DISSERTATION

COMPREHENSIVE CHARACTERIZATION OMycobacterium tuberculosS8TRAINS

AFTER ACQUISITION OF ISONIAZID RESISTANCE

Submitted by
Luisa Maria Nieto Ramirez

Department of Microbiology, Immunology and Pathology

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Fall 2016

Doctoral Committee:
Advisor: KarenM. Dobos

Anne Lenaerts
Jessica Prenni
Richard Slayden



Copyright by Luisa Maria Nieto Ramirez 2016

All Rights Reserved



ABSTRACT

COMPREHENSIVE CHARACTERIZATION OMMycobacterium tuberculosS8TRAINS

AFTER ACQUISITION OF ISONIAZID RESISTANCE

Despite the global efforts to reduce tuberculosis (TB) rates, the emeafairog
resistant TB has not allowedfective control of this disease. In the last decade, there were
roughly 10 million new TB cases per year and isoniazid resistant (INHr) d&iated for 9.5%
of these cases around the world. In 2012, United States had an interruption in the supply of
isoniazid (INH), which increasetthe likelihood of INH resistance ratedthough INH resistance
in Mycobacterium tuberculosis (Mtiy multigenic, mutations in the catalgseroxidasekatG)
gene predominate amongiHr Mtb strains The characterization afie Mtb proteome before
and after acquiring INH resistance remains understudied. Additiortalgftect of these drug
resistanceconferring mutations oNtb fithess and virulence is variabl@he purpose of this
work is to describe a complete biocheraad immunological characterization of the INHr
acquisition inMtb. In this way, a global exploration of the protein and mycolic acids differences
in Mtb cultures, as well as differences in the immune response and bacterial virulence in the
mouse model comparing clonal susceptible and INHr paiktiofvere evaluated. After this,
common trends were analyzed and the findings were interpreted in the cottastenial

metabolism and hositeraction

For thiswork, two clonal clinicaMtb strains and one laboratory clonal pair of the H37Rv
strain with different susceptibility profiles to INWere studiedThe H37Rv INHTr strain was
isolated from a mouse that was exposed to INH in the lab and developed tHeagametation

that one of thelinical INHr strain has (V1A). In all cases, the first strain was susceptible to all



tested drugs (mostly known as the INHs strain in this dissertation) wliketond strain was
resistant only to INH (named INHr throughout this work). The clinicalspaere confirmed as
clonal pairs of the Beijing and T genotype respectively by spoligotyping and iestfretgment
polymorphism analysis that uses the patterns given by the distribution of theomseduence
(1S)-6110. Previous whole genome sequencing aisabfshe clinical clonal pairshowed &atG
mutation and the presence of some additional non-synonymous polymorphisms in the INHr
strains. After the proteomic analysikatG PCR sequencing confirmed two mutation&anG
for the T INHr pair (MA and E3V) while the L101R mutation previously identified for the
Beijing INHr was not confirmed. This mutation was highly unstable and the BeijidgitNght
have reversed its phenotype after the absence of INH daningo growth. Therefore, the
analysis with the Beijing clonal pair is only presented in chapter II.

Protein comparison of secreted and cellular fractions (membrane, cytosdlandll)
between clinical and lab clonal pairsMfb before and after acquisition of INH resistance
revealedat least 25 commonly altered proteins looking at the same cellular fradtiese
proteins were involved in ATP synthase machinery, lipid metabolism, regulatorg event
virulence, detoxification and adaptation processes. Western blot analysis stigpareeof our
findings, particularly the lower level of bacterial enzyme KatG in the INtdirst. Mycolic acid
(MA) analysis in these clonal pairs did not reveal a common trend in these raslrulNHr
strains but generated supporting information about an alternative fatty acid baigypathway
in the clinical INHr strain. These analyses are further described in chaptedditiokally,
differences in bacterial growth, immune response and pathology indudith syrains
harboring mutations at the tédrminus of KatG were evaluated in {667BL/6 mouse model.

The results in the mouse study support the idea of the individual effect of spexfado



mutations in thd&atG gene together with the associated changes in the baptet@me induce
differences in théitb virulence and pathogenicitin addition, than vivoresults &o suggest
the contribution of innate immune response via TAR-the clearance of the INHittenuated

Mtb strains. Further details of this work are described in chapter IV.

This work provides a better understanding of new compensatory mechanidgihsaiiter
INH resistance acquisition providing novel information that could be used to adideesatave
combined therapies as well as the identification of new drug targeNigimstrains. The results
presented here also contribute to the generation of new hypothesis regarding RN# déba
and the need to evaluate if the observed biochemical differences are also associabed with t
bacterial exposure to the first line drimggtapy that occurred in the patietter the results
obtained in this study, a subsequent biochemical analySishdadtrains obtained frorpatients
before and after drug treatment is proposed to improve the description of the evolution of the
acquired dug resistant phenomena obseriredB casedhat limit the global disease control and

hence its eradication (chapter V).
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CHAPTER I- LITERATURE REVIEW: TUBERCULOSIS HISTORY AND BIOLOGICAL

ASPECTS RELATED TO DRUG RESISTANCE

1.1 Introduction

The history of tuberculosis (TB), the disease causedymobacterium tuberculosis (Mtb)
has a remarkable involvement in human history; particularly in the evolution ohhaougety
and in the development of many scientific disciplines. As more research tools bane be
developed, TB is no longer considered a curse or a bad air. Howevérst appearancef Mtb
in the world is still a controversy. TB has a negative role in many pages of human higtioy, t
lives of many renowned artists, politicians, as well as poor, wealthy, young or adultiradsvi
After its apparent “resurgence” at the end of the last century with the concoanismst of
HIV/AIDS cases, TB has been mainly associatéti poverty and immunosuppressiditb was
the model microorganism that inspired Koch to devéliggpostulates and also sciences such as
Microbiology and Immunology. What Robert Koch never probably imagined was that over a
century later, thisliseasavas going to continue as the leading cause of death. Regarding TB
treatment, it is discouraging to see how this lethal disealyestarted to be cured and controlled
during 1950’s with the discovery diefirst chemotherapy. It is difficult to imagine the labor of
a medical doctor taking care of TB patients before 1950’s without an availalteenta@ption.
However, this could béne same scenario that many health providers have to face nowadays with
the current spreading of multidrug resistant (MDR) and extensively drugareisDR) TB
casesln this chapter, major milestones in the TB/human history are described gdllmntle
enumeration of important characteristicdvib physiology.Mtb is distinct from other
microorganisms not only due to its particular slow growth, biology and difficulties to stundy it

the laboratory, but also, due to the complexity to eliminate it frdected people. These



important aspects will give a context about the chemotherapy for TB control andrée c
global challenges towards it. This work explores the interaction between thesbacte
isoniazid, which is one of the most effective gswagainsMtb, and particularly focieson the
events that follow after the bacteria acquire resistance to this drugfobomechemical and
immunological perspective. In this regard, a review focused on mycobacteriaivedtpee,
major physiological pathways amtb-host interaction are also included in this chapter to
provide a better background and illustration of the experimental findings.
1.2 Tuberculosisin the human history

TB is one of the most ancient human disease and has killed more people than any other
infectious disease in history (more than a billion in the last 200 year$)e@hing TB history is
learning human history. Signs Mitb, the bacteria ageotusing the disease, were found in
Neolithic remains and in the spines of Egyptian mummies of more than 5.000 years.dgo (2)
Egyptian mummies, a particular form of the disease affecting vertelasebserved, that was
called Pott’s disease which is tuberculous spondylitis (3, 4). Despite these findifegences of
TB in Egyptian papyri have not been found (5). The ‘white plagas’itwas commonly called
during the epidemic phage Europe that last over two centuriess a remarkably enduring
disease and once it arrives in a community, it stelyis.interaction with humanity has received
different names: whitplague, “consumption” (which was derivedm the Latinconsiamption,
that means “wasting”) phthisis(greek),schachephetfancient Hebrew for wasting disease),
scrofula (the king’s evil, a colorful description for swollen and dischargingdulzers lymph
glands) tabey dig(urdu),xoy (waning of the moon, hindu) among others. The term
“tuberculosis” was actually given by the German medical professor Johann Lnadestin

1839 (6-8) Mtb was also found in bones of pre-Columbian America, Huron Indians of Ontario,



native Indians of New York Statand Peruvian mummies. The Peruvian remains suggested that
sea mammals (specifically pinnipeds) had a role in transmitting the diseaseaioshughween
AD 700 and AD 1000 (9). This bacterium was also found in the skeletdmo{from

protohistoric period in Japan) and elephant remains in India before 2000 BC (8).

The TB history has being closely associated with importagmntevMnhuman history and
directly related with the progress in biological sciences and influencingrhauaiture. Around
the 19" century, the death rate due to TB was estimated at 7 million people worldwide. As TB
was taking lives of many, the majevent in the medicdlistory of this century was revealed
when Robert Koch published for the first time the discovery of the tubercle bacillus:
Mycobacterium tuberculosis l). Previous attempts to demonstrate that TB was contagious by
the aerosol route were already done in 1877 by Tappeiner, but Koch was the first one able to
demonstrate that TB was caused by a microorganism and to identify the b&gtdras(
milestone initiated the modern era of TB, a disease that was previously thmobghtdreditary,
since it “@an” in families. During his talk in 1882, Koch performedeanonstrative description
of the steps that he followed to reach his discovery. These collective steps recensrdehe
the Koch’s postulates and allowed the discovery of other bactaiging diseases such as
cholera. Koch also described the involvement of the host in TB pathology, setting then the basis
for two beautiful sciences Microbiology and Immunology. However, Koch attempts to find a
cure for TB were not fruitfu{8). In modern times, TB was represented in some artistic pieces of
music, opera, novels and paintings. During mid 1800’s and early 1900’s, thd_apeviata
(Violetta)andthe novelThe magic mountaidescribed how this disease affected thmedp of

those times and the first attempts to control it by sending patients to sanatoria



With sanatoria started the first measures to treat TB patients that laterdetotize
chemotherapy treatment; both interventions had a significant impactsodlety. Sanatoria
were a noractive medical intervention that looked for providing rest and betteftag idea
was proposed by the English doctor, George Bodington who recommended “a pure atmosphere”
to treat TB patients. This was probably in linehaitoch thinking that the answer for TB cure
was improving the natural defences in the patient’s bodies. This could be reachstthgytoe
mobilize the immune response more effectively to the infection site. Sangsmerated a
different way to perceivthis disease, separating families and segregating TB patients as well
and health care providers indirectly, most of whom ended up infected with the badteria. T
strategy could at least reduce the spreading of the disease in the igtyeasire populated
cities. The idea of a better air was even the motivation for some of the first migrdrgs to
western cities of United Stat€s, 8). However, the high altitude and the less contaminated air
was not enough for many TB patients who inevitably encounter death after their onigisti
that time, the future of most TB patients was hopeless since they did not haragpg the
control the disease. However, TB patients and their families started to feallrafpefthe
discovery of the first focused anti-TB drug therapy around 1940’s. With the new antibiotic era,
the number of TB cases and deaths were drastically reduced and witimibatsof the
sanatoria. TB was no longer consideaaahajor healtltoncerras it was primarilyestricted to
areas opoverty and crowding. Unfortunatelgfter the usef new drugs, drugesistant TB
cases emergddo, which createddditionalchallenges as alternatickemotherapiewere
needed for these caseétowever from 1963 to 2012 the efforts and the creation of new specific
anti-TB chemdherapy were strongly reducdduring this time drugs developed against other

clinically relevant bacteriererepurposed to also tregsistant TB cases.



Theincreasing spread &flV/AIDS and other immunosuppressive conditions brought
backnew TB cases to countries where this diseasahlheaght to be eradicated. Additionally,
intrinsic conditions of th microorganism as well as increasoanplexsocial dynamics make
this situation worseOn one hand, the explosion of drug resistant and hypervildligrgtrains
and on the other hand the globalization plus economic and social changes, including the
expanding human migratiomase likely cause® the increase of the TB global prevalengé
these events generatednyconcernsvorldwide and motivated thereaton of effective
strategies to mitigate TBffects ando eventuallyeradicatélB as a human health problem (1).
1.3 Tuberculosis disease

Around 9 million new TB cases have been estimated pelry¢ae last decade. More
than half of thel'B cases are from Soutast Asia and Western Pacific regions, howelver t
Africa region has had the most severe burden relative to populatito@81case$or every
100,000 people. This number is more than double of the global avepyéed for the same
year 2014 (133 in 100,000 population) (10, 11).

TB is caused b¥th, a bacteim mainly transmitted by aerosol route, withifective
dose as low astb 5bacilli (12). Regarding mycobacterial diseases in general, Daffe and Draper

in an early paper proposed four descriptive points (13):

1. The Mycobacteria is encountered intracellularly during most of the course ofteesd
2. Hostimmune response is mainly cellular, with ayweecent or not very cleaole of
antibodies for the disease progression and prognosis.

3. Mycobacteria representatives can induce some immunomodulatory properties.



4. Finally, some of the major pathological findings are due to the inappropriate
immunological responseithin the host, which is also related with the persistent forms of

the disease.

Tuberculosis is a good exammea mycobacterial disea#igat fits all the previously
described pointdVitb has the capacity of infang every organ, the pulmonary form being the
most commonly diagnoseBxtra-pulmonary forms can also be found in organs such as bones,
brain, glands, among others (1#here is also milliary TBwhereMtb is spread byhe blood
stream and scatter millet seeds can be seenXaray ofthechest. Lasil, there isalsoinfection
without clinical symptoms datent TB which can remain dormant mgactivate in patiest
during their life time. Thigeactivation will depend on an immunosuppressive event that no
longer contain the bacteria in the granulomsi@uctures in the hg, allowing the transition from
latent to active TBwhere the patient becomes symptomatic and infedfiue.to the chronicity
of the disease, a TB patient could be diagnosed after he/she has exposed many contacts to the
bacteria, creating great concerns for public health. TB is also a veryatetglidiseaséhat in
many cases reducte patient’s ability to work, generagjralsoan importansociceconomic

impact.

When an individual enters in contact with the bacterium, three different outcomesata:
the bacteriaould be eradicated by the immune systéevelop into an active disease (less than
10% of cases) or contad in a latent infectionOnceMtb reach the lungs, is phagocytosed by
alveolar macrophages that attract more immune cells to build up the haltmiatkre ofMtb
infection: thegranuloma. Thgranuloma is a dynamstructure thavariesfrom solid to necrotic
to caseouand all three forms can coexist in a pati@ri). Symptomsof pulmonaryTB usually

include chronic angroductive coughingometimes with hemoptysis, fever, night sweats, weight
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lossand in some cases unusual lassitude, naarsearsistent indigestioamong others. By the
time of diagnosis (that is usually done by detecting the bacilli isghtun), signs ofa late
ulceration of a pulmonary lesion into a bronchus with at least one third of the lungtiectgd

can already beccuring

The severity of the disease depends on battsiwell as host factors. From the bacteria
side there are different genotypeduib that have been associated with higher viruleam
higher probability to develop resistant forms of the disedsgarding the host, an
immunocompromised staturscreass the probability to develop an active disease with higher
risk of bacteremia and spread to other organs. Moreoty mesearchers in the field have
concluded that most of the pathology and symptoms of the disease are generated by the host

immune responsexgainst the bacteria.

1.4 Tuberculosistreatment

In the last century, the number of TB-related deaths has declined due to the distovery
anti-TB therapy. The first antibacterial therapy was developed in 1933 when Dr. Geraédji®
synthesized Prontdsa sulfonamide with bactericidal activity against dedsliseptococcus
strains. Prontosil was effective in containing secondary TB infections in guipgabut only at
extremely high doses. Even at such doses, Prontosil did not elimtia{@). After sulfonamide
discovery, thiosemicarbazones were introduced as a more effective synthditbactimpound

in 1950 (16).

A more focised antTB therapy was developed in 1944 with the discovery of
streptomycin, a compound that was purified friétreptomyces griseushis compound was

tested against one of the most virulent bacteria of that time, H37Rv, which contirneea lab



reference strain to this dayVith streptomycin treatment, clinicians realized that {oemgn
treatment (more than three months) was required to see some improvement in paltle(itt)e
But theinitial euphoria due to the beneficial properties of streptomycin did not last Idvithas
strains resistant to this drug were detected in as many as 80% of total TB ¢tasegaars after
its discovery. In 1943, the paamino salicylic acid (PAS or-dminosalicylic acid), a derivative
of salicylic acid (aspirin) was discovered by the Swkdihemist Jérgen Lehmann. PAS
bacteriostatic activity was tested agaisish in 1948. The synthesis of PAS was an innovative
approach that took into account the previous work with sulfonamides, whereitteegaoup in
the para position provided bacteritagic activity(8, 18).With PAS discovery, the first combined

therapy that included streptomycin started in USA in 1948 (16, 19).

In 1951, the anti-TB properties of a new drgpniazid (INH), were reported. This was a
critical event in TB history that was optimistically described as the “new treatmehefarhite
scourge” in magazines and newspapers of that time. In general, thezror@sient about the
possible end of TB (7, 8)NH was first synthesized by Hans Meyer and Josef Mdl@harles
University of Prague in 1912, as part of their doctoral degree (8, 20). Decades later ihnd 951, t
anti-Mtb properties of INH were independently discovered in United States and in Ge2igany (
Prior tothe discovery of INHin vitro andin vivo bactericidal activity of the nicotinamide (or
vitamin B3) againskMtb andM. lepraewere revealed. During the search for derivative synthetic
compounds that would potentiate nicotinamide activity, researchers found areufiteem
compound]NH, with a powerful activity againgéltb. This new compound was more potent
than any other existing drug agaiiib with relatively minor side effect®1). In 1952, the
options for TB treatment continued to be rest, aBtichemotherapy and, in some cases,

pulmonary resectiorAt that time,INH started to be tested against untreated TB patients from



the Navajo Reservation at Many Farms, Ariz@2) and, after the observed success, it became
part of the anti-TB regimes throughout the United States. B&tfrrecovering patients were

published revealing the big hopes that this discovery gavB control.

Followed the discovery of INH, pyrazinamide (1954), cycloserine (1955), kanamycin
(1957), ethionamide (1961), ethambutol (1961), capreomycin (1963), rifampicin (1963),
amikacin (1972) and ofloxacin (1980) were discovered. Some of these drugs were replaced by
newly discovered drugs due to their harmful side effects. This period of timeonsidered the
golden age for anti-TB drugs. The inclusion of rifampicin (RIF) reduced thd Brtteatment to
9 months and then after the inclusion of pyrazinamide, the treatment was reducezhth$ m
By the end of 1990s, levofloxacin (1996) and moxifloxacin (1999) were approved by the Food
and Drugs Administratio(FDA) for the use intheUnited States. These twuinolonesvere
originally designed for the treatment of other bacterial infections before disuptieeir anti
TB properties. In the 1990s, a new class of drugs were discovered (oxazolidinones), but only
approved for use in humans until 2000. Linezolid is a good representative of these drugs and it
was initially intended to treat drug resistant Gram positive bacteria with harndéwfégtts. A
complete description of the most relevant aidrugs with the target, effect and genes

encoding for activation is provided in Tadldl.

After almost 40 years, a new drug originally designed for TB treatment was approved by
FDA, opening the door for a new anti-mycobacterial era. This drug was betaguad started
to be prescribed in 2012 with the restraint to be used only in druli+esistant TB cases
(MDR-TB) (23). More recently, delamani®014) was conditionally approved as a last resource
care option for the most resistant forms of the dis€a&&5) (Figure 1.1). Antibiotic such as

thiolactomycin (produced byocardia spp and its analogues have been proven to be effective
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againstMtb, although they haveot been used in the clinical setting {26-28) Teixobactin is
another new antibiotiproduced b\Eleftheria terraewith potential activity against drug resistant
Mtb (29). Drug candidates such as Q203, TBI-166, and TBA-7371, among others including new
combinations and higher doses of currently approved drugs, are currently in various stages of
clinical trials (Figure 1). Among other treatment strategies, many researcls gmeugvaluating
alternative routes for drug delivery (via aergsoid new compounds that include liposomes,
nanoparticles, and immunomodulatory thmrauch as treatment with IFN(17, 30). Currently,
shorter combined therapy with moxifloxacin as a possible first line treatmeoi @pthigher

doses of rifampicin or isoniazid are being evaluated ({7@.rationale behind the increase dose
of rifampicin is thathe currently used dose fampicin was proposed in 1971 with the basis of
generatinga costeffectivetreatmenthat was noftoxic for TB patients, albed gudy of the
maximum dose of the drug tolerated in human has never been performede(Xjt Rudies

animal models hasshown that higher doses of this doagld be effective even in shorter

regimes, reducing also the probability to generate resistant microorgdaitimesdrug (31-33).
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Cyclopeptides TBI-166 BTZ-043* Q203* Sutezolid (PNU-100480) Rifapentine - Moxifloxacin for
gigr:_:q:i-:;o‘lings CPZEN-45* PBTZ169* Lirezolid EBA l?rug Sensitive TB e
DorE Inhibitors $Q609* TBA-7371* D ! OPC-67683) with
InhA Inhibitor, Ureas . p—— High Dose Rifampicin for ~ OBR for MDR-TB
Macrolides, Azaindoles 1599 Ds-TB ranid-Moxifloxacin-
(TMC207)- Pyrazinamide Regimen (STAND)

Mycobacterial Gyrase Bedagquiline
Inhibitors B

o Pretomanid (PA-824) - Bedaquiline-Pretomanid-
Fyrazinamide Analogs Pyrazinamide Regimen Linezolid NiX-TB Regimen
Ruthenium(ll)Complexes

Levofloxacin with OBR for ~ Bedaquiline-STREAM MDR-TB

Spectil id|

Tp’gc' ‘:"“'“ ‘: FiHors: 8 MDR-TB Trial Stage 2 with oral OBR (9 mo)
ranslocase-1 Inhibitors, Clp, i 1k

Mmp13, Oxazolidinenes, J or OBR with injectsbles (6 mo)

Pyrimidines DprE1, Aryl Bedaquiline-Linezolid with OBR

Sulfonamides, PKS13, for MDR-TB (NEXT Trial)

Squaramides

Chemical classes: fluoroquinolone, rifamycin, oxazolidinone, nitroimi le, diarylquinoline,

benzothiazinone, , imid yridine amide. New chemical class*

B. Multiple targets: nitroimidazoles  Multiple targets: pyrazinamide Multiple targets: riminophenazines
Inhibit cell wall synthesis and Including intracellular acidification,  Targeting the outer membrane and
cell respiration disrupts plasma membrane possibly bacterial respiratory chain

Delamanid -+ Pyrazinamide and ion transporters
« PA-824 +  Clofazimine
+ TBA-354 « TBI-166

Arabinosyl transferase: ethambutol
Inhibit cell wall synthesis

Ethambutol DNA gyrase: quinolones
Inhibit DNA synthesis
InhA: isoniazid » Mosv}llﬂoxa‘cm
Inhibit cell wall synthesis » Gatifloxacin
Isoniazid

RNA polymerase: rifamycins
Inhibit transcription

+  Rifampicin

+ Rifapentine

+ Rifabutin

DprE1L: benzothiazinone

Inhibit cell wall synthesis
BTZ-043

+ PBTZ-169

IBM{[ED

Transpeptidase + B-lactamase-carbapenems
+ clavulanic acid

Inhibit cell wall synthesis Respiratory chain
+ Faropenem H*

Cell wall synthesis: dimethlyamine

Inhibit cell wall synthesis (transport and processing)
- 50109

Cytochrome bc complex: Ribosome: oxazolidinones
imidazopyridines Inhibit protein synthesis
Essential for proton gradient +  Linezolid

and ATP synthesis +  Sutezolid

Figure 1.1A. Current stages of the recent chemotherapy agslitishdapted from the Working
group on new TB drugsttp://www.newtbdrugs.org/pipeline.plypdated May 2016. B.
Representation d¥itb cell and the targets of the already used therapy and some drug candidates.
OBR: Optimized background regimen. O8: Drug susceptible TB. MDHRB: Multidrug
resistant TB. Adapted from Wallis R et al, 2qB8) and Zumla Al et al, 2014 (39)y
permission of Elsevier.

ATP-synthase: diarylquinolines
Inhibit ATP synthesis
«  Bedaquiline

2H
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Table 11. Description of first and second line drugs for TB treatment and their propagets tar
and effects irMtb (36, 37)

Antibiotic Target Effect References
First line drugs

Isoniazid Enoyl-acylcarrier Inhibits mycolicacid synthesis (38)
protein reductase
(InhA)

Rifampicin RNA polymerase, beta Inhibits transcription (39)
subunit (RpoB)

Pyrazinamide a. S1 component of 30! a. Inhibits translation and trans (40) (41)
ribosomal subunit translation
(RpsA). b. Inhibition of pantothenate and 3 -
b. Aspartate 4 alanine biosynthesis
decarboxylase precursor
PanD

Ethambutol Arabinosyl transferases Inhibits arabinogalactan biosynthes (42)
(EmbABC)

Second linedrugs

Injectable

agents

Streptomycin  S12 and 16S rRNA  Inhibits protein synthesis (43)

components of 30S
ribosomal subunit
Capreomycin  Remain to be Inhibits protein synthesis (44)
determined (probably
Interbridge between
30S and 50S
ribosomal subunits or
RplJRplL interaction)

Kanamycin 30S ribosomal subunit Inhibits protein synthesis (45)

Amikacin 30S ribosomal subunit Inhibits protein synthesis (45)

Fluoroquinoles 43)

Ofloxacin DNA gyrase (gyrA, Inhibit DNA synthesis

Moxifloxacin gyrB)

Gatifloxacin

Other oral agents

Paraamino Dihydropteroate Inhibits folate biosynthesis (46)

salicylic acid synthase

Cycloserine D-alanine racemase Inhibits peptidoglycan synthesis 47)
and ligaseArl, Ddl)

Ethionamide Enoyl-acylcarrier Inhibits mycolic acid biosynthesis (38)

(thioamide) protein reductase Inh/

Agentswith unclear efficacy

Linezolid 50S subunit of the Inhibits protein synthesis (48)
ribosome
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The current standard treatment for TB is a combined therapy dunmaghs that is
divided in two phases: two months of four drugs (INH, RIF, pyrazinamide and ethambutol) in
the intensive phase followed by 4 months of INH and RIF of continuation phase (17). This
therapy is normally effective. The previously described drugs are grouped irsthi@di
treatment option category and has been in platread TB patients since 19846). The cure
rates can be drastically reduced, howeatterinfection with a resistariltb strain. Resistant
Mtb strains can cause complicated TB cases such as MDR TB, which are caltbcstrgins
resistant to INH and RIF. For this new form of TB, the treatment options extendstecibed
line drugs which include fluoroquinolones such as ofloxacin and moxifiloxent injectable
drugs such as amikacin, kanamycin, and capreomycin. Extensively drug resistant (dDR) a
Totally Drug resistant (TDR) TB afferms of the disease very difficult to treat and c{BR
describes the infection caused by thiblb strains tlat in addition to being MDRare resistant to
one fluoroquinolone and at least one of three injectable sdrwndrugs. TDR is the most
recently described and refers to MIMRb strains that are resistant to all secdind drug classes
(i.e., aminoglycosides, cyclic polypeptides, fluoroguinolones, thioamides, serine anatoglies

salicylic acid derivativesy9).

1.4.1 Isoniazid and its relation with Mtb

After reviewing most of the anti-TB therapy developed up to date, it is really interesting
to see that INH, one of the initial drugs used agaifibt is still part of the first line drug therapy
and is also used to prevent reactivation of latent TB ¢&8e51). That is the reason why after
so many decades, the study of this old antimicrobial continues to be very relevantinfidie.
Additionally, INH is also effectivagainst other Mycobacterial species sucMagenopj and

M. kansasibut not effective again®l. avium or M. lepra€52). INH is a synthetic compound

13



with the chemical formula §H7;N3O (137.14 g/mol) (Figure 1.2hat is freely soluble in water
and slightly soluble in alcohol and chloroform. Because of the urgency of an effectii@ant
therapy and the way this drug was discovered in the 1950’s, INH was used in patients without

knowledge of the mechanism of action.

Figure 1.2. Structure of isoniazid (obtained from
https://commons.wikimedia.org/w/index.php?curid
=2781328

Evaluating the pharmacodynamics, INH is a prodrug (similar to pyrazinamide, isoxyl-
thioacetazoneand ethambutol) that after entering the cell by passive diffusion interacthevith
bacterial enzyme KatG (catalageroxidase) to produce thsonicotinic acy nicotinamide
adenine dinucleotide complex or INMAD+ adduct(among other products) (16, 53-55he
elucidation of INH mechanism of actievas the subject of scientific research for almost 40
years(21).INH is a bactericidal drug only in dividing cells and under aerobic conditions (21).
Several studies have suggested that INH has multiple targets, but the enzfnsethe most
highly recognized (38). InhA is an@yl acyl carrier reductase that participates in the synthesis
of mycolic acids which are key structures in the mycobacterial cell wall. &jadgif this
enzyme participates in the fatty acid synthase (FAS) Il pathway that is respdoisthie

elongatia steps to generate these complex structures. Additional targets include oyinee®n
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in the FAS Il route (such as KasA, AcpM and Mab@&p-58), depletion of nucleic acids
(particularlynicotine adenine dinucleotid¢AD), and cell division, among others (18)H is

also associated with a greater generation of reactive oxygen intermediateshm$&ideteérium
which are detrimental for its integri{$9-61). The internal structure and external morphology of

Mtb are also altered after exposure to IK#, 51).

During infection,Mtb hasa variety of populations that have different responses to INH.
For instance, bacteria in high growth rate are the most sensitive to INHg l@acomplete loss
of their ability to synthesize mycolic acids as soon as 60 minutes after exposiarg géntL of
the drug. The slower the bacteria growth rate, the less sensitive bacteria betiersrtig to
the point that dormamtb strains (metabolically inactive) are insensitive to INH. These
particular populations are considered metabolically resistaMHahd are called “drug tolerant
strains” In fact slow growth to non-growing state is a known strategy for the phenotypic
bacterial persistence thatadraction of the cell populaticable to tolerate the antibiotic. A
recent work developed by John McKinney et al, demonstrated the presence ofiésiste
smegmatistrains after exposure to INH, due to the intermittent release of KatG. Thesg strain
were toleant to INH without having a genetic mutation and their progeny recover the

susceptibility to INH after a second exposure to the drug (62).

Regarding INH pharmacokinetics, INH is administered to TB patients orally or
parenterally, reaching its peak in plasma in one or two hours after an oral dosei(withl
binding to albumin) and is extensively metabolized in the liver by acetylationcéiihbenetrate
all tissues in the body and even the macrophage where it can exert its activisy aga
intracellular bacteria. INH must be administered in combination with ottiel Brdrugs as it

has been demonstrated that 709/t isolates develop restiance in three months with INH
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monotherapy (52)INH is excreted primarily in the urine as the intact drug or its biologically
inactive metabolites acetylisoniazititono and diacetylhydrazine (68).2011, Mahapatrand
colleagues demonstrated that a metabolite derived frommNNB adduct was also present in the
urine of uninfected mice treated with INH, highlighting the possibility that titisnécrobial

could alsdbeactivated by the hosb4). Despite this, a close proximity of the active form of INH
to the bacteria is required since, despite the activation of INH by eukaryotic [aeesithe

drug is still ineffective againgiatG mutant strains oftb during an in vivo infection (54).
Because INH metabolism is primarily in the liver, hepatotoxicity is the major sielet &ffit

neurotoxicity and rheumaticomplications have been also repoite2] 64).

1.5 Mtb drug resistance: the specific example of INH resistance

As is the case in other microorganisms, drug resistanidébihas either an intrinsic or
acquired natureMtb cell wall structure and its low permeability are the major factors accounting
for the high degree of intrinsic or natural resistance to many antibiotics anclogémeotherapy.
Highly abundant mycolic acids in the cell wall reduce the cell permeabilitgraade a
crystallinelike structure after the cytosolic membrane. As seen in other mycobacteriakspec
(especially in saprophytic species sasiM. chelonae)the more impermeable the cell wall, the
more antimicrobial agents the mycobacteria can resist. Drugs such as sulfonamididig,pen
tetracycline, and vancomycin are ineffective agdifikt (65). Additionally, the reduced
number of porins in th®tb pseudo-outer membrane possibly contributes to the intihfikic
resistance against hydrophilic compounds. Among other intrinsic fabttirgossess -
lactamase enzymes (encodedolgC andblaS that make this bacterium naturally resistant to 3-
lactamg(66, 67). For acquired drug resistance, spontaneous mutations in chromosomal genes

during a sub-optimal drug therapy are the most common cause for drug resistdtizestilux
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mechanisms are less common but also present inlbaeteria(66). These intrinsic and acquired

mechanisms have synergistic effects and make TB treatment particularly cumbersome.

Although a combined therapy for TB is normally effectiverfarstcases, TB cases
resistant to a subsection or all of these drugs have been reported in cliriicgs sBtH
resistance is one of the most common forms of drug resistant TB. The appearéixkke of
resistant cases started the same year this drug was introduced in medical (@Bctiem the
purpose of the present work, isoniazid resistance will be used as a model to desaribgt

acquired resistant events that have been identifiétthn

INH resistance is multigenic and can be divided in three categoriesnpogvef drug
activation, alteration of the target, and differential expression of the target. finsthgroup,
mutations irkatGthat prevent the activation of IN&fe present in the majority of resistant cases
to this drug (16, 68). KatG function was first correlated to INH resistance in 1953, when
Middlebrook and colleagues discovered that INH residtdhtstrains lack catalaggeroxidase
activity and were less virulent in guinea pigs (69). The molecular validation of thisvaliser
was completed later by Zhang and colleagues, restoring the sensitivity to INidahisio
resistant strains after the introduction of kia¢G gene fromEscherichia col(70). Currently,
there are more than 300 known mutations ink#it€ gene alone with a wide range of minimum
inhibitory concentrations (0.2 to 256 mg/L)(1&hese mutations include missense mutations,
inserions, deletions, truncations and full gene deletion. Depending on the position and nature of
the mutationkatG mutants have different degrees of catalgesmxidase activity16, 66). The
outcome of these mutations is the lack of the active drug, because of the absenceawatas. act

The mutation rate for the generation of IMékistant strains around 3.2x 10~" mutations/cell
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division (after exposure to 1 mg/L INK) vitro (71-73) and presumably one in®1torganisms

in vivo (51).

In the category of alteration of the target and differetdiglerexpression ofhe target
mutations in thenhA gene or its promoter are accounted. InhA is the most commonly validated
target for INH(21, 74). Currently, around 15 mutations in ithieA gene have been identified in
Mtb strains with lowlevel resistance to INH. Mutations oxhA alsodrive resistance to
ethionamide, since INH arethionamide share this enzyme as ta(§)@}. The most studied
mutation is the S94A that results in the reduction of the enzyme affinity for Naiat-a
reduced ability of INH-NAD adduct to inhibit the enzyme. Additionally, mutatiarteeinhA
promoter that increase thehA levels have been also identified. Therefore, both the reduntion
enzymatic activityand the overexpression of the target serve as resistance mechanisms against
INH. Other mechanisms of INH resistance include the accuionlaf NADH (by redox
alteration) that binds InhA and protects it from the inhibitory effect of the WD adduct. An
additional resistance mechanism includes acetylation of the drug bgitthecoded arylamine
N-acetyttransferase which prevents INIdteation by KatG. Finally, the drug efflux
mechanisms include the participation of the protein EfpA which is induced upon |athhénet
(21).1t is important to describe also that INH resistandgliin can be eithelow or highilevel
when there is >1% of bacterial growth in the presence of 0.2 ug/mL or 1 ug/mL of INH,
respectively. Regularlynutations in thénhA promoter are linked to lowevel of INH resistance

while mutations irkaGare associated with highvel of INH resistance iMtb (75).
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1.6 A brief review of Mtb physiology
1.6.1 Generalities of the microorganism and basic detection methods in the lab

Mtb belongs to the Actinomicetales order and the Mycobacteriaceae fafthlys a non
motile bacillus that is able to synthesize all of its metabolites, inclamgoacids, vitamins
and cofactors from inorganic sources (Glij)s ability classifiedtb as a prototrophic organism.
The size of the bacteria varies frord 21m in length and 0.3-0.5um in width, with a generation
time of 15-20 h at 3. Mtb is a facultative intracellular and n@pore-forming bacterium,
although it can have a persistent state with low metabolic profile aqth¥aty’6).Because oftte
structure of its cell wall (which will be discussed later in this Chapi#h js similar to a Gram
negative bacteria with a pseudater membrane, but is phylogenetically linked with Gram-

positive bacteria based on its 16S ribosomal RNA sequence.

Becuse of the fatty acid composition of téb cell wall, specific staining is needed to
visualize this acighalcohol resistant bacterium. Here, options include 2sdgisen (ZN) or
Kinyoun stain to observe the bacilli under a light microscope and auramine rhodamjne (AR
stain using fluorescent microscopy. Smear microscopy is the most widely useglystoat
diagnose active pulmonary TB cases, particularly in low income countries. Tinmigiee
detects the bacteria in the sputum with@R0% sensitivity (via ZN staining). Although AR
sensitivity is 10% higher compared to ZN, AR is only used as a screening tool because of its
lower specificity(77). AuramineO and carbol fuchsine (the basic components of ZN staining)
have the ability to bind to the cell wall, generating the fluorescence or theasd-tolor,

respectively.
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Currently, the most sensitive method to debtti is culturingthe infected sample
(including sputum, broncho-alveolar lavage, among others), which can take up to 12 weeks of
incubation in paucibacillary specimens (samples with low bactasralen) (78, 79)Culturingis
also known as the reference methodTB dete¢ion and it can be done either solid
(LowensteirJensen, Middlebrook 7H11 or Ogawa media) or liquid culture media
(mycobacterial growth indicator tube BACTEC™ MGIT™, BD or BacT/ALERT®t8ys
bioMérieux). Molecular technologies are being inmpémted in recent years including those that
are RNA, or more commonly DNA, based. These inceateamercidly availablekits such as
Xpert MTB/RIF (Cepheid), INNEGLIPA Rif.TB (Innogenetics), GenoType® MTBDRplus assay
(Hain LifeScience) or #house developed PCR approaches (77, 80SRne commercial kits
can also provide information about drug susceptibility status dflithestrain. These
methodologies, however, have shown controversial results particularly in the gcafudaacg
susceptibility profile of the bacteria, such as the Xpert MTB/RIF which isyigded in clinical
settings.This is becausef uncommon mutations (not present in the detection kits) that do
generate drug resistaitb strains but are erroneously classified as drug suscepttblstrains
by the commercial kit. False resistant reports can be also generated dueitmmtitat hd an
intermediate MIC value or susceptible phenotype. This last one creates moreoroinftise
clinical management of these TB cases and increases the détigthtment and toxicity
unnecessarily. Additionally, one of the most highly used DNA b&seld; Xpert MTB/RIF, is
not able to detect monoresistant cases to INH, as only detect rifampicin reséstsociated

mutations.
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1.6.2. Mtb Genome

The genome of theltb reference strain H37Rv was fully sequenced by Cole and
colleagues in 1998 (67, 85). Thenomesize is about 4.4 Mbp with around 4,000 predicted
proteins which are highly devoted to metabolism, particularly lipid metab§liSn67).The Mtb
genome has a high G+C conté6270%) with little or no incorporation from other bacterial
genera. After complete sequencing, the protein coding sequences received a number of four
digits that start with the prefix Rv. Only about 15% of the genes could not be relaiey t
known gene or protein function. Nearly 27% showed similarity to putative proteins and were

referredto as conserved hypotheticals.

TheMtb genome has a number of repetitive genetic elements thabbavased for
typing methodologies with epidemiological and genetic evolution studies purpbese are
insertion elements (1S) which ¥®abeen used in molecular techniques such as RFLP to classify
Mb strains. Other methodologies include spoligotydiv@sed onhe presence absence of
Directly RepeatedDR) element}, Mycobacterialnterspersed Repetitive Units (MIRU) of 12,
15 or 24 loci, up to Whole éhomeSequencingWGS) (86-88). These techniques have allowed
the investigation of outbreaks, relationship between cases, evolutionary tréfidisstrfains and
human populations, ardifferentiateMtb strains fromM. bovisamong other applications (88,

89).

Mtb DNA repair and mutation ratreconstantly evolving anthereforenteresting
topics for study.Mtb lacks the conserved proteins involvednismatch repair (MutS and MutL
normally found inE. coli) (90), but has definestrategies to overcome different DNA induced

damage (either by hydrolysis, alkylation and oxidation) encoded by the wamesutY, nth,
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fpg, nei, tagl, xthAndnfo (90). Mismatch repair is strand specific and corseautations tt
arise during DNA replication arfdcilitates intra-chromosomal exchange for instance between
tandem repeats or insertion elemeggserating genetic variation among strains (90). According
to this, it could be hypothesized tihatb havea higher probability ofheritable defes, but
insteadthe deficiency of this repair system has been associated leithdegree of
microsatellitegpolymorphism andrameshift mutation§91). Despite theabsence of DNA
mismatch repair protein®Jtb hasalsobeen recognized by its lowv vitro mutation rate
(probability of a mutation occurring per cell division) compared to other humbhagsats (such
Plasmodiunor HIV) (71, 92).0n the other hand, there is a relatively high genetiation
among clinical strain@ifferent genetic lineaggas well as a significant number of drnguced
resistant strains (with their associated SNRs)t has been previously discussed, the mutation
rate can increase as a result of external stregsiel includes atimicrobialpressure, oxidative
stress, pHariation, among othsrthat can occur in the hdstl). Therefore, this field is
expected to continue evolving lookidgepeitin vivo mutation rate thatas itwasshown in the
macaque modetontradicts previous expectatiosisout mutation rate iNtb. This model

demonstrated a similéltb mutation rate during active or latent infecti@2).

1.6.3 Mtb envelope

Moving to another important aspectMtb physiology, the cell envelope tifis
bacteriumhas been the focus of research for many decades because of its distinct features,
importance in bacterial pathogenicity and the generation of immune response irt.tiédéos
mycobacterial cell envelope is complex such that nutrients penetrate 10,000 onwerstisan
they can do in th&. coliouter membrane (65). Components of the cell envelope, particularly the

enzymes that participate in their synthesis, have been recognized as possildegdtagthe
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understanding of the cell envelope is also required to design drugs that will be ablestiis

impermeable barrier efficientid3).

TheMtb envelope forms the interface between host and the bacteria. From the outside to
the inside, thétb cell envelope is composed of a layer of nhon-covalently linked glycolipids,
proteins, carbohydrates and some lipids (the capsule), a covalently linked peptiddayeca
that contains carbohydrates and lipids (the cell wall), and a plasmatic ame{phospholipid
bilayer). In 1991, Minnikin proposed visualizing the lipid material inNtlke enwelope as two

distinct membranes, analogous to a Graegative bacteriur(®3).

The most external layer dMtb has been called the “capsule” by some authidrs layer
contains hydrophilic carbohydrates an8%-lipids. The carbohydrates present in this external
layer are arabinogalactan and arabinomannan which can be also secreted to thklextrace
spacg13). Glycolipids such as trehalose monomycolate (TMM) and trehdioseolate
(TDM); phenolic lipids and glycopeptidolipids can be found in the outer part of the capslile
some of them are also cell walsociated. TDM is aldamown ascord factor since it causes
grow in “cords in vitro. This particular glycolipid haseen associated with the pathogenesis and
immunogenicity oMtb strains(94). Lipoproteins such as LpgH (Rv3763), pins such as Pstsl
(Rv0934) and the Ag85 complex (FbpA, Rv3804; FbpB, Rv1886; and FbpC, Rv0129) are also

commonly found in the capsular material (13).

TheMtb cell wall has a covalently linked backbone with a collection of cell-wall
associated lipids and polypeptides. The covalently linked molecules include peptaoglyc
arabinogalactan and mycolic acids. In addition to the presence of the last two bidesple

there are two important hallmarkstbieMtb cell wall. First, the muramic acid is-acylated,
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instead of Nacetylated as regularly observed in most eubacteria. Second, there are unusual
crosslinks between two chains of peptidoglycan that include dswf two residues of
diaminopimelic acid in addition to the usual D-alanyl-diaminopimelate linkagithermore,
mycolic acids represent about 40% of the cell (&8l 96).

Mtb has a great variety of lipids that can be grouped in categories that were deeply
explored in the reference strain H37Rv durnimgitro growth by Sartain and colleagues. They
were able tadentify 6 lipid categories with around 2,512 lipid groups (97). However, for the
purpose of thislissertationonly mycolic acids which are categorized in the fatty acyl group,

will be further explored.

Mycolic acids (MA) are the major constituent of the cell envelope. Wesg first named
by Stodola and collegues in 1938, wdiso depicted basic groups of their chemical structure.
MA structure was further defined by Asselineau in 1950. (B8¢seare a-alkyl, p-hydroxy, long
chain fatty acids that can be primarily covalently attached as esters of arabirogaidioe cell
wall or as “free lipids” in the capsule associated to trehalose in the TMM or TDM sé&sictur
(99). Specifically, MAform an ester bound to the 5-position of the arabinose residue of the
arabinogalacta(l00). MA can alsdvindto glucosg101). The covalently attached MA cée
obtained by saponification or methanolysis of théwall of the delipidated/itb cells. Because
MA are not soluble in methanol, they can be separated from moderately long diyaacit
with ether or chloroform solutions. MA have one carbon chain bound to the hydroxyl group
called the meromycolichain and another (shorter) carbon chain that is bound to the a-carbon.
These chains are synthesized in tHesaparately and then condeddsy a Claiseftype reaction

(13).
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MA are not unique structures bfycobacteriungenera, they can be present in
Corynebacterium, NocardiandRhodococcusMA from Mycobacteriumare longer in carbon
units (G to Coo) and havehe largest meromycolic chaffi6). Additional modifications such as
the introduction of cyclopropane rings in the meromycolate chain, unsaturatioyisnic
groups and methyl branches are also obserBsdh cis andtrans double bounds as well as
cyclopropane rings can be found in the same type of mycolate. Some MA have additional
oxygen functioality that is one feature used to classify them. Thesetionalitiesare keto,
methoxy, carboxy and epoxytif@r types of MA lack of these oxygen groups, they are called a-
MA and o’-MA. a and o’-MA differ in their chain length, o’-MA are shortefusually of 60
carbon unitsyvhile a-mycolic acids contains me@than 70 carbon units. a-MA represent more
than 70% of the total MA found iNltb, followed by keto and methoxy MA (15% and 10%)
(102). The cyclopropane structures in MA has been shown that contributes not only to its cell

wall structure, but to protect the bacteria from oxidizing agents sudb@s(Takayama).

Finally, the plasmatic membramecludes different types of phospholipids such as
phosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol and phosphatidylinositol
mannosides (PIMs). PIMs are mainly located in the outer leaflet. Other impootapbnents
are lipoarabinomannan (LAM) and lipomannan (96). Due to the high abundance of this
glycolopid in theMtb envelope, LAM has been tested as a biomarker for a point of care test with

a wide range of sensitivity and specificity results in Hidsitive patients (103).
1.6.4Major central metabolic pathwayia Mtb
Similar to the variable composition of tMtb envelope, thidacterium also hake

ability to usevery variable carbon sourcesvitro, such as carbohydrates, alcohols, and lipids
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(includingcholesterol and fatty acid€)04) Similar to other representatigpeciesf the
Actinomycetales ordeMtb possesses agrominant aerobic metabolism, with the genes
encoding for enzymes of the main energetic metabolic pathwalissglycolysis,

Tricarboxilyc Acid (TCA) cycle and pentose phosphate pathway. Additionally, this
microorganism also has the glyoxylate shunt which allows the bacteria to bypessrsymes

of the regular TCA cycle under specific metabolic conditions (hypoxic conditions omgyow
mainly in fatty acids)67). Isocitrate lyase (Icl) plays an important role in this alternative to the

TCA pathway and this enzyme has been associated with virulence.

Despitegenetic evidence @& complete TCA cyclen Mtb (67), there is no sufficient
biochemical evidenc® showthe presence of all the enzymatic reactions offtBA cycle in
Mtb. In fact, some researchers propose that TCA cydi#tlins not completdéecaus this
organism lacks alpha ketoglutarate dehydrogenase (a-KDH) (105-107). Therefore, an alternative
route or enzyme catalyzing the step from alpha ketoglutarate (a-KG) to succinate was explored.
Alpha ketoglutarate decarboxylase (a-KGD, Rv1248c) and succinic semialdehyde
dehydrogenase (GabD1/ 2, Rv0234 and Rv1731 respectively) were proposed as the enzymes that
complete this reaction in tidtb TCA cycle under normoxic conditions. A-KGD catalyzes the
production of succinic semialdehyde, which can then be converted to succinate by GabD1/2
(105). Under anaerobic conditions, activity together with a-KG ferredoxin oxidoreductase are
believed to complete this reacti¢tD8). Also, experimental evidence suggests Mt operates
a reversed TCA cycle with the reduction of fumarate to succinate to maintain theanem

potential inthe absence ofxygen.

