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Abstract

Mycobacterium tuberculosishe causate agent of tuberculosis (TB), is responsible for the
largest number of deaths due to a single bacterial pathogen. The persistence of TB in society
is exacerbated by multiple factors, including the emergence of drug resistant fokis of
tuberculosissuchas mult, extensively and totallydrug strains, which have fuelled a race
for the discovery of new drugs with novel modes of action. However, the metabolic
flexibility inherent in the tubercle bacillus has made the identification of rabfes drug
targets dfficult. The peptidoglycan (PG) layer in the mycobacterial cell wall plays an
essential role in bacterial growth, survival and antibiotic resistance but has not been
exploited for TB drug development. In this study, we characterized the physiological
function of mycobacterialDD-Carboxypeptidase (DD-CPass), a subgroup of Low
Molecular Weight penicillin birding proteins (LMW PBPs)implicated in modulating the
amount of PG crosknking, theeby regulating the growth andcemodelling of the PG
polymer. Given thatbbD-CPase have not been characterized in actinobacteria, this study
comprised the identification dfl. smgmatis DD-CPasesinteracting partnersusing the
mycobacterial Protein Fragmiecompémentation assay (mMPFCand interrogation of the
functionality of the M. tuberculosis DD-CPase homologues through heterologous
complementation itM. smegmatisThe Two bD-CPasesencoded by the MSMEG_ 2433 and
MSMEG_6113 loci inM. smegmatis were closen for the identification of putative
interacting partnes. Screening of a genomic librargng the mPFC assay identified 30 and
10 possible interacting partners for MSMEG_2433 and MSMEG_6113 respectively.
Notably, some of these interacting partners inadu@ey regilators of cell elongation
(PonAl) or divisim (PbpA and PbpB) and point to an important functionfbrCPase

during mycobacterial growth.dlfurther assess if genetsultiplicity for bD-CPase in M.
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tuberculosigs reflective of an underlying functional redundancy between these enzymes, the
M. tuberculosisbD-CPasehomologues (Rv2911, Rv3627c¢ and Rv3330) were assessed for
functionality through ectopic expression lh. smegmatisThe resulting heterologoud.
smegmatistrains displayed altered colony morphology, with smooth colonies that displayed
a mucoid surface and cording defects. Ectopic expression M.thgberculosiDD-CPases

in M. smegmatiglso resulted in aberrant biofilm formation and affected bacterial sliding on
semisolid agar, indicative of an alteration in the thdémensional pcking of cells in a
community or changes in membrane properties. @xpression of Rv2911 and Rv3627c
resulted in reduced bacterial cell length accompanied by division defects. Transmission
electron microscopy revealed that tletuberculosiDD-CPaséomologues are involved in
maintaining normal bacterial cell wall architecture. Gerpression of these homologues in
native wild typeM. tuberculosidHz/RvVS revealed a rolr Rv3627c in regulating bacterial
colony morphology. Cellular localization stedi with rseGFP @erminally tagged
derivatives of these proteins revealed that they localize at the poleselnidt and quarter

cell positions, further suggestive of a role in temporal arafiadpco-ordination of cell
growth and division. Collectivelythe data point to important, gsibly redundant roles for

the multiplebD-CPasesencoding genes iM. tuberculosisand highlights these proteins as

possible new drug targets for TB.
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1.1. Introduction
1.1.1. Background

M. tuberculosisa slow growing bacterium and the causative agent of tuberculosis (TB), is a
significant cause of morbidity and mortality globally. TB causes approximately 1.3 million
deaths annually, with-80 milion new infections (Corbett et al., 2003). The World Health
Organization (WHO) estimated that in 2014, TB claimed 1.5 million lives, wherein 1.1 and
0.4 million were reported to occur in HiNegative and HIVpostive individuals,
respectiely (WHO, 2015) A similar trend was documented in 2013, with an increasing
number of deaths reported for women and children. Furthermore, the WHO reported for the
first time that TB associated deaths in 2014 surpassed that of HIV associated deaths (WHO,
2014). TB infeabn andassociatd active disease is prevalent in developing countries and
further exaerbated by increased HIV infection rates. Thgh burden endemicountries

with reportedly high numbers of TB infection in 2014 according to the WHO are as follows;
India, Indoresia, China, Nigeria, Pakistan and South Africa, figure 1.1.1. In these countries,
various socieeconomic factors such as urbanization, esremwvding, poor nutrition and
stigma facilitate sustained transmission of TB and failure to address tllesasure that

human society atinues to face a massieg-goingand future burden of TB disease.
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Figure 1.1.1.A global representation of TB incidence in 2014 as reported by tbedW
Health Organization The high burdemegionsinclude Asia and SuBaharan africa. (WHO,
2015)

1.2. Tuberculosis chemotherapy

1.2.1. Current drug regimen

Combinatorial chemotherapy involving numerous first line drugs is used for treatment of

drug susceptible TB. These antibiotics comprise rifampicin, isoniazid, pynaicieaand
ethambutol for first two months of treatment, followed by chronic treatment for four months

with rifampicin and isoniazid. This approach, to a greater extent, has been used to effectively
manage TB in many countries (Duncan, 2013; Zumla et al3)20he above mentioned

treatment regimen forms the basis of the WHO recommended directly obseevapyth

short course strategpdopt ed i n the early 1990606s, wher
mediation in the presence of a health care provider, emgwompliance (Raviglione and

Pio, 2002; Dye et al.,, 1998). These efforts, together with administration dBabie

2



CalmetteGueérin vaccine (BCG) for prevention of disseminated TB in early childhood
(Colditz et al, 1994; Anderson et al., 200B&ve sgnificantly reduced rampant spread of TB
globally. However, despite this, TB continuesdaim millions of lives, a situation that

requires urgent and effective interventions

Much of the success d¥l. tuberculosisas a human pathoges related to the aazing
responsiveness of the tubercle bacillus to stress conditions, which is illustrated by: (1) the
abiity of the bacterium to escape hadtfencemechanisms such as the production of
reactive oxygen/nitrogen species and the maturation of the phago§buiasello et &,

2003) (1) the inherent ability to spontaneously evolve drug resistance through chromosomal
mutation of essential drug targets (Nachamkin et al., 1997; Telenti, et al., 1993; Heep et al.,
2001) (Il the propensity to adopt alternatigrowth states (active growth vs. non
replicating perstence vs. the lack aulturability), an effect which is dependent on the host
immune status (Zhang et al., 2004; Parrish et al., 1998; Ahmad et al., 20)0hé€
occupation of different niches daog infection, with different physiological conditions
which affect the biochemical properties and efficacy of antibiotics (Iseman and Madsen,
1991, Elliott, et al., 199% (V) the presence af comdex hydrophobic cell envelop&hich

does not allow for esy diffusion of small molecules such as antibiotics andl) (e
presence of numerous drug efflux systems that pump out antibiotics, thereby reducing their

intracellular concentration (Domenech et al., 2005; Rossi &04l§; Louw et al., 2009).

These ad other factors have essentially fuelled the currentp@Bdemicas they create a
clinical spectrum of disease that is difficult to manage through national control programs in
endemic countries. Drug resistant TiJlti-(MDR), extensively (XDR) and totall(TDR)-

drug resistant] are a particular challenge and require extended periods of treatment with a

combination of both first and second line dru@erters for Disease Control and Prevention,
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2006; Suérez et al., 2002; Gandhi et al., 2006). The seammdldugs in this case include,
aminoglycosides (kanamycin, capreomycin and amikacin), fluoroquinolomesfloxacin,
gatifloxacin) (Ma et al. 2010; Stass et al. 1998) and bedaquiline (Diacon et al. 2013;
Mahgjan, 2013), which are extremely toxic and caseeere side effects. However, another
major obstacle to the design of effective a8 drugs is drugdrug interaction, especially in
immune compromised HWNhfected individuals taking both anfiB drugs together with

antiretroviral treatment (ARV).

1.22. Drug-drug interactions.

Currently, the emergence of drug resistant form#§/oftuberculosishave necessitated the
design of effectivenewanti-TB-drugs, but success will only be achieved through integration
of both old and new drug regimens togethethvantiretroviral therapy or any other form
therapy, in a combination that will allow for each drug to effectively act darget(Koul et

al., 2011). Additionally, negative interactions between TB drugs and other drugs intended to
treat a different cagiition (diabetes, cholesterol, hypertension etc.), are not the only forms of
interaction that can occur as am® drugs can cross react with each other (Bhutani et al.,
2005). This limits the combinations of drugs that can be prescribed for a patierdowith

morbid TB disease

Rifampicin, an essential afliB drug thattogether with isoniazid, allows for effective early
bactericidal activity and increased cure rates (Fox et al., 1999) reduces the serum
concentation of protease inhibitors in HNhfected individuals on ART (Ribera et al., 2001,
Haas et aJ.2009). Rifampicin also induces expression of the hepatic cytochR4B0
enzyme sgtems andP-glycoproteins which increas the metabolism oé&favirenzi and
nevaraping(Ribera et al., 2001and a numeér of other antiretroviral agentgidas et al.

2009; Requena et al.,, 2005), thereby reducing serum concentrations and ultimate
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effectiveness of ART. Alwmatively, rifabutin provides a tractable replacement for
rifampicin, which also inducethe cytochrone R450 enzyme system ani-glycoproteins
but at lower levels compared tdampaicin (GonzaleMontaneret al., 1994Carto 3 et al.,
1998). Howeer, a safe dosage of rifabutimhen ceadministered with antiretroviral therapy
was not determinedKpachet al., 2009) until recentlyL&n et al., 2014)thus providing a

new therapeutic option for FBIIV infected individuals.

An additional impediment with treatment of HIMB co-infection is the general toxicity of

both regimens, especially in the case nfgdresistance. Therefore, in the case ofHIB
co-infection, patients will present multiple or overlapping side effects and this will
potentidly result in the disruption/discontinuation of optimized therapy to minimize the
toxicity of the drugs to thegtient (Dean et al., 2002). As such, new drugs with novel modes
of action that would be active on both drug susceptible and drug resistant forms of TB, that

exhibit no cross interactions with ART, now present as an urgent necessity.

The capacity of an ganism to establish disease in a host, to persist and disseminate as in
the case of TB infection, requires two fundamental prasegsowth and division, both of

which have to occur under substantive immune assault and drug treatment. The study of
mycobadcerial cell division and elongation is still in its infancy and furtherdads are
required to develop a holistic understanding of these essential processes. A key feature of
successful bacterial cell division is the ability to rapidly remodel the nriligyers of the

cell envelope to allow for insertion of new cell wall units and degradation of the septum to
facilitate daughter cell separation. This MSc focuses oretinedellingof the peptidoglycan

(PG) layer in the mycobacterial cell wall, with taen of uncovering new drug targets that

are asential forremodellingthis polymer during growth



1.3.The mycobacterial cell envelope

The mycobacterial cell envelope, like in any bacterial species, is central to growth and
suvival as it provides a baer to external stresdAi k u g o v a e I comsists gf thr@e0 0 0 )
distinct layers including the plasma membrane, the envelope core, and membrane bound
lipids or extractable proteins that form part of the capgdelayer @Alteens et al., 2008;

Daffe andEtienne, 1999, figure 1.1.2.

:|' Capsule layer
A
Mycolic Acids

— Arabinogalactan | Core structure

— Peptidoglycan

&l am o
0 0

Figure 1.1.2. A diagrammatic representation of the mycobacterial cell wall. The image
shows the three distihlayers of the mycobacterial: calall consisting of the capsule layer,
the core structure and the plasmambrane. The core structure encompasses the mycolic
acids, arabinogalactan and the peptidoglycan layer.

The unique composition of these layers, detailed further below, has resulted in variable gram
straining of mycobacteria, making it difficult to plthese organisms under conventional

classifications such as gram positive or gram negafiwathwick, 1976Miller, 1972)

The outer layer of the mycobacterial cell wall consists of various lipids, pso&sid
glycoprotein, (Ddéfe and Etienne,1999), figure 1.1.2. The sugar components are
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predominantlya r a b i n o nyucan and mannn (Sani et &010; Deffe andEtienne

2010). The surfacexposed lipids include; lipopolysaccharides (Drapper et al., 1973), a
variety of structurally elated phenolic Iycolipids Boddingits et al., 1989) and
Phthiocerodimycocerosates (Hunter et al., 1983). The Phthiocerol dimycocerosates and
lipopolysaccharids are major virulence factorsodifying the host immune response at the
initial hostpathogen encounter (AsieDequeker et al., 2009; Tobian et al., 2003; Moreno

et al., 1988). The protein mponent of the outer layer consists largely of various ESX
secretion protein complexes (Sani et al., 2010), malate synthase, the MtrA proteins (Marques
et al, 1 9 9 8-jactam nieyrdify proteirs s u ¢ h -laxtamade Ba{Pdset et al.,

2006).

The core structure consists of 3 distinct layers; mygcatids (MASs), arabinogalactdAG)

and the PG layer. The A& arethe defining feature of the mycobacter@ll envelope
(Daffe and Drapper, 1997) anmdpresenta unique feature to actinomycetddAs ar e b
hydroxyl fatty acids consisting of a long alkyl chgifAsselineau et al., 1950)ycobacterial
species synthesizaree different types of MAs; theé, mettoxy-, and ketemycolic forms
andthe U form is the most abundant of the thr@@ureshi et al., 1978; Watanabe et al.,
2001]). These groupof fatty acids are ester linkdd thegalacbfuran unit of AG (Liu et al.

1996) They are hypothesized tmntribue considerably to the hydrophobicity of the cell
envelope, thereby determining the fluidity and permeability of the cell (Liu,di9816). The
reduced general permeability of mycobacteria is the result of tightly packed MAs, which
form a pseudo outer mdarane that can be seen on electron ogiaphs $ani et al., 2010)

and contributes to increased drug tolerance, which eventw@slljts in resistance, despite

the presence of porins that facilitate diffusion of substances across the cell wall into the

cytosol (Kartmann et gl1999).



MAs are crucial in maintaining other cellular processes such as bacterial cording, biofilm
formation and the associated drug tolerance of biefitmved bacteria(jah et al., 2008)

In M. tuberculosis MAs are modified by yclopropanation and this type of modification is
proposed to increase tolerance to oxidative damage (Yuan et al., 1995). The oxygenated
forms of MAs are essential for virulence BE. tuberculosisin the murine model of TB
infection Qubnau et al., 200). Enfirst line drug, isoniazidtargets biosynthesis of MAs
(Takayama et al., 1972Takayama et al.,, 1975, Windet al., 1970), signifying the
importance of this unique mycobacterial structure in growth, survival and disease
progression iM. tubercubsis

The second layer of the core structure, AG, consists of two distinct units, arabinan and
galactose (Daffe et al., 1990)The galactose componefdrms a polymer of 30 galactose
residuesand the arabinan componeftrms branches by attaching at pasit 5 of the
galactose residug®affe et al., 1990; McNeil et al., 1990Jhis structure is sandwiched
between the MA and PG layer, and acts as a point of attachment for these two polymers. The
PG is linked to AG bya linker unit(-U-Rhap(133)d-GIcNAc-P-) (McNeil et al., 1990;

Mi kugova et al ., 2000; Bhami di et al ., 2011)
polymer (Liu et al. 1996). Ethambutol, another first line drug for TB treatment, targets
polymerization of the arabinan units (through intidi of the arabinosyl transferases) and
mutations in theembBoperon results in resistance to ethambuB®lgnger et al., 1996;

Alcaide et al., 1997; Telenti et al., 1997).

The third layer in the core structure of the mycobacterial cell envelope FGHayer. This
layer is unique to bacterial cells (Severin and Tomasz, 1996). In bacterial species, this
structure fulfills a number of processes such as: (I) the maintenance of normal and uniform

bacerial cell shape (Scheurwater and Burrows, 2011) (k) prevention of cell lysis under



stress conditions such as increased internal cytoplasmic turgor/osmotic pressure (Royet et
al,. 2007;Prigozhin et al. 2013(1ll) it presents as a key component in the synthesis of the
septum for bacterial growth and dsion (Begg and Donachie, 1985; Typas et al., 2012) (IV)
involvement in inter and intraspecies cellsignalling and signal transduction (Dworkin,

2014; Wang et al., 2003) (\W also playsrole in immune modulation (Boneca et al., 2007,

Davis et al., 2011

As mentioned above, biosynthesis of MAs and the AG components of the mycobacterial cell
wall are targeted with frontline arfiB drugs, isoniazid and ethambutol. This suggests that
the PG layer, by virtue of its role in bacterial growth and physiolagya promising
canddate for the design of effective and target basedTdhtdrugs. The nexsectionwill

focus on the biosynthesis aremodellingof this polymer in bacteria.

1.4. Peptidoglycan biosynthesis

1.4.1. Cytoplasmic stepin PG biosynthesis

The biosynthesis of the PG layer is mediated by a variety of cytoplasmic and periplasmic
enzymes. The cytoplasmic enzymes synthesize PG units, which are translocated across the
membrane for incorporation into the existing PG polymer to facilitate cell tgrand
division, figure 1.1.3. The first committed to PG synthesis involves the conversion of NAG
(N-acetyplucosamine) sugar residues into UDNRG (uridinediphosphate N-
acetylglucosamineand this is hypothesized to be catalyzed by FImU in mycobacteeia (H

and Rubin, 2008). This is followed by the addition of the enolpyruvate at the third position

of NAG from phosphosphoenolpyruvate to produce enolpyruvyl AGEMNAC
(UndecaprenyN-acetyglucosamine), a reaction catalyzed by MurA (Du et al., 2000). The

enolpyruvyl UDP-GIcNACc is reduced by MurB into UDRIurNAc (uridinediphosphat®l-



acetymuramic acid) (Lovering et al., 2012; Hett and Rubin, 2008). Following this, amino
acids that make up the stem peptide side chain are sequentially added orkbutNDAL.
These amino acids are added in the following ordealanine, D-glutamine, mese
Diaminopimelic acid fneseDAP) and the two terminal-alanine residues by MurC, MurD,
MurE and MurF: respectively to form Lipid lwhich is converted into Lipid Il upon additio

of the UDRNAG residues by MurG(Mahapatra et al., 2005; Hett and Rubin, 2008; Fan et
al., 1994; Bouhss et al., 2008), figure 1.1.i®id Il is translocated across the membrane for

further remodelling in the periplasm by PG remodelling enzymes.

Plasma
membrane

Lipid Il
translocation

/

3
o
MurF

meso- . Murg
Diaminopicomelic

acid O |
() o

o

=

Enolpyruvate UDP ' —_—

lMurB lMurA lFImu
— — — ——
o

Lipid Il

o
—r
o
—l>.< NAG >-<MurNac 3
MurG o
—r
o
—

L-Alanine

Figure 1.1.3 Diagrammatic representation of the cytoplasmic step of PG biosynthesis. The
figure shows the conversion of NAG\N-@acetyl glucosamine) residues to UHMRIrNac
(uridinediphosphatéN-acetylmuramic acid), followed by addition of the amino acids that
form the stem peptide side chain which makes up the Lipid I. After this,-NB®E
(uridinedphosphaeN-acetyl glucosamine) is added to Lipid | by MurG to form Lipid Il
which is traslocated across the plasma membrane reanodelling by PG remodelling
enzymesn the periplasm. (Lovering et al., 2012)
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1.5. Perplasmic step of PG biosynthesis

1.5.1. Hydrolases

1.5.1.1. Lytic transglycosylases

Lytic Transglycosylaseshy dr ol y z e t-4 glyscosidit bonds adtween thé NAM

and NAG sugar residues (figure 1.1.4) with the same specificity as lysozymes, rele@sing
arhydromuramoyl! product consistingf NAG sugar residues linkieto the amino acid side

chain (Scheurvater et al., 2008; Zahrl et al.,, 2005). The difference between lytic
transglycosylases and lysozyme is that lytic transglycosylases exhidittexactivity, only
cleaving the terminal NAG sugar residues (Holtje et al., 1975). Lytic transglycosylase
facilitate the formation of large gaps within the PG layer that act as sites for the assembly of
protein canplexes (e.g. Bacterial secretion systems) and related structures such as flagella
(Koraimann, 2003; Scheurwater et al., 2008). The formation of thgseigalso essential

for expansion of the existing PG polymer, as these allows for addition of new PG subunits
(Holtje, 1998). These enzymes also play an essentigl tagether with amidasest the
septum to allow for efficient and regulated cell dieisi(Heidrich et al., 2002). In addition,

they are involved in PG recycling, wherein the NAM containing PG units released after
hydrolysis are in turn taken up by the cell for recycling (Park and Uehara, 2008; Lee et al.,
2009). Lytic transgicosylases & i n v o |-lactach antibiotic esistance as the 1,6,
anhydremuropeptide product that they produce is responsible for the induction of
bl actamase (Tayl er et al ., 2010, Hacoby,on anc
2009. Lytic transglycosylaseare also responsible for PG derived cytoxicity in host cells
and interact with secretion systems involved in the export of virulence factors (Cloud and

Dillard, 2002; Hoppner et ak005)
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Figure 1.1.4.The site of action of P@Gemodellingenzymes in mcobacteria. The image
shows that PG ieemodelledby hydrolase and synthases. The activity of the&@odelling
enzymes is tightly regulated to ensure normal growth and survival of mycobacterial cells.
(Machowski et al., 2015)

1.5.1.2. Resuscitation pmoting factors

Resuscitation promoting factors (Rpfs) are a group of secreted proteins with hydrolytic
act i vi ty t ha#ghasidigberndswithinhttee PG hadkbo®lmer et al., 2008
Machowski et al., 2014), figure 1.1.Zhese proteins cdain a lysozyme like domain
(CohenGonsaud et al., 2004y5uggestingthat they function as Lytic transglycosylase
Consistent with this, a recent study demonstrated thainkgafiated cleavage of purified PG
yielded 1,6anhydremuropeptides (Nikitushkinteal., 2015).M. smegmatisncodes four

Rpf homologues (designated as MSMEG 5700, MSMEG 5439, MSMEG_4643,

MSMEG_4640) andM. tuberculosishas five Rpf homologues (designategff] Rv0867c,
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[rpfB] Rv1009, [pfC] Rv1884c, [pfD] Rv2389c, f{pfE] Rv2450c) Machowski et al.,
2014). Despite the high level of genetic multiplicity, a series of studies have implicated the
catalytic activity of Rpfs in a variety of processes. These include: () facilitating normal cell
division through spontaneous association RPfB (MSMEG_5439) with RipA (an
endopetidase) at the division site (Hett et al., 2007) (ll) reactivation of bacterial growth
during nfection, through the resuscitation of dormant bactéfané et al., 2008; Kana and
Mizrahi, 2008; Nikitushkin et al., 2B) and(lll) a role in M. tuberculosisvirulence during

acute nfection in the murine model of TB infection (Kana et al., 2008; Biketov et al., 2007).

