CAPITAL UNIVERSITY OF SCIENCE AND
TECHNOLOGY, ISLAMABAD

Yougiap ®

%,

Pakigta®

Molecular Characterization and
Computational Analysis of
Drug-Resistant Strains of

Mycobacterium tuberculosis
by
Muhammad Tahir Khan

A thesis submitted in partial fulfillment for the
degree of Doctor of Philosophy

in the
Faculty of Health and Life Sciences

Department of Bioinformatics and Biosciences

2020


www.cust.edu.pk
www.cust.edu.pk
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)

Mbolecular Characterization and Computational
Analysis of Drug-Resistant Strains of

Muycobacterium tuberculosis

By
Muhammad Tahir Khan
(PI1133001)

Dr. Yu-Juan Zhang, Professor
Chongqing Normal University, Shapingba, Chongqging, China
(Foreign Evaluator 1)

Dr. Neil Crickmore, Professor
School of Life Sciences, Sussex University, UK

(Foreign Evaluator 2)

Dr Shaukat Igbal Malik

(Thesis Supervisor)

Dr. Sahar Fazal

(Head, Department of Bioinformatics and Biosciences)

Dr. Muhammad Abdul Qadir
(Dean, Faculty of Health and Life Sciences)

DEPARTMENT OF BIOINFORMATICS AND BIOSCIENCES
CAPITAL UNIVERSITY OF SCIENCE AND TECHNOLOGY
ISLAMABAD
2020



1

Copyright (©) 2020 by Muhammad Tahir Khan

All rights reserved. No part of this thesis may be reproduced, distributed, or
transmitted in any form or by any means, including photocopying, recording, or
other electronic or mechanical methods, by any information storage and retrieval

system without the prior written permission of the author.



111

To My Mother, Father and Family



$2%.  CAPITAL UNIVERSITY OF SCIENCE & TECHNOLOGY

& £
5 2 ISLAMABAD

2 §: Expressway, Kahuta Road, Zone-V, Islamabad
% §§’ Phone:+92-51-111-555-666 Fax: +92-51-4486705

Email: info@cust.edu.pk Website: https://www.cust.edu.pk

CERTIFICATE OF APPROVAL

This is to certify that the research work presented in the thesis, entitled “Molecular
Characterization and Computational Analysis of Drug-Resistant Strains of Mycobacterium
Tuberculosis” was conducted under the supervision of Dr. Shaukat Iqbal Malik. No part of this
thesis has been submitted anywhere else for any other degree. This thesis is submitted to the
Department of Biosciences, Capital University of Science and Technology in partial
fulfillment of the requirements for the degree of Doctor in Philosophy in the field of

Bioinformatics. The open defence of the thesis was conducted on June 10, 2020.

Student Name : Mr. Muhammad Tahir Khan %
(PI-133001)

The Examination Committee unanimously agrees to award PhD degree in the mentioned field.
Examination Committee :

(a) External Examiner 1:  Dr. Jamil Ahmed
Professor
University of Malakand, Chakdara,
Lower Dir, KPK

(b)  External Examiner 2:  Dr. Sajid Pervaiz Malik
Professor
QAU, Islamabad

(c) Internal Examiner : Dr. Samra Bashir
Professor
CUST, Islamabad

Supervisor Name : Dr. Shaukat Igbal Malik
Professor /
CUST, Islamabad —

Name of HoD : Dr. Sahar Fazal
Associate Professor
fa

CUST, Islamabad

Name of Dean : Dr. Muhammad Abdul Qadir
Professor

CUST, Islamabad = Y_/\




AUTHOR’S DECLARATION

I, Mr. Muhammad Tahir Khan (Registration No. PI-133001), hereby state that my
PhD thesis titled, ‘Molecular Characterization and Computational Analysis of Drug-
Resistant Strains of Mycobacterium Tuberculosis’ is my own work and has not been
submitted previously by me for taking any degree from Capital University of Science and

Technology, Islamabad or anywhere else in the country/ world.

At any time, if my statement is found to be incorrect even after my graduation, the

University has the right to withdraw my PhD Degree.

(Mr. Muhammad Tahir Khan)

Dated: 10 June, 2020 Registration No : PI-133001




PLAGIARISM UNDERTAKING

[ solemnly declare that research work presented in the thesis titled “Molecular
Characterization and Computational Analysis of Drug-Resistant Strains of
Mycobacterium Tuberculosis” is solely my research work with no significant contribution
from any other person. Small contribution/ help wherever taken has been duly acknowledged

and that complete thesis has been written by me.

[ understand the zero tolerance policy of the HEC and Capital University of Science
and Technology towards plagiarism. Therefore, I as an author of the above titled thesis declare
that no portion of my thesis has been plagiarized and any material used as reference is properly

referred/ cited.

I undertake that if I am found guilty of any formal plagiarism in the above titled thesis
even after award of PhD Degree, the University reserves the right to withdraw/ revoke my PhD
degree and that HEC and the University have the right to publish my name on the HEC/

University Website on which names of students are placed who submitted plagiarized thesis.

(Mr. Muhammad Tahir Khan)

Dated: 10 June, 2020 Registration No : PI-133001




Vil

List of Publications

It is certified that following publication(s) have been made out of the research

work that has been carried out for this thesis:-

1. Khan, MT and Malik, S. I. (2019). Structural dynamics behind variants
in pyrazinamidase and pyrazinamide resistance. Journal of Biomolecular

Structure and Dynamics, pp. 1-15.

2. Khan, MT, Rehman, A. U., Junaid, M., Malik, S. I., and Wei, D. Q. (2018).
Insight into novel clinical mutants of RpsA-S32/F, E325K, and G341R of
Mycobacterium tuberculosis associated with pyrazinamide resistance. Com-

putational and Structural Biotechnology Journal, 16, pp. 379-387.

3. Khan, MT., Malik, S.I., Bhatti, A.L., Ali, S., Khan, A.S., Zeb, M.T., and
Fazal, S. (2018). Pyrazinamide-resistant Mycobacterium tuberculosis isolates
from Khyber Pakhtunkhwa and rpsA mutations. Journal of Biological Regu-
lator and Homeostatic Agents, 32(3), pp. 705-709.

4. Khan, MT, Junaid, M., Mao, X., Wang, Y., Hussain, A., Malik, S. I., and
Wei, D. Q. (2019). Pyrazinamide resistance and mutations L19R, R140H,
and E1/4K in Pyrazinamidase of Mycobacterium tuberculosis. Journal of

Cellular Biochemistry, 120(5), pp. 7154-7166.

5. Khan, MT., Malik SI., Ali S., Masood N., Nadeem T., Khan AS., Afzal
MT (2019). Pyrazinamide resistance and mutations in pncA among isolates
of Mycobacterium tuberculosis from Khyber Pakhtunkhwa, Pakistan. BMC
Infectious Disease, 6;19(1), pp. 116-116.

6. Khan, MT., Khan A., Rehman, A.U., Wang, Y., Akhtar, K., Malik, S.I.,
and Wei, D.Q (2019). Structural and free energy landscape of novel muta-
tions in ribosomal protein S1 (rpsA) associated with pyrazinamide resistance.

Scientific Reports, 9(1), pp.1-2.



viil

7. Khan, MT., Malik, S. I., Ali, S., Sheed Khan, A., Nadeem, T., Zeb, M. T,
and Afzal, M. T. (2018). Prevalence of pyrazinamide resistance in khyber
Pakhtunkhwa, Pakistan. Microbial Drug Resistance, 24(9), pp. 1417-1421.

Muhammad Tahir Khan
(P1133001)



1X

Acknowledgements

I am thankful to my Allah that He has given me the power to complete this research
project. My all respects for the holy prophet Muhammad (SAW). My heartiest
gratitude to Dr. Mansoor, Vice Chancellor CUST, for providing me financial as-
sistance and encouraging attitude. I deeply acknowledge Dr. Abdul Qadir, Dean
Faculty of Computing and Engr. Khalid Mahmood Director, Graduate Studies at
CUST, for providing guidance. My special thanks to my Head of Department, Dr.
Sahar Fazal and Dr. Aamer Igbal Bhatti for their caring and encourage attitude.
My heartiest wishes to my advisor Dr. Shaukat Igbal Malik for providing full path
of research guidance. This was his guidance, that I completed my thesis topics
together. T am thankful to Higher Education Commission (HEC) for providing fi-
nancial assistance in research work. I am acknowledging the support of Dr. Sajid
ali, Molecular Biologist, Provincial Tuberculosis Reference Laboratory KPK, An-
war Sheed Khan, and project director for their productive experimental work and
guidance. My good wishes and obligation to honorable professor Dong Qing Wei
and his team for their unforgetable support in research. My heartiest thanks to
my loving parents and wife for their encouragement, patience and prayers. My
obligation to my family, who always wished to see me glittering high on the skies

of success. May Allah grant success and honour to all muslims.

(Muhammad Tahir Khan)



Abstract

Tuberculosis (TB) is one of the leading health problem caused by Mycobacterium
tuberculosis (MTB). The standard new therapy of TB includes a six-month treat-
ment of four recommended first-line drugs, isoniazid, rifampicin, pyrazinamide
and ethambutol. However, the misuse of these drugs has led to the emergence of
drug resistance MTB. Pyrazinamide (PZA) is an important component of first-
line drugs because of its distinctive capability to kill subpopulations of persistent
MTB under latent stage, where other drugs fail to work. The drug in initial stage
requires a conversion into pyrazinoic acid (POA), an active form of PZA, by the
activity of pncA encoded pyrazinamidase (PZase) enzyme. POA targets the ribo-
somal proteins S1 (RpsA) and aspartate decarboxylase (PanD). Mutations in pncA
have been considered as the most common and primary cause of PZA-resistance.
However, in minor cases, mutations in 7psA and panD have also been accounted in
resistance. The major aims of this study was, to explore the prevalence of PZA-
resistance in a geographically distinct region, Khyber Pakhtunkhwa province of
Pakistan, molecular characterization, mechanisms of PZA-resistance behind mu-
tations, and network analysis under latent stage. Samples have been taken and
cultured from TB suspects, followed by PZA drug susceptibility testing on MTB
positive samples. Genomic DNA was extracted and PCR products of pncA, rpsA,
and panD was sequenced for mutations. To find the mechanism of PZA-resistance,
the mutants and wild type proteins activities were analyzed through computational
molecular dynamic simulations (MD simulation) at different time periods. Among
4518 TB samples, 754 (16.7%) subjects were detected as MTB positive. Out of
total positive, 69 (14.8%) isolates were detected as PZA-resistance. The resistance
isolate along with PZA-sensitive and one of each, H37TRv and Mycobacterium bo-
wvis as controls, were sequenced to analyze the mutations in the coding regions
of pncA, rpsA, and panD. Thirty-six different mutation were identified in pncA
of 51 PZA-resistant isolates. The sequences have been submitted to GeneBank
(GeneBank Accession No. MH461111). Out of 36, fifteen mutations, including
two deletion, 194-203del CCTCGTCGTG and 317-318-del-TC, have not been re-

ported earlier. While, 18 resistance isolates lacked mutation in pncA (pncAWT).
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Mutations have not been detected in PZA sensitive isolates except, a single syn-

onymous mutation at position C195T (Ser65Ser). Among 18 pncAWT

isolates,
11 have mutation in 7psA while seven were found as pncAW?T and rpsAWT PZA-
resistant. We identified 14 non-synonymous and one synonymous mutations in
the coding region of rpsA gene. The remaining seven PZA-resistant isolates did
not reveal any mutation. The sensitivity and specificity of the pncA sequencing
method were 79.31% (95% CI, 69.29% to 87.25%) and 86.67% (95% CI, 69.28%
to 96.24%). MD simulations analysis showed a significant variation in structures
and activity between wild type and mutant PZase and RpsA proteins. Stability,
flexibility, total energy, and drug binding pocket of these proteins also have been
altered. Regulatory pathway analysis revealed that SigH and RshA are the ma-
jor regulators under latent stage, receiving signals from PknB that might be an
alternative drug target in PZA-resistance cases. In conclusion, mutation in the
pncA is a major mechanism of PZA-resistance among circulating isolates. Molec-
ular methods of investigating PZA-resistance are better to expose the cause of
PZA resistant. In PZA-resistance, mutations in pncA and rpsA have been de-
tected, altering the overall activity, causing a weak interactions with PZA and
POA. Exploring alternative drug targets through investigation of regulatory path-
ways might be useful for alternative drug target identification and designing new
drugs under latent stage of MTB. This study offers valuable information for better

management of TB and drug resistance.
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Chapter 1

Introduction

1.1 Background

Tuberculosis (TB) is a worldwide communicable disease of human beings caused
by Mycobacterium tuberculosis (MTB). It is now considered as one of the most
shocking health problems, attacking the breathing system. However, in some cases
the organism may spread to other body parts called extra-pulmonary TB. In 1950s
and 1960s, a well-organized treatment was introduced with the hope to control the
incidence worldwide, resulted in a significant reduction of TB incidence [1]. How-
ever, the disease still remains a major public health problem in most parts. WHO
in 2012 announced Global Public Health Emergency because of a huge morbidity
and mortality worldwide. The major causes of drug failure were accounted as the
improper and incomplete use of drug, leading to the appearance of drug resistance.
The disease was ranked second principal source of death among infectious diseases
after HIV/AIDS [2]. Landry and Menzies in 2008 reported that about one third of
the global population harboring MTB. In the light of previous reports, there are
five high TB burden countries, India, Indonesia, China, Philippines, and Pakistan
with 56 % of global TB [3]. Illiteracy, improper treatment, poverty accounted for
drug resistant. Further, multi-drug resistance TB (MDR-TB) has been reported

as 3.3% in new cases while 20% in previously treated cases [4].
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1.1.1 WHO Global Report

According to the latest report 2018, TB caused 1.3 million deaths among HIV-
negative in addition to 300000 deaths from TB and HIV-positive individuals. Glob-
ally, 10.0 million people developed TB disease: 5.8 million among men, 3.2 million
among women, and 1.0 million among children. Overall 90% were adults (aged
>15 years), 9% were HIV positive (72% in Africa). Two thirds of global TB in-
cidence were reported from eight countries: India (27%), China (9%), Indonesia
(8%), the Philippines (6%), Pakistan (5%), Nigeria and Bangladesh (4%), and
South Africa (3%). Thirty high TB burden countries including these eight, ac-
counted for 87% of global TB cases. The lowest incidence have been reported
from WHO European Region (3%) and WHO Region of the Americas (3%) [5].
Drug-resistant TB remains a major problem in 2018. Worldwide 558,000 people
were resistant to the most efective firstline drug, rifampicin (RR-TB), while 82%
had MDR-TB. Globally, MDR have been reported in 3.5% of new (diagnostic) TB

cases and 18% of previously treated cases.

In 2017, TB was the leading problem among infectious diseases from a single mi-
croorganism, ranked top leaving behind HIV/AIDS, while ninth in leading causes
of death worldwide. Among HIV negative people, there were an estimated 1.3
million TB deaths excluding 374,000 among HIV-positive people (10%). Majority
of the incidence reported here are; 45% from WHO South-East Asia Region, 25%
WHO African Region, and 17% from WHO Western Pacific Region. WHO East-
ern Mediterranean Region, the WHO European Region, and the WHO Region
of the Americas has a smaller incidence of 7%, 3%, and 3% respectively. India,
Indonesia, China, Philippines, and Pakistan are the top five countries with 56%
of estimated cases [6]. Among the infected people, only 5-10% develop active TB
in population. However, all the infected individuals do not eliminate MTB effec-
tively. Such individual have persistent TB, where the MTB resides in macrophages
of alveoli in non-replicative form known as latent stage. The risk to develop active
TB is 10% [7] but may increases in case of HIV infections, immunosuppressive

therapy and aging.



Introduction 3

1.1.2 Etiology of Tuberculosis

Mycobacterium tuberculosis, the causative agent of TB, [8, 9] mainly found in the
lungs where it resides in a round shaped nodule called tubercle, therefore, the
bacterium is sometimes referred as tubercle bacillus. Mycobacteria can be cat-
egorized into numerous categories for reason of identification and cure. One of
them is M. tuberculosis complex (MTBC), the causative agent of TB and M. lep-
rae that causes leprosy. The second category called non-tubercle Mycobacteria
(NTM), consists of all other mycobacteria, mostly non-pathogenic for humans,
scattered in the surroundings. There are 140 species in this genus [10], in which
a total of 50 species are human pathogenic [11]. Patients are most commonly
affected by avium and intracellulare species [12, 13]. The MTBC is a collection
of slow-growing organisms usually contains M. tuberculosis, M. canettis, and M.
africanum, causing human TB in Africa; M. microti is the causative agent of TB
in voles and Mycobacterium bovis infects diversity of mammalian species together
with cattle and humans. Species of Caprae and pinnipedii are the two pathogens
of animals [14]. Regardless of this genetically close connection, these organisms
have different host priority and also phenotypically differ. Based on these observa-
tions, the researchers sometimes apply common species name instead of classifying
them as one specie. In 1998 Cole and colleagues published the complete sequence
of MTB H37Rwv [15] where the G+C contents in the genome was detected as 65%,
consisting of 4,411,532 base pairs (bp) genome. The last re-annotation recognized
approximately 4,000 genes [16]. Plasmids have been found in a few species, but
absent in MTB [17]. The genome also contains repetitive and insertion sequences
(IS) in several mycobacterial species, including MTB. Molecular epidemiology of
[S6110 and other clustered regularly interspaced undersized palindromic repeat
(CRISPR) sequences have been paid special attention as they are used in spoligo-
typing [18]. Further, IS6110 is also used as a marker for restriction fragment length
polymorphism analysis [19]. MTB is rod-shaped bacterium with slow growth rate
of 18-24 hours generation time [20]. Cell wall comprises of polysaccharides three

layers and peptidoglycan containing mycolic acids, a type of complex fatty acid
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making 30% of these components [21]. This property makes the envelope imper-
meable [22] also known as acid-fast bacilli (AFB) as the cell wall of mycobacteria
impedes classical Gram staining [23]. The MTB cell wall consists of lower and
upper two segments. Peptidoglycan (PG) layer is attached covalently with ara-
binogalactan (AG), connected with mycolic acids through short alpha-chain. Thus,
mycolyl arabinogalactan peptidoglycan (mAGP) complex is called the core of cell
wall. Longer and shorter fatty acids among free lipids are the major components of
upper segment with shorter alpha-chains and longer chains respectively. Wall pro-
teins, lipoarabinomannan (LAM), lipomannan (LM), phthiocerol containing lipids
and phosphatidylinositol mannosides (PIMs) are embedded in these layers. Dis-
ruption of cell wall release LAM, proteins, PIMs, various solvents, and free soluble
lipids, while insoluble residues are the mycolic acid arabinogalactan peptidoglycan

complex [22].

1.1.3 Pathogenicity

In the human host, MTB normally find its way towards the alveolar passages of
the lungs in the form of aerosols, where it encounters macrophages and dendritic
cells of innate immune system, regarded as the major target cells of mycobacteria
[24]. They need high concentration of oxygen (obligate aerobes), but may also stay
alive in hypoxic conditions. Following infectivity, the host develops symptoms or
it undergoes into latent stage. Within the body, MTB travel to the lungs and
reaches the air sacs, where they are recognized as foreign and engulfed by body’s
macrophages followed by dissembling them under normal conditions. But in some
cases of MTB infection, not all of the bacteria will be ruined by the immune
system. In such case, the MTB take control of macrophages and multiply inside.
The bacteria proliferate until macrophage burst, leading to additional illness and
extracellular bacilli increase in number, give rise to granulomas. With the passage
of time, granuloma’s center necrotize, resulting in blood and sputum in the lungs
[25]. The bacterium enters the alveolar macrophages by phagocytosis but possesses

the power to run away from the macrophages eradication system and can survive
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[26]. From phagocyte cell, the mycobacteria can spread to peripheral lymph nodes
and other parts of lungs inspite of being responded by cell-mediated immune and
humoral responses. Upon infection both, antigen-specific and innate immunity are
elicited, inducing apoptosis in human alveolar macrophage (AM) by tumor necrosis
factor (TNF) dependent mechanism [27]. The apoptotic response is postulated to

be a defense mechanism, limiting the growth of M'TB.

1.1.4 Tuberculosis and Human Immunodeficiency Virus

Tuberculosis pandemic is highly supported by HIV infections as it destroys the
cell mediated immunity. TB and HIV co-infection significantly enhanced the inci-
dence (12 to 14%) of TB worldwide. The highest rate was reported from African
Region [4]. In Pakistan, the total TB-HIV co-infection was reported as 8.8 and 6.9
thousands in 2015 and 2016 WHO reports. A patient is more likely to suffer from
TB because HIV kills T helper cells which are the effective weapons against MTB.
HIV weakens the cellular immunity, leading to high incidence of TB [28]. At that

moment the transmission risk of TB in community may also increases [29].

1.1.5 Drug Resistance

Drug resistance occurs whenever mutations, or chromosomal replication errors,
arises in target or drug metabolic process. This results in the reduced effectiveness
of antituberculosis therapies [30]. Resistant TB may be mono drug resistance
when it resistant to a single drug or multi-drug resistance (MDR) when it shows
resistance to INH and RIF. The third category of drug resistant TB is extensively
drug resistant (XDR-TB). This group of MTB shows resistance to INH and RIF
along with one of the fluoroquinolone and one injectable TB drugs. The standard
time of TB treatment is six months while in case of multidrug and extremely drug
resistance the duration of treatment may be extended upto two years or with more
toxic and less potent. Further, the success rate of MDR and XDR is very low [30].
China, Russia, and India has a highest level of MDR-TB with 60% reported in
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2013 data. XDR TB have been reported from 92 countries, showed 9.6% of MDR

cases [4].

1.1.6 Mechanism of Drug Resistance

Very little information is available about the main mechanism that leads to the
first-line drug resistance. However, mutations in the drug targets have been as-
sociated with drug resistance. RIF-Resistance in 96% of MTB isolates has been
associated with mutation in the hot-spot region (rifampicin resistance-determining
region) comprising 507-533 codons of rpoB gene [31]. Isoniazid (INH) resistance
has been strongly linked with alteration in katG and inhA or its promoter region.
The most common gene mutation identified so for in katG is S315T, results in
lacking of isoniazid-NAD complex, required for its antimicrobial action [32]. Pro-
moter region of inhA-15 is considered the next most frequent mutation site that
results in low binding capability site of isoniazid-NAD adduct [33]. Further, inhA
mutations may also affect the activity of structurally related drug, ethionamide as
they have same target [34]. PZA is a structural analog of nicotinamide, discovered
in 1952 [35]. It is a pro-drug, requiring the activity of PZase, a product of the 561-
base-pairs pncA gene (Rv2043c) [36]. PZA is considered as a critical drug, playing
a key role in reducing the treatment time from 9 to 6 months [37, 38]. The drug
is recommended in combination with INH and RIF for short course chemotherapy
[39]. The sterilizing activity of PZA, killing MTB persisters isolates, is the only
drug among antituberculosis agents. In the 6 months treatment time, PZA is used
in first 2-month intensive phase and the only drug that cannot be replaced without
compromising treatment efficacy. Resistance to pyrazinamide (PZA) is associated
with mutations in pncA. Most of the pncA mutation are dispersed in the entire
gene of 561 base pair region in the ORF. Drug resistance to other first-line, RIF,
INH, EMB, and OFX show connection between the phenotypic resistance and the
target gene mutations in the drug resistance cases like katG (97%), inhA (3%),
rpoB (95%), embB (65%), and gyrA /gyrB (94% ) respectively [40]. However, PZA

have several cellular targets where a disperse type of mutations are present in the
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PZA activator, pncA gene. Approximately 70-97% of PZA-resistance emerges
in the prodrug converting gene, pncA [41, 42] or putative regulatory isolates in
MTB possess mutations in pyrazinamidase (PZase) region while 3-30% resistance
have been linked with ribosomal proteins S1 (RpsA) and aspartate decarboxylase
(panD) genes. PanD is involved in (-alanine biosynthesis, has been considered
as new target of PZA. Mutations in this enzyme have been associated with resis-
tance against PZA [43]. The enzyme is also involved in the synthesis of vitamin B5
(pantothenate), requiring for the synthesis of coenzyme ”A” (CoA), that allows

carbohydrates and fats to be burned to release energy.

1.2 Drug Resistance and Simulation

Computer simulations is an alternative of conventional experiments for exploring
the properties of molecular structure and interactions among the atoms. Computer
simulations of proteins and nucleic acid act as a bridge between microscopic length,
time scales and experimental work in laboratory. We can deliver a deduction at
the interactions among molecules and gain exact estimates of bulk properties.
Simulations may act as a bridge between theoretical and experimental knowledge
that may be tested by simulation of same model. Simulations on the computer
are very useful in the sense when a test is difficult or impossible in the laboratory
[44]. Molecular dynamics (MD) is a computer simulation procedure applied for
studying the dynamics of a complex system of atoms and molecules. Under certain
period of time, all the atoms and molecules interact and give a view of their
interaction system. The trajectories of molecules are calculated for a system of
interacting atoms and molecules by applying equations of motion where forces and
potential energies are calculated using molecular force fields. Molecular systems
consist of a bulk of molecules, therefore, analytical determination of properties
of such systems is seemed to be impossible while MD simulation may solve this
problem by using numerical procedures. MD is commonly applied for proteins 3D
structure refinement obtained from NMR spectroscopy and X-ray crystallography:.
In structural biology, the method is frequently applied to study the motions of
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atoms and molecules such as nucleic acids and proteins which may be important
in protein structure modeling by simulating folding of the polypeptide chain and
in ligand-receptor docking. The MD simulation results can be tested through
laboratory experiments such as NMR spectroscopy. Advances in computational
predictions and resources developed a hope for more and longer MD trajectories,
in combination with more qualitative force field parameters, have resulted a large
number of useful insight information in proteins structure prediction and receptors

ligand interactions [45].

1.3 Regulatory Pathway Under Latent Stage

MTRB faces a number of oxidoreductive stress generated by host defense in alveolar
macrophages of lungs. These stress conditions include oxidative, acidic and nitra-
tive, vital for the transition into dormant (non-replicative) state. MTB genomes
has a diverse type of sensors, sensing stresses and switch to genetic program for
transition into latency. A better understanding to explore these signaling path-
ways will help for control and designing potent drugs against non-replicative forms
of MTB [46, 47]. Sigma (s) factors are the primary regulators of bacterial gene
expression at primary level. There are 13 members of the sigma 70 family encoded
by MTB genomes [15]. All these factors were categorized in four groups. Groups 1,
2, and 3 include SigA, SigB, and SigC respectively while the rest belong to group
4 that involved in signal sensing from extra-cytoplasmic location. They are also
called 'S’ factors involved in growth and stress response [48]. MTB sense redox
by SigH, SigE, SigF' and Sigl., play important roles in the survival. Fernandes et
al, was the first one that demonstrated the role of SigH in oxidative stress [49].
SigH is involved in regulating the expression of thioredoxins (trxB1 and trxC),
thioredoxin reductase while SigE provide protection against oxidative stress. SigB
expression is also regulated by SigE and SigH regulate stress-responders [50, 51].
Song et al. have verified the role of Rv3221a (RshA), anti-sigma factor of SigH
present in the same operon as sigH [52]. RshA interacts with SigH in a 1:1 lead-

ing to the inhibition of SigH in vitro. During oxidative stress, phosphorylation of
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RshA by PknB cause disruption of the interaction between RshA and SigH and

thus regulates the induction of oxidative stress response by mycobacteria [53].

