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ABSTRACT

Mycobacterium tuberculosis, the causative agent of the infectious disease
Tuberculosis, is one of the most successful hunadinogen. The disease remains a global
health priority due to the spread of HIV and muliigl resistant strains. Therefore, there is
a need to extend the understanding of the physiadog pathogenicity d¥A. tuberculosis
in order to develop new therapies, antimicrobialggrand vaccines.

Mycobacterium possesses a unique cell envelope responsiblehhiorréduced
susceptibility to antibiotics and pathogenicity doehe high lipid content. It is composed
by the plasma membrane, an unusual lipid-richwaell and an outermost layer known as
the capsule. Moreover, other complex metabolitag gl role inM. tuberculosis virulence
such as inorganic polyphosphate, a polymer involnestringent response and long term
survival. In this study, a transposon mutant liprars generated in order to identify new
genetic determinants related to cell envelopeh@rmore, specific mutants strains were
generated to investigate the role of MmpL factorsmycolic acids transport, to test the
role of a group of ABC-transporters in capsule wmkesis and also to assess the function
of exopolyphosphatases in survival under stressatrient limitation condition.
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Chapter 1 - General Introduction

1.1 OVERVIEW

Tuberculosis (TB) is an infectious disease th#iceg human and is caused by the
bacteriumMycobacterium tuberculosis. It can develop as a pulmonary and extrapulmonary
disease; the first one corresponds to the most amtgpe which affects the lungs, whilst
the second one can target several other organtisasug@s. The transmission of the disease
occurs by direct contact from person to personbuilli expelled through the air.

The problem of TB as global health crisis was hggtted in 2011 by the World
Health Organisation (WHO), who placed it as theosdccausal agent of death by
infection, only surpassed by the human immunodsiicy virus (HIV), with 1.4 million
TB deaths reported (430,000 HIV-associated TB dgafthhe statistics also showed 9
million new cases (Fig. 1.1) and an estimated pesn& of 12 million cases.
Geographically, the estimated number of cases oadumainly in Asia (59%) and Africa
(26%), with some cases in the Eastern Mediterramegion (7.7%) and a few in Europe
(4.3%) and the Americas (3%). While 3.7% of new p&ients in the world have been
diagnosed with multidrug-resistant strains (MDR-TB)e levels are much higher in
individuals previously treated (20%). Moreover,endively drug-resistant TB (XDR-TB)

represents 9% of MDR-TB cases and it has beenifigehin 84 countries (WHO, 2012).
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Figure 1.1: Estimated number of new TB cases in thgear 2011(used with permission from WHO, 2012).

1.2 HISTORY OF TB

The genusMycobacterium is estimated to have appeared more than 150 millio
years ago. An ancestral strain\df tuberculosis was proposed to have been present in East
Africa 3 million years ago suggesting that earlyrmids may have been a host. Written
texts have been found describing TB in India asyems 3,300 years ago and in China
2,300 years ago (Gutiérregt al., 2005; Daniel, 2006); moreover, typical skeletal
abnormalities of TB in ancient Egyptian mummiesetibgr with molecular evidence
indicate the disease has been a burden throughewttiole human era as well (Nerlieh

al., 1997; Crubézyt al., 1998). The first documented account of TB emérmy@und 460
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BC, it was called “phthisis” by ancient Greeks andsidered the most widespread disease
of the times by Hippocrates who described tubesisland understood its clinical features
(Coar, 1982). Between the 1and 18' centuries became the principal cause of death in
Europe reaching the highest mortality rates and @éleugh pulmonary form of the TB
was established as pathology with several symptmni®. Morton in 1689, although it was
not clasiffied and described as a disease untiD181 G.L. Bayle. The disease was not
named tuberculosis until 1839 by J.L. Schonleiny(B8al810; Schonlein, 1839; Daniel,
2006). Finally, in 1882, Hermann Heinrich RobertcKadentified the tubercle bacillus
demonstrating it was the causative factor of tisease. For this work, he was awarded the
Nobel Prize in Medicine or Physiology in 1905 (Kp&882; Daniel, 2005).

Although several therapies and techniques weesnatied to prevent TB over the
years, it was not until 1921 when Albert Calmettel &£amille Guerin accomplished a
successful attenuation of the aetiological agenb@iine form of TB,Mycobacterium
bovis. They developed a vaccine called Bacille Calméterin (BCG) that was used in
humans (Calmette, 1928) and remains the only vadadiruse today regardless its partial
efficacy. This changed drastically with the intratian of chemotherapy, the discovery of
paraaminosalicylic acid and thiosemicarbazone duttie Second World War resulted the
first agents with bacteriostatic effects for tragtiTB patients. After its isolation in 1944,
streptomycin was used as the first bactericidabdagainst the bacteria (Schadizal.,
1944; Hinshaw and Feldman, 1945) followed by thetfioral drugs, isoniazid and
rifamycins in 1952 and 1957, respectively. Togethieese drugs accomplished effective
public health measures against the disease anddingl curing latent tuberculosis infected
patients (Daniel, 2006). Nowadays, access to TB bas expanded substantially since the

mid-1990s, when the World Health Organisation ld@tca new global strategy and began
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systematically monitoring the progress of the disetbgether with the development of
new drugs and new vaccines. However, the globaldsuof TB remains enormous and the

response to MDR-TB and XDR-TB is still slow (WHQ12).

1.3 ORIGINS AND EVOLUTION OF Mycobacterium tuberculosis

Mycobacteriumis a genus of théctinobacteria phylum, which contains around
120 described species, the majority of which apeagahytic soil species. Within the genus
Mycobacterium, there is a small and closely related group knasrtheMycobacterium
tuberculosis complex (MTBC), which includes seven species aunlsgecies of both
human and veterinary significance because theyecaimilar pathologies in various
mammalian  hosts, i.e., Mycobacterium canettii, Mycobacterium  africanum,
Mycobacterium pinnipedii, Mycobacterium microti, M. bovis (Broschet al., 2002; Smithet
al., 2006a; Venturaet al., 2007). Typical MTBC members, show more than %9.9
sequence similitude at nucleotide level, virtuadlgntical 16S rRNA sequences and a strict
clonal population structure, with little or no egitte suggesting exchange of chromosomal
DNA (Smithet al., 2006b).

M. tuberculosis is a Gram-positive bacterium which possesseslavedwith high
amount of lipids which is distinctive of some memsef the ordeActinomycetes such as
Corynebacterium, Mycobacterium, Nocardia and Rhodococcus, all of which containing
characteristically high proportions of guanine agtbsine in their genomes (Woese, 1987;

Brennan and Nikaido, 1995). Despite its classificats a Gram-positive, the cell wall of
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M. tuberculosis is impervious to Gram-staining reagents. Insteadre abrasive “acid-
fast” detection techniques are used to stain myaeba (Minnikin, 1982).

As mentioned before, members of MTBC show pooregerand allelic variation,
therefore the general consensus indicates thantduern members of the complex would
have a single African ancestor that resulted frosn-galled “evolutionary bottleneck” that
evolved in a clonal fashion around 35,000 years(&gyeevatsaet al., 1997; Brosclet al
2002; Gutiérrezet al., 2005). Nevertheless, genomic analysis of thaigneveals that
previous horizontal gene transfer events origindted arrangement dfl. tuberculosis
genome and also the existence, approximately Jomilfears ago, of an ancient wider
group of species from where MTBC evolved (Gutiéetal., 2005; Smithet al., 2009).

Existing strains ofM. tuberculosis can be clustered in six major lineages
geographically distributed and whose diversitycakdted using the mutation rate, should
have been developed 250 to 1000 years before (iirah, 2004; Gagneuxt al., 2006).
Despite the similarities, it is yet possible tofeli€ntiate amongst members of the MTBC,
discriminating by deletions, single nucleotide pobrphisms (SNPs), the distribution of
variable regions or mutations (Mostowtyal., 2002; Tsolaket al., 2004). Moreover, these
molecular peculiarities can be used to elucidate dholutionary scenario faced by the
members of the genus, for instance, while the elebf chromosomal region of
difference 9 (RD9) allows to classify strains asnat-adapted, theM. tuberculosis
deletion TbD1 defines the modern strains and boppart the idea thatl. tuberculosis
likely evolved toM. bovis (Broschet al., 2002). The idea that TB evolved as a zoonosis
comes from work done on now extinct animals: myctéxgal lipid biomarkers have been

detected in 17,000 years old bone samples fronxtamce bison, which is much older than
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the oldest human remains (9,000 years old) shoveontain traces of the TB bacillus (Lee

etal., 2012).

1.4 BIOLOGY AND PATHOGENESIS OF Mycobacterium tuberculosis

As an airborne disease, the bacterium is transthtttrough aerosols, by whidh.
tuberculosis bacilli are inhaled and penetrate the lungs. BEhengh TB targets any tissue
or organ, the respiratory tract corresponds tarihen site of entry and, therefore, the most
important place of disease appearance, since pytraonary TB accounts for not more
than 10% of all cases (Kaufmann, 2001; Srsital., 2009).

InhaledM. tuberculosis faces a very special immunological unit formedobyh the
respiratory tract and the bronchoalveolar spacethis compartment, tissue-specific cells
and interactions form the first-line defence, whievenoral factors (surfactant proteins A—
D) and other effectors activate alveolar macropbalyoreover, a local immune response
takes place under the control of dendritic cell€Y[and macrophages (Kaufmann, 2001;
Holt et al., 2008; Schwander and Dheda, 2011). Normally, nuspeople succeed
controlling the primary infection via a cell-medtédtimmune response; although 5-10% of

the cases develop the disease (Steetatt, 2003).

1.4.1 Binding ofM. tuberculosis to alveolar macrophages
Intimate pathogen—macrophage contacts occur intlide alveoli by specific
receptor-ligand interactions as part of the innatemunity, where M. tuberculosis

components, such as polysaccharides and glycolipidsrecognised by the receptor of the
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host. On the other hanth vitro analysis have demonstrated tMattuberculosis binds to
mononuclear phagocytes opsonically via the receptoR1, CR3, CR4 and the surfactant
protein A receptor (SpA-R), and also non-opsonyctil the miceoglial mannose receptor
(MR) and CD14, and possibly to macrophage scavenggeptors. The list of diverse
ligands that the pathogen displays on its surfaw®uding -glucans, mannose, fucose,
mannan, lipoarabinomannan (LAM) or Man-LAM, engageltiple receptors on the host
simultaneously (Ehlers and Daffé, 1998; Ernst, 1988ch as Toll-like receptors, group
that sense a wide diversity of molecule like lipmpm, phosphatidylinositol mannans
(PIMs) and lipomannan (LM) in the case of TLR2,foreign DNA in the case of TLR9
(Baficaet al., 2005), the receptor repertoire also includeyptlectin receptors (CLR)
(Tanneet al., 2009), dectin 1 (Rothfuches al., 2007), the mannose receptor (Caatral.,
2010) and mincle (Schoenes al., 2010), playing an major role in the production o

cytokines and in the inflammatory response (Dosgbai., 2010; Ernst, 2012) (Fig. 1.2).

1.4.2 Innate immune response following infection ahacrophages

Once infected, alveolar macrophages release af settimicrobial molecules such
as pro-inflammatory cytokines, which activate bdtital and systemic responses in
different ways; for instance, while the productioh tumour necrosis factor (TNF),
lymphotoxin (LT) promotes the expression of chemekirecruiting inflammatory cells to
the lung (Fig. 1.2) (Coopest al., 2011), the production of vimentin mediates lysfs
infected cells by NK cells (Gargt al., 2006). These factors govern innate immune
responses and provide the basis for the specifimunity by inducing activation of
antimicrobial activity in macrophages, the migratiof activated phagocytes to the lymph

nodes, the recruitment and maturation of DCs amalfi the arrival of antigen-specific T
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lymphocytes to the site of infection (Stenger, 2006oper, 2009). In the case of infection
involving M. tuberculosis the adaptive immune response is crucial due todglayed

innate immune response produced by the pathogest(2012).
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Figure 1.2: Molecular and cellular bases of immuneesponse againsM. tuberculosis. The diagram shows
innate cytokines production by infected cells aminune system cells acting during initiation, expamsand
chronic stages of TB. At the infection site theimitrobial activity is carried out by the phagocyteroducing
IFN-y, TNF, LT and IL-1R1, while IL-12p80 promotes mitom of activated DCs to the lymph node, to sthet t
adaptive immune response. In the lymph node, the tf cytokine determine the function of the T cél
regulate protective and inflammatory responsesifé¢rent stages. IFNy, interferony; IL, interleukin; LT,
lymphotoxin; TNF, tumor necrosis factor. (Adaptedhapermission from Coopest al., 2011. Confirmation N°
11128980)
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In mice infected withM. tuberculosis, antigen-specific T cell response can be
observed 11-14 days post-infection. Initially, #ativated DCs migrate from the infection
place to the lymph node to start the acquired imenpnocess by presenting the antigen to
the naive T cells (Tailleurt al., 2003). The activation of T cells and the initatiof the
acquired immune response M. tuberculosis is delayed, likely due to the impaired
migration of infected DCs (WoHt al., 2008; Blomgran and Ernst, 2011).

Contradictorily, the first steps of the generabpense against mycobacteria
infection seem to provide favourable cellular coiodis to the bacillus, as once engulfed,
the pathogen can regulate both trafficking and naéittn of phagosomes, evading the
lysosomally mediated antimicrobial mechanisms. HWamhore, no anti-mycobacterial
activity has been detected in CD4+ T cells on trst ¥ days of infection. In this scenario,
the role of the innate immune response toMhéuberculosis infection seems more to set
up favourable conditions to the adaptive T celpoesse rather than a prompt antimicrobial

reaction (Gallegost al., 2008; Ernst, 2012).

1.4.3 Adaptive immune response t¥. tuberculosis

The survival to mycobacterial infection strictlggends on the development of an
efficient adaptive immune response. Regardlessctireect activation of the immune
system,M. tuberculosis is still able to overcome the defensive mechanissitce the
bacillus limits both phagocytes and macrophag®adtCooper, 2009).

The role of CD4 and CD8 T lymphocytes in the cdnwd M. tuberculosis
dissemination in the lung has been demonstratedb#icterium induces a broad immune
response that requires the participation of uncotiweal T cells as well as conventional T

cells (Kaufmann, 2001). Both CD4+ and CD8+ T célse shown a role in fightini.

10



Chapter 1 - General Introduction

tuberculosis infection due to their cytotoxic ability (Taat al., 1997). Mycobacteria-
specific CD4+ T cells are typically of the Thl typehich is a potent producer of IL-12
and IFNy, both of which are critical in actimicrobial-mycadtierial activities of
macrophages (Coopet al., 1997a; Coopeet al., 2011), while Th2 cytokines, such as
interleukin IL-4 and IL-10 are scarce, though naityf absent (Linet al., 1996). On the
other hand, CD8+ T cells, which can also produdé-fFplay an essential role killinig.
tuberculosis-infected cells (Serbina and Flynn, 2001). The liogyte-mediated
cytotocixity has been described to occur via twochagmisms. First, by exocytosis of
cytotoxic granules such as perforin or granzymel secondly,and second by the CD95
(Fas) apoptotic pathway (Nagata, 1999; Coagieal., 1997b). DuringM. tuberculosis
infection, the lysis of infected macrophages by €DB cells takes place using both
mechanisms (Canaday al., 2001; Lazarevic and Flynn, 2002; Carraretaal., 2006;
Woodworthet al., 2008).

The desire effects of developing an adaptive imenuesponse during thisl.
tuberculosis infection are the control of the bacterial grovethd the eradication of the
pathogen. Although, after an infectious episodemmonly the humans become

asymptomatic but develop a latent infection (Er26t,2).

1.4.4 Granuloma and persistent bacteria

As the bacterial load increases, T cells first natig to the site of infection where
they attract and activate more macrophages in tampt to eradicate the pathogen and
leading to the formation of a granulomatous lesidn.chronic inflammatory tissue
response is causative of the granuloma and isiediby either an infectious agent or a

non-infectious factor. Aggregates of host cellshsas macrophages, DCs as well as

11
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lymphocytes B and T (at later stages of formatahgontribute to the granuloma structure
(Kaufmann, 2001; Ernst, 2012).

The chronicM. tuberculosis infection implies that the bacterium overcomes the
immune respons&d. tuberculosis has developed several systems to avoid the atwiitec
features of the macrophages, allowing it to livel aeplicate in a protected intracellular
environment where controlling the macrophage desthway constitutes one of the
pathogen survival mechanisms (Belearal., 2010). An interesting strategy shown by
virulent M. tuberculosis strains is the prevention of apoptosis while indgdhe necrotic
death of infected cells. Several studies has pigrtidescribed how the pathogen
accomplishes that task, but the mechanisms alenstiltotally clear; for instance, the
bacteria suppresses TNF and induces the producfiboth lipoxin A, (LXA4) (Chenet
al., 2008) and leukotrienesBLTB,) (Fig. 1.2) modulating the response of phagocstes
eliminating their protective action (Wadtal., 2006; Coopeet al., 2011). Additionally,
ESX1 also recruits new macrophages and contribtkegshe development of the
granulomas (Davis and Ramakrishnan, 2009) uitikeppens during a normal infection,
where the macrophages undergo apoptosis mediat@&éiByin vitro (Keaneet al., 1997).

In terms of the structur®/. tuberculosis is shielded by a singular lipid-rich cell wall tha
composed of long chain fatty acids and glycolipidsich contribute to its capacity to
survive in host phagocytes, and that also proviwesource of glycolipid antigens for a
specialized population of T-cells (Daffé and Drad&€98).

An effective control of thé. tuberculosis infection requires a continuous supply
of immune effectors to granulomas, it has been detnated that defective trafficking of
monocytes and DCs cells is related to a poor cbofrthe infection, allowing granuloma

formation and TB reactivation (Scott and Flynn, 200rherefore, an enhancement in the

12
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cell migration confers more resistance to the itdecand also control of the chronic
disease, as it occurs in CXC-chemokine receptd@>3JR3)-deficient mice (Chakravarty
et al., 2007). In the case of humans, both active irdacnd the reactivation of the disease
have been associated to polymorphisms in geneslemgcohemokines and their receptors,
indicating that the proper traffic of effectorscisicial for the control of the disease (Flores-
Villanuevaet al., 2002; Ernst, 2012).

The immune response against different mycobattspacies infection shows
different features compared td. tuberculosis, this fact also occurs between different
strains. The genetic variability of the pathogefoves the strains to show several
mechanisms of action in order to control immunityffedentially, including the
dissemination by using the inflammatory responseoofer, 2009). Following
phagocytosis, the environment and immune statbehbst determine how the infection
progresses under mechanisms yet to be determinkee. gfanuloma consists in an
important structural unit since it is there whene transition, from a disease with latent
and subclinical characteristics into an active atiten, occurs; at this stage sequestration
takes place, the bacterium induces an alteratiorhast lipids biosynthesis, and the
elimination of the non-replicating bacilli does ntike place. Moreover, the pro-
inflammatory response induces a macrophages andmuolear cells recruitment into the
infected tissue, that later will form a stratifisttucture composed by foamy macrophages
and phagocytes inside a fibrous cuff surroundeti/imphocytes (Russell, 2007; Russstl
al., 2009). The features presented by granuloma gllatency are different depending on
the phase of the infection, and three major typms lbe described: solid granuloma

containing bacilli and necrotic granuloma observedearly phases of active disease and
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caseous granuloma observed at later phases omdseirere infection (Fig. 1.3) (Reece

and Kaufmann, 2011; Gengenbacher and Kaufmann)2012
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Infected macrophages Foamy macrophages

Foamy rnacrophages-
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Figure 1.3: Progression of the human tuberculosisrgnuloma. Diagram showing the stages of
formation of granuloma in the lung. Phagocystosibacilli in the alveoli induces a pro-inflammagor
response which triggers the recruitment of macrgphand mononuclear cells to the site of infection
which form the early phase of granuloma togetheh ieamy macrophages that will finally end up
covered by a fibrous capsule surrounded by lymptescyLatter stages of granuloma upon an active
infection will exhibit caseous and necrotic tisg@elapted with permission from Russetlal., 2009.
Confirmation N° 11128999).
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Upon an active infection, latter stages of gramadoexhibit accumulation of
caseous tissue that develops to necrosis andyfieatls up in the collapse and rupture of
the granuloma, releasing virulent bacteria andedingsating the disease (Fig. 1.4) (Kaplan

et al., 2003; Schreibesat al., 2010).
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Figure 1.4: Phases oM. tuberculosis infection. Diagram showing the cycle of TB infection in humand
indicating immunological, clinical and epidemiologi distinctive features of each stage of the disea
PAMP: pathogen associated molecular pattern; TNiFot necrosis factor. (Adapted with permission from
Ernst, 2012. Confirmation N° 11129016).
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1.4.5 Adaptation ofM. tuberculosis to the intracellular environment

In addition to the mechanisms previously statdte success as a pathogen
exhibited byM. tuberculosis lies in the ability to shut down its metabolismdawital
functions during the intracellular life, where h@stthogen interactions are still not well
understood. The dormancy state developed confeexta@mely high capacity to resist the
defensive mechanisms of the host and also drugnesds, key factors in the survival and
persistence shown by. tuberculosis (Gengenbacher and Kaufmann, 2012).

The progression of a primary infection can leadhtee different pathways: active
disease, latent infection or eradication. The tastilsituation depends on the response of
the host at cellular level, where the pathogendaceariety of drastic conditions that are
usually impaired in immunocompromised individuafsywhom the risk of active disease is
highly increased (Barrgt al., 2009).

The phagosomal conditions faced WM. tuberculosis after phagocytosis
corresponds to a nitrosative, oxidative, hypoxid @oor in nutrients environment, where
bacteria modifies its metabolism in order to sueviiBchnappingeet al., 2003). The
adaptive repertoire includes the modification ofhpays and also the utilisation of host-
derived molecules, with crucial roles in virulentethe first case, for instance, there have
been reported the upregulation of lipid metaboligemes (Brzostelet al., 2007), the
utilisation of lipids via glyoxylate cycle (McKinryeet al., 2000), carbon dioxide fixation
via anaplerotic reactions (Besteal., 2011) and the critical role of gluconeogeneasis i
dormancy (Marrercet al., 2010); on the other hani. tuberculosis has been shown to
utilise host molecules as nutrients, such as eheiel that is crucial in the maintenance of

chronic infection (Pandey and Sassetti, 2008) dsultaacylglycerol (Danieét al., 2011).
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To tolerate the acidic environment within the phlggosomeM. tuberculosis has
has developed several mechanisms, such as excldgendpost proton ATPase or by
secreting urease (Reyret al., 1995; Sturgill-Koszycket al., 1994). Moreover, the cell
wall integrity is crucial in the survival under shiharsh condition, since it has been
demonstrated that resistance to elevated acidessstis a desirable feature in order to
succeed as a pathogen inside the late phagolysqdandalet al., 2008; 2009).

The defensive mechanisms agaidstuberculosis displayed inside the phagosome
also includes the production of both oxygen antbgén reactive species (ROS and RNS,
respectively). Two crucial enzymes have been desdrielated to these functions, namely
phagocyte oxidase (NOX2) which produces hydroxgigals (Bedard and Krause, 2007)
and the inducible nitric oxide synthase (iNOS), ethproduces nitrate and nitrite (Nathan
and Shiloh, 2000). In order to avoid the toxic effeaused by ROS and NOS, two
mechanisms have been described, namely detoxdicand damage repair. In the first
case, involving enzymes such as catalase peroxigagperoxide dismutases, NADPH-
dependent peroxidases or peroxynitrite reductagelewn the second mechanism the
strategy consists in the substitution of molecbigsynthesisle novo and the degradation
via proteosome (Gengenbacher and Kaufmann, 2012).

During the last few years, a new adaptive mechangsintracellular life has been
described irM. tuberculosis consisting in a metal detoxification system usgdhe bacilli
to counteract the zinc poisoning response develdpeanacrophages. The gew®pC
encodes for a putative zinc efflux pump and it basn characterized as crucial microbial
virulence determinant, since its absence produggmerkensitivity to zinc poisoning

(Botellaet al., 2011; 2012).
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It is likely that unfavourable conditions insideetgranuloma induce the metabolic
downshift that lead$/. tuberculosis into the dormancy state, nutrient starvation medel
have shown an arrested growing-machinery along wa#breased respiration rates, low
intracellular ATP levels and increased resistanoe idoniazid, metronidazole and
rifampicin (Bettset al., 2002), moreover, as it occurs with LuxR famigrscription factor
gene, a deletion reported to be involved in recpvfom dormancy state during
anaerobiosis have shown not to be related to bactggowth and long term survival under
aerobiosis (Fanget al., 2013), During oxygen starvation, the upregufatiof lipid
metabolism genes occurs as well, hypoxic non-rafig BCG cells have shown to
accumulate triacylglycerol forming intracellularogiets that are required for reactivation
(Low et al., 2009). The adaption during the hypoxic stateaisied out by the DosS/DosT-
DosR regulation complex, shifting the bacteria rneli@ally from the aerobic to the
anaerobic status, controlling the reverse procesisrasponding to NO and CO as well
(Kumar et al., 2007). Therefore, active growth and persistdiates are seemingly
disengaged processes, supporting the fact thatrisdargeting active growth normally
fail to eradicate non-growinigl. tuberculosis (Gengenbacher and Kaufmann, 2012).

Studies have shown that the growth Mf tuberculosis is also restricted under
phosphate limitation but, interestingly, the geeesoding for polyphosphate kinase and
ppGpp synthetasgpkl andrelA respectively, have been found to be upregulateohglu
phosphate starvation, along with inorganic polypiase accumulation and triggering the
stringent response (Rifat al., 2009). Due to the phosphate-limited environniesite the
macrophage phagosomes, it can envisage that payphte plays an important role in
persistence by acting as a phosphate store anaesair phosphate molecule when

studyingM. tuberculosis persistence.
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The infection withM. tuberculosis in dormant stage produces a disease without
clinical manifestation, the reactivation occurstbg re-establishing of both metabolic and
replicative machinery. A few factors regarding megih have been described, such as
resuscitation-promoting factor (Rpf) which has shote have lysozyme activity in
Micrococcus luteus (Cohen-Gonsaudt al., 2005) and implicated in resuscitation from
dormancy inM. tuberculosis (Kanaet al., 2008), as well as factors related to degradation
of the cell wall and peptidoglycan Bacillus species (Shakt al., 2008; Giebekt al.,
2009). A model has been hypothesised where an ilegumh between dormant and
replicating populations of bacteria exists durifing tprogression from latent to active
infection, and the resuscitation would occur byheitstochastic events or mediated by
signals; nevertheless, the mechanisms at molecldael remain far unknown

(Gengenbacher and Kaufmann, 2012).

1.4.6 Vaccines, drugs and treatment

In spite of numerous researches and the use ofatherapy, current rates of TB
prevalence are higher than in the past, claimiligeaevery ten seconds with increasing
global mortality rates. As described abowé, tuberculosis utilises different ways to
survive and evade the immune system. Persistenog alith the emergence of MDR and
XDR strains makes the development and synthesi®wél drugs and therapies a priority
in order to achieve effective control.