An interesting aspect of the physiological role of Rpfs, is their predicted association with
reactivaton of dormant bacteria that remain viable but-oohurable, a phenomena that was
first demonstrated iMicrococcuduteus(Mukamolova et al., 1998}t is estimated that ore
third of the worl ddéds popul ati on bhfectiobtatr s | a-
was hypothesized to be associated with dormvartuberculosisand reactivation of disease

in these individuals was ascribed to reactivation of growth in dormant orgafisme and
Mizrahi, 2010. Whilst it is tempting to speculate that Rpfs play a role in this process during
TB disease in humans, no definitive evidence has besermnied that associated LTBI with
dormant mycobacteriaMoreover, themechanismsused byRpfs to reactivaé dormant
bacteria is unknown but it is hypothesized that thede@s/ed muropetides released by Rpfs,

act as signalling molecules, initiating a signal transduction cascade through association with
the protein kinase B (PknB) (Kana and Mizrahi, 2010; Seatal., 2008). A detailed
understanding of the mechanisms of reactivationdormant bacteria is paramount,
considering the large proportion of the global population that carries LTBI, a collective that

poses a serious public health risk.
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1.5.1.3. Amidase

Amidases are zinc containing métenzymes that cleave the bond betweekianine and
MurNAc, releasing the stem peptide from the PG backbiomee 1.1.4 These enzymes are
specifically involved in cleavage of the septum and separation of daughsedweng the

final stages of cell divisionBernhardt and de Boer, 2008tdltje and Heidrich, 2001
Heidrich et al., 2001; Heidrich et al., 2002). Amidases are not solely present in bacteria, but
have also been found in eukaryotic and viral species amduather classified into two
subgroups;amidase_2 (PF01510) or amidase_3 (PF01520) containing prfuihser et

al., 2008).

1.5.1.4.Ni Acetyl-b-D-glucosaminidases

Ni Acetyl-b-D-glucosaminidases are hydrolases which cleave the bonds between the NAG
andNAM sugar residues. This group of proteins have received little attention in their role in
bacterial physiology and PG remodelling.

1.5.2. PG synthases

1.5.2.1..,D Transpetidases

L,D transpetidasesa.qt) catalyse peptidoglycan creksking between adgent PG subunits.
They are specifically involved in the formation of the¥83 crosslinks (figure 1.1.4) by
hydrolysing theD-Ala-meseDAP bond of the donor pentapeptide stem and transfers the
peptide bond to the adjacent sideatmmeseDAP of the tripeptide acceptor stei@rdemli

et al., 2012)In mycobacteria this specific type of crdsking within the PG layer was first
observed inM. smegmatigWietzerbin et al., 1974)Subsequent analysis revealed that
approximately 80% bthe peptide crosslinks are¥83 crosslinks, with remaindeconsisting

of 4 3 crosslinks, which are synthesized by another distinct group of PBPs (discussed in
section 1.5.2.2)L{avollay et al., 2008kumar et al., 2012). I&. coli, the 3»3 PG cross

links comprise between 3 and 10% of all crtisked (Pisabarro et al., 1985) and in this
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context, the high percentage of83 crosslinks in M. tubercubsis highlights an important

role of this specificyipe of bondduring TB pathogenesisM. tuberculosisencode for five

Ldt (designate Ldty-Ldtus), all of which are susceptible to carbapenem treatmentro

(Kumar et al., 2012; Dubée et al., 2012) Car b a p e n e ms -laatameantidiotigsr o u p
wherein the carbon @iostion4 of the thyazalidinic moiety is replaceg sulfone (Bonfiglio

et al., 2002; Nicoletti et al., 2002)Deletion of Ldty, results in morphological defects
accanpanied by reduakvirulence and increased susceptibility to amoxicillin during disease
progression (Gupta et al., 201@Qyty;; andLdty both play a role in virulence, growth and
maintenance of bacterial cell surface morphology, cell size and shape (Schoonmaker et al.,
2014). The high abundance of*33 peptide crostnks in mycobacteria and the sensitivity

of the enzymes that synthesize them to carbapenem, provides a novel area for the
develgment of new drugs that target PG crbeging.

1.5.2.2. Penicillin binding proteins (PBPs)

PBPs are a group of structurally related proteins that have the ability to recognize and bind
b-lactam molecules, such as penicil{iBhosh et al., 2008; Mottl and keck, 1991). They are
classified into two distict groups; Low Molecular Weight PBPs (LMW PBPs) or High
Molecular Weight PBPs (HMW PBPs) depending on their electrophoretic mobility as

examined by SDS PAGEShuysen, 1991; Spratt, 1973pratt 1983).

The HMW PBPs share a common structural organisation thitee distinct domains, the
cytoplasmic tail, a membrane anchoring transmembrane domain and the two catalytic
transglycosylase and transpeptidase dosmdimvering, et al., 2007Macheboeuf et al.,
2006; Goffin and Ghuysen, 2002)hese proteins are gemadly targeted to the cell wall
facing the outer surface of the cytoplasmic membrane wiRsBe remodelling occurs

(Lovering et al., 2007;Macheboeuf et al., 2006; Goffin and Ghuysen, 2002 HMW
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PBPs are fither classified into two subgroups: Class A BB#th both transglycosylase
(catalysing crostinking of the glycan sugacomponenof PG subunits) and transpeptidase
activity (catalysing crosBnking between stem peptides of adjacent PG strands) (Ghosh et
al., 2008; Romeis and Holtje, 1994; Loveriegal, 2007) and Class BBPswith a single
transpeptlase domainHoltje, 1998;Machowski et al., 2014). The-términal domain is

used in the classification of these two groups of proteins as either Class A or B HMW PBPs.
The transglycosylase and trangpdase domain of Class A HMW PBPs are positioned near
the N and Gterminus respectively (Ghosh et al. 2008; Romeis and Holtje, 1998;

Machowski et al., 2014).

The Class B HMW PBP lack catalytic activity at thed¥dminal domain, possessing only the
trangeptidase domain at thet€rminal end Koltje, 1998; Ghosh et al., 2008; Romeis and
Holtje, 1998; Machowski et al., 2014yhe Nterminal domain of Class B HMW PBPs is
predicted to interact with various proteins that regulate bacterial cell morphogetigs,
1998) In mycobacteria, the class A HMW PBPs includes PonAl, PonA2 and a second
homologue of PonA2 annotated as PonA3Mnsmegmatis (Machowski et al., 2012atru
and Pavelka2010; Billman-Jacobe et al., 1999The mycobacterial Class B HM\RBPs
include PBPA and PBPBndBPB-lipo (Machowski et al., 20145auvage et al., 2008). The
trarspeptidase activity of PBPs is involved in the formation e# & crosslinks, figure
1.1.4 This involves binding of the donor pentapetidide chain by the trangjrlase
domain, fédlowed by the formation of an aeghzyme intermediate complex facilitated by
the active site serine that attacks théla-D-Ala bond. The intermediate complex is then
hydrolysed, followed by the transfeof the peptide bond to the adjacent side chagse
DAP of the tripgtide acceptor stem to forg 3 crosslinks (McDonough et al., 2002;

lovering et al., 2012)
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The second group of PBPs is the LMW PBPs, also referred to as ClasssCvidtséh can

be further categorized into-sibgroups using. coli as the representative species. These
include the monofunctionabD-CarboxypeptidaséOD-CPases ,  Hlabtamade$Ghuysen,

1996; Massova and Mobashery, 1998; Navratna et al., 20ihe PBP4 subfamily of
bifunctional LMW PBPs with botlbD-CPaseand transpeptidase domaifNelson and
Young, 2001). The LMW PBPs share a common structural omgjsonsconsisting of a
pericllin binding domain and a transmembrane segment for membrane anchoring at the C
terminus {acoby, 2009). This MSc is focused on class C PBPs, particularly the

characteriation of mycobacteriabD-CPass.

1.5.2.3.DD-Carboxypeptidases

DD-CPass are acylserine transferasdkat retain signature motifs suak theSerXaaXaa

Lys, SerXaaAsn and LysThr-Gly triad (Nicholas et al., 200&offin and Ghuysen, 1998).
This group of proteins is involved in the final periplasmic stag®fbiosynthesis. They
regulate the level of PG creleking by hydrolyzing the terminab-Alanine from the
pentapeptide side chain of nascent PG subunits, producing a tetrapeptide stem that cannot act
asa donor for PG crosslinking (Strominger, 1969; Lance and Strominge, 1970; Leyh
Bouille et al., 1972)figure 1.1.4 The LMW PBPsas demonstrated i. coli posses®D-
CPasesactivity, but their biological significance has not been demonstrated in various
species (Ghosh et al.,, 2008; Nelson and Youz@)0). Many organisms harbour a
multiplicity of DD-CPass, which are predicted to be functionally redundart.ircoli, which
codes for at least 12 PBPs, of which 4 posees€Pasesctivity (Mossova and Mobashery,
1998; Holtje, 1998DPenomeet al., 1999 Sauvage et al., 20D8Consistent with this notion,
deletion of individualbD-CPasesin E. coli did not result in growth defects. However,

combiretorial deletion of the different LM/ PBPs implicated PBP5 (encodby dacA)to
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be mportant in maintaining rmanal baterial cell shape (Nelson andoi¥ng, 2001; Holtje,
1998). PBPS5 irkE. coliis further implicated in regulating bacterial cell elongatidue to the
obsevation thatdeletion of PBP2 inhibits cylindral PG synthesis during growth thus
producing spérical cells, a phenotype reversed by ectopic expression of PBP5. PBP5 is
also implicaed in mediating cell iglision as demonstrated by the Imigy to separate

daughter cells in a PBPAMIC double mutantRriyadarshini et al., 2006)

Bacillus subtilis a gram positive rodhaped model organism encodes fan-CPase
homologues (PBP5 encoded lolacA and dacB PBP4a and DacHRRopham et al., 1999;
Atrih et al., 1999; Pederseat al., 1998). In this organisf?G maturation is mediated by
DacB (P@ham et al.,1999; Atrih et al., 1999; Pedersen et al., 1998) and synthesi® of
spore cortex PG in maturd®l subtilisspores is mediated by DacA and DacF respectively

(Pedersen et al., 1998; Popham et al., 1999).

The observed genetic multiplicity withD-CPasesn both E. coli and B. subtilis and the
lack of these proteins in the genome of other organisms sucaudsbacter cresecentasnd
Helicobacter pylori(Koyasu et al., 1980; Krishnamurthy et al., 1999; Ghosh et al., 2008),
suggestghey are most likely indiidually nonessential with overlapping functions. This
would explain their accessory roles in bacterial elongation and divisida, aoli and B.
subtilis In mycobacterial speciepp-CPasesre relatively uncharacterized and this study
will focus on shdding light on physiological function of mycobacteriab-CPase

homologues.

1.6.1. MycobacterialbD-CPases

As with otherorganismsmycobacteria haveultiple DD-CPasefiomologuesM. smegmatis

has four DD-CPase homologues (designated MSMEG_166MSMEG 2482/3 and
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MSMEG_6113,Machowski et al., 2014). Currently, a single study has been conducted on
M. smegmatiDD-CPaseby Bansal et al., (2015), which focused on MSMEG_2433 and
demonstrated that MSMEG_2433 actively binds fluorescent penicillin, a charactefist
PBPs,and that heterologous expression of MSMEG_2433 rescues the cell morphology
defects of theseptupleE. coli mutant generated byGhosh & Young, (2003 lacking a
comhbnation of various PBPs. Furthermore, heterologous expression of MSMEG_2433 in
the syptuple mutant r e s t olacetach anbibiotic resistance. Purified MSMEG_2433
displayed abity to hydrolyseartificial PG substrates and aldoe a ¢ y-lackam antilfotics.

M. tuberailosis encodes thre@bD-CPasehomologues (designated Rv2911, Rv3330 and
Rv3627c). Bouraet al., (2012) revealed a roler Rv2911 in maintaining various cellular
processes when ectopically expressedlinsmegmatisncluding colony morphology (see
results and discussion). Furthermatey demonstratethat deletion of Rv2911 from wild

type M. tuberculosis affects bacterial growth in acidic media at low oxygen tensions,
accompanied by increased survival in Thieells (Boura et al., 2012). These two studies
implicate mycobeterial bD-CPasesin regulating various cellular processes but do not

provide insight on fuational redundancy or possible roles in regulating cell wall synthesis.

Cell division and elongatioare tightly regulated, and the effectors of bpthcessegxert

their effect through interaction with various partness@het al.,2006;Kieser, and Rubin,
2014). As such, it is unclear whether the mycobacte@CPasehomologues act as single
enzymes or exert their function through interaction with various partners, as observed for
other PBPs. Additionally; the mycobacterna)-CPasehomologues remain uncharacterized.

Considering this, the specific aims and objectives of this MSc are listed below.
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1.7.1. Hypothesis

It is hypothesized that MobacteriaDD-CPass play important roles in cell elongati@nd

division, possibly thragh interaction with various proteins.is furtherspeculatd that there

is some degree of oklap of functionbetween the multipleb-CPaséhomologues present in

M. tuberculosis

1.8. Aims and objectives of this study

1.8.1. Study aims

To identify putaitve interacting partnerfor MSMEG_2433 and MSMEG_6113.
These two proteins were chosen based on the observation in our laboratding that
former was expressed in high transcript abundance andattex was essential for

growth (C.S Ealand and B. Kana,published)

To interrogate the functionality (redundancy vs. specialist function) ofMhe
tuberculosisDD-CPass through ectopic expression in wild typ& smegmatiand

M. tuberculosisH3z7RVS.

1.8.2. Study objectives

To construct two bait vectors camg MSMEG 2433 and MSMEG_6113 fused to
mycobacterial dihydrofolate reductase fragment 3 in pUAB400. These will serve as

the bait vector.

To designa genomic DNA library with overlapping fragments with a size range of
0.55.0 kbps which will be fused to themycobacterial dihydrofolate reductase
fragment 1 and 2 in pUAB300. This will serve as the prey for assaying protein

interaction.
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VI.

VILI.

VIII.

To assay protein interaction of the baits (MSMEG_2433 and MSMEG_6113) against
the prey (genomic DNA library) using the mye@aberial Protein Fragment

Compkmentation assay (MPFC)

To sequence and identify putative interacting partners of MSMEG_ 2433 and

MSMEG_6113

To clone Rv2911, Rv3330 and Rv3627c into pSE100 for ectopic expression in wild

type M. smegmatiandM. tuberculoss.

To assess the following in the heterologdds smegmatisand M. tuberculosis

strains:

1 Bacterial colony morphology

1 Bacterial sliding

1 Biofilm formation

M Growth kinetics

9 Cell surface morphology by scanning and transmission electron microscopy

To create @erminally tagged rseGFP derivativeshbf tuberculosiDbD-CPases

To ectopically express the fusion proteins in wild tyfpe smegmatiand monitor

cellular localization of these proteins in the heterologous strain.

2. Materials and methods

2.1.1. Plasnds used and constructs generated in thistudy

The plasmids and strains used in this are listed in table 2.1.1 and 2.2.2 respectively.
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Table 2.1.1.Plasmid generated and/or used in this study.

Plasmid Genotype Source/Reference
E. colrMycobacteium shuttle plasmic
pUAB300 carrying the mDHFR fragment 1 and | Singh et al., (2006)
together with the glycine linker; Hyg
E. col-Mycobacterium shuttle plasmi .
PUABA0O carying mDHFR fragment 3; Kan Singhet al., (2006)
E. col-Mycobacterium shuttle plasmid
pSE100 carying RymdetO tetracycline regulatel gt et al. (2005)
opaator; Hyd ’
Derivative of pUAB300 carrying th
pUAB3145 complete MSMEG_3145 open readi This study
frame; Hyg
Derivative of pUAB400 carrying th
pUAB5439 complete  MSMEG_5439 openreading| This study
frame; Kan
Derivative of pUAB40QOcarrying th
pUAB2433 complete MSMEG_2433 open readi This study
frame; Kanh
Derivative of pUAB400 carrying th
PUAB6113 complete  MSMEG_6113 open readil this study
frame; Kan
PSE2911 Derlv.atlve of pSE100 carrying the Rv291 This study
gene; Hyg
PSE3330 Derlv.atlve of pSE100 carrying the Rv33 This study
gene; Hy§
Derivative of pSE100 carrying the Rv33
pSE3627c gene; Hy§ This study
pSE2911 Derivative of pSE100 carrying Rv29] This stud
rseGFP gene wih a Gterminal rseGFP; Hyg y
pSE3330 Derivative of pSE100 carrying Rv333 This stud
rseGFP gene with a @erminal rseGFP; Hyg y
pSE3627¢ Derivative of pSE100 carrying Rv362] This stud
rseGFP gene with a @erminal rseGFP; Hyg y

Kan', karamycin resistance; H{ighygromycin resistance.
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Table 2.1.2.Strains used and/or generated in this study

Strain Description Source/Reference
Escherichia coli SupE44 ol acU169 h|Promega,
DH5U gyrA96 thil relAl Madison, WI
m&155 High frequency transformation muta Snapper et al.,

of M. smegmati&ATCC 607 1990
Ha7RVS Laboratory H7Rv strain loergeret al., 2010

Derivative of mé155 expressing th
mc*(pSE100) PSE100 vector, Hyg This study

Derivative of mél55 ectopically
mc*(pSE2911) expressing Rv2911 from pSE29] This study

vector, Hyg

Derivative of mé155 ectopically
mc(pSE3330) expressing Rv3330 from pSE33] This study

vector, Hyg

Derivative of mél55 ectopically
mc*(pSE3627c) | expressing Rv3627c from pSE362 This study

vector, Hyd

Derivative of mé155 ectopically
mA(pSE2911 exp_res§ing a @erminal rseGFRagged,
rseGFP) derivative of Rv2911, expressed frq This study

’ the pSE2914seGFP vectq Hyd'

Derivative of mé155 ectopically
mc(pSE3330 expressing a @erminal rseGFRagged This stud
rseGFP) derivative of Rv3330, expressed frg y

the pSE3330seGFP vector; Hyg

Derivative of mé155 ectopically
mc(pSE3627¢ expressinga Gterminal rseGFRagged This stud
rseGFP) derivative of Rv3627c, expressed frg y

the pSE3627cseGFP vector; Hyg

Derivative of H/RvVS ectopically
H3/RVS(pSE2911), | expressing Rv2911 from the pSEZ29| This study

vector; Hyd

Derivative of H7/RvS ectopically|
H37RvS(pSE3330),| expressing Rv3330 from the pSE33| This study

vector; Hyd

Derivative of H/RvVS ectopically
H3/RVS(pSE3627c) expressing Rv3627c from the pSE362 This study

vector; Hyg
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Derivative of HRvS expressing th|
H37RVS(pSE100) | pSE100 vector, Hyg This study

Derivative of mé155  carrying
mc155::pUAB400 | pUAB40O integrated at thettP site and
(PUAB300) pUAB300 an episomal plasmi
Hyg'Kan'
Derivative of mEé155 expressing
pUAB2433 integrated at thattP site| This study
and episomal pUABgOO, Hilgan
N Derivative of m¢€1l55 expressing
&g&i%spllﬁ? 543 pUABS_439 integrated at thattP site| This study
and episomal pUAB3145; Hiigan
Hyg", hygromycin resistance; Karkanamycin resistance.

This study

mc155::pUAB243
3 (PUAB300)

2.2. Bacteral growth conditions
2.1 Growth conditions forE. coliDH5U and deri vatives.

E.coiDH5U strains we rAgar $A) to ®ktdinesidgle @aionids.uAr single
colony was picked and inoculated into Luria Bertani (LB) or 2xTY 4€3With shaking at

250 rpm. Derivatives dE. coliDH5 U, t r a n plasmidsmezedculturédtom LA, LB,

or 2xTY supplemented with appropriate antibiotics. Recipes for all media used are in the
Appendix (Appendix F)The antibiotic concentrations used in this study are as follows:
Hygromycin (Hyg) 200 pg/ml and Kanamycin (Kab) pg/ml. The volume of liquid media

was adjusted depending on the type of experiment conducted with each strain (e.g. bulk v

small scale DNA extraction).
2.2.2. Growth conditions forM. smegmatisand M. tuberculosis

The wild type mé&155 and derivativstrains were cultured on Middlebrook 7H10 agar iand
Middlebrook 7H9 broth, herein referred to as 7H10 and 7H9 respectively. 7H10 was
supplemented with 0.2% glucose, 0.5% glycerol, 0.085% NaCl. 7H9 was supplemented with

0.2% glucose, 0.2% glycerol, 0.085NaCl, 0.05% tween80n the case oH3;RvVS and
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derivative straing7H9 was supplemented with OADC (oleic acid albumin dextrose catalase)
enrichment, % glycerol and 0.05% tween80 and Middlebrakll was supplemented
with OADC enrichment and 0.2% glya#. A single colony for each strain was pickeom

solid agar and propagated in 7H9 supplemented with the appropriate antibiotics.’TE& mc
strain and derivatives were cultured al@GwWith shaking at 100 rpm. Thes}RvS strain and
derivatives were ctired at 37C in disposable tissue culture flasks without agitation.

Antibiotics were used at the following concentrations: Kan 25 pg/ml and Hyg 50 pg/ml.
2.3. Mycobacterial DNA extractions
2.3.1. Large scale DNA extraction for PCR.

