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ABSTRACT 
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Advisor:  
Dr. Joseph S. Lam 
 
 
 

Pseudomonas aeruginosa is an important opportunistic pathogen known to cause nosocomial 

infections in compromised individuals including those suffering from the genetic disorder cystic 

fibrosis. A major virulence factor associated with this organism is lipopolysaccharide (LPS), 

which is comprised of three domains: lipid A, core oligosaccharide (OS), and the distal O-

antigen (O-Ag). The core OS can be produced as two structurally distinct glycoforms termed 

“capped” and “uncapped”. The capped glycoform contains L-rhamnose (L-Rha) that is α-1,3-

linked to the core OS and acts as a receptor for the attachment of O-Ag; whereas the uncapped 

glycoform has an L-Rha residue α-1,6-linked to the core OS and this is devoid of O-Ag. The 

mucus-inducible gene (migA) encodes a putative α-1,6 rhamnosyltransferase responsible for 

the generation of the uncapped core. Conversely, another rhamnosyltransferase gene called 

wapR, found within the core synthesis gene cluster, encodes the enzyme involved in the 

production of capped core. To date, biochemical and structural data on MigA and WapR are not 

available. In this study, expression and purification of MigA and WapR were attained and 

sparse-matrix crystal screens were carried out on both rhamnosyltransferases, yielding 

preliminary crystal formation; however, as of yet, diffractable crystals have not been attained. 



  

Hence, structural models were generated using I-TASSER software, which predicted a high 

amount of structural similarity between both enzymes, most notably in the N-terminal region. 

Progress was also made towards the development of a MigA/WapR rhamnosyltransferase 

assay. Donor substrate, dTDP-L-Rha, was synthesized enzymatically in vitro and the acceptor 

core OS lacking L-Rha was purified using a phenol-based extraction method. Separation of 

dTDP-L-Rha from dTDP was achieved using capillary electrophoresis and will be used to monitor 

the progress of the assay. 
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Chapter 1. Introduction 

1.1 Pseudomonas aeruginosa  

1.1.1 Microbiology and medical significance 

Pseudomonas aeruginosa is a Gram-negative, rod-shaped, motile bacterium that is widely 

distributed in the environment. This organism is an opportunistic pathogen and is known to be 

one of the leading causes of nosocomial infections to date. P. aeruginosa infection can result in 

life-threatening illnesses in individuals with compromised host-defence systems such as those 

suffering from burn wounds, cancer, HIV, and most notoriously, in patients suffering from the 

genetic disorder cystic fibrosis (CF) (Lang et al. 2004; Taneja et al. 2004). CF patients possess a 

mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which 

encodes a chloride ion ATP binding cassette (ABC) transporter protein in lung epithelial cells 

(Renders et al. 2001). This mutation leads to an imbalance of electrolytes that results in the 

formation of viscous mucous. The viscous mucus of the CF lung contributes greatly to the 

patient’s susceptibility to infection by P. aeruginosa and provides a unique growth 

environment, allowing this organism to form complex biofilm structures that resist host 

defences and antibiotic therapy (Foweraker et al. 2009; Giamarellou et al. 2002).  

 

1.1.2 Biofilm formation in P. aeruginosa  

 The development of chronic P. aeruginosa infections in CF patients is characterized by a 

shift from a free-living planktonic mode of growth to a biofilm (Martin et al. 1993).  Biofilms are 
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defined as complex bacterial communities that exist within an extracellular matrix (ECM) 

consisting of proteins, glycoproteins, glycolipids, large amounts of extracellular DNA (e-DNA), 

and in the case of P. aeruginosa, polysaccharides such as alginate, Pel, and Psl (Costerton 1999a; 

Flemming et al. 2007). Forming a biofilm is considered to be the preferential mode of growth 

for bacteria in the natural environment (Costerton et al. 1995). In fact, the National Institute of 

Health (NIH) has recently announced that >80% of bacterial infections are caused by biofilms 

(McLean et al. 2012); hence, biofilm in diseases is a very important area of research in the field 

of microbiology. Protection of the biofilm by the ECM provides increased bacterial resistance to 

antimicrobial agents such as fluoroquinolones, β-lactams, and aminoglycosides (Govan and 

Deretic 1996; Høiby et al. 2001; Mah and O'Toole 2001).  Antibiotics such as rifampin have been 

demonstrated to have reasonable activity on biofilm-forming cells (Zimmerli, 2014), however, a 

majority of conventional antimicrobial treatments have proven to be ineffective against biofilms 

(Römling et al. 2014). Bacteria living as a biofilm can be up to 1000-fold more resistant to 

treatments over their planktonic counterparts (Costerton et al. 1999b; Mah and O'Toole 2001). 

The formation of a biofilm is regulated by numerous genetic factors including small RNAs 

(Holmqvist et al. 2010), short secreted peptides (Cheung et al. 2014), and auto-inducers of 

quorum sensing (QS) bacterial population density-dependent signalling systems (Jakobsen et al. 

2013). Novel strategies aimed at targeting QS are currently being developed as a possible way 

to treat future infections of P. aeruginosa biofilm-associated infections (Jakobsen et al. 2013). 
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1.1.3 Quorum sensing in P. aeruginosa 

 Three QS systems exist in P. aeruginosa: the LasR/I, RhlR/I, and the Pseudomonas 

Quinolone Signal (PQS) systems.  These three systems are interconnected and are organized so 

that the Las system governs control over the Rhl and PQS systems (Juhas et al. 2005). The QS 

systems in P. aeruginosa are estimated to regulate 4-6% of all genes including those involved in 

biofilm development and maturation, as well as pathogenesis and virulence (de Kievit et al. 

2001; Schuster et al. 2003; Hentzer et al. 2003; Wagner et al. 2003). The Las system is 

predominantly up-regulated during planktonic growth and early biofilm development and is 

responsible for the activation of various genes including virulence factors (elastase, exotoxin A, 

alkaline protease) and genes involved with biofilm maturation (Schuster et al. 2003; Juhas et al. 

2005). The Rhl system, on the other hand, is typically up-regulated in established biofilms and is 

known to regulate the synthesis of secreted virulence factors such as rhamnolipid and 

pyocyanin (de Kievit et al. 2001; Schuster et al. 2003; Juhas et al. 2005). In addition to QS, P. 

aeruginosa has an arsenal of cell‐associated and secreted virulence factors which can cause 

tissue necrosis, invasion, dissemination into the bloodstream and activation of the host 

inflammatory responses (Davey et al. 2003, van Delden 2004). A major virulence factor 

elaborated by P. aeruginosa is lipopolysaccharide (LPS); a complex glycolipid, which is the main 

constituent found in the outer leaflet of the outer membrane of Gram-negative bacteria. LPS is 

an endotoxin that elicits significant inflammatory responses in infected hosts, which can result 

in significant tissue damage. This molecule also protects the organism from host defense 

mechanisms; as well as mediates binding to host cell receptors (Lam et al. 2011). 
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1.2 Lipopolysaccharide of Pseudomonas aeruginosa  

1.2.1 Structure and synthesis of P. aeruginosa LPS 

 LPS is comprised of three structural domains (Fig. 1.1): i) the endotoxic lipid A, which 

anchors the molecule into the outer leaflet of the outer membrane; ii) a core oligosaccharide 

that serves as a highly phosphorylated linker region; and iii) the distal O-antigen (O-Ag) 

polysaccharide - capping the molecule and providing both hydrophilicity and/or charged 

characteristic to the cell surface depending on the type of sugars that form O-Ag subunits (King 

et al. 2009). Two structurally distinct forms of O-polysaccharides are simultaneously produced 

in P. aeruginosa cells. These are termed Common Polysaccharide Antigen (CPA, also known as 

A-band) and O-specific Antigen (OSA, also known as B-band) (Lam et al. 2011). The two 

aforementioned O-poysaccharides are synthesized independently on the lipid carrier 

undecaprenyl-pyrophosphate (Und-PP), by separate pathways. The CPA polysaccharide is a 

homopolymer of D-rhamnose, and it is assembled within the cytoplasmic face of the inner 

membrane (IM) and then translocated to the periplasm by an ABC transporter, involving two 

proteins Wzm and Wzt (Rocchetta and Lam, 1997). The OSA contains a heteropolymeric O-Ag 

composed of repeats of three to five distinct sugars. The differences in the chemical structure of 

the O-units form the basis for the International Antigenic Typing Scheme (IATS) used to classify 

P. aeruginosa into 20 serotypes. OSA is synthesized by the so-called Wzy-dependent 

biosynthesis pathway, in which O units are synthesized in the cytoplasm and subsequently 

translocated to the periplasm through the translocation mechanism of Wzx, where they are 

polymerized by Wzy to reach a certain preferential length as determined by Wzz, the O-Ag  
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Figure 1.1. Simplified structure of an LPS molecule from P. aeruginosa PAO1. LPS molecules are 

comprised of three structural domains, i) the endotoxic lipid A, which anchors the molecule into 

the outer leaflet of the outer membrane; ii) a core oligosaccharide that serves as a highly 

phosphorylated linker region; and iii) the distal O-antigen (O-Ag) polysaccharide which serves to 

cap the molecule. 

 

 

 

I II

I

II

I

II

III

L-Rhamnose

D-Glucose

D-Galactosamine

L-glycero-D-manno-heptose

3-deoxy-D-manno-octulosonic acid

Phosphate group

L-Alanyl group



6 
  

chain-length regulator (Lam et al. 2011). Both LPS biosynthesis pathways (CPA and OSA) 

converge at WaaL, an integral membrane protein involved in the ligation of the completed O-Ag 

molecule to the lipid-A core yielding a mature LPS molecule (Abeyrathne et al. 2005). 

Interestingly, in chronic P. aeruginosa infections, such as those common in CF, cells are often 

shown to be either partially lacking, or completely devoid of O-Ag (Hancock et al. 1983). 

Whether or not the LPS molecule is decorated with O-Ag or not is determined by the structure 

of the core oligosaccharide (Kocíncová and Lam, 2011). 

 

1.2.2 Core oligosaccharide  

             The core oligosaccharide (OS) of P. aeruginosa, similar to what has been observed in 

other Gram-negative species, can be divided into two regions: an inner and an outer core. The 

composition of the sugar residues of the inner core is identical among P. aeruginosa strains and 

considered to be highly conserved when compared to other Gram-negative species. The inner 

core is a tetrasaccharide composed of two 3-deoxy-D-manno-octulosonic acid (Kdo) residues 

and two L-glycero-D-manno-heptose (Hep) residues (Sadovskaya et al. 1998). Among all Gram-

negative bacteria, P. aeruginosa is known to contain the most highly phosphorylated inner core, 

which has been shown to play an essential role in cell viability and can be associated with 

antibiotics resistance (Walsh et al. 2000).  The outer core OS of P. aeruginosa is composed of 

one D-galactosamine (GalN) residue with an L-Ala substitution at C2, one L-rhamnose (L-Rha) 

residue, and three or four D-glucose (GlcI-GlcIV) residues (Sadovskaya et al. 1998).  
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 The outer core OS can be synthesized as two structurally distinct glycoforms termed: 

“capped” and “uncapped,” (Fig. 1.2) which are simultaneously produced in the cell and add to 

the heterogeneity of the LPS produced by this bacterial species (Poon et al. 2008; King et al. 

2009). Both capped and uncapped glycoforms possess identical inner core structures and 

contain GalN and GlcI-GlcIII in their outer core. These two glycoforms differ in the linkage of the 

L-Rha residue to distinct D-Glc residues. The capped-core glycoform contains L-Rha that is α-1,3-

linked to GlcI and acts as a receptor for O-Ag. LPS with capped-core OS that is substituted with 

full-length O-Ag is often referred to as “smooth” LPS (S-LPS), whereas some LPS molecules have 

core OS attached to a single sugar repeat unit giving rise to a “core-plus-one” or “semi-rough” 

LPS molecule (SR-LPS) (King et al. 2009). The uncapped-core OS glycoform is devoid of O-Ag (R-

LPS) and has L-Rha α-1,6-linked to GlcII. The presence of α-1,6-linked L-Rha likely causes steric 

hindrance, preventing the attachment of O-Ag to the core OS. Alternatively, this α-1,6-linked 

glycoform may form a structure that is not recognized by WaaL (O-Ag ligase) in the ligation of O-

Ag to the core OS (Yang et al. 2000). No core glycoform containing two L-Rha residues has been 

identified suggesting that the addition of L-Rha at C3 of GlcI prevents the attachment of another 

L-Rha at position 6 of GlcII and vice versa. Clinical isolates of P. aeruginosa from CF patients have 

been shown to display a phenotypic shift from S-LPS to R-LPS as the cells adapt from planktonic 

to a biofilm mode of grown (Hancock et al. 1983; Beveridge et al. 1997).  Uncapped core OS has 

also been shown to possess a fourth glucose residue (GlcIV), which is linked to L-Rha; however, 

GlcIV is shown only to be present in the core OS of just 9 out of the 20 P. aeruginosa IATS 

serotypes (de Kievit and Lam, 1994).  
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Figure 1.2. Schematic representation of the capped and uncapped LPS glycoforms from P. 

aeruginosa PAO1. In the a) uncapped form, L-Rha is α-1,6-linked to D-Glc II and contains a fourth 

glucose molecule. Alternatively, in the capped glycoform b) L-Rha is α-1,3-linked to D-Glc I and is 

capped with O-Ag.  
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 Recently a putative glycosyltransferase gene, pa1014, was identified by our laboratory 

to be localized within the core OS biosynthesis gene cluster (Kocíncová et al 2011). NMR and 

mass spectrometry (MS) analyses of LPS produced by a pa1014::Gm knockout (KO) mutant in 

PAO1 revealed that pa1014 (subsequently named as wapB) encodes a putative 

glucosyltransferase responsible for the transfer of GlcIV to the uncapped core (Kocíncová et al. 

2011). Interestingly, when the 11 serotypes, whose core OS is devoid of GlcIV, was 

complemented with wapB from strain PAO1 in trans, the presence of GlcIV in their core OS 

structure was detected immunochemically by Western blotting probed with a monoclonal 

antibody (mAb) 5c101 (specific against the outer core). It was determined that the GlcIV serves 

as a receptor for R3 pyocin which confers a biological advantage for these cells lacking GlcIV, as 

R-pyocins have a high killing efficiency and are used by many species as a mode of competition 

(Kocíncová and Lam, 2013).  

