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ABSTRACT 
Studies into the Role of Peptidoglycan Glycolylation in 

Mycobacterial Dormancy and Resuscitation 

Jessica Loraine 

A third of the global population are estimated to be latently 
infected with Mycobacterium tuberculosis (Mtb). This latent 
infection is most l ikely caused by non-replicat ing bacil l i .  
Resuscitat ion-promoting factors (Rpfs) are secreted muralytic 
enzymes which are important for replicat ion in vivo and  are 
involved in resuscitation of dormant bacil l i and react ivat ion of 
chronic tuberculosis. The precise mechanism of resuscitation 
remains unknown; however their enzymatic act ivity is essential for 
resuscitat ion and growth stimulatory  effects.  
  
In mycobacterial peptidoglycan, muramic acid is present in 
acetylated and glycolylated forms. Glycolylation occurs in the 
cytoplasm during synthesis of  peptidoglycan precursors by act ion 
of a UDP-N-acetylmuramic acid  hydroxylase (NamH).  The 
signif icance of glycolylation for mycobacterial growth and 
persistence is unknown. 
 
The overall aims of this study were to investigate the importance of 
peptidoglycan glycolylation in mycobacterial dormancy and 
resuscitat ion. Rpfs are the key enzymes involved in these 
processes, it was therefore predicted they might be adapted for 
recognit ion and cleavage of glycolylated peptidoglycan. Mtb NamH 
was over-expressed in E. coli  in order to obtain glycolylated 
peptidoglycan and investigate its digestion by recombinant Rpfs . 
Recombinant Rpf was act ive by zymography but failed to release 
soluble muropeptides from dif ferent types of peptidoglycan.  
 
The role of peptidoglycan glycolylation in st imulation of  
mycobacterial growth and resuscitation of non-culturable bacill i 
was investigated in M. smegmatis :  Mtb Rpfs were shown to 
stimulate growth in wild type and ∆namH M. smegmatis ,  indicat ing 
that Rpf activity was not inf luenced by peptidoglycan glycolylation .  
Mtb Rpfs were also able to st imulate resuscitation of non-
culturable M. smegmatis. The ∆namH mutant failed to produce non-
culturable cells, therefore its resuscitat ion could not be 
investigated. 
 
A ∆namH Mtb mutant showed no signif icant dif ference in 
replicat ion in vitro and in cultured macrophages; however i t was 
more sensit ive to isoniazid treatment.  Overall  these results 
indicate that peptidoglycan glycolylation is important for 
maintenance of cell  wall structure and antimicrobial resistance.  
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1.1 GENERAL INTRODUCTION  
 

Around a third of the world’s population are infected with 

Mycobacterium tuberculosis (Mtb),  the causative agent of human 

tuberculosis (TB, tubercles bac il lus) (Kaufmann, 2008, WHO, 

2012). Mtb  is a member of the Mycobacterium tuberculosis 

complex  and has a high l ipid content in the cell wall. TB is most 

commonly associated with the lungs (pulmonary TB), although 

extra-pulmonary TB (affecting bone, kidneys and  lymph nodes) is 

widely recognised. Transmission of TB is accomplished during 

coughing or sneezing by droplets containing bacteria and i t is 

hence a contagious disease.  

Manifestation of Mtb  infections can vary, ref lect ing a multitude of 

inf luencing factors, including those of the person infected ( for 

example, age and immune status), those of the organism 

(virulence) as well as the interac t ions between the host and the 

microbe (Cole, 2005). While these are important considerations, it  

has also been shown that infection with Mtb  in healthy individuals 

can lead to a latent tuberculosis infection (LTBI) that is 

asymptomatic and can remain so for l ife. The statist ics for those 

who develop the disease suggests that only 1 in 10 people infected 

will  develop the active disease (Cardona and Ruiz-Manzano, 

2004). Current diagnostic techniques include classic methods, 

such as X-ray, physical examination, tuberculin skin test (TST), 

microscopy of sputum samples, sputum culture as well as modern 

techniques; PCR and IGRAs (interferon gamma release assays) 

(Mazurek et al. , 2010). 

Up until the late 20 th century TB was considered close to 

elimination as a global health threat, however, the emergence of 

drug resistance and co-infection with HIV led to resurgence  of TB, 

and in 1993 the World Health Organisation announced TB as a 

global health emergency (WHO, 2011). In 2010 there were an 

average 8.8 mil l ion incident cases of TB with 1.1 mill ion deaths 
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occurring as a result of non-HIV related TB, and an additional 0.35 

mill ion HIV associated deaths (WHO, 2011). TB is currently the 

second most deadly infectious disease worldwide, the most deadly 

being HIV (WHO, 2012). Together these data demonstrate why TB 

is an important and deadly modern day disease, however not so 

long ago TB was considered an ancient disease, which no longer 

posed a threat to modern day society.  

The earliest human remains, in which the presence of Mtb  DNA 

was confirmed by PCR, were discovered in a Neolithic settlement 

in the Mediterranean and are about 9000 years old (Hershkovitz et 

al., 2008). These f indings pre-date the previous earl iest evidence 

of human tuberculosis by roughly 3000 years; researchers 

discovered molecular evidence of Mtb  in an ancient Egyptian 

mummy (Nerlich et al., 1997).   

Mtb  was f irst discovered to be the et iological agent of human TB in 

1882 by Robert Koch, who was then awarded the Nobel Prize in 

Medicine for his work. Koch developed a stain allowing 

visualisation of mycobacteria under a microscope and a procedure 

for cult ivat ion of Mtb  in vitro . Koch demonstrated the abil ity of Mtb 

culture, grown in vitro ,  to produce animal infections replicating the 

pathophysiology of the disease in humans (Murray, 2004), thus 

demonstrat ing for the f irst t ime that TB was a caused by Mtb 

bacil l i .   

 

1.2 GLOBAL BURDEN OF TB 

 
In recent years the WHO have announced TB as the second 

leading cause of death worldwide due to an infectious disease. The 

WHO has been dedicated to combating the ‘TB problem’, producing 

16 reports which provided a greater depth of knowledge regarding 

the global TB situation. The 2011 report emphasised the need and 

aim of the WHO to reduce the incidence rate of TB by the year 

2015 by 50%, however it also demonstrated that the total number 
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of the global population infected with TB has been fall ing since 

2006 (WHO, 2011). 

 

FIGURE 1: TB INCIDENCE RATES, ESTIMATED (2010) 

The above figure was adapted from Global tuberculosis control: WHO 
report 2011 and demonstrates the predicted incidence rates of TB 
worldwide in 2010 based on TB surveil lance data and expert 
opinion using Equation 1. 

 

These data (Figure 1) can then be compared to the estimated 

incidence of TB reported by the WHO in the recently published 

2012 TB report ,  shown in Figure 2 (WHO, 2012). Incidence is 

defined as the number of new and re lapse cases of TB within a 

year, by the WHO (WHO, 2011). There are no direct measurements 

of TB incidence, due to the large sample sizes required, and hence 

the WHO estimates incidence rates for the majority of countries 

based on a combination of TB surveil lance (l inked through health 

care systems) and expert opinion at regional workshops using the 

following equation:  

EQUATION 1: 
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Global TB report, 2011 and 2012 

 
 

FIGURE 2: TB INCIDENCE RATES, ESTIMATED (2011) 

The above f igure was adapted from the WHO’s Global TB report,  
2012. The data is based on TB surveil lance systems and expert 
opinion using Equation 1. 
 

 
From Figure 1 and Figure 2 it can be observed that certain areas 

which had no est imated TB incidence data in the WHO’s 2011 

report have since been investigated; for example Greenland now 

has a high (>300 TB cases per 100,000 population) incidence 

estimate. The countries previously investigated do not appear to 

have changed drastically from the prior report to the latest.  

However, the 2015 goal to halt and reverse the TB epidemic has 

now been achieved (WHO, 2012). From the TB incidence rates and 

the data included in the WHO’s annual TB reports the global 

burden of TB is shown to be highest in Asia and Africa, with India 

and China accounting for about 40% of all TB cases (WHO, 2012). 

1.2.1 THE EFFECT OF HIV  ON TB  PREVALENCE  
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Individuals l iving with HIV who are infected with TB are estimated 

to be 21-34 t imes more l ikely to develop act ive TB compared to 

HIV-negative people (WHO, 2011). In 2010 1.1 mil l ion people 

infected with TB were HIV-positive, this f igure remained the same 

in 2011 (WHO, 2012, WHO, 2011). Part of the Global Plan is to 

test all TB patients for HIV, whilst this is sti l l a work in progress 

there have been improvements, these highlighted in the 2011 WHO 

Global TB report,  with the greatest achievements in South Africa. 

In the most recent report the WHO state that globally, 40% of TB 

patients had a documented HIV test result. Of the HIV -posit ive TB 

patients, 80% l ive in Africa (WHO, 2012).  

 

FIGURE 3: ESTIMATED HIV PREVALENCE IN NEW TB CASES 

 
The f igure was adapted from WHO Global TB report,  2011 and 
shows the global percentage of HIV prevalence in new TB cases 
for all ages.  

 
The number of deaths due to TB is a useful indicator of the 

severity of HIV on TB epidemiology (Mukadi et al.,  2001). However, 

HIV-posit ive TB related deaths are diff icult to account for as they 

are documented as HIV deaths with contributory causes, which are 
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often unknown (WHO, 2011). The co-infected (HIV and TB) 

population in sub-Saharan Africa (estimated to 68% of the total 

number infected) are predicted to have a 30% life t ime risk of 

developing active tuberculosis (Mukadi et al., 2001, Dyer, 1992). 

Therefore the effect of HIV on TB epidemiology, and hence 

prevalence and control is  signif icant.  

1.3 CLINICAL SYMPTOMS 
 

The majority of tuberculosis infections present as pulmonary 

disease due to the progression of an init ial infection. It  has also 

been shown that infection with Mtb  in healthy individuals can lead 

to a latent tuberculosis infection (LTBI) that is asymptomatic and 

can remain so for l ife. If reactivat ion occurs this may also lead to 

pulmonary disease. Tuberculosis is spread through airborne 

droplet nuclei containing Mtb  which can remain airborne for hours 

(Frieden et al., 2003). Introduction of  these organisms into the 

lungs leads primari ly to respiratory infection.  

A persist ing cough is a common symptom of pulmonary TB, as the 

disease progresses sputum may be produced as a result of  

increased inf lammation and necrosis (Wejse et al., 2008). 

However, during early stages of active disease symptoms tend to 

be non-specif ic and can include fatigue, weight loss , night sweats 

and a mild fever (Knechel, 2009). If  the disease progresses and 

becomes extensive then shortness of breath may occur due to a 

reduced lung capacity (Knechel, 2009).  

Extra-pulmonary TB can occur as a result of dissemination of 

bacterial cells into the blood stream, leading to non -specif ic 

symptoms of weight loss and fatigue. Alternatively infection may 

occur in the central nervous system potentially leading to 

meningitis, most common symptoms as a result of this are 

headaches and changes in mental faculties (Yoon et al., 2004, 

Knechel, 2009). 



CHAPTER 1: INTRODUCTION 

 

7 

 

1.4 DIAGNOSTICS 
 

Historically diagnostics for TB have been somewhat cumbersome, 

time-consuming and insuff icient. Laboratory based culture 

methods, over several weeks, are currently the highest standard 

method of diagnosis (Storla et al., 2008). There have been recent 

advancements in rapid diagnostics for active, la tent and drug-

resistant Mtb ;  however, the accuracy, accessibil ity and cost of 

these remain to be determined fully. Ziehl -Neelsen stained sputum 

samples, examined by microscopy remains one of the most 

commonly used diagnostic tests for Mtb  due to the relative 

cheapness (McNerney et al., 2012). However, this is a poor 

standard diagnostic test, with severely l imited sensit ivity 

particularly within young children (Cuevas et al., 2012). A major 

fail ing of this technique however  is the inability to detect extra 

pulmonary TB (Cuevas et al., 2012). The use of the automated 

system: BACTEC™ MGIT™ has been developed to detect the 

growth of mycobacteria (Tortol i et al., 1999). 

The ability to determine drug-resistant TB infections would be 

extremely beneficial,  not only to provide the correct treatment for 

the individual but to prevent incorrect treatment ult imately 

increasing resistance and potential transmission (Zumla and 

Maeurer, 2012). Where capable, laboratories are able to increase 

the speed and accuracy of active TB diagnosis through rapid 

culture techniques, radiography, and nucleic acid amplif ication 

tests (NAATs) amongst other methods (Lawn and Zumla, 2011). 

Use of mult iple techniques and invasive biopsies increases 

sensit ivity, unfortunately most of these resources are not available 

in the countries which need them most (McNerney et al., 2012). 

A recent development in TB d iagnostics has been the introduction 

of a 1-day diagnosis, which means multiple samples are taken on a 

single day rather than having to take samples on mult iple visits to 

a cl inic (Cuevas et al., 2011). This makes sample collection a lot 
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simpler. Research into serological tests has provided several 

potential antibody-based methods, however  further studies have 

demonstrated an overal l poor sensit ivity and specif icit y (Steingart 

et al., 2007). Interferon-γ release assays (IGRAs) have existed for 

several years, detecting, via interferon-γ secreted in response to 

Mtb  antigens, the presence of past or present Mtb infection (Wallis 

et al., 2010).  

Two well-known commercial IGRA systems; QuantiFERON-TB Gold 

In-Tube assay (QFT-GIT) and T-SPOT.TB have been developed to 

detect interferon-γ after incubation with several Mtb  specif ic 

antigens such as: early secretory antigen target -6 (ESAT-6) and 

culture f i ltrate protein-10 (CFP-10) (Majlessi et al. , 2005, Sester et 

al., 2011). Despite vast interest, hype and numerous clinical 

studies these tests are unable to distinguish between latent and 

active TB (Cattamanchi et al., 2011). Therefore they are ult imately 

no more specif ic or useful than the tuberculin skin test (TST).  

NAATs were investigated as a means of distinguishing between 

active and latent TB. GeneXpert MTB/RIF is an automated platform 

which runs real t ime polymerase chain reaction experiments, 

producing results within 2 hours (Boehme et al.,  2010). This is also 

combined with the ability to determine sensitivity to Rifampicin 

(Boehme et al., 2010). Owing to multiple studies demonstrating 

false posit ive RIF resistance the WHO recommends using a second 

RIF resistance test alongside GeneXpert MTB/RIF (Blakemore et 

al., 2010).  

A urine-based dip-stick diagnostic test for Mtb  was developed, it  is 

rapid, cheap and detects LAM antigenuria providing posit ive or 

negative readings (Lawn and Zumla, 2011). Work has also been 

carried out into detecting mycobacteria in sputum by gas 

chromatography (O'Sullivan et al.,  2012). Current efforts are 

focused on development of robust and cheap techniques to 

diagnose TB in resource poor countries .  
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1.5 TUBERCULOSIS TREATMENT 
 

After discovery of the causative agent of TB, the next challenge 

was to f ind a treatment effective against Mtb . It  was another 40 

years before the work by Albert Schatz in the laboratory of Selman 

Waksman led to the isolation of streptomycin in 1944 (Waksman et 

al., 1945). Streptomycin is a bactericidal agent and its  mode of 

action was found to be inhibit ion of protein synthesis, however, it  

was not long before antibiotic resistance occurred (Shaila et al.,  

1973). In the following 20 years after  the f irst applicat ion of 

streptomycin as an anti -tuberculosis agent , a further four 

antimicrobials active against Mtb  were discovered, these st il l  

comprise the four leading anti -tuberculosis drugs used today.  

In 1952 both isoniazid (INZ) and pyrazinamide (PZA) were 

introduced for TB treatment;  isoniazid was actually synthesised 40 

years earl ier but its potential as an anti -tuberculosis agent was not 

realised (Bernstein et al., 1952). InhA, an 2-trans-enoyl-acyl 

carrier protein reductase, was identif ied as a potential target of 

INZ based on the homology of this protein to E. coli ’s EnvM protein 

(which plays a role in fatty acid biosynthesis)  (Banerjee et al., 

1994). It  was hypothesised that this enzyme might  be involved in 

mycolic acid biosynthesis and it was later confirmed by Jacob’s 

group (Vilcheze et al., 2000), who demonstrated that this protein 

belongs to the fatty acid synthetase II (FAS -II) system in Mtb  

(Marrakchi et al., 2000, Vilcheze et al., 2000). Inactivation of this 

enzyme resulted in cell lysis and accumulation of saturated fatty 

acids consistent with the f indings from INH treated cells  (Vilcheze 

et al., 2000). 

Isoniazid therefore affects synthesis of mycolic acids , core 

components of  the mycobacterial cel l wall thus inhibit ing growth  

and result ing in cel l lysis, hence INZ is highly eff icient in kil l ing of 

mycobacteria (Takayama et al., 1972). INZ is a prodrug and is 

activated by a catalase peroxidase (KatG) (Metcalfe et al., 2008, 
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Zhang et al., 1992). Resistance can occur by increased expression 

of InhA or through mutations which reduce aff inity for NADH, as 

well as mutations in KatG or defects in NADH dehydrogenase 

(Miesel et al., 1998). 

Pyrazinamide which was also discovered in 1952 was originally 

thought to disrupt the plasma membrane and energy metabolism in 

Mtb (Zhang et al., 2003). Pyrazinamide (PZA) is a pro-drug and its 

active constituent (pyrazinoic acid; POA) has been shown to be  

more effective on slower or non-replicat ing bacil l i  (Shi et al.,  

2011). A recently published art icle identif ied a ribosomal protein 

S1 (RpsA) as a target of POA. RpsA is involved in trans-

translation; which is believed to be dispensable in act ively growing 

bacteria but vital for non-replicat ing bacill i under stressful 

conditions (Shi et al.,  2011, Keiler, 2008). This may therefore 

explain PZA’s effectiveness on slower replicating organisms. PZA, 

in combination with INH and Rif ult imately reduces the treatment 

t ime for TB.  

Two other front l ine drugs, e thambutol (EMB) and rifampicin (RIF) 

were discovered in 1961 and 1966, respectivel y. Rifampicin, a 

derivative of r ifamycin B, prevents transcription of bacterial DNA to 

RNA by inhibit ion of the RNA polymerase (Levin and Hatfull, 1993). 

Rifampicin specif ically targets the β -subunit of RNA polymerase 

(rpoB) and has a high bactericidal activity against replicating and 

non-replicating Mtb bacil l i  (Telenti et al., 1993).  Ethambutol 

inhibits growth of replicat ing mycobacteria and was found to target 

and inhibit  arabinosyltransferase EmbC and thus the biosynthesis 

of arabinogalactan (Goude et al., 2009, Takayama and Kilburn, 

1989). The four drugs (ethambutol, pyrazinamide, r ifampicin and 

isoniazid) are included in standard anti-tuberculosis drug regimen, 

worldwide. 

Several novel antimicrobial agents active against mycobacteria 

have been recently discovered,  including benzothiazinones (BTZ) 
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and dinitrobenzamide (DNB) derivatives  (Ribeiro et al., 2011). 

BTZs have been shown to target DprE1 protein which is involved in 

arabinose synthesis (Makarov et al.,  2009) and DNBs have been 

found to block the same pathway, resistance occurs through 

mutations within DprE1 in both cases and recent studies indicate 

DNBs may target DprE1 as well (Ribeiro et al., 2011). TMC207, a 

diarylquinoline compound and the f irst compound in novel class of 

anti-tuberculosis drugs targets bacterial ATP synthase and has 

bactericidal and steri l ising activity (Matteell i et al., 2010, Andries 

et al., 2005). Mutations within mycobacterial ATP synthase have 

been shown to cause resistance to TMC207 in mycobacteria 

(Segala et al., 2012, Andries et al., 2005).  

According to the latest WHO anti -tuberculosis treatment guidelines 

the two most frequently prescribed regimens are either a 

combination of  EMB, RIF and INZ or the same with the addition of 

PZA. The course for this antimicrobial  treatment is usually 6 

months long with a variat ion of the drugs prescribed depending o n 

the stage of treatment. For example, in the early stage of treatment 

all  four drugs wil l be implemented to maximise el imination of 

bacteria, whilst during the f inal four months only Rif and INZ are 

prescribed to el iminate non-replicat ing bacteria which may persist 

within the patient (WHO, 2009).  Of course the effectiveness of  the 

treatment may dif fer depending on the stage of the infection, the 

strain of bacteria, the health of the host, and how strict ly the 

course has been followed.  
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FIGURE 4:  SITE OF ACTION OF THE FOUR PRIMARY ANTI-TUBERCULOSIS 

DRUGS  

The four major f irst -l ine anti-tuberculosis drugs are depicted, 
indicating their specif ic site of action.  
 

1.6 EMERGENCE OF DRUG RESISTANCE 
 

Drug resistance in M. tuberculosis is the direct result of 

chromosomal mutat ions which, in a cl inical environment,  arise as a 

consequence of poor drug adherence, inaccurate prescriptions and 

select ion pressure due to drug supply (Zhang and Yew, 2009). 

Drug tolerance, or delayed bacterial kil l ing, has been demonstrated 

in vitro for EMB, INH and RIF with increased tolerance observed 

after prolonged exposure and it is believed to be associated with 

dormant or non-replicating bacteria (Wallis et al., 1999). However, 

recent f indings by Wakamoto and colleagues challenge this by 

showing that INZ tolerance depended on the catalase expression in 

growing cells rather than on the physiological state of 

mycobacteria (Wakamoto et al., 2013).  Mult iple drug resistance 

pumps (including Rv0342 and Rv1258) were also  found to 

participate in the development of drug tolerance to INH and EMB 

(Colangeli et al., 2005, Adams et al., 2011). 
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TABLE 1: DRUG-RESISTANT TB CLASSIFICATIONS 

State of 

Resistance 

Definit ion 

Mono-
resistance 

Strains resistant to one  of f ive 
f irst- l ine drugs 

Poly-resistance Strains resistant to two or more  
but not both INZ and Rif  

Multidrug-
resistant (MDR) 

Strains resistant to both  INZ 
and Rif  

Extensively 
drug-resistant 
(XDR) 

Strains resistant to both  INZ 
and Rif, a f luoroquinolone and 
at least one  second-line 
injectable drug 

 

*Table adapted from previously published work (Chan et al., 2009)  

The two major and most commonly referenced forms of drug -

resistant Mtb are MDR and XDR. Resistance can also be defined 

as primary or acquired; primary resistance referring to infection 

with a resistant strain of Mtb whereas the term acquired indicates 

that the patient has been receiving drug treatment and hence 

‘acquired’ resistance (Jassal and Bishai,  2009). This has since 

been redefined to resistance either among new cases or previously 

treated cases as several cases, in which treatment had previously 

been administered were shown to be a result of transmission of a 

drug-resistant strain (Van Rie et al., 2000, Jassal and Bishai,  

2009). The molecular mechanisms for most forms of drug 

resistance have been determined. 

As outlined in Table 1; MDR-TB wil l require treatment with second -

line drugs in order to eliminate resistant bacteria, whilst XDR -TB 

will rely on less potent second-line drugs due to resistance, 

potential ly wi th severe side effects (such as hearing loss), 

prolonged treatment and reduced effectiveness (Seddon et al.,  

2012, Chan et al.,  2009). In 2011 there were 310,000 estimated 

cases of MDR-TB among pulmonary TB patients; 60% of these 

cases were found within China, India and the Russian Federation 
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(WHO, 2012). An average proport ion of 9% of all MDR-TB cases 

were found to contain XDR-TB, and XDR-TB has been identif ied in 

84 countries so far (WHO, 2012). The emergence of drug-resistant 

Mtb  has been well known since the introduction of s treptomycin 

(Zhang and Yew, 2009). The modern drug regiment therefore 

implements a combination of anti -tuberculosis drugs for a long 

period of t ime. However, as discussed above, there is an 

increasing populat ion of MDR and XDR-TB which can no longer be 

treated with the standard f irst-l ine drug treatment. Hence there is a 

current demand for new anti -tuberculosis drugs.  

1.7 PATHOPHYSIOLOGY 
 

Tuberculosis is spread through airborne droplet nuclei with particle 

diameters of 1-5µm containing Mtb  which can remain airborne for 

hours (Frieden et al., 2003). Once bacteria have entered the distal 

airways they come into contact with alveolar macrophages, the cell  

wall component l ipoarabinomannan (LAM) interacts with 

macrophage receptors including the mannose receptor and 

complement receptor 3 (Nicod, 2007, Welin et al.,  2008). LAM is a 

key virulence factor for Mtb and can inhibit phagosomal maturation 

through the incorporation of mannose capped LAM from Mtb into 

the macrophage cell membrane and by preventing the recruitment 

of endosomal tethering molecule, EEA1 (Welin et al., 2008, Vergne 

et al., 2003). Blocking of phagosomal maturation into 

phagolysosome is essential for Mtb replicat ion and survival in 

macrophages (Vergne et al., 2003). 

The complement system is important for phagocytosis of 

mycobacteria, protein C3 binds to the cell wall and promotes 

mycobacterial recognition (Ferguson et al., 2004). Phagocytosis 

then leads to a cascade of events ult imately determining whether 

the infection is control led or active tuberculosis is established 

(Frieden et al., 2003). During this t ime proteolyt ic enzymes and 

cytokines, produced by macrophages, attempt bacterial 
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degradation. Cytokines result in the attraction of T -cell  

lymphocytes which interact further with macrophages due to the 

presence of antigens on their surfaces, this stage can last between 

2 and 12 weeks (van Crevel et al., 2002). At this stage the 

infection can be identif ied via a skin test.  

The next stage of Mtb infection is formation of granulomas as a 

result of an accumulation of activated T -cell lymphocytes and 

macrophages and thus generation of a microenvironment, in which 

an early necrotic lesion forms (Frieden et al.,  2003, Nicod, 2007). 

Mycobacteria have the ability to adapt to, and survive  in this 

environment, result ing in caseous necrosis; with characteristical ly 

low pH, low O2 and low nutrient availabil ity (Dheda et al.,  2005). At 

this stage lesions can become calcif ied as a result of the immune 

response, however, if  the immune system is less effective this will  

progress to active primary tuberculosis (Dheda et al., 2005). If  the 

infected individual is immune compromised then this lesion can 

become liquefied and leach into blood or lymphatic systems. 

Patients infected with M. tuberculosis  may then expectorate 

droplets, containing tuberculosis bacteria which can be transmitted 

to individuals in close contact; thus propagating the dis ease 

(Richeldi et al., 2004). 

Clinical ly, infection with Mtb  on an individual basis can progress 

slight ly dif ferently as a result of host interactions and str ain 

variation, amongst other variables. A possible outcome of infection 

can be harbouring a populat ion of ‘dormant’ bacil l i ,  a state 

believed to be associated with  latent TB. Although they do not 

pose a risk of transmitting the disease whilst the bacteria are in 

this state, these individuals are at risk of reactivation and  

development of  active disease at a later stage (WHO, 2011). 

The cytokine and chemokine signals in Mtb  infection are crit ically 

important in protective immunity; it  is the organisation of T -

lymphocyte sensitisation and monocyte attraction that determines 
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the outcome of infection (Jo et al.,  2003). Interferon-γ has been 

shown through ex vivo  studies, as well as through mutational work 

to be important; a mutation in receptor 1 caused severe 

mycobacterial infection (Jouanguy et al.,  1996). The cytokines: 

Tumour necrosis factor α (TNF -α) and multiple interleukins have 

been highlighted as potentially important for control of tuberculosis 

infection, with Interferon-γ playing a crucial role in TNF -α secret ion 

by macrophages and hence granuloma formation (Frieden et al., 

2003). 

1.8 MYCOBACTERIA 
 

Mycobacteria are aerobic, unicel lular rods and generally classif ied 

as Gram-posit ive due to their cel l wall composit ion but are often 

referred to as acid fast bacil l i due to their staining abil it ies (M. 

Madigan, 2009). A high C-G content is another characteristic 

feature of mycobacteria, and they are known to contain unique 

lipids called mycolic acids providing the bacteria w i th a ‘waxy’ coat 

and result ing in their acid -fastness (M. Madigan, 2009). Acid-fast 

Ziehl-Neelsen stain comprises a mixture of a dye (fuchsin e) and 

phenol used to penetrate the l ipids which are then decolourised 

with an acid-alcohol solution followed by a counter s tain used for 

visualisation (M. Madigan, 2009). Mycolic acids are a group of long 

chain, branched fatty acids that are attached to peptidoglycan of 

the mycobacterial cell wall (Brennan and Nikaido, 1995). 

Mycobacteria tend to undergo f i lamentous growth but can become 

fragmented into rods/coccoid forms. Based on their growth 

characteristics, mycobacteria can be divided into two groups: fast 

or slow growers (M. Madigan, 2009). Mtb is classed as a slow 

grower, taking weeks for  development of visible colonies on agar. 

The slow growth of Mtb  led to increased usage of Mycobacterium 

smegmatis  as a model organism for research , an example being 

research into resuscitat ion of non-culturable cells (Shleeva et al.,  

2004). The morphology of the colonies when visible could be 
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described as ‘wrinkled’,  a potential effect of high lipid content, w i th 

a tendency to clump due to the hydrophobicity of the cell  (M. 

Madigan, 2009). Mtb  resistance to chemicals is  used for isolat ion 

from patient sputum.  

1.8.1 MTBC 

 

Mtb belongs to the Mycobacterium tuberculosis complex (MTBC), 

which consists of the additional following bacteria: Mycobacterium 

africanum and Mycobacterium canetti i (human pathogens), 

Mycobacterium bovis (bovine), Mycobacterium caprae (goats),  

Mycobacterium pinnipedii  (seals) and Mycobacterium microt i  

(rodents) (Homolka et al. , 2010). It is well known that al l  members 

of this group have signif icantly similar genomic sequences (greater 

than 99.95%), however, this genomic similarity is not ref lected in 

clinical outcomes (Achtman, 2008). There is ever increasing 

evidence to demonstrate that strain variat ion has signif icant impact 

on infection, specif ical ly virulence (Firmani and Riley, 2002, 

Palanisamy et al. , 2009). M. bovis has a wide spectrum of hosts for 

infection, including humans (Brosch et al.,  2002). It  was originally 

hypothesised that Mtb  evolved from M. bovis, however, this was 

prior to full genome sequencing of Mtb  (Stead et al., 1995).  

Subsequent hybridisat ion assays identif ied multiple regions, of 

varying size absent from M. bovis  yet present within Mtb  H37Rv 

(Gordon et al., 1999). This was the f irst step in understanding the 

phylogenetic history of Mtb , which is sti l l  not fu l ly known. No 

unique genomic sequence within M. bovis was consistently found 

to be absent within Mtb  (Gordon et al. ,  2001). Using a combination 

of spoligotyping, single-nucleotide polymorphisms (SNP) and 

through the generation of bacterial artif icial chromosome libraries 

the ancestry and evolution of MTBC has been investigated (Gordon 

et al., 1999, Mostowy et al., 2002). Spoligotyping is a commonly 

used PCR based hybridisat ion assay to examine genetic diversity 

(Brudey et al. , 2006). 
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FIGURE 5:  HYPOTHETICAL PHYLOGENY OF MTBC 

The above f igure is adapted from previous work (Brosch et al.,  
2002, Smith et al., 2009, Mostowy et al., 2002). Hypothetical 
phylogeny of MTBC was based on loss of genomic regions, classed 
as deleted regions and sequence polymorphisms. Delet ions 
accumulate in both vertical and horizontal directions, increasing 
from top to bottom and left to right. Isolates of M. africanum could 
not be classif ied within a single group due to inconsistent 
deletions.  

 
Genomic delet ions have been shown to poten tially represent 

genetic events; in combination with SNP analysis, studies  using 

isolates from varying geographic locations and obtained from a  

variety of hosts, compared deleted regions to investigate MTBC 

phylogeny (as shown in Figure 5) (Mostowy et al.,  2002, Kato-

Maeda et al., 2001). It was therefore concluded that Mtb did not 

evolve from M. bovis , but that an M. africanumM. bovis l ineage 

diverged from a progenitor of a modern day M. tuberculosis  strain 

(Brosch et al., 2002). Due to a lack of the deletions both Mtb and 

M. canett i i  appear to resemble the original TB ancestor most 

closely, and hence this pathogen may have a lready been adapted 

to infection in humans (Brosch et al., 2002). 

1.8.2 NON-TUBERCULOSIS MYCOBACTERIA  
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Non-tuberculosis mycobacteria (NTM) consist of one hundred 

mycobacteria which are not members of MTBC and are not M. 

leprae  (Grif f ith et al., 2007, Wu. S.T, 2009, Ventura et al., 2007). A 

large proport ion are pathogens and can be divided into four groups 

according to the Runyon system (Wu. S.T, 2009). This system 

classif ies bacteria based on the following criteria: rate of growth, 

colony morphology and pigmentation (Koh et al., 2002). Groups I, 

II and III within this classif ication system are termed ‘slow growers’ 

these are then subdivided; I: photochromogens (light dependant 

pigment producers), I I: scotochromogens (pigment producers in 

absence of l ight) and III:  nonchromogens whilst group IV are fast 

growing organisms (Wu. S.T, 2009).  

These bacteria are ubiquitous within the natural env ironment, and 

while no evidence of transmission between humans has been found 

the symptoms associated with infection may appear, clinically, 

similar to that of TB and therefore classif icat ion is important 

(Tabarsi et al., 2009, Koh et al., 2002). There is, however, 

evidence for animal to human transmission and if  incorrectly 

diagnosed as TB then treatment will mos t l ikely fail  to eradicate the 

infection as numerous NTM are resistant to antimicrobial 

treatments including f irst -l ine anti- tuberculosis drugs and β -

lactams (Tabarsi et al., 2009, Utrup et al., 1995).  

Some of the NTM most commonly causing human infection are 

listed below, in Table 2. However, due to the latest advancements, 

including the use of DNA probes and microarrays allowing large 

scale analysis, these classif ications are becoming less and less 

important (Ventura et al.,  2007). Due to the poor response of NTM 

to the f irst- l ine anti-tuberculosis drugs many NTM infections may 

be diagnosed as MDR-TB. A recent study found that 11.43% of the 

patients referred as MDR-TB were in fact NTM infections (Tabarsi 

et al.,  2009). It  is therefore of  high clinical signif icance to identify 

the causative agent of infection in  patients with TB symptoms. 
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TABLE 2: CLASSIFICATION OF NON-TUBERCULOSIS MYCOBACTERIA 

COMMONLY INFECTING HUMANS  

  Non-Tuberculosis Mycobacteria  

Slow Growing Group I  M. kansasii  

M. marinum 

Group II  M. gordonae 

M. scrofulaceum 

Group 

III 

M. avium complex ; M. avium and M, 

intracellulare 

M. terrae complex ;  M. ulcerans and M. 

xenopi 

Rapidly 

Growing 

Group 

IV 

M. fortuitum  

M. chelonae 

M. abscessus 

 

*Adapted from previously published work (Koh et al., 2002). 

 

1.8.3 CELL W ALL ARCHITECTURE  

 

Gram-positive cell walls consist of peptidoglycan, polysaccharides 

and many other components such as teichoic acids, while lacki ng 

the characterist ic outer membrane belonging to Gram -negative 

bacteria (Salton, 1964).  Gram-posit ive bacteria also have a higher 

peptidoglycan content and lack l ipopolysaccharide (LPS) (Salton, 

1964). However, while mycobacteria are generally considered as 

Gram-posit ive bacteria, their cell  wall has some important 

dif ferences, including the high l ipid content and very low 

permeabil ity.  
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An asymmetric l ipid bilayer model, proposed by Minnikin in the 

1980’s  has recently been supported by structural data using NMR 

and X-ray dif fraction techniques (Hong and Hopfinger, 2004b, Hong 

and Hopfinger, 2004a). Mycolic acids, present within mycobacteria, 

affect the cells  permeability, due to their long branched 

hydrocarbon chains, of which the meso  chain can be 40-60 carbon 

atoms long (Jarlier and Nika ido, 1994, Hong and Hopfinger, 

2004b). The perpendicular posit ion, length and hydrophobicity of 

these structures have been shown to form a tight ly packed layer 

covalently l inked via ester bonds to arabino galactan (AG) with the 

average distance between mycolic acids around 7.3 Å (Hong and 

Hopfinger, 2004a). Mycolic acids are commonly found in the 

following act inobacteria: Tsukamurella  species, Rhodococcus  

species, Corynebacterium  species, Gordonia  and Nocardia  species 

amongst a few others (Onaka et a l., 2011). 

Based upon GC-MS data, structural information has been obtained 

regarding AG, which exists within the cell wall in the furanose form 

and is attached to peptidoglycan through a disaccharide phosphate 

linker. Attached to two thirds of the terminal hexa-

arabinofuranosides, in clusters of four and attached through 1 -5 

bonds are the mycolic acids (Brennan and Nikaido, 1995). AG is a 

polymer consist ing of arabinofuranose and galactofuranose, with 

galactan being made up of a l inear chain of approximately 30 

alternating 5 or 6 l inked β -D-galactofuranose units.  

Attached at carbon-5 of these units are arabinan chains that are 

made up from 5- l inked α-D-arabinofuranose units that can be 

branched at positions 2 or 3 (McNeil et al., 1990). Together these 

components form the mycolyl -arabinogalactan-peptidoglycan 

complex (mAGPc) creating an effective permeabil ity barrier and 

aiding drug resistance, a schematic of which is shown in Figure 6. 
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FIGURE 6: SCHEMATIC OF MAGPC WITHIN THE MYCOBACTERIAL CELL WALL 

The above f igure depicts a schematic representat ion of the most 
widely accepted structural orientat ion of the mycobacterial cel l 
wall. This f igure was adapted from previously published work 
(Crick et al., 2001). 

 

1.8.3.1 MYCOBACTERIAL PG  AND NAMH 

 

Mtb has A1γ type peptidoglycan architecture, the same 

classif icat ion as Escherichia coli (Schleifer and Kandler, 1972, Li  

et al.,  1998). The peptidoglycan (PG) of most bacteria consists of 

the repeating disaccharide unit: N-Acetyl-Glucosamine-β1-4-N-

Acetyl-Muramic acid (NAG-NAM:) (Dover et al., 2007). These PG 

saccharides form repeating units creating long polysaccharide 

chains; these chains are cross-l inked by peptide stems which vary 

in amino acid content between species and types of bacteria. 

Mycobacteria tend to have a pentapeptide stem consisting of: L -

Alanine (Ala) attached to the lactyl acid moiety of NAM which is 

then followed by D-isoglutamic acid (D-Glu), meso-diaminopimelic 

acid (mDAP), D-Alanine and f inally a terminal D-Alanine (as shown 

in Figure 7 and Figure 9). The terminal D-Ala may be lost when 

adjacent polysaccharide chains form peptide cross links via mDAP 

and D-Ala of two opposing peptide stems (Blackburn and Clarke, 

2000). 
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Mycobacterial peptidoglycan is characterised by several 

modif ications. One of these modif ications takes place at the N-

acetyl group of NAM as a result of an N-Ac-Muramic hydroxylase 

(NamH), result ing in an N-glycolylated group, as depicted in Figure 

7 (Mahapatra et al. , 2005, Raymond et al., 2005). This modif ication 

is found in all mycobacteria, excluding M. leprae  which contains a 

namH pseudogene and therefore does not produce NGM 

(Mahapatra et al., 2008). 

