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ABSTRACT

MOLECULAR AND BIOCHEMICAL INVESTIGATION OF MECHANISMS THAT PROPEL
O-ANTIGEN DIVERSITY IN PSEUDOMONAS AERUGINOSA

Véronique Louise Taylor
University of Guelph

Advisor:
Dr. J. S. Lam

Lipopolysaccharide of Pseudomonas aeruginosa is capped by highly diverse O-specific
antigens (OSA). Differences in the OSA are the basis for classifying P. aeruginosa into 20
distinct serotypes. OSA is synthesized by the Wzx/Wzy-dependent pathway wherein O-units are
polymerized by Wzy with either α- or β- intramolecular linkages to chain-lengths regulated by
Wzz1 or Wzz2 whereas the polymer is ligated by WaaL a lipid-anchor forming mature LPS.
Infection of P. aeruginosa by the D3 bacteriophage results in serotype conversion by altering the
intramolecular linkage from α- to β- due to the expression of an inhibitor of α-polymerase (Iap),
and a β-polymerase (Wzyβ).
The inner membrane topologies of WaaL and Wzyβ were determined experimentally
using a dual-reporter capable of PhoA-LacZ activity to screen the subcellular localization of
random and site-targeted 3’ truncations. Twelve transmembrane segments (TMS) and a large
periplasmic loop were identified for WaaL. Wzyβ contained 10 TMS and two large periplasmic
loops (PL3 and PL4). Both WaaL and Wzyβ possessed residues essential for an inverting
glycosyltransferase reaction. The topology of Wzyβ supports the proposed “catch-and-release”
mechanism of Wzy proteins. Wzyβ is therefore resistant to Iap inhibition due to using a different
reaction mechanism.

By titrating Iap expression it was determined that Iap inhibition occurs after Wzyα was
inserted into the inner membrane. Specificity of the Iap to the O2 serogroup is supported by
sequence similarity between Iap and the N’ terminal TMS of only cognate Wzz proteins. Iap
appears to function by disrupting the proposed Wzz/Wzy interaction.
In a separate project, we developed an algorithm for in silico serotyping of P. aeruginosa
based on unique sequences in the OSA clusters. This method was used to type >80 P. aeruginosa
strains with published genome sequences. We discovered a unique genomic island among O12
strains with a multidrug-resistance phenotype, and collected evidence of concomitant transfer of
the O12 OSA cluster and antibiotic resistance genes from an ancestral clone, PA7. The presence
of this island accounts for the geographic dissemination of the O12 serotype in hospital settings.
In summary, this research furthered the understanding of mechanisms which drive O-antigen
diversity in P. aeruginosa.
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Chapter 1: Introduction

This portion of the thesis has been compiled from two separate published reviews.
1.1 “Membrane translocation and assembly of sugar polymer precursors”


A portion of the review “Membrane translocation and assembly of sugar polymer
precursors” chapter in the textbook “Current Topics in Microbiology and Immunology”
(Taylor, et al., 2015)

1.2 “Genetics of O-specific Antigen Biosynthesis”


A portion of the review “Genetic and Functional diversity of Pseudomonas aeruginosa
lipopolysaccharide” chapter in the Research Topic “Pseudomonas aeruginosa, Biology,
Genetics and, Host-pathogen interactions” specific review published in Frontiers of
Microbiology (Lam, et al., 2011)

