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Abstract

Ribonucleotide reductases (RNRs) are a class of enzgatadyzing the de novo
reduction of ribonucleotides to deoxyribonucleotides d@gdefor DNA replication and
repair. In addition to the class Ib RNR encoding genesiE and nrdF2
Mycobacterium tuberculosiand Mycobacterium smegmataso contain a homologue
of a Chlamydial class Ic small subunit-encoding gemelB. M. tuberculosisalso
contains an alternate class Ib RNR small (R2) subunit=NrinM. smegmatisnc®155,
the class Ib RNR genes are located on a large chronadbsluplication.M. tuberculosis
nrdF2 has been previously demonstrated to be essential forrm gibwth. It was
hypothesized that different class | RNR R2 subunits couldidesl by the tubercle
bacilli to survive and persist in the host. To test liyisothesis, function and expression
of the class | R2-encoding genedMntuberculosiandM. smegmatisvas investigated.
Arguing against a specialist role for the alternate R2mtdwas the finding that NrdB
in both organisms and NrdF1l M. tuberculosisare individually and collectively
dispensable for growth and long-term survival in vitro, stesice to genotoxic stress,
adaptation during RNR inhibition by hydroxyurea and virulencemice. Further
confirming the essentiality of NrdF2 in mycobacteria arat thirdB cannot substitute
for NrdF2 function in vitro was the finding thatdF2 is essential for growth of a strain
of M. smegmatismc®155 lacking the duplicated chromosomal regigdxDRKIN).
ADRKIN showed marked hypersensitivity to a wide range ahmounds including
hydroxyurea and mitomycin C, whereas deletion of only amey of nrdF2 in M.
smegmatisnc®155 resulted in a specific hypersensitivity to hydroxyureaoiigin the
construction oihrdR-deficient mutants oM. tuberculosisand M. smegmatisthe class
Ib RNR genes were shown to be specifically regulatedrbWrdR-type repressor, as
evidenced by increase mdE andnrdF2 transcript levels imrdR-deficient mutants of
M. tuberculosisandM. smegmatisinterestingly, however, upregulation of these genes
did not affectM. smegmati®r M. tuberculosisn vitro growth, DNA damage survival
or resistance to hydroxyurea. Together, these obsemgatidentify a potential
vulnerability in dNTP provision in mycobacteria, and theredffer a compelling
rationale for pursuing the class Ib RNR as a targedriog discovery.
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1. Introduction

1.1 Tuberculosis

Tuberculosis (TB) is one of the leading causes of dglatbally, with 9.2 million new
cases and 1.7 million deaths occurring in 2006 alone (WHO, 2008pite the
estimation that 2 billion people are infected with the atws agentMycobacterium
tuberculosis worldwide (Gomez and McKinney, 2004), only 10 % of theseviddals
will develop active disease whilst the majority wilhrain in an asymptomatic state of
latent TB infection (LTBI), which significantly conbutes to the future burden of TB
(Cardona and Ruiz-Manzano, 2004}V co-infection further complicates the efforts to
combat the TB pandemic, serving as a major factor ¢oning to the high mortality
rates amongst those infected (Kaufmann, 2004; Shatrag 2005). Of the TB cases
and deaths observed in 2006, 0.7 million cases and 0.2 millidhsdeare from HIV
co-infected individuals (WHO, 2008). It is estimated thahigh HIV/AIDS burden
countries, TB prevalence will reach 609 per 100 000 populatic20h$ (Dyeet al,
2005).

1.1.1 TB prevention

Currently, live attenuatedlycobacterium bovisBBacillus Calmette-Guérin (BCG) is
used as a vaccine for TB prevention, with nearly 100 millbildren estimated to
receive BCG every year (Barrett al, 2006). BCG was developed by in vitro
passaging of an isolate bf. bovis230 times from 1908 to 1921. However, from 1921
to 1961 this isolate had been passaged 1173 times, resulting nunmbaer of
genotypically and phenotypically different daughterissacollectively known as BCG
(Behr and Small, 1999; Behr, 2001a, 2002). Despite its long-teemB@G protective
efficacy has been variable (ranging from 0 to 80 % dp@nore effective in protection
against primary TB in children than adult pulmonary TB (Bret al, 2006; Behr,
2002; Castillo-Rodagt al, 2006; Lagranderiet al, 1996; Wuet al, 2007). Currently,
there is no global consensus as to which strain of B&optimal efficacy for general



use. These findings have stimulated considerable interesvestigating the reasons
underlying the variability in protective efficacy of BCG. Geaetiterations which
occurred during the evolution of different BCG strairsufied in different phenotypes
and hence, in different protective efficacy (Behr, 2001b, 20@2ing et al, 2008;
Mostowy et al, 2003). Host factors, such as pre-exposure to other myeviahc
species (Brandet al, 2002; Demangedt al, 2005; Younget al, 2007) and route of
vaccination have also been found to affect BCG effiq@ldwell et al, 2006; Cheret
al., 2004; Manabet al, 2002; Wanget al, 2004). Most importantly, as a live vaccine,
BCG also poses a health threat to immunocompromisedidudis (Bustamantet al,
2007).

Considerable effort has been made to find a vaccineidlstfe and more effective in
preventing pulmonary TB (Brennaat al, 2007; l1zzoet al, 2005). Several studies have
explored the possibility of enhancing the efficacy d2@® with recombinant BCG
vaccine (rBCG) candidates conferring better protectibant BCG having been
described (Fattorini, 2007). They include rBCG30 [BCG expressitigem (Ag) 85B]
(Horwitz et al, 2000; Horwitz and Harth, 2003; Horwitet al, 2006) and
rBCG::AureCGll O (a urease-deficient BCG mutant expressing lysteriolgyi (Grode
et al, 2005). Several groups are also interested in finding a lvovateine for
individuals whose immune system has already been prioyedycobacterial infection
or by BCG vaccination. Amongst the promising booster vaccandidates identified is
Mtb72F (subunit vaccine of a fusion molecule comprising MhetuberculosisPPE
family member, Rv1196, and a putative serine protease, RvO12mdi#t al, 2004;
Tsenovaet al, 2006) and MVA-85A (a recombinant, replication-deficient chaia
virus expressing Ag85A fromM. tuberculosiy (Brookeset al, 2008; Fletcheet al,
2008; Horwitzet al, 2005; McShanest al, 2004; Williamset al, 2005). Interest in
eventually replacing BCG by a suitably attenuated strhill. tuberculosior M. bovis
have yielded several vaccine candidates, albeit withdegqual protective efficacy to
BCG (Aguilaret al, 2007; Hotteret al, 2005; Pavelk&t al, 2003; Sambandamurtleg
al., 2005; Senaratnet al, 2007).



1.1.2 Diagnosis oM. tuberculosis infection

Despite its limitations (Kangt al, 2005; Soysaét al, 2008; Winjeet al, 2008), the
tuberculin skin test, which involves intradermal injectafrpurified protein derivative
(PPD) followed by measurement of delayed type hyperseatgitesponse, is still a
commonly used diagnostic test favl. tuberculosis infection. Recently, PPD
(QuantiFERON-TB) (Streetont al, 1998; Taggaret al, 2004) or more specifit.
tuberculosisstimulatory antigens ESAT-6 and CFP-10 proteins (QuaR(HE-TB
Gold test) (Dielet al, 2006; Liuet al, 2004; Moriet al, 2004; Ulrichset al, 2000;
Weldingh and Andersen, 2008) have been used in whole blsagsaas stimulatory
antigens for IFNy release, whereby the IFN-s then quantified and used as an
indication of M. tuberculosisinfection. Application of more recently developed
techniques for diagnosis of active TB infection and drugscaptibility testing €.g
BACTEC, phage-based and various nucleic acid amplificatgsays) have provided
more sensitive and rapid means of diagnosing activenid@gtion (Banaieet al, 2001;
Banaieeet al, 2003; Galiet al, 2006; Katoch, 2004; Nahiet al, 2006; Rodriguegt
al., 2007; Rusch-Gerdet al, 2006; Tevereet al, 1996). Using a mathematical model
of the TB epidemic currently raging in South African asluit was estimated that
simultaneous execution of culture and drug susceptibilétnig in 37 % of new cases
and 85 % of failed treatment cases may reduce TB mgrislil7 %, reduce multi-drug
resistant (MDR)-TB incidence by 14 % and prevent 47 % ofRVIIB deaths from
2008 — 2017 (Dowdyet al, 2008). However, the high cost of these new diagnostic
assays, combined with inadequate diagnostic laboratogstndicture limits their use in
most developing countries (Glassroth, 2005).



1.1.3. TB chemotherapy

Following the 1993 declaration by the World Health OrganizafitHO) that TB is a
global health emergency, the directly observed therapst-sburse (DOTS) program
was implemented. Even though DOTS has improved the teaatamd cure rates of TB
significantly (Shargie and Lindtjorn, 2005), this diseadérsimains a massive global
health challenge (Brewer and Heymann, 2004). More than deeades ago, the
treatment of TB required 18-24 months’ administrationtcgpgomycin (STR) and p-
aminosalicylic acid (PAS). The introduction of isoneézjINH), followed by two
sterilizing drugs, rifampicin (Rif) and pyrazinamide (PZ&hortened the duration TB
chemotherapy to six months, leading to the developmeht “short-course”
chemotherapy (Jasmet al, 2002; Jawahar, 2004; Mitchison, 2005a; Nasataal,
2002; Torres, 1998). The current regimen comprises two phasestensive phase,
which targets mainly the actively replicating bacilhdacontinuation phase, which
target those organisms that persisted through the intephase. A regimen, starting
with 2 months’ intensive phase therapy with INH, FSTR and PZA, followed by 4
months’ continuation phase treatment with INH and Rifjsed as the gold standard in
first-line chemotherapy, although in some cases, STBubstituted with ethambutol
(EMB) (Mitchison, 2005b).

Drug resistance

The current complicated and lengthy regimen for TB chberapy often result in
noncompliance and inappropriate treatment (Jetsal, 2007; Meacciet al, 2005;
Piconet al, 2007), which can lead to development of drug resistanceutA60 000
new cases of MDR-TB, defined by the presence of diseagsing strains that are
resistant to two first-line drugs, INH and Rif (Ginsbexgd Spigelman, 2007), are
estimated to occur every year world wide (WHO, 2006), @0 000 cases detected in
2006 alone (WHO, 2008). Drug resistance poses the biggest thdeahalenge to the
current TB interventions. Treatment of MDR-TB is madifficult, requiring 18-24
months of therapy with second-line drugs that have ldrsterilizing capacity, are less
effective and more toxic (Ginsberg and Spigelman, 2007; Kauin#2004; Sharma and



Mohan, 2006). Most importantly, the high cost of MDR-Ti#atment (Floyd and
Pantoja, 2008; Resocét al, 2006) is exacerbating the severity of the TB epidemic in
developing countries. The magnitude of the threat presdtedtug-resistant TB is
underscored by the recent emergence and spread of extertbglresistant (XDR)
strains ofM. tuberculosiswhich are defined as MDR strains that are also resithaa
fluoroquinolone and at least one of the injectable drudgmag®t al, 2008; Masjedet

al., 2006; Migliori et al, 2007; WHO, 2008). A devastating outbreak of XDR-TB in
South Africa resulted in a rapid spread and high moytadites in those co-infected with
HIV (Gandhi et al, 2006). A recent study found the highest percentage of South
African XDR-TB cases studied to be acquired (Mlangbaal, 2008), suggesting that
most of the XDR-TB cases are a consequence of edfdlilerapy. These factors have
emphasized the urgent need to develop new drugs thattare against both drug-

susceptible and drug-resistant strain®otuberculosis

The biological fitness of drug resistant strains and thgact on the epidemiology of
MDR-TB is a topic that has attracted considerable atter(Billington et al, 1999;
Cohen and Murray, 2004; Gagneak al, 2006a; Pymet al, 2002). In vitro studies
have shown that drug resistance mutations may compréh@ssompetitive growth of
M. tuberculosign liquid cultures and in macrophage cell lines (Billing&iral, 1999;
Gagneuxet al, 2006b; Mariamet al, 2004). Nonetheless, it has been suggested that
even though the majority of the occurring MDR straireslass fit, a smaller proportion
of highly fit MDR strains may outcompete less fit stsa(Cohen and Murray, 2004,
Gagneuxet al, 2006a). Supporting this notion is the finding that certaincalindrug-
resistant isolates from patients were found to havesignificant fithess cost, which
could be due to non-cost resistance mutations being fay@yadet al, 2002) or due to
the emergence of compensatory mutations (Gageeals 2006b).

Mechanisms of drug resistance

Even though the intrinsic drug resistance of mycobact&giamost commonly
attributable to the low permeability of the their coexlipid rich cell wall (Camachet



al., 2001; Philalayet al, 2004; Wanget al, 2000), efflux systems have also been
implicated in intrinsic drug resistance. They act by extrgi@ wide range of antibiotics
from the cell (Amaraét al, 2007; Danilchankat al, 2008; Liet al, 2004; Pascat al,
2005; Ramon-Garcieet al, 2007). There are four families of drug resistance
transmembrane efflux proteins (Sharma and Mohan, 2004). Msnolbeall of these
families can be identified iM. tuberculosisgenome. About 2.5 % of th#/.
tuberculosisgenome is predicted to encode ATP-dependent ABC multidisigtance
transporters (Braibamdt al, 2000), including the fluoroquinolone resistance ABC pump
encoded by the Rv2686¢c-Rv2687c-Rv268Beron (Pascat al, 2004). The genome of
M. tuberculosisencodes 13 transmembrane proteins predicted to be oédlstance
nodulation division of transporters. These are proptsedtt in drug efflux, specific to
mycobacteria, and are designated as “mycobacteriabnagm proteins large” (MmpL)
(Coleet al, 1998).

Non-intrinsic drug resistance . tuberculosiscan be either phenotypic or genetic.
Phenotypic resistance is non-heritable and can be dslewwogrowth or non-replication
of bacteria which results in tolerance to drugs (persisté®henotypically resistant
bacilli can be eradicated following relapse after a sssiul treatment (Connoligt al,
2007; Sacchettinet al, 2008). Genetic resistance is due exclusively to mutationshwhi
occur in the drug target or in the gene encoding a pro-drimpi@et resulting in an
irreversible loss of susceptibility to the drug.Nh tuberculosis genetic resistance to
antitubercular drugs is conferred exclusively by chromodgmiabrne mutations
(Gillespie, 2002; Gueet al, 2008; Sekiguchet al, 2007; Sharma and Mohan, 2004;
Wang et al, 2007). There is no evidence in this organism for the atigmisof drug
resistance through horizontal gene transfer. Overptst few years, the molecular
mechanisms of resistance to almost all known antitulseradrugs, including the
recently discovered compounds, have been elucidated (fgagnhal, 2001; Ginsburget
al., 2005; Manjunathaet al, 2006a; Petrelleet al, 2006; Shiet al, 2007). The
frequency with which resistance arises in vitro diffelespending on the specific
antibiotic, with frequencies of resistanceMf tuberculosigo Rif and INH being 3.1 x



10® and 3.5 x 18, respectively. However the mutation frequency decreas@s< 10**
when both Rif and INH are used in combination (Gilles@@602; Johnsoret al,
2006¢).

Some of the characterized mutations conferring resistarfichl. tuberculosisto
antitubercular drugs are summarized in Table 1.1. Rif itshiRNA polymerase
function by binding to it$ subunit encoded bypoB. Different mutations in thepoB
gene conferring Rif resistance have been identifiedh thi¢ majority (95 %) occurring
within a small region of <100 bp — the Rif-resistance datenm region (RRDR).
Three substitution mutations, namely Ser531Leu, His526Tyr apb¥6Val occur in
>70 % of the Rif resistant isolates that have beearaderised, with the Ser531Leu
mutation occurring even more frequently than His526Tyr amqgb28Val (Billingtonet

al., 1999; Guoet al, 2008; Johnsomet al, 2006c; Telentet al, 1993). INH is a pro-
drug which is activated by theatG-encoded catalase-peroxidase upon entry into the
cell to produce toxic, reactive radicals including thaniseotinic acyl radical, which can
damage several targets (DeVito and Morris, 2003; Timneihgl, 2004a, b). The
principal cellular target of INH is the NADH-dependenbgnacy! carrier reductase,
InhA, which plays an essential role in mycolic acid bgsis (Slayden and Barry, 2002;
Vilcheze et al, 2006). Although mutations in other genes can confer INitegxe
(e.g, ndh), approximately 70-80 % of INH resistant strains are aatamt with
mutations in thekatG and inhA genes with the most common being a Ser315Thr
substitution in KatG and a -15&T substitution in the promoter regioniahA (Guo et

al., 2006; Guoet al, 2008; Johnsomt al, 2006c; Leunget al, 2006; Parsonst al,
2005).

PZA is a highly effective drug that does not have a speeifgget. After the conversion
of this pro-drug into its active form, pyrazinoic aclPi(QA), through the action of the
pyrazinamidase, PncA, this weak acid accumulates icghainder acidic conditions,
and acidifies the cytoplasm, so inhibiting cellular metigln (Boshoff and Mizrahi,

1998, 2000; Boshofét al, 2002; Zhanget al, 1999; Zhang and Mitchison, 2003). An



interesting feature of PZA is its greater sterilizindeef on stationary phase than
actively growing cultures (Mitchison, 2005b) and the enhaec¢rof its activity under
hypoxic conditions and by energy metabolism inhibition @uwl, 2008; Wade and
Zhang, 2004). PZA resistance is mainly due to mutation$enphcA gene which
abrogate the amidase activity of the PncA enzyme arglgteclude the production of
POA (Bamageet al, 2001; Boshoff and Mizrahi, 2000; Huargal, 2003; Johnsoet
al., 2006c; Louwet al, 2006; Scorpio and Zhang, 1996).

EMB acts by inhibiting the arabinosyl transferase (EmbBjctv is required for cell
wall synthesis (Belangegt al, 1996). The majority of EMB resistant mutants carry
mutations in theembB gene. Mutations in the Met306 codon of EmbB resulting in
substitution with Val, Leu or lle account for resistanno 70-90 % of EMB resistant
isolates, with Met306Leu and Met306Val conferring a higherlle¥@esistance than
Met306lle (Johnsoet al, 2006b; Parsonst al, 2005; Plinkeet al, 2006; Telentet al,
1997). STR inhibits translation by interacting with the 18B8IA and S12 ribosomal
protein (encoded byrs andrpsL, respectively). Mutations in botins andrpsL confer
STR resistance, withpsL mutations conferring a higher level of resistance (Her=md
Cole, 1994; Honoret al, 1995; Johnsogt al, 2006c).
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1.2 M. tuberculosis as a human pathogen

M. tuberculosisis an aerobic, acid fast, slow growing bacillus with dogptime ofac. 24
hours (Hartman®t al, 2006). It has got a genome size of 4.4 mb with 65.6 % GCrtonte
(Cole et al 1998). Is the most virulent intracellular human pathogemongst theM.
tuberculosiscomplex (MTBC), which includell. bovis M. microti, M. africanum,M. canetti
andM. caprae(Broschet al, 2002; Cole, 2002b; Smitkt al, 2006). It is characterized by its
unique thick lipid rich cell wall, which is commonly impdited in pathogenesis (Alderwiek

al., 2007; Barry, 2001; Hottest al, 2005; Karakousist al, 2004a; Ree@t al, 2004; Stokes
et al, 2004; Zuberet al, 2008). Although there are many important molecules inMhe
tuberculosiscell wall, mycolic acids are the most abundant amstnextensively studied
(Behr et al, 2000; Schroeder and Barry, 2001; Takayahal, 2005; Wanget al, 2000;
Yuanet al, 1998; Zubelet al, 2008). The most studied virulence-enhancing lipids produced
by M. tuberculosisare the phthiocerol dimycocerosates (PDIMs). Stheeidentification of
PDIMs as virulence factors, this class of lipids héisaeted considerable interest in terms of
its contribution to mycobacterial pathogenesis (Hotteral, 2005; Pintoet al, 2004;
Rousseawet al, 2004; Sirakovaet al, 2003). A class of lipids structurally related to PDIMs —
the phenolic glycolipids (PGLs) — has also been ingattd and postulated to account for the
virulence of the HN878 strain ®fl. tuberculosian mice (Reeckt al, 2004).M. tuberculosis

is an airborne pathogen, extremely slow growing awggiires Biosafety level 3 conditions,
hence Mycobacterium smegmatia fast-growing, non-pathogersaprophyte is usually used
as a model organism in mycobacteriology (Kana and Mize£04).

1.2.1M. tuberculosis pathogenesis and immunity

In most cases, the TB bacillus enters the host byatiba of theM. tuberculosiscontaining

aerosol and engulfment by alveolar macrophages befosendilsation to other parts of the
body. Usually, it leads to a pulmonary infection, whigtm develop into chronic disease and
severe tissue destruction (Raja, 2004). Phagocytosis bylalveacrophages via surface
receptors, including Toll-like receptors (TLRs), complemerceptors and mannose

receptors, represents the first line of cellular defexgsenst microbial invasion (Alagarasti
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al., 2007; Pieters, 2001; Smith, 2003; van Creetlal, 2002). Upon ingestionM.
tuberculosisis contained in the phagosome, an endocytic vacuateefbafter phagocytosis.
After phagosome-lysosome fusion (to form the phagots®d, the bacilli are subjected to
degradation by lysosomal enzymes. Bacilli taken up by maaggshare also subjected to the
bactericidal activities of antibacterial agents sushreactive oxygen intermediates (ROI),
reactive nitrogen intermediates (RNIs) and toxic pept{sters, 2001; Smith, 2003). The
bactericidal activities of hydrogen peroxide,(d), a ROI generated by macrophages via the
oxidative burst, has been demonstrated in mice (Adeimal, 1997; Nathan and Shiloh,
2000). Several lines of evidence implicate RNIs as the mot&Ent antimicrobial agents in
mice macrophages (MacMicking al, 1997; Olinet al, 2008). RNIs are believed to play a
similar role in human macrophages (Firmani and Riley, 200)nFét al, 1998; Nathan,
2006; Nicholsonet al, 1996). Supporting this notion is the findings that increase i
expression of inducible NO synthase (INOS), which catsythe production of NO (one of
the RNIs), facilitated inhibition oM. tuberculosisgrowth in a human macrophage-like cell
line (Liu et al, 2006). NO is a potent RNI that can react with tQ yield a variety of
antimycobacterial products, including B@nd NQ’, and with Q free radical to produce
peroxynitrite (ONOQ (Nathan and Shiloh, 2000; Nathan, 2006). The centralafoO in
restrictingM. tuberculosisgrowth in mice was supported by the finding that knockoige
lacking INOS, are markedly more susceptibldtauberculosignfection than wild-type mice
(MacMicking et al, 1997).

Mycobacteria that escape the first-line host defensehamisms outlined above will multiply
intracellularly, resulting in lysis of macrophages ar@hcomitant recruitment of more
phagocytes to the site of infection. The recruited pbggs will ingest the invading
mycobacteria, which grow exponentially in the intrdal environment. Two to three weeks
after infection, further release of proinflamatory éyes and chemokine®.g interleukin
(IL)-12 and tumor necrosis factor (TNE)-by mycobacteria-harboring macrophages mediate
the recruitment and activation of antigen-specific Iscd his results in the development of
effective cellular immunity through a complicated serad events (Akahoshet al, 2003;
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Kaufmann, 2002; Long and Gardam, 2003). Briefly, presentatianycobacterial antigens
by antigen presenting cell&.(. macrophages) to the recruited antigen-specific ‘Caad
CD8" T cells via the surface major-histocompatibility compl@ViHC) class Il or |,
respectively, results in further recruitment, stimalatand proliferation of antigen specific T-
cells (Cowley and Elkins, 2003; Cowley al, 2005; Lazarevic and Flynn, 2002; Raja, 2004).
Then, the effective type-1 T cells (The.g.CD4' cells) become the main source of the major
immune effector molecules, IFiNand TNFe. This leads to more production of cytokines,
which feed back to phagocytic cells harboring replicatiteacellular bacteria and increase
their bacteriostatic and bactericidal functions. Myaxdbrial growth is then arrested and the
bacilli can be contained within the granuloma (lesiomsiposed of macrophages in the center
surrounded by T and B cells) (Ben-Adt al, 2004; Botha and Ryffel, 2003; Cowley and
Elkins, 2003; Lopez-Maderuelet al, 2003; Oguset al, 2004, Ottenhofet al, 2005; Picard

et al, 2002). Despite the host’s aggressive antimycobactetigites, the bacilli may remain
viable for extended periods of time within the granulomgeoerate LTBI. The bacilli may
later resuscitate when conditions are favorable,ingatb cell necrosis and cavitation of the
lung (Casanova and Abel, 2002; Raja, 2004; van Cesval, 2002).

During mycobacterial pathogenesis, macrophages are tjug amigen presenting partners
for T-cells and a source of IL-12. However dendriticsalso represent the most professional
antigen presenting cells for priming naive T-cells and aareémportant source of IL-12.
Dendritic cells can take up mycobacteria, they haveebastatic activity, they acquire
antigen presenting capabilities for mycobacterial-deramitgens and hence, can trigger the
adaptive immune response (Jiabal, 2002; Tailleuxet al, 2003a). Due to their migratory
ability, they have also been shown to play a role ssemination ofM. tuberculosis
(Humphreyset al, 2006). Finally, the humoral immune response has also $fe®vn to play

a protective role againsf. tuberculosisnfection (de Vallie re, 2005; Hamaset al, 2003;
Maglione et al, 2007; Teitelbaunet al, 1998; Williamset al, 2004) and dissemination
(Costelloet al, 1992).
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1.2.3M. tuberculosis evasion of the immune defense

The success d¥l. tuberculosisas a pathogen centers on its ability to manipulate ad dkie
host defense mechanisms for its own survival. There hars ddigh level of interest in this
area and a variety of mechanisms have been suggestexhttibude to the survival and
interference ofM. tuberculosiswith the immune response. These include inhibition of
phagocytosis (Torrellegt al, 2008; Villeneuveet al, 2003), inhibition of phagosome-
lysosome fusion (Chua and Deretic, 2004; Hestvik, 2004; Mac&uirCox, 2007; Malilet

al., 2000; Maliket al, 2003), resistance to RNI (Daws al, 2007; Miller et al, 2004) and
inhibition of antimicrobial peptide synthesis (Rivera-kgo et al, 2004). The ability of the
tubercle bacilli to arrest phagosome maturation, astaacellular survival strategy, has been
well demonstrated (Hestvigt al, 2005; Pethest al, 2004; Vergneet al, 2004a). Normally,
phagosome maturation involves acquisition of the GTHab5, accumulation of the PI3P-
binding protein, early endosome autoantigenl (EEAl) and pploogation of
phosphatidylinositol (PI) to generate PI-3-phosphate (Fd$Rhe Pl kinase VPS34 (Fraéi

al., 2001; Vieiraet al, 2003). Recruitment of Rab7 to the phagosome facilitfatgen with
lysosomes (Harrisoet al, 2003; Hmamaet al, 2004). Within phagosomes, there is increased
acidification from pH 5.5 to 4.5 facilitated by the vacuddiPase, which results in activation
of the lysosomal hydrolases (Singhal, 2006b; Steinberg and Grinstein, 2008).

In contrast, phagosomes containing live pathogenic mycatmcétain the early endosomal
GTPase Rab5 and do not acquire EEAL1 (Brumell and Scidr@66¥; Frattiet al, 2003a;
Fratti et al, 2001; Hmameet al, 2004; Kelley and Schorey, 2003; Vergeeal, 2004b).
They also do not accumulate vacuolar ATPase, and heloc@pot acidify below pH 6.3
(Vergneet al, 2004a).M. tuberculosismutants defective in counter-immune mechanisms,
most importantly arresting phagosome-lysosome fusionytambs hypersensitive to
intraphagosomal acid stress and hence, attenuated faphagosomal survival, have been
isolated. They include mutants in membrane-associatedingotend lipid synthesis and

transport proteins. The variety of these mutants suggkatsmodulation of phagosome
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maturation is likely to represent a complex multiggmmocess (Hiseret al, 2004; MacGurn
and Cox, 2007; Pethet al, 2004; Stewaret al, 2005; Vandakt al, 2008).

The surface properties of the tubercle bacilli have Is®nvn to have a significant influence
on these processes, and several mycobacterial c#lllipids and glycolipids have been
implicated in altered phagosome biogenesis. The mycatscteell wall glycolipid,
lipoarabinomannan (LAM), has been shown to inhibit EEAdruitment to the phagosomes
(Fratti et al, 2001) and disrupt delivery of lysosomal hydrolases (Fedttal, 2003b;
Hayakawaet al, 2007). AnotheM. tuberculosigylycolipid that has been shown to interfere
with phagosomal maturation is phosphatidylinositol maiteo@1M), a phosphatidylinositol
analogue and a precursor of LAM. Several studies have dgrated that PIM specifically
facilitates fusion of early endosomes, retaining RabBP&e, blocking acquisition of
lysosomal constituents and inhibiting phagosomal acidibnaBriken et al, 2004; Brumell
and Scidmore, 2007; Vergnet al, 2004b). The mycobacterial cell wall does not only
interfere with immune signaling pathways but also cenfesistance to killing due to its
relatively impermeable physical barrier to the hydrolygnzymes encountered within
macrophages (Camacktal, 2001).