 

1.3 MigA and WapR: Rhamnosyltransferases involved in the core capping  

1.3.1 Functional characterization of migA and wapR 

 Incorporation of L-Rha onto the core OS is an important step in LPS biosynthesis in P. 

aeruginosa as it is the determining factor of the relative abundance of capped and uncapped 

core OS glycoforms produced by the cell at a given time. The mucus inducible gene migA 

(pa0705) was first discovered in 1996 as a gene that is highly up-regulated when P. aeruginosa 

was grown in a medium supplemented with mucus collected from CF patients (Wang et al. 

1996). In a recent study, our laboratory has provided evidence showing that migA and another 
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gene found in the P. aeruginosa chromosome, wapR (pa5000), are both putative 

glycosyltransferases (GTs) that are responsible for the addition of L-Rha to D-Glc in the core OS 

resulting in the uncapped and capped core glycoforms, respectively (Poon et al. 2008). 

Chromosomal KO mutants of migA and wapR were generated by insertional mutagenesis of 

each gene with a gentamicin (Gm) resistance cassette followed by allelic replacement. The LPS 

isolated from a P. aeruginosa PAO1 wild-type (WT) strain and the migA::GmR and wapR::GmR 

mutants were examined by and SDS-PAGE, silver staining, and Western immunoblotting 

analyses. The wapR mutant was shown to be devoid of higher-molecular-weight LPS bands (CPA 

and OSA); the uncapped core LPS was not affected in these mutants (Poon et al. 2008). When 

the wapR mutant was complemented in trans with the plasmid pUCP26wapR containing the 

wild-type wapR gene, production of HMW LPS synthesis was restored to wild-type levels, 

indicating that wapR is involved in the synthesis of the capped core (Poon et al. 2008). Results 

from nuclear magnetic resonance (NMR) spectroscopy of LPS prepared from the wapR mutant 

showed that the mutant produces two distinct glycoforms of core OS. The first glycoform, 

designated as WapR-I, displayed an uncapped core OS structure with α-1,6 linked L-Rha that is 

linked to GlcIV, confirming that the uncapped core LPS phenotype was unaffected by the 

mutation. The second glycoform, designated as WapR-II, displayed a truncated core, lacking α-

1,3 linked L-Rha of the capped core, indicating that WapR is the rhamnosyltransferase 

responsible for the α-1,3 linkage of L-Rha to GlcI (Poon et al. 2008). 

 LPS obtained from the migA mutant produced a truncated version of uncapped core OS. 

Complementation of the migA mutant with the plasmid pUCP26migA restored uncapped core 

OS production, and a loss of core-plus-one LPS was observed (Poon et al. 2008). The observed 
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results demonstrate that migA plays an important role in uncapped core synthesis and that the 

construct used to complement migA, pUCP26migA, is a multi-copy plasmid which allows for 

over-expression of migA. The use of this plasmid somehow led to a deficiency in core-plus-one 

LPS (SR-LPS) synthesis which had already been observed previously (Yang et al. 2000). NMR 

analysis was conducted on the LPS obtained from a migA-rmd double PAO1 mutant, as Rmd is a 

protein involved in the synthesis of the other rhamnose enantiomer, D-Rha, which is a 

constituent of CPA, but is not present in the core OS. The rmd mutant was used as a background 

to provide evidence of the role of L-Rha in core OS synthesis (Poon et al. 2008). The core OS 

structure obtained from the migA-rmd mutant appeared to be similar to the capped core OS, 

containing an α-1,3 linked L-Rha to GlcI; however, no α-1,6 linked L-Rha was detected, hence 

indicating that MigA is the rhamnosyltransferase responsible for the α-1,6 linkage of L-Rha to 

GlcII generating the uncapped core OS glycoform (Poon et al. 2008). 

 

1.3.2 Regulation of migA and wapR expression 

 Since their discovery, the investigation of the regulation and function of migA and wapR 

has been one of the focuses our laboratory. In a study by Yang et al. in 2000, it was confirmed 

that migA is being transcribed at a relatively high level by P. aeruginosa in CF patients based on 

positive results obtained from hybridization of a migA DNA probe with total RNA isolated from 

CF lung. A distinctive las-box-like sequence (CT-N11-AG), a binding site recognized by quorum 

sensing regulators, was identified in the promoter region of migA, which suggested that migA is 

regulated by lasI/lasR or rhlI/rhlR. To determine which system controls migA expression, a 
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migA-lacZ fusion construct was generated and expression was tested in single mutant of lasI 

and rhlI, respectively, as well as in a lasI/rhlI double mutant background. The results revealed 

that migA expression was regulated by the RhlI/R system (Yang et al. 2000). It has been 

proposed that over-expression of migA in the CF lung provides P. aeruginosa a survival 

advantage through suppressing the production of low-molecular-weight core-plus-one LPS, 

however, further studies are required (Yang et al. 2000).  

 In a recent study, Kocíncová et al. (2012) used a technique called 5’ Random 

Amplification of cDNA Ends (RACE) and discovered that two putative transcription start sites 

(TSS) were present in the promoter region of wapR. The first TSS site (TSS1) is the A base of the 

initiation ATG codon, and the other (TSS2) is located 165 bp upstream of the initiation start. 

Potential -10 and -35 promoter hexamers were also identified, which display similarities to the -

10 and -35 boxes recognized by P. aeruginosa RpoD, a principle sigma-factor in this organism 

(Kocíncová et al. 2012). Additionally, it has been demonstrated that wapR is negatively 

regulated by the RhlI/RhlR quorum-sensing system through the use of real-time quantitative 

PCR (qPCR) approach. This negative regulation, however, is likely indirect, as no potential RhlR 

binding sites have been identified in the wapR promoter region. The proposed model of 

differential regulation of migA and wapR expression is the following: once a cell population 

reaches a “quorum threshold” (or a certain cell density), the N‐(3‐oxododecanoyl)‐L‐ 

homoserine lactone (C4-HSL) signaling molecule accumulates in the cell and its surrounding 

environment, causing RhlR to become activated and regulated over-expression of migA, and 

perhaps indirectly and negatively regulating the expression of wapR (Kocíncová et al. 2012).   
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 Previous observations by Yang et al. (2000) and Poon et al. (2008) showed that when a 

migA mutant, defective in the production of uncapped core, is complemented by a multi-copy 

plasmid carrying migA, a deficiency in core-plus-one LPS production is observed. To determine 

whether the observed complementation phenotype can be attributed to a gene-dosage effect, 

migA and wapR mutants were complemented with both a multi-copy pUCP plasmid, and an 

integrative CTX plasmid, which only provides a single complementing copy of migA or wapR 

within the genome (Kocíncová et al. 2012). Complementation of the migA mutant with the 

multi-copy pUCP-migA construct resulted in full restoration of the uncapped core phenotype, 

and the previously observed decrease in production of core-plus-one capped LPS was 

reproduced. In contrast, when the migA mutant was complemented using an integrative CTX-

migA construct, the LPS profile of the mutant was restored and core-plus-one LPS band was 

present and migrated to the same location in the SDS-PAGE gel and Western blots as that found 

in WT LPS. This indicated that the loss of core-plus-one LPS phenotype was an artifact attributed 

to a gene dosage effect achieved by complementation with a multi-copy plasmid, pUCP26 

(Kocíncová et al. 2012). In a separate experiment, the wapR mutant complemented with 

pUCP26wapR showed a decrease in uncapped LPS and an increase in capped LPS production, 

when compared to complementation with the integrative CTX-wapR construct, which displayed 

a typical WT PAO1 LPS profile. It was thus concluded that over-expression of migA results in a 

greater proportion of uncapped core present on the cells surface, whereas over-expression of 

wapR favors the production of capped core (Kocíncová et al. 2012). 

 To gain further insight on the regulation of migA and wapR, a “promoter-swap” 

experiment was performed in which migA expression was regulated by the wapR promoter and 
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wapR was under the control of the migA promoter (Kocíncová et al. 2012). LPS obtained from a 

migA mutant complemented with pUCP26-migA-PwapR (plasmid construct with the wapR 

promoter) was able to fully restore the amount of uncapped core OS to levels comparable to 

WT. Interestingly, this mutant showed a significantly lower amount of core-plus-one LPS 

production when compared to migA regulated by its own promoter, which indicates that migA 

expression is increased when controlled by the wapR promoter; this suggests that migA 

possesses a weaker promoter than wapR. In addition, LPS obtained from a wapR mutant 

complemented with pUCP26-wapR-PmigA (plasmid construct with the migA promoter) 

displayed a significant decrease in capped LPS than observed when regulated by its own 

promoter. This observation lends support for the hypothesis that wapR possesses a stronger 

promoter when compared to migA, because a lower amount of wapR was being expressed in 

this case when the promoter was swapped with that of migA, which preferentially favors an 

increase in uncapped LPS and a decrease in capped core production (Kocíncová et al. 2012). 

 The data obtained by complementation experiments and analyses of migA and wapR 

expression strongly support the hypothesis that the substrate competition between MigA and 

WapR rhamnosyltransferase reaction influences the amounts of uncapped and capped LPS core 

glycoforms being produced by a cell. The nucleotide-activated sugar dTDP-L-Rha, a precursor (or 

donor) of L-Rha, and core OS molecule lacking L-Rha, serving as an acceptor, are the proposed 

substrates for which MigA and WapR would be competing for. In this model, planktonic P. 

aeruginosa cells produce a relatively higher amount of capped LPS, as wapR possesses a 

stronger promoter when compared to migA. Elevated levels of WapR should out-compete MigA 

in the cell, preferentially favoring α-1,3-rhamnosyltransfer of L-Rha from dTDP-L 
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-Rha to core OS, resulting in a predominant capped LPS core glycoform. Alternatively, when P. 

aeurginosa cells are switched to a biofilm mode of growth, an accumulation of auto-inducer C4-

HSL of the RhlI/RhlR quorum-sensing system would interact with RhlR and activate it. Activated 

RhlR is expected to bind to the promoter region of migA and regulate over-expression of the 

gene, while at the same time indirectly exert negative regulation control on wapR expression. 

As a result, MigA might accumulate in the cell, outcompeting WapR for substrates, and allowing 

for the preferential addition of α-1,6-rhamnosyltransfer resulting in the level of core-plus-one 

LPS becoming significantly reduced, and uncapped LPS becoming the predominant molecule 

produced by P. aeurginosa cells (Kocíncová et. al 2012).  

 

1.3.3 Biosynthesis of dTDP-L-Rha   

 The pathway for the biosynthesis of nucleotide-activated sugar dTDP-L-Rha, (the donor 

substrate for rhamnosyltransferase reaction) was initially characterized in Salmonella enteric sv. 

Typhimurium (Giraud et al. 2000). The precursors for dTDP-L-Rha synthesis are deoxythymidine 

triphosphate (dTTP) and glucose-1-phosphate (Glc-1-P) and the conversion is catalyzed by the 

proteins encoded by the rmlBDAC operon (Fig. 1.3). Homologous genes of the operon are 

present in many organisms including P. aeruginosa and their role in the LPS biosynthesis have 

been substantiated by genetic and chemical experiments (Rahim et al. 2000). Specifically, an 

rmlC chromosomal mutant was generated in the Lam laboratory and compositional analysis of 

the LPS from this mutant using methylation and GC-MS methods showed that it was devoid of L-

Rha, and the use of SDS-PAGE and silver staining showed truncation in core OS bands as well as 
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the lack of O-Ag (Rahim et al. 2000). Biochemically, the initial step of dTDP-L-Rha synthesis is 

catalysed by RmlA (glucose-1-phosphate thymidyltransferase), and involves transfer of dTDP-

group onto glucose, creating dTDP-glucose (Blankenfeldt et al. 2000). Subsequent reactions in 

the synthesis pathway are catalyzed by RmlB (dTDP-D-glucose 4,6-dehydratase), RmlC (dTDP-6-

deoxy-D-xylo-4-hexulose 3’,5’-epimerase) and RmlD (dTDP-6-deoxy-L-lyxo-4-hexulose reductase 

(Giraud et al. 2000). Neither the L-rhamnose sugar nor the genes encoding for the rml operon 

have been identified in humans, which makes the Rml enzymes ideal targets for inhibiting 

rhamnose-mediated bacterial pathogenicity (Ristle et al. 2011).  

 

1.3.4 Glycosyltransferse characteristics of MigA and WapR 

 Glycosyltransferases (GTs) constitute one of the largest and most diverse superfamilies 

of enzyme groups in all living cells (Chang et al. 2011). Glycosyl-transfer reactions can be 

considered one of the most biologically significant reactions on Earth as they account for the 

bulk of biomass (Ullman and Perkins, 1997). GTs are involved in synthesizing carbohydrate 

moieties of glycoconjugates including glycoproteins, glycolipids, and glycosaminoglycans by the 

transfer of a monosaccharide from an nucleotide-activated sugar donor to an acceptor 

molecule forming a glycosidic bond (Qasba et al. 2005; Hao and Lam, 2011). A variety of diverse 

acceptor molecules can be utilized by GTs including saccharides, lipids, proteins, and nucleic 

acids being the most common (Rosén et al. 2004). GTs can be divided into Leloir or non-Leloir 

types depending on the type of glycolsyl donors they use. Leloir GTs utilize sugar nucleotides as 

their glycosyl donor, whereas non-Leloir typically use glycosyl phosphates as donors (Ullman  
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Figure 1.3. dTDP-L-Rha biosynthesis pathway. The precursors for dTDP-L-Rha synthesis are dTTP 

and Glc-1-P and the conversion is catalyzed by proteins encoded by the rmlBDAC operon. RmlA 

(glucose-1-phosphate thymidyltransferase), RmlB (dTDP-D-glucose 4,6-dehydratase), RmlC 

(dTDP-6-deoxy-D-xylo-4-hexulose 3’,5’-epimerase) and RmlD (dTDP-6-deoxy-L-lyxo-4-hexulose 

reductase (Giraud et al. 2000). 
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and Perkins, 1997). GTs can generally be categorized according to the stereochemistry of the 

reaction substrates and products as either inverting, in which the enzyme transfers its product 

at an opposite anomeric configuration than that of its activated donor; or GTs can be retaining 

transferases, in which the product displays the same configuration as the donor (Lairson et al. 