STATEMENT OF CONTRIBUTIONS
This portion of the thesis has been compiled from two separate published reviews for which I am
either the first author or a contributing author:
1.1 I contributed to the book chapter by performing pertinent literature searches, wrote the
sections that are included in this thesis and generated the related figures and edited the chapter
for submission to the editor.
The additional co-authors include: Steven Huszczynski and Joseph S. Lam, who participated in
the planning the outline of the review chapter, writing their specific sections, generating figures,
and editing the manuscript in its entirety.
1.2 I contributed to the review by performing literature studies, penned the aforementioned
section, generated the figures contained within the chapter and edited the completed manuscript
for publication.
The additional co-authors include: Joseph S. Lam, Youai Hao, Salim Islam and Dana Kocíncová
contributed to the publication by writing specific sections, designing figures and editing the
manuscript.
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1.1. BACTERIAL CELL ENVELOPE
Bacteria are able to inhabit a wide variety of environmental niches including artificial
surfaces and within human hosts. In order to survive these conditions they are encapsulated by a
complex cell envelope (Silhavy, et al., 2010). This envelope can be observed as twocomponents: peptidoglycan (PG), the bacterial cell wall which is a carbohydrate chain crosslinked by peptide bonds forming a sacculus surrounding the cell, providing structure and cell
shape (Frirdich & Gaynor, 2013), and long-chain polysaccharides which are used for adhesion
and host immune evasion (Raffatellu, et al., 2006, Lam, et al., 2011). The major bacterial
polysaccharides are capsule, shared by Gram-negative and Gram-positive bacteria, and
lipopolysaccharide (LPS), the essential component of the outer membrane (OM) of Gramnegative organisms and teichoic acids, which span the cell wall in Gram-positives. The
importance of these polysaccharides to bacterial survival has prompted increased research in
their biosynthesis. These polymers require that sugar-nucleotide precursors traverse the
hydrophobic bilayer by action of integral inner membrane (IM) proteins (Raetz & Dowhan,
1990). The three pathways are named after the translocation proteins: Wzx/Wzy-dependent,
ABC-transporter dependent and synthase dependent. With the early development of molecular
techniques geared to Escherichia coli and other Gram-negative organisms, the field was
propelled into biochemical and structural characterization of enzymes from glycosyltransferases
to export proteins involved in the process with hopes to obtain novel therapeutics (Collins, et al.,
2007, Westman, et al., 2009). Understanding how to obstruct these pathways would result in
decreased virulence and survival (Schiller, et al., 1984, Augustin, et al., 2007). Due to the
current absence of established methods in Gram-positive organisms, the field has relied on
utilizing knowledge that has been inferred from the well-characterized Gram-negative systems
2

such as the Wzx/Wzy-dependent pathway of O antigen biosynthesis which is also used in
Streptococccus pneumoniae capsule biosynthesis (Yother, 2011). The following chapter outlines
the current molecular and biochemical understanding of the mechanisms used by Gram-positive
organisms to translocate nucleotide-sugar precursors in order to produce essential
polysaccharides.
1.1.1. Undecaprenyl phosphate, the lipid-carrier
The first step in creating cell-wall polysaccharides in Gram-negative and Gram-positive
organisms (Fig. 1.1), such as peptidoglycan (PG) or capsule (CPS), requires the addition of
sugars to a lipid carrier to form a precursor compound, which facilitates translocation of sugars
across the cytoplasmic membrane. The process of relying on a linear chain polyprenyl-phosphate
lipid as the base for translocation of sugar polymers is highly conserved across all biological
kingdoms. The most commonly used lipid for sugar translocation in bacteria is undecaprenylphosphate made of 55-carbon chain length (C55-P or Und-P) (Manat, et al., 2014). In brief, the
formation of this C55-polyprenyl chain occurs through sequential condensation of short lipid
chains to the appropriate length in a cis configuration to a trans-linked precursor with the
terminal phosphate group in the α-position linked in an unsaturated bond (Hartley & Imperiali,
2012). This structure has been shown to be crucial in the translocation of a polar head group
through a highly hydrophobic environment by interaction with a dedicated flippase protein.
Though the exact mechanism and the kinetics of interaction between Und-P and the flippase is
currently unknown, biophysical evidence demonstrates that the presence of these lipids increases
membrane fluidity, thereby promoting a more dynamic state (Valtersson, et al., 1985, Wang, et
al., 2008). Once translocated by a protein such as CpsJ of Streptococcus pneumoniae, a putative
flippase, the lipid-phosphate-sugar intermediate is believed to act as a high-energy donor for the

3

Figure 1.1: The cell envelope structures of Gram-negative and Gram-positive bacteria. Cell
surface polysaccharides play vital roles in the survival and the virulence in both groups of
bacteria. The inner membrane (IM), peptidoglycan (PG) and outer membrane (OM) are depicted
as such. Figure courtesy of Dr. Wayne Miller (a former Lam lab doctoral graduate).

