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Abstract

Mycobacterium tuberculosishe causative agent of tuberculosis, uses macrophages to cross host
mucosal barriers and initiate infection at sterile sites in the alveoli, where it establishes infection
and evades immune detection. Despite signifieffiort, the mechanism through which
mycobacteria replicate and persist within host tissues remains enigmatic. Bacterial replication
requires substantive rearrangement of the cell surface and in this context, the bacterial cell wall
and the enzymes that redel the various polymers present in this structure are of particular
interest. Within the cell wall, the bacterial peptidoglycan (PG) layer has been the subject of
intense research, given the therapeutic benefit of targeting this macromolecule in various
diseases. PG hydrolases specificdlyacetylmuramy-alanine amidases (amidases) in other
bacterial species have been shown to contribute to essential cell division processes and
pathogenesis. In this study, the role of mycobacterial amidases inavethgand division was
investigated to assess their functiomMyicobacterium smegmatia model organism routinely

used for tuberculosis research. For this, putative amiglaseding geneami3 ami4andami5

were individually deleted using homologous nedxnation. The resulting mutant strains were

then phenotypically characterized by investigating nascent cell wall incorporation, cell
elongation and division mechanisms. Deletiomamii3resulted in severe cell division defects, in
many cases these wereasiated with mislocalization of the cell elongation and division
apparatus. In addition to this, cell wall permeability was severely affected, with the strain
displaying increased susceptibility to cell wall targeting antibiotics. Deletiam@fresultal in

the formation of twisted and morphologically atypical cells, some of which died after the first
cell division event. In contrast, deletionahi5Sresulted in the formation of short cells,

suggesting that this enzyme plays a role in cell growth/etammgaCollectively, these data

describe novel and neredundant roles for amidases in mycobacterial cell growth and division,

thus validating them as potential new drug targets for tuberculosis disease
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1. Introduction

1.1. Baclground

Mycobacterium tuberculos{®tb) was identified by Robert Koch in &8 as the etiological

agent of Tuberculosis (TBYB is one of the top 10 causes of death worldwide, latently infecting
a third of t hewhighedldctivadyservp @rpsaeroa fofutarenactiveTB cases
(Lin andFlynn, 2010. Extensive programs have been implemented by the World Health
Organization (WHO) to eradicate the TB pandemic, with over 36 million people being treated
for TB. Despite these efforts, TB remasnglobalhealth issugcausingl0.7 million infections

and 1.4 million deathsvhilst anestimated 60000 multidrug resistatiRifampicin (MDR/RIF)
resistant casesere reported in 2016VHO, 2017). According tthe WHO, global TB

incidence is declining &% per yeg however, an accelerated annual decline-6%¢lis reeded

to reach the 2@Bmilestone of the End TB Strategyhich aims to reduce TB incidecases by
90% (WHO, 2017). Tle slow rate otlecline can be ascribed to the rise of HIV infection®srpo
diagnosticsinadequate linkage to care, poor access to dmgdsreatmenfailure, particularly in
resource limited regions such as Stdtharan Africa. Considering thiSputh Africa isamong

the seven countries with the highest TB incidefktgure 11), despite havingmplementedne

of the largest diagnostics and treatment progriantise world Apart from the rise in the HIV
pandemi¢Type-2-diabetestheuse of immunosuppressive agents, aging and malnutaitson
conribute to compmisingthe hos 6 s a b i | iMtbinfedtiom (Eemailettalr, 2014)
Furthermore, the continuing emergence and global spread of MDiecessitateathorough
investigation of hospathogen interactions and possible novel drug tafgetie development

of new theapeutic interventions and host directed therapies.

1.2 TB infection - Persistence and immune evasion

Mtb infection ischaracterizedby the interplay between the host immune response and bhcteria
survival strategies (Sasindran and Torrelles, 2011)irlital stage of infection encompasses
inhalation ofMtb as tiny hydrophobic aerosol dropletsleased into the air when a patient with

active TB coughs, these are inhaled by a close contact for the establishment of new infection in a
healthy individualSasindran and Torrelles, 201%ithin the lungMtb is phagocytosed by

1



resident alveolar macrophages. Howeldth possesses numerous immune evasion and

virulence systems enabling survival and consequent disease pr@jnes®(iset al,, 2010.
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* 2015 data were used for 9 countries.

Figure 1.1: Estimated neWw B cases per 10000 population per yeas indicated by the WHO global TB report 2016
The darkened regions show the highest TB incidence ,raiiéls the Sub Saharan African region having onetod
highest TB burdesn Takenfrom WHO 2017 report

These mechanisms are summarized in FigureQng.of the major immune evasion strategies
employed byMtb is the production of the cell walinked glycolipidpthiocerol
dimycoceroserate (PDIM) which masks pathogen activated molecular pgR&M®s) on the
bacteral surfacein orderto evade deteain by the innate immune systé@ambieret al., 2014).
The virulence factor phenolic glycoigp(PGL) is then used to induce macrophage chemskine
such a€CCL2, which recruit macrophaggermissivegor Mtb growth (Cambieet al,, 2017).
Activated alveolar macrophages may effectively clear out the infelatizvever Mtb has
evolved severatrategies to escape host immutearanceand survive within activated
macrophagesAn important mechanism ret to this is thélocking of phagosomédysosomal
fusion (phagolysosome formatigmyhich aids in the elimination of tubercle bacilli (Russel,
2002). The inhibition of phagosome maturationMity is believed to protect the bacilli from
exposure toylsosomal hydrolasesdlow pH, among othestressful condition§Goldberg, Saini
and Porcelli2014).Some mycobacterial phagosomes do undergo lysosomal fusidvithnsl



able to survive under thebkestile environment@Goldberg, Saini and Porcel014). Survival
underacidic and nitreoxidative niches igacilitatedby mechanisms that detoxify reactive
oxygen/nitrogen intermediates and reph&@damagecaused by thee radcals(Ehrtand
Schnappinger, 2009]hese detoxificatioomechanism#ncludeuseof theKatG catalase
peroxidasewhich detoxifiesH>O2 (hydrogen peroxidey converting iinto water and oxygen
thusprotecting the bacteriuifiNg et al, 2004) Another noteworthy mechanismtige outer
membrane protein OmpATiwhich is responsible fguroviding acid resistance by decreasing the
permeability of the cell envelope (Mok al, 2006).These evasion strategiaow Mtb to
escape the bactericidal effect of activated macrophegmdting in further recruitment of
activated monocytes (algkar macrophages and dendritic cefiapineutrophilsto the site of
infection which maystill fail to completely neutralize the bacte(Molle et al, 200§. Mtb also
possessegsotentmechanisms that disrupt the processing and presentation of antgeg” T
cells(Harding, Ramachandra and Wick, 2003). Thifaislitated by the previously mentioned
blockage of phagolosysomal formatjavhich restrictsntracellular traffickingof Mtb antigers,
thus reducing theiaccess téthemachinery generatingajor histocompatibility class Il (MHC
class Il) complexes responsible for presenting mycobacterial epifbpeaultimatelyrestricts
thedevelopment of an effective bacterici€@D4" T cell responseGoldberg, Saini and Porcelli,
2014).

Failure to effedvely activateinfectedmacrophages and dendritic cellssiid escape of the

tubercle bacilli from thdactericidakffectof the macrophageesulting in further recruitment of
activated monocytesndneutrophilsto the site of infectioiiGoldberg,Sainiand Porcelli2014).

At this stageMtb grows within the damagéddngtissue causing migration of activat€®4* T

cellsto thesite of infectionthis results in the formation afgranuloma (Ulrichs and Kaufmann,
2006).As inflammation proceeds in tteng, granulomatous structures can progress to become
necrotic, followed by breakdown of the peripheral cuff of lymphocyitbis can disrupthe

structure of the granuloma resulting in the formation of lung cavities and pulmonary TB disease

(Sansindran andlorrelles, 201}
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Figure 1.2 Mycobacterial host immune evasion strategieduring colonization of hostalveolar macrophages

Mtb bacilli (brown rod$ phagoctized by alveolar macrophages asiallyprimed for degradation through endocytic
pathways. Howver, Mtb has developed diverse strategies to modulate, exploit and avoid annihilation by the host
endocytic pathway(A) Mtb inhibits lysosomephagosome fusion and this aids in bacterial proliferation in the non
acidified endosome compartment. (B adMtb resists the acidic environment of the phagolysosome by production
of proteins such as KatG and Rp&@y Mtb inhibits MHC class Il mediated antigen presentation which aids in further
recognition of the pathogenic invader by the host immune systerMt{Elso resists degradation by antimicrobial
peptide by limiting innate immune recognitiokdapted from Goldberg, Saini and Porcelli (20IEgure drawn by

student.

1.3Anti-TB strategies

Failure to eradicate the TB epidemic can be attribtd¢lde deelopment oMDR and
extensively drug resistanKDR) (MDR TB that isresistahto second line TRIrugs including

an aminoglycoside arah injectable fluoroquinolonestrains which have prompted the need to
look at other avenues for TB treatment. One c@mnensive approach is the development of
potent vaccines. Currently, the otilgensedvaccineagainst TB is Bacille Calmet@uérin

(BCG) however, the BCG vaccine is not protective against adulipf@nptinga search for new



vaccinegMcShane, 2011). Dege thisdrive, efforts to develop new effective vaccines have
proven unsuccessful, with promising vaccine candidaiksg human clinical trial§Gopaland
Khader 2013).In addition, host directed therapj@ghich actto supportantiTB treatment

possibly by shortening treatment duration or by increasingt immune clearance of TdBe
currently beingnvestigated The main goal would be tmpece further tissue damage associated
with TB infection(Maigaet al.,, 2012).To promot the realization of f"WHO 20® goal, a

wide range of candidate targets héveen investigated, including the investigatdn
mycobacterial cell walkomponentswhich remains a high priority target for development of

new antTB drugsand vaccine¢Sarathy, Dartois and Le2012)

1.4The mycobacterial cell wall: novel drug targes

To prevent cell lysis due to external pressures, nearly all bacteria have developed a protective
outer layer known as the cell wall. Mycobacteria are encased in an exosliatetall wall
composed of the mycolic acid layer (Mahda highly branched polysaccharidiaown as the
arabinogalactan (AGwhich iscovalently linkedto peptidoglycan (PG) (Figure 3.3he

mycolic acids dampen host immune detectimhilst PG maintains cell shapadhfortifies the

cell wall contributing to overall celliability (Marrakchiet al, 2014 Hett and Rubin, 2008 and
Brennan, 2003). Among the most effective Ari drugs are the cell wall targeting antibiotics
such as Isoniazid (INH), Ethambutol (EMB) hisinamide (ETH) and &yclosserine.
Surprisingly, no drugs in the current regintarget PGwhich is regrettable given the massive
therapeutic benefit in targeting this macromolecule for other dig@askson, McNeil and
Brennan, 2013)The rise of MDRTB has spurred the search for more potential drug targets in

the mycobacterial cell walincluding the pathways required for PG synthasid remodeling

1.5Peptidoglycan biosynthesis

Bacterial PG iscritical component of the cell wall, providing sttural support and protection
from turgor pressure (Kieser and Rubin, 2014 and Tgpa 2012). The mechanisms of PG
synthresis adopted by mycobacteria hantbeen extensively studidBieser and Rubin, 2014).
Mycobacterial PG is composed of alterngtsugarsiamely,N-acetylmuramic acids (MINAC)
andN-acetylglucosamine (GNAc)l i n k e-d,4-glycosidichhond¢Heijenoort, 200}
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Figure 1.3 Diagrammatic representation of the mycobacterial cell and cell wall layer composed of distinct
macromolecuks Thecell wall includes the capsule layer (grey with black lining) composed of glucose polymers,
lipoarabinomannan (blue circles), mycolic acid layer (purple circles) made up of lipids, arabinogalactan (green),
peptidoglycan (pink and green) composedltdrnating sugars crofisked by stem peptides and timaer most Iger,

whichis thecell membrane (light greyAdapted from Hett and Rubin (200& iguredrawn by student

The MumlNAc isoxidized thus formingN-glycolylmuramic acigwhich isthoughtto provide
further support to the mycobacterial cell wall ancreasaesistance towards lysozyme
(Mahapatra, Scherman, and Crick, 2008)rNAc is attached tpentgeptides (kalanine, B
iso-glutamne, mesediaminopimelicacidand2 X D-alanine) which crosslink with an adjacent
MurNAc-peptaeptide forming the mestike network of the PGThese cros$inks exist in two
conformations, the-3 crosslinks [betweemmesediaminopimelic acidrf-DAP) and Dalanine
at position 4 and the 3 crosslink betwee meseDAP andmeseDAP of the opposite strand
(Vollmer, Blanot and De Pedro, 2008he synthesis of PG initially takes place in the cytoplasm
andfollowing this,the PG monomet.ipid Il, is then polymerized with prexisting PG in the
periplasm(Hett ard Rubin, 2008 PG synthesis involves thxosynthesis of the nucleotide
precursors i.e., UDIR-Acetylmuramic acid (UDMurNAc) from UDRGIcNAc through the
addition of enoylpyruvate to the 3rd position of theNBAc residue of UDFGICNAc. Following
this, is a reduction stefw form UDRMurNAc (Figurel.4), through the action of the MurA and
MurB enzymegLovering, Safadi and StrynadR®12) Subsequently, in a sequential manner,
MurC adds the talanine onto UDPMurNAc followed by the activity of MurD, Murand MurF



adding Diso-glutamine, mesaliaminopimelic and EalanytD-alanine dipeptide, respectively,
thus forming UDP-MurNAc-pentapeptide (Lipid)l(Lovering, Safadi and Strynadk812)
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Figure 1.4 Schematic representation of bacterial PG synthesisSchematic representation of bacterial PG
synthesis. PG precursors are initially synthesized in the cytoplasm and the final priciimged to the transport
lipid (undecaprenyl phosphataeyhich is exported across the cell membrane to the periplasnaicesprhere it is
polymerized to prexisting PG. Initially, UDPMurnNAc is synthesized from UDBICNAc by MurA and MurB
Subsequently, talanine addition to UDMMurNAc is catalyzed by Mur@herdoy forming UDRMurNAc-L-ala. MurD
catalyzes the addition of-Blutamine to the MuMAc-monopeptide moietyresulting in UDPMurNAc-L -alaD-glu.
Subsequently, MurE adds mesi@aminopimelate acid to the UDRurNAc dipeptide forming UDRMurNAc-L-ala
D-glu-meseDAP. Lasty, the Dalanine dipeptide is added by MurF torfotJDP-MurNAc-L-alaD-glu-meseDAP-
D-ala-D-ala (Lipid I). Lipid | is thentransferred to undecaprenyl phosphate after wisdtNAc is added to MiMAC
by MurG, forming Lipid II.A Flippase translocates the PG precursor to the periplasm, incorporatingitasiisting
PG with the aid of botkhe transpeptidases and transglycosylases (Ldts and Pé&wdagtedfrom Lovering, Safadi
and Strynadk§2012).Figure drawn by student



PhosphoryMurNAc is then transferred to undecaprenyl phosphate and therekfie%aGs
added via the action of Mur@®rming Lipid Il, which is translocated from the cytoplasmic
space to thb perisplasmic spageovering, Safadi and StrynadR812) Lipid Il is then
assembled into the pexisting PG via activity of tansglycosylasesch as PonAl and PonA2,
which not only assemble the glycan but also form elioks between Balanine and mesDAP.
Ld-transpeptidases form the33crosslinks, possibly in response to stressful conditions
(Lovering, Safadi and StrynadR812)

1.6 Targeting PG biosynthesis for drug development.

Although thought of as static, bacterial R€ed to bdlexible aiding in the maintenance of cell
structure ando allow for gravth processefDoyle and Marguis, 1994Research by multiple
groups has shown tlessentiality of the PG and its modifications in ensuring pathogen survival,
antimicrobial resistance, evasion of immune detection and exacerbating \@ridaves and
Weiser, 2011Swimet al 1983. Mammalsdo not possess P€mponents and thus have

evolved strategies to detect intdicigments of PGsignaling the presence of hastaders

(Allison and Lambert, 2015As a resultdrugs targeting the PG layeould be highly selective
(Allison and Lambert, 20)5MuropeptidesPG precursors also playsgnificant rolein

moduating host responsaa favor of the pathogefHumann and Lenz, 2099making the PG a

suitable novel drug target.

1.7 PG modification: Benefits for fithess

Bacterial infections are normally accompanied by host innate immunensespo which host
antimicrobial agents, i.e. lysozymes are releas=iilting in bacterial lysis artlerelease of

cell components, particularly PG fragments. These can be recognized by host receptors resulting
in the production of pranflammatory cyt&ines and chemokines and further recruitment of host
immune cells to the site of infection. However, a plethora of bacterial pathogens have evolved
mechanisms to evade host recognition by modifying the PG, preventing PG cleavage and cell
lysis, thus ensunig pathogen fitneg®avis and Weiser, 2@). PG modifications such as the
deacetylation of GNAc residues irstreptococcus pneumoniaadBacillus anthracicontribute

to lysozyme resistance in these orgarsi$backs and Neberger, 1975; Ohnet al, 1982;
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Zipperleet al, 1989. FurthermoreQ-acetylation ofNeisseria gonorrhoeaaso confers
resistance to lysozym&ywim et al, 1983 Rosenthaétal, 1982).Mycobacteria PGis modified
throughthe glycolylation of PG-derivedmuramyldipeptide(MDP) by theactionof NamH
(Coulombeetal, 2009).By abrogatinghamHgenefunction, Coulombeet al, 2009demonstrated
arole for this modificationin promotingNOD2 (memberof the Nod-like receptorfamily
involvedin PGdetection mediatednnateresponsgeto M. smegmatid?G. Thedecrease®lOD2
mediatedesponséeadto the activationof the NF-kB pathwayandultimatelythe productionof
proinflammatorycytokinesand TNF-U(Coulombeetal., 2009) Furthemore extended
investigationin Mtb by deletingthe Mtb namHgenecorroboratedhe M. smegmatigindings
indicatingthatabrogatingnuropeptideglycolylation resultedn declineof NOD-2 mediated
responsg(Hanseretal., 2014).Theauthos furtherindicatethatthesemodificationsenhance
immunerecognition leadng to Mtb persistencevithin the host(Hanseretal, 2014).This
processs highly usefulwhenMtb escapeshe granulomdor transmissiorio the nexthost
(Hanseretal, 2014).Furthermorebacteriacanreutilize their own cell wall throughthe
metabolicprocessof PGrecycling(ParkandUehara2008). This processiotonly savesnergy
andresourcesllowing bacteriato surviveunderadversesnvironmentput alsoaidsin evading
detectionby the hostimmunesystem(HumannandLenz,2009).Cell wall fragmerts have
importantmessengefiunctionsin bacterialcommunicatiorandassignalng moleculesn spore
resuscitatiormndgerminationin somegrampositivebacterialJohnsonFisher,andMobashery
2013;Boudreaufisher,andMobashery2012. In eukaryotesthe detectionof muropeptidesia
PGrecognizingproteinsandNOD receptos initiatesanimmuneresponséJohnsonFisher,and
Mobashery2013. The bacterialrecoveryof cell wall muropepidessuppressethis responsg
suggestinghatPGrecyclingmayalso contributeto immuneevasion(JohnsonFisher,and
Mobashery2013.

1.8 Peptidoglycanmodifications during dormancy

As mentionedabove bacterialpathogensnodify PGto aid themto thrive within thehost In
addition,thesemodificationsassistn the transitionfrom anactively growingstateto a quiescent
or sporeform duringstressfulconditions.ZhouandCegelski(2012)demonstratethatwhen
Staphylococcuaureusencountersiutrientdepletion it decreasethe amountof pentaglycine

bridges which areresponsibldor crosslinkingPG. Thisresulsin arelativelythickerPG.

9



Similarly, Bacillus subtilislimits the gradientof crosslinkingby removingthe peptideside
chainsfrom MurNAc, thusaidingsporeformation(Atrih etal., 1996).An altereddegreeof PG
crosslinkswasalsoobservedn Mtb understressfulconditionsandduringstationaryphasewvhere
PG, whichis predominantlycrosslinkedoy 4-3 linkages,accumulate8-3 crosslinks(Lavollay et
al., 2008) Thisis proposedo conferresistanceo b-lactamantibioticsastheformationof 3-3
crosslinkss mediatedby the b-lactaminsensitivel,D-transpeptidasBv2518c(Erdemlietal.,
2012. However cortrary findingsby Kumaretal, 2012arguethat 3-3 crosslinksarepresenin
asimilarabundane throughoutall bacterialgrowth phasesin additionto this, previouswork has
shownthatstressnducedby hypoxiaalsoleadsto thethickeningof the mycobacteriatell wall,
reducingcell wall permeabilityandthe uptakeof certainantibioticsinto quiescentMtb, when

comparedo activelygrowingcells(Sarathyetal., 2013).

PGfragmentgeleasediuringsporegerminationplay a pivotal role in theinductionof spore
germinationin B. subtilis(PompeoFoulquierandGalinier, 2016. Actively growingcels
releasdPGfragmentswhich aredetectedy the B. subtilisPrkC,a Ser/Thrkinase which
inducessporegermination(PompeofoulquierandGalinier,2016. Similar proteinsare
expressedh Mtb andhavebeenproposedo beinvolvedin theregulationof bacterialgrowth by
sensing?GfragmentgGeeetal., 2012).Theseproteinscouldalsohavearole in Mtb
resuscitatiorasseenn thereactivationof dormantMtb by mycobacteriatulturefiltrate, which
is presumedo containsecretedG fragmentgMukanolovaetal., 1998).In addition,recent
work demonstratethatthe additionof anhydromuropeptidagsultedn resuscitatiorof dormar
mycobacterigNikitushkinet al, 2015)

1.9Role of PG and its hydrolases in virulence

Extensive research on cell lWhaydrolases hasonfirmed a role for these proteimsmodulating

prey invasion, controlling cell shapadfacilitating lysis of competitocells (Wyckoff et al,

2012. In addition, PG hydrolases may serve as useful drug targets given theirbrateenmal
pathogenesis and ultimately fitneStireemain classesf PG hydrolasebave been identified,

these include the glycosidases responsible for cleaving the PG glycan backbone and the second
group includes thpeptidases, whicbleawe the eptide bondsvithin the stem peptide fro the

MurNAc moietyandamidases, whichleawe the stenpeptidebondsbetween thdvlurNAc and

stem peptidéFirczuk and Bochtler, 2007Figurel.5). Peptidasealsocomprise enzymes such

10



as carboxypeptidases, which cleave theniieal D-alanine in the stem peptidéhe N-

acetylmuramyl-alanine amidasedeawe the ami@ bond between the stem peptide and sugar

backboneand are the subject of this studlye role of PG remodeling enzymes is reviewed in

Vollmer, 2008)

1.10 PG modfying hydrolases

During growth,PGis consistentlyemodeledy a plethora of hydrolases responsible for

remodelingandstabilizing the PG laydiUehera and Bernhardt, 201 Cell wall hydrolases have

a plethora of roles, these include sensing pertusin the cell wall and triggering appropriate

responses and thus ensuring the maintenance of the bacterial cell wall integrity (Uehera and

Bernhardt, 2011)Theseenzymes alsbave a role irtoordinating bacteriagrowth and division

and arealsoimplicated inhost celladhesion and invasiqiRico-Lastreset al, 2015. This
diversity in functionprovides a strong rationale fiorther characterize and investigate the

success of pathogenic bactarnaelation tohydrolasexontent

1.10.1 GlucosidasesGlucosidases are classified as enzymes that breakdown polymerized

carbohydratesAs previously mentionedn PGglucosidases are involved in the cleavage of the

bond between GMAc and MuNAc. This group of enzymes can be further divided into three

classewvhich are briefly reviewedelow.