For efficient delivery of NO, bacteria-containing phagosenmave been demonstrated to
recruit INOS. Exclusion of INOS by mycobacteria-@ning phagocytes has been associated
with high resistance d¥l. tuberculosigo RNIs (Miller et al, 2004, Daviset al, 2007). C&'

has also been shown to be required for subsequent effeetthanisms of innate immunity,
including the respiratory burst that generates ROl andntawuration of phagosomes to
phagolysosomes (Connolly and Kusner, 2007; Kusner, 2005). owe\V tuberculosis
prevents the elevation of host cytosolic’Ckevels by inhibiting sphingosine kinase, an
enzyme required in the mediation of the increase of Qdalik et al, 2003), thus
contributing to reduced phagosome-lysosome fusion and esthaswrvival within human

macrophages (Connolly and Kusner, 2007; Matilal, 2000).
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To prevent activation of macrophagds, tuberculosisinterferes with antigen presentation
and cytokine release following infection (Banaeteal, 2006; Gehringet al, 2003; Kincaid
and Ernst, 2003; Masteat al, 2008). Multiple mechanisms have been suggested to account
for inhibition of antigen presentation (Chaeg al, 2005), including inhibition of antigen
expression and processing (Baal, 2004), MHC-1I (Nos<t al, 2000; Nos<t al, 2001; Pai

et al, 2003), MHC-I expression (Tobiaat al, 2003), transport of MHC-peptide complexes to
the cell surface and loading of immunodominant peptides dvitdC-1l molecules
(Ramachandraet al, 2001). As described above, production of PGLs has beerd littke
virulence through downregulation of the host inflammatoggponse toM. tuberculosis
infection (Reedet al, 2004; Sinsimeet al, 2008). It has been shown thdt tuberculosis
infected monocyte derived macrophages do not synthesi,llresulting in a reduced
ability to induce T-cell proliferation (Mariotet al, 2004). The ability oM. tuberculosigo
induce a shift from an effective Thl to an ineffectivgTesponse has also been implicated
in virulence (Manceet al, 2001; Rooket al, 2005). Mycobacterial LAM induces IL-12 and
TNF-o production by macrophages in a TLR-2-dependent manner (Metled, 2001;
Quesniauxet al, 2004), but it can also inhibit pro-inflammatory cytokinesa TLR-2-
independent fashion (Brikeet al, 2004; Gagliardiet al, 2005; Pathaket al, 2005;
Quesniawet al, 2004). LAM has also been shown to inhibit dendritic cellHated immune
response (Geijtenbeedt al, 2003) by specifically interacting with dendritic cell-sibiec
ICAM-3 grabbing non-integrin (DC-SIGN) (Pitarge¢ al, 2005; Tailleuxet al, 2003b).
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1.3 New TB drug discovery and development

No new TB drugs have been introduced for more than 40 yaagsly as a result of the
lack of activity in the field of TB drug discovery and deyefent. However, the
situation has changed significantly in recent yeard wite establishment of new
initiatives such as the Global Alliance for TB Drug Bmpment (TB Alliance;
www.tballiance.org). The top priority of the TB Alliea is to shorten the duration of
chemotherapy from the current 6-9 months to two moathsess (www.tballiance.org).
A study done in South East Asia estimated that a twodmpegimen introduced by
2012 could prevent ~ 20 % of new cases and ~ 25 % of TB dezdlmmonet al,
2006). Because the extended chemotherapy is mainly ketlieviee attributable to the
ability of the bacilli to enter into a non-replicagistate, understanding the mechanisms
used by the tubercle bacilli to enter this persistatestiay contribute significantly in
shortening TB chemotherapy (Connody al, 2007). In the past few years, significant
efforts have been made to develop new TB drugs and, ddbpitdifficulties and
challenges faced, several promising candidates havegederlhe discussion here will
be focused on those which have reached phase Il andIghasecal trials.

1.3.1 Drugs in clinical trials

The high potency of fluoroquinolones against replicatingd anonreplicating
mycobacteria has attracted considerable attentiomasded to their use as second-and
third-line drugs (Keshavjeet al, 2008; Moadebet al, 2007). These drugs include
moxifloxacin (Moxi) and gatifloxacin (Gati) which are angst the first “new”
antitubercular drugs to be tested in phase Il clinidals and with a potential to be
used in first-line chemotherapy (Check, 2007). Their high actmacterial activity in
vitro (Ruiz-Serranoet al, 2000), in the murine model of TB (Nuermbergsr al,
2004a; Nuermbergest al, 2004b) and in humans (Johnseinal, 2006a; Peloquiret
al., 2008; Rustomjeet al, 2008b) has been demonstrated. In monotherapy, both drugs
had high early bactericidal activity (EBA), greater thaat of INH, and were well
tolerated in pulmonary TB patients (Johnsgtnal, 2006a; Peloquiret al, 2008). A
combination of either Moxi and Gati with INH+Rif+PZA ithe first 2 months of
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treatment improved the sterilizing activity in pulmonay patients (Rustomjeet al,
2008b), underscoring the potential for using fluoroquinolonéssinline TB therapy.

The nitroimidazole, PA-824, is one of the most promisingeh@ntitubercular drug
candidates identified to date. Its biological target Ib@sn proposed to be an enzyme
involved in mycolate biosynthesis, whereby it inhibits the daton of
hydroxymycolates, a known precursor to cell wall ketomyteslaPA-824 is a pro-drug
which requires bacterial activation catalyzed a nitidano-oxazine specific
nitroreductase Rv3547, which may interact directly with ghe-drug (Manjunathast
al., 2006a; Manjunathaet al, 2006b, Bashiriet al, 2008; Stoveret al, 2000).
Reduction of PA-824 by Rv3547 results in the production of hbattet RNIs
(including NO) (Singlet al, 2008). It possesses high in vitro activity against repfigati
and nonreplicating organisms, and against MDR strairid.dtiberculoss. 1t showed
impressive activity against oxygen-starved cultures with @inmm inhibitory
concentration (MIC) of 0.015-0.25 pg/ml in vitro. It is mostfective by oral
administration in mice at 25 mg/kg and in guinea pigs at 40 ni§tkayeret al, 2000).
The feasibility of including PA-824 in the current standarénsbtherapy has been
demonstrated in mice. PA-824 alone showed significant beidractivity during the
first two months of treatment in mice similar tottled INH in human. When used in
combination with INH, it inhibited the selection of INfdsistant mutants (Tyagt al,
2005). Compared to mice treated with the standard regiméichwwere culture
positive after two months of treatment and relapseel &tur months, substitution of
INH by PA-824 resulted in culture negativity in mice lungseaftwo months of

treatment and no relapse was observed after four m@ndsneewt al, 2008).

The recent discovery of a diarylquinolone compound, R2079MCQ07), which
targets theM. tuberculosisATP synthase proton pump, generated a lot of excitement
(Andrieset al, 2005; Huitricet al, 2007; Koulet al, 2007; Petrellat al, 2006). It has
a high specific mycobactericidal activity with an MI@r M. tuberculosisof 0.03-0.12
pa/mlin vitro. It also showed activity against drug-resissargins with an MIC of 0.06
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pg/ml and an effective half-life of over 24 hours. Whesed as monotherapy, the
bactericidal activity of R207910 in mice was higher than ¢iidiNH and Rif by 1 logp.
One month of combination oral treatment with R207910+INH+PZhd
R207910+Rif+PZA gave bactericidal activities similar to thabtained with
Rif+INH+PZA therapy after 2 months (Andries al, 2005; Ballellet al, 2005; Huitric
et al, 2007). Unlike INH, R207910 has the same Kkilling efficiency ragjanon-
replicating (dormant) bacilli as aerobically growing ibagKoul et al, 2008).
Combination therapy of R207910 with amikacin, PZA, Moxi ardogiamide gave
culture negativity after 2 months of treatment in miteunis et al, 2006). Most
importantly, unlike INH which is effective only during tifiest week of treatment, the
activity of R207910 increased from th& @veek and continued in the last two weeks of
therapy (Louniset al, 2008). Similarly, in TB patients, the bactericidal atyivof
R207910 monotherapy resulted in delayed bacterial killing, \itheased activity
being observed from day four, unlike INH and Rif which showigphificant activity
from first day of treatment. On the basis of thaseifgs, R207910 is considered a
good drug to target persisters, having the potential to shoBerth&@motherapy. Most
importantly, R207910 was well tolerated by patients (Rustostjed, 2008a).

Matsumoto and colleagues reported another promising lead cothpO&RC-67683, a
nitro-dihydro-imidazooxazole derivative and mycolic acid bidbkgsis inhibitor
(Matsumotoet al, 2006). It is highly effective with an MIC of 0.006—0.024 pg/ml
against both drug susceptible and resistant strains in vittcattow doses in mice
(0.625 mg/kg). OPC-67683 was shown to have high bactericidal tgctigainst
intracellularM. tuberculosisH37Rv at a concentration of 0.1 pug/ml, similar to thiat
Rif at 3 pg/ml. In combination therapy with Rif and PZAguse lungs were converted
to culture negativity in four months as compared to the stdmagimen of Rif, INH,
EMB and PZA where Colony forming units (CFUs) could db#l detected after six
months of therapy (Matsumotd al, 2006; Saliwet al, 2007).
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1.3.2 Modeling the persistenM. tuberculosis infection

In vitro models

There has been considerable effort in trying to modelethvironment encountered by
M. tuberculosisin human using in vitro models. It is believed th&t tuberculosis
encounters nutrient starvation, hypoxia, nitrosative atidiabive stress during infection
and it is this combination of conditions which drives tiligercle bacilli into a dormant,
drug-tolerant state (Fenhakl$ al, 2002; Rachmast al, 2006a; Timmet al, 2003). In
vitro models that may reflect the persistent or therdmt state oM. tuberculosishave
been defined. Phenotypic studies, transcriptomic and pnite@nalyses ofM.
tuberculosisunder these conditions have been used to investigatenetabolism and
physiology ofM. tuberculosign the various models.

Stationary phase cultures in which cells are charaetéby high resistance to a variety
of stresses, have been widely used as a simple amkegrensive way to modéd.
tuberculosispersistence (Hampshiet al, 2004; Hu and Coates, 2001; Smeuldetrs
al., 1999; Voskuilet al, 2004). An in vitro dormancy model developed by Wayne and
Hayes demonstrated the usefulness of in vitro stationdiyres to model persistence.
It is based on the generation of a dormancy-inducing oxggadient generated by
gentle stirring of cultures. In this model, the firstggtaof nonreplicating persistence
(NRP), designated as NRP1, induced by dissolved oxygerslef/el 1 % saturation is
followed by NRP2 at oxygen levels below ~ 0.06 % saturationy(@aand Hayes,
1996). The dormant state of cells in this model is chaiaete by antibiotic tolerance
and dramatic decrease in DNA, RNA, and protein synth€msnéz and McKinney,
2004; Wayne and Hayes, 1996). Using this model in combinationtsamiscriptional
profiling, a range of genes essential for hypoxia survivaewdescribed (Hampshiet
al., 2004; Muttucumarwet al, 2004; Voskuilet al, 2004). The Wayne model was
recently extended to use in vivo by infecting mice viithtuberculosiscells in NRP2,
which were unable to replicate for the first three kgeeost infection. This
demonstrated the potential of the model to reflect saspects of LTBI in the human

host and as a tool for developing drugs against dormantilfg¢dblhiseret al, 2007).
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The usefulness of the Wayne model was demonstrated bylisicevery of the
dormancy regulon, which is highly induced during NRP2 and alsexpgsure to low
levels of NO (Voskuilet al, 2003; Voskuilet al, 2004). This regulon is comprised of
approximately 50 genes under the control dosR/S/Ttwo-component regulatory
system (Kendallet al, 2004a; Robertset al, 2004; Schnappingeet al, 2003).
Intriguingly, several DosR-regulated genes were found tcobetitutively upregulated
in strains belonging to the Beijing lineage, consistenh wWie 50-fold higher level of

DosR observed in these strains compared to non-Beiingyals (Reeckt al, 2007).

The nutrient starvation model, whereby cultures are gramder limited nutrient
availability has also been employed to study mycobatteeesistence. The nutrient
starvation model employed by Loelelal involves growth of cultures in phosphate-
buffered saline (PBS) for an extended period of time.ilBan this model are
characterised by drug resistance, no or little replinaod dramatic reduction in
aerobic respiration. However, the bacilli are ableegtwover when later transferred to a
nutrient-rich media (Bettst al, 2002; Loebekt al, 1933a, b). Recently, Bet&t al
used this model to characterize the transcriptome and opnetechanges during
starvation, which provided evidence for slow-down of epengtabolism, transcription,
lipid biosynthesis and cell replication by the bacitider nutrient- limiting conditions.
Another major finding was the induction bf. tuberculosisstringent response in this
model (Bettset al, 2002). The stringent response is mediated by increasets$ le¥
hyperphosphorylated guanine nucleotides [(p)ppGpp], which bind t@-sdunit of
the RNA polymerase to induce a specific pattern of battgene expression in which
most genes are switched off while a subset of genesi@egulated (Crosset al,
2000; Gonget al, 2002; Primmret al, 2000; Wendriclet al, 2002), affecting more than
80 genes irE. coli (Block and Haseltine, 1975; Braedt and Gallant, 1977; PPd@o a
Gallant, 1979). Unlike in Gram negative bacteria where tvateprs (RelA and SpoT)
are responsible for the synthesis of (p)ppGpp (Balzer acicelh, 2002; Gongt al,
2002), mycobacteria possess only one stringent respogskata, Rel (Avarboclet
al., 2005; Avarbocket al, 1999). Interestingly, a. tuberculosisrelyr, knockout
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mutant was found to be impaired for normal growth in yitomg-term survival under
in vitro starvation, anaerobic conditions and establistiro€é chronic infection in mice
(Dahlet al, 2003; Dahkt al, 2005; Primnet al, 2000).

Animal models

The mouse model of TB infection has contributed extensieetize current knowledge
base regardingM. tuberculosis pathogenesis. This model is characterized by a
progressive increase in organ bacterial loads in the ldogeg the acute phase of
infection followed by a stable number of CFUs during ¢heonic phase which occurs
3-4 weeks after infection due to the onset of the acqumedune response (Flynn,
2006). However, whether the stable number of bacteriaeirchionic phase is static,
with little or no replication, or is dynamic, wherentinuous bacterial division is
balanced by bacterial death, remains a controversiatigne&n interesting study by
Mufioz-Elias and colleagues defined viable counts as CFUstaal counts as
chromosome equivalents by quantitative real-time PCReirTtata supported the
hypothesis that the stable number of bacterial CFUshén lungs during chronic
infection represents a static equilibrium (Mufioz-EBasl, 2005), however the bacilli
are metabolically active (Talaat al 2007). Because of the availability of reagents, and
of genetically modified, and inbred strains of mice, whacé relatively easy to house,
the mouse model is the most commonly used animal modd reJearch although the
differences in pathology in the mouse infection compamedhamans are well
recognised (Alyet al, 2006; Flynn, 2006; Mufioz-Eliast al, 2005; Smith, 2003;
Ulrichs and Kaufmann, 2006; Vet al, 2008). The Cornell mouse model of latent TB,
which is based on the artificial induction of latency dtibiotic treatment, has been
used to model certain aspects of LTBI (McCetel, 1956). This was followed by the
development of two modified versions of this model: ie first, reactivation was
induced by an immune suppressor (Flygnal, 1998) and in the second, low-dose
variant, very low number of bacilli are used to infette, such that latency is induced
by the host control of the infection (Botha and Ryf#€02; Radaevat al, 2005).
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The use of other models which mimic human infectionen@dosely has been limited by
their difficulty to house animals under BSL3 condisprhigh cost and reagent
availability. The guinea pig model has been useful for ystgddissemination and
secondary granuloma formation and is commonly used asnpartant model for
preclinical studies in new vaccines and drug interventions tduieir intrinsically
increased susceptibility to TB infection (Brarmadtal, 2004; Hoffet al, 2008; Lenaerts
et al, 2007; Lenaertgt al, 2008; Orme, 2005). Pulmonary TB in rabbits recapitulates
all five stages in human infection and it has been comiynased as a model for
meningeal TB (Tsenovat al, 2005; Tsenovat al, 2006). In non-human primates, the
disease pathology is almost indistinguishable fromdnsnconfirming that this is the
best available for all aspects of human disease (FBOD6; Gupta and Katoch, 2005;
Via et al, 2008).

1.3.3 Genetic tools for TB drug discovery

One approach for TB drug discovery is to identify the caimplowith high bactericidal
activity againstM. tuberculosisby high-throughput screening of a compound library in
a whole-cell assay, followed by identification of ferget(s) and optimization of the
active compound. Whole-genome sequencing of mutant strasistant to the
identified active compound has proven to be a useful mefthrothrget identification
(Andrieset al, 2005; Sacchettinet al, 2008). However, this is costly and not always
successful as certain antitubercular compounds have mededérgets (Matsumotet
al., 2006; Stoveret al, 2000). Also, whole-cell screens may vyield highly toxic
compounds and the lack of cellular target may negativéctalead optimization
(Sacchettiniet al, 2008). An alternate approach to drug discovery, which \gasthe
major focus of this study, is to describe the potential dauget using genetic and
biochemical approaches and then identify an inhibiting adigh-throughput screens
can also be used in enzyme inhibition assays to ideag#yts with inhibiting activities
against an identified target. However this approach alsgesawith its limitations; for
example, the agent might not display whole-cell agtiyabssibly as a result of a lack of
permeability (Sacchettirgt al, 2008).
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The development and application of powerful genetic foctsmbined with the
availability of whole-genome sequence data, has led h® identification of
(conditionally) essential genes M. tuberculosisand hence, to the identification of a
large number of potential targets for drug discovery (€@bld, 1998; Coleet al, 2001;
Garnieret al, 2003; Machowsket al, 2005; Stineaet al, 2007). Discussed below are
some of the currently available genetic approaches usedndw drug target

identification.

Random mutagenesis

Random mutagenesis using transposable elements repreggvedul tool for drug
target identification. This forward genetic approach isetlam the random insertion of
a transposable element into a genome to create aylibfanutants. By identifying the
location of individual insertions within the library of nants, gene essentiality under
the conditions tested can be inferred from the abserfcasertions in the gene
(McAdam et al, 2002; Sasseteet al, 2003; Sassetti and Rubin, 2003). A powerful
adaptation of this approach is in signature tagged mutagend@dfy,(&hich enabled
the identification of genes crucial for virulence inar@hages and animal models of
TB (Camachcet al, 1999; Collinset al, 2005; Coxet al, 1999; Hisertet al, 2004;
Rosas-Magallanest al, 2007). In this technique, pools of transposon mutants are
generated in which each member of the pool is labeled amthique genetic tag that
can be detected using a combination of PCR, DNA hybridizatiod sequencing
(Holden and Hensel, 1998). Pools recovered a few hoursiatetion are compared to
those recovered several weeks post-infection in ordeletatify those mutants that are
missing from the recovered pool, and are thus assumezldefective for growth in the
host (Collinset al, 2005; Murry and Rubin, 2005; Rosas-Magallagieal, 2007; Ruley
et al, 2004). Using STM, several genes involved in mycobadtariaival in vivo were
identified by screening mutant libraries in vitro (Vandatl al, 2008), human
macrophage (Rosas-Magallanes al, 2007), goldfish (Ruleyet al, 2004), mouse
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(Camachcet al, 1999; Coxet al, 1999; Hisertet al, 2004) and guinea pig (Colliret
al., 2005) model of infection.

Transposon pools can also be screened using more advadcetfextive approaches
based on microarray hybridization called designer arfay defined mutant analysis
(DeADMAnN) and transposon site hybridization (TraSH).ADMAN uses the same
mutant pool size as STM, while in TraSH, the saturatingléeof mutagenesis are
reached (Murry and Rubin, 2005; Mureg al, 2008). Both TraSH and DeADMAnN
have been used to identify mutants attenuated for grawtiiouse lungs (Lamichhane
et al, 2005; Sassetst al, 2003; Sassetti and Rubin, 2003) and in guinea pigs €dain
al., 2007). Analysis of mutant pools allows identification puftential drug targets;
however, gene functions that are complemented by tisepce of other cells carrying
wild-type alleles will not be identified. This neceas#is the use of targeted gene
mutations to validate the results from pooled mutants/sisaMurry and Rubin, 2005).

Targeted gene knockout

Targeted gene knockout by homologous recombination invohegi¢hvery of the
inactivated allele on a suitable vector, such as a dmiiglasmid, conditionally
replicating plasmid or conditionally replicating myaxteriophage (Bardarost al,
2002; Guilhotet al, 1992; Machowsket al, 2005; Parish and Stoker, 2000). This study
explored the use of suicide plasmid delivery of the niusdiele. In this case, single
crossover (SCO) recombinants are first identified fieinich double crossover (DCO)
are selected using appropriate selectable and countersedectabkers. The first
homologous recombination event between a suicide veator the chromosome
occurring on either side of the mutation gives riseatgartial merodiploid SCO
recombinant carrying the wild type allele, the mutarglaliand the vector sequence.
Depending on which side of the mutation the second crossaxent occurs, the
excision of the vector from the chromosome will feguthe SCO recombinant strain
either reverting to wild type or producing an allelic exg® (DCO) mutant
(Machowskiet al, 2005; Paristet al, 1999). For selection/counter selection of allelic
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exchange recombinants, SCO clones are subcultured anghiaduwithout selection
before plating on selective media. If a mutant allslenarked with a drug resistance
gene, the resistant recombinants obtained from thendeecombination event are most
likely to represent allelic exchange mutants. If thestasce cassette is placed on the
suicide plasmid, it will be excised together with ghecide vector during the second
recombination event, and the resulting clones may incluathd hllelic exchange
mutants and wild-type revertants (Kana and Mizrahi, 2004chaaski et al, 2005;
Parishet al, 1999; Parish and Stoker, 2000; Pavelka and Jacobs, 1999).

Conditional gene knockout

Genes that are essential for the growtiMoftuberculosisin vitro represent the most
attractive drug targets. However, conditionally esseggaes, such as those encoding
proteins that are specifically required for growth in veropersistence during chronic
infection, also represent attractive drug targets (Bdsttodl, 2003; Dahlet al, 2003;
McKinney et al, 2000; Sambandamurthst al, 2002). Most genetic tools are only
useful for functional analyses of non-essential ger@snditional gene silencing
methods are required to validate (conditionally) essemtiegets. Construction of
conditional mutants is normally achieved by using indugdsteamoters, which can be
switched on and off under defined conditions, enabling aealyof essential
mycobacterial genes. Antisense-based conditional gemekkut systems relied on the
use of the inducible acetamidase gene fidytobacterium smegmat{&reendykeet
al., 2002; Narayanaret al, 2000; Parishet al, 1997; Parish and Stoker, 1997).
However this system does not allow a tight regulat@n mycobacterial gene
expression, thereby resulting in basal expression ofrépheessed gene. The recent
description and utilization of tetracycline (Tet) respemselements, which allow
regulation of bacterial gene expression both in vitrd &n vivo, have created a
powerful set of tools for use in conditional gene siieg in mycobacteria (Blokpoeit
al., 2005; Ehrtet al, 2005). Tet repressor (TetR) proteins regulate the expres$ia
family of tetracycline-exporting proteins. In the abseot&et, TetR tightly binds ttet
operators tetO) in the promoter of thdetA gene encoding the Tet exporter and
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suppresses transcription. As Tet becomes availableinds TetR and induces a
conformational change that results in dissociation @aRTeom tet operators and thus
induces expression of TetR controlled genes (Berens diehH2003; Carrollet al,
2005). The recent demonstration tNattuberculosiproteasome is essential for in vitro
growth and virulence in mice using the Tet system, furtleaficned its utility in
studying genes with (conditionally) essential functi@@andotraet al, 2007).

Gene expression profiling

Transcriptional profiling oM. tuberculosisirom the human host or under conditions
that are believed to mimic the conditions encounterethbypathogen in the human
host during the various stages of infection has beenwelgly applied as a tool for
describing the physiology and metabolism of the organisth thair adaptation to
different environmental conditions (Boshoff and Manjiaa 2006). Whole-genome
expression profiling has been used as a tool to predictidmscof differentially
regulated genes (Kendadt al, 2004b; Murry and Rubin, 2005). There has been a
considerable amount of work on transcriptome analysisl.ofuberculosisincluding
studies in macrophages (Elet al, 2001; Fontaret al, 2008; Schnappingest al,
2003; Tailleuxet al, 2008), mice (Mollenkopét al, 2006; Shiet al, 2005; Shiet al,
2008) and humans (Rachma al, 2006b). In vitro studies have focused bh
tuberculosisin stationary phase cultures (Hampsleteal, 2004; Voskuilet al, 2004)
and acidic pH (Fisheet al, 2002), and following exposure to NO or hypoxia (Baebn
al., 2004; Muttucumarwet al, 2004; Voskuilet al, 2004) or inhibitors of metabolism
(Boshoffet al, 2004; Waddelkt al, 2004).M. tuberculosisxpression patterns in wild
type and NOS2-deficient macrophages were first examinedchyappingeret al
(Schnappingeet al, 2003). Their data suggested a metabolic shiff.ituberculosisas

it adapts and persists in the intracellular environmeahr{&pingeret al, 2003). To
understand the host-pathogen interaction, Tailletpal analysed the transcription
profiles of both M. tuberculosis and human macrophages or dendritic cells
simultaneously. The finding that the gene expressiorilgrof M. tuberculosisin
macrophages reflected that of a growing organism whemnegenidritic cells, it reflected
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that of a highly stressed cell, suggested that macropinaigés be more permissive for
mycobacterial growth (Tailleugt al, 2008).

Talaatet al compared changes in the transcription profildMoftuberculosisduring
exponential growth in liquid culture to that in SCID aralti3c mice, which allowed in-
vivo-specific responses to be identified (Talaatal, 2004). When the same group
studied the transcription profile dfl. tuberculosisduring chronic infection and
reactivation following immune suppression in mice, tigsntified genes which may
have an important role in the revival of the bacillaf@atet al, 2007). Genome-wide
expression analysis ®&. tuberculosisrom human lung has also been reported. These
studies revealed upregulation of lipid biosynthesis, DNA irgepeansport of amino
acids, anaerobic respiration, PE and PPE genes, imgjcdtat M. tuberculosisdoes
encounter DNA damage, nutrient starvation and hypoxia imamu lungs and
implicating changes in cell envelope as a mechanism asfspence (Rachmaet al,
2006a). Recently, transcriptional analysis was done aillibdirectly isolated from
sputum samples. Contrary to the belief that mycobactieri sputum samples are
actively replicating, this study revealed a transcrigtigrofile consistent with a slow
or non-growing bacillus (Gartoet al, 2008).

Although these studies have been highly informative, difteabexpression of a gene
under a particular condition does not necessarily irtipdy the gene plays an essential
role under that condition (Gordhast al, 2006; Rengarajaet al, 2005). Another
limitation of transcription profiling is that genes trate constitutively expressed and
posttranscriptionally regulated genes are not identifdthough these could be of
greatest importance (Kendall al, 2004b).
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Protein expression and interaction studies

Proteomic analysis directly identifies and measuregldeof expressed proteins in
response to a particular stimulus (Rosenkragtdal, 2002; Yuanet al, 1996). This
method provides a powerful adjunct to transcriptomeyamalfor understanding the
pathogen response to the stimulus (Bettal, 2002; Racet al, 2008a; Rosenkranai
al., 2002). Wang and colleagues studied the proteoni. simegmatisn response to
INH, EMB and 5-chloropyrazinamide (an analogue of PZA).i@3ntifying pathways
that are responsive to drug treatment, the possible tsrdet(5-chloropyrazinamide
could be inferred, which included carboxylic acid, amino acicganic acid and
nitrogen compound metabolism (Wang and Marcotte, 2008). Arestiteg study used
a biotin-switch enrichment method in combination withsmapectrometry to identify
the S-nitroso proteome M. tuberculosiswhich include the major targets for RNIs.
Most S-nitroso proteins identified were enzymes involvethtermediary metabolism,

lipid metabolism and antioxidant defense against RNIgéRhal, 2005).

Other studies have used global protein expression anatyisocanputational methods
to construct response networks. These networks are Heehta identify functionally
related proteins that may work together in an organizdtistnacture and to predict
function of proteins based on those in the same netwotlk known functions
(Mawuenyegeet al, 2005). Identifying interacting proteins also plays an impontale
in predicting protein function. A simple and robust systalled mycobacterial protein
fragment complementation (M-PFC), designed to ideiptibtein-protein interactions in
a mycobacterial host, was recently developed (Setgal, 2006a). It is based on the
gain of trimethoprim resistance by the functional retibution of two murine
dihydrofolate reductase (DHFR) domains independently fusedwto interacting
proteins (Singlet al, 2006a).
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Comparative Genomics

Genome comparisons among different mycobacterialnstrand between different
strains of the same species have provided a wealth ofmation about the
pathogenesis, physiology and biochemistry of mycobacted opening new avenues
for research in drug target and antigen discovery (Bresaehi, 2000; Cole, 2002a, b;
Fleischmanret al, 2002; Murry and Rubin, 2005; Sharma and Tyagi, 2007; Stetear
al., 2008; Vishnoi et al, 2007). The identification of differences in several
chromosomal regions [region of difference (RD)] betw members of the MTBC has
greatly accelerated the development of more speciigndistic tests and new vaccine
candidates (Broscét al, 2002; Cockleet al, 2002; Cole, 2002b). It is been proposed
that if the 3.27 Mb genome ™. leprae which carries only 1605 protein-coding genes,
was once similar in size and coding capacity to thosghefr mycobacteria (> 4.3 Mb),
then the gene deletion and decay that occurred duringethuetive evolution of this
organism may have naturally defined the minimal gene s®tnéial for intracellular
growth and pathogenesis (Caeal, 2001; Cole, 2002b).

1.3.4 New targets/pathways for TB drug discovery

As described above, the prolonged duration of TB chemgihesamainly attributable

to the ability of M. tuberculosisto persist in a non-replicating, drug tolerant state
(Gomez and McKinney, 2004; McKinney, 2000). As a result, mostent new drug
discovery and development programs are aimed at idewgitiugs that have potential
to shorten TB chemotherapy (Duncan and Barry, 2004;fe#au et al, 2008). As a
result, considerable effort has been placed on idemgifytralidating and ranking such
targets. In one study, a computational tool was develapddised to rank differeM.
tuberculosisproteins as drug targets based on a number of criteasafidt al, 2006).

