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Abstract 

 

Mycobacteria assemble a complex cell wall with cross-linked peptidoglycan (PG) playing an 

essential role for maintenance of cell wall integrity and tolerance of osmotic pressure. In 

previous work, it was demonstrated that various hydrolytic enzymes are required to remodel PG 

during essential processes such as cell elongation and septal hydrolysis. In this thesis work, we 

explore the chemistry associated with PG cross-linking, specifically the requirement for 

amidation of the D-glutamate residue found in PG precursors. In Mycobacterium smegmatis, an 

experimental surrogate for Mycobacterium tuberculosis (Mtb), we confirm the essentiality of D-

glutamate amidation in PG cross-linking by labeling cells with synthetic fluorescent PG probes 

that require amidated side chains for stable incorporation. We also use CRISPRi targeted 

knockdown of genes encoding the MurT-GatD complex, previously implicated in D-glutamate 

amidation in other bacterial species, and demonstrate that these genes are essential for 

mycobacterial growth. We show that MurT-GFP co-localizes with mRFP-GatD at the cell poles 

and septum, which are the sites of cell wall synthesis in mycobacteria and that these enzymes 

interact to form the PG amidation complex. Furthermore, time-lapse microscopic analysis of 

MurT-GFP localization in fluorescent D-amino acid (FDAA) - labeled mycobacterial cells 

during growth demonstrated co-localization with maturing PG, suggestive of a role for PG 

amidation during cell wall remodeling and repair. Depletion of MurT and GatD caused reduced 

PG cross-linking and increased sensitivity to lysozyme and β-lactam antibiotics. Cell growth 

cessation was found to be the result of a shutdown of PG biosynthesis mediated by the 

serine/threonine protein kinase B (PknB) which senses uncross-linked PG. Collectively, the first 

component of this work in M. smegmatis demonstrates the importance of D-glutamate amidation 

in mycobacterial PG precursors. We further exploit this enzyme complex in the second part of 

the dissertation to develop a novel CRISPRi-based recombinant BCG (rBCG) vaccine named 

rBCG::iE-DAP. This rBCG vaccine is based on the depletion of MurT-GatD, which results in 

reduced PG side chain amidation. As amidation masks detection of PG by the NOD1 pathogen 

recognition receptor, we postulate that this novel recombinant BCG will facilitate enhanced 

immunity against TB disease. As expected, the recombinant BCG induced increased immune 

activation and protection against Mtb infection in a mouse model of TB infection. This work 
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highlights the MurT-GatD complex as a novel drug target and as a target for development of a 

next generation TB vaccine targeting innate immune responses against Mtb infection. 
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 Introduction 

1.1.1.  Etiology of TB  

Mycobacterium tuberculosis (Mtb) is the causative agent of Tuberculosis (TB), a communicable 

disease that remains the leading cause of death from an infectious disease worldwide accounting 

for nearly 1.5 million deaths annually (1). Despite the availability of a TB vaccine (the Bacille 

Calmette Guérin [BCG] vaccine) and antibiotics, Mtb has infected approximately a quarter of the 

global population and continues to cause nearly 10.4 million new infections annually with the 

highest incidence of the disease found in sub-Saharan Africa (Fig. 1.1) (1). The emergence and 

global spread of drug-resistant TB (DR-TB), currently amounting to ~500 000 cases per annum, 

and co-infection with the human immunodeficiency virus (HIV) further complicates the global 

control of the disease (1, 2). Moreover, the COVID-19 pandemic has affected TB control 

programs worldwide, causing the first increase in TB related mortality in over a decade (3). 

 

 
Figure 1.1. Global estimated TB incidence rates, 2021. Sub-Saharan Africa has the most severe TB 
incidence relative to population (1). 
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TB infection is acquired through inhalation of transmitted aerosols containing Mtb from an 

infected individual and it primarily affects the lungs although the infection can spread to other 

organs causing extrapulmonary TB (4). In the lungs alveolar macrophages (AMs) recognize and 

phagocytose Mtb in an attempt to eliminate the infection (4, 5). Paradoxically, macrophages 

serve as the preferred niche for Mtb replication (6). Mtb has evolved to evade and resist the 

human immune system mainly through counteracting the antimicrobial response of the alveolar 

macrophage (7, 8). Notably, Mtb possesses a variety of immunomodulatory mechanisms that 

facilitate persistence during immune assault. For example, Mtb massively manipulates 

macrophage responses by selectively activating macrophage pathogen recognition receptors 

(PRRs) which favor bacterial survival or by arresting phagosome maturation with cell wall lipids 

such as phosphatidylinositol mannosides, trehalose dimycolates, lipoarabinomannan (LAM) and 

sulfoglycolipids (7, 9). Mtb also expresses a variety of virulence proteins such as NdkA, SapM 

and PknG which inhibit lysosomal trafficking pathways or virulence proteins such as ESAT6-

CFP10 which facilitate phagolysosomal escape (9). Furthermore, Mtb uses cell wall associated 

lipids to recruit more growth permissive macrophages to the site of infection and subsequent 

processes involve killing of AMs, infection of recruited cells and propagation of infection 

resulting in the aggregation of the immune cells at the site of infection, causing the formation of 

a granuloma – the pathological hallmark of TB infection (10, 11). 

 

As the disease progresses, adaptive immunity is induced resulting in development of a mature 

granuloma characterized by the presence of T and B cells at the periphery of the granuloma 

forming a lymphocytic cuff enclosing the macrophage rich center (11). Combat within the 

granuloma between Mtb and immune cells results in characteristic regions of necrotic material 

accumulating as a result of the death of infected host cells (10). The necrotic lesions lead to the 

formation of what is known as the caseum – characterized by extensive cellular degradation. In 

some cases the caseum undergoes liquefaction and cavitation occurs when a liquefying 

granuloma fuses with an adjacent airway facilitating spread of Mtb released from dying cells 

through the respiratory system to another susceptible host via expectorated Mtb-containing 

aerosols (10). 
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1.1.2.  History of TB treatment 

Chemotherapeutic treatment of TB is complex; requiring (I) long term use of multiple antibiotics 

with severe side effects, (II) involving regimens that are difficult to manage leading to 

compliance issues. At the core of this challenge is the remarkable ability of Mtb to tolerate 

antibiotic exposure and to develop drug resistance (12). The current regimen for treatment of 

drug-susceptible or resistant TB (DS-TB/DR-TB) is a result of decades of research and clinical 

trials to develop an effective combination therapy administered for over a period of up to 6 

months for DS-TB or 24 months for DR-TB with standard therapy or 6 months with newly 

discovered regimens such as the BPaL regimen (Fig. 1.2) (12, 13). 

Figure 1.2. History of TB drug discovery and development of treatment regimens. Shown is the time-
line for TB-drug development with key points when combinatorial therapy was introduced. The different 
drugs are represented by the colored circles (overlayed colored circles represent combination therapy). 
STREP: Streptomycin, PAS: para-aminosalicylic acid, INH: Isoniazid, PZA: Pyrazinamide, CYCLO: 
Cycloserine, KAN: Kanamycin, ETH: Ethionamide, EMB: Ethambutol, RIF: Rifampicin, CAP: 
Capreomyin, OFX: Ofloxacin, LZD: Lineozilid, GAT: Gatifloxacin, MOX: Moxifloxacin, RFP: 
Rifapentine, PTM: Pretonamid, DLM: Delamanid, BDQ: Bedaquiline. Drugs that are in early-phases of 
development or with no human proof-of-concept data are not shown. This figure was adapted from Ma et 
al. 2010 (14). 
 

The discovery and use of streptomycin (SM) in 1943 as a TB antibiotic heralded the use of 

chemotherapy for TB treatment (Fig. 1.2). However, the development of resistance to SM was 

documented in ~70% of SM treated patients and in addition, SM induced nerve toxicity was also 

documented (15). These issues spurred the need for a renewed effort for the search for new 

antibiotics. SM was subsequently used together with para-aminosalicylic acid (PAS), which was 

discovered in 1948 and shown to reduce symptoms of renal TB, TB meningitis and TB enteritis 

(16). The SM/PAS combination showed improved efficacy than either drug alone, and resulted 

in the establishment of the first combination therapy for TB (Fig. 1.2) (14). In 1952, Isoniazid 

(INH) was shown to be safe and effective as a treatment for TB, however, INH resistance was 
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rapidly documented in 70% of cases after 3 months of therapy (17). INH was introduced to the 

SM/PAS regimen in an attempt to improve treatment and to curb further development of drug 

resistance (Fig. 1.2). The SM/PAS/INH therapy resulted in cure rates of up to 90-95%, however, 

this combination treatment required up to 24 months of continued therapy to achieve this durable 

cure (17).  In 1961, Ethambutol (EMB) was discovered during a random screen of compounds 

able to kill Mtb in vitro (18). PAS was replaced with EMB (Fig. 1.2), as EMB was better 

tolerated than PAS and the SM/EMB/INH therapy was shown to reduce the duration of therapy 

from 24 to 18 months (17). During the early 1960s, rifampicin (RIF, a modified form of 

rifamycin [discovered in 1957]) was shown to be safe and effective when added to the triple 

therapy (SM/EMB/INH) reducing the treatment duration down to 8-9 months (17). Finally, 

addition of pyrazinamide (PZA, discovered in 1952) to EMB/INH/RIF to replace SM (Fig. 1.2), 

owing to the ability of PZA to accelerate the required time to achieve culture negativity to 6 

months, resulted in development of the current regimen for DS-TB (14, 17). This regimen 

involves treatment with all 4 drugs for 2 months (i.e. the intensive phase of treatment) followed 

by treatment with RIF and INH for 4 months (i.e. the continuation phase of treatment). To 

combat the issue of non-compliance to treatment, in 1995 the World Health Organization (WHO) 

endorsed the Directly Observed Treatment, Short course (DOTS) which has improved the cure 

rate for DS-TB (19).   

 

Recently, a 4-month daily DS-TB treatment regimen with an optimized rifapentine (RFP) dose 

and  moxifloxacin (MOX) was shown to be as safe and effective as the 6-months standard (Fig. 

1.2) (20). Despite this success of combinatorial therapy, DR-TB continues to increase and 

requires extensive treatment periods, using drugs associated with severe side effects (1). 

Treatment of multi-drug resistant TB (MDR-TB, defined as resistance to at least INH and RIF) is 

complicated with patients receiving up to 7 drugs including a second-line injectable drug 

(amikacin [AMK], capreomycin [CAP] or kanamycin [KAN]) while extensively-drug resistant 

TB (XDR-TB, defined as MDR-TB additionally resistant to any fluoroquinolone drug and at 

least one injectable drug) has few treatment options (21, 22). However, recent clinical trials with 

novel treatment shortening regimens to treat DR-TB have yielded positive results in the past few 

years (23). For example, the BPaL all-oral regimen involving the use of new drugs (bedaquiline 
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[BDQ] and pretonamid [PTM[, with linezolid [LZD]), yielded favorable treatment outcomes in 

90% of XDR-TB patients or complicated-MDR-TB patients after 6 months of treatment while 

previously the standard treatment regimen for XDR-TB only yielded ~50% cure rates at 24 

months of treatments of treatment (13, 24). 

 

As coinfection with HIV is the leading contributing factor for the increased TB burden, 

particularly in sub-Saharan Africa (1), new treatment regimens that are developed need to 

consider HIV-TB co-infected individuals given the potential of adverse drug-drug interactions 

causing toxicities that can be avoided (25). For example, treatment with BDQ is associated with 

prolonged QT interval (26), therefore the known inhibitory effects of anti-retroviral therapy 

(ART) on the BDQ metabolizing isoenzyme cytochrome P450 3A4 (27), might increase BDQ 

concentrations in patients on ART potentially causing toxicity. Considering these factors, there is 

an urgent need for development of new drugs with novel modes of action, which would shorten 

the duration of treatment, with limited ART interaction properties, reduce the daily pill burden, 

and are effective against DR-TB. Based on previous research (28), the mycobacterial cell wall 

remains an interesting target for identification and validation of novel drug targets as the current 

anti-TB drug regimen for DS-TB involves cell wall targeting drugs such as INH and EMB, 

which disrupt the protective mycobacterial cell wall increasing the efficacy of non-cell wall 

targeting drugs.  

 

1.1.3.  The mycobacterial cell wall 

Mycobacteria assemble a unique and complex cell wall composed of three distinct layers, 

namely: mycolic acids, anchored by the arabinogalactan layer which is covalently attached to the 

peptidoglycan (PG) layer (Fig 1.3) (29). Lipid, glycan and peptide precursors of the 

mycobacterial cell wall are vital for biosynthesis of this macromolecule. The diverse 

biosynthesis pathways for the cell wall precursors and the enzymes required for incorporation of 

the precursors into the cell wall are the most widely exploited targets for anti-TB drugs (30). 
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1.1.3.1.    Glycolipid and mycolic acids biosynthesis and potential targets 

Among the bacterial species, the actinobacteria are distinguished by the presence of a mycolic 

acid layer (Fig 1.3) (29). The mycolic acids are attached to the arabinogalactan layer and are 

mainly long chain α-alkyl-β-hydroxy fatty acids composed of a meromycolate carbon (C)42-C62 

chain and a long saturated C24-C36 α-chain. The outer cell envelope is also composed of free fatty 

acids such as trehalose mono/di-mycolates, diacyltrehalose and polyacyltrehalose, PDIM, 

sulfoglycolipids and glucose monomycolates. The glycolipids, phosphatidyl-myo-inositol 

mannosides, lipomannans (LM), LAM and mannosylated LAMs are attached to the cell 

membrane or to other layers of the cell wall. The mycolic acids and related lipids are important 

for cell wall integrity and also contribute to the pathogenicity of Mtb during infection (29). They 

also comprise a substantive permeability barrier for drugs and small molecules. Considering the 

important features of the mycolic acids and related lipids, the enzymes involved in their 

biosynthesis have been identified as potential drug targets. For example, INH and diarylcoumarin 

compounds in preclinical development inhibit mycolic acid biosynthesis (see below). 

Figure 1.3. Periplasmic cell wall biosynthesis pathways of the mycobacterial cell wall. Shown is the 
periplasmic cell wall biosynthesis pathways for the different components of the mycobacterial cell wall 
(peptidoglycan [PG], arabinogalactan, mycolic acids and glycolipids). The validated enzymes and 
potential drug targets in the mycobacterial cell wall are shown in red font. PG hydrolases, required for PG 
remodeling during cell growth are also shown. 
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1.1.3.2.    Biosynthesis of glycolipids and drug targets in the pathway  

Glycolipids are essential for mycobacterial growth and their biosynthesis is initiated in the 

cytoplasm (Fig 1.4, blue section). PimA and PimB, the α-mannopyranosyl transferases, transfer 

mannosyl residues from donor GDP-mannopyranose to the second and sixth positions of the 

inositol moiety of phosphatidylinositol to form phosphatidylinositol monomannoside (PIM1) and 

PIM2, respectively (29). PIM1 is acylated by Rv2611c before formation of PIM2 and subsequent 

to formation of PIM2, the C3 position of the myo-inositol ring of PIM2 is acylated by an unknown 

acyl transferase to form Ac1/Ac2PIM3. 

 

Figure 1.4. Cytoplasmic cell wall biosynthesis pathways of the mycobacterial cell wall. Shown is the 
cytoplasmic cell wall biosynthesis pathways for the different components of the mycobacterial cell wall 
(peptidoglycan [PG], arabinogalactan, mycolic acids and glycolipids). The vaildated cytoplasmic 
enzymes and potential cytoplasmic drug targets are shown in red font. Membrane channels involved in 
PG recycling, GlcNAc-1-P-L-rha-Galf

30
-, DPA-, Ac

1
/Ac

2
PIM

4
-, and surface glycolipid translocation 

remain to be identified (depicted by “?”)(31). 
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Table 1.1. A list of drug targets in the mycobacterial cell wall biosynthesis pathways with 
compounds showing inhibitory activity of Mtb growth. Compounds without proven in-vitro data were 
excluded. 

Drug target Drug Effect Ref 
GlmU 4-aminoquinazolines (compounds HMP-05 

and HMP-15), 2 phenylbenzofurans, 
arylamines, arylsufonamides, diterpenoids 
(TPSA and 2-amino-2,3-dideoxy-3-fluoro--
d-glucopyranosyl phosphate) 

Inhibit PG precursor 
biosynthesis 

(32, 33) 

MurA Fosfomycin analogs, peptidomimetic 
compounds and sulfonoxyanthranilic acid 
derivatives 

Inhibit PG precursor 
biosynthesis 

(34-36) 

MurB Sulfadoxine, pyrimethamine, piperazine 
derivatives and chloropicolinate amides 

Inhibit PG precursor 
biosynthesis 

(37) 

MurE Glucosamine uridine analogs Inhibit PG precursor 
biosynthesis 

(38) 

PBPs Moenomycin, beta-lactams, carbapenems and 
cephalosporins 

Inhibit PG cross-linking (39) 

Alr D-cycloserine Inhibits PG precursor 
biosynthesis 

(40, 41) 

DdlA D-cycloserine Inhibits PG precursor 
biosynthesis 

(41) 

BlaC Clavulanate, diazabicycloctanones, avibactam 
and sulbactam 

Inhibit BlaC beta-lactamase 
activity 

(39) 

LDTs Carbapenems and cephalosporins Inhibit PG cross-linking (42, 43) 
PknB 5-substituted pyrimidine analogs Inhibit PknB signaling (44) 
Carboxypepti
dases 

Meropenem Inhibits PG remodeling (45) 

MurJ Humimycins Block translocation of Lipid 
II to the periplasm and 
inhibit PG biosynthesis 

(46) 

MurX/MraY Capuramycin, capuramycin analogs 
(compound UT-01320), tunicamycin, 
compound SQ 641, compound X-J99620886, 
muramycin D2, caprazamycin and 
liposidomycin 

Inhibit PG precursor 
biosynthesis 

(47, 48) 

WecA Tunicamycin, compound X-J99620886 and 
compound CPZEN-45 

Inhibit Arabinogalactan 
precursor biosynthesis 

(48) 

GlfT1 & 2 UDP-Galf derivatives Inhibit arabinogalactan 
precursor biosynthesis 

(29) 

DprE >15 (compounds are listed in Degiacomi et al., 
2020) 

Inhibit arabinogalactan 
precursor biosynthesis 

(49) 

AftA,B,C,D DPA analogs Inhibit periplasmic 
arabinogalactan biosynthesis 

(29) 

EmbA,B,C Ethambutol Inhibit periplasmic 
arabinogalactan biosynthesis 

(50) 

FabH Thiolactomycin analogs, platensimycin, 
platencin, thiazole and pyrazol-benzimidazole 
amide derivatives 

Inhibit mycolic acid 
biosynthesis 

(33, 51) 

MabA Anthranilic acid analogs Inhibit mycolic acid 
biosynthesis 

(52) 

HadA Thiacetazone and thiocarlide Inhibit mycolic acid 
biosynthesis 

(53) 
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InhA Isoniazid, ethionamide, triclosan, diazaborines 
(compound AN12855), 2-(o-tolyloxy)-5-
hexylphenols (compound PT70), 4-hydroxy-2-
pyridines (compounds NITD-916 and NITD-
113), pyridomycin, pyrrolidine, carboxamides, 
pyrroles, acetamides, thiadiazoles, triazoles 
and thiadiazole-based compounds (e.g. 
compound GSK693) 

Inhibit mycolic acid 
biosynthesis 

(33, 54-56) 

KasA, KasB Cerulenin, plastensimycin, TLM and 
compound GSK3011724A 

Inhibit mycolic acid 
biosynthesis 

(29, 57) 

FabD32 Diarylcoumarin Inhibits mycolic acid 
biosynthesis 

(29) 

MmaA1 Compound 3-(2-morpholinoacetamido)-N-
(1,4-dihydro-4-oxoquinazolin-6-yl)benzamide 

Inhibits mycolic acid 
biosynthesis 

(58) 

Pks13 Benzofurans (TAM16), coumestants, 
thiophene compounds and β-lactones (EZ120) 

Inhibit mycolic acid 
biosynthesis 

(59-61) 

EchA6 THPPs (Tetrahydropyrazo [1,5-a]pyrimidine-
3-carboxamides) 

Inhibit mycolic acid 
biosynthesis 

(62) 

MmpL3 Compound SQ109 (a 1,2-ethylenediamine), 
compound C215 (a benzimidazole derivative), 
compounds NITD-304 & NITD-349 (indole-
2-carboxamides), compound TBL-140 (a 
diphenylether-modified adamantyl 1,2-
diamine), THPPs (Tetrahydropyrazo [1,5-
a]pyrimidine-3-carboxamides), SPIRO 
analogs (N-benzyl-6’,7’-
dihydrospiro[piperidine-4,4’-thieno[3,2-
c]pyran] analogs), compound E11 (an 
acetamide analog), compound AU1235 (an 
adamantyl urea), compound BM212 (a 1,5-
diarylpyrrole derivative) or BM635, 
compound HC2091 (a N-[2-(4-
chlorophenyl)ethyl]-4-thiophen-2-yloxane-4-
carboxamide) and compound PIPD1 (a 
piperidinol-containing molecule) 

Block translocation of 
mycolic acids to the 
periplasm and inhibit 
periplasmic mycolic acid 
biosynthesis 

(30, 63, 64) 

Antigen 85 Compound I3-AG85, mannose-binding lectin 
(MBL) and ficolins, structural analogs of 
trehalose and arabinogalactan, -isomer 
monocyclic enolphosphorus cycliphostin 
(CyC8) and cyclipostins 

Inhibit mycolic acid 
biosythesis 

(65-67) 

Ppm1 Amphomycin Inhibits glycolipid 
biosynthesis 

(68) 

TreS α-glycoside analogs Inhibit surface glycolipid 
biosynthesis 

(69, 70) 

GlgE Maltose mimics: maltose-C-phosphonate 
(MCP) 13, 2-deoxy-2-fluoro-α-maltosyl 
fluoride and deoxy-2-2-difluoro-α-maltosyl 
fluoride 

Inhibit surface glycolipid 
biosynthesis 

(69-71) 

MptA & 
MptB 

prenyl-related photoactivatable probes Inhibits LAM biosynthesis (29) 
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PimC or PimD, facilitate another step of monosylation of Ac1/Ac2PIM3 to form Ac1/Ac2PIM4. 

Higher order glycolipids are synthesized in the periplasm subsequent to flipping of the 

precursor/anchor Ac1/Ac2PIM4 to the cell wall by an unknown flippase (Fig. 1.3, blue section). 

Ppm1, a polyprenol monophosphomannose synthase, facilitates the synthesis of polyprenyl-

phosphate-based mannose (PPM) – the essential substrate for higher order glycolipid 

biosynthesis in the periplasmic space. Monosylation of Ac1/Ac2PIM4 by PimE and other 

unidentified GT-C glycosyltransferases results in the formation of Ac1/Ac2PIM6. Ppm1 is a target 

of amphomycin (Table 1) (29). 

 

LM and LAM biosynthesis is facilitated by periplasmic mannolyltransferases (MptA, MptB and 

MptC) which use Ac1/Ac2PIM4 as the precursor/anchor for glycolipid biosynthesis (Fig 1.3, blue 

section). Extension of Ac1/Ac2PIM4 with mannan or arabinomannan chains results in the 

formation of LM and LAM, respectively. MptA and MptB facilitate the synthesis of the mannan 

core of LM and LAM. MptC facilitates the transfer of monomannose side chains to form mature 

LM. The mannosyltransferases MptA and MptB are targets of recently discovered prenyl-related 

photoactivatable probes (Table 1).  

 

Glycosylation of LM with ~50-80 -D-arabinofuranosyl residues by EmbC, AftB, AftC and 

AftD using decaprenylphosphoryl-D-arabinose (DPA) results in the formation of mature LAM 

(Fig 1.3, blue section). CapA, a mannolyltrasferase, uses PPM as a substrate to add capping 

motifs in the form of mannosyl residues to LAM resulting in the formation of ManLAM. Further 

modifications to ManLAM are introduced by MptC, which adds more 1-4 mannosyl residues to 

the terminal mannosyl residue of ManLAM (29). EmbC, AftB and AftC are targets of EMB and 

DPA analogs (Table 1). 

 

1.1.3.3.    Biosynthesis of mycolic acids and drug targets in the pathway 

Mycolic acid biosynthesis is initiated in the cytoplasm and involves two distinct pathways, the 

fatty acid synthase type I and II (FAS-I and FAS-II) pathways (Fig 1.4, green section) (72). FAS-

I generates short chain fatty acyl-CoA esters that form the saturated C24 α-chain or are extended 

by the FAS-II to form the meromycolate C42-C62 chain. FabD, the malonyl:AcpM transacylase 
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generates malonyl-AcpM, which is required for the elongation of the fatty acyl-CoA esters. 

FabH, the β-ketoacyl ACP synthase fuses the fatty acyl-CoA esters with malonyl-AcpM to form 

C16-AcpM (29). Analogs of thiolactomycin (TLM) have been shown to possess in vitro 

inhibitory activity against FabH but no cell growth inhibition was observed (Table 1). 

 

The FAS-II pathway uses the C16-AcpM to generate the meromycolate C42-C62 chain (Fig. 1.4, 

green section). Firstly, MabA, a β-ketoacyl-AcpM reductase facilitates the keto-reduction 

reaction of C16-AcpM and this is followed by the activity of HadAB/BC, a β-hydroxyacyl-AcpM 

hydratase that facilitates the dehydration reaction. InhA, an enoyl-AcpM reductase facilitates the 

enoyl-reduction reaction. KasA and KasB, both complementary β-ketoacyl ACP synthases, 

replace the requirement of FabH in the successive cycles for elongation of the AcpM-bound acyl 

chain which extends by two carbons during each cycle, resulting in the formation the 

meromycolate C42-C62 chain (29). 

 

The long-chain meromycolate undergoes further modification, including a cis-/trans-

cyclopropanation reaction and the addition of methoxy- and keto-groups before being 

incorporated into the cell wall (Fig. 1.4, green section). For this, FabD32, a fatty acyl-AMP 

ligase, activates the meromycolate chain and following this, Pks13, a polyketide synthase, fuses 

an α-alkyl-CoA ester with the activated meromycolate chain to generate an α-alkyl-β-keto-

mycolic acid. Rv2509 facilitates the reduction of the α-alkyl-β-keto-mycolic acid to generate a 

mature mycolic acid (29). 

 

MabA has been shown to be a target of pteleoellagic acid and HadA is a target of thiacetazone 

and thiocarlide antibiotics which were formerly used for TB treatment but discontinued due to 

high toxicity (Table 1). InhA is a target of the first-line TB drug INH and structural analogs such 

as ethionamide (ETM) which require prior activation by a catalase peroxidase (KatG) and a  

flavoprotein monooxygenase (EtaA), respectively (Table 1)(73, 74). InhA inhibitors, such as 

triclosan and a thiadiazole compound GSK693 which unlike INH and ETM do not require prior 

activation are currently under development (Table 1). KasA and KasB are targets of cerulenin, 

plastensimycin and TLM. KasA is also a target of GSK3011724A. FabD32 is a target of 
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diarylcoumarin. Pks13 is a target of thiophene compounds such as 2-aminothiophenes which 

inhibit the N-terminus acyl carrier protein domain of Pks13 (Table 1). Pks13 is also a target of 

benzofurans, coumestants and β-lactones (Table 1). Recently, the benzofuran compound 

TAM16, coumestan analogs and the -lactone compound EZ120 have been shown to inhibit the 

thioesterase activity of Pks13 required for the condensation of the α-alkyl-CoA ester with the 

meromycolate chain (59, 61, 75). 

 

The mature mycolic acids are transported from the cytoplasm to the cell wall through cell 

membrane embedded transporters (Fig. 1.4, green section). MmpL3, an inner membrane mycolic 

acid flippase has been shown to be essential for transportation of mycolic acids to the cell wall 

(64). Before transportation to the cell wall, the mature mycolic acids are first attached to 

trehalose by mycolyl-transferases to form trehalose monomycolates (TMMs) which are 

translocated by MmpL flippases (Fig. 1.4, green section) (72). The TMMs are attached to 

arabinogalactan by the mycolyltransferase antigen 85 complex (composed of the enzymes 

Ag85A, Ag85B and Ag85C). The TMMs can also be converted to trehalose dimycolates (TDMs) 

by the antigen 85 complex before being attached to arabinogalactan (72).  

 

Several compounds including SQ109, C215, BM212 and AU1235 are shown to be MmpL3 

inhibitors (Table 1). BM212, a 1,5-diarylpyrrole compound, has recently been shown to directly 

target MmpL3 (64). Ech6, a catalycally inactive enoyl-CoA hydratase required for shuttling fatty 

acyl-CoA esters into FAS-II for mycolic acid biosynthesis (see Fig. 1.4, green section) is a target 

of tetrahydropyrazo[1,5-a]pyrimidine-3-carboxamide (THPP) (Table 1). Ag85C is a target of the 

compound I3-AG85 causing inhibition of incorporation of mycolic acids into the mycobacterial 

cell wall (Table 1). 

 

1.1.3.4.    Arabinogalactan biosynthesis and potential targets 

Arabinogalactan biosynthesis is initiated in the cytoplasm by WecA, a N-acetylglucosamine-1-

phosphate (GlcNAc-1-P) transferase, which transfers GlcNAc-1-P to C50-P resulting in the 

formation of C50-P-P-GlcNAc (Fig 1.4, orange section). WbbL, a rhamnosyltransferase facilitates 

the transfer of L-rhamnose to C50-P-P-GlcNAc using dTDP-L-rhamnose as a substrate to form 
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C50-P-P-GlcNAc-L-Rha, the linker unit for attachment of the galactan chain. GlfT1 and GlfT2, 

galactatofuranosyltransferases, facilitate the synthesis of the galactan chain. GlfT1 facilitates the 

addition of two Galf residues to C50-P-P-GlcNAc-L-Rha to form C50-P-P-GlcNAc-L-Rha-Galf2. 

Subsequently, GlfT2 adds -D-galactofuranosyl (Galf ) residues to the growing chain resulting in 

the formation of a galactan chain with ~ 30 Galf residues (C50-P-P-GlcNAc-L-Rha-Galf30) (76). 

 

The cell membrane linked galactan chain (C50-P-P-GlcNAc-L-Rha-Galf30) is translocated to the 

periplasm by an unknown flippase where Araf residues are added to the galactan chain from 

decaprenylphosphoryl-d-Araf (DPA) as the donor (Fig 1.3, orange section). DPA is synthesized 

in the cytoplasm through a series of reactions involving the activity of the 

decaprenylphosphoribose-2’-epimerase (DprE) (29). Rv3789 (a transmembrane GtrA family 

protein) recruites AftA (77), which facilitates the addition of single Araf residues from DPA to 

position C5 of Galf residues of the galactan chain (Fig. 1.3, orange section). EmbA and EmbB 

arabinosyltransferases, facilitate the extension of the Araf residues and AftC along with AftD 

introduce α(1-3) branching with Araf residues. The terminal and penultimate Araf residues of the 

arabinogalactan chain serve as anchoring points for mycolic acids. The final steps of 

arabinogalactan biosynthesis involve the transfer of a D-GalN residue to the inner arabinan units 

by Rv3779 and subsequent attachment of the arabinogalactan macromolecule to PG by Lcp1 

(Fig. 1.3, orange section)(78). 

 

WecA is a target of caprazamycin compounds such as CPZEN-45 (Table 1) (48). UDP-Galf 

derivatives with various modifications inhibit GlfT1 and GlfT2 causing premature termination of 

arabinogalactan biosynthesis. DprE1 is a target of nitro-benzothiazinones (BTZs) and 

dinitrobenzamides (49). EmbA and EmbB are targets of EMB, a first-line TB drug (Table 1). 

 

1.1.3.5.    PG biosynthesis and potential targets 

PG biosynthesis is initiated in the cytoplasm and the first committed step is the synthesis of 

UDP-GlcNAc facilitated by GlmU (a UDP-N-acetylglucosamine pyrophosphorylase) (Fig 1.4, 

red section) (29). Firstly, GlmU transfers an acetyl group from acetyl-CoA to glucosamine-1-

phosphate to produce GlcNAc-1-P. Thereafter, GlmU transfers uridine-5’-monophosphate from 
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UTP to GlcNAc-1-P to generate UDP-GlcNAc. MurA, a UDP-N-acetylglucosamine 1-

carboxyvinyltransferase and MurB, a UDP-N-acetylenolpyruvoylglucosamine reductase, are 

involved in the biosynthesis of UDP-MurNAc by addition of the enoylpyruvyl moiety of 

phosphoenoyl pyruvate, followed by reduction of a lactoyl ether moiety of UDP-enoylpyruvyl-

GlcNAc via NADPH to generate UDP-MurNAc (Fig. 1.4, red section). In actinomycetes, NamH 

- a UDP-N-acetylmuramic acid hydroxylase, facilitates the hydroxylation of UDP-MurNAc 

resulting in the formation of UDP-N-glycolylmuramic acid (UDP-MurNGlyc) (Fig.1.4, red 

section). The hydroxylation modification of MurNAc is unique to actinomycetes and provides 

resistance to lysozyme (79). 

 

A pentapeptide chain is then incorporated onto UDP-MurNAc or UDP-MurNGlyc by successive 

addition of amino acid residues; L-alanine, D-glutamate, meso-diaminopimelate (meso-DAP) and 

D-alanyl-D-alanine by the Mur ligases C-F respectively, resulting in the formation of UDP-

MurNAc/Glyc-L-Ala-D-Glu-meso-DAP-D-Ala-D-Ala (Fig 1.4, red section). The D-alanyl-D-

alanine dipeptide is synthesized by the D-Ala: D-Ala ligase (Ddl) a target of D-cycloserine (a 

second line TB drug) (Table 1). MurX links the UDP-MurNAc/Glyc-L-Ala-D-Glu-meso-DAP-D-

Ala-D-Ala to decaprenyl phosphate (C50-P) resulting in the formation of lipid I (Fig. 1.4, red 

section). MurG, a glycosyltransferase, facilitates the transfer of GlcNAc from UDP-GlcNAc to 

MurNAc or MurNGlyc of lipid I to generate lipid II (Fig. 1.4, red section). MurX is a target of 

capuramycin and related natural compounds including muramycin, caprazamycin and 

liposidomycin. MurG is inhibited by ramoplanin, a lipoglycodepsipeptide which binds lipid I 

preventing MurG synthesis of lipid II (Table 1). 

 

The final stages of lipid II biosynthesis involve the modification of the pentapeptide stem 

including amidation of the α-carboxyl group of D-Glu by the MurT-GatD complex and the ԑ-

carboxyl group of meso-DAP by AsnB to form amidated lipid II (Fig. 1.4, red section) (80, 81). 

Amidated lipid II is translocated to the cell wall by MurJ and is polymerized into PG by 

monofunctional and bifunctional penicillin-binding proteins (PBPs). In gram positive bacteria 

like S. aureus and S. pneumoniae, the D-Glu amidation modification (i.e. D-isoGln) is required 
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for PG cross-link formation, cell viability, beta-lactam antibiotic resistance and lysozyme 

resistance (82). 

