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ABSTRACT 
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The nature of the muralytic activity of resuscitation promoting factor B (RpfB) from 

Mycobacterium tuberculosis has been the subject of much debate. Whether this enzyme acts 

similarly to a lytic transglycosylase or glycoside hydrolase (GH) remained unknown until now. In 

order to investigate the activity of RpfB, a stable and active form of RpfB, containing only the 

catalytic domain (RpfBC), was obtained. The reaction products of RpfBC were analyzed by reverse 

phase high performance liquid chromatography and electrospray ionization mass spectrometry on 

an ion-trap mass spectrometer. Additionally, reactions in [18O]H2O were performed and the 

products were analyzed using RP-HPLC and ESI-quadrupole time of flight MS. These assays show 

that RpfBC from M. tuberculosis functions like an endo-acting GH. Although GHs do not make 

good drug targets, RpfB’s distinction from the paralogs of M. tuberculosis does not exclude the 

possibility that they might be good targets and warrants further investigation.  
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Chapter 1: Introduction 

1.1 Mycobacterium tuberculosis and tuberculosis  	  
Since being declared a public health emergency by the World Health Organization 

(WHO) in 1993, tuberculosis remains a major health issue today. With an estimated 8.9 million 

new infections and 1.4 million deaths Worldwide in 2011, tuberculosis (TB) is the leading cause 

of death by infectious bacteria (World Health Organization, 2012). Mycobacterium tuberculosis, 

the etiological agent of TB, is a Gram-positive, acid-fast bacterium which primarily infects the 

pulmonary system. Specifically, M. tuberculosis is an intracellular pathogen of host alveolar 

macrophages. This lies at the root of its ability to evade host immune defences and persist in the 

lungs. With the emergence of multi-drug resistant (MDR) and extensively drug resistant (XDR) 

tuberculosis, the need for new therapeutic targets has never been greater. Current drug regimens 

for treating TB are lengthy and expensive, especially in strains resistant to antibiotics (World 

Health Organization, 2012). This creates a cyclic problem where drugs are not taken or 

prescribed properly and resistance develops.  

It is estimated that approximately one third of the World’s population is infected with M. 

tuberculosis, however the majority of these individuals are asymptomatic and will remain that 

way for their entire lives (World Health Organization, 2012). Approximately 10% of infected 

individuals will develop symptoms, and this number is about 30% in immunocompromised 

individuals. TB can enter a latent phase (LTB), which is responsible for its ability to persist in 

the host lungs undetected. Reactivation of LTB is responsible for the largest burden of disease 

which revolves around pulmonary infection in adults. Once specific proteins involved in 

reactivation of LTB are identified and understood, perhaps new drugs or vaccines can be 

developed to combat this global killer (Gan and Guo, 2014). 
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1.2 Peptidoglycan  
Bacterial cells are differentiated by variations in cell wall characteristics. Gram-negative 

bacteria have an outer and an inner membrane which are separated by a thin layer of 

peptidoglycan (PG). Gram-positive bacteria possess only a cytoplasmic membrane surrounded 

by a thicker layer of PG. PG provides the shape of the cell, and the structural support required to 

prevent the internal turgor pressure from lysing the cell (reviewed in Vollmer et al., 2008). PG is 

composed of alternating units of N–acetylglucosamine (NAG) and N-acetylmuramic acid 

(NAM). The glycan chains formed by these alternating units are joined by cross-linking peptides 

connected to the lactyl moiety of NAM (Figure 1.1). The PG sacculus is a mesh-like, dynamic 

structure which is constantly growing and being recycled with division (reviewed in Scheurwater 

et al., 2008) 

As important as the enzymes which synthesize the PG sacculus are, the enzymes which 

cleave it are equally indispensable. Lysozymes (muramidases) are enzymes which cleave the β-1, 

4-glycosidic bond between NAG and NAM utilizing H2O. They function as part of the innate 

immune system in eukaryotes and target Gram-positive bacteria with exposed PG. Lytic 

transglycosylases (LTs) are lyases which cleave PG with the same substrate specificity as 

lysozymes; however the important difference is that they use the C-6 hydroxyl moiety of NAM 

instead of water to perform this reaction. The reaction product of an LT is a PG fragment 

containing NAG bound to a 1, 6 –anhydromuramyl residue. The lysozyme reaction product 

differs because the PG fragment released contains NAG bound to NAM (Figure 1.2) (Höltje et 

al., 1975).  
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C                                             D      
  

	  

Figure 1.1: Cartoon representation of bacterial cell walls. Panel A, Gram-positive cell wall containing a thick layer 
of peptidoglycan; Panel B, Gram-negative cell wall containing a thin layer of peptidoglycan; Panel C, 
Mycobacterium cell wall containing a thick layer of peptidoglycan; Panel D, Legend containing all of the symbols 
used in panels B, C, and D and their descriptors.  NLM in addition to NAM is present in Mycobacteria. 
Additionally, arabinogalactan, lipoarabinomanan and mycolic acids are found only in species of Mycobacteria. 
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Figure 1.2: Reactions of lytic transglycosylase and muramidase enzymatic activity. LTs utilize the energy in the C6 
hydroxyl moiety to cleave this bond, whereas muramidase activity is dependent on water. The products of the 
reaction catalyzed by LTs are NAG and a 1, 6-anhydromuramoyl residue. The products of the reaction catalyzed by 
muramidase are NAG and NAM. The R group depicted is NAG; R1, is the peptide chain; R2, is NAM. 
 

LTs are found in all Gram-negative and many Gram-positive bacteria; they are absent in species 

of Mycoplasma which are devoid of a cell wall. LTs are responsible for creating pores to 

transport proteins/macromolecules into PG and across it, as well as to cleave it during growth 

and periods of recycling (reviewed in Scheurwater et al. 2008b). Both hydrolases and LTs are 

referred to as autolysins because if left uncontrolled they will degrade the entirety of the PG 

sacculus which would inevitably cause cell lysis.  

1.3 Dormancy in bacteria 
Species of Mycobacterium possess a cell wall similar to Gram-positive bacteria, with 

subtle differences in the makeup of their PG. The glycan chains of Mycobacterium PG are 

comprised of N-glycolylmuramic acid (NLM) in addition to NAG and NAM (Mahapatra and 
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Scherman, 2005). The cell wall is also rich in arabinogalactan and the presence of mycolic acids 

gives it an acid-fast phenotype. Unlike the Bacillus and Clostridium genera of bacteria which 

form an endospore during times of environmental stress, some bacteria, including several Gram-

positive bacteria that have G+C rich DNA, enter a vegetative state. This dormancy is a period of 

low metabolic activity where the cells can survive without dividing (Kaprelyants et al., 1993). 

Transition to this dormant state requires the bacteria undergo physiological changes. For 

example, thickening of the cell wall occurs in Mycobacteria. While the same occurs with 

nutrient-starved Escherichia coli, the cell wall of Mycobacteria also has increased cross linking  

(Cunningham and Spreadbury, 1998; Sachidanandham and Yew-Hoong Gin, 2009; Seiler and 

Ulrichs, 2003; Signoretto et al., 2002). Micrococcus luteus, Rhodococcus rhodocrous and M. 

tuberculosis are all known to enter a viable but non-culturable (VBNC) state (Shleeva and 

Bagramyan, 2002). As indicated by the name, VBNC cells are dormant and living but are not 

able to be cultured. It has been shown that these dormant bacteria can be resuscitated to form an 

actively growing culture (Shleeva et al., 2004). Recently, it was found that the resuscitation of 

dormant Staphylococcus aureus can be induced more than 600 fold by the spent culture (Pascoe 

et al., 2014). Dormancy and resuscitation are features that Gram-positive bacteria share. 

1.4 Resuscitation promoting factor  
	  

 In the early 1990s, a factor which could resuscitate growth of vegetative bacteria was 

identified. Votyakova et al. performed experiments with Micrococcus luteus cells which were 

starved for 3 to 6 months (1994). The starved cells lost the ability to form colonies on solid 

media, however when introduced into the appropriate liquid medium, growth resumed. The 

addition of a small fraction of M. luteus cells, isolated during  late-logarithmic phase of growth, 

to a nutrient rich liquid media was able to resuscitate growth (Kaprelyants and Kell, 1993; 
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Votyakova et al., 1994). This generated interest into what was specifically causing resuscitation 

of dormant cells. A resuscitation promoting factor (Rpf) was purified and referred to as a 

bacterial cytokine (Mukamolova, 1998). Further studies by Mukamolova et al. confirmed the 

ability of this factor to enhance the growth of dormant M. luteus (Mukamolova et al., 1999).  

1.4.1 Resuscitation promoting factors in M. tuberculosis 
	  

M. tuberculosis resuscitation from dormancy was first observed with Rpf from M. luteus 

(Biketov et al., 2000; Mukamolova, 1998). Soon after, the supernatant of an actively growing 

culture of M. tuberculosis was found to resuscitate a dormant culture (Shleeva and Bagramyan, 

2002).  Rpf from M. luteus is required for growth of vegetative cells in minimal media and 

resuscitated growth best at picomolar concentrations (Mukamolova, 1998; Mukamolova et al., 

2002a) and the rpf  gene was later found to be essential for growth of M. luteus (Mukamolova et 

al., 2002a). Five homologous Rpf-like proteins (RpfA, RpfB, RpfC, RpfD and RpfE) were later 

identified in M. tuberculosis and Mycobacterium bovis (BCG) (Mukamolova et al., 2002b).  

These Rpf proteins are secreted to the extracellular milieu (Figure 3) (Mukamolova et al., 2002a; 

Sutcliffe and Harrington, 2004) and those from M. tuberculosis (RpfA-E) exhibited cross 

reactivity to dormant M. luteus and M. bovis dormant cultures (Mukamolova, 1998; 

Mukamolova et al., 2002b; Zhu et al., 2003). Likewise, Mycobacterium smegmatis was 

resuscitated from dormancy by the addition of either recombinant M. luteus Rpf, Rpf isolated 

from M. luteus supernatant, or combined growth with M. luteus (Shleeva et al., 2004). With M. 

tuberculosis, Rpfs are expressed under various stressful conditions in several combinations 

(Gupta et al., 2010). 
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Single deletions of rpfA-E do not influence M. tuberculosis growth nor survival in vitro 

or in vivo (Downing and Mischenko, 2005; Downing et al., 2004; Tufariello et al., 2004). 

Likewise, double mutants appear to have no effect on growth or survival in vitro, whereas the 

triple mutants, ΔrpfArpfCrpfB and ΔrpfArpfCrpfD, differed from the wild type in their ability to 

resuscitate. Deletion of rpfB has a more profound effect on resuscitation than rpfD, with the 

former triple mutant being more attenuated (Downing and Mischenko, 2005). Characterized by 

delayed growth kinetics following reactivation, ΔrpfB is the only mutant to affect reactivation 

(Tufariello et al., 2006). A quintuple mutant shows no alteration of growth in vitro, however 

resuscitation and subsequent virulence of dormant M. tuberculosis are attenuated. Quadruple 

mutants expressing RpfB functioned better than quadruple mutants expressing RpfD or RpfE, as 

measured by delayed colony formation and sensitivity to detergents. These mutants did not grow 

as well in mice as they did in the wild type, with a hierarchy of best growth ranging from cells 

expressing RpfB, RpfE, and then RpfD (Kana and Gordhan, 2007). Attenuation of spread 

throughout mouse lungs occurred in double and triple mutants, highlighting the importance of 

Rpfs in chronic TB infection (Biketov et al., 2007). Each of the Rpfs from M. tuberculosis 

affects change throughout the cell as well as culture in a unique way. Variation in growth stage 

as well as growth conditions causes differential expression of various Rpfs (Gupta et al., 2010). 

This highlights, even further, the complexity of these factors and the system of resuscitation from 

dormancy.     

1.4.2 Rpfs as autolysins 
	  

The difference between muramidases and LTs must be stressed. An LT cannot be 

referred to as a hydrolytic enzyme because it does not use H2O to cleave bonds. This distinction 

is not appreciated in the literature when examining the muralytic activity of Rpfs and the 
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terminology used to denote their function. Thus, there has been no definitive proof that Rpfs 

function as either a hydrolase or lyase despite the use of both terms. The evidence which some 

authors have used to support their claim that Rpf functions as an LT in fact, is the same as the 

evidence other authors use to identify it is a hydrolase. This evidence is in the form of an 

increase in the release of PG that has dye bound to it.  However, there is structural and 

biochemical evidence which supports the role of some Rpfs as muralytic enzymes. 

1.4.3 Structural evidence for muralytic activity of Rpfs  
	  

In 2004, the conserved catalytic domains of each Rpf was shown by structural predictions 

to resemble the c-type lysozyme fold (Cohen-Gonsaud and Keep, 2004). The first structure of the 

C-terminal catalytic domain of RpfB from M. tuberculosis was elucidated by heteronuclear 

multi-dimensional NMR which confirmed its resemblance to c-type lysozyme (Cohen-Gonsaud 

et al., 2005). Moreover, the Rpf domain was demonstrated to be responsible for the resuscitation 

of bacteria, and that it could be active on its own. Further correlation was drawn between the 

muralytic ability of the Rpf from M. luteus and its ability to resuscitate cells from dormancy 

(Mukamolova et al., 2006).  

 The Rpf catalytic domain from M. luteus and the five Rpf homologs from M. 

tuberculosis is conserved (Figure 1.3). The structure of the Rpf catalytic domain has been shown 

to be conserved in RpfC, RpfE and RpfB (Chauviac et al., 2014; Mavrici et al., 2014). RpfB is 

composed of 362 amino acids, making it the second largest of the five Rpfs from M. tuberculosis 

as well as the Rpf with the most unique domains (Figure 1.4).   Thus, it possesses a G5 (named 

for its conserved glycine residues) domain and three domains of unknown function 348  

(DUF348 domains), in addition to the catalytic domain. 
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Figure 1.3: Partial sequence alignment of the Rpf proteins from M. luteus and M. tuberculosis. A partial sequence 
alignment was performed on Rpf from M. luteus and the five homologs found in M. tuberculosis. The arrow denotes 
an invariant glutamate residue. The sequence alignment was performed with ClustalW2 and presented using the 
Boxshade server. Identical residues are shown in black, and conserved residues are shown in gray. 

 

 

 

 

 

 

 

 

 

Figure 1.4: Domains of Rpfs from M. tuberculosis. RpfA-E from M. tuberculosis are arranged to highlight the 
differences in the domains of each protein. The RpfB catalytic domain, which is homologous to Rpf from M. luteus, 
is present in all of the Rpfs from M. tuberculosis. RpfB is the most complex of these proteins containing three 
DUF348 domains as well as a G5 domain (Modified from Ravagnani et al., 2005). 
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1.5 Resuscitation promoting factor interacting protein A 
	  

RpfB was found to interact with Rv1477 or Rpf interacting protein A (RipA). RipA from 

M. tuberculosis is composed of 472 amino acids and it is a secreted PG hydrolase which was first 

identified in 2007 after yeast two-hybrid screen were used to identify binding partners of RpfB 

(Hett et al., 2007; Målen et al., 2007; de Souza et al., 2011). Interaction between these two 

proteins was shown with co-immunoprecipitation assays in vitro. The C-terminus of RipA was 

determined to be important for interaction with RpfB and muralytic activity as assayed by 

measuring the release of Remazol Brilliant Blue dye bound to the PG substrate (Hett et al., 

2007). The ripA gene is part of a bicistronic operon in M. tuberculosis and it was identified by 

Himar1-based transposon mutagenesis to be essential for in vitro growth (Griffin et al., 2011; 

Sassetti et al., 2003). In a M. smegmatis ripA depletion strain, slow growth and abnormal 

morphology, characterized by cell branching, was observed (Hett et al., 2008). After the 

inducible promoter associated with the depletion strain was activated, normal cell division 

resumed. RipA is therefore essential for proper cell division. It is believed to function as an 

endopeptidase, cleaving the peptide bonds present in the crosslinking chains of PG. This activity 

is distinct from that of RpfB, which is believed to cleave the β-1,4-glycosidic bond. Interestingly, 

the presence of RpfB and RipA together dramatically increase PG hydrolysis (Hett et al., 2008). 