Due to little concrete information on the celluar metabolic status of persistent
mycobacteria, drug treatments available are extbaael current antibiotics require long
periods of time to cure patients and preventingpst. Moreover, drug resistance due to

genetic mutations has resulted into loss of sugmbfytto antibiotics, therefore, during the

19



Chapter 1 - General Introduction

past decade, the efforts in order to develop negrdistics, drugs and vaccines against TB
have been intensified. The most effective regimezjuires a combination of at least three
drugs and lasts for six months, with an initial phaf two months where isoniazid, a
rifamycin, pyrazinamide and ethambutol are admiaistd, and later, a phase of four
months using isoniazid and rifampycin. The longraipg generates natural resistance in
the pathogen and lack of motivation on patiente¢Bettiniet al., 2008; Koulet al., 2011;
WHO, 2012). Table 1.1 shows the current first amcbad-line drugs, their most common
mutations and also their respective mechanismstafra

According to the resistance pattern, the WHO diasshe strains as follows:
- MDR-TB: strain who display resistance to thetfilse drugs isoniazid and rifampicin.
Individuals are either infected primarily with drogsistant bacteria, or drug resistance can
appear during the treatment under non-optimal ¢mmdi. The success of the treatment
against infection by MDR-TB is achieved only in 5@8%670% of the cases.
- XDR-TB: a highly lethal strain who shows resistanto isoniazid, rifampicin and
fluoroquinolones. Additionally, the strain presemésistance to any of the second-line

drugs such as amikacin, capreomycin or kanamycin.
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(Adapted with permission from Sacchettnil.,

Table 1.1: Commonly used TB drugs

2008. Confirmation N° 11129031)

Antibiotic

Isoniazid

Rifampicin

Ethambutol

Pyrazinamide

first-line antituberculosis agents

Chemical structure

Mechanism and target

Inhibits mycolic acid synthesis;
primary targetis InhA and
secondary targets are KasA and
DfrA

Inhibits transcription; RNA
polymerase B-subunit

Inhibits arabinogalactan
synthesis; possibly EmbB

Unknown {possibly inhibits FAS-I

or alters membrane energetics)

Mutations
associated with
resistance

katG {required for

drug activation); inhA
(promoter mutations);

and others

rpoB

embB

pncA (required for

drug activation)

Streptomycin Inhibits protein synthesis; 305 rpsL and s
ribosomal subunit
second-line antituberculosis agents
Antibiotic Chemical structure Mechanism and target Mutations
associated with
resistance
Fluoroquinolones Inhibits DNA gyrase gyrB

Ethionamide

Cycloserine

Para-aminosalicylic
acid

Capreomycin

Kanamycin

Amikacin

0 o
P
RN NS

HC =0 r{\

Inhibits mycolic acid
synthesis; InhA

Inhibits peptidoglycan
synthesis by blocking

the synthesis and use of
D-alanine (Ala); Ala racemase
and p-Ala-p-Ala ligase

Inhibits folate metabolism;
possibly dihydropteroate
synthase

Inhibits protein synthesis;
methylated nucleotides in
both ribosomal subunits

Inhibits protein synthesis

Inhibits protein synthesis
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Therefore, in order to succeed in the global adrif TB, exists an urgent need for
new TB drugs that could shorten treatments duratiarget MDR or XDR strains and
simplify the treatments (Kowdt al., 2011). New TB drugs have been discovered and can
be found in different clinical trials phase already., Fluoroquinolones, Rifampicin

analogues, Rifalazil, SQ109, TMC207, Sudoterb, ditidazoles, OP&57683

(Sacchettinget al., 2008).

In the case of the vaccines, the BCG vaccinehfemptrevention of TB is almost 100
years old, protecting with an effectiveness of agpnately 75% against the severe forms
of TB such as tuberculous meningitis or miliary @rdulosis (Trunzet al., 2006),
unfortunately, its efficacy in preventing pulmondm in adults is highly variable since the
range of protection showed is between 0 to 80% wittaverage of 50% (Brewer, 2000).
The use of BCG is not recommended in children te@avith HIV, due to the risk of
dissemination of BCG disease (WHO, 2009).

Currently, the clinical trials for new vaccinesclide eleven candidates for
prevention of TB and one immunotherapeutic vacciSieme of them are AERAS-
402/Crucell Ad35 (adeno-vectored vaccine), M72 Hgbrid-1 (protein subunit vaccines),
VPM 1002 (live recombinant vaccine), RUTI (non-livaccine, based on fragmented
bacteria). The expectations indicate that one ar waccines in Phase Il should enter to
Phase Il within the next 2-3 years, perhaps litgn®ne new vaccine in 7 years time
(Brennanet al., 2012; WHO, 2012). Unfortunately, in the casefafmer promising
MVABS8S5A (attenuated vaccinia-vectored vaccine), thst phase Ilb trials have revealed
that it did not induce a good cell-mediated immuesponse, either showed the desired

effects against the infection in children (Patktal., 2012; Tamerist al., 2013).

22



Chapter 1 - General Introduction

1.5 MYCOBACTERIAL CELL WALL

Mycobacteria have a distinct lipid-rich cell wall which is assmed with
pathogenicity (Takayamat al., 2005; Kauret al., 2009). The structure possesses an
unusual low permeability that contributes to theisence of mycobacteria to therapeutic
agents, provides a physical protection againstileoshvironmental conditions such as
inside macrophages (Brennan and Nikaido, 1995; \Waat, 2000), it is involved in the
interaction with the host cell, the immunomodulatiand virulence as well (Coat al.,
1999; Kan-Suttonet al., 2009). The mycobacterial cell wall is formed ofyaculyl-
arabinogalactan-peptidoglycan (mAGP) complex fowmdthe inner side of the outer
membrane (Azuma and Yamamoto. 1963; Lederal., 1975; Dafféet al., 1990; Besrat
al., 1995; Brennan, 2003; Takayarmtaal., 2005) and additional lipids such as phthiocerol
dimycocerosates, phenolic glycolipids, glycopegtmds, menaquinones and trehalose-
based lipooligosaccharides forming the outer regibthe cell wall (Fig. 1.5) (Yassiat
al., 1988; Brennan and Nikaido, 1995; Brennan andkC£2007). The arrangement of the
hydrocarbon chains of the lipids forms a thick asetric bilayer, the structure and the
composition suggest that the fluidity graduallyreeses from the innermost part toward
the outer surface, may affect permeability of thieyier and also explain the different
sensitivity levels to lipophilic inhibitors of dérent mycobacterial species (Brennan and

Nikaido, 1995).
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Figure 1.5: Arrangement of structural components inthe mycobacterial cell wall. Mycolyl arabinogalactan
(mAG) is linked to peptidoglycan (PG) by a phosptgrart. The diagram shows the interactions betwien
methyl-branched long-chain components and the nyadid matrix. Arabinogalactan (AG), diacyl trebsd
(DAT), lipoarabinomannan (LAM), mycolyl-arabinogatan-peptidoglycan (mAGP), Nacetylglucosamine (NAG)
N-acetylmuramic acid (NAM), penta-acyl trehaloseATl, phthiocerol dimycocerosates (PDIM), peptidagly
(PG), plasma membrane (PM), sulfated tetra-acyhaiese (SL), trehalose monomycolate (TMM), trehalos
dimycolate (TDM). Model as proposed by Dmitriet al., 2000 and Minnikinet al., 2002. Dr L. Alderwick,
personal communication.

1.5.1 Structure of mMAGP

The insoluble cell wall matrix is located beyom@ tmembrane and it is composed
by a cross-linked peptidoglycan (PG) bound to avadplactan (AG), which is esterified

by the mycolic acids (MA).
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1.5.1.1 Peptidoglycan

Peptidoglycan is a macromolecular structure Isedlion the external side of the
bacterial cell membrane of the majority of eubaatéEchleifer and Kandler, 1972). It
preserves cell structure by maintaining the osmptessure, the cell form and it plays a
crucial role in cell division as well (Nanninga,98).

The structure of bacterial peptidoglycan is conggasy linear glycan chains linked
by a peptide linkage which binds peptide suburiitsvo chains or a bridge formed by two
peptide subunits. The glycan chains are formedrig wfN-acetylglucosamine (GIcNAc)
andN-acetylmuramic acid (MurNAc) linked b$1—4 bonds. The carboxyl group of
theN-acetylmuramic acid residue is replaced by a pepitbunit, normally is L-alany-
D-glutamyl-diaminopimelyl (or L-lysyl)-D-alanyl-Dianine in the growing peptidoglycan,
without one or both of the D-alanine residues ia thature version of peptidoglycan
(Adam et al., 1969; Petit et al., 1969). The biosynthesis of PG involves
glycosyltransferases for the linear glycan chaind &ranspeptidases for peptide cross-
bridges, including two mechanisms: septation aodgdtion (van Heijenoort, 2001). The
PG structure oMycobacterium contains unusual features: it is N-glycolylatedaddition
to N-acetylated, muramic acid units; it exhibityedi cross-linkage betweemeso-
diaminopimelic acid components and also the rephtace of L-alanine by glycine in the
peptide chains ofl. tuberculosis and M. smegmatis. However, inM. leprae the muramic
acid units are exclusively N-acetylated (due to mie&-functionalnamH gene) and the
uncross-linked peptide side chaicsnsist of tri- and tetrapeptides, containing addil

glycine residues (Mahapatetal., 2008).
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1.5.1.2 Arabinogalactan

AG, a branched polymer of galactose and arabinssbe most important cell wall
polysaccharide of mycobacteria located immediatelgide the PG. The function has been
proposed to produce a viscous hydrophilic regiotwben the PG and MA layers. A
structural model indicates that AG contains 125cgbyl units, composed by: a galactan
domain of 30 Gdlresidues, three arabinan domains of 31f Ardts each and a specific
linker unit that binds it covalently to PG compodsda rhamnosyl residue attached td-a
acetylglucosaminosyl-1-phosphate unit (Bhangidal., 2008). The galactan unit is made
of a disaccharide repeating unit>p-D-Gafp1—5-D-Galf}]1s while arabinan chains are
attached taO-5 of Gaf residues 8, 10 and 12 of galactan. The arabin doe@itains a
non-reducing extreme of an Ara6 motif, 8#d — 2Arafal — 5(Arafpl — 2Arafal — 3)-
Arafal — 5Arafal —, whose position 5 of both the termifiaAraf and the penultimate 2-
a-Araf are the attachment sites for the mycolic acids. ddrghysiological conditions,
approximately two-thirds of the Ara6 motifs are ralydated (McNeilet al., 1990; 1991).

The arabinan domain is formed by a central strectnade up of lineas—1,5-
linked Ard units and branches to formua3,5-branch site (Leet al., 2006; Alderwicket

al., 2007; Bhamidet al., 2008, Kauet al., 2009).

1.5.1.3 Mycolic Acids

Mycolic acids (MA) are3-hydroxy fatty acids with a long-alkyl side chain, they
can be represented by the formula shown in Fig(AsSelineau and Lederer, 1950). The
mycolic unit is formed by the long alkyl chain atpwith the meromycolate chain which
normally incorporates up to two functional groufhe merochain exhibits different

modifications, including double bonds, keto or neety functional groupsgis- or trans-
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cyclopropanations and epoxidations as well, whiatydepending on the species (Baatry
al., 1998).

MA are usually bound to the cell wall by estersnfed between the acid and an
alcohol of a sugar, often as pentaarabinose tetralags. They can also be found as non-
bound esters, such as glucose monomycolate (GMMgepl monomycolate (MMG),
trehalose mono- and dimycolates (TMM and TDM), asdfree MA (Takayamat al.,
2005; Andersesmt al., 2009; Verschooet al., 2012). MA ccur in a specific group of Gram-
positive bacteria such a€orynebacterineae, including the generaviycobacterium,
Nocardia, Rhodococcus and Corynebacterium. In Corynebacterium the MA are smallest
(C28-C40) and not essential (Gebhagtlal., 2007), unlike inMycobacterium species
where they have been found to be essential for tr@nd survivain vitro andin vivo,
with length between C60—C90 (Vilcheeeal., 2000; Porteviret al., 2004).Rhodococcus
has MA in the range of C30—C54 aNdcardia in the range of C42—C66, in both cases the
mero-chain does not exhibit functional groups otttean one or more double bonds
(Sutcliffe, 1998; Nishiuchet al., 1999; Verschooet al., 2012).

In M. tuberculosis, MA are composed by highly hydrophobic fatty acwdsh o-
side chains of three different types found, namelfthe most abundant form, accounting
for >70%), methoxy- and keto-mycolic acids (Figg)1(Qureshiet al., 1978; Takayamet

al., 2005).
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Figure 1.6: Mycolic acid structure. 1: general formula, a—d: varying lengths of meghg chains. 2-5: major
types of mycolic acid from MTBC according to thenftional groups; 6: a related wax ester friMn
paratuberculosis. (Adapted with permission from Verschaaral., 2012. License N° 3244830256376).

1.5.2 Noncovalently bound glycoconjugates: free liggs of M. tuberculosis

The glycoconjugates of the outer membrane correspo a group of lipids
noncovalently bound to the cell wall, they are ic#édated within the lipids region formed
by the MA of the mAGP complex, this group includézhthiocerol dimycocerosate
(DIM/PDIMs), phenolic glycolipids (PGLs), acyltreloges (TMM, TDM and GMM),
sulfolipids (SLs), phosphatidyhyoinositolmannosides (PIMs), lipomannan (LM) and

lipoarabinomannan (LAM), etc (Kaet al. 2009; Pitarquet al., 2008).
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1.5.2.1 Acyltrehaloses

These are an important group of virulence facioithe envelope of mycobacteria,
formed by trehalose-containing glycolipids (Fig.7)L. Trehalose is a non-reducing
disaccharide of glucose-D-Glcp-(1<->1)-u-D-Glcp) and it is found in organisms such as
bacteria, yeast, fungi, plants and invertebratest i is absent in mammals. In
mycobacteria, it can be found free in the cytoplasnesterified to a different fatty acyl
groups in the cell envelope. The free version elfidfose could be a storage carbohydrate
as well as a stress protectant, while the acyltoslea found in the cell envelope M.
tuberculosis include diacyltrehaloses (DAT), polyacyltrehalog@AT), sulfatides (SL),
triacyltrehaloses (TAT), trehalose dimycolates (TDMehalose monomycolate (TMM)
and polar species-specific lipooligosaccharides S).@Kaur et al., 2009). Trehalose
dimycolate (TDM), known as cord factor, accumulates cord-like fashion outside the
cells (Noll and Bloch, 1955; Nokt al., 1956), has a toxic effect in mice (Goren and

Brennan, 1980).

0
J§ /
R o '
0 h ©
HO
HO HO 0

Figure 1.7: AcyltrehalosesStructures of trehalose dimycolate (TDM) and moncotgte (TMM); RCOOH,
R’COOH: mycolic acid. Adapted with permission fraferschooret al., 2012. License N° 3244830256376
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1.5.2.2 Sulfolipids

Several slowly growing mycobacteria contain anawriof waxes so called
sulfolipids, they are formed by multi-acylated dies of trehalose sulfate differing by the
amount, composition and location of the acyl urfidoren et al., 1971). The major
sulfolipid, SL-1, is characterized as a tetraacghtlose-2-sulfate, acylated by two
hydroxyphthioceranates (HPA), one phthioceranat#®),(Rnd one palmitate (C16) or
stearate (C18). They have been implicated in thbogenesis of tuberculosis, but the
function still remains unclear (Brennan and Nikai@i®95; Converset al., 2003; Layrest

al., 2011).

1.5.2.3 Phthiocerol dimycocerosate

PDIM, is a major lipid oM. tuberculosis and is related to its virulence ability. It is
composed by 35 carbons as methyl or methylene grang two hydroxy groups esterified
with two mycocerosic acids (Goren and Brennan, 1#8@nnan, 2003). PDIM is also
related to other lipids and methyl branched fattyids such sulfolipids where
phthioceranic or hydroxy-phthioceranic acids ar iajor acyl constituents (Sirakoea
al., 2001).

Recent studies iM. marinum have shown another structurally related group of
molecules called phenolic glycolipids (PGLs). Theicture of the carbohydrate domain of
these compounds is highly variable and the germ®ges for these variations remain
unknown. PGLs are, together with PDIMs, requiredvimulence and the lack of genes
related to their biosynthetic pathways producesehsgnsitive to antibiotics and negative
effects in the cell wall such as higher permeahilit has been demonstrated that PGLs

play a major role in the virulence of some straihdv. tuberculosis complex and irM.
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leprae (Mélaga et al., 2008; Yuet al., 2012). Although most of the strains bf.
tuberculosis do not produce PGLs due to a mutation in the pdigkesynthaseks15/1,
they still retain the ability to produce and seenethydroxybenzoic acid derivativeg-(
HBADS) glycoconjugates which share with PGLs theesalycosylated aromatic nucleus

(Constantt al., 2002).

1.5.2.4 PIMs, LM, and LAM

Mycobacterial cell envelope contains high amouwftsnannosylated molecules.
These are ubiquitous mannosyl-phosphatidyd-inositol based glycolipids and are
metabolically-related lipoglycans, comprising PIMsM and LAM. These are non-
covalently anchored to the cell envelope througéirtiphosphatidylyo-inositol (P1)
moiety (Besrat al., 1997; Hunter and Brennan, 1990; Pitargua., 2008). They promote
the entry ofM. tuberculosis inside phagocytic cells through mannose-specifityie
lectins, regulate phagosome maturation and modtiatbost immune response (Briken
al., 2004; Kauret al., 2009).

Structurally PIMs, LM and LAM are formed by a cenged PI backbone with
mannosylation branch at the C-6 position of tmgo-inositol. The backbone is
heterogeneous and the differences are based antbent, position and type of the fatty
acids. The PIMs include PI-dimannosides (AclPIM2d aAc2PIM2) and PI-
hexamannosides (Ac1PIM6 and Ac2PIM6): Ac1PIM2 armd AIM6 contain one fatty acid
bound to the Mamattached to position 2 ofyo-Ins in addition to a diacylglycerol moiety;
on the other hand, Ac2PIM2 and Ac2PIM6 contain artfo fatty acyl chain linked to
position 3 ofmyo-Ins. LM and LAM are formed by a mannan core ofragpnately 20-25

a(1—6)-linked Marp residues, sometimes showing substitution at C-Xihgle Mamp
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units in all mycobacterial species investigatedegt inM. chelonae where the branching
occurs at C-3 (Guérarde al., 2002; Kordulakovat al., 2003; Brikeret al., 2004; Hstet

al., 2007; Kauret al., 2009). The mannan core of LM varies in lengthl @egree of
branching depending on the species, the type ofsrcdpping the non-reducing extremes
of the arabinan domain of LAM differs among mycdieaal species, finding mannose-,
inositol phosphate-, phosphate- and non- capped [(Midou et al., 2003). This feature is
crucial since alterations in the lipoglycan composi and structure can be recognised
differentially by the cells of the immune systengvimg an important effect on the
resulting adaptive immune response (Misletaal., 2012). Moreover, non-pathogenic
species ad/.smegmatis appears to be permissive to a variety of mutatedfecting PIM,
LM and LAM synthesis, the inability to generate amis ofM. tuberculosis deficient in
the acylation of PIMs or LAM synthesis (Goueteal., 2008) indicates that these molecules
probably play a more crucial role in the physiologgthogen rather than in the non-

pathogenic strain (Kawet al., 2009).

1.5.2.5 Glycopeptidolipids

GPLs are main constituent of the external layerthef cell wall, involved in
different roles such as morphology of the cellsitilityg biofilm development, immune
response trigger and pathogenesis. They can be foutifferent non-tuberculosis-causing
species of theMycobacterium group, such as the saprophytit. smegmatis and the
opportunistic species of thdycobacterium avium complex (MAC), such akl. avium and
M. intracellulare. One specific feature of this group is the prooturcof highly antigenic,

typeable serovar-specific GPLs (ssGPLs) (SchoreySaveket, 2008). GPLs are composed
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of a glycosylated lipopeptide core and the typglg€osylations differs between infective

and non-infective species (Chatterjee and Khool2P@ttersomt al., 2000).

1.5.2.6 Lipooligosaccharides
Lipooligosaccharides (LOSs) are a type of antigeglycolipids present in some

species ofMycobacterium such asM. canetti. LOSs compounds containoa'-trehalose
unit that is acylated and further glycosylated irsgecies-specific manner. Structural
analyses demonstrated that LOS-I, -, -1ll, and share the same glycan core of acylated
trehalose substituted by twp-D-Glcp residues and one 3-O-methylated -Rhap
(Romboutset al., 2011). Studies usingl. marinum have shown that LOSs are associated
to functions such as motility, biofilm developmentd infection of macrophages (Ren

al., 2007).

1.6 AIMS AND OBJECTIVES

The broad aim of this work is to identify compotsenf metabolic pathways with
potential role in the virulence &fl. tuberculosis. In this research | plan to study both cell
and non-cell envelope components by the use oftigemeitants, determining the effects
of their respective deletions. While a vast mayodt this work will be focused on cell
envelope elements, part of the project also inwbteidies on intracellular metabolites as
polyphosphate. Due to the fact that the studyMbftuberculosis constitutes a major
technical challenge, the fast-growing and non-pgehé organismal. smegmatis mc®155

and C. glutamicum ATCC13032 will be used in this work instead, asregate models.
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They have been chosen because both share simidamge organization and cell wall
biosynthetic machinery thavl. tuberculosis. Moreover, they can stand deletion of several
genes that are essential in that pathogen.

In order to study cell envelope biosynthesis incabacteria, mutants will be
generated, selected and used according to therizrigpecified in each chapter.
Summarising the approaches, the study will go kews:

1) Firstly, a strategy based on random transposotagenesis will be used to generate a
M. smegmatis transposon-mutant library. The strains displayhigred colony morphology
and increased sensitivity to the lipophilic drugampicin will be selected for further
analysis as potential cell-envelope defective is#airying to look for a link between the
gene disrupted and the phenotype shown.

2) Secondly, using bioinformatics tools, a groupgehes will be selected in order to
identify components involved in capsule and celllw@osynthesis in mycobacteria.
Specifically, based on the homology to carbohydfB&-transporters, a list of putative
genes involved in the transport of capsule compisnevill be selected to construct
knockout strains. On the other hand, the role ajdamembrane proteins encoded by
mmpL genes in mycolic acid biosynthesis will be invgated usindl. smegmatis specific
mutant strains. Respectively, the strains will balgsed and tested for: a) changes in the
capsule main component production and the effddiseodeletion of the genes; b) effects
of the deletion in biosynthesis and transport efriiycolic acids and the other “free lipids”
of the mycobacterial cell wall mycolic acid bioslyasis. AdditionallyC. glutamicum will

be used as a model system of mycolic acid biosgrgtees well.

3) Finally, in order to address the role of polyppioate in the metabolism during

phosphate-starvation condition in mycobacteriackoats strains will be generated for the
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exopolyphosphatases homologs Mh smegmatis. Polyphosphate consumption will be
measured and effect in growth will be monitore@wery strain.

The final objective of this study is to highligihie role of several genes involved in
cell envelope metabolism and the response undétirignconditions. Therefore, identify

them as potential new targets for anti-TB drug ttgwaent.
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2.1 INTRODUCTION

As highlighted in the introduction chapter, mycciesia produce lipid-rich cell
walls that have low permeability and high hydropldp. This distinct structure
contributes to their pathogenicity and resistaneeboth therapeutic agents and host
defence mechanisms (Brennan and Nikaido, 1995;yBaral., 1998; Daffé and Draper,
1998; Coxet al., 1999). It is composed of two segments, lower apgder. The lower
consists on the cell wall core, located beyondtieenbrane, where the peptidoglycan (PG)
covalently attached to arabinogalactan (AG), whihn turn esterified to the mycolic
acids forming the mycolyl-arabinogalactan-peptigogh (MAGP) complex. This structure
provides the template for insertion, in an interspd way, of products such as cell-wall
proteins and a number of free complex lipids: pithrol-containing lipids, trehalose
mycolates, phosphatidylinositol mannans (PIMs) glydosylated derivatives lipomannan
(LM) and lipoarabinomannan (LAM) (Kawet al., 2009; Pitarquet al., 2008). The upper
segment is composed of free lipids, namely treleabzsed lipooligosaccharides (LOSS),
phenolic glycolipids (PGLs) and also glycopeptigals (GPLs) with both short and long
fatty acids. This unique arrangement produces gmiaetric bilayer of exceptional
viscosity and width where fluidity and permeabilége potentially low in the internal part
of the bilayer and increased on the external fBee to such a lipid rich structure, it can
be envisaged that even lipophilic substances meg & exceptional barrier whereas the
hydrophilic nutrients and inhibitors pass throudtamnels like porins (Engelharet al.,
2002; Brennan, 2003; Rodriguetsal., 2011).

A number of studies in the past have reportedtfanal and structural changes in

mycobacteria as a consequence of alterations inwadl composition. Therefore, the
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integrity of morphological and structural featuddse biofilm pellicle or cording is the
result of right interactions of the correct cellfage components and also between the
healthy cells. A seemingly minor alteration as duaion in the length of the mycolate
chain by deletingkasB produces a drastic alterations in the morpholdgys of acid
fastness and virulence bfycobacterium tuberculosis (Bhattet al., 2007). Glickmaret al.
also observed that the classic cord formation diggl in cultures of. tuberculosis and
Mycobacterium bovis was disrupted by the loss of proximal cyclopropang of the major
mycolic acid (Glickmaret al., 2000). On the other hand, the loss of a redadtathe non-
virulent Mycobacterium smegmatis leads to the presence of faoxo rather than -
hydroxyl group in the mycolate unit that alters therphology of the mutant and
sensitivity to antibiotics, likely caused by theaolges produced to the hydrophobic
properties of the outermost part of the cells (Bleatl., 2008). Moreover, in the same
species, the loss of GPLs and defects in LAM bitsssis lead to important changes in
both morphology, biofilm formation and structure tbe colony (Billman-Jacobet al.,
1999; Recht and Kolter, 2001; Kovacewt al., 2006), altered growth anchodulated
immunology response whehe deletion of the arabinofuranosyltransferagaftC) occurs
due to the absence of AG alpha (1-->3)-linked arafiiranosyl (Araf) residues (Birokt
al., 2008; 2010).In the case oMycobacterium marinum (a fish and amphibian pathogen)
lipooligosaccharides play an important role in atiien of host macrophages, biofilm
formation and sliding motility an virulence (Resh al., 2007), as well as it occurs in
Mycobacterium avium when the glycopeptidolipids GPLs are loss (Miyaonsital., 2008;
Schorey and Sweet, 2008).

Therefore, alterations in its composition may eifthe properties of the bilayer and

could also be responsible for colony morphology ngjes, susceptibility to the host
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immune response, phage resistance of different bagaterial species, biofilm formation,
loss of cording formation and the increased seritsitio lipophilic inhibitors, which have

demonstrated to be good indicators of cell walfupson (Brennan and Nikaido, 1995;
Gaoet al., 2003a; Cheet al., 2009; Deshayest al., 2010).

In the study of tuberculosis, the useMbfsmegmatis as an experimental model has
generated controversy and discussion (Reyrat aroh,K2001; Barry, 2001a; Tyagi and
Sharma, 2002), due to its low pathogenicity asivises poorly in macrophages (Anes
al., 2006; Jordaet al., 2008) and also because it exhibits no detectahléence in mice
(Bangeet al, 1999). The composition of thM. tuberculosis cell wall presents a high level
of similarity compared td&1. smegmatis, in fact, in both organisms the synthesis of migcol
acids is carried out by the same set of enzymeslyamAS-1 and —IlI systems, FabH,
KasA, KasB, MabA and Pks13 (Takayartaal., 2005). Although, they exhibit different
types of mycolic acids: whil®l. tuberculosis presentsi-, methoxi- and keto- typesd.
smegmatis showsa-, a’- and epoxy-. Another difference shown M tuberculosis cell
wall compared tdVl. smegmatis corresponds to the nature of other lipids; fotanse, its
cell wall displays an unusual abundance of sulid§@and produces LAM containing short
mannose caps, unlik®. smegmatis (Brennan and Nikaido, 1995; Brennan, 2003;
Mougouset al., 2004), these differences in the compositionhef ¢ell wall account for
different metabolic and virulence features.

As a surrogate modd\). smegmatis is not as useful ad. bovis BCG when used in
anti-tubercular drug discovery tests, since a Smant percentage oM. tuberculosis
targets are missing, makimg. bovis BCG a more sensitive model in library screening fo
compounds active against tuberculosis (Altaf et al., 2010). The studies to determine its

applicability in anti-tubercular drug discovery asge and the reliability d¥1. smegmatis
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as a model for the detection of inhibitors M tuberculosis could be controversial.
Nevertheless, due to its shorter generation tinighly similar cell wall-lipids content
compared taVl. tuberculosis and the lack of complications on the handlikly,smegmatis
has demonstrated to be useful as a surrogate rfardetudy. For instance, this organism
offers several advantages in order to deciphersthecture and understanding how the
biosynthesis of the cell wall occurs (Bhatt al., 2005), as well as the cytoplasmic
functioning and regulation (Zahet al., 2001; O'Tooleet al., 2003) because it can easily
be genetically manipulated, obtaining viable mwawithout losing the advantages to
tolerate mutation that would be lethal M tuberculosis, as it occurs with single gene
deletions ofembA, embB or embC (Amin et al., 2008; Goudet al., 2008). Theamb genes
encode for key proteins in AG biosynthesis and tberesponding knockouts M.
smegmatis resulted in AG with reduced amount of arabinosetet together with an
increased amount of galactose, although the etffestless dramatic witembC (Escuyer
et al., 2001; Zhangt al., 2003; Alderwicket al., 2011).