 

Once lipid II is amidated and translocated from the cytoplasm to the periplasm, the 

transglycosylase activity of PBPs and SEDS (Shape, Elongation, Division, and Sporulation) 

proteins facilitate the linking of the disaccharide component of lipid II to the existing PG glycan 

chains (Fig 1.3, red section). The D,D-transpeptidase activity of PBPs facilitates the formation of 

3-4 cross-links between meso-DAP and D-Ala of adjacent pentapeptide chains. In mycobacteria, 

as the cell expands, L,D-transpeptidases (LDTs) and PG endopeptidases facilitate the remodeling 

of 3-4 crosslinks to 3-3 cross-links (83). The 3-3 cross-links further strengthen the PG sacculus 

and maintain cell shape (83). MurJ is a target of newly discovered antibiotics such as the 

humimycins. Ramoplanin, teixobactin, malacidin and nisin, bind periplasmic lipid II preventing 

polymerization into the cell wall by PBPs (Table 1). Glycopeptides, vancomycin and teicoplanin 

bind the D-Ala-D-Ala terminus of lipid II also preventing lipid II polymerization. 

 

Fosfomycin targets MurA in Gram-negative bacteria (84). Mycobacterial MurA lacks a critical 

active site cysteine (replaced by aspartic acid [D117C]) required for fosfomycin binding (85). 

Consequently, Mtb MurA is resistant to fosfomycin. Molecular docking studies of MurB 

inhibitors on the Mtb MurB indicate the inhibitory potential for existing compounds such as 4-

thiazolidinones against Mtb MurB (Table 1). Moenomycin inhibits the transglycosylase activity 

of PBPs. β-lactam antibiotics inhibit the transpeptidase activity of PBPs, and these are only 

effective when used together with beta-lactamase inhibitors like clavulanate, 

diazabicycloctanones, avibactam and sulbactam (39). In addition to expression of -lactamases, 

mycobacteria express β-lactam insensitive LDTs required for 3-3 cross-link formation (83). 

However, recently, carbapenems have been shown to inactivate both the LDTs and PBPs and are 

poor substrates for the -lactamase BlaC (86). 

 

1.1.3.6.    Regulation of PG biosynthesis and potential targets 

Mtb expresses 11 serine/threonine protein kinases (STPKs) named PknA to PknL, which 

regulate various metabolic pathways through protein phosphorylation signaling (87). PknB and 
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PknG are the only essential STPKs for intracellular survival of Mtb. PknB regulates PG 

biosynthesis by localizing at sites of PG biosynthesis and binding non-cross-linked PG 

precursors (see Fig. 1.3, red section) and through phosphorylation of substrates like GlmU, 

CwlM, MurJ, RodA (a monofunctional PG transglycosylase) and PonA1 (a bifunctional PBP) 

(88). CwlM, a cytoplasmic amidase, exists in phosphorylated and non-phosphorylated forms in 

the cell. Phosphorylated CwlM activates MurA and also interacts with FhaA, a fork head 

associated protein required for regulating the amount of PG precursors translocated to the 

periplasm. Non-phosphorylated CwlM associates with non-phosphorylated MurJ and allows for 

lipid II translocation (89). Non-phosphorylated CwlM also interacts with other proteins including 

FtsZ (a tubulin-like protein required for synthesis and degradation of cell division septa), DnaA 

(chromosomal replication initiator protein) and Wag31 (a tropomyosin-like protein required for 

cell elongation). Phosphorylated MurJ interacts with FhaA inhibiting lipid II translocation (89). 

PknB phosphorylates RodA, a non-canonical PG transglycosylase required for linking lipid II to 

the PG glycan strand (90). Phosphorylation of PonA1 by PknB is required to regulate the PG 

transglycosylation activity of PonA1 (91). Kinase inhibitors against PknA and PknB have been 

developed and are bactericidal against Mtb (Table 1) (44).  

 

1.1.3.7.    PG remodeling and potential targets 

Mycobacteria display distinct modes of cell growth and cell division in contrast to most rod-

shaped bacteria (92). Mycobacteria insert nascent PG at the cell poles and cell division septum 

and the cells divide assymetrically-producing daughter cells of different cell sizes (92). The PG 

sacculus is constantly remodelled by various classes of PG hydrolases (resuscitation promoting 

factors [Rpfs], PG amidases, carboxypeptidases, NlpC/p60 endopeptidases and M23 peptidases) 

to allow for insertion of new PG percursors and cell division (Fig 1.3, red section) (93). 

Carboxypeptidases cleave-off the terminal D-Ala residue of lipid II to regulate PG biosynthesis 

and also cleave 4-3 PG cross-links to provide substrates for synthesis of 3-3 cross-links which 

strengthen the cell wall. In mycobacteria, the Rpfs, PG amidases, NlpC/p60 hydrolases and M23 

peptidases have previously been shown to be important for cell division (92). Rpfs possess a 

catalytic domain similar to that of lysozyme and lytic transglycosylases - enzymes that cleave β-

l,4-glycosidic bonds between GlcNAc and MurNAc units of the PG glycan strands (Fig. 1.3, red 
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section) (93). The amidases cleave the amide bond connecting the PG cross-linking stem 

peptides to the glycan backbone (Fig. 1.3, red section) (94). The NlpC/p60 hydrolases cleave the 

bond between D-glutaminyl and meso-diaminopimelyl residues in the PG stem peptides and the 

M23 peptidases display a range of endopeptidase activities, cleaving various PG stem peptide 

linkages (Fig. 1.3, red section). The NlpC/p60 endopeptidases; RipA and RipB, are potential 

drug targets as they are collectively essential for cell viability and the PG amidase Ami1 has also 

been identified as a potential drug target required for cell division (95, 96). Regulators of the 

NlpC/p60 endopeptidase RipA (like MarP) and regulators of the PG amidase Ami3 (like HtrA) 

are also potential drug targets essential for cell growth (95, 97). 

 

1.1.3.8.    PG recycling, role in signal transduction and potential targets 

During nutrient limitation Gram-negative and Gram positive bacteria have been shown to 

possess the ability to recycle PG material (i.e. muropeptides) released during growth (98). The 

muropeptides obtained are used as a carbon source, however, this process remains unclear for 

mycobacteria (99). E. coli recycles approximately 90% of the muropeptides, releasing only ~5% 

(100). Mycobacteria lack most known PG-recycling enzymes but have conserved two potential 

PG recycling enzymes – NagZ/LpqI (a β-N-acetylglucosaminidase) and NagA (a N-

acetylglucosamine-6-phosphate deacetylase) (Fig. 1.3, red section) (99). Similarly to Rpfs, 

NagZ/LpqI is required for the cleavage of 1,6-glycodic bonds between GlcNAc and MurNAc 

residues of muropeptides. It remains unknown whether mycobacteria can use GlcNAc as a 

carbon source, however, D-lactate released from MurNAc during muropeptide recycling can be 

used as a carbon source (99). NagA catalyzes the deacetylation of N-acetylglucosamine-6-

phosphate to glucosamine-6-phosphate which can be used for generation of fructose-6-phosphate 

for glycolysis or to produce UDP-GlcNAc for PG biosynthesis (101). NagA has been identified 

as a a potential TB drug target (102). Muropeptides that are not recycled but released to the 

extracellular space can also serve as signaling molecules for resuscitation of dormant cells or can 

be detected by pathogen recognition receptors (PRRs, specifically NOD-1 and  NOD-2) of the 

immune system during infection (103). Mtb expresses five resuscitation promoting factors (Rpfs) 

in a growth-phase dependent manner and the Rpfs are essential for resuscitation of Mtb from a 

state of quiescence (94). 
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In this work we further explore the role of PG amidation in mycobacterial PG biosynthesis and 

identify the enzymes required for PG amidation (MurT and GatD) as potential TB drug targets. 

We further exploit the PG amidation process in the Mycobacterium bovis BCG vaccine to 

develop a recombinant Mycobacterium bovis BCG vaccine re-engineered with a CRISPRi 

platform to activate the NOD-1 PRR to enhance BCG efficacy. The outline of the thesis is shown 

in the next page. 
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Chapter 4:  
A novel CRISPRi based BCG vaccine 
targeting the NOD-1 pathway induces  

protection against  
Mtb infection in mice. 

 
Highlights 

• CRISPRi was used to generate a 
recombinant BCG strain. 

• MurT-GatD depletion in M. bovis 
BCG causes cell wall defects 
associated with decreased PG cross-
linking and reduced amidation. 

• rBCG::iE-DAP is responsive to 
anhydrotetracycline activation and 
causes increased TNFα expression in 
BMDMs. 

• rBCG::iE-DAP in vitro trained 
macrophages control Mtb H37Rv 
growth. 

• rBCG::iE-DAP  is responsive to 
activation in vitro and in mice-
aerosol infections with doxycyline 
(Dox). 

• rBCG::iE-DAP+Dox vaccination 
induces better protection against Mtb 
infection in mice compared to WT 
BCG. 
 

Conclusion 
• rBCG::iE-DAP provides a novel 

platform for development of a new 
TB vaccine 

Chapter 1: Introduction to TB 

Chapter 2: General methods 

Chapter 3: 
Glutamate amidation by the MurT-GatD 

complex during mycobacterial PG 
biosynthesis is required for cell growth and 

PG cross-linking. 
 

Highlights 
• Amidated probes confirm the 

importance of PG precursor 
amidation for PG cross-linking. 

• MurT-GFP and mRFP-GatD localize 
at sites of PG biosynthesis. 

• MurT interacts with GatD to form the 
MurT-GatD amidotransferase 
complex. 

• MurT and GatD are required for PG 
amidation and cell growth in 
mycobacteria. 

• PknB regulates cell growth in 
response to PG amidation. 

• MurT-GatD depletion causes 
increased cell wall permeability and 
increased sensitivity to lysozyme. 

• PknB regulates cell growth in 
response to PG amidation. 

• MurT-GatD depletion causes 
sensitivity to β-lactam antibiotics. 

 
Conclusion 

• Mycobacterial MurT-GatD enzymes 
are attractive new targets for TB drug 
development. 

Appendices & References 

New Drug target New Vaccine Candidate 
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(General methods) 
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2.1.    General methods 

2.1.1. Bacterial growth conditions 

2.1.1.1. Growth conditions for E. coli DH5α and derivative strains 

E. coli DH5α and derivative strains were grown in Luria-Bertani broth (LB) or on Luria-Bertani 

agar (LA) at 37C with supplementation of the media with appropriate antibiotics. The antibiotic 

concentrations used were as follows: Kanamycin (Kan): 50 g/ml and Hygromycin (Hyg): 200 

g/ml. Liquid cultures were grown at 37C with shaking at 200 rpm. 

 

2.1.1.2. Growth conditions for M. smegmatis mc2155, Mtb H37Rv, M. bovis BCG and 

derivative strains 

M. smegmatis mc2155 and derivative strains were grown at 37C in Middlebrook 7H9 broth 

supplemented with 0.2% glucose, 0.2% glycerol, 0.085% NaCl, 0.05% Tween 80 and 

appropriate antibiotics (hereafter referred to as only Middlebrook 7H9 broth) or on Middlebrook 

7H10 agar supplemented with 0.5% glycerol, 0.2% glucose, 0.085% NaCl and appropriate 

antibiotics (hereafter referred to as only Middlebrook 7H10 agar). M. bovis BCG, Mtb H37Rv 

and the recombinant BCG::CRISPRi MurT-GatD strain were grown at 37⁰C in Middlebrook 

7H9 broth supplemented with OADC (Oleic acid, Albumin, Dextrose, Catalase) enrichment, 

0.5% glycerol, 0.05% Tween 80 and appropriate antibiotics (hereafter referred to as Middlebrook 

7H9 broth) or on Middlebrook 7H11 agar supplemented with OADC enrichment and 0.5% 

glycerol and appropriate antibiotics. The antibiotics used for supplementation of the media were 

at the following concentrations: Kan: 25 g/ml, Hyg: 50 g/ml. Supplementation of media with 

ATc where stated was at determined concentrations and supplementation with vitamin B12 was at 

10 µg/ml. Middlebrook 7H9 broth cultures were grown at 37C with shaking at a100 rpm. 

 

2.1.2. Phenotypic analysis of Mycobacterium smegmatis mc2155 , Mtb H37Rv, M. bovis 

BCG and derivative strains 

2.1.2.1. Growth rate analysis 

The growth rates of the mutant strains in comparison to the wildtype and the genetically 

complemented strains were assessed by conducting three independent growth curve experiments 

with plating for colony formation unit (CFU/ml) determination. Briefly, the bacterial strains were 



 

41 

 

grown overnight at 37ºC with shaking at a 100 rpm in 5 ml of Middlebrook 7H9 broth, 

supplemented with appropriate antibiotics when necessary. Thereafter, the pre-culture of each 

strain was diluted to an OD600nm of 0.01 in 50 ml of Middlebrook 7H9 broth, supplemented with 

appropriate antibiotics when necessary. The cultures were incubated at 37ºC with shaking at a 

100 rpm and the growth rate was assessed by generating a scatter plot from data obtained by 

recording the OD600nm of each culture and plating for CFU/ml on Middlebrook 7H10 agar at 

three hour intervals. The GraphPad Prism 6 software was used for statistical analysis (Student’s 

t-test was conducted to compare the growth rate difference of the mutant strains in relation to the 

wildtype). 

 

2.1.3. DNA extractions 

2.1.3.1. Mycobacterium smegmatis mc2155, Mtb H37Rv and M. bovis BCG 

chromosomal DNA extractions 

2.1.3.1.1. Small scale chromosomal DNA extraction 

The colony boil method was used for small scale chromosomal DNA extraction. Briefly, a single 

colony of wildtype bacteria or derivative strains was scraped from an agar plate and resuspended 

in 50 l of distilled water (dH2O). Subsequently, 50 l of chloroform was added and mixed with 

the cells by vortexing. The mixture was then incubated at 65C for 10 minutes. Thereafter, the 

sample was centrifuged at 12470 ×g for 5 minutes and the supernatant was transferred into a 

clean tube. For PCR, 5 l of this sample was used as DNA template. 

 

2.1.3.1.2. Large scale chromosomal DNA extraction 

The Cetyltrimethylammonium bromide (CTAB) DNA extraction method was used for large 

scale chromosomal DNA extraction. Wildtype bacteria and derivative strains were grown at 

37C on Middlebrook 7H10 agar for 2 days. The cells were harvested by scraping from the agar 

plates and this was followed by resuspension of cells in 500 l of Tris-EDTA (TE) buffer. The 

cells were incubated at 95C for 20 minutes. Following the incubation, the cells were put on ice 

for 10 minutes. Thereafter, 50 l of lysozyme (10 mg/ml) was added and the mixture was 

incubated at 37C for an hour. Subsequently, 6 l of proteinase K (10 mg/ml) and 70 l of 10% 

SDS were added and the mixture was incubated at 65C for an hour. Following this, 100 l of 
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NaCl (5 M) and 80 l of pre-warmed CTAB/NaCl (10% N-cetyl-N,N,N-trimethyl ammonium 

bromide, 4.1% NaCl dissolved in dH2O) were added. The mixture was incubated at 65C for 10 

minutes. Thereafter, 750 l of chloroform: Isoamyl alcohol solution (24:1 ratio) was added to the 

cells, which was mixed by inverting the tubes, followed by centrifugation at 12 470 ×g for 10 

minutes. The top aqueous layer was transferred into a clean tube into which 450 l of 

isopropanol was added. The DNA was precipitated by centrifugation at 12 470 ×g for 30 

minutes. Thereafter, the supernatant was discarded and the pellet was washed with 1 ml of 70% 

ethanol by centrifugation at 12 470 ×g for 5 minutes and dried using an Epperndorf Concentrator 

5301. The DNA pellet was resuspended in 50 l of nuclease free water and quantified using the 

NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific). The DNA was stored at 4C 

until further use. 

 

2.1.3.2. Plasmid DNA extraction from E. coli DH5α 

2.1.3.2.1. Small scale plasmid DNA extraction from E. coli DH5α 

The alkaline lysis mini-preparation method was used for small scale plasmid DNA extraction. E. 

coli DH5α derivative strains carrying plasmids of interest were grown overnight at 37C in 2 ml 

of LB media supplemented with appropriate antibiotics. Thereafter, the cells were harvested by 

centrifugation at 12 470 ×g for 5 minutes and resuspended in 80 l of solution 1 (50 mM 

glucose, 25 mM Tris-HCl [pH 8] and 10 mM EDTA). Following this, 160 l of solution 2 (1% 

SDS and 0.2 M NaOH) was added and mixed with the cells by inversion and incubated at room 

temperature for 5 minutes. Subsequently, 120 l of solution 3 (3 M potassium acetate, 11.5% 

acetic acid) was added and mixed vigourously and incubated on ice for 5 minutes. The sample 

was then centrifuged at 12 470 ×g for 10 minutes and the supernatant was transferred into a clean 

tube. Following this, 3 l of RNAse-A (10 mg/ml) was added to the supernatant and this mixture 

was incubated at 42C for 15 minutes. Plasmid DNA was precipitated by addition of 600 l of 

isopropanol and centrifugation at 12 470 ×g for 30 minutes. The supernatant was discarded and 

the pellet was washed with 1 ml of 70% ethanol and dried using an Epperndorf concentrator 

5301. The plasmid DNA pellet was resuspended in 50 l of nuclease free water and quantified 



 

43 

 

using the NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific). The DNA was 

stored at -20C until further use. 

 

2.1.3.2.2. Large scale plasmid DNA extraction from E. coli DH5α 

The Nucleobond DNA extraction kit (Macherey-Nagel) was used for large scale plasmid DNA 

extraction following manufacturer’s instructions. Briefly, E. coli DH5α strains carrying plasmids 

of interest were grown overnight at 37C in 50 ml of LB media supplemented with appropriate 

antibiotics. The cells were harvested by centrifugation at 1180 ×g for 15 minutes. The 

supernatant was discarded and the pellet of cells was resuspended in 4 ml of Buffer S1 (50 mM 

Tris-HCl, 10 mM EDTA, 100 g/ml RNase-A, pH 8.0) with subsequent addition of 4 ml of 

Buffer S2 (200 mM NaOH, 1% SDS). The sample was mixed by inversion and incubated at 

room temperature for 3 minutes. Thereafter, 4 ml of Buffer S3 (2.8 M KAc, pH 5.1) was added 

to the sample, mixed by inversion and incubated on ice for 5 minutes. The mixture was then 

centrifuged at 1180 ×g for 30 minutes. A nucleobond Ax100 column was equilibrated with 2.5 

ml of Buffer N2 (100 mM Tris, 15% ethanol, 900 mM KCl, 0.15% Triton X-100, adjusted to pH 

6.3 with H3PO4). This was followed by addition of the clarified supernatant through the column. 

Thereafter, 10 ml of Buffer N3 (100 mM Tris, 15% ethanol, 1.15 M KCl, adjusted to pH 6.3 with 

H3PO4) was used to wash the column. Following this, 5 ml of Buffer N5 (100 mM Tris, 15% 

ethanol, 1 M KCl, adjusted to pH 8.5 with H3PO4) was then used for elution of plasmid DNA 

from the column into a clean tube. The plasmid DNA was precipitated by addition of 3.5 ml of 

isopropanol to the sample and centrifugation of the mixture at 12 470 ×g for 30 minutes. The 

pellet was washed with 1 ml 70% ethanol. Thereafter, the supernatant was discarded and the 

pellet was dried using an Epperndorf concentrator 5301. The plasmid DNA pellet was 

resuspended in 50 l of nuclease free water and quantified using the NanoDrop ND-1000 

Spectrophotometer (Thermo Fisher Scientific). The DNA was stored at -20C until further use. 

 

As an alternative method for large scale plasmid purification, the small scale plasmid DNA 

extraction protocol described above (section 2.1.3.2.1) was up-scaled. Briefly, E. coli DH5α 

derivative strains carrying plasmids of interest were grown overnight at 37C in 50 ml of LB 

media supplemented with appropriate antibiotics. The cells were harvested by centrifugation at 
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1180 ×g for 15 minutes. The supernatant was discarded and the pellet was resuspended in 0.8 ml 

of solution 1. Thereafter, 1.6 ml of solution 2 was added, mixed by inversion and incubated at 

room temperature for 10 minutes. After this, 1.2 ml of solution 3 was added, mixed with the cells 

and incubated on ice for 10 minutes. The sample was centrifuged at 1180 ×g for 30 minutes and 

900 l of the resultant supernatant was transferred into clean tubes. Following this, 3 l of 

RNAse-A (10 mg/ml) was added to the samples and the samples were incubated at 42C for 15 

minutes. Plasmid DNA was precipitated by addition of 600 l of isopropanol and centrifugation 

of the sample at 12 470 ×g for 30 minutes. The supernatant was discarded and the pellet was 

washed with 1 ml of 70% ethanol and dried using an Epperndorf concentrator 5301. The plasmid 

DNA pellet was resuspended in 50 l of nuclease free water and quantified using the NanoDrop 

ND-1000 Spectrophotometer (Thermo Fisher Scientific). The DNA was stored at -20C until 

further use. 

 

2.1.4. DNA manipulations 

2.1.4.1. DNA amplification 

2.1.4.1.1. Designing PCR primers 

The online software Primer3 (http://bioinfo.ut.ee/primer3/) was used to design PCR primers 

using the parameters indicated in Table 2.1. 

 

Table 2.1. Parameters used for designing primers through Primer3. 

 Size (bp) Tm (C) % GC 

Minimum 18 55 30 

Optimum 21 60 50 

Maximum 24 65 70 

 

2.1.4.1.2. Polymerase Chain reaction (PCR) 

2.1.4.1.2.1. Phusion High-Fidelity DNA polymerase reaction 

The Phusion High-Fidelity DNA polymerase (Thermo Scientific) was used according to the 

manufacturer’s instructions for PCR synthesis of DNA fragments used for cloning. Briefly, PCR 

reactions were conducted in a final volume of 50 l by the addition of 5 l 5× HF buffer, 8 l of 



 

45 

 

dNTPs (0.2 mM each), 100 ng of DNA template, 2.5 l of primers (1 mM each), 1 U of Phusion 

DNA polymerase, 3% of dimethyl sulfoxide (DMSO) and nuclease free dH2O to make up the 

final volume. A thermo-cycler (Bio-Rad laboratories) was used to incubate the samples using the 

following parameters: 3 minutes of initial denaturation at 98C, 35 cycles of 30 seconds of 

secondary denaturation at 98C, 30 seconds of annealing at 65C, 1 minute of extension at 72C 

and 10 minutes of final extension at 72C. PCR DNA products were visualized on a 1% agarose 

gel as indicated in section 2.1.4.4. 

 

2.1.4.1.2.2. Roche Fast Start Taq DNA polymerase reaction 

The Roche Fast Start Taq DNA polymerase (Roche Applied Science) was used according to the 

manufacturer’s instructions for PCR confirmation of clones or M. smegmatis gene deletion 

mutants. Briefly, PCR reactions were conducted in a final volume of 50 l by the addition of 5 l 

of 10× Roche Fast Start Taq DNA polymerase buffer, 10 l of GC buffer, 2.5 l of primers, 100 

ng of DNA template, 1 U of Roche Fast Start Taq DNA polymerase, 8 l of dNTPs (0.2 mM 

each) and nuclease free dH2O to make up the final volume. A thermo-cycler (Bio-Rad 

laboratories) was used to incubate the samples using the following parameters: 3 minutes of 

initial denaturation at 95C, 35 cycles of 30 seconds of secondary denaturation at 95C, 30 

seconds of annealing at the recommended temperature for the primers, 1 minute of extension at 

72C and 10 minutes of final extension at 72C. PCR DNA products were visualized on a 1% 

agarose gel as indicated in section 2.1.4.4. 

 

2.1.4.2. DNA purification by sodium acetate precipitation 

The sodium-acetate DNA precipitation protocol was used to remove contaminating proteins, 

salts and other impurities from extracted chromosomal DNA, plasmid DNA or PCR DNA 

products. Briefly, the volume of the DNA was adjusted to 100 l with dH2O and 10 l of sodium 

acetate (3 M, pH 5.2) was added, and this was mixed. Thereafter, 390 l of ice-cold 100% 

ethanol was added, the solution was mixed and centrifuged at 12 470 ×g for 15 minutes. The 

supernatant was discarded and the pellet was dried using an Epperndorf concentrator 5301 and 

resuspended in 50 l of nuclease free water. The DNA was stored at 4C. 
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2.1.4.3. Restriction digestions 

Restriction digestions of plasmids used in this study were performed through the use of 

restriction enzymes purchased from Thermo Fisher Scientific, New England Biolabs (NEB) or 

Roche Applied Science (Roche). Restriction digests of plasmids and PCR products were 

performed following manufacturer’s instructions. Briefly, restriction digestions were conducted 

in a final volume of 20 l per reaction with the addition of 1 g of plasmid or PCR DNA, 2 l of 

a restriction enzyme specific buffer, 1 U of restriction enzyme, 2 l of 100× BSA (Bovine serum 

albumin) when necessary. dH2O was added to make up the final volume. The sample was 

incubated at 37C for an hour, unless stated otherwise by the manufacturer’s instructions. 

Thereafter, the restriction digestion reaction was terminated by heat inactivation at 65C for 10 

minutes unless stated otherwise by the manufacturer’s instructions. 

 

2.1.4.4. Agarose gel electrophoresis 

Agarose gel electrophoresis was used for visualization of extracted chromosomal DNA, plasmid 

DNA or PCR DNA products. The DNA was run on 1% agarose gels prepared with 1× TAE 

buffer (40 mM Tris-acetate and 1 mM EDTA) and the addition of ethidium bromide to a final 

concentration of 0.5 g/ml. Electrophoresis was performed in agarose gel electrophoresis tanks 

(Bio-Rad laboratories) containing 1× TAE buffer at 90 V for 45 minutes. DNA molecular weight 

markers were also loaded on the agarose gel for estimation of the molecular weight of the DNA 

sample analyzed. The DNA on the agarose gel was visualized using a SYNGENE G-Box system. 

 

2.1.4.5. DNA fragment purification 

The NucleoSpin PCR clean-up and gel extraction kit (Macherey-Nagel) was used according to 

the manufacturer’s instructions for purification of PCR products or DNA fragments excised from 

an agarose gel. Briefly, the agarose gel slice containing the excised DNA fragment was 

solubilized by incubation at 50C for 5 minutes and for both the solubilized gel slice or PCR 

product clean-up, 1 volume of sample was mixed with 2 volumes of buffer NTI. Thereafter, the 

sample was loaded into a NucleoSpin PCR clean-up column, which was inserted into a collection 

tube. For DNA binding, the sample was centrifuged for 30 seconds at 11 000 ×g. The flow-

through in the collection tube was discarded and 700 l of buffer NT3 was added into the 
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column, followed by centrifugation at 11 000 ×g for 30 seconds. The flow-through in the 

collection tube was discarded and the column was dried by centrifugation at 11 000 ×g for 1 

minute. The DNA was eluted into a clean microcentrifuge tube by the addition of 20 l of buffer 

NE into the column and centrifugation of the sample at 11 000 ×g for 1 minute. The DNA was 

stored at -20C until further use. 

 

2.1.4.6. Dephosphorylation and phosphorylation of DNA 

Antarctic alkaline phosphatase (NEB) was used to remove phosphate groups at the 5’ end of 

linearized plasmid DNA to prevent self-ligation according to the manufacturer’s instructions. 

Dephosphorylation reactions were conducted in a final volume of 20 l per reaction by the 

addition of 1 g of linearized plasmid DNA, 1 U of antarctic alkaline phosphatase, 2 l of 

antarctic alkaline phosphatase buffer (NEB) and dH2O to make up the final volume. The sample 

was incubated at 37C for an hour and the reaction was terminated by heat inactivation at 65C 

for 20 minutes. T4 DNA kinase (NEB) was used for addition of phosphate groups to non-

phosphorylated DNA fragments according to the manufacturer’s instructions to enable cloning of 

the DNA fragments into dephosphorylated vectors. Phosphorylation reactions were conducted in 

a final volume of 20 µl per reaction by the addition of 1 µg of DNA, 1 U of T4 DNA kinase, 2 µl 

of T4 DNA kinase buffer (NEB) and dH2O to make up the final volume. The sample was 

incubated at 37C for an hour and the reaction was terminated by heat inactivation at 65C for 20 

minutes. 

 

2.1.4.7. DNA ligation 

T4 DNA ligase (NEB or Thermo Scientific) was used for ligation of PCR DNA fragments into 

plasmid DNA according to the manufacturer’s instructions. Briefly, the ligation reaction was 

performed in a final volume of 20 l per reaction by the addition of 50 ng of plasmid DNA, 2 l 

of T4 DNA ligase buffer, 5 U of T4 DNA ligase, “x” amount (ng) of DNA insert (x - calculated 

using the formula indicated below) and dH2O was added to make up the final volume. To 

optimize the ligation efficiency, 1:1, 2:1 and 1:2 molar ratios of vector to insert were used for 

ligations (the equation for determining the amounts of DNA is given below). The samples were 

incubated at room temperature for 20 minutes and the ligation reaction was terminated by heat 
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inactivation at 65C for 10 minutes. The DNA ligation products were used to transform 

chemically competent E. coli DH5α cells as indicated in section 2.1.5.2. 

 

Amount of insert (ng) = Amount of vector (50 ng) × Size of insert (bp) 

     Size of vector (bp) 

2.1.4.8. DNA sequencing 

DNA sequencing was performed at the DNA sequencing Facility of Stellenbosch University. 

The BigDye Terminator v3.1 Cycle sequencing kit (Applied Biosystems) was used for DNA 

sequencing and the DNASTAR Software (DNASTAR) was used for analysis of the DNA 

sequencing data. 

 

2.1.5. Bacterial transformations 

2.1.5.1. Preparation of chemically competent E. coli DH5α cells 

Chemically competent E. coli DH5α were prepared using the calcium chloride (CaCl2) protocol. 

A single colony of E. coli DH5α was inoculated into 50 ml of LB and incubated overnight at 

37C with shaking at 100 rpm. Thereafter, 1 ml of the pre-culture was inoculated into 100 ml of 

LB and incubated at 37C with shaking at 100 rpm for 2 hours. The cells were harvested by 

centrifugation at 1180 ×g for 5 minutes at 4C. The supernatant was discarded and the cells were 

resuspended in 10 ml of cold CaCl2 (0.1 M) and immediately placed on ice for 20 minutes. The 

cells were centrifuged as before, resuspended in 5 ml of cold CaCl2 (0.1 M) and used 

immediately for transformations with plasmids. 

 

2.1.5.2. Transformation of chemically competent E. coli DH5α cells 

A 100 l aliquot of chemically competent E. coli DH5α cells was mixed with plasmid DNA. The 

cells were incubated on ice for 15 minutes and transformed by heat shock at 42C for 90 

seconds. Subsequently, 200 l of pre-warmed LB media was added and the cells were incubated 

at 37C for an hour, with shaking at 100 rpm. Thereafter, the cells were plated on LA media 

supplemented with the appropriate antibiotic. The LA plates were incubated overnight at 37C. 

Single colonies were picked and screening for positive clones was performed as described in 

sections 2.1.3.1.2, 2.1.4.3 and 2.1.4.4. 
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2.1.6. Preparation of electro-competent mycobacterial or derivative strains 

Mycobacterial cells were inoculated into 50 ml of Middlebrook 7H9 broth and grown to an 

optical density (OD)600nm of 0.5-0.8. The cells were harvested by centrifugation at 1180 ×g for 

10 minutes at 4C. The supernatant was discarded and the cells were resuspended and washed in 

10 ml of ice cold 10% glycerol and harvested as before. The washing step was repeated twice 

and the cells were resuspended in 2 ml of ice cold 10% glycerol and used immediately for 

transformation with plasmids as described below. 

 

2.1.6.1. Electroporation of plasmids into mycobacterial cells 

Approximately 1 g of plasmid DNA was used to transform electro-competent Mycobacterial 

cells or derivative strains by mixing 300 l of cells with the plasmid DNA and transferring the 

mixture into a pre-chilled 0.2 cm electroporation cuvette (Bio-Rad laboratories). The cells were 

incubated on ice for 15 minutes and the Bio-Rad Gene Pulser XCellTM (Bio-Rad laboratores) 

system was used to perform plasmid DNA electroporations with the following parameters: 

voltage: 2500 V, time constant: 25 F, resistance: 1000 Ω and distance: 0.2 cm. After 

electroporation, 800 l of LB media was added to the electroporation cuvette and the cells were 

transferred into a clean tube and incubated at 37C overnight. Thereafter, the cells were pelleted 

by centrifugation at 12470 ×g and the supernatant was discarded followed by the resuspension of 

the cells in 500 l of Middlebrook 7H9 broth. The cells were inoculated onto Middlebrook 7H10 

agar containing appropriate antibiotics and incubated at 37C for 3-5 days. 

 

2.1.7. Localization of proteins of interest 

The localization of proteins of interest was achieved by cloning of the open reading frame (ORF) 

of the gene of interest without the stop codon into plasmids pMV306H-GFP and pTweety-mRFP 

to create a protein fusion with the rseGFP or mRFP, respectively. The primers for the synthesis 

of the relevant ORF were designed to allow C-terminal tagging of the protein of interest with the 

rseGFP or to allow N-terminal tagging with mRFP. The DNA ligation process was performed as 

indicated in section 2.1.4.7 and resulting plasmid constructs were sequenced as indicated in 

section 2.1.4.8. Thereafter, the plasmid constructs were electroporated into either wild type M. 

smegmatis or derivative strains according to the protocol outlined in section 2.1.6.1. The 
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resultant colonies were picked and grown in 5 ml of Middlebrook 7H9 broth supplemented with 

the appropriate antibiotic to an OD600nm of 0.6. The cells were harvested by centrifugation at 

12470 ×g. The supernatant was discarded and the pellet of cells was resuspended in 50 l of 

Middlebrook 7H9 broth and 5 l of the cells was mounted onto a slide with a 2% agarose pad. 

The slides were visualized with the Zeiss Observer Z1 inverted fluorescence microscope and the 

images taken were analyzed with the ZEN lite software (Zeiss). Any image manipulation 

(brightness, contrast etc.) was applied to the entire image. 