1.4 Modeling of Regulatory Pathway

The regulatory mechanism can be understood in more deep insight through math-
ematical and computational approaches for identifying the potential drug targets.
One of these approach is Boolean Networks (BNs). The BNs consist of binary
state variables with discrete-time dynamical systems. BNs have been applied as
abstract modeling structures in various areas, including immune response, bio-
logical evolution, cell differentiation, neural networks, and gene regulation. The
network provides a good framework for theoretical and qualitative analysis [54-57].
Inspite the simplicity of concept, complex biological systems can be modeled and
understood for finding control strategies by the use of BN. To study the regulatory
pathway, Boolean control networks (BCNs) are developed when a controls system
is added. They takes one of the two values; 1 or 0. Here the value 1 indicate a
particular entry is being made at that time point while value 0 indicate the effect
of that entry has turned off. Such control system provides a deep understanding
about the regulatory pathways of infectious agent under some specific conditions.
BN modeling of stress regulatory pathway, sigH of Mycobacterium tuberculosis un-
der the latent stage of TB is not reported. The pathway is activated in oxidative
stress produced by host immune cells for eradication of MTB infection. Modeling
of regulatory pathways will enable the clinicians for better insight understanding
and developing effective TB management. One of the objective behind current
investigation is to apply a system biology technique for modeling a signaling path-
way of MTB under dormant conditions for better understanding and identification

of alternative drug targets.
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1.5 Tuberculosis in Pakistan

Pakistan has been ranked fifth among the top five high burden countries with 56%
of global TB cases [6]. The WHO targets of TB control in Pakistan was adopted,
detecting 70% of new cases every year, curing 85%. The incidence rate estimated
in 2018 was 268 per 100000 population. Based on these estimates, the country
reported a case detection rate of 64% for all types of TB [6, 58]. All these statis-
tics are estimated one as there is no direct measures about the disease burden
and how much these estimates are correct is still in question but the detection
rate is encouraging one. The initial measures taken is to prevent the TB trans-
mission, decreasing the TB burden in the country, and to increase the detection
rate. Beside the National Tuberculosis Control Program (NTP), a large number
of public and private health service practitioners are also attending a significant
number of TB patients. These practitioner have already been informed to refer
TB patient’s to NTP but they do not follow the NTP guidelines regularly, leading
to the emergence of drug resistant TB [59]. TB burden may be calculated by
prevalence methods but such studies are costly and time-consuming. Pakistan has
enhanced TB surveillance by introducing the Directly Observed Treatment Short
course (DOTS). The DOTS has been found an affective approach in TB control,
however, NTP still facing many challenges and did not got the full support of
health care centers. Looking into the World Health Organization reports, tuber-
culosis and drug resistance in Pakistan has been remained a major public health

problem [3, 60-62] (Table 1.1).

TABLE 1.1: Incidence of tuberculosis and drug resistance in Pakistan

Year Incidence Incidence/100000 Drug resistance

2011 410,000 231 3.4%
2012 410000 231 3.4%
2013 500,000 275 3.5%
2014 500,000 270 4.3%
2015 510,000 270 3.7%
2016 510,000 270 4.2%
2017 518,000 268 4.2%

2018 525,000 268 4.2%




Introduction 11

1.6 Research Problem

PZA is a key first-line drug recommended by WHO along with RIF and INH
to eliminate the persistant MTB under latent stage (Latent TB) in acdic and
oxidative stress, where other drugs fail to work. In case of PZA-resistance there is
no alternative drug which has been recommended by WHO. However, in other drug
resistance, alternative second-line drugs have been made availble. PZA-resistance
along with other drug resistance, is a major hurdle to achieve the goals of global
TB control in high burden countries. The global report 2018 summarized that
56% of TB incidence have been reported from five high burden countries where
Pakistan has been ranked fifth. Further, PZA is an important part of the first-
line drug, recommended in short-course TB-treatment along with INH and RIF,
shortened the treatment time from 9 to 6 months [63]. Due to high cidal effect at
a low pH environment, PZA is also recommended in PZA-susceptible MDR-TB.
An increasing number of PZA-resistant strains has been observed due to without
precise knowledge of PZA DST, and its unstandardized usage in treatment may
lead to develop resistance against other antibiotics. Majority of the geographic
specific locations have not been able to explore the molecular level informations
behind PZA-resistance. The lack of such information behind the PZA-resistance,
further limit our knowledge about PZA-resistance in high burden countries that

may further increase the incidence in geographic specifc location.

1.7 Research Philosophy

PZA is a pro-drug, activated by MTB encoded PZase, into pyrazinoic acid (POA),
the active form of PZA. Mutations occurred in pncA gene are most commonly as-
sociated with PZA-resistance in vitro [64]. Therefore, sequencing of pncA gene
in PZA-resistant isolates is better to identify mutations involved in resistance.
Moreover, characterization and annotation is of particlular interest to identify the

mutations of high, medium, and low level of resistance. For rapid analysis of such
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mutations, numerous computational tools are available, where biological informa-
tion are analyzed in a meaningful way. At a more integrative level, computational
technologies have been found, useful in modeling of protein structures, predicting
the effect of mutations on proteins properties, and molecular interactions. Fur-
ther, pathways and network analysis of proteins might be useful for identification

of some more potent drug targets for better management of drug resistance TB.

1.8 Problem in Focus

The estimated population of Khyber Pakhtunkhwa (KPK) province is about 26
million. A 51.6% increase has been detected in population since 1998 census, plac-
ing KPK above Islamabad, Punjab, and Azad Kashmir [65]. Geographically to
the west, its borders touches the Tribal Areas, Gilgit Baltistan, to the northeast,
Islamabad and Punjab to the east and southeast while it does not share border
with Baluchistan, located in the southwest. It also shares an international border
with Afghanistan through the historical Khyber Pass. Tuberculosis (TB) is a ma-
jor public health problem in this province and unfortunately it has been one of the
neglected health areas in the past. Now a TB control program has been established
at Hayatabad Medical Complex Peshawar that regularly monitors the incidence
and drug resistance in population. Multidrug resistance has been an emerging
issue needed to be solved. In a previous study [66], 341 MDR follow up patients
(previously treated) were enrolled to find the treatment outcomes. Results were
alarming with elevated levels of first-line drug resistance (84.5%). MDR and XDR
were found in 325 (95.3%) and 2(0.6% ) cases, whereas 33 (99.4%), 326 (95.6%),
and 31(93.5%) isolates were resistant to Isoniazid, Rifampicin, and pyrazinamide
respectively. The appearance of large number of MDR cases shows that its trans-
mission might be due to the improper treatment, illiteracy and poverty. Further,
drug sensitivity testing is phenotypic, which is time consuming and their relia-
bility is also an issue. Unfortunately, no molecular level study have been carried
out that find the mutations of high level resistance. In our current study [67], a

total of 1,075 MTDB-positive isolates have been detected in one year screening of
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TB suspects, in which 83 (7.7%) isolates have been detected as PZA-resistants.
Among the resistant isolates, 76 (90%) and 67 (80%) were resistant to INH and
RIF, whereas 63 (76%) were MDR. The resistance level of EMB, OFX, and SM
among PZA-resistance were, 35 (42%), 40 (48%), and 41 (49-50%) respectively.
More investigations are needed to find the actual incidence of drug resistance,

prevalent in this geographical region.

1.9 Research Hypothesis

PZA-resistance have been commonly associated with mutations in pncA, with
minor level in rpsA and panD. Screening of mutations in circulation isolates of
geographically distinct region, KPK and computational analysis will extract some
hidden informations about mechanism of resistance behind mutations in pncA,
rpsA, panD and their association with PZA-resistance, present in MTB isolates,

circulating in KPK population of Pakistan.

Analyzing the effect of these mutations on enzymes structure, functions, molecular
interactions, dynamics, stability and the binding site (pocket size) might be useful
to find the level and mechanism of resistance. Therefore, the current study was
designed on screening of PZA-resistant strains from KPK province, Pakistan, a

geographically different region, for characterization by sequencing of these genes.

MD simulations on wild types and mutants proteins and their comparison to study
the effect on dynamics inclusing amino acid fluctuations, deviation, folding sta-
bility and ligand-receptor interactions and its distance will be useful to retrieve
some meaningful informations behind PZA-resistance. These approaches are time
efficient and offer less time for transmission. Regulation of MTB pathway under
latent stage for more potent targets identification and the application of system
biology approaches might be useful to unravel the regulatory network under la-
tent stage. The foremost aim of this project was; to explore and understand the

PZA-resistance and mechanism of resistance at molecular level.
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1.10 Social and Economic Benefits of the Study

This is the first investigation on molecular scrutiny of PZA-resistance M'TB isolates
from KPK province of Pakistan. To the best of our knowledge, detailed informa-

tion are not available regarding the molecular mechanism of PZA-resistance.
e This project will explore the data about prevalence of PZA-resistance among
population of KPK for management of treatment in future.

e Secondly, geographically specific mutations will be useful in biomarkers de-

velopment for rapid diagnosis of drug resistant TB.

e Thirdly, molecular dynamic simulations will explore the mechanism of PZA-

resistance for better management of TB.

e The fourth, identification of new drug target under latent stage of TB, may
be helpful in understanding the latent stage of MTB and its regulatory net-

work.

Based on the literature search, the reserch gap was found which need to be filled

through active investigations.

1.11 Objectives of the Study

The specific objectives behind the current study were:
e Identification of mutations in pyrazinamide resistant MTB isolates in KPK
province.

e Molecular and functional characterization of mutations in PZA-resistance

strains of KPK province, Pakistan.

e Pathway analysis of latent TB under oxidative stress.
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1.12 Some Non-specific Objectives of the Study

e To explore the data about prevalence of PZA-resistance among TB patients

of KPK for management of treatment in future.

e Secondly, the geographically specific mutations will be useful in biomarkers

development for better and rapid diagnosis of PZA-resistance TB.

e Thirdly, characterization of mutations will extract some meaningful infor-

mation behind resistance for better management of TB.

e The fourth, analysis of regulatory pathway will lead to some new target iden-
tification under latent stage of TB which might be helpful in understanding

the regulatory network.

1.13 Research Methodology

The current research work has been carried out by adopting the four major steps,
sample collection and processing, sequencing of PZA-resistance and sensitive iso-
late, computational analysis of novel mutations, and development of netwrok and

pathways under latent TB.

The basic steps have been summarized as under.

1.13.1 Collection of Samples

Sample collections was performed in two phases with same protocoal.

Ethical approval

Sample collection

Recording of TB suspects data

Sample preservation



Introduction 16

1.13.2 Processing and Culturing of Suspects Samples

e Processing of suspects samples
e Culturing of samples

e Identification of MTB

1.13.3 PZA Drug Susceptibility Testing (DST)

e Preparation of PZA-DST media
e Inoculum’s preparation and inoculation of MGIT DST

e Interpretation of drug susceptibility testing

1.13.4 DNA Extraction

e Reagent preparation
e CTAB method

e Sonication method

1.13.5 Amplification of pncA, rpsA, and panD

e Reagent preparation
e Running of PCR

e Agarose gel electrophoresis

1.13.6 Sequencing of pncA, rpsA, and panD

e PCR products of pncA, panD, and rpsA genes were sequenced through 6 Ap-
plied Biosystems 3730x] (Macrogen Korea), Korean biotechnology company
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1.13.7 Screening of Mutations in pncA, rpsA, and panD

e The sequence data of PZA-resistant and susceptible isolates of genes, pncA,
panD, and rpsA were loaded into Mutation Surveyor V5.0.1 and BioEdit ver-
sion 7.2.6.1, to analyze and compare with pncA (Rv2043c), panD (Rv3601c),
and rpsA (Rv1630) gene of RefSeq database of NCBI (NC-000962).

1.13.8 Statistical Analysis

e Patient’s data, location, age, treatment history, reason, sample-type, TB-
type, HIV status, gender, and the drug resistant profile obtained after the
drug susceptibility testing, was analyzed through Epi-Data.

1.13.9 Computational Analysis of Mutations

e MD simulation novel of mutants (MTs) and wild type (WT) PZase and
RpsA.

e RMSD and RMSF of MTs and WT

e Principal component analysis of MTs and W'T

e The Gibbs free energy calculation of WT and MTs
e Free energy calculation of WT and MTs

e Binding pocket measurement of WT and MTs

e Radius of gyration (Rg)

e Distance matrix

e Projection of motion (Eigenvectors)

e Fe™? ion effect on MTs structure

e Prediction of mutation effect on PZase function

e Prediction of mutations effect on PZase stability
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1.13.10 Pathway and Network Biology of Latent Stage

e Literature search for gene/proteins interacting under latent stage of MTB
e String network generation from gene/proteins

e Longest path identification among gene/proteins

1.14 Summary

We explored the prevalence of PZA-resistance in geographically distict location,
Khyber Pakhtunkhwa province of Pakistan, molecular characterization of PZA-
resistance isolates, and the mechanisms of PZA-resistance behind mutations in
PZase and RpsA. The whole thesis has been structured in a systematic way into 6
chapters including chapter 1, describing the background of thesis title. Chapter 2
highlights the literature reviewed relevant to the field. Methodologies and mate-
rials have been described in Chapter 3, highlighting the major steps to complete
PhD research work. Results and discussion have been explained in chapter 4 and
5 respectively. Chapter 6 describes the conclusion and recommendation followed

by references and appendices section.



Chapter 2

Literature Review

2.1 Tuberculosis Burden

According to the world health organization report in 2017, 10.4 million TB cases
occurred worldwide, including 5 millions (56%) men, 3.5 million (34% ) women
and, 1 millions (10%) children [60], where 58% incidence were reported from the
South-East Asia and Western Pacific regions. Tuberculosis have been killed 1.5
million people (1.1 HIV-negative and 0.4 HIV-positive). The toll comprised 890
000 men, 480 000 women and, 140 000 children. Accordingly, 28% of the global
incidence in 2014, African Region has reported the highest incidence rate (281/100
000), a double of worldwide average incidence (133/100,000). India has 23%,
Indonesia 10%, and China has 10% of the global total. According to the WHO
latest report 2017, WHO South-East Asia Region has been found on the top (45%)
in TB incidence, followed by 25% and 17% from WHO African and WHO Western
Pacific regions. WHO Eastern Mediterranean (7%) and European Region (3%)
has a smaller proportion of TB incidence respectively. The annual incident of
TB varied widely among countries in 2016, from under 10/100,000 population
in developed countries to 150-300 in high TB burden countries, where as the
Democratic People Republic of Korea, Lesotho, Mozambique, the Philippines and
South Africa has an incidence of above 500 per 100,000 population.

19
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WHO in 2017 established global report, according to which 56% of world TB have
been reported from five high burden countries where Pakistan was ranked fifth
[6]. MDR/RR-TB has been reported in twenty-six thousand individuals while the
incidence rate of resistance cases per hundred thousand individuals was reported
as fourteen among population. This provoke an alarming to the TB management

in this high burden country.

2.2 Lineages

The Mycobacteria comprises a variety of closely linked organisms including My-
cobacterium bovis, caprae, microti, pinnipedii, origys, mungi, suricattae, the chim-
panzee bacillus [68] and also M. africanum, M. tuberculosis sensu stricto are
adapted to humans. Inspite of these traditional species of MTBC, it also con-
tains M. canettii and so-called smooth tuberculosis bacilli (STBs). The STBs are
famous for their smooth colony formation as well some other important charac-
teristics like horizontal gene transfer which differentiate it from other MTBC [69].
Further this group of bacterium rarely infects human and about sixty types have

been characterized [70].

From evolutionary point of view, one group of MTBC have deleted genomic area
called ThD1, also referred as evolutionary modern. While a group having no such
deletion are known as the ancestral [71]. Based on the whole genome sequences
(WGS) analyses, Mycobacterium tuberculosis complex (MTBC) have been classi-
fied into seven human-adapted lineages [72]. Lineage 2 and 4 are considered as the
most prevalent groups. Lineage 2 widespread in Central and East Asia, South-
Africa and Russia. Euro-American lineage 4 predominated in Europe, Asia, Africa
and America. Lineages 1, 3 limited to East Africa, Central, South and South-East
Asia. Lineages 5, 6 and 7 are restricted to only West Africa 1 and 2 also called
M. africanum [73]. Lastly, two additional lineages inside the classical MTBC are
adapted to diverse wild and household animal species. One of these two lineages

comprise animal associated strains known as M. bovis (vaccinal strain BCG)[74].
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2.3 Immunity

MTRB is transmitted from person to person through aerosol and mainly resides
in dendritic cells (DCs), antigen presenting cells (APCs), and macrophages as
well in neutrophils and monocytes [75]. As a result, mycobacteria also infect
these cells, resulting in granulomas formation, while in case of other infectious
diseases, the APCs eliminate the disease causing organisms [76]. These bacteria
have several mechanisms that add to their virulency for disseminations in the cells
[77].  Further, there are multiple mechanisms of MTB for residing in host cell
and stoping apoptosis [78]. Host has multiple recognition receptors that recognize
MTB components for activation of innate immunity. Toll-like receptors, partic-
ularly TLR2 are most diverse in numbers, about 99 of recognized mycobacterial
agonists, containing lipoproteins phosphatidyl inositol mannans and lipomannan.
Further, MTB DNA is sensed by TLR9, causing the production of cytokines in
mice [78].

2.4 Treatment of Tuberculosis

Drugs against TB are mainly classified into two major groups i.e. First-line drugs
that include, Rifampicin (RIF), Isoniazid (INH), Pyrazinamide (PZA), Etham-
butol (EMB), and Streptomycin (SM). These drugs are prescribed in the initial
stage of TB while in case of resistance; second line drugs are prescribed which
include, Fluoroquinolones: Levofloxacin (LEV), Ofloxacin (OFX), Ciprofloxacin
(CIP), Moxifloxacin (MOX), and Injectable drugs: Amikacin (AMK), Capre-
omycin (CAP), and Kanamycin (KAN). The regular cure for fresh TB patients
(defined as patients with no previous anti-TB treatment or with prior anti-TB
treatment for less than 1 month) comprises of 2 months severe stage with daily
INH/RIF/PZA/EMB followed by a 4 months nonstop period of daily INH/RIF
(Table 2.1). These two drugs are the most effective agent for tuberculosis treat-
ment. According to the a previous study [79], isoniazid (INH) is accountable

for the early killing of around 95% bacteria in the initial days of cure, assisted
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by rifampicin, regarded as the potent drug and pyrazinamide (PZA), which is
effective against latent bacilli, uses during the rest of intensive phase. For drug re-
sistant bacteria (MDR-TB), the treatment is complex with three groups of drugs
i.e. injectable drugs, fluoroquinolone and oral bacteriostatic drugs. Injectable
drug include aminoglycosides: streptomycin (STR), kanamycin (KAN), amikacin
(AMK) which hinder protein synthesis, group 2 drugs (fluoroquinolone): ofloxacin,
levofloxacin or moxifloxacin which effective against the DNA gyrase, involved in
DNA replication and group 3 drugs (oral bacteriostatic drugs): Cycloserine which
interferes with cell wall biosynthesis. The treatment regimen for MDR cases in-
clude of at least four effective drugs: one injectable drug (group 1, preferentially
amikacin or kanamycin, since streptomycin STR resistance among MDR-TB is
frequent), one fluoroquinolone (group 2), and one group 3 drug. Total period of

treatment of drug-resistant TB is at least 18 months [80].

TABLE 2.1: Anti-tuberculosis first-line drugs and their targets

Drug Effect on bacterial cell Targets
[soniazid Bactericidal against replicating

tubercle bacilli Multiple targets e.g InhA
Rifampicin Bacteriocidal activity RNA  polymerase (-

subunit
. ' Bacteriostatic/bactericidal Membrane energy

Pyrazinamide against non-replicating bacilli | Metabolism, RpsA, panD
Ethambutol Bacteriostatic Arabinosyl transferase
Streptomycin Bactericidal S12 protein (ribosomal)

and 16S rRNA

2.5 Multidrug Resistant Tuberculosis

In clinical point of view, the enhancement in ability of bacterium to resist against
drugs with high doses as compared to drug susceptible is called as drug resistance
isolate. Resistant to isoniazid and rifampicin are termed as multidrug resistance
(MDR). Strains which are MDR and also resistant to fluoroquinolone and at least
one of three injectable second-line drugs (amikacin, kanamycin, capreomycin) are

termed as XDR [81]. Some of the factors associated with drug resistance include,
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the misuse, mismanage, wrong treatment, dosage or when the supply of drug is
irregular. Resistance to drugs in MTBC may be primary or acquired in which
patients infected with MTB strains, develop resistance inside patient body dur-
ing the course of treatment. Primary resistance is considered difficult to control
because approximately 20% of the drug resistant cases in the world are supposed
to be correctly diagnosed, largely because of the reason that most of low income
endemic areas have no suitable laboratory apparatus [82]. Another main cause
of drug resistance are mutations, occuring in a particular locations of DNA, pro-
moted through bacterial or extrinsic factors (environmental). The only possible
reasons of these factors are either inappropriate treatment, patients non-adherence
to treatment giudlines or delay diagnosis [83, 84] from side to side microbial cells
that tolerate elevated levels of drug doses phenotypically (persisters), enhance
the normal lifetime of bacteria exposed to drugs. The W.H.O estimated that
there were 650,000 cases of MDR-TB worldwide in 2010 [58]. It expenses about
483,000 dollars to cure a single case of XDR-TB, and around 50% of this quan-
tity is required for multi-drug resistant TB in the United States [85]. Drugs are
selected with five groups on the basis of safety, efficacy and cost. The first cate-
gory comprised of high-dose INH, RIF, PZA, and EMB. The 2°¢ category includes
fluoroquinolone, in which high-dose levofloxacin is preferable. The 3" category
included the injectable drugs recommended in order of: capreomycin, kanamycin,
and amikacin. The second-line TB drugs constitute the 4" group used in the fol-
lowing recommended order: thioamides, cycloserine, and aminosalicylic acid. The
5% group includes drugs whose efficacy is not yet fully determined and includes:
amoxicillin with clavulanate, linezolid, carbapenems, clofazimine, thioacetazone,

and clarithromycin [86].

2.6 Role of Pyrazinamide in Treatment

Among the first-line TB drugs, PZA possesses a unique property in reducing the
TB treatment period from 9 to 6 months [87]. It is the only drug which is active
against latent MTB under stress condition where other TB drugs fail [88]. This
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behavior of PZA makes it an important drug for the treatment of susceptible as
well as MDR-TB. Further, it has multiple targets, inhabiting the co-enzyme A,
essential for persister survival, trans-translation and also energy production [42, 88,
89]. Resistance to PZA is frequently caused by mutations in pncA gene encoded,
pyrazinamidase (PZase), involved in the conversion of pro-drug, PZA into active
form pyrazinoic acid (POA). Phenotype based PZA susceptibility testing may give
false result due to buffering issues, due to which the reliability is sometime low.
Therefore, the most reliable method have been found as sequencing of pncA gene
that is cost-effective, more rapid, and more reliable method. Molecular detection of
PZA-resistance should be screened for better management of MDR/XDR-TB. In
conclusion, PZA has been found essential component of front-line anti-TB agents
inspiring new efforts to design novel kinds of antibiotics, targeting latent MTB

[90).

2.7 PZA Activation and Mechanism of Action

PZA is a structural analog of nicotinamide, discovered in 1952 [35]. It is a pro-
drug, requiring the activity of PZase, a product of the 561-base-pairs pncA gene
(Rv2043c) [36], converting it into active form, pyrazinoic acid (POA) (Figure. 2.2)
[91].

O O
‘ - ‘ + Ammonia
W
\N N

Pyrazinamide (PZA) Pyrazinoic acid (POA)
(Active form)

FiGURE 2.1: PZA Conversion into POA by PZase.
PZA conversion into POA, requires the activity of PZase enzyme, encoded by
pncA [64].

Modern therapy of drug susceptible TB includes INH and RIF along with PZA
for 6 months [63]. The drug has distinctive capability to kill the latent MTB
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FIGURE 2.2: Mechanism of PZA action.

MTB residues in the macrophages of lungs in dormant stage. (A) PZA enters
the bacterial cell through passive diffusion. (B) PZA is convertied into active
form, POA by MTB encoded PZase (pncA). (C) Some POA molecules are expelled
ouside by weak efflux through passive diffusion. (D) POA causes acidic enviroment
outside MTB cells and enter the cell along with H" ions (HPOA). This phenomena
create acidic enviroment and causes disruption of MTB membrane. (E) POA also
inhibite RpsA (trans-translation process) [92]

Macrophages

(semi-dormant bacilli) that continue its growth under acidic environments within
macrophages [75], where the other drugs fail to act [93]. Mutations in pncA gene
are strongly associated with PZA-resistance [74, 94-97] but not in all cases. These
findings suggested that there may be multiple targets involved in PZA-resistance.
Functionally important residues in PZase, Asp8, Ile133, Alal34 and Cys138, have
been reported in the active site, might be altered by mutations, causing loss of
function to convert the pro-drug PZA into active form POA. [98, 99]. The POA
interferes with energy production which is the only source of its survival in host
generated acidic environment [21]. Under host generated stress, the internal pH
of phagolysosomes become weakly acidic and because of this change in pH, the
drug lacks activity against such bacilli[26]. Further, a previous study reported
that PZA has very poor bacteriostatic action against intracellular MTB in human
monocytes-derived macrophages [100]. While Zhang et al. [101] reported that
using an autoluminescent MTB reporter strain, the drug activity could be seen

within three days of therapy, preliminary from the day following infection. The



Literature Review 26

drug enters bacilli through passive diffusion, converted into pyrazinoic acid (POA)
by PZase where weak eflux pump causes the POA to be excreted, where the ineffi-
cient eflux pumps of MTB and acidic environment, the POA is reabsorbed and ac-
cumulated inside the cells, causing their damage. Some recent reports stated that
PZA inhibits the catalytic activity of quinolinic acid phosphoribosyl-transferase
(MtQAPRTase) [102], a key enzyme nicotinamide adenine dinucleotide (NAD)
biosynthesis. PZA conversion into POA was [92, 103] observed as host-mediated
in both TB patients and lab animals to model TB management. Further, they
confirmed a good penetration of this pool circulating POA from plasma bacilli,
residing in lung tissue and granulomas. They also found the oral bioavailability
and revelation of POA in rabbits, guinea pigs, and mice. These findings sug-
gested a medical investigation of oral POA as a remedial substitute to overcome

pncA-mediated PZA-resistance.

2.8 Crystal Structures of PZase, RpsA, and PanD

The crystal structure of PZase encoded by pncA gene, was reported by Petrella
[99] containing 185 amino acid, forming six §-sheets and four a-helix, resulting in
a domain, consists of o/ structure (2.3-A). Cystein 138, an active site residue, lo-
cated at N-terminal side of a-3 helix. Amino acids residues, Asp8, 1le133, Alal34
and Cys138 are most commonly associated with enzyme function and any mu-
tations in this site will leads to loss of PZase activity. [99, 104-106]. However,
diversed type of mutations present in whole PZase, away from active site but still
they cause the loss of PZase activity because of their regulatory role in enzyme

structure [107].

In MTB, there are four S1 domains of RpsA protein (2.3-C). Residues 292-363
are present in fourth S1 domain, also called C-terminus domain (MtRpsACTP)
(2.3-B), capable of binding with POA. Amino acids F307, F310, H322, D352, and
Arg357 forms RNA binding sites. PZA-resistance appears when mutations occurs

in MtRpsA®“TP. Residues, Lys303, Phe307, Phe310, and Arg357 are present at
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tmRNA binding site, involving in the interactions with two POA molecules [42, 89,
108]. Aspartate decarboxylase is a regulatory protein in the pantothenate pathway
encoded by the panD gene [109]. The structure is predominantly consisting of

seven B-strands, two alpha-helices, and two 319 helices (2.3-D).

The PZase enzyme is encoded by pncA activate the PZA drug into active form
pyrazinoic acid (POA) which has multiple target such as disrupting the membrane
and its transport system, the RpsA and PanD. [90, 91, 110-112]. Consequently,
mutations lead to alters the PZase, RpsA, and PanD activity, resulting PZA-
resistance [36]. Non-synonymous mutations in pncA is the major cause of PZA-
resistance [94]. Type of mutation and localization in PZase enzyme reduce the
activity upto tenfold compared with native enzyme. [105, 106]. To explore the
cause of resistance at molecular and atomic level, characterization of mutation is
essential as its type, effect on enzymes structure, function, stability and also on

the pocket size may be different.

2.9 PZA-resistance and PncA Mutations

The reported data of mutations in pncA gene shows two regions where alterations
have been occurs i.e. open reading frame of 561 bp region and flanking region
of 82 bp region [36]. According to the earlier reports, pncA has diverse type of
mutations in different geographical regions [88, 113]. Looking to these findings, it
seems difficult to develop molecular diagnostic tool for detection of gene mutations
in PZA-resistance strains. Further, to find whether these mutations have any
role in resistance, one should go back to the conventional method of DST whose
reliability is also an issue. Tan [114] reported diverse types of mutations in pncA
from different geographical regions. Southern Chinese isolates of MTB harbored
mutations, more dispersed in the entire coding region. Moreover, some of the
PZA-resistant isolates, were wild type pncA. These observations may raise the
issues concerned with DST. In addition, a few strains show a low level of PZase

activity, suggesting other targets of drug that might be involved in PZA-resistance
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FIGURE 2.3: Crystal structures of drug targets
(A): PZase (B): RpsA (C): domain organization of RpsA and its C-terminal do-
main (MtRpsA®TP) (D): PanD. PZase convert PZA into POA that inhibite the
activity of PanD and RpsA

[95]. The drug has demonstrated a very specific activity against MTB but a very
little against other mycobacteria, showing the variability in pncA of other species
of mycobacteria i.e. M. bovis species has a natural substitution at position H57A
in pncA, resulting no activity of PZase in these species [36]. Drug-resistance and
mutations in the targets have been analyzed for different drugs, commonly used
for the treatment of TB. Resistance against RIF, INH, ethambutol, and ofloxacin,
have shown a capricious connection between the drug resistance phenotype and
mutations in the genes, katG (97%), inhA (3%), rpoB (95%), embB (65%), and
gyrA/gyrB (94% ), respectively [40]. However, PZA seems to have several cellular
targets, inlcuding RpsA and panD. But in majority (70-97%) of PZA-resistant
isolates posses mutations in (pncA) gene or its regulatory region. The remaining
3% resistance have been associated with other targets. [115]. The resistant level of
PZA in MDR cases have been calculated as 45.7% from Rio de Janeiro, Brazil [116],
67% from South Africa [117], 77% , 72% , 80% , 42% and 75% from Japan [118],
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Brazil [119], Hong Kong, China [120], New Zealand [121] and Thailand respectively
[122]. Similarly, a higher correlation (>90% ) have been been reported from South
Africa (92% ) [123], China (91% ) [124], Japan (97%) [125] and S. Korea (97%
) [126]. These differences could be accredited to the limitation of phenotypic
DST. False resistance may cause errors in the results of PZA DST which might
be the results of ammonia production in metabolism, that could influence the

process[127].