1.10.1.1N-acetykb-D-glucosaminidases

EndoN-acetytb-D-glucosaminidases (known Blsacetylglucosaminidasesatalyzethe

cleavage of GINAc residue from the attached sugar residues. A variety of glucosidases have

been identified and characterized, in particulat §fE. coli, otherwise referred to as NagZ.

Thisis a cytoplasmic glucosaminidase utilizing SAc-1, 6.:anhydroMuNACc (murgoeptide)
produced during cell wal | turnover -lactand
degradindgb-lactamasesotsch and Templin, 2000. As NagZ was shown to contribute to
antibiotic resistancestubbset al (2008)crystalizedVibro choleraeNagZ and designed an

inhibitor mimicking the transition state of the catalygaction Furthercharacterizatioof

bacterialglucosaminidases includgudies assessing the functmifEnterococcus faecaliatlA.
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Deletion of AtlA inE. faecalided to the formation of long chains duritige exponential phase
of growth implicating AtlA in the hydrolysis of the septutmfacilitate cell separation after
cytokinesis However, the phenotype wabrogatedn stationary phase, pointing tiee possible
involvement ofadditionalhydrolass in cell division(Mesnageet al, 2008) Also, thecrystal
structure of NagZ fronVibrio choleraehas beersolved with a bound smalinolecule inhibitor

mimicking the putative transition state of the catalygiaction Stubbset al., 2008.
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Figure 1.5: Diagrammatic representation of peptidoglycan (PG) structure and hydrolases responsible for
remodeling during bacterial growth. The PG backbone is composed of KBAc (Pink) and MulNAc (Green)sugars

to which the stem peptide is attached and connects the two adjacent sugar backbone strands. Remodeling of bacterial
PG is carried out by a plethora of hydreés which include the lytic transglycgkases, carboxypeptidases,
endopeptidases and amidaskhe amidases are the subject of this dissertation. Adapted from Maclebaiki014).

Figure drawn by stuaht.

1.10.1.2N-a c e t-Brrhurafmidases(Lysozymes)

N-a ¢ e tDynmuramidasesalsotermedN-acetylmuramidases, aresponsible for cleaving the
b-1,4-glycosidic bond between MNAc and GI&NAc resulting in the generation afterminal

MurNAc residue. Compared to otherilcel wa | | hydrol ases, these have
investigated and therefore a significant gap stilts inthe extrapolation of their biological

roles Two suchmuramidases have beeharacterizedh E. faecalis AtIB and AtIC. Loss of
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AtlA (glucosamidase)impededseptum cleavage iB. faecalissorming long chains with

attenuated cell division, however, AtIB is capable of compensating for the loss of function, albeit
poorly. These data poirid arole for AltA in septumcleavaggMesnageet al, 2008). Inaddition

to this, the combinatorial function of AtlA and AtIB is needed to ensure efficient PG turnover
with AtIB and AtIC believed to contribugerincipallyto PG metabolism (Mesnage al, 2008)

1.10.1.3Lytic transglycosylases

Lytic transglycosylase@d Ts) alsoc | e a v 4,4-dlybosidicfbond between MN®c and
GIcNAc. However, these enzymes differ from other hydrolases from the perspective that they use
anintramoleculatransglycosylation reactigavhichresuls in the formation of 1,6
anhydromuropeptidg&Encel, et al, 1992) LTs exist as a diverse groupith four distinct
families(Family 17 Family 4)classifiedin accordancéy consensus motifs and sequence
similarities, and bacteriasually carry a representatifrem each family. An investigation of
Family 1 LTs showed a role in conjugation and secretion systergriobacterium tumefaciens
(VirB) and Shpella flexneri(lpgF) (Bayeret al, 200). Family 2 LTs inNeisseria gonorrhoeae
have been shown to play@le in septatiofSchauket al, 2016)andthose of Emily 3 in
Caulobacter creentus(PleA) have a role iflagella andpili formation(Viollier andShapio,
2003) In B. subtilis theSIeBLT plays a role irsporulation(Heffron, Orsburn and Popham,
2009) FurthermoreN. gonorrhoead\tlA releases muropeptides similar to tracheal cytotoxins
which kill ciliatedfallopian tubecells in organ culturghus contributing to @nococcal
pathogenicity (Cloud and Dillard®002).

1.10.1.4Resuscitation promoting factors

Resiscitation promoting factor@Rpfs) are structurally similar to solubld's with the ability to
resuscitate neneplicating bacteriédkanaand Mizrahj 2010) This family of proteins was
initially identified in Micrococcus luteugMukamolovaet al, 2002) and later iMtb, which
posssses five of thesgpf-like genesipfA, rpfB, rpfC, rpfDandrpfE) (Mukamolovaet al,
2002). There igrowing evidence fothe roles of Rpfsin cell wall remodelingMtb infection and
resuscitation of chronic TB in mouse models (Rossat, 2017).A study conducted bfRussel
Goldmanet al (2008) investigadthe ability ofrpf-deficient qrpfAB) Mtb strainsto colonize
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mononuclear phagocyteshis studydemonstrated tha@ombinatorial loss of RpfA and RpfB
resulted inattenuatedyrowth in murine macrdpagegRusselGoldmanet al, 2008) In contrast,
Kanaet al (2008)demonstrated that tlgrowth ofthe Mtb rpf quadruplegene knockoustrain in
human monocytes was not impaingden compared to the wild type stratiowever, in the
murine model of TB irdction,virulence andhe ability to cause disseminated diseaas
reducedn theMtb rpf quadruplegene knockoustrain This was hypothesized to be due to
changesn the cell wallthat affected the ability of tubercle bacteria to resist s{fRgssel
Goldmanet al, 2008 and Kanat al, 2008).

1.10.2 Peptidases

Peptidases are responsible for cleaving a variety of bonds between amino acids in PG and or
soluble fragments (Shockman and Holtje, 1994 and Holtje, 1995). However, the bonds are not
considerd traditional peptide bonds in that they involve tiearboxylic group of Bglu (bond

between Dglu andmesoD a p ) i n sdrbowylit group of the amino acid and that of3he

3 cross bridgewhich involves theramino group ofneseDap (Smithet al, 2000). Therefore,

based on bond cleavage specificgptidases are divided into two clessthe Endopeptidases

and the @rboxypeptidases (Vollmet al, 2008). Both DPendo and @rboxypeptidases have

been implicated iprey roundingwhich ensures dffient prey invasion and fithess of
Bdellovibrio(Lerneret al, 2012).Bdellovibrioinvade Gam negative bacteria within which they
grow and divide using the hostodés maa 20@3pol ecul
This invasion causes rounding of the prey to ensure an osmotically stable environment for
Bdellovibrig, preventing superinfecticandallowing replication within its niche with limited

competition (Lerneetal, 2019 . Wit hin the host, the basteri al
macromolecules, killing the prey and escaping with the aid of Iytic enzymes (Lambert et al,

2011).

1.10.2.1Endopeptidases
Endopeptidases are a class of peptiddsscleavevithin the stem peptide, these are further
classified as DBendopeptidaseshich cleave between-Bla axd meseDap of the crosbridge

and LD or DL- endopeptidases cleaving betwéleal and D-amino acids (Smitet al, 2000
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and Sauvaget al, 2008). The NIpC/P60 peptidase family (Spr and Ydh@®).iooliwere

shown to cleavegptide cross bridgewhich areessential for the coordination of bacterial
growth and cell viability (Singlet al., 2012). Furthermoréjaemophilus influenzaEénvC and
NIpD deletion mutantdisplayedcell membrane blebbing and altered cell morpholdgyoli et

al., 2015) In addition to thisa reduction in proteins such as the chapes@hitrA and SurA)
and i n cbarelcsn@midingfmuter membrane progewasoted,suggesting a role for

EnvC in facilitating the transport of these proteins (Eretwdil., 2015). EnvC was also

implicated inH. influenzaeiofilm formation and adherence to epithelial cells (Erebkl,
2015).In addition, theYersina pestipeptidasesNIpD, has beencharacterize@nd shown to be
involved in cell separation armhcerial pathogenesss it is essential for the development of the

bubonic plaquén model systeméTidharet al, 2009).

1.10.2.2 Carboxypeptidases

DD-Carboxypeptidases are responsible for cleaving the terminal D alanine amino acid of the
stem peptide toegulatePG crosdinking and thusare important foPG integrity.Streptomyces
albusD-ala D-ala carboxypeptidase and tBaterococcu®/anX are involved in vancomycin
resistance (Charlieat al, 2003 and Bussiest al, 1998).Campylobacter jejuniC. jguni) LD-
carboxypeptidase (Pgp2) is essential for maintaining the helical structQrgepiini and itsloss
alters the muropeptide profjleith a complete lack of tripeptides and increasecumulation of
tetrapeptides (Frirdicht al,2014).Furtheranalysisof cell motility, cell survival and
pathogenicityindicated thatoss of Ryp2 resulted in attenuateabtility anda defect inC. jejuni

biofilm formation and host colonization (Frirdiet al, 2014).

1.10.3 Amidases N-acetylmuramyl-L-alanine amidases

TheN-acetylmuramylL-alanine amidasdg$ereafterreferred to as amidases for simplicity)
comprise a class @n?*-dependenPG hydrolaseshat can belivided into five families

depending on the type of amidase domain present. These enzymesuwda(imajor families
according to Pfam databas&€he Amidase 2 (PF01510), Amidase_3 (PF01520), Amidase 02C,
Amidase_5 and lastly AmidasedémaingBatemaret al., 2002 and Buttnegt d., 2015). Both

the Amidase_2 and Amidase_3 domains assume a globulansc t u r e -fold andrerex e d
primarily found alongside AMIN and PGRP domaiikerff et al, 2010) Amidases are
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characterizedby a conserved HXH motif (Xanyamino acid)responsible for the coordination
and binding of the Ziiion at the catalytisite (Buttneret al, 2015). In the Midase 2 domain
proteins the X amino acids usually an aspartic acid beén alsdoe substitigdwith a cysteine
In contrastthe Amidase_3 family coordinate the Zion residue with a glutamatasteadand
have a imding groove bordered by loops instead of halicke latter beintypical ofthe
Amidase_2 family (Rocabast al,, 2013 and Buttnest al, 2015). In addition to this, the active
site stabilizing the Zit ion and bindingf the muropeptide isrbader conpared to that of the
Amidase_2 family of proteins (Buttnet al, 2015.

1.10.3.1Role ofamidasesin bacterial cell differentiation

Thereis now growing evidence showing that bacteria undergo differentiation, generating
specialized cells aiding in suval under hostile environments (Smith and Brun, 2005). Bacterial
differentiation can be either inherent to bacterial growth mechanisms or triggesdaddrge
environmental stimulithis involves complex regulatory pathways that trigger the expression of
different genes involvedithese processgSmith and Bun, 2005). Bacterial differentiation has
beenextensivelyinvestigated irB. subtilis whereat the onset of starvatipdormancyis

triggeredin the form of forespore formation via a process cajaorulation(Tan and

Ramanuthi, 2014. The initial event is the formatiorf a polar septum that separstee

sporulating cell into a larger mother celli{ich coats the forespore in a series of PG layers
forming the spore cortex and providés proteinsnecessary for spore maturation) and a smaller
foresporgMeadorParton and Popham, 2006ollowing maturation of the forespore, the
mother cell undergoes lysis, releasing the dormant spore. This process Bnahlgtlisto

survive under extreme conains. As mentioned before, differentiation triggéns expression of
multiple genes involved in sporulatiancluding theamidasespamelyCwIB, CwIC, CwID and
CwlH (Gilmoreet al, 2004) Gilmoreet al (2004)demonstrated eole for the amidase CwiID in

B. subtilisspore heatesistancand hydrogen peroxide resistanbeth ofwhich requires the
dehydration of thepore cytoplasm. Thigesistance is also mediatey the spore PG, i.e. the
sporecortext hr ou gh t h e-Ndcetymoranticiacdwhiah $erves as a signal for
autolytic enzymes responsible for spore core dehyuiraind spore heat resistariCien,

Fukuoka and Makind@2000) The autolytic enzymes aloy removingthe peptide side chajn
throughCwilID activity (Gilmoreet al, 2004). In adition to this, CwID was unexpectedly
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expressed in both the mother cell ancepore compartments awdsshownto facilitate PdaA
function involving deacetylation of the P@Gu r ami ¢ a c i d-lacgamdornmation a mi c
(Gilmoreet al, 2004). In addition to thj<CwID has been implicated in the degradation of the
spore ortex during spore germinatipfacilitating the rehydration of the spore protoplast, release
of solutes andesumption of metabolic activityf herefore)oss of CwlID inhibits spore

germination and thus initiation of bacterial growth (Popledml, 1996).

The formation of biofilms is one of the most advantageous forms of bacterial differentiation.
This proces$ias been investigated severalbrganisms such as the commer&alphylococcus
epidermig(S. epidermigs which regulateshe colonizing ability ofStaphylococcus aureS.
aureug (Otto, 2009) by secreting proteases preventing the release ofwktiEhretains both
amidase and glucosaminidase domaiiss limits cleavage othecell wall and DNA release,
whichin turn reducesiofilm formation capabilitiesinder adverse conditions when these
bacteria can switch to an invasive lifestgli@aseet al, 201Q Sugimotoet al, 2013 Buttneret
al., 20195. S. epidermiwiofilm formation occurs via twsteps inclughg the attachment of cells
to thesurfacefollowed byaggregation and formation of a multilayessdicture(Buttner, Mack
and Rohde, 2015). This caléll attachment is facilitated by polysaccharide intercellular
adhesion and extracellulBNA, which has been shown to be paramour&.iaureudbiofilm
formation (Witchurchet al, 2002).Qin et al (2007 investigatediofilm-promoting factors irs.
epidermig particularly the role AtIE has in ensurigg epidermigell-cell communication,
bacerial attachment to surfaces arwhsequenbiofilm formation. This grouglemonstratethat
theabrogatiorof AtIE function led to a decline in the amount of extracellular DNA in cultures,
leading to defectiveiofilm formation (Qinet al, 2007). These sellts validated the woray
AllesenHolm et al, 2006,wherein it was demonstratéitat extracellular DNA functions as a
structural component and a cell communication compdaubébfilms. Buttneret al (2015) also
demonstratethat AtIE is needed for DNAeleaseasits inactivation resuéidin attenuated cell
lysis anda correspondingeduction inDNA releasethus giving rise t@deficiency inS.
epidermishiofilm formation.

Heterocyst formation infilamentous cyanobacteriAnabaenaspeciesis yet anther elegant

illustration of how bacteriaanform functional multicellular communitigZhenget al, 2017).
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Heterocysts allovior intercellular exchange of material bgeatingan environmento facilitate
nitrogen fixation thus supplying nitrogenous mpounds to the vegetative celighich perform
oxygenic photosynthesis and supply heterocysts with sugars for energy &la@ng017). This
entire process is dependent on intercellular communicatoaxample othis is the movement
of proteins involed in heterocyst formation such as RatBich moves through channels (nano
pores) penetrating PG (Zheagal, 2017). These nanopores enable communication and rapid
movement of proteingndare created by amidases in béitabaenandNostoc punctiforme
(Zhenget al, 2017).As evidence of this, aamiC1 mutant of Anabaenavhenexposed to
nitrogen as the only nutrient souyeeasdeficientin heterocysformation(Berendtetal., 2012).

In addition,cell-cell communication in the mutant strain was iniggged using fluorophore
calceinas a traceto monitor the transfesf moleculedbetween adjacent cellBerendtet al,
2012). The AmiC1 deficient strain failed to transfer calcgirther confirming thaabrogating
AmiC1 abolishes ceitell communicadbn (Berendet al, 2012). [letion of a seand amidasé
this organismamiC2, did not entirey abrogate heterocyst formation and instessililted ina
semtregular pattern of heterocgstlong the filamentwhich werecapable of growth on nitrogen
as he sok nutrient source (Berenét al, 2012). tbwever, Zhwet al (2001)contradicted these
findings andreported that an AmiC@eficient mutant wadefectve in heterocyst formation.
Furthermore, Zhengt d (2017) identifedanotherAnabaenaamidasedesignated aall1140
(amidaseC), which was alsshown to aid in the exchange of intercellular material and the
differentiation of heterocysts for nitrogen fixation by forming nanopore/channels connecting

neighboringecells

1.10.3.2The role ofamidasesin bacterial pathogenesis

Streptococcus pneumonisdection has been implicated in bacterial sepsis and menjngitis
inevitably leading to high rates of mdity worldwide (O'Brienet al, 2009. As outlined by
Kadiogluet al (2008) and van der Padt al (2009) effective clearance of pneumococcal disease
requires the activation of three complement system cascades (classical, alternative and lectin
pathway; C3h)which ensures efficient opsonization and cleaeaby professional phagocytes
The classicapathway (CP) ensure@scognitionof pneumococci through antigemtibody
complexes and the alternative pathway (AP) triggers the amplification of C3b deposition

through hydrolysis ofhe C3b componentWalport, 2001; Lambris, Ricklin an@eisbrecht,
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2008. However pneumococci have evolved mechanisms to evade complement recognition
throughthe binding ofcholestercldependent cytolysin pneumolysin (Ply) to the CP component
(C1q), thus decreasing C3b depositigrernandeZl ornero etal., 2001). For this mehanism to
be effective, the pneumolyshas to be released into the extracellular spdie isfacilitated by
the major pneumococcal autolysitytA involved in cell lysis (Fernandetornero etl., 2001).
RamosSevillanoet al, 2015demonstratethatLytA is involved h minimizing immune
recognitionby aiding in Ply activity and C3b evasion via inhibition of both the AP and CP
complement pathwaysvhich ultimately results in reducedmplement activation. Furthermore,
LytA was shown to bind C4BP and Felgulatorswhich inhibit damage of stander cells from
continuous complement activatiGRamosSevillanoet al, 2015) Thesemechanisms are uséa
successfully avoithe complement response and degrade the secreted C3b component,
counteracting the efféx of complement activation (Ram8evillanoet al, 2015). Further
investigationalsoshowed LytA involvement in the enhancement of active and invdsease
establishmenin mice models andlteredphagocytosigRamosSevillanoet al, 2015).An
investgation by Terrasset al, 2015revealedhatpneumococcalytA is needed for GAPDH
releasewhich promotes bacterial adhesion and invasion of host cells.

The role of amidases in bacterial virulence and pathogenesis is fughbghted by the
Neissera gonorrhoeadAtlA , which releases PG fragmerfPG derived cytotoxins) identical to
the tracheal cytotoxin (TCT) previously shown to kill ciliated fallopian tube cgltsudand
Dillard, 2002). Theale of amidises in bacterial pathology helso beennvestigated in
Salmonella typhimuriuntolkessoret al (2005) demonstrated that the losshef AmpD

amidase irS. typhimuriuncompromises therganismduring infection by inducing higher levels
of reactive nitrogen intermediates (RNNhich areessentialn microbial hostdefenseThe

group also monitored invasion usitige gentamicin survival assay and found thairkasion of
ampDmutants was lower thamild-type Theypredicted that the accumulation of muropeptides
affectstheinvasion capacity 08.typhimurium In J774A.1 cells which were usetb investigate
theability of the mutanto growintracellulaty, ampDmutantsdisplayeda decreased ability to
colonize these cells, evidencedlbwer mlonyformingunits compared to wiletype (Folkesson
et al, 2005. Muropeptide accumulation may alsaerferewith the normal regulation of

essential virulence determinantisusreducing the ability of the bacteria to limit the
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inflammatory response (Colligtyamset al, 2002) In additionto these hostlerived effects,
accumulatiorof muropeptidesnayalsohavesignalingeffects on the pathogen (Folkesstal.,
2005).

Theimportanceof amidases on bacterial fitness and pathogertieisalsobeenrecorded in
investigationswith the pathogem. pylori. Abrogation ofH. pylori AmiA resulted imalterations
in themorphological transition from spiral to coccoidrftgupon entry into stationary phased
to the formation of chains andfectedcellular mdility (Chaputet al, 2016). Asa result of tlese
defects H. pylori displayedattenuated bacterial fithesas observed by tHailure to colonize the
stomach of C57/BL6J mice (Chapttal, 2016).Similarly, aP. aeruginoséAmpDh knockout
requireda considerably highdrethalDose (Dsg), indicative ofreducedpbathogenicity in
comparison to wildype PAO1 and PA14 strains (Pei®allegoet al, 2016). Furthermore,
invasion capacity of thamidasemutantwas analyzetby challenging human type 1l alveolar
epithelial cells with PAO1 antthhe mutant strairhowever, no differencen intracellular bacterial
numbers was found betwetrese strainfPerezGallego efl., 2016). When cytotoxicity was
analyzed by quantifying lactate dehydrogenase (LDH) released in culture, the wagant
defective in mediatingytotoxicity due to the repression of key virulence fastsuch as LasA,
phospholipase Gand TTSS components (Pef@allegoet al, 2016).The authors postulate that
down-regulating or abrogating amidase expressida.iaeruginosaesults in deepression of
the beta lactamasanpC leading toextremely highampCexpressionThisconsumes major
energetic burdenyhich compromigscell physiology, fithess and virulence (Pef@allegoet

al., 2016).

Theimportance oiimidase activity realso been extensilyedocumented irListeria
monocytogenesvhich recently mad@eewspaper headlines having caused more than 80 deaths in
the South Africa Amidase denoted as Anin L. monocytogendsas been shown to mediate
hepatocyte colonization througfme promotion obdhesion and dry into cells,which is required

for increased bacterial loaBeletion of this amidase resulted in redulvegr colonization

following infection of mice withthe Ami deficient strain (Asanet al, 2013. This study also
demonstratethatAmi is involved in the hgerstimulation of the immune responteerdy

enhancing cytokine production in response to Listeria infect\dmlst this might seem counter
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productive, he group demonstratedat this contributes tthe pathogenesend inflamnation

associuated withisterial infection (Asanet al., 2013.

1.10.3.3 Use ofamidases as biomarkers, antibacterialagentsand vaccine candidates
Identifying biomarkers for sepsis aith the differentiation between infected and uninfected
patientsthusserving as aisefuldiagnostic toohs the use of blood cultures is inefficiamith
frequent false negativéBloos and Reinhar014) Pinheiro Da Silvaet al (2016)investigated
multiple bacterial proteinas possible sepsis biomarkers ahdwedthatthe amidase PGLYRP2
has the potential to be used as a sepsis biomarker in criticaliti¢hts asignificant

PGLYRP2 shedding can be detected in the plasma. In addition to the use of amidases as
biomarkers of disease, Tillma al (2013)demonstatedthe dility of amidases as

antimicrobials for controlling the growth of the spore forming pathogenic bacte@imstyidium
perfringens In this case, exposure thfe bacteria to the lytic amidaSéei resulied in reduced
bacterial growth and eéhang in morphology with the cells lmgy vacuolateqTillman et al,
2013).Theuseof amidases as antibacterial agestslso exploitedy eukaryotic cells. Insect
Peptidoglycan Recognition Proteins (PGRPSs) (which hawaretylmuramoyl -alanine
amidase dmain) have been shown to initiate the activation of propbeitzse cascaddisat
generatentimicrobial melanirmndreactive oxygen specge They are also involved activaion

of Toll and Imd pathways arfdcilitate bacterial phagocytos{/anget al, 2005. Mammals

also have PGRPs however, they function more like effector molecules instead of receptors and
are referred to as PGLYRPSu et al, 2000. Mammalian PGLYRPL1 is present in granulocytes
granules and has antibacterial properties, PGLYRE@ristitutively expressed in the liver and
gets secretenh the blood stream, its expression correlates with differentiation of keratinocytes
and the induction of stress respassediated through the activation of p38 MAPRKthway
(Wanget al,, 2005. Wanget al (2005)showedhat upon exposure to bactealkKK6 and p38
MAPK, become phosphorylated. These protairenvolved in keratinocyte resporst®
proinflammatory signals ahstresesrequired for the induction of PGLYRP2 transcription. This
enableshe digestion of bacterial R@&hich redu@sor eliminaesthe ability of polymeric PG to
activateproinflammatory activity The mechanism in this case involves either the abrogation of

theNod2activating capacity of PGvhich requiresmuramytdipeptidesor the generation of
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Nod1 activating peptidesripeptides, generated throughmidase activity)both of which

ultimatelyenhance antimicrobialefense¢Dziarski and Gupta, 2008yanget al, 2005.

