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Abstract

WEE R B e 1 PR % 0 BT B B9 20 B8 RO

B

e T i 22 265 A0 4 ik 24 45 4% 23 BT B (Mycobacterium tuberculosis) (AN EE FE
BRI (TB) MR IETIGE ™R rPkik.  MEERmEE (PZA) R4 EHEE
SRS (DOTS) MINA—Z2iz —, AT TIEI7EUR (DS-TB) I £ 45
Wi (DR-TB) . PZA fERRTE (MK pH) IAEE T Xf b THF BRAS B M. tuberculosis B
AARBETE, TS A AR R SR R ORFEMER, G, PZA RAMUATT TB
T RPN TAT BB Ay, EARAT 2 PZA B pned FERIZRD ML R L AZ B (PZase)
IKFEINEVERIEERER (POA) FIAH AL CAg A s, H G20 e 8 A0 410 71 40 B Ty e
FERNEAE 2. AR Er, 25 RAEERMEREAER S1 (RpsA)

A[HE/E POA [IHE LS, RAAMRBAREE (panD) 5 PZA MiZjf K.

SR FE A B ST, FRATT I8 I BRI R L R PZA T 24 ¥ IR K M.
tuberculosis WHREEEEA pned FERRAS, WEH rpsd M panD FFFRA.  1iit
— I, FATRKIIZMPR PZA i 25 fl PR E PRI Rv2783c JEIH C948A HE[A
TR GI199A  (Asp67Asn) T X R, FURPELEXS KL M. tuberculosis 1)
Rv2783c nl e A W EIIfE, AUEA KB T FHE DNA N RNA & % A ik
BRI 1 RAZ AT IR BRI (LY (PNPase) FG1E, i HAG & BAUKAE (p)ppGpp IS F
TLWER & il (GPSI) EVE. AT HEIRAM T i# PZA KIEAERL A, RAE M
tuberculosis TE Ik H3TRv 53 ilid FILEFATIR Rv2783ccioon RAZHE. A 5T
WESE, I RIERAMN Rv2783c v FECEABEX PZA it 25, 10 ik B A4 A

Rv2783c WIEMBIFBA AWML TE.  FHERRFCERE ATC), FAT#H—D#E
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NEPAE Rv2783¢ BEE T LS POA #iAHASHIZ PZA 44, HEREN
Rv2783cGiooa B EHAIXS PZA KRIRTN 2 HEYG 0 KA B (M. smegmatis) 1 Ef A= A
PNPase ¥ ARE POA #l PZA 454, AL, BPARRIAITRABRN) M. twberculosis
Rv2783¢ & 1494 A MBI ) 5% DNA Al RNA KSR G ABERRARE . SR T AT i
[F2, POA W] B E4MHI% £/ Rv2783c HF /) DNA Fl RNA fEALIETE, H PZA AN
fE, ZEAFH) Rv2783caioon B 11 DNA F1 RNA LI AR 55 POA Fil PZA 5
Mo S5—J7 M, HFAERIAITE RN Rv2783¢ & R I TR 58 17K A (p)ppGpp HIRETT,
EAFRIKE ppGpp &RIENE. XA T 5RO NE R EMH K. 5 LRSI
U2, POA AI&EH| A% Rv2783c H MM ppGpp /KM, (HXTZRARMH
Rv2783ccioon FE ARG, SIS 2, FATWTEFRRIESH T Rv2783c & AT AEZ
POA HJ—/MEMHE . JATH AR IVE By T3t — B3 T POA 2 anfaf i 1d 521 Rv2783¢
R T ABEAE LR A I ¥ M. tuberculosis FI{EFINLER, I AT TB 254

SR fET B .

R WO, SR, WEREBEIZ, (p)ppGpp, Rv2783¢ 2EA.
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Molecular targets and mechanisms of action of pyrazinamide in Mycobacterium
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By Njire Moses Mucugi
Supervised by Tianyu Zhang, Ph.D.

Abstract

The global control and management of tuberculosis (TB), caused by Mycobacterium
tuberculosis, is faced with the formidable challenge of worsening scenarios of drug-resistant
disease. Pyrazinamide (PZA) is one of four first-line drugs used in standard short-course
combination therapy for the treatment of both drug-sensitive TB (DS-TB) and drug-resistant
TB (DR-TB). It exhibits a preferential sterilizing activity against non-replicating persistent
bacilli with low metabolism at acidic pH, and is thus anticipated to be an irreplaceable
component of future first-line TB drug regimens. Although the mechanism of PZA
activation by the enzyme pyrazinamidase (PZase), encoded by pncA gene, into its active
moiety, pyrazinoic acid (POA), and resistance has been characterized, the precise cellular
targets and physiological functions in M. tuberculosis that are inhibited by POA remain
elusive. The ribosomal protein S1 (RpsA) and the aspartate decarboxylase (panD), involved
in trans-translation and the synthesis of the essential metabolic cofactors pantothenate and

coenzyme A respectively, have been suggested to be the targets of POA.

In this study however, sequencing analysis has identified the same G199A (Asp67Asn) non-
synonymous substitution in Rv2783¢ of 2 PZA-resistant clinical strains lacking mutations
in pncA, rpsA and panD. M. tuberculosis Rv2783c encode a probable bifunctional enzyme:
polyribonucleotide nucleotidyltransferase (PNPase), involved in RNA and single stranded-

DNA (ss-DNA) metabolism; and guanosine pentaphosphate synthetase (Gpsl), involved in

i
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the synthesis and degradation of the alarmones guanosine tetraphosphate (ppGpp) and
guanosine pentaphosphate (pppGpp) implicated in the stringent response in bacteria. To
gain more insight into a possible new target of PZA, we overexpressed the Rv2783cG1994
mutant in M. tuberculosis H37Rv which resulted in PZA resistance in vitro, while
overexpression of the wild type Rv2783c¢ did not cause PZA resistance. Using isothermal
titration calorimetry (ITC), purified wild type M. tuberculosis Rv2783 protein was found to
bind to POA, and not to the prodrug PZA. However, purified M. tuberculosis Rv2783ps7n
protein and PNPase from naturally PZA-resistant M. smegmatis failed to bind either POA
or PZA. In addition, both wild type and the mutant M. tuberculosis Rv2783 proteins
catalyzed both template-independent RNA and ss-DNA polymerization and phosphorolysis
activities. Interestingly however, the ss-DNA and RNA catalytic activities of the wild type
and not the Rv2783pe7ny mutant protein were significantly inhibited by POA and not the pro-
drug PZA. Moreover, both wild type and the mutant M. tuberculosis Rv2783 proteins
demonstrated strong ppGpp hydrolysis but only weak ppGpp synthesis activities. Similarly,
the ppGpp hydrolysis activity of the wild type but not the Rv2783pe7n mutant protein was
significantly inhibited by POA. Taken together, these results suggest M. tuberculosis
Rv2783 as a possible cellular target of POA. Our findings thus have implications for a better
understanding of this unique sterilizing drug and for the design of new drugs targeting M.

tuberculosis persisters for improved treatment.

Key words: M. tuberculosis, tuberculosis, pyrazinamide, (p)ppGpp, Rv2783¢ gene
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Introduction

1. Introduction

1.1. Disease

Tuberculosis (TB) is an ‘ancient’ disease in terms of its documentation throughout human
history. It continues to be a burden on the health resources of many countries, even those
that imagine themselves to be developed and to have effective programmes against TB. It
is caused by infection with the acid-fast bacillus Mycobacterium tuberculosis, an
actinomycete closely related to saprophytic bacteria such as M. smegmatis, which was first

identified as a pathogen by Robert Koch in 1882 [1].

The pathogenesis of TB follows a relatively well-defined sequence of events [2]. The
infectious bacilli are inhaled as droplets from the atmosphere (Figure 1). In the lungs, the
bacteria are phagocytosed by alveolar macrophages and induce a localized pro-
inflammatory response that leads to recruitment of mononuclear cells from neighbouring
blood vessels. These cells are the building blocks for the granuloma, or tubercle, that defines
the disease. The granuloma consists of a kernel of infected macrophages, surrounded by
foamy giant cells and macrophages with a mantle of lymphocytes delineating the periphery
of the structure. This tissue response typifies the ‘containment’ phase of the infection, during
which there are no overt signs of disease and the host does not transmit the infection to
others. Containment fails after a change in the immune status of the host, which is usually
a consequence of old age, malnutrition, or HIV-coinfection [3]. Under such circumstances,
the center of the granuloma undergoes caseation and spills viable, infectious bacilli into the
airways. This leads to development of a productive cough that facilitates aerosol spread of

infectious bacilli.
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One person with untreated
smear-positive pulmonary
tuberculosis

Results in “infection” of
10-14 people per year

" y (TSTY)
O N

A Scy:

we Yon

Active tuberculosis Latent tuberculosis

Reactivation

Of the 10-14“infected”
people, 0.6-1.2 individuals
go on to develop active
tuberculosis

9.6 million new cases 2-3 billion estimated
and 1.5 million deaths prevalence
per year

Figure 1: The epidemiology of M. tuberculosis infection indicating active and latent TB.

TB disease results from infection with the pathogen M. tuberculosis, which is spread by respiratory
transmission. Although 9.6 million new cases of active TB are still reported annually, the majority of
infected individuals do not develop active TB [4]. It is estimated that about 2-3 billion worldwide are

infected with M. tuberculosis [4], yet they remain asymptomatic, defined as having latent TB [5].

Epidemiological studies and modeling suggest that the majority of these individuals will control this

latent lifelong infection, with only 5 to 10% reactivating infection to develop active TB during their

lifetime. Illustration adopted and modified from a previous report [6].

The characteristic features of the tubercle bacillus include its slow growth,
dormancy/persistence, complex cell envelope, intracellular pathogenesis and genetic
homogeneity [7]. The generation time of M. tuberculosis, in synthetic medium or infected

animals, is about 24 hours. This contributes to the chronic nature of the disease, which
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imposes lengthy treatment regimens and represents a formidable obstacle for researchers.
The state of dormancy in which the bacillus remains quiescent within infected tissue may
reflect metabolic shutdown resulting from the action of a cell-mediated immune response
that can contain but not eradicate the infection. The molecular basis of dormancy and
reactivation remains obscure but is expected to be genetically programmed and to involve
intracellular signaling pathways. Moreover, the cell envelope of M. tuberculosis, a Gram-
positive bacterium with a G + C-rich genome, contains an additional layer beyond the
peptidoglycan that is exceptionally rich in unusual lipids, glycolipids and polysaccharides
[8, 9]. Novel biosynthetic pathways generate cell-wall components such as mycolic acids,
mycocerosic acid, phenolthiocerol, lipoarabinomannan and arabinogalactan, and several of
these may contribute to mycobacterial longevity, trigger inflammatory host reactions and
act in pathogenesis. The inordinate emphasis that the bacilli place on lipids is clear from the
publication of the bacterium genome sequence, in which ~30% of the genes are devoted to

lipid synthesis or metabolism [10].

TB is predominantly a disease of the lung, with pulmonary TB accounting for 70% of cases,
although M. tuberculosis can disseminate to other organs, including lymph nodes, bone, and
meninges, and cause extrapulmonary disease [11]. TB is transmitted by M. tuberculosis-
containing aerosolized droplets generated by the cough of a person infected with bacilli. The
primary infection involves replication of M. tuberculosis within alveolar macrophages of
the terminal air spaces of the lung, spread to local lymph nodes within the lung, and eventual
dissemination of infection to remote sites in the body within one or two years after an initial
infection. Interestingly, although 9.6 million new cases of active TB are still reported
annually, an estimated one-third of the world infected with M. tuberculosis remains
asymptomatic, defined as having latent TB [5]. This is because the host immune response
against M. tuberculosis is highly effective in controlling bacterial replication. Among those
with latent TB, only 5-10% will develop active TB disease in their lifetimes [12] (Figure
1).

Post-primary TB, which is predominantly a pulmonary disease, develops later in life, and
can be caused either by reactivation of bacilli remaining from the initial infection or by
failure to control a subsequent infection. Post-primary TB involves extensive damage to the
lungs and efficient aerosol transmission of bacilli. Active TB encompasses a heterogeneous

range of presentations and forms of disease. It is characterized by systemic features such as
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fever and weight loss, with localized symptoms of tissue destruction at the site of active
infection and with actively replicating transmissible bacteria, diagnosed by detection of the
pathogen in sputum or tissue. In latent TB, M. tuberculosis infection can be shown only by
demonstrating the host’s reactivity to M. tuberculosis antigens, typically using the
tuberculin skin test (TST) [13]. The patient is intradermally challenged with an extract
containing M. tuberculosis antigens, originally tuberculin [14], but now replaced with a
commercially purified protein derivative (PPD) [15]. In latent infection, the TST is more
frequently negative in those individuals most at risk of progression to active disease: the
young, the elderly, and the immunosuppressed [16]. In addition, because PPD is prepared
from culture filtrate of M. tuberculosis, it contains some antigens also found in the
attenuated M. bovis BCG vaccine and in many environmental nontuberculous mycobacteria
[17], and it therefore has limited specificity. Thus, false-positive TST reactions can occur
both in those who have been vaccinated, and in those who have been sensitized to these
common antigens through exposure to environmental nontuberculous mycobacteria [18,
19]. Development of TB disease results from interactions among the environment, the host,
and the pathogen, and known risk factors include HIV coinfection, immunodeficiency,

diabetes mellitus, overcrowding, malnutrition, and general poverty [20].

1.2. M. tuberculosis survival within macrophages

M. tuberculosis survives within the macrophages of their host, which contrasts sharply with
the generally accepted view that these cells afford an effective initial barrier to bacterial
infection [21]. The successful parasitization of the macrophage by M. tuberculosis involves
modulating the normal progression of the phagosome into an acidic, hydrolytically active
compartment (Figure 2) and avoiding the development of a localized, productive immune
response that could activate the host cell. The modulation of host cell function is dynamic,
requiring viable bacteria, and provides an interesting tool for the manipulation of normal
phagosome biogenesis. For these reasons, research into the cell biology and genetics of
infection by M. tuberculosis has attracted several new converts to the field and is generating
information that is relevant to cell biology and immunology, as well as genetics and

microbiology.

Phagosome biogenesis may be viewed as a legitimate maturation process because the

‘cargo’ is fixed and the vacuole remodeled by fusion and fission events [22]. During the
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maturation process, phagosomes formed around inert particles show transient interactions
with the endosomal network [23]. After internalization, the phagosome shows transient
access to the rapid recycling pathway, as defined by the classic marker of this pathway,
transferrin [24]. During these early stages, phagosomes have many of the markers found on

early endosomes, such as early endosomal antigen 1 (EEA1) and Rab5.

lllrhh""'-u..._\___\_
Early

_ —
/ >
+ endosome
B EEAT o PHES \
Tt Kiss and run
|

— . )| —

Earty @ Rab 5
phagosome J'
Procathepsin D

= LAMP1
Cathepsin D 74—
Kiss and run =]
—_— Pram—
Late Rab 7 Q 2
phagosome = | ate endosome
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Og 2
’ O
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{3 @
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Figure 2: Illustration of phagosome maturation in M. tuberculosis.

Pathogenic mycobacteria have evolved a strategy to arrest the normal maturation process of
phagosomes after uptake by macrophages. The successful parasitization of the macrophage by M.
tuberculosis involves modulating the normal progression of the phagosome into an acidic,
hydrolytically active compartment and avoiding the development of a localized, productive immune

response that could activate the host cell [2]. [llustration adopted from a previous report [2].

Phagosomes do, however, rapidly acquire proteins associated with later compartments.
Within three minutes after they are internalized, immunoglobulin-G-coated beads are in
phagosomes that have lysosomes-associated membrane glycoprotein 1 (LAMPI)
[23],which is transported from the trans-Golgi network to early endosomal-phagosomal
compartments, and then to late endosomal and lysosomal compartments [25]. Pro-forms of
lysosomal hydrolases such as pro-cathepsin D also appear in these early phagosomes.
Lysosomal hydrolases are delivered to the endosomal network by both mannose 6-

phosphate-dependent and -independent means [26]. The processing of cathepsin D to its
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mature, two-chain form, seems to coincide with the rapid increase in numbers of proton-

ATPases and a marked drop in pH.

1.3. Global TB disease burden

The treatment of TB was revolutionized in the 1940s with the discovery of streptomycin
(STR) by Selman Waksman [27], for which he received a Nobel Prize in 1952. However,
resistance to STR in M. tuberculosis was seen rapidly after the introduction of the drug [28].
Indeed, the British Medical Research Council (BMRC) trial that investigated the efficacy of
STR showed that the majority of treated patients developed resistant strains [29]. The
discovery of para-aminosalicylic acid (PAS) by Jorgen Lehman in the same year that
Waksman discovered streptomycin allowed combination therapy to be trialled [30]. These
trials showed that treatment with PAS and STR combined was more effective than either
agent when used alone. This synergy greatly contributed to the reduction of TB incidence
in the developed countries and, at the same time, suggested the possibility of eradicating M.
tuberculosis as a major cause of morbidity and mortality [31]. Scanty historical data are
available from the developing countries, although improved public welfare and accessibility
to the poor people has been attributed to the declined incidence [31]. These gains have
however been hampered by the onset of the HIV/AIDS pandemic, the lack of sensitive and
rapid diagnostics, the breakdown of some national TB control programs, the lack of an
effective vaccine and the emergence of multi-drug resistant TB (MDR-TB) [20, 32]. This
prompted the WHO in 2006 to declare TB a global emergency [33]. TB ranks second after
HIV/AIDS as the greatest killer worldwide [34], and in 2013, there were an estimated 9
million new cases of TB (13% co-infected with HIV) out of which 1.5 million people died
[34]. Over 95% of TB mortalities occurred in low- and middle-income countries, and an
estimated 480,000 people developed MDR-TB in 2013 globally. About 60% of TB cases
and deaths occur among men, but the burden of disease among women is also high. In 2013,
about 510,000 women died as a result of TB, more than one third of whom were HIV-

positive. There were also 80,000 deaths from TB among HIV-negative children [34].

TB occurs in every part of the world and in 2013, the South-East Asia and Western Pacific
Regions, accounted for 56% of new cases globally. India and China alone accounted for
24% and 11% of total cases, respectively [34]. However, Africa carried the greatest

proportion of new cases per population with 280 cases per 100000 population in 2013 [34].
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At the same time, about 80% of reported TB cases in 2013 occurred in 22 countries, some
of which experienced a major decline, while in others the decline was very slow. Brazil and
China for example, were among the 22 countries that showed a sustained decline in TB
cases over the past 20 years. However, the emergence of multidrug-resistant (MDR-TB),
with bacillary resistance to at least rifampin (RIF) and isoniazid (INH), extensively drug-
resistant TB  (XDR-TB), connoting MDR-TB with  additional bacillary resistance
to the fluoroquinolone(s) and the second-line injectable agent(s), and the ominous totally
drug-resistant TB (TDR-TB), virtually in all countries worldwide is even more alarming.
Globally, 3.5% of new and 20.5% of previously treated TB cases were estimated to have
had MDR-TB in 2013 [34]. This translates into an estimated 480,000 people having
developed MDR-TB in 2013. On average, an estimated 9.0% of patients with MDR-TB had
XDR-TB, and by March 2013, 84 countries had reported at least one XDR-TB case. In
2007, the first case of the vaguely defined TDR-TB was reported, and has also been recently
reported in 4 other countries (South Africa, India and Iran) [35-39], suggesting that human
TB is joining the growing list of bacterial diseases entering the post-antibiotic era [40].
Although accounting for a small number of cases relative to drug-susceptible disease, drug-
resistant TB imposes a disproportionate burden on public health systems - especially in
endemic regions [41] - and, for this reason, MDR, XDR and TDR- M. tuberculosis strains
are considered emerging pathogens in their own right [42]. Although for the most part, the
social, programmatic and epidemiological factors involved in the spread of DS-TB are
understood, insights into the bacterial drivers are only scanty. Most recent models suggest
that the absolute number of TB cases has decreased since 2006 [43], however, the
emergence and spread of the different variants of drug-resistant TB are threatening the
disease control efforts throughout the globe [44]. And with increasing global burden of drug-
resistant TB, the phenomenon is particularly alarming, and requires concerted efforts from

all stakeholders.
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1.4. Treatment of tuberculosis

The approach to chemotherapy for TB is very different from that of other bacterial
infections. As earlier indicated, M. tuberculosis has a long generation time and a capacity
for dormancy, when its low metabolic activity makes it a difficult therapeutic target [45,
46]. Moreover, some M. tuberculosis may be located in pulmonary cavities or empyema
pus, where penetration of antibiotics is difficult or the pH is sufficiently low to inhibit the
activity of most antibiotics [47, 48]. A series of animal and human clinical trials has led to
the concept that there are different populations of bacteria present within the host [49, 50].
Organisms located within caseous foci are in an environment where the low pH is likely to
inhibit the activity of agents such as aminoglycosides but provide the conditions necessary
for pyrazinamide (PZA) activity. Bacteria found within macrophages probably only exhibit
occasional spurts of metabolism and may be in relatively microaerophilic conditions, where

mycobacterial latency can be induced [46].

The WHO guidelines for the treatment on Tuberculosis (4th edition) released in 2010 [51]
divided TB cases into new cases (NE), previously treated cases (PT) and MDR-TB cases.
The treatment regimen for the different TB cases depends upon the group the patient
belongs. Treatment regimen consists of a standardized 6- or 8-month chemotherapy for new

or previously treated cases, respectively [S1] (Table 1).

Table 1: Recommended anti-TB drugs.