Another modif ication of the mycobacterial PG is the pre sence of 

peptide cross links in a 3-3 posit ion, rather than the more common 

4-3 cross link, produced by L-D transpeptidases (Lavollay et al. , 

2008, Gupta et al., 2010a). Mycobacterial PG can also be amidated 

at the carboxylic acid group on both mDAP and D-Glu on the 

peptide stem (Mahapatra et al., 2008). In M. leprae the L-Ala 

residues are substituted with glycine as is true for other types of 

bacteria and the peptide cross links may also contain glycine 

linkers (usually penta-glycine in E. coli) (Draper et al., 1987).   

NamH belongs to a family of Rieske type monooxygenases, 

util is ing a co-factor (such as NADPH) for the transfer of an oxygen 

group. Glycolylation of muramic acid by NamH is believed to result  

in insensit ivity to lysozyme and potential ly other lytic enzymes 

(Amano and Will iams, 1983, Lavollay et al., 2008). Glycolylat ion of 

the muramyl peptidoglycan precursors and incorporation into 

mature peptidoglycan has only been identif ied in actinobacteria, 

such as mycobacteria,  Nocardia kirovani and Micromonospora  

(Schleifer and Kandler, 1972, Hett and Rubin, 2008).  

Generation of a namH knockout mutant in M. smegmatis by M. 

Pavelka’s group demonstrated an increased sensit ivity to 

antibiot ics and lysozyme, this was enhanced during growth in r ich 

medium (Raymond et al., 2005). This increased sensitivity was 

also enhanced when the cells reach stationary phase and the 

authors suggest that glycolylation may be a survival technique and 
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mechanism to prevent cel l lysis and death  (Raymond et al., 2005). 

It has recently been shown that N-glycolyl-muramyl-dipeptide 

resulted in signif icantly increased recognition of NOD2 mediated 

TNF secretion in mice compared to its non-glycolylated 

counterparts (Coulombe et al., 2009). These f indings highlight the 

importance of glycolylat ion for mycobacterial adaptation in vitro 

and in vivo .  

 

FIGURE 7: SCHEMATIC OF NAMH GLYCOLYLATION OF PG PRECURSORS 

A schematic representing NamH activity at UDP-NAM PG 
precursors is depicted. The above schematic was created using 
ChemBioDraw. 

 

The namH  gene consists of 1,551 nucleotides and encodes a 

protein of 516 amino acid residues with a molecular mass of 

57,615 Da (Reddy et al., 2009). As discussed earl ier, NamH is a 

Rieske type monooxygense enzyme, containing a 2Fe -2S domain 

and is primari ly found in certain aerobic Actinomycetes (Coulombe 

et al., 2009). There has been l itt le characterisation of this protein, 

however, studies investigating other Rieske type monooxygenases 

with the same catalytic domain have been carried out.  

Monooxygenases catalyse the incorporation of one oxygen atom 

into the substrate, in Rieske type monooxygenases this is 

facil itated by Fe ions (Fe3+/Fe2+) and other cofactors. One of the 

Fe ions is usually in coordination with two histidine residues and 

the other Fe ion, with two cysteine residues (D'Ordine et al., 2009) 
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a f lat rhombic cluster is then formed by two sulphide bridges 

between the two sulphur ions and iron ions (D'Ordine et al., 2009). 

In order to act ivate O2 molecules by reducing agents, cofactors (for 

example NAD(P)H) are often required to enable protein 

interactions and thus allow this process (D'Ordine et al., 2009). 

The Rieske domain receives electrons from a reductase and/or a 

ferredoxin and can then drive the reduction of O 2,  as shown in 

Figure 8 (Lipscomb and Hoffman, 2005, D'Ordine et al., 2009). 

Hence they are made up of either 2 or 3 component systems 

(Ferraro et al., 2005). 

 

FIGURE 8: AN ADAPTED SCHEMATIC DEPICTING ELECTRON TRANSFER IN 

A THREE COMPONENT R IESKE OXYGENASE SYSTEM  

Schematic showing electron transfer in a three component Rieske 

oxygenase system adapted from (Ferraro et al. , 2005). Numbers 

indicate the reaction progress from reductase to oxygenase and 

the electron transfer, where X is the substrate in question.  

 

The gene downstream of namH in Mtb  (Rv3819), which is within 

the same operon, overlaps with namH by 3 base pairs; this led to 
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the postulation that this could encode for a protein potentially 

important for NamH activity. Using NCBI online freeware, sequence 

similarity searches using the sequence data for Rv3819 were 

carried out. Results with the highest hits  were either orthologues 

within other mycobacterial species or hypothetical proteins, 

however, a hit with a 32% sequence identity, was a NADH 

dehydrogenase subunit from Rhodothermus marinus  DSM 4252. 

This protein is involved in shutt l ing electrons from NADH to Fe-S 

centres, hence Rv3819, by extension may be involved in electron 

transfer for the enzymatic activity of NamH. In M. smegmatis  the 

namH ortholog  also overlaps with the downstream gene 

(MSMEG_6411) by 3 base pairs and this gene encodes a protein 

with roughly 70% similarity to Rv3819 in Mtb. This is also the case 

in M. bovis. In M. leprae this gene (ml0084c) is annotated as a 

pseudogene, as is the ortholog of namH (ml0085c); although there 

is no overlap between the two genes.  

Expression and regulation data for namH (available from TBDB 

(Boshoff et al., 2004, Reddy et al., 2009) demonstrated that 

treatment with s-nitrosoglutathione and chlorpromazine stimulated 

namH expression whilst tr iclosan and benzamide both resulted in 

decreased levels of expression. Further studies comparing 

expression prof i les of null mutants compared to WT H37Rv showed 

decreased expression of namH in a ∆s igE mutant when grown in 

7H9 medium or during macrophage infection  and another study 

using an aprC mutant strain showed decreased namH expression 

compared to wild type under standard growth conditions (Fontan et  

al., 2008, Abramovitch et al., 2011). TBDB indicates Rv0081 (a 

transcription regulator) and Rv0767c (a hypothetical protein) as 

probable regulators of rv3818, as determined by ChIP sequencing 

experiments (Reddy et al.,  2009). 

As demonstrated by Figure 7, the addit ion of a hydroxyl group to the 

muramic acid residue which results in altered structural 

interactions as well as 3D conformations has been hypothesised to 
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be the cause of lysozyme resistance in mycobacteria, due to 

increased hydrogen bonding (Gupta et al., 2010a). It has also been 

suggested to be important for the activity of Rpf (a mu ralyt ic 

enzyme) in mycobacteria. However, based on protein sequence 

searches, using the online NCBI blast system, as well as published 

peptidoglycan analyses, Micrococcus luteus (the organism in which 

the f irst Rpf was identif ied) does not contain a namH homologue or 

glycolylated PG (Schleifer and Kandler, 1972, Hett and Rubin, 

2008, Young et al.,  2010).  

As mentioned previously peptide cross links may form between 

adjacent mDAP residues (in a 3-3 orientation), as a result of two L , 

D-transpeptidases found in Mtb ; LdtMt1 (Rv0116c) and LdtMt2  

(Rv2518c)  (Lavollay et al., 2008, Gupta et al., 2010a). Despite 

having a functional homologue, Ldt Mt2  (Rv2518c) has been shown 

to be important for virulence and drug resistance (Gupta et al.,  

2010a).  

The percentage of peptide cross-l inking in mycobacteria verses 

bacteria such as E. coli is massively increased from about 30% (in 

E. coli) to ~80% (in Mtb), providing stabil ity and resi l ience to the 

cell  (Matsuhashi, 1966). The bond l inkages dif fer also, in E. coli  

they are predominantly 4 to 3 whereas in mycobacteria the 

percentage of 3 to 3 cross l inks increases upon entrance into 

stationary phase, reaching about 80% (Gupta et al., 2010a, 

Lavollay et al.,  2008). Both of these structural features are thought 

to result in antimicrobial resistance as well as decreased lysozyme 

sensit ivity.  
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FIGURE 9: STRUCTURE OF NAG-NAM-PENTAPEPTIDE 

A schematic of NAM-NAG with Ala-D-Glu-mDAP-Ala-Ala 

pentapeptide attached via NAM lactyl moiety i s shown. This was 

created using ChemBioDraw. 

 

1.9 LATENT TUBERCULOSIS INFECTION AND NON-REPLICATING 

PERSISTENCE  
 

 

As previously discussed a possible outcome of infection with Mtb is 

the abil ity of the host immune response to control the infection, 

leaving a populat ion of cells which are sti l l viable and may result  in 

active TB in the future (Parrish, Dick et al. 1998; Grange, Brunet et 

al. 2011). It has also been disputed whether the levels of post -

primary TB infections and hence LTBI actually ref lect latent TB or 

if  it is simply a matter of re-infection (Cardona and Ruiz-Manzano, 

2004). Clinical evidence of latency primari ly stems from TST data 

which demonstrates the long time frame between infection with Mtb 
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and disease establishment, as well as a means of testing for LTBI 

(Kleinert et al.,  2012, Lawn et al.,  2011). Due to the lack of 

evidence to support the presence of viable Mtb bacil l i  in individuals 

harbouring LTBI, the current hypothesis as to the formation of LTBI 

is due to a population of dormant or non-replicating cells (NRP).  

The f irst evidence to support the presence of dormant bacteria was 

found upon the introduction of antimic robial chemotherapy through 

the surgical removal of pulmonary lesions from smear negative 

patients. These lesions demonstrated both non-viable (but 

microscopically detectable) and viable cells (from ~20% of patient 

samples) from lesions ‘blocked’ (a dense, anaerobic environment) 

for up-to several years (Wayne and Hayes, 1996, Wayne and 

Sohaskey, 2001). This aided the hypothesis of a population of NRP 

cells within the host due to immune response, which upon 

cult ivation were found to be both viable and non-viable.  

Mtb  bacil l i have been shown to be able to adapt to stressful 

conditions occurring at sites of host defence, by reducing their  

metabolic act ivity and transit ioning to a dormant state, often 

referred to as non-replicating persistence (NRP). Dormancy 

enables mycobacteria to survive stresses  and reduces init iat ion of 

the immune response (Cardona and Ruiz-Manzano, 2004, Barry et 

al., 2009). Hence dormancy is defined as: ‘a reversible state of low 

metabolic act ivity in which cells can exist for extended periods 

without division’ (Kaprelyants et al., 1993).  

When environmental conditions are favourable for growth , 

resuscitat ion of bacil l i can occur and the t ime period before this 

resuscitat ion can vary greatly (Kaprelyants et al., 1993).  Dormant 

bacil l i  associated with latent infection have been shown to be less 

susceptible to antimicrobial treatment due to physiological changes 

and therefore are of clinical signif icance in the eradication of TB  

(Zhang, 2004).In recent years there has been an increase in 

research into bacterial gene expression upon entry to dormancy 
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within in vitro models, using laboratory strains as well as sputum 

samples. This has led to the discovery of several important 

mechanisms required for  long term survival, whilst it  has also 

shown discrepancies between expression levels in cultured versus 

sputum obtained Mtb  and currently leaves many questions 

unanswered (Dahl et al., 2003, Deb et al., 2009). 

1.9.1 IN V ITRO AND IN V IVO DORMANCY MODELS  

 

Several in vitro models of dormancy have been developed . 

Examples include non-replicat ing persistence under 

microaerophil ic conditions (Wayne and Sohaskey, 2001), starvation 

in PBS (Betts et al., 2002), incubation in prolonged stationary 

phase (Shleeva et al.,  2002, Smeulders et al.,  1999), the Hu-

Coates high dose RIF model (Hu et al., 2000) and a multiple stress 

model (Deb et al., 2009). A recent publicat ion using Mycobacterium 

tuberculosis 18b, a Streptomycin (STR)-dependent mutant, 

demonstrated that when grown in the absence of STR bacill i  

entered a viable but non-culturable state. In vitro  experiments were 

then performed using approved and experimental tuberculosis 

drugs, several of which were found to be active (Zhang et al.,  

2012). Common features of NRP mycobacteria are the loss of acid-

fastness, phenotypic drug resistance and a reduced level of ATP or 

metabolism (Deb et al., 2009, Betts et al., 2002, Wayne and 

Hayes, 1996, Gengenbacher and Kaufmann, 2012).  

Dormant mycobacteria are believed to be more dif f icult to 

eradicate, therefore using in vitro and in vivo dormancy models to 

further understand this phenomenon may lead to progress in the 

eradication of dormant cells.  Wayne used Mtb  cells grown in 

microaerophilic conditions, as a means of inducing non -replicating 

persisters and found an init ial 10-fold increase in glyoxylate 

synthesis, most l ikely for required for the regeneration of NAD 

necessary for replication before oxygen l imitation prevented further 

growth (Wayne and Lin, 1982). In a later study examining hypoxia 
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the group found two stages of non-replicat ing persistence (NRP). 

Stage 1 was found to occur rapidly when the reducing level of  

dissolved O2 reached ~1% saturation, when the dissolved 

concentrat ion reached 0.06% saturation the bacill i entered an 

anaerobic state, which they designated NRP 2 (Wayne and Hayes, 

1996). In this model respirat ion fell  upon entry into NRP 2 as did 

growth rate, however, cultures demonstrated spontaneous 

resuscitat ion when reintroduced into favourable growth conditions 

(Wayne and Hayes, 1996). 

A recent mult iple stress model for the production of dormant Mtb  

bacil l i using the fol lowing conditions: low oxygen (5%), high CO 2 

(10%), nutrient starvation and acidic pH (5.0), found that Mtb  lost 

culturability and acid fastness, accumulated triacylglycerol (TG) 

and wax esters (WE) and then developed phenotypic antibiotic 

resistance (Deb et al., 2009). Nutrient starvation (Betts et al.,  

2002) is another model of in vitro  dormancy investigated using Mtb ,  

the work demonstrated growth arrest, reduced respiration and 

antimicrobial resistance.  

In vivo,  animal models have been used to demonstrate 

immunological and post-antimicrobial latency, as demonstrated by 

a mouse model revealing recrudescence as a result  of age -related 

reduced immunity and a mouse model demonstrating entry to the 

latent state after pyrazinamide treatment (Orme, 1988, McCune et 

al., 1956). The three commonly used animal models in Mtb in vivo 

work are: Rabbit, Mouse and Guinea pig, with the mouse model 

being the model of choice in most cases (Gupta and Katoch, 2009). 

Each model has its benefits and drawbacks; the mouse model 

mimics the human immune response the most closely, while the 

rabbit is the only model which can result in cavitation and the 

guinea pig is the most susceptible to infection with Mtb , however, 

despite several guinea pig studies i t  is generally considered that 

these animals do not harbour latent infections (Patel et al., 2011, 

Dharmadhikari and Nardell, 2008). Models using untreated infected 
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mice were the f irst to demonstrate that, within cells, the nutrient 

content was not the limit ing factor tr igger ing latency leading to the 

discovery of the role of the immune response (Wayne and 

Sohaskey, 2001).  

Historically, the Cornell latency in vivo  model is a platform for 

which many of today’s in vivo  studies into mimicking latent disease 

and reactivat ion of mycobacterial infection have been based. This 

model and variations of it  involve infection of mice with Mtb 

followed by antimicrobial  treatment until no bacil l i are able to be 

detected in the lungs (apparent steril i ty) . At this stage mice show 

no sign of disease, however upon immune-suppression through 

NOD2 suppression, TNF-α neutral isation or INF -γ neutral isat ion 

reactivat ion of disease occurred (McCune et al.,  1956, McCune and 

Tompsett, 1956, Scanga et al., 1999).  

However, it has been argued that this model does not ref lect the in 

vivo  state in humans of Mtb  infection as early drug treatment may 

inf luence the immune response of the host (Flynn and Chan, 2001). 

The Hu-Coates in vivo model uses mice infected with Mtb and 

treats with PZA to induce bacterial persistence, demonstrating the 

presence of mRNA and 16S rRNA transcripts within persist ing Mtb  

bacil l i ,  whilst in vitro studies and RIF treatment presented the 

same f indings (Hu et al., 2000). 

Use of an art if icial granuloma in vivo mouse model, achieved 

through subcutaneous implantat ion , results in the formation of  

granulomatous lesions and an altered bacterial physiological state 

with a dormancy-l ike phenotype (Karakousis et al., 2004). Gene 

expression analysis of bacil l i within these lesions demonstrated 

induction of dosR (Rv3133c) and multiple members of the DosR 

regulon, currently thought to have a role in the transition to 

dormancy (Karakousis et al., 2004). There are more modern 

versions of the Cornell mouse model, as well as other animal 
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models, yet none which ful ly mimic Mtb infection in humans; 

therefore to understand latency, further improvement is n eeded.  

A key f inding from in vivo  work is the role played by the host 

immune system in controll ing TB, authors found that Mtb continues 

to replicate throughout chronic infection in mice  and is restrained 

by the immune system (Gill et al., 2009). Understanding 

reactivat ion of disease due to bacterial resuscitat ion is of upmost 

importance in the eradication of TB, key issues of el iminating NRP 

cells are their phenotypic drug resistance as well as their abil ity to 

survive for extended periods of t ime (Gold et al., 2012). Bacterial 

factors, such as Rpf have been shown to p lay a role in 

resuscitat ion of NRP cells,  in addit ion to Rpf resuscitation it has 

been suggested that phospholipids may lead to reactivat ion of 

dormant bacill i (Cardona and Ruiz-Manzano, 2004). 

1.9.2 REACTIVATION AND RESUSCITATION 
 

Persist ing populat ions are highly heterogenic and contain bacil l i in 

various physiological states. Kaprelyan ts and colleagues 

suggested distinguishing surviving bacteria in three types: 1) 

viable 2) dormant and 3) “non -culturable” owing to their 

culturability. Non-culturable dormant bacil l i  are not capable of 

forming a colony on agar without a re -act ivat ion (resuscitat ion) 

step whereas non-viable cells are utterly incapable of doing so 

(Kaprelyants et al.,  1993). In vitro  dormant cel ls can be generated 

via long stat ionary phase growth and they require re-activat ion or 

resuscitat ion before ‘normal’ growth can be resumed. Alternatively 

‘persister’ cel ls are often referred to in the li terature and tend to 

refer to non-replicating cells which when transferred to favourable 

media spontaneously resuscitate (Wayne and Hayes, 1996).  

A resuscitat ion procedure may vary depending on bacterial 

species. Dormant M. luteus  cel ls were resuscitated by addition of  

sterile culture supernatant obtained from growing cultures of the 
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same organism (Mukamolova et al., 1998b). A resuscitation 

promoting factor secreted into M. luteus culture supernatant was 

then identif ied as a secreted protein and shown to be active at 

picomolar concentrations (Mukamolova et al. , 1998a). Later it was 

shown that dormant mycobacteria could be also resuscitated by 

culture supernatant of recombinant Rpf (Sun and Zhang, 1999, 

Shleeva et al., 2002). 

 

1.9.2.1  RESUSCITATION PROMOTING FACTORS  

 

Rpf proteins are secreted muralytic enzymes shown to resuscitate 

dormant bacterial cells  and to stimulate bacterial growth  through 

peptidoglycan degradation (Mukamolova et al., 1998a, Mukamolova 

et al., 2006). This has been well established for mult iple bacterial 

species including Mtb  which encodes f ive dif ferent Rpf proteins (A -

E) (Downing et al.,  2005, Mukamolova et al.,  2006, Ruggiero et al.,  

2009, Mukamolova et al., 2002b, Mukamolova et al., 1998b). The 

domain structure for each of these proteins is shown in Figure 10. 

The predicted mechanism for PG degradation and resuscitat ion is 

cleavage of the β1,4 -glycosidic l inkage between alternating NAM-

NAG residues (or NGM-NAG). M. luteus contains a single Rpf 

protein which is essential for growth of this bacterium  (Mukamolova 

et al., 2002a). 

Rpfs have been shown to display functional redundancy, however, 

deletion of 3 of the 5 Rpf -like genes resulted in an attenuated 

strain in a mouse model incapable of resuscitat ion in vitro 

(Downing et al.,  2005). Delet ion of al l  Rpf genes resulted in severe 

growth and persistence defects in a mouse model of tuberculosis 

(Kana et al.,  2008). Yet, the subsequent delet ion of both RpfB and 

RpfA in M. tuberculosis , or even a single deletion (RpfB) prevented 

the result ing strains from growing in stressful condit ions (i.e. 

oxygen deplet ion) (Downing et al.,  2005, Mukamolova et al. ,  

2002b, Russell-Goldman et al., 2008).  
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Whilst individual Rpfs were found dispensab le for in vitro and in 

vivo growth, RpfB was solely indispensable for resuscitat ion in 

vivo, and Rpfs were shown to be dif ferentially expressed 

(Tufariello et al.,  2006, Tufariello et al.,  2004). A study using a 

∆ABCDE Mtb strain demonstrated the role of Rpf in β - lactam 

tolerance and outer membrane permeability (Wivagg and Hung, 

2012). Overall Rpfs have been found to be dispensable for growth 

in vitro ; however, have been shown to be important for growth and 

persistence in vivo .  Double and tr iple rpf  mutant strains were 

shown to be attenuated in their abil ity to disseminate to mouse 

lungs, as well as diminished in their abil ity to reactivate after 

immune suppression through an intraperitoneal administrated 

mouse model (Biketov et al.,  2007).  

Recent work has demonstrated the cl inical importance of Rpfs in 

human TB; a large proportion of  bacil l i isolated from sputum were 

found to be Rpf-dependent (Mukamolova et al.,  2010). In a 

separate study Mtb Rpfs were found to be immunogenic by their 

abil ity to induce INF-γ production in the blood of TST-posit ive 

healthy individuals who had been in close contact with TB patients ; 

Rpf-specif ic T-cell  responses were shown to be maintained for 

several decades in non-progressors (Mukamolova et al., 2010, 

Commandeur et al. , 2011). 
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FIGURE 10: STRUCTURAL SCHEMATIC SHOWING MTB’S RPF A-E DOMAINS 

The above schematic demonstrates the structural domains of all 5 
Mtb  Rpf proteins. The abbreviations shown in the f igure are as 
follows: SP; signal peptide, DUF; domain of unknown function, TM; 
transmembrane domain and Pro/Ala -rich; prol ine and alanine rich 
region. This f igure was adapted from work previously published 
using the PFAM database (Ruggiero et al., 2011). 
 

The Rpf-like proteins in Mtb are annotated as lyt ic 

transglycosylases (a class of muramidase), which cleave the β1,4 -

glycosidic bond between NAM and NAG (Reddy et al., 2009). This 

results in the formation of a 1,4-anhydro ring at the NAM residue 

whilst lysozymes (another type of muramidase), which can be one 

of four types, cleave the β1,4 -glycosidic bond resulting in a 

product with a terminal reducing NAM residue (Holt je and Tomasz, 

1975), (Wyckoff et al., 2012, Vollmer et al., 2008). As depicted in 

Figure 10 all f ive Mtb Rpf proteins contain a catalyt ic domain, this 

domain has a conserved active si te glutamine residue essential for 

muralyt ic act ivity (Cohen-Gonsaud et al., 2005). Crystallography 

has also demonstrated the binding of this active site to  

peptidoglycan (Ruggiero et al., 2009). Figure 10 was adapted from 

previously published work (Ruggiero et al.,  2011), this work used 

the PFAM database. (Lavollay et al.,  2008, Raymond et al., 2005) 

There have been studies since, using Prosite, SignalP and TMHMM 

servers, which suggest sl ightly altered protein structures  (Sigrist et  

al., 2013, Petersen et al., 2011, Krogh et al., 2001). For example, 

using these databases RpfA and D are predicted to be secreted 
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whilst RpfB is thought to be anchored to the outer surface of the 

cell membrane, RpfC has a secretory signal predicted using 

SignalP but does not have a predicted TM helix and RpfE has a 

weakly predicted TM helix and a strongly predicted signal 

sequence (Gupta, 2012). 

RpfB, a 362 amino acid protein, contains a lipid membrane 

lipoprotein anchor at the N terminal and a conserved Rpf region 

located near its C terminal (Mukamolova et al., 2002b, Ruggiero et  

al., 2009, Ruggiero et al., 2007).  RpfB has a G5 domain, which 

can be found in many proteins and is believed to be involved in 

binding NAG, and in the case of RpfB is thought to result in the 

attachment to the peptide crosslinks within peptidoglycan allowing 

the active catalyt ic site to interact with NAG -NAM and cleave the 

glycosidic bond (Ruggiero et al.,  2007, Ruggiero et al., 2009).  

Thus, due to the close proximity and likely interact ion of the 

predicted Rpf binding site and NGM/NAM peptidoglycan moiety, it 

could be possible for this modif icat ion to play  a role in Rpf action, 

this structural orientation is shown in  Figure 11. 
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FIGURE 11: A PG SCHEMATIC SHOWING THE PROXIMITY OF RPF BINDING AND 

GLYCOLYLATED PG 

The above schematic demonstrates the hydroxylation of the 

muramyl residue within mycobacterial PG resulting in CH 2OH in 

place of the methyl group, this is highlighted in red and by a single 

*. This is shown in relat ion to the proximity of the predicted binding 

site of Rpf within PG. ** indicates the 3-3 peptide cross links 

commonly found within mycobacterial PG.  

 

Expression of Mtb Rpfs in the lungs of infected mice and in human 

tissue has been confirmed previously (Tufariello et al., 2004, 

Davies et al., 2008). A study examining the expression prof ile of 

Mtb Rpfs under dif ferent environmental stresses found that at the 

onset, and throughout resuscitat ion all Rpfs were expressed, with 

maximum rat ios for RpfA and RpfD, whereas RpfC was consistently 

expressed during the dif ferent growth stages as well as during 

nutrient starvation (Gupta et al.,  2010b). Interest ingly, Gupta found 

that acid stress induced expression of Rpfs D and E wh ilst hypoxia 

resulted in increased expression levels of RpfC and RpfE. Their 

f indings therefore contribute to the work of others indicating the 

varying roles of the mycobacterial Rpfs and hence the suggestion 
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of differential regulation for Mtb Rpfs (Gupta et al. , 2010b). 

Previous work has shown varia tion in expression levels of Mtb Rpfs 

in a growth-phase-dependent manner (Mukamolova et al., 2002b, 

Tufariel lo et al., 2004).  

More recent work on Rpf regulation has further demonstrated the 

non-uniform expression and regulation previously hinted at by 

deletion studies (Kana et al., 2008). RpfA, as previously discussed, 

is positively regulated by a homologue of cAMP receptor family 

protein (Rickman et al., 2005), whilst RpfC has been shown to be 

up regulated by SigD (Raman et al., 2004) and RpfE down 

regulated after vancomycin treatment (Provvedi et al., 2009, Kana 

and Mizrahi, 2010).  

A riboswitch candidate has been identif ied upstream of rpfA  in Mtb, 

although no l igand has yet been identif ied these are commonly 

associated with the regulat ion cell  of wall processes (Arnvig and 

Young, 2012). RpfB (and E) interact with an endopeptidase with L -

D specif icity known as Rpf interact ing protein (RipA) for synergistic 

degradation of mycobacterial PG, promoting growth and 

resuscitat ion of dormant cel ls (Kana and Mizrahi, 2010, Kana et 

al., 2008, Hett et al., 2008). Through the use of knockout mutants, 

the importance of Rpfs in the physiological establishment of 

chronic TB infections, as well as in the reactivat ion of disease has 

been demonstrated.  

1.9.2.2 MUROPEPTIDES AS S IGNALLING MOLECULES  

 

Muropeptides are products released via the breakdown of PG, 

whether this is a result of enzymatic hydrolysis (i.e. lysozyme), 

antibiot ic treatment or in the course of growth and division. 

Muropeptides are classed as a minimum of one NAM and one 

amino acid residue (Traub et al., 2006, Stewart-Tull and White, 

1964). Muramic acid is universa l throughout both Gram-posit ive 

and negative bacteria, only absent from cells devoid of a cel l wall 

as well as specif ic Archaebacteria (Salton, 1964). Generally 
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speaking Gram-negative bacteria release few muropeptide 

products due to peptidoglycan recycling  whereas Gram-posit ive 

bacteria are thought to release a greater amount, mycobacterial 

peptidoglycan recycling has yet to be f irmly established (Vollmer et 

al., 2008, Mahapatra et al., 2005). 

Using reverse phase HPLC (rp -HPLC) the complexity of 

muropeptides or murein has been identif ied. In E. coli  more than 

80 variat ions of muropeptides have been identif ied, this is partly 

due to the dif fering peptide chain lengths as well as a result of an 

unusual cross l inking. This is caused by a transpeptidase with L-D 

specif icity (Blackburn and Clarke, 2000) This, combined with the 

1,6-anhydro form of muramic acid, presents a large variety of 

muropeptide fragments that wil l be produced via enzymatic 

digestion (Jacobs et al., 1994, Kraft et al., 1998).  

Muramidases (a type of autolysin), such as lysozyme, specif ically 

hydrolyse the β-1 to 4 glycosidic bond and release NAG and NAM 

residues. Lytic transglycosylases (another type of autolysin known 

as exoglycosylases) are not hydrolases but cleave the β -glycosidic 

l inkages by progressively degrading the murein strands and 

producing 1,6-anhydro-NAM residues (Blackburn and Clarke, 2000, 

Kraft et al., 1998). However, it is unknown at which end this 

degradation begins at.  

Variat ion in muropeptides is increased in mycobacteria due to the 

presence of  namH  gene (rv3818), which encodes UDP-MurNAc-

pentapeptide monooxygenase,  it results in the glycolylat ion 

modif ication of the PG and is thought to increase hydrogen 

bonding and therefore the stability of the cell wall (Raymond et al. ,  

2005). The namH  gene has been identif ied in all other 

mycobacterial genomes, and hence all mycobacteria contains 

glycolylated PG, excluding M. leprae which contains a pseudogene 

(Mahapatra et al.,  2008). It can therefore be argued that this 

modif ication may play a role in dormancy and resuscitat ion of 
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mycobacteria; i f  Rpf released muropeptides act as signall ing 

molecules then the addit ion of a hydroxyl group could have a major 

inf luence on the resuscitat ion activity, as shown in Figure 12. 

Alternatively this modif ication may be important for Rpf activity.  

  

 

FIGURE 12: THE POTENTIAL ROLE OF RPF RELEASED MUROPEPTIDES AS 

SIGNALLING MOLECULES 

Rpf muropeptide products and their known and predicted roles in 
NOD signall ing, as well as in resuscitation are depicted. This f igure 
is based on previously published data (Kana and Mizrahi, 2010). 

 

Muramyl dipeptide (MDP) has been found to be the smallest 

structural component of PG to have an adjuvant effect (Boneca, 

2005). After phagocytosis muropeptides are released and exert an 

immune response via a signall ing cascade, leading to altered gene 

expression (Traub et al. , 2006). The recognition of bacterial 

structures is required for an immune defence activity to occur and 

this is carried out by pattern recognit ion receptors (PRRs), tol l - l ike 

receptors (TLRs) are a well -known example of a family of these 

(Traub et al. , 2006). It was previously thought that muropeptide 

fragments acted via this family of PRRs, however, i t has recen tly 

been discovered that cytoplasmic receptors NOD1 and 2 can act as 

receptors. NOD1 recognises Gram-negative PG breakdown 
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products while NOD2 is believed to recognise MDP (Chamaillard et 

al., 2003, Girardin et al., 2003a).  

Muropeptides, in addit ion to being immune-modulators are 

signalling molecules for β -lactamase expression in E. coli  (Jacobs 

et al., 1994). Recently a postulated ‘scout’ model of resuscitation 

has been suggested (Gengenbacher and Kaufmann, 2012); in this 

model scouts are l imited in LTBI and the environment they sense is 

not supportive of growth, if  the environment becomes more 

hospitable ( i.e. caseating granuloma) then scouts, perhaps through 

Rpf action, resuscitate higher levels of bacteria leading to active 

disease (Gengenbacher and Kaufmann, 2012). 

 
The muropeptide fragments released as a consequence of PG 

degradation (e.g. Rpf muralytic act ivity) have recently been linked 

to endospore germination in B. subtil is  via binding to protein 

kinase C (PknC) extracellular domains; penici l l in and serine 

threonine kinase associated domains (PASTA, 3 are present in B. 

subtil is) which are attached to a trans-membrane spanning region 

and exposed at the membrane surface (Shah et al., 2008). The 

minimal structure found necessary for germination was a 

disaccharide tripeptide. Mtb contains a PknB domain (l inked to 4 

PASTA domains) that is structural ly homologous to eukaryotic S/T 

kinases (Barthe et al., 2010). I t has been suggested that binding of 

these fragments causes a signall ing cascade and leads to 

resuscitat ion from dormancy as well as promoting cell growth, in 

PknB muropeptide binding to the PASTA domains was shown to be 

dependent on the amino acid composit ion of the stem peptide (Mir,  

2001 PLoS Path) and (Shah and Dworkin, 2010).  

A recent study by Coulombe et al found that, if  the muropeptide 

signalling molecule MDP contained a glycolyl group the 

inf lammatory response via NOD2 was much stronger, indica ting the 

potent immunogenic potential of mycobacterial cel l wall  molecules 

and perhaps how this modif ication could play an as yet unknown 
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role in resuscitat ion (Coulombe et al.,  2009). In a recent 

publicat ion, a truncated M. luteus Rpf protein was used to generate 

muropeptide products from both M. smegmatis and M. tuberculosis, 

these products had stimulatory act ivity on non -culturable cells at 

levels comparable to recombinant Rpf (Nikitushkin et al., 2013). 

Using specif ic Rpf inhibitors,  Rpf-dependent resuscitation was 

inhibited, indicating that Rpf products may act as a substrate for 

Rpf rather than as a direct st imulant of resuscitation (Nikitushkin et 

al., 2013). 

1.10 A IMS AND OBJECTIVES 
 

The overal l aims of this study were to investigate the role of 

glycolylation of muramic acid in mycobacterial PG in relation to Rpf 

action. It was also hypothesised that Rpfs may be adapted to, and 

more eff icient at degrading mycobacterial PG.  

The following objectives were therefore undertaken:  

 Generation of model mycobacterial PG in E. coli in order to 

investigate release of muropeptides by recombinant Rpf  

 Individual over-expression of all 5 Mtb  Rpfs in both wild type 

and ∆namH M. smegmatis to examine the role of glycolylation 

in Rpf growth st imulation and resuscitation  

 Generation a ∆namH M. tuberculosis  mutant to examine any 

growth phenotype, antimicrobial sensit ivity and the role of 

this modif icat ion in intracellular survival within murine 

macrophages 
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2.1  REAGENTS AND MEDIA 
 

All reagents used were purchased from Fisher Scientif ic UK Ltd 

(Loughborough) or Sigma-Aldrich Company Ltd (Gil l ingham, 

Dorset) unless otherwise stated. Media for growth studies were 

purchased from Sigma-Aldrich Company Ltd (Gil l ingham, Dorset) 

or Becton, Dickinson and Company Ltd (Oxford).  

2.1.1  MEDIA  

 

LB medium was prepared by dissolving 10g tryptone, 5g yeast 

extract and 10g NaCl per 1L dH 2O; pH was adjusted to 7.5 using 

10mM NaOH before steril isat ion by autoclaving at 121°C. LA was 

made as described with the addition of 15g agar and boil ing in a 

microwave prior to steril isat ion. 

7H9 Middlebrook  medium was prepared by dissolving 4.7g 7H9 

powder (Becton, Dickinson and Company Ltd) in 900ml ddH2O 

containing 2.5g glycerol, before steril isat ion by autoclaving. 10% 

(v/v) Albumin-dextrose-catalase (ADC) supplement and 0.05% 

(w/v) Tween 80 were added to 7H9 media prior to use.  

7H10 Middlebrook  agar was prepared by dissolving 19g of 7H10 

powder (Becton, Dickinson and Company Ltd)  in 900ml ddH20 

containing 6.25g of glycerol; this was then boiled in a microwave 

prior to steri l isat ion by autoclave. 10% (v/v) ADC was added prior 

to use. 

Sauton ’s medium was prepared by adding the following to 800ml 

ddH2O: 0.5g KH2PO4, 0.5g MgSO4 .7H2O, 4g L-asparagine, 0.05g 

ferric ammonium citrate, 2g citr ic acid, 10ml glycerol and 0.1ml of 

1% (w/v) ZnSO4 solution. The pH was adjusted to 7.2-7.4 using 

NaOH and the volume made up to 1L prior to steril isat ion. Medium 

was supplemented by 0.05% (w/v) Tween 80 and in some cases by 

10% (v/v) ADC. 
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Diluted Sauton ’s  medium was prepared by adding the following 

(per l it re): 0.25g KH2PO4, 0.7g MgSO4.7H2O, 1g L-asparagine, 6ml 

glycerol,  0.025g ferric ammonium citrate, 1g citr ic acid and 50µl of 

a 1% (w/v) ZnSO4 .  pH was adjusted to 7.0 before steri l isat ion by 

autoclaving.  

Broth E  was prepared be adding 5 peptone, 1.5g yea st extract,  

1.5g beef extract and 5g NaCl to 1L of dH2O before steri l isation by 

autoclaving. For mycobacterial cult ivation  0.05% (w/v) Tween 80 

was added prior to use.  

mHdeB medium (modif ied Hartman’s-deBont) was prepared as 

previously described (Shleeva et al.,  2004) by adding (per l it re): 

11.8g Na2HPO4.12H2O, 1.7g citr ic acid, 20g (NH 4)2SO4 ,  and 30ml 

glycerol were mixed, f i lter steri l ised and supplemented with 0.05% 

(w/v) Tween 80 and 1% (v/v) of  trace elements solut ion . The trace 

elements solution contained the following components  (per l it re): 

1g EDTA, 10g MgCl2.6H2O, 0.1g CaCl2.2H2O, 0.04g CoCl2 .6H2O, 

0.1g MnCl2 .2H2O, 0.02g Na2MoO4.2H2O, 0.2g ZnSO4.7H2O, 0.02g 

CuSO4.5H2O and 0.5g FeSO4.7H2O. 

ADC was prepared by dissolving 50g Bovine serum albumin 

(Fraction V), 20g D-glucose, 8.5g NaCl and 40g catalase in 1L 

ddH2O before f i lter steril ising.  

DMEM-Dulbecco's Modif ied Eagle Medium (Life Technologies Ltd, 

UK) was supplemented with 10% (v/v) foetal calf  serum (FCS) (Life 

Technologies Ltd, UK) and 2mM L-glutamine. 

2.2  BACTERIAL STOCKS 
 

200µl of 70% (v/v) glycerol was added to 800µl of exponential 

culture in 1.5ml cryogenic tubes (Nalgene, Fisher).   After careful 

mixing, stocks stored at -80°C. 

2.2.1  CULTIVATION TECHNIQUES  
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E. coli   

Cult ivat ion of bacterial starter cultures began with inoculation of 

5ml LB in 20ml steri le universal tubes (with or without antibiot ics) 

either by picking a single colony from LA plates or  by addition of  

100µl from a thawed frozen stock. These 5ml starter cultures were 

then incubated at 37°C, with 200rpm shaking overnight.  

M. smegmatis   

Bacterial starter cultures were inoculated as above; however, Broth 

E, Sauton’s or 7H9 media were used . These were then grown 

under the same conditions as before but incubated for 3 days or 

until they reached a desirable OD. When required, antibiotics were 

added as follows: 20ng/ml tetracyc line (in 70% EtOH) or 50ng/ml 

kanamycin or hygromycin. 