Nair et al (2015), investigated thebility of the peptloglycanamidaseAtl-AM, to serveas an
efficient vaccine candidate f&. aur@is andS.epidermis Splenocyte proliferation assagnd
BALB/c mouse infectionsvere used to determine the immunogenicity and antigenicity of Atl
AM respectively (Naiet al, 2015). Immunized BALB/c mice produced elevated levels of
antibodies against A®AM, and splenocytes stimulated with AAM multiplied significantly,
thusvalidatingAtl-AM as agood antigen and possiblywaccine candidate (Nadt al, 2015).
Further waok demonstrated thataccination with AHAM increased CD4T cell differentiation
with increased levels of Thl (3.78%) and Th2 (1.96%h)ch skewedheimmune response
towards Th1This wascoupled wih the production of interferogamma(lFN-2 and tumo
necrosis facter(TNF), whichamong othesignatures has beshown to be essential f&r.
aureusvaccinesuccesgNair et al, 2015).Vaccination with AttAM also resulted iproduction
of high titers of IgG2a and IGg2b antibodies, which are esseatiaidreased opsonophagocytic
killing. Sgnificantly increased IgGL1 titers were obserwetich confirm the activation of the
Th2 cell mediated immune response (Ndial, 2015). Tls groupalsoinvestigated the
clearance 08. aureusn Atl-AM immunizedmice by polymophonuclear neutrophils (hPMNSs)
High association of the bacteriacaneutrophils was observet) % ofwhich survived in the
Atl-AM immunized mice compared 8 %in themock immunized control mice sera (Neir
al., 2015). In addition tthe clearance @. aureusthe efficacy of the AtAM vaccinewas
demonstratetdy challenging the immunized mice wilethal dose 08. aureusthisresuledin
thesurvival of 7 out of 8 vaccinated mice compared to 1 out of 8 mock immunized ahocey
with consistent expression of the AXM antigen during growth o8. aureugNair et al, 2015).

1.10.34 The role ofamidasesin cell wall recycling and antibiotic resistance

Antibiotic resistantl. pylori, causing duodenal and gastric ulcers of theasa@nd gastric
adenocarcinomaossessnamidaseAmiA (Chaputet al, 2016).Knockoutof theamiAgene
pointed to a role in ensuririglactam resistancasexposure of thenutantstrain to amoxicillin
resulted in an MIC of >2561g/ml, which was substantilyehigher than the wild typean effect
possiblymediatedhrough an altered PG structyferezGallegoet al, 2016). Antibiotic
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resistance attributed to amidases was also reportedaeruginosawith AmpD, AmpDh2 and
AmpDh3 triple mutants in PAO1 and PA14 strailisplaying a1000fold increase in AmpC
expression ancesultanincreased resistance towaf@tactams (Peregalleg et al, 2016). The
simultareous inactivation of the threeidaseslsoincreased the doubling time of both strains,
this is believed to be as a result of AmpC overexpreséitactamasg(PerezGallegoet al,
2016).

1.10.35 The role ofamidases insymbiosis

Burkholderiais a widelyknown endosymbiont of the inseRiportusclavatus residing in its

posterior midgut and contributiigo t he i nsect 6s Kikuchnldosakawa nd de v ¢
and Fukatsu, 200770 investigate thighe effects of céldivision defects and the role of the
amidaseAmiC, in Burkholderiawere assessdtleeet al, 2015). Deletion oAmiC resulted in
abrogatedolonization post oral infectiomnda concomitantdefectin cell motility and

col oni zati on otflLecetrale 2015n b additiod te this lomtjpined cells were
seensuggesting AmiC directs cell separatiorBiarkholderia(Leeet al, 2015).Considering

this, it washypothesized that the alteration in cell morphology is responsible for the abnogat

in cell motility, which is needed to ensure symbiotic association witliRthertushost insect

(Leeet al, 2015). Another symbiont, tligram negativéVolbachia endobacterigesides in host

derived vacuoles, particularly those of arthropods anddilagmatodesvhich can case

lymphatic filariasis and onchocerciag&pechtet al, 2013. In these organisms, the endobacteria

are required for fertility, survival, oogenesis and resistance to different pathagedslition to
responding tewhanges imutrient availability, theylsoplay parasitic roles by manipulating the

host 6s reproducti on (TheDgosoahiaVolbdchimgeeomsis ei n, 201
extremely reduced to aid adaptation to the host (Stepkowski and Legockiaddigsetained

only one of the cell wall amidases, the periplasmic amidase AmiD (highest homology, 27 %
sequence identity)Vilmeset al (2017),demonstrated that Wolbachial AmiD has enzymatic

activity dependent on 2h which is essential for cleavage of PG like struesuand might play a
crucial rolein PGturnovet hus precl uding the hostodés i mmune
fragments and eliciting an immune respof\@meset al,, 2017) The functional conservation

of AmiD is an indicator othe essentialitpf digesing anhydromuropeptides and the rdie

noleculesplay in tre lifestyle oftheinsect (Wilmest al, 2017)
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1.11 Cell division and division site placementn mycobacteria

Cell divisionprocesses amssential for bacterial multiplication andtpogenesiand are

therefore consideredlinerabletherapeutic targetn pathogenic bacterial infectionBacterial

cell division is coordinated byamuftir ot ei n compl ex r ef,whereikd t o as
specific protein protein interactions deteine whether cell division takes place or is arrested

(Surekeet al, 2010). Thenycobacteriativisomeconsists of cytoskeletal proteins (FtsZ),

structural elements (faB, FtsW, FtsQ, CrgA and CwsAG synthases (PBPs and PonAl) and
hydrolasesRipA andpossibly amidases) (Kser and Rubin, 20}4

MurA, B, C, D,
E, F, G complex

Figure 1.6: Representation of the multiprotein complex known as the divisome which responsible for
coordinating bacterial cell division. Bacterial cell division is initiated by the polymerization of FtslAcpment of

the Zring at the respective sjtaith the aid of phosphorylation by PknA and other factors. The recruitment of FtsZ
causes localization of other divisome proteins such as FhaB, which stabilizes tAéesg includéactors such as
FtsW, F8Q, CrgA and CwsAwhich are recruitetb the site of division thus forming the divisome. Furthermore, PG
synthases and hydrolases are recruited to the septum along with FtsE arkbBetKer thesefacilitate septum

synthesis and septal hydrolysis. Ateapfrom Kieser and Rubin (2014). Figure drawn by student.
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The divisome functions in synchrony to ensure efficient cell wall synttd#gision and
maintenance of cell wall integrity. A schematic illustration of the divisome is given in Figure 1.6.
Formaton of septa isnitiatedthrough the polymerization of the FtsZ into a ring like structure
(Z-ring) which detemines the site of cell divisioandprovides the contractile forceecessary

for ensuring membrane constrictiohdams and Errington, 2009; Ef al., 2013. Alterations in

FtsZ expression levels M. smegmatisterferes with cell division resulting in the formation of
filamentous cells, buds, branch like structures and decreased cell viability (DetaadeR003).
Z-ring formation issubsegently stabilized by interactiorsetweerFtsZ andFhaB which forms

a link between FtsZ and Ftsénsuring accurat ring placemen{Kieser and Rubin, 2014).
Previous investigation into the function of FhaB highlight that deletion of this protein disturb
cell division,resulting inelongatedVtb cells grown in macrophagewith reduced

intramacrophage multiplication (Sure&gal, 2010). Througlnteractionwith FhaB FtsQ is

able to interactvith CrgA (cell division protein), aiding int6Z PBPA/B inteaction Plocinskiet

al., 2011;Kieser and Rubin, 20)4As seen with the loss of FtsZ and FhaB individually,
depletion of CrgA also results in the formation of elongated cells, it was hypothesized that this
phenotype maybe be linked to failucerecruitseptum PG synthassuch as PBPBPlocinskiet

al., 2011). In addition to this, it is thought that PBP joins the complex thieisyl interaction

and aFtsZ-FtsW-PBPB complex coordinates cell division cues with septum synthesis @atta
al., 2006). Furtbermore, cell division is coupled with cell elongation through Grg#sA
(elongation complex proteimteraction(Plocinskiet al, 2013. Following the recruitment of
cytoskeletalstructural proteins and PG synthases (PBPBPB and PonAljydrolases i&
recruitedto driveseparation of the daughter celldé¢ser and Rubin, 20)4As mentioned in the
sections above, these encompass a variety of proteins such as amidases, endopeptidases and
glucosaminidaseand othersThe nmycobacterial RipAdnendopeptlase) has been shown to

play a crucial role in cell separation and cell wall integasydeletion of the peptidase leads to
formation of chains anthcreasedntibiotic susceptibility (Chaet al, 2013). Subsequent to this
paper, a publication on akmidasel (Amil) in M. smegmatiseported involvenent of this
enzymein the coordination of cell division as its loss not only resultethains and deregulated
FtsZ bundling but also resulted in the mislocalization of Divii&&nzanket al, 2017) This led

to the formation oectopicbrancheswhichensure continued survival of the mutant strain

(Senzanket al, 2017) With cell division being so crucial to bacterial survival, inhibitors of this
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proces have been previously screengeyelopedor mycobateria These include analogs
binding tothe FtsZ polymetthus inhibiting FtsZ functiofKumaret al, 2010; Mathewet al.,
2019. Thisis illustrative of thgoromise ofinhibiting bacterial growth and cell divisiadhrough

targeting PGemodelingenzymesa notion that should be confirmedMtb.

1.12 The dongation complex

Mycobacteria along with a great nuertof actinobacterigrow by polar extensignvhich is a
departure from the canonidateral wallgrowth model (Cameroet al., 2015). Howevelthe
mechanisms that underptims modality of growth remain elusive, tis underscorinthe need for
further research in this aré@ameroret al, 2015). Subsequent to polar extensimycobacteria
adopt an asymmetric growth pattern which introduces morphogeterogeneityhat is
advantageous to bacteria under stressful condjtparticularly antibiotic stress (Keiser and
Rubin, 2014)One of the proteins essentfal polar growthis the coiled coil protein
Wag31/DivIVA, which anchora multiprotein conplex to the site of active PG synthesis (Typas
etal., 2012; Menichet al, 2014. DivIVA localization to the poleis followed by recruitment

of the cell wall synthesis protein A (CwsA), which then stimulates the activities bfpltell
synthesis pratins (MraY and MurG)hrough phosphorylatio@laniet d., 2010; Plocinsket al,
2012. The multiprotein complex required for cell elongation is referred to as the elongasome
complex(Szwedziak and Lowe, 2013) schematic representation of the elongasas given in
Figure 1.7Kanget al (2008) showed that Wag31 is an essential protich whendepleed
causes the rounding of one pole insteafbohing a rodshapethis is thought to be caused by
abrogation in polar PG synthesis. In addition ts,tkiVag31 controls cell shape and cell wall
synthesis in response to environmental stimuli (Ketrgj., 2008).Further investigatiomto the
elongasome compldrvolveddeletion of theLD-transpeptidases.dts) (Figurel.7), which
resulted inalteratiors in cell morphologyas evidenced bthe formation of short cells and cell
bulging Schoonmaker, BishandLamichhane2014).Lossof CwsA in mycobacteria led to the
formation of swollen/ bulging celldnvestigation othe role ofCwsA in cell wall synthds using
fluorecent vancomycin(Van-FL, which localizes to areas of new cell wall synthesigywed
thataeswAcells had ~50% reduction in Vdfl staining and the bulged regions of the mutant

strain had faint to no staininguggestinglefectivepolargrowth (Plocinsket al, 2012)
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Interestingly, theessential mycobacteriamidase CwiMwvas shown to beequiredfor cell
elongation as depletion resedtin elongation defects araksignificant reduction in growth
(Boutteet al, 2016).The role ofCwIM in cell elongation is through associatiand activation of
thefirst protein in the PG biosynthesis pathwdyrA, this is facilitated by CwiM
phosphorylation (Bouttet al,, 2016). Furthermore, CwlM dephosphorylation during starvation
inevitablyresuledin lower MurA activity,adecline in cell wall turnover and thus increased

tolerance of multiple antibioticBoutteet al, 2016).

MurA, B,C,D, E,
F, G complex

Figure 1.7 Schematic representation of themycobacterial cell elongation complex The protein machinery
directing cell growthat the poless comprised of PG synthases and hydrolases, along with structural and regulatory
protens. This multiprotein complex responsible for polar elongation is anchoyadilag31DivIVA , which localizes

at the poles. Wag31 localization at the poles recruits Catshilizing cell wall synthesis proteirsuther recruitment

of PG synthases and hyiiases takes place to ensure a coordinated synthesis: degradatidkdegited from Kieser

and Rubin (2014)-igure drawn by student

The research in mycobacterial cell division and polar growth outlined thus far highlights the need
for careful coordiation of cell elongation through intricate control of the elongasome protein
protein interactions. This MSc dissertation was focused on advancing the knowledge on
mycobacterial cell division by assessing the function of amidAsasientioned before, TB

remains a global threat regardless of the wpitead usef chemotherapfor treating infected

and diseasenhdividuals (Boshoff, 2017). The current chemotherapeutic regimen entails 2
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months of treatment with the first line drugs INH, rifampicin (RIF), pyramide (PZA) and
ETH for drug sensitive TB, this is subsequently followed dynaonthtreatment with INH and
RIF (WHO, 2015 and Boshoff, 201 Hlowever,with the resurgence of drug resistance strains
there is anmminentneed to discover and screen fowvel ant-TB drugs. Development of drugs
that shorten treatment duration witteleast side effectsay leado lead to higher patient
compliance and aid in adicating TB.Consideringhe backgroundeview presentean
amidasesexplicitly highlightingtheir diverse role ipathogenesis, it is possible that these
enzymes could serve as new TB drug targets. To validate this, three distidases 2 domain
containingAmidases were studied this MSc researcim the nonpathogenidastgrowing

Mycobacterum smegmatjsa model organism used for TB research.

1.13 Hypothesis:
Amidase_2 domain containing amidases play important roles in cell division arefrf®@eling

and deletion thereof will result in notable cell growth/division defects.

1.14 Aims and dbjectives
Using comparative genomics, 3 putative amedas M. smegmatisvere identified for further

study, these were designated as Ami3, Ami4 and Ami5.

Preliminary work I, Nombeko Sikhosana, undertooktanours projec{Sikhosana, 2015%p
assesse function of Ami3 and Ami4. During theourse of this work, deletion mutants were
generated, followed by a very preliminary characterization. Theareh was then advanced in

my MSc work. As a result, at the beginning of the MSc, two mutants defeithar in Ami3 or

Ami4d were available. The MSc research started with rigorous genotypic characterization of these
existing strains, together with construction of genetically complemented derivatives. An Ami5
mutant did not exist at this stage and was canstd during the course of this MSc. Considering

this, ecific objectives were as follows:

1. To conduct a detailed bioinformatics analysis of these three amidases
2. To genotypically confirm knockout mutants fami3 and Ami4

3. To construct an Ami5 deletion rrant
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4. To phenotypically characterize thbovementionedmutant strains using in vitro growth
experiments and various forms of microscopy

5. To create reporter strain derivatives of the mutants that carry markers for cell elongation
and division.

6. To study muant and reporter strains using singkdl timelapse microscopy

7. To search for interacting partners for mycobacterial amidases as this may provide further

insight into their biological functions.
Nombeko Sikhosana. 2015. Characterization of Anadasloman proteins inMycobacterium

smegmatisHonours project conducted at the CBTBR, Department of Molecular Medicine and
Haematology, School of Pathology, Wits Universitypublished.
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2. Materials and Methods

2.0 Bacterial strains, plasmids, kkemicals and growth conditions

A detailed list of reagents used in this study and their recipes is shavapéendix A(Table )

2.0.1 Bacterial strains and culture conditions

E. coliandM. smegmatistrains as well as plasmids used in this work, @&tetin Table 1 and

Table 2. Bacteriastrainswere grown aerobically at 374@ith constant gitation in media with

the appropriate antibiotic whenecessary. Bactetiatocks were preserved in 33§fycerol and

stored at80°C. The following sectiondetail growth conditions for respective bacterial strains

andtheir derivatives.

Table 1: List of plasmids used and generated in this study

copy ofami3plus 300 bp upstream of start
codon representative of native promoter
sequence; Hyg

Plasmid names Description Reference/ Source
pBluescript E. colicloning vector, Amfp lacZ-alpha OriE Promeg
p2NIL E. colicloning vector, Kah Parish and Stoker,
2000
pGOAL17 Plasmid carryingacZ-sacBKan” markers as a | This study
Pacl cassettgKan
p2NIL_ PAC_ami3 Knockout vector for creatintpe gami3mutant | This study
using the p2NILvectorandPad cassettéfrom
pGOAL17); Kari
p2NIL_ PAC_ami4 Knockout vector for creatinthe gamidmutant | This study
using the p2NlLvectorandPad cassette (from
pGOAL17); Kan
p2NIL_ PAC_ami5 Knockout vectoffor creatingthe gami5mutant | This study
using the p2NILvectorandPad cassette (from
pGOAL17); Kari
pMV306H E. colFMycobacteriumntegrating shuttle vectol H. Boshoff
Integrates at the L&ttB site in mycobacteria.
Hygd'
pMV306H:ami3 Derivative ofpMV306H carrying a full length | This study
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pMV306H:ami5

Derivative of pMV306H carrying full length
copy ofami5plus500 bp upstream of start
codon repremntative of native promoter
sequence; Hyg

This study

pTweety

E. colFMycobacteriumntegratingshuttle vector.
Has arnL5 attP site for ntegraion at a locus
containingthe tRNAYS on the mycobacterih
chromosomeKan

This study

pTweety:ami

Derivative of pTweetycarrying afull-length
copy ofamidplus 300 bp upstream of start
codon representative of native promoter
sequence; Kdn

This study

pMV306H:divIVA-rseGFP

Derivative ofpMV306H carrying a wiletype
diviVAallele (along with the promoter rexg)
tagged at the @erminus with GFP. Therefore,
the vector expresses a GFP fusion protidiyy’

CBTBR M.
MaphatsoéV.Sc.
(Unpublished)

PMV306H:ftsZrseGFP

Derivative ofpMV306H carrying a wildtype
ftsZalleleplus promoter regiotagged with
GFP. Ths vector expresses a GFFzombinant
proteirn Hyg

CBTBR
Senzanket al,
2017

pUAB300

E. col-Mycobacteriunshuttle plasmid carrying
the mDHFR fragment 1 and 2, together with a
glycine linker; Hyg

Singhet al, (2006)

pUAB300_ami3

Derivative of pUAB30Ccarrying a full length
copy of MSMEG_6406Hyd

This study

pUAB400 E. coliMycobacteriunshuttle plasmid carrying| Singhet al, (2006)
mDHFR fragment 3; Kdn

pUAB400 Mmpl Derivative of pUAB40Ccarrying a fulllength This study
copy ofmmpLwild-type gengKan'

pUAB400_ pap2 Derivative of pUABIOO carrying a fulllength This study
copy ofthe pap2wild-type geneKarn'

pUAB400 glft Derivative of pUABIOO carrying a fulllength This study
copy ofglft wild-type geneKan'

pUAB400 erp Derivative of pUABIOO carrying a fulllength This study
copy oferp; Kan

pUAB400 ponAl Derivative of pUABIOO carrying a fulllength This study

copy ofponA Karf
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Table 2: List of strains generated and used in this study

Strains

Description

Reference/
Source

E. coli Strains

E.coli( DH5 U)

Cloning strain with high transformation efficiency

Promega, Madison,
Wi

frame deletion immi5Swh er eby 99 b
end and 99 bp fr omwithime
342 bp deleted.

E. coli(BL21(DE3)pLysS) | Protein expression strain with IPTi@ducible Promega
promoter regia for T7 RNA polymerase
MycobacteriumStrains

Parental strains: High frequency transformation mutantdf Snappekt al,

Mycobacteriumsmegmatis | smegmatiATCC 607 1990

(Mc®155)

aami3 Derivative of mé155 carrying an unmarked-in | This study
frame deletionimmi3wh er e 99 bp
and99p 30 e nulith 1423bpedelated.

aamid Derivative of mé155 carrying an unmarked-in | This study
frame deletion immidi n whi ch 99
and 99 bp from the 30s¢
weredeleted.

aami5 Derivative of nt?155 carrying an unmarked-in | This study

aami3:ami3pMV306H

Derivative ofM. smegmatismmi3with an
integrating plasmid pMV306H expreésg ami3
from its own promoter; Hyg

This study

aami4:ami4pTweety

Derivative ofM. smegmatismmi4with an
integratingplasmid pTweety expressi@gmi4from
its own promoter; Kan

This study

aamis:amispMV306H

Derivative ofM. smegmatis@mmi5with an
integrating plasmid pMV306H expressiaqi5
from its own promoter; Hyg

This study

Mc2155::DivIVA-rseGFP

Derivative ofM. smegmatigxpressing a GFP
tagged wildtype allele ofdiviVA at the tRNA
glycine site. Constructed by electroporation of

This study
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mc2155::DivIVA-rseGFP

- plasmid pTwety::divIVA-GFP intoM. smegmatis
wild-type Kar

This study

ami3:diviIVA-rseGFP

Derivative ofM. smegmatisgami3with integrating
plasmid pTweety expressing at€minal rseGFP
tagged derivative of DivIVA from its own
promoter; Kah

This study

gami4: divIVA-rseGFP

Derivative ofM. smegmatismmi4with integraing
plasmid pTweety expressing at€minal rseGFP
tagged derivative of DivIVA from its own
promoter; Kah

This study

gamis:diviVA-rseGFP

Derivative ofM. smegmatisgami5with integrating
plasmid pTweety expressing at€minal rseGFP
tagged derivativef DivIVA from its own
promoter; Kah

This study

Mc2155::FtsZrseGFP

Derivative ofM. smegmatiexpressing a GFP

tagged wildtype allele ofitsZat the tRNALysine
site. Constructed by electroporation of plasmid
pMV306H::ftsZ-GFP intowild-type M.smegmas.

Hyg'

This study

aami3:ftszrseGFP

Derivative ofM. smegmatissmi3with integrating
plasmid pTweety expressing at€minal rseGFP
tagged derivative of FtsZ from its own promoter;
Kanf

This study

aami4: ftszZrseGFP

Derivative ofM. smegmatisgami4with integrating
plasnid pTweety expressing at€rminal rseGFP
tagged derivative of FtsZ from its own promoter;
Karf

This study

gamis:ftszZrseGFP

Derivative ofM. smegmatisgami5Swith integrating
plasmid pTweety expressing at€minal rseGFP
tagged derivative of FtsZ froits own promoter;
Kanf

This study

m& 155
(PUAB300pUAB400)

Derivative ofM. smegmatisarrying shuttle
plasmids pUAB300 and pUAB400; Kan

This study

mc?155 (RipADHFR
[F1,2]/RpB [F3])

Derivative ofM. smegmatisarryingrecombinant
proteins RipA DHFHF1,2] and RpfB [F3] co
expressed to confirm interaction of RipA with
RpfB; Hyd", Karl. Used as a positive control.