However, PZA-resistance is not confined to DST, as some studies have repeated
their procedures to confirm the resistance and association with mutations in pncA.
Therefore, studies from geographical distinct locations are need to investigate the
PZA-resistance and mutation in pncA for better management of PZA-resistance

TB in high burden countries.

2.10 PZA-resistance and RpsA Mutations

Shi et al. [111] identified ribosomal protein S1 (rpsA) a novel target of POA
, an essential protein concerned in protein translation and the ribosome-sparing
process of trans-translation. Mutations in rpsA (Rv1630, 1446 nucleotides), which
encodes the S1 protein, result in changed POA binding and can thus intervene
PZA-resistance in strains wild type for the pncA gene (pncA WT). They also
sequenced the rpsA gene from strain and observed that it contained a DA438
deletion at the C-terminus of rpsA protein. This discovery that POA binds to
rpsA and interferes the trans-translation activity assists to clarify how various
stress environments, such as starvation, acid pH, hypoxia, energy inhibitors and

other drugs could all potentiate PZA activity [128].

Alexander and colleagues [41] observed no mutations in rpsA of 11 PZA-resistant
clinical samples that were genotypically wild type for the PZase gene. While a
PZA-sensitive strain a single rpsA mutation (A364G) at the C-terminal was found.
Their findings support the importance of pncA sequencing and tool of genetic value

than rpsA. Simons and colleagues [127] found a single mutation in rpsA (V260I)
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in 1 of 5 PZA-resistant isolates that support the Alexander suggestion. In a recent
finding of , Akhmetova and colleagues [129] in Kazakhstan further supported the
idea that gene sequencing of pncA and its FR, but not in rpsA, are frequent in
PZA-resistant MTB. In conclusion from the above studies it appears that rpsA
mutations are of no significant importance compared to PZA-resistance. More
searches are needed that correlate specific mutations in 7psA that involved in drug

resistance.

2.11 PZA-resistance and PanD Mutations

In MTB, panD gene code an enzyme called aspartate alpha-decarboxylase, the
b-alanine synthesizer. This compound is a precursor for two important energy
producer, pantothenate and co-enzyme ’A’ biosynthesis. Although mutations in
pncA have been associated with PZA-resistance but not in all cases. A few PZA-
resistant strains have been detected aspncAWT and rpsAWT [90]. To invetigate
that whether, there is any new mechanism of pyrazinamide resistance, Zhang et al.

isolated 174, PZA-resistant and sequenced their whole genome. Five PZA-resistant

AWT AWT

strains have been detected as pnc and 7ps but these strains harboured
panD mutations. Further, an amino acid substitution of P134S was identified
in a multidrug resistant MTB strain, present naturally in PZA-resistant strains
of M. canettii. Following the investigation of zhang, Shi et al [111] sequenced
the genome of 3 pyrazinoic acid-resistant MTs. They also found mutations in
panD gene of 3 MTs in vitro, while mutation pncA and rpsA gene have been
found WT. Mutations, M1171 was detected as most common (80%), effecting the
C-terminus. In addition, they also found that POA inhibited the panD activity
at therapeutical quantity but PZA lacked any effect on the inhibition of panD
activity. These results demonstrated that POA also target PanD and mutations
in PanD may cause POA-resistance in clinical isolates. Further the C-terminus

residue, M117 of this protein may be involved with POA binding. These studies
suggest that geographical diverse investigation should be performed to find the
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role of PandD in different geographical regions. Further, these information will

provide the level resistance in MTB isolates, prevalent in different geographies.

2.12 Role of Computational Biology

Proteomic deals with the methods of biochemistry, molecular biology and genetics
to investigate the structure, function, and interactions of the proteins produced
by the genes of a particular organism. This field is being developed constantly
and new procedures are being announced. Now in the current age with the advent
of computational biology it is likely to obtain the proteomic data. Bioinformatics
makes it convenient to develop new algorithms to analyze large and diverse bio-
logical data sets to improve the processes. In present age, algorithms for image
analysis of 2D gels have been established. Data analysis algorithms for peptide

mass fingerprinting and peptide fragmentation fingerprinting have been developed.

2.13 Bioinformatics and Genomics

Genomics deals with complex sets of genes, where their expression under certain
conditions are pivotal to infer their biological function. Human Genome Project
was succesfully completed and about 30,000 genes were identified through the
sequencing. Such a bulk of information were extracted from DNA through the
application of bioinformatics. This enabled the researchers to dig out hidden
knowledge about their functions they perform. Cures of major pubic health prob-
lems are being discovered through such inter-relation where bioinformatics, plays

a major role.

2.13.1 Tools for Pocket Size Analysis

CASTp server is a good addition Computational Geometry [130] it calculates the

pocketsize in proteins 3-D structure. The tool has the following advantage: 1)
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recognition of and solvent 2) accurately measure the borders pocket solvent and
3) dot surface or the grid point is not used in parameters measurements. Further
the interior and the accessible pockets both are calculated. The volume of solvent
accessible area of molecular surface each one cavity, circumference and number is
calculated which is important in drug interactions area and of pockets size are also

calculated.

2.13.2 Sequence Editor Tools

Sequencher is a proficient tool for sequence analysis [131]. A user can sim-
ply paste the sequences without laborious work. However, for a large genome
PHRED/PHRAP works perfectly [132]. Here, the search options and help func-
tions are user friendly. The pDRAW is outstanding to paste your sequences, inter-
pret and show; count the GC, open reading frame (ORF) and also the locations
of primers. Another very handy tool, commonly used for editing sequences as well
plasmid drawing is BioEdit [133]. It accepts a large number of different formats
and bug free. ClustalW is very handy tool for sequence analysis and phylogeny
[134]. It also BLASTSs the sequences directly from the sequence alignment window
and user friendly interface. However, Its limitation include the lack of support for
XP-Windows. Mutation Surveyor have been found a very handy tool in Sanger
sequencing, detecting sequence variations up to 400 lanes of sequencing data at a

time with good sensitivity and accuracy [135].

2.13.3 Homology Modeling

Modeller is one of the most important tools in comparative modeling of proteins
structures. The user provides an alignment of a sequence to be modeled with
known related structures and Modeller automatically calculates a model contain-
ing all non-hydrogen atoms [137]. Molecular operating environment (MOE) is
developed by a chemical computing group specialized in softwares development in

bioinformatics, cheminformatics, docking, molecular simulation etc. It is a leading
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Usability/ Software and usability/functionality score

Functionality
Alignment Clustalw Sybyl Insight ICM Prime LOOK Profit
* File formats - + - +
« Annotation - - ‘ + +
* Generate + + + + -
» Edit - - + +

sere |2 3 [2][a] o o
Build ) Swissmodel Sybyl DSModeler ICM  Prime LOOK MOE
= Backbone -+ -+ + -+
= Sidechain =+ L + +
« Disulfide bridge - I + - o+
= Loops + -+ +
* Include ligand - - =+ -_ - +

Total 3 [ 4] o

FIGURE 2.4: Performance of different software in homology modeling.

(3]

‘+’ represent the ability to predict/perform while ‘-> means unable to predict/perform, MOE:

Molecular operating environment, ICM: Internal Coordinate Mechanics [136].

drug discovery software platform for modeling and simulations with methodology
development, in one package. It is most commonly used by biologists, medicinal
chemists and computational chemists in academic research. The tool significantly

more functional, superior and user friendly as compared to other softwares [136].

2.13.4 Tools for Functional Impact Calculation

Some commonly used bioinformatics tools has a good sensitivity and specificity
in amino acid substitution and deletion in proteins are; Mutation Assessor, SIFT,

PROVEAN (Protein Variation Effect Analyzer) and PolyPhen-2. (Table. 2.2)

The relative performance is given in the previous study [138].

2.13.5 Proteins Stability Calculating Tools

The proteins may lose their functions because of alteration of a single amino
acid residue can. To find such alteration in structure and function in proteins,
bioinformatics tools are playing a very crucial role. In such cases, the change

of amino acid and the effect on the stability of proteins is predicted. Here are
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TABLE 2.2: Relative performance of tools in substitutions and function of pro-

teins
Human
Tool Threshold Ss* Sp* Ba* NP*(%)
PROVEAN 22.3 784 T79.1 788 0.0
Mutation Assessor 0.8 96.5 40.6 68.6 0.6
SIFT 0.1 85.0 77.0 69.0 2.0
PolyPhen-2 0.4 88.7 756 62.5 4.0
Non-Human

Ss* Sp* Ba* NP*(%)
PROVEAN 22.3 80.2 753 T77.8 0.0
Mutation Assessor 0.8 93.2 451 69.2 2.4
SIFT 0.1 87.5 T84 69.3 5.0
PolyPhen-2 0.4 87.8 76.8 65.8 4.9

*.Ss; sensitivity, Sp; specificity, Ba; balance accuracy, NP; no prediction
(sensitivity+ specificity) /2=balanced accuracy

some tools whose performance has been calculated and one could easily solve his
problem. These predictor tools include i-Stable, I-Mutant2.0, MUPRO, AUTO-
MUTE, PoPMuSiC2.0, and CUPSAT. The performance of each one is given in

the (Table. 2.3)[139]. I-stable has a very good predicting power as compared to

others. It predicts the stability of proteins when there is any change of amino acid

by supporting the SVM (support vector machine) Proteins stability, structure and

TABLE 2.3: Relative performance of tools in proteins stability

‘ Predictors *Sn  *Sp  *Acc *MCC‘

i-Stable 0.688 0.941 0.857 0.669
I-Mutant 0.377 0.916 0.736 0.357
I-Mutant 0.457 0.934 0.775 0.464
AUTO-MUTE 0.511 0.989 0.829 0.615
AUTO-MUTE 042 0.969 0.786 0.499
MUPRO 0.526 0.908 0.78 0.48
PoPMuSiC2.0 0.308 0.945 0.733 0.348
CUPSAT 0.474 0.78 0.678 0.261

Majority voting  0.425 0.98 0.795 0.527

*Accuracy (Acc), sensitivity (Sn), specificity (Sp), Matthews correlation
coefficient (MCC).

function are most commonly affected by mutations. Therefore, the prediction of

stability of these mutant proteins with precision is preferred for revealing the ba-

sic molecular aspects of diseases. Numerous innovative computational methods
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have been established, to calculate the stability as well as the function of a mu-
tated protein. These computational tools with good approaches based on sequence
features, structure, and combined topographies (both structure and sequence fea-
tures) deliver sensibly precise assessment of substitution of amino acid and effect
of such mutations on protein’s stability and function. Some bioinformatics tools

that perform some special tasks in mutation analysis are given (Table. 2.4).

TABLE 2.4: Tools and their features prediction [140].

Tool Remarks/Prediction

[-Mutant Prediction of protein stability

nsSNPAnalyzer Predict a nonsynonymous SNP has a phenotypic effect
PANTHER Protein Analysis Through Evolutionary Relationships
MUpro Prediction of Protein Stability from Sequences

PhD-SNP Predictor of human deleterious SNPs

SNPs3D Assigns molecular functional effects

Allign GVGD Predicts deleterious to neutral

CUPSAT Predicts changes in protein stability upon point mutations
iPTREE-STAB decision tree based predicting protein stability

Eris Predicts change in protein stability induced by mutation
SIF'T Predicts amino acid substitution affects

HOPE Analyze the effect of certain mutation on protein structure
PolyPhen-2 Predicts change in structure and function

AUTO-MUTE AUTOmated server for predicting functional consequences
MutationAssessor Predicts the functional impact of substitutions
ProMaya Predicts protein stability free energy difference

2.14 Bioinformatics and Simulation

Molecular dynamics simulations have been widely used technique to understand
the dynamics of macromolecular. Present analysis in MD are close to biologi-
cally relevant ones. Information regarding macromolecules are collected about the
dynamic properties are enough to study the effect of point mutation on proteins
behavior and also shifting the paradigm of structural bioinformatics from single
structures research to observe conformational ensembles. The internal motions
and fluctuation in amino acids may effect the interaction of ligands with targets.

The effect of mutations can be understand by the follwing methods.
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2.14.1 Principal Component Analysis

Principal Component Analysis (PCA) is a mass-weighted Cartesian coordinates
calculated in MD simulation. Movement in long trajectory is simplified and re-
duced [141, 142]. The variables which are transferred are call principal component
(PCs). PC1 and PC2, the first two components, give the trajectories on initial
two PCs of motion. Energies of proteins conformations is measured by Free En-
ergy Landscape (FEL) [143]. The directions of motion is represented by a set of

eigenvectors and eigenvalues.

2.14.2 Gibbs Free Energy Calculation

Gibbs free energy (G) is the energy available in the system [144]. The G of MTs
proteins are plotted against W'T at constant temperature and pressure, where

reduction in G is an essential state because of its thermodynamic potential.

2.14.3 Free Energy Calculation

Drug and proteins relative binding affinity was estimated by Molecular Mechanics
Generalized Born Solvent Accessibility (MMGBSA). A less negative scores shows
strong binding. The proteins structure and drug free energy is originally MM-
GBSA(G) binding energies, Van der Waals energy, hydrogen bonding energy, pi-pi

packing energy, and total energy etc.

2.14.4 Binding Pocket Measurement

Mutations oftenly altere the pocket volume of protein. Changes in drug binding
pocket size of proteins may result in weak binding affinity. The binding pocket
volume of WT and MTs are measured using CASTp online server [145]. The server
calculates the area and volume of pocket that might be useful in observation of

any change in the size of pocket volume.
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2.14.5 Metal Ion Effect

Catalytic proteins may contain some monovalent or divalent etc. Metal ions,
confering functional properties. PZase contain Fe*? coordinated by Asp49, His51,
His57, and His71. Fe*? ion effect of some MTs are also measured to observe the

effect [146].

2.15 Current Research Work and Research Gap

In the view from the studies [93, 97, 129, 147] it appears that sequencing of pncA
for mutations and resistance are more important than rpsA and panD mutations
to analyze PZA-resistance. However, Sequencing rpsA and panD to screen muta-
tions will further explore thier role involving in PZA-resistance in geographically
different locations. For better managment of PZA-resistance, MTB regulatory
pathways and network under latent are needed to investigate some more potent

targets.

From the above review, it is obvious that pncA mutations coupled with in most
of (upto 97% ) PZA-resistance are discretized along the whole gene. However, in
few cases, PZA-resistance has been linked with rpsA and panD genes mutations.
For a rapid screening of PZA-resistance, it is possible to design probes that cover
the most significant area of the pncA gene harboring mutations in those regions

of most cases.

Prior to design geograpgic specific probes, screening of mutations in pncA, rpsA,
and panD involved in PZA-resistance from different geographical regions are essen-
tial sort out and the sequencing technique smay be linked with suitable databases
and algorithm that could differentiate mutations associated with resistance. In a
study of Miotto and colleagues [92] from a multi-center found pncA variants on
predictive value, involved in PZA-resistance. They found 28 mutations and were
divided into: (i) Mutations with very high resistance found in pncA (85%). (ii)

PZA-resistance mutations in less than 70% with high confidence resistance. (iii)
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Genetic alterations having no linked with phenotypic resistance. Sharing of such
information will improve the understanding and early diagnostic procedures for
designing new strategies and ultimately better control of PZA-resistance in the
course of treatment. Moreover, mehanism of PZA-resistance at molecular level
behind geographic specific mutations could be explored using high throughput
MD simulations technologies. In vivo experimental work, drug resistance could
be investigated through the analysis of crystal structure while MD simulation has
a unique advantage over experimental research, to explore the mechanisms of re-
sistance at molecular level. Further, the residues level information and structural
dynamics of protein and drug complexes can only be accessed through MD simula-
tion which has been found difficult by experimental approaches. In molecular level
research, MD simulation of drug-protein interactions have been widely applied to
explain the mechanisms of drug resistance due to mutations. Here, we conducted

this study to fill the gap of questions raised in the previous studies.

The first question was; which mutations are prevalent in pncA of MTB

isolates in Khyber Pakhtunkhwa, conferring PZA-resistance?

e The Second question, that, how these mutations effect the enzyme struc-
ture, interactions with drug, stability and, binding pocket that lead to PZA-

resistance?

e The third question, was there any role of mutations in other genes like rpsA

and panD in PZA-resistance?

e The fourth question was, how MTB regulates the major pathways under

latent TB stage and survives in stress?

Exploring the mechanism of PZA-resistance behind mutations at molecular level
will enable the researchers:

1) To develop more rapid and accurate molecular diagnostic test for screening of
PZA-resistance in geographic specific regions.

2) To design novel anti-tuberculosis drugs by investigating regulatory network
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under specific conditions.

3) To take measures against the drug resistance mechanisms.

2.15.1 Problem Statement

Molecular characterization offers better insight into the PZA-resistance which has
not been investigated in our geography. PZA-resiatnce is most commonly as-
sociated with mutations in the drug activator, pncA (PZase) and targets rpsA
and panD. Exploring the mechanism (conformational changes) of drug resistance
behind mutations through computational approaches might be useful for better

management of TB.

2.15.2 Possible Solution of the Problem

Geographic specific informations behind PZA-resistance may reduce TB burden.
For the purpose, molecular and functional characterization of mutations behind
PZA-resistance in locally circulated region is needed to be investigated at molecu-
lar level. Comparison of PZA-phenotypic and genotypic data will uncover specific
polymorphism in the PZA target genes, pncA, rpsA and, panD. Moreover MD
simulations of these mutations as alternative to wet lab experiments will explore
the mechanism of resistance at molecular level. To identify some alternative po-
tent drug targets, MTB regulatory pathways and network are also needed to be
analyzed under latent stage of TB. In future, the genotypic data may be applied
as molecular biomarkers in high burden countries for better management of drug

resistance.



Chapter 3

Materials and Methods

This investigation was carried in the years from january 2016 to december 2017 in

two phases, Phase-1 and Phase-II with same protocol as following.

3.1 Ethical Considerations and Collection of

Samples

The study was evaluated and approved by the CUST proposal committee and
Ethical committee of TB Reference Laboratory of Khyber Pakhtunkhwa. Samples
were taken from TB suspects along with data, location, gender, age, treatment
history, sample type, HIV status, and disease type from suspects or their guardian
and next care takers at Peshawar TB Reference Laboratory, Khyber Pakhtunkhwa
(KPK). All the samples were subjected for further processing in Biosafety Level-111
(BSL-IIT) Laboratory.

3.2 Processing and Culturing of Samples

TB suspects samples were digested and decontaminated to recover MTB. This pro-

cess liquefies the mucus by applying NaOH /N-acetyl-L-cystein (NALC) to recover
40
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the MTB and kill the normal flora.

3.2.1 Method

1. Samples were processed using NALC-NaOH equal volume concentration
method [148] by transferring to falcon tube containing NaOH /N-acetyl-L-
cystein (NALC). Samples were vortexed followed by incubation for 15 min-

utes to decontaminate at room temperature.

2. 50 ml phosphate buffer was transferred to tubes and centrifuged at 3000rpm

for 15 minutes.

3. The supernatant was discarded in 5% phenol and the pellet was mixed with
phosphate buffer and cultured on Lowenstein Jenson (LJ) media and my-

cobacterium growth indicator tube (MGIT), containing 7TH9 media.

3.2.2 Culturing and Identification

To favour the growth of MTB, 800ul MGIT growth supplement and MGIT PANTA
(polymyxin-B, amphotericin-B, nalidixic acid, trimethoprim, and azlocillin) was
added to the MGIT tubes. A sample of 500ul from processed decontaminated
specimen was also added to the tube. The MGIT tube was then kept in MGIT-960
machine which automatically sense the growths in the tube within recommended
17-22 days [149]. The instrument was checked for positive signal every day. In
case of sample’s positive indication, the tubes were analyzed under light which
on shaking showed as small clumps, or cords like snowfall moving down towards
the bottom of the tube. To confirm the growth is MTB, identification test (TBc
ID, Ref: 245159) was performed which is a fast chromatographic immunoassay,
detecting M. tuberculosis antigen. Approximately 100ul of sample was taken from
positive tube and added the well in TBc¢ ID device. Within 15 minutes, the
emergence of pink to red at the Test "T" and the control 'C’ location showing the
recognition of antigen, MPT64 of MTB in the samples [150]. All the confirmed
MTB positive samples were subjected to PZA drug susceptibility testing (DST).
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3.3 Drugs Susceptibility Testing

The MGIT-960 method is a fast system to measure the PZA drug susceptibility
[151]. A sample was considered as drug resistant if 1% or more of the bacterial pop-

ulation showed growth in the presence of PZA critical concentration (100ug/ml).

3.3.1 Preparation of Drug Sensitivity Media

PZA drug was reconstituted with 2.5ml distilled water. Accurately 800ul PZA
supplement was transferred to each MGIT tube. 100ul of PZA drug solution was
also transferred to its correspondingly labeled MGIT PZA medium tube except

controls.

3.3.2 Inoculum’s Preparation and Inoculation

All the TB suspect samples incubated in BACTEC MGIT-960 system were ob-
served for growth indication. A positive MTB tube on first day was considered
day 0. These tubes were further left for 24 hours in MGIT known as day 1. For
the preparation of PZA susceptibility test inoculum, samples were taken from day
1 tubes. A tube which has been positive longer than five days, was sub-cultured
in a fresh 7 ml MGIT tube. All the MTB positive tubes were mixed by inversion

two to four times.

A 1:100 dilution of the MTB positive tubes were prepared using distilled

water.

A 500p! inoculum taken from a MGIT tube of 1:100 diluted specimen and
inocubated in a MGIT tubes.

These tubes were entered into instrument until positive indication.

500ul of inoculum was transferred to MGIT PZA tubes containing drug

media and controls.
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e The tubes were mixed gently by inversion three to four times.

e All the MGIT tubes were placed into the MGIT-960 and carefully observed

on daily basis.

e PZA-resistant isolates were also tested through phenotypic DST of other
first and second line drugs using MGIT 960 system, according to the policy
guidelines of the WHO.

3.3.3 Interpretation of Drug Susceptibility Testing

MGIT susceptibility test completion signals are generated when the Growth Con-
trol (GC) indicated, the growth unit (GU) value of 400 or above. Susceptibility
set of tubes were taken out from MGIT after scanning, and report of DST was
observed. Susceptibility results were recorded as ’S’ for susceptible and 'R’ for

resistance.

3.4 DNA Extraction and Polymerase Chain

Reaction

Genomic DNA from pyrazinamide resistance isolates was extracted by cetyltrimethy-

lammonium bromide (CTAB) [152] and sonication method [153, 154].

3.4.1 Isolation of Genomic DNA (CTAB Method)

Reagents

e Lysozyme
e 5M NaCl

e 24:1 chloroform/isoamyl alcohol
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e 10% SDS
e CTAB/NaCl solution

e SDS/Proteinase ‘K’ mix

3.4.2 Method

e 1ml of MTB culture media from MGIT tubes was taken in microcentrifuge
tube with 400ul of 1X TE buffer, vortexed for even mixing, treated at high

temperature, 86° for 15 minutes followed by cooling to room temperature.

e A 50ul of lysozyme was added from 10 mg/ml solution and incubated for 1
hour at 37°.

e 75ul of Proteinase ‘K’ solution of 10% SDS was added and incubated at 65°

for 10 minutes.

e 100pl NaCl of 5M was mixed, followed by the addition of 125ul of pre-
warmed at 65° CTAB/NaCl mixture and incubated for 10 minutes at 65°.

e Chloroform/isoamyl in ratio of 24:1 was added and mixed in 75040 concen-

tration and centrifuged at 12,000rpm for 5 minutes.
e A cold solution of isopropanol was mixed and stored for 20 minutes at -20°.
e The solution was then centrifuged at 14,000rpm for 15 minutes.

e Supernatant was removed and the pellet containing DNA was washed with

70% ethanol 1ml, centrifuged for 15 minutes at 14,000rpm.

e Pellet was stored at -20° by re-suspending in 1X TE buffer for later use.

3.4.3 Sonication Method

e 1ml culture from MGIT tubes was transferred to microcentrifuge tube and

centrifuged at 13000rpm for ten minutes.



Material and Methods 45

Supernatant was removed and molecular grade water was added to the pellet.

Samples were heated at 86° for 30 minutes using Echotherm 1C22 Digital,
Chilling/Heating Dry Bath.

The heated samples were sonicated for 15 minutes, using a sonicator (EL-

MASONIC S30) followed by centrifugation at 10,000rpm for 5 minutes.

Supernatant containing DNA was transferred to fresh tubes of 1004/ molec-

ular grade water and stored at -20°.

3.4.4 Polymerase Chain Reaction (PCR)

The pncA gene fragment was amplified as describe using GTQ Cycler 96
(HAIN Life Sciences) [155] through:

pncA-Forward primer (5-GCGTCATGGACCCTATATC-3)

pncA-Reverse primer (5-AACAGTTCATCCCGGTTC-3). The rpsA con-
taining fragment was amplified through primers as described in previous

study [155] through:
rpsA-Forward (5-CGGAGCAACCCAACAATA-3)

rpsA-Reverse (5-GTGGACAGCAACGACTTC-3). The panD gene frag-

ment was amplified as described in previous study [43] through:
panD-Forward: 5-TCAACGGTTCCGGTCGGCTGCT-3

panD-Reverse:5-TATCCGCCACTGCTGCACGACCTT-3. A PCR mixture
of 50ul contained:

0.1pl of each dNTPs
3ul MgCly
1ul of each forward and reverse primers

0.3l tag Polymerase
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e 34.6ul of molecular grade water
e 5ul of reaction buffer
e 3ul of genomic DNA. Conditions for PCR reaction were fixed to:

e 5 minutes at 94° for denaturation step followed by 30s at 94° of 30 cycles
and 30s at 56°

e 72° for 1 minutes followed by 5 minutes at 72° as extension step [147, 155].

3.4.5 Agarose Gel Electrophoresis

Reagents
e Agarose
e 10X tris borate EDTA buffer (TBE)
e DNA loading dye
e Gel electrophoresis

e 1ml TBE buffer (1X) was taken in conical flask with 1g of agarose gel, for

gel preparation.

e The mixture of TBE and agarose gel was boiled enough to clear transparent

solution followed by cooling and addition of 2ul ethidium bromide.

e The solution of agarose gel was polymerized at room temperature and then

placed in 1X TBE buffer electrophoresis chamber [156].

o 2ul of genomic DNA, mixed with loading dye, was loaded into the wells of
gel.

e 24l ladder DNA of 1kb was run as a positive control.

e All the samples in wells were run on 500 voltages, 120A currents for 30 min-
utes. The migration of DNA in the gel from cathode to anode was visualized
in gel dock under UV-light (wavelength of 254 nm) and photographed using
gel documentation system (Uvitec USA).
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3.4.6 Sequencing

The purified PCR products of about 50ul of pncA, panD, and rpsA genes
were preserved and the sequence part was run on 6 Applied Biosystems

3730x1 (Macrogen Korea).