M. tuberculosis   

Cult ivat ion was performed in accordance with the Codes of 

Practice set out for work within the Category III  suite. A l l  

manipulations with Mtb  were performed within class I or II  

microbiological safety cabinets, using approved Standard 

Operating Procedures (SOP).  7H9 or Sauton ’s l iquid media  and 

7H10 agar plates were used for growth of Mtb .  5ml starter cultures 

were inoculated with 500µl of thawed bacterial stock and grown in 

20ml universals sealed with Nescofilm (Osaka, Japan) and double 

bagged before incubation at 37°C with 100rpm shaking for up to 21 

days. Larger sca le cultures were grown in 50ml F lacon tubes or 1L 

rol ler bott les; rol ler bottles were placed on a roll ing mechanism at 

37°c with constant mixing. 

2.2.2  CFU  PLATING AND COUNTING  

 

All CFU counts were performed using a standard l iquid droplet 

method, bacterial cultures were serially diluted in appropriate 

medium, mixed and triplicate 10µl spots were carefully pla ced onto 
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duplicate segmented LA or 7H10 agar plates and al lowed to dry 

before inversion and sealing in Nescofilm. Plates were then 

incubated statical ly at 37°C unti l CFUs became visible ; normally 3 

days for M. smegmatis and 3 weeks for Mtb . CFU counts (per ml) 

were calculated using the following formula:  

 

2.3  BUFFERS AND SOLUTIONS 
 

PBS  (Phosphate Buffered Saline) was prepared by dissolving 1 

PBS tablet (Sigma-Aldrich); in 200ml ddH2O. The obtained buffer 

contained 0.01 M phosphate buffer  (pH 7.4), 0.0027 M potassium 

chloride and 0.137 M sodium chloride . This solution was then 

autoclaved. 

10x TAE buffer is made by dissolving 48.4g Tris base in 800ml 

ddH2O before adding 11.4ml of glacial acetic acid (17.4M) and 3.7g 

ethylene-diamine-tetra-acetic acid (EDTA). This solution was then 

made up to 1L with ddH2O. Prior to use this solut ion was diluted 1 

in 10 with ddH2O. 

TE buffer is composed of 10mM Tris HCl, pH 8.0; 1mM EDTA  

20x SSC buffer (saline sodium citrate) is made by dissolving 0.3M 

sodium citrate and 3M NaCl in ddH 2O, pH was adjusted to pH 7.0.  

Washing buffer  contained of 0.1 M Maleic acid  (pH 7.5), 0.15 M 

NaCl; 0.3% (w/v) Tween 20.  

Detection buffer  contained 0.1 M Tris-HCl (pH 9.5), 0.1 M NaCl.  

4x SDS sample buffer was composed of 40% (v/v) glycerol,  

240mM Tris HCl; pH 6.8, 8% (w/v) SDS, 0.04% (w/v) bromophenol 

blue and 5% β-mercaptoethanol dissolved in dH 2O. 

10x SDS Running buffer was prepared by dissolving 144g glycine, 

36.3g Tris base and 10g of SDS in up to 1L of dH 2O; pH 8.3. 
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Transfer buffer was prepared by adding 25mM Tris base, pH 8.3; 

192mM glycine and 20% (v/v) MeOH per 1L dH 2O. 

Tris Buffered Saline (TBS) consisted of 0.1M NaCl and 20mM 

Tris, pH 7.5.  

Tris buffered saline Tween (TBST) : 0.1% (w/v) Tween 20 was 

added to TBS. 

2.4  GENERATION OF BACTERIAL OVEREXPRESSION STRAINS 
 

2.4.1  PCR 

 

Gene coding sequences were amplif ied from bacterial genomes 

using corresponding forward and reverse primers (for details see 

Table 5, Table 9 and Table 19). The following components are 

required for amplif ication:  

0.25µM Forward primer    
0.25µM Reverse primer   
<2ng/µl template DNA  
40µM dNTP mix    
Platinum Taq Polymerase*   
10x buffer     
2mM MgSO4     
DMSO**    
DNase free H2O   
 

* Platinum® Taq High f idelity polymerase (Invitrogen) was used  to 

amplify genes for cloning. ** DMSO was used when required (at 

10% (v/v)) . For al l diagnostic PCR reactions the above components 

were used with the following alterations: GoTaq® polymerase 

(Promega) was used in combination with 5x reaction buffer.  

Samples were mixed and aliquoted into 0.2ml f lat cap PCR tubes 

(Fisher, UK) and placed in a PCR thermocycler under the 

conditions below.  
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Init ial denaturation 94°C 4 minutes  
 
Denaturation 94°C    30 seconds 
Annealing  55°C*   30 seconds 
Extension  68°C    30 seconds**  
 
Final extension 72°C 2 minutes  
 
*The annealing temperature was usually -5°C of the Tm of the 

primer pair.  ** 30 seconds per 500bp being amplif ied  

2.4.2  RESTRICTION D IGESTION AND L IGATION  

 

Once amplif ied an aliquot of the PCR mixture was analysed by gel 

electrophoresis. Samples were loaded on a gel containing 1% (w/v) 

agarose and 0.5µg/ml ethidium bromide. The DNA fragments were 

visualised by exposure of  the gel under UV l ight. The remaining 

PCR product was purif ied using a QIAquick  kit  (Qiagen). This 

amplif ied DNA and the plasmid DNA were digested using specif ic 

restriction enzymes (NEB), samples were ran on a DNA gel, 

excised and gel purif ied using QIAEX II extrac tion kit (Qiagen). If  

DNA concentrations were low samples were concentrated by 

vacuum drying. Ligation reactions were then set up as fol lows:  

Plasmid DNA (100ng)   
Insert DNA (100ng)   
T4 DNA l igase (1µl)    
T4 rapid l igation buffer (5µl)  
DNase free H2O (To make 10µl)    
 
Reagents were mixed well and incubated at RT overnight.  
 

2.4.3  TRANSFORMATION  

 

Constructs were transformed into competent α -select gold standard 

cells (Bioline Reagents Ltd, London). A 25µl aliquot of cells, 

thawed on ice, was mixed well with 3µl of the ligat ion mix ture and 

incubated on ice for 15 minutes. This tube was then placed a t 42°C 

for 45 seconds before brief ly being placed back onto ice. 400µl of 

LB medium containing 10mM MgSO4  was added to the mixture, 

X29 cycles  
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followed by incubation at 37°C with 200rpm shaking for 1 hour. 

After incubation the mixture was plated onto appropriate agar  and 

incubated as described earl ier.  

2.4.4  PLASMID DNA  PURIFICATION  

 

Several single colonies were picked and used to inoculate 5ml 

aliquots of LB with the appropriate antibiotic. Tubes were 

incubated overnight, once in stationary phase cultures could be 

used for plasmid DNA purif ication. Cultures were spun down at  

12,000xg for 15 minutes in a bench top centrifuge before plasmid 

DNA was extracted using a GeneElute™ miniprep kit (Sigma -

Aldrich) which uses a spin column to bind DNA. DNA was then 

eluted using DNase and RNase free H2O and checked for the 

presence of insert DNA by restrict ion digests and gel 

electrophoresis.  

2.4.5  TRANSFORMATION AND ELECTROPORATION INTO EXPRESSION 

HOSTS  

 

E. coli  

Transformation into expression hosts such as BL21 (DE3) , TOP10 

or LMG194 were performed as previously described for DH5α cells.  

M. tuberculosis 

Competent cel ls of M. tuberculosis  were generated using Mtb  

H37Rv grown in 7H9 medium supplemented with 10% (v/v) ADC 

and 0.05% (w/v) tween 80, bacteria were harvested at OD 1.2 and 

washed by centrifugation (at 2000xg for 20 minutes at 20 ˚C) in 

10% glycerol, this was performed three times. Cells were then 

resuspended in 3ml of 10% glycerol. For electroporation, 2mm 

cuvettes (Eppendorf, UK) were used with 400µl aliquots of cells 

mixed well with 3µl of DNA (5-10µg for non-replicating plasmids 

and 1µg for replicating plasmids) before being transformed at 

1000Ω and 2500V. Electroporated cells were removed in a total 
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volume of 3ml medium for overnight shaking incubation at 37˚C. 

These cells were then plated onto 7H10 in the following dilut ions:  

undiluted, 10 -1 and 10 -2. Using wild type H37Rv Mtb  cells which 

contained no addit ional DNA a negative control was also grown 

and plated on both types of plates and kept at 37˚C.  

M. smegmatis 

A similar protocol to the Mtb method above was followed for M. 

smegmatis cells, with the fol lowing dif ferences: cells were kept on 

ice for 1.5 hours (all centrifugation steps were performed at 4°C) , 

7H9 medium was used without the addition of ADC, 100µl aliquot s 

of cells were used for electroporation with 3µl of 1µg DNA of each 

construct and incubation a t 37˚C was carried out for 3 hours before 

plating onto 7H10 plates containing an appropriate antibiotic.  

2.5  PROTEIN EXPRESSION AND IMMUNOLOGICAL DETECTION 

2.5.1  SDS-PAGE 

 

E. coli  samples were prepared as described (Chapter 3). Posit ive 

and negative contro ls were used on each gel and several candidate 

clones were analysed. A 12% separating polyacrylamide gel was 

made and a loading gel was stacked on top, as described in Table 

3.  

TABLE 3: POLYACRYLAMIDE GEL COMPONENTS 

Component Loading Gel Lower Gel (12%) 

Acrylamide 30% (v/v) 1.98ml 6.0ml 
0.5M Tris HCl pH 6.8 3.78ml N/A 
1.5M Tris HCl pH 8.8 N/A 3.75ml 
10% (w/v) SDS 150µl 150µl 
TEMED 15µl 7.5 µl 
10% (w/v) APS 75µl 75 µl 
dH2O 9ml 5.0ml 

 

The above components were placed, prior to sol idif icat ion, into gel 

casting implements with a comb inserted into the loading gel to 

create sample wells. Once set gels were placed into an 
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electrophoresis tank, f i l led with 1x SDS running buffer. 4x SDS 

sample loading buffer was added to protein samples to give a 1x 

f inal concentration. Samples were heated to 90 -95°C for 10 

minutes in order to denature proteins before brief centrifugation, 

up to 25µl of the f inal solution was added to each well.  Gels were 

run at 180V for up to 2 hours. If  staining, gels were placed in f ixing 

solution (50% MeOH and 10% acetic acid) for 1 hour prior to 

placing gels into Coomassie blue stain (0.1% Coomassie Bri l l iant 

Blue R or G, 50% MeOH and 10% acetic acid) for 1 hour, gels were  

then destained (40% MeOH and 10% acetic acid) and proteins 

visualised. Gels could alternatively be used for Western blotting.  

2.5.2  WESTERN BLOT  

 

Prior to loading the SDS-PAGE gel, Precision Plus Protein™ (Bio-

Rad, Hertfordshire) standards were used if  t he resulting gel 

needed to be used for Western blotting. Within a semi -dry blotter 

(Cleaver Scientif ic Ltd) an SDS-PAGE gel was placed onto a 

Nitrocellulose membrane, which had been placed on to a small 

stack of Whatman Ltd paper soaked in transfer buffer. Once 

assembled this construct was topped with further wet Whatman Ltd 

paper and the lid secured. Transfer was then performed at 20V for 

1 hour. The equipment was disassembled and the membrane 

placed in 5% (w/v) milk solution for 15 minutes to block unspeci f ic 

binding.  

The membrane was brief ly washed in TBS before being placed in 

2% (w/v) milk containing primary antibody. This was carried out 

using monoclonal anti -polyHis antibodies (Sigma) raised in mouse 

(1:3,000 dilut ion) or anti-Rpf antibodies raised in sheep (1:1000 

dilut ion) (as previously described (Mukamolova et al.,  2002b)). The 

membrane was incubated in primary antibody for an hour and a 

half , at room temperature with constant agitation before being 

washed 3 times in TBST. Secondary antibody; anti -mouse or anti -

rabbit  IgG alkaline phosphatase (1:10,000 di lution) in 2%  (w/v) milk 
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solution was added and incubated for 30 minutes before repeating 

the washing stage. BCIP/NBT substrate dissolved in 10ml H 2O was 

poured over the membrane until the band of interest could be 

observed clearly. The reaction was then terminated by rinsing in 

dH2O. 



 

  

 

CHAPTER 3:   
GENERATION OF GLYCOLYLATED PEPTIDOGLYCAN IN E. 
COLI 
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3.1 INTRODUCTION 

 

This chapter describes attempts to generate glycolylated 

peptidoglycan (PG) in E. coli . The aim of this part of the project 

was to investigate (1) feasibi l ity of generating of model 

mycobacterial PG in E. coli  by over-expressing NamH, an enzyme 

responsible for glycolylation of muramic acid within Mtb  and (2) the 

importance of this modif ication for act ivity  of muralyt ic enzymes, in 

particular Mtb RpfB.  

3.1.1 TECHNIQUES USED FOR ISOLATION AND ANALYSIS OF PG 

3.1.1.1 PURIFIC ATION OF PEPTIDOGLYC AN  

 

Purif icat ion of PG from E. coli  cel ls can be carried out using 

several well -established protocols (Glauner, 1988, Vollmer and 

Bertsche, 2008). Purif ied PG is digested with muralyt ic enzymes 

(such as lysozyme or mutanolysin) to generate PG fragments 

called muropeptides. Muropeptides are separated by reverse -

phase high pressure liquid chromatography (rp-HPLC) and their 

molecular weight and composition are analysed by mass 

spectrometry (MS). These methods were originally developed for E. 

coli  PG and later adapted for isolat ion and analysis of  

muropeptides from other bacteria.  

The standard procedure for purif ication includes bo il ing cells in the 

presence of SDS to prevent activation of muralytic enzymes and to 

remove proteins. Harvested PG sacculi are  washed to remove SDS 

and treated with amylase and pronase to eliminate contamination 

with glycogen and lipoproteins. In Gram-posit ive bacteria such as 

Bacil lus subti l is or Staphylococcus aureus PG is treated with 

hydrof luoric acid to remove teichoic acids (Endl et al., 1984).  
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Mycobacterial PG purif icat ion is more complicated, t ime consuming 

and requires a greater biomass to yield pure PG in the amounts 

suff icient to generate and analyse muropeptides . The structural ly 

complex mycobacterial cel l wall is the major cause of this  and in 

order to purify mycobacterial PG mycolyl -arabinogalactan, which is 

covalently attached to the PG, must be removed. Init ial steps 

include purif icat ion of mAGP; cells are lysed by sonication or 

French press before proteolytic digestion and mAGP is extracted 

with ethanol diethyl ether (Petit et al., 1969, Mahapatra et al., 

2008). In addit ion to this method, removal of mycolic acids by 

saponif ication under ref lux, which breaks the ester bonds has been 

shown to result  in mycolic acid release (Toubiana et al., 1979, 

Parish and Stoker, 1998). AG removal is carried out by incubation 

in sulphuric acid and insoluble PG harvested by centrifugation 

(Mahapatra et al., 2008). 

3.1.1.2  GENER ATION OF MUROPEPTIDES  

 

Mutanolysin is a commonly used N-acetylmuramidase, cleaving the 

β1-4 glycosidic PG bonds and releasing muropeptide products. The 

purif ied enzyme is available from Sigma-Aldrich and it  generates a 

mixture of muropeptides which can then be separated by HPLC.  

Other muramidases commonly used for PG cleavage include 

cellosyl (very similar to mutanolysin) ; a class of muramidase which 

is able to hydrolyse O-acetylated and N-deacetylated PG, and a 

muramidase isolated from Chalaropsis  (Gally et al. , 1991, Vollmer 

et al.,  2008). Other classes of enzymes capable of cleaving within 

bacterial PG are: endopeptidases which cleave bonds within the 

peptide stems (e.g. DD-, LD-, and DL-Endopeptidases), 

Carboxypeptidases (also DD-, LD- and DL-Carboxypeptidases) 

which hydrolyse peptide bonds to remove C-terminal D- or L- 

amino acids and N-acetylmuramyl-L-ala amidase which hydrolyses  

the peptide bond between the lactyl group of NAM and L -ala 

(Vollmer et al., 2008). Examples are depicted in Figure 13. 
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F IGURE 13:  A SCHEMATIC SHOWING PEPTIDOGLYCAN HYDROLASES  

The schematic was adapted from previously published work 
(Boneca, 2005). The scissors shown indicate the bond being 
hydrolysed. 

3.1.1.3  AN ALYSIS OF MUROPEPTIDES  

3.1.1.1.1  BY RP -HPLC 

 

The original method of muropeptide detect ion was paper 

chromatography which permitted identif ication of disaccharide and 

larger complexes but did not allow analysis of their composition  

(Olijhoek et al.,  1982). Determination of amino sugars was 

originally carried out by acid hydrolysis and analysis usi ng an 

amino acid analyser (Krulwich et al., 1967). HPLC is a well -

established method of muropeptide  separation and combination 

with mass spectrometry (MS) has resulted in the vast increase in 

the knowledge of PG structures. A recent publicat ion demonstrated 

the abil ity of using f luorescently labelled muropeptides to analyse 

PG by gel electrophoresis (Young, 1996). This group argues that 
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HPLC is technically demanding and aimed to produce a rapid and 

equally effective method of analysing PG structure, however HPLC 

is st i l l the core method used today.  

Rp-HPLC is a powerful analyt ical technique used for the separation 

and purif ication of various compounds. It is based on the principle 

of binding the material in question to a specif ic packing material 

within the column (the solid phase) and gradually eluting these 

compounds, based on their binding abil ity to the column, by an 

increasing gradient (mobile phase). These compounds are then 

detected by a UV detector and the result ing chromatograms 

displayed. Choosing the correct column,  buffers and protocol 

allows you to manipulate how these products are eluted.  

HPLC is l imited by how the f low rate within the system and column 

eff iciency inf luence one another (Swartz, 2005). In most systems a 

faster f low rate wil l reduce column eff iciency and a balance must 

therefore be found. This relat ionship can be graphically displayed, 

and is referred to as a so-called ‘Van Deemter plot ’ (a schematic of 

which is shown in Figure 14), al lowing optimisation of  

chromatography (Horvath et al.,  1967).  There are a variety of 

HPLC methodologies, using various buffer systems and columns ; in 

this chapter a gradient based system has been described. This 

uses a l inear gradient of an increasing organic based buffer, thus 

maximising the elut ion potential (Kaliszan et al., 2004). 
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FIGURE 14: A SCHEMATIC ‘VAN DEEMTER PLOT ’   

Depict ing how f low rate and column eff iciency are related (Horvath 
et al., 1967). 

C18 columns, as suggested by the name, contain si l ica particles 

attached to 18 Carbon molecules which wil l bind (based on 

hydrophobic/polar interact ions) with a variety of compounds, in this 

instance muropeptides. Two C18 columns were used for the HPLC 

analysis in this chapter; Hypersil ODS and Prontosil 120-3-C18, 

both have the same dimensions and pore size but differ in their 

particle size. The most commonly used particle size; 5µm belongs 

to the ODS column used here, whereas the Prontosil column has a 

slight ly smaller size of 3µm. Particle size is important, inf luencing 

separation of peaks by increasing the surface area, however, this 

results in higher back pressure. Essential ly the pressure required 

to maximise the velocity (or f low rate) is inversely proportional to 

the square of the particle size (Yoshida and Majors, 2006).  

Muralyt ic digestion of PG and separation of muropeptides by HPLC 

is the conventional method to study PG composition and structure. 

In experiments described in this chapter C18 columns were used 

for binding and separating muropeptides based on their 

hydrophobicity. Muropeptides are eluted using an organic based 

solvent system; weaker hydrophobic interactions lead to faster 
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elution and hence elution patterns can  be predicted to a certain 

extent.  

3.1.1.1.2   MASS SPECTROMETRY  

 

Mass spectrometry (MS), an important analyt ical technique, 

determines the mass to charge rat io  of a variety of species; here 

used to determine the mass of muropeptide fragments from E. coli .  

Matrix-assisted laser desorption/ionisation time of f l ight  (MALDI-

ToF) causes desorption of samples by a UV laser, which generates 

a variety of species that can then be ionized and eventually 

detected (as depicted in Figure 15). MALDI-ToF requires a matrix in 

order for samples to ‘f ly’ within the machine, therefore there are 

visible peaks found in the resulting spectra belonging to this 

matrix. These peaks are easily dist inguished from sample peaks by 

running ‘blank’ matrix controls and determining the masses of the 

species generated in the spectrometer and then excluding these 

results from further analysis. LCMS meanwhile, combines HPLC for 

separation with mass analysis by mass spectrometry.  
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FIGURE 15:  A  SCHEMATIC SHOW ING MALDI-TOF  GEOMETRY  

Adaptation of a MALDI-ToF schematic (W. C. Wiley, 1955), 
demonstrating the dif ferent  components of a MALDI machine.  

3.1.1.1.2.1  PERMETHYLATION  

 

Permethylat ion, as previously described  (Ciucanu, 1984), uses 

NaOH and methyl -iodide to drive the reaction. Permethylat ion 

results in addit ion of a methyl group through the formation of a 

methyl ester and is a base catalysed reaction. Therefore the choice 

of base is important; however this is l imited by the solvent. DMSO 

is a suitable solvent in this case as most polysaccharides are 

highly soluble in it, it is readily commercial ly available and is 

water-free (Price, 2008). NaOH has poor solubil ity in DMSO so a 

suspension has to be made; this  can lead to under methylat ion. A 

dif ferent method, in order to overcome this problem is to use 

sodium hydride, however this must be stored under oil  and is quite 

dif f icult to handle (Price, 2008).  

3.1.2 NAMH  AND RPFS  

 

Rpfs, as discussed in Chapter 1, are muralyt ic enzymes; capable 

of cleaving mycobacterial PG and, resuscitating dormant bacteria, 
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the precise mechanism of which is not full y understood. Rpfs are 

annotated as lytic transglycosylases, which cleave bacterial PG 

resulting in formation of a 1,6-anhydro ring at NAM residues; these 

have been purif ied and identif ied by rp -HPLC and Mass 

spectrometry. In order to identify Rpf muropept ide products, a 

model system using E. coli  cells was implemented. Glycolylat ion of 

the muramic acid residues is a modif ication found in all  

mycobacterial species (excluding M. leprae as it  contains a pseudo 

namH gene, (Mahapatra et al., 2008); the proximity of this 

modif ication and that of the Mtb Rpf predicted binding and 

cleavage site led to the hypothesis that Mtb Rpfs may be adapted 

to, and more eff icient at cleaving glycolylated PG.  

Therefore in order to investigate the muropeptides released from 

PG by Rpf the following was undertaken:  (1) generation of  

glycolylated PG within E. coli; this was implemented as a means of 

overcoming the need to purify the waxy, hydrophobic and 

notoriously dif f icult to  purify mycobacterial PG. In order to achieve 

this Mtb’s  namH  gene was amplif ied and expressed in E. coli.  (2) 

Purif icat ion of mycobacterial PG and analysis of Rpf released 

muropeptides.  

3.1.3 A IMS  

 

To develop a method of reliably producing and analysing 

glycolylated PG, in order to examine recombinant Mtb  Rpf products 

the following was undertaken:  

 Generation of NamH overexpressing strains in E. coli  

 Optimisation of PG purif icat ion methodology  

 Separation and identif ication of muropeptide products  

 Analysis of muropeptides released from modif ied and wild 

type E. coli  PG by recombinant Mtb  RpfB 

 

 



CHAP TER  3 :  GEN ER ATI ON  OF GL Y COL Y L ATED PE PTI DOGL Y CAN  I N  E.  COL I  

 

64 

 

3.2 MATERIALS AND METHODS 

3.2.1 ORGANISMS USED IN THIS CHAPTER  

 

All  E. coli  strains were grown in LB medium containing the 

appropriate antibiotic  and inducer unless otherwise stated. M. 

smegmatis was grown in Sauton ’s medium. All  medium was 

prepared as previously described in chapter 2.  

3.2.2 BACTERIAL STRAINS  

 

TABLE 4:  BACTERIAL STRAINS USED IN THIS CHAPTER  

Strain E. coli  
Host 

Plasmid/Inducer Source 

BL21(DE3) BL21 
(DE3) 

N/A Laboratory stock 
(Bioline) 

BL21(DE3) pET15b BL21 
(DE3) 

pET15b/IPTG This study 

BL21(DE3) 
pET15b-namH  

BL21 
(DE3) 

pET15b/IPTG This study 

BL21(DE3) pETM-
11-RpfB∆DUF  

BL21 
(DE3) 

pETM-11/IPTG Provided by Prof 
Mike Young 
(Aberystwyth) 

TOP10 pBADHis A TOP10 pBAD/arabinose This study 

TOP10  pBADHis A-
namH  

TOP10 pBAD/arabinose  

LMG 194 pBADHis A LMG 
194 

pBAD/arabinose This study 

LMG 
194   pBADHis A -
namH  

LMG 
194 

pBAD/arabinose This study 

 

 

3.2.3 GENERATION OF OVEREXPRESSING STRAINS  

 

All plasmids for the over-expression of namH were generated 

following the procedures outl ined in Chapter 2. The inserts were 

sequenced by GATC. Once confirmed, these plasmids were 

transformed into protein expression strains BL21, TOP10 or 

LMG194 (shown in Table 4). Plasmids were maintained using 
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50µg/ml ampici l l in. The primers shown in Table 5 were used for the 

generation of NamH expressing constructs. pBAD, TOP10 and 

LMG194 were purchased from Invitrogen (UK).  

TABLE 5: CONSTRUCTS AND THEIR CORRESPONDING PRIMER PAIRS 

Construct Amplicon 

size (bp) 

Primer 

pET15b-

namH  

1,551 F: 5’cgaaagCTCGAGgtgcaggtcacaagcgttggt 
R: 5’cgtagaGGATCCtcatggccgtgaactgcgtag 

pBADHis A-

namH  

1,562 F: 5’cagGCTAGCgaaaggtagctgtg 
R: 5’ctaGTCGAC tcatggccgtgaac 

pET15b-

3818-3819 

1,883 pET15b-namH forward primer 
R:5’cactGGATCC tcacgttcggtggagggcga 

Introduced restriction sites are shown in italic capitals.  

3.2.4 EXPRESSION CONDITIONS  

 

All E. coli pre-cultures used to seed subsequent cultures for 

expression were in a f inal volume of 5ml LB. 50µl of stationary 

phase culture was used to seed subsequent 10ml LB cultures. 

Strains carrying the pET15b plasmid were maintained by adding 

50µg/ml ampici l l in and were induced by adding 1mM IPTG (unless 

otherwise stated)  which in turn directs T7 RNA polymerase gene 

expression and hence the gene of interest (Novagen, 2003b). 

Strains bearing the pBAD plasmid were maintained using 50µg/ml 

ampici l l in and were induced by adding 0.02% (w/v) arabinose 

(unless otherwise stated). All cultures were grown at 37°C with  

continuous shaking at 200rpm. All growth curves were generated 

by taking 1ml samples and analysed spectrophotometrical ly at 

600nm, samples with an OD of 0.8 and above were di luted in fresh 

medium before measurements. 

3.2.5 CONFIRMATION OF PROTEIN EXPRESSION  
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Sodium dodecyl sulphate polyacrylamide gel electrophoresis ( SDS-

PAGE) was carried out using a 12% polyacrylamide gel (as 

previously described in Chapter 2), before being transferred to a 

nitrocellulose membrane for Western blot analysis using anti-

polyHis antibodies (Chapter 2). 1ml samples were obtained from 

pre- and post-induction time points. Bacteria were collected by 

centrifugation in a microcentrifuge at 12,000g, resuspended in 50µl 

dH2O and heated at 90°C for 15 minutes. After re -centrifugation 

the supernatants were removed to a new 1.5ml eppendorf tube and 

10µl of 6x sample buffer was added; 12µl samples were then 

loaded onto the polyacrylamide gel for analysis. In the case of 

pETM-11-RpfB∆DUF  expression samples were taken from cultures 

induced overnight at 15°C with 200rpm shaking.  

3.2.5.1 SEP AR ATING THE SOLUBLE AND INSOLUBLE PROTEIN FR ACTIONS  

 

To separate the soluble fract ion , 1ml of sample was taken, 

centrifuged at 12,000g for 5 minutes and the  resulting pellets 

resuspended in 100µl of the following buffer:  20mM Tis HCl, pH 

7.9; 50mM NaCl; 1xBugBuster  (Novagen®) and incubated at room 

temperature for 5 minutes. Glass beads were added and samples 

vortexed for 20 seconds. Centrifugation was repeated for 15 

minutes. Supernatants were transferred to a fresh tube and 35µl of 

4x sample buffer was added. Insoluble fractions were prepared by 

using the pellets remaining after soluble protein isolation and 

resuspending in 100µl of the following buffer: 20mM Tris HCl, pH 

7.9; 50mM NaCl; 8M urea. After incubation  for 5 minutes, sample 

buffer was added as described above.                                        

3.2.1 PURIFICATION OF RECOMBINANT MTB  RPFB  BY AFFINITY 

CHROMATOGRAPHY  

 

2L f lasks, each containing 500ml LB media, were inoculated with 

5ml of pETM-11-RpfB BL21 and cultures were grown unti l OD600nm= 

0.4-0.7 with 200rpm shaking before induction with 1mM IPTG was 
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carried out. This was incubated at 15°C with 150rpm shaking for 

16-18hrs. Bacteria were collected using a Beckman centrifuge 

(4000g, 30 minutes at 4°C) and the pellets were resuspended in 

buffer containing 30mM Tris HCl pH 7.2 and kept on ice while 30 

cycles of sonication (30 seconds on followed by 30 seconds off) 

were carried out. The cell lysate was then centrifuged for 30 

minutes at 50,000g and 4°C, the supernatant col lected and kept on 

ice. 

A sepharose column was prepared by adding 10ml of  buffer 

containing 40mM NiSO4 and 20mM Tris HCl; 150mM NaCl pH 7 to 

charge the column and prevent contamination. This was then 

washed in 20ml of  buffer containing 20mM Tris HCl; 150mM NaCl 

pH 7 and any excess removed before adding the supernatant and 

allowing it to f low through and bind to the column. The column was 

not allowed to run dry at any point.  Any unbound conta minants 

were removed by washing, f irst in 20ml  of washing buffer 

containing 20mM Tris HCl; 150mM NaCl pH 7 and then using 50ml 

of the same washing buffer containing 60mM imidazole. To elute 

the bound protein, 500mM imidazole (in 20mM Tris HCl; 150mM 

NaCl buffer) was added 1ml at a time and each elution collected in 

1.5ml eppendorfs. The protein concentration was then determined 

using a Nanodrop™ 1000  at Abs280nm so that the concentration of 

protein could be calculated using Equation 2. 

EQUATION 2:   A=  E.C .L  

A= Absorbance, e= extinction coeff icient*, c= concentrat ion and l= 
path length. * Where e was calculated to be 40575M -1  cm -1  

(determined using ExPASy software  (Gasteiger et al., 2003). 

 

The elution fractions containing the greatest amounts of protein 

were combined and added to a dialysis tube and placed in 2L 

dialysis buffer (25mM Tris HCl; 500mM NaCl; 20% glycerol pH 8.5) 

with gentle st irr ing for approximately 16hrs. All  purif ication work 
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was carried out in a cold room. After 16hrs the RpfB protein 

concentrat ion was re-measured and any prote in not needed 

immediately was stored at -80°C. If  there was a large volume then 

protein concentrat ion was performed using Vivaspin 20 centrifugal 

concentrator (Sigma-Aldrich). 

3.2.2 ZYMOGRAPHY  

 

Activity of purif ied recombinant RpfB was assayed using 

zymography. Zymography uses lyophil ised bacterial cells as a 

substrate, this is incorporated into a protein gel and activity of 

muralyt ic enzymes can be assessed by clearance bands within the 

gel. By running a normal SDS-PAGE with the addit ion of dried M. 

luteus cells at 0.2% (w/v) as a substrate, RpfB samples reduced 

with 5mM DTT were loaded into all  wells. Electrophoresis at 180V 

for up to 2 hours was carried out and the gel cut into str ips 

containing the protein, each strip was placed into 20ml of one of 

the following buffers contain ing 2% (w/v) Triton X100: 

25mM Sodium phosphate pH 6, 6.5, 7 and 7.5  

25mM Sodium citrate pH 4.5, 5 and 5.5  

25mM Tris HCl pH 7, 7.5, 8 and 8.5  

 

These str ips were placed at 37˚C overnight to re -nature the 

protein. After being incubated overnight the gels were stained in 

0.1% (w/v) methylene blue in 0.01% (w/v) potassium hydroxide and 

placed on a shaker for 2 hours before being washed repeatedly in 

H2O. 

3.2.3 M ICROSCOPE SETTINGS AND IMAGE ANALYSIS  

 

A Nikon Diaphot 200 inverted microscope with 100w high pressure 

mercury vapour lamp was used for all  images. Images were taken 

with a high speed Pelt ier -cooled Retiga Exi Fast 1394 camera 

(QImaging, Surrey, BC).  
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The software used was: InVivo v3.2.2 build 48 (Media Cybernetics, 

U.S.A) and ImageJ v1.4q (Staal et al., 2004) was used for image 

analysis. All images were stored as 12 bit tagged image f i les (t if ) 

for further analysis.  

3.2.1 LYSOZYME SENSITIVITY  

 

Lysozyme sensitivity assays were carried out in tr ipl icate over 24 

hour periods, following a previously published method (Masschalck 

et al., 2001). Samples were washed in buffer comprising 30mM Tris 

HCl; pH 8, 1.3mM EDTA and adjusted to the same OD before 

adding 100µg/ml lysozyme and incubat ing for 2 hours at 37˚C, after 

2 hours the optical density was measured. CFU plates were 

prepared at several t ime points (as previously described; chapter 

2).  

 

3.2.2 PG  PURIFICATION  

 

A variety of PG purif icat ion methods are described below; method 

1 has been adapted from a classical purif icat ion method (method 

2) in order to maximise protein induction. The 3 rd  method is 

specif ic to the purif icat ion of mycobacterial PG.  

3.2.2.1 METHOD 1 

 

This method is based on previously published work  (Glauner, 

1988). 500ml culture volumes of LB media (Chapter 2) containing a 

f inal 50µg/ml ampicil l in were inoculated with 5ml of overnight pre-

culture. These were then grown at 37°C, 200rpm ti l l the OD600nm 

reached 0.4-0.7, IPTG was then added to a f inal concentration of 

1mM. Induced cultures were grown t i l l  the OD600nm reached 1.5-2. 

Cells were collected at 4000g in 400ml  centrifuge tubes in a 

Beckman Coulter Avanti® J-E centrifuge using a F10 rotor for 30 
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minutes at 4°C. Pellets were resuspended and washed in mill iQ 

H2O before collection by centrifugation (as above), resulting pellets 

were resuspended in 20mM sodium acetate (pH 5) and added 

dropwise to boil ing 4% (w/v) SDS fo r 30 minutes with mixing. 

Bacteria were collected and washed 3 times in mill iQ H 2O, at 

50,000g using a JA-25.50 Rotor for 30 minutes at 15°C in 50ml 

tubes.  

The lysate was then resuspended in  buffer comprising 100mM Tris 

HCl; 10mM NaCl pH 7.5 and 10µg/ml DNase I added before 

incubating overnight  at 37°C. The samples were then washed twice 

and collected at 50,000g (as  described above) and the remaining 

pellets resuspended in buffer containing 100mM Tris HCl; 10mM 

NaCl pH 7.5 and 50µg/ml proteinase K added to remove any 

protein associated with the PG, this was incubated overnight  at 

37°C. The remaining SDS-insoluble material was then extracted in 

1% (w/v) boil ing SDS for 30 minutes. The material was collected 

and washed 3 times at 50,000g (as described above) and the 

resulting PG was resuspended in minimal mil l iQ H 2O and 

lyophilised, this was then stored at -80°C. 

3.2.2.2 METHOD 2 

 

(Glauner, 1988) published a PG purif icat ion method which the 

following protocol is based on. Bacteria were inoculated as above 

and grown in 400ml LB media (Chapter  2) without antibiot ics at 

37°C and 200rpm til l  the OD600nm was between 0.4-0.8. IPTG or 

arabinose induction was carried out when the OD600nm = 0.2. Cells 

were then cooled on ice for up to 10 minutes. The cells were 

harvested by centrifugation at 4000g in Beckman Coulter 

centrifuge using an F10 rotor at 4°C. Using a glass pipette pellets 

were carefully resuspended in 6ml of ice-cold H2O and added drop-

wise to 6ml of boil ing 8% (w/v) SDS, with constant st irr ing for 30 

minutes. When samples reached room temperature  the sacculi of 
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both strains were collected by ultracentrifugation (using a TLA -

100.3 rotor and bench top ul tracentrifuge) for 1 hour at 90,000 rpm 

in 3ml Beckman tubes. Supernatants were careful ly discarded and 

pellets resuspended in 60°C Mil l iQ H 2O and ultracentrifuged (as 

above), between 8 and 10 washes were performed and the Hayashi 

test carried out to determine whether samples were free from SDS.  

After removal of SDS samples were resuspended in 900µl of  buffer 

containing 100mM Tris HCl; 10mM NaCl pH 7 in a 2ml microfuge 

tube and 100µl 3.2M imidazole pH 7 added. 15µl of 10mg/ml α -

amylase was then added to degrade high molecular weight 

glycogen within the sacculi.  Samples were incubated for 2 hours at 

37°C. 20µl of pre-incubated (at 60°C for 2 hours) 10mg/ml Pronase 

E was added for 1 hour at 60°C to release covalently bound 

lipoproteins.  

1ml of 4% (w/v) SDS was added to the samples and these were 

heated at 100°C for 15 minutes. Samples were centrifuged and 

washed as before, up to 6 t imes and checked via the Hayashi test.  

Samples were resuspended in 400µl of 0.02% NaN 3 and stored at 

4°C. Any stages which required overnight storage had 0.02% NaN3  

added and before continuing the samples were heated at 42°C in a 

water bath for 20 minutes.   

3.2.2.2.1  HAYASHI  TEST  

 

In a 1.5ml eppendorf tube the following reagents were added:  

335µl murein sample 
7µl 0.5% methylene blue 
170µl NaPO4 pH 7.2 
1ml Chloroform 

Samples were mixed for 20 seconds on a vortex and brief 

centrifugation applied in order for phase separation to occur. The 

appearance of a blue colour in the chloroform layer indicat ed the 

presence of SDS, however  clear or slight ly pink colours indicated 

clearance of SDS (Hayashi, 1975). 
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3.2.2.3 MYCOB ACTERI AL PG  PURIFIC ATION  

 

PG was isolated from M. smegmatis based on previously published 

methods (Mahapatra et al., 2008, Parish and Stoker, 1998, 

Toubiana et al., 1979). Mycobacteria were grown in Sauton’s media 

and collected by centr ifugation before resuspension in  10mM 

NH4HCO3 followed by 30 cycles of sonication (comprising 60 

seconds on and 60 seconds off) before digestion with 10µg of 

DNaseI at 37°C overnight. The pellet containing cell  wall  was then 

collected by centrifugation at 50,000g for 30 min 4°C, this was then 

resuspended in 100mM Tris 10mM NaCl; pH 7.5 buffer and added 

dropwise to boiling 4% (w/v) SDS before being collected and 

washed as described above and incubated with proteinase K (also 

as above) overnight at 37°C. This  process was then repeated with 

1% (w/v) SDS before the resulting pellet was extracted with 

ethanol-diethyl ether (1:1) and dried under a vacuum.  