D. Ralefeta

m&155 (Ami3DHFR
[F1,2]/PAP2 [F3])

Derivative ofM. smegmatisarryingrecombinant
proteinsAmi3-DHFR [F1,2 domain] and PAHE3
domain] ceelectroporatedth M. smegmatiso -

This study
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mc® 155 (Ami3DHFR create a dual recombinant strain for the This study

[F1,2]/PAP2 [F3]) investigation of protenprotein interaction; Kan

and Hyg
mc? 155 (Ami3DHFR Derivativeof M. smegmatisarryingrecombinant | This study
[F1,2)/GlIft [F3]) proteinsAmi3-DHFR [F1,2 domainsgndGlft [F3

domain]co-electroporateith M. smegmatiso
create a dual recombinant strain for the
investigation of protenprotein interaction; Kan

and Hyg
mc? 155 (Ami3DHFR Derivative ofM. smegmas carryingrecombinant | This study
[F1,2)/Erp[F3]) proteinsAmi3-DHFR domain [F1,RandErp [F3]

recombinant proteins eexpressedn the M.
smegmatiso investigate potential interactipkan

and Hyg
mc? 155 Ami3-DHFR Derivative ofM. smegmatisarryingrecombinant | This study
[F1,2])/ PonA1[F3]) proteinsAmi3-DHFR [F1,2] and PonAl [F3] co

expressd in M. smegmatid®ackground to
investigate possible interaction between the two
proteins Karl, Hygd

mc? 155 (Ami3DHFR Derivative ofM. smegmatisarrying recombinant | This study
[F1,2)/MmpL[F3]) proteinsAmi3-DHFR [F1,2] and MmpL [F3to-
expressed in thel. smegmati®ackground to

investigate proteiprotein interactionKan and

Hyg'

mc?155 (pSE100) Derivative of mé155 expressing themptypSE100| This stuly
vector, Hyg

mc*155 (pSE6406) Derivative of mél55 ectopically expressing This study
MSMEG_6406 frompSELQOO vector, Hyg

mc?155 (pSE5315) Derivative of mé155 ectopically expressing This study

MSMEG_5315 frompSELQOO vector, Hyg

2.0.2 Growth conditions ofE.cdiDH5 U st r ai n

E. coli(D H 5) Was cultured aerobically in Lysogeny Broth (LB) (Reagents in Appefdix
Table 1A at 37°Cwith continuous shaking at 250 rpm or on solid Luria Bertani agar medium
(LA) (Reagents in Appendix) overnight. Transfomtsgwith plasmids greater than 8000 were
grown at 30CQto avoid rearrangement. When appropriate, drug resistant marlkersahcells
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carrying plasmids were selected with the appropriate antibiotic. Antibiotic concentrations were
as follows: Ampicillin (Amp)100 pug/ml, Kanamycin (Kan) 5@Q,g/ml and Hygromycin (Hyqg)
200pg/ml. In addition to antibiotic resistance for selection, 2 % Xgal and 5% sucevsesed

to select for specifi&. coliclones.

2.0.3 Growth conditions ofM. smegmatisstrains

M. smegmatistrains were grown at 37°C. Bacteria were cultured in either 7H9 Middlebrook
medium(AppendixA)or S a ut o nAppendmA)dunlessnor otherwise stateéd.
smegmatisiquid cultures were shaken at 115 rpm and grown overnight. Mycobacterial colony
forming units (CFU) were assessed by platemgfold serial dilutionson 7H10 Middlebrook

agar with appropriate antibiotic where necesgAppendixA; Table ). For the maintenance of
plasmids electroporated into mycobacterial strains, media was suppldmwéhtappropriate
antibiotics at final concentrations of 5@/ml for Hyg and 25ug/ml for Kan. Further selections

mar kers used include 2 % Xgal, 2% sucrose and

2.1 DNA manipulation
2.1.1 Mycobacterial DNA extraction
2.1.1.1 Cetyltrimethylammonium bromide DNA extraction (CTAB) protocol

The mycobacterialvaxy cell wall necessitates the use of protocols with special considdiation
these factors to lyse the cells and isolate good quality genomic Bdtghis, the
cetyltrimethylammonium bromide DNA extraction (CTAB) protocoatastinely use.
Mycobacteral cells were grown on 7H10 Middlebrook agar to obtain a lawn of, egtieh was
scraped off from the platesesuspendenh water and heat killed at 65°C fbrhour This was
subsequently followed by centrifugation for 10 minutes at 13000 rpm, thé waBdehen
resuspended in TE buffer pH §8ppendixA, TableA?2) with 50 pl of Lysozyme (1@ng/ml)

and incubated at 37°C for 1 hour. Following the digestion of the bacterial cell wall with
lysozyme, proteins were digested withil6of the broad spectrumesne protease, Proteinase K
(20mg/ml) in 70 pl of SDS (10%which activates the function of the formand incubated at
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65°C for 2 hours. To ensutiee DNA stays in solution, 100 pl of B NaCl was added.

Subsequently, 80 ul of CTAB/NaCl was also added incubated at 65°C for 10 minutes, to
facilitate DNA precipitation. To enable the separation of proteins and polysaccharides from
nucleic acid, an equal volume of CH@oamyl alcoho(24:1)was added, mixed and

centrifuged for 5 minutes at 13068m. The aqueous layer was transferred to a clean tube to
which 0.6 volume of isopropanol was added, placed on ice for 30 minutes and centrifuged for 20
minutes at 13006pm. The resulting DNA pellet was washed with 70% ethanol to remove salts,
centrifuged fo5 minutes and dried. The lyophilised DNA was resuspendadappropriate

volume of TE buffer or nuclease free water. The DNA was quantified tiséidgnodrop ND

1000 Spectrophotometer (NanoDrop technologies). To assess the quality of the DNA, @n aliquo
of the DNA was electrophoresed on 0.8% agarose gel with an appropriate high molecular weight
marker(AppendixC). The extracted DNA was stored-20°C for subsequent use.

2.1.1.2 Small scalenycobacterial DNA extraction

For initial genotypic confirma&bn or screening of strains, direct PCR was performed on

individual colonieswhere the DNA was isolated by boilingor the colony boil metho@n

entire colony was picked and resuspended in 100 pl of nuclease free water and boiled at 95°C for
10 minutedo denature proteins and break open the cell wall to release the genomic DNA.
Following this, an equal volume of chloroform was added, followed by centrifugation at 13000
rpm for 10 minutes. The supernatant was then aliquoted into a clean tube and®fpt eseh

PCR reaction.

2.1.2E. coli plasmid DNA extraction
2.1.2.1 Plasmid bulk DNA extraction

The Qiagen Spin Miniprep kit{hitehead ScientificSouth Africa is a silica gemembrane

basedmethod which was used for bulk plasmid DNA extracfrom derivatives oE. coli

DH5U harbouring the r 8Gouthig5andof clture svas grownindB or p |
medium overnight with shaking, supplemented with the appropriate antibiotic and plasmid DNA
extracted as per t he manaelfpdletwas resuspénsed masogdle! i ne

of buffer P1 which has a colour indicator for cell lysend RNase for the digestion of RNA
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during the extraction process. Subsequently, 250 ul of buffer P2 (Lysis buffer) was added,
followed by the addition of 350 pl of lffer N3, which contains chaotropic agents (guanidinium
hydrochloride and potassium acetdtegjtact to neutralise cell lysis and facilitate DNA binding

to the column. The mixture was transferred into a clean Eppendorf tube and centrifuged at 13000
rpm for 10 minutes, the supernatant was applied to the QIAprep 2.0 spin column, and centrifuged
at 13000 rpm for 1 minute, the flow through vescarded The QIAprep 2.0 spin column was
washed with the ethanol containing buffer PE to remove contamisaattsl owing this,

residual buffer PE was removed by further centrifugation at 13000 rpm to ensure no interference
with subsequent enzymatic reactoRollowing this, DNA was eluted usingcI'BE Buffer and

measure as outlines in Section 2.1.4.

2.1.2.2 Small scle plasmid extraction

For small scale plasmid extractions, the alkaline lysis mini prep protocol was used. Prior to
extraction E. colicultures transformed with plasnsidf interest were grown overnight in 2ml

LB media supplemented with the appropriatékaotics. The cells werbarvestedt 13000 rpm
and resuspended in 1Q0resuspension buffes@lutionl, AppendixA, Table 3. Subsequently,
200pl of lysis buffer (solution ll|AppendixA, Table 3 was added and mixture was inverted and
incubated atdom temperature for 10 minutes. Finally, 150 ul of neutralizing solution (solution
I, AppendixA, Table 3 was added followeby incubation of the mixture on ice for 10
minutes. This was followed by centrifugation at 13000 rpm for 5 minutes to separtaias

from the DNA following whichthe supernatant was decanted to a clean tube and precipitated
with 600pl of isopropanol. The pellet was washed using 70% ethdrietl,andresuspended in

the appropriate volume of nuclease free wdd®A wasstoredat-20°C untilfurther use.

2.1.3 DNA purification and removal of contaminating proteins

2.1.3.1 Sodium Acetate precipitation

Following the extraction of chromosomal DNA or plasmid DN#arificationof DNA by the

sodium acetate precipitation protogas carried ouio remove contaminating proteins, salts and
other impurities. To the DNA, 1/10 volume oMBsodium acetate (pH 5.AppendixA, Table

2) and % 100% EtOH was added, this was subsequently incubated on ice for 1 hour. Following

this, the mixure was centrifuged at 13000 rpm for 30 minutiessupernatantvasdiscarded and
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thepelletwashed with 70% EtOH and dried usihg Eppendorf 5301 concentrator centrifugal
reporter. ThdDNA was then resuspendedanappropriate volume of nuclease freater and

stored at20°C for subsequent use.

2.1.4 Nucleic acid quantification and visualization

Quantification of DNA was performed using the Nanodrop-NIDO (Nanodrop Technologies)
which quantifies DNA as a measure of absorbance at 260 nm. Irpaddiguantificationit
allowed for analysis of nucleic acid puragmeasured by the 260/28dh and 230/266m ratio,
representing contamination pyoteins and organic solveniurtherto this, agarose gel
electrophoresis was used to quantify andiafize DNA based on the intensity of the DNA bands

in comparison to the molecular weight mark&ppendixC) bands of know concentrations.

2.1.5 DNA amplification-Polymerase chain reaction and PCR Fragment purification

Primers were designed using theibformatics tool, Primer3nttp://frodo.wi.mit.eduy, which

gives the most optimal primer sequences based on the selgioia inthe table below

Table 3: Primer3 parameters for primer design

Size Tm (°C) %Gd
Minimum 20 55 55
Maximum 25 65 62
Optimum 23 60 60

Minimum size should read 18, optimum 21 and maximum 24

2.1.5.1 Roche FastStart Taqg PCR

The low fidelity Tag polymerase (Thermofisher) was used for the screening and/ confirmation of
mutants and copiemenedderivativesgenerated in this study. PCR reactions were set up
according to the manufacturer 6s i(ApmtdixAycti ons
Table3and Tablet). A 25 ¢ | was esedeohsistmgof 0.2 mM dNTPs each, DNA

template between 300n g/ ¢l , f orward and reverse primers
each, ¥ GC Richbuffer, 1x PCR buffer 2 U Taq polymerase and nuclease free w@gma

Aldrich) to make up the volume of the final reacti®ihe reactions were subsequently incubated

in a thermocycler using the following conditions: an initial cycle of denaturation at 95 °C for 4
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minutes, 335 cycles of 30 secosdenaturation at 95 °C, 1 minute aating time at a
temperature specific faheset of primers, elongation for 30 seconds at 72 °C, followed by a

final elongation step at 72 °C for 10 minutes.

2.1.5.2 Q5 HighFidelity DNA polymerase PCR

For the synthesis of PCR products used for clprtime proof reading High Fidelity polymerase,

Q5 was used as per manufacturerods instxruction
Q5 Reaction buffer, 200 &M dNTPs, Ong5 &M forw
templ ate DNA, GFideltpDNHA potymera@sandd®@5gHgh GC Enhancer, the
reaction was made to 50 €l with nuclease free
initial denaturation of 98 °C for 30 seconds;Z&5cycles of second denaturation fet®

seconds at 98 °@, minute annealing at 5I2 °C, initial elongation at 72 °C for 28D seconds

and final extension at 72 °C for 2 minutes.

2.1.6 PCR Fragment Purification

Following DNA amplification using High Fidelity DNA polymerase Q5, the templates were

purified usirg the MachereNagel(Germany)silica membrane PCR clean up ayad extraction

kit. Purification was carried out as per manuf
fragment to the silica membrane column Viaslitatedby adding NTI buffer to the DNA

followed by adding the mixture to the columirhis was centrifuged at 12 210 rpm for 30

seconds. The silica membrane column was then washed twice with NT3 Whifdrwas

supplemented with ethanol and both tipmentrifugedat 12210 rpm for 30 secondn extra

spin was performed to dry the column and elute any ethanol that might hinder enzyme activity

downstream. DNA was eluted using buffer NE and by centrifugation 21Q.2pm.

2.1.7 DNA Manipulation

2.1.7.1Restriction digestion of gasmid DNA and PCR products

Restrictiondigestr eact i ons were carried out as per the
DNA digested with 1 U enzymé&pche Applied Scien¢céJnited Statésin 10x appropriate

buffer and nuclease free water to make up the reactidre todesired volume. The reaction was

incubated for 1 hour at 37 @@llowed by inactivation of the enzyme at the appropriate
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temperature as specified by manufacturer. Following thigeftectiondigests were visualized
using agarose gel electrophorg§ection 2.1.1.1)Where the restrictiodigestswere for
cloning, the DNA was purified as outlin@dSection2.1.6and procedure followed as stated in
section2.1.7.3t0 2.1.8

2.1.7.2 Phosphorylation and Dephosphorylation of DNA fragments

PCR fragmats haveb -tydroxyl terminithatwerephosphorylated using T4 PNK

(polynucleotide kinase, &v EnglandBiolabs, United Statg¢swhich transfers a phosphate group

to the phosphate deficient terminus for efficient ligations. The reaction was carried eut as p
manufacturerés instructions us ixBNKbufferGvith t empl!l a
the reaction made up to appropriate volume with nuclease free watercahdtedat 37 Cfor 1

hour. Theenzymewasde-activated at 65 °C for 10 minutdsneaized plasmid DNA was
dephosphorylated using Antarctic Phosphatase (AR&Y EnglandBiolabs, United Statgs

which removes the 506 ph o digatioa@andthuy reduaimy vectprr e v e n't
only backgrounctolonies after transformatiomhe re&tion was carried out as per
manufacturerds instructions using 1N&g of pl a
EnglandBiolabs, United States1/10 of 10x Antarctic Phosphatase Reaction Buffdev

EnglandBiolabs, United Stat¢snd nuclease fragater to make up the reaction to desired

volume. The reaction was thecubated at 37 °C for 1 hqdollowing which the enzyme was

de-activated at 80 °C for 2 minutes.

2.1.7.3 DNA ligations
DNA ligations were carried out using T4 Ligadée(v EnglandBiolabs, United Statgswith
reaction ratios calculated using a constant concentration of vector Withthe following

equationused to determine insert amount

Amount of insert DNA needed (ng) =

For efficient ligations, different ratios of vector DNA: insert DNA were used, these were 1:1, 1:2

and lastly 2:1 ratios, with ligation reactions carried outacnogdi t o t he manuf actur
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instructions. A reaction was carried out with 1 U enzyme and 1/10 volume of T4 ligation buffer
at room temperature for 1 hour, followed by heat inactivation of the ligase at 80 °C for 2

minutes.

2.1.8 Bacterial transformation

2.1.8.1Preparation of E. coli chemically competent cells for transformation

E.coiDH5 U or BL21 chemical c o macamehloride methbdl s wer
This method makes use of Ca@hich optimizes the abilitpf bacteriato incorporate plasmid

DNA, by facilitating the binding of the negatively charged DNA to the clthrge
lipopolysaccharides of the cethus expediting genetic transformation. Fresh LB medium was
inoculated with a singl&. colicolony and grown at 37 °C overnight. The following day, 100 ml
of LB was inoculated with 1 ml of the preculture and incubat&¥ &C for 35 hours. Following

this, the cells were chilled on ice for 20 minutes and collected by centrifugation at a speed of
4000 rpm for 10 minutes (4 °C). Thell pellet was resuspended in Ca@ppendixA, Table 3

and incubated on ice for 20 mies again. Following this, the cells were harvested by
centrifugation at 4000 rpm for 10 minutes and againcéigellet was resuspended im$ of
CaCband kept on ice until use. For transformation, 100 pl of competent cells was added to the
DNA ligation and incubated on ice for 15 minutes. A no DNA control was included (negative
control). Subsequently, the cells were heat shocked at 42 °C for 90 seconds to allow them to take
upthe plasmid and at the same time, depolarizing the cell membrane &atesltcells. Té
reduction of membrane potential decrestbe cytoplasmic negative chargdélowing the

movement of negatively charged DNA into the cell. The cells were then cooled on ice for two
minutes which aids in increasing the membrane potewti@iells to theiprior state.

Subsequently, recovery with 800 pl of warm WBs carried out anfbllowing this,the cells

were incubated at 37 °C for 1 hour. Cells were platedforontaining appropriate antibiotic

and incubated overnight to allow for setien of positive transformants.
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2.1.9 Preparation and Transformation ofM. smegmatiscompetent cells for electroporation

A pre-culture (OQoo>1) was inoculated into 5000 ml of fresh 7H9 medium and grown at 37

°C to mid log phase (Odgo= 0.6-0.8). Cdls were then harvested by centrifugation (4000 rpm, 10
minutes, 4°C) followed by three washé&sremove salts and cell debris) with gentle
resuspension in cold 10% glycerBinally, cells wereresuspended in 3 ml of 10% cold glycerol
For transformation300 pl of electrecompetent cells were used to which DNA31ig) was

added and aliquoted into cold 0.2 cm GenePulser csv@terad) The parameters for the

BioRad GenePulserkell™ usedwer e as f ol l ows: Vol tage 2500 V,
distance 2nm and capacitance 25 pF. Following pulsing, the time constanmesasiedand

the cells were rescued with 800 ul of LB an incubated at 37 °G 16ri®urs. Following
incubation, the transformatiamas platecon 7H10 containinghe appropriate antibias and/or

supplements and grown fof72days at 37 °C.

2.2 Generation ofM. smegmatisstrains used in the study
2.2.1. Twostep allelic exchange homologous recombinatidor construction of knockout

deletion mutants

Disruption of putaive amidase gene8)SMEG_6406 &mi3), MSMEG_5315 &mi4) and
MSMEG_0533 &mi5) was carried out using gene replacement by homologous recombination,
with plasmidp2NIL (Table 1).As mentioned previouslami3andami4were deleted in an
Honours project. Thami5deletion was made in this MSc and the process, which was similar to
that adopted foami3andami4, is described hereaftaBriefly, upstream and downstream

regions flanking the gene of interest were amplified taking into consideration the frame of the
geneto eliminatepolar effect{Figure2.1). The primers used to create the knockout constructs
were designed using the bioinformatics tool, Primer 3 with gene sequences obtained from

Smegmalistlittp://mycobrowseepfl.ch/smegmalist.htnl The resulting PCR fragments were

purified and combined with p2NIL plasmid as outlinedSection 21.7.3to generate a suicide
vector carrying a truncated version of the allele. This was used to trarBfaoiD H5 U
competentells Section 2.2.1.5.1)ollowed by the selection of transformants on LA plates
supplemented with Kan (50 pg/ml), after whickraallscaleplasmid extraction was carried out
on the possible positivdones Section2.1.2. Possible clneswere subsequently screened with
the appropriate restriction enzymé&e¢tion2.1.7.) to determine if they carried the PCR
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fragments. Subsequently, tRacl cassette of pGOAL 1 hich carriesthe sacBgene(encodes

for the countesselectable markervansucrase) anthcZgene (encodes b gal act
introduced into th&acl site of the p2NIL plasmid carrying the truncated gene of interest. The

resulting construct was used to transform viyijde M. smegmatistrain by electroporation to

obtain single crossovers. Tlransformants were selected on 7H10 Kan (25 pg/ml) and 2 % X

gal plates and incubated foi53days at 37 °C. Positive transformants were expected to yield a

blue colour indicative of the presence of heZ gene (and hence the construmt)media

supplenented with X gal. ThelacZg e n e e n c o d e-galattdsidasephicto deavesnX b

gal yielding galactose andi&¥omao4-clhoro-3-hydroxyindole which is subsequently dimerized

and oxidized into a blue product.

The single cross over (SCO) strain was grown overnight in 7H9 meuojitestented with Kan

(25 pg/ml), thereafter, this was used to inoculate fresh 7H9 broth grown overnight in the absence
of antibiotic to facilitate the double crossover (DCO) event. For counter selection (induction of
the loss of theacB lacZ and antibiott markers together with the wild type gene), a serial

dilution (1-10%) of the culture was plated on 7H10 agar plates, supplemented with 2 % sucrose
and 2 % Xgal. The expression sBcB in the presence of sucrose, results in the formation of
levan (6b-D-fructosyl), which disrupts normal growth and metabolism of the cell resulting in
death.Thus, during the second crossover, the loss of the vector backbone and its markers, with
concomiaint retention of either the wildtype gene or mutant gene, results in the formation of
white colonies (loss dacZ). These colonies are also sensitive to antibiotics (loEsud) and

are able to grow in the presence of sucrose (losaah). Following ounter selection, the

resulting colonies were picked and screened using colony boil and PCR (Section 2.1.1.2 and
2.1.5) to determine whether they contained the-tyifet or truncated version of the gene of

interest. Further confirmation was carried ounhgsbouthermlot (Section 2.2.3.1) to ensure loss

of the gene and gPCR (Section 2.4.3) with primers directed at the gene of interest.
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""""""" K4 “""""“‘,/ "“"""":/ maroon arrow) in
chromosome
T T
FA |
1 J Truncation of gene of

interest cloned in
suicide vector
e )
1 Maker genes

e N T N i v N Upstream or Down stream
Maker 1 I Wild-type L _1 Wild-type L Maker single cross over event
\genes )} I__gene , \__gene__J | _genes )} resulting from homologous

recombination

Sucrose counter selection Double cross over event
I ) 7 " leading to the generation of
f 1 OR I i
—i Wildtype gene [ —[ ] A ! ]— either a gene knockout
___________________ ! L H mutant or wildtype

Figure 2.1 Diagrammatic representation of twostep allelic exchange homologous

recombination. Shown is the process c&d out for the construction of deletion mutants using PCR based gene

truncation. Upstream and downstream regions of the gene of inteeestinserted into asuicide vector with
appropriate selection and counter selection markers. Two processes aed &dldake plagahe first is the formation
of a single crossover event atlee second ia double crossover event to generate genetiontd&igure drawn by

student

2.2.2 Generation oM. smegmatissomplementation strains

To ensure that phenotypilifferences obtained with the mutant strains were due to the loss of
function of the deleted gena complementation strawhereinthe gene was reintroduced into
the mutant strain background was created. Thisasasmplishedby amplifying the respective
M. smegmatigmidase genesini3 ami4andamib), which were cloned under the control of
their native promoters (300 bp upstream region) into the integrating vetieeetyfor ami4

and pMV306H foami3andami5. Thisallowed forthe integration of the fictional geneither
into thetRNA®YY locus(pMV306H) ortRNAYS locus(for pTweety, allowing native regulation

44



and expression by appropriate mechanisnmyicobacteria. Complementation vectors carrying
the respective genes were electroporated into theppateM. smegmatisleletion strain and
transformantsvereselected on 7H10 agar with the appropriate antibaiter incubatiorat 37

°C for 3 days. Restoration of gene expression for each complement strain was confiqgR&d by
PCR.

