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Pyrazinamide (PZA) is a component of first-line drugs, active against latent Mycobacterium tuberculosis
(MTB) isolates. The prodrug is activated into the active form, pyrazinoic acid (POA) via pncA gene-
encoded pyrazinamidase (PZase). Mutations in pncA have been reported, most commonly responsible
for PZA-resistance in more than 70% of the resistant cases. In our previous study, we detected many
mutations in PZase among PZA-resistance MTB isolates including A46V, H71Y, and D129N. The current
study was aimed to investigate the molecular mechanism of PZA-resistance behind mutants (MTs)
A46V, H71Y, and D129N in comparison with the wild type (WT) through molecular dynamic (MD) sim-
ulation. MTB positive samples were subjected to PZA drug susceptibility testing (DST) against critical con-
centration (100ug/ml). The resistant samples were subjected to pncA sequencing. Thirty-six various
mutations have been observed in the coding region of pncA of PZA-resistant isolates (GenBank accession
No. MH461111) including A46V, H71Y, and D129N. The post-simulation analysis revealed a significant
variation in MTs structural dynamics as compared to the WT. Root means square deviations (RMSD)
and Root means square fluctuation (RMSF) has been found in variation between WT and MTs. Folding
effect and pocket volume were altered in MTs when compared with WT. Geometric matching supports
the effect of mutation A46V, H71Y, and D129N on PZase structure that may have an insight effect on
PZase dynamics, making them vulnerable to convert pro-PZA into active form, POA. In conclusion, the
current analyses will provide useful information behind PZA-resistance for better management of
drug-resistant TB.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pyrazinamide (PZA) is the only drug that kills Mycobacterium
tuberculosis (MTB) in a latent state which has been successfully
reduced the period of TB therapy from 9 to 6 months (Yadon
et al., 2017). According to the World Health Organization report
2018, 23% of the world’s population (1.7 billion) are infected with
latent tuberculosis (TB) [W.H.O]. PZA is a prodrug that depends on
MTB encoded, pyrazinamidase (PZase) activity for conversion into
pyrazinoic acid (POA), an active form of PZA, targeting the trans-
translation (Lu et al., 2011; Ying et al., 2003) process of ribosomal
protein S1 (RpsA), where POA is disrupting the RpsA-tmRNA com-
plex formation in MTB (Simons et al., 2013; Sørensen et al., 1998;
Tan et al., 2014; Yang et al., 2015), that has potential effects on the
persistent forms of MTB (Njire et al., 2016; Stehr et al., 2015). PZA
resistance is associated with mutations in multiple target genes,
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including pncA, rpsA, and panD. However, mutations in pncA are the
major mechanism of resistance in 70–97% cases with an average
85% resistance in MTB isolates (Akhmetova et al., 2015; Alexander
et al., 2013; Khan et al., 2018b, 2018c; Zhang et al., 2013). PZase con-
sists of four a-helices and six parallel b-sheets. The metal ion, Fe2+

ion, is surrounded by one aspartate (Asp49) and three histidines,
His51, His57 and His71. The amino acids residues, Asp8, F13, L19,
V21, D49, W68, H71, F94, Y95, Lys96, Y103, I133, A134, H137, and
C138 have been found present in the catalytic site and its surround-
ings (Du et al., 2001; Petrella et al., 2011). Genetic mutations fre-
quently affect the electrostatic nature of the target protein surface
and the changes may affect the molecular dynamics, resulting in
the loss of drug binding affinity (Aggarwal et al., 2017; Anand,
2018; Durairaj and Shanmughavel, 2019; Haq et al., 2012; Ma
et al., 2003). Identification and analysis of mutations in the drug
resistance MTB strains might be helpful to uncover molecular mech-
anisms underlying for better management of resistant TB.