Reflux was carried out to saponify the ester l inkage between 

mycolic acids and arabinogalactan; a 1:1 ratio of toluene:methanol 

(MeOH) with 2% (w/v) KOH in a f inal volume of 30ml with the 

mAGPc from M. smegmatis  was heated at 65˚C for 48 hours with 

constant stirr ing. Once cooled to room temperature the 

precipitat ing AGPc was collected by centrifugation and washed  in 

MeOH. The pellet was then washed in MeOH twice and diethyl 

ether before being vacuum dried. The AG-PG was digested with 

0.05N H2SO4  at 37°C for f ive days. The remaining insoluble PG 

was then washed four t imes by centrifugation and dried under 

vacuum.   

3.2.3 MUROPEPTIDE ANALYSIS  

3.2.3.1 MUROPEPTIDE SAMPLE PREP AR ATION  

 

Isolated PG was resuspended in 100µl buffer containing 80mM 

NaPO4 pH 4.8 and 20µl of 0.5µg/ml mutanolysin or cellosyl,  
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samples were incubated overnight at 37°C with 200rpm shaking. 

Lysozyme digestion took place in buffer comprising 25mM NaPO4;  

pH 6 at 100µg/ml, 37°C overnight. RpfB digestion was performed 

using 100µg/ml in 40mM citr ic acid; pH 6.5 .  Samples were then 

boiled for 10 minutes on a dry block and centrifuged at 12,000g 

using a microcentrifuge.  100µl of 0.5M sodium borate (pH 9) 

solution was added prior to addition of solid sodium borohydrate 

for the reduction of muropeptide products. Samples we re incubated 

for 30 minutes at room temperature  with centrifugation at 2000g to 

prevent spi l lage. The reaction was then terminated by the addition 

of 20% phosphoric acid and adjusted to pH 4.0 (or between pH 3.5 

and 4.5). Prior to loading of samples onto the HPLC column they 

were centrifuged brief ly, if  samples were not immediately needed 

they were stored at -20°C. 

3.2.3.2 RP -HPLC  PROTOCOL  

 

Rp-HPLC work was carried out on an AKTA Purif ier Preparative 

Liquid Chromatography System.  

 

3.2.3.2.1  METHOD 1 

 
Column: C18 Genesis ODS hypersil  
Column parameters:   

Height: 25cm 
Diameter: 0.46cm 
Volume: 4.155ml 
Particle size: 5µM 
 

HPLC parameters:  

Flow-Rate: 0.5ml/min 
Pressure limit: 20MPa 
Wavelengths: 205, 250, 280 (nm)  
Elution fract ion size: 1ml 
Target concentrat ion B: 100% 
Length of gradient: 30 (CV)  
 

Buffers: 
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Buffer A = 40mM NaH2PO4  pH 4.3 (and 0.1% 
NaN3) 

   Buffer B = 40mM Na H2PO4; 15% MeOH pH 5.1 

3.2.3.2.2  METHOD 2 

 

Column: C18 Prontosil  120-3-C18-AQ 

Column parameters:  

Height: 25cm 
Diameter: 0.46cm 
Volume: 4.155ml 
Particle size: 3µM 
 

HPLC parameters:  
Flow-Rate: 0.5ml/min 
Pressure limit: 20MPa 
Wavelengths: 205, 250, 280 (nm)  
Elution fract ion size: 1ml 
Target concentrat ion B: 100% 
Length of gradient: 18 (CV)  

Buffers: 
   Buffer A = 50mM NaH2PO4  pH 4.31 (and 0.1% 
NaN3) 
   Buffer B = 75mM Na H2PO4; 15% MeOH pH 4.95 
 

3.2.3.3 AMMONIUM HYDROXIDE HYDROLYSIS  

 

PG samples used for LCMS and MALDI-ToF analysis were f irst 

digested with mutanolysin (200µg/ml) and lysozyme (200µg/ml) 

(both obtained from Sigma-Aldrich, UK) at 37°C in 25mM Na 2PO4;  

pH 6 buffer containing 0.1mM MgCl2.  Soluble mono- and 

disaccharides were collected by ultracentrifugation before being 

hydrolysed by NH4OH. NH4OH (30% v/v) was added (0.35µl added 

per µl of digested PG) and placed at 37°C for 5hrs before being put 

to -80°C and vacuum dried to neutralise. This method was based 

on work carried out by (Arbeloa et al., 2004). 

3.2.3.4 LCMS 
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A 4000 QTRAP® LCMS/MS System was used for al l L CMS work in 

this chapter; it is a Hybrid Triple Quadrupole/Linear Ion trap mass 

spectrometer. This system was used to analyse PG from different 

E. coli  strains.  

PG samples were dissolved in 100% methanol  (MeOH) prior to 

analysis.  

3.2.3.5 MALDI-TOF 

 

The equipment used was a Voyager DE-STR MALDI-ToF Mass 

Spectrometer. A 96 well plate was used for sample spotting and 

the following matrices were used:  

 α-cyano-4-hydroxycinamic acid (α -cyano) 

 dihydroxybenzoic acid (DHB)  

 5-chloro-2-mercaptobenzothiazole (CMBT)  

All three were tested using commercial ly available 

monosaccharides found within PG and based on this data, as well 

as previously published work (Pfenninger et al., 1999) CMBT was 

selected for optimal visualisation of monosaccharides. A 

combination of solution const ituents were tested including: e thanol 

(EtOH):H2O, Chloroform:MeOH, MeOH:trif luroacetic acid (TFA), 

MeOH:H2O,  acetonitr i le (ACN):0.1% TFA, ACN:H2O, EtOH and 

EtOH:H2O:tetrahydrofuran (THF). Typically solut ions of CMBT in 

EtOH:H2O:THF were prepared at 10g/L concentrat ions.   

Matrix to sample ratios were also tested using the matrices 

mentioned above and commercial ly available  N-acetyl glucosamine 

(NAG) and N-glycolyl muramic acid (NAM) standards at 10µg/ml 

concentrat ion. Matrix and samples were mixed in 5:1 ratio (matrix 

to sample) and 1µl of the mixture was spotted onto the plate. 

Several replicas per sample were prepared as were matrix controls 

for each spot. Isolated PG samples were hydrolysed by NH 4OH 

prior to spotting.  
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3.2.3.6 PERMETHYL ATI ON  

 

Permethylat ion was carried out as previously described (Ciucanu, 

1984, Kang et al.,  2005). For optimisation experiments 10µl of a 

9mM NaOH suspension was added to 10µg NAG dissolved in 30µl 

DMSO. 5.6µl of methyl -iodide was then added and samples placed 

on a vortex for 20 minutes, samples were also taken every 5 

minutes. 0.5ml of chloroform was added to samples  and mixed well 

by vortexing, the aqueous phase was removed and the organic 

phase washed twice in water. Samples could then be concentrated  

by vacuum drying. This was then repeated using 5µl of hydrolysed 

PG samples from both E. coli  strains.  The reaction schematic is 

shown in Figure 16. Samples were then analysed by MALDI-ToF. 

 

 FIGURE 16:  A SCHEMATIC FOR PERMETHYLATION OF CARBOHYDRATES  

The permethylat ion reaction for the conversion of fr ee amino and 
hydroxyl groups under CH 3I, DMSO and NaOH conditions is shown. 
Adapted from (Ciucanu, 1984) 
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3.3 RESULTS 
 

The pET vector is a commercially available system for the cloning 

and expression of foreign proteins within E. coli . DH5α is an ideal 

strain for init ial cloning steps due to high efficiency  of 

transformation. Once the clone had been generated a new host 

suited to protein expression, was required. BL21(DE3) is the main 

host adopted in th is chapter, advantages of this were: the presence 

of lacI gene, lacUV5 promoter and the gene for T7 RNA 

polymerase (Novagen, 2003b).  

3.3.1 PET15B-NAMH;  GROW TH CHARACTERISTICS AND PROTEIN 

EXPRESSION  

 

The E. coli expression strains; pET15b BL21 and  pET15b-namH 

BL21 were generated as described (Chapter 2). Brief ly ; pET15b-

namH forward and reverse primers (Table 5) were used for the PCR 

amplif ication of namH (rv3818), 5µl of PCR product was analysed 

by gel electrophoresis and the remaining product purif ied using a 

commercially available QIAquick kit (Qiagen, UK);  purif ied PCR 

product and pET15b plasmid were digested, l igated and 

transformed into DH5α cells.  The presence of the insert was 

confirmed by diagnostic colony PCR.  Purif ied DNA was sent for 

sequencing before transformation into the BL21 expression host. 

Growth analysis was performed using a successful clone to assess  

toxicity.  

The growth characterist ics of both BL21 (DE3) pET15b and 

pET15b-namH were examined in LB media, 1mM IPTG was added 

to induce expression via T7 RNA polymerase. Previous work using 

M. smegmatis namH found overexpression of this protein to be 

toxic to E. coli  (Raymond et al.,  2005); M. tuberculosis namH  was 
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used in an attempt to overcome toxicity issues. The growth 

phenotype of pET15b-namH BL21 was therefore analysed.  

 

FIGURE 17: MICROSCOPY AND GROWTH ANALYSIS OF PET15B-NAMH AND 

PET15B 

Figures A and B show microscope images of pET15b -namH  BL21 1 
hour post IPTG induction, a Nikon Diaphot 200 inverted microscope 
with 100w high pressure mercury vapour lamp was used for all 
images. Inclusion bodies are indicated by an arrow. C) Bacteria 
were cultured in LB medium as previously described (Chapter 2).  
1mM IPTG was added as indicated by the red l ine in the above 
f igure. OD  measurements were prepared by taking 1ml samples 
and analysing spectrophotometrically at 600nm; samples were 
diluted once they reached OD 0.8. D) CFU counts were analysed in 
a separate experiment by serial dilution; the time shown indicates 
time after induction. The results shown are the average value of 
duplicate experiments. All error bars show standard deviation.  

 

As shown in Figure 17, C Mtb NamH does not appear to be toxic to 

E. coli ,  OD values are init ial ly consistent with, or sl ightly reduced 

compared to pET15b BL21 and once induced by IPTG cells 
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continue to replicate. Due to the increased energy cost to the cell  

for the overexpression of NamH, it would be expected that  pET15b-

namH BL21 cells, once induced, would have a reduced growth rate 

in comparison to the control strain.  pET15b-namH, prior to and for 

a short period after  induction, has a sl ightly reduced growth rate in 

comparison to pET15b BL21, however after 2 hours of IPTG 

induction this trend is no longer observed and pET15b -namH  has a 

consistently greater OD than pET15b. The CFU counts ( in D) 

ref lect a similar trend in both pET15b and  pET15b-namH  BL21: 

there is a rapid increase during log phase which begins to decease 

as the cells enter stationary phase, the  rapid drop in CFU counts 

could ref lect a loss of plasmid and hence a reduced bacterial 

survival on antibiotic containing plates. These data both indicate 

that Mtb  NamH was not toxic to E. coli.  

Bacteria were inspected under the microscope and pET15b -namH 

BL21 demonstrated long chains of bacil l i  (Figure 17, B), cel ls also 

had bubble-l ike shapes possibly indicative of inclusion bodies 

(Figure 17, A). Comparative pET15b BL21 cells did not demonstrate 

these chains of cells or bubble -like formations. The increase in 

turbidity represented by higher OD readings from post IPTG 

induction could therefore be a result of bacterial structures as this 

increase was not ref lected in CFU counts (Figure 17, D).  

pET15b-namH contains a 6xHist idine N-terminal tag,  allowing 

detection of protein expression by Western blot  using anti-polyHis 

antibodies (Sigma). Samples for protein expression experiments 

were taken at several t ime poin ts in order to determine optimal  

expression conditions prior to large scale expression. Negative and 

positive controls were also included; the empty pET15b BL21 strain 

was used as a negative control and a pETM-11-RpfB∆DUF  strain 

overexpressing a His-tagged RpfB∆DUF was used as a posit ive 

control. The optimal expression t ime for pET15b -namH  BL21 was 
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found to be 2 hours, protein expression from this t ime point is 

shown in Figure 18. 

 

FIGURE 18: WESTERN BLOT OF TOTAL CELL EXTRACTS DEVELOPED WITH 

ANTI-POLYH IS ANTIBODY .   

From left to right: 1) BL21 (DE3) pET15b-namH, 2) protein marker,  
3) RpfB∆DUF (posit ive control)  and 4) BL21 (DE3) pET15b. All  crude 
cell  extracts were prepared from cells grown in LB medium, at 
37°C with 200rpm shaking, after 2hours of 1mM IPTG induction. 
Samples were loaded onto a 12% polyacrylamide gel and once 
separated by electrophoresis proteins were transferred to a 
nitrocellulose membrane for Western  blot analysis.  

 

As can be observed in Figure 18, NamH expression was confirmed 

by Western blot . There is a band visible in lane 1 (pET15b -namH 

BL21) corresponding to slight ly greater than 50 kDa but lower than 

the 75 kDa marker. The predicted size of NamH (including the His -

tag) is 58.45 kDa. Therefore it can be concluded that: owing to the 

specif icity of this technique, the lack of bands present within the 

negative control and the molecular weight of the main band  

detected, NamH is being expressed. The lower molecular weight 

band, produced by pET15b -namH BL21 (DE3) bacteria, is most 

l ikely a result of protein degradation.   
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Samples taken at later t ime points produced a more intense band 

of the lower molecular weight product which was indicative of a 

higher level of protein degradation.  Earl ier t ime points produced 

equally bright bands and a two hour induction was found to be the 

optimal expression condit ion (Figure 18). Two hour protein induction 

produced no further degradation products  than shorter induction 

times and al lowed detectable protein expression.  

 

3.3.2 NAMH  SOLUBILITY  

 

Growth analysis and examination of pET15b-namH  BL21 under the 

microscope indicated the presence of inc lusion bodies, therefore 

after examining the expression of NamH in  pET15b-namH  BL21 

crude cell extract by Western blot using anti -polyHis the 

expression level of soluble protein was investigated. This was done 

by separating the insoluble and soluble fract ions from bacteria. 

Proteins were separated by SDS-PAGE and detected by Western 

blot using anti -polyHis antibodies. Attempts to increase the level of 

soluble protein expressed were undertaken. Samples were grown 

at a variety of temperatures (15°C-37°C), length of induction was 

varied (1 hour-overnight) and the concentrat ion of inducer  altered 

(0.05-1mM); the optimal expression obtained is shown in Figure 19. 
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FIGURE 19: ANTI-POLYHIS WESTERN BLOT SHOWING SOLUBLE AND 

INSOLUBLE FRACTIONS OF IPTG INDUCED PET15B–NAMH BL21 

The above f igure shows the soluble fraction (lane 2) and the 
insoluble fract ion (lane 3) of  pET15b-namH  BL21 cells grown in LB 
medium and induced with 1mM IPTG for 4 hours at 37 °C. 1ml 
samples were taken from 10ml cultures for preparation of different 
fractions. A band at the expected mass of NamH is indic ated and 
referred to as ‘higher  band ’, a lower molecular weight band; l ikely 
to be a degradation product is referred to as the  ‘ lower band’.  

 

Figure 19, which depicts the soluble and insoluble protein fractions 

expression levels of NamH in pET15b-namH  BL21 cells after IPTG 

induction, suggests a much greater level of insoluble compared to 

soluble protein. Both soluble ( lane 2) and insoluble  protein 

fractions (lane 3) contain low molecular weight bands (indicated in 

the above f igure) which are l ikely to be products of protein 

degradation. The lower molecular weight band present in pET15b -

namH soluble fraction appears to be more intense than the full 

length protein (lane 2). Figure 19 indicates the greatest yield of 

soluble NamH based upon these experiments, and in order to over-

come this low solubil it y issue a new construct was generated using 

the pBADHisA  system. This system provides more str ingent  contro l 
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of expression and could potentially increase the level of soluble 

NamH. 

pBAD-namH  was generated using the corresponding primers  

(pBAD-namH F and R) shown in Table 5, once NamH had been 

amplif ied and examined by DNA gel electrophoresis the PCR 

product was purif ied and digested using NheI and SalI restriction 

enzymes. Commercial ly available pBAD HisA  was l ikewise digested 

and gel extracted, the result ing insert and linear plasmid were 

l igated and transformed into DH5α, once successfully sequenced 

purif ied DNA was used to transform this construct into a  TOP10 

expression host. Growth analysis in LB medium was then carried 

out under various arabinose induction concentrations, 0.02% 

arabinose induction is shown in Figure 20. 

 

FIGURE 20: GROWTH ANALYSIS OF PBAD-NAMH TOP10 AFTER 0.02% 

ARABINOSE INDUCTION 

Cultures were induced with 0.02% (w/v) arabinose. 1ml samples 
were taken at hourly intervals and analysed spectrophotometrically 
at 600nm. Samples were di luted once an OD of 0.8 or higher was 
reached. The results shown are the average of duplicate sample s, 
error bars show standard deviat ion.  
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A very similar growth trend is observed for both pBAD-namH  

TOP10 and the corresponding pBAD control after arabinose 

induction. The overal l growth pattern here is also very similar to 

that observed for pET15b-namH BL21 (Figure 17). Log phase 

growth, immediately after induction, shows a slight discrepancy 

between the two constructs; pET15b-namH init ially has a lower OD 

compared to the control, this is no longer true 2 hours post  

induction whereas pBAD-namH  consistently has a slight ly greater 

OD compared to pBAD TOP10.  

However, the sl ight increase in OD of pBAD-namH in Figure 20 is 

not statistical ly signif icant  (p value of 0.06 or higher); many of the 

error bars overlap. Growth analysis using higher arabinose  

concentrat ion for induction showed a slight ly reduced rate of 

growth, equally in both pBAD-namH  and pBAD TOP10 strains. 

Using this new construct and a more str ingent expression system 

the solubility of the NamH protein was examined by Western blot  

using anti -polyHis antibodies. 

Using a variety of growth condit ions: temperature (15°C -37°C), 

inducer concentrat ion (0.02-0.1%) and induction time (1 hour-

overnight) pBAD-namH protein expression was examined. The 

soluble and insoluble protein fractions of bacteria were separated 

and loaded onto a gel to determine optimal expression conditions 

to increase the yield of soluble protein.  
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FIGURE 21:  WESTERN BLOT USING ANTI-POLYH IS ANTIBODIES SHOWING 

IPTG  INDUCED TOP10  PBAD-NAMH  INSOLUBLE AND SOLUBLE PROTEIN 

FRACTIONS .  

The marker lane is indicated by the letter M. Lane 1: pBAD-namH  
insoluble faction and lane 2: pBAD-namH soluble fract ion. Protein 
induction was carried out using 0.02% arabinose overnight at 19°C. 
Samples of insoluble and soluble protein fractions were isolated as 
described previously. Samples were loaded onto polyacrylamide 
gels for SDS-PAGE analysis before transfer to nitrocellulose 
membrane for Western blot. A band at the expected mass of NamH 
is indicated and referred to as ‘higher’ band, a lower molecular 
weight band; l ikely to be a degradation product is referred to as the 
‘ lower band’.  

 

Solubility of recombinant NamH was examined using the pBAD-

namH TOP10 strain under a variety of condit ions; Figure 21 

demonstrates the greatest level of soluble protein identif ied. The 

major protein band was detected in the insoluble fraction  by 

Western blot using anti-polyHis ant ibodies. A similar intensity of  

soluble protein as that shown in Figure 19  was observed. Again a 
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low molecular weight band could  be observed in both the soluble 

and insoluble fract ions (indicated in Figure 21) and is most l ikely a 

result of protein degradation.  

It therefore appears that use of this more str ingent expression 

system did not improve NamH solubil ity. In addit ion to TOP10 

expression host the pBAD-namH construct was also cloned into a 

LMG194 strain which is suited to expression of toxic proteins and 

expression levels can be reduced by the addit ion of glucose, 

however solubility expression studies using this construct also 

failed to increase the level of soluble NamH (data not shown).  

As previously discussed rv3819  overlaps by 3 nucleotides with 

namH  and encodes a protein which could potential ly inf luence the 

activity of NamH by aiding electron transfer. Therefore co -

expression of NamH and Rv3819 in E. coli was undertaken in a 

further attempt to increase solubil ity and to possibly increase 

activity. This strain was generated using the primers shown in Table 

5, XhoI and BamHI restrict ion enzymes were used prior to l igation 

into pET15b and transformation into DH5α. Purif ied plasmid DNA 

was sequenced and used for transformation into BL21 (DE3) 

expression host.  

Unfortunately examination of these cells under the microscope 

indicated high levels of inclusion bodies and hence this construct 

was not used for further investigations. The low level of soluble 

protein identif ied in the pET15b -namH  expression strain, whilst not 

ideal, indicated the presence of some soluble protein and was 

therefore used in further exper iments to examine whether NamH 

was functional.  

3.3.3 DETERMINATION OF NAMH’S FUNCTIONALITY  

 

Despite the low level of soluble NamH protein , identif ied by 

Western blot using anti -polyHis antibodies, determination of 
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activity was undertaken. There were several methods available to 

determine whether this protein was functional: a direct enzymatic 

activity assay, analysis of PG structure and indirect biological 

assays. Since the aim of this work was the generation of 

glycolylated PG this was the f irst l ine of investigation.  

3.3.3.1 PURIFIC ATION OF PG  USING METHOD 2 

 

In order to obtain pure PG and produce wild type  E. coli  

muropeptide prof iles that correspond to those of published  results 

a well-established purif icat ion method was followed (Method 2) 

(Glauner et al., 1988). Using the following strains the muropeptide 

prof iles were investigated by rp -HPLC: pET15b BL21 (DE3), 

pET15b-namH BL21 (DE3) and BL21 (DE3) (containing no 

plasmid).  

Using the control strain pET15b BL21, PG purif icat ion was f irst 

analysed by rp-HPLC to determine the purity and pattern of 

mutanolysin released muropeptides. This chromatogram was then 

compared to published E. coli muropeptide prof iles for peak 

identif icat ion. As shown in Figure 22 the observed muropeptide 

peaks have been labelled according to published chromatograms of 

cellosyl digested E. coli PG (Glauner et al., 1988). Cellosyl is a 

muramidase from Streptomyces coelicolor  which hydrolyses the 

glycosidic bond in PG and has very similar act ivity to mutanolysin  

(from Streptomyces globisporus ) but is no longer commercial ly 

available.  
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FIGURE 22: PET15B BL21 MUTANOLYSIN DIGESTED RP-HPLC MUROPEPTIDE 

PROFILE 

PG from pET15b BL21 was purif ied according to Method 2  and 
digested with 0.5µg/ml mutanolysin in 80mM NaPO 4 pH 4.8 at 37°C 
overnight. Samples were reduced using NaBH 4  and neutral ised by 
phosphoric acid. A 200µl sample was ran using a C18 prontosil  
column in 50mM NaH2PO4 pH 4.31 and eluted using a l inear 
gradient of 75mM Na H2PO4; 15% MeOH pH 4.95. Di, disaccharide 
dipeptide; Tri, disaccharide tr ipeptide; Tetra, disaccharide 
tetrapeptide; Tetra Tetra, Tetra cross l inked to Tetra;  Gly4, glycine 
residue in posit ion 4 of peptide side chain; Lys Arg, Lys -Arg 
residue from l ipoprotein.  
 
 
 
 
 
 
 
 
 
 
 



CHAP TER  3 :  GEN ER ATI ON  OF GL Y COL Y L ATED PE PTI DOGL Y CAN  I N  E.  COL I  

 

89 

 

TABLE 6: MOLECULAR IONS OF SELECTED E. COLI MUROPEPTIDES 

Muropeptide Mass 
([M+H]+/[M+Na]+) 

Disaccharide Tripeptide 870.9/892.9 
Disaccharide Dipeptide 698.68/720.68 
Disaccharide Tripeptide-Lys-Arg 1155.27/1177.27 
Disaccharide Tetrapeptide 942.5/964.5 
Disaccharide Tetrapeptide-Tetrapeptide  1405/1427 
Disaccharide Tetrapeptide-Disaccharide 
Tripeptide 

1794.0/1816.0 

Disaccharide Tetrapeptide-Disaccharide 
Tetrapeptide 

1865.0/1887.0 

Disaccharide Tetrapeptide-Disaccharide 
Tripeptide-Lys-Arg 

2079.24/2101.24 

Disaccharide Tetrapeptide-Disaccharide 
Tetrapeptide-Disaccharide Tetrapeptide 

2789.79/2811.79 

 

The mass of several of the major E. coli muropeptides are shown 

in Table 6, these were taken from previously published work  (de 

Jonge et al., 1989, Tuomanen and Cozens, 1987, Ottolenghi et al.,  

1993, Pfanzagl et al., 1996, De pedro et al., 1993). 

Schematic examples of muropeptide structures are shown in 

Appendix 1: Muropeptide Schematics and Fragmentation. Not all  

muropeptides previously identif ied by Glauner in 1988 were 

observed in Figure 22, and the structural identity of those of low 

intensity was inferred by comparison to the two main p eaks 

associated with E. coli PG (Tetra and Tetra-Tetra). Figure 22 

therefore demonstrates that use of th is method to purify and 

analyse E. coli  PG produces muropeptide prof iles matching 

previously published work. Investigation of PG isolated from 

pET15b-namH BL21 was then undertaken to detect the presence of 

glycolylated muropeptides. 
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FIGURE 23: PET15B-NAMH  AND CONTROL CELLOSYL RELEASED 

MUROPEPTIDE PROFILES RP-HPLC  CHROMATOGRAMS .  

HPLC chromatograms of cellosyl digested PG for the following 
strains (from top to bottom): pET15b -namH, pET15b and BL21 
(DE3) E. coli .  Absorbance was measured at 205nm, 180µl of  
NaBH4 treated samples were loaded onto a C18 Prontosil column 
and HPLC was performed in 50mM NaH2PO4 pH 4.31 and eluted 
using a l inear gradient of 75mM Na H 2PO4; 15% MeOH pH 4.95. All 
pET15b-namH peaks with 100mAU or higher were collected for MS 
analysis, these are labelled 1 to 12.  

Tetra 

Tetra-Tetra 
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FIGURE 24: MASS SPECTRUM OF PEAK 4 FROM CELLOSYL DIGESTED PET15B-

NAMH BL21 PG 

Peak 4 (shown in Figure 23) of cellosyl digested pET15b-namH  BL21 
PG was analysed by MS at the University of Newcastle. Mass 
peaks at 942.4 and 964.39 were then struc turally identif ied.  

 

As shown in Figure 23, the muropeptide prof ile of  the NamH 

expressing BL21 strain was dif ferent in comparison to both control 

strains. In addit ion, the muropeptide prof iles of the control strains 

match those of previously published work; each contains the two 

main peaks (labelled Tetra and Tetra -Tetra in Figure 23) which were 

described in Figure 22. pET15b-namH cel losyl released 

muropeptides retain the Tetra and possibly the Tetra -Tetra peaks.  

Peak 4 was analysed by MS, the results of which are shown in 

Figure 24. The peaks eluted sl ight ly earl ier than the Tetra -Tetra 

peak in Figure 23 (pET15b-namH) could correspond to Tetra-Tri-

A2pm, Tetra-Tetra-Gly4 and Tetra-Tri based on previously 

published structural data (Glauner et al.,  1988). However, these 

series of peaks were usually observed at very low levels but here 

appear to be massively increased. There were several other peaks 

which no longer match those of previously published  E. coli  

muropeptide chromatograms , including a peak eluted prior to the 
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Tetra muropeptide. Unfortunately, the muropeptide prof ile shown in 

Figure 23 for pET15b-namH could not be replicated in subsequent 

purif icat ions.  

The fractions collected were analysed  by Fourier Transform MS 

(FTMS) at the University of Newcastle. Most muropeptide peaks 

collected did not produce MS peaks correlating to known 

muropeptide masses. Analysis of peak 4 (numbered in Figure 23), 

which was predicted to correspond to the E. coli Tetra 

muropeptide, resulted in the FTMS spectrum shown in Figure 24. 

The peaks shown in Figure 24 (964 and 942) correspond to the 

[M+H+]  and [M+Na+] of Tetra (disaccharide tetrapeptide) 

respectively. MS analysis of the remaining muropeptides produced 

poor quality data; the fractions which did produce MS peaks did not 

correspond to known muropeptide masses. It therefore appears 

that pET15b-namH  does not consistently produce enough soluble 

protein to result in glycolylated PG detectable by rp -HPLC. An 

example of fragmentation of a muropeptide is shown in  Appendix 1: 

Muropeptide Schematics and Fragmentation. 

Using pBAD-namH  TOP10 (and the corresponding pBAD control) 

PG was purif ied according to Method 2 and mutanolysin digested 

muropeptides analysed and separated by rp -HPLC.  
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FIGURE 25:  RP-HPLC  CHROMATOGRAM SHOWING MUTANOLYSIN 

DERIVED MUROPEPTIDES FROM 0.02%  ARABINOSE INDUCED PBAD-

NAMH  TOP10  

PG was purif ied and mutanolysin digest ion carried out as 
previously described. 200µl of NaBH4 reduced sample was loaded 
onto a C18 Prontosil  column and HPLC was performed in 50mM 
NaH2PO4 pH 4.31 and eluted using a linear gradient of 75mM Na 
H2PO4; 15% MeOH pH 4.95. 

 

As shown in Figure 25, the resulting muropeptide prof ile of 

mutanolysin digested pBAD-namH TOP10 corresponds strongly to 

that of wild type E. coli  PG (Figure 22 and Figure 23). This pattern of 

muropeptides was consistently observed and it can hence be 

concluded that under these conditions glycolylation of the PG in 

NamH expressing E. coli  does not occur. This was most l ikely a 

consequence of a low level of soluble NamH and a short 

expression time. Therefore due to the irreproducibi l ity of an altered 

muropeptide prof ile for NamH expressing strains an alternative 

method of PG purif ication was implemented.  

3.3.3.2 AN ALTERN ATIVE PG  PURIFIC ATION METHOD  

3.3.3.2.1  LYSOZYME D IGESTION  
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PG was isolated as described in Method 1; in comparison to the 

previous PG purif ication method this method harvested cells at a 

later stage of growth after a greater length of induction. Once 

purif ied, samples were digested with 200 µg/ml lysozyme overnight  

prior to analysis by rp-HPLC. 

 

FIGURE 26: LYSOZYME D IGESTED PET15B-NAMH  AND PET15B PG  

SEPARATED BY RP -HPLC 

A C18 hypersi l  column was used and rp -HPLC was carried out (as 
described previously) in 40mM NaH2PO4 pH 4.3 and 200µl of 
NaBH4 treated samples were loaded. Elution was carried out by a 
linear gradient of 40mM NaH2PO4; 15% MeOH pH 5.1. Isolated PG 
from both pET15b and  pET15b-namH strains were digested at 37°C 
in phosphate buffer and 200 µg/ml lysozyme overnight . Absorbance 
was recorded at 205nm. 

 

As depicted in Figure 26, there was a highly similar pattern of 

muropeptides released from lysozyme treatment of both pET15b 

and pET15b-namH  isolated PG, however there was no longer the 

standard E. coli  peaks observed; with the exclusion of Tetra-Tetra 

possibly. The above results were highly reproducible and therefore 

the loss of these distinctive peaks and the reduction in peak 

resolution was most l ikely a result of impure PG.  
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The similarity of muropeptide prof i les observed in Figure 26 could 

signify the digestion of non-modif ied PG due to the insensit ivity of 

glycolylated murein to lysozyme. Due the potential ‘ lysozyme 

insensitivity’ of the NamH overexpressing strain it  could be 

postulated that this enzyme may not result in c leavage of the 

glycosidic bond in which the attached muramic acid residue is 

glycolylated (Mahapatra et al.,  2005). Hence the PG cleaved by 

lysozyme, and the resulting products, may represent the non -

glycolylated proportion of PG. This  would therefore appear 

identical to that of wild type E. coli  PG. However, a matching E. 

coli muropeptide pattern was not evidence enough to conclude that 

this was the case. Mutanolysin digested pET15b-namH was then 

investigated using the modif ied purif ication method. 

3.3.3.2.2  MUTANOLYSIN RELEASED MUROPEPTIDE S  

 

Mutanolysin was used in an attempt to generate modif ied 

muropeptides from the NamH overexpressing strain. A shif t in 

retention to the column would be expected as a result of an 

additional hydroxyl group on the muramic acid residue, as this 

would inf luence the polarity and binding of the muropeptide to the 

column. It could be postulated that a glycolylated muropeptide may 

have slightly decreased retention to the column than its acetylated 

homologue due to the increased polarity.  
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FIGURE 27: HPLC  CHROMATOGRAMS SHOWING MUTANOLYSIN RELEASED 

MUROPEPTIDES FROM BOTH PET15B AND PET15B-NAMH  ISOLATED PG 

A C18 hypersi l  column was used and rp -HPLC was carried out (as 
described previously) in 40mM NaH2PO4 pH 4.3 and 200µl of 
NaBH4 treated samples were loaded. Elution was carried out by a 
linear gradient of 40mM NaH2PO4; 15% MeOH pH 5.1. Isolated PG 
from both pET15b and pET15b -namH strains were digested at 37°C 
in 80mM NaPO4 pH 4.8 with 0.5µg/ml mutanolysin overnight . 
Absorbance was recorded at 205nm.  

 

Figure 27 demonstrates the muropeptide prof i le of mutanolysin 

digested PG from pET15b and pET15b-namH strains, separated by 

rp-HPLC. Again there was loss in peak resolut ion and in the 

number standard peaks observed (compared to Figure 22), however 

the prof ile shown in Figure 27 for pET15b (black) matches that of 

pET15b when digested by lysozyme, as shown in Figure 26. This 

altered muropeptide prof ile was highly reproducible.  

There was a clear shif t in retention to the column between the two 

samples, with an increased retention observed for  pET15b-namH  

released muropeptides. From Figure 27  it appears as though there 

was a structural difference between the PG of the t wo strains in 
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question, however the glycolylation of pET15b-namH murein led to 

the hypothesis that a reduced retention to the column which was 

the opposite of that observed. The observed muropeptide prof ile in 

Figure 27 was extremely reproducible, as was that observed in 

Figure 26, for lysozyme released muropeptides.  

It therefore appears that under these condit ions and using this 

purif icat ion method a consistent altered muropeptide prof ile was 

observed for pET15b-namH expressing E. coli  when digested by 

mutanolysin. Analysis by mass spectrometry was therefore 

necessary to confirm the presence of glycolylated murein.  

3.3.3.3 BL21  (DE3)  PET15B-NAMH  AN ALYSIS BY M ASS SPECTROMETRY  

 

3.3.3.3.1  LCMS 

 

In order to examine the PG structure of  pET15b-namH further, PG 

samples were f irst hydrolysed and then analysed by LCMS.  
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FIGURE 28: LCMS  ES  DATA SHOWING HYDROLYSED MUROPEPTIDES 

FROM NAM,  PET15B AND PET15B-NAMH  

Spectra from top to bottom: 1) NAM, 2) pET15b and 3) pET15b -
namH.  Both 2) and 3) were NH4OH hydrolysed PG samples and 1) 
was 10µg/ml commercially available NAM. All  samples were 
dissolved in 100% MeOH and were run in the posit ive mode. Only 
the ES data has been included.  
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Commercially available N-acetyl muramic acid (NAM) (at 10µg/ml),  

as depicted in Figure 28 image 1, was ran on LCMS, the ES data is 

displayed in Figure 28.  Figure 28 image 1 has a major peak at 316 

Da, which corresponds to the molecular weight of NAM with a Na +  

adduct. N-glycolylation of NAM, as result of NamH (to NGM), was 

predicted to produce a peak with a mass increase of 16 Da; 

resulting in a peak of 332 Da (including a Na + adduct).  From Figure 

28, image 2, it  can be observed that a peak of the same mass (316 

Da) was present within BL21 (DE3) pET15b hydrolysed PG. 

However, when  pET15b-namH hydrolysed PG was analysed, this 

no longer had a major peak at 316 Da but (as shown in Figure 28, 

image 3) had a peak at the expected mass of 332 Da and a less 

intense peak at 316 Da. These spectra suggest the presence of 

both glycolylated and acetylated muramyl residues within pET15b -

namH BL21 PG. 

3.3.3.4 CHEMICAL MODIFIC ATION AND MALDI-TOF  AN ALYSIS  

 

Detect ion of the predicted MS peaks (Figure 28) indicated the 

presence of glycolylated muramic acid residues within PG of the 

pET15b-namH strain, however, in order to confirm that the 332 Da 

peak corresponded to NGM, chemical modif icat ion of hydrolysed 

PG was performed. Permethylat ion (PM) was init ially optimised 

using commercial ly available  N-acetyl glucosamine (NAG). 

Permethylat ion is a base-catalysed reaction resulting in 

methylation (usually through the formation of methyl esters). 

However, as discussed previously, using NaOH as a base may lead 

to under methylation. This was observed when NAG was 

permethylated, hence the result ing spectrum contained mass peaks 

corresponding to NAG (un-methylated) as well as the masses 

corresponding to methylation of 1 to 5 groups. Using hydrolysed 

PG samples the resulting mass shif ts due to PM could be 
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predicted. These predicted masses are shown in Table 7 and 

correspond to the PM at the highlighted groups in Figure 29. 

 

FIGURE 29: A SCHEMATIC OF THE FUNCTIONAL GROUPS FOR BOTH  

PET15B-NAMH  AND PET15B MURAMIC ACID AVAILABLE FOR 

METHYLATION .  

A schematic created using ChemBioDraw highlights the functional 
groups that are available for methylation (circled in red), due to the 
predicted presence of an additional hydroxyl group in NamH a 6 th  
group should therefore be available (circ led blue).  

 

As shown in Figure 29, the additional hydroxyl group present within 

glycolylated muramic creates an extra functional group available 

for methylation. By doing so a new set of mass peaks were 

generated (shown in Table 7) allowing a more direct assessment of 

pET15b-namH PG structure.  

 

 

 

 

 



CHAP TER  3 :  GEN ER ATI ON  OF GL Y COL Y L ATED PE PTI DOGL Y CAN  I N  E.  COL I  

 

101 

 

TABLE 7:  THE PREDICTED PM  MASS PEAKS FOR PET15B AND PET15B-

NAMH  MURAMIC ACID.  

PM 
state 

pET15b  (Da) pET15b-namH (Da) 

N/A 316 316 and 332 

1 330 330 and 346 

2 344 344 and 360 

3 358 358 and 374 

4 372 372 and 388 

5 386 386 and 402 

6 N/A 416 

 

As can be observed in Table 7, there were two sets of predicted 

mass peaks expected for pET15b -namH, this was due to the 

previously discussed ineff iciency of the NamH enzyme; Mtb PG has 

been predicted to contain roughly 70% glycolylated muramic acid 

and hence does not result in complete glycolylat ion of the PG 

(Mahapatra et al., 2005). The presence of NAM and NGM in the PG 

of pET15b-namH  BL21was therefore expected.  

Hydrolysed PM and non-PM samples were analysed by MALDI-ToF. 

The reason for using this technique was a combination of factors: 

f irstly, the low volume of permethylated samples was more suited 

to MALDI-ToF, secondly the chemicals used for this reaction could 

inf luence how these samples would f ly within the ES machine and 

thirdly with the series of mass peaks expected and  identif ication 

against the matrix background should be signif icantly improved. 

Additionally, the increase in the mass of expected peaks moves the 

range of masses being examined and thus reduces the noise 

background associated with the lower molecular weight region.  
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FIGURE 30: MALDI-TOF  SPECTRA OF PERMETHYLATED HYDROLYSED PG  

SAMPLES .  

pET15b and pET15b-namH (A and B respectively) hydrolysed 
samples were permethylated. Samples were mixed with a 10g/L 
solution of CMBT (prepared in EtOH:H 2O:THF) in a 1:5 ratio and 
spotted onto a 96 well plate.  

