of the drug binding site but a polar interaction
by the nearby His57 slightly restored the binding stability resulting
in a very little change from the WT.

The docking score in L120P is —4.4 which shows ineffective
binding compared to the WT. The mutation resulted in the loss
of crucial Ile133 H-bond and pi-pi interaction with Trp68 and an
increase in hydrophobic residues causing deformity in the binding
site and thus ligand disorientation. The impact of fewer H-bonds is
also reflected from the increased flexibility value of 0.342 in case
L120P. The docking score of L116P was recorded to be —4.6 which
signals the unaffected interaction of a mutant in comparison to WT
except a slight positional movement in Phel3 and Leul9. Being
hydrophobic, they tend to remain shifted towards the hydrophobic
clusters which causes the slight constriction within the binding
site. Moreover, the reduced interatomic interactions soared the
flexibility score to 1.041.

DNA gyrase: The docking scores (in kcal/mol) for WT were
found to be —7.3, —6.8, —8.2 and —4.8 for OFX, MFX, CIF and LFX,
respectively. As compared to WT, AG was reduced in A90V (-5.0,

~438, —4.0, ~3.7), S91P (-4.6, —3.3, —4.0, —2.9), D94A (-6.0, —4.8,
~3.9, ~3.8), D94G (-4.3, —4.9, 4.6, —3.5) and D94N (-3.3, —4.3,
~6.6, —3.5) of GyrA and D461N (-3.6, —2.8, —4.3, —4.3), D461H
(-4.9, —3.7, —43, —4.1), N499D (-2.8, —5.4, —6.1, —4.0) and

E501V (-2.9, —3.4, —4.9, —3.2) of GyrB, exhibiting the reduced
binding affinity of drugs (in the order OFX, MFX and CIF) in these
mutants. In DNA gyrase, for benign mutation S95T the docking
scores for OFX, MFX, CIF and LFX were —6.4, —6.4, —7.2 and
—3.5, respectively which were lower in comparison to WT.

Fluoroquinolones were docked in the binding pocket of WT and
mutant DNA gyrase which is composed of GyrA-NTD (codons 2-
500) and GyrB-CTD (codons 426-675) [44]. The strong interaction
between the WT DNA gyrase and the ligands are attributed to the
formation of 3 (OFX), 3 (MEX), 2 (CIF) and 3 (LFX) H-bonds, salt
bridges and hydrophobic interactions and alterations in these
interactions was seen in case of mutants leading to disrupted drug
binding (Fig. 9A). The impact of DNA gyrase mutations, A90V, S91P,
D94G/A/N, D461N/H, N499D and E501V on drug binding has
already been reported [84,85,114-116]. Large scale effect of muta-
tions was observed in case of binding of OFX in contrast to CIF and
MOX as OFX behaves as H-bond acceptor more than CIF and MFX
[117].

The QRDR L96P mutation led to a declined score compared to
the WT (Fig. 9B) since Proline is a non-favored substitution residue
known to introduce kink in the structure and thus disrupting the
protein structure and inducing disorientation of ligand as evident
from our analysis of the mutation L96P [57].

R309Q showed a drastic reduction in binding affinity for OFX
and CIF as compared to WT. CIF forms a H-bond with Glu459 mov-
ing towards GyrA-NTD which leads to breakage of H-bonds with
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Gly614. Substitution of Arg to Gln induced a significant reduction
in hydrophobic interacting residues and made the ligand exposed
to the solvent further making it inaccessible to the binding pocket.
Negligible changes were observed in the case of MFX and LFX.

As already mentioned in the case of RpoB, substitution from His
is not favorable, the same was observed in H368Q mutation [57].
The weak interatomic interactions in the mutant lead to an
increase in the flexibility (AASy;, ENCOM 0.358) of the native pro-
tein. Further, ligand disorientation in the binding pocket and alter-
ations in H-bonds as well as decreased hydrophobicity were
noticed. H368Q mutation had maximum impact on binding of
OFX followed by CIF, MFX and least by LFX.

In QRDR mutation D472A, change from Asp to a Ala, a compar-
atively less bulky AA is reported to be a disfavored substitution
[103]. This led to the loss of interactions between the ligand and
active residues Asp532, Asp534 and Asp536 of protein, which did
not let the ligand reach the binding pocket (Fig. 9C).