2008). A characteristic trait amongst GTs is that they share low sequence similarity and each 

possess its own unique feature and unique function, which imposes a great challenge in 

classification attempts. Currently, GTs are classified into families based on their amino acid 

sequence similarity through the Carbohydrate-Active Enzymes (CAZy) database 

(http://www.cazy.org). To date, there are over 65,000 GT sequences within the CAZy database 

and over 90 families of GTs have been identified (Cantarel et al. 2009). The putative 

rhamnosyltransferases MigA and WapR are both predicted to be members of the GT-2 family, 

which represent the largest and evolutionarily most ancient of Leloir-type, inverting GTs 

(Lairson et al. 2008).    

 To date, 108 GT structures are documented within the protein data bank (PDB), 

representing 36 of the CAZy GT families, most of which adopt one of two predominant 

structural folds, namely, GT-A and GT-B, which were first described with Bacillus subtilis derived 

SpsA (GT-A) (Charnock and Davies, 1999) and bacteriophage T4 β-glucosyltransferase (GT-B) 

(Vrielink et al., 1994). A third glycosyltransferase group, GT-C, has also been discovered through 

the use of structural comparisons, and is relatively less understood. GT folds have been 

demonstrated to consist primarily of α/β/α “sandwiches”, similar to the Rossmann-type fold; a 

common structural motif, which contains 6 parallel β-sheets and is observed in many 

nucleotide-binding proteins (Lairson et al. 2008). The GT-B fold is composed of two distinct 
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Rossmann motifs separated by a linker region with catalytic sites present in between the 

domains. GTs possessing a GT-B fold generally share a high degree of structural similarity. The 

C-terminal end is often highly conserved and believed to be involved in binding nucleic acids, 

whereas the N-terminal end is more variable and is believed to be involved in acceptor binding 

(Breton et al. 2006). GTs possess a relatively high proportion of peptide loops, many of which 

are flexible and are believed to play an important role in substrate binding. In both the GT-A 

and GT-B folds, interactions with the donor sugar are often minimal and are frequently 

indiscriminate towards which donor sugar is used (Chang et al. 2011). However, given the wide 

diversity of acceptor molecules used by GTs, the sequences and structures of the acceptor-

binding region usually differ substantially, and there is a high specificity for the acceptor 

substrate.  

 The GT-A fold, which is associated with GT-2 family, consists of a single α/β/α 

“sandwich” that resembles a Rossmann fold  (Breton et al. 2006). A common feature of GT-A 

enzymes is the presence of an Asp-X-Asp (referred to as DXD) signature, which has been shown 

to interact with the phosphate group of an activated nucleotide donor molecule in conjunction 

with a divalent cation (typically Mn2+) and/or a ribose (Wiggins and Monro, 1998; Breton et al. 

1998). Although the DXD signature is frequently described as one of the defining characteristic 

of GT-A enzymes, it is by no means a conserved motif and there are many examples of GTs with 

the GT-A fold that do not possess this signature (Pak et al. 2006). Furthermore, many sequences 

possess a DXD signature but are not GTs. When present in GT-A enzymes however, the DXD 

motif can generally be identified in a short loop connecting a β-stand of the α/β/α sandwich to 

a smaller one (Breton et al. 2006). Enzymes with a GT-A fold commonly possess a conserved N-
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terminal domain, which has been predicted to function as a nucleotide binding domain; and a 

more variable C-terminus, pertaining to acceptor binding (Tarbouriech et al. 2001).  

 Although the details of catalysis by GT-2 enzymes have not been well characterized, a 

likely mechanism has been proposed by analogy to glycosyl-hydrolases (GHs). In this model, the 

active-site residue serves as a base catalyst that activates the acceptor hydroxyl group by 

deprotonation which then facilitates SN2-like displacement of the activated phosphate leaving 

groups. (Lairson et al. 2008). The divalent cation in GT-A enzymes acts as an acid catalyst and 

initiates the sequential mechanism in which nucleotide-sugar binding is followed by loops 

closing and acceptor binding (Breton et al. 2006). It is proposed that the catalytic mechanism of 

GTs likely involves Asp and/or Glu residues as these residues contain the appropriate acidic side 

chain for acceptor activation, or as the nucleophile for the formation of a glycosyl-enzyme 

intermediate (Ullman and Perkins, 1997). 

 MigA and WapR share 36% amino-acid sequence identity with each other.  MigA of P. 

aeruginosa PAO1 contains 299 amino‐acids and shares 98% amino‐acid sequence identity with a 

putative MigA from other P. aeruginosa strains, PA14 (serotype O10) and PAK (serotype 

O6).  WapR of PAO1 consists of 294 amino‐acids and shares 98% sequence identity with a 

homologue in PA14. A WapR homologue is presumably present in PAK, however, the genome 

sequence of this strain is not yet available in the GenBank data base, so alignment comparisons 

have not been conducted as of yet. The genome sequence of PAK is forthcoming because it was 

among the group of strains that have been sequenced by one of our collaborators (personal 

communication with Dr. Roger Levesque, Université Laval). PA14 and PAK strains possess two 
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core glycoforms that are similar to those of PAO1 (Bystrova et al. 2002, Bystrova et al. 2003). In 

the plant pathogen Pseudomonas syringae pv. phaseolicola 1448A genome, a protein encoded 

by ORF PSPPH_1216 is found to share 66% identity to MigAPAO1 (Joardar et al. 2005). It is worth 

noting that a rough isolate of P. syringae pv. phaseolicola was determined to have two core 

glycoforms; one containing L‐Rha in an α‐1,6 linkage to a β‐D‐Glc, the other lacking L‐Rha 

altogether (Zdorovenko et al. 2004).  This observation is consistent with the absence of a 

WapRPAO1 homologue in the P. syringae pv. phaseolicola genome (Joardar et al. 2005).   

 Functional characterization of MigA and WapR has been investigated using a genetic 

approach. To date, there is a lack of biochemical and structural data for MigA and WapR and 

the need for the development of a rhamnosyltransferase assay is evident in order to gain kinetic 

information as well as substrate affinities of these enzymes. These characteristics would provide 

further insight on the competition model that was proposed in previous studies of these two 

GTs. Furthermore, detailed structural information of MigA and WapR would allow us to identify 

catalytic regions as well as important residues involved in substrate binding which can reveal 

pertinent information on how both enzymes can utilize the same donor and the same acceptor 

molecule, and yet confer two distinct glycosidic linkages resulting in a phenotypic change of LPS 

produced. A more challenging obscurity to resolve is determining what advantage a cell 

possesses by over-expressing migA in a biofilm, causing a distinct shift from smooth LPS to a 

rough LPS. It has been suggested that the loss of negatively charged O-Ag is believed to increase 

cell hydrophobicity, resulting in an increase in cell-to-cell and cell-to-surface adhesion. Evidence 

to support such a hypothesis was obtained by the Lam lab through the use of microbead force 

spectronomy (MBFS) in which a wapR mutant displaying a rough LPS phenotype was observed 
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to have increased cell-to-cell cohesion and increased surface adhesion (Lau et al. 2009). It has 

also been predicted that loss of O-Ag is an adaptive measure taken by the cells to evade host 

immune systems by forming biofilms that are more closely packed as compared to that formed 

by wild-type bacteria (Rocchetta et al. 1999).  

 

1.4 Hypothesis and research objectives  

 Based on our current knowedge of MIgA, WapR, and the structure of the core OS of P. 

aeruginosa, my first hypothesis is that structural data will reveal that the catalytic domains and 

residues of importance involved in substrate binding are characteristic to those typically seen in 

GT-2 enzymes.  It is predicted that MigA and WapR bind the acceptor substrate in a different 

manner resulting in different linkages of L-Rha. My second hypothesis is that MigA and WapR 

compete with each other for the same substrate donor molecule (dTDP-L-Rha) and acceptor 

molecule (truncated core OS lacking L-Rha) and the result of this competition is decided both at 

the regulatory and biochemical level. It is anticipated that MigA will display greater affinity for 

the same substrates resulting in this enzyme being more efficient in capturing the substrate 

than WapR.  

 A number of objectives will be pursued. The first objective will be to examine the 

structures and enzymatic mechanisms of MigA and WapR by means of X-ray crystallography. To 

achieve this, initial crystallization trials were conducted that yielded preliminary nucleation in a 

variety of conditions. In order to gain structural information, in-silico models were developed of 
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MigA and WapR using I-TASSER modelling software. The generated models for both enzymes 

were analysed and compared.   

 A second objective is to develop rhamnosyltransferase assays so as to determine the 

kinetics of both MigA and WapR. A comparison of the kinetic parameters of these two enzymes 

will allow for testing of the hypothesis that MigA possesses stronger affinity for substrates than 

WapR. Before this can be achieved, substrates for the assay must be prepared. Donor substrate 

dTDP-L-Rha will be synthesized enzymatically in vitro using enzymes of extremophilic origin, 

while acceptor core OS will be purified using a phenol extraction method. The MigA and WapR 

rhamnosyltransferase assay will be attempted and monitored by capillary electrophoresis (CE). 

 

Chapter 2. Materials and Methods 

2.1 Bacterial strains and culture conditions 

2.1.1 Bacterial strains and plasmids  

Plasmids and strains used in this study are listed in Table 2.1 

 

2.1.2 General culture conditions 

 Bacteria were grown in Lysogeny Broth (LB) (also commonly called Luria and Bertani 

medium, Invitrogen Canada Inc., Burlington, ON) with shaking at 200 rotations per min (rpm). 

Solid LB media was prepared with the addition of 1.5% (w/v) Bacto agar (Difco Laboratories,  
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Table 2.1 Bacterial strains and plasmids 

Strain/Plasmid  Genotype/Phenotype Reference/Source  

P. aeruginosa    
PAO1 IATS O5, Wild-type strain serotype O5 (Hancock and Carey 1979) 
migA::GmR migA::FRT-aaaCI-FRT (Poon et al. 2008) 
wapR::GmR wapR::FRT-aaaCI-FRT (Poon et al. 2008) 
rmlC::GmR rmlC::FRT-aaaCI-FRT (Rahim et al. 2000) 
E. coli   
DH10β F‐ mcrA, Δ(mrr‐hsdRMS‐mcrBC), 

φ80lacZΔM15, ΔlacX74, recA1, endA1, 
araD139, Δ (ara, leu)7697, galU, galK, λ‐, 
rpsL, nupG   
 

(Grant et al. 1990) 

BL21 (DE3) 
  

F- ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-
T7 gene 1 ind1 sam7 nin5]) 

(Studier and Moffatt. 1986) 

Plasmids   
pET23a-His-MigA NdeI-XhoI 0.9 kb migA from P. aeruginosa PAO1  (Kocíncová, unpublished data) 
pET30a-WapR-His NcoI-BamHI 0.9 kb wapR from P. aeruginosa PAO1 (Kocíncová, unpublished data)  
pET30a-MigA-His NdeI-XhoI 0.9 kb migA from P. aeruginosa PAO1 This study 
pET30a-RmlA NcoI-SacI 0.9 kb rmlA from A. thermoaerophilus (Messner Lab, BOCU, Vienna) 
pET30a-RmlB NcoI-BamHI 1.0 kb rmlB from A. thermoaerophilus (Messner Lab, BOCU, Vienna) 
pET30a-RmlC NcoI-BamHI 0.5 kb rmlC from A. thermoaerophilus (Messner Lab, BOCU, Vienna) 
pET30a-RmlD NcoI-SacI 0.8 kb rmlD from A. thermoaerophilus (Messner Lab, BOCU, Vienna) 
pGEX4T-MigA BamHI-EcoRI 0.9 kb migA from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
pGEX4T-WapR BamHI-EcoRI 0.9 kb wapR from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
pSUMO-MigA XbaI-BsaI 0.9 kb migA from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
pSUMO-WapR XbaI-BsaI 0.9 kb wapR from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
pVLT31-MigA XbaI-HindIII 0.9 kb migA from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
pVLT31-WapR XbaI-HindIII 0.9 kb wapR from P. aeruginosa PAO1 (Kocíncová, unpublished data) 
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Sparks, MD, USA). Antibiotic concentrations used for Escherichia coli strains are as follows: 

ampicillin (Amp) 100 µg/mL, kanamycin (Kan) 50 µg/mL, tetracyclin (Tc) 15 µg/mL. For growth 

of Pseudomonas aeruginosa, the antibiotic supplementation to the growth medium was 

gentamycin (Gm) at 150 µg/mL. Antibiotics were purchased from Sigma-Aldrich Canada Ltd. 

(Oakville, ON). 

 

2.2      DNA protocols 

2.2.1   PCR amplification and cloning  

 Chromosomal DNA was isolated from P. aeruginosa PAO1 using the phenol-chloroform 

extraction method described by Sambrook and Russell (2001). Primers were provided by Sigma-

Aldrich Canada Ltd. (Oakville, ON) and are listed in Table 2.2. PCR amplification was carried out 

using KOD Hot StartTM polymerase (Life Technologies Inc., Burlington, ON) with the reaction 

mixture typically consisting of 100 pg of genomic DNA, 50 pmole of each primer, 0.25 mM  

dNTPs, 2.0 mM MgSO4 and 0.5 unit KOD polymerase (Invitrogen Canada Inc., Burlington, ON), in 

a final volume of 50 µL. Thermocycler conditions were programmed to have an initial 

denaturation at 95°C for 5 min followed by 30 cycles of 30 s at 95°C, 30 s at 55-58°C and 1 min 

at 72°C. A final elongation step of 5 min at 72°C was included. The PCR reaction was analysed by 

DNA gel electrophoresis run on a 1% (w/v) agarose gel (Invitrogen Canada Inc., Burlington, ON). 

The gel was visualized on a ChemiDoc™ XRS+ system (Biorad Canada Ltd., Mississauga, ON) and 

the sample containing amplified insert was purified using a PCR purification kit (Qiagen Inc., 

Toronto, ON) as specified by the manufacturer.  
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Table 2.2 List of primer oligonucleotides used in this study 

Primer list   

migA_FWD CGACATATGATTGAAGAAGCC  

migA_REV CGATCAGCTCTCGAGATGGAG  

T7 Promoter TAATACGACTCACTATAGGG  

T7 Terminator GCTAGTTATTGCTCAGCGG  
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 Empty vectors were obtained from glycerol stocks of E. coli DH10β and the plasmids 

were purified using the PureLink® Quick Plasmid Miniprep Kit (Invitrogen Canada Inc., 

Burlington, ON). Purified plasmid DNA and PCR amplified inserts were digested using restriction 

enzymes obtained from New England BioLabs Inc. (Mississauga, ON) and were used according 

to the manufacturer's instructions. Digested vector and insert were ligated using T4 DNA ligase 

(Life Technologies Inc., Burlington, ON) overnight at 4°C. The ligation mixture was transformed 

into E. coli DH10β using the RbCl2 method developed by Zhang et al. 1998. Successful 

transformants were selected for based on their ability to grow on LB containing an antibiotic to 

which plasmid retention would confer resistance. The presence of insert was screened using 

standard PCR amplification protocols with lysates prepared from whole bacterial cells and 

primers designed specifically for the insert sequence as described by Sambrook et al. 1989. The 

successful generation of a construct was confirmed by nucleotide sequencing by the Advanced 

Analysis Centre (AAC) at the University of Guelph. 