M. smegmatis is also known for showing less sensitivity towatls two frontline
anti-TB drugs isoniazid and rifampicin (Chuegal., 1995; Quaret al., 1997; Liet al.,
2004), and its susceptibility is identical to tlkhtMDR clinical isolates oM. tuberculosis.
The stringency is not necessarily a disadvantagege $ooth drugs have shown a better
activity against the pathogen not omhyvitro but alsoin vivo, so in addition to their non-
pathogenic and fast-growing conditions, it tulhssmegmatis into a good surrogate when
testing sensitivity to lipophilic antibiotics (Chavedi et al., 2007). The reduced
susceptibility to these antibiotics shown By smegmatis remains not totally clear; in
mycobacteria, the role of efflux pumps in antitiatesistance has already been probed but

it does not necessarily explain the difference withtuberculosis, since most of the
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homologous pumps are present in both organismssaedijfically in the case of thefpA
mutant, the lack of the efflux-pump gene incredabesresistance to rifamycins instead of
reducing the susceptibility (Liet al., 1996; Liet al., 2004). Perhaps, the difference in
susceptibility is based on the fast-growing natofeM. smegmatis along with other
unknown factors absent M. tuberculosis, due to a greater genome with approximately
3,000 more genes.

In this chapter a random transposon mutant libiefryv. smegmatis has been
generated in order to use it as a source of straitis altered cell wall. Transposon
mutagenesis has been a powerful tool for the stfdseveral biological aspects M.
tuberculosis, like genetic, pathogenesis and also to deciphetabolic pathways,
discovering new virulence factors and essentiabgdfsuilhotet al., 1994; Barry, 2001b;
Sassettiet al., 2001; McAdamet al., 2002; Gaoet al., 2003a; Gaoet al., 2003b;
Lamichhanest al., 2003). It has been shown that target sites atem@bly the regions of
the chromosome where transcription is inactivenatrhoment of transduction (Manea
al., 2004).

A mariner-based transposon has been used for snd#a in mycobacteria
offering the advantage of being non-indigenous laavng a high transposition frequency
since its efficiency has been improved using a tatpre sensitive phage delivery
system. The recombinant phage phAE181 was uséusistudy, which is derived from the
mariner-based 13871 and the lytic mycobacteriophage TM4 (Rukiral., 1999 Kriakov
et al., 2003). The phage can infect several species th Btow and fast growing
mycobacteria a®. tuberculosis, M. smegmatis or M. marinum and replicates inside a
mycobacterial host at 30°C as part of its Iyticleydut not at 37°C. The hygromycin

resistance genehyg) is then inserted by infection of the host at 3%%Cbe used as a
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selection marker, the cassette disrupts the ORFarimgyp the transcription of the gene
(Bardarovet al., 1997; Rubiret al., 1999; Sassetét al., 2001; Rybnikeet al., 2003). In
order to detect putative cell wall alterations, tfeAE181 system was used to generate
transposon mutant strains that were selected byalsiteria when loss of biofilm pellicle
formation occurred (loss of the cell interface begw the liquid media and the air, as

shown in figure 2.1) and also by increased seritsiti rifampicin, a lipophilic drug.

2.2 RESULTS

2.2.1 Isolation of M. smegmatis Tn-mutants with altered growth patterns and

increased sensitivity to the lipophilic drug rifanpicin

Following transposon mutagenesis using phAE181totl of 1672 hy§
transductants were obtained and inoculated intav@6plates on duplicates. While a vast
majority of strains showed normal growth patterospared to the wild type control, some
strains exhibited poor growth and/or alterationghe formation of pellicles on extended
incubations (Fig. 2.1). These two types of stransounted to a total of forty two Tn-
mutants, each of which was then tested for i) oplovorphology alterations on solid
media; ii) increased rifampicin sensitivity on agalates using concentrations of the
antibiotic lower than the minimal inhibitory condeation (MIC) previously reported of 30
png/ml (Chakravortyet al., 2008) and iii) cording in liquid media by opticaicroscopy. A
total of fifteen strains displayed traits as sneallony size, loss of cord formation, glossy
texture or rifampicin sensitivity (Fig. 2.2). No@pganeous resistance was observed during

the screening.
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wild-type defective biofilm formation

Figure 2.1: Pellicle formation assay of differentM. smegmatis strains. Picture showing a top view of the
biofilm pellicles formed on the surface of TSB-culis incubated in 96-well plates at 37°C for 5 days
without agitation. Left well shows wild-type pelicpattern; center and right wells show defectbiafilm
formation in two different Tn-mutants (Tn-mutageisessing phAE181). The loss of the ability to form
biofilm pellicle was used as one of the selectidteda.

2.2.2 Identification of Tn-insertion sites and disupted genes

Since the mutant strains contain the537l insertion, the transposon-disrupted
genes were identified by DNA sequencing and theltesbtained were analysed using the
BLAST software (Altschul e al.,, 1990) and the MycoDB database

(http://xbase.bham.ac.uk/mycodb/). Interestinglyp tcategories of biological processes

were mainly represented amongst the insertions. 3ftéhilst six genes encoded functions
related to lipid metabolism, three were similar genes involved in intermediate
metabolism processes. Transposon insertions were faund in genes related to cell

division, transporting and transcription regulati®esults are shown on Table 2.1.
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Tt
0

Table 2.1
Transposon mutant library strains

Strain

Gene

Function

M. tuberculosis
H37Rv homologs

Changes observed

18A

23

30A

85B

10F7B

25B

143

245

43B

55B

56B

104B

208

109A

MSMEG_0472

MSMEG 6387

MSMEG_5041

MSMEG_0147

MSMEG_0408

MSMEG_6599

MSMEG_0157

MSMEG_4269

MSMEG_3641

MSVMEG 3108

MSVEG_2860

MSMEG_3743

MSMEG_3926

MSMEG_1930

MSVEG_4751

putative lipoprotein

probable
arabinosyltransferase A

acyltransferase

C-5 sterol desaturase

type | modular polyketide
synthase

LuxR regulator

Oxalyl-CoA
decarboxylase

asparagine synthase
(glutamine-hydrolyzing)

conserved hypothetical
protein

ABC transporter, ATPase
subunit

virulence factor mce
family protein

Soj - $00J regulator
protein
cation-transporting

ATPase Pmal

DEAD/DEAH box
helicase

hypothetical protein

No

Rv3793 / embC *

Rv1254 /
acyltransferase

Rv1814/erg3 t

Rv1661 / pks7 %

No

Rv0118c/ oxcA t
Rv2201/asnB %
Rv1836¢ / hypothetical
protein T
Rv2832c / ugpC

Rv1971 / mce3F

Rv1708/ putative
initiation inhibitor
protein ¥

Rv1997 / ctpF T

Rv3211/rhlE T

No

Glossy, small, loss of cord
formation (549587)

Small, Rif, loss of cord
formation (6444823)

Small colony, Rif, loss cord
formation (5136306)

Normal size, loss of cord
formation (170248)

Glossy, small, loss of cord
formation (482115)

Glossy, small, loss of cord
formation (6655089)

Glossy, small, loss of cord
formation (180910)

Small size, Rif(4353015)

RifS (3705662)

Glossy, small, loss of cord
formation (3183779)

Glossy, small, loss of cord
formation (2923473)

Glossy, small, loss of cord
formation (3807758)

Glossy, small, loss of cord
formation (3995223)

RifS, loss of cord formation
(2009180)

Normal size, loss of cord
formation (4849186)

Essential gene (Goudt al., 2008)

In vitro essential gene (Sassettal., 2003)
Non- essential gene (Sassettl., 2003)
Non-essential gene (Lemichhaal., 2003)
Position of the genome where the transposcertios occurredN]. smegmatis mc?155, GenBank CP000480.1)
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wit 1 18A 23 30A 85B 10F7B 25B
143 245 43B 56B

55B 104B 208 109A

WT 1 18A 23 30A 85B 10F7B 25B

TSB-Agar

TSB-Agar / Rif

TSB-Agar

TSB-Agar / Rif

143 245 43B 55B 56B 104B 208 109A

Figure 2.2: Morphology of M.smegmatis Tn-mutants. Cultures grown until late-log phase in TSB weretqia
out on: (A) TSB-agar plates to display single colony forrati (B) 1Qul drops of 10 serial dilutions from
stationary phase cultures were spotted on TSB-algées with and without rifampicingg/ml in order to check
antibiotic sensitivity as result of transposon gdiseuption. Plates were incubated at 37°C. Scais: i cm.
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A set of the disrupted genes found in this libreoyresponded to genes previously
described as involved in processes like biogenesisicture or transport of cell wall
components, validating the method and the seledtiteria used. Among this group, the
disrupted genes werBISVIEG_6387 (arabinosyltransferase A) aMISMEG_0408 (type-I
modular polyketide synthase) which are involvedvintuberculosis cell wall components
biosynthesisMSMEG 0147 (C-5 sterol desaturase) that has been descrilagthgla role
in membrane permeability in yeasts; finalMSMEG_0157 (oxalyl-CoA decarboxylase)
and MSMEG_4269 (glutamine-hydrolyzing) have been previously déxad as related to
energy metabolism and aminoacid biosynthesis withplications in structural
development of the cell wall as well.

A complete analysis of non-polar (system A, B,D¢,and polar lipids (system D,
E) of the Tn-mutant strains was carried out using@DaTLC system to visualise the
samples (Dobsoet al., 1985). Neither the cell wall associated lipids the free lipids
were considerably altered in any of the mutantdyaed compared to the wild type strain

when growing in rich media (Fig. 2.3).
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Figure 2.3: Lipid analysis of M. smegmatis Tn-mutants. Two dimensions-TLC analysis of‘C]-labelled
lipids from mutant strains grown in 10 ml of TSBltave, cells were labelled during mid-log phase.
Extracted lipids were separated using differentesatl systems by spotting 20,000 cpm of each lipitige
(see General Materials and Methods chapter). Basitf known lipids from the wild-type are indicetly
arrows. 1 and 2 indicate first and second dimensimspectively. Ac2PIM2 di- and monoacyl
phosphatidylinositol dimannosides, Ac2PIM6 and AdBI di and monoacyl phosphatidylinositol
hexamannosides; GPLs—glycopeptidolipids; Pl-phasgyia inositol; PL-—phospholipids; TAG-
triacylglycerol; TMM—-trehalose monomycolate; TDMefialose dimycolate.
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2.2.3 Disruption of the parA homolog MSMEG 3743 causes growth inhibition,

impaired DNA segregation and delayed cell divisioof M. smegmatis

The AMSMEG_3743 Tn-mutant strain showed a severe impairment imgritsvth,
forming clumping aggregates and a small amounteti§ g/ield in both solid and liquid
media even after long periods of incubation. Growdke analysis was attempted by
measuring optical density and counting viable ¢céllg the results were not reliable due to
the way the cells clumped each other. Fluorescenmzoscopy was performed for
visualisation of septa/membrane and nucleoids laynisg with FM4-64 and DAPI,
respectively. The majority of the wild-type cellearly showed the midcell septa with
well-segregated nucleoids in both halves of thd. @@h the other hand, the mutants
contained an asymmetric distribution of the sep{tispots-like”) along the cell surface

and the DNA nucleoid distributed either as granoleswultinucleoidal cells (Fig. 2.4).

2.3 DISCUSSION

Given the fact thatl. smegmatis possesses ~6500 genes, approximately 25% of the
genes were, supposedly, disrupted from a pool pfagmately 70,000 possible mariner
insertion sites in a typical mycobacterial chrommoeqGacet al., 2003a). The transposon
insertionM. smegmatis mc®155 mutant library had been successfully develamebrding
to the aim previously established, since the metheedd biased the results towards the
selection of mutants where the genes disrupted ineadved in cell wall biosynthesis. The
majority of the mutants showed loss of cord formmagpattern when were grown on plates,
revealing the lack of a normal structural orgamisatn the cell wall due to the gene

disruption.
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DAPI

wild-type AMSMEG_3743

FM4-64

Figure 2.4: Fluorescence micrographs oM. smegmatis cells. Both wild-type andAMSMEG_3743 strains
were stained with (A) DAPI (DNA) and (B) FM4-64 (merane). DAPI staining revealed aberrant DNA
chromosome distribution and localisation in the antittytoplasm. Membrane staining showed an abnormal
septa organisation (membrane aggregates) as oésht transposon disruption BFSMIEG_3743, unlike the

center-localised septa displayed by the wild-typkscScale bars: gm.
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Therefore, the selection of biofilm defective stsarevealed colony morphology
alterations and/or rifampicin sensitivity on plateswused by the inactivation of genes
mainly related to structural lipids metabolism antermediate metabolism, but without
changes in the lipid profile as it was expectedrfriiterature (Ojhaet al., 2010) after
losing the biofilm formation abilityi(e., loss of free mycolic acids or TDM pattern
alteration). However, in the case of mutants whowad no alteration in lipids
metabolism, changes could be related to slow grawtiterations in capsule or AG/LAM
composition.

Fifteen Tn-mutant strains were identified and st of them were annotated as
genes related to cell wall biosynthesis or metabali Amongst themMSVEG_6387
encodes an arabinosyltransferase A term@dC, which along with itsM. tuberculosis
homologRv3793, have been extensively studied due to its rolth@ébiosynthesis of the
mycobacterial cell wall, since that it is essentiel LAM synthesis and also as part of the
embCAB operon whose the target of the ethambutol (EMB)gfiteet al., 1997; Zhanggt
al., 2003; Alderwicket al., 2011). In contrast to thBv3793, and as | have said in the
introduction section, thAMSMEG_6387 strain yields viable. Consistently with previous
results (Escuyeet al., 2001) the changes in morphology and cell wathyability were
expected but not drastic, therefore the TLC lipidhlgsis of the mutant did not show
differences compared to the wild-type strain sitiee gene is involved in LAM synthesis
(Alderwick et al., 2011), whose disruption leads to a structurécescy, altering colony
morphology and also increasing permeability of tedl wall that could explain the
sensitivity to rifampicin.

Another gene disrupted wMSMEG_0408, which encodes for a type-I polyketide

synthase. A multi-domain fatty acid synthase-ieyme that belongs to the polyketide
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synthases (Pks) family, whose members are invalvedmplex fatty acyl components of
the cell wall biosynthesis, such as glycopeptiddip(GPL) in Mycobacterium genus
(Tatham et al., 2012), surface-exposed lipooligosaccharides (L@SM. smegmatis
(Etienneet al., 2005) or phthioceroldimycocerosates (PDIMMntuberculosis (Jain and
Cox, 2005). Thereforepolyketide synthases are related to virulence $Reauet al.,
2003; Matsunaget al., 2004; Astarie-Dequeket al., 2009). It was not surprising that this
mutant displayed the above-described characteviairevious studies pks genes have
reported major alterations in the cell wall comgosi The BLAST analysis of the protein
sequence against thM. tuberculosis H37RV protein data base showed high scores for
several polyketide synthases such as Pks7, PksBRs@, while the search for equivalent
regions in bothM. smegmatis and M. tuberculosis genomes did not show synteny.
Moreover, TLC-analysis of the mutant strain did neteal any detectable change in the
lipid pattern compared to the wild-type strain. 3&epparently negative results are still
consistent with previous reports, were the cellebope of pks-mutant strain is similar to
that of the wild-type strain, despite the alterdtemqotype displayed (Rousseaual.,
2003).

A group of genes related to lipid metabolism welisrupted. In first place,
MSMEG_0147 was found to have a potential link to the cell@ope. Its closest homolog
has been described as a sterol desaturase resateentbrane-sterols production in yeast,
where the mutants showed increased permeability samsitivity to antifungal drugs
(Smith and Parks, 1993; Brumfield al., 2010). Although no synteny with ®.
tuberculosis cluster was found, the role of tleeg3 gene must be considered for further
studies. Regarding t @dMSMEG_6599 mutant strain obtained, iMycobacterium avium, a

luxR gene have been described as regulator of sevemakgelated to cell wall-associated
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lipids, lipid metabolism and host cell invasionushcontrolling the envelope composition
(Alonso-Hearnet al., 2010). In this case, the disruptentR gene contains a frame shift
showing noM. tuberculosis homologous gene, then it is still possible to hawdifferent
biological effect over the same genes. On the dihed, even thougMSMEG_0472 has
no homologs inM. tuberculosis and the cluster that belongs to showed no synteny,
lipoproteins have shown to have a role in the caitpm and structure of the cell wall as
well as in virulence (Crelliret al., 2008; Brulleet al., 2010). Finally, the acyltransferase
gene is located downstream an ATP-dependent RNidasel of unknown function, more
detailed study is necessary in order to elucidagespecific role it has, since rifampicin
sensitivity was observed most likely as an incrdggrmeability of the envelope.

Regarding the disrupted genes related to intemngdmetabolism, previous
screenings irM. smegmatis have shown that TCA cycle crucial enzymes aretedl@o
colony morphology alterations as a result of anamgal growth rate (Chen, 2010), and
also crucial enzymes in glyoxylate metabolic pathwaoth isocitrate lyase and malate
synthase, have been previously reported as relatqghthogenesis oM. tuberculosis
(Muioz-Elias and McKinney, 2005; Durab al., 2009; Quartararo and Blanchard, 2011).
In this study, a transposon mutant strain was fooadying a disruption in the gene
encoding for the oxalyl-CoA decarboxylase, an erzymhich is part of the glyoxylate
cycle. Moreover, a disruption IMSMEG 3641 was found, this gene encodes for a
conserved hypothetical protein that is likely toretated to malate synthase expression.
Then, further studies are necessary in order toiddte the role oMSMEG_3641 in the
rifampicin sensitivity shown by the mutant andlit to the glyoxylate cycle.

The MSMIEG_4269 gene encondes for the AsnB protein that has begorted as

protector factor against several antibiotics sitiee disruption ofasnB gene increases the
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sensitivity to drugs itM. smegmatis. The protein is the only putative asparagine statbe
present in theMycobacterium genus, and yet the knockout strain does not seebe tan
asparagine auxotroph (Ren and Liu, 2006). Theglutamicum homologltsA, encodes a
glutamine-dependent amidotransferase is relatélgetaell wall structure formation and in
the L-glutamate production (Hirasawa, 2000). Iréengly, in this study, the colony
morphology analysis also showed a change in thengoddges and rifampicin sensitivity
when the strain was exposed to Tween. These faotsg with the high degree of synteny
of the clusters found when compared with tuberculosis, suggestsnB gene as a good
drug target. Due to the fact that the changesemibrphology can be the result of a slow
growth rate instead of a structural or biochemué&tration in the cell wall, it was not
surprising to have found no alterations in thediiphalysis. Nevertheless, AG, LAM and
capsular components remained to be analysed.

The AMSMEG 3743 mutant strain was chosen for further analysis thughe
unique phenotype shown and the importance of tHecgele control as a vital function,
whose mechanisms still remain unknown. Normal wyjge strains ofM. smegmatis
stained to visualise the septum show a normal rhidmptum with two segregated
chromosomes (Erringtoet al., 2003). In this study, the traits shown by MBVIEG 3743
mutant indicated that the cell division process waserely delayed, since the strain
exhibited an abnormal amount of nucleoids and alsfective DNA segregation,
suggesting a DNA structural scaffold role for thg-S5000J regulator protein protein, a
ParA-like homologous (Jakimowia al., 2007; Maloneyet al., 2009). The presence of
multinucleoids or granules phenotypes could be gnseffect of spotting cells at different
cellular stages. The results showed that there fsimctional redundancy between heeA

homologous since the presence of two other ones wloierescue the cell from the altered
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condition, this result was expected since the oymession of each of them also produced
DNA segregation defects and cell progression inmpant, probably as the effect of the
lack of an optimal ratio of ParB/ParA (Malonelyal., 2009). Nevertheless, recent studies
have shown very similar segregation and DNA distidn patterns irparA knockoutM.
smegmatis cells, suggesting similar functions for both ge(@mdaet al., 2013). In this
study, anucleate cells were not possible to be dannthe mutant cells, as it could be
expected from the literature (Bignell and ThomaB01L). Complementation assay was
attempted several times using the vector pMV26haout success, it is likely that the
impaired partitioning function of the disrupted gaSMEG_3743 prevents the correct
replication of the plasmid; therefore, | suggestfgrening the complementation assay
using an integrative vector as pMV306 bearing tfmter of the gene in order to avoid
the potential loss of the plasmid and to allowtta@scription under native conditions.

The putative role in coordination and/or regulatajrihe cell cycle given to the ParA-like

homolog shows it a potential candidate for drugear

2.4 MATERIALS AND METHODS

2.4.1 Phages, bacterial strains and growth condins

The bacterial strains, plasmids and bacteriophaged in this screening are listed
in Table 2.2.M. smegmatis strain was grown in TSB liquid media containingd9®o
Tween-80 (surfactant agent to avoid clumping effdcthe lipid cell wall) and on TSB-
1.5% agar plates at 37°Escherichia coli was grown in LB broth and on LB-1.5% agar
plates at 37°C. Hygromycin B was added at conceotrs of 50 or 10Qug/ml for M.

smegmatis and 150 ug/ml for E. coli. The transposon is a mariner variant with a
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hygromycin resistance cassette and carried annooigieplication inE. coli which allows

the transposon along with the insertion site tordseued from the genomic DNA, as a

plasmid replicating irE.coli C118 Apir, to be sequenced. High titre bacteriophagetéysa

was prepared as explained in the General Matesiads Methods chapter (Larsehal.,

2007).

Table 2.2: Phages and bacterial strains used

Phage/ Bacteria

Genotype or description Reference

Phage

phAE181

Bacteria

Escherichia coli
CC118wpir

Mycobacterium

smegmatis
mc’155

Temperature-sensitive derivative of Rubinet al., 1999
mycobacteriophage TM4 containing the  Kriakov et al., 2003
Himar1-derived transposon 5871. Hyg®

Manoil and Beckwith, 1985

CC118 lysogenized withpir phage Herreroet al., 1990

Parental straingpt-1 mutation conferring

high efficiency of plasmid transformation Snappeetal., 1990

2.4.2 Transposon mutagenesis and isolation of muten

M. smegmatis culture was grown in 50 ml of TSB-0.05% Tween-80ah ORqo

value of 1. Tween is a non-ionic surfactant addedaa emulsifier between the liquid

media and the lipidic surface of the cells. Thdscelere harvested by centrifugation at

room temperature, washed twice with 50 ml MP buf& mM Tris/HCI pH 7.6, 150 mM

NaCl, 10 mM MgCI2 and 2 mM CaCl2) and then resudpdnin 1ml of MP buffer. An

aliquote of 0.5 ml was mixed with high titre phafysate 16° to 10" pfu/ml at a
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multiplicity of infection (MOI) of 10, a control saple was prepared adding 0.5 ml of MP
buffer instead. After incubation at 37°C for 3 h®wwithout agitation, the cells were
harvested and resuspended in 1 ml TSB plus 0.05%e@80. Cells were recovered at
37°C overnight, plated on TSB-Hygagar and then incubated at 37°C for 4 to 5 days.
Hygromycin resistant strains were selected ancculated in 96-well plates
containing TSB-Hygyo media without Tween-80 in order to allow the Hiafipellicle
formation. Rifampicin increased sensitivity wasteéelsby plating on TSB-agar plates with
and without rifampicin by using a spike replicatoym cultures grown in 96-well plates
and incubated at 37°C for 4-5 days, the concenftratof antibiotic used were 5 and 7.5
ug/ml (from stock solutions 50 mg/ml dissolved iméithyl sulfoxide) which were lower
than the 3Qug/ml previously reported fdvl. smegmatis mc?155 (Chakravortyt al., 2008),
additionally, a MIC of 2Qug/ml was obtained for the wild type strain usedhis study.
The hygromycin resistant colonies showing losshef biofilm pellicle formation in 96-
well plates, defective colony morphology or rifaipi sensitivity were selected for
sequencing and further analysis. Selected stragre grown until late-log phase in TSB-
broth containing 0.05% Tween-80 in order to obsemeling and colony morphology. For
cording, 1 ml of culture was spun for 10 s to remoell aggregates, 10 were loaded on
microscope slides, air-dried out and observed gnifiaation 1000x using immersion oil;
colony morphology was observed on TSB-agar platsg 10ul drops of serial dilutions

(102 to 10°) and also streaking agar plates in order to olsimigle colonies.
2.4.3 Isolation and sequencing of transposon insévh sites

Genomic DNA was extracted from the transposon niustrains (see General

Materials and Methods chapter), digested BghHII and then ligated with T4 ligase. The
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resulting ligated fragments were used to transf@mcoli CC118,pir by heat shock
procedure and selecting the self-ligated fragméimé$ contained the B371 with the
hygromycin cassette and the R6K ori. The coloniesistant to hygromycin were
inoculated into LB broth with hygromycin to obtapglasmid DNA that was sequenced
using the primers marinerKMN1 (Tn5371-L) 5-AGTGCCATAAATTGTAAGC-3’
and marinerHyg (Tn5371-R) 5-TAGACAGATCGCTGAGATAGGR- to obtain the
sequences of the regions flanking the insertiomsceSthe disruption of the gene by the
transposon includes the insertion of a hygromycasistance cassette, the RNA
transcription of the disrupted genes was not cleiedke RT-PCR or any other method.

Downstream effects of the disruptions were expefdedenes forming part of an operon.

2.4.4 Fluorescence microscopy

M. smegmatis mc®155 10 ml culture was grown to stationary-phaséyiptic soy
broth at 37°C and agitation. The cells were cafiédby centrifugation. Prior to DAPI
staining, the cells were permeabilized by exposuiteluene 0.3% for 20 min at 37°C and
then washed twice in phosphate-buffered saline @BSnM sodium phosphate, 150 mM
NaCl, 15 mM KCI, pH 7.4). Vectashie® containing DAPI 1.5 pg/ml was added and
incubated for 20 min. For membrane visualisatidre tells were incubated with the
membrane dye, FM4-64 at a final concentration &f 0g/ml for 1h and 10 pl of sample
were mounted on poly-L-lysine coated slides.

The cells were visualized by brightfield and fleecence microscopy using a
Nikon Eclipse TE-300 microscope, capture and imagelysis was conducted using

Analysis (Olympus) and a Nikon super high-pressaercury lamp. A Nikon filter set
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(Ex528-553/Em600-660) was used for FM4-64 stairedls @and DAPI-stained cells were

imaged with a standard DAPI filter set (Ex325-378435-485).
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3.1 INTRODUCTION

Mycolic acids (MA) are major cell wall componerdtthe genusMycobacterium
and are required for viability and virulence (Bheital., 2005, 2007; Dubnaet al., 2000;
Glickmanet al., 2000; Vilchézeet al., 2000). As discussed in Chapter One, MA are very
long chaina-alkyl, B-hydroxy fatty acids (C60 to C90) that can be foasdociated with
the cell wall in two different ways: 1) Covalentiftached to arabinogalactan (AG) which
is also bound to the peptidoglycan of the cell vigllphosphodiester bond on the internal
region of the outer membrane and 2) Present asgt @fpae interspersed glycolipids in the
form of simple monomycolyl glycerol (MMG), glucoseonomycolate (GMM), trehalose
monomycolate (TMM) and trehalose dimycolate (TDNBe¢raet al. 1994; Andersert
al., 2009).

MA confer important features to mycobacteria, \hitclude resistance to
chemicals such as hydrophobic antibiotics and dignlew permeability of the cell wall,
the ability to stain acid-fast and form biofilms. Mycobacterium tuberculosis, mycolates
are also critical for virulence and the persistaimsgde the host (Daffé and Draper, 1998;
Yuanet al., 1998; Dubnawt al., 2000; Glickmaret al., 2000; Ojheet al., 2005; Bhatet
al., 2007). Moreover, chain modifications such adaympane rings, keto and methoxy
groups play an important role in immunomodulationce mutant strains that exhibit
altered MA subtypes have shown hypersusceptibiiitythe host immune response,
alterations in cell wall permeability and also désaiin virulence attenuation (Glickmah
al., 2000; Raat al., 2005, 2006; Bhatt al., 2007).