Penicillin binding protein (PBP) 1, a bifunctional enzyme with both PG transglycosylase and 

transpeptidase activity, was found to inhibit the activity of RpfB-RipA in vitro. It is thought  that 

RipA-PBP1 complex forms to synthesize PG and RpfB-RipA form to cleave it (Hett et al., 2010; 

Wyckoff et al., 2012). Crystal structures of RipA reveal it possesses a domain characteristic of 

endopeptidases (Böth et al., 2011; Ruggiero et al., 2010). The RipA C-terminal catalytic domain 
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was found to cleave PG between D-glutamate and meso-diaminopimelate (m-DAP) (Böth et al., 

2011). 

1.6 Is the Rpf catalytic domain a hydrolase or an LT?  
  
 The bond specificity and products of the RpfB reaction remain unknown (Wyckoff et al., 

2012) and thus the question of Rpf reaction specificity remains unanswered.  Nonetheless, RpfB 

is commonly referred to as a hydrolase throughout the literature. The most common assay 

employed in the past to characterize the protein is non-specific as it involves monitoring the 

simple release of a dye bound to a cell wall substrate. (Hett et al., 2007, 2008, 2010; 

Mukamolova et al., 2006; Nikitushkin et al., 2012; Telkov et al., 2006). Despite the difference in 

dye usage, origin and composition of cell walls used, the outcome will always be the same, the 

detection of an increase in unbound dye. This evidence does not definitively demonstrate 

whether the Rpf catalytic domain functions as a hydrolase (either glycosidase or endopeptidase) 

or an LT. Some researchers have labelled Rpf as an LT based on amino acid sequence 

comparisons coupled with the demonstrated dye release from labeled PG (eg, Hett et al., 2007, 

2008, 2010).  Interestingly, those that have claimed Rpf to be a hydrolase have not distinguished 

the activity to be either as a muramidase or a glucosaminidase.  Additionally, the question as to 

whether Rpf is endo- or exo- acting remains unaddressed. 

1.6.1 Catalytic residues in Rpfs  
	  

 The putative catalytic residues in the Rpf domain are similar to those present in soluble 

LTs (Slt) Slt35 and Slt70. The possibility that the Rpf domain functions like an LT, is 

investigated by replacement of an invariant glutamate residue. A variant of RpfC with an E80A 

substitution did not exhibit lytic activity (Cohen-Gonsaud et al., 2005). Likewise, the invariant 
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glutamate residue E54 in M. luteus Rpf was replaced (E54A or E54K) and this inhibited activity 

in resuscitating dormant M. smegmatis (Telkov et al., 2006). This glutamate residue corresponds 

to E35 in lysozyme, E162 in (soluble LT) Slt35 and E478 in Slt70 (van Asselt et al., 1999; 

Grutter et al., 1983; Thunnissen et al., 1994), each of which have been demonstrated to function 

as the catalytic acid/base in their respective mechanisms of action. Thus replacement of these 

residues abolishes catalytic activity. These findings highlight the potential importance of the 

conserved glutamate in the Rpf catalytic domain. However, the M. luteus Rpf activity was only 

impaired in the E54Q variant (Mukamolova et al., 2006). Given the essential nature of the single 

catalytic residue in LTs, this difference in response to the replacement of the putative catalytic 

residues in the Rpfs suggests that either the wrong catalytic residues have been identified or that 

these enzymes, in fact, do not function as LTs. That the signature E-S motif is absent in the 

alignment of RpfB (Figure 1.3) supports the former postulate, at least for this protein.  On the 

other hand, there are a group of LTs which create pores in PG in order for the insertion of 

molecular machinery such as type IV secretion apparatus and GP16 phage tail protein (Höppner 

et al., 2004; Moak and Molineux, 2000). Similar to what is observed in Rpfs, partial activity is 

retained in these proteins following the replacement of the catalytic glutamate (Mukamolova et 

al., 2006).  

1.7 Using reaction products to classify enzyme activity 
	  

Previous studies suggest that the difference between a muramidase and LT cannot be 

distinguished by examining sequence similarity (Sudiarta et al., 2010). Indeed, family GH23 of 

the CAZy classification system for glycoside hydrolases, which is based on predicted primary 

and secondary structure similarities (www.cazy.org), is comprised of both LTs and goose-type 

lysozymes. Thus, there are many cases where the sequence of a protein will resemble that of both 
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an LT and muramidase, leading to confusion with identification. Such was the case with lytic 

domain of FlgJ, a protein required for the insertion of flagella in many Gram-negative bacteria.  

Researchers have referred to this protein as either an LT or a muramidase but a recent study 

conducted in our laboratory demonstrated that it in fact functions as neither.   Instead, a rigorous 

biochemical analysis of reaction products released by Salmonella enterica FlgJ demonstrated 

that it hydrolyzes PG as a β-N-acetylglucosaminidase (Herlihey et al. 2014).   Another example 

of misidentification concerns the cell wall lytic enzyme T (CwlT) which is comprised of two 

domains with PG degrading activities. The C-terminus possesses high sequence similarity to 

D,L–endopeptidases and the N-terminus has weak sequence similarity to LTs. After reverse-

phase high performance liquid chromatography (RP-HPLC),  mass spectrometry(MS), and 

tandem MS (MS/MS) analyses of the reaction products, the C-terminus was confirmed to be a 

D,L–endopeptidase, however the N-terminus was determined to act like a muramidase and not an 

LT (Fukushima et al., 2008). As a third example, CwlQ is a bifunctional enzyme from B. subtilis 

and possesses high sequence similarity to Slt70 of E. coli and the goose type lysozymes.  Thus, 

the enzyme was thought to be  capable of muramidase and LT activity (Sudiarta et al., 2010). 

However, RP-HPLC, MS, and MS/MS analyses identified 1, 6-anyhydro-N-acteylmurmaic acid 

and NAM as the products of the reaction catalyzed by purified recombinant CwlQ. In both CwlQ 

variants with E85A and E85Q substitutions, complete loss of lytic activity was observed. Even 

tertiary structural information alone cannot be used to ascribe function.  Such is the case with the 

RpfB catalytic domain. The structure of this domain resembles a hybrid of folds from Slts and 

chicken-type lysozyme (c-lysozyme) (Figure 1.5) (Cohen-Gonsaud et al., 2005). 
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Figure 1.5: Crystal structures of RpfB, c-type lysozyme, and Slt70. Cartoon and surface representation of c-type 
lysozyme and the C-domain of SLT70 overlaid with the catalytic domain of RpfB. The structures have been 
arranged so that the dotted line runs perpendicular to the catalytic glutamate in each protein. The structures were 
aligned by their Cα atoms and the sequence identity (SI), root mean square deviation (RMSD), and number of 
residues aligned (Nalgn) are provided (adapted from Keep et al., 2006). 

1.8 Understanding resuscitation and PG involvement 
	  

The exact mechanism in which RpfB and RipA bring about resuscitation is also 

unknown. One predicted mechanism is that the production of PG fragments act as signalling 

molecules to M. tuberculosis cells which are in a dormant state. The literature covers the topic of 

PG as a signalling or sensory molecule within bacterial environments (Boudreau et al., 2012). 

Anhydromuropeptides, the product of LTs, are involved in signalling in bacteria and mammals 
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(Humann and Lenz, 2009; Jacobs et al., 1997; Keep et al., 2006; Martin et al., 1984; Nikitushkin 

et al., 2012). The use of large fragments of PG, produced by either Rpf digestion or 

ultrasonication, yielded the same level of resuscitation in non-culturable cells of M. tuberculosis 

and M. smegmatis (Nikitushkin et al., 2012).  

1.8.1 Usage of PG in resuscitation for signalling  
	  

It is possible that Rpfs cleave PG and produce signal muropeptides which begin a cascade 

of events which end with resuscitation. This has been observed in B. subtilis spores which 

germinate after the addition of muropeptides in the supernatant (Dworkin and Shah, 2010; Shah 

et al., 2008). PrkC from B. subtilis contains a penicillin-binding protein and Ser/Thr kinase 

associated (PASTA) domain responsible for binding the PG fragments and bringing about 

germination (Jones and Dyson, 2006; Shah et al., 2008).  PrkC is very closely related to an 

integral Ser/Thr protein kinase, PknB, in M. tuberculosis which contains four tandem PASTA 

domain repeats (Kang and Abbott, 2005). PknB was found to have structural homology to 

eukaryotic Ser/Thr protein kinases (Shah et al., 2008; Young et al., 2003). Once the cytoplasmic 

kinase domains of PknB are activated, presumably by binding of muropeptides, they 

phosphorylate the pseudokinase domain of MviN (Gee et al., 2012; Ruiz, 2008). Phosphorylated 

MviN then binds the forkhead domain protein (FhaA). The end result of this is that FhaA 

switches off PG synthesis (Figure 1.6) (Gee et al., 2012).  
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Figure 1.6: Proposed signalling pathway involving PG fragments. PG fragments bind the PASTA domains of PknB 
and turn PG synthesis off. RpfB and RipA break PG into small muropeptide fragments. These fragments bind the 
PASTA domains of PknB, shown in the linear and non-linear arrangement. Localization and accumulation of PknB 
at the poles and septa of the cell occurs. The cytoplasmic kinase domains form dimers and autophosphorylate. These 
in turn phosphorylate the pseudokinase domain of MviN. MviN binds the forkhead domain protein and which 
negatively regulates PG synthesis. FhaA, forkhead-associated domain protein; MviN, integral membrane protein 
(Reproduced from Mir et al., 2011).  

	  

A variety of muropeptides were chemically synthesized by Mir et al. and tested for binding to 

PknB (Mir et al., 2011). The peptide must contain NAM, D-isoglutamine in the second position, 

and DAP in the third. These are the two amino acids which are commonly found in 

mycobacterial PG, and not in other Gram-positive PG. They observed limited resuscitation and 

no growth when the muropeptide with the highest binding affinity to PknB was added to the 

medium. Excellent growth and resuscitation were observed when filter-sterilized spent media 

were tested, indicative of the importance of factors other than muropeptides. No experiments 

have been conducted with NLM bound to peptide. N-Glycolylation of muramic acid is believed 

to increase autolysin resistance of the mycobacterial PG (Raymond and Mahapatra, 2005). It is 

interesting that despite the presence of the NLM in Mycobacterial PG, resuscitation is still 

possible. It is peculiar that RipA-RpfB would hypothetically produce either NAG-NAM-

dipeptide or NAG-anhydromuramyl-dipeptide, when the chemically synthesized muropeptides 
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which bound PknB with the highest affinity were DAP containing tripeptides (Hett et al., 2008; 

Mir et al., 2011).  

1.8.2 Usage of PG in resuscitation for recycling 
	  

1,6-Anhydromuramic acid bound to the stem peptide was not tested for resuscitation (Mir 

et al., 2011). Perhaps the 1,6-anhydromuramyl peptide would be precluded from binding PknB 

and instead be used in recycling PG. It was long believed that Gram- positive bacteria did not 

recycle their cell wall material. This conclusion was drawn from the large amount of cell wall 

material isolated from media (Mauck and Glaser, 1970; Mauck et al., 1971). However, recent 

studies have shown that B. subtilis and Clostridium acetobutylicum contain gene clusters that are 

responsible for muropeptide recovery (Litzinger et al., 2010; Reith and Mayer, 2011; Reith et al., 

2011). This evidence supports the theory that Gram-positive bacteria recycle their cell wall 

material. Moreover, it is possible that RpfB and RipA work to produce PG fragments suitable for 

recycling into new cell wall material in stressed cells (Mauck et al., 1971; Nikitushkin et al., 

2012). M. tuberculosis cells in stationary phase alter the location where cross-linking of stem 

peptides, from 4 – 3 to 3 – 3, via L,D - transpeptidation. This is believed to increase the PG 

resistance to endopeptidase activity (Lavollay et al., 2008). Perhaps the reason why Rpfs and 

RipA are required for resuscitation in terms of PG cleavage is due to the additional thickening of 

the PG. M. tuberculosis could have access to more cell wall material for recycling in the nutrient 

limiting environment of host macrophages, with the use of these enzymes. Once the products of 

RpfB and RipA have been identified, will provide clues to understand how resuscitation occurs.  
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1.8.3 Usage of PG in resuscitation for controlling the host immune response 
	  

It is also plausible that the (anhydro) muropeptides produced are involved in controlling 

the host immune response. Nod1 and Nod2 detect and respond to muramyl tripeptides and 

muramyl dipeptides respectively (Girardin et al., 2003a; Girardin et al., 2003b; Jo, 2008). 

Lavollay et al. found that the ε-carboxylate of DAP in the stem peptide of M. tuberculosis PG in 

stationary phase was mostly amidated (Lavollay et al., 2008). This type of amidation serves to 

shield the muropeptide from recognition by Nod1 (Girardin et al., 2003). Perhaps1,6-

anyhydromuramic acid or NLM in the position of NAM in the disaccharide dipeptide would also 

allow these muropeptides to go undetected (Kana and Mizrahi, 2010). 

1.9 Inhibitors of the Rpf catalytic domain 
	  

The search for potential ways to treat LTB is ongoing. Inhibitors of RpfB lytic activity 

have been identified as 2-nitrophenyl-thiocyanate (NPT) compounds. They function via non-

competitive inhibition and possess an IC50 of 1-7 µg/ml (Demina et al., 2009). Inhibition of Rpf 

activity was found to be concentration dependent. Most of the compounds tested produced a 

bacteriostatic effect on M. luteus cells indicating that the suppression of the essential Rpf is 

responsible. NPT compounds inhibited resuscitation of dormant M. tuberculosis and M. 

smegmatis. However they did not affect growth of viable cells. This evidence supports the theory 

that rpfA-E are not essential for growth in Mycobacteria (Kana and Gordhan, 2007). The ability 

of large PG fragments to resuscitate dormant M. smegmatis and M. tuberculosis was inhibited by 

the addition of 4-benzoyl-2-nitrophenyl-thiocyanate (NPT7) (Nikitushkin et al., 2012). Replica 

exchange molecular dynamics (REMD) simulations was used to identify the interaction NPT7 

and the active site of the RpfB catalytic domain. Due to the relatively insoluble nature of NPT7, 
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crystallization experiments would be difficult and so benzamidine was substituted. The location 

of benzamidine binding allows the visualization of the binding position of the aromatic ring in 

NPT7 for docking sampling using REMD. Benzamidine was found in the putative catalytic site 

cleft; hydrophobic interactions were identified with the aromatic rings of Y305, F311, and 

W352. The majority of the hydrophobic interactions were non-specific and covered the surface 

of the protein. Electrostatic interactions were detected with E292 (Ruggiero et al., 2012). The 

thiocyanate group was identified as essential to inhibition, with any substitution of this resulting 

in failure of inhibition (Ruggiero et al., 2012). Hydrogen bonding occurred between the 

thiocyanate group and the residues in the catalytic site cleft. The nitro group did not contribute to 

binding. In terms of drug discovery, NPT7 is not promising because of its insolubility. 