2.2.3 Genotypc verification of the parental and mutant strain

2.2.3.1 Southern blot analyses

Southern blotting is a technique that allows for the identification of a specific restriction
fragment in a pool of many others. It involves the separation of digested DNg\agarose gel
electrophoresis and its transfer and immobilization onto a nitrocellulose membrane. This is then
followed by hybridization of chemiluminescently or radioactively labeled probes speciéic for
fragmentof DNA. Detection of the hybridized fragentsis doneby autoradiography using-Ky

film. Detailed steps are described below.

2.2.3.2Probe synthesis ancElectro blotting

ThePCR DIG Probé&ynthesiskit (Roche Applied SciengéJnited Statéswas used to construct
alkali-labile digoxigen (DIGMd UTP pr obes as per manufacturero6s
reactions were set up separately for upstream and downstream probes, these contained 50 ng
DNA, 2 .e5M gplrilnber s (forward and rxdCRbuffeeapd 0. 3 ¢
10 &«lIGC1Ouffer. The | abeling reaction was suppl
| abeled dNTPs, whilst the control was supplem
supplemented with DIabeled dNTPs were run on the samevgéh a correspondingnlabeled

PCR product to confirm the incorporation of the lafdilis is done akbeling leads to an

increased molecular weight shift that can be visually detected on an agarose gel.

Prior to performing a Southern blot, it is essential to ensure mininmal shearing of DNA
during extraction so as to obtain specific restriction fragments. Purified genomic DNAfrom
smegmati§ 2 €g) was digested overnight with 1 U of

fragments separated on agarose gel (run at 80 V f@rhours). Followingelectrophoresighe
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gel was soaked in depurinatisalution (AppendixA, Table 3 for 15 mirutes, a buffer that

results in the decomposition of the sugar molecule. The depurination solution was discarded and
followed by two washes with i@ with subsequent soaking in denaturation solution (Appendix

A, Table 3 for 30 miruteswith gentle shaking. Thalkaline solution leads to the denaturation of
double stranded DNA by breaking hydrogen bonds, hence aiding in transfer and binding to the
membranend for creating single stranded DNA for hybridizati®his was followed by

neutralization of the gel byaking in X TBE (AppendixA, Table 3 for 5 mirutes asDNA

will not bind to the nitrocellulose membrane unless the pH is greate®thatlowing the last
wash, the gel was -Nmireellllosd memiweang (Amekstyain)p sardiiched
between 2Vhatman filter papers and 2 porous sponges and finally enclosed in a plastic cassette.
The sandwiched gel and membrane were transferred into an Omni PAGE electroblotting unit
(Cleaver Scientific Ltd CS00V) containing ¥ TBE. The DNA was then transferredto the
nitrocellulose membrane at 600 A and 130 V fooRrk at 4°C. Thereafter, the DNA was cross
linked to the membrane by UV irradiation (induces covalent attachment to the membrane) at
2500 mJ/criffor 2 minutesin a UV Stratalinker 1800 (Stratagéne

2.2.3.3 DNA hybridization and detection

Following crosslinking, the membrane was prehybridized in 10 ml of DIG Easy Hybridization
solution Roche Applied Sciencé&Jnited Statgsat 60 °C for 30 miates(this blocks the unused
DNA binding sites on the embrane surface ensuring that sipecificsignal is easily detected).
The hybridization temperature was calcul ated

calculation thdormula below

Y& T @¢ 06mE & o QRTBY

Table 4: Description of formula

Tm Melting/ Hybridization Temperatu
49.82 and 600 Constants

CG content Relative to entire spience

L Length of gene being amplified
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The labeled probe was denatured at 65°C for 1tr@gradded onto the membrane and
hybridized overnight at 60 °C. The following day, the probe aneivas poured out and stored
at-20 °C for future use. Afterwards, the membrane was washed several times to remove non
hybridzed probe. The first wash was done twice in solut{&ppendixA, Table 3 at room
temperature for 5 mutesand the second wasVith solution 1l (AppendixA, Table 3 at 68 °C

for 15 mirutes The membrane was rinsed in wash buffer (AppeAdiXable 3 for 5 mirutesat
room temperature and incubated midocking buffer (AppendiA, Table 3 for 30 mirutes

For immunological detion of theDIG-labelled DNA probes, the membrane was incubated in
20 ml of Ix antibody buffer (AppendiX, Table 3 for 30 mirutesand followed by two washes

in wash buffe(Appendix A, Table 2jor 15 mirutes After this, the membrane was placed in a
hybridization bag and 1 ml CSPD substrate gently spread onto the DNA side of the membrane
followed by incubatiorat 37°C for 10 miates The alkaline phosphatase attached to the
antibody dephosphorylates the CSPD substvaieh leads to chemiluminescenaea

wavelength of 477 nm that can be detected on th@yfilm. The membrane was exposed to X
ray film (CL-XposureTM Film Thermo Scientific) for 30 mites- 1 hour anddeveloped

manually in the dark-or developing,te X-ray film was placed in develep solution Thermo
Scientific Fischexfor 30 seonds rinsed in sterile dB for 30 seonds placed in fixative
solution(Thermo Scientific Fischefpr 30 seonds rinsed again in sterile @bl for 30seconds

and hung to dry.

2.3 Generation of amidase werexpressing strains

To overexpress the mycobacterial amidase genek., tbai-Mycobacteriunshuttle vector
pPSE100 was used which continuously drives gene expression in an unregudaggiiutive
manner. The amidase genes were amplified fronMth@negmatiggenome by PCR using gene
specific primerswith the native promoter included. The PCR templates were cloned into
respective sites of pSE100, followed by electroporation into the parental strain. The
transformants were selected on 7H10 media supgiéed with Hyg (50 ug/ml) and incubated at
37 °C. A plasmid only carrying strain was also created as a control.
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2.4 Analysis of gene expression

24.1 RNA extraction

RNA extraction was carried out using the Nucleospin RNA Il Kit (Maches@yeGermany as
per manuf act uMemdgsatistrairs tvereugoown iro7M$ hroth at 37 °C
overnight to an OBy onmOf 0.3 andhe cellscollected at 400@pm for 10 minutes at 4 °C. This
was followed by resuspension of the pellet in 500 ul of TE b@&ppendixA, Table 3, 350 pl
RA1 lysis buffer(Macherey NagelGermanya n d 3 -m8&rcafidethampWhich is
responsible for denaturing RNases through the reduction of disulfide, boaslsltering enzyme
conformation needed for functioSBubsequentlycdl disruption was carried out by aliquoting the
cell suspension into MagNA lyser Green Bedisdhe Applied SciencéJnited Stateslysing
matrix tubesfollowed by % 60 seconds of bedzbating using the MagNA LyseR¢che

Applied ScienceUnited States This was carried out at a speed of 699, with cooling on ice
for 2 minutes between each lysis step. Lysates were then transferred to nucleospoidities
and centrifuged at 1210 rpm. To adjust RNA binding conditions, 350 pl of 70% ethanol was
mixed with the flow throughwhich was transferred into a nucleospin RNA column and
centrifuged for 60 seconds at 220 rpm The flow through was discarded and the colwas
desaltedvith 350 ul of Membrane Desalting Buffer (MDB) and centrifuged a21@rpm to dry
the membrane. The column was then treated with 100 pl DNAskowed byincubaton at
room temperature to digest any DNA in present. Subsequently, 200 pl oRRa#ér was used
to wash the columrollowed by centrifugation at 1000 xg for 1 minute. This was then
followed by two washes with 600 ul buffer RA3 and then 250 pl of the same buffer with
centrifugations carried out as mentioned before. The column was then placed into a clean
Eppendorf tube and the RNA was eluted with RNase fréervog centrifugation at 1210 rpm

for 1 minute.

2.4.2 Reverse Transcriptase PCR (RTPCR)/ first strand cDNA synthesis

Following RNA extraction with the kitesidual genomic DNA was removed with a second
DNasel treatment. Briefly, an aliquot of thersple was treated with Turbo DNak{ ife
Technologies) for 30 minutes at 37 °C. This was then followed by the inactivation of Dblase
the addition of 2 ul of inactivatdMacherey NagelGermany and incubating at room

temperature for 2 minutefllowed by centrifugation for 5 minutes at 12 000 rpm. The upper
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phase was aliquoted into a new tube and the RNA was quantified usiNgrtbdrop Nanodrop
Technologies For cDNA synthesisa 10 pl reactiortontainingl pg RNA, 10 mM dNTP (1 ul)

mix and 50 nful random hexamers (1 pl) was incubated at 65 °C for 5 minutes, followed by
incubation on ice for 1 minute. Subsequently,
Il 1l reverse transcriptase (Il nvitmradOgueRTy as per
reaction was set up using 10 pl of the RNA/primer mix, 4 pl 25 mM MdgOll of 10x RT

Buffer, 2 ul 0.1 M DTT, 1 ul nuclease free water and 0.5 pl SuperScript Ill. cDNA synthesis was
carried out using the following parameters in a Bioradmioescler: 25 °C for 10 minutes 50 °C

for 50 minutes and 85 °C for 5 minutes and thereafter chilled on ice. The resulting cDNA was

used for quantitative PCRPCR)

2.4.3 Quantitative real time PCR

gPCR was performed using Sso Fast Evagreen Supermin(Ba d) as per manuf ac
instructions. Briefly, 20 pl reactions were set up, each containing 10 pl Evagreen Supermix,
0.125 pl forward primer (10 puM), 0.125 pl reverse primer (10 uM), 2 pl cDNA/ DNA template
and nuclease free water. Primers used foegspression analysis are listed in Table B4. All
reactions were incubated in the CFX96 REahe PCR detection system (Biorad¥ing the
following parameters: denaturation 95 °C for 3 min, annealing was at 60°C for 30 min, and the
extension was set a2 7C for 30 min Amplification cycles were 40 cycles for both genes. Melt
curve analysis was conducted from 65 °C with a gradual increase in 0.5 °C increments every
0.05 sec to 95 °@vith SYBR Green quantification conducted continuously throughout this
stage. The raw data was analyzed using the Biorad CFX Manager 3.0 Software (&norad)
compared against the standard curve éttadd genomes. The housekeeping gesigA was

used as a standard for normalizatasnit isexpressed at a consistent levebughout all growth

phases.

2.5 Sequencing of gene fragments
All fragments generated by PCR were sequenced in their respective vectors by the central DNA
Sequencing Facility of Stellenbosch University, to confirm the absence of mutations. This was

doneby using the Big Dye terminator v3.1 Cycle Sequencing kit and Bioline Half Dye Mix.
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Finch TV version 1.4 was used to analyse the sequencing quality by visually checking the
chromatogramslThe Clone Manager Sequence analysis tool was uskatter analys¢he

sequences.

2.6 Phenotypic analysis oM. smegmatisknockout strains

2.6.1 Growth kinetic analysis of M. smegmatiknockout strains

Growth analysis was carried out in either 7H9
appropriate antibiotics when egssary using a shaking incubator set at 100 rpm at 37 °C.
Cultures from | ate |l ogarithmic phase were ino
ODeoonni=0.02.The gowth rate was determined by recording optical density (Obyraehour

intervals. Thee replicées were used per sample and each experiment was performed at least

three times. The number of inoculated bacteria was confirmed by CFU colififgld dilution

series was performed for each phase of growth. Dilutions were plated on 7H1Gnkdia

incubated at 37 °C for 2 days]lowing which, the number of colonies formed wexeumerated.

As before, three replites were conducted

2.6.2 Biofilm formation

Analysis ofM. smegmatibiofilm formation was carried out by growing cells in 7H9 media
stationary phase. The cells were then harvest
media, following which, the Of3oomwas adj usted to 1.0 in-Sautono
fold serial dilution ranging from £ao 1 was prepared and 20 of each dilution was added

into 2 ml of Sautonds mediPatesdweredcubatgcatd7°c | at b
for 7-14 days without disturbancéhereafteyimages were captured using the Zeiss Stereo

Microscope (1.25x% magnification).

2.6.3 Crystal violet biomass estimation assay
To each biofilm well, 0.1% crystal violeB{gmaAldrich) was added and the stain was incubated
at room temperature for 10 minutes. Planktonic bacteria were pipetted out and the plates were

allowed to dry for 15 nmutes. Subsequently,nil of 99% ethanol was added to each well and

50



incubated at room temperature for 10 minutes. Following this, the contents in eaclasvell w

mixed. A 1:100 dilution was prepared using ethanol andogdldmeasurements were taken.

2.6.4 Minimum inhibitory concentration determination

M. smegmatigrom logarithmic growth phase was inoculated in 10 ml of 7H9 supplemented with
antibiotic where necessargnd grown to an Ofonni=0.3-0.4 by shaking at 37 °C. These

cultures weraliluted 1:100andused for inoculatiomto microtitre platesontaining a Zold

antibiotic dilution seriesAntimicrobial starting concentrations were as follodd (250

pg/ml), imipenem (10qug/ml), EMB (100 pg/ml), teicoplanin(100pug/ml). The broth
microdilutionmethod was used in clear 96 well round bottom plates (Domenedth2005).

The plates were then incubated at 37 °C for 7 days and growth was assessed in the presence of
antimicrobial agents with MIC measured as the minimum drug concentration neegleitbito i

growth.A schematic representation is given in Figure 2.2.

2.6.5 The ehidium bromide assay

M. smegmatistrains were grown in 15 ml of 7H9/gluccsdtmedium at 37 °C to an Qbyof

0.8. Cultures were centrifuged at 4500 rpm for 10 minutesupernatant discarded and the
pelleted cells washed in PBS (pH 7.4) three times. Thedas then adjusted to 0.4 with PBS

and glucose (0.4%). Ethidium bromide {@&§/ml) was added to 7H9/glucose medium in 96 well
plates and diluted twéold. Followingthis, 50 ul of bacterial cell culture (Qdgn 0.4) was added

and theplate incubated at 37 °C for 1 hour with shaking in a plate reader. Fluorescence was
measured in the plate reader using 530 nm band pass and 585 nm high pass filters as the
excitation and dtection wavelengths respectively. Fluorescence was recorded every 60 seconds
for 60 minutes at 37 °Q\ schematic representation is given in Figure 2.2.
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Figure 2.2 Flow chart depicting the process involved in the analysis of cell staltlility using antibiotic (MIC)
susceptibility and ethidium bromide accumulation in the cytosplasmic space.

2.7 ldentification of amidase interacting partners using a bacterial zZhybrid system (M-PFC
assay)

To identify possible amidase interacting proteins, all traergdase genes and possible

interacting partners derived computationally from STRING were amplified fromalthe
smegmatigenome by PCR using gene specific primers. The PCR fragments were cloned into
the respective plasmids (pUAB300 and pUAB400) anéledroporated intdM. smegmatis

The resultingecombinantM. smegmatistrains ardisted in Table 2. The transformants were
selected on 7H10 media supplemented with Hyg (50 pg/ml) and Kan (25 pg/ml) and were grown
at 37 °C for 2 days. Positive clones weub sultured in 7H9 media supplemented with the
appropriate antibiotics and cultures were plated on 7H10 supplemented with antibiotics and
variousTrimethoprim (TRIM)concentrations to investigate the strength of the interactions.
Growth on TRIM plates indated interactiobetween proteingontrols for MFCassays

included known interacting partners as the positive contqgiBRnd RipA)(Hett, Chao and

Rubin, 2010and empty vectorsereco-electroporated in thil. smegmatiparental strain

background athe negative controls.

52



2.7.1 Plasmid construction for the M-PFC assay

The plasmids pUAB300 and pUAB400 contain DHFRg@ments 1 and fF1, 2]) and DHFR
(fragment BF3]) respectivelyThese are fused to putative interacting partners and if the proteins
interact, fragments-3 are reconstituted to create a functional DHFR, which confers resistance to
TRIM. Putative interacting partners are identifdthe ability to grow on TRIM containing

plates, Figure 2.3n-frame fusions of MSMEG_640d#p2, MSMEG 6403 (lft),

MSMEG_6405 érp), MSMEG_6900 fjonAl and MSMEG_0250nimp) with pUAB400 were
generated. To facilitate cloning, restriction siesil andBanHI were added on the primer
sequencesThe PCR fragments and pUAB400 plasmids were digested with ¢émgymes to

facilitate insertion of the PCR product to the plasmid. These constructs contain the respective

protein domains fused to the DHFR[F3] domains.

2.7.2 Mycobacterial protein fragment complementation assay

RecombinanM. smegmatigxpressingm3-dhfr [1, 2]/ pap2dhfr [3], ami3-dhfr [1, 2]/ glft-

dhfr [3], ami3-dhfr [1, 2]/ erp-dhfr [3], ami3-dhfr [1, 2]/ mmptdhfr [3], andami3-dhfr [1, 2]/
ponAZtdhfr [3] were selected on 7H10 agar plates containing Kan (25) and Hy¢§Qje

2.3).The parethesis in this case illustrate the fragment of the DHFRF that the protein oftinteres
was fused toThis was followed by growth of the recombinant strains on 7H10 agar with the

appropriate antibiotics and varying concentrationsRIM (Figure 2.3)
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Figure 2.3 Schematic representation of theFC assayor proteintprotein interaction scre@rmg. M. smegmatis

ami3 PCR fragments cloned into pUAB300 and the possible interaction partner cloned into pUAEA4QG
electroporated intdl. smegmatisnc?155 and plated on 7H10 media supplemented with appropriate antibiotics and
trimethoprim TRIM). Interaction is indicated by growth in the presence of TRIM and no interaction results failure to

grow in the presence of TRIM

2.8 Microscopy

2.8.1 Copper Click reaction with a D-alanine analogue

Cells were grown to exponential phase gen0.6) overnight, following whichthey were
harvested at 13000 rpm and the pellashedn PBS three times. The pellet was later in 7H9
Middlebrook media resuspendaith a dick chemistryD-alanine analogt a final concentration
of 1 mM. The cells were allowed to grow for 3 hours at@TFollowing incubation, the cells
were washed three times with PBSTB (Apperdlixiable 3, followed by the addition of mM
CuSQ (Appendx A, Table3d , 128 & M T BA, Fabl¢ 3Afpephly prepared 1.2 mM
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sodium ascorbate (Appendl Tabled and 20 €M aziAldablpd.Dhee ( Appe

reaction was allowed to proceed for 60 minutes at room temperature with shaking, following
which the cells were once again washed three times in PBS, spotte2i%agarose padn a
glass slideand imaged with the Zie€3bserver Zinvertedmicroscopefollowing which the
images were analyzed with the ZEN lite software (Zesschematic repientation othis PG

labeling process shown in Figure 2.4.

D-ala analogue

Cells grown
for 3 hours l
B — _—
Grow bacteria to D-alanine analogue Eronaation
exponential phase added into pelleted l 9
cells [ ]
l Division
o Click reaction . .
J‘ activated by l Click Reaction
% — adding Cusor ]
3 /f%z:si

=y

Figure: 2.4: Flow diagram depicting the process involvedpatially identifying areas of new PG growth. For this

Visualized/imaged cells
using Ziess microscope

click chemistry Dalanine analoguerasused ast will get inserted into ne@ PG. After insertion a coppelependent

click reaction is carried out, which results in fluorescence.

2.8.2 DMN-Trehalose stainng

The DMN-Trehalose stain was used for the analysis of in kielingof mycolic acids irthe
mycobacterial cell wallThe stain makes use of the mycobacterial cell wall component, trehalose
which is attached to a solvatochomic dye. When incorporated into the cell wall, the dye produces
green fluorescence (Figueb). The analysis of mycobacterial growth was thereforéopaed

by growing cell cultures at 37°C with shaking to ane@Df 0.6. The cells were harvested by
centrifugation at 12478 g for five minutes, theells werewashed with PBS (three times) and
thereafterresuspended in 100M DMNrehalose in 1 ml Mid@lbrook 7H9. This was followed

by incubation at 37°C for one hour with shaking (100 rpm). Cells were pelleted by centrifugation
at 12470x g for 5 minutes and resuspended in 50 pl water. Cells (10 ul) were then spotted onto
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glass slideandvisualized withthe Zeiss Observer Z1 inverted fluorescence microseuf®e

the images analysed using ZEN lite software (Zeiss)

R Cells incubated at Process of
b, 37 °C for 1 hour Solvatochromic trehalose
’ ', incoporation 1
Grow bacteria to Solvatochromic trehalose
exponential phase analogue added into s Solvatochromic trehalose
pelleted cells / analog
| CAPSULE LIKE LAYER s |
: —
%@ A Visualized/imaged cells using Ag85 s migzﬂﬁmbmne
= A > Ziess microscope S g— b4 4

"<

Figure 2.5. Schematic representation othe mycobacterial cell wall DMN-Trehalose staining processand the
incorporation of the trehaloseanalog. DMN Tre labelling is a no wash visualization of live mycobacterial cells.
Cells cultured to exponential phase (R harvestedresuspended in 7H9 with solvatochromic trehalose and
incubated for 1 hour at 37 °@rior to incorporation into the ngobacterial membrane, DMNre is metabolically
converted into trehalose monomycolate via the Ag85 complex. Upon incorporation into the mycomeimbrane
undergoes an increase in fluorescence aflubesscences triggered by hydrophobicity of this layanabling the

detection of mycobacterial cells with the aid of a microscope.

2.8.3 Scanning Electron Microscopy

To view the cell surface of the varioks smegmatistrains created, cells were grown in 50 ml

7H9 media to an O&3donm~ 0.5. This was followelly harvesting of the cells by centrifugation

(4500 rpm; 10 min) and a single wash in 0.01 M PBS (pH7.4). The cells were thespended

and fixed in 2.5% gluteraldehyde (SIGMA) in 0.01 M PBS overnight at room temperature.
Thereafter, cells were pelletadd rinsed in PBS three times followed bysret s pensi on i n
of 2% osmium tetraoxide for 1 hr at room temperature. Cells were then washed in PBS three
times and dehydrated by washing in increasing concentrations of ethanol; 30 %, 70 %, 90 %, and
twice in 100 %. Cells were spotted onto a filter, coated twice with carbon and viewed using a

FEI Nova NenoSEM 230 (University of Cape Town).
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2.8.4 Time-lapse microscopy

Mycobacterial strains generated in this study were grown in microfluidic devicesmwéiapse
microscopic analysis carried out as outlined before (Dhar and Manina, 2015). Briefly, the
different bacterial cultures were grown to exponential phase iwatkbottles at 37°C. The
presence of clumps was removed by filtering the cells throdghnafilter. The bacteria were
seeded onto microfluidic devices and imaged using a Delta vision personal DV imaging system
(GE HealthCare Life Sciences) utilizing a 100bjective (Olympus Plan Semi Apochromat, 1.3
NA). To acquire the images, 10 to 15numiesintervals were chosen using a CoolSnap HQ2
camera. Middlebrook 7H9 medium was circulated through the microfluidic device at a flow rate
of 25 ul/min.The analysis was carried out by a collaborator, Dr. N Dhar at EPFL in Switzerland.
The student anahgd all the resulting videos in extensive defile resulting images were
processed using ImageJ v 1.47 (Rasband, W.S., ImageJ, U.S. National Institute of Health,
Bethesda, Maryland, USAttp://imagej.iih.gov/ij/,19972015.