 

2.1.8. Fluorescence microscopy 

2.1.8.1.  Fluorescent BODIPY-FL vancomycin staining 

The Fluorescent BODIPY-FL vancomycin stain (Life Technologies) was used according to the 

manufacturer’s instructions for analysis of PG synthesis in the mutant strains in comparison to 

the wildtype and complemented strains. The fluorescent vancomycin stain binds to the terminal 

dipeptide D-alanine-D-alanine found on the PG stem peptide periplasmic precursor lipid II and 

consequently indicates the sites of new PG synthesis. The bacterial strains were grown to an 

OD600nm of 0.6 at 37C with shaking at a 100 rpm in 5 ml of Middlebrook 7H9 broth 

supplemented with appropriate antibiotics when necessary. Subsequently, 2 ml of the cells were 

harvested by centrifugation at 12 470 ×g for 5 minutes and the supernatant was discarded 

followed by washing of the cells with 500 l 0.01 M phosphate buffered saline (PBS), pH 7.4 

and subsequent resuspension in 500 l of 0.01 M PBS. Thereafter, 1.25 l of vancomycin (200 

g/ml) and 2.5 l of fluorescent BODIPY-FL vancomycin (100 g) were added to the cells 

followed by incubation at 37C with shaking for 1.5 hours. Following this, 500 l of 0.01 M 

PBS was used to wash the cells three times, the cells were then resuspended in a 100 l of 0.01 

M PBS. For visualization, 5 l of the cells was spotted on glass slides with 2% agarose pads. The 

slides were visualized with the Zeiss Observer Z1 inverted fluorescence microscope and the 

images taken were analyzed with the ZEN lite software (Zeiss) and Fiji software (ImageJ). Any 

image manipulation (brightness, contrast, etc.) was applied to the entire image. 
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2.1.8.2. Click chemistry D-alanine analog staining 

The click chemistry technique was also used for in vivo labeling of sites of new PG synthesis. 

The technique involves the incubation of cells with an alkyne-functionalized D-alanine analog 

which is incorporated into the PG during cell wall biosynthesis. This alkyne-functionalized D-

alanine analog probe was obtained as a gift from Dr Sloan Seigrist (University of Massachusetts 

Amherat). The alkyne-functionalized D-alanine was visualized by reactions with click chemistry 

probes. For this, 1 l of 1 mM alkyne functionalized D-alanine was added to harvested cells 

grown to an OD600nm of 0.6 and resuspended in 2 ml of Middlebrook 7H9 broth. The cells were 

incubated for 2 hours at 37C with shaking at 100 rpm. Subsequently, the cells were washed 

three times with PBSTB buffer (1× PBS, 0.05% BSA and 0.01% Tween20) and fixed for 10 

minutes in 1 ml of 2% formaldehyde diluted in 1× PBS. Thereafter, the cells were centrifuged at 

12 470 ×g for 5 ml and the supernatant was discarded.  The click chemistry reaction was 

conducted as follows: 920 l of PBSTB buffer was used to resuspend the cells and 20 l of 

CuSO4 (50 mM), 20 l of TBTA (tris-(benzyltriazolylmethyl) amine) (6.4 mM), 20 l of sodium 

ascorbate (60 mM) and 20 l of an Azido probe (1 mM diluted in DMSO) were added in the 

order stated to the cells and mixed gently. The cells were incubated at room temperature for 45 

minutes and subsequently washed three times with 1× PBS. Thereafter, 5l of the cells was 

spotted onto glass slides which were visualized with the Zeiss Observer Z1 inverted fluorescence 

microscope and the images taken were analyzed with the ZEN lite software (Zeiss) and the Fiji 

software (ImageJ). Any image manipulation (brightness, contrast etc.) was applied to the entire 

image. 

 

2.1.8.3. Peptidoglycan staining with fluorescent D-Alanine amino acids (FDAAs) and 

fluorescent peptide mimics 

The PG stains; FDAAs (TADA [TAMRA-D-Alanine] and HADA [HCC-D-Alanine]) and 

fluorescent peptide mimics (TetraFL-1 and TetraFL-2) provided by collaborators (Michael 

VanNieuwenhze [Indiana University Bloomington, USA] & Marcos Pires [Lehigh University, 

USA], respectively) were used to probe PG remodeling and biosynthesis during growth, 

respectively. Briefly, the cells were grown in 5 ml of Middlebrook 7H9 broth supplemented with 

appropriate antibiotics to an OD600nm of 0.6 and harvested by centrifugation at 12 470 ×g. The 
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cells were then resuspended in 2 ml of Middlebrook 7H9 broth, 2 l of the FDAA stain or 1 l 

peptide mimic stain was added to the cells and incubated at 37C for 20 minutes. Subsequently, 

the cells were washed twice with 1× PBS, harvested by centrifugation at 12 470 ×g and 

resuspended in 50 l of 1× PBS. Thereafter, 5 l of the cells was spotted onto glass slides which 

were visualized with the Nikon TI20 and the Fiji software (ImageJ). Any image manipulation 

(brightness, contrast etc.) was applied to the entire image. 

 

2.1.9. Flow cytometric analysis of stained mycobacterial cells 

Flow cytometry was used for analysis of the labeling pattern of M. smegmatis mc2155, Mtb 

H37Rv and M. bovis BCG in comparison to the genetically modified strains. Cells were grown in 

5 ml of Middlebrook 7H9 broth supplemented with appropriate antibiotics at 37C with shaking 

to an OD600nm of 0.6. Thereafter, 200 l of labeled cell cultures were transferred to a 96 well 

plate (Thermo Scientific). The CytoFLEX flow cytometer (Beckman Coulter) was used for 

analysis of the labeled cells.  

 

2.1.10. Protein structure prediction 

I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The Iterative Threading 

ASSEmbly Refinement (I-TASSER) server is a protein threading and protein function prediction 

tool. This tool was used for the threading and functional prediction of the mycobacterial MurT 

52,. 

 
2.1.11. Protein structure super-imposition 

The FATCAT (Flexible structure AlignmenT by Chaining Aligned fragment pairs allowing 

Twists) server  (http://fatcat.sanfordburnham.org/fatcat/) is a protein structure comparison tool. 

This tool was used for the comparison of the tertiary structures of the identified proteins. 

 
2.1.12. Two-step allelic exchange homologous recombination method for generation of M. 

smegmatis mutant strains  

The two-step allelic exchange homologous recombination method (Fig. 2.1) (104), was used for gene 

deletion in M. smegmatis mc2155. Briefly, a mutant allele of the gene of interest is generated by 

ligation of upstream and downstream regions of the gene. The mutant gene is cloned into a suicide 
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plasmid and the selectable marker genes lacZ and sacB, encoding beta-galactosidase and 

levansucrase, respectively, were excised from the plasmid pGOAL17 and cloned into the suicide 

plasmid carrying the mutant gene. The resultant plasmid construct was electroporated into M. 

smegmatis as described in section 2.1.6.1. The suicide plasmid integrates into the chromosome 

through either upstream or downstream regions of homology to generate a single cross-over (SCO) 

strain which is Kan-resistant and forms blue colonies on media supplemented with 2% Xgal (as a 

result of expression of lacZ). Thereafter, the SCO strain was grown to stationary phase in 5 ml of 

Middlebrook 7H9 broth supplemented with Kan (25 g/ml). Subsequently, a 100 µl aliquot of this 

SCO culture was inoculated into 5 ml of Middlebrook 7H9 broth without antibiotic supplementation 

and grown to stationary phase to allow for a second cross-over event resulting in knockout of the 

wildtype gene in some cells. The sacB marker allows for counter-selection on Middlebrook 7H10 

supplemented with sucrose, resulting in the production of levans which are toxic to bacteria that have 

not released the suicide plasmid during growth in Middlebrook 7H9 broth without antibiotic 

supplementation. Cells in which a second cross-over event occurred form white colonies that 

survived on Middlebrook 7H10 agar supplemented with 5% sucrose and 2% X-gal. These colonies 

were  picked, resuspended in 25 µl Middlebrook 7H9 broth and spotted onto Middlebrook 7H10 agar 

with or without Kan (25 g/ml) supplementation. Colonies that do not grow on media supplemented 

with Kan were screened using PCR to identify the mutants.  

 

 

 

 

 

 

 

 

Figure 2.1. Allelic replacement by homologous recombination. Shown is how a suicide plasmid (i.e. 
non-replicating) carrying a mutated allele of the gene interest is introduced into the bacteria to facilitate 
homologous recombination which results in either single cross-overs (SCOs), where a single 
recombination event has occured or double cross-overs (DCOs) where two recombination events have 
occurred. SCOs carry both wild-type and mutated alleles of the gene of interest and marker genes found 
on the plasmid. DCOs will carry one copy of the gene of interest and no marker genes. 
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CHAPTER 3:  

(Amidation of glutamate in mycobacterial peptidoglycan is essential for cell wall cross-

linking) 
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3.1.     Introduction 

Peptidoglycan (PG) is a heteropolymer composed of glycan strands made up of alternating units 

of N-acetylglucosamine (GlcNAc) linked to N-acetylmuramic acid (MurNAc) cross-linked by 

stem peptide attached to the lactyl moiety of MurNAc (105). PG biosynthesis is initiated in the 

bacterial cytoplasm, where the PG precursor lipid II is constructed by cytoplasmic PG 

biosynthesis enzymes as discussed in section 1.1.3.5. This involves introduction of several 

modifications on lipid II that enable transport to the periplasm and incorporation of lipid II into 

existing PG (Fig. 3.1). In  mycobacteria, these modifications include hydroxylation of MurNAc 

to MurNGlyc, amidation of the -carboxyl group of D-glutamate in the pentapeptide stem of 

lipid II and the -carboxyl group of meso-DAP (106). These modifications are required for 

binding by periplasmic PG biosynthetic enzymes which incoroporate lipid II into PG through 

transglycosylation and transpeptidation reactions (105). The transpeptidation reactions form 

either 4-3 crosslinks (D-alanine-meso-DAP, by D,D-transpeptidases) or 3-3 crosslinks (meso-

DAP-meso-DAP, by LDTs) between adjacent stem peptides (105). In mycobacteria, the 3-3 

cross-links constitute the majority of PG cross-links and are required for the maintenance of cell 

wall integrity (107). The MurNAc residues are further modified by addition of an alpha-L-

rhamnopyranose-(1-3)-alpha-D-NAG-(1-P) unit that links PG to arabinogalactan (105). 

Considering the requirement of lipid II pentapeptide stem amidation for incorporation lipid II 

into the existing PG, the enzymes required for PG amidation are attractive targets for TB drug 

development. 

 

Recently, it was demonstrated that lack of lipid II amidation inhibits PG cross-linking by PG 

transpeptidases and sensitizes bacteria to -lactam antibiotics, lysozyme and immunological 

detection during infection (108). LdtFM and LdtMT2 of E. faecium and Mtb respectively, are not 

able to use PG stem peptide derivatives with non-amidated D-Glu and non-amidated meso-DAP 

as substrates for PG biosynthesis (108). We have recently demonstrated that synthetic PG stem 

peptide mimics with D-isoGlu amidation (D-isoGlu, when amidated forms D-isoGln) can be used 

to assay PG cross-linking in mycobacteria, highlighting the importance of D-isoGln in lipid II for 

PG cross-linking in mycobacteria (82). Furthermore, depletion of AsnB, a glutamate 

amidotransferase required for meso-DAP amidation in Mtb was shown to cause cell death as a 
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result of defective PG cross-linking (108). Similarly, LtsA functions as a meso-DAP 

amidotransferase in corynebacteria. Deletion of LtsA causes reduced PG cross-linking and  

 

 

Figure 3.1. Peptidoglycan biosynthesis in mycobacteria and peptidoglycan monomer (lipid II) 
amidation by the MurT-GatD complex. Shown is the de novo PG biosynthesis process. Prior amidation 
of D-glutamate by the MurT-GatD complex (shown in red text) using glutamine as the substrate is 
required to enable PG cross-linking during PG biosynthesis. 
 
amidation of D-glutamate was recently shown to be facilitated by the essential amidotransferase 

MurT-GatD complex in Staphylococcus aureus and Streptococcus pneumoniae (80, 109). The 

MurT-GatD complex catalyzes D-glutamate amidation using L-glutamine as an amine donor 

(110), resulting in the conversion of the L-glutamine substrate into D-glutamate and an amide 

group (NH3) which is shuttled from the GatD glutaminase active site to the MurT 

amidotransferase active-site. Through an ATP-dependent reaction, MurT catalyzes lipid II 

amidation by transferring the NH3 to the D-glutamate on the PG precursor lipid II, thus creating 

D-glutamine (Fig. 3.1) (110, 111). 

 

In this chapter, we show that depletion of MurT and GatD in mycobacteria causes cell growth 

cessation due to decreased MurT-GatD function (i.e. reduced lipid II amidation) and consequent 

reduced PG cross-linking using the model organism M. smegmatis mc2155.  

 



 

57 

 

With the use of fluorescent tetrapeptide probes (Amidated; Tetramethylrhodamine [TAMRA]-L-

Ala-D-isoGln-L-lysine-D-Ala and non-amidated; TAMRA-L-Ala-D-Glu-L-lysine-D-Ala), we 

confirm that D-isoGln is required for probe incorporation into mycobacterial cells (112). We also 

show that, fluorescent protein tagged MurT (MurT-GFP) localizes at the cell poles and also at 

the cell division septum together with mRFP-GatD which interact as confirmed by a protein-

protein interaction assay to form a PG amidation complex. Interestingly, through time-lapse 

microscopic analysis of MurT-GFP localization in FDAA labeled mycobacterial cells during cell 

growth, we find that MurT-GFP localizes with maturing PG, which is remodelled during cell 

growth by LDTs and strengthened by sidewall repair processes (83).  

 

Depletion of MurT and GatD causes reduced PG cross-linking, growth cessation, increased 

sensitivity to glycopeptide and -lactam antibiotics. Furthermore, we demonstrate that cell 

growth cessation as a result of MurT-GatD depletion is due to a coordinated shut-down of PG 

biosynthesis mediated by the serine/threonine protein kinase B (PknB) which senses uncross-

linked PG and relays signals to stop PG biosynthesis by cytoplasmic PG biosynthesis enzymes. 

Considering this, we propose a model in which PG precursor amidation is required for PG 

polymerization and the level of PG cross-linking is surveyed by the essential serine/threonine 

protein kinase – PknB and resulting in a signaling cascade for regulation of cell growth. 

Collectively, these data add to the understanding of how mycobacteria synthesize PG and 

regulate cell growth and we identify the mycobacterial MurT-GatD complex as a new drug 

target. 
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The hypothesis, aims and objectives of this chapter are outlined below. 

 

3.2.    Hypothesis 

MurT and GatD are essential for PG cross-linking and cell growth in mycobacteria and inhibiting 

the expression thereof will cause inhibition of PG cross-linking, cessation of cell growth together 

with consequent effects on cell wall stability. 

 

3.3.    Aims 

The aim of this section is to identify and characterize the enzymes required for D-Glutamate 

amidation during PG biosynthesis in mycobacteria and to document the phenotypic effects of 

inhibition of PG amidation in mycobacteria using the model organism M. smegmatis mc2155. 

 

3.4.    Objectives 

 

1. Bio-informatics analysis of the mycobacterial genome to identify putative MurT and 

GatD enzymes. 

2. Construction of a CRISPRi based M.smegmatis mc2155 MurT-GatD depletion strain. 

3. Assess growth of the MurT-GatD depletion strain and derivative strains through single 

cell time-lapse microscopy. 

4. Assess the importance of MurT-GatD mediated PG amidation for PG cross-linking. 

5. Assess the localization of MurT-GFP and mRFP-GatD in live cells. 

6. Assess the localization & phosphorylation state of PknB in MurT-GatD depleted cells 

7. Assess the lysozyme and -lactam antibiotic susceptibility of MurT-GatD depleted 

mycobacterial cells. 
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3.5.     Methods 

3.4.1.    Construction of the M. smegmatis MurT-GatD depletion strain 

The programmable mycobacterial CRISPRi system for repression of gene transcription was used 

as previously described to investigate the role of the MurT-GatD amidotransferase complex in 

mycobacterial cell wall biosynthesis (113). Briefly, the CRISPRi system utilizes a catalytically-

inactivated anhydrotetracycline (ATc) inducible dead endonuclease (dCas9) from Streptococcus 

thermophiles which is directed by a ATc inducible short-guide RNA (sgRNA) to specific target 

genes to prevent transcription initiation or elongation  (Fig. 3.2) (113). A sgRNA targeting the 

promoter region of the murT-gatD (MSMEG_6276-MSMEG_6277) operon was synthesized by 

annealing two oligos listed in Table A1, which were cloned into BsmBI-digested CRISPRi 

vector PLJR962 in proximity to the dCas9 endonuclease handle to assemble the sgRNA. The 

protospacer adjacent motif (PAM) sequence and designed sgRNA used for CRISPRi are listed in 

Table A2 and shown in Appendix 3.1. The CRISPRi construct expresses the dCas9 endonuclease 

and contains the sgRNA backbone. The cloning of the annealed sgRNA oligos into the BsmBI-

digested CRISPRi vector PLJR962 was performed as described in section 2.4.1.7 and the clone 

was amplified in E. coli as described in section 2.1.5.2. This plasmid was introduced into M. 

smegmatis mc2155 as outlined in section 2.1.6.1. 

 

 

Figure 3.2. Schematic of the CRISPRi mechanism in bacteria. (A) Anhydrotetracycline (ATc)-
inducible (PTet) dCas9 is directed to specific DNA targets by ATc-inducible sgRNA, which then prevents 
transcription initiation or elongation (B). RNAP: RNA polymerase; NT: non-template; T: template. This 
figure was taken from Rock et al. 2017 (113). 

A B 
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3.4.2.    Construction of the M. smegmatis MurT-GFP and mRFP-GatD localization 

strain and the PknB phosphorylation reporter strain 

A MurT-GFP fusion was constructed by cloning wildtype murT  (MSMEG_6276) with 100 bp 

upstream of the gene (i.e. including the promoter region) into plasmid pMV306H-GFP for C-

terminus tagging and the resulting plasmid (pMV306H+MurT-GFP) was electroporated into 

wildtype M. smegmatis mc2155 as indicated in section 2.1.6.1. mRFP-GatD was constructed by 

cloning wildtype gatD (MSMEG_6277) into plasmid pTweety-mRFP for N-terminus tagging 

and the resulting plasmid (pTweety+mRFP-GatD) was electroporated into wildtype M. 

smegmatis mc2155 as indicated in section 2.1.6.1. 

 

3.4.3.    Mycobacterial protein fragment complementation (M-PFC) system 

The mycobacterial protein fragment complementation (M-PFC) system (114) was used as 

previously described to test the interaction of the predicted potential interacting partners for a 

protein of interest (Fig. 3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Schematic of the M-PFC assay. Interacting proteins A and B are fused to complementary 
mDHFR fragments F[1,2] and F[3]. Cotransformation of AF[1,2] and BF[3] fusions in mycobacteria 
results in the functional reconstitution of mDHFR activity and subsequent growth on TRIM plates, 
whereas proteins that do not interact (A and C) will not reconstitute F[1,2] and F[3] and will not allow 
transformants to survive on TRIM plates. This figure was taken from Singh et al. 2006 (114). 
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Briefly, the M-PFC system is based on the functional reconstitution of the two murine 

dihydrofolate reductase (mDHFR) domains, fused independently to two putative interacting 

proteins. The interaction between the two proteins of interest results in the reassembly of the two 

mDHFR domains into a functional enzyme, which confers resistance to Trimethoprim (Trim at 

7.5 µg/ml) (Fig. 3.3). The ORFs of the genes of interest were cloned separately into plasmids 

pUAB400 and pUAB300. Thereafter, the plasmids were electroporated into wildtype M. 

smegmatis according to the protocol outlined in section 2.1.6.1. The resultant colonies were 

picked, resuspended in 50 µl of Middlebrook 7H9 broth, inoculated onto Middlebrook 7H10 agar 

supplemented with kan (25 g/ml), hyg (50 g/ml) and Trim (7.5 g/ml), and grown at 37ºC for 5-7 

days. For MPFC system controls; the M. smegmatis mc2155 derivative strain mc2155::F[1,3]-

RpfB+F[2]-RipA was used as a positive control based on proven interaction between 

MSMEG_5439 (RpfB) and MSMEG_3145 (RipA) (115) and the strain 

mc2::pUAB300+pUAB400 (plasmid only control) was used as a negative control. 

 

3.4.4.    Cell envelope labeling  

Fluorogenic probes used in this study include (i) Tetramethylrhodamine (TAMRA)-3-amino-L-

alanine-D-glutamine-L-lysine-D-alanine (TetraFL-1), (ii) TAMRA-3-amino-L-alanine-D-

glutamate-L-lysine-D-alanine (TetraFL-2), (iii) 3-[(7-Nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-

alanine hydrochloride (NADA), (iv) TAMRA-D-Alanine (TADA), (v) HCC-D-Alanine 

(HADA), (vi) Alkyne-D-Alanine-D-Alanine (AlkDADA) and (vii) BODIPY-FL vancomycin. A 

1 ml culture of mid-exponential wildtype M. smegmatis mc2155 was labeled with 5 mM 

TetraFL-1 or TetraFL-2 for 30 minutes and analyzed for probe incorporation by flow cytometry 

and fluorescence microscopy. Similarly, M. smegmatis mc2155 derivative strains grown to 

exponential phase were labeled with 500 µM TADA and HADA and analyzed for probe 

incorporation by fluorescence microscopy and time-lapse fluorescence microscopy as described 

in sections 2.1.8.3 and 3.4.5. For AlkDADA labeling, wildtype M. smegmatis mc2155 derivative 

strains grown to exponential phase were labeled with 2 mM AlkDADA and the probe was 

detected by click chemistry as described in section 2.1.8.2 and analyzed by fluorescence 

microscopy. For labeling with BODIPY-FL vancomycin, 1 ml exponential cultures of M. 

smegmatis mc2155 and derivative strains were labeled with BODIPY-FL vancomycin for 3 hours 
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and analyzed by fluorescence microscopy and flow cytometry for probe incorporation as 

described in sections 2.1.8.1 and 2.1.9. 

 

3.4.5.    Time-lapse-microscopy 

M. smegmatis mc2155 derivative strains were grown in microfluidic devices and time-lapse 

microscopy experiments were carried out as previously described (116). Briefly, the bacterial 

cultures were grown to exponential phase in ink-well bottles at 37 °C. Clumps of bacteria were 

removed by concentrating the cells 10-fold and filtering through a 5 μm filter. The bacteria were 

seeded into a microfluidic device and imaged on a Delta vision Personal DV imaging system 

(GE HealthCare Life Sciences) using a 100× objective (Olympus Plan Semi Apochromat, 1.3 

NA). The images were acquired at 10 min intervals using a CoolSnap HQ2 camera. Middlebrook 

7H9 medium with or without 200 ng/mL ATc and also supplemented with FDAAs was 

circulated through the device at a flow rate of 25 μl/min. Images were analyzed and processed 

using Softworx 4.1 (Applied Precision, GE HealthCare) or ImageJ v 1.47n. 

 

3.4.6.    Atomic force microscopy (AFM) 

Atomic force microscopy was performed as previously described (117). Briefly, coverslips were 

prepared by mixing polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) at a ratio of 15:1 

(elastomer:curing agent). Air bubbles in the mixture were removed under negative pressure for 

15 min. The PDMS mixture was dropped onto a 22 mm glass coverslip (VWR) and spin-coated 

at 8,000 r.p.m. (SUSS MicroTec LabSpin6) for 30 s. PDMS-coated coverslips were baked at 

80°C for 10 min before use. A 3 ml aliquot of mid-exponential phase cell culture was filtered 

through a 0.5 mm pore size PVDF filter (Millipore) to remove cell clumps and concentrated into 

200 ml final volume by pelleting cells (2,400g, 8 min). A 50 µl aliquot was deposited on the 

hydrophobic surface of a PDMS-coated coverslip and incubated for 20 min to increase the 

surface interactions between bacteria and coverslip. Bacteria were imaged by a Peak Force QNM 

with a Nanoscope 5 controller (Veeco Metrology) at a scan rate of 0.5 Hz and a maximum Z-

range of 5 µm. ImageJ was used for extracting bacterial cell profiles.
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3.4.7.    Ethidium bromide (EtBr) diffusion assay to monitor cell permeability 

The EtBr diffusion assay was performed as previously described (118). Briefly, M. smegmatis 

mc2155 derivative strains were grown to an OD600nm = 0.6. Cultures were centrifuged at 

4500 rpm for 10 minutes, the supernatant was discarded and the pellet washed in PBS. 

Thereafter, the pellet was resuspended in Middlebrook 7H9 containing 0.4% glucose and the 

OD600nm was adjusted to 0.4. 95 µl aliquots of bacterial suspension were placed into flat bottom, 

black 96-well plates followed by addition of EtBr to a final concentration of 10 µg/mL. 

Fluorescence was measured with an excitation and emission wavelength of 530 nm and 585 nm 

respectively, every 60 seconds for 60 minutes at 37 °C. 

 

3.4.8.    Peptidoglycan extraction 

PG was extracted as previously described (96). Briefly, wildtype M. smegmatis mc2155 was 

grown to OD600nm of 2 and the cells were then harvested by centrifugation at 3500 ×g for 10 min 

and resuspended in phosphate-buffered saline (PBS, pH 7.2). The cells were then lysed with a 

French press (Constant Systems). Insoluble material was obtained by centrifugation at 4000 ×g 

for 30 min. The pellet was then resuspended in PBS containing 2% SDS and incubated at room 

temperature for 1 h, then in PBS containing 2 mg/ml proteinase K and 2% SDS at 37°C for 24h 

and finally in PBS containing 2% SDS at 90°C for 1 h. The extracted cell wall material was 

lyophilized, weighed and stored at 4°C until further use. 

 
3.4.9.    Quantitative real-time PCR (qPCR) 

qPCR was performed using Sso Fast Evagreen Supermix (BioRad) as per manufacturer’s 

instructions. Briefly, 20 µl reactions were set up, each containing 10 µl Evagreen Supermix, 0.75 

µl forward primer (10 µM), 0.75 µl reverse primer (10 µM), 2 µl cDNA and nuclease-free water. 

All reactions were incubated in the CFX96 Real-Time PCR detection system (BioRad) using the 

following parameters: 98 °C for 2 min followed by 39 cycles consisting of three steps – 98 °C 

for 5 sec, 60 °C for 5 sec and 72 °C for 5 sec with SYBR Green quantification at the end of each 

cycle. Melt curve analysis was conducted from 65 °C with a gradual increase in 0.5 °C 

increments every 0.05 sec to 95 °C with SYBR Green quantification conducted continuously 

throughout this stage. The raw data was analyzed using the Biorad CFX Manager 3.0 Software 

(BioRad). 
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3.5. Results 

3.5.1. Identification of the mycobacterial MurT-GatD homologs  

MurT and GatD homologs in Gram-positive bacteria are required for PG amidation and PG 

cross-linking (80, 109). Recently, the mycobacterial MurT-GatD complex was identified and 

biochemically characterized (119). In Mtb, the genes Rv3712-Rv3713 encode for the 

mycobacterial MurT-GatD homologs, respectively. Rv3712 and Rv3713 are predicted to be 

essential for in vitro growth of Mtb by Himar1 transposon mutagenesis and sequencing (Tn-Seq) 

and are highly conserved among mycobacteria (120, 121). Further bio-informatics analysis was 

performed to predict the tertiary structure of the mycobacterial MurT homolog as described in 

sections 2.1.10 - 2.1.11 and the results indicated that the mycobacterial enzyme is similar to E. 

coli murein peptide ligase (Mpl), required for PG recycling (Fig. 3.4A). However, Rv3712 lacks 

a N-terminal UDP-MurNAc binding domain suggesting that Rv3712 is involved in PG amidation 

rather than PG recycling (Fig. 3.4B).  

A           B 

 

 

 

Figure 3.4. Superimposition of Mtb MurT and E. coli Mpl. (A) Full length protein superimposition of 
predicted Mtb MurT structure with predicted E. coli Mpl. (B) Mtb MurT lacks a UDP-MurNAc binding 
domain found in Mpl, a PG recycling enzyme. 
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To confirm in vivo that mycobacteria require PG amidation for PG cross-linking, a pair of 

fluorescent PG stem peptide mimics bearing either D-Glutamine (D-Gln) or D-Glutamate (D-

Glu) at position 2 of a tetrapeptide probe (TetraFL-1 [amidated probe] and TetraFL-2 [non-

amidated probe], respectively) were used to investigate the requirement of D-Glu amidation for 

PG cross-linking (Fig. 3.5) (82, 112). The approach involved adding these probes to growing 

mycobacterial cells. They should be incorporated into the PG through the activity of LDTs, if 

their chemical composition meets the requirement for the associated enzymes to recognize and 

incorporate them.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A TetraFl‐1 

TAMRA 

L‐Ala 

L‐Lys 

D‐Gln 

D‐Ala 

B TetraFl‐2 

TAMRA 

L‐Ala 

D‐Glu 

L‐Lys 

D‐Ala 

Figure 3.5. Chemical structures of TetraFL-1 and TetraFL-2 PG stem peptide mimics. (A) Shown is 
the chemical structure of Tetramethylrhodamine (TAMRA)-3-amino-L-alanine-D-glutamine-L-lysine-D-
alanine (TetraFL-1). Red box shows the amide group of D-glutamine. (B) Shown is the chemical 
structure of Tetramethylrhodamine (TAMRA)-3-amino-L-alanine-D-glutamate-L-lysine-D-alanine 
(TetraFL-2). Red box shows the hydroxyl group of D-glutamate. 
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Microscopic analysis of cells labeled for 3 hours with these probes was performed and this 

demonstrated that D-Gln bearing tetrapeptide probes labeled M. smegmatis and Mtb cells, whilst 

the probe bearing D-Glu at position 2 was not incorporated (Fig. 3.6). Flow cytometry analysis 

of the labeled cells corrobarated the imaging results (Fig. 3.6). As some TetraFL-1 unlabeled 

Mtb cells were also observed (Fig. 3.6), probably due to the slow replication rate of Mtb because 

TetraFL-1 is incorporated into PG by LDTs during cell growth (82), we assessed labeling 

overtime from 30 minutes, 3 hours and 24 hours. We also included a pentapeptide probe (see 

appendix 3.2), which is incorporated into PG by PBPs, as a control. Microscopic analysis of the 

labeled Mtb cells revealed increased TetraFL-1 labeling with increasing time of labeling while 

the pentapeptide probe showed rapid incorporation into PG (Fig. 3.7A&C). Flow cytometry 

analysis of the labeled cells corrobarated the imaging results (Fig. 3.7B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Amidated peptidoglycan stem peptide mimics are incorporated into the mycobacterial cell 

wall. (A&B) Micrographs and flow cytometry histographs of M. smegmatis mc
2
155 and Mtb H37Rv 

labeled with the TetraFL-1 probe for 3 hours. The change in TAMRA fluorescence intensity during 
TetraFL-1 incorporation into PG is indicated by the purple arrow in the flow cytometry histograms. White 
arrow shows septal labeling with TetraFl-1. (C&D) Micrographs and flow cytometry histographs of M. 
smegmatis mc2155 and Mtb H37Rv labeled with the TetraFL-2 probe for 3 hours. Cells did not label with 
TetraFL-2, indicating that the amidation at D-glutamine is required for probe incorporation. 
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Collectively, as the D-Glu bearing probe was not incorporated whilst the D-Gln was, these data 

confirmed that PG biosynthesis in mycobacteria requires prior D-Glu amidation (to create D-Gln) 

of PG precursors. 
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3.5.2. MurT-GFP and mRFP-GatD localize at sites of PG biosynthesis. 

Given that the MurT-GatD bienzyme complex has been identified as essential for PG amidation 

in other organisms, we next analyzed the localization of MurT and GatD in mycobacteria as 

mycobacteria are known to spatially localize the major cell wall biosynthesis processes at the cell 

poles and septum (95, 122). Cell wall synthesis enzymes are recruited by DivIVA to the cell 

poles forming a complex of enzymes termed the elongosome, which facilitates polar cell wall 

synthesis (123). To investigate whether the MurT-GatD complex also localizes at sites of cell 

wall synthesis, we constructed an M. smegmatis strain, mc2155::MurT-GFP+mRFP-GatD, by 

linking the native murT gene (MSMEG_6276) to GFP and native gatD gene (MSMEG_6277) to 

mRFP as indicated in section 2.1.7. Restriction profiling of the plasmid construct indicated the 

expected profile for the MurT-GFP construct and the mRFP-GatD construct (Fig. 3.8 & 3.9). The 

constructs were sequenced to confirm their integrity and then introduced into wildtype M. 

smegmatis mc2155 as indicated in section 2.1.6.1 for generation of the MurT-GFP+mRFP-GatD 

localization strain and plasmids pMV306H-GFP and pTweety-mRFP were also introduced into 

wildtype M. smegmatis mc2155 to create the GFP and mRFP only control strains, respectively. 

Microscopic analysis of the MurT-GFP+mRFP-GatD strain displayed that MurT-GFP and 

mRFP-GatD localize at the cell poles and the septum, the major sites of cell wall synthesis in 

mycobacteria while no localization was observed in the GFP-only or mRFP-only control strains 

(Fig. 3.10). 

 

*

*C 

Figure 3.7. Labeling of Mtb with TetraFL-1, TetraFL-2 and PentaFL over time to assess the rate of 
probe incorporation. (A) Micrographs and flow cytometry histographs of Mtb H37Rv labeled with the 
TetraFL-1, TetraFL-2 and PentaFL probe for 30 min, 3 hours and 24 hours. (B) Flow cytometry 
histographs of MtbH37Rv labeled with the TetraFL-1, TetraFL-2 and PentaFL probe for 30 min, 3 hours 
and 24 hours. (C) Analysis of the fluorescence intensity of TetraFL-1, TetraFL-2 and PentaFL labeled 
cells. PentaFL probe is incorporated more rapidly than the TetraFl-1 probe. The student t-test was used to 
detect stastistical significance between labeled and unlabeled cells. * : p values of < 0.0001.   
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Figure 3.9. Restriction profile of plasmid pTweety+mRFP-GatD. (A) Plasmid map of 
pTweety+mRFP-GatD. (B) Agarose gel showing the DNA bands sizes expected (labeled in base pairs). 
(C)  Table indicating the restriction enzymes used for restriction analysis of pTweety+mRFP-GatD and 
the DNA band sizes expected. All expected band sizes were observed. 
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Figure 3.8. Restriction profile of plasmid pMV306H+MurT-GFP. (A) Plasmid map of 
pMV306H+MurT-GFP. (B) Agarose gel showing the DNA bands sizes expected (labeled in base pairs 
[bps]). (C) Table indicating the restriction enzymes used for restriction analysis of pMV306H+MurT-GFP 
and the DNA band sizes expected. All expected band sizes were observed. 
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Figure 3.10. MurT-GFP and mRFP-GatD localize at cell poles. (A) Micrographs showing MurT-
GFP and mRFP-GatD localization at the cell poles and septum. ~90%-95% (n=100) of cells displayed 
this localization pattern. (B) Localization patterns of MurT-GFP and mRFP-GatD in M. smegmatis. 
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3.5.3. MurT interacts with GatD to form the MurT-GatD amidotransferase complex. 