The Cetyltrimethylammnium bromide (CTAB) DNA extraction protocol was used for large
scale DNA extraction from bothl. smegmatisndM. tuberculosisstrains. The nfd55 and
derivative strains were cultured on solid media to obtain a lawn of cells and-feSHand
derivativestrains were cultured in liquid mediCells were harvested by suirzg the lawn

of cells off the agar plates or by centrifugatid® @70X g, 10 min) for mé155 and H;RvS
respectively. The cells were resuspended in 500 pl TE buffer (10 mM@&igpH 80, 10

mM EDTA dissolved in dBO). Following resuspension, 50 ul lysozyme {©@/ml) was
added to the cells, followed by incubation for 1 hour &C3Thereafter, 70 pl SDS (10%)
and 6 pl proteinase K (10 mg/ml) was added to the mixture, with furtherationbat 68C

for 1-2 hours.Following this 100 pl NaCl (5M) and 80 ul CTAB/NaCl buffer (4.1 % NaCl,
10% N-cetyFN,N, N-trimethyl ammonium bromide dissolved in g#lB) were added,
followed by mixing and incubation at %5 for 10 min. An equal volume of
chloroform:isoamyl alcohol (24:1 ratio) was added and mixed by inverting tubes, followed
by centrifugation 12 470X g, 5 min). The top aqueous layer was aspirated and transferred

to a fresh tubefollowed by the addition of 0.6 volume isopropanol. The tubesewplaced
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on ice or at20°C for 20 min,followed by centrifugation2 470X g, 30 min) topelletthe
DNA. The DNA pellet was washed with 70% EtOH and dried using an Eppendorf
Concentrator 530. Theydphilized DNA was resuspended in an appropriate amaint
nuclease free water and quéied using the NanoDrop NR000 Spectrophotometer
(NanoDrop technologies). To assess the quality of the DNA, an aliquatla@sophoresed

on 1% agrose gel with molecular weight markers, Appendix (A.1.1.1). Extracted @Bi&\

stored at2(°C for subsequent use.
2.3.2. Small scale DNA extraton for genotypic confirmation

A colony boil protocol was used for small scale DNA extraction. A single colony (&ther
smegmati®r M. tuberculosiy was resuspended in 10 pl sfifollowed by addition of 100

ul chloroform, mixing and incubatioat 65C for 15 min. Thereafter, the mixture was
centifuged (L2 470X g, 15 min) and the top aqueous layer extracted without breaking the

interface. The top aqueous layer was transferredftesh tube and 5 pl was used for PCR.
2.4.E. coli plasmid DNA extraction
2.4.1. Bulk DNA extraction

The Nucleobond DNA extraction kit (Macherey Nagel) was used for bulk plasmid DNA
extraction fromE. coiDH5 U deri vati ves. Briefly, the str
ml LB or 2xTy supplemented with the appropriate antibiotics and DNA was extracted

following instructions specified by the manufacturer.
2.4.2. Smdlscale plasmid DNA extraction

The alkdine lysis miniprep protocol was used for small scale DNA extractions. Strains were

cultured overnight in 2 ml LB or 2xTY supplemented with the appropriate antibiotics as
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described in section 2.2.1. Cells were harvested by centrifugati2rd70X g, 5 min
followed by resuspension in QQul ice-cold solution | (50mM tcose, 25mM TrisHCI (pH

8), 10 mM EDTA dissolved in di®). Following this, 200 pl freshly prepared solution Il

(1% SDS, 0.2 M NaOH dissolved in sglp) was added. The suspension was mixedlyen

by inverting the tubes and incubated on ice for 5 min. Thereaftel166-cold solution 11l

(3 M potassium acetate, 11.5%e#c acid dissolved in sgB) was added to the sample,
followed by mixing and incubation on ice for 10 min. The sample veadrduged (2 470X

g, 30 min) and the supernatant transferred to a fresh tube. DNA was precipitated as described
in section 2.3.1 by adding 0.6 volume isopropanol followed by centrifugatid {0X g,

30 min). The pellet was washed with 70% EtOH anedddas described in section 2.3.1. The
dried pellet was resuspended in an appropriate volume of nuclease free water and stored at

20°C for subsequent use.
2.5. DNA cleanup and removal of contaminating proteins
2.5.1. Sodium acetate precipitation

Extracted chromosomal or plasmid DNA was sodiaoetate precipitated to remove
contaminating proteins, salts and other impurities. Briefly, 1/10 volume sodium acetate (3M
pH 5.2 was added to the DNA followed by the addition of 3X volume ofcie 100%

EtOH. The sample was mixed and centrifugd@® @70X g, 30 min). For genomic DNA
precipittion, 1/10 volume sodiuracetate (3 MpH 5.2 and 3X volume of iceold 100%

EtOH was added to DNA, followed by incubation-26°C for 20 min. After centrifugation

(12 470 X g, 30 min), the supernatant was discarded and the DNA pellet dried as described
in section 2.3.1. The dried pellet was resuspended in an appropriate amount of nuclease free

water and stored a20°C for subsequent use.
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2.6. Restriction profiling

Restiction profiling of vector backbones, PCR products and recombinant plasmids
generged in this study was carried out using restriction enzymes from Fermentas
(Fermantas), NEB (New Efrand Biolabs) and Roche (Roche Appliecieéhce$ following
instructions pecified by the manufacturer unless stated otherwise. Briefly, restriction digests
were carried out in a 10 pl reaction volume with apprately 1 ug DNA, 1 ul buffer, L

enzyme and made up to 10 ul with nuclease free water. The digests were incuBated at

for 1 hour unless stated otherwise by the manufacturer, before running on a 1% agarose and
imaging using the BidRad Gel Doc (BieRad). BSA (Bovine serum albumin) was added to

therestrictiondigests if necessary, to a final concentration of 10 pg/ml
2.7. Agarose gel electrophoresis

Extracted DNA, PCR reactions and restriction digests were run on a 1 % agarose gel made
with 1X TAE buffer (1 mM EDTA andl0 mM Trisacetate). Electrophoresis was conducted

in 1X TAE buffer at 90 V for 450 min using &Bio-Rad electrophoresis tank (BRad).
Following every run, the gels were imaged with the-Baxd Gel Doc (BieRad). The DNA

molecular weight markers used in this study are shown in the Appendix (A1.1.1).
2.8. DNA cloning
2.8.1. Vector backbone confirmabn.

All the vector backbones were confirmed by restriction profiling with at least 4 enzymes
before cloning. BrieflyE.coiDH5U deri vatives carrying the v
overnight as described in section 2.2.1 for large/small scale DNA extraction. The extracted

plasmid DNA was verified by restriction profiling as described in section 2.6.
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2.8.2. PCR reactions.

Gradient PCR (with annealing temperature range 3&®80°C) was carried out to determine

the optimal annealing temperature for each primer set. The primer sets used in this study are
listed inthe Appendix (Appendix B). Following the determination of tipgiroal annealing
temperature for each primer pair, PCR was carried out with the appropriate controls. The
controls included the positive controlafB), no template control, no forward primer control,

no reverse primer control and the test PCR with thekastey, forward and reverse primers.

For cloning, PCR was carried out with the high fidelity Phusion ClddymerasgNEB).

PCR reactions were set up to a final volume of 25 ul containing 5X HF buffer, DMSO, 50
ng template DNA, 0.2 mM dNTPs, 1 uM forward arelerse primer, 2J high fidelity
Phusion DNA polymerase enzyme. The cycling conditions were as follows; one cycle of
initial denatuation (95 or 98C, 4 min), 3035 cycles of denaturation (95 or%8 30 sec),
annealing (70 to 8C, 45 sec), elongatiori7?’C, 30 sec), one cycle of final elongation
(72C, 7 min). Fdowing PCR amplification, the amplicon was run on a 1% gel and
visualizedasdescribedn section 2.7. PCR reactions which yielded the expected DNA size

were used for cloning.
2.8.3. PCR andplasmid DNA digestion

Cloning strategies that employed either a single or two inserts were used in this study. The
PCR product(s) and vector backbone were digested with selected restriction enzymes listed
in the Appendix Appendix B. The restriction diges were set up as described in section

2.6. Restriction enzymes that shared the same restriotiffer were used concurrently in

one reaction. For restriction digests with two restriction enzymes that do not share the same
reaction conditions, sequentialigestswere set upwhich involved digestion with one

enzyme, DNA clean up as per sectihb.], followed by digestion with the second enzyme.
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Following digestion, DNA was run on a 1% low melting agarose gel for DNA purification

with agarase as describéelow.
2.8.4. Agarase DNA recovery and cleanp for cloning.

The ajarase protocol was used for recovery of DNA from agarose gels for cloning purposes.
Following restriction digests, the vector backbone and PCR product(s) were run on a low
melting agaros gel. After electrophoresis, the bands were visualized under UV (ultraviolet)
light and excised from the gel. Following this, the excised gel slice with the desired band
was weighed and incubated af@ntil the agarose was completely melted. The mejétd

was equilibrated at 42 for 5 min and U of Agarase was added per 100 mg of liquefied
gel, followed by incubation at 42 for 30 min. Thereafter, sodium acetate was added to the
reaction mixture to a final concentration of 2.5 M. The mixture wasedl@n icefollowed

by centrifugation 12 470X g, 10 min). The supernatant was then transferred to a fresh tube
and 2.5 volumes of isopropanol was added, mixed and incubated for 1 hour at room
tempeeture. After incubation, the DNA was harvested by d&rgation (12 470X g, 15

min) and dried as described in section 2.3.1. The pellet was resuspended in an appropriate

volume of nuclease free water and store@@l{C for subsequent use.
2.8.5. Dephosphorylation of plasmid DNA

Plasmid DNA was dephosphoayt ed t o remove phosphate group
plasmid DNA with Antartic Phopshatase (NEBs per manuf ac.fThisswasr 6 s i n

done to prevent seligation of the vector backbone during cloning.
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2.8.6. DNA ligations

Ligations of PCR produdg) into plasmid DNA was carried out using the Hast DNA
ligation Kit (Epicentrg following instructions specified by the manufactureor increased
ligation efficieng, different ligation ratios (molar ratio of vector: insert) were used. The
stardard ligation ratios used were 1:1, 1:3, 1:5 (vector: insert) faa cloning and 1:1,
1:3:3 and 1:5:5:5 (vector: insert) forvay cloning. These ratios were adjusted depen

on the concentration of insert recovered from gel purification. The concentration of the
vector DNA was kept at 50 ng for all ligations. The following formula was used to calculate

the amount of insert required for a 1:1 ratio with 50 ng of vectdddmame.

. ng of plasmid DNA (50 ng)X size of insert (bps
ng of insert =P (50 ng) (bps)

Size of plasmid (bps)

The final volume for each ligation was kept betweer2Q5ul. The ligations were incubated
at room temperature for-4 hours. Following incubation, the ligase was heat inactivated
(70°C, 15 min).

2.9. Preparation and transformation ofchemically competentE. coliD H5 U
2.9.1.Preparation of chemically competentE. coliD H5 U

Chemically competen€E. coli DH5 U wa's prepared as foll ows:
inoculaed into 5 ml LB or 2xTY and cultured overnight a®@#with shaking at 250 rpm.
Fresh 100ml LB or 2xTY was inoculated with 1 ml of prilture and incubated under the
same coniions. The optical density (Q&g) was monitored until log phase (@ 0.50.9)
and cells were harvested by centrifugatiBr901X g, 3 min, £C). The cells were géy
resuspended in 20 ml i@®ld CaC} (0.1 M) and placed on ice for 20 min. This procedure

was repeated and following two washes, the cells were resuspended in 4coitliGaCh
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(0.1 M). For increased transformation efficiency, competent cells wereglan ice for 2

hours before transformation.
2.9.2. Transformation of chemically competenE. coliDH 5 U

DNA ligations prepared as described in section 2.8.6 were mixed with 100 pl of freshly
prepared competent cells and placed on ice for 15 minutes @elle transformed by heat
shock (42C, 90 sec) and immediately placed on ice for 5 rfilowed bythe addition of

750 pl LB or 2xTY.The transformation reactions were transferred to°€ #Tcubator with
shaking at 250 rpm fat hour, to allow for expmision of the antibiotic selectable marker.
Thereatfter, cells were harvested by centrifugatidth470X g, 1 min), resuspended in 100

pl LB or 2xTY and plated on LA supplemented with the appropriate antibiotic. The plates
were incubated overnight at %7 and single colonies picked for screening of putative

postive clones as described below, secoi0.1.
2.10. Screening and confirmation of positive clones
2.10.1. Screening for putative clones

Putative positive clones were screened as follows: PlaBiil from selected transformed
colonies was extracted using the small scale alkaline lysis miniprep as described in section
2.4.2.Cloneswere screened with a single enzyme first and a single positive clone, which
yielded the expected band size followingesning with a singl enzyme,was further
verified by restriction profiling as described in section 2.6 with at least four restriction
enzymes. Following restriction profiling, the insert was sequenced to ensure that no

mutations were introduced during tRER and cloning steps.
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2.10.2. Sequencing

The constructs were sent tbe Stellenbosch UniversitPNA sequencing facility for
sequencing. Following DNA extractions with the Nuclobond Plasmid extraction kit, the
constructs were sequenced using the BigDlerminator V3.1 sequencing kit (Applied

Biosystems) following instructionsupplied by the manufacturer.
2.11. Transformation of M. smegmatis
2.11.1. Peparation of electrocompetentmc?155

Cells were grown to log phase (@=0.5-0.9) and harvestedly centrifugation2 360X g,

10 min, 4C). The cells were then washed three times by gentle resuspension in 10 ml ice
cold 10% glycerol with harvesting by centrifugatich 360 X g, 10 min, 4C) between
washes. Following these washes, the cells wereepsanded in 4 ml iceold 10% glycerol

and used immediately.
2.11.2. Trandormation of electro-competentmc®155

For transformation, 400 pl of electmmmpetent cells were transferred to a 0.2 cm
electoporation cuvette (BiRad) together with plasmid DNAobtained following
confirmation of the construct by restriction digest and sequencing. The Gene PulserX cell
(Bio-Rad) was used for electroporation and the conditions were as follows: 2.5 KV, 25 pF
and 1000 with a path length of 0.2 cm. Following pulsing, cells were immediately rescued
with 800 ul LB or 2xTY for 3 hours or overnight at %7 with shaking at 100 rpm. The
rescued cells were plated on 7H10 agar supplemented with the appropriate antibiotic. The

plates were incubated for at least 8ays to allow colonies to emerge.
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2.12. Transformation of Hz;RvS
12.2.1. Peparation of electrccompetentH;/RvS

ElectrocompetentM. tuberculosisHz/RvVS cells were prepared as follows. Cultures were
grown to log jmase as described in section 2.2.2 and the cells harvested by centrifugation (
360X g, 10 min). The pelleted cells were washed three times with room temperature 10%
glycerol. Following the last wash, cells were resuspended in 4 ml of room temperature 10%

glycerol and immediately used for electroporation with The Gene PulserX celR@in
2.12.2. Trangormation of electro-competentHs;RvS

Plasmid DNA was damaged by UV adiation(100 mJ crif) using the Uvitech CL503G
which allows for increased traiesmation efficiencies. Following UVradiation 400 pl of
electrecompetent HRvVS, together withdamagedDNA, was transferred to 0.2 cm
electroporation cuvettes (BiRad) and pulsed as described in section 2.11.2. Thereafter,
cells were immeidtely resaed with 800 pl 7H9, followed by incubation overnight at@7
without shaking. The transformations were plated on 7H11 supplemented with the

appropriate antibiotic and incubated al@7or at least 5 weeks for colonies to emerge.
2.13. Genotypic confirmdion of recombinant strains

The mé155 and H;RvS and their derivatives were confirmed as follows. After
transfamation, a single strain was picked and DNA extracted by colony boil described in
section 2.3.2. PCR with Fastart Tag DNA polymerase (Roghwas used for genotypic
confirmation with gene specific primers listed in the Appendix (AppenB). PCR
reactions were set up in a final volume of 25 pl, with the following contents: 1X

recommended PCR buffer supplied by the manufacturer, 1X GC righiaspldNTPs to a
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final concentration of 0.2 mM, reverse and forward primers each at a final concentration of 1
1M, DNA template (5 pl) and 0.2 Faststart Taq polymerase. The PCR cycling conditions

were the same astribed in section 2.8.2.
2.14. Genanic DNA library construction
2.14.1. Genomic DNA extraction and restriction digest

The mé155 genomic DNA was extracted using the CTAB method as described in section
2.3.1 and run on a 1% gel along with molecular weight marker to determine qD&ity
wasquantified with the NanoDrop N2000 Spectrophotometer (NanoDrop Technologies).
The library was designed by setting up-8o dilution seriesof a Tag restriction enzyme
digestas follows: A series of reaction mixtures with equal amounts of DNA (8hudjer

and nuclease free water were set up to final volume of 40gg. 10 U from NEB was
added to the first tube, mixed and af@d serial dilution of the mzyme was carried out.
Dilution, was carried out to ensure partial digestion of genomic DNA witerlapping
fragments. The reaction digests were incubated &€ 3@r 1.5 hours. Thereafter, the
enzyme was heat intivated by incubation at 8@ for 20 min. Following this, 5 pl of the
partial digests was run on a 1% gel as described in sectioa 2léntify a digest with a 0-5

5.0 kbps fragment size range. The selected digest was sadetate precipitated as
described in section 2.5.1 and run on a 1% gel to ensure that the fragment size range was still
between 0.%5.0 kbps and no shearing had weced during the cleanp. The prey vector
(PUAB300) was linearized wittClal and ligations were carried out using the following

vector: insert ratio; 1:1, 1:3 and 1:5 and 2:1. A cut and ligate control was also carried out.
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2.14.2. Preparation of &ctro-competentE. coliD H5 U

A preculture ofE. coiDH5 U was set up by inoculating a s
incubated overnight at 3C with shaking at 250 rpm. The peelture was used to inoculate

100 ml fresh 2xTYwhich wasallowed to grow tdog-phase. Cells were placed on ice for 10

min followed by centrifugation3 901X g, 3 min, £C). The cells were gently washed three

times in icecold 10% glycerolwith harvesting by centrifugation (308.1g¢ 10 min, 4C)

between washes. After the finalash step, cells were resuspended in 4 mcatd 10%

glycerol and immediately used for transformation.
2.14.3. Transformation of éectro-competentE. coliD H5 U

The ligation reactions and 40 pf electrecompetent cells were transferred to a 0.1 cm
electroporation cuvette (BidRad) and pulsed with the Gene PulserX cell {Raxd) with the

foll owing conditions: 1.8 KV, 6 0 Following 10 OF
electoporation, cells were imméately recovered in 800 pl 2xTYor 1 hour at 3%C and

plated on LA supplemented with the appropriate antibiotic. The plates were incubated at
37°C ovenight. The next day, 10 colonies were randomly picked amgstéd for
confirmationfor the presence of insert (data not showgllowing this, cells were sgoad

off and plasmid DNA extracted using the nucleobond Plasmid Purificatipaskdtescribed

in section 2.4.1. This constituted the plasmid DNA for genditmiary.
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2.15. Identification of the respective MSMEG_2433 and MSMEG_6113 putative

interacting partners

2.15.1 Assaying for putative interacting partners for MSMEG 2433 and

MSMEG_6113.

The interaction between the proteins encoded on pUAB(3145) (RapA) pUAB::5439
(RpfB) served as the positive control for this study. To confirm this?15% was
transformed with these two vectors and plated on TRIM (Figure 3.1.9). For negative controls
the empty pUAB300 vector was used in conjunction with the pUABGIBpUAB2433 to
create two strains, mMc2433 (pUAB300) and nfc6113 (pUAB300)i that displayed no
growth on plates as expected (Table 3.1T9)e positive controlere choserbased on
experimental data thalemonstrated an interactidmetween MSMEG_5439RpfB) and
MSMEG_3154 RipA), which results in synergistic degradation of septal peptidoglycan
(Hett et al., 2007, Hett et al., 2008) (IMhe mdé:pUAB5439 was generated by -co
electroporation of pUAB5439 and pUAB3145 recombinant plasmids intti56c The
mc*:pUAB2433 and mpUAB6113 strains were generated by transformation dfl&%&

with pUAB2433 and pUAB6113 respectively. To assay for putative interacting partners, the
library DNA was introduced into mMcpUAB2433 and mt:pUAB6113 strains by
electoporaion as described in section 2.11.2. After electroporation, cells were rescued as
with 800 pl 2xTY and plated on 7H10 with Hyg/Kan. Followingt 3laysof incubation,

cells were scraed off, resuspended in 1 ml 7H9 and plated on 7H10 Hyg/Kan supplemented
with 7.5 pg/ml Trim (trimethoprim). Plates were incubated for 7 days and growth was
scored as positive interaction. A graphical representation of the principles of the mB¥C ass

is shown below, figure 2.1.1
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mDHR F1] mDHR F2 mDHR F3
Electroporation
into wild type M.

smegmastis

mDHRF1f mDHR F2 mDHR F3
- ! Positive protein interaction
No proteininteraction andreconstitutiorof MDFR
mMDHR F1l mDHR F2 mDHR F3

No colonygrowthon Trim supplemeteglates \

1 Fesse v

Figure 2.1.1.The concept of the mPFC assd@ye systenrequiresthe introduction of two
proteins (X and Y) tagged with the mycobacterial dihydroflate reductase frag(hesd

2) and fragment 3 respectively. In the case of no protein interaction between the two
proteins there will be failure to recostitute the mycobacterial dihydrofolate reductas
(mDFR) and no growth will be observed on trimethoprim (Trim) supplemented plates.
Positive nteraction between protein X and Y results in the reconstitution of the mPDHFR
which hydrolyses Trim allowing for @lonies to emerge on Trim supphented plates
(Singh et al., 2006)

\ Colony growthon Trim supplemetegblates

2.15.2. Sequencing and identification of the resptve interacting partners

A colony boil was carried out as described in section 2.3.2 to extract the prey vector carrying
the respectivputative interacting partnershe extracted plasmid DNA was introduced into
chemically competentE. coli DH5 U prepar ed as described
transformants were cultured in 2xTY supplemented with the appropriate antibiotic followed
by plasmid DNA extraction using the small scale alkaline lysis miniprep protocol as
described in section 2.2.2 for sequenciiifpe sequences wesnalysedusing Blastx(),

Blasn (http://blast.ncbi.nlm.nih.gov/Bkt.co)
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and Smart blast(http://blast.stva.ncbi.nlm.nih.gov/blast/smartblgstfrom NCBI. The

BioCyc (http://biocyc.org/MSME24636/blast.htm)l data base was also used d@nalyse

protein domains (see discussion)

Strategy of the mPFC assaysed in this study

Genomic DN/ MSMEG_2433 ¢
library msmeg_611
Clone into prey vect Clone into bait vectt
(PUAB300; (pUAB400;

/

Introduce intM. smegmati

l

Grow or Hyg/Kan 7H11

|

Scrape off cells and growndl'rim plate

|

Growth scored as positive interact

|

Grow again on Trim plat

|

Isolate plasmid prey DN

l

Confirm presence of insert by restriction di

l

Sequence inse

l

Subject sequence bioinfarmatic
analyses to respective prott

Figure 2.1.2 The strategy employed using the mPFC assay to identify putative interacting
parners for MSMEG_2433 and MSMEG_6113. The genomic DNA library cloned in the
prey vector was introduced into wild typé. smegmatigogether with MSMEG_233 or
MSMEG_6113 cloned into the bait vector. Cason Hyg/Kan plates were sped and
sub-cultured onTrim supplemented solid agar and growth was scored as positive interaction,
followed by isolation of prey vector plasmid DNA and confirmation of insert by sequencing.
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The resulting sequence was subjected to various bioinformatics analysis to identify the
putative interacting partners.

2.16. Phenotypic charactezation of recombinant strains
2.16.1. Assessment of mycobacterial colony morphology

The heterologou$/. smegmatisstrains ectopically expressing. tuberculosisbb-CPase
homologues and the contrsirains were grown to log phase (&= 0.50.9) and 100 pl
spotted on 7H1@&garsupplemented with the appropriate antibiotic. The recombikiant
tuberallosis H3/RvS derivatives ectopically expressing thd. tuberculosis DD-CPase
homologues were grownnsilarly to log phase and plated on 7H11 supplemented with the
appropriate antibiotics. The colonies were imaged using a standard digital camera and

bacterial cording was assessed using the Zeiss SPBMc dissecting microscope.
2.16.2. Assessment ahycobacterial biofilm formation

The airmedia interface protocol as published by Ojha et al., (2008) was used for assessment

of biofilm formation for theM. smegmatisind M. tuberculosisderivatives that ectopically

express theM. tuberculosisbD-CPasehomobgues. Cells were grown to stationary phase
(ODggo = 2.0) and cultures that exceeded anggd> 2.0 were adjusted by dilution. The cells

were washed two times in Saufos mi ni mal medi a (ref ewngt o App
the washes, serial dilutionsrfeach strain (910°) were carriedout and 100 pl of each

dilution,i nocul ated i nt o 1 0-walhimicr@imewplate. Tie CFUMmdwas a 1 n
scored for each dilution to ensure that the amount of inoculum for each strain at each
dilution is unibbrm as variations in inoculum could result in aberf@ofilm formationThe

plates were sealed with biohazard tape to prevent evaporation and incubafi! laf&e

viewing with the Zeiss STEM2000c dissecting microscope.
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2.16.3. Assessmef bacterial sliding motility

Sliding motility of M. smegmatislerivatives was assayed on seulid media as previously
described by Martinez et al., (2001). Single colonies of each strain were placed on the
suface of 7H9 solidified with 0.3% agar or agarose frédeAppendix G). The plates were
sealed with parafilm and incubated for two weeks 8€3dr assessment of bacterial sliding.