4

assembly of cellular polysaccharide. This chapter will focus on reviewing three separate
biosynthesis pathways which produce cell surface polysaccharides in bacteria, namely, ABCtransporter dependent, synthase dependent, and Wzx/Wzy-dependent.
1.1.2. Cell-associated polysaccharide biosynthesis pathways: ABC-transporter, synthase
dependent and Wzx/Wzy-dependent
1.1.2.1. ABC-transporter dependent biosynthesis pathway
TagGH and TarGH are the two-component ABC transporter systems used by Grampositive bacteria for the export of poly(glycerol-3-P) or poly(ribitol-5-P) teichoic acid (TA) from
the cytosol to the cell surface, respectively. The central role of TA is to assist in cell division
and provides temporal and spatial regulation of PG stabilizing proteins such as penicillin binding
protein 4 (Atilano, et al., 2010). These polymers can be covalently linked to the cell wall: wall
teichoic acid (WTA), or to cellular lipids: lipoteichoic acid (LTA). The TagG (for glycerol) or
TarG (ribitol) of either system constitutes the transmembrane transporter domains (equivalent to
Wzm in Gram-negative bacteria), while TagH or TarH represents the ATP binding domain
(equivalent to Wzt), which provides the energy for translocation of teichoic acid molecules
(Brown, et al., 2008). To date, little is known about the mechanisms of these transporters. It has
been suggested that these ABC transporters could transport TA with somewhat relaxed
specificity and current evidence obtained thus far supports this (Kolkman, et al., 1996). For
instance, Bacillus subtilis contains poly-glycerol phosphate TA and its cognate ABC transporter
is the TagGH system, while Staphylococcus aureus contains a poly-ribitol phosphate TA and its
transporter is the TarGH system. The tarGH genes from S. aureus can cross-complement a

5

Figure 1.2: ABC-transporter dependent biosynthesis pathway as seen in teichoic acid
biosynthesis in B. subtilis 168. The initiating glycosyltransferase TagO (shown in Blue),
transfers GlcNAc to Und-P. TagA then transfers a ManNAc residue and allows for the
subsequent addition of glycerol-3-phosphate (glycerol-3-P) residues by TagB and TagF. Once
the glycerol-3-P chain reaches ~40 units, it is exported to the outside of the membrane by TagG
(as shown in green) and TagH, where TagH hydrolyzes ATP to drive export through the TagG
channel (Taylor et al. 2015).
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tagGH-deletion mutation in B. subtilis, suggesting that the Und-P lipid carrier and/or the linkage
unit is recognized by these transporters, rather than the glycerol or ribitol moieties (Schirner, et
al., 2011). Recognition of the Und-P-linked moieties suggests the mechanism of transport
involves flipping of the lipid-linked polymers, rather than adopting a simultaneous
polymerization and transport process (Schirner, et al., 2011, Brown, et al., 2013) (Fig. 1.2).
1.1.2.2. Capsule biosynthesis pathway
The long-chain exopolysaccharide known as capsular polysaccharide (CPS) often extends
beyond the cell wall of pathogenic species of both Gram-negative and Gram-positive bacteria. It
forms a surface coat to shield the bacteria against innate host defences and is known to contribute
to virulence. In Gram-positive organisms, CPS is linked to PG. Biosynthesis of this polymer
occurs through two separate but conserved pathways: synthase-dependent and Wzx/Wzydependent (Yother, 2011). For either of the pathways, capsular biosynthesis is initiated on the
inner face of the cytoplasmic membrane where sugar precursors are synthesized on a lipid
carrier, i.e., Und-P for Wzx/Wzy-dependent and phosphatidylglycerol for the synthasedependent one. Once the precursors are formed on the lipid-carrier, they differ by the mode of
translocation across the cytoplasmic membrane. In the Wzx/Wzy pathway, these Und-P-linked
precursors are transported to the outer face of the cytoplasmic membrane by the flippase CpsJ
(an equivalent of Wzx, the O-antigen flippase in Gram-negative bacteria) and polymerized by
CpsH (an equivalent of Wzy, the O-antigen polymerase). Capsule production, chain length, and
attachment to the cell wall are controlled by CpsABCD which constitutes a phosphoregulatory
system (Guidolin, et al., 1994, Kolkman, et al., 1996, Morona, et al., 1999). The synthase
pathway, however, begins with phosphatidylglycerol precursors, while subsequent steps,
including initiation, polymerization, and export are apparently performed by a single protein
7