1.10 Rpfs usage in vaccines 
	  

Bacilli Calmette-Guérin (BCG), the current TB vaccine, offers protection from TB 

meningitis and miliary disease in vaccinated neonates. Protection from pulmonary TB in 

vaccinated adults ranges from 0-80% (Fine, 1995). The reason why the current vaccine has lost 

its effectiveness since the 1920s remains unknown (Andersen and Doherty, 2005). There is a 

weak or non–existent T cell response to antigens of M. tuberculosis associated with LTB. The 

incorporation of the antigens associated with reactivation, RpfA-E, could perhaps enhance the 

effectiveness of BCG (Romano et al., 2012). RpfB was found to be the most immunogenic of the 

five Rpfs tested in infected and BCG vaccinated mice, with RpfD being the next immunogenic 

(Romano et al., 2012). The immunogenic response to the Rpf antigens was highest at the peak of 

infection. This is unexpected considering their involvement in resuscitation (Romano et al., 

2012). Expression at the peak of infection supports the theory that the Rpfs are involved with cell 

division (Hett et al., 2007; Hett et al., 2008). In contrast, results from the study by Schuck et al., 
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found that IFN-γ responses are higher for RpfB in individuals with LTB compared to those with 

active TB (Schuck et al., 2009). Kassa et al. tested the Rpfs from M. tuberculosis for their ability 

to elicit an immune response in humans. They found that IL-2, IL-10, TNF-α, and IL-6 were 

increased by RpfB and RpfD. RpfA-D were found to induce IFN-γ to a significantly higher level 

(greater than or equal to 100 pg/ml) than the classical antigens also tested: heat shock protein 65, 

diacylglycerol acyltransferase A and B (Kassa et al., 2012). Immunodominant T cell epitopes 

were identified in RpfB. Mice that were immunized with plasmid DNA expressing RpfB were 

found to elicit a polyfunctional CD8+ T cell response that was significant (Lee and Kim, 2014). 

These are promising results for the beginning of the identification of a novel drug target and 

possible vaccine. 

1.11 Research proposal 
	  

A new way to treat LTB with a safer and higher efficacy regimen is one of the main 

initiatives of the WHO Global Plan to Stop TB (2011-2015). One third of the World’s population 

or approximately two billion people are infected with TB. The emergence of MDR-TB and 

XDR-TB highlight the reality of the loss of effectiveness of our once powerful arsenal of 

antibiotics. 

After a resuscitation promoting factor, Rpf, was found to be the “bacterial cytokine” 

which reactivated growth of dormant M. luteus, homologs were identified across Actinomycetes 

(Mukamolova, 1998; Mukamolova et al., 2002b; Zhu et al., 2003). RpfA-E from M. tuberculosis 

were found to contain an Rpf domain with conserved catalytic residues, however RpfB was the 

most complex with four tandem repeats of DUF348 domains and one G5 domain in addition to 

the Rpf domain. Although Rpf from M. luteus was found to be essential, RpfA-E were found to 
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be collectively dispensable for growth, however RpfB was identified as the only factor required 

for resuscitation in vitro and in vivo (Kana and Gordhan, 2007; Mukamolova et al., 2002a; 

Tufariello et al., 2006).   

Sequence analysis and structural predictions of RpfB hinted that it may possess lytic 

activity. The structure of RpfB solved by NMR in 2005 supported this hypothesis (Cohen-

Gonsaud and Keep, 2004; Cohen-Gonsaud et al., 2005). In vitro studies confirmed the lytic 

activity of Rpf, and showed that replacing the conserved catalytic glutamate impaired the 

function of Rpf but did not abolish it (Mukamolova et al., 2006; Telkov et al., 2006). The 

sequence and structure each show characteristics of soluble LTs and c-type lysozyme. Whether 

the RpfB catalytic domain functions like one or the other cannot be determined from those data. 

These enzyme classes differ based on their mechanism of action and reaction products. LTs 

utilize the energy in the C6 hydroxyl of NAM to cleave the β-1,4-glycosidic bond between NAM 

and NAG residues. They produce NAG bound to a 1,6-anhydromuramyl residue as opposed to 

muramidases which use H2O and produce fragments of NAG bound to NAM (reviewed in 

Scheurwater et al., 2008b). RipA was identified to interact with RpfB and cleave PG between D-

glutamate and DAP (Böth et al., 2011).  

Throughout the literature RpfB is referred to as a hydrolase, muramidase, lysozyme, or 

LT but there is no evidence indicating which type of enzyme RpfB is. The objectives of this 

research were to clone, express, and purify M. tuberculosis RpfB and RipA and identify the 

reaction products of RpfB.  In doing so, the enzymatic function of RpfB will be elucidated. Once 

RpfB has been characterized as a hydrolase or LT, its function as an exo- or endo- acting enzyme 

will be examined as well. Also, it will be important to examine the products of the combined 

activity of RpfB and RipA. It is hypothesized that the catalytic domain of RpfB functions 
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similarly to a lytic transglycosylase, which creates a 1, 6-anhyrdomuramoyl product from 

cleavage of the β-1, 4-glycosidic bond between NAM/NLM and NAG. The combined activity of 

RpfB and RipA results in the production of NAG bound to a 1, 6-anhydromuramoyl residue with 

Ala-D-Glu attached. This allows for the creation of pores in the PG sacculus, and for the 

resulting PG fragments to be recycled, or involved in signalling. This hypothesis seems logical 

following the plausible role RpfB plays in many physiological processes similar to SLTs: cell 

division, bacterial cell signalling, host signalling, and PG recycling. 
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Chapter 2 Materials and Methods 

2.1 Chemical Reagents 
	  

All primers were purchased from Integrated DNA Technologies (Coralville, IA). DNase I, 

RNase I, isopropyl β-D-1-thiogalactopyranoside (IPTG), imidazole and kanamycin were 

purchased from BioBasic (Markham, ON). Complete EDTA-free protease inhibitor tablets were 

purchased from Roche (Laval, QC). Ni-NTA resin was purchased from Thermo Scientific 

(Markham, ON). Thrombin and columns pre-packed with chromatography resins were purchased 

from GE healthcare (Mississauga, ON). Unless otherwise stated all other chemical reagents were 

purchased from Sigma Aldrich (Oakville, ON) or Thermo Scientific (Markham, ON).  

2.2 Plasmids and Bacterial Strains 

 

The plasmids and bacterial strains used in this study were available in the lab and they are 
described in Table 2.1.   

Table 2.1: Plasmids and Bacterial Strains used. 

	  

Plasmid or Bacterial Strain Genotype or Notable features Reference or Source 
Plasmids   
pCR-Blunt II-TOPO  TOPO-Cloning site and KanR Invitrogen 
pET-28a (+) IPTG inducible T7 promoter, KanR, N and C His Tag, 

Thrombin cleavage site 
Novagen 

pET-30a (+) IPTG inducible T7 promoter, KanR, N and C His Tag, 
Thrombin cleavage site 

Novagen 

Bacterial Strains   
M. luteus ATCC no. 4698 Lyophilized whole cells Sigma-Aldrich 
E. coli DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 
gyrA96 relA1  
 

Invitrogen 

E. coli BL21 (DE3) F– ompT hsdSB(rB–, mB–) gal dcm (DE3) Invitrogen 
E. coli BL21 Star (DE3)  F-ompT, hsdSB, (rB-mB-), gal, dcm, rne131, (DE3) Invitrogen 
E. coli SHuffle T7 Express F´ lac, pro, lacIQ / Δ(ara-leu)7697 araD139 fhuA2 

lacZ::T7 gene1 Δ(phoA)PvuII phoR ahpC* galE (or 
U) galK λatt::pNEB3-r1-cDsbC (SpecR, lacIq) ΔtrxB 
rpsL150(StrR) Δgor Δ(malF)3 

New England Biolabs 

 



	  

24 

2.3 Culture media and Growth Conditions  
	  

Lysogeny broth (LB) (Appendix A.1) was used as the medium for routine culturing of E. 

coli bacteria. Cells were grown at 37°C with shaking at 220 r.p.m. for times ranging between 16-

24 hours. Media used to grow bacterial strains harbouring the pCR-Blunt II-TOPO, pET-28a or 

pET-30a vectors were supplemented with 50 µg/mL kanamycin (kan). For the expression of 

recombinant proteins, Superbroth (Appendix A.1) was used as the culture medium. E. coli 

SHuffle T7 Express cells were grown at 37°C with shaking at 220 r.p.m. until culture reached the 

desired OD600 nm. Then the culture was induced with IPTG and incubated at 30°C for 16-18 

hours. Bacterial strains were stored in 25% glycerol at -80°C.   

2.4 Peptidoglycan preparation as a substrate 

2.4.1 Isolation of PG  
	  

Micrococcus lysodeikticus, also known as M. luteus, ATCC No. 4698 lyophilized whole 

cells were used as the source of PG. PG was isolated from 5 g of M. luteus cells according to a 

modified SDS-boiling method and enzyme treatment as described by Höltje et al. (1975). Cells 

were re-suspended in 250 mL of MilliQ dH2O and added drop-wise to a reflux apparatus which 

contained an 8% SDS solution (final concentration 4% (w/v)). The mixture was boiled and 

stirred for approximately 3 hours. Boiling was then halted and the stirring continued until the 

boiling flask was cool to the touch. The solution was centrifuged at 16,900 x g for 20 minutes at 

22°C. Cells were continually washed by re-suspension with MilliQ dH2O and centrifuging as 

before until the solution did not produce any evidence (bubbles) of SDS presence.   
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2.4.2 Purification of PG 
	  

Samples (100 mL) of the crude cell wall solution were homogenized using 0.1 mm 

zirconia/silica beads purchased from BioSpec Products (Bartlesville, OK) according to a 

modified protocol of Sharon and Jeanloz (1964). Further purification of PG was done according 

to a modified version of the methods of Höltje et al. (1975) and Hoyle and Beveridge (1984). 

The remaining intact cells were removed by centrifugation at 2000 x g for 15 minutes at 22°C. 

The supernatant was collected and centrifuged at 16,900 x g for 30 minutes at 22°C and then was 

re-suspended in a treatment buffer (10 mM Tris.HCl pH 7.4 and 20 mM MgSO4). The cell wall 

suspension was digested with 100 µg/ml of α-amylase, 10 µg/mL of DNase and 50 µg/mL of 

RNase for 3 hours at 37°C. Pronase (100 µg/mL) was added to the cell wall suspension and 

incubated for 16 hours at 37°C with nutating. The SDS boiling procedure was repeated as 

mentioned previously however this time for only 1.5 hours. The PG suspension was then washed 

of SDS and subjected to bead beating. Trichloroacetic acid (TCA) at a final concentration of 5% 

was added and the mixture incubated for 16 hours at 22°C in order to remove teichoic and 

lipoteichoic acids, according to the methods of Hash (1967) and Amako et al. (1982). The 

concentration of TCA was increased to 10% and the solution was heated at 90°C for 10 minutes. 

The PG was centrifuged at 36,000 x g for 30 minutes at 22°C and re-suspended in MilliQ dH2O 

several times to wash away the TCA until the pH of the solution was neutral. The purified PG 

was then lyophilized and stored at 22°C.  

Sonication was used to provide even suspensions of PG to serve as a substrate.  A cycle 

of 10 seconds on, 10 seconds off for 5 minutes was applied using a sonicator at 50% amplitude. 

For small volumes the 2 mm probe was used and for the larger volumes a 6 mm probe was used. 

Sonication took place at 22°C.  
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2.4.3 Labelling PG with dye 
	  

Fluorescein isothiocyanate (FITC) isomer I from Sigma-Aldrich was bound to purified 

M. luteus PG using a modified protocol for FITC labeling by Thermo Scientific.1 A 12 mg 

sample of PG was suspended with sonication in 6 mL of 50 mM borate buffer, pH 8.5. FITC was 

dissolved in dimethyl formamide (DMF) at a concentration of 10 mg/mL.  The PG suspension 

was mixed with the FITC solution in a 1:1 (w/w) ratio and allowed to incubate at 22°C for 4 

hours in the dark with nutating. Following incubation, centrifugation at 21,000 x g for 10 minutes 

was used in four wash steps with dH2O to remove excess or hydrolyzed FITC. FITC-labeled PG 

was re-suspended in a storage buffer (10 mM Tris, pH 8.2 and 150 mM NaCl) and kept at -20°C 

in the dark. 

2.5 DNA and molecular biology procedures 

2.5.1 General procedures 
	  

DNA samples subjected to agarose gel electrophoresis were prepared by mixing DNA 

with sample loading buffer (6X stock from Thermo Scientific). TAE (Appendix A.2) was used to 

prepare 1% agarose gels as well as the running buffer. DNA samples were separated at 90 V for 

30 minutes. The gels were stained with GelRed (Biotium (Hayward, CA)) and visualized with 

exposure to UV light. PCR purifications, plasmid purifications and DNA gel extractions were 

performed using the Purelink Purification Kits from Invitrogen. Purified DNA was stored at -

20°C in TE (Appendix A.2). Routine cloning was performed according to standard procedures 

(Sambrook et al., 1989). Restriction enzymes and T4 DNA ligase were purchased from New 

England Biolabs (Whitby, ON). DNA samples were sequenced when necessary at the Genomics 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 https://www.piercenet.com/instructions/2162081.pdf 
2	  http://biologylabs.utah.edu/jorgensen/wayned/ape/	  
3	  http://www.ch.embnet.org/software/BOX_form.html	  
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Facility which is part of the Advanced Analysis Center (AAC) at the University of Guelph 

(UoG) or at Laboratory Services at UoG. 

2.5.2 Production of competent cells 
 

A modified version of the protocol by Cohen et al. (1972) was used to prepare chemically 

competent cells of E. coli: DH5α, BL21 Star (DE3), and SHuffle T7 Express. Overnight cultures 

were prepared in 5 mL of LB broth supplemented with the appropriate antibiotics. A 100 mL 

volume of LB was sub-cultured from the overnight culture and grown to an OD600nm of 0.5. The 

cells were chilled on ice and then collected by centrifugation at 7000 x g for 15 minutes at 4°C. 

Cells were resuspended with 50 mL of a cold sterile solution containing: 30 mM CH3CO2K pH 

5.8, 100 mM KCl, 10 mM CaCl2, 50 mM MnCl2 and 15% (v/v) glycerol). Cells were then 

harvested by centrifugation. Cells were then resuspended with 10 mL of a cold solution 

containing: 10 mM MOPS pH 6.5, 75 mM CaCl2, 10 mM KCl and 15% (v/v) glycerol. The cells 

were chilled on ice for 2-3 h before being separated into 200 µL aliquots and stored at -80°C. 