 

2.3 Over-expression and Purification of MigA and WapR 

2.3.1 Over-expression of MigA and WapR 

 Previously generated constructs by Dana Kocíncová of the Lam laboratory (unpublished 

data), pET23a-His6-migA, pET30-wapR-His6, were transformed into chemically competent E. coli 

BL21 (DE3) cells. Transformants were inoculated into LB medium containing antibiotics and 

were incubated overnight at 37°C with shaking at 200 rpm. Cells were sub-cultured at an optical 

density at 600 nm (OD600) of 0.02 and grown at 37°C until an OD600 of 0.6 was reached. 
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Expression was induced by adding 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) and the 

cells were then grown for 48 h at 15°C with shaking at 200 rpm.  

 

2.3.2 Purification of MigA and WapR by immobilized metal affinity chromatography  

 Cells were harvested by centrifugation at 5000  g for 10 min at 4°C and pellets were 

resuspended in chilled binding buffer (25mM Tris-HCl pH 8.0, 100mM NaCl, 10mM imidazole) 

containing an ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor tablet (Roche 

Diagnostics, Laval, QC) and lysed by sonication. Cellular debris and unbroken cells were pelleted 

by centrifugation at 12,000  g for 20 min followed by a subsequent ultracentifugation at 

100,000  g for 1 h. The cell lysate was mixed with nickel-nitrilotriacetic acid (Ni-NTA) resin 

(Qiagen Inc., Toronto, ON) pre-equilibrated with binding buffer and incubated for 1 h at 4°C 

with gentle mixing. Sample was loaded onto a 20 mL gravity-flow column (BioRad Canada Ltd., 

Mississauga, ON). The proteins were eluted using an increasing imidazole gradient (10 mM - 500 

mM). Purified protein samples were mixed in SDS-PAGE sample buffer and boiled at 100 °C for 

10 min prior to electrophoresis. The purification was analyzed by 12.5% (v/v) SDS-PAGE and 

stained with Coomassie brilliant blue R-250 solution (Sambrook et al. 1989). 

 

2.3.3 Purification of MigA and WapR by ion exchange chromatography 

 Protein sample was desalted into a 25 mM Tris-HCl pH 8.0 buffer using a PD-10 desalting 

column (GE Healthcare, Baie d’Urfe, QC). Desalted protein was additionally purified using fast-
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protein liquid chromatography (FPLC) on an ÄKTA Purifier (Amersham Pharmacia Biotech Inc, 

Piscataway, NJ). The column used was a 1 mL HiTrap QTM anion exchange column (GE 

Healthcare, Baie d’Urfe, QC). Ion exchange FPLC was performed with 25 mM Tris-HCl pH 8.0 as 

the low-salt buffer (Buffer A) and 25 mM Tris-Hcl pH 8.0, 2 M NaCl serving as the high-salt 

buffer (Buffer B). Prior to loading the sample, the column was washed with 100% Buffer A for 12 

column volumes (CV) followed by subsequent washes with 100% Buffer B for 12 CV and 100% A 

for 12 CV at a flow rate of 1 mL/min. Protein was eluted in a linear gradient of 0% to 100% 

Buffer B in 30 min at a flow rate of 1 mL/min and detected through absorbance at the UV range, 

A280. Protein fractions were monitored via SDS-PAGE analysis and samples containing pure 

protein were concentrated via centrifugation using 10 kDa cut-off spin columns (Fisher Scientific 

Co., Toronto, ON) at 3000  g at 4 °C for 1 h and buffer exchanged into a buffer containing 25 

mM Tris-HCl pH 8.0, 100 mM NaCl prior to crystallography trials. Concentrated samples were 

analysed by Western blot analysis using mouse α-His as the primary antibody and goat anti-

mouse F(ab')2-alkaline phosphate (AP) conjugate as the secondary Ab (GE Healthcare, Baie 

d’Urfe, QC). Blots were developed using substrates Nitro Blue Tetrazoleum (NBT) and 5-bromo-

4-chloro-3-indolylphosphate (BCIP) (Sigma-Aldrich Canada Ltd., Oakville, ON) in 0.1 M NaHCO3 

buffer (pH 9.8). Protein concentrations were determined using a Bradford assay. 

 

2.3.4 Capillary isoelectric focusing (cIEF) 

 Capillary isoelectric focusing (cIEF) was performed with a cIEF 3–10 Kit (Beckman) using 

a 30.2 cm CIEF capillary (eCAP neutral capillary; 50-μm i.d., 375-μm o.d.; Beckman Coulter 
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Canada, LP., Mississauga, ON) and analyzed on an automated capillary electrophoresis system 

(Beckman P/ACE MDQ with a UV detector). The capillary was prepared with a high-pressure 

rinse with 10 mM phosphoric acid for 2 min (30 psi) followed by a 10 min high-pressure rinse 

with filtered distilled water (30 psi). Ampholyte gel solution (1: 50 ampholye: cIEF gel) was 

mixed with the pI standards consisting of RNAase (pI of 9.45), carbonic anhydrase (pI of 5.98), β-

lactoglobulin (pI of 5.10) and CCK flanking peptide (pI of 2.75). MigA and WapR samples were 

prepared by mixing 10 µg of enzyme with the ampholyte gel solution containing two flanking 

standards (RNAase and carbonic anhydrase). The capillary was filled with the sample by a high-

pressure injection for 1 min. Focusing was performed in an electric field at a voltage of 13.5 kV 

for 2 min with 20 mM NaOH as the catholyte solution and 91 mM phosphoric acid as the 

anolyte. To mobilize the focused proteins past the detector window, a low-pressure rinse was 

applied while the field strength of the electric field was maintained at 500 V/cm. Using these 

conditions, the sample or markers were run for 30 min at 20°C with UV detection at A280. 

 

2.4 MigA and WapR Crystallography  

2.4.1 Preliminary crystal screen 

              Crystallization screens of MigA and WapR were conducted using the Classics I and II 

sparse-matrix commercial screening kits (Qiagen Inc., Toronto, ON). All crystals were grown by 

sitting-drop vapour diffusion using 1 μL of concentrated protein and 1 μL of mother liquor. The 

protein concentration was determined via Bradford assay and ranged from 5-30 mg/mL.  

Preliminary MigA crystals were grown using 5.6 mg/mL of His6-MigA in 0.2 M MgSO4, 0.1 M Tris 
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pH 8.5, 30% PEG 4000. WapR preliminary crystals were grown using 8 mg/mL WapR-His6 in 0.2 

M ammonium phosphate, 0.1 M Tris pH 8.5, 50mM MPD. Refinement was carried out using a 

grid-screen method testing various protein concentrations (5-30 mg/mL) against various 

precipitant conditions. For diffraction testing, crystals were frozen in a liquid nitrogen stream at 

100 K. Diffraction data was collected at the Canadian Light Source (beamline CMCB). 

 

2.5       LPS analysis  

2.5.1    LPS preparation 

             LPS was prepared from liquid cultures of P. aeruginosa using the method of Hitchcock 

and Brown (Hitchcock and Brown, 1983). In this method, an overnight P. aeruginosa culture was 

harvested by centrifugation and resuspended in phosphate-buffered saline (PBS) (137 mM NaCl, 

2 mM KH2PO4, 10 mM Na2HPO4, 2.7 mM KCl, pH 7.4) to an OD600 of 0.45. Cells were sedimented 

by centrifugation and resuspended in lysis buffer (10% (v/v) glycerol, 2% SDS, 1 M Tris-HCl, and 

0.002% (w/v) bromophenol blue) where they were then boiled for 30 mins, cooled, and 

incubated with 0.15 mg/ mL proteinase K (Invitrogen Canada Inc., Burlington, ON) at 55°C 

overnight.  

 

2.5.2 Analysis of LPS by SDS-PAGE and Western blotting  

 LPS samples were subjected to electrophoresis on 12.5% glycine SDS-PAGE gels and 

visualized using the ultrafast silver staining method of Fomsgaard et al. (1990). For Western blot 
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analysis, LPS samples separated by SDS-PAGE were transferred onto a nitrocellulose membrane 

following standard procedures (Taylor et al. 2013) and the membrane/blot was blocked with 5% 

(w/v) skimmed milk for 30 min to minimize noise in the background due to non-specific antigen-

antibody interactions. To detect LPS in P. aeruginosa, blots were quickly washed in PBS and 

incubated with monoclonal antibody (mAb) MF15-4 (specific for OSA LPS) (Lam et al. 1987) or 

mAb 5c101 (specific for LPS outer core) (de Kievit and Lam, 1994). After incubation with the 

primary antibody, blots were washed 3 times at 5 min with PBS and then incubated with goat 

anti-mouse F(ab')2-AP conjugate (GE Healthcare, Baie d’Urfe, QC) for 1 h. Blots were washed 

twice with 0.1 M NaHCO3 buffer (pH 9.8) for 5 min and developed using NBT and BCIP (Sigma-

Aldrich Canada Ltd., Oakville, ON) in 0.1 M NaHCO3 buffer (pH 9.8).  

 

2.5.3 LPS extraction using phenol-chloroform petroleum ether 

 LPS from rough mutants was extracted from cells using the phenol-chloroform 

petroleum ether (PCP) method of Galanos et al. 1969. P. aeruginosa cells were grown for 16 h 

at 37°C with shaking at 200 rpm in 3 L of LB broth supplemented with gentamycin. Cells were 

harvested by centrifugation at 6000  g for 10 min; the supernatant was discarded and the cell 

pellet was lyophilized. Lyophilized cell pellet was ground into a fine powder and mixed with the 

PCP mix (13.3% (v/v) phenol, 33.3% (v/v) chloroform, and 53.3% (v/v) petroleum ether) and was 

stirred vigorously for 1 h. The mixture was sedimented by centrifugation at 4000  g for 10 min 

and the supernatant was collected and filtered through filter paper (9" x 6" FO3-2A) folded into 

a funnel shape (3M Canada Inc., London, ON). The pellet was resuspended in PCP mix and this 
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process was repeated. The filtered supernatant was poured into a rotary evaporator (rotovap) 

at 37°C with rotation at 35 rpm to evaporate the chloroform and petroleum ether. LPS was 

precipitated by the addition of water to the sample followed by centrifugation at 3000  g for 

10 min to pellet LPS. Purified LPS was washed with 80% (w/v) phenol followed by subsequent 

washes with acetone to remove any trace amounts of water. The sample was lyophilized 

overnight. Purified LPS was examined by SDS-PAGE silver-staining as described earlier. Prior to 

being subjected to mass spectrometry analysis, the LPS sample was delipidated in a 2% (v/v) 

acetic acid solution by boiling for 2 h. Delipidated LPS sample was analysed by LC-MS using an 

ion trap instrument (Bruker Co., Billerica, MA, USA) at the AAC at the University of Guelph.  

 

2.6 dTDP-L-Rha synthesis 

2.6.1 RmlBCD purification 

             Plasmids containing the rmlABCD genes from Aneurinibacillus thermoaerophilus DSM 

10155 were obtained from the laboratory of Paul Messner (BOCU, Vienna, Austria) and are 

listed in Table 2.1. Plasmids were transformed into chemically competent E. coli BL21 (DE3). 

Cells were grown in 200 mL LB-kan at 37˚C until an OD600 of 0.6 was reached. Over-expression 

was induced using 1 mM IPTG and was carried out at 37˚C for 4 h with shaking at 200 rpm. Cells 

were harvested by centrifugation at 5000  g for 10 min and the pellet was re-suspended in 15 

mL binding buffer (25 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM imidazole) and lysed by 

sonication. Cell lysate was sedimented by centrifugation at 12, 000  g for 20 min and the 

supernatant was incubated with Ni-NTA resin (Qiagen Inc., Toronto, ON) pre-equilibrated with 
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binding buffer, and incubated for 1 h at 4°C with gentle mixing. Sample was loaded onto a 20 

mL gravity-flow column (Biorad Canada Ltd., Mississauga, ON). The proteins were eluted using 

an increasing imidazole gradient (10 mM-250 mM). The purification was analyzed by SDS-PAGE. 

Fractions containing purified protein were collected, pooled and concentrated using 10 KDa cut-

off spin columns (Fisher Scientific Co., Toronto, ON) at 3000  g at 4°C for 1 h. Concentrated 

sample were buffer exchanged into 25 mM Tris-HCl (pH 7.5) using a PD-10 desalting column (GE 

Healthcare, Baie d’Urfe, QC).  

 

2.6.2 dTDP-L-Rha enzymatic synthesis 

 For large scale biochemical synthesis of dTDP-L-rhamnose, a procedure was used similar 

to that described previously by Graninger et al. 1999 which was refined by collaborators from 

the D. L. Jakeman laboratory (Dalhousie University), using the Rml enzymes from A. 

thermoaerophilus DSM 10155. dTDP-L-Rha was synthesized from dTDP-D-glucose using RmlB, 

RmlC and RmlD in the presence of NAD+ as a cofactor. NADH was regenerated using NAD-

dependent formate dehydrogenase from Candida boidinii. The reaction mixture contained 12 

mM dTDP-α-D-glucose disodium salt (Sigma-Aldrich Canada Ltd., Oakville, ON), 44.3 mM 

ammonium formate (AF) (Fisher Scientific Co., Toronto, ON), 3.1 EU/mL formate dehydrogenase 

(FD) (Sigma-Aldrich Canada Ltd., Oakville, ON), 0.01 mM β-nicotinamide adenine dinucleotide 

(NAD+)(Sigma-Aldrich Canada Ltd., Oakville, ON), and 250 µg/mL RmlBCD. The reaction was 

carried out at 25˚C for 2 h followed by the addition of 25% (v/v) methanol to the reaction 
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mixture to terminate enzyme activity. The reaction mixture was centrifuged at 12,000  g for 15 

min and the supernatant was collected and monitored by CE. 