A 

B 
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From Figure 30, A) the predicted mass peaks (Table 7) for 

methylation of the individual functional groups within pET15b 

muramic acid have been highlighted (yellow rings). In comparison 

to this, Figure 30, B) shows the result ing spectrum of permethylated  

pET15b-namH hydrolysed PG. From this f igure the predicted mass 

shif ts of both NAM and NGM (Table 7) can be observed, however 

some of the higher molecular weight peaks appear to have a low 

abundance. Addit ionally, both spectra show a similar pattern; a 

greater intensity of residues with fewer PM groups, decreasing in 

intensity further as the number of PM groups increases. This trend 

was also observed in the NAG control and was indicative of under-

permethylat ion; potential ly as a result  of using NaOH as the base 

catalyst. It should also be noted that in CMBT matrix control 

MALDI-ToF spectra, the peaks observed in Figure 30 corresponding 

to PM NAM residues (both NAM and NGM), were not present. 

These data indicate the presence, at a low level, of both NAM and 

NGM in pET15b-namH BL21 PG. A second line of investigation was 

to use a biological assay to dist inguish the presence of NGM.  

3.3.4 D ID PET15B-NAMH  BL21  (DE3)  HAVE A REDUCED SENSITIVITY 

TO LYSOZYME? 

 

Determination of NamH activity was further investigated by 

biological ly assessing pET15b-namH  lysozyme sensit ivity. 

Mycobacteria are highly resistant to several cell wall  enzymes; 

including lysozyme (Kanetsuna, 1980, Amano and Will iams, 1983). 

It has been demonstrated that glycolylation of the PG within M. 

smegmatis  results in a reduced susceptibil ity to β -lactams and 

other drugs with cell wall targets (Raymond et al., 2005). Therefore 

it was hypothesised that glycolylat ion may inf luence the cells 

susceptibi l ity to lysozyme. Lysozyme sensit ivity of both pET15b 

and pET15b-namH  strains was tested, as successful incorporation 
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of N-glycolylated murein into pET15b-namH PG may have resulted 

in a predicted decreased sensitivity to lysozyme.  

 

FIGURE 31: LYSOZYME SENSITIVITY OF PET15B-NAMH  BL21  (DE3).   

pET15b-namH BL21 (DE3) and pET15b BL21 (DE3) were grown in 
LB medium with 1mM of IPTG. Bacteria were washed and the OD 
standardised in 30mM Tris HCl; pH 8.0, containing 1.3mM EDTA 
before 100µg/ml lysozyme was added and samples incubated at 
37°C. OD measurements were taken after 2 hours at each time 
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point. Figure A shows the OD after lysozyme treatment at dif ferent 
growth stages and B shows the percentage survival after lysozyme 
treatment, determined by CFU counts (the variance between the 
start ing CFU counts was not statistically signif icant  (p value 
0.77)).*The variation in percentage survival between the two 
strains at both t imes points was statist ical ly signif icant.  

 

Figure 31 demonstrates a consistent OD, and at certain time points 

an increase in OD when pET15b-namH  expressing cells were 

exposed to lysozyme. This increase in OD mirrors the increasing 

NamH expression time unti l stationary phase is reached and the 

OD drops to pre-IPTG induction levels. This pattern was not 

observed in the pET15b control strain. Overall this could indicate 

that pET15b-namH  has a reduced sensit ivity to lysozyme indicative 

of this strain harbouring modif ied PG. Uninduced NamH also has a 

slight ly elevated OD compared to the control.  

However, by examining percentage survival (Figure 31, B) it is clear 

that the increase in OD observed for pET15b-namH was not found 

in CFU counts; pET15b-namH  lysozyme survival data was 

consistently lower than the pET15b control strain at both t ime 

points. Using a student’s T -Test the variance between the starting 

CFU counts (before lysozyme treatment) of two datasets was 

determined not to be statistical ly signif icant  (p value 0.77).  

However, the variance in percentage survival between the two 

strains was found to be statist ically signif icant  (p values: 0.04 and 

0.02 pre-IPTG and 4 hours post IPTG respectively)  at both time 

points. Therefore pET15b-namH appears to be more sensitive to 

lysozyme, as determined by percentage survival.  Again this is true 

for uninduced NamH cells.  

The increase in OD consistently observed in pET15b -namH  could 

be a result of chains of cells as previously shown in Figure 17 (B), 

cellular debris due to cel l lysis  or perhaps due to clumping as  

cultures expressing pET15b-namH had a tendency to clump.  An 

alternative biological assay to test the presence of glycolylat ion 
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would have been to assess the antimicrobial effect of penici l l in; as 

glycolylation has previously been shown to result in decreased 

sensit ivity to penicil l in (Raymond et al., 2005). Unfortunately the 

use of plasmids carrying ampicil l in resistance genes (pET15b and 

pBAD) prevented this l ine of investigation.  

Altogether these f indings indicate that a small percentage of PG 

within pET15b-namH  expressing BL21 may contain glycolylated 

muramyl residues, however it does not appear that this level of 

modif ication can be observed consistently by rp -HPLC. Use of a 

more sensit ive but non-quantitative method; mass spectrometry 

resulted in consistent observation of NGM within pET15b -namH  

expressing BL21 only. This strain was therefo re used in an attempt 

to generate Rpf muropeptide products alongside confirmation of 

the presence of this modif ication.  

3.3.5 RPFB  MUROPEPTIDE PRODUCTS  

3.3.5.1 PURIFIC ATION AND MURALYTIC ACTIVITY OF RECOMBIN ANT MTB  RPFB 

 

To investigate whether Mtb Rpfs were more eff icient at digesting 

glycolylated PG, recombinant Mtb  RpfB∆DUF was purif ied by aff inity 

chromatography and analysed by SDS-PAGE for purity before the 

muralyt ic activity was tested. This was carried out  using an optimal 

refolding buffer, by zymography. RpfB was ideal for this assay as it  

can be purif ied from the soluble fraction and is expressed at a high 

level under IPTG. 
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FIGURE 32:  SDS-PAGE  OF PURIFIED RECOMBINANT PETM-11-

RPFB∆DUF  BL21  (DE3). 

RpfB∆DUF was purif ied as previously described and analysed by 
SDS-PAGE. 10µl of purif ied RpfB∆DUF (post dialysis) in 5mM DTT 
and sample buffer was loaded onto a 12% gel. The gel was stained 
in colloidal blue overnight . RpfB was dialysed into 25mM Tris HCl; 
500mM NaCl; 20% glycerol pH 8.5.  

 

Figure 32 shows purif ied recombinant Mtb RpfB∆DUF, the purif ied 

fractions were pooled and concentrated to genera te 1mg/ml 

solution. The expected mass of RpfB ∆DUF is 18.74 kDa, however  as 

can be observed in Figure 32 the recombinant protein runs at 

roughly 40 kDa. This is consistent with previously published gel 

f i ltrat ion work on this protein (Ruggiero et al. , 2009). Renaturation 

was f irst optimised and muralytic activity was then assessed by 

zymography. 
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FIGURE 33:  MURALYTIC CLEARANCE BANDS OF M.  LUTEUS CELL WALL;  

D IGESTED BY RECOMBINANT RPFB∆DUF.  

20µg of recombinant RpfB∆DUF was loaded into all lanes of an SDS-
PAGE gel containing lyophilised M. luteus cell wall . After 
electrophoresis the gel was cut into str ips and each placed in 
dif ferent renaturation buffers. Gel strips were then stained an d 
clearance bands observed after several washes. The strip shown 
was renatured in 25mM Tris HCl pH 8.5 in the presence of 2% 
(w/v) Triton X100.  

 

The muralyt ic activity of recombinant RpfB was demonstrated by 

zymography (Figure 33). The following buffers were used: 25mM 

Sodium phosphate pH 6, 6.5, 7 and 7.5, 25mM Sodium citrate pH 

4.5, 5 and 5.5 and 25mM Tris HCl pH 7, 7.5, 8 and 8.5. Clearance 

bands were observed when RpfB was renatured in 25mM Tris HCl 

pH 8.5. Using the same buffer but with lower  and higher pH (pH 6 

and 8), clearance bands were also observed; these were less 

intense and less reproducible upon subsequent protein 

purif icat ions. The isoelectric point calculated for RpfB is 5.22 

(Reddy et al., 2009), suggesting that the protein was negatively 

charged under the conditions in which muralytic activity has been 

shown. The presence of multiple clearance bands corres ponds well 
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to the bands observed after protein purif icat ion (Figure 32). This 

additional, high molecular weight band could indicate the presence 

of a dimer. Once muralytic act ivity was confirmed this recombinant 

protein was used to study muropeptide products.  

3.3.5.2 MODEL MUROPEPTIDE PRODUCTS OF RPFB 

 

Purif ied and active recombinant RpfB was then used to digest 

isolated PG from pET15b-namH and pET15b strains, using the 

same method for mutanolysin digestion. Released murope ptides 

were then analysed by rp-HPLC and no muropeptide peaks were 

observed when pET15b PG was used as the substrate. When 

pET15b-namH PG was used there were mult iple peaks consistently 

observed, however these peaks had variable chromatogram 

prof iles and were of extremely low intensity indicating their 

unrel iabi l ity.  
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FIGURE 34: RP-HPLC CHROMATOGRAM OF RPFB∆DUF DIGESTED PET15B-

NAMH ISOLATED PG 

PG digestion was carried out using 100µg/ml RpfB in 40mM citric 
acid; pH 6.5 at 37°C overnight.  A C18 hypersi l column was used 
and rp-HPLC was carried out  in 0.1% formic acid pH 4.2. Elution 
was carried out by a l inear  gradient of 0.1% formic acid, 15% 
MeOH; pH5.2. Absorbance was recorded at 205nm.  

An example of the muropeptide prof i le produced by RpfB digestion 

of pET15b-namH  BL21 PG is shown in Figure 34. Low intensity 

peaks can be observed, these peaks were also highly inconsistent 

and could indicate that RpfB has released muropeptide products 

which were too large and therefore d id not bind well to the column. 

This could also explain the lack of peaks observed in pET15b BL21 

RpfB digested PG. 

Using M. smegmatis PG recombinant RpfB was used to generate a 

muropeptide prof ile by rp-HPLC. The results of one such 

experiment are shown in Figure 35. Similar to the muropeptide 

prof ile of RpfB digested pET15b-namH BL21, the peaks observed 

were of low intensity and irregular.  
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FIGURE 35: RP-HPLC CHROMATOGRAM OF RPFB DIGESTED M. SMEGMATIS 

PG 

PG was purif ied as described previously (Mycobacterial PG 
Purification). PG digestion was carried out using 100µg/ml RpfB in 
40mM citric acid; pH 6.5 at 37°C overnight. A C18 hypersil column 
was used and rp-HPLC was carried out in 0.1% formic acid pH 4.2. 
Elution was carried out by a linear grad ient of 0.1% formic acid, 
15% MeOH; pH5.2. Absorbance was recorded at 205nm.  

 

Similarly to pET15b-namH BL21 RpfB digested muropeptide prof ile, 

the lack of consistent high intensity peaks could be  the result of 

fragments which were too large and hence hindered the binding to 

the column. Due to the waxy complex nature of mycobacterial cel l  

wall it is also possible that PG contained impurit ies which may 

have increased the size of RpfB products. Overall  recombinant 

RpfB has been shown to be expressed by SDS-PAGE and active by 

zymography. Analysis of RpfB digested muropeptides indicates that 

products were too large to bind to column and only low intensity 

and variable peaks were observed. 
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3.4 DISCUSSION 
 

3.4.1 OVEREXPRESSION OF NAMH 

 

The f irst aim of this project was to generate an E. coli  strain 

overexpressing Mtb namH . Overexpression of the M. smegmatis 

NamH protein within E. coli  had previously been shown to be toxic 

(Raymond et al., 2005). Once namH was successfully cloned into 

BL21 (DE3) using a pET15b plasmid the f irst aim was to determine 

whether Mtb NamH was toxic to E. coli .  I t  was found by growth 

analysis that Mtb NamH is not toxic to E. coli . Subsequent to this, 

protein expression needed to be confirmed. Protein expression 

trials were examined by Western blot using anti-polyHis antibodies 

and demonstrated a 2 hour optimal  expression t ime. NamH 

solubili ty experiments showed a low level of soluble protein and  

microscope images had previously shown bubble -l ike formations 

which may represent inclusion bodies (Garcia-Fruitos et al., 2005).  

As the primary aim was to generate glycolylated PG within E. coli  

by overexpressing Mtb NamH, a greater yield of soluble protein 

would be beneficial. Therefore an alternative expression system 

was adopted. The pBAD system, which is a highly stringent 

expression vector under arabinose induction, was implemented. 

Growth expression was examined and showed Mtb NamH to be 

non-toxic to E. coli  whilst protein solubil i ty determined by Western 

blot using anti-polyHis antibodies showed a similarly low level as 

observed in pET15b-namH. The original construct was therefore 

used for determination of NamH functionality.  

3.4.2 PG  PURIFICATION AND ANALYSIS TO DETERMINE NAMH  

FUNCTIONALITY  

 

The second aim was to purify PG to assess the presence of  

glycolylated muramic acid residues. A previously published method 

was used for E. coli PG purif icat ion, using pET15b BL21(DE3) as a 
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control, mutanolysin digested muropeptides were assessed by rp-

HPLC and identif ied by comparison to previously published work 

(Glauner et al.,  1988, Magnet et al., 2008). The resulting 

muropeptide prof ile matched those of previously published works 

on E. coli  PG composition. This method was then used to analyse 

pET15-namH BL21 PG, the init ial experiment demonstrated an 

altered muropeptide chromatogram. MS analysis of t hese peaks 

failed to demonstrate glycolylat ion and subsequent analysis 

showed muropeptide prof iles matching wild type  E. coli . pBAD-

namH PG was purif ied and muropeptide composit ion was analysed 

by rp-HPLC, however this fai led to produce altered muropeptide  

prof iles.  

Consistent altered muropeptide prof iles were only achieved 

through alteration of the method for PG purif icat ion. Using cultures 

grown to a higher OD greater protein expression  was achieved and 

therefore a greater overal l level of soluble NamH. However, this 

also reduced the purity of the PG and resulted in an altered 

muropeptide prof ile of wild type E. coli  PG with poorer separation .  

This prof ile was found to be consistently altered  and was used as a 

comparison for pET15b-namH mutanolysin digested PG; this 

demonstrated a shif t in retention to the column as well as an 

altered muropeptide prof ile for pET15-namH PG. 

3.4.3 MS  TECHNIQUES TO ANALYSE GLYCOLYLATION  

 

The third aim of this project was to develop assays to direct ly 

determine the presence of glyco lylat ion within pET15b-namH 

expressing E. coli PG. LC-MS and MALDI-ToF were used to 

analyse lysozyme, mutanolysin and NH4OH hydrolysed 

muropeptides from both pET15b BL21 and pET15b-namH BL21. 

The expected mass peaks for NGM and NAM were identif ied by LC -

MS. Samples were then permethylated to generate a set of new 

specif ic peaks which could be identif ied by MALDI -ToF. The 
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calculated peaks for NGM permethylat ion at all six individual 

functional groups were observed. This f its with published data on 

PM, and was most l ikely a result of using NaOH as the base 

catalyst which has poor solubility in DMSO and causes an under -

methylation (Price, 2008).  

These f indings indicated the presence of glycolylated muramic acid 

within pET15b-namH PG; however it is l ikely this was at a very low 

level as MALDI-ToF is a very sensit ive technique. Consistently 

altered rp-HPLC muropeptide prof iles however, were not achieved 

without increasing the protein expression time and no LC -MS 

muropeptide data showed glycolylated muropeptides. Therefore it  

is probable that the low level of soluble NamH resulted in a 

negligible amount of glycolylated PG.   

3.4.4 RPFB  RELEASED MUROPEPTIDES  

 

The aim of this part of the project  was to analyse muropeptides 

released from glycolylated and wild type  E. coli as well as 

mycobacterial PG by recombinant Mtb RpfB. RpfB was chosen due 

to previously published work on the structure and function of this 

protein (Ruggiero et al., 2009). RpfB contains a unique G5 domain, 

which is a PG anchor al lowing attachment and interact ion with the 

PG (Ruggiero et al., 2009). I t also, l ike the remaining Mtb  Rpfs, 

has the conserved catalyt ic domain, with the conserved functional 

glutamine; essential for muralytic activity (Kana and Mizrahi,  

2010). RpfB’s high solubili ty and level of expression lent it s use as 

a recombinant muralyt ic enzyme for the digestion of PG.  

RpfB was successfully purif ied , as evidenced by SDS-PAGE. 

RpfB∆DUF has a calculated mass of 18.74 kDa, however  as previous 

authors have shown (Ruggiero et al.,  2009), this protein runs at a 

much higher molecular weight by SDS-PAGE and gel f i ltration (~40 

kDa). The higher molecular weight band is most l ikely a dimer as 

both bands are muralytical ly act ive;  as shown by zymography. The 
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aim was to use purif ied RpfB to generate muropeptide products 

from wild type and glycolylated E. coli PG as well as M. 

smegmatis . RpfB failed to produce consistent muropeptide prof iles 

by rp-HPLC; there was poor reproducibi l i ty and extremely low 

absorbance of the peaks observed from all strains analysed.  

As previous work has found, RpfB synergis tical ly interacts with and 

cleaves PG with Rpf interacting protein A (RipA) (Both et al., 2011, 

Ruggiero et al. , 2010, Chao et al.,  2013). Therefore it is possible 

that in order to generate smaller muropeptide products, visible by 

rp-HPLC, RpfB may require the presence of RipA (or another 

protein or unknown compound) to synergist ically degrade PG. 

Since use of RipA would have produced products which were not of 

interest to this project, this work was not undertaken. Recent work 

overexpressing full  length Mtb RpfB into the periplasm of E. coli  

resulted in cel l lysis, thereby indicating that RpfB is highly active 

on non-glycolylated PG and may not be adapted to digestion of 

glycolylated PG. 

3.5 CONCLUSION 
 

Using an adapted PG purif icat ion method pET15b-namH  BL21 

consistently produced altered muropeptide prof i les by HPLC.  MS 

peaks corresponding to that of N-glycolylated muramic acid were 

detected and PM of these resulted in MALDI -ToF data correlat ing 

with the mass peaks calculated for PM NGM. Whilst a classical PG 

purif icat ion method, yielding highly pure PG but using a sh ort 

induction period, failed to reproducibly achieve altered 

muropeptide prof i les.  

After examining NamH protein expression the level of soluble 

protein was found to be low and therefore thought to result in a 

small proport ion of glycolylated PG which can only be identif ied 

using an alternative PG purif ication method and mass spectrometry 

analysis. Recent work in the laboratory has shown Mtb Rpfs to be 
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active against wild type E. coli  thus rendering the need to generate 

model mycobacterial PG less prudent.  

3.6 FUTURE WORK 
 

In order to achieve glycolylated PG a system expressing a higher 

level of soluble protein would be required. One possible way that 

this solubil ity issue could be overcome would be to try an 

alternative tag, such as glutathione-S-transferase (GST), 

thioredoxin (Trx), or N ut il izat ion substance A (NusA)  which are 

suited to expressing soluble cytosol proteins (Novagen, 2003a). 

Another method to increase solubil ity would be to change the 

expression host to Origami™ B or Rosetta™ allowing a more 

adjustable expression level within all cells (Novagen, 2003a).  

As previously discussed rv3819  overlaps the gene coding region of 

rv3818  by 3 nucleotides and has 32% sequence similarity to a 

NADH dehydrogenase subunit from Rhodothermus marinus  DSM 

4252. Therefore this gene could play a role in electron transfer 

necessary for NamH monooxygenase activity. A construct co -

overexpressing both Rv3818 and Rv3819 was generated; this 

produced a high level of inclusion bodies as judged by microscopy. 

Therefore glycolylation may be achieved by optimisation of protein 

solubili ty using this construct.  However, with recent work 

demonstrating Mtb Rpf activity in wild type E. coli, generation of a 

NamH overexpressing strain may not be necessary as analysis of 

Rpf muropeptide products could  potential ly be investigated using 

wild type E. col i.  



 

  

 

CHAPTER 4:  MTB RPFS ARE ABLE TO STIMULATE 

GROWTH IN ∆NAMH M.  SMEGMATIS 
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4.1 INTRODUCTION 
 

As previously discussed Rpf proteins  are muralytic enzymes, 

predicted to bind PG and cleave at  the β-1,4 glycosidic bond within 

PG (Ruggiero et al., 2011). The proximity of this cleavage site to 

the structural N-glycolylat ion modif ication within muramic acid led 

to the hypothesis that Rpfs may be more eff icient at recognising 

and digesting glycolylated PG.  

This could be addressed using two alternative approaches: (1) 

studying peptidoglycan cleavage by recombinant Rpfs (discussed 

in Chapter 3) or (2) investigation of growth st imulation and 

resuscitat ion by Rpfs in mycobacterial strains producing 

glycolylated and non-glycolylated PG. It was previously established 

that over-expression of M. luteus Rpf in M. smegmatis resulted in 

reproducible and rel iable growth st imulation and resuscitat ion 

(Shleeva et al.,  2004, Mukamolova et al., 2006). A similar 

approach was therefore used in this chapter.  

Mtb Rpfs should therefore behave in a similar manner and all f ive  

individual Mtb Rpfs were cloned in pMIND plasmids, containing a 

tetracycl ine (Tc) regulated promoter and Rpfs were  expressed in 

M. smegmatis . It  should be noted that M. smegmatis contains four 

endogenous Rpfs, therefore an empty pMIND WT control was used 

throughout. The growth st imulat ion ability of Mtb Rpfs in M. 

smegmatis was f irst established before the role of glycolylation in 

Rpf action was examined by a series of growth experiments  using a 

namH M. smegmatis knockout mutant. Mtb Rpfs have previously 

been shown to result in resuscitation of non-culturable Mtb  cells 

but have not be shown to elicit the same effect in M. smegmatis  to 

date. Therefore the abil ity of the individual Mtb Rpfs to resuscitate 

non-culturable  M. smegmatis cells was established before 

examination of their  abil ity to resuscitate ∆namH M. smegmatis  

cells.  
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This chapter wil l focus on the role of individual Mtb  Rpfs in M. 

smegmatis  growth st imulation and resuscitation. Techniques 

covered are: protein expression, expression quantif icat ion and an 

M. smegmatis model for the production of  Rpf-dependent cel ls.  

There are a variety of well -known techniques for confirmation of 

protein expression which are readily available. Many of these 

techniques rely on the use of an N- or C-terminal tag for antibody 

recognit ion. In this chapter  enzyme-l inked immunosorbant assays 

(ELISA) using anti -polyHis antibodies were employed. This was 

util ised to examine non-quantitative levels of secreted recombinant 

protein by measuring the absorbance of a colour change reaction. 

Expression at the RNA level was quantitatively determined by qRT-

PCR. This was performed by assessing the level of f luoresc ence 

intensity as a result of SYBR® green binding to increasing levels  of 

double stranded DNA (dsDNA) as the amplif icat ion cycles 

progress. Relative abundance or express ion rat ios were 

determined by comparison to an interna l standard or housekeeping 

gene; 16S rRNA. 

4.1.1 A IMS 
 

An M. smegmatis ∆namH mutant was provided by Mart in Pavelka 

and in order to investigate whether Mtb Rpfs stimulate growth and 

resuscitat ion of M. smegmatis and to study the importance of PG 

glycolylation for these stimulatory effects, the following was 

undertaken:  

 All f ive Mtb Rpfs were over-expressed under a tetracycline 

induced promoter in both wild type and ∆namH M. smegmatis   

 Over-expression of the individual Rpfs was confirmed at the 

RNA and protein levels  

 Growth and resuscitat ion phenotypes of the strains were 

investigated 
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4.2 MATERIALS AND METHODS 
 

The bacterial strains used in this chapter are shown below, in 

Table 8. 

TABLE 8:  BACTERIAL STRAINS USED IN THIS CHAPTER  

Strain Plasmid/Inducer Source 

M. smegmatis mc2  
155 pMIND 

pMIND/Tc This study 

∆namH M. 
smegmatis mc2 155 

N/A M. Pavelka at 
University of 

Rochester 
∆namH M. 
smegmatis mc2 155 
pMIND  

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfA-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfB-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfC-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfD-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfE-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 M. luteus Rpf-
pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfA-pMIND 

pMIND/Tc This study 

M. smegmatis mc2  
155 RpfB-pMIND 

pMIND/Tc This study 

∆namH M. 
smegmatis mc2 155 
RpfC-pMIND 

pMIND/Tc This study 

∆namH M. 
smegmatis mc2 155 
RpfD-pMIND 

pMIND/Tc This study 

∆namH M. 
smegmatis mc2 155 
RpfE-pMIND 

pMIND/Tc This study 

∆namH M. 
smegmatis mc2 155 
M. luteus Rpf-pMIND 

pMIND/Tc This study 

*All Mtb Rpf overexpressing strains were cloned both with and without an N-

terminal His-tag (excluding Rpf C strains which do not contain a His-tag) 
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4.2.1 GENERATION OF OVEREXPRESSING STRAINS  

 

All  overexpressing strains were generated following the procedures 

outlined in Chapter 2. Inserts were confirmed by DNA sequencing. 

Once confirmed, purif ied DNA was used to electroporate the above 

plasmids (Table 8) into both wild type  (WT) and ∆namH M. 

smegmatis  strains (as described in Chapter 2). Screening and 

identif icat ion of successful transformants was carried out by 

diagnostic PCR. Plasmids were maintained using 50µg/ml 

kanamycin or hygromycin and induction was controlled by addit ion 

of 20ng/ml Tetracycline (Tc) to culture medium. 
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TABLE 9: PRIMER SEQUENCES AND THEIR CORRESPONDING PCR PRODUCT 

SIZE 

Primer /Gene 

no 

Amplicon  

(bp) 

Primer sequences (5’-3’) 

RpfA/Rv0867c 1224 F:ATCGGATCCCGAGAGGAATTACCTAACGT 
ATGA 
R:CACACTAGTTCAACGCGTGCCGATGACGT
ACGGC 

 

RpfB/Rv1009 1089 F:AGTGGATCCATGTTGCGCCTGGTAGTCGG
T GCG 
R:ATAACTAGTTCAACGCGTGCGCGCACCCG
CTCGTGCAGC 

 

RpfC/Rv1884c     531 F:AGTGGATCCGTGCATCCTTTGCCGGCCG
ACCAC                                          
R:TATACTAGTTCACATATGGCGCGGAATAC
TTGCCTGAAT 

RpfD/Rv2389c  465 F:AGTGGATCCCAGCAAGGTGGAGCTGCTAT
G 
R:CATACTAGTTCAACGCGTATCGTCCCTGCT
CCCCGAACA 

 

RpfE/Rv2450c 519 F:TCGGGATCCGCGAAAGGAACAACGTTGA
AGAAC 
R:TGCACTAGTTCACGCGTGCCGCGGCGGC
CGCAG 

M. luteus Rpf 696 F: TGCCGGATCCGCCGATCAGCGAGGA 
R: GTCACTAGTTCAGGCCTGCGGCAG 

His-Myc N/A F: GCAACGCGTGAACAAAAACTCATCTCA 
R: GCGACTAGTTAATCTGTATCAGGCGGA 

pMIND  N/A F:TGAGTCATAGTTGCACTTTATCAT 
R: TCCGAATCAATACGGTCGAGA 

*Restriction sites are marked in ital ic and highlighted as follows: 
BamHI  (Red), SpeI  (blue) and MluI  (green).  

 

4.2.2 CONFIRMATION AND QUANTITATION OF PROTEIN EXPRESSION  

 

4.2.2.1 ENZYME -L INKED IMMUNOSORB ANT ASS AYS  

 

ELISA experiments were carried out using a method adapted from 

previously published work (Shleeva et al., 2004, Brit ton et al., 

1985). An addit ional step of freeze-drying supernatant from late 

logarithmic phase or early stationary phase culture was carried out 

to increase protein concentrat ion. Dried samples were  
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resuspended in 1ml PBS. Into 96 well plates 100µl of concentrated 

culture supernatant was loaded into triplicate wells per M. 

smegmatis  strain. Serial di lut ions were then carried  out into sterile 

PBS. Plates were incubated overnight  at 4°C before the removal of 

supernatants by pipetting.  

Wells were then washed 3 times in PBS before blocking in 4%  

(w/v) milk for 4 hours at 4°C. Incubation in primary anti -polyHis 

(Sigma) or anti-Rpf (Mukamolova et al., 2002b) antibodies (1:3,000 

dilut ion) was carried out overnight  at 4°C in 2% (w/v) milk. 3 PBS 

washes were then carried out before incubation with secondary 

antibodies (anti -mouse or anti-sheep; both with alkal ine 

phosphatase conjugates) (1:10,000) for 1 hour at room temperature  

with constant shaking. 3 washes with PBS were carried out before 

the addition of p-nitrophenyl phosphate (pNPP l iquid, purchased 

from Sigma-Aldrich) to each well and incubation at room 

temperature (in the dark) was carried out for up to 20 minutes. The 

reaction was measured spectrophotometrically at 405nm, using a 

680 Absorbance Microplate Reader (Bio-Rad).  

 

 

4.2.2.2 MYCOB ACTERI AL RNA  EXTR ACTION  

 

This is a method based on work previously published (Mangan et 

al., 1997, Li et al., 2001). 10ml mid-log phase M. smegmatis 

cultures, grown in 7H9 medium, were collected by centrifugation 

(2000xg, 4°C for 20 minutes). Pellets were suspended in 200µl of  

RNase free H2O and transferred to 2ml RNase free tubes (Camlab). 

1ml of Trizol® reagent (Invitrogen) was then added to each tube 

with 0.1mm glass beads and inverted brief ly. Cells were then lysed 

using a reciprocal shaker (Hybaid RiboLyser Homogenizer) for 2x 

45 seconds at a 6.5 speed.  
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Tubes were incubated at room temperature for 10 minutes. 200µl 

of chloroform was added to each tube, inverted for 30 seconds, 

and incubated for 10 minutes at room temperature to allow phase 

separation. Tubes were centrifuged at 13,000 rpm at 4°C for 15 

minutes. The aqueous phase was then transferred to a new 

microcentrifuge tube and re-extracted with an equal volume of 

chloroform (centrifugation was repeated). The aqueous phase was 

transferred to a fresh tube and nucleic acid precipitat ion performed 

through the addition of 0.8 volume isopropanol (brief ly inverted)  

and incubated overnight at -20°C.  

The nucleic acid extract ions were centrifuged as above; the 

supernatants were removed by pipetting. 500µl cold 70% ethanol 

(EtOH) was used to wash the nucleic acid pellets, centrifugation 

was repeated and EtOH removed by pipetting. Tubes were re-spun 

brief ly, any excess EtOH was removed and tubes were air dried at 

room temperature for 10 minutes. Pellets were resuspended in 

100µl RNase free H2O. 

RNA samples were then cleaned up using the commercial ly 

available TURBO DNA-f ree™ kit (Invitrogen). 0.1 volume of 10x 

TURBO DNase buffer and 1µl TURBO DNase were added to the 

RNA samples and mixed. Samples were incubated at 37°C for 20 -

30 minutes. Resuspended DNase inactivat ion reagent (0.1 volume) 

was added and mixed, this was incubated at room temperature for 

5 minutes. Tubes were centrifuged at 10,000xg for 90 seconds; 

supernatants containing RNA were transferred to fresh tubes. RNA 

concentrat ion was measured using a Thermo Scientif ic NanoDrop™ 

1000 machine by loading 1µl drops and measuring absorbance at  

260nm.  

4.2.2.3 REVERSE TRANSCRIPTION  

 

cDNA synthesis was carried using the commercial ly available 

SuperScript™ II Reverse Transcriptase kit (Invitrogen).  
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The following reagents were added to a microcentrifuge tube:  

50-250ng random primers   

0.5µg total RNA    

0.8mM dNTP mix    

Steri le H2O     

 
The mixture was heated to 65°C for 5 minutes and chil led on ice. 
Tubes were brief ly centrifuged and the following added:  
 
1x First-strand buffer    

0.01M DTT     

 
Tubes were mixed brief ly and incubated at room temperature for 2 

minutes. 1µl (200 units) of SuperScript™ II RT was added and 

samples mixed by pipetting before incubating at room temperature 

for 10 minutes. Samples were then incubated at 42°C for 50 

minutes and inactivated by heating at 70°C for 15 minutes. 

Samples were stored at -20°C. 

4.2.2.4 QRT-PCR 

 

TABLE 10: QRT-PCR PRIMER SEQUENCES AND AMPLICON SIZES 

Primer 
Name 

Amplicon Size 
(bp) 

Primer Sequences (5’ -3’)  

RpfA 152 F:CGGGTTATCGAACGCAACAC 
R:GGTCGTTAGCGGCAAGTTCC 

RpfB 138 F:TCGGATCAAGAAGGTCACCG 
R:GCTACCGCGAACGTCACATC 

RpfC 114 F: AGCTGCCTCTCGGGAACAA 
R:GACCACAGTGCGATCGGAAGG 

RpfD 121 F: GCAACAGATCGAGGTCGCAG 
R: CGAGGAACGTCAGGATGTGG 

RpfE 193 F:TGGCCTACAGCGTGAACTGG 
R:GAACGCAGCACGTTCTCCAGC 

16S rRNA 55 F: TCCGGGCCTTGTACACA 
R: TAACACCCGAAGCCAGTGG 
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Detection, using SYBR green® (ABgene) is in real-t ime as 

f luorescence is proport ional to the increase in target; an 

amplif ication curve is generated throughout each PCR cycle ( Figure 

36). 

 

FIGURE 36: EXAMPLE OF AN AMPLIFICATION CYCLE (A) SHOWING 

FLUORESCENCE OUTPUT AND A STANDARD CURVE (B) 

Figure 36 (A) displays the Log Fluorescence emitted from standard 
DNA samples plotted against the increasing cycle number as the 
PCR amplif icat ion reaction runs. DNA was serial ly diluted and each 
dilut ion ran in tr ipl icate. (B) Shows a constructed standard curve  
using 16S rRNA qRT-PCR forward and reverse primers (Table 10) 
and serial ly di luted Mtb gDNA. 

 

In Figure 36 (B) an example of a generated standard curve plot is 

shown. For each PCR run a standard curve was generated using 

serial ly di luted genomic DNA and gene specif ic primers. This 

allows the copy number to be calculated and used for 

quantif ication of gene specif ic expression. Therefore each standard 
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curve must have similar reaction eff iciencies in each run in order to 

accurately compare samples (Heid et al., 1996). This amplif ication 

eff iciency can be calculated automatically using Rotor -Gene 6000 

Series software and is based on Equation 3 and Equation 4 (Pfaff l, 

2004). There are indirect methods for calculat ing amplif ica tion 

eff iciency, such as f itt ing the f luorescence data  to mathematical 

models; however,  this is not always ideal. SYBR® Green is not 

ideal for indirect calculat ions as it generates a higher background 

than other labelling methods which is ignored in direct  methods 

(Stahlberg et al., 2004).  

EQUATION 3: EXPERIMENTAL AMPLIFICATION= 10(-1/SLOPE) 

EQUATION 4: EFFICIENCY= [10(-1/SLOPE)]-1 

Since SYBR® Green binds to any dsDNA presen t and is therefore 

non-specif ic; methods to overcome this were introduced. Firstly, 

specif ic primers used for the amplif ication of a sequence within a 

sample will result in a product consisting of a particular sequence 

and number of bases; hence by implementing a melt ing curve of 

the amplif ied product the specif icity can be assessed. A n ideal 

amplif ication curve should produce a clean, single peaked and 

reproducible melt ing curve (an example of which is shown in Figure 

37) (Pfaff l, 2004).  
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FIGURE 37: MELTING CURVES OF CDNA QPCR SAMPLES 

Figure 37 shows the melting curves of several PCR amplif ication 
runs (using the same primers). Since the amplif ied product should 
be a single DNA sequence with a f ixed number of bases the 
dissociat ion temperature should also be f ixed. Standard melting 
curves, using genomic DNA should be identical to those of cDNA 
samples using the same primers.  

 

Figure 37 demonstrates how melt ing curves of qRT-PCR cDNA 

samples, (amplif ied using the same primers) produce peaks at the 

same dissociat ion temperature as a genomic DNA control.   

Absolute™ qRT -PCR SYBR® Green Mix (ABgene) was used for al l 

qRT-PCR reactions. The following reagent mix was used for all  

qRT-PCR assays (total volume 25µl):  

1x SYBR® Green Master-Mix       
0.07µM Forward primer       
0.07µM Reverse primer       
50ng Template cDNA        
+/- DMSO         
DNase and RNase free H2O 
      
  
For Mtb  genomic DNA (gDNA) standards, serial di lutions in DNase 

and RNase free H2O were made so that stocks  could be prepared 

(from 1x107 to 1x101 gene copy number). 100ng of Mtb  gDNA 

equals 2.25x108
 gene copy number (4,000,000 base pair template), 

therefore 0.5µl of 100ng/µl gDNA diluted into 10µl gives a 1x10 7  

stock which can then be serial ly diluted. This is based on the 
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average weight of a base pair (650 Da), 1 mole of base pairs 

equals 650g and therefore the molecular weight of the dsDNA 

template can be calculated, as shown in Equation 5. 

EQUATION 5: COPY NUMBER= (AMOUNT *X 6.022X1023) 
                 (LENGTH *X 1X109

 X 650) 

*Where amount refers to the template (ng) and length refers to the 

size of the template (bp).  

These stocks were then used in the above SYBR Green® reaction 

to generate standard curves for the quantif ication of gene specif ic 

expression levels. These were generated by plott ing the threshold 

cycle (Ct), which correspond to the point at which the f luorescence 

threshold is reached during each cycle,  against the corresponding 

number of gene copies; this process is automated by Rotor -gene 

6000 software (Corbett).  

All qRT-PCR cycles were performed using a Rotor -gene 6000 

(Corbett). The following amplif icat ion cycle was implemented in all  

qRT-PCR runs: 

95°C 15 minute hold (1 cycle)  
 
95°C 10 seconds 
55°C 15 seconds 
72°C 20 seconds 
 
Melt condit ions: 72°C-95°C, 1°C rise at each step.  
 

Strips of 0.1ml Rotor-gene (Corbett Research, Qiagen) tubes were 

used for all  reactions. All samples were run in tr ipl icate. All  runs 

contained a negative control with no template present. Controls 

using gDNA and gene of interest qRT-PCR primers were also 

performed. 

4.2.2.5 CALCUL ATING MEAN EXPRESSION RATIOS  

 

The relative expression or abundance of the individual Mtb Rpfs 

was determined using the gene specif ic copy numbers obtained by 

X40 cycles  
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qRT-PCR and normalising these to the house-keeping gene 

encoding 16S rRNA. Sample cDNA and serial ly di luted Mtb gDNA 

was used to amplify 16S rRNA to normalise the sample to sample 

variation. The copy number of the gene of interest was divided by 

the 16S rRNA copy number to obtain the mean exp ression ratio.  

4.2.3 GROW TH STUDIES  

 

Growth studies were carried out using either 7H9 or Sauton ’s 

media (Chapter 2). Growth in 7H9, containing 50µg/ml kanamycin 

and supplemented with 0.05% (w/v) Tween 80,  was performed in 

an automated Bioscreen C MBR plate reader (Thermo Fisher 

Scientif ic). To ensure a consistent inoculum was used throughout , 

all  cultures were standardised  to OD 1 before di lution to 10 -1 . 10µl 

was used to inoculate 100µl of growth media containing 20ng/ml Tc 

in 100 well plates. Plates were then incubated at 37°C with 

continuous shaking. OD measurements at 600 nm  were performed 

every 2 hours. Plates were incubated and read in a Bioscreen C 

MBR plate reader (Thermo Fisher Scientif ic).   