Some of the targets/pathways that are being activgpeed are discussed below.
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Carbon metabolism

The switch to using fatty acids as a carbon sourcetheasirst validated example of a
persistence mechanism M. tuberculosis(McKinney et al, 2000). Under glucose-
limiting conditions, M. tuberculosisdecreases glycolysis and induces the glyoxylate
shunt, which enables it to assimilate €Compounds (acetate) produced via the
breakdown of fatty acids (McKinnegt al, 2000). Isocitrate lyase (Icl) is the first
enzyme in the glyoxylate pathway requiredNdytuberculosigo live on fatty acids as
the major source of carbom. tuberculosisstrains express either one or two Icl
enzymes (Icll and Icl2) (Lorenz and Fink, 2002; Mufioz-Elias$ McKinney, 2005).
The icll gene is upregulated upon entry into stationary phaseo(Bet al, 2004;
Voskuil et al, 2004), by hypoxic conditions (Bacat al, 2004; Muttucumartet al,
2004; Voskuilet al, 2004) andn activated macrophages (Schnappingieal, 2003).
An icll mutant ofM. tuberculosisErdman grows normally during the acute phase of
infection, but is unable to persist in the chronic ph@deKinney et al, 2000). A
Aicl1Aicl2 double mutant of the Erdman strain is significantly imgxhifor intracellular
replication in macrophages and growth in the mouse langgesting that the two
enzymes have a joint function in fatty acid metabol{gfafioz-Elias and McKinney,
2005). The second enzyme in the glyoxylate bypass is malatkasgn Antibodies
against this enzyme have been detected in TB patients (®ingth, 2005). The
importance of the glyoxylate cycle for persistenc&lotuberculosisand the absence of
this pathway in mammals has made Icl and malate symtley attractive drug targets
(Anstrom and Remington, 2006; Sharret al, 2000; Smithet al, 2003). High-
throughput compound screens for inhibitors of both Icl (Bettmi et al, 2008) and
malate synthase have been conducted and which have & tmlentification of

promising malate synthase inhibitors (http://www.tball@ancg).
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Energy metabolism

The finding that de novo ATP synthesis is essentiaMotuberculosissurvival under
hypoxia and non replicating persistence makes the ATPas@ta very attractive target
for drugs against persistent bacilli. ATP levels in hypoman-replicating bacilli are 5-
6-fold lower than aerobic replicatinlyl. tuberculosis making the organism highly
susceptible to a further reduction in levels of ATP (R&aal, 2008b). This idea is
supported by high activity of the ATP synthase inhibito20R910, against non-
replicating mycobacteria (Kowdt al, 2008). The second major drug target in energy
metabolism is NADH-menaquinone oxidoreductase Il (Ndh2)ckvbhatalyzes the first
step in the electron transport chavh. tuberculosidNdh2 is essential for growth in vitro
(Tehet al, 2007; Weinsteiret al, 2005; Yanoet al, 2006) and has been shown to be
the target for phenothiazine drugs (Yaetaal, 2006), which have a high antitubercular
activity in vitro and in mice (Weinsteiet al, 2005).

The proteasome

Proteasomes are large multi-subunit proteases whichtdéeieveral cellular processes
including degradation of damagee.d. oxidized, nitrated or nitrosated) proteins
(Bochtleret al, 1999). TheM. tuberculosigproteasome core containsand subunits
encoded by the operonprcA andprcB genes, respectively. These genes are essential
for growth in vivo, and in vitro and resistance to nigtbge, and oxidative stress
(Darwin et al, 2003; Gandotrat al, 2007; Rheeet al, 2005; Sassetat al, 2003). The
essentiality of theM. tuberculosisproteasome was supported by the finding that two
proteasome associated genes Rv21ibgud( and Rv2097cfdafA) are essential fok.
tuberculosiggrowth in mice and resistance to nitrosative and oxidatiess (Darwiret

al., 2003). Thempa gene encodes the ATPase, which may be required for gebstra
unfolding and transfer into the proteasome core (Dawetial, 2005), whereapafA
may be important for the recognition of the target protéesi{aet al, 2007). Similar to
eukaryotesM. tuberculosigproteasome targets are modified by a prokaryotic ubiquitin-
like protein (Pup) encoded by Rv2111c, which is operonic pith\B, as a signal for
degradation (Peara# al, 2008). The essentiality and the availabilityvbftuberculosis
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proteasome structures (ki al, 2006; Linet al, 2006) make it a potential drug target
(Gandotreaet al, 2007).

1.4 Ribonucleotide reductases (RNRSs)

Ribonucleotide reductases (RNRs) are a class of enzyraeplay an essential role in
nucleotide metabolism. They catalyze the reductionldbar ribonucleotides to their
corresponding deoxyribonucleotides (dNTPs) by a radical-diemenredox reaction,
whereby NADPH serves as a final reductant. Phospharglaitatalyzed by
deoxynucleoside-diphosphate kinases and conversion of dTH TP catalyzed by
thymidylate synthase comprise the final steps in the @@ rbiosynthetic pathway
(Figure 1.1) (Ekluncet al, 2001; Mathews and Van Holde, 1996). The essentiality of
RNR function for growth and survival of all living organisimss led to a lot of interest
in elucidating the structure, function, and regulation ofRRNThere are three main
classes of RNR (class I, class Il and class IIl) cwidliffer in their subunit composition,
co-factor use and oxygen requirements (Table 1.2). The watalgchanism of RNR
involves a complex series of redox reactions, which isewed among all the classes.
All classes of enzyme share an essential cysteimdueeat the active site (Kolbewrg

al., 2004; Nordlund and Reichard, 2006). Unlike the class Il enztmeeclass | and
class Il RNRs cofactors cannot interact directly vt active site cysteine to produce
a thiyl radical important for downstream reactionsthi@se cases, a radical is generated
and transferred instead through a long radical transfdn dt@m the small subunit
radical site to the large subunit active site (Kadtetlal, 1997; Kolberget al, 2004,
Saleh and Bollinger, 2006).

Class | enzymes reduce ribonucleoside 5’-diphosphate®$Nto deoxyribonucleoside
5-diphosphates (dNDPs) (Figure 1.1), while the majorityclaks Il and all class Il
enzymes reduce ribonucleoside 5'-triphosphates (NTPs) daydeonucleoside 5'-
triphosphates (ANTPs) (Kolbeeg al, 2004). A class IV enzyme, in which the small
subunit contains a manganese center instead of a damater, was postulated to exist
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(Oehlmann and Auling, 1999), but was shown to be an arfifaeschiet al, 1998;
Huqueet al, 2000).

ADP GDP CDP uDP
NADPH, H NADPH, H NADPH, H* NADPH, H
Class | RNR Class | RNR Class | RNR Class | RNR
NADP*, H,0 NADP*, H,0 NADP*, H,0 NADP*, H,0
dADP dGDP dCDF=——> dCMP dubpP
ATP
H,O
ADP
NH,
dUTP
H,O
ATP ATP ATP @ 2
dADP Kinase deDP Kinase CDP Kinase PP
ADP dUMP
ﬂ Thymidylate synthase
dTMP ATP
ﬂ@ ADP
dTDP ATP
TDP Kinase
ADP
ATP TP TP TTP

'l

DNA polymerase

DNA replication/repair

Figure 1.1 De novo dNTP synthesis pathway catalised by class | RINRits role in DNA
metabolism. Class | RNR reduces NDP substrates to dNid#sh are then phosphorylated by
deoxynucleoside-diphosphate kinases (dRNK) to yield dNTdelyats. For the synthesis of
dTTP, several steps are essential before the final &kireection to convert either dCDP or
dUDP to dTDP. dCDP is dephosphorylated to form dCMP, wisithen deaminated to form
dUMP, while dUDP is first phosphorylated to produce dUTP assudbstrate for
dephosphorylation to generate dUMP. dUMP is then convertedThP by thymidylate
synthase and phosphorylated twice to form dTTP (Eklen@l, 2001; Mathews and Van
Holde, 1996).
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1.4.1 Class | RNR

Oxygen-dependent, class | enzymes constitute tret midely studied RNRs, and
occur within the highest to the lowest living syate The structure of class | RNR is
a tetramer comprising two dimeric subunits withuatgrnaryou,f,; organization of
the holoenzyme (Figure 1.2) (Nordlund and Reicha2@06). However, the
exception is theSaccharomyces cerevisideeterodimeric enzyme, which has a
unique subunit composition af’Bf’, where only one of th@ subunits can bear a
diiron center (Perlsteiat al, 2005; Sommerhaltest al, 2004). Until recently, class

| enzymes were subdivided into class la and cladsaked on allosteric regulation
and utilization of different electron donors. THass la RNR large (Rd) subunit
consists of two allosteric sides, a redox site andatalytic site, while the small
(R2B) subunit contains a tyrosyl radical and a diirenter per monomer, essential
for enzyme activity (Figure 1.2) (Nordlund and Reind, 2006). Class la enzymes
are found in all eukaryotes except for the unidatl&Euglena gracilis which has a
class Il enzyme (Torrent®et al, 2006a), in prokaryotes, viruses, and in
bacteriophages. These enzymes are characterizéie fgct that they possess two
allosteric sites, with theE. coli and mouse enzyme being the prototype for

prokaryotes and eukaryotes, respectively (Kolketrgl, 2004).

TheE. coli class la RNR-based mechanism of ribonucleotidaatemh by RNRs is
depicted in Figure 1.3. Upon substrate binding regt tatalytic site, the tyrosyl
radical from the R2 subunit abstracts a hydrogemdtom cysteine 439 (C439), so
converting it to a thiyl radical, which then resulh the reduction of the tyrosine
(Step 1). The thiyl radical is then used to abstiiae hydrogen atom from carbon 3
(C-3) of the substrate, producing a free radidatihat position. The C-3’ substrate
radical then facilitates the protonation of the toygl at C-2 by C225 and its release
as water (Steps 2 and 3). The C225 anion then fardisulphide bond with C462,
transferring a hydrogen atom to C-2'. The C-3' cadlithen abstracts its original
hydrogen from C439 (Step 4). The product is reldasad C439 abstracts its
hydrogen atom from the tyrosine in the R2 subusut,regenerating the tyrosine
radical (Step 5).
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—»Activity site
»Specificity site

—»Redox site

%<

—>Catalytic site

Di-iron center

B, <

Tyrosyl radical

Figure 1.2 Structure of a class la RNR. The structure is eatetr with two dimeric
subunits. Each monomer of the R1 subunit consistwof allosteric sides: activity and
specificity sites, a redox site and a catalytic,levithe R2 subunit monomer contains a
tyrosyl radical and a diiron center (Kolbeeg al, 2004; Mathews and Van Holde, 1996;
Nordlund and Reichard, 2006).

The external co-factor (glutaredoxin/thioredoxis) used to reduce the disulfide
bond formed, hence regenerating the active forth@fenzyme for recycling (Step
6). The oxidized glutaredoxin/thioredoxin is theneduced by the

glutaredoxin/thioredoxin reductase which can therréduced by NADPH (Eklund
et al, 2001; Kolberget al, 2004; Nordlund and Reichard, 2006).
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NADPH, H*

Figure 1.3Catalytic mechanism of class la RNR. The mechamismives a series of free
radical dependent redox reactions initiated by tjimesine radical in the R2 subunit and
facilitated mainly by three cysteine residues (G43925 and C462) in the catalytic site of
the R1 subunit. Glutaredoxin (Grx)/thioredoxin sas a final reductant of the enzyme for
recycling (Kolberget al, 2004; Mathews and Van Holde, 1996; Nordlund Redchard,
2006).

In contrast to class la RNRs, class Ib enzymes balyeone allosteric site (Eliasson
et al, 1996), and lack the activity site (Figure 1.2y ®&TP/dATP binding for
allosteric, on/off switching of the enzyme. Thisrfoof the enzyme is only found in
prokaryotes, with the RNR frorBalmonella typhimuriunbeing the most widely
studied class Ib enzyme (Galané¢ral, 2006; Uppsteet al, 2003a; Uppstent al,
2003b). Unlike the class la enzyme which uses ¢dioxin or glutaredoxin (Goet
al., 2006b; Kocet al, 2006; Ortenbergt al, 2004), class Ib RNR uses the NrdH
protein as an electron donor (Jorddral, 1997a).
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In bacteria, the class la RNR large (R1) subuné&nsoded bywrdA and the small
(R2) subunit bynrdB, whereas the class Ib large subunit is encodetdify and the
small subunit bynrdF. Both the large and small subunits from the twbctasses
show low (<30 %) protein sequence identity; howewdie essential catalytic
residues are conserved (Jor@aml, 1994). InE. coli, the operoniairdEF genes are
transcribed together withrdl andnrdH, located immediately upstream oifdEF
(Monje-Casaset al, 2001), wherenrdl encodes the NrdF di-iron cluster reductant
(Cotruvo and Stubbe, 2008; Roetal, 2008) anchrdH encodes the NrdE disulfide
bond reductant (Jordaat al, 1997a).

A third type of class | enzyme — the class Ic RNRvas recently identified in
Chlamydia trachomatigHogbomet al., 2004). The class Ic RNR is distinguished
from class la and Ib enzymes by the unique strataund biochemical features of its
small subunit, which has also been designated dB.Nts most interesting feature
is that the tyrosine residue which is involvedhe tatalytic activity of class la and
class Ib enzymes is substituted by phenylalaning yat the enzyme retains activity
(Hogbomet al, 2004; Roshiclet al, 2000). In the classic class | RNR mechanism,
a di-iron cofactor (FeF€') reacts with oxygen to form EeFe¥ which oxidizes the
tyrosyl residue to generate the stable tyrosineahth the R2 subunit that oxidizes
the cysteine residue in the R1 subunit to gendtaecysteinyl radical (Fig. 1.3).
The class Ic enzyme by-passes the need for theitgroesidue by using HeFd”

to directly oxidize a cysteine residue in the Rbuwsut (Hogbomet al, 2004;
Voevodskayaet al, 2005; Voevodskayat al, 2006; Voevodskayat al, 2007a).
Recently, an interesting study showed that in thesgnce of manganese, the
enzyme uses a manganese-iron cofactor {(Mre") instead of F&-Fé" to generate
the cysteinyl radical, which represents a morevadorm than a di-iron associated
enzyme (Jiangt al, 2007a; Jiangt al, 2007c; Voevodskayet al, 2007b).
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1.4.2 Class Il RNR

Class Il enzymes are oxygen independent, comprigngle polypeptide in a
monomeric or dimeric forma( or o), and use adenosylcobalamin as a radical
generator (Gleason and Olszewski, 2002; Jortaal, 1997b; Tauer and Benner,
1997). Hemolytic cleavage of the adenosylcobalageinerates an adenosyl radical
that interacts directly with an active site cyséeio form the reactive cysteinyl
radical (Eklundet al, 2001). Like class | enzymes, class || RNRs usae¢doxin or
glutaredoxin as electron donors. Furthermore, diless Ib RNRs, class Il enzymes
are not inhibited by dATP. They are found commoinlyeubacteria, with the best
studied example being the class Il RNR_attobacillus leichmann(Eliassoret al,
1999; Sintchaket al, 2002), and were recently also identified in ey&ses
(Torrentset al, 2006a). In bacteria, class Il RNRs are encodedr&y (Borovok et
al., 2002; Jordanet al, 1997b), which has been designated nadZ in M.
tuberculosigColeet al, 1998) (Table 1.2).

1.4.3 Class Il RNR

Class Il enzymes are only found in strict or faative anaerobic bacteria and some
bacteriophages, with the T4 enzyme serving as tbétype (Anderssoret al,
2000; Loganet al, 2003). The large subunit is encoded rbgD and thesmall
subunit bynrdG (Nordlund and Reichard, 2006; Sen al, 1995; Torrentst al,
2001). Class lll enzymes also adoptoaf, quaternary structure in which the large
subunit dimer contains the glycyl radical and bigdsites for the allosteric effectors
(Torrentset al, 2001) and the small subunit contains an essdriasulfur cluster
(Sun et al, 1995; Sunet al, 1996). Class Il enzymes use a glycyl radical to
generate a cysteinyl radical, produced in the laxgminit by the hemolytic cleavage
of S-adenosyl methionine, and facilitated by thealsrsubunit/activase iron-sulfur
cluster (Gambarellet al, 2005; Kolberget al, 2004; Ollagnietet al, 1997). Once
the glycyl radical is formed, the R1 subunit casaely the reaction independent of the
R2 subunit, unlike the situation in class | RNRwhich continuous interaction
between the large and small subunits is required ctalysis (Nordlund and
Reichard, 2006; Suet al, 1995; Torrent®t al, 2001). Whereas the bacterial class
[l enzyme is inhibited by dATP (Torrentst al, 2000), the viral enzyme is not
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(Anderssonet al, 2000). In contrast with class | and class Il RNRk&ss Il
enzymes use formate as a reductant (Muleezl, 1995; Mulliezet al, 2001,
Padovanket al, 2001).

1.4.4 RNR-encoding genes in mycobacteria

The availability of whole-genome sequences of alemof mycobacterial species
(Broschet al, 2007; Coleet al, 1998; Coleet al, 2001; Fleischmanet al, 2002;
Garnier et al, 2003; Stineart al, 2007; Stineart al, 2008) has allowed their
complements of RNR-encoding genes to be identiftetp://rnrdb.molbio.su.se).
Most bacterial genomes, including mycobacteriata@iorgenes encoding more than
one RNR class (Borovo#t al, 2002; Dawegt al, 2003; Jordaet al, 1999), which
are expressed in response to different environrhetitauli (Borovoket al, 2002;
Garriga et al, 1996; Masalhaet al, 2001; Monje-Casast al, 2001). All
mycobacteria possess a class Ib RNR encodeddly andnrdF genes (designated
herein asnrdF2). As observed inE. coli (Monje-Casaset al, 2001), the
mycobacterialnrdE is operonic withnrdH and nrdl. Interestingly, nrdl is a
pseudogene . smegmatisMycobacteria other thakl. lepraeand M. ulcerans
also possess an R2 subunit-encoding gene homolagotisat of the chlamydial
class Ic RNR, designated asdB. However,nrdE is the only R1 subunit-encoding
gene found in these organisms. The genomédd.aiuberculosisand M. bovisare
distinguished from those of other mycobacteriah®y gresence of both an alternate
class Ib R2 subunit-encoding genedF1, as well as a class || RNR-encoding gene,
nrdZ. M. smegmati$n02155, on the other hand, is unusual in thatrttdH, nrdl,
nrdE andnrdF2 genes are located on a duplicated region of thenabsome, and

hence, are present in duplicatpies (Table 1.3Warneret al, 2006).
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Table 1. 3Mycobacterial RNR gene complements

Organism Class Ib Class Class

Ic 1

R1 R2 RZ2 R1 R2
reductase reductase

M. nrdE nrdF2 nrdF1 nrdH nrdl nrdB nrdZ
tuberculosis
H37Rv
M. nrdE nrdF2 nrdF1 nrdH nrdl nrdB nrdZ
tuberculosis
CDC155
M. nrdE® nrdF2°¢ - nrdH © nrdl nrdB -
smegmatis
mc155
M. leprae nrdE  nrdF2 - nrdH nrdl nrdB®  nrdz®
M. bovis nrdE nrdF2 nrdF1 nrdH nrdl nrdB nrdZ
sups.bovis
M. bovis nrdE nrdF2 nrdF1 nrdH nrdl nrdB nrdZ
BCG
M. marinum nrdE nrdF2 ) nrdH nrdl nrdB -
M. ulcerans nrdE nrdF2 ) nrdH nrdl N/A
M. avium nrdE nrdF2 ) nrdH nrdl nrdB -
104
M. avium nrdE nrdF2 ) nrdH nrdl nrdB -
sups.paratub
-erculosis
-, Absent

a. Alternate class Ib RNR small subunit
b. Pseudogene
c. Two copies
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M. tuberculosis and M. smegmatis RNR encoding genes and their function

The mechanisms of DNA metabolism . tuberculosisare currently subjects of
considerable interest. They have an impact on thdenstanding of genome
evolution, acquisition of drug resistance by chreomal mutagenesis and
maintenance of genome integrity, which allows tbenthnt bacilli to reactivate in a
viable form after prolonged periods of non-repilicgtpersistence (Mizrahet al,
2000). Induction oM. tuberculosisRNR genes in the artificial granuloma model
(Karakousiset al, 2004b) and in human lungs (Rachn&tnal, 2006b) provides
evidence for the requirement of de novo dNTP sysishor DNA replication and

repair in these compartments.

In addition to class Ib RNR genesdE (Rv3051c) andnrdF2 (Rv3048c), M.
tuberculosisH37Rv genome also contaimdF1 (Rv1981c) which encodes the
alternate class Ib small subunit, NrdF1 (Cetlel, 1998; Yanget al, 1994; Yanget
al., 1997). In this organism, botitrdF2 andnrdE are essential under in vitro growth
conditions (Dawegt al, 2003). NrdF1 contains key catalytic residues @ranal,
1997) and can form a complex with NrdE, albeit wathower affinity than NrdF2
(Uppstenet al, 2004). The NrdF1 and NrdF2 proteins have 71 %nangcid
identity and both are expressed in vitro (Daweal, 2003; Yanget al, 1997). The
residues essential for catalysis and structurahmirgtion are conserved in both
proteins with the exception of substitutions of ¥et189 and Phe258 residues in
NrdF2 by Leu and Tyr, respectively, in NrdF1 (Umpset al, 2004). However,
recombinant NrdEF2 displayed RNR activity in vitnwhereas NrdEF1 did not
(Yang et al, 1997). Interestingly, translational inhibitionca®NA damage irM.
tuberculosisresulted in the upregulation of botindF1 andnrdF2 (Boshoffet al,
2004). Dawe=t al also showed that the two genes are expressediatilar level
under the in vitro growth conditions tested (Dawesal, 2003). Based on the above
findings, it is conceivable that NrdF1 might playra@le in dNTP supply under

certain environmental conditions (Bosheffal, 2004).

A class Il RNR encoded byrdZ (Rv0570) inM. tuberculosis(Cole et al, 1998;
Daweset al, 2003) is part of the DosR/DevR regulon (Vosketilal, 2004).M.
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tuberculosisnrdZ expression was found to be 10-fold lower tnadF2 andnrdF1
under normal in vitro growth conditions, but uprieded 8-fold as the culture
approached anaerobiosis (Dawetsal, 2003). However, unlike in Streptomyces
(Borovok et al, 2004), the lack of phenotype afdZ knockout mutant in vitro
under aerobic and microaerobic conditions and fomth and persistence in vivo
suggests thamrdZ does not play a major role in dNTP supply, attleagler the
conditions tested (Dawes al, 2003).

In contrast toM. tuberculosis the genome sequence bf. smegmatismc®155
(http://www.tigr.org) suggests that this organismosgesses a much simpler
complement of RNR-encoding genes than its pathogsluiw-growing counterpart.
M. smegmatisloes not possess a class Il RNR-encoding ged&)(or the alternate
class Ib small subunit-encoding gemedF1 Until recently, the only recognizable
RNR-encoding genes in M. smegmatis were nrdE and nrdF2
(http://www.tigr.org/tigr-scripts/CMR2/). Howevebpth of these genes are located
on a 56 kb region of the chromosome of b5 that is duplicated and flanked by
IS1096 elements (Galamba&t al, 2001; Warneret al, 2006). Wild typeM.
smegmatisnc®155 therefore contains two identical copies of eathhese genes
(MSMEG2299 and MSMEG1019 fewrdE and MSMEG2313 and MSMEG1033 for
nrdF2). Importantly, a mutant strain &. smegmatidacking the entire duplicated
region was recently constructedRKIN) (Warner et al, 2006). This deletion
mutant strain was found to be indistinguishablerfimc155 with respect to growth,
transformation efficiencygpt phenotype) and cell surface characteristics ansl wa
thus proposed as an attractive alternative tG1B% for use in studyingV.

smegmatigenes located in the duplicated region (Wasteal, 2006).

Interestingly, a homologue of the chlamydial R2eting gene is also found M.
smegmatifMSMEGO0349) and\. tuberculosis(Rv0233) (Coleet al, 1998). This
raises the possibility that these mycobacteria oseya class Ic RNR under certain
environmental conditions for the provision and nemance of adequate levels of

dNTPs to serve the DNA synthesis and repair reqergs of the organism.
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1.4.5 Regulation of bacterial RNRs

Even though there are different transcriptionalt@nslational RNR regulatory
mechanisms in different organisms, the allostedgutation of the enzyme is
conserved across all living systems (Nordlund aedtlard, 2006). By allosteric
control of the enzyme, bound ATP or dATP at thevagtsite turns the enzyme on
or off (Birganderet al, 2004; Birgandert al, 2005; Kasrayaret al, 2004). A
recent study showed that binding of dATP at thévactite inhibits the enzyme by
inducing the formation of amf, holocomplex (Rofougaraet al, 2008).Binding of
ATP or dNTP at the specificity site determines specificity for each of the four
substrates (Kolbergt al, 2004; Nordlund and Reichard, 2006). ATP/dATP gd
to the specificity site induces pyrimidine deoxyteatide (dTTP and dCTP)
synthesis. The resulting dTTP then binds, leadmghe production of the purine
deoxynucleotide dGTP, which will also bind to indudATP synthesis (Andersson
et al, 2000; Eliassomt al, 1996, 1999; Hofeet al, 1998; Larssoet al, 2004).

While emphasis has been placed on understandinglid&teric regulation of the
RNR enzymes (Reichard, 2002), relatively littlekisown about the transcriptional
mechanisms that regulate expression of RNR-encayings. The reason behind the
presence of more than one class of RNR in somen@ma is still a question of
considerable interest, with further complexity gd®d by the coexistence of more
than one enzyme belonging to the same class otamsb@Monje-Casast al, 2001)
or more than one large or small subunits belongmmghe same class (Bracchi-
Ricardet al, 2005; Huang and Elledge, 1997; Tanakal, 2000; Uppsteret al,
2004). Regulation mechanisms of different RNRs uradeariety of environmental
conditions have therefore been used to probe theifgproles of these enzymes.
The induction of RNR genes by DNA damage (Boslevfal, 2004; Brookset al,
2001; Filatovet al, 1996; Hakanssoret al, 2006; Mulderet al, 2005) and
hydroxyurea [HU (Masalhat al, 2001)] has been well documented.

There has been significant progress in studying RJéRe regulation systems in
yeast compared to bacterial systems, with mostnmddion coming from studies in
S. cerevisia¢Chabeset al, 1999; Fu and Xiao, 2006; Huaegal, 1998; Yaoet al,

2003; Zhao and Rothstein, 2002). The discussior el focus on some of the
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RNR gene regulation work done in bacterial systeks.coli contains genes
encoding class la, class Ib and class Ill enzyrRestecaveet al, 1989; Kolberget
al., 2004). Transcription of thewrdHIEF operon is upregulated during early
exponential phase and in response to oxidativesstiénder oxygen limitation, the
anaerobicnrdDG is highly expressed to functionally substitute the aerobic
nrdAB. DNA damage induces onfydAB, while HU induces bothrdAB andnrdEF
(Monje-Casaset al, 2001; Nordlund and Reichard, 2006; Reichard, }1993
Recently, a regulatory mechanism Bn coli, which couples DNA synthesis and
dNTP synthesis, was suggested. The authors propisgedATP-bound DnaA,
essential for DNA replication initiation, repressgdAB transcription. Based on the
fact that ATP-DnaA repressesdAB transcription more strongly than ADP-DnaA,
they suggested that conversion of ATP-DnaA to AD#&M at the end of replication

initiation increasesrdAB expression (Goet al, 2006a).

Corynebacterium ammoniagenesntains only a class Ib RNR, encoded by non-
operonicnrdE and nrdF genes. Both are highly expressed in early log elzaxl
induced by HU and D, (Torrentset al, 2003).Lactococcus lactigJordanet al,
1996) andStaphylococcus aureudlasalhaet al, 2001) contain both class Ib and
class Il RNRs for aerobic and anaerobic growtspeetively. Upregulation of the

L. lactis class Ib enzyme under microaerophilic conditionplicates this enzyme in
dNTP provision under hypoxia where it may compendat the inactivation of the
class Il enzyme by low levels of oxygen (Joradral, 1996; Torrent®t al, 2000;
Torrentset al, 2001).Pseudomonas aeruginosantains all three different classes
of RNR, with class la expressed highly in expor®nghase and class Il in
stationary phasé?. aeruginosairdJ can support growth in the absence of the class |
enzyme activity (Jordaet al, 1999; Torrentset al, 2005a). The only RNR iB.
subtilis encoded bywrdEF, was recently implicated in anaerobic growth. Iis th
organism , anaerobierdEF expression was found to be dependent on the ResDE
two-component redox regulatory system with two ptéé ResD binding sites
identified upstream of therdEF transcriptional start site (Hartef al, 2006).

Borovok and colleagues have intensively studied RN&ne regulation in

Streptomyces. Streptomycespp. (Borovok et al, 2002), like M. tuberculosis
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(Daweset al, 2003), contain both class | and class Il enzyriesvever, unlike in
M. tuberculosiswhere only class Ib can support aerobic growthw@&saet al,
2003), Streptomyces use either class of RNR fookaergrowth (Borovoket al,
2004). InS. coelicoloy class la is regulated by adenosylcobalamin, wiyebinding
to a By-riboswitch upstream of the untranslated regionnodAB represses the
expression. This was confirmed by the observatlwat teletion of a cobalamin
(B12) biosynthetic geneobN results in high levels afrdAB transcripts (Borovolet
al., 2004; Borovoket al, 2006). A third genenfdS belonging to the AraC family
of transcription regulators was identified $treptomyces coelicolaas part of an

nrdABSoperon (Borovolet al, 2004), but its function is unknown.

A gene designated asdR which is operonic witmrdJ in S. coelicoloy was also
identified and reported to be involved in the regioin of the transcription airdJ
(Borovok et al, 2002; Borovoket al, 2004). Deletion oihrdR in S. coelicolor
resulted in 20-fold increase in transcriptionnoélJ and, to a lesser extemttdABS
(Borovok et al, 2004). It was suggested that upon intracellutmueulation of
dATP, NrdR complexes with dATP via its ATP cone d@om resulting in
conformational changes, and binds to two 16-bp ctlirepeats (NrdR boxes)
upstream of thardJ andnrdABSpromoter by its zinc finger domain to repress gene
expression (Borovolet al, 2004; Grinberget al, 2006). This model implies that
dATP can serve both as an allosteric and trangmniglt regulator. Supporting this
observation is the fact that mutations in the ADRecdecreased the DNA binding
ability of NrdR (Grinberget al, 2006, Grinberget al, 2008). In several bacteria,
nrdR genes are found to be mostly clustered with RNiReger with genes involved
in DNA replication, such asinaB dnal and polA. The NrdR box consensus
sequence in Actinobacteria was reported as ‘acaBWATwGtgt'. NrdR boxes are
highly conserved across different bacterial speeied found upstream of most
operons encoding RNRs from all three classes (Rodiand Gelfand, 2005E.
coli NrdR was recently characterized and found to tyreepress all three classes
of RNR with its deletion resulting in high trangation of class Ib and, to a lesser

extent, class la and class Il (Torreetsal, 2007).
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RNR gene regulation in mycobacteria is poorly ustterd. NrdZ is part of the
DosR regulon induced under microaerophilic condgigvVoskuilet al, 2004).M.
tuberculosis nrdEnrdF1 and nrdF2 were reported to be highly expressed in log
phase (Dawe®t al, 2003), and upregulated by genotoxic stress aauslational
inhibition (Boshoffet al, 2004). Interestingly, all sequenced mycobactgeaomes
contain annrdR homologue, although its role in regulating RNReing gene

expression has not been investigated.