New TB cases:
e Two months of INH, RIF, PZA and EMB (intensive phase).
e  Four months of INH and RIF (continuation phase).
Previously treated TB cases:
e Two months of INH, RIF, PZA, EMB and STR (intensive phase).
e One month of INH, RIF, PZA and EMB (intensive phase).
e Five months of INH, RIF and EMB (continuation phase).
MDR-TB cases:
e At least four drugs likely to be effective must be taken from each of the 5 groups of MDR-
TB regimen:
Any first-line oral agents likely to be effective should be included such as PZA or EMB.
One effective injectable aminoglycoside or polypeptide drug should be included such as
kanamycin (KAN), amikacin (AMK), capreomycin (CAP), or STR.
e  One fluoroquinolone should be included.
Intensive-phase therapy, including the injectable drug, should last for at least 6 months and
the total duration of therapy should be at least 18 months.
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In countries where drug susceptibility testing (DST) is routinely performed, MDR-TB
treatment is individualized. Otherwise, MDR-TB is often treated using standardized drug
regimens; however, these may vary between countries. Each of the anti-TB drugs has a
major role in dealing with one of the bacteria populations. For example, PZA is only active
at low pH, making it ideally suitable for killing the organisms inside caseous necrotic foci.
This explains the finding that PZA appears to have no benefit after the second month of
therapy [52].

1.5. Development of drug resistance in M. tuberculosis

1.5.1. Genetic drug resistance in M. tuberculosis

There are two types of drug resistance in M. tuberculosis, namely genetic resistance and
phenotypic resistance. The tuberculosis bacilli is naturally resistant to many antibiotics, and
only a few drugs are effective, making treatment difficult [53]. This intrinsic resistance is
mainly due to the highly hydrophobic cell envelope acting as a permeability barrier for the
penetration of antibiotics. Moreover, many potential resistance determinants are also
encoded in the genome including hydrolytic or drug-modifying enzymes such as -
lactamases and aminoglycoside acetyl transferases, and many potential drug-efflux systems
[54]. The de novo development of genetic resistance to the drugs that wild type M.
tuberculosis is usually susceptible to arises through the acquisition of specific chromosomal
mutations, although rarely movement of mobile genetic elements, such as the insertion
sequence [S6110, has been associated with new resistance emerging through the inactivation
of critical genes [55]. Chromosomal mutations occur through selection where in a selective
environment (in the presence of a drug), the sensitive bacterial population is killed and the
resistant mutants are allowed to grow [56]. Genetic resistance has resulted in the emergence
of MDR-TB, XDR-TB and TDR-TB. The de novo emergence of drug resistance in an
individual patient could arise from patient non-adherence [44], poor drug quality, and
patient-dependent pharmacodynamic and kinetic properties of the drugs administered [57].
Additionally, treatments of comorbidities such as HIV can influence the pharmacodynamic
properties of anti-TB drugs and increase the likelihood of genetic resistance development
[58]. Importantly, resistance-conferring mutations to a given drug may confer cross-
resistance to other drugs targeting related metabolic pathways [59], and the anti- TB drugs

themselves can interact in ways that could promote drug resistance [60].
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Genetic drug resistance-conferring mutations in M. tuberculosis have been described in
genes (plus their regulatory regions) encoding enzymes directly targeted by the antibiotics,
or in gene products involved in the activation of pro-drugs [61] (Table 2). The average rate
of emergence of spontaneous resistance mutations to INH and RIF in M. tuberculosis was
estimated at 108 and 10~ mutations per bacterium per cell division, respectively [62]. This
implies that, during monotherapy, the appearance of resistant bacteria will occur almost
inevitably, given an average number of approximately 108 bacilli present in individual TB
lesions [63]. Moreover, mutations in M. tuberculosis can occur during latent infections,

when bacilli are thought to be replicating very slowly or not at all [64].

Table 2: Anti-TB drugs and their mechanisms of drug resistance.

Genes Gene function Resistance mechanism
Drug .
involved
Rifampicin rpoB f-subunit of RNA polymerase Inhibition of transcription
thf Catalase-perox@ase . Inhibition of mycolic acid
Isoniazid inhd, Enoyl-[acyl-carrier-protein] Synthesis and other
ahpC reductase multiple effects
Alkyl hyperperoxide reductase
. . Elimination of PZA
pncA Pyrazinamidase conversion to POA
. . . . Inhibition of trans-
Pyrazinamide rpsA Ribosomal S1 protein translation
panD Aspartate decarboxylase iltlllélt():lgznsy(l)lt;hgsitgtothenate
embA, Arabinosyl transferases Inhibition of
embB, embC arabinogalactan synthesis
Ethambutol iniA Efflux pump associated Altered efflux pump
activity
rpsL S12 ribosomal protein Alteration of drug target
Streptomycin s 16S rRNA protein thereby inhibiting protein
gidB 16S rRNA 7-methyltransferase synthesis
Amikacin/ s 168. TRNA p rotein, Inhibition of protein
Kanamycin eis ammogly9051de acetyltransferase synthesis
whiB7 transcriptional regulator
Fluoroquinolones grd, ggrB DNA gyrase subunit A and B Inhibition of DNA
synthesis
Capreomycin/ rrs 16S rRNA Inhibition of protein
Viomycin tlyA 2’-O-methyltransferase synthesis
. . etad/ethA, Flavin monooxygenase Inhibition of mycolic acid
Ethionamide ethR, Transcription repressor synthesis
inhA Enoyl ACP reductaase

ACP, acyl-carrier-protein; CoA, coenzyme A.

These mutations are presumably the result of oxidative DNA damage rather than replication

errors, and indicate that M. tuberculosis might have the capacity to acquire drug resistance
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during latency [64]. This process could be further facilitated in bacteria with an intrinsically
elevated mutation rate, such as ones with mutations in the mismatch repair system [65].

Therefore, TB treatment regimen must include at least four drugs (Table 2).

1.5.2. Phenotypic drug resistance in M. tuberculosis

Phenotypic resistance or drug tolerance has also been observed in M. tuberculosis. It arises
due to epigenetic changes in gene expression and protein modification that cause tolerance
to drugs in non-growing persister bacteria, and entails prolonged treatment and risk of post-
treatment relapse [66, 67]. Persisters refer to subpopulations of cells that can phenotypically
tolerate increased concentrations of drugs; however, they are not genetically resistant (i.e.,
drug resistance will not be inherited by daughter cells) [68]. Although drug tolerance in
persisters is thought to be phenotypic, it is possible that under some conditions, antibiotic
tolerant persisters may acquire mutations and develop genetic resistance. Similarly, a
genetically antibiotic resistant mutant could also develop persisters with tolerance; thus,
genetic resistance and tolerance may interconvert and overlap [66]. Persistence requires
phenotypic differentiation into persister cells and is often linked to a state of slow growth
or dormancy. It can be triggered by various factors, such as starvation, quorum sensing,
intracellular signals, and antibiotic treatment itself [68, 69]. However, persistence is not
strictly associated with dormancy; prior stress or sub-inhibitory concentration of drugs may

induce efflux pump expression, which causes phenotypic resistance [70].

As pointed out that genetic drug resistance in M. tuberculosis is encoded on the
chromosome, rapid detection of resistance by molecular methods is possible. These
techniques overcome some of the limitations of the classical techniques of phenotypic drug
susceptibility testing (DST), which may require standard mycobacterial culture for up to
several months [71]. Hence, developing improved methods of molecular DST in TB is
currently high on the agenda and, recently, important progress has been made [72].
However, for many anti-TB drugs, at least a proportion of drug resistance-conferring
mutations remain unknown. This is especially so for PZA, which is a paradoxical first-line
drug with unique sterilizing activity in anti-tuberculosis treatment. It has a preferential
sterilizing activity against non-replicating persister bacilli with low metabolism at acid pH

in vitro or in vivo during active inflammation where other drugs may not act so well. It is
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on this account that this study “Molecular targets and mechanisms of action of

pyrazinamide in Mycobacterium tuberculosis’ was undertaken.

1.6. Pyrazinamide

Pyrazinamide is a structural analogue of nicotinamide (Figure 3A), which was chemically
synthesized for the first time in 1936 [73]. However, its anti-tuberculosis activity was not
recognized until 1952 [74]. The discovery of PZA as a TB drug was based on a serendipitous
observation that nicotinamide exhibited antimycobacterial activity in animal models [75].
This led to a fast-tracked validation of PZA as a most active anti-TB agent through the
synthesis of nicotinamide analogs and direct testing in the mouse model of TB infection
bypassing in vitro testing [76, 77]. For a period of time, PZA found use as a second-line TB
drug for the treatment of drug-resistant TB or treatment of relapsed TB because of the
hepatic toxicity caused by higher PZA dosage (3.0 g) and longer treatment used in earlier
clinical studies. However, following impressive mouse studies that demonstrated high
sterilizing activity of PZA in combination with INH [78], the BMRC conducted clinical
trials in East Africa with lower PZA doses (1.5-2.0 g daily) which were not significantly
hepatotoxic. PZA was found almost as effective as RIF as a sterilizing drug as assessed by
more frequent sputum conversion at 2 months and by the relapse rates. Subsequent clinical
studies showed that the effects of RIF and PZA were synergistic [79]. These studies showed
that treatment could be shortened from 12-9 months if either RIF or PZA was added to the
regimen, and to 6 months if both were included. PZA has since been used as a first-line
agent for treatment of drug susceptible TB with RIF, INH and EMB, which is the best TB
therapy option currently. PZA is also a vital component of MDR-TB treatment regimens
[80] and also of any new regimens in conjunction with new TB drug candidates in clinical

trials [81].

Notably, PZA also inhibits the quiescent malaria parasite in the mouse model [82] and is
also active against E. coli ampicillin-tolerant persisters [83]. Although there is considerable
recent interest in developing antibiotics targeting persisters [84-86], PZA is the only
prototype persister drug so far that has been shown to improve the treatment of a persistent
infection. Nevertheless, PZA validates an important principle that drugs targeting dormant
persisters, when used in combination with drugs that target growing organisms, are critical

for shortening the treatment. Despite widespread recognition of its therapeutic importance,
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the unique sterilizing and synergistic properties of PZA remain an enigma [87]. This
knowledge gap stems from a very unusual in vitro-in vivo disconnect in which PZA
exhibited activity in a murine model of TB rather than a culture of replicating bacilli [87].
Unlike all other TB drugs, PZA exhibits poor in vitro activity with the minimum inhibitory
concentrations (MICs) varying widely depending on the pH, inoculum size, and other assay
conditions [88, 89]. The clinical susceptibility breakpoint above which therapy fails is
around 100 pg/mL (as determined by the BACTEC MGIT 960 method with an adjusted pH
of 5.9) [90], whereas “normal” peak plasma concentrations are 20-60 pg/ mL 1 to 2 h
postdose [91]. Unfortunately, despite PZA being one of the oldest anti-TB drugs, the
biological mechanisms underlying this pharmacokinetic-pharmacodynamic puzzle have not

yet been uncovered.

1.6.1. Importance of PZA in shortening TB Therapy

As aforementioned, PZA is a critical frontline TB drug that plays a unique role in shortening
the treatment period from 9—12 months to 6 months [79, 92, 93]. The inclusion of PZA with
INH and RIF forms the cornerstone of modern short course TB chemotherapy based on the
work by McDermott and colleagues in a mouse model of TB infection [78, 94]. This
powerful sterilizing activity is because PZA has the unique ability to sterilize semi-dormant
bacilli that persist in acidic environments inside macropahges and other caseous foci where
other drugs may not act so well [50]. PZA is only used during the first 2-month intensive
phase of the 6 month therapy as giving it longer than 2 months does not appear to add
additional benefit [79]. This is presumably because after 2 months of treatment, the
inflammation that was leading to an acidified environment in the lesions have decreased.
PZA has shown synergies with several drugs or drug candidates currently in clinical
development for TB, and recent efforts to find optimal drug combinations with new drug
candidates for shortening TB treatment in the mouse model suggest that PZA is the only
drug that cannot be replaced without compromising treatment efficacy [95-97]. For
example, PZA is being considered as part of future regimens in combination with
bedaquiline (TMC207), the bicyclic nitroimidazole (PA-824) and moxifloxacin [81]. These
new drug combinations are expected to shorten the treatment period for DS-TB, DR-TB as
well as latent TB. Thus, PZA has a unique and an indispensable therapeutic potential across

many TB patient populations.
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Figure 3: The structure of PZA and its conversion into POA.

A) Structure of PZA and its analogue nicotinamide [104]; B) Conversion of PZA into POA by enzyme
PZase [99].

1.6.2. Mode of action of PZA in M. tuberculosis

PZA is a pro-drug that needs to be converted into its active form, pyrazinoic acid (POA)
(Figure 3), by the enzyme pyrazinamidase (PZase) [98], encoded by the 561—nucleotide
long pncA gene (Rv2043c) [99]. It is postulated that the mechanism of action of PZA is
through POA, its active moiety, and this has been demonstrated by exposing M. tuberculosis
cultures to extracellular POA and measuring growth inhibition at pH 5.5 to 6.0 against both
laboratory and clinical strains. A surprisingly wide range of MICs has been reported for
POA, from 8- to 16-fold less potent [100] to slightly more active [101] and up to 8-fold
more potent than PZA [88]. The reported MICs of PZA itself vary between 4 and 400 pg/mL
at acidic pH [88, 89]. Under the current model, bio-activation of PZA into POA primarily
occurs inside the bacilli and is catalyzed by the pncA-encoded pyrazinamidase (PZase) [102,
103]. Accordingly, a large proportion of M. tuberculosis PZA-resistant strains have pncA
mutations that reduce or abolish POA production [99].

Following the above, it was concluded that PZA undergoes intramycobacterial activation to
POA and targets a subpopulation of non-replicating or slowly replicating bacilli that reside

in an acidified niche. These observations have motivated a series of studies focusing on the
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mechanism(s) of action of PZA and POA against M. tuberculosis and have identified a
diverse range of potential targets, including fatty acid synthesis [105], trans-translation
[101], membrane potential and integrity [83, 106], pantothenate biosynthesis [107, 108],
and the host immune response [109, 110]. Collectively these studies indicate that PZA acts
through a multiplicity of targets and mechanisms, many of which require biotransformation

into POA.
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Figure 4: Proposed model for the mode of action of PZA

Based on the above studies, the model for the mode of action of PZA was proposed (Figure
4) [106, 111, 112]. PZA enters M. tuberculosis bacilli by passive diffusion and is converted
into POA by the cytoplasmic PZase. POA is then excreted through passive diffusion and a
weak efflux pump [111]. Under acid conditions, some POA become uncharged protonated
acid HPOA which is readily reabsorbed inside the cell. The acid-facilitated POA influx can
overcome the weak deficient POA efflux, which causes accumulation of POA inside the cell
[111]. The HPOA brings protons into the cell and this could eventually cause cytoplasmic
acidification such that vital enzymes could be inhibited. This is especially so for non-
growing persisters with low metabolism at acidic pH. In addition, POA could de-energize
the membrane by collapsing proton motive force and affect membrane transport inhibiting

protein and RNA synthesis [106].
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At neutral or alkaline pH, there is little POA found in M. tuberculosis bacilli [111], because
over 99.9% of POA is in charged anion form [113] and does not get into cells easily and
remains outside the cells [111]. This observation explains why PZA is active at acidic pH
but not at neutral pH [102]. It is worth noting that acid pH not only allows POA to re-enter
and accumulate in the bacilli [111] but also decreases the membrane potential and inhibits
growth and metabolism required for the drug action. The unique activity of PZA against M.
tuberculosis appears to be due to the deficient POA efflux mechanism that is unable to
counteract the acid-facilitated POA influx, which could cause increased accumulation of
POA and eventual acidification of the cytoplasm, de-energized membrane [106], inhibition
of various targets and eventual cell death. The disruption of bacterial membrane energetics
interferes with energy production, necessary for survival of M. tuberculosis at an acidic site
of infection [114]. This correlates with the increased activity of PZA against non-replicating
bacilli with lower membrane potential and its disruption by POA in acid environments
[106]. Although PZA susceptible bacilli have been postulated to persist in the macrophage
phagolysosomes [115], recent studies suggest that the interior pH of these organelles may
be only slightly acidic [116], and PZA lacks even bacteriostatic activity against intracellular
M. tuberculosis in human monocyte-derived macrophages [117]. However, activation of
macrophages by gamma interferon leads to phagosome acidification to a pH range where
PZA is highly active [118]. An alternative hypothesis is that PZA kills bacilli residing in
acidified lung compartments present during the early inflammatory stages of infection [50],
which is consistent with clinical observations that PZA activity is primarily limited to the
first 2 months of therapy. This observation is also supported by Zhang et al. [119] in which
the in vivo activity of PZA could be observed within 3 days of monotherapy with PZA,
starting from the day after infection using an autoluminescent M. tuberculosis reporter

strain.

Another theory suggests that POA and its N-propyl ester inhibit the enzyme fatty acid
synthase (FAS) type I in replicating bacilli which is required by the bacterium to synthesize
fatty acids, although this suggestion has been discounted [120]. PZA was also recently
shown to markedly inhibit the catalytic activity of M. tuberculosis quinolinic acid
phosphoribosyltransferase (MtQAPRTase) [121]. MtQAPRTase is a key enzyme in the de
novo pathway of nicotinamide adenine dinucleotide (NAD) biosynthesis and a target for the

development of new anti-tuberculosis drugs. Therefore, the structure of PZA may provide
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the basis for the design of new inhibitors of MtQAPRTase and provide new insights into the
catalytic properties of MtQAPRTase.

Recently, Via et al. [122] revisited the longstanding paradigms of PZA action and offered
pharmacokinetic explanations for the apparent disconnect between its in vitro and in vivo
activities. In line with earlier observations [123, 124], Via and colleagues measured
substantial host-mediated conversion of PZA into POA, in both TB patients and animal
species commonly used to model TB. In addition, they demonstrated favorable penetration
of this pool of circulating POA from plasma into lung tissue and granulomas, where the
pathogen resides. In standardized growth inhibition experiments, Via and colleagues
reported that POA exhibits superior in vitro potency compared to PZA, indicating that the
vascular supply of host-derived POA may contribute to the puzzling in vivo efficacy of PZA.
They also reported the oral bioavailability and exposure of POA in mice, rabbits and guinea
pigs, albeit with a short half-life which was significantly extended by pre-administration of
the xanthine oxidase inhibitor and gout approved drug allopurinol [122]. These results pave
some way for clinical exploration of oral POA as a therapeutic alternative or an add-on to

overcome pncA-mediated PZA resistance and salvage this essential TB drug.

1.6.3. Targets of PZA

Given the alarming rise of resistance to TB drugs worldwide, and especially the
emergence of MDR, XDR and TDR strains that are PZA-resistant, the identification of
precise targets for PZA is critical for the future of TB control [125]. A promising target for
drug development should be essential for survival of the human pathogen and absent from
the human host, which should hopefully result in the development of non-toxic therapeutic
agents to treat infectious diseases. Although the mechanism of PZA activation and
resistance has been characterized, the precise targets and mycobacterial functions that are
inhibited by POA remains elusive. Zimhony and colleagues [105] suggested the target of
PZA to be fatty acid synthetase (FAS-I) in a study conducted using M. smegmatis and the
PZA analog 5-chloro-pyrazinamide (5-CI-PZA). They found that the eukaryotic-like
faslgene [126] from M. avium, M. bovis BCG or M. tuberculosis conferred resistance to 5-
CI-PZA when present on multi-copy vectors in M. smegmatis. 5-CI-PZA and PZA markedly
inhibited the activity of M. tuberculosis FASI, the biosynthesis of Cis to C24/Cas fatty acids
from acetyl-CoA [127]. They reported that PZA inhibited FASI in M. tuberculosis in
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correlation with PZA susceptibility. However, no mutations in fas/ have been found in PZA-
resistant M. tuberculosis strains. In another study, Boshoff and colleagues showed that FASI
was the target of 5-CI-PZA but not the target of PZA [120]. In addition, other studies have
shown that 5-CI-PZA and PZA act very differently as 5-CI-PZA is converted by PzaA, a
second PZase enzyme not related to prncA and not present in M. tuberculosis, to less active
5-CI-POA [128]. In M. tuberculosis, PZA is converted into POA by PZase encoded by pncA
gene [99]. Despite some in vitro activity of 5-CI-PZA, it exhibited no activity against M.
tuberculosis or M. bovis in a mouse model [129]. In another study [130], the overexpression
of FASI (target of 5-CI-PZA) and PzaA (involved in inactivating 5-CI-PZA) caused 5-ClI-
PZA resistance in M. smegmatis. However, overexpression of FASI in M. tuberculosis was
toxic. Further, studies on FASI as a possible target of PZA in cell-free assays or in whole
cells were questionable as extremely high concentrations of PZA or POA above the

physiological concentrations were used.

Recently, Shi et al. [101] identified a new target of POA as the ribosomal protein S1 (RpsA),
a vital protein involved in protein translation and the ribosome-sparing process of trans-
translation. Overexpression of RpsA caused resistance to PZA in M. tuberculosis as it
caused a 5-fold increase in the MIC of PZA (MIC=500 pg/mL) compared with the vector
control (MIC=100 pg/mL) at pH 5.5. Previously, this group [131] had identified a low level
PZA-resistant M. tuberculosis clinical isolate DHM444 (MIC=200-300 pug/mL PZA) that
lacked pncA mutations, but which later they found it contained a AA438 deletion at the C-
terminus of RpsA protein [101]. They overexpressed and purified the mutant RpsAAA438
protein, and found that unlike the wild type H37RV RpsA protein, it did not bind to POA
using isothermal titration calorimetry. However, inconsistent with these results, strain
DHMH444 had previously been shown to be fully susceptible to both POA [88] and PZA
in a murine model of infection [132]. Moreover, trans-translation was more recently shown
to be nonessential for growth under conditions that promote PZA susceptibility, fora strain
defective for trans-translation was found to be fully susceptible to PZA [133]. Thus,
inhibition of trans-translation is not likely to explain PZA mediated inhibition of M.
tuberculosis growth. It thus means that further work is critical to resolve direct RpsA

targeting by POA and its actual role in PZA resistance.