2.5.3 Transformation of competent cells with plasmid DNA 
 

E. coli cloning and expression strains were transformed with plasmid DNA using the 

heat-shock method. For a single transformation, one 200 µL aliquot of chemically competent 

cells was thawed on ice. Once thawed, 2 µL of plasmid DNA was added to the cells and mixed 

gently. The tube was incubated on ice for 30 minutes. The cells were heat-shocked at 42°C for 

45 seconds. A 250 µL volume of S.O.C. medium (Appendix A.1) was added to the cells and the 

mixture was incubated at 37°C for 1 hour with shaking at 220 r.p.m. Fifty µL of the mixture was 

plated on a pre-warmed plate containing LB and 50 µg/mL of kanamycin. The freshly plated 

cells were incubated at 37°C for 16 hours and colonies that appeared were harvested. Successful 
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transformations were confirmed by performing analytical digests with the appropriate restriction 

enzymes.  

2.5.4 Cloning of rpfB and ripA 
	  

rpfB (Rv1009) and ripA (Rv1477) were amplified by KAPA HiFi polymerase from M. 

tuberculosis H37Rv genomic DNA (kindly provided by Del Besra, University of Birmingham) 

using polymerase chain reaction (PCR). Primers 1, 2 and 3, 4 (Table 2.2) were used for rpfB and 

ripA respectively. Primers were modified to exclude the portion of DNA encoding signal 

peptides. In the case of RpfB, a C24S replacement was made to reduce the chance the cysteine 

may affect folding (Mukamolova et al., 2002b).  

Table 2.2: Primers used in this study. 

	  

Primer 
Number 

Sequence 

1 5’- GTGGCCATATGGCAAGCAAAACGGTGACGTTGA- 3’ 
2 5’- CAGCCCTCGAGTCAGCGCGCACCCGCTCGTG -3’ 
3 5’- CGGCGCATATGGATCCACAGACGGACACCATCG - 3’ 
4 5’- GACGCAAGCTTCTAGTACTCGATGTATCGGACC - 3’ 
5 5’- CGAGCGGGTGCGCGCCTCGAGCACCACCACCACCAC -3’ 
6 3’- GCTCGCCCACGCGCGGAGCTCGTGGTGGTGGTGGTG - 5’ 
7 5’ - GTGGCCATATGCGCAATCGGATCAAGAAGGTC - 3’ 
8 5’ - CGCCGGCATATGATCTGGGACGCGATC - 3’ 
9 5’ - GCCTGGTGCCGCGCGGCAGCATCTGGGACGCGATCGCCGG - 3’ 
10 5’ – CCGGCGATCGCGTCCCAGATGCTGCCGCGCGGCACCAGGC - 3’ 

 

Gradient PCR was used for both rpfB and ripA in order to maximize the chance of obtaining 

product in a timely fashion. The rpfB amplification began with an initial denaturation step at 

95°C for 5 minutes. Thirty-five cycles with the following steps followed the initial denaturation 

step: denaturation for 20 seconds at 98°C, a gradient was established with annealing 

temperatures between 68°C and 77°C for 15 seconds, and extension took place at 72°C for 15 
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seconds. There was a final extension step at 72°C for 5 minutes. The amplification conditions for 

ripA were the same as those for rpfB, other than two differences: the annealing temperature 

gradient was between 63°C and 69°C for 15 seconds and the extension time was for 20 seconds 

at 72°C. The blunt ended rpfB and ripA PCR products were ligated into the pCR-Blunt II-TOPO 

vector from Invitrogen, in order to improve transformation efficiency. The rpfBTOPO and 

ripATOPO constructs were transformed into E. coli DH5α.  

rpfBTOPO and pET-28a were digested with NdeI and XhoI. ripATOPO and pET-28a 

were digested with NdeI and HindIII. The digested plasmids were loaded onto a 1% agarose gel 

and separated at 90V for 30 minutes. The bands corresponding to the calculated weights of 1089 

bp, 1419 bp and 5291 bp for rpfB, ripA and pET-28a, respectively, were gel extracted using the 

Purelink gel extraction kit from Invitrogen. T4 DNA was used in a 3:1 insert to vector ratio to 

produce rpfBpET28a and ripApET28a. These were transformed into E. coli DH5α and a mini-

prep purification was performed. Isolated plasmid was sequenced in order to verify the sequence 

of the insert. Once the insert was verified, expression strains E. coli BL21 Star (DE3) and E. coli 

SHuffle T7 Express were transformed with rpfBpET28a and ripApET28a.       

2.5.5 Site-directed mutagenesis of rpfBpET28a 

  
Primers designed for site-directed mutagenesis were made according to the 

recommendations in the QuikChange Lightning protocol from Agilent Technologies (Santa 

Clara, CA). Site-directed mutagenesis was carried out according to this protocol as well. KAPA 

HiFi polymerase and primers 5 and 6 (Table 2.2) were used to replace nucleotides in 1 ng of 

template DNA from rpfBpET28a through PCR. DpnI was incubated with the PCR product to 

digest the template DNA. The resultant rpfB was cloned into pET30a to produce rpfBpET30a.  
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Subsequent constructs with an N-terminal His6 tag used rpfBpET28a as template were 

cloned into pET28a after mutagenesis. Constructs with a C-terminal His6 used rpfBpET30a as 

the template and were cloned into pET30a after mutagenesis. rpfBGC, which lacked the N-

terminal 3 DUF348, was produced using primers 6 and 7 (Table 2.2). This construct was inserted 

into pET30a, producing rpfBGCpET30a with a C-terminal His6 tag. Primers 2 and 7 were used to 

produce rpfBGC with an N-terminal His6 after being inserted into pET28a.  

Primers 2 and 8 (Table 2.2) were used to produce the final construct of rpfB which lacked 

the three DUF348 domains as well as the G5 domain. One ng of rpfBGCpET28a was used as the 

template DNA and after mutagenesis it was inserted into pET28a. The resultant construct 

rpfBCpET28a possessed an N-terminal His6 tag. Primers 9 and 10 (Table 2.2) were used to delete 

6 nucleotides from rpfBCpET28a and produce the final construct. 

2.6 Gene expression, protein purification and protein analyses 

2.6.1 Small scale expression studies 
	  

Conditions for expression and production of soluble protein were tested by expressing the 

constructs in 5 mL of LB or Superbroth. Expression conditions tested were as follows: 

temperature, concentration of inducer and length of induction. Cells were lysed using the 

chemical BPER-II from Thermo Scientific and the corresponding protocol for small scale lysis. 

Both the soluble and insoluble protein fractions were analyzed by SDS-PAGE and stained with 

Coomassie Brilliant Blue. In order to detect small amounts of expression which may have been 

missed with Coomassie Brilliant Blue staining, Western blotting was performed, as described 

below. 
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2.6.2 SDS-PAGE 
	  

SDS-PAGE was used to separate proteins for subsequent analysis. For proteins 20 kDa or 

greater, gels were prepared with 12% acrylamide as the resolving gel and 4% as the stacking gel 

in accordance with the method by Laemmlli (1970). For proteins less than 20 kDa, Tricine gels 

were prepared with 13% acrylamide as the resolving gel and 4% acrylamide as the stacking gel 

in accordance with the method by Schägger and Jagow (1987). Prior to loading, samples were 

mixed in a 1:1 ratio with protein sample loading buffer (200 mM Tris pH 6.8, 40% glycerol, 2% 

SDS, 0.04% Coomassie Blue G-250 and freshly added 2% β-mercaptoethanol). The samples 

were heated at 95°C for 5 minutes. Samples were run at 200 V for 45 minutes in electrophoresis 

buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) for Laemmli SDS-PAGE. Samples 

were run at 200 V for 35 minutes in a buffer system containing a different cathode (1.0 M Tris ~ 

pH 8.25, 1.0 M Tricine and 1% SDS) and anode buffer (1.0 M Tris pH 8.9 and 0.225 M HCl) for 

the Tricine SDS-PAGE. Either the Bio-Rad Precision Plus protein ladder or Protein Page ladder 

from Thermo Scientific were used as molecular weight standards. Gels were microwaved in 

water for 30 seconds and then microwaved in staining solution (0.1% Coomassie Brilliant Blue 

R-250 (w/v), 45% dH2O, 45% methanol, 10 % acetic acid) for 30 seconds. The gels were placed 

on a shaker for 15-30 minutes. After this time the staining solution was decanted and a de-

staining solution (10% acetic acid, 40% methanol, 50% dH2O) was added. This was microwaved 

for 30 seconds and placed on a shaker until desirable band resolution was obtained.  

2.6.3 Western Blotting  
	  

After being separated by SDS-PAGE, proteins were transferred onto a nitrocellulose 

membrane in a Bio-Rad Mini Trans Blot electrophoretic transfer cell. The transfer took place 
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over 1 h at 50 V at 4°C in transfer buffer (10 mM NaHCO3, 3 mm Na2CO3, 20% methanol, pH 

9.9). Detection of His6 tag was performed according to the method of Burnette (1981) using a 

mouse anti-His monoclonal IgG antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The 

secondary antibody used was a goat anti-mouse IgG-alkaline phosphatase conjugate from Bio-

Rad. The 1 step NBT/BCIP from Thermo Scientific was used to react with the alkaline 

phosphatase and produce dark blue bands. The compositions of the solutions used are presented 

in Appendix A.3.   

2.6.4 Expression of rpfB and purification of full length RpfB 
	  

rpfB expression was induced with 1 mM IPTG which was added to E. coli SHuffle T7 

Express cells grown in 1 L of Superbroth to an OD600nm between 0.6-0.8. Expression took place 

at 30°C for 16-18 hours shaking at 220 rpm.  Cells were harvested by centrifugation for 10 

minutes at 5,000 x g. Cells were stored as a pellet after freezing at -20°C. Cells were lysed using 

a French press after being re-suspended in a lysis buffer 1 (50 mM Tris pH 7.5, 2 mg of DNase, 

2 mg of RNase, and two c0mplete EDTA-free protease inhibitor tablets). The lysate was 

centrifuged at 38,720 x g for 10 minutes at 4°C. The soluble fraction was collected and incubated 

at 4°C with 1 mL of Thermo Scientific Ni-NTA resin with nutating for 1 hour. Prior to 

incubation with the soluble lysate, the Ni-NTA resin was equilibrated in binding buffer 1 (50 

mM Tris.HCl, pH 7.5). The resin was added to a gravity flow column and the resin was washed 

with 6 column volumes (25 mL per CV) of binding buffer 1 at 22°C. RpfB was eluted from the 

column with 5 mL of elution buffer 1 (50 mM Tris.HCl, pH 7.5, 150 mM NaCl and 250 mM 

imidazole). This was concentrated to 2 mL with a 30 kDa cut-off Amicon Ultra centrifugal filter 

from EMD Millipore (Billerica, MA) before desalting. RpfB was desalted by being passed 

through 12 mL of P6 Biogel from Bio-Rad which was equilibrated in 20 mM Tris.HCl pH 8.0.  
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The fractions containing protein, as measured by absorbance at 280 nm, were pooled and 

passed through a GE Source 15Q column attached to a Dionex BioLC system. Solvent A 

contained 20 mM Tris pH 8.0 and solvent B contained 20 mM Tris pH 8.0 and 1 M NaCl. A 

linear gradient was established and the peaks corresponding to absorbance at 280 nm were 

collected in 1 mL fractions. These fractions were analyzed by SDS-PAGE and the gels were 

stained with Coomassie Brilliant Blue. Fractions that contained a band corresponding to RpfB’s 

calculated weight of 37.058 kDa with purity ≥ 95% were pooled and concentrated using an 

Amicon Ultra 0.5 mL Ultracel – 30 kDa filter. 

2.6.5 Expression of rpfBGC and purification of RpfBGC 
	  

The GC in rpfBGC denotes the presence of only the G5 and Rpf catalytic domain. 

Expression of rpfBGC was induced with 1 mM IPTG which was added to E. coli SHuffle T7 

Express cells grown in 1 L of Superbroth to an OD600nm between 0.6-0.8. Expression took place 

at 30°C for 16-18 hours with shaking at 220 rpm. 

Cells were harvested by centrifugation for 10 minutes at 5,000 x g. Cells were stored as a 

pellet after freezing at -20°C. Cells were lysed using a French press after being re-suspended in 

lysis buffer 1. The lysate was centrifuged at 38,720 x g for 10 minutes at 4°C and the soluble 

fraction was collected and incubated at 4°C with 1 mL of Thermo Scientific Ni-NTA resin with 

nutating for 1 hour. The Ni-NTA resin had been equilibrated in binding buffer 1. The resin was 

added to a gravity flow column and allowed to settle for 5 minutes at 22°C. After the lysate 

passed through the column, the resin was washed with 3 column volumes of binding buffer 1 and 

then 2 column volumes of wash buffer 1 (50 mM Tris pH 7.5, 300 mM NaCL, and 25 mM 

imidazole). RpfBGC was eluted with 5 mL of elution buffer 1.  



	  

34 

The eluted fraction was desalted by dialysis in two changes of 1L of 20 mM Tris pH 8.0 

for one hour at 4°C. RpfBGC was injected onto a GE Source 15Q column which was attached to a 

Dionex BioLC system. Prior to injection, this column was equilibrated in solvent A which 

contained 20 mM Tris pH 8.0; solvent B contained 20 mM Tris pH 8.0 and 1 M NaCl. A linear 

gradient of 0 to 100% B was established between solvent A and solvent B at a flow rate of 1 

mL/min. Absorbance was detected at 280 nm and peaks of significant size were collected in 1 

mL fractions.  

Concentration and purity were qualitatively assessed using SDS-PAGE and gels were 

stained with Coomassie Brilliant Blue. Fractions corresponding to the calculated weight of 

RpfBGC of 20.362 kDa were pooled and concentrated to 2 mL using a 10 kDa cut-off Amicon 

Ultra centrifugal filter. RpfBGC was desalted using 12 mL of P6 Biogel from Bio-Rad which was 

packed into a gravity column and had been equilibrated with 20 mM Tris.HCl, pH 8.0. The 

desalted RpfBGC was digested with 40 units of thrombin at 22°C overnight. After digestion, in 

order to remove thrombin and cleaved His6 tag, RpfBGC was passed through 1 mL of p-

aminobenzamidine-agarose and then 1 mL of Ni-NTA-agarose. These resins were equilibrated in 

20 mM Tris.HCl, pH 8.0 prior to exposure to protein.  

The buffer was exchanged by performing dialysis as described earlier using 50 mM 

succinic acid at pH 6.0. RpfBGC was injected onto a GE Source 15S column which was attached 

to a Dionex BioLC system. Solvent A contained 50 mM succinic acid pH 6.0 and solvent B 

contained 50 mM succinic acid pH 6.0 and 1 M NaCl. A linear gradient of 0 to 100% B over 100 

minutes was established and absorbance was detected at 280 nm. Peaks were collected in 1 mL 

fractions and were assessed for the presence of RpfBGC by SDS-PAGE and staining with 

Coomassie Brilliant Blue. Fractions containing a band at a molecular weight corresponding to 
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18.423 kDa, the calculated weight of RpfBGC absent the His6 tag, with a purity of ≥ 95% were 

pooled and concentrated using a Amicon Ultra 0.5 mL Ultracel - 10 kDa filter.    

2.6.6  Expression of rpfBC and purification of RpfBC 
	  

 The C in rpfBC denotes the presence of solely the Rpf catalytic domain found in RpfB. 

rpfBC expression was induced with 1 mM IPTG which was added to E. coli SHuffle T7 Express 

cells grown in 1 L of Superbroth to an OD600nm between 0.6-0.8. Expression took place at 30°C 

for 16-18 hours with shaking at 220 rpm.  