In mycobacteria, the biosynthetic pathway of MAadlves two enzymatic systems.

The type-| fatty acid synthetase (FAS-I), a multidon peptide found in eukaryotes
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(mammals and fungi) and prokaryotes; and alsoype-tl fatty acid synthetase (FAS-II),
which is found in plants and bacteria. The FAS4hthegse, who also provides the fatty
acids for phospholipids, synthesises the precufsor8IA elongating a growing fatty acid
chain by two-carbon units, using acetyl-CoA andangl-CoA as substrates to produce
C16 and C26 fatty acids. The C16 acyl-CoA is thecprsor for the production of
meromycolic acids via FAS-II elongations where atgin called FabH acts as the link
between the two systems bgtalysing the condensation of the FAS-I-derived-8oAs
with malonyl-acyl carrier protein (ACRYhoiet al., 2000; Browret al., 2005, 2007). The
product of the condensation is then incorporate@A$-Il as a substrate for the synthesis
of the very long mero chain of, methoxy- and keto- mycolic acids while the C2&y
acid unit corresponds to the sharbranch of the resulting MA. The latter steps imeol
four enzymes that act successively elongating dltty ficid to meromycolates (C56), the
condensing KasA and KasB, the keto-reductase Mat& hydroxyacyl-dehydratase and
the enoyl-reductase InhA. The final step is catdyby the polyketide synthase Pks13,
which condensates thebranch and the meromycolate to produce MA (Quenetal.,
1995; Schaeffeet al., 2001; Kremekt al., 2002; Gandet al., 2004; Porteviret al., 2004;
Takayamaet al., 2005; Bhattt al., 2007; Browret al., 2007).

Although steps implicated in the biosynthesis oA Mave been described, the
components that are involved in mycolate transpad deposition in the cell wall still
remain unidentified. A hypothetical pathway hasrbpeoposed that involves the transfer
of a mature mycolate to an isoprenoid carrier, fognMycPL (6-O-mycolylf-D-
mannopyranosyl-monophospho-heptaprenol) (Besral., 1994), and subsequently to
trehalose inside the cell to yield TMM (Takayastal., 2005). TMM is then proposed to

be transported by a yet unknown mechanism outsidec¢ll, where it is the substrate of
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the mycolyltransferases of the Ag85 complex (Belelal., 1997; Puectet al., 2002),

transfering the mycolate unit to either the AG ctempor to another TMM resulting in

formation of TDM (Fig. 3.1). Alternatives to thisyothetical pathway may involve

intracellular synthesis of TDM prior to transpat,the flipping of Myc-PL outside the cell

to be used as substrate for extracellular formadfofiMM.
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Figure 3.1: Schematic diagram of putative
steps in MA biosynthesis and transport inM.
tuberculosis. Hypothetical pathway proposed by
Takayamaet al., 2005. Inside the cell, a mature
mycolate would be transferred to a carrier (PL:
mannophospho-heptaprenol) and subsequently to
trehalose to yield TMM, which would be
transported outside by an unknown mechanism.
Alternative steps are shown by hatched or dotted
arrows and also genes involved are indicated; ?:
unknown steps.

As it is clear from the literature already
cited, the MA metabolism is critical for
viability and virulence, therefore the
understanding of MA transport will open
new options for discovering targets and

developing new drugs against it. In this

chapter, | describe the potential role of a

class of transmembrane (TM) proteins, designatedpMrimycobacterial membrane

protein large), as the transporter of MA in mycdbéda.

The genomes oM. tuberculosis H37Rv and other mycobacteria contain genes

encoding proteins that belong to a family of muligl resistance pumps called RND
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proteins (resistance, nodulation, and divisionymmadly contain 12 TM domains and two
non-TM loops (Colest al., 1998; Domenech al., 2005). Due to the efflux pump nature of
MmpL proteins, the genes encoding them have beairhigh interest to understand drug-
resistance mechanisms; nevertheless, only MmpL5&es hypothetically described as a
drug-efflux system for azoles, clofazimine and lpdiine, where a transcriptional
regulator encoded bYRv0678 has been shown to be implicated in resistanceh¢o t
compounds via upregulation ofmpL5 in M. tuberculosis (Milano et al., 2009; Hartkoorn

et al., 2014). So far, none of the other mycobacteriaip¥ls studied appears to play any
role in drug resistance even though when someeanh thave shown to share transcriptional
regulation systems wittnmpL5, like in the case ofmmpL2 andmmpL4 (Radhakrishnaset

al., 2014). In fact, recentlynmpL4 andmmpL5 have been described as part of an novel
siderophore export system which is essential invthdence ofM. tuberculosis (Wells et

al., 2013). The genenmpL?7 conferred resistance to isoniazid when overexpress
Mycobacterium smegmatis but theM. tuberculosis mmpL7 mutant did not display altered
sensitivity to the drug (Pasehal., 2005). Instead, manympL genes are associated with
clusters involved in the biosynthesis of cell wadlsociated glycolipids like sulfolipids,
polyacylated trehalose (PAT), glycopeptidolipidppbligosaccharides and other complex
lipids like phthiocerol dimycocerosate (PDIM) whehey are required as scaffolds for the
biosynthetic machinery, allowing localized syntlsesi a cell wall associated lipid together
with ABC-transporter or smaller MmpS protein toiféate transport (Colest al., 1998;
Converseet al., 2003; Coxet al., 1999; Domenecht al., 2004, 2005; Sondést al., 2005;
Deshayest al., 2010; Romboutst al., 2011). In the case of PDIM biosynthesis, a two
hybrid screening using the non-TM domains of theNP@Dransporter MmpL7 revealed

interactions with enzymes implicated in later stagé biosynthesis of the phthiocerol
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moiety (Jain and Cox, 2005). On the other hand, MBnpas been found involved in
sulfolipid SL-1 biosynthesis as part of a proteemplex that translocates either the final
lipid or an intermediate to the extracytoplasmubes{Converset al., 2003; Domenecht
al., 2004), as well as the case of MmpL10, whose tionchas been associated to
diacyltrehalose/polyacyltrehalose (DAT/PAT) biodysis (Rodrigueet al., 2013).

Given that MmpLs proteins are predominantly inealvn the transport of different
glycolipids, it seemed likely that one of them abalso be involved in the translocation of
a mycolate-containing glycolipid such as TMM, TD#BI, Myc-PL to the outside of the
bacterial cell for subsequent use as a substrateeflowall mycolylation.

Mycobacterium leprae, contains a high degree of genetic decay and hastact
cell wall containing MA, therefore, it is a valuabbrganism to use when considering
essential candidate genes for functions relatatigaell wall, like MA metabolism. Only
five out of fourteen homologs afimpL genes fromM. tuberculosis are present irM.
leprae, where onlymmpL3 was predicted to be an essential gene (Domestaaih 2005).
Due to the essentiality of MA for viability of mybacteria (Vilchezet al., 2000; Portevin
et al., 2004; Bhatet al., 2005; Paristet al., 2007), it was likely thatnmpL3 was involved
in mycolate transport iM. tuberculosis.

In this study, | have investigated the role mfmpL3 in MA transport and
biosynthesis by generating and characterising aittonal mutant o MSMEG_0250, the
homolog of theM. tuberculosis mmpL3 (Rv0206¢) in the fast growing and non-pathogenic
M. smegmatis. In parallel, to overcome the complications of gesssentiality, | also
compared and contrasted the potential rolemofpL genes in mycolate transport in
Corynebacterium glutamicum. In this organism, the MA biosynthesis associajedes are

not essential and thus viable mycolate-less mutaarise generated. Its cell wall is similar
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to mycobacteria but with a less complex structured aomposition level since
corynebacteria only synthesises trehalose monooaryoolates (TMCM) and trehalose
dicorynomycolates (TDCM) as extractable lipids, raplsom the membrane inserted
lipoglycans. For instance, members of the ge@asynebacterium has been previously
used as model for the study of MA metabolism anchwgant for an ABC-transporter
produces altered mycolates as an indirect effecrofmpaired lipoglycan biosynthesis
(Mishraet al., 2008; Wanggt al., 2006).

In this context, a complete characterisatiorhefgtrains was performed in order to

probe the role of thexmpL genes in the MA biosynthesis.

3.2 RESULTS

3.2.1 mmpL3is an essential gene in mycobacteria

In M. tuberculosis, mmpL3 was first proposed to be an essential gene by Deafe
et al. (2005) on the basis of the inability to obtainnamplL3 knockout mutant. While the
gene is not located near any known MA biosynthgsise, the gene cluster surrounding
mmpL3 shows a high level of synteny with other mycobaatespecies including\.
leprae. This includes the presence of three putative nangassociated proteins and a
secondmmpL gene,mmpL11, situated downstream @hmpL3 (Fig. 3.2), whose mutant
strain have been reported as attenuated in theemadel of infection by Domeneehal.
(2005), on the other hand, thd smegmatis mutant strain has shown reduced membrane

permeability and also altered biofilm formation (et al., 2009; Pachecet al., 2013).
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A knockout phage was designed to delM&MEG 0250, the M. smegmatis
homolog ofmmpL3, and consistently with findings from previous sesd(Domeneclet

al., 2005) it was not possible to generate a nullamiut

M. tuberculosis H3TRv _«< e T ]-ﬁ}-<h‘1i2&!: H_>'m;;; ==

Rv0201¢ Rwv0203

M. bovis AF2122/97 _‘< Mb0208c }3<mzml_|ﬂf>m/w __

Mbo207c Mb0o209

M. leprae TN b, ]
-ﬁ-(j BT < ) QT
) i

ML2616

M. smegmatiz mc*155

@<= O

MSMEG0240 MSMEGGHZ

Figure 3.2: Map of themmpL3-mmpL11 region in different mycobacteria genomesHomologous genes
are indicated by similar arrows. Hatched bordedicete genes found exclusively M. smegmatis and a

pseudogene inM. leprae is depicted by a dotted border arrow (Varefaal., 2012. License N°
3244880310622 ).

Subsequently, CESTET (Conditional expression—sfized transduction
essentiality test), a tool designed to test gersergmlity in M. smegmatis, was used to
obtain a conditional mutant of the gad&VIEG_0250 (Fig. 3.3). The technique consists in
the generation of a merodiploid strain carryingeaand copy of a putative essential gene
under the control of the acetamidase promoteryéptacement of the target gene with a
selection marker using a phage that contains @&hca#xchange substrate and finally the
growth of the strain in the presence or absenacefamide (Bhatt al., 2005; Bhatt and

Jacobs, 2009).
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Figure 3.3: Schematic diagram of CESTET inMycobacterium smegmatis mc®155. Left side: The
recombinant phage is transduced into a merodigti@in and homologous recombination produces alleli
exchange deleting the native copy of the putatigsestial gene MSMEG_0250). Right side: The
transductants strains are selected on hygromygitaging medium with or without acetamide. When the
gene tested is essential the growth is only obgeoveplates containing acetamidan andhyg resistance
cassettes; Pac, inducible acetamidase promotaeddand solid arcs represent the integrative veatdrthe
mc®155 chromosome, respectively. Adapted from BhadtJacobs, 2009.

In this study, the straidMSVIEG_0250 was constructed containing a recombinant,
integrated copy ofmmpL3 under the control of the inducible acetamidasenoter, while
the native copy of the gene was replaced with adrggcin resistance cassette, the strains
generated were confirmed by Southern and usedeirstiidy. They were spotted in two
different agar-plates with and without acetamidéoveng that the viability of
AMSMEG_0250 was dependent on the addition of the inducer & glowth medium,

confirming thatMSMEG_0250 was an essential gene (Fig. 3.4). Growth analgslisjuid
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media was not performed since the conditional niuigis in absence of acetamide was

clearly easy observed after the depletion of theareing MmpL3 protein.

parental AMSMEG 0250 parental AMSMEG 0250
r | i —

e acetamide -

Figure 3.4: Essentiality of MSMEG_0250 in M. smegmatis mc?155. Growth of the conditional mutant
AMSMEG_0250 and parental merodiploid strain (fi65::pMV306mmpL3) on TSB-agar with or without
the inducer acetamide. 1@ of 10-fold serial dilutions of cultures were smat on the agar plates and
incubated for 5 days at 37°C. (Varetal., 2012. License N° 3244880310622 ).

3.2.2 MmpL3 is involved in mycolic acid transport h mycobacteria

In order to address the putative role of MmpL3MA transport, the effects of
depletion of MSMEG_0250 on lipid metabolism in thél. smegmatis conditional mutant
were tested. Cultures of tAdMSMEG_0250 conditional mutant were grown in broth in the
presence or absence of acetamide and labelled[{{@hacetate at different time points.
Using a three stage extraction procedure the lipei®e collected and analysed as follows:
1) Petroleum ether extraction of the cell pellet affecting the integrity of the cells, but

extracting the surface-exposed, noncovalently booeldl wall lipids; 2) Extraction of
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apolar and polar lipids from the previously treapsilet; and 3) Extraction of AG-bound
mycolic acids from the resultant delipidated ceftsr cultures grown in the presence of
acetamide, TMM was predominantly found in the apbfad extract from cell pellets and
TDM in both the petroleum ether extract and in dpelar lipid extract. Nevertheless, an
earlier examination performed usiiMy smegmatis cell pellets extracted with consecutive
treatments of petroleum ether, indicated that mthéw TDM was extracted from cells after
the third consecutive extraction. Each petroleulmertextract of theAMSMEG 0250
conditional mutant represent a pool of five consgelextractions of the same sample and
thus the presence of TDM in the subsequently psszksell pellet was not due to
insufficient petroleum ether extraction. The exkacation of these cell-associated TDM
molecules that resist petroleum ether extractioonknown, but it is possible that they
represent newly synthesized TDM that is closer e tnner membrane and thus
inaccessible to petroleum ether extraction. In @sttto the cultures of the conditional
mutant grown in the presence of acetamitf&]flabeled cultures grown in the absence of
acetamide showed an increasing amount of TMM ihpalets, which was accompanied
by decrease in TDM levels both in the petroleunee#xtracts and in the apolar fraction
from cells. Conditional depletion oMSMEG 0250 also resulted in a decrease in
mycolylation of AG. The accumulation of TMM in theells over time following
conditional depletion suggested that loss MBVIEG 0250 function affected TMM

transport either directly or indirectly (Fig. 3.5).
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Figure 3.5: Lipid analysis of theAM SMEG_0250 conditional mutant.

Cultures were grown and labeled in TSB, (-) ordegtamide and the samples were collected at theabed
times.

(A) 2D-TLC analysis of J'C]-labelled lipids fromAMSMEG_0250 strain. Fraction-l: petroleum ether
extracts; Fraction-Il: intracellular apolar lipidstactions were separated in two directions, Dioacl using
chloroform:methanol:water (100:14:0.8) and Directio2 using chloroform:acetone:methanol:water
(50:60:2.5:3). TMM and TDM are indicated by dotttd solid arrows, respectively.

(B) TLC analysis of methyl esters df]-labelled cell wall bound mycolic acids. MAMES weeseparated
using petroleum ether:acetone (95:5) as the solsgstem. Methyl esters of the different subclasses
mycolic acids are indicated by arrows as well &sdhigin and the direction of the moving phase.

(C) TMM and TDM levels (%) from TLC (A) measured begnsitometry. (-) and (+): acetamide (Figure by
A. Singh).

(Varelaet al., 2012. License N° 3244880310622 )
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3.2.3 Bioinformatic analysis of potentiaimmpL genes in corynebacteria

As it was previously described, the cell wall ofynebacteria is similar to the cell
wall of mycobacteria, containing TMCM and TDCM & touter non-covalently bounds
glycolipids. Due to the existing similarities, a ragidel study in corynomycolate
biosynthesis was conducted, also assuming thatraplMike protein was involved in its
transport. Therefore, using the BLAST, a searcth@(C. glutamicum genome was carried
out in order to findmmpL genes, with the amino acid sequence of Nhduberculosis-
MmpL3 protein as a query sequence. Additionallyclaster analysis was performed,
comparing theC. glutamicum genome with themmpL3-mmpL11l region from M.
tuberculosis as query sequence using the MycoDB database.

The C. glutamicum ATCC13032 genome was found to contain foompL-like
genes, includindNCgl0228, NCgl0599, NCgl0887 and NCgl2769. BLAST results details
were NCgl0228: Id 25%, E=5e-47NCgl0887: I1d 37% and 25% for the main alignment
segments and E=4e-30 for the whole sequenceNagR769: Id 43% E=8e-159. On the
other hand, the search revealed that there is nmebacterial region equivalent to the
mycobacterialmmpL3-mmpL11 cluster. AlthoughNCgl0887 is situated in a cluster that
containsNCgl0885, a putative trehalose corynomycolyl transferashilevNCgl2769 is
present downstream of the corynomycolate conderngasepksl3 (which encodes Pks13,
the enzyme catalysing the condensation of the mgolate anda-chains) and two
putative esterases gendd$Cgl2777 and NCgl2779 (Fig. 3.6). Given both, the genetic
context ofNCgl0887 andNCgl2769, and the far lesser complexity of the cell wall®f
glutamicum, it was likely that any of these thremmpL genes were involved in

TMCM/mycolate processing and transport. The gd@gl0599 has been previously found
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related with a cluster of a carotenoid/lycopeneragt biosynthesis, thus was not consider

for this study (Krubasilet al., 2001).
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Figure 3.6: Diagrammatic representation of the genomic map oftte putative mmpL genes ofCorynebacterium
glutamicum ATCC 13032. The regions surrounding the three RND superfauhilyg-exporter genes do not show
synteny unlike it was seen for thdycobacterium genus regiommmpL3-mmpL11. Grey boxes indicate genes
encoding for hypothetical proteins. Fragment sifikb.

A topology prediction was carried out using the Mr@@equence showing that the
protein contains 12 TM domains and 2 non-TM loomsned L1 and L2 of sizes 151 and
142 amino acids, respectivel@n the other handn silico analysis of the MmpL3-like
amino acid sequences showed a similar topology math loops and TM-domains present
as well. NCgl0228 and NCgl2769 amino acid sequences revealed predicted topologies
similar to theM. tuberculosisMmpL3 (12 TM domains and two non-TM loops), while
NCgl0887 predicted topology was 11 TM and the L1-loop fgcihe cytoplasm. The non-
TM loops could be, potentially, involved in intet@ans with the mycolic acid biosynthesis

machinery. (Fig. 3.7).
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NCglo228

NCgl2769

NCgl08s7

Figure 3.7: Predicted topology of MmpL3 and corynehcterial MmpLs. TM regions are indicated by
cylinders and are numbered while the non-TM loopMmpL3 are indicated as L1 and L2. The carboxy-
and amino- termini are indicated by C and N, reSpely. Topology predictions were done using the
Mobyle@Pasteur server and the TopPredll tool. (Maeteal., 2012. License N° 3244880310622).

3.2.4 RedundantmmpL functions in Corynebacterium glutamicum

As corynomycolic acid biosynthesis is a non-esakmrocess, it is possible to
generate viable mutants of corynebacteria that aopmoduce corynomycolates and the
loss of corynomycolic acids from the cell envelopsults in poor growth rates leading to
smaller colonies (Gandet al., 2004). To probe the role @fimpLs in corynomycolate
transport, individual in-frame deletion mutants &generated for the gendiCgl0228,
NCgl0887, and NCgl2769 from C. glutamicum ATCC13032. None of the three mutant
strainsANCgl 0228, ANCgl0887, andANCgl2769 showed any alterations in colony size or
appearance. To investigate potential functionalumeédncies between the threg

glutamicum mmpL genes, double and triple mutant strains were oectsid. While the

74



Chapter 3 - Addressing the Role of mmpL Genes in tolic Acid Metabolism in Mycobacteria and Corynebateria

colony sizes and appearance of the double mutaxiCgl0228-ANCgl0887 and
ANCgl0887-ANCgl2769, remained unaltered, theNCgl0228-ANCgI2769 mutant formed
smaller colonies and showed clumpy pattern growthroth. A similar growth defect was
observed for the triple mutamNCgl0228-ANCgl0887-ANCgl2769. Thus, while single
deletions of NCgl0228 or NCgl2769 did not have any effect, the concurrent loss of

NCgl0228 and NCgl2769 severely affected the growth patterns of the ntutrain,

indicating potential alterations in the cell waid.3.8).

Figure 3.8: Growth characteristics of theC. glutamicum mmpL-mutants. Strains were grown at 30°C
using BHI media (agar plates and broth culture$le pictures show healthy strains when at leastafne
NCgl0228 andNCgl2769 genes is present; on the other hand, the mutafitnoth genes severely impaires
the grown in liquid and solid media as shown in thst two strains on the right. Healthy strains aver
incubated for 48 h, while the defective ones wanribated for 5 days. Scale bar represents 1 mmel@/&t
al., 2012. License N° 3244880310622).

3.2.5 NCgl0228 and NCgl2769 play a role in corynomycolate metabolism

To determine whether the altered growth phenotypserved for some of the.
glutamicum mmpL mutants were linked to defects in corynomycolsa@gport, petroleum
ether extracts of surface exposed lipids, and sules¥, remaining total lipids were

extracted from J'C]-acetate-labelled cell pellets. TLC analysis sedwthat the parental
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strain and most mutant strains produced TMCM andCWID with the latter found
predominantly in the petroleum ether extracts adairtg surface-exposed lipids (Fig.3.9
A-B). Furthermore, levels of AG-bound corynomycdicids for most mutant strains were
the same as the parental, wild-type str@inglutamicum. The two exceptions were the
ANCgl0228-ANCgl2769 and ANCgl0228-ANCgl0887-ANCgl2769 mutant strains, in which
no TMCM or TDCM were detected in the petroleum etiveracts or in the cell pellets.
Additionally, no AG-bound corynomycolic acids wenbserved in theANCgl0228-
ANCgl2769 and ANCgl0228-ANCgl0887-ANCgl2769 strains (Fig.3.9 C). The absence of
any TMCM, TDCM, and AG-bound corynomycolates sugggseither that there was a
complete cessation of corynomycolic acid biosynthesthe double and triple mutants or
that corynomycolates were being transported inl@mrate (carrier-bound) form that was
used as substrate for TMCM, TDCM, and AG-bound rmomycolate synthesis. However,
the latter seemed less likely as no intermediatesewseen to accumulate in the
ANCgl0228-ANCgl2769 and ANCgl0228-ANCgl0887-ANCgl2769 mutants. These results
also indicated a functional redundancy betwBi€gl0228 andNCgl2769 with regards to
corynomycolate metabolism. No additional alteradiom lipid profiles were observed in
the triple mutant suggesting thatCgl0887 did not play any apparent role.
Complementation of the double mutant with eithespiid-borneNCgl0228 or NCgl2769
restored corynomycolate biosynthesis, though inecad the Ilatter gene, the
complementation was partial since neither TDCM TRICM appear clearly in the TLCs.
In order to elucidate the presence of corynomyeslat that strain, the total lipids sample
was purified using an anion exchange column whitbwa collecting apolar lipids
fractions. The purification showed the presencesmfll amounts of both TDCM and

TMCM as an effect of the complementation with pVV2ENCgl2769 (Fig.3.10).
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Figure 3.9: Lipid analysis of theC. glutamicum mmpL mutant strains.

A and B: TLC analysis of'fC]-labelled lipids extracted fror@. glutamicum mmpL mutant strains, using
CHCL:CH;OH:H,O (60:16:2) as the solvent system. A: petroleuneretixtracts, B: total lipids from
petroleum ether-treated cells.

C: TLC analysis of f'C]-labelled fatty acid methyl esters (FAMES) andytmmycolic acid methyl esters
(CMAMES) extracted from delipidated cells, usingrpkeum ether:acetone (95:5) as the solvent system;
pksl3 null mutant does not produce corynomycolic acidss used as a control. The trend observed in panels
A and B for the TDCM band correspond to an artifpiiduced by solvent who runs faster through the
matrix on the extremes of the silica plate, theedffis increased due to the large width of theeplated
(Varelaet al., 2012. License N° 3244880310622).
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Figure 3.10: Complementation of theC. glutamicum mmpL double-mutant strain. TLC analysis of A:
total lipids and B: AG-bound corynomycolates, fraomplementedC. glutamicum ANCgl0228-ANCgl2769
double-mutant strains.

* lanes showing purified apolar lipids samples frawid-type and double mutant complemented with
pVWEX2-NCgl2769 strains (same samples loaded in A), after remoyiatar lipids, more clear bands
appeared as evidence of TDCM and TMCM presencedi@ons as stated in fig. 3.9. (Varedhal., 2012.
License N° 3244880310622).

3.3 DISCUSSION

To understand the corynomycolates biosynthetibvpay is paramount to identify
the transport step once the trehalose moleculdéas transferred to the mature mycolate
inside the cell. It has been demonstrated that whercondensation step is impair€l,
glutamicum does not produce MA and exhibits an altered ceteop. Moreover, the same
process is vital for survival iMycobacterium (Gandeet al., 2004; Porteviret al., 2005;

Gavaldaet al., 2009). The deletion of bofRv0206¢c homologoudNCgl0228 andNCgl2769
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in C. glutamicum ATCC13032 produced a similar effect, which is la¢both TMCM and
TDCM in the cell wall, together with a deficientogvth phenotype.

This study has demonstrated thampL3 plays a role in MA transport. The
intracellular accumulation of TMM in thaMSMEG_0250 mutant following conditional
depletion suggested that TMM was the likely carfmr the MA moiety. The exported
TMM is presumably used as substrate by the enzyofeshe Ag85-complex for
mycolylation of the cell wall AG and the formatioh cord factor (TDM). These findings
were complemented by the recent studies of La [iogla (2012) and Tahlast al. (2012)
who used a drug-to-target approach, with the lateEmonstrating that treatment with a
compound that targeted MmpL3 resulted in a phemigentical to what we observed
with the M. smegmatis conditional mutant. Additionally, at the momentstistudy was
performed, Grzegorzewiat al. (2012) reported that AU1235, an adamantyl urb@itor
of M. tuberculosis, also targeted MmpL3. Notably, the authors obskevelecrease in the
TDM and AG-bound mycolates contenthh tuberculosis cells treated with AU1235, and
higher levels of TMM inside. Additionally, they weealso able to reproduce the effects of
AU1235 in aM. smegmatis conditionalmmpL3 mutant; showing similar results to that
obtained for the\MSMEG_0250 mutant described in this study.

Recent studies have reported that spontaneoustaest observed to the
antitubercular compounds BM212 and SQ109 occuthasesult of mutations immpL3
gene. Furthermore, cells exposed to SQ109 havéagespaccumulation of intracellular
TMM, strongly suggesting that the MmpL3 transpofiignction should be the efflux of
TMM (LaRosaet al., 2012; Tahlaret al., 2012). Interestingly, in a recent unpublished
study, | have observed that tBe glutamicum mutant straimrANCgl0228 exhibits a lower

MIC to SQ109 even thougthe strains showed a normal corynomycolates pramhuct
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suggesting the transporter could be acting as #oxepump for SQ109 with high
specificity (unpublished results).

The complex nature of mycolic acids biosynthesiads to the idea that the

transport mechanism of TMM may not be solely caraet by MmpL3. Previous studies
in glycolipids transport of mycobacteria have shawat MmpL proteins may require the
concerted action of several proteins forming comgde inM. smegmatis, the biosynthesis
of GPL is carried out by a membrane-bound megacexwwhere MmpL4a and MmpL4b
act as scaffold along with MmpS4, a third transmemé protein termed Gap, a
polyketide synthase and several other proteinshi@esset al., 2010; Sondést al., 2005).
In this context, the existence of a membrane-bqumotein complex involved in mycolic
acids transport was proposed and blue native polgadde gel electrophoresis (BN-
PAGE) technique was performed in order to find @iroprotein interactions involving
MmpL3. Native membrane fractions fror@. glutamicum strains where analysed,
unfortunately, the isolation of native protein cdexgs from clumped cell pellets of
growth-defective mutants was unsuccessful.