To confirm the interaction of MurT and GatD in mycobacteria, the mycobacterial protein 

fragment complementation assay was used to further assay this interaction as described in 

section 3.4.3. MurT and GatD were both linked on the N-terminus to the F[1,3] and F[2] 

fragments of the murine dehydrofolate reductase, respectively. Restriction profiling of the 

plasmid constructs indicated the expected profiles (Fig. 3.11 and Fig. 3.12). The constructs were 

sequenced and then introduced into wildtype M. smegmatis mc2155 as indicated in section 

2.1.6.1. The interaction of F[1,3]-MurT and F[2]-GatD allowed the carrier strain 

(mc2155::F[1,3]-MurT+F[2]-GatD) to grow on trimethroprim similar to a previously generated 

positive control strain (mc2155:: F[1,3]-RpfB+F[2]-RipA) which shows growth in this assay due 

to RpfB and RipA interaction (115) at an MIC higher than that of a wildtype plasmids–only 

control strain (Fig. 3.13). This data confirms that mycobacterial MurT and GatD interact to form 

the PG amidation amidotransferase complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11. pUAB400+MurT restriction profile. (A) Plasmid map of pUAB400+MurT. (B) Agarose 
gel showing the DNA bands sizes expected (labeled in base pairs). (C)  Table indicating the restriction 
enzymes used for restriction analysis of pUAB400+MurT and the DNA band sizes expected. All 
expected band sizes were observed. 
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Figure 3.12. pUAB300+GatD restriction profile. (A) Plasmid map of pUAB300+GatD. (B) Agarose 
gel showing the DNA bands sizes expected (labeled in base pairs). (C)  Table indicating the restriction 
enzymes used for restriction analysis of pUAB300+GatD and the DNA band sizes expected. All 
expected band sizes were observed. 

Figure 3.13. M-PFC assay for MurT-GatD interactions. Plasmids pUAB400+MurT and 
pUAB300+GatD were introduced into M. smegmatis to create the strain mc2155::F[1,3]-MurT+F[2]-
GatD. The interaction of MurT and GatD was assayed by growth of the carrier strain on trimethroprim. 
Growth of the carrier strain on trimethroprim is indicative of the interaction of MurT and GatD. The 
strain mc2155::F[1,3]-RpfB+F[2]-RipA was used as a positive control and the mc2155::F[1,3] +F[2] 
(plasmids only control) was used as the negative control. 

No growth Positive growth Positive growth 
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3.5.4. MurT-GFP co-localizes with maturing peptidoglycan during cell growth 

Recent studies suggest that PG remodeling/repair also involves remodeling of side-wall PG (Fig. 

3.14) (83, 124). We hypothesized that incorporation of PG precursors into the side-wall for 

remodeling would also require prior amidation by the MurT-GatD complex. To investigate this, 

spatio-temporal localization of MurT-GFP during cell growth was monitored by time-lapse 

microscopic growth analysis of MurT-GFP cells labeled with a FDAA probe during growth. The 

MurT-GFP strain was labeled with TADA during time-lapse microscopy and the localization of 

MurT-GFP was assessed over-time.  
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Figure 3.14. Mycobacterial cell growth involves sidewall remodeling of maturing PG. Cell pole 
elongation in mycobacteria involes the localization of Wag31 at the cell poles which recruits cell wall 
biosynthesis enzymes at the cell poles. During mycobacterial cell growth, sidewall PG is remodelled by 
PG hydrolases and PG biosynthesis enzymes, a process we propose involves PG precursor amidation 
prior to incorporation into mature PG. 
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Initial analysis revealed the labeling of the cell poles and septum with TADA and MurT-GFP 

localization was observed at the cell poles and cell septum. As the cells expanded the TADA 

label was detected at the side-wall (representing mature PG) and the MurT-GFP fluorescence 

signal was observed at the cell poles, septum and also at the side-wall, where it co-localized with 

the TADA label representing maturing PG (Fig. 3.15, Appendix 3.3). This suggested that PG 

remodeling at the side-wall also features cytoplasmic MurT-GatD facilitated PG precursor 

amidation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.5. MurT and GatD are required for PG amidation and cell growth in mycobacteria  

To confirm the essentiality of the murT-gatD operon, we targeted murT (MSMEG_6276) for 

deletion using the two step allelic exchange method in a M. smegmatis strain carrying a second 

copy of murT linked downstream of a tetO promoter as described in section 2.1.12. This strain 

was generated by cloning the murT gene into plasmid pse100 to create plasmid pse100+murT 

(Fig. 3.16A) and introducing this construct into wildtype M. smegmatis mc2155 as indicated in 

section 2.1.6.1. This strain was used together with wildtype mc2155 to attempt to knockout the 

murT gene as described in section 2.1.12. The two-step allelic exchange method allowed the 

knockout of the native murT gene only in the presence of a second episomally expressed copy of 
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Figure 3.15. MurT-GFP co-localizes with mature PG. Time-lapse microscopic analysis of MurT-GFP 
in cells labeled with TADA (shown by red arrow). MurT-GFP localizes at the cell poles (green arrows) 
and also with maturing PG (yellow arrrows). When MurT-GFP (green signal) localizes with TADA (red 
signal) labeled maturing PG a yellow (green+red) signal is detected. Scale bar is 5 µm. 
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the murT gene while no murT mutants could be obtained from wildtype transformants (Fig. 

3.16B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To assess the function of the MurT-GatD complex in M. smegmatis mc2155 cells, a CRISPRi 

platform was used as this enzyme complex is essential for mycobacterial viability. The CRISPRi 

construct for depletion of MurT and GatD (plasmid PLR962+MSMEG_6276sgRNA) was 

generated as indicated in section 3.4.1 and restriction profiling indicated the expected profile for 

this construct (Fig. 3.17). The construct was then sequenced and introduced into wildtype M. 

smegmatis mc2155 as indicated in section 2.1.6.1 for generation of the M. smegmatis MurT-GatD 

depletion strain (mc2155::CRISPRi-MurT-GatD). Fluorescent D-amino acids (FDAAs) which 

are incorporated into PG during cell wall biosynthesis coupled with time-lapse microscopy were 

used to assess the growth and PG biosynthesis dynamics of MurT-GatD depleted cells (Fig. 

3.18A). Sequential labeling of mc2155::CRISPRi-MurT-GatD cells with FDAAs without 

CRISPRi induction showed polar incorporation of new cell wall material at the cell poles as 

previously demonstrated (122) and that in mycobacteria new cell wall material is not associated 

with old cell wall material (Fig. 3.18B, Appendix 3.4A&B)(83). 

A B 

Figure 3.16. Knockout of murT from a M. smegmatis strain with a second episomal copy of murT. 
(A) Restriction profile of pSE100+murT. Shown are the plasmid map of pSE100+murT, an agarose gel 
indicating the DNA band sizes expected and a table with restriction enzymes and band sizes expected. (B) 
The genome map of the wildtype and mutant murT alleles with an agarose gel depicting the PCR products 
of the wildtype and mutant murT alleles in the wildtype strain, the single cross-over strain and the mutant 
strain. 
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mc2155::CRISPRi-MurT-GatD cells depleted of MurT-GatD displayed reduced cell growth upon 

induction of CRISPRi with ATc as expected and the cells were shorter compared to cells 

expressing MurT and GatD (Fig. 3.19A-D, Appendix 3.5). Polar elongation speed was 

determined by measuring unlabeled polar region extension over-time after labeling with FDAA 

with the near-old cell pole FDAA signal used as a fiducial marker (Fig 3.19E). Cells depleted of 

MurT-GatD displayed a reduced polar elongation speed suggestive of the role of PG amidation 

in regulation of cell elongation in mycobacteria (Fig 3.19F). 

 

 

 

 

 

 

 

Figure 3.17. Restriction profile of plasmid PLR962+MSMEG_6276sgRNA. (A) Plasmid map of 
PLR962+MSMEG_6276sgRNA. (B) Agarose gel showing the DNA bands sizes expected (labeled in base 
pairs [bps]). (C) Table indicating the restriction enzymes used for restriction analysis of 
PLR962+MSMEG_6276sgRNA and the DNA band sizes expected. All expected band sizes were 
observed. 
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Figure 3.18. Labeling of mc
2
155::CRISPRi-MurT-GatD (without CRISPRi activation) with FDAAs. 

(A) Schematic representation of labeling of mycobacterial cells with FDAAs for analysis of cell growth. 
(B) Time-lapse microscopic analysis of M. smegmatis CRISPRi-MurT-GatD cells without CRISPRi 
activation.  
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3.5.6. PG cross-linking in mycobacteria requires amidation of D-glutamate in lipid II 

To investigate whether depletion of MurT and GatD causes perturbed PG biosynthesis a 

fluorescent dipeptide probe AlkDADA was used as indicated in section 2.1.8.2 to assess PG 

biosynthesis in MurT-GatD depleted cells. AlkDADA is linked to a lipid II precursor to form 

labeled lipid II which can be detected on the cell surface by click chemistry (125). This dipeptide 

probe allows analysis of periplasmic PG precursor remodeling processes for incoporation into 

existing PG in contrast to monopeptide probes (e.g. TADA and HADA) which may also be 

incorporated into existing PG by periplasmic D,D-transpeptidases (DDTs) (Fig. 3.20)(126).  
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Figure 3.19. Depletion of MurT and GatD reduces cell growth. (A) qPCR analysis of murT and gatD 
expression during normal conditions or during gene knockdown conditions. Shown are the murT and 
gatD transcript levels normalized to sigA. (B) Time-lapse microscopic analysis of M. smegmatis 
CRISPRi-MurT-GatD cells with CRISPRi activation. (C) The average single-cell doubling time of cells 
expressing or not expressing MurT and GatD analyzed by time-lapse microscopy. Depletion of MurT and 
GatD increases the doubling time of the cells. (D) Violin plots showing the cell length of cells expressing 
MurT-GatD compared to cells depleted of MurT-GatD (n=300 per experiment). (E) Schematic 
representation of how cell elongation was measured in FDAA labeled cells expressing or not expressing 
MurT and GatD with the nearest FDAA signal to the old cell pole as fiducial marker for cell pole 
elongation over-time. (F) Scatter plot showing the polar elongation speed of cells expressing or not 
expressing MurT and GatD. Statistical analysis was conducted using Student t-test. *: p-value <0.05. 
sgRNA – short guide RNA. Scale bar is 5 µm. 
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Figure 3.20. Schematic for incorporation of Alk-DADA or monopeptide probes (TADA/HADA) 
during PG biosynthesis in mycobacteria. Shown is the cytoplasmic and periplasmic processes of 
dipeptide (Alk-DADA) or monopeptide probe (TADA/HADA) incorporation during PG biosynthesis in 
mycobacteria. MurF facilitates  addition of a dipeptide substrate to a PG precursor to form lipid I. D,D-
transpeptidases (DDTs) can incorporate monopeptide probes into existing PG during PG remodeling 
processes (126).  BODIPY-FL vancomycin binds the terminal D-Ala-D-Ala moiety of the PG precursors. 
 
Cells expressing MurT-GatD displayed polar labeling with AlkDADA and reduced labeling at 

the side-wall indicative of insertion of the labeled PG precursors at the cell poles and remodeling 

of PG at the side-wall which results in a decreased signal of the label as PG 3-3 cross-links are 

formed (Fig. 3.21A-B) (83). Depletion of MurT-GatD caused diffused labeling of the cells 

suggestive of reduced PG remodeling along the side-wall. Side-wall PG remodeling involves the 

formation of 3-3 PG cross-links from 4-3 cross-links by LDTs. Increased AlkDADA at the side-

wall of MurT-GatD depleted cells is indicative of reduced PG cross-linking or the inability of 

LDTs to process non-amidated PG precursors to form 3-3 cross-links (Fig. 3.21A-B).  To 

explore this further, a fluorescent BODIPY-FL vancomycin probe – which binds the terminal D-

Ala-D-Ala moiety of PG precursors at the cytoplasmic membrane to inhibit PG biosynthesis but 

can also bind D-Ala-D-Ala moieties in the PG sacculus (Fig. 3.20); was used as indicated in 

section 2.1.8.1 to probe PG cross-linking in cells depleted of MurT and GatD. As the terminal D-

Ala-D-Ala moiety is lost during formation of 3-3 cross-links which predominate mature PG in 

mycobacteria (83), BODIPY-FL vancomycin was the ideal probe to investigate PG cross-linking 

by fluorescence microscopy.  
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In absence of ATc, mc2155::CRISPRi-MurT-GatD cells exhibited labeling of the poles and 

septum. However, when the cells were depleted of MurT-GatD upon CRISPRi induction with 

ATc, the bacteria displayed diffused labeling with BODIPY-FL vancomycin (Fig. 3.21C-D). 

Because the terminal D-Ala-D-Ala is used as a substrate for PG cross-linking by PBPs, diffused 

labeling with BODIPY-FL vancomycin was also indicative of decreased PG-cross-linking as PG 
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Figure 3.21. MurT-GatD depletion causes perturbed PG remodeling. (A) Micrographs of M. 
smegmatis CRISPRi MurT-GatD cells expressing or not expressing MurT-GatD. Inhibition of MurT-
GatD expression causes increased side-wall labeling with AlkDADA. (B) Histograph showing the 
frequency of cells with increased side-wall AlkDADA labeling. n=100 labeled cells per experiment. (D) 
Schematic representation of cell wall labeling with BODIPY-FL vancomycin showing labeling of PG 
precursors in the periplasm. (C) Micrographs of BODIPY-FL vancomycin labeled MurT-GatD depleted 
cells in comparison with cells expressing tthe proteins. Inhibition of MurT-GatD expression causes 
increased side-wall labeling with BODIPY-FL vancomycin. n=100 labeled cells per experiment. (D) 
Flow cytometry quantification of BODIPY-FL vancomycin labeled MurT-GatD depleted cells in 
comparison to cells expressing the proteins. Statistical analysis was conducted using Student t-test.*:p-
value <0.05. Scale bar is 5 µm. 
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cross-linking enzymes (LDTs and PBPs) in bacteria that express MurT and GatD have been 

shown to require prior PG amidation for PG-cross-linking (108). Furthermore, atomic force 

microscopy (AFM) was used as indicated in section 3.4.6 to assess whether reduced PG cross-

linking as a result of loss of MurT-GatD function causes cell surface defects associated with 

decreased cell wall stifness. AFM did not reveal any detectable differences in the outer cell 

surface or cell wall mechanical properties in cells depleted of MurT-GatD compared to cells 

expressing these enzymes (Fig. 3.22). 

 

 

 

 

 

 

We next assessed whether reduced PG-cross-linking in MurT-GatD depleted cells causes 

increased cell wall permeability. We tested the permeability of the cell wall upon MurT-GatD 

depletion by using an ethidium bromide (EtBr) diffusion assay as indicated in section 3.4.7. This 

assay allowed the monitoring of the fluorescence that occurs upon diffusion of EtBr into the cells 

and its interaction with DNA (118). This assay revealed that cells that were depleted of MurT-

GatD exhibited increased cell wall permeability manifested by increased EtBr fluorescence 

probably reflecting reduced PG cross-linking (Fig. 3.23). Thereafter, we hypothesized that cells 

with reduced PG cross-linking and increased cell wall permeability as a result of MurT-GatD 

depletion could be more sensitive to PG targeting antimicrobials – like lysozyme. 
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Figure 3.22. AFM cell wall stiffness images of mc
2
155::CRISPRi-MurT-GatD. (A) Three-dimentional 

AFM stiffness images of mc
2
155::CRISPRi-MurT-GatD without and with CRISPRi activation. (B)  Stiffness 

scale for the AFM imaging experiment. MurT-GatD depletion does not change cell wall stiffness. nN: 
peak force unit. 
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To investigate the increased susceptibility of MurT-GatD depleted cells to lysozyme, a lysozyme 

minimum inhibitory concentration (MIC) experiment was performed and the susceptibility of the 

depletion strain to lysozyme was assessed. MurT-GatD depleted cells were found to be highly 

sensitive to lysozyme (Fig. 3.24A). Microscopic analysis of MurT-GatD depleted cells exposed 

to lysozyme revealed cell lysis induced by lysozyme exposure (Fig. 3.24B).  
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Figure 3.23. MurT-GatD depletion causes increased cell wall permeability. Ethidium bromide uptake 
into cells depleted of MurT-GatD in comparison to cells expressing the proteins shows that MurT-GatD 
depletion causes increased cell wall permeability. ****:p-value <0.05. 
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Figure 3.24. MurT-GatD depletion causes increased sensitivity to lysozyme. (A) Lysozyme minimum 
inhibitory concentration (MIC) assay for MurT-GatD depleted cells (ATc+) compared to cells expressing 
MurT-GatD (ATc-). (B) Micrographs of cells depleted of MurT-GatD and exposed to lysozyme (~80 
µg/ml) compared to cells expressing MurT-GatD. Cells were labeled with a FDAA – NADA to check 
viability. Lysozyme exposure caused cell death in cells depleted of MurT-GatD. Statistical analysis was 
conducted using Student t-test. Scale bar is 5 µm. 
  

A B 



 

82 

 

Furthermore, the PG of lysed MurT-GatD depleted cells was extracted as described in section 

3.4.8 and labeled with an amide reactive dye, Alexa Fluor 488 NHS Ester which labels primary 

amines (R-NH2) to assess the level of PG amidation in these cells compared to MurT-GatD 

expressing cells. Analysis of the Alexa Fluor 488 NHS Ester dye signal in labeled PG from 

MurT depleted cells revealed a decrease in the dye signal, suggestive of a decrease in the level of 

PG amidation in PG from MurT-GatD depleted cells (Fig. 3.25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.7. PknB regulates cell growth in response to PG amidation  

PknB-like kinases have been implicated in the regulation of PG biosynthesis in most Gram-

positive bacteria (127). In mycobacteria, uncross-linked PG is detected by PknB through C-

terminal PASTA domains leading to the auto-phosphorylation of the N-terminal kinase at 

threonine residues to regulate cell growth (Fig. 3.26). In mycobacteria, PknB is essential for cell 

A B 

Figure 3.25. Depletion of MurT and GatD causes reduced PG amidation. (A) Flow chart 
representation of the protocol used for assessing PG amidation in MurT-GatD depleted cells by Alexa 
Fluor 488 NHS Ester labeling of PG in comparison with control cells (ATc-). The Alexa Fluor 488 NHS 
Ester labels primary amines (R-NH

2
) also found in PG as a result of amidation. (B). Flow cytometry 

quantification of Alexa Fluor 488 NHS Ester labeled PG from MurT-GatD depleted cells in comparison 
to the no ATc control cells. MurT-GatD depletion causes decreased PG amidation which results in 
decreased labeling with Alexa Fluor 488 NHS Ester. 
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growth and it was previously demonstrated that the extracellular PASTA domains (PASTA3 and 

PASTA4) of PknB are required for PknB localization at the cell poles and septum for regulation 

of PG biosynthesis (88, 120, 121). As PG amidation is essential for PG cross-linking, we 

hypothesized that in the MurT-GatD depleted strain, the PASTA domains of PknB sense 

uncross-linked PG and this results in the auto-phosphorylation and activation of PknB resulting 

in cell growth cessation in MurT-GatD depleted cells (128, 129). Furthermore, it was 

demonstrated that abrogation of D-isoGln interacting residues (Ser556 and Lys557 [see Fig. 3.26]) 

of PknB, which specifically interact with the terminal carboxyl group of D-isoGln, perturbs 

PknB function (130). 

 

 

 

To investigate whether reduced PG cross-linking as a result of MurT-GatD depletion causes 

increased PknB activation, phosphorylation of a FLAG-tagged PknB was assessed in MurT-

GatD depleted cells. PknB (MSMEG_0028) was cloned into plasmid pFLAGEM for tagging 

PknB with a FLAG tag on the N-terminus as indicated in section 3.4.2 and restriction profiling of 

the plasmid construct indicated the expected profile for this construct (Fig. 3.27). The construct 

was then sequenced and introduced into the mc2155::CRISPRi-MurT-GatD strain as indicated in 

section 2.1.6.1 for generation of a PknB phosphorylation reporter strain (mc2155::CRISPRi-

MurT-GatD+PknB). PknB phosphorylation status was assessed in the PknB phosphorylation 

reporter strain after CRISPRi induction. Cell membrane fractions of the MurT-GatD depleted 

cells grown at increasing concentrations of ATc (Fig. 3.28), were collected, and the protein 

concentration of the fractions was measured prior to western blotting of the fractions with anti-

FLAG (α-FLAG) and anti-phosphothreonine (α-P-Thr) antibodies (Fig. 3.28A-B). 

 

Figure 3.26. Secondary structure of PknB. Shown is the schematic representation of the domain 
structure of PknB and the D-Glu binding residues (red font) and the activation loop with threonine 
residues (blue font) subject to phosphorylation upon PknB activation are also shown.  
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Protein 

concentration 

1 (0 ng/ml) 143 µg/ml 

2 (100 ng/ml) 146 µg/ml 

3 (200 ng/ml) 171 µg/ml 

4 (300 ng/ml) 120 µg/ml 

5 (400 ng/ml) 143 µg/ml 

6 (500 ng/ml) 184 µg/ml 
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C 

Figure 3.27.  Restriction profile of plasmid pFLAGEM+PknB. (A) Plasmid map of pFLAGEM+PknB.  
(B) Agarose gel showing the DNA bands sizes expected (labeled in base pairs [bps]). (C) Table indicating 
the restriction enzymes used for restriction analysis of pFLAGEM+PknB and the DNA band sizes 
expected. All expected band sizes were observed. 

Figure 3.28. Growth of the mc
2
155::CRISPRi-MurT-GatD+PknB-FLAG strain in increasing ATc 

concentration. (A) Growth kinetics of mc2155 CRISPRi-MurT-GatD-PknB-FLAG cells grown in 0-500 
ng/ml ATc. An ATc dose dependent reduction in growth of the mc

2
155::CRISPRi-MurT-GatD+PknB-

FLAG was observed as expected. (B) Table with protein concentrations of membrane fractions extracted 
from cells grown in 0-500 ng/ml ATc. 
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MurT-GatD depletion caused increased PknB phosphorylation with high PknB phosphorylation 

observed in cells exposed to 200-500 ng/ml of ATc concentration for CRISPRi activation (Fig. 

3.29). These results demonstrate that PknB regulates mycobacterial PG biosynthesis in response 

to the level of PG cross-linking. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5.8. PknB localization is perturbed in MurT-GatD depleted cells 

Since PknB activity is increased in MurT-GatD depleted cells, next the localization of PknB in 

these cells was analyzed. To assess this, wildtype PknB was linked to mRFP on the N-terminus 

(Fig. 3.30) by cloning the wildtype pknB allele into plasmid pMV306H+mRFP to form plasmid 

pMV306H+mRFP+PknB (Fig. 3.31) and the construct was sequenced and then introduced into 

wildtype mc2155 and into the mc2155::CRISPRi-MurT-GatD strain as indicated in section 

2.1.6.1. 

 
 
 
 
 
 
 
 
 
 

Figure 3.29. Reduced MurT-GatD activity affects PknB activity. (A) SDS-page gels showing 
expression of PknB-FLAG in the cytoplasmic fraction (CF) and presence of this protein also in the 
membrane fraction (MF). Membrane fractions from cells depleted of MurT-GatD were used to assess 
PknB phosphorylation in these cells. (B) Western blot analysis of PknB-FLAG phosphorylation from 
membrane fractions of MurT-GatD depleted cells. Data represents results experiment performed in 
triplicate. MurT-GatD depletion causes increased phosphorylation of PknB.  

A B 

α-P-Thr 
α-FLAG 

    0   100    200  300  400  500       

ATc concentration [ng/ml] 

α
 -

P
-T

h
r 

B
an

d 
in

te
ns

ity
 (

a
.u

) 

130 
100 
70 
55 

35 

  M       0    100   200  300  400 500       M  CF   MF 
ATc concentration [ng/ml] 

PknB-F 

Membrane fraction samples 

Figure 3.30. Secondary struture of mRFP-PknB. Shown is the schematic representation of the domain 
structure of PknB and the D-Glu binding residues (red font) and the activation loop with threonine 
residues subject to phosphorylation upon PknB activation are also shown.  
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mRFP-PknB localized at the cell poles and septum in mc2155::mRFP-PknB and 

mc2155::CRISPRi-MurT-GatD+mRFP-PknB without CRISPRi induction (i.e. ATc-). Upon 

CRISPRi induction, some cells displayed polar and septal localization, as seen with wildtype 

cells. However, mRFP-PknB also displayed diffused localization in MurT-GatD depleted cells 

(Fig. 3.32) indicative of perturbed PknB function as observed with analysis of PknB 

phosphorylation status.  
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Figure 3.32.  MurT-GatD depletion causes inhibition of PG cross-linking and mis-localization of 
mRFP-PknB. (A) Localization of mRFP-PknB in wildtype mc2155. mRFP-PknB localizes at the cell 
poles and cell septum (black arrow heads). (B) Depletion of MurT and GatD causes diffused mRFP-PknB 
localization. (C) Histogram showing the frequency of cells showing polar and septal or diffused mRFP-
PknB localization. Scale bar is 5 µm. 
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Figure 3.31. Restriction of plasmid pMV306H+mRFP-pknB. (A) Plasmid map of pMV306H+mRFP-
pknB. (B) Agarose gel showing the DNA bands sizes expected (labeled in base pairs [bps]). (C) Table 
indicating the restriction enzyme used for restriction analysis of pMV306H+mRFP-pknB and the DNA 
band sizes expected. All expected band sizes were observed. 
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3.5.9. MurT-GatD depletion causes sensitivity to β-lactam antibiotics  

The importance of lipid II amidation for PG cross-linking in mycobacteria highlights a 

vulnerability that can be exploited for TB drug development. The reduced growth rate of 

mc2155::CRISPRi-MurT-GatD (Fig. 3.19) and reduced PG cross-linking (Fig. 3.21) upon MurT-

GatD depletion, as evidenced by diffused BODIPY-FL vancomycin labeling suggests that lipid 

II amidation is a rate limiting step for PG biosynthesis. We hypothesized that during limitation of 

amidated lipid II for PG biosynthesis, the MurT-GatD depleted cells will be sensitive to β-lactam 

antibiotics and result in rapid killing. To investigate the ability of β-lactams to rapidly kill MurT-

GatD depleted cells, time-lapse microscopic analysis of the growth of the MurT-GatD depletion 

strain in the presence of a sub-lethal concentration of amoxicillin (inhibiting PBPs) and 

clavulanate (inhibiting β-lactamases) was performed. Amoxicillin-clavulanate treated MurT-

GatD cells were unable to elongate, formed bulged cell poles and lysed (Fig. 3.33). Collectively, 

these results show the importance of PG amidation for mycobacterial cell growth and highlight 

the MurT-GatD complex as a potential drug target for TB drug development. 

 

3.5.10. Essentiality of GatD is associated with a role in vitamin B12 biosynthesis 

Considering that all mycobacterial LDTs (which require PG amidation for PG cross-linking) are 

dispensible for growth (83), the essentiality of MurT-GatD could be as a result of either MurT or 

GatD being also functional in additional cellular processes beyond PG amidation. Bio-

informatics analysis revealed that GatD also known as CobQ2 is homologous to CobQ1 

(Rv0255c), which encodes a corrin amidase required for de novo synthesis of the essential co-

factor vitamin B12 (Appendix 3.6)(131). However, CobQ1 is dispensible for growth and the 

essentiality of GatD/CobQ2 suggests that this enzyme plays a role in both pathways (Fig. 3.34). 

To investigate the essentiality of GatD/CobQ2 in vitamin B12 biosynthesis, the 

mc2155::CRISPRi-MurT-GatD strain which shows reduced growth upon CRISPRi activation 

was grown in the presence of exogenous vitamin B12 (i.e. Vit B12+ ATc+). Reduced growth of 

mc2155::CRISPRi-MurT-GatD upon CRISPRi activation was observed as expected (Fig. 3.35), 

however supplementation of growth media with exogenous vitamin B12 only increased the 

growth rate of the MurT-GatD depleted cells during the pre-exponential growth although this 

trend was statistically insignificant (Fig. 3.35B). This suggests that although GatD could have an 
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additional function in vitamin B12 biosynthesis, its role in PG amidation which is important for 

PG cross-linking is similarly important to maintain cell viability. 
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Figure 3.33. Time-lapse microscopic analysis of amoxicilin (AMX) and clavulanate (CLV) treated 
MurT-GatD depletion strain cells with/without CRISPRi activation. (A) Micrographs of amoxicilin 
(AMX) and clavulanate (CLV) treated MurT-GatD depletion strain cells with/without CRISPRi activation. 
The cells were grown in media supplemented with sublethal concentrations of amoxicillin (20 µg/ml) and 
clavulanate (10 µg/ml). Growth of the cells in sublethal concentrations of amoxicillin and clavulanate did 
not cause any morphological changes. (B) Micrographs of amoxicilin and clavulanate treated MurT-GatD 
depletion strain cells with CRISPRi activation (ATc+). The cells were grown in media supplemented with 
200 ng/ml ATc and amoxicillin (20 µg/ml) and clavulanate (10 µg/ml). Growth of the MurT-GatD 
depletion cells in sublethal concentrations of amoxicillin and clavulanate caused cell pole bulging. Time-
lapse microscopy of the MurT-GatD depletion cells was performed for 24 hours. Scale bar is 5 µm. (C) 
Histogram showing the frequency of dead cells with polar buldges, 25 time-lapse micrographs were 
analyzed for each experiment. Scale bar is 5 µm. 
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Figure 3.34. Essentiality of GatD/CobQ2 in PG biosynthesis or Vitamin B12 biosynthesis. (A) PG 
biosynthesis pathway in mycobacteria. (B) Vitamin B12 biosynthesis in mycobacteria. GatD/CobQ2 is 
hypothesized to play a role in both PG biosynthesis and Vitamin B12 biosynthesis. 
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Figure 3.35.  Growth curve of mc2155::CRISPRi-MurT-GatD in vitamin B12. (A) Growth kinetics of 
mc2155::CRISPRi-MurT-GatD grown in media supplemented with vitamin B12 upon CRISPRi 
activation (Vit B12+ATc+). (B) Insert of Fig. 3.35A, showing growth kinetics at 15 hours. 
Supplementation of mc2155::CRISPRi-MurT-GatD with vitamin B12 rescues growth at pre-exponential 
phase of growth. 
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3.6. Discussion 

β-lactam antibiotics, like penicillin, inhibit the critical cross-linking step of PG biosynthesis and 

have shown great success for treatment of a variety of bacterial infections (132, 133). This shows 

that the PG biosynthesis pathway and enzymes involved are vulnerable drug targets that can be 

exploited for development of new and effective antibiotics. 

 

Recently, fluorescent probes have been used extensively to study PG biosynthesis in live 

bacterial cells and to elucidate previously unknown functions of enzymes enabling further 

idenfication of potential drug targets (95, 122, 125). These probes are monomers of PG linked to 

fluorescent molecules and their use by bacterial cells provides insight into the biosynthesis 

process of the PG polymer. With the use of fluorescent PG stem peptide mimics with amidation 

modifications on the second amino acid (i.e. D-Gln instead of D-Glu) of the stem peptide, we 

confirm that this modification is required for the PG cross-linking reaction and we further 

investigate the essentiality of this modification in PG biosynthesis using CRISPRi mediated 

depletion of the enzymes (the MurT-GatD complex) required for this process. 

 

MurT and GatD are responsible for the amidation of the D-Glu residue in the peptide stem of PG 

precursors in S. aureus, S. pneumoniae and mycobacteria (80, 109-111, 119)(10-14). However, 

the phenotypic defects caused by loss of PG amidation due to inactivation of MurT-GatD in 

mycobacteria remained to be demonstrated. MurT and GatD are arranged in a bicistronic operon 

which is conserved in various bacterial species and in mycobacteria. Deletion of the native murT 

gene using the two step allelic exchange mutagenesis technique was only possible in the 

presence of a second copy of the murT gene, confirming the essentiality of this operon. We 

further use the recently developed CRISPR interference based programmable transcriptional 

repression platform coupled with time-lapse microscopy to confirm the essentiality of this 

complex for mycobacterial cell growth (113). Time-lapse microscopic analysis of MurT and 

GatD depleted cells demonstrated that MurT-GatD depletion causes growth cessation confirming 

the essentiality of the MurT-GatD complex for cell growth. It has been previously reported that 

PG transpeptidases required for PG cross-linking only recognize amidated PG precursors as 

substrates therefore, inhibition of PG precursor amidation was expected to inhibit PG cross-
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linking (134). To investigate this, the MurT-GatD depleted cells were labeled with fluorescent 

probes (FDAAs and a vancomycin analog – BODIPY-FL vancomycin). FDAA labeled cells did 

not show changes in PG biosynthesis dynamics in MurT-GatD depleted cells compared to cells 

expressing these enzymes. Interestingly, BODIPY-FL vancomycin which binds non-cross-linked 

PG precursors and can be visualized by fluorescence microscopy displayed an abnormal labeling 

pattern in MurT-GatD depleted cells (135). The non-cross-linked PG precursors were detected 

all along the cell surface (i.e. diffused staining), confirming that PG cross-linking by PG 

transpeptidases is reduced in MurT-GatD depleted cells. However, this did not cause outer cell 

wall defects as analyzed by AFM. 

 

To further study the role of MurT and GatD in mycobacteria, protein localization experiments 

were performed with GFP and mRFP tagged MurT and GatD, respectively. We found that 

MurT-GFP and mRFP-GatD co-localized at the cell poles and cell division septum and may form 

part of both the elongosome and divisome. These are complexes of enzymes required for 

synthesis of the cell wall at the poles and the cell division septum, respectively. In other species 

MurT interacts with GatD and activates GatD function therefore, the co-localization of MurT-

GFP and mRFP-GatD suggests that mycobacterial MurT and GatD also form a complex at the 

sites of PG biosynthesis. To confirm this interaction, the M-PFC assay was used, confirming that 

indeed MurT and GatD do interact to form the amidotransferase PG amidation complex. 