CpsS (synthase). CPS biosynthesis has been extensively studied in Gram-negative organisms;
however, the importance of capsules as virulence factors has inspired the study of this cell
surface glycan in Gram-positive organisms with the ultimate goal of developing effective
therapeutics (Tarahomjoo, 2014).
1.1.2.3. Synthase-dependent pathway
The synthase-dependent pathway is utilized in the synthesis of S. pneumoniae serotype 3
and 37 capsules and in the synthesis of hyaluronic acid (HA), a glycosylaminoglycan, expressed
in eukaryotes, Streptocccus pyogenes, and other less well characterized pathogens including
Streptococcus uberis and Pasteurella multocida (Weigel, 2002). In both capsule and HA
biosynthesis, the enzyme responsible for the addition of the sugars also exports the polymer to
the outside of the cytoplasmic membrane (Fig. 1.3). This system caters to a relatively simpler
polysaccharide such as the one from serotype 3, GlcA β14 Glc, as evidenced by the small gene
cluster containing these genes, cps3D (encodes UDP-glucose dehydrogenase), cps3S (encodes
synthase), and cps3U (encodes glucose-1 phosphate uridyltransferase) (Bentley, et al., 2006).
The conserved genes at the 5’ end of the capsule cluster: cpsABCP are present but inactive. The
tyrosine kinase cpsD was renamed cpsP within this serotype (Bentley, et al., 2006). The protein
coded by cpsS, the synthase, is a processive β-glycosyltransferase belonging to the GT-2 family
with a conserved four transmembrane segment (TMS) region and a cytoplasmic domain. The
latter domain, as observed in other membrane bound glycosyltransferases, is the region
responsible for the transferase function (Campbell, et al., 1998, Bentley, et al., 2006). The lipidcarrier for the synthase-dependent pathway in S. pneumoniae is phosphatidylglycerol, the most
common lipid moiety in the cytoplasmic membrane of the bacterium (Trombe, et al., 1979); this
is unlike the highly-regulated Und-P. The abundance of phosphatidylglycerol lipid helps to
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explain the lack of lethal phenotypes when any of the three biosynthesis genes are interrupted
(Dillard, et al., 1995). Isolation of the lipid-linker determined that initiation of the polymer
begins with the addition of UDP-Glc to the lipid followed by UDP-glucuronic acid (UDP-GlcA)
(Cartee, et al., 2005). Utilizing radio-labelled substrate and membranes containing the synthase
protein became a standard assay for investigating polymer lengths and substrate preferences.
Following initiation, UDP-GlcA and UDP-Glc are added sequentially to create an
oligosaccharide of ~eight repeats (Cartee, et al., 2001, Forsee, et al., 2006). Once the key length
is achieved, the oligosaccharide precursor becomes more tightly bound to the synthase, resulting
in a change from casual to processive synthesis, as evidenced by the inability to isolate
intermediate polymer lengths by gel filtration chromatography (Forsee, et al., 2006, Ventura, et
al., 2006). Since glucose is present in abundance within the cytosol, the chain-length regulation
and total amount of type 3 capsule synthesized at any given moment is somehow
controlled/regulated by the cellular availability of UDP-GlcA (Forsee, et al., 2006, Ventura, et
al., 2006, Forsee, et al., 2009). This hypothesis is supported by in vivo evidence that mutations
which disrupt the active site of CpsD would inhibit or suppress the function of the protein and
result in the bacteria synthesizing drastically shorter capsule repeats (Ventura, et al., 2006). In
addition, overexpression of a homologue, cspU in E. coli K5, resulted in overall reduced levels
of capsule but no changes to the modality (Roman, et al., 2003). Biochemical investigations into
the synthase kinetics demonstrate that both nucleotide sugars, UDP-Glc and UDP-GlcA, interact
with the same binding site within CpsS as both sugars possess similar binding and inhibition
values; however, the binding of UDP-GlcA increases the affinity for UDP-Glc, while the
alternative binding of UDP-Glc decreases affinity of UDP-GlcA, which is in line with a
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Figure 1.3: Synthase-dependent biosynthesis in S. pneumoniae serotype 3. The synthase
pathway relies on the action of a single protein CpsS (shown in Green) to polymerize and export