As an alternative, the strains were grown tepbgse (Olyo= 0.50.9) and 10 pl of the log

phase cultures were staipculatel into 7H9 solidified with 0.3% agar. The staoculated

plates were sealed as described above and incubatedGitf@73 days. Following the

incubation period, the plates were imaged with theBau Gel Doc.
2.16.4. Assessment of mycobacterial growth

Growth was determined by monitoring the §&and plating for CFU/ml. Growth of thd.
smegmatisstrains was monitored in 7H9 and plating for CFU/ml on 7H10 supplemented
with the appropriate antibiotic. Growth of tihé& tuberculosisstrains was assayed #H9

and 7H11 supplemented with the appropriate antibioticMc@megmatisa preculture was

set up by inoculating 1 ml of freezer stock 10 ml 7H9. The preulture was grown
overnight at 37C with shaking at 100 rprto start a growth curve with a stiag ODsoo =

0.01. Growth rates were assayed by monitoring the,§dhd plating for CFU/ml aB-hour
intervals. ForM. tuberculosisHz7RvSderivatives, a preulture was set up by inolating 1

ml freezer stock in 10 ml 7H9 supplemented with the appatgpentibiotics. The preulture

for each strain was grown for 3 days before inoculation into 50 ml fresh media to a starting
ODegoo = 0.05. Growth of theM. tuberculosisHs/RVS strains was assayed daily by

monitoring the Olgy and plating for CFU/m.
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2.16.5. Scanning electron microscopy preparation aninaging

To assess cell surface morphology by scanning electron microscopy (SEM), a growth curve
for M. smegmatisandM. tuberculosisvas started as described above. Cells were harvested
by centrifugation(3 901X g, 10 min) at lag, log and stationary phases of growth for SEM.
The M. tuberculosiscultures were killed by resupension in 100 pl formaldehyde (4%)
followed by incubation at 3T for 1 hour. The dis were washed twice in 0.1 M PBS
(Phasphate bifered saline) with centrifugation steps in between wasB&O{X g, 10 min)

and the supernatant discarded after the final wash step. Cells were then fixed overnight at
4°C in afixative solution of 2.5% glutaraldehyde in MLPBS, pH7.4. Following thiscells

were washed three times RBSwith centrifugation steps in betweeh?2(470X g, 10 min)

and stained with 100 pl osmium (2%) for 1 hour. After staining, cells were washed three
times in PBS as previously described and samples dehydrated by wasthingcreasing

EtOH cacentrations (30%, 50%, 70% and 100%) for 2 min. The dehydration step was
repeated once more with 100% EtOH and the samples were stored in 100% EtOH at room
temperature for imaging. Samples were then spotted on a filter and comieavitli carbon

for imaging with the FEI Nova NanoSEM 230 scanning electron microscope
2.16.6. Transmission electron mioscopy preparation and imaging

Growth curves were started as described in section 2.16.4 and cells were harvested at
lag, log, and steoonary phases of growth for transmission electron microscopy (TEM).
The M. tuberculosisstrains were killed and washed in PBS as described above. Cells
were then fixed in 500 pl TEM fixative solution (0.1M HEPES, 2.5% glutaradehyde,
2% formaldehyde and @% ruthenium red) at room temperature for 1 hour. After
chemical fixation, the samples were washed three times with PBS as described above

and stained with 100 pl osmium (2%) for 1 hour. The samples were dehydrated with
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increasing concentrations of EtORB0%, 50% and 100%). The samples were then
washed twice in propylene oxide and then transferred to a propylene oxide:resin (1:1
ratio) solution for 1 hour. Cells were harvested by centatfag (12 470X g, 10 min)

and stored overnight at room temperataré00% resin (5.62 araldite, 7.75 epon 812

and 15 g DDSA). Following overnight incubation, cells were pelleted and transferred to
fresh resin containing DMP30 accelerator (1:40). The samples wetgated at room
temperature for one hour followed bycirbation at 68C for 48 hours. The solidified
samples were sectioned with the Relchert Ultratitramicrotome(LeicaReicherj and

imaged with Tecnai F20 Transmission Electron Microscope.
2.17. Fluorescence microscopy

The M. smegmatiglerivatives carryig the rseGFP fusion proteins were cultured to log
phase (Okyo= 0.50.9) in 7H9 supplemented with the appropriate antibiotic. Following this,
cells were harvested by centrifugatioh?2 (470X g, 1 min) and washed twice in PBS.
Theredter, 3 pl was spottednd spread evenly on cover slips before heat fixation’at 60

a heding block for 30 sec. Cells were mounted on slides with fluoromount and allowed to
dry before viewing with the Zeiss 100x, 1.46 numerical aperture objective moumtad t

Axio ObserverZl base. Theémages were processed using the Zen lite blue edition (2012)
version 1.1.2.0. Any brightness/contrast manipulations were applied to the entire image and

not specific sections.
2.18. Statistical analyses

The GraphPad Prism 6 was used foristigal analysis of the standard error dhdtalues
( St u d-eest at 856 cornfidence leveljor all assays that required statistical analy3ike

P-values illustrate the statistical difference and abbreviated as follows; Pdaidlis not
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sdtatisitally significant, P<0.001; data is moderately significant, P<0.0001; data is strongly

significant)

3. Results
3.1. Protein interaction

One of the aims of this MSc was to identify putative interacting partners forMwo
smegmtis bD-CPases MSMEG_2433 andMSMEG_6113, using the mPFC assay. The
rationale for choosing these two particutay-CPasesvas based on the observation from
unpublished work (C.S Ealandnd B. Kang in our laboratory demonstrating that
MSMEG_6113 is ess#ial for growth and that MSMEG 2433 is expressed at
comparatively higher transcript atmance when compared to otheb-CPaseencoding
genes inM. smegmatis The approach in this regard first involved the construction of
vectors that would serve as positive controls to confirm theracguof the reaebut.
Following this, MSMEG_6113 and MSMEG_238l3vere cloned into bait vectorgllowed

by construction of a representative genomic DNA librarywbfsmegmatido screen for

putative interacting partners.

3.1.1. Confirming the efficacy of he mPFC assay by assessing proteinteraction of the

two peptidogycan hydrolases, RipA and RpfB

The mPFC assay uses two vectors; these include an integrating (pUAB400) and episomal
(PUAB300) plasmidE. coliDH5U cel |l s carryi ngrestrdaledonédAS pect i
supplemented with the appropriate antibiotic and a single colony was picked, cultured
overnight as detailedh section2.2.1 for large scale plasmid extraction usingNecherey

Nagel Nucleobond Plasmid Extraction Kitfollowing instructons specified by the

manufaturer. The vectors were verified by restriction profiling with at least four different
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restriction enzymes. The restriction maps that were obtained are given in the Appendix

(A.1.1.5 and A.1.1.6)

The screening procedure requir@ositive controls to confirm functionality of the system.
For this, we selected thesuscitatiorpromoting factor B (RpfB- a lytic transglycosylase)
and theRpf interactingprotein A (RipA- an endopeptidase) for the following reasons: (I) A
series of stdies have demonstrated an interaction RpfB and RipA, which results in
synerggtic degradation of septal peptidoglycan (Hett et al., 2007, Hett et al., 2008) (II) Both
these proteins elmcalize to the septum during growth (Hett et al., 200) These ae
periplesmic proteins and better reflect the cellular location expectedfe€CPaseghan
cytoplasnic enzymes (Hett et al., 2008Y) Synergistic degradation of cell wall material by
these two enzymes is expected to release products that allow fovasae of dormant
bacteria (Kna et al., 2008; Nikitushkin et al., 2015), further substantiating the physiological

relevance of their interaction M. smegmatis

RipA and RpfB areencodedby MSMEG_3154 and MSMEG_5439 respectively. These

genes were PCRwmplified with the primer set listed in the Appendix (Appendix B).
Directional cloning with BamH+Hindlll for RipA and EcoRI+Hindlll for RpfB into

pUAB300 and pUABA400respectively was carried out as detailed in section 2.8.6.
Chemically comptent CaC} E. coli DH5U were transformed with
propagated in LB as detailed in secti@®.l The recombinant plasmid DNA from
transformed colonies was isolated using the small scale alkaline lysis miniprep DNA
extraction protocol as detailed in sectid4 2 and putative positive clones were identified

by screening with a single enzyme. A singléative clone was taken forward and further

verified by restriction profiling with at least four enzymes and sequencing. The restriction
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profiles for ripA (MSMEG_3M45) andrpfB (MSMEG_5439) cloned into pUAB300 and

pUAB400respectivelyare given figure3.1.2 and figure 3.1.@spectively.
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Figure 3.1.2.Restriction profiling of MSMEG_3145 cloned into pUAB300. (A) Vector map
of MSMEG_3145clonedin pUAB30Q (B) Restriction profile &MSMEG_3145cloned into
pUAB300. Lane 1= Marker IV, Lane 2= Uncut pUAB300, Lane 8bad, Lane 4=Bglll,
Lane 5=Psi, Lane 6=Aatl, Lane 7=Xhd. (C) Table showing the expectedndig
patterns for MSMEG_3145 cloned into pUAB300 with the restriction mezylisted.
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Figure 3.1.3.Restriction profiling MSMEG_5438loned into pUAB400. (A) Vector map of
RpfB cloned into pUAB400 (B) Restriction profile of MSMEG_5439 cloned into
pUAB400. Lane 1= Marker IV, Lane 2= Uncut pUAB400, Lane BedRl, Lane 4=Xbd,
Lane 5=Xhd, Lane 6=BamH. (C) Table showing the expectdzbnding patterns for
MSMEG_5439 cloned into pUABOwith the restriction enzymes listed.

Co-electroporation of nfd55 with the above constructs was carried out as detailed in
section 2.11.2 togenerate the McpUAB5439 (pUAB3145)strain carrying both taged
derivatives of RpfB and RIipA This strain was propagated on solid 7Hb@edia
supplementewvith Hyg and KanTo confirm that the selected clone carried the desired gene,
a colony boil was carried out as detailed in section 2.3.2 for PCR confirmatibe oiserts

using gene spefac primers listed in the Appendix (Appendix B). Figure 3.1.4 shows the
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primer binding sites of the PCR confirmation primers for MSMEG_3145 and
MSMEG_5439 cloned into pUAB300 and pUAB4f¥xpectivelyand PCR confirmation of

MSMEG_ 314 and MSMEG_5439 respectively.

/ MSMEG_3145_|
\qroEL MEMEG_3145. groEL MSMEG_5439_
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Figure 3.1.4.PCR confirmation of strains carrying control vectdss) The primer binding
sites for PCR confirmation are indicated by the green marker arrows. Primer pair
(MSMEG_3145 F+MSMEG_3145 R) and (MSMEG_5439 F+MSMEG_5439 R) were
used for PR confirmation of MSMEG_314%and MSMEG_543 respectivelyB) PCR
confirmation of MSMEG_3145 and MSMEG_5439 clahento pUAB300 and pUAB400.
MSMEG_3145 and MSMEG_5439 were PCR amplifigth an annealing temperatuod

70°C and 72C respectively. Lane 1= Mkger IV, Lane 2=narB (positive control)Lane 3=

No template control, Lane 4= No forward primer control, Lane 5= No reverse primer
control Lane 6= MSMEG_3145, Lane 7= No template control, Lane 8= No forward primer
control, Lane 9= No reverse primer catfiLane 10= MSMEG_5439.
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To assay for protein interaction, thec’::pUAB5439 (pUAB3145) straiwas cultured on

7H10 Hyg/Kan media supplemented with Trim to a final concentration of 30 pg/ml. It was
decided to monitor colony growth on a daily basis sinedithe at which colonies emerge is
determined by multiple factors including the strength of interaction between two proteins,
with colonies representing weaker interactions emerging later compared to colonies from
stronger interactions (Singh et al., 2006)he culture plates were incubated for 3 days at
37°C, which is generally the time it takes f smegmatigolonies to emerge. No growth

was observed for the pUAB5439 (pUAB3145) strain after the 3 day incubation period

(data not shown).

To addres this, growth of the nfcpUAB5439 (pUAB3145) strain was monitored for 7
days. No colony growth was observed following théay incubation period (data not
shown). Following these unsuccessful attempts, it was hypothesized that the
mc%:pUAB5439 (pUAB314%) strain required additional grow#mhancersiot contained in
Middlebrook 7H10 agar. The strain was cultured on Middlebrpidk1 agar, anodified

form of 7H10 Middlebrook agarenriched with casein hydrolysate that supports the growth
of M. tuberculosis(Cohn et al., 1968). No growth was observed for rid::pUAB5439
(PUAB3145) strain on 7H11 Middlebrook agar with the same Trim concentration used
previously (data not shown)his suggested that a different factor, other than growth
suppbements containedin the media was inhibiting growth of thenc®:pUAB5439

(PUAB3145)strain

Given that changing the growth media had no effect, we next hypothesized that the
concatration of Trim was toxic, preventing growth of thec’::pUAB5439 (pUAB3145)
strain. To testhis, the concentration of Trim was gradually decreased by 5 pg/ml intervals

from 30 to 10 pg/mlandwhen no growth was observed (data not shown), it fuehler
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decreased to 7.5 pg/mivhich allowed for growth of thenc®:pUAB5439 (pUAB3145)
strainafter 7 days of incubation. The results for tme’::pUAB5439 (pUAB3145) cultured

on 7.5 pg/ml are reported figure 3.1.9and table antable 3.1.1.
3.1.2. Construction and generation of wild type nfd55 genomic DNA library.

Genomic DNA library constructiofor studying protein interaction requires highly
concettrated DNA of good quality. To obtain this, &5 was cultured on 7H10 solid

media and incubated as previously described to obtawradf cells. The lawn was sped

off and genomic DNA extractddllowing the large scale genomic DNA extraction protocol
as ctailed in section 2.3.IThe genome of mycobacterial species, includinglBf, has a
high G+C content. Based on this, it was decided to use a restriction enzyme with an A+T
recognition sitewhich will cut within the genome less frequentiigher concentrations of
restriction endonuclease digest genomic DNA to completion. Hence, setting up a dilution
series with reducing amount of enzyme results in partial digestion of genomic DNA with
overlgping fragments of a specific range (in this study, a range €5 Rips was

considered enough for full coveragd)he enzyme of choice wadad (recognition site:
TECGA). A restriction digest of the genomic
restriction enzyme as described in section 2.14.1 and thiedikeriesvasincubated at

37°C for 1.5 hours. The digests were visualized on a 1% agarose gel to observe which
dilution of the restriction enzyme resulted in partial fragments, with digimcentration of
fragmentsn the range between 0.5 and 5.0 kbps, figure 3.1.5.

A 6-fold dilution of Tad (lane 5 in figure 3.1.5) yielded fragmenh the range of 0:3.0
kbps. It was decided not carry out a gel extraction procedure since low yidld$éAoaire

obtained after gel extraction. Therefore, the digest was sedo@tate precipitated as
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described in section 2.5.1. The genomic DNA was resuspended in nuclease free water and

this constituted the genomic DNA library.

Taql Dilutions glo

bps 1

Figure 3.1.5. Genomt DNA library of mé155 designed wittTad. Lane 1: Marker IV,
Lane7-3: Partial digests of nit55 genomic DNA. Lane 5 shows a partial digest of genomic
DNA after a 6fold dilution of the original restriction digestith a range of between 7.0 and
approximately 0.5 Kbps, which was withthe expectedange.

The prey vector, pUAB300, was linearized wiihal for ligation with digested genomic
DNA as described in section 2.14HlectrocompetentE. coli D H 5 ¢#lls were prepared

with ice-cold 10% glycerol st described in section 2.14.2 and transformed with the library
ligations using conditions described in section 2.1418 transformations were grown on

LA Hyg plates.A transformation efficiency > 105 is generally considered sufficient for
coverage (Mille, 1972; Hannah, 1985) and the efficiency from these reactions was estimated

to be ca. 105 CFU/ml, representing sufficient coverage of the libAdirycolonies were
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scrged off, followed by a largecale plasmid DNA extractiorcarried out as described in

2.4.1.

3.1.3. Cloning and PCR confirmation ofMSMEG_2433 and MSMEG_6113 into the

bait vector, pUAB400

MSMEG_2433 and MSMEG_6113 were PCR amplified and cloned as detailed in section
286.E.coliDH5U was transformed wit hvetldneoféachgat i or
was verified by restriction profiling and sequencing. The restriction profiles for
MSMEG_2433 and MSMEG_6113 cloned into pUAB400 are shown in figure 3.1.6 and

3.1.7 respeaotely.

The mé:pUAB2433 and nt:pUAB6113 strains were generatéy electroporation of
these constructs into Mt55 section2.11.2. A colony boil and PCR confirmation was
carried outusing gene specific primers listed in the Appendix (Appendix B). Figure 3.1.8
show the primer binding sites of the PCR confirmation prsnfer MSMEG_2433and
MSMEG_6113 cloned into pUAB40Qrespectively, and PCR confirmation of the
mc%:pUAB2433 and mt:pUAB6113,following transformation of nfd55 with the above

constructs.
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Figure 3.1.6.Restriction profiling MSMEG_2433 cloned into pUABAQ(A) Vector map of
MSMEG_2433clonedinto pUAB400. (B) Restriction profile oMSMEG_2433 cloned into
pUAB400. Lane 1= Marker IV, Lane 2= Uncut pUAB400, Lane Bindlll, Lane 4=Pst,
Lane 5=Xhd, Lane 6=Pvu, Lane 7=Smad. (C) Table showing the expected banding
patterns foMSMEG_2433 cloned intpUAB400with the listed restriction enzymes.
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Sph 6162 bp

400

Pst 309(

kan (aph

C

Restriction enzyme Expected Molecular weight
(bps)

Xhad 6122

Pst 4296 and 1866

SpH 3737 and 2425

Sma 4557 and 1606

Xba 4309 and 1853

Figure 3.1.7.Restriction profiling of MSMEG_6118loned into pUAB400. (A) Vector map
of MSMEG_6113 in pUAB400 (B) Restriction profile of MSMEG_6113 cloned into
pUAB400. Lane 1= Marker IV, Lane 2= Uncut pUAB400, Lane Zhd, Lane 4=Pst,
Lane 5=SpH, Lane 6=Smad, Lane 7=Xba. (C) Table showing the expected banding

patterns fo MSMEG_6113 cloned into pUAB4&0with therestriction enzymes listed
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) MSMEG_243: *
)l 891 bps MSMEG_611:
. ORF5" 1443 bps
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g DHFR(3) (3)
| /N MSMEG_2433_| L

N 'ORF5 6o0¢
500C 5
- 100(
500(
MSMEG_6113+pUAB40C  'ORR5 -
6162 bp

200¢

100¢
MSMEG_2433+pUABAOC
_400C 5610 bp

int e
int MSMEG_6113_R

kan (aph
20Q(

/300(

_400C

300¢C kan (aph
attF ? (ap

\\ ofiE

attF

\ oriE

1932
77434
5526€<—Nu}
3140€—
2690181
2322¢— " | 5
1882¢— 1443
1469¢—

1150€— 891
925€— w

697€—

Figure 3.1.8.Genotypic confirmation of the bait strains. (Ahe primer binding sitegor

PCR confirmatiorof MSMEG_2433and MSMEG_6118loned intopUAB400. The primer
binding sites are indicaéd by the green marker arrowsPrimer pais
(MSMEG_2433_F+MSMEG_2433_R) and (MSMEG_6113 F+MSMEG_6113_R) were
used for PCR confirmation of the respee genes. (B) MSMEG_2433 and MSMEG_6113
PCR confirmation with annealing temperature &6°C and 70C respectively. Lane 1=
Marker 1V, Lane 2=narB (Positive control) Lane 3= No template control, Lane 4= No
forward primer control, Lane 5= No reverse primenttol, Lane 6=MSMEG_2433 Lane

7= No template control, Lane 8= No forward primer control, Lane 9= No reverse primer
control, Lane 10MSMEG_6113
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3.1.4. Screening for interaction partners using the mPF@ssayand Trim resistance

To screen for putativedoD-CPaseinteracting partners, the bait vector (carrying either
MSMEG_2433 or MSMEG_6113) were transformed iffb smegmatisas detailed in
section 2.15.1. Following this,the genomic DNA library carried in the prey vector
(PUAB300) was introduced intdhe mc*:pUAB2433 and mtpUAB6113 strains by
electroporation and the transformations were plated on 7H11 Hyg/Kan solid agar. Colonies
from 7H11 Hyg/Kan were subultured on 7H11 Hyg/Kan supplemented with 7.5 pug/mi
Trim and any putative interactions woulcbose as growth oagar plates. A total of 30 and

10 putative positive clones were obtained for MSMEG_2433 and MSMEG_ 6113
respectively. Table 3.1.1 and figure 3.1€&ummarizes the results obtained for

MSMEG_2433 and MSMEG_@3B interation using mPFC assacluding all the controls.

mc?155 mc%:pUAB5439 (pUAB3145)
(Negative control) (Positive control)

mc%:pUAB2433 +Tad library ~ mc%:pUAB6113 +Tad library

Figure 3.1.9. The results obtained using the mPFC assay for screening of putative
MSMEG_2433 and MBEG_6113 interacting partners. (AYild type mé155 cells oly
negative control. (B) RpfBRIpA positive control. (¢ Putative positive interacting partners
for MSMEG_2433. (D)Putative sitive interacting partners for MSMEG_6113. A tatél

30 and 10 putative interacting partners were identified for MSMEG_2433 and
MSMEG_6113 using the mPFC assay.
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Table 3.1.1 The toal number of colonies for each test conducted for screening of putative
MSMEG_2433 and MSMEG_6113 interacting partners including the appropriate controls
using the mPFC assay.

Positive() or

Test Negative(+) Total number of colonies
mc*155

- 0
mc*155::pUAB6113(pUAB300) - 0
mc*155::pUAB2433 (pUAB300) - 0
mc*155::pUAB5439(pUAB3145) + 224

mc?155::pUAB2433  +  Taq
genomic DNA library + 30

mc“155::pUAB6113 + Tad
genomic DNA library + 10

3.1.5. Identification of the respective MSMEG_2433 and MSMEG_6113 putative

interacting partners

The plasmids carried in the abemgntioned positive clones were isolated frdvh
smegnatis, transformed intcE. coli D H 5, $olated again and sequenced to determine the
idenity of the inserts. The plasmithserts were sequenced usitige recommended
sequencing primers for the mPFC system for identification of the putative interacting
partners (Singh et al., 2006). Dt cost constraintdf was decidedto sequence only 15
putative interacting clones for MSMEG 2433 and 9 sequences were obtained for

MSMEG_6113.

To confirm the identity of the respective inserts, the nucleotide sequences obtained were
aralyzed using the Bistx (ttp://blast.ncbi.nim.nih.gov/Blast.ggsearch tool from NCBIo
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http://blast.ncbi.nlm.nih.gov/Blast.cgi

obtain the full length gene of the putative interacting partner. A list of genes was generated
by Blastx, and only those wita high percentage identity to the query sequence (viz.
nucleotide sequences that we obtained and used to search the database) were considered for
further analysis. To identify the corresponding protein for each respective putative
interacting paner, thesequences generated through Blastx were further analysed by Blastn
(http://blast.ncbi.nim.nih.gov/Blast.qgalso from NCBI. Table 3.1.2nd table 3.1.3 report

on the respective putative interacting partners identified for MSMEG_2433 and
MSMEG_6113respetively using the above mentioned bioinformatimols. The assay
revealed that MSMEG_2433 and MSMEG_6113 possibly interact with various proteins,
including PBPs identified to be pesent at the poles of actively growing cells or the
divisome of dividing cks. These included PonAl, PbpA and PbpB. The assay also revealed
that the twaVl. smegmati®D-CPases pssibly interact with transcription (DNA polymerase
subunit 1l subunit delta) and translation (RNA polymerase sigma factor E) machinery.
Hypothetical poteins including severalngharacterized proteins in mycobacteria were also

identified to possibly interact with MSMEG_2433 and MSMEG_ 6113.