More recently Shi and colleagues [134], also identified a new gene, panD encoding aspartate

decarboxylase as a new target of PZA in M. tuberculosis. They isolated 30 POA-resistant
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mutants lacking mutations in pncA and rpsA from M. tuberculosis in vitro, and whole-
genome sequencing of 3 mutants identified various mutations in the panD gene.
Additionally, sequencing analysis revealed that the remaining 27 POA-resistant mutants all
harbored panD mutations affecting the C-terminus of the PanD protein. PanD is involved in
synthesis of B-alanine that is a precursor for pantothenate and co-enzyme A biosynthesis.
Inducible PanD overexpression caused significant resistance to POA and PZA in M.
tuberculosis. Shi and colleagues [134] found out that the activity of the M. tuberculosis
PanD enzyme was inhibited by POA at therapeutically relevant concentrations in a
concentration-dependent manner but was not inhibited by the prodrug PZA or the control
compound nicotinamide. These finding suggests that panD mutations are closely associated
with POA resistance and that the C-terminus of the PanD protein may be involved in POA
binding. It is likely that PanD is a target of PZA and that POA binding to PanD could inhibit
synthesis of pantothenate and co-enzyme A which may be critical for persister TB bacteria.
Considering that FASI is pantothenate dependent and coenzyme A plays a crucial role in
carbon and energy metabolism, the targeting of PanD by PZA provides a potential
explanation for the pleiotropic effects of PZA on M. tuberculosis. However, additional
genetic and biochemical studies are essential to delineate a mechanistic link between PanD
and PZA action. While the targets described above are not mutually exclusive, many
questions remain in refining our understanding of the PZA mode of action. This is especially
so since some PZA-resistant clinical strains that do not have mutations in the pncA, rpsA or
panD genes have been reported [107, 135, 136] indicating the presence of a possible new

targets and resistance mechanisms of PZA.

Moreover, M. tuberculosis Rv2783 along with RpsA and two other proteins were
previously reported to bind to a POA derivative, 5-hydroxyl-2-pyrazinecarboxylic acid
and not the ethanolamine control column [101]. M. tuberculosis Rv2783 is a probable
bifunctional enzyme: polyribonucleotide nucleotidyltransferase (PNPase), a component of
the RNA degradosome involved in mRNA degradation [137], and guanosine
pentaphosphate synthetase (Gpsl), involved in the synthesis of the alarmones guanosine
tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) (collectively referred to
as (p)ppGpp) [138] involved in regulating growth and several physiological processes
commonly referred to as the stringent response [139] in several bacteria. M. tuberculosis

Rv2783c gene is located within a cluster of co-oriented open reading frames and is deemed
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essential for growth of M. tuberculosis under laboratory conditions as no transposon

insertion mutants within the gene was recovered [140].

The alarmones ppGpp and pppGpp are formed by the addition of a pyrophosphate moiety
to the 3" position of GDP and GTP, respectively [141]. The stringent response and (p)ppGpp
play important roles in the regulation of bacterial virulence [142], survival during host
invasion [143], antibiotic resistance [144] and persistence [145]. In E. coli, (p)ppGpp is
produced by the activity of the RelA protein and hydrolyzed by the SpoT protein [139]. M.
tuberculosis contains a single homolog of these proteins, Relmw, encoded by Rv2583c,
which responds to nutrient starvation by producing (p)ppGpp and thus facilitating long-term
survival of non-replicating persister bacteria during chronic infection [146, 147]. Relvw is a
dual-function enzyme carrying out ATP:GTP/GDP/ITP 3’-pyrophosphoryltransferase and
(p)ppGpp 3’-pyrophosphohydrolase reactions [148]. In addition to Relww, M. tuberculosis
Rv1366 protein has been implicated in catalyzing p)ppGpp synthesis, however its role in
maintaining (p)ppGpp levels during stressful conditions and virulence has yet to be
investigated [149]. To date, the probable ppGpp synthetase and hydrolase activities of M.
tuberculosis Rv2783 have not been explored. We therefore focused our attention on
investigating whether or not M. tuberculosis Rv2783 is involved in the regulation of
intracellular concentrations of ppGpp, which is vital for long-term survival of the bacilli

during dormancy.

Because of the known biochemical functions of PNPase and GPSI in bacteria such as E. coli
and S. antibioticus and [137, 138, 150], we set out to investigate the same biochemical
activities in M. tuberculosis Rv2783 and their role in in M. tuberculosis PZA resistance and
the implications of POA binding to RV2783. To date, the genetics of mycobacterial PNPase
has received little attention, with the lone published study dating back to 1964 [151].
Recently, the M. smegmatis PNPase was characterized and found to possess DNA
polymerization and phosphorolysis activities besides its active role in RNA metabolism
[152]. The DNA modifying activities of M. smegmatis PNPase coupled with an earlier
report by Juan Alonso and colleagues [153] suggested that mycobacterial PNPases could
possibly be involved in DNA repair and mutagenesis iz vivo. Juan and colleagues provided
genetic evidence that B. subtilis PNPase participates in the homologous recombination (HR)
and non-homologous end joining (NHEJ) pathways of double-strand break (DSB) repair in

response to damage by hydrogen peroxide [153]. Considering that mycobacteria possess
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three distinct pathways for the repair of DNA double-strand breaks [HR, NHEJ, and single-
strand annealing (SSA)], we hypothesized a similar participation by M. tuberculosis Rv2783
(PNPase). While the mechanisms by which PNPase affects DNA repair are not yet clear,
Alonso and colleagues suggest that PNPase reacts with broken DNA ends, either converting
them from non-ligatable “dirty” breaks to clean ends that can be sealed by DNA ligase or
by adding non-templated single-stranded 3’ tails that can then influence repair pathway

choice [153, 154].

RNA degradosome, a multi-enzyme complex comprised of proteins such as RNAse E and
PNPase, is involved in RNA metabolism and post-transcriptional control of gene expression
in E. coli and many other bacteria [155-157]. Although the mechanism of action of RNA
degradosome in E. coli is relatively well understood, very little is known about the
mechanisms involved in the RNA metabolism in other species [158, 159], including
mycobacteria. M. tuberculosis is a very successful pathogen which is able to persist under
stressful conditions for a long time in a non-replicating state inside the host [2]. Given the
central role of RNA degradosome in RNA metabolism in E. coli, it is conceivable that the
RNA degradosome-dependent regulation of RNA stability in M. tuberculosis might also be
a very important mechanism, adjusting the cellular metabolism to environmental stress. It
has been reported during dormancy, the bacilli exhibit a decline in sensitivity to antibiotics
and an increase in RNase E levels [160], which is a component of the RNA degradosome.
Likewise, we conjecture a similar involvement of M. tuberculosis PNPase in the regulation
of RNA metabolism of the non-replicating persister bacilli during dormancy. Taken
together, M. tuberculosis Rv2783c protein merited our consideration as essential gene for

the bacilli survival growth under conditions that impact PZA susceptibility.

1.6.4. Mechanisms of PZA resistance in M. tuberculosis

Despite the association of some gene mutations to drug resistance in M. tuberculosis, some
phenotypic anti-TB drug resistances are not associated with any known mutation or
resistance mechanism. For successful treatment and control of TB, the availability of
diagnostic tools that are user friendly, inexpensive and can provide rapid results of drug
sensitivity profile of a M. tuberculosis strain is of great importance. However, regarding the
epidemiology of TB, and also in view of the need to develop new anti-TB drugs, it is

paramount to further our knowledge on the molecular basis of drug resistance to major anti-
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TB drugs and all its complexity. For example, it is necessary to show the contribution of
specific mutations and the emergence of MDR-TB or the complex interaction between drug
resistance and fitness. This would allow better evaluation of the emergence and spread of
resistant strains and more accurate prediction of a future trajectory of drug-resistant TB.
Eventually, such knowledge will contribute to the development of new diagnostic tools and
drugs; something that is urgently needed, when taking into account the increasing rates of
drug-resistant variants globally. It is on this account that this article presents an updated
review of resistance mechanisms of M. tuberculosis against PZA. Unlike common
antibiotics that act on growing bacteria, PZA is dissimilar in that it has no activity against
growing M. tuberculosis bacteria in normal pH. It is this unique synergistic activity that

makes PZA indispensable in TB therapy.

Considering that PZA is such an important drug in the current and future regimens for drug-
susceptible, drug-resistant TB and latent TB, a better understanding of its molecular
mechanisms of action and resistance is requisite in the exploration of novel drug targets and
resistance mechanisms in M. tuberculosis. While the availability of new genetic information
derived from the complete genome sequence of M. tuberculosis and major advances in
molecular biology has increased knowledge of the mechanisms of drug action and resistance
to the main anti-TB drugs, this has not been much the case for this indispensable first-line
drug. Although PZA resistance in M. tuberculosis was shown by McDermott’s group to be
related to loss of nicotinamidase and pyrazinamidase in 1967 [161], the mechanism of PZA
resistance was not known until 1996 when mutation in the pncAd gene encoding

nicotinamidase and pyrazinamidase was demonstrated to cause PZA resistance [99].

1.6.4.1. Role of pncA mutations in PZA resistance

In 1996, the pncA gene was confirmed to be strongly associated with PZA resistance in M.
tuberculosis [99], and in the following year, it was found that pnc4 mutations constituted
the principal mechanism (70-97%) of PZA resistance [103]. However, some (3—30%) PZA-
resistant strains without pncA mutations have been reported [107, 136]. This indicates that
other genes and mechanisms are involved in PZA resistance. Studies have showed that
mutations in recombinant pncA decreased the enzymatic activity to about 10-fold,
depending on the localization and type of mutation [162, 163]. The important residues

associated with pncA function are those of the active site (Asp8, 1le133, Alal34 and
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Cys138); and mutations at these residues highly affect the PZase function [162-165] (Figure
5).

Figure 5: Ribbon representation of the structure of the M. tuberculosis pyrazinamidase.

The secondary structures, the iron binding site (Asp49, His51, His57, and His71) and the catalytic triad
(Cys138, Asp8, Lys96) are annotated. The iron ion is represented by the orange sphere, the two water

molecules by red spheres [165]. [llustration adopted from a previous report [165].

Most of the reported alterations in prncA occur in the 561 bp region of the open reading frame
or in an 82 bp region of its flanking region [99]. However, the mutations in pnc4 are highly
diverse within the M. tuberculosis complex in different geographical regions [166, 167].
Clinical isolates with new pncA mutations are encountered frequently, which hampers the
development and application of diagnostic tools based on the molecular characterization of
gene mutations. To link these new mutations to PZA phenotypic resistance usually requires
going back to the conventional DST [168]. However, the issues of reliability of conventional

DST are also of concern, as previously alluded.

In this regard, a very recent study by Tan et al. [169] reported the regional disparities in
pncA mutations and the highly diverse patterns in pncA mutations. In this study, the prcA

mutations were randomly dispersed along the entire gene and observed at a high ratio in
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PZA-resistant clinical isolates in southern China. Of the clinical isolates with prncA-plus-FR
(flanking region) mutations, 28.9% (13 of 45) were new, which displayed the high diversity
of mutations in the pncA gene in different regions. In addition, some PZA-resistant strains
associated with pncA mutations do not show mutations in pncA or its regulatory region. In
this case, it has been postulated that resistance to PZA could be due to mutations occurring
in an unknown pncA regulatory gene. An alternative explanation could be the difficulty in
performing drug susceptibility testing for PZA and that these strains are falsely resistant by
the phenotypic test. Furthermore, a small proportion of PZA-resistant strains that have low-
level resistance and retain PZase activity are considered to have other alternative
mechanism(s) of resistance [170]. The highly specific activity of PZA for M. tuberculosis,
with little or no activity against other mycobacteria, can be explained by the fact that pncA
is altered in many species of mycobacteria. For example, in Mycobacterium bovis subsp.
bovis, the natural substitution H57A produces a non-effective PZase resulting into intrinsic
resistance to PZA, while M. canettii is intrinsically resistant to PZA despite lacking non-

synonymous mutations in pncA [131].

Correlation of drug resistance with a defect in a specific “drug-resistant” gene has been
observed for several antitubercular drugs. Resistance against INH, RIF, EMB and OFX
show variable correlation between the drug resistance phenotype and mutations in the drug
resistance genes katG (31-97 %)/inhA (843 %), rpoB (90-95%), embBC (47-65%) and
gyrA/gyrB (75-94%), respectively [171, 172]. However, PZA appear to have multiple
cellular targets resulting in a variable correlation between PZA resistance and the presence
of mutations in the pncd gene. A majority (70-97%) of PZA-resistant isolates of M.
tuberculosis harbor mutations in their pncA gene or putative regulatory region. However,
some other clinical PZA-resistant isolates with PZase activity and wild type pncA gene have
also been reported in several studies, indicating the existence of alternate resistance
mechanism(s) or target(s) of PZA [112, 130, 173]. In several studies of PZA resistance, low
to moderate correlation (41-80%) between PZA resistance and pncA mutations has been
reported in places such as in Taiwan (41%) [174], Rio de Janeiro, Brazil (45.7%) [175],
South Africa (67%) [176], Japan (77%) [177], Brazil (72%) [178], Hong Kong, China (80%)
[179], New Zealand (42%) [180] and Thailand (75%) [181]. Similarly, a higher correlation
(>90%) such as in South Africa (91-92%) [182, 183], China (91%) [184], Japan (97%) [103]
and S. Korea (97%) [185] has been reported. Such a disparity could be attributed to some
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extent to the limitation of phenotypic susceptibility testing. False resistance is the most
common cause of error in the results of susceptibility testing to PZA. Recently Simons and
colleagues [186] reported that this could be influenced by the inoculum size. The ammonia
produced by bacterial metabolism can increase the pH of the culture medium therefore
inactivating the drug [113]. However, limitations in susceptibility testing are not the sole
reason for the varied correlation between PZA resistance and pnc4 mutation. In some
studies, susceptibility testing was repeated carefully, including the use of the Bactec MGIT
for the same discordant strains. Therefore, identification and understanding of other novel
mutations conferring resistance to PZA is highly desirable as this would shed light to new
resistance mechanism(s) or target(s) of PZA and hence more effective TB control and

treatment.

More intriguing is the lack of correlation between the observed pnc4 mutation genotypes
and the resultant PZA resistance phenotypes. The study by Klemens et al. [132] showed the
lack of consistent correlation between the absolute MICs and the reductions in organ viable
cell counts seen within isolates for which the MICs were >256 pg/mL. In their study, PZA
at 150 mg/kg had activity in the murine test system against M. tuberculosis isolates for
which the MICs were <256 ug/mL by the broth dilution method. However, treatment with
PZA did not reduce organ viable cell counts against isolates for which the MICs were above
256 pg/mL. Furthermore, Aono and colleagues [ 187] recently reported some novel findings
in which three M. tuberculosis strains failed to yield pncA Polymerase chain reaction (PCR)
amplicons. Each of the three strains carried a complete deletion of pncA, and had MICs
exceeding 1600 pug/mL. The first strain contained a 4,475-bp deletion from Rv2041 to
Rv2046; the second one contained a 1,565-bp deletion from Rv2042 to Rv2044; while the
third strain contained a 6,258-bp deletion from Rv2037 to Rv2045. These results suggest
that the entire pncA was deleted and that the M. tuberculosis strains lacking pncA were PZA-
resistant. These findings point out to the need of a better understanding of PZA resistance
with respect to the correlations between PZA resistance, PZase activity, and pncA mutations.
In regard to the above, Yoon and colleagues [188] recently reported on the effect of prncA
mutations on protein function, where they analyzed expression and PZase activity of
8 pncA point mutants identified in 19 PZA-resistant M. tuberculosis clinical isolates.

Among them, 2 mutants (Y99D and T135P) showed high expression level and solubility
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comparable to those of the wild-type PZase protein, 2 (K48E and G97D) displayed low
expression level and solubility, and four (C14R, H51P, W68S, and A146V) were insoluble.

Interestingly, when possible structural effects of these mutations were predicted by the
Cologne University Protein Stability Analysis Tool (CUPSAT) program based on the
proposed three-dimensional structure of M. tuberculosis PZase, only the 2 highly soluble
mutant proteins (Y99D and T135P) were predicted to be stabilizing and had favorable
torsion angles. However, the others exhibiting either low solubility or precipitation were
foreseen to be destabilizing and/or had unfavorable torsion angles, suggesting that the
alterations could have interfered with proper protein folding, thereby decreasing or depleting
protein solubility. A PZase activity assay demonstrated virtually no activity for two mutants
(G97D and T135P), while other two mutants (K48E and Y99D) exhibited wild-type activity,
indicating that the PZase residues (Cys14, His51, Trp68, Gly97, Thr135, and Alal46) may
be important for PZase activity and/or proper protein folding. In addition, other reports have
also suggested the existence of alternative mechanisms of PZA resistance that do not affect

the PZase structure and activity or POA target.

1.6.4.2. Role of rpsA mutations in PZA resistance

Recently, Shi et al. [101] demonstrated that the binding of POA to the 30S ribosomal protein
S1 inhibits the trans-translation activity required for efficient protein synthesis. However,
mutations in rpsA (Rvi630, 1446 nucleotides), which encodes the S1 protein, result in
altered POA binding and can thus mediate PZA resistance in strains wild type for the pncA4
gene (pncAWT). Previously, out of 38 PZA-resistant clinical isolates, this group [131] had
identified a low level PZA-resistant M. ruberculosis clinical isolate DHM444 (MIC=200—
300 pg/mL PZA) that lacked pncA mutations. Later, Shi et al. [101] sequenced the rps4
gene from the DHM444 strain and found that it contained a AA438 deletion at the C-
terminus of RpsA protein. They further overexpressed and purified the mutant RpsAAA438
protein, and found that unlike the wild type H37RV RpsA protein, it did not bind to POA
using isothermal titration calorimetry. Shi and colleagues aligned the protein sequence of
RpsA of different mycobacterial species and found out that the C-terminal region, where
the AA438 deletion occurred in the PZA-resistant M. tuberculosis strain DHM444, is also
the region that varies most between PZA-sensitive and -resistant mycobacterial species

indicating that changes in this region may alter PZA susceptibility [101]. Trans-translation
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is essential for rescuing stalled ribosomes during translation in non-replicating organisms,
and its inhibition may explain the ability of PZA to eradicate persisting organisms. PZA
inhibition of the trans-translation process may therefore interfere with survival under
stressful, non-replicating conditions in M. tuberculosis [101]. This finding that POA binds
to RpsA and inhibits the trans-translation process helps to explain how diverse stress
conditions, such as starvation, acid pH, hypoxia, energy inhibitors and other drugs could all

potentiate PZA activity [106].

In another recent study, Tan et al. [169] also supported the inclusion of the C-terminal of
the RpsA protein as a new target of POA. In their study, 3 of 7 phenotypically PZA-resistant
but genotypically pncAWYT + FRWT isolates had rps4 mutations (E433, A438, and R474)
which were all clustered in the C-terminus of RpsA protein and highly conserved among all
the mycobacteria spp. One PZA-susceptible clinical isolate also contained one Q162R
single mutation which was away from the C-terminal, as were all other rps4 mutations in
the PZA-sensitive strains. An alignment of C-terminal amino acid sequences of RpsA from
33 strains of 28 mycobacterial species was highly variable. This observation was also
concordant with an earlier study by Ilina et al. [189] who reported a PZA-sensitive strain
with a mutated rps4 (M432T) at its C-terminal. The frequency of rps4 mutations in the
study by Tan and colleagues [54] showed no significant difference (P=0.099) between PZA -
resistant and PZA-susceptible isolates, which they attributed to the small sample size of
PZA-resistant isolates. The low frequency of rps4 mutations in this study again indicated
this was not the main mechanism of PZA resistance in M. tuberculosis, although it could
affect PZA susceptibility [101]. From these reports, there is need for further verification of
the influence of these rps4 mutations on PZA susceptibility, because several studies did not

find any meaningful »ps4 mutations in their assays.

In Canada, Alexander and colleagues [136] reported no rpsA mutations in 11 PZA-resistant
clinical isolates that were genotypically wild type for the pncA gene. However, one rpsA
mutation (A364G), located at the C-terminal of the RpsA protein was found in one PZA-
sensitive strain. In their conclusion, Alexander et al. noted that even though the RpsA
protein may contribute to PZA resistance, rps4 sequencing required analysis of five
overlapping PCR products, and no phenotypically informative mutations were identified.
This again indicates that DNA sequencing of pncA4 but not rps4 would be a robust tool for

routine and rapid verification of PZA susceptibility in M. tuberculosis. Simons and
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colleagues [135] further supported this suggestion when they reported that only 1 of 5 PZA-
resistant isolates with pncAWT had an RpsA (V260I) mutation. However, the reported
mutation by Simons et al. was even questionable based on the disparity of the reported
mutated codon and the amino acid that it encoded. In a more recent study, Akhmetova and
colleagues [190] also reported that gene sequencing revealed that mutations in pncA and its
FR, but not in rpsd, occurred in PZA-resistant M. tuberculosis isolates circulating in
Kazakhstan. Gene sequencing showed that only synonymous substitutions occurred in the
rpsA gene of 3 out of 5 phenotypically PZA-resistant clinical isolates with wild type prncA
gene [190]. In light of the above, the impact of 7ps4 mutations in PZA resistance seem to
be innocuous and thus more studies that correlate PZA MICs with rpsA mutations would be
necessary to define specific 7ps4 mutations that confer PZA resistance. The PZA-resistant
determinant region may be used as a second-step molecular marker as indicated by Tan et

al [55].