TABLE 3.1: List of instruments used in the current study

S.NO Instrument Name Brand Country
1 GelBox Syngene U.K
2 Thermocycler BD Germany
3 Low temperature Panasonic Japan
4 Biosafety Thermoscientific U.S.A
5 MGIT BD Germany
6 Incubator Memmert Germany
7 Sonicator BD Germany
8 Centrifuge Hettich Germany
9 Ecotherm (Dry bath) Torrey Pines Scientific ~ U.S.A
10 Autoclave White Elephant HS-150 China
11 Digital Balance Shimadzu Germany
12 Hot Air Oven Memmert Germany

TABLE 3.2: List of chemicals

S.NO Chemical Name

1 Reagents /Chemical

2 1% Virkon (virucidal disinfectant)

3 10 mg/mL lysozyme

4 CTAB/NaCl buffer (700 mM NaCl, 10% w/v CTAB)

5 SDS (10% in distilled HyO, Sigma: 71736)

6 Proteinase K (20 mg/mL)

7 NaCl (5M)

8 Chloroform/Isoamyl alchohol (24:1 v/v)

9 Isopropanol (Molecular biology grade)
10 Ethanol (70% v/v in distilled HyO, stored at -20°)
11 Tris-EDTA (TE) solution

3.4.7 Screening of Mutations in Sequences

The sequence data of PZA-resistant and susceptible isolates of genes, pncA,
panD, and rpsA were loaded into Mutation Surveyor V5.0.1 and BiokEdit
version 7.2.6.1 [133, 157], to analyze and compare with RefSeq database of
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NCBI (NC-000962) of pncA (Rv2043c), panD (Rv3601c), and rpsA (Rv1630)
genes. The genes sequences of PZA-resistant and susceptible samples were
compared with their RefSeq to find mutations in both, resistance and suscep-
tible samples. Further, to find the effect of mutations on the structure and
functions of proteins, all the mutations were structurally and functionally
annotated at high performance computing Laboratory of Structural Bioin-
formatics, State Key Lab of Microbial Metabolism, Department of Bioinfor-
matics and Biostatistics, School of life Sciences and Biotechnology, Shanghai

Jiao Tong University, China.

3.5 Statistical Analysis

Epi-data is a good statistical software, developed by Lauritsen [158]. All the pa-
tient’s data, location, age, treatment history, reason, sample type, TB type, HIV
status, gender, and the drug resistant profile obtained after the drug susceptibil-
ity testing, was through Epi-Data entry version 3.1 through EPi-Data analysis

software.

3.6 Computational Analysis of Mutations in PZA

Resistance

3.6.1 Protein Structure Data

PZase and RpsA crystal structures (PDB ID: 3PL1, 4NNK, 4NNI) were down-
loaded from Protein Data Bank (PDB) [159]. The PDB contains large number
of proteins structure, receiving structural data from scientists. All the water of
crystallization was deleted from PZase and RpsA structures and mutations at a
specific location were introduced by PYMOL [160] and mutate-model of Modeller.

Modeller is used very commonly used for homology or comparative modeling [137].
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Protein three-dimensional structures were also modeled by mutated model script.
C:/ Program Files/ Modeller 9.19/bin/mutate-model>python mutate-model.py
protein PDB-ID residue-position substituted residue three letter code chain>protein
PDB ID.log.
The drug, PZA was downloaded from PubChem database (PubChem CID: 1046)
[161]. Energy of the PZA, PZase, and RpsA were minimized using MMFF94X
forcefield of Molecular Operation Environment (MOE) [162, 163].

e Forcefield=MMFF94x

e Gradient=0.05

e Option=calculate forcefield partial charges Hydrogen and partial charges

were added with protonate 3D option with the following parameters:
e Temperature=310 K
e pH=6.5
e salt = 0.1
e clectrostatics=Gb/VI
e Dielectric=1
e Van der Waals=800R3
e Cutoff= 15

e Solvent=80 The drug was saved in a database viewer for docking. Wild
type (WT) and mutants (MTs) proteins were loaded one by one into MOE
and partial charges were added to the system. Energy was minimized with
forcefield AMBER99 as it is more suitable for proteins and nucleic acids.

Energy minimized proteins and drug were docked with following parameters:
e placement = triangle matcher

e Rescoring = London dG
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e Refinement = forcefield

e Retain option was set at 10 After docking, ligand and proteins interactions
were observed with database browser option. All the modelled mutated

proteins were loaded one by one in MOE in PDB format.

3.6.2 Molecular Dynamic Simulation

All the WT and MTs in two forms, apo and in complex with PZA and POA
drug were subjected to MD simulations at high performanc computing center of
Shanghai Jiao Tong University, China, using AMBER 14 [164]. To neutralize
the systems, sodium and chloride ions were added into the cubic box by tleap
[165, 166]. Equilibration was performed with moles, volume, and energy (NVT)
ensemble followed by amount of substance, pressure, and temperature (NPT) at
1 bar for 2000ps for each. Principal Component Analysis (PCA) of WT and MTs
was analyzed to compare the effect of mutations on proteins motion. Gibbs free
energy (G) of WT and MTs were compared to infer the stability. The proteins
structure and drug free energy is originally MM-GBSA(G) binding energies, Van
der Waals energy, hydrogen bonding energy, pi-pi packing energy, and total energy.
The binding pocket volume of WT and MTs were measured using CASTp online
server [145]. The server calculates the area and volume of pocket that might be

useful in observation of any change in the size of pocket volume.

3.6.3 Fet2 Ion Effect

PZase contain Fe*? coordinated by Asp49, His51, His57, and His71. Fe*? ion effect

of some MTs were also measured to observe the effect [146].

3.6.4 Prediction of Mutation Effect on Protein Function

Mutation Assessor and Provean online servers [138] are widely applied for biologi-

cal functions annotation. For the further, confirmation, All the mutations detected
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in this investigation were annotated through online servers, to find the effect on

the biological function of proteins.

3.6.5 Effect of Mutations on Proteins stability

Stability of proteins during different environmental conditions is vital to perform
the normal activity. All the mutated proteins were characterized, based on stability
through I-stab, MuSTAB online server Site Directed Mutator (SDM) and CUPSAT
(Cologne University Protein Stability Analysis Tool) tools [167, 168].

3.7 Pathway and Network Biology of Latent

Tuberculosis

3.7.1 Literature Search

PZA is the only drug active against non-replicating MTB under the latent TB.
To explore some more potent target under latent state, literature was searched for
MTB major regulators, responding under the latent stage of TB using key words,
latent stage TB, M'TB survival under stress, role of sigma Factors, SigH of M'TB,
regulation of MTB pathway in stress condition, RshA role during stress, role of
trxC, PknB and stress regulation. The relevant papers were manually searched
for the genes and proteins functional under latent stage. All the genes interacting
among each other, were extracted from the literature and mapped in UPPAAL
tool, an integrated tool environment for modeling, in the form of sigH regulation

network pathway.

3.7.2 String Network Generation

The pathway mapped from the literature was further confirmed for their interac-

tions in string database [169]. The network file in TSV format was downloaded
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from the string database and imported into Cytoscape v 3.5.1 [170]. The paths of
network were analyzed through Pathlinker [171] plugin in cytoscape and searched
for the longest path using background protein interaction network. Pathlinker
computes several short paths efficiently from the receptors to transcriptional reg-
ulators (TRs) in a network. It can accurately rebuild an inclusive set of signaling
pathways from the NetPath and KEGG databases. The longest path was analyzed
using Analysis of Networks with Interactive Modeling (ANIMO) [172] plugin for
better visualization purpose. SigH regulation was build to analyze some more drug

target under latent stage of MTB.all

SAMPLE COLLECTION MD SIMULATION
B WT & MTs

CULTURING &
IDENTIFICATION OF MTB

Computational
Analysis

DNA-ISOLATION FROM M
PZA-RESISTANT STRAINS DRUG & TARGET PATHWAY

Molecular I. INTERACTION
=

Characterization

SEQUENCING FREE ENERGY

FIGURE 3.1: Flowchart methodology



Chapter 4

Results

The samples in the current investigation have been collected in two consecutive
phases, phases-I and phase-II. However, due to some technical issues occured sud-

denly, phase-I samples have not been processed further for molecular analysis.

4.1 Phase-I Distribution of Suspect Data

A total of 8,119 TB suspects samples have been collected and processed from
17 District TB Control Officers (DTO) and Programmatic Management of Drug-
resistance TB Units (PMDT). Out of total, 1075 were found MTB culture positive
among which male and female were 587 (54.6%) and 488 (45.3%) respectively. Sim-
ilarly, 410 (38%) and 665 (62%) were follow up (previously treated) and diagnostic
(never treated) among TB positive samples (Table. 4.3). The number of resistance
samples received from each TB units is given (Table. 4.1). The largest number of
samples have been received from Mufti Mehmood Hospital (27) follwed by Lady
reading hospital (10).

Sample type and age groups have been illustrated in table (4.2). Majority of the
samples were collected from pulmonary origin (95%). The mean age of the patients
was 36.5, ranging from 4 to 100 years. All the patients have been recorded HIV
negative.

53
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TABLE 4.1: Phase-I PZA-resistance samples collected from TB units

S.NO Health Center PZA-Resistance(No.)
DTO Bajawar

DTO Bunir

DTO Chitral

DTO Dir

DTO Hangu

DTO Kohat

DTO Mardan

DTO Noshehra

DTO Sawabi

DTO Swat

PMDT Hayatabad medical complex
PMDT Khyber teaching hospital
PMDT Ayub teaching hospital
PMDT Lady reading hospital
PMDT Mufti Mehmood hospital 27
PMDT Swat 9
Total 83

*DTO: district tuberculosis officers, PMDT: programmatic management of
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drug resistance TB.

4.2 Phase-I Drug Susceptibility Pattern

Out of total MTB positive isolates, 83 (7.7%) were detected as PZA-resistance.
The total number of samples received from each TB unit have been illustrated
in the table (4.1). PMDT, ATH, and LRH have been shown, receiving majority
of cases, where male to female ratios among PZA-resistance were 49 (59%) and
34 (41%) respectively (Table. 4.3). The resistance samples were further checked
manually to confirm the growth of MTB against the critical concentration of drug.
Out of total PZA-resistance, 76 (90% to 91.6% ) and 67 (80 % to 80.7% ) isolates
shows resistance to INH and RIF respectively, where 63/83 (76%) were found
as MDR. The resistance profile of the samples shows that a correlation between
PZA and other drug-resistance might be existed, especially the two important
first-line drug, INH and RIF. Morover, second-line drug resistance, OFX (48.20%)
and SM (49.40%) were also detected in significant number (Table. 4.4). Further
molecular study has not been performed on the phase-I PZA-resistance samples

due to technical issue occured during their storage period.
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TABLE 4.2: Phase-1 characteristics of TB positive patients

A-Age group Number
01-14 59

15-24 291

25-34 233

35-44 123

45-60 235

>60 134

B-Tuberculosis Type
1. Extrapulmonary

Acetic fluid 4
Cerebrospinal fluid 4
Bronchoalveolar lavage 1
Lymph node 1
Pericardial fluid 1
Pleural fluid 18
Tissue biopsy 7
Pus 14
Urine 1
Bone 1
Total 5%
2. Pulmonary 1023 (95%)

4.3 Phase-II Characteristics of TB Suspects

During the phase-II of the current study, 4518 TB suspects samples have been
received from different TB units. All the patient’s data was entered in CSV for-
mat. Gender wise male to female ratio was found as 1:1.05 (Male 2187, female
2300). Mean age of suspects were 32.55 years. The largest number of samples
were received from Lady Reading Hospital (36.8%) followed by Hayatabad Medi-
cal Complex (15.6%).

A significant number of suspect samples have been also collected from other units
including Combined Military Hospital (CMH) (3.1%), District Tuberculosis Offi-
cers (DTO) Peshawar (11.4%),Khyber Teaching Hospital (KTH) (9.6%), Program-
matic Management of Drug Resistance TB (PMDT) Swat (6.6%), PMDT Mufti
Mehmood Teaching Hospital (MMTH) (8.8%), and 180 (4%) from PMDT Ayub
Teaching Hospital (Table. 4.5). Characteristics of TB suspects has been given
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TABLE 4.3: Phase-I1 Gender and treatment history of PZA-resistance

Gender-wise

Male Female Total
Culture positive 587 (54.6%) 488 (45.3%) 1075

PZA-resistance 49 34 83
Treatment history

Diagnostics  Follow up Total
Culture positive 665 (62%) 410 (38%) 1075

PZA-resistance 55 28 83

TABLE 4.4: Phase-I Firstline drug resistance among PZA-resistance (%)

First-line drugs ‘
RIF INH SM EMB

Resistance 67 76 1 35
80.70% 91.60% 1.20%  42.20%
Susceptible 16 7 82 48

19.30% 8.40%  98.80% 57.80%
Second-line drugs

AMK SM CAP OFX KM
Resistance 14 41 12 40 17

16.90% 49.40% 14.50% 48.20% 20.50%
Susceptible 69 42 71 43 66

83.10% 50.60% 85.50% 51.80% 79.50%
RIF: Rifampicin, INH: Isoniazid, PZA: Pyrazinamide, EMB: Ethambutol,
SM:Streptomycin, LEV: Levofloxacin, OFX: Ofloxacin, CIP: Ciprofloxacin,
MOX:Moxifloxacin, AMK: Amikacin, CAP: Capreomycin KAN: Kanamycin.

(Tables. 4.3), (4.6), demonstrating that majority of patients were unknown to
their HIV status (96.4%). However, HIV positive and negative has been recorded
in 160 (3.5%) and 4 (0.1%) samples.Tuberculosis is basically of two types, pul-
monary and extra pulmonary, based on the sample types. In the earlier case,
the infectious agent resides in lungs or reaches the stomach in pediatric patients
while in the latter case, the MTB spreads to other body parts like brain, bone,
heart, and pleura etc. Among pulmonary, sputum and gastric aspirate samples
have been found in highest i.e 3762 (83.3%) and 155(3.4%) respectively. Whereas,
145 (3.2%) were Bronchoalveolar Lavage (BAL), 152 (3.4%) of pleural fluid, and
85 (1.9%) were CSF respectively (Tables. 4.7). Lungs biopsy, synovial fluid, and

bronchial aspirate were fewer in number.
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TABLE 4.5: Phase-II Sample’s detail collected from all TB units of KPK

S. No *Health Center Number %
1. ATO Khyber Agency 30 0.7
2. CMH 141 3.1
3. DTO Bajor Agency 8 0.2
4. DTO Bannu 1 0
5. DTO Buner 1 0
6. DTO Charsadda 24 0.5
7. DTO D.IK 4 0.1
8. DTO Dir Lower 4 0.1
9. DTO Dir Upper 11 0.2
10. DTO Hangu 1 0
11. DTO Kohat 3 0.1
12. DTO Kohistan 1 0
13. DTO Lakki Marwat 1 0
14. DTO Malakand 2 0
15. DTO Mansehra 1 0
16. DTO Mardan 8 0.2
17. DTO Noshehra 19 0.4
18. DTO Peshawar 515 114
19. DTO Sawabi 16 0.4
20. DTO Shangla 1 0
21. HMC 707 15.6
22. KTH 434 9.6
23. Kuwait Hospital 7 0.2
24. MMC Mardan 2 0
25. PMDT ATH 180 4
26. PMDT LRH 1661 36.8
27. PMDT MMTH 399 8.8
28. PMDT Swat 297 6.6
29. Private 1 0
30. PRL 17 0.4
31. RMI 20 0.4
32. Takht e Nusrati 1 0
Total 4518 100

*ATH: Ayub Teaching Hospital, CMH: Complex Combined Military Hospital, DTO: District
Tuberculosis Officers, HMC: Hayatabad Medical Complex, KTH: Khyber Teaching Hospital,
LRH: Lady Reading Hospital, MMC: Mardan Medical Complex, RMI: Rehman Medical Institute.
MMTH: Mufti Mehmood Teaching Hospital, PMDT: Programmatic Management of Drug
Resistance TB, PRL: Peshawar Reference Laboratory.

Out of total number of cases reffered by PMDT, 54% have been sent by four
units, Lady Reading Hospital, Mufti Mehmood Teaching Hospital, Ayub
Teaching Hospital, and Swat.
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4.4 Tuberculosis and HIV

TB and Human Immunodeficiency Virus (HIV) co-infection has also been found
in significant number of cases in different countries. A person infected with HIV
has a greater risk to develop TB where HIV destroys the T-cell that are regarded
as the main defense system. Majority of TB suspect were unknown to their HIV
status. Such patients do not conduct HIV test in routine checkup. Further, they
may be living in remote areas, where TB and HIV test may not available. In the
current study 160 (3.5%) were detected HIVT while 96.4% were of unknown to
thier HIV status (Table. 4.6).

4.5 'TB Suspects and Gender

Females have been found more likely at risk (50.9%) than male (48.4%). Sample
type demonstared that, majority of the cases were never treated (diagnostics),
3908 (86.5%) as compared to follow-up (on treatment and previously treated),
3.1% and 10.4% (Table. 4.6). HIV known status (positive and negative) is very

fewer in number (3% and 0.1%) where majority have unkwn status (96%).

TABLE 4.6: Phase-II characteristics of TB suspects

Gender Number %
Female 2300 50.9
Male 2187 48.4
Other 31 0.7
Total 4518 100
HIV-Status

HIV +ve 160 3.5
HIV -ve 4 0.1
Unknown 4354 96.4
Total 4518 100
Treatment history

Never Treated 3908 86.5
On Treatment 142 3.1
Previously Treated 468 104

Total 4518 100
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TABLE 4.7: Sample types taken from TB suspects

Sample type Number %
Ascitic Fluid 52 1.2
BAL 145 3.2
Bronchial Aspirate 3 0.1
CSF 85 1.9
Gastric Aspirate 155 3.4
Gastric Lavage/Washing 15 0.3
Lung Biopsy 3 0.1
Lymph Node 6 0.1
Pericardial Fluid 17 0.4
Pleural Fluid 152 3.4
Pus 51 1.1
Sputum 3762 83.3
Synovial Fluid 8 0.2
Tissue Biopsy 42 0.9
Urine 22 0.5
Total 4518 100

BAL: Broncheoalveolar lavage, CSF: Cerbrospinal Fluid,
MTBC:Mycobacterium Tuberculosis Complex

4.6 Culture Result

All the TB suspects were grown on Mycobacterium Growth Indicator Tubes (MGIT)
7H9 and Lowenstein Jenson media (LJ). Out of 4518 samples, 754 (8.84%) were de-
tected as MTB culture positive (Table. 4.8). The positive rate has been detected

TABLE 4.8: TB-positivity and patient data

Gender wise MTBC % Nogrowth %  Total
Female 412 17.9 1888 82.1 2300
Male 337 15.4 1850 84.6 2187
Other ) 16.1 26 83.9 31

Total 754 16.7 3764 83.3 4518

Treatment history wise

Never Treated 594 15.2 3314 84.8 3908
On Treatment 25 17.6 117 82.4 142
Previously-Treated 135 28.8 333 71.2 468
Total 754 16.7 3764 83.3 4518

higher in previously treated patient (Follow-up) (28.8%) as compared to never
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TABLE 4.9: TB positivity rate in sample and disease types

Sample Type MTBC % No growth % Total
Ascitic Fluid 4 7.7 48 92.3 52
BAL 30 20.7 115 79.3 145
Bronchial Aspirate 0 0 3 100 3
CSF 5 5.9 80 94.1 85
Gastric Aspirate 9 5.8 146 94.2 155
Gastric Lavage 1 6.7 14 93.3 15
Lung Biopsy 0 0 3 100 3
Lymph Node 1 16.7 ) 83.3 6
Pericardial Fluid 1 5.9 16 94.1 17
Pleural Fluid 17 11.2 135 88.8 152
Pus 14 27.5 37 72.5 51
Sputum 664 17.7 3098 82.3 3762
Synovial Fluid 1 12.5 7 87.5 8
Tissue Biopsy 7 16.7 35 83.3 42
Urine 0 0 22 100 22
Total 754 16.7 3764 83.3 4518
Disease Type

Extra Pulmonary 81 13.5 520 86.5 601
Pulmonary 673 17.2 3244 82.8 3917
Total 754 16.7 3764 83.3 4518

*BAL: Broncheoalveolar lavage, *CSF: Cerbrospinal Fluid

treated patients (diagnostics). Pulmonary samples are most common in compari-
son with extra-pulmonary. The highest number of positivity has been recorded in
pus samples (27.5%) followed by BAL (20.7%), and sputum (17.7%) (Table. 4.9).
MTB detection rate in pulmonary and extra-pulmonary samples were 17.2% and

13.5% respectively.

4.7 PZA-Resistance and Patient Data

The PZA-resistance rate and patients data has been shown (Table. 4.10). Majority
of the resistance were detected in diagnostic patients. Pulmonary tuberculosis is
more likely resistance than extra-pulmonary.

Out of total 754 culture positive, 69 (9.15%) were detected as PZA-resistance.

These resistance samples were screened for mutations in the target genes.
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4.8 PZA-resistance and Other Drugs

Among the PZA-resistance isolates, the resistance level of other first-line drugs
were ; 29(41.2%) of SM, 64(92.8%) of INH, 58(84.1%) were RIF, and 35(50.7%) of
EMB respectively, while second line drug resistance, AM, KAN, CAP, OFX, and
MOX were 11(15.9%), 13(18.8%), 11(15.9%), 35(50.7%), and 2(2.9%) respectively

as shown (Table. 4.11).

TABLE 4.10: PZA-resistance and socio-demographic data of patients.

Patient Data

Number (% )

Gender wise

Female 44(63.8)
Male 25(36.2)
Total 69(100.0)
Treatment history wise

Never Treated 44 (63.8)
On Treatment 21 (30.4)
Previously Treated 4(5.8)
Total 69(100.0)
Disease Type

Extra Pulmonary 3(2.9)
Pulmonary 66(97.1)
Total 69(100.0)
Sample Type

Bronchoalveolar Lavage 1(1.4)
Pus 2(2.9)
Sputum 66(95.7)
Total PZA-resistance 69

TABLE 4.11: First line drugs resistance among PZA-resistance isolates.

*SM (%) INH (%) RIF (%) EMB(%)
Resistance  29(41.2)  64(92.8) 58 (84.1) 35(50.7)
Susceptible 40(58.8)  5(7.2) 11(15.9)  34(49.3)

*SM: Streptomycin, INH: Isoniazid, RIF: rifampicin, EMB: Ethambutol
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TABLE 4.12: Second line drugs resistance among PZA-resistance isolates

AM KAN CAP OFX MOX
Resistance 11(15.9)  13(18.8) 11(15.9) 35(50.7) 2(2.9)
Susceptible 58(84.1)  56(81.2) 58(84.1) 34(49.3) 67(97.1)
Total 69 69 69 69 69
Type No. (%)
MDR 52(75.4)

Mono Drug resistance 1(1.4)
Poly Drug resistance ~ 10(14.5)
XDR 6(8.7)
*(%), AMK: Amikacin, CAP: Capreomycin, KAN: Kanamycin,
MOX:Moxifloxacin, OFX: Ofloxacin.

4.9 PZA-resistance and Multidrug Resistance

Bacterial isolates exhibiting resistance to at least RIF and INH are called MDR
while those which are MDR and also show resistance to one of the fluoro-quinilones
(CAP, OFX) and one of the injectable drugs (KAN, AM) are termed as XDR. Re-
sistance to any single or other than MDR are termed as mono and poly drug
resistance. Here in both the cases, MDR and XDR are very hard to treat. Among
PZA-resistance isolates, 52 (75.4%) and 8.7% were also MDR and XDR respec-
tively (Table. 4.12).

4.10 PZA-resistance and PncA Mutations

On comparison of sequenced results among sensitive and resistance isolates, PZA-
resistance harbored a large number of mutations within the coding region (561
bp) of pncA (Table.4.13). These mutations were dispersed type, scattering in the
whole open reading frame (Appendix-A).

Out of 69 PZA-resistance isolates, 51(74% ) harbored 36 mutations as shown
(Table. 4.13). To find the novelity, all these were searched manually in TB
drug resistance database (TBDReaMDB), Genome-wide Mycobacterium tuber-

culosis variation (GMTV), and also among the published literature. Variants
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AAGI96CAG (LYS96GLN) and AGC179TGC (SER179CYS) were found in 4 iso-
lates each. Thirteen novel mutations including two deletion, 317-318delTC and
194-203delCCTCGTCGTG were not reported in previous studies. The most com-
mon mutations were detected at position 287(Lys96Thr), 423(Ser179Gly), and
535(GInl141 Arg). Majority of these were point mutations, however, deletions,
194-203 del CCTCGTCGTG (n=1), 317-318delTC (n=1), 530 del C (n=3) were
also identified among PZA-resistance isolates. The most common synonymous mu-
tation identified in both kinds, susceptible and resistance isolates was Ser65Ser at
position 195C-T in 22 and 16 samples respectively. We did not detected any non-
synonymous mutations in coding region of pncA of 26 PZA susceptible isolates. To
estimate the performance of DST with pncA sequencing result of PZA-resistance
isolates, the genotypic data for all 69 resistance was evaluated. Considering phe-
notypic as a reference, out of 69 resistance isolates, 51 (74%) have mutations in
pncA with sensitivity 79.31% (95% CI,69.29% to 87.25%) and specificity 86.67%
(95% C1,69.28% to 96.24%).

4.10.1 Mutation’s Effect on Function

PROVEAN online server has been used to predict the effect of mutation’s on PZase
activity with cut-off value of -2.5. All the non-synonymous mutation in Pzase
showed a deleterious effect on PZase function except Q141P, E144K, A170P, and
S179G, where the effect has been predicted as neutral (Table. 4.14). This effect

on function may cause PZA-resistance.

4.10.2 Mutation’s Effect on Stability

The stability of mutations have been predicted through different online servers as
given in the table (4.15). The stability has been found, decreasing due to these
mutations except in a few cases (A46V, H71Y, T76P, A170P, S179G, and, S179C).
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TABLE 4.13: PncA mutations in PZA-resistance isolates of M. tuberculosis
*N.T Codon A.A change Mutation DB-1 DB-2 Lit No.
33C-A AACI1AAA  ASNIILYS Non-syn  nr nr nr 1
35A-C  GACI2GCC  ASP12ALA Non-syn r r r 2
53C-A  TCGI2TAG  SER 53 STOP Non-syn nr nr nr 1
56T-G  CTG19CGG  LEU19ARG Non-syn r nr r 1
137C-T GCA46GTA  ALA46VAL Non-syn r r r 1
161C-T CCG5H4CTG  PRO5S4LEU Non-syn r r r 1
170A-C  CAC57CCC HIS57PRO Non-syn r nr r 1
194 203 Del CCTCG  FS FS nr nr nr 1
TCGTG
202T-C TGG68CGG  TRP6SARG Non-syn r r r 1
205C-A  CCAG69ACA  PRO69THR Non-syn  nr nr nr 3
211C-T CATT71TAT HIS7TITYR Non-syn r r r 3
212A-G  CAT71CGT HIST1ARG Non-syn r r r 1
226A-C ACT76CCT  THRT76PRO Non-syn r r r 1
286A-C AAGI96CAG  LYS96GLN Non-syn r nr r 4
317-18  Del TC FS FS nr nr nr 3
331G-T  GAGI11TAG STOP Non-sen  nr nr nr 1
359T-G  CTG120CGG LEU120ARG  Non-syn nr r r 1
368G-C CGC123CCC ARGI123PRO  Non-syn nr r r 1
376G-A  GAT126AAT ASP126ASN  Non-syn nr nr nr 2
385G-A  GATI129AAT ASP129ASN Non-syn  nr nr r 1
391G-T GTC131TTC VAL131PHE  Non-syn nr r r 1
398T-C  ATT133ACT ILEU133THR Non-syn nr r nr 2
419G-A  CGC140CAC  ARGI140HIS Non-syn  nr nr r 2
422A-C CAG141CCG  GLN141PRO  Non-syn nr r r 3
430G-A  GAGI144AAG GLU144LYS Non-syn  nr nr nr 1
437C-T GCG146GTG ALA146VAL  Non-syn r r r 1
449G-C  GGC150GCC  GLY150ALA  Non-syn nr nr nr 1
461G-C AGGI154ACG ARGI154THR  Non-syn nr nr r 1
470T-G  GTG157GGG  VAL157GLY  Non-syn nr nr r 2
508G-C GCC170CCC ALA170PRO  Non-syn nr nr nr 1
519G-A  GAGI73GAA GLU173GLU  syn nr nr nr 1
522G-A  GAGI7T4GAA GLU173GLU  syn nr nr nr 1
530 DEL C FS FS nr nr nr 3
535A-T AGC179TGC SERI179CYS Non-syn  nr nr r 4
535A-G  AGC179GGC SERI179GLY  Non-syn nr nr r 1
538G-T GTC180TTC VALI8OPHE  Non-syn r nr r 1

(*Appendix-A), A.A; amino acid, DB-1; Tuberculosis Drug Resistance Mutation
Database (TbDRM), DB-2; Genome-wide Mycobacterium tuberculosis variation
(GMTYV), Del; deleted, FS; frameshift, Lit; literature, Non-syn; Non synonymous,
nr; not reported, N.T; nucleotide, r; reported, syn; synonymous. The appendix-A

at the end shows the position of mutation.
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TABLE 4.14: Effects of mutation on PZase function as predicted by PROVEAN

Variant PROVEAN score Prediction (cutoff= -2.5)

N11K -5.577 Deleterious
D12A -7.68 Deleterious
L19R -5.654 Deleterious
A46V -3.856 Deleterious
P54L -9.651 Deleterious
H57P -9.661 Deleterious
W68R -13.64 Deleterious
P69T -7.786 Deleterious
H71R -7.867 Deleterious
H71Y -5.9 Deleterious
T76P -4.975 Deleterious
K96Q -3.947 Deleterious
L120R -5.552 Deleterious
R123P -5.173 Deleterious
D126N -2.578 Deleterious
D129N -4.553 Deleterious
V131F -4.535 Deleterious
1133T -4.447 Deleterious
R140H -4.164 Deleterious
Q141P -1.031 Neutral
E144K -0.238 Neutral
Al146V -3.606 Deleterious
G150A -5.576 Deleterious
R154T -4.294 Deleterious
V157G -4.452 Deleterious
A170P -1.75 Neutral
S179C -2.754 Deleterious
S179G 4.38 Neutral
V180F -4.266 Deleterious

4.10.3 Effect of Mutations on Protein Activity

To measure the effect of 15 novel mutations on PZase structure and function,
insight properties including binding pocket, fluctuations in amino acids residues,
hydrogen bonding, interaction energy, docking score was analyzed through MD
simulation. Several analysis have been performed using High Performance Com-
puting Center (HPC) at Bioinformatics and Biostatistics Department of Shanghai
Jiao Tong University, China. We have detected many significant changes in ac-

tivity and structure of PZase behind mutations, present in the active site and its
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nearby residues that may produce an allosteric effect. The change may be seen in the

structure far residues. However, alteration can be analyzed in active site residues.