 

Growth studies in Sauton ’s were performed using 10ml culture 

volumes over 7 days, samples were taken approximately every 10 -

24 hours. All cultures were standardised to OD 1 and a 50µl 

inoculum added to fresh Sauton’s medium containing 20ng/ml Tc, 

50µg/ml kanamycin and 0.05% (w/v) Tween 80 . CFU measurements 

were taken for all cultures. Triple biological replicas were used in 3 

independent experiments. OD measurements were taken manually 

and absorbance was measured at 600 nm . All cultures contained 

20ng/ml Tc. The growth rate (h -1) was calculated by plotting a log 

scale graph of l inear growth, and generating an exponential l ine 

showing the equation of the l ine, in which the gradient equals the 

growth rate. All trend lines had an R 2  value of 0.99 and higher.  

 

 



CHAP TER  4:  MT B R PF S  AR E ABL E TO STI M U L AT E GR OWTH I N  ∆N AMH  M.  SM E GM ATI S  

 

131 

 

TABLE 11: DEFINITION OF TERMS 

 

Term Definition 

Apparent lag 

phase (hours) 

The time taken for the f irst OD doubling 

(determined as an OD of 0.2)  

Final OD (600nm)  The highest OD reached during cell growth  

Growth rate (h -1) The gradient of the slope during exponential 

growth 

 

4.2.4 M.  SMEGMATIS  NON-CULTURABILITY MODEL  

 

The following protocol is based on a previously published method 

(Shleeva et al., 2004). Rich medium for the init ial 5ml starter 

culture consisted of Broth E, containing (per l it re): 5g peptone, 5g 

NaCl, 1.5g beef extract, 1.5g yeast extract supplemented with 

0.05% (w/v) Tween 80 and 50µg/ml kanamycin. This was 

inoculated using M. smegmatis strains plated on LA 50µg/ml 

kanamycin plates. Once cultures had been grown for 48 hours, 

330µl of this starter culture was then used to inoculate 50ml of a 

sub-optimal medium (modif ied Hartman’s-deBont) mHdeB 

containing (per l it re): 11.8g Na2HPO4 .12H2O, 1.7g citr ic acid, 20g 

(NH4)2SO4, 30ml glycerol, 0.05% (w/v) Tween 80 plus 250µl of  

trace elements solution which contained (per l it re): 1g EDTA, 10g 

MgCl2.6H2O, 0.1g CaCl2 .2H2O, 0.04g CoCl2.6H2O, 0.1g 

MnCl2.2H2O, 0.02g Na2MoO4.2H2O, 0.2g ZnSO4.7H2O, 0.02g 

CuSO4.5H2O and 0.5g FeSO4.7H2O. After 72-90 hours growth at 

37°C, 200rpm shaking in 250ml glass f lasks (with protrusions), 

200µl undiluted culture was plated onto LA plates. Bacteria were 

classed non-culturable when they were unable to form colonies on 

solid media. Culture at this stage was used to prepare most 

probable number (MPN) assays.  
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4.2.5 MPN 

 

MPN was carried out as previously described (Harris and 

Sommers, 1968). Using 48 well plates (Cornell), 450µl of diluted 

Sautons medium (Chapter 2) containing 0.05% (w/v) yeast extract 

was aliquoted into all wells. Then, 50µl inoculum was added to the 

f irst row of wells before serial di lut ion within the plate was 

performed. After 2 weeks growth at 37°C the number of positive 

wells was recorded. Using an MPN calculator available at 

http://www.wiwiss.fu-berlin.de/institute/iso/mitarbeiter/wilrich/MPN_ver2.xls, MPN counts 

were calculated and expressed as Log10 values. Resuscitat ion 

index (RI) was calculated as follows: RI= Log10 (MPN/CFU) as 

previously described (Mukamolova et al., 2010). 

 

4.3 RESULTS 
 

4.3.1 GENERATION OF M.  SMEGMATIS RPFA-E  OVEREXPRESSION 

STRAINS  

Mtb Rpf over-expressing strains were generated in wild type and 

∆namH M. smegmatis . Mtb Rpf rpfA-E genes were amplif ied by 

PCR using the gene specif ic p rimers shown in Table 9. The 

corresponding restriction enzymes shown in Table 9 (BamHI  and 

SpeI) were used to digest both purif ied PCR product and purif ied 

plasmid DNA prior to l igation and transformation into DH5α. 

Several clones per transformation were used to inoculate small 

scale cultures, plasmid DNA was then purif ied and sent for 

sequencing and once confirmed to contain no mutations these 

constructs were used to generate His -tagged constructs for all Rpf 

constructs (excluding RpfC constructs).  

This was performed by PCR using the primers His -Myc (shown in 

Table 9) to amplify DNA from pBADgI I I  plasmid DNA, PCR product 

was then purif ied and concentrated. His -Myc DNA was digested 

http://www.wiwiss.fu-berlin.de/institute/iso/mitarbeiter/wilrich/MPN_ver2.xls
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with BamHI and MluI before ligat ion with similarly digested Rpf -

pMIND plasmid DNA. Purif ied DNA was used to  electroporate wild 

type and ∆namH eletro-competent M. smegmatis cells. After 3 

hours of incubation samples were plated on LA plates and resulting 

single colonies were picked and used direct ly for PCR, using 

pMIND primers (Table 9) to confirm the presence of corresponding 

rpf genes. The PCR products were analysed by DNA 

electrophoresis, as shown in Figure 38. 

 

FIGURE 38: COLONY PCRS FROM M. SMEGMATIS RPF-PMIND STRAINS 
 

Colony PCRs of the individual Mtb  Rpf over-expressing strains 
(with or without His-tags) in wild type M. smegmatis were 
performed.  The pMIND primers shown in Table 9 were used. From 
left to right: 1) empty pMIND control,  2) RpfA-pMIND, 3) RpfAHis-
pMIND, 4) RpfB-pMIND, 5) RpfBHis-pMIND, 6) RpfC-pMIND, 7) 
RpfD-pMIND, 8)RpfDHis-pMIND, 9) RpfE-pMIND, 10) RpfEHis-pMIND 
and 11) M. luteus Rpf-pMIND. A DNA ladder is on the far left 
(GeneRuler™/Thermo Scientif ic).  
 
Confirmation of successful electroporation , by colony PCR, for 

each Rpf strain in wild type M. smegmatis  can be observed in the 

above f igure. The same was carried out in ∆namH M. smegmatis .  

The calculated masses expected for each construct, using pMIND 

primers, are shown in Table 12. 
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TABLE 12: THE CALCULATED PCR PRODUCTS FOR EACH RPF CONSTRUCT  

 

*pMIND primers were used to calculate PCR products (Table 9).   

 

 

From the calculated PCR products using pMIND primers shown in 

Table 12, and the observed bands of the individual Rpf clones 

(with or without His-tags) shown in Figure 38 it has been 

demonstrated that al l strains have been confirmed. For example 

RpfB which without a His-tag, using pMIND pr imers was calculated 

to product a PCR product of 1.3kb shows a DNA band above the 

1kb ladder marker whilst the His-tagged RpfB construct,  predicted 

to have a product of 1.4kb has a DNA band above the 1.2kb band. 

Having confirmed the successful generation o f each M. smegmatis 

Rpf strain, these clones could therefore be used for protein 

expression studies and characterisation.  

 

4.3.2 PROTEIN EXPRESSION  

4.3.2.1 ELISA   

 

Protein expression of the individual Mtb  Rpf overexpressing M. 

smegmatis strains was analysed by ELISA. This was carried out 

using dif ferent growth media, and bacteria were isolated during 

early stat ionary phase growth as previously described (Shleeva et 

al., 2004). Purif ied recombinant RpfB∆DUF  (containing a His-tag) 

CONSTRUCT SIZE OF 

PCR 

PRODUCT* 

(BP) 

SIZE OF 

PCR 

PRODUCT 

+HIS (BP) 

CONFIRMATION 

BY PCR 

RPFA 1,448 1,591 YES 

RPFB 1,312 1,433 YES 

RPFC 733 N/A YES 

RPFD 682 820 YES 

RPFE 707 845 YES 

M. LUTEUS RPF 870 N/A YES 

PMIND 245 N/A YES 
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was run alongside culture supernatant samples as a posit ive 

control. Anti -His and anti-Rpf antibodies were both ut il ised for 

init ial experiments, however owing to the presence of endogenous 

M. smegmatis  Rpf proteins anti -Rpf antibodies produced a high 

background and anti -His antibodies were used for al l subsequent 

protein expression studies.  

 

FIGURE 39: ANTI-POLYHIS ELISA ABSORBANCE DATA FOR RECOMBINANT 

MTB RPFB∆UF 
 
Recombinant RpfB∆DUF was serially diluted, aliquoted into 96 well 
plates and ELISA experiments using anti-polyHis antibodies were 
carried out. Once adhered to the well, washed, blocked and 
incubated with primary (anti-His, raised in mouse) and then 
secondary antibodies (anti-mouse) plates were exposed using 
pNPP and absorbance measured at 405nm in a microplate reader. 
RpfB was present in the following buffer: 25mM Tris HCl; 500mM 
NaCl; 20% glycerol pH 8.5.  

 

Figure 39 shows ELISA, using anti-polyHis antibodies, absorption 

data for serially di luted recombinant RpfB ∆DUF. This data 

demonstrates a potential inhibit ion at high protein concentrations. 

This could be as a result of high bu ffer concentrat ions ult imately 

affecting protein adhesion to the well, or perhaps antibody 
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recognit ion. In an attempt to overcome this, RpfB was dialysed into 

50mM sodium phosphate; pH 8 and ELISA experiments were 

repeated. This did not completely prevent the reduced absorbance 

at high protein concentrat ions as shown in Figure 40. 

 

FIGURE 40: ELISA ABSORBANCE DATA USING ANTI-POLYHIS ANTIBODIES 

FOR DIALYSED RPFB∆DUF 

Recombinant RpfB was dialysed into 50mM sodium phosphate; pH 
8 and diluted in PBS before adding 100µl al iquots into 96 well 
plates at the shown concentrat ions. Once adhered to the well,  
washed, blocked and incubated with primary  (anti-polyHis, raised 
in mouse) and then secondary antibodies (anti-mouse) plates were 
exposed using pNPP and absorbance measured at 405nm in a 
microplate reader.  

 

Figure 40 demonstrates a similar pattern of absorbance  at the higher 

concentrat ions as shown in Figure 39; a reduced absorbance. 

However, after dialysis into sodium phosphate buffer there is a 

general increase in absorbance: Figure 39 shows an absorbance of 

roughly 0.25 at 25µg/ml whilst Figure 40, after dialysis has an 
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absorbance >0.9 at the same concent ration. Therefore whilst there 

was sti l l  a sl ight inhibit ion at the highest concentration after 

dialysis, the overal l increase in absorbance indicates the previous 

buffer was disrupting protein adhesion or antibody recognition.  

Dialysed RpfB was hence used in subsequent experiments.  

Concentrated culture supernatant samples could then be used in 

ELISA experiments, alongside di luted RpfB samples. Experiments 

using anti -polyHis antibodies were carried out for Rpfs A, B, D and 

E and the results are shown below in Figure 41. 
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FIGURE 41: ELISA ABSORPTION DATA USING ANTI-POLYHIS ANTIBODIES OF 

M. SMEGMATIS STRAINS IN 7H9 

Wild type M. smegmatis Rpf strains were grown in 7H9 medium 
(without ADC supplementation) , and concentrated culture 
supernatants were used for ELISA experiments. The results are the 
average of triplicate biological replicas; the error bars show the 
standard deviat ion of the averaged absorbance. Figure 41 A) 
shows the results from wild type M. smegmatis Rpf over-expressing 
strains and B) from ∆namH M. smegmatis Mtb Rpf over-expressing  
strains. Absorbance was measured at 405nm.  

  

Quantif ication of Rpf proteins by ELISA would require generation of  

standard curves for each individual Rpf.  Due to time constraints 

this method was used solely to determine whether proteins were 

B 

A 
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expressed rather than the level of this expression. Figure 41 

demonstrates that Rpfs A, B, D and E are expressed in both wild 

type and ∆namH  M. smegmatis strains.  

There is a dif ferent trend observed between the  expression pattern 

of the individual Rpfs as well as between wild type  and ∆namH M. 

smegmatis strains. In ∆namH M. smegmatis , RpfD appears to have 

the greatest expression level with RpfA having the lowest level.  In 

wild type this is reversed; RpfA has the greatest absorbance and 

RpfD the lowest. RpfB has a large error bar indicating the variable 

expression levels. It should also be taken into consideration that 

the expression levels analysed here correspond to secret ed protein 

and therefore absorption data could ref lect variations in this.  

Dif ferences between wild type and ∆namH M. smegmatis Rpf 

secreted protein levels may be affected by the cell wall  structure; 

perhaps affecting the level  of protein bound to the cell  wall  and 

could ref lect a dif ference in release from the cell wall.  

The experiments shown in Figure 41 were also carried out in 

Sauton’s medium, however due to viscosity issues the results 

observed were varied and of consistently poor absorption (data not 

shown). Addit ionally, anti -Rpf ELISAs were carried out for RpfC 

strains, as well as M. luteus  Rpf overexpressing strains. There was 

a high background observed in control strains, most l ikely as a 

result of endogenous M. smegmatis Rpf proteins. Expression of 

rpfA-E genes was then examined by qRT-PCR. 

4.3.2.2 QRT-PCR 

 

qRT-PCR was implemented as a means of quantitatively 

determining the expression of all f ive Mtb Rpfs genes. 
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FIGURE 42: QRT-PCR MEAN EXPRESSION DATA 

qRT-PCR was run on a Rotor-gene 6000 (Corbett) using cDNA 
samples of M. smegmatis Rpf strains, grown to mid-exponential 
phase in 7H9. The mean expression rat ios were obtained by 
division of the copy number by 16S rRNA. Duplicate biological 
samples were run in tr ipl icate, and the average is shown in the 
above f igure. Error bars show the standard deviation. The 
corresponding copy numbers are shown in Table 13. All  R2 values 
were 0.98 or higher, reaction eff iciencies were al l 0.7 or higher 
excluding RpfA and B which were about 0.55. 
 
 

qRT-PCR expression data for the individual Mtb  Rpfs, shown in 

Figure 42, demonstrates that all Rpfs were expressed in both wild 

type and ∆namH  M. smegmatis .  Expression rat ios were calculated 

as follows: copy numbers of the individual Mtb Rpfs were divided 

by copy numbers obtained for the house keeping gene 16S rRNA. 

All melt curves for each sample contained a single peak  (shown in 

Appendix 2: qRT-PCR Melting Curves) and all  were present at a specif ic 

dissociat ion temperature per primer set indicating specif icity. 

Negative controls were carried out, whereby cDNA samples of the 

empty wild type and ∆namH M. smegmatis  pMIND strains were ran 

using primer sets for all  Mtb  Rpfs; they showed no amplif icat ion. 

Examination of contamination with plasmid DNA was easily 

examined by performing reverse transcription without the addition 
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of reverse transcriptase and including these samples as a control 

in each qRT-PCR run; no plasmid DNA was found.  

The qRT-PCR data shows the same expression trend in both wild 

type and ∆namH  M. smegmatis, with rpfD  being the most highly 

expressed, followed by rpfE  then rpfC and rpfA. rpfB  has the 

lowest expression level.  The low level of expression observed for 

both rpfA  and rpfB  could be due to the decreased reaction 

eff iciencies compared to the remaining rpfs. Lower eff iciencies 

could be a result of high GC content (73% and 68% in RpfA and B 

respectively), the presence of PCR inhibitory compounds or due to 

primer design. Overall there was no difference in Rpf  gene 

expression pattern between wild type and ∆namH M. smegmatis .  

TABLE 13: QRT-PCR COPY NUMBERS OF WILD TYPE AND ∆NAMH-PMIND M. 

SMEGMATIS MTB RPF OVEREXPRESSING STRAINS AND THE CALCULATED 

MEAN EXPRESSION RATIOS  

 

 

 

 

 

 

The qRT-PCR expression pattern of the individual Rpfs did  not 

ref lect those observed via ELISA; ELISA data indicates RpfA is the 

most highly expressed in wild type M. smegmatis whilst RpfD is 

 Rpf   Copy 

Number 

Mean 

Expression 

Ratio 

WT RpfA 24,089 2.74E-05 

RpfB  278 7.57E-07 

RpfC  98,354 2.78E-04 

RpfD 2,894,831 8.88E-03 

RpfE 223,146 8.25E-04 

∆NamH RpfA 19,819 2.73E-05 

RpfB 251 5.57E-07 

RpfC  191,158 5.13E-04 

RpfD  3,617,065 1.17E-02 

RpfE 376,259 8.00E-04 
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shown to be the most highly expressed in ∆namH M. smegmatis,  

qRT-PCR data meanwhile indicates rpfD  as the most highly 

expressed in both (Figure 41). A potential explanation for this is that 

ELISA experiments assess levels of secreted protein whilst qRT-

PCR estimates gene expression. Both methods demonstrated that 

all Rpfs were over-expressed in M. smegmatis but at dif ferent 

levels. 

4.3.3 RPF GROW TH STIMULATION EXPERIMENTS  

 

After confirmation of  Mtb Rpf expression in all M. smegmatis  

strains the growth st imulatory activity of Mtb Rpfs against M. 

smegmatis  was investigated prior to examination of the  role of 

glycolylation in Mtb Rpf action. Growth analysis was performed 

using dif ferent cult ivat ion media to examine  the effects of Mtb  Rpf 

over-expression on the growth of M. smegmatis .  

4.3.3.1 7H9  M IDDLEBROOK MEDIUM  

 

 

FIGURE 43: BIOSCREEN GROWTH CURVES OF M. SMEGMATIS STRAINS IN 7H9 

Wild type M. smegmatis  strains over-expressing Mtb Rpfs were 
grown in 100 well microt itre plates (Oy Growth Curves AB Ltd) in a 
Bioscreen C MBR plate reader (Thermo Fisher Scientif ic) at 37°C 
with constant shaking, absorbance was measured at 600nm at 2 
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hour intervals for 4 days. Each well contained 100µl culture media 
(7H9, 20ng/ml Tc, 0.05% (w/v) Tween 80 and 50µg/ml kanamycin) 
inoculated with 10µl of each M. smegmatis strain which had been 
standardised to an OD600nm  of 1 and diluted 10 -1 prior to 
inoculat ion (CFU plates were prepared at this stage).  
 
 

Figure 43 shows the Bioscreen growth data for wild type M. 

smegmatis  Rpf over-expressing strains in 7H9 medium. The 

corresponding growth analysis is shown in Table 14. 

TABLE 14: STATISTICAL ANALYSIS OF M. SMEGMATIS RPF STRAINS IN 7H9 

 

*Statistically significant (p<0.05 using an unparied T-Test) 

In Table 14 the apparent lag phase shows the t ime at which 

individual strains reached an OD of 0.2, whilst the p -value was 

calculated using a 2 tailed T-Test in Excel to determine whether 

the dif ference between the f inal OD of each strain compared to the 

pMIND control was statistical ly signif icant. P -values <0.05 were 

classif ied as statistically signif icant. The overexpression of each 

Mtb  Rpf resulted in a stat ist ically signif icantly increased f ina l OD 

compared to the control strain (Table 14).  

Variat ions in the growth rate were also observed; Rpfs A, B and C 

resulted in an increase in the growth rate while RpfE had a slightly 

reduced growth rate. Rpfs D and M. luteus Rpf showed a growth 

rate consistent with the control strain. Examining the apparent lag 

phase indicates a slight ly reduced lag phase in strains 

overexpressing RpfC and RpfD and to a lesser extent RpfE and M. 

Sample Apparent lag 
phase/hours 

Final 
OD 

Growth 
Rate/h-1 

pMIND 20±0.66 0.71 0.19 

RpfA 20±0.88 0.82* 0.22* 

RpfB 20±0.71 0.82* 0.21* 

RpfC 18±0.88 0.81* 0.20* 

RpfD 18±0.66 0.81* 0.19 

RpfE 19±0.5 0.81* 0.18* 

M. luteus Rpf 19±0.53 0.84* 0.19 



CHAP TER  4:  MT B R PF S  AR E ABL E TO STI M U L AT E GR OWTH I N  ∆N AMH  M.  SM E GM ATI S  

 

144 

 

luteus Rpf.  Mtb Rpfs were shown to st imulate growth in M. 

smegmatis .  

After confirmation of Mtb Rpf growth stimulatory effects in M. 

smegmatis the abil ity of Mtb Rpf to stimulate growth in non-

glycolylated PG containing ∆namH M. smegmatis was investigated. 

Rpf strains were analysed by growth  in 7H9, in 100 well plates 

using a Bioscreen C MBR plate reader.  

 

FIGURE 44: BIOSCREEN GROWTH CURVES OF ∆NAMH M. SMEGMATIS STRAINS 

IN 7H9 

∆namH M. smegmatis  Rpf overexpressing strains were grown in 
100 well microti tre plates (Oy Growth Curves AB Ltd) in a 
Bioscreen C MBR plate reader (Thermo Fisher Scientif ic) at 37°C 
with constant shaking, absorbance was measured at 600nm at 2 
hour intervals for 4 days. Each well contained 100µl culture media 
(7H9, 20ng/ml Tc, 0.05% (w/v) Tween 80 and 50µg/ml kanamycin) 
inoculated with 10µl of each M. smegmatis strain which had been 
standardised to an OD600nm  of 1 and diluted 10 -1 prior to 
inoculat ion (CFU plates were prepared at this stage).  
 

 

Growth data from curves shown in Figure 44 was then used for 

statistical analysis of individual Mtb Rpfs in ∆namH M. smegmatis .  
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Table 15: Statistical Analysis of ∆namH M. smegmatis Growth in 7H9 

 

*Statist ically signif icant (p<0.05 using an unpaired T-Test) 

All values were calculated as described above. In contrast to the 

observations for the individual Rpf strains in wild type M. 

smegmatis,  overexpression of Mtb Rpfs in ∆namH resulted in 

highly consistent f inal OD’s for all  strains. Excluding RpfE which 

has a stat ist ical ly signif icantly reduced average f inal OD as 

determined by a type 2 unpaired t -test. There was an increase in 

growth rate observed for ∆namH M. smegmatis  strains 

overexpressing RpfA, RpfB and M. luteus Rpf (Table 15) compared 

to the ∆namH pMIND control. RpfC and RpfE show a slightly 

reduced growth rate compared to the control strain. None of the 

Mtb  Rpfs resulted in a reduced apparent lag phase.  

Overall Mtb Rpfs A and B, did not reduce the apparent lag phase 

or increase the f inal OD but consistently produced a statistically 

signif icant  increased growth rate and can therefore be said to 

stimulate ∆namH M. smegmatis growth in 7H9 medium. In order to 

examine these growth phenotypes further growth studies were 

performed in Sautons medium. 

4.3.3.2 SAUTON ’S MEDIUM  

 

The reduced growth observed for ∆namH M. smegmatis in 7H9 was 

amplif ied when grown in Sautons medium; growth was not 

Rpf Strain 
(∆namH) 

Apparent lag 
phase/hours 

Final 
OD 

Growth 
Rate/h-1 

pMIND  18±0.75 0.98 0.16 

RpfA 20±0.74 0.98 0.18* 

RpfB 19±0.33 0.98 0.17* 

RpfC 18±0.71 1.02 0.15* 

RpfD 18±0.82 0.94 0.16 

RpfE 20±0.48 0.86* 0.15* 

M luteus Rpf 20±0.55 0.96 0.17 
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observed t i l l approximately 120 hours after inoculat ion (Figure 44). 

Wild type M. smegmatis strains also showed reduced growth in this 

medium compared to 7H9; growth was not observed ti l l  

approximately 102 hours after inoculation (Figure 43). In addition to  

reduced growth rate, an increase in cel l clumping (particularly 

within ∆namH) was observed, this meant that growth analysis using 

this medium did not produce rel iable and consistent data in the 

small volume required for an automated plate reader. 10ml culture 

volumes were therefore used and hand measured via a 

spectrophotometer.  

 

 

FIGURE 45: SAUTON’S GROWTH CURVES FOR M. SMEGMATIS RPF 

OVEREXPRESSING STRAINS 

10ml cultures, using Sauton ’s medium were grown for over 7 days, 
samples were taken approximately every 10-24 hours. All  cultures 
were inoculated with 50µl inoculum from M. smegmatis  culture, 
standardised to OD 1. CFU measurements were taken for all 
cultures. Triple biological replicas were used in 3 independent 
experiments. OD measurements were taken manually and 
absorbance was measured at 600nm. All  cultures contained 
20ng/ml Tc.  
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When grown in Sauton ’s medium RpfA and RpfB (to a lesser 

extent) result  in a curve indicating a reduced lag phase. The 

remaining strains were visually, highly similar in their growth 

patterns. Not enough data points were present to conclude 

accurate growth rates (R2 values were al l <0.9) or apparent lag 

phases. After 170 hours cultures began to visibly clump and due to 

sampling at dif ferent t ime points the volume remainin g for further 

t ime points was vastly reduced, therefore f inal ODs were not 

obtained. ∆namH M. smegmatis Mtb  Rpf strains were used under 

the exact same conditions in order to make a direct comparison.  

 

 

FIGURE 46: SAUTONS GROWTH CURVE DATA FOR ∆NAMH M. SMEGMATIS RPF 

STRAINS 

10ml cultures, using Sautons medium were grown for over 7 days,  
samples were taken approximately every 10 -24 hours. All  cultures 
were inoculated with 50µl inoculum from M. smegmatis  culture, 
standardised to OD 1.  CFU measurements were taken for all 
cultures. Triple biological replicas were used in 3 independent 
experiments. OD measurements were taken manually and 
absorbance was measured at 600nm. All  cultures contained 
20ng/ml Tc for protein expression.  
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∆namH M. smegmatis strains overexpressing RpfA and RpfB (Figure 

46), when grown in Sauton ’s medium, result in visually increased 

growth rate compared to the ∆namH pMIND control. This pattern 

and the overall trend were mirrored in wild type M. smegmatis 

Sauton ’s growth data (Figure 45). This indicates the Mtb Rpfs were 

able to stimulate growth in both wild type  and ∆namH M. 

smegmatis  and f its well with the observed increase in growth rate 

when RpfA and RpfB were over-expressed in 7H9 medium (Table 

15). 

∆namH M. smegmatis, when grown in Sauton ’s medium shows an 

increased lag phase for al l strains compared to wild type  strains in 

Sautons (Figure 45 and Figure 46), these results ref lect those 

previously observed in 7H9 medium but to a greater extent ( Table 

15). The growth data generated (using both 7H9 and Sauton ’s 

media) demonstrated that glycolylation of mycobacterial PG did not 

play a role in Rpf growth st imulation. However, it remains to be 

determined whether this modif icat ion plays a role in resuscitat ion 

from dormancy.  

4.3.4 DOES GLYCOLYLATION PLAY A ROLE IN RESUSCITATION OF RPF-
DEPENDENT CELLS? 

 

In order to investigate the effects of each individual Mtb  Rpf on 

resuscitat ion of Rpf -dependent cel ls, an M. smegmatis  non-

culturability model (Shleeva et al., 2004) was implemented. This 

model uses a three stage growth process, culminating in 72 -96 

hours growth in sub-optimal growth medium (mHdeB). This 

produces bacteria which are no longer capable of colony formation 

or growth in l iquid media. However, i f  these bacteria are supplied 

with exogenous Rpf (for example, in the form of culture 

supernatant) or possess a plasmid carrying M. luteus Rpf, they are 

able to resuscitate and grow in l iquid media (Shleeva et al., 2004). 
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The f irst step was optimisation of the formation of non-culturable or 

Rpf-dependent cel ls. This was carried out using a negative and 

positive control for M. smegmatis : empty pMIND and M. luteus 

pMIND-Rpf strains. Hence, both strains should be able to form Rpf-

dependent cells but only M. luteus  pMIND-Rpf strain should be 

capable of spontaneous resuscitation. After 72 hours, growth was 

analysed by spreading 200µl of mHdeB grown culture onto LA 

plates (no antibiotic).  

The absence of colonies after 3 days incubation demonstrated the  

non-culturabil ity of both strains. Optimal conditions included a 48 

hour pre-culture in Broth E (no antibiot ic) followed by 72 hour 

growth in mHdeB medium for non-culturable cells to be formed. 

Resuscitat ion medium was then optimised; this was carried out  by 

using a variety of resuscitation media and sett ing up MPN 

resuscitat ion plates. The medium producing the greatest MPN 

counts was then deemed most suitable for resuscitat ion. This was 

performed using both pMIND and M. luteus pMIND-Rpf M. 

smegmatis strains. 
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FIGURE 47: M. SMEGMATIS PMIND-M. LUTEUS RPF RESUSCITATION IN A 

VARIETY OF MEDIA   

The f igure shows the resuscitation of wild type M. smegmatis 
pMIND-M. luteus  Rpf in a variety of media. Media from left to right: 
Diluted Sauton's (Sd) +tetracycline (Tc), Sd +yeast extract 
(YE)+Tc, Sd+ADC+YE+Tc, Sd+ADC+Tc, 7H9+ADC+Tc, Sd, Sd+YE 
and Sauton's+YE. The dilution factor is shown on the right (start ing 
at 0 and ending at 10 -5).  450µl of medium per well was inoculated 
with 50µl inoculum (cultures were grown for 72 hours in mHdeB 
after an init ial 48 hours growth in Broth E) and serial dilut ion was 
performed within the plate using 50µl volumes. M. smegmatis 
pMIND strain showed no growth in any of the media.  
 

Figure 47  (2nd  lane from the right)  demonstrated that di luted 

Sauton ’s medium, containing  0.05% (w/v) yeast extract and without 

Tc, resulted in the greatest resuscitation. Growth was observed in 

10 -3 dilut ion. Growth was also observed in di luted Sautons –YE and 

Sautons –YE both without Tc. These three variations of Sautons 

medium produced growth to 10 -2-10 -3 and due to the greater 

turbidity observed in diluted Sautons +YE this was then used for all  
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subsequent resuscitation assays. M. smegmatis pMIND MPN plates 

(using the above media) produced no growth after 2 weeks of  

incubation, demonstrating that WT M. smegmatis endogenous Rpfs 

do not result in resuscitat ion.  

Using the optimised growth condit ions and resuscitation medium, 

non-culturabil ity and resuscitat ion was then performed for all  wild 

type M. smegmatis Rpf overexpressing strains. The MPN values 

were then used to calculate Log 10MPN. MPN allows the use of 

positive and negative results to produce quantitat ive data by 

sample di lution, the degree at which this produces negative results 

can then be used to calculate the original concentrat ion (Harris 

and Sommers, 1968). 
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FIGURE 48: LOG10 MPN RESUSCITATION DATA FOR WILD TYPE M. SMEGMATIS 

RPF STRAINS 

Three independent experiments for each strain were performed; 
each containing tr ipl icates per sample. The average Log 10 MPN 
values are shown here, the error bars show the standard deviation.  
*0.05 is the limit of detection  (WT was below this l imit and is 
therefore is shown as such). All  MPN plates used di luted Sauton ’s 
medium supplemented with  0.05% (w/v) YE and were incubated, 
without shaking at 37°C for up to 2 weeks. All resuscitation data 
represent cultures which were non-culturable, determined as 
<10cells/ml when 200µl of undiluted  culture was plated.  
 
Figure 48 shows resuscitation of wild type M. smegmatis  by al l 5 

individual Mtb Rpfs, the negative control (pMIND) shows no 

resuscitat ion. RpfD appears to have the greatest resuscitation 

potential,  closely followed by the posit ive control; M. luteus Rpf. 

RpfB, RpfC and RpfE have relatively low resuscitation potentials 

compared to RpfD, as determined by MPN. Overall these data 

demonstrate the abil ity of Mtb Rpfs to resuscitate non-culturable 

M. smegmatis cells. 

Having demonstrated this for all Rpfs in wild type  M. smegmatis  

the resuscitat ion potential of the individual Mtb Rpfs within non-

glycolylated M. smegmatis  was attempted. However, after mult iple 
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attempts to optimise formation of non-culturable cells in ∆namH M. 

smegmatis  pMIND and M. luteus pMIND-Rpf (both pre-culture 

incubation and mHdeB incubation), i t  was determined t hat ∆namH  

M. smegmatis  is incapable of  forming of Rpf-dependent cells using 

the current method. This is demonstrated by the CFU and MPN 

data shown in Table 16. 

 

TABLE 16: CFU AND LOG10 MPN DATA IN WT AND ∆NAMH M. SMEGMATIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

*This is an arbitrary value used to calculate RI due to CFU counts 

below the detection limit.  

 

 

 

M. smegmatis 

Strain 

Log10CFU Log10 

MPN 

Resuscitation 

Index (RI) 

∆namH-pMIND  4.95 5.7 0.75 

∆namH-pMIND-

M. luteus Rpf  

4.6 4.7 

 

0.1 

WT-pMIND  1* N/A N/A 

WT-pMIND-RpfA  1* 4.8 3.8 

WT-pMIND-RpfB  1* 2.5 1.5 

WT-pMIND-RpfC  1* 2.5 1.5 

WT-pMIND-RpfD  1* 5.5 4.5 

WT-pMIND-RpfE  1* 1.8 0.8 

WT-pMIND-M. 

luteus Rpf  

1* 5.2 4.2 
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A possible explanation for ∆namH M. smegmatis  being unable to 

form non-culturable cells using this model could be due to the 

increased clumping compared to wild type M. smegmatis, this could 

have resulted in cells which were protected from the environmenta l 

conditions during growth thus remaining culturable even after 

growth in sub-optimal medium. 

4.4 DISCUSSION 
 

4.4.1 GENERATION OF MTB RPF OVEREXPRESSION STRAINS IN M.  

SMEGMATIS  

 

A ∆namH  M. smegmatis  mutant was kindly provided by M. Pavelka 

(University of Rochester),  previously published work using this 

strain demonstrated an increased susceptibi l i ty to β -lactam 

antibiot ics as well as lysozyme (Raymond et al., 2005). This strain 

was generated by allelic exchange, using a suicide plasmid bearing 

a 500bp deletion allele, this was confirmed by Southern 

hybridisat ion (Raymond et al., 2005).  

It was attempted to generate strains expressing the individual Mtb 

Rpfs in ∆namH M. smegmatis  alongside wild type M. smegmatis .  

This was achieved using the pMIND plasmid, which allowed 

tetracycline regulated gene expression (Blokpoel et al., 2005). 

Sequences were confirmed prior to electroporation  and successful 

transformants were identif ied by PCR. 

4.4.2 RPF EXPRESSION ANALYSIS  

4.4.2.1 ENZYME -L INKED IMMUNOSORB ANT ASS AY  

 

Secreted Mtb Rpf protein expression was confirmed by ELISAs  

using anti -polyHis antibodies. This was evidenced by the 

absorption data shown in Figure 39. Init ially there was notable 

inhibit ion at higher protein concentrat ions of recombinant RpfB ∆DUF  

possibly due to higher buffer concentrations affecting antibody 
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recognit ion, protein binding or substrate reactions; the latter 

appears to be the least l ikely due to the number of washes prior to 

this stage. In an effort to overcome this apparent inhibit ion, 

recombinant RpfB was dialysed into a sodium phosphate buffer. 

This produced a similar ELISA absorbance pattern at the highest 

concentrat ion (25µg/ml) but overall showed an increase in 

absorption.  

All His-tagged Rpf proteins in wild type M. smegmatis  were found 

to be expressed, but at varying levels (Figure 41, a), this was also 

found to be true in ∆namH M. smegmatis (Figure 41, b). The 

secreted protein  expression pattern, determined by ELISA, 

between the two strains dif fers; in wild type : Rpf A>E>D and RpfB 

is highly variable whilst in ∆namH M. smegmatis  Rpf D>E>B and 

RpfA levels are relatively low. Quantif icat ion was not carried out by 

ELISA due to the t ime constraints necessary to generate standard 

curves for individual Rpfs.  

As ELISA absorption levels are representa tive of secreted protein 

expression it was hypothesised that the difference in Rpf 

expression patterns between wild type and ∆namH  M. smegmatis 

could be a consequence of an altered cell wall structure. Loss of 

glycolylated muramyl within PG may affect the overall cel l wall  

structure and therefore could inf luence Rpf secretion. The loss of 

this functional group appeared to reduce Rpf secretion as 

demonstrated by ELISA data. Reduced secreted Rpf levels could 

be indicative of increased Rpf binding to  the PG or reduced release 

of Rpf proteins from the cell wall .  

However, RpfD has an increased level of expression compared to 

the remaining Rpfs. RpfD does not contain a predicted membrane 

anchor and high expression levels compared to RpfA, RpfB, RpfC 

and RpfE could indicate that secret ion of this protein is  affected to 

a lesser extent by the loss of glycolylation within the PG. qRT -PCR 
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was used to confirm RpfC expression, as well as to quantify rpf 

gene expression for the remaining Rpfs.  

4.4.2.2 QRT-PCR 

 

Gene expression was confirmed for all Mtb Rpfs by qRT-PCR, as 

demonstrated by the mean expression ratio data. Mean expression 

ratios were determined by comparison to the housekeeping gene: 

16S rRNA. In mycobacterial gene expression work 16S rRNA is a 

common choice for normalisat ion (Talaat et al., 2002, Subbian et 

al., 2011). This gene has a relat ively stable expression and is 

therefore suitable as an internal control for most qRT -PCR, 

however there are studies which demonstrate that under varying 

growth condit ions 16S rRNA expression levels are no longer stable 

(Takle et al.,  2007). Under the present experimental conditions 16S 

rRNA is a suitable reference gene as gene expression from 

bacteria grown under dif ferent growth conditions were not being 

compared.  

The rel iabi l ity of expression data was confirmed by carrying out 

controls. Al l cDNA samples produced single peaked melt curves, 

with each peak matching the corresponding dissociat ion 

temperature associated with the Rpf gene  amplif ied. Using cDNA 

samples from the empty pMIND cont rols for both wild type and 

∆namH M. smegmatis ,  Rpf primers were used to run qRT-PCR 

cycles. No amplif ication occurred in any of the runs.  

The aim was to quantify the gene expression of al l Mtb rpfs . This 

was evidenced by the Rpf qRT-PCR mean expression data which 

demonstrates that in both wild type and ∆namH M. smegmatis  the 

pattern is identical; with the fol lowing trend: D>E >C>A>B. 

Expression of all  Rpfs was relat ively low, indicative of poor 

induction regulation by Tc, perhaps due to leaky expression of the 

pMIND system. The low rat ios observed for RpfA and RpfB could 
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also be attr ibuted to reduced reaction eff iciencies , possibly as a 

result of  a high GC content or due to primer design.  

Comparison between ELISA and qRT-PCR expression indicated  

that glycolylat ion within mycobacter ial PG may inf luence protein 

binding at the cell wall, and that ∆namH M. smegmatis displays a 

reduced level of secreted Rpf proteins in comparison to wild type 

overexpressing strains (Figure 41). This does not include RpfD, as 

discussed earl ier ;  Mtb  RpfD does not have an annotated PG 

anchor domain and therefore may not bind to the cell  wall. RpfD 

has a predicted LytTR-type HTH domain and a signal sequence 

(Prosite, entry PS50930). LytTR is a type of DNA binding doma in 

found in some cytoplasmic proteins (Nikolskaya and Galperin, 

2002).  