Cells were harvested in the same way as RpfBGC. The Ni-NTA resin had been 

equilibrated in wash buffer 2 (5 mM imidazole, 5% glycerol (v/v), 50 mM Tris pH 8.0, and 300 

mM NaCl) prior to incubation with soluble lysate. The resin was added to a gravity column and 

the lysate was passed through the column. The resin was washed with three column volumes of 

wash buffer 2. 10 mL of elution buffer 2 (300 mM imidazole, 5% glycerol (v/v), 50 mM Tris pH 

8.0, and 300 mM NaCl) was used to elute the target protein from the column. These 10 mL 

fractions were collected in a 3 kDa cut-off Amicon Ultra centrifugal filter and L-arginine was 

added to a final concentration of 50 mM.   

After concentrating the crude protein to 500 µL or less, it was passed through a 0.22 µM 

filter to remove any precipitate before injecting onto two GE Superdex200 10/300 GL columns 

connected in line on a Dionex BioLC system. These columns were equilibrated in storage buffer 

1 (150 mM NaCl, 10% glycerol, 50 mM L-arginine and 50 mM Tris at pH 8.0).  Absorbance was 

measured at 280 nm and peaks of significant size were collected in 500 µL fractions. These 

fractions were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue. Only 

fractions which had a band that corresponded to the calculated weight of RpfBC at 10.466 kDa 
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and were pure ≥ 95% were pooled and concentrated using an Amicon Ultra 0.5 mL Ultracel – 3 

kDa filter. 

  In cases where the His6 tag was cleaved, 40 units of thrombin from GE Healthcare were 

incubated with RpfBC at 22°C for 16-18 hours. Precipitants were removed with a spin at 21,500 

x g for 1 minute and after passing the supernatant through a 0.22 µM syringe. The soluble 

fraction was then passed through 1 mL of Ni-NTA resin and the flow through was passed 

through 1 mL of benzamidine Sepharose 6B from GE Healthcare. Both the Ni-NTA resin and the 

benzamidine Sepharose 6B resin were equilibrated with storage buffer 1. Only fractions which 

had a band corresponding to 8.584 kDa, the calculated weight of RpfBC lacking the His6 tag, and 

had a purity ≥ 95% were pooled and concentrated using an Amicon Ultra 0.5 mL Ultracel–3 kDa 

filter.  

The presence of RpfBC was confirmed using an Agilent UHD 6530 Q-TOF electrospray 

mass spectrometer at the Mass Spectrometry Facility (MSF) of the Advanced Analysis Centre 

(AAC), University of Guelph. A standard ESI source was used and the instrument was operated 

in the positive-ion mode. MassHunter Qualitative Analysis Version B.06.00 software from 

Agilent Technologies was used to perform the data analysis. The m/z spectrum was 

deconvoluted using the Maximum Entropy algorithm in the BioConfirm software from Agilent 

Technologies. 

2.6.7  Protein quantification 
	  

Protein concentration was determined using the Pierce BCA Protein Assay kit (Thermo 

Scientific) according to manufacturer’s instructions.  Working reagent was prepared in a 50:1 

ratio by mixing reagent A (bicinchoninic acid solution) and reagent B (copper (II) sulfate 
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solution). Working reagent was mixed with sample in an 8:1 ratio in triplicate. The standards 

were prepared by mixing dH2O with BSA at the following concentrations in mg/mL: 0.0, 0.1, 

0.2, 0.5, 0.7 and 1.0. The samples were mixed within the wells of the microplate and it was 

incubated at 37°C for 30 minutes. The absorbance was measured at 600 nm. A linear regression 

was performed using the GraphPad software and the concentration was determined after 

interpolating the unknown absorbance readings at 600 nm.  

2.7 Enzyme Assays  

2.7.1  Zymography 
	  

Zymography was performed according to the method of Watt and Clarke (1994). A single 

zymogram was prepared by mixing 4 mg of M. luteus whole cells or purified M. luteus PG with 

MilliQ dH2O and the buffer used in preparation of the resolving gel of a Laemmli SDS-PAGE. 

Sonication was used to prepare a PG suspension. Both the stacking and resolving gel were 

prepared as normal following this alteration. Lysozyme was used as a positive control. After 

loading and running the gel as normal, the gel was rinsed and soaked in dH2O for 30 minutes. 

The gel was then soaked in renaturation solution 1 (25 mM Tris.HCl, pH 6.0, 10 mM MgCl2 and 

0.1% (v/v) Triton X-100) or renaturation solution 2 (25 mM sodium phosphate pH 7.0,10 mM 

MgCl2 and 0.1% (v/v) Triton X-100). The renaturation solution was changed every 30 minutes 

for the first 4 hours. The gel soaked in the renaturation solution at 22°C for 2 days with 

subsequent changes of renaturation solution every 10 hours. After incubation in the renaturation 

solution was complete, the gel was rinsed with dH2O and soaked in a zymogram staining 

solution (0.1% methylene blue and 0.01% KOH) for 2 hours. The gel was destained with water 

until zones of clearing were visible. 
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2.7.2  Turbidometry 
	  

Based on the method of Hash (1967), the decrease in optical density over time of whole 

cells or purified PG from M. luteus as substrate was measured as activity. Substrate was re-

suspended in MilliQ dH2O at a concentration of 0.6 mg/mL by sonication prior to addition to the 

sample wells. Reactions were prepared in 96 well microplates in 200 µL volumes. All reactions 

were assayed in triplicate. Typical assays involved the addition of 100 µL of 0.6 mg/mL 

substrate added to an equal volume of enzyme solution to begin the reactions for a final 

concentration of 0.3 mg/mL PG. Negative controls contained no enzyme and  positive controls 

contained hen egg-white lysozyme (HEWL) at a concentration of 0.5 µM.  The decrease in 

optical density at 600 nm was measured with a BMG FLUOstar Optima microplate reader from 

BMG LABTECH (Ortenberg, Germany) over the course of 10 minutes to 2 hours.  

2.7.3  PG dye release assay 
	  

This assay was based on measuring the fluorescence of soluble fragments of PG released 

from a labeled insoluble PG substrate (Hett et al., 2008). Reactions were conducted at 22°C or 

37°C in microfuge tubes in the dark. The total reaction volume was 50 µL. Reaction solution 1 

(0.2 mg/mL of fluorescently labeled PG, 50 mM HEPES pH 7.0) was mixed with enzyme at 

varying concentrations to begin the reaction. The tubes were mixed and the samples were 

centrifuged for 3 seconds. Incubation times varied from 0 to 96 hours. In order to measure 

fluorescence, the microfuge tubes were centrifuged at 21,000 x g for 10 minutes and between 25 

µL–50 µL of the supernatant was collected. The supernatant was diluted 1/10 with MilliQ dH2O 

and an appropriate amount of buffer so the final concentration would be 50 mM HEPES, pH 7.0. 

150 µL was pipetted into a microplate and analyzed on the BMG FLUOstar Optima microplate 
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reader. The excitation filter was set to 492 nm, the emission filter was set to 515 nm and the gain 

was set to 1100. FITC dye in 50 mM HEPES, pH 7.0 was used as the standard in order to 

determine the appropriate gain so that fluorescence would be output within a detectable range. 

The negative control was a reaction lacking enzyme and the positive control was a reaction that 

contained lysozyme. Samples were assayed in triplicate or quadruplicate. 

2.7.4  Heavy water [18O]H2O assay 
	  

Purified M. luteus PG (1.1 mg) was suspended (with sonication) in 880 µL of 50 mM 

HEPES, pH 7.0 made in 96% [18O]H2O (Herlihey et al., 2014). A typical reaction involved the 

addition of 2 µL of enzyme solution to 48 µL of the PG-[18O]H2O suspension. The negative 

control was either a reaction of 2 µM Slt70 in a 25 mM tripartite buffer known as CCH (citric 

acid, CHES and HEPES) pH 5.5, 100 mM NaCl, 0.0025 mg/mL BSA or no enzyme. RpfBC was 

added at a concentration of 12 µM, and the positive control contained mutanolysin. In the case of 

the negative control with no enzyme 2 µL of dH2O was used. The negative control reaction with 

Slt70 was performed at 37°C for 16 hours. All other reactions were performed for 66 hours at 

37°C. The reaction mixtures were centrifuged at 21,000 x g for 5 minutes and the soluble 

fraction was filtered with an EMD Millipore Ultrafree–MC–GV 0.22 µM PVDF filter. Samples 

were frozen at -20°C for storage before analyses by liquid chromatography–mass spectrometry 

(LC-MS) which were performed in the MSF within the AAC at the University of Guelph. 

Injection of samples into an Agilent Technologies 1260 Infinity liquid chromatograph 

interfaced to an Agilent Technologies 6540 UHD accurate Mass Q-TOF mass spectrometer was 

performed. An Agilent Technologies AdvanceBio Peptide Map C18 2.1x100mm 

chromatographic column was used for separation. Initially the mobile phase conditions were as 
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follows: 2 minutes at 98 % water (0.1 % formic acid) and 2% acetonitrile (0.1% formic acid). 

Then a multistep gradient to 60% acetonitrile took place in 38 minutes, followed by a linear 

increase to 100% acetonitrile at 50 minutes. The flow rate was 0.2 mL/min throughout the run. 

The mass spectrometer electrospray capillary voltage was maintained at 4.0 kV and the drying 

temperature was set at 350°C with a flow rate of 5 L/min. Nebulizer pressure was 15 psig. 

Nitrogen was used as nebulizing, drying, and collision gas. The mass-to-charge ratio was 

scanned across the m/z range 300–2000 and the MS/MS mass range was scanned from 50-3000 

m/z in the positive-ion auto MS/MS mode. The auto MS/MS mode was setup to fragment 3 

precursor ions per cycle (1 spectrum/s) with collision energy set 2.5 eV offset and linearly 

increased up to 100 eV for 3000 m/z. 

2.7.5 Whole PG analysis 
	  

Lytic reactions were set up with 21 µM RpfBC, 50 mM HEPES pH 7.0, and 3.3 mg/mL 

of M. luteus PG in a total volume of 100 µL. The micro-centrifuge tube containing the reaction 

mixture was mixed with inversion and was centrifuged at a low speed for 3 seconds prior to 

incubation at 37°C. After 91 hours, the reactions were frozen at -20°C for storage until analysis. 

Reactions were thawed at 22°C and centrifuged at 21,000 x g for 15 minutes. The soluble 

fraction was collected and 50 µL was reduced with the addition of 10 mg/mL NaBH4 in 0.5 M 

borate buffer pH 8.2 for 1 hour at 22°C. The reaction was neutralized with 20 µL of 20% 

phosphoric acid. The pH of the remaining 50 µL of supernatant was adjusted to pH 6.2 with a 

final concentration of 50 mM MES. Ten units (U) of mutanolysin and dH2O to bring the final 

volume to 100 µL were added to the reaction prior to incubation at 37°C for 22 hours. The 

insoluble fraction was treated with 10 U of mutanolysin in the same way as the remaining 50 µL 

of the soluble fraction. The reactions incubated with mutanolysin were reduced in the same way 
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as the soluble fraction was. A control sample with 3.3 mg/mL of PG, 50 mM MES pH 6.2 and 20 

U of mutanolysin was prepared. This sample was digested for 7 days at 37°C and then treated in 

the same way as the previous samples. The volumes of all samples were adjusted to 150 µL with 

dH2O and were injected into a Dionex UHPLC UltiMate 3000 liquid chromatograph interfaced 

to a Bruker Daltonics (Billerica, MA) amaZon SL ion trap mass spectrometer. 

 LC-MS work was performed in the MSF of the AAC at the University of Guelph. A 

Phenomenex (Torrance, CA) C18 Kinetix 2.6 micron particle size 150 mm x 4.6 mm column 

was used for chromatographic separation. The initial mobile phase conditions were 95 % water 

(0.1 % formic acid) and 5% acetonitrile (0.1% formic acid) then a multistep gradient to 100% 

acetonitrile in 35 min. The flow rate was maintained at 0.4 mL/min. The mass spectrometer 

electrospray capillary voltage was maintained at 4.5 kV and the drying temperature at 220 C with 

a flow rate of 10 L/min. Nebulizer pressure was 40 psi. Nitrogen was used as both the nebulizing 

and drying gas; helium was used as collision gas at 60 psi. The mass-to-charge ratio was scanned 

across the m/z range 70–1000 in enhanced resolution positive-ion and or negative ion auto 

MS/MS mode. The Smart Parameter Setting (SPS) was used to automatically optimize the trap 

drive level for precursor ions. The instrument was externally calibrated with the Agilent 

Technologies ESI TuneMix.	  

2.8  In silico analyses 
	  

DNA sequences were manipulated for cloning purposes using A plasmid Editor (ApE)2 

and Sequence Massager. Sequence alignments were performed using ClustalW2 (Chenna et al., 

2003). The Boxshade server3 was used to display the sequence alignment output of ClustalW2. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  http://biologylabs.utah.edu/jorgensen/wayned/ape/	  
3	  http://www.ch.embnet.org/software/BOX_form.html	  
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SignalP 4.0 was used to identify the location of signal peptides (Bendtsen et al., 2004). The 

ProtParam tool was used to identify the theoretical mass and pI of the proteins that were studied 

(Gasteiger et al., 2005). PyMOL was used to examine protein structures and the Dali server4 was 

used to align protein structures. ImageLab version 4.0 from Bio-Rad was used to manipulate 

images of SDS PAGE gels and Western blots. 

 

 

 

 

 

 

 

 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  http://ekhidna.biocenter.helsinki.fi/dali_server/start	  
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Chapter 3: Results 

3.1 Isolation and purification of PG 
	  

A total of 362 mg PG was isolated and purified from 5 g of commercially available 

lyophilized M. luteus whole cells using the boiling SDS procedure. Following 

ultracentrifugation, the PG collected had a clear gelatinous appearance at the top of the pellet, 

with a pure white appearance throughout the bottom of the pellet.  The PG appeared white and 

fluffy after lyophilisation. 

3.2  rpfB and ripA construct plasmid DNA 
	  

After rpfB and ripA were PCR-amplified from M. tuberculosis H37Rv genomic DNA, 

they were ligated into the pCR-Blunt II-TOPO vector. SignalP 4.0 was used to detect the 

presence of signal peptide coding sequences and the genes amplified lacked this domain. The 

resulting plasmids harbouring rpfBTOPO and ripATOPO were transformed into E. coli DH5α. 

These two genes were then sub-cloned from these new plasmids into pET-28a. This produced 

rpfBpET28a and ripApET28a, and the corresponding plasmids were subsequently transformed 

into two expression strains of E. coli: BL21 Star (DE3) and SHuffle T7 Express. Small scale 

expression trials produced only insoluble RpfB based on SDS-PAGE analysis of whole cell 

homogenates. 

 rpfB was sub-cloned from the pET-28a vector into a pET-30a vector so that its protein 

product would now possess a C-terminal His6 tag. The stop codon was removed. rpfBGC, a 

construct of rpfB lacking the coding sequence for three DUF348 domains, was produced by 
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amplifying only the encoding sequences for the G5 and catalytic domains from either 

rpfBpET28a or rpfBpET30a thereby coding for an N-terminal or C-terminal His6 tag, 

respectively. Additionally, another construct encoding only the catalytic domain of RpfB was 

amplified and cloned into pET-28a or pET-30a to provide protein products with either an N-

terminal or C-terminal His6 tag, respectively. rpfBpET28a and rpfBpET30a were transformed 

into the same two expression strains as the previous constructs and in E. coli BL21 (DE3). These 

constructs were transformed into multiple strains in order to maximize the chance of finding 

conditions which would allow for the production of an active and stable form of RpfB in high 

quantities.  