To study the domain composition of the putative interacting partttegsequences from
Blastn were further analyed using the BioCyc protetprotein Blast search tool
(http://biocyc.org/MSME246196/blast.html). Table 3.1.2 and 3rgf@ort on the domain
composition for the respective proteins identified to possibly interact with MSMEG_2433
and MSMEG_6113respectively The domains for the interacting partners include the
transpeptidase, glycosyltransferase and penicillin binding domains. These domains are
contained within the well characterized PG remodelling enzymes, suggestive of a role of the

two M. smegmati®D-CPagsin effecting PG remodellingt the poles of actively growing
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cells or the divisome of dividing cellshrough associating with the PG remodelling

enzymes

The location of thensers obtained withirthe full-lengthgenewas determinedConsidering

the rature of the mPFC assay, it whgpothesized that the insert sequences within the
putative positive clones probably contain residues that are essential for protein interaction or
are within a domain involved in protein interaction. To as#leiss the SmdrBlast search

tool from NCBI was used. The complete protein sequence of each putative interacting
patner wasanalysedthrough Smart Blast to obtain the domain organization of the entire
protein. The nucleotide sequence for each positive insert frombitagyl screen was then
translated using the Expasy translate tool (http://web.expasy.org/translate/), and the output
sequence was  further analysed through Smart Blast  (http://blast.st
va.ncbi.nlm.nih.gov/blast/smartblast/) which gives a summary of thenhashes for the

guery sequence, including the conserved domains. The results obtained for each putative
interacting partner using Smart Blast are reported in table 3.1.2 and table 3.1.3 for
MSMEG_2433 and SMEG_61X8spectively The green regions represehe best matches

for the full length protein sequence. The query sequence is shown in yellow and the

sequence which best matches the query sequence is indicated in blue.
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Table 3.1.2. Putative MSMEG_2433 interacting partners obtained using the mP&y. akhe MSMEG NCBIWP- and SME} number for
each putative MSMEG_ 2433 are listed including the doraeganizatiorandtheregionthat the sequenced putative interacting partneupes
within the full length protein.

, MSMEG number Position of putative interacting partner within
Protein NCBI WP number | Conserved domain | the full length protein sequence
SMEI number Reference
/ species
AAA Peptidase M4, / Query
MSMEG_6105 Comnt e * R | sequence
ATP-dependent ZinC P o zinc metalloprotease FisH Best
WP_003897506.1 | Gaan(aths) (Repitseiil L~
metalloprotease FtsH - DA el I T——— 4~ | match
cell division protein FteH [ T |
MSMEI_5946
HypOthetlcal prOteI n Conserved domains for the query: Betalactamase
M S M EG 4337 hypathetical protein SC02380 I
- hypathetical pratein Ry2257¢ I
serine hydrolase = |
WP_014878005.1 | & olpescsmse —
M S M E |_4237 :’:rli:eth;edrryu:l;::mme(l protein product
beta-lactamase [— 5§
Key Reference species Query sequence
. Best matches Gaps
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http://www.ncbi.nlm.nih.gov/protein/WP_003897506.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014878005.1?

Conserved hypothetica
protein

MSMEG_5691
WP_011730713.1

MSMEI_5541

No data obtained

Conserved domains for the query:

hypothetical protein SC04330
hypothetical protein RvOB77

hypothetical protein

hypothetical pratein

Your query: unnamed protein product
hypothetical protein

hypothetical protein DEOG_576E

DUF302T

i

DNA polymerase llI
subunit delta

MSMEG_6153
WP_011731078.1

MSMEI_5996

Conserved domains for the query:
DA polymerase Il subunit delta’
DOMNA polymerase

DMA polymerase [l subunit delta’

DNA polymerase (Il subunit delta’

Your query: unnamed protein product

DMA-directed DNA polymerase [l subunit delta’

AAA

i

Glutamine synthetase

MSMEG_3561
WP_014877747.1

MSMEI_3480

glutamine synthetase, catalytic domain protein
Your query: unnamed protein product
glutamnine synthetase, catalytic domain protein

glutamine synthetase

Gin-symt_C

HH

Glycosyl
traderase/undeaprenyl
-phosphate alphhl-
acetylglucosaminyrans
ferase

MSMEG_4947
WP_011730204.1

MSMEI_4819

BB Chesitmansfidy

Conserved domains for the query:

transferase

decaprenylphosphate N-acatylglucosaminephosphotransferase

GT_WecA_like

|

tylglucosarminyl 1-pk

transfer I
transfer I ]

tylglucosaminyl 1-phospk

Your query: unnamed protein product

und yk-phosphate alpha--acetylgl vl 1-phosphate transfer CIT—

Key

Reference species

. Best matches

Query sequence

Gaps
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http://www.ncbi.nlm.nih.gov/protein/WP_011730713.1?
http://mycobrowser.epfl.ch/smegmasearch.php?gene+name=MSMEG_6153&submit=Search
http://www.ncbi.nlm.nih.gov/protein/WP_011731078.1?
http://mycobrowser.epfl.ch/smegmasearch.php?gene+name=MSMEG_4947&submit=Search
http://www.ncbi.nlm.nih.gov/protein/WP_011730204.1?

Hypothetical protein

MSMEG_3858
WP_003895305.1

MSMEI_3768

No data obtained

Conserved domains for the query:
hypothetical protein SC01421

RNA pol

rase-binding protein RbpA

rotein

Your query: unnamed protein product

hypothetical protein

DUF4109

Hypothetical protein

MSMEG_5299
WP_014878290.1

MSMEI_5155

No data obtained

Uncharacterized protein

Your query: unnamed protein product

hypathetical protein MSMEI_5155

hypathetical protein

{1

Penicillin binding

protein transpeptidase
domain protein (PbpA)

MSMEG_0031
WP_003891359.1
MSMEI_0033

Lﬂ%;_{_TMmM_}

Conserved domains for the query:

penicillin-binding protein

penicillin-binding protein Phpa

penicillin binding protein transpeptidase domain-containing protein

penicillin-hinding pratein

Your query: unnamed protein product

penicillin-binding protein A

Transpeptidase

l

bifunctional penicillin

binding protein 1A/1B

ponAl

MSMEG_6900
WP_014878797.1

MSMEI_6716

R T G

Conserved domains for the query:

penicillin-binding protein

bifunctianal penicill
penicillin-binding protein
Your query: unnamed protein product

penicillin-binding protein 14

Key Reference species

. Best matches

Query sequence

Gaps
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http://mycobrowser.epfl.ch/smegmasearch.php?gene+name=MSMEG_3858&submit=Search
http://www.ncbi.nlm.nih.gov/protein/WP_003895305.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014878290.1?
http://www.ncbi.nlm.nih.gov/protein/WP_003891359.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014878797.1?

RNA polymerase sigmg
factor E

MSMEG_1914
WP_003893296.1

MSMEI_1874

No data obtained

Conserved domains for the query:
RMA polyrmerase sigma factor RpoE
ECF RMA polymerase sigma factor SigH
RMA polymerase sigma-70 factor

RMA polyrmerase subunit sigma

Your query: unnamed protein product

RINA polymerase subunit sigma

Sigma7o_r2 SigmaTo_rd4

|l

Transglycosylase/
pencillin-insensitive
transglycosylase +
penicillin-sensitive
trarspeptidase

MSMEG_6201
WP_014878017.1

MSMEI|_4281

Conserved domains for the query:

transpeptidase

bifunctional penicillin-i itive transglycosyl

Transgly Transpeptidase  PASTA p
— —_— —

itive trans [ I—

transglycosylase

penicillin-binding protein
Your query: unnamed protein product
transglycosylase

penicillin-binding protein

tRNA pseudouridine
synthase A

MSMEG_1527
WP_014877097.1

MSMEI_1490

Conserved domains for the query:

tRMNA pseuadouridine synthase A
tRMNA pseuadouridine synthase A
tRMNA pseuadouridine synthase A
Your query: unnamed protein product

tRNA pseudouridine(38-40) synthase

Pseudol_synth_EcTruA

UDP-diphosphe
muramoylpentapeptide
betaN-
acetylglucoaminyltrans
ferase (MurG)

MSMEG_4227
WP_011729656.1

MSMEI_4127

—— —

Conserved domains for the query:

GT1_Mur

UDPdihospho-muramoylpentapeptide beta M- acatylglucosamingtransie: [ G
UDP-N-acetylglucas amine--h-acetylmurarmy -pertapeptide) pyraphasphor [ ITTEE
UDP-N-acetylglucosamine--N-acetylmuramyl-ipentapeptide) pyrophosphor IR

Your query: unnamed protein product

undecaprenyldiphospho-rauramoylpentapeptide beta-N-acetylglucosarminy

[—— S—]

Key

Reference sgries

. Best matches

Query sequence

Gaps
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http://www.ncbi.nlm.nih.gov/protein/WP_003893296.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014878017.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014877097.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011729656.1?

UDP-N- MSMEG_0928

acetylenolpyruvoylgic
osamine reductase

(MurB) MSMEI_0906

WP_003892354.1

Conserved domains for the query:

UDP-N-acet:

! -I-
E :0 UDP-N-acet

= MULTISPECIES: UDP-M-acetylenolpyruvaoylglucosamine reductase

UDP-N-acet

Your query: unnamed protein product
UDP-N-acetylenalpyroylglucosamine reductase

UDP-N-acetylenolpyrovaylglucosamine reductase

FAD_binding_4 MurB_C

Key Reference species

. Best matches

Query sequence

Gaps
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http://mycobrowser.epfl.ch/smegmasearch.php?gene+name=MSMEG_0928&submit=Search
http://www.ncbi.nlm.nih.gov/protein/WP_003892354.1?

Table 3.1.3. Putative MSMEG_6113 interacting partners obtained using the mPFC assay. The M3WHEBBNP- and SME} number for
each putative MSMEG_6B8lare listed,including the domain organizatiomnd theregion that the sequenced putative interacting partner
ocaupies within the full length protein.

SMEG number
: . Position of putative interacting partner within the full
Protein NCBI number Conserved domain p gp
length protein sequence
SMEI number
Conserved domains for the query: CIE?“ -ﬂ- .ﬂ-
MSMEG 0858 MULTISPECIES: ATPase -
- ATRase |
Cell division control protein T
ase |
P WP _014877228.1 B iy |
Cdc48 - — ATPase ]
M S M E |_18 14 Your query: unnamed protein product
Cell division contral protein Cdedd, AkA+ ATPase family T
Con Iferyl aldehyde Conserved domains for the query: ALDH-SF
del’yd rogenase MSM EG_2242 coniferyl aldehyde dehydrogenase Calg m
T T T conifery| aldehyde dehydrogenase n =
WP 011728247.1 -—M—de_ MULTISPECIES: aldehyde dehydrogenase I
- aldehyde dehydrogenase I
M SM E |_2187 Your query: unnamed protein product
aldehyde dehydragenase | |
Key Reference species Query sequence
. Best matches Gaps
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http://www.ncbi.nlm.nih.gov/protein/WP_014877228.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011728247.1?

EnoylCoA
hydratase/isomerase

MSMEG_0259
WP_014876714.1

MSMEI_0251

J’_ET;LII!_

Conserved domains for the query:

2 3-dehydroadipyl-Cod hydratase
enoylCoA hydratase
enoykCoA hydratase/isomerase

enoyl-CoA hydratase

Your query: unnamed protein product

enayl-CoA hydratase

crotonase-like

i

Conserved hypothetical
protein

MSMEG_6112
WP_011731046.1

MSMEI_5953

No data obtained

Conserved domains for the query:

hypothetical protein SCO3407
hypothetical protein Rv3826c
hydrolase

putative hydrolase

Your query: unnamed protein product

hydrolase

DUF2342_F420

Hypothetical protein

MSMEG_0610
WP_014878763.1

MSMEI_6623

No data obtained

Conserved domains for the query:

hypothetical protein DR_1823
beta-lactamase
MULTISPECIES: MBL fold metallo-hydrolase

MEL fold hydrolase

Your query: unnamed protein product

MBL fold metallo-hydrolase

Lactamase_B

Hypotheticé protein

MSMEG_0365
WP_011726883.1

MSME|_0358

T

Conserved domains for the query:

hypothetical protein SCO37E0
hypathetical protein

hypathetical protein

Your query: unnamed protein product

hypothetical protein

I3
|

Abhydrolase 8

{

Key Reference species

. Best matches

Query sequence

Gaps
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http://www.ncbi.nlm.nih.gov/protein/WP_014876714.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011731046.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014878763.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011726883.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011726883.1?

Hypothetical protein

MSMEG_4287

WP_003895683.1

No data obtained

Conserved domains for the query:

hypothetical protein SCO2196
transtmembrang protein
hypathetical protein

membrane protein

DUF41%1

Beta lacatamase peniciltin
binding protein

MSMEG_5637

WP_014876714.1
MSMEI_0251

Conserved domains for the query:
beta-lactamase family protein

hypothetical protein RvOS07

Putative beta-lactamase, penicillin-hinding protein

Your query: unnamed protein product

Putative heta-lactamase, penicillin-hinding protein

Beta-lactamase DUF3471

|

Penicillin-binding protein B

MSMEG_4233
WP_011729661.1

MSMEI_4133

Conserved domains for the query:

cell division protein

penicillin-binding membrane protein PbpB
cell division protein Fts|

peptidoglycan synthase Ftal

Your query: unnamed protein product

penicillin-binding membrane protein PhpB

PBP _dimer Transpeptidase

Key

. Best matches

Reference species

Query sguence

Query sequence
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http://www.ncbi.nlm.nih.gov/protein/WP_003895683.1?
http://www.ncbi.nlm.nih.gov/protein/WP_014876714.1?
http://www.ncbi.nlm.nih.gov/protein/WP_011729661.1?

3.2. Ectopic expression oM. tuberculosisbD-CPasedn M. smegmatis

As mentioned earlier, thelie a multiplicity of DD-CPasesn mycobacterial genomes and it is
unclear if this is reflectivef aredundancy in function or alternatively, the different homologues
may retan specialist biological rolesThe study by Bourai et al., (2012) demonstrated that
heteologous expression of Rv2911 fromM. tuberculosisin M. smegmatideads to multiple
defectsincluding retarded growth, altered colony morphology, and aberrant sliding motility
(Bourai et al., 2012). Considering this, in this study we aimed to characterize the physiological
function of the differentM. tuberculosisLMW PBPs, through ectopic expmsesn in M.
smegmatisWe recognize that heterologous expression has various limitations but hypothesized
that a sideby-side assesnent of the three homologues in the same heterologous host would
provide some insight into spialist versus redundant funeti. For this, we constructed a set of
recombinantM. smegmatistrains expressing Rv2911, Rv3330 and Rv3627c from {hgtd?
promoter which is classified as the strongest promoter in mycobacteria for gene regulation studies
(Ehrt et al., 2005). Based dhis, we expect that expression from thg,Ret promoterresults in

high abundance dfl. tuberculosiDD-CPasesn M. smegmatis

3.2.1. Generation and genotyping of heterologousM. smegmatis strains ectopically

expressing M. tuberculosisbD-CPases

Theepisomal pSE100 vector, carrying Rv2911, Rv3330 and Rv3627c was constructed as detailed
in section2.8.6. The resulting constructs (pSE2911, pSE3330 and pSE3627c) were propagated in
E. coliD H 54ddd plasmid DNA was extracted as described in 2.4.2. The constructs were verified
by restriction profiling and sequencing. The restriction maps are shown in Appendix (Appendix
D). The mé155 strain was transformed by electroporation as descritsstion 2.11.2with
theseconstructs to generate the fESE2911), mdpSE3330) and Mi(pSE3627¢) strains. A

negative control strain, MESE100), carrying the empty vector was also generated. A single
colony of each strain was picked and DNA extractediedsiled in section.3.2 for PCR

confirmationusing gene specific primers listed in the Apgi (Appendix B) Figure 3.2.1.
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Rv3627c_UTG_F Rv2911 UTG_F
~ £\

’
mBT2 ‘

UV15tetC
pSE100 |

Rv2911_UTG
876bps

rrBT2UV15tetC
pSE100 |

Rv3627¢c_UT(
1386

)X RV291L_UTG

ColE1 vl pSE100 |
600C

N 7
600C 100¢
Rv3627C_UTG + pSE100

hygR 5000 gg71 bp  200cPSE100 X< |~Rv3627¢_UTG_F

P
100C
_Rv2911_UTG+pSE10

500¢
6361 bp

200¢

- 400
9 300¢

/400( 300(\

ori myc

ori myc

Rv3330_UTG_|

Rv3330_UTG
1218bps

rmBT2Jv15tetC
PSE100 |

ColE1 |

AN Rv3330_UTG_!

N
600C .
106¢ PSEL00

RV3330_UTG+pSE10
—500(

6703bp 500

hygR
/400( 3OQ(

ori myc

bps

19329
7743
4254

2690
2322

1469
1150
925
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Figure 3.2.1.PCR confirmation of presence BF. tuberculoss DD-CPasesn M. smegmatis(A)

Primer binding sites for PCR confirmation of Mf tuberculosiDD-CPases cloned into pSE100.
The primer binding sites are indicated by the green marker/arrd®vener pais
(Rv2911 UTG_F+Rv2911 UTG_R), (Rv3330_UTG_F+Rw333TG_R) and
(Rv3627c_UTG_F+Rv3627c_UTG_F) were used for PCR confirmation of Rv29BB3Rwand
Rv3627c respectively(B) PCR confirmation of Rv2911l) and R/3627c(ll) with annealing
temperature af0°C and 72C respectively Lane 1= Marker IV, Lane 2rarB (Positive control)

Lane 3= No template control, Lane 4= No forward primer control, Lane 5= No reverse primer
control, Lane 6= Rv2911, Lane 7= No template control, Lane 8= No forward primer control, Lane
9= No rverse priner control, Lane 10= Rv3627¢ll) PCR confirmation of Rv3330 with
annealing temperature 0°C with primer pairs listed above. Lane 1= Marker IV, LanenarB
(Positive control) Lane 3= No template control, Lane 4= No forward primer control, Lane 5= No
reverse primer control, Lane@Rv3330.
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3.2.2. Ectopic expression oM. tuberculosisDD-CPasesin M. smegmatissignificantly affects

bacterial colony morphology

Following the generation of the heterologddssmegmatistrains as described gection 2.11.2

we observed some defectsdolony morphology where the resulting colonies were smooth with a
distinct mucoid surface surrounding the colony edigere 3.3.2.A similar defect was reported

by Buorai et al., (2012) for the ectopic expression of Rv2911 and now we demonstrate that
increased expression of any of tie tuberculosisbD-CPasesn M. smegmatideads to similar

defects.

The smooth colonies which also lacked defined surface cording, a characteristic unique to
mycobacterial species, were furthemnalysed using the Zeiss SHMI-2000c dissecting
microscope. At high microscopic resolution, we determined that the strains were able to initiate
cording as demonstrated by the presence of short surface indentations that did not mature into the
full serpentine cords displayed by tield type mé155 strainfigure 3.2.2 The short cords and
surface indentations were exacerbated for th&pBE2911) and nipSE3330) strainfigure

3.2.2 In addition, the heterologous strains displayed an abnormal colony edge, distinct from that

obseved for the m&155 and m&pSE100) control strains,
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Colony Bacterial cording Bacterial cording

morphology (Centre of colony) (Edge of colony)
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Figure 3.2.2 Colony morphology of the recombina¥it smegmatistrains ectopically expressing

M. tuberculosiDD-CPass. The strains were grown in liquid culture to log pdO0RQ000.5-0.9)

and 100 pl was spotted on 7H10 agar plates. Images were obtained using the ZeisG0EMI
dissecting microscope after aday incubation period at 3Z. The red arrows indicate smooth
colonies with a mucoid surface edge. The yellawows illustrate wild type colony cording
distinguished by clearly defined serpentine cords. The green arrows show short cords
uncharactesic of normal mycobacterial colony cording. The purple arrows point to the aberrant
colony edge and the blues arrowdicate surface indentations.

3.2.3. Ectopic expression dfl. tuberculosisDD-CPasesaffects bacteial sliding on semisolid
agar

Previous studies have demonstrated that the formation of smooth colonies in mycobacterial
species, as observed for ourtBelogousM. smegmatistrains is related to modifications in cell
wall components such as glycopeptidolipids (GPLS). In particular, an increase in the abundance of

cell wall GPLs (MoyaHoyos et al., 2015) or acetylation (Recht and kolter. 2001) directly
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influence bacterial sliding on sesolid media by considerably altering the surface
hydrophobicity of cells. As a result, the surface of cells becomes less hydrophobic allowing for
migration from the point of inoculation on sesulid media. This type ahotility is hypothesized

to play a pivotal role in surface colonization, potentially leading to disease establishment and

dissemination during mycobacterial infection (Recht et al., 200; Martinez et al., 2001)

Considering the colony forming defects notdabve, we decidkto assess sliding motility of the
heterologougM. smegmatisstrains on 7H9 mediayith 0.3% agar or agarose as described in
section 2.16.3. A freshly streaked colony of each respective heterologous strain was placed at the
center of an agy or agarose solidified 7H8late and sliding was monitored as shownfigure

3.2.3 Aand B As an alternative, the strains were also-gtaculatedfigure 3.2.3 C

In all cases, data revealed that ectopic expressidm tiiberculosisDD-CPasesn M. smegmatis
significantly influences bacatil sliding on sembsolid agarwhere motility was greatly enhanced

on 7H9 media solidified with agar as shown in both figure 3.2.3 A and C. In addition, stab
inoculation resulted in increased sliding, with steireaching the edge of plates after 3 days of
incubation when compared to the wild type and empty vector control strain. The sliding of the
heterdogousstrains on agarose solidified media did not extend over to large surface areas as
observed on agar sdified media. This is most likely due to high concentrations of agarose (0.2%
or above), which results in media that is rigid, thusventingbacterial translocation over a large

surface (Martinez et al., 2001)
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Figure 3.2.3.Sliding motility of the heterologouM. smegmatisstrains on serrsolid media.
Liquid 7H9 media was solidified with agar or agarose to a final concentration of 0.3%ap 3
old freshly streaked colony of the heterologous stain was surface inoculated ayafAr 4B)
agarose solidified 7H9. Additionally, agar solidified 7H9 was stab inoculated with 10 pl liquid
culture grown to logphase (C).