 Capillary electrophoresis (CE) was performed on a Beckman P/ACE MDQ with a UV 

detector (Beckman Coulter Canada, LP, Mississauga, ON). The samples were introduced with 

pressure into a fused-silica capillary (57 cm length × 75 μm i.d.) with 25 mM borax (pH 9.5) used 

as the background electrolyte (BGE). A voltage of 15 KV was maintained across the capillary and 

the cartridges were cooled to 20°C for all runs. Each run was standardized to last 20 min and 

samples were detected by using a built-in UV spectrometry at A254. The capillary was 

regenerated between each run by applying 0.1 M NaOH for 2 min and ultrapure Milli-Q water 

for 2 min in order to obtain reproducible migrations. Following CE analysis, production of dTDP-

L-Rha was verified by subjecting the product to be analyzed by electro-spray ionization mass 

spectrometry (ESI-MS) using an ion trap instrument (Bruker Co., Billerica, MA, USA).  

 

2.7 MigA/WapR Rhamnosyltransferase assay  

2.7.1 Rhamnosyltransferase assay 

 The MigA/WapR rhamnosyltransferase assay is based on the method described by 

Leipold et al. 2007. The transfer of L-Rha from donor substrate, dTDP-L-Rha, onto truncated 

acceptor core OS obtained from a P. aeriginosa ΔrmlC strain, was monitored by CE. The dTDP-L-

Rha (548.33 g/mol) was synthesized enzymatically using the Rml enzymes from A. 

thermoaerophilus as described previously. The LPS (3013.5 g/mol) was purified as described 
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previously by the phenol-chloroform petroleum ether method (Galanos et al. 1969) and 

delipidated LPS (1647.6 g/mol) was obtained by mild acid hydrolysis. Final reaction conditions 

were 4-10 mM dTDP-L-Rha, 10-30 mM non-delipidated/delipidated LPS, 100 mM Tris (pH 7.5), 

0.4 mM EDTA, 10mM MgCl2/MnCl2 and 10 mM MigA/WapR. The reaction was incubated at 

37°C for 2 h and stopped with the addition of 20% (v/v) methanol. CE analysis was performed 

on a Beckman P/ACE MDQ with a UV detector as described previously.  

 

2.8 Computer analysis  

2.8.1 General analysis software  

 Primers were generated using GENERUNNER (Hastings Software, Inc.). Basic local 

alignment search tool (BLAST) was performed at www.blast.ncbi.nlm.nih.gov (Altschul et al. 

1990). Alignments were generated using ClustalW2 (Larkin et al. 2007). Software tools and 

sequences available at the Pseudomonas aeruginosa database (Winsor et al. 2009). Predicted 

protein pI and molecular mass was determined using the eXpasy server (Bjellqvist et al. 1993; 

Bjellqvist et al. 1994; Gasteiger et al. 2005). Structural prediction models were generated using 

the Iterative Threading ASSEmbly Refinement (I-TASSERTM) (Zhang 2008; Roy et al. 2010; Roy et 

al.  2012) modelling software. Calculations of possible trypin cut sites in the MigA and WapR 

sequence was performed using PeptideCutterTM using the eXpasy server (Gasteiger et al. 2005). 
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Chapter 3 Results 

3.1 Optimization of migA and wapR expression  

 Biochemical studies on MigA and WapR require a large quantity of purified protein. 

Numerous expression constructs containing migA and wapR were generated by  (Table 2.1) 

utilizing a variety of fusion tags and expression systems in an attempt to produce a large yield of 

soluble protein. Expression vectors pET23a-migA and pET30a-wapR were produced in order to 

utilize an N-terminal hexa-histidine fusion tag for MigA and a C-terminal His6-tag for WapR. In 

addition to providing N- and C-terminal His6-tag fusions, vectors from the pET system also 

exploit the T7 bacteriophage promoter to facilitate high levels of protein expression (Studier 

and Moffatt, 1986). Other expression systems were tested as well; these include the pGEX4t 

system, which produces a glutathione-S-transferase (GST) fusion tag; the pSUMO system, which 

contains a small ubiquitin-like modifier (SUMO) tag; and pVLT31, a broad host range vector to 

test expression in the native host, P. aeruginosa. The effectiveness of the various constructs has 

been examined through the analysis of the fractionated cell lysate of the expression host (Fig. 

3.1). Using the pET23a-migA and pET30a-wapR constructs, successful over-expression of His6-

MigA (35.2 kDa) and WapR-His6 (34.4 kDa) was achieved, respectively. However, the expressed 

proteins were localized predominantly in inclusion bodies and in the membrane fraction (Fig. 

3.1a). A similar pattern was observed for the pGEX4t, pSUMO, and pVLT31 systems, 

demonstrating minimal expression of soluble enzyme. Since the pET30a and pET23a systems 

produced the highest amounts of His6-WapR and MigA-His6 as compared to the other 

expression systems that were used, it was decided to focus on optimizing the expression 



38 
  

conditions of these plasmid constructs. Importantly, it has already been shown that His-tags do 

not affect the function of MigA or WapR (Poon et al. 2008) and therefore, would not interfere 

with downstream experiments. 

 MigA and WapR over-expression was observed to localize predominantly in inclusion 

bodies and in the membrane fraction. This suggested the notion that perhaps these enzymes 

function as membrane-bound GTs. To test this, amino sequences for MigA and WapR were 

analyzed using TMpredTM to determine if there are any predicted membrane-spanning regions. 

It was calculated that MigA possessed three possible membrane helices; an inside to outside 

helix spanning from L154 to R174 with a score of 172, and two outside to inside helices from 

S11-E33 and L154 to R174 with scores of 41 and 484, respectively. For WapR, only one TMS was 

predicted to form from residues A2-A17 with a score of 154. It was concluded from this analysis 

that both MigA and WapR are most likely not trans-membrane proteins as the program 

considers only scores above 500 to be significant. 

 Alternative methods were tested to assist in the production of soluble enzyme.  A high-

salt wash of the membrane faction was performed with 1 M NaHCO3 in an attempt to solubilise 

a large proportion of the membrane-associated enzyme (Fig. 3.2A). This was shown to be 

unsuccessful as negligible amount of soluble enzyme was obtained. In separate experiments, 

plasmids pKJE7, pKJE8, and pGro7, which contain genes encoding molecular chaperone 

proteins, were used to aid in solubility. A small amount of MigA was detected in the soluble 

fraction after cell fractionation when pET23a-migA was co-expressed with pGro7 (Fig. 3.2B); 

which encodes chaperones GroES-GroEL. However, the qualitative amount of MigA observed in  
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Figure 3.1. Expression localization of MigA and WapR using various constructs. Expression 

vectors tested include the pET system a), pSUMO b), pGEX4T c), pVLT31 d). Cells containing the 

various constructs were analysed prior to induction (PI) and after induction (I) with IPTG. 

Cellular components were divided into the insoluble fraction (IS), the soluble faction (S), and 

the membrane fraction (M). Red arrows indicate the bands representing the expected over-

expressed MigA/WapR fusion constructs. Samples were analysed by SDS-PAGE stained with 

Coomassie.  
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the SDS-PAGE gel was not appreciably more than when MigA was expressed in the construct 

pET23a-migA without concomitant expression of the chaperones. Similar results were observed 

for MigA expression with the other chaperone plasmids pKJE7 and pKJE8 (data not shown). The 

expression of pET30a-wapR also showed no significant improvement in the relative amount of 

soluble protein with the assistance of the molecular chaperones (data not shown). Since the 

membrane salt wash and the use of chaperone proteins showed little promise in improving 

MigA and WapR solubility, different expression temperatures were examined and the cell 

lysates were analysed by Western blot analysis (Fig. 3.3). A greater amount of soluble protein 

was expressed at 15°C when compared to that at 37°C as shown by the increase in intensity of a 

bands corresponding to His6-MigA and WapR-His6 in the Western blots in Fig. 3.3. Other 

expression conditions that were optimized included: duration of expression, concentration of 

IPTG, optimal cell concentration (OD600) used for induction, and type of expression host (ie, E. 

coli BL21 (DE3), E. coli pLysS...etc). It was discovered that the greatest amount of soluble MigA 

and WapR was produced when the proteins were over-expressed in E. coli BL21 (DE3) that were 

induced at an OD600 of 0.6 with 1 mM IPTG and were allowed to express for 48 h at 15°C (data 

not shown).  

 

3.2 Optimization of MigA and WapR purification 

 In most protein studies, especially in the case of protein crystallography, the purity of 

the protein sample can be just as, if not more important, than obtaining a high protein yield. 

The purification of MigA and WapR was carried out in a Tris-HCl buffer at pH 8.0 and was  
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Figure 3.2. Solubilization of MigA using a high salt membrane wash and chaperone proteins 

GroES and GroEL. a) Cells over-expressing pET23a-migA were fractionated into the respective 

insoluble (IS), soluble (S), and membrane (M) components. Membrane fraction was washed 

with 1M NaHCO3 and the solubilised protein (SW) was analysed by SDS-PAGE and stained with 

Coomassie blue. b) Soluble expression of MigA from pET23a-migA was compared to that 

obtained with the assistance of chaperones GroES and GroEL carried on pGro7 plasmid. Red 

arrows indicate the bands representing over-expressed His6-MigA. 
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Figure 3.3. Optimization of MigA and WapR expression using various temperatures (37°C vs. 

15°C). Over-expression of pET23-migA a) and pET30a-wapR b) was carried out at different 

temperatures (37°C vs. 15°C) and the cell was fractionated into its respective insoluble (IS), 

soluble (S), and membrane (M) components. A sample was taken prior to induction and the 

whole cell lysate was analyzed (PI).  The expression localization was analyzed by Western blot 

analysis using α-His Ab for the detection of His6-MigA and WapR-His6.  
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achieved by Immobilized Metal-ion Affinity Chromatography (IMAC) using a Ni-NTA resin, and 

the relative purity of the samples was determined by SDS-PAGE analysis (Fig. 3.4ab). Co-

purification of a high amount of contaminating proteins was apparent. To minimize this, the 

protein trapped in the IMAC columns were subjected to several rounds of column washes with 

low imidazole concentrations (20 mM-75 mM) for both MigA and WapR purifications. MigA and 

WapR were released from the column at an initial concentration of 100 mM imidazole; these 

samples, however, still contained a large number of co-eluting contaminant proteins. The 

enzymes were shown to elute with the highest yield and purity using 150-250 mM imidazole 

washes. SDS-PAGE silver-staining analysis was performed on the purified protein samples to 

visualize any contaminant proteins which may have been present in concentrations too low for 

detection using Coomassie staining, which is less sensitive than the use of silver-staining. The 

protein samples analyzed from the 150-250 mM imidazole washes all contained the presence of 

multiple contaminant proteins, which were not evident on the Coomassie-stained gel (data not 

shown). In an attempt to produce a protein sample with better purity, various buffers were 

tested in order to determine if the Tris-HCl at pH 8.0 was the optimal buffer for purifying MigA 

and WapR. Buffers such as sodium phosphate and HEPES were used to purify the enzymes and 

resulted in the proteins precipitating out of solution. Conversely, a range of pH conditions were 

tested and it was observed that both MigA and WapR precipitated at pH ≤ 7.0 and pH 8-9 

appeared to be optimal for both rhamnosyltranferases (data not shown). It should also be 

noted that the stability of the enzymes was significantly improved if the purification was carried 

out at 4°C. An alternative IMAC resin, Co-TALON, which is known to reduce the amount of non-

specific binding of His-tagged proteins, was used in an attempt to obtain greater purity. 
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Purification using this resin did not have a noticeable effect on the protein purity, and was 

shown to have weaker binding of MigA and WapR in comparison to the Ni-NTA resin, which 

resulted in lower protein yields (data not shown).   

 It was determined that the best strategy to obtain a pure protein sample would be to 

perform a secondary purification using ion exchange chromatography. The isoelectric point (pI) 

of MigA and WapR have not yet been experimentally determined. Using the eXpasy server 

(http://web.expasy.org/), the pI for His6-MigA was calculated to be 8.35, which indicates that 

MigA should be cationic at pH 8. However, when MigA was purified using cation exchange 

chromatography, the sample was detected in the flow-though indicating it bound poorly with 

the column (data not shown). In contrast, when the proteins were loaded onto an anion 

exchange column (Fig. 3.4c), they interacted strongly with the column resin, eluting at a 

concentration of 0.8 M NaCl; as indicated by the presence of a large peak of 590 mili absorption 

units (mAu) at 40% buffer B (2 M NaCl) on the chromatogram. Conversely, the theoretical pI of 

WapR-His6 was calculated to be 7.17 and the protein was shown to interact very strongly with 

the anion exchange resin (Fig. 3.4 d), with a peak of 520 mAu (corresponding to WapR) eluting 

from the column at a concentration of 1 M NaCl (50% buffer B). Purified MigA and WapR were 

desalted, concentrated, and the protein purity was assessed by SDS-PAGE and Western 

immunoblotting. Results from SDS-PAGE analysis (Fig. 3.4e) showed a high proportion of 

protein corresponding to the molecular mass of His6-MigA (35.2 kDa) and WapR-His6 (34.4 kDa) 

with respect to the total protein in the sample.  Contaminating proteins of various higher and 

lower molecular weights co-purified with the sample, however, it was determined that both 

MigA and WapR were purified to ca. 85% homogeneity. Western immunoblotting of the 
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purified protein samples with mouse anti-His Ab (Fig. 3.4 f) showed strong reaction with the 

35.2 kDa MigA and 34.4 kDa WapR proteins, however, in the purified MigA sample, multiple 

protein bands of higher molecular mass (60 kDa - >100 kDa) were shown to interacted very well 

with the anti-His Ab as well. To determine the true pI of MigA and WapR, capillary isoelectric 

focusing (cIEF) was attempted using reagents from a commercial kit that contain pI standards 

including RNAase (pI of 9.45), carbonic anhydrase (pI of 5.98), β-lactoglobulin (pI of 5.10) and 

CCK flanking peptide (pI of 2.75). These pI standards would be crucial for setting up a standard 

curve in which the pI of the MigA and WapR samples could be compared to. However, the 

results obtained using this method were inconclusive as a high level of UV background was 

present in the generated electropherogram (data not shown).  