TABLE 4.15: Mutation effect on PZase stability, predicted through online
servers

Variant MutPDB MutSEQ MSVM MUpro CP* iStable

N11K *dec dec dec dec *iner  dec
D12A dec dec dec dec incr  dec
L19R dec dec dec dec dec dec
A46V dec incr dec incr incr  incr
P54L dec dec dec dec incr  dec
H57P dec incr dec dec dec dec
W68R  dec dec incr dec dec dec
P69T dec dec dec dec dec dec
H71R dec dec dec incr incr  dec
H71Y incr incr dec incr incr  incr
T76P dec incr incr dec dec incr
K96Q  dec dec dec dec dec  dec
L120R dec dec dec dec dec dec
R123P dec dec dec dec dec dec
D126N dec dec dec dec incr  dec
D129N dec dec dec dec dec dec
V131F dec dec dec dec dec dec
[133T  dec dec dec dec dec dec
R140H dec dec dec dec dec dec
Q141P  dec dec dec incr dec  dec
E144K  dec dec incr dec dec dec
A146V  dec dec dec incr dec dec
G150A  incr dec dec dec incr  dec
R154T dec dec dec incr incr  dec
V157G dec dec dec dec dec dec
A170P  incr incr incr dec incr  incr
S179G  incr null incr dec incr  incr
S179C  incr incr incr incr dec incr
V180F dec dec dec incr dec dec

*dec; decrease, incr; increase, CP; CUPSAT, *incr; increase,
CP; CUPSAT,*iStable; Integrated predictor for protein stability,
MutPDB; mutate protein databank, MutSEQ; mutate sequences,

MSVM; mutate protein support vector machine.

These tool may be applied for a quick access the affect in the ligand site residues and
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surrounding. The overall results shows that these variants might be involved in

loss or week interactions with PZA | resulting resistance.

4.10.3.1 PZase and Drug Interaction Energies

Total free energy depicts the stability of structures. PZA and PZase interaction
energies is important to infer the function of enzymes. The role of electrostatics
and Van der Waals (vdW) forces are important in protein bindings. In compar-
ative analysis of total energies and other forces, between WT and MTs exhibit a
significant variations. Polar solvation energy (PS), Solvent accessible surface area
(SASA) has also been given (Table. 4.16). These findings clarify the affect of

mutations on PZase activity. The strength of molecular and atomic interactions

TABLE 4.16: Characteristics and binding free energy of the WT and MTs PZase

PZase Pocket AD MMGBSA
(A% (kcal/M) vdWa elec ps  SASA GTotal

WT 285.74 -2.8 -21.27 -19.88 25.65 -2.90 -18.40
N11K 551.92 -2.5 -17.78  -3.04  14.89 -2.63 -8.56

L19R 556.24 -5.4 -21.73  -25.46 35.88 -2.96 -14.28
A46V 404.68 -4.3 -20.13  -22.03 34.25 -2.78 -13.38
P69T 445.41 -2.7 -20.95 -25.08 35.51 -2.94 -13.46
D126N  494.56 -3 -21.06 -24.89 36.44 -2.92 -12.43
D129N  481.24 -3.1 -20.34  -23.68 33.79 -2.78 -11.45
V131F  406.76 -2.6 -18.55 -20.99 35.67 -2.45 -15.35
R140H  437.97 -5.2 -21.13 -23.37 35.36 -2.92 -12.05
Q141P  400.85 -3.9 -19.65 -22.56 32.23 -2.88 -13.23
E144K  552.83 -4.7 disso  0.67 1.61 -0.36 -
G150A  376.38 -5.1 -21.10 -21.45 34.32 -1.99 -14.33
R154T  480.48 -3.2 -17.23  -23.43 31.82 -2.76  -12.78
A170P  405.86 4.7 -19.88 -20.67 33.65 -2.65 -15.23
S179G  401.48 3.8 -20.43 -22.34 31.37 -2.45 -14.79
VI180OF  404.71 4.5 -18.35 -19.79 35.25 -291 -11.76

AD; Autodock score, disso; Dissociated, elec; Electrostatic energy, G-Total; Total
binding free energy, MMGBSA; Molecular mechanics generalized born and
surface area.

can be estimated by measuring the docking score. A significant variations in term
of docking score have been observed between WT and MTs. A more negative

value represent strong interactions (Table. 4.16). Although there is no significant
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difference in Van der Waals (vdWa) and electrostatic energies among the MTs and
WT, but MTs, E144K was dissociated and vdWa could not be calculated. The
total energy of WT and MTs also shows significant differences. (Table. 4.16).
Similarly, the drug binding pocket of MTs have been shown, decreasing in most

cases by mutations.

4.10.3.2 Drug Binding Pocket

A slight increase or decrease in drug binding pocket of WT may affects protein
and ligand interaction. Pocket volume of MTs such as V131F, Q141P, R154T,
A170P, and V180F were measured, 406.761A, 400.849A, 480.475A, 405.861A, and
404.706A in comparison with WT (585.736A) is significantly lower, resulting a
weak or no binding affinity to convert a pro-PZA into active form POA. Docking
score of all MTs including V131F, Q141P, R154T, A170P, and V180F (-2.6, -3.9,
-3.2, 4.7, and 4.5), is higher, compared to WT (-5.8) (Table. 4.16).

4.10.3.3 Root Means Square Deviation and Fluctuation

RMSF and RMSD are measured as a mean describing stability and flexibility
differences among protein residues. Molecular dynamics simulation on high per-
formance computing at Shanghai Jiao Tong University China, was run for 40 and
100ns without PZA bound (apo) and PZase complex with drug. WT structures
attained RMSD value of 2.4 and 1.4 A at 40 and 19ns in apo and complex state
with drug and finally attained stable value while MTs, L19R, R140H and E144K
in apo state showed a deviations and attained the RMSD value of 2.3A, 2.4A and
2.8 A at 50, 54 and 100ns respectively. WT structure was found more stable and
less deviated in comparison with MTs. R140H showed maximum deviation and
remain unstable even at 100 ns. In complex form, WT PZase attained 1.4 A of
RMSD of at 10ns while MTs, R140H, L19R, and E144K have been demostrated
maximum deviation and instability, attaining RMSD of 2.3 A, 2.5 A and 2.7 A
at 58, 100 and 90ns respectively. RMSF of WT and MTs has been found in vari-
ation in residues from 30 to 110 (Figure. 4.1). Similarly RMSD and RMSF of
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MTs, D126N, N11K, and P69T showed instability throughout simulation period
of 100ns and the residues are more fluctuated as compared to WT (Figure. 4.2).
MTs, L19R, R140H and E144K exhibited more flexibility in comparison with WT,
exhibiting RMSF of 0.4 to 2.4A and 0.4-2.1A both, apo and complex states. Flex-
ibility were detected in residues from 15-115 while, L19R exhibited 0.4-2.9 and
0.4-2.4A of RMSF in residues from 15 to 115 and 20 to 90. MTs, R140H attained
the highest flexibility (3.1A and 3.2A) in residues 15 to 115 and 30 to 105. The
highest RMSF value was demonstrated by E144K (3.0 and 1.7A) in both states in
residues from 15 to 115, 155 to 175 and 160 to 185 in apo state, then a sudden rise
in fluctuation, indicating the destabilized effect of mutation on PZase structure.
Similarly, L19R, R140H, and E144K also demonstrating higher RMSD and RMSF,
causing a low drug binding affinity with PZase. Residues from 61-85, present in

the conserved region of PZase have been altered in MTs. MTs, A46V, D129N,

4
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FIGURE 4.1: RMSD and RMSF of WT and MTs L19R, R140H, and E144K.
The MTs ehibited more deviation (a,b) and the residues are more fluctuating
(c,d) than WT in apo and drug bound state.

V131F, Q141P, G150A, R154T, A170P, S179G, and V180F may cause large de-
viation in comparison with WT PZase that may be involved in PZA-resistance.
WT PZase attained RMSD values between 0.5A and 1.3A which seems stable after
15ns. MTs, V131F has a minimum RMSD of 1A, however, it remains unstable
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FIGURE 4.2: RMSD and RMSF of WT and variants, D126N, N11K, and P69T.
The MTs exhibited high instability in deviations during whole simulation period
(A,B). Residues of MTs demonstrated more flexibility than WT (C,D).

throughout simulations period. MTs, Q141P exhibited 0.5A RMSD which become
stable at a value of 1A after 20ns but it has a little high deviation at 35ns and
then looks like stable. Variant, R154T initially demonstared RMSD value of 1A,
however, a constantly increasing deviations have been seen after bns. At initial
stage, MTs, A170P and V180F exhibited 1A and 0.9 A of RMSD and seems to be
unstable after bns and 10ns respectively. With the aim to predict, whether these
mutations affect the dynamic behavior of protein residues, the RMSF values of WT
and MTs structures were compiled. The backbone RMSF of each residue of WT
and MTs class, A46V, D129N, V131F, Q141P, G150A, R154T, A170P, A179P, and
V180F have been calculated in order to analyze the flexibility of backbone struc-
ture (Figures. 4.5, 4.6). Higher RMSF value depicts more flexibility whereas low
limite the movements during simulation in relation to its average position. WT ex-
hibited the RMSF value between 0.3A and 3A. The residues 30 to 70 shows a little
higher flexibility, however, overall fluctuations seems to be stable. In comparison
with WT, MTs, V131F, Q141P, R154T, A170P, and V180F demonstrated a higher
fluctuation in large number of residues. MTs V131F attained RMSF value from
0.5A to 3.7A, where residues at position 30 to 110 and 160 to 186 are seemed to be
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more flexible. MTs Q141P demonstrated a slightly lower (0.3A to 2.1A), however,
residues at position 18 to 90 were detected more flexible. MTs, R154T, A170P,
and V180F exhibited RMSF values from 0.3A to 3A, 0.3A to 2.7A, and 0.3A to
3.4A respectively. Moreover, flexibility have been depicted at residues position,
25-80, 16-90, and 16-90 respectively. This high flexibility in MTs may cause the
failure of PZase to convert pro-PZA into active form POA, resulting in resistance
to interact with targets. RMSD of MTs, A46V, D129N, V131F, Q141P, G150A,
R154T, A170P, S179G, and V180F may cause large deviation in comparison with

WT PZase that may cause PZA-resistance as shown in (Figures. 4.4, 4.3).
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FI1GURE 4.3: Comparison of WT and MTs PZase RMSDs in apo state.
The RMSD of WT is decreasing at 35ns to 40ns while MTs (A46V, D129N, V131F,
Q141P, G150A, R154T, A170P, S179G, and V180F) are still attaining high value
at the end of simulation period.

4.10.3.4 Folding Stability and Radius of Gyration

Radius of gyration (Rg) is a measure of degree of compactness and folding of

proteins, plotted against time. The Rg of some MTs were calculated, showing a
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FI1GURE 4.4: Comparison of WT and MTs PZase RMSDs.
The RMSD of WT was measured, lowest at 12 to 40ns while MTs (A46V, D129N,
V131F, Q141P, G150A, R154T, A170P, S179G, and V180F) are rising still at the
end in complex state (com).

variation between MTs, L19R, R140H, E144K, and WT (Figure. 4.7). The Apo
states of MTs PZase (Figure. 4.7 c,e,g) seems to be more in variable states with
respect to simulation period, attaining more deviation than WT (native), where

as in drug bound, MTs PZase (Figure. 4.7 d,f;h) attained a little more Rg value.

Changes in folding and stability can be measured by observing the variations
with respect to time, while a constant Rg value shows stability in folding during
MD simulation. In the present investigation WT exhibited a more straight graph
when compared with MTs. This straight plot during simulation period reveals a
more stable behavior. The plot (Figure. 4.8) demonstrated a degree of variations,
A degree of variations have been observed in MTs N11K, P69T, and D126N in
comparison with WT in both, apo and complex states. MTs shows variation from

40 to 100ns simulation period when compared with W'T. These finding suggests
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FI1GURE 4.5: RMSF comparison of WT of MTs PZase in apo state.
WT has been attaining less fluctuation than MTs (A46V, D129N, V131F, Q141P,
G150A, R154T, A170P, S179G, and V180F).

that PZA-resistance might be due to folding defect.

4.10.3.5 Essential Dynamics

Principal Component analysis of WT and some selected MTs were plotted (Fig-
ures. 4.9, 4.10). A cluster type motion has been observed in WT PZase as com-
pared to MTs, exhibiting dispersed type of motion in residues. MTs, L19R cover-
ing an area on PC1 and PC2 between -50 and 50, -50 and 40 in apo state, while
in drug bound state, it covered an area between -58 and 35 on PC1 and -50 to
40 on PC2 (Figure. 4.9 c¢,d). A more scattered type of motion has been found in
R140H along PC1 between -60 and 45, -60 and 25 while on PC2 it was dispersed
between -30 and 40, -30 and 40. In apo state, E144K was scattered between -58
and 50 along PC1 while it was dissociated in complex state (Figure. 4.9 g.h).
In apo state, the area covered by Q141P (-20 and 20, -50 and 30), R154T (-20
and 40, -38 and 42), V131F (-30, 50 and -40, 55), A170P (-35, 30 and -55, 35),
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FIGURE 4.6: RMSFs comparison of WT and of MTs PZase in complex state.
WT exhibited less flexibility than MTs (A46V, D129N, V131F, Q141P, G150A,
R154T, A170P, S179G, and V180F) as shown by colored peaks of WT and MTs
PZase.

and V180F (-32, 30 and -35, 33) on PCA-1 and PCA-2 is seemed to be high and
more scattered type than WT as shown (Figure. 4.11). In drug bound state, WT
exhibited a compact type motion, covering an area of -28 and 33 on PC1 while
-34 and 38 on PC2. In apo state, WT exhibited more disperse type of motion on
PC1 and PC2 (-28, 34 and -35, 42) than in drug bound state. MT exhibited a
highest degree of dispersion in motion on PC1 and PC2, covering an overall area
of -120 and 90, -140 and 102 respectively. MT A170P attained a motion between
-120, 90 and -140, 102 on PC1 and PC2 respectively. The motion exhibited by
MT QI41P (-29, 29 and -25, 28), R154T (-90, 90 and -82, 120), V131F (-140, 90
and -110, 110), and V180F (-30, 27 and -37, 28) on PC1 and PC2 is seemed to be
more dispersed type than WT (Figure. 4.12).

These observations suggest that how a point mutation may affect the dynamics of
molecules, make them a weak target to interact with specific drug. The disperse

type of motion analyzed through principal components might be used to depict
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FIGURE 4.7: Radius of gyration of WT (a, b) and MTs (c, d, e, f, g, h).
Stable folding in proteins is essential for proper function. A straight graph rep-
resent a stable folding of proteins structures. The graph of WT structure (a,b)
seems more stable than MTs.

the residual motion in protiens for better understanding the effect. WT exhibited

a normal behavior than MTs.

4.10.3.6 Projection of Motion (Eigenvectors)

A multidimensional linear least square fit of the trajectory is measured through
eigenvectors which give a projection of motion of proteins. This multidimensional
fitting represent the best fitting direction with respective to eigenvector number.
The first four eigenvector attained variation at initial state and attained a stable
value within ten eigenvectors. The graph in figures demonstrated that WT is
occupying less phase space area than MTs, E144K, L19R, D126N, N11K, P69T,
and R140H in apo and complexed with PZA (Figures. 4.13, 4.14). This mutation
is present close to the active site resisdue 138, present in the ligand interacting

pocket of target.
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FiGURE 4.8: Comparison of Radius of gyration of WT and MTs.
WT attained a stable Rg (a,b) while MTs showing unstable folding. A smooth
straight graph represent a stable folding of proteins structures.

4.10.3.7 Gibbs Free Energy

The amount of work done of closed system, exchanging heat with surrounding
is known as gibbs free energy (GFE), which can be used to measure the relative
stability of proteins. The differences in GFE values of WT and some selected MT's
(L19R, R140H, E144K, P69T, N11K, and D126N) demonstrating the stability of
PZase. A more blue peaks in plots represent more stablilty. WT demonstrated
more stability in GFE as compared to MTs, indicated by the peak color of plot
(Figures. 4.15, 4.16). WT is seemed to be more stable in both state.

4.10.3.8 Binding Pocket

Binding pocket volume is commonly measured by CASTp server. The pocket’s vol-

ume may provide valuable surface topographic information, intercting with PZA
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FiGURE 4.9: PCA of WT and MTs in apo and complex state of PZase.
WT (a, b) and MT L19R, R140H, E144K (c,d,e,f,g,h) have been plotted on both
axis as PC1 and PC2. The motion in MTs structure seems, more scattered than
WT. E144K in complex state (h) has been dissociated.

to convert it into active form, POA. A decrease in pocket volume has been de-
tected in L19R, R140H, and E144K as compared to WT (Table. 4.16). Pocket’s
volume of WT (585.736A%) and MTs, 556.236 A%, 437.966 A3, and 552.825 A3
respectively. This decrease in M'T’s pocket size may cause a weak binding of PZA

with PZase to convert it into active form, POA.

4.10.3.9 Proteins and Ligand Interactions

Hydrogen and hydrophobic forces are important in ligand and protein interactions.
These interactions were detected between residues Leul9, Asp49, His51, His57,
His71, 1le133, Alal34, His137, Cys138 and PZA. Hydrogen bonds (H-bonds) have
been found between PZA and residues, Leul9, His137, Alal34, Cys138, and Ile133
of PZase. Fewer H-bonds have been found between MTs and PZA drug as shown

(Figure. 4.17). This weak interaction may cause drug resistance.



Results 78

»4IN11K-apo

rJir1iv T T T LJ
-0 -30 20 10 o 12 20 30 40

JP69T-PZA

(49

F1GURE 4.10: PCA of WT and D126N, N11K, and P69T in apo and complex
state.
The motion in MTs (c,d,e,f,g,h) and WT (a,b) on PC1 and PC2 has been shown,
signifying the effect of mutation on PZase dynamics.

4.10.3.10 Hydrogen Bonding Effect

To find the effect of mutations on fraction of hydrogen bonding, the residues at
active site and its surrounding (Cys138, His137, Alal34, Leul9, and Asp49) have
been investigated in some MTs. The number of H-bonds have been found signifi-
cantly differ between WT and MTs PZase (Figure. 4.18). WT formed maximum
H-bonds, especially in the PZA interaction and surrounding amino acids, D8, L19,
Ile133, A134, H137, and C138 while MTs L19R has a fewer number of hydrogen
bonding in comparison with WT (Figure. 4.18). The number of hydrogen bonding
were significantly low in MTs R140H, E144K (Figure. 4.19).

4.10.3.11 Metal Ion (Fe™?) Effect and Mutation

Metallic ions play important role in proper functioning of enzymes. WT PZase

has Fe*? metal ion coordinated by D49, H51, H57, and H71 (Figure. 4.21). The



Results 79

50 -40 -30 20 -0 O 10 20 30 40 50 60 40
PCA 2

FIGURE 4.11: PCA of WT and MTs PZase in apo state.
WT (a) and MTs PZase A170P, Q141P, R154T, V131F, and V180F (b,c,d,e,f).
Cluster type of motion exhibited by WT, while motion in MTs are dispersed,
covering more area on both the axis in apo state.

RMSD and RMSF values of D49, H51, H57, and H71 has been found high in the
MTs’s metal Fe™ (Figure. 4.20, 4.21). Iron binding site remains stable in WT
PZase after 35ns while it is unstable in MTs (Figure. 4.20 a,b).

MTs complex with PZA exhibited more deviation and attained the RMSD value
of 2.3A (Figure. 4.20 a,b). Fluctuations have been detected in Fe*? binding site
residues (Figures. 4.20, 4.21 ¢,d). The highest fluctuation was observed in MTs
as compared to WT, whereas MTs exhibited a high fluctuations from 0.7 to 2.1A
(Figures. 4.20, 4.21).

4.10.3.12 Mutation and Dynamic Cross-correlation Matrix

A large-scale motion of proteins can be measured through dynamic cross-correlation
matrix (DCCM). Positive (correlate motions) and negative motion (anti-correlated

motions) of residues are shown by red and blue regions. The red and blue are the
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than WT (a) on both axis in complex state.

positive and negative correlated regions. WT residues were mostly exhibiting cor-
related motion than MTs, involving in more anti-correlated motions. Correlated
motions were detected in both state of WT PZase, particularly in residues 130
to 180 while there were more anti-correlated motions in complex state of MTs.
E144K, R140H, and L19R in apo and PZA bound form are seems to be involved
in more negative correlated motion (Figure. 4.22). However, P69T, N11K, and

D126N are slightly involved in more correlated motions than WT (Figure. 4.23).

The residues motion in PZase WT and MTs have been shown, colored coded with
more correlated (red), medium (yellow), less (green), and anti-correlated (blue)
(Figures. 4.24, 4.25). A positive correlation was observed at residues position
125-186 and 50-70 in WT. MT Q141P-apo exhibited more positive motion 50-70
and 160-186. MTs, A170P, R154T, V131F, and V180F have been shown, having

a high degree of anti-correlated motion among residues. The difference in residues
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FIGURE 4.13: Projection of motions in WT and MTs (E144K, L19R, and
R140H).
WT and MTs (E144K, L19R, and R140H) shows the projection of motions during

the first ten eigenvalues. (A) Apo state. (B) complex with PZA. The WT (black)
shows fitting best than MTs.

motions between WT and MT suggest that point mutation at far other than active
site may affect the motion which is important for proper function of proteins.
The correlated and anti-correlated motion of residues have been found in great
variation in bound state of PZA and PZase. MTs Q141P, R154T, and A170P
retained more correlated motion in residues as compared to WT. The residues
at position 61-68 exhibited correlated motion with 160-180 in W'T, whereas this
correlation is very strong in MTs, Q141P, R154T, and A170P. V131F and V180F

exhibited a strong anti-correlated motion.
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WT structure has been shown (black), occupying less space area and shows best
fitting than MTs. (A) Apo state, (B) Complex with PZA.

These result suggest that a point mutation may cause significant alteration in
residual motions that may affect the activation of PZA into POA for active elim-

ination of latent MTB isolates (Figures. 4.24, 4.25).

4.10.3.13 Distance Matrix

The drug and PZase distance is commonly plotted through distance matrix. WT
exhibited a constant matrix throughout simulation. However, the MTs E144K
has been dissociated at 76ns. During the whole simulation period, The average
distance between PZA and PZase was remained constant except E144K complex,

exhibited fluctuation and dissociated at 76ns (Figure. 4.26). However, in MTs
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P69T, N11K, and D126N the average distance between PZA and PZase is seem to
be more fluctuated throughout simulations than WT (Figure. 4.27). N11K exhib-
ited more distance between drug and proteins than D126N. The same results were
obtained inspite the repitition of simulation suggesting that the E144K complex

is unstable.
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FIGURE 4.17: WT PZase interaction with PZA drug.
Residues, Asp49, His57, His51, and His71 are natural ligand (Fe'2) binding
residues in PZase. Hydrogen bonds (HB), have been shown in yellow dots, present
between PZA and PZase residues, Leul9, Alal34, His137, Cys138, and Ile133.
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H-bonding frequency in drug interacting residues of WT (a) and MTs L19R,
R140H, and E144K (c,d,e). The fraction of hydrogen bonding have been reduced
to very few in MTs. WT have been found with maximum number of hydrogen
bonding in active site residues.
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FIGURE 4.22: DCCM of WT and E144K, R140H, and L19R.
PZase with 186 residues, shown in red regions exhibiting more correlated motion
than blue region (anti-correlated motion). The correlated motion were mostly
found in drug bound state of PZase (b,d,f,h). MTs, E144K, R140H, L19R in apo
and PZA bound form, exhibiting more anti-correlated motion. In apo state, WT
exhibited more correlated motion than MT except Q141P.
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Red regions exhibiting more correlated motion than blue region (anti-correlated
motion). More positive motions was observed in D126N-apo (c). Positive motions
is seemed to be more prominent in apo state (a,c,e,g).
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FIGURE 4.24: DCCM of WT and MTs in apo state.
The residue motion have been colored coded. More correlated (red), medium
(yellow), less (green), and anti-correlated (blue). MTs, A170P, R154T, V131F,
and V180F have been shown, exhibiting more anti-correlated motion.
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FIGURE 4.25: DCCM of WT and MTs in complex state.

The residue motion are colored coded with more correlated (red), medium (yel-
low), less (green), and anti-correlated (blue). The anti-correlated motion is more
prominent in MTs, Q141P and R154E (c, d). DCCM in residues between 100 and
180 of WT seems in correlated motion as compared to MTs. A170P shows more
anti-correlated motion at positions, 45-65, 140-180, and also some anti-correlation
motion in residues at 10-30. MTs Q141P plot depict a more anti-correlated motion
among all residues when compared with W'T. Residues at postions 30-45, 50-70
and 100-180 seems in anti-correlation motion. This anti-correlation may alter the
optimum function of enzyme, necessary for the biological function. In this case,
PZase might be unable to convert PZA into POA for interaction with targets.
MTs R154T also exhibited a more anti-correlated motion in comparison with WT
and other MTs. However, V131F, and V180F seems, exhibiting a more correlated
motion as compared to other MTs. Thus, a correlated motion is more favourable
when a receptor interact with ligand.
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4.11 Sequence of RpsA and Mutations

Among the 69 PZA-resistance isoates, 51 harbored mutations in pncA gene while
18 samples were PZA-resistance but pncA wild type (pncAWT). All these 18 were
repeated for DST using BACTEC MGIT 960 automated system. They were found
as PZA-resistance and majority of these isolates were MDR (13/18) (Table. 4.17).
To investigate the mutations in 1,544-bp fragment of rpsA gene, the resistance iso-
lates along with sensitive and one H37Rv were also sequenced. Mutation in RpsA
have been investigated in both, PZA-resistance and susceptible isolates in coding
region (1446-bp fragment) of rpsA. Out of 18 PZA-resistance isolates, 11 (61%
) isolate have fifteen different mutations while seven PZA-resistance were found
WT for rpsA (rpsAWT) (Table. 4.18). However, we did not find any mutation

AWT gene and neither among sensitive iso-

in PZA-resistance panD gene with pnc
lates. We suggest that rpsA gene mutations should be considered along with pncA
gene mutation for better development of new molecular methods of DST and TB
management. The role of rpsA gene mutations in PZA-resistance should be evalu-
ated from geographically diverse environment, specially TB high burden countries
with more sample size to find the exact role of each gene in PZA-resistance.

These mutations in the targets may also be useful in designing future biomarkers

for early diagnosis of resistance in PZA-resistance isolates. The results may be

compared with high burden countries for adopting a common strategy.