Overall the ELISA and qRT-PCR data, demonstrated expression of 

all 5 Mtb Rpfs. ELISA data depicts a varying expression pattern, 

with generally higher levels observed in wild type M. smegmatis ,  

whilst qRT-PCR data showed an identical expression pattern in 

both wild type and ∆namH M. smegmatis  strains. As stated above, 

the expression patterns may be inf luenced by several factors. 

ELISA sensitivity is l imited by antibody recognit ion, whilst qRT -

PCR is exponential and the init ial l imiting factor of the reaction 

should be the cDNA sample.  

4.4.3 GROW TH STUDIES  

4.4.3.1 7H9  M IDDLEBROOK MEDIUM  

 

Growth analysis was employed to determine whether Mtb Rpfs are 

capable of stimulat ing growth in M. smegmatis. All Mtb Rpfs were 

found to stimulate growth in wild type M. smegmatis as evidenced 

by Figure 43. A clear trend was observed; all  Rpf over-expressing 

strains appear to produce a higher f inal OD. Data analysis 

demonstrated a consistent and stat istically signif icant increase in 

growth rate by RpfA, RpfB and RpfC (shown in Table 14). RpfA 
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showed the greatest change in growth rate; at 0.22/h -1 compared to 

0.19/h -1 for pMIND (Table 14). The apparent lag phase data 

demonstrate that in wild type M. smegmatis  RpfC, RpfD and RpfE 

resulted in the greatest reduction; 18 hours, compared to 20 hours 

observed in the pMIND strain (Table 14).  

Growth characterisation was performed in ∆namH M. smegmatis 

Mtb Rpf strains in 7H9 to determine whether glycolylation plays a 

role in Rpf induced growth stimulation. Glycolylat ion does not 

inf luence Rpf induced growth st imulation, this was shown through 

the growth curves in Figure 44, and the corresponding stat ist ical 

analysis in Table 15. None of the Mtb Rpfs produced a higher f inal 

OD in comparison to the ∆namH  M. smegmatis pMIND control.  

Over-expression of RpfA resulted in an increased growth rate; 

0.18/h -1 compared to 0.16/h -1 for the ∆namH pMIND control (Table 

15). This was also observed for RpfB.  

All  together these f indings indicate that Mtb Rpfs are capable of 

stimulat ing growth in wild type and ∆namH M. smegmatis. 

Therefore glycolylation of the mycobacterial PG did  not appear to 

play a role in Rpf associated growth stimulat ion. RpfA and RpfB 

produced the greatest increase in growth rate in both wild type and 

∆namH M. smegmatis . Previous work had demonstrated growth 

stimulat ion of growing cultures by Rpfs but Mtb Rpfs have not 

previously been shown to elicit  the same response in M. smegmatis 

(Mukamolova et al. , 2002b).  

4.4.3.2  SAUTON ’S  

 

In order to investigate the effect of Mtb Rpfs on M. smegmatis  in 

an environment where Rpf stimulation would be more 

advantageous growth analysis in Sauton ’s medium was carried out. 

The aim of this experiment was to examine the effects of Rpf on 

wild type and ∆namH M. smegmatis  when Rpf st imulat ion may be 

more beneficial, and hence any growth alterat ion should be more 
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evident. Due to the reduced growth rate and increased clumping , 

cultures could not be grown in the 100 well plates necessary for 

Bioscreen analysis, therefore 10ml cultures were hand measured. 

Whilst each experiment contained replicas and several 

independent experiments were performed, the lack of data points 

and large replica numbers prevented detailed statistical analysis.  

RpfA and RpfB appear to alter the growth characteristics more 

signif icantly than the remaining Mtb Rpfs. RpfA, in both wild type 

and ∆namH M. smegmatis  resulted in a curve with a visibly 

reduced lag phase and potentially an increased growth rate (as 

determined by visual examination of Figure 45 and Figure 46). This 

f its well with the 7H9 observations of RpfA, which consistently 

showed an increased growth rate.  

Overall when M. smegmatis  was grown in Sautons medium RpfA 

and RpfB were found to stimulate growth in early log phase and 

potential ly reduce the lag phase as well as increase the growth 

rate. These results are independent of the presence of N-

glycolylation  and correlate well with the 7H9 growth data, all of 

which led to the conclusion that Rpf growth stimulat ion is not 

affected by glycolylation of the cell wall . Glycolylation may 

therefore instead play a role in intracellular survival,  antimicrobial 

resistance or immune response (Raymond et al.,  2005, Coulombe 

et al., 2009). 

Additionally, by comparing the growth stimulat ion assays with the 

protein quantif ication data it can be concluded that Rpf growth 

stimulat ion (both in wild type and ∆namH M. smegmatis ) is not  

ref lective of protein expression levels. RpfB is the most poorly 

expressed protein (by qRT-PCR, Figure 42), yet when wild type and 

∆namH M. smegmatis  strains over-expressing RpfB are grown in 

either Sauton ’s or 7H9 medium this resulted in an increased growth 

rate to a greater extent than the most highly expressed protein; 

RpfD (Figure 45 and Figure 46). However these results could be 
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inf luenced by poor reaction eff iciency of RpfB in qRT -PCR, most 

l ikely due to primer design or they could be a result of the 

dist inctive functions of the dif ferent Rpf proteins.  

4.4.4 RESUSCITATION OF NON-CULTURABLE CELLS  

 

An M. smegmatis non-culturabil ity model (Shleeva et al., 2004) 

was implemented in order to investigate the resuscitat ion potential 

of the individual Mtb Rpfs, as well as to determine the role of 

glycolylation in Rpf induced mycobacterial resuscitation. This was 

determined by quantif ication of the number of viable cells by MPN 

in l iquid medium. Optimisation of the formation of Rpf -dependent 

cells was carried out before assessment of resuscitat ion media. All  

wild type  M. smegmatis  strains were used to examine the 

resuscitat ion potential of the individual Mtb Rpfs in M. smegmatis  

by MPN. The MPN data showed that RpfD followed by RpfA 

produce the greatest levels of resuscitation. RpfB, RpfC and RpfE 

all  produced much lower levels of resuscitation. RpfD Log 10 MPN 

values were comparable to those of M. luteus Rpf (Figure 48). The 

resuscitat ion data did not correlate with the qRT-PCR expression 

data and therefore indicated that MPN values represent the 

individual Rpf resuscitat ion potential;  RpfE had relat ively high 

expression levels, as did RpfC (by qRT-PCR, Figure 42), yet their 

MPN values were up-to 3.6 fold lower than those observed for 

RpfD (Figure 48). 

Optimisation of Rpf -dependent cel l formation for ∆namH M. 

smegmatis  fai led to produce fully non-culturable or Rpf -dependent 

cultures under any condit ions (Table 16). This could have been due 

to a weakened cell  wall structure as a result of reduced hydrogen 

bonding, which may prevent structural  changes necessary for the 

formation of these cells (Raymond et al., 2005). Or alternatively, 

due to the increased clumping in ∆namH M. smegmatis , cells within 

these clumps may have been present in a micro-environment, 
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shielded from the harsh growth environment of the mHdeB medium 

and thus a proport ion of cells  remained culturable. This model of 

non-culturabil ity was highly variable and produced cultures which 

remained culturable after incubation or cel ls which fail ed to 

resuscitate and were therefore no longer viable. These f indings 

suggest that this model did  not fully replicate in vivo NRP but may 

ult imately lead to cel l death, the timing of isolation for 

resuscitat ion when cells are no longer culturable but remain viable 

was therefore extremely crit ical.  

Overall RpfA produced the greatest growth stimulation as 

determined by increased growth rate; this was observed for both 

wild type and ∆namH M. smegmatis strains whether grown in 

Sauton ’s or 7H9 medium. RpfD produced  the greatest level of 

resuscitat ion in non-culturable cells and qRT-PCR expression 

levels of this protein were a lso found to be higher than the 

remaining Rpfs. However, resuscitat ion patterns did not 

correspond to gene expression for the remaining Rpfs.  

4.5 CONCLUSION 
 

The overall aim of this  chapter was to investigate the role of 

glycolylation in Rpf -associated growth st imulation and 

resuscitat ion. Individual Mtb Rpf overexpressing strains were 

generated in wild type and ∆namH M. smegmatis , expression was 

then confirmed and quantif ied by ELISA and qRT-PCR. Growth 

analysis demonstrated that over-expression of Mtb RpfA and RpfB 

in wild type and ∆namH M. smegmatis  resulted in an increased 

growth rate when grown in either Sauton ’s or 7H9 media. This 

demonstrated that glyco lylation of mycobacterial PG did  not play a 

role in Rpf-associated growth stimulation. Rpf induced ∆namH M. 

smegmatis resuscitation data could not be produced due to the 

inability of this strain to form Rpf-dependent cells. However, MPN 

values for wild type M. smegmatis  strains showed variabil ity in 
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individual Rpf resuscitat ion potential, indicat ing the diversity of the 

dif ferent proteins. Mtb RpfA showed the greatest growth 

stimulat ion in both wild type and ∆namH  M. smegmatis  whilst RpfD 

had the greatest resuscitation index.  



 

  

 

CHAPTER 5:   
GENERATION AND PHENOTYPIC CHARACTERISATION OF 

MYCOBACTERIUM TUBERCULOSIS NAMH DELETION 

MUTANT  
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5.1 INTRODUCTION 
 

This chapter describes the generation of a namH delet ion mutant in 

Mycobacterium tuberculosis  (∆namH),  to investigate the role of  PG 

N-glycolylation in Mtb intracellular survival and antimicrobial 

kil l ing.  

5.1.1 GENERATION OF AN MTB  KNOCKOUT MUTANT  

 

Historically, generation of defined mutants within mycobacteria has 

been problematic. This was due to a lack of genetic transfer 

systems, one of the f irst breakthroughs using allelic exchange 

allowed insertional inactivat ion of a leucine biosynthetic gene 

(Balasubramanian et al., 1996). Another notable ach ievement in 

this area was the use of transposon mutagenesis; using a 

temperature sensitive plasmid containing a transposon an M. 

smegmatis strain containing mult iple insert ional mutations was 

generated (Guilhot et al., 1994). 

The methodology developed by Parish and Stoker (Parish and 

Stoker, 2000) allows the construction of unmarked deletion 

mutants in mycobacteria, resulting in knockout strains without the 

presence of antibiotic resistance markers. This technique is more 

advantageous than generation of marked deletion mutations as it  

minimises possible polar effects and inf luence of antibiotic 

resistance markers.  

The method is based on homologous recombination and requires 

cloning of f lanking regions of a gene of interest and their assembly 

in a suicide vector. Homologous recombination al lows genetic 

recombination of similar or identical DNA sequences, whilst use of 

a suicide vector prevents replication within mycobacteria. Single 

and double cross-overs refer to the number of recombination 
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events; hence a single cross-over has had only one and double 

cross-overs have had two. This method, uses a suicide plasmid to 

deliver the recombination substrate to the cell,  these plasmids do 

not contain a mycobacterial origin of replication and thus cannot 

replicate in Mtb .  This method allows relatively straight forward 

generation of unmarked double cross -over mutants in mycobacteria 

(Parish and Stoker, 2000). 

The f lanking regions of namH (rv3817  and rv3819 , respectively) 

were amplif ied and the restriction sites shown in  Figure 49 were 

introduced in order to generate the ∆namH mutant.  Also shown in 

this f igure is the operon Rv3818-3819 and the fragments used to 

generate the knockout mutant (fragment one (FR1) and fragment 2 

(FR2), upstream and downstream of namH respectively). As 

depicted in Figure 50, each fragment was init ial ly cloned into 

separate vectors.  

 

 

FIGURE 49: ∆NAMH KNOCKOUT CONSTRUCT STRUCTURE 

 
Each fragment was init ial ly cloned into separate plasmids using the 
restriction enzymes shown above. Each fragment overlapped namH  
by approximately 100 base pairs. Operon information was adapted 
from TBDB (Reddy et al., 2009). 
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FIGURE 50: SCHEMATIC SHOWING GENERATION OF AN MTB ∆NAMH MUTANT  

The schematic shows the molecular biology required for 
construction of screening vectors, manipulation vectors and 
insertion of the PACI cassette from pGOAL19, including the 
restriction enzymes and antibiot ic resistance needed for each step.  

 
 

Figure 50 provides a general schematic of the processes involved in 

the construction for a ∆namH Mtb mutant. The construct was 

confirmed by mult iple restriction digests and analysed by gel 

electrophoresis  

5.1.2 SOUTHERN HYBRIDISATION  

 

Southern hybridisation is commonly used alongside PCR f or 

analysing DNA fragments and confirmation of gene deletion. 

Digoxigenin (DIG, a steroid which is not present in DNA) is widely 

used for labelling of  DNA probes, enabling hybridisat ion and 

detection through immunological enzymatic reactions  using specif ic 

anti-DIG antibodies (Holtke and Kessler, 1990).  Use of radioactive 
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probes was once commonplace in this f ield, however  since the 

introduction of DIG labell ing technology this has el iminated the 

need for this (Holtke and Kessler, 1990). Other methods originally 

employed, used biotin or allylamino labels; however  they had 

certain l imitat ions related to specif icity and eff iciency of labelling  

(Theissen et al., 1989, Langer et al. , 1981).  

DIG labelling is a highly specif ic and sensitive technique  with a 

wide spectrum of applicat ions, including colony and in situ  

hybridisat ions (Holtke et al., 1990, Kessler et al., 1990). 

Commercially available kits, such as DIG High Prime DNA 

Labelling and Detection Starter Kit I (Roche) al low straight forward, 

rapid results and are highly sensitive. This kit uses random priming  

which is advantageous; however it  is more suited to higher DNA 

concentrat ion. Exposure and detect ion is performed by the addition 

of NBT/BCIP, supplied with the kit. Other methods are available for 

instances where only low DNA concentrations are available. The 

combination of this technique with PCR allows rel iable and 

conclusive DNA analysis.  

5.1.3 MTB ;  INTRACELLULAR SURVIVAL AND REPLICATION  

 

As mentioned in the introduction Mtb is able to replicate in 

macrophages but the current understanding of the mitigating 

factors governing the development of tuberculosis is incomplete . 

Frequently used model systems for Mtb infection, excluding animal 

studies, are macrophages. Init ially it was assumed that activated 

macrophages were capable of ki l l ing Mtb ; however this was dif f icult  

to demonstrate in vitro (Fenton and Vermeulen, 1996). If  kil l ing 

was possible then it could be postulated that this would be a result  

of species such as reactive oxygen or reactive nitrogen 

intermediates present within phagolysosomes. Several  studies, 

using activated murine macrophages demonstrated mycobacterial 
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growth inhibit ion directly related to the generation of reactive 

nitrogen intermediates (Chan et al., 1992, Denis, 1991).  

Mycobacteria as well as host genotypes have been found to affect 

the development of tuberculosis, therefore macrophage infection 

studies can be a useful means of assessing in tracellular survival 

for different Mtb  strains (Caws et al.,  2008). No single system wil l  

repl icate the in vivo  setting of Mtb  infection and therefore there is 

no standard system as a method for infection studies. Whilst 

macrophage infect ion studies are useful in analysing bacterial 

survival intracellularly , they do not provide data regarding host 

interactions, disease progression and pathogenesis. However, 

animal models also have their draw backs; f irst ly costs, which wil l  

be high, and secondly dif ferent animal models are more suited to 

dif ferent aspects of tuberculosis pathogenesis (Parrish et al. , 

1998). Therefore, taking into considerat ion al l  methods, 

advantages and drawbacks init ial studies were carried out using a 

macrophage model . 

Both primary and cell l ine macrophages are used in i nfection 

studies, primary cells are isolated directly from tissues and cell  

l ines are primary cells which have been passaged. Passaged 

macrophages become more homogenous and are more commonly 

used due to their low cost, ease of use as well as being readily  

available (Kaur and Dufour, 2012). However, they also have 

drawbacks; serial passage can lead to variat ions in phenotypic and 

genotypic prof iles (Kaur and Dufour, 2012). 

IFN-γ production leads to macrophage activat ion and activated 

macrophages have been shown to produce reactive nitrogen 

intermediates and reactive oxygen species in murine infection 

studies, this can be replicated in vitro by exposure to IFN-γ 

(Manganell i et al., 2001, Chan et al.,  1992). Mtb replicates well in 

unactivated macrophages and as a result, uninfected macrophages 
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have been used as a model of init ial TB infection in previous 

studies (Bodnar et al., 2001, Rengarajan et al., 2005) 

5.1.4 MTB DRUG SUSCEPTIBILITY  

 

As previously discussed there are four front-l ine anti-tuberculosis 

drugs currently in use. These are: Rifampicin (Rif), Pyrazinamide  

(PZA), Isoniazid (INZ) and Ethambutol (EMB), targeting; DNA 

replicat ion, trans-translation, and cell wall synthesis (respectively). 

Minimum inhibitory concentration is the lowest concentration of a 

drug that will  prevent detectable growth of a microorganism. The 

minimum inhibitory concentrations (MICs) for the drugs list above 

are:  

TABLE 17: MICS OF THE FRONT-LINE ANTI-TUBERCULOSIS DRUGS 

 MIC mg/L 

RIF1  0.25 

EMB1  1-2 

INZ1  0.1 

PZA2  50-100 

Strep3  2 

 

1(Banfi et al., 2003), 2(Zhang and Mitchison, 2003), 3(Suo et al.,  
1988) 

 
 

Antimicrobial ki l l ing assays examined the susceptibi l ity of  

mycobacteria to a variety of drugs by determining the percent age 

kil led. By using a combination of drugs and assessing antimicrobial 

kil l ing upon dif ferent Mtb  strains, any variat ions between strains 

could provide genotypic data on Mtb survival.  
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5.1.5 A IMS  

 

To understand the biological role of N-glycolylation in Mtb  

repl icat ion and antimicrobial tolerance the following object ives 

were undertaken:  

 To generate a ∆namH Mtb  mutant 

 To characterise ∆namH Mtb  growth in vitro and in cultured 

macrophages 

 To compare antimicrobial ki l l ing of wild type and ∆namH  Mtb  

 



CHAP TER  5 :  GEN ER A TI ON  AN D PHEN O TY PI C CHAR A CTER I SA TI ON  O F MY C OB A CTER I U M  

TU BER C U L OSI S  N AM H  DE L ETI ON  MU TAN T  

 

171 

 

5.2 MATERIALS AND METHODS 

5.2.1 BACTERIAL STRAINS  

 

The bacterial strains used in this chapter are shown below.  

TABLE 18: BACTERIAL STRAINS  

Strain Description Source 

Mycobacterium 
tuberculosis H37Rv 

Laboratory strain  Laboratory stock 

Mycobacterium 
tuberculosis  H37Rv 
∆namH 

Laboratory strain with 
a namH deletion 

This study 

Mycobacterium 
tuberculosis  H37Rv 
∆namH pRBexint-
namH 

Complementation 
strain of namH 
deletion 

This study 

 

TABLE 19: PRIMERS SEQUENCES AND THE RESULTING AMPLICON SIZES 

Primer Amplic
on Size 
(kb) 

Sequence 

FR1 
(rv3817)  
 

2.3 
 

F:CCACAAGCTTGTATTCTCCTTCACCTCTCA 
R:CACGGATCCTGCGTGACCAACGCTTGTGAC 

FR2 
(rv3819) 
 

2.7 F:ACAGCAGGATCCAGTTCACGGCCATGAATGCAGT
TCT 
R:CAATCTAGCGGCCGCTTAGGCAAGCCCGCCGCC
GC 

FR1check N/A ATGGGCTCGCTGAGCGCGGCGC 
FR2check N/A ACCGGCACGGTGATCGGCACCA 
namHtest 0.5 F:ATGAGCGGCGTGCCAAGCTGG 

R:ACGAATGATAGCGGCGCAGCGT 
namH 1.5 F:CGAAAGCTCGAGGTGCAGGTCACAAGCGTTGGT 

R:CGTAGAGGATCCTCATGGCCGTGAACTGCGTAG 
 

*Inserted restriction sites are shown in italic; red corresponds to Hind III, green 

to BamH I and blue to Not I. 
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5.2.2 GENERATION OF A ∆NAMH  MUTANT IN MTB  H37RV  

 

Generation of a namH mutant of Mtb  was performed based on 

previously published work by Parish and Stoker (Parish and 

Stoker, 2000). The f lanking regions ( rv3817  (FR1) and rv3819  

(FR2), shown in Figure 49 ) were init ially amplif ied from Mtb gDNA, 

digested with the enzymes shown in Figure 49 and highlighted in 

Table 19 and cloned into a standard E. coli vector (pGEM®-T Easy 

vector system). Generated constructs were then transformed into 

DH5α cells, white colonies were selected for by plating onto 

50µg/ml ampicil l in, 50µg/ml X-gal and 100mM IPTG containing 

plates and successful clones were sequenced to exclude any PCR 

errors.  

The verif ied fragments were assembled in pNIL2 plasmid; FR1 from 

FR1pGEM-T easy was digested with BamHI  and HindIII , gel 

extracted and purif ied (using QIAEX II extraction kit (Qiagen)) 

before being l igated into the similarly digested and purif ied pNIL2 

vector, transformed and checked for the correct insert. A clone 

containing the correct insert was then cut using BamHI  and NotI  

and used to insert BamHI , NotI  and ScaI  digested and gel purif ied 

FR2 from FR2pGEMeasy. Ligation mix was then transformed and 

plated onto 50µg/ml kanamycin plates and the resulting clones 

checked for the correct inserts by a 13 enzyme digest.  

Once confirmed, a PacI cassette containing a series of marker 

genes: hygromycin resistance gene, sacB  gene and lacZ  gene 

(hyg,  pAg85- lacZ  and  –sacB) was cloned into restriction sites at the 

f inal stage. This f inal construct was transformed as above and 

plated onto 80µg/ml X-gal, 50µg/ml kanamycin, 100mM IPTG 

containing LA plates; blue transformants were selected and 

diagnostic digestions were performed. A ∆namH candidate was 

then used to electroporate Mtb  as previously described (Chapter 

2).  
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5.2.2.1 SELECTION OF S INGLE AND DOUBLE CROSS -OVERS  

 

All Mtb work was performed in a Category 3 suite faci l ity within 

class I or II microbiological safety cabinets following the relevant 

Codes of Practice. After electroporation, samples were plated onto 

7H10 agar plates containing 10% (w/v) ADC, 2% (w/v) sucrose and 

80µg/ml X-gal and grown at 37°C for a minimum of 3 weeks. Once 

blue colonies became visible plates were regularly checked. 

Colonies were picked once they were large enough to inoculate 

multiple cultures and streak out onto 7H10 plates. 7H9 medium 

containing 10% (w/v) ADC, 0.05% (w/v) Tween 80 and either with 

or without the presence of kanamycin (50µg/ml) were inoculated. 

These were incubated at 37°C until  they reached statio nary phase, 

in the presence of kanamycin no growth was observed.  

Frozen stocks were prepared from the growing culture and 7H10 

plates containing 10% (w/v) ADC and 2% (w/v) sucrose were 

inoculated. These were incubated as before and 50 colonies were 

picked and streaked onto 7H10 (containing 10% (w/v) ADC, 2% 

(w/v) sucrose and 80µg/ml X-gal) with and without 50µg/ml 

kanamycin. These were numbered 1 to 50 and only white colonies 

which did not grow in the presence of kanamycin but produced 

colonies on plates without antibiotic  were then picked for further 

analysis.  

5.2.2.2 HE AT K ILLING OF MTB  

 

Colonies growing on plates  without antibiot ic  (described above) 

and therefore deemed to be ∆namH double cross overs, were 

picked and resuspended in 100µl of H 2O. Samples were then heat 

kil led using a dry block at 95°C for a minimum of 30 minutes. 

Samples could then be removed from the Cat3 facil ity and used for 

PCR reactions (Chapter 2).  
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5.2.3 MTB GENOMIC DNA  PURIFICATION  

 

Stationary phase cultures were harvested at 2500xg for 15 

minutes; pellets were resuspended in 1ml of TE buffer before re -

centrifugation (as described above). Samples were frozen at -80°C 

for a minimum of 4 hours. Samples were then resuspended in 1ml 

of TE buffer; an equal volume of chloroform:methanol (2:1) was 

added to each sample and mixed gently for 5 minutes.  

Phase separation was aided by centrifugation at 2500xg for 20 

minutes on a bench top centrifuge. The phases were remo ved by 

pipette (bacteria were present at the interface between phases). 

Tubes were left uncapped for 10 to 15 minutes within the 

microbiological safety cabinet. A further 1ml of TE buffer was 

added and samples placed on a vortex brief ly. 0.1 volume of 1M 

Tris HCl; pH9 was added and lysozyme (at a f inal concentration of 

100μg/ml) was added.  

Samples were incubated at 37°C for 12 to 16 hours. 0.1 volume of  

10% (w/v) SDS and 0.01 volume of proteinase K (10mg/ml) were 

added and mixed by inversion, samples were incubated at 55°C on 

a dry block for 3 hours. An equal volume of 

phenol;chloroform;Isoamyl alcohol (25:24:1) was added and 

incubated for 30 minutes before centrifugation at 12,000xg for 30 

minutes. The aqueous layer was transferred to a fresh tube and 

this process repeated. The aqueous phase was transferred to a 

fresh tube, and at this stage samples were safe to remove from the 

Category 3 suite facil ity. All  samples were swabbed with 70% EtOH 

before removal.  

5.2.4 D IAGNOSTIC PCR 
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Diagnostic PCRs of all Mtb knockout mutant candidates were 

performed as described in Chapter 2. Primers designed for 

confirmation of namH deletion can be found in Table 19. 

5.2.5 SOUTHERN HYBRIDISATION  

 

Southern hybridisation was performed using DIG High Prime DNA 

Labelling and Detection Starter Kit I (Roche).  

5.2.5.1 DIG  LABELLING  

 

1μg of Fragment 2 DNA (used for the construction of ∆namH  

mutant), in a f inal volume of 16μl, was denatured at 95°C on a dry 

block before chil l ing on ice brief ly. DIG-High Prime solution was 

well mixed and a 4μl al iquot taken and mixed with the template 

DNA (Fragment 2 in this case). This was then incubated at 37°C 

before inactivat ion at 65°C for 10 minutes. The same was carried 

out for the DNA Ladder Mix (Generuler™ , Thermo Scientif ic). Both 

samples were then stored at -20°C. 

5.2.5.2 TRANSFER TO POSITIVELY CH ARGED NYLON MEMBRANE  

 

Appropriate restrict ion enzymes were selected and digestion of 1μg 

gDNA was carried out overnight. Digested samples were then 

separated by DNA gel electrophoresis, using a 1% (w/v) agarose 

gel. This gel was used to transfer the DNA fragments to a 

positively charged nylon membrane (Roche). The gel was brief ly 

depurinated in 0.25M HCl with slow agitat ion. The following 

assembly was then performed:  
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FIGURE 51: ASSEMBLY FOR SOUTHERN HYBRIDISATION TRANSFER TO NYLON 

MEMBRANE 

0.4M NaOH transfer buffer was used to soak pre -cut Whatman 
paper, nylon membrane and depurinated agarose gel. These were 
then assembled as shown above. Once the gel had been carefully 
placed onto the membrane all bubbles were gently removed and 
using a pencil the wells within the gel were marked on the 
underlying membrane. These wells could then be cut off  using a 
scalpel and covered with a thin piece of Clingfilm. Once assembled 
a large piece of Whatman paper (the width being roughly equal to 
the length of the gel), with each end placed in transfer buffer, was 
placed on top of the above construct ion and f irmly pressed down.  

 
Once the transfer apparatus (as shown in Figure 51) had been 

assembled and the f inal piece of Whatman paper (soaked in 

transfer buffer and each end placed in containers of this buffer) 

had been added, transfer was left to occur for 2 hours. This was 

then be disassembled and the nylon membrane used for further 

work. 

5.2.5.3 UV-CROSSLINKING  

 

Nylon membranes containing transferred DNA fragments were UV -

cross-linked using a UV Straterl inker™ 2400 (Invitrogen). The 

automated crosslinking option was performed twice.  
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5.2.5.4 HYBRIDIS ATION AND IMMUNOLOGIC AL DETECTION  

 

DIG Easy Hyb buffer (10ml/100cm 2  membrane) was heated to 

hybridisat ion temperature (42°C), calculated based on GC content 

and percentage homology of the probe to the target, and the 

membrane was pre-hybridised for 30 minutes with constant 

agitation. DIG-labelled DNA probe was then denatured for 5 

minutes before rapid cooling; this was added (25ng/ml) to pre -

heated DIG Easy Hyb buffer (3.5ml/100cm 2 membrane) and mixed 

well. Pre-hybridisation solut ion could then be removed and the 

probe containing hybridisat ion solution was added, this was 

incubated overnight with agitat ion. Two 5 minute washes in 2xSSC 

buffer (containing 0.1% (w/v) SDS) at room temperature were 

carried out before two 15 minute washes in pre -warmed 0.5xSSC 

(containing 0.1% (w/v) SDS).  

The membrane was then brief ly washed in washing buffer before 

incubating in 100ml blocking solution for 30 minutes a t room 

temperature. 20ml of Antibody solution was added and incubated 

for 30 minutes, followed by two 15 minute washes in washing 

buffer before brief equil ibrat ion in Detection buffer. 10ml of colour 

substrate solut ion was added, and incubation was perform ed for up 

to 4 hours. Termination of the reaction was carried out by thorough 

washing in H2O. 

5.2.6 GROW TH STUDIES  

 

All Mtb  cult ivat ion was carried out in a Category 3 suite, using 

microbiological safety cabinets (Class I and II) and following the 

Codes Of Pract ice and Standard Operating Procedures necessary. 

Strains were grown in either 7H9 or Sautons l iquid media, 

containing 0.05% (w/v) Tween 80 (as described in Chapter 2) or on 

7H10 solid agar (Chapter 2), al l containing 10% (v/v) ADC. Starter 

cultures were inoculated by defrosting an al iquot of frozen stock 
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and inoculating 5ml of medium with 300μl of this. Primary cultures 

were then grown until the OD600nm  reached 0.5, 50μl of these 

cultures were then used to inoculate a secondary culture as before. 

Once these cultures had reached OD600nm  0.5 they were used to 

inoculate 10ml cultures in 50ml falcons. These were then grown for 

up to 3 weeks, with regular OD sampling. Each independent 

experiment contained a minimum of duplicate biological replicas.  

5.2.7 MACROPHAGE INFECTION STUDIES  

 

J774A.1 murine macrophages were used in this study (ATCC™: 

TIB-67™). Cells were grown in Dulbecco's Modif ied Eagle's Medium 

(DMEM) supplemented with 5mM L-glutamine and 10% (v/v) Foetal 

Calf Serum (FCS). Growth conditions were as follows: s tationary 

incubation at 37°C and 5% CO 2. Murine macrophages have a 

doubling t ime of approximately 17 hours, therefore cultures for 

infection studies were seeded at 1x10 5 cells/ml and left to adhere 

and grow overnight.  

Macrophage infections were then infec ted at MOIs of 0.5 and 1. 

Mult ipl icity of Infection (MOI) was calculated based on the 

assumption of macrophage counts doubling overnight. Hence 2x10 5
 

cells/ml should be present, therefore for an MOI of 1; 2x10 5  

cells/ml of Mtb  cel ls were added. Cultures for Mtb infection studies 

were prepared as described above, when the tert iary cultures 

reached an OD of 0.5 cultures were washed twice in sterile PBS 

before resuspending in 10ml DMEM and 1ml aliquots frozen at -

80°C. The next day aliquots of both wild type  and ∆namH Mtb  were 

defrosted and used for CFU counts (Chapter 2). Plates were then 

incubated for up to 3.  

1ml Mtb DMEM aliquots were then defrosted, centrifuged at 

12,000xg for 10 minutes and pellets were resuspended in 1ml of 

fresh DMEM. A single cell  suspension was generated by passing 



CHAP TER  5 :  GEN ER A TI ON  AN D PHEN O TY PI C CHAR A CTER I SA TI ON  O F MY C OB A CTER I U M  

TU BER C U L OSI S  N AM H  DE L ETI ON  MU TAN T  

 

179 

 

the sample repeatedly through a blunt ended needle (Harvard 

Apparatus). Each well within the 24 -well plate (Nucleon) contained 

1ml of 2x105 cel ls/ml of macrophages adhered to the bottom of the 

well, the medium was removed and replaced with fresh DMEM, 

wells were then infected at MOIs of 0.5 and 1 with wild type  and 

∆namH Mtb  (each sample was prepared in tr ipl icate). Plates were 

then incubated for 4 hours, after which wells were emptied and 

washed once in f resh medium before fresh medium added for 

further incubation. Several t ime points were taken for CFU 

analysis. 10mm glass coverslips were also placed in several wells 

prior to macrophage seeding so that microscope images could be 

taken.  

5.2.7.1 CELL LYSIS  

 

In order to lyse macrophages for intracellular bacterial cell counts, 

media was f irst removed by pipetting and wel ls were gently washed 

with fresh medium before 200μl of PBS containing 0.2% (w/v) 

Triton X-100 was added and incubated for 5 minutes. Using a 

pipette wells were then scraped before the sample was transferred 

to a 96 well microt i tre plate for serial dilut ion and CFU plating.  

5.2.8 M ICROSCOPY  

5.2.8.1 PREP ARING COVERSLIPS  

 

All coversl ips were steril ised by overnight treatment with 19 -20 %( 

v/v) formaldehyde. Coversl ips were placed in an open petri dish 

which could then be added to a container with paper towels soaked 

in 10ml of formaldehyde. This was closed and left within a safety 

cabinet overnight. The following day the petri dish was removed 

from the box and left to dry within the cabinet for a minimum of 2 

hours. All waste was disposed of following the relevant SOPs. 

Coversl ips could then be removed from the Category 3 facil ity.  
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Using the commercial ly available TB Quick Stain Kit (BD), 

coversl ips were f irst treated for 5 minutes in Carbolfuchsin reagent 

before thorough washing in disti l led wate r. Slips were then 

immersed in methylene blue reagent for 1 minute before washing 

again, coverslips could then be mounted using 10% (w/v) glycerol 

onto sl ides for microscopy.  

5.2.8.2 M ICROSCOPE SETTINGS AND IM AGE AN ALYSIS  

 

A Nikon Diaphot 200 inverted microscope with 100w high pressure 

mercury vapour lamp was used for all  images. Images were taken 

with a high speed Pelt ier -cooled Retiga Exi Fast  1394 camera 

(QImaging, Surrey, BC). The software used was: InVivo v3.2.2 

build 48 (Media Cybernetics, U.S.A) and ImageJ v1.4q (Staal et al. ,  

2004) was used for image analysis. All images were stored as 12 

bit tagged image f i les (t if ) for further analysis.  

5.2.9 ANTIMICROBIAL K ILLING AND RECOVERY  

5.2.9.1 ANTIMICROBI AL  K ILLING ASS AYS  

 

Mtb  H37Rv wild type and ∆namH pre-cultures were grown ti l l OD 

0.5, these were then used to inoculate 5ml 7H9 cultures (prepared 

as previously described, Chapter 2) with the addit ion of one of the 

following antimicrobial agents at the shown concentration:  

TABLE 20: ANTIMICROBIAL CONCENTRATIONS FOR PERCENTAGE KILLING 

EXPERIMENTS 

Antimicrobial 

Agent 

Concentration (μg/ml)  

Isoniazid 1 

Rifampicin 1 

Streptomycin 10 
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CFU plates were prepared once cultures were inoculated; each 

sample was prepared in tr ipl icate and after 5 days growth at 37°C, 

with 100rpm shaking CFUs were taken again. Cultures were then 

used to set up MPN plates for resuscitation.  

5.2.9.2 MTB CULTURE SUPERN ATANT PREP AR ATION  

 

Mtb culture supernatant (SN) was prepared by growing wild type  

Mtb in 7H9 with 10% (v/v) OADC and 0.05% (w/v) Tween 80 

(Chapter 2) t i l l  the OD was between 0.6 and 0.8; cells were then 

harvested by centri fugation at 2500xg for 20 minutes. The SN was  

carefully removed by pipetting and  f i ltered twice (1L f i lter unit  

0.2mkm pore size, Fisher Scientif ic).  The resulting SN could then 

be removed from the Category 3 suite and al iquoted. These 

aliquots were then immersed in l iquid Nitrogen and vacuum dried. 

Once dry, samples could be stored at -80°C, when needed they 

were resuspended in steri le H2O on ice and incubated for 30 

minutes before use.  

100μl of diluted Sautons medium (Chapter 2) was used to prepare 

a 96-well resuscitation plate. The init ial row was inoculated with 

10μl of antimicrobial treated cultures; these were then serially 

diluted within the plate. A second plate contained 100μl ali quots of 

culture SN, the same procedure was performed. Plates were 

incubated, stat ic and at 37°C for up to 3 weeks. MPN and RI were 

calculated as previously described (Chapter 4).  
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5.3 RESULTS 
 

5.3.1 GENERATION AND CONFIRMATION OF AN MTB  ∆NAMH   MUTANT  

5.3.1.1 D I AGNOSTIC D IGESTIONS AND PCR  RE ACTIONS  

 

An unmarked double crossover knockout mutant in Mtb  was 

generated using a method published by Parish and Stoker in 2000. 

Before insert ion of a PACI  marker cassette (needed for selection of  

single and double crossovers) a posit ive  FR12pNIL2 clone was 

assessed by mult iple diagnostic restriction digests. The selected 

enzymes and the corresponding fragment sizes calculated (Vincze 

et al., 2003) are shown below in Table 21. 

TABLE 21: DIAGNOSTIC RESTRICTION DIGESTS OF FR12PNIL2 AND THEIR 

CALCULATED SIZES 

Lane No. In Figure  Enzyme/s  Fragment size/bp  

1  EcoRI 5586, 1559, 1587, 852 

2  SalI 8806, 509, 161, 148 

3  NheI 9624 

4  XhoI 4890, 4734 

5  NcoI 9624 

6  NotI and BamHI 6895, 2729 

7  NotI 9624 

8  HindIII and NotI 5195, 4429 

9  HindIII and BamHI 7158, 2466 

10  MluI 6458, 3166 

11  KpnI 6622, 3002 
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The result ing fragments were ana lysed by gel electrophoresis and 

the results are shown in Figure 52, the lane number of the gel  

corresponds to the number listed in Table 21. 

 

 

FIGURE 52: DNA GEL SHOWING RESTRICTION DIGESTED DNA FRAGMENTS OF 

FR12PNIL2 

 
FR12pNIL2 DNA samples were digested using the restriction 
enzymes shown in Table 21 and the calculated fragment sizes are 
also shown. Samples were analysed on a 1% (w/v) agarose gel,  
and ran at 90V for 45 minutes. A 10kb DNA ladder (GeneRuler™) 
shown in the f irst lane, was loaded for mass determination.  An 
example of digestion product sizes is shown.  
 

 
From Figure 52, and taking the masses shown in Table 21 into 

consideration, it can be concluded that the FR12pNIL2 candidate 

selected and analysed by digestion contains the correct fragments. 

All enzymes produced DNA fragments of the expected molecular 

weights, as determined by gel electrophoresis. Several smaller 

(<500bp) fragments were not visible by DNA gel electrophoresis, 

however, the remaining bands matched the correct molecular 

weights and therefore it can be assumed that the low molecular 

weight bands are not visible.  
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An example being lane 10 (MpnI  digested DNA) which was 

predicted in Table 21 to produce bands at roughly 6.5kb and 3kb. 