The region downstream aimpL3 encodes two TM proteinRv0204c andRv0205,
which may form part of a complex involved in thartsport of TMM. Additionally, the
biosynthetic clusters for PDIM also contain ABCnigsporters and thus the role of ABC
transporters in mycolates transport (acting in @ogdjion with MmpL3) remains a
possibility. A recent study by Tulliuat al. (2011) has suggested a role for thepL3-
mmpL11 gene cluster in heme transport; interestinglyhimanpL4 andmmpL5 have been
described as part of siderophore export systemdigVeeal., 2013), perhaps the iron-
uptake function remains as an ancient role betweemaralogs of the mmpL family after

the speciation process. A dual function seems bésa fact for MmpL5, as mentioned
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before, the protein has been hypothesised to befthex-pump for azoles that affect the
biosynthesis of sterol in mycobacteria (Milagi@l., 2009); therefore both iron- and sterol-
metabolism appear to be connected via mmpL5 anaitscriptional regulator, a similar
situation has also been describedCinyptococcus neoformans, where sterols biosynthesis
and iron homeostasis are linked via the regulatefl. s under stress conditions (Chaag
al., 2007). The authors reported that they were alde to delete a region of thd.
smegmatis genome that includetMSMEG_0250. In this study, it was not possible to
generate an individual null mutant MSMEG_0250 in M. smegmatis mc®155 despite
repeated attempts, consistently with results olesefer theM. tuberculosis homolog by
Domenechet al., 2005. Specifically formmpL11, previous studies did not report any
alteration in the lipid profile of the mutant; netleeless, a recent study has shown
intracellular accumulation of the mycolic acid-puesor MycPL and also the inability to
export monomeromycolyl diacylglycerol (MMDAG) andyoolate ester wax inM.
smegmatis mutant (Pachecat al., 2013), revealing the crucial role of this conser
cluster in the cell wall biogenesis. However, tlssestiality of the gen®MSVMIEG_0250
was demonstrated using CESTET and it was also shidvet conditional depletion caused
a loss of TDM and of cell wall AG-mycolylation, ag the intracellular accumulation of
TMM, downstream effects should not have been oecuss result of the disruption of
MSMEG_0250 since the orientation MSMEG 0249 indicates that the gene is under the
control of a different promoter, moreover, the MS®IED250 gene was enough to restore
the function via CESTET. In contrast to mycobaeteriobserved several differences in the
role of mmpL genes in corynomycolate transport@n glutamicum. First, there was no
equivalent corynebacterial cluster exhibiting sygtevith mycobacterialmmpL3-mmpL11

region. Instead, a functional redundancy was oleskbetweerNCgl0228 andNCgl2769
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located in two distinct regions of ti& glutamicum genome. Individual deletion of either
of thesemmpL genes did not have any effect, but simultaneoletida of both genes led
to complete loss of TMCM, TDCM and AG-bound corynawolates. This was in contrast
to theM. smegmatis conditional mutant where conditional depletionBMEG_0250 led

to loss of TDM and AG mycolylation, but intracebwl accumulation of TMM. As
mentioned above, while this result raised the fpilgsithat corynomycolate transport may
involve a carrier other than TMCM, this seemed higimlikely, given the absence of any
accumulating intermediate in ti@& glutamicum ANCgl0228-ANCgl2769 and ANCgl0228-
ANCgl0887-ANCgl2769 mutant strains. Instead, variations in the phgredyof the
mycobacterial and corynebacterial mutants may tedlection of fundamental differences
in mycolic acid biosynthesis in the two genera. blyacterial mycolic acid biosynthesis
requires several components including a multidom@iks-I, a multienzyme FAS-II
complex, modifying enzymes and Pks13 (Radmaehal., 2005; Takayamaet al., 2005).
Corynomycolate biosynthesis on the other hand reguiwo type-l FAS and Pks13.
MmpLs are also envisaged to act as scaffolds ferldlcalized biosynthesis on the cell
membrane, facilitating concerted biosynthesis aadsport. In mycobacteria, due to the
far larger number of components involved, mycolaitesynthesis may be delinked from
transport. Instead, MmpL3 could form a complex wather proteins involved in TMM
transport. As a result, loss of MmpL3 would not smwa direct cessation of mycolate
biosynthesis. In contrast, i@. glutamicum, where corynomycolate biosynthesis requires
fewer enzymatic components, late-stage enzymesasiEtks13 may depend on interaction
with an MmpL complex to ensure that corynomycol@iesynthesis is coupled to
transport. Thus, a concurrent lossNiEgl0228 and NCgl2769 would lead to not just the

loss of a transport complex, but also disrupt #te stages of corynomycolate biosynthesis.
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Describing thanmpL3 gene as essential and involved in mycolate trahspofers
it vital importance as a target for developmentneiv drugs, fact that it is as well
supported by the recently published literature, whdmpL3 has been identified as the
target of three different drugs (La Ragal., 2012; Tahlaret al., 2012; Grzegorzewioc

al., 2012).

3.4 MATERIALS AND METHODS

3.4.1 Bacterial strains, growth conditions and gemation of C. glutamicum mmpL
mutant strains

Corynebacterium glutamicum ATCC 13032 was grown on the complex medium
Brain Heart Infusion at 30°C. Deletion vectors gsithe nonreplicable system
pK19mobsacB containing inserts synthesized by GenaAd crossover PCR were used
(Schéferet al. 1994). The inserts contained 12 nucleotides @f3h end of the target gene
along with 300 bp of the upstream sequence, andu8totides of the 50 end together
with 300 bp of the downstream sequence. The nolicatpe construct was introduced
into C. glutamicum ATCC 13032 using kanamycin resistance as indicatbrthe
chromosomal integration. Clones displaying sucreséstance were selected during a
second step of selection in order to indicate tddbe vector-encoded sacB function. After
the second recombination event about half of trewmdbinants contained the desired
deletion, as verified by PCR, and one strain eaab t@rmedC. glutamicum ANCgl0228,
ANCgl0887 and ANCQgI2769, respectively. The double-mutaniNCgl0887-ANCgl2769

was generated usingNCgl0887 and using the appropriate pK19mobsacB construoet. |
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frame deletion ofNCgl0228 in a single or double mutant background was naisitde
despite repeated attempts. As an alternative, e pgK19mobsacBiCgl0228, containing
an internal fragment of NCgl0228 amplified by primer pairs 5'-
CATAGAATTCGTGGCTGTGCTCATTGCGTTGAC-3' and 5'-
GTACGTCGACCTCTGCCATCAAATCAGCCGACTG-3. This vectowas used to
disrupt NCgl0228 in C. glutamicum ANCgl0887, ANCgl2769 and in ANCgl0887-
ANCgl2769 to generate the double-mutar@s glutamicum ANCgl0228-ANCgl0887 and
ANCgl0228-ANCgl2769, and the triple mutantANCgl0228-ANCgl0887-ANCgl2769
respectively.C. glutamicum mutants were generated by Dr Eggeling’s group hat t
Institute for Biotechnology 1 of the Research Cedtillich, Germany (Eggeling and Bott,
2005). Growth of all mutants was characterized lo@ tomplex medium brain heart
infusion broth at 30°C, with 2pg/ml kanamycin when appropriate. Extractions ‘8€]-
labelled of lipids and corynomycolic acids from afrains were done as described

previously (Gandet al., 2004, 2007).

3.4.2 Complementation ofC. glutamicum ANCgl0228-ANCgl2769
NCgl0228 was amplified using primer pairs F0228 5'-

CTCATTTGTCGACAAGGAGATATAGGTGGCGAAATTGCTATTCAGG-3 ad
R0228 5-GGTGGGATCCCTAACGTGCAGCCTGCTTCTCC-3’; adCgl2769 using
the primer pair F2769
5’ACAATTGTCGACAAGGAGATATAGGTGTTTTCTAAATGGGGCCAC-3’ and
R2769 5-TCCTCGCGGATCCTTAATCTAGATCCTCAAGCCTGC-3’, sing C.
glutamicum ATCC13032 chromosomal DNA as template. PCR praduatre cloned in

pVWEX2 to yield pVWEX2NCgl0228 and pVWEX2NCgl2769, respectively. The inserts
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in the plasmids were verified by sequencing, andssquently used to transfor@.
glutamicum ANCgl0228-ANCgl0887 to tetracycline resistance j5g/ml. Complemented
strain were generated by Dr Eggeling’s group atltis¢itute for Biotechnology 1 of the

Research Centre Jilich, Germany (Eggeling and BOG5).

3.4.3 Generation and characterization of 8. smegmatis MSMEG_0250 conditional
mutant

The conditional mutanAMSMEG_0250 was generated using CESTET (Bhettt
al., 2005). A merodiploid strain was previously getted by introducing an integrating
vector pMV306mmpL3 by electroporation intdMl. smegmatis mc®155 (Snappekt al.,
1990). pMV306mmpL3 consists ofmmpL3 cloned downstream of the acetamidase
promoter into the integrative vector pMV306 (Stoeeal., 1991). The merodiploid strain
mc®155::pMV306mmpL3 was used to perform specialized transduction (@andet al.,
2002; Larsenet al., 2007) using phMSMEG 0250 to replaceMSMIEG 0250 with a
hygromycin resistance cassette. The transductamte selected at 37°C on plates
containing 100ug/ml hygromycin and the gene replacement MBMEG 0250 was
confirmed by Southern blot. Conditional depletioh MSVMIEG 0250 in the strain
AMSMEG_0250 to visualize {C]-labeled mycolic acids and other lipids was eatmut as

described before (Bhadt al., 2005).

3.4.4 Extraction and analysis of ['C]-labelled Lipids
LabelledC. glutamicum lipids were extracted from 10 ml of BHIS mediunitates
grown at 30°C until OB 0.4, at which point, &Ci/ml [**C] acetate (50 mCi/mmol) were

added and the culture incubated overnight.
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Free lipids samples were obtained by two conseeutiunds of extraction using 2
ml of CHClL/CH3;OH/H,0 (10:10:3, v/v/v) for 3 h at 50 °C. Amounts of 8.inl of CHC}
and 0.75 ml of water were added to the lipid extramixed and centrifuged. The lower
organic phase was collected and washed two timeg & ml of CHCYCHzOH/H,O
(3:47:48, viviv), the organic phase obtained wasddand resuspended later using 200
of CHCl/CH3;OH/H,O (10:10:3, v/viv). An amount of 20,000 cpm wasdué®m each
strain to perform the TLC technique using CHHCH;OH/H,O (60:16:2, v/v/v) as mobile
phase. Autoradiograms were obtained by 3-day expasufilm to reveal 1'C] -labeled
lipids (Gandeet al., 2004). Supelco LC-SAX anion exchange 3 ml colsmmere used to
separate polar and apolar lipids fractions, a GHEEH;OH (2:1, v/v) solution was used as
eluent. Firstly, the column was washed with 2 vadsnof eluent and then 2Q0 of total
lipids sample were loaded and the eluate contaithiagpolar lipids fraction was collected
with 3 volumes of eluent. Finally, the polar lipiflection was collected using 3 ml of
ammonium acetate 1 M dissolved in eluent solut@amples were dried out and analysed

by TLCs as mentioned in General Materials and Mashsection.

3.4.5 Fatty acid methyl esters (FAMES) andnycolic acid methyl esters MAMES)
extraction from delipidated cells and whole cells
The delipidated’fC]-labelled cells were subjected to alkaline hygsi reaction
with 5% tetrabutylammonium hydroxide at 100°C ovgih CH,CI, (4 ml), CHl (300 pl)
and water (2 ml) were added to the reaction ancedhibor 30 min. After discarding the
upper aqueous phase, the organic phase was wagbéduhies using water and dried out
by evaporation. The dried MAMEs were resupendedi@thyl ether and centrifuged to

sediment insoluble material. The supernatant wlsated in a new tube and evaporated to
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dryness. The dried extract was dissolved in 208f CH,Cl, and 5ul were used for liquid
scintillation counting. The mixture (10,000 cpm) svaubjected to TLC developed in
petroleum ether (b.p. 60°C-80°C): acetone (95:5). W‘C]-labelled FAMES/MAMEs

were visualised on an X-ray film following overnigétxposure to the TLC plates.

3.4.6 Bioinformatic analysis
MmpL3 homologs were searched using the BLAST functilits¢hul et al., 1990
from the NCBI database; while the trasmembrane dwnaere predicted using TopPredIl

(Claroset al., 1994). Cluster analysis was performed usingMiieoDB database.

3.4.7 Southern-blot confirmation

The mutant strains obtained were confirmed by RG8& also by Southern-blotting
technique using a DIG probe as described in GeMdatérials and Methods section. In
this case, probes of the gerdSgl0228, NCgl0887 and NCgl2769 were developed using
PCR product that later were used to hybridise #mogiic DNA of every strain that was
previously digested using restriction en enzymaskiing the genes. The following picture

shows the hybridasation between the probes andigested genomic DNA (Fig. 3.11).
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wt 19253012 23 31 123

Figure 3.11: Southern-blot confirmation. The picture displays the hybridisation between digested
genomic DNA (from wild-type and mutant strains) ahé probes for the gen®&iCgl2769, NCgl0887 and

NCgl0228 (top, centre and bottom, respectively). First frad circles from the left to the right show theka
of hybridisation in the the mutant and the lastcidle on the right side shows the probe.

P1, P2 and P3 indicate the probe used in eachacakthe numbers indicate the combination usedirfhgfies

(1,2,3), double (12, 23, 31) and triple mutant (1&Z»uthern blot and picture by A. Singh.
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CHAPTER 4

ASSESSING THE ROLE OF ABC-TRANSPORTERS IN THE
Mycobacterium smegmatis CAPSULAR a-GLUCAN

TRANSPORT
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4.1 INTRODUCTION

As described in the Introduction Chapter, the egilelope ofMycobacterium
tuberculosis and Mycobacterium smegmatis, possess three structural components: the
plasma membrane, the cell wall containing mycoticie and the outermost capsule, with
the last two structures forming a Gram-negative-lduter membrane (Daffé and Draper,
1998; Saniet al., 2010). The capsule appears as an electron aeerdpregion that
surrounds the mycobacterial cell envelope in trassion electron microscopy
preparations (Chapmaahal., 1959). It is non-covalently bound and is complosea small
amount of proteins and species or type-specificlsipHowever, the major constituent of
the mycobacterial capsule is a glycogen-likglucan, representing more than 80% of the
extracellular polysaccharides, whereas betweero ZD% of the composition correspond
to (lipo)-arabinomannan, PIMs and ESX-1-secretedtgms in some species like
Mycobacterium marinum (Saniet al., 2010; Royet al., 2013).

Mycobacteriaki-glucan is made up of repeated elements of eiilierdr sixa-D-
(1—4)-glucosyl core branched every five or six resglwgth oligo-glucosyl side chains of
glucosides at position 6-OH. Its molecular mass bieen estimated to be about 100 kDa
and, along the glycogen, is considered a highlynditad glucan (Fig. 4.1) (Ortalo-Magne
etal., 1995; Lemassdt al., 1996; Dinadayalet al., 2008; Sanét al., 2010).

In Mycobacterium tuberculosis, like in the majority of bacteria, the capsuleais
protective structure; its presence seems to bedapti@e response to stressful conditions
and also plays an important role in the successildnisation of the host, inhibiting the
immune response and immunomodulation (Cyeteal., 1997; Daffé and Ettiene, 1999;

Geurtseret al., 2009, Giovanninet al., 2012). Its role in pathogenicity is key sinceidg
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the infection process the capsule components adint to interact with the immune
system.
5
e /LN
@, ) % ”‘*fﬂ A,
% *ﬁ%\% 3‘5@‘”‘3‘&3

Figure 4.1: Structure of a-glucan. Model for the repeating unit of theglucan ofMycobacterium bovis
BCG based on the data from MALDI-TOF spectromefglapted with permission from Dinadayagaal .,
2004,

Studies have showa-glucan induces monocytes to differentiate intoadtered
form of dendritic cells by blocking CD1 expressiand dampening pro-inflammatory
cytokine response by suppressing IL-12 productidrich allow mycobacteria the evasion
of the immune system (Gagliargtial. 2007; Sanét al., 2010).

Although the structure and composition of the nibamierial capsule has been well
studied (Daffé and Ettiene, 1999; Dinadayetlal., 2008), the genetics and biochemistry
of both assembly and transport of its high molecwaight components are not well
understood. Due to the structural correspondenbesvrs by capsulam-glucan and
glycogen, it is likely that both polymers share coom biosynthetic pathways. Different
glycogen biosynthesis routes have been describdshdteria: the classical GIgC-GIgA
pathway which is glucose dependent, where GlgCvatets glucose 1-phosphate to
generate glucose nucleotide-diphosphate which issexjuently used by GIgA to
polimerise the linear glucan; and the non-class®igE pathway that produces glycogen

from maltose and also trehalose as precursor. atter lhas been hypothesised as the
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putative route for capsular glucan biosynthesig.(gi2) (Chandrat al., 2011; Parlet al.,
2011).

In M. tuberculosis, the disruption of theglgA gene Rv1212c) results in a
significant reduction in the amount of capsulaglucan without affecting the glycogen
content. However, capsular glucan production inRWE212¢c mutant could be restored not
only by complementation witRv1212c, but also the overexpressionR#3032, suggesting
functional redundancy between both genes. Moreofaiyres to disrupt both genes
indicated that the function encoded by these gevees critical for bacteril growth. The
presence of more than one functioglgA orthologue does not occur in all mycobacterial

species but they all need to retain at least oam{Buet al., 2008).

PgmA GlgC GlgA Linear
Glc6P «— Glc1IP ——» ADPGIc —»
- glucan
/GaIU
UDP-Glc T GlgB
OtsA-OtsB Cytosolic

Trehalose =« - - - glycogen &

TreS glucan

Maltose Export?
Xpo!
Pep2 l

Maltose 1P —— | ijnear ———— Branched ————> Capsule glucan

GlgE glucan GlgB glucan  Export?
d
UDP-Gle Rv3032 Linear Rv3031 Branched ’Methflglucose
(ADP-GIc) glucan glucan po-

polysaccharides

Figure 4.2: Model of mycobacteriala-glucan pathways The classical glycogen pathway is shown in blue,
the Rv3032 pathway is associated with methylglucose lipopadgharide (MGLP) biosynthesis. In red, the

GIgE pathway may contribute to cytosolic glycogeapsular glucan and/or MGLP. Glucans degradation
either to glucose-1-P by GIgP or to trehalose XFireY-TreZ in green, generating potential intediages

for glucan reassembly or other metabolic purpoBaken from Chandret al., 2011.
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Carbohydrate uptake has been a paraddM.ituberculosis because even though
there appear to be no exogenous sugars availablangport (and therefore no precursors
for capsule biosynthesis), the sugar uptake systeame been shown to be critical during
the infection, where transporter systems are nacgésr growth in macrophages and mice
while facing restricted access to host sugars. ikstance, a trehalose-recycling ATP-
binding-cassette (ABC) transporter has been fowndet required foM. tuberculosis to
establish infection in mice systems (McKinnelyal., 2000; Sassetti and Rubin, 2003;
Kalscheuekt al., 2010).

In bacteria, operons for carbohydrate-specific AiBgisporters have shown to bear
a gene that encodes a sugar-specific periplasmairiy protein or permease (Bertraan
al., 2004).In silico analyses inMycobacterium smegmatis genome sequences revealed
twenty eight putative carbohydrate permeases, whicsist of nineteen ABC-
transporters, three belonging to the phosphotremstesystem (PTS) group, one to the
major intrinsic protein (MIP) group, four to the jpafacilitator superfamily (MFS) and
one to the sodium solute superfamily, while all genes encoding for ABC-type sugar
binding proteins were adjacent to ABC permease géDe the other han®¥). tuberculosis
appears not having the necessary carbohydrateptensystems unlikéV. smegmatis;
only five sugar permeases were present (four associto the ABC-type group and the
other one to the MFS), with only two of them prdsenM. smegmatis and lacking the
genes encoding for the PTS group. Since the igeotithese four ABC systems to other
previously identified transporters not present ilycabacteria is less than 25%, the
substrates of these transporters are difficultréaliot (Titgemeyeet al., 2007).

As it was explained, components of the glycogersymthetic pathways that have

been already described should be useful in theifaerion of factors involved in the-
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glucan biosynthesis; additionally, using a comboratof comparative genomics and
bioinformatics tools, Titgemeyegt al (2007) have shown a complete analysis of the
carbohydrate-uptake systems Mf smegmatis and M. tuberculosis. Hypothetically, the
systems described fod. tuberculosis should contain the sugar-transporters necesdaries
the a-glucan biosynthesis; therefore, several genes ftbenM. tuberculosis H37Rv
genome were identified and selected as potentiadidates involved ina-glucan

biosynthesis routes and listed in Table 4.1.

Table 4.1
Candidate genes proposed to be involved mrglucan transport
Mycobacterium tuberculosis H37Rv Description

Rv2040c sugar- ABC transporter

Rv2039c sugar- ABC transporter

Rv1237 sugar- ABC transporter SugB

Rv1236 sugar- ABC transporter SugA

Rv2316 sugar- ABC transporter UspA

Rv2317 sugar- ABC transporter UspB

Rv3783 O-antigen/lipopolysaccharide ABC transporter RfoD

The aim of the study described in this chapter toasvestigate pathways involved
in the transport od-glucan inM. smegmatis. More specifically, | have looked at the role of
predicted sugar specific ABC transporters in thiscpss, using candidate genes frivin
smegmatis and generating deletion mutants for each of thgnsgecialised transduction

(Bardarovet al., 2002).

4.2 RESULTS

4.2.1 Selection of candidate ABC-transporters dfl. smegmatis
Using the list of candidate genes shown abdWejuberculosis homologs were

searched in thé1. smegmatis genome using BLAST (Altschudt al., 1990). Due to the
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ABC-type nature of all the genes selected, severaiches were found and only the
highest scores and identity percentages obtainede wbosen for further analysis.
Additionally, respective genomic regions from tlpeces were analysed in order to find
synteny between putative clusters, thus improvirg gelection criteria of the candidate
genes. Only the gend?v2039c and Rv2040c showed low scores and identity through
BLAST analysis with theM. smegmatis genome; moreover no synteny was found
compared tdM. smegmatis sequences (Fig. 4.3 A), unlike the rest of the gsequences
analysed (Fig. 4), which did show high scores aledhiities, beside the synteny between
genomic regions compared. Although no homology fwaad forMSMEG_0505 in the M.
tuberculosis genome, still was chosen to generate a deletigiamhgince it was part of a
major operon composed BYSMEG 0506 andMSMEG_0507 as well Genes selected are

listed on Table 4.2.

Table 4.2
Selected genes fronvl. smegmatis proposed to be involved iru-glucan transport.
In order to identify potential candidate geneslirsmegmatis m&155 BLAST was performed using the genes
from theM. tuberculosis H37Rv genome listed in table 4.1 as query sequefi¢esscore and identity values
found for each gene are shown as well as the giseri Selected genes were deleted by specialised
transduction.

M.tuberculosis H37Rv Score Identity M. smegmatis mc*155 Description
- - - MSMEG_0505 Sugar ABC-transporter

Rv2040c 139 33% MSMEG_0506 ABC-transporter, permease protein
Rv2039c 125 33% MSMEG_0507 Probable sugar ABC-transporter
Rv1237 367 85% MSMEG_5059 ABC-transporter, permease protein SugB
Rv1236 412 79% MSMEG_5060 ABC-transporter, permease protein SugA
Rv2316 397 83% MSMEG_4466 ABC-transporter, permease protein UspA
Rv2317 353 79% MSMEG_4467 ABC-transporter permease protein UspE
Rv3783 418 80% MSMEG_6369 O-antigen export system, permease protein
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Figure 4.3: Alignment view of the genomic regionsfdM. tuberculosis H37RV (above) andM. smegmatis
mc?155 (under).Sequences were aligned using the promer algofiitim the xbase database in order to
find synteny between selected clusters. R2039c-Rv2039¢c M. tuberculosis region did not show co-
localisation of genetic loci in thel. smegmatis genome. B, C and D show, respectivdty1236- Rv1237,
Rv2316- Rv2317 andRv3783 compared regions showing high level of synteny.

4.2.2 MSMEG 6369 is an essential gene iMycobacterium smegmatis

The generation of knockout strains by specialisadsduction was attempted and
all the mutants obtained were confirmed by Southson, except foMSMEG_6369. In
that case, several transduction attempts wereedaout but no mutant was observed,
suggesting thatMSVIEG 6369 was essential. In order to demonstrate that, Iduse
conditional expression—specialized transductiormsasity test (CESTET), a genetic tool
designed to prove gene essentialipMnsmegmatis (Bhattet al., 2005; Bhatt and Jacobs,
2009). Basically, the native copy MSMEG_6369 could be deleted in a merodiploid

strain containing a second copy of the gene intedrim the genome under the control of a
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promoter inducible by acetamide. The conditionatantigenerated was viable only in the
presence of 0.2% of acetamide in the media-agdaeplgig. 4.4 A) demonstrating that
MSMEG_6369 is essential for viability. Furthermore, the stravas unable to grow after

three passages in liquid medium without acetantiite4.4 B).

Figure 4.4: Essentiality test forMSMEG_6369 in M. smegmatis mc®155. Growth of the conditional mutant
on A- Sauton agar plates with or without acetan{it®, plates incubated at 37°C for three days, &kd
inducing the expression with acetamide in TSB cakiu+ and — acetamide, incubated at 37°C for 48h.
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4.2.3 Analysis of extracellular a-glucan levels in candidate ABC-transporter

mutants

All the ABC-transporter mutants were screened gisirspotblot analysis to detect
surface-exposed capsuteglucan. Briefly, the technique allows detection afrface-
exposedi-glucan in a colony-blot assay using an antibottgtfiscreen, assessing altered
production ofa-glucan. Interestingly, all the mutants for capsubnsporters candidates
showed high levels of extracellularglucan and normal levels of intracellular glycogen
comparison with the wild-type strain (Fig. 4.5).€Thositive control used was tidpstS
strain; pstS genes encode high-affinity phosphate binding metorming the Pst complex
which is a membrane-associated complex that beldogghe superfamily of ABC-
transporters. The strain is already known foraitglucan overproduction and the lack of
the gene is related to phosphate uptaking defigiem®l. tuberculosis (Peirset al., 2005).
The negative control results shown correspond topses fromAglgB strain, known to
produce reduced levels of both capsulaglucan and intracellular glycogen due to the
disruption of the biosynthetic pathway (Fig. 4. Phe technique consists in the detection of
a-glucan directly on cell samples and also cellsteé with 0.5% Tween-80 as a mild
detergent in order to remove the capsule mater@h fthe outermost layers without
disrupting the cells. The results in figure 4.5whbat the wild-type strain produces an
amount of capsule exposed outside and also capsaterial tightly attached to the
mycomembrane structure which can not be removeaild detergent as Tween-80; as it
was expected thaglgB strain does not produced capsular material abilt¢oact strongly
with the mycomembrane and to organise a capsulactste in the way the wild-type

strain did. Thea-glucan amounts produced by the mutant strains wendar that the
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positive control used and every fraction analyshdwed overproduction of capsular

material as result of the deletions.
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Figure 4.5: Spotblot analysis detectingi-glucan in knockout strains. An antibody-filter-screen was used
to detectr-glucan production in samples from: A) Non-treatetls; B) Cells treated with 0.5% Tween-80 as
a mild detergent in order to remove the capsuleS@ernatant from treated cells; D) Intracelluligicggen.
MSglgB and MSpstS lanes are positive and negatirerals respectively. Numbers indicate the dilution
from — to +. Results show overproductionesfglucan in the mutants tested not as result oflmation of
the production of intracellular glycogen. Assayrigat out in collaboration with Dr Jeroen Geurtsérnhe
VU University Medical Centre in Amsterdam, Netheda.

4.2.4 Growth of mutant strain in different carbohydrate-based carbon sources

It was likely that the selected ABC-transporteng® could be involved in the
uptake of external sugars rather than functionxg®mreers of the capsule or its precursors.
Thus, the ability of the strains of growing in &&n different sugars as the sole carbon
source was tested, in order to correlate transpéutetion and metabolite. As shown in
Fig. 4.6 the growth of all mutant strains was samiin every carbon source provided

except in 10 mM trehalose, where the mutaMSVIEG_5059-5060 failed to grow.
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Although it was not considerable, this strain shdwgeowth ability when using glycogen
as carbon source. This fact could be interestimgesiboth trehalose and glycogen

pathways share a common metabolic route.