TABLE 4.17: Patients data of PZA-resistance pncAWT

Type of resistance resistance Total
1-MDR 13 13
2-Poly _esistance 4 4
3-XDR 1 1
Gender
1-Female 12 12
2-Male 6 6

Treatment history

1-Diagnostics 14 14
2-Follow Up 4 4

MDR: Multidrug resistance, XDR: extensively drug resistance
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TABLE 4.18: Mutations detected in PZA-resistance rpsA gene

Mutation Codon No. Codon Change *A.A Change No.
76del A 26 ATA [le26FRAME 1
G220A 74 GTC-ATC Val74lle 1
A278G 93 AAG-AGG Lys93Arg 1
G618A 206 TTG-TTA Leu206Leu 2
A636C 212 CGA-CGC Arg212Arg 2
A830G 277 AAG-AGG Lys277Arg 1
CI971T 324 TCC-TTC Ser324Phe 1
G973A 325 GAG-AAG Glu325Lys 3
G1021C 341 GGC-CGC Gly341Arg 1
G1024A 342 GAC-AAC Asp342Asn 4
G1027A 343 GAC-AAC Asp343Asn 6
G1030C 344 GCG-CCG Ala344Pro 6
A1051T 351 ATC-TTC [le351Phe 3
A1108C 370 ACC-CCC Thr370Pro 1
T1207G 403 TGG-GGG Trp403Gly 1

*A.A; Amino acid

4.11.1 Mutations Effect on RpsA Activity
4.11.1.1 Mutations in RpsA and Effect

MD simlations results, performed on all the RpsA variants in comparison with WT
have been in significant variations with MTs. Mutations, [le351Phe, Ser324Phe,
Ala344Pro, Glu3d25Lys, Asp342Asn, Gly341Arg, Asp343Asn, Thr370Pro, and Trp4-
03Gly present in Mycobacterium tuberculosis C-terminal domain (Mt-RpsACTP)
also known as conserved region of RpsA. Molecular dynamics simulation was run
on WT and MTs RpsA. WT RpsA exhibited RMSD of 2.0A, 4.8A, and 1.8A at Ons,
23ns, and 50ns respectively. After 50ns WT attained the stability. While MTs,
S324F attained the RMSD value of 1.2A, 4.2 A, and 3.8A at Ons, 28, and 40ns
respectively and then seemed to be a little stable at 3.8 A (50ns). RMSD attained
by E325K was found between 1.1A and 4.8 A at 9ns and 45ns respectively. How-
ever, the final RMSD (3.4 A), was slightly higher than WT. The RMSD exhibited
by G341R at 10ns and 25ns, was in between 1.2A and 4.0A respectively. A little
stable RMSD has been observed (3.2 A) at 50ns. Although the RMSD of MTs is
low at initial period of simulation, however, at the end the RMSD of WT is looking
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more stable. (Figure. 4.28). MTs D342N and D343N exhibited RMSD between
1.8A and 3.7A, 1.3A and 3.6 A respectively. Whereas MT D343N seemed to be
consistent after 20ns. MTs A344P attained RMSDs between 1.7A, 1A while I351F
exhibited 3.5A and 4A RMSDs seems highly unstable. WT RpsA demonstrated
a stable RMSD (2.5-3.2A) throughout the simulations. The other MTs RpsA,
D342N (1-3.7A), D343N (1.3-3.8A), A344P (1-3.4 A), and I351F (1.5A-3.5A) ex-
hibiting variations during a 50ns simulation period. The D343N and I351F seems
to be more deviated at 50ns. T370P and W403G attained RMSD between 2A
and 5.1A, 2.5A and 5A respectively. These MTs exhibited deviations in RMSDs
during 100ns simulation.
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FIGURE 4.28: RMSD of WT and S324F, E325K, and G341R rpsA.
RMSD of WT (A) is decreasing at the end of simulation period as compared to
MTs (S324F, E325K, and G341R) (B, C, D).

4.11.1.2 Mutations in RpsA and Effect on Fluctuation

Flexibilities of WT and MTs were measured through RMSF. High RMSF values

of MTs may result in weak affinity for interaction with POA. In combination with
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F1GURE 4.29: RMSD of WT and D342N, D343N, and A344P rpsA.
WT rpsA protein (black) attained a little high RMSD than D342N, D343N, and
A344P in apo (b,d,c) and complex (COM) state with PZA (f,g,h). While I351F
has a lower value in apo (e) and higher in complex state.

a drug, RpsA WT exhibited lower flexibility as compared to MTs. Fluctuations
in residues of S324F, E325K, and G341R were a little high than WT RpsA, ex-
hibiting RMSF between 0.3-3.8A. These flexibilities were seemed in residues from
358 to 400. S324F exhibited RMSF from 0.4-.9A, where residues 358-434 are more
flexible. E325K, exhibited RMSF between 0.7A and 4.7A in residues 358 to 434,
seems more flexibile. G341R attained RMSF between 0.8-5.2A, in which residues
355-434 are more flexible (Figure. 4.31). The MTs, D342N exhibited high fluc-
tuation in residues 320-340, 355-360, and 370-390. Whereas a higher RMSF was
calculated for D343N at residues 324 and 340. A344P and I351F demonstrated
the highest flexibility at residues position 327-340 while 398-405 are more flexi-
ble in I351F. The MTs, T370P and W403G exhibited high fluctuation in residues
363-370, 370-380. In complex with a drug, WT exhibited lower flexibility as com-
pared to MTs. T370P and W403G attained more flexibility at residues 370-380
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In apo state (a,b) MTs are more deviated during the simulation period. (c); WT-
apo and Wt-complex RMSDs comparison. (d,e); RMSDs of WT and MTs in
complex with drug. (f); Superposition of all RMSDs.

(2.0-4.0A and 2.0-5A) (Figures. 4.32, 4.33). The effect of point mutation stability

and flexibility may cause a drug resistance.

4.11.1.3 Radius of Gyration

The degree of compactness and folding can be measured through radius of gyration
(Rg), plotted against time. The graphs showed a variation between MTs and WT
RpsA. MTs RpsA (Figure. 4.34) is seemed to be more flexible and deviated
in comparison with W'T. Variations with respect to time represent changes in
folding and stability while a constant Rg value shows no change in folding during
MD simulation. The plot demonstrated a degree of variations in MTs S324F,
E325K, and G341R in comparison with WT which has a stable Rg value of between
18.0A and 19A after 25ns but the Rg value MTs is smoothly increases during the
whole simulation period from Ons to 50ns. The MTs exhibited Rg value between
17 and 19 whereas the WT attained Rg values between 17.4 and 18. D342N,
D343N, A344P, and 1351F demonstrated a degree of variation in folding during
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the simulation period, depicting unstable folding than WT (Figure. 4.35). In
apo forms, T370P and W403G exhibited the Rg value between 17.5-19 and 17.3-
19.4 respectively (Figure. 4.36). The structure W403G is seemed to be highly
misfolded whereas the WT exhibited Rg values between 18 and 19. The plot
(Figure. 4.36) demonstrated a degree of variation in T370P and W403G, showing

unstable folding.

4.11.1.4 Essential Dynamics

The area of motion covered by MTs in apo and complex with the drug is more
disperse type, showing its variation in dynamics of motions (uncorrelated). The
dynamics of structure is commonly depicted in the form of principle component
analysis (PCA) where WT and MTs are compared through a plot. WT RpsA
showed a cluster type of motion while MTs exhibited a more dispersed type of
motion except E325K. W'T structure is scattered, covering an area on PC1 between

-188 and 44, -125 and 144 (PC2). MTs S324F exhibited motion along -144 and
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FIGURE 4.32: RMSF of WT and D342N, A343F, D344N, I351F RpsACTP,
WT (a) attained a lower RMSF than MTs (b,c,d).

144 (PC1), -125 and 150 (PC2)(Figure. 4.37). However, E325K was found to be
less scattered in between PC1 and PC2, covering area between -144 and 140, -75
and 75 respectively. The area of motion covered by MTs G341R along PC1 has
been recorded between -116 and 174 and -75 and 125 along PC2. A cluster type
of motion was observed in WT, scattering over a small area along PC1 between
-60 and 50, -90 and 60 along PC2. MTs RpsA, D342N, D343N, A344P, and I351F
exhibited a more scatter type of motion on PC2 between -40 and 60, -40 and 90,
-60 and 80, -100 and 60 respectively. The MTs’s structures covered more area
in both, apo and complex with the drug and is more disperse type, showing its
variation in dynamics of motions (uncorrelated). T370P and W403G attained a
scatter type of motion when compared with WT. A cluster type of motion was
observed in WT scattering over a small area on PC1 between -75 and 75, -50 and
30 along PC2. T370P and T403G exhibited a more scattered type of motion on
PC2 between -50 and 100, -100 and 100 respectively.
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(d,e); RMSF of WT and MTs RpsA“™ in complex with drug (PZA).

4.11.1.5 Gibbs Free Energy

A protein with WT structure has the minimum GFE. The relative stability of
WT and MTs can be measured using Gibbs Free Energy (GFE) which is the
amount of work of closed system exchanging heat and work with surrounding. A
more negative value shows the most stable structure. The differences in Gibbs
free energy values of WT and MTs RpsA, S324F, E325K, G341R, D342N, D343N,
A344P, 1351F, T370P, and T403G showed that mutation may alter the stability of
RpsA (Figures. 4.40, 4.41) and (4.42). WT has a significant GFE difference with
that of MTs as indicated by the peak color of plot. The peak color in both state
of WT is more stable in comparison of MTs. The differences in GFE values may
have importance in the stability calculation. The color (red) in both states of the
MTs is more unstable compared to the WT. The loop position is more open in
T370P and T403G (Figure. 4.42 B,F,I) while GFE shows that WT is more stable
than T370P and T403G.
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FIGURE 4.34: Rg of WT (rpsAWT) and S324F, E325F, G341R.
WT (black) demonstrated more compactness and stable folding than MTs. WT
shows stability while folding from 25ns to 50ns of simulation period. MTs (S324F,
E325F, G341R) shows a rise and unstable plot during the same simulation period.

4.11.1.6 Distance Matrix

A stable distance matrix graph depicts a good binding affinity of drug and pro-
tein. Distance matrix of drug and RpsA were found to be almost similar, however,
in apo state, the average distance in MTs was little higher than W'T. The aver-
age distance of WT and POA is almost constant during the simulation period as
compared to MTs, where a little fluctuation represent distance variation between
drug and protein interactions. The MTs, S324F, E325K, G341R (Figure. 4.43)
and D343N, I351F (Figure. 4.44) exhibited a high average distance between tar-
get and drug during interaction, signifying the effect on target binding affinity.
However, no obvious effect has been seen in MTs D342N and A344P. T370P and
T403G also exhibited a high average distance as compared to WT (Figure. 4.45).

The difference in ligand and protein distance between WT and MTs may cause
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*(a,b,c); WT and MTs in apo state. (d,e,f); WT and MTs complex with drug

weak interaction. Inspite the distance matrix, the principal component analysis of

E325K shows a little compactness in motion on PC1 and PC2. S324F is covering

more area on PC2 than PC1, scattered between -145 and 145 on PC1, -125 and

150 on PC2. It has been observed that these mutation may affect the dynamic of

enzymes, thus unable to perform its normal functions. In comparison with WT,
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FIGURE 4.37: PCA of WT, S324F, E325K, and G341R RpsA.
MTs (S324F, E325K, and G341R RpsA) are more scattered on PC1 and PC2 than
WT RpsA. WT is less scattered on both axis, PC1 and PC2 than MTs. WT RpsA
scattered between -90 and 145 on PC1, -125 and 100 on PC2.

MTs are more scattered on both, PC1 and PC2, covering area of motion between
-125 and 174. MTs G341R is more scattered on PC1 when compared with other
MTs. The difference in residual motion between WT and MTs on PC1 and PC2
might be useful to infer the extent of effect and it interaction while converting
prodrug into active form. A more compact type of motion in WT may interacts
with drug forming maximum hydrogen bonds. Further, a dispersed type of motion
shows weak interaction, forming less or no hydrogen bonds, required for a good

binding affinity.
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(very high). Peak are color coded with more -ive (blue) or more +ive (red). A

more -ive is most stable structure.
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FIGURE 4.41: Gibbs free energy of WT and MTs (D342N, D343N, A344P,
I351F).

(A); GFE in Apo state. WT in apo state has been detected in more stable state
(B); GFE in Complex state (RpsA+POA). In complex state, the MTs are
seemed to be in more energized state (unstable). Color coded with more -ive
(blue) is stable or more +ive (red) is unstable.
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4.12 Latent Tuberculosis and SigH Regulatory

Pathway

The stress responder, sigH plays a critical function in controlling the response to
heat, oxidative-stress, hypoxia and envelope damage. A sigH regulatory pathway
mapped from literature has been shown (Figure. 4.46). The external signals in
the forms of stress is sensed by membrane receptor protein, pknB, a key factor
of a signal transduction pathway, regulating growth, shape and cell division via
phosphorylation of target proteins including SigH and RshA complex. This causes
the disintegration of sigH-rshA complex resulting in sigH to be set free to form a
complex with RNA polymerase and activate a series of networking pathways called
stress responders. Upon activation, the sigH and rshA are also synthesized but
rshA is continuously inhibited in making any complex with sigH until the stress
signal is ceased. The pathway is negatively regulated by rshA and positively by
rshA-P, depending on stress signal (Figure. 4.46). To confirm the regulatory

Addition of ro, Activation of
SigH pathway

SigH SigH-P

{ L o

trxC (redox l'ﬁponsor

(external to MTB cell)
stress signals
FknB

MTB Membrane receptor

RNA polymerase-SigH complex formation

SigH

sigH + RshA  synthesis

RshA -P
Inhibition

RshA

FIGURE 4.46: SigH regulatory pathway under latent stage of MTB.

PknB functions as membrane sensor of stress, by phosphorylating the SigH-RshA
complex to initiate the pathway. Phosphorylation of sigH and rshA is causing
the activation of SigH to form a complex with RNA polymerase (RNA Pol-sigH
complex) while rshA is being inhibited to initiate the regulatory pathway under
stress. RNA Pol-sigH complex causes the transcription of of sigH and rshA. Upon
activation, sigH may further activate the other gene network (trxC), functioning
as redox responder.
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pathway of figure (4.46), a network was generated in the string database (Figure.
4.47) and the file was imported to cytoscape, where a total of 12 paths have been
identified from the network in cytoscape, using Pathlinker plugin. The longest path
(Figure. 4.48) was similar to the mapped pathway of literature (Figure 4.46). The
longest path linked all the essential genes regulated in sigH regulation. The path
also linked with a thioredoxins, trxC, constituting a dynamic response to oxidative

stress. System biology aspires to build biological systems that implement dynamic

FIGURE 4.47: SigH-network generated in string database.
The network shows all the major stress responders (a,b,c,d,e) found in literature.
This network of sigH was increased in string database to link the major stress
responders.

of biological regulatory pathway. Biological system via computational modeling
and simulation will reduce the costly wet lab experiments. Here we investigated
the use of biological system in MTB under latent stage. A total of six regulators
(nodes), pknB, sigH-rshA complex, sigH-P, sigH-RNA polymerase complex, and
rshA-P while stress signal and RNA-polymerase are the external inputs in model
construction. The two-control input of MTB signaling may be the potent target

under dormant stage in sigH regulatory pathway. If both the control inputs (stress,
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FIGURE 4.48: Path generated from string network through Pathlinker.
The longest path linked all the major stress responders in SigH regulation. The
major regulators (pknB, sigH, and trxC are linked in the path.)

PanD-NC_000962.3 (4043862..4044281)

RpsA-NC_000962.3 (1833542..1834987)

PncA-NC_000962.3 (2288681..2289241)

FIGURE 4.49: Genes PncA, RpsA, and PanD location on MTB genomes.
PncA (2288681-2289241), RpsA (1833542-1834987), and PanD (4043862-4044281)
encodes PZase, ribosomal protein S1, and aspartate decarboxilase respectively.
Mutations in PncA has been associated in more than 70% MTB cases.

RNA polymerase) remains OFF. Some other nodes, pknB, sigH and trxC may be

potent drug targets under latent stage.



Chapter 5

Discussion

The effective TB therapy recommends the use of first-line drugs that include, Ri-
fampicin (RIF), Isoniazid (INH), and Pyrazinamide (PZA) [173, 174]. However,
the appearance of drug failure due to large number of mutations in targets caused
a global burden of treatment. Information is scarce about the main mechanism
that leads to the first-line drug resistance. However, resistance has been associ-
ated with mutations in the targets proteins. RIF-resistance has been associated
with mutations in the hot-spot region (96%) from 507-533 codons of rpoB gene
[31]. Isoniazid (INH) resistance has been strongly linked with alteration in katG
and inhA or its promoter region [33]. PZA is a distinct anti-tuberculosis drug,
playing a key role in shortening of TB treatment from six to nine months. It kills
non-replicating persistent MTB under different stress conditions where other drugs
are not effective. After conversion into its active form, POA by pyrazinamidase
(PZase), the drug remains active at low pH during acidic stress [21, 36, 74, 93, 175].
However, in a large number of isolates, MTB develops resistance against PZA that
led to the survival of persistent bacteria. Drug resistance emerges due to inappro-
priate therapy and negligence of WHO treatment guidlines. Further, majority of
geographic regions also lack information about the prevalence of PZA-resistance,
causing mismanagement of resistance TB. Data regarding the prevalence of PZA-
resistance should be investigated in distinct geographic regions of high burden

countries for better management of TB.
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Among the circulating MTB isolates in this geographic distinct area, the cur-
rent investigation found a significat number of PZA-resistance (7.7%) using drug
susceptibility testing during the first phase of the study (Table.4.10). These find-
ings show that persistent bacilli, which is the main target of PZA, survive in
PZA-resistance isolates, increasing the risk of transmission which may adopt the
active form. Moreover, the resistance level of PZA increases with increase in re-
sistance to other drugs, particularly the two important first line drugs, INH (90%
to 91.6%) and RIF (80% to 80.7%). MDR was also found in 63 (76%) of PZA-
resistance whereas the second phase of this study detected more than half of the
tested isolates were also MDR (52/69 (75.35%)), consistent with previous studies
[176, 177]. The prevalence of PZA-resistance has been associated with resistance
to INH, RIF, STR, and OFX (Table. 4.12). A large number of PZA-resistant iso-
lates are also MDR and XDR, affecting the treatment outcomes. The resistance
level of some other drugs, OFX 40(48.2%) and STR 41 (49.4%) is also seemed
high among PZA-resistant isolates. We suggest that, inclusion of PZA in a TB
treatment regimen appears to be essential in susceptible cases, however, in case of
MDR, susceptibility of PZA must be performed prior to its inclusion in the treat-
ment. Therefore, PZA DST must regularly be performed along with other first
line drugs. Previous studies have also shown a correlation between PZA and RIF
resistance through molecular detection of mutations in pncA [43]. In the study
of Zignol 2016 [178], a total of 4972 patients were screened in order to find the
prevalence of PZA-resistance from five countries (3.0-42.1% in the surveyed set-
tings). However, the levels of resistance for patients in all countries correlated with
RIF-resistance except Pakistan, where RIF-resistance level is higher than PZA in
all patients groups (p<0.0001). Previous study investigated the resistance level of
PZA in MDR patients where 37 of 71 (52.1%) were resistant to PZA while 6 out of
59 (10.2%) among fully susceptible cases [179]. These findings suggest that there
is approximately half a chance to successfully eradicate persistent bacilli in MDR
patients. More studies with a large sample size should be conducted for better
estimation of PZA prevalence in high burden countries. Therefore, PZA inclusion

to treat MDR should be linked after susceptibility test.
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Unlike the DST of other drugs, PZA sensitivity testing requires acidic pH for
action. The result is sometimes interpreted as false positive due to buffering issues
in media. These conventional methods of PZA DST may increase the level of false
resistance that may be resulted from media buffering issues or inoculum sizes,
where the low pH environment is required for drug action but inhibits the growth
of MTB [180, 181]. Therefore, molecular detection of PZA-resistance are the
most reliable methods, involving sequencing of pncA gene to appraise mutations
in the 561 bp coding region [182]. The earlier studies [41, 114, 177, 183] have also
shown a correlation between mutations in the pncA gene and phenotypic PZA-
resistance. In correlation to these findings, we also reported mutations in pncA
among 51(74%) of PZA-resistant isolates that harbored 36 mutations in the coding
region of pncA (Table. 4.13) with sensitivity and specificity of 79.31% (95% CI,
69.29% to 87.25%) and 86.67% (95% CI, 69.28% to 96.24%), respectively. Some
studies reported a better sensitivity and specificity in pncA sequencing compared
with that of MGIT 960 DST (90.9, 100%) [184-186] and 95.0 (95% CI 92.1 - 98.0),
99.1 (95% CI 98.4>99.9) [182]. Miotto et al. (2014) identified 280 mutations in
1,950 clinical strains [92], categorized into four groups: (1) very high confidence
resistance mutations (2) high-confidence resistance mutations (3) mutations with
an unclear role (4) mutations not associated with phenotypic resistance, based on
confidence level. We detected 12 mutations with very high confidence resistance,
while the rest of mutations have been found in Miotto unclear category. Mutations
211C>T, 212A>G, 226A>C, 286A>C, and 422A>C in the present study (Table.
4.13) were previously shown as very high confidence resistance mutations [92, 176,
187]. Molecular biomarkers that could specifically target the first two categories
may be developed [92] for early diagnosis PZA-resistance. Moreover, molecular
methods of PZA susceptibility testing should regularly be performed along with

other frequently used drugs for better management of TB treatment.

Tan et al. (2014) reported that each geographical region has a specific type of
variations in pncA. Isolates from Southern China exhibited a scattered type of

mutations, which remains a complex target in the development of diagnostic
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biomarkers involved in PZA-resistance [114]. Some strains, which were PZA-
resistance by conventional DST, but lacking mutations in pncA and its regu-
latory gene, suggesting other targets of drug and issues concerning PZA DST.
Residues, Cys138, Asp8, Lys96 and Asp49, Hisb1, HisbH7, and His71 are present
in the active and metal binding sites [99, 128] of the pncA-encoded enzyme,
PZase. We identified mutations, dispersed throughout the pncA gene (35A>C—
538G>T), nearby the area of metal binding and active site amino acids (46-76
and 133-146), important for enzyme activity. Mutations 33C>A, 53C>A, 194-
203 Del CCTCGTCGTG, 205C>A, 317-18 Del TC, 331G>T, 376G>A, 419G>A,
430G>A, 449G>C, 508G>C, 519G>A, 522G>A, 530DEL C and 535A>G were
not found in the GMTV, TBDRM databases and neither in previous studies.
However, we did not detect any mutations in the 18 PZA-resistant M'TB isolates,
suggesting the involvement of other genes mpsA and panD (aspartate decarboxy-
lase) [43, 112, 188, 189]. These findings may be helpful to design biomarkers in
TB high burden countries for rapid testing of PZA-resistance. In a more recent
study, four new efflux proteins Rv0191, Rv1667¢, Rv3756¢, and Rv3008 were im-
plicated in PZA/POA resistance [190]. These findings suggest a new mechanism
of PZA-resistance in MTB. However, further investigations are needed to iden-
tify the quantitative role of all these targets in high burden countries and the
mechanisms behind PZA-resistance for better management of drug-resistant TB.
Molecular methods to investigate PZA-resistance by screening mutations in pncA
gene in distinct epidemiological regions, offer a much more rapid alternative, com-
pared to that of conventional bacteriology. Further studies are needed to identify
the mutations in PZA-resistant isolates specific to certain geographical areas for

the better management.

The lack of mutations in pncA eighteen PZA-resistant isolates, suggest the involve-
ment of other targets like rpsA, encoding the 30S ribosomal protein S1 (rpsA) and
panD, encoding aspartate decarboxylase. However, the role of rpsA mutations
in PZA-resistance is accounted in a small number of cases [116, 191, 192]. We

detected fifteen mutations in 11 (61%) isolates (Table. 4.18), while seven isolates

AVT and rpsAWT

were PZA-resistance pnc . However, no panD gene mutation was
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detected among the seven PZA-resistant pncAW?'. In association to this study,
Gu et al.; also found 6 isolates lacking any mutations in panD among pncA and
rpsA wild types PZA-resistant strains [112]. These findings suggest the role of
some other targets including eflux in PZA-resistance. Further investigations are
needed to find the quantitative role of all these targets and mechanisms in PZA-
resistance. Very limited information reported from previous studies about rpsA
mutations in pncAWT PZA-resistance strains. Alexander et al. (2012) reported
majority of synonymous mutation in rpsA among PZA-resistant isolates [41], while

AWT rpsA gene

Bhuju et al.; did not reported any mutations in PZA-resistant pnc
[116]. Similarly Tan et al., found 3 mutations in PZA-resistant pncAW?™ rpsA gene
and one in susceptible strain [114]. All the above reports showed a weak correla-
tion between rpsA gene mutations and PZA-resistance. However, Gu et al., [112]
found 26 mutations dispersed along the whole coding region of rpsA, a very differ-
ent pattern of mutations than previously reported [41, 116] in rpsA gene. In the
current study we also found 14 nonsynonymous and one synonymous mutations,
a different pattern of mutations in 11 strains out of 18 PZA-resistant pncAWT
rpsA gene. Further, all these mutations has not been reported in previous studies

and scattered in whole rpsA gene but not concentrated to C-terminal as reported

earlier [41, 111].

In conclusion, rpsA gene mutations should be considered along with pncA gene
mutations for better development of new molecular methods of DST and TB man-
agement. The role of rpsA gene mutations in PZA-resistance should be evaluated
from geographically diverse environment specially TB high burden countries with
more sample size to find the exact role of rpsA gene mutations in PZA-resistance

along with treatment and development of geographically specific biomarkers.

Drug resistance is most commonly develop due to mutations in the target struc-
ture. However, how this resistance develop, may help in our understanding to find
some alternative. The mechanism of resistance behind mutation may be inves-
tigated using X-rays crytallography, NMR and computer simulations. However,
MD simulation also termed as computer simulations, an alternative of conven-

tional in vivo and vitro experimental approaches, have been applied in exploring
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the properties at molecular level among the atoms. We can find a deep inside
mechanism of dynamics among molecules behind mutations in macromolecules.
MD simulations are very useful in the sense when a test is difficult or impossible
in the laboratory [44, 193, 194]. For better management of major public health
issues, inside mechanism has been investigated to define some control strategies.
Drug resistance TB has been found a major obstacle towards the global TB control
programm. Here, we explored the mechanism of PZA-resistance behind mutations
in target proteins, PZase and RpsA. A comprehensive study was performed by
comparing mutiple factors of MTs and WT including, RMSD, RMSF, Rg, GFE,
distance matrix, total energy, pocket volume, docking scores etc. Mutations have
been found, effecting the fexibility and stability of proteins, making them a weak
target to interact with drugs, resulting in drug resistance. RMSD and RMSF of
MTs and WT have been compared, indicating imbalance stability. These findings
support the earlier studies on PZase MTs W68R, W68G, and K96R [195, 196].
Although majority of these mutation were not detected in active site but still they
conferred resistance, may be due to allosteric effect, leading to PZA-resistance.
A stable Rg value in simulaton period signifies the folding stability [197, 198].
Compared to MTs exhibited variations in Rg (Figures. 4.7, 4.8) throughout the
whole simulation period. These results support the findings of Yoon et al., [107]
that mutations may result in folding effect in proteins structures. Yoon and col-
leagues [107] investigated the consequences of pncA mutations on its function.
They identified nineteen PZA-resistant strains, harboring eight point mutations,
in which C14R, H51P, W68S, and A146V were insoluble, K48E and G97D exhib-
ited a low expression and solubility. However, MTs, Y99D and T135P showed high
expression and solubility comparable to those of the WT PZase. All the mutant
structures were predicted through CUPSAT program. Only Y99D and T135P
showed high solubility and expression, resulted a stabilizing effect. The remain-
ing MTs appeared to be low or have no stabilizing effect. However, K48E and
Y99D retained WT activity, demonstrating that residues, C14, H51, W68, G97,
T135, and A146 might be significant for PZase activity and folding. Vats et al.,

explored the insight mechanism behind PZA-resistance using molecular dynamic
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simulation. Mutation K96R affected the cavity volume, significantly large in MT
in comparison with WT. The docking score, Glide, Electrostatic, Van der Waal
energies were also found in variations between WT and MTs. Proteins and PZA
binding affinity may also be affected due to change in binding pockets [199, 200].
Hydrogen bonding play a key role in three dimensional structure of proteins, espe-
cially antibodies and enzymes. In the current research, a significant difference has
been detected while measuring the hydrogen bonding in MTs and W', offering
most of interactions in protein folding, stability and molecular recognition. Hy-
drogen bonding support the core composed of a-helix and -sheet [201-205]. The
primary forces in protein-ligand interactions are hydrogen bonds along with Van
der Waals and electrostatic forces, [204-206]. Hydrogen bonding ploted in WT,
are significant in number in comparison with MTs. The hydrogen bonding effect
in interaction site residues, Cys138, Ile133, Argl9 and Asp8, indicating the effect
of mutation on ligand binding site residues (Figures. 4.18, 4.19).