the polysaccharide composed of a glucuronic acid (GlcA) and glucose (Glc) disaccharide. There
are two phases of synthase biosynthesis: (I) the polysaccharide chain is grown on the inner face
of the cytoplasmic membrane with phosphatidylglycerol as the lipid-linker. (II) Once the
growing chain reaches eight repeat units a conformational change is proposed to occur to allow
for the rapid polymerization of very-long-chain capsule molecules.
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processive mechanism (Forsee, et al., 2006). The evidence provided for the shift from
oligosaccharide to polysaccharide suggests that the synthase may go through a conformational
change, allowing faster and more controlled transfer of sugar subunits to the growing chain. The
current model is that the lipid-linker originates on the inner face of the cytoplasmic membrane
and the initiating sugars are added until an octasaccharide is generated. The lipid-linker is then
flipped to face the outside and the polysaccharide can be synthesized freely by extending into the
cytoplasm (Cartee, et al., 2005, Forsee, et al., 2006). However, thus far, no in vitro biochemical
evidence has been obtained which would demonstrate the presence of the growing saccharide
chain on the outside of the cytoplasmic membrane (Fig. 1.3). Although the pathways vary, a
high-energy lipid-carrier is required for initiation, and each requires a designated transporter
protein able to assist translocation of the long chain polysaccharide across the hydrophobic
membrane.
1.1.3. Wzx/Wzy-dependent pathway
The genetics of capsular biosynthesis have been extensively studied in S. aureus, Bacillus
spp. and S. pneumoniae. Differences in sugar constituents, side groups, and the molecular bonds
between the sugar residues distinguish capsules into specific serotypes within a particular
species; e.g., S. pneumoniae alone possesses 90 distinct serotypes (Henrichsen, 1995). The genes
within the chromosomal locus of S. pneumoniae CPS biosynthesis are highly diverse, as
reflected by the fact that this cluster ranges from 10-30 kb (Bentley, et al., 2006). Comparatively,
the S. aureus CPS clusters range only from 14-18 kb depending on the serotype (Moreau, et al.,
1990, Lin, et al., 1994, Sau, et al., 1997). The 5’ ends of all CPS clusters are highly conserved
beginning with the regulatory genes named cpsABCD, whose position and order are unchanged.
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The remainder of the cluster comprises glycosyltransferases and enzymes for synthesizing
nucleotide-sugar precursors (Bentley, et al., 2006). In S. pneumoniae, the chromosomal locus of
the CPS cluster is flanked by dexE and ali genes.
1.1.3.1 Initiating glycosyltransferase
The first serotype-specific gene identified in the capsule biosynthesis cluster of S.
pneumoniae was cpsE (Guidolin, et al., 1994, Kolkman, et al., 1996, Kolkman, et al., 1998,
Morona, et al., 1999, Pelosi, et al., 2005), whereas in S. aureus, it was capM (Lin, et al., 1994,
Miyafusa, et al., 2013). Both genes encode glycosyltransferases responsible for the reversible
addition of a nucleotide-activated sugar to the Und-P lipid-carrier (Kolkman, et al., 1996, Cartee,
et al., 2005). CpsE has been identified in 69 of the 98 serotypes of S. pneumoniae, and it is a 44kDa protein that initiates capsular biosynthesis by transferring nucleotide-activated glucose-1phosphate to Und-P (Bentley, et al., 2006). The CpsE family of proteins possesses a high level of
sequence identity between serotypes (70-90%) (Kolkman, et al., 1996, van Selm, et al., 2002).
The mechanism of action and the hydrophobic profile of CpsE proteins characterize them as
members of the highly conserved membrane polyprenyl-phosphate hexose-1-phosphate
transferase (PHPT) family (Valvano, 2011). The topology of CpsE is shown to consist of four
membrane-spanning domains, and a predicted extracellular loop spanning between TMS-IV and
TMS-V that is near the C-terminal cytoplasmic tail (Xayarath & Yother, 2007, Saldías, et al.,
2008, Furlong, et al., 2015). However, thus far, no experimental data are available in the
literature to biochemically verify the orientation of the extracellular loop, which is presumably
involved in chain-length regulation through protein-protein interactions (Xayarath & Yother,
2007). Recently, the topology of WcaJ, the CpsE equivalent in E. coli, was determined