73



3.2.4. Ectopic expression oM. tuberculosisDD-CPase in M. smegmatisresults in delayed

and aberrant biofilm for mation

The observed defects in colony morphology and sliding on-sehai agar were suggestive of
alterations in cell surface properties for the heterologous strains. This prompted us to further
assess whether cedlell interaction/communication includingarrangement in an organized
bacterial community, is retained upon ectopic expressioll.ofuberculosisbD-CPasesn M.
smegmatis Biofilms represent one of the besdtidied models of cellular communities and we
turned our #ention to using this systeno assess the behavior of our heterologous strains. A
series of studies have demonstrated that bthuberculosisand M. smegmatisire capable of
forming biofilms on both polyvinyl chloride arttie air-media interface@jhaet al., 2005; Ojha

and Hatfull, 2007; Ojhaet al., 2012 The airmediainterface protocol to assess biofilm formation

of the heterologoukl. smegmatistrains. Biofilms were prepared irvéell microtitre plates using
Sautonds mini mal me d R.36.2 ale plates sver sealédenmth biohazarsl e ¢ t
tape and incubated at %7 in a standing incubator. The plates were viewed at 7 and 14 days

respectively using the Zeiss STEMO0Oc dissecting microscope.

At day 7, the mtl55 and m@pSE100) control strains formed mature biofijrfigure 3.2.4. The
recombinant strains showed no indication of biofilm formation at this point and to further confirm
whether these strains were competent for biofilm formation, the cultures were incubated under the
same conditions for a further 7 daydtek 14 days of incubation, mature biofilms were observed

for the heterologoud/. smegmatistrains. However, when viewed at high resolution with the
Zeiss STEMI2000c dissecting microscope, the biofilms were unevenly textured with severe
surface nodules men compared to the AiG5 and mYpPSE100) control strains. The data
demastrated that ectopic expression\f tuberculosiDbD-CPasesn M. smegmatisignificantly

delays the efficiency at which cells switch from planktonic growth to a spontaneously self
assembled community in the form of biofilms. In addition, the data demonstrated that ectopic

expression ofM. tuberculosis DD-CPasesin M. smegmatissignificantly affects biofilm
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maturation, with the Herologous strains unable to form robust and matucdilios when

compared to the Mt55 and mgpSEDO) control strains.

Biofilm formation Biofilm formation Mature
14 d iofi
(7 day3 (14 days) biofilms

mc?155

mc*(pSE100)

Total
magnification

Surface
nodules

Figure 3.2.4. Biofilm formation of the heterologou$l. smegmatisstrains ectopically expressiniyl.
tuberculosisDD-CPase. The heterologous straimlisplayeddelayed biofilm formation, with mature biofilms
forming after a 14 day incubation period aP@7The resulting biofilms were unevenly textured with severe
nodules.

3.2.5. Ectopic expression oM. tuberculosisbD-CPases in M. smegmatisresults in retarded

growth in axenic culture

To further understand the physiological role of MetuberculosisbD-CPass, a growth curve

was conducted to evaluate the effect of ectopic expression of these proteins on growth rates of
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heterologousM. smegmatisGrowth curvecultures were started as detailedsattion 2.16.6The
heterologous strains displayed retarded growth at the onset of tpphdeg, an effect that was

lost during later stages of growth where these strains displayed similar levels of growth and
biomassas those obtained for AiG5 and m@pPSEL100) strainsfigure 3.2.5.Clumping of
cultures was observed after 18 hours of growth and to circumvent this, cultures were gently

swirled to disengage clumps before measuring the,§2Dd plating for CFU/m.
A

10 ~

=—mc2

—@-—mc2(pSE100)
mc2(pSE2911)

oD600

—8—mc2(pSE3330)
=@-mc2(pSE3627c)
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—8—mc2(pSE100
mc2(pSE 2911
—@— mc2(pSE 3330
—O—mc2(pSE 3627c

Log (CFU/ml)

0 3 6 9 12 15 18 21 24 27

Time (hours)

Figure 3.2.5. Growth curve analysis of the heterologoMs smegmatisstrains Growth was
monitored by measuring the Q8 (A) and plating for CFU/ml (B) at-Bour intervals. The growth
curve was started at Q§= 0.1 in iquid 7H9 media. (***, P<0.0001).
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3.2.6. Ectopic expression of Rv2911 and Rv3627c significantly alters mycobacterial cell

length and mechanisms of division.

We next decided to study cell wall morphology using SEM to assess the impact of ectopic
expression of M. tuberculosisbb-CPass in M. smegmatisCells were harvested at 3, 12 and 24
hours representing the lag, log and stationary phases of growth. Tie @@ach strain was
measured before harvesting cells to confirm that the cultures had reachedwitie ghase in
guestion. Cells were prepared for SEM as detailesention 2.16.5and imaged using the high

resolution FEI Mva NanoSEM 230 scanning electron microscope.

Ectopic expression of Rv2911and Rv3627c resulted in reduced bactersizedigure 3.2.6.To

further confirm that cell size was greatly reduced in th&p&E2911) and nipS36279 strains,

the distribution of cell lengths for the heterologous strains was measured and expressed as
percerage of the total population. The control steindthe mé&(pSE3330) strain have a majority

of cells with a size range tletween 46 pum. We noted a shift in the distribution of cell lengths in

the majority of cells towards a cell size ranging <2 pm for th§p&E2911) and nPSE3627c)

strains, dung all stages of growthigure 3.2.7 This suggested that ectopic expression of these

two DD-CPase caused dysregulation of cell elongation or division process.

In addition to reduceaell length, the mipSE2911)and mc?(pSE3627c)strains lacked the
protruding peptidoglycamoted withproper septum formation for all cellsidergoing division,
seen in the enlarged inserts, figure 3.E@rthermore, the septum of all cells undergoing division
for these strains appears to invaginate as cells dividefddtisre contrasts with that observed for
the control and nf¢pSE3330) strainsThe mé(pSE3330) and nfpSE3627c) strains had cells

with holes following ectopic expression of Rv3330 and Rv3627c respectively, figure 3.2.6.
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Figure 3.2.6. Cell length alteration and division defects displayed by the heteroldgosmegmatistrains as a
result of ectopic expression bf. tuberculosiDD-CPase. The drains were cultured in liquid 7H9 (starting @b
= 0.05) and sampled at 3, 12 arddtburs representing the lag, log and stationary phases of growth for SEM
green parenthesis delineates the size sihgle cell The enlarged insert ired demonstratethe division site The
enlarged inserts in yelloimdicate holes observed for thee?(pSE3330) and mMi(pSE3627c)Scale bar= 5 pm
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Figure 3.2.7.Cell length distribution of the heterologoik smegmatistrains. Graph A, B and C
represent cell length distribution of the heterologous strains at lag, logtatiwhay phases of
growth respectively. The mMit55, mé(pSE100) and nf(pSE3330) strains displayed cell length
distribution of between 46 pM. A shift to the left in cell length, with cell size <2 pM was
observed for the mMtpSE2911) and MpSE3627¢) straingn=100 ;****, P<0.00001).
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3.2.7. Ectopic expression of Rv3330 inM. smegmatis significantly affects cellular

morphology

The mé(pSE3330) strain displayed robust morphological defects as revealed by SEM, that were
not noted in the other strains. The dedeciclude the formation ofells with bulgesdivision

scars, chaining of cells, kinking and branching/lateral grofighre 3.2.8 The phenotypes were
guantified and expressed as a percentage of the total population for cells in lag, log and stationary
phases of growth. An increase in the number of cells showing abnormadiceibrphology was
observed for the MpSE3330) strainfigure 3.2.9 Another important obseation is the lateral
branching/growth of cells, exclusively observed for the (p®E33®) strain, further
substantiating that ectopic expression of Rv3330Min smegmatis affects normal cellular

morphology.
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Figure 3.2.8.Abnormal cell wall morphology displayed by the 3mSE3330) strain. The insert @ach
image represent thenlarged cell morphology defedhe morphological defects include bulging of cells,
division scars, chaining, kinking and lateral branching/growth of cells. Scale bar=5 pym
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Figure 3.2.9.Quantification of abnormaletiular morphology resulting from ectopic of Rv3330

in M. smegmatisGraph A, B and C represents the quantified phenotypes for each population of
cells harvested at lag, log and stationary phases of grosgectively The data shows a
significant increas in cells that form chains, bulges and division scars for tHépSE3330)

strain relative to the mMit55 and m@pSE100) control straf (n= 100; *, P<0.01; **, P<0.001;

*** P<0.0001, ****;P<0.0001)

3.2.8. Ectopic expression d¥l. tuberculosisDD-CPases disrupts normal cell wall architecture

in M. smegmatis

Examination of the cell surface by SEM revealed distinct cell morphology defects for the
heterologousstrains. To follow up on the effect of ectopic expressiomMoftuberculosisDD-
CPaseon cell maophology, TEM was conducted on the recombinant strains. The strains were
cultured as previously described and sampled at lag, log and stationary phgsesth The
samples were prepared for TEM as detaileddntions 2.16.&nd imaged with the Tecnaké
Transmission Electron Microscope. TEM revealed two distinct cell wall defects for the
heterologoustrains (1) the thickness of the wall was greatly increaaad(ll) the cell envelope
displayed partial detachment from the cytoplafigyre 3.2.10 To further demonstrate¢hat the
observed cell wall defects were significant, we quantified the total number of cellabmibhmal
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cell wall architecture and expressed as a percentage of the entire popfigui@n3.2.11 The
data revealed a significamdrease othe abnormal cell wall phenotype for the fESE2911)
strain at 3 and 9 hours. Thermrmal cell wall architecture for the AfpSE3330) strain was only
observed at log phase with abnormal cell wall dsfetiserved at all growth phases for the

mc%(pSE2911) and nipSE3627¢) strains
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Figure 3.2.10.Transmission electron micrographs of the heteroldgusmegmatistrains ectopically
expressingV. tuberculosiDD-CPass at lag, I@ and exponential phases of growtlhe inserts show an
enlarged section of cells displaying abnormal cell wall architecture. The data demonstrated that ectopic
expression oM. tuberculosisDD-CPasesdnterferes with normal cell wall formation, resulting in cells
with uneven cell wall archétcture that appears to partiatlgtach from the cytoplas8cale bar= 0.2 um
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Figure 3.2.11.Quantification of cells displaying aberrant cell wall architecture resulting from
increased expression bf. tuberculosisbD-CPass in M. smegmatisas revealeé by TEM. The
heterologous strain displayed abnormal cell wall characterized by increased thickness and partial
detachment othe cell envelope from the cytoplasithe frequency of cells displaying the cell

wall defects mcreased for the mM@pSE2911) and of(pSE3627c) at log phase with the
mc(pSE3330) strain displaying cell wall defects at log and stationary phases of qrewib0)

3.3. Ectopic expression oM. tuberculosisbb-CPasehomologues in wild type H;RvS strain

Data obtained for the heterolmgs M. smegmatisstrains thus far stronglymplicated M.

tuberalosisDD-CPasesn maintaining bacterial colony morphology, surfateictureand sliding

propensity, biofilm formation/maturation, growth in broth culture and normal cell length/division.

We recognize that heterologous expression M. smegmatisis a suitable system for

characteriation of the respectivé/. tuberculosisbb-CPasehomologuesput there are vasus

limitations of this system. e most important being that the biology of cell sieh may be

different betweerM. smegmatisand M. tuberculosis Considering this, we hypothesized that a

sideby-side assesnent of the three homologues in the native host would provide additional

insight into the bioloral role of these proteins. In tht®mponent of the study, we aimed to
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characterize the physiaal function of M. tuberculosisbb-CPasehomologues (previously

expressed iM. smegmatisthroughectopic expression in wild typgd. tuberculosidHs;RvS,

3.3.1. Construction and genotypic anlgsis of Hs7/RvS strains that ectopically express

individual bb-CPaseencoding genes

The constructs carrying the untaggétl tuberculosisbb-CPasegpreviously used for generation

of the heterologoubl. smegmatistrainsas reported in section 3.2 were atuced intathe wild

type M. tuberculosisHz7RVS strain by electroporation as described in section 2.12.2 to generate
the H/RVS(pSE2911), BRVS(pSE3330), KRVS(pSE3627c) recombinant strains. The
H37RvS(pSE100) control strain, that carried the emptyoreetas also generated. In each case, a
single transformant was selected and DNA extracted for PCR confirmation of whether the
seleted strain carried the correct gene as described in section 2.3.2. The PCR confirmation
primers used for confirmation of theeterologousM. smegmatisstrains were employed for
confirmation of the recombinantzHRVS strains. PCR analysis of each strain confirmed that they

carried the expected. tuberculosiob-CPasefigure 3.1.3.
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Figure 3.3.1.PCR confirmation of recombinant;#RvS strains carrying thil. tuberculosisDD-
CPasesctopically expressed instRvS. (A) Primer binding sites for PCR confirmatioifhe
primer binding sites are indicated by the green marker/arrows. nier pais
(Rv2911 UTG_F+Rv2911 UTG_R), (Rv3330_UTG_F+Rv3330 UTG_R) and
(Rv3627c_UTG_F+Rv3627c_UTG_F) were used for PCR confirmation of Rv2911, Rv3330 and
Rv3627c, respectively. (B) PCR confirmation R¥3627c, Rv3330 andespectively. Lane 1=
Marker lll, Lane 2=narB (Positive control) Lane 3= No template control, Lane 4= Noward
primer control, Lane 5= No reverse primer control, Lane 6= Rv3627c, Lane 7= No template
control, Lane 8= No forward primer control, Lane 9= No reverse primer control, Lane 10=
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Rv3330, Lane 11= No template control, Lane 12= No forward primer control, Lane 13= No
reverse primer control, Lane 14= Rv2911.

3.3.2 Ectopic expression of Rv3627c¢ ingRvS significantly affects bacterial cording

The heterologoudl. smegmatistrains disfayed robust colony morphology and cording defects

on solid 7H10 media when viewed at high microscopic resolution. To determine whether these
are involved in maintaining normal colony morphology isyRY/S, single isolated colonies from

the respective ERVS recombinant strains weranalysedusing the Zeiss STEM2000c
disseting microscope as described in section 2.16.1. The recombingRv$i strains displayed

no gross colony defects on plates as previously observed for the heteroMgsusegmatis
strairs and were characterized by surface cording comparable to wild typ¥ 3 colonies,

figure 3.3.2. This suggested that tie tuberculosisbb-CPasehomologuesare not involved in
maintaining normal bacterial colony morphologythe H;RvS strain To further confirm this,

the resulting colonies of the recombinant strauese analysedor cording defects with the Zeiss
STEMI-2000c dissecting microscope as described in section 2.16.1. At high microscopic
resolution, we observed that the/RvS(pSE2911) and $RvS(pSE3330) acombinant strains

were able to initiate cord formation which developed into the full serpentine cords comparable to
those observed for the wild type;ARvS, figure 3.3.2. The H#RvVS(pSE3627c) strain was also
able to initiate cord formatiobut was unable to complete this proceas demonstrated by the
presence of short cords, whialere not able to mature into the full serpentine cords as observed
for the other strainsfigure 3.3.2. This strain also displayed an abnormal colony edge,
predominantly characterized by severe surface extensions with novabteiserpentine cording.

The data strongly demonstrated that Rv3627c is solely involved mtamang normal bacterial
cording in the HB;RvS strain, with the remaining homologuhsplayingno observable role in this

regard.
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Figure 3.3.2.Colony morphology of the recombinaHg/RvS strains ectopically expressiMy tuberculosis
DD-CPass. The strains were cultured to log phase £¢©0.50.9) and plated on Middlebo& 7H11 agar to
obtain single isolated colonies which were viewed at high microscopic resolution for cording defects. -
blue arrows illustrate wild type colony cording distinguished by clearly defined serpentine cords. T

H37RVS(pSE3627c) strain displkeg short cords with surface extension that displayed no observable cordi
as showrby the red and purple arrows.

3.3.3. Ectopic expression of Rv3627c in#RvS significantly delays lofilm formation and

maturation

As mentioned earlier, colony defect® auggestive oélterations in cell surface properties that
abolish celicell interaction/communication. We next sought to further study this by assessing the
capacity of the BfRvVS(pSE3627c) strain, which displayed colony morphology defects, to initiate
and form mature biofilms. Foromparisonwe tested all the other strajnsing the adoptedir-

media interface protocol as described in section 2M.2uberculosiss a slow growing organism
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andthe formation of mature biofilms is different from. smegmatis requiringat least 5weeks
incubation at 3%C (Ojhaet al., 2005., Qjaet al., 2008, Qjaet al., 2010 and Kulka et al., 2012)
Based on this, biofilms were prepared e | | microtitre plates 1in

sealedvith biohazardapefor 6 weeks.

Following the 6 week incubation period, biofilm formation was assessed usidgids®eSTEM

2000c dissecting microscope as described in section 2.16.2. Mature biofilms were observed for
the H/RvS and H/RVS(pSE100) control strains aftahe 6weeks of incubation. The
recombnant H;RvS strains that ectopically expressed-CPasesdisplayed indications of
initiating biofilm formation but at this point it was not conclusive whether these strains were
competent to form mature biofilmss greviously reported for the heterologdds smegmatis
strains. To ddress this, it was decided to assess biofilm formation of the recombipdNSH

strains at 4, 6 and 8 weeks after incubatamsthis might provide more insight into the biofilm

forming capacity of these strains.

Following the 4week incubation period, the recombinang/RVS strainsdisplayed little
initiation of biofilm formation when compared to the wild typg/RvS and H;RvS(pSE100)
control strains, figure 3.3.3. Following thewgek incubation period, the control strains formed
fully mature biofilms as previously observed. The/RvS(pSE2911) and #RvS(pSE3330)
strains dsplayed robust biofilm initiation after six weeks compared to that observed after 4
weeks. The BRv(pSE3627c}ktrain displayed poor biofilm initiation, accompanied by scattered

biofilm growth after 6weeks of incubation, figure 3.3.3.

Based on the observed biofilm initiation phenotype displayed by the recombii&wIstrains,

it was hypothesized that theseasts are competent for biofilm formation but require extended
incubation. To address this, the strains were incubated for an additional 2 weeks. Following the 8
week inwbation period, mature biofiimspmparable to wild type #RvS and H/RvS(pSE100)

cortrol strains,were observed for the 3fRvS(pSE2911) and $RvS(pSE3330) strains. The

91



H37RvS(pSE3627c) at this point dlaged robust biofilm initiatioraccompanied by slight dfilm

maturation, figure 3.3.3.

The series of data obtained, from initiationbadfilm formation to matwation demonstrated that
adherences a prerequisite for biofilm growth and maturation as oleseifor the recombinant
strains,which firstly displayed a gradual increase in the robustnes®iofilm initiation then
followed by hofilm maturation. The data demonstrated that M. tuberculosis colony
morphology(or lack thereof) is not predicative of biofilm forming capaciis isbased on the
observation for the recombinant K/RvVS strains, with the #HRvS(pSE2911) and
H37RvS(BE3330) strains, whicHisplayed no colony morphologiefecs but yielding delayed
biofilm formation and maifration. Furthermore, the data poitd a differential rolefor the
respectiveDD-CPass in maintaning normal biofilm formation and maturation, WiRv3627c

playing animportant rolein goveming the rate at which biofilms form and mature.
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Figure 3.3.3.Biofilm formation of the recombinant4/RvS strainsectopically expressiniyl. tuberculosis
DD-CPasehomologuesThe H/RvS(pSE2911) and $#RvS(pSE3330) strains displayed delayed biofilm
formation at week 4 and 6, followed by the formation of fully mature biofilms after 8 weeks of incubation
at 37C. The H/RVS(pSE3627c) strain also displayed a similar delay in ithférb formation but failed to

form mature biofilms following the 8 week incubation period.

3.3.4. The H7RvS recombinant strains ectopically expressing th#l. tuberculosisbD-CPases

displayed no growthretardation in liquid 7H9 media

To further undestand the physiological role ob-CPasesn bacterial proliferation, growth of the
recombinant B/RvVS strains was assayed in Middlebrook 7H9 media by monitoring thealopt
density of cultures at 600 nf@®Desog) and plating for CFU/ml as described in seatR.16.4. The
growth assay for the recombinant strains was started g§®[0.05 and monitored on a daily
basis. The recombinantzfRvS strains displayed growth rates comparable to th&u$ and
H37RvS(pSE100) control strains, figure 3.3.4 A. The datggested that ectopic expression of the
respectiveM. tuberculosisbD-CPasehomologuesdoes not alter growth rates insARvS, in

contrast to what wasbservedfor the heterologou$!. smegmatistrains. To validate this, the
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CFU/ml for each strain was alsplotted and compared to that of thez/RvS and
H37;RvS(pSE100) control strains, figure 3.3.4 B. The data confirmed that growth of the
recombnant H7RvS strains was comparable to that of theR¥S and H/RvS(pSE100) controls,

with the recombinant straimBsplaying similar biomass at each time point.
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Figure 3.3.4.Growth of the recombinant 4RvS strains in MiddlebrookH9 media. (A)ODggo
ard (B) CFU/ml of the recombinantHs;RvS strains compared to thes/RvS and
H3/RvS(pSE100) control strainsh& recombinant strains displaygtbwth rates comparable to
the Hz7RvS and H;RvS(pSE100) control strains, suggesting that the respddtiiaberculosis
DD-CPasehomologues are not involved in regulating growtMintuberculosis
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3.3.5. Recombinant H;RvVS strains ectopically expressingM. tuberculosis bD-CPases
displayed an increase in bacterial cell length as vealed by scanning electron microscopy

(SEM)

To assess the impact of ectopic expressiomMottuberculosisbb-CPasehomologues on cell
surfacestructureof the recombinaniti3;RvS strains, SEM images were obtained for these strains
as described in section 2.16Bxiefly, cells were harvested at day 3, 7 and 10 representing the
lag, log and stationary phases of growithe ODy, of each strain wasneasured before
harvesing cells to confirm that the cultures had reached the growth phase in question. Cells were
prepared for SEM and imaged using the high resolution FEI Nova NanoSEM 230 scanning

electron microscope as described in section 2.16.5.

Ectaopic expression of Rv2911 and Rv3627c in’h&5 reduced bacterial cell size as previosuly
observed, pointing to a possible rdde these proteins in maintaining cell length and/or rates of
cellular elongation. Ectopic expression of deeD-CPasesin Hsz/RvVS resulted in a mixed
population of cells with varying cell length, displaying both nornal and increased cell size, figure
3.3.5. To further substantiate that ectopic expressiambe€Passe results in an increase in the
proportion of cells withincreasedell length, cell size distribution of the recombinant strains was
measured and compared to that of the control strains, figure 3.3.6. The data demonstrated an
increase in the population of cells with a-3.8 um cell size range. The increase in the
proportion of cells with longer cell length point to a redundant fotehe M. tuberculosiDD-

CPase$ maintaining normal bacterial cell length.

The recombinant ERvS strains displayed none of the cell surface morphology defects
previously observed fahe heterologouM. smegmatistrains. Surface extensions were observed
on cells harvested at lag phase for the;RRS(pSE3330) strain as shown by the large ingert
figure 3.3.5. These surface extensiomgjich arepresent on and around the the mayoaof cells

appeared to be involved in cekll adhesion, with adjacent cells linked together by these surface
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structures. In some cases, we observed breakage of the extensions linking $keedrate cells,

figure 3.3.5.To address the&oncernthat the surface extensions could have arisen from the
preperation procedure, we assessed SEM micrographs of the wild type;&wuS{SE100)

control strains and found that they were absent from these strains. This suggested that the surfact

extensions arose diry from ectopic expression of Rv3330.