From Figure 52 there are two bands visible in lane 10, if  these are 

used in reference to the DNA ladder it can be observed that th e 

low molecular weight band is approximately 3kb whilst the larger 

band appears below the 8kb marker.  EcoRI , predicted to produce 

fragments of the following sizes: 5586, 1559, 1587 and 852 is also 

confirmed; in Figure 52, lane 1 the following digest ion bands can be 

seen, 6Kb, 1.5Kb and 900bp. The two bands at ~1.5Kb are too 

similar in mass to be separated by gel electrophoresis.  

Having confirmed the correct assembly of the knockout construct 

the marker cassette (PACI) could then be inserted. A single digest 

was carried out to confirm the presence of this cassette before 

electroporation in  Mtb (data not shown). After electroporation into 

Mtb, single crossovers were selected by growth on 7H10 plates 

containing sucrose and x-gal. Blue colonies were picked for 

inoculat ion of non-antibiotic containing medium for several 

generations.  

Double cross-overs were selected for by picking single colonies 

and re-streaking them. Clones which produced white colonies on 

non-antibiotic containing 7H10 x-gal plates but did not produce any 

growth on corresponding Kanamycin plates  were selected. 50 

colonies were plated. From these, 48 were heat kil led and removed 

from the Category 3 suite and analysed by PCR and gel 

electrophoresis.  
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FIGURE 53: SCHEMATIC OF DIAGNOSTIC PRIMER SITES IN MTB NAMH MUTANT 

A  schematic showing the pr imer annealing sites of DNA 
amplif ication for diagnostic PCR assays in ∆namH Mtb . Operon 
orientat ion was adapted from TBDB website (Reddy et al., 2009). 

 

Two primer sets were used to determine whether namH had been 

successfully knocked out , a schematic demonstrat ing where these 

two primer pairs anneal  is shown in Figure 53. The f irst primer pair 

(namH, Table 19) amplif ied namH and therefore would only produce 

bands in candidates st i l l carrying a namH gene. This el iminated 44 

of the 48 candidates (data not shown), the remaining four 

candidates were then analysed using a second set of  primers 

(namHtest,  Table 19).  

TABLE 22: AMPLICON SIZES IN WT AND ∆NAMH MTB USING DIFFERENT 

PRIMERS 

Primer pair Size of product in 

WT 

Size of product in 

∆namH 

namH 1.5kb 200bp 

namHtest 2kb 500bp 
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This primer pair was designed to recognise sequences upstream 

and downstream of namH, therefore PCR products could be 

generated from wild type and mutant genomes. Hence if  the namH 

gene had been successfully knocked out a 500bp band should be 

visible (amplicon sizes are shown in Table 22. For each PCR 

reaction a posit ive  (FR12pNIL2 DNA) and negative (Mtb gDNA) 

control were ran alongside.  

 

FIGURE 54: DNA GELS SHOWING PCR PRODUCTS USING NAMHTEST PRIMERS 

 
The above lanes are as follows: 1) Mtb gDNA (negative), 2) 
FR12pNIL2 DNA (positive) and 3) ∆namH Mtb  candidate 6 DNA 
were used for PCR amplif ication using namHtest primers. 
Amplif ication was performed using GoTaq polymerase, the cycl e 
conditions were performed as previously described (Chapter 2). A 
500bp band was expected if  namH has successful ly been knocked-
out; if  sti l l present an approximate 2kb band was expected.  

 
Figure 54 demonstrated that Mtb  ∆namH  candidate 6 (Figure 54; 3) 

contained a band of roughly 500bp, which was expected if  namH 

had successfully been deleted. When using primer set 1 (designed 

to amplify namH) the low molecular weight of the band made it 

dif f icult to dist inguish it from primer dimers (data not shown). 

However, if  this candidate contained a single crossover this band 
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would also be present and potential ly, due to PCR problems no 

band corresponding to namH  may have been observed. Therefore 

to be completely certain that this candidate was in fact a double 

crossover, a series of Southern blots, using a variety of enzymes 

were carried out.  

5.3.1.2 SOUTHERN HYBRIDIS ATION  

 

Using the fol lowing restriction enzymes: StuI, NheI and ClaI a 

range of DNA fragments were generated using candidate ∆namH  

Mtb  gDNA. These were analysed and compared to wild type  Mtb 

gDNA fragments by Southern hybridisat ion. The commercial ly 

available kit;  DIG High Prime DNA Labell ing and Detection Starter 

Kit I  (Roche) was used for al l Southern blots. Fragment 2 DNA 

from the knockout construct was used as a probe to detect namH  

or the lack of. The variety of enzymes and their correspo nding 

fragment masses in both wild type and ∆namH are shown in Table 

23. 

TABLE 23: RESTRICTION DIGEST FRAGMENT SIZES PREDICATED FOR WILD 

TYPE MTB AND ∆NAMH MTB 

Enzyme WT Size (Kb) ∆namH Size (Kb) 

StuI 6.7 5.2 

NheI 6.8 5.3 

ClaI 7.9 10 

 

Using NEB online free software (Vincze et al.,  2003) and the DNA 

sequences of both wild type and ∆namH Mtb  the above enzymes 

were chosen for their suitabil ity. StuI and NheI  do not cut within 

namH and therefore a smaller product is expected for ∆namH  

whereas ClaI  cuts within namH and hence a larger fragment is 
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predicted for ∆namH  than wild type . The enzymes shown in Table 

23 were selected based on the size of the  fragments produced, the 

site where they cut and their availabil ity. The corresponding 

Southern blots are shown in Figure 55. 

 

FIGURE 55: SOUTHERN BLOTS OF WILD TYPE AND ∆NAMH MTB DIGESTED 

GDNA 

 

Using the restrict ion enzymes StuI , NheI  and ClaI , gDNA from a 
∆namH Mtb  candidate as well as from wild type Mtb  was digested, 
separated by electrophoresis, transferred to a posit ively charged 
membrane and probed with a DIG labelled DNA fragment. Using  
anti-DIG antibodies and enzyme-l inked substrate the blots were 
then placed into a colour detect ion solution. The corresponding 
calculated masses for each enzyme and each strain are shown in 
Table 23. Bands of interest have been circled.  The f igure on the 
right (ClaI  digestion) has been inverted to improve appearance of 
bands. 

 
Figure 55 shows the results from two southern blots using three 

dif ferent enzymes; StuI , NheI  and ClaI . StuI  and NheI  were 

predicted to produce very similarly sized DNA fragments (6.6kb 

and 6.8kb in WT, 5.2kb and 5.3kb in ∆namH);  this was clearly 

observed in the above f igure, bands above the 5kb marker were 

observed in ∆namH fragments and bands between 6 and 8kb were 

observed in WT fragments. Due to some weak unspecif ic 
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background bands there was a clear dif ference in digestion pattern 

for the two enzymes.  

ClaI  on the other hand was predicted to produce a larger DNA 

fragment (10Kb, Table 23) than in wild type Mtb  (~8Kb, Table 23), 

again this is visible in Figure 55 with ∆namH fragments producing a 

band at roughly 10kb and WT fragments producing a bands around 

the 8kb marker. For all  three enzymes the calculated masses for 

both wild type and ∆namH Mtb gDNA (Table 23) were shown by 

Southern blot (Figure 55). After successful generation of  a ∆namH 

mutant, candidate 6 could then be used for characterisation of 

namH in Mtb .  

5.3.2 ∆NAMH  MTB HAS A SLIGHT GROW TH DEFECT AND INCREASED 

CLUMPING  

 

Wild type and ∆namH Mtb  were grown in 7H9 and Sautons media 

(as described in Chapter 2) in order to investigate whether the 

mutant had a growth defect.  
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FIGURE 56: WILD TYPE AND ∆NAMH MTB GROWTH ANALYSIS IN 7H9 AND 

SAUTONS MEDIA 

10ml cultures were all inoculated from pre -cultures grown ti l l OD 
0.5, samples were hand measured using a spectrophotometer in 
1.5ml disposable cuvettes (Chapter 2). A medium specif ic blank 
was used at al l stages, and once cells reached OD 0. 5 samples 
were diluted before measurements were taken.  P values at the 
highest OD were 0.06 and 0.05 in 7H9 and Sauton’s media 
respectively.  

 
As cultures entered the stationary phase there was a signif icant 

increase in cel l clumping within ∆namH Mtb  compared to the WT 

strain, this was exaggerated when grown in Sautons medium. From 

Figure 56 a slight growth defect can be observed for ∆namH Mtb  

when grown in either medium, producing a lower f inal O D and, 

based on the curves alone, an altered growth rate. Overall it  

appears that ∆namH Mtb , in either 7H9 or Sautons media, has a 

slight ly altered growth phenotype and increased clumping.  

Colony morphology of both WT and ∆namH Mtb  appears very 

similar when grown on solid medium; as shown in Figure 57. 

OD
600n

m
 

Days 
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FIGURE 57: SINGLE COLONY IMAGES OF WILD TYPE AND ∆NAMH MTB 

Images of wild type and ∆namH Mtb single colonies grown on 7H10 
agar containing 10% (w/v) ADC are shown in the above f igure.  

 

 

Both strains appear to have a ruff led edge, and although not 

visible in these images both strains had rough colony morphology.  

5.3.3 DOES GLYCOLYLATION PLAY A ROLE IN INTRACELLULAR 

SURVIVAL? 

 

The ability of  Mtb  to overcome the host immune response is a key 

factor in the survival of this bacterium. Interact ions of Mtb with 

host immune cells, is st i l l not fully understood, Mtb is able to 

survive and replicate within these cells. Previous studies using a 

∆namH M. smegmatis  mutant showed increased susceptibi l ity to 

cell  wall enzymes;  it  was hypothesized that this modif ication may 

play a role in Mtb  intracellular survival.  

J774 murine macrophages were used for tripl icate infection st udies 

to investigate the role of glycolylation in intracellular survival and 

replicat ion. Each experiment contained tr iplicate biological 

replicas; negative controls were also implemented to assess 

contamination. Small coversl ips were placed in several wel ls for 

each experiment prior to macrophage seeding; this al lowed 

imaging of the cells at dif ferent stages of infection.  
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FIGURE 58: PHASE CONTRAST MICROSCOPY IMAGES OF MACROPHAGE 

INFECTION AT MOI 1 

After slide steril isation using 19-20% formaldehyde samples were 
removed from the Category 3 suite and stained using TB Quick 
Stain Kit (Roche) before being mounted. A Nikon Diaphot 200 
inverted microscope with 100w high pressure mercury vapour lamp 
was used for all images. Images were taken with a high speed 
Peltier-cooled Retiga Exi Fast 1394 camera (QImaging, Surrey, 
BC).The software used was: InVivo v3.2.2 build 48 (Media 
Cybernetics, U.S.A) and ImageJ v1.4q (Staal et al., 2004) was 
used for image analysis.  

 
Images for wi ld type and ∆namH Mtb  macrophage infection studies 

at MOI 1, after 4 hours infection (Figure 58; Day 0) and on Day 3 are 

shown in Figure 58. After 4 hours of infection on Day 0, in both wild 

type and ∆namH Mtb  infected macrophages, both infected and 
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uninfected macrophages were observed, there were also no 

extracellular bacteria identif ied.  

After 3 days however, there was a clear increase in Mtb  (probably 

due to mult ipl icat ion) in both wild type and ∆namH Mtb  infected 

macrophages, as expected. Intact macrophages were sti l l visible 

after 3 days of infection and an uninfected cell can be observed in 

Figure 58; ∆namH Mtb Day 3. However, it was also clear that the 

infection had progressed resulting in macrophages lysis; an 

erupting macrophage can be seen releasing intracellular Mtb  cells 

in the same image.  

To determine whether glycolylat ion affected the survival and 

replicat ion of  Mtb  in macrophages, wild type and ∆namH Mtb 

infected cells were washed of any extracellular bacteria before 

lysis, and CFU plating was carried out at dif ferent t ime points 

throughout the infection.  
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FIGURE 59: MACROPHAGE SURVIVAL AND REPLICATION DATA FOR WILD TYPE 

AND ∆NAMH MTB 

Wild type and ∆namH Mtb  Macrophage infections were performed 
at MOIs of 0.5 and 1. CFUs were taken after 4 hours of infection on 
day 0, day 3, day 4 and day 5. Extracellular bacteria were removed 
by washing prior to ce ll  lysis. Experiments were performed in 
triplicate and each contained triplicate biological replicas.  
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Figure 59 shows the average CFU data for multiple macrophage 

infections, the error bars represent the standard m ean error from 

all individual replicas. In the early stages of infection, at both MOIs 

there appeared to be a very similar trend in replication for both 

wild type and ∆namH Mtb. However, at the later stages (Figure 59; 

Day 5) there was a slight drop in cell numbers at MOI 1 for ∆namH 

Mtb . This was not replicated at MOI 0.5. The error ba rs and p 

values (0.62 and 0. 78, MOI 0 .5 and 1 respectively) at day 5 

indicate that this difference was not  statist ical ly signif icant.  

5.3.4 ANTIMICROBIAL K ILLING  

 

As mentioned above, previously published work on an M. 

smegmatis namH knockout mutant led to the f inding that N-

glycolylation may be a cause of decreased susceptibi l ity to β-

lactam antibiotics and lysozyme (Raymond et al., 2005). This led to 

the hypothesis that this may also be true in Mtb  and hence may 

affect antimicrobial effectiveness. Therefore a vari ety of 

antimicrobial treatments were used to assess whether glycolylation 

affects antimicrobial ki l l ing in  Mtb.  The results shown below are 

prel iminary data from three biological samples per assay;  CFUs 

were calculated by averaing tr ipl icate  replicas. 
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FIGURE 60: PERCENTAGE KILLING IN WILD TYPE AND ΔNAMH MTB AGAINST 

ANTIMICROBIAL TREATMENT 

CFU numbers of cultures from pre- and post-antimicrobial 
treatment (after 5 days incubation) were used to calculate 
percentage ki l l ing. Antimicrobials streptomycin, isoniazid and 
rifampicin were used at the following concent rations (µg/ml):  10, 1 
and 1 respectively. 7H9 medium, conta ining 10% (w/v) ADC and 
0.05% (w/v) Tween 80, was used for all cultures. 5ml cultures (in 
20ml universals) were grown for 5 days at 37°C with 100rpm 
shaking. Each sample was prepared in tr ipl icate . The l imit of 
detection was 25 cells/ml.  

 
Almost are samples reached 100% kil led, however there was a 

slight reduction when treated with INZ. All cultures treated with 1 

µg/ml Rifampicin, for both wild type  and ΔnamH Mtb  strains, 

resulted in no visible cel ls on solid medium (Figure 60). 

Streptomycin treatment (10µg/ml) resulted in <0.01% survival for 

both wild type and ΔnamH Mtb  after 5 days incubation. Isoniazid 

treatment resulted in the lowest  percentage of cel ls  ki l led in both 

strains (although sti l l greater than 99%); there was a greater 

survival observed for wild type Mtb  (Figure 60). More work is 

required to determine whether this effect is signif icant and highly 

reproducible. After 5 days treatment these samples were used to 

prepare MPN resuscitat ion plates.  
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5.3.5 DOES GLYCOLYLATION PLAY A ROLE IN MTB  RECOVERY AFTER 

ANTIMICROBIAL TREATMENT? 

 

Due to the altered growth phenotype of the ΔnamH Mtb  strain, 

increased cell clumping and hypothesised weakened cell wall  

structure (potentially important for recovery) MPN plates of 

antimicrobial treated Mtb  cultures were used to assess the role of 

N-glycolylation in Mtb  recovery. MPN plates were set up as follows: 

a plate containing diluted Sauton’s  medium (Chapter 2) was used 

as a control for growth of viable cells after treatment, a second 

plate containing Mtb culture SN was used to determine 

resuscitat ion potential of the dif ferent strains.  Tripl icate biological 

replicas were plated for each strain and three independent 

experiments were carried out . 
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FIGURE 61: LOG10 MPN DATA FOR WT AND ΔNAMH MTB AFTER ISONIAZID 

TREATMENT 

100µl of medium was inoculated with 10µl  neat culture, plates were 
incubated statically at 37°C for up to 3 weeks. No resuscitation 
was observed for Rif  or Strep treated cultures.  The limit of 
detection was 10 cells/ml.  

 

MPN plates inoculated from Mtb  cultures after treatment with either 

rifampicin or streptomycin did not result in growth, in medium or 



CHAP TER  5 :  GEN ER A TI ON  AN D PHEN O TY PI C CHAR A CTER I SA TI ON  O F MY C OB A CTER I U M  

TU BER C U L OSI S  N AM H  DE L ETI ON  MU TAN T  

 

197 

 

culture SN. Isoniazid treated cultures produced MPN counts in 

plates containing diluted Sauton’s medium; indicative of a 

culturable cell population. However, for both wild type and ΔnamH  

Mtb , MPN counts were much higher when culture SN was added 

(Figure 61). MPN numbers from bacteria cultured in  diluted Sauton’s 

medium show similar values for both wild type  and ΔnamH Mtb, yet 

ΔnamH Mtb  produces a sl ightly greater resuscitation value when 

culture SN is added (Figure 61). 

TABLE 24: RESUSCITATION INDEX AND CFU COUNTS AFTER INZ TREATMENT 

Strain Log10 

CFU 

Resuscitat ion Index (RI) 

Medium Supernatant 

(SN) 

WT Mtb 1.4±0.29 1.2 2.9 

∆namH 

Mtb 

1.16±0.5 1.5 3.6 

 

Table 24 shows the Log10 CFU  counts and RI calculated from Log10  

MPN data shown in Figure 61. When grown in either di luted Sauton’s 

medium or culture SN ∆namH Mtb has a greater RI despite a lower 

init ial CFU count.  
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5.4 DISCUSSION 
 

A namH delet ion mutant of Mtb  was generated using the technique 

previously described by Parish and Stoker (Parish and Stoker, 

2000). The gene of interest; namH encodes a Rieske type 

monooxygenase responsible for the production of gl ycolylated 

muramyl peptidoglycan precursors which are then incorporated into 

the exist ing PG (Raymond et al., 2005). By delet ing the namH  gene 

and thus producing an Mtb  strain containing N-Ac-Muramyl PG only 

it was possible to specif ically investigate the role of this cell wall  

modif ication in cell  growth, morphology, intracellular survival and 

replicat ion as well as potential roles in recovery after antimicrobial 

treatment. 

Previous work, using ∆namH M. smegmatis  demonstrated that N-

glycolylation is important for mycobacterial sensit ivity to some cell 

wall hydrolases (Raymond et al.,  2005). It  was therefore 

hypothesised that an Mtb  mutant lacking this modif ication may 

have a reduced ability to survive and replicate in vivo .  Macrophage 

experiments were designed as a f irst step in addressing this 

hypothesis. Due to the predicted reduction in hydrogen bonding 

within the cell wall and the potential instability, this led to the 

hypothesis that ΔnamH Mtb  may have an altered growth phenotype 

and a reduced resuscitat ion potential.  

5.4.1 ΔNAMH  MTB  MUTANT CONFIRMATION  

 

The namH delet ion was confirmed using two independent 

approaches. First ly, PCR; after electroporation successful 

transformants were picked for further analysis, 48 potential double 

crossover candidates were assessed by PCR. The majority of  

candidates were ruled out by PCR; using primers which amplif ied 

namH.  Al l remaining candidates were then used in a second PCR 

reaction with primers specif ical ly designed to amplify upstream and 
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downstream from namH. The results from this experiment showed 

the expected band in the negative control,  the posit ive control 

FR12pNIL2 showed the expected 500bp band as did the namH Mtb 

mutant candidate. The transformation eff iciency was calculated to 

be 8.3%. 

Secondly, this namH mutant candidate was confirmed by Southern 

hybridisat ion. Three dif ferent restrict ion enzymes were used  and 

the observed bands, from all enzymes corresponded well to the 

calculated sizes.  Previous studies have demonstrated that M. 

smegmatis namH is non-essential and Mtb namH was predicted, 

l ikewise to be non-essential (Raymond et al., 2005, Sassetti et al.,  

2003). Generation of the namH Mtb mutant demonstrated the non-

essentiality of namH.   

5.4.2 GROW TH CHARACTERISATION  

 

In Chapter 4 the role of glycolylat ion in M. smegmatis  using a 

ΔnamH  mutant was investigated; severe clumping and a greatly 

reduced growth rate that was exaggerated when grown in Sauton’s  

medium was observed. It  was therefore predicted that a ΔnamH 

Mtb  knockout strain would have similar growth characteristics. The 

growth of ΔnamH Mtb  in 7H9 medium produced a growth curve with 

a very similar pattern to wild type  Mtb  in Sautons medium.  

ΔnamH Mtb  cultures had a tendency to clump, which was more 

pronounced in Sautons medium and at higher ODs, the growth 

pattern and clumping observed f it ted well with the prior M. 

smegmatis data. A possible reason for clumping could be due to 

reduced cell  wall  stabil ity which may inf luence cell aggregation; 

alternatively the overal l architecture of the cell wall may have been 

altered affecting the hydrophobicity of the cell.  

5.4.3 ΔNAMH  MTB INTRACELLULAR SURVIVAL  
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Previously published work identif ied glycolylated muropeptides as 

potent init iators of the host innate immune response, however  the 

role of glycolylation in host immune interactions is not fully 

understood (Coulombe et al., 2009). It is known that glycolylat ion 

plays a role in sensit ivity to muralyt ic enzymes such as lysozyme 

and could lead to a reduced stabil ity of the cell wall  (Raymond et 

al., 2005).  

It is also well established that muramyl dipeptide (MDP) is  the 

smallest muropeptide structure with adjuvant act ivity, and that this 

proceeds via NOD2 receptors (Girardin et al., 2003b). However, 

researchers recently demonstrated that identif ied N-glycolyl MDP 

as a more potent NOD2 st imulator (Coulombe et al.,  2009). J774 

macrophage infection studies were used as a means of assessing 

the role of N-glycolylat ion in Mtb intracellular survival , i t was 

predicted that ΔnamH Mtb  would have reduced survival and 

replicat ion in comparison to wild type  Mtb .  

Mtb  macrophage infections were inoculated at MOIs of 0.5 and 1  

and after 3 days there was clear mult iplicat ion. Microscopy images 

showed a large increase in the amount of intracellular bacteria as 

well as some uninfected and dead macrophages  and CFU data also 

indicated replication at this stage. CFU counts showed a 

continuation of replication at day 4 but a drop in cel ls at day 5. 

This trend was found at both MOIs and in both wild type and 

ΔnamH Mtb .  

Therefore N-glycolylat ion of  the Mtb  cell  wall  did not play a role in 

intracellular survival and replication. However, this does not mean 

the role of N-glycolylat ion in survival and replication of Mtb in vivo  

is fully understood. This modif icat ion has already been shown to be 

important for immune response and could therefore play a larger 

role in host interactions and survival (Coulombe et al.,  2009). A 
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more complex model may therefore be useful in investigating this 

role further.  

5.4.4 ANTIMICROBIAL K ILLING  

 

It is well established that modif ication of the PG structure within 

bacteria can be beneficial and enable antibiot ic resistance. Well -

documented examples of this include de-acetylat ion and O-

acetylat ion of the PG result ing in resistance to cell wall hydrolases 

(Laaberki et al.,  2011, Zipperle et al., 1984, Bera et al., 2006). I t  

has also been found that glycolylation of the mycobacterial cell  

wall reduces sensit ivity to β- lactam antibiotics and cell wall  

hydrolases such as lysozyme (Raymond et al., 2005). It was 

therefore postulated that ΔnamH Mtb  may have an increased 

sensit ivity to antimicrobial treatments; specif ically those that target 

the cell wall. The susceptibil ity of Mtb  to antimicrobials with a 

variety of targets  was carried out to investigate whether any 

dif ferences in antimicrobial ki l l ing was solely due to this 

modif ication or perhaps the stabili ty of the cell in general.  

Rifampicin treatment in both wild type  and ΔnamH Mtb  was 

investigated; no major dif ference was expected as this drug targets 

DNA replicat ion. There was no observed dif ference between wild 

type and ΔnamH Mtb . Treatment with streptomycin resulted in high 

percentage kil l ing in both wild type and ΔnamH Mtb ; however there 

was a sl ight ly higher percentage survival observed for wild type  

Mtb . This drug targets protein synthesis but due to t he low survival 

in both strains it  is dif f icult to conclude whether there is  a 

signif icant dif ference. Finally, i soniazid treatment resulted in the 

highest percentage survival,  there was a lower survival rate 

observed in ΔnamH Mtb  compared to WT. This drug targets cel l 

wall synthesis and it was therefore predicted that ΔnamH Mtb  

would be more susceptible to this drug than WT.  
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It appears, based on percentage kil l ing data, that N-glycolylat ion 

plays a role in Mtb  susceptibil ity to cell  wall  targeted 

antimicrobials. However, further work would have to be carried out 

to determine whether ΔnamH Mtb  is more susceptible to drugs with 

alternative targets due to the low level of survival.  As mentioned 

previously delet ion of namH is thought to affect the stabil ity and 

potential ly the overall conformation of the cell wall, these changes 

may affect drug up-take due to permeability alterat ions, 

interactions with the cell wall  and due to clumping may shield a 

minority of cel ls from the environment.  

5.4.5 THE ROLE OF GLYCOLYLATION IN MTB RESUSCITATION  

 

Unfortunately, using the previously discussed non -culturabil ity 

model (Shleeva et al., 2004), it  was not possible  to investigate the 

role of glycolylat ion in resuscitat ion using ΔnamH  M. smegmatis 

(Chapter 4). Non-culturabil ity models in Mtb require several months 

for the production of non-culturable cells. However, previous work 

in the laboratory has demonstrated the production of Rpf -

dependent cel ls through antimicrobial treatment. Therefore by 

using Mtb  cultures after antimicrobial treatment and assessing 

their recovery by MPN, the role of glycolylat ion in the generation of  

Rpf-dependent cells could be investigated. Plates were prepared 

using diluted Sauton’s medium or culture SN. Cultures producing 

growth in medium only were classed as culturable but MPN counts 

from culture SN plates using these cultures were st il l be used to 

examine recovery.  

Culture SN, both of Mtb  and other bacteria (i .e. M. luteus ) is 

commonly used to stimulate resuscitation from dormancy, as it is a 

source of Rpf proteins amongst other agents (Votyakova et al.,  

1994, Sun and Zhang, 1999). Cultures treated with rifampicin and 

streptomycin did not produce any growth in l iquid medium;  Rpf-
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dependent cells were not produced, this was true for both wild type 

and ΔnamH Mtb .  

On one hand i t was predicted, owing to the reduced survival of 

ΔnamH Mtb  against isoniazid and the predicted reduced 

resuscitat ion abil ity; as a result  of a weakened cell wall structure 

and potentially due to glycolylated muropeptides playing a role in 

mycobacterial resuscitat ion, that ΔnamH Mtb  would produce lower 

MPN counts in comparison to wild type  Mtb . However, due to the 

weakened cell wall  architecture and the cell wall  target of INZ it  

was also predicted that Rpf -dependent cel ls would be produced in 

∆namH Mtb . When grown in the presence of culture SN there was  a 

slight increase in resuscitation of INZ treated ΔnamH Mtb .  

Overall, it appears that ΔnamH Mtb  cells, despite increased 

susceptibi l ity to isoniazid are capable of recovery to a greater 

extent than wild type Mtb . A potential explanation for this 

observation could be due to clumping, as this was observed during 

ΔnamH Mtb  growth studies. Clumping of the cells may protect 

some cells from damage and thus when placed into favoura ble 

medium (i.e. containing Rpfs) they are able to replicate again.  

Overall the MPN counts for wild type  and ΔnamH Mtb are too 

similar to draw any drast ic conclusions. It may be that Δ namH Mtb  

is capable of recovery, to the same extent as wild type  Mtb  or 

perhaps there was a population of cel ls, hidden from environmental 

stresses within ΔnamH clumps that produce high MPN values when 

grown in culture SN. Overall it cannot be concluded whether 

glycolylation is important for resuscitation in Mtb .  
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5.5 CONCLUSION  

 

A ∆namH Mtb knockout was generated in order to investigate the 

biological role of glycolylated murein in Mtb . Once this mutant was 

confirmed by PCR and Southern hybridisat ion growth phenotypes 

were examined. A slight growth defect and an increase in cl umping 

were observed, both of these observations f itted  well with the 

previous M. smegmatis  data. The role of this modif ication was then 

investigated in intracellular survival and replication using J774 

macrophages. I t was hypothesised that the loss of this modif ication 

and subsequent predicted reduction in  hydrogen bonding, as well 

as increased susceptibi l ity to muralytic enzymes would result in a 

reduced survival capabili ty of ∆namH Mtb . Whilst a sl ight drop in 

cell count was observed consistently at the later stages of infection 

for ∆namH Mtb , these values were not stat ist ical ly signif icant and 

hence: macrophage data indicated that N-glycolylation of the PG 

did not play a role in intracellular replicat ion and survival. Init ial 

data suggested non-glycolylated Mtb  was more susceptible to 

antimicrobials with cell  wall targets, but resuscitation potential 

remains unclear.  

 

. 

 



 

  

 

CHAPTER 6:  FINAL CONCLUSIONS AND FUTURE WORK 
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6.1  FINAL CONCLUSIONS 

 

Glycolylation of the mycobacterial PG was f irst identif ied in the 

1970’s by Takayama et al, init ial studies examining  the extent of 

this modif icat ion demonstrated a purely glycolylated mycobacterial 

PG (Takayama et al., 1970). However, more recent f indings have 

shown that these original results were skewed as a consequence of 

drug treatment with D-cycloserine to enrich the intracellular pool of 

precursors (Mahapatra et al., 2005). By examining the intracellular 

pool of PG precursors, both in the presence and absence of drug 

treatment and analysing precursors and mature PG by MS, the 

effects could clearly be observed; when D-cycloserine treated M. 

tuberculosis  PG precursors were analysed they were found to be 

solely comprised of UDP-glycolyl muramyl-tr ipept ide whereas M. 

smegmatis , under the same treatment, was found to contain a  

mixture of glycolylated and acetylated precursors (Mahapatra et 

al., 2005). The reverse was observed when vancomycin treatment 

was used. Ult imately the authors  demonstrated a MurNGlyc to 

MurNAc rat io of 7:3 within mature M. tuberculosis PG when 

isolated in the absence of drug treatment.  

Owing to the insensit ivity of M. tuberculosis to β-lactams as well as 

the urgent need for new drug regimens, the role of glycol ylat ion in 

mycobacterial intracellular survival,  cell wall architecture and 

potential ly resuscitation has been of interest in recent years. With 

the advent of microbial molecular biology, particularly within 

mycobacterial genetics, a study examining the an timicrobial 

sensit ivity of a ∆namH M. smegmatis  strain showed an increased 

susceptibi l ity to β - lactam antibiot ics (Raymond et al. , 2005). This 

led to the hypothesis that this modif ication, due to the increased 

free hydroxyl groups, may result in greater cell wall  stabil ity as a 

result of additional hydrogen bonding. Alternatively the addition of 
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this functional group could affect the binding of cel l wall  drugs and 

hence a knockout may be more susceptible to drug treatment.  

The aims of this study were to investigate the role of mycobacterial 

N-glycolylation in Rpf -mediated growth st imulation and 

resuscitat ion. This was carried out using the following objectives: 

Are Mtb Rpfs adapted to cleaving N-glycolylated PG? This was 

analysed by (1) attempting to generate glyco lylated PG in E. col i  

and examining the result ing Rpf muropeptide products and (2) by 

over-expressing al l f ive individual Mtb Rpfs in a ∆namH M. 

smegmatis mutant to determine Mtb Rpf growth stimulation and 

resuscitat ion effects. A further aim of this study  was to assess the 

role of Mtb N-glycolylation in intracellular  survival;  this was carried 

out through the generation of a ∆namH Mtb mutant and assessed 

by murine macrophage infection studies. Investigation into the role 

of N-glycolylat ion in antimicrobial  susceptibil ity was investigated 

by antimicrobial ki l l ing assays.  

Overall Mtb Rpfs were not shown to be adapted to, or more 

eff icient at cleaving bacteria containing N-glycolylated PG. Mtb 

Rpfs were shown to be capable of growth st imulation and 

resuscitat ion in wild type M. smegmatis .  They were also able to 

stimulate growth in ∆namH M. smegmatis; Mtb RpfA showed the 

greatest growth stimulation in both wild type and ∆ namH  M. 

smegmatis.  It was also demonstrated that whilst M. smegmatis 

contains endogenous Rpfs these did not result in resuscitation and 

a WT pMIND negative control was used th roughout. A limitation of 

these investigations was the inability to of ∆namH M. smegmatis  to 

reach non-culturabil ity using the M. smegmatis method by 

Shleeva., et al. Hence, the effect of N-glycolylat ion in Rpf-

mediated resuscitation could not be determined.  However, MPN 

values for wild type M. smegmatis  strains showed variabil ity in 

individual Rpf resuscitat ion potential, indicat ing the diversity of the 

dif ferent proteins; RpfD had the greatest resusci tation index.  
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Macrophage infection studies demonstrated that glycolylat ion of 

Mtb PG had no effect on intracellular replication and survival,  

however antimicrobial ki l l ing showed an increased susceptibi l ity to 

the cell wall  targeted antimicrobial,  isoniazid. These f indings 

indicate that mycobacterial N-glycolylation may not have a role in 

intracellular survival, Rpf -associated growth stimulation or 

muralyt ic act ivity but potentially may be important for cell  wall 

stabil ity and antimicrobial susceptibil ity. Recent work has also 

shown that N-glycolylat ion may be important for mediating an 

immune response (Coulombe et al. , 2009). 

 

6.2  FUTURE WORK 

 

As previously discussed, in order to achieve glycolylated PG in E. 

coli  a system expressing a higher level of soluble protein would be 

required. One possible way that this solubil ity issue could be 

overcome would be to try an alternative tag, such as glutathione-S-

transferase (GST), thioredoxin (Trx), or N util izat ion substance A 

(NusA) or to use an alternative expression host such as Origami™ 

B or Rosetta™ ,  al lowing a more control lable level of expression  

(Novagen, 2003a). Additionally, further work to produce a construct 

co-overexpressing soluble Rv3818 and Rv3819 could be 

investigated. However, with recent work having demonstrated Mtb 

Rpf muralytic act ivity in wild type E. coli , generation of a NamH 

overexpressing strain may not be necessary ; analysis of Rpf 

muropeptide products could potential ly be inves tigated using wild 

type E. coli.  

In order to determine the role of mycobacterial N-glycolylat ion in 

Rpf-mediated resuscitat ion an alternative non -culturability model 

would need to be implemented. However, if  the clumping of ∆ namH 

M. smegmatis shields cells from harsh environments then f inding a 

suitable non-culturabil ity model may prove quite dif f icult.  There are 



CHAP TER  6:  F I N AL  CON C L U SI ON S  AN D FU TU R E WOR K  

 

209 

 

several options to consider:  a recent study using M. smegmatis 

cells grown in nitrogen minimal medium produced bacteria with 

low-metabolic act ivity and increased antibiot ic resistance which 

were unable to form colonies on solid media. These cultures could 

sti l l be resuscitated after storage for prolonged periods of t ime  

(Anuchin et al., 2009). Previous work has also demonstrated M. 

smegmatis entry into a dormancy-like, drug-resistant state under 

oxygen-limiting condit ions (Lim and Dick, 2001). Therefore 

investigations into and optimisation of a new model would need to 

be carefully addressed.  

Further investigation into the role of Mtb N-glycolylation on long 

term survival, adaptation to a dormancy-like state and resuscitat ion 

could be carried out by implementing an Mtb in vitro dormancy 

model. An example of which is a multiple stress model (Deb et al.,  

2009), which uses low oxygen (5%), high CO 2  (10%), nutrient  

starvation and acidic pH (5.0);  Mtb  lost culturability and acid 

fastness, accumulated triacylglycerol (TG) and wax esters (WE) 

and then developed phenotypic antibiotic resistance. Alternatively 

Wayne’s NRP model or nutrient starvation could be implemented 

(Betts et al. , 2002, Wayne and Hayes, 1996). Again, these methods 

all have their own drawbacks and careful optimisation would be 

necessary.  

Finally, the role of peptidoglycan glycolylation in Mtb  intracellular 

survival remains unknown. These investigations demonstrated that 

this modif icat ion does not play a role in intracellular survival in 

cultured macrophages. However, as previous studies have 

demonstrated that N-glycolyl muramyl dipeptides may have an 

important role in mediating host immune response (Coulombe et 

al., 2009) further investigations into ∆namH Mtb  survival in an 

animal model may address these issues.  Alternatively INFγ 

activated macrophage experiments could be performed in order to 

assess intracellular survival.  
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APPENDIX 1: MUROPEPTIDE SCHEMATICS AND 

FRAGMENTATION 
 

FIGURE 62: MUROPEPTIDE SCHEMATIC 
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Structural schematics of muropeptides: A) Disaccharide 
Pentapeptide is shown (NAG-NAM-L-Ala-D-Glu-mDAP-L-Ala-L-Ala) 
and B) Disaccharide Tetrapeptide-Disaccharide Tetrapeptide (4-3 
cross-links) are shown. 
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FIGURE 63: MASS SPECTRUM AND FRAGMENTATION OF MUTANOLYSIN 

RELEASED MUROPEPTIDES FROM E. COLI PG  

120711_001_UL01219-EC-37 #747-1171 RT: 10.38-13.76 AV: 83 NL: 2.42E7
F: FTMS + p NSI Full ms [300.00-2000.00]
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A muropeptide sample collected via rp -HPLC from mutanolysin 
digested E. coli  PG was analysed by MS (A) and the peak at 944 
was further analysed by Tandem MS (B).  
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120711_001_UL01219-EC-37 #894 RT: 11.61 AV: 1 NL: 6.55E4
T: FTMS + c NSI d Full ms2 944.40@hcd42.50 [140.00-1900.00]

200 400 600 800 1000 1200 1400 1600 1800

m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

204.0867
z=1

1004.4370
z=1 1481.6338

z=1

1133.4816
z=1761.3145

z=1303.1558
z=? 1685.7079

z=1
832.3595

z=1

1070.4438
z=1

1207.5111
z=?

500.1850
z=?

964.4015
z=?

703.2544
z=?

1410.5913
z=?

399.9860
z=?

1519.5807
z=?

 

(B) Tandem MS fragmentation was performed and the resulting 
ions compared to known muropeptide molecular ions.  
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APPENDIX 2: QRT-PCR MELTING CURVES 
 

FIGURE 64: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFA-E CDNA SAMPLES AND MTB GDNA STANDARDS USING 16S 

RRNA PRIMERS 

 

 

FIGURE 65: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFA CDNA SAMPLES AND MTB GDNA STANDARDS USING RPFA 

PRIMERS 

 

FIGURE 66: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFB CDNA SAMPLES AND MTB GDNA STANDARDS USING RPFB 

PRIMERS 
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FIGURE 67: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFC CDNA SAMPLES AND MTB GDNA STANDARDS USING RPFC 

PRIMERS 

 

FIGURE 68: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFD CDNA SAMPLES AND MTB GDNA STANDARDS USING RPFD 

PRIMERS 

 

FIGURE 69: MELTING CURVES FOR WILD TYPE AND ∆NAMH M. SMEGMATIS 

PMIND-RPFE CDNA SAMPLES AND MTB GDNA STANDARDS USING RPFE 

PRIMERS 
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