1.4.6 RNR as a druggable protein

RNR has been investigated as a potential drugttésganticancer, antibacterial and
antiviral agents (Cerqueirat al, 2007; Shacet al, 2006; Wakisakat al, 2005).
Iron chelators, substrates analogues and radicavesgers are potent RNR
inhibitors, with radical scavengers such as HU hapdroxylamine being the most
commonly used RNR inhibitors (Ekluret al, 2001; Shacet al, 2005; Torrent®t
al., 2005b). HU and its derivatives are classical Rid&ical scavengers and have
been commonly used for cancer treatment (G#ical, 1977; van't Rieet al, 1979).
Because the interaction between the small and Bubanits of the enzyme subunit
is critical for catalytic activity (Covest al, 1995; Kasrayaet al, 2004; Uppsteret
al., 2006), short peptides which interact with thee@xtinus of the smaller subunit
to prevent holoenzyme complex formation have beerestigated as potential
antiproliferative agents (Xet al, 2006). Inhibitors which span the active site and
the specificity site and compounds which bind & ihterface of the subunits to
disturb radical transfer also hold promise as goRNR inhibitors (Covest al,
1996; Eklundet al, 2001). Structural studies suggest that strudbaeed design of
compounds that specifically inhibit bacterial RNRhout affecting the mammalian
enzyme may be possible (Eklued al, 2001; Kolberget al, 2004; Strancet al,
2004). The C-terminus residues Mt tuberculosisnrdF1 and nrdF2 differ from
other R2s in that they are more hydrophilic and eneegatively charged (Yaret
al., 1997). Supporting the prioritization ®fl. tuberculosisNrdE as a druggable
protein (Hasaret al, 2006) is the observation that short peptidesvddrirom the
C-terminus ofM. tuberculosisR2 subunit potently inhibited NrdEF2 enzyme

activity in an vitro enzyme assay (Nurbbal, 2007).

47



1.5 Aims and Objectives

The presence of three class | RNR small subunib@ing genes itM. tuberculosis
might be an indication of an inherent metabolixifidity that allows the bacilli to
adapt to grow and survive under the conditions tedeby the host defense
mechanisms. It is evident from prior work that thelF2 subunit is indispensable
for growth under standard, aerobic culture condgim vitro (Daweset al, 2003).
However, the roles of the alternate small subuaits unknown. Even though no
discernable enzymatic activity was observed forB¥d (Yanget al, 1997), the
finding that nrdF1 is transcriptionally responsive to genotoxic amanslational
stress (Boshofét al, 2004) suggests that it may serve a specializiedimosurvival
of the organism under such conditions. Similarhg properties of the Chlamydial-
type R2 subunit, which may render the class Ic RB$tstant to RNIs (Hogboret
al., 2004) suggests thardB may also serve a specialist role in dNTP provision
M. tuberculosign vivo. Finally, the identification ofirdR in mycobacteria suggests
that mycobacterial RNRs may also be regulated mRNAgainst this background,
the overall aim of this study was to elucidate ti@ecular mechanisms adopted by
mycobacteria for the RNR-catalyzed provision of di$Tunder a variety of stressful
conditions, with particular emphasis on the functénd expression of the class |
R2-encoding genes M. tuberculosisandM. smegmatis To achieve this aim, the

following objectives were set:

1. To investigate the role of class 1¢c RNR in mycobaatby constructing and
phenotypingM. smegmatisand M. tuberculosis nrdBmutant in terms of
virulence in mice and/or growth in vitro, nitrosegj and genotoxic stress
survival and HU sensitivity.

2. To evaluate the ability of class 1c RNR to funcaiy substitute for the
class 1b NrdEF2 enzyme M. smegmatidy knocking out the class Ib R2
encoding genejyrdF2.

3. To elucidate the role of NrdF1 in growth Mt tuberculosisn vitro and in
vivo, adaptation during genotoxic stress, transfatinhibition and survival
in the presence of HU, by knocking outdF1 and assessing the mutant’s

behavior under those conditions.
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4. To determine if there is functional redundancyrdeiplay between NrdF1
and NrdB inM. tuberculosidy constructing a mutant with deletions in both
nrdF1 andnrdB, followed by phenotypic characterization in terofisn vitro
growth, sensitivity to DNA damage and HU.

5. To study the role of NrdR in mycobacteria by comsting a knockout
mutant ofM. smegmatisind M. tuberculosislisrupted in theardR gene and
assessing the effect afdR loss on expression of all thed genes, in vitro

growth, sensitivity to HU, and DNA damaging ageams to mutagenesis.
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2. Materials and Methods

2.1 Bacterial strains and growth conditions

All bacterial strains used in this study are déxattiin Table 2.1

Table 2.1Bacterial strains used in this study

Name Description Source

E. coli

DH5a supE44 AlacU169F80 laczAM15 Promega
hsdR17 recAl endAl yrA96 thi-1 relAl

M. tuberculosis

H37Rv ATCC 25618, virulent laboratory strain Lakiorg

collection

AnrdB Derivative of H37Rv carrying an This work
unmarked deletion inrdB

AnrdF1 Derivative of H37Rv carrying an This work
unmarked deletion inrdF1

AnrdF1AnrdB Derivative of H37Rv carrying an This work
unmarked deletions inrdF1 andnrdB

AnrdR Derivative of H37Rv carrying an This work
unmarked deletion inrdR

M. smegmatis

mc155 ept-1, efficient plasmid transformation  (Snapper
mutant of mé6 et al,

1990)

mc155::pAINT mé155 derivative carrying Km resistanceThis work
plasmid vector (pAINT, Table 2.2)
integrated at thattB locus

ADRKIN Derivative of mé155 lacking the 56 kb (Warneret

ADRKIN::pAINT
AnrdB::hyg
AnrdF2::hyg

AnrdF2:hyg:pNRDF2

ADRKINSCO

ADRKINSCO::pNRDF2

chromosomal duplication al., 2006)
ADRKIN derivative carrying pAINT This work
plasmid integrated at thatB locus

Derivative ofADRKIN carrying ahyg This work
marked deletion imrdB

Derivative of mé155 carrying ayg This work

marked deletion imrdF2

Derivative oAnrdF2::hygcarrying the  This work
nrdF2 gene fromM. tuberculosis

integrated at thattB locus

Single cross-over recombinant between This work
ADRKIN and pASMF2KO (Table 2.2);
Hyg®, Km®

Single cross-over integrant ADRKIN
carrying pASMF2KO (Table 2.2)
integrated at therdF2locus and the
nrdF2 from M. tuberculosigntegrated at

This work
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theattB locus

ADRKINNrdrF2:hyg:pNRDF2 Derivative oADRKIN carrying ahyg This work
marked deletion in the remaining
chromosomal copy afrdF2 and
pNRDF2 (Table 2.2); Hyf GnT

AnrdR::hyg Derivative of mé155 carrying ayg This work
marked deletion imrdR
AnrdR:hyg:pNRDR Derivative oiAnrdR:hyg carryingM. This work

smegmatis nrdititegrated at thattB
locus (via pNRDR, Table 2.2); Hfg

KmR
dnaR2::aph M. smegmatisn155dnaE2deletion (Boshoff
mutant hypersensitive to UV damage et al,

2003)

E. coli

The growth ofE. coli on solid and in liquid media was carried out actgydo
standard protocols (Sambroekal, 1989; Sambrook and Russell, 2001). All strains
were grown in Luria Bertani broth (LB) or Luria AgéLA) overnight at 37°C
supplemented with relevant antibiotics when neegssaquid cultures were shaken
at 300 rpmin a New Brunswick Series 25 Shaker Incubator. i@tréransformed
with knockout constructs were incubated at’Gand, in the case of liquid cultures,
shaken at 100 rpm to minimise plasmid rearrangemémpicillin (Amp),
kanamycin (Km), hygromycin (Hyg) and gentamycin (Gwere used at a final

concentration 100, 50, 50 and d§/ml, respectively.

M. smegmatis

Liquid cultures were grown in LB or Middlebrook 7H®oth (Difco) supplemented
with 0.2 % glycerol (v/v), 0.05 % (v/v) Tween 80daaither 0.085 % NaCl (w/v)
and 0.2 % glucose (w/v) (7H9-GS), 10 % Middlebradlumin-dextrose-catalase
(ADC, 7H9-ADC) or Middlebrook oleic acid-albumin-xteose-catalase (OADC,
7H9-OADC) at 37°C and shaking at 300 rpm. Plating was performed.Aror
Middlebrook 7H10 supplemented with 0.2 % glyce@D85 % NaCl and 0.2 %
glucose (7H10-GS) or 10 % Middlebrook OADC (7H10d0@) and incubated at
37 °C. All M. smegmatistrains were stored at -7G in 30 % glycerol (v/v). Km
(25 pg/ml), Hyg (50pg/ml), Gm (10ug/ml) and Rif (200ug/ml) were added to the

media where necessary.
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M. tuberculosis

M. tuberculosisstrains were cultured in a Biosafety Level Il ladory and all
manipulations carried out in a BioFlow Class Illbgical safety cabinet at 180 kPa
negative pressure. All strains were grown in 7H9EADr 7H9-OADC in roller
bottles or stationary in tissue culture flasks.a®s were also grown on 7H10-
OADC. All cultures were incubated at 8. Media was supplemented with Hyg

(50 ng/ml) where necessary.

2.2 Plasmid vectors

Plasmid vectors used are described in Table 2.2.

2.3 Bacterial transformation

2.3.1 Chemical transformation ofE. coli

Preparation of competent cells

An overnight culture was diluted one hundred faildLB and left to grow to an
ODsoo 0f 0.6-0.7. The cells were then incubated on @a€l6-30 min, centrifuged in
a Beckmann J2-21 centrifuge using a JA-20 rot&080 rpm for 10 min at 2C and
the supernatant discarded. The pellet was themgpeesded in 1/3 of the original
volume with RF-1 buffer (30 mM potassium acetat#) inM rubidium chloride, 10
mM calcium chloride, 50 mM manganese chloride, 1§l96erol (v/v), pH 5.8) and
incubated for 0.5-2 h on ice. The cells were thentrifuged, re-suspended in RF-2
buffer (10 mM MOPS, 75 mM calcium chloride, 10 mibidium chloride, 15 %
glycerol (v/v), pH 6.5) at 1/12 of the original tude volume and left on ice for 15-
30 min. Cells were then aliquoted into ice-cold nmaentrifuge tubes, flash-frozen

in ethanol and stored at -70.

Transformation

Competent cells were thawed on ice and 1004200f cells were added to pre-
chilled DNA in a microcentrifuge tube followed bgcubation on ice for 10 min.
The cells were heat shocked at“@for 90 s followed by the addition of 1 ml of

2xTY rescue media to the cells before incubatianlfd at 37°C to allow for the
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expression of genes encoding for antibiotic resc#aCells were then plated on LA

supplemented with the relevant antibiotic and irmtall overnight at 37C.

2.3.2 Electroporation of mycobacteria
Electroporations oM. smegmatigndM. tuberculosisvere performed according to
published protocols (Gordhan and Parish, 2001).

M. smegmatis

An overnight preculture was diluted 100-fold in 168 of 7H9-GS and grown
overnight at 37C and 100 rpm orbital shaking. The culture was ttemtrifuged in
a Beckmann J2-21 centrifuge using a JA-20 at 3@®0 for 10 min at 4C and
supernatant discarded. The cells were washed timees with ice-cold 10 %
glycerol (v/v) and re-suspended in 2 ml of 10 %cglpl. Then 40Qul of freshly
prepared cells were mixed with an ice-cold figBplasmid DNA in microcentrifuge
tubes and briefly incubated on ice. The cells wien transferred into pre-chilled
electroporation cuvettes and pulsed at 2.5 kVstasce 1000 W, capacitance 145
in a BioRad GenePulserTM. Immediately, 1 ml of 78S-was added to the cells,
transferred to a new microcentrifuge tube and inted at 37°C. After 3 h of
incubation, electroporated cells were plated onG-85 containing the appropriate

supplements and incubated for 3-5 d at@7
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M. tuberculosis

A log-phase culture was diluted 100-fold in fredH97ADC or 7H9-OADC media
and grown to an Ofg, of 0.8-1.0. Glycine was added to the culture tdéinal
concentration of 1.5 % (w/v) followed by overnightubation at 37 °C. The cells
were then centrifuged at 3000 rpm for 10 min atmotemperature and the
supernatant discarded. The cells were washed iwit® % glycerol (v/v) and then
re-suspended in 2-5 ml 10 % glycerol. Four hunddedf re-suspended cells were
mixed with 1-3pg/ml of DNA in electroporation cuvettes at room parature and
pulsed at 2.5 kV, resistance 1000 W, capacitanqe=25 a BioRad GenePulserTM.
One ml of 7H9-ADC or 7H9-OADC was added to the selransferred to fresh
microcentrifuge tubes and incubated overnight afG37Cells were then plated on
7H10-OADC agar containing the appropriate supplamand incubated at 3C for

3-4 weeks.

2.4 DNA extraction and purification from bacteria

All DNA extraction procedures were performed acamydto standard protocols
(Sambrooket al, 1989; Sambrook and Russell, 2001).

2.4.1 Small scale plasmid DNA isolation fronk. coli

Overnight cultures oE. coli grown in 1 ml of LB were transferred into 1.5 ml
microcentrifuge tubes, centrifuged in an Eppen&d®5D microcentrifuge at 13000
rpm for 30 s at room temperature and the superndiscarded. The cells were then
re-suspended in 104 Solution | (0.5 M Glucose, 50 mM Tris-HCI pH 810 mM
EDTA), and lysed with the addition of 2Q0 Solution 1l (0.2 M NaOH, 1 % (w/v)
SDS) with gentle mixing. The lysates were incubdbted min at room temperature.
Thereafter, 15Qu of Solution 11l (3 M potassium acetate, pH 5.5asvadded to
neutralize the solution and this was followed bytoéugation at 13000 rpm for 5
min at 4°C. The supernatants were then transferred to nesnoo@ntrifuge tubes,
RNase A added to a final concentration ofyg@ml and incubated at 42 for 30
min. To precipitate DNA, 35! of isopropanol was added followed by incubation
at room temperature for 5 min and then centrifgator 10 min at 13000 rpm at

room temperature. The supernatants were discamdédhe pellets washed once
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with 1 ml of ice cold 70 % ethanol and dried in pe&dVac (Savant, USA). The
DNA was then re-suspended in 50-18Gterile distilled water.

2.4.2 Bulk plasmid DNA preparation from E. coli

Overnight cultures in 100 ml LB were harvested leytdfugation for 10 min at
5000 rpm at 4C. Plasmid DNA was isolated similarly as describédve for small
scale purification, except that all volumes werer@ased by a factor of 10. Bulk
plasmid DNA preparation and purification by an améxchange based Nucleobond

kit was conducted as per manufacturer’s instrustidhacherey-Nagel, Germany).

2.4.3 Extraction of chromosomal DNA from mycobactea

A modified method of CTARcetyltrimethylammonium bromide; ICN Biomedicals,
Ohio) extraction of chromosomal DNA from. tuberculosisandM. smegmatisvas
used throughout this study (Larsen, 2000). Cultofesycobacteria were dispensed
in microcentrifuge tubes, heat-killed for 30 min@&°C and centrifuged at 13000
rpm for 30 s. The cells were re-suspended in @aff TE buffer (10 mM Tris-HCI,
10 mM EDTA, pH 8.0) containing 50l of a solution of lysozyme (10 mg/ml) and
incubated at 37C for 2 h. Thereafter, 70l of 10 % SDS and @l of proteinase K
(10 mg/ml) were added and incubated for 2 h af@5This was followed by the
addition of 100ul of 5 M NaCl and 8Qul of 10 % pre-warmed CTAB/NaCl (10 %
CTAB prepared in 0.7 M NaCl) and incubation fortfiar 10 min. An equal volume
of chloroform/isoamyl alcohol (24:1 v/v) was addedthe mixture, followed by
centrifugation at 13000 rpm for 5 min. The DNA caining aqueous phase was then
transferred to fresh microcentrifuge tubes and egodume of isopropanol was
added to precipitate the DNA. The DNA was harvedtedentrifugation at 13000
rpm, washed with 70 % ice-cold ethanol, dried iB@eedVac (Savant, USA) and

finally re-suspended in sterile distilled water.
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2.4.4 Small scale extraction of chromosomal DNA fra E. coli and

mycobacteria for PCR screening

Colonies were picked from plates, re-suspended inl »f distilled water followed
by the addition of 4Qul of chloroform. The cells were then incubated 20r min at
100°C and centrifuged for 5 min at 13000 rpm. The DMNAtaining aqueous phase

was then directly used as a template for PCR.

2.4.5 Phenol-chloroform extraction and salt-ethangprecipitation of DNA

To remove excess salt or inhibitors from preparédADsamples, the volume of
DNA containing solution was made up to 3@O0with TE. Thereafter, 1/3 of the
volume of TE-saturated phenol (10 g phenol, 10 &) Was added, followed by
mixing and centrifugation for 5 min at 13000 rpnr@m temperature. The agueous
phase was then transferred to a fresh sterile geatoifuge tube and a 1/3 volume
of chloroform/isoamyl alcohol (24:1 v/v) was addetlowed by room temperature
centrifugation for 30 s at 13000 rpm. The aqueodhssp was transferred to new
tubes and DNA precipitated by adding 1/10 volum& &4 sodium acetate (pH 5.3)
and 2.5 volumes of 100 % ice-cold ethanol. Afteauipation for 30 min at -2€C,
precipitated DNA was harvested by centrifugatiorl@000 rpm at 4C, washed
with ice cold 70 % ethanol, dried in a SpeedVac @aduspended in sterile distilled

water.

2.5 DNA manipulations

All DNA manipulations procedures were performedaading to standard protocols
(Sambrooket al, 1989; Sambrook and Russell, 2001).

2.5.1 Agarose gel electrophoresis

Agarose gels were prepared by dissolving electra#i® grade agarose powder
(Sigma, USA), with boiling, in 30 ml 1 x TAE (40 miWris-HCI, 1 mM EDTA, pH
8, 0.1 % glacial acetic acid) to a final concemabf 0.8-2 %. Thereafter @ of 2

% (w/v) ethidium bromide (Sigma, USA) was added Wsualization of DNA,
poured on to a gel casting tray (Hoeffer, Amersifdrarmacia, USA) and left to set.

Low-melting agarose powder (SeaPlaque GTG) was tmepurification of DNA
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fragments. DNA samples and molecular weight mark&sche Biochemicals,

Germany) were mixed with loading dye (0.025 % brphenol blue, 30 % glycerol)

and loaded onto gels. Electrophoresis of gels veafopned in gel tanks (Hoeffer,

Amersham Pharmacia, USA) filled with 1 x TAE buff®nnected to a power pack
(BioRad, South Africa) at 80-100 V. Gels were vigexd using a GelDoc 2000
system (BioRad, South Africa).

2.5.2 Purification of DNA fragments from agarose dge
Agarase digestion of the gels

Agarase digestions were performed according tontaaufacturer’s instructions
(Fermentas, Lithuania). Briefly, DNA fragments weré from low-melting agarose
gels and melted at 6% in microcentrifuge tubes. The molten agarose thas
cooled to 45°C, 1 unit of agarase enzyme per 1lGvas added and the mixture
incubated for a further 1 h at 45 °C. The tubeseween incubated on ice for 15 min
and centrifuged at 13000 for 10 min atGlto remove any undigested agarose. The
supernatants were transferred to fresh tubes and W&k precipitated by adding
2.5 volumes of 100 % ice-cold ethanol and harvebtedentrifugation. The pellets

were dried under vacuum and re-suspended in stistiled water.

Purification by GeneClean Il glass milk

Purification of DNA fragments using a salt concation dependent procedure in
which DNA binds to the silica matrix (glass milk) laigh salt concentration was
performed using the GeneCleanll Kit according tonufacturer’s instructions

(Qbiogene, USA).

Purification by NucleoSpin Extract Il

A NucleoSpin Extract Il kit, which uses the samagple as above, was also used
to purify DNA fragments following the manufacturerinstructions (Macherey
asdrtyyNagel, Germany).
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2.5.3 Treatment of DNA with enzymes
Restriction digests

Restriction enzymes used in this study were obthinem Amersham Pharmacia
Biotech (USA), Roche Biochemicals (Germany) or N&ngland Biolabs, Inc
(England).  Enzyme restriction reactions were pentxl according to the
manufacturer’s specifications. Plasmid DNA digassiowere performed in the
appropriate buffer for 3 h at the specified tempese Genomic DNA digestions

were carried out overnight in the appropriate buffe

De-phosphorylation

To remove 5’ phosphate groups from DNA, digestedADMas treated with calf
intestinal alkaline phosphatase according to thaufaturer’s instructions (Roche
Biochemicals, Germany). The reactions were caroiedfor 30 min at 37C and
DNA purified by phenol-chloroform extraction andhahol precipitation (Section
2.4.5).

Blunting of 5" and 3' DNA overhangs

The 5’ cohesive overhangs resulting from restricdaggestion of DNA were filled in
using the Klenow enzyme and dNTPs from Roche agwgrtb manufacturer’s
instructions. Reactions were performed in the apste buffer for 30 min at 3C.
Blunting of 3’ overhangs was carried out using TRAD polymerase following
manufacturer’s instructions (Promega, USA). Thectieas were incubated in the

supplied buffer for 10 min at 3T.

Ligation of DNA fragments

The Fast-Link™ ligation kit (Epicentre Technologies, USA) was dier ligations
of DNA according to the manufacturer’s instructiobgations of vector and inserts
were carried out in 10l reaction volumes with incubation at room temperator 2
h. The total reaction volume was used to transfo@®200ul of E. coli competent

cells.
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2.6 Polymerase chain reaction (PCR)

Standard PCR reactions were performed using thehdRd@astStart Taq DNA
Polymerase kit as per manufacturer’s instructiddescfie Biochemicals, Germany).
For amplification of fragments for use in homologaecombination, the Expand
High Fidelity PCR System (Roche Biochemicals, Geryhar Phusion PCR system
(New England Biolabs, England) was used. Amplifaas from plasmid and
genomic DNA were performed with 10-50 and 50-100 ofgtemplate DNA,
respectively, in 5Qul reaction volumes. Thermal cycler settings wernaturation
at 94°C for 5 min followed by 40 cycles with each cyctensisting of denaturation
at 94°C for 30 s, annealing at 58-66 for 60 s, extension at 72 for 0.5-2 min,
followed by a final extension at 72 for 10 min. All PCR reactions were performed
using Eppendorf Mastercycler gradient (Eppendorérn@any) or Hybaid PCR
Express (Hybaid, UK) thermocyclers.

2.7 DNA sequencing

All sequencing was performed by Inqaba Biotech {Bd\rica) on a Spectrumedix
2410 Capillary Electrophoresis automated DNA seqeenusing Big Dye

Terminator V3.1 software from ABI for sequence gsa.

2.8 Southern blot analysis

2.8.1 Synthesis and labelling of probes

All DNA probes for Southern blotting were synthesisand labelled using the PCR
DIG Probe synthesis kit (Roche Biochemicals, Gewypaas described by the
manufacturer. Briefly, PCR reactions were carried io a final volume of 5Qul
with 1x supplied PCR buffer containing MgC2.5ul PCR DIG labelling mix, 2.5
ul dNTP stock solution and 10-100 pg plasmid or 00-fhg genomic DNA template
were used during the labelling reaction. Thermalayparameters were as follows:
denaturation at 95C for 2 min and 40 cycles with each cycle consistof
denaturation at 9% for 30 s, annealing at 6 for 30 s, extension at 72 for 40

s, followed by a final extension at 7€ for 7 min. Approximately 5ul of the
resulting PCR product was run on a 0.8 % gel wittahidium bromide and stained
for 5 min in 20 ml 1x TAE buffer containing 20 of 2 % (w/v) ethidium bromide.
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The products were used directly as probes or statre@0°C for a maximum period

of 1 year.

2.8.2 Electroblotting

Restriction enzyme digestions of 1t chromosomal DNA were carried out
overnight and the reactions separated on 0.8 %osgagel by electrophoresis
(Section 2.5.1) and the gels were photographed avitller using a GelDoc system
(BioRad, South Africa). The DNA was then de-pur@thby immersing the gels in
0.25 M HCI for 15 min followed by denaturation oNB by incubation in 0.5 M
NaOH/1.5 M NaCl solution for 15-20 min. The gelsrevéhen briefly equilibrated in
1 x TBE buffer (0.178 mM Tris-HCI; 17.8 mM boricidc2 mM EDTA, pH 8.0)
before they were overlaid with HybondTM-N nylon m@anes (Roche
Biochemicals, Germany) and sandwiched between tid/3Whatman filter papers
and two sponges in a TE 22 Transphor cassette ¢éH&dientific, USA). The
cassettes were then inserted into a TE 22 Mini §phor unit (Hoefer Scientific,
USA) and DNA electroblotted in 1 x TBE at 4 © C ®oh at 0.5 A. To cross-link the
DNA to the nitrocellulose, membranes were UV ireaeld in a UV Stratalinker
1800 (Stratagene, USA) at 1200 mJcMembranes were hybridised immediately

or stored at room temperature.

2.8.3 Probe hybridisation

All probes used were synthesized using primersirematl in Table 2.3 and are
described in Table 2.4. Probe hybridization wasriedrout in DIG-Easy-pre-
hybridisation buffer (10 ml) (Roche Biochemicalser@any) which was added to
roller bottles containing membranes and incubagerbling in a Techne Hybridiser
HB-1 at 42°C for 30-120 min. The DIG-labelled probe was thematured by
incubation at 95 °C for 10 min. The pre-hybridisatbuffer was then substituted
with a fresh 42°C pre-warmed DIG-Easy-hybridisation buffer contagnithe
denatured probe (I of probe per 1 ml of buffer) and hybridizationsvidaen carried
out overnight at 42C.
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Table 2. 30ligonucleotide primers used for probe synthesis

Name Sequence (5>3’) Region Amplified

M. smegmatis

smnrdB-F2 TTCGGGAAGATCTGCAGCGCACGTGGGCGC 142 bp of the 3’ ofirdB and

smnrdBR2 CGGTGCGGTACCGCAGTCCGTGACGGTCAA 878 bp of downstream
homologous sequence

smnrdF2F1  ATGATCGCGGCGGTGGCAAGCTTGATGGCG 175 bp of the 5’ end of

smnrdF2R1  TCGGTGAGGGTGTGCCAGATCTGGATGTCG nrdF2 and 752 bp of
upstream homologous
sequence

smnrdRF1 CACAGGAGCGAATACGCCGGACGAAAGGC 123 bp 5’ end ofirdRand

smnrdRR1  CGAGCACCGAGATCTCGACCGTGGTGAAAC 758 bp of upstream

M. tuberculosis

tonrdBF1p CGTCGAGATCGACGGTACCGTGTTGCCCAC
tbnrdB-R1p GTCGATGTCGGCCGGATGCCAGATCTT TGC
tonrdF1F1p CGACCACCGCACCAAGCTTGTCTAGCAGGG
tonrdF1R1p CGGTGCAGGGGGGATCCACGACTTTTTCTC
tbnrdR-F2 CTACGGTGGTGGATCCTCGTCCACATTCGG
tonrdRR2p GTCTACCGTTTTGCGCGTGCGACACGCTTC

homologous sequence

114 bp of the 5’ ohrdB and
813 bp of upstream
homologous sequence

96 bp of the 3’ ohrdF1 and
916 bp of downstream
homologous sequence
123 bp of the 5’ end afrdR
and 770 bp of upstream
homologous sequence

2.8.4 Detection of bound probe

Following overnight hybridisation of probe DNA thet target DNA, hybridisation
buffer was discarded and membranes washed twite2nit SSC; 0.1 % SDS for 5
min at room temperature, then twice with pre-wardgdx SSC; 0.1 % SDS for 15

min at 68°C. The membranes were then transferred to a centaind briefly
washed once with 1x Wash buffer [1x Maleic acidféuf0.1M Maleic acid, 0.15M
NaCl, pH7.5); 0.3 % Triton] at room temperatureldaied by incubation in 1x
Blocking buffer (1 x Maleic acid buffer; 1 x RoclBocking buffer) for 30 min at

room temperature. Thereafter, the membranes weubated for a further 30 min in

fresh 1x Blocking buffer containing Anti-DIG-Alkale phosphatase conjugate

(Roche Biochemicals, Germany) and then washed twiktel x Wash buffer for 15

min. The membranes were then equilibrated in detecuffer (50 mM MgC; 0.1
M pH 9 Tris-HCI; 1 M NacCl), incubated at 3T with an alkaline phosphatase
substrate, CSPD (Roche Biochemicals, Germany) 3omih and exposed to 3MM

medical X-ray film in a developing cassette at ro@mperature for 1-3 h. X-Ray

films were then developed in an XP400 developerqiac Medical Services,

South Africa).
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Table 2.4Probes, enzymes used to digest genomic DNA andnfats detected in
Southern blotting

Name Description Enzyme Fragments size
detected (kb)
M. smegmatis Mutant  Wild- type
allele allele
smnrdB-F2R2 1020 bp amplicon amplified using smAF@B Nrul 2.4 3.3
and smnrdB-R2 (Table 2.3) used to probe for
nrdB
smnrdF2- 927 bp amplicon amplified using smnrdF2-FNrul 0.8 2.1
F1R1 and smnrdF2-R1 (Table 2.3) used to probe for
nrdF2
smnrdR-F1R1  881bp amplicon amplified using smnrdR-F BarHI 3.1 2.3
and smnrdR-R1 (Table 2.3) used to probe for
nrdR
M. tuberculosis
tbnrdB- 927 bp amplicon amplified using tbnrdB-F1pSmad 3.9 4.6
F1pR1p and tbnrdB-R1p (Table 2.3) used to probe for
nrdB
tbnrdF1- 1120 bp amplicon amplified using tbnrdF1- Sad 3.4 4.3
F1pR1p F1p and tbnrdF1-R1p (Table 2.3) used to
probe fomrdF2
tbnrdR-F2R2p 893 bp amplicons amplified using tBxfR  Sal 3.2 1.3
and tbnrdR-Rp (Table 2.3) used to probe for
nrdR

2.9 Construction and genotypic characterization ofnrd gene allelic
exchange mutants and complemented counterparts iW. smegmatis and

M. tuberculosis

The sequences of the putative smegmatisand M. tuberculosisnrd genesunder
investigation in this study were obtained from ttenplete genome sequences at
http://www.tigr.org/tigr-scripts/CMR2/ and http:Avw.pasteur.fr/Bio/TuberculList,
respectively. Targeted gene knockout in mycobaxtesias carried out by
homologous recombination with two-step selectiomgishe p2NIL/pGOAL-based
suicide plasmid system, as previously describedrigffaand Stoker, 2000).
Upstream and downstream homologous fragments wdigined by PCR
amplification using pairs of primers containingtresion sites (Table 2.5) for ease
of cloning. In some cases M. tuberculosisfragments were cloned directly from
the Bacterial Artificial Chromosome (BAC) library strain H37Rv that was kindly
provided by Prof. Stewart Cole (EPFL, Lausanne).aVoid inadvertent mutations,
all PCR amplicons for deletion mutagenesis werst fidloned into pGEM3Z(+)f,
pPpGEM-T Easy or pCR2.1-TOPO (Table 2.2) and sequeriection 2.7) before
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cloning into p2NIL (Table 2.2) (Parish and Stok&000). All vectors, primers and
probes used for targeted gene knockout are outlmedable 2.2, Table 2.5 and
Table 2.4 respectively. For blue-white selectionboth E. coli and mycobacterial
strains, solid media was supplemented with 5-brdratdoro-3-indolyl$-D-
galactopyranoside (X-gal) to a final concentrat@n50 pg/ml. To counter-select
against clones carrying tlsacBgene, sucrose (Suc) was added to solid media to a

final concentration of 5 % (w/v) fdE. colior 2 % for mycobacterial strains.