1.6.4.3. Role of panD mutations in PZA resistance

Furthermore, some other PZA-resistant strains lack mutations in both pncA or rpsA genes
and their flanking regions. Identifying new mechanisms of PZA resistance has been
challenging due to the diverse genetic background of the clinical strains that differ from
each other and from the sequenced type strains [ 107]. To identify potential new mechanisms
of PZA resistance, Zhang et al. [107] isolated 174 in vitro generated isogenic mutants of M.
tuberculosis H37Rv that were PZA -resistant and characterized them for novel mutations in
their genomes by whole genome sequencing. Sequence analyses identified 5 low level PZA-
resistant isolates without pncA or rps4 mutations which had mutations in the panD gene
encoding aspartate alpha-decarboxylase, which is involved in synthesis of f-alanine that is
a precursor for pantothenate and co-enzyme A biosynthesis. In addition, Zhang et al. [107]
also found a T400C nucleotide change causing amino acid substitution of P134S in an MDR
M. tuberculosis clinical isolate, and in the naturally PZA-resistant M. canettii (M117T). In
a follow-up study by the same group [134], they isolated 30 POA-resistant mutants lacking
mutations in pncA and rpsA from M. tuberculosis in vitro, and whole-genome sequencing
of 3 mutants identified various mutations in the panD gene. Further sequencing analysis
revealed that the remaining 27 POA-resistant mutants all harbored panD mutations affecting
the C-terminus of the PanD protein, with PanD M117] mutant being the most frequent

mutation (24/30, 80%) [134]. Inducible PanD overexpression caused significant resistance
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to POA and PZA in M. tuberculosis. In addition, they found out that the activity of the M.
tuberculosis PanD enzyme was inhibited by POA at therapeutically relevant concentrations
in a concentration-dependent manner but was not inhibited by the prodrug PZA or the
control compound nicotinamide. These finding suggests that panD mutations are closely
associated with POA resistance and that the C-terminus of the PanD protein may be involved
in POA binding, and in particular to residue M117, which was most altered in the POA-

resistant mutants, resulting to inhibition of PanD enzymatic activity.

In another most recent study [108], evaluation of PZA activity against various laboratory
strains of M. tuberculosis revealed that supplementation of cultures with B-alanine,
pantothenate, or pantetheine could antagonize the action of PZA and some of its structural
analogs. These findings were consistent with the previous [107, 134] indication of a link
between pantothenate synthesis and PZA action. However, when a pantothenate-
auxotrophic strain was cultivated using a sub-antagonistic concentration of pantetheine in
lieu of pantothenate, susceptibility to PZA and POA was restored [108]. In this study, B-
alanine was also found not to antagonize PZA and POA activity against the pantothenate-
auxotrophic strain, indicating that the antagonism was specific to pantothenate. In addition,
Dillon and colleagues [108] found that an M. tuberculosis strain with panC (encoding
pantoate B-alanine) and panD deleted could be cultivated with pantetheine at a concentration
that did not antagonize PZA activity, indicating that panD is unlikely to be the principal
target for PZA. This finding uncouples pantothenate synthesis and PZA action, indicating
that pantothenate-mediated antagonism occurs via a novel mechanism that is independent
of panD. Taken together, these data demonstrated that while pantothenate can interfere with
the action of PZA, pantothenate synthesis is not directly targeted by PZA. These findings
suggest that targeting of pantothenate/ Coenzyme A synthesis has the potential to enhance
PZA efficacy and possibly to restore PZA susceptibility in isolates with panD-linked

resistance.

Earlier on, panD mutations in M. tuberculosis had been shown to cause higher attenuation
of virulence in mice than BCG vaccine [191], further indicating the critical importance of
the gene for survival and persistence of the bacilli in vivo. The possibility then that PZA
may inhibit pantothenate and CoA synthesis thereby interfering with diverse metabolic
functions such as energy production and fatty acid metabolism in M. tuberculosis needs to

be further verified. Although Zhang et al. [107] identified a few other mutations such as
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mutations in hadC (B-hydroxyacyl-acyl carrier protein dehydratase) involved in cell wall
mycolic acid elongation in the PZA-resistant mutants without prncA or rps4 mutations, they
are less likely causal in PZA-resistance. This is because mycolic acid synthesis occurs in
actively growing TB bacilli, and inhibition of HadC by PZA while cannot be excluded, is
inconsistent with the specific sterilizing activity of PZA for semi-dormant persister bacilli.
Nonetheless, further studies are required to verify the actual role of AadC mutations in M.

tuberculosis PZA resistance.

1.6.5. PZA susceptibility testing and diagnostic implications

PZA DST is crucial for successful management of patients with susceptible and drug-
resistant TB, especially with MDR/XDR/TDR-TB. Furthermore, as mentioned earlier,
future shorter regimens for both DS- and DR-TB will include PZA as a key drug for
achieving both sterilization and prevention of the development of drug resistance to new
drugs. Thus, reliable PZA resistance data for clinical isolates are crucial for guiding the
clinical management of patients. The Clinical and Laboratory Standards Institute (CLSI) -
recommended method for PZA testing [192] is the Bactec 460TB radiometric system
(Becton Dickinson, Sparks, MD). Most laboratories have however replaced the 460TB
system with the non-radiometric Bactec MGIT 960 (BT960) system (Becton Dickinson,
Sparks, MD). Both methods utilize an acidified Middlebrook broth and an MIC cut-off for
resistance at 100 pg/mL. However, the BT960 system has generated inconsistent test
outcomes when assessing PZase activity and the presence of pncA mutations [182, 193,
194]. The BT960 system does not give a 100% agreement when compared with the 460TB
reference method, and most cite problems with false resistance. The effects of inoculum
concentration, volume, and homogeneity contribute to the lack of reproducibility in BT960
PZA tests [195, 196]. Several differences exist in the inocula used for testing PZA in the
two systems. Firstly, in the 460TB, the ratio of inoculum to medium is 1:42, whereas in the
BT960 system, the ratio is 1:16.6. Thus, the concentration of inoculum in the test medium
in the BT960 is more than 2.5 times greater than that used in the 460TB. The volume of
inoculum used in the BT960 is 0.5 ml, while in the 460TB is 0.1 ml. The higher
concentration and volume of inoculum used in the BT960 could possibly contain PZA-
resistant bacilli, as the probability of finding cells resistant to any drug in M. tuberculosis is
between 1 in 107 and 1 in 10'° cells [196]. Secondly, there is variation in the concentration

of the inoculum used in the BT960 test according to the day of test setup. Usually, there is
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no dilution of the MGIT seed vial for the first and second day after the culture flags positive,
but from the third to the fifth day, the inoculum is diluted 1:5. This may lead to considerable
variation in the amount of the bacilli in the inoculum and could cause the lack of
reproducibility found during repeat testing. Thirdly, the inoculation method differs between
the two systems. A fine-needle tuberculin syringe is used in the 460TB, while the inoculum
is dispensed with a disposable pipette tip in the BT960, which may result in uneven
distribution of bacilli due to “clumping.” Following the differences aforementioned between
the BT960 and 469TB, susceptibility testing using the BT960 alone could lead to a
significant number of false resistant and erroneous results for PZA [197], as well as

therapeutic issues in patient management.

The ambiguous results obtained with culture-based DST of PZA are attributed to poor
buffering of test media, the use of acidic medium pH that inhibits bacilli growth, and
excessively large inocula that reduce the activity of PZA, thereby leading to false resistance
[198]. As mentioned, the antimicrobial activity of PZA is highly sensitive to pH. In liquid
media, there is a narrow pH range bounded on the alkaline side by no activity, and on the
acid side by complete inhibition of growth in drug-free medium [102]. As growth in this pH
range is usually very slow even in the absence of PZA, the drug often appears to exert only
slow or no bactericidal activity. Using the BACTEC 7H12B medium (pH 5.6), Heifets and
Lindholm-Levy [199] found that PZA killed 0, 33, 60, 68, 57, and 72% of the bacterial
population at 31, 62, 125, 250, 500 and 1000 pg/ml during a 2-week drug exposure period.
The minimum bactericidal concentration (MBC, defined as killing 99% bacterial
population) could not be determined since even at the highest concentration used (1000
pg/mL) PZA killed no more than 72% of the bacterial population. This concentration is at
least 20 times greater than the MIC (50 pg/ml) and the peak concentration attainable in
humans (30-60 pg/mL) [200].

The Wayne PZase test [201] is oftenly used as an alternative, although it is usually difficult
to interpret the results. In brief, a heavy inoculum of fresh mycobacterial culture is
inoculated into 16 x 125 mm glass tubes containing 5 mL Dubois broth medium
supplemented with 100 pg/mL PZA and 2 mg/mL sodium pyruvate. After incubation at
37°C for 4 or 7 days, 1 mL of freshly prepared 1% ferrous ammonium sulphate is added to
each tube, and the cultures are placed in the refrigerator for 4 hours. Then the tubes are

examined for a pink band in the agar. Appearance of a pink band on diffusion of the ferrous
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salt is indication of hydrolysis of PZA to free POA. Gonzalo and colleagues [202] recently
proposed a further alternative of testing PZA drug susceptibility using a biphasic media
assay (BMA). The BMA might serve as a reliable low-cost DST alternative for PZA,
particularly in laboratories using locally made solid media. However, its major drawback is

the time to result.

Host cell-based methods using macrophages of either human or animal origin are also
documented [115, 118, 203, 204]. However, these methods are limited by the heterogeneity
of different batches of animal cells and subsequent problems of reproducibility. In addition,
it takes more than 2 weeks to obtain results by the conventional method, because the number
of live bacilli has to be counted after growth on agar plates [118]. Nevertheless, data on the
actual activity of PZA against intracellular M. tuberculosis are controversial, with some
authors reporting both inhibitory and bactericidal effects [205], inhibitory activity alone
[115], or no activity at all [206, 207].

Considering the aforementioned challenges with existing phenotypic test methods, the
design of molecular tests for predicting PZA resistance is a priority especially in settings
where drug-resistant TB is increasing. These techniques would help overcome some of the
limitations of the classical techniques of phenotypic DST, which may require standard
mycobacterial culture for up to several months [71]. Hence, developing improved methods
of molecular PZA DST in TB is critical. However, a significant proportion (3-30%) [107,
136] of PZA resistance-conferring mutations has not been systematically investigated [172,
208] and remains unknown. Hence, culture-based PZA DST remains indispensable.
Therefore more efforts are needed to unravel novel PZA targets and resistance determinants
mechanisms in M. tuberculosis, which could then be used to develop more sensitive
diagnostic tools for PZA-resistant TB. Once more sensitive molecular diagnostics become
available, PZA-resistance profiles could be determined at treatment onset, and drug
regimens could be tailored to the individual patient needs especially those infected with
MDR/XDR/TDR-TB. Ultimately, this would help curb the transmission of drug-resistant

strains. Therefore, it is on this account of these gaps that this study was undertaken.

1.6.6. PZA efficacy in persistent M. tuberculosis bacilli

The unusual efficacy of PZA on persisters was demonstrated using Hu/Coates models of

dormant and rifampicin tolerant M. tuberculosis [209]. The results obtained with them are
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therefore crucial to the overall thesis concerning the bacillary populations against which it
is most effective. In model 1, cultures of M. tuberculosis incubated without shaking for up
to 100 days were sampled, PZA added and bactericidal activity measured. As the duration
of incubation and starvation increased from 4 days (log phase) to 30 days and then 100 days,
the bactericidal activity of PZA increased. In model 2, the cultures were sampled
immediately after selection of the RIF-tolerant population when re-growth was occurring
upon subculture into fresh RIF-free medium and when bacterial metabolism was high, and
PZA had little bactericidal activity against these actively growing bacilli. In model 3, the
cultures were sampled at 3 days after inoculation in RIF-containing liquid medium when
growth and metabolism of the sub-population would be expected to be minimal, and PZA
was highly bactericidal against this population. The action of PZA in these three models
demonstrates clearly that PZA is most bactericidal when cultures of M. tuberculosis are the
most static. Similarly, starvation was found to decrease the membrane potential in old bacilli
and enhanced PZA activity [210]. Starved M. tuberculosis had increased expression of prncA
[211], which could increase pyrazinamidase enzyme levels needed for enhanced conversion
of PZA to active form POA, and may thus contribute to increased killing of tubercle bacilli

by PZA under starvation conditions.

Following the above, PZA validates a principle that drugs active against non-replicating
persisters are important for improved treatment of persistent infections. PZA thus serves as
a prototype model persister drug that plays an indispensable role in any new drug
combination. Indeed, in a recent study on the sterilizing activities of new drug regimens in
the mouse model, all regimens contained PZA [212]. Improved understanding of PZA
targets and mechanism(s) of action is thus important for design of new drugs that further
shorten TB therapy. From this prototype persister drug, one envisions a future of potent
antibiotic for killing the MTB persisters more effectively and thus shorten the duration of

chemotherapy.

1.7. Clinical implications of PZA resistance in TB therapy

Several studies such as in Kazakhstan [190], China [169], South Africa [183] and Thailand
[103] have indicated that MDR M. tuberculosis strains are more likely to harbor PZA
resistance, as compared to non-MDR, especially drug-susceptible M. tuberculosis strains.

For example, the recent study by Tan et al. [169] indicated that of all the MDR strains,
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68.4% (39/57) were PZA-resistant and only 12.5% (13/104) of non-MDR strains harbored
PZA resistance. From another territory-wide registry of MDR-TB cases diagnosed between
1995 and 2009, Chang et al. [213] assembled a cohort of 194 patients with MDR-TB given
fluoroquinolone-containing regimens. Stratified by PZA use and susceptibility, this study
reported that PZA use with susceptibility among PZA users considerably increased the
incidence proportion of early sputum culture conversion and that of treatment success by a
best estimate of 38% for both. As this magnitude of change exceeds the 15 to 20% increase
in the 2-month culture conversion rate of drug-susceptible TB that results from adding PZA
to INH and RIF [214-216], this study suggested that PZA has an important role in
fluoroquinolone-based treatment of MDR-TB. Taken together, these findings emphasize the
importance of PZA in treating MDR-TB, and this had earlier on been demonstrated in a
murine model in which all PZA-containing regimens tested showed better activities than the

corresponding regimens without PZA when combined with second-line drugs [217].

Patients with DR-TB currently require a minimum of 18 to 24 months of treatment. This
more extensive therapy requires more than 14,000 pills and daily injections for at least 6
months. The long duration of MDR-TB treatment, combined with the pain and side effects
that treatment causes, are the major obstacles to treatment compliance. On the basis of these,
on March 18, 2015, TB Alliance and its partners launched a global phase 3 clinical trial
named STAND (Shortening Treatment by Advancing Novel Drugs) in both DS- and MDR-
TB patients [218]. The STAND trial will test PaMZ, a three-drug regimen comprised of two
candidate drugs that are not yet licensed for use against TB: pretomanid (PA-824) and
moxifloxacin, and PZA [218]. STAND researchers expect to enroll 1,500 patients in 15
countries in Africa, Asia, Caribbean, Eastern Europe, and Latin America in this study. PaMZ
will be tested in STAND as a 4- and 6-month treatment for drug-sensitive TB, a 6-month
treatment for patients with MDR-TB susceptible to both PZA and fluoroquinolones, and
also enroll those co-infected with HIV. If successful in this Phase 3 trial, the PaMZ regimen
would eliminate the need for injectable drugs and reduce the cost of MDR-TB therapy by
more than 90% in those patients infected with M. tuberculosis isolates susceptible to the
three drugs. It also promises to be compatible with commonly used HIV drugs, helping the
millions of people co-infected with TB/HIV. Again, these developments signify the
importance of rapid detection of PZA resistance in controlling both DS- as well as DR-TB.

34



Introduction

A number of molecular methods have been developed for the detection of other TB drug
resistance-associated mutations including the line probe assays [219-221]. However, pncA
mutations associated with majority (70-97%) of PZA resistance are dispersed throughout
the entire gene plus it’s FR, which makes it difficult to develop probe-based methods that
cover all the mutations. So far, the most accurate identification of pnc4 mutations is the
polymerase chain reaction (PCR) sequencing. PCR single-stranded conformational
polymorphism (PCR-SSCP) is however not sensitive enough to detect all pncA mutations,
and cannot be used as a screening method for detecting PZA resistance. In addition, the
occurrence of about 3-30% of PZA resistance not associated with pnc4 mutations, and the
rare association of other genes such as rpsA4 and panD, further complicates the development
of rapid and reliable molecular detection tools. Therefore, reliable and accurate molecular
approaches to detect PZA resistance in clinical isolates need to cover at least a significant
number of possible pncA mutant variants, plus the rps4 and panD genes, to reach a high
sensitivity. This could be achieved through direct sequencing of the gene amplicons using
approaches based on classical Sanger sequencing or next-generation genome sequencing.
These techniques must be combined with an appropriate interpretation algorithm and
database that distinguishes Single nucleotide polymorphisms (SNPs) clearly associated with
PZA resistance from those for which their impact for developing resistance is undefined.
Accordingly, knowledge of the variants found in PZA resistant strains combined with
evidence-based correlation with resistance phenotypes are needed to develop large-scale
databases ensuring valid data interpretation. For example, Miotto and colleagues [222]
performed a large multicenter study assessing pncA genetic variants based on their
predictive value for PZA resistance. The results of prncA4 sequencing were correlated with
phenotype, enzymatic activity, structural and phylogenetic data. They identified 280 genetic
variants which were divided into four classes: (i) very high confidence resistance mutations
that were found only in PZA-resistant strains (85%), (ii) high-confidence resistance
mutations found in more than 70% of PZA-resistant strains, (iii) mutations with an unclear
role found in less than 70% of PZA-resistant strains, and (iv) mutations not associated with
phenotypic resistance (10%) [222]. The sharing of such elaborate databases of mutations
involved in PZA-resistance could contribute to a better understanding of molecular
mechanisms of resistance, improved molecular diagnostics, new diagnostic algorithms, and

better public health control of DS- and DR-TB.
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2. Aim

The aim of this study is to explore molecular targets and mechanisms of action of
pyrazinamide in M. tuberculosis. This includes analyzing the actual roles of Rv2783, a
probable bifunctional enzyme [polyribonucleotide nucleotidyltransferase (PNPase) and
guanosine pentaphosphate synthetase (Gpsl)]; the reported ribosomal protein S1 (rpsA)
mutations and the A-11G pyrazinamidase (pncA) mutation in M. tuberculosis pyrazinamide
resistance. A better understanding of this unique sterilizing drug is important for the design
of new drugs targeting M. tuberculosis persisters for improved treatment; and would also
facilitate development and application of rapid and reliable molecular detection tools
thereby enhancing the reliability of testing resistance to this increasingly important anti-TB

drug.
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3. Materials and Methods

3.1. Media and Buffer preparation

Table 3 Luria-Bertani (LLB) broth and agar for E. coli

Reagent Quantity

NaCl (Mw=58.44) 10g

Yeast extract 5g Autoclave
Tryptone 10g

ddH,O 1L

For LB agar, the agar was added to a final concentration of 1.5%.

Table 4: NaOH, Oleic acid and Oleate-albumin-dextrose-catalase (OADC) solutions

Reagent Quantity
e 6M NaOH solution
ddH»0 10 mL
NaOH (MW=40) 24¢
e  QOleic acid solution
ddH»0 120 mL
6M NaOH 24 mL
Oleic acid 2.4 ml
e OADC solution
ddH»0 460 mL
NaCl (Mw=58.44) 4.05¢g
Bovine serum albumin (BSA) 25¢g
Catalase 20 mg
Glucose 10g
Oleic acid solution 15 mL

Table 5: Middlebrook 7H11 agar for M. tuberculosis

Reagent Quantity
ddH»0 900 mL
7H11 powder 19¢g
Glycerol 5 mL

When cool to 65°C, 100 mL of Middlebrook OADC was added.
Table 6: Middlebrook 7H9 broth for M. tuberculosis

Reagent Quantity
ddH0 900 mL
7H9 powder 47¢
Glycerol 2 mL

When cool to 65°C, 100 mL of Middlebrook OADC was added.
Table 7: Super Optimal Broth (SOB) for E. coli DH5a competent cells

Reagent Quantity Final Concentration

Yeast extract 5g 0.5%

Tryptone 20¢g 2% Autoclave
NaCl 5844mg 10 mM

KCL 186.4 mg 25mM

ddH>O Volume tolL  Adjust pH to 6.7-7.0

When cool to 65°C, sterile MgCl, solution was added to a final concentration of 10 mM.
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Table 8: E. coli Transformation Buffer (TB)

Reagent Quantity Final Concentration

MnCl.4H>O 10.88 g 55 mM

CaCl, 1.66 g 15mM Autoclave
KClI 18.65¢ 250 mM

PIPES (0.5 M, pH 6.7) 20mL 10mM

ddH,O Volume tolLL.  Adjust pH to 6.7-7.0

The E. coli TB solution was filter sterilized with 0.45um filter and stored at 4°C.
3.2. Identification of new targets of PZA in M. tuberculosis

3.2.1. Isolation of genomic DNA from M. tuberculosis

As M. tuberculosis is a hazard group 3 pathogen, all stages of the DNA extraction, up to and
including the addition of chloroform, were performed in a class 2 biological safety cabinet
in a containment level 3 laboratory. DNA extraction of wild type M. tuberculosis H37Rv
and the 4 previously reported [169] PZA-resistant clinical strains that lacked mutations in
pncA, rpsA, panD and hadC and their flanking regions were extracted using the
Cetyltrimethyl ammonium bromide (CTAB) method as previously described [223].
Briefly, a loopful of colonies from Middlebrook 7H11agar was added to 400 L 1x TE buffer
and incubated at 80 °C for 20 minutes. The tubes were cooled to room temperature and 50
mL 10 mg/mL lysozyme (Sigma, UK) was added. The tubes were incubated at 37 °C
overnight. The following morning, 70 mL 10% sodium dodecyl sulfate (SDS) and 5 mL 10
mg/ml proteinase K (Sigma, UK) were added before incubation at 65 °C for 10 minutes.
Then, 100 mL of 5SM NaCl and CTAB/NaCl (pre-warmed to 65 °C) were added and
incubated at 65 °C for 10 minutes. 750 mL chloroform/isoamylalcohol (24:1) was added
and the tubes were mixed by inversion. The tubes were centrifuged at 10,000 g for 5 minutes
and the upper aqueous phase containing the DNA was removed and added to 450 mL of ice-
cold isopropanol. These tubes were mixed gently before chilling at —20 °C for at least 30
minutes. The tubes were centrifuged at 10,000 g for 15 minutes at room temperature, the
supernatant was removed and the DNA pellet was washed with ImL ice-cold 70% ethanol.
The tubes were centrifuged at 10,000 g for 5 minutes at room temperature, the supernatant
was removed and the pellet was allowed to air-dry. The pellets were rehydrated using TE
buffer overnight at 4 °C. The concentration of DNA obtained was estimated by comparing
with serial dilutions of lambda DNA using agarose gel electrophoresis. The genomic DNA

was used as template for the subsequent PCR reactions.
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3.2.2. PCR and DNA sequencing of new genes associated with PZA resistance

To identify possible new genes associated with PZA resistance in 4 previously reported
[169] PZA-resistant clinical strains lacking pncA and rpsA mutations, we amplified 3 genes
plus their FRs, (Rv2731, Rv2783c and Rv3169), which encode proteins previously reported
to bind with a POA derivative, 5-hydroxyl-2- pyrazinecarboxylic acid (Figure 6) [101],
using primer pairs: Rv2731F and Rv2731R; Rv2783cF and Rv2783cR; Rv3169F and
Rv3169R, respectively (Table 9). We also amplified the panD (Rv360ic) and hadC
(Rv0637) genes plus their FRs, also implicated in PZA resistance [101, 134] using
primer pairs; panDF and panDR; and hadCF and hadCR (Table 9), respectively. We also
amplified pncA plus its FR using primers pncAF and pncAR (Table 9) to verify the absence
of any mutation. The PCR master mix was prepared in 25 uL reaction mixture with final
reagent concentrations as follows; 1x KCI buffer, which contains MgCl> at a final
concentration of 1.5 mM; 0.2 mM dNTPs, 0.5 uM of each primer and 0.1 uM of pfu DNA
polymerase (TransGen Biotech, China). Dimethyl sulfoxide (DMSO) (5%) was added to
the reaction mixture due to the high G+C content of the mycobacterial genomes.
Amplification conditions comprised of an initial denaturation at 95 “C for 5 min; followed
by 30 cycles of denaturation at 94 ‘C for 30 sec, annealing step for 30 sec (temperature
dependent on the specific gene), an extension at 72 C (time duration dependent on the size
of the specific gene); then a final extension at 72 °C for 10 min. The PCR-amplified DNA
products were analyzed by electrophoresis in agarose gels and purified using PCR
purification kits (Qiagen, Hilden, Germany). Purified PCR products were sequenced at BGI,
Shenzhen, China. The gene sequences from the 4 PZA-resistant strains were compared
against the respective wild type gene sequences of M. tuberculosis H37Rv to identify

potential mutations.
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Figure 6: Protein binding study using POA-linked columns.