 

Recently, it was demonstrated that mycobacteria remodel and repair the side-wall during growth 

(83, 124). We find that time-lapse microscopic analysis of the co-localization of MurT-GFP with 

TADA, a monopeptide FDAA probe, during cell growth indicates that MurT-GatD also localizes 

with maturing PG. This mature PG can be subjected to remodeling during repair processes (124), 

if the cell wall has been damaged and this would require prior amidation of PG precursors 

facilitated by the MurT-GatD complex at this site. We also hypothesized that if the PG is loosely 

cross-linked, the cell wall would be more permeable. To study this, we used an ethidium bromide 

diffusion assay which reports on the level of permeability of the cell wall by diffusion of 

ethidium bromide into the cells (136). This assay revealed that depletion of MurT and GatD 

caused increased cell wall permeability as evidenced by the elevated accumulation of ethidium 
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bromide in the cells. Interestingly, non-amidated lipid II has been shown as an in-efficient 

substrate for the cross-linking reaction in S. pnuemoniae (134), supporting the notion that 

mycobacterial PG transpeptidases also do not recognize non-amidated PG precursors and hence 

cannot crosslink these. This data demonstrates that amidation of PG plays a crucial role in PG 

biosynthesis and maturation in mycobacteria (Fig. 3.36) 

 

We further studied how PknB regulates PG biosynthesis in response to reduced PG cross-linking 

because of depletion of MurT-GatD in mycobacteria. PknB is known to regulate PG biosynthesis 

by sensing PG cross-linking through extracellular PASTA domains which also facilitate the 

localization of PknB to the cell poles and septum (137). Specifically, residues that are located in 

a α-helix locker between PASTA3 and PASTA4 domains of PknB bind the carboxyl terminal of 

D-isoGln/Glu and mDAP residues in the stem peptide of uncross-linked PG precursors and this 

causes auto-phosphorylation of the cytoplasmic kinase domain of PknB (130).  
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Figure 3.36. Proposed model for the role of MurT and GatD during PG biosynthesis and cell growth 
in mycobacteria. Lipid II biosynthesis involves MurT-GatD amidation of D-glutamate of the PG stem 
peptide. (1) Depletion of MurT-GatD causes decreased lipid II amidation at D-Glu (2) and non-amidated 
lipid II is not cross-linked into existing PG by PBPs (3). PknB binds uncross-linked PG stem peptides (4) 
and its cytoplasmic kinase domain auto-phosphorylates and causes inhibition of PG biosynthesis resulting 
in cessation of cell growth (6). 
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The activated PknB kinase domain regulates the function of PG biosynthesis enzymes including 

MurA, CwlM and MurJ through phosphorylation (89, 128). We confirmed that depletion of 

MurT and GatD causes hyper-activation of PknB. Localization experiments of mRFP-PknB in 

MurT-GatD depleted cells also displayed perturbed mRFP-PknB localization indicative of 

changes in PknB function in these cells. 

 

We next hypothesized that cells depleted of MurT and GatD are highly dependent on PBPs to 

remain viable. To test this, we exposed the MurT-GatD depleted cells to a sub-lethal 

concentration of amoxicillin which inhibits the transpeptidase reaction of high molecular weight 

PBPS in the presence of clavulanate required for inhibition of -lactamases (132, 133, 138). 

Cells depleted of MurT and GatD were found to be highly sensitive to amoxicillin-clavulanate, 

showing reduced growth, polar swelling and eventual cell lysis. These data highlight the MurT-

GatD complex as a vulnerable target for inhibition of PG biosynthesis.  

 

Recent published work demonstrated that all M. smegmatis LDTs known to require PG 

amidation for PG cross-linking are dispensible for growth while GatD is essential for viability. In 

this context, the essentiality of the MurT-GatD bi-enzyme complex was somewhat curious, as 

this complex will yield the relevant subtrate for LDT function. To further explore the issue of 

essentiality, we turned to the vitamin B12 biosynthesis pathway. There is a possible role for GatD 

here given the strong homology of GatD (also known as CobQ2) with CobQ1, required for 

synthesis an intermediate in the vitamin B12 biosynthesis pathway. We predicted that the 

eseentiality of MurT-GatD could be due an essential role that GatD plays in B12 biosynthesis, if 

this was the case, addition of vitamin B12 would rescue the growth defect of the depletion strain. 

To test this, the mc2155::CRISPRi-MurT-GatD strain was grown in media supplemented with 

exogenous vitamin B12 upon CRISPRi. However, vitamin B12 supplementation only slightly 

complemented the loss of GatD expression. Vitamin B12 uptake is known to be restricted in 

mycobacteria depending on the cofactor requirements of the vitamin B12-dependent methionine 

synthase (139).  
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Considering that MurT and GatD depletion causes reduced PG cross-linking and growth 

cessation, and that the mycobacterial serine/threonine protein kinase PknB is activated by 

uncross-linked PG precursors, we propose a model where PknB senses the level of uncross-

linked PG as a result of reduced amidation caused by inactivity of MurT and GatD and regulates 

mycobacterial cell growth (Fig. 3.36). With this data we identify MurT and GatD as potential 

new drug targets for TB drug development. 
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3.7. Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3.1. Gene sequences of murT (MSMEG_6276, in red) and gatD (MSMEG_6277, in 
black) with the sgRNA and PAM sequences used for CRISPRi. The PAM sequence is shown in blue 
font and sgRNA sequence shown by the green underlined font. 

Appendix 3.2. Chemical structure of PentaFL. Shown is the composition of PentaFl -
Tetramethylrhodamine (TAMRA)-3-amino-L-alanine-D-glutamine-L-lysine-D-alanine-D-alanine. 
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MurT-GFP 
colocalizes 
with mature 
PG 

Polar 
localization 

Polar 
localization 

Polar 
localization 

TADA labeling and MurT‐GFP localization 

Appendix 3.3: Time-lapse microscopic analysis of TADA labeled MurT-GFP cells. The MurT-GFP cells 
were grown first in media supplemented with 1 mM TADA for 15 min. The TADA supplemented media was 
washed out with no-label media and time-lapse microscopy of the TADA labeled MurT-GFP cells was 
performed for 24 hours. MurT-GFP localizes at the cell poles and also with maturing PG. Scale bar is 5 µm. 
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Appendix 3.4: Micrographs of mc2155::CRISPRi-MurT-GatD without CRISPRi induction and 
growth analysis of mc2155::CRISPRi-MurT-GatD with/without CRISPRi induction. (A) Time-lapse 
micrographs of the MurT-GatD depletion strain without CRISPRi activation (ATc-) pulse-chase labeled 
with FDAAs (TAMRA-D-Alanine [TADA] and HCC-D-Alanine [HADA]). The cells were grown first in 
no-label media only and subsequently labeled for 15 min with media supplemented with 1mM TADA. The 
TADA supplemented media was washed out with no-label media and the cells were later labeled for 15 
min with 1 mM HADA supplemented media which was later replaced with no-label media. Scale bar is 5 
µm. (B) Growth analysis of the MurT-GatD knockdown strain. Time-lapse microscopy of the TADA & 
HADA pulse-chase labeled cells was performed for 24 hours. 

B 
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Appendix 3.5: Time-lapse micrographs of the MurT-GatD depletion strain with CRISPRi 
activation (ATc+) and pulse-chase labeling with FDAAs (TAMRA-D-Alanine [TADA] and HCC-D-
Alanine [HADA]). The cells were grown first in no-label media (supplemented with 200 ng/ml ATc) and 
subsequently labeled for 15 min with media supplemented with 1 mM TADA and 200 ng/ml ATc. The 
TADA supplemented media was washed out with no-label media and the cells were later labeled for 15 
min with media supplemented with 1 mM HADA and 200 ng/ml ATc which was later replaced with no-
label media supplemented with 200 ng/ml ATc.  Time-lapse microscopy of the TADA & HADA pulse-
chase labeled MurT-GatD depletion cells was performed for 24 hours. CRISPRi mediated depletion of 
MurT-GatD resulted in reduced cell growth. Scale bar is 5 µm. 
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Appendix 3.6: Sequence alignment of GatD/CobQ2 with CobQ1. ClustalOmega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used to align protein sequences of GatD/CobQ2 and 
CobQ1.  
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CHAPTER 4 

(A Novel CRISPRi based BCG vaccine targeting the NOD-1 pathway induces protection 

against Mycobacterium tuberculosis infection in mice) 
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4.1.  Introduction 

Despite the availability of the Bacillus Calmette-Guérin (BCG) vaccine, Mtb, the causative agent 

of TB,  remains one of the leading causes of death from a single infectious pathogen (1). TB 

mortality has risen for the first-time in a decade causing 1.8 million deaths in 2020 (140). BCG 

has reached its centenary, having first been administered in 1921 as a preventative TB vaccine to 

a baby born to a mother who had a few hours earlier, succumbed to TB disease (141). BCG is 

among the most widely administered vaccines worldwide, with approximately 154 countries 

having a BCG vaccination policy (142). However, BCG is only effective in preventing TB in 

infants and its efficacy in adolescents and adults is highly variable ranging from 0-80% (143). 

The failure of BCG to curb the TB epidemic highlights the need for basic understanding of BCG 

induced protective immune responses to enable development of a better TB vaccine (144-146). 

 

BCG was generated by Albert Calmette and his co-worker Camille Guérin by multiple serial 

passages (~231 passages) of M. bovis, a virulent strain that causes bovine TB (141). This led to 

the deletion of multiple genomic regions (~16,  named regions of difference [RD] 1-16) 

compared to Mtb that caused attenuation of BCG (147). Of particular importance to the 

attenuation and safety profile of BCG is the loss of a virulence protein EsxA (also known as 

ESAT-6), due to spontaneous deletion of a 9.5-kb RD-1 in BCG (148). The RD-1 harbors some 

of the genes encoding for proteins required for assembly of the ESX-1 secretion system which is 

essential for the secretion of key virulence proteins and for phagolysosomal escape during 

infection (Fig. 4.1) (149).  

 

Figure 4.1. Genetic organization of the ESX-1 secretion system. Shown is the region of difference 
(RD-1) missing in BCG (in the orange box) (149).  
 

Attempts to enhance the efficacy of BCG by re-introduction of ESX-1 from Mtb resulted in 

unfavourable outcomes (148). rBCG::ESX1
Mtb displayed improved vaccine efficacy, however, 
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this strain also displayed increased virulence in murine experiments and was deemed unsafe. 

Further attempts involved: (I) development of a EsxA-overexpressing recombinant BCG strain, 

rBCG-E6 (150); (II) heterologous expression of ESX-1 from a less pathogenic mycobacterium 

species M. marinum which is related to Mtb but causes infection in fish and frogs, to create 

rBCG::ESX1
Mmar (151) or (III) heterologous expression of Mtb EsxA in BCG designed for 

secretion through the ESX-5 secretion system by fusing EsxA with a ESX-5 canonical secretion 

signal peptide sequence to create rBCG::ESAT6-PE25SS (Table 4.1) (152). rBCG-E6 did not 

display improved efficacy compared to standard BCG (150). rBCG::ESX1
Mmar displayed reduced 

virulence compared to rBCG::ESX1
Mtb in murine infection experiments and also displayed 

improved vaccine efficacy compared to standard BCG (151). rBCG::ESAT6-PE25SS displayed 

increased protective efficacy compared to standard BCG, however, this strain also displayed 

increased immunogenecity due to ESAT-6 secretion (152).  

 

Apart from inducing enhanced efficacy by ESX secretion system based mechanisms, other 

strategies to enhance BCG efficacy involve the deletion of immuno-evasive/suppressive genes 

from BCG or re-engineering BCG to express human pro-inflammatory cytokines, 

immunomodulatory bacterial toxins, or increased levels of endogenous non-protein 

immunomodulatory molecules like cyclic dinucleotides (153). A list of recombinant rBCG 

strains with such modifications is given in Table 4.1 and a brief history of genetic engineering of 

BCG is shown in Fig. 4.2. rBCG::ESX1
Mtb is among the most effective rBCG strains ever 

developed (154), which demonstrated that enhancing cytosolic contact of BCG and activation of 

cytosolic PRRs leads to increased vaccine efficacy (155). This led to the development of 

candidates such as VPM1002, the most clinically advanced rBCG (156), with a urease C (ureC) 

deletion replaced by a hly gene encoding for listeriolysin. This enables BCG to disrupt the 

phagolysosomal membrane and promote release of phagolysosomal content to the cytosol. 

Although there is no evidence that VPM1002 reaches the cytosol itself (141), this vaccine 

displays increased immunogenicity and efficacy, highlighting that increased activation of 

cytosolic PRRs enhances BCG efficacy. 
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Table 4.1. A list of recombinant BCG vaccines. The list contains rBCG strains with deletions in 
immunosuppressive/evasive genes, rBCGs expressing human pro-inflammatory cytokines, 
immunomodulatory bacterial toxins, or increased levels of endogenous non-protein immunomodulatory 
molecules. 
 

Strain name Description Ref 

rBCG::ESX1
Mtb

 rBCG with the RD1 gene cluster inserted (Rv3861–
Rv3885). Expresses ESAT-6 and CFP10 

(157) 

rBCG:ESX1
Mmar

 rBCG with the insertion of the esx1 locus of 
Mycobacterium marinum 

(151) 

rBCG E6 BCG over-expressing ESAT-6 (150) 

rBCG::ESAT6-PE25SS rBCG with ESAT-6 fused with the canonical ESX-5 
secretion system signal sequence – secretes ESAT-6 
through ESX-5 

(152) 

rBCG-Rv2212  rBCG expressing Rv2212, an adenylyl cyclase from Mtb (158) 

rBCG:CysVac2  rBCG expressing CysVac2, a fusion protein of Ag85A 
& CysD 

(159) 

rBCG85C5 rBCG overexpressing Ag85A and C5 peptide of CFP-10 (160) 

rBCG/PhoPR rBCG overexpressing PhoP-PhoR (161) 

rBCGΔureC::hly 
(pMPIIB01) 

rBCG ΔureC:hly expressing the latency antigens 
Rv2659c, Rv3407, and Rv1733c 

(162) 

rBCG-Ag85B-ESAT-6-
TNFα 

rBCG expressing the fusion protein Ag85B-ESAT-6-
TNF-α 

(163) 

rBCG 30 rBCG over-expressing antigen 85B (Ag85B) (164) 

rBCG(mbtB30) rBCG over-expressing Ag85B, with disrupted synthesis 
of the siderophore mycobactin 

(165) 

rBCG-1173:A rBCG expressing Ag85A (166) 

rBCG::AXB Cocktail of rBCGs expressing Ag85A, Ag85B and 
latency antigen HspX 

(167) 

(H)PE-ΔMPT64-rBCG rBCG expressing MPT64 fused to the PE domain of the 
PE_PGRS33 

(168) 

AERAS-422 (AFRO-1) rBCG expressing Ag85A, Ag85B and TB10.4 (169) 

rBCG-LTAK63lo rBCG expressing LTAK63, a detoxified form of E. coli 
heat labile toxin 

(170) 

rBCG-disA-OE rBCG overexpressing the di-adenylate cyclase DisA and 
releases high levels of the STING agonist c-di-AMP 

(171) 

rBCG-Sec
DFG

 rBCG overexpressing Mtb SecDFG involved in the Sec 
Pathway responsible for exporting extracellular proteins 

(172) 

rBCG:ESAT-L28A/L29S rBCG expressing mutated ESAT-6 (ESAT-L28A/L29S) (154) 

rBCG Ag85B-ESAT-6-
IFN-γ 

rBCG expressing the fusion protein Ag85B-ESAT-6-
IFN-γ 

(173) 

sapM::Tn BCG sapM transposon mutant of BCG that abolishes its 
expression 

(174) 
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rBCG Δzmp1 rBCG deficient in gene zmp1, a putative Zn2+ 
metalloprotease 

(175) 

rBCG ΔureC:hlyΔpdx1/ 
VPM1002Δpdx1 

rBCG ΔureC:hly deficient in pyridoxine synthase, 
required for synthesis of the essential vitamin B6 

(176) 

rBCG ΔureC::hlyΔnuoG rBCG ΔureC:hly with deletion of nuoG, an anti-
apoptotic gene 

(177) 

rBCGΔBCG1419c rBCG deficient in gene BCG1419c (178) 

rBCG-ΔUT Urease-deficient rBCG (179) 

rBCG-DHTM rBCG-ΔUT expressing fusion protein of HSP70 and 
MMPII 

(180) 

rBCG-PEST  Urease-deficient rBCG expressing fusion protein of Mtb 
HSP70 and MMPII)with PEST sequence in both ends of 
HSP70-MMPII fusion protein 

(181) 

AERAS-401 (rBCG1331 
ΔureC:ΩpfoAG137Q) 

rBCG with the ureC gene replaced with the PfoAG137Q 
gene for perfringolysin O 

(169) 

rBCG(MCP-3) rBCG expressing MCP-3 (monocyte chemotactic 
protein 3) 

(182) 

rBCGi rBCG expressing Ipr1 (intracellular pathogen resistance 
1) 

(183) 

rBCG::BAX rBCG-expressing pro-apoptotic protein BAX (184) 

rBCG ΔureC:hly_hIL7 
and rBCG ΔureC 
::hly_hIL18 

rBCG ΔureC:hly expressing human IL-7 or human IL-
18 

(185) 

rBCG-IL-4, rBCG-IL-6, 
rBCG-GMCSF, 
rBCG-IFN-γ, rBCG-IL-2, 
rBCG-IL-18 

rBCGs expressing murine interleukin (IL)-4, IL-6, GM-
CSF, IFN-γ, and IL-2 

(186) 

rBCG-Ag85B-IL-15 rBCG expressing a fusion protein of Ag85B and IL-15 (187) 

rBCG2 rBCG expressing Ag85B, CFP10 and IL-12 (188) 

rBCG::IL-12p70-ESAT-6 rBCG expressing a fusion protein of the human IL-
12p70 and ESAT-6 

(189) 

rBCG::Ag85B-IL-15 rBCG expressing a fusion protein of the human IL-15 
and Ag85B 

(187) 

rBCG::CMX rBCG expressing a fusion protein (CMX) composed of 
immunodominant epitopes from Ag85C, MPT51, and 
HspX 

(190) 

rBCG::Mkan85B rBCG expressing the Ag85B protein of M. kansasii 
(Mkan85B) 

 

rBCG::CRISPRi-AftC CRISPRi based rBCG designed for the truncation of the 
anti-inflammatory cell wall associated lipoglycan – 
lipoarabinomannan (LAM) into the pro-inflammatory 
lipomannan derivative (LM) by repression of AftC 
expression 

(191) 
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Figure 4.2. Time-line showing the key events for rBCG development since the development of the 
BCG vaccine in 1921. Experimental attenuation of BCG started from 1908 to 1920 by serial passaging of 
a virulent strain of M. bovis by Albert Calmette and Camille Guérin (192). In 1921, BCG was used to 
immunize a baby against TB infection for the 1st time (192). In 1924, global distribution of BCG began 
(193). In 1948, campaigns for international mass vaccinations were introduced by the WHO (194). In 
1989, genetic transformation of BCG was reported (195). The first rBCG strain for proof of concept of a 
rBCG as a vaccine platform was reported in 1991 (196). In 1996, characterization of the RD-1 region as 
the main cause of BCG attenuation was reported (197). Proof of increased efficacy against TB infection 
for a rBCG was shown with the development of the BCG::ESX1

Mtb strain in  2003 (157). In 2012, BCG 
induced trained innate immunity was revealed (198). In 2015, a CRISPR/dCas9 platform was tested for 
applicability in BCG (199). In 2022, a CRISPR gene knockout platform was used for generation of an 
antibiotic unmarked auxotrophic BCG strain and the CRISPRi platform was used for generation of 
rBCG::CRISPRi-AftC (191, 200). In this study we show that rBCG::iE-DAP improves protection againt 
Mtb H37Rv infection in a mouse model of TB infection.This figure was adapted from Lazaro et al. 2021 
(153). 
 

Recombinant BCG strains re-engineered to activate innate cytosolic PRRs show enhanced 

efficacy (156, 171, 201). For example, rBCG-disA-OE, a rBCG strain overexpressing the 

diadenylate cyclase DisA causing high release of the STING agonist cyclic-di-AMP, displayed 

increased efficacy in a guinea pig infection model showing that increased cytosolic PRR 

signaling increases BCG efficacy (171). This spurred the need to uncover mechanisms through 

which BCG masks potential PRR ligands to suppress cytosolic PRR signaling as a strategy to 

improve BCG efficacy. 
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4.2.  BCG induced correlates  of protection against TB infection beyond T helper-1 

responses 

BCG vaccination induces the development of T-helper type 1 (Th1) CD4+ memory 

lymphocytes, CD8+ T cell responses, Th17 responses, activation of natural killer (NK) cells, 

antibodies, IFN-γ-negative T cell responses and trained innate immune responses among other 

immune responses (Fig. 4.3) (202-204). CD4+ T cell responses are critical for protective 

immunity against TB disease (205, 206), however, a clinical study of the MVA85A vaccine, a 

viral vectored TB vaccine candidate inducing high CD4+ T cell responses failed to show efficacy 

in late-stage clinical development (207). This highlights that other aspects of the anti-tuberculous 

immune response remain to be targeted and activated by new TB vaccines to enhance vaccine 

efficacy (Fig 4.4) (155, 208, 209).  

 

In this chapter, an overview of other aspects of BCG induced immunity beyond CD4+ T cell 

responses is discussed and rBCG strains enhancing these immune responses that correlate with 

protective immunity are highlighted. Finally the NOD-1 pathway is identified as a target for 

development of a novel rBCG vaccine. We show that vaccination of mice with a novel rBCG; 

rBCG::iE-DAP designed to target the NOD-1 pathway improves protection againt Mtb H37Rv 

infection in a mouse model of TB infection. 

 
4.3.  Role of CD8+T cells in BCG induced immunity 

BCG vaccination induces limited activation of CD8+ T cells and this contributes to the 

insufficient efficacy of BCG (210). However, studies have identified a role of CD8+ T cell 

responses against Mtb infection (Fig. 4.4), prompting the need for development of CD8+ T cell 

activating TB vaccines (211). Post-BCG vaccination, dendritic cells with internalized BCG, 

drive the activation of CD8+ T cells through major histocompatibility complex (MHC) class I 

cross-presentation of antigens (212). Murine studies with BCG show that mycobacteria specific 

CD8+ T cells accumulate in the lung after BCG immunization and correlated with protection 

against Mtb infection (213). Subcutaneous vaccination of mice with rBCG::ABX and 

BCGΔBCG1419c induced protection against Mtb infection, which correlated with increased 

antigen specific CD4+ T cells and CD8+ T cells (214, 215). Other rBCGs, including rBCG2, 

rBCG::IL-12p70-ESAT-6 and rBCG::Ag85B-IL-15 expressing human cytokines in addition to 
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mycobacterial antigens were also shown to induce increased activation of CD8+ T cells, this 

correlated with increased vaccine efficacy (187-189). BCG::ESX1
Mmar was also shown to 

increase CD8+ T cell responses, showing that BCG efficacy can be enhanced by increased 

cytosol access and activation of CD8+ T cell responses (151). VPM1002 was designed to also 

access the host cytosol and increase availability of mycobacterial antigens to the MHC-class I 

pathway (216). This led to increased activation of CD8+ T cells by VPM1002 and is an attribute 

of the increased efficacy of this vaccine candidate (156). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3. Immune responses induced by BCG vaccination at the site of injection, lymph nodes and 
peripheral blood. Shown are the adaptive immune responses (A) and trained innate immune responses 
(B) elicited after BCG vaccination. After BCG vaccination at the injection site, macrophages, monocytes 
and dendritic cells internalize BCG (which replicate for a limited amout of time at the injection) and kill 
the bacteria for presentation of BCG antigens. Activated dendritic cells with BCG antigens presented by 
macrophages migrate to the lymph nodes for activation of naïve CD4+ T cells and CD8+ T cells. 
Activated T cells enter peripheral blood where they activate naïve B cells which differentiate into 
antibody producing plasma cells. BCG also induces trained innate immune responses in macrophages. 
Naïve macrophages that phagocytose BCG are trained by exposure to BCG and possess epigenetic and 
metabolic modifications through BCG activation of the NOD-2 PRR. Trained macrophages are more 
bactericidal to Mtb upon exposure at a later stage. Image created with Biorender.com. 
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Figure 4.4. Targets of the host immune system for new TB vaccine candidates. Shown are the immune 
correlates of TB vaccine mediated protection, namely: (A) trained innate immune responses, (B) humoral 
immunity and T cell mediated responses. Image created with Biorender.com 
 

4.4.  Role of Th17 responses in BCG induced immunity 

The quest for identification of correlates of protection against TB infection has also identified 

Th17 cells as a cell type associated with protective immunity induced by BCG vaccination (Fig. 

4.4) (217, 218). Th17 cells are derived from naive CD4+ T cells upon activation by myeloid-

derived macrophages. BCG vaccination induces a sub-optimal Th17 response and this has been 

attributed to the lack of the RD-1 region or access of BCG to the host cytosol as re-introduction 

of RD-1 in BCG resulted in promotion of protective Th17 dependent responses (219). TB 

vaccine candidates inducing Th17 responses, together with others employing novel IL-17 

response-inducing adjuvants, are of interest in TB vaccine development as increased Th17 and 

IL-17 responses during the early phase of infection correlate with vaccine mediated protection 

against Mtb infection (220). 

 

Vaccination of mice with VPM1002 resulted in production of increased Th17 responses in the 

lungs of mice following Mtb infection, which correlated with protection against infection (156). 

Similarly, vaccination of mice with BCG-CMX resulted in increased Th1, Th17 and 

C B A 



 

111 

 

polyfunctional T cells with higher protective efficacy against Mtb infection (190). Another 

example of the protective role of IL-17 signaling after vaccination was shown by vaccination of 

mice with rBCG-LTAK63lo. This resulted in production of higher levels of Th1 cytokines in 

conjunction with IL-17 in the lungs of vaccinated mice, which in turn provided better protection 

against Mtb infection compared to mice vaccinated with standard BCG (221). In other murine 

studies, vaccination with BCGΔBCG1419c reduced production of pro-inflammatory cytokines 

such as TNFɑ and IL-17 at later stages of infection. This is correlated with enhanced vaccine 

efficacy as reduced pro-inflammatory cytokines at later stages of infection may possibly dampen 

disease associated inflammation to reduce lung pathology (178). 

 

4.5. Role of Natural Killer cells in BCG induced immunity 

Natural killer (NK) cells are another cell type that has attracted attention for TB vaccine 

development (Fig. 4.4) (208). NK cells are cytotoxic granular lymphocytes which possess non-

MHC-restricted cytotoxic activity against microbes and infected host cells (222). NK cells can 

bind pathogens and exert this cytolytic activity by bactericidal molecules including perforin, 

granulysin and granzymes and also exert cytotoxicity on infected host cells lacking expression of 

MHC-class I molecules on the cell surface (222). NK cells can bind and kill extracellular Mtb 

directly and also recognize and lyse Mtb-infected immune cells (223). The concept that NK cells 

could have features of immunologic memory has highlighted the need to develop and test NK 

cell activating TB vaccines (224). BCG vaccination has been shown to induce expansion of NK 

cells with memory-like features and characterized by increased cytokine production upon re-

exposure to Mtb (225). These NK cells were found to contribute to vaccine-induced protection 

against Mtb infection and were able to proliferate and contribute to Mtb growth control upon 

adoptive transfer into Mtb infected mice (225). In humans, BCG vaccination has been shown to 

induce trained innate immune responses in NK cells, characterized by increased pro-

inflammatory responses (226). BCG-reactive NK cells with memory-like features are induced by 

BCG vaccination in infants and BCG revaccination of latently TB infected adults induced the 

production of long-lived memory-like NK cells, which may be targeted for TB vaccine 

development (227). 
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4.6. Role of humoral anti-TB immunity in BCG induced immunity 

Early studies on the role of humoral immunity in protection against TB infection have suggested 

that neither B-cells nor antibodies could confer protection against TB disease (228). An example 

of this was demonstrated by a study on the depletion of B-cells in a cynomolgus macaque model 

of TB infection, showing no difference in overall disease pathology between B-cell depleted 

animals and healthy animals when challenged with Mtb (229). However, analysis of individual 

granulomas from these animals demonstrated changes in T-cell responses and cytokine levels. 

This was accompanied by increased bacterial burdens in B-cell depleted animals, a finding which 

was also observed in mice lacking B-cells or mice with B-cells unable to secrete antibodies (229-

231). Interestingly, there is emerging evidence that antibodies can play a role in protection 

against TB (Fig. 4.4). 

 

BCG vaccination-induced humoral responses have been correlated with protective immunity 

against TB (232). BCG-revaccination studies in human clinical trials and animal challenge 

studies demonstrated increased production of anti-mycobacterial specific antibodies (233, 234). 

Additionally, rhesus macaques that received repeated BCG endobronchial instillation produced 

high titers of purified Mtb protein derivative (PPD)-specific antibodies (235). This suggested that 

BCG vaccination could result in generation of protective antibodies that in turn could be 

amplified by subsequent vaccination. An example of this was demonstrated in a study assessing 

the contribution of humoral immunity in a rhesus model of intravenous (IV) BCG vaccination in 

which sterilizing immunity against TB infection had been observed (236). This study 

demonstrated the broad production of protective antibody responses in the blood and broncho-

alveolar lavage fluid (BAL) from animals that received IV BCG compared to animals that 

received aerosol or intradermal BCG vaccination. Among the antibody subtypes analyzed, IgM 

titers in the plasma and BAL highly correlated with protection against TB. Furthermore, in vitro 

experiments demonstrated the efficacy of a LAM-specific synthetic IgM antibody in inhibiting 

Mtb growth (236). 

 

Recombinant BCG vaccines (VPM1002 and BCGΔureC::hlyΔnuoG) induced increased 

production of Mtb-specific antibodies compared with BCG (216, 237). Furthermore, 
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immunization of mice with a derivative of VPM1002 - BCGΔureC::hlyΔnuoG, (designed to 

enhance apoptosis of infected macrophages by deletion of the anti-apoptotic virulence gene 

nuoG from VPM1002), induced increased antibody production compared to VPM1002 and BCG 

(238). These studies demonstrated that BCG can be engineered to induce humoral anti-TB 

responses. 

 

4.7. Role of BCG induced trained innate immunity against Mtb infection 

BCG induced trained immunity has been suggested as a correlate of protection implicated in 

early clearance of TB infection independent of Th1 responses (155). BCG induced trained 

immunity has also been associated with reduced all cause neonatal mortality (239). While the 

immune responses responsible are now being investigated, monocytes derived from BCG-

vaccinated new-borns and TB resistors have been shown to display a trained phenotype and 

epigenetic modifications causing increased cytokine production correlating with the ability of 

these cells to control Mtb growth in vitro (240, 241). These studies highlighted the unexpected 

ability of innate cells to possess memory-like features that could be exploited for TB vaccine 

development. 

 

BCG induced trained innate immunity has emerged as an avenue that remains to be targeted for 

development of novel TB vaccines (155). In murine studies, intravenous administration of BCG 

reprograms hematopoietic stem cells (HSCs) to produce trained macrophages with epigenetic 

and metabolic modifications that confer significantly better protection against Mtb infection 

when compared to naïve macrophages (242). Additionally, pulmonary BCG administration has 

been shown to induce memory-like features in AMs enabling them to control Mtb growth upon 

challenge (243). In another study, epigenetically programmed mouse-lung macrophages 

displayed pro-inflammatory responses associated with Mtb growth control (244). Furthermore, 

macrophages isolated from BCG vaccinated individuals could control Mtb growth and these 

macrophages displayed an altered DNA methylation pattern with increased production of 

cytokines (245). BCG induced trained innate immunity is associated with epigenetic 

modifications (e.g. H3K4me3, trimethylation of histone 3 at lysine 4 or H3K2Ac, acetylation of 

histone 3 at lysine 2, causing increased gene transcription) on the promoter region of immune 
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associated genes, including the gene coding for the NOD-2 receptor (246, 247). Furthermore, 

analysis of BCG induced immune responses in previously BCG-naive adult individuals 8 months 

post vaccination revealed BCG-induced differential methylation of immune genes, including a 

NOD-2-like receptor signaling pathway. This was suggestive of induction of NOD-2 dependent 

epigenetic modulation for development of BCG induced protection (248). NOD-1 and NOD-2 

both bind released PG fragments during bacterial infection (249). Recombinant BCG vaccines 

able to epigenetically prime transcription of PRRs, including both NOD-1 and NOD-2, could 

enhance induction of trained innate immune responses (250, 251).  

 

The recombinant BCG vaccine, rBCG disA-OE, which induced increased protection against Mtb 

infection in a murine TB study (171), has been shown to induce enhanced trained innate immune 

responses (252). This provides support for the concept that anti-TB trained innate immune 

responses can be enhanced by novel TB vaccines. TB vaccine candidates designed to modulate 

the epigenetics of innate immune cells and prime these cells for enhanced responses upon Mtb 

infection through trained immunity will enable the study of effective innate immune responses 

for protection against TB infection. Herein, we present a novel rBCG, rBCG::iE-DAP designed 

to activate the NOD-1 pathway to enhance protective immune responses against Mtb infection. 
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The aims and objectives of this chapter are outlined in the next sections. 

 

4.8. Hypothesis 

Reduced expression of MurT and GatD in BCG causes decreased PG amidation, increased 

activation of NOD-1 and NOD-2 and an enhanced development of anti-tuberculous immune 

responses effective against virulent Mtb infection. 

 

4.9. Aim 

The aim of this section is to determine the effect of MurT-GatD depletion in BCG and to 

determine the ability of a recombinant BCG strain (depleted of MurT and GatD enzymes) to 

induce the development of protective immunity against Mtb infection in mice. 

 

4.10. Objectives 

1. Construction of a rBCG strain depleted of MurT and GatD enzymes. 

2. Assess the phenotypic effects of MurT-GatD depletion in BCG. 

3. Assess the ability of rBCG trained macrophages to provide better protection against 

virulent Mtb when compared to macrophages trained with standard BCG. 

4. Assess the activation of rBCG::iE-DAP in Bone Marrow Derived Macrophages 

(BMDMs) and induction of cytokine expression by rBCG::iE-DAP compared to 

BCG by ELISA. 

5. Assess rrBCG::iE-DAP activation in vitro and in mice-aerosol infections with 

Doxycyline. 

6. Analysis of the efficacy of rBCG::iE-DAP vaccination compared to BCG against 

Mtb infection in a mouse model of TB infection. 

7. Analysis of the mouse lung pathology after vaccination with rBCG::iE-DAP+Dox 

compared to WT BCG post Mtb infection. 
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4.11. Materials and Methods 

4.11.1. Bacterial strains and Culture conditions 
4.11.1.1. Growth conditions for E. coli DH5α and derivative strains 

E. coli DH5α and derivative strains were grown in Luria-Bertani broth (LB) or on Luria-Bertani 

agar (LA) at 37⁰C with supplementation of the media with appropriate antibiotics. The antibiotic 

concentration used was as follows: Kanamycin (Kan): 50 µg/ml. Liquid cultures were grown at 

37⁰C with shaking at a 100 rpm. 

 

4.11.1.2. Growth conditions for Mycobacterial and derivative strains 

M. bovis BCG, Mtb  H37Rv and the recombinant BCG::CRISPRi MurT-GatD strain were grown 

at 37⁰C in Middlebrook 7H9 broth supplemented with OADC enrichment, 0.5% glycerol, 0.05% 

Tween 80 and appropriate antibiotics (hereafter referred to as Middlebrook 7H9 broth) or on 

Middlebrook 7H11 agar supplemented with OADC enrichment and 0.5% glycerol and 

appropriate antibiotics. Antibiotic concentration used is Kan: 50 µg/ml. 

 

4.11.2.  Construction of a recombinant BCG::CRISPRi strains 
The programmable mycobacterial CRISPRi system for repression of gene transcription was used 

as previously described by Rock et al. 2017, to generate the recombinant BCG::CRISPRi strain –

rBCG::iE-DAP (14). Briefly, the CRISPRi system utilizes a catalytically-inactivated 

anhydrotetracycline/doxycycline (ATc/Dox)-inducible CRISPRi dCas9 from S. thermophiles 

which is directed by a ATc-inducible short-guide RNA (sgRNA) to specific target genes to 

prevent transcription initiation or elongation (113). The sgRNA for murT-gatD targeting was 

designed with the CRISPRi sgRNA design tool - https://pebble.rockefeller.edu/. The sgRNA 

oligos (Top and Bottom oligos [Table A2]) were annealed and cloned into BsmBI-digested 

CRISPRi vector PLJR965 in proximity to the dCas9 handle to assemble the sgRNA. The 

resulting plasmid was introduced into M. bovis BCG by electroporation as described in section 

2.6.1.1. 