3.3  Production, purification and initial activity testing 

3.3.1 Production of soluble RipA 
	  

Small scale expression trials were performed to identify optimal conditions for 

expression of ripA from ripApET28a in E. coli SHuffle T7 Express.  Samples of whole cell 

homogenates were collected 3 hours after induction with 1 mM IPTG and analyzed by SDS-

PAGE with Coommassie Brilliant Blue staining and Western blot analysis.  As the gels in Figure 

3.1 indicate, optimal expression of ripA from this construct occurred at 30°C. Furthermore, RipA 

was produced in soluble form.  However, due to time constraints, its purification was not 

pursued. 
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Figure 3.1: SDS-PAGE analysis of RipA production from ripApET28a. The 12 % gel was stained with Coomassie 
Brilliant Blue (right) and Western blot analysis was performed (left). Two separate expression trials were conducted 
at 30°C (A1, A2) and 22°C (B1, B2) using whole cell lysate.   

	  

3.3.2  Production, purification and preliminary analysis of soluble RpfB 
	  

Production of RpfB in soluble form proved to be more challenging and it was 

complicated by the unknown nature of its enzymatic activity.  Consequently, this task became 

the central focus of this thesis research. RpfB, RpfBGC and RpfBC were eventually purified using 

strategies employed previously (Ruggiero et al., 2007, 2009; Zhu et al., 2003) with 

modifications.  

All attempts to produce soluble RpfB possessing an N-terminal His6 tag failed. Thus, 

induction of cells with varying concentrations of IPTG and incubation temperatures varying from 

15°C to 30°C always resulted in the production of insoluble protein aggregates. Without 

knowledge of the enzymes activity, no attempt was made to re-solubilize the recombinant protein 

through denaturation-renaturation protocols. 
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Through site-directed mutagenesis to remove the stop codon and sub-cloning of rpfB into 

a pET-30a, RpfB was His6 tagged at the C-terminus. Appropriate rpfB expression conditions 

were identified and soluble RpfB was produced by growing E. coli SHuffle T7 express 

containing rpfBpET30a in 1 L volumes of Superbroth. A protein with a relative molecular weight 

of 38 kDa which corresponds to the expected mass of 37.058 kDa for RpfB was detected (Figure 

3.2).  However, zymography did not yield the expected results for RpfB. It was expected that 

RpfB would be able to produce a zone of clearing, similar to that of other muralytic enzymes. 

Lysozyme was able to effectively produce a zone of clearing, but in contrast RpfB appeared to 

stain darker. After 48 hours of incubation at 22°C, a very faint band of clearing appeared in the 

area corresponding to RpfB. Zymograms were prepared several times under various conditions 

and panel B of Figure 3.2 is the best one. 

 

 
 
 
 
 
 

Figure 3.2: SDS-PAGE and zymographic analysis of purification of RpfB by Ni-NTA chromatography. Panel A, 
SDS-PAGE analysis with Coommassie Brilliant Blue staining: Ins, insoluble fraction; FT, flow through; B, Binding 
buffer wash 1 or 2; W, Wash buffer 1 or 2; E, Elution. Panel B, zymogram with M. luteus PG and after 2 days of 
renaturation. The samples were run without a reducing agent and the zymogram was stained with 0.1% methylene 
blue and 0.01% KOH to help visualize zones of clearing which denote activity.  E, eluted fractions; HEWL, hen 
egg-white lysozyme positive control.  The apparent masses of the molecular weight standards (M) are on listed on 
the left of each panel, the blue arrows denote the position of RpfB, and the white arrow denotes the position of 
HEWL. 
 

Anion-exchange chromatography on SourceQ was used for a final purification step for 

the purification of RpfB. Under the conditions of buffer strength and pH employed, RpfB began 

to elute with 80 mM NaCl and continued to elute at low concentrations over the course of the 
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gradient application. Fractions which appeared to contain only RpfB, as determined by A280 

measurements coupled with SDS-PAGE analysis (Figure 3.3) were pooled and concentrated. On 

average, 500 – 750 µg of RpfB was purified from 1 L of culture to ≥ 95% purity by this protocol 

as determined by SDS-PAGE analysis and densitometry. 

 

 

Figure 3.3: Further purification of RpfB by anion-exchange chromatography on SourceQ. RpfB in 10 mM Tris pH 
8.0, 20% glycerol was loaded onto a column containing Source 15Q resin attached to a Dionex BioLC HPLC. A 
stepwise gradient (dotted line) was used. The first step was at 100 mM NaCl after 2 minutes, and at 34 minutes the 
next step was 200 mM NaCl. This was used to elute contaminants (bands seen in lanes: 5, 6, 25 and 26) and then 
RpfB as described in Materials and Methods. Panel A, A280 nm trace of protein elution; the numbers correspond to the 
fractions collected.  Panel B, SDS-PAGE analysis with Coomassie Brilliant Blue staining of respective fractions as 
listed. M, Bio-Rad Precision Plus Protein Standards; blue arrow, RpfB.  
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The turbidometric assay of Hash (Hash, 1967) was used to determine the lytic activity of 

RpfB.  This assay involves measuring the decrease in optical density at 600 nm over time of an 

insoluble PG substrate; if the PG is cleaved by the enzyme in question then a decrease would be 

observed. Panel A of Figure 3.4 presents the SDS-PAGE analysis of the RpfB samples that had 

been concentrated and then used in the turbidometric assay. As can be seen, the samples appear 

to be homogeneous thereby discounting the possibility of any false positive result due to the 

potential presence of a contaminating PG-active enzyme.   

The lytic reaction was monitored for various lengths of time. Initially, optical density was 

monitored for 10 minutes with recordings every minute. Under these conditions, there was no 

observable difference between the samples and a negative control and so the reactions were 

monitored for one hour and, then subsequently, for two hours. These data are presented in Figure 

3.4 panel B, which clearly demonstrate the decrease in turbidity of the PG suspensions over time.  

Using this assay, a specific activity for RpfB was determined to be 0.328 ΔOD600.min-1.µmole 

protein-1. 
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Figure 3.4: Turbidometric analysis of RpfB.  Panel A, SDS-PAGE analysis of concentrated RpfB fractions obtained 
by anion-exchange chromatography. M, Bio-Rad Precision Plus Protein Standards;.  Panel B, turbidometric assay 
measuring the decrease in optical density of a 0.3 mg/mL M. luteus PG suspension in 25 mMTris.HCl buffer, pH 
6.0, over time. The samples were assayed in triplicate and the value of the mean for each measurement taken every 
60 seconds for 60 minutes are presented. The values for each sample were normalized to the measurement taken 
after the first 60 seconds. 
 

3.3.3  Production, purification and initial activity testing of soluble RpfBGC 
	  

As both the yield and activity of purified RpfB were very low, an attempt was made to 

engineer the enzyme in a more soluble and active form. Thus, the coding sequence for the G5 

and catalytic domains of RpfB was cloned from rpfBpET28a to produce rpfBGCpET28a. This 
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construct was transformed into two E. coli expression strains: BL21 Star (DE3) and SHuffle T7 

express. The latter of the two was selected and used as the expression strain. Cells were grown to 

an OD600 of 0.6-0.8 in Superbroth and then induced for gene expression with 1 mM IPTG. 

Induction took place for 16-18 hours at 30°C with shaking at 220 r.p.m.  

The purification protocol used for RpfBGC was similar to that developed for RpfB. 

Overall yields were slightly higher as 0.8-1.0 mg per L protein was recovered. Western blot 

analysis (Figure 3.5, panel A) provided a molecular weight of approximately 21 kDa for the His-

tagged protein which corresponds closely to 20.362 kDa, the calculated molecular weight of 

RpfBGC. However, RpfBGC appeared to degrade; there were several degradation products evident 

on the Western blot below the band corresponding to RpfBGC. Additionally, anion-exchange 

chromatography was insufficient to achieve ≥ 95% purity as determined by SDS-PAGE with 

Coomassie Blue staining (Figure 3.5, Panel B). Subsequent thrombin digestion produced a 

product with an apparent molecular weight of approximately 18.5 kDa which corresponds to the 

calculated expected molecular weight of RpfBGC lacking the His6 tag of 18.48 kDa. Thrombin 

was removed with p-aminobenzamidine agarose. RpfBGC was subjected to cation-exchange 

chromatography and the desired purity was achieved. Unfortunately however, white opaque 

protein precipitate formed throughout the purification process. 
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Figure 3.5: Purification of RpfBGC. Panel A, Western blot analysis of RpfBGC following purification by Ni-NTA 
chromatography. M, Bio-Rad Precision Plus Protein Standards; I, insoluble fraction; S, soluble fraction; FT, flow 
through; B, binding buffer wash; W, wash buffer wash; E, elution. Panel B, SDS-PAGE analysis with Coomassie 
Brilliant Blue staining of RpfBGC purification by anion- and cation-exchange chromatographies. IMAC, fraction 
collected by Ni-NTA chromatography; AEX, anion-exchange chromatography; THR, thrombin digestion; p-A, p-
aminobenzamidine; Ni-N, second Ni-NTA chromatography; CX1-3, flow-through fractions from cation-exchange 
chromatography; CXE and CXEC, initial and concentrated fraction eluted from cation-exchange resin, respectively. 
 

Once RpfBGC was purified and concentrated, the limited amount of pure protein available 

was tested in a turbidometric assay in order to assess activity. RpfBGC was found to be inactive 

as it achieved the same level of turbidity decrease as the negative control (Figure 3.6); this slight 

decrease arises from settling of the substrate during prolonged incubation.  Increasing the 

concentration of RpfBGC had a surprising effect; increases in turbidity were observed (Figure 

3.6). This increase in turbidity may reflect precipitation of the added enzyme over the course of 

the incubation. 
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Figure 3.6: Turbidometric assay of RpfBGC. RpfBGC or lysozyme (positive control) at the concentrations indicated 
were incubated with 0.3 mg/mL PG suspensions in25 mM Tris pH 6.0.  Assays were performed in triplicate and the 
value of the mean for each measurement taken every 60 seconds for 120 minutes was plotted. The values for each 
sample were normalized to the measurement taken after the first 60 seconds.   

 

3.3.4  Production, purification and preliminary characterization of soluble RpfBC 
	  

With the failure to produce a stable and active form of RpfB involving its catalytic and 

G5 domains, an attempt was made to produce only its catalytic core. rpfBCpET28a harbouring 

this engineered form of rpfB was transformed into E. coli SHuffle T7 express. Induction was 

again achieved with the addition of 1 mM IPTG (final concentration) to 1 L of culture grown in 

Superbroth to an OD600 of 0.6-0.8. Cells were induced for 16-18 hours at 30°C with shaking at 

220 r.p.m. RpfBC was isolated from cell homogenates by Ni-NTA chromatography and then 

purified to ≥ 95 % by gel filtration on Superdex 200 resin. A thick band with an apparent 

molecular weight of 11 kDa was observed by SDS-PAGE and Western immunoblot analysis 

confirmed the protein was His-tagged (Figure 3.7).  This apparent molecular weight corresponds 

to the calculated molecular weight of RpfBC of 10.335 kDa.  
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Figure 3.7: Purification and zymography of RpfBC.  Panel A, SDS-PAGE on 13% Tricine gels and Western 
immunoblot analysis of RpfBC purification by Ni-NTA chromatography. Panels B and C, zymography of  respective 
fractions involving washes with either renaturation solution 1 or renaturation solution 2, respectively. M, Thermo 
Scientific Page Ruler Prestained protein ladder; INS, insoluble fraction; FT, flow through; W, wash buffer; ER, 
elution with 1% 2-mercaptoethanol; E, elution 2-mercaptoethanol; P, precipitate; PatB, peptidoglycan O-
acetyltransferase from Neisseria gonorrhoea; Lys, lysozyme. 

 
RpfBC yield following the complete purification protocol was 220 µg per 1 L of culture 

as determined using a BCA assay. Attempts were made to cleave the His6 tag from the protein 

during its purification. Digestion with thrombin was performed at room 4°C and 22°C for either 
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5 or 16 hours. The highest amount of His6 tag-free RpfBC was obtained following thrombin 

incubation at 22°C for 16 hours. This form of the protein was subjected to QTOF-MS analysis. 

The most abundant compound detected had a mass to charge ratio of 8.582 kDa for the 

singularly charged species (Table 3.1). This corresponds very closely to the theoretical molecular 

weight of RpfBC lacking the His6 tag, 8.584 kDa.  

Table 3.1: QTOF-MS analysis of purified RpfBC. Abundance of each species is listed as both 
relative units detected and as a percentage of the total. 

Compound # m/z Abundance 
RU                   % 

1 8582.4776 8522652.01 48.7 
2 8070.8855 2114017.38 12.1 
3 8000.0087 1966704.68 11.2 
4 8227.1725 1942783.27 11.1 
5 8603.9895 1379758.77 7.9 
6 8626.2635 640094.99 3.7 
7 8103.5569 179622.41 1.0 
8 8092.3699 158596.43 0.91 
9 8053.6496 156426.27 0.89 
10 6976.8258 116597.81 0.67 
11 6880.4023 110457.43 0.63 
12 7969.9186 71435.19 0.41 
13 6641.1414 52642.69 0.30 
14 14271.0102 41450.42 0.24 

 

Protein precipitation occurred almost immediately upon removal of the His-tag by the thrombin 

digestions which significantly reduced yields in concentrations of RpfBC (Figure 3.8). For this 

reason, His6 tag removal was abandoned as a method of further purifying RpfBC.  
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Figure 3.8: RpfBC His6 tag cleavage and purification to ≥95% purity. Samples loaded on 13% Tricine gels were 
separated at 200 V for 32 minutes. Panel A and B, samples before and after thrombin digestion for 3 hours at 22°C 
analyzed by staining with coomassie and Western blot, respectively. Panel C, fractions collected during the course 
of gel filtration that gave rise to significant peaks as measured by absorbance of 280 nm. M, Thermo Scientific Page 
Ruler Pre-stained protein ladder; INS, insoluble fraction; FT, flow through; EC, first Ni-NTA chromatography 
elution concentrated; P, precipitate; TC, thrombin cleavage; Ni, second Ni-NTA chromatography flow through; NiE, 
elution of second Ni-NTA chromatography column; 1-7, fractions collected during gel filtration (fractions 4,5 and 6 
contain RpfBC). 