experimentally using a dual-reporter system, whereby 3’ gene truncations are tagged to a reporter
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whose function is based on the subcellular localization of the residue, and cysteine scanning.
With this approach, the authors localized the conserved loop to the cytoplasm. This is in contrast
to the previous topology mapping based on in silico predictions, which placed the conserved
loop exposed on the extracellular face of the cytoplasmic membrane (Furlong, et al., 2015). A
truncated version of CpsE which only consisted of the C’ terminal domain (residues 260-463)
was still able to perform transfer of an activated sugar to the polyprenyl carrier. This region of
CpsE maps to the cytoplasmic tail, demonstrating that this domain is the only portion essential
for the transfer function (Pelosi, et al., 2005).
Investigations into the lipid-chain length required for CpsE transferase activity revealed
relaxed specificity (35-105 repeats); however, endogenous lipids were utilized throughout the in
vitro assays for consistency. It was determined that UDP-Glc is transferred in a cis orientation,
meaning that the anomeric configuration of the sugar is retained, hence, CpsE performs a
retaining glycosyltransferase reaction (Cartee, et al., 2005). Although the capsular biosynthesis
proteins have been proposed to work in concert for the synthesis and assembly processes,
currently no biochemical data have been collected to unequivocally show that the
glycosyltransferases interact with one another (Cefalo, et al., 2011). In serotypes where a cpsE
gene is not present in the cps cluster, the following proteins have been proposed to perform the
initiation, including WciI, WcjG, or WcjH, as determined by the position of the genes encoding
these within their respective biosynthesis clusters (i.e., downstream from cpsD), and the strong
similarity in hydropathy profiles when comparing the carboxy-terminal region of CpsE (Bentley,
et al., 2006). Genetic evidence, collected on wcjG, showed that this protein has the activity to
catalyze the transfer of galactose-1-phosphate and initiate capsular biosynthesis in Streptococcus
oralis (Yang, et al., 2009). The ability to regulate capsular biosynthesis is essential to the
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physiology of the bacterial cell, because mutations that sequester Und-P and prevent its recycling
are generally lethal to both Gram-negative and Gram-positive organisms (Burrows & Lam, 1999,
Xayarath & Yother, 2007). Therefore, it is logical that suppressor mutations, when identified,
would occur at the site of capsule initiation in order to exert an effect on CpsE. As a case in
point, deletions in genes that are localized downstream of cpsE of S. pneumoniae serotype 2,
including cps2J (wzx equivalent) or cps2H (wzy equivalent), result in suppressor mutations
within cpsE, which localize to the extracellular loop and the cytoplasmic domain. Further
investigations determined that the amino acid residues substituted in the non-functional CpsE
mutants were highly conserved among CpsE homologues from other S. pneumoniae serotypes
and other bacterial genera, thereby highlighting the essential nature of these amino acids to CpsE
function (James, et al., 2013). In addition, it was determined that the bond between the capsular
sugar residues formed by the enzymatic activity of CpsE was rather labile, one that could be
hydrolyzed even under mild alkaline conditions (Cartee, et al., 2005). This property can be
attributed to a response mechanism that would allow the bacterial cell to use Und-P reserves for
other purposes in times of stress.
1.1.3.2. Biosynthesis of S. pneumoniae serotype 2 capsule, example of downstream genes
The capsular biosynthesis cluster of S. pneumoniae serotype 2, regarded as the model
organism for such research, has been subjected to extensive scrutiny through genetic and
biochemical means. The capsular-repeat structure of serotype 2 has been elucidated and is
composed of a tetrasaccharide of glucoseL-rhamnoseL-rhamnoseL-rhamnose with a
glucoseglucuronic acid side chain from the terminal rhamnose (Iannelli, et al., 1999). A
number of genes within the cluster are highly conserved among the 93 serotypes (Bentley, et al.,
2006). In the biosynthesis model, after the initial transfer of glucose-1-phosphate to the lipid14