 

4.11.3. Quantitative real-time PCR (qPCR) 
qPCR was performed using Sso Fast Evagreen Supermix (BioRad) as per manufacturer’s 

instructions. Briefly, 20 µl reactions were set up, each containing 10 µl Evagreen Supermix, 0.75 
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µl forward primer (10 µM), 0.75 µl reverse primer (10 µM), 2 µl cDNA and nuclease-free water. 

All reactions were incubated in the CFX96 Real-Time PCR detection system (BioRad) using the 

following parameters: 98 °C for 2 min followed by 39 cycles consisting of three steps – 98 °C 

for 5 sec, 60 °C for 5 sec and 72 °C for 5 sec with SYBR Green quantification at the end of each 

cycle. Melt curve analysis was conducted from 65 °C with a gradual increase in 0.5 °C 

increments every 0.05 sec to 95 °C with SYBR Green quantification conducted continuously 

throughout this stage. The raw data was analyzed using the Biorad CFX Manager 3.0 Software 

(BioRad). 

 

4.11.4. Mammalian cell culture and infection 
For cell-based in vitro infection assays, the human monocyte U937 cell line (obtained as a gift 

from the Council for Scientific and Industrial Research [CSIR] of South Africa) and BMDMs 

extracted from the bone marrow (BM) of 6-8 weeks old female wildtype BALB/c mice were 

cultivated in RPMI-Glutamax (Cat. 61870-036, Fischer Scientific) supplemented with 10% heat 

inactivated fetal bovine serum (FBS) (Cat. 10082147, Fischer Scientific) at 37ºC with 5% CO2. 

BMDMs were generated as previously described by Toda et al., (253). Briefly, for differentiation 

of BM cells into macrophages, BM cells were seeded in BMDM differentiation media (RPMI-

Glutamax supplemented with 10% FBS and 10% L929-conditioned media) and differentiated for 

6 days. Non-adherent cells were washed out with warm BMDM differentiation media and 

adherent macrophages were used for in vitro infection assays.  

 

4.11.5. In vitro training of human monocyte U937 cell lines 
In vitro training of monocytes was performed according to the model by Bekkering et al, 2016 

(254) and Pan et al. (255). Briefly, U937 monocytes (1 × 106/mL) were transferred into a 24-well 

plate and cells were incubated with either culture medium only as a negative control or MDP, 

LPS, heat killed WT BCG or heat killed rBCG::CRISPRi strains at 37 °C, and 5% CO2 for 24 h. 

Cells were washed twice with 1 mL of warm PBS and then incubated for 2 days in RPMI with 

10% FBS and penicillin streptomycin in the presence of 25 nM phorbol 12-myristate 13-acetate 

(PMA) (which induces the differentiation of monocytes to macrophages). After washing twice 

with 1 mL of warm PBS, the differentiated macrophages were infected with Mtb H37Rv at 

MOI:1 and incubated for 24h. After 24 h, cells were lysed and bacterial load was enumerated by 

plating for CFU counts. 
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4.11.6. Enzyme-linked immunosorbent assay (ELISA) 
Sandwiched ELISA was performed for cytokine (TNF-α and IL-6) measurement in culture 

supernatants. Culture supernatants were used immediately after harvest for ELISA. Sandwiched 

ELISAs (R&D systems) were performed as per manufacturer’s recommendations. 

 

4.11.7. BCG infection of WT/SCID BALB/c mice and CFU enumeration 
The Johns Hopkins University animal care and use committee (protocol number: M020M20) was 

followed to determine the lung bacillary burden or virulence of wildtype (WT) and rBCG::iE-

DAP strains 6-8 week-old female wildtype BALB/c mice or BALB/c SCID. The mice were 

infected using the aerosol route in a Glasscol inhalation exposure system (Glasscol). The 

inoculum implanted in the lungs at day 1 (n = 3 mice per group) in female BALB/c mice was 

determined by plating the whole-lung homogenate on 7H11-selective plates containing 

Carbenicillin (50 mg/ml), Trimethoprim (20 mg/ml), Polymyxin B (25 mg/ml) and 

Cycloheximide (10 mg/ml). Doxycycline was administered at a determined dose for CRISPRi 

activation by daily oral gavage in vivo. following infection, mice lungs were harvested (n = 5 

animals/group), homogenized in sterile PBS and plated on 7H11-selective plates at different 

dilutions. The 7H11-selective plates were incubated at 37 °C and single colonies were 

enumerated at 10 days, week 4 and 8. 

 

4.11.8. Mouse immunization and determination of vaccine protective efficacy and lung 
histopathology analysis 
To test the efficacy of rBCG::iE-DAP, BALB/c mice (n = 10 per group) were immunized 

intradermally with 105 CFU/100 µL of WT BCG or rBCG::iE-DAP strains. Mice were sham 

immunized with saline and Dox was administered by daily oral gavage to the Saline+Dox (n=5), 

WT BCG+Dox (n=5) and the rBCG::iE-DAP+Dox (n=5) groups for 6 weeks. Mice were 

weighed once per week to monitor the effect of Dox administration on the health of the mice. 

Mice were challenged with ~100 CFU of Mtb H37Rv strain by the aerosol route 6 weeks post 

immunization in a Glasscol inhalation exposure system (Glasscol). Lungs and spleens from 

infected animals were harvested at week 4 and week 8 post Mtb infection for analysis of lung 

bacterial burden by plating the whole-lung homogenate on 7H11-selective plates containing 

Carbenicillin (50 mg/ml), Trimethoprim (20 mg/ml), Polymyxin B (25 mg/ml) and 

Cycloheximide (10 mg/ml). For histopathology, vertical halves of the left lung were fixed in 10% 

buffered formalin and sections of 5 μm in thickness from formalin fixed and paraffin embedded 
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tissues were cut onto glass slides and stained with H&E for histopathological examination. 

 

4.11.9. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
SEM and TEM were used to study the cell surface morphologies of the WT BCG and rBCG 

strains. The bacteria were immobilized to poly-l-lysine charged coverslips for 30 min and 

processed for SEM. Similarly, for TEM, bacterial suspensions were fixed and embedded in 

Spurr's resin. The immobilized bacteria were rinsed with phosphate buffered saline (PBS), and 

fixed in 2.0% paraformaldehyde, 2.0% glutaraldehyde in 1× PBS with 3 mM MgCl2, pH 7.2 for 

1 hour at room temperature. This was followed by 3 cycles of 10 minutes washes in sodium 

cacodylate buffer with 3% sucrose, samples were post-fixed in 0.8% potassium ferrocyanide, 1% 

OsO4 and 3mM CaCl2 in 0.1 M sodium for 1 hour on ice in the dark. Samples were then rinsed in 

sodium cacodylate buffer and slowly rocked at 4ºC overnight. After a brief water rinse (2 x 5 

min), bacteria were placed in 2% uranyl acetate for 1 hour at room temperature in the dark. The 

samples were dehydrated through a graded series of ethanol to 100% EtOH, then a 1:1 solution 

of ethanol:Hexamethyldisiloxazne (HMDS) (Polysciences) followed by pure HMDS. Coverslips 

were dried in a desiccator overnight and then attached to aluminum stubs via carbon sticky tabs 

(TedPella Inc.), and coated with 20 nm of AuPd with a Denton Vacuum Desk III sputter coater. 

Stubs were viewed and digital images captured on a Leo 1530 field emission SEM operating at 1 

kV. For TEM, equal volumes of 2× fixative (as described above) were added to bacterial 

suspensions and rocked for 10 minutes at room temperature. Samples were centrifuged, 

supernatant removed and 1× fixative added carefully to not disturb the pellet. All subsequent 

steps were identical to the protocol described above up for SEM to the final 100% ethanol step. 

Bacterial cells were transferred to propylene oxide, and gradually infiltrated with Spurr’s low 

viscosity resin (Polysciences): propylene oxide. After 3 changes in 100% Spurr’s resin, pellets 

were cured at 60ºC for two days. Sections were cut on a Reichert Ultra cut E with a Diatome 

Diamond knife. 80 nm sections were picked up on formvar coated 1 × 2 mm copper slot grids 

and stained with tannic acid and uranyl acetate followed by lead citrate. Grids were viewed on a 

Phillips CM 120 TEM operating at 80 kV and digital images captured with an AMT 8 K × 8 K 

CCD camera. 
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4.12. Results 

4.12.1. Generation of rBCG::iE-DAP 

The BCG vaccine expresses immune evasion proteins, lipids or molecules also found in Mtb that 

limit its efficacy (256). Transposon mutagenesis screens have been used successfully to identify 

non-essential immunomodulatory proteins that limit the efficacy of the BCG vaccine, including 

SapM; inactivation of which resulted in the development of the sapM::Tn BCG candidate 

vaccine (257, 258). However, essential mycobacterial immunomodulatory proteins remain to be 

studied to evaluate their role in modulating BCG vaccine efficacy. CRISPRi has been tested 

successfully in BCG for the study of essential genes (199). We targeted the murT-gatD genes in 

BCG (see Appendix 4.1) with CRISPRi to develop rBCG::iE-DAP designed for depletion of 

MurT-GatD expression which results in reduced PG amidation aimed at activating the NOD-1 

pathway for enhancing BCG PRR signaling during vaccination. The PAM sequence and sgRNA 

oligos used are listed in Table A2 and shown in Appendix 4.1. The CRISPRi construct for 

depletion of MurT-GatD was generated as indicated in section 4.11.2 and restriction profiling of 

this construct indicated the expected profile (Fig. 4.5).  

Figure 4.5. Restriction profile of plasmid PLR965+Mb3739sgRNA. (A) Plasmid map of 
PLR965+Mb3739sgRNA. (B) Agarose gel showing the DNA bands sizes expected (labeled in base pairs 
[bps]). (C) Table indicating the restriction enzymes used for restriction analysis of PLR965+Mb3739 
sgRNA and the DNA band sizes expected. All expected band sizes were observed. 
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The construct was then introduced into M. bovis BCG pasteur as indicated in section 2.1.6.1 for 

generation of rBCG::iE-DAP, designed for inhibition of MurT-GatD PG amidation activity 

(Figure 4.6A-B). Following ATc induction of the CRISPRi system, the relative mRNA levels of 

the full length murT transcript were a ca. 1000-fold lower in rBCG::iE-DAP compared with the 

induced rBCG strain (Figure 4.6B, Appendix 4.2).  
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Figure 4.6: Phenotypic characterization of rBCG::iE-DAP. (A) Schematic representation of MurT-GatD 
mediated PG precursor amidation. (B) qPCR data for CRISPRi depletion of MurT-GatD in rBCG-
CRISPRi-MurT-GatD. CRISPRi activation with ATc (200 ng/ml) resulted in inhibition of murT 
expression. (C) Scanning electron micrographs of WT BCG ((n=45 micrographs, 100 cells counted) and 
rBCG::iE-DAP grown in media supplemented with 200 ng/ml ATc. Depletion of MurT-GatD in rBCG-
CRISPRi-MurT-GatD (n=48 micrographs, 100 cells counted) causes outer cell wall defects (wrinkled and 
dents in the cell wall). (D) Frequency of cells with cell wall defects. 
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Scanning and transmission electron microscopy was performed as described in section 4.11.9 to 

assess whether depletion of MurT-GatD causes perturbations in bacterial cell wall morphology. 

As shown in Fig. 4.6C, SEM revealed a well-formed typical mycobacterial outer cell wall 

structure in WT BCG whereas rBCG::iE-DAP cells displayed a wrinkled outer-cell wall 

structure or dents in the outer cell wall indicative of altered cell wall biosynthesis upon MurT-

GatD depletion. Quantification of SEM fields revealed a 70% increase in the frequency of bacilli 

with cell-wall defects in rBCG::iE-DAP relative to the WT BCG (Fig. 4.6D). Similarly, as 

shown in Fig. 4.7A and appendix 4.3, TEM revealed a typical multi-layered mycobacterial cell 

wall outline with visible layers in WT BCG in comparison to the defective cell wall structure in 

rBCG::iE-DAP without a clear cell wall outline and layers. Upon counting individual cells by 

TEM, we observed a 65% increase in the frequency of wall defects in rBCG::iE-DAP compared 

with the WT BCG strain (Fig. 4.7B). Consistent with this, the rBCG::iE-DAP strain displayed 

increased sensitivity to cell wall targeting antibiotics (Fig. 4.7C and Appendix 4.4). 
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Figure 4.7: Transmission electron microscopy and phenotypic characterization of rBCG::iE-DAP. (A) 
Transmission electron micrographs of WT BCG and rBCG::iE-DAP grown in media supplemented with 
200 ng/ml ATc. Depletion of MurT-GatD causes cell wall defects. (B) Frequency of cells with cell wall 
defects. (C) Minimum inhibitory concentration of antibiotics targeting cell wall biosynthesis against WT 
BCG and rBCG::iE-DAP grown in media supplemented with 200 ng/ml ATc. AMX: Amoxicillin, CLV: 
Clavulanate, MPM: Meropenem, VANC: Vancomycin and ETM: Ertapenem. Depletion of MurT-GatD in 
rBCG::iE-DAP causes increased sensitivity to cell wall targeting antibioics. (D) MurT-GatD depleted cells 
labeled with fluorescent BODIPY-FL vancomycin reveals side-wall labeling. (E) Flow cytometry analysis 
of WT BCG and rBCG-::iE-DAP cells labeled with a PG amidation reporter probe (TAMRA-L-Ala-D-
glutamine-L-Lys-D-Ala [TetraFL]). Depletion of MurT-GatD causes increased labeling with the PG 
amidation reporter probe indicative of reduced PG amidation in the MurT-GatD depleted cells.  
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Microscopic imaging of the MurT-GatD depleted cells labeled with a fluorescent PG dye 

BODIPY FL-vancomycin, which specifically labels uncross-linked PG, showed complete 

labeling of the cells with this dye in contrast to cell pole labeled WT BCG cells (Fig. 4.7D). This 

phenotype (similar to that seen in Chapter 3 with M. smegmatis) was suggestive of reduced PG 

cross-linking in rBCG::iE-DAP (grown in ATc containing media), resulting in the cell wall 

defects observed through electron microscopy and the increased sensitivity to cell wall targeting 

antibiotics. Labeling of the MurT-GatD depleted cells with a fluorescent PG-amidation reporter 

chemical-probe (TetraFl-1) which has amide groups required for incorporation into PG showed 

increased labeling of the cells with this probe indicative of reduced PG-amidation upon MurT-

GatD depletion as during PG biosynthesis in the periplasmic space of the bacterial cell wall, 

amidated PG precursor are incorporated rapidly into existing PG (Fig. 4.7E) (82). 

 

4.12.2. rBCG::iE-DAP in vitro trained macrophages control Mtb H37Rv growth 

To study the efficacy of  rBCG::iE-DAP we first tested the ability of this strain to train 

monocytes in vitro and assessed the Mtb bactericidal activity of trained macrophages in an in 

vitro monocyte training assay (254). rBCG::iE-DAP is designed to express non-amidated PG 

components (i.e. iE-DAP) which is expected to activate NOD-1 (Fig. 4.8A). U937 monocytes 

were trained with heat-killed rBCG::iE-DAP vs WT BCG, and LPS (derived from E. coli), MDP 

(murein dipeptide derived from E. coli) and RPMI were included as control (Fig. 4.8B). MDP 

was particularly included as a control as this molecule has been shown to activate the NOD-2 

PRR and induce trained innate immune responses in macrophages (259). rBCG::iE-DAP trained 

macrophages displayed increased control of Mtb H37Rv compared to WT BCG trained 

macrophages (Fig. 4.8C). Given these encouraging results, we next moved to primary cells to 

further test the rBCG::iE-DAP strain in mouse BMDMs and in mouse immunization models of 

TB to assess the efficacy of rBCG::iE-DAP as a TB vaccine candidate. 
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Figure 4.8. rBCG::iE-DAP enhances the Mtb H37Rv killing ability of macrophages derived from 
trained U937 monocytes. (A) Schematic diagram depicting the models of WT BCG and rBCG induced 
training of monocytes. CRISPRi mediated depletion of MurT-GatD in rBCG::iE-DAP is hypothesized to 
reduce PG amidation leading to both NOD-1 and NOD-2 activation. (B) Model for training of U937 cells 
with heat-killed (HK) rBCG vs WT BCG, LPS and MDP, RPMI only was used as control. (C) 
Macrophages derived from HK-rBCG-trained monocytes were able to control Mtb H37Rv growth 
significantly different from macrophages derived from HK-WT BCG, LPS, MDP trained/stimulated 
monocytes and non-stimulated macrophages (RPMI control). Statistical analysis was conducted using the 
Student t-test *: p-value: <0.01. 
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4.12.3. rBCG::iE-DAP is responsive to anhydrotetracycline activation and causes increased 

TNFα expression in BMDMs 

To test the hypothesis that inhibition of MurT-GatD expression in rBCG::iE-DAP improves the 

immunogenicity of the recombinant strain, we infected IFNγ activated BMDMs with rBCG::iE-

DAP and supplemented the growth media with increasing concentrations of ATc to assess 

activation of the CRISPRi system ex vivo. Growth of the strain was recorded by plating for 

rBCG::iE-DAP CFU counts at day 3 and day 5 post-infection. At day 3 lower bacterial counts 

were observed with all ATc concentrations tested for activating CRISPRi, contributing to growth 

inhibition by activated BMDMs and a dose dependent inhibition of growth of rBCG::iE-DAP 

was observed at day 5, with 500 ng/ml ATc resulting in a ~3 fold difference in growth inhibition 

of rBCG::iE-DAP in comparison to WT BCG and rBCG::iE-DAP without ATc supplementation 

(Fig 4.9A). 

Next, we performed ELISA experiments to assess cytokine expression as described in section 

4.11.6. We assessed the expression of the pro-inflammatory cytokines TNFα and IL-6 as 

rBCG::iE-DAP is designed to express the NOD-1 ligand iE-DAP and potentially induce 

No IFN activation 
IFN activated BMDMs 

No IFN activation 
IFN activated BMDMs 

A B ELISA for WT BCG vs rBCG::iE-DAP infected BMDMs  

Figure 4.9. Survival of rBCG-CRISPRi-MurT-GatD in IFN activated BMDMs and analysis of pro-

inflammatory cytokine release. (A) IFN activated BMDMs (1 × 10
6
 cells) were infected at MOI: 1 

with WT BCG and rBCG-CRISPRi-MurT-GatD. ATc was added to culture media for induction of 
CRISPRi in rBCG-CRISPRi-MurT-GatD at 100 ng/ml – 500 ng/ml and growth of the strains was 
assessed after 3 and 5 days. Supplementation of culture media with 400-500 ng/ml ATc resulted in 
significantly reduced growth of rBCG-CRISPRi-MurT-GatD on day 5 in comparison to WT BCG. (B) 
Secreted TNFα and IL-6 levels from non-activated and IFN-activated BMDMs infected with WT BCG 
and rBCG-CRISPRi-MurT-GatD at MOI 1:20. No difference in IL-6 secretion was observed. Increased 
TNF secretion was observed from rBCG-CRISPRi-MurT-GatD infected IFN-activated BMDMs 
cultured in media supplemented with 500 ng/ml ATc. LPS was used as a control.  
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increased NF-κB activation, leading to increased pro-inflammatory cytokine expression (249). 

Activation of rBCG::iE-DAP by supplementation of growth media with ATc resulted in a dose 

dependent increase in TNFα expression but not IL-6 expression in comparison to WT BCG (Fig. 

4.9B). These results demonstrate that rBCG::iE-DAP is responsive to activation ex vivo and 

signals for increased pro-inflammatory cytokine expression. 

 

4.12.4. rBCG::iE-DAP activation in vitro and in mice-aerosol infections with doxycyline 

Doxycycline (Dox), a tetracycline analog, is used in TB in vivo models for temporal regulation 

of the ATc responsive mycobacterial gene expression system (260). The CRISPRi platform used 

in rBCG::iE-DAP is also based on a Dox-responsive TetR-tetO unit (113). rBCG::iE-DAP was 

grown in an increasing range of Dox concentrations to assess the activation of CRISPRi in vitro. 

In comparison to the WT BCG control which displayed some sensitivity to Dox during growth in 

liquid broth as Dox is an antibiotic, activation of CRISPRi in rBCG::iE-DAP with Dox resulted 

in a dose dependent inhibition of growth of rBCG::iE-DAP, confirming that the MurT-GatD 

enzymes are essential for growth (Fig. 4.10A-D). To test the activation of rBCG::iE-DAP in 

vivo, and to determine the minimum effective Dox dose, we aerosol infected BALB/c mice with 

~100 CFU of rBCG::iE-DAP as indicated in section 4.11.7 and Dox was administered for 10 

days by oral gavage at doses ranging from 0.125 - 1 mg/kg/day. A 1 mg/kg/day Dox 

administration resulted in a significant reduction in growth of rBCG::iE-DAP in the lungs (Fig. 

4.10E-F). 

 

To assess retention of the CRISPRi plasmid (PLR965+Mb3739sgRNA, which has a kanamycin 

[Kan] resistance cassette) by rBCG::iE-DAP in vivo, we also plated lung homogenates on media 

with Kan and found that rBCG::iE-DAP bacilli from the lungs of the aerosol infected mice 

formed similar CFU counts on both media with or without Kan (Fig. 4.10F, right panel). These 

results demonstrate long term retention of the CRISPRi plasmid by rBCG::iE-DAP during in 

vivo conditions. 
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We further evaluated the long term efficacy of 1 mg/kg/day Dox for rBCG::iE-DAP activation at 

4 weeks and 8 weeks post aerosol infection of mice and found that recovered rBCG::iE-DAP 

bacilli formed small colonies on solid agar in comparison to WT BCG recovered from infected 

mice also exposed to 1 mg/kg/day Dox dose, indicative of the long term efficacy of Dox in vivo 

for CRISPRi activation (Fig. 4.11A-F). Although the total CFU was slightly higher for 

rBCG::iE-DAP+Dox compared to WT BCG, the appearance of small colonies was indicative of 

the sensitivity of  rBCG::iE-DAP to Dox. Genomic DNA was extracted from small colonies (SC) 

and big colonies (BC) as described in section 2.1.3.1.1 and a PCR was performed for verification 

of the presence of the CRISPRi plasmid as described in section 2.1.4.1.2. PCR amplification of 

the dCas9 ORF (encoding the dead endonuclease dCas9 used in the CRISPRi platform) 

demonstrated the presence of the dCas9 allele in all colonies analyzed (Fig. 4.11G).  

Figure 4.10. rBCG::iE-DAP activation in vitro and in mice-aerosol infections with doxycycline. (A-D) 
In vitro growth rates of WT BCG by OD600nm (A) and CFU counting (B) and of rBCG::iE-DAP by 
OD600nm (C) and CFU counting (D) in complete 7H9 medium at varying concentrations of Dox. (E) 
Determination of the Dox concentration for activation of rBCG::iE-DAP in vivo. Mice were aerosol 
infected with ~2.5 log10 CFU of rBCG and Dox (at doses of 0.125-1 mg/kg/day) - administered by oral 
gavage for 10 days. (F) CFU counts from the experiment shown in panel-E. A dose of 1 mg/kg/day Dox 
resulted in reduced growth of rBCG::iE-DAP indicative of sufficient activation of the CRISPRi system. 
Lung homogenates were plated on both 7H11 with and without kanamycin (25 µg/ml) to assess the loss of 
the CRISPRi plasmid during in vivo growth. There was no difference in the growth of recovered bacteria 
on media containing kanamycin, indicating the presence of the CRISPRi plasmid in recovered bacteria. 
Statistical analysis was conducted using the Student t-test. *: p-value: <0.05. 
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Figure 4.11. Efficacy of 1 mg/kg/day dose of doxycycline for CRISPRi activation. (A) Schematic 
representation of mice aerosol infection with WT BCG and rBCG::iE-DAP and analysis of the efficacy 
of 1 mg/kg/day dose of doxycycline for CRISPRi-MurT-GatD activation in vivo. (B) Day 1 implantation 
of WT BCG and rBCG::iE-DAP in the lungs of aerosol infected mice. (C-F) Day 28 and Day 56 Lung 
bacterial loads of WT BCG and rBCG::iE-DAP aerosol infected mice. (G) PCR amplication of dCas9 in 
recovered Big (BC) or Small (SC) rBCG::iE-DAP colonies. (H&I) Growth kinetics of big and small 
colonies of rBCG::iE-DAP in liquid broth supplemented with Doxycycline. Statistical analysis was 
conducted using Student t-test. *: p-value: <0.01. 
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The rBCG::iE-DAP SCs and BCs were then regrown in the presence of Dox and all displayed 

reduced growth rate in liquid broth supplemented with Dox, while the WT strain displayed only 

slight sensitivity to Dox (Fig 4.11H-I). These results showed that 1 mg/kg/day Dox is effective 

for rBCG::iE-DAP activation in vivo (261).  

 

4.12.5. Analysis of rBCG::iE-DAP attenuation in SCID mice 

Aerosol infection experiments and long term (4-8 week) in vivo activation of rBCG::iE-DAP 

with Dox resulted in the recovery of rBCG::iE-DAP bacilli that form small colonies on solid 

agar (Fig. 4.11C&E), suggestive of a persisting phenotype in vivo. To further explore this 

phenotype, we aerosol infected female SCID (severe combined immunodeficiency) mice with a 

low dose (~100 CFU) of WT BCG and rBCG::iE-DAP, and included Dox receiving groups (i.e. 

WT BCG+Dox and rBCG::iE-DAP+Dox) (Fig. 4.12A&B).  

 

 

 

 

 

 

WT BCG infected mice displayed early decreased survival as expected, followed by the WT 

BCG+Dox group of mice (Fig. 4.12C). Although rBCG::iE-DAP infected mice, either receiving 

Dox or not, displayed slight increased survival, this data was not signicantly different from WT 

BCG infected mice. This suggested that rBCG::iE-DAP upon CRISPRi activation is not more 

attenuated than WT BCG and does not cause more disease in SCID mice compared to WT BCG. 

C 

Figure 4.12: Analysis of rBCG::iE-DAP strain attenuation. (A) Schematic representation of SCID mice 
aerosol infection with WT BCG and rBCG::iE-DAP for analysis of strain attenuation. rBCG::iE-DAP 
activation in vivo was achieved by administration of Dox at 1 mg/kg/day. SCID mice (n = 5 per group) 
were aerosol infected with ~100 colony-forming units (CFUs)/mouse of WT BCG or rBCG::iE-DAP, a 
WT BCG + Dox group was included as a control. (B) Day 1 implantation of WT BCG and rBCG::iE-
DAP in the lungs of aerosol infected SCID mice. (C) Percent survival of SCID mice following low-dose 
challenge with WT BCG and rBCG compared to WT BCG+Dox or rBCG+Dox groups. 
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4.12.6. rBCG::iE-DAP induces better protection against Mycobacterium tuberculosis 

infection in mice compared to WT BCG 

To assess the protective efficacy of rBCG::iE-DAP against Mtb infection in comparison to the 

standard BCG vaccine, we immunized groups of BALB/c mice (n=5 per group) intradermally 

with WT BCG or rBCG::iE-DAP (Fig. 4.13A). rBCG::iE-DAP immunized mice received a Dox 

dose by oral gavage at 1 mg/kg/day for activation of CRISPRi in vivo and we also included a 

Saline+Dox group, WT BCG group, WT-BCG+Dox group and a rBCG::iE-DAP without Dox 

group as controls for the vaccination experiment (Fig. 4.13A). The immunized mice receiving 

Dox were weighed weekly for 6 weeks prior to challenge with Mtb H37Rv to assess the effect of 

daily Dox administration on the health of the mice. We assessed the percentage weight change of 

mice receiving Dox in comparison to no-Dox groups and found that the percentage weight 

change of WT BCG immunized mice receiving Dox was significantly different from WT BCG 

immunized mice without Dox treatment (Fig. 4.13B). The WT BCG+Dox group collectively 

displayed a drop of ~5% in weight compared to the WT BCG group. However, the rBCG::iE-

DAP immunized group receiving Dox did not display significant weight change compared to all 

groups (Fig. 4.13B). Importantly, the Saline+Dox, WT BCG+Dox and rBCG::iE-DAP+Dox 

groups were similar in weight at 6 weeks pre-challenge with Mtb H37Rv. 

 

After 6 weeks, the immunized mice were challenged with ~100 CFU of Mtb H37Rv via the 

aerosol route and bacterial burden were determined in lungs and spleens at 4 and 8 weeks post 

challenge (Fig. 4.13A). At 4 weeks post challenge, mice were sacrificed to assess lung pathology 

(the lungs were also weighed) and bacterial burden in the lungs and spleens which were also 

weighed. The WT BCG+Dox group displayed lower lung weights, the WT-BCG and rBCG::iE-

DAP without Dox-treatment groups displayed similar lung weights while the Saline+Dox and 

rBCG::iE-DAP+Dox groups displayed increased lung weights indicative of increased lung 

inflammation, as we expect an enhanced immune response in the rBCG::iE-DAP+Dox (Fig. 

4.13C). The Saline+Dox group displayed increased spleen weights compared to the other groups 

indicative of increased disseminated infection (Fig. 4.13D). Analysis of lung bacterial burden at 

week 4 revealed that rBCG::iE-DAP+Dox was superior to WT BCG and WT BCG+Dox in 

protecting against Mtb H37Rv challenge in the lungs (Fig. 4.13E).  



 

131 

 

 

  

✱
✱

✱

Figure 4.13: Efficacy of rBCG::iE-DAP in comparison to standard WT BCG for protection against 
Mtb H37Rv infection in mice. (A) Schematic representation of the mouse immunization and Mtb H37Rv 
challenge protocol. (B) Percentage weight change at week 6 (d42) immediately prior to Mtb challenge. (C-
D) Lung and spleen weights at week 4 and week 8 post-challenge with Mtb. (E-F) Lung and spleen 
bacterial burdens at week 4 and week 8 post-challenge with Mtb. rBCG::iE-DAP+Dox was superior to WT 
BCG or WT BCG+Dox in controlling Mtb H37Rv growth in the lungs at week 4 and week 8 post 
challenge with Mtb. * :p-value <0.05, **: p-value <0.01. 
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At week 8 post challenge, the rBCG::iE-DAP+Dox group displayed reduced lung weights 

compared to BCG + Dox indicative of control of bacterial burden and analysis of lung bacterial 

burden demonstrated again that rBCG::iE-DAP+Dox was superior to WT BCG or WT 

BCG+Dox in controlling Mtb H37Rv growth in the lung which both displayed waning efficacy 

in this model (Fig. 4.13C&E). In the spleen rBCG::iE-DAP+Dox displayed similar efficacy to 

WT BCG in control of infection compared to the Saline+Dox group (Fig.4.13F). 

 

4.12.7. Histopathological analysis of lung pathology after vaccination with rBCG::iE-

DAP+Dox compared to WT BCG post Mtb Infection 

Histopathological analysis of hematoxylin and eosin (H&E) stained lung samples from the 

vaccinated and Mtb challenged mice indicated that rBCG::iE-DAP+Dox immunized mice 

presented with  substantially early increased lung inflammation compared to WT BCG+Dox 

vaccinated mice, although the percentage inflamed area of the analyzed lung sections was 

statistically non-significant (Fig. 4.14A&B). At week 8 also, rBCG::iE-DAP+Dox immunized 

mice presented with slightly more granulomatous and inflamed proportions of lung area 

compared to WT BCG+Dox and the rBCG::iE-DAP group without Dox - immunized mice, 

suggestive of sustained inflammation for control of infection (Fig. 4.14C&D). The increased 

early inflammation in rBCG::iE-DAP+Dox immunized mice is reflective of early induction of 

anti-tuberculous immune responses which were able to control growth early before establishment 

of infection and the sustained inflammation at week 8 is suggestive of enhanced immune 

responses during chronic disease, which enable control of disease progression as rBCG::iE-

DAP+Dox displayed efficacy at week 8 while WT BCG induced protection waned. 
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Figure 4.14. Histopathological analysis of lung samples. (A) Histological Hematoxylin and Eosin (H&E) 
staining of lung samples at week 4 post Mtb challenge. (B) Analysis of percentage of inflamed area 
(indicated with black arrows) from each mouse lung per immunized group (n=5 per group), shows that 
rBCG::iE-DAP+Dox immunized mice present with early lung inflammation compared to WT BCG+Dox. 
(C) Histological Hematoxylin and Eosin (H&E) staining of lung samples at week 8 post Mtb H37Rv 
infection. (D) Analysis of percentage of inflamed area from each mouse lung (n=5 per group), shows that 
rBCG::iE-DAP+Dox immunized mice present with sustained lung inflammation compared to WT BCG and 
WT BCG+Dox. The percentage inflamed area was evaluated using ImageJ software (NIH) and plotted as 
whisker boxplots (whiskers represent minimum and maximum values) and a Student t-test was used for 
statistical analysis. * :p-value <0.05. 
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4.13. Discussion 

The BCG vaccine has been in use for a century to date for vaccination at birth and is effective at 

preventing TB in infants. However, BCG does not provide sufficient protection against TB 

infection in adults and has failed to eradicate the TB pandemic (202). This has spurred the need 

to develop next-generation TB vaccine candidates with novel modes of action to replace BCG 

(262). However, BCG remains the gold-standard for TB vaccine development (143). BCG 

possesses a number of immune evasion mechanisms similar to those used by Mtb during 

infection. These can be targeted for deletion to enhance its efficacy (5, 256). For example, rBCG 

strains further attenuated by deletion of immune evasion genes such as sapM (258), nuoG (238) 

or zmp1 (263) have been developed and these show enhanced immunogenicity and efficacy 

against Mtb infection. PtpB, a mycobacterial phospholipid phosphatase inhibiting host 

pyroptosis during infection has also recently been identified as a target to improve BCG efficacy 

(264). Immune evasion genes that are also essential for BCG viability remain to be studied for 

development of next generation rBCG strains with enhanced efficacy. 