M. tuberculosis whole cell lysates were loaded onto the POA-linked and control columns and the
proteins that bound to POA (A) and the control column (B) were analyzed by SDS-PAGE. Lane M,
protein ladder; Lane 1, whole cell lysate; 2, flow-through fraction; 3, wash fraction; 4, elution fraction.

The bands indicated by arrows are Rv2783c, RpsA, Rv2731 and Rv31609, respectively. Figure adopted

from a previous report [101].

Table 9: DNA primer used in this study

Pri . Nucleotide sequences (5'-3'"), restriction enzyme sites Restriction
rimer palrs underlined. enzymes
(F/R)

Eﬁ;g }E/ ATCGGCAAATATCGCG/ GCACCATCGTGCAGCT

Rv2783cF/ GGGAATTCCATATGTCTGCCGCTGAAAT/ Ndel/

Rv2783cR CCCAAGCTTATTCGGTGACCACTCG HindIll

Eﬁ }ggg AACTTGGTGACCTGCA/ CCGCATTTCGGCGGTT

panDF/panDR  TCGACTACCTGGAGCT/ TGACTTCGGATTCGGT

hadCF/hadCR ~ GGGTGAAATCGGTTGA/ TGAACTCACGGAAAGC

pncAF/ pncAR  ATTTGTCGCTCACTAC/ ATGCCCCACCTGCGGCT

Ms2656F/ GGGAATTCCATATGTCTGTAGTCGAACT/ Ndol/ Sedl

Ms2656R 1 AAAAGTACTCGGACCTGCGACGTTTC

HveE) HvaR AGAGCACCAACCCCGTACTG/

yeriHye GTGAAGTCGACGATCCCGGT

Ms2656F/ GGGAATTCCATATGTCTGTAGTCGAACT/ Ndel/ Nodl

Ms2656R2 ATAAGAATGCGGCCGCCGGACCTGCGACGTTTC

RelF/ RelR GGGAATTCCATATGGTGGCCGAGGACCAG/ Ndel/
CCCAAGCTTAAATCAGCCCGCCCAAT HindIIl

rpsAF/ TCGTCTAGATTTCCGCCCTGAGTTCAC Xbal/

rpsAR CCGAAGCTTACGATTCCGCCGCATTG HindIIl

pncAF1 GGAATTCCATATGCGGGCGTTGATCATC Ndel

pncAF2 GGAATTCCATATGATTGGTGTTCCGGGC Ndel

pncAF3 GGAATTCCATATGACACCTCTGTCAC Ndel

pncAR1 CCCAAGCTTTCAGGAGCTGCAAACC HindIIl
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3.2.2.1. Pyrazinamidase assay of the 4 PZA-resistant clinical M. tuberculosis strains

PZase activity of the of 4 PZA-resistant clinical strains lacking pncA and rps4 mutations
was evaluated as described by Wayne [201] with some modifications [224]. Briefly, 2 to 3
discrete colonies from the same batch were picked and transferred into 200 pl Middlebrook
7H9 medium supplemented with albumin-dextrose-catalase (ADC) medium containing
PZA (100 pg/mL and 200 pg/mL) in a 1.5 mL Eppendorf tube. The cells were incubated
overnight at 37 °C while shaking. 15 uL of 2% Fe?" and was added to the cells and incubated
at 4 °C for 2 hours for color reaction. Wild type H37Rv, was used as a positive controls
(PZA-sensitive), while Mycobacterium bovis Bacillus Calmette-Guérin (BCG Tice) and a
clinical PZAR strain with a pncA mutation were used as a negative controls (PZA-resistant).
PZA in the presence of positive PZase enzyme from the M. tuberculosis would be converted
to POA, which then reacts with ferrous ion to produce a brown colored compound, which

can be detected as an indication of positive PZase activity.

3.2.3. Role of M. tuberculosis Rv2783c gene in PZA resistance.

A series of experimental manipulations were undertaken to evaluate the actual role and

association of M. tuberculosis Rv2783c gene in PZA resistance (Figure 7).
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Figure 7: Technique route for evaluating the role of M. fuberculosis Rv2783c in PZA resistance.
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3.2.3.1. Cloning of M. tuberculosis Rv2783c gene

The sequential steps, DNA templates and vectors used to clone and overexpress wild type

Rv2783c and Rv2783c,, mutant in wild type M. tuberculosis H37Rv plus PZA

susceptibility testing of the transformants illustrated in Figure 8.

PCR amplification of Ndel-Rv2783¢  -Hindlll
from wild type H37Rv and Rv2783¢c mutant

G199A EcoRl

Purification of PCR products ' ' ﬁ’fﬂ
Y 4 Hindll

/Mt

Ndel-Rv2783¢ ™. || HindllI-p60luxN-
HindIll digestion Ndel digestion

pB0Iux-N
8609 bp luxAB

Purification of digestion products EcoR

[Hind1-p60luxN-Ndel] +
Wt/Mi
[Ndel-Rv2783¢  -HindIll]

Clone verification by PCR,
restriction digestion and sequencing

WV

Wi Mi
Overexpression of pRv2783¢ “and pRv2783¢c t
in wild type H37Rv and autoluminescent H37Rv

Transformation into E. coli DH5a to give
W Mi
plasmids pRv2783c “and pRv2783c t i

Clone verification by PCR of Hyg marker gene | |
and detection of Relative light units (RLUs) \/

In vitro PZA testing of wild In vivo PZA s testing of
type H37Rv transformants autoluminescent H37Rv
using Bactec MGIT 960 transformants in mice

Figure 8: Technique route for cloning, overexpression and PZA susceptibility testing of M.

tuberculosis Rv2783c transformants.

3.2.3.1.1. PCR Amplification

Genomic DNA from wild type M. tuberculosis H37Rv and Rv2783c ., mutants were used

as templates for PCR amplification of the Rv2783c gene (2259), using primer pair Rv2783cF
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and Rv273cR (Table 9). The PCR master mix was prepared as described in section 4.2.2
above. Amplification conditions comprised of an initial denaturation at 95 ‘C for 5 min;
followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing at 56.4 ‘C for 30 sec
and extension at 72 ‘C for 2.5 min; then a final extension at 72 °C for 10 min. The PCR-

amplified DNA products were analyzed, purified and sequenced as described in section

4.2.2.

3.2.3.1.2. Restriction enzyme digestion

The p60luxN [225] extrachromosomal plasmid vector carrying the strong Asp60 promoter
was extracted from E. coli strain DH5a host cells using a plasmid extraction kit (Magen,
China). The purified PCR products plus the extracted p60luxN plasmid vector were digested

with the same restriction enzymes as indicated in Table 10.

Table 10: Restriction enzyme digestion system

p60IuXN / Rv2783cWiMt 15 uL

1xK buffer 2 uL Incubated at 37°C
Ndel 1.5 uL for 8 hours
HindIIl 1.5 uL

Reaction mixture 20 pl

The digested PCR products were purified using a DNA purification kit (Magen, China) and
analyzed by electrophoresis in agarose gels. The digested plasmid vector was first analyzed
by electrophoresis in agarose gels and recovered using a plasmid gel purification kit (Magen,

China).

3.2.3.1.3. Ligation

The digested plasmid vector, HindIlI-p60luxN-Ndel, and the digested PCR fragments,
Ndel-Rv2783cVYMi_Hind 111 were ligated together as in the ligation system in Table 11. The
ligation mixture was first heated (without enzyme) for 3 minutes at 72°C; chilled on ice
immediately (about 5 minutes) and mixed by pipetting several times. One microliter (1pl)
of T4 ligase buffer and T4 DNA ligase were added to the ligation mixture while on ice,

followed by incubation of the mixture for 3 hours at room temperature.
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Table 11: Ligation system

Insert DNA [Ndel-Rv2783cV™tHind I11] 5uL Incubated  at
Promoter + vector [HindIII-p60luxNew-Ndel] 3uL room
1X T4 Ligation Buffer 1 uL temperature for
T4 DNA ligase 1 uL 3 hours
Reaction mixture 10 pL

3.2.3.1.4. Preparation of competent E. coli DHSa cells

E. coli DH5a competent cells were prepared as described by Inoue and colleagues [226]
with slight modifications. Briefly, E. coli DH5a cells were cultured on LB agar and
incubated at 37° C overnight. A loopful of the bacterial cells on LB agar were inoculated
into 250 mL super optimal broth (SOB) in a 1 L flask and incubated at 18-20 °C with
vigorous shaking to ODeoo ~ 0.4-0.6. The bacterial culture in flask was placed on ice for 10
min. The cells were centrifuged at 4000 rpm for 10 min at 4 °C. The pellets were gently
resuspended in 80 mL ice-cold TB and chilled on ice for 10 min. The cells were centrifuged
again at 4000 rpm for 10 min at 4 °C. The pelleted cells were again gently resuspended in 20
mL ice-cold TB and 1.4 mL DMSO, and chilled on ice for 10 min. The competent cells were
then aliquoted (50 pL) while on ice, frozen under liquid Nitrogen and stored at -80 °C.

3.2.3.1.5. Transformation of competent E. coli DHSa cells

Ten microliters (10 pL) of the transforming DNA (insert DNA-+promoter+vector) was
added to 50 puL of E. coli DHS5a competent cells in eppendorf tubes and mixed gently by
pipetting several times. An empty p60luxN vector was included as a control. The reaction
mixture was placed on ice for 30 minutes and then placed in a pre-heated water bath at 42
°C for 90 seconds. The reaction mixture was then rapidly transferred to an ice bath and
chilled for 2 minutes. LB broth (1000 pl) was added to the reaction mixture aseptically and
transferred to a shaking incubator set at 37 °C for 1 hour. The transforming mixture from
each tube was plated on LB agar medium supplemented with 200 pg/mL hygromycin (Hyg)
antibiotic for selection and incubated overnight at 37 °C. The transforming mixture was also
plated on LB agar medium without Hyg as a control. Single transformant colonies were
picked, verified by PCR amplification of the respective genes, restriction digested with same

cloning enzymes and sequenced at BGI, Shenzhen, China.
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3.2.3.2. Overexpression of Rv2783c in wild type M. tuberculosis H3TRv

The verified mycobacterial recombinant plasmids, p60Rv2783¢™, p60Rv2783c¢Mt and
p60luxNC® (control), were transformed into competent cells of M. tuberculosis H37Rv
through an electroporation method as previously described [227]. Briefly, 40 mL of wild
type M. tuberculosis H37Rv in Middlebrook 7H9 broth were transferred into 50 mL
centrifuge tube and centrifuged at 5000 rpm for 5 minutes, and supernatant discarded 40 mL
of sterile 10% glycerol was added to the bacteria sediment and centrifuged at 5000 rpm for
5 minutes, and supernatant discarded. This was repeated once again and 1 mL of the
supernatant was retained. Plasmid DNA (10 uL) and 200 pL. of competent M. tuberculosis
H37Rv cells were added into 0.2 cm electroporation tubes, mixed gently by pipetting and
incubated at 37 °C for 10 minutes. Electroporation was then done using a Bio-Rad Gene
Pulser electroporation device (2.5 KV voltage, 1000 Q resistance). The bacteria mixture was
then washed off the electroporation cuvettes 2 times using Middlebrook 7H9: OADC media
(mixed in the ratio of 9:1 respectively) and transferred into 50 mL centrifuge tubes. The
bacteria were incubated at 37 °C for 20 hours. A 500 uL transformation mixture was
cultured on Middlebrook 7H11 agar plates supplemented with Hyg (40 pg/mL), wrapped
with polythene bags and incubated at 37 °C for 30 days. Colony growth and contamination

with other bacteria was monitored on a weekly basis.

3.2.3.2.1. Verification of true M. tuberculosis transformants

Single M. tuberculosis Rv2783¢ transformant colonies were subcultured in Middlebrook
7H9 broth containing Hyg (10 pg/mL). After 4 weeks, portions of the single colony
subcultures were serial diluted [10°- 10-#], plated on both 7H11 agar with Hyg (40 pg/mL)
and without Hyg. The remaining single colony broth cultures were temporarily stored in -
80 °C until further use. After 5 weeks, the single colony cultures on 7H11 Hyg plates were
verified by amplification of the 529 bp Hyg marker gene open reading frame using the
primer pair: HygF and HygR (Table 9). For the wild type H37Rv transformants, if positive
for the Hyg gene, the culture 7H9 plates were used for in vitro PZA susceptibility testing
using the Bactec MGIT 960 system (BD, Franklin Lakes, NJ, USA) at Guangzhou Chest
Hospital.
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3.2.3.2.2. In vitro PZA susceptibility testing of M. tuberculosis Rv2783c recombinant

strains

PZA susceptibility tests were carried out in MGIT PZA medium (BD, Franklin Lakes, NJ,
USA) according to manufacturer’s protocol. Briefly, a 0.5 McFarland suspension was
diluted into 1:5 and 1:50 in sterile distilled water. Dilutions of 1:50 were inoculated into
MGIT PZA medium without drug, while 1:5 dilutions were inoculated into MGIT PZA
medium supplemented with 25 - 500 pg/mL. PZA drug, and incubated in the MGIT
instrument at 37 °C. Results were read automatically within7, 14 and 21 days after
inoculation of media. M. tuberculosis H37Rv parental strain, susceptible to PZA, was used
as a positive control, while M. bovis Bacillus Calmette-Guérin (BCG Tice), naturally
resistant to PZA, was used as a negative control. At the same time, the M. tuberculosis
Rv2783c recombinant strains were evaluated for PZase activity as described in section

3.2.2.1 above.

3.2.3.3. Protein expression and purification
3.2.3.3.1. Construction of mycobacterial protein expression plasmids.

The pET-28a-c(+) protein expression vector plasmid (Figure 9) containing an N-terminal
His-tag was used for expressing the M. tuberculosis Rv2783, M. smegmatis M.smeg_ 2656
(positive control for the PNPase assays) and M. tuberculosis Rv2583c (Relmw—positive

control for the ppGpp synthetase and hydrolase assays) proteins.

The wild type M. tuberculosis Rv2783c and M. tuberculosis Rv2783cG1994 mutant DNA
fragments were PCR-amplified from the genomic DNA of M. tuberculosis H37Rv and the
PZA-resistant Rv2783cci994 mutant respectively, using primer pair Rv2783cF and
Rv2783cR (Table 9). The M. smegmatis PNPase protein, encoded by M.smeg 2656 gene
(2292 bp) was expressed to serve as positive control for the PNPase assays of the M.
tuberculosis Rv2783 protein. Genomic DNA from wild type M. smegmatis was used to
amplify the M.smeg 2656 gene using primer pair Ms2656F and Ms2656R2 (Table 9). The
M. tuberculosis Relmw protein, encoded by Rv2583c¢ gene (2373 bp) was also expressed to
serve as positive control for the ppGpp synthetase and hydrolysis assays of the M.

tuberculosis Rv2783 protein.
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Genomic DNA from wild type M. tuberculosis H37Rv was used to amplify the Rv2583¢
gene using primer pair RelF and RelR Rv2583cF (Table 9). The PCR-amplified DNA
fragments were digested with the appropriate cloning enzymes, ligated to pET-28a(+)
plasmid vector digested with the same cloning enzymes and cloned into E. coli strain DH5a
to yield recombinant plasmids. The PCR master mix was prepared as described in section
3.2.2. Amplification conditions comprised of an initial denaturation at 95 °C for 5 min;
followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing at 56.4 °C (for
Rv2783c), 53.2 °C (for M.smeg 2656) and 55.5 °C (for Reluw) for 30 sec, an extension at
72 °C for 2.5 min; and then a final extension at 72 °C for 10 min. The PCR-amplified DNA
products were analyzed, purified and sequenced as described in section 3.2.2. The purified
PCR products plus the pET-28a (+) protein expression vector were digested and ligated as
described in sections 3.2.3.1.2 and 3.2.3.1.2 respectively.
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Figure 9: pET-28a-c(+) plasmid vector indicating the restriction enzymes and expression region.
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Ligation products were then first cloned into E. coli DH5a and verified by restriction
digestion and sequencing as described in the preceding sections. The plasmids obtained,
pETTv2783c¢Wt, pETTv2783cMt, pETMs2656 and pETRv2583¢, were then transformed into
E. coli strain BL21 (DE3) expression host and selected on Kan (50 pg/mL).

3.2.3.3.2. Optimization of protein expression

This was done following the pET system manual (Novagen) with some modifications.
Briefly, 20 M1 fresh LB medium supplemented with 50 pg/mL KAN was inoculated with
200 pL of the mycobacterial recombinant plasmids — pETRv2783¢cW, pETRv2783cM,
pETMs2656 and pETRv2583¢ — contained in E. coli strain BL21 (DE3) expression host
bacteria cultures. The cultures were incubated at 37 °C with shaking at 220 rpm and the

ODs0o monitored until it reached 0.6. Over-expression of the recombinant proteins was then
induced by adding Isopropyl B-D-1-thiogalactopyranoside (IPTG) to final concentrations of
0.1-1.0 mM, and incubated at 16°C, 30°C and 37°C for 3 h/overnight to determine the

optimum temperature. Un-induced samples were also included as negative controls.

3.2.3.3.3. Monitoring of protein expression by SDS PAGE

Each sample was centrifuged at 13,000 rpm for 10 min at 4°C and the supernatants
discarded. Each pellet was resuspended in 40 mL extraction buffer [SOmM Tris-HCI,
200mM NacCl, pH 8.0] and sonicated to break the cells. The cells were centrifuged at 13,000
rpm for 10 minute at 4 °C and the topmost supernatants carefully aspirated without taking

any cell debris.

To 20 pL protein samples, 5 pL of 5X loading buffer (0.5 M Tris-HCI, pH=6.8, Glycerol,
10% SDS, 2.9 mM B-mercaptoethanol and 0.5% bromophenol blue) was added. The
samples were heated for 10 min at 100°C to denature the proteins. Each protein sample was
centrifuged at 12,000 rpm for 2 minute. About 6-10 pL of each protein sample [both
supernatant and resuspended precipitate] were loaded into the wells carefully ensuring no
overflow. The protein marker was loaded into the first well. The top of the electrophoresis
tank was covered on the top and connected to electricity. The samples were run in 1X
running buffer, at 90Vin the stacking gel and 120V in the separating gel until the

bromophenol blue reached the bottom.
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The gel was stained with Coomassie Brilliant Blue, warmed for one minute in microwave
oven and slowly shaken on a horizontal rotator for about 10-20 min to visualize the induced
protein. The gel was immersed in a destaining solution, warmed for one minute in
microwave oven and put on the same shaker for about 10-20 min. The destaining solution

was changed for 3-5 times until clear bands with almost no blue background was observed.

3.2.3.3.3.1. Preparation of the SDS-PAGE gels

Table 12: Separating SDS-PAGE preparation [20 mL, 12%)]

Reagents Quantity
30% Acrylamide/Bis 8.0 mL
1.5 M Tris-HCI pH=8.8 5.0 mL
10% SDS 200 uL
Distilled water 6.6 mL
10% Ammonium Persulfate 200 puL
Tetramethylethylenediamine (TEMED) 8 uL

The casting frames were set by clamping two glass plates in the casting frames on the casting
stands. The separating gel solution was swirled gently but thoroughly and an appropriate
amount was pipetted into the gap between the glass plates (1.5 mm thick). To level off the
separating gel, water (or isopropanol) was added to fill up gap between the glass plates until
overflow. The gel was let to stand for 20-30 min to gelate. Water was discarded off the

casting frames leaving only the separating gel.