2.9.1 Targeted knockout ohrd genes inM. tuberculosis

To construct the suicide vector for targeted knaotkaf the M. tuberculosisnrdB
gene, a 1.997-kb fragment containing the 5-tern6i@abp of the gene and upstream
flanking sequence and a 1.96-kb fragment contaitfiad3’-terminal 156 bp airdB
and flanking sequence were amplified using thedBrfF1/ tbnrdB-R1 and tbnrdB-
F2/ tbnrdB-R2 primer pairs, respectively (Table )2.Both fragments were
simultaneously cloned into thé\sp/18-Hindlll-digested p2NIL, creating the
p2ATBB vector, which carries a 722 bp deletion witthenrdB gene.

To create a suicide substrate for deletion mutagienaf thenrdF1 gene inM.
tuberculosis,a 8.4 kbBanH|l BAC fragment containing th#l. tuberculosisnrdF1
gene and flanking sequences was cloned intoBtreH!| site of pGEMBZ(+)f to
produce pGEMTBFL1. A 2.48 kBndI-Aspr18 fragment containing 47 bp of the 3’
end ofnrdF1land a 1.99 kifel-BanHl| fragment containing 39 bp of the 5’-end of
nrdF1 were purified from this vector and subcloned idtsp/ 18BanHI-digested
pGEM3Z(+)f to yield pPGNRDF1. ArEcoR-BamH fragment (4.48 kb) carrying the
AnrdF1 allele (883 bp deletion in thedF1gene) from pGNRDFWas then cloned
into the Scd/BamH sites of p2NIL creating p2TBF1. Site-specific deletion of
nrdR in M. tuberculosiswas achieved by first amplifying a 1.89 kb fragmen
containing the 5'-terminal 123 bp @ffdR and flanking sequence and a 1.88 kb
containing the 3-terminal 127 bp ofdR and flanking sequence using the tbnrdR-
F2/ tbnrdR-R2 and tbnrdR-F1/ tbnrdR-Riimer pairs (Table 2.5), respectively.
Both fragments were then cloned in p2NIL yieldirBAPBR, so eliminating 215 bp

within thenrdR gene.
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Thereafter, a 7.94 kihyglacZ-sacB Pat cassette from pGOAL19 (Parish and
Stoker, 2000) was cloned into tiad site of p2ATBB, p2ATBF1 and pATBR
generating the p¥TBBKO, p2ATBF1KO and pATBRKO (Table 2.2)knockout
vector respectively. All constructs were individyalelectroporated intoM.
tuberculosisH37Rv to generate thanrdB, AnrdF1 and AnrdR mutants ofM.
tuberculosis respectively. The pTBBKO vector was subsequently electroporated
into the AnrdF1 mutant strain to create the doulflardF1AnrdB mutant strain.
Deletion mutants were phenotypically isolated byo4step selection using
previously described methods (Gordhan and Par@®i ;2Parish and Stoker, 2000).
Smd, Sad and Sal were used to digest genomic DNA fordB, nrdF1 andnrdR
(Table 2.4) mutant genotyping by Southern blot sial using tbnrdB-F1pR1p,
tbnrdF1-F1pR1p and tbnrdR-F2R2p (Table 2.4) asgmotespectively.

2.9.2 Construction ofM. smegmatis nrd genes deletion mutants

To construct a knockout vector for deletion of titedB gene inM. smegmatisa
1006 bp fragment containing the 5’-terminal 249abmrdB and flanking sequence
was amplified using the smnrdB-Ehd smnrdB-R1 primers and a 1020 bp fragment
containing the 3'-terminal 142 bp ofrdB and flanking sequence was amplified
using smnrdB-F2 and smnrdB-R2 primers (Table 2B9th amplicons were
simultaneously ligated inté&sp/18-Hindill-digested p2NIL generating pSMB
(Table 2.2)in which 571 bp of the coding sequence rflB was eliminated. A
homologous recombination substrate for deletiothefrdF2 gene inVl. smegmatis
was created by amplifying a 920 bp fragment comigitthe 5'-terminal 175 bp of
nrdF2 and flanking sequence and a 1007 bp fragment icamgjathe 3’-terminal 133
bp ofnrdF2 and flanking sequenassing the primer pairs smnrdF2-F1/smnrdF2-R1
and smnrdF2-F2/smnrdF2-R2, respectively. The fragsneere cloned into p2NIL,
so deleting a 678 bp internal segmentiai2 and yieldingp2ASMF2. To construct

a vector for knockout d¥. smegmatisirdR, the primer pairs smnrdR-F1/ smnrdR-
R1 and smnrdR-F2/ smnrdR-R&re used to amplify an 881 bp fragment carrying
the 5’-terminal 123 bp afirdR and an 808 bp fragment carrying the 3'terminal 113
bp of nrdR and flanking sequences. Fragments were cloned2hilp yielding
p2ASMR, so eliminating 217 bp of tmedR gene.
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Thereatfter, the 1738-bpyg cassette from plJ963 (Blondelet-Rouaatt al, 1997)
(Table 2.2) carried on 8glll fragment was cloned in thBglll site located at the
junction of the upstream and downstream fragments givieg t© the plasmids
p2ASMB::hyg p2ASMF2:hyg and pASMR:hyg (Table 2.2). A 6.36-kbacZ-sacB
Pad cassette from pGOAL17 (Parish and Stoker, 2000) was theed into thePad
site of each of these vectors to generatet§MBKO, p2ASMF2KO and pASMRKO,
the knockout vectors favl. smegmatis nrdBirdF2 andnrdR, respectively (Table 2.2).

The pASMBKO vector was electroporated into thBRKIN mutant ofM. smegmatis
mc®155 (Warneret al, 2006), and pRSMRKO was electroporated in f&5 to create
AnrdB::hygandAnrdR:hygrespectively. pASMF2KO was electroporated into fh65

to create AnrdF2:hyg and into  ADRKIN strain to create
ADRKINAnrdF2:hyg:pNRDF2 following electroporation ofa single crossover
recombinant ADRKINSCO, Table 2.1) with pNRDF2 (Table 2.2), so creating
ADRKINSCO::pNRDF2 (Table 2.1). Mutant strains were phenogjly isolated by
two-step selection, as previously described (Gordhan andhP2001; Parish and
Stoker, 2000). Genomic DNA from single cross-over (SQOyble cross-over (DCO)
and parental strains was digested vhttul for bothnrdB andnrdF2 and withBanHl

for nrdR mutant genotyping using smnrdB-F2R2, smnrdF2-F1R1 and smnrdR-F1R1
(Table 2.4)as probes for Southern blot analysis.

2.9.3 Complementation oM. smegmatis AnrdR:: hyg and AnrdF2:: hyg

The primer pair, smnrdRC1/smnrdRC2 (Table 2.6), was designadplify a 967 bp
fragment containing the putatid. smegmatis nrdigene plus 311 bp upstream and
203 bp downstream flanking sequence from wild-typ€156 genomic DNA. The
fragment was then sequenced and cloned intoAg@18 andHindlll sites of the
integrative vector, pMV306K that was kindly provided by Deléha Boshoff to create
pPNRDR (Table 2.2) AnrdF2:hyg was complemented using pNRDF2 (Davetsal,
2003). Both pNRDR and pNRDF2 vectors were electroporatedhatdnrdR :hyg and
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AnrdF2:hyg strain respectively. Transformants were screened ftg-spiecific
integration at thettB chromosomal locus using a forward (attBS2) and reveitsied)

PCR primer set to amplify a 320 bp fragment spanningttiheregion, while a forward
(attL2) and reverse (attBS1) PCR primer set was used pdifara 282 bp fragment
spanning theattR region (Barichievy, S., MSc dissertation, University tfe

Witwatersrand, 2005).

Table 2. 6PCR primers used to construairdR:hyg complementation vector

Gene Vector Oligonucleotide pairs used for vector catruction
M. smegmatis pNRDR Primer name  Sequence (5’-3)* Amplicon properties
nrdR

smmrdRC1 CAGTGAACTGGCC 967-bp amplicon
GTCGTGCAGGTaCc containingM. smegmatis
GTC nrdRwith 311 bp 5’
(upstream) and 203 bp 3’
smnrdRC2 CCCGCATGTTCGC (downstream) sequence
GACGAAQCTIGGC
ATCC

* Restriction sites used for cloning are underlined andsbelsgnged to introduce restriction
sites are in lower case

2.10 Analysis of gene expression

2.10.1 RNA isolation

RNA was isolated as previously described (Dowrengl, 2004). Briefly, cultures of
mycobacteria were grown to an @p of 0.3 and the bacteria then harvested by
centrifugation at 1000 rpm for 10 min and cells re-suspended it TiRIzol (Sigma,
USA). The cells were lysed with Lysing Matrix B (QbiogetéSA) in a ribolyzer
(Savant Fastprep FP120) for three cycles at speed settihfpo 20 s with cooling on
ice for 2 min between pulses. Lysates were then cegédf at 13000 rpm for 45 s. The
supernatants were then transferred to tubes containinge Pliack gel (Merck,
Germany) and 20@l of chloroform followed by vigorous mixing for 15 s, and then
periodically for 2 min. The resulting suspension wadrdeged at 13000 rpm for 5 min
and the aqueous phase transferred to a fresh microagettiibe. An equal volume of
isopropanol was added and the samples were then centrifu@®a@0 rpm for 20 min
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at 4°C. Pellets were washed with 70 % ethanol, air-dried asstispended in DEPC-
treated HO. Contaminating genomic DNA in the RNA preparation wen digested
with DNase | (Ambion, USA) and samples purified using dwe&sy kit (Qiagen,
Germany) according to the manufacturer’s instructionslARsamples were then
subjected to a second round of DNase treated using TurbseDBecording to
manufacturer’s instructions (Ambion, USA). The qualifytlie RNA was assessed by
electrophoresis on a 2 % agarose gel containing 0.1 % SD&arpurity gauged by

the Apso/Azgo ratio, whereby a ratio of 1.9-2.1 indicated a pure RNA.

2.10.2 Reverse Transcription (RT)

Reverse transcription of RNA was carried out as prewodsscribed (Downingt al,
2004). To anneal primers to RNA, 20 annealing reactions consisting ofufy RNA
and 0.25uM of each reverse primer were set up by first denaturindRtda at 94°C
for 90 s before annealing at 86 for 3 min followed by 3 min at 5C. Thereafter 10
ul of the annealing mixture was mixed with fDof a master mix consisting of 1xRT
Buffer (Sigma, USA), 20@M each dNTP mix (Sigma, USA), 4 mM Mg{(Sigma,
USA), 0.6 pl dimethyl sulphoxide (DMSO; Sigma) and 2 U Enhanced Avian
Myeloblastoma Virus (AMV) RT (Sigma, USA). The RNAaw then reverse
transcribed using Eppendorf Mastercycler at the followirgyameters: reverse
transcription at 60C for 30 min, then denaturation at @for 5 min and final cooling
at 4°C. To determine the amount of DNA contamination, aanteactions that

contained no RT were run in parallel.

2.10.3 Quantitative RT-PCR Assay
Real-Time, Quantitative RT-PCR Assay (QRT-PCR)

Primers used for quantitative RT-PCR were desighed usingPtiaer3 design
programme (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_wwgt) and are detailed
on Table 2.7. All primers were designed to amplify ~ 90-15MbIA fragments that
were internal to the open reading frames of genestefest. Primers used for the

guantification ofsigAin M. tuberculosisnvere the same as those described by Dawes
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al. (Daweset al, 2003). gRT-PCR was performed using a Roche LightCyckEesy
and a LightCycler Fast start DNA Master SYBR Greekitl(Roche Biochemicals,
Germany) according to the manufacturer's instructions. dbsolute quantification of
MRNA levels, a linear or polynomial standard curve thas based on ten-fold serial
dilutions of the wild-type genomic DNA was set up using thghtCycler software
(version 4.0). Thereafter, the absolute amount of mRINAtest reactions were
determined by extrapolation from standard curves and tihssduse transcript numbers
were normalized to the number i§A transcripts in the same sample. The normalized
data from mutant strains were compared to normalizedchiphgevels in the wild type
control. These analyses were performed in triplichi@ogical samples, each in

duplicate.

Semi-quantitative RT-PCR

cDNA was synthesized as above, using the primers descrilme.aTwo-fold serial
dilutions of the cDNA were prepared anduR from each dilution was used as the
template in a 5@ PCR reaction. The PCR reaction mixture containedMt MgCl.,
0.4 mM each of dATP, dCTP, dGTP and dTTP, Mlprimers, 0.5 mg/ml BSA, 10 %
DMSO, reaction buffer and 2.5 U of FastStart Taq polysei@oche Biochemicals,
Germany). PCR reaction parameters were as followsaiiration at 94°C for 10 min
was followed by cycling for 14 cycles of 94°C for 30 s, 65°C30rs, 72°C for 30 s and
24 cycles of 94°C for 30 s, 57°C for 30 s and 72°C for 30 s.PBie products were

then analyzed on a 2 % agarose gel.

2.11 Competitive in vitro growth and long-term survival assays

To assess competitive growth Mdf smegmatistrains deficient in particulanrd genes,
equal amounts of Hyg-resistant mutant strains, and kaistemt parental strains,
generated by electroporatinyl. smegmatismc®155 or ADRKIN with pAINT
(mc®155:aph, ADRKIN::aph Table 2.2) and selecting Km-resistant transformants,
were co-cultured in a final volume of 100 ml without amtilsi. At each time point,
aliquots were plated on solid 7H10-ADC containing Hyg (80ml) or Km (25ug/ml)
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for enumeration of mutant and parental strain CFUgeas/ely. Competitivdong-
term survival assays were set up and assessed similafty @®mpetitive growth,
except that cultures were incubated at°@0with shaking at 100 rpm for at least 5
months. To avoid early clumping of cultures, the cotre¢ion of Tween 80 in the
media used for these experiments was increased to 0.1 %

Table 2.70ligonucleotide primers used for RT-PCR

Name Sequence (5'- 3’) Region targeted

RTtbnrdF2-F1 GGTCTGGCGTTGGTTGAC Position 631-718 iM. tuberculosis
RTtbnrdF2-R1 CCACCTCGTTGTCGTAGAGC nrdF2

RTtbnrdF1-F1 AGTTCCACCGAGCAGCAG Position 154-283 iM. tuberculosis
RTtbnrdF1-R1 TCAGGACCGCCTCTTCGT nrdFl

RTtbnrdB-F1 CGGACGACGAACGTGACTAC  Position 149-229 iM. tuberculosis
RTtbnrdB-R1 GCTGGATGTCCTCGGTCA nrdB

RTtbnrdE-F1 GTTGCTGGAGGATGCGTTC  Ppgsition 645-740 itM. tuberculosis
RTtbnrdE-R1 CGGTAGATGTCGGGGTGATG nrdE

RTtbnrdZ-F1 GGCTGGTGTTTCTCGACACG  pggsition 1055-1154 iM. tuberculosis
RTtbnrdZ-R1 TAAGGCAGCAGTGGGACCTC hrdZ

RTsmnrdF2-F1 CGAGGAGAACCCGAACCT  Pposition 402-522 iM. smegmatis
RTsmnrdF2-R1 ~ GCCCGAGTAGAACAGGAAGC hrdF2

RTsmnrdE-F1 GAGCCCAAGACCGACAAG Position 1651-1748. smegmatis
RTsmnrdE-R1 GCACCGACTCCTTCAACTG nrde

RTsmnrdB-F1 CTGTGCGCGGAGTTCATC Position 178-288 iM. smegmatis
RTsmnrdB-R1 CTGCGTCAGGTACATCTCGTC hrdB

RTsmSigA-F1 GGGCGTGATGTCCATCTCCT Position 367-488 iM. smegmatis
RTsmSigA-R1 GTATCCCGGTGCATGGTC SigA

2.12 Susceptibility testing of mycobacterial strains

Sensitivity of strains to mitomycin C (MTC; 0.01-Qud/ml), HU (1-80 mM) and STR
(0.025-10ug/ml were determined by plating, in duplicate, serial dihg of stationary
and log-phase cultures on media containing differenten@tnations of each compound.
Plates were then incubated at®87until visible CFUs could be enumerated. Sensitivity
to novobiocin (Novo, 1-10Qg/ml), moxifloxacin (Moxi 0.1-2.g/ml) and ciprofloxacin
(Cipro, 1-20ug/ml) was determined by spotting i0of serial dilutions of stationary
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and log-phase cultures in duplicate, on media containirfgreéift concentrations of
each compound followed by Cfu enumeration. The minimunbitany concentrations

(MICs) of MTC, HU, Novo, STR and ofloxacin (Oflox)eare determined using the
microbroth dilution technigue in 96-well microtitre platas,previously described (Lee
et al, 2003). MTC and HU susceptibility testing in liquid culturessvdgtermined by

first diluting stationary-phase and log-phdsge smegmatiscultures in fresh media
supplemented with different MTC or HU concentratio@sltures were incubated and
growth followed for at least 48 h. Survival in the preseat¢he MTC or HU was

assessed by adding the compounds to the undiluted statidmesg-ultures to

different final concentrations and CFUs assessed ovempé®t compound addition.

2.13 Sensitivity to UV irradiation

Assessment of bacterial viability after exposure to tsdiation was conducted using
previously described procedures (Boshetffal, 2003). Briefly, serial dilutions of log-

phase cultures were plated in duplicate on 7H10-OADC nsedlahe plates were then
irradiated at UV fluences ranging from 0-40 mJdma Stratalinker 1800. CFUs were
enumerated and the proportion of surviving bacteria wasedoelative to untreated

controls.

2.14 Sensitivity to nitrosative stress

Sensitivity to S-Nitrosoglutathione (GSNO, Sigma) asNO donor was assessed by
incubating liquid cultures (Of3, ~ 0.02) with increasing concentrations of GSNO
ranging from 0-16.g/ml for 24 h and CFUs were enumerated on solid mediaiv@iir

in the presence of acidified nitrite was determined abogrto Firmani and colleagues
(Firmani and Riley, 2002). Briefly a ten fold dilution muoglphase (OB, ~ 0.6)
cultures were incubated in 7H9-OADC at pH 5.3 supplemented WaNQ at
concentrations ranging from 0-48 mM for 24 h. Serial dihngi@f cultures were then
plated on solid media to enumerate CFUs
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2.15 Assessment of UV-induced mutation frequencies

UV-induced mutation frequencies were determined as previoustyided (Boshofet
al., 2003). Briefly, 40 ml of log-phase cultures were harvkstied the bacterial cells
were then re-suspended in 5 ml of fresh 7H9-OADC mediiawfed by UV irradiation
at 25 mJ/crh Thereafter, the culture volume was adjusted back torig&al volume
before incubating at 37C to allow for recovery. Serial dilutions were thelated on
7H10-OADC to determine viable cell counts post irradiatiod anml of undiluted
culture was plated on media containing Rif 2@@ml at times ranging from 0-24 h post
irradiation. Mutation frequencies were determined by digdthe number of Rif

resistant mutants by total viable cell counts post irtexha

2.16 Luria-Delbrick fluctuation tests

Spontaneous mutation rates were determined using the Leltidk fluctuation assay
as previously described (Rosche and Foster, 2000). BrieflguBSres each containing
approximately 100 cells/ml in a final volume of 2.5 ml wee¢ up and incubated in a
37 °C rotary shaking incubator. After 7 d, the total volumenf 30 cultures was
individually plated on media containing Rif at 2A@/ml to determine the number of
resistant mutants arising. Serial dilutions from therfaiaing cultures were plated to
enumerate the total number of viable cells. The numbenutations per culture was
calculated using Pmethod of Luria and Delbriick or Lea-Coulson Method of the
Median, from which the mutation rate was then catedla

2.17 Infection of mice and determination of bacterial load

All mouse model experiments were done at the Public tHieRésearch Institute
(Newark NJ, USA) under the supervision of Prof. Gillapka (Laboratory of
Mycobacterial Immunity and Pathogenesis). The protogoplttiese experiments was
approved by the Institutional Animal Care and Use Comaittethe University of
Medicine and Dentistry of New Jersey (Newark, NJ, USBight to ten week-old
female B6D2/F mice from Jackson Laboratories (Bar Harbor, ME) waezosol
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infected with wild type or mutant strains df. tuberculosisby exposure to aerosol
particles in a nose-only infection apparatus as previode$geribed (In Tox Products,
Albuguerque, MN). This resulted in the seeding of ~ 2.3 lbgcteria within the mouse
lungs. Three mice were sacrificed per time point oyaeraod of 126 d where the lungs,
liver and spleens of infected animals were harvested, genmed and serial dilutions
plated to enumerated organ bacillary loads (Moretral, 1997; Tsenovat al, 1997).

2.18 Statistical analysis

The independent Student's test or pairedt test was used to assess statistical
significance of pair-wise comparisons using GraphPad PriSoftware

(http://www.graphpad.com/quickcalcs/ttest1.cfm).
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3. Results

3.1 The genomes dfl. tuberculosis and M. smegmatis contain multiple RNR-

encoding genes

Unlike eukaryotes, most bacteria contain genes encodang than one class of RNR
(Kolberg et al, 2004) and mycobacteria are not an exception. Simdaiwother
mycobacteria (http://rnrdb.molbiol.su.se), in additionthe class Ib RNR encoding
genesrdE (downstream and operonic modHI) andnrdF2, bothM. tuberculosigCole
et al, 1998) andvl. smegmatighttp://www.tigr.org/tigr-scripts/CMR2/possess a small
subunit-encoding gene homologous to that of the Chlamgidia$ Ic RNR (H6gborat
al., 2004), designated asdB (Figure 3.1A).M. smegmatiandM. tuberculoss NrdB
have the essential residues of the Chlamydial protatyding the iron ligands, second
coordination sphere ligands to histidines and the phenyteaniplace of the normal,
radical-harboring tyrosine residue conserved (Figure 3HBybomet al, 2004). Like
in M. bovis(Broschet al, 2007; Garnieet al, 2003),M. tuberculosisalso contains an
alternate class Ib R2 subunit-encoding geme&lF1 as well as the class Il RNR-
encoding genenrdZ (Cole et al, 1998; Dawest al, 2003), wherea$l. smegmatis
mc?155 has duplicate copies of tmedHIE and nrdF2 genes, which reside on an
IS1096flanked 56 kb duplication (Warnet al, 2006) (Figure 3.1A).

The deletion ofnrdZ had no effect on growth or survival ®f. tuberculosisunder
conditions of hypoxia in which expression of the genedsiced (Voskuikt al, 2003),

or on virulence in mice (Dawest al, 2003). The presence of multiple class | RNR
small subunit encoding genes in these mycobacteria ssgipastthey may be able to
modulate RNR subunit composition under various environah@oinditions. Of these,
only nrdF2 has been demonstrated to be essential for aerobiclgodM. tuberculosis
H37Rvin vitro (Daweset al, 2003).
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nrdB nrdH nrdl nrdE nrdF2
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M tuberculosis = - MTRTRSGSLAAGGLNWASL------ ----PLKLFAGGNAKF
M snegmatis 000 - MTRTHFDSIRAGGLNWSSL--- == PLKLFAGGNAKF
Chl anydi a trachonati s MQADILDGKQKRVNLNSKRLVNCNQVDVNQLVPIKYKWAW EHYLNGCANN
M tubercul osis WHPADIDFTRDRADWEK--LSDDERDYATRLCTQ FIAGEEAVTEDIQPFM
M snegnatis WDPADIDFSRDRADWEA--LTEREREYATRL CAEFIAGEEAVTKDIQPFM
Chl anydi a trachonati s WLPTEIPMGKDIELWKSDRLSEDERRVILLNLGFFSTAES = LVGNNIVLAI
¢
M tubercul osis SAMRAEGRLADEMYLTQFAFEEAKHTIOVFRMW! AVGISEDLHR------
M snegnatis SAMRAEGRLGDEMYLTQFAFEEAKHTOQWFRM WLDAVGVTDDLHS------
Chl anydi a trachonati s FKHVTN--PEARQYLLRQAFEEAVETHTFLYIGESLGLDE KEIFNAYNER
M tubercul osis -YLDDLPAYRQIFYAELPECLNALSADPSPAAQV RASVTYNHIVEGMLAL
M snegnatis -LIEEVPAYVQIFCEELPAALEALTSDPSPA AQVRASVVYNHVVEGMLAL
Chl anydi a trachonati s AAIKAKDDFQMEITGKVLDPNFRTDSVEGLQEFVKNLVGY  YIIMEGIFFY
M tubercul osis TGYYAWHKICVERAILPGMQELVRRIGDDERRH AWGTFTCRRHVAADDA
M snegnatis TGYYAWHRICVDRGILPGMQELVRRIGDDER RHMAWGTFTCRRHVAADDA
Chl anydi a trachonati s SGFVMILSFHRQ-NKMIGIGEQYQYILRDETIHLNFGIDL INGIKEENPG
v
M tubercul osis NWT-VFETRMNELIPLALRLIEEGFALYGDQPPF DLSKDDFLQYSTDKGM
M snegnatis NWA-VFETHMNELIPVALRLTQEGFALYGDD IPFGLEEGEFLQYSSDRGM
Chl anydi a trachonati s IWTPELQQEIVELIKRAVDLEIEYAQDCLPRGILGLRASM FIDYVQHIAD
¢
M tubercul osis RRFGTISNARGRPVAEIDVDYSPAQLEDTFADED RRTLAAASA-------
M snegnatis RRFGTISSARGRPLAEIDVDYTPLQLEDTFA DEDERALTAVKAAAAAAN-
Chl anydi a trachonati s RRLERIG-LKPIYHTKNPFPWMSETIDLNKEKNFFETRVI EYQHAASLTW

Figure 3.1 Chromosomal context of RNR-encoding genesMin tuberculosisH37Rv, M.
smegmatismc2155, andADRKIN (A, not drawn to scale) and multiple protein sewqgce
alignment of the NrdB fronM. tuberculosis M. smegmatisand Chlamydia trachomatigB,
http://align.genome.jp/sit-bin/clustalw). A: The genes are ehby arrows, with same color
denoting homologous genes. The gene annotations are taken from Tuberculist
(http://genolist.pasteur.fr/Tuberculist/) and are shown abovgehes. B: The position of the
phenylalanine which substitutes for the radical-harboring tyeosesidue found in other class |
(Nordlund and Reichard, 2006) small subunits is highlighteddniron ligands are highlighted

in yellow and highlighted in pink are the second coordination rephgands to histidines
(Hogbomet al., 2004). The triangles indicate the positions of the deletioheM. tuberculosis
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AnrdB mutant, whereas diamonds shows the positions of the deletitre . smegmatis
AnrdB::hyg mutant, as described in Section 3.2 below.

An M. smegmatisnc®155 derivative lacking the entire duplicated regiaRKIN),
hence containing only one copy of the class Ib RNR engogkenes (Figure 3.1A), had
no in vitro growth defect (Warneet al, 2006). However, the effect of the 56 kb
duplication in mé155 and its loss on the growth and/or physiology of AB&RKIN
mutant were not further investigated. Moreover, the tiancof nrdB and nrdF1 in
mycobacterial DNA metabolism under diverse stressfulditions has never been
studied. Understanding the regulation mechanisms of thews geight also facilitate
understanding their specialized roles, if any, in mycabadt DNA metabolism.
Moreover, with the exception dfl. tuberculosisnrdZ, which belongs to a group of
“‘dormancy” genes under the control of the DosR/S/T tamponent regulator system
(Robertset al, 2004; Voskuilet al, 2003), little is known of the mechanisms that
regulate the transcription of the othed genes in mycobacteria. To investigate these
issues, a genetic approach to analyze the functioreafrth-1 andnrdB genes and the
regulation of allnrd genes inM. tuberculosisand M. smegmatiswas adopted, as
described below.

3.2 The role of class Ic RNR in mycobacteria

3.2.1nrdB is dispensable for growth oM. smegmatis and M. tuberculosis in vitro

Unlike in Chlamydia (Roshiclet al, 2000), mycobacteria contain a gene encoding a
classical class Ib R2, NrdF2, in addition to one encodifiplamydial-type class Ic R2,
NrdB. The inability to delete thardF2 gene inM. tuberculosisin the absence of a
second (complementing) copy of this gene (Daeesl, 2003) suggested thatdB
cannot substitute fonrdF2 function in this organism under the conditions tested
During pathogenesidJ. tuberculosisencounters host antibacterial agents such as RNIs
and ROIs, which may have a DNA damaging or bactericiffaects by inhibiting
essential enzymes like RNR (Flynet al, 1998; Fontecave, 1998). Given the
biochemical characteristics of the Chlamydial clasRMNR (Jianget al, 2008b) and the
lifestyle of M. tuberculosisas an intracellular pathogen, it is tempting to speeulst
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NrdB may serve a specialized role in providing dNTPs undepagcular conditions
encountered in vivo, in particular, nitrosative strédss.test this possibilitynrdB was
targeted for deletion iM. tuberculosifH37Rv by using the pTBBKO suicide vector
(Table 2.2) for two-step allelic exchange to replace thd type nrdB allele with a
deletion allele. Inactivation of this gene yielded an unnthdeletion mutantAnrdB)

in which 722 bp of internal coding sequence was removedltirgsin elimination of
the phenylalanine residue at the normal radical-harboynegihe position and all of the
iron ligands residues essential for Chlamydial enzyniityc(Roshick et al, 2000;
Voevodskayeet al, 2006) (Figure 3.1B). To eliminate any complication thatdlass
Ib nrd gene duplication may have on determining the phenotyfacte ofnrdB gene
loss in M. smegmatisa hygmarked deletion-replacement mutant Mf smegmatis
(AnrdB::hyg was constructed in th&DRKIN strain rather than in wild type 55
using pASMBKO (Table 2.2) as a substrate for homologous recombmaf his
mutation deleted a 571 bp internal segment of the gese pahkring the phenylalanine
residue at the normal radical harboring tyrosine posdiad all the iron ligand residues,

and replaced this segment with a Hyg resistance mdfigaré 3.1B).