0.5

0.4
awT

® AMSMEG_0505-0507
B AMSMEG_4466-4467
B AMSMEG_5059-5060

03

Abs
0OD600

0.2

0.1

[
E
[

trehalose _

=
=
=
-
S
e
a

No C-source
glycogen
dextran
L-fucose
maltose
D-arabinose
D-galactose
D-ribose
D-mannose
D-xylose
D-fructose
D-glucose

D-glucosamine

Carbon Sources

Figure 4.6: Mycobacterium smegmatis strains growth in defined media. Every strain was grown in
defined Sauton media testing different unique cardmurces and a bar chart was plotted showingtieab
density reached by each strain measured at 600@n 48 hours of incubation at 37°@MSMEG_5059-
5060 strain was unable to grow using trehalose as enicprbon source but showed growth in glycogen
unlike the rest of the strains. Assay carried outdllaboration with Dr Jeroen Geurtsen at the Vihersity
Medical Centre in Amsterdam, Netherlands.

4.3 DISCUSSION

The analysis oOMSMEG_6369 protein sequence by BLAST showed that the gene is
the homolog offbD, previously reported to be involved in the synthe$ TDP-rhamnose
that forms the O-antigen subunit of the lipopolyseride (LPS), a major constituent of
the outer membrane in several Gram-negative (BanasHull, 1998; Cuthbertsosi al.,
2007). Therefore, in mycobacteria, RfbD could hamemportant role in the biosynthesis

of extracellular polysaccharides like arabinomanoarglucan, predominant constituents
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on the surface dfl. tuberculosis (Schwebactet al., 2001; 2002). Due to the conditional
gene expression in the strain, which depends oratetamide supply, a different time
course experiment needed to be designed to determénglucan level production under
acetamide depletion.

The straindpstS was used as positive control for high levels ofrapellular
capsulara-glucan and perhaps, due to the mutation, thensegacounters a phosphate
limiting condition which could trigger a stress pesse overproducing protection factors
like the capsule. Similar results have been found dihers with an isocitrate
dehydrogenasdicd mutant, who showed high levels of capsular glugimen and Bhatt,
unpublished results). In this case a breakdowménTtCA-cycle could induce anaplerotic
pathways or glyoxylate cycle in order to re-estthhig the homeostasis, ending up on
accumulation of capsular material. The high lewdlextracellular capsular-glucan found
in the mutant strains could probably be due to teasons: either an overproduction of the
polysaccharide as a result of the stress responsan caccumulation because of the
breakdown on the sugars recycling system.

While these experiments were carried out, Kalseheual. showed the system
MSMEG_5058-MSMEG 5061 to be a high-affinity permease specific for treisal that
plays a major function in the recycling system ¢etl wall-released trehalose and also
confirmed the inability of the mutant to grow usitighalose as sole carbon source
(Kalscheuegst al., 2010). Any imbalance in sugar metabolism (like inability to recycle
trehalose) could probably have severe consequentesglucan levels and considering
that mycobacteria use the non-mammalian trehalss® @recursor for essential cell-wall
glycolipids and other metabolites (Swagtsal., 2012), its high levels could be due to an

accumulation rather than an overproduction of ciapsmaterial, produced by a broken
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recycling pathway. It is interesting thaISMEG_5059-5060 mutant showed the ability to
metabolise glycogen as unique carbon source; perhap being able to recycle the
trehalose due to the mutation induces and actitheeability to use glycogen which could
be used as a sugar storage that need to be adtivatier specific conditions, perhaps the
stringent response or the carbon starvation. Onother hand, a very detailed study is
required in order to check the growth dynamic, siirc some cases the impaired growth
shown may be the effect of a long lag-phase redquiceadapt the metabolism to that
specific carbon source, which is not possible tiecteafter only 48 hours of incubation. A
recycling system of metabolites synthesised by pghthogen appears as an adaptation
mechanism to either unfavourable conditions ored#ht types of nutrients. In that context,
the determination of changes in gene- and proipression profiles via microarrays or
proteomics analysis is necessary along with thevtirkinetics assays. The growth of the
strains in defined media could probably show tihat test of the transporters are either
redundant or involved in the uptake of moleculeat tivere not tested in this study. A
complete test would require the generation of deutiple or even quadruple mutants.

In summary, while changes inglucan production were seen in the mutants, the
effects were not likely related to the transporuajlucan and thus the genes involved in

its transport and biosynthesis remain unidentified.

4.4 MATERIALS AND METHODS

4.4.1 Candidate genes, plasmids, phages, bactes#iains and growth conditions
As it was stated in the introduction, ABC-trangporhomologs genes frorl.

smegmatis were selected in order to generate knockout strafior the genes

102



Chapter 4 - Assessing the Role of ABC-Transporterisi the Mycobacterium smegmatis Capsular a-glucan Transport

MSMEG_0505-0507, MSMEG_5059-5060, MSMEG_4466-4467 and MSMEG_6369.
Table 4.1 and 4.2 outline the putative functionsl dhe respectiveM. tuberculosis
homologous for candidate genes while vectors amtebal strains used in this study are
listed in Table 4.3. The strains were grown inafiét liquid media at 37°C, namely, TSB
as culture media and both 7H9 and Sauton as defiveetia, adding acetamide or different

carbon sources when it was required.

4.4.1.1a-glucan assay

In order to deteat-glucan by colony-blot assaly]. smegmatis strains were grown
at 37°C in Middlebrook 7H9 media supplemented Wif§6 oleic acid-albumin-dextrose
catalase (OADC) and 0.05% Tween-80 until anaggof ~1, hygromycin was added at
100 pg/ml concentration into mutant strains culturesliOeere diluted 100 times in 7H9
with neither supplement nor Tween-80 (in order Idtadh an intact capsule), adding 0.2%
dextrose and grown to exponential phase. Then \wargested by centrifugation and
washed thrice and resuspended in phosphate buffakuke solution. Detection af-
glucan was performed before and after an incubatiothe cells in the mild detergent
Tween-80 (0.5%) by agitation for 30 min at room pemature in order to remove the
capsule. Treated cells were collected by centrifogaand separated from the extracted
fraction ready to perform blot analysis. These yss@ere carried out in collaboration with

Dr Jeroen Geurtsen at the VU University Medical iG2m Amsterdam, Netherlands.

4.4.1.2 CESTET

A conditional mutant strain was generated by CEBTBhatt and Jacobs, 2009)

integrating the'SMEG_6369 gene into théVl. smegmatis mc&155 under the control of the
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acetamidase promoter (primers used to amplify theegusingBamHI and Clal sites:
MS_6369F 5-CATGGATCCATGACGTTCACCGACGCG-3' and MS3@&R 5'-
CATATCGATTCAGACCCAGTAGGGCAC-3) and the chromosomMSMVEG_6369
replaced by a hygromycin resistance cassette aftdsy Cultures were grown either in
TSB and Sauton media with 0.2% acetamide and als0l.6% agar plates using
hygromycin at 10Qug/ml and kanamycin at 3Qg/ml to select the conditional mutant

strain.

4.4.1.3 Different unique carbon sources test

In order to test growth ability in defined medl® mM of different carbon sources
were added to Sauton media and the strains grov@r°& for 48h. These assays were
carried out in collaboration with Dr Jeroen Geunts¢ the VU University Medical Centre

in Amsterdam, Netherlands.

4.4.2 Generation of mutant strains

Individual mutants were generated using allelich@nge constructs designed to
replace the selected genes frdvh smegmatis proposed to be involved in-glucan
biosynthesis and transport. Sequences flankindettheand right of the genes were PCR
amplified using the primers and restriction sitéan@1l) listed on Table 4.4 following the
procedure described in General Materials and Methselction to generate knockout
phages. Allelic exchange constructs were desigoeckpilace the selected genes with a
hygromycin resistance cassette. Each mutant wadated asona fide by Southern blot

analysis as described in General Materials and distilsection.
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Table 4.3

vectors and strains is fully described in General Mterial and Methods section.

Phages, plasmid vectors and bacterial strains usethd generated in this study. Generation of phages,

Vectors and Bacterial

Strains Description Reference
Phage
Conditionally  replicating shuttle  phasmid
phAE159 derived from the lytic mycobacteriophage TM4 Kriakov et al., 2003

(TM4ts::pYUB328)

Derivative of phAE159 obtained by clonin

g

PRIMSMEG 4466-4467 |\ \\QVIEG 4466-4467 into its uniquePad! site. This work
g Derivative of phAE159 obtained by cloning .

PRIMSMEG 05050507 | \MSvIEG 0505-0507 into its uniquePad! site. This work
Derivative of phAE159 obtained by cloning .

phIMSMEG_5059-5060 PAMSMEG 5059-5060 into its uniquePacl site. This work

phIMSMEG._6369 Derivative of phAE159 obtained by cloning This work

PAMSMEG 6369 into its uniquePacl site.

3

Vector
Cosmid for cloning allelic-exchange substrates.
p0004s Used for specialized transduction. ContajnsBardarovet al., 2002
Aphagecos site andHyg™-sacB cassette. a[
Escherichia coli-mycobacterial shuttle plasmid __ .
pSD26 with acetamidase promoter Kan Parish and Brown, 200
Single-copy-integrating vector; inserts into the
pMV306 phage L5 chromosomal integrating s##B in Stoveret al., 1991
many mycobacteria K&n
pMV306-6369 MSMEG_6369 cloned into pMV306 . Kah This work
Bacteria

M. smegmatis mc?155

Parental straingpt-1 mutation conferring high
efficiency of plasmid transformation

Snappeet al., 1990

Chromosomal copy oMSMEG_4466-4467 in

AMSMEG_4466-4467 mc2155 was replaced by a Hygassette This work
Chromosomal copy oMSMEG_0505-0507 in .
AMSMEG_0505-0807" | 115155 \was replaced by a Hycassette This work
g Chromosomal copy oMSMEG_5059-5060 in .
AMSMEG_5059-5060 | 1\ 5155 \was replaced by a Hycassette This work
MSMEG 6369 under the control of the
mc*155::6369 acetamidase promoter was integrated using This work
pMV306
AMSMEG. 6369 Chromosomal copy of MSMEG_6369 [n This work

mc?155::6369 was replaced by a Fiygpssette
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Table 4.4

Primers used for generation of allelic exchange sgbrates and sequencing

Sequences flanking the left and right sides of deaes were amplified using the following primers an
restriction sites\{an91l) to generate allelic exchange constructs

Name

Sequences

HL
HR
oL
OR

5' AGGATCCAGGACCTGCCAAT 3
5' CTTCACCGATCCGGAGGAAC 3'
5' CGGCCGATAATACGACTCA 3

5' CTGACGCTCAGTCGAACGAA 3

MS0505-0507-LL

MS0505-0507-LR
MS0505-0507-RL
MS0505-0507-RR

5'TTTTTTTTCCATAAATTGGGCTGAGGCTCGCCAGCGCCTGC 3'
S'TITTTTTTCCATTTCTTGGATCTGCTGTGCGGCTTTGAGCGAC 3'
5'TTTTTTTTCCATAGATTGGACCGAGGCGTTCATCATCCC 3'
S5'TTTTTTTTCCATCTTTTGGGGGTCTGCACACGCATCTTG 3'

MS4466-4467-LL

MS4466-4467-LR
MS4466-4467-RL
MS4466-4467-RR

S5'TTTTTTTTCCATAAATTGGAAGTCCAGCGACGCCGGATAGTTC 3
5'TTITTTTTTCCATTTCTTGGGAAGGATCGGTGAGCCACTCGATG 3'
S'TTITTTTTTCCATAGATTGGTGACCGTGGTGCCGCTGTATCTG 3'
5'TTITTTTTTCCATCTTTTGGTCCGGCGAAGTATCCGTTGGAG 3'

MS5059-5060-LL
MS5059-5060-LR

5'TITTTTTTCCATAAATTGGAGCGGCTCGTCCATGAGAAAC 3'
S'TTTTTTTTCCATTTCTTGGGCTGGTCACACCGATCTTCAAC 3

MS5059-5060-RL
MS5059-5060-RR

5'TTITTTTTTCCATAGATTGGCATGAACGGCGTGGTCTTCC 3
S5'TITTTTTTCCATCTTTTGGGTTCGACGCGAGCAAGAAGG 3'

MS6369-LL S'TTTTTTTTCCATAAATTGGTCGTCGTCGACAACGACAAC 3'
MS6369-LR S5'TTTTTTITTCCATTTCTTGGTGGCGATGGTGATCCAGAAC 3'
MS6369-RL 5'TTTTTTTTCCATAGATTGGATCAGGAACTTCGGCACTGG 3
MS6369-RR S5'TITTTTTTCCATCTTTTGGTCCGCGCATCGCAGATCAAC 3'

R OL and OR: sequencing primers uso 6 cliasks cloned mo po00ds. o
4.4.3 a-glucan detection by colony-blot assay

Serial dilutions of the samples (5 pl) were spotiachitrocellulose membrane, the
membrane was dried for 1 h at 80°C, blocked, immlabelled using an anti-glucan
monoclonal antibody overnight (1:5) and washed WBS plus 0.05% Tween-80. Then,
incubated with peroxidase-labelled goat anti-molgdéd (1:1000) and developed using
3,3-diaminobenzidine tetrahydrochloride (Baba, 399Bhe M. smegmatis AglgB and

ApstS mutant strains were chosen as negative and pasitimtrol fora-glucan production,
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respectively. These assays were carried out ialoothtion with Dr Jeroen Geurtsen at the

VU  University Medical Centre in Amsterdam, Netlaeds.

4.4.4 Southern-blot confirmation

The mutant strains obtained were confirmed by ISsmatblotting technique using a
DIG probe as described in General Materials anchibtit section. The following pictures
show a diagram representing the digestion pattémgreoomic DNA from wild-type and
mutant strains on the left side. The right sidehef pictures display the films obtained by

hybridisation between the probes and the digestadgic DNA.
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Figure 4.7: Southern-blot confirmation. The left sides of the pictures display the digestpattern
diagrams of genomic DNA from wild-type and mutatiams. Right sides display the films obtained by
hybridisation between the probes and the digestwtbmic DNA. The diagrams include the restriction
enzyme used and the expected sizes for each aftaimnthe digestion; the films display the digestattern
obtained for each strain tested and the probe Vgasused as molecular-weight size reference. Tizénst
that showed the expected pattern were chooserrfarpethe experiments described in this chapteantd R
indicate the flanking regions, hyg: hygromycin séshce cassette. A-IMSMEG_0505-0507, B-
AMSMEG_4466-4467, C- AMSMEG_5059-5060, D- AMSMEG_6369.
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CHAPTER 5

DECIPHERING THE ROLE OF EXOPOLYPHOSPHATASES

IN MYCOBACTERIAL BIOLOGY
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5.1 INTRODUCTION

Inorganic polyphosphate (polyP) is an ubiquitcarsgl polymer of tens or hundreds
of orthophosphate (Pi) units linked by phosphoanidgd bonds, widespread in every
single organism: bacteria, archaea and eukarydigs $.1) (Kulaevet al., 1999). The
molecule has several functions e.g., phosphate esetgy storage, role regulating the
levels of nucleotides like ATP, maintenance of datimeostasis, regulation of gene
expression, storage of inorganic cations, membuamsport, etc (Kornberg al., 1999).

In prokaryotes, it has been demonstrated that polgabolism is involved in bacterial
virulence, sporulation, motility, cell division arrésponse to both stress and stringency
(Raoet al., 1998; Brown and Kornberg, 2004; Zhagtgal., 2005a, Surekat al., 2009;

Varelaet al., 2010).

O O O
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Figure 5.1: Schematic diagram of inorganic polyphgzhate molecule polyP molecule made up of tens to

hundreds of phosphate residues linked by phosplydaidie bonds. (Adapted with permission from
Kornberget al., 1999. Confirmation N° 11129104).

The polymer is synthesised reversibly by the ereyPolyphosphate kinase 1
(Ppk1) that adds thgphosphate of an ATP molecule to the polyP chatreexe (Ahn and
Kornberg, 1990). This enzyme is highly conservedseveral bacteria and archaea,

including some main pathogens, whilst in eukaryode$y Dictyostelium discoideum
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(DdPPK1) has been demonstrated to have a Ppkl bgm®(Zhangt al., 2005b). PolyP
biosynthesis can also be produced by other enzysues as Polyphosphate kinase 2
(Ppk2), a nucleoside diphosphate kinase (NDK) wistesises polyP from GTP and is
responsible for the 20% of the normal polyP cetlal@ount shown bppkl Pseudomonas
aeruginosa mutants strains, despite the fact the NDK-actiigty5-fold greater (Rashigt

al., 2000; Ishigeet al., 2002; Zhanget al., 2002); additionally, Polyphosphate kinase 3
(Ppk3) reversibly utilises inorganic polyP as aaoto produce CTP from CDP. Activity
assays have shown that while Ppk2 and Ppk3 ara@bldise 100% of the polyP amount,
but Ppkl only utilises 30%, leading to the ideat tApkl function is mainly the polyP
synthesis for phosphate and energy storage, widleother two enzymes consume polyP
(Nahalkaet al., 2009).

Studies in prokaryotes have demonstrated gpikil is an important factor in
bacterial survival, stringency, long-term cell sual, nutrient limitation and virulence
including pathogenic bacteria, moreover is an egting candidate for drug development
since is not present in humans (Raal., 1998; Kuroda and Kornberg, 1997; Hengge-
Aronis, 2002; Zhanget al., 2005b; Brown and Kornberg, 2004). Specifically,
Mycobacterium tuberculosis, results show that downregulation of eithgakl or ppk2
causes the failure of survival in macrophages, ipmputs role as key factor in the
intracellular life (Surekat al., 2007; Surekat al., 2009).

PolyP degradation is accomplished by an exopolgphatase, designated Ppx that
belongs to the Ppx/GppA family. The enzyme actbtaaking down the polymer from the
end of the chain into inorganic phosphate units emntributes to maintain the dynamic
balance of polyP and phosphate levels in the édlyamaet al., 1993; Miyakeet al.,

1999). Interestingly, bacteria lacking Ppx exttiincreased resistance to complement-
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mediated Kkilling inNeisseria meningitidis (Zhanget al., 2010). Ppx is also required for
survival inside the necrotic lung lesions produbgdV. tuberculosis (Thayil et al., 2011).
The genome ofCorynebacterium glutamicum ATCC13032, encodes tw@px genes:
NCgl0396 (ppx1l) and NCgl0938 (ppx2), but Ppx2 is the major exopolyphophatase with
substrate specificity toward short-chain polyP (reret al., 2009). In the case dl.
tuberculosis H37Rv, the genome also contains two genes encquitagive Ppxs, namely
Rv0496 andRv1026. While theRv0496 encoded protein has shown to possess Ppx activity,
the role ofRv1026 remains unknown since its product has not beea @btiegrade polyp
in vitro, although both proteins have low ATPasal ékDPase activities that can be
inhibited by the hyperphosphorylated guanine nuaecalarmone (p)ppGpp (That al.,
2011; Choiet al., 2012). Previous studies suggested Bdi026 may be involved in an
adaptive response to amino acid starvation andpieegulation might reflect the adaptive
response to stress within the macrophage (Srivastal., 2007). It has been classified as
an essential gene by Himarl-based transposon nmésigeofM. tuberculosis (Sassettet

al., 2003). The main reactions involved in polyP rhetsm can be summarised as

follows:

PolyP synthesis
Polhiphosphate kinase (PPKI)

nATP <---= polvPrn + nADP
PolyP degradation

Polyphosphate kinase (PPK2)
pohPn + GDP <—-= GTP + pelyPn-1
Exopolyphasphatase (PPX)

polvPn ——=polvPu-1 + Pi -=nPi
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In Escherichia coli, polyP plays an important role in cell physiolodyring the
stringent response which is regulated principay}{ppGpp, the effector, synthesized by
RelA and SpoT in response to limiting conditionsa@viussoret al., 2005; Braekeset al.,
2006). In several species of the geMcobacterium, polyP accumulation results in the
appearance of visible granules under certain stesditions (Wardet al., 2012). InM.
tuberculosis, which is able to survive and replicate within thastile environment inside
macrophages and can lie dormant in humans for yeatgP has been implicated in the
persistence. It has also been demonstrated th&ehprotein catalyzes the synthesis and
hydrolysis of (p)ppGpp, regulating its intracellulavels and consequently the ability to
survive long-term starvation in culture (Primeh al., 2000; Avarbocket al., 2005).

In E. coli, the amount of polyP is regulated by a coordinatetivity between Ppx
and Ppk and increments of polyP levels followingsd, as a result of the suppression of
Ppx activity by the effect of the alarmone (p)ppGapd the expression gipkl in
stationary phase. This leads to an accumulatiothefpolymer due to a boost in its
biosynthetic rate (Kuroda and Kornberg, 1997; Mamellg 2007; Achbergerova and
Nahalka, 2011; Choét al., 2012). On the other hand, in mycobacteria, pagB on a
signalling path way where polyP is key for the ioglon of rel and the biosynthesis
(p)ppGpp during stationary phase, acting upstre(p)ppGpp, unlike other bacteria such
asE. coli andStreptomyces lividans where it occurs downstream and the deletioppid
does not provoke variations in either the expresb rel gene or the biosynthesis
(P)PpGpp (Chouayekh and Virolle, 2002; Surekal., 2007). Thus, irM. tuberculosis,
the induction ofrel gene during the stationary phase is regulatechbysigma factoo®,
which is related to the response under stress tionslj growth in macrophages and

pathogenesis (Rodrigwet al., 2006; Dongt al., 2008). Moreover, it has been shown that

113



Chapter 5 - Deciphering the role of exopolyphosphases in mycobacterial biology

the two-component system MprAB modulates the tnapison of sigk during stress where
MprB phosphorylates MprA using polyP as phosphateod, activatingmnprAB andsigE
expression (Fig. 5.2). Interestingly, the activattimes not occur ippk mutants but only in
wild-type strains, and down-regulation gkl impairs the ability of growing inside the
cytoplasm of the macrophage which is a phosphatarlg environment (Manganelét

al., 2001; Heet al., 2006; Panget al., 2007; Surekat al., 2007). Recent studies have
demonstrated that low levels of phosphate actitreg@pkl transcription via two different
regulator factors that could bind its promoter: ph@sphorilated response regulator RegXx3
(from another two-components system, the SenX3-Rggxid SigE; forming a regulated
network wheregpkl connects a pair of two-components systems duringiate scarcity

(Sanyalet al., 2013).

o — Transcriptional Poly P
RLIA Starvation (p)ppGpp modulation Or

SpoT Swess l several genes l
Inhibition
MprAB

PPX l

A Pol;y P ‘/ \ B

E
accumulation Rlel_”,_,-, o) stg;regulon
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SOS > 50 genes response ——aVirulence
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Figure 5.2: Schematic representations of the sigrlalg cascades where polyP is involved in bacteria
A.- Pathway of stringent response developmeri.inoli showing polyP role. B.- Stress-inducsignalling
pathway in mycobacteria starting from polyP. (Adabwith permission from Manganelli, 2007 and Sureka
et al., 2007. Licence N°3244860716435).

Understanding the basis ™. tuberculosis persistence is an important step in

tackling latent tuberculosis infection, where pobfiiould play a crucial role. The majority
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of the studies available in polyP metabolism hagerbfocused in the biosynthesis of the
polyP, and therefore the role of polyphosphate desa rather than the degradation of
polyP by the exopolyphosphatases. So far, studies shown pleiotropic effects as result
of the lack of Ppk function, which is perhaps nobisgly relevant on phosphate usage
during active growth of the cell because, as itleen said, the organisms are still able to
overcome the condition and accumulate polyP regasdihe mutation, therefore focusing
in polyphosphate kinases role might not be the triginategy. On the other hand,
exopolyphosphatases and its importance in persistaave not been studied, and then
little is known about the cellular and moleculamdtions of mycobacterial Ppxs.
Considering thaM. tuberculosis faces a harsh intracellular environment in macageis
where the essential phosphate supply is extrenwaly, phe role of the exopolyphosphatase
activity in persistence and infection appears amtanesting topic to be studied.

The study described in this chapter aimed to deter the potential role played by
exopolyphosphatases and polyP in phosphate metabaluring phosphate starvation in
mycobacteria. Two exopolyphosphatases homologs wevad in the genome of
Mycobacterium smegmatis mc155, namelyMSMEG_0939 and MSMEG_5413; deletion
mutants of each gene were generated by specidiiaadduction and the strains were

tested on the ability to survive under phosphadtilng conditions.

5.2 RESULTS

5.2.1 Identification of putative M. smegmatis exopolyphosphatases
Using BLAST, two putative exopolyphosphatases homols genes were

identified inMycobacterium species genomes. The Ppx protein sequenceBsoherichia
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coli K-12 (NCBI Reference sequence NP_416997.1) wagl wse a query. InM.
tuberculosis H37Rv, Rv0496 (score 57.8, Id 23%, E-value &% andRv1026 (score 70.5,
Id 27%, E-value 4&") were predicted to encode exopolyphosphatasesnwinie, in M.
smegmatis mc?155, MSMEG_0939 (score 70.9, Id 24%, E-value 5% andMSMEG_5413

(score 70.1, Id 28%, E-value 1% showed to be, respectively, the identified horgslo

5.2.2 Deletion of bothMSMEG 0939 and MSMEG 5413 genes produces slower
growth rate in M. smegmatis

Using allelic exchange substrates, the apramyceid hygromycin antibiotic
resistance cassettes were transducedNhtemegmatis mc®155 strain in order to replace
regions of the exopolyphosphatase geMSVIEG 0939 andMSMEG 5413, respectively.
Three mutant strains were generated, nam&W§SVIEG 0939, AMSMEG 5413 and
AMSMEG_0939-5413 depending either on the single or double geneugism caused.
Each deletion was checked by Southern blot analgtgs confirming the introduction of
the resistance cassettes and discarding any pededdting RNA transcription. As it is
mentioned in the methods, serial dilutions werettegoon both TSB and Sauton agar
plates in order to check colony morphology alteradi the deletions of the genes did not
produce alterations in any of the mutants growrnhenmedia mentioned above compared
to the wild-type strain used as control (Fig. 5.8 No clumping effect was observed in
liquid media either, although, the double mutamistshowed a slower growth rate and
reached lower OD value at stationary phase compar#te wild-type and single mutants
strains (Fig. 5.3 B). Since the morphology doessimw any change between the strains,
the OD values shown by the strains are reliableims of the growth rate, which is also

consistent with the data obtained by cell-coun(ifig. 5.4).
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Figure 5.3: Growth characteristics ofppx mutants of M. smegmatis mc?155. A- Colony pictures from 10
ul of culture spots on different media, left and teencolumns: 10 dilutions on Sauton and TSB-agar,
respectively, right column: 10dilution on TSB-agar. Cultures were grown in Sauand TSB liquid media
at 37°C until stationary phase, spotted on resgestlid media and incubated for 3 days until ci@lswere
visible. B- Growth curves for control and mutamasts grown in 50 ml of TSB media at 37°C and 1a@ r
of agitation. Values and error bars shown wereinbthfrom experiments performed in duplicates.
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5.2.3 MSMEG 0939 and MSMEG 5413 genes have a crucial role in phosphate

supply from intracellular polyP during phosphate siarvation

As it was mentioned in the introduction, polyP afetlism is involved in stress and
stringency response. Several studies carried o& toli and Pseudomonas aeruginosa
have been focused in the functionppkl in bacterial survival within harsh environments
(Rao and Kornberg, 1996; Kuro@aal., 1999) and, specifically, nutrients starvatiom an
oxidative stress (Surela al., 2007); although, the role of the exopolyphosabatactivity
in phosphate metabolism has not been carefullyiesdudn order to decipher the effect of
ppx genes deletion in phosphate metabolism, mutaainstwere subjected to phosphate
starvation assays. The strains were grown untilostary phase in rich TSB media and
later transferred into a defined minimal Sautonemgnosphate was not added. Details are
described in materials and methods section.