This is furthersubstantiatedoy the observation that on SEM micrographs, this strain appeared
bacterial cluster$or log phase culturedurther confirmingthat the observed surface extensions
are not a result ahe preparation procedure but are undoubtedly as a result of ectopic expression
of Rv3330 in H/RvS. Thephysiological significance of the observed surface extensions as a
result of ectopiexpressiorof Rv3330, howevememains unclear and is beyond ge®pe of the

current study.
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Ha/RVS(DSE36270)!

Figure 3.3.5.Cell surface of theecombinantHs;/RvS strains at lag, log and staionary phases of growth as
revealed by SEM. The green patteesis deliniate a single cell of moal size with al.8 pum cell size range.
The yellow parenthesis deliniates cells with increased cell length wih size range 08-4.5 um observed
for the reombinant strains. The enlarged insert demonstrates surface extensions/structures observed

H37RvS(pSE3330) strain at lag phase. Seatgum
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Figure 3.3.6.Cell length distribution of the recombinangRvS strains The graphs repsent
cell length distributiorat lag (A), log (B) and stationary (C) phases of growth. tuberculosis
strains ectopically expressimgp-CPaseslisplayedan increase in the proportion of cells with-a 3
4.5 pm size rangdn gragh B, the cell legnth of thes;fRvS(pSE3330)s excluded because of
clumping of cellswhich precluded measurement of delhgth for single(n=100; ***, P<0.001;
*rx P<0.00001)
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3.3.6. Ectopic expression oM. tuberculosisDD-CPasesin H3/RvS does not affect normal

bacterial cell wall architecture as revealed byransmission electron microscopy(TEM )

Ectopic expression oM. tuberculosisDD-CPasesin the heterologousvl. smegmatisstrains
revealed a possible role for maintaining normal bacterial cell wall architecture. To exhasae
enzymes in theecombinat Hs/RvS strains, TEM was performed as detailed in section 2.16.6
Cells were harvested at lag, log and stationary phase for imaagiting the Tecnai F20

Transmission Electron Microscope.

TEM requires large cultusevolumes at each time point to obtain grids with sufficient cells for
viewing. This is dependent on theogith phase, with lag phase cultures requiring at least 30 ml
culture volume compared to stationary phase cultures. Due to strict operating cenditios

BSLIII laboratory the culture volume was greatly reduced to 5 ml at each time point. This was a
mgor disadvantage as empty grids for all strains were obtained for cultures harvested at lag and
log phases of growth. A few images for each strain were obtained with stationary phase cultures
and the micrographs demonstrated that ectopic expressioll. ofuberculosis DD-CPase
honologues does not affect cell wall morphology, figure 3.3.7. At this point, this conclusion is
based on the micrographs obtained for the recombinant strains at stationary phase only, which

may not appropriately represehe entire ppulation.
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H37RVS

H3/RVS(pSE2911)

H3/RvS(pSE3330)

H3/RVS(pSE3627c)

Figure 3.3.7.Transmission electron micrographs of the recombinafR¥6 strains obtained for
stationaryphase cultures. (Agcanning electron micrographs at x5700 magnificationd@icts

the zoomed images shown in f&r eachstrain. The red arrows point to the enlarge cell
wall/enwlepe of the respege stains. The data demonstrated that ectopic expression of the
respectiveM. tuberculosisbD-CPase homologues inspRvS does not affedvacterila cellwall
architecture. Scalear= 0.2
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3.4. M. tuberculosis rseGFP taggedDD-CPase derivatives displayed polar, midcell and

guarter cell position localization when ectopically expressed iN. smegmat

Our data thus far strongly suggest tNattuberculosisDD-CPase are involved inmaintaining a

variety of cellular processes. To understand where in the cell these proteins exert their effects,
cdlular localization ofrseGFPC-terminally taggedD-CPasealerivatives were constructed by 3

way cloning into pSE100 as described in sectib@.6. The constructs were confirmég
restriction profiling and sequencing and introduced int186 by electroporation to generate the
mc(pSE2911rseGFP), m&(pSE3330rseGFP) and mipSE3627aseGFP) strainsA single

coony was picked and DNA extract to confirm by PCR whether the selected strain egpines
correct protein fusion. The PCR confirmation primers are listetienAppendix (Appendix B)

Figure 3.41 shows the primer binding sites for PCR confirmation of the respentiv@Pase

fusion poteins cloned ito pSE100 for the selected strains and PCR confirmation of the

respectivebD-CPasdusion proteins.
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Figure 3.41. PCR confirmation of rseGFP -terminally taggedM. tuberculosisDD-CPase
derivaives. (A) Rimer birding sites forPCR confirmation of rseGFP @&rminally tagged\.

tubercubsis DD-CPaselerivatives cloned into pSE100. The primer binding sites are indicated by
the green marker arrows. Primer pair (Rv2911_UTG_F+rseGFP_R),
(Rv3627c_UTG_F+rseGFP_R) and (R& _UTG_F+rseGFP_R) were used for PCR
confirmation of Rv2914¥seGFR Rv3330rseGFPand Rv3627aseGFP. (B) PCR confirmation

of rseGFPC-terminally taggedM. tuberculosisbD-CPase derivategl) PCR confirmation of
Rv2911rseGFPfusion proteinwith annealig temperature at2°C. Lane 1= Marker IV, Lane 2=
narB (Positive control) Lane 3= No template control, Lane 4= No forward primer control, Lane
5= No reverse primer control, Lane 6= Rv29%&GFPprotein sion (II) PCR confirmation of
Rv3330rseGFPand R/3627crseGFP protein fusionswith annealing temperature @6°C and

72°C respectively. Lane 1= Marker IV, Lane 2arB (Positive control) Lane 3= No template
control, Lane 4= No forward primer control, Lane 5= No reverse primer control, Lane 6: Rv3330
rseGFPfusion, Lane 7= No template control, Lane 8= No forward primer control, Lane 9= No
reverse primer control, Lane 10= Rv3628eGFP.
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The heterologoudl. smegmatistrains ectopically expressing the fusion proteins were subjected
to the same assaysraucted for the heterologoléd smegmatistrains ectopicallgxpressinghe
untaggedpD-CPasesas reported in section 3.2 to confirm that the rseGFP fluorescence tag is
functional and does not interfere with the activity of the respediveéCPass. The strains
ectopically expresng the untagged and rseGFP tagged protein derivatives yielded similar results
for the assays conducted (data not shown), confirming that the rseGFP fluorescent tag is

functional and that its activity does not interfere with thfahe respectivep-CPases.

The heterologouM. smegmatistrains carrying the fusion proteins were cultured in 7H9 to log
phase (Olyo=0.50.9). Cells were heat fixed on cover slips after three times washes with PBS as
detailed in sectio2.17, heatfixed and mounted on slides with fluoromount for imaging with the
Zeiss 100x, 1.46 numerical aperture objective mounted to an Axio Observer Z1 base. The images
obtained for cellular localization of tlED-CPasean the heterologous strains are showtfigure

3.4.2

The M. tuberculosisDD-CPase displayed various paterns of localization, figure 3.4.2To
detemine the most consistent pattern of localization for each fusion protein in each strain, we
guantfied distribution of the different localization f@rns displayed by respectiwb-CPase
fusion proteis, Figure 3.4.3A uniquepattern of cellular localization for thHd. tuberculosiDD-
CPasedn the heterologous straingith foci observed at both poles, wiell and quarter cell
position was determed to be the most consistent pattef localization, figure 3.4.3To our
knowledge, the observed cellular localization for MhetuberculosisDD-CPasdusion proteins in

M. smegmatishas not been reported for any of the known pmetavolved in PG naodelling.
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Rv2911localization

Rv3330 localization
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Rv3627c localization

Figure 3.4.2. Cellular localization of @erminally tagged rseGFmM. tuberculosisbD-CPase
derivatives inM. smegmatisThe heterologous straingere cultured to log phase and heat fixed
before mounting on slides with fluoromount for imaging. The pamedsked(l), (1) and (lI)
show the images obtained through the DIC charflvellescencehannel ad a merge of both the
DIC and fluorescence chmel respectively. The panel marker (IV) shows an enlarged image
obtained through the fluorescence channel
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Figure 3.4.3. Quantification of cellular localization of rseGFP tagdédtuberculosisDD-CPase
fusion proteins ecfucally expressed in Mt55. The image labeled (A) shows the different
paterns of localization observed for thd. tuberculosisbD-CPasederivatives and (B) is a
graphic representatioof the distribution cellular localization for the fusion proteinghe data
revealed that the three proteins localize at both polescetliénd quarter cell positio(n=100)

4. Discussion

As with any infectious agent, the successful naturil.ofuberculosisas a pathogers primarily
related to its inherent aliiy to grow and proliferate in the presence of both immune and drug
assault. Coreguently, a substantial understanding of the different processes that underpin growth
and cell divsion in this organism is of utmost importance for the design of effectirgettbased

novel antiTB drugs. Bacterial growth and division is a sophisticated process, involving the
coordinated xpansion and cleavage of the different layers in the cell envelope, a process
mediated by multiple enzymes. In this study, we focusedatiantion on the mycobacterial PG
degradingpbD-CPass, a group of enzymes implicated in maintaining normal growth and survival
in other organisms (Neon and Yung, 2001). Disease progression and viability Nof
tuberculosis involves the maimhance of astructurally functional cell wall and the PG layer in

this case is of particular importance as it anchors the MAs and AG to create -hé&-Rlas
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complex. As mentioned earlier, F@modellinginvolves the activity of multiple enzymes, some

of which interacwith various proteins téulfil their function. One of the aims of this study was to
determine whether mycobacterimb-CPass exert their effect as singular enzymes or through
interaction with various proteins avserved for other PGmodellingenzymes This research
guestion was based on two important observations, which include: (I) In other organisms,
experimental and crystallographic data point to an interaction between PBPs, to allow for PG
remodellingduring cellular growth or division (Kuzin et.a1995; Sauvage et al., 2008; van der
Ploeg et al., 2013, Hett et al., 2007, Hett et al., 2008) (ll) available data on mycobacterial
elongation and division, demonstrated that these two processes are dynamic, directed by protein
complexes requiring thearticipation of PBPs (Mukherjee et &2009; Hett et al., 2010; Kieser

and Rubin, 2014). Considering this, we sought to determine if mycobacieri@Pass, which

are predicted to bémportantin maintaining normal mycobacterial growth and survival by
regulation of the amount of PG crdsiking, are part of any of the identified cell wall

remodellingcomplexes, the divisome and/or elongasome.

To further expand on the current knowledge and physiological function of mycobaoctyial
CPass, we identifed putative interacting partnerfor two M. smegmatis DD-CPass,
MSMEG_2433 and MSMEG_6113, using the mPFC assay. These two proteins were chosen
based on unpublished data from the CBTBR which suggested that the former was expressed in
high transcript abutence and the latter was essdnta@ growth (C. Ealand and B. d0a,
unpublished). The assay revealed multiple putative interacting partners for these proteins
demastrating that they possibly exert their effect through nprittein complexes, tablg.12

and table 3.1.3. Whilstve identified numerous partners, in the discussion that follows, we focus
on those that are either periplasmic/membrane bound and have been reported to be involved in PC

remalelling, with predicted effects on cell elongation ovisliion.
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4.1. Interaction between MSMEG_2433 and MSMEG_6113 with PBPs

4.1.1. MSMEG_6113 and Beta lactamase penicillibinding protein

b-lactamases are a group of proteins with the ability to bindhgddolyseb-lactam antibiotis

such as penicillinand’ae t he maj or c olactamrebistahce (Bgsh ét al.c1199b).  t
Del etion of Bl aC dantamases| idMS smegmdtigand M.atyberculosis

abdi shed the intrinsic -lcamiadilbiodcs @FleresetfaPD05h €hese st
observation demonst r dactambsesfor cadl swwveval and avibbility i | e
mycobacteria. Putative interaction of MSMEG_6113 wath-lactamase, points to an additional

role for thisbD-CPasen maintaining cell survival eitie t hr ough t h dactammastu | at
activity or by modifyingP G d u #lactamgtreabment.

4.1.2. MSMEG_ 2433 andPenicillin binding protein transpeptidase domain protein (PbpA)

PbpA is a class B PBP that plays a role in bacterial growth (Wei eDaB).2nM. smegmatis

PbpA localizes at the septum with a significant role in cell division as demonstrated by cell
division defects in the PbpA mutant (Dasgupta et al., 2006). Genetic complementation of a PbpA
M. smegmatisnutant withthe M. tuberculoss counterpart reverses the cell growth and division
defects (Dasgupta et al., 2006), suggesting a conserved physiological role for this protein in
mediding cell division. Amino acid sequence comparison of PbpA from five mycobacterial
species evealed thathis protein is indeed highly conserved (Dasgupta et al., 2006). It has been
demanstrated thathe phosphorylation status of PbpAy either protein kinase PknA or PknB
regulates the activity of PbpA (Kang et al., 2005; Dasgupta et al., 2006; Kiese6t &t Chaba

et al., 2002).

These protein kinases are in turn regulated by auspplooylation or through phosphatase
activity. In M. tuberculosis PknB is regulated by a phosphatase, PstP (Boitel et al., 2003). It is
unclear whether the same systenvpils in M. smegmatisCellular localization data places PbpA

at the septon and poles of dividing cellK{eser et al., 2015). Considering that PbpA is involved
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in synthesis of the PG polymer, the interaction between this protein and MSMEG_ 2433, suggests

that the latter may be involved in regulating PG synthesis at the cell poles and septum.

4.1.3. MSMEG_2433 and the bifunctional penicilliiibinding protein A1/1B (PonAl)

PonAl, encoded by MSMEG_6900M smegmatiss a bifunctional class A PBP, with seade
domains that harbour transglycosylation and transpeptidation activities, which are required for
crosslinking of new PG units to the existing polymer in the periplasm (Machowski et al., 2014).
PonAl localizes at the poles and at the septum of actgrelying cells (Hett et al., 2010). In
mycobacteria, PonAl is involved in the regulation of multiple cellular processes, with the
trarspeptidasedomain being dispensablfor growth and viability (Kiser et al., 2015). The
PonAZXregulated processes inde the maintenance of normal bacterial cell length and
morphology and the establishment of new poles, both of which are required for virulence during
the murine model of TB infection (Kiesser et al., 2015). As previously mentioned for PbpA, the
activity of PonAl is also subject to regulation by phosphorylation (Prisic et al., Rid€ser et

al., 2015), further gnifying the role of protein kinases in regulating key cell division processes.
The interaction of MSMEG_ 2433 with PonAl suggests that PonALite®MSMEG_2433 at the
poles following establishment of the new pole. This also suggests that in addition to FtsH
(predictedin this study to inhibit FtsZ{seesection 4.2.}, PBPs may also be involved in the septal

recruitment of MSMEG_ 2433 at the divsem

4.1.4. MSMEG_2433 and the penicillin-insensitive transglycosylase/penicillirsensitive

transpeptidase (PonA2)

PonA2 is also a bifunctional class A PBRachowski et al., 2014M. smegmatisnd othesoll
mycobacteria encode an additional homologuB@iA2, annotated as PonA3 (Patru and Pavels,
2010; Machowski et al., 2014PonA2 inM. smegmatiss implicated in maintaining viability

under nutrient starvation or during stationary phase growth (Keer et al., 2000; Patru and Pavels,
2010) The mechanisrteading to PonA2 adaptation to these conditions is unclearopfbsing
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ideas proposed with respect to how PonA2 contributes to cell viability under stressiitioosnd
(Gofyn and Ghuysen, 2002; Mai nar d e tPatradnd , 2
Pavels, 2010 suggested that adaptation to stressful environment requires the maintenance of cel

wall integrity facilitated byPonA2 (Patru and Pavels, 2010).

Currently, it is unknown whether PonA2 is part of the divisome or elongasome complex in
mycobacteria. The protein harbours a PASTA domain, previously identified in other PG
associated pteins such as PbpA, which is proposed to direct proteins to the divssie
(Dasgupta et al., 2016). In addition to the PASTA domain, PonA2 also consists of a-pcbline
region predicteda mediate protein interactiol®ased on these two features we propose that
PonA2 is first ecruited to the division site of actively @wing cells and following the correct
placement at the septum by the PASTA domain, the prolsheregion recruits MSMEG_ 2433
through protein interaction, facilitating proper septum cleavage. The septal localization of PonA2
has been adirmed in a studydemonstrating that PonA2 acts to modulate the synergistic
association of RpfB and RipA (Hett and Rubin, 2010), both of whiclocalize at the septum

(Hett et al., 2007; Hett et al., 2008).

4.1.5. MSMEG_6113 and Penicillin binding proteins B (PbpB)

PbpBis a class B PBP and shamamilar characteristics with PbpA. This protein is recruited to
the septum of dividingll. smegmatigells mediating cell division as deletion of PbpB results in
altered cell length (Dasgupta et al., 2006). The interaction WES 6113 with PbpB suggests
a possible role in cell division.

4.2. Interaction between MSMEG 2433 and MSMEG_6113 with  other
periplasmi/membrane bound proteins

4.2.1. MSMEG_2433 and the ATRlependent zinc metalloprotease FtsH

FtsH is a membrane anchor&@P-dependent, zinc metaprotease belonging to the AAA family

of ATPases (Herman et al., 1995). It is conserved in prokaryotes but also found in chloroplasts
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and mitochondria of eukaryotic specieléo @nd Akiyama. 2015; Lindahl et al., 1996In
prokayotes, it acts as a quality control protekisther et al., 2002 assisting in protein folding

and degradation, directly maintaining cell viability during bacterial developnteotigsman,
1996). InB. subtilis a GFP tagged FtsH fusion displayed +odll localization, a preferential site

for FtsZ polymerization in actively growing cells (Wehrl et al., 2000). In addition, deletion of this
gene inB. subtilis results in the formation of cellular filaments (Wehrl et al., 2000). This
obsenation points to twagossible roles for FtsH, either as a component of the divisome complex
where it facilitates cleavage of the septum or as a direct inhibitor of FtsZ polymerization at
inappropriate sites during cell growth. The latter is substantiated by demonstrationghaoli,

in vitro assays confirmed that FtsZ is subjected to degradation by FtsH (Anilkumar et al., 2001;
Srinivasan et al., 2006; Srinivasan et al., 2008), suggesting that FtsH is a negative regulator of
FtsZ. Genetic amplementation ofa E. coli FtsH mutant with M. tuberculosisFstH, further
reveal ed that the latter is proteolyti3ally
phage aCl | ateis, whitheare theeothdr substrates of FtsH (Srinivasan et al., 2006).
Based on this observation, we predict ttieg mycobacteriaFtsH might also be active against
FtsZ, inhibiting its polymeeation over replicating chromosomal DNA during cell growth and
division. In C. crescentusoverproduction of FtsH resulted in increased tolerance to stress, with
mutant strais showing educed efficiency in differentiation of swarmer cells into stalk cells,
accompanied by cell division defects (Fischer et al., 2002), further signifying the role of FtsH in
maintaining normal cellular development, probably through regulatioftsf activity. The
possible interaction of MSMEG_ 2433 with FtsH, most likely at the septum, suggests that
MSMEG_2433 may benvolved in the pathway(s) that mediate correct spatial and temporal

placement of the septum.
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4.2.3. MSMEG_2433 andJDP-diphospho-muramoylpentapeptide betaN-

acetylglucosamnyltransferase (MurG)

The MurG glycosyltransferase catalyzes the final cytoplasmic step of PG biogenesis, mediating
the transfer of GIcCNAc from UDSICNAC to lipid | (MenginLecreulx et al., 1991Tayleret al.,

2010). The product of this reaction, Lipid Il, is translocated across the membrane for processing
and incorporation into the existing PG polymer by PBP<.lIroli, MurG displayed scattered
localization over the entire length of the cell with a distipceference for the midell
(Mohammadi et al., 2007). Further analysis of MurG localization revealed that thisethid
localization of MurG was dependent on the formation of a mature divisome, and that lateral
localization was ¢pendent on the presence MfeCD (Mohammadi et al., 2007), required for
shape maintenance in rgtiaped bacteria. The observed lateral and mature divisome dependent
localization suggest a possible role for MurG in regulating lateral growth and PG synthesis at the
septum. In mycobaeria, a recently identified Ftsifiteracting protein, SepF, also interacts with
MurG (Gupta et al., 2015), implicating MurG in linking the two distinct processes, PG biogenesis
and cell division. Our identification of possible interaction between MSMEG3 24d MurG is

indicative of futher complexity in these and related processes.

4.2.4. MSMEG_2433 andJDP-N-acetylenolpyruvoylglucosamine reductase (MurB)

UDP-N-acetylenolpyruvoyllucosamine reductase is encodgdMurB. This protein is involved
in the ®cond cyplasmic step of PG biogenesis. Following MurA mediated production of
UDPGIcNACEP, MurB reduces the phosphoenolpyruvate to produe UDPMurNAc (Matsaou et
al., 2003). Currently, there is no literature linking the activity of the MurB reductase to athe

division or elongation and its interaction with MSMEG_ 2433 requires further confirmation.
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4.2.5. MSMEG_6113 and the cell division control protein Cdc48

The Cdc48 cell division protein is relatively uncharacterized in prokaryotes, belonging to the
ATPase family of proteins along with FtsH that acts as molecular chaperone and negative
regubtor of FtsZ. Thus, it is unclear whether this protein also affects cell division in a mechanism
medated by FtsHor whether it is involved in regulating othegllalar processes unrelated to
FtsH. InSaccharomyceserevisiae this proteinis requiredfor spindledisassemblyat the end of
mitosis(Caoet al., 2003), suggestive otall-cycle regulatory role fo€dc48in mycobacteria.

4.3. Proposed model for biological role of MSMEG_2433 and MSMEG_6113

Considering the abowmentioned protein interactions, and the cellular localization of the
interading partners we propose a model the cellular localization and physiological role of

MSMEG_2433 and MSMEG, figure 4.1.1.

Cell division control protein Cdc48?
FtsH Ftsz

Unbundled FtsZ filaments

Figure 4.1.1 A proposed model for the function of MSMEG_2433 and MSMEG_6113. Shown
are MSMEG_2433 and MSMEG_6113 and their putative interacting partners, nplospd
roles, eitheiin cell elongation or division. Based on protein interaction data, we predict that both
MSMEG_2433 and MSMEG_6113 are present at the pole and atethjidnteracting with well
known proteins involved in either cell elongation or sion. Additionally, the model proposes
that MSMEG_2433 is involved in the correct placement of FtsZ, through interaction with FtsH.
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http://www.sciencedirect.com/science/article/pii/S0092867403008158

4.4. Ectopic expression oM. tuberculosisbD-CPasehomologues

4.4.1.M. tuberculosisbb-CPasesand maintenance of nomal colony morphology

Colony morphology of infectious pathogenic bacteria influences virulence and disease
progression (Simpson et al., 1987; Darzins and Fahr, 1956; Bernut et al., 2014). Therefore, an
enhanced understanding of the different factors tbatribute to changes in colony morphology

is crucial for drug development (Kansal et al., 1998). In mycobacteria, the maintenance of normal
colony morphology is dependent on multiple factors, inclugiogA and Isr2 gene products
(Glickman et al., 2000; G et al., 2006). Bourai et al., (2012) demonstrated a rolé/for
tuberculosis Rv291tencoded DD-CPasein maintaining normal colony morphology when
ectopically epressed irM. smegmatisIn our study, we sought to build on these observations by
carryingout a sideby-side assessmenf functionality of all threebD-CPaseencoding genes in

M. tuberculosis We appreciate that ectopic expression in a heterologous host has limitations
which include: (l) differences in cell division between hosts (Il) vanabetween hosts ithe
complement ofnteracting partners and (lll) increased expression can lead tspenific effects

on cell divsion/morphology. However, we had chosen to ectopically express the Nhree
tuberculosisbD-CPasesn the same vector baokne, using the same promot@mfyctel and
consequently, we predicted that any differential effects that result frorregpegssion of these
genes could pvide an insighinto biological rdes and functional redundandye demonstrate

that ectopic exmssion of thevl. tuberculosisbD-CPasehomologues affects colony morphology

in bothM. smegmatisndM. tuberculosisThe resulting colonies were smooth, surrounded by a
mucous stface and lacked the fully matured bacterial cords observed for thEsEstain.