 

3.3 MigA and WapR crystallography  

 Initial crystallization screens of MigA and WapR were conducted using sparse-matrix 

commercial screening kits with protein concentrations ranging from 5-30 mg/mL. Preliminary 

nucleation hits for apo MigA were obtained in a variety of screening conditions including 0.1 M 

Tris-HCl pH 8.5, 3M NaCl2  (Fig. 3.5a) and 0.1 M HEPES pH 7.5, 10% (w/v) PEG 8000  (Fig. 3.5b); 

which yielded small (ca. 20 µm) crystals covering the entire surface of the sample well.  

Refinement of conditions for MigA yielded a variety of crystals ranging from thin-needle stacks 

(Fig. 3.5c) and intertwined clusters (Fig. 3.5d). Upon further refinement attempts, a single 

prismatic crystal (ca. 100 µm) was obtained (Fig. 3.5e) in a mother liquor containing 0.1 M Tris-

HCl pH 8.5, 15% (w/v) PEG 4000; however, this result was not reproducible. In a separate  
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Figure 3.4. Purification of MigA and WapR Using IMAC and ion exchange chromatography. Over-

expression and purification of a) MigA (35.2 kDa) and b) WapR (34.4 kDa) using IMAC gravity 

flow columns with Ni-NTA. Proteins were eluted using an imidazole gradient from 20-150 mM 

and fractions were collected and run on a 12.5% SDS-PAGE gel and stained with Coomassie 

blue. FPLC chromatogram of c) MigA and d) WapR secondary purification using anion exchange 

chromatography. Proteins were eluted using a sodium chloride gradient (Buffer A: 25 mM Tris, 

10 mM NaCl pH 8.0 / Buffer B: 25 mM Tris, 2 M NaCl pH 8.0). e) 12.5% SDS-PAGE gel depicting 

concentrated MigA and WapR, stained using Coomassie blue. f) Western immunoblot of 

concentrated MigA and WapR using mouse anti-His as primary antibody.   
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sparse-matrix screen, multiple large (>200 µm) rectangular crystals were observed in a solution 

containing 0.2 M MgSO4, 0.1M Tris pH 8.5, 30% PEG 4000 (Fig. 3.5 f), which were of suitable size 

for diffraction testing.  When sent out for diffraction analysis, the pattern obtained showed 

sporadic spots predominantly at mid-high resolution, which is typical of inorganic crystals (data 

not shown). Preliminary sparse-matrix crystal screens were also conducted with apo WapR, 

which resulted in microcrystalline nucleation (Fig. 3.5g) in 0.2 M ammonium phosphate, 0.1 M 

Tris pH 8.5, 50 mM 2-Methyl-2,4-pentanediol (MPD). Upon refinement, large (ca. 300 µm) 

asymmetrical, birefringent crystals (Fig. 3.5i) were obtained in the presence of fungus in a 

solution containing 0.2 M ammonium phosphate, 0.1 M Tris pH 8.5, 10 mM MPD. These crystals 

were large enough for diffraction testing, however, the conditions we unable to be replicated in 

the absence of fungus. A noticeable amount of phase separation was observed in this 

refinement condition as well (Fig. 3.5h). 

 

3.4 MigA and WapR prediction models 

 In an attempt to gain some structural insight on MigA and WapR in the absence of a 

crystal structure, prediction models were generated using I-TASSER modelling software, which  

generates 3-D structural models based on multiple-threading alignments with existing PDB files 

(Roy et al. 2010). The I-TASSER-generated MigA model (Fig. 3.6a) contained 9 α- helices and 10 

β-strands, whereas the WapR model (Fig. 3.6b) was predicted to possess 8 α-helices and 12 β-

strands. The presence of a repeating α/β/α sandwich is evident near the N-terminus of both the 

prediction models. An amino acid sequence alignment of MigA and WapR with the GT-2  
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Figure 3.5. Preliminary apo crystals for MigA and WapR. a) An example of microcrystalline MigA 

crystals obtained from a commercial screening kit in 0.1 M Tris-HCl pH 8.5, 3M NaCl2 and b) 0.1 

M HEPES pH 7.5, 10% (w/v) PEG 8000. MigA refinements yielded c) thin-needle stacks, d) 

intertwined clusters, e) a single prismatic apo crystal (ca. 100 µm), and f) multiple large (>200 

µm) rectangular crystals. g) An example of preliminary WapR crystals obtained from commercial 

screening kit in 0.1 M Tris, 0.2 M NH3PO4 50 mM MPD pH 8.5. h) Phase separation observed 

during crystal refinement. i) Large (ca. 300 µm) birefringent, non-symmetrical apo WapR 

crystals formed during refinement. 
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homologue SpsA was performed (Fig. 3.7). The multiple sequence alignment revealed that the 

MigA and WapR models share a high degree of secondary structure similarity with each other 

and with SpsA, especially in the N-terminal region. Conversely, the C-terminal region of MigA, 

WapR, and SpsA were shown to be structurally divergent from each other. Interestingly, some 

of the catalytic residues of SpsA (Y11, D39, L80, D98, D99) (Charnock and Davies, 1999) align 

with similar predicted catalytic residues in MigA (F26, D54, L87, D105, D106) and WapR (Y19, 

D47, L80, D98, D99). Structural alignment of the MigA and WapR I-TASSER models were 

generated (Fig 3.6c) and were shown to contain a high degree of conservation at the N-

terminus; however, the C-terminus of these models were predicted to differ in their secondary 

and tertiary structures. The UDP substrate analog from the crystallized SpsA (PDB: 1QGS) was 

modelled into the MigA/WapR structural alignment (Fig 3.6 d) and the UDP was shown to 

localize to a putative ligand- binding site in close proximity to D105 and D106 of MigA and D98 

and D99 of WapR. It should be noted that SpsA and another enzyme, a chondroitin synthase, 

derived from E. coli K4, are predicted to be the closest structural homologues for the I-TASSER 

models of MigA and WapR (data not shown).  

 

3.5 MigA and WapR rhamnosyltransferase assay  

3.5.1 Synthesis of donor substrate dTDP-L-Rha 

 Since the donor substrate for the rhamnosyltransferase assay, dTDP-L-Rha, is not 

commercially available it must be synthesized prior to enzyme activity studies. In order to 

synthesize dTDP-L-rhamnose enzymatically in vitro, proteins of the Rml pathway from the  
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Figure 3.6. Three-dimensional structure prediction models for MigA and WapR using the I-

TASSER server. Protomeric subunit of a) MigA and b) WapR. c) Structural alignment of MigA and 

WapR with substrate analogue UDP (shown in yellow) modelled into the putative catalytic site. 

d) Predicted nucleotide-sugar binding site with residues of the potential DXD shown as sticks. 
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Figure 3.7. Amino acid alignment depicting predicted structural similarities between MigA, 

WapR and GT-2 homologue, SpsA. The I-TASSER server was used for predicting the secondary 

structure of MigA and WapR (yellow – beta sheet, red - alpha helix). The underlined residues 

indicated within a red box show the putative DXD motif for MigA (MigD103, MigD105, 

MigD106) and WapR (WapD98 and WapD99).  The bold residues have been investigated by site-

directed mutagenesis. The alignment was obtained by the ClustalWTM program. 

 

 

MigA   MIEEATSSKHSGTTDAPLVSVVAPCFNAEKYLEEALRSIYEQDYPNFEVIIVDDGSTDNS 60 

WapR   MALVDDGSQ-------PLVSVIIASYNHEKYIEASIASVAAQTYRNVELLVVDDGSSDGS 53 

SpsA   ---------------MPKVSVIMTSYNKSDYVAKSISSILSQTFSDFELFIMDDNSNEET 45 

                       * ***: ..:* ..*:  :: *:  * : :.*::::**.*.: : 

 

MigA   YAMLEQLQKVHGFQLYRQQNQGVSA---------ALNFGLRHARGDYVATPDLDDIMLPH 111 

WapR   VELLRGLQAKYGFDLRVQQNQGLSR---------TLNEAITRARGNLIVPFGSDDIMLPQ 104 

SpsA   LNVIRPFLNDNRVRFYQSDISGVKERTEKTRYAALINQAIEMAEGEYITYATDDNIYMPD 105 

         ::. :     . :  .: .*:.           :* .:  *.*: :.    *:* :*. 

 

MigA   SLSVRAAYLDQHPEVGCVGALVIYIDSEGQET--KRQNGNR--IRQLDFDYL-LGNAYVC 166 

WapR   RLEKQVAHMWDKPEVGICAGNIEIIDSNGRVMPGKEQRKRDLPFRRLDFDDLFLDRKPGP 164 

SpsA   RLLKMVRELDTHPEKAVIYSASKTYHLNDIVKETVRPAAQVTWNAPCAIDHCSVMHRYSV 168 

        *   .  :  :** .   .                :  .    * :  : :         

 

MigA   GAPVSLYRMEALRAAGFYDPEIKVQDFQMTLRIASQGYQIHKLPVLVTRYRRHPDNLSRR 226 

WapR   MAPTLMFRREALEKVGGFDPDIRLEDVYIELAVTKAGYVIDILGEVLAQYRKHPTNTYKN 224 

SpsA   LEKVKEKFGSYWDESPAFYRIGDARFFWRVNHFYPF-YPLDEELDLNYITDQSIHFQLFE 227 

        **  : : ..:.  .                       :. :   .  *  ..    :  

 

MigA   YKVLLDADLRTIAPYQSHPAYERGRTELVNKALKYAVVADKRHAWQLLRSLPLRQWNRTT 286 

WapR   ARFMVDNVFKTYSQFSDHPDYEQVIMRFRNSMFLKCSNRDKVLARELLSGLPLKYWNEKT 284 

SpsA   LEKNEFVRNLPPQRNCRELRESLKKLGMG 256 

            .   ..    :  :*  *.   .  ..        :     ::: .** :   .   

 

MigA   FRRLKRFLLHHES 299 

WapR   FRGIARLFFS--- 294 

SpsA           
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extremophilic organism Aneurinibacillus thermoaerophilus DSM 10155 were used. Proteins 

from this organism were chosen as opposed to the Rml homologues from P. aeruginosa 

because they have been shown to express higher protein yields and are more stable. 

Thermophilic Rml enzymes were over-expressed in E. coli BL21 (DE3) and purified using IMAC 

with an Ni-NTA resin. Purification of the RmlA enzyme resulted in a relatively high amount of a 

soluble protein purified to near homogeneity when washed with an imidazole concentration of 

100 mM; as indicated by the SDS-PAGE analysis (Fig. 3.8) which displays a single protein band 

with an apparent molecular mass of 32.8 kDa that correlates to the known size of RmlA. Based 

on SDS-PAGE analysis, the remaining RmlBCD enzymes displayed relative protein migration to 

apparent molecular masses of 39.1 kDa (RmlB), 20.7 kDa (RmlC), and 31.7 kDa (RmlD). 

However, in the RmlD purification sample (Fig. 3.8d) another protein with a molecular mass of 

ca. 48.8 kDa was observed co-eluting with the target protein. The identity of this contaminating 

protein currently remains unknown.   

 Purified RmlB, RmlC, and RmlD were added to a mixture containing dTDP-D-glucose 

(dTDP-D-Glc) as the initial substrate for the dTDP-L-Rha biosynthesis reaction, and NAD+ as a co-

factor. Ammonium formate and formate dehydrogenase were added as extra enzyme-substrate 

components to regenerate NADH, ensuring that it is not the limiting step of the reaction. The 

reactions involving the different Rml enzymes were monitored by capillary electrophoresis (CE) 

using a borax buffer as the background electrolyte (BGE) to provide the electric current needed 

for CE. The electropherogram (e-gram) of the control with no enzyme (Fig. 3.9a) displayed a 

single peak with a migration time of 9.3 min corresponding to dTDP-D-Glc, which is the only 

nucleotide-sugar present in this reaction mixture. After the addition of RmlB (Fig. 3.9b), two 
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Figure 3.8. Over-expression and purification of RmlABCD from Aneurinibacillus 

thermoaerophilus. a) RmlA (32.8 kDa), b) RmlB (39.1 kDa), c) RmlC (20.7 kDa), d) RmlD (31.7 

kDa) proteins from A. thermoaerophilus in E. coli BL21 (DE3). Elution fractions were collected 

from a range of increasing imidazole concentrations from 25 mM-250 mM and were analyzed 

by 12.5% SDS-PAGE stained with Coomassie. Red arrow indicates the location of the expected 

size of the target protein.  
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peaks were visualized in the e-gram; the first peak corresponded to the migration time of dTDP-

D-Glc (9.3 min) and showed a decrease in intensity (area under the peak) when compared to the 

peak found in the no enzyme control, indicating partial consumption of dTDP-D-Glc by RmlB. 

The second peak showed a retention time of 10.2 min, which would correspond to the end-

product of the RmlB reaction, dTDP-6-deoxy-D-xylo-4-hexulose. When RmlC was added to the 

reaction mixture (Fig. 3.9c), the peaks in the e-gram showed the same two peaks at 9.3 min and 

10.2 min, and same intensity as the previous reaction step. This was likely attributed by the fact 

that the product of the RmlC reaction is dTDP-6-deoxy-L-lyxo-4-hexulose, which is an isomer of 

the RmlB product. The two isomers could not be resolved under these CE conditions. The final 

reaction mixture containing RmlBCD again yielded the same two peaks at a migration time of 

9.3 min and 10.2 min. Interestingly, the peak intensities after the addition of RmlD were 

different than those observed in the RmlB and RmlBC reactions, i.e., the 9.3 min peak had 

gained intensity, whereas the second peak at 10.2 min became less intense. This could be 

interpreted as, firstly, that the intermediate substrate dTDP-6-deoxy-L-lyxo-4-hexulose was not 

fully utilized by the catalytic reaction of RmlD, and secondly, the end product, dTDP-L-Rha, 

possesses a similar migration time as the initial substrate dTDP-D-Glc (9.3 min).  

 In order to observe complete consumption of substrate and maximize the final yield of 

dTDP-L-Rha, the concentration of dTDP-D-Glc used was reduced and the enzyme-substrate 

reactions were monitored by CE.  In each of the reaction steps only one peak was observed in 

the generated e-gram (Fig. 3.10a) and the migration times of each peak correlated with the 

anticipated migration times of the Rml reaction products: dTDP-D-Glc (9.3 min), dTDP-6-deoxy-

D-xylo-4-hexulose production (10.2 min), dTDP-6-deoxy-L-lyxo-4-hexulose (10.2 min), and dTDP-
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L-Rha (9.3 min). The generation of dTDP-L-Rha was verified by electro-spray ionization mass 

spectrometry (ESI-MS) analysis (Fig 3.10b) using the negative ion mode. A dominant peak at m/z 

547.2408 correlated with the known molecular weight of dTDP-L-Rha at 548.0808. The mass 

spectrum also showed trace amounts of a value of m/z 563.2463, which correlates well with the 

molecular weight of initial substrate dTDP-D-Glc (at 564.33); indicating that residual dTDP-D-Glc 

remained in the final product. Trace amounts of dTDP-D-Glc was corrected for by using a higher 

amount of RmlB in order to achieve complete substrate consumption (data not shown).  