In R392C, the substitution of polar and positively charged AA by
a non-polar, neutral and low molecular weight residue led to the
reduced binding affinity of the drugs as evident from their docking
scores, which can also correspond to their high MIC value on DST
[84]. Substitution of Arg by Cys resulted in the loss of side chain
interaction with the surrounding residues leading to the slight
increase in protein flexibility (AASy;, ENCOM 0.186). CIF in com-
plex with mutant protein completely overlapped with CIF-WT
complex, a slight reduction in hydrophobicity was found accompa-
nied by increase in H-bonds. Similar was the observation in MFX-
R392C complex where MFX shifted slightly more towards GyrA-
NTD. However, a major difference was seen in case of OFX and
LFX. OFX could not enter the binding pocket and moved towards
GyrA-NTD where it settled in a horizontal conformation on the sur-
face (Fig. 9D). The orientation of LFX changed from horizontal in
WT to vertical in case of mutant.

Although His is generally considered favorable at active sites
and thus induces rigidity and stability, the mutant R495H resulted
in decreased molecular flexibility. This may be due to the loss of
side chain interactions made by the WT Arg with the neighboring
residues. In the mutant protein complexed with OFX (Fig. 9E) and
MEFX, the drugs could not reach the binding pocket as much as in
case of WT. CIF and LFX drifted from the binding pocket and moved
away from GyrB and largely towards GyrA.

In secondary mutations, the decrease in docking scores in
R446C (-4.3, —4.7, —5.8, —3.3 kcal/mol), T511N (-4.2, —4.7, —4.6,
—3.5 kcal/mol) and G512R (-2.1, —2.2, —4.8, —3.5 kcal/mol) depicts
altered binding of the drugs within the binding site and needs in-
depth evaluation. Similar to R392C, Arg substitution to Cys at
position 446 increased the overall flexibility of the molecule
(AASyij, ENCOM 0.697), and reduced the overall binding affinity
of OFX, MFX, CIF and LFX due to a weaker hydrophobic network
and a smaller number of H-bonds. Fig. 9F portrays the positioning
of OFX in the binding pocket of DNA gyrase where the drug, in case
of mutant R446C, did not reach the binding pocket in its entirety
and moved away from GyrA-NTD.

In the T511N mutation, Asn introduced flexibility (AASyip,
ENCOM 0.309) in the molecule. The low docking score with drugs
is evidence of the failure of the ligand to interact with the Asp532
and Asp536 catalytic residues, driving the ligand disorientation.

In the case of G512R, mutation from non-polar to polar AA
resulted in an increase in the interacting residues making the
mutant protein more rigid (AASy;, ENCOM —0.746). But in the
G512R-drug complex, the drugs, MFX and CIF, were unable to
reach the depth of the binding pocket as compared to WT due to
the loss in all the H-bonds. A huge influence of this mutation
was seen in the case of OFX and LFX where OFX placed itself
entirely on the surface of GyrB and LFX totally drifted away from
the binding pocket.
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Fig. 10. Hydrogen bonding and hydrophobic interactions in DNA gyrase (ATPase)-MFX complex. (A) WT (B) V125M. The top panel is a view of the drug inside the binding
pocket of protein and the right panel illustrates protein residues interacting with the drug. MFX is shown in cyan in WT and yellow in mutants. Hydrogen bonding and
hydrophobic residues are shown in pink. Black dashed lines represent hydrogen bonds. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

With the emergence of DR-isolates with varied genetic compo-
sition, enumerating the importance of less focused GyrA-CTD and
GyrB-NTD has become equally pivotal. GyrA-CTD is involved in
binding and wrapping the DNA [118] but the mutations found in
this domain had very lesser effects on the stability, functionality
and pathogenicity of the protein by our analyses and thus, were
not considered for protein-ligand docking studies. GyrB-NTD har-
bors the ATPase activity and is known to have binding sites for
other drugs like coumarins. Mutations in this domain along with
GyrA-NTD and GyrB-CTD have been found to be involved in drug
resistance in clinical isolates [118]. Thus, highly destabilizing and
deleterious mutations from this domain were analyzed further
for their effect on drug binding affinity.