In order to test the growth dynamic, optical dgnéDD) measurements and cell-
counting were carried out. During phosphate stawmatreatments, the single mutant
strainsAMSMEG_0939 and AMSMIEG_5413 did not seem to suffer major effects in the
growth dynamic due to the lack of one of the exgplbbsphatases. The OD values
demonstrated that the the single mutants were tabggow in the absence of phosphate
showing a similar growing pattern than the wildgygtrain under the same conditions. A
slighty reduced growth was shown by single mutamtthe absence of phosphate, which
was not larger than one order of magnitude in teomsell viability, and their growth
seemed to be only limited by the amount of phosplaatilable. On the other hand, the
lack of both putative exopolyphosphatases prodacedgative effect under the conditions

tested, the OD values obtained showed that celie wet able to grow when phosphate
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was removed from the environment; surprisingly, gshme effect was observed even when
the double mutant strain was grown in the presesfcphosphate (3 mM KHPO, in
Sauton medium), where apparently the uptake or ufilesation of the extracellular
phosphate available was impaired. Moreover, whike ©®D measurements showed no
growth for the strain (Fig. 5.4), the viability teslemonstrated that the lack of both genes
produced a lethal effect undergoing growth in Sauteinimal media (Fig. 5.5). The
presence of at least one of the putative exopolypihaiases genes suffices to survive
under phosphate scarcity, strongly suggesting itttedicellular polyP was degraded and
used by the wild-type and single mutant strainsovercome the starvation, while the

double mutant was not able to use polyP via angthtiway.

OD Values During Pi Starvation
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Ot=24h

Et=48h
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Figure 5.4: Optical density measurements foppx mutant strains of M. smegmatis mc*155 during
phosphate starvation.Cells previously grown in TSB medium until statiopphase were washed two times
with Sauton medium without phosphate and dilutetil WDggon=0.4 where the starvation experiment
started. Strains were grown in Sauton media witnfol +Pi) and without (-Pi) phosphate supply dgré48
hours at 37°C in agitation and growth was monitdrg@ptical density. OD was measured every 24 hiours
order to test the effect of gene deletions. Th& afcboth exopolyphosphatases produced a lethatefh
Sauton medium even in the presence of Pi. Valudsearor bars taken from three experiments carrigtd o
independently.

119



Chapter 5 - Deciphering the role of exopolyphosphases in mycobacterial biology
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Figure 5.5: Viability test for ppx mutant strains of M. smegmatis mc®155 during phosphate starvation.
Cells previously grown in TSB medium until stationgphase were washed two times with Sauton medium
without phosphate and diluted until @g,=0.4 where the starvation experiment started. iB{naiere grown

in Sauton media without (A) and with (B) phosphsteply during 48 hours at 37°C in agitation andbiity

was monitored by cell counting on TSB plates bytiptp25 pl of -3, -4, -5 and -6 dilutions. Viable cell
counting was performed at the end of the incubaitioSB, the beginning of the starvation and evaty
hours in order to test the effect of gene deletiadgd-type and single mutant strains were ablsuovive
while undergoing Pi starvation and showed similaowgh patterns. The lack of both exopolyphosphatase
produced a lethal effect in Sauton medium evehénpresence of Pi. Values and error bars taken fhoee
experiments carried out independently.
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5.2.4 Deletion of MSMEG 0939 and MSMEG 5413 genes induce polyP

accumulation during phosphate starvation

Inasmuch as intracellular levels of free phosphate limited and must be
maintained at a concentration close to 10 mM (Raal., 2009), the results shown in
section 5.2.3 suggested that the phosphate congumgomd usage during the starvation
should be dependent on polyP, thereby the doubtanhatrain should exhibit high levels
of polyP as result of the inability to degrade flodymer; on the other hand, wild-type and
single mutant strains should exhibit similar levefspolyP due to the usage of polyP as
phosphate source. In order to test this hypothast to determine whether the genes
MSMEG_0939 andMSMEG_5413 play a role in the utilisation of polyP, the céupolyP
contents of every strain were measured by a DABé&thassay. Levels were quantified at
each stage were growth and viability was tested,amounts of polyP quantified were
normalised in terms of the protein content, adia tsetween polyP and protein amounts.
The results showed that deletions did not seenate la significant effect in the amounts
of polyP displayed by the strains when they werilyated in a rich-media as TSB and
abnormal polyP accumulation or depletion were rsieoved (Fig. 5.6 A).

As it was mentioned, polyP levels were quantifiieding the incubation in Sauton
medium with and without phosphate (0, 24 and 483$)oT he results showed that whereas
the wild-type and the single mutant strains exbibisimilar levels of polyP, the lack of
both exopolyphosphatases produced an accumuldti@ppooximately 5-fold at the end of
the incubation (Fig. 5.6 B); those polyP values pamed to the ones found at the
beginning of the starvation suggested that the giette used by the wild-type and single
mutants must come from the degradation of polyiesthe strains were actively growing

and dividing without any other source of phosplaaiailable rather than the polyP. On the
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other hand, the double mutant strain showed simédsaels of polyP than the initial
condition, indicating that the cells did not usdypoas a source of phosphate and, as it has
been shown by cell counting, they underwent celldéath.

The wild-type and single mutant strains testedeurmbntrol conditions (Sauton
media with phosphate) contained similar amountpafP than after growing in TSB,
since these strains were actively growing and digadt is valid to assert that new polyP
was synthesised from the polyP available in theiomedkeeping the ratio polyP/mass on a
relatively constant level. Interestingly, the daubhutant strain displayed a higher content
of polyP even though cell-death was observed.

These results demonstrate that the uptaken phiesfioan the medium has been
directed to the synthesis of polyP but without #dity to be degraded and used in the
case of the double mutant strain, which is likdlg tause of the lethal effect observed
(Fig. 5.6 C); moreover, the experiments also show#frences in the polyP levels
between the single mutant strains. While tMSVIEG 5413 content was similar to the
wild-type strain one in every condition tested, kaeels shown bylMSMEG_0939 strain
where approximately 1.5-fold higher, confirming yoisly published results where
different activities and/or functions were ascribemhd hypothesised to each
exopolyphosphatase (Thay& al., 2011; Choiet al., 2012). Although, these results
suggested a redundant effect for the genes, diecpresence of one of them suffices for
the survival of the organism and the use of phasphaits from the polyP during the

starvation, where the metabolism relies totallpahyP.
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Figure 5.6: Effect of ppx genes deletions in polyP content during Pi starvetn in M. smegmatis strains.
Bar chart showing polyP levels of wild-typgMSVMIEG_0939, AMSMEG_5413 and AMSMEG_0939-5413
strains during incubation in TSB (A) and Sauton raedthout (B) and with phosphate (C). Cells prexly
grown in TSB were washed and incubated in freshtd®amedia —Pi and +Pi during 48 hours at 37°C.
Samples were taken at 0, 24 and 48 hours of théaimn and polyP levels were measured using a DAPI
based fluorescence method. Data collected frone iméeependent experiments.
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In order to avoid the lethal effect of the doubiatation, gene complementation
attempts were carried out by introducing the maficreplicating plasmid pMV261,
carrying either MSMEG_0939, MSMEG_ 5413, Rv0496 or Rv1096 into the double
knockout mutant; additionally, a control recombinhatrain was developed carrying only
the vector without any of the genes. The doubleamiustrains bearing the constructs were
incubated under the conditions already described the initial incubation in TSB was
extended up to sixty hours due to the slow-grovétigon shown by complemented strains.
OD values were measured during the experimentarsme way described above and the
polyP levels were quantified after 48 hours of\s#on. Surprinsingly, the polyP levels
shown by the double mutant after 48 hours of intobain Sauton medium were
approximately 10-folder and 5-folder (Sauton withamd with phosphate, respectively)
higher compared to the levels found in the previexiseriment, while the complemented
strains showed similar or even higher levels ofyPothan the double knockout mutant
(Fig. 5.7). Moreover, the complementation assaysew®t successful, since the OD
measurements showed that the complemented stragme wot able to survive the

incubation in Sauton media (Fig. 5.8).

5.3 DISCUSSION

Using theE. coli K-12 exopolyphosphatase sequence already descabepiery
(Akiyamaet al., 1993; Zagat al., 1999), | identified two putative exopolyphospsss in
the M. tuberculosis HRv37 genome, namelRv0496 andRv1026, as it was predicted by
previous studies (Lindnet al., 2009). At the time when this work was carried, dinayil
et al. and Choiet al. attempted to determine exopolyphosphatase furgtio these two

putative exopolyphosphatases and showed each asghdigtinct biochemical activities:
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only Rv0496 was found able to degrade polyP (preferable gf@ins) buRv1026 had no
detectable exopolyphosphatase activitwitro. The M. smegmatis mc®155 homologues,
MSMEG_0939 and MSMEG_5413, were chosen in order to check their roles in dyaet
survival under phosphate starvation andithavo polyP degradation by generating single
mutants and a double mutant strain. SurprisinglgneéhoughRv1026 was predicted to be
essential inM. tuberculosis, | was able to generate MSMEG 5413 knockout inM.
smegmatis. My results showed a high degree of redundancydst bothM. smegmatis
putative exopolyphosphates since the presencetluéregene was enough to rescue the
double mutant strain from cell death while growindgsauton medium. Additionally, these
data strongly suggested that polyP is the onlya®af inorganic phosphate while growing

in minimal medium like Sauton, which is availablethe action of exopolyphosphatases.

PolyP/Protein Ratio in Complemented Strains

[ng/ug;

A2 pMV261 0939c¢ 5413c 0496¢ 1026¢

Figure 5.7: polyP content during Pi starvation in omplemented AMSMEG_0939-5413 strains. Bar
chart showing polyP levels during incubation in ®aumedia without (-Pi) and with phosphate (+PilI€
previously grown during 60 hours in TSB were washrd incubated in fresh Sauton media during 48hour
at 37°C. Samples were taken at the end of the atimub(48 hours) and polyP levels were measuretgusi
DAPI-based fluorescence method. Complementation caased out using the vector pMV261, where the
genesMSMEG_0939, MSMEG_0939, Rv0496 and Rv1026 were clonedA2: double mutant, pMV261: only
vector control, ¢: complemented strains. Data shooltected from three independent experiments.
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Figure 5.8: OD values for the growth of complementtAMSMEG_0939-5413 strains during phosphate
starvation. Cells previously grown in TSB medium during 60 howere washed two times with Sauton
medium without phosphate and diluted until g§a0.4. Later, the strains were grown in Sauton media
with (+Pi) and without (-Pi) phosphate during 48uf®at 37°C in agitation and growth was monitorgd b
optical density. OD was measured every 24 hourder to test the effect of the complementationcivhi
was carried out using the vector pMV261 where tbeegMSMEG_0939, MSMEG_0939, Rv0496 and
Rv1026 were clonedA2: double mutant, pMV261: only vector control, omplemented strains. Data shown
collected from three independent experiments.
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Nevertheless, single mutants clearly exhibitetedéht physiological roles for each
gene, judging by the difference in polyP contergct®ed. The data support the idea that
each gene has a different function but still retejrexopolyphosphatase activitly vivo
since the double mutant was not able to surviv@anton medium even in the presence of
phosphate. The strains present no colony morphaddtgyations and parallel analysis of
capsuleau-glucan and total lipid profile in theMSMEG_5413 strain did not show, at least,
any change attributable to the cell envelope (datd shown). In the case of
MSMEG_5413, the genetic context shows that the gene is doesstMSMEG 5414,
both forming part of the same operon. This gen®@es for a septum formation initiator
protein DivIC, whose function and link with the e@ayphosphatase encoded by
MSMEG 5413 need to be elucidated, due to the nature of Diitl& likely that the
function of this exopolyphosphatase could be rdlat cell division, perhaps doning
phosphate groups. On the other hand, the geneftitexdoof the geneMSVIEG_0939
reveals a close distance to the genes that encodéd two component system SenX3-
RegX3, MSMEG_0936 and MSMEG_0937, respectively. Therefore, a function directly
related to the regulation of phosphate-uptake, arse -store could be hypothesised for
MSMEG_0939, where the degradation of polyP should be the ingsbrtant one, and now
supported by the activity described in the literat(lrhayilet al., 2011; Chokt al., 2012).

In this case, it is likely that the exopolyphos@sais are under the strict regulation of the
SenX3-RegX3 system, perhaps a minimal medium lika&& triggers a stringent response
where the phosphate uptake is completely direabethé¢ synthesis of polyP and the
phosphate supply relies exclusively on the exoguygphatase activity (not present in the
double mutant), independently of the phosphatelaai in the media, which the double

mutant used in this study was not able to usehdfregulation of the exopolyphosphatase
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activity was simple, a normal complementation assiaguld rescue the double mutant
from the death while growing in Sauton medium; sitize expression using the pMV261
vector is constitutive, a stress condition couldybaerated that either prevents the activity
of the exopolyphosphatases via (p)ppGpp or thenisgaundergoes a general metabolic
dysregulation.

Due to the diversity of metabolic processes incltpolyP is involved (Brown and
Kornberg, 2008) and considering that representaga@omes of the Actinomycetales in
general contain botppx genes, it seems very likely that their functioasl heached a high
level of specialisation where each exopolyphos@eateould have a specific role at
different stages, under different conditions orihgvwsubstrate specificity as it has been
said for polyP-length and Ppx2 (Lindnetral., 2009). For instance, a BLAST analysis
showed a high degree of identity betwddi026 andNCgl0938 (52% of identity, E=2e-
102), but functionally the enzymes have not showvpdssess similar exopolyphosphatase
behaviourin vitro (Lindner et al., 2009; Choiet al., 2012), likely suggesting that the
activity in vivo is regulated by additional factors and under d#ifé environmental
conditions or stages that could be biasing theltesimd might have not been considered
whenin vitro reaction are performed, like protein complexeseaction involving several
proteins. This study has shown that Nh smegmatis the polyP degradation by Ppxs
consists in the only source of inorganic phospldaténg starvation, an interesting point,
since that could also be the scenario tattuberculosis could face as an intracellular
pathogen and during dormancy as well. Additionally,supports the idea of both
homologous exopolyphosphatases having differenogical functions, but showing signs
of redundancy under certain conditions that musstoglied in great detail since gene

expression is highly regulated and critical in theghway (Manganelli, 2007). Then, the
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next goal in this context must be to determine sates specificity, expression conditions

and gene regulation for each exopolyphosphatase.

5.4 MATERIALS AND METHODS

5.4.1 Bacterial strains and growth conditions

M. smegmatis mc?155 strain was used in all experiments as wild-tygetrol and to
generate mutant strains for the exopolyphosphdtas®wlogous genedlSMEG 0939 and
MSMEG_5413. Using specialised transduction, three strainsewgenerated, namely
individual single mutants and double mutant stfd@iable 5.1). Antibiotics concentrations
used for selection in each case were hygromycin (dd@énl, apramycin 5Qug/ml and
kanamycin 3Qug/ml. Colony morphology of the mutant strains waseryved on both TSB
and Sauton 1.5%-agar plates by spottingill6f 10™ to 10° dilutions fromM. smegmatis
cultures previously grown in TSB and Sauton meckapectively, until stationary phase.
Plates were incubated at 37°C until colonies wesile (3-6 days). The growth of the
strains was measured in duplicates by optical theragi 600 nm, 50 ml of TSB liquid
cultures were grown at 37°C, 180 rpm of agitatiemg started using 1/1000 dilutions of
previously grown cultures adding antibiotics acoogdto the concentrations mentioned
above. Sauton medium contains 0.05% (3.7 mM).®KB4, 2% glycerol, 0.4% L-
asparagine, 0.2% glucose, 0.2% citric acid, 0.05%gmasium sulfate, 0.005% ferric
ammonium citrate, at pH 7.0. Phosphate starvaassays were performed using Sauton
medium prepared using Milli-Q water with no mongssium phosphate added; in order

to avoid traces of phosphate, the flasks were pusly washed with acetic acid and all the
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chemicals used were analytical grade, with no tee¢lphosphate detected. Liquid media

were prepared adding 0.05% Tween-80 as surfacgemit.a

5.4.2 Generation of mutant strains

Individual mutants were generated using allelichenge constructs designed to
replace theMSMEG 0939 and MSMEG 5413 genes with apramycin and hygromycin
resistance cassettes, respectively. Sequencesntiatiie left and right of the genes were
PCR amplified using the primers listed on Table&n@Van91l restriction sites, following
the procedure described in General Materials anthddis chapter to generate knockout
phages. The double mutant strain was generated themiMSMEG_5413 mutant, using
the phage designed to del®tSMEG 0939, to obtainAMSMEG_0939-5413, a double
Apra-Hyg resistant strain. Each mutant was validlads bona fide by Southern blot

analysis as described in General Materials and distilsection.

5.4.3 Phosphate starvation
Phosphate starvation assays were performed aBows. Firstly, the strains were

grown during 30 hours until stationary phase innfi0of TSB culture in aeration at 37°C
and 180 rpm. Each culture was split into two similalumes and the cells collected by
centrifugation and washed twice with Sauton medithout phosphate. Cells were
transferred into 20 ml of Sauton media with anchaitt phosphate, diluting the cells until
approximately an OD=0.4 and continuing the incuatior 48 hours in the same
conditions. Samples of 1 ml were collected at the ef the incubation in TSB and every
24 hours during incubation in Sauton media in otdetletermine polyphosphate content.

In addition, at the same stages, cell couting wasied out by plating 25 ul of cell
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dilutions 10°, 10*, 10° and 1 on TSB-agar plates in duplicates. Phosphate starva

assay was carried out in triplicates, starting findependent cultures.

5.4.4 Complementation of mutant strains

The open reading frames fMSMEG_0939, MSMEG_ 5413, Rv0496 and Rv1026
were PCR-amplified fronM. smegmatis mc®155 andM. tuberculosis H37Rv genomic-
DNA, respectively, using the primers pairs Ms0938s0939R, Ms5413F/Ms5413R,
pMV261-Rv0496F/pMV261-Rv0496R, pMV261-Rv1026F/pM\2Rv1026R (Table
5.2). Amplified genes were cloned into the pMV26ictor using the primer-incoporated
BamHI and Hindlll cloning sites and the constructs generated weed ts transform
Topl0 chemically competelt coli cells using kanamycin for selection. Recombinant
plasmids were purified, checked by DNA-sequencing ased to transforrkl. smegmatis

strains by electroporation.

5.4.5 Polyphosphate extraction
PolyP extraction was performed using the methatrilged by Ault-Richéet al.,

(1998). Samples of 1 or 2 ml of culture were takam cell pellets collected by
centrifugation for 3 min at 13,000xg and discardihg supernatant. Each pellet was
resuspended in 0.3 ml of the a mix solution comgnd M guanidinium thiocyanate
(GITC), 50 mM Tris/Cl, pH 7 (or QG buffer, QIAGENINd 50ul of the suspension were
used for protein amount determination using the BR¥Atein Assay by Pierce (Biuret's
method-based) as an indicator of amount of battexas per sample. The suspension was

incubated at 95°C for 3 min, and @0of 10% SDS was added. The mix was incubated at
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95°C for 2 min. Next, 30@l of 100% ethanol and kl of Glassmilk suspension were
added to the tubes, which were then mixed by vortgeand incubated for 30 s at 95°C.
The mix was centrifuged at 13,000xg for 2 min ahe supernatant was discarded. The
pellet was resuspended in 200of cold New Wash solution (5 mM Tris/Cl, pH 750
mM NaCl, 5 mM EDTA, 50% ethanol) and centrifuged18;000xg for 30 s. The pellet
was resuspended in 1@0of a solution containing 50 mM Tris/Cl, pH 7, 8WwMgCl,, 5
pg/ml DNAase and fug/ml RNAase and incubated at 37°C for 30 min. Tispension
was centrifuged and the supernatant discardedp@&let containing the polyP was washed
twice with 200ul of cold New Wash solution, centrifuged and supé&ant discarded.
Finally, the polyP was collected two times by sgsending the pellet by vortex in
50 ul of water, incubating the sample for 2 min at 958€ntrifuging at 13,000xg, and
saving the supernatant containing the polyP. THgRpeamples were stored at -20C° for

no longer than 10 days.

5.4.6 Polyphosphate quantification assay
A DAPI (4’,6-diamidino-2-phenylindole)-based assags carried out for polyP

guantification doing modifications to a protocokpiously described by Aschar-Solsi
al. (2008) and Diaz and Ingall (2010). Reactions 50 @2 volume were prepared in 96-
well black microplates containing 126 HEPES (20mM final concentration),l DAPI
(10 uM final concentration), 119 ¥ and 5ul of each sample of polyP on triplicates. In
order to standarise the quatification, each plagt was read included wells with known
amounts of commercial polyphosphate (KeraFast, Hitth P700) from 0-20uM and
these readings were used to plot standard curves.amounts of polyphosphate were

finally expressed as weightig], assuming that lug of polyP in a volume of 2 ml
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corresponds to 6.83M of orthophosphate, using the -P@roup as a monomeric unit
(Aschar-Sobbet al., 2008). The shift in fluorescence was measurajus PHERAStdS
microplate reader (BMG LABTECH) at 415 nm (excival and 525 nm (emission)
wavelengths. Blank reactions were prepared usinlgdd water instead of polyP. Diluted
polyP samples 1/10 and 1/20 were also measured tisensame method when signals
were saturated. The amount of polyP obtainegdgifirom each sample was divided by the
amount of proteins present in the same sampleaamatio between amount of polyP and

protein per sample was calculated.
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Table 5.1

Plasmids, Phages and Bacterial Strains used in thisudy

Plasmid, Bacterial
Strains and Phages

Description Reference

Plasmids
p0004s Cosmid for clon!ng aIIehc-exchan_ge SUbStrat.esBardarovet al., 2002
Used for specialized transduction. Contains
Aphagecos site andHygR-sacB cassette.
p4AMSMEG_0939 Derivative of p0004s designed for allelic exchange  This work
of M. smegmatis MSMEG_0939.
pAMSMEG_5413 Derivative of p0004s designed for allelic exchange  This work
of M. smegmatis MSMEG_5413.
PMV261 Escherichia coli-mycobacterial shuttle vector, Stover et al., 1991

aph from Tn903, hsp60 gene promoter frorivl.
tuberculosis. Karf®,

pMV261-MSMEG_0939 MSMEG_0939 cloned into pMV261. Kdh This work
pMV261-MSMEG 5413 MSMEG_5413 cloned into pMV261. Kdh This work
pMV261-Rv0496 RV0496 cloned into pMV261. Kah This work
pMV261-Rv1026 Rv1026 cloned into pMV261. Kah This work
Phages
phAE159 Conditionally replicating shuttle phasmid derivedBardarovet al., 2002

pUMSMEG_0939

pMSMEG 5413

from the lytic mycobacteriophage TM4.

Derivative of phAE159 obtained by cloning This work
PAMSMEG_0939 into its uniquePacl site.
Derivative of phAE159 obtained by cloning This work

PAMSMEG_5413 into its uniquePacl site.

Bacteria

M. smegmatis mc?155

AMSMEG_0939

AMSMEG_5413

AMSMEG_0939-5413

Parental strain,ept-1 mutation conferring high Snappekgt al., 1990
efficiency of plasmid transformation.
mc155

Null  mutant of MSMEG_0939 in This work

(replaced by a Apfacassette).
Null mutant of MSMEG_5413 in mc®155 (replaced This work
by a Hyq cassette).

Double mutant of nfd55 in which chromosomal
copies ofMSMEG_0939 and MSMEG_5413 were
replaced by Apfa and Hy§ cassettes,
respectively.

This work
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Table 5.2
List of primers used in this study

Primers for generatio

n of allelic exchange substrats

MSMEG_0939-LL
MSMEG_0939-LR
MSMEG_0939-RL
MSMEG_0939-RR

S5'TTTTTTTTCCATAAATTGGCTCGAGGTAGCCCTTCTTGCCC 3'
S5'TTTTTTTTCCATTTCTTGG GGACAGCTCCAGCGAACCGCCG 3'
5'TTITTTTTTCCATAGATTGGCTGGCTCGCCACCGAGCTCGCCG 3'
S5'TTITTTTTTCCATCTTTTGGCGGCATCCCTGGCCGCGCCGGC 3!

MSMEG_5413-LL

MSMEG_5413-LR
MSMEG_5413-RL
MSMEG_5413-RR

S5'TTTTTTTTCCATAAATTGGCGACGGCACCAACTACCGCGCACTG 3
S5'TTITTTTTTCCATTTCTTGGCGAATACGATCCCGAGCAGATCCAC 3'
S5'TTTTTTTTCCATAGATTGGCGATCATCAACGCGACGTAG 3
S5'TTITTTTTTCCATCTTTTGGACGGCTGGGTTTCGTGATGC 3'

LL forward primer for left flank, LR reverse priméor left flank, RL forward primer for right flank,
RR reverse primer for right flank

Primers for generatin

g plasmids for complementation(BamHI andHindl Il sites underlined)

Ms0939F
Ms0939R
Ms5413F
Ms5413R
pMV261-RV0496F
pPMV261-Rv0496R
pMV261-Rv1026F
pMV261-Rv1026R

5' GACCCGTGCGGGATCCTGTGCTCGATGTGG 3
5' GGCTAGAAGCTTCTTATCGTCCGGCGTCGC 3'
5' CTGGAGCGGATCCCATGGGTGTGAACGACC 3'
5'CCGTTCGCTTTAAGCTTTCAGCTGATCG 3
5'CACGGTCCAGGATCCGGTGGTCGATG 3'
5'GGTGTGAAGCTTTCATGGTTTGCTGCC 3'
5'CTGGTGGGGATCCAGTGGCGCTAACCCG 3'

5' TGTGGCAGAAGCTTCTTATCCGGCCAG 3'

Primers used for sequencing reactions

pMV261-F
pMV261-R

5' CCAGTGGCAGCGAGGACAAC 3'
5' TGTGCAATGTAACATCAGAG 3’

5.4.7 Southern-blot confirmation

The mutant strains obtained were confirmed by IB&atblotting technique using a
DIG probe as described in General Materials anchibtiz section. The following pictures

show a diagram representing the digestion pattémgeonomic DNA from wild-type and

mutant strains on the

hybridisation between

left side. The right sidehef pictures display the films obtained by

the probes and the digestedrgic DNA.
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BsrDI BistDI BsrDI ek
L ——L— 4419 bp
L7 RF
—_—
Apra
BstD] BsrDI A ~0.9kb
' = ' 4023 bp probes
Hi=ci=T} 0939
1677 bp
—_—
MSMEG_ 0939
Wi Mutants
#eml
®eml o Heml wit
3011 bp
L5 RS
 —
MSMEG_5413
Keml

e N | et Xend Mutan

L5 RS 173 bp

. 1374 bp

Sac Hyg
~0.95kb
probes

wi Nutants

Figure 5.9: Southern-blot confirmation. The left sides of the pictures display the digestpattern
diagrams of genomic DNA from wild-type and mutatiams. Right sides display the films obtained by
hybridisation between the probes and the digesatbmic DNA. The diagrams include the restriction
enzyme used and the expected sizes for each aftainthe digestion; the films display the digestattern
obtained for each strain tested and the probe Vgasused as molecular-weight size reference. Tizénst
that showed the expected pattern were chooserrfarpethe experiments described in this chapteantd R
indicate the flanking regions, hyg-apra: hygromyeimd apramycin resistance cassette, respectivaly.
Includes threef MSMEG_0939 lanes and threeMSMEG_0939-5413 lanes B- AMSMEG_5413.
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Despite the major progresses achieved in the cateantrol of Tuberculosis (TB)
since the mid-1990s, the development and identifinaof new diagnostics, drugs and
vaccines is still a priority against the diseasewasl as better, shorter and cheaper
treatments for all forms of TB, especially due toglresistance and persistence. In this
context, the efforts of molecular microbiology mus¢ focused, firstly, on a good
understanding of the molecular basis involved i gtructure and biosynthesis of the cell
envelope, and also on decipher the molecular mesianof bacterial survival in harsh
conditions and dormancy.