 

Gene regulation platforms, including CRISPRi are being used to study the role of essential genes 

in BCG (113, 199). For example genes encoding for essential enzymes involved in the 

biosynthesis of potent immune-modulating cell wall lipids such as trehalose dimycolate, di- and 

triacylglycerols, PDIMs and phenolic glycolipids are potential targets of gene regulation 

platforms such as CRISPRi to study their role in limiting BCG efficacy. Selective chemical 

removal of these lipids from BCG (i.e. delipidation of BCG) has shown the ability to increase 

BCG efficacy in preventing Mtb infection in mice (265). Gene regulation platforms, including 

CRISPRi are ideal platforms to study the effect of such essential immunomodulatory BCG 

enzymes that can be targeted to enhance BCG efficacy. Indeed, recently a CRISPRi based rBCG 

(rBCG::CRISPRi-AftC) designed for the truncation of the anti-inflammatory cell wall associated 

LAM into the pro-inflammatory lipomannan derivative (LM) upon CRISPRi mediated depletion 

of the enzyme arabinofuranosyltransferase C (AftC, required for addition of D-arabinan branches 

on LM) was shown to enhance the immunogenicity of BCG by upregulating the expression of 

TNFα, a major pro-inflammatory cytokine (191). 
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We targeted essential genes (murT-gatD) required for PG amidation in BCG with the recently 

developed CRISPRi platform (113) to create rBCG::iE-DAP designed to activate the NOD-1 

pathway by expression of non-amidated PG fragment (iE-DAP). Phenotypic characterization of 

rBCG::iE-DAP post CRISPRi activation with SEM and TEM revealed changes in the outer cell 

wall surface and structure of the cell wall in rBCG::iE-DAP, respectively. These data were 

consistent with the essentiality of MurT-GatD during PG biosynthesis. Changes in the cell wall 

structure were also associated with increased sensitivity to cell wall targeting antibiotics 

(amoxicillin+clavulanate, meropenem, vancomycin and ertapenem), confirming the essentiality 

of MurT-GatD mediated amidation of PG fragments for cell wall biosynthesis as previously 

described in mycobacteria and other bacterial species (80, 109, 119). PG amidation by the MurT-

GatD complex is required for PG cross-linking by penicillin binding proteins and LDTs in 

mycobacteria (108). Considering this, we further analyzed the level of PG cross-linking in 

rBCG::iE-DAP by labeling the cells with BODIPY-FL vancomycin, a fluorescent vancomycin 

derivative binding uncross-linked nascent PG monomers (266). We found that transcriptional 

repression of MurT-GatD expression in rBCG::iE-DAP was associated with complete cell wall 

labeling. This was indicative of reduced PG cross-linking in rBCG::iE-DAP. To probe for the 

reduction of PG amidation in rBCG::iE-DAP, we used a previously developed amidation 

reporter probe, TetraFl (82) to label MurT-GatD depleted cells. This probe was used in Chapter 3 

and similarly, here it showed increased labeling in rBCG::iE-DAP indicative of reduced 

amidation upon transcriptional repression of MurT-GatD expression. 

 

We next tested rBCG::iE-DAP in an in vitro monocyte training assay (254) to assess the efficacy 

of this strain in training innate responses of macrophages. BCG induces a NOD-2 dependent 

trained immunity in monocytes resulting in epigenetic and metabolic reprogramming of 

monocytes which differentiate into macrophages with increased bactericidal properties (198, 

267). We therefore tested rBCG::iE-DAP trained macrophages for their in vitro Mtb killing 

ability and found that in contrast to WT BCG trained macrophages, rBCG::iE-DAP trained 

macrophages displayed enhanced Mtb killing ability as measured by CFU counts 24 hours post 

infection. We further show that rBCG::iE-DAP is responsive to activation in BMDMs using ATc 

and also in a mouse aerosol infection model for at least 8 weeks post infection using a minimal 
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Dox dose, as Dox was previously shown to have immunomodulatory effects (261). To 

investigate whether expression of iE-DAP in rBCG::iE-DAP for activation of innate immune 

responses would cause increased pathogenicity of the recombinant BCG, we aerosol infected 

female SCID mice and administered Dox to the mice for 8 weeks, and assessed the survival of 

the mice over time compare to WT BCG infected mice. This revealed that rBCG::iE-DAP was 

similarly attenuated as WT BCG and did not cause increased disease in infected mice. 

Furthermore, in vitro work revealed that activation of rBCG::iE-DAP in BMDMs resulted in 

increased TNFα expression, as measured by ELISA providing evidence that expression of iE-

DAP in rBCG::iE-DAP enhances immunogenecity of BCG. These results provided a framework 

for the investigation of rBCG::iE-DAP in in vivo or mouse model experiments as a potential TB 

vaccine candidate. 

 

In this study, we have demonstrated that intradermal vaccination of mice with rBCG::iE-DAP 

and administration of Dox for 6 weeks for CRISPRi mediated repression of MurT-GatD 

expression resulted in superior protection from Mtb challenge in the lungs of the immunized 

mice compared to the WT BCG vaccine. Similar bacterial control was observed in the spleens of 

immunized mice. Our vaccination experiments also included a WT BCG+Dox control group to 

rule out the role of Dox mediated immunomodulatory effects in enhancing WT BCG vaccine 

efficacy post Mtb challenge when compared with rBCG::iE-DAP+Dox efficacy. Administration 

of Dox to WT BCG vaccinated mice (i.e. WT BCG+Dox group) did not enhance WT BCG 

vaccine efficacy against Mtb challenge when compared to the WT BCG without Dox control 

group, while rBCG::iE-DAP+Dox shows increased protection at both 4 and 8 weeks post Mtb 

challenge. 

 

Histopathological analysis of lung sections from the immunized and Mtb challenged mice shows 

that rBCG::iE-DAP+Dox induces early immune infiltration to the lung compared to WT 

BCG+Dox and this is maintained until 8 weeks post infection providing early and sustained 

protection against Mtb challenge.  Interestingly, analysis of vaccine induced correlates of 

protection in an IV model of BCG vaccination in peripheral blood of rhesus macaques which 

showed the development of sterilizing immunity against TB infection (268), revealed induction 
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of an early innate transcriptional immune response to IV BCG as a correlate of BCG induced 

protection against TB infection  (269). This work demonstrated that next generation TB vaccines 

designed to induce early innate immune responses against TB infection could have increased 

efficacy. The immune correlates of protection induced by rBCG::iE-DAP are the subject of our 

future studies. Because we used a CRISPRi platform to create rBCG::iE-DAP, the next step 

would be to use alternative genome editing strategies or plaforms to create a MurT-GatD rBCG 

using suppressor screens. Furthermore, to verify the results of this study a NOD-1 deficient 

mouse model would be useful. In conclusion, this work shows that MurT-GatD can be targeted 

to develop a new TB vaccine candidate. 
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4.14. Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.1. Gene sequences of MurT (Mb3739, in red) and GatD (Mb3740, in black) with the 
sgRNA and PAM sequences used for CRISPRi. The PAM sequence is shown in blue font and sgRNA 
sequence shown by the green underlined font. 



 

139 

 

 

 

 

 

 

  

Appendix 4.2. qPCR data of MurT expression from rBCG::iE-DAP (ATc- vs ATc+ samples)  
compared to WT  BCG (10-1-10-6 diluted genomic DNA standard samples). MurT expression was 
normalized to SigA expression. A 1000 fold decrease in murT expression in the rBCG::iE-DAP ATc+ 
samples compared to the ATc- samples. The experiment was performed with three biological repeats. 
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Appendix 4.3. TEM reveals defective cell wall of rBCG-CRISPRi-MurT-GatD. Transmission 
electron micrographs of WT BCG (A) and rBCG-CRISPRi-MurT-GatD (B) grown in media 
supplemented with 200 ng/ml ATc. Depletion of MurT-GatD causes cell wall defects.  
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Appendix 4.4. MIC experiments for WT BCG and rBCG::iE-DAP (both grown in media 
supplemented in 200 ng/ml ATc) with cell wall targeting antibiotics (A-F). rBCG::iE-DAP is more 
susceptible to amoxicillin-clavulanate, meropenem and vancomycin. 
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Table A1. List of plasmids created and/or used in this study. 

Plasmids Description Source/Ref 
1. pMV306H Genetic complementation vector, which integrates at 

the attB site in the mycobacterial genome. HygR 
H. Boshoff 

2. pTweety Genetic complementation vector, which integrates at 
the tRNA site in the mycobacterial genome. KanR 

(270) 

3. pMV306H+GFP Derivative of pMV306H carrying a green fluorescence 
protein sequence (GFP). HygR 

CBTBR 

4. pTweety+mRFP Derivative of pTweety carrying a red fluorescence 
protein sequence (mRFP). KanR 

CBTBR 

5. pUAB400 E. coli - Mycobacterial shuttle plasmid carrying mDHFR 
fragment 3. KanR  

 

(114) 

6. pUAB300 E. coli - Mycobacterial shuttle plasmid carrying the 
mDHFR fragment 1 and 2, together with a glycine 
linker. HygR  

(114) 

7. pUAB400+MurT Derivative of pUAB400 carrying the wild type allele 
of murT. KanR  

This study 

8. pUAB300+GatD Derivative of pUAB400 carrying the wild type allele 
of gatD KanR  

This study 

9.  pUAB300+RipA Derivative of pUAB300 carrying the wild type allele 
of ripA. HygR 

CBTBR 

10.  pUAB400+RpfB Derivative of pUAB400 carrying the wild type allele 
of rpfB. KanR 

CBTBR 

11. pse100 E. coli-mycobacterial episomal shuttle vector 
containing origins of E. coli (pMB1) and mycobacteria 
(pAL500) and a multiple cloning site flanked by two 
transcriptional terminators.  HygR 

(271) 

12. pse100+MurT Derivative of pse100  carrying a wildtype MurT allele This study 

13. p2NIL E. coli cloning vector. KanR (104) 

14. pMurT-KO Derivative of p2NIL carrying the delta-murT deletion 
allele and the lacZ and sacB genes. KanR 

This study 

15. PLR962 CRISPRi plasmid optimized for M. smegmatis. KanR (113) 

16. PLR965 CRISPRi plasmid optimized for Mtb or BCG. KanR (113) 

17. PLR962+MSMEG_6276 
sgRNA 

PLR962 derivative with a sgRNA for inhibition of 
MSMEG_6276 transcription. KanR 

This study 

18. PLR965+Mb_3739 
sgRNA 

PLR965 derivative with a sgRNA for inhibition of 
MSMEG_6276 transcription. KanR 

This study 

19. pMV306H+MurT-GFP Derivative of pMV306H carrying a wildtype murT 
allele tagged with GFP. This plasmid expresses a 
MurT-GFP fusion protein. HygR  

This study 

20. pTweety+mRFP-GatD Derivative of pTweety+mRFP carrying a wildtype 
gatD allele tagged with GFP. This plasmid expresses a 
MurT-GFP fusion protein. KanR 

This study 

21. pFLAGEM E. coli-mycobacterial episomal shuttle vector carrying 
the 3×  FLAG epitope sequence and a Tet-operator. 
HygR 

CBTBR 

22. pFLAGEM+PknB Derivative of pFLAGEM carrying the wildtype pknB 
allele. HygR 

This study 
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Table A2. List of strains generated with CRISPRi, target genes, PAM sequences and sgRNA 

targeting sequences. 

CRISPRi Strain Gene Name PAM 
Sequence 

sgRNA Targeting Sequence and 
primers for cloning (5’-3’) 

1. mc2155::CRISPRi-
MurT-GatD 

MSMEG_6276-
MSMEG_6277 
Operon 

TGAGCAG GAGCTGATCACGCGACAGAT 
Primers  
Fwd: GAGCTGATCACGCGACAGAT 
Rev: ATCTGTCGCGTGATCAGCTC 

2. rBCG::iE-DAP Mb3739-Mb3740 
Operon 

TGAGCAA AGCTGGTCTCGGGAGAGGT 
Primers  
Fwd: AGCTGGTCTCGGGAGAGGT 
Rev: ACCTCTCCCGAGACCAGCT 

 

Table A3. List of bacterial strains created and/or used in this study. 

Strain Description Source/Ref 
1. E. coli SupE44 ΔlacU169 hsdR17 recA1 endA1 gyrA96 thi-1 Promega, 

Madison, WI 
2. mc2155 High frequency transformation mutant of M.smegmatis 

ATCC 607 
ATCC 

3. Mtb H37Rv (s) Mtb wildtype parent strain CBTBR 

4. M. bovis BCG M. bovis BCG parent strain. StrepR CBTBR 

5. mc2155::pse100+MurT Derivative of mc2155 carrying the pse100+MurT plasmid. 
HygR 

This study 

6. ΔMurT::pse100+MurT Derivative of mc2155::pse100+MurT with a deletion of 
the wildtype MurT allele. HygR 

This study 

7.mc2155::pUAB400+Mur
T + pUAB300+GatD 

Derivative of mc2155 carrying plasmids pUAB300+GatD 
and pUAB400+MurT. KanR HygR TrimR 

This study 

8. mc2155::RipA+RpfB Derivative of mc2155 carrying plasmids pUAB300+RipA 
and pUAB400+RpfB. KanR HygR TrimR 

CBTBR 

9. mc2155::pUAB400 + 
pUAB300 

Derivative of mc2155 carrying plasmids pUAB300 and 
pUAB400. KanR HygR 

CBTBR 

10. M. smegmatis 
CRISPRi-MurT-GatD 

Derivative of mc2155 carrying the CRISPRi-MurT-GatD 
knockdown plasmid. Constructed by electroporation of 
plasmid PLR962+ MSMEG_6276sgRNA into mc2155. 
KanR 

This study 

11. rBCG::iE-DAP Derivative of M. bovis BCG carrying the CRISPRi-MurT-
GatD knockdown plasmid. Constructed by electroporation 
of plasmid PLR965+Mb3739sgRNA into M. bovis BCG. 
KanR 

This study 

12. mc2155:: MurT-GFP  Derivative of mc2155 expressing a GFP tagged wild type 
allele of MurT at the attB site. Constructed by 
electroporation of plasmid pMV306H+MurT-GFP into 
mc2155. HygR 

This study 

13. mc2155:: MurT-
GFP+mRFP-GatD 
 

Derivative of mc2155::MurT-GFP expressing a mRFP 
tagged wild type allele of GatD at the tRNA site. 
Constructed by electroporation of plasmid 
pTweety+mRFP-GatD into mc2155::MurT-GFP. HygR 

This study 
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and KanR 

14. M. smegmatis 
CRISPRi-MurT-GatD+ 
pFLAGEM+PknB 

Derivative of mc2155::CRISPRi-MurT-GatD expressing a 
FLAG tagged wildtype allele of PknB episomally. 
Constructed by electroporation of plasmid 
pFLAGEM+PknB into mc2155:: CRISPRi-MurT-GatD. 
HygR and KanR 

This study 

 

Culture media contents 

Luria-Bertani Agar (LA) 

5g yeast extract, 10g tryptone, 10g NaCl, 1.5g agar, 1000 ml H2O 

Luria-Bertani Broth (LB) 

5g yeast extract, 10g tryptone, 10g NaCl, 1000 ml H20 

Middlebrook 7H9 

4.7 g Difco Middlebrook 7H9 powder, 2 ml glycerol, 900 ml H2O, 10 ml 100× 

glucose-salt, 2 ml Tween80 

Middlebrook 7H10 

19 g Difco Middlebrook 7H10 powder, 5 ml glycerol, 900 ml H2O, 10 ml 100× 

glucose-salt 

100× Glucose-salt 

Glucose salt 10 g glucose, 4.25 g NaCl, 500 ml H2O 

Tween80 (25 %) 

10 ml Tween80 dissolved in 40 ml dH2O then sterilized by filtration 

Media was sterilized by autoclaving at 121 °C for 20 min 

 

Solutions 

DNA manipulation solutions 

1 M Tris-HCl  

60.56 g Tris, pH 8.0 with HCl, 500 ml H2O final volume 
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0.5 M EDTA 18.6 g powder, pH 8.0 with NaOH, H2O 

Solution I  

50 nM glucose, 25 mM Tris-HCl, 10 mM EDTA, pH 8.0 

Solution II  

0.2 M NaOH, 1.0 % SDS 

Solution III  

5 M potassium acetate, 11.5 ml glacial acetic acid, 88.5 H20, pH 4.8 

TE buffer  

1 ml 1 M Tris-HCl, 2 ml 0.5 M EDTA 

TAE buffer  

242 g Tris base, 100 ml 0.5 M EDTA, 57.1 ml glacial acetic acid, pH 8.0, 1000 ml final volume 

H2O 

 

Chloroform: Isoamyl alcohol  

24 ml chloroform, 1 ml isoamyl alcohol 

Sodium acetate  

3M sodium acetate dissolved in H2O (autoclaved) 

CTAB/NaCl  

4.1 % NaCl, 10 % N-cetyl-N, N, N-trimethyl ammonium bromide dissolved in H2O (filter 

sterilized) 
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CHAPTER 5 

(Summary: Conclusion, limitations and future studies) 
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5.1.  Conclusion 

The WHO declared TB a pandemic three decades ago (272). This resulted in the development of 

effective therapies in the form of drug regimens and development of next generation TB 

vaccines. However, the rapid emergence and global spread of DR-TB, with some strains being 

resistant to even newly developed drugs like BDQ, necessitates a deeper understanding of the 

physiology of Mtb to identify novel drug targets and an understanding of the interactions 

between Mtb and host cells, to aid the development of new vaccines. In this thesis, we use the 

model organism, M. smegmatis mc2155 to characterize the role of the essential MurT-GatD 

complex in PG amidation and cross-linking; and we identify this enzyme complex as a target for 

development of new anti-TB drugs (Fig. 5.1). Synthetic inhibitory compounds against the E. coli 

murein peptide ligase (Mpl) which shares a similar tertiary structure with mycobacterial MurT 

have been developed (273). This suggests that MurT is a druggable target. We also propose that 

the essentiality of GatD is associated with a role in vitamin B12, an essential co-factor for 

mycobacterial cell viability. The identified roles of both enzymes in essential cell growth 

pathways as shown in this work highlight the need to target such enzymes for development of 

new drugs against TB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M. smegmatis 

M. bovis BCG 

MurT‐GatD 
complex 

Microscopic analysis of 
MurT-GatD depleted cells 

highlights this complex as a 
essential for cell growth

Training of macrophages with 
rBCG::iE-DAP enhances their 

Mtb killing ability  

Vaccination of mice with rBCG::iE-
DAP, rather than BCG, induces 
improved protection against Mtb 

Depletion of MurT-GatD 
causes increased sensitivity 

to cell wall targeting 
antibiotics

The MurT-GatD complex is a 
target for development of new 

anti-TB drugs and for 
development of a novel 

vaccine 

Modification of WT BCG to 
express iE-DAP by depletion 

of MurT-GatD 

Depletion of MurT-GatD 
express through CRISPRi 

New drug target 

New vaccine candidate 

GatD 

MurT 

Figure 5.1. The MurT-GatD complex is a new drug target and a target for development of a new TB 
vaccine. M. smegmatis was used as a model to study the role of the MurT-GatD complex in mycobacterial 
cell wall biosynthesis. Depletion of MurT-GatD causes increased sensitivity to cell wall targeting 
antibiotics. M. bovis BCG was re-egineered with CRISPRi to reduce MurT-GatD expression causing 
expression of iE-DAP, a NOD-1 ligand. rBCG::iE-DAP trained macrophages and mice vaccinated with 
rBCG::iE-DAP control Mtb growth better than WT BCG trained macrophages and vaccinated mice. 
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We further identify the MurT-GatD enzyme complex as a target for development of a novel 

rBCG based vaccine by exploiting the role of this enzyme complex in modification of PG to 

evade immune signaling during infection. A CRISPRi re-engineered rBCG strain – rBCG::iE-

DAP, was able to induce enhanced Mtb killing properties in an in vitro macrophage training 

experiment and also displays increased efficacy against Mtb infection in a mouse model of TB 

infection (Fig. 5.1). However, the essentiality of this enzyme complex necessitates the 

development of innovative ways to develop a marker-less and complete gene deletion whole-cell 

vaccine using the BCG vaccine as a platform. 

 

5.2.  Limitations 

Several limitations in this work included firstly, the lack of antibodies targeting MurT or GatD 

which would be essential to confirm the depletion of these proteins by western blotting. 

Secondly, this work was limited by the lack of liquid chromatographic techniques linked to mass 

spectrometry to biochemically characterize the PG profile of these MurT-GatD depleted cells. 

However, this was resolved by the use of synthetic fluorescent PG amidation reporter probes to 

assay the level of amidation in the cells. 

 

5.3.  Future studies 

(I) Potential future studies for this work include the design and synthesis of MurT or GatD 

inhibitory compounds. For example, compounds that would block the interaction of MurT and 

GatD would be effective at inhibiting the activity of these enzymes. This would validate the 

MurT-GatD as potential TB drug targets. 

 

(II) The immune responses induced by rBCG::iE-DAP are the subject of future studies to 

identify the immune correlates of protection induced by this vaccine candidate. Furthermore, 

preclinical studies of this vaccine candidate in other animal models including guinea pigs, rabbit 

or macaque models of TB infection would further confirm the efficacy of this candidate. 

 

(III) The efficacy of rBCG::iE-DAP against clinical relevant strains of Mtb would also support 

further development of this candidate as a future TB vaccine. 
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410-614-8173 E-mail: 

Room Number: 

wbishai@jhmi,edu 
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2. PRIMARY CO-INVESTIGATOR, if applicable: Person who is delegated authority when the Pl is unavailable. 
LAST NAME: Lun FIRST: Shichun M. INITIAL: DEGREE (S): PhD 

----- Title: Res, Assoc, School: Medicine Dep't/Div: Infectious Diseases 
Campus Mail Address: 
Campus: 

Phone: 

E, Baltimore Building: 

410-614-8173 

CRB2 103 
410-955-7170 Fax: E-mail: 

Room Number: 

slun1@jhmi,edu 

3. ADMINISTRATIVE CONTACT (to whom the ACUC office may release protocol information if requested) 
Name: Geltruda Demczuk Phone: 443-287-4141 Fax: 410-614-8173 E-mail: geltrouda@jhmi.edu 

4a. ANIMAL REQUIREMENTS: A separate protocol form is required for each species. List rodent strains separately, 
See questions 13 and 17a to list numbers of animals that will be needed, 

Genus/Species Strain and/or Source (e.q., commercial, Indicate age 
or Common Name Stock Sex another investigator, in- and/or weight 

house breedina) reauired 
Mouse Balb/C and C57BL/6 Female Charles River 4-8 wk 

18-25 crams 
Mouse Kramnik (C3H3B/FeJ) Female Jackson Labs 3-8 wks 

18-25 om 
Mouse B6-sst1S Female Bred in-house 4-8 wk 

18-25 gm 

4b. Number of rats or mice that might be used from the euthanasia racks per year: __ O~---- 
These are cages of animals that have been marked for euthanasia that may be used for training, practice, or tissue 
harvest using procedures approved in this protocol, The use of these animals must be completed the same day they 
are taken Your name will be added to a list of approved users and you will be sent complete instructions if you are 
not already approved 

5. ANIMAL RESOURCES HOUSING: What is the range (lowest# to highest#) of the number of animals you predict to 
be housed and cared for in central facilities at any given time? _ _,5""0"----'4-"'0-"'0 _ 

6. SATELLITE HOUSING: Will any animals be housed outside an Animal Resources facility for more than 12 hours if 
the species is covered by USDA regulations or for more than 24 hours if not? __ Yes X No 

The ACUC website, web,jhu,edu/animalcare, contains a fonnulary for rodent drug doses and ACUC-approved guidelines for many procedures, 
If you are following these, you can cite them as the method to be used instead of listing all the information in the form. 



**If "Yes", complete the Satellite Housing Form (web.jhu.edu/animalcare) and submit as an attachment to this 
protocol. 

7. PROCEDURAL KEYWORD CHECKLIST: Please read each carefully and check all of the following that apply. Provide 
requested details in the answer to question 14 unless another question number is indicated. (Note: This list is not meant to 
be exhaustive. It is possible that no items will be checked). 
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Antibody production - Indicate if polyclonal or monoclonal antibodies will be produced. Tell whether ascites will be used.* 
Behavioral studies - Methods and apparatus to be used for the purpose of explaining what the animals will experience. * 

X Breeding colony - Note: If breeding mice, you will need to complete the "Mouse Breeding Colony Form" that is on the website. * 
Caging - Special caging requirements (e.g., wire bottom, metabolic). Give reasons. 
Dietary manipulation (i.e., testing the effects of manipulating the content of food or fluid) 
Environmental manipulation - Describe any non-standard environmental manipulation (e.g., altered light cycle, temperature 
and/or humidity outside normal range) 

X Euthanize and harvest tissue ONLY-NO other procedures in this protocol, including pre-treatments. 
Food or fluid regulation - Give durations and information on monitoring weighUhydration status, as applicable." Does not apply to 
pre-anesthetic food restriction. See question 14f. 
Imaging (X-ray, MR, CT, PET scan, ultrasound, etc.) - Include frequency for individual animals if more than once. 

X Infectious disease - See question 19. 
Irradiation- Describe expected effects on animals after the procedure and duration of effects. 
Human emb_iyonic stem cells- Must also submit application to JHU !SCRO (http://eiscro.jhu.edu) 
Non-survival surgery- Describe in 14a 
Paralyzing agents (e.g., during surgery) - Must be used in conjunction with anesthesia and must describe the methods used to 
determine depth of anesthesia. Also indicate that the animal will be on a ventilator. 
Restraint (other than by hand or briefly) - Indicate the method, rationale, procedures for habituation, durations, and monitoring.* 

X Recombinant or synthetic nucleic acids, potentially infectious agents/pathogens, biological toxins or human-derived 
materials. - See question 19. 
Stress - As the topic of study (e.g. cold exposure, restraint, forced exercise, uncontrollable aversive stimuli). Provide rationale and 
explain why this particular method is being used. 
Survival surgery - See question 15*. 
Teaching - Type of class(es) or students. 
Toxicology or study of effects of chronic drug delivery- Indicate classes or specific substances to be used; give route(s), sites, 
and frequencies of administration. Give expected untoward effects and their duration, if known. 
Tumors - Experimentally induced or transplanted - Indicate expected maximum size and plan for monitoring. If xenografts, identify 

* source. 

*see guidelines at: web.jhu.edu/animalcare 

8. LOCATIONS OF PROCEDURES TO BE PERFORMED ON LIVE ANIMALS: If procedures will be performed in an 
Animal Resources facility, indicate "AR" in place of the room number. 

Procedures performed on live animals: Building(s) Room Number(s) Campus 
Survival surgery (Major & Minor) 
Non-survival surgery or euthanize and harvest CRB2 ABSL-2ABSL-3 E. Baltimore 
Behavioral testing 
Imaging 
CO2 Euthanasia 
Other (specify): 

In answering the questions below, please use terminology that will be understood by a non­ 
specialist. Spell out abbreviations on first use. 

9. OBJECTIVE(S): Briefly explain the overall purpose of the project. 

To identify new drug treatments for tuberculosis. The hypothesis is that drugs which are effective against tuberculosis 
infection in mice may prove useful in higher mammals and potentially in humans 

The ACUC website web.ihu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead of listing all the information in the form. 
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10. IMPORTANCE OF RESEARCH: What is the relevance of this work for human or animal health, the advancement of 
knowledge, or the good of society? 

The current treatment for tuberculosis involves a regimen of several drugs over a period of six months or more. Many 
side effects may occur or compliance is not maintained. Multdrug resistant TB is also an increasing problem worldwide 
and new drugs are needed to treat it more effectively. 

It would be extremely beneficial to find a vaccine against TB to prevent infection and the spread of the disease. The 
current BCG vaccine is not very effective. Through genetic studies to identify virulence genes, it may be possible to 
develop such a vaccine, which would be more effective than what is currently available. In addition, the identification of 
virulence genes would help in developing more effective drug regimens against TB. 

11. RATIONALE FOR ANIMAL USE: Why are live animals necessary for this study? Include the reason a non-animal 
approach such as mathematical models or computer simulation cannot be used. 

Tissue culture models of evaluating the virulence of a recombinant M. tuberculosis strain are unreliable because they fail 
to mimic the full array of host cell and humoral immunity against the pathogen. Hence, there are no adequate alternatives 
to virulence testing to circumvent the use of animals. 

12. SPECIES SELECTION: Explain why you selected this species as opposed to another. 

Mice are the optimal species for drug assessment against tuberculosis because they are susceptible to infection, sustain 
reproducible infections, are relatively inexpensive, and are well-characterized in the literature. 

13. NUMBERS OF ANIMALS AND RATIONALE: Explain how many animals (or range of animals) are needed for 
each experimental condition (e.g., group size) and estimate the total number of animals for the 3 years 
covered by this protocol (e.g., numbers of groups or experiments). State how you determined that this 
number per experimental condition is appropriate (e.g., power analysis, previous studies, FDA request, etc.). 
Use a table showing experimental and control groups if it aids communication. If the total number of animals will not 
match up with the total for question 17a, please explain. 

For evaluation of virulence. M. tuberculosis recombinant strains will be tested in BALB/c, C57BL/6, C3HeB/FeJ 
(Kramnik), and B6-sst1S mice, a total of 1560 mice per year (1200 category D, 360 category El are requested as 
explained below. 

A. For colony forming unit (CFU) organ burden studies (1200 mice requested per year). We seek to test 8 putative 
M. tuberculosis virulence genes per year under this protocol by CFU organ burden study. 

25 mice are infected in groups of 5 animals and are sacrificed at 5 time points (2, 4, 8, 12, and 16 weeks) following 
infection (5 mice x 5 time-points= 25 mice). There will be 3 bacterial strains tested for each bacterial gene to be 
tested for virulence: wild-type strain, mutant, and complemented mutant requiring 75 mice per bacterial gene to be 
evaluated. In my experience with mouse TB models over the years, 5 animals per group is sufficient to 
obtain statistical significance for organ CFU differences of 0.2 log10 units or more. 

For each putative M. tuberculosis virulence gene to be evaluated, 2 species of mice will be used. Therefore, a total of 150 
mice per putative bacterial virulence gene are required. Rationale for 2 mouse species: The two mouse species 
to be tested are: #1 Wild type mice which form cellular granulomas (either BALB/c or C57BL/6). And #2 mice with 
mutation of the sst1 gene which form necrotic granulomas (either C3HeB/FeJ [Kramnik] or B6-sst1 S mice). 
C3HeB/FeJ (Kramnik) mice which are commercially available have the sst1 S mutation in the sst1 gene as well as a 
number of other mutations which confer additional susceptibility to M. tb. B6-sst1 S mice (which are not 
commercially available but which have been provided to us by Dr. Igor Kramnik) represent > 10 back-crosses with 
of C57BL/6 mice and C3HeB/FeJ (Kramnik) mice leading to the B6-sst1S strain which is congenic with C57BL/6 
except for harboring the sst1 S locus. We breed B6-sst1 S mice in-house. 

The ACUC website web.jhu.eclu/anirnalcare contains a forrnulary for rodent drug close and ACUC-approvecl guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead of listing all the information in the form. 
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We anticipate that eight putative M. tuberculosis virulence genes will be tested per year requiring a total of 1200 mice (8 

bacterial genes to be evaluated x 150 mice = 1200 mice). 
The 8 putative M. tuberculosis virulence gene mutants to be tested in Year 1 are listed in the Appendix after 

section 14a. Based on our findings in Year 1, we anticipate making complemented strains and double 
mutants that will require testing of an additional 8 recombinant strains in Year 2, and an additional 8 in Year 
3. 

B. For time-to-death studies (360 mice requested per year). We seek to test 5 putative M. tuberculosis virulence 
genes per year under this protocol by time-to-death study. 

For further evaluation of the role of a bacterial gene in virulence, we are requesting an additional mice for time-to-death 
studies. In this assay, groups of 12 mice will be infected with a specific bacterial strain and held to determine the 
survival time of the infected animals. Statistically, 12 mice per group are appropriate and have been used by our 
lab and others extensively in the literature. A minimum of 3 bacterial strains (wild-type, mutant, and 
complemented mutant) are needed to test one putative bacterial virulence gene. Therefore, we require 36 mice for 
each putative bacterial virulence gene (3 strains x 12 mice per group = 36 mice). We plan on testing 5 putative 
bacterial virulence genes per year in wild type mice (BALB/c or C57BL/6), requiring 180 mice (5 bacterial genes x 
36 mice= 180 mice). And we plan on testing the same 5 putative bacterial virulence genes per year in mice which 
form necrotic granulomas (C3HeB/FeJ [Kramnik] or 86-sst1 S), requiring another 180 mice. 

Thus, we are requesting a total of 360 mice per year for these time-to-death studies. 

In the design of the proposed studies, the numbers and species of animals have been carefully considered. It is our 
contention that this proposal reflects the numbers and species appropriate to answer the questions posed. 

14a. DESCRIBE THE PROPOSED PROCEDURES: Provide a description of all procedures to be carried out on living 
animals. See prompts in question 7 for details of specific procedures to include. For survival surgeries, 
state which surgeries will be performed but save details of surgery and post-operative care for question 15. 
For non-survival surgeries, include details here. Save method of euthanasia for question 16d. Further 
Guidance: a) Blood sampling- include sites, quantities and frequencies of collection. b) Pharmacological assessments - 
include names of drugs or identify groups by chemical class and/or mechanism of action. Provide the basis on which dose ranges 
will be determined if specific doses are not known. Indicate possible routes of administration. c) Use ranges for the durations of 
experimental conditions and other parameters unless these are not likely to change. d) Think ahead to minimize the need to 
submit amendments later if the possibility of other procedures or modifications of parameters is likely. Make sure it will be 
clear which procedures are being done to each animal or group of animals and the likely sequence. 

Experimental Protocol 

Infection Protocol 
Aerosol infection: Mice will be infected by exposure to virulent M. tuberculosis bacilli by the aerosol route. Up to 100 mice 
are placed in a Glas-Col aerosol machine unit, which is housed in a special animal prep room in the ABSL-3 facility. The 
mice are exposed to a uniform mist containing the bacilli of interest for approximately 30 minutes. After mice are exposed 
to the bacilli, the infectious mist is removed through the HEPA filtered exhaust outlet, and multiple passes of fresh HEPA­ 
filtered air are circulated through the chamber to remove un-inhaled bacteria. The mice are removed from the aerosol 
chamber and placed in micro-isolator cages. 

Tissue Colony Forming Units Protocol 
At day 1 and weeks 2, 4, 8, 12, and 16 post-infection, specified mice will be sacrificed with isoflurane in a 1 liter beaker. 
A piece of gauze is placed in a beaker and 1 ml of isoflurane is placed under the gauze and the beaker sealed with 
aluminum foil so that the beaker becomes saturated with the fumes. A grate is placed over the gauze to prevent mice 
from coming in contact with the isoflurane. Alternatively, the isoflurane-soaked gauze will be placed into an 
opened 50 ml conical tube, and placed in the beaker to prevent mouse physical contact with the isoflurane. 
Mice are placed in the beaker until breathing has ceased. The animal is removed, and the chest and abdomen are 
sterilized with 70% ethanol. The chest cavity and abdomen are opened with sterile instruments, and the lungs and spleen 
removed. These tissues will be homogenized in Ten Broeck tissue grinders. Homogenates of the tissues will be diluted 
and plated on bacteriologic agar and placed in an incubator. Four weeks following plating, M. tuberculosis colony counts 
will be determined for the organs of each mouse. Confirmation of death will be the opening of the abdomen and the chest 
cavity and removal of vital organs. 