Catalytic proteins may contain cations, providing coordination ability and redox
activity [207, 208]. A specific ligand’s combination with the surrounding hydro-
gen bonding system have a central metal like redox potential [146]. PZase has
Fe™ metal ion coordinated by Asp49, His51, His57, and His71 (Figures. 4.20,
4.21). The RMSD and RMSF values of metal binding residues exhibited less sta-
bility and more lexibility in MTs metal Fe™ (Figures. 4.20, 4.21). These results
have strengthened the importance of residues in non-active site, whose mutation
may result in PZA-resistance. Dynamic cross correlations and PCA are oftenly
measured in MD simulations to depict the mutations effect on protein motion
[45, 195]. Positive and negative motion (correlate motions and anti-correlated mo-
tions) of residues are important for proper function of enzymes. In the present
study, these motions have been found in variations between WT and MTs PZase
and RpsA. WT have been exhibiting more correlated and less scattered type mo-
tion, covering less area than MTs, involved more in anti-correlated motions as
shown (Figures. 4.22, 4.23). A more scattered type of motion in protein made
them weak target represent (Figure. 4.9). The structural difference between WT

and MTs may compared through distance matrix which is commonly applied to
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quantify the structural changes [209]. A significant difference have been detected
while comparing the distance matrices of WT and MTs. These findings suggest
that mutations may affect the average distance of alpha carbon by residue number.
Further, the drug binding pocket have been also investigated in our recent studies,
affected by mutations [67, 210, 211]. Such changes may cause a weak binding

affinity, resulting in PZA-resistance.

Currently one-third of the world world’s population harbors dormant bacilli where
the risk of reactivation of bacilli in latent TB is estimated to be 5-10% [6, 212].
Along with the investigation of mutations in the targets that confer resistance
in distinct geographical locations, a focus should be kept on latent TB. These
are latent reservoir for recurrence and transmission of TB in populations. Host
body generate different types of stress, oxidative, nitrosative, acidic and heat to
eradicate the causative agent but such factors also mediate MTB growth by many
sensor genes but the role of sigH in oxidative stress was first established on the
experiments M. smegmatis sigH MTs by Fernandes et al., [49]. They confirmed
that sigH has a central role in the defense of MTB from reactive oxygen species
and oxidative thiol stress [213]. The SigH protects MTB against oxidative stress
by regulating the expression of stress-responsive factor Sigk, thioredoxins (trxB1

and trxC). stress-responsive s factor SigB is also regulated by SigE and SigH.

In the current study we found that sigH is activated by pknB after sensing the ex-
ternal stress while rshA is inactivated (Figure. 4.46). This phenomenon suggests
that the main regulator in sensing the external signal is pknB, a cell membrane
receptor. The pknB has been also connected with these main stress responders
in the network, generated by string database and pathlinker in cytoscape. How-
ever, the activation of pathway is mediated by external factor, stress only. These
findings suggest that targeting the stress sensor, pknB and sigH will cause disin-
tegration of the whole pathway, ultimately resulting in a lack of conversion into
latent stage. Thus MTB survival under latent TB can be controlled efficiently by
the application of system biology, to understand the regulation of essential genes
in certain phenomena. However, modelling biological signaling pathways give only

qualitative knowledge. One of these is Boolean network models, the simplest kind
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of dynamic model that can be applied only on qualitative data. However, these
models are able to summarize complex biological signaling pathways for identifi-

cation of potential targets.



Chapter 6

Conclusion and Recommendation

6.1 Conclusion

In conclusion, the prevalence of pyrazinamide resistance in Khyber pakhtunkhwa
province of Pakistan is high and have been significantly associated with other
1%t and 2" line drug resistance. Therefore, pyrazinamide sensitivity should reg-
ularly be performed, prior to include in tuberculosis theraphy. However, due to
buffering issues in pyrazinamide drug susceptibility testing, molecular methods to
access pyrazinamide resistance are better, especially in tuberculosis high-burden
countries. Our novel mutations in resistance isolates may be used as geographic
specific biomarkers. Mechanism of pyrazinamide resistance behind mutations have
been accessed through molecular dynamic simulations, where drug binding pocket,
docking score, root means square deviation, root means square fluctuations, essen-
tial dynamics, principal component analysis, and hydrogen bonding at different
simulation periods of mutants have been altered in comparison with wild type.
In comparative analysis of interaction energy, van der waals and electrostatics
between wild type and mutants, a significant difference have been detected in
electrostatic energies. The principal component analysis of wild type showed a

cluster type of motion as compared to mutants. Further, hydrogen bonding in
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metal, Fe*? binding residues shows more deviation in mutants. The overall analy-
sis supports the hypothesis that these mutations might be involved in pyrazinamide
resistance. Wild type exhibited positive (correlate motions) than mutants (anti-
correlated motions) among residues. Molecular dynamic simulations of wild type
and mutants explored a significant variations in the characteristics, resulting in
pyrazinamide resistance. The regulatory pathways analysis revealed some more
potent drug targets, pknB and sigH, essential for the survival of Mycobacterium
tuberculosis under stress conditions. SigH regulons are the successful regulatory
network, activating complex system for survival in stress environment. Drug de-
signing against these regulons might be useful to eliminate the latent isolates.
Our results unveil the insight mechanism of drug resistance and therefore may be

helpful for better management of tuberculosis.

6.2 Future Work

The major challenge in control of TB is raising in high burden countries. Ow-
ing to these mutational effects that results in drug resistance is considered as an
obstacle in course of TB treatment. As we identified geographical specific muta-
tions, the researchers may design specific biomarkers in high burden countries for
rapid access of PZA-resistance. Further, the mutation effect may also be tested
through in vitro studies on mutants. The SigH Network and regulatory pathway
of genes under latent stage may be more elaborated and drug may be designed,
active under latent MTB isolates, especially, targeting the SigH regulon for better
control strategies in future. High throughput computational technologies can be
integrated in diagnosis of disease to give minimum time for transmission and early
initiation of treatment. Synthetic and system biology may reduce the efforts in
understanding and identification of potent drug targets in complex interactive sys-
tem under latent stage of MTB and can be applied for the effective management of
TB and drug resistance mechanism. Further studies are needed on the application

of such approaches to unravel the hidden regulatory pathways under latent TB
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that may assist for more accurate identification of drug targets and reducing the

relapse occurrence of TB.
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Ficure Al: MTB growth on MGIT and LJ media and PCR product.
A: MTB growth in MGIT, B: MTB growth on LJ, C:PCR product of pncA,
panD, and rpsA on gel.
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FIGURE A4: Mutation at position 53C-A of pncA gene
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1A-457_17_PncA_pnca F.ab1-> Quality(n-100):28
1,600 210 215 220 25 230 235 240
1,400 T c 6 A € C c 6 s 6 T 6 A ¢ ¢ ¢ c T T ¢ T c ¢ G 6 ¢ A C A ©C [

1570 1,580 1,590 1,600 1610 1620 1630 1640 1650 1660 1670 1,680 1,690 1,700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1,800 1,610 1820 1830 1840 1,850

3,000
2,500)
2,000)
1,500)
1,000)

(1637, 2732)

)l

1540 1550 1560 1570 1580 1590 1,600 1610 1,620 1830 1840 1,650 1,660 1,670 1,680 1,690 1700 1710 1720 1730 1740 1750 1,780 1770 1780 170 1800 1810 1,820 1,830 1,840 1850

[Muts [Fiame  [ChrPos Mutation DA Inde] mANA IndeIntensity _[&rea [Drop [Ovelap [Mose _ [SRatio  [Score  [Annotation [Actions [Comments
[r 1635 2785 [ 1.00 [ 50,91

FIGURE A8: Mutation at position 170A-C of pncA gene

Ref seq pnca_F_Synthesis.scf-— Quality(0-100): 100

4,000
3,500
3,000
2,500
2,000
1,500
1,000

500

180 185 190 195 200 205 1
G c A ¢© A C [4 G 6 A ¢ T AT T c c T c G T c G T G G [ c

6F-599:

1,400
1,200

1780 1,790 1,800 1,810 1,820 1830 1,840 1,850 1860 1670 1,880 1,890 1,900 1,910 1,920 1930 1,940 1,950 1960 1870 1980 1,980 2,000 2,010 2,020 2,030 2,040 2050 2,060 2,070 2,080 2,090

3_PncA_pnca_F.ab1--> Quality(0-100):66
235 240 245 250 5
G c A c A c c G G A c T A T T G c c A c c

1780 1,790 1,800 1,810 1,820 1830 1,840 1,850 1860 1870 1,880 1,890 1,900 1,910 1,920 15930 1,940 1,950 1960 1970 1980 1,980 2,000 2,010 2,020 2,030 2,040 2050 2,060 2,070 2,080 2,090

&

1780 1,790 1,800 1,810 1,820 1830 1,840 1,850 1860 1870 1,880 1,890 1,900 1,910 1,920 1930 1940 1,950 1960 1570 1980 1,990 2,000 2,010 2,020 2,030 2,040 2,050 2,060 2,070 2,080 2,090

[uett [Fiame  [ChiFos Mutation DN Indes] [trea [Diop [Overlan [Moise [SrFfistio [Scoe  [Annotation [ctions [Comi

1

Ref seq pnca

1935

F1GURE A9: Mutation at position 194-203DELCCT of pncA gene

Synthesis,scf—> Quaiity(0-100): 100

4,000
3,500)
3,000
2,500
2,000
1,500
1,000

500

180 185 190 188 200 205 210
c A cC A i & G G j- S T A (o) c T c G T c 6 T G G c £ A € c G

1790 1,800 1810 1820 1830 1,840 1850 1860 1870 1880 1,890 1900 1,970 1920 1930 1940 1950 1960 1970 1,980 1,990 2000 2010 2020 2030 2040 2050 2,060 2070 2080 2090 2,100

10A-2738 _175_Pnch_pnca_F abl—> Quality(0-100):57
200 240 245 250 260 265
¢ W e w87 e er e o @0 g A W O S R W e g g & % ¢ 6 ® & W © £ ©
1,500
1,000
B

1790 1,800 1,810 1820 1830 1840 1850 1860 1870 1,880 1890 1,900 1,910 1,920 1930 1940 1950 1960 1,970 1,980 1,990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2,090 2,100

1790 1,800 1,810 1820 1830 1,840 1850 1850 1870 1,880 1890 1,900 1,910 1,920 1930 1940 1950 1960 1,970 1,980 1,990 2000 2,010 2020 2030 2040 2050 2,060 2,070 2,080 2,090 2,100

[Mut

[

it [Frame__ [ChiPos Mutation =DNA Index mPN [ [rea [Drep [Overlap [Woise _ [SrRatic [Scoe  [Annotation [Actions [Comments
1945 2640 1432 (100 100 2000 (747 13094

FIGURE A10: Mutation at position 195C-T of pncA gene
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Ref seq pnca_F_Synthesis.scf-->

Quality(0-100): 100

4,000
3,500
3,000
2,500)
2,000)
1,500
1,000

500

G A

190

195
c

200
c

B0
G c A T T G c G

1,860 1,870

2C-944_17_PneA _pnca_F.ab1—>

Quality(0-100):76

1880 1,890 1,900 1,810 1920 1930 1940 1950 1960 1,870 1,980 1990 2000 2,010 2020 2,030 2,040 2,050 2,060 2,070 2080 2090 2,100 2,110 2120 2130 2140 2150 2160 2,170

1,200
G A C

245

255

265 270
G c G

1,860 1,870 1880 1,890 1,900 1,910 1920 1930 1940 1950 1960 1,870 1,980 1,980 2,000 2,010 2,020 2,030 2,040 2,050 2,060 2,070 2,080 2,090 2,100 2,110 2,120 2,130 2,140 2,150 2,160 2,170

3,000
2,500)
2,000)
1,500
1,000

500

1,860 1,870 15880 1,830

1,900

1910 1,920 1,930 1340 1,950

1,960

1,970

1,980

1,990 2,000 2,010 2,020 2,030 2040 2,050 2060 2,070 2080 2,090 2100 2110 2120 2,930 2,140 2150 2,160 2,170

[Mutt [che P

ox

[trea

[Diop [Oversp  [hoise [SnRstic [Scoe  [Annotation [etions [Com

[Frame
5

‘1

Ref seq pnca_F_Synthesis.scf—>

Mutation DN Inde]mFil

2708

14,85

1.00 054 260,00 7EBE 137.02

FIGURE A11: Mutation at position 202T-C of pncA gene

Quality(0-100): 100

4,009 180
3,500
3,000
2,500
2,009
1,500)
1,000

soq|

185
[4 c T [4 [}

Zi0 20
[}

1890 1,900 1,910 1,921

54-4743_Pnca_pnca_F.ab1-—>

0 1

830

1940 1950 1,960 1,870 1980

Quality(0-100):71

1990 2,000 2,010 2,020 2,030 2,040 2,050 2,060 2,070 2,080 2,090 2,100 2,110 2,120 2,130 2,140 2,150 2,160 2,170 2,180 2,190 2,200

1,600
1,400
1,200

250

1890 1,800 1,910 1920 1,930 1940 1950 1960 1,870 1/

980 1990 2,000 2,010 2020 2,030 2,040 2050 2060 2070 2,080 2,080 2100 2,110 2120 2,130 2,140 2,150 2160 2170 2,180 2,190 2,200

1,960 1,970 1980 1990 2,000 2,010 2,020 2,030 2,040 2,050 2,060 2,070 2,080 2,090 2,100 2,110 2,120 2,130 2,140 2,150 2,160 2,170 2,180 2,190 2,200

1890 1900 1,910 1,920 1,930 1940 19¢

[Muess [Frame _ [Chi Pas Mutation cDNA Indes] {intensity _[drea [Drep [Overlap _ [Noke  [SnRatio [Score  |Annotation [Actions [Com
1 4 15 16.01 0.5 1.00 25000 88 14988
F1GURE A12: Mutation at position 205C-A of pncA gene
Ref seq pnca_F_Synthesis.scf—> Quality(0-100): 100
4000 200 205 210 215 20 5
T c G T c G T G G [ c A c [ G c A T T G c G T c A G c G G T A

3,500
3,000f
2,500
2,000
1,500
1,000|

500|

1,950 1,960 1,970 1,980 1990 2,000 2,010 2020 2,030 2040 2050 2060 2070 2,080 2090 2,100 2,110 2120 2,130 2,140 2,150 2,160 2170 2180 2,190 2200 2210 2220 2230 2240 2250 2,260

41-355_17_PncA_pnca_F.ab1-> Quality(0-100):81
2,000 255 270 275

- . T A T A T T G C e T c
1,500

c G c G G G c c A c c G A T
1,000]

1960 1570 1380 1,990 2,000 2,010 2020 2,030 2,040 2,050 2060 2070 2080 2,090 2,100 2110 2120 2130 2,140 2150 2,960 2,170 2,180 2190 2,200 2210 2,220 2,230 2240 2250 2260

260 265 280

A B c @ G

1,950

1,950 1,960 1,970 1,880 1990 2,000 2,010 2,020 2030 2,040 2,050 2,060 2,070 2,080 2080 2100 2,110 2120 2,130 2140 2150 2,160 2,170 2180 2,180 2200 2210 2220 2,230 2240 2250 2,260

[Muas Frame Chr Pos Mutation DN Indes] mAMA Inde] SnRatio Con
E_ 2542

2 2105 719
FIGURE A13: Mutation at position 211C-T of pncA gene

Score Annotation Actiors

121.91

Moise
250,00

[Area
1328

Overlap
1.00

Diop
1.00
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Refseq pca_Lf_F_Synthesis_243,scf--> Quality(D-100):88
200 205 210 215 0
c [ T [ G c c A c c G A

7,000 c G T
6,000
5,000
4,000
3,000
2,000
1,000

1950 1,970 1980 1990 2000 2,M0 2,020 2,030 2040 2050 2,080 2,070 2080 2090 2100 2,110 2,420 2,130 2,140 2150 2180 2,170 2,180 2,180 2,200 2210 2220 2230 2240 2250 2260 227

1G-1620_PreA_pnca_F.ab1-> Quality(0-100):53
1,40 255 260 265 270 275 280
c 6 T c & T s G [ c G c ¢ T T ] c 6 T c A @ c 6 & T A C

1960 1970 1980 18990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2080 2100 2,110 2120 2,130 2,140 2150 2160 2,170 2180 2,180 2200 2210 2220 2230 2240 2250 2260 2727

28
2,000
1,500

LAy o

1960 1,970 1980 1890 2000 2,010 2020 2030 2040 2050 2060 2070 2080 2080 2100 2710 2120 2,130 2140 2150 2160 2170 2180 2,190 2,200 2210 2220 2230 2240 2250 2260 227

[Mutt [Frame  [ChiPos Mutation cDNA Index mRNA IndefIntersity  [4rea [Drap [Overlap  [Mokse  [SrRatic  [Scoe  [Annotation [actions [Comments
[z 2115 1861 1228 100 1.00 3073 343 299

FIGURE A14: Mutation at position 212A-G of pncA gene

Ref seq pnca_F_Synthesis.scf—> Quality(0-100): 100

200 215 220 225 230 235 240
c A T T G c G T c A G c G G T A c T c [ c G G [ G [ G G A [

3,500
3,000
2,500
2,000
1,500
1,000

500

2,00 2,110 2,120 2,130 2,140 2,150 2,160 2,170 2,180 2,190 2200 2,210 2,220 2230 2240 2,250 2260 2,270 2,280 2,290 2,300 2310 2,320 2,330 2,340 2,350 2,360 2,370 2,380 2,390 2400 2,410

2G-3150_PncA_pnca_F.ab1--> Quality (0-100):53
265 270 275 280 285 230 295
c A T T & ¢ & T C A G C & G T c ¢ T c ¢ ¢ 6 & Cc 6 Cc 6 6 A C T

1,400

2,400 2,110 2,120 2130 2,140 2150 260 2170 280 2,190 2200 2210 2,220 2230 2240 2250 2260 2270 2,280 2280 2,300 2310 2320 2,330 2,340 2350 2360 2370 2,330 2,390 2400 2,410

(2198, 1208}

2,400 2110 2120 2,130 2,140 2150 2160 2,170 2180 2150 2,200 2210 2220 2230 2240 2,250 2260 2,270 2,280 2,230 2300 2310 2320 2330 2,340 2350 2360 2370 2,330 2380 2400 2410

[Mutst [Freme  [ChiPos Mutation DM Inder] mANA Inde] | [Diop [Ovelsp  [Moire  [SrRatic  [Score  [Annctation [Actions [ccr
B 2255 3002 16.27 1.00 1.00 5000 (849 150.00

FicURE A15: Mutation at position 226A-C of pncA gene

Refseq pca_L.f_F_Synthesis_231.scf-> Quality(0-100):98

i 255 260 265 270 275 280

7,000 T c T 6 6 A € A C 6 T c 6 6 ¢ A A T ¢ T
6,000
5,000)
4000
3,000
2,000
1,000)

2510 2520 2530 2540 2550 2560 2570 2,580 2590 2600 2610 2620 2630 2640 2850 2860 2670 2830 2690 2700 2710 2720 2730 2740 2750 2760 2770 2780 2790 2800 2810 2820

10G-1165_17_PrecA_pnca F.abi—> Qualty(0-100):4
300 305 310 315 320
s A A c G 4 c c

1,209 ~ 25

1,000
00)
00|
400)
200

2,590 2800 2610 2620 2630 2840 2650 2860 2670 2,830 2890 2700 2710 2720 2730 2740 2750 2760 2770 2780 2790 2800 2810 2820

2510 2520 2530 2540 2550 2560 2570 2,

‘] Py sy Am A R s s

2510 2520 2530 2540 2550 2,560 2570 2,580 2,590 2600 2610 2620 2630 2640 2850 2860 2670 2,680 2690 2700 2710 2720 2730 2740 2750 2760 2770 2780 2790 2800 2810 2820

[Mut [Fame [ChiPos Mutation cDNA Index mANA Inde]] [rea [Drap [Overlap _ [Moise  [SrRatio [Score  [Annotation [Actions [Commerts [
[ 2685 73 288 084 1.00 At 127 1167

FIGURE A16: Mutation at position 267A-G of pncA gene




Appendiz 155

Ref seqpnca_F_Synthesis.scf—> Quality(0-100): 100

2,004 275 280 285 290 295 300

3200 A & 6 ¢ & & T & T T c T A ¢ A A & & € T & ¢ ¢ T A €© A €© C & G

3,000

2,500

2,000

1,500

1,000
500)

2710 2,720 2730 2740 2750 2,760 2770 2780 2,790 2,800 2810 2,820 2,830 2,840 2850 2,880 2,870 2,880 2890 2900 2910 2,920 2930 2940 2,850 2960 2970 2,980 2,890 3,000 3010 3,

26-1933_PncA_pnca_F.ab1-> Quality(0-100):68

1 500 325 330 335 340 345 350
1,400 A G G c G G T G T T c T A c A c G G G T G c c T A c A c c G G

2710 2,720 2730 2740 2750 2,760 2770 2780 2,790 2,800 2,810 2,820 2,830 2,840 2,850 2,860 2,870 2,880 2,890 2900 2,910 2,920 2,930 2940 2,850 2960 2970 2980 2,990 3,000 3010 3,

[2518,

2710 2,720 2730 2740 2750 2,760 2,770 2780 2,790 2,800 2,810 2,820 2,830 2,840 2,850 2,860 2,870 2,880 2,890 2,900 2,910 2,920 2,930 2,940 2,850 2960 2970 2,980 2,990 3,000 3010 3,

[ Mo [Frame  [ChiPos Mutation oDNA Inded] | | [Drop [Ovetap  [Moise [SnRatic [Scoe [Annotation [4ctions
i 2865 2642 14.80 1.00 1.00 5000 748 13114

FIGURE A17: Mutation at position 287A-C of pncA gene

Refseqprca_L.f F_Synthesis_281.5¢f—> Quality(0-100):99

10,000 20 325 330 335 340 345
T T c G A A G G A6 T ¢ G A€ G A6 A A ¢ G G c A 3 G c ¢ A c

8,000

6,000

4,000

2,000

3150 3760 3170 3180 3,190 3200 3210 3220 3230 3240 3250 37260 3270 3280 3,280 3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 3400 3410 3420 3430 3440 3450 3,460

4A-4343_PncA_pnca F.abi-> Quality(0-100): 23
1,000 %65 370 375 380 385 390 395
T T c A A A G [ A 6 T c [ A C G A6 A A c G G c A c G c c A c
800) -
00|
400)
200

3150 3760 3170 3180 3190 3200 3210 3220 3230 3240 3250 3,260 3270 3280 3,290 3,300 3310 3320 3330 3340 330 3360 3,370 3380 3390 3400 3410 3420 3430 3440 3450 3,460

NV Y. A

3150 3,760 3170 3180 3,130 3200 3210 3220 3230 3240 3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360 3370 3380 3390 3400 3410 3420 3430 3440 3450 3,460

[Mu# [Frame  [ChiFos Mutation DA Indes{mANA Inde] [eues [Dicp [Oveiap  [Moiss  [SnRatic [Scoe  [Annolation [actions [Comments [~
[+ £ 652 487 054 100 2000|250 191l

F1GURE A18: Mutation at position 331G-T of pncA gene

Ref seq pnca_F_Synthesis,scf—= Quality(0-1007: 100

4,000 345 350 355 360 365 370 75
3,000 £ T T A A T T T A A -
2,000

1,000

U u U U T T T U U T U U U T U U
3440 3460 3480 3500 3520 3540 3560 3580 3600 3620 3640 3660 3680 3700 3,720 3,740

12G-3115_175_PncA_pnca_F.abl-—-= Quality(0-100): 74
c 3 5
1.000] EUU W e 405 4_110_ 41 420 42 1130

500

3440 3460 3480 3500 3520 3540 3560 3580 3600 3620 3640 3660 3680 3700 3,720 3,740

3440 3460 3480 3500 3520 3540 3560 3580 3600 3620 3640 3660 3680 3700 3,720 3,740
|Mutﬂ |Frame |Chr Pos I uikation cOMA Index| mRMNA Inde>| Inkensity |Area |Dr0p Owe ~
|2 2685 2995 16,26 1.00 1.00

FiGURE A19: Mutation at position 359T-G of pncA gene
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Refseqpnca_1.f_F_Synthesis_281.scf—>

Quality(0-100):88

8000 PR e s & ¢
7,000

&,000)
5,000
4,000
3,000
2,000
1,000

370 375

4A-4348_PncA_pnca_F ab1-—> Quality(0-100):23

3520 3530 3540 3550 3560 3570 3580 3,590 3600 3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3ITI0 3720 370 3740 3750 3780 3770 3780 3790 3800 3810 38 38

AEI‘
1,000

200

41 0 415 Azn

42[

430

800
400
200

3520 3530 3540 3550 3560 3570 3580 3590 3600 3510 3820 3630 3640 3650 3650 3670 3630 3590 3700 3710 3720 3730 3740 3750 3760 3770 3780 3790 3300 3310 3820 383

VA

AN

AN NN

3520 3530 3540 3550 3560 3570 3580 3590 3600 3610 3620 3630 3540 3650 3680 3670 3680 3890 3700 3710 3720 370 3740 3750 3760 3770 3780 3790 3800 3310 3820 333

[Mutt [Frame  [ChiFos Mutation oDNA Index{ mRNA Inde:] [8rea [Drop [Ovelsp  [Moiss  [SrRalic  [Scwe |Annotalion [&ctions [Comments
s *75 b 222 1248|089 1.00 R 55.00
FicureE A20: Mutation at position 368G-C of pncA gene
Ref seq pnca_F_Synthesis.scf—> Quality(D-100): 100
4,000 365 3ro 375 380 385 380
3,000 AA T AT A T AT T 1
2,000
1,000
* T ? 1 : T ? * * ? ¢ * t * ? T
3600 3,620 3540 3860 3,680 3700 3720 3740 3TE0 37RO 3,800 3,820 3,840 3860 3,880 3,300
11B-3216_175_PncA_pnca_F.abl->= Quality(0-100):33
420 425 430 435 440 445

C G G C A A

1,000
500

C

G C G G C G

3600 3,620 3540

{
3,880

3680 3700 3720 3740 3780 3780 3800 3820

: :
3,880 3,300

I
2,000

4
2

1,000
A /\an/\’\ LR r\/\ WA/ NP/ AVAATAN o A
3600 3,620 3640 3660 3680 3700 3720 3740 3760 3780 3,800 3,820 3,840 3,860 3,880 3,900
|Mutﬁ |Frame |Chr FPoz kduitation cDMA Indexl mE A Indesllntenslty |Area |Dlop |D\-'e ~
|? 3755 h 2219 1272 0.94 0.34
F1GURE A21: Mutation at position 376G-A of pncA gene
Ref seq pnca_F_Synthesis,scf--= Quality{0-1007: 100
4,000 370 375 380 385 390 385 400
3,000 5 I oy I T 5 I s Lq
2,000
1,000
T T 4 t * T u * t T T * T T T t
3,700 3720 3740 3760 3780 3,800 3820 3,840 3,860 3,830 38900 3,920 3,840 3960 3980 4,000
11B-3216_175_PncA_pnca_F.abl-—-= Quality{0-100): 33
430 235 240 445 450 455

G

3,700 3720 3,740

;
3,760

3,780 3,800 3,880 3,800 3,820

:
3,940

3950 3,980 4,000

2,000

4

1,000
B A AN NN, AVAWA Y AN IM\IA M\J\r\ﬁ«xﬁ\
3700 3720 3740 3760 3750 3800 3,820 3,840 3860 3,830 3,900 3,920 3840 3950 3,980 4,000
|Mutﬁ |Frame |Chr Pos Futation cOhA Index| mRMA Inde:\||ntensity |Area |Dr0p |D\.-'e ~
|8 3845 2453 14.04 0.87 1.00

FIGURE A22: Mutation at position 385G-A of pncA gene
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Ref seq pnca_1Lf_F_Synthesis_281.sci—> Quality(0-100):39
380 385 390 395 400 405
A & G T ¢ & A T G T & 6 T ¢ & & T A T T & ¢ ¢ A C C &

8,000 G A T G
7,000

6,000
5,000
4,000
3,000
2,000
1,000

3750 3760 3770 3780 3790 3800 3810 3820 3830 3840 3850 3860 3870 3880 3,890 3900 3910 3920 3930 3940 3950 3960 3970 3980 3990 4000 4010 4020 4,030 4,040 4,050 <060

2E-2422_Prich_pnca F.abl—> Quality(0-100):77
1 430 435 440 445 450 458
1400 6 A T 6 A 6 6 T c € A T 6 T € T T ¢ €6 6 T A T T 6 € € A C € 6

3750 3,760 3770 3780 3790 3800 3810 3820 3830 3840 3850 3860 3870 3880 3,890 3,900 3,910 3920 3930 340 3950 3,960 3970 3980 3990 4000 4010 4020 4,030 4,040 4050 4,060