Three major regions (amino acids 3 to 17, 61 to 85, and 132 to
142) of pncA are most commonly affected by mutations associated
with changes in the PZase catalytic activity (Lemaitre et al., 2001;
Sheen et al., 2009). However, Yoon et al. reported that mutations
occurred at far from the active site may affect protein activity by
altering the expression levels or protein folding (Yoon, Nam, Kim, &
Ro, 2014). Protein structure may have drastic effects due to an amino
acid substitution, altering the protein structure and function, espe-
cially the active site or binding pockets (Ganesan and Ramalingam,
2018; Worth et al., 2009). The mutation may also have effects in a
long-range position (Kosloff and Kolodny, 2008). Exploring the mech-
anism of changes that occur behind a mutation is required for better
understanding, however, these are time-consuming analyses and
very expensive to address by experimental procedure alone.

Molecular dynamic (MD) simulations have been applied widely
in exploring the mechanisms of conformational changes in protein,
especially in drug resistance mechanisms caused by mutations. MD
simulation studies of ligand–protein interactions are widely
applied approach for explaining the mechanisms of drug resistance
due to mutations, especially in the target protein. During in vivo
analysis, the crystal structure is analyzed for drug resistance. How-
ever, it can be formed based on some experimental conditions
where every protein-drug complex does not provide the mecha-
nism of resistance, neither every structure can be attained by
single-crystal X-ray diffraction.

In our recent studies, we have performed PZA drug susceptibility
testing followed by the sequencing of the pncA and rpsA genes in
which we identified some novel mutations that were associated with
PZA-resistance (Khan et al., 2019a, 2019b; Khan et al., 2018c). MD
simulation of some MTs in comparison with WT have been investi-
gated for the mechanism behind resistance (Junaid et al., 2018;
Khan et al., 2019a, 2019b, 2018d, 2018a; Rehman et al., 2019). Muta-
tions in drug target proteins may cause changes in proteins’ dynamic
behavior which ultimately causing drug resistance. In the present
study, we aimed to analyze the structural changes that occur in PZase
behind mutations A46V, H71Y, and D129N in comparison with WT.
We hypothesized that these mutations may affect the PZase struc-
tural dynamics that result in weak interaction with PZA, causing
PZA-resistance. To test our hypothesis, we performed molecular
dynamics simulations of MTs and WT PZase to study and compare
the behavior of effect of mutation on proteins.
2. Material and methods

2.1. Study sample

The samples taken from TB patients were handled at the BSL-III
facility of PTRL, Hayatabad Medical Complex (HMC). This labora-
tory accepts TB cases from the entire KP province where the
mycobacterium growth indicator tube (MGIT) 960 system is used
for testing the drug susceptibility.

2.2. Sample processing, isolation, and mycobacterial culture

To process these samples, the N-acetyl-L-cysteine–sodium
hydroxide (NALC–NaOH) concentration technique (Kubica et al.,
1963) was used. An equal amount of NaOH/N-acetyl-L-cysteine
(NALC-NaOH) was added in a falcon tube containing a sample. This
whole setup was incubated for 15 min to be decontaminated and
digested. Lowenstein–Jensen medium (LJ) and MGIT tubes contain-
ing 7H9 media were used for culturing the suspect’s samples.

2.3. Drug susceptibility testing (DST)

The automated BACTEC MGIT 960 system (BD Diagnostic Sys-
tems, NJ, USA) (Siddiqi and Gerdes, 2006), was used to test the
PZA drug susceptibility. The Mycobacterium tuberculosis H37Rv
and Mycobacterium bovis were used as controls, respectively. All
the samples were labeled as PZA-resistant if growth has been
detected at 100 lg/ml of the PZA critical concentration. This pro-
cess was repeated several times to confirm the PZA resistance.

2.4. DNA extraction and PCR amplification of PZA-resistant samples

All the PZA-resistant samples were subjected to genomic DNA
extraction via sonication (Buck et al., 1992; Kirschner et al.,
1993). The Mycobacterium Growth Indicator Tube (MGIT) that
contained a fresh culture from which 1 lL was taken and trans-
ferred to a microcentrifuge tube. An EchothermTM IC22 Digital
was used for boiling purposes at 86 �C for 30 min. Sonication
was carried out for 15 min via ELMASONIC S30 Sonicator. The pre-
viously reported primers (pncA-F = 5GCGTCATGGACCCTATATC-3
and pncA-R = 5 AACAGTTCATCCCGGTTC-3 = ) (Davies et al., 2000)
were used for the amplification of fragments containing pncA.
PCR reaction was performed as described in a previous study
(Khan et al., 2019a, 2019b) These amplified PCR samples were sent
to 6 Applied Biosystems 3730 xl (Macrogen Korea) for sequencing.