2.9 A description of the bioinformatics analyses tools used in this investigation

2.9.1The BioCyc Pathway/ Genome database collectigittp://biocyc.ord: This is a pol of

databases and pathwaksat facilitate the analyses of different metabolic pathways, genomes and
possible protein functions. BioCyc was used to identifygheoliamidase protein sequences
and investigate homologs in closely related species.

2.9.2 Protein family database (pFAM) (http://pfam.xfam.oryy ThepFAM database

encompassgxotein family domains, sequence alignments and provides protein annotations.
This database was used to identify the amidase_2 and amidase_3 domain in the @oieias

which are the focus of this investigation.

2.9.3KEGG: Kyoto Encyclopaedia of Genes and Genomgsttp://www.genome.jp/keqly/
This database encompasses various databases aiding in understaralfnggem, biological
systems and pathways. This tool was used to identify amidase homologs of both the amidase 2

and amidase_3 domain famegin different species.
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2.9.4 Uniprot (http://www.uniprot.org: This isan online bioinformatics tool that makes

available information from different tools, providing protein sequences, previous work
undertaken on the protein of interest and the appropriate references. Uniprot was used to obtain
protein sequences of the amidaomain containing proteins whose function and role in cell wall

biogenesis has been extensively investigated.

2.9.5 National Centre for Biotechnology Information (NCBI) Basic Local Alignment Search
(BLAST) Tool (http://www.ncbi.nim.nih.goy/ This bioinformatics tool is an algorithm used for

identifying DNA/protein sequences curated from multiple databatesjfying sequences

homologous to the query by comparing the query to all sequences in the data@tBigBLAST

was used to identify and compare query sequences of interest with a library of sequences sharing
homology and to understand protein function through text mining.

2.9.6 SMEGMALIST (http//mycobrowser.epfl.ch/smegmalist.ndmilhis is a curated database

of M. smegmatigerome This database makes available the gamienceand their
annotations, also allows for sequence alignments and identification of query proteins. This
database wassed to search for the genes of interesflismegmatiandanalyzethe operorthat

they are found in.

29.7 TUBERCULIST (http://tuberculist.epfl.ch/ This is a repositorgf M. tuberculosis

genomesequencesral allows for the analysis of gene sequences and their operons. This tool was

used to search fo. tuberculosiggenes of interest and aid in the analysis of their neigirmgpu

genes.

2.9.8 CLUSTAL Omega (http://www.ebi.ac.uk/Tools/msa/clustajor his isa multiple

sequence alignment tool that utilizes guide tredsch aid in constructing the order of the

alignment. In addition to this, the program uses Hidden Markov Models which aid in dealing
with gaps within protein families. This program was used to align the family of proteins
identified with the tools outlined abovedssessequence homology and conservation of amino

acids shown to be critical for protein function.
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2.9.9 Interactive Tr ee of life (ITOL) (http://itol.embl.dey: ITOL is an algorithm tool used for

visualizing, annotating and constructing phylogenetic trees. This program was used to visualize/
investigate the relationshipetweerthe amdase proteins from different species, previously
aligned using Clustal Omega. This tool gives information on functional relationships between the

protein under investigation and those previously studied.

2.9.10Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)http://string
db.org): This is a @tabase that predicts protein associations by importing the knowledge from
databases of physical and curated knowledge, text mining by searching facaligtigievant
gene ceoccurrences in different species alyzingproximity of gene within a genom@also
included isco-expression of proteins and possible protein fusion events which may be
functionally linked. This tool was used to determine pdegboteins that the query proteins
might associate witandbroaden the understanding of the functionality ofsblectedoroteins

by getting a glimpse in the associated pathways.

2.9.11SignalP4.1 Server(http://www.cbs.dtu.dk/services/SignalFhis isa bioinformatics tool

useful for the identification of signal peptgigresence within a protein sequence, this tool also
gives the location of the signal peptide and the cleavage site from diffegamismsilt is based

on information obtained from various neutral networksn8Rywas used to predict the
presence/absence of signal peptides in the proteins under investigation and determine whether

the proteins are exported or remain in the cytoplaswmmpartment of the cell.

2.9.12Iterative Threading Assembly Refinement ({TASSER)
(http://zhanglab.ccmb.med.umich.ed€ASEER): I-TASSER is a protein structure prediction

tool basing its gdictions on previously crystallized or identified protein structures. This tool
makes use of a collection of databases to aid imth@elingof the query 3D protein structure,
the residues involved in protein function or binding of certain metals that &inction. This

tool was used to predict 3D structurenofcobacterial amidase_2 domain family of proteins and

compae them with those whose structures have been solved.
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2.9.13PyMOL (http://www.pymol.org: Is a @mputer program which runs with the help of the

python program. This tool is useful for monitoring and visualizing molecular structure of the

protein. The database was used to visualize the protein structures predictedTUsaSFR.
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3. Results

Schematic representation of this MSc study
An outline of the work undertaken in this MSc is gieEriow

Bioinformatics analysis of

Amidase_2 family of proteins Gene deletion strains using Homologous

J recombination generated in Honours by
) ) Construction of gene deletion strains using student
Homologs in M. smegmatis found? Homologous recombination Aami3 and Aami4

(ami3, amid4 and ami5) Aamis

l

Phenotypic characterization of the
amidase knockout strains

l Cell wall permeability analysis and
Growth Analysis Biofilm formation
(Middlebrook 7H9 and Sauton’s minimal + MICs
media) » Ethidium bromide assay
Biomass quantification: Crystal
violet assay (Aami3 and Aami4)
Protein interaction partner Alteration in cell morphology investigated using
screening for Ami3 microscopy
MPF-C Assay * Fluorescence microscopy

o Click chemistry

o DMN-trehalose
Scanning Electron Microscopy
Live cell imaging

Localizing GFP-tagged protein
derivatives
Localization of Mycobacterial FtsZ
and DivIVA proteins in Aami3,
Aami4 and Aamib background

Flow Diagram of the study of Amidase_2 family of proteinMinsmegmatis

3.1.1ldentification of M. smegmatissmidase_2 domain containingroteins

The amidase_2 domain proteins have been well characterized both structurally and functionally
in E. coli(Kerff et al, 2010), etvery limited information is available on these proteins in
mycobacteral species. However, with the vast availdlilbf computationatools (Sectior2.9),

we were able to identify and investigate the function of this family of proteiks atmegmatisa
model organism used fddtb research. The NCBI/BLAST protein database wsed to search

for mycobacteriabmidase2 family protein homologs usirg. coli AmiD and AmpD sequences

as a referencédowever, owing to the high divergence of the mycobacterial amidase terminal
regions no matches were obtained. Consequentlyathelase 2lomain regioronly was used

to identfy possible homologshown inFigure3.1, from the PFAM, BLAST and KEGG
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databasedJsing this approacthtee amidase_2 domatontainingproteins weredentifiedin
theM. smegmatigenome namely MSMEG_6406 and MSMEG_ 53ddih with homologs in
Mtb, annoatedas Rv3811 and Rv3594 respectively. The third, MSMEG_0533 had no
identifiable homolog iMtb but the close sequence identity to MSMEG_5315 is suggestive of a
duplication event. Furthermore, MSMEG_ 6406 caraisignal peptideHigure 3.3
Supplementaryigure2), which indicate possible translocatioto the periplasm and the lack of
this in the two other amidassaggest that theyarecytoplasmic proteins. A multiple sequence
alignment of the amidase_2 type sequences from different species wasaatrteedssess the
conservation of residues essential for amidase function (F3gLix€lhe alignments ikigure
3.lindicated thaithe histidinegH®® andH*®Y), and apartic acid (3% or cysteine (&9

residues responsible for the coordination of*zme highly conserved across the different
organisms and imycobacteriaE. colinumbering is used for amino acid$iecysteineresidue
which has replacedspartic acidn mycobacteria haseen shown to be essential foe activity

of several amidasess thethiol groupcanfunction asa nucleophile(Rigden, Jedrzejas and
Galperin, 2003)Additional amino acids known to be important in amidase_2 class function are
also highly conserved, particularly in MSMEG_53Mil§ homolog Rv3594). These include
threonine ('), located in the carbohydeabinding site, tryptophan (¥} which coordinates the
stem peptideasparagineN°9) involved in tertiary structure stabilization, glutamii@) which
coordinates with a proton @&ptor in catalysis, lysind{°%) involved in the stabilization of the
tetrahedral state during catalysis and lastly, prolif®®hich positions the aspartic acid )
binding the Zr#*in the active site (Figur®.1 and Supplementary Figurestiowing the rest of
the alignment
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HGTVVLASEGGSFTHFPRGATPTLPAHFRDVGN----
RSMVDLQSAGSSYTTFPGGAIARLPAHRDVGMN----

Figure 3.1 Multiple sequence alignment of Amidase_2 domain family of profeins using Clustal Omega analysis.
Shown arekE. coli AmiD homologous protein sequences from different species with tieeogation of the amidase
catalytic triad highlighted (HXH). The residues responsible for forming a tetrahedral coordination with ¢he Zn
include histidine (H)and the highly conserved aspartate @Bhighlighted in yellow. Divergence from the tradite

HDH to HCH was observed for some of the amidases. Residues involved in the catalysis of PG cleavage are also
highlighted. Species highlighted in yellow are under investigation in this studyysieing(Dark green) substituted

aspartic acid in Ami3PT1 proline(Cyan) K- lysine(Brown)and T threonine (Greyare residues aiding in the function

of the amidase protein.
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Overall the bioinformatis analyses revealed that thesgcabacterial proteins are candidate
acetylmuramyl-alanine amidases andsed on the divergence from other characterized
amidases, instead of the classmpDandamiD annotationswe proposed naming these
mycobacterial geneami3(MSMEG_6406)ami4(MSMEG_5315) an@émi5(MSMEG_0533).

This nomenclature is used throughout thgsdrtation.

3.1.2Phylogenetic analysis and domain conservation

Following the detection of amidase_2 family members and corresponding protein sequence
analyses in various species, furthresilico analysis was performed to elucidate the potential
roles of theseamidases itM. smegmatisvith respect to their evolutionary relationship amongst
the different specie3.he phylogenetic tree indicatadclear separation of the Ami3 clade from
Ami4 and Ami5. Interestingly, the analyses indicated close homabgyni3 (Mtb homolog
Rv3811) to theHomo sapiefPGLYRP2 proteininvolved in host defense against foreign
bacterial pathogenandplays an important role in the innate immune response. It also shares
homology with the bacteriophage T7 lysozyme #rehmidase ofSynechococcuslongates
amongst others. Theyoobacterial Ami4 litb homolog R/3594) and Ami5 proteinsvhich are
closely relatedclustered with a large group of proteinsluding the E. coliandP. aeruginosa
amidase_2 familproteins amongst oéns These enzymes have beeayously shown to
function in cell wall hydrolysispeptidoglycamrecyding and antibiotic resistanc¢®iveraet al.,
2016)
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Figure 3.2: Phylogenetic analysis of the amidase_2 family of protein®hylogenetic analysis ahycobacteria
amidases Ami3, Ami4 and Ami5. The tree is based ondietifiable E. coli AmiD and AmpD homologs for each

species. Those species indicatecpinple share homology with theygobacterl Ami4 and Ami5, whilst those

indicated in green were dely related to the Ami3 protein.
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3.1.3Domain organization of the amidase_2 andmidase_3 domain containing proteins

The two main families of amidases include the amidase_2 and amidase_3 domain containing
proteins. Although botdomainscatalyze clavage of PG by releasingala fromMurNAc, the

size of their active sites and folds differ; amidasendymes<leave muropeptides whilst
amidase_2 proteins cleave anhydromuropeptides, with AmiD having dual specificity for both
types of PG moietie@Jeharaand Park, 2007 However, despite these differences the catalytic
activities of these amidases are similar in that the active sitd@nbound to the water

molecule is pushed toward the glutamic acithmamidase_8lomainor histidine in amidase, 2
activating and triggering the nucleophilic attack on the amide bond betwaknand MurNAc

(Kerff et al., 2010) The result is a tetrahedral conformation of the amide carboniand a

E. coli AmiD

E. coli AmpD

M. smegmatis Ami4
PG binding 1 ———— However, Rv3954 Does not
have a PG binding domain

M. smegmatis Ami5
No TB homolog

M. smegmatis Ami3
conserved

' I Amidase_3 Ami1 (E. coli homolog AmiA)

ﬂﬂ—" Amidase 3 I Ami2 (E. coli homolog AmiC)

Figure 3.3: Domain organization of PG N-acetylmuramoyl-L-alanine amidases (Amidases) inE. coli, M.
smegmatisand M. tuberculosis The anidase_3domain(mustard found in combination with the signal peptide
(purple) in the case of the cell division Amil prossmd witha PG binding domaiim green(PG synthesis regulating
Ami 2).The amidase_2 domaipifk) is also found along with signal peptiffaurple)and an LGFP repeat (Ami)
greyandis accompanied by a PG bindidgmain(green block) for Ami4.
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- pentamericoordination of the catalytic 2h This tetrahedral iermediate is stabilized by
hydrogen bonds involving the carbonyl oxygen of the scissile bond and carbonyl oxygen from
ala and an oxygen from MurNAc (K# et al, 2010).Domain content of mycobacterial

amidases is given in Figure 3Anidase domais ae normally found in association with other
protein motifs which commonly include the transmembrane peptidoglycan recognition protein
domain or the PG binding domain found in the amidase_2 (Ami4) and amidase_3 (Ami2)
domaircontainingproteins. These domas are responsible for the recognition and binding of
the PG substrate. In addition to thaspidasegan also possess a signal peptide, as observed in
Amil and Ami3 which facilitates the transportation of the protein to the periplasmic region.
Ami3 contans a LGFP repeat domaiwvhich is a 8 amino acid repeat thought to be involved in

the maintenance of cell wall integrity and cell shape (Adietlal, 2004).

3.1.3.1Amidase_2domain proteins: Tertiary structure predictions

To extrapolate the biologal functionof theamidase_2 family of proteins and their
conformational characteristics, the overall thdg@ensional structures weamalyzedusingthe
bioinformatics tools-TASSER and Phyrgo determine the conservation of protein folds
amongst diférent specied he results are shown in Figure 3T4#eE. coliAmiD protein has
been crystallized and was used as the basis for determining structural conservations in the
mycobacterial amidase homologs. According to Kerff et al (2010), AmiD is compbseghd
Uhel i ces -swamdbs. Theizimeeion britical for amidase activity is bound to the active site
and coordinated by the side chain residue$®Hitis'>* and Asp®! (Kerff et al, 2010). In the
protein the Aspg®! side chain of the catalytici&ad sits in theandom coil whereas Hi$tis

found on the helix and Hi%i n  tsleet. Atsimilar pattern is also depicted with the Ami3
predicted tertiary structurdespite the Cy<° replacement of As@and in Ami4, demonstrating
that a metal ion cabe accommodate&igure 3.4 However, the Ami5 His side chains are
dissimilar anchare positione@ u t s i dhee | ti hxestraith wihetlfier this affects thetrength of
Zn?* binding is unknown, Figure 3.Zhe conservation of protein structure may ref&etilar
protein functionsFurthermoreamidase domain containing proteins are important surface
antigens in pathogenic bacteria and repregessibledrug and/or vaccine targetiggesting
that they may have been under positive selection during emoldthis would explain the high

degree of conservation in divergent bacterial species.
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Figure 3.4: Tertiary structure of the amidase_2 domain family of proteins irE. coliand M. smegmatis Shown
are 3D ribbon representatives of AmiB. (col), Ami3, Ami4 and Ami5 M. smegmat)s Helices are shown in red,
beta sheets in yellow and coils in green. In magenta is the conserved catalytic triblis{Asp/Cys) with thezinc
ion represented by a grey sphefer the mycobacterial amidasesldassermodels @ not reflect the zinc but the

overall structure to coordinate this metal is present.
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3.2 Strategy used for the generation oM. smegmatisamidase gene deletion

To investigate the potential role aihidasesthe establishedwo step allelic exchange ggm
(Parish and Stoker, 200@)as usedo generate deletion mutants of thegtiveamidase_2
family genes ilVl. smegmatisAmidase knockout strains weceeatedas detailed irfsection2.2
Briefly, amidase genes were targeted for deletionrbgting a sigide construct which carries a

truncated version of the gene of inter@ste strategy is further detailed in Figure 3.5

F1 us R1 F2 DS R2
— —
MSMEG_ ami MSMEG_
MSMEG_ MSMEG_
ami truncation

!

Insert gene truncation PCR
templates into p2NIL vector

ami truncation

!

Cloning of the PAC cassette from pGOAL17
into the vector generated above

!

ami truncation

p2NIL_PAC_ami

Figure 3.5: Generation of amidasaleletion suicide construcs. Primers specific to the regigrl, R1 and F2, R2)
depicted in thdigure were designed to construct an in frame truncated version of the gene of ibiefasing the
upstream (US) and downstream (DS) regidiee two fragments are ligated together to the p2NIL plasmid by-three
way cloning. A suicide construct is thereated by ligating thBad cassettewhich containssacBandlacZ gene to

the p2NIL_amiconstruct.
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As previously mentioned, treemi3andami4 mutants were constructed in an Honours project by
myself (Sikhosana, 2015) and for context, brief details ot¢imstruction and characterization

are given below.

3.2.1Construction of the M. smegmatisami3 deletion construct

Theami3suicide construct wagenerated angrofiled in an Honourgprojectby the student
(Sikhosana, 2015hroughrestriction mappingsdepictedn Supplementary¥igure3. The

restriction digest profile yielded all the expected sizes, hence the vector integrity was maintained.
An exception wasal which was mapped to the vector backbone and not in the region of

interest. Also, the 3169 Hpagment generated from tiendlll digestion yielded a higher than
expected sizéSupplementaryigure3) but this modification was found to be present in the

original pGOALL17 vectorFurther analysis of vector integrity was performed by sequencing the
amplified product which showed no mutatianghe regios cloneddata not shownconducted

in Honours.

3.2.2Construction of the M. smegmatisami4 deletion construct

Theami4 suicide construct wagenerated angrofiled by the studenin anHonours poject
(Sikhosana, 2018proughrestriction mappin@s outlinedn section2.1.7.1(Supplementary
Figure4). The suicide vector integrity was maintained as digests yielded the expected sizes
(Supplementary Figur4) and plasmid DNA sequencinvgrified no muations in the construct
(data not shownconducted in HonouysAs above theHindlll restriction yielded a DNA band
slightly higher than the expecteadhich again mapped to the vector backbone

3.2.3Construction of the M. smegmatisami5 deletion constuct

Theami5suicide construct was profildd/ restriction mappings depicted ifrigure 36. The

suicide vector integrity was maintainad most restriction digests yielded the expected fragment
sizes TheMlul restriction revealed additional bands dugactial digestion ané&coRlalso

showed nosspedfic cutting due to star activity from prolonged incubation with the enzyme.

Again, the region of interest was sequenced and no mutatieresfounddata not shown).

70



— —
MSMEG amis MSMEG
0531 0535
22 —
MSMEG MSMEG Wﬁ%
0532 0534 o = e
amis truncation 5 3:” i o
3012
20271904 =% bt 1863 3934 1887 3
: 1584 ——»
1375 —> 1231
i o< 1191
1 = e
if Insert gene truncation PCR templates into vector o
' Sizes in Kbp
] iR
Pstl pwul
-‘ B ¥ i Y D
i - pvul
(bla)
0533 K/O construct BamHI Enzyme name Expected sizes (bp)
vl « \/ EcorvV
[ i e \ /e uncut 13928
\‘ EcoRI 7705, 3594, 1863, 766
4 |
\ sacB / Pstl 5692, 4298, 3934
e, 1 Miul ~
...... it EcoR'I) p sz _ EcoRV 9400, 4528
\ BamHI : r EcoRI Miul 10736, 1987, 780, 425
s Pvul i e
T BamHI
L ’ IECO’;QI BamHI 7844, 3072, 3012
l;\ll‘lJJ]I Miul . Pvul 5120, 2384, 2229, 1231, 1191, 726
Pvul

Figure 3.6: Restriction profile of p2NIL _pG17_ami5. (A) M. smegmatigenonic map and the position of the gene
within the genome. The alleliexchangestrategy for the generation of the deletion strains is also depicithdthe

site of primer binding. (B) Finahmi5 knockout construct used toansformthe M. smegmatisvild-type parental

strain. (C)Agarose gel (0.8%) of digested fragments: Roche marker IV [Lane 1] uncut construct control (13928 bp),
EcoRlI[Lane 2],P4I [Lane 3],EcoRV[Lane 4],Mlul [Lane 5],BanHI [Lane 6],Pvul [Lane 7].The red Asterixdepict
unexpected bands as a result of incomplete digestion or sequencing errors on the plasmid {ickbbleedepicting

the specific enzymes used and the expected fragment sizes (bp)

3.3 Strategy for the generationof the M. smegmatisamidasegenedeletion strain

From the aforementioned resuyltthe vectors weresuitable to generatenmarked inframe
deletions of the respective amidase geaesi§ ami4 andamib) in M. smegmatisvere ceated

This was done by transforming tiM. smegmbs parental strain with the respective suicide
construct generated as indicatadections2.2 The suicide construct integrates into the parental
strain genome via homologous recombination resulting in the generation of a single crossover
(SCO) strainwhich harborsboth the wildtype and truncated version of the amidase gEigeiile

2.2). Following the generation of the SCO strain, a D&@inwas generated and identified by a
counter selection screen as describe8aation2.2 The selected coloniegere screened using
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PCR to determine whether the mutant genepvasentvithin the genome and confirmed further
by Southerrblot andreal timegPCR

3.31 Generation of M. smegmatisgami3 strain

Genetic disruption of thami3gene inM. smegmatisisingtwo step exchange homologous
recombination was confirmetluring Honourswith PCR(Sikhosana, 2015)sing the strategy
outlined inSection2.1.5.1 The results of this analysienfirmed the deletion mutant, generating
an amplicon of 350 bp for the mutateersion of the gene and 100 bp for the wilde gene in

the parental strain (FiguB7 D).
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100 bp =2 £ 5%
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E 1611 RO 13843 =
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3925 bp ’ Blot
D 5
2 Q
b O
2 280
> 6 ® 2
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Figure 3.7: Genotypic characterization ofM. smegmatisgami3. (A and B) In all cases, genomic maps are shown
for both the wildtype (me 155) and mutant along with relevant sizes expected for PCR (shown with inward arrows)
and Southern Blot analysis (shown with outward arrows). (C) Southern blot analykswésune DNA was digested

with Ncd (D) PCR (conducted inrHonours and shown here for completeneS#hosana 2015 confirmed gene
deletionsBlack boxes show the PCR amplicons. The 1611 bp amplicon was not seen as primer R1 probaielg displa
extensiorfrom Primer R2. The map for the SCO is not shown
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However, as a PCR screen for genetic mutants is inadequate, further confirmation was performed
using Southern blottingn this MSc Prior to this, genomic extractions from the wijghe, DCO
mutant,gami3and SCO strain arecarried out as outlined in Section 2.2. As expected, the strains
confirmed the genotypic characteristics that were anticipated when genomic DNA was digested
with Ncd. When probed with a fragment of DNA corresponding to the ugstregion, the wild
type strain displayed t he eanilgetded4l0 paadybdentop f r
and the SCO strain exhibited a 13843 bp and 3925 bp bands, thus verifying the PCR results
previously obtained (Figure 3.7 C).