Mtb has the ability to use proteins in multiple metabolic pathways to praksgrvival,

a feature that is known as metabolic plasticity. For instance, Icl paréisipathe glyoxylate
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shunt and the methyl citrate cycle, palso protectditb from the oxidative stress generated by

the treatment with isoniazid, rifampicin, and streptomy&®0). Another example is the
dihydrolipoamide dehydrogenase (Lpdatcan act as the E3 component of the pyruvate
deshydrogenase or can provide electrons to the dihydrolipoamide succinyltran&tadse (
previously known as SucB) or be part of the branched-chain keto acid dehydrogenase complex to
metabolize branchechain aminaacids(109). On the other hanitb has pathways with

redundant enzymes (including isozymes) that can catalyze the same reaction, wiaicteguar

that vital processes occur despite possible external or internal stresses. A gqulé exams is

the fatty acid degradation or 3-oxidation pathway, which suggest thétb not only has a high

lipid catabolism activity, but also that this is crucial part of its metabdll€}#).

1.6.5Lipid metabolismp oxidation andfatty acid synthesis

Lipid metabolism isa higly relevantphysiologicprocess irMtb which is demonstrated
by the amount of the genome devoted to these reactions. Specifically, lipid metabalis
important part of this dissertation as some enzymes of the biosynthetic lcgtabiovay are the
target of INH. Compared tB. coli, Mtbpossess five times more enzymes dedicated to lipid
metabolism. In factMtb lipid metabolism is more lipolytic than lipogenic, probably as a result of
the wide variety and amount of lipid sources in the human host as well as in thebacter
envelope §7). For this reason, fatty acid degradation is going to be described first and a
subsequent description of the major and more recent findings regarding the thityralcesis
will be explored. Fatty acid degradation is a key proceb#tlimmetabolism and can explain
more about its metabolidgsticity, while fatty acid synthesis is crucial in the understanding
mechanism of actioaf INH and possible the related events in the INH resistance acquisition in

Mtb.
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Fatty acid degradationThis is a process of successive oxidations where the 3 carbon of
the fatty acid is oxidized to a carbonyl group (figure 1.3). In this process, the maintheal is
synthesis of acetyCoA and reduced cofactors (such as NADH, FADDHhat can fulfill energy
requirements in the cell and also intermediates that can serve as substrate far prtadasises
(67). Specifically, odd-chain fatty acids produce acetyl CoA while ehain fatty acids
produce acetyl-CoA and propionyl-CoA in addition to acyl-CoA derivatives with two lessrca
units that are produced in both cases (67, 110). By studyingtthgenome, Cole and
colleagues found 36 genes encoding for enzymes that catalyze the first step of fatty acid
degradation only. As shown in figure 1.3, most reactions in this pathway can be carried out by
several isozymes. However, there are two enzymes, EcChA5 and FadB3, that are emsgitibal f

growth and considered possible drug targets (111).

Fatty acid synthesisThe complexity oMtb lipids could be partially explained by the
fact thatMtb has both fatty acid synthase (FAS) type | and Il. Cole and colleges described the
main enzymes of FAS | and Il at the genetic level and recent reviews have compiledsprev
biochemical work, all of which have generated a better understanding of the complex pathways
responsible for the MA synthesishftb (99,102 112). FAS I is found mainly in eukaryotes and
all the reactias are performed by a single multidomain homodimeric enzyme Fas (Rv2524) (67,
102). This enzyme has seveatalytic domains: acyltransferase, enoyl reductase, dehydratase,
molonyl/palmitoyl transferase, acyl carrier protein, B ketoacyl reductase, and  ketoacyl synthase
(99). Fas (Rv2524) uses acefybA and malonylCoA as substrate for the synthesis of &CgiA
derivatives of 16 and 18 carbon units that are used for the synthesis of membrane phospholipids.
FAS | route also produces an a€idA derivative with 26 carbon units that becomes the short a-

alkyl chain or a-branch of the mycolic acids. FAS | and Il are connected by the synthesis of acyl-
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CoA derivatives with 20 carbon atoms that are used in the FAS Il pathway astihg star

molecule for the elongation of MA (102) (figure 1.4).

- e o (

Fatty acid transport

’) Cell membrane
— 1II L J
" \/\/ﬁ\o
H
ATP CoASH  acyl-CoA synthetase
AMP + PP 36 putative fadD

FAD =] e Acyl-CoA dehydrogenase
2 34 putative fadE

_ Enoyl-CoA-hydratase
H20 R —
‘i 1 putative fadB

22 putative echA

- oxidation cycle —
=
| 1 E’.;'
>

NAD* Sl'..‘c:n 3-Hydroxyacyl-CoA-dehydrogenase
o 1 putative fadg

2 putative HACDH (fadB2, fadB3)
A \/ﬁ\/ﬁ\ 30 putative SC-HACDH
SCoh

Cun,SH—\l _______________________ 3-Ketoacyl-CoA-thiolase

6 putative fadA

Figure 1.3. 3 oxidation of fatty acids and the enzyméétim Adapted from MuioZlias E and
McKinney J, 2006 (110) by permission of John Wiley and Sons.
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Figure 1.4 Reactions of the FAS | and FAS Il describing the enzymes (or complexes) that
participate in each reaction with the intermediate products. Adapted from y&rmission of
Elsevier.

There are important aspects to highlight regarding FAS | andvtbnFirst, proteins
FabD, AcpM, and Fabldct in the transition between FAS | and FAS I, generating ACP

derivatives (the substrate required for the FAS Il pathway). Second, there are ¥wo kno
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Claisentype reactions occurring: one before the FAS Il starts (responsible for thensatidn

of mabnyl-ACP with acy}CoA and catalyzed by FabH) and one shared with the polyketide
synthase system (catalyzed by Pks13). The latter reaction generates acadobarbond

between two activated fatty acids at the end of the MA synthesis (Rigyr€able 1.2). This
second condensation takes the a-branch (produced through FAS I) and the longer meromycolate

chain (produced through FAS | and Il) to form a “pnature MA”.

Regarding FAS Il specifically, this pathway is involved in fatty acid elongatisteacof
de novasynthesis (contrary to what occurs in most bacteria, where FAS dlehasvasynthesis
capacity)(99). Mtb needs to use both FAS | and Il to generate its characteristic mycolic acids
(102, 112). Therefore, the study of mycolic acids synthesis is in fact a study of both FAS
pathways irMtb. In FAS I, there is one different enzyme for each specific step, allowing for
various levels of regulation. Most of the core enzymes of FAS Il are NADPH or NADH
dependent and organized in different clusters distributed through the genome (Figliadid.5
1.2). FAS Il can be further divided in type | and type Il elongation (E1 FAS Il and E2 FAS I
respectively). Here, both types are catalyzed by the core proteins InhA, MabA, BathB
FabD, and elongation can be done by either KasA (E1) or KasB (E2) (FigurBdspite the
sequence homology between the condensases KasA and KasB, they are predicted to participate
in two different stages during the FAS Il pathway: KasA may catalyze the trejaion steps
(EL-FAS II) while KasB might be involved in ¢hlater steps (EEAS II), ultimately producing
full-length mycolates with more than 40 carbon units 199). A representationf maturedo-

MA is depicted in Figure 1B

The meromycolate chain resulting from FAS Il cycle can be “decorated” with chemical

modifications such cyclopropanations and methylations that are introduced befeeztnd
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Claisentype reaction occurs. These modifications can be at dispgoximal positions and are
carried out by S-adenosyl-methionine (SAN¥Bpendent methyl transferases (Tdbls Figure

1.4 and 6). Unsaturations on the other hand, are proposed to occur differently under aerobic or
anaerobic conditions. The method of double bond introduction in MAtln however, remains
unclear. Under aerobic conditions, desaturases encodiesByl, 2and3 and other candidates

such as Rv1371 are believed to complete the double bond introductions at the distal position,
before theClainsentype condensation take place. Under anaerobic conditions, unsaturations are
believed to take place during the FAS Il cycle in the transition daf#ims2-enoyl intermediate

to its 3cisisomer under in the distal position, resembling what FabM dde®ptococcus
pneumonia€112). By sequence homology, this enzymatic reaction could be mediated by
EchA10 and EchA1ll iMtb, however, there is not enoughkperimental evidence to support this
hypothesis (Tablé&.2). Finally, the oxygenated MA (keto and methoxy MA) have a common
precursor (hydroxymycolate) that is synthesized by the action of the @&p&Rrdent methoxy
mycolic acid synthase (MmaAl. The synthesis of methoxy MA is additionally driven by the

MmaA3 enzyme (Figure 1.4, Tahle?) (102,112).
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Figure 1.5A. Major operons involved in mycolic acid synthesis in Mtb. B. Structure of an
alphaMA, the color represent the source of taebon chain by either FAS | (orange) or FAS Il

(black). P: Proximal, D: Distal.

Tablel.2. Enzymes that partipate in the FAS | and Il pathwaitim

Description
FASI
Transition FASI
to FASII

FASII

Gene Rv number Enzyme

fas 2524 Fatty acid synthetase

fabD 2243 Malonyl-CoA ACP transacylase

accD6 2247 Acetyl/propionyl-CoA carboxylase (bete
subunit)

acpM 2244 Acyl carrier protein

fabH 0533 pB-ketoacy!ACP synthase llI

kasA/B 2245/2246 B-ketoacy!ACP synthase

fabl or 1483 pB-ketoacylACP reductase

MabA

hadA/B/C 0635/0636/0637 (3)-hydroxyacylACP dehydratase
subunit A/B/C

htdX 0241 3-hydroxyacylthioester dehydratase
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echA10/11 1142/1141 Currently annotated as a endgybA
hydratase*, but proposed to beérans
enoyl-ACP isomeras&

inhA 1484 2-trans-enoyl-ACP reductase
M odifications
Desatur ases desA1/2/3 0824/1094/322¢ Acyl-carrier proteirdesaturase
Methyltransferases mmaAl 0645c Methoxy mycolic acid synthase 1
(cyclopropanation, mmaA2 0644c Methoxymycolic acid synthase @istal

cyclopropane in a-MA, proximal cis-
cyclopropane in ketd4A)

methylation and mmaA3 0643c Methoxy mycolic acid synthase
3 (oxygenated MA)
oxygen function mmaA4 0642c Methoxy mycolic acid synthase 4
(oxygenated MA)
introduction) cmaAl 3392c Cyclopropandatty-acytphospholipid
synthase 1 (distal position)
cmaA2 0503c Cyclopropandatty-acytphospholipid
synthase 2 (proximal positigpecificin
methoxyMA)
pcaA 0470c Mycolic acid synthasepfoximal
(umaA2) cyclopropanation function-MA)
umaA 0469 Mycolic acid synthase
Clainsen-type accD4 3799c Acyl-CoA carboxylase
condensation
accD5 3280 Acyl-CoA carboxylase
fadD32 3801 Fatty-acidcAMP ligase
pksl13 3800 Polyketide synthase-13
Mycaolic acid mmpL3 0206 Transmembrane transport prot&in
processing
Rv3802 3802 Proposed to be a Mycolyltransfera8e |

recently shown to have phospholipase
and thioesterase activity
cmrA 2509 Reductase

fopA/fbpB/  3804c¢/1886¢i Fibronectinbinding protein ABC or
fopC2 0129c antigen 85 complex

After the modification in the meromycolate chain and the last condensatiolmmeact
occur, a MA (either a, keto or metoxy-MA) molecule is formed and can be attached to a

trehalose molecule by the amtiof the reductase encoded by Rv2509 also known CmrA (113).
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Another fate of MA is to be covalently linked to arabinogalactan in the cell walhciion that

is catalyzed by thEibronectinbinding proteins (Fbp) ABC (114) (Figure 1.4). Much of the
understanding of the FAS | and Il routes has been based on sequence homology with reference
bacterial strains and mutation analysis using model organism sidhsasegmatis and M.

phlei(112) Despite the vast knowledge about the MA synthesis pathway, many unanswered
guestions remain regarding components of the FAS Il pathway that are under cesgartire

(112).
1.6.6 Redox metabolism

In general, reduction—oxidatigne., redoxyeactions aréighly relevant forMtb, since
they not onlycomprise the necessany defense mechanisms developed by the host during the
bacterial infection, but they are also part of its own metabolism. Redakonscouldgenerate
endogenous or exogenaosisesdor the bacteria. The endogenous redox stress is generated
during aerbic or anaerobic respiratiowhereMtb is exposed to reactive oxygeRQ@I) and
nitrogen reactive intermediates (RNgenerated whethe bacterium uses oxygen and nitrogen
as the final electron acceptor in the electron transport chain. RNI carolgeatrated when
Mtb relies on glutamate metabolism for surviiauring host-infectionMtb can experience a
wide range of oxygen levels that can drastically alter its metabolism goindfo@enoxic stress
(when is in aerosol droplets) to low oxygen tension (during the intracellular phalseolar
macrophages) to finally hypoxic to anositess (in granulomas)dditionally, inside the
macrophageMtb is exposed tdothROI and RNI. HO, and the superoxide radicat) are the
two most common ROI forms that are produced by macrophages and neutrophils toesliminat
Mtb. During hypoxic conditions, the alteration in redox homeostasis leads to a higher
NADH/NAD+ ratio which generates superoxide radicals that disrupt thexrigalance in the
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cell. Consequently, enzymes with heme and sulfur complexes (i.e., cytochrome Gsagaain
be severely affected@herefore, the ability dfitb to survive the redox stress from the host would
determine its success during the infection process. This stress has an impact on thé bacteri

metabolic pathways as well as the expression of virulence factors (115).

Intracellularor exogenously originated ROS and RNI have the potential to damage lipids,
DNA and proteins by oxidation, peroxidation and nitration reactions (1&canresult in
protein inactivation, andlteration in botttell organization and signal transduction. Therefore it
is crucial to successfully maintain redox homeostasis to keeptéggity ofthe cell.
Intracellularly, the changes in the redox and nutrient levels are sensed by WieiBsprot
(WhiB1-7) while extracellularly different molecules suchnégc oxide (NO), carbon monoxide
(CO), hydrogen peroxide (kD,) and the reduceand oxidized forms of the nicotinamide
adenine dinucleotide (NADH/NAD+) can work as sensors that induce a direct fpéinseatli
response or a twoomponent regulatory system DosR8sRT.(67, 115). Moreover, itferent
bacterial enzymes patrticipate in the neutralization of the host induced B®IGirsuch as
superoxide dismutase (Sd@nd B), catalasgeroxidase (KatG), and the antioxidant complex
formed by alkyl-hydroperoxidases (AhpC and AhpD), dihydrolipoamide acyltransferase (DlaT)
and dehydrogenase (LpdC). Other enzymes such as peroxiredoxins (AhpE, TPx, Bcp and BcpB)

and thioredoxins (TrxA, B and C) are also accounted.

Since KatGunction is playing a centrable inthis study, a further description of this
enzyme is requiredvitb has only one single copy k&tGwith a coding sequenad 2,223 base
pairs (bp) that generates a protein with 704 aratid residues that has a molecular weight of
80.6 KDaapproximately. KatG ipresent as a dimeric hemoprotéhat belongs to class |

peroxidase superfamily, because of its high homology with yeast cytochrome ¢ peroxidase (117)
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The role of KatG irMtb is beyond thectivation ofthe prodrugNH. This enzyme is in faaine
of the most importartatalaseperoxidaseshathelp the bacterium overcome external and
internal redox stres&atG possesses a monofunctional catalase, lspadirum peroxidasand
peroxynitritaseactivity (118, 119).The catalas@eroxidasectivity is in the Nterminal domain
of the proteirthat contains a herrt@nding motif, however, the @rminus isalsorequired for
its catalytic function(55, 117). KatG activity has been associated with virulgith strains,
which are able to infect for longer periods and create more pathioldigy hostompared with

mutant strains lacking of the enzyme acti\it0-122).

As discussed above, redox reactions play an important role in bacterial resplrathe
next section, details about the cellular respiration procedsaimvill be coveredThe relation
with this topic and this dissertation arises because mutatiampartant genes involved in
redox homeostasis suchketG gene (also INH activator) possibly generate an alteration in the

respiration complexes ixtb.

1.6.7 Respiration in Mtb

Due to theMtb lifestyle, respiration in the bacterium should be highly adaptable.
Specifically, during respiratiomitb uses oxygen and other compounds (such as fumarate or
nitrate) as the final electron acceptor depending on the specific bacterial inetttos and the
surrounding environmetii23, 124). The respiratory apparatus is responsible for generating
ATP and regenerating reducing equivalents. Respiration is made possible by selemem
associated asymmetric colepes that allow for generation of proton motive force (PMF) and
ATP, which are the major sources of energy in the cell. Different from otb@elrorganisms

(such a<.colior Bacillus subtillis),Mtb obtains the majority of its ATP by the electron trasrsp
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chain and the fFo-ATP synthase machinery, with very little contributions from substrate level
phosphorylation (125). In fact, the ATP synthase is a recently exploited target for deyelopi
anti-TB drugs of the drug clagigrylquinolines (such abe clinical drugoedaquiline) (123,

125). Specifically, diarylquinolines interact with the transmembrane subunit C AfTthe

synthase machinei}t26). This again emphasizes the importance of ATP synthase machinery in

the respiration process Mtb.

Most of theMtb enzymes/complexes involved in aerobic respiration have been identified
and are composed primarily of two NADH dehydrogenases (NDH-1 and NDH-2) and two
terminal cytochrome oxidases {agpe cytochrome c oxidase and bd-type cytochrome oxidase).
These participate iaxygen reduction and are coupled to generate the PMF that is used by the
ATP synthase for the production of ATP. NDH-1 is encoded bytio®peron fuoAN) and
NDH-2 is present in two copies encodednajh andndhA Previous studies demonstrated that
NDH-2 does not have a protdranslocatingunction and is the main dgtirogenase imtb.

NDH-2 reduces menaquinone to menaquinol that in turn can be oxidized by one of the terminal
aa-type cytochrome c oxidase and tyghe cytochrome oxidase complexes. Because thggded
cytochrome oxidase (CytA-B) is not coupled to proton pumping, the direct oxidation of
menagquinol by this oxidase is less energetically efficient compared tosttypag CtaCF).

Instead, the oxidation of menaquinol can happen in a two-step process with the participati

the cytochrome bcl complex (Qea@) and the terminal aagpe cytochrome oxidase (Ctd€)-

with a higher energy yield (123, 125).

Contrary to aerobic respiration, mediatord/tb anaerobic respiration are poorly
defined. However, in vitro hypoxic studies halmwed the identification cflomeimportant

enzymes involved. In a reduced-oxygen environment, the nitrate reductaselNheGiitrate
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transporter (Nark) as well as the NDi2 dehydrogenase are upregulated tii@nother hand,

the ATP synthase subunits and the-B@e cytochrome oxidase are downregulated. During a
low oxygen tension, the biype cytochrome oxidase is believed to be more utilized since it has a
higher affinity for oxygen. ATP synthase is stiltize even thougtat a lower membrane

potential which is not commonly seen in other organisms, underlining the importancé& af PM
keepng the bacterium alive during this metabolic state. This could be a regularicdenitb
inside the granuloma that can drive low metabolic activity with low dvitiogrowth

(dormancy) (15). Also, in absence of oxygkhb uses a set of reductases (such as
succinate/fumarate reductase and nitrate reductase), hydrogenases (coupkitatibn to
respiration, encoded by Rv0082 and Rv0087) and ferredoxins (such as the enduootéyl thyat
preserve the PMF for bacterial sivad (123, 124) Other changes have been detected in
anaerobic adaptation, for instance, the E1 subunit of the pyruvate dehydrogenase istegregula
Under anaerobic conditioMtb can stay alive but its growth is strongly reduced (123)is

theme is relevant because tawas previously described, there is a wide variety of oxygen

tension in theMtb interaction with the host.

1.7 Mtb and the host: Immuneresponse

Mtb interaction with the human host has baarevolving topic looking at different facebf
immune response generated in the Hést.many yeardghe production o helper (Th) type
lcytokines such InterferofHN)-y andtumor necrosis factor (TNFg together withmacrophage
activation have been considered the cenpialyersfor theTB protective immunity in the
murine model and humans (127, 128N-y is essential for macrophagectivation whichis
responsible fokilling of intracellular bacteriademonstrating the importanceasfpive cellular

immunity againstMitb (129). On the othehand the participation of the humoral (antibody)
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responsesas been thought to have a minor role during an infection processithitithe role
of the humoral response has been controversial, but it has been proposed thapdrtioigdte
in bacterihopsonization with antibodigs enhance the phagocytosis and eliminatiolliif
(130, 131). Further controversy exists albetfact thaadaptive cellular immunity rarely
eradicates infection completely and daes protect from TB reactivation or reinfecti¢i28).
Additionally, a ecent vaccination effothattriggeredcellular immunity failed tgrotect against
TB infection(132).Similar results were obtained in otretudies where no correlation IFN-y
with protection after BCG vaccination was obserpadating more controversy about Thl
immunity stimulation and protection against TBfter this,new research effortsave been
stablishedhot only towards alternate vaccination strategies butialdeciphering the role of
other components of host immunity such as the innate immianign effective arirB

responsel33.

Thefirst encounter of thbacteria with théost at the cellular level occurs with thleeolar
macrophagefavorite @l type) and resident dendritic cells after the exposure of the host with
anaerosol droplet that contaidtb. According to initial studie in rabbits, 1 to 3 bacilli a¥1.
bovisor 50-2000 units dftb bacilli are enough to reach the alveolar space and cause a
pulmonarylesion(127). Additional studies in guinea pigs, revealed that one bacilli is enough to
cause infectionDueto many similaritiesn pathologybetween this animal adel and human
diseaseone can extrapolate this findings to the human infection (134). As partinitidle
innate immune respongdifferent pathways induce the production @gamin D-dependent
peptides with mycobactericidal activity. These pathways indloel@ctivation of Toll Like
Receptor (TLR) 2, 4 and 9. Th#ectedimmune cellgecruit more inflammatory cells the

site of infection in the lung;arry theMtb antigensand travel to the draining mediastinal lymph
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nodes tprimenaive T cells ancdhitiateadaptive Teell immune responseBacteria can also
disseminate to other parts of the body stimulating adaptive immune respotisese locations
Lymphocytes and more macrophages migrate to the site of infection to form thegraillis
complex structure contains macrophages, T CD4+, CD8+ and B lymphocytes, fibroblasts,
neutrophils and multinucleated giant cells (which are fused macrophagesatt@cknfected
macrophage). The purpose of this structure is to contain the bacteria and pissemindtion.
Inside the granuloma CD4+ T cells activate macrophages to restrict the replaradidispersal
of Mtb. However, this response does not always lead to complete clearance of the. bacteria

fact, Mtb uses the granuloma to be masked from the host immune response (130, 135)

Macrophages are multifunctional cellskaiththe innate and adaptive afitB responses.
These cells have the ability to phagapgthe bacteriapresent antigerstimulate othecells (for
instancerl cellg and finally eliminate the bacteria in the phagolysosome. After phagocytosis is
complete, the pH can go from 6.2 to 4.5 due to the presence of ATPases that pump protons inside
the phagosoal compartment. The phagosahcompartmentlso has NADPH oxidase activity,
which is an enzyme present in the plasma membrane. This oxidase leads to suf@sgxide
production that canombine with nitric oxide () and ron toproduceRNI and hypervalent
iron. Additionally, Q" can be converted toJ®, by the eukaryotisuperoxide dismutasé.he
phagosome alstuseswith a secretory lysosonte form the phagolysosome, which have
hydrolytic activity from lysosomal-enzymes (136-138he degradation thatappens in this
ultrastructurenducesbacterid killing, but does not induce more immune responses. However, if
the macrophage is activated by IkNhe cell maximizes lysosomal proteolysis for epitope
production and presents thib antigens through the Major Histocompatibility complex (MHC)

II, stimulating T cell§136).
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Many different types o€D4 T cells are stimulated in a host response agMiisthat
together with CD8 T cell induced responaescritical to overcome the infection. CD4cells
can be additionally classified into Thl, Th2, Th17, and regulat@fiyr&gs) cellsbased on their
cytokine production. Proinflammatory Thl cytokines include §§NINF-a, IL-6, IL-12 and IL-
1B. Mutations inlFN-y and TNF-a have been demonstrated as genetic defects that lead to a
reduced levels aactivity of those cytokines in mice and the human host, therelbgasinghe
susceptibility taMtb infection and reduce the ability to control the pathogen (1E8)y
induces autophagy to reduce thecterial load in humans andric oxide synthase 2 (NOS2)
expression in mice. TNE-is critical for macrophage activation, increases the expression of the
Major Histocompatibility Complex (MHC) and leukocyte adhesion. lk-& pleiotropic
cytokine with pro and antiflamatory propertie§l39).Lastly, IL-6 has an inhibitory effect in
IFN-y-dependent macrophage activation (140). Howeves, ik required for a protective
response in mice infected with high dose#th (141). IL-12 promotes Th1l cell differentiation
and production of IFN-(142) Th2 cytokines 14 and IL-10 are associated with humoral and
antiinflammatory responses respectivdly-10 has a regulatory function to avoid exacerbated
host tissuelamage in the host crated by the excessive proinflammatory Thl response. IL-10 is
also produced by another groopCD4 T cells, T regs, that also produce transforming growth
factor (TGF)P (130,135. Th17 produce IL-17, IL22, among others cytokines, which connect
innate with adaptive immunity. The last group of CD4 T cells, Tdréfmportant in the
granuloma formation by the stimulation of Thl cells and recruitment of neutrophilsnin tur
producing denfensins, cathelicidins, lipocalin, superoxides, among other moldeinkzity,

CD8 T cells hae an important cytotoxic activity aradso produce perforin and granzymes that
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result in the apoptosis of the infected cell as well as by the production ofygiarthlat can

stimulate the production of more IFN(135).

The antiMtb innate immune response continues t@alseibject of research, especially to
define which events control the progression from initial infection to diseaseepsomt in the
host.In thisinitial immune responseells such as alveolar macrophadang epithelial cells,
dendritic cells, neutrophilgdT cells, and invariantatural killers as well as ®ll like Recepors
(TLR 2, 4, 9)are accounteds some of the most important factors (1138 144).Because of
their location alveolar macrophages and lunithepal cellsare the most important initial
responders after exposureMatb. These cells have a rapid response agMiisaintigens and
restrain early spread of the pathogéame roles of these cells have been previously described in
this chapter, mainly phagocytosis, antigen presentation and production of cytokineskicles
and antimicrobial peptidgd42-144). The TLR pathway and the internal signaling through the
myeloid differentiation factor 88 (MYD88) are known to have important roles in fponse
againstMitb. TLR 2 is a major receptor feipoproteins, the mycoliearabinogalactan-

peptidoglycan complex and lipoarabinomannan (142, 143).

1.8 Animal modelsof TB

For Mtb infection, mice, guinea pigs, rabbits, macaques, zebrafish and others have been
tested to recreate the human infection and identify relevant responses in the-hasteri
interaction(145, 146) One important characteristic of animal models is that the majority develop
a pulmonary infection, which is the main manifestatioMts infection in humans. Notably,
smallanimal models overlap only with respect to some features of the natural hbst for

bacterium Therefore, all the findings revealed in those models should be interpreted with
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caution (145)Especially when studying animal models such as zebrafish that can be infected
with theMtb closely relatedvl. marinumthat causes a skin infection with macrophage

aggregates and granulomas in this animal.

Of the smaller animal model$& guinea pig and rabbit models most closely resemble the
human TB pathology, specifically the granuloma formation with cadesimns. Most initial
insights of the immune response agaM#ti were obtained from studies in the rabbit that also
develop liquefaction and cavity lesions (1L2Mpwever, this animal model is more resistant to
Mtb infection, requiring higher doses of the bacteria. Guinea pigs can rapidly develop a high
bactrial load in the lung, resulting in animal death. Nmman primates, such as tHacaca
fasicularis,infected withMtb develop very similar pathology to human Ti&is the only animal
model forming cavities to date. Moreover, the non-human primate model has been used to study
latent TB(124, 147). In addition to ils largermodel, mice represent an excellent modeMdp
infection and have been extensively used in the lab because of their skedfemistity, the
presence of genetically defined mouse linages, the avayatifilieagents to test their immune
response, andertainsimilarities found with the human induced-cytokine response. As with
humans, the aerosol route of infection in mice generates granuloma formatieriund. The
limitations of this model include #tithe Mtb generated granulomas are structurally different and
do not have caseous lesions or liquefaction and generally fail to develop nesrotis End

cavities, dlof which are key features of human pulmonary TB (124).

1.9 Overview of the dissertation

Mtb is a fascinating microorganism because of its historical symbiteraction with the

human host and for its distinctive physiology. The purpose of this dissertation includes
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evaluating the bacterial cost and subsequent events after acquisition of Ibten@siriVitb
strains, which requires a review of relevant aspects of the bacterial plgyséold the immune
response generated in the host. Additionally, we have gained important insightsidiout
physiology through the understanding of the mechapisaction and resistance to a8

drugs, specifically INH. Although different metabolic pathwaystb have been studied
independently using genomic, transcriptomic, and proteomic approaches, each of tiveggspat
and reactions should be studied comprehensively as they normally occur in the cefitdrae,
the TCA cycle connects with not only other central carbon metabolic pathways, but hlso wit

anabolic pathways and redox metabolism processes.

Mtb physiology expands the limits of what microbidkig have leared from model
organisms such ds. coliandB. subtilis creating its own identity and gradually informing
researchers of its successful mechanisms to persist within the host. The corfegcksni
dynamic ofMtb in the host is further intesified by specific characteristics of the bacteria
dictated by its genetic background that sometimes can be translated in a readaiiigophin
the next sections of this dissertation, the study of clonal straMsbdfefore and after
acquisition of INH resistance will explore biochemical and immunological aspects specific to

this resistant, clinicalhpriginated phenotype.
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CHAPTER II- PROTEIN VARIATION OFMycobacterium tuberculosiSLONAL STRAINS

PRE AND POSTISONIAZID RESISTANCE ACQUISITION IN THE CLINICAL SETTING

2.1 Introduction

Globally the tuberculosis (TB) prevalence and mortality were 42% atda@wer
respectivelyin 2015 compared to 1990, however, in the African region there wer28dtitases
for every 100,000 people contributing to a global incidence of 9.6 million TB cases in 2014.
Similarly, in some American countries, such as Haiti and PerU;Bhecidence rate was as high
as 200 and 120 cases per 100,000 population, respectively, for the same Yéare(1).
worrisome is the fact that drug resistant TB is a growing phenomenon especiahsely
populated regions of the world, where the resistant bacteria have more opporiupitEgsgate
and are associated with other lethal pathogens such a\ltgugh the TB rate in the United
States (U.S.) has been decreasing since 1992, it continues to be a major publtohealn
with still a rate of 3 caseper 100,000 population that has been unchanged since 201Bi$2).
number seems low compared to Haiti and Peru and even lower compared to Southhafrica (t
has a TB rate of 834 aas per 100,000 people), but because of the chronicity of the disease, its
high dissemination, the economic impact, and the drug resistant TB cases ttithinate s
efficiently diagnosed mtreated, this number is still a burden on soci€he magnitude of this
problem is clearer when the TB mortality rates are measured, as this disease is the current
leading cause of death due to an infectious agent worldwide. In 2012, the U.S. began to
experience a severe interruption in the supply of isoniazid (INfitstdine antitubercular drug,
which increased the threat of incomplete treatment regimens and the pévermigher INH

resistance ratg8). Even worse, the shortage in the supply of INH was not exclusive to the U.S.
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This eventhas been experienced in many areas of the world with even higher TB and resistant
TB rates due to irregular drug supply and inferior quality of anti-TB drugs (4, 5).

As it was mentioned in chapter 1, INH is one of the most effective drugs withirutie m
drug regimen to treat patients with actiM® (6). INH is also often used as monotherapy for
latent TB infection (LTBI), and in some countries as a preventive therapydplepesing with
HIV (1). According to the World Health Organization, around 9.5% of the total gl&ea3es
were resistant to INH in the last decddg In clinical settings, TB resistant¢e INH only (or TB
INH-monoresistantis the most frequent form of drug resistant(BB9). INH monoresistant
Mtb strains predominantly correlates withtG mutations and is reported to result in higher
mutation rate, increasing the probability to acquire resistance to other drugs such as rifampic
(9, 10). Consequently, these resistant strains have an increased likelihood toudadseym
resistant (MDR) TB. Simultaneous to INH resistance developrivthtcanhave further
adaptations including changes in protein levels which in turnaompensate fahe potential
fithess loss due to the nalmug resistant phenotype. Therefore, it is crucial to understand not
only how the INH resistant mechanisms occu¥lid but also how this new phenotype is able to
support bacteria growth.

The study of drug resistant TB has been an ongoing pranasdy because the
understanding of the mechanism of actioseferafirst line drugs(such as INH and
pyrazinamidehas been subject of intensiveearch and controversi€kl). This is the case for
INH resistant (NHr) TB, where many bacterial factors are considefée. cumulative exposure
of Mtb strains to suboptimal concentrations of INH in an intermittent manner creas¢®f the
acquired INHr TB cases. In this way, many TB patients lose one of the besisdptiget

cleared from a disease that was initially curaBteme of the proposed mechanisms of action of
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INH were described in chaptemjth InhA (protein of the fatty acid synthase route Il) being the
mostrecognized targdfl2-14).More than 60 years of chemotherapy with INH in TB cases has
allowed the development of differeMitb genotypes of INH resistant (INHr) profile and their
associated phenotype&&imilarly discussed in thigrst chapter, INHr mechanisms include
mutationsn multiple genes most often the drug activatokatG gene followed by mutation in
the drug targeinhA (11). The INHr phenotypes include low and high level of INH resistance as
well as increased or decreased virulefics.

A comparative shotgun proteomic approach looking at different cellular fractiduig of
will help todescribe the effects of INHr conferring mutations in the new INHr phenoyiee.
the elucidation of the genome of many organisms, proteomics emerged as a powerful
methodology that not only describes the sequence, structure and function of the proteiss, but a
extends to the analysis of complex mixture of proteins using high throughput techniques (16, 17).
Proteomics analyze mature proteins considering all the complexraoslational events that
occur in the cell and that finally represent the bacterial phenotype. As stated byoshua
LaBaer in 2011, “proteins provide the verbs to biology” (18), and proteomics allow for naming
different biological eventfl9). As the proteome of the cell variate parallel to internal metabolic
variation and external cues, proteomics is considered the most direct scaffidgore cell
activity (20).

Mass spectrometry (MS) based technologies are central componentprotdire
analysis. These methods inclugtetgunand targeted proteomics that have different modes for
acquiring mass spectr@hotgun proteomics a term coined by John YHtesnd his lab, offers
an indirect measurement ofgbeins through peptides derived from their enzymatic digestion

(16). Shotgun proteomics, also known as discovery proteomics, uses liquid chromatfig&jphy
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connected to tandem M#S/MS) for the identification of the protein components in the
sample. The protein identification is based on the determination of the aminapeace that
is done by the comparison of the experimental tandem mass spwtine theoretical tandem
mass spectra generated fromrasilico digestion of a protein database. Quantitative analysis of
proteins became an integral and significant part in the interpretation of a bableggnt.
Through shotgun proteomics, relative changes in the concentration of peptides (audyndir
proteins) can be detected across the samples using lablelmgntsand labelfree approaches.
A description of different labeling methods defined by the acronyms ICAT, iTRAQRI®,
SILAC, among others, has been reviewed by other researchers (21-28). This idisssrtat
specifically focused on labd&lee shotgun proteomic analysis that uses spectral counting (SpC)
or ion intensity for the relativguantification of proteins. In SpC the frequency of the peptides
that correspond to a particular protés used tanfer the abundance of the protein in the sample.
In the ion intensity strategy, the protein abundancepsrted as thmtensity of the MS
chromatographic peak of the peptides assigned to the protein. In this work, the ndrmalize
spectral abundance factor (NSAF) which is base8m® wasused to do the relative
guantification of the proteins which has demonstrated a linear correlation and good
reproducibility (16, 29), with a limitation in the analysis of low abundance protgdnsThe
complete definition of NSAFsidescribed in the methods section.

The general workflow of a proteomics study starts with the selection of the egptim
biological conditions to evaluate, protein enzymatic digestion, a separation opttiepe
mixture through a reversed-phase LC M@ analysisandthe subsequent data/bioinformatics
analysis. For biological samples, a nano-LC is typically used as it offers highitivgered

requires lower volumes of samplgd). In shotgun proteomics, product ion scanning is the most
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commonly used mode for acquisition of mass spectra where the ionized peptadgrsrited
and the products are analyzed in a second MS, repeating this process for the driéereaor
ions (19). In other words, peptides are subjected to two sequentidh ldSequential process,
peptides are ionized and transferred to a gas phase using an electrospray teEsh)caurel(
transferred to the first MS analyzer resulting in the measurement of neasshavge ratio (m/z)
of the generated peptide ions. Additionally, during the first MS specific predarsoare
selected for fragmentation in a second MS round. The precursor in the first MSusedito
determine the quantity of the peptide, while #econd MS is used to infer the peptide sequence.
The selection of the precursor ion is automatically done in a survey scan, conatiénagons
detected in a process called ddependent analysis (DDA3Z2, 33). In the second MS, the
precursompeptideions are accelerated to increase their kinetic energy andstibjected to
collision with an inert gassuch asrgon or helium) that leads to a fragmentation in the peptide
bound, determining the aminoacid sequence (17, 19, 33, 34). In summary, a general workflow of
a proteomic experiment includes sample selection (which includes the setup ofdbelio
conditions to analyzen this case INHs versus INHWtb straing, sample simplification, protein
extraction, concentration and digestion, separation of the peptide mixture, and adiptidta
process in a tandem M&igure 2.1).

In Mtb proteomics studies, MBased methodologiese used for deciphering tivtb
proteome duringn vivoandin vitro growth (31, 35-37)The potein identification is based on
the genome derived prediction of the protein sequence of the bacterial refgrams¢mainly
H37Rv). Since the whole sequencinguitb genome, all the coding sequences were grouped in
ten functional categories that include a big portion of (a) conserved hypotheticadgjulatory

proteins,(c) intermediate metabolism and respiration, (d) virulence, detixifi and
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adaptation, (e) information pathways, (f) insertion sequences and phages, (g) lghadliset,

(h) cell wall and cell wall processes, (j) PE/PPE and (i) proteins with unkhawetion (20).
FromMtb proteomic studies, different proteins are identified as markexsridence, playing
important roles in host interaction and also specific metabolic stages suchas/tem
concentration and starvatig®d7, 38). This allowed the recognition of important protein markers
in the bacteria proposed as biomarkarthe disease or as stimulators of an effective immune
responsevith potential applications ia vaccination strateg{39-41) . Regarding INH resistance,
aprevious proteomic analysis focused on INH susceptible (INHs) and resistam} étiktins of
Mtb and found five proteins overexpressed in the INHr strains (42). These proteinsuvete f
through matrix assisted laser desorption ionization time of fMBttMALDI-TOF) and include
Rv1446¢, Rv3028c, Rv0491, Rv2971, and Rv2Hi&wever, these proteins are not related to
any of the known INH resistance mechanisMsst of these proteins were involved in cellular
metabolism, including redox metabolism (such as Rv1446, Rv2971, and Rv3028c) and there was
one transcriptional regulatory protein (Rv04919.a large extent, thisould bebecause the
strains grouped as INHr in that study were from different genetic lineages pedties protein
expression profiles with different mutations conferring INH resistance anel @ompaed to

other very heterogeneous non-related group of IMitsstrains
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Figure 2.1. Adapted from Domon and Aebersold (43), with the permission of Nature Publishing
Group.

In this initial experimental section of this dissertation, a study of clonal pattswial
Mtb strainsderived from the same patient before and after INHr acquisition, is presdtiied
the goal of evaluating the variation in protein levels after development of thepiMtiotype.
Clonal strains differentiate from each other because after some replication eventthene o
developed one or more mutations withiost that in ranycases is associated with phenotypic
drug resitance(44). Clonal clinical strainprovide a unique setting to reduce variability in the
comparative analysis since they are derived from a common ancesta@ration in proteins
can be attributed mostly to the mutation-conferring drug resistant phenaggtidonally, these
mutations, deriveth a clinical settingalready contain the known variables thtib is normally
exposed within the host, such as immune responses and a complete anti-TB drug regime. A
shotgun proteomics approach is particularly helpful to address the hypothesis that after
acquisition of INHr, clinicaMtb strainscanexperience variatianin their protein array that are

associateavith the new INHr phenotype.
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2.2 Materialsand methods

2.2.1. Bacterial strains and preparation of Culture Filtrate Proteins (CFPs) and cellular
fractions

Two clonal pairs oMtb were isolated from two patients that had pulmonary TB that
were enrolled ira previous study of tuberculosis transmission in San Francisco following
approval from Stanford University and the University of California San Franeiswiitutional
Review Boardg15, 45). Both strains were provided to Colorado State University (to the
laboratory of Dr. lan Orme, with subsequent provision to the laboratory of Dr. Karen Dobos)
Mtb isolates were sent the National Jewish Hospital, Denver, CO to confirm the drug
susceptibility profile initially obtained by the clinical labs where the patieete being treated.
An Mtb clinical strain susceptible to all first line drugs tested was obtained from a patt&sn in
Francisco CA., prior to initiating standard atntbercular therapy (INHs). After several weeks on
therapy, another isolate was obtained from the same patient and was cordibaeedgistant to
INH by agar proportion test (tested as above) but stibtefo the other 3 firsline agents
(INHr). These isolates were also confirmed as clonal pairs by spoligotypin@&ttDRFLP,
and were determined to belong to the T family (46, 47). After drug treatment failusectired
strain isolated from each patient became resistant to both concentrations o$tétH @2 and
1.0 pg/ml). These patients were enrolled in a former study and had asadiseurrence in a
two-year follow up (15, 45).

A secondMtb strain susceptible to all first line drugs tested (INH, RIF, pyrazinamide,
and ethambutol) was obtained from a patient living in Spain prior to initiatin@ Britierapy
(INHs). Another isolate was later obtained from the same patient after severalonweek

treatment and was confirmed resistant to INH (tested at 0.2 and 1.0 pg/ml) byrthe aga
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proportion test (48)but susceptible tthe other 3 first line drugs (INHr). These isolates were two
parent-mutant pairs defined by spoligotyping and insertion sequen6é{Bgstriction
fragment length polymorphism (RFLP) pattern that belong to the Beijing gendfyp&r|.

For the proteomic analysidree replicates of eadfacterial strain were cultured in one
liter of Glycerol-Alaninesalts GAS) media. The preparation of CFP and cell fractions required
an initial filtration stepof the liquid medigusing a 0.2um filter) and y irradiation of the washed
cells(dose of 2.4 MradjespectivelyCFPs contain all the proteins secreted by the
microorganism and also those released during bacteria lysis. Bacterial déatlri@diated
cells was confirmed using alamarBlue assay (Invitrogen) aloskesjuent work was performed at
the biosafety level Il laboratory (BSL2). In the BSL2, cells were reswadgd in breaking buffer
(0.6 ng/mL DNAase and 0.6 pg/mL RNAase and protease inhibitor (cOmplete, EDTA-free,

Roche, at the manufacturer’s suggestedyat PBSEDTA buffer) and lysed using 10 cycles of
probe-sonication (90 s on and 30 s off) maintaining cells irfiter this, whole cell lysates
weregenerated and thdtb cellular fractions including membrane (MEM), cytosol (CYT) and
cell wall (CW) were obtained by continuous cycles of ultracentrifugation, foltpthe steps
described by Lucast al (49). The CFPs were concentrated from 1 lapproximately 20 mL
using a Millipore™ Amicon™ Bioseparation Stirred Cell with &Ba mass cutoff membrane
(Millipore). From this lower volume, theemaining culture media still presenttire CFP
sampleswvas replaced for 10mM ammonium bicarbonate, using Amicon Wireerrifugal

filter units with a 3kDa molecular mass cutoff. CYT and MEM pellets were resuspended and
further concentrated using the previous described Amicon centrifugal filter unitdsba
allowed the buffer exchange for 10mM ammonium bicarbonate. Before the digestioreafgrot

the CWfraction was delipidated as descritgewherd50). This protocol uses lysozyme,
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incubation with the organic solvents chloroform/methanol (2:1, v/v), chloroform/nedfivater
(10:10:3) and a final precipitation of the proteins with acetor2(B€. The resulting pelleted
proteins were resuspended in 10mM ammonium bicarbonate.

2.2.2In-solution digestion of proteins

After the separation of CFP and mycobacterial cell fractimal, protein was quantified
by the bicinchoninic acid methdd@hermo ScientifidRierce). Cellular and secreted fractions
were subjectetb in solution protein digestion that include the following steyagtone
precipitationat-80°C, solubilization, reduction with dithiothreitol, alkylation with
iodoacetamide, antypsin digestiorat 37C during 3 hours (using a mix of 1% ProteaseMaxTM
Surfactant (Promega) aodl pg/ul trypsin (Roche)) for 30ug of total protein in a 1:17 ratio
approximately. Following digestion, samples were desalted with Pierce® RepCl& columns
(ThermoScientific) following the manufacturer instructi@msl resuspended in buff&urther

description of this protocol is availablerdtps://vprnet.research.colostate.edu/PMF/wp-

content/uploads/2015/06/In_Solution_diestion-protocol _040512.pdf

2.2.3 Liquid chromatography coupled with tandem mass spectrometiyl8/NIS)

One microgram of digested cellular fractions and Gf&ll the three biological
replicates were randomly analyzed in triplicate usingNL&/MS as described previousét the
Proteomics and Metabolomics Facilites (Colorado State Unive(Sidy)Briefly, the pgtides of
each fraction were separaten a nanospray column (Zorbax C18, 5 mm, 75 mm ID 6 150 mm
column). Samples were eluted into a lBi2arquadrupldon trap masspectrometet TQ
(ThermoFinningan).Resulting raw data were converted into mzXML files using ProteoWizard
(51). LTQ is a robust and inexpensive technology made of four rods with high trapping volume

efficiency andsersitivity (19). LC-MS/MS spectra were then compared agdiftttgenomic
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database (MtbReverse041712) using SORCERER (Sage-N Research, version 5.0.1). The
parameters used for the analysis were: trypsin digestion, a maximum of 2 messedjel, a
precursor mass range of 400 to 4500 amu, peptide mass tolerance of 1.5 amu, reduction and
alkylation of cysteine residues (resulting in the addition of a carbamidomethyl groupabup2
and the oxidation of methionine (15.99 amu).

2.2.4 Tandem mass spectrometry (MS/MS) datayaisal

For each cellular fraction, peptide identifications from the MS/MS spectra previously
searched were combined in the proteomic software Scaffold (version Seaifsion 4.5.3
Proteome Software Inc., Portland, OR) summing all the technical replicatks fesaach
biological sampleScaffold also was used to validate MS/MS based peptide and protein
identifications. Peptide identifications were accepted if they could bdisk&bat greater than
90.0% probability byhe Peptide Prophet algorith{®2). Protein identifications were accepted if
they could be established at greater than 99.0% pidpairid contained at least 2 identified
peptides. Protein probabilities were assigned by the Protein Prophet algorithPr@&hs that
contained similar peptides and could not be differentiated basemS analysis alone were
grouped to satisfy the principles of parsimoN$AF algorithmwas used for the comparative
analysis between INH susceptible and resistant strains of each geftyNSAFis an
algorithm defined in 2010 that allows the comparison of abundance of individual proteins in
multiple independerdamples. NSAF is calculated the ratio of the spectral counts from
peptides uniquely mapping to a protein (uSpC) over the sum of the protein amino acid lengths
mapping to unique (uL) and shared peptides (sL) (see the formula in Figure 2.2)waythis

NSAF only counts peptides that are unique to a particular protein and takes into account the
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proteinlengthand then normalized this value otee total sum of spectral counts/length of all
the proteins in the experiment (54).

2.2.5 Statistical analysis

Protein abundance differendeseach clonal pair comparing susceptible and resistant
strains to INH were tested by twailed Student’s t test with a significance level of 95%. These
tests were done in the Scaffold software previous assignation of the NSAlhatgtorido the
comparison. Additionally, a fold change analysis was also performed and supported the
significantly different results

2.2.6Western Blot (WB)

Some of the proteomic findings veefurther validatedy WB. Primaryantibodes were
obtained thouglthe Biodefense and Emerging Infections Research Resources Repository

BEI, https://www.beiresources.o)g/Except for AcpM, all WB were revealedth a

chromogenic system, using a secondary antibody conjugated with alkaline phosphatase and
BCIP/NBT (5bromo-4-chloro-3'-indolyphosphate/ nitbdue tetrazoliumps substrate. For
AcpM, a chemiluminescent strategy was followed usirgsecondary antibodies Goat Anti-
Rabbit F(#)2 fragmentHRP (horseradish peroxidasednjugated (Thermo Scientific) with the
SuperSignal West Pico Stable peroxide solution (Thermo Scientific ) for ertsghsitivity

assayA summay of the proteomic experimental approach is given in figure 2.2.
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Figure 2.2. Proteomics experimental approach for the clonal strain comparisormsdNidzid,
CFP:culture filtrate proteins, MEM: Membrane, CYT: Cytosol, CW: Cell wall-MS/MS:
Liguid chromatography coupled with tandem mass spectrometry.: s$pp€tral counts of
peptides uniquely mapping to a protein, ulL: protein amino acid lengths mapping to unique
peptide, sL: protein amino acid lengths mapping to shared peptides.