  
Turbidometry using purified M. luteus PG was used again to test the activity of the 

purified RpfBC. Despite repeated trials with various alterations in experimental parameters, such 

as buffer pH and the addition of glycerol, RpfBC never decreased the optical density of the PG 

suspension more than the negative control (Figure 3.9). Thus, despite earlier indications that 

RpfB is active at pH 6 (Figure 3.4), this form of it was not active at all at pH 5.5 to pH 7.0 

despite the varied buffer components used.  
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Figure 3.9: Turbidometry of RpfBC. RpfBC that was added to the reactions was in a storage buffer (50 mM Tris pH 
8.0, 150 mM NaCl, 10% glycerol). Reactions in panel A contained 0.3 mg/mL M. luteus PG suspension, 25 mM 
Tris pH 6.0 and RpfBC - His6. The reaction in panel B contained 25 mM HEPES pH 7.0, 2.5% glycerol, 37.5 mM 
NaCl and RpfBC+His6. Absorbance at 600 nm was measured every 60 seconds for 60 minutes. The values for each 
sample were normalized to the measurement taken after the first 60 seconds.    
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Figure 3.10: Turbidometric assay of RpfBC lacking the His6 tag in various buffers. Reactions were composed of a 
0.3 mg/mL M. luteus PG suspension in one of the buffers at the concentration listed in the graph titles and varying 
concentrations of RpfBC. Absorbance at 600 nm was measured every 60 seconds for 60 minutes. The values for each 
sample were normalized to the measurement taken after the first 60 seconds.    

 
In conducting this pH trial, it became evident that pH affected the behaviour of PG 

suspensions in the absence of added enzyme. Under weakly acidic conditions, the optical density 

of solutions appeared to decrease at a greater rate compared to those under more neutral and 

basic conditions. This phenomenon was observed earlier with the analysis of both RpfB and 

RpfBGC. Consequently, it was impossible to determine if the enzyme was active using this assay. 

For this reason, an alternative method was adopted which involved monitoring the release of 

substrate labelled with a fluorescent dye. 
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3.4  RpfBC activity assessed with FITC-PG 
	  

To prepare the substrate for the fluorescence-based assay, FITC was incubated with M. 

luteus whole cells; this reagent binds covalently to the peptide side chains in the PG. Purified PG 

was also incubated with FITC and this substrate was compared to the whole cell substrate. Both 

substrates were digested with lysozyme and fluorescent dye release was measured, as seen in 

Figure 3.11. Under the conditions employed, the labelled purified PG gave a stronger response 

when digested with the same amount of lysozyme compared to the labelled cells. Importantly, 

the lysis was dependent on enzyme concentration. Increasing enzyme concentrations caused 

greater dye release. Therefore, it was chosen as the substrate to be used in the dye release assay 

for the detection of lytic activity. 

 

Figure 3.11: Lysozyme-catalyzed dye release from FITC-labelled substrates. Samples (0.1 mg/mL) of M. luteus 
whole cells and M. luteus purified PG labelled with FITC in  50 mM HEPES pH 7.0, were treated with either 0, 2.8 
or 5.6 µM lysozyme and  incubated at 22°C for 16 hours.  The supernatant containing the solubilized fragments was 
collected by centrifugation at 21,100 x g for 5 minutes and  fluorescence was measured on a BMG FLUOstar 
Optima with an excitation filter of 490 nm and emission filter of 520 nm. Each sample was prepared in 3 separate 
reactions; the mean and the standard error of measurements are shown. 	  	  
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RpfBC was able to digest the purified M. luteus PG labeled with FITC, as measured by 

the increase in fluorescence associated with reaction supernatants when compared with the 

negative (blank) control. The reaction was performed in 50 mM HEPES pH 7.0 and at 22 °C 

(Figure 3.12). As with lysozyme, increasing RpfBC concentrations resulted in greater 

fluorescence release. Likewise, increasing the temperature of reactions to 37 °C resulted in 

increased reaction while the fluorescence observed in the negative controls remained the same. 

All subsequent reactions were performed using this latter temperature.  

 

Figure 3.12: Influence of temperature and RpfBC concentration on dye release from M. luteus PG.   Labelled PG 
(0.1 mg/mL) in 50 mM HEPES pH 7.0, was incubated with RpfBC at the concentrations indicated for 40 hours.  The 
supernatant containing the soluble fragments was collected by centrifugation at 21,100 x g for 5 minutes. Reactions 
in panel A were incubated at 22°C and reactions in panel B were incubated at 37°C. Fluorescence was measured on 
a BMG Fluostar Optima with an excitation filter of 490 nm and emission filter of 520 nm. Each sample was 
prepared in 4 separate reactions; the mean and the standard error of measurement are shown. 	    

 
Optimal buffer conditions of composition and pH were established for RpfBC lysis. As 

seen in Figure 3.13, 50 mM HEPES pH 7.0 appeared to produce the most consistent results in 

addition to the highest fluorescence when comparing samples to negative controls. All 

subsequent reactions were thus performed in 50 mM HEPES, pH 7.0. However, short reaction 

times, such as 3 hours, were insufficient to produce results differing from the negative control. In 

addition to the weak activity observed, at least under the in vitro conditions employed, the extent 
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of RpfBC activity appeared to be limited. Thus, there was minimal to no difference in the amount 

of fluorescence released in reactions incubated for 48 and 72 hours (Figure 3.13). 

 

 

Figure 3.13: Determination of optimal assay conditions for RpfBC activity. The activity of RpfBC was determined 
under the conditions shown using 0.1 mg/mL FITC labelled PG as substrate. Reactions were carried out at 37°C for 
~40 hours (Panel A) or 72 hours (Panel B).    Fluorescence was measured as described in the legend to Figure 3.12.  
Each sample was prepared in 4 separate reactions; the mean and the standard error of measurement are shown.  
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The time dependence of reactions under optimal conditions was further investigated.  

Measurements of fluorescence release were made over a 22 hour period. As the data of Figure 

3.14 show, no dye release was detected at any time below 3 hours. Moreover, fluorescence 

measured in the soluble fraction between 8 and 16 hours appeared to be similar. Panel B and C 

of Figure 3.14 show the effects of various concentrations of RpfBC over 22 hours. In both panels, 

concentrations of RpfBC over 10 µM appear to have about the same fluorescence in the soluble 

fraction. The detection limits of the BMG FLUOstar Optima plate reader were established to be 

2 nmol of FITC with the gain set at 1100.  
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Figure 3.14: Dye release measured with various concentrations of RpfBC. Panel A, samples measured over the 
course of 16 hours; reactions were performed at 37°C with 12.18 µM RpfBC and 0.167 mg/mL FITC-PG substrate. 
Panel B, dye release after 22 hours at 37°C with various concentrations of RpfBC; FITC-PG was at a concentration 
of 0.167 mg/mL. Panel C,  dye release after 22 hours at 37°C with various concentrations of RpfBC; the blue bars 
represent FITC-PG at 0.167 mg/mL and the red bars represent FITC-PG at 0.333 mg/mL. Reactions were prepared 
in 50 µL volumes. The supernatant containing the soluble fragments was collected by spinning the samples at 
21,100 x g for 5 minutes. A 1/10 dilution was prepared before measuring fluorescence. 150 µL was measured in a 
BMG FLUOstar Optima with an excitation filter of 490 nm and emission filter of 520 nm. Each sample was 
prepared in 3 separate reactions; the mean and the standard error of measurement are shown.  

3.5  Identification of RpfBC reaction products 

3.5.1  Heavy water ([18O]H2O) assay 
	  

The recently developed [18O]H2O based assay (Herlihey et al., 2014) was employed to 

determine whether RpfBC functions as a lytic transglycosylase or a hydrolase. Lytic 

transglycosylases use the C6 hydroxyl of N-acetyl muramic acid to effect lysis of the glycosidic 

linkage between NAM and NAG residues in PG whereas hydrolases add H2O across the bond.  
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Hence, the detection of 18O in reaction products by mass spectrometry identifies the activity as 

hydrolytic.  M. luteus PG resuspended in 50 mM HEPES, pH 7.0 in [18O]H2O was prepared as 

substrate. After incubation of the reaction mixture for 48 hours at 37°C, the soluble fraction was 

isolated and analyzed by QTOF mass spectrometry.  For this experiment, mutanolysin was used 

as a positive control for hydrolysis lytic transglycosylase Slt70 served as the negative control.  

Without the incorporation of 18O, the isotopic distribution of reaction products produced by the 

LT remains natural which resembles a descending staircase with 16O as the most abundant 

isotope (Figure 3.15). On the other hand, detection of an isotopic distribution with the third peak, 

or “stair”, corresponding to 18O, equal to or greater than the height of the 16O peak, is indicative 

of a hydrolytic reaction. This is exemplified in Panel A of Figure 3.16 which presents the 

analysis of soluble reaction products liberated by mutanolysin.   

Having validated the assay, the isotopic distribution of reaction products generated by 

RpfBC was analyzed.  Figure 3.15 presents the isotopic distribution of the most abundant 

fragment detected by QTOF-MS analysis.  After fragmentation by MS/MS, this PG product was 

identified as a disaccharide with tetra-peptide attached (Panel B, Figure 3.16). This isotopic 

distribution matched that of the fragment produced by the hydrolase, mutanolysin; it contained 

an un-natural abundance of 18O. The second most abundant fragment was identified as the 

disaccharide N-acetylglucosamine bound to N-acetyl muramic acid with a penta-peptide attached 

(Panel B, Figure 3.16).  Again, this is a hydrolytic product of muramidase activity and it too 

possessed an un-natural abundance of 18O (Panel A, Figure 3.17). 
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Figure 3.15: LC-ESI-QTOF MS analysis of lytic activity of RpfBC on M. luteus PG. The extracted ion 
chromatogram for ions containing a mass corresponding to N-acetylglucosamine lacking H2O is shown. PG in 50 
mM HEPES pH 7.0, prepared in [18O]H2O was incubated with 12.7 µM RpfBC at 37°C for 66 hours.  The 
supernatant containing the soluble fragments was collected by centrifugation at 21,100 x g for 5 minutes. The red 
arrows indicate the identification of peaks with [18O]H2O altered masses and the MS/MS for compounds 1 and 2 
were used for the identification of each the compound’s structure.  
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Figure 3.16: MS/MS results for compound 1.  The parent ion of compound 1 had an m/z of 477 and a z = 2 (i.e., 
total mass of 953 Da). Panel A shows the fragmentation pattern for compound 1. Panel B shows the structure of 
compound 1.   
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Figure 3.17: MS/MS results for compound 2.  The parent ion of compound 2 had an m/z of 512 and a z = 2 (i.e., 
total mass of 1024 Da). Panel A shows the fragmentation pattern for compound 2. Panel B shows the structure of 
compound 2.   

 

3.5.2  Whole PG analysis 
	  

In the hopes of identifying whether RpfBC was an endo- or exo- acting enzyme, the 

reaction products of RpfBC were examined by separation with RP-HPLC and subsequent 

analysis by LC-ESI-MS. Reactions were incubated at 37°C for 91 hours and contained: 21 µM 

RpfBC, 3.3 mg/mL M. luteus PG suspension, and were buffered with 50 mM HEPES pH 7.0. 

Following incubation,  three fractions were prepared: fraction S, contained the reduced soluble 

fraction; fraction S+M, contained the soluble fraction treated with 10 U of mutanolysin at 37°C 

for 24 hours that was then reduced; INS+M, contained the pellet following the reaction with 

RpfBC that was treated in the same fashion as fraction S+M. The RpfBC reaction was compared 

to the digestion of the same M. luteus PG at 3.3 mg/mL with mutanolysin over 24 hours at 37°C 

(Figure 3.18).  

The soluble fraction collected after RpfBC digestion did not have any detectable major 

fragments by MS on the Ion-Trap. The soluble fraction treated with mutanolysin after RpfBC 

digestion had a number of fragments that appeared to be unique to this digestion compared to 

that of mutanolysin alone. That mutanolysin digestion was required to detect these PG 

metabolites in the soluble fraction suggests they were originally oligomeric, if not polymeric, in 

structure; if RpfBC were exo-acting then there should have been some product detectable in the 

soluble fraction prior to treatment with mutanolysin.  The insoluble fraction gave the same result, 

further suggesting that RpfBC is endo-acting.  
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Figure 3.18: MS analysis of PG digestion by RpfBC and mutanolysin. M. luteus PG was treated at 37°C with either 
mutanolysin (red line) or RpfBC (yellow line) and the soluble fractions were analyzed by RP-HPLC and ESI-MS.  
An aliquot of the soluble fraction of the RpfBC digestion was further incubated with mutanolysin (blue line).  

 

 

 

 

 

 

 

 



	  

70 

Chapter 4: Discussion 
	  

 The main objective of this work was to classify resuscitation promoting factor B (RpfB) 

as either a lytic transglycosylase or a hydrolase. The secondary objectives of this work were to: 

(a) identify the combined reaction product of RpfB and resuscitation promoting factor interacting 

protein A (RipA), (b) classify RpfB as endo- or exo- acting and (c) in the event RpfB was a 

hydrolase, classify it as a muramidase or N-acetylglucosaminidase. While admittedly 

preliminary, the results of this work show that the catalytic domain of RpfB (RpfBC) functions as 

a hydrolase that is likely endo- acting. Whether RpfBC functions as a muramidase or N-

acetylglucosaminidase remains unclear. Study of the reaction products of the combined activity 

of RpfB and RipA was not pursued for technical reasons; it remains an area of interest.   

4.1 Experimental approach 
 

 Despite there being published work on the production and purification of full length and 

truncated RpfB (Ruggiero et al., 2007, 2009; Zhu et al., 2003), this work sought to identify new 

possibilities in the production of RpfB. Throughout the literature, activity data on RpfB is scarce 

and analyses are rudimentary.  However, the reasons for this became evident during the course of 

these studies as several challenges and obstacles had to be overcome. At the outset, the intention 

was to work with the most complete form of the enzyme. RpfB from M. tuberculosis was chosen 

as the enzyme model because of the clinical relevance of this bacterium. Additionally, this 

enzyme was the focus of the majority of the previously published work. Given this, it was very 

intriguing that the exact nature of this enzyme’s activity remained unknown for so long. To my 
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knowledge, the only study available regarding this was that by Zhu et al. (2003) who purified 

RpfB with a C-terminus His6 tag but with a less than desirable degree of purity at 40%. 

4.1.1 Enzyme Handling, Storage and Purification 
	  

 There were four constructs produced: RpfB, RpfBGC, RpfBC and RipA. The focus of the 

work was on obtaining a high enough yield of a pure and active form of RpfB. For this reason, 

research on RipA was put on hold and never resumed. Expression of rpfB with an N-terminal 

His6 tag under various growth conditions failed to produce soluble protein. Zhu et al. (2003) 

successfully expressed rpfB with a C-terminal His6 tag and so rpfB was cloned into a pET-30a 

vector, changing the location of the His6 tag to the C-terminus. Previous studies found that 

resuscitation activity was impaired when the two conserved cysteines that form a disulfide bridge 

(C53 and C114 in M. luteus Rpf) were replaced singularly. Replacement of both nearly 

completely abolished activity (Cohen-Gonsaud et al., 2005; Telkov et al., 2006) indicating the 

importance of this structural element of the enzyme. E.coli SHuffle T7 Express is engineered to 

stabilize the folding of disulfide bridges within the cytoplasm and was chosen over E. coli BL21 

Star (DE3) for this reason. Efforts were focused on making the handling, storage and purification 

of the RpfB constructs as gentle as possible for the enzyme, because the stability of the enzyme 

was unknown as well as the activity. 

 Throughout handling of the enzyme, care was taken to keep the enzyme at 4°C. When 

purification steps were performed at a room temperature of 22°C, they were done for short 

periods of time. The buffers used were cold with a temperature of approximately 4°C and the 

enzyme was kept on ice whenever it could be. Protease inhibitors were included during lysis in 

order to reduce degradation of protein via the action of proteases released from the expression 
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hosts. Glycerol and NaCl were present in the handling and storage buffer of the enzymes in the 

hopes they would increase stability. L-arginine was found to prevent protein precipitation and 

aggregation when added at a concentration of 50 mM. In the case of RpfBC, L-arginine was 

added to increase solubility and long-term stability (Golovanov et al., 2004). Enzyme was used 

within one to three days after purification in the hopes that it would still be active. 