Mutants were phenotypically selected by blue-white ceddection followed by sucrose
counter-selection (Parish and Stoker, 2000) and genotypiatifirmed by Southern
blot analysis. Genomic DNA fronM. tuberculosisSCO (tmrdBSCO) and DCO
(AnrdB) recombinants and the wild type strain produced 5.3 kb and 3.3.%lxb and
4.6 kb cross-hybridizing bands, respectively, on a Southern (Bigure 3.2A and
Figure 3.2B), whilethe M. smegmatisSCO (sairdBSCO), DCO AnrdB::hyg and
parental strainADRKIN) produced 5.7 kb and 2.4 kb, 2.4 kb and 3.3 kb fragments,
respectively (Figure 3.2C and Figure 3.2D). Successful delatfonrdB in both
organisms confirms the dispensability of this gene formad growth in bothM.
tuberculosisandM. smegmatisThe growth rates in liquid culture of tMe tuberculosis
AnrdB (Figures 3.2E) andM. smegmatisAnrdB::hyg (Figures 3.2F) mutants were
indistinguishable from wild type.
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Figure 3.2 Construction and growth kinetics ®fl. tuberculosisand M. smegmatisnrdB

mutants A and C: Schematic representation of parental and thenialigles showing the
restriction enzyme sites and probes used for Southern fallytseém B: Southern blot analysis of
genomic DNA samples isolated frdvh tuberculosigarental (H37Rv), SCO (tbnrdBSCO) and
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DCO (AnrdB) strains digested witlsma and hybridized with tbnrdB-F1pR1p probe (Table
2.4). D: Southern blot analysis of genomic DNA samples tisdliromM. smegmatiparental
(ADRKIN), SCO (sirdBSCO) and DCOAnrdB::hyg) strains digested witNrul and hybridized
with smnrdB-F2R2 probe (Table 2.4). E: Growth curveAnfdB in comparison with H37Rv
under standard in vitro growth conditions. F: Growth curvAmfdB::hygin comparison with
ADRKIN under standard in vitro growth conditions. For grostiindies, low inoculum (OD600
~0.02) cultures were prepared by diluting stationary phasé&@0DB-3) pre-cultures in fresh
media and growth followed by determining viable cell counts (§Fver a period of 32 d (E)
or 90 h (F). Data represent average CFUs from three boalogiplicates and error bars indicate
standard deviations between the three cultures.

3.2.2nrdB is dispensable for competitive growth and long-term survivabf M.
smegmatis

To determine the effect oirdB loss on long-term survival &fl. smegmatisindividual
cultures ofAnrdB::hyg and its parentADRKIN were set-up in triplicate and CFUs
enumerated for a period of over 5 months. Both the mwad the parental strain
survived equally through 175 d (Figure 3.3A). Hence, no defdoh@term survival of
AnrdB::hygin pure culture was observed. The contributiommiB to the fithess oM.
smegmatidor competitive growth and long-term survival was then stigated by co-
culturing, in the absence of antibiotic selectianydB::hyg and its parental strain that
had been marked by integration of a Km resistance-ergqdasmid vector (pAINT,
Table 2.2, Table 2.JADRKIN::pAINT) at theattB chromosomal locus. Aliquots were
then plated on solid media supplemented with Hyg or &mmfutant and parental strain
CFU enumeration, respectively. Both strains grew (Fighi@B) and survived (Fig
3.3C) equally well in competition (Figure 3.3B and 3.3C). TioegegnrdB loss did not
result in any fithess cost for competitive growth aloehg-term survival ofM.

smegmatis
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Figure 3.3 Competitive growth and long-term survival &. smegmatisAnrdB:hyg A:
AnrdB::hyg andADRKIN were cultured individually and CFUs assessedfédréint time points
over a period of 175 d. B and C: Equal starting inoculumrotiB::hyg and ADRKIN::pAINT
were co-cultured in 7H9-GS media and CFUs determined far3fvé (B) or 175 (C) d. Each
data point data represent an average of CFUs from threxgic@ll culture replicates. Error bars
indicate standard deviations between the three cultures.
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3.2.3 The role oinrdB in nitrosative stress survival

A unique catalytic mechanism of NrdB (Voevodsk&yaal, 2005) has been proposed
to be responsible for the high tolerance to nitrosasiress in bacterial pathogens
carrying the class Ic RNR (Hogboraet al, 2004). To test this hypothesis in
mycobacteria, the effects of NO on growth or survafaghe M. tuberculosisAnrdB and

M. smegmatidnrdB::hyg mutants and their parental strains were assessed. Ttomoni
mycobacterial growth in the presence of NO, log-phadtures of M. smegmatis
AnrdB::hyg and ADRKIN were diluted in fresh 7H9-GS media supplemented with
different concentrations of an NO donor, GSNO, and gnoassessed after 24 h of
incubation. Survival oAnrdB andAnrdB::hyg in the presence of acidified Nab@as
assessed by incubating cultures in media containing inogeasincentrations of
acidified NaNQ (Firmani and Riley, 2002). Growth inhibition for boMDRKIN and
AnrdB::hyg could be observed for GSNO concentrations gigdnl and higher, with
2.7-3.2 logo growth inhibition observed at a concentration of 12pt¥ml (Figure
3.4A). However, no deferential growth in the presenc@8NO was observed between
the two strains (Figure 3.4A).

Both ADRKIN and AnrdB::hyg showed a similar trend in susceptibility to acidified
nitrite with 52 % survival at 24 mM NaNCand 0.01 % survival at 48 mM NaMO
confirming thatAnrdB::hyg was not impaired for survival during exposure to acidified
nitrite (Figure 3.4B). The survival of H37Rv in the presentedified nitrite was
similar to that reported previously, with 35 % survival ofsed at a concentration of 6
mM (Firmani and Riley, 2002). Arguing further against a role NrdB in nitrosative
stress survival irM. tuberculosisis the similarity in the survival of H37Rv and the

AnrdB mutant over the range of acidified nitrite concentretitested (Figure 3.4C).
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Figure 3.4 Susceptibility ofM. smegmati&\nrdB::hyg (A and B) andM. tuberculosisAnrdB

(C) to nitrosative stress. Growth ahrdB::hygin GSNO was assessed by growing cultures in
fresh 7H9-GS media supplemented with different conceatrstof GSNO for 24 h before
plating for CFU enumeration (A). Survival ahrdB::hyg (B) andAnrdB (C) in acidified nitrite
was assessed by incubating cultures for 24 h in 7H9-GS/7H3®media at pH 5.3
supplemented with different concentrations of NaNO2, faddwby plating and CFU
enumeration. Results represent an average from three ballogilture replicates, with
standard deviations indicated by error bars.
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3.2.4 The role oinrdB in RNR inhibition survival

HU inhibits class | R2 activity by scavenging the tyrosiadical in the R2 subunit
(Akerblomet al, 1981) and inhibition of the class Ib RNR (NrdEF) by HU basn
well documented (Torrenet al, 2005b; Yanget al, 1997). Even though the inhibition
of the Chlamydial class Ic enzyme by HU has also bepaorted (Roshiclet al, 2000),
the lack of a tyrosine catalytic radical in NrdB (Hogbet al, 2004) makes the
guestion of whether the class Ic RNR is less sengitividU as compared to class Ib
enzyme an intriguing one. Hence, the role of NrdB ircomacteria could potentially be
to serve the demand for dNTPs under the conditions WetE2 activity is completely
eliminated by tyrosine radical scavengers. To test tidssensitivity of both thanrdB
and AnrdB::hyg mutants to HU was assessed by plating stationary-pin@seshown)
and/or log-phase (Figure 3.5) cultures on solid media suppteohevith increasing
concentrations of HU, followed by CFU enumeration.

When included in solid media at a concentration of 9 mM, risulted in a 5.6 lag
CFU reduction ofM. tuberculosisH37Rv (Figure 3.5A), whereas HU at 10 mM
resulted in 3.5 log CFU reduction oADRKIN (Figure 3.5B). In both mycobacterial
species, deletion afrdB had no effect on susceptibility to HU. Although tieRKIN
strain was subsequently shown to be hypersensitive toréfiive to mél55 (see
Figure 3.14A below), deletion ofdB in theADRKIN background had no effect on HU
sensitivity (Figure 3.5B)nrdB was also found to be entirely dispensable for HU
susceptibility in M. tuberculosis(Figure 3.5A). When MIC values for HU were
determined by broth microdilution described by letal (Leeet al, 2003), values of
760 pg/ml were observed for bothnrdB and H37Rv, compared to 190-3g8/ml for
AnrdB::hyg and ADRKIN. These findings were further supported by the lack of
differential HU sensitivity betweennrdB::hyg and ADRKIN strains when growth and
survival in the presence of HU was assessed by CFU desdiom after 48 h
incubation in liquid media supplemented with different @niations of HU (Section
2.12, not shown).
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Figure 3.5 Susceptibility ofM. tuberculosisAnrdB (A) andM. smegmati&\nrdB::hyg (B) to
HU. Log-phase cultures of the mutant strains and theenpalrwild type strains were plated on
solid media supplemented with different concentrations ofadtl incubated until CFUs could
be enumerated. The data represent an average frombibiegical replicates, with standard
deviations between the cultures indicated by the error bars.

3.2.5 Effect ofnrdB loss on mycobacterial resistance to DNA damage

The requirement of dNTPs for DNA synthesis during DNAaie makes RNR an
essential enzyme to meet this demand. To investigate erhmtjtobacteria use a class
Ic enzyme for the supply of dNTPs for DNA repair sysibethe sensitivity of thisl.
tuberculosisAnrdB and M. smegmatisAnrdB::hyg mutants to MTC as a generalized
DNA damaging agent and their survival after UV irradiatiovere assessed.
Susceptibility testing to MTC was done by plating statigqghase (not shown) and/or
log-phase (Figure 3.6A and Figure 3.6B) cultures on solid magplemented with
different concentrations of MTC followed by CFU enuat®n (Section 2.12). Survival
following DNA damage induced by UV irradiation was assesby irradiating plated
serial dilutions of log-phase cultures at different tlyéncies and determination of the
percentage survival of irradiated cells vs. untreatedalsity CFU assessment.

MTC treatment reduced the viability of both H37Rv avd smegmatisstrains by

approximately 3.5 (Figure 3.6A) and 4.5 (Figure 3.6B)idogespectively, at a
concentration of 0..ug/ml. Similarly, when MIC values were determined using the
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broth microdilution protocol, values of 0.06 and 0.004-0.0d45nl were obtained for
wild type M. tuberculosiqfH37Rv) andM. smegmati&ADRKIN. Although the parental
strain of theM. smegmatig\nrdB::hyg mutant, ADRKIN, was subsequently shown to
be hypersensitive to MTC relative to its parent?186 (see Figure 3.14B below),
deletion ofnrdB in the ADRKIN background did not exaggerate the phenotype (Figure
3.6B).

Lack of differential susceptibility to MTC between mutrand parental strains
observed by the plate sensitivity assay and by MIC dwtetion was further
corroborated by the observation that growth and survivéieAnrdB::hyg mutant in
liquid media supplemented with different concentratiohd/®C was comparable to
that of the wild type, as measured by CFU assessmenstiaan). The effect of loss of
nrdB function on survival ofM. smegmatisor M. tuberculosisstrains following
exposure to UV irradiation was then assessed (Figure :16@G.aD). Exposure of the
parental andnrdB::hyg mutant ofM. smegmatiso UV irradiation at different fluencies
resulted in a survival pattern similar to that Mf smegmatismc®l55 reported
previously (Boshofkt al, 2003).However, unlikednaBE2::aph which was significantly
impaired for UV survival (Figure 3.6D), in agreement with poesi findings (Boshoff
et al, 2003), no significant difference in UV survival was obserigr M. tuberculosis
AnrdB (Figure 3.6C) oM. smegmatisAnrdB::hyg (Figure 3.6D) when compared to

their respective parental strains.
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Figure 3.6Sensitivity ofM. tuberculosisAnrdB andM. smegmatianrdB::hygto MTC (A and

B) and UV irradiation (C and D). A and Bt. tuberculosigA) andM. smegmati¢B) log-phase
cultures were plated on solid media supplemented with diffe@ncentrations of MTC. C and
D: Open plates on which serial dilutionsMf tuberculosiqC) andM. smegmatigD) cultures
were plated were UV irradiated in a Stratalinkerggigene) at increasing UV fluences up to 40
mJ/ci. The dnaR2::aph mutant was included in thél. smegmatisassay as a UV-
hypersensitive control (Boshoét al, 2003). All plates were incubated until CFUs could be
enumerated. The data shown are from three biologictireuleplicates plated in duplicates.
Error bars indicate standard deviations between the tuiages.
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3.2.6 The role oinrdB in M. tuberculosis growth, dissemination and survival in

mice

Understanding the mechanismshbf tuberculosisgrowth and survival in the host is of
utmost importance. Because NO is a key mediator afeliatkilling in the mouse
model of infection (MacMickinget al, 1997), a murine model of pulmonary
tuberculosis was used to investigate whethetB contributes to the growth and
survival of M. tuberculosisduring the various stages of infection in vivo. After augr

of immunocompetent B6D2/F1 mice were infected by the oodeaerosol inhalation
route with the wild type andnrdB strains, bacillary loads were followed in the lungs,
livers and spleens over a period of 126 d. From an initng hacillary count ota. 2.3
logio, the bacterial loads for both strains increased pssiyely to reach a steady-state
level ofca 6.0 logo (Figure 3.7A). Dissemination to the spleen could beatietefrom
14 d post infection, from which bacillary load increasednfioetween 2-2.7 lagto a
maximum ofca. 4 logyo for both the wild-type and the mutant (Figure 3.7B). Both
strains also showed dissemination to the liver from 14 d-pdection (Figure 3.7C).
Therefore, no attenuation for colonization of the neouisng, defects in chronic
infection in the lungs (Figure 3.7A) or in disseminattorthe spleen (Figure 3.7B) or
liver (Figure 3.7C) was observed for thardB mutant. In addition, no differences in
gross pathology were observed between the lungs infeateddhe mutant and wild-

type strain (not shown).
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Figure 3.7 Growth and dissemination ®. tuberculosisAnrdB in mice. Mice were infected

with wild type M. tuberculosidH37Rv and the\nrdB by aerosol inhalation. Bacillary loads in
the lungs (A), spleens (B) and livers (C) were determoast 126 d of infection period. Each
time point represents average CFUs from three mice aodtars indicate standard deviations

of bacillary count from three mice.
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3.3 The function of the alternate small subunit of class IIRNR in M.

tuberculosis

3.3.1nrdF1 is dispensable for growth oM. tuberculosisin vitro

In addition to the class Ib RNR small subunit, NrdF2ayes et al, 2003), M.
tuberculosisalso contains an alternate small subunit, NrdF1 (Yetrg, 1997). It has
been shown that the NrdF2 subunit is essential for tjraw vitro, leading to the
speculation thahrdF1 cannot substitute fanrdF2 function inM. tuberculosigDawes
et al, 2003). However the requirement ofdF1 under the various environmental
conditions encountered by the bacilli during its pathogendss never been
investigated. Even though no apparent biochemical activitihrdF1 was observed
(Yanget al, 1997), the finding thatrdF1 is expressed in vivo (Yanet al, 1997), is
highly expressed during exponential growth (Dawesl, 2003), and is induced by
DNA damage and translational inhibition (Bosheffal, 2004) suggested that NrdF1
might play a role in RNR function under specific caiwhs. To elucidate the function
of nrdF1 in M. tuberculosisannrdF1 null mutant with 883 bp sequence carrying the
radical-bearing tyrosine and electron path residues delet&as constructed by
homologous recombination using APBF1KO knockout construct (Table 2.2). A
genomic DNA digest from DCOAfrdF1) produced 3.4 kb and 1.5 kb fragments
compared to H37Rv which produced 4.3 kb and 1.5 kb and the &@BE1ECO) with

8 kb, 3.4 kb and 1.5 kb fragments on the Southern blot (Fig8reahd Figure 3.8B).
Successful deletion airdF1 supports the prediction that it is not essential forghn in
vitro (Dawes et al, 2003). Dispensability oinrdF1l for in vitro growth of M.
tuberculosiswas further validated by the indistinguishable growth kwsetif AnrdF1
and H37Rv when the growth was followed by OD (not shovmad) @FU enumeration
over a period of 32 d (Figure 3.8C).
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3.3.2 Requirement oinrdF1 in DNA damage, RNR inhibition and translation

inhibition survival

Upregulation ofnrdF1 in response to DNA damage (Bosheffal, 2004) led to the
speculation that NrdF1 may be used for dNTP provision duriNg\ Depair in M.
tuberculosis To investigate thisAnrdF1 was tested for susceptibility to MTC and UV
irradiation as compared to the wild type strain using presijodescribed methods. In
contrast, no significant differential susceptibilityasvobserved between the mutant and
the wild-type strain to either MTC (Figure 3.9A) or UVadiation (Figure 3.9B) under
all the concentrations or fluences testeddF1 has also been demonstrated to be
upregulated by treatment with fluoroquinolones (Boshetffal, 2004). Therefore,
sensitivity of AnrdF1 to Moxi, Cipro and Novo was determined by spotting assay,
where serial dilutions of cultures were spotted on eglatontaining increasing
concentrations of either compounds, followed by incobatintil the CFUs could be
enumerated (Section 2.12). The experiment was performdeast twice for each
compound. Similarly, no differential sensitivity tother Moxi, Cipro or Novo was
observed betweennrdF1l and H37Rv (not shown). Confirming the lack afirdF1
phenotype upon exposure to MTC and fluoroquinolones weseetiuivalent MIC
values for MTC, oflox and Novo for the mutant and H37Ruaiss, which were found
to be 0.06, 1.25 and 3.18/ml, respectively.

Upregulation ofnrdF1 in the presence of a translation inhibitor, STR (Béfskot al,
2004) was suggestive of an important function of NrdF1 in myatebal translation
inhibition survival. Therefore, to determine if this ie ttaseAnrdF1 sensitivity to STR
was determined by plating and the broth microdilution MiK3ag (Section 2.12)
compared to the wild type strain. However, after plaangdifferent concentrations of
STR and enumerating CFUs, no differential growth irtlohiwas observed between
the mutant and the wild-type strain (Figure 3.9C). Simyiléadth the mutant and the
wild-type had equivalent MIC values for STR (1&%ml).
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Figure 3.9 Susceptibility ofM. tuberculosisAnrdF1 to MTC, UV irradiation, STR and HU.
Serial dilutions of log-phase cultures were plated on sokdia supplemented with different
concentrations of MTC (A), STR (C) or HU (D). B: Sty to UV damage. Open plates on
which serial dilutions were plated were UV irradiated amclbated until CFUs could be
enumerated. The wild-type data on A, B and D isstli@e data as on Figure 3.6A, Figure 3.6C
and Figure 3.5A respectively. Data represent CFU averages three biological replicate
cultures plated in duplicate. Error bars indicate stahdaviations.
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To investigate whetharrdF1 plays any role in dNTP supply, the ability mfirdF1 to
grow under RNR inhibiting conditions was assessed bynglam HU-containing plates
at different concentrations and by MIC determinatioowver, both the mutant and
the wild-type strain showed no differential susceptipitt HU on the plating assay
(Figure 3.9D) and MIC determination, with both having a HUCNIf 760ug/ml.

3.3.3 Effect ofnrdF1 loss onM. tuberculosis growth, dissemination and survival in
Vivo

The possibility oinrdF1 being used for adequate dNTP supply during the pathogenesis
of M. tuberculosisn vivo remained to be unexplored. In this work, a mauséel of
pulmonary tuberculosis using immunocompetent B6D2/F1 mice wsad to address
this question. Mice were infected through the respiratorte with the H37Rv and
AnrdF1 strains. Ability to initiate an infection, growth, sitwal and dissemination of
the bacilli in the lungs, spleen and livers were moadasver a period of 126 d by CFU
assessment. The bacterial load increased from aialiiing bacillary count of
approximately 2.3 log to ca 6 logio CFUs/lung (Figure 3.10A). CFUs in to the spleen
could be detected from 14 d post infection, and increasedZréro the maximum of
ca4 logo CFUs/spleen (Figure 3.10B). Dissemination in to the livas detected from
14 and 28 d post infection for H37Rv amdhrdF1 respectively(Figure 3.10C).
However, deletion ofirdF1 did not attenuat®. tuberculosisfor initiation of infection,
growth and survival in the lungs (Figure 3.10A) or in dissetimnato the spleen
(Figure 3.10B) or liver (Figure 3.10C). No differences in grpsshology were
observed between the lungs infected with the mutanwédetype strain (not shown).
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Figure 3.10Growth and dissemination of tlierrdF1 mutant ofM. tuberculosisn mice. Mice
were infected through the respiratory route witBi7Rv or AnrdF1 and organ bacillary loads
were determined over a period of 126 d. Each time point remethe average bacillary counts
in the lungs (A), Spleen (B) and livers (C) from threeeniThe same wildtype data as in Figure
3.7 was used. Error bars indicate standard deviations betives mice.
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3.4 Collective roles ohrdB and nrdF1 in M. tuberculosis

3.4.1 Construction of a mutant strain ofM. tuberculosis lacking both nrdF1 and

nrdB

The lack of phenotype of thenrdB andAnrdF1 mutants under all the conditions tested
led to the speculation that both genes could be fulbgtituting one another’s function
in M. tuberculosisand hence, obscuring the possible effects of individsalipiiion. In
S. cerevisiaethe RNR small subunit is a heterodimer of two peptides, RNR4 and
RNR2, which complex with one another to form a fumadil enzyme with the large
subunit (Huang and Elledge, 1997; Perlstial, 2005). To investigate whether NrdF1
and NrdB may be functionally redundant or functionalNated, a mutant oM.
tuberculosiswith deletions in botimrdB andnrdF1 was constructed by electroporating
p2ATBBKO into theAnrdF1 mutant and isolating anrdF1AnrdB double mutant by
two-step selection, as previously described (Parish arkk6t2000). ThardB allele
was genotyped by Southern blot analysis (Figure 3.11A and Rglt8), and deletion
of nrdB confirmed by the presence of a 3.9 kb cross-hybridising beshdlfserved in
the AnrdB single mutant, Figure 3.2D), as opposed to a 4.6 kb bandycthastic of
the wild typenrdB allele. The disruption afrdF1 in the AnrdF1AnrdB double mutant
was also re-confirmed by Southern blot analysis (notvenoAs observed in the single
mutants, disruption of botlwrdF1 andnrdB did not have any effect a. tuberculosis
growth in vitro (Figure 3.11C).
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Figure 3.11Deletion ofnrdB in the M. tuberculosisAnrdF1 background and growth of the
AnrdF1AnrdB double mutant in vitro. A: Schematic representationrdB parental and deleted
alleles showing the restriction enzyme sites and probesfas&buthern blotting. B: Southern
blot analysis of genomic DNA samples isolated from H37RmrdB and AnrdF1AnrdB
digested withSmd and hybridized with the tbnrdB-F1pR1p probe (Table 2.4). C: A drowt
curve showing the growth kinetics ardF1AnrdB in comparison with H37Rv. The same
wild-type data as on Figure 3.8C was used. CFU averages tinree biological replicate
cultures plated in duplicate were used to plot the grapits error bars indicate standard
deviations between the three cultures.
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3.4.2 Comparative susceptibility of theAnrdF1AnrdB mutant of M. tuberculosis to

DNA damage and HU

The question of whether tlmedF1 andnrdB genes have redundant roles in the survival
of M. tuberculosis following DNA damage was a major focus of this study.
Susceptibility of theAnrdF1AnrdB mutant to DNA damage was assessed by monitoring
its sensitivity to MTC and UV irradiation. Howevatisruption of both genes did not
result in any defects in growth in the presence of mimmgFigure 3.12A) or survival
post UV irradiation (Figure 3.12B). To further phenotype tti@ible mutant, the
redundancy ofnrdF1 and nrdB function in M. tuberculosissurvival under RNR
inhibiting conditions was assessed by comparing the Hteptibility of AnrdF1AnrdB

to that of the wild-type strain. However, no significaifference in CFUs between
H37Rv and the mutant strain was observed over the rardj@@toncentrations tested
(Figure 3.12C).

The fact that individual or combined loss of both ali¢erclass | small subunits, NrdB
and NrdF1 (this study) or loss of the class Il RNRd&(Daweset al, 2003) did not
impair M. tuberculosisfor DNA damage survival, and/or RNR inhibition survival, in
vitro and in vivo growth, argue against the hypothesis tlatatternate RNRs play a
significant role in dNTP supply under the conditioestéd and suggest instead that the

class Ib enzyme, NrdEF2, alone can serve this need.
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Figure 3.12Sensitivity ofM. tuberculosisAnrdF1AnrdB to MTC (A), UV irradiation (B) and
HU (C). Serial dilutions of log-phase cultures were gdabn solid media supplemented with
different concentrations of MTC (A) or HU (C). B: Opplates on which serial dilutions were
plated were UV irradiated and then incubated until CEtldd be enumerated. The wild-type
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bars.
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3.5 The role of the duplication in class Ib RNR-encoding ges in the
physiology ofM. smegmatis mc*155

3.5.1 The remaining copy ohrdF2 in the ADRKIN strain is essential for growth

To investigate the role afrdF2 in mc155, we attempted to constructhggmarked
knockout mutant iIMDRKIN with an internal segment of 678 bp encoding thecedd
bearing tyrosine and most of the electron path residug® ardF2 gene eliminated by
allelic exchange mutagenesis using\BRF2KO (Table 2.2) as a substrate. However,
all 89 white colonies obtained from several selectiomssacrose plus X-gal where
found to besacB-lacZmutants. The fact thall. smegmatisnc?155 NrdF2 shares 93.4
% sequence identity with the M. tuberculosis H37Rv  homologue
(http://cmr.tigr.org/cgi-bin/CMR/) suggests that they arkeelli to be functionally
equivalent. To determine whether failure to obtain D@@s due to the essentiality of
the single nrdF2 gene remaining in theADRKIN mutant background, a SCO
recombinant ADRKINSCO, Table 2.1) was complemented with a copy @&f h
tuberculosis nrdFZyene with its promoter delivered on the integrating ve@eRDF2
(Table 2.2) (Daweset al, 2003). This resulted in the construction of
ADRKINSCO::pNRDF2 strain (Table2.1), which was then grownliquid culture
without selection before selection for DCO mutants layimg on antibiotic-containing
plates (Parish and Stoker, 2000).

The DCO QADRKINnrdF2:hyg:pNRDF2, Table 2.1), ADRKIN and the
ADRKINSCO::.pNRDF2 strains were analyzed by Southern blotalyars.
ADRKINNrdF2::hyg:pNRDF2 produced 1.4 kb and 0.8 kb cross-hybridising bands
corresponding to theyg-marked deletion allele, and a 4 kb band correspondirigeto
complementing gene compared to 2.1 kb and 1.4 kb bandsDRKIN, which
correspond to the wild-type allele, and 4.5, 4, 3.1, 1.4, @8dkb bands in the
complemented single crossover strakDRKINSCO::pNRDF2 (Figure 3.13A and
Figure 3.13B). This analysis confirmed the deletion of rgm@aining chromosomal
copy ofnrdF2 in ADRKIN in the presence of functionatdF2 gene located elsewhere

on the chromosome. The fact that DCO mutant8RKIN could only be obtained in
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the presence of a complementimglF2 allele are consistent with previous observations
in M. tuberculosisH37Ryv, in which complementation was used to demonsthate t
nrdF2 is essential under normal in vitro growth conditigpaweset al, 2003). These
findings also confirm that the alternate, class leeR2oding genenrdB, is unable to
substitute fomrdF2 function for growth oM. smegmatis

3.5.2 One copy ofirdF2 is dispensable for growth oM. snmegmatis mc*155

To investigate the effect, if any, of the duplicatiorciass Ib-encoding RNR genes in
M. smegmatismc®155, a knockout mutant lacking only one copy rotiF2 was
constructed using pSMF2KO as a substrate for homologous recombination. The
presence of &dyg-marked deletion alleledordF2::hyg) represented by a 0.8 kb cross-
hybridising fragment in the Southern blot, in additiorbtmds of 2.1 kb and 1.4 kb in
size (Figurer 3.13A and Figure 3.13C), which correspond to tldetype nrdF2 allele,
confirmed the genotype of thenrdF2::hyg mutant (Table 2.1). The genotype of this
mutant was further confirmed by gRT-PCR analysis of thellef nrdF2 expression
using RNA samples from three biological replicatesafly log-phase (Odgp ~0.3)
cultures. This analysis confirmed that, similarADRKIN, which showed a relative
nrdF2 expression level of 0.6 (P < 0.1) normalizedstgA AnrdF2:hyg showed a
relativenrdF2 expression level of 0.5 (P < 0.1, Table 3.1). This levelpproximately
half of that observed in mMit55, which carries two functional copies mfidF2. The
successful disruption of one of the copiesafF2 in m155 suggests that thmedF2
duplication of class Ib RNR-encoding genes has no appaffsdt on growth. This
finding is consistent with the fact that loss of thetire 56-kb duplication (which
resulted in the formation of ttEDRKIN mutant from m&155) had no effect on growth
(Warneret al, 2006).
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Figure 3.13 Deletion of nrdF2 in the ADRKIN and m¢®155 strains ofM. smegmatisA:
Schematic representation of parental &yd-marked deleted alleles @irdF2 showing the
restriction enzyme sites and probes used for SoutherimgloB and C: Southern blot analysis
of genomic DNA samples isolated from parental, SCO an@ Bttains digested witNrul and
hybridized with the smnrdF2-F1R1 probe (Table 2.4).