2.2.7 Bacterial growth curve

As an additional in vitro characterization of these clonal strains, five regdiodieach
strain were resuspendedhtddlebrook 7H9 media supplemented with 0.05% tween to evaluate
their growth.Ten mL ofbacteria suspensiamerecultured in 16 x 125 mm tubegaring with an
optical density (OD) close to 0.1 measured at 60fimreach replicate. These tubes were
incubated at 3 in constant agitation, using a stir bar. Subsequent OD readings at 600 nm were
performed daily until day 24437Rv referencetsain was also includeas a controin the
experiment.

2.2.8 katG PCR sequencing

PCR amplification for Sanger sequencing was performed to detect the mutatioosa

strains after the proteomic analy$atG amplification was done using a reaction mix that
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included Takara Ex Tag® Hot Start DNA polymerase (1.25 U) (TAKARA BIO INGjixture
of deoxynucleoside triphosphates (ANTP) (200 uM each), betaine (1 M), primers for katG
(forward 5' CGA TTT TCG GTG CCG TGC GTT TT 3’ and reverse 5’ CGC CCA GCC ATG
CAT GAG CAT TAT 3’) and Mtb gDNA (250 ng) quantified by Nanodrop.

An initial denaturation step at 94 °C for 5 min followed by a total of 40 cycles of
amplification were performed, with template denaturation &®#r 10 s, primer annealing at
59.5 °C for 30 s and extension at 72 °C for 3 min. Then a final extension at 72 °C was done for 6
min. After visualization othe PCR product on a 1.5% agarose gel, post-PCR cleanup and
Sanger sequencing occurred at the genomic core of the Proteomics and Metaboloities facil
at Colorado State University.

2.3 Results and Discussion

This section presesithe findings froma&ch clonalpair comparisorseparatelyin order
to evaluatespecific changes after the drug resistant event and avoid possible skew reguwlts due
very strong differences in one of the genotypes compared. After thispthmordifferences

will be analyzeddgether to detect common trends.

2.3.1 Protein abundance comparison in the T clonal pair

The NSAF analysis revealed a total of 99 proteins b&ggficantly differential when
comparing INH susceptible versus the resistant strains in the T genotyfe aid5).The
major protein functional categes affected were intermediate metabolism and respiration (37%)
(Figure 2.3). The cellular fraction thithe highest contribution farotein differences was the
membrane, with a total of 40 proteins with either higher or lower representatienIHr

strain (Table 2.1). These 99 proteins were distributed in the different cdtladttions and 17 of
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them were present in more than one cellular fraction. Additionally, some afttigcantly

differential proteins were encoded by a group of four identified operons (Figure 2.4).

PE/PPE
Intermediary metabolism and... ] S

Cell wall and cell wal processes
Conserved hypotheticals E m CFP
Information pathways mCW
Lipid metabolism B ovT

R lat tei
egulatory protein = MEM
Virulence detoxification and adaptation : B
0 10 20 30 40 50

# of identified proteins

Figure 2.3. Protein categories affected in T clonal strains after acquisitidiotlifferentiated
by cellular fractionAll categories are listed according to Tuberculist (version 2.6, Release 27
March 2013 http://tuberculist.epfl.ch/

KatG and GroES arewvo examples of proteinsignificantly differenial in almost all
cellularfractions ofthe T INHFr strain(Table2.1). KatG, asexpected, was significantly reduced
in the INHr strain. This difference was one of the strongest after looking at dhehrhge
values (Table 2.1). This confirms the role of KatG as the activator of the prodrugnthNiks a
relation withthe INHr phenotype of this strain. In the same group of virulence, detoxification
and adaptation, GroES was reduced in the INHr stnaatl fractions except in cell wall
(similarly to KatG) Together with them the chaperone Hipi& peroxidase #pC, the
thioredoxin TrxB2and bactoferritin BfrBvere also redced in thel INHr strain, while other
proteins inthe same categofpodA, Tpx, GroEL and HbhA) had higher levels possibly
compensating the lack of those important proteins in the detoxification and virulenterfunc

The chaperone DnaK showed varialdsults depending on the cellular fraction studikab(e
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2.1), suggesting th#tere is a possible compartmentalization of this protein in the cell wall that

induced the low levels observed in the membrane of the T INHr strain.

atpB atpF atpA atpD
atpE atpH ath atpC
MBDIDDD 146;000 Id&lltlou MG;UDD ME;UDO
rplC rplv rpsC
rpsS mpmcC
gsJ rpll rpIB rpl rplP
> > > _—
ED1IDDD SDZ‘DDD SDSIDDD SD4IDDD ﬂﬂﬂﬂﬂﬂ
bp
ol —1PoB_
->
rpiL rpoC
> >
746‘000 TSDIDUD TEIJIEIIJIJ TESIEIIJEI
bp

Figure 2.4. Organization of the coding genes for the proteins that were found altered inthe T
clonal pair comparative analysis. Blue boxes indicate that the proteins encotiedéogenes
were higher, while red boxes indicate they were lower in the INH resistaint stthe T
genotype. Adapted frommitp://tuberculist.epfl.ch/

There was a group of proteins with different abundabeéseen T INHs and INHr
strain, but after looking at other cellular fractions, this déifiee was more likely due to the
protein localizationThis is the case for pteriralpha-carbinolamine dehydratase MoaB2 and
SseC2, which is annotated to be involved in sulphur metabolism; both proteins were sigyifica
more concentrated in the membrane and reduced in the CFP of the T INHr straiy, thimal

serine hydroxymethyltransferase GlyAl was more secreted (higher in thelaRR) the CW
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Interestingly, one group of alter@doteins igpart ofthe ATP synthase athinery which
is crucialfor Mtb survival (Figure 2.4 and Table 2.1).the T INHr strain, the proteins AtpA,
AtpG and AtpD were higher compared to the INHs strasit was reviewedn Chapter 1, ATP
synthase is required for optimal growth in both active and dormant metabag Atab, the
respiratory driven ATP is in fact the major source for enerdgytm(55). The ATP synthase was
recentlyidentifiedas a target to treat bacterial infectioimsline with this,bedaquiline—ecently
approved by the Food and Drug Administration to treat MBRinfection—inhibits ATP
synthase, binding to the subunit C (AtpE, Rv1305) of the complexTh® drug is effective
against both active and dormavitb. The higher levels of these ATP synthase subunits in the
INHr strain does not alter directly tideugtargetAtpE, instead, the increase of the other ATP
synthase subunits emphasitiee importance of this metabolic proces#ito even in drug
resistant stins.In aprevious proteomic analysisl. smegmatiga mycobacteriunthat isless
sensitive to INHhad redued levels oATP synthas@roteins after exposute INH (57).
Therefore, the alteration of the proteins in this important machineitfmcould have started
just with the exposure dfitb strain toINH within the patient. After becoming INH resistant, this
trend in ATP synthase proteins had to change to cope with the new redox metateotit thia

bacteria.

Another interesting findingvas the proteilRpoB—the target for rifampicin (RIF-and
RpoC werehigher in the T INH resistant straffiable2.1, Figure 2.4). This finding suggests that
afterthe alteration of KtG levelsMtb couldalsopotentially acquirdRIF resistancegby
increasing the amount of th@rgetof the drug. Théncreagd RpoB levels could be the result of
the combined anti-TB therapy (that contains RIF) that the pageaived in the first place

which exerted a selective pressure for those strains that were mote tdiératethis drug
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(probably thoseavith higher levels of the targef\dditionally, because of the absence of
catalaseperoxidase (KatGompensatory metabolic mechanisms that allow the regulation of the
redox stress wern@duced in thdacteria In this way,an increase of the transcription rate of

genes encoding for proteins with this compensatory function can occur with the need of higher
levels of the B and B’ subunits of the RNA polymerase (RpoB and RpoC respectively (Table 2.1

and figure 2.4).As the increased levels of RpoB and C suggested an increase in the transcription
rate, the reduced levels of the proteins RpsJ RpmC, RpsS, RplJ and RplL in trstriiHr

(Table 2.1 and Figure 2.4), indicates the opposite about translationdadiegium In the

previously describedrpteomics study, levels of RpsJ and RpsS wexngly reduced im.
smegmatisfter treatment with not only INH but also wgthambutol and pyrazinamide (57).
Again, the only exposur® the antiTB drugs could have started the reduced expression of these

proteins thaseem to be permanent in the later acquikidr phenotype.

Table2.1.Description of significantly different proteins in the INHr vs INHslonal
strain comparison est, p<0.05)

Proteins significantly different (t-test, Genename Functional Rv Fold
p<0.05) category number  Change
(INH¢
INHr)?
CFP (n=32
iron-regulated peptidyl-prolytis-trans PPIA IMR Rv0009.1 0.1
isomerase A ppiA
isocitrate dehydrogenase icd2 icd2 IMR Rv0066¢c.1 0.2
succinatesemialdehyde dehydrogenase gabD1 IMR Rv0234c.1 6.1
dependent gabD1
PE family protein Rv0285 PE Rv0285.1 0.3
Mg2+ transport transmembrane protein mgt mgtE Cw Rv0362.1 0.1
protein transport protein secE2 secE2 CW Rv0379.1 0.0
dihydrolipoamide dehydrogenase Ipd lpd IMR Rv0462.1 6.5
hypothetical protein sseC2 sseC2 IMR Rv0814c.1 0.1
enolase eno eno IMR Rv1023.1 0.4
conserved hypothetical protein Rv1056 C Rv1056.1 0.0
serine hydroxymethyltransferase 1 glyA1l  glyAl IMR Rv1093.1 0.0
esatb6 like protein esxK esxK Cw Rv1197.1 0.2
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conserved hypothetical protein

catalaseperoxidaseperoxynitritase T katG katG

immunogenic protein mpt63
thiol peroxidase tpx

cutinase precursor cfp21
proteasome beta subunit prcB
conserved hypothetical protein
glutamine synthetase glnAl

meromycolate extension acyl carrier protein acpM

acpM

low molecular weight protein antigen c
PEPGRS family protein

conserved alanine and glycine rich me
protein

soluble secreted antigen mpt53 precursor

ketol-acid reductoisomerase ilvC
conserved hypothetical protein
10 kda chaperonin groES

bifunctional membranassociated penicillin

binding protein 1A/1B

conserved hypothetical protein
conserved hypothetical protein

10 kda culture filtrate antigen esxB

conserved membrane protein
chaperone protein dnaK

iron-regulated heparin binding hemagglutini hbhA

hbhA
citrate synthase | gltA2

pterin4-alphacarbinolaminalehydratase

moaB2
enolase eno

serine hydroxymethyltransferase 1 glyAl

serine protease htrA

lipoprotein IprA

lipoprotein IprF

30S ribosomal protein S1 rpsA
alanine and proline rich secreted prote
conserved hypothetical protein
long-chain fattyacid-CoA ligase fadD15
D-3-phosphoglycerate dehydrogenase
ketol-acid reductoisomerase ilvC
acytCoA dehydrogenase fadE22
conserved hypothetical protein
bacterioferritin bfrB

Rv1906 C
Vv
mpt63 Ccw
tpx \%
cfp21 Cw
prcB IMR
Rv2204 C
ginAl IMR
L
fp2 cfp2 Cw
Rv2396 PE
mbra Rv2721 CW
mpt53 Ccw
ivC IMR
Rv3267 C
groES V
ponA2 CW
Rv3705 C
Rv3716 C
esxB CWwW
CW (n=20)
Rv0283 C
dnaK Vv
Vv
gltA2 IMR
moaB2 IMR
eno IMR
glyAl IMR
htrA IMR
lprA Cw
lprF Ccw
rpsA IP
in ap. apa Cw
Rv2159 C
fadD15 L
serA serAl IMR
ivC IMR
fadE22 L
Rv3716 C
bfrB Vv
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(+1)
Rv1906¢.1
Rv1908c.1
Rv1926¢c.1
Rv1932.1
Rv1984c.1
Rv2110c.1
Rv2204c.1
Rv2220.1
Rv2244.1

Rv2376c.1
Rv2396.1
Rv2721c.1

Rv2878c.1
Rv3001c.1
Rv3267.1
Rv3418c.1
Rv3682.1

Rv3705c.1
Rv3716c¢.1
Rv3874.1

Rv0283.1
Rv0350.1
Rv0475.1

Rv0896.1
Rv0984.1

Rv1023.1
Rv1093.1
Rv1223.1
Rv1270c.1
Rv1368.1
Rv1630.1
Rv1860.1
Rv2159c.1
Rv2187.1
Rv2996¢.1
Rv3001c.1
Rv3061c.1
Rv3716¢.1
Rv3841.1

0.2
INF
0.0
0.8
0.0
3.5
1.9
2.5
3.8

0.3
0.4
0.1

0.1
0.0
0.2
1.8
0.2

0.0
8.4
0.2

0.4
0.8
0.8

13
0.8

0.6
3.8
0.3
0.3
0.1
INF
0.1
0.3
0.3
0.6
0.6
INF
12.3
1.2



conserved hypothetical protein

iron-regulated peptidyl-prolytis-trans
isomerase A ppiA

conserved hypothetical protein

60 kda chaperonin 2 groEL2
iron-regulated heparin binding
hemagglutinin hbhA

iron-regulated elongation factor tu tuf

pterin4-alphacarbinolamine dehydratase moaB2

moaB2

5-methyltetrahydropteroyltriglutamate

homocysteine methyltransferase metE

ATP synthase beta chain atpD

thioredoxin

oXpp cycle protein opcA

catalaseperoxidaseperoxynitritase T katC katG

conserved hypothetical protein

long-chain fattyacid-CoA ligase fadD15 fadD15

chaperone protein htpG

alkyl hydroperoxide reductase C protein ahpC

ahpC

haloalkane dehalogenase dhaA

iron-dependent repressor and activator ideR

ideR

40 kdasecreted talanine dehydrogenase ald

ald

histonelike DNA-binding protein hupB

electron transfer flavoprotein alpha subu fixB

fixB

conserved hypothetical protein
10 kda chaperonin groES

30S ribosomal protein S4 rpsD
acetohydroxyacid synthase ilvX
superoxide dismutase sodA
thioredoxin reductase trxB2

dihydroxy-acid dehydratase ilvD
fatty-acid-CoA ligase fadD2
chaperone protein dnaK
adenylosuccinate synthetase purA
aldehyde dehydrogenase
dihydrolipoamide dehydrogenase Ipd
conserved hypothetical protein

50S ribosomal protein L10 rplJ

50S ribosomal protein L7/L12 rplL

Rv3867 C
CYT (n=26)
PPIA IMR
Rv0036 C
groEL2 \%
hbhA Vv
tuf IP
IMR
metE IMR
atpD IMR
Rv1324 Vv
OpcA IMR
Vv
Rv2185 C
L
htpG Vv
Vv
dhA IMR
RP
IMR
hupB IP
IMR
Rv3040 C
grokES \%
rpsD IP
ilvX IMR
SodA Vv
trxB2 \%
MEM (n=37)
ilvD IMR
fadD2 L
dnaK Vv
purA IMR
Rv0458 IMR
lpd IMR
Rv0580 C
rplJ IP
rplL IP
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Rv3867.1

Rv0009.1

Rv0036¢.1
Rv0440.1
Rv0475.1

Rv0685.1
Rv0984.1

Rv1133c.1

Rv1310.1
Rv1324.1
Rv1446¢c.1
Rv1908c.1
Rv2185c.1
Rv2187.1
Rv2299c.1
Rv2428.1

Rv2579.1
Rv2711.1

Rv2780.1

Rv2986¢.1
Rv3028c.1

Rv3040c.1
Rv3418c.1
Rv3458c.1
Rv3509c.1
Rv3846.1
Rv3913.1

Rv0189c.1
Rv0270.1
Rv0350.1
Rv0357c.1
Rv0458.1
Rv0462.1
Rv0580c.1
Rv0651.1
Rv0652.1

0.1
0.7
0.3

0.3
1.9

0.2

0.1
0.6
0.1
139.3
0.5
0.2
INF
INF

0.5
0.1

0.0

0.2
0.7

0.3
1.3
0.0
0.4
0.6
4.5

0.1
0.1
1.7
0.0
0.4
INF
0.1
5.6
4.4



DNA-directed RNA polymerase beta che

rpoB

DNA-directed RNA polymerase beta che

rpoC

30S ribosomal protein S10 rpsJ
30S ribosomal protein S19 rpsS
50S ribosomal protein L29 rpmC
protease IV sppA
phosphoribosylformylglycinamidine
cyclo-ligase purM

hypothetical protein sseC2
thiosulfatesulfurtransferase cysA2
conserved hypothetical protein
enoyl-CoA hydratase echA6
periplasmic phosphate-binding lipoprote

pstS1

lipoprotein IprA

transcription termination factor rho

ATP synthase alpha chain atpA

ATP synthase gamma chain atpG

ATP synthase beta chain atpD
inosine-5-monophosphate dehydrogena

guaB1

conserved hypothetical protein
L-lactate dehydrogenase lldD2
catalaseperoxidasegaeroxynitritase T katC
conserved hypothetical protein
conserved hypothetical protein
glutamine synthetase glnA2
haloalkane dehalogenase

conserved hypothetical protein
bifunctional polyribonucleotide
nucleotidyltransferase gpsl

10 kda chaperonin groES
DNA-directed RNA polymerase alpha

chain rpoA

ATP-dependent protease ATP-binding
subunit clpC1

rpoB
rpoC

rpsJ
rpsS
rpmC
SSpA
purM

sseC2
CysA2
Rv0831
echA6
pstsl

lprA
rho
atpA
atpG
atpD
guaBl

Rv1871
lIdD2
katG
Rv2054
Rv2159
glnA2

Rv2298
gpsl

groES
rpoA

clpC1

IP
IP
IP
CW
IMR

IMR
IMR

IMR

Cw
IP

IMR
IMR
IMR
IMR

IMR

Rv0667.1

Rv0668.1

Rv0700.1
Rv0705.1
Rv0709.1
Rv0724.1
Rv0809.1

Rv0814c.1
Rv0815c.1
Rv0831c.1
Rv0905.1
Rv0934.1

Rv1270c.1
Rv1297.1
Rv1308.1
Rv1309.1
Rv1310.1
Rv1843c.1

Rv1871c.1
Rv1872c.1
Rv1908c.1
Rv2054.1
Rv2159c.1
Rv2222c.1
Rv2296.1
Rv2298.1
Rv2783c.1

Rv3418c.1
Rv3457c.1

Rv3596¢c.1

0.4
0.2

INF

INF

INF
0.0
0.0

INF
INF
0.3
0.4
0.4

0.0
0.1
0.1
0.2
0.5
INF

0.0
0.1
39.2
0.0
0.1
0.1
0.0
0.1
3.4

4.0
2.7

0.2

a. The quantitative method chosen for the statistical analysis and p value calouégiNSAF.
b. INF: NSAF in INHTr strain was zero. IMR: Intermediary metabolism and respiration,

Virulence, detoxification, adaptation, IP: Information pathways, L: Lipid métabpR:

Regulatory protein, CW: Cell wall and cell wall processes, C: Conserved Hyipathet
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Respiration and metabolism including lipid metabolism related proteinsfowere with
different abundances after acquisition of INH resistance (Table 2.1). Most of temgia the
metabolism and respiration category participate in different metghetiovays including
glycolysis (Eno), TCAcycle(GabD1)(58) among others. Lipid metabolism proteins including
the acyl carrier protein, AcpM (Rv2244), which is an important enzyme involved in ¢adty a
elongation in the type Il fatty acid synthase system, was found in a greater abundance
previous studytb after exposure to INH (59). From this publication, AcpM, together with
KasA (another protein in FAS |l pathway) were proposed as possible INH tgggets this
study, the low levels of AcpM, in addition to the already known effect of the louslet/&atG,
could contribute to the INHr phenotype and addisilly suggests a different lipid profile after

acquisition of INH resistance.

2.3.2 Protein abundance analysis in the Beijing clonal pair

In the second clinical clonal pair, 46 proteins were either more or less abundant after
acquisition of INHr (with p<0.05) (Table 2.2)These were grouped sevendifferent categories
(Figure 2.5) and the protein differences were mostly observed in the CFP (39.6%khd M
(35.4%) fractions (Figure 2.5able 2.2).As it was observed in the T clonal p&iatG levels
were significantly reduced in the INHr pair in all the cell fractions except theSoWve of these
proteins were encoded by clustered genes (Figure 2.6). Although the proximity of Rv0241c,
Rv0242c, and Rv0243, they are present in different DNA strasdienoted by letter c at the
endin the first two proteinsindicating the coding sequenca®in the complementary strand
(60). These threproteinsare increaseth the Beijing INHr strain (Table 2.2 and figure 2.8he
raw data of the Beijing pair was deposited to the ProteomeXchange Consortiuia {{6d.)

PRIDE partner repository with the datagintifier PXD002986 and 10.6019/PXD002986.
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Virulence, detoxification, adaptation
Regulatory protein

Lipid metabolism

MEM
Intermediary metabolism and respiration YT
cw
Information pathways CEP

Conserved Hypothetical

Cell wall and cell wall processes
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Figure 2.5. Functional categories of b proteins showing differem¢vels among the INHs
and INHTr clonal Beijingstrains (p value <0.05). All categories are listed according to Tuberculist
(version 2.6, Relase 27 March 2013http://tuberculist.epfl.ch/

Table2.2.Description of significantly different proteins in the INHr vs INHs Beijing
strain comparison {test, p<0.05)

Proteins significantly different (t-test, Gene Rv Functional Fold
p<0.05) name number category Change
(INHY
INHr)2
CFP (n=19)
Iron-regulated peptidyl-prolytis-trans PPIA Rv0009 IMR 1.6
isomerase A
Chaperone protein DnaK dnakK Rv0350 \% 0.5
SuccinylCoA synthetase beta chain sucC Rv0951 IMR 4.1
Succinyl<CoA synthetase alpha chain sucD Rv0952 IMR 39
Enoyl-CoA hydratase EchA9 echA9 Rv1071c L 1.8
6-phosphogluconate dehydrogenase, gnd2 Rv1122 IMR 29
decarboxylating Gnd2
Integration host factor MihF mihF Rv1388 IP 1.7
Transaldolase tal Rv1448c IMR 0.5
Catalaseperoxidaseperoxynitritase T KatG  katG Rv1908c \% 14
Conserved protein Rv2204c Rv2204c C 0.5
Trigger factor protein tig Rv2462c CW 35
Conserved protein Rv2699c Rv2699c C 39
Adenosylhomocysteinase sahH Rv3248c IMR 0.4
Thiosulfate sulfurtransferase sseA Rv3283 IMR 3.6
3-hydroxyacylthioester dehydratase HtdY htdY Rv3389c L 39
10 kDa chaperonin (protein CPN10), MPT! groES Rv3418c Vv 0.8
Conserved protein Rv3433c Rv3433c C 0.2
Conserved membrarnpeotein Rv3587c Rv3587c CWwW 0.6
Secreted fibronectibinding protein antigen fbpD Rv3803c L 0.4
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protein

CW (n=6)
3-oxoacylacylcarrier protein] reductase  fabG4 Rv0242c L 0.4
FabG4
Acetyl-CoA acyltransferase FadA2 fadA2 Rv0243 L 0.5
Immunogenic protein MPT63 mpt63 Rv1926¢ CW 29
ATP-dependent clp protease proteolytic  clpP2 Rv2460c IMR 0.5
subunit 2
Fatty-acid synthase (FAS) fas Rv2524c L 0.3
Transcriptional regulator, crp/fdamily crp Rv3676 R 0.1
CYT (n=6)
Two component system transcriptional prrA Rv0903c R 0.3
regulator PrrA
5-methyltetrahydropteroyltriglutamate metE Rv1133c IMR 52
homocysteine methyltransferase MetE
Malate dehydrogenase mdh Rv1240 IMR 1.3
Phosphoglycerate kinase pgk Rv1437 IMR 18
Catalaseperoxidaseperoxynitritase T KatG katG Rv1908c V 61
Aminomethyltransferase gevT Rv2211c IMR 0.2
MEM (n=17)
3-hydroxyacylthioester dehydratase HdtX htdX Rv0241c L 0.09
Transport protein SecE2 secE2 Rv0379 CWwW 13
Polyprenyldiphosphate synthase grcCl Rv0562 IMR INF®
50S ribosomal protein L23, RpIW rplw Rv0703 IP 0.5
Phosphoribosylformylglycinamidine purL Rv0803 IMR 17
synthase Il
Transcription termination factor Rho rho Rv1297 IP 1.9
Thioredoxin Rv1324 Rv1324 IMR 3.2
Iron-regulated aconitate hydratase acn Rv1475c IMR 1.3
Glycine dehydrogenase gcvB Rv1832 IMR 3.6
Catalaseperoxidaseperoxynitritase T KatG katG Rv1908c \% 2.6
Monophosphatase cysQ Rv2131c IMR 7.5
Pyruvate dehydrogenase E1 component aceE Rv2241 IMR 1.2
Conserved protein Rv2402 Rv2402 C 1.6
Chorismate synthase aroF Rv2540c IMR 0.4
Acyl-CoA dehydrogenase FadE22 fadE22 Rv3061c L 0.5
Acyl-CoA dehydrogenase FadE32 fadE32 Rv3563 L 0.1
Enoyl-CoA hydratase EchA21 echA21 Rv3774 L 2.7

a. The quantitative method chosen for the statistical analysis and p value calouésti

NSAF." INF: NSAF in INHr strain was zero.IMR: Intermediary metabolism and respiration, V:
Virulence, detoxification, adaptation, IP: Information pathways, L: Lipid métabpR:

Regulatory protein, CW: Cell wall and cell wall processes, C: Conserved Hyipathet
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The categoryritermedary metabbsm and respiratiopresented the highest number of
proteins (n=20) with variable abundance amondigng clonal pair In this category the
enzymes from the tricarboxylic acid (TCA) cycle SucC, SucD (located in the sarmop
Figure 2.§, Mdh, Acnand AceE were all decreased in the INHr strain (Figufe AceE
belongs to the aerobic oxidative TCA cycle. Additionally, two enzymes of the pegitosphate
pathway Gnd2 and Tal were also significantly different in this analysis buawditfierent

tendency lfigher and lower in theNIHr strain respectively(Table 2.2.

htdX fadA2
x| [,

fabG4
_

T T
250000 z3zo00
bp

sucC

sucD

1082000 bp 1084000

Figure 2.6. Organization of the coding genes for the proteins that were found altered in the
Beijing pair comparative analysis. Blue boxes indicate that the proteins encoded lyethese
were higher, while red boxes indicate they were lower in the INH resistantatieijing
genotype. Adapted frommitp://tuberculist.epfl.ch/
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NADH oxaloacetat H;0
Malate H*
Hehydrogenase: mdh
2 NAD'— Probable coenzyme A
citrate synthase: gitA H
citrate synthase: gitA2
citrate synthase 2: citA
(S)-malate citrate
H,0 Probable  |\“~H,0
Probable aconitate
fumarase: fum hydratase: acn
fumarate cis-aconitate
Probable
an ubiquinol aconitate
GabD1 hydratase: acn o
an ubiquinon Sgcmmc
<«—  semialdehyde
succinate D-threo-isocitrate
ATP Probable
coenzyme A succinyl-coa AD*
phosphate in: NADH
ADP —1 CcOo,
H' succinyl-CoA NADH NAD* 2-oxoglutarate
CO, coenzyme A

Figure 2.7TCA cycle inMth. The enzymes in the black boxes are reduced in the Beijing INHr

strain while the red indicate the enzyme reducethe T INHr strain Adapted

from http://biocyc.org/MTBRVand from Nietogt al (62).

In thelipid metabolismcategory we detected differences in proteins involved in lipid
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biosynthesis anfl oxidation pathways. Fomthe former, Fas and other FAS Il enzymese
increased in the INHr strafTable 2.2) Fasis a structurally integrated type | fatty acid synthase
(FAS-1) with multiple domains as described in chapter I. Increased levels of enzymmeBAS

Il included FabG4 that participates in the elongation of fatty acids and mycolic acid synthesis
and possibly has the same function of FabG1, and the 3-hydroxiemsgter dehydratase

HtdX. Due to the similar sequence and structure with HtdX .enzyme HtdY was initially
proposed to be part of FAS Hs anotheB-hydoxyacil thioester dehydratasétowever,HtdX
hasa higher capacity to produce lipoic acid and an increased preference for its substrate (3

hydroxyacylacyl carrier proteirACP) (63). In our study, HdtXvas similaly higher as the other


http://biocyc.org/MTBRV

enzymes involved in lipid biosynthesis but HtdY was significantly decreased. Theuwliffer
levels observed between HtdX and HtdY may be in line with results elsewhere nglibati
HdtY may not be part of the ACP-dependent AASystem(63). For fatty acid  oxidation, the
dehydrogenases FadE22 and FadE32 and the &mfyhcyltransferase FadA2 were increased

while the crotonases EchA9 and EchA21 were desae in the INHr strain (TabR.2).

2.3.3. Common protein differences

After evaluating both clonal pair comparisons, Kat@equally altered in both INHr
strainsand there were some common metabolic pathways with altered proteins bufferdndi
trends at each clonal paikatG was reduced inothBeijing and T INHTr strains compared to
theirrespective INHs pairsKatG is found in the three biological domains (prokaryotes, archaea
and some eukaryotes) where it is mostly a bifunctional enzyat& is a multifunctional
enzyme with different activitieswhere the catalaggeroxidase functiongredominate as
presented in chapter &4, 65).Although it is not as efficient as tlvatalaseperoxidase activity,
KatG is also asonicotinoylINAD synthasevhich is responsible of the INH activation (6#he
implications of the lower levels of KatG have been previously discussed in sectigrs@c¢h as

the lack ofactivaton INH, andthe unbalanced redox metabolism

Evaluating protein biological functiotwo important metabolic pathways are affected in
theselNHr strains.All the proteins involved in the TCA cycle found in this wavkresimilarly
reduced in the INHr strainghe Bajing INHr had five reduced proteins in this metabolic
pathway (SucC, SucD, Mdh AceE, Acn) while the T INHTr strain had only 1 (Galflgre
2.6, Table 2.1 and 2.2). Although there was not a protein in coromesimilar trend ifFAS II,

this was araffected pathway in both Beijing andNHTr strairs. There were proteins with
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increased levelm this biosynthetic route ithe Beijing INHr (FabG4 and HtdX), while
decreased levels in the T INHTr strain (AcpM, Table 2.2).

Furthermore, 11 proteins were present in both comparisons albeit with differeig in
each genotype. These proteins BpeA, DnaK, SecE2, MetE, Rho, GecvB, Mpt63, FadE22,
GroES, the probable thioredoxin Rv1324 and the conserved protein Rv2204c. (Table 2.1 and
2.2).The levels of DnaHKevelswerehigher in the BeijingdNHTr strains but lower at th1IEM of
the Tgenotype (Table 2.1 and 2.2). However, difeerent trend of this protein in th1EM and
the CW of the T INHr straisuggest that théifference observed of this protein could be
associated with a compartmentalization of the protein in the babtEid, whichcausdt to be
reduced in the C\itaction Most of these 11 proteins are grouped in the virulence,
detoxification and adaptation category (Table 2.1 and 2.2). FadE22dteapvith different
trends in both INHTr, but even in the same Beijing pair comparison this category had proteins
with different trends. The remaining proteins are classified imteemediary metabolism and
respirationcategory.

2.3.4Western BlofWB)results

For the T clonal pair,¥e proteins were confirmed through WB and one protein could be
confirmed for the Beijing paifThe common protein confirmed in both clonal pairs with the same
tendencywasKatG (Figure 2.8)In the case oKatG levelsn the Beijing paiythey were only
significantly different at the CFP levdlhe protein abundances confirmed in the clinical pair
comparison includes proteins in the glutamine biosynthesis (by GInAl), protein folding (by the
antigenic chaperone GroES)camycolic acid synthesi®y AcpM). The enzyme PstS1, which is

involved in the acquisition of inorganic phosphate by importing inorganic phosphate in an ATP-
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dependent mannenas confirmed to be higher in the membrane of the INBtrain(Figure

2.8).

A. In both comparisons

T INHs TINHF
L ++ CYT MEM CW CFP| CYT MEM CW CFP
SOKDa—> e = N '
geRE 9% KatG

Beijing INHr Beijing INHs
CFP MEM CY;[_ L |CFP MEM CYT L +

PR

KatG

80 KDa=—2|

T pair Beijing pair
INHs INHr L INHs INHr +

16 KD2—>{ eummeun —— e e |GroES*

B. In T clonal pair only

INHs INHr
L + MEM CYT CFP MEM CYT CFP

50KDa mmpp | Ay = w0 PSS S " v w e GInAl
MEM
L + INHs INHr
38 KDa—> —— [RSp—— 1Y |

CFP
T pair
+ L INHs INHr

AcpM

C. In Beijing clonal pair only

CFP

INHs  INHr +
71 KDa—y o e - = . DnaK

Figure 2.8 Western blotesultsconfirming theproteindifferences at each cellular fraction in the
INHr clonal strains of the T and Beijing genotype. L: protein standard; +, posititeol*
Differences at the CFP fraction.

2.3.5 Bacterial growth
Froman experimental observation, INH resistant strain of the T genotype when grown in

GAS media, a minimal media without protein or non-ionic surfactant Tween 80, had a poorer
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growthratecompared with its clonal strain and the Beijing pair. Moreover, when the biological
replicates were upscaled to 1 L of culture media; one of the T INHTr replicates was unable to
grow. Therefore, this growth curve was intended to confirm this experimental obs@rusing

also the H37Rv strain ast@rnal reference. This growth curve was done in 7H9 media
supplemented with Tween 80, in order to measure the OD reading. The results were the opposit
of what was previously observed in the GAS media. In the 7H9 supplemented with tween 80, t
T INHTr stran growth was comparable to the reference strain H37Rv was even a little higher

compared to its susceptible pair (Figure 2.9).

4 Beijing INHr
4+ Beijing INHs
Growth curve all strains in 7TH9 media - H37Rv

supplemented with 0.05% Tween 80 & T INHs

A T INHr
1.7
1.6 p= - - ]
Tttt ]
1.59 = -
1.49 [/
1.3
k)
1.2
€114
C
©1.09
o
© 0.9
+0.81 i
] == W e — W
0.7 5
a)
OO.G'
0.5
0.4
0.39
0.2
0.14
0.
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0 1 2 3 45 6 7 8 9 101113141517 181921 24
Time (days)

Figure 2.91In vitro growth kinetics from the strains used in the study.
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Thehigher growth rate of the T INHr opposed to the experimental observation from the
same strain growing in GAS mediauld be explained by the fact the nonionic surfactaeén
80 is an important contributor for tAelNHr straingrowth (Figure 2.8)T INHr strain may have
an altered metabolic profile that enhances the utilization of tween as an impaksinate for
energy and growtilween 8benefitsMtb growth, not only by preventing bacteria clumps in
liquid media (66), but also serving asarbon sourc®r themycobacteria. The surfactant tween
80 (which is an ester of oleic acahd polyethoxylatedorbitar) can be hydrolyzed by
Mycobacteriunspecies into oleic acithat ismetabolized via the TCA cycle for biomass
synthesig67). This may haveontributed to a higher growth rate in this particular INHr strain.
Correlating this withite proteomic results, we found the protein cutinase (Rv18g4gr in the
CFP of the T INHTr strain. This protein also known as Cfp21 hastmase and lipase activity.
Mtb has seven known cutinases, some of them even encoded in lipid metabolism operons (such
as Clp6). Although as it is suggested by the protein name, the primary substrateiorythie
is cutin (which is found in plants), this protein has been associated with lipid n&tabold a
phospholipase activity. In fact, this protein was also shown to have the capacity to hydrolyze
tween 80 §8). In that study, however, the reference strain H37Rv did not have detectable
phospholipase activity at the CFP level but it did in the CW and MEM fraction, winggjests

that this protein is naegularly gcreted irhigh amounts bytb strains(68).

2.3.6 katG sequencing analysis

To confirm the driver of the INHr phenotype of those clinical strains at the gesatic |
mutations irkatG gene were further evaluated in the INHr strains compared with their parental
clonal strain. In the clonal pair of the T genotype, two mutatidhé: (GTG to GCG)and E3V

(GAG to GTG)at the Nterminus of the protein were identified in this wofkese wee the only
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mutations found in thkatG gene in two biological replicates of the T genotype INHTr strain,
which also had a wild type sequence in the 50 nucleotide upstream its seduereseous

whole genome sequencing (WGS) analysis of the T clonal pair demonstrated a mutation at
nucleotide position T2C (V1A) ikatGfor the INHr strain(69). As it was previously described
by Wilming et al, the Nterminus of KatG is required for the protein dimerization and its
interaction with the @erminus is required for its enzymatic functigio);

In the Beijing strain, thi&atG mutation L101R was previously identified in the INHr
strain in the same WGS stu(®9). However, thé&atG sequencing results did not show any
mutation in the INHr strain. This finding was supported with a phenotypic drug susdgptibil
testing performed by the National Jewish laboratory that showed that both cloived Baijs
were drug susceptible. The previously described proteomics study was performedtmeefor
DNA analysis, therefore it is possible that after theuituring of the strains for theatG gene
analysis, the INHr went back to the wild tyketG sequence and INHs phenotype. Therefore,
this L101RkatG mutation wasiot very stable for the Beijing INHr strain. A previous report of
an INHr reversion itMtb was already published inkatG mutant in the absence of the drug
pressurg7l).

2.4. Conclusions

This work, presents for the first time a comparative proteomic analfysisnal clinical
strains with different INH susceptibility profile, further parsing the protein diffeaehy
localization within the cell. The study of drug resistant organisms has evobreghenotypic
characterization after exposure to the drughéostudy of the genetic basis of resistance, and
then the effect of the associated mutations at the protein Tehwekignificantly reduced levels of

KatG dfects alsaall its multi-functionality (catalase, peroxidase, peroxinitritase, INH activator)
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and have a direct impaict the bacterial redox homeostaaisd virulence (64, 65, 72, 73)here
have been many vitro andin vivo studies that focused on the virulence and fitness cost in
mutant strains of INHMtb, concluding thakatG mutations not only generate INH resistant
strains, but also bacteria witwide range of virulence amdbility to transmit; probably
depending onhte catalas@eroxidase activityl5, 74, 75). Accordingly, the &Glevels
observed in the INHr strains of this dissertattonld be associated with a less virulent

phenotype.

Working with clonalpairsof Mtb, it was possibléo compare specific protein abundance
variations that were coincidentalttee acquisition of INH resistance. These differences were
highly dependent on the genetic background, although some common trends were observed. The
Beijing pair comparison provided the less variable proteome (with only differandés
proteins) which an be related with the only 8 non-synonymous SNPs found in a previous whole
genome sequencing (WGS) analysis (69 Beijing INHr strain lost its resistant phenotype
after serialn vitro cultures, therefore, it was not possible to continue studying the INHr event in
this genetic backgrounthstead, the T pair comparison revealddgh variability (100 proteins
in total) between INHs and INHTr strains together with a previously reported 14 non-symamy
SNPs detected by WG89). The advantage of evaluating the protein differences atcedicthar
fraction allowed confirmingf these differences werue to aconfidentdifferenceof the protein
levels (such as the case of KatG and GrofSse levels were affected in three out of four
cellular fractions studied) or possibly a specific compartmentalizafitre molecule (i.e.,

DnaK that was lower in the MEMut more concentrated in t&V fraction of the INHr T

strain).
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In summary, the findings of this chaptigmonstrated that acquisition of INH resistance
can result in significant changes in the mycobacteria proteome, affactihtpast four different
biological pathways iMtb. Thesegpathwaydnclude the categories of metabolisndan
respiration, virulence, detoxification and adaptation and lipid metabolismhwiayg result as a
compensatory mechanism after KatG reduced levels and its consequent impact loacteyied
physiology and fitness his workshavs the mycobacterial drug resistance is a complex process
that orchestrates\ariety of physiological events Mtb that are highly dependent on the
specific genetic backgrounddditionally, this work also provides evidence that INH resistance
is an unstale phenotype for sométb strains, such as the Beijing INHr described in this chapter
that return to its wild typ&atG sequence angkcovered itsusceptibility to INH. This could be
dependent on the specikatG mutation that drove to the B phenotypean the first place,
however, the mechanism that explains this event remains unknown. This study also provides a
better understanding of new compensatory mechanisMgbiafter INHr that could address
alternative combined therapiésich as the use of dysitargeting the ATP synthesis in
susceptible instead of INHUitb strains) as well as candidates for new drug targets in INH

resistant strains.
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CHAPTER lll- COMPREHENSIVE BIOCHEMICAL CHARACTERIZATION OF
Mycobacterium tuberculosS8TRAINS AFTER ACQUISITION OF ISONIAZID

RESISTANCE

3.1 Introduction

During the first and second chapter of this dissertation, the importance afeatal
peroxidase KatG in isoniazid (INH) activation, as welka&s mutations and INH resistance,
were addressed through reviewfgelated literatur¢Chapter )and an initial shotgun
proteomics experimental approa&hapter 1) In chapter Il, the studgf two clinically-isolated
clonalpairswith differentgenotypes, unexpectedly did not generate many common protein
findingsbetween the two INH resistant (INHr) straimsth the exception of decreased KatG
levels.The lack of common protein findings could be explained by the genetic background
differences that include a different mutation in kia¢G geneas well as the fact that they belong
to differentMtb lineages (Bgjing vs T genotype). Due to the reversion of lNél resistance in
the Beijing clonal pajrit was not possibles completea biochemical characterizatiarsing this
pair. Insteada laboratoryisolatedclonal pair with &atG mutationsimilar to that othe T
genotype clinicalNHr clonal pair is included in theresent chapteHaving two different clonal
pairs, one clinical and one laboratory generated, with the kat@enutation,offers the
convenience of confirming protein changes specifically related to the INHr phenatygeddy
N-terminuskatG mutations while eliminating confounding factors including previous exposure
to other anti-TB drug®Because of the already established relationship between the synthesis of
mycolic acids (MA and INH mechanism of action (See Chapter I), this chapliedescribe a
broader biochemical analysisinga highresolution shotgun proteomics method and

comparison of th&A profilesbetweereach otthe donal pairs.
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As described in the previous chapter, mass analyzers are central to protein analysis.
Furthermorenew developments in this fielthscreatednstrumentation with higér accuracy,
throughput capacitfyand resolving power. Mass spectrometry (M¥&$ed protemics has
facilitated significant advancementyarious biological sciences employing soft ionization of
peptides; notably, this method was awarded with a Nobel Prize in 2002 (1). Soft ionization
strategies such as electrospray ionization (ESI) convert peptides into ionmzpduwals that can
be transferred to the MS analyzer where they are discriminated by their mass aye(iciizy
values. MS instruments most commonly useproteomics analyze samples in a liquid phase
using ESI. An important MS experimental variable is the resolution, which is aofutthe
mass analyzer’s resolving power (i.e., the ability to separate two peaks-tsateaic species to
determine theimass accurately(p, 3) Therefore, a larger mass analyzer resolution indicates a
better separation of peaks (4). This concept is particularly relevant faotkgresentedh this
chapter because a hybrid linear ion trap (LT0bitrapis used for the proteomic analysis, an

instrument witha higher resolution than the LTQ alone (discussed in Chapter II).

Both LTQ and Orbitrap are ion trap mass spectrometers, but theyidiffemy aspects.
In ion traps, ions are captured for the MS/MS analysis and the sens#tnatgtedto the number
of ions that can bapped. The LTQ uses dynamic electric fields to capturstiieed peptides.
Specifically, four symmetrically parallel rdike electrodes (commonly known as a quadrupole)
are used to constrain ions in a cylindrical volume. This feature increases theisgnsiti
resolution and mass accuracy of the LTQ compared to the 3D iocanadyzer(1). The
resolutiondepends on the mass and in the quadruple it could be as high as 800 at m/z=130 m/z or
as low as 250 at m/z=72B, 6).The four electrodes act as a mass filter that can be set to allow

ions with selected m/z to pass through. The Orbitnaps analyzewas invented by Alexander
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Makarov and first introduced in 2005 (7). The Orbitrap was included in high-performancg hybri
spectraneters that haviigher mass accuracy and resolution than the LTQ alone. The Orbitrap is
an electrostatic trapping mass spectrometer where the ions are trapped and oseiltzetial
electrode in a limited space defined by two external elect(@l&3 This is a smaller and faster
device than the LTQ, where the dition of the ions inducesn image current into the outer
electrodes which is then amplified and detected for the proteomic analystsyQrieesystem

used in this work operates in an Orbitrap-LTQ mode having advantages of both methodologies.
Because of ithigh resolution andhass accuracfresolution 0f100,000at m/z=400and mass
accuracy< 1 ppmwith internal calibration)8), theOrbitrap is used for the first MS for the
determination of the peptide masses. Following this step, fragmentation of tliepesing a
collision gas occurs ithe LTQ analyzer, resulting in MS/MS speaised to determine amino

acid sequence.

In addition to the proteomic analysis, arsdpart ofa comprehensive characterization, a
comparison oMA in the clonal pairs was performed using liquid chromatograpGy-{ime of
flight (TOF) MS. TOF is another MS-based technique taat be alsaoupled with matrix
assisted lasatesorption ionizatioMALDI) , when samples are in a solid phase. For this
analysis, the TOF instrument waairedwith ESI sourcethe sameonization strategy used for
the proteomic analysisThe MA areseparated usinggversephaseHigh-performance LC
(HPLC) and thersubjected tdigh voltage in a conshaped space to transform the sample from
the liquid phase to aerosol. During this process, the particles in the droplet brocengharged
and then are separated from each odiseihe solvent evaporateseating single charged iofe
further analysis in the M he TOF analyzer consists of a tube divided in two sections: a short

region with high electric field where the ions are accelerated and a loagercdieldfree
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section where the ions “fly(9). The time that a given iclakes tdravel across the longer region
and reach the final detector depends on its m/z, therefore, based on this timeithealculated
for a particular ionMS is a popular and well-suited methodology for lipidomics, a discipline that
investigates changes in lipid abundance, structure and function in the cell.

Lipids are diverse molecules that are further categorized according to theicahemi
properties andomplexity. Specifically, lipids are categorized basedlemical structure and
mechanism of biosynthesis (1®articularly for lipids oMtb, a classification method proposed

by Mark Sartairet al (available atttp://www.lipidmaps.or@ndhttp://mrl.colostate.edu/mthp/

proceeds hierarchically from six categories (fatty acyls, glycerophospslgtycolipids,
prenol lipids, saccharolipids, and polyketides), to 1thrpid classes, 46 lipid subclasses, and
16 4" level lipid classe$11).Mycolic acids (MA) form a subclass in the fatty acyl category with
six 4" level lipid classesiticludingthe entire free and covalently attached MA)). Another
Mtb lipid database @ascreated around the same time by Branch Moody’s group, called
MycoMass. This database alsiows the identification of lipids based on their m/z value (12)
and complementSartain’s database lycludingthe m/z values for a’-MA that are MA species
with ashorter mycolate chain

This chapter describése complete biochemicakploration of thévitb phenotypeafter
acquisition of INH resistancepecifically targetinghe global analysis giroteirs and MA. The
idea behind th exploratiorof INH resistancelevelopment and maintenanceMitb is supported
by the fact that INHr strains are estimated to be causing dise@$6o of all TB caseglobally
(13). These INH resistaitb strains have a higher probability to acquire further mutations that
drive nmultidrug resistant (MDR) TB cases which have more deadly outc(iMed5).

Thereforethe understanding of the INH resistance event is urgently negiledhe final goal of

96


http://www.lipidmaps.org/
http://mrl.colostate.edu/mtb/

the desigrof moredirected treatment strategigmteffectivdy control and eliminata

proportion & Mtb strains that increase the morbidity and mortality rates due wworBlwide.

3.2 Materialsand Methods

3.2.1 Bacterial strains and preparation of Culture Filtrate Proteins (CFP) and cellular

fractions

One clonal clinical and one clonal lab paifib were separated into the different cellular
fractions as described in chapter Il. The clinical pair were isolated from the sapsgi@® and
belong to the T lineage by restriction fragment length polymorphism RFLP -IS611(h({lL6) a
spoligotyping (17) The second strain, obtained after drug treatment failure, was resistant to INH
only, while the initial isolate was susceptible to all drugs teshesl gar was also described in
Chapter Il). The othavitb clonal pair was laboratory pair consisting of wild type H37Rv
reference strain analkatG mutantgenerated from this strain after exposure to iNkhe mouse
model of TB (18). The laboratory strain H37Rv (Trudeau Mycobacteria Culture Carlefti
107) was part of our own bacterial collection and its mutant pair was provided as a kitidndona
from Doctors Gyanu Lamichhane and Eric Nukenger at the Center of Tuberculosis Research
of Johns Hopkins University (Baltimore, MD). In this section, the INH susdeiid resistant
Mtb strains will be denoted as INHs and INHr, respectively. The laboratory |Ngiin ks a
mutationin the firstcodon of thekatG gene (V1A) (18) A PCRsequencing analysis of thatG
gene confirredthe mutation for the labNHr strain and revealetdvo mutations for the clinical
INHr strain: V1A and E3\(19).