3.32 Generatio n  anmi4 Mpsmegmatistrain

Following the disruption of th®l. smegmatismi4 gene using the twetep allelic exchange

system, the mutants were confirmed using PCR and Southern blotting as mentioned in the

previous section. The mutant strain produce@xpected 370 bp fragment with the wijghe

producing a PCR fragment size of 135 Bjgure 38. This wasfollowed by further confirmation

using Southern blottingp this MSCDNA e x t r a ¢ t e émid, 3COrand twiketgpe sfrain

was digested withNcd and Southern blotting was carried oupas Sectior?.2.3.1 Southern

blotting results confirmed th&uccessful constructiasf anami4 deficient strainWhen digested

DNA was probed witta fragment of DNA corresponding to tdewnstreanregion, he wild-

type strain displ ayed amidgeneratqna 4705bd fraGngestandb p f r
the SCO strain exhibited 6943 bp and 470%apds(Figure 38).
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Figure 3.8: Genotypic characterization of M. smegmatiggami4. (A and B) In all cases, genomic mage shown

for both the wildtype and mutant along with relevant sizes expected for PCR (shown with inward arrows) an
Southern ot analysis (shown with outward arrow$robe binding region is depicted by tharple block(C)
Southern blot analysis ressil DNA was digested witNicd (D) PCR confirmation of gene deletiofmonducted in
Honours, and shown here for completeness, Sikhosana). &bk boxes show the PCR amplicons. The 1800 bp

amplicon was not seen as primer R1 probably displ&xtensiofrom Primer R2. The map for the SCO is not shown

3.33 Generation ofthe gami5 M. smegmatistrain

Genetic disruption of thami5gene inM. smegmatisvas also onfirmed with PCR and Southern
blot. Using PCR, lte truncation of thami5gene generated amplicon of 1375 bp and 1444 bp
for the wild-typegene (Figure 3). Genomic extractions from the wiype, mutant and SCO
strains were carried out in preparation for Southern blottirgreults of which confirmedhe
successful deletion @mi5 Genanic DNA was digesteavith Pwl, ran on 0.8% agarose gald

probed withfragment of DNA corresponding to tlipstreanregion The wild-type strain

di splayed the expected Hhd@%génerated 18bhlapardilBO b p
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bands and the SCO strain exhibited 1851 bp, 1590 bp and 1181 blignds 39). Following
confirmation of successfami5gene deletion, therain (together with the Ami4 and Ami4

deletion mutantsyvas then further investigated by phenotypic characterization
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Figure 3.9: Genotypic characterization of M. smegmatigmmiS. (A and B) In all cases, genomic maps are shown
for both the wildtype aand mutant along with relevant sizes expected for PCR (showth wiward arrows) and
Southern ot analysis (shown with outward arrows). (C) Southern blot analysis results, DNA was digestddaith
(D) PCR confirmation of gene deletiordlack boxes showhe PCR amplicons. TH#2819bp amplicon was not seen

as primer R1 probably disgled extension from Primer R2. The map for the SCO is not shown

3.4.1 Generation of M. smegmatisseami3 complementation strains

Genetic complementation is achieved through thiatreduction of a functional copy of the

deleted gene on a recombinant plasmid and transformation into the gene knockout mutant strain
to revert the phenotype back to wilgpe. To achieve this hte full lengthami3gene with the
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promoter region was cloned into the integration vector pMV3dsiit vectorintegrates at
tRNA Y gene site in the mycobacterial genom@enstruction and restriction mapping of the

plamid construct sed for genetic complementation is given in Figui®.3.
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Figure 3.10: Restriction profile of pMV306H:: ami3. (A) M. smegmatigenome map and the positionamhi3within

the genomeThe mding region ofami3 gene with the promoter region was cloned irfte integration vector
pMV306H. (B) FinalpMV306H::ami3 constructused to transforrivl. smegmatispami3. (C) Agarose gel (0.8%) of
digested fragments: Roche marker IV [Lane 1] uncut construct control (1392B&ig)l) [Lane 2],Acd [Lane 3],

Notl [Lane 4],Aatl [Lane 5],Pst [Lane 6],EcoRI [Lane 7]. (D) Table depicting the specific enzymes used and the

expected fragment sizes (bp).

To confirm the genetic complementation of #mi3gene, RTPCR was performed as described
in Section2.4.3 As shownin Figure 3.11, the gami3mutantdid not display angmi3gene
expression as expectdekpression was regained uponrimgroduction of the wiletype gene in
themutantb ac k gr ound i n t he angid:ami8) Expression levelsisther ai n
genetically complemented stnaivere comparable to that seen in the wild type.
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Figure 3.11 Genetic complementation of the M. smegmatisgami3 mutant with pMV306H::ami3. (A)
Diagrammatic representationgf1V306H::ami3 integration into thél. smegmatishromosome. The plasmid makes
useof the L5 integration systerthesite of attachment (blue block) integrated at the tRXlacusof the chromosome
(green arrow) resulting in the incorporation of thisuson either the rightattL) or left @ttR) of the plasmid. (B)
Analysis of ami3 expression in relation tsigA expression inwild type, argi3 and the complemented strain
gami3::ami3 Shown is the average expressiorani3 mRNA in each background. Error bars are representative of
standard error of the mean (SEM) of three independent repligatbssignificant difference considered ps0.05

(*) usingtheS t u d etest (Bosparametric test)

3.4.2 Construction of ammi4 geneticcomplementationstrain

To create a complement for thmi4 deficient strain, thami4 gene together with the promoter
region was amplified and cloned irttte pTweetyintegrating vectofFigure 3.12) This vector
possesses an integrase and putatitrint site, allowing it to integrate at the tRNNAsite in the
mycobacterial genome. This vector is maintainedl, even in the absence atelective
antibiotic (Phamet al, 2007) RT-PCR was also performed to determihe levelof ami4
expressionn the wildtype and complemented straiasdto confirm theabsencef expression
in the mutant strairMarginal expressionf ami4was detected in the mutasitain due to non
specific primer bindingconfirmed by melt curve analysis [data not shovamil
complementation fully restored expression of the gene (FR)jaBe.
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Figure 3.12: Restriction profile of pTweety.:amid. (A) M. smegmatigenome map and th@osition of the gene
within the genomeThe mding region ofami4 gene the promoter region was cloned into the integration vector
pTweety. (B)Final pTweety:ami4 construct used to transforM. smegmatisgami4. (C) Agarose gel (0.8%) of
digested fragments: Roche marker IV, [Lane 1] uncut construct control (13928cof%1 [Lane 2]BanHI [Lane

3], HinDIll [Lane 4],Nrul [Lane 5],Sad [Lane 6]. (D) Table depicting the specific enzymes used and the expect
fragment sizes (bp).
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Figure 3.13: Genetic complementation of the M. smegmatis gami4 mutant with pTweety::amid. (A)
Diagrammatic representation pTweety:ami4 integration intoM. smegmatishromosome. The plasmid makes use
of the L5 integration sstem,the site of attachment (blue block) integrates at the tRNIcus of the chromosome
(green arrow) resulting in the incorporation of thisuson either the right (attL) or left (attR) of the plasmid. (B)
Analysis ofami4 expression (MRNA) in relain tosigAi n  t he g e nami4 ahd Comgemented strairg
ma mi 4 .. Shawniis4he average expressioranfi4 mRNA in each background conducted as three independent

replicates, with significant difference consideregpas 0. 05 ( * ) u s-test(mpnparameetri§t udent 6s

3.4.3GeneticComplementation of M. smegmatigmami5 strain

The full lengthami5gene with the promoter region was cloned into the integration vector

pMV306H. Gene specific primers withkcaco51engineeredim he 56 of t hed f or war ¢
Hindlll int he 36 e n d primér(TableAl Appendie A)vseee used to amplify the gene

allowing for directional insertion into the integration vector. Following transformati&n odli

DH5U cells, clones wer ry Fgue ey Asskhowriythdigars t r i ¢t i
3.14, fragments obtained following digestion with specific enzymes qooreted with the

expected sizes. This was then followed by electroporation of the constoutte M. smegmatis
gami5strain As pMV306H is an LSntegration vector, it integrates into the tRRAM site in

the genome allowing the gene to be expressed from a different locatawth of the

transformants in the presence of Hygromycin was used as a selection screen for positive clones.

Time limitations precluded a qRFCR analysis of gene expression.
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Figure 3.14: Restriction profil ing of pMV306H:: ami5 (A) M. smegmatigenome map and the position of the gene
within the genomeThe @ding region ofami5gene with the promoter region was cloneda itite integration vector
pMV306H (B) FinalpMV306H::ami5 construct used to transforih. smegmatismmi5. (C) Agarose gel (0.8%) of
digested fragments: Roche marker 1V, [Lane 1] uncut construct control (4818dxph1 andHIinDIIlI [Lane 2],
BarHI [Lane 3],Sad [Lane 4], Msd [Lane 5]. (D) Table depicting the specific enzymes used and the expected

fragment sizes (bp).

3.5Phenotypic characterization ofthe Amidase_2domain mutant M. smegmatisstrains

The redundancy of bacterial amidases makes it diffioudissect specialist versus combinatorial
function in nmycobacteriaTo study mycobacterial amidases, three distinct knockout mutants
were generated as described above. These mutants were then further studied bggtobing
growth patterns, peptidoglycaemodeling/incorporationusceptibilitytowards antibiotics,
biofilm formation andneasuringell length all of which point tocritical functionsin cell

elongation or division

First, the growth kinetics oM. smegmatistrains with truncated versius of the amidase gene of
interest in this studywere assesse@rowth analysis was carried out on the wige parental

strain, deletion mutants and their respective complementation sisangstwo distinct medja
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namely Middl ebr ooikimalmediaMiddlébroSkaHL0 agar platewene

usedto assess thability to form coloniesThe two media conditions were used to simulate a
carbon replete environment (7H9) afldeestress/ s
independent biologicakpeats were conducted for each stralre data are given below.

3.6 M. smegmatisseami3 phenotypic characterization

3.6.1Mycobacterial Ami3 is dispensable for growth

Following the identification oM. smegmatis ami®ith closesthomology tathe well
characterized. coli amiD its involvement in mycobacterial growth kinetigas assssedIt
washypothesized thami3may notbe essential fdbacterial growth as previousbpservedn
studiesinvestigatinge. coliamiD (Uehara and Park, 200As expected, the absence of Ami3
did not lead to aignificantgrowth defect in either ricr minimal medighowever, negligible
delayed growth at the exponential phase was seen, but bacteria soon recovered and grew
similarly to wild-type Also,t h e | ans3slid mof affeeM. smegmatisolony forming
ability, confirming thatami3is dispensable fan vitro growth, Figure 3.5
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Figure 3.15: Gr owt h ki n et iawi3s&raindnlregfation ®© wild ftypet ahdethe eamplement strain-
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Growth curves of the parental straih smegmatisvild-type (black)M. smegmatiseami3(red) andvl. smegmatis

aami3:ami3( grey) in Middlebrook 7H9 (A) and Sautonds mini ma
at three hour intervals, represented@sne scatter pamBstsr aiGm oiwh hSadt o m&s seme di
marginally delayed at the exponential phase compared to théywigdand complement strains (&ains were

plated on 7H10 media and incubated at 37 °C for 2 days. Growth analysblefbacteria was measured by CFU

counts represented as a histograire values shown are the averages of three independent replicates, there were no
significant growth differences between strains. Error bars are representative of standard error axf {SEMe,

St u d etest (Bosparametric) statistical analysis was used \{fi)ip < 0.05 considered as significant.

3.6.2M. smegmatisAmi3 plays a role in biofilm formation and cell wall permeability

A biofilm consists of bacteria that secrete atraoellular matrix to surround the community and
coordinate their gene expression as a survival strategy when encousiiesasul conditions
(Steinberg and Kolodki®al, 2015) To determine whether deletion of timycobacterial
amidase_2 family of protes had an effect on biofilm formatipthe cells were diluted and
inoculatedinSaut onds migmownroa dor ameeak ara stainasith crystal violet to
determine biomass forion Although a significant reduction in biomass floe gene knockdu
mutant wasbservedthere was no difference surfacecording of the biofilmwhencompared

to the wildtype, Figure 3.8. Genetic complementation reversed this defect.
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Figure3.166: Bi of i Il m formati on aft er .Showhargthbiofiims tfaeamedatthes mi ni n

1(* dilution. Biomass was determined by crystal violet staining following a 10tesimcubation of the samples with
the dye, the experiments were performed in triplicate. (A) Shown above is the biofilm and amount of biomass
(histogram)in the wildt y p ami3 arad theammi3:ami3s t r a i rami3 strdineis capable of forming biofilms
however, as measured by crystal violet, the biomass of this strain is significantly lower than that of the parental and

complemented derivativélthough only the 18dilution is shown for the biofilm, the same results were observed for
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all dilutions (data not shown{B) The minimum inhibitory concentrations (MIC) of the wilgbe (black),- seami3

strain ami3anj3straim(greypto isonazid, imipenem, ethambutol and teicoplanin are depicted in the bar

graph. Foldc hange i n MICO6s i s c¢ akhypeastrantTe e amds straip ia magedsensitve to he  wi |
imipenem, teicoplanin and ethambutol when compared to thetyyikel The satistical differences between witgipe

and mutants wer e det e-esh{norpatamdiric) with®)ip & §.05@onsderaddsignifitadt.s t

As biofilm biomass was reduced in teeami3strain, suggestive of a defective cell wallyas
hypothesized that the strain would be sensitive to cell wall targeting antibitdidsvestgate

this, the susceptibility of tlr@mi3strainto various antibiotics was assessed. f@selltsare
reported as mini mal i nhi bisthelowest concantationofrdrag i on s
inhibiting bacterial growthindeed, a 4old downshift in imipenem MIC was observed in e
smegmatiseami3strain(Figure3.16 B). This was also observed when the strain was exposed to
teicoplanin, with a Zold redudion compared to the wiltype and complemented straififie
increased susceptibility to imipenesaggests a cell wall defect in the mutant as this antibiotic
compromises cell wall synthesis through PBP inhibition, resulting in the formation of
spheroblast that lead to rapid lysis and eventually cell déathutmanret al, 1998)

Teicoplanin, a glycopeptide, inhibits cell wall synthesis by preventing PG polymerizakim
alsoresulsin cell death(Somma, Gastaldo and Corti., 198@)erall these rsults suggested

that the loss of Ami3 led to an imbalance in R@neostasisAlso, exposure of the mutant strain
to isoniazid which inhibits the synthesis of mycolic acids, an essential component of the cell
wall and ethambutoivhich inhibits arabinosyiransferaséad nompacton bacterial viability

This indicated that defects, if present, were only located in the PG layer and not in other

components in the cell wall.

3.6.3Increased ethidium bromide transport across the cell wall correlates with inreased
antibiotic susceptibility

The inherent ability of mycobacteria to exclude certain molecules due to active effluxsystem
andtherelatively impermeable cell wall are considered the main safsmtibiotictolerance in
these organism3o assesd the cell wall was changed in theni3mutant, éhidium bromide
transportatiorwas investigated in the witype and amidase knockout straline acumulation

of ethidium bromide was monitored under conditions conducive to maximum efflux (i.e. in the

preence of glucose with shaking incubation at 37 T ami3mutant demonstrated
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accumulation of ethidium bromidacross all dilutions testeMarginal ethidium bromide influx
was seen in both the wiltype and complement strain when exposed &qu@/ml-10 pg/ml of
the compoundFigure3.17). Theincrease in #idium bromidenflux observednayattributed to

changes in cell wall rigidity anplossibly efflux pumps.
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Figure 3.17: Analysis of cell wall permeability of theqami3 strain. Permeability of the mycobacterial cell wall was
assessed by quantifying ethidium bromide diffusion into the tleisighmonitoring fluorescence for an hour. The
gami3 strain dsplaysan increased fluorescendemonstratinggenhanced ethidiurbromide uptake. Data represents

three independent experiments with) p < 0.01, norparametric studerttest

3.6.4 Maintenance of cell length is dependent ami3 activity

To assess if there were changes in the incorporation of new PG at theaslkchick chemistry

labeling was carried out as per Section2.8.1 and the cells were imaged using fluorescence
microscopy. For this a click chemistry&la analogue was used-ABla is inserted into new PG

units and as these units get incorporated into nagt®, the label can be used to trace sites of

new PG synthesis. Mycobacteria incorporate new cell wall material at the poles and as a result,
thewildt ype strain displays strong pol aram3t ai ni ng
strain maintaineé the canonical PG staining pattern, however, the cells were longer than those of

the wildtype and polar synthesis was outwardly extended as seen with the staining pattern in
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Figure 3.18A and B with cells adopting more of diffused staining pattern codnuatiee

wildtype. This defect was reversed in the genetically complemented strain. As yet, it is unclear
what diffused staining points to in terms of mycobacterial growth and no further conclusions can
be drawn in this regarérollowing this, the dispaigs incells lengthwerequantified by
measuringhedistance between the two poles within the cells. We founcdrat3 cells,

ranged from 5 um to 1@m andwerethuslonger than the wildype cells which rangedfrom 2.5

pm to 8um (Figure3.18C). Fromthesedata, ami3mayalsohave a role in maintaining normal

cell length facilitating cell divisionand spatiallycontroling PG turnover
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Figure 3.18: M. smegmatis ami3nodulates cell shape and division(A) Fluorescence microscopy carried out to
detemine spatial alterations in PG synthesis usinglBnine analog and click chemistry. Staining of new PG at the
pol es am3istliohger whgen compared to witgipe yellow bracket (B) Deletion ofami3in M. smegmatis
resulted in altered staining patternsifiew PG. (C) Measurements of cell lengtlami3defective mutant. Cell length
guant i f i amid strannappeafrs togbe different from the parental strain;-type (black circles) and
gea mi 3 : strannfdark gray trianglesyvi t dmi3 gbrain formng abnormally long cellg{D) Proportion of cells

with altered nascent PG incorporation in the mutant strain is significantly higher than that of the parental strain.

Statistical anal ysi s wastestroomparametdc) vath(*t **)p 0.00@L candideredSt ud e n |

significant
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In addition to this, staining of the mycolic acid layer using D&l confirmed the presence of
multiple septa in thgami3strain thus highlighting a role for this amidase in cell division
(Supplementary Figur@). Furthermore, polar elongatigmowthin mycobacteria is thought to
be asymmetricahus giving rise to heterogeneity within a generation (Singh et al., 2013).
Thereforewe sought to investigate this in teemi3strain as incorporation of new R@ll
lengthseem to be affected. We calculatedridieo of PG incorporation at both poles by
calculating the difference in polar fluorescence thus translating fmattern rate or pattern of
mycobacterial growth. As expected, wilghe incorporated new PG asymmetrically as seen with
different sizes in polar fluorescence, whilst thattern for thesami3 strainwas somewhat
similar, however athis was atlifferent rdios as the cells are longer than those of the-tyjbe
(Figure 3.18 D).

3.6.5 Defective septal placement and cell divisiors evident in anami3 mutant

The cell division defects observed thusgesmptedfurtherinvestigaton of cell division
processes theami3mutant strain by focusing on the cytoskeletal element, Fthich is
responsible for recruiting cell division protejmsquiredfor coordinding cell division to the
septum(Kieser and Rubin, 2014\ FtsZ-GFP tagged derivatii&enzanet d., 2017)was
introduced into the mutant strain alodalization wasnvestigatedising fluorescence
microscopyUnder normal conditions;tsZ localizes to the sitf cell division forming single

foci or two prior septal placemeritoss ofami3resultedn deregulated FtsZ localization (Figure
3.19). This is evident with the long cells havingpre than on&tsZ loci, however, two loci are
also normally found in wildypealthough at differing proportions from themi3strain We
further investigated the surface of the bacterial mutant strain to determine any alterations in cell
morphology using scanning electron microscopy. LossmBnot only led to elongated cells
that failed to divide but also resulted inlsdbrming Zringd division scarst random intervals

pointing to defect ifFtsZ-ring placemenénd or septal PG synthe¢isgure 319 B).

86



A DAPI-FITC Merge

Wild-type

Aami3

Wild-type Aami3::ami3

300 cells were counted

Figure 319 Scanni ng el ect r oami3and fluoresgencamnictoscoppof mygebacterial FtsZ in

t h emipackground. A) Localization of GFP tagged derivative of FtsZ in the wildy p @mi3a gp camigami3

strains respectively to investigate possible altered localization pattern and function. Delatio8leéds to punctate
pattern of FtsZ localizaton Scal e bar = 5 em, the merge i mages show t
proteins in the fluorescent channel and cell shapeerusing phase contrast simultaneously. B) Exponential phase

cultures fixed in glutaraldehyde and washed/dlifrevarying ethanol concentrations were viewed under a scanning
electron microscope to analyse bacterial cell surface.-tild (first panel) shows normal mycobacterial bacilli with
single septa and nan3swaih displayedgrusigpleng cel® mith samk leulgigy at the poles

and some having irregular multiple division scars (middle panel, defects indicated by red arrows). The genetically
compl e ment aniB:amid depictimynofmad cells, similar to those of the witgpe stran (normal cells in

both panels indicated by red arrow).
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3.6.6 Ectopic polar growth in the gami3 strain as a result of DivIVA mislocalization

Following the observations on altered cell elongatitvision, morphology and PG synthesis,
we hypothesized #t DivIVA (Wag31), which isnvolved in coordination of mycobacterial cell
wall elongationis aberrantly localizeth theami3mutant,leading to defects in the processes of
PG synthesis. To prove ths DivIVA-GFP derivativ§Maphatsoe, MSc. Unpublishe?i016)

was used to determine whether DivIVA localizatioassaffected in thgami3strain In wild

type, DivIVA islocalizedto the cell poles and septa, Figured3.Rue to failed cell division,

cells with branches were seen in #mi3mutant, this is discussed lat&tultiple DivIVA foci
weredetectedn the mutanstrain partcularly in branching cells, suggesting that deletion of
ami3alteredcell growth, division and elongation therefore promoting DivIVA mislocalization
leading togrowth at ectopic sites, (Figure B8)2
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Figure 3.20: My cobacteri al D i amiB haékgrdundcTahl eanz@sttain was transforngpd with a
DivIVA -GFP derivative. Thereafter fluorescence microscopic images of DivIVA were taken to visualize localization
pattern in themi3mutant, with the pattern of localization quantified by calculatiaieiproportion of cells adopting
aspecific pattern. A) GRBDIvIVA localization. In the wild type, GHDIvIVA localized to the poles and septa (shown

by white arrow i n ami3muant, Dpvi¥Alechlization &dopted gunttdotalizatoreindipated

by yellow arrows)landing at ecotopic sites resulting in the formation of lateral branches and budding alecejl mid
(indicated by red arrows). Some diffused DivIVA was noted also. B) Graphical representation of microscopic results
showingthe observed patterrmg DivIVA localization in the wildt y p e amif sraingwith 300 cells counted for

each strainThe eperiment was performed in triplicate to validate res@8tatistical analysis was carried out using

t he S tttest morpatametric) with*) p <0.05 considered significant
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To furtherinvestigate the defects seen with fluorescent microsdopg lapse microscopyas
used whichallowsreattime obsenation ofbacterid growthwith the use of agarose pads or
customized microfluidic devices. This leequewasused to compare the different strains,
evaluate differencan growth, study phenotypic differences in bacterial populations and track
the movement of tagged protei@&r.owth of mycobacteria in 7H9 Middlebrook medium was
analyzed irreal time, he parental strainld-type) grew normdly under these condition,
extending at the poles and dividing at a single septa to form two daughter cells BE2jure

This was evidenced by the presence of morphologically normashvaped bacteria that died

by binary fissionThe loss oimi3led to aberrant growth characteristics with cells not only
failing to divide following elongation, but also forming branches at the latera(Rigisre 3.2),
forming flat polesvherenew cells emerge@ndforming miled cells instead of the characteristic

rods(Supplementary Figur@). The formation of lateral and polar brunches necessitated further

investigation. We therefore assessed movement of the PG synthesis directing protein DivIVA in
reaktime using live célmicroscopy.
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Figure 3.21: Timelapse microscopy analysis of mycobacterial cell branching and coiling in themi3 mutant.