 

3.5.2 Purification of truncated core OS lacking L-Rha 

 The acceptor for the rhamnosyltransferase assay, truncated core OS lacking L-Rha, was 

prepared from a P. aeruginosa ΔrmlC mutant, which was described previously (Rahim et al. 

2002). Culture of the ΔrmlC mutant was recovered from the glycerol stock, and the LPS from 

this mutant was prepared and examined by SDS-PAGE and silver staining. The LPS banding 

pattern showed the lack of high molecular weight (HMW) bands, i.e. devoid of O-Ag, and a low 

molecular weight (LMW) band that migrated faster than the LMW band from LPS of the wild 

type strain PAO1 (Fig. 3.11a), which is indicative of the truncated core OS lacking L-Rha as was 

shown in the previous study (Rahim et al. 2002). The phenol-chloroform petroleum ether (PCP) 

extraction method was used to purify the more hydrophobic truncated LPS from the ΔrmlC 

mutant. To confirm the presence of the purified acceptor substrate, ESI-MS analysis was  
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Figure 3.9. Synthesis of dTDP-L-Rha using Rml enzymes from A. thermoaerophilus: incomplete  

consumption of substrate. Electropherogram (e-gram) of the in vitro Rml biosynthesis reaction  

displaying a) the no enzyme control, b) addition of RmlB, c) addition of RmlC, d) addition of 

RmlD. Red arrows indicate the reaction products and intermediates including dTDP-D-Glc (9.3 

min), dTDP-6-deoxy-D-xylo-4-hexulose production (10.2 min), dTDP-6-deoxy-L-lyxo-4-hexulose 

(10.2 min), and dTDP-L-Rha (9.3 min). 

 

 

 

a) No Enzyme

b) RmlB

c) RmlBC

d) RmlBCD

dTDP-glucose

dTDP-glucose

dTDP-glucose

dTDP-glucose/ dTDP-L-rhamnose dTDP-6-deoxy-L-lyxo-4-hexulose 
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Figure 3.10. Confirmation of dTDP-L-Rha synthesis. a)  in vitro synthesis reaction of using Rml 

enzymes showing reaction products and intermediates of TDP-L-Rha synthesis: dTDP-D-Glc (9.3 

min), dTDP-6-deoxy-D-xylo-4-hexulose production (10.2 min), dTDP-6-deoxy-L-lyxo-4-hexulose 

(10.2 min), and dTDP-L-Rha (9.3 min). b) Mass spectrum analysis of the final product for the 

dTDP-L-Rha synthesis reaction showing the compound analyzed in blue and the fragmentation 

pattern in green.  
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employed. However, no MS signal was detected because of the high background noise that was 

present in the sample. In an attempt to rectify this, the purified LPS was delipidated by 

hydrolysis with 2% acetic acid for 2 hours and the delipidated LPS sample was analyzed by ESI-

MS.  In the spectra obtained (Fig. 3.11b), a value of m/z 822.8500 was observed which 

corresponded to the mass of doubly-charged, delipidated, truncated core OS which has a 

calculated mass of 1647.8 Da, respectively. A variety of ion peaks were present in the spectrum, 

but these were not investigated further. 

 

3.5.3   Rhamnosyltransferase assay 

 The glycosyltransferase assay protocol developed by Leipold et al. (2007) was adapted 

for use with the MigA/WapR rhamnosyltransferase assay. Multiple variables were tested 

including different divalent cations  (Mg2+ vs. Mn2+) as well as the lipidation state of the LPS 

(lipidated vs. delipidated); the reactions were monitored by CE using a borax buffer as the BGE. 

In the e-gram of the control reaction containing no enzyme (Fig. 3.12a), two peaks were 

observed; the first had a migration time of 10.3 min, which corresponded to dTDP-L-Rha, and 

the second peak had a migration time of 13.6 min. All subsequent reactions were normalized 

against the dTDP-L-Rha peak in an attempt to observe any notable changes in the reaction 

profile. In the e-gram of the reaction mixture containing non-delipidated LPS and Mg2+ for both 

MigA and WapR (Fig. 3.12cd), two peaks were observed; the first peak corresponded with 

dTDP-L-Rha (10.2 min) and the second peak showed a migration time of 13.6 min. The  
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Figure 3.11. Purification of truncated core oligosaccharide lacking L-Rha obtained from a P. 

aeruginosa PAO1 rmlC mutant. a) Silver-stained SDS-PAGE gel showing wild-type PAO1 and 

rmlC::GmR LPS profiles. b) Mass spectrometry analysis of LPS purified from a PAO1 rmlC::GmR  

mutant using the phenol-chloroform-petroleum ether (PCP) purification method.  Truncated 

core OS was delipidated in 2% acetic acid for 2 h and the sample was analysed by ESI-LC-MS. 

Value in red box (m/z 822.85) is indicative of doubly-charged truncated core OS (mass of 

delipidated truncated core =1647.8 Da).  
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intensities of the peak with a migration time of 13.6 min appears to be reduced when compared 

to the no enzyme control.  Reactions containing non-delipidated LPS and Mn2+
 for both MigA 

and WapR showed no obvious changes in the e-gram profile (Fig. 3.12be) when compared to 

the no enzyme control. Similarly, in the no enzyme control reaction using delipidated LPS as the 

acceptor molecule, two predominant peaks were observed in the e-gram with migration times 

of 10.2 min and 13.6 min, respectively (Fig 3.13a). The presence of three smaller peaks was also 

detected, at migration times of 11.2 min, 11.9 min, and 12.3 min, respectively.  After 

normalizing all of the reactions to the peak corresponding to dTDP-L-Rha (10.2 min), it was 

observed that reactions containing delipidated LPS and Mn+2 (Fig. 3.13bd) displayed a dramatic 

increase in the peak intensity of the second peak at 13.6 min, when compared to the no enzyme 

control for both MigA and WapR. In an attempt to determine the identity of the second peak at 

13.6 min, the reaction mixtures were spiked with all components of the reaction (MgCl2/MnCl2, 

LPS); however, the results obtained were inconclusive (data not shown). Reaction mixtures 

spiked with dTDP-L-Rha and dTDP displayed an increase in intensity of the same peak, indicating 

that dTDP-L-Rha and dTDP have the same migration time and therefore could not be resolved 

using the current CE conditions. 

 A crucial component to monitoring the progress of the rhamnosyltransferase reaction by 

CE is the ability to observe the consumption of dTDP-L-Rha and the release of dTDP, which 

cannot be achieved if both these molecules possess the same migration time. In order to 

resolve dTDP from dTDP-L-Rha, multiple conditions for the CE runs have been attempted such 

as the use of reverse pressure at 0.1, 0.2, and 0.5 psi, but to no avail (data not shown). In a 

separate effort, the voltage across the capillary was significantly lowered and the run time  
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Figure 3.12. Rhamnosyltransferase assay with non-delipidated LPS as the acceptor substrate. 

Electropherogram depicting the various reaction conditions containing either MigA or WapR 

with Mg2+ or Mn2+ as the divalent cation. Donor substrate, dTDP-L-Rha (10.3 min) and a second 

unknown peak (13.6 min) were shown to be the predominant components of each reaction 

detectable by absorbance at the UV range, A254.  
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Figure 3.13. Rhamnosyltransferase assay with delipidated LPS as the acceptor substrate. 

Electropherogram depicting the various reaction conditions containing either MigA or WapR 

with Mg2+ or Mn2+ as the divalent cation. Donor substrate, dTDP-L-Rha (10.3 min) and a second 

unknown peak (13.6 min) were shown to be the predominant components of each reaction 

detectable by absorbance at the UV range, A254.  
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increased in an attempt to improve sample resolution. This again was observed to be 

unsuccessful (data not shown). In an alternative attempt, the pH of the borax buffer (pH 9.5) 

used as the BGE in the CE runs was tested against various borax buffers ranging from pH 6.5-10. 

In the e-gram profile using a borax buffer at pH 6.5 (Fig. 3.14a), a single predominant peak was 

observed with a migration time at 10.3 min for samples containing dTDP, dTDP-L-Rha, and dTDP 

+ dTDP-L-Rha. The presence of four smaller peaks were detected in the dTDP-L-Rha, and dTDP + 

dTDP-L-Rha samples with migration times at 11.6 min, 12.4 min, 13.0 min, and 16.2 min, 

respectively. Similar e-gram profiles were obtained for the borax buffers at pH 7.5, 8.5, 9.5, and 

10 showing only one predominant peak at 10.3 min (Fig. 3.14be). The reactions analysed using 

the different pH values were observed to show a change in band broadening, demonstrating 

that the peak sharpness correlated with an increasing pH value. Resolution between dTDP-L-Rha 

and dTDP was not achieved using this method however. In a final attempt to resolve dTDP from 

dTDP-L-Rha, the buffer composition of the BGE was changed from a borax buffer at pH 9.5 to a 

sodium carbonate/ bicarbonate buffer at pH 9.15 as described by Geldart and Brown (1998). 

The e-gram generated using the sodium carbonate/ bicarbonate buffer as the BGE (Fig. 3.15) 

showed the dTDP sample possessing a migration time of 8.4 min and dTDP-L-Rha having a 

migration time of 5.5 min. When the samples were mixed, the resolution of the two molecules 

could be observed using this CE condition.  
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Figure 3.14. Separation of dTDP from dTDP-L-Rha using different pH values. Electropherogram 

of various pH values prepared using borax buffer as the BGE. Samples analysed include dTDP 

(shown in red), dTDP-L-Rha (shown in blue), and a mixture of dTDP and dTDP-L-Rha (shown in 

purple). 
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Figure 3.15. Separation of dTDP-L-Rha from dTDP using sodium carbonate/ bicarbonate buffer. 

Electropherogram showing samples analysed, dTDP (shown in teal), dTDP-L-Rha (shown in 

purple), and a mixture of dTDP and dTDP-L-Rha (shown in blue). Sodium carbonate/ bicarbonate 

buffer was prepared as described Geldart and Brown (1998). 
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Chapter 4. Discussion 

 The results presented in this thesis support the hypothesis that MigA and WapR share a 

relatively high amount of structural homology in the N-terminal region and are likely to interact 

with the donor substrate, dTDP-L-Rha, in a similar manner. The results obtained also supported 

the notion that the C-terminus of these enzymes possess some level of diversity which confers 

differential binding to the acceptor substrate, resulting in the subsequent α-1,3 and α-1,6 

linkages generating the capped and uncapped glycoforms. In order to test this hypothesis, 3-D 

structures of MigA and WapR must ideally be solved in the presence and absence of bound 

ligand. Although preliminary results has been obtained in the crystallization of these two 

enzymes, further work is required to obtain X-ray diffractable protein crystals.    

 This thesis also outlines advancements made in the development of the MigA/WapR 

rhamnosyltransferase assay. Donor substrate dTDP-L-Rha was successfully synthesized 

enzymatically in vitro and the truncated acceptor core OS was purified from an rmlC mutant of 

P. aeruginosa. The conditions for monitoring the reaction progress of the assay by capillary 

electrophoresis have been optimized such that resolution between dTDP-L-Rha from dTDP was 

attained. The development of the rhamnosyltransferase assays is crucial to provide further 

insight into the enzymatic mechanism of these proteins. This assay could be used for 

determining enzyme kinetics and substrate affinities for both MigA and WapR, which may 

further our understanding of the proposed substrate competition model. It is predicted that the 

enzyme assay will reveal MigA possesses higher affinity for the substrate dTDP-L-Rha in 
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comparison to WapR, indicating that the competition between MigA and WapR is resolved not 

only at the regulatory level, but at the biochemical level as well. 

 Previous work from researchers in our laboratory (Kocíncová and Lam, unpublished 

data) has shown that migA and wapR were difficult to over-express and to obtain large enough 

yields of soluble protein for downstream experiments. Expression trials utilizing various fusion 

tags and expression vectors all displayed MigA and WapR localizing predominantly in inclusion 

bodies and within the membrane fractions. In a study by Leipold et al. 2007, a similar pattern 

was observed in which expression of WaaJ, an α-1,2-glucosyltransferase in E. coli, had been 

difficult and the protein localized mainly in the membrane fraction. To demonstrate the 

membrane-association of WaaJ, truncations of various sizes were made in the C-terminus. The 

enzyme localization in the membrane fraction as well as the in vivo and in vitro kinetics, were 

greatly reduced proportionate to the length of the truncation; with truncations >20 amino acids 

showing no activity (Leipold et al. 2007). Membrane-bound GTs are present in both eukaryotes 

and prokaryotes, and demonstrate a wide variety of functions (Hodson et al. 2000; Ha et al. 

2000; Crespo et al. 2010). To assess whether or not MigA and WapR are potentially membrane-

bound, TMpredTM program was used to identify any potential membrane-spanning regions in 

MigA and WapR based on their amino acid sequence. It was predicted that both enzymes do 

not contain any potential TMS regions and are most likely cytoplasmic proteins. This result does 

not necessarily indicate that there could not be some other form of membrane association. 

Persson et al. 2001 proposed that membrane association of Neisseria meningitidis enzyme LgtC, 

a 1,4-galactosyltransferase in the GT-8 family, could be a result of interactions between 

aromatic rings and positively charged amino acid residues with the hydrophobic and negatively-
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charged regions of the inner membrane phospholipids. It should be noted that the last 20 

amino acids of both MigA and WapR contain 45% positively-charged and aromatic residues. 

Since the acceptor substrate for MigA/WapR is lipid A-core OS, membrane-association of these 

enzymes could perhaps be important for activity. 