For the proteomic analysis, aitb strains were cultured in triplicate in a final volume of

1L of GlycerolAlanine Salts (GAS) media and incubated &C3ih constant agitation. The
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preparation of CFP and cellular fractions were performed as described in ¢haptercellular
fractionsinclude cytosol (CYT), membrane (MEM) and cell wall (CW) and were preparead afte
the confirmation of bacterial death using the Alamar Blue assay (Invitrogen).

3.2.2 In-solution trypsin digestion

Total protein concentration afl cellular fractiols and CFPs/as measured using the

bicinchoninic acid method (Thermo Scientific™Pierce™BCA Protein Assay BG#). T
protocol for in solution digestion of proteins was performed as described in ChapBraefly.,
starting with 30 pg of each secreted and ftalition protein sample the sequential steps of
acetone precipitation, denaturation (with urea), reduction (with dithiothreiiof)aton (with
idoacetamide), trypsin digestion (using a mix of trypsin and ProteaseMaxTM t8otjaand a
final desaltingstep were followed.

3.2.3 Liquid chromatography coupled with tandem mass spectrometry ass8MSIMS)

One microliter Q.5 pg)of digested peptides from cellular fractions and CFPs for all the
three biological replicates were randomly injedteduplicate using the Orbitrap Velos MS
coupled with nand4PLC instrument (Thermo Scientific) at the Proteomics and Metabolomics
Facilities (PMF), Colorado State University. Each sample was injected usB83Y nanolLC-
Il system (Thermo Scientific, San Jose, CRgptides were purified and concentrated using an
ondine enrichment column (EASColumn, 10Qum ID x 2cm ReproSHPur C18). Subsequent
chromatographic separation was performed on a reverse phase nanospray column (EASY-
Column, 3 um, 75 um ID x 100mm RefibPur C18) using a 90 minute linear gradient from
5%-45% buffer B (100% ACN, 0.1% formic acid) at a flow rate of d@0oliters/min. Peptides
were eluted directly into the mass spectrometer (Thermo Scientific Orbitrap Vidies).

instrument was operateal OrbitrapLTQ mode where precursor measurements were acquired in
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the Orbitrap (60,000 resolution) and the tandem MS/MS spectra (top 20) were chagthe
LTQ ion trap with a normalized collision energy of 35%.

3.2.4 Database Searching

Tandem mass spectra raw data were converted to mzXML files using Proteo{®@®ard
All MS/MS samples were analyzed using Seq(E&sermo Fisher Scientific, San Jose, CA,
USA,; version 1.0). Sequest was set up to search the MtbReverse041712 database (992 entri
assuming trypsin as the digestion enzyme with up to two missed cleavag8eupesst was
searched with a fragment ion mass tolerance of 1.00 Da and a parent ion tolerance of 20 PPM.
Oxidation of methionine and carbamidomethyl of cysteine were specified in Saguestable
modifications.

3.2.5Criteria for protein identification and statistical analysis

Scaffold (versio Scaffold_4.3.2, Proteome Software Inc., Portland, OR) was used to validate

MS/MS based peptide and protein identifications. Peptide identifications aeapted if they
could be established at greater than 95.0% probability by the Scaffold Localldg@ihan.
Protein identifications were accepted if they could be established at great@® 1D%n
probability to achieve an FDR less than 1.0% and contained at least 2 identifiddsgept
Protein probabilities were assigned by the Protein Prophet alpd@th). Proteins that contained
similar peptides and could not be differentiated based on MS/MS analysis alorgrovgred to
satisfy the principles of parsimony. A brief description of the procedure fartteomic
analysis is shown in figure 1A.

Differences between protein abundances, expressearamlized spectra abundance
factors (NSAF valuesgmong the two different phenotypes (susceptible versus resistant to INH)

were tested by two tailed Studeritt®st. NSAF concept and description was described in
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chapter 11(22). Additional fold change was included\tisualize if the proteins levels were
higher or lower in the INHr strain.

3.2.6Western blot validation

For western blot analysis, 5 g of total protein of cytosol and CFP of two biological
replicates for each strain were transferred into a nitrocellmesebrane. AntMtb KatG (clone
IT-57) mouse monoclonal antibody was used as the primary antibody at a 1:1,000 dilution
(available through Biodefense and Emerging Infections Research Resources Rep&sitor
https://www.beiresources.odgthe secondary antibodies Goat AR&bbit F(ab)2 fragment
(Thermo Scientific) and Goat afilouse IgG (H+L) (Thermo ScientifidiRP conjugated were
used with the chemiluminescent detection system (SuperSignal West Pieof&tabide
solution, Thermo Scientific Pierce). Recombinant KatG protein (also from BEI)isezkas
positive control.

3.2.7Peroxidase activity testing

For the peroxidase activity assay, each sample was diluted to 1.6 pug/ul of total prote
with 1X PBS huffer and catalasperoxidase activityas evaluatedt 25C using 3,3',5,5'-
Tetramethylbenzidine liquid substrate system (TMB, Sidxialich) that already contains
hydrogen peroxide (D;) in a 1:1 volume ratio. After 15 minutes incubation, the reactias
stopped with 0.5 M KSO, solution and then the optical density (OD) was read ahAt0
Additionally, a standard curve was prepared by making five serial dilutions of re@mKiatG
within a concentration rege from 0.125 mg/mL to 2 mg/mL.

A linear regression was built using the OD values from different concentrations of
recombinant KatG to interpolate the KatG enzymatic activity in the cytosaldnae

supernatants of the laboratory and clinical pairs. Differences for peroxidasty acteach
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clonal pair were compared using an unpaired t-test. Statistical aralgsggaphs were done in

Graphpad P

rism® version 6.05.

3.2.8Lipidomics

For this section thel@nal pairs werecultured in 100 mL of GAS media and incubated

under the same conditionstbk cultures used for the proteomic analyafter removing the

excess of m

edia by centrifugation (at § for 20 minutes at€), the bacterial cell pellets were

incubated with 6mL of chloroform/methanol/water 10:10:3 overnight at room tempenat

constant agi

(11). After d

tation to inactivate the bacteria and extract the total lgsigiseviously described

rying the lipid solutions under thigragen bath, samples wedduted in

chloroform/methanol 2:1. The overview of the lipidomic approach is summarized in figure 3.1.

=

cs of M. tuberculosis after acquisition of Isoniazid (INH) resistance

p— N

\ Vi o | p—

X3 Acmﬁ @ =l

Mtb strains P : -
: Saponification LC/MS: o =
- INHs - Isolation A (KOH) to > HPLC/TOF = comparative N Llpld y Hydl'o_genat_lon
- INHr of Total et Positive lipidornics analyzer: reaction with
In GAS lipids S Feoliciacids R o MS-LAMP Cyclohexane/
media Data analysis
Figure 3.1. Overview of the lipidomics approach.
3.2.8.1Mycaolic acids extractionThe total lipid solutions previously diluted were dried

again under thaitrogen gas. Dried lipids were mixed with 2 mL of 1M KOH (Sigma, dissolved

in methanol) and incubatddr 2 hours at -8{C. After setting the tubes at room temperature for

20 minutes, pH was adjusted to 5.0 and 2 mL of diethyl ether (Sigma) were added to egtract th

saponified material. The diethyl ether extraction step was repeated, coltbetungper layer in

both cases in the same tube. After this, 2 mL of HPLC water were adddte upper (organic)

layer was carefully separated. This layer was then trangdferr® pre-weighted glass tube and
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this resulting solution of mycolic acids was dried under nitrogen gas. Theahfilles were
dried and diluted to 1 pg/ul in solvent BrftM ammonium acetate inpropanolhexanewater
(79:20:1; viviv)).This protocol wakindly provided by the laboratory of Dr. John Belisle,
Colorado State University.

3.2.8.2 LC-MS analysi$ollowing Sartain’s metho@L1) with minor modifications, five
pI of mycolic acid solution (1pg/ul, in solvent ®gre used for the LGOF analysisThe
autosampler was kept at 20°C. A Water’s XBridge (Ethylene-Bridged Hybrid, BE8) C
column (2.1 x 100 mm, 2.5 um) was used for chromatographic separation of lipids at 45 °C, over
35 min with a flow rate of 0.32 ml/min. &hsystem was equilibrated wi0% solveniA (5 mM
ammonium acetate in methanehter 99:1; v/v) and 20% solveBt(5 mM ammonium acetate in
n-propanol-hexanerater (79:20:1; v/viv))Solvent A was maintained at 80% for 2.0 min,
followed by a 30.0 min linear gradient to 80% solvent B. An Agilent 6230 tinikgbt-(TOF)
mass spectrometer for the mass analysis of the LC eluent was used. Mass calibration was
performed with an Agilent tune mix from 100 to 2,700 Da. The conditions for the TOF analyzer
were established following Mark Sartain protocol, positive (+) ion data wereageddy
operation of the mass speatreter in a dual ESI mode with a capillary voltage of 3500 V,
nebulizer of 45 psig, drying gas of 8 I/min, gas temperature of 310°C, fragmentor of 120 V,
skimmer of 60 V, and octopole radio frequency voltage of 250 V. Mass spectra werededjuir
1.2 speata/s and 8,297 transients/spectrum.. Data were collected over a mass range of 250 to
3,200 Da with the Agilent MassHunter WorkStation Data Acquisition software, versdén B

3.2.8.3 Hydrogenation reactielim order to further validate the identificationMfA with
the same m/z value but with discrepant retention time salubydrogenation reaction was

performed to evaluate the possible unsaturation in the meromycolateashbh@reason for the
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observed discrepancy. The reduction of the double bounds is usually performed using hydrogen
gas, but because of the highly flammable nature of this reachimm requires very specific
glassware and laboratory setting, an alternative reaction was followisdalfEnnative
hydrogenation reaction uses cyclohexane as a donor for the hydrogen and the palladium on
carbon Pd/C works as catalyst of the reaction. Palladium is the most active ¢ataytsansfer
reduction. The use of cyclohexane as a hydrogen dondreleassed n organic chemistry since
1975 (23)Basedon this, the expected reaction would acasi in figur&.2.In this reaction,wo

g of MA were resuspended inrBl of cyclohexane and mixed with about 1mg of 10% Pd/C
(SigmaAldrich) in a 13x100 test tube. The tulvassealed heated for 30 min at’80 A
centrifugation at 3,008 gat room temperature and a filtration step was followed to remove the
Pd/C. Remaining particles of Pd/C were removed by filtering the solution throudimanoof
approximately 3 cm of celite in a Pasteur pipet. The filtered solution was collecetwwpre-
weighted 13 x100 tub&heresultantranslucidliquid was then dried in a nitrogen bath and
resuspended in solvent B to a final concentration of 1fgf|LC/MS analysis. LC/MS analysis
was performed imnAgilent 6220 with the same conditions previously described above for the
Agilent 6230 instrument. The correspondent original hpdrogenated samples were

simultaneously analyzed to have a more accurate comparison.

Unsaturated Pd-C catalyst Saturated
Mycolic acid + —_— + Mycolic acid
Cyclohexane Benzene
Saturated

Saturated
I':I;::roali:acid (including + O Pd-C catalyst =+  Mycolic acid (including
cyclopropane functions) - cyclopropane functions)

Cyclohexane Benzene

Figure 3.2Reactions that are egpted to occur with the hydrogenation strategy of mycolic acid

103



(MA). As it is described, only those unsaturated MA are expected to change after th
hydrogenation reaction.

3.2.8.4 Data analysis and statistical comparis@ii raw data was converted to mzXML
files using proteowizar(R0). Then data was uploaded to the XCBki8ine platform version
2.2.1 (https://xcmsonline.scripps.ep(#4) for the mycolic acids abundance comparison in the
clonalpair samples. This platform is also able to calculate statistical differencesinpiaiged
Welch t test (assuming unequal variances). Significantly different fegjor@.05) with 2-fold
difference or higher between INHs and INHr strains were exported and uploadbtasso
Spectrometry based Lipid(ome) Analyzer & Molecular Platform {IM®/P) using the “Query
type 2” option (25). This platformontains théMitb lipid database that is also found at
http://www.mrl.colostate.edu/ and allows for the identification of spe®lfizlipids according to
their m/z values. For the feature identification, the walues were interr@ged against different
adducts (M+H)+, (M+Np(M+2Na-H)+, and(M+NH4)+. Those features that were not
identified using MS-AMP platform, were interrogated against MycoMass
(http://www.brighamandwomens.org/research/depts/medicine/rheumataidgyiloody/defaul
t.aspx). The comparison of the extracted ion chromatograms fogthigcsintly different
features before and after hydrogenation was done in Agilent MasstQudgtative Analysis
B.04.00.
3.3 Results and Discussion

3.3.1 Shared proteittends in theMtb INHr strains

When comparing INHs vs INHTr strains in each gr¢elmical and lalratorystrains),
numerous proteins have significantly different abundance (t-test, p<0.05). Eotain pyith
significantly different abundance was classified according with its functianetabolic pathway

involved. In general, more proteins with affected abundances were found in thé clinica
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comparison versus the laboratory comparison (Figure 3.3). A total of 45 preithrdifferent
abundances were shared between both clinical and laboratory comparisons, loe&aty at
cellular fraction (some proteins were found in more than one cellular fraction) (Fdble
Metabolism and respiration as well as lipid metabolism were the most affectedriahctio
categories of proteins (Figure 3.3B).order to clearly present the protein findings, the next
figures in this chapter describlee commonly altered proteins that participate in particular
metabolic routes or cell functiesim black loxes. Outside the boxesgnificant differences in
protein levels for each clonal pair comparison are described. The commonly gifectac
represent particular functions in the cell such as virulence and detoaifipadbteins (Figure
3.4), energynetabolism and respirandFigure 3.5, lipid metabolism (Figure 8.and 3.7), S-
adenosylmethionine (3M) metabolism (Figure 8), B-oxidation and proteing the lipid
degradation (Figure 8.and 3.1) regulatory proteins (Table 3.2nd lipoproteins (Figure 3.11
After that,proteins affected without similar trends and specific protdgfardnces for each
clonal pair comparisoare presented.

Increased levels of Eph@nd EphF suggest a higher oxidation rate of fatty acids under
low KatG levelsUsing a more robust proteomic strategy, a strong reduction tXlthactivator
(KatG) in both INHr strains was now observed at all cellular fractiomscurrentvith
compensatory actioof related enzymes in the virulence and detoxification catdgogure
3.4). KatG, as show in Table 3.1 and Figure 34,significantly reduced in CYT, CW, MEM
and CFP of both INHr strains, suggesting that the single V1A mutation atsheofiton is able
to cause aeduction of this important redox enzyme. On the other lthade werdour similarly
increased enzymas bothclinical and laboratory INHr strains, including tiehydrogenases

EphF and EphD and two probable oxidoreductases, possibly to compensate the lack of KatG
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(Figure 3.4). Interestingly, EphF and EphEeinvolved in detoXication reactions following the
degradation of lipids, a category thas, it will be exploredater, is increased itvoth INHr

strains.
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Figure 3.3A. Number of poteins with significant differences in their abundance between
resistance vs susceptible pairs, grouped by functional category according to listbercu
(http:/Ntuberculist.epfl.ch/(p<0.05,t-test). B Number of proteins with significant abundance
differencesamong INH susceptible and resistant pforseach cellular fractiorCFP: secreted
proteins, CW: Cell wall, CYT: Cytosol, MEM: Membrane.
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Table 3.1. Roteins withsignificant differential abundance bothclinical and lab strains after
acquisition of INHr

Fold change 222 1Ms
NSAF INHr
Accession Gene Identified Proteins CFP (4) Clinical Lab
Number pair pair
Rv0363c.1 fba Fructose-bisphosphate aldolase* 2.3 0.9
Rv1908c.1 katG Catalaseperoxidaseperoxynitritase T 25.1 2.7
Rv2495 pdhC Dihydrolipoamide Sacetyltransferase E2 a 0.4
component*
Rv1910c.1 Rv1910c.1 Hypothetical exported protein 0.2 0.8
Accession Gene Identified Proteins CW (7)
Number
Rv1731 gabD2 Succinatesemialdehyde dehydrogenase 0.8 0.7
NADPH-dependent
Rv1908c.1 katG Catalaseperoxidaseperoxynitritase T 98.6 5
Rv2213  pepB Aminopeptidase 0.7 0.7
Rv2214  ephD Shortchain type dehydrogenase 04 0.3
Rv2346 esxO Esat6 like protein 1.3 1.7
Rv2567 Rv2567 Conserved alanine and leucine rich protein 0.1 1.4
Rv2984 ppk Polyphosphate kinase * 0.2 17.2
Accession Gene Identified ProteinsCYT (7)
Number
Rv0757.1 phoP Two component system transcriptional 0.5 0.2
regulator
Rv1454  gor Quinone reductase* 0.8 1.8
Rv1821.1 secA2 Preprotein translocase ATPase* 7.4 0.1
Rv1908c.1 katG Catalaseperoxidaseperoxynitritase T 4.5 31
Rv2428.1 ahpC Alkyl hydroperoxide reductase C* 2.5 0.8
Rv2703.1 sigA RNA polymerase sigma factor* 0.5 0.5
Rv3801c.1 fadD32 Fatty-acid-coa ligase* 1.3 0.2
Accession Gene Identified ProteinsMEM (27)
Number
Rv0134  ephF Epoxide hydrolase 0.1 0.6
Rv0243.1 fadA2 Acetyl-coa acyltransferase* 0.5 1.3
Rv0636.1 hadB (3R)}-hydroxyacylACP dehydratase catalytic 2.0 0.3
subunit*
Rv0710.1 rpsQ 30S ribosomal protein S17 1.6 1.5
Rv0896.1 (gItA2 Citrate synthase I* 0.8 1.2
Rv1077 cbs Cystathionine betaynthase a 1.6
Rv1206 fadD6 fatty-acid-CoA ligase 0.1 04
Rv1326¢.1 glgB 1,4-a--glucan branching enzyme 4.5 2.2
Rv1392.1 metK S-adenosylmethionine synthetase 14 14
Rv1647 Rv1647 Adenylate cyclase (ATP pyrophosphate- 0.2 0.1
lyase)
Rv1872c.1 IldD2 L-lactate dehydrogenase 0.5 0.7
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Rv1908c.1 katG Catalaseperoxidaseaeroxynitritase T 53 491

Rv1978.1 Rv1978.1 Conserved hypothetical protein 0.1 0.5
Rv2037c.1 Rv2037c.1 Conserved membrane protein 0.1 0.3
Rv2198 mmpS3 Membrane protein mmpS3* a b
Rv2225 panB 3-methyl-2-oxobutanoate 9.2 1.7
hydroxymethyltransferase
Rv2338c moeW Molybdopterin biosynthesis protein 0.1 0.06
Rv2357 glyS glycyl-tRNA synthetase 0.4 0.6
Rv2429.1 ahpD Alkyl hydroperoxide reductase D protein* 7.9 0.6
Rv2564.1 gInQ Glutaminetransport ATP-binding protein 0.5 0.6
ABC transporter
Rv2574.1 Rv2574.1 Conserved hypothetical protein 0.1 0.6
Rv2773 dapB Dihydrodipicolinate reductase 0.03 0.9
Rv2951c.1 Rv2951c.1 Oxidoreductase 0.4 0.6
Rv2971 Rv2971 Oxidoreductase* 19 0.1
Rv2984 ppk Polyphosphate kinase* 0.3 1.6
Rv3050c.1 Rv3050c.1 Transcriptional regulator, astiamily 0.1 04
Rv3137.1 Rv3137.1 Monophosphatase 9.0 1.6

* Proteins with different trend between clinical and lab INHr straanBISAF values for the
INHr strainwere zerob: NSAF values for the INHstrainwere zero
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Lab Lab Clinical Clinical Rv

INHs INHr INHs INHr number  C® Protein name

Rv01348 ephF Epoxide hydrolase
Rv17518 Rv1751 Oxidoreductase
Rv29518 Rv2951c  Oxidoreductase
Rv19088 katG Catalase-per oxidase-peroxynitritase T CFP
Rv19088 katG Catalase-per oxidase-peroxynitritase T CW
Rv19088 katG Catalase-per oxidase-peroxynitritase T CYT
Rv19088 katG Catalase-per oxidase-per oxynitritase T MEM
Rv22148 ephD Short-chain type Dehydrogenase
Rv24288 ahpC Alkyl hydroperoxide reductase C
Rv29718 Rv2971  Oxidoreductase
Rv24298 ahpD Alkyl hydroperoxide reductaseD protein
Rv0432** sodC Periplasmic superoxide dismutase
Rv0475* hbhA Iron-regulated heparin binding hemagglutinin
Rv0913c** Rv0913c Dioxygenase
Rv1471* trxB1 Thioredoxin
Rv1855c** Rv1855c Oxidoreductase

P Rv2129¢** Rv2129c  Oxidoreductase
Rv2263** Rv2263  Oxidoreductase
Rv2391** sirA Ferredoxin-dependent nitrite reductase 1.5
Rv2454c** Rv2454c Oxidoreductase beta subunit
Rv3790** Rv3790  Oxidoreductase

Rv0251** hsp
Rv1860** apa
Rv2416** eis
Rv3418** groES
Rv3913** trxB2
Rv1876* bfrA
Rv2238c* ahpE
Rv0352* dnaJl

Heat shock Protein

Alanine and proline rich secreted protein

Enhanced Intracellular survival protein

10 kDa chaperonin 0.05
thioredoxin reductase

bacterioferritin

Peroxiredoxin

Probable chaperone

Rv2031* hspX Heat shock Protein

Rv3161c* Rv3161lc Dioxygenase -1.4

Figure 3.4 Proteins in the virulence and detoxification categmity significart abundance
differences between clonal pairsMftb after INHracquisition. *p< 0.05 (test) in the laboratory
strains comparison only, **p< 0.05 t@st)in the clinical strains compa&an only, §p< 0.05 (t-
test)in both (clinical and lab) comparisons. The black box indicates the proteinseiteanhot
only sharedbut had the same trend in both comparisons. The cellular fraction is only indicated
for KatG to emphasize the strong reductad this protein. CFP: culture filtrate, CW: cell wall,
MEM: membrane, CYT: Cytosol proteins.

katG mutantMtb strains had a highly active energy metabolism which could be an
indirect measure of the increased intracellutedox potential In the next category of energy
metabolism and respiration, there was an commaneasen the abundancef two proteins of
the ATP synthase machinery, and one of the cytochromedneplex(QcrC),while the

dihydrolipoamide dehydrogenase LpdC, also involved in energy metabolligib,iwas
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reduced in both INHr strains (Figure 3.5A and &jditional proteins in this category include
other members of the synthase (AtpF and H) and the cytochromgdmmplex (QcrA and

B), as well as the cytochromesagpe oxidase (CtaC and D). All of these proteins that
participate in the electretnansport chaimn the INHr strainsvere increased in the INHr strains
(Figure 3.5). The increase of these proteins indicates a strong redox cytosobareewit,
particularly a high reductive stress in the cell with a lmgiductionof ATP.

In the same figure 3.5B)creased abundanoéthree enzymes of the central carbon metabolism
were commonly observed for bdtiiHr strains;these include thenzymes Icd2, GabD2 and
LIdD2 (Figure 3.5B)Icd2 (isocitrate dehydrogenase) is parthaf Tricarboxylic acid (TCA)

cycle and catalyzes the conversion of isocitrate to oxoglutarate; using N&sPcofactomMtb
lcd2 ha a higheaffinity for NADP" rather tharfor NAD™ (26). Also part of the TCA cycle,
GabD2 is a succinatgemialdehyde dehydrogenasath increased levels in the INHr strains and
higher activity with the NADPcofactor rather than NAD This enzyme participates in the
production of succinate from succinic semialdehyde, bypassiniQAecycle enzyme:-
ketoglutarate dehydrogenasehich is absent iiMtb) (27). On the other hantldD2 catalyzes

the interconversion from pyruvate to lactate with the oxidation or reduction tyfpe c-
cytochrome. The overall increased tendency of TCA cycle enzymes observed in thesle clin
and laboratory strairare correlated with the higheels of energy metabolism proteins in both
INHr strains. However, in chapter 1l othB€EA enzymes wersignificantly reducedoarticularly

in the INHr clinical Beijirg INHr strain (Chapter Il). Collectively, these findingmphasizes that
more than a genarmetabolic tend in the carbon energy metabolism, there could be differences

in particularenzymef this pathway that participate in redox reaction using NADH and

110



NADPH ascofactors. Additionally, thesiindings suggest a possible specific trend in the TCA

cycle enzymes depending on the genletickground.

A
ADP + Pi
ATP NO,
NO;
Cytoplasm }b-‘!
—L_ NarG
m Ubiguinane T
Periplasm
B
Clinical Clinical  Lab Lab .
INHr INHs INHr INHs Rv number  Gene Protein name
Rv1307* atpH ATP synthase delta chain
Rv1306* atpF ATP synthase B chain
Rv13108 atpD ATP synthase beta chain
Rv13098 atpG ATP synthase gamma chain
[ Rv3150* nuoF NADH dehydrogenase | chain G nuoF
Rv3141* fadB4 NADPH quinone oxidoreductase fadB4
Rv2196* (qcrB Ubiquinol-cytochrome C reductase QcrB (cytochrome B subunit)
Rv1161** narG Respiratory nitrate reductase alpha chain narG
Rv2200** ctaC Transmembrane cytochrome C oxidase (subunit 1)
Rv3043** ctaD Cytochrome C oxidase polypeptide |
Rv3059** cyp136 Cytochrome P450 136 cyp136
Rv3147** nuoC NADH dehydrogenase | chain G nuoC
Rv3148** nuoD NADH dehydrogenase | chain G nuoD
Rv1279** gmc Dehydrogenase FAD flavoprotein gmc oxidoreductase
Rv2195** qcrA Ubiquinol-cytochrome C reductase iron-sulfur subunit (cyoB)

: Rv2495c8 bkdC Branched-chain keto acid dehydrogenase E2 component BkdC
'Rv31518 nuoG NADH dehydrogenase | chain G nuoG

Rv1454c8 qor Quinone reductase gor

Rv04628 IpdC Dihydrolipoamide dehydrogenase

Rv21948 qgcrC Ubiguinol-cytochrome C reductase (cytochrome C subunit)

Rv3010c* pfkA 6-phosphofructokinase pfkA

Rv0951* sucC Succinyl-CoA ligase [ADP-forming} subunit

Rv2215* sucB Pyruvate dehydrogenase E2 component sucB

Rv1449c* tkt Transketolase tkt

Rv3214** gpm2 Phosphoglycerate mutase

Rv1438* tpi Triosephosphate isomerase 1.5

Rv1437** pgk Phosphoglycerate kinase

Rv1617* pykA Pyruvate kinase-CYT

Rv1617* pykA Pyruvate kinase-CFP

Rv1023* eno Enolase

Rv3318** sdhA Succinate dehydrogenase (flavoprotein subunit) 0.05
Rv0467* icll Isocitrate lyase

Rv0248** Rv0248 Succinate dehydrogenase (iron-sulfur subunit)

Rv3339c* icdl Isocitrate dehydrogenase icdl

Rv2248** aceE Pyruvate dehydrogenase E1 component

Rv03638 fba Fructose-bisphosphate aldolase

Rv08968 gltA2 Citrate synthase | -1.4
Rv00668 icd2 Isocitrate dehydrogenase

Rv17318 gabD2 Succinate-semialdehyde dehydrogenase [NADP+]-dependent
Rv18728 lIdD2 L-lactate dehydrogenase

Figure 3.5A. Components of the electron-transport chain amé Aynthase proteins alterec
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in the INHr strains MK: Menaquinone, MKH: Menaquinol B. Proteins in the energetic
metabolism and respiration categoiyrsficantly different between clonal pairs eitb after
INHr aquisition. p< 0.05 (test)*in the laboratorgtrains comparison only, **in the clinical
strains comparison only, 8in both (clinical and lab) comparisons. The black box indieates t
proteins that were not ongharedout had the same trend in both comparisons.

A similar reduction in the abundance of proteins involved in the MA synthesis in both
INHr strains Therewerethreecommonlyreducedenzymes in the fatty acid biosynthetic
pathway:UmaA, FbpA, and InhAn both INHr strainsKigure3.6 and 3.Y. UmaA isa probable
methyltransferaséMT) whose function itMtb remains unknowrAs a MT,UmaA can
participate in the modification of mycolatesnce it has a cyclopropane synthase domain
according tdhe protein families databaBéam (http://pfam.xfam.org/family/CMASR8).
However,the naturally occurring UmaA mutant CDC1551 did not exhibit a different mycolic
acid profile compared to H37Roy MALDI-TOF MS(29). A possible explanatidor the lack
of affectation in MA composition inmaAmutantss that although thaA could serve as a
modifying enzyme of MA, there is some level of redundancy of its function, potentially
catalyzed by other protein(69). The next enzyme;bpA is part of the Antigen 85 complex
which has a mycolyltransferasetivity that is part of the later stages\ithb cell wall assembly.
Specifically, FbpA participates in the synthesis of trehalose monomycoMitd)(and
dimicolate (TDM) as well as in the transfer of mycolic acid to arabinogalactambocellwall
mycolyl-arabinogalactan-peptidoglycan complex (30, 3helower levelsof FbpA have been
associateavith a reduction of particularly TDM without alteratiof mycolic acid methyl esters
(MAME, covalently bound to the cell wal(l32). Additionally, fopA mutants of H37Rv strain
had a reduced growth compared with the wild type strain in human ané maosphageell
lines suggesting an additional role of FopANttb virulence (33). Finally, InhAs an NADH
dependenmeromycolic acid reductasmzyme hat participates in the mycolate biosynthesid
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is the most acceptddrget of INH, which was reduced in both INHr straingibition of the

InhA protein could affect the last elongation steps for the formation of the meromeyciotan,

with the possible accumulation of this-unsaturated short chain precurs@4). Additional

differences of proteins in this category spedifieachof theclonal pairsare presented in Figure

3.6 and 3.7 and discussed in later sectibnsummarythe reduce@nzymes in the synthesis of

MA can result in thalteration othe MA profile including the non-covalently bound TDM and

Mtb survival (35).

Lab Lab Clinical - Clinical Rv number Gene Protein name

INHs INHr INHs INHr
Rv04698 umaA Mycolic acid synthase
Rv14848 inhA NADH-dependent enoyl-[acyl-carrier-protein] reductase
Rv16838 Rv1683 Long-chain acyl-CoA synthase
Rv3804c§ fbpA Secreted fibronectin-binding protein antigen fbpA
Rv06368 hadB (3R)-hydroxyacyl-ACP dehydratase subunit HadB
Rv30898 fadD13 fatty-acid-CoA ligase
Rv3801c§ fadD32 Fatty-acid-CoA ligase
Rv0242c** fabG4 3-oxoacyl-[acyl-carrier protein] reductase
Rv0468** fadB2 3-hydroxybutyryl-CoA dehydrogenase
Rv0470c** pcaA cyclopropane synthase
Rv1521** fadD25 fatty-acid-CoA ligase
Rv2244** acpM meromycolate extension acyl carrier protein
Rv2246** kasB 3-oxoacyl-[acyl-carrier protein] synthase 2
Rv2503c**  scoB succinyl-CoA:3-ketoacid-coenzyme A transferase beta subunit
Rv2504c**  scoA succinyl-CoA:3-ketoacid-coenzyme A transferase alpharmsitib
Rv2524c**  fas fatty-acid synthase fas
Rv2930** fadD26 fatty-acid-CoA ligase
Rv2935** ppsE phenolpthiocerol synthesis type-I polyketide synthase
Rv2940c** mas multifunctional mycocerosic acid synthase membrane-zssuti
Rv2959c** Rv2959c  methyltransferase/methylase
Rv3265c **  wbbL1 a-3-L-rhamnosyl transferase
Rv3280** accD5 propionyl-CoA carboxylase beta chain 5
Rv3285** accA3 bifunctional acetyl-/propionyl-coenzyme A carboxylasehalghain
Rv3522** Itp4 lipid transfer protein or keto acyl-CoA thiolase
Rv3667** acs acetyl-CoA synthetase acs
Rv0635** hadA (3R)-hydroxyacyl-ACP dehydratase subunit HadA
Rv0637** hadC (3R)-hydroxyacyl-ACP dehydratase subunit HadC
Rv0241c**  htdX Probable 3-hydroxyacyl-thioester dehydratase HtdX
Rv0503c*  cmaA2 Cyclopropane-fatty-acyl-phospholipid synthase 2 15
Rv0644c*  mmaA2 methoxy mycolic acid synthase 2
Rv0645c*  mmaAl methoxy mycolic acid synthase 1
Rv0855* far fatty-acid-CoA racemase far
Rv1181* pks4 polyketide beta-ketoacyl synthase
Rv1323* fadA4 acetyl-CoA acetyltransferase
Rv1483* fabG1 3-oxoacyl-[acyl-carrier protein] reductase 0.05
Rv1543* Rv1543 fatty-acyl-CoA reductase ’
Rv2006* otsB1 trehalose-6-phosphate phosphatase otsB1
Rv2941* fadD28 fatty-acid-CoA ligase
Rv3392c* cmaAl Cyclopropane-fatty-acyl-phospholipid synthase 1
Rv3720* Rv3720 fatty-acid synthase
Rv3800c*  pksl13 polyketide synthase
Rv3825c*  pks2 polyketide synthase -1.4

Figure 3.6 Proteins involved in the lipid biosynthetic pathwaigh significantdifferences
between clonal pairs dfitb after INHracquisition. p< 0.05 (test)*in the laboratory strains
comparison only, **in the clinical strains comparison owly§in both (clinical and lab)
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comparisons. The black box indicates the proteins that were naglargdout had the same
trend in both comparisons.

Reduction of proteinsf the SAM metabolism correlates with the alteration in the levels
of multiple MT in INHr Mtb strainsin line with the findings of altered MTs modifying enzymes
in the MA biosynthesis (Figure 3.6 and 3.7), levels of proteins MetK and SahH, involved in th
S-adenosyhethionine (SAM) metabolism, were significantgduced in the INHr strains. SAM
is anintermediate that participates in the formation of fatty acid modificationsasuttte
introduction oftrans methyl branches and cyclopropane rings in the meromycolic acid chain of
mycolic acidg36). MetK participates in the final conversion of methionine to SAM and was
reduced in both INHTr strains (Table 3.1 and Figure 3.8). Methionine can be obtained lmnexcis
from the Nterminus of a peptide by the enzyme MapB, which was also reduced in the clinical
INHr strain (Figure 3.8B). SahA was also reduced in both INHr strains; howeveiffédrences
were present in different cellular fractions (Figure 3.8B). The trencesetBAM metabolism
proteins indicate a possible reduced synthesis of SAM in bothsswaich probably is related
with the variation of the MT of the FAS Il. The reduction of these enzymes suggests a
diminished availability of SAM (Figure 3.8A), therefore, MT with higher affinity féi\bare

needed.
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Figure 3.7 Altered enzyms in the fatty acid synthesis | and Il

pathwaybftuberculosigp<0.05). A. Lab strains comparison. B.

Clinical pair comparison. Blue and red squares represent higher or lowerdegrizymes in the INHr strain respectivelpld

change (Fc)= NSAF INHs/INHr. *PcaA NSAF values for the

fold change (nuareaatl denominator) were multiplied by 1000 to

facilitate the comparison. Alternative enzynmearked with quotation marks (fr the clinical pair comparison aasglded;see main

text to find more details. Adapted from Marrakchi, et al.,

2014 &) permission from of Elsevier.
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A. O-acetyl-L-homoserine
+ +
Hydrogen sulfide Methanethiol
MetC
. i Succinil-CoA + H* Acetate N Acetate
Succinyl L-homoserine ' MetE !
+ Cystationine— Homocysteine —==="= Methionine
L-cysteine = ATP + H,0
SahH Adenine
SahH]_~ MK pp 1 p,
S-adenosyl-homocysteine S-adenosyl-L-methionine
(SAH) (SAM)
Methylated
B biomolecules

Lab Lab: Clinical Chinical Rv number Gene Protein name
14 INHs INHr [INHs INHr

Rv1392§ metK  S-adenosylmethionine synthetase metK

Rv3248c** sahH  adenosylhomocysteinase sahH-CFP

Rv3248¢* sahH  adenosylhomocysteinase sahH-CYT

Rv2861c** mapB  Methionine aminopeptidase mapB (286 aa)

Rv1079*%*  metB  Cystathionine gamma-synthase metB (389 aa)

Rv1405%*  Rvi405 methyltransferase

Rv3340**  metC  O-acetylhomoserine sulthydrylase metC

Rv1133¢** metE  S-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase metE-CYT
-15 - ﬂ i Rv1133c¢* metE  S-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase metE-CFP

Figure 3.8. A. Altered enzymes in the methionine and SAM metabolism (blue and red squares
indicate increased and decreased levels in INHr strain respectively), dashedsgugrke
indicates a different trend between clinical and lab INHr (see details in healiiap),
methyltransferase. Bdeatmap showing the abundance of the protein in each clonal pair. p< 0.05
*in the laboratory strains comparison only, ** in the clinical strains comparison only and § in
both clinical and lab comparisons.

-0.05

Increasedabundance of protes in the fatty acid f-oxidationin katG mutantsProteins
affected that participated in tifieoxidation of fatty acids and lipolysis are described in figure
3.8. The proteinfadDg FadE24and FadBaresimilarly increased in both INHr strainsadD6
is a fatty acid CoA ligase that catalyzes the first reaction and FadE24is an acyl CoA
dehydrogenase that catalyzes the second reaction of the [3-oxiBati@forms a canonical 3
oxidation complex with FadA (38yhich is also increased in the clinical INHr strain (Figure
3.8). So far, fivdadBgenes have been identifiedMtb with no very specific functions

assignedbut probably with different chain specificity length for their substré&&3. Overall

116



therewas a netricrease of the majority of these enzymes that participatéferent reactions in
the 3 oxidation pathway in both INHr strain (Figur@ 8nd 3.1] It is important to emphasize
that 3 oxidation of fatty acids is a metabolic route with a great redundan¢cp$3Byvas
observed in thisnalysis many protein representatives can participate in one single reaction of
the metabolic pathway (Figure 3)1Theincrease of the fatty acid oxidation enzymes suggests a
switch of INHr strains to use lipids as the main sourcenefgy, with thgeneration of
substantial quantities of NADPH (4@)he higher B-oxidation activity inMtb is also related with
an altered energetic metabolism that was also a commonly altered metabolic pathway. Fo
instance, the B-oxidation of palmitate generates 106 ATP molecules, while the oxidation of
glucose yields only 38 ATP molecules, demonstragimglationship with the also increased
enzymes in the ATP synthe$#0). The increase of B-oxidationis also associatedith the
reduced levels of the pyruvate kinase (PykiAthe INHTr strains (Figure 3.5B) that is associated
with the use of nomycolytic carbon sources such as lip{d4).

Although this category only has three proteins in common, the otreradl in clinical
and laboratory INHr strains wasnsistently higher compared to theispectivdNHs pairs
(Figures 3.9 and 3.10). This categaigo includes lipolytic enzymes such as lipases/esterases,
phospholipases, and enzymes involved in cholesterol oxidation which were mostly thanease
the INHr strains. Anong the lipases, higher levels of LipD and LipW were observed in the
clinical INHr strain while only higher levels of LipN were detected in the laborahdity strain
(Figure 3.9). Lip family genes comprise 24 genes, some of them with the functiorasérele
fatty acidsintermediates for the glyoxylate shunt, while others have an assigned role inogrule

(42). LipN was recently demonstrated to have a role in the degradation of exogpiusugB).
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LipD on the other hand, is not normally expressed in H37Ryv strain but is induced under

oxidative stress and is active under acidic and high temperature conditions (44).

Lab Lab Clinical  Clinical

INHs INHr INHS INHr Rv number Gene Protein name
Rv1206 § fadD6 fatty-acid-CoA ligase
Rv3139 § fadE24 acyl-CoA dehydrogenase
Rv0860 § fadB fatty-acid oxidation protein
Rv0243§  fadA2 acetyl-CoA acyltransferase
Rv2301 § cut2 cutinase

Rv3546 §  fadA5 acetyl-CoA acetyltransferase in cholesterol degradation
Rv0131c** fadEl acyl-CoA dehydrogenase

Rv0217c ** lipW esterase

Rv0231** fadE4 acyl-CoA dehydrogenase

Rv0270 **  fadD2 fatty-acid-CoA ligase

Rv0271c ** fadE6 acyl-CoA dehydrogenase

Rv0400c ** fadE7 acyl-CoA dehydrogenase

Rv0859 **  fadA acyl-CoA thiolase

Rv0873 **  fadE10 acyl-CoA dehydrogenase

Rv0905 **  echA6 enoyl-CoA hydratase

Rv1070c ** echA8 enoyl-CoA hydratase

Rv1071c ** echA9 enoyl-CoA hydratase

Rv1923*  lipD Lipase 15
Rv2349c**  plcC phospholipase C 3

Rv2350c**  plcB Membrane-associated phospholipase C 2

Rv2590 **  fadD9 fatty-acid-CoA ligase

Rv2831 **  echAl16 enoyl-CoA hydratase

Rv3409c**  choD cholesterol oxidase precursor choD

Rv3797 **  fadE35 acyl-CoA dehydrogenase

Rv1427c** fadD12 long-chain fatty-acid-CoA ligase 0.05
Rv1106c*  Rv1106c Cholesterol dehydrogenase

Rv0672* fadE8 acyl-CoA dehydrogenase

Rv2500c* fadE19 acyl-CoA dehydrogenase

Rv2679* echA15 enoyl-CoA hydratase

Rv2970c*  lipN lipase

Rv3140* fadE23 acyl-CoA dehydrogenase

Rv1193* fadD36 fatty-acid-CoA ligase -1.4
Rv2187* fadD15 long-chain fatty-acid-CoA ligase

Figure 3.9 Proteins in the B-Oxidation and lipid hydrolysis with significant differences
between clonal pairs dfitb after acquisitiorof INH resistancep< 0.05 (ttest) *in the
laboratory strains comparison only, **in the clinical strains comparison only, or 8in both
(clinical and lab) comparisons. The black box indicates the proteins that wengyhshared but
had the same trend in both comparisons.

Higher levels of transcriptional regulatory proteins in both INHr strains suggest an
alteration inthe metabolism of complex lipids, among other functieheP is a transcriptional
regulatory protein that works together with PhoQ to positively regulate some geneslimpli
the growth of fully viruleniMtb strains in the mouse model (45).both INHr strains
significantly higher abundance of PhoP was detected respective to their slsqadtdoA

relationship betweeRhoPand the metabolism of complex lipidsMtb has been shown;

118



particularly an increased expression of this protein was previaastciated with higher levels

of sulfolipids. Jackson et al., suggested that PhoP regulates the expression of geregimvol

the polyketide synthesis (46). This was true for the laboratory pair comparisor?anBk3ks4
were significantly increased in the INHr strain (Figure 3.6) simultaneousitceease of the

PhoP levels. Although PhoP was aillscreased in the clinical INHr strains, there were not
significantly increased levels of proteins in the polyketide synthesis fdiNHisstrain. It

should be noted that the fold change showed as stronger PhoP increase in the laboratory pair
(Table 3.2).

Another regulatory protein with increased abundance in both INHr strains was
Rv3050c.1. Little is known about this particular enzyme that is part of the AsnC-famdiz w
groups those regulators that are specifically triggered by asparagine binding. Aa@ogsible
events that members these proteins regulate are amino acid metabolism, DNAeapal
carbon metabolism and persiste¢é). Particular differences for each pair comparison are

further described in table 3.2.
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Laboratory strains SaRwatad fony
comparison
FadD6
ATP FadD15
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fatty acyl CoA
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Fatty acyl, ,. Trans-2-
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CoA
CoA —
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po. FadD2
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Figure 3.10. Enzymes involved in the 3-oxidatdriatty acids Foreach reaction, the name of
the enzyme is described in black, close to them are the different isothahesre found in the
analysis significantly higher (blue) or lower (red) in the INHr strain for each coroparis

120




Table 3.2. Regutary proteins altered in both clinical pair comparisons*

Rv Gene Protein name Fold Fold change
number change laboratory
clinical INHS/INHr
INHS/INHr

Rv0757.1  phoP Two component system transcription 0.5 0.2
regulator phoP

Rv3050c.1 Rv3050c.1 Transcriptional regulator, asA@mily 0.1 0.4

Rv0042c.1 Rv0042c.1 Transcriptional regulator, marfamily 0.2 NS

Rv0043c.1 Rv0043c.1 Transcriptional regulator, gntfRamily a NS

Rv0474.1 Rv0474.0 Transcriptional regulator b NS

Rv0844c.1 narL Nitrate/nitrite response transcriptiong b NS
regulator narL

Rv1423.1  whiA Transcriptional regulator whiA 0.5 NS

Rv1479.1 moxR1  Transcriptional regulator moxR1 0.3 NS

Rv1626.1 Rv1626.1 Two component system transcription 0.8 NS
regulator

Rv2919c.1 gInB Nitrogen regulatory protein RginB 0.3 NS

Rv3143.1 Rv3143.1 Response regulator 0.2 NS

Rv3291c.1 Rv3291c.1 Transcriptional regulator, asA@mily 0.7 NS

Rv3295.1 Rv3295.1 Transcriptional regulator, tetRmily 0.7 NS

Rv3676.1 Rv3676.1 Transcriptional regulator, crp/far 0.5 NS
family

Rv3692.1 moxR2 Methanol dehydrogenase b NS
transcriptional regulator moxR2

Rv0576.1 Rv0576  Transcriptional regulator, arsRmily NS 0.4

Rv1267c.1 embR Transcriptional regulator embR NS 0.2

Rv1379.1 pyrR Pyrimidine operon regulatory proteir NS 0.2

rR
Rv1719.1 Rv1719.1 FzI)'/ranscriptional regulator NS 0.1

*Fold change values provided only for significant differencesstip <0.05). a: NSAF values in
the INHr strain were zerd: NSAF values in the INHs strain were zero. NS: not statistically
significant.

Increased levels of the lipoproteins in the INHr strategen thoughhere was not a
single lipoprotein in common in both clinical and laboratory comparisons, tlzere sommo
trend in the abundance of proteins in this category. Nine conserved lipoproteinecresased

in the INHr stains, while the protein LppX wasgnificantly decreased in the clinical INHr
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strain (Figure 3.11). LppX islaoproteininvolved in the traslocation of phthiocerol
dimycocerosates (DIMs) across the plasma membrakkofd8). This finding is in line with
reduced levels dPpsE (phenolpthiocerol synthesis type-I polyketide synthase) found in the
clinical INHr strain (Figure 3.)6 Lower levels of LppXalso suggest a possible reduced virulence

of the clinical INHr strair(48).

Lab Lab Clinical Clinical Rv .
Gene Protein name

INHs  INHr INHs  INHr number
Rv2518c* IppS  Lipoprotein IppS 1.5
- Rv1244* |IpgZ Lipoprotein Ipgz
=
- Rv1899* IppD Possible lipoprotein
Rv2585c** Rv2585Conserved lipoproteil
Rv2945* |ppX Lipoprotein IppX
Rv3007* IppZ Conserved lipoproteir
Rv3623* IpqG Conserved lipoproteill |-1.4

Rv1270c* IprA  Lipoprotein IprA

Rv1275* IprC  Lipoprotein IprC
Figure 3.11Lipoproteins with significant differences between clonal paifglifafter INHr
acquisition. p< 0.05 (t-test) *in the laboratory strains comparison only tf#&rclinical strains

Rv1368** IprF  Conserved lipoproteir
comparison only.

3.3.2Protein differencebetween clinical and laboratory strains without similar trends

Increasedabundance of the alkyl peroxidases are not common events in all katG mutants.
In the analysis of proteins thatropensate the reduction of KatG, the alkyl peroxidases AhpC
and AhpD were evaluated at both INHr strains. As shown in table 3.1 and Figure 3.4, these
enzymes were lower in the clinical INHr but higher in the laboratory INHr strain a@upo
their susceplile pairs respectively (Table 3.1, Figure 3AHpC has been highly recognized as
an important compensatory mechanism in INHr strains két® mutations to combat the redox
stressKatG and AhpC share organic peroxides and reactive nitrogen intermexdiatgsstrates
(49, 50). Previously, Shelmam al.,demonstrated th&iatG mutant clinical isolates had a wide

range of increased levels of the AhpC compared with the reference strain H37RWh{Was
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the trend for AhpC observed in the INHr laboratory strain compared to its clonal gaar in t
present study (gure 3.4). Additionally, in the same study by Shelmeaal, some laboratory

katG mutants did not have increased levels of AhpC. They attributed this result to ttiafact

the nonaltered AhpC strains were derived in the laboratory and were not psvexgposed to a
second selection event, such as being exposed to the host immune response. The resdts obtai
in this dissertation contradi&herman’sargument because the clinical INHr strhad even
significantly reduced levels of AhpC and AhpD cargd to its INHs clonal pair (Figure 3.4).