These data gigested a redundant role of these proteins in maintaining normal colony morphology
in M. smgmatis However, further analysis through ectopic expressionsiR¥E revealed that
increased expression of Rv3627c significantly alters battezolony morphology, thus
highlighting a role for Rv3627c in mediating the organization of individual cells into colonies on

agar plates im. tuberculosis
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4.4.2.M. tuberculosisbb-CPasesand their role in bacterial motility

Bacterial sliding on sersolid media is a characteristic that is directly linked to alterations in cell
surface properties in mycobacteria. The increase in cell wall GPLs or acetylation significantly
affects bacterial sliding (MoyBloyos et al., 2015; Recht and kolte2001). Addiionally, the
phosphorylation activity of protein kinase (PknF) also alters sliding motilityl.iruberculosis

(Gopalaswamy et al., 2008)

Ectopic expression d¥l. tuberculosiDb-CPasehomologues irM. smegmatisesulted in defects

in surface sliding.Bourai et al., (2012) demonstrated a similar role for Rv2911 in regulating
bacterial sliding using the heterologous approach that we employed for characterizatiotof the
tuberculosisbD-CPasenomologues. Our data also implicates Rv3330 and Rv3627c ultatieg
bacterial sliding, suggestive of a role fap-CPasesn modulating either the GPL content in the
mycobacterial cell wall or other aspects of PG biology that affect thpHyisical characteristics

of the cell.

4.4.3.M. tuberculosisRv3627c and lofilm f ormation

Biofilm formation in pathogenic bacteria is illustrative of a survival strategy to suduvieg
periods of stress and antibiotic treatment. Multiple factors are implicated in maintaining normal
biofilm formation in mycobacteria. This ihaes alterations in surface GP[llilena Maya
Hoyos et al., 2015; Recht and kolter, 2001), the GroEL1 chaperoia éDjal., 2005), the
phosphorylation activity of PknFGopalaswamyet al., 2007), the dependence on various metal
ions (C&*, Mg®* and Zif") (Carter et al., 2003; ®a and Htull, 2007), free MAs (Ohaet al.,
2008), the biologal activity of the Polyketide Pksl proteiRPdng et al., 2012) and the Lsr2
protein (Chen et al., 2006). Our study further implicates mycobacterglPasesn mantaining
normal biofilm famation basedn the following observationgl) ectopic expression oM.
tuberculosisbb-CPasenomologues ifM. smegmatisignificantly delayed biofilm formation and
(1) further assessment of the role of these proteins in nmaEint® of biofilm formation in the

recombinantM. tubercubsis H37RVS strain substantiated that they regulate the rate at which
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biofilms form and mature. In our analysis, the/RVS(pSE3627c) strain displayed notably
delayed kinetics in biofilm fonation, siggesing a hierarchy in the role @iD-CPasesn biofilm
formation, with Rv3627c raing the highest.

4.4.4.M. tuberculosisbb-CPases and their role in bacterial growth

The capacity of a pathogen to grow is critical for survival and disease progrdasibis study,

we assayed growth of heterologddssmegmatistrains ectopically expressing tuberculosis
DD-CPasesin nutrient rich Middlebrook 7H9 media and observed notable defects. The
heterobgous strains displayed growth retardation, which exaserbated at log phase, suggesting
that M. tuberculosisbD-CPasehomologues play a prominent role when bacteria are replicating
rapidly. However, similar assessment of the impact of -exeression ofbb-CPase in M.
tuberculosisyielded contrary resulthere ectopic expression resulted in no changes in growth
rates. Congjuently, the role of thdl. tuberculosisbD-CPasesn growth requires further study
and in this egard, it is noteworthy that Rv3627c has been annotated as essential for igrowth
vitro (Griffin et al., 201L).

4.4.5.M. tuberculosisRv2911 and Rv3627c and their role in maintaining normal bacterial

cell length and mechanisms of cells division

Using SEM, we identified a role for Rv2911 and Rv3627c in regulating bacterial cell lerigth in
smegmatisEctopic expression of these two-CPases$n wild type M. tuberculosiHs/RvS, also
resuled in an increase in cell sizEombinatorial deletion of multipl&. coli PG hydrolases
significantly affects bacterial cell size, with cells losing thetural rodshape and adopting an
almost spherical shape (Heidrich et al., 2002). This observation, together with our data implicates
PG hydrolases such ag-CPasesn regulating bacterial cell length.

However, we noted differential effects on cell ldmgy M. smegmatigandM. tuberculosisvhere

in the former we observed an increase in the populations of cells with reduced cell size for
mc(pSE2911) and nfpSE3627c) strains [and with AfpSE3330) to a lesser extent]. However,

in M. tuberculosis we obgrved growthstage specific changes in cell lengtihle 4.1.1 These
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data suggests that the two mycobacterial strains used in this study compensate differentially in
response to increased expressiorbbfCPasesand also point to important differences thre
biological function of PGemodellingenzymes between these two strains.

Table 4.1.1. Cell length displayed by the heterologod smegmatisand recombinant.

tube culosisHs/RVS strains at different phases. The data illustrates that the twas stnaftl55
and H7RvS compensate differentially following ectopic expression of NhetuberculosisbD-

CPass. (*, not done).

Recombinant Lag Phase Log Phase Stationary
strain Phase
M. smegmatis
mc (pSE2911) Reduction in Reduction in Reduction in
cell length cell length cell length
mc (pSE3330c) No change in Reduction in Reduction in
cell length cell length cell length
mc (pSE3627c) Reduction in Reduction in Reduction in
cell length cell length cell length
M. tuberculosis
H37/RVS(pSE291) | Increasd cell Increased ell No change in
length length cell length
H37RvS(pSE3330c| Increasedell Not done* Increased ell
length length
H3/RVS(pSE3627c| Increasedell Increased ell Increased ell
length length length

Electron micrographs for éhH;7RvS(pSE3330) strain were characterized by large numbers of
clumped cells. These precluded the characterization of cell lengtis strtan.

The short cells observed for the heterologgusmegmatistrains ectopically expressing Rv2911

and Rv3627csuggest that these strains likely commit to divisiom eéarly during growththus
resulting in the production cells with reduced length. At this point, it is unclear if the replicated
chromosome partitian completely in these strains. INl. tuberculosis the increase in the
popuktion of cells with longer cell sizes suggests division and daughter cell separation is delayed
when DD-CPasesare ovefexpressed.Our study represents the first report that implicates
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mycobacteriabD-CPasesn regulating bacteal cell length and mechanisms of cell division and
now provides exciting avenues for further study.

4.4.6.M. tuberculosisRv333) and bacterial cell morphology

Ectopic expression of Rv3330 M. smegmatigevealed a role for this protein in governing
bacerial cell morphology. The nf(pSE3330) strain displayes majority of cells with abnanal

cell morphology, includingulges, division scars at the poles, chaining and kinking along the
lateral axis of the cellHowever, morphological assessment of themdmnant H;RvS strains
ectopicdly expressing Rv3330 revealed none of the defects displayed by t#{pSE8330)
strain, once again highlighting key differences betwieriuberculosisand M. smegmatisThe

cell surface defects displayed by the heterolegdu smegmatisstrain ectopically expressing
Rv3330are similar to those observed in coli, where deletion of PBP5, a direct homologue of
MSMEG_6113, significantly affeetibacterial cell shape (Nels@md Young, 2001; Ghosh et al.,
Young 2006). Geneticomplementation ofE. coli mutants with MSMEG_ 2433 reversed
morpftological defects of the mutant strain (Bansal et al., 2015), indicative of a role of
MSMEG_2433, a direct homologue of Rv3330Nh tuberculosisin regulatingmycobacterial

cell morphology.

Cell morphology in mycobacteria is dependent on multiple factors. Schoonmaker et al., (2014)
identified a role foM. tuberculosid.dts in regulating cell size and morphology. Deletion dif,;

and Ldtn, from M. tuberculosisgenome resultedn various efécts, including reduction of
bacterial cell size and alterations of cell morphology amongst others (Schoonmaker et al., 2014).
DivIVA, the polar localizing protein that drives polar elongation in actinomycetes and other rod
shaped bacteria such Bssubtiis (Halbedel et al., 2009; Letel et al., 2009)also implicated in
regulaing bacterial cell morphologyK@ng et al., 2008 Reduced expression of DivIVA iNl.
smegmatis leads to robust morphological changes such as bulging at the pole of activelyggrowi
cells, a defect arising from abnormal PG synthesis at the pgédeg (et al., 2008 This suggests

that the polar defects observed for the* (8E3330) strain (viz. kinking, division scars and
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bulging), fdlowing ectopic expression of Rv3330, might puaially result from direct or indirect
dysreguktion of DivIVA activity by Rv3330, since the latter also localizes at both poles, as
demonstrated in this study.

4.4.7.0D-CPasesand the bacterial cell envelope

Ectopic expression dfl. tuberculosisDb-CPae homologues in wild typ&. smegmati€aused
significantdisruptions of bacterial cell envelope architecture. The thickness of the envelope was
increased and appeared to partially detach from the cytoplasm. However, these effects did not
occur inM. tubeculosis At this point, it is difficult to draw definite conclusions regarding this
observation asthe TEM data obtained for the recombinant;ZRvS strains was not a
representation of the entire population for all strains at different growth pHdsesecell wall
defects we noted iN. smegmatisvere reportedn M. tuberculosidollowing the loss of dt,;and

Ldtmz (Schoonmaker et al., 2014), suggestive of a possible intebplayeen P@&ydrolase (viz.
DD-CPasse) and synthases (vizD-transpeptidases).

4.5. Polar, midcell and quarter cell position localization of rseGFP tagged. tuberculosis
DD-CPasehomologues

Cellular localization studies of rseGFP taggdd tuberculosisDD-CPaseprotein derivatives
revealed a unique pattern of localizatiofhe three proteins displayed a similar pattern of
localization, at the poles, midell and quarter cell positions. This pattern of localization suggests
a role for M. tuberculosisbD-CPasehomologues in elongation and division in mycobacteria.
Numerous well chacterizedM. tuberculosisPG remodellingenzymes, are documented to be
present at the poles of actively growing cells or the divisome of dividing cells (Kieser and Rubin,
2014; Machowski et al., 2014). The most intriguing site of localization for the hor@elogues

is at the quarter cell position, which we hypothesize serves to identify or mark future division
sites. Another possible reason for localization at this position is to facilitate nucleoid partitioning
during cell growth. We were unable to adsireéhis by DAPI staining of chromosomal DNA, as

the fluorescence from the rseGFP and DAPI run through the same channel in our microscope.

119



Future studies will involve tagging thel. tuberculosisbb-CPasehomologues with another
fluorescent tag, such as mRF® definitively assess whether these proteins are involved in
nucleoid ocalsion or not.

4.6. A proposed model for the function oM. tuberculosisbD-CPases

A combination of the protein interaction data with the phenotypes displayed by the heterologous
M. smegmatisstrains ectopically expressing th#. tuberculosisDD-CPasesand localization
analysis allowed for the construction of a hypothetical model for the physiological rote-of

CPaseand the sites at which they exert their effect, figute24.

Mechanisms of cell division

Cell elongation

Cell morphology "

Colony morphology
(€ Rv2ons morPt
Bacterial sliding
@ Rv3330 Biofilm formation
@ Rv3627c Growth rates
) Putative interacting Cell wall architecture
partners

Figure 4.1.2. A model depicting the rolé. tuberculosisbD-CPasehomologues. The three
proteins localize at both poles and raigll, with Rv2911 and Rv3627c regulating rates of cell
elongation at the poles and mechanisms of cell division at the sepu8330 at the poles and
septum is predominantly involved in regulating cell morphology. The quarter cell localization is
not included mainly because it is unclear of what role these proteins play at those specific sites.
The model predicts that these f@iosexerttheir effectthrough interaction with various partners
identified to be present at the poles or septum.

5.1. Conclusion and future prospects

5.1.1 Conclusion
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Collectively, this study demonstrated the importance of mycobactenialPasesn cellular
elongation, division and maintenance of normal cell morphology. We also confirmed that
mycobacterialbD-CPaseglo not function as single entities, but through interaction with various
patners, present at the poles and septum of actively growsllg. dnterrogation of the
functionality of M. tuberculosisDbD-CPase homologues by heterologous expression Mn
smegmatisrevealed that despite the observed genetic multiplicity, these proteins are not
functionally redundant, with ovaxpression of Rv29l and Rv3627c resulting in defective cell
elongation and division while Rv3330 is involved in maintaining normal bacterial cell
morphology. This is the first study that assigns a role NbrtuberculosisDD-CPasesin
maintaining normal bacterial colony npdwlogy, sliding, biofilm formation and growth rates.
Analysis of the functionality of thé/l. tuberculosisbD-CPasehomologues in the nativiyl.
tuberculosishost did not yield conclusive results asserved for théheterologousvl. smegmatis
strains. Therafre, interrogation of the functionality of these proteindlintuberculosisthrough
gene knockouis of utmost importance since a sidgside assessment of the physiological
function of these homologues in a heterologous system points to importamedumaant roles
for bD-CPase$n mycobacteria.
5.1 Future prospects
The heterologou$/. smegmatisystem revealed an important role of tWle tuberculosisDD-
CPasesiomologues immaintaining a variety of biological processes. Thus different approazhes t
further understand their role M. tuberculosiswill allow for detailed characterization of the
physiological function in mycobacteria. Considering the limitations of this study, we therefore
propose the following future studies:
I. At this point, the trascript levels of the ectopically expressant CPasehomologues were
not determined in both the heterologod smegmatisand the recombinani.
tubercubsis strains. Therefore, determining and comparing transcript levels by qPCR will

shed light on whethahese proteins are expressed at similar levels in the two organisms.
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Single and combination knockout of the thoae CPasesn M. tuberculosisIt should be

noted that Rv3627c is essential, a feature which will necessitate a knockdown approach.
The resuling strains should be characterized for morphological and virulence defects.
Further validation of putative interacting partners identified in this study using a co
immune precipitation (pullown) approach. Biochemical characterization of Me

tuberculsisDD-CPass and their interacting partners.
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6. Appendices

6.1 Appendix A: DNA molecular weight markers used in this study

(A.1.1.1) Roche marker Ill and IV

Roche DNA
Marke 11|

— 21226

5148

— 4268

3530

2027
1904

1584
1375

947
831

564

4973

Roche DNA
Marker IV

Figure A.1.1.1 Molecular weight DNA markers.
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6.2. Appendix B: Gene specific primers used for PCR amplification of genes and genotypic

confirmation of strains generated in this study.

Table. A.1.1.1 Bacterial two hybrid primers

Primer pair

Primer sequence

Restriction site

narB_F
narB-R

TCATGGCTCGCACAGACCGGATC
CTCTCAGAGGTGTTCGTCGGCGA

None

MSMEG_3145_F
MSMEG_3145_R

CGCGCGEGATCAATGAGACGTACCGTCCGCGCT
GCGCGQAAGCTITCAGTATTCGATGAGCCGGGT

BamH
Hindlll

MSMEG 5439 F
MSMEG_5439 R

CGCGCGAATTATGCTTCGAGGAGTTGTGSGT
GCGCGQARAGCTITCAGCGCGCCCCAATCCTCCC

EcoRlI
Hindlll

MSMEG 2433 F
MSMEG_2433 R

CGCGCGAATTATGTGGAGGTACGCCTTCGGG
GCGCGQARAGCTITCAGAGCGCCCCGATGCTCGC

EcoRlI
Hindlll

MSMEG_6113_F
MSMEG_6113_R

CGCGCGAATTATGAGCGATAGGCTGACGCGC
GCGCGQAAGCTITCATGCGCCGCATCCGCAGC

EcoRlI
Hindlll

genotypic confirmation of generated strains.

Table A.1.12. UntaggedM. tuberculosisbD-CPaseprimer sets for cloning into pSE100 and

Primer pair Primer sequence Restriction
site
Rv2911 UTG_F | GCGCAGATCTTTAAACTCTGCGCCCATGC®R Bglll
Rv2911 UTG_R | GCGCGATCGATTTAGAGCGAGCCGACGCT Clal
Rv3330_UTG_F | GGCCAGATCTTACTCTGCACAGACGATGGCC Bglll
Rv33330_UTG_R GCGCGATCGATTAGTGCTGCGGCCGGCGG | Clal
Rv3627c_UTG_F| GCGCAGATCTMAGGCAGGAGAGCTCATGGGT | Bglll
Rv3627c_UTG_R GCGCGATCGATTCACGTCGTGCACCCGCAGAA Clal
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Table A.1.13. rseGFP and. tuberculosiDD-CPaseprimer sets for 3vay cloning into pSE100

and gemntypic confirmation of generated strains.

Primer pair Primer sequence Restriction
site

rseGFP_F CGCGCGEAATTAATGGTGAGCAAGGGCGAGGA| EcoR

rseGFP_R GCGCGETGCAGAGGAGTCCAAGCTCAGCTAA | Pst

Rv2911 _UTG_F | GCGCAGATCTTTAAACTCTGCGCCCATGCGA Balll
Rv2911 R GGCGGAATTGSAGCGAGCCGACGCTGGCCTG | EcoR

Rv3330_UTG_F | GGCCAGATCTTACTCTGCACAGACGATGGCC | Bglll
Rv3330_R GCGGQGAATTGTGCTGCGGCCGGCGGTTCAT | EcoR

Rv3627c_UTG_H GCGCAGATCTAAGGCAGGAGAGCTCATGGGT | Bglll
Rv3627c_R GGCGGAATTAEGTCGTGCACCCGCAGAACCA | EcoR
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6.3. Appendix C: Restriction digests

6.3.1Restriction profile of the mPFC backbone vectors

6.3.1.1. Restriction profile of pUAB300

bps

21226

Bgl Aatll 5148
4268
4913 bp

2027
1584
1375

947
831

,300¢
Xhol

‘oriE

—

564 €—
Nrul

C

Restriction enzyme | Expected molecular weight
(bps)

Xhad 4913

Bglll 3771

Kpnl 4191

Nrul 3159 and 1754

Aatll 3786 and 1127

Figure A.1.1.2 Restriction profiling of the mPFC prey vector, pUAB300. (A) plasmid map of
pUAB300. (B) Restriction profile of pUAB300. Lane 1= marker Ill, Lane 2= uncut pUAB300
,Lane 3=Xhd, Lane 4=Bglll, Lane 5=Kpnl, Lane 6=Nrul, Lane 7=Aatll . (C) Table showing
the expected banding profiles for pUAB300 restricted with the listed restriction enzymes.
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6.31.2. Restriction profile of pUAB400

00C
pUAB400

100¢
4720 bp

kan (ap
,300C

C

Restriction enzyme Expected molecular weight
(bps)

Xha 4720

Pvu 4071 and 649

Bglll 3602 and 1118

Nsd 3610 and 1110

Nrul 3889 and 831

Figure A.1.1.3 Restriction profiling of the mPFC bait vector, pUAB400. (A) Plasmid map of
pUAB400. (B) Restriction profile of pUAB00. Lane 1= m&ker IV, Lane 2= uncut pUAB400,
Lane 3=Xhd, Lane 4=Pvu, Lane 5=Bglll, Lane 6=Nsd, Lane 7=Nrul . (C) Table showing #n
expected banding profiles for pUAB300 restricted with the listed restriction enzymes.
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6.4. Appendix D: Restriction profile of pSE100vector backboneand derivatives.

6.4.1. Restriction profile of pSE100 vector backbone

A B

bps

mBT2

UV15tetGyy e/
pSERBEL00

ColEl

\
500

EcoR 7743
5526

4254
3140

2322
1822

1469
Ecor 1150

925
697¢—

psE1o(  100¢

—400C 5538 bp

20Q(
300( ori myc
/

C

Restriction enzyme Expected molecular weight
(bps)

Pst 5538

BamH 5538

EcoRlI 2306, 1694 and 1530

Xha 4688 and 850

Figure A.1.1.4 Restriction profiling of pSE100(A) Plasmid map of pSE100. (B) Restriction
profile of pSE100 Lane 1= marker IV, Lane 2= uncut pSE100,Lane Bst, Lane 4=BamH,
Lane 5=EcaRl, Lane 6=Xhd . (C) Table showing the expected banding profiles of pSE100
restricted with the listed restriction enzymes.
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6.4.2. Restriction profile of untagged Rv291 cloned into pSE100

A B

Pvull

rrnBWlStetc
pSE100 |
'Rv2911_UTC 4,

\ pSEL00 |

ColE1

600(

-

100C

— +] ]
50 (\/2911_UTG pPSE10

6361 bp

EcoR 200

Xhol
_400C

hygF 300¢

ori myc

EcoR

C

Restriction enzyme | Expected moleular weight
(bps)

SpH 6361

EcoR 4055 and 2306

Pvul 5316 and 1225

Xha 5511 and 850

Figure A.1.1.5 Restriction profiling of untagged Rv291doned into pSE100 producing the
pSE2911 construct. (A) Vector map showing untagged Rv2911 cloned into pSE100. (B)
Restriction profile pSE2911 construdtane 1= Marker IV, Lane 2= Uncut pSE100, Lane 3=
SpH, Lane 4=EcoR, Lane 5=Pvu, Lane 6=Xhd. (C) Table showing the expected banding
profiles ofpSE2911 construct restricted withetlisted restriction enzymes.
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6.4.3. Restriction profile of untagged Rv3330 cloned into pSE100

A B
Sp BamHI
.
MBTY15tetC
pSE100 |
ColE1 | 'Rv3330_UTC )
Xhol
600 106 PSEL001
Nr Rv3330_UTG+pSEL0
EcoR =5 70 P s00c
hygR A0
\ “Xhol
ori myc
<
EcoR
C
Restriction enzyme | Expected molecuhar weight

(bps)
BamH 6703
EcoR 4397 and 2306
Nrul 4393 and 2310
Xha 4393 and 2310
SpH 6081 and 622

Figure A.1.1.6 Restriction profiling of untagged Rv3330 clonedoirpSE100 to generate the
pSE3330 construct. (AVector map showing untgged Rv3330 cloned into pSE10(B)
Restriction profiling of p&3330 constructLane 1= Marker IV, Lane 2= uncut pSE100, Lane ,
Lane 3=BamH, Lane 4=EcoR, Lane 5=Nrul, Lane 6=Xhd, Lane 7=SpH. (C) Table showing
the expected banding piels of pSE3330construct restricted with the listed restriction enzymes
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