V125M which is an active residue of GyrB-NTD resulted in
increased molecular rigidity (AASy;, ENCOM —0.499) as a result
of the construction of a multibranched network of bonds with
the nearby residues. The mutant protein showed similar affinity
for OFX (-5.5) and LFX (-3.6), reduced affinity for MFX (-2.7) and
increased for CIF (-7.6) as compared to WT OFX (-5.5), LFX (-3.7),
MEFX (-5.7) and CIF (-5.0). V125 is part of the ATP lid region and
is disordered in nature [119] due to which its substitution by
Met induced large conformational changes in binding of drugs.
The enhanced stability of the V125M-CIF complex is due to the
more hydrophobic environment in case of mutant than WT. With
OFX, the mutation led to loss of H-bonds but also increasing the
number of hydrophobic residues around the ligand and thus
exhibiting similar affinity as WT. LFX completely overlapped in
case of WT and mutant and a slightly reduced binding affinity
was due to loss of hydrophobic residues in mutant protein-ligand
complex. In the V125-MFX complex, the ligand rotated and moved
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inwards towards Sulphur moiety of Met resulting in formation of
new hydrogen bonds where in WT protein, the ligand was entirely
surrounded by hydrophobic network forming residues (Fig. 10A
and 10B).

In mutant R212S, Arg interacts with the surrounding residues
using hydrogen, ionic and weak interactions, thus replacement of
this residue with a neutral and less bulky Ser enhances the flexibil-
ity of the molecule (AASy;, ENCOM 0.773). Presence of Ser at 212
position led to the slight disorientation of the ligands and more
exposure to the solvent thus forming new H-bonds. This was due
to the presence of a OH group in its side chain which can form
H-bonds with the protein backbone thus mimicking Pro [57].

Mutation R421H had binding affinity similar to WT. The mutant
protein R421H was observed to have decreased flexibility (AASy;p
ENCOM -0.032) which might be due to the introduction of an aro-
matic ring by His. However, there was not much difference in the
interactions with the neighboring residues in the mutant when
compared to the WT protein.

3.7. Protein-protein interaction (PPI) analysis

Numerous PPI were obtained/computed for proteins coded by
rpoB, katG, inhA, pncA, gyrA and gyrB genes by taking in account
their reported co-expressions, fusions, gene neighborhood and
co-occurrence. This was done to look into some crucial unexplored
interactions which might affect the normal functioning of the pro-
teins mentioned and subsequently impact the drug resistance.

RpoB: The PPI network of RpoB demonstrated, RpoA and RpoC
proteins as its highly interacting and co-expressing partners with
the confidence score >=0.9. Mutations in RpoA and RpoC are
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already known for their significant role in RIF drug resistance
owing to which various studies are now exploring the role of RpoA
and RpoC as compensatory targets against M.tb [120]. Other inter-
acting partners of RpoB included RpsL, RpsK, RpsC, RpsL, RpsG,
RpsH and RpsE known for conferring resistance to streptomycin.
Moreover, RpsL generates dysfunctional ribosome due to muta-
tions [121], affecting transcription and translation efficiencies ulti-
mately leading to disruption of the machinery, therefore
challenging the transcription-translation coupling [122] while the
role of remaining interacting partners is not yet studied. Indeed,
observations [123] in clinical populations of bacterial pathogens
suggest the existence of undiscovered interactions [124]. Thus,
there is an urgent need to uncover the spectrum of mutations that
suppress the costs arising from epistatic interactions in multidrug-
resistant pathogens.

InhA: The highly interacting partners of InhA as analyzed by the
STRING PPI network were found to be FabH, KasA, and FabG.
Biosynthesis of mycolic acids involves two distinct pathways
FAS-I and FAS-II. The InhA, KasA, and FabG work together in the
FAS-II system where FabH serves as a connecting link between
the two systems determining its relative importance in the mycolic
acid synthesis. The involvement of co-expressing InhA and FabG
genes in drug resistance is well established [61]. The mutations
present in their regulatory region are known to confer INH and
ethionamide (ETH) resistance however, the involvement of FabG
coding region in ethionamide resistance is not known. Moreover,
the higher expression of essential KasA and its compensatory
mutations are known to be present in clinical isolates in response
to INH stress. Targeting this particular overexpressed protein in
INH resistant isolates where InhA is partially or completely deacti-
vated due to mutations, would further deprive the bacteria of its
necessary mycolic acid production pathway. The subsequent deac-
tivation of both the essential InhA and KasA proteins would
obstruct bacterial replication and survival [125].