This finding suggests that general statements regardingkalidimutants and their phenotype
should be always validated in the context ofsamebacterial genetic background and

emphasizes the importance to gare the protein levels to a closely related parental strain

(instead to a reference strain), reducing in this way possible confounding fadtwesanalysis.

NADH dehydrogenase complexXPreviously, it waproposedn this chaptethat many of
the differences in theroteomevariation of the INHr strains could be related with the different
metabolism of the NADH or NADPHInterestingly proteins the NADH dehydrogenase
complexNDH | were altered in both INHr strains but with a diéfet trend. The protein NuoF
was significantly reduced in the laboratory INHr while gineteins NuoC, D, and @ere higher
in the clinical INHr strain(Figure 3.5). This sygest that NDHL complex alteration could be a
common result of the INHr phenotype but the trend to which it could be affected may depend on
additional intrinsic and external factors of the bacteria such as itsgkaekground and the
specific time to which the Mtb strain was exposed to the drug as well if it was a single or

multiple external cues (such as a combined therapy).
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3.3.3 Protein abundanadifferences specific to the laboratory INHr strain

Increased levels of FtsZ in the laboratory INHr stradkemarkably, the essential protein
for cell division FtsZ(acronym for Filamentous temperatigensitive protein Z) was
significantly higher in the cytosol of the laboratory INHr only and confirmed byanesiot
(Appendix! Table 5, Figure 3.13). Because of the importance of this protein in cell division and
its exploration as an attractive drug target agdtist it is important to further explore the
implications of higher levels in the laboratory INHr strébi). In other bacteria models such as
Escherichia colia severold increase in the levels of FtsZ is associated with a the formation of
minicells at the cell pole&2). This protein seems to control the frequency of polar division but
not the medial division in this bacteria model that has another set of proteinBddentihis
process such as FtsA, ZapA, ZipA and Min protétis54).Mtb, on the other hand, does not
have completely annotated these other proteins associated with division andkafystame of
those. The cell division process itseliNttb is very different from model Gram positive and
Gram negative bacter{&1), not only becauddtb grow slowly but also asymmetrical{5). In
our proteomics comparison, FtsZ was 9.3 fold higher in the laboratory INHr compared to its
INHs pair, looking at the NSAF values (Appuixl Table 5). Although higher levels of FtsZ are
probably associated with the INHr acquisition event, this effect is not urlieérehINHr Mtb
strains, since this protein levels were not increased in the other INHr straindledt bas a

more variable proteome (Figure 3.3B).

Altered metabolism of complex lipids in the laboratory INHr striirthe laboratory
INHr strain, there were enzymes in the phthiocerol, phenolphthiocerol and polyketide
biosynthesis with increased levels after acquisitioiNefr. The first one, PpsA is an NADPH

dependent enzyme that participates in the synthesis of the phthiocerol and phenolphthiocer
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This enzyme was increased in the membrane fraction of the laboratory INHr stralaclyg the
NADPH-dependent phthioceranic/hydroxyphthioceranic acid synthase Pks2 and the probable
polyketide beta-ketoacyl synthase Pks4 were higher in the lab INHr $trgind 3.6). Pks2
catalyzes the synthesis of phthioceranic acids, whose hydroxylated versionare ma
components of thenycobacterial sulfolipid$56). The specific function of Pks4 is not known

yet. Most of the products pksgenes are associated with the synthesis of coniilleXipids,

such as sulfolipids, mycocerosid@adi- and triacylated trehaloses, pe&cyltrehaloses and
phthiocerol dimycocerosates.

Other enzymes in the fatty acid synthesis increased in the laboratory INHr shnains.
section 3.3.1, aimilarreduction of three FAS Hlelated proteins were identified in both INHr
strains, one of them the recognized INH target: InhA. However, there were atdmuacore
enzymes of this pathway and the later MA modifying enzymes that were unique fotasath c
pair comparison. In the laboratory comparison, the NADPH dependent protein Fab®& and t
catalytic subunit of the (3R)-hydroxyacyl-ACP dehydratase complex, HadB, werkcsigihy
increased in the INHr strain (Figures 3.6 and 3.7). These are core enzymes of theob#&S
for the elongation of MA. Although it was only significant for the laboratory pair, FabG1 wa
also increased in the clinical INHr strain.Nib as well as irM. bovisBCG, fabGlandinhAare
not only closely located but part of the same transcription unit, whéegmsathat they are
controlled by the same promoter (57). The different trend observed between FabG1 and InhA in
the laboratory INHr strain suggests that there is a strongnaostational event affecting the
NADH dependent INH enzyme (InhA) that is also contributing to the INHr phenotype observed.

Additionally, the laboratory INHr strain had the highest number of altered enzlgates t

participate in the MA modification step. These reactions are catalyzed by a fjidiiptioat use
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SAM in the methytransfer reactions (32 thelaboratory INHr strainan increased ratio of
MmaA2/MmaAl and CmaAl/CmaA2 was observed (Figure 3.6 and/As7)anakaet al.,and
Marrakchiet al, already described, a difference in this ratio may not affect the total amount of
MA but causes a possible increase indiséransunsaturation and cyclopropanation ratio in the
oxygenated MA as a result of the reduced levels of the MmaAl and CmaA2. This is because
both MmaAl and CmaAZ2 are required for the introductiotmasfs-cyclopropane ring and the
conversion otis to transunsaturation in oxygenated meroacids (37, 58). Also loaking

MmaA2 levels, it could be possible that the number of a-MA with distal cyclopropane rings will

be higher than those withis unsaturation (37, 58). The increase in the abundance of CmaALlin
the laboratory INHr strain could lvelated with the increase of the bacterial need to ris&st

H,0O, stress and adapt to the lack of Ka#iS it was previously demonstrated by Yuan €58).

In the activation and condensation reactions folloviiregcore enzymes of FAS I, the
fatty-acidAMP ligase FadD32and the polyketide synthase-Pks13 are both increased in the
laboratory INHr strain. FadD32 converts the mero&@WCP derived from the FA8-system to
meroacylAMP by using an ATP molecule. After this, Pks13 condenses the activated FAS Il
product with the CoA-derivative from FAS | (that was previously further carbted/lay AccD4
and AccD5) in a Cleinsetype reaction (58). Both FadD32 and Pks13 are in the same
transcriptioml unit. Looking at all the FAS kenzymes altered in the laboratory INHr strain, only
those in common with the clinical INHr strain (InhA, UmaA, and Fbpad reduced levels.
Consequently, only the reduction of the previous three proteins of FAS |l cdoskéy related
with the INHr ptenotype. After this eventhe laboratory INHr strain had a very specific strategy
to keepthis important metabolic pathwdynctional for the bacteria; resultifig the increase of

the majority of the other enzymes of FAS Il route (Figure 3.6 and 3.7).
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3.3.4Protein differences specific to the clinical INHr strain

Highly reduced levels of the FAS Il enzymes reveal an alternative or intermediate fatty
acid synthetic pathway in the clinical INHr straiim this dissertationmembers of the core
reactionsof FAS Il routeacytcarrier protein (ACPAcpM, 3-oxoacylACP synthase 2 KasB and
the (3R)-hydroxyacyl-ACP dehydratas¢adABC complex, were all reduced in the clinical
strain. Additionally, the fattyacid AMP ligase FadD32 and the carboxylase AccD5 wese a
reduced in this INHMtb strain (Figure 3.6 and 3.7). The reduction of enzymes in this vital
metabolic pathway seems to be compensated by the increase of alternative enzymes that
catalyzes similar reactions. An alternative fatty acid biosyntpaticway called the fatty acid
elongation system Il,” was first observedvin smegmatig 1983, that was (60)he proposed
alternative enzyme$at carparticipate in this alternative pathway &@&G4, HtdX, FadD13
and other members of theymAoperonthat were increasenh the INHr stain (Figure 3.6 and
3.7). These enzymes can participate in the same reactions but tifezemt affinity forthe
NADH and NADPH cofactors and otheubstrates.

The initial reduction of the AcpM in the clinical INHr strain suggests a slotnance of
the ACP derivatives into the FAS Il pathway. AcpM reduced levels were in lingesitits
obtained in the previous proteomics approach (Chapter II) and were confirmed ésnvisdst in
the culture filtrate fraction (chapter 2, Figure 2.8) and cytosol (Figure 3.13.réchiction of
AcpM derivatives may induce the increased levels of FaB@dG4 (probable 3-oxoacgkyk
carrier protein reductase) share the FabG1function of converting oxo (=O) to hyd@biyl (-
functional groups in the mycolate biosynthesis FabG4 has notaoalffinity for both NADH
and NADPH cofactors, but also for both CoA and ACP fatty acitvakéves this is not seen for

FabG1 which has a higher affinity for NADPH and ACP derivatives (61, 62). In fact, FakG4 ha

127



a higher affinity for NADH and is more efficient in the presence this cofé819r The increase
of FabG4 also demonstrate that the variation of enzymes of MA biosyntheticagathw
associated again with a differently affected NADH and NADPH metabatisiimical versus
laboratory INHr strains.

FabG4 is in the same operon of the 3-hydroxy#uglester dehydratase HtdX, as shown
in figure 1.5 of chapter | (61, 62However the specific role of both enzymes in FAS Il remains
unclear (61) A potential catalytic role of the HtdX in the FAS Il route has been proposed in the
dehydration step of the hydroxyaagter to an enoyl intermediate that is catalyzed by the
HadABC complex (Figure 3.7) (63). HtdX was proposed to have a small contribution in the FAS
Il reactions since this enzyme is strictly specific for CoA substrates ratheA@ralerivatives
(64). Since the entire HadABC complex was significantly lower in the clinicdr N is
possible that under the absence of ACP substrates (because of the reduced AcpMlaneels);
CoA derivatives are used in the synthesis of MA alternatively with the mediati@bGi4Fand
HtdX which are highly abundant in this INHr strain. It should be noted that FabG4 and HtdX
were also increased clinical Beijing INHr (Table 2.2 from chaptealBgitwithout detectable
altered levels of AcpM.

Finally, the fattyacid AMP ligase FadD13 (which also annotated to be part of the -
oxidation of fatty acids) is significantly increased in the clinical but deadeagie laboratory
INHr strain (Figure 3.6 and 3.7). FadD13 was proposed to participate in the biosynthetic
pathway of mycolic acids by the activation of fatty acids. This enzyme has a high aéfinity f
fatty acids with24 and26 carbons (C24 and C26) (65). This protein is part ofriismAoperon
where the acyl transferases Rv3087 and Rv3088 taaigmificantly increased in the clinical

INHr strainalso belong (Figure 3.6 and 3.7). The last two enzymes are proposed to transfer
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FadD13 activated fatty acids to an acceptor in the mycobacterial ce(b@&nllThemymA
operon is upregulated under acidic growth conditions simultaneous to a downregulation of the
FAS-1I pathway(67). The accumulation of the C24 and C26 fatty acids are the perfect substrate
for the enzymes of th@ymAoperon tagpossiblyreplenish the synthesis of the very vital MA for
Mtb (66). Again, this suggests the increase of some alternative enzymes for the synthesis of
mycolic acids whethe canonical FAS Il enzymes are reduded to the unbalanced redox
intracellular space.

Only one modifying MA enzyme was increased in the INHr, the cyclopropane synthase
PcaA(Figure 3.6). This enzynearticipates in the modification of MA by introducing a

proximal cyclopropane ring in a-MA and is also considered a virulence faq&8).

Reduction of FAS | ime clinical INHr strain.Interestingly, not only FAS Il but FAS |
was also affected in the clinical pair comparison. Fas, the eukalyetiEAS | enzyme was
significantly lower only in the CWfaction and the carboxylase AccAis reduced in the
cytosol fraction of clinical INHr strain. The carboxylase AccA3 activates th&trsibs that are
going to be adding carbons to the growing FAS | molecule. In contrast, the probable fatty acid
synthase Rv3720 was increased in the INFis (Figure 3.6 and 3).7Rv3720 isknown as a
cyclopropandatty-acytphospholipid synthase (69) aischn NADPHdependent enzyme that

could be working in parallel with the reduced levels of Fas enzyme (figure 3.6 and 3.7).

The role of cutinases in the enhanced in virowth of the clinical INHr in a media
containing Tween 80n the group okltered lipases/esterases described in fi§W@ghere is a
significant increase of thenzyme cutinase 2 (Cut2, Culp2 or Cfp25) in the clinical INHr strain.
Mtb has seven putative cutinaseisich are esterases with the ability to hydrolpb@spholipids

and Tween 80 as was discussed in chapter Il and reported by Bagi€r0). Cutinasedhave
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beenexperimentally associated with phospholipases which were also increased in tiag clini
INHr strain (PlcC, PlcB, Figre 3.9) (70). Both phosplipases are PlcC and B are in the same
transcription unit and are virulence factors involved in the bacterial pathigeiinesh are
particularly relevant in the late infectious stage in niite 72) The role of these enzymes is to
hydrolyze the membrane phospholipids of the host cells PIa{ is differentiated from other
phospholipases as is the most active phospholipase under acidic conditions (71). Culp2 as we
as Culpl that was found increased in the CFP of the clinical INHr strain (itechiyare
secreted proteins with the great potential to favor the growth of this strain undedesieatives
as the carbon source. The increase of thdéent lipases and cutinases offer more supporting
reasons to explain the higher growth of INHr observed only in Tween-containing media, in a
strain that has growth inhibition in the minimal GAS media (Chapter Il, Fig@je 2.

Increased holesterol metbolismrelated enzymeis the clinical INHr strain also
suggest an altered host-pathogen interactlaterestingly, enzymes involved amolesterol
metabolism irfMtb, FadA5 (Rv3546, steroid I8etoacy}CoA thiolase), Rv1106 ((3) B-
hydroxysteroid dehydrogenase) and ChoD (Rv3409, cholesterol oxidase) were higher in the
clinical INHr strain in the cell wall and membrane fractions (Fig 3.9). FadA%jisresl for
utilization of cholesterol as a sole carbon soumogtro and for virulence at chronic stages
duringin vivoinfection in the mouse model (724). In the same line, Rv1106 participates in the
first step of the cholesterol degradation pathway, usif\B* as a cofactof75). ChoD is an
oxidoreductase that degrades cholesterol generating hydrogen pev@idené increased
levels of this enzyme together with ttegluced levels of the major catalgmroxidase enzyme
in Mtb (KatG) could be detrimental for the bacterial redox balance and could aifgeti

growth during host infection. Common to other proteins described in lipid hydrolysis in this
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section, ChoD is considered a virulence factor because of its ability to modulatadtephage
responses, including its own intracellular growth and stimulating Interldilkproduction via
Toll like receptor (TLR) Z77).

Finally, this proteomics analysis confirms 56% of the proteins out of the 99 iddmtif
the T pair comparison of chapter 2. These proteins have the same trend in boshasiu diee
described in Appendix |dble 9 This table also includes six proteins (Psts1, EchA6, Gpsl,
Rv0283, Rv2054 and Rv3716) that had the same trend in both proteomic analysis but in the
current one the difference had p values between 0.05 and 0.08

3.3.5Western Blot validation resultnd evaluation of the peroxidase activity

A confirmation of the KatG levels and the peroxidase activity in the solubksofrac
(cytosol and CFP) of laboratory and clinical pair as were performed to vahegbeoteomic
findings and to evaluate the abttic impairment of this enzymia the INHr pairs. The
confirmation of the catalytic capacity of the INHr strains is also relevant siae@®ps
experiments suggest thedtG mutations conferring INH resistance cause different levels of
peroxidase activity iMtb (78). In vitro cultures revealed lower levels of the protein and
reduced peroxidase activity in the cytosol and culture supernatant of both INHr strains i
comparison with equivalent protein quantities of their respective INHastHhese results
confirm thatkatG N-terminus single or double mutations (VallAla and ValAla/Glu3Val,
observed in the lalatory and clinical INHr strain respectively) resulted in a significantly
reduced intracellular and secreted levels of atG and an associated lower geragtdaty (p
value<0.05) (Figur8&.12). Under this conditioMtb have an impaired ability to neutralize and
overcome the highly oxidativiatracellular and externanvironment in the phagosome and it

could be rapidly cleared by macrophages and other phagocytes (7@tB6j.proteins such as
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AcpM, FbpA, HspX in the cytosol and Mpt32 (Aga)the CFP fraction of the INHr strain were
confirmed by western blot. Furthermore, higher levels of the protein FtsZ weramgeshfior the

laboratory INHr strain only (NSAF data éppendix ITable 5)(Figure 313).

A. Culture Supernatants
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1 2 1 2 1 2 1 2 control
- o o ... 4m 30 kDa
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Figure 3.12 KatG levels and peroxidase activity in the cladéb strains KatG western blot in
A. CFP and B. Cytosalf the clonal straingC. Standard curve for peroxidase activity using
3,3',5,5'-Tetramethylbenzidine (TMB) as substrate and recombinant KatkatG peroxidase
activity (derved from the standard curviepm laboratory and clinicalitb pairs using
recombinant KatG as referend®on-pairedt-test without assuming consistent standard
deviation, <0.05.

Although catalase and peroxidase are both functions of KatG that regDge H
generating water, the reaction that both catalyzes is different as the peroaglasesra
hydrogen donor to complete its reaction (8heassay previously describeteasure
peroxidase activity mainjyasTMB functionsas thehydrogen donor and is oxidized to 3,3',5,5'-

tetramethylbenzidine diimind he catalaseon the contrarycan directly degrade 4, with the

132



generation of oxygem herefore, the assay presented hereasifip to measure the peroxidase
activity of KatG.The catalase and peroxidase activity are indeperidecitions of KatG, as

the INH-NAD synthase activity81). However, the N-terminus mutations present in clinical and
laboratory strains of thidissertatiorgenerate@ reduced activity in both peroxidase and INH-
NAD synthase activity of Kat@at was confirmed by the enzymatic level and by looking at the

INHr phenotype.

Cytosol
Clinical (T pair) Laboratory pair
INHs INHr L INHs INHr +
12 KDa—» " - - s AcpM

NKD:—> EDED e~ epe» p—p— ;AgSS(Fpr,B,C)

16 KDamd = e S e TispX

39KDa—>N ' " ae e 5Ftsz

Membrane
Laboratory pair Clinical (T pair)
INHs INHr L INHs INHr L +

Ag85 (FbpA, B, C)

Culture supernatants (CFP)
Clinical (T pair)
L + INHs INHr
45 KDa =

' Apa

Figure 3.13Western blofWB) validationfor somesignificantly different proteins the clinical
and laboratoryNHr strainsrevealed bychemiluminescerdnd colorimetric reactiof.wo
biological replicates were used for most WB. For Ag8the membrane fraction, three
biological replicates were used, ept for the clinical INHr strain (two replicates).

3.3.4Lipidomics

After evaluating all the differences in the proteome at &&thpair comparisonif is
evident thaFAS | and Il routes, responsible for the generation of fatty acids includingtthe
hallmark MA, are affected in each INHTr strain, albeit with different trends in eaclFagure
3.6 and 3.7). Additionally, being one of the most recognized targets for INH, MA biosynthesis is
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a very probable pathway to be altered in INHr strains that prergously exposed to the dyu

In generalthe MA analysis of both pairs showed more differences in the clinical than in the
laboratory comparisorsimilar to the discovery of more proteafteration in the clinical INHr
strain(Cloud plot, Figure 3.14). Additionally, the distribution of the samples looks more
homogeneous in the clinical pair comparison, as observed in the Principal compapant gr
(Figure 3.14)These mycolic acids webtained from the saponification of the cell wall of the
delipidatedMtb cells with KOH dissolved in methanol at high tempera{8C). Since MA are
not soluble in methanol, they can be separated from moderately long chain fattyisttidn
ether soltion (82). The resulting analysis MA by LC-TOF is presented in this sectidrhe
XCMS online platform was used to identify thignificant features by the criteria of fold change
>2 or <0.5 and p<0.05 (est).As shown in the cloud plot of figure 3.1there werel15 and 21
significanty different feature# the clinical and laboratory pair comparison respectively. These
numbes were severely reduced tof@3the clinical paicomparisorand to zero to the

laboratory pair comparisaafter evaluatinghe spectra of the each significant feasumad
manually excluding that the presence ofsiiagignificant featuredatwere isotopeand

selecting those with m/z valuestween 90@nd 1500.Theselection criterion includes masses
in the previous rang@ orderto observe a- prime mycolic acids at the lower mass range or
methoxy-MA with 94 carbons in the higheassrange. After this, m/z values for these features
were interrogated against Sartain database with a window range of +/- 0.05 vpitisithe
adducts Na+, H+, and NH4+rom the total 23 significantly different features in the clinical
INHr, 20 were unambiguousligentifiedby MS-LAMP (Table 3.3)The three features that could
not be identified by MS-LAMP could not be identified by MycoMass database éitbet.

features were increasedthre INHr strain (Table 3)3The spectra and the extracted ion
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chromatogam for all the significant different features from the clinid#®l comparison are
presented ippendix Il Figure 1 to 20.Some features that were significant different in the
laboratory clonapair comparison and did not meet the quality control criteria are presented also

in Appendix Il Figures 21 and 22.

Table 3.3. SignificanMA identified through XCMS and MEAMP analysis inclinical
clonalMtb strainscomparison

MSLAMP Adducts Fold Pvalue Levein m/z Retention
| dentification identified change clinical med* time
(ion) INHr med*
strain
a-MA C75 NH4+, 0.40 0.013236 DOWN 1113.156 13.13
Na, H+ (NH4+) (NH4+)
a-MA C77 NH4+, 2.7 0.015792 UP 1141.187 10.93
Na (NH4+) (NH4+)
a-MA C78 Na+ 2.6 9.22E-05 UP 1160.157 13.33
a-MA C78 Na+ 2.0 0.046855 UP 1160.158 13.78
a-MAC79 NH4+, 3.4 0.000483 UP 1169.217 11.37
Na+ (NH4+) (NH4+)
o -MAC80 Na+ 2.1 0.007323 UP 1188.189 14.19
a-MAC80 Na+ 2.8 0.012174 UP 1188.188 13.75
o -MAC81 NH4+, 2.4 0.000952 UP 1197.246 11.83
Na+ (NH4+) (NH4+)
a -MA C83 Na+ 2.5 0.002396 UP 1230.237 12.28
a -MA C85 Na+ 2.5 0.001931 UP 1258.268 12.69
Keto C74 Na+ 2.6 0.033158 UP 1120.126 13.41
Keto C76 Na+ 2.3 0.00463 UP 1148.157 13.85
Keto C80 NH4+ 2.5 0.000624 UP 1199.219 16.33
M ethoxy C79 H+ 2.5 0.000813 UP 1170.187 15.98
M ethoxy C81 H+ 2.6 0.00029 UP 1198.217 16.33
Feature 21** 3.0 0.000137 UP 1193.261 16.32
Feature 22** 2.9 0.002189 UP 1165.228 15.97
Feature 23** 2.1 0.010469 UP 1168.128 10.92

*med: Median values from three biological replicates, **could not be idethtofyeMSLAMP.
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3.14. Lipidomic approach for the MA analysis of clinical and laboratory pairs. The drapled in the lower portion dhe
figure is the XCMS onlinglatform output from left to right: total ion chromatogram, cloud plot includinthalkignificant different
features (without manual validation) and the Principal component anal@3ig (& each pair comparison.
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Looking closely at the identified features in the clinical pair comparestack of
correlationbetween the number of carbons and retention times was obses@ude
representatives @he a-MA (Table 33). Since the HPLC column used in this experiment
separatesompounds based on thaydrophobicity (C18 chemistry), it is expected that there
would be a sequential order in the appearance of compounds depending on the number of
carbons. In this way, molecules wilhower number of carbons are eluted from the column
earlier retention times compared to molecules witbnger number of carbons. Additionally,
after looking the total iochromatogram, it is evident that most of these differences occur in the
earlie peaks (Figure 3.15). With this in mind, a hydrogenation reaction was performed to the
MA of these strains to see if these earlier compounds had some level of unsafpratience of
double bounds) and explain those significantly different earlier a-MA that share the m/z value
according to Sartain’s database but had unusual reteities compared to the other a-MA also

identified in this study.
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Figure 3.15Total ion chromatogram for the MA in the clinical pair comparison. Red: reicate
of the INHTr, black: replicates for the INHs strain.

For the hydrogenation experiment, it should be noted that the hydrogenation experiment

was analyzed in differemtC-TOF instrumeni(Agilent 6220 vs the original analysis Agilent
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6230), therefore, both a hydrogenated and the original MA extract for each strain weredanalyz
simultaneouslyd facilitate the interpretation of the results. For this reason also, théaate

time values increased about 1.1 minutes. After the hydrogenation reaction, the ghake of
features thadlid not havea linearcorrelation between theumber of carbons andtention times
were no longer observed in the individual EIC (Figure 3.16). This sugbas® reductin of the
double bonds occurred, these significant compounds were therefore gasupeid\ with a

level of unsaturationr presence adouble bonds (Figure 3.16). Themaininga-MA thatdid

not havealtered thepeaks after the tlidyogenation reaction occurred had a linear relationship in
their retention time values with the number of carbons, which suggests thatrthpeabably
saturaed a-MA (Figure 3.16) It should be noted that themee two features identified asMA

C78 and other two features identified as @8 almost the exact mass but different retention
times, which can be seenta differentpeaks in the EICThese features could be representing
structural isomers amalso explainsvhy the graph of retention time vs m/z in the saturated o-

MA is more heterogeneol(Bigure 3.17).
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Figure 3.16Extracted ion chromatogram from some significant different feainrbe MA
comparison of the clinical strains before and after hydrogenation, revealing sehaf le
unsaturation in the a-MA C77 and 79. In the case of a-MA C75 as the peaks for this feature
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before and after hydrogenation stayed the same, suggestinghie lebnds in this a-MA.
Pictures from Agilent mass Hunter Qualitative MAsés software output, version 4.00.

Mycolic acid analysis with some level of
unsaturation (All higher in INHr)
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Figure 3.17Distribution of the a-MA with a possible level of unsaturation as suggested by the
hydrogenation experiment.
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Figure 3.18Distribution of seven sigjficant features identified asMA in table 3.5,
with a possibly saturated MA as suggested by the hydrogenation experiment. Two suggested
trend Inesindicatefurther variation withinthe group of saturated a-MA.
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3.4 Conclusions

3.4.1 Protein similarities after the acquisition of INHr and relation with previous
findings.This studypresents anapshot ofieneticallyrelatedMtb strains under the sanmevitro
conditions to detect specific chandkat resulin the INHr strains At least two initial known
common events occurred in the INMtb strainsanalyzed herdirst they wereexposed to INH
and then develauresistance to the drug with mutations in lerminus of the&katG gene
(Chapter IlI) These mutations generate an important reduatié@tG levels, which in addition
to inhibit INH activation alsoimpair the bacteria’ability to handle oxidative stress, an
important cellular process bait vivo andin vitro (83, 84).Additionally, a significant reduction
in the peroxidase activity iboth clonal INHr strainsvas observed in this studlyigure 3.12)
Reduction in the peroxidase activity and INH resistance due to KatG mutatomstaormally
correlated events as previously demonstrated by €aal€83). The peroxidase activity
reduction observed in these N-terminus mutants is probably associated with thieregaction
of the protein levels in general, more than a change in the psbteaturethatcould impairits
activity. Further variation in protein abundance revealed similar metabolic trends ssaich a
increase in the energy metabolism and ATP synthesis, increase of detoxifying etimtaues
particularlyimportant after the also increased B-oxidation pathway, among others (Table 3.1,

Figures 3.3-3.10).

Many of the altered enzymes found in this study have a high affinity for theNINIPl-as
previously demonstrated by a computational study by Jena et aB(@8)clinical and
laboratory pair comparisons hadsignificant variation in the levels of these enzymes described
by Jena et g185) that included SahH, Rv0753c, Rv2723, FadB2, InhA, Rv2971, and Rv2766¢.

The oxidoreductase Rv2971 was also altered in a previous proteomic study that did not use
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geneticallyrelatedMtb pairs, however with an opposite trend to the one described for the both
INHr of this dissertation (Table 3.136). Other proteinglescribed in the computational study
were also found with different abundances in the INHr strains, althoughebiednly revealed a
tendency, such as increased levels of PntaA (Rv0199, p=0.052) that participate in the NAD
phosphorylation and trafs/drogenation as well as decreased levels of Mtn (Rv0091, p=0.053)
that participate in the SAM metabolism. It is important to highligat other proteinassociated
with SAM and NAD metabolismwith alterations were founia this dissertatiorBesides being

the cofactor required for the synthesis of the active form of the INH, NADHl iimortant
nucleotide used in many relevant reactions vital for the cell. These includal canion
metabolism, energetic metabolisamdlipid metabolismmost ofwhich were increased the

INHr strains. Probably the tendency to be increased or decreased depends on the dffaity of
enzymefor NADH or the flexibility to use also NADPH as a cofactas isthe case of FabG4

(that can use both cofactors but has a higher affinity for NADH).

A previousstudy with clinic clonal pairs of the Centrakian (CAS)1-Delhi lineage that
transition from drug susceptible to multidrtggistant (INHr plus rifampicin resistant) MDR,
demonstrated the increased levels of 26 proteins, including tbatwerealso observed in the
present studysuch as FadB, FabG4 (Figure 3.6 and 3.9), LipN (Figure 3.9), MoxR (Table 3.2),
and RpoA (Appendix | Table 5) (87). In addition to increased RpoA levels in the laboratory
INHr strain, there werelso higher levels of RpoB and RpoC in the clinical INHr strain
(Appendix | Table 6 and 8). Interestingly, we found increased levels of the protein Rv3327 (a
probable transposase fusion protein) in the membrane and cell wall thib&l ¢NHr strain
(Appendix | Table 2 and 8). In the proteomic study of the clinidil strain CAS1 genotype that

developed a MDR phenotype, they found altered levels of five proteins in the insertion
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sequences and phages categoeeye found; however the name of the prot&mas not specified
(87). The role of Rv3327 is not clear yet, but may be associated with drug resistancéia spec

Mtb lineages.

3.4.2 Proteomics and lipidomics in the clinical INHr strain strongly suggest an

alternative MA biosynthetic pathway in the clinicalplated drug resistant Mtb strains.

In the particular case of the clinical pair, the alteration observed in the F&®4dlis
probably related to the fact that InhA, KasB and AcpM are important proposets tamgéH.
Previous exposure to the drug followed by acquisition of INHr affeetéevels of these
proteins These FASI canonical FAS Il enzymes we reduced itboth INHr strainsHowever,
these enzymes are normally upregulatelllib strains after exposure to IN(88). These protein
changes are not associated with mutations in those genes, as previously revealbdlby a
genomics sequencing study (19). The laboratory strain on the other hand, only showed reduced
levels d InhA, which could be due to a variety of reasons including the genetic background
already discussed in chapter one (one versus two mutationskiat@gene andlifferent
genotype). According to the sequence homology, Rv3485 and other hypotheticals share up to
26% of identity with InhA (34). Rv3485 is a short chain dehydrogenase as well as EphD. EphD
was similarly increased in both INHr strains. It is possible that EphD could coatpgnghe
reduced abundance of InhA in the INHr strains. Additionally, the similarly inetdeggoxide
hydrolase EphF shas&8.7% identity with InhA according the Multiple Sequence Alignment
platform MUSCLE. Further functional analysis would confirm if these inecasoteingplay a
role in the synthesis of fatty acids in the INHr phenotype. Additional factors sheuld b

consideredo explain the higher reduction in proteins of the FAS Il in the clinical INHr strains.

142



These include external factossich @ the number of drugs to whidhtb strain areexposed in

the host, the duration of the drug exposure, among others.

Interestingly all the a-MA (either saturated or notjere increased in the clinical INHr
strain; except tor a-MA C75, simultaneous with the reduced levels of some canor&Sl
enzymesilt is possible that anli@rnative atty acid biosynthetic pathway is the mamutefor
the production of MAN the clinical INHr This idea isupported by the proteomic findintigat
showed an increase of FabG4, HtdX and FadD13 (Figure 3.6 andith The parallel reduction
of thecore FAS Il enzymeAcpM, KasB,and FadD32lmportantly, FabG4 was not increased as
a possible compensation of its homolodp&a, since the last one was also incrdaseheCYT
andMEM of theINHTr strain albeit not significantl{p=0.07 and 0.09 respectively). It should be
noted thathe FAS | enzymes, Fas and AccA3, were reduced in thealliiNHr strain (Figure
3.7). Putting this together, it is possible that Fapfeters substrates with longer carbon chains
for elongation, therefore, the increase of FabG4 could be due to the énglilability of fatty
acids with lower number of carbons as a result of reducedbauof FAS | cycles (Figure 3.7
This alternative biosynthetic pathway was proposed to be requirdduipresistancan Mtb (64,
89). Also important to note, the FabG4 protein was commonly increased in the MDRrstrain f
the CAS1lgenotype (87/frabG4 andHtdX were also increasead the INHr stains from the
Beijing genotype (Chapter I, table 2.2). The increase of FabG4 is prakeddilsd ¢ the
exposure to the first line drugs with the subsequent development of the INHr phenotype, events
that all theséMtb strains had in commothat then can stimulate the entire branch of alternative

fatty acid biosynthetic pathway

Additionally, in this alternative biosynthetic pathwalge lower levels observed only for

a-MA C75 could be a result dliis molecule servingsa precursor for the introduction of
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unsaturations and cyclopropane rings for the synthesig\ofvith higher number of carbons.

The presence of two features with the same m/z valngsvith the same adduct (Ndor a-MA

C78 and a-MA C80, but different retention times, may indicdkeat there are also increased
intensity peaks for variants of cyclopropanated species amongtibeted a-MA, (Table 3.3).

The latter can also be associated with the increased levels of the cyclopppdiasd’caA

(Figure 3.6 and 3.7).he lipidomics results suggest that the synthesis of the MA could be related
with the alternative biosynthetmathway. Furthermore, common trends in M&elswere not
observed between the clinical and laboratory comparisois was expectesince the degree of
alteration of the core FAS Il enzymes in the clinical INHr was higher than inkibeatarylNHr

stran (Figure 3.8). On the other hand, the laboralNir strain hasltered leveln most of the

mycolateamodifying MT enzymes (Figure 3.8).

It is important to note that most of the differences in the MA presented in thysvetue
in the kss intense peaks. This was expected for the case of keto and mdihdixgt together
represent the5% of the total MA %8), which further explains thesakswith low intensity
observed in the El@r the clinicalstraincomparison thatepresent thosexygenated species of
MA (Appendix Il and Table 3.3). In the case of the laborastngincomparison, probably the
differences in the MAare mostly in the oxygenated MA aadcording to the proteomics
analysisithis difference could bparticularly in the ratio ofis versustransdouble bounds or
cyclopropane rings that could not be detected following thergmpetal strategy used this

study.

Finally, it is also clear thaby looking at the metabolic rearrangengandthe different
levels of the proteins in the virulence and detoxification group as well as in tivabesd in

protein secretion; it is expected thidHr would have an altered behavior during their grointh
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vivo. These proteins are grouped in Figure 3.4 and Table 3.2 respectively and add more
supporting information to the already expected reduced virulence phenotype due to the reduced
level of KatG in both strains. This work demonstrdbed mycobacterial resistande INH is a

complex process that orddteates a series of physiological evanta mutatior and strain

dependent manne®ur finding of a new set of proteins involved in four different biological
pathways irMtb after acquisition of INHr related to the mechanism of action of this drug could

be also responsible fanMtb strain with a reducedrulent phenotype. This study also provides

a better understanding of new compensatory mechaniskhib iafter INHr that could address
alternative combined therapies as well as candidates for nevwedgegs in INH resistant strains
such as FabG4 and provides supporting data about possible new metabolic routeshsuch as t

alternative MA biosynthetic pathway.

In summaryafter acquisition of INHdue tokatG N-terminus mutationgyitb strains
have goroteomic rearrangement that inclsdemmmon changes for instanndhe 3oxidation of
fatty acids and energetic metabolisas well as individual changes that are going to depend on
the genetic backgrouraf the bacteriumThe genetic background includest only the bacterial
linage, but also the specific SNP that is causing the INHr phendtypang specific proteome
changes, the clinical INHr strain provided the highest differences probalkdglto the double
mutation found in th&atG gene. Interestgly, one @ the altered pathways in the clinical INHr
strain, FAS Il pathwayvas compensated by an alternativosynthetic pathway which could be
corroborated after looking at the mycolic acid profile differences (some of themhéeyher in
the clinical INHr strain). Proteins of this pathway walgofound to bancreased iranother
proteomic study of MDR:linical Mtb strains, as well as in the study described in chapter II. The

later also propose the idea that some of these changes could be geheratetthe bacterial
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exposure to the combined drug therapy in the first place. This idea should be further erplored
a clinical context to provide a better understanding of the natural procesgoéslistance

acquisition inMtb.
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CHAPTER IV-DIFFERENTIAL IN VIVOCHARACTERISTICS ORMycobacterium

tuberculosisAFTER ACQUISITION OF ISONIAZID RESISTANCE

4.1 Introduction

TheMtb catalaseperoxidas&KatG is a crucial enzyme for the balance of endogenous and
exogenous oxidative stress as well as in the activation of isoniazid (INH) eativeffdrug used
to control tuberculosis (TB) infectidil). TheseKatG functions have been explored in the first
two experimental chapters of this dissertation, while in the present@nalé¢hof this enzyme as
an important virulence faatas further evalated This evaluation is performed in the context of
katG mutants and with the subsequent INHr phenotype geneatiegdrug exposureTheseMtb
strains also suffered an alteration in their proteome that support this new jplegatyt is
described in leapters Il and IllkatG mutations that magr may notend with the reduction of
the enzyme activity are highly associated with resistance to INHGr§2-8). The effect of these
mutations orMtb fitness and virulence is variabl®r instance, the most frequently found in
clinical multidrug resistarMDR TB cases (Ser315Thr) is associated with minimal to no
reductionin fitness(9, 10), anda functional catalasperoidase activity (10). Conversely, total
deletion and othdratG mutations result in severely attenuakéth strains(10-12).In the
previous chapter a biochemical descriptiokatic mutants suggested a new metabolic
rearrangemerdnd a possible alteration in the virulent profile of the INHr strains. This alteration
is suggested bgeeinghe different levels of proteins in the virulence and detoxification category
as well as those imived in protein exportSec and ESXelated proteins)lhe next step is to
evaluate the impact of this new phenotype of the INHr stiaiaso. In the present chapter, an

exploration of the role of specifl@atG-conferring mutations in the virulence lgtb strains is
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further explored looking at the growtii these strainand then the induced immune response
and pathology in the mouse model.

Mouse moded for Mtb infection has been used sint@80°s by Robert Koch in his initial
experiments (13). Since then, this model has been used to understand many aspects -of the host
pathogen interaction and insights in the immune response agimsthe mouse model has
many advantagesyuch as the resemblanakthe cell-mediated immunityith human disease
the availability of reagent® measuré¢heir immune responsthe tropism oMtb for the mouse
lung, alsothe availability of mouse strains with differeggnetic backgroundmd its economic
cost These advantages allow to understand the rospetifichostcells andgene products
during theMtb infection (14). Different mouse strains have been characterized in terms of their
susceptibility taMtb infection. For instance, the C57BL/6 mouse strain is recognized for being
resistant taMtb challenge with a longer survival after infection (compared to other moasesstr
such as DBA/2 and C3H/He(@)4-16). In this mouse strain, the low infection dos#tif (10°
colony forming units (CFU) deposited in the lung) was standardized and has been widely use
for Mtb infection studies (14, 16, 17). The mouse modélitlfinfection using the C57BL/6
strain has been a useful model to study bacterial virulence in a homogeneous genetic
background. In this way, differences in the mouse response comparing the infection with
differentMtb strains would be mostly due to intrinsic bacteria factors and their virulent profile
that specifical} alters the hosbacteria interactiorf-or these reasons, mouse models offer clear
advantages over other animal models of iBwever, it is worth to mention that the mouse
model is showing ua partialpicture of what occurs in thdtb-human interactioras mice do
not generally develop all pathology features seen in TB patients (15). With the excépbie

C3HeB/FeJ so called Kramnik modéB, 19) the differencesn the pathology include the
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absence of necrotic granulomas and caseous lesions in the |its-ofected mice

Additionally, there are nasubstantiahypoxic zones in the mouse lung around TB lesions, which
is anenvironment thamtb regularlyencounter in the human granulomas (20). Finally, the
cellular organization, including trdéstribution of T cells and macrophages in the TB lesions in
the mouse are not similar to the distribution oftheells in théesions found in humans (21
summary the mouse model dfitb infectionis one of the most successful animaddels to
understand the bacteriumteraction with the natural host (humans), however, the interpnetati

of the pathological findings should account for the previously described differences.

Mtb virulence is associated with both the lack of an effective immune response in the
host and ability of the bacteria to invade, survive and multiply in the hosfl{22ye
characteristics are regularly nse@ed in the mouse model after determirabthe CFU in lungs
and other organs as well as the expressed cytokine pAftiée.Mtb interacts with macrophages
and dendritic cells from the human or murine host, cytokines of the T helper type 1 (Th1)
response, such as tumor necrosis factor (¥dN&d interferorry (IFNy), are crucial for the
control ofMtb infection (23) However, a “dynamic balance” between all Th cell subsets is
required to avoid an exacerbated inflammatory response in the lung tissue and to alc@mplis
successful bacterial inhibitory respor{gd, 25) Mtb-host interaction and bacterial fithess are
also variable in both drug susceptible and resistant isolates dependingvib genetic
background (26, 27)n this chaptera studyof clonal strain®of Mtb was performedh vivoto
evaluatehe effect o NH-resistanceconferring mutationg a similar genetic background.
Moreover thekatGmutations evaluated here are clinically relevant mutation causing INHr TB

casesThe aim ofthis chapter i$o assess differences in bactevialilence inINHr Mtb due to
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mutations in th&atG gene using a pair of clonal strains from a TB patient and a laboratory
derived clonal pair.
4.2 Materialsand Methods

4.2.1 Ethics statement

All experiments involving mice were approved by the Colorado State University
Research Integrity & Compliance Review Office (RICRO) and the Institutional #rare and
Use Committee, protocol #¥BH09A. All experiments involving mice were approved by
Colorado State University’s Institutional Animal Care and Use CommitteEYIA protocol
#13-4509A). Samples obtained from the human subject were obtained from a collection of a
TB patient enrolled in a prewisstudy of TB transmission in San Francisco following approval
from Stanford University and the University of California San Francisco’s Itistial Review
Boards (9, 10).

4.2.2Bacterial strains

The strains used for this study are the same clonal laboratory and clinical pairsthsed
chapter Ill. Both clonal pairs dfitb were simultaneously cultured in ProskaBeeck (PB) media
to prepare the infectivity stocks as previously described (11). The preparation ofettiviigf
stocks involved the culture of those cells that growth only on the surface of the liggi@, me
upscaling each time a pellicle formation is reached. tirhe for pellicle formation varied from
three to eight weeks. The cultures should be kept @ @ithout any disturbance. In this way,
the bacteria pelliclevas upscaled from 10mL25 mL, to 100 ml of PB media. The resulting
bacteria pellicle were carefully taken and transferred to 20 ml PB media @#thQGycerol.
After this, bacterial clumps were disaggregated using the dmaticator three times during 10

seconds each. Then, the bacteria were daltdevn for 15 minutes on ice and only the soluble
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bacteria were stored in volumes of one milliliter-8°C until its use for the mouse infection
study. Interestingly, as it was observed in the GAS media growth, the clinicaltdédkitonger
times to create pellicles that were at the same time less dense compared to its susaeptible pa
and any other strain of the study.

4.2.3Mouse infection

Grouwps of C57BL/6 female mice (n5/groyp), 6-:8 weeks old (The Jackson Laboratory,
Bar Harbor, ME), were infected with the clinical and laboratory clonal pairsitof with
approximately 50.00 colony forming units (CFU) of each strain via the aerosol route using the
Middlebrook Aerosol Exposer Chamber (Gla€ol, Terre Haute, IN). This route of infection
was selected as it is the most relevant looking at the most common routertfeatshget in
contact with the bacterium. At days 0, 7, 14, 21, 28, 60, and 120npedtion (p.i.), 5 mice per
group were humanely euthanized for CEtlntingin the lung and spleen, and for cytokine and
histgpathology analysis of the lung.

4.2.4CFU determinationn lung and spleen

Lung and spleen from infected mice were excised, homogenized in sterile phgsiblogi
saline (0.85 % NaCl) and 4®Id serial dilutions prepared. With the exception of day zero,
dilutions were plated on 7H11 agar plates and incubated for 21 days’Gtudfil the
enumeration of colonie€CFU). For day zero, whole lung preparations were plateda Dere
expressed as Le@gCFU in the respective organ.

4.2.5 Cytokine analysis

The determination of the cytokis€oncentration in lung homogenates was performed
using he Cytometric Bead Array (CBA, BD Biosciences) assay. In this assay, fag be

populations coated with capture antibodies specific for Interleukin {&,) IL-6, IL-10,
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Interferon (IFN}y and Tumor Necrosis Factor (TNF)-o were mixed with the lung homogenate
samples. The dmogenates werereviously clarified by centrifugation(1200 x g during 10
minutes)to remove cellular debris and incubated with a mix of the previously destdaels.
Then samples weranalyzed in thélow cytometer FACSCanto Il (BD Bioscience3he final
coneentration of each cytokine was obtainedm the indiviual standard curve using mouse
recombinantytokine proteins (from 0 to 5000 pg/mL) that define the minimum and maximum
guantifiable levels. The limit of detection of each cytokine is stated at eadifigse.

4.2.6 Lung histology

During necropsy, the inferior lung lobe was inflated with 10% formalin/PBS and placed
into 10% formalin/PBS. Following routine processing for paraffitbedding, Sum sections
were stained with hematoxylin and eosin (H&E) and assessed by a veterinarggatiinded
to the experimental groupings for degree of lung involvement using a defined scoring system
adapted from Dormaneat al. (28). The score was based on the total number of lesions, overall
extent of changes, presence of peribronchiolitis, perivasculitis, alveolitisulgraa” formation
and degree of necrosiFhe scale ranges from zero (no apparent changes) to five (severe
changes) (Figure 4.1). Microphotographs were captured ashiiggon Eclipse 51E microscope
equipped with a Nikon D&il camera with aDS-U2 unit and NIS elements software.
Microphotographs are reproduced without manipulation other than cropping and adjustment of

light intensity.
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Figure 4.1. Schematic representation of the methodology followed for the virulence sty of
clonalMtb pairs after acquisition of INH resistané&-Us: Colony forming units.
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4.2.7 Statistical analysis

Statistical differences for Lag CFU counts and cytokine level comparisons were
evaluated using an unpairetest or ManAwWhitney test depending on whether or not the data
set had a normal distribution (defined by KolmogoB8mirnov test). Differences in lesion scores
were analyzed using Krusk#allis test and Dunn’s posest. All statistical analyses were done
in Graphpad Prism® version 6.05.
4.3 Results and Discussion

4.3.1 In vivo growth ditb demonstrated reduced bacteria fitness in INHr strains

The effect of the reduced KatG levels and enzymatic activity in the INHr strains was
explored bydeterminingdifferences in bacterial virulence compared to their correspondent INHs
clonal pairs. Lower CFU counts were observed in lung and spleen mouse tissues afibath cl
and laboratory INHr strains for almost all time points measured. This differeaxsignificant
in both lung and spleen tissues of the clinical pair, and it was further magnified byrtimal
growth of the clinical INHr strain in thepleen (Figre 4.2). It is important to highlight that the
bacterial growth of each strain was evaluated in BACTEC media using thE™N&210 prior to
the mouse infection. This confirmed the viability of all the strains and lack ofisaymtif

differencesm the bacterial growth and viability among them at the time of infection (Figure 4.3).

The decreased bacterial fitness observed in the INHr strains, seen as a CFU rdwsgtion,
been demonstrated in the mycobacterial complex as an effect okat@&mutaions using
isogenic strains dflycobacterium boviandMtb in the guinea pig and mouse models (29-31).