The main objective of this study was to exploreglcareas inside the proposed
fields by using different strategies, in orderdaolie topics mainly unexplored, “forgotten”
or unproductive during the previous years. Sumgisi, during the course of my project,
several publications appeared in the topics chosemplementing my results and also
supporting the criteria behind the choice takenm®arising, four projects were carried
out: three regarding the mycobacterial cell envelamd one regarding the survival in
order to find new genetic determinanite.( transposon mutant library) and to study topics
not yet fully exploredi(e., capsulam-glucan biosynthesis, mycolic acid transport arel th
role of exopolyphosphatases). In this project, d@ag for defective cell-cell interactions
(as the lack of biofilm formation) or the selectiai strains with visual defective
morphologies have demonstrated to be an effectoetb use in order to look for key
genes related to cell wall metabolism. The seleadedrandomly’-discovered genes
studied in this project were related to functiossdéferent as transport or division, and
also to metabolites as different as lipids, sugarphosphate; but finally all of them
genetically or metabolically related to cell wailb®ynthesis, a key structure in the survival

of mycobacteria.
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The first strategy chosen to tackle the objectipesposed was based on random
transposon mutagenesis, usiriycobacterium smegmatis as surrogate model for
generating a Tn-mutant library, looking for colomprphology alterations and antibiotic
resistance and using them as selection parameteise ascreening. Although the lipid
analysis performed did not display evidences dadratton in chemical composition in the
strains as it was expected, since no changes iagardoncovalently bound
glycoconjugates like PDIMs, PGLs, free mycolic aci®IMs or SL were found by TLC
analysis. Nevertheless, structural changes ancased sensitivity to rifampicin were
associated to several diferent genes, for instaVi&|EG_6387 (arabinosyltransferase A)
and MSMEG_0408 (type | modular polyketidesynthase), which are Iagd in lipid
metabolism and whose homologous genesMiytobacterium tuberculosis have been
related to cell wall components (Escuytrl., 2001; Alderwicket al., 2011), validating
the technique used at the same time. Thereforéheiurprojects should focused in
elucidating, accurately, what are the chemical gearoccurred and the factors involved in
the alterations. In the specific case of the disompof MSMIEG_3743, previously describe
to be part of a group of genes related to celleyrid DNA segregation (Jakimowiez
al., 2007; Maloneyet al., 2009), new structural changes were discoveradrins of DNA
distribution and cell partitioning, adding preciom$ormation in a field which is still no
deeply investigated. Moreover, a recently publistetady has shown similar results
involving its homologs iM. smegmatis (Gindaet al., 2013), and also started to speculate
about how the genes involved in cell division cobé&related to persistency, which is the
other field that | tried to focus this project omdaalso showing that is a field which needs

to be explored. Nevertheless, the mutant straiteiredd in this project yet need to be used

139



Chapter 6 — General Discussion

to perform a sugar analysis in order to find ae&ation between the chemical composition
and the structural/functional defects found.

Regarding mycolic acid biosynthesis, at the beigig of this project its transport
remained completely unclear and only hypothetieahways were proposed (Takayaaha
al., 2005). Based on the known functions of a grofiproteins belonging to the RND
family called MmpL, the genenmpL3 was predicted to encode a glycolipid transponer a
it was chosen as a candidate to transport trehafms®mycolate. As it was previously
described by Domenedh al. (2005), in this project the gene was confirmetdaessential
in M. smegmatis by developing a conditional expression system. Aaldally, trying to
obtain stronger results and a broader panoramasadfunction, the role ofnmpL3 in
mycolic acid biosynthesis was addressed using tgaragsms who present mycolic acid as
component of the cell wall, both belonging to the&les Actinomycetales, namely M.
smegmatis and Corynebacterium glutamicum. Using the conditional mutant and a set of
mmpL mutants for the three orthologs presen€Cirglutamicum, the results showempL
to be involved in mycolic acid transport in bothganisms. In the conditionall.
smegmatis mutant, loss of the MmpL3 function produced a dase of trehalose
dimycolate (TDM) levels and also reduced mycolgatbf arabinogalactan (AG); on the
other hand, the complete loss of trehalose monoconycolates (TMCM), trehalose
dicorynomycolates (TDCM) and AG-bound corynomyce$atvas observed in one of the
C. glutamicum double mutants ANCgl0228-NCgl276). These results were published
(Chemistry and Biology, 2012; 19(4):498-506) antpssingly, while the paper was under
revision, three new studies were published reggrtdmpL3 functions, identifying it as
the target of three drugs and one of them showimgas results (La Rosat al., 2012;

Tahlanet al., 2012; Grzegorzewicet al., 2012). This is remarkable, due to the fact that
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eleven out of twelve publications related to Mmpia&/e been published only in the last
twenty months, proving that the topic has becomgontant and this project has been part
of that process. Regarding the different publicajathe characterisation aimpL3 as a
gene involved in heme group transportMn tuberculosis (Tullius et al., 2011) opened
another door in order to delucidate the real furctof the transporter, since it could be
involved in more than one vital function and digjihg two completely different roles with
a high degree of promiscuity. That fact does nets¢o be completely well understood
and still need to be elucidated, since some reseksned to be contradictory. Therefore,
MmpL3 remains as a key transporter and it keepggdeasons to be consider as a good
drug target candidate since several changes imati@s of mycolic acids species occur
during infection and also because it connects thtabolisms of two important virulence
factor as TMM/TDM and trehalose, a key sugar duiimigction and nutrient scarcity,
topic which has also been tackled in this project.

The project related to the capsulgylucan transport did not accomplish its main
objective, since the candidate genes selectedadighow to be involved in the transport of
a-glucan inM. smegmatis under the conditions tested. Nevertheless, theng@afity of
MSMEG_6369 was demonstrated by generating a conditional sspe system for the
gene, and also the mutanMSMEG_5059-5060 showed not to be able to grow using
trehalose as a unique sole carbon, as it was proyéalscheueet al. (2010) while these
experiments were carried out, validating the meshenttl techniques used as strong tools to
obtain new data, despite the fact that the maieatives were not accomplished. In the
case of theaMSMEG_5059-5060 strain, an interesting fact was observed, sinee th
mutation seemed to activate the route to metabgfigeogen as unique carbon source

when it was unable to recycle trehalose; it is knaWwat some organisms accumulate

141



Chapter 6 — General Discussion

glycogen (glycogen accumulating organisms, GAO)omder to use it under certain
conditions €.g., anaerobic), even though mycobacteria do notigeto that group (in fact
they accumulate polyphosphate) the metabolic repertcould include the ability to
induce the use of glycogen under stress conditidaghaps a genetic comparison between
mycobacteria and GAO organisms could open a doartetter understanding of glycogen
metabolism in théMycobacterium genus. This topic yet have to be expanded dubdo t
role that capsule plays in pathogenicity via theilfation of the interaction with
macrophages, the modulation of the induction obkiytes or its components acting as
major polysaccharides antigens. The genetic andecutdr bases underlying those
processes need to be described and elucidateden tor find more drug targets.

Finally, considering the survival and dormancy aricial processes in
mycobacterial virulence, the role of inorganic gulgsphate (polyP) in survival under
harsh condition was tested using a point of vietvaooisidered before. The majority of the
publications and studies available at the beginoinipis project were focused on the role
and on the function of the enzyme polyphosphatadaen(Ppk) in virulence and stringent
response (Brown and Kornberg, 2008), obtainingopiepic effects when generating
knockout mutants. In this project, | decided toradd the role of polyP in survival when
the cells face absence of phosphate, but focusirthe two exopolyphosphatases (Ppx)
present in mycobacteria instead of Ppk. The rolexafpolyphosphatases in mycobacteria
has also started to become an important area and@e of publications appeared during
the progress of this project, showing differentvitio activity for each Ppx among other
functions (Thayilet al., 2011; Chokt al., 2012), supporting the data obtained and showing

that further analysis are necessary in a nasceeareh topic.
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The results obtained have shown that the polyfRdsunique source of inorganic
phosphate during phosphate starvation and it isplsg by the activity of the
exopolyphosphatases, which seems to have a praeote during stress and likely having
different physiological functions. As it was explad, the polyP and exopolyphosphatases
are involved in complex signalling pathways relatedhe transcription of several genes
and, undoubtedly, needing a very accurate regulatiderms of the levels of metabolites
and depending on the stage of expression. The igecettext of both genes reveal
interesting information about their potential fuoos; as it was stated, the gene
MSMEG_0939 must be related directly to the use of phosphategs as a result of the
degradation of polyP by removing the last phosphesédue. On the other hand, a very
careful insight of the genetic context BISMEG 5413 reveals that downstream effects
were likely to happen since it forms part of anropeand it must be transcribed as a
polycistronic mMRNA unit, since the gene overlappeth MSMEG_5414, involved in cell
division and sporulation processes (Katis and Wdle89; Bennetet al., 2007), thus,
analysis by fluorescence microscopy is needed deroto determine changes in the
division function. The alignment of its genomic iceg with the equivalent one in the
genome oM. tuberculosis reveals high level of synteny, and also shows ahaticleoside
triphosphate pyrophosphohydrolase (encoded®d21) seems to be transcribed as part
of the same operon. In this case, the functionkedyl to be related to the synthesis (or
degradation) of signalling molecules using the ekgghosphatase as a phosphate donor
and probably related to the stringent response.ebl@r, the genome &fl. tuberculosis
shows a very close distance betwdevil026 and genes related to the donation of
phosphate groups to sugar and that could be retatélde biosynthesis teichoic acids,

where phosphate is a major component (SchneewiddMissiakas, 2014). Therefore,
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even though no morphology alterations were founchraplete analysis of peptidoglycan,
arabinogalactan and lypoglycans must be perforthesdl MSVIEG_5413 strain in order to
reveal the function of the gene, where the efféthe deletion could have not resulted in
structural changes, but maybe in an impaired réignleof other genes. In this sense,
MSMEG_5413 is possible to be related to the cell wall biosgth@as a phosphate-donor to
molecules involved in cell-shaping and cell walhmaosition; membrane-staining assays
like the one performed with thédtMSVIEG_3743 (Chapter 2) strain would also be suitable
in order to find alteration in the shape or thetgepformation at cellular level. As it has
been explained, the exopolyphosphatases transgrigind activities seem to be tighly
regulated, and also forming part of operons sufdeptio suffer polar effects as result of
their deletions. A similar situation occurs witletgeneMSMEG_3743 that is upstream of
an operon composed by six genes; thus, successfyplementation assays necessarily
require the use of an integrative vector that adldhe transcription of the genes under
native conditions, reducing the effect of gene expression and plasmid replication. The
deletion of genes without disrupting the open negdiames of the other members of the
operon does also appear as an effective tool tml gadar effects as result of the deletions.
This summary shows that the strategies chosemder @o achieve the objectives
proposed at the beginning of this study were apyatg since each project carried out was
prolific in terms of the amount and quality of thata obtained, and also opening the
possibilities to continue future experiments inerdo discover new drug targets and a

better understanding of the metabolism of mycob&cte
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7.1 Genomic DNA extraction

Cells from a 10 ml bacterial culture were collectey centrifugation and
resuspended in 45@ of resuspension buffer (50 mM Tris/CI pH 8.0, &1 EDTA,100
ul/ml RNaseA), 10 mg/ml lysozyme were added andliated overnight at 37°C. After the
incubation, 100ul of 10% SDS and 5@ of 10mg/ml Proteinase K were added, the
suspension was mixed gently and incubated for 4shau55°C. 20@l of 5 M NaCl were
added and the mix was incubated at 65°C for 15 tmber 500ul CHCI; were added
mixing for 5 min and centrifuged at 13,000 rpm formin. The aqueous layer was
transferred to a new clean tube and gb@sopropanol (~0.7x of the volume obtained)
were added and the tube gently mixed by inversiotil DNA precipitated out of the
solution. The reaction was centrifuged at 13,000 fpr 10 min (or more if necessary).
Supernatant was aspired and 1 ml 70% ethanol wdadadhe tube was gently inverted
and spun in microfuge for 5 min. Supernatant wasored and the DNA dried out for 15
min. Finally, 50ul of water or TE buffer (10 mM Tris/Cl, 1 mM EDTAH 8) were added,

the DNA sample was quantified by absorbance ati26@nd stored at -20°C.

7.2 PCR, DNA-ligation and DNA-digestion

Polymerase chain reactions were carried out uBimgsion® HF PCR kit from
NEB, DNA-ligation reaction using T4-DNA ligase kitom NEB and DNA-digestion
using NEB restriction enzymes. Every reaction wasfggmed according to protocols

established by the manufacturer.
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7.3 Preparation of competent cells

Chemically competent cells were prepared startiogy an overnight culture of
Escherichia coli that was used to inoculate 100 ml of LB mediumhvd® mM MgSQ.
Cells were grown until O§)pof 0.6 at 37°C and then centrifuged at 4,500x¢bfonin at
4°C. The pellet was gently resuspended in 0.4 micefcold TFB1 solution (30 mM
potassium acetate, 10 mM CaCb0 mM MnCh, 100 mM RbCI, 15% glycerol) and
incubated on ice for 5 min. The cells were cengidl at 4,500xg for 5 min at 4°C and the
pellet gently resuspended in 2.5 ml of TFB2 solutf@0 mM MOPS, 75 mM CacCl2, 10
mM RDbCI, 15% glycerol, pH 6.5). Finally the cellem incubated on ice for 15-60 min
and 20Qul aliquots were stored at -80°C.
Mycobacterium smegmatis electrocompetent cells were prepared from 50 ml of
7H9+OADC+0.05% Tween-80 culture grown until @p~ 0.5-1.0 at 37°C. The culture
was incubated on ice for 90 min and then centrduge2,000xg for 10 min at 4°C. The
pellet was washed two times with 40 ml of sterde cold 10% glycerol. Finally the cells

were resuspended in 5 ml of ice cold 10% glycenadl @iquots of 200 ul stored at -80°C.

7.4 Transformation of competent cells

E. coli top10 competent cells were thawed on ice and 5plasmid DNA were
added (< 5% of cell volume or < 50 ng in 10 plesd). The tube was gently swirl and mix
by finger flicking. The reaction was incubated @e for 20 min, then placed at 42°C for
45 sec and back on ice for 5 min. Later 1 ml ofw#s added and incubated for 60 min at
37°C with agitation 150 rpm. Finally, 50, 100 andO2ul of reaction were spread on

different LB-agar plates containing the selecticarker and incubated overnight at 37°C.
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M. smegmatis competent cells were transformed by electropanatliquots of
200 pl of cells were thawed on ice and poured ih mm gap electroporation cuvette
previously frozen, 5-10 pl of plasmid DNA were addend the mix was subjected to a
single pulse using an Eppendorf Electroporator 2218kV), 1 ml of TSB was added and
cells were recovered at 37°C for 4 hours. FinaiBlls were plated on TSB-agar solid

media adding the selection marker.

7.5 Generation of mutants strains by specialised ansduction

7.5.1 Construction of the allelic exchange substrat(AES) plasmid

Approximately 1 kb of upstream (left) and downatre(right) flanking sequences
of each gene were PCR amplified frdvh smegmatis mc®155 genomic DNA using the
primers listed on each chapter (LL-LR and RL-RRpestively). Amplified fragments did
not have restriction sites for the enzymes usdiyade and included between 100 to 400
bp of the 5’ end of the gene in the left flank dd to 400 bp of the 3’ end of the gene in
the right flank.

Then, 10 ul of purified PCR product were digesteith the appropriate restriction
enzyme while 50 pg of plasmid p0004s were digestitd Van9ll. The top two vector
fragments of size 3.68 kb and 1.60 kb (containiath ithehyg/sacB andoriE fragments)
were cut out from agarose gel. The digested vdcagments from p0004s were mixed
with the digestions from the left and right flanfgisequences and purified using the
Qiagen gel extraction kit following the user guigeotocol. Then, 30 ul of mixed
fragments were collected and ligated using T4 DigAde from NEB using 5 ul of ligation

mix and 100 uIE. coli Topl0 chemically competent cells. Transformantsewaelected
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and the plasmids obtained were checked by digestittnthe previous enzymes aRdcl
and sequenced using the primers HL, HR, OL, and Os protocol describes the
exchange between the target gene and the hygronogssette, but in this study the

apramycin cassette was also used as selection marke

7.5.2 Phasmid Construction

Sequence-confirmed plasmids and the phAE159 DNArevldigested witliPacl,
using 1 pug each in 20ul of reaction. Approximat2lg pl of the phage and 4-6 ul of the
plasmid were used for a T4 ligase reaction of 10Anlin vitro packaging was carried out
by adding 5 pl of ligation mixture directly to tiéaxPlaX™ packaging extract tube and
incubated for 1.5 h. The reaction was stopped 248 pl MP buffer (50 mM Tris/HCI
pH 7.6, 150 mMNaCl, 10 mM MgC} and 2 mM CaG) and incubated at room
temperature for 30 min, 100 pl of HB101 host cabension were added directly to the
packaging tube and incubated at 37°C for 1 h. Htle were collected by centrifugation,
the supernatant removed and the pellet resuspenitied ml of fresh LB media. The cells
were plated on LB-hyd50 pg/ml and incubated at 37°C overnight. The dmyycin
resistant colonies were selected to look for paaémhasmids, which were purified and
checked by digestion witRacl enzyme. The right digestion pattern consists phage
genomic ~40kb band and a linearised band of akel@hange plasmid of ~7kb.

E. coli HB101 was previously prepared for transduction frarf80 ml LB culture
supplemented with 10 mM MgS@nd 0.2% maltose incubated at 37°C untils6M.8-
1.0. Cells were collected by centrifugation at 3@, 4°C for 10 min and resuspended

in 500uL of MP buffer and stored for no longer than a waek°C.
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7.5.3 Generation of knockout phage

An amount of 5-10 pl phasmid DNA was electropatatento 200 pl
electrocompeten¥l. smegmatis cells, 1 ml of LB media was added and the mix iratat
at 30°C (not 37°C) for 1 h. Aliquots of 100, 20@ &00 pl were mixed with 500 ul of
actively growing culture oM. smegmatis. The dilutions were mixed separated and added
to 4 ml of molten top agar (at 50°C) in a snap edge and mixed gently by inverting the
tube and poured onto pre-warmed 7H9 basal agaspl@he plates were incubated at 30°C
until plaques were observed. Plagues were pickédsaaked in 200 pl of MP buffer to

recover the phage.

7.5.4 High titre phage lysate

Firstly, plates containing 7H9 basal agar wererlaic with 4 ml of top agar
containing 500 pl actively growiniyl. smegmatis culture. 10-fold dilutions of the phage
were prepared using MP buffer. 10 pl of each diutivere spotted on the above overlaid
plate and the plate incubated at 30°C for 3 days# plaques were observed in the spot
zones. The plaques on every spot were countedhandrhount of plague forming units
(PFU) per ml of phage suspension was calculatedgéhwere overlaid in triplicate on
7H9 agar basal plates with top agar containing g0@ctively growingM. smegmatis
culture giving approximately 1000 plaques per plateubation at 30°C until plagues
displayed the typical lysis pattern. Each plate waaked with 4ml of MP buffer and
incubated at room temperature for 5 h (or overngjhd°C). The suspension containing
the bacterial debris and phages was taken, filtesath a 0.22 pum PVDF filter, the filtrate
containing a high density of phage particles wasest at 4°C until further use. Ideal titre

for transduction should have at least®®FU per ml.

150



Chapter 7 — General Materials and Methods

7.5.5 Specialized transduction

A 50 ml M. smegmatis culture was grown in TSB + 0.05% Tween-80 at 3WAG
OD Aspo of 0.8 to 1. The culture was collected and celisenspan down for 15 min at
4,000 rpm. The pellet was resuspended in 5 ml ofodfRer obtaining an even consistency
and 45 ml of buffer were added and mixed well. €elere washed twice following the
same way. Finally, the cells were resuspended ml ®f MP buffer and 1 ml of cell
suspension was mixed with 1 ml high titre knockpli&ge lysate. A negative control
reaction was set using only 1 ml of MP buffer aradlscsuspension. Reactions were
incubated at 37°C (non-permissive temperature fagp replication) for 1 h to allow
infection. Tubes were centrifuged for 15 min at00,0pm, supernatants were decanted,
and the pellet resuspended in 3 ml of TSB + 0.05#&€éh-80 and incubated for 3 h at
37°C. After incubation, the pellet was collected assuspended in 400 ul of TSB + 0.05%
Tween-80 and 100 pl spread on each TSB-agar ptatioing 100 pg/ml hygromycin
and incubated at 37°C until transductants colom@ippeared. Selected colonies were

verified by Southern blot.

7.6 Southern blot analysis

Gene knock-out mutant strains were confirmed butlsern blot analysis using
digested genomic DNA, appropriate restriction enggrand DIG-High Prime (ROCHE)
labelled probes. Basically, a selected restricitonyme was used to digest genomic DNA
from wild-type and mutani. smegmatis strains and the digested DNA was separated by
agarose gel electrophoresis producing a laddeffiegte Each mutant showed a different
digestion pattern compared to the wild-type (dueheohygromycin cassette incorporated)

and PCR products of approximately 1 kb of the flagkregions were used as probes.
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The agarose gel containing digested DNA was depted with 0.25 M HCI, for
15min, denatured with a solution containing 1.5 W and 0.5 M NaOH for 15 min and
finally neutralised with 0.5 Tris/Cl, 1 M NaCl, pH2. The DNA contained by the gel was
transferred to positively charged nitrocellulosenmbeane via capillary action with 20 x
SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0), th&iA on membrane was then
covalently bound by UV-crosslinking for 3 min. Theembrane was finally rinsed with
distilled water.

The probe was prepared by boiling, snap chilling &belled with digoxigenin-
dUTP, using the DIG High Prime DNA labelling and tBaion Start Kit (Roche), as
described in the manual. Meanwhile, the membrarewashed at 42°C in 10 ml of DIG
Easy Hyb granules solution for 30 min, the probe wdded into the hybridisation bottle
and then incubated overnight at 65°C. After theitliation, the membrane was washed,
the probe immunodetected with the antibody andalized with the chemiluminescence
as follows:

- 50 ml (2xSSC + 0.1% SDS). 5 min at 25°C. Two sme
-50 ml (0.5 xSSC + 0.1% SDS). 15 min at 65°C. Twies
- 50 ml Washing Buffer: Maleic Acid Buffer (0.1 Mateic acid, 0.15 M NaCl, pH 7.5) +
0.3% v/v Tween-20. 5 min at 25°C
- 10 ml Blocking Buffer: 9 ml MAB + 1 ml Blocking@&ution. 30 min at 25°C
- 10 ml Antibody Solution: 10 ml Blocking Buffer & pl Anti-DIG-AP. 30 min at 25°C
- 50 ml Washing Buffer. 15 min at 25°C. Two times
- 20 ml Detection Buffer: 0.1 M Tris/Cl, 0.1 M Na@H 9.5. 5 min at 25°C
Finally, the membrane was exposed to CSPD readgdoreagent, incubated for

15 min at 37°C and exposed to Kodak X-Omat filmSerO min.
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7.7 M. smegmatis lipid extraction

M. smegmatis [*“C]-labelled polar and non-polar lipids were extegicusing the
methods described by Dobseinal (1985), 10 ml oM. smegmatis cultures were labelled
during mid-log phase with 5QCi/ml [14C] acetate, followed by overnight inculwetti
Firstly, the f“C]-labelled cells were collected by centrifugatiand dried by aeration; later
cells were mixed with 2 ml of CiH/0.3% NaCl (100:10, v/v) and 1ml of petroleum
ether (b.p. 60-80°C) for 15 min. The mix was cdagred and the upper layer was collected
to add 1 ml of petroleum ether to the lower fractithe suspension was mixed and
centrifuged again as previously indicated and thyeeu layer collected again.

Both upper layers containing the non-polar lipidere combined, dried and
dissolved in 20Qul of CHCI/CH;OH (2:1, v/v), then 5ul sample were collected in a
scintillation vial, dried and then mixed with 5 matintillation liquid for radioactivity
measurement.

The polar lipids were extracted by adding 2.3 miCtCls/CH3;0OH/0.3% NacCl
(90:100:30, v/vlv) to the lower aqueous fractiomaning, the mixture was mixed for 1 h,
centrifuged and stored after removing the supemafhe step was repeated by adding
0.75 ml of CHCYCHzOH/0-3% NaCl (50: 100: 40, v/v/v) and mixing for 30in.
Delipidated cells were kept for further analysis.

A volume of 26 ml of CHGI0.3 % NaCl (1:1, v/v) was added to the collected
supernatants, mixed for 5 min, centrifuged, thedofaction recovered and dried out. The
polar lipids were dissolved in 2Q0 of CHCIl;/CH3;OH (2:1, v/v), a ful sample was dried
in a scintillation vial and then mixed with 5 mlisitlation liquid for radioactivity

measurement.
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7.8 Thin layer chromatography (TLC) analysis forM. smegmatis lipids

Apolar and polaM. smegmatis lipid extracts were analysed by two-dimensional
thin layer chromatography (2D-TLC). Apolar lipidsere analysed using four different
solvent systems (A-D) and polar lipids by two diffiet systems (D and E) according to
Dobsonet al. (1985). Equal amounts of radioactive counts (@0,8pm) of each lipid
sample were spotted on TLC plates (5554 silica6@€l524, Merck) for consecutive 1D-
and 2D-TLC analysis using following solution sysgeand allowing plates to dry between

each run. Finally,'fC]-labelled lipids were revealed by overnight expresto Kodak X-

Omat AR film.
Table 7.1: Solvent systems for 2D-TLC lipid analysi

System Direction 1 Runs
A Petroleum ether 60-80 / Ethyl acetate (98:2) 3
B Petroleum ether 60-80 / Acetone (92:8) 3
C Chloroform / Methanol (96:4) 1
D Chloroform / Methanol / Water (100:14:0.8) 1
E Chloroform / Methanol / Water (60:30:6) 1

System Direction 2 Runs
A Petroleum ether 60-80 / Acetone (98:2) 1
B Toluene / Acetone (95:5) 1
C Toluene / Acetone (80:20) 1
D Chloroform / Acetone/ Methanol / Water (50:60:3)5: 1
E Chloroform / Acetic acid (glacial) / Methanol / ¥a(40:25:3:6) 1

7.9  Generation of M. smegmatis conditional mutants by CESTET (conditional
expression—specialized transduction essentialitggt)

CESTET consists in obtain a merodiploid strainchihtontains a second copy of a
putative essential gen@ef)) controlled by the acetamidase promoter (Bhatt dabbs,
2009). The general protocol used in this study @lasing the acetamidase promoter and
the selected gene into a single-copy integratirgore namely pMV306, which contains a

gene encoding the mycobacteriophage L5 integragy @n attachment siteat(P), a
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kanamycin resistance cassette and that replicatesa glasmid inE. coli. When
electroporated into mycobacteria, pMV306 integratesthe bacterial chromosome
integration sitedttB) as a single copy.

At the same time, a specialized transducing pl{pb&peg) containing an allelic
exchange substrate was designed to replace thet igege by infecting the merodiploid
strain. If the gene was essential, the ability kdao transductants was dependent on the
acetamidase-driven expression of the gene, obtaittamsductants only on plates with
acetamide.

In first place,peg was cloned downstream of the acetamidase pronioténe
mycobacterial expression plasmid pSD26, the coantisufragment containing the
acetamidase promoter ampdg was then cloned into pMV306. The open reading &am
(ORF) forpeg was possible to be cloned into the correspondieg sf pSD26. The entire
fragment was then cloned in pMV306.

Secondly, pMV306-Rpeg was then introduced intdl. smegmatis mc®155 by
electroporation and the transformants were selewtgd 20 ug/mL kanamycin. The
resistant merodiploid colonies were inoculated BtmL TSB cultures containing 0.05%
Tween-80 and 2Qug/mL kanamycin, grown by shaking at 37°C until &Preaches
between 0.8 to 1, mixed with 1:1 (v/v) sterile 5@%cerol and stored at -80°C.

Finally, the merodiploids were used for generatiagknock-out mutant by
specialised transduction using theApbg. Once finished, bacterial suspensions were split
into equal parts and spread each on TSB-agar pletesaining kanamycin and
hygromycin and TSB-agar plates containing kanamybiygromycin, and acetamide.

Plates were incubated the plates at 37°C for 3 daysre scoring for colonies. The
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criterion behind the technique is: if Hygnd kaff colonies are obtained only in the

presence of acetamide in the plates, then thetergene is essential for growth.
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