Time to Death Study Protocol 
For further evaluation of the virulence of M. tuberculosis strains, we are requesting an additional 36 mice per strain tested 
as described above. After infection the mice will be retained to assess the survival of mice infected with a particular 
recombinant bacterial strain. Statistically, 12 mice per strain are appropriate and have been used by our lab and others 
The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead oflisting all the information in the form. 



for publication. 

As the tuberculosis infection proceeds the animals will have weight loss, ruffled fur, hunched appearance, and other 
moribund signs. If the animals survive extensively in a moribund state, we will add water packs for easier access to water 
and broken biscuits and extra bedding to the floor of the cage. Any mice that do not develop signs of tuberculosis will be 
observed for up to one year. 

Mouse time to death studies are a standard experimental approach to quantifying the virulence of Mycobacterium 
tuberculosis mutants and strains. The endpoint of the study is death. The approach has been used by many institutions 
including NIH and Harvard. 

References: 
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B. Duplication 
Evaluations of the putative virulence genes to be studied have not been reported in the literature and to the 
best of our knowledge are not being tested in other laboratories for efficacy against tuberculosis. Hence this 
work is not duplicative. 

Appendix: 

Below is a list of the putative M. tuberculosis virulence genes we plan to test in year 1 of this protocol: 

intermediary 
metabolism and Probable adenosylhomocysteinase 

1 Rv3248cab sah H P9WGV3 respiration SahH 
intermediary 
metabolism and 

2 Rv0462abc lpdC P9WHH9 respiration Dihydrolipoamide dehydrogenase LpdC 
intermediary 
metabolism and 

3 Rv3841 abc bfrB P9WNE5 respiration Bacterioferritin BfrB 
intermediary 
metabolism and 

4 Rv1876ab bfrA P9WPQ9 respiration Probable bacterioferritin BfrA 
intermediary 
metabolism and 

5 Rv2467a pepN L7N655 respiration Probable aminopeptidase N PepN 
intermediary 
metabolism and Probable respiratory nitrate reductase 

6 RV1164a narl 006562 respiration Nari 
intermediary 
metabolism and 

7 Rv1293a lysA P9WIU7 respiration Diaminopimelate decarboxylase LysA 
intermediary 
metabolism and Possible pterin-4-alpha-carbinolamine 

8 Rv0984ac moaB2 053897 respiration dehydratase MoaB2 

14b. WILL ALL DRUGS USED FOR SEDATION, ANESTHESIA, ANALGESIA OR EUTHANASIA NAMED IN THIS 
PROTOCOL (Questions 14a, 15, 16d) BE "PHARMACEUTICAL GRADE"? ***See "Non-pharmaceutical Grade Drug 
Policy" at webJhu.edulanimalcare for full definitions of "pharmaceutical grade" and exceptions and for JHU requirements on 
preparation and storage.***_X_ Yes __ No __ Not applicable. Formulations used for these purposes must 
be those sold for clinical use (i.e., "pharmaceutical grade") unless an alternative formulation is necessary due to (1) 
scientific considerations or (2) non-availability of the preferred compound in a clinical use formulation that can be 
used unaltered (e.g., without dilution). If the answer above is "No", state below the name of any drugs for these 
purposes that may not be pharmaceutical grade and your reason for using the non-pharmaceutical grade 
version. 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead of listing all the information in the form. 
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14c. WILL ALL DRUGS/CHEMICALS USED AS RESEARCH TOOLS OR THE SUBJECT OF INVESTIGATION BE 
"PHARMACEUTICAL GRADE"? __ Yes __ No _X_ Not applicable. If "No", state below the name or 
class of the compound and the reason that non-pharmaceutical grade is necessary. Reasons could include: (1) 
non-availability in a clinical use formulation or in one that could be used unaltered; or clinical use 
formulation is not suitable for desired mode of delivery (e.g., is a pill); (2) scientific considerations (e.g., lack 
of suitable vehicle control, presence of preservatives, necessity of manipulating concentration, 
comparability with previous studies), (3) use of drugs provided by NIH drug supply program. ***See "Non­ 
pharmaceutical Grade Drug Policy" at web.jhu.edu/animalcare for full policy and requirements for preparation and storage.*** 

Not applicable 

14d. MULTIPLE SURVIVAL SURGERIES: If you indicated in 14a that a survival surgery (i.e., any procedure involving an 
incision) will occur, state whether any animal will undergo more than one survival surgery (i.e., involving separate 
periods of anesthesia and recovery). This includes any surgeries yet to be fully described in #15. Yes 
__ No _X_ Not applicable. If "Yes", the order and the interval (or range of intervals) between them should 
be stated. Below, provide the scientific justification for multiple survival surgeries in the same animal. (Note: Neither 
cost savings alone nor reduction of the number of animals needed is considered adequate.) 

Not applicable 

14e. BREEDING: Will animals be bred at JHU under this protocol? _X_ Yes ___ No 

If "Yes" provide a rationale below for why breeding is needed for this protocol and for the planned number of 
breeders indicated in Question 17a. 

If breeding mice, complete the Mouse Breeding Colony Form (web.jhu.edu/animalcare). 

If breeding species other than mice, provide details below (i.e., projected number of offspring per year; breeding 
age range; weaning age; genotyping, if applicable; special care; etc.): 

We seek to evaluate putative M. tuberculosis virulence genes in the B6-sst1S mouse. This strain is congenic with 
C57BL/6 except for a mutation in the sst1 gene. In contrast to WT mice, the sst1 S mutation leads to necrotic 
granulomas following M. tb infection. Necrotic granulomas are a hallmark of human TB, hence the B6-sst1 S 
mouse is a highly valuable mouse strain. B6-sst1S mice are not commercially available. We received them 
from Dr Igor Kramnik at BU in 2017 under an MTA and have had a breeding colony since then. 

14f. FOOD OR FLUID REGULATION: Refers to regulation of food/fluid as a necessary component of an experimental 
design (e.g., "scheduled access" where the animal is given unrestricted access to food/fluid for one or more periods 
of time each day or "restricted access" where amount of food/fluid per day is controlled). This does not refer to 
restriction before anesthesia (i.e., pre-operative). Will food or fluid be regulated? __ Yes _X_ No. 
If "Yes", a justification and description will need to be provided below if not already included in 14a. See "Food 
and Fluid Regulation" guideline (web.jhu.edu/animalcare) for a list of the specific information you will need to include 
when answering this question. 

15. SURVIVAL SURGERY: (If more than one type will be performed fill out a separate question 15 for each one.) 
Name of Surgical Procedure: _ 

Not applicable 

15a. MAJOR OPERATIVE PROCEDURE? Will this surgery penetrate and expose a major body cavity or cause 
substantial impairment of physical or physiologic function? __ Yes _X_ No 

15b. Pre-anesthetic agents (e.g. sedatives to permit handling, intubation). Name, dose, and route. 

Not applicable 
The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and AC UC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead of listing all the information in the form. 
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15c. Pre-emptive analgesia (i.e., analgesia given prior to the surgical procedure). Name, dose, and route. 

Not applicable 

15d. Anesthesia. Name, dose, and route. Also state the method that will be used to assure the animal is 
anesthetized prior to initial incision and during the surgical procedure. 

No anesthesia will be used 

15e. Will a neuromuscular blocking agent (paralytic) (i.e., one that prevents respiration) be used at any point in 
the procedure? __ Yes X No If "Yes", state name, dose, route and frequency of administration of 
paralytic agent(s). What parameter(s) will be used to determine that the animal remains anesthetized? 

15f. Describe intra-operative procedures including: intubation, IV fluid delivery, monitoring, surgical procedure, 
method of wound closure, etc. Must be aseptic technique including assurance regarding the use of gown, 
gloves, mask, and sterilized instruments. Include name, dose, and route of any intra-operative analgesia, antibiotic 
or other drug. DO NOT REPEAT INFORMATION ALREADY PROVIDED ABOVE. 

Not applicable 

15g. Describe first 24 hours of post-operative care. Include frequency of monitoring, supportive care, and analgesia. 

Not applicable 

15h. Describe post-operative care procedures after the first 24 hours, including plan for frequency of monitoring 
by laboratory personnel, suture removal, further analgesia, special feeding, etc . 

. Not applicable 

16a. PLANNED ENDPOINT/EUTHANASIA: State the timepoint or other criterion in the experiment at which 
euthanasia will occur for each animal or experimental group if the study goes as planned. If this has been 
provided in 14a, please refer reader back to that section. Save method of euthanasia for 16d. 

For CFU organ burden studies, mice will be euthanized at predetermined time points prior to obtaining serum or organ 
specimens for bacterial counts. The method is described in 14a. Death will be verified by opening of the chest cavity 
and removal of lungs. In addition, any mouse developing a moribund appearance (inactivity, ruffled fur, visible weight loss) 
or manifesting unusual behavior will be 
euthanized. 

For time to death studies mice will be held after infection until death occurs. The endpoint in this study is (i) death 
or (ii) survival greater or equal to one year (this occurs rarely with highly attenuated M.tb mutants). Control animals 
are those infected with wild type M. tuberculosis (usually strain H37Rv or CDC1551) and the genetically 
complemented mutant strain. With control infection, the animals generally die first (time to death is typically 30-70 
days depending on the inoculum) because they are infected with fully virulent bacilli. The death endpoint is 
essential, since there would be no other way to determine the survival after infection. Animals cannot be 
euthanized early when they become moribund because in this study living one day longer is statistically important. 
As the tuberculosis infection proceeds the animals will have weight loss, ruffled fur, hunched appearance, and 
other moribund signs. If the animals survive extensively in a moribund state, we will add water packs for easier 
access to water and broken biscuits and extra bedding to the floor of the cage for all animals in the group. 

1Gb. If euthanasia is not required by the study, or for particular animals, indicate the possible disposition of the 
animals (e.g., adoption, transfer to another study). Note: At the discretion of the Attending Veterinarian, 
animals may be adopted out without specific inclusion of that option in the protocol. 

Not applicable. The endpoint will always be euthanasia in the CFU study because the animals will be infected with 
The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead oflisting all the information in the form. 



M. tuberculosis and cannot be re-used in anyway. In the time-to-death study, animals surviving beyond one year 
will be euthanized as well because they are M.tb-infected and cannot be re-used in any way. 
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16c. Give the health conditions and/or criteria under which early euthanasia or withdrawal of an animal from the 
study will be considered. These include, but are not limited to, general signs of distress such as hunched 
posture, lethargy, anorexia, dehydration, rough hair coat etc. and/or those that are directly related to the 
experimental procedures (e.g. tumor ulceration, dislodged/unrepairable headcap, etc.). 

Any mouse developing a moribund appearance (inactivity, ruffled fur, visible weight loss) or manifesting unusual behavior will be 
euthanized unless being held for the Time to Death studies. 

16d. Which method(s) of euthanasia will be used by laboratory personnel? State how death will be verified 
before disposal (give two methods if euthanasia is other than decapitation). See JHU's Euthanasia Guideline at 
web.ihu.edulanimalcare for suggested methods. 

Mice will be anesthetized with isoflurane. piece of gauze is placed in a beaker and 1 ml of isoflurane is placed 
under the gauze and the beaker sealed with aluminum foil so that the beaker becomes saturated with the fumes. 
Mice are placed in the beaker until breathing has ceased. Confirmation of death will be the opening of the 
abdomen and the chest cavity and removal of vital organs. 

17a. PAIN/DISTRESS: Indicate in the table below the number of animals that will fall in each Pain/Distress 
category. In addressing pain and distress, please consider all aspects of the study (e.g., surgery, 
phenotype of the animal, induced disease, tumor burden, behavioral procedures). For protocols that involve 
more than one procedure, place animals in the category that pertains to the greatest degree of pain, distress and/or 
discomfort to which the animal will be exposed. Do not count an animal more than once. The total number of 
animals entered must agree with the total animals in question 13 unless the discrepancy is explained there. The 
total should not include the number in answer to question 4b (euthanasia rack). Use of anesthesia for rodent tail 
snips or purely for restraint (e.g., for imaging) does not require placement in Category D. 

Categories Examples Total Number of Animals for 3 Years 
(Entered into ACUC database at time of 

protocol approval) 
B-Breeding - number of males and e.g., breeding only, no other 120 
females to be used for breeding procedures 
C-Procedures cause momentary, slight, e.g., injections, euthanasia, blood 3600 (1200x3) 
or no pain/distress in absence of collection, brief restraint, imaging 
analgesia or anesthesia 
D-Procedures potentially are painful but e.g., surgery, blood collection by 
anesthetics and/or analgesics are given invasive routes 
E-Procedures involve pain/distress that e.g., toxicity studies, pain or stress 1080 (360 X 3) 
will not be alleviated by drugs studies, some disease models 

*** Answer 17b and c below only if any animals fall into Category D or E. *** 

17b. Which procedure(s) or other elements in this protocol fit the definition of Category D and/or E as given in 
the chart above? 

The Time to Death studies would place them in Category E. The mice are held for time to death to determine 
survival after infection. 

17c. Are there alternative methods to those named in 17b that could be used that would produce less pain and 
distress and achieve the same experimental purpose? EITHER state approaches that might seem to be 
reasonable alternatives to the ones in 17b and explain why they will not accomplish the experimental 
objective with less pain/distress OR carry out a Keyword/Literature Search. DO NOT DO BOTH. 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead oflisting all the information in the form. 



If you choose the first approach, state the reasons you can be confident that you have relevant and up-to-date 
information on the topic. Reasons could include: 1) consultation with an expert in the research area (give 
name/qualifications), 2) regular attendance at scientific meetings (names of organizations), 3) regular attention to 
the scientific literature on the topic (cite sample journal names), and/or 4) personal experience with the alternative 
method. 

Approach 1. 
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I am an expert in the research area of animal models of TB. I attend TB Keystone, ICAAC, ASM Microbe, and ATS 
meetings regularly. I review and contribute to the TB animal model literature regularly (250 co-authored papers in 
PubMed, -10-12 per year), and I have personal experience with alternatives to animal model testing, namely cell­ 
based models. Please see details below. 

In short, cell-based models of TB infection are short-term: cells can only be propagated for 5-8 days post infection. 
The treatment of human TB takes 6 months or more, and sterilization of all tissues is a key parameter. Sterilization 
cannot be tested in cell-based models. A second key issue is that M. tuberculosis achieves a persister state during 
treatment of humans and animals. This persister state cannot be modeled in cells. 

To determine the survival of mice after infection, a time to death study is done where 12 mice are held for each 
strain tested with the endpoint being death. There would be no other way to determine the survival after infection. 
Animals cannot be euthanized early when they become moribund because in this study living one day longer is 
statistically important. In addition we have evidence from previous studies that death in Kaplan Meier is sometimes 
in two bursts and that in between the mice appear moribund but don't die. Please see graph below. 

At -day 38 after infection the H37Rv infected mice were very sick and appeared that they would die in a few days. 
However, half of those mice died at - day 125 to day 179 after infection. The whiB3 infected mice were also sick 
early but the last day of death was day 231. The whiB6 infected mice also appeared quite sick early like the H37Rv 
but the last day of death was day 363. In the table below one can see that the H37Rv mice were dying early but 
then recovered and some lived until day 179. Due to the appearance of these bursts in survival, it would not be 
reliable to euthanize the mice before the endpoint of death. 

Time to Death 

~ 75 ·s; ... 
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-H37Rv 

100 200 300 400 

Days after Infection 

This is an accepted method in the field of tuberculosis research as shown in the numerous scientific literature sited 
below. 

Domenech Pet al, J Bacterial, 2009, 191(2): 477-85. 
Lun Set al, J Biol Chem, 2007, 282(25): 18348-56. 
Agarwal Net al, Infect Im mun, 2007, 75(1 ):452-61. 
Barczak AK et al, J Infect Dis, 2005, 192(4): 600-5. 
Domenech Pet al, Infect lmmun, 2005, 73(6): 3492-501. 
Domenech Pet al, J Biol Chem, 2004, 279(20), 21257-65. 
Chackerian AA et al, Tuberculosis, 2003, 83(5): 279-85. 
Karnath AB et al, Infect lmmun, 2003, 71(7): 412-8. 
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If you do a Keyword/Literature search provide the following information: 

Date (day, month, year) search was performed: _ 

Years covered by search: 

Keywords used in search: These must be in relation to alternatives to the procedure(s) named in 17b, not in 
relation to use of animals. 

Number of hits: _ 
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Databases searched (check all that apply): 
MEDLINE /PUBMED AWIC TOXLINE AGRICOLA __ Other (describe) 

Did the literature search reveal one or more alternatives that cause less pain/distress than the methods proposed 
but accomplish the same scientific purpose? __ Yes No If "Yes", explain why the alternative is not 
being used. 

18. ENVIRONMENTAL ENRICHMENT: Requests for exemption from the JHU program. See 
http://web.jhu.edulanimalcarellinks.html for detailed information on the JHU Environmental 
Enrichment/Social Housing program for all species. Unless an exemption is approved, the animals under this 
protocol will be included in the campus-wide plan for this species. 

ALL SPECIES: 
a. Most animals will be provided toys and/or other non-food enrichment items (such as nesting material 

for mice). Are you seeking an exemption for scientific reasons from such enrichment for any portion 
of the work covered in this protocol? __ Yes X No If "Yes", explain below. 

b. Most animals (other than mice and rats) are periodically provided edible enrichment. Are you seeking 
an exemption for scientific reasons for any portion of the work covered in this protocol? 
__ Yes No X Not Applicable. If "Yes", explain below. 

c. Will you be providing edible or other enrichment beyond or in place of that provided by central 
facilities for your animals? Yes X No If "Yes", state how. NOTE: Nylabones and 
plastic cylinders and huts for rats or mice may be chosen at any time as per the JHU Enrichment 
Program without explicit approval in this protocol. 

d. Most animals will be routinely housed in pairs or groups with others of their species. Are you seeking 
an exemption for scientific reasons from JHU's social housing plan for this species for any portion of 
the work covered in this protocol? __ Yes _X_ No If "Yes", explain below. Note: The 
Attending Veterinarian may exempt your animals from social housing for health or other well-being concerns 
even if you do not seek an exemption for scientific reasons. 

DOGS: 
e. If this protocol covers dogs, are you seeking an exemption for scientific reasons from JHU's exercise 

program? __ Yes __ No _X_ Not Applicable. If "Yes", state reason. 

19. BIOHAZARDOUS, RADIOACTIVE, OR CHEMICALLY HAZARDOUS AGENTS USED IN ANIMALS. 
Use of certain recombinant or synthetic nucleic acids, infectious or other biohazardous agents requires approval from 
Health, Safety & Environment's Institutional Biosafety Office/Committee (410-955-5918). 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
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Current 
Approval Biosafety Regis. # or 

Type of Hazardous Agent Yes No Name of Agent Date* Radiation Safety # 
BIOHAZARDS: 

3/1/2019 to 

Recombinant DNA #1 
2/28/2020 DN1803090102 

Recombinant or synthetic nucleic 1/1/2019 to 
acids X Recombinant DNA #2 1/31/2020 DN9501270425 
Bacteria, parasites virus or viral- 8/1/2019 to 
based vectors or other pathogens X Mycobacterium tuberculosis 8/31/2020 P9902170220 
Human tissues or cell lines 
RADIOACTIVE COMPOUNDS 
CHEMICALS (e.g., lead, MPTP) 
that render the animal's waste toxic Not applicable Not applicable 
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*If Biosafety Committee approval is pending, attach a copy of the IBC application. 

NOTE: If it is determined that an animal given the agent(s) named above has the potential to be hazardous to people 
(e.g., through exposure to its urine or feces), you are required to label the cage, rack, or room door with an appropriate 
card at the time of initial exposure and for the duration of hazardous effect. Instructions for biohazards will be included 
with the Approval Letter for this protocol. 

20. TRAINING & QUALIFICATIONS: Provide specific information on training and/or experience that qualifies 
each person to perform the procedures involving the species of animal in this protocol. Make additional 
copies of these pages as necessary. 

If any individuals listed below have not previously been included on an approved protocol at JHU they must complete 
the online Animal Care and Use training course (link is found on our website web.jhu.edu/animalcare or through My 
Learning (bttp://www.hopkinsmedicine.org/interactive learning/my learning/ ) and enroll in the Animal Exposure 
Surveillance Program (AESP) before the protocol can be approved ( contact Occupational Health at 410-955-6211 ). 
Or the person can be removed and added after protocol approval via personnel amendment. 

**The AESP certificate of enrollment for these individuals must be supplied to the ACUC Office before final approval 
of the protocol may be granted.** 

Note: For protocols used only for Teaching/Training trainees do not need to be listed in question 20. 

Role: Principal Investigator 
Last Name: Bishai First Name: William M. Initial: R 

The ACUC website web.ihu.edu/animalcare contains a formulary for rodent drug dose and A CUC-approved guidelines for many procedures. If you are following 
these, you can cite them as the method to be used instead of listing all the information in the form. 
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1} Degree(s) held. MD/PhD 

2} Specialty and/or major for each degree listed above. Biochemistry, Pharmacology, Micro & Mo/ Genetics, 

Internal Medicine, Infectious Diseases 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 30+ years 

5) If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP VOLT V 
I I 

Role: Primary Co-investigator (person delegated authority when Pl is unavailable) 
Last Name: 

Department: 

JHU Address: 

Lun First Name: Shichun M. Initial: 
Phone 

Medicine Number: 410-955-7170 
Bldg & 

1550 Orleans Street Room: CRB2, Room 103 
Email Address: Slun1@jhmi.edu 

----=-'--------------- 1} Degree(s) held. PhD 

2} Specialty and/or major for each degree listed above. Genetics and Microbiology 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 30+ years of experience 

5} If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP V OL T ., 
/ I ,/t4 

Role: D Co-Investigator D Fellow X Student D Faculty D Staff D Outside Collaborator (Check all that apply.) 

Last Name: Krug First Name: 
------------------ 

Depa rt men t: 

JHU Address: 1550 Orleans Street 

Stefanie M. Initial: 
Medicine Phone Number: 2-8230 

------------------ 
BI d g & Room: CRB2, Room 176 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and AC UC-approved guidelines for many procedures. If you are following 
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Email Address: 

1} Degree(s) held. BS 

2} Specialty and/or major for each degree listed above. Liberal Arts, Biology 

3} List procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. Extensive experience 

with mouse handling and husbandry, infecting, treating and sacrificing 

5) I/training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP V OL T if 
/ / 

Role: 0 Co-Investigator X Fellow O Student O Faculty O Staff O Outside Collaborator (Check all that apply.) 

Last Name: Bullen First Name: Cynthia ------------------ _ __;_ _ 
Department: Medicine Phone Number: 2-8230 

------------------ J HU Address: 1550 Orleans Street 
Email Address: cshrum1@jhmi.edu 

1) Degree(s) held. BA, PhD 

M. Initial: 

Bldg & Room: CRB2, Room 176 

2} Specialty and/or major for each degree listed above. Biochemistry, Molecular & Cell Biology/HIV Biology 

3} List procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 4+ years of TB-infections 

with mice. 

5) I/training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP J! OL T \/ 
I I 

Role: 0 Co-Investigator O Fellow XStudent O Faculty O Staff O Outside Collaborator (Check all that apply.) 
Last Name: Praharaj First Name: Monali M. Initial: 
Department: 

JHU Address: 

Pathology 

1550 Orleans St. 

Phone Number: 2-8230 
------------------ 

BI d g & Room: CRB2, Room 176 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
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Email Address: mprahar1@jhu.edu 

1) Degree(s) held. PhD 

2) Specialty and/or major for each degree listed above. Immunology 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. Extensive experience on 

mouse model with 12+ years of experience on mouse handling, surgery oral gavaging etc. 

S) If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP V OL TV 
I I 

Role: D Co-Investigator X Fellow D Student D Faculty D Staff D Outside Collaborator {Check all that apply.) 
Last Name: Rohilla First Name: Akshay M. Initial: 
Department: 

JHU Address: 

Medicine 

1550 Orleans St. 

Phone Number: 2-8230 

Bldg & Room: CRB2, Room 176 
Email Address: arohill1@jhmi.edu 

----------------------------------------- 1} Degree(s) held. PhD 

2) Specialty and/or major for each degree listed above. Biochemistry, Tuberculosis 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 13+ years of experience 

handling small animals (mice, guinea pigs) infectious samples, M. tuberculosis culturing, infection, blood 

drawing, performing necropsy, immunization 

5) If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP VOLT J / 

Role: D Co-Investigator X Fellow D Student D Faculty 0Staff D Outside Collaborator {Check all that apply.) 

The ACUC website web.jhu.edu/animalcare contains a forrnulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
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Last Name: Singh First Name: Alok M. Initial: 

Department: 

JHU Address: 

Medicine 

1550 Orleans St. 

Phone Number: 2-8230 
------------------- 

BI d g & Room: CRB2, Room 176 

Email Address: Asingh51@jhmi.edu 

1} Degree(s) held. PhD 

2} Specialty and/or major for each degree listed above. Infectious Diseases, Immunology 

3} list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 2+ years' experience in 

small animal handling, necropsy, infection 

SJ If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP V OL T V 
/ / 

Role: D Co-Investigator X Fellow D Student D Faculty 0Staff D Outside Collaborator {Check all that apply.) 

Last Name: Parveen First Name: Sadiya M. Initial: 

Department: 

JHU Address: 

Email Address: 

Medicine 

1550 Orleans St. 

Phone Number: 2-8230 

Bldg & Room: CRB2, Room 176 

sparvee2@jhmi.edu 

1} Degree(s) held. PhD 

2) Specialty and/or major for each degree listed above. Biochemistry 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 12+ years experience 

working with mouse model of experimental tuberculosis, dissection, infection, operations, aseptic techniques, 

breeding, surgeries, etc. 

5) If training and/or supervision of this person is necessary, who will be providing it? NA 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
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Role: D Co-Investigator X Fellow D Student D Faculty 0Staff D Outside Collaborator (Check all that apply.) 

Last Name: Kumar First Name: Amit M. Initial: 

Department: 

JHU Address: 

Email Address: 

Phone Number: 2-8230 
----------------- -------------------- 

BI d g & Room: CRB2, Room 176 

Medicine 

1550 Orleans St. 

akumar60@jhmi.edu 

1) Degree(s) held. PhD 

2) Specialty and/or major for each degree listed above. Biochemistry 

3) List procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 12+ years experience 

working with mouse model of experimental tuberculosis, dissection, infection, operations, aseptic techniques, 

breeding, surgeries, etc. 

5) If training and/or supervision of this person is necessary, who will be providing it? NA 

ACUC office use: AESP V OL T ..J/ 
/ 

Role: D Co-Investigator D Fellow D Student D Faculty X Staff D Outside Collaborator (Check all that apply.) 
Last Name: Lisok 

------------------- 
Depa rt men t: 

JHU Address: 

Email Address: 

First Name: Ala M. Initial: 

Medicine 

1550 Orleans St. 

Phone Number: 2-8230 
------------------- 

BI d g & Room: CRB2, Room 176 

Alisok1@jhmi.edu 

The ACUC website web.jhu.edu/animalcare contains a formulary for rodent drug dose and A CUC-approved guidelines for many procedures. If you are following 
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1) Degree(s) held. BA 

2) Specialty and/or major for each degree listed above. liberal arts 

3) list procedures this person will be performing (can state "all" if appropriate). all 

4) Describe the person's experience with the procedures and the species in this protocol. 15+ years experience 

working with mouse models including dissection, infection, operations, aseptic techniques, breeding, surgeries, 

etc. 

5) If training and/or supervision of this person is necessary, who will be providing it? Will receive TB-specific 

training from Dr. lun and Ms Krug. 

ACUC office use: AESP v' OL T J 
I I 

21. ASSURANCES: Signature verifies that you accept these responsibilities. 

a) I assume responsibility for compliance with Johns Hopkins University, United States Department of 
Agriculture and/or Public Health Service requirements, as applicable, for work carried out under this 
protocol. 

b) I assume responsibility for providing each member of the laboratory who will perform procedures under 
this protocol with a final version of the approved protocol and require that they follow the procedures 
described. 

c) I assure that all individuals carrying out procedures described in this protocol will be experienced or 
trained appropriately in the procedures each will perform. 

d) I understand that amendments for significant changes, as defined in the JHU ACUC Guidelines, must 
be approved by the JHU ACUC prior to their implementation. Exceptions may be authorized for clinical 
reasons on a one-time basis by a Research Animal Resources (RAR) veterinarian. 

e) I certify that I have determined that the research to be conducted under this protocol is not 
unnecessarily duplicative of previously reported research. 

f) I understand that no work can begin unless I have received approval from the Animal Care and Use 
Committee. 

The ACUC website web.jhu.eclu/animalcare contains a formulary for rodent drug dose and AC UC-approved guidelines for many procedures. If you are following 
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Principal Investigator's 
Signature: 

w~--l.--- 
Date: 

31-Dec- 
2019 

IACUC Chair's 
Signature: Date: 

Please submit to the JHU Afuc office (please do not staple): 
Reed Hall 8122, East Baltimore Campus 

If you prefer to fax, please use only the last five numbers if dialing within Hopkins (7-3747). Use the entire 
number only if faxing from outside of Hopkins (443-287-3747). 

l /2-2/20 
I I 

To email send to: acuc@jhmi.edu 

If you fax the protocol and choose also to mail the original, please put a cover sheet on the original indicating 
that the protocol previously was faxed so that it is not logged in as a new submission. 

Thank you. 

The ACUC website web.jhu.edu/animalcare contains a fonnulary for rodent drug dose and ACUC-approved guidelines for many procedures. If you are following 
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Johns Hopkins University Animal Care and Use Committee 

MOUSE BREEDING COLONY FORM 
Release Date: 5/12, revised 11/12, 3/14, 8/17 

Protocol Number 

(if 3rd year renewal): M017M62 

For ACUC office use only 

3rd Year Renewal: /v10 20 fv12Q 
Date Received: 

Compliance approval: ' £zo 
ii'Logged ~tabase 

Protocol Title: "Mouse model of tuberculosis-virulence testing by aerosol infection" 

Principal Investigator: William Bishai 

Office Phone: 410-955-3507 Fax: 410-614-8173 E-mail: wbishai@jhmi.edu 

The purpose of this form is to identify investigator mouse production plans. 
• It does not guarantee additional cage space. 

• For help filling out this form, contact the ACUC Office at 443-287-3738 

Guidance 
• See the Mouse Breeding Guidelines at the ACUC website, www.jhu.edu/animalcare 

• Attend the monthly Mouse Breeding Seminar, the schedule is available at the ACUC website {Optional) 

1. Strain and/or Stock and Estimated Numbers for Three Years or Remainder of the Protocol 
Approval Period: (fill in the table; expand the table for multiple strains/stocks) 

Strain and/or stock Estimated # male Estimated # female Estimated # of offspring Estimated # or % of 
breeders breeders born: # of pups not litters offspring to be used 

B6-sst1S 20 20 100 50% 

2. Indicate what will be done with Retired Breeders and Excess Offspring: (check all that apply} 
Do not leave dependent pups marked for euthanasia without a lactating dam. 

a. Euthanasia 
_X_ Euthanized as described in question 16 of the parent protocol 
__ Marked to be euthanized by Animal Resources using the Technical Request for Euthanasia Form 
__ Other: (describe) 

b. Provide animals to another protocol. (This requires submission of the RAR Animal Transfer Request Form) 

__ Mice will be bred with the purpose of providing mice to other protocol(s) 
__ Excess mice due to good production or unneeded genotypes may be given to other Pis as available. 

3. Breeding Plan(s): What is the age range during which the animals will be bred? _2 to 8 months of age __ 
Breeding schemes should include only one male unless option# 8 in question 3b. is selected and includes a justification. 

a. BREEDING SCHEME: (check all that apply) 
_X_ Monogamous (one male and one female per cage) 

__ Trio (one male and two females per cage)* 

__ Polygamous (one male and more than two more females per cage)* 

*1n question 3b. indicate how the cage population will be managed if there could be 2 litters in one cage. 
Options 3., 6., and 7. address this. 



b. BREEDING MANAGEMENT - to prevent overcrowding or welfare concerns: (check all that apply) See the 
Overcrowded Cage Policy at the ACUC website, www.ihu.edu/animalcare 

1. _X_ Females pregnant from postpartum estrus will have their weanling age pups weaned 
concurrent with the delivery of the next litter 

2. _X_ Males will be removed from the cage once females are confirmed pregnant 
3. _X_ Pregnant females will be moved to their own cages prior to parturition 
4. _ Males will be rotated through the females cages 
5. _ Females will not be bred again until their offspring are weaned 
6. _ When 2 females, each with a litter are in 1 cage, one female & litter will be moved to her own cage 
7. _ Offspring will be used before weaning 
8. _ Other breeding cage management options, include special conditions due to atypical 

breeding/offspring production: (describe} 

4. IDENTIFICATION: (check all that apply} 

__ Some or all offspring will be individually identified 
__ Ear punch __ Ear tag Toe tattoo 

_X_ Individual identification is not necessary 
__ Other(describe) 

Toe clip __ (provide justification) 
Toe-clipping should be used only when no other identification method is feasible. It may be an acceptable method 
for neonatal mice up to 7 days of age if the identification and genotyping can be combined. For additional 
requirements, see the ACUC Toe Clipping Policy on the ACUC website. 

5. GENOTYPING (recommended before weaning): (check all methods that may be used} 

__ Genotyping will be performed for some or all _X_ Genotyping is not necessary 

Tissue will be obtained from the following source: __ Tail* Ear __ Other: (describe) 

"wm the amount of tail tissue exceed 5 mm? Yes No 
If "Yes", (indicate amount needed and provide justification) 

*Bleeding will be stopped by:_ Pressure _Cauterization _Styptic powder_ Other: (describe) 

*when the tail tissue is collected, could animals be greater than 21 days old? _Yes_ No 
If "Yes", even occasionally, the mice must be anesthetized or receive topical analgesic. 

(list the anesthesia or analgesia that will be used} 

This does not require placement in Pain Category D. See the JHU Guidelines for Tail Biopsy at the ACUC website, 
www.ihu.edu/animalcare 

6. WEANING SCHEDULE: (checkallthatapplyJ 

Litters of females that are pregnant due to post-partum estrus must be weaned at 21 days of age unless option #8 
"Other breeding cage management" is described in section 3b of this form. 

_X_ 21 days of age 
_ >21 - 28 days of age 
_ >28 days of age: (justify delayed weaning and maximum age) 

7. SPECIAL HUSBANDRY REQUIREMENTS: 



_X_ Special care is not required 
_ Special care is required for some or all: (describe: e.g., food on floor, alternate water source etc.) 

8. CONSIDERATION OF PHENOTYPE: 

If using genetically engineered animals, might the phenotype result in a change in appearance or a functional 
deficit? Yes _X_ No Unknown 

If "Yes", (describe) 

If "Unknown", (describe plan for monitoring animals to detect possible impairments) 

31-Dec-2019 
Pl Signature:-----~----------~~~~ Date· 

ACUC Chair Signature: ---~-..,,_-+-'-{."-41........._ ....,12'_1=,......,Q-~~a=---"""';fuc'-I--'-~'----· Date: 
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