These studies were performed with a laboratory straltiofvith total deletion of th&atG
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Figure 4.3. Comparison of bacterial growth rates in BACTEC media using MGIT™320.dime t
positivity (TTP) of each strain was determined by seeding BACTEC tubes wiltlerial
dilutions. TTP assessed in the MGIT™320.

gene, a mutation rarely found in clinical settings (32). In addition to this, there have been
supportive reports describing differences in CFU in mice infected with INHca&listraing12).
4.3.2 Differences in lung pathology at chronic stage of infection
To further evaluate how virulence was affected in the INHr strains, we compared the
lesion in the lungs of the mice infected with ¥M#b strains of our study. There were no
statistical differences in the lung pathology scores at all the evaluateddints for the
laboratory pair comparison. Pathologic findings in animals infected with both {abohdHs
and INHr strains included peritnchiolitis, perivasculitis and alveolitis from day 21 p.i.
onwards, with marked granulomatous inflammation from day 60 p.i. onwards. In contrast, the
lung pathology scores of the mice infected with the clinical INHr strain at2igy&8 and 120
p.i. were significantly lower than scores for the cliniddHs strain (Figire4.4). Mice infected
with the clinical INHs strain also showed signs of inflammation from day 21 pile ¥or the

clinical INHr infected animals, inflammatory lesions were rarely oleseuntil day 60 p.i.
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Figure 4.4. Lung pathology scores for C57BL/6 mice infected with clinical and laboratory clonal
strains with different INH susceptibility profilellean of the lung scores with standard error
(SEM) for infected mice with eadtrain differentiated by colorpk0.05 with Kruskalwallis

test and Dunn’s pogest.

A prior studyusing the clinical strains (labeled as T21 and T27) suggested no significant
differences in lung pathology during the first 90 days of infection betweelNHr and INHs
strains(33). In our study, we were able to fully evaluate the pathology of these strains with a
detailed scoring system; from this, Weilt upon the previous assessment and observed clear
differencesn the lung pathology during the course of infection, with the greatest difference
observedat the latest time point (day 1p0stinfection)(Figure 4.4 and 4.5).

4.3.3 Lower induction of proinflammatory cytokines after infection with IMHbr

To determine the immune response generated against these less virulent INbirngéai
performed an evaluation of cytokines in the mouse lung tissue. The dynamicsyQflTNN-a,
and IL-6 levels showed a reduction of these proinflammatory cytokines in both I'dktisstr

compared to their INHs pair throughout the study (Figus&}.Specifically, in the clinical
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INHTr strain, the difference was statistically significantttee three cytokines from day 21 p.i.
onward. Similar results were observed also in the laboratory INHr strain, butfénerdte was
significantly different only at one or two time points, depending on the cytokine &alua
(Figure 4.6B). In additiongvels of IL-2 were very close for the majority of the time points in
the laboratory pair. However, the levels of this cytokine in the INHTr clinical straia almost
undetected On the other hand, although not significant, there was a slight incr&éa$é of the
INHr strains at the initial time points (day 7 and 14 p.i. for the laboratory and day 21 p.i for the
clinical strain). The levels of this regulatory cytokine-@lQ) were very similar among both
clinical and laboratory pairs after day 28 pHigure 4.6C).

The strongly reduced levels of the proinflammatory cytokines together withghdysl
augmented levels of the anti-inflammatory cytokine ILkiénice infected with the clinical
INHr strain (Figure 46) are in line with the deficient granulomatous reaction with lower cell
infiltration observed in the lungs of these mice (Figure 4.5).

At day 21 and day 120 p.i., IL-2 levels in the laboratory clonal pair showed a contrasting
trend when compared with IFlevels (Figure 46A and C). Normally, the increas&ttb
specific antigen levels are related to increased levels ofyWvhile frequencies of antigen-
specific IL-2-secreting T cells increased durikfgb clearanc€34). Also, IL-2 produced by
CD4+ T cells has been implied in T cell central memory and proposed as a markeridal cli
monitoring to detect specific CDAMtb-specific Fcell signatures in humans (34, 3%he
cytokine levels induced by the laboratory pair from our study suggest that baamtégah
secretion in the INHr was reduced over time together with a mild inflammatorynsespo

However, this was true only for two time points, and only for the laboratory pair.
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significant differences. Four examples of the spectrum of lesions and corregpscalies are
depicted. H&E stained sections at 20x and 100x original magnifications.
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Figure 4.6. Dynamics and comparison of cytokine levels in mouse lung homogenates. A. Pro-
inflammatory cytokines levels throughout the infection. Limit of detection (LD) for IFNy:
0.5pg/mL, TNFa: 0.9 pg/mL, and IL-6: 1.4 pg/mLB) Pair comparison between mouse infected
with clinical and laboratory clonal strains using t-test, *p<0.05. C. Levels of IL-2@LD
pg/mL) and IL-10 (LD: 16.8 pg/mL) in mouse infected with laboratory and clinicesd.pai
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4.4 Conclusions

Our results cocurred with previous studies that have demonstrated a reduction of
bacterial virulence due to speciikatG mutations (12, 13). This was evidenced by a significant
reduction of CFU counts due to single or double clinically relevant mutations attdreiNus
of katGgene. Evaluation dhe clinical INHr strain, we also confirmed the cumulative negative
effect of thekatG N-terminus mutations in bacterial fitness and adaptation to the host. In fact, the
low frequency of theskatG mutations in clinical settings already suggests a lower fitness for
these INHr straingll). It is important to emphasize that not every SNP combinatikat@can
cause a cumulative effectlmacteridfitness and hence virulence. For instance, the Arg463Leu
mutation inkatGis not related with either INH resistance or virulence. Thisqudar mutation
instead has been used mostly for genotyping purposes (9).

Mice infected with the clinical INHr strain still controlled the bacterial load ant&gt
decreased pathology, despite the apparent lack of macrophage activationn¢imeson of
proinflammatory cytokines). Multiple hypothesis are possiliist, the reduced levels of the
catalaseperoxidase (less bacterial virntae factor), which allowed the faster elimination of the
infecting bacteria. Secondly, the very controlled (or minimal) induction of a Thl resp@iss
enough to clear the bacteria from the body, which probably generated less tissue damage. Si
macrophage activation and phagocytosis are key features to ddtiirgtowth during infection
(23), other innate immune factors and cells such as invariant natural killer T cells, YT cells,
mucosaassociated invariant T (MAIT) cel(86, 37)or TLR-2 associated mechanisms could be
playing an important role in the clearance of these less virulent INHr strains.

The significant reduction in virulence and pathology observed particularly in mice

infected with the INHr clinical strain suggests that this INHr strain may experiddadeaal
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physiological rearrangements in addition to those caused by the dat®Gleutations (V1A

and E3V). In fact, KatG levels alone were not enough to explain the extremely pogay

growth of the clinical INHr, since the laboratory INHr stravith also reduced levels of protein
and peroxidase activity did not exhibit such a strong difference (Figure 4.3 and 3.12 froen chapt
[11). Moreover, the clinical INHr strain unlike to the laboratory INHr strain was aigosed to
other first line antiTB drugs when INHr was developed within the patient. Further physiological
rearrangementsould occur in the clinical INHr strain that may include a variation in its
metabolic profile which can be explored in a more comprehensive biochemical arBihese
changes could possibly alter the regular activation of macrophages via & o#dqdr (TLR),

such as TLR2 (23)and possibly other pathways involved in early-dfgiinnate immune

response that make the bacteria clearance more efficient.

The previous suggestion is supported by some of the proteomics findings in chapter Ill.
Among the protein changes, the high levels of the protein cholesterol oxidase (ChoD) in the
clinical INHr strain only, possibly alter the regular activation of macrgpbaia TLR2, that
normally result in the inflammatory responses of innate immune(28lJs888). ChoD,
particularly, ishypothesized to induce the production ofllQvia TLR2, suppressing the
bactericidal activity of macrophages without altering other cytokines £38} was
demonstrated in figure 4.6, IL-10 was the only cytokine with comparable levels behgeen t
INHs and INHr clonal pair. Contributing to that phenotype, the protein LprA was iecréas
the INHr strains (although only significant in the laboratoomparison, chapter Il Figure 3.11).
This protein is a TLR-2 agonist that is proposed to modulate also the innate imesporse by
stimulating dendritic cell maturation and the antigen presentimgitin, as well as decreasing

IFN-y-induced by the mar histocompatibility complex 1(39). In general most lipoproteins
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increased in the INHr strains could be also contributintpe TLR2 associated responses,
giving strong support to the important role of the innate immunity in the control oflttidse
strains.Additionally, theincreasedevels of the alkyl peroxidase AhpCkatG mutants
previously proposed as a compensatory evekttinstrains that lack of KatG activitgpnly
occurred in the laboratory INHr strain. In fact in the clinical INkain AphC was strongly
reducedChapter Ill, Table 3.1). Together, this proteomic trend could explain theediffes in
the degree of virulence reduction observed in both INHr strains.

In summary, the evaluation of virulence and fitness in the IK#G mutantMtb strains
in the mouse modalupports the idea of the innate response in the clearance of the INHr strains
by the host includingpecific detaildn the early interaction of the bacterium with the host. Here,
the results obtained in the characterization of the host respamdigm the KatG role durinm
vivo infection and confirm the variable virulent phenotypes depending on the spat@ic
mutation even if the mutations affect the same domain of the protein (11, 12, 40). Combining
this findings with the previous proteomic study findings (Chapter Il1), this moudg stiggest a
possible role of TLR-2 in the early clearance of the INHr strains associdtethevabundance
of some particulaMtb proteins(ChoD and lipoproteins such as Lpriat are agonist for this

receptor
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CHAPTERYV - CONCLUDING REMARKS AND PERSPECTIVES

“When you are studying any matter, or considering any philosophy, ask yourself only what are
the facts and what is the truth that the facts bear out. Never let yourself bedlieghier by
what you wisho believe, or by what you think would have beneficent social effects if it were
believed. But look only, and solely, at what are the facts.”

BertrandRussell(1872-1970)
Philosopher, logician, mathematician, historian, and social critic

In microbiologyresearch as well as in other research fields, presentiniathas the

main characters in the staig/highly relevant and allows the generation of new hypotheses and
evolution of the field. The findings presented in this work include comprehensiveehbiaal

and immunological characterization of clohacobacterium tuberculosis (Mtphirs to gain
deeper insight regarding the relationship between acquisition of isoniak)l igsistancen

Mtb and the interaction of resistant strains with the Hgessides reviewng concepts oMtb
physiology and virulence factois the first chapter anuh the discussion of the results obtained
in chapters Il to IV this work also highlights the individual natureMdifb to adapt to new
biological events sucasthe acquisition of drug resistance. In microbiology, there are some
general statements in the field that should be always be mentioned in the contexpetifie s
species, genetic lineage and sometimes even at the strain level. At the same time, the
interpretation of different events in microbiology should always consider externaldastmh

as nutrient supply, oxygen tensjanug exposurdn vitro verus in vivo growth, etc., which are
crucial variables for the analysis design and the interpretatithre wésults. There are universal
statements in microbiology that have set up its foundation and allowed the evolutionigltithe f

for example, differences between Gram positive from Gram negative battersgdosence of
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mitochondria, and the expressiohthe life in sequential reactions from DNA to RNA to protein
(). But centraparadigns in every discipline have caveats that were originated by the human
interest to research and explore its surroundings to understand betterlthesd liée related

events.

By the use of clonal pairs ttb, this work was able to demonstrate some diydanown
features about INH resistanceNtb such as the implication é&atG mutations and the reduced
enzymatic activity (specifically peroxidase) in the attenuated phenotyjg diuivivo growth
(2-9). It is important to clarify that the protein abundance variation in the INHaasi@NHTr)
strains presented here are relative to the protein levels in the parental INHibles{&{Hs)
strain. In the laboratory and clinicstrainscomparison, similar trends were observed in protein
abundance and bacterial attenuation after the INH resistance event (Chaptetd\). These
common trends reveal similar affecteatipivays, such as the energy metabolism, redox stress-
related proteins, fatty acid oxidation and regulatory proteins. Most of thesslgiteteins have
in common the participation of NADH or NADPH cofactors in their reactions. Orteeaghbst
significantly reduced enzymes in both INHr strains, KatG, uses the NADH cofactor in its
reactiong10). Additionally, a previous metabolomics study showed severely reduced levels of
NADPH in Mtb after exposure to INKil1). Therefore, it is possible thsimultaneous to the
KatG alteration, metabolism and/or levels of these nucleotides (NADH and NABYE also
altered in the INHTr strains that could be related to the proteomic trend obsetiredNiHr
strains of this dissertation research. Computatiomalels have also suggested that the-INH
NAD™ adduct (the active form of INH) not only have affinity for the protein of the FAS I
pathway, InhA (which had significant reduced levels both INHr strains) (12), but alstvéor ot

proteins that were increased or decreased in both clinical and laboratargtihiids of this
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dissertation (See Chapter Ill). Additially, commonly affected individual proteins with

unknown function were also observed, such as the increased levels of the probably exported
protein Rv1910c (Chapter Ill, Table 3.3); which is upstreaniubf-katG transcription unit

(13). According to this result, one could hypothesize that the increased levels of Riid9é @c
direct relation with the reduced levels of KatG or with the INHr phenofipe exploration of

this hypothesis aids to explore the role of Rv1910dtinthathasnot beerndentifiedyet.

The higher differences in thmacterialproteome occurred in thadinical INHr strain that
is also reated with the 14 non-synonymous single nucleotide polymorphisms (SNPs) found in a
previous whole genome studf this clonal pai(14).In chapter I, ommon differences could
not be highly observed comparing both cliniddiHr Beijing andT genotype pairdesides the
lower KatG levelsFurther exploration of thlack of common protein findings could not be
possible because of the instability of ##&G mutation in the Beijing INHr paithat resultedn a
reversion of theNHr phenotype in this clonal straifihe reversion of the INHr phenotype in
Mtb has been previously reportadotherkatG mutant strai{15). When the laboratory clonal
pairwas added to the analysis, it was possible to focus on the implication of thHmmuta
affectingthe KatG N-terminusand look for common trend¥hekatG mutation V1A was
present in the laboratory derived INHr strain of H37Rv. This particular mutatsrfound
previously in anultidrug resistant\IDR) strain in Russia in 1995 (16)he clinical INHr strain
hadalsothe V1A mutation and the second mutati€BV (discussed iitChapter Il). This strain
was isolated from a patient that was eventually cgpedsonal communication). Looking at the
results of the mouse study, it could be interpreted that the deat@enutation in the clinical
INHr strain was a successful combination for bactetignuation that could be due to the

significantly reduced levels of the catalgsroxidasdogether withthe protein variation
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described in chapter Ill. The laboratory straith one singl&katG mutation, on the other hand,
had a discrete reduction in viruleneéh lower ability toinduce proinflammatory cytokines in
theinfectedmice andwithout significant differences in bacterial counts the in the lung
histopathology (Figure 4.2, 4.4-4.6). Therefore, it is more likely that the single V1A onuitati
katGevolve to aMDR phenotypecompared tdhe double V1A/E3\katG mutant. This was
demonstrated in the clinical setting with the already describedVIBRase that had the V1A
mutation inkatGgene. Conversely, the douliatG mutation appears to be a strain with highly

reduced virulence, probably easier tochmaredby the innate immune response.

Hostpathogen interaction studies in TB are moving forward to reveal more insights in
the innate immune responses and to revisit the cguaratligmof the effective immune
response againbitb. Theestablishrent of a TB inéction depends on matmpstfactors such as
the duration and frequenoy Mtb exposure, the immune and nutrition status of the person as
well as bacterial factors sutie Mtb virulence (17, 18). TB infection can be detected by the
development od ddayed immune cellular responseyealed by the puréd protein derivative
PPD testparticularlyuseful in nonrBCG (Bacille Calmette Guerinjaccinated populations (19).
Based on studies of contacts of TB casesdhlaexpected to be in a higher risk to develop
Mtb infection, around50%and sometimes more than 5@¥ihe contacts arePDnegative,
followed by latent TB cases and in a lesser extent, activiedi@duals (17, 20-22)This point
suggests thahere is an important contributiaf the early immune responsethe controlof
Mtb infectionfor the PPD negative populatidmatalthough has bedn contact with the
bacterium do not generate aldged immune cellular respongE9). Currently, there are many
research groups working in deciphering more aspects of the innate immune reagairsss

Mtb such as the specific role of natural kiltells, dendritic cells, toll like receptors (TLRS),
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antimicrobial peptides, among other players (23-25). Additionally, recent studgS®n
vaccination suggest that there is an activation of the innate immunity ped tcained

immunity (equivalent to the acquired memory response) that could be responsiiteeaifghe
protective effect of th BCG vaccinatioif26). Additionally, the vaccine attempt against TB that
generated cellular immune response agaillib, failed inits protective role against the
bacerialinfection (27). In this wayas it has ben previously describethe acquired cellular
immune response (including the memory arm) issafficient tocompletely steriliz and protect
the host againd¥itb. In fact, TB infection itself does not prevent of new infection episode either
with the same or with another strgi28). The lessons learned from the TB cellular immune
response during these years is probably suggesting that its activation iswélatbe co

evolution ofMtb with the human host. A clear representation of this is the granuloma structure
created duringWitb infection, which is maintained by the host cellular immune response. The
granuloma is a selfontained structure that preveMtb (and the immune response towards it)

to cause symptoms to the hdstthis structure, there is a mix of metabolicafigctive and

active bacteria, with a predominance of the {i2&). Therefore, the centrparadigm of immune
response in TB, thattaibutes a protective role to the T helper type 1 (Th1) cellular
inflammatory responses with a balanced Th2 respamsearrentlyenriched adding the role of

the innate immune responses and the role of other T cell populations such agdinsftb

infection (28, 30, 31).

Once again, the study described in this dissertation prapepessible contribution of
TLR-2 as an important player in the innate immune response for the ckeafdhe INHr
clinical strains in association with recently explokétth proteins ChoD and LprA (32, 33). In

addition, the increase of other lipoproteins inltkiElr strain, also suggest the role of innate
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immune response via TLR-2 in attenuated strairidtof This could be furtheconfirmed using
a mouse modédnock out forTLR-2 that isexpected to haven impairedunction of IL-6 and
TNF-a. This mouse model waseviously used to confirrtihe role of th&9 KDa lipoprotein
LpgH in Mtb infection (34).In this model, it woulde possible to evaluaifethe differences
between INHr and INHs are maintainedattributable to an early innate resparsighough,a
reduction in virulencén INHr strains compared to their INHs paissstill expectedbecause of
the reduced catalageroxidasdevels it is alsoexpected that there would berequantifiable
amounts of cytokines in those immunodeficient mouse models and less inhibited growth
particularly for the clinical INHr straifcomparedo what it was observad the C57BL/6

mouse, chapter V).

Here, the importance developing more sensitive and reliable instrumentscto dete
changes in the levels of biomolecules (specifically proteins and mycolic;dogisther with the
analysis of the resulting data in the contexititth physiology is crucial to understand the
biological significance of the proteome and lipid changes. This analysis iy medgithg on the
previously annotated reference gene of H37Rv strain and also the availabledlAsgafrom
the same reference strairhe proteomics findigs together with the mycolic acids (MA)
analysis of the clinical clonal pair support an alternative fatty acid biosimgathway. In the
clinical INHr strain, there was an important reduction in the core enzymes faitth acid
synthasedl pathway (KaB, AcpM, HadABC complex, InhA) that included thi&\ biosynthesis
and transfer to the cell walldduced FbpA)MA are vital moleculeMtb (35, 36). In this way,
lipidomics and proteomics findings allow the generation of the hypothesih¢hejposure of
Mtb to a first line drug regimstimulatesan alternative fatty acid biosynthetic pathway lead by

FabG4and HtdXwith thepossible contribution aftherproteirs in themymAoperonsuch as
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FadD13. This hypothesis also includes the possible participation of FabG4 and HtdX itythe fa
acid biosynthesis the no matter thAcpM levels sinceFabG4 and HtdX also have affinity for
CoA intermediateghat could be used instead of acyl carrier protei@rmediate$37-39). The
upregulation of thenymAoperon encode fqroteinsin the later activation, acylation and

transfer to the cell wall of th&lA that is upregulated whevitb is in an acidienvironment (40).
The increased levels of the proteins of thigmAoperon complemenhe pathway started with

the FabG4 and Htd¥nzymesas proposed in chapter Il (Figure 3and also suggest the

unregulated redox environment that leadan@cidicntracellular spacé0).

It would be very interesting to experimentally confifrthe exposure to a complete first
line drug combined therapy, as normally happens in the hadilego induce this alternative
fatty acid biosynthetic pathway. This could be either dongtro by exposing the bacteria to
subinhibitory concentration of thdrugs and evaluate the proteome differences before and after
the drug exposure. Alternatively and probably in a more clinically relevant maniseanalysis
can be performed iNltb clinical isolategre-drug treatment and podtug treatment from TB
casesisolating clonaMtb strainsevery monthafterreceiving the first line drug theraghuring
four months. In this way, it will bpossible to detect if this alternative fatty acid biosynthetic
pathway isstimulated after first line drugxposure andf because of a drug resistaitb
phenotype includindIDR. This is supported by the fact that the laboratory INHr strain that
acquired its resistant phenotype after being initially exposed to INH only, did noaltenaion
in those previously mentioned proteins. In addition, a previous proteomic comparison using
sequential strains ®fitb showed alsancreasd levels of FabG4h the MDR strairand the
Beijing pair studied in this dissertation also had increased levElbd4 andHtdX in the INHr

strain(41,42). Previous suggestions of an alternative biosynthetic fatty acid pathwép in
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drug resistant strains was proposed since 1983 from studvessimegmatiand later supported
by functional studies of FabG4 and HtdX proteins (37, 43). This alternative pathway could
potentially serve as a useful drug target in MEB strains Additionally, it is plausible that

being extremely relevant fédtb physiology, fatty acid biosynthesis (includintf) should be a

pathway with some level of redundanthappens with the fatty acpgtoxidation inMtb (44).

Importantly, it is still uncertain if many of the protein differences and the trersis\aul
in both INHr strains could be associated with the initial exposure to INH &sReeharkably,
previous studies have demonstrated that protein members of the FAS Il\pgiblyketide
synthesis, theytochrome bg complex (QcrABC operon), and ATP synthase are distinctly
altered after the exposure to INH in mycobactét 46). In this dissertation, these proteins
were also altered ilNHTr strains (particularly the clinical strain); however their trends were
opposite to those previously described. For instance, AcpM and KasB were reducdlkirthe
clinical strain, while these and other members of the FAS Il complex wereyskvfound to
increase after exposure of INHs strains to IMB8-47). Preliminary attempts during this PhD
work which looked at the proteome of these clonal pairs before and after expodie to |
revealed other proteins withe same pattern. According to the proteomics data presented in
chapter Ill, most lipoproteins were increased after the acquisition of Diér.of them was
LpgH, although it was not statistically significant (p=0.07, fold change=0.6 in cytosbhizfl
pair comparison). Western blot evaluation of LpgH in both clinical and laboratory pairs
following exposure to subihibitory concentrations of INH, demonstrated that this protein was
reduced in the membrane fraction, regardless of their susceptibilitie poolNH (Figure 5.1).

Additional evaluation of protein changes after drug exposwéro as well as using samples
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derived from clinical patients will help develop a complete picture regarding ievobftINH

resistant phenotypes tb.

Membrane
Clinical INHs Laboratory INHs
L 1 23 1*2%3*L 1 2 3 1% 2*%3*

20 KDa=—>»

Clinical INHr Laboratory INHr
L1 2 1#2*L 1 2 [1*2%

20 KDa=—>»

Figure 5.1. Western blot anti-LpgH in INHs and INHr clonal pairsitd exposed to INH.
*Biological replicates oMtb strains exposed to INH. INHs strains were exposed to 0.05ug/mL
and INHr strains were exposed to 0.2ug/mL of INH.

The proteomic findings also showed alteration of proteins that are currentlysudedya
targets including those proteins in the ATP synthase machinery and RpoB. Thd-2&ent
approved drug for MDR-B cases, bedaquiline, targets the ATP synthab&hrwhich is a
relatively novel targef48). The increased level of proteins of this complex commonly found in
both INHr generates concern because a common bacteria drug resistance mechamism is th
overproduction of the target. The levels of these proteins also generate sonmnguegtrding
the minimum inhibitory concentration (MIC) of bedaquiline and rifampicin for thes |
strains. Although previous phenotypic studies have demonstrated that the INt4r\stee
susceptible to rifampicin by the agar proportion method, it would be interesting toebisbe
increased RpoB and ATP synthase subueitsls create higher MIC values$ rifampicin and
bedaquiline for the INHr strains compared with their susceptible progenitor. lblecssiution

could be to explore the use of this ATP-synthase inhibitor in the first line dmapthe
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combination. Similarly RpoB had a higher abundance but only in the clinical INKr, stra
suggesting that the increase of this protein was mostly associated withugrexposure to
combined drug therapy in the patient. This combined therapy includegigfarthat targets this

increased protein (RpoB49, 50).

As part of this comprehensive characterization, levekatfs mMRNA were evaluated to
complement the description k&tG mutations in clinicallyisolated INHr strains, however the
inconsistency of these results make it difficult to derive confident conclusiome ¢emntral
paradigm of molecular biology, genetic information goes from DNA to mRNA to proteins.
However, it should be noted that changes in the proteome do not always relate witls amnange
the transcriptome. In fact, the correlation between protein and mRNA levesusry strong
which can occur due to a variety of post-transcriptional events such as phosphoayidtio
acetylation, as well as mRNA hdife and protein localizatio(b1). For this reason it is
necessary to look at both transcripts and protein levels together to achsmieate
interpretation of the phenotypic event that is being studied, icdlses, INH resistance Mtb.
Diverse strategies have been used to analyze RNA such as Northern blotting, mgroarray
reverse transcription (RIguantitative PCR (qPCR), the more recently introduced in the digital
droplet (dd)PCR(52) and high throughput RNA seq whole transcriptome arsdy3).
Advantages of the ddPCR strategy over RT-gPCR include its higher precision and
reproducibility, lower limits of mMRNA quantification, and the elimination of statidarves and

the interwell technical replicate4).

During this dissertation, many attempts were made to $@ifytranscripts of the
clinical INHr strain. The initial RTIPCR showed increasédtG transcript levels which opposed

the decreased protein abundance found in every cellular fraction of thaldliir stain
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(Chapter Il and 1l11). Notably, there was a lot of variability in the levelsat® transcripts among
biological replicates of the clinical INHr strain which did not occur with the gio&d replicates

of the clinical INHs strain. After thjghe second proteomics approach described in Chapter lll,
revealed significant differences in the reference gene cheigd(Chapter lll, table 3.3).
Therefore, the RRCR analysis with just two biological replicates for the clinical INHr strain
and witout an accurate reference gene could not be validated. The later ddPCR stratagy wit
as the reference gene showed variable results as well for the clinical INHr strain.u@otigeq

an interpretation of thikatG mRNA transcripts in the INHr strain glal not bemade

In general, transcriptomics studies should be carefully designed starting wpitethe
analytical phase of the experiment. This includes culture conditions, growth phaggshMtb
cells are collected for RNA isolation, cell density, and the number of samples processed
simultaneously among other factors. Transcript levels are highly dependent ramsiception
and degradation rate of the mRNA (5Bpssible RNA decay events in mycobacteria as well as
the possible formation of secondary mRNA structures are importantdalctdrshould also be
taken into account during analysiskaftG transcripts in the mutant clinical strain. Less is known
about RNA decay in gram positive bacteria 8t compared with Gram negative bactgi8).
From studies performed HEscherichia colipossible candidates fdftb proteins in the RNA
degradosome complex have been annotated which include the homologs for RNAse E
(Rv2444c), enolase (Rv1023), helicase (Rv3211) and the polynucleotide phosphorylase
(Rv2783) which participate in the degradation of mMRNA and small RNAh$wvihe
maturation of rRNA and tRNAS6). Interestingly, two proteins of tivtb RNA degradosome
Rv2444c (RNAse E) and Rv1023 (enolase) weceeased in the clinical INHr, with p values of

0.057 and 0.0028 respectively. Enolase (Rv1023) is also classified as a catalytic protein of
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glycolysis (Chapter lll, Figure3.5B). However, significant reduced levels gdtibsphorylase
Rv2783, also predicted to be part of the degradosome, were observed in the clinicatdHr st
(Appendix | Table 6). Additionally, in a previous experiment that was looking for ez ymat

were part of the RNA degradosome complekib, the BCG proteinGroEL coprecipitated

with the RNAse E protein, implying a possible role of GroEL in the RNA degradasome (56). In
this dissertation, GroEL1 wasgnificantly higher the INHr strains (AppendiXables 5 and 6).
With these findings, one could hypothesize that the difficulty in obtaining a valid ieti@tipn

of thekatGtranscript levels could be due to an altered RNA decay process occurring in the

clinical INHr strain that should be further explored.

A possible strategy is to measure global mMRNA decay is by exposing the logarithmic
phaseMitb cultures to a defined conaeation of rifampicin (>250 times the minimum inhibitory
concentration value) at different time points. After this, the total bactd¥al\Rill be carefully
extracted and then the amount of different gene transcripts will be deterrfigretie
conversion to cDNA and analyzed by ddPCR. The role of the rifampicin is to inhibit
transcription by the binding to the R-subunit of the RNA polymerase, therefore, the
determination of the amount of transcripts at each time point will be confidentjyacabte.
Thegenes to evaluate could be those encoding for the proteins with the most uniform levels
among the clinical INHs and INHr strains in the proteomic analysis and alsodat the gene
of interestkatGand the regularly used reference gene 16S ribosomal RNA. This strategy has
been used in previous studies to determinétienRNA haltlife which seems to be higher to

the mRNA halflife of other prokaryotes (13, 55).

Furthermore, the proteomics analysis suggested altered levelspinttirgcerol,

phthiocerol dimycocerosatéBIMs), polyketides and sulfolipids. Some enzymes involved in
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their biosynthesis are increased in the laboratory INHr strain (Pks2, Pk#4,dPyplssome
reduced in the clinical strain (Mas, PpsE). In the clinical INHr, the proteitviedtan the

transport of DIMs across the membrane (LppX) was reduced. Additionally, thendPbiel that
regulates the genes involved in polyketide synthgas @mmonly increased in both INHr
strains. Therefore, in order to complete the lipid characterization changeaafuisition of

INHTr, it is possible to look for those lipidy following the lipidomics approach described by
Mark Sartairet al This global lipidomics strategy will focus on the comparative analysis of the
total lipids in each clonal pair. Further analysis of the particular population ahNt#e

laboratory clonbpair by methodologies such as nuclear magnetic resonance (NMR) as
previously performed by Glickman, Watanabe and others, will help to inviestighis ratio
between the methyl transferases CmaAl and 2 and MmaAl and 2, affectsdtaesratio and
the cyclopropane rings of the a- and oxygenated MA57-59). However, since this trend was only
observed for the laboratory strain, the interpretation of these results camwe as a general

description of biochemical features in clinical INHr strains.

Finally, more than 60 years bftb exposure to INH &s driven a selection of INHr
strains by treating TB patients with this drug. The understanding of the phenomenarwppeni
inside the bacteria after acquiring this phenotype is giving us a better description of the
circulatingMtb strains that are able to grow in the presence of this effectiv@ Bridrug and
cause disease. This work has provided an opportunity to explore the integration of nany om
disciplines together and advance the understandiMjlophysiology. The results presented in
this dissetation contribute to the research of a pathogen that has developed many sti@tegies
co-evolve with the host in order to maintain a symbiotic relationship in the form af late

infection 9). This ancient pathogen also generates active TB cases and death, which is
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associated with the host immune status as well as intrinsic bacterial charactechtias drug
resistance. TB resezh has experienced different phases in human history and re-emerged in
1993 after the World Health Organization (WHO) proclaimed a “global TBganey.” The

work in this dissertation is in line with one of the current pillars of the WHO EnstiaBegy

that aims to end the global TB epidemic by 2035. Specifically, the third pillar istemS&ify
research and innovation’ globally from basic sciences to operational researchh@8&judy of
INH resistance event in this dissertation provides new insights of alterMabwmetabolic

routes, supportive information of previously discussed proteins involved in the b&cstri
interactionvia TLR-2, and reveals some specific aspects of currently used drug targets for drug
resistanMtb. In this way, a better understanding of the INH resistant phenotyythaitrains

was possible, revealing individual and common findings that will contribute to find more

directed drug targets to combat these highly prevalent resistant strains.
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APPENDIX |

Appendix Table 1. Significantly different proteins in the cell wall of the cl@aaratory pair

NSAF
Identified Proteins p<0.05 (t-test) Accession  Fold Molecular  Average Average
Number Change Weight Lab Lab
Laboratory INHr x INHs x
(INH¢/ 1000 1000
INHr)
catalase-per oxidase-peroxynitritase T Rv1908c.1 5.0 81 kDa 52.8 265.6
katG (741 aa)
5-methyltetrahydropteroyltriglutamate- Rv1133c.1 1.5 82 kDa 454 67.8
homocysteine methyltransferase metE
(760 aa)
conserved hypothetical protein (272 aa) Rv0831c.1 1.2 30 kDa 181.6 225.2
iron-regulated peptidyl-prolyl-cis-trans- Rv0009.1 2.1 19 kDa 75.6 160.1
isomerase A ppiA (183 aa)
NADH-dependent enoyl-[acyl-carrier- Rv1484.1 1.4 29 kDa 78.6 109.7
protein] reductaseinhA (270 aa)
mycolic acid synthase umaA (287 aa) Rv0469.1 1.4 33 kDa 85.0 117.4
bifunctional methylenetetrahydrofolate Rv3356¢.1 2.6 29 kDa 445 115.7
dehydrogenase folD (282 aa)
valyl-tRNA synthaseprotein valS (877 aa) Rv2448c.1 2.0 98 kDa 10.1 19.8
sulfatase (466 aa) Rv0296¢c.1 2.3 52 kDa 22.4 51.8
30Sribosomal protein S11rpsK (140aa) Rv3459c.1 1.5 15 kDa 141.6 212.5
Esat-6 like protein esxO (95 aa) Rv2346¢.1 1.7 10 kDa 166.4 285.5
phosphoribosylfor mylglycinamidine Rv0788.1 4.3 24 kDa 9.8 42.5
synthase | purG (225 aa)
short-chain type Rv3485c.1 6.3 33 kDa 5.1 31.9
dehydrogenase/reductase (315 aa)
elongation factor P efp (188 aa) Rv2534c.1 3.6 20 kDa 25.1 90.2
conserved hypothetical protein (152 aa) Rv3678c.1 1.9 15 kDa 102.2 1925
quinonereductase qor (329 aa) Rv1454c.1 2.7 34 kDa 10.3 27.8
leucyl-tRNA synthetaseleuS (970 aa) Rv0041.1 4.6 108 kDa 4.6 21.1
3-deoxy-D-ar abino-heptulosonate 7- Rv2178c.1 2.5 51 kDa 11.8 29.6
phosphate synthase ar oG (463 aa)
conserved alanine and leucinerich Rv2567.1 1.4 95 kDa 6.0 8.3
protein (885 aa)
polyphosphate kinase ppk (743 aa) Rv2984.1 17.2 83 kDa 0.5 9.3
acyl-CoA dehydrogenase fadES8 (543 aa) Rv0672.1 6.7 59 kDa 2.1 14.2
aspar tate car bamoyltransfer ase pyrB Rv1380.1 1.4 34 kDa 42.2 60.0
(320 aa)
50S ribosomal protein L4 rplD (224 aa) Rv0702.1 3.4 24 kDa 16.0 55.2
fatty-acid-CoA racemase far (360 aa) Rv0855.1 14.9 38 kDa 1.1 16.7
conserved hypothetical protein (288 aa) Rv1061.1 4.0 32 kDa 17.1 68.3
6-phosphofructokinase pfkA (344 aa) Rv3010c.1 2.0 37 kDa 13.3 26.3
tryptophanyl-tRNA synthetasetrpS (337  Rv3336¢c.1 5.7 36 kDa 1.2 6.7
aa)
chorismate synthase ar oF (402 aa) Rv2540c.1 8.0 42 kDa 25 20.4
acetyl-CoA acetyltransferase fadA5 (392 Rv3546.1 4.3 41 kDa 3.5 15.2
aa)
aminotransfer ase (398 aa) Rv0858c.1 3.7 42 kDa 4.6 17.1
dioxygenase (383 aa) Rv3161c.1 #DIV/0! 43 kDa 0.0 7.1
dTDP-glucose 4,6-dehydratase (327 aa) Rv3784.1 3.5 36 kDa 6.8 23.6
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conserved membrane protein (539 aa)
polyketide beta-ketoacyl synthase pks4
(1583 aa)

ATP synthase gamma chain atpG (306
aa)

protease |V sppA (624 aa)
succinyl-CoA synthetase beta chain sucC
(388 aa)

aminopeptidase pepB (516 aa)
succinate-semialdehyde dehydr ogenase
[NADP+]-dependent gabD2 (519 aa)
acyl-CoA dehydrogenase fadE24 (469 aa)
ATP synthase delta chain atpH (447 aa)
fatty-acyl-CoA reductase (342 aa)
conserved hypothetical protein (399 aa)
fatty-acid synthase (421 aa)

short-chain type
dehydrogenase/reductase (277 aa)

PPE family protein (392 aa)

long-chain acyl-CoA synthase (1000 aa)
29 kda antigen cfp29 (266 aa)
conserved hypothetical protein (406 aa)
conserved hypothetical protein (420 aa)
conserved membrane protein (325 aa)
conserved hypothetical protein (322 aa)
conserved hypothetical protein (933 aa)
RNA polymerase sigma factor sigA (529
aa)

short-chain type dehydrogenase ephD
(593 aa)

conserved hypothetical protein (678 aa)
alkyl hydroperoxidereductase D protein
ahpD (178 aa)

bacterioferritin bfr A (160 aa)
daunorubicin-dim-transport ATP-
binding protein ABC transporter drrA
(332aa)

membrane protein (146 aa)
hypothetical protein (856 aa)
transmembrane ATP-binding protein
ABC transorter (698 aa)
membrane-associated serine protease
(398 aa)

transmembranetransport protein
mmpL 4 (968 aa)

50S ribosomal protein L1 rplA (236 aa)
lipoprotein IprC (181 aa)

Rv0283.1
Rv1181.1

Rv1309.1

Rv0724.1
Rv0951.1

Rv2213.1
Rv1731.1

Rv3139.1
Rv1307.1
Rv1543.1
Rv0106.1
Rv3720.1
Rv1245c.1

Rv1196.1
Rv1683.1
Rv0798c.1
Rv0530.1
Rv2449c.1
Rv2037c.1
Rv2955c.1
Rv1784.1
Rv2703.1

Rv2214c.1

Rv1836c.1
Rv2429.1

Rv1876.1
Rv2936.1

Rv0008c.1
Rv0613c.1
Rv2326¢.1
Rv3671c.1
Rv0450c.1

Rv0641.1
Rv1275.1

192

0.7
0.8

0.6

0.5
0.7

0.7
0.7

0.8
0.7
0.5
0.6
0.6
0.5

0.4
0.4
0.1
0.7
0.2
0.3
0.2
0.8
0.4

0.3

0.5
0.6

0.7
0.5

0.6
0.7
0.0
0.3
0.1

0.5
0.4

56 kDa
168 kDa

34 kDa

66 kDa
41 kDa

53 kDa
55 kDa

50 kDa
49 kDa
37 kDa
44 kDa
47 kDa
29 kDa

39 kDa
107 kDa
29 kDa
43 kDa
44 kDa
35 kDa
36 kDa
101kDa
58 kDa

64 kDa

70 kDa
19 kDa

18 kDa
36 kDa

16 kDa
93 kDa
73 kDa
41 kDa
105 kDa

25 kDa
19 kDa

108.2
108.4

178.8

68.9
107.2

81.4
97.8

113.3
103.6
89.2
220.0
107.5
57.9

64.3
20.9
117.8
103.6
9.0
71.6
23.3
24.7
34.4

21.7

18.1
198.2

57.0
79.4

83.3
16.5
7.8
34.4
6.9

34.7
57.3

80.1
91.2

110.2

32.7
74.9

56.1
67.6

85.5
70.7
46.3
127.9
65.9
28.3

23.1
8.7
175
68.5
2.2
24.0
4.3
18.6
155

6.2

9.4
115.3

37.3
40.1

47.0
12.2
0.0
114
1.0

17.3
20.1



Appendix Table 2. Significantlglifferent proteins in the cell wall of the clonal clinical pair

Identified Proteins p<0.05 (t-test)

iron-regulated elongation factor tu tuf (397
aa)

fatty-acid synthase fas (3070 aa)
multifunctional mycocer osic acid synthase

membrane-associated mas (2112 aa)
10 kda chaperonin groES (101 aa)

catalase-per oxidase-peroxynitritase T katG
(741 aa)

trigger factor protein tig (467 aa)
3-oxoacyl-[acyl-carrier protein] synthase 2
kasB (439 aa)

elongation factor G fusA1 (702 aa)
endopeptidase ATP binding protein chain
B clpB (849 aa)

pyruvate dehydr ogenase E2 component
DlaT (554 aa)

phenolpthiocer ol synthesistype-|
polyketide synthase ppsE (1489 aa)

aspar tate-semialdehyde dehydrogenase asd
(346 aa)

thiosulfate sulfurtransferase cysA2 (278 aa)

tranglation initiation factor I F-2 infB (901
aa)
immunogenic protein mpt64 (229 aa)

acyl-CoA dehydrogenase fadE25 (390 aa)

alkyl hydroperoxide reductase C protein
ahpC (196 aa)
alanyl-tRNA synthetase alaS (905 aa)

conserved hypothetical protein (514 aa)
conserved hypothetical protein (159 aa)
thioredoxin reductase trxB2 (336 aa)

threonyl-tRNA synthetasethr S (693 aa)

enhanced intracellular survival protein eis
(403 aa)
conserved hypothetical protein (134 aa)

mannose-6-phosphate isomer ase manA
(409 aa)
hypothetical protein sseC2 (101 aa)

Esat-6 like protein esxO (95 aa)
pantoate-beta-alanine ligase panC (310 aa)
conserved hypothetical protein (167 aa)

Accession
Number

Rv0685.1

Rv2524c.1
Rv2940c.1

Rv3418c.1
Rv1908c.1

Rv2462c.1
Rv2246.1

Rv0684.1
Rv0384c.1

Rv2215.1
Rv2935.1
Rv3708c.1

Rv0815c.1
(+1)
Rv2839c.1
Rv1980c.1
Rv3274c.1
Rv2428.1

Rv2555c.1
Rv2226.1
Rv0635.1
Rv3913.1
Rv2614c.1
Rv2416c.1

Rv3716c.1
Rv3255c.1

Rv0814c.1
(+1)
Rv2346c.1

Rv3602c.1
Rv0637.1

193

M olecular
Weight
44 kDa

326 kDa
224 kDa

11 kDa
81 kDa

51 kDa
46 kDa

77 kDa
93 kDa

57 kDa
159 kDa
36 kDa
31 kDa
94 kDa

25 kDa
42 kDa
22 kDa

97 kDa
56 kDa
17 kDa
36 kDa
77 kDa
44 kDa

13 kDa
43 kDa

10 kDa

10 kDa
33 kDa
19 kDa

Fold
Change
(INH¢/
INHr)
1.2

15
2.5

3.1
98.6

1.3
1.7

14
1.6

1.2
#DIV/0!
21
15
1.6

1.3
14
8.9

1.9
2.1
1.7
2.4
1.7
2.3

14
1.3

3.0

1.3
2.9
3.3

NSAF

Average
Clinical
INHr x
1000
377.5

14.8
15.0

545.6
0.9

129.6
57.7

38.4
53.8

84.1
0.0

56.0
82.7
22.9

202.5
69.2
20.5

10.3
38.8
92.6
17.9
125
9.0

120.0
19.6

103.0

116.8
11.8
12.1

Average
Clinical
INHS x
1000
461.7

21.6
38.0

1668.9
88.3

173.1
95.6

54.2
88.2

99.5
8.5
116.4
126.8
37.3

268.4
95.2
181.4

194
82.8
161.5
42.2
21.8
20.7

164.2
26.3

3114

149.7
33.9
39.8



fatty-acid-CoA ligase fadD26 (584 aa)
monophosphatase cysQ (268 aa)
30Sribosomal protein S10 rps] (102 aa)
D-alanine-D-alanine ligase ddIA (374 aa)

polyprenol-monophosphomannose
synthase ppm1 (875 aa)

membrane protein secretion factor yajC
(116 aa)

phosphomannomutase pmmA (466 aa)

conserved hypothetical protein (65 aa)
cysteine desulfurase csd (418 aa)
ribonuclease rphA (260 aa)

dehydrogenase FAD flavoprotein gmc
oxidoreductase (529 aa)
50S ribosomal protein L22 rplV (198 aa)

conserved hypothetical protein (155 aa)
50Sribosomal protein L10rplJ (179 aa)
conserved hypothetical protein (127 aa)
50Sribosomal protein L11rplK (143 aa)
hypothetical protein (188 aa)
methyltransfer ase/methylase (246 aa)
methyltransferase (275 aa)

conserved hypothetical protein (345 aa)
L -lactate dehydrogenase [ldD2 (415 aa)

3-oxoacyl-[acyl-carrier protein] reductase
fabG4 (455 aa)
fatty-acid oxidation protein fadB (721 aa)

conserved hypothetical protein (455 aa)
conserved membrane protein (332 aa)
aminopeptidase pepB (516 aa)
succinate-semialdehyde dehydr ogenase
[NADP+]-dependent gabD2 (519 aa)

40 kda secreted L -alanine dehydr ogenase
ald (372 aa)

membr ane-anchor ed mycosin mycP3 (462
aa)

conserved hypothetical protein (168 aa)
aldehyde dehydrogenase NAD-dependent

(507 aa)
DNA gyrase subunit A gyrA (839 aa)

acyl-CoA dehydrogenase fadE6 (732 aa)

UDP-N-acetylmuramoylalanyl-D-
glutamate-2,6-diaminopimelat E ligase
mur E (536 aa)

conserved hypothetical protein (116 aa)

Rv2930.1
Rv213ic.1
Rv0700.1
Rv2981c.1
Rv2051c.1

Rv2588c.1

Rv3257c.1
Rv211lc.1
Rv1464.1
Rv1340.1
Rv1279.1

Rv0706.1
Rv3688c.1
Rv0651.1
Rv0140.1
Rv0640.1
Rv3920c.1
Rv2959c.1
Rv1405c.1
Rv2159c.1
Rv1872c.1
Rv0242c.1

Rv0860.1
Rv3734c.1
Rv0292.1
Rv2213.1
Rv1731.1

Rv2780.1
Rv0291.1

Rv2468c.1
Rv0147.1

Rv0006.1
Rv0271c.1
Rv2158c.1

Rv3880c.1

194

63 kDa
28 kDa
11 kDa
40 kDa
94 kDa

13 kDa

49 kDa
7 kDa

45 kDa
27 kDa
57 kDa

20 kDa
17 kDa
18 kDa
14 kDa
15 kDa
21 kDa
28 kDa
29 kDa
36 kDa
45 kDa
47 kDa

76 kDa
49 kDa
36 kDa
53 kDa
55 kDa

39 kDa

46 kDa

17 kDa
55 kDa

92 kDa
78 kDa
55 kDa

12 kDa

11.3
1.8
1.1
3.0
5.0

6.1

4.8
15
1.8
15
15

2.2
2.2
3.0
2.8
9.3
2.9
#DIV/0!
#DIV/0!
0.6
0.8
0.9

0.6
0.6
0.8
0.7
0.8

0.2

0.7

0.6
0.5

0.4
0.5
0.4

0.7

0.6
33.5
118.5
54
0.7

5.8

4.3
140.8
5.6
9.0
10.7

18.5
28.0
14.7
31.7
4.7
16.0
0.0
0.0
614.6
239.1
243.2

77.1
111.3
108.6
51.0
62.9

57.4

80.0

276.9
77.5

22.6
38.1
63.4

378.2

6.3
60.2
136.0
16.4
3.7

35.1

20.6
217.9
10.2
13.5
15.5

40.2
61.9
43.8
88.8
43.9
45.9
16.9
21.4
338.1
202.6
213.4

49.0
66.9
82.6
34.5
49.8

8.7

53.9

177.9
42.6

9.9
17.3
22.7

253.7



acyl-CoA dehydrogenase fadE4 (569 aa)
dehydrogenase (460 aa)

prolyl-tRNA synthetase proS (583 aa)
integration host factor mihF (191 aa)

respiratory nitrate reductase alpha chain
narG (1233 aa)

pyruvate dehydrogenase E1 component
aceE (902 aa)

oxidoreductase (294 aa)

conserved hypothetical protein (184 aa)
oxidoreductase beta subunit (374 aa)
conserved hypothetical protein (289 aa)
oxidoreductase (308 aa)
transketolase tkt (701 aa)

NADH dehydrogenase | chain G nuoG (807
aa)

enoyl-CoA hydratase echA21 (275 aa)
succinate dehydr ogenase flavoprotein
subunit sdhA (591 aa)

superoxide dismutase sodA (208 aa)

elongation factor G fusA2 (715 aa)
short-chain type dehydrogenase ephD (593
aa)

acetyl-CoA synthetase acs (652 aa)

aldehyde dehydrogenase (508 aa)
conserved hypothetical protein (152 aa)
fatty-acid-CoA ligase fadD6 (598 aa)
conserved hypothetical protein (436 aa)

transcription antitermination protein nusG
(239 aa)
50S ribosomal protein L16 rplP (139 aa)

cation-transporter ATPasel ctpl (1633 aa)

coenzyme F420-dependent oxidor eductase
(348 aa)
anion transporter ATPase (387 aa)

lipoprotein IppZ (374 aa)