3, " 1

3750 3,760 3770 3780 3790 3800 3810 3820 3830 3840 3850 3860 3870 3880 3,890 3,900 3910 3920 3930 3940 3950 3,960 3970 3980 3990 4000 4010 4020 4,030 4,040 4050 4,060

[Mug [Frame  [ChrPos Mutation cDNA Index RN Inde] [Avea [Drop [Ovelap [Moise__ [SnRatio [Score [Annotation [actions [Comments
‘z B 2320 1310 0% 100 EEES 10417

Ficure A23: Mutation at position 391G-T of pncA gene

Ref seq prica_F_Synthesis, scf—> Quality(0-100): 100
4000 385 390 395 400 405 410
T ¢ 6 A T & T G 6 T ¢ G & T A T T & A c A A

3,500
3,000
2,500)
2,000)
1,500
1,000

500

3,820 3,830 3,840 3,850 3,860 3,870 3,880 3,890 3,900 3910 3,920 3,930 3,940 3,950 3,960 3970 3,980 3990 4000 4010 4,020 4,030 4,040 4050 4,080 4,070 4,080 4,090 4,100 4,110 4120 4,130

6B-5427_Pnck_pnca_F.abl—>» Quality(0-100): 78
440 445 450 455 450 455 Tl
1.200 T - e T ¢ & T c & & T A C T & €C C A C C & A T ¢ A T T G
1,000

3,820 3830 3,840 3,850 3850 3370 3880 3,890 3900 3510 3520 3930 3940 3950 3960 3570 3980 3590 4000 4010 4,020 4030 4,040 4050 4,080 4070 4,080 4090 4100 4110 4120 4,130

3,000

2,000)

1,000

3,820 3,830 3,840 3,850 3860 3,870 3,880 3,890 3,900 3910 3,920 3,930 3,940 3,950 3,960 3970 3,980 3990 4000 4010 4,020 4,030 4,040 4050 4,080 4,070 4,080 4,090 4,100 4,110 4120 4,130
T

[t [Frame  [ChrPos Mutation CDNA Index] [rea [Drop [Overlsp__ [Moise [SrRstic [Score  [Annotation [Actions Coa
[ 3575 2835 1534 1.00 1.00 000 (802 14382

F1cURE A24: Mutation at position 398T-C of pncA gene

Ref seq pnca_F_Synthesis.scf—= Quality(D-1007: 100
4,000 405 410 415 420 425 430 35
3,000 AT AT T T T A A A A
2,000
1,000

T u U U u u u u T T U T T u T 3
4,040 4080 4080 4100 4120 4140 4160 4180 4200 4220 4240 4280 4280 4300 4,320 4340

12C-1855_175_PncA_pnca_F.abl-—-> Quality(D-100):53

1,500 265 270 475 480 485 430

1000/ © C 6 AT C AT T GTG T C ACCAGA ATLTGT®GT CT CG®GA BTG G A
500

T T u u T T T T T T u T u T u T
4,040 4080 4080 4100 4120 4140 4160 4180 4200 4220 4240 4280 4280 4300 4,320 4340

I
2,000 :

1,000

AN mf\/\/\\ LAY A T SN AN

T T t T T T

4,040 4080 4080 4100 4120 4140 4160 4180 4200 4220 4240 4280 4280 4300 4,320 4340
|Mut3¢ |Frame |Chr Pos I uikation cOMNA Indexl R MHa Inde:llntensity |Area |Dr0p |D\-'e -~
|3 4185 1896 1015 070 1.00

FIGURE A25: Mutation at position 419G-A of pncA gene
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Refseq pnca_F_Synthesis.scf--> Quality(0-100): 100
4,000/ 410 415 420 425 430 435
A T c A T T G T G T G c G c c A G A c G G c c G

3,500)

3,000

2,500

2,000

1,500/

1,000)
500/

4060 4070 4080 4090 4100 4110 4120 4130 4140 4150 4160 4170 4180 4190 4200 4210 4220 4230 4240 4250 4260 4270 4280 4250 4300 4310 4320 4330 4340 4350 4360 4370

SE-42_Pnch_pnca_F.abl--> Quality(0-100):47

1,400] 460 465 470 475 480 485 ot
1200 AT c A T T s T s T & ¢ 6 ¢ C C 6 A C G & C C &6 A &6 6 A C & C

1,000)

4060 4070 4,080 4090 4100 4110 4120 47130 4740 4150 47160 4170 4180 4190 4200 4210 $220 4230 4240 4250 4260 4270 4280 4,290 4300 4310 4320 4,330 4340 4350 4360 4370

3,000

2,000

1,000

4060 4070 4,080 4090 4100 4110 4120 47130 4740 4150 47160 4170 4180 4190 4200 4210 $220 4230 4240 4250 4260 4270 4280 4,290 4300 4310 4320 4,330 4340 4350 4360 4370

[Mutse [Fiame  [EhiPes Mutation cDNA Index] [ [trea [Diop [Ovelap  [Moise  [SnRatic  [Score  [énnotation [ctions [ccm
[z 4215 2665 1561 1.00 1.00 2079|587 8374

FIGURE A26: Mutation at position 422A-C of pncA gene

Ref seq pca_F _Synthesis.scf-—> Quality(0-100): 100
500 0 15 [ 25 430 435
2500 ¢c 4 T T & T & T & C & C C A & A C ] A A ©
3,000,
2,500
2,000
1,500
1,000
500

4070 4080 4090 4100 4110 4120 4130 4140 4150 4160 4170 4,180 4190 4200 4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320 £330 4340 4350 4360 4370 438

1G-1620_PncA_pnea_F.ab1-> Quality(0-100):27
450 465 470 475 480 485
2,009 T ¢ A T T G T G T G A€ 6 A A A C G G c ¢ A A 6 6 A C G G
1,500
1,000
500

4070 4080 4080 4100 4110 4120 4130 4140 4150 4160 4170 4,180 4190 4200 4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320 4330 4340 4350 4360 4370 438

)

(4224, 14¢
L]

4070 4080 4090 4100 4110 4120 4130 4140 4150 4180 4170 4,180 4190 4200 4210 4220 4230 4240 4250 4260 4270 4280 4290 4300 4310 4320 4330 4340 4350 4360 4370 438

[t [Frame  [ChiPos Mutation DA Index mRNA Indefintersity _ [4rea [Drap [Overlap  [Nokse  [SrRatic [Scoe  [Annotation [actions [Comments
|22 1235 1560 ] 1.00 3B 416 HIE

F1GURE A27: Mutation at position 423G-A of pncA gene

Ref seqpnca_F_Synthesis.scf--> Quality(0-100): 100

4 0] 425 430 435 440 445 450
A G A c G G c c G A G G A c G c G G T A c G c A A T G G c T T

3,500
3,000)
2,500
2,000
1,500
1,000

s00)

4210 4220 4230 4240 4250 4260 4270 4,280 4290 4300 4310 £320 4330 4340 4350 4360 4370 4,380 £390 4,400 4,410 £420 4430 4,440 4,450 4460 4,470 4,480 4490 4,500 £510 45

1H-1760_PncA_pnca_F.ab1-> Quality(0-100):65
475 480 425 490 495 500
4 c©c 6 8 c©c ¢ & A A T A A

1,400 . e

4210 4220 4230 4240 4750 4260 4270 4280 4290 4300 4310 4320 4330 4340 4350 4360 4370 4380 4390 4400 4410 4470 4430 4440 4450 4460 4470 4,480 4490 4500 4510 4%

4,000)
3,000
2,000
1,000

4210 4220 4,230 4240 4,250 4260 4,270 4,260 4,200 4300 4,310 4,320 4330 4,340 4,350 4360 4370 4,380 4,390 4,400 4,410 4420 4430 4,440 4,450 4460 4470 4,480 4,480 4,500 4510 4%

[Mhunst [Frame  [ChiPos Mutation DN Index mANA Inde:] [Area [Drop [Oveap  [Mokse [SrRatc [Scoe [annotation [ctions
i 4365 3382 18.71 1.00 1.00 5000 957 150,00

FIGURE A28: Mutation at position 437C-T of pncA gene
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Ref seq pnca_F_Synthesis.scf-> Quality(0-100):100
435 440 445 450 455 450 o5
A c [ c G G T A c [ c A A [ G c T T G G c c A C c A @ G G

4,000
3,501)
3,000
2,500
2,009
1,501
1,001

500

4330 4340 4350 4380 4370 4380 4390 4,400 4410 4420 4430 4440 £450 4460 4470 4480 4490 4500 4510 £520 4530 4580 4550 4560 4570 4580 4590 4600 4510 4820 4830 4640

14-487_17_PncA pnca_F.ab1-> Quality(o-100):28
2004 490 495 500 510 515 520
' A C © ¢ 6 6 T A C & C A A T & [ T ] c c c c A 6 G & T
1,500
1,009
501

4330 4340 4350 4360 4370 4350 4390 4400 4410 4420 4430 4440 4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560 4570 4580 4590 4600 4510 4520 4830 4640

FAN/A) A V/ay YaWA JANPNAY

4330 4340 4350 4360 4370 4360 4,390 4400 4410 4420 4430 4440 4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560 4570 4560 4590 4600 4510 4620 4630 4640

[tute [Frame  [chePos utation cDNA Indes] PN Inde] [hrea [Drep [Ovelap [Moke  [SnRatic  [Score  [Annotation [Actions [Comments ~
i 4485 2980 5% (034 1.00 66800 (316 2n.76

FiGURE A29: Mutation at position 449G-C of pncA gene

Ref seq pnca_L.f_F _Synthesis_381.scf—> Quality(0-100):33
8,000 450
700 4 T & & ¢ T T & &
&,000)
5,000
4,000
3,000
2,000
1,000

" §
&

470 475

o
o
>
o
o
E
®
@
®
1
®
o
1
®
®
®
®
3
o
o
1

4450 4460 4470 4480 4,490 4500 4510 4520 4530 4540 4550 4560 4570 4580 4590 4600 4610 4620 4630 4640 4650 4650 4670 4680 4690 4700 4710 4720 4730 4740 4750

4C-4404_PncA_pnca_F.abl-> Quality(0-100):63
2 000) 505 510 515 520 525 530
AT G 5 c T T G G ¢ c A€ I G 5 T G c T G 6 T 5 6 A [ [ T
1,500
1,000
500/

4450 4460 4470 4480 4,490 4500 4510 4520 4530 4540 4550 4560 4570 4580 4590 4600 4610 4620 4630 4640 4650 4660 4670 4680 4690 4700 4710 4720 4730 4740 4750

4450 4480 4470 4430 4,490 4500

YT\ S AWNLY,

10 4520 4530 4,540 4550 4560 4570 4580 4500 4500 4610 4620 4830 4540 4650 4660 4670 4680 4690 4700 4710 4720 4730 4740 47

[Mu [Frame _ [ChiPos Mutation DA Inded mPiNA Inde [area [Drop [Overap  [Moise [SrRiatic [Score  [Annotation [Actions [Comments
[ 4605 iED 750 038 1.0 2000|361 771 <<Dieleted by compulen> )

FicURE A30: Mutation at position 461-C of pncA gene

Ref seq pncs_F_Synthesis. scf--> Quality(0-100): 100

4000 455 450 465 470 475 420 485
¢ ¢ c ¢ A &6 & & T & ¢ T 6 6 T 6 6 A C C T & A

3,500
3,000
2,500
2,000
1,500
1,000

500

4540 4550 4580 4570 4530 4530 4800 4610 4620 4530 4640 4650 4660 4670 4680 4890 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800 4810 4320 4830 4840 4350

98-6841_PncA_pnca_F.abl—> Quality(0-100):68
510
c c A c c A G

1,600 15 20 525 530

1,400

oo
@
1
@
a
@
@
@
@
@
¥
o
a
1
@
¥
I
b
@
oo
@
@
@

0 4,560 4570 4580 4590 4600 4510 4620 4830 4640 4,850 4660 4670 4,880 4690 4700 4,710 4720 4730 4740 4750 4760 4770 4,780 4790 4300 4810 4,820 4830 £840 4,850

3,000

i
i

4540 4,550 4560 4570 4,580 4,580 4600 4,610 4620 4,630 4,640 4650 4,660 4,670 4680 4690 4700 4710 4720 4730 4740 4750 4,760 4770 4,780 4,790 4,800 4,810 4,820 45830 4,840 4,850

[Muet [Flame __ [ChiPos Mutation DM Inded mANA Inde]| [area [Drep [Overlap__ [Moise [SrRatic_[Score  [Annotation [actions [Com
[ 4655 3050 17.12 1.00 1.00 EE 150.00

FiGURE A31: Mutation at position 470T-G of pncA gene
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Ref seqpnca_Lf_F_Synthesis_281.scf-> Quality(0-100):98
450 435 450 95 500
A [4 A G c G G G T G T A

1
®
o
@
®
o
o
@
>
3
o
o
E
o
o
@
1
o

7,000 G
6,000
5,000
4,000
3,000
2,000
1,000

4760 4770 4780 4790 4800 4810 4820 4830 4840 4850 4860 4870 4850 4890 4900 4910 4920 4930 4940 4950 4960 4,970 4980 4,990 5000 5010 5020 5030 5040 5050 5060 ¢

3F-3305_PncA_pnca_F.abi—> Quality(0-100):57

1 535 540 545 550 555, 560
1,200 G A c A G c G G G T G T G T [ c G [3 [ G A A c [3 A c [3 G T c
1,000

4760 4770 4780 4790 4800 4810 4320 4830 4840 4850 4860 4870 4280 4830 4500 4910 4320 4930 4940 4950 4860 4570 4980 4990 5000 5010 5020 5030 5040 5050 5060 ¢

]

4760 4770 4780 4790 4800 4810 4320 4830 4840 4850 4860 4870 4280 4830 4500 4910 4320 4930 4940 4950 4860 4570 4980 4990 5000 5010 5020 5030 5040 5050 5060 ¢

[Pttt [Frame  [Chi Pos Mutation DA Inded] mRNA Inde | [Drop [Ovetap  [Noise  [SnRatio [Scoe  [Annatation [ctions [Comments
[z 4915 1297 643 093 1.00 5000|367 4117 <<Delsted by computer>3)

FiGUurE A32: Mutation at position 492G-C of pncA gene

[

Ref seq pnca_F_Synthesis. scf—> Quality(D-100): 100
4,000 485 500 505 510 515 520
3,000 AR R H I I
2,000
1,000

O T ? U T U 3 U u y U T ¥
4520 45940 4960 4,580 5000 5020 5040 S5,0680Q 5,04 5100 5120 S140 5160 S180 5200 5220

11C-2835_175_PncA_pnca_F.abl-> Quality(0-100):459
00| 545 550 555 560 565 570
so0| © Cc 6 4T ACTCATCTCG®GT C

400
200

4920 4940 4960 4,980 5000 5020 5040 5080 5080 5100 5120 5140 5160 5180 5200 5,220
2,000 3 a3 5 1
1,500 H E =

1,000 ’(‘sq, B S
G G A AN AN AR A PABAAN N Lo d

4520 45940 4960 45980 5000 5020 5040 5080 5080 5100 5120 5140 5160 5180 5200 5220
|Mutﬂ |Frame |Chr FPos b Likation DA IndeH| R A Inde>| Intensiby |Area |DIDD |Dve ~
|2 5075 1440 a.51 036 0.91

F1GURE A33: Mutation at position 508G-C of pncA gene

Ref seq pnca_F_Synthesis.scf—-> Quiality(0-1007: 100
4,000 505 510 515 520 525 530 E
3.000) T T A A AT A b
2,000
1,000f

U U U u u U T y
5040 5080 5080 5100 S120 5140 5160 5180 5200 5220 5240 5260 5280 5300 5320 5340

12A-2869_175_PncA_pnca_F.abl--= Quality(0-100): 70
565 570 575
G C T G G

800
400)
200

G T G C T 6 C G C A CCGTCTCE

U U u u f U T T
5040 5080 5080 5100 S120 5140 5160 5180 5200 5220 5240 5260 5280 5300 5320 5340

3,000
2,000
1,000

T U T u u T T T T = L U L A T -
5040 5080 5080 5100 S120 5140 5160 5180 5200 5220 5240 5260 5280 5300 5320 5340

|Mut# |Frame |Chl Pos I utation cOMA Inde:-:| iR M, Inde:\| Intensity |Area |Dmp Ove ~
E 5184 1345 747 nza 043

FIGURE A34: Mutation at position 519G-A of pncA gene

I /\I/\f\
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Ref seq pnca_F_Synthesis scf—= Quality{0-100): 100
4,000) 510 515 520 525 530 535
3,000 T A A AT A A e
2,000
1,000f
t T t T t T

0= u T ¥ u T T u u
5,080 5080 5100 S120 5140 5180 S5180 S200 5220 5240 5280 S5280 5300 5320 5340 5360

10F-2886_175_PncA_pnca_F.abl—-= Quality(0-100):62
200 560 565 570 575 580 585 580
s00f c G ¢ Cc G C GCT GG AGUGGAAWATGTLCGTLCATLCTLCUGATLCTC G [

U U y T T y
5,060 5,080 5,100 5,120 5,140 5,160 5,180 5,200 5,220 5,240 5260 5280 5,300 5,320 5,340 5,360

= e N —
£ N AV AVAVAVAVARAY N AN

0= T U
5,080 5,080 5100 5120 5,140 5,160 5,180 5,200 5,220 5,240 5260 5,280 5,300 5,320 5,340 5,380

|Mutﬂ |Frame |Chr Foz I Litation cOMA Inde:-:| mAMNA Inde>|lntensit_l,l |Area |Dr0p |Dve ~
|2 5214 1345 914 096 0.4s

FIGURE A35: Mutation at position 522G-A of pncA gene

Ref seq pnca_F_Synthesis. scf—> Quality(0-100): 100
520 525 530 535 540
G G A G G A 6 AT G c G c A c c G c c A 6 c G T c G A G

4,000 515
3,500
3,000
2,500
2,000)
1,500
1,000

500|

5140 5150 5160 5170 5180 5130 5200 5210 5220 5230 5240 5250 5260 5270 5280 5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 5410 5420 5430 5440 5450

1H-1760_PncA_pnca_F.ab1~> Quality(0-100):65
809 565 570 575 580 585 590
700 T G 6 A 6 6 A @6 AT G c G c A c G G c c G G c G c A A

5140 5150 57160 5170 5180 5180 5200 5210 5220 5230 5240 5250

2,500
2,000
1,500
1,000

500

TN

5140 5,150 560 5170 5,180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280 5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 5410 5420 5430 5440 5450

};/Iul# \;asrge [ChiPos Mutation DA Inded mRit Inded| [area [Drep [Overlap__ [Moise [SrRatic[Score  [Annotation [actions [cca
F1GURE A36: Mutation at position 530-DEL-C of pncA gene

Ref seq pnca_F_Synthesis scf—> Quality(0-100): 100
4,000 520 525 530 535 540 545 550
3,000 -~ AT A A T A I ot Tk
2,000
1,000
? t T t

u ' ¥ u T T T
5200 5220 5240 5280 5280 5300 5320 5340 5380 5380 5400 5420 5440 5480 5480 5500

10A-2738_175_PncA_pnca_F.ab1l--> Quality{0-100):57
500 580 585 550 585 500 505
T 6 C 6 C A CCGILUCLCOGOGOLCOGTCGAGT T GT T T C 3

220 5240 5280 5280 5300 5320 5340 5380 5380 5400 5420 5440 5480 5480 5500

40
“ M‘M\QAA/W\/\/\/\WW\/W\M
:
5200 5,

2,000/

1,000

YN VY. T, NP AW A

5,200 5,220 5240 5,260 5,280 5,300 5320 5,240 5,360 5,380 5400 5,420 5,440 5,480 5,480 5,500
|Mutﬁ |Frame |Chr Pos I Litation chiba Inde:-:| mAMA Inde:\| Intenzity |Area |Dr0p |D\-'e -~
|8 H345 171 1011 0.95 1.00

FIGURE A37: Mutation at position 535A-G of pncA gene
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Ref seq pca_F_Synthesis scf--> Quality(0-100): 100

2009 520 525 530 535 540 545

2500 G A~ & A T & © 6 © A C Cc & € ©c A & cCc & T ¢ & A & T e & T T
3,000

2,500

2,000)

1,500

1,000

500)

5190 5200 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 5410 5420 5430 5440 5450 5460 5470 5480 549(

SH-2550_175_PncA_pnca_F.abi-—> Quality(0-100):72

1,000 ‘Bﬂ 585 ‘9“ ‘9[ 600 605

A A T c @ c & A 66 T T 66 6 T T

200)

600

400

200)

5190 5200 5210 5320 5330 5340 5350 5360 5400 5410 5420 5430 5440 5470 5480 549(

2

1,500

. o ﬂA/}\AA//\ﬁf\f\ A AN AL AN

5190 5200 5210 5220 5230 5280 5290 5300 5310 5320 5330 5340 5350 5,360 5370 5380 5390 5400 5410 5420 5430 5440 5450 5460 5470 5480 5.49(

[btuase [Frame  [ChiFos Mutation GDNA Inded mRiNA Inded] [Area [Diop [Overlap  [Noise [SrRalic [Score [Annotation [ctions
|2 5345 950 524 1.00 1.00 423 152 10,28

FIGURE A38: Mutation at position 535A-T of pncA gene

Ref seq pca_F_Synthesis.scf-—> Quality(0-100): 100

4,000 . s 520
Jpn I G ¢ &6 ¢ A © € 6 C ¢
3,000
2,500)
2,000
1,500
1,000
500

540 585

5260 5270 5280 5290 5300 5310 5320 5330 5340 5350 5360 5370 5380 5390 5400 5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520 5530

8G-2515_Pnch_pnca_F.abl-> Quality(0-100):68

1 ‘SU ‘B‘ tsu ‘9‘ SUU eus

1,000 T

800

800)

409

200

5260 5270 5280 $290 5300 5310 5340 5350 5360 5370 5380 5330 5400 5410 5500 5510 5520

3,00 1
2,500

2,000)

1,500)

i
1,000] / X
] o A I o AN

5220 5230 5240 5250 5260 5270 5280 5290 5300 5310 5320 5330 5340 5350 5360 5370 5350 5390 5400 5410 5420 5430 5440 5450 5460 5470 5480 5490 5500 5510 5520 5530

[Pt Frame Chi Pos Mutation DM Index] AN [ fea Diop Ovelap _ [Moise  [Sislis |Seore |Annotation ctions [oon
B 5375 2123 1270 10 1.00 41539 361 .27

F1GURE A39: Mutation at position 538G-T of pncA gene

RpsA_sequence_1.f_F_Synthesis_713.scf-> Quality(0-100):33
5,000

T T T T t T T T T T T T T T T T T 0 T ? t T T T T T T
600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750 760 770 780 790 800 310 820 &30 B840 B850 860 870 B30 890 900 ¢

163_rpsA.abl-—> Quality(0-100):63
1,000
200
600,
400
200

t t t t t T t+ t 4 T t T t t t T . t t t ? + t T ? t f r
600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750 760 770 780 790 800 810 820 830 840 B850 860 870 B8B0 890 900 €

SEEs

L

i 3 g H i 3 : o i ; i i
600 610 620 630 640 650 660 670 680 690 700 710 720 730 740 750 760 770 780 790 800 S‘\D &20 830 840 B850 860 870 B8B0 890 900 £

Muthh  |Frame | Chr Pos Mutation cDNAInimHNA\r]lntenslty;mea ‘Drop ‘Uverlap‘Nolse ISnHat\DISCore |Annolal|on Actiong Comments
1 755 16.15

FIGURE A40: Mutation at position 76DelA of rpsA gene
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RpsA_sequence_L.f F_Synthesis_713.scf—> Quality(0-100):83
B0

7,000 -
5,00
5,00
4,00
3,000
2,000
L e . ¢ L 1§ L AT O T N AR S ¥ R

10220 10240 10260 10280 10,300 10320 10340 10360 10,380

1 10,100 10420 1040 10,060 10,130 10,200

1855_rpsA.abl—> Quality(2-100):75
1,00
200
&0
401
20

1 10,100 10420 1040 10,60 10,130 10200 10,220 10,240 10260 10,280 10320 10340 10360 10,380

* AN
10,080 10,100 10,120 10,140 10,160 10,180 10,200 10,22 10,240 10,26 10,280 10,300 10,320 10,340 10,350 10,380
Mut#t [Frame [ChiPos Mutation DM In[mRNA Intensity [&rea [Drop  [Overlap [Noise  [SnAatio [Score [Annotation [uctions [Comments
10236 1927 1581 [077 064  |46BE5 231  |2414

FIGURE A41: Mutation at position 1024G-A of rpsA gene

R%sﬁ_gequence_l.F_F_Synﬂ’ves\s_?13.scf-->

Quality(0-100):33
: T :

7,000 -
6,00
5,00
4,000
3,00
2,00
1,000 -

10120 10,140 10400 10,420

1855_rpsA.abl--> Quality(0-100):75
1,007~ 025
200 LSRR o t oL e A

B0
400)
201

10,120 10,140 10,180 10,180 10,200 10,220 10,240 10,260 10,280 10,300 10,320 10,340 10,360 10,380 10,400 10,420

po ISR SNV S IS SE SUN NSNS S, S ‘

: B WY A T G e ‘ ; i ; .
10,120 10,140 10,160 10,180 10,200 10,220 10,240 10,260 10,280 10,300 10,320 10,340 10,380 10,280 10,400 10,420
[Muttt_ [Frame [Che Pas [Mutation DN In[mRbA Iintensity [arss— [Drop  [Overlap [Noise  [SnRatio [Score[Annotation [ Actiores [Comments

inl 10266 1005 855 1.00 063 505.45 1.41 1855

F1GURE A42: Mutation at position 1027G-A of rpsA gene

RpsA_sequence_1.f_F_Synthesis_713.scf—> Quality(0-100):83
7,000
5,000
5,000
4,000]
3,000

6,020 6,030 6,040 6,050 6,060 6,070 6,080 6,090 6,100 6,110 6,120 6,130 6,140 6,150 6,160 6,170 6,180 6,190 6,200 6,210 6,220 6,230 6,240 6,250 6,260 6,270 ,280 6,280 6,300 6,310 6,320 6,3

2192_rpsA.abi-> Quality(0-100): 71
] ) | 595

IR A s A A

6,020 6,030 6,040 6,050 6,060 6,070 6,080 6,090 6,100 6,110 6,120 6,130 6,140 6,150 6,160 6,170 6,180 6,150 6,200 6,210 6,220 6,230 6,240 6,250 6,260 6,270 6,280 6,280 6,300 6,310 6,320 6,3

4,000
3,000
2,00

1,000

106,120 6,130 6,140 §,150 6,160 &,170 &,120 &,190 §,200 6,210 6,220 6,230 6,240 & 250 6,260 & 270 6,280 &,290 6,300 6,310 6,320 6,3
Mutd Frame __[Chr Poz Mutation cOMA [nfmBNA I Intehsit !Area |D|op iElvelﬂ: INmse !E‘mH atio I Scare ’Annolatmn !Aclmns iEomments
i B175 328 1871 100 1.00 250,00 &85 148,26

FIGURE A43: Mutation at position 618G-A of rpsA gene
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FIGURE A44: Mutation at position 1021G-C of rpsA gene
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F1GURE A45: Mutation at position 1030G-C of rpsA gene
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FIGURE A46: Mutation at position 830A-G of rpsA gene



Appendiz

165

Rpsh_sequence_L.F F Synthesis_713.5cf-»

Qualty(0-100):83

2550 rpsh.ab 1

|
T
'
'
'
L
'
'
'
'
.
'
'
|
L
[
|
|
T

T T T
9,550 8,580 9,570 8580 3,590 5600 8,610 9520 9630 9540 9550 3,660 9,670 3,680 9,690 8,700 8,710 87203730 8740 8,730 9,760 8770 9,780,

Qualty(0-100}:73

T
790 98003,310 5,620 8,830 9,820 9,850 93¢

12007

2000

'
1
1
1
|
|
1
1
1

'
L
I
|
Frn
|
|
I
i
|
'

T T T T T T T 1 1 T
550 9,560 8,570 5,580 8,590 5,600.910 8,520 3630 8540 9350 3650 9870 8550 9,690 9,700 8,710 9,720 8,730 8,740 8750 3 760 3,70 8,730 8,790 3500 8510 8520 9,830 8540 9,850 9.

et e et ek e

il

i |FIame |Eh|Pus IMutatiun EDNAInimHNAIr‘ilntensity!Alea iDmp iﬂvedap!Nuise ISnHaliu}Scme !Annutatiun |Actiuns IEumments
3 5704 L O 1 11 e 1

FIGURE A47: Mutation at position 971C-T and 973G-A of rpsA gene
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FIGURE A49: Mutation at position 636A-C, 1108A-C, and 1207T-G of rpsA
gene
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