KatG: The results of KatG PPI network demonstrated FurA and
Rv1907c proteins as its highly interacting and co-expressing part-
ners with the confidence score >=0.9. KatG and FurA are well-
studied proteins and mutations in them are known to be highly
associated with INH drug resistance. Conversely, their third co-
expression partner Rv1907c, already reported for its suspected role
in INH resistance by in silico studies [126], is still an uncharacter-
ized conserved hypothetical protein. Other interacting partners of
katG included superoxide dismutase (SodA and SodC) and alkylhy-
droperoxidase (AhpC) proteins which are involved in superoxide
degeneration pathway and are known to partially compensate for
the loss of KatG protein activity in INH-resistant strains. AhpC pro-
tects the pathogen against hydrogen peroxides and its hyper-
expression due to the presence of compensatory mutations has
also been linked to various INH-resistant strains [127]. Therefore,
it would be interesting to elucidate the action of interaction part-
ners like Rv1907c and AhpC which might reveal more players con-
tributing to INH resistance. Further studies on their possible
function inside the pathogen and involvement in acquiring drug
resistance could project Rv1907c and AhpC as novel therapeutic
targets to counter INH-resistant M.th.

PncA: String analysis of PncA reported interactions with an
uncharacterized protein Rv2044c that scores high for the fusion
and co-expression. PncA is known to be present downstream of
Rv2044c. A frameshift deletion in Rv2044c has been reported that
eliminates its stop codon causing its protein to fuse with the down-
stream PncA. It results in the complex formation of PncA and
Rv2044c with a novel and uncharacterized domain DUF2784
[128]. Such a phenomenon is bound to alter the existing pattern
of functionality in PncA. It would be interesting to note the conse-
quences of this event in PncA keeping in mind its association with
the drug resistance. The newly explored functions and role of such
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uncharacterized domains could elucidate the alternative pathways
that could be exploited to halt the M.tb pathogenesis.

Another high confidence scoring (co-expression, co-occurrence
and vicinity) interacting partner for PncA was bifunctional NAD
(P)H-hydrate repair enzyme (nnr). PncA is known to have a role
in deamination of nicotinamide into nicotinate, required for the
salvage pathway of nucleotide biosynthesis. Meanwhile the pro-
tein NNR (NAD(P)H-hydrate) is required for the epimerization of
the NAD(P)HX, a damaged form of NAD(P)H, thus providing a cru-
cial metabolic factor required for basic cellular function and
biosynthetic pathways. The interaction between PncA and NNR
within the genome demands an in-depth analysis of their conjoint
role keeping in focus their possible contribution in conferring resis-
tance against the drug PZA [129].

DNA gyrase: Interestingly, all the drug resistance associated
proteins included in this study (RpoB, KatG, InhA, and PncA) were
found to be high confidence interacting partners of GyrA and GyrB.
Any mutations leading to malfunction in these proteins would
directly affect the properties of cells and other interacting partners
by changing their expression profiles. Further subsequent muta-
tions in interacting proteins [130,131] may also be responsible
for the conversion of mono fluoroquinolone resistant isolates to
MDR or XDR. Recombinant proteins, RecA and RecF, the high con-
fidence DNA gyrase interacting proteins are involved in the SOS
pathway which is known to be upregulated in M.tb persister cells
[132]. Targeting these proteins in recalcitrant bacterial subpopula-
tion can be advantageous in improving the efficacy as well as
shortening the anti-TB regimen. Another interacting protein is
DNA topoisomerase I (TopA) which is emerging as an attractive
anti-mycobacterial drug target against which chemotherapeutic
agents are being developed to inhibit transcription in persisters
[133].

3.8. MycoTRAP-DB database

Our MycoTRAP-DB is an online database that harbors almost all
the mutations present in six putative first- and second-line drug
resistance associated genes (rpoB, inhA, katG, pncA, gyrA and gyrB).
Other than just assembling the mutations, it also provides informa-
tion about implications of these mutations on the structures and
functions of proteins coded by these genes. The database can be
used for searching, retrieving, analyzing and downloading the data
of mutations present in drug resistant M.tb clinical isolates.
MycoTRAP-DB presents information about mutations which have
been studied for diagnosis of drug resistance in TB, however, there
are other mutations identified to be pathogenic by various
sequence and structure-based tools used in the present study.
Future experimental studies can focus on these pathogenic muta-
tions to decipher their possible roles and accountability for causing
drug resistance and develop more efficient genotypic methods for
diagnosis and detection of drug resistant TB. The database is acces-
sible at http://139.59.12.92.