2.5. Sequenced pncA

The Mutation Surveyor V5.0.1 software [42] was applied to ana-
lyze the sequenced data in comparison with RefSeq (Rv2043c) of
NCBI (NC_000962).

2.6. Data mining and preparation

The 3D crystallographic structure for MTB PZase was obtained
from the Brookhaven Raster Display Protein Data Bank (PDB) by
typing 3PL1 (Berman, 2008). All the water molecules were
removed and mutations were inserted at A46V and H71Y using
PyMOL (L DeLano, 2002).

The PubChem [48], an online database for chemical compounds
was accessed to obtain the 3D chemical structure of PZA drug (Pub-
Chem CID: 1046) (Bolton et al., 2008). PubChem is hosted by the
National Institutes of Health (NIH), storing and sharing chemical
structures. The Chimera software package (Pettersen et al., 2004)
was used for the energy minimization of protein-drug complexes
before simulation.

2.7. Molecular docking and binding pocket analysis

The PatchDock server [51] was used to dock the WT and MTs
with PZA to observe the impact of mutations on the protein-drug
interactions. PatchDock measures the geometric features of a
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ligand and receptor. The protein complexes which maintain good
interactions usually exhibit better shape complementarity. Binding
pockets of WT and MTs were measured through the online server,
Computed Atlas Surface Topography of proteins (CASTp) [53]. The
server measures a curved surface area that is suppressed inside the
receptors. It also calculates the total surface volume.

2.8. Validation via molecular dynamics (MD) simulation

In comparison with the experimental approach, MD simulation
has a particular advantage of exploring the mechanisms of drug
resistance at the molecular level (Liu and Yao, 2010). Furthermore,
the structural dynamics of protein complexes and other residues
level information can be accessed which have been considered dif-
ficult by experimental procedures (Ding et al., 2013; Hou et al.,
2008; M. Kalim A. Khan et al., 2018; Xue et al., 2012).

The wild type and mutant type of the proteins were performed
by molecular dynamics (MD) simulation studies using GROMACS
5.1.2 package, (Berendsen et al., 1995) with GROMS96 53a6 force
field. The topology of the protein was prepared by using Pdb2gmx.
PRODRG server was used for initial ligand topology. The simple
point charge (SPC) water model was solved to satisfy the elec-
troneutrality of the system and protein was centered in a cubic
box (Wu et al., 2006). The system was energy minimized by using
the steepest descent algorithm and neutralized by Na+ counterions.
Restraining simulation of the position was employed to equilibrate
the ions and solvent around the protein before the actual simula-
tion. A constant number of atoms, volume, pressure, and tempera-
ture (NPT and NVT) ensembles were applied to the system for the
MD simulation studies. Particle Mesh Ewald (PME) algorithm was
used to calculate the long-range electrostatic interactions. Bond
constraints of LINCS algorithms were applied to the system.
The pressure of the system was embraced using the Parrinello–
Rahman method and the temperature was regulated using the V-
rescale method. Short-range Coulomb and Van der Waals interac-
tions were set for cutoff values. Periodic boundary conditions were
applied in all three dimensions. A total of 100 ns of MD simulation
has been performed for the protein–ligand complex to analyze the
behavior of WT and MTs complexes. The resulting structural coor-
dinates were saved at every 2 ps of an interval.
3. Results

3.1. MTB culture result

A total of 4518 TB suspect samples were obtained and processed,
among which 753 (16.6%) samples were detected as culture-positive
(MTB). All the positive samples were subjected to PZA drug suscep-
tibility testing for screening of PZA resistance MTB isolates.

3.2. PZA susceptibility pattern

Out of 753 MTB positive samples, 69 (14.8%) were detected as
PZA resistant isolates. To find the role of pncA mutations in PZA-
resistance, all the resistant MTB samples along with 26 PZA-
Table 1
Characteristics of WT and MTs PZase structures.