 MigA and WapR were successfully purified to near homogeneity as determined by SDS-

PAGE. However, a wide range of contaminating proteins of various molecular weights was 

observed in the purified protein samples. When examined by Western immunoblot analysis, 

HMW proteins were detected in the MigA sample. The identities of these HMW proteins are 

currently unknown but it is speculated that these proteins correspond to SDS-stable aggregates 

of MigA with itself, or with other proteins. This prediction is supported by the fact that when 

the MigA sample was treated with 8 M urea, the HMW bands were no longer detected in the 

SDS-PAGE gel (data not shown). Another possibility could be that the HMW proteins detected 

are indicative of homo-oligomers of MigA, as the oligomeric states of both MigA and WapR are 

currently unknown. GTs are capable of existing in a wide variety of oligomeric states; some exist 

as monomers, while others function as oligomers even though they can belong to the same fold 

class (Hashimoto et al. 2010). If this were the case, an oligomeric MigA could theoretically 

increase the potential of MigA-substrate interactions, hence improving the avidity towards the 

substrate through multivalent binding, allowing it to outcompete a hypothetically monomeric 

WapR in the proposed competition model. Of course, in order to confirm the identity of these 

HMW bands, one could use mass spectrometry analysis. Alternatively, the oligomeric states of 

MigA and WapR could be determined by using gel filtration chromatography, which would also 

give rise to a more pure sample to be used for further crystallography trials. Since no LMW 
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bands were detected by Western blot analysis, degradation products have been ruled out as 

possible explanations for the LMW proteins present in the sample. 

To gain structural insight and understand the catalytic mechanism of MigA and WapR, 

the 3-D structures of these enzymes must be solved by X-ray crystallography. Preliminary crystal 

trials had been carried out using commercially available sparse-matrix screening kits. Thus far, 

preliminary results showing initial nucleation were obtained for both enzymes under a variety 

of conditions. After refinement, crystals obtained that were of suitable size for diffraction 

testing were observed; however, these were found to be inorganic salt crystals. In future work, 

biological crystals will be distinguished from inorganic crystals prior to diffraction testing 

through the use of alternative methods. The use of dyes such as methylene blue, which stain 

biological crystals by diffusing into solvent channels (which are not present in salt crystals), 

would be a relatively quick and simple method for verifying the crystals. A limitation of this 

method is that the staining process is often destructive, capable of modifying the crystals and 

affecting ligand binding (Raghunathan et al. 2010). Another alternative method would involve 

harvesting the crystals, dissolving them, and subjecting the sample to SDS-PAGE. A major 

drawback is that this latter method would require a significant amount of samples such that 

precious few crystals would be lost to SDS-PAGE analysis. 

 Other strategies should be employed in future crystallography studies in order to obtain 

diffracting protein crystals. As mentioned previously, the purity of the prepared protein samples 

could be improved by incorporating additional purification steps such as gel filtration or 

hydrophobic interaction chromatography. Alternatively, compounds such as glycerol, DDT, 
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EDTA and protease inhibitors can be introduced to the crystallization solution to function as 

stabilizing agents (Sousa, 1995). It has been shown that the presence of a His-tag could interfere 

with crystallization attempts (Kim et al. 2001). Unfortunately, the pET23a-migA and pET30a-

wapR expression plasmids used in this study have not incorporated TEV or thrombin cleavage 

sites in them. To test whether the absence of a His-tag would improve crystallization attempts, 

migA was cloned into pET30a giving rise to a C-terminal His-tagged MigA with a TEV cleavage 

site. Expression using this construct was shown to be significantly lower than that obtained 

from using pET23a-migA (data not shown). Optimization of the expression conditions must be 

performed prior to any further work using this construct. Crystallization of protein domains and 

truncations has been a common strategy used by other researchers, who reported better 

success in obtaining protein crystals that were more readily diffractable (Sondek et al. 1996; 

Dong et al. 2007). Truncation strategies could be applied to studying MigA and WapR using 

small-scale limited proteolysis with a protease such as trypsin. Using PeptideCutterTM it was 

determined that MigA contains 36 trypsin cleavage sites and WapR contains 38, making this 

approach feasible. A limitation to this strategy is that limited proteolysis may introduce 

heterogeneity into the sample. 

Since crystal structures of MigA and WapR have not been attained, structural prediction 

models were generated using I-TASSER software in order to gain structural insight on MigA and 

WapR. The MigA and WapR protein models revealed that both GTs are predicted to possess GT-

A folds and domains with an α/β/α sandwich in the N-terminal region. MigA and WapR appear 

to share structural homology in the N-terminal region with each other and with the GT-2 

enzyme SpsA. When the structure of SpsA co-crystallized with substrate analogue UDP (PDB: 
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1QGS) was aligned with MigA and WapR, it was observed that the nucleotide-binding site of 

SpsA aligned well with the predicted DXD motif of MigA (D105, D106D) and WapR (D98 and 

D99) providing stronger evidence to support the hypothesis that MigA and WapR interact with 

donor substrate dTDP-L-Rha in a similar manner. It should be noted that D103 of MigA is in the 

vicinity and it is plausible that this amino acid residue might interact with the donor substrate 

and could potentially lead to a difference in the way the enzyme interact with the ligand when 

compared to WapR. The importance of D103 to the enzymatic activity of MigA was confirmed 

by alanine-scanning mutagenesis performed prior to the time of this study (unpublished data 

from the Lam lab). The MigA and WapR structural models also predicted that these enzymes 

were structurally divergent towards the C-terminus. This difference in the C-terminal region is 

expected to result in differential binding of the acceptor substrate resulting in the α-1,3 and α-

1,6 linkages on the core OS. 

 It is already a well-established characteristic of enzymes possessing the GT-A fold to 

show a high level of structural conservation in the nucleotide-binding N-terminus while showing 

variation towards the acceptor binding C-terminal end (Tarbouriech et al. 2001). The results 

obtained in this study are consistent with the prior observations and substantiated the 

suggestions that MigA and WapR are in fact GT-A enzymes and since they utilize the same 

substrates, any major structural differences that may arise are most likely to occur at the C-

terminal end.  Of course, any conclusions drawn from these in silico-generated models must be 

substantiated by other evidence, preferably data from additional experiments. For instance, the 

use of X-ray crystallography and NMR methods to collect data that would shed light on 

understanding the structures and functions of these two rhamnosyltransferases. 
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 Prior to this study, alanine-scanning mutagenesis was performed on migA and wapR by 

Kocíncová in our group to identify potentially important amino acids critical for enzymatic 

function (unpublished data from the Lam lab). Corresponding residues of MigA (D103, D105, 

D106, Q191, D192) and WapR (G96, D98, D99, E189, D190) were identified to be essential for 

enzyme activity. Interestingly, mutations F26A of MigA and Y19A of WapR (which align with Y11 

of SpsA) were shown to produce less efficient enzymes which were observed to lose their 

"competitiveness" when carried on high copy plasmid pUCP26 (data not shown). Typically, 

expression of MigA from pUCP26-migA (in the migA mutant) causes diminishing of the capped 

core+1 LPS molecule, while the construct with the F26A mutation does not. Similarly, over-

expression of WapR from pUCP26-wapR causes the uncapped glycoform synthesis to be 

reduced, while the construct with the Y19A mutation does not. The conserved residue Y11 in 

SpsA has been shown to bind with the nucleotide base of the donor substrate through aromatic 

stacking (Charnock and Davies, 1999). It is currently unclear how a substitution in this residue 

may alter the competitive behaviours of these enzymes and will require further study. In 

addition to mutagenesis, MigA/WapR chimeras were generated by Kocíncová to determine 

whether or not the N-terminal regions are interchangeable between these enzymes 

(unpublished data from the Lam lab). The N-termini were exchanged directly following the 

predicted DXD motifs of MigA and WapR, however, complementation of the α-1,3 and α-1,6 

was not restored (data not shown). Future work generating chimeric fusions can potentially be 

done using the generated MigA/WapR prediction models as guidelines for potential chimeric 

fusion sites. 
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 Functional characterization of MigA and WapR has been extensively studied at the 

genetic level for over a decade, yet there still remains a lack of biochemical data for these 

enzymes. In order to determine enzyme kinetics and substrate affinities to be used for 

downstream inhibitor testing, a rhamnosyltransferase assay must be developed. A major 

constraint preventing the development of the rhamnosyltransferase assay to date has been the 

requirement of donor substrate dTDP-L-Rha. Since dTDP-L-Rha is not commercially available, it 

was synthesized biochemically in vitro using Rml enzymes encoded by the rml operon from 

Aneurinibacillus thermoaerophilus to exploit the high expression levels and stability of these 

extremophilic homologues. The rml operon was initially discovered in A. thermoaerophilus 

based on the presence of L-Rha in the S-layer of this extremophile with the knowledge that the 

biosynthesis of L-Rha using Rml enzymes is highly conserved amongst various organisms (Giraud 

and Naismith, 2000; Ristle et al. 2011). The initial substrates for the Rml dTDP-L-Rha synthesis 

pathway are dTTP and glucose-1-phosphate. It was decided that for the purpose of this study 

the biosynthesis reaction would be carried out using dTDP-D-Glc as the initial substrate instead. 

The rationale behind this is because RmlA is inhibited by dTDP-L-Rha via feedback inhibition and 

would be the rate limiting step of all subsequent reactions , and if complete consumption of 

both dTTP and glucose-1-phosphate were unattainable, then an additional purification step 

would be necessary. A limitation to using dTDP-D-Glc as the starting substrate is that it is very 

costly in comparison to using dTTP and glucose-1-phosphate. In future work, strategies can be 

employed such as mutating the RmlA enzyme in the dTDP-L-Rha binding site to prevent 

feedback inhibition. This would be a feasible task as the crystal structure of RmlA of P. 

aeruginosa has been solved in the presence of both dTTP and dTDP-L-Rha (Blankenfeldt et al. 
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2000). Alkaline phosphatase (AP) treatment could be used to remove dTTP as AP degrades dTTP 

to phosphate and thymidine. Subsequently, dTDP-L-Rha can be separated from thymidine by 

HPLC using C-18 reverse phase ion-pair column chromatography. When monitoring the dTDP-L-

Rha biosynthesis reaction by CE, the presence of two peaks was evident in every reaction 

except for the no enzyme control. It was concluded that these two peaks were indicative of 

incomplete consumption of substrate. Reaction conditions were adjusted in order to obtain 

complete substrate consumption and dTDP-L-Rha was successfully synthesized. Mass 

spectrometry analysis was used to confirm the presence of synthesized dTDP-L-Rha. Although 

MS data provided the necessary evidence to show that the generation of dTDP-L-Rha was 

successful, further confirmation by NMR or other means should be applied to ensure that the 

synthesized product would serve as a suitable donor substrate for the rhamnosyltransferase 

assay. 

 The MigA/WapR rhamnosyltransferase assay was carried out using in vitro assay 

conditions described by Leipold et. al in 2007 for the enzyme WaaJ. As mentioned previously, 

WaaJ shares a similar characteristic with MigA and WapR in that they are all potentially 

membrane-associated enzymes. WaaJ is an α-1,2-glucosyltransferase required for the addition 

of the terminal Glc on the core OS which becomes the acceptor for the attachment of O-Ag in E. 

coli R3 and Salmonella enterica serovar Typhimurium (Leipold et al. 2007; Kaniuk et al. 2004; 

Kadam et al. 1985; Haishima et al. 1992; Olsthoorn et al. 1998). Since the donor (UDP-Glc) and 

acceptor (truncated core OS) substrates of WaaJ are analogous to MigA and WapR, the WaaJ 

assay protocol serves as a suitable method to follow. The assay conducted in this study differed 

from Leipold et. al in that capillary electrophoresis was used to monitor enzyme activity as 
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opposed to using radio-labeled substrates. Variables such as the lipidation state of the acceptor 

substrate (delipidated vs. non-delipidated) and the divalent cation used (Mg2+ vs. Mn2+), were 

tested in this assay as well. It is speculated that MigA and WapR would not require the presence 

of lipid A in order to catalyze the attachment of L-Rha to the core OS; which would be 

advantageous for downstream analysis using mass spec and NMR studies.  

 The assay was monitored by CE, where consumption of dTDP-L-Rha and the formation of 

dTDP would give preliminary indication of the successful incorporation of L-Rha to the truncated 

acceptor core. Analysis of the enzyme reactions revealed changes occurring in two reaction 

conditions for both MigA and WapR. Curiously, the first condition contained non-delipidated 

LPS and Mg2+ and showed a decrease in the intensity of a second, unknown peak; whereas the 

second condition showed the exact opposite, requiring delipidated LPS and Mn2+ and revealed a 

drastic increase in the intensity of the unknown peak. It should be noted, however, that each 

electropherogram of the various reactions were normalized to the peak corresponding to dTDP-

L-Rha and therefore observations showing an increase or decrease of the second peak could in 

actual fact be a decrease or increase in the dTDP-L-Rha peak. The identity of the second peak in 

these reactions still remains unknown and was not pursued further once it was confirmed that 

the peak did not correspond to either dTDP-L-Rha or dTDP. It is speculated that the observed 

result could be a result of degradation of dTDP-L-Rha. To resolve between dTDP-L-Rha and dTDP 

in a CE experiment, a variety of conditions were tested and in the end, the use of a sodium 

carbonate/ bicarbonate buffer was shown to provide better separation of the two compounds 

as in the case of the study reported by Geldart and Brown (1998). Further attempts at 

developing the rhamnosyltransferase assay are currently being implemented in the Lam lab.  
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Chapter 5.     Conclusions and future directions 

 There were two objectives to be met in this thesis. The first objective was to gain 

structural information about MigA and WapR through elucidation of the structure by X-ray 

crystallography. The data obtained provides further evidence that MigA and WapR share 

structural similarity characteristic of GT-2 family enzymes.  The second objective was to gain an 

understanding of the properties of the enzyme activities of both MigA and WapR. The work 

described in this study demonstrate major progress made towards the development of a 

rhamnosyltransferase assay through the synthesis of the donor substrate dTDP-L-Rha, 

purification of truncated acceptor core, and the optimization of the monitoring conditions. 

 Future work should be directed at further pursuing the assay development and 

refinement of the MigA and WapR crystals. Studies of the kinetic parameters and information 

on substrate affinities will provide further insight into the proposed competition model and will 

provide imperative information when compared against different inhibitors. Obtaining 

structural data would help to identify key residues which may shed light on the catalytic 

mechanisms of these enzymes. Structural data would be especially important for elucidating 

how both MigA and WapR could interact with the same substrate yet confer different linkages 

which results in a drastic change in the LPS structure and physiology of P. aeruginosa. Additional 

work should be focused on the proposed competition model of MigA and WapR and the 

importance of the shift from a smooth LPS profile to a rough phenotype through the 
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development of an infection. Understanding the exact mechanism of MigA and WapR will also 

increase our knowledge about LPS biosynthesis in P. aeruginosa. 
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