 Purification of RpfB and RpfBGC were very long processes with low yields of pure 

enzyme. These enzymes were purified without the use of gel filtration, which was later used to 

purify RpfBC with much better success in terms of yield and purity. If gel filtration was used to 

purify RpfB and RpfBGC, it would simplify and thus expedite the purification. It is likely that 

yield would also be higher because there would be fewer purification steps. Removal of the His6 

tag was pursued initially as a means to potentially increase purity and enhance activity. The hope 

was that by performing a thrombin digestion of the RpfBC, the His6 tag, contaminants and 

thrombin could be removed with a combination of Ni-NTA chromatography and p-

aminobenzamidine chromatography.  However, purity was not enhanced by the thrombin 

digestion and it led to a large amount of precipitation/degradation of the enzyme (Table 3.1). 

RpfBC was still active with the His6 tag (Figure 3.12) and so thrombin digestion was no longer 

used.  

4.1.2  Challenges Associated with Delineating Activity 
	  

 There is currently no homogenous commercially available substrate for muralytic 

enzymes. This makes it extremely difficult to study the way these enzymes behave and to 

characterize their activity. In this study, M. luteus whole cells and PG purified from these whole 

cells were used as a substrate. It is important to note that PG is totally insoluble and it requires 
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intense mechanical force to enter into an even suspension. To complicate analyses, PG is a 

heterogeneous macromolecule with variation existing throughout in both the composition of 

individual stem peptides and the nature of cross-links. Even after digestion, understanding the 

effects of RpfBC’s activity is a difficult and time consuming process. Without a homogenous 

substrate, other means were used to study the activity of RpfBC. For all of the assays used, the 

PG fragments studied had to be made small enough to become soluble prior to any kind of 

separation or analysis. 

 Zymography and turbidometry both measure the clearance of turbidity or opaqueness 

characteristic of PG suspensions by muralytic enzymes. The RpfB constructs either did not 

degrade PG at all or very slowly (i.e., below detection limits). These assays were not sensitive 

enough to detect activity. Fluorescein isothiocyanate (FITC) dye was linked to PG and the 

detection of the release of soluble fragments of FITC-PG was measured. This assay was sensitive 

enough to measure activity and was used to confirm activity of RpfBC prior to the more complex 

assays. Despite being able to detect activity, there were still many unknowns regarding the 

enzyme’s activity. It was impossible to determine from this assay whether RpfBC functioned like 

a lytic transglycosylase or a hydrolase. It was also impossible to determine whether the 

fragments produced were the result of an exo-acting or endo-acting enzyme. This highlights the 

need for a homogenous substrate with a known composition in the study of muralytic enzymes. 

 Two assays were used to characterize the reaction products and both depended upon the 

sensitivity of mass spectrometry. Whole PG analysis was performed by separating the reaction 

products using RP-HPLC and analyzing them with LC-ESI-MS. The heavy water assay was 

devised by members of the Clarke lab and the results of this assay will conclusively determine 

whether an enzyme is a hydrolase or not (Herlihey et al., 2014). RpfBC activity was assayed in 



	  

74 

the presence of [18 O]H2O. LC-ESI-QTOF MS was used to detect the PG fragments produced by 

RpfBC that gave an isotopic distribution that was indicative of the presence of any heavy oxygen 

(Figure 3.15).   

4.1.3  Implications of RpfBC functioning as a hydrolase 
	  

 Prior to this work, there was no confirmation for either hydrolase or lytic 

transglycosylase activity based on the identification of reaction products for any of the 

resuscitation promoting factors from any bacteria.  My hypothesis was that RpfB would function 

as a lytic transglycosylase.  This was based primarily on the collective, albeit limited, data 

available regarding each of the Rpfs (Squeglia et al., 2013a). Preliminary evidence presented 

herein, however, suggests that the catalytic domain of RpfB functions as a hydrolase.   This view 

is based on the detection of fragments containing 18O in the reaction products from PG 

suspended in buffer prepared in [18O]H2O.  However, it is important to note two significant 

issues that may influence the interpretation of the data acquired.  Firstly, a relatively high 

proportion of fragments possessing 1,6-anhydromuramic acid were also observed.  These may 

have been intrinsic to the PG sample used as substrate. A small percentage (typically less than 

10%) of anhydromuramic acid will be present in isolated PG as a result of its normal 

metabolism.  Further quantitative analysis would be required to determine if the levels observed 

in the reaction products of RpfB activity are higher compared to the starting material.  The 

second issue pertains to the relatively long incubation times used to generate detectable reaction 

products.  The observation that RpfB activity was very low was not surprising given the findings 

reported by others (Hett et al., 2007, 2008). Unfortunately, no precaution was taken to preclude 

the growth of any microbial contamination during the incubations.  Thus, it is possible that the 

hydrolytic products observed may have resulted from organisms utilizing the PG substrate as a 
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carbon source. This said, a negative control was prepared with no enzyme and no degradation of 

PG was detected after incubation for the same length of time. Nonetheless, contamination could 

have been introduced upon the addition of enzyme.  With this recognition, it clear that the lytic 

reaction should be repeated with the inclusion of, antibiotic agents such as azide in the reaction 

buffer to prevent microbial growth.  

 Analysis of the primary sequence of RpfB lends support of it functioning as a hydrolase.  

Comparison of its amino acid sequence with other PG lytic enzymes  shows that the highest 

similarity exists between the catalytic domain of RpfB with c-type lysozymes, and not the g-type 

lysozymes or LTs (Figure 1.5); the latter two are very similar to each other and result in their 

assignment to the same CAZy family (viz. family 23).  However, Ruggiero et al. noted that a 

homologous residue to the catalytic base  found in c-type lysozyme (D52 of HEWL) was not 

found in RpfB and they suggested that a covalent intermediate could not form (Squeglia et al., 

2013b).  Thus, while the structure of RpfB is more similar to that of the c-type lysozymes, its 

mechanism of action would appear to be more similar to g-type lysozymes. The latter of the two 

function as hydrolases that have only a single catalytic residue positioned at the active center of 

the enzymes.5  Recently, studies have shown that these lysozymes function as inverting enzymes, 

using two catalytic base residues removed from the active center to abstract a proton from water 

that effects hydrolysis.  With goose egg-white lysozyme, these two basic residues were identified 

as D97 (primary) and D86 (secondary) (Hirakawa et al., 2008) and replacement of the 

homologous residues in the cod-fish enzyme resulted in a 300-fold decrease in activity (Helland 

et al., 2009).  Alignment of RpfBC with the goose-type lysozymes did not reveal the presence of 

the signature motifs that exist around the two catalytic base aspartates (data not shown).  

However, Ruggiero et al. did observe a second acidic residue, Asp 312, in the catalytic cleft of 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
5	  http://www.cazypedia.org/index.php/Glycoside_Hydrolase_Family_23	  	  
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RpfB.  At a distance of 10.6 Å from Glu292, and 8.3 Å from the C-1 of a NAG residue bound at 

subsite -1 of the enzyme (Figure 4.1), these researchers discounted its involvement in the 

catalytic mechanism of the enzyme.  It would appear, however, they assumed the enzyme to 

catalyze a double-displacement, retaining mechanism of hydrolysis where the two catalytic 

residues would be only ≤ 5 Å apart.   If RpfB is indeed an inverting enzyme, then D312 might be 

positioned appropriately to serve as the base catalyst to abstract a proton from water to permit the 

direct attack of the nucleophilic hydroxide ion for hydrolysis to occur.   Hence, it is conceivable 

that RpfB may resemble the c-type lysozymes in structure, catalyze hydrolysis by a single 

displacement mechanism like the g-type lysozymes, but involving the single catalytic base 

residue common amongst most other inverting hydrolases. 

 

 

 

 

 

 

 

 

Figure 4.1: Three-dimensional structure of M. tuberculosis RpfB catalytic domain in complex with (NAG)3. The 
distances between the catalytic acid E292 and D312 (shown in red sticks) and each between the C-1 of the NAG 
(shown in black sticks) residue in the -1 subsite of the active site cleft are depicted. The figure was created with 
PymolWin using PDB accession 4KPM. 
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Another interesting feature of the RpfB sequence is its difference compared to the other Rpfs 

from M. tuberculosis, specifically around its putative catalytic residue.  Each of the hypothetical 

catalytic Glu residues in the respective Rpfs is followed by a Ser residue, thus presenting the 

signature Glu-Ser motif of lytic transglycosylases (Scheurwater et al., 2008). This signature 

motif does not exist in RpfB as the Ser is replaced by an alanine residue (Figure 1.3). It should 

also be mentioned that a residue homologous to D312 does not appear to be present in the other 

Rpfs. As can be seen in Figure 1.4, the only conserved domain among the M. tuberculosis 

homologs is the catalytic domain. These differences in the catalytic domain of RpfB further 

support a functional distinction from the other homologs, at least in M. tuberculosis.  

 It may be surprising to some that RpfB functions like a hydrolase especially when the 

products of LTs, 1,6-anyhydromuramoyl metabolites, function as signalling molecules. These 

signalling molecules would certainly impact resuscitation in M. tuberculosis. It is possible that 

the other Rpfs in M. tuberculosis are responsible for producing these signalling molecules. Thus, 

RpfB might function to clear the thicker areas of PG in a dormant bacterium. If so, it makes 

sense that RpfB would be an endo-acting muralytic enzyme based on the need to rearrange large 

areas of PG in the change from dormant to active growth of M. tuberculosis.  

4.2 Future directions 

 

RpfB still needs to be characterized as an enzyme. There has not been a method of 

studying RpfB activity and reporting kinetics, in this study or others. Perhaps a mutanolysin 

digestion of the insoluble fraction of the dye release assay and analysis will provide more insight 

into the activity of this enzyme. The dye release assay however would remain an end-point assay 

and be quite time consuming, more so than it already is.  
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If RpfB proves to indeed function as a hydrolase, its specificity as a muramidase or an N-

acetylglucosaminidase would need to be established. Additionally, it is important to demonstrate 

experimentally whether the mechanism functions via a retaining or inverting mechanism as 

suggested herein. The importance of D312 for catalytic activity as well as the mechanism of 

enzymatic function of RpfB should be investigated by its site-directed replacement with an Ala 

or Asn. Identifying the enzyme’s specificity as a muramidase or hydrolase can be accomplished 

by a thorough MS/MS analysis of reaction products generated in the presence of [18O]H2O.  

Under these conditions, 18O would be introduced to the C-1 of the reducing sugar product of the 

hydrolytic reaction.  MS/MS analysis of these products would then identify on which aminosugar 

the label was introduced. With muramidases, the label would be at the C-1 of muramic acid 

whereas for β-N-acetylglucosaminidases, the 18O would be on the C-1 of glucosamine.  The 

technique was developed in our laboratory for the successful identification of FlgJ as a β-N-

acetylglucosaminidase (Herlihey et al. 2014).  This was a surprising finding because, like the 

situation with RpfB, earlier investigators had been referring to FlgJ as either a muramidase or 

lytic transglycosylase.  This situation thus presents another example of how the study of PG 

metabolism, in this case as it relates to flagella insertion, is confounded by the lack of convenient 

and specific substrates for in vitro analysis. 

Although RipA was abandoned early on in this project to focus on RpfB, there is still 

much to be understood in terms of its interaction with RpfB. Examining the combined reaction 

products of RpfB and RipA with the methods described here in the hopes of identifying how 

these enzymes work together would be important.  For example, are their activities distinct and 

complementary, and do they act synergistically? 

An overarching goal of this study is to determine whether or not RpfB would represent a 

good drug target.  Given this, it is essential to confirm whether or not it functions as a 
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muramidase because antibiotics directed to this class of enzyme would not be effective clinically 

recognizing that muramidases (lysozymes) represent a major component of the innate immunity 

of humans. Thus, inhibitors that target RpfB would also inhibit the action of human’s protective 

glycoside hydrolases, a counter-productive measure.  Indeed, it is the goal of many researches, 

including other members of the Clarke laboratory, to find targets that enhance the effects of 

lysozyme in humans, such as the enzymes that O-acetylate PG, a modification that blocks 

lysozyme activity (Moynihan et al., 2014). If the Rpf homologs in M. tuberculosis are different 

in their function, then perhaps targeting them could have a positive effect. If the bacteria’s 

resuscitation can be disrupted in some way by targeting these enzymes, then it would be 

beneficial to treating latent tuberculosis (LTB). Perhaps current drugs would be more effective if 

resuscitation was targeted. These enzymes seem to play a role in the change from LTB to 

symptomatic tuberculosis (TB). Treating LTB is important because it can greatly diminish the 

risk of the progression to TB, which can be deadly. Understanding the role these enzymes have 

in resuscitation is important to understanding how the bacterium changes in the host.  

4.3 Conclusion 
 

 Tuberculosis continues to be the number one killer of humans by a bacterium and over 

one third of the World’s population is infected with M. tuberculosis. The process of 

resuscitation, while first discovered in the early 1990s, remains largely unknown. Whereas the 

existence of the resuscitation factors has been known for some time, their specific function and 

role have not been fully elucidated.  Major factors that have hindered this understanding include 

the complexity of PG metabolism and the challenges posed in its study. With respect to the latter, 

the lack of defined PG substrates that could be used to isolate and investigate the individual 
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reactions involved have impeded progress.  This study has demonstrated that we now have the 

ability to delineate the specificity of enzymatic reactions involved in the resuscitation of M. 

tuberculosis, at least from the perspective of PG metabolism, and that future studies should 

identify which of the RpfB factors may serve as new antibiotic targets.     
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Appendix A: Chemical Solutions, Reagents and Media 
	  

A.1 Solutions for bacterial growth and gene expression 
Superbroth  32g/L tryptone, 20g/L yeast extract, 5 g/L NaCl 

LB 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl; for solid media add agar 
at 1.5% 

S.O.C. 20 g/L tryptone, 5 g/L yeast extract, 4.8 g/L MgSO4, 3.603 g/L dextrose, 
 0.5 g/L NaCl, 0.186 g/L KCl 
 
Kanamycin Stock 50 mg/mL in MilliQ dH2O, filter-sterilized, stored at -20°C    

IPTG Stock  1 M in MilliQ dH2O, filter-sterilized, stored at -20°C 

A.2 Solutions for DNA work 
 
TAE (50X)  242 g Tris, 57.1 mL glacial acetic acid, 100 mL 0.5 M EDTA pH 8.0 
     
TE   10 mM Tris.HCl pH 7.4, 1 mM EDTA 
 

A.3 Solutions for Western Blotting 
 

Transfer Buffer 10 mM NaHCO3, 3 mM Na2CO3, 20% methanol; pH will be ~9.9 

TBS Buffer  10 mM Tris pH 7.5, 150 mM NaCl 

TTBS Buffer 20 mM Tris.HCl pH 7.5, 500 mM NaCl, 0.05% Tween 20, 0.2% Triton X-
100 

Blocking Buffer 3% BSA in TBS Buffer  

Primary antibody  1:1000 in blocking buffer; can re-use several times, store in at -20°C  

Secondary antibody 1:2000 in blocking buffer 
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