103



3.5.3 Loss of the duplicated region dfl. smegmatis mc*155 affects susceptibility to
DNA damage and HU

It has been previously shown that the genome duplicatiomd155, which contains 50
genes other than those for the class Ib RNR, doeslaptny significant role in growth
of M. smegmatisinder normal conditions (Warnet al, 2006). To further investigate
the physiological effect of loss of the duplicated ragithe ADRKIN strain was
assessed in terms of sensitivity to RNR inhibition by hid to DNA damage by MTC
treatment and UV irradiation, as described previouSheatment with MTC at 0.1
ng/ml resulted in a 2.6 lagkill of mc?155 (Figure 3.14B). Treatment of f65 with
HU at 9 mM had no effect on viability, whereas 12 mM Hidulted in a ca. 0.4 leg
kill (Figure 3.14A). Interestingly, in comparison with 7h65, theADRKIN showed
marked hypersensitivity both to HU and MTC, with a 2.8 ddgcrease in killing by 9
mM HU (Figure 3.14A, P<0.0001) and 2.2 igancrease in killing by 0.1g/ml MTC
(Figure 3.14B, P<0.01) being observed. This was supported by theioedndhe MIC
values for HU and MTC oADRKIN from the wild-type values of 760 to 190-380
ug/ml (2-4 fold reduction) and 0.03-0.06 to 0.004-0.@d%aml (4-16 fold reduction),
respectively. Unlike the UV-hypersensitig@aE2::aph control (Boshoffet al, 2003),
the ADRKIN strain displayed no hypersensitivity to the cytatoeffects of UV
irradiation compared to its parental wild type (Figure 3.14d)wever, preliminary
data have shown that tA®RKIN strain is also hypersensitive to other agents inofydi

Rif, oflox and Novo (data not shown).
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Figure 3.14 Sensitivity of ADRKIN to HU (A), MTC (B) and UV irradiation C. For thdU
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biological culture replicates. Error bars indicate tlamdard deviations.
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3.5.4 The role ofnrdF2 duplication in M. smegmatis survival on exposure to HU

and DNA damage

To investigate whether the observed hypersensitivitADRKIN to HU could be
explained by the loss of one set of class Ib RNR gehes\nrdF2::hyg mutant was
assessed for sensitivity to HU by the plating asdmportantly, as observed for
ADRKIN (Figure 3.14A), theAnrdF2::hyg mutant showed hypersensitivity to HU with
2.1 log, increase in killing compared to M&5 observed at a drug concentration of 9
mM (Figure 3.15A, P<0.0001). As described above, previous watlcbafirmed that
the M. tuberculosis nrdFZxpressed from its own promoter in pPNRDF2 was able to
complementnrdF2 gene function inM. smegmatis(Figure 3.13B). Therefore, to
confirm whether the HU hypersensitivity of tienrdF2:hyg mutant was due to
insertional inactivation of therdF2 gene, a vector carryiniyl. tuberculosisH37Rv
nrdF2 homologue (pPNRDF2, Table 2.2, Dawetsal, 2003) was integrated at th&B
locus of AnrdF2:hyg to produce AnrdF2:hyg:pNRDF2 (Table 2.1), which was
assessed for HU susceptibility. Partial complementatiotine HU hypersensitivity of
AnrdF2:hygwas observed (Figure 3.15A). In addition, the 2-4 fold redodh the HU
MIC for AnrdF2:hyg (190-380ug/ml) compared to the wild type strain (7@0/ml)
was also partially reversed by genetic complementatitmtive M. tuberculosis nrdF2
gene via pPNRDF2 (MIC = 380g/ml).

To investigate whether two copies midF2 are important to meet the dNTP demand
during DNA repair, theAnrdF2::hyg mutant was also tested for sensitivity to MTC and
UV irradiation using the plating assay (Section 2.12 $action 2.13). However, unlike
ADRKIN, which was also hypersensitive to MTC (Figure 3.14B¢, susceptibility of
AnrdF2:hyg to MTC was indistinguishable from that of the wild-typieain (Figure
3.15B). Therefore, the hypersensitiviiy aADRKIN to MTC could not be linked
specifically to loss of the second copy midF2. However, likeADRKIN, no UV
survival phenotype was observed withrdF2::hyg as compared to the wild type and
dnaR2::aphcontrols (Figure 3.15C).
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3.6 Expression ohrd genes inM. tuberculosis and M. smegmatis strains

In StreptomycesprdAB was upregulated 13-fold in responsentdJ deletion, and was
consequently proposed to compensatenfdd loss (Borovoket al, 2004). The lack of
discernable growth phenotypes for therdB::hyg AnrdF2:hyg mutants of M.
smegmatisand AnrdB, AnrdF1, and AnrdF1AnrdB mutants ofM. tuberculosiswas
suggestive of the presence of a regulatory responsetiaffethe expression of the
remaining R2-encoding genes. This was investigated by qRT-PGR/sas to
determine the expression levelsrotiF2 nrdF1 andnrdB , normalized tcsigA in the
various mutants under standard growth conditions. In asinto the observation in
Streptomyces, individual or combined deletion the RNRIIssadunit-encoding genes
did not affect the expression of the remaining geneBl.inuberculosis(Table 3.1).
Similarly, loss ofnrdB or one copy ofnrdF2 did not affect the expression of the
remaining gene itM. smegmatigTable 3.1). This observation nullifies the hypothesis
that mycobacteria may obscure the effechB or nrdF1 loss by transcriptionally

regulating the remaining small subunit encoding genes.

Despite the occurrence of three distinct R2-encodingggend. tuberculosisthere is
only one class | RNR large subunit encoding gene in thlganism, namelynrdE
(http://rnrdb.molbiol.su.se). This suggests that all thiR8e, NrdF2, NrdF1 and NrdB,
must compete with one another for access to the &rigenit, NrdE, to form different
class | RNRs. To determine whether NrdE levels mag liting factor in this regard,
comparative transcript levels of the variausl mMRNAs in wild typeM. tuberculosis
during early log-phase growth were determined by real-time-gR. ThenrdE gene
served as target sequence for tindHIE gene cluster which is likely to constitute an
operon in this organism (Fig. 3.1A). As shown in Table 3.2ntE andnrdF2 genes
were expressed at comparable levels to one another dhisnghase ofl. tuberculosis
growth. In contrast, the levels of expressiom@i1 andnrdB were considerably lower

thannrdF2 (4- and 6-fold, respectively).
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Table 3.1Analysis of the remaining small subunit encodimg genes expression in
mycobacterial mutant strains

Strains Normalized gene expression relative to wild type
nrdF1 nrdF2 nrdB

M. tuberculosis
H37Rv 1 1 1
AnrdF1 ND 1.6£0.7 1.2+ 0.6
AnrdB 1.2+ 0.6 2.1+ 0.7 ND
AnrdF1AnrdB ND 1.1+04 ND

M. smegmatis
mc155 N/A 1 1
AnrdB::hyg N/A 0.5+ 0.2* ND
AnrdF2:hyg N/A 0.5+ 0.1* 1.0+ 0.2

*Significantly different (P<0.1). The statistical sifjoance is based on a pair-wise
comparison using the unpairetest, ND-Not done, N/A-Not applicable

Table 3.2 Levels of nrd gene transcripts inM. tuberculosisH37Rv during early
logarithmic-phase aerobic growth in 7H9-OADC medium

Organism Level of nrd gene transcript relative tosigA®

nrdE nrdF2 nrdF1 nrdB
M. tuberculosis 5.2+ 0.9 5.1+ 0.2 1.4+0.1 0.91+0.34
H37Rv

®Expression levels were measured in cultures a§D0.3
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3.7nrdR homologues and NrdR boxes are present in mycobaciz

Since its identification in Streptomyces, homologoénrdR have been identified in
other organisms and the function of its encodedemp NrdR, as a negative
regulator ofnrd gene expression demonstrated (Borogbkl, 2002; Rodionov and
Gelfand, 2005; Torrentst al, 2007). To identifynrdR homologues iM. smegmatis
andM. tuberculosisS. coelicolornrdR was used as a query sequence in a BLAST
search against th&1. smegmatism¢155 andM. tuberculosisH37Rv genome
sequences (http://tigrblast.tigr.org/cmr-blast/ydR homologues with 65.8 % and
66.9 % amino acid sequence identity $o coelicolorNrdR were found inM.
smegmatiSsMSMEG_2743) andM. tuberculosis(Rv2718c), respectively (Figure
3.16A). Homologues were also identified in all seqeed mycobacterial genomes
including M. leprae (http://cmr.tigr.org/cgi-bin/CMR). Multiple proteirsequence
alignment of the NrdRs fronM. tuberculosisand M. smegmatisagainst theS.
coelicolor NrdR reference clearly shows that both two esakstieptomyces NrdR
domains, namely, the Zn ribbon and ATP-cone aré egeiserved (Figure 3.16B)
(http://align.genome.jp/sit-bin/clustalw). Howevehere are notable differences in
the genomic context ofrdR between Streptomyces and mycobacteria. Unlik®.in
coelicolor wherenrdR is immediately adjacent t@xA in M. tuberculosisand M.
smegmatisa LexA-regulated gene is located betwéstA andnrdR (Rv2719c in
M. tuberculosisand MSMEG_2742 inM. smegmatj)s Another distinguishing
feature of the mycobacterial homologues is thay #ére not proximal to otherrd
genes, unlike the organization in Streptomyces reshR is immediately upstream
of the class Il RNR-encodingdJ gene (Fig. 3.16A).

Bioinformatic analyses (Rodionov and Gelfand, 208b&pggested that both the
nrdHIE gene cluster and thedF2gene in mycobacteria may be regulated by NrdR
given the presence of canonical NrdR boxes upstfamdH andnrdF2, which are
highly conserved among the mycobacteria. Interglstithe mycobacterial NrdR
boxes were specifically associated with class ltedimg RNR genes (Fig. 3.16C
and 3.16D) and were not found upstreamrnadB, nrdF1 or nrdZ in any of the

sequenced mycobacteria harboring one or more sétpenes.
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M tubercul osis GACGG-TCGCTGCGGCGAACTAGCCGGCGAAACAGGCGAGCGG2ATG
M bovis GACGG-TCGCTGCGGCGAACTAGCCGGCGAAACAGGCGAGCGG2ATG
M | eprae GCCGC-TCACGGTGGCTAATTAGGTGGC----TGGGCTAGTCGACAGGPAA
M ul cerans CCTG--TAGC-GCGGCTGCCCTGGATTC----CGGGCCGCTTGGTTGGXIBC.
M mari numr CCTGG-TAGC-GCGGCTGCCCTGGATTC----CGGGCCGCTTGGTTGS!
M smegmati s GGTGAAACGCCACGTCGCGCTTGCGGAG---TTCGCGTGTGAACGGGE
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Figure 3.16 Genomic organization ofirdR in M. smegmatisand M. tuberculosisin
comparison t&. coelicolor(A), multiple protein sequence alignment\bf tuberculosisand

M. smegmatisgainstS. coelicolorNrdR (B) and putative NrdR boxes located upstream
mycobacteriahrdHIE (C) gene cluster and tmedF2 gene (D). A: The genes are denoted

by

arrows

and the

annotation (http:/ftigrblast.tgy/cmr;

http://genolist.pasteur.fr/Tuberculist/) is showeldw the genes. The same fill colors
indicate homologues in both organisms (http:/Amshtigr.org/cmr-blast/), withnrdR
denoted by a solid black fill effect. B: Deletiomgitions inM. smegmatiqe) and M.
tuberculosis(V¥) are shown. Highlighted in pink is the Zn ribboonthin with conserved
two pairs of cystein and four consecutive argimesiduesHighlighted in red is the ATP
cone. C and D: Putative NrdR boxes located upstr@gamycobacteriahrdHIE (C) gene
cluster and therdF2 (D) gene are bold and highlighted and were idetibased on the
consensus palindromic sequence, acaCwAtATaTwGigdli(Riov and Gelfand, 2005).

3.7.1nrdR function in growth and long-term survival of M. smegmatis and M.

tuberculosis

To date,nrdR homologues have been identified in several migpbatnrdR gene

function has only been well studied in Streptomy@sovoket al, 2004; Grinberg
et al, 2006) andE. coli (Torrentset al, 2007). To determine NrdR function in

mycobacteria, its encoding gene was targeted fl@tide in M. smegmatiandM.

tuberculosisusing the pASMRKO and pATBRKO constructs, respectively (Table

2.2). Southern blot analysis of tih@. smegmatiknockout mutant AnrdR:hyg)

revealed the presence of a 3.1 kb cross-hybridisargl compared to a 2.3 kb band
in the wild type and the 4.4 kb and 3.1 kb bandtheénSCO (8rdRSCO) (Figure
3.17A and Figure 3.17B). This genotypic analysisftms the deletion of 217 bp of

the M. smegmatisgene, so eliminating most of the ATP cone domaisidues

(Figure 3.16B), and the insertion ohgg resistance marker. Southern blot analysis
of the nrdR mutant ofM. tuberculosis(AnrdR) revealed a 3.2 kb cross-hybridising
band from the DCO in comparison to a 1.3 kb frordstype and both 3.2 kb and
1.3 kb bands from the SCO (HlRSCO) (Figure 3.17C and 3.17D). These data
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confirmed the deletion of a 215 bp segmeninaiR that encodes the ATP cone
(Figure 3.16B). Successful deletionm@@R in two mycobacterial species confirms
its dispensability for growth under the conditiotested. Both mutant strains
(AnrdR:hygandAnrdR) displayed growth indistinguishable from their gratal wild
type strains (Figure 3.17E and 3.17F). In additiwhenAnrdR:hygwas co-cultured
with mc®155 that had been marked with a Km-resistance getigered on the
PAINT vector (mé155:pAINT, Table 2.1), it did not show any compiegtgrowth
disadvantage (Figure 3.17G).

To determine the role ofirdR in long-term survival, individual cultures of the
AnrdR:hygand mé155 or mixed cultures afnrdR:hygand mé155::pAINT were
grown and CFUs enumerated periodically over a pesica. 5 months. Survival of
the AnrdR:hyg was similar to that of mit55 or mé155::pAINT in pure culture
(Figure 3.18A) and in competition (Figure 3.18Blggesting that the mutant
showed no long-term survival defect either in pewkure or in competition with the

wild-type strain.
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Figure 3.17Deletion ofnrdRin M. smegmatisandM. tuberculosisand growth kinetics of
the mutant strains. A and C: Schematic represemtaif parental alleles and the mutant
allele inM. smegmatisindM. tuberculosisshowing the restriction enzyme sites and probes
used for Southern blotting. B: Southern blot analysf genomic DNA samples isolated
from mé155, SCO (8rdRSCO) and DCOAnrdR:hyg) strains digested witBamH and
probed with smnrdR-F1R1(Table 2.4). D: Southerrt bBlalysis of genomic DNA samples
isolated from H37Rv, SCO (tihdRSCO) and DCOAnrdR) strains digested witBal and
hybridized with the tbnrdR-F2R2p (Table 2.4). E &ndn vitro growth ofAnrdR:hyg (E)
andAnrdR (F). G: Competitive growth afnrdR:hyg with mc155::pAINT.
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Figure 3.18Long-term survival of théV. smegmatissnrdR:hyg mutant in pure culture
(A) or in competition with mtd55::pAINT (B). To determine the long term surviaid
competition fitness of thanrdR:hyg mutant, this strain was grown in pure culture amd i
co-culture with m&155::pAINT. Samples were withdrawn periodically owe 175 d and
CFUs (differentially) enumerated. The data repregbree biological culture replicates.
Error bars indicate standard deviations betweerthifez cultures.
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3.7.2 Expression ofird genes in theM. tuberculosis AnrdR and M. smegmatis
AnrdR:: hyg mutants

As described above, NrdR has been shown to serz r&gative transcriptional
regulator ofnrd gene expression in other bacterial species (Bd&@toal, 2004;
Grinberg et al, 2006; Torrentset al, 2007). To investigate its role in the
transcriptional regulation afrd genes in mycobacteria, the expression levelslof al
nrd genes imnrdR:hygandAnrdR strains were determined by real-time gRT-PCR.
MRNA levels in total RNA samples isolated fromlgdog-phase (Olgy ~ 0.3)
cultures were analyzed and normalizeditpA copy numbers. Loss ofdR function

in both M. tuberculosisand M. smegmatigesulted in a significant increase in the
expression ofnrdE (2.8 and 4.9 fold inM. tuberculosisand M. smegmatis
respectively) anchrdF2 (3.1 and 3.7 fold inM. tuberculosisand M. smegmatis
respectively). Increased expression levels of battE and nrdF2 in the M.
smegmatia\nrdR:hyg mutant could be reversed to approximately the daneds as
observed in nfd55 by integration of the full lengtM. smegmatisnrdR gene
expressed from its own promoter via pPNRDR (Tablg Figure 3.19) to generate
AnrdR:hyg:pNRDR (Table 2.1). Loss afrdR function did not have any effect on
nrdB expression in either mycobacterium, orrmdF1 and nrdZ expression irM.
tuberculosis (Table 3.3). This observation confirms the preadictbased on
bioinformatic analysis that NrdR is a transcriptbnepressor of onlyrdHIE and

nrdF2 expression in these organisms.
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Table 3.3 gRT-PCR analysis ofird gene expression ianrdR:hyg and AnrdR
relative to their parental wild-type strains

Strain Normalized gene expression relative to wild type

nrdF1 nrdF2 nrdE nrdB nrdZ

M. tuberculosis
H37Rv 1 1 1 1 1
AnrdR 1.00£0.03 3.1+ 0.3* 2.8+ 0.4* 1.1+0.2 1.2+ 0.5
M. smegmatis
mc’155 N/A 1 1 1 N/A
AnrdR:hyg N/A 3.7+ 0.7* 4.9+ 0.8** 0.7+£0.2 N/A

Statistically significant differences are denotsdasterisks. *:P < 0.01; ** - P <
0.001. The statistical significance is based onpdie-wise comparison, by unpaired
t-test, of thesigA-normalized expression level of the gene of intereshe mutant
strainvs its parental wild-type strain.

Ln
Genomic DNA standard§
f—%

e
—-— — s e SigA

Figure 3.19 Semi-quantitative RT-PCR analysis ofdF2 and nrdE expression inM.
smegmatiAnrdR:hyg andAnrdR:hyg:pNRDR. cDNA fornrdF2 andnrdE quantification
was diluted 32x and 512x respectively, and was nsad forsigA quantification. A 2ul
aliquot was used as the template in apb@PCR reaction. Teml samples of the PCR
products were then analyzed by electrophoresis éh% agarose gel. Genomic DNA
standards represent 10-fold serial dilutiondosmegmatisnc’155 genomic DNA.

nrdR:hyg
AnrdR:hyg:pNRDR

A

= nrdF2
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3.7.3 Impact of up-regulation of class Ib RNR genexpression on resistance to
RNR inhibition and to DNA damage

Increasing the expression of RNR-encoding genedaaterial cells has been
suggested to compensate for RNR inhibition, therelsguing the cells from dNTP
starvation (Masalhat al, 2001; Torrent®t al, 2003). As described above, loss of
NrdR resulted in up-regulation of class Ib RNR gemeression irM. smegmatis
andM. tuberculosis To determine whether this conferred any advaniagerms of
dNTP starvation survival, the HU susceptibilities tbe AnrdR:hyg and AnrdR
mutants were compared to their respective wild tsfpains. However, CFU counts
from the surviving cells showed no significant eifntial sensitivities to HU
(Figure 3.20A and Figure 3.20B). Moreover, all stsashowed the same MIC for
HU (760 pg/ml). The phenotypic effect of de-repression aissl Ib RNR gene
expression on sensitivity to genotoxic stress Was tinvestigated by evaluating the
sensitivity of the mutants to MTC and UV irradiatioHowever, no differential
sensitivity to genotoxic stress was observed femtldR mutants (Figure 3.20C, D,
E and F).

3.8 Effects of altered class Ib RNR-encoding genexmession on

mutagenesis

Imbalances in dNTP pools have been shown to cantgegenic effects in other
organisms (Goret al, 2006a; Wheeleet al, 2005). To investigate if altered levels
of expression of class Ib RNR genes have any immactmutagenesis in
mycobacteria, the rates of spontaneous mutatiofoafr@quencies of UV-induced
mutation to Rif resistance were determined in Me smegmatisAnrdR:hyg,
AnrdF2::hyg and ADRKIN mutants and theM. tuberculosisAnrdR mutant and
compared to those of their respective wild typeist. As shown in Table 3.4,
mutation rates and/or mutation frequencies werg s@nilar across all strains, with
the exception of thednaE2:aph control, which was defective in UV-induced

mutation to Rif resistance, as expected (Bosabél, 2003).
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Figure 3.20Sensitivity ofM. smegmatianrdR:hyg andM. tuberculosisAnrdR to HU (A
and B), MTC (C and D) and UV irradiation (E and AD: M. smegmati¢A and C) andM.
tuberculosis(B and D) log-phase cultures were plated on swiétlia supplemented with
different concentrations of HU or mitomycin. E-Fpéh plates on which serial dilutions of
M. smegmati$E) andM. tuberculosigD) strains were plated were UV irradiated. Akfgls
were incubated until CFUs could be enumerated. Witietype data on B, D and F is the
same as on Figure 3.12C, A and B respectively. @&als from one representative of three
experiments with averages and standard deviatiehseen three technical replicates. The
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data in panel B-F is a representation of an avewdgtaree biological replicates, with
standard deviations between the cultures indidaydtie error bars.

Table 3.4Spontaneous mutation rates and UV-induced mutdtexquencies oM.
tuberculosisandM. smegmatistrains

Strain

Mutation rate Mutation frequency

(probability of

mutations/cell/
generation)

Untreated Measured 24 h post
UV irradiation

M. smegmatis

mc155 55x10° 4.8x10 3.2x10°
ADRKIN 6.3x10° 1.7x10 3.3x10
AnrdF2:hyg A4x10° 2.8x10’ 2.3x10°
AnrdR:hyg 8 2x10° 2.3x10' 3.0x10
dnaR::aph ND 1.4x10 6.1x10’
M .tuberculosis

H37RV \D 1.6x10° 6.8x10
AnrdR \D 1.7x10° 6.5x10
ND - Not done

Mutation rates are representatives from at leash ®wxperiments. Mutation
frequencies are an average of one experiment dothede biological replicates.
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4. Discussion

The occurrence of multiple RNR encoding genessimgle organism has led to the
speculation that different RNR isoenzymes are usefine-tune the provision of
dNTPs for DNA replication and repair under differeanvironmental conditions
(Borovok et al, 2002; Borovoket al, 2004; Jordaret al, 1999; Masalheet al,
2001). This is clearly exemplified in other orgamss such a¥. coli where the
nrdHIEF-encoded class Ib RNR has been speculated to operdée conditions of
oxidative stress and iron starvation survival, emtdDG-encoded class Ill RNR
functionally substitutes for the essenti@idAB-encoded class la RNR under oxygen
limitation (Monje-Casagt al, 2001; Reichard, 1993). Thectococcus lacti€lass

Ib enzyme has similarly been suggested to substifug class Ill enzyme under
hypoxic conditions (Jordaet al, 1996; Torrentet al, 2000). Most intriguing is the
RNR system oPseudomonas aerugingsahich contains genes encoding all three
classes of RNR. Even though the class Il enzyndendit show any evidence of
activity (Jordaret al, 1999), the class la RNR has a demonstrated motexygen-
rich conditions and the class Il enzyme operatefeutimiting oxygen and upon
class I RNR inhibition (Jordaet al, 1999; Torrentst al, 2005a; Torrentet al,
2006b). Another interesting finding was the disegvef nrdAB genes encoding an
oxygen-dependent class | enzyme in the anaeBdieeroides fragiliswhich led to
speculation that this form of RNR may be importémt oxidative DNA damage
survival (Smalleyet al, 2002).

The purpose of this study was to use a genetico@gprto investigate the functional
significance of the multiplicity of class | RNR slnaubunit-encoding genes in
mycobacteria in terms of growth in vitro and inaj\and in survival under a variety
of different stress conditions. Furthermore, a ra@e$m of transcriptional
regulation of RNR-encoding encoding genes by NrdRs wstudied in two

mycobacterial species.
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4.1 NrdB does not play a significant role in dNTP mvision in

mycobacteria

As a first line of defense against pathogens, thst immune system produces
several antibacterial agents including RNIs (Maddtifig et al, 1997; Nathan and
Shiloh, 2000; Nicholsoet al, 1996; Shiloh and Nathan, 2000) and ROIs (Adams
al.,, 1997; Nathan and Shiloh, 2000) which serve tbtké invading pathogen. In
addition to the 29 enzymes identified (Rleteal, 2005), the bactericidal effects of
RNIs include inhibition ofM. tuberculosisclass | RNR enzyme (by targeting the
tyrosine radical in the small subunit) (Fonteca¥®98; Royet al, 1995). M.
tuberculosisalso appears to sustain DNA damage in the humah (Rachmaret

al., 2006b), which could also be due to the actiorRbils (Darwinet al, 2003).
Supporting this notion is the demonstration thaiualeotide excision repair gene
uvrB is required forM. tuberculosisRNI resistance and DNA damage tolerance in
vitro (Darwinet al, 2003; Darwin and Nathan, 2005). Most importardigletion of
uvrB resulted in attenuation ™. tuberculosidor growth in mice and the phenotype
was reversed in INOS deficient mice (Darwin andhdat 2005). The base excision
repair genesthA ung andendwere also shown to lrequired forM. tuberculosis
survival in mice (Sassetti and Rubin, 2003). Furtlegidence supporting the
exposure of the tubercle bacilli to DNA damagin@rg in vivo is the requirement
of an SOS-regulated gengnaE2 which encodes a specialized DNA polymerase
that is involved in DNA damage tolerance and pégatsinfection in mice (Boshoff
et al, 2003). Together, these observations underscaenéed for an adequate

supply of dNTPs for DNA repair synthesis My tuberculosign vivo.

Identification and classification of the only RNR Chlamydia as a new type of
class | enzyme (class Ic RNR) based on its unigqugreatic features (Hogboet
al., 2004; Roshicket al, 2000) added to the complexity of RNRs, and gdedra
considerable interest in this sub-type of class NRR(Jiang et al, 2007b;
Voevodskayaet al, 2005; Voevodskayat al, 2006; Voevodskayat al, 2007a;
Voevodskayaet al, 2007b). In the class Ic RNR, the catalytic raHiaring
tyrosine residue in the small subunit, NrdB, is stiibted by phenylalanine.

Moreover, unlike the normal setting in the classar |b enzymes whereby the
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diiron cofactor (F&- F€¥) is used to oxidize the tyrosyl residue in the &RBunit,
which then oxidizes the cysteine residue in thesRBAunit, the class Ic R2, NrdB,
uses F8- Fd' to directly oxidize a cysteine residue in the ¢aubunit for the
initiation of substrate reduction (Hogboet al, 2004; Voevodskayat al, 2005;
Voevodskayaet al, 2006; Voevodskayat al, 2007a). More recently, the class Ic
enzyme was reported to also usé F&In'" as a cofactor, which is more effective
than a diiron cluster (Jiangt al, 2007b; Jianget al, 2008a; Voevodskayat al,
2007b). The unique mechanism employed by the Chdahylass Ic RNR was
hence suggestive of a potential survival strateggirest host-mediated nitrosative

stress in all organisms harboring a class Ic enzhigbomet al, 2004).

Unlike Chlamydia, which only possess a class I@tR? subunit (Roshickt al,
2000), mycobacteria with the exceptionMf lepraepossess a Chlamydial-like R2
homologue encoded by timedB gene in addition to at least one classical, class
R2 subunit. TheardB genes oM. tuberculosisand M. smegmatiencode proteins
that contain all of the essential residues of &xle R2 and expression analysis
confirmed that both are expressed albeit at a lawarscript abundance than the
class Ib R2 subunits. Together, these findings esiggl thanrdB might encode a
functional R2 subunit that could associate with Brtb form a class Ic RNR
(NrdEB) in mycobacteria. WhenrdB was targeted for deletion by homologous
recombination, DCO mutants were successfully obthin bothM. smegmatigsind
M. tuberculosisBoth mutants grew equally well in comparison vitthir respective
parental strains under normal in vitro growth ctinds. Hence, these observations
distinguish the mycobacterial NrdB from the essdr@ihlamydial protein (Roshick
et al, 2000).

Considerable efforts have been directed at tryjngnbdel conditions encountered
by the bacilli in vivo, with the aim of understandithe persistence of pathogenic
mycobacteria (Bettst al, 2002; Flynn, 2006; Gupta and Katoch, 2005; Hanngsh
et al, 2004; Wayne and Hayes, 1996). Several adapteehanisms have been
proposed, which include reduction of energy dem@pahl et al, 2003; Kusner,
2005; Primmet al, 2000; Shiet al, 2005) and a switch to the use of fatty acids as a

sole source of carbon (Kusner, 2005; Mufioz-Eliagl avicKinney, 2005;
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Schnappingert al, 2003). The observation that loss @B did not have any
impact on the long-term survival 8. smegmatisuggests that NrdB does not play
any role in stationary phase adaptatiorMofsmegmatisWhen cell populations are
exposed to unfavorable conditions, the most fit likkely to outcompete the unfit
population (Cohen and Murray, 2004; Gagneeixal, 2006a; Gagneuet al,
2006b). The fact that abrogation of NrdB functiad dot impairM. smegmatigor
growth or long-term survival in competition withetlwild type, argues against a

significant role for NrdB in fitness for growth af@hg-term survival.

In this study, the possibility of mycobacteria gsiolass Ic enzyme to survive
nitrosative stress exerted by the host was invatgdyinM. tuberculosisand M.
smegmatidy assessing the effect wfdB loss to mycobacterial sensitivity to NO.
However, botlAnrdB andAnrdB::hyg sensitivities to GSNO and/or acidified nitrite
were indistinguishable from those of the parertaliss. Similarly, determination of
the effect oinrdB deficiency onM. smegmatisind M. tuberculosissusceptibility to
genotoxic stress caused by MTC or UV irradiatiosufied in no differential
sensitivity between the mutant and the wild typeiss. These findings argued
against a significant role for the putative clas®RNR in nitrosative and genotoxic
stress tolerance in mycobacteria. HU is a classiesls | RNR inhibitor, which acts
by scavenging the enzyme’s catalytic tyrosine r@di€he absence of the tyrosine
radical in the class Ic RNR small subunit (Hogbeinal, 2004; Voevodskayat al,
2005; Voevodskayat al, 2006) raises a compelling question as to whether
intrinsic resistance of mycobacteria to HU may tiguenced by the presence of a
class Ic enzyme. However, thedB mutants showed no differential susceptibility to
HU as compared to their respective wild-type sganguing against a significant
role for NrdB in dNTP supply under the conditionswhich the class Ib enzyme is
inhibited.