PZase Mutations Cre-Conc* of PZA DST resu

WT 100 lg/ml Sensitive
A46V 100 lg/ml Resistan
H71Y 100 lg/ml Resistan
D129N 100 lg/ml Resistan

* Critical concentration.
sensitive and one MTB H37Rv as control were sequenced to screen
for the mutations in the coding region (561 bp) of pncA (PZase).

3.3. Screening of mutation in pncA and PZA resistance

Among the 69 PZA-resistant isolates, 51 (74%) has thirty-six differ-
ent mutations in pncA gene (GeneBank Accession No. MH461111)
including A46V, H71Y, and D129N. We did not detect mutations in
sensitive isolates, except a synonymous mutation, 195C > T (Ser65Ser).

To explore the in-depth molecular mechanism behind resis-
tance and mutations at position, A46V, and H4Y of PZase, multiple
factors were investigated for better understanding of the mecha-
nism behind PZA-resistance.

3.4. Binding pocket calculation of WT and mutant PZase

Any changes in the binding pockets may highly affect the link-
age formation with a ligand, particularly a drug. The CASTp online
tool analyzed the binding pocket to gauge the indirect effect of
mutations on the structure. The pocket volume in the case of WT
PZase is 585.736 Å, considered optimum for the PZA drug binding.
Any deviation from this volume may impede the binding affinity.
The binding pockets volume of MTs was compared with that of
the WT, revealing significant changes (Table 1).

3.5. Proteins-ligand interactions

To form a strong bond between receptor and a ligand, various
forms of interactions such as hydrogen and hydrophobic linkages
are vital. The WT formed interactions with Ala 8, Ala 134, Ile133,
and Cys 138. These observations confirm the PatchDock score as
WT score higher than the MTs (Table 1). The 3D interactions of
all the docked complexes are illustrated in Fig. 1.

3.6. Protein trajectory analysis

MD simulation of both the WT and MTs was performed on a
high-performance cluster in a complex with the PZase drug for a
duration of 100 ns to analyze the conformational changes caused
by A46V and H4Y. The trajectories for MTs along with a WT were
compared and carefully examined. WT exhibited RMSD between
o.15 nm and 0.3 nm and remains fairly consistent at 100 ns (Fig. 2).

On the other hand, MTs attained a significant difference in their
overall stability. MTs A46V and H71Y exhibited RMSD between 0.3
and 0.4, 0.15, and (Fig. 2) remains higher as compared to the WT.

The RMSF exhibited by MTs is higher than the WT (Fig. 3). The
WT RMSF value ranges from 0.2 to 0.45 nm. The highest RMSF has
been noted at the position between residue 90 and 100 reaching up
to 0.9 nm. The graphical representation shows that the highest
fluctuations occurred in between the residue 50 and 100, are much
higher in MTs as compared to the WT.

A stable folding is essential for enzymes catalytic activity. The
stability of protein structure folding in MD simulation is measured
through a graph called a radius of gyration (Rg), plotted against the
time (Fig. 4). The insights into the overall dimensions of folding
lt PatchDock score Pocket Volume (Å)

2386 525.641 Å
t 2382 525.641 Å
t 2382 333.695 Å
t 2420 481.240 Å



Fig. 1. PZA interactions with WT and MTs PZase. (A) The blue line indicates hydrogen bonding (HB). PZA binding pocket Residues C138, A134, E8, F13, and L19. (B) HB with
D129N MTs and interaction with PZA. (C, D, E) MTs location and superimposition of MTs with WTs.

Fig. 2. RMSD of WT and MTs. WT and MTs attained noticeable alterations. WT is seemed to be stabled throughout the simulation while A46V, D129N, and H71Y exhibited
high RMSD and more fluctuation (A). D129N exhibited very low RMSD (B).
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Fig. 3. RMSF comparison between WT and MTs. High RMSF has been observed in MTs at residues, 10–100 and 160–170.

Fig. 4. Rg analysis of WT and MTs. A content or constant graph curve (green) shows a stable folding of WT as compared to MTs (red and blue. The folding effect of mutation
may change the optimum catalytic activity of PZase to convert the pro-PZA into active form POA for the elimination of dormant MTB isolates.
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shows conformational stability of WT. The Rg curves of A46V and
H71Y seem to be more inconsistent.