4. Conclusion

An increase in the number of MDR and XDR-TB cases has aggra-
vated the problem of TB worldwide, urging the need to improvise
treatment strategies against DR-TB. The breakneck advances in the
genomics and computational biology have led to the upgradation
in the genomic and transcriptomic data. With the evolution of
the microorganisms, mutations have been incorporated into their
genomes which may provide them with the evolutionary and eco-
logical advantages. Extensive data for these mutations are avail-
able in various widely known databases, but the lack of the
updated database places a vacuum among the investigators
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approaching the real-time reported data. An in-house database,
MycoTRAP-DB, of almost all the reported mutations (till December
2020) in resistant and sensitive strains of M.th was prepared for the
genes rpoB, inhA, katG, pncA, gyrA and gyrB. This database brings
most of the dispersed information about drug susceptible or resis-
tant polymorphisms at a single place and would also open up the
gateway to utilize this dataset to derive a convincing solution
against DR-TB. The study is focused on non-synonymous muta-
tions in specific genes encoding drug targets and any variations,
primarily non-synonymous being able to alter protein structure,
in these genes could affect the function of protein as well as its
affinity for the drug resulting in drug resistance. Moreover, from
our comprehensive dataset, we identified several secondary muta-
tions which had a similar impact on protein structure and function
as compared to known prevalent mutations in target genes: a find-
ing that prompted us to look into the impact of these mutations on
the pathogenesis of TB.

Molecular docking studies conducted to explore the impact of
mutations on drug-binding revealed a correlation between the
docking scores and reported MIC values for WT and mutant
protein-drug complexes. The mutations which were found to have
scored lower than their respective WT proteins have also been
known to have higher MIC. This reflects a relationship between
the structural stability of the complex with the reported MIC val-
ues. The RpoB mutations, S456W, D441C, H451C, H451Q, H451T
and H451R scored contrastingly lower than WT and these results
are also supported by the reported higher MIC values [96]. In case
of InhA, the 21T and 121V mutants are found to be associated with
promoter region mutation mostly with C-15 T. The MIC for only C-
15 T was recorded as 8 pg/ml but with co-occurrence of 121T it
increased to 32 pg/ml [134]. The MIC for another low scoring muta-
tion, S94A of InhA was 8 pg/ml [134] against WT 0.2 pg/mL [135].
The lesser docking scores for KatG mutations R128G, T275P,
W300G and W321G, as compared to WT, correlate with their
known resistance profiles and MIC values derived from INH-DST
(1-10 pg/ml) [111,136]. PncA also followed the similar trend as
higher MIC value has been reported for its lowest scoring mutation
A46P [137]. The drastic reduction in docking scores of mutations
reportedly having higher MIC values was also found in case of GyrA
and GyrB against OFX, MFX, LFX and CIF. The low scoring muta-
tions, A90V, S91P, D94A, D94G and D94N of GyrA and D461N,
D461H, N499D and E501V of GyrB have been stated to have higher
MIC values on DST 0.25 to 2 pg/ml (OFX), 0.06 to 0.5 pg/ml (MFX),
LFX 0.12-1 pg/ml and 1-8 mg/L (CIF) [138]. The comparison of MIC
of these drugs for the WT M.tb H3;Rv (<0.5 mg/L for OFX,
<0.125 mg/L for MFX and < 1 mg/L for CIF) [125]. Furthermore,
high MIC values have been shown for mutation R392C [84] and
the secondary mutations, R446C, T511N and G512R of DNA gyrase
[84,85,89].

The systematic approach used in this study has the ability to
expand our understanding related to the mechanism of resistance
associated with a particular mutation. However, the results pre-
sented in this study are mere predictions and form the foreground
for further experimental validations to establish the impact of the
identified mutations. The information can be exploited in future by
investigating the resistance profile of the M.tb strain from the clin-
ical sample prior to the drug administration process. The most
prevalent and evolutionary important mutations can be used for
the advancement of drug designing. Drug repurposing can be done
to make use of the FDA approved drugs which may bind to the
mutant phenotype of the protein with better binding affinity. Also,
combination therapy may be incorporated into the drug designing
where the combination of the drugs which inhibits two or more
common mutant phenotypes of the protein can be developed.
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5. Data Availability

The database, MycoTRAP-DB is publicly accessible at http://139.
59.12.92. All the other data are available as supplementary data.
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