Table 13: Stacking SDS-PAGE preparation [10 mL, 5%]

Reagents Quantity
30% Acrylamide/Bis 1.7 mL
0.5 M Tris/HCI pH=6.8 2.6 mL
10% SDS 100 pL
Distilled water 5.5mL
10% Ammonium Persulfate 100 uL
TEMED 10 pL

The stacking gel solution was pipetted on top of the separating gel until overflow. The well-
forming comb was inserted without trapping air under the teeth, and left to stand for 20-
30min to gelate. After complete gelation of the stacking gel, the comb was removed

carefully not to damage the wells. The glass plates were removed from the casting frame
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and set into the cell buffer dam. The running electrophoresis buffer was poured into the

inner chamber until the overflow reached the required level in the outer chamber.

3.2.3.3.4. Scaled up protein expression and purification

Having optimized the expression conditions, the recombinant proteins were expressed in
large scale in E. coli BL21 (D13) after induction with IPTG (0.5 mM) at 16 °C overnight as
His-tagged derivatives and purified from soluble bacterial extracts by sequential nickel-

affinity, anion-exchange, and gel-filtration chromatography steps.

Briefly, the cells were harvested by centrifugation at 4°C, and all subsequent procedures
were performed at 4 °C. The bacteria pellets were resuspended in lysis buffer (50 mM Tris-
HCI (pH 8.0), 500 mM NacCl) and then sonicated for 5 min to achieve lysis. Insoluble
material was removed by centrifugation at 16000 rpm in a Sorval SS34 rotor. The
supernatants were applied to 10-mL columns of Ni**-NTA (Qiagen, Hilden, Germany) that
had been equilibrated with buffer A (50 mM Tris-HCI, pH 8.0, 500 mM NaCl, 10 mM
Imidazole). The columns were washed with buffer A and then eluted with buffer B (50mM
Tris-HCI (pH 8.0), 500 mM NacCl, 300 mM Imidazole). The protein compositions of the
fractions were monitored by SDS-PAGE. The appropriate protein fractions were pooled and
loaded onto a Q-Sepharose column (180 mL) previously equilibrated with buffer C (20 mM
Tris-HCI (pH 80), 5 mM NaCl). The unbound proteins were washed off the column using
buffer C and eluted with buffer D (20 mM Tris-HCI (pH 8.0), 1 M NaCl) with a linear
gradient (0-100%). The protein fractions were again monitored by SDS-PAGE. The right
protein fractions were pooled together and gel-filtered through a column of Superdex-200
equilibrated with buffer E (20 mM Tris-HCI (pH 8.0), 150 mM NaCl). The peak fractions
were pooled, concentrated by centrifugal ultrafiltration. The protein concentrations were
determined using the Bio-Rad dye reagent with 5 BSA standards (0.1-0.5 mg/mL). The
Micro Win Software was used to measure the protein concentration (at 595 nm absorption
wavelength) and used to generate a standard curve using the BSA standards. The standard
curve equation was used to calculate the protein sample concentrations by multiplying with
the dilution factor. The proteins were frozen under liquid nitrogen and stored at -80 °C until

further use.
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3.2.3.4. Isothermal titration calorimetry binding studies.

Titration of the mycobacterial recombinant proteins with POA/PZA was performed in a VP-
ITC 200 microcalorimeter (MicroCal, LLC, USA) according to the manufacturer’s
instructions and as described by Duff and colleagues [228]. The VP-ITC system was used
to determine whether any interaction existed between wild type Rv2783, Rv2783ps7n, and
M. smegmatis PNPase and POA/PZA. Initially, the recombinant proteins in 10 mM
phosphate buffer (pH 7.5) were titrated with 100 pM POA or PZA (molar concentration
ratio of 1:10). Blank titration of drug solution in the same buffer in the absence of the protein
was performed. Further, the proteins were titrated with saturated POA/PZA (up to a 1:200
molar concentration ratio) at pH 5.5 and pH 6.5. The binding constants were estimated from
the obtained isotherms using the calorimetric analysis origin software. The titrations were
run at room temperature and repeated three times to get reproducible data. A control where
the drug was titrated into buffer in the sample cell was run to determine the heat of dilution
for the drugs. Typically, 20 injections of 2 pL. per injection were made at 300s intervals, and
reaction temperature was at 25 °C. The heat of reaction per injection (microcalories per

second) was determined by integration of the peak areas.

3.2.3.5. ss-DNA and RNA catalytic activities of M. tuberculosis Rv2783

Polyribonucleotide nucleotidyltransferases (PNPases) plays synthetic and degradative roles
in bacterial RNA metabolism, it has also been suggested to participate in bacterial DNA
transactions [153, 154, 229-231]. In this study, we characterized and compared the RNA
and DNA modifying activities of M. tuberculosis Rv2783 according to recently published
work on M. smegmatis PNPase [152], which served as a positive control, with some

modifications.

3.2.3.5.1. ss-DNA polymerization assay

Reaction mixtures (10 pL) containing 20 mM Tris-HCI (pH 7.5), 5 or 10 mM MnCl,, 2 mM
dADP, 1 pmol (0.1 uM) 36-mer ssDNA substrate (5’-FAM-
GCCCTGCTGCCGACCAACGAAGGTAAAAAAAAAAAA-3), and different
concentrations of Rv2783W'Mtand M.smeg 2656 proteins were incubated for 30 min at
37°C. The reactions were quenched by adding 10 pL of 90% formamide, 50 mM EDTA
buffer. The samples were heated for 5 min at 100°C and then analyzed by capillary
electrophoresis at BGI, Wuhan, China.

51



Molecular targets and mechanisms of action of PZA in Mycobacterium tuberculosis

3.2.3.5.2. ss-DNA 3'-phosphorylase assay

Reaction mixtures (10 pL) containing 20 mM Tris-HCI (pH 7.5), 5 mM MnCl, 30 uM
(NH4)3POs, 0.1 uM (1  pmol) of 36-mer ssDNA substrate (5’-FAM-
GCCCTGCTGCCGACCAACGAAGGTAAAAAAAAAAAA-3), and different
concentrations of Rv2783W™Mtand M.smeg 2656 proteins were be incubated for 60 min at
37°C. The reactions were quenched by adding 10 uL of 90% formamide, 50 mM EDTA
buffer. The samples were heated for 5 min at 100 °C and then analyzed by capillary
electrophoresis at BGI, Wuhan, China.

3.2.3.5.3. RNA polymerization assay

Reaction mixtures (10 puL) containing 20 mM Tris-HCI (pH 7.5), 5 mM MgClz, 2 mM ADP,
1 pmol 0.1 uM) 24-mer ssRNA substrate (5°- FAM-
GGGUCGCAAUUGAUUCCGAUAGUG-3"), and different concentrations of Rv2783WvMt
and M.smeg 2656 proteins were incubated at 37 °C for 15 min. The reactions were quenched
by adding 10 pL of 90% formamide, 50 mM EDTA buffer. The samples were heated for 5
min at 100°C and then analyzed by capillary electrophoresis at Sangon Biotech, Shanghai,
China.

3.2.3.5.4. RNA 3’-phosphorylase assay

RNA phosphorylase reaction mixtures (10 puL) containing 20 mM Tris-HCI (pH 7.5), 5 mM
MgCl, 0.5 mM (NH4)3POs, 1 pmol (0.1 puM) of 24-mer ssRNA substrate (5’- FAM-
GGGUCGCAAUUGAUUCCGAUAGUG-3") and different concentrations of Rv2783WvMt
and M.smeg 2656 proteins were incubated for 15 min at 37 °C. The reactions were quenched
by adding 10 pL of 90% formamide, 50 mM EDTA buffer. The samples were heated for 5
min at 100°C and then analyzed by capillary electrophoresis at Sangon Biotech, Shanghai,
China.

3.2.3.5.5. Inhibition of Rv2783 ss-DNA and RNA catalytic activities by POA/PZA

Both DNA and RNA polymerization and phosphorylation assays were repeated as described
above but in the presence of POA/PZA.
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3.2.3.6. ppGpp synthetase and hydrolysis assays of M. tuberculosis Rv2783 protein

These were done as described by Avarbock and colleagues on the ribosome-independent
(p)ppGpp synthetase and hydrolase activities of Relwmw from M. tuberculosis [232] with

some modifications.

3.2.3.6.1. ppGpp synthetase assays

Briefly, reaction mixtures (25 pL) contained 50 mM HEPES (pH 5.5- 8.0), 150 mM NaCl,
I mM DTT, 2 mM GDP (Sigma Aldrich), 2 mM ATP (Sigma Aldrich), 4 mM MgCl>, and
5 uM M. tuberculosis Rv2783WYMu proteins were incubated at 30 °C for 1 hour. The M.
tuberculosis Relmw protein was used as the positive control at similar concentrations. Three
negative control reactions were also run which included no Rv2783W'Mut protein, no GDP
and no ATP. The reactions were quenched by adding 1pL of formic acid. Additionally, the
reactions were repeated in the presence of different concentrations of POA/PZA at different
pH to evaluate the inhibitory effects of POA/PZA. After 5 min at room temperature, reaction
tubes were centrifuged in an eppendorf centrifuge, filtered to remove precipitated proteins
and analyzed by High-Pressure liquid chromatographic (HPLC) using ppGpp, ATP, GTP,
GDP and AMP as standards.

3.2.3.6.2. ppGpp hydrolysis assays

Briefly, hydrolysis reaction mixtures containing 50 mM HEPES (pH 5.5-8.0), 150 mM
NaCl, 1 mM DTT, 0.1 uM pppGpp (Trilink Biotechnologies), 20 mM MnCl», and 5 uM
M. tuberculosis Rv2783W™Mut proteins were incubated at 30 °C for 20 minutes. The M.
tuberculosis Relmw protein was used as the positive control. The reactions were quenched
by adding 1puL of formic acid. Additionally, the reactions were repeated in the presence of
different concentrations of POA/PZA at different pH to evaluate the inhibitory effects of
POA/PZA. After 5 min at room temperature, reaction tubes were centrifuged in an

eppendorf centrifuge, filtered to remove precipitated proteins and analyzed by HPLC.

3.2.3.6.3. HPLC analysis of the ppGpp synthetase and hydrolysis products

The chromatographic system consisted of a Waters in-line degasser, a Waters-600 controller
connected to a Waters-600 pump and a Waters 486 tunable absorbance detector and a
Waters Millennium workstation (Version 3.05) chromatography manager. The nucleotides

were separated by reversed-phase chromatography using a Waters Symmetry Cig 3.5 pum
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(150 by 4.6 mm) column, equipped with a NovaPak Cis Sentry guard column (Waters) with
UV detection at 254 nm, adapting a prior method used for the separation of nucleotides
[112]. Separation was done using a method that started with a 70:30 concentration (A:B) at
a flow rate of 0.8 ml/min, which was changed in a linear gradient to 40:60 (A:B) after 30
min. From 30 to 60 min the gradient was changed linearly from 40:60 (A:B) to 0:70:30
(A:B:C). The injection volume was 50 pL, and detection was by UV at 254 nm. Buffer A
consisted of 5 mM #-butyl ammonium phosphate (PicA Reagent), 10 mM KH2POs, and
0.25% methanol adjusted to pH 6.9. Buffer B consisted of 5 mM ¢butyl ammonium
phosphate, 50 mM KH2POs, and 30% methanol (pH 7.0). Buffer C was acetonitrile. Buffer
A and B were degassed, passed through a 0.45 um filter to avoid the risk of microbial
contamination, and were prepared afresh and stored in the dark at 4 °C prior to use. The
millennium work station (version 3.05) chromatographic manager was used to pilot the
HPLC instrument and to process the data throughout the method validation and sample

analysis.

3.2.4. Role of reported rpsA (Rv1630) mutations in PZA resistance

From our previous report [169], we indicated that the influence of 7ps4 mutations on PZA
susceptibility needs to be further evaluated. Additionally, as aforementioned in the
introduction section, the impact of 7ps4 mutations on PZA resistance seem to be innocuous
and thus more studies that correlate PZA susceptibility with specific 7ps4 mutations is
necessary to define their association and role in PZA resistance. Therefore, to query the
actual role of particular missense mutations in the M. tuberculosis rpsA in PZA resistance,
a number of previously reported rps4 mutations (Table 14) located at both the N- and C
termini were overexpressed in wild type M. tuberculosis H37Rv, and tested for PZA

susceptibility in vitro .

The primer pair rps4AF and rpsAR (Table 9) was used for amplification of the 1.4-kb wild
type M. tuberculosis rpsA gene. The PCR master mix was prepared as described in the
preceding sections and amplification conditions comprised of an initial denaturation at 95
°C for 5 min; followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing at 55 °C
for 30 sec, extension at 72 °C for 1.5 min; and then a final extension at 72 °C for 10 min.
The purified 1.4-kb PCR-amplified wild type rps4 DNA fragment was then ligated to

p60luxNvector, cloned into E. coli DH5a and sequence verified as described in the
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preceding sections. The verified plasmid, p60luxNrpsAW!, was then used to generate

different point mutations in the rpsA4 gene (Table 14).

Table 14: Plasmids overexpressing reported mutated rpsA4 gene

Plasmid
No. Plasmid overexpressing reported mutated Locus terminal
. References
rpsA genes of mutation
1 Thr5Ser [C14G], Aspl123Ala [A368C] N terminal [101]
2 Ala440Thr [G1318A] C terminal [136]
3 Argd74Trp [C1420T] C terminal [169]
4 Thr5ser [C14G] N terminal [101]
5 GInl162Arg [A484G] N terminal [169]
6 Argd74Leu [G1421T] C terminal [169]
7 Thr5ala [A13G] and Thr210Ala [A628G] N terminal [136]
8 Lys122Glu [A364G] N terminal [136]
9 Ala438 deletion [1312GCC1314] C terminal [101]
10 Glu433Asp [G1299C)] C terminal [169]
11 Wild type rpsA Control

The mycobacterial 7ps4 recombinant plasmids were then overexpressed in wild type M.
tuberculosis H37Rv and autoluminescent H37Rv and verified as described in the preceding
section. The autoluminiscent H37Rv #psA transformant strains were stored at -80 °C for in
vivo PZA susceptibility testing in mice, while the wild type H37Rv rpsA transformants were
used for in vitro PZA susceptibility testing using the Bactec MGIT 960 system (BD,
Franklin Lakes, NJ, USA) as described in section 3.2.3.2.2 at Guangzhou Chest Hospital.

3.2.5. Role of the reported A-11G pncA mutation in PZA resistance.

There exists no typical promoter upstream of the prncA gene from nucleotide -1 to nucleotide
-358 including its upstream Rv2044c gene. From our previous report [169], we identified 2
M. tuberculosis PZA-resistant clinical strains (P160 and P78) that contained an A-11G
mutation at the putative upstream regulatory region of the pncA gene, and no mutation
within its 561 bp coding region. Reverse transcription of fragments spanning Rv2045c-
Rv2044c-pncA-Rv2042¢ genes indicated that the pncA gene is co-transcribed with its
surrounding gene [ 169]. We therefore set out to evaluate if the A-11G prncA mutation would

affect translation of the pncA gene.
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Genomic DNA from wild type M. tuberculosis H37Rv and the A-11G PZA-resistant clinical
mutant strains was used as templates for PCR amplifying different fragments spanning
Rv2045¢c-Rv2044c-pncA genes (Figure 10). The primer pairs: pncAF2 and pncARI;
pncAF3 and pncAR1 were used for amplifying fragments B (713 bp) and C (1185 bp)
(Figure 9) spanning part of Rv2045¢c-Rv2044c-pncA and part of Rv2044c-pncA respectively.
Primer pair pncAF1 and pncAR1 was used to amplify fragment A (516 bp), comprising only
the pncA gene as a positive control. The PCR master mix was prepared as described in the
preceding sections. Amplification conditions comprised of an initial denaturation at 95 °C
for 5 min; followed by 30 cycles of denaturation at 94 °C for 30 sec, annealing at 56 °C for
30 sec, extension at 72 °C for 1 min (for fragments A and B) and 1.5 min (for fragment C);

then followed by a final extension at 72 °C for 10 min.

pncA Rv2045c + Rv2044c + pncA Rv2044c + pncA
—— }~:>—-‘ O
Fragment A Fragment B Fragment C

Figure 10: Primer designs for amplifying fragments A, B and C spanning genes surrounding

pncA gene.

The PCR-amplified DNA fragments were then ligated to p60luxN vector, cloned into E. coli
DH5a, and verified by restriction digestion and sequencing. The verified pncA4 recombinant
plasmids were overexpressed in wild type M. tuberculosis H37Rv, and the P160 A-11G
PZA-resistant clinical mutant strains, and verified as earlier described in section 3.2.3.2.1.
The M. tuberculosis pncA transformants were then tested for PZA susceptibility in vitro
using the Bactec MGIT 960 system (BD, Franklin Lakes, NJ, USA) at Guangzhou Chest
Hospital. At the same time, all the M. tuberculosis pncA transformants were tested for

pyrazinamidase enzyme expression as described in section 3.2.2.1.
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4. Results

4.1. PZA-resistant M. tuberculosis clinical strains had no mutations in panD gene

To identify possible new targets of POA in PZA-resistant mutants that do not have pnc4 and
rpsA mutations which would indicate possible new mechanisms of PZA resistance, we isolated
genomic DNA from the 4 mutants and performed PCR to amplify the panD (Rv360Ic) and
hadC (Rv0637) gene plus their FR. Sequencing analysis of panD, another gene reported as a
target of PZA [134, 224], did not reveal any panD mutations in the 4 mutants. Similarly, no
mutations were identified in the 4adC gene of the 4 mutants. Mutations in the #adC gene had
previously been reported in 3 of 5 PZA-resistant isogenic mutants [224] without any pncA and
rpsA mutations. PZase assay showed that the 4 mutants were positive for the enzyme activity,
which was consistent with the pnc4 sequence analysis previously reported [169] ruling out a
mutation at the putative upstream regulatory region of the pncA gene that could result in lack
of PZase enzyme activity as a possible cause of the PZA resistance in the 4 mutants. The above
findings suggest that the 4 PZA-resistant mutants harbor possible new mechanisms of PZA

resistance independent of pncA, rpsA, panD or hadC mutations.

4.2. Sequence analysis identified a new gene, Rv2783c, associated with PZA resistance

We hypothesized that an uncharacterized mechanism and target(s) existed in the four
previously reported PZA-resistant M. tuberculosis clinical strains [169] that lacked mutations
in pncA, tpsA, panD and hadC. To test this hypothesis, we amplified, sequenced and analyzed
other potential genes, Rv2731, Rv2783c and Rv3169 from them. Rv2731, Rv2783c and Rv3169
encode proteins previously reported to bind with a POA derivative 5-hydroxyl-2-
pyrazinecarboxylic acid [101]. Analysis of sequences of these genes identified two strains (P71
and P136) that harbored the same C948A synonymous and G199A nonsynonymous mutations
in the Rv2783c. (Table 15).

Table 15: Sequence analysis of 2 PZAR clinical strains containing Rv2783¢ mutations

Strain Number
P71 and P136 Mutants
Rv2783¢ (2259 bp) C948A synonymous; G199A (Asp67Asn)
nonsynonymous mutations

4.3. Overexpression of Rv2783c in M. tuberculosis
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4.3.1. Cloning of M. tuberculosis Rv2783c gene

We successfully cloned the M. tuberculosis wild type Rv2783c and Rv2783¢ mutant genes

G1994
into E. coli DH5a using the p60luxN extrachromosomal plasmid vector carrying the strong
hsp60 promoter to produce, p60Rv2783c™t, p60Rv2783cM' and p60luxNC (control)
recombinant plasmids (Figure 11). The recombinant plasmid sequences were also verified by

sequencing at BGI, Shenzhen, China.

A
2

3

1M

6 kb
2 kb

2 kb

Figure 11: Clone verification of M. fuberculosis Rv2783c recombinant overexpression plasmids.

(A) Clone verification by restriction digestion with Ndel and HindIIl: Lane M, 10-kb DNA marker; Lane
1, p60luxN® empty vector control plasmid; Lane 2, p60Rv2783¢™! plasmid restriction digestion; Lane 3,
p60Rv2783cM! plasmid restriction digestion (B) Clone verification by PCR of Rv2783¢ gene: Lane M, 5-kb
DNA marker; Lane 1, Rv2783¢ in plasmid p60Rv2783¢™; Lane 2, Rv2783c¢ in plasmid p60Rv2783cM:
(expected fragment sizes; 2259 bp for RV2783¢ gene and 6.2 Kb for the p60luxNew vector).

4.3.2. Overexpression of Rv2783G199a in M. tuberculosis H37Rv causes PZA resistance

To query the involvement of Rv2783c in PZA resistance, we successfully overexpressed the
p60Rv2783c™, p60Rv2783cMt and p60luxNC (control) recombinant plasmids into wild type
M. tuberculosis H37Rv and tested their PZA susceptibility in vitro. Overexpression of the
mutant Rv2783cGi994 in M. tuberculosis H37Rv using the p60luxN vector containing the strong
hsp60 promoter caused a 5-fold increase in the minimum inhibitory concentration (MIC) of
PZA (MIC=500 pg/ml) compared with the Ahsp60 vector control and the parental M.
tuberculosis H37Rv strain (MIC=100 pg/ml) at pH 5.5. On the other hand, the MIC of the wild-
type Rv2783 overexpressing M. tuberculosis strain was 150 ug/ml. (Table 16).

Table 16: PZA susceptibility testing of M. tuberculosis Rv2783c recombinant strains
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Mutant Wild-type Hsp60RvC Parental M.
Rv2783cpern Rv2783c (Vector control) tuberculosis
Sample Day Day Day Day
Conc. (ug/ml) 7 14 21 7 14 21 7 14 21 7 14 21
25 R R R R R R S/R R R S/R R R
50 R R R S/R R R S S/R R S S/R R
100 S/R R R S S/R S/R|S S S S S S
200 S S/R R S S S S S S S S S
300 S S/R R S S S S S S S S S
400 S S/R S/R|S S S S S S S S S
500 S S S S S S S S S S S S

It is also interesting to note that all the recombinant strains, overexpressing both wild type and
mutant Rv2783c, were positive for the PZase enzyme activity assay (Figure 12), which was

again consistent with the earlier pncA4 sequence analysis previously reported [169].

Figure 12: PZase enzyme assay of PZAR clinical and M. tuberculosis Rv2783¢ recombinant strains.