ATP-dependent DNA helicase helY (907
aa)

GDP-D-mannose dehydratase gmdA (341
aa)

NADP-dependent alcohol dehydrogenase
adhC (347 aa)

conserved membrane protein (473 aa)

dihydrodipicolinate reductase dapB (246
aa)
conserved hypothetical protein (215 aa)

Rv0231.1
Rv2280.1
Rv2845c.1
Rv1388.1
Rv1161.1

Rv2241.1

Rv2129c.1
Rv3867.1

Rv2454c.1
Rv2161c.1
Rv1855c.1
Rv1449c.1
Rv3151.1

Rv3774.1
Rv3318.1

Rv3846.1
Rv0120c.1
Rv2214c.1

Rv3667.1
Rv0458.1
Rv3547.1
Rv1206.1
Rv3722c.1
Rv0639.1

Rv0708.1
Rv0107c.1
Rv3520c.1

Rv3680.1
Rv3006.1
Rv2092c.1

Rv1511.1
Rv3045.1

Rv0290.1
Rv2773c.1

Rv3241c.1

195

63 kDa
48 kDa
63 kDa
21 kDa
137 kDa

100 kDa

31 kDa
20 kDa
40 kDa
31 kDa
33 kDa
76 kDa
85 kDa

29 kDa
65 kDa

23 kDa
76 kDa
64 kDa

71 kDa
55 kDa
17 kDa
64 kDa
47 kDa
25 kDa

16 kDa
170 kDa
38 kDa

41 kDa
39 kDa
100 kDa

38 kDa

37 kDa

48 kDa
26 kDa

25 kDa

0.2
0.5
0.6
0.6
0.4

0.4

0.5
0.6
0.6
0.6
0.7
0.2
0.1

0.6
0.4

0.8
0.4
0.4

0.5
0.5
0.6
0.2
0.0
0.8

0.7
0.2
0.4

0.6
0.5
0.1

0.0

0.2

0.7
0.6

0.5

21.1
46.2
25.7
80.4
24.8

20.0

81.8
208.7
51.7
101.6
42.1
30.3
22.7

52.1
24.8

93.2
33.5
27.5

20.4
47.3
136.6
40.5
2.3
86.5

60.3
2.8
12.5

26.7
48.9
4.0

9.7

33.6

29.5
75.9

43.5

3.5
22.3
14.2
48.1
9.2

8.2

41.3
123.3
29.7
64.4
27.9
6.4
3.0

29.3
9.5

72.7
12.7
11.7

10.2
25.0
82.0
8.7
0.0
69.6

39.3
0.5
4.8

15.3
24.3
0.3

0.0

8.2

20.8
42.9

21.6



long-chain fatty-acid-CoA ligase fadD12
(536 aa)

periplasmic super oxide dismutase sodC
(241 aa)

DNA/pantothenate metabolism
flavoprotein dfp (419 aa)

conserved hypothetical protein (436 aa)

transmembr ane carbonic anhydr ase (765
aa)

iron-sulfur-binding reductase (883 aa)
hypothetical alanineand valinerich
protein (296 aa)

acyl-CoA dehydrogenase fadE1 (448 aa)

prolinerich membrane-anchored mycosin
mycP5 (586 aa)
conserved membrane protein (661 aa)

conserved hypothetical protein (132 aa)
oxidoreductase (461 aa)

acetolactate synthase small subunit ilvN
(169 aa)
enoyl-CoA hydratase echA16 (250 aa)

conserved alanine and leucinerich protein
(885 aa)
amino acid decar boxylase (948 aa)

polyphosphate kinase ppk (743 aa)
fatty-acid-CoA ligase fadD13 (504 aa)
conserved hypothetical protein (326 aa)

transmembrane cytochrome C oxidase
subunit |l ctaC (364 aa)
dehydrogenase (398 aa)

30Sribosomal protein S9rpsl (152 aa)
peroxidoxin bepB (155 aa)

conserved hypothetical protein (158 aa)
30S ribosomal protein S15 rpsO (90 aa)
restriction system protein mrr (307 aa)
inor ganic pyrophosphatase ppa (163 aa)
lipoprotein IprF (262 aa)

ubiquinol-cytochrome C reductase qcrC
cytochrome C subunit (281 aa)
conserved hypothetical protein (473 aa)

cholesterol oxidase precursor choD (579
aa)

NADH dehydrogenase | chain D nuoD (441
aa)

transmembrane serine/threonine-protein
kinase B pknB (627 aa)

30S ribosomal protein S13rpsM (125 aa)

Rv1427c.1
Rv0432.1
Rv1391.1

Rv1232c.1
Rv3273.1

Rv0338c.1
Rv3090.1

Rv0131c.1
Rv1796.1

Rv2345.1
Rv0523c.1
Rv1751.1
Rv3002c.1

Rv2831.1
Rv2567.1

Rv2531c.1
Rv2984.1
Rv3089.1
Rv2410c.1
Rv2200c.1

Rv3726.1
Rv3442c.1
Rv1608c.1
Rv0857.1
Rv2785c.1
Rv2528c.1
Rv3628.1
Rv1368.1
Rv2194.1

Rv3087.1
Rv3409c.1

Rv3148.1
Rv0014c.1

Rv3460c.1

196

58 kDa

24kDa

44 kDa

47 kDa
81 kDa

95 kDa
32 kDa

50 kDa
60 kDa

70 kDa
15 kDa
50 kDa
18 kDa

27 kDa
95 kDa

106 kDa
83 kDa
54 kDa
36 kDa
40 kDa

42 kDa
16 kDa
17 kDa
18 kDa
10 kDa
34 kDa
18 kDa
27 kDa
29 kDa

53 kDa
63 kDa

48 kDa

67 kDa

14 kDa

0.2

0.5

0.4

0.3
0.3

0.1
0.4

0.2
0.2

0.4
0.3
0.4
0.3

0.3
0.1

0.2
0.2
0.2
0.6
0.3

0.4
0.1
0.5
0.3
0.2
0.2
0.5
0.5
0.5

0.0
0.4

0.1

0.1

0.0

29.9

60.9

18.3

35.1
17.0

4.9
58.7

6.0
19.9

17.6
89.0
10.1
29.7

46.6
7.9

2.8
8.6
16.5
27.6
22.9

27.6
65.9
36.6
52.7
149.4
46.8
100.6
72.6
29.7

23.3
14.4

18.1

12.2

48.1

6.8

30.6

7.7

8.9
4.3

0.4
26.2

13
3.5

7.0
31.0
4.1
8.1

11.7
1.0

0.6
15
29
15.7
6.1

10.3
3.4

19.7
15.5
36.4
115
48.9
36.5
151

1.1
6.5

1.2

1.7

2.3



conserved hypothetical protein (225 aa)
transposase (571 aa)
phosphoglucomutase pgmA (548 aa)
conserved hypothetical protein (326 aa)

NADH dehydrogenase | chain C nuoC (237
aa)

phosphoribosylfor mylglycinamidine cyclo-
ligase purM (365 aa)

esterase lipM (432 aa)

arylsulfatase atsA (788 aa)

riboflavin biosynthesis protein ribG (340
aa)
oxpp cycle protein opcA (304 aa)

transmembr ane serine/threonine-protein
kinase E pknE (567 aa)
phosphoserine phosphatase ser B2 (410 aa)

tyrosyl-tRNA synthasetyrS (425 aa)
hypothetical protein (430 aa)
conserved membrane protein (329 aa)

membrane-associated phospholipase C 2
plcB (513 aa)
conserved hypothetical protein (373 aa)

acyl-CoA dehydrogenase fadE7 (396 aa)
epoxide hydrolase ephA (323 aa)

transcriptional regulator, tetR-family (222
aa)
M CE-family protein mcelF (516 aa)

conserved hypothetical protein (403 aa)
oxidoreductase (318 aa)

M CE-family protein mcelC (516 aa)
conserved hypothetical protein (234 aa)
quinone oxidor eductase (323 aa)
transcriptional regulator (141 aa)
phosphate acetyltransferase pta (691 aa)
mycolic acid synthase pcaA (288 aa)
conserved hypothetical protein (475 aa)
penicillin-binding protein pbpA (492 aa)
conserved hypothetical protein (470 aa)
mycothiol conjugate amidase mca (289 aa)
lipase lipD (447 aa)

nitrogen regulatory protein P-11 gIinB (113
aa)

transcriptional regulator, marR-family
(209 aa)

oxidoreductase (462 aa)

Rv2557.1
Rv3327.1
Rv3068c.1
Rv1021.1
Rv3147.1

Rv0809.1

Rv2284.1
Rv0711.1
Rv1409.1

Rv1446¢.1
Rv1743.1

Rv3042c.1
Rv1689.1
Rv2305.1
Rv0347.1
Rv2350c.1

Rv0906.1
Rv0400c.1
Rv3617.1
Rv3295.1

Rv0174.1
Rv3864.1
Rv2263.1
Rv0171.1
Rv3702c.1
Rv0149.1
Rv0474.1
Rv0408.1
Rv0470c.1
Rv3088.1
Rv0016¢c.1
Rv0221.1
Rv1082.1
Rv1923.1
Rv2919c.1

Rv0042c.1

Rv3790.1

197

24 kDa
63 kDa
58 kDa
35 kDa
27 kDa

38 kDa

47 kDa
86 kDa
35 kDa

33 kDa
61 kDa

43 kDa
46 kDa
46 kDa
37 kDa
56 kDa

41 kDa
42 kDa
35 kDa
25 kDa

54 kDa
42 kDa
34 kDa
54 kDa
25 kDa
33 kDa
15 kDa
73 kDa
33 kDa
51 kDa
52 kDa
52 kDa
33 kDa
47 kDa
12 kDa

22 kDa

50 kDa

0.1
0.1
0.0
0.7
0.5

0.1

0.2
0.0
0.1

0.1
0.0

0.0
0.6
0.5
0.1
0.3

0.4
0.0
0.5
0.1

0.3
0.4
0.1
0.2
0.3
0.0
0.6
0.4
0.0
0.0
0.0
0.0
0.0
0.4
0.3

0.2

0.2

66.4
17.5
2.4

22.5
45.2

14.6

11.6
7.2
13.8

26.5
53

8.2
6.3
14.7
9.1
24.0

134
5.8

26.8
31.8

25.9
24.0
10.5
16.9
29.8
8.2
68.9
7.2
6.9
18.9
6.1
9.2
3.5
16.4
80.2

24.0

12.3

9.8
2.3
0.0
15.6
22.7

1.6

2.0
0.0
0.8

2.8
0.0

0.0
3.7
8.1
0.7
6.5

4.7
0.0
14.4
2.4

6.5
9.5
0.8
3.1
7.6
0.0
41.0
3.2
0.0
0.5
0.0
0.0
0.0
6.6
28.0

3.6

2.3



cutinase cut2 (231 aa)
moaD-moaE fusion protein moax (222 aa)
conserved hypothetical protein (329 aa)

zinc-type alcohol dehydrogenase NAD
dependent adhB (376 aa)
30S ribosomal protein S19 rpsS (94 aa)

invasion-associated protein (231 aa)
isocitrate dehydrogenaseicd1 (410 aa)
conserved lipoprotein (558 aa)
phospholipase C 3 plcC (509 aa)

dTDP-rha:a-D-glcnac-diphosphoryl
polyprenol, a-3-L-rhamnosyl transferase
wbbL 1 (302 aa)

PE family protein (99 aa)

adenylyl cyclase (398 aa)
PPE family protein (540 aa)
conserved secreted protein (113 aa)

O-succinylhomoserine sulfhydrylase metZ
(407 aa)

alternative RNA polymer ase sigma factor
sigJ (313 aa)

conserved hypothetical protein (308 aa)
conserved hypothetical protein (167 aa)
conserved hypothetical protein (211 aa)

lipid transfer protein or keto acyl-CoA
thiolase Itp4 (355 aa)

ferric uptakeregulation protein furA (151
aa)

outer membrane protein A ompA (327 aa)
conserved hypothetical protein (94 aa)
hydrolase (345 aa)
methylated-DNA-protein-cysteine
methyltransferase ogt (166 aa)
hypothetical exported protein (137 aa)

conserved hypothetical protein (130 aa)

Rv2301.1
Rv3323c.1
Rv0496.1
Rv0761c.1

Rv0705.1

Rv1566¢.1
Rv3339c.1
Rv2585c.1
Rv2349c.1
Rv3265c.1

Rv3477.1
Rv1264.1
Rv1387.1
Rv0559c.1
Rv0391.1

Rv3328c.1

Rv3075c.1
Rv2616.1
Rv2680.1
Rv3522.1

Rv1909c.1

Rv0899.1
Rv3269.1
Rv1333.1
Rv1316¢.1

Rv0203.1
Rv3541c.1

198

24 kDa
24 kDa
35 kDa
40 kDa

11 kDa
24 kDa
46 kDa
59 kDa
55 kDa
33 kDa

10 kDa
42 kDa
55 kDa
12 kDa
43 kDa

34 kDa

33 kDa
18 kDa
23 kDa
38 kDa

16 kDa

34 kDa
10 kDa
34 kDa
18 kDa

14 kDa
14 kDa

0.6
0.4
0.4
0.0

0.1
0.0
0.0
0.2
0.0
0.0

0.4
0.1
0.1
0.2
0.1

0.2

0.0
0.1
0.0
0.0

0.0

0.2
0.1
0.1
0.0

0.1
0.2

26.0
39.1
12.1
151

74.8
31.7
3.2
7.1
7.9
5.5

67.7
59
8.0
50.3
4.9

11.8

6.5

28.0
20.6
12.2

15.6

7.2

42.7
10.6
20.3

31.7
12.9

15.3
14.7
4.8
0.0

5.1
1.1
0.0
1.6
0.0
0.0

20.1
0.7
0.9
12.2
0.7

2.5

0.0
3.0
0.0
0.0

0.0

15
2.8
0.9
0.0

21
2.0



Appendix Table 3. Significantly different proteins in the CFP of the clabalratorypair

I dentified Proteins p<0.05 (t-test)

catalase-peroxidase-per oxynitritase T
katG (741 aa)
5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferase metE
(760 aa)

ATP-dependent clp protease proteolytic
subunit 2 clpP2 (215 aa)

iron-dependent repressor and activator
ideR (231 aa)

peroxiredoxin ahpE (154 aa)

conserved hypothetical protein (98 aa)
cutinase cut2 (231 aa)

diaminopimelate decar boxylase lysA
(448 aa)

hypothetical glycinerich protein (144
aa)

conserved alanine and argininerich
protein (451 aa)

conserved hypothetical protein (133 aa)

dehydrogenase/r eductase (389 aa)

fructose-bisphosphate aldolase fba (345
aa)

lipoprotein IprA (245 aa)

conserved hypothetical protein (179 aa)
50S ribosomal protein L9 rpll (153 aa)

ATP-dependent DNA helicase helY (907
aa)

enoyl-CoA hydratase echA15 (277 aa)
conserved hypothetical protein (148 aa)

ATP-dependent protease ATP-binding
subunit clpC1 (849 aa)
acetyl/propionyl-CoA carboxylase beta
subunit accD6 (474 aa)

hypothetical exported protein (198 aa)

dihydrolipoamide S-acetyltransferase
E2 component pdhC (394 aa)
glutamyl-tRNA(gln) amidotransferase
subunit C gatC (100 aa)

short-chain type

dehydrogenase/r eductase (259 aa)

Accession  Molecular
Number Weight
Rv1908c.1 81 kDa

Rv1133c.1 82 kDa

Rv2460c.1 24 kDa
Rv2711.1 25kDa

Rv2238c.1 17 kDa
Rv0250c.1 11 kDa
Rv2301.1 24 kDa
Rv1293.1 47 kDa

Rv2307B.1 15 kDa
Rv2731.1 50 kDa

Rv3849.1 15kDa
Rv0331.1 41 kDa
Rv0363c.1 37 kDa

Rv1270c.1 25 kDa
Rv3780.1 20 kDa
Rv0056.1 16 kDa
Rv2092c.1 100 kDa

Rv2679.1 30kDa
Rv0854.1 16 kDa
Rv3596¢c.1 94 kDa

Rv2247.1 50 kDa

Rv1910c.1 20 kDa
Rv2495c.1 41 kDa

Rv3012c.1 11 kDa

Rv2857c.1 27 kDa

199

Fold
Change
(INH¢/
INHr)

2.69

1.68

1.88

1.17

3.34
1.26
1.31
1.67

2.13

2.05

1.66
1.26
0.90

0.86
0.90
0.72
0.17

0.83
0.63
0.10

0.00

0.75
0.39

0.59

0.25

INHr x 1000

NSAF

Averagelab  Averagelab
INHs X

68.30 183.78
26.55 44.71
23.60 44.34
75.09 87.61
8.76 29.22
117.88 148.50
40.76 53.41
10.18 16.99
16.78 35.76
8.77 18.01
29.85 49.47
15.81 19.95
285.12 255.67
131.15 113.26
182.55 163.66
102.52 73.71
6.44 1.12
79.65 65.72
150.52 95.34
3.32 0.32
2.72 0.00
47.53 35.82
12.03 4.63
58.89 34.57
20.21 4.97



Appendix Table 4. Significantly different proteins in the CFP of the clonal dlipaa

I dentified Proteins p<0.05 (t-test)

catalase-peroxidase-peroxynitritase T katG
(741 aa)

adenosylhomocysteinase sahH (496 aa)
bacterioferritin bfrB (182 aa)
fructose-bisphosphate aldolase fba (345 aa)
inor ganic pyrophosphatase ppa (163 aa)
conserved alaninerich protein (271 aa)
conserved hypothetical protein (787 aa)
bacterioferritin bfrA (160 aa)

50S ribosomal protein L7/L12 rplL (131 aa)
ferredoxin-dependent nitritereductase SirA
(564 aa)

ATP phosphoribosyltransferase hisG (285
aa)

enoyl-CoA hydratase echA9 (346 aa)
thioredoxin trxB1 (124 aa)

oxidoreductase (283 aa)

pyruvate kinase pykA (473 aa)
succinyl-CoA: 3-ketoacid-coenzyme A
transferase alpha subunit scoA (249 aa)
50S ribosomal protein L4 rplD (224 aa)
conserved hypothetical protein (308 aa)
50S ribosomal protein L10 rplJ (179 aa)
conserved hypothetical protein (149 aa)
phosphoglycer ate mutase gpm?2 (204 aa)
conserved hypothetical protein (185 aa)
glycogen phosphorylase glgP (864 aa)

alkyl hydroperoxidereductase D protein
ahpD (178 aa)

acyl-CoA dehydrogenase fadE7 (396 aa)
conserved hypothetical protein (286 aa)
dihydroxy-acid dehydratase ilvD (576 aa)
hypothetical protein (84 aa)

30Sribosomal protein S7 rpsG (157 aa)
acyl-CoA dehydrogenase fadE25 (390 aa)
hypothetical protein (55 aa)

conserved hypothetical protein (147 aa)
F420-dependent glucose-6-phosphate
dehydrogenase fgd1 (337 aa)

thioredoxin reductase trxB2 (336 aa)
conserved hypothetical protein (449 aa)
50S ribosomal protein L30 rpmD (66 aa)
heat shock protein hsp (160 aa)
glutamate-1-semialdehyde 2,1-aminomutase
hemL (463 aa)

30Sribosomal protein S17 rpsQ (137 aa)
ribonuclease rphA (260 aa)
dihydrolipoamide S-acetyltransferase E2
component BdkC(394 aa)

Accession
Number

Rv1908c.1

Rv3248c.1
Rv3841.1
Rv0363c.1
Rv3628.1
Rv2744c.1
Rv3401.1
Rv1876.1
Rv0652.1
Rv2391.1

Rv2121c.1

Rv1071c.1
Rv1471.1
Rv2971.1
Rv1617.1

Rv2504c.1

Rv0702.1
Rv3075c.1
Rv0651.1
Rv1558.1
Rv3214.1
Rv3614c.1
Rv1328.1
Rv2429.1

Rv0400c.1
Rv3463.1
Rv0189c.1
Rv0634A.1
Rv0683.1
Rv3274c.1
Rv3489.1
Rv2175c.1
Rv0407.1

Rv3913.1
Rv2141c.1

Rv0722.1
Rv0251c.1

Rv0524.1

Rv0710.1

Rv1340.1
Rv2495c.1
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M olecular
Weight

81 kDa

54 kDa
20 kDa
37 kDa
18 kDa
29 kDa
87 kDa
18 kDa
13 kDa
63 kDa

30 kDa

36 kDa
13 kDa
30 kDa
51 kDa
26 kDa

24 kDa
33 kDa
18 kDa
16 kDa
22 kDa
20 kDa
96 kDa
19 kDa

42 kDa
31 kDa
59 kDa
9 kDa
18 kDa
42 kDa
6 kDa
16 kDa
37 kDa

36 kDa
48 kDa
7 kDa

18 kDa
48 kDa

15 kDa
27 kDa
41 kDa

Fold
Change
(INH¢/
INHr)

25.1

1.2
1.8
2.3
3.6
7.3
4.4
2.2
1.4
5.1

3.4

5.3
6.1
6.1
5.0
#DIV/0!

9.3
9.4
6.3
22.2
2.9
#DIV/0!
6.6
14.7

#DIV/0!
#DIV/O!
21.1
12.0
#DIV/0!
18.1
6.4
#DIV/0!
4.6

5.3
#DIV/0!
#DIV/0!

14.2
#DIV/O!

#DIV/0!
7.7
#DIV/0!

NSAF
Average
clinical
INHr x

14.7

136.6
487.8
40.2
136.2
28.6
27.4
350.3
285.4
17.7

48.2

31.3
56.3
9.4
11.2
0.0

8.7
6.0
31.1
6.0
31.8
0.0
3.1
10.0

0.0
0.0
2.9
10.6
0.0
2.3
30.7
0.0
18.6

7.9
0.0
0.0
6.6
0.0

0.0
3.7
0.0

Average
clinical
INHs X
1000
370.4

162.0
869.4

92.5
485.3
208.5
121.3
753.5
398.9

91.2

166.1

164.7
341.2
57.2
56.5
38.7

80.8
56.4
195.6
132.1
92.2
28.1
20.3
146.8

66.5
33.5
60.6
127.1
142.5
41.0
195.4
42.0
85.1

42.2

3.3
65.2
93.2
18.8

53.5
28.8
13.4



conserved hypothetical protein (208 aa)
conserved hypothetical protein (284 aa)
preprotein translocase secE1 (162 aa)

heat shock protein hspX (145 aa)
immunogenic protein mpt64 (229 aa)

low molecular weight protein antigen cfp2
(169 aa)

alanine and prolinerich secreted protein apa
(326 aa)

enolase eno (430 aa)

conserved hypothetical protein (528 aa)

10 kda culturefiltrate antigen esxB (101 aa)
Esat-6 like protein esxP (99 aa)

6 kda early secretory antigenic target esxA
(96 aa)

conserved alanine and glycinerich protein
(393 aa)

conserved hypothetical protein (91 aa)
soluble secreted antigen mpt53 precur sor
(174 aa)

protein transport protein secE2 (72 aa)
conserved hypothetical protein (157 aa)
bifunctional membrane-associated penicillin-
binding protein 1A/1B ponA2 (811 aa)
3-isopropylmalate dehydr ogenase leuB (337
aa)

conserved hypothetical protein (184 aa)
conserved hypothetical protein (215 aa)
acetyl-CoA acetyltransferase fadA6 (387 aa)
CpsAl (499 aa)

conserved hypothetical protein (527 aa)
hypothetical protein (381 aa)
invasion-associated protein (473 aa)
conserved hypothetical protein (80 aa)
conserved hypothetical protein (86 aa)
hypothetical exported protein (198 aa)
hypothetical protein (183 aa)
dihydrodipicolinate reductase dapB (246 aa)
M CE-family protein mcelF (516 aa)
conserved hypothetical protein (685 aa)

M CE-associated membrane protein (245 aa)
conserved hypothetical protein (403 aa)
conserved hypothetical protein (386 aa)
acetyl-CoA acetyltransferase fadA5 (392 aa)
conserved hypothetical protein (242 aa)
conserved secreted protein (114 aa)

Rv1700.1
Rv3099c.1

Rv0638.1
Rv2031c.1
Rv1980c.1
Rv2376c.1

Rv1860.1

Rv1023.1
Rv0020c.1

Rv3874.1
Rv2347c.1

Rv3875.1

Rv3616c.1

Rv3208A.1
Rv2878c.1

Rv0379.1
Rv1906¢.1
Rv3682.1

Rv2995c.1

Rv3867.1
Rv3705c.1
Rv3556¢.1

Rv3267.1

Rv1130.1

Rv1887.1

Rv1477.1
RvO787A.1
Rv1638A.1
Rv1910c.1

Rv3033.1
Rv2773c.1

Rv0174.1
Rv0822c.1

Rv0178.1

Rv3864.1
Rv2190c.1

Rv3546.1

Rv3717.1
Rv1271c.1
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23 kDa
31 kDa
17 kDa
16 kDa
25 kDa
17 kDa

33 kDa

45 kDa
57 kDa
11 kDa
11 kDa
10 kDa

40 kDa

9 kDa
18 kDa

8 kDa
16 kDa
85 kDa

35 kDa

20 kDa
22 kDa
41 kDa
51 kDa
58 kDa
40 kDa
50 kDa
9 kDa
10 kDa
20 kDa
19 kDa
26 kDa
54 kDa
73 kDa
26 kDa
42 kDa
40 kDa
41 kDa
25 kDa
12 kDa

#DIV/0!

#DIV/0!

#DIV/O!
0.4
0.6
0.2

0.4

0.7
0.3
0.4
0.2
0.5
0.4

0.2
0.3

0.2
0.4
0.4

0.2

0.1
0.2
0.2
0.2
0.1
0.2
0.2
0.4
0.7
0.2
0.4
0.1
0.2
0.2
0.3
0.4
0.1
0.0
0.0
0.0

0.0
0.0
0.0
1309.5
593.6
1973.5

566.8

2451
112.1
1805.9
1243.7
703.7

276.2

568.5
310.8

731.6
341.0
47.3

165.5

55.1
147.1
22.4
74.3
81.9
104.5
65.2
154.2
179.6
130.2
46.6
166.7
54.9
15.0
60.3
41.8
32.3
37.7
47.1
220.1

61.3
28.6
59.1
466.0
363.0
421.9

239.5

165.1

35.5
656.6
288.3
342.8

122.3

91.0
83.0

119.3
134.1
17.0

29.0

6.0
30.7
5.4
18.0
6.2
20.5
9.9
55.0
119.8
26.7
20.4
19.0
9.2
3.3
16.2
17.2
2.1
0.0
0.0
0.0



Appendix Table 5. Significantly different proteins in the Cytosol of the clonaldaduyr pair

NSAF
Identified Proteins p<0.05 (t-test) Accession Molecular Fold Average Average
Number Weight Change lab INHr x lab
(INH¢ 1000 INHs X
INHTr) 1000
heat shock protein hspX (145 aa) Rv2031c.1 16 kDa 1.27 1511.70 1927.17
catalase-peroxidase-peroxynitritase T katG ~ Rv1908c.1 81 kDa 3.08 92.36 284.09
(741 aa
adenoszllhomocystei nase sahH (496 aa) Rv3248c.1 54 kDa 1.13 197.02 222.23
acetohydroxyacid synthaseilvX (516 aa) Rv3509c.1 52 kDa 1.87 52.50 98.37
secr eted fibronectin-binding protein Rv3804c.1 36 kDa 1.30 143.69 186.89
antigen fbpA (339 aa)
conserved hypothetical protein (298 aa) Rv2623.1 32 kDa 1.57 167.82 263.52
quinonereductase gor (329 aa) Rv1454c.1 34 kDa 1.76 74.39 130.87
cyclopropane-fatty-acyl-phospholipid Rv0503c.1 35 kDa 1.78 46.41 82.75
synthase 2 cmaA2 (303 aa)
nicotinate-nucleotide pyrophosphatase Rv1596.1 30 kDa 1.59 54.40 86.76
nadC (286 aa)
glutamine synthetase ginA2 (447 aa) Rv2222c.1 50 kDa 1.20 53.76 64.70
nucleoside diphosphate kinase ndkA (137 Rv2445c.1 15 kDa 1.34 137.36 183.89
aa)
50S ribosomal protein L3 rplC (218 aa) Rv0701.1 23 kDa 1.58 80.97 127.56
conserved hypothetical protein (95 aa) Rv1738.1 11 kDa 1.17 217.08 253.11
phosphoribosylfor mimino-5- Rv1603.1 26 kDa 1.67 38.13 63.51
aminoimidazole carboxamideribotide
isomerase hisA (246 aa)
conserved hypothetical protein (73 aa) Rv1893.1 7 kDa 3.20 78.89 252.30
extragenic suppressor protein suhB (291aa) Rv2701c.1 30 kDa 3.30 8.68 28.61
conserved alanine, glycine and valinerich Rv2696¢.1 27 kDa 1.38 17.90 24.62
protein (260 aa)
methoxy mycolic acid synthase 1 mmaA1 Rv0645c.1 33 kDa 1.69 11.71 19.81
287 aa)
fdeoxyc&tidinetriphosphate deaminase dcd Rv0321.1 21 kDa 1.58 26.35 41.55
191 aa
éonserv)ed hypothetical protein (148 aa) Rv1155.1 16 kDa 3.56 9.33 33.20
fatty-acid oxidation protein fadB (721 aa) Rv0860.1 76 kDa 0.88 198.99 175.16
60 kda chaperonin 1 groEL 1 (540 aa) Rv3417c.1 56 kDa 0.89 307.75 272.81
pyruvate dehydrogenase E2 component Rv2215.1 57 kDa 0.84 265.98 222.24
DlaT (554 aa)
DNA-directed RNA polymerasealphachain  Rv3457c.1 38 kDa 0.93 309.72 288.62
rpoA (348 aa)
conserved hypothetical protein (632 aa) Rv0282.1 68 kDa 0.42 177.52 73.87
trigger factor protein tig (467 aa) Rv2462c.1 51 kDa 0.72 291.49 210.10
chaperone protein htpG (648 aa) Rv2299c.1 73 kDa 0.80 183.83 147.74
polyketide synthase pksl3 (1734 aa) Rv3800c.1 186 kDa 0.65 61.47 39.89
fatty-acid-CoA ligase fadD32 (638 aa) Rv3801c.1 69 kDa 0.19 122.26 23.74
alkyl hydroperoxidereductase C protein Rv2428.1 22 kDa 0.75 644.69 482.24
ahpC (196 aa)
conserved hypothetical protein (574 aa) Rv3868.1 62 kDa 0.47 47.92 22.55
conserved alanineand argininerich protein  Rv2731.1 50 kDa 0.68 68.92 46.56
451 aa
gOS ribzasomal protein $4 rpsD (202 aa) Rv3458c.1 23 kDa 0.78 151.42 118.75

202



methoxy mycolic acid synthase 2 mmaA2
(288 aa)

long-chain fatty-acid-CoA ligase fadD15
(601 aa)

transcriptional regulator embR (389 aa)
conserved hypothetical protein (243 aa)
conserved hypothetical protein (246 aa)
conserved alaninerich protein (271 aa)
fatty-acid-CoA ligase fadD36 (474 aa)
RNA polymerase sigma factor sigA (529 aa)
2-hydr oxy-6-oxo-6-phenylhexa-2,4-dienoate
hydrolase bphD (292 aa)

preprotein translocase AT Pase secA2 (809
aa)

pantoate-beta-alanine ligase panC (310 aa)
conserved hypothetical protein (141 aa)
conserved transmembrane ATP-binding
protein ABC transporter (866 aa)

zinc metallopr otease (664 aa)

cell division protein ftsZ (380 aa)

peptide methionine sulfoxide reductase
msrA (183 aa)

two component system transcriptional
regulator phoP (248 aa)

lipoprotein IppD (344 aa)
3-hydroxyisobutyrate dehydr ogenase mmsB
(295 aa)

oxidoreductase (373 aa)

transcriptional regulator (260 aa)
conserved hypothetical protein (378 aa)
conserved hypothetical protein (304 aa)
cyclopropane-fatty-acyl-phospholipid
synthase 1 cmaAl (288 aa)

conserved hypothetical protein (316 aa)
conserved hypothetical protein (268 aa)
precor rin-8x methylmutase cobH (209 aa)
thiosulfate sulfurtransferase sseB (285 aa)
histidinol-phosphate aminotransfer ase
hisC1 (381 aa)

acyl-CoA dehydrogenase fadE19 (395 aa)
phosphoribosylamine-glycine ligase pur D
(423 aa)

protease (233 aa)

Rv0644c.1
Rv2187.1

Rv1267c.1
Rv0730.1
Rv2927c.1
Rv2744c.1
Rv1193.1
Rv2703.1
Rv3569c.1

Rv1821.1

Rv3602c.1
Rv0390.1
Rv1747.1

Rv0198c.1
Rv2150c.1
Rv0137c.1

Rv0757.1

Rv1899c.1
Rv0751c.1

Rv1260.1
Rv1719.1
Rv1367c.1
Rv1896¢.1
Rv3392c.1

Rv0819.1
Rv0295c.1
Rv2065.1
Rv2291.1
Rv1600.1

Rv2500c.1
Rv0772.1

Rv3668c.1

203

33 kDa

64 kDa

42 kDa
26 kDa
27 kDa
29 kDa
50 kDa
58 kDa
32 kDa

89 kDa

33 kDa
15 kDa
92 kDa

74 kDa
39 kDa
20 kDa

28 kDa

35 kDa
30 kDa

41 kDa
28 kDa
41 kDa
33 kDa
32 kDa

34 kDa
30 kDa
22 kDa
29 kDa
41 kDa

42 kDa
44 kDa

23 kDa

0.65

0.50

0.18
0.57
0.73
0.32
0.56
0.53
0.51

0.14

0.00
0.79
0.11

0.54
0.08
0.17

0.23

0.22
0.41

0.04
0.08
0.22
0.41
0.28

0.04
0.00
0.20
0.00
0.28

0.11
0.00

0.12

37.64

30.34

38.15
98.90
112.01
93.70
48.87
46.86
34.95

12.56

60.59
114.27
3.68

13.91
35.49
44.84

30.39

24.65
17.61

26.18
34.91

4.21
25.69
13.03

28.63

5.26
16.40
41.60
13.42

15.00
3.42

12.05

2451

15.16

7.02
56.05
81.75
30.08
27.53
24.86
17.77

1.72

0.00
90.84
0.40

7.49
2.73
7.47

7.07

5.39
7.25

0.92
2.64
0.91
10.61
3.60

111
0.00
3.29
0.00
3.81

1.72
0.00

1.50



Appendix Table 6. Significantly different proteins in the Cytosol of the clonatalipiair

Identified Proteins p<0.05 (t-test)

endopeptidase ATP binding protein chain
B clpB (849 aa)

catalase-per oxidase-peroxynitritase T
katG (741 aa)

bifunctional polyribonucleotide
nucleotidyltransferase gpsl (753 aa)
S-adenosylmethionine synthetase metK
(404 aa)

mer omycolate extension acyl carrier
protein acpM (116 aa)

thiosulfate sulfurtransferase cysA2 (278
aa)

aminopeptidase N pepN (862 aa)
pyruvate kinase pykA (473 aa)
bifunctional acetyl-/propionyl-coenzyme A
carboxylase alpha chain accA3 (601 aa)
iron-regulated phosphoenolpyruvate
carboxykinase pckA (607 aa)
fatty-acid-CoA ligase fadD32 (638 aa)
alkyl hydroperoxidereductase C protein
ahpC (196 aa)

conserved hypothetical protein (208 aa)
2-isopropylmalate synthase leuA (645 aa)
thioredoxin reductase trxB2 (336 aa)
methylmalonate-semialdehyde
dehydrogenase mmsA (511 aa)
conserved hypothetical protein (436 aa)
O-acetylhomoserine sulfhydrylase metC
(450 aa)

conserved hypothetical protein (302 aa)
succinate dehydrogenase iron-sulfur
subunit (647 aa)

multifunctional mycocer osic acid synthase
membr ane-associated mas (2112 aa)
conserved hypothetical protein (134 aa)
NADH-dependent enoyl-[acyl-carrier-
protein] reductaseinhA (270 aa)

30S ribosomal protein S5 rpskE (221 aa)
conserved hypothetical protein (98 aa)
thioredoxin trxB1 (124 aa)
aminopeptidase pepB (516 aa)
aminotransfer ase (391 aa)

isocitrate lyaseicl (429 aa)
beta-1,3-glucanase precursor (295 aa)
glucanase glgE (702 aa)

alkyl hydroperoxide reductase D protein
ahpD (178 aa)

alaninerich hydrolase (246 aa)

serine protease pepD (465 aa)

Accession
Number

Rv0384c.1
Rv1908c.1
Rv2783c.1
Rv1392.1
Rv2244.1

Rv0815¢.1
(+1)
Rv2467.1
Rv1617.1
Rv3285.1

Rv0211.1

Rv3801c.1
Rv2428.1

Rv2466c¢.1
Rv3710.1
Rv3913.1
Rv0753c.1

Rv3722c.1
Rv3340.1

Rv2172c.1
Rv0248c.1

Rv2940c.1

Rv3716c.1
Rv1484.1

Rv0721.1
Rv0250c.1
Rv1471.1
Rv2213.1
Rv0075.1
Rv0467.1
Rv0315.1
Rv1327c.1
Rv2429.1

Rv2765.1
Rv0983.1

204

NSAF
Molecular  Fold Average Average
Weight Change clinical clinical
(INHY  INHr x INHs x
INHr) 1000 1000
93 kDa 141 171.90 241.56
81 kDa 4.54 79.67 362.00
80 kDa 1.34 162.80 217.55
43 kDa 1.17 381.12 447.01
13 kDa 1.35 872.75 1174.20
31 kDa 1.71 217.69 372.78
94 kDa 1.90 71.33 135.73
51 kDa 1.14 143.98 164.08
64 kDa 1.42 137.82 196.27
67 kDa 1.40 78.59 110.00
69 kDa 1.33 141.19 187.56
22 kDa 2.46 77.96 192.12
23 kDa 1.71 173.48 296.26
70 kDa 1.75 43.65 76.37
36 kDa 2.16 78.21 169.27
54 kDa 2.15 47.62 102.25
47 kDa 1.52 66.22 100.86
47 kDa 2.28 63.93 146.00
33 kDa 2.89 49.30 142.68
71 kDa 1.68 20.11 33.69
224 kDa #DIV/O 0.00 2.84
!

13 kDa 1.30 161.63 210.25
29 kDa 1.27 81.10 103.39
23 kDa 1.64 77.12 126.67
11 kDa 1.63 115.86 188.58
13 kDa 1.81 140.21 254.09
53 kDa 2.40 18.84 45.23
43 kDa 1.66 53.25 88.63
47 kDa 1.89 34.21 64.68
32 kDa 1.94 36.76 71.21
79 kDa 2.28 21.42 48.86
19 kDa 15.43 5.67 87.53
26 kDa 1.35 42.17 57.00
46 kDa 1.52 26.39 40.09



acyl-CoA dehydrogenase fadE35 (594 aa)
acetyl-CoA acetyltransferase fadA6 (387
aa)

fatty-acid-CoA ligase fadD25 (584 aa)

methionine aminopeptidase mapB (286 aa)

lipoprotein IppX (234 aa)

preprotein translocase AT Pase secA2 (809

aa)

cystathionine beta-synthase cbs (465 aa)
glycerol kinase glpK (518 aa)
thymidylate synthase thyX (251 aa)
1,4-alpha-glucan branching enzyme glgB
(732 aa)

succinyl-CoA: 3-ketoacid-coenzyme A
transfer ase beta subunit scoB (219 aa)
methyltransferase (275 aa)
glutamine-dependent NAD(+) synthetase
nadE (680 aa)

conserved hypothetical protein (164 aa)
conserved hypothetical protein (129 aa)
tranglation initiation factor IF-1infA (74
aa)

conserved hypothetical protein (237 aa)

succinyl-diaminopimelate desuccinylase
dapE (355 aa)

conserved hypothetical protein (159 aa)
adenosine deaminase add (366 aa)
conserved hypothetical protein (169 aa)
beta-glucosidase bglS (692 aa)
NAD-dependent malate oxidor eductase
mez (549 aa)

heat shock protein hsp (160 aa)
conserved hypothetical protein (116 aa)

conserved hypothetical protein (244 aa)

conserved hypothetical protein (208 aa)
5-methyltetrahydropteroyltriglutamate-

homocysteine methyltransferase metE (760

aa)

iron-regulated elongation factor tu tuf (397

aa)
iron-regulated heparin binding
hemagglutinin hbhA (200 aa)

short-chain type dehydr ogenase/r eductase

(287 aa)

DNA-directed RNA polymerase beta chain

rpoB (1173 aa)

ATP synthase beta chain atpD (487 aa)
40 kda secreted L -alanine dehydr ogenase
ald (372 aa)

3-oxoacyl-[acyl-carrier protein] reductase

fabG4 (455 aa)
fatty-acid-CoA ligase fadD2 (561 aa)
conserved hypothetical protein (272 aa)

Rv3797.1
Rv3556¢.1

Rv1521.1
Rv2861c.1
Rv2945c.1
Rv1821.1
Rv1077.1
Rv3696¢.1
Rv2754c.1
Rv1326¢.1
Rv2503c.1

Rv1405c.1
Rv2438c.1

Rv2327.1
Rv0546¢c.1
Rv3462c.1
Rv2821c.1
Rv1202.1
Rv1276¢.1
Rv3313c.1
Rv3472.1
Rv0186.1
Rv2332.1

Rv0251c.1
Rv1466.1

Rv1513.1
Rv1700.1
Rv1133c.1
Rv0685.1
Rv0475.1
Rv0148.1
Rv0667.1

Rv1310.1
Rv2780.1

Rv0242c.1

Rv0270.1
Rv0831c.1

205

65 kDa
41 kDa

63 kDa
31 kDa
24 kDa
89 kDa
49 kDa
56 kDa
28 kDa
82 kDa
23 kDa

29 kDa
75 kDa

17 kDa
14 kDa
8 kDa

26 kDa
37 kDa
16 kDa
40 kDa
19 kDa
74 kDa
59 kDa

18 kDa
12 kDa

27 kDa

23 kDa

82 kDa

44 kDa

22 kDa

30 kDa

129 kDa

53 kDa
39 kDa

47 kDa

60 kDa
30 kDa

1.46
1.48

2.01
2.42
1.87
7.40

2.82
3.29
1.83
3.65

14.63

31.40
11.12

1.60
2.95
1.99

#DIV/O
!