4. Discussion

The rise of first- and second-line drug resistance is a foremost
barrier towards the WHO plan of TB free world by 2035. The main
first line of defense is the PZA drug that is highly useful in the exe-
cution of non-replicated MTB’s subpopulations. Previous reports
on the PZA resistance claimed that pncA gene mutations are
responsible for the development of drug resistance. Nevertheless,
in infrequent situations, it is observed that rpsA and aspartate
decarboxylase (panD) genes mutation may also cause resistance
to this first line of defense (Akhmetova et al., 2015; Shi et al.,
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2014; Zhang et al., 2013). Recently we identified some novel muta-
tions in the pncA gene that are PZA resistant isolated from the
Northern areas (KP) of Pakistan. The data is uploaded to NCBI
and can be accessed via the accession number MH461111-17 in
the GeneBank. Though these novel mutations are identified and
passed through several wet lab investigations that confirmed the
resistance and importance of these mutations, the molecular
mechanism behind these reported mutations A46V, D129N, and
H71Y was still unveiled.

Amino acids define the 3D conformation of a protein which is
crucial for the function. However, changes in the amino acid
sequence may cause minor or major conformational drifts that
could directly affect the protein’s native function because the func-
tion of the protein is highly dependent upon the structure. These
variations greatly affect the flexibility of a protein and this devia-
tion from the native position could make it hard for the desired
ligand to be bound. Since this directly affects the interactions that
must be set up among these two entities. For all the mutations the
RMSD and RMSF values of MTs A46V, D129N, and H71Y appeared
to be more elevated in contrast to the WT which indicates a high
level of instability. These outcomes agree with the previous reports
(Junaid et al., 2018; Khan et al., 2019a, 2019b; Khan et al., 2018d)
on PZase mutations (Fig. 4) (Aggarwal et al., 2017; He et al., 2018;
Vats et al., 2015). It has been observed that that variation in the
delicate site residues may not only modulate the allosteric site as
well as change the dynamics of enzymes, resulting in drug
resistance.

For a protein, its compactness and folding are highly important
which is estimated via Rg that is the mass-weight root mean
square distance of atomic assembly from a mutual point of mass,
plotted against time (Fig. 4) (Lobanov et al., 2008; Smilgies and
Folta-Stogniew, 2015). The Rg values depict the folding of MTs
indicating an unstable pattern in comparison with WT that may
be involved in weak interactions of PZase with PZA to convert it
into active from POA. The protein folding instability and effect have
already been investigated by Yoon et al (Yoon et al., 2014).

The binding pocket volume of PZase may directly affect the
binding affinity with PZA. Pocket volume is considered optimum
for a good binding affinity and any deviation in pocket volume
may cause a weak or loss of interaction (Swier et al., 2017). His-
tidine at position 71 is an important interacting with metal ion
present close to the binding pocket. Mutation H71Y may render a
decrease in the pocket volume (Table 1). Coordination of metal
ions and their interactions are important in metalloproteins that
have physiological implications as well as structure, functional
properties. From a molecular point, metal-binding may bring local
Fig. 5. Metal Fe+2 ion effect. Fe+2 of WT (black coordination residues) and MT.
Residue D49N is deviated towards left, causing Fe+2 ion deviation from the original
position. Although mutation occurs at far site beta-sheet 4 but the effect may be on
the overall activity of an enzyme, interfering with biological function.
constraints of protein flexibility which may produce long-range
interactions as well as conformational effects (Dokmanić et al.,
2008; Rotilio, 1980). Interaction of biomolecules with metals is
fundamental in many cases for the constitution of active sites. In
the current study, a metal ion effect has been observed that might
be involved in conformational changes behind mutations (Fig. 5).

In conclusion mutations, A46V, H71Y, and D129N in PZase
might be involved to alter its dynamic behavior for which the
experimental results have already been provided. These mutations
affect the PZase activity, flexibility, stability, and folding that offer
weak or loss of PZA conversion activity into active form POA. Thus,
this study may be used for better management of drug-resistant TB
in the future.
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