M. tuberculosis recombinant strains (1-3): (1) Wild-type Rv2783; (2) Rv2783p¢7n mutant; (3) Hsp60
vector control; (4) M. tuberculosis H37Rv parental strain; (5-6) PZA-resistant clinical strains harboring the
G199A mutation in Rv2783c; (7) M. bovis Bacillus Calmette-Guérin (BCG Tice).

4.4. Protein expression and purification

M. tuberculosis PNPase is a 756-aa polypeptide encoded by the Rv2783¢ gene, whose primary
structure is 87% identical to that of the 763-aa M. smegmatis PNPase encoded by the
Msmeg 2656 gene, and 73% identical to that of S. antibioticus PNPase (757-aa) encoded by
SCO5737 gene, the first PNPase for which a crystal structure [233] was solved.
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We successfully cloned the M. tuberculosis wild type Rv2783c, Rv2783c mutant, M.

G1994
smegmatis Msmeg 2656 (positive control for the PNPase assays) and M. tuberculosis Rv2583c
(positive control for the ppGpp synthetase/hydrolysis assays) genes into E. coli strain DH5a
using the pET-28a(+) expression vector to create pETRv2783c¢cW, pETRV2783cMt
pETMs2656 and pETRv2583¢ recombinant expression plasmids respectively (Figure 13A).
The sequences of the recombinant expression plasmids were also verified by sequencing at

BGI, Shenzhen, China.

To query the enzymatic and biochemistry of M. tuberculosis Rv2783, we used the recombinant
expression plasmids to produce full length mycobacterial proteins (Figure 13 B) through IPTG
induction (0.5 mM final concentration) at 16°C overnight as His-tagged derivatives. The
proteins were purified from soluble bacterial extracts by sequential nickel-affinity, anion-

exchange, and gel-filtration chromatography steps.

100 kd

Skb 70kd

2kb

Figure 13: Clone verification and SDS-PAGE of mycobacterial proteins

A) Clone verification of mycobacterial protein expression recombinant plasmids by restriction digestion
with Ndel and HindlIIl: Lane M, 5-kb DNA marker; Lane 1, pETRv2783¢c™; Lane 2, pPETRV2783cM!; Lane
3, pETMSs2656 (expected fragment sizes; 5.6 kb for pET28a(+) vector, 2259 bp for Rv2783c""™! and 2292

bp for Msmeg 2656). (B) SDS-PAGE of the purified mycobacterial proteins expressed through IPTG
induction (0.5 mM final concentration) at 16°C overnight. Lane M, 100 kd protein molecular weight
marker; Lane 1, M. smegmatis PNPase [81.02 kd] encoded by Msmeg 2656 gene, Lane 2, mutant M.

tuberculosis PNPase [79.7 kd] encoded by Rv2783 mutant; Lane 3, wild type M. tuberculosis PNPase

61994
[79.7 kd] encoded by wild type Rv2783c gene.
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4.5. Wild type M. tuberculosis Rv2783 binds to POA and not to PZA

To determine if POA binds to Rv2783 and whether the G199A mutation affects binding to
POA, we overexpressed and purified the wild-type Rv2783, the mutant Rv2783ps7n and the M.
smegmatis PNPase proteins, and used isothermal titration calorimetry (ITC) to measure binding

interactions with POA or PZA (Figure 14).
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Figure 14: ITC titration of POA/PZA binding to M. fuberculosis Rv2783.

ITC binding studies indicate that the wild type M. tuberculosis H37Rv Rv2783 bound to POA (A) but not
to PZA (B). The upper panel shows raw data, and the Y axis indicates the heat released per second during
Rv2783 and POA or PZA binding. The lower panel shows integrated heat in each injection of POA or PZA
together with a fit, and Y axis is expressed by heat release per mole in each injection. The association

constants were obtained from fits of wild type Rv2783 binding with POA and not with PZA.

The wild type M. tuberculosis Rv2783 was found to bind to POA via a sequential binding sites
model (N=2) with dissociation constant Kp1=1.05 mM and Kp>=3.17 mM (Figure 14A); and

not to the prodrug PZA even in higher concentrations (Figure 14B). However, we observed
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that POA bound to the wild-type M. tuberculosis Rv2783 at relatively higher concentration,

and only weakly at lower concentrations.

On the contrary, the M. tuberculosis Rv2783pe7n mutant and PNPase from naturally PZA-
resistant M. smegmatis failed to bind to POA or PZA even at higher concentrations (Figure

15).
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Figure 15: ITC titration of POA binding to mutant M. tuberculosis Rv2783ps7n and M. smegmatis
PNPase.

ITC binding studies indicate POA did not bind to the mutant M. tuberculosis Rv2783ps7n (A) and to the M.
smegmatis PNPase (B) proteins. The upper panel shows raw data, and the Y axis indicates that there was
no heat released during the interaction between POA and the 2 proteins. The lower panel shows there was

no integrated heat following each injection of POA, and thus there was no curve of fit.

4.6. PNPase activities of M. tuberculosis Rv2783c¢

Although PNPases from various bacteria are generally regarded as RNA modifying enzymes,
herein we characterized and compared the RNA and ss-DNA catalytic activities of M.
tuberculosis Rv2783 according to recently published work on M. smegmatis PNPase [152],

which served as a positive control, with some modifications.
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4.6.1. ss-DNA catalytic activities of M. smegmatis PNPase

As had been previously demonstrated by Unciuleac and Shuman [152], the M. smegmatis
PNPase catalyzed non-templated ss-DNA synthesis, as gauged by its ability, in the presence of
5 mM Mn?" and 2 mM dADP, to extend a 5' FAM-labeled 24-mer ssDNA template strand
when incubated for 60 min at 37°C. On the other hand, the substitution dADP with of phosphate
diminished the polymerization activity and elicited the appearance of fluorescently FAM-
labeled decay products shorter than the input 36-mer ss-DNA when incubated for the same

period and at same temperature (Figure 16).
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Figure 16: ss-DNA catalytic activities of M. smegmatis PNPase.

(A) ss-DNA polymerization activity of M. smegmatis PNPase (control) analysis by capillary
electrophoresis. Blue peaks indicates the elongation of the fluorescently FAM-labeled 24-mer ssDNA
template, Orange peaks indicates the internal size standard. (B) ss-DNA phosphorolysis activity of M.
smegmatis PNPase analysis by capillary electrophoresis. Green color indicates the degradation of the
fluorescently FAM-labeled 36-mer ssDNA template, Orange color indicates the internal size standard.

4.6.1.2. ss-DNA polymerization activity of M. tuberculosis Rv2783

Like the M. smegmatis PNPase, wild-type M. tuberculosis Rv2783 protein (at 2 pM
concentration) also catalyzed non-templated ss-DNA elongation, as gauged by its ability, in the
presence of 5 mM Mn?* and 2 mM dADP, to extend a 5' FAM-labeled 36-mer ss-DNA template
when incubated for 30 min at 37°C. The ss-DNA polymerization activity of wild-type M.
tuberculosis Rv2783 protein yielded a bimodal distribution of fluorescently labeled end
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products ranging between 45 mer to 93 mer in size . On evaluating the inhibitory effects of
PZA/POA, it was observed that POA and not the pro-drug PZA significantly inhibited the ss-
DNA polymerization activity of the M. tuberculosis Rv2783 protein (Figure 17).
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Figure 17: ss-DNA polymerization activity of wild type M. tuberculosis Rv2783 protein analysis by
capillary electrophoresis.

(A) Uninhibited ss-DNA polymerization of wild type M. tuberculosis Rv2783. (B) Inhibition of ss-DNA
polymerization activity of wild type M. tuberculosis Rv2783c protein by PZA and (C) by POA. (D)
Comparison of the effect of POA and PZA on the polymerization activity of M. tuberculosis Rv2783

protein. Data is presented as mean + SEM; t-test was used in the statistical analysis.

SS-DNA polymerization activity was also observed for the M. tuberculosis Rv2783ps7n mutant
protein under similar conditions, also yielding a bimodal distribution of elongated ss-DNA end
products. However, unlike for the wild type M. tuberculosis Rv2783 protein, no significant
inhibition of the DNA polymerization activity of the M. tuberculosis Rv2783cgi99a protein by
either POA was observed (Figure 18). This implies that the M. tuberculosis Rv2783G199a
mutant and not the wild type M. tuberculosis Rv2783 protein can withstand the inhibitory
effects of POA.
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Figure 18: ss-DNA polymerization activity of M. tuberculosis Rv2783ps7n mutant protein analysis by
capillary electrophoresis.

(A) Uninhibited DNA polymerization of mutant Rv2783pe7n. (B) Inhibition of DNA polymerization
activity of mutant Rv2783ps7n by PZA and (C) by POA. (D) Comparison of the effect of POA and PZA on
the DNA polymerization activity of mutant Rv2783p¢7n protein. Data is presented as mean = SEM;  t-
test was used in the statistical analysis.

4.6.1.3. SS-DNA phosphorolysis activity of M. tuberculosis Rv2783

On the other hand, we tested the wild type M. tuberculosis RV2783 protein (2 uM
concentration) for its ability to resect the 3’ end of a 5' FAM-labeled 36-mer ss-DNA substrate.
Like the M. smegmatis PNPase, we observed that, the substitution of dADP with inorganic
phosphate abolished the polymerization activity and elicited a phosphorolytic activity resulting
to the appearance of fluorescently FAM-labeled decay products shorter than the input 36-mer
ss-DNA when incubated for 60 min at 37°C. Again, we observed that POA and not PZA
significantly inhibited the ss-DNA phosphorolytic activity of the M. tuberculosis Rv2783
protein (Figure 19).
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Figure 19: ss-DNA phosphorolytic activity of wild type M. tuberculosis Rv2783 protein analysis by
capillary electrophoresis.

(A) Uninhibited ss-DNA phosphorolysis activity of wild type Rv2783. (B) Inhibition of ss-DNA
phosphorolysis activity of wild type Rv2783 by PZA and (C) by POA. (D) Comparison of the effect of
POA and PZA on the ss-DNA phosphorolysis activity of wild type M. tuberculosis Rv2783 protein. Data is
presented as mean + SEM; t-test was used for the statistical analysis.

Single stranded-DNA phosphorolytic activity was also observed for the M. tuberculosis
Rv2783G199a mutant protein under similar conditions (Figure 20). However, unlike for the wild
type M. tuberculosis Rv2783 where the inhibitory effects of POA on ss-DNA phosphorolysis

was significantly high (P<0.0001), the inhibitory effect on DNA phosphorolytic activity of M.
tuberculosis Rv2783ps7n by POA was significantly less (P=0.0399).
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Figure 20: ss-DNA phosphorolytic activity of M. fuberculosis Rv2783ps7v mutant protein analysis by

capillary electrophoresis.

(A) Uninhibited ss-DNA phosphorolysis of mutant Rv2783pe7n. (B) Inhibition of ss-DNA phosphorolysis
activity of mutant Rv2783ps7nv by PZA and (C) by POA. (D) Comparison of the effect of POA and PZA on
the ss-DNA phosphorolysis activity of mutant Rv2783pe7n protein. Data is presented as mean + SEM; t-

test was used for the statistical analysis.

On comparing the POA/PZA-free ss-DNA modifying activities of wild type M. tuberculosis
Rv2783 and M. tuberculosis Rv2783pe7n proteins, we observed that there was no significant
difference in the POA/PZA-free ss-DNA polymerization activities of wild-type and mutant
proteins. However, a significant difference was observed between the POA/PZA-free ss-DNA
phosphorolysis activities of the wild type and mutant M. tuberculosis Rv2783 proteins (Figure
21).
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Figure 21: Graphical presentation comparing the ss-DNA catalytic activities of M. fuberculosis
Rv2783 proteins.

(A) Comparison of the ss-DNA polymerization and (B) ss-DNA phosphorolysis activities of wild type
Rv2783 and mutant Rv2783ps7n proteins. Data is presented as mean + SEM;  t-test was used for the
statistical analysis.

4.6.2. RNA modifying activities of M. tuberculosis Rv2783

4.6.2.1. RNA polymerization activity of M. tuberculosis Rv2783

To test wild-type M. tuberculosis Rv2783 protein for RNA polymerase activity, the protein, at
a final concentration of 2 uM, was reacted with a 5' FAM-labeled 24-mer RNA (0.1 uM) in
the presence of 5 mM Mg?" (in lieu of Mn?") and 2 mM ADP for 15 min. It was observed that
2 uM of the wild type M. tuberculosis Rv2783 protein sufficed to extend the input fluorescently
5’ FAM-labeled 24-mer ssRNA into a polynucleotide tail. In addition, it was observed that
POA and not the pro-drug PZA significantly inhibited the polymerization activity of the wild
type M. tuberculosis Rv2783 protein (Figure 22).
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Figure 22: RNA polymerization activity of wild type M. tuberculosis Rv2783 protein analysis by
capillary electrophoresis.

(A) Uninhibited RNA polymerization activity of wild type Rv2783. (B) Inhibition of RNA polymerization
activity of wild type Rv2783 by PZA and (C) by POA. (D) Comparison of the effect of POA and PZA on
RNA polymerization activity of wild type M. tuberculosis Rv2783 protein. Data is presented as mean +
SEM; t-test was used for the statistical analysis.

RNA polymerization activity was also observed for the M. tuberculosis Rv2783ps7n mutant
protein under similar conditions as of the wild type M. tuberculosis Rv2783 protein. However,
the inhibitory effect of POA on the RNA polymerization activity of M. tuberculosis
Rv2783ps7n mutant was significantly less than for the wild type M. tuberculosis Rv2783 protein
(Figure 23).
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Figure 23: RNA polymerization activity of M. tuberculosis Rv2783ps7n mutant protein analysis by
capillary electrophoresis.

(A) Uninhibited RNA polymerization activity of Rv2783ps7ny mutant protein. (B) Inhibition of RNA
polymerization activity of Rv2783ps7v mutant by PZA and (C) by POA. (D) Graphical presentation and
data analysis of the effect of POA and PZA on RNA polymerization activity of Rv2783ps7v mutant protein.
Data is presented as mean + SEM;  t-test was used for the statistical analysis.

This observation also implied that the mutant M. tuberculosis Rv2783ps7n protein withstood

the inhibitory effects of POA, as was also observed in the DNA polymerization activity of the

mutant protein.

On comparing the POA/PZA-free RNA polymerization activities of the wild type M.
tuberculosis Rv2783 and M. tuberculosis Rv2783pe7n proteins, just like for the POA/PZA-free
DNA polymerization, we observed that there was no significant difference in the POA/PZA-

free RNA polymerization activities of wild-type and mutant proteins. (Figure 24).
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Figure 24: Comparison of the RNA polymerization activities of M. tuberculosis Rv2783
proteins.

RNA polymerization activities of wild type Rv2783 and Rv2783ps7n mutant proteins. Data is presented as mean
+ SEM; t-test was used for the statistical analysis.

4.6.2.2. RNA phosphorolytic activity of M. tuberculosis Rv2783

On the other hand, when the 5' FAM-labeled 24-mer RNA was reacted 2 pM of both the wild-
type and mutant M. ruberculosis Rv2783 proteins in the presence of 5 mM Mg?* and 0.5 mM
phosphate (in lieu of ADP) for 15 min at 37°C, the proteins switched to a phosphorolysis mode,
such that most of the input fluorescently 5° FAM-labeled 24-mer ssRNA template was
degraded into shorter nucleotide products than the input 24-mer ssSRNA. Similarly, it was also
observed that POA and not PZA significantly inhibited the RNA phosphorolytic activity of the
wild-type M. tuberculosis Rv2783 and not the Rv2783ps7n mutant protein (Figures 25).
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Figure 25: RNA phosphorolysis activity of wild type M. tuberculosis Rv2783 proteins analysis by
capillary electrophoresis.

(A) Uninhibited RNA phosphorolysis activity of wild type M. tuberculosis Rv2783. (B) Inhibition of
RNA phosphorolysis activity of wild type M. tuberculosis Rv2783 by POA (C) Comparison of the effect of
POA and PZA on the RNA phosphorolysis activity of wild type M. tuberculosis Rv2783 protein. Data is
presented as mean + SEM; t-test was used for the statistical analysis.

4.7. ppGpp synthetase and hydrolysis assays

M. tuberculosis Rv2783 have been designated as a probable guanosine pentaphosphate
synthetase (Gpsl) enzyme, which could be involved in the synthesis and hydrolysis of ppGpp
implicated in the stringent response. Therefore, it was of considerable interest to determine
whether the protein possessed ppGpp synthesis and hydrolysis activities, as have been
previously demonstrated by the M. tuberculosis Reluw protein. When reacted with 2 mM ATP
and 2 mM GTP in the presence of varying concentrations of Mg?" and Na* at varying pH values
(5.5-8.0), for 1 hour at 30°C, both wild type Rv2783 and Rv2783psny mutant proteins
demonstrated only weak ppGpp synthesis activities (Figure 26 A), while the M. tuberculosis
ReIM® control protein demonstrated strong ppGpp synthesis activity under similar reaction

conditions (Figure 26 B).

On the other hand, when the same concentrations of wild-type Rv2783 protein was reacted with
0.1 mM ppGpp in the presence of varying concentrations of Mn?* and Na*, the ppGpp was
strongly hydrolyzed into GDP and ATP (Figure 27A). However, the strong ppGpp hydrolysis
activity of wild-type Rv2783 protein was significantly inhibited by POA (Figure 27B).
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Figure 26: HPLC separation of ppGpp synthesis reaction products.

Reactions catalyzed by (A) wild type M. tuberculosis Rv2783 protein and (B) Wild type M. tuberculosis
Relwmw protein (control).
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Figure 27: HPLC separation of wild type Rv2783 ppGpp hydrolysis reaction products.

Reactions catalyzed by wild type M. tuberculosis Rv2783 protein in the absence (A) and presence (B) of

POA.

Like the wild type Rv2783 protein, the Rv2783ps7ny mutant protein also demonstrated ppGpp

hydrolysis activity, which was comparatively less than for the wild type Rv278 protein under

similar reaction conditions (Figure 28A).
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Figure 28: HPLC separation of Rv2783ps7n mutant ppGpp hydrolysis reaction products.
Reactions catalyzed by M. tuberculosis Rv2783ps7n protein in the absence (A) and presence (B) of POA.

However, unlike for the wild type Rv2783 protein, the ppGpp hydrolytic activity of the
Rv2783pe7n mutant protein was not significantly inhibited by POA under similar reaction

conditions (Figure 28B).
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4.8. Role of reported rpsA mutations in PZA resistance

A total of 9 non-synonymous substitutions and 1 codon deletion were created in the wild type

M. tuberculosis rpsA gene through point mutagenesis (Table 17).

Table 17: Plasmids overexpressing mutated rpsA gene in wild type M. tuberculosis H37Rv

In vitro Bactec PZA
Plasmid Plasmid overexpressing reported MGIT 960,Gthh Locus terminal susceptibility
No. mutated rpsA genes Unit of mutation from
p1oo References
1 Thr5Ser [C14G], Aspl23Ala .
[A368C] S N terminal R [101]
2 Ala440Thr [G1318A] R C terminal R [136]
3 Argd74Trp [C1420T] R C terminal R [169]
4 Thr5ser [C14G] S N terminal R [101]
5 GInl62Arg [A484G] S N terminal S [169]
6 Argd74Leu [G1421T] R C terminal R [169]
7 Thr5ala [A13G] and Thr210Ala R N terminal
[A628G] R [136]
8 Lys122Glu [A364G] S N terminal S [136]
9 Ala438 deletion [1312GCC1314] R C terminal R [101]
10 Glu433Asp [G1299C)] S C terminal R [169]
11 Wild type rpsA (Control) S R

The mutated rpsA genes were overexpressed in wild type M. tuberculosis H37Rv using the
extrachromosomal p60luxN vector containing the strong Asp60 mycobacterial promoter. The
wild type M. tuberculosis H37Rv rpsA gene was also overexpressed as a control. The M.
tuberculosis rpsA recombinant strains were verified as earlier described and tested for PZA
susceptibility in vitro using Bactec MGIT 960 system (MIC cut-off for resistance at 100
pg/mL) as earlier described. Out of the 10 M. tuberculosis H37Rv recombinant strains
overexpressing mutated rps4 genes, 3 of them which included the Thr5Ser and Aspl123Ala
double mutant, Thr5Ser and Glu433 Asp single mutants, were susceptible to PZA  (MIC cut-
off for resistance at 100 pg/mL), contrary to having been previously reported as resistant. The

remaining 7 rpsA were concordant with the previous findings (Table 17).
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4.9. Role of the reported A-11G pncA mutation in PZA resistance.
4.9.1. Cloning of M. tuberculosis Rv2783c gene

We successfully cloned both wild type A-11 pncA and mutated A-11G pncA in fragments B
and C spanning Rv2045c-Rv2044c-pncA and Rv2044c-pncA, and named them as

ABWt/Mt ACWt/Mt

p60luxNpnc and p60luxnpnc respectively. We also cloned fragment A

comprising only of the pncA gene and named it p60luxNpncA”. We verified the sequences of

the plasmids as earlier described (Figure 29).

6 kb

1kb

Figure 29: Clone verification of M. tuberculosis A-11G pncA recombinant overexpression plasmids
by restriction digestion with Ndel and HindIIl.

(A) Plasmid p60luxnpncAA: Lane M, 10-kb DNA marker; Lane 1, restriction digestion of p60luxnpncAA
control plasmid. (B) Plasmid p60luxNpncAB: Lane M, 10-kb DNA marker; Lanes 1 and 2, restriction
digestion of wild type and mutant p60luxNpncAB respectively. (C) Plasmid p60luxNpncAC: Lane M, 10-
kb DNA marker; Lanes 1, restriction digestion of wild type p60luxNpncAC (expected fragment sizes; 6.2
kb for p60luxN vector, 516 bp for fragment A, 713 bp for fragment B and 1185 bp for fragment C).