Despite the hostile environment provided by the thosmune system,M.
tuberculosisis able to subvert the otherwise lethal effectsimiune effector
mechanisms to ensure its own survival (Hesteikal, 2005; Rengarajaet al,
2008; Vergneet al, 2004b). Studies investigating mechanisms involiredV.

tuberculosissurvival and persistence in vivo have providedcieduinformation on
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M. tuberculosigpathogenesis (Downingt al, 2005; McKinneyet al, 2000; Pandey
and Sassetti, 2008; Stoketsal, 2004). Considering the difference between thescla
Ic and the essential class Ib RNR catalytic meamar(Voevodskayat al, 2005;
Voevodskayaet al, 2006; Voevodskayat al, 2007b), it was tempting to speculate
thatM. tuberculosignay utilise a class Ic RNR for dNTP provision wiexposed to
hostile host defense mechanisms, in particularosative stress, which is generated
after the onset of the acquired immune responselftking et al, 1997; Nathan
and Shiloh, 2000; Nicholsoet al, 1996; Shiloh and Nathan, 2000). However, when
annrdB mutant ofM. tuberculosisvas used to infect immunocompetent mice and
bacillary loads followed, the mutant did not shomy aefects in establishing acute
or chronic infection in the lungs and disseminatiorthe spleen and liver. Because
nitrosative or genotoxic stresses are expectedetap in vivo, lack of a growth and
survival phenotype of thil. tuberculosis nrdBnutant in mouse lung was consistent
with the lack of phenotype under nitrosative sti@s$ DNA damaging conditions in
vitro. Together, these findings argue against aifignt role for NrdB, and hence,
for the putative class Ic RNR, NrdEB, in mycobaitesurvival in vivo. These
observations could be due to the fact that dufiegaicute phase of infection there is
little, if any, nitrosative stress (Nathan and 8hjl 2000; Smith, 2003), so during
this time NrdEF2 may be fully active to provide qdate dNTPs required for
growth. Nitrosative stress becomes abundant afteronset of acquired immune
response and thus, during the chronic phase odtinfe(Nathan and Shiloh, 2000;
Smith, 2003). However, during this time there isldi if any DNA replication
(Mufioz-Eliaset al, 2005). Therefore, even though NrdEF2 activity mhidpe
reduced by the effect of RNIs, the residual agtivitight be enough to serve the
relatively limited dNTP requirement for DNA repligan and repair synthesis during

the chronic phase of infection.

In E. coli, the class la and class Ib RNRs contain distagd subunits, NrdA and
NrdE, which associate with their respective smabwits to form a functional
enzyme (Jordan and Reichard, 1998). Despite thé¢ipleulclass | small subunit-
encoding genes in mycobacteria, there is only @teathble large subunit-encoding
gene,nrdE. Whether the class Ic NrdB subunit can competh thié class Ib NrdF2

for association with NrdE remains an intriguing sfien. To date, no functional
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studies on NrdB to probe its interaction with Nrdigd ability to form a functional
class Ic enzyme have been performed in mycobactEn@lack of phenotype of the
nrdB mutant strains ofM. smegmatisand M. tuberculosisunder any of the
conditions tested may be due to poor/inadequatecas®n of NrdB with NrdE or a
complete lack thereof. Despite the conservatioallodf the essential residues of a
class Ic R2, there is relatively weak homology amal chromosomal context
similarity between the NrdB ofhlamydia trachomatisnd that ofM. smegmatis
(23 % protein identity) and/. tuberculosis(31 % protein identity). Instead, the
Chlamydial NrdB shows stronger homology to the niaaterial NrdF2 with 46 and
45 % identity with NrdF2 fronM. smegmatisnc®155 andM. tuberculosisH37RYv,
respectively. However, unlik¢1. tuberculosisNrdF1, which shares 71 % amino
acid identity with NrdF2 (Yanegt al, 1997), the mycobacterial NrdB proteins show
little homology to the NrdF2 counterparts, raisifugther questions regarding the
ability of the mycobacterial NrdB to associate ornfi a functional enzyme with
NrdE. The finding that irM. tuberculosis nrdE transcript levels were relatively
similar to those ohrdF2 whereas the expression levelsnodB were 6-fold lower
than that ofnrdF2, suggests that NrdB may be out-competed for intiraavith
NrdE by NrdF2, resulting in the NrdEF2 form of tleeizyme predominating.
Finally, the chlamydial class Ic RNR has been reggbto use manganese as a more
effective cofactor than iron (Jiargg al, 2007b; Jianget al, 2007c; Voevodskayat
al., 2007b). Therefore, the lack of phenotype ofrildB mutants could also be due

to an insufficiency of manganese in the systemd.use

4.2 The alternate class Ib RNR (NrdEF1) does not @y a significant role
in dNTP supply in M. tuberculosis

A distinguishing feature dfl. tuberculosigs the presence in this organism of genes
encoding two distinct class Ib R2 subunits, namdiylF1 and NrdF2 (Yangt al,
1997). The transcriptional up-regulation oifdF1 in response to treatment with
DNA damaging agents and translational inhibitoreglBoff et al., 2004) suggested
that this alternate R2 subunit may serve a spstiadle in dNTP provision, for
example, for DNA repair synthesis. Precedent for ithea exists from recent studies

in mammalian system, which identified a second matfi@n R2 subunit (p53R2) as
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a DNA damage inducible protein with 80-90 % idgntt the normal R2 (Byuet
al., 2002; Nakanet al, 2000) and showed that it is involved in DNA reg&uittet

et al, 2001; Kimuraet al, 2003; Tanakat al, 2000; Yamaguchet al, 2001). The
alternate R2 subunit, p53R2, can interact withathly R1 subunit at the same site as
R2 to form a functional enzyme (R1p53R2) (Guitetal, 2001; Qiuet al, 2006;
Shaoet al, 2004), albeit with less affinity and hence, lassvity (Qiu et al, 2006;
Yenet al, 2006).

The successful deletion ofdF1 from the genome o¥l. tuberculosisand lack of
phenotype of the resultingnrdF1 mutant for growth in vitro confirmed the
dispensability ohrdF1 in M. tuberculosisthus differentiating it from the essential
nrdF2 gene (Dawe®t al, 2003). However, unlike in mammalian cells where t
disruption of p53R2 resulted in hypersensitivitydNA damage (Zhoet al, 2003),
and despite the upregulation midF1 by DNA damage treatments (Bosheff al,
2004), theAnrdF1 did not show any defects in DNA damage survivaaniinalian
R1p53R2 was reported to be less sensitive to Ho RER2 (Shaet al, 2004; Yen
et al, 2006). Whether NrdF1 could be used to compenfaténhibition of the
essential NrdEF2 enzyme by HU was determined bgsasyy the effect airdF1
gene loss on the susceptibility bf. tuberculosisHU. However, no differential
sensitivities were observed between the mutanttlaaadvild type strains. Similarly,
infection of mice with theAnrdF1 mutant resulted in no differential virulence
between the mutant and the wild-type strain argw@gginst a specialised role for
NrdF1 in dNTP provision under the conditions prémgiin vivo. Finally, loss of
nrdF1 had no effect on the sensitivity BE. tuberculosido streptomycin despite its
up-regulation in response to treatment with trar@ial inhibitors (Boshoffet al,
2004).

Similar to mammalian p53R2 (Guittet al, 2001; Qiuet al, 2006; Shacet al,
2004; Yenet al, 2006), NrdF1 has been demonstrated to interabt\WidE in vitro,
albeit with a weaker association than NrdF2 (Yanal, 1997). However, unlike
p53R2, which associates with R1 subunit to formarecfional RNR enzyme (Guittet
et al, 2001; Qiuet al, 2006), NrdEF1 did not exhibit any enzyme actiwtiien
tested (Yanget al, 1997). In addition to that, the lower levelrotiF1 expression in
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comparison to that afirdF2 observed in this study may reduce the chances of a
NrdEF1 enzyme predominating compared to the NrdHFR2refore, some or all of
these observations may account for the lack of gtype of AnrdF1 under the

conditions tested.

4.3 Effect of the 56-kb genomic duplication on thephysiology of M.

smegmatis mc*155

The effect (if any) of the 56-kb genomic duplication the physiology oM.
smegmatisnc®155 is a subject of considerable interest, butrmsbeen studied to
any significant extent. In this study, tA®RKIN strain, which is amM. smegmatis
mc?155 derivative lacking the entire duplicated regfevarneret al, 2006), and a
knockout mutant lacking one copy of a single genthe duplicated region, namely
nrdF2, were used to investigate the effect of duplicatd class Ib RNR-encoding
genes on the physiology ®d. smegmatisnc®155. Although one copy ofirdF2
could be disrupted iM. smegmatisnc’155, the same was not true in thBRKIN
mutant. The inability to inactivate the singkedF2 gene remaining iADRKIN
without a complementing copy of thM. tuberculosis nrdFZyene suggested that
nrdF2 is essential for growth in this background. Suppg this finding was the
demonstrated essentiality ofrdF2 in M. tuberculosis (Dawes et al, 2003).
Therefore, as irM. tuberculosis the nrdB gene is unable to substitute fordF2

function inM. smegmatis

The observation that deletion of the entire dupdidaregion rendered 55
hypersensitive to a wide range of compounds inolydRif and fluoroquinolones,
implicated the duplication in enhanced survival\f smegmatisnc155 under
diverse conditions of stress. The hypersensitiafyADRKIN to HU and MTC
triggered an investigation into the role of the ltzgtion of class Ib RNR genes in
this phenotype. Interestingly, insertional inactiva of only one copy ohrdF2 in
mc?155 resulted in specific hypersensitivity to HUggasting that the duplication
of class Ib RNR genes allows for increased survivader conditions of dNTP
starvation resulting from HU-mediated inhibitionRNR. The incomplete reversion

of HU hypersensitivity innrdF2 mutant by the complementing copy could result
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from the use of a heterologous gene which may eatduivalent tdl. smegmatis
nrdF2 in terms of expression and function. It could atsodue to the fact that the
complementing copy is out-of-chromosome contexéxgfression at thattB locus,
resulting in expression levels not restored topitwental levels. Although thedF2
gene is induced iM. tuberculosisdy MTC treatment (Bosho#t al, 2004; Rancet
al., 2003), halving thenrdF2 gene dosage did not affect the sensitivity Mof
smegmatisto this compound. Therefore, unlike HU, the hypasitivity of
ADRKIN to MTC could not be attributed to a reductiorRNR expression/activity.
It is possible that the hypersensitivity MDRKIN to MTC is attributable to halving
the dosage of another gene(s) carried on the d@updicregion of the M55
chromosome (Warnegt al, 2006). One possible candidate in this regadin® as
this gene encodes a putative PollV (DinB)-type,ariily DNA polymerase whose
orthologues are involved in translesion synthesIsS) across replication-blocking

lesions in other organisms (Jaregzal, 2007).

In Saccharomyces cerevisidbere are two RNR large subunit-encoding genes,
RNR1 and RNR3 (encoding Y1 and Y3, respectivelgrisiy ~ 80 % amino acid
identity) (Elledge and Davis, 1990) and two smalbsnit encoding genes, RNR2
and RNR4 (encoding Y2 and Y4 respectively, with @6amino acid identity)
(Huang and Elledge, 1997; Waeg al, 1997). RNR1 is essential and while RNR3
is not, it is highly inducible by DNA damage ancha@mplement RNR1 loss when
over-expressed (Domkiet al, 2002; Elledge and Davis, 1990). The small subignit
a heterodimer of Y2 and Y4 (Perlst@nal, 2005; Sommerhaltest al, 2004). Y4 is

50 amino acid shorter than Y2 and lacks 6 of 16dues including three iron
binding residues essential for catalysis and higidgserved in most R2 proteins
(Huang and Elledge, 1997; Wamg al, 1997). However, Y4 is required for the
assembly of the diiron-tyrosyl radical cofactor ¥2 (Nguyen et al, 1999;
Sommerhalteet al, 2004; Wanget al, 1997). In a recent study, RNR4 was shown
to be important for induced mutagenesis, corroleoraby reduced mutation
frequencies post UV irradiation in RNR4 null mutamd by HU treatment of the
wild-type strain. This was suggested to be a camsece of reduced dNTP pools in
the mutant (Liset al, 2008; Strausst al, 2007). Several other studies in viruses (Ji
and Mathews, 1991; Sargent and Mathews, 1987) akadrgotic cells (Daret al,
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1995; Hyodoet al, 1984; Songet al, 2003) have also showed that dNTP pool
imbalances affect DNA mutagenesis. Most importamitgmatic reduction of dNTP
pools in eukaryotic cells results in DNA repair ilmbion and hence increased levels
of mutations (Snyder, 1988). In contrast to thelifugs in other organisms, halving
the level ofnrdF2 expression iMDRKIN and AnrdF2::hygdid not result in change
in either spontaneous mutation rates or UV-induoadation frequencies. This
could be because the one NrdF2 remaining copy clguately balance and
maintain the dNTP pool essential for DNA repair. ri@borating this is the
observation that the 56 kb duplicated region in*186 is dispensable for DNA
replication duringM. smegmatigrowth (Warneret al, 2006), under which dNTP
pools demand is expected to be higher than durMg Bepair.

4.4 M. tuberculosis dNTP supply is provided exclusively by NrdEF2

activity

In S. cerevisiagloss of RNR4 results in the overexpression of gheond small
subunit encoding gene RNR2 and the formation ofoanddimer (Y2) which
interact with the large subunit homodimer (¥19 form a less active (Y1()Y2),
(Perlsteinet al, 2005). An analogous situation exists in Streptocesywhereby
deletion of the class la enzyme results in the aamsatory up-regulation of class Il
RNR-encoding gene expression (Boroweikal, 2002). Similarly, in mammalian
cells, disruption of p5S3R2 results in the incremsB2 expression levels, which was
suggested to substitute for p53R2 function in DNépair (Linet al, 2004; Zhouet
al., 2003). In stark contrast to these findings, niedéntial expression of the
remaining RNR genes was observed in therdB, AnrdB:hyg AnrdF2:hyg,
AnrdF1 or AnrdF1AnrdB mycobacterial mutant strains. This observationuesg
against any regulatory cross-talk between the tnihree R2-encoding geneshh

smegmatisandM. tuberculosisunder normal in vitro growth respectively.

The observation tha coelicolor nrdJ mutant lacking a class Il RNR, but not an
nrdB mutant lacking the class la enzyme failed to gmwHU-containing media,
led to the conclusion that under class | RNR irtirigi conditions, NrdJ is able to

substitute for class la RNR function (Borovek al, 2004). In contrast, aiM.
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tuberculosis nrdZmutant lacking the putative vitamin,Bdependent class 11 RNR
did not display hypersensitivity to HU relative tiee wild type strain even in the
presence of exogenous vitamig,Bupplement, arguing against a significant role for
NrdZ in dNTP provision (Dawest al, 2003). Recently, mutants bf. tuberculosis
lacking nrdF1 and/ornrdB in the nrdZ backgroundwere constructed, confirming
that the class Il RNR-encoding gemedZ) and the two alternate class | RNR R2-
encoding genemn(dF1 andnrdB) are collectively dispensable for growth (data not
shown). However, it remains to be determined whethad to what extent, the
combined loss of function of these genesdB, nrdF1 andnrdZ) affects the HU
susceptibility ofM. tuberculosis Based on the findings reported in this and a
previous study (Dawest al, 2003), it is tempting to speculate tit tuberculosis
may depend exclusively on NrdEF2 activity to supgNTPs for DNA synthesis

and repair.

By arguing against specialized roles for NrdZ, NirdRd NrdB in the provision of
dNTPs during DNA repair and replicationih tuberculosisunder the conditions of
oxygen restriction, genotoxic and nitrosative sresicountered in vivo, these
findings differentiateM. tuberculosisrom organisms which utilize a multiplicity of
RNRs to adapt to environmental conditions that maywariable and hostile. This
study has thus revealed a potential vulnerability dNTP provision inM.
tuberculosis(Figure 4.1), which provide a compelling rationdte pursuing the
NrdEF2 form of the RNR enzyme as a target for auercular drug discovery
(Nurbo et al, 2007; Yanget al, 1997). However, it is worth noting th&@acillus
mojavensisand Bacillus subtilis have been shown to use externally supplied
deoxyribonucleosides for anaerobic growth (Folmséeal, 2004). Even though
there is no evidence in support of this suggesitois, possible thaM. tuberculosis
may scavenge deoxyribonucleosides from the hoss. gdssibility will have to be
addressed in order to further validate the NrdER2yme as a drug target. The
availability of powerful new tools for conditiongkene silencing iM. tuberculosis
suggests that these could be used to addresaugssian by investigating the effects
of conditional knockdown of NrdEF2 on growth andgi&tence in the mouse model
(Blokpoelet al, 2005; Ehrtet al, 2005; Gandotrat al, 2007).
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4.5 NrdR is a negative regulator of class Ib RNR ge expression in

mycobacteria

Consistent with the presence of canonical NrdR boxestream ohrdHIE and
nrdF2, disruption ofnrdR in both M. tuberculosisand M. smegmatigesulted in a
significant upregulation of bothrdF2 andnrdE. However, the specific signals that
lead to de-repression of thardRregulated nrdHIE and nrdF2 genes in
mycobacteria are yet to be established. Consistigntthe lack of identifiable NrdR
boxes upstream airdB, nrdF1 andnrdZ, loss ofnrdR did not affect the expression
of these genes, implicating NrdR as a specific rhgcterial class Ib RNR negative
regulator (Figure 4.1). This finding differentiatemycobacteria from other
organisms in which the function of the NrdR regaitdbas been investigated.
coli, for example, NrdR negatively regulates the expogssif all three classes of
RNR, although deletion of th&'dR gene has a much greater effect on expression of
the class Ib RNR genesar(HIEF) than the class Ian(dAB) or class Il irdDG)
genes (Torrentst al, 2007). InS. coelicolor NrdR regulates both the class Il RNR-
encodingnrdJ gene with which it is operonic, and thedABSoperon, withnrdJ
being more highly induced by loss of NrdR functitvannrdABS(Borovok et al,
2004).
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Figure 4.1The role and regulation ofrd genes irM. tuberculosisNrdEF2 is essential for
aerobic growth oM. tuberculosisn vitro (Daweset al, 2003) and its encoding genes are
upregulated in response to translational inhibiteowd genotoxic stress (Boshadt al,
2004). nrdHIE and nrdF2 are negatively regulated NrdR (this work)tdF1l is also
upregulated by translation inhibition or genotogicess (Boshofet al, 2004) and NrdF1
can interact with NrdE to form NrdEF1 (Yaegal, 1997).nrdB is expressed under normal
in vitro growth conditions irM. tuberculosis(this work) but nothing is known about the
regulatory mechanisms governing its expressionwenether it can interact with NrdE to
form a functional enzyme. The rolesrofiF1 andnrdB, if any, in dNTP provision have yet
to be establishedirdZ is induced by hypoxia and low-dose NO (Robextsal, 2004;
Voskuil et al, 2003), but is dispensable for growth under hyacand for growth and
survival in mice (Dawest al, 2003).
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4.6 Phenotypic effect of increased class Ib RNR emding genes

expression levels in mycobacteria

Unlike in human cancer cells, where elevated lew€R2 lead to faster growth (Fan
et al, 1996), increased expression mE and nrdF2 caused by loss of NrdR
function did not affect growth d¥l. tuberculosisandM. smegmatisn vitro. The HU
hypersensitivity resulting from halving the expiiess levels of nrdF2 in M.
smegmatisimplicated the dosage of class Ib RNR-encoding egein HU
susceptibility, and thus confirmed that the cldsBNR is the major target for HU in
this organism. In bacterial (Roshiek al, 2000; Tipples and McClarty, 1991),
mammalian (Akerblonet al, 1981; Choyet al, 1988; Yeret al, 1994; Zhouet al,
1995), viral (Jianget al, 2004) and insect (Gerenday al, 2001; Shotkosket al,
1999) cells, increased expression of class | RNéd@ing genes leads to enhanced
resistance to HU. Very similar to NrdR is Crtl, egative regulator of yeast RNR
gene expression. Increased levels of RNR genestaleletion of CRT1 inS.
cerevisiaeconferred enhanced resistance to HU (Fu and >3@66; Huanget al,
1998). In contrast to these findings, over-expassif nrdHIE andnrdF2 resulting
from loss of NrdR function had no significant effen HU sensitivity in botiM.

tuberculosisandM. smegmatis

Deletion of a yeast RNR inhibitor SmIl (Chabetsal, 1999; Zhaoet al, 1998;
Zhaoet al, 2000; Zhacet al, 2001), Crtl (Fu and Xiao, 2006; Huaepal, 1998)
and anothenrd transcriptional repressor, Crt10 (Fu and Xiao, 30®6ésulted in
increased levels of dNTP pools and concomitantstaste to DNA damage.
Similarly, disruption of the yeast large subunibsieric site for dATP inhibition
resulted in increased dNTP pools and enhanced DéNAade resistance (Chales
al., 2003). However, constitutive increase in dNTPIpaan also result in growth
retardation and hypersensitivity to DNA damage (f&saand Stillman, 2007).
Contrary to these reported findings in other orgausi, in this study, increased
expression ofrdE andnrdF2, due to loss of regulation, did not have any éftet
M. tuberculosisand M. smegmatisensitivity to DNA damage. Like dNTP pool
imbalances (Daret al, 1995; Hyodoet al, 1984; Ji and Mathews, 1991; Sargent
and Mathews, 1987; Sorgg al, 2003), proportional increases in dNTP levels may
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also be mutagenic (Chabesal, 2003; Wheeleet al, 2005). Nontheless, induction
of the class Ib RNR by de-repression of th@HIE andnrdF2 genes did not confer

hypermutabilty inM. smegmatisndM. tuberculosis

Due to the RNR’s fundamental importance in evemny system, cells have
evolved complex surveillance mechanisms to reguRR activity in both a cell
cycle and environmental conditions dependant manbis ensures adequate and
balanced dNTP pools for high fidelity in DNA reg@iton and repair. In addition to
the allosteric regulation of the enzyme, both eyliac and prokaryotic RNRs are
regulated by one or several mechanisms at moredharievel of gene expression.
The best studied example of a tightly regulated Riy&em is that ii$. cerevisiae
Crtl represses transcription 8f cerevisiad®RNR genes by binding on the promoter
sequences (Huargf al, 1998) while Smil inhibit RNR enzyme activity bindling

to the large subunit (Chabest al, 1999; Zhaoet al, 1998). In addition,S.
cerevisiae RNR activity is regulated by subcellular localisat of the small
subunits, which are predominantly localized in theleus and translocate to the
cytoplasm to co-localize with the bigger subuniopn@®NA damage (Aret al,
2006; Yaoet al, 2003; Zhanget al, 2006).

Another example of a tightly controlled RNR actyis in S. coelicoloy where class
la RNR activity is regulated transcriptionally atrdnslationally and at the protein
level by allosteric regulation. Depicted on Figwe are the three levels &.
coelicolor NrdAB regulation. Transcription of both class Hdaclass | is inhibited
by NrdR-dATP complex, which binds to the NrdR boxgsstream of the target
genes (Borovolet al, 2004; Grinberget al, 2006). In addition, thé&. coelicolor
class la enzyme is regulated by adenosylcobalamingreby binding to a B
riboswitch element in the upstream-untranslatedore@f nrdAB represses the
translation of the mRNA (Borovoét al, 2004; Borovolet al, 2006).

135



NrdAB

nrdAB  Transcriptio Translation ¥ —— RNR activit
——— mRNA—— > ' / \ Y
ATP B, 4
e s e
. NrdR

K 4 //\Q /\
% % S od 7

No transcription No translation

%(—} \ J Increased Decreased

Transcriptional Translational dADP dGDP dCTP dUTP ca’Fa_Iytic Ca'Fa_Iytic
regulation regulation _ efficiency efﬂmew

Post translational Allosteric regulation

Figure 4.2 Three levels of class la RNR regulation in Streptoes. Transcription is
negatively regulated by binding of ATP-NrdR comptexthe NrdR boxes+( upstream of
nrdAB During translational regulation by riboswitch rhanism, vitamin B, bind to the
Bio-riboswitch element in the 5-untranslated regid@t+WTR) of the nrdAB transcript,
hence inhibiting translation (Borovo&t al, 2004; Borovoket al, 2006). Allosteric
regulation of the enzyme involves binding of ATPd&TP to the activity site to activate or
inactivate the enzyme respectively and binding iieicent dNTPS/ATP at the specificity
site to regulate the specificity of the enzyme (Rard, 2002).

Prior to this study, the only knownd regulatory mechanism M. tuberculosisvas

the regulation ohrdZ by DosR/S/T regulatory system (Figure 4.1) (Rabettal,
2004; Voskuilet al, 2003). AlthoughM. tuberculosisalso contains a vitamin 1B
dependent RNR (NrdZ), no riboswitches were idesdifupstream of other RNR-
encoding genes (Warnet al, 2007) which suggests that regulation of RNR gene
expression by vitamin 8 does not occur in this organism. The reasons lyider
the lack of observable phenotypes in tm&lR mutants are unclear. However,
considering the potentially deleterious effectoagged with increased dNTP pools
(Chabes and Stillman, 2007), there might be antiegispost-transcriptional
mechanisms that regulate RNR function to modulahlRl pool increase in

mycobacteria. Supporting this speculation is thekwwy Chabes and Thelander in

136



mammalian cells, which suggested that productiodMTPs is primarily regulated
by relative levels of dATP/ATP (Chabes and Thelan2e00).

4.7 Future studies

The questions concerning the roles of both NrdBraF1 in mycobacterial ANTP
provision still remains unanswered. The relatiopghetween all RNR subunits in
M. tuberculosisis poorly understood. Regulation mechanisms thatem the
expression ohrdB and the effects of RNR genes expression levelN®Rl pool
levels in mycobacteria remains to be investigatalsed on the transcript level
quantification data reported in this study, it vépeculated that lack of phenotype in
both thenrdB andnrdF1 mutants oM. tuberculosigmay be due to restricted access
of NrdB or NrdF1 to NrdE and/or an inability of NEdo form functionally active
RNRs by association with these alternate small sittau Further biochemical
studies are required to determine the ability eSthadditional small subunits h
tuberculosisandM. smegmatiso access and interact with NrdE and to measwre th
strength of interaction. The availability of impex methods for directly
determining nucleotide concentrations should alleariations in dNTP pools
resulting from altered levels of mycobacterial Rijéhe expression to be monitored
and correlated with changes in the physiologicalesbf these organisms. Finally,
investigating the role of additional small subumitshe absence of the class Il RNR
enzyme by phenotypically characterizihg tuberculosiamutants lacking thardF1
and/ornrdB genes inAnrdZ background will clarify whether there is a redumcia

between imrdB or nrdF1 andnrdZ function.
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5. Appendices

Appendix 1: List of Abbreviations

ADC Albumin-dextrose complex supplement for Mielolook 7H9
OADC ADC with oleic acid, supplement for Middlelmo7H10
Amp Ampicillin

aph Gene encoding aminoglycoside phosphotransferase
ATCC American Type Culture Collection

BER Base excision repair

BCG Bacille Calmette-Guérin

bp Base pairs

BSA Bovine serum albumin

CFU Colony forming unit

Cipro Ciprofloxacin

d Days

DCO Double cross over

DMSO Dimethylsulphoxide

DOTS Directly observed therapy, short-course

dRNK Deoxynucleoside-diphosphate kinase

EMB Ethambutol

GSNO S-Nitroso glutathione

h Hours

HIV Human immunodeficiency virus

Hyg Hygromycin B

hyg Gene conferring resistance to hygromycin B

HU Hydroxyurea

INH Isoniazid

kb Kilo base pair(s)

Km Kanamycin

LA Luria-Bertani agar

lacZz Gene encodin@-galactosidase

LB Luria-Bertani broth
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LTBI Latent TB infection

MDR Multi-drug resistance

MIC Minimum inhibitory concentration
min Minutes

Moxi Moxifloxacin

MTBC M. tuberculosissomplex

MTC Mitomycin C

NER Nucleotide excision repair

NO Nitric oxide

Novo Novobiocin

ODsoo Optical density at 600 nanometre wavelength
Oflox Ofloxacin

ORF Open reading frame

PAS P-aminosalicylic acid

PCR Polymerase chain reaction

POA Pyrazinoic acid

PZA Pyrazinamide

r Resistant/resistance

rBCG Recombinant BCG

Rif Rifampicin

RNI Reactive nitrogen intermediate
ROI Reactive oxygen intermediate

RT Reverse transcription/transcriptase
S Seconds

sacB Gene encoding levansucrase

SCO Single cross over

SDS Sodium dodecylsulphate

STR Streptomycin

Suc Sucrose

TB Tuberculosis

Tris Tris(hydroxymethyl)aminomethane
Tween Polyoxyethylene sorbitan monooleate
XDR Extensively drug resistant
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X-gal 5-bromo-4-chloro-3-indolyk-D-thiogalactopyranoside

Appendix 2: Culture media

All media made up to a final volume of 1 liter witleionised water, and sterilised

by autoclaving at 129C for 20 minutes, unless otherwise stated.

2-TY Broth
16 g tryptone powder;
10 g yeast extract;

5 g sodium chloride.

Luria-Bertani broth
10 g tryptone powder
5 g yeast extract

10 g sodium chloride.

Luria-Bertani agar
10 g tryptone powder
5 g yeast extract

10 g sodium chloride

15 g DIFCO agar powder

Middlebrook-Glucose-Salt (7H9-GS)

4.7 g Middlebrook 7H9 broth base

2 ml glycerol

10 ml glucose-salt [0.085 % NaCl (w/v) and 0.2 “ocglse (w/v)] supplement added

after autoclaving

Middlebrook-ADC (7H9-ADC)
4.7 g Middlebrook 7H9 broth base
2 ml glycerol

100 ml ADC supplement added after autoclaving.
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Middlebrook-Glucose-Salt plates (7H10-GS)

19 g Middlebrook 7H10 agar powder

2 ml glycerol

10 ml glucose-salt [0.085 % NaCl (w/v) and 0.2 “ocglse (w/v)] supplement added

after autoclaving

Middlebrook-OADC plates (7H10-OADC)
19 g Middlebrook 7H10 agar powder
2 ml glycerol

100 ml OADC supplement added after autoclaving
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