4.78

1.66
20.69
1.89
5.61
#DIV/O
I
11.16
#DIV/O
I

#DIV/O
|

3.43
0.62
0.50
0.50
0.86
0.51

0.39
0.44

0.58

0.62
0.89

33.14
46.17

20.15
18.26
33.50
1.24
7.04
8.36
31.64
5.27
2.30

1.75
0.71

60.41
25.19
51.37
0.00
5.28
29.35
1.22
22.19
1.45
0.00

2.83
0.00

0.00

11.35

273.80

359.13

747.03

437.36

93.77

177.81
209.51

234.38

167.11
303.87

48.41
68.13

40.42
44.16
62.69

9.19
19.83
27.50
57.78
19.24
33.68

54.86
7.84

96.94
74.28
102.31
70.20
25.21
48.70
25.16
42.02
8.14
4.29

31.63
31.07

24.84

38.92

168.97

180.56

375.13

376.49

47.76

70.02
91.94

136.74

104.15
271.03



DNA-directed RNA polymerase beta chain
rpoC (1317 aa)

transcriptional regulator, crp/fnr-family
(225 aa)

DNA topoisomerase | topA (935 aa)

two component system transcriptional
regulator (206 aa)

elongation factor G fusA2 (715 aa)
iron-regulated peptidyl-prolyl-cis-trans-
isomerase A ppiA (183 aa)

acyl-CoA thiolase fadA (404 aa)
acetyl-CoA acyltransferase fadA2 (441 aa)
quinonereductase gor (329 aa)

acyl-CoA dehydrogenase fadE25 (390 aa)
enoyl-CoA hydratase echA6 (244 aa)
ferredoxin-dependent glutamate synthase
large subunit gItB (1528 aa)

transferase (318 aa)

reductase (412 aa)

transcriptional regulator, tetR-family (222
aa)

enoyl-CoA hydratase echA8 (258 aa)
conserved hypothetical protein (116 aa)
conserved hypothetical protein (345 aa)
NADH dehydrogenase | chain G nuoG
(807 aa)

bacterioferritin bfrA (160 aa)

conserved hypothetical protein (514 aa)
RNA polymerase sigma factor sigA (529
aa)

conserved alanine and glycinerich protein
(393 aa)

immunogenic protein mpt63 (160 aa)
Esat-6 like protein esxO (95 aa)
50Sribosomal protein L2 rplB (281 aa)
fatty-acid-CoA ligase fadD13 (504 aa)
transcriptional regulator whiA (326 aa)
serine hydroxymethyltransferase 1 glyAl
(427 aa)

conserved hypothetical protein (88 aa)
NADH-dependent glutamate synthase
small subunit gitD (489 aa)

50S ribosomal protein L24 rplX (106 aa)
histidyl-tRNA synthetase hisS (424 aa)
50S ribosomal protein L13rplM (148 aa)
50Sribosomal protein L15 rplO (147 aa)
carboxylase (495 aa)

glycyl-tRNA synthetase glyS (464 aa)
transcriptional regulator, asnC-family (151
aa)

ATPase (729 aa)

two component system transcriptional
regulator phoP (248 aa)

moaD-moaE fusion protein moaX (222 aa)
hypothetical protein (225 aa)
cystathionine gamma-synthase metB (389

Rv0668.1
Rv3676.1

Rv3646¢.1
Rv1626.1

Rv0120c.1
Rv0009.1

Rv0859.1
Rv0243.1
Rv1454c.1
Rv3274c.1
Rv0905.1
Rv3859c.1

Rv1201c.1
Rv1869c.1
Rv3295.1

Rv1070c.1
Rv0801.1
Rv2159c.1
Rv3151.1

Rv1876.1
Rv2226.1
Rv2703.1

Rv3616c.1

Rv1926¢.1
Rv2346¢.1
Rv0704.1
Rv3089.1
Rv1423.1
Rv1093.1

Rv0898c.1
Rv3858c.1

Rv0715.1
Rv2580c.1
Rv3443c.1
Rv0723.1
Rv1722.1
Rv2357c.1
Rv3291c.1

Rv0435c.1
Rv0757.1

Rv3323c.1

Rv0088.1
Rv1079.1

206

147 kDa

25 kDa

102 kDa
23 kDa

76 kDa
19 kDa

42 kDa
46 kDa
34 kDa
42 kDa
26 kDa
166 kDa

33 kDa
44 kDa
25 kDa

27 kDa
13 kDa
36 kDa
85 kDa

18 kDa
56 kDa
58 kDa

40 kDa

17 kDa
10 kDa
31 kDa
54 kDa
35 kDa
45 kDa

10 kDa
53 kDa

11 kDa
45 kDa
16 kDa
16 kDa
55 kDa
53 kDa
17 kDa

75 kDa
28 kDa

24 kDa
25 kDa
41 kDa

0.44

0.66

0.60
0.80

0.78
0.78

0.87
0.70
0.80
0.72
0.46
0.50

0.64
0.54
0.65

0.52
0.83
0.31
0.57

0.61
0.13
0.51

0.82

0.71
0.52
0.33
0.61
0.52
0.12

0.56
0.58

0.14
0.00
0.03
0.17
0.60
0.21
0.71

0.16
0.51

0.65
0.59
0.16

94.27

337.57

53.83
307.76

136.78
325.68

151.81
126.41
163.86
101.33
108.72

32.53

90.38
112.82
183.67

62.13
187.13
132.01

33.81

290.33
49.53
18.69

64.79

96.95
109.55
35.11
41.66
52.92
65.59

133.75
30.73

61.16
3.42
53.10
60.73
15.06
22.32
124.24

20.14
32.28

67.83
29.30
37.47

41.44

222.85

32.17
246.73

106.96
252.85

132.31
88.22
131.56
72.59
50.36
16.21

58.23
61.15
119.60

32.29
154.92
40.70
19.29

177.20
6.23
9.45

52.93

68.77
56.82
11.66
25.50
27.70

7.99

74.55
17.73

8.67
0.00
1.83
10.59
9.06
4.78
88.59

3.28
16.61

44.38
17.34
5.98



aa)

conserved hypothetical protein (281 aa)
conserved hypothetical protein (421 aa)
acyl-CoA dehydrogenase fadE24 (469 aa)
alternative RNA polymerase sigma factor
SigH (217 aa)

peroxidoxin bepB (155 aa)

50S ribosomal protein L14 rpIN (123 aa)
molybdopterin biosynthesis protein moeA1l
(427 aa)

conserved hypothetical protein (195 aa)
endonuclease | 1 nth (246 aa)

conserved hypothetical protein (419 aa)
NADH dehydrogenase | chain C nuoC (237
aa)

L -lactate dehydrogenase [ldD2 (415 aa)
nitrate/nitrite response transcriptional
regulator narL (217 aa)
aminotransfer ase (399 aa)

methanol dehydrogenase transcriptional
regulator moxR2 (359 aa)

conserved hypothetical protein (79 aa)
dehydrogenase/reductase (249 aa)
conserved hypothetical protein (144 aa)
hypothetical protein (143 aa)

conserved hypothetical protein (169 aa)
transcriptional regulator (141 aa)
zinc-type alcohol dehydrogenase adhE2
(362 aa)

Rv0241c.1
Rv3311.1
Rv3139.1
Rv3223c.1

Rv1608c.1
Rv0714.1
Rv0994.1

Rv3773c.1
Rv3674c.1
Rv2953.1
Rv3147.1

Rv1872c.1
Rv0844c.1

Rv3778c.1
Rv3692.1

RvO500A.1
Rv0769.1
Rv1546.1
Rv0441c.1
Rv2179c.1
Rv0474.1
Rv2259.1

207

30 kDa
46 kDa
50 kDa
24 kDa

17 kDa
13 kDa
44 kDa

21 kDa
27 kDa
45 kDa
27 kDa

45 kDa
23 kDa

42 kDa
38 kDa

9 kDa

26 kDa
15 kDa
15 kDa
20 kDa
15 kDa

38 kDa

0.19
0.32
0.26
0.29

0.48
0.14
0.19

0.00
0.05
0.00
0.05

0.22
0.00

0.00
0.00

0.27
0.55
0.00
0.24
0.07
0.00

0.12

65.70
17.65
14.94
34.43

48.20
38.07
22.10

28.84
26.53

8.94
29.65

6.76
19.74

8.13
14.13

71.73
13.10
33.13
36.03
24.68
23.20

14.13

12.50
5.57
3.95
9.83

23.20
5.26
4.19

0.00
1.21
0.00
1.36

151
0.00

0.00
0.00

19.62
7.15
0.00
8.73
1.76
0.00

1.67



AppendixTable 7. Significantly different proteins in the Membrane of the clonal laboratory pa

NSAF
Identified Proteins p<0.05 (t-test) Accession  Molecular Fold Average  Average
Number Weight Change labINHr labINHs
(INH¢  x 1000 x 1000

INHr)
glutamine synthetase ginA1 (479 aa) Rv2220.1 54 kDa 1.32 680.99 901.23
S-adenosylmethionine synthetase metK Rv1392.1 43 kDa 1.42 475.19 674.46
(404 aa)
ATP-dependent clp protease proteolytic Rv2460c.1 24 kDa 1.20 961.88 1156.90
subunit 2 clpP2 (215 aa)
citrate synthase | gltA2 (432 aa) Rv0896.1 48 kDa 1.18 323.53 381.42
catalase-peroxidase-peroxynitritase T katG  Rv1908c.1 81 kDa 4.91 34.39 168.91
(741 aa)
phosphoserine aminotransferase serC (377  Rv0884c.1 40 kDa 1.36 384.73 522.70
aa)
conserved hypothetical protein (298 aa) Rv2623.1 32 kDa 1.49 386.59 576.76
glycine dehydr ogenase gcvB (942 aa) Rv1832.1 100 kDa 1.25 91.40 114.53
dihydrolipoamide dehydrogenase Ipd (465 Rv0462.1 49 kDa 1.27 148.38 187.90
aa)
argininedeiminase arcA (403 aa) Rv1001.1 43 kDa 1.32 170.93 224.98
aldehyde dehydrogenase (508 aa) Rv0458.1 55 kDa 1.97 39.72 78.38
acetyl-CoA acyltransferase fadA2 (441 aa) Rv0243.1 46 kDa 1.31 127.82 166.84
30Sribosomal protein S13rpsM (125 aa) Rv3460c.1 14 kDa 1.42 324.96 462.69
bifunctional methylenetetrahydrofolate Rv3356¢.1 29 kDa 1.25 182.89 228.47
dehydrogenase folD (282 aa)
enoyl-CoA hydratase echA21 (275 aa) Rv3774.1 29 kDa 1.59 82.87 132.06
conserved hypothetical protein (436 aa) Rv3722c.1 47 kDa 1.43 82.25 117.85
cysteinyl-tRNA synthetase 1 cysS1 (470aa) Rv3580c.1 52 kDa 1.66 58.90 97.78
protein transport protein secE2 (72 aa) Rv0379.1 8kDa 2.21 208.93 462.44
acetyl-CoA acetyltransferase fadA4 (390 Rv1323.1 40 kDa 151 106.77 161.18
aa)
NADH dehydrogenase | chain G nuoG (807 Rv3151.1 85 kDa 2.02 13.59 27.49
aa)
polyphosphate kinase ppk (743 aa) Rv2984.1 83 kDa 1.57 29.09 45.65
threonine dehydratase ilvA (430 aa) Rv1559.1 45 kDa 1.27 60.94 77.27
cystathionine beta-synthase cbs (465 aa) Rv1077.1 49 kDa 1.56 66.47 103.87
phosphoglucomutase pgmA (548 aa) Rv3068c.1 58 kDa 1.74 39.53 68.70
acyl-CoA dehydrogenase fadES8 (543 aa) Rv0672.1 59 kDa 1.92 41.20 79.07
30Sribosomal protein S17 rpsQ (137 aa) Rv0710.1 15 kDa 1.54 98.34 151.18
trehal ose-6-phosphate phosphatase otsB1 Rv2006.1 146 kDa 2.11 9.91 20.90
(1328 aa)
fatty-acid-CoA ligase fadD13 (504 aa) Rv3089.1 54 kDa 1.57 33.26 52.22
6-phosphogluconate dehydr ogenase, Rv1122.1 36 kDa 2.85 6.33 18.02
decarboxylating gnd2 (341 aa)
membrane-associated serine protease (398 Rv3671c.1 41 kDa 1.53 35.73 54.54
aa)
conserved hypothetical protein (453 aa) Rv2097c.1 51 kDa 1.54 31.03 47.74
1,4-alpha-glucan branching enzyme glgB Rv1326¢c.1 82 kDa 2.24 9.62 21.58
(732 aa)
3-methyl-2-oxobutanoate Rv2225.1 29 kDa 1.72 27.27 46.86
hydroxymethyltransfer ase panB (282 aa)
riboflavin biosynthesis protein ribA2 (426 Rv1415.1 46 kDa 2.06 9.94 20.50
aa)
glucose-6-phosphate 1-dehydrogenase zwfl  Rv1121.1 52 kDa 2.14 11.32 24.17

208



(467 aa)

monophosphatase (261 aa)

NADH dehydrogenase | chain F nuoF (446
aa)

4-hydr oxy-2-oxovaler ate aldolase (347 aa)
aminotransfer ase (398 aa)
ribonucleoside-diphosphate reductase beta
chain nrdF2 (325 aa)

fatty-acid-CoA ligase fadD32 (638 aa)
polyketide synthase pks13 (1734 aa)

L -lactate dehydrogenase [ldD2 (415 aa)
conserved hypothetical protein (632 aa)
conserved membrane protein (1331 aa)
preprotein translocase secAl (950 aa)
conserved hypothetical protein (382 aa)
ATP-dependent protease ATP-binding
subunit clpC1 (849 aa)

oxidoreductase (382 aa)

transmembrane serine/threonine-protein
kinase D pknD (665 aa)

lipase/esterase lipN (377 aa)
fatty-acid-CoA ligase fadD28 (581 aa)
ATP synthase delta chain atpH (447 aa)
transcription termination factor rho (603
aa)

short-chain type dehydr ogenase/r eductase
(251 aa)

hypothetical protein (225 aa)
glutamine-transport ATP-binding protein
ABC transporter ginQ (331 aa)
polyketide synthase pks2 (2127 aa)
short-chain type dehydr ogenase/r eductase
(261 aa)

alkyl hydroperoxidereductase D protein
ahpD (178 aa)

conserved membrane protein (661 aa)
anion transporter ATPase (387 aa)
conserved membrane protein (256 aa)
fatty-acid-CoA ligase fadD6 (598 aa)
conserved hypothetical protein (286 aa)
acyl-CoA dehydrogenase fadE23 (402 aa)
conserved membrane protein (422 aa)
fatty-acid-CoA ligase fadD36 (474 aa)
dehydrogenase FAD flavoprotein gmc
oxidoreductase (529 aa)

heat shock protein hsp (160 aa)
glycyl-tRNA synthetase glyS (464 aa)
peptidyl-prolyl-cis-trans-isomerase B ppiB
(309 aa)

3-oxoacyl-[acyl-carrier protein] reductase
fabG1 (248 aa)

chaperone protein dnaJl (396 aa)
conserved hypothetical protein (143 aa)
cell division ATP-binding protein ftskE (230
aa)

lipoprotein IpgG (241 aa)

Rv3137.1
Rv3150.1

Rv3534c.1
Rv0858c.1
Rv3048c.1

Rv3801c.1
Rv3800c.1
Rv1872c.1
Rv0282.1
Rv0284.1
Rv3240c.1
Rv1488.1
Rv3596¢.1

Rv2951c.1
Rv0931c.1

Rv2970c.1
Rv2941.1
Rv1307.1
Rv1297.1

Rv1144.1

Rv0088.1
Rv2564.1

Rv3825c.1
Rv2766¢.1

Rv2429.1

Rv2345.1
Rv3680.1
Rv2969c.1
Rv1206.1
Rv3463.1
Rv3140.1
Rv0227c.1
Rv1193.1
Rv1279.1

Rv0251c.1
Rv2357c.1
Rv2582.1
Rv1483.1
Rv0352.1
Rv0636.1
Rv3102c.1

Rv3623.1

209

28 kDa
48 kDa

36 kDa
42 kDa
37 kDa

69 kDa
186 kDa
45 kDa
68 kDa
145 kDa
106 kDa
41 kDa
94 kDa

41 kDa
70 kDa

40 kDa
63 kDa
49 kDa
65 kDa

26 kDa

25 kDa
35 kDa

226 kDa
27 kDa

19 kDa

70 kDa
41 kDa
27 kDa
64 kDa
31 kDa
43 kDa
46 kDa
50 kDa
57 kDa

18 kDa
53 kDa
32 kDa
26 kDa
41 kDa
15 kDa
26 kDa

25 kDa

1.63
3.15

1.75
25.01
11.79

0.52
0.38
0.73
0.55
0.43
0.13
0.79
0.57

0.61
0.78

0.73
0.83
0.62
0.55

0.61

0.77
0.56

0.10
0.74

0.61

0.34
0.69
0.64
0.38
0.55
0.51
0.66
0.67
0.57

0.14
0.60
0.69
0.54
0.79
0.33
0.53

0.32

34.27
6.22

11.29
0.83
1.06

314.09
121.51
303.07
195.86

89.96
137.91
264.27

83.91

232.87
98.08

137.32
67.95
121.17
84.42

238.74

151.13
123.26

21.23
90.25

218.42

62.36
89.80
154.01
19.51
106.40
59.03
44.96
46.71
36.81

128.80
43.40
90.27
94.61
45.32
76.95

113.52

112.62

55.73
19.58

19.80
20.86
12.52

163.28
45.84
222.04
106.94
38.38
18.01
208.36
48.05

141.46
76.71

99.89
56.45
75.41
46.19

145.00

116.83
69.05

2.20
66.79

134.06

21.24
62.40
97.96

7.43
58.11
30.16
29.76
31.39
20.80

18.20
26.13
61.89
51.47
35.88
25.06
60.31

36.28



conserved hypothetical protein (421 aa)
metal cation transporting P-type ATPase
ctpC (719 aa)

epoxide hydrolase ephF (301 aa)

conserved hypothetical protein (283 aa)
oxidoreductase (283 aa)

conserved membrane protein (325 aa)
preprotein translocase AT Pase secA2 (809
aa)

short-chain type dehydrogenase ephD (593
aa)

dehydrogenase/reductase (312 aa)
ubiquinol-cytochrome C reductase qcrB
cytochrome B subunit (550 aa)

conserved hypothetical protein (471 aa)
transcription antitermination protein nusG
(239 aa)

glycer ol-3-phosphate dehydr ogenase glpD2
(586 aa)

transcriptional regulator, arsR-family (435
aa)

oxidoreductase (461 aa)

conserved hypothetical protein (94 aa)
dihydrodipicolinate reductase dapB (246
aa)

membrane protein (290 aa)

hypothetical protein (238 aa)

conserved hypothetical protein (301 aa)
molybdopterin biosynthesis protein moew
(319 aa)

GTP-binding protein lepA (654 aa)
transcriptional regulator, asnC-family (247
aa)

ubiquinol-cytochrome C reductase gqcrC
cytochrome C subunit (281 aa)

conserved hypothetical protein (195 aa)
short-chain type dehydr ogenase/r eductase
(255 aa)

conserved membrane protein (1185 aa)
conserved hypothetical protein (168 aa)
glycerol-3-phosphate dehydr ogenase gpdA2
(335 aa)

oligopeptide-transport ATP-binding
protein ABC transporter oppD (613 aa)
conserved hypothetical protein (373 aa)
Esat-6 like protein esxW (99 aa)

conserved hypothetical protein (302 aa)
molybdenum cofactor biosynthesisprotein
moeB1 (393 aa)

conserved hypothetical protein (534 aa)
conserved hypothetical protein (588 aa)
lipoprotein IppS (409 aa)

lipoprotein IpgZ (287 aa)

conserved membrane protein (305 aa)
NADPH quinone oxidoreductase fadB4
(324 aa)

Rv3311.1
Rv3270.1

Rv0134.1
Rv1978.1
Rv2971.1
Rv2037c.1
Rv1821.1

Rv2214c.1

Rv0439c.1
Rv2196.1

Rv3719.1
Rv0639.1

Rv3302c.1
Rv0576.1

Rv1751.1
Rv3269.1
Rv2773c.1

Rv0048c.1
Rv3528c.1
Rv1794.1

Rv2338c.1

Rv2404c.1
Rv3050c.1

Rv2194.1

Rv3773c.1
Rv3791.1

Rv3910.1
Rv2574.1
Rv2982c.1

Rv1281c.1

Rv0906.1
Rv3620c.1
Rv0830.1
Rv3206¢.1

Rv2510c.1
Rv1069c.1
Rv2518c.1
Rv1244.1
Rv0007.1
Rv3141.1
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46 kDa
76 kDa

34 kDa
31 kDa
30 kDa
35 kDa
89 kDa

64 kDa

34 kDa
61 kDa

53 kDa
25 kDa

63 kDa

46 kDa

50 kDa
10 kDa
26 kDa

31 kDa
27 kDa
32 kDa
35 kDa

72 kDa
28 kDa

29 kDa

21 kDa
27 kDa

124 kDa
19 kDa
34 kDa

65 kDa

41 kDa
11 kDa
33 kDa
42 kDa

57 kDa
64 kDa
43 kDa
30 kDa
31 kDa
34 kDa

0.31
0.21

0.63
0.47
0.08
0.32
0.28

0.17

0.33
0.49

0.41
0.35

0.40

0.38

0.22
0.52
0.86

0.38
0.30
0.67
0.06

0.75
0.44

0.72

0.71
0.28

0.21
0.62
0.30

0.36

0.34
0.40
0.18
0.22

0.12
0.00
0.22
0.07
0.11
0.36

53.16
21.56

56.15
74.73
14.86
65.97
15.92

23.90

58.55
26.77

30.46
8.68

24.49

10.57

8.54
241.16
69.33

55.80
59.33
62.48
20.69

14.06
69.15

40.38

61.38
20.50

7.74
56.95
17.61

6.85

31.96
107.83
19.80
24.39

10.90
10.23
16.06
17.39
21.00
12.31

16.60
4.46

35.22
34.97
1.26
20.81
4.45

4.02

19.46
13.12

12.36
3.02

9.83

4.03

1.88
126.16
59.71

21.07
17.72
41.68

1.17

10.56
30.23

28.99

43.76
5.73

1.59
35.24
5.25

2.46

10.85
43.33
3.64
5.44

1.35
0.00
3.49
1.21
2.29
4.48



PPE family protein (392 aa)
proline-rich antigen pra (241 aa)
serine/threonine phosphatase ppp (515 aa)
conserved hypothetical protein (377 aa)
amidase amiB2 (463 aa)

conserved hypothetical protein (228 aa)
drugs-transport transmembrane ATP-
binding protein ABC transporter (640 aa)
ATP synthase B chain atpF (172 aa)
conserved hypothetical protein (317 aa)
short-chain type dehydrogenase/r eductase
(269 aa)

membrane protein mmpS3 (300 aa)
conserved alanine and leucinerich
membrane protein (394 aa)

conserved hypothetical protein (148 aa)
pyrimidine operon regulatory protein pyrR
(194 aa)

glycine and prolinerich membrane protein
(294 aa)

Rv1196.1
Rv1078.1
Rv0018c.1
Rv0365c.1
Rv1263.1
Rv2794c.1
Rv1819c.1

Rv1306.1
Rv1647.1
Rv2509.1

Rv2198c.1
Rv2625c.1

Rv1875.1
Rv1379.1

Rv1097c.1

211

39 kDa
25 kDa
54 kDa
42 kDa
49 kDa
25 kDa
71 kDa

18 kDa
34 kDa
28 kDa

31 kDa
41 kDa

16 kDa
21 kDa

30 kDa

0.09
0.32
0.00
0.07
0.16
0.00
0.00

0.11
0.10
0.09

0.00
0.20

0.35
0.21

0.16

10.74
32.08

6.80
13.12
14.22
14.93

5.58

55.93
12.41
18.21

16.73
13.75

13.92
17.63

7.40

0.95
10.27
0.00
0.94
2.30
0.00
0.00

6.23
1.18
1.61

0.00
2.78

4.82
3.73

121



Appendix Table 8. Significantly different proteins in the Membrane of the cléinadat pair

Identified Proteins (1173/1181)

pyridoxine biosynthesis protein (300 aa)

50S ribosomal protein L30 rpmD (66 aa)

M CE-family protein mcelB (347 aa)
membrane-bound ell division protein ftsH
(761 aa)

dehydrogenase/reductase (303 aa)
acetyl-CoA acyltransferase fadA2 (441 aa)
lipoate biosynthesis protein A lipA (312 aa)
conserved hypothetical protein (272 aa)

40 kda secreted L -alanine dehydrogenase ald
(372 aa)

conserved hypothetical protein (611 aa)
conserved membrane protein (342 aa)

isocitr ate dehydrogenase icd2 (746 aa)
S-adenosylmethionine synthetase metK (404
aa)

conserved hypothetical protein (283 aa)
cystathionine gamma-synthase metB (389 aa)
anthranilate phosphoribosyltransferase trpD
(371 aa)

haloalkane dehalogenase (301 aa)

enolase eno (430 aa)

catalase-per oxidase-peroxynitritase T katG
(741 aa)

epoxide hydrolase ephF (301 aa)
transcriptional regulator, gntR-family (245
aa)

glutamine synthetase ginA4 (458 aa)
arginine/ornithine transport system AT Pase
(335aa)

phosphoglycer ate kinase pgk (413 aa)
conserved hypothetical protein (287 aa)
endopeptidase ATP binding protein chain B
clpB (849 aa)

conserved hypothetical protein (322 aa)
monophosphatase (261 aa)
DNA/pantothenate metabolism flavoprotein
dfp (419 aa)

thioredoxin trxB1 (124 aa)

thiamine biosynthesis protein thiC (548 aa)
ketoacyl reductase (268 aa)
3-oxoacyl-[acyl-carrier protein] reductase
fabG4 (455 aa)

conserved hypothetical protein (302 aa)
threonine synthase thr C (361 aa)

response regulator (134 aa)

cholesterol oxidase precursor choD (579 aa)
dihydrodipicolinate reductase dapB (246 aa)
long-chain (C50)-Z-isoprenyl diphosphate

Accession
Number

Rv2606¢.1
Rv0722.1
Rv0170.1
Rv3610c.1

Rv0303.1
Rv0243.1
Rv2218.1
Rv0831c.1
Rv2780.1

Rv1798.1
Rv3888c.1
Rv0066¢.1
Rv1392.1

Rv1978.1
Rv1079.1
Rv2192c.1

Rv2296.1
Rv1023.1
Rv1908c.1

Rv0134.1
Rv0043c.1

Rv2860c.1
Rv1496.1

Rv1437.1
Rv1118c.1
Rv0384c.1

Rv3218.1
Rv3137.1
Rv1391.1

Rv1471.1
Rv0423c.1
Rv1544.1
Rv0242c.1

Rv2172c.1
Rv1295.1
Rv3143.1
Rv3409c.1
Rv2773c.1
Rv2361c.1

212

M olecular
Weight

31 kDa
7 kDa

38 kDa
82 kDa

33 kDa
46 kDa
35 kDa
30 kDa
39 kDa

68 kDa
38 kDa
83 kDa
43 kDa

31 kDa
41 kDa
38 kDa

33 kDa
45 kDa
81 kDa

34 kDa
27 kDa

50 kDa
36 kDa

43 kDa
32 kDa
93 kDa

34 kDa
28 kDa
44 kDa

13 kDa
60 kDa
28 kDa
47 kDa

33 kDa
37 kDa
14 kDa
63 kDa
26 kDa
34 kDa

Fold
Change
(INH¢
INHr)

0.3
1.8
0.0
0.0

0.0
0.5
0.0
0.7
0.4

0.0
0.0
0.7
14

0.1
0.5
0.0

0.5
0.8
5.3

0.1
#DIV/0!

13
5.2

15
0.3
2.3

0.2
9.0
111

2.5
8.4
0.3
0.6

3.2
21
0.2
0.2
0.03
0.0

NSAF
Average Average
clinical  clinical
INHr INHs
105.5 34.7
207.8 371.6
11.9 0.0
1.3 0.0
6.6 0.0
133.0 72.5
3.2 0.0
251.1 180.5
249.3 93.1
10.0 0.0
7.3 0.0
124.9 89.4
312.4 425.3
49.8 4.9
83.6 40.2
49.3 2.2
324.0 171.6
304.5 240.0
48.8 259.4
53.8 3.6
0.0 18.6
141.2 189.7
8.2 42.9
68.7 101.0
31.2 10.9
44.8 102.0
22.7 3.5
3.9 35.0
3.8 41.5
60.8 155.1
1.0 8.2
125.1 33.1
399.2 237.5
24.5 78.4
335 71.6
65.1 15.0
21.1 4.0
33.7 1.2
8.9 0.0



synthase (297 aa)
3-methyl-2-oxobutanoate
hydroxymethyltransferase panB (282 aa)
conserved hypothetical protein (320 aa)
DNA-directed RNA polymerase beta chain
rpoB (1173 aa)

conserved hypothetical protein (94 aa)
bacterioferritin bfr A (160 aa)
lipoprotein IppZ (374 aa)

alkyl hydroperoxidereductase D protein
ahpD (178 aa)

conserved hypothetical protein (152 aa)
cation-transporter ATPasel ctpl (1633 aa)
conserved hypothetical protein (144 aa)
for myltetrahydrofolate deformylase purU
(311 aa)

dioxygenase (503 aa)

polyphosphate glucokinase ppgK (266 aa)
glucose-6-phosphate 1-dehydr ogenase zwf2
(515 aa)

conserved hypothetical protein (208 aa)
chorismate synthase ar oF (402 aa)

L -lactate dehydrogenase [ldD2 (415 aa)
ATP synthase gamma chain atpG (306 aa)
conserved hypothetical protein (191 aa)
inosine-5-monophosphate dehydrogenase
guaB3 (376 aa)

glutamyl-tRNA(gln) amidotransferase
subunit B gatB (510 aa)

valyl-tRNA synthase protein valS (877 aa)
secr eted fibronectin-binding protein antigen
fbpA (339 aa)

isoleucyl-tRNA synthetaseileS (1042 aa)
conserved hypothetical protein (73 aa)
conserved hypothetical protein (201 aa)
alkyl hydroperoxidereductase C protein
ahpC (196 aa)

conserved hypothetical protein (143 aa)
succinyl-CoA: 3-ketoacid-coenzyme A
transferase alpha subunit scoA (249 aa)
membr ane-associated phospholipase C 2 plcB
(513 aa)

conserved hypothetical protein (376 aa)
dehydrogenase (460 aa)

conserved hypothetical protein (361 aa)
conserved hypothetical protein (564 aa)
esterase lipW (303 aa)

Rieskeiron-sulfur protein qcrA (430 aa)
dehydrogenase (398 aa)

propionyl-CoA carboxylase beta chain 5
accD5 (549 aa)

cysteinyl-tRNA synthetase 2 cysS2 (415 aa)
tyrosyl-tRNA synthase tyr S (425 aa)
cholesterol dehydrogenase (371 aa)
acetaldehyde dehydr ogenase (304 aa)
protease |V sppA (624 aa)

Rv2225.1

Rv3683.1
Rv0667.1

Rv2632c.1
Rv1876.1
Rv3006.1
Rv2429.1

Rv3678c.1
Rv0107c.1
Rv1546.1
Rv2964.1

Rv0913c.1
Rv2702.1
Rv1447c.1

Rv2466¢c.1
Rv2540c.1
Rv1872c.1
Rv1309.1

Rv0464c.1
Rv3410c.1

Rv3009c.1

Rv2448c.1
Rv3804c.1

Rv1536.1
Rv1893.1
Rv0966¢.1
Rv2428.1

Rv0636.1
Rv2504c.1

Rv2350c.1

Rv3796.1
Rv2280.1
Rv1063c.1
Rv3091.1
Rv0217c.1
Rv2195.1
Rv3726.1
Rv3280.1

Rv2130c.1
Rv1689.1
Rv1106¢.1
Rv3535c.1
Rv0724.1

213

29 kDa

34 kDa
129 kDa

10 kDa
18 kDa
39 kDa
19 kDa

15 kDa
170 kDa
15 kDa
34 kDa

57 kDa
27 kDa
57 kDa

23 kDa
42 kDa
45 kDa
34 kDa
21 kDa
39 kDa

55 kDa

98 kDa
36 kDa

117 kDa
7 kDa
22 kDa
22 kDa

15 kDa
26 kDa

56 kDa

39 kDa
48 kDa
38 kDa
62 kDa
32 kDa
47 kDa
42 kDa
59 kDa

46 kDa
46 kDa
41 kDa
32 kDa
66 kDa

9.2

0.1
0.6

0.3
0.7
0.3
7.9

1.7
0.0
0.1
0.2

0.1
0.4
0.4

17
1.8
0.5
0.5
0.3
0.8

15

2.5
2.2

2.4
0.1
0.0
30.7

20
2.6

0.1

0.0
0.1
0.1
0.1
0.0
0.3
0.2
1.7

0.1
15
0.2
5.3
0.2

3.8

21.1
175.8

285.9
1242.0
61.3
18.6

147.0
3.4
40.6
12.7

18.3
84.3
102.2

104.3
22.3
382.0
192.3
90.1
285.5

39.9

9.5
40.2

2.5
75.3
13.3

5.6

107.0
10.2

10.5

16.5
68.9

6.1
44.6
24.2
47.1
64.0
84.2

22.9
64.7
104.7
1.8
76.6

35.2

2.5
106.4

93.8
905.9
194
146.4

250.9
0.0
3.7
2.7

1.6
34.1
39.5

173.7
40.4
183.4
88.7
23.8
216.3

60.5

24.3
90.0

6.0
7.7
0.0
171.2

212.0
26.6

0.5

0.7
6.3
0.8
5.4
0.0
12.4
12.9
144.8

3.4
94.3
25.7

9.7
191



conserved hypothetical protein (86 aa)
monooxygenase (525 aa)

cytochrome C oxidase polypeptide | ctaD (574

aa)

glycogen phosphorylase glgP (864 aa)
fatty-acid-CoA ligase fadD2 (561 aa)
triosephosphate isomerase tpi (262 aa)
conserved hypothetical protein (562 aa)
mycolic acid synthase umaA (287 aa)
conserved hypothetical protein (150 aa)

iron-regulated heparin binding hemagglutinin

hbhA (200 aa)

O-acetylhomoserine sulfhydrylase metC (450

aa)
long-chain acyl-CoA synthase (1000 aa)

1,4-alpha-glucan branching enzyme glgB (732

aa)

enhanced intracellular survival protein eis

(403 aa)

transcriptional regulator, crp/fnr-family (225

aa)

fatty-acid-CoA ligase fadD6 (598 aa)
hydrolase (263 aa)

conserved hypothetical protein (584 aa)
conserved hypothetical protein (119 aa)
fatty-acid-CoA ligase fadD9 (1169 aa)
conserved hypothetical protein (185 aa)
conserved hypothetical protein (317 aa)
conserved hypothetical protein (130 aa)
membrane protein mmpS3 (300 aa)

glutamine-transport ATP-binding protein

ABC transporter ginQ (331 aa)
amidotransferase hisH (207 aa)
30Sribosomal protein S11 rpsK (140 aa)
29 kda antigen cfp29 (266 aa)
conserved hypothetical protein (155 aa)
aminotransfer ase (408 aa)

conserved hypothetical protein (514 aa)
conserved hypothetical protein (104 aa)
conserved hypothetical protein (474 aa)
conserved hypothetical protein (318 aa)
60 kda chaperonin 1 groEL 1 (540 aa)
conserved hypothetical protein (322 aa)
conserved hypothetical protein (302 aa)
conserved hypothetical protein (359 aa)
conserved hypothetical protein (98 aa)

dihydrolipoamide dehydrogenase |pd (465 aa)

lipoprotein IpgD (237 aa)
cytochrome P450 136 cyp136 (493 aa)
lipoprotein IpgN (229 aa)
glycyl-tRNA synthetase glyS (464 aa)

DNA polymerase | Il beta chain dnaN (403 aa)

conserved hypothetical protein (237 aa)
oxidoreductase (382 aa)

conserved hypothetical protein (164 aa)
hypothetical protein (430 aa)

Rv1398c.1
Rv3049c.1
Rv3043c.1

Rv1328.1
Rv0270.1
Rv1438.1
Rv1215c.1
Rv0469.1
Rv2740.1
Rv0475.1

Rv3340.1

Rv1683.1
Rv1326¢.1

Rv2416c.1
Rv3676.1

Rv1206.1
Rv3400.1
Rv2565.1
Rv1489.1
Rv2590.1
Rv3614c.1
Rv1647.1
Rv1871c.1
Rv2198c.1
Rv2564.1

Rv1602.1
Rv3459c.1
Rv0798c.1
Rv1919c.1
Rv2294.1
Rv2226.1
Rv3865.1
Rv3433c.1
Rv1480.1
Rv3417c.1
Rv2955c.1
Rv2216.1
Rv0926¢.1
Rv2117.1
Rv0462.1
Rv3390.1
Rv3059.1
Rv0583c.1
Rv2357c.1
Rv0002.1
Rv2821c.1
Rv2951c.1
Rv0580c.1
Rv2305.1

214

9 kDa
59 kDa
64 kDa

96 kDa
60 kDa
27 kDa
63 kDa
33 kDa
17 kDa
22 kDa

47 kDa

107 kDa
82 kDa

44 kDa

25 kDa

64 kDa
28 kDa
62 kDa
12 kDa
127 kDa
20 kDa
34 kDa
15 kDa
31 kDa
35 kDa

21 kDa
15 kDa
29 kDa
17 kDa
44 kDa
56 kDa
11 kDa
47 kDa
34 kDa
56 kDa
36 kDa
32 kDa
38 kDa
11 kDa
49 kDa
25 kDa
56 kDa
24 kDa
53 kDa
42 kDa
26 kDa
41 kDa
18 kDa
46 kDa

3.2
0.0
0.1

14
0.5
2.0
0.2
2.9
0.1
0.8

2.2

0.5
4.5

2.4

0.5

0.1
24
0.0
0.2
#DIV/O!
5.2
0.2
0.5
#DIV/0!
0.5

0.0
4.8
2.0
0.4
0.0
0.3
0.7
1.9
0.2
0.7
0.4
0.1
0.4
4.9
13
0.7
0.0
0.3
0.4
0.6
7.8
0.4
0.4
0.2

131.4
11.5
6.2

98.1
244.0
42.7
17.5
25.3
67.8
334.8

68.7

9.9
2.8

73.7
274.3

59.4
24.1
10.0
286.0
0.0
115
11.3
1311
0.0
83.7

19.7
51.1
428.9
307.4
4.0
54.4
274.1
21.0
21.8
175.7
81.3
a47.7
21.4
25.7
93.4
77.3
3.3
73.9
40.9
58.0
9.2
128.2
440.6
19.9

421.6
0.0
0.5

138.4
119.6
85.3
3.4
73.3
9.5
266.3

150.6

4.6
12.6

175.3
149.9

7.7
58.4
0.0
70.9
4.7
60.0
1.7
62.8
15.4
39.7

0.0
2447
846.9
123.2
0.0
15.3
186.5
39.6
4.6
122.7
34.9
5.6
8.0
126.0
120.3
53.0
0.0
24.0
16.9
35.3
71.6
46.8
188.5

3.9



conserved hypothetical protein (237 aa)
conserved hypothetical protein (148 aa)
50S ribosomal protein L13 rplM (148 aa)
fatty-acid-CoA racemase far (360 aa)
citrate synthase | gItA2 (432 aa)
transcriptional regulator moxR1 (378 aa)
polyphosphate kinase ppk (743 aa)
conserved alanine and argininerich protein
(451 aa)

transposase (571 aa)

bifunctional UDP-galactofuranosyl
transferase gIf T (638 aa)

protein-export membrane protein secF (443
aa)

ATPase (610 aa)

acetyl-CoA synthetase acs (652 aa)
transcriptional regulator, asnC-family (247
aa)

conserved hypothetical protein (168 aa)
ferredoxin-dependent glutamate synthase
lar ge subunit gItB (1528 aa)

tRNA/rRNA methyltransfer ase (323 aa)
conserved hypothetical protein (127 aa)
lipoprotein IpgE (183 aa)

acyl-CoA dehydrogenase fadE10 (651 aa)
30S ribosomal protein S3 rpsC (275 aa)
conserved hypothetical protein (225 aa)
conserved hypothetical protein (326 aa)
bacterioferritin bfrB (182 aa)
branched-chain amino acid transaminaseilvE
(369 aa)

repressor lexA (218 aa)

DNA-directed RNA polymerase beta chain
rpoC (1317 aa)

lyase (347 aa)

lipoprotein IprF (262 aa)

30S ribosomal protein S14 rpsN2 (102 aa)
hypothetical protein (198 aa)

conserved hypothetical protein (152 aa)
conserved membrane protein (329 aa)
soluble secreted antigen mpt53 precursor (174
aa)

30S ribosomal protein S17 rpsQ (137 aa)
adenylate kinase adk (182 aa)

hypothetical protein (158 aa)

membrane protein (221 aa)

cystathionine beta-synthase cbs (465 aa)
molybdopterin biosynthesis protein moew
(319 aa)

short-chain type alcohol
dehydrogenase/reductase (288 aa)
oxidoreductase (283 aa)
3-hydroxybutyryl-CoA dehydrogenase fadB2
(287 aa)

tranglation initiation factor I F-2 infB (901 aa)
lipoprotein Ipgl (389 aa)

Rv2135c.1
Rv3718c.1
Rv3443c.1
Rv0855.1
Rv0896.1
Rv1479.1
Rv2984.1
Rv2731.1

Rv3327.1
Rv3808c.1

Rv2586¢.1

Rv2115c.1
Rv3667.1
Rv3050c.1

Rv2574.1
Rv3859c.1

Rv3579c.1
Rv2420c.1
Rv3584.1
Rv0873.1
Rv0707.1
Rv2557.1
Rv2410c.1
Rv3841.1
Rv2210c.1

Rv2720.1
Rv0668.1

Rv3684.1
Rv1368.1
Rv2056¢.1
Rv0O078A.1
Rv3547.1
Rv0347.1
Rv2878c.1

Rv0710.1
Rv0733.1
Rv1060.1
Rv1362c.1
Rv1077.1
Rv2338c.1

Rv3057c.1

Rv2971.1
Rv0468.1

Rv2839c.1
Rv0237.1
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25 kDa
16 kDa
16 kDa
38 kDa
48 kDa
41 kDa
83 kDa
50 kDa

63 kDa
72 kDa

47 kDa

67 kDa
71 kDa
28 kDa

19 kDa
166 kDa

34 kDa
14 kDa
19 kDa
71 kDa
30 kDa
24 kDa
36 kDa
20 kDa
40 kDa

23 kDa
147 kDa

38 kDa
27 kDa
11 kDa
22 kDa
17 kDa
37 kDa
18 kDa

15 kDa
20 kDa
17 kDa
24 kDa
49 kDa
35 kDa

31 kDa

30 kDa
31 kDa

94 kDa
40 kDa

0.6
0.5
1.8
0.2
0.8
0.3
0.3
1.9

0.3
0.0

#DIV/0!

2.0
0.1
0.1

0.1
0.6

4.4
6.7
0.2
0.5
1.4
0.3
0.2
1.5
1.9

0.2
0.7

0.2
0.1
4.8
2.8
0.3
0.4
3.0

1.6
2.2
0.2
0.0
#DIV/0!
0.1

0.1

1.9
0.7

2.4
0.1

24.7
36.1
267.1
14.5
370.6
275.8
33.9
13.6

28.8
7.4

0.0

30.9
3.9
36.2

101.2
75.4

4.6
8.8
183.8
210.3
193.9
143.8
11.3
686.8
31.3

27.7
276.6

28.7
139.5
4.6
7.8
290.6
27.9
12.4

132.2
81.3
83.0
28.4

0.0
63.0

17.8

48.4
220.5

24.5
10.7

15.8
194
478.0
3.0
284 .4
85.9
10.7
25.7

8.4
0.0

2.6

63.4
0.4
2.3

7.0
445

20.0
59.2
42.7
94.7
279.6
36.0
2.6
1051.4
59.2

6.3
184.1

6.3
17.3
22.2
21.9
99.9
11.3
37.4

205.8
179.9
16.3
1.2
131
6.0

1.0

93.0
149.7

58.6
14



bacterioferritin comigratory protein bcp (158
aa)

ATP synthase beta chain atpD (487 aa)
medium chain fatty-acid-CoA ligase fadD14
(544 aa)

conserved hypothetical protein (119 aa)
conserved membrane protein (325 aa)
conserved hypothetical protein (330 aa)

Rv2521.1

Rv1310.1
Rv1058.1

Rv2204c.1

Rv2037c.1
Rv0493c.1
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17 kDa

53 kDa
60 kDa

13 kDa
35 kDa
35 kDa

21

0.7
0.5

15
0.1
0.0

27.3

485.3
46.1

93.2
42.4
46.8

56.0

335.6
25.0

140.3
6.0
1.7



Appendix Table 9. Common proteins with significdifferent proteins in the clinical T pair
using the linear ion trap (chapié)y and the hybrid orbitrapTQ MS/MS (chapter III)

Gene

Proteins significantly different (t-test, p<0.05) name

ironregulated peptidyprolyl-cis-transisomerase ppiA
A ppiA

isocitrate dehydrogenase icd2 icd2
dihydroxy-acid dehydratase ilvD ilvD
fatty-acid-CoA ligase fadD2 fadD2
conserved membrane protein Rv0283
protein transport protein secE2 secE2
dihydrolipoamide dehydrogenase Ipd Ipd
conserved hypothetical protein Rv0580
50S ribosomal protein L10 rplJ rpld
DNA-directed RNA polymerase beta chain rpo  rpoB
DNA-directed RNA polymerase beta chain rpo  rpoC
iron-regulated elongation factor tu tuf tuf
30S ribosomal protein S10 rpsJ rpsJ
50S ribosomal protein L29 rpmC rpmC
protease IV sppA SSpA
phosphoribosylformylglycinamidine cyclggase  purM
purM

hypothetical protein sseC2 sseC2
thiosulfate sulfurtransferase cysA2 CysA2
enoytCoA hydratase echA6 echA6
periplasmic phosphatginding lipoprotein pstS1  pstsl
enolase eno eno
5-methyltetrahydropteroyltriglutamate metE
homocysteine methyltransferase metkE

lipoprotein IprA IprA
transcription termination factor rho rho
ATP synthase gamma chain atpG atpG
ATP synthase beta chain atpD atpD
ATP synthase beta chain atpD atpD
lipoprotein lprF IprF
oxpp cycle protein opcA opcA
alanine and proline rich secreted protein apa apa
conserved hypothetical protein Rv1871
L-lactate dehydrogenase lldD2 lIdD2
conserved hypothetical protein Rv1906
catalaseperoxidaseperoxynitritase T katG katG
immunogenic protein mpt63 mpt63
conserved hypothetical protein Rv2054
conserved hypothetical protein Rv2159
long-chain fattyacidCoA ligase fadD15 fadD15
glutamine synthetase ginAl ginAl
meromycolate extension acyl carrier protein acpM
haloalkane dehalogenase Rv2296
conserved hypothetical protein Rv2298
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Functional
category

IMR

IMR
IMR
L
C
CW
IMR
C
IP
IP
IP
IP
IP
IP
Cw
IMR

IMR
IMR

IMR
IMR
IMR

Cw
IP
IMR
IMR
IMR
CW
IMR
Cw

IMR

IMR

IMR

Rv
number

Rv0009.1

Rv0066¢.1
Rv0189c.1
Rv0270.1
Rv0283.1
Rv0379.1
Rv0462.1
Rv0580c.1
Rv0651.1
Rv0667.1
Rv0668.1
Rv0685.1
Rv0700.1
Rv0709.1
Rv0724.1
Rv0809.1

Rv0814c.1
Rv0815c.1
Rv0905.1
Rv0934.1
Rv1023.1
Rv1133c.1

Rv1270c.1
Rv1297.1
Rv1309.1
Rv1310.1

Rv1311
Rv1368.1

Rv1446¢.1
Rv1860.1

Rv1871c.1

Rv1872c.1

Rv1906¢.1

Rv1908c.1

Rv1926¢.1
Rv2054.1

Rv2159c.1
Rv2187.1
Rv2220.1
Rv2244.1
Rv2296.1
Rv2298.1

TrendinT
INHTr

Higher

Higher
Higher
Higher
Higher
Higher
Lower
Higher
Lower
Higher
Higher
Higher
Lower
Lower
Higher
Higher

Higher
Lower
Higher
Higher
Higher
Higher

Higher
Higher
Higher
Higher
Higher
Higher
Higher
Higher
Higher
Higher
Higher
Lower

Higher
Higher
Higher
Lower
Lower
Higher
Higher



low molecular weight protein antigen
alkyl hydroperoxide reductase C protein
40 kda secreted-hlanine dehydrogenase
bifunctional polyribonucleotide
nucleotidyltransferase

conserved hypothetical protein

10 kda chaperonin

30S ribosomal protein S4

bifunctional membranassociated penicillin
binding protein 1A/1B

conserved hypothetical protein
conserved hypothetical protein
bacterioferritin bfrB

conserved hypothetical protein

10 kda culture filtrate antigen
thioredoxin reductase

cfp2

ahpC
ald
gpsl

Rv3267
groES
rpsD
ponA2

Rv3705
Rv3716
bfrB
Rv3867
esxB
trxB2

218

Cw
V
IMR
IMR

C
CWwW
Vv

Rv2376¢.1
Rv2428.1
Rv2780.1

Rv2783c.1

Rv3267.1
Rv3418c.1
Rv3458c.1

Rv3682.1

Rv3705c.1
Rv3716¢c.1
Rv3841.1
Rv3867.1
Rv3874.1
Rv3913.1

Higher
Lower
Higher
Lower

Higher
Lower
Higher
Higher

Higher
Lower
Lower
Higher
Higher
Lower



APPENDIX I

Extracted lon chromatogram and Spectraighificantly different features in thmaycolic acid

comparison of the clinical pair obtained through XCMS online platform.

Extracted lon Chromatogram: 1118.1058 - 1118.114 miz 21-3M4 (1312 min)
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Appendix Figure 1. Alpha-MA (C75) identified with Na+ adduct - Extracted lon Chromaogra

Estracted lon Chromatogram: 1096.1232 - 10961344 miz FT-IMA (13,12 min)
o il 47secand MA =
g | - Flaecarnd KA S
| 3
f R
g |
T | £
f &
!l g
g \ g8 |
2 o
. i g
g (k)
i "I g
!
- !
115 120 125 130 134 1440 1445 T ! '
1095 1098 1087 1098 1099 1100
Ritarian Timo jmiszus) i

Appendix Figure 2. Alpha-MA (C75) identified with H+ adduct - Extracted lon Chromatogram

and Spectra.
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Extracted lon Chromatogram: 1113.1506 - 1113.1623 mz

21-3MA (1312 min)
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Appendix Figure 3. Alpha-MA (C75) identified with Na+ adduct - Extracted lon Chromaogra

and Spectra.

Intensity

10000 15000 20000 25000

5000

Extracted lon Chromatogram: 1141.1848 - 1141.1896 m/z 27-2MA (10.82 min)
—— 27second MAJ
— 21second MA
°
=
H
1141.1863
.8
=
B
-
§ i
T T T T T | |
95 1.0 115 120 125 T T T T T T
1140 1141 1142 1143 1144 1145
Retention Time (minutes) e

Appendix Figure 4. Alpha-MA (C77) identified with Na+ adduct - Extracted lon Chromaogra

and Spectra.
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Appendix Figure 5. AlphadA (C77)identified with NH,+ adduct Extracted lon

Chromatogram and Spectra.
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Appendix Figure 6Alpha-MA (C78) identified with Na+ adduct - Extracted lon Chromatogram

and Spectra.
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Appendix Figure 7. Alpha-MA (C78) identified with Na+ adduct - Extracted lon Chromaogra

and Spectra.

L

5000 10000 15000 20000 25000 30000

Extracted lon Chromatogram: 1168.215% - 1169.2204 m/z

27-2MA (11.39 min)

— 2nseond MA |
27zecond MA i

Trienay
20000

10030
L

11682171

1188

FRetentian Time (minutes)

T
1188

T T
1 "
v

T
"7z

T
173

Appendix Figure 8. Alpha-MA (C79) identified with Na+ adduct - Extracted lon Chromaogra

and Spectra.
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Appendix Figure 9. Alpha-MA (C79) identified with NH adduct Extracted lon

Chromatogram an8pectra.
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Appendix Figure 10. Alphd4A (C80) identified with Na+ adductExtracted lon
Chromatogram and Spectra.
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Appendix Figure 11. Alphd4A (C80) identified with Na+ adductExtracted lon
Chromatogram and Spectra.
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Appendix Figure 12. AlphddA (C81) identified with NH+ adduct - Extracted lon
Chromatogram and Spectra.
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Appendix Figure 13. AlphddA (C81) identified with Na+ adductExtracted lon
Chromatogram and Spectra.
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Appendix Figure 14. AlphddA (C83) identified with Na+ adductExtracted lon
Chromatogram and Spectra.
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Extracted lon Chromatogram: 1258 2651 - 1258.2722 miz 27-3MA (12.7 min}
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Appendix Figure 15. AlphddA (C85) identified with Na+ adductExtracted lon
Chromatogram and Spectra.
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Appendix Figure 16. Keto-MA (C74) identified with Na+ adduct - Extracted lon Chromatogram
and Spectra.
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Appendix Figure 17. Keto-MA (C80) identified with Na+ adduct - Extracted lon Chromatogram
and Spectra.
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Extracted lon Chromatogram: 1183.2526 - 1183.2787 mfz
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Appendix Figure 18. Unidentified feature ZHxtracted lonChromatogram and Spectra.
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Appendix Figure 19.Unidentified feature 22- Extracted lon Chromatogram and Spectra.

Extracted lon Chromatogram: 1168.1211 - 1168.1358 miz
2
5] r
—— Muecond MA
L| | 27secand MA
=1
8 [
|
|
: B 111
g ® |
P
g f Ihﬂ
e I|i‘n\.' \ﬁ
i
! |
5 ﬂr .
£ 10.0 ws ng na 120 1245
Relanticn Tima (minutas)

3000

ensty

27-2MA (10.81 min)

AD0D 5000 BO0D
1 I

1090 2000
|

]
i

T
1187

T
1188

T T
1189 170
i

T
nn

T
1"urz2

Appendix Figure 20.Unidentified feature 23- Extracted lon Chromatogram and Spectra.
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Extracted lon chromatogram and Spectranaf significantly different features in the mycolic
acid comparison of the laboratory pair obtained through XCMS online platfiote: The
guality of the spectra were acceptable, however, the quality of the extractedaoratdgram

did not allow the validation of these features.
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Appendix Figure 21. Unidentified feature 1- Extracted lon Chromatogram and Spectra.
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Appendix Figure 22.Unidentified feature 2- Extracted lon Chromatogram and Spectra.
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