4.9.2 Overexpression of A-11G pncA in wild type M. tuberculosis H37Rv

To query whether the A-11G pncA would affect the translation of the pncA gene, we
successfully overexpressed the wild type A-11 pncA recombinant plasmids containing
fragments A, B and C into the P160 M. tuberculosis PZA-resistant clinical strain (A-11G pncA
mutant) to form M. tuberculosis recombinant strains pl60luxNpncAAWt (control),
p160luxNpncABWt and p160luxNpnc AW, We also successfully overexpressed the mutated A-
11G pncA recombinant plasmids containing fragments A, B and C into wild type M.
tuberculosis H37Rv to form H37RvIuxNpncA*Mt (control), H37RvluxNpncABM! and
H37RvIuxNpncA“Mt recombinant strains. Verification of successful overexpression was done

as previously described.

We tested the PZA susceptibility in vitro using the Bactec MGIT 960 system (Becton

Dickinson, Sparks, MD) and PZase activity of all the M. tuberculosis pncA recombinant strains
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as earlier described. We found that overexpression of the wild type A-11 pncA contained in
fragments B and C in the P160 A-11G pncA PZA-resistant strain did not alter its PZA
susceptibility and neither did it restore its PZase activity. Moreover, we also observed that
overexpression of the mutated A-11G pncA also contained in fragments B and C in wild type
M. tuberculosis H37Rv did not cause PZA resistance (MIC cut-off for resistance at 100 pg/mL)
and neither did it abolish the PZase activity of M. tuberculosis H37Rv (Figure 30 ).

Figure 30: PZase enzyme assay of M. tuberculosis A-11/ A-11G pncA recombinant strains.

(A) PZase assay of wild type M. tuberculosis H37Rv overexpressing mutated A-11G pncA mutation:

Tube 1, M. tuberculosis H37Rv parental strain; Tube 2, Fragment A (control), Tube 3-4, Fragments B and

C mutants; Tube 5, BCG (Tice). (B) PZase assay of clinical PZAR strain overexpressing wild type A-11

pncA: Tubel, Parental A-11G pncA mutant; Tube 2, wild type M. tuberculosis H37Rv; Tube 3, Fragments
A (control); Tube 4-5, Fragments B and C wild type.
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5. Discussion

New anti-TB regimens are urgently needed to further shorten TB treatment and manage
patients with drug-resistant TB. Due to the role of PZA in shortening TB treatment duration,
identification of its precise cellular targets in M. tuberculosis is a vital consideration for
understanding its mode of action and thus further optimizing and shortening TB short-course
therapy. While the mechanism of PZA activation into its active moiety POA by the PZase
enzyme has been characterized, many questions remain in refining our understanding of the
precise cellular targets and mode of action of POA in M. tuberculosis. In this study, we
identified a new gene, M. tuberculosis Rv2783c, which was associated with PZA resistance
and a probable new target of POA in M. tuberculosis. M. tuberculosis Rv2783c encode a
probable bifunctional enzyme: polyribonucleotide nucleotidyltransferase (PNPase), a major
component of the RNA degradosome involved in RNA metabolism [137], and guanosine
pentaphosphate synthetase (Gpsl), involved in the synthesis of the alarmones guanosine
tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) [138] implicated in the

stringent response [139] in E. coli and other bacteria .

For two decades, alterations in pncA gene [99], encoding the PZase required for conversion
of PZA prodrug to POA, have been implicated as the major cause of PZA resistance in M.
tuberculosis. Recently, mutations in the targets of POA/PZA, ribosomal protein S1 (RpsA)
[101] and the aspartate decarboxylase (panD) [134, 224], involved in trans-translation and
the synthesis of the essential metabolic cofactors pantothenate and coenzyme A
respectively, were also implicated with PZA resistance. However, PZA-resistant clinical
isolates that do not have mutations in pncA, rpsA or panD and their flanking regions have
been reported [ 169, 234]. In this study, we shed light on a possible new target of PZA/POA
and report that mutations in M. tuberculosis Rv2783c are closely associated with PZA
resistance. By using whole genome sequencing, we were able to identify GI199A
(Asp67Asn) missense mutation in the Rv2783c gene of 2 clinical M. tuberculosis PZA-
resistant strains, suggesting a possible new target of PZA/POA. The 2 PZA-resistant strains
were positive for the PZase enzyme activity assay, which was consistent with the earlier

pncA sequence analysis previously reported [169].

The involvement of M. tuberculosis Rv2783c¢ in PZA resistance was demonstrated by the

overexpression of the Rv2783cGioo4 (Asp67Asn) mutant in wild type M. tuberculosis
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H37Rv. Increasing transcription of the target gene, leading to its overexpression is a well-
known drug resistance mechanism in bacteria. Our results showed that overexpression of
the M. tuberculosis Rv2783cG1994 mutant in wild-type M. tuberculosis H37Rv caused PZA
resistance in vitro (MIC=500 pg/mL). In contrast, strains overexpressing the wild-type
Rv2783c and the empty p60luxN vector were still susceptible to PZA in vitro (MIC=100
pg/mL), indicating that the induced Rv2783cGi994 expression was responsible for the PZA
resistance. It is also noteworthy that all the transformant strains were positive for the PZase
enzyme activity assay, which again ruled out a mutation at the putative upstream regulatory
region of the pncA gene as possible cause of the PZA resistance in the transformant strain
overexpressing Rv2783cci994. These findings suggest that POA may possibly bind to
Rv2783, and in particular to residue D67 as it was the altered site in the 2 PZA-resistant
mutants, thereby influencing PZA susceptibility of the M. tuberculosis bacilli.

We further performed an ITC experiment to determine the thermodynamic parameters
(affinity, enthalpy and stoichiometry) of the binding interaction between POA/PZA and M.
tuberculosis Rv2783 protein. We found that the wild type M. tuberculosis Rv2783 was able
to bind to the active entity, POA, and not to the inactive pro-drug, PZA. This finding
suggests that M. tuberculosis Rv2783 is a probable target of POA, and a confirmation that
indeed at it is POA that has the anti-tuberculosis activity and not the pro-drug PZA. Most
interestingly, the finding that the M. tuberculosis Rv2783pe7n mutant protein failed to bind
to POA or PZA further suggest that M. tuberculosis Rv2783 is a highly probable target of
POA and that the Asp67Asn mutation may affect the binding of POA. This suggestion was
further supported by the observation that the PNPase from naturally PZA-resistant M.
smegmatis (87% homology) failed to bind either POA or PZA. We however found that POA
bound to the wild type M. tuberculosis Rv2783 at relatively higher concentration, and only
weakly at lower concentrations. This finding was concordant with an earlier report by Shi
and colleagues [101], in which, M. tuberculosis Rv2783 was also shown to only bind weakly
to a POA derivative, 5-hydroxyl-2- pyrazinecarboxylic acid. This could probably explain
why PZA is usually clinically administered in relatively higher dosage (up to 50 mg/kg) as
compared with other anti-TB drugs such as INH (5 mg/kg) and RIF (10 mg/kg).

M. tuberculosis Rv2783 is a 756-aa polypeptide whose primary structure is 87% identical
to that of the 763-aa M. smegmatis PNPase encoded by the Msmeg 2656 gene, and 73%
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identical to that of S. antibioticus PNPase (757-aa), the first PNPase for which a crystal
structure [233] was solved. Our results on the ss-DNA polymerase and phosphorylase
reactions of M. tuberculosis Rv2783 (here in functioning as a PNPase) contribute to an
emerging picture of mycobacterial PNPases as catalysts of DNA metabolism in addition to
their synthetic and degradative roles in RNA metabolism [152]. This suggests that M.
tuberculosis Rv2783 could possibly be involved in conserving DNA integrity through DNA
repair and mutagenesis in vivo. Juan Alonso and colleagues demonstrated the direct
involvement of Bacillus subtilis PNPase in DNA repair [153]. By studying the effects of a
ApnpA null allele on clastogen sensitivity and its epistasis relationships to null alleles of
other DNA repair factors, they provide genetic evidence that PNPase participates in the
homologous recombination (HR) and nonhomologous end joining (NHEJ) pathways of B.
subtilis double-strand break (DSB) repair in response to damage by hydrogen peroxide
[153]. Considering that mycobacteria possess three distinct pathways for the repair of DNA
double-strand breaks (HR, NHEJ, and single-strand annealing), a similar participation by
PNPase is highly possible. While the mechanisms by which PNPase affects DNA repair are
not yet clear, Alonso and colleagues suggest that PNPase reacts with broken DNA ends,
either converting them from non-ligatable “dirty” breaks to clean ends that can be sealed by
DNA ligase or by adding non-templated single-stranded 3’ tails that can then influence
repair pathway choice [153, 154].

The finding that POA inhibited the ss-DNA polymerization activity of the wild type M.
tuberculosis Rv2783 and not the Rv2783pe7n mutant protein also explains the difference in
the PZA susceptibilities of the respective transformants. Comparatively, the ss-DNA
phosphorolytic activity of the wild type Rv2783 was highly inhibited by POA (p<0.0001)
as opposed to that of the Rv2783ps7n mutant protein (p=0.0399). Taken together, it thus
appears that the D67N substitution in the M. tuberculosis PNPase altered the binding of
POA conferring to the bacilli the ability to evade its sterilizing effects, thereby causing
resistance. In that case, the M. tuberculosis Rv2783ps7n mutant protein would therefore
proceed on catalyzing both ss-DNA polymerization and phosphorolytic reactions needful
during DNA repair and mutagenesis during dormancy without being inhibited by POA. The
ability of such non-replicating persister bacilli to carry out DNA repair and mutagenesis
would highly impact on its survival during such stressful environmental conditions of

limited nutrients, antibiotic treatment among others.
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Next, we found out that M. tuberculosis Rv2783 catalyzed both RNA polymerization and
RNA phosphorolysis, confirming its important role in RNA metabolism. Comparatively, as
observed in the DNA transactions, the RNA polymerization and phosphorolysis activities
of the wild type Rv2783 and not the mutant Rv2783pe7n protein were significantly inhibited
by POA. In addition, there was no significant difference in the POA-free RNA modifying
activities between the wild type Rv2783 and the mutant Rv2783ps/n proteins. Taken
together, these findings suggest an important role of Rv2783 protein in RNA metabolism.
The RNA degradosome, a multi-enzyme complex comprised of proteins such as RNAse E
and PNPase, is involved in RNA metabolism and post-transcriptional control of gene
expression in E. coli and many other bacteria [155-157]. Although the mechanism of action
of RNA degradosome in E. coli is relatively well understood, very little is known about the
mechanisms involved in the RNA metabolism in other bacterial species [158, 159],
including mycobacteria. M. tuberculosis is a very successful pathogen which is able to
persist under stressful conditions for a long time in a non-replicating state inside the host
[2]. Given the central role of RNA degradosome in RNA metabolism in E. coli, it is
conceivable that the RNA degradosome-dependent regulation of RNA stability in M.
tuberculosis might also be a very important mechanism, adjusting the cellular metabolism

to environmental stress during dormancy.

It has been reported that during dormancy, the bacilli exhibit a decline in sensitivity to
antibiotics and an increase in RNase E levels [160], which is a component of the RNA
degradosome. Likewise, having demonstrated the involvement of M. tuberculosis PNPase
in RNA metabolism, we infer its involvement in influencing PZA susceptibility during
dormancy. This is especially because the mutant Rv2783ps7n protein was able to catalyze
RNA metabolism even in the presence of POA, and could in addition contribute towards
sustaining RNA stability during dormancy. The finding that the RNA catalytic activities of
the wild type Rv2783 and not the mutant Rv2783ps7n protein were significantly inhibited
by POA again suggest that the D67N mutation may affect the binding of POA without
necessarily eliminating the protein’s RNA modifying enzymatic activities. Similarly, the M.
tuberculosis Rv2783ps7n mutant protein would therefore catalyze RNA metabolism
uninhibited by POA, and especially soo during dormancy where RNA stability is at stake.
Moreover, it is likely that the D67 residue on the N-terminal region of M. tuberculosis

Rv2783 is flexible and dispensable for enzymatic activity but is required for POA binding.
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However, further studies on the structural organization and functional analysis of some
specific amino acid residues of the protein are needed to confirm this hypothesis and
delineate their roles. On the other hand, the ability of the Rv2783 to catalyze RNA
polymerization in a template-independent manner would possibly result in producing
inaccurate mRNAs, rRNAs and tRNAs, and further mistranslation. New protein variants
with an adaptive function could be synthesized, producing new bacillary phenotypes that
can tolerate or resist POA sterilizing effect. This only happens to a small population which
explains why most of the bacilli are killed by antibiotics for lack of adaptive “protein
variants”. Tolerance to antibiotics, like other stresses encountered by M. tuberculosis bacilli
during persistence, is an important part of their survival, and would give rise to clones that
are not killed and can even grow in the presence of antibiotics [235]. Altering translational
fidelity was reported to represent a unique form of environmental adaptation under stressful
conditions through increasing proteome diversity [236]. In their study, Javid and colleagues
[236] provided evidence that specific mistranslation of the mycobacterial RNA polymerase,
the target of RIF, is necessary and sufficient for RIF phenotypic resistance. In addition, we
speculate that the potential diverse small RNAs synthesized by Rv2783 may regulate the
gene expression of M. tuberculosis bacilli in different ways, enabling some of them to

survive during persistence.

We further investigated whether or not M. tuberculosis Rv2783 is involved in ppGpp
synthesis and ppGpp hydrolysis reactions. Our finding that both wild type M. tuberculosis
Rv2783 and M. tuberculosis Rv2783pe7n mutant proteins demonstrated only weak ppGpp
synthesis activities but strong hydrolytic activities suggest the involvement of M.
tuberculosis Rv2783 in the regulation of intracellular concentrations of ppGpp in the bacilli
under conditions that impart PZA susceptibility. The catalytic activities were similar to
those of E. coli SpoT protein, which is a bi-functional enzyme with strong (p)ppGpp
hydrolase and weak synthetase activities activated during glucose, fatty acid and possibly
other starved conditions [237]. Herein, we used GDP as the substrate leading to the
formation of ppGpp, while the reverse hydrolysis reaction yielded GDP and ATP as the
building blocks. In many bacteria, (p)ppGpp acts as a signaling molecule to control gene
expression in several metabolic pathways involved in long-term survival under stressful
conditions. In M. tuberculosis, the long-term survival of non-replicating bacilli has hitherto

been associated with the Relv, — mediated (p)ppGpp synthesis, which triggers the stringent
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response [238]. PZA exhibits a preferential sterilizing activity against non-replicating
persister bacilli during dormancy [239]. Therefore, our finding that overexpression of
Rv2783cGi994 causes PZA resistance and that the Rv2783ps7n mutant protein retained the
strong ppGpp hydrolysis activity even in the presence of POA, strongly suggest the protein’s
involvement in stringent response. Weiss and Stallings predicted that the sole expression of
(p)ppGpp without its hydrolysis may directly impact cellular pathways in an uncontrolled
manner that is detrimental for the bacteria [240]. They demonstrated that expression of an
allele encoding the hydrolase-dead Relwmw mutant incapable of hydrolyzing (p)ppGpp but
still able to synthesize (p)ppGpp decreased the growth rate of M. tuberculosis and changed
the colony morphology of the bacteria. Weiss and Stallings further demonstrated that the
Relmw mutant expression during acute or chronic M. tuberculosis infection in mice was
lethal to the infecting bacteria. Taken together, our findings further highlight the distinct
importance of (p)ppGpp hydrolysis that is essential for M. tuberculosis pathogenesis. We
propose that M. tuberculosis Rv2783 plays an important role in the general homeostasis of
(p)ppGpp during dormancy, and while this function is inhibited by POA in the wild type,
the D67N substitution mutation helps circumvent POA effects. Again, the finding that M.
tuberculosis Rv2783pe7n protein retains the strong ppGpp hydrolase and weak synthetase
activities further suggest that the mutation may affect the binding of POA without

diminishing the protein’s catalytic activities.

The M. tuberculosis Rv2783c gene is located within a cluster of co-oriented open reading
frames (Figure 31) in the order: rpsO (encoding ribosomal protein S15), /ppU (a liporotein),
Rv2783c (PNPase/Gpsl), pepR (a zinc protease), and Rv2781c (a putative oxidoreductase).
The upstream /ppU gene and the downstream pepR and Rv2781c genes are deemed non-
essential for M. tuberculosis growth, as was illustrated by the recovery of viable bacteria

with transposon insertions within their respective open reading frames [140].

rpsO IppU Rv2783c pepR Rv2781c

Figure 31: The M. tuberculosis Rv2783c gene locus and its surrounding genes.

84



Discussion

In contrast, no transposon insertion mutant within the Rv2783c gene was recovered [140],
suggesting that Rv2783¢ might be essential for growth of M. tuberculosis. Therefore, it is
likely that the D67 residue on the N-terminal region of M. tuberculosis Rv2783 is flexible
and dispensable for enzymatic activity but is required for POA binding. However, further
studies on the structural organization and functional analysis of some specific amino acid

residues of the protein are needed to confirm this hypothesis and delineate their roles.

In summary, we have demonstrated M. tuberculosis Rv2783 as a probable target of POA,
and illustrated that mutations in Rv2783¢ confer resistance to POA. For the first time, we
have also demonstrated that Rv2783 is a bifunctional enzyme; it is a polynucleotide
phosphorylase (PNPase) and guanosine pentaphosphate synthetase (Gpsl)), and its
functions can be inhibited by POA. Taken together, we have provided a better understanding
of this unique sterilizing drug; important for the design of new drugs targeting M.
tuberculosis persisters for improved treatment of TB. Following the above, we thus propose

a model of the association and peculiar roles of Rv2783 in PZA resistance (Figure 32).
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Figure 32: Role of Rv2783 in PZA resistance.
POA kills M. tuberculosis by inhibiting the dual catalytic activities of Rv2783 under stressful

conditions.
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During persistence, the conditions which impact PZA susceptibility, Rv2783 catalyzes both
PNPase and ppGpp hydrolysis activities. As a PNPase, Rv2783 catalyzes DNA metabolism
resulting to conservation of DNA integrity through DNA repair and mutagenesis. On RNA
metabolism, Rv2783 catalyzes the increased production of RNA molecules resulting to
RNA stability. On the other hand, Rv2783 catalyzes mistranslation producing variant
proteins that enable the bacilli to tolerate or resist the sterilizing effects of POA. As a Gpsl,
Rv2783 catalyzes the hydrolysis of ppGpp when it reaches a critical concentration following
its production by Relviw. By regulating the general homeostasis of ppGpp, Rv2783 facilitates
the synthesis of mRNA in the ribosomes, subsequent cytoplasmic RNA molecules (such as

tRNAs and sSRNAs) and the eventual translation of the RNA transcripts.

While it is often rather difficult to demonstrate the activity of PZA especially in mouse
models of short duration owing to its short half-life in mice, animal studies should be carried
out to further confirm the functionality of M. tuberculosis Rv2783 so as to demonstrate its
in vivo relevance for drug discovery and development. Detailed studies on structural
organization and functional analysis of the specific catalytic domains of M. tuberculosis
Rv2783 protein to delineate their roles would be needful for drug discovery and
development. In addition, gene knockdown of M. tuberculosis Rv2783c would be necessary
to allow study what the effects of POA would be on the growth of the bacilli upon

suppressing the expression of Rv2783c.

Following the questionable impact of 7ps4 mutations in PZA resistance [133], we set out to
verify the effect of some reported rpsA mutations through overexpression in wild type M.
tuberculosis H37Rv. In this study, 6 out of the 10 overexpressed rps4 mutations were
concordant with the previous reports, while the remaining 4 were inconsistent with previous
findings. Shi and colleagues [101] had previously reported 2 PZA-resistant strains wild type
for the pncA gene but bearing dual RpsA Thr5Ser and Asp123Ala mutations. This double
mutant was however not observed in another study by Alexander and colleagues [136], but
who instead reported an almost similar mutation, 7ps4 A364G (Lys122Glu), in one PZA-
sensitive strain. The phenotypic findings of Alexander and colleagues suggested that RpsA
Lys122Glu had no impact on PZA resistance, and thus, Asp123Ala could also be innocuous.
The later suggestion is concordant with our findings as overexpression of the dual Thr5Ser

and Aspl123Ala mutations, and the singular Thr5Ser mutation in wild type M. tuberculosis

86



Discussion

H37Rv did not cause PZA resistance. The Glu433Asp mutation had previously been
reported by Tan and colleagues [169] in a PZA-resistant clinical strain wild type for the
pncA gene. The Glu433 amino acid is located on the C-terminal of the RpsA, a region highly
conserved among all the Mycobacterium species, and thus Tan and colleagues [169] had
suggested the involvement of this region in PZA resistance. However, this was contrary to
our findings as overexpression of the Glu433Asp mutation in wild type M. tuberculosis
H37Rv did not cause PZA resistance. Taken together, further work on the protein analysis
are required to determine if any Thr5Ser, Asp123Ala, Lys122Glu and Glu433 Asp mutations
impact POA/PZA binding or simply represent regions of RpsA that tolerate amino acid

substitutions.

While high numbers of PZA-resistant cases are attributed to inactivation of the PZase,
numerous genetic variants are highly diverse and scattered over the full length of the 561
bp of the prncA gene [172, 241]. About 50 cases of missense mutations at the -11 upstream
putative regulatory region of pncA has been reported [222]. We therefore set to explore
whether this mutation would affect gene expression of pncA at the translation level. Our
finding that overexpression of the wild type A-11 pncA, contained in the fragments spanning
the upstream Rv2044c and part of Rv2045¢ genes, in the P160 A-11G mutant a did not make
it susceptible to PZA or restore its PZase expression was intriguing. Similarly, the finding
that overexpression of the A-11G pncA mutant, contained in the same fragments, in wild
type M. tuberculosis did not cause PZA resistance or abolish its PZase activity was more
intriguing. The A-11G  pncA mutation had previously been reported not to affect the
transcription of pncA gene, as it was co-transcribed together with its surrounding genes in a
polycistron [154]. However, from our results, it appears that there could be some other
regulatory factors that recognize the A-11G pncA mutation thus affecting the expression of

pncA at the translation level.
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