A) Cells were grown and imaged in Middlebrook 7H9 media. The videos show growth efypéldtop panel)

displaying a typical grovt pattern (polar extension) and cell division (single septa atcaiif of mycobacteria
resulting in the formation of t wani3strain ghich displaysbeandhisg. Th e
and coiling of cells (indicated by red arrows) gasgtive of deregulated PG synthesis and cell division. Scale = 5 um.

Time frame is in hours. B) Multiple phenotypes were natdtie ami3 mutanshown in the histogram, with the most

prominent being curved/ coiled cells. None of these defects were segethes wild type. Total micreolonies
assessed = 100 cells.
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As mentioned before, DivIVA localizes at the poles and septa (sites of nascent cell wall
synthesis) driving cell elongation and cell wall synthesis at the new poles following cell division.
As previously demonstrated, DivIVA localizes to the cell poles and septum in wild type, Figure
3.23.However, consistent with our previous resultsheami3 mutant DivIVA mislocalizd

across the lateral axipossiblyresulting in the aberrant growth moidials observed (Figure

3.22). One of the branches underwent septal constriction with DivIVA failing to localize at the
site, however the constriction did natesult incell division as the cells remainattached,

suggesting a defect oell separation faure (Figure 3.2). Some of the micro coloniaa the
ami3mutantseem to have maintained the ability to conduct classical bacterial growth and cell
division (data not shown)We hypothesizéhatthe generation of suppressor mutants or

alternative mechasins compensating for the lossamhi3allowed for this.

o ! !
]
Aami3
5um

Figure 3.22: Time lapse microscopic images for DivIVArsEGFP localization. M. smegmatigvild-t y p e ami®d d

were grown in 7H9 Middlebrook medium were subjected to time lapse microscopy to assess the localization of
DivIVA. In the wild type strain, DivIVA localizes at the site of active cell wall synthesis (i.e. pole and septa) indicated
bythe yell ow arrows ( f i amsidstramdsacend panel),HDiviWA localizes at ieatopid dites
(indicated by yellow arrows on bottom panel) in addition to the traditional sites of synthesis as indicated by the yellow
arrows resulting in thisrmation of Y shaped cell with delayed elongation and division compared taypiéchs seen

on the time stamp&ee Supplementary Video 1 in attached USB

3.6.7 Mycobacterial cell wall proteins potentially interact with Ami3 to coordinate bacterial

cell wall synthesis and cell division

We screened for possibfemi3 interactionpartnerausing the bioinformatics tool STRING

(functional protein association netwoik&rsion 10.]). Several possible intezons were
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identified (Figure 3.2 and Supplementarfyigure 5, of these, only genes whose functieas

known were taken furthem the MPFC assay to determine whether the mtieedinteract with
mycobacteriaAmi3. Plasmid onstructs were designed using clone mantagensurehat the

gene werein frame with the domains of mDHE The primers were designed by taking the gene
coding sequence with the respective restricti
successful cloning, the constructs were electroporated/insonegmatiparental strainv(il d-

type). Theplasmidsfor the MPFC assay were generated using theeNninal tagging vectors

pUAB300 and pUAB400Following constructioneach plasmid was restriction mapped to

ensurehe maintenance of the integrity of gertbat were clone(Supplementey Figurel1-16).

____________ Gene neighbourhood
............ Co-expression
"""""""" Gene co-occurrence

Figure 3.23: Schematic representation of possible Ami3 interacting partners as determined kthe SRING

database From the STRING database results, GlIft2, MMPL3, ERP, PAP2 and Pem&tgeas possible Ami3
interacting partnerand were ¢osen for further investigation. The dotted lines depict the types of interactions
predicted by the database, i.e. red dotted lines are indicative of genes predicted to be in the same neighborhood, blue

dotted lines are genes that have been shown to dociing similar processes and lastly black dotted lines indicate
genes that are eexpressed.

Plasmids that were constructed to probe for interactions aeeztectroporated into thigl.

smegmatiparental strain and plated on 7H10 Kan/Hyg plates. Theftranants were selected
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and subcultured onto 7H10 Kan/ Hyg/ ii@ml TRIM and subsequently 1g/ml TRIM to

assess the strength of the interacfieigure2.3). As expected, extensive growth in ué/mi

and 15 pg/ml TRIM was observed in the positive colnvhich was thé&RipA_RpfB strain

where thanteractionhas been previously reportédett et al., 208) and no growth &sseen in

the negative control (pUAB300_pUAB400). A screen of the chosen genes was performed to
determine whiclof the possiblgartrers interact with Ami3From the proteins selectetie
galactofuranosyltransferase (GIfT®hich catalyzes the polymerization of the galactan domain
of AG, the Mycobacterial membrane protein La¢lybnpL), whose role infVitb has been linked

to virulence inmice, and the penicillin binding proteifiPonAl),responsible for ensuring
coordinated cell growth and division through the synthesis ¢fdplayed growth on low
concentrations of TrinjFigure 3.2). However, with increasing TRIM concentratidhe Gflt2-
Ami3 pair displayed impaired growth, suggesting thatheractionbetween these proteimsas
weak or possibly norspecific(Figure 3.24) The Phosphatidic acid phosphatase (PA#)ich
catalyzes the dephosphorylation of phosphatidic acid (PA) kb giacylglycerol (DAG), a key
precursor for TAG biosynthesis and the extracellular protein family (Erp) failed to grow in the
preseceof TRIM, suggestinghe lack of physical interaction with the amidase Affigure

3.24) Hence this analysis yielded &1 and MmpL as possible interacting partners for Ami3.

No TRIM
(Kan (25 pg/ml ) and
Hyg (50 pg/ml))

7.5 ug/ml TRIM

15 pg/ml TRIM

Ami3::ponA1 Ami3::PAP2 Ami3::Glft  Ami3::Erp Ami3::MmpL  RPFB::RipA PUAB300:
pUAB400

Figure 3.24: Ami3 interacting partner screening usingthe M-PFC assay Shown is the growth d¥. smegmatis
on agar platesM. smegmatigells (m&155) were independently transformed witAREC plasrid pairs producing:
Ami3[F1,2]_PonAl[F3], Ami3[F1,2]_PAP2[F3], Ami3[F1,2]_@&2[F3], Ami3[F1,2]_Erp[F3] and
Ami3[F1,2]_MmpL[F3], with RipA[F1,2]_RpfB[F3] and pUAB300_pUAB400 serving as the positive and negative

control respectivelyThe text in parenthesirefers to the fragment of the mDHFR to which the gene of interest was
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fused. See material and methods for further def&itmsformants were subcultured in 7H10 medium with TRIM (7.5
pg/ml and 15 pg/ml), Kan (25 pg/ml) and Hyg (50 pg/ml) and incubat&Y &C for 37 days. Growth is indicative

of proteinprotein association, as seen in Ami3[F1,2] PonAl[F3] and Ami3[F1,2] MmpL[F3] at the highest
concentration of TRIM.

3.7 Phenotypic characterization obami4 strain

3.7.1Loss ofami4 has no effect orM. smegmatiggrowth in axenic culture

Growth analysis was performed to examine the effecasndd deletionin M. smegmatis
Previous work has demonstrated no growth defeas i coli anpD deficient stain, closely
related to thé/l. smegmatiamid. Consistent with this, ngrowthdefectswere seen in thil.
smegmatig@mid strain,in contrastthe mutantstrain grewslightly faster than its wildype
counterpart andenenticcomplement, reaching exponghiphase at an accelerated r@gure
3.5 A). However this defect was not considered significanC&dJ countgevealedo
difference in the colony forming ability of the parental or complemestr@ihsversus the
mutant strair(Figure 3.5 B).
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Figure3.25: Gr owt h ki n eami4d. smegaatistraie. SrowatH wasanonitored by optical density (A)
and by CFUs (B). Growth dhe parental straifl. smegmatisvild-type (black)M. smegmatiseami4 (peach) and.
smegmatisamid:ami4 (purple) was conductein Middlebrook 7H9 media monitored at three hour intervals. The
values shown are the average of three independent replitatesamigstrain in axenic culture reached exponential
phase at fasterrate compared to the witd y p e amif:amidadlthough a difference in growth was seen in axenic
culture, quantification of growth using CFU did not confirm the results segarielA. Error bars are representative
of standard error o ft-test (homparareetic) wil(’y E<M)05 cordseraddsignifitadts
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3.7.2Loss of Ami4 affects biofilm formation and teicoplanin tolerance

We next assessed whether the disruption of Ami4 negatively impalcgability of M.
smegmatiso form stable biofilms as characterizedabyintricate thick tetured reticulation
patternon the surface of pellicle biofilm3he deletion oami4had no impact on biofilm
formation, similar to the loss of Ami3 as the giraias able to form a corded hilof. However,
guantification of biomass revealed a reductiohiomass implying that the total amount of
organisms weraffected (Figure 3@A). This defect was not reverted in the genetically
complemented strajnvhichalso showed signs of reduced biomdsslusion of the vector only
control pTweetygamid) confirmed this was a result of the additioradfanamycin harboring

vector, which may have affected biofilm formati (Figure 3.5A).
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Figure 3.26: Biofilm formation, antibiotic susceptibility and ethidium bromide diffusion in the ami4 mutant.

Biomass was determined by crystal violet staining. Results show the means afidepndenexperimentsvith

triplicate samples. (A) Shown is the biofilm and amount of biomass in thetwjido eami4 awel genetically
complemented straigami4:ami4, adife r ence i n bi o maamid however, peseeca of kanamycin e &
cassette seems to affect biofilm and biomass in the genetically complemented strain (B) Minimum inhibitory
concentration with isoniazid, imipenem, ethambutol and teicoplanin wadataftas fold change using the wiighe

as r ef er eamidshowsdtsensitivity to tei@planin only. (C) Ethidium bromide assay for analysis of cell wall
permeabilitywas performed, with no significant difference observiéte statistical differensebetween the wildlype

and mutant was det e rt-tedt(namghramesic) witip <t0.B5econSidered! sgymificaints
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Following this, we investigated the effect of cell wall targeting antibiotics on the survival of the
gami4strain (Figure 3.8B ) . L camiddidomdt remdeM. smegmatisnore susceptible to
isoniazid, imipenem or ethambutol however, reduced tolerance to teicoplanin was observed
(Figure 3.3 B), suggestingmpairment of cell wall remodelg and or permeabilityTo further
investigate whether this susceptibility to teicoplanin could possibly be attributed to increased cell
wall permeability or a disturbance in cell membrane pumps, we used the ethidium bromide
diffusion assay outlined i®ection2.6.5. No difference in permealyliwas observed using the
fluorescence intensity of ethidium bromide (Figure 3.26C).

3.7.3Ami4 hasa role in PG synthesis coordination

Peptidoglycan hydrolases have been implicate@linnall homeostasiandlossof function has
thusbeen shown to hawdetrimenal effects on the maintenance of the mechanisms responsible
for not only for PG synthesis but also bacterial sH&piedich and Gaynor, 2013As stated in
Section3.7.1, deletion ofami4 does not have obvious effects on growth either in liguidn

agar, howevethe marginalincrease irsusceptibility tateichoplaninled us to hypothesize that
there must beefects in PG syhesis whemami4is deletedMycobacteria grow by incorporating
PG at their poles and septa unlike their-sbdped countparts,E. coli (Kieseret al., 2015)
Analysis ofM. smegmatisvild type and genetically complemented strain indicated the expected
pattern of PG synthesis (Figure 3.27). Howevergiii@i4 strain incorporated Ala across the
lateral axis of the cell redting in the formation of short fat cell$his clearly indicates defect

in regulationof the PG synthesis machinery. To further elucidate these results, both the PG
synthesis and cell length phenotype were quantified and as shown in the microscibpyossu

of ami4leads to distorted PG biosynthesis and thus alterations in cell shape (Figure 3.27)
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Figure 3.27: M. smegmatisAmi4 modulates cell length and shape(A) Fluorescence microscopy carried out to
study alterations in PG synthesis usinglB® and click chemistry. As expected, staining was observed at the cell poles
for wild type,ami4 mutant cells did not display this pattern of staining. Deletion oath&l gene inM. smegmatis
resulted in altered cell length and width, with cells appegdetter and shorter than the parental stré). Bacterial

cell length quantification depicted in graphical form confirmed the results observed in the microscopk; imitg
gami4 cells being shorter than the witgpe. (C) Nascent PG staining patterns are shéMistogram)w i t dmi4 o
colonies appearing marginally different from those of the-wjfik. Cells appear to be shorter as measured previously
and incorporatenew PG axially rather than at the poles seen with the staining patteifhree independent
experiments were conductedth 100 cells counted for each replica. Statistical analysis was carried out using the

St u d etest (ihosparametric) with * indictve of p< 0.05 and ** indicative of p < 0.0&onsideredssignificant.

3.7.4Loss of Ami4 results in cell death

The maintenance of bacterial cell shape, septation and autolysis is primarily governed by PG
hydrolases and the loss of Ami4 appears toaichpomeof these featured o further investigate
this, live cell imaging was employed to gain a better understarafitige overall impact of this
The loss of Ami4 resulted igrowth/division defects that weseiggestivempaired PG
synthesis/homeostasLoss of Amidalsoled totheformation of septal bulges/hich later

became polar bulges and rounding of poésulting in the formation of short fat ce{lsigure
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3.28). Furthermore, thisygregulation in PG synthesis in theni4 deficient strain redted in
extrusion of cell wall materiabhich is a sign of dysregulated PG synthesis and cell wall rigidity

andlater on.cell death (Supplementary Figure10)
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Figure 3.28: Time-lapse microscopy analysis of cell branching, bulging and burstinip the ami4 mutant. Cells
were grown and imaged in Middlebrook 7H9 med#). The videos show growth afild-type (top panelwith the
typical growth pattern (polar extension) and cell division (single septa ateff)cbf mycobacteriaThe bottom panel
shows thexami4 strain whichforms branches, fat cells and-¥haped cells suggestive of deregulated PG synthesis.
Scale = 5um. Time frame is in hour¢B) Quantification of the miltiple phenotypes noteid thetime-lapse videos

with the most prominent beirghortfat cells Total micrecolonies assessed 100 cells.

3.7.5Mislocalization of DivIVA alters mycobacteinal growth dynamics

Theprevious observations demonstrated the emergence of lateral branches and ectopic polar
growth indicative of misdirected cell walynthesispossiby through the mislocaletion of
elongasome enzymes recruited to the pdteaddition to thisstrikingly altered morphology

was seen, with cells forming bulges at the septa and eetdéasll wall material(Supplementary
Figure 10) From previous work, it is known that DivIVA is responsible for maintaining bacterial
cell morphology and determining the pattern of cell wall biogersgtse polestherefore

DivIVA localizationin the mutant and wildype strainvas monitoredy creatng a DivIVA-

GFP tagged derivativ@ector obtained from Maphatsoe MSc. 2016, unpublisted)

localization patterngisualizedusing time lapse microscopy. Lossamhi4led to afipatchy

DivIVA fluorescence patterrwhich wasunlike thatseen for wildtype whereinfluorescence was
seen at the poles and septa as expected (SupplementaryArigiert, DivIVA localization was
visualizedusing time lapse microscopy which enables real time visualizdtiongbacterial

growth.The videogFigure3.29) validated the results seen in Supplementary figuie
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addition formation of ectopic sitof growth waseitheraccompanied or preceded by DivIVA
mislocalzationalong the lateral axis of the cell or subpolar regiesulting in the formation of
branchegFigure 3.29) In addition to this, DivIVA was unstable leading to bacterial cell death in
some instances (FiguB=29).

Wild-type

Aami4
Panel A

Aami4
Panel B

Figure 3.29: DivIVA fails to assembleproperly in the gami4 strain. Time-lapse microscopy analysis of DivIVA
GFP localization in theM. smegmatisnildtype andgami4 strain. Strains were grown in 7H9 Middlebrook and
subjected taime-lapse microscopy. (First panel) Witgpe DivIVA localization at the pokand septa (classical sites

of active growth). PanelA and B In the gami4 DivIVA | ocalizes at more than one site along the cell and seems
unstable leading to the formation of branches, fat cells and death incatisme&See Supplementary Video 2 in
attached USB.

3.8 Role of the amidase_2 domain containing proteinAmi5, in bacterial cdl length

maintenanceand cell wall homeostasis

3.8.1Loss of Ami5 has no effect oM. smegmatigrowth in axenic media

As Ami5 share high homology with Ami4, we initially hypothesized that theseteirs could
perform redundant functiongVith thatpossbility in mind, we studiedmi5 further to
determine whether it had evolved to perform a distinctive functiovhether itfunctionally
overlappedvith Ami4. Growth kineticsanalysesof wild-type, theami5 deficientmutantstrain

andgeneticallycomplematation straireeami5:ami5were conducted by inoculation of strains in
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7H9Middlebrook S a ut o.mdiscreaseddyiowth rate was observed foraimes

knockout strain in bot h (FQit®3.83sAnadd BSTe some extérs, mi n i
these differences retcted in the CFU analysis, but they were not statistically signifi€agtire
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Figure3.30: Gr owt h ki n eami5straimimraldtion soiwid -typé andeomplement(A and B) Growth
of parental strainM. smegmatismc®155 wildtype (blak), M. smegmatissmmi5 (green) andM. smegmatis
aamis:ami5( bl ue) in Middlebrook 7H9 and Saut ondg&oatthreei ma l me
hour intervals. (C) Growth analysis of viable bacteria was measured by CFU counts. The valuegarshtihen
averages of three separatgeriments Er r or bars are representative of st an
t-test (noRparametric) with*) p > 0.05 consideredon-significant
3.8.2 Loss of Ami5 results in resistance to ethambutol and reomycin
As with the other mutants generated in 8tigdy, we sought to investigate the inhibitory effect
of cell wal | t ar camibs tnrga i afdadtamiantdmotibis ienpenemand h e o

amoxi cil |l i n haan5muaantevheh eomparedto thetpharentaleptrain, this was

also seen whetie strain was exposed to cycloserine and teicop(&ngure 3.31)
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Unexpect edl yamiSw® rtipamizutolresultenl fn amgincrease in resistance to the
arabinosyl transferase inhibitor, possibly indicative of decreased permeability of the cell wall
(Figure 3.3L A). In addition to this, a tw«old increase in resistance was observed with
vancomycin. Overall, these resuttlsmonstratéhat the defects seem to be distinct from those
observed in thami3andami4 deficient mutantssuggesting that Amifnay have evolved

distinct functionsDue to difficulties experienced in growing the complement strain as it was
later contaminated and along with time constraintsg#mais:ami5complementation strain was
not included in the MIC experimerBubsequently, the ethidium bromide assay was used as an
indicator of cell wall permeability and the extent of cell membrane pump activity. No significant
difference was observed heten the wildtype and themmi5 mutantstrainindicating that

resistanceamot be attributed to a decrease in cell wall permeab(fygure 3.31 B).

A B
E
=)
=
c
(=]
S 6
I 8 == Wild-type
£ (=) Aami5
) 1 " - Aami
g 2, [VMW Bamis:amis
o (4]
o )
> 33
£ ic
e @
4 2?2
£ 21
E @
3
E 0 .
£ 0 20 40 60 80
N Time (minutes)
1.25 pg/ml
E&A wildtype
E21 Aamib

Figure 3.31 Drug susceptibility assay and ethidium bromide diffusion in gami5 M. smegmatisstrain.
Experiments were set up independently in triplicatesT Wg gami5strain was grown in the presence of different cell

wall targeting antibiotics in a 96 well plate for 7 days. Bacterial survival was measured by the visible formation of a
pellet at the bottm of the well. Exposure to ethambutol and vancomyoaided an increased resistance to both
antibiotics.B) Wild-type,gami5andgami5:: ami5 strairs weregrown to ORo=0.4, washed twice in PBS&xposed

to 1.25 pg/ml of ethidium bromide and incubate@afC for 1 hourwith absorbance taken every 60 seconds. Results
show that loss aimi5does not affect the permeability of the cell walhe statistical differences between wiighe

and mutants were determined using$he u d etest (Gosparametrig; with (*) p < 0.05 consideredignificant.
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3.8.3Loss of Ami5 results in the formation of mini cells

To determine whether deletion of Ami5 affects PG synthesis sraisynthesisbiosynthesis of
M. smegmati®G was investigateas previously desibed for the other mutantsoss ofami5
resulted in the formation of miwells with an average length of 1 um to 5, ghorter than wile
type these celléncorporate nascent PG at the poles and future septa as in the parental strain
(Figure 3.2 A). From this, it appears that although cell division was affected, the ability of the
cells to grow via polar addition of new PG remained was maintained (Fig@r& 3.3
Furthermore, quantification stained cells confirmed our initial observations indicatirigrge
number of ambstrhirswele less théineg preein length and yet maintained the

conventional PG staining pattern (FigureZB3and C).
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Figure 3.32: M. smegmatis amisnodulates cell shape(A) Deletion of theami5in M. smegmatisesuled in altered
cell length with some of the cells appearaigrterthan the parental strainpwever maintaining the canonical nascent
PG staining pattern seen in wilgbe mycobacteria(B) Cell length quantificatiorof the wildtype, gami5 and
gamiS:amis indicate that the loss aimi5severely altered ceM. smegmatisell length (C) Quantitative analysis of
staining patterns adopted by the wilghe, gami5 and gami5:ami5 strains. Loss o&dmi5did not have a significant
effect on mycobacteal PG incaporation as the staining pattern was maintained througBtatistical analysis was
carried out utgest (nhgapatametric)Svithrrtr @ m<tO®Glconsidered significant.
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Scanning electron microscopy is an excellent toolrfeestigatingultrastructureof
microorganismss it reveals morphological features of isolated organisms.-S&ibwas used

to determine changes in bacterial cell architecture as a resuitistleletion.Mycobacterial

cells grown in Middlebrook’H9 exhibited a smobtsurface with cells forming rods of normal
size. However, cells lacking tlaeni5gene formed short cel(§igure 3.3), validating the
fluorescence microscopy results, Fig@r&. However, it should be noted that this was a
heterogeneous observation heamiSdeletion strain seemed capable of forming cells of normal
lengthalsa The phenotype was reverted back to viyige levels with the complementation of

the gene.

Figure 3.33: Scanning electron microscopy ofvild-type, ampba n dami: ami5 strains. Cells were cultured in
Middlebrook 7H9, followed by fixation in gluteraldehyde in preghan for viewing using SEM. Wildype (far left)
cells formed smooth rods and grew to normal size, the lca®idf(middle) led to fomation of short cellsvith some
appearing normallhe phenotype was reverse by complementation, with cells forewpgcted sizebdacilli (Panel
far right).

3.8.4Loss of Ami5 leads tahe formation of short cells

Confocal microscopy and SEM micrograptesre confirmed byime lapse microscopyideos
which enabled the monitoring of these strains in real titiieing agarose pads arcustomized
microfluidic device From this it was evident that the loss of Ami5 ledh® formation of what
appeared todmini cells but strangely were incapable of propagdtingure 3.34)We
hypothesized that these could be membrane biglish result at the late stages of apoptosis
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