carrier, the second gene from the clusters in at least 27 of the serotypes encodes CpsT, which is a
β1-4 rhamnosyltransferase that catalyzes the transfer of L-Rha from its nucleotide-activated
precursor dTDP-L-Rha to a D-Glc residue (James & Yother, 2012). It should be noted that all
glycosyltransferase assays that were described for this particular CPS biosynthesis pathway have
been performed using membrane preparations of strains expressing CpsT instead of the purified
protein. The authors opined that using CpsT in situ in membranes is important for stabilizing the
enzymes. The addition of L-Rha to the growing polymer was determined to be the “committed”
step, i.e., the first irreversible reaction step of the pathway. This notion was substantiated by the
lack of any suppressor mutants within a ∆cpsT background; this is unlike other genes
downstream of cpsT, in which suppressor mutants have been isolated.
Another line of evidence in support of CpsT as an initial glycosyltransferase in the
capsule synthesis cascade is that although the majority of the suppressor mutations detected by
Xayarath and Yother (2007) were found within cpsE, a single mutation was observed in cpsL,
the first gene in the cpsLMNO cluster, which encodes the first enzyme in the multi-step pathway
conversion of Glc-6-phosphate to Glc-1-phosphate in the biosynthesis of dTDP-L-Rha. Hence, a
mutation in cpsL clearly impacts on the function of CpsT by preventing access to the required
substrate (James & Yother, 2012). The glucose conversion pathway has been thoroughly studied
in Gram-negative organisms where it is referred to as the Rml pathway (Rahim, et al., 2000). To
elongate the polysaccharide, the glycosyltransferases add sugars in a sequential manner in the
order matching the organization of the genes in the CPS cluster; as such, cpsF encodes the
enzyme that adds two L-Rha residues, and cpsG encodes a glucosyltransferase that adds the DGlc residue, the fourth sugar in the serotype 2 capsule subunit. A glucuronic acid containing final
product of the capsular biosynthesis has not been identified biochemically, and the authors of the
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study proposed that cpsL encodes the last putative glycosyltransferase based on sequence
similarity to other glycosyltransferases carrying similar function and the position of this
particular gene within the cluster (James, et al., 2013). Gleaning from the knowledge of CPS
biosynthesis of S. pneumonia serotype 2 has helped to shed light on the interplay among many
enzymes associated with synthesis and regulating the level of a certain substrate within the
Gram-positive cell. After the biosynthesis steps in the cytoplasmic side of the bacterial
membrane, the next logical step is the export of the nascent polysaccharide to the outer face of
the membrane based on the activity of CpsJ, the analogous flippase to Wzx.
Wzx proteins are classified as PST, a subgroup under the MOP exporter superfamily.
There is evidence pointing to PST proteins as the evolutionary founders of this superfamily
(Hvorup, et al., 2003). In general, Wzx proteins are predominantly hydrophobic and contain 1214 TMS. This family of proteins may be difficult to identify by homology searches due to the
immense sequence variation even between proteins from different serotypes of the same species.
Wzx proteins are members of the multidrug and toxin extrusion (MATE) protein family, The
newly-flipped repeat unit is then polymerized to the reducing end of the growing capsule chain
by CpsH, analogous to Wzy (Fig. 1.4.). Thus far, biochemical data on the function of Wzy
proteins is lacking. In a recent study, a landmark experiment was performed to reconstitute the
O-polymerization activity of Wzy from E. coli O86 in vitro in the presence of purified Wzy and
the native O-unit. The authors succeeded in producing LPS polymers, thereby confirming that
Wzy is a bona fide O-polymerase (Woodward, et al., 2010). Follow-up studies by the same
group provided evidence that Wzy acts as a distributive enzyme, i.e., the polymerase is capable
of extending the O-polymer through sequential rounds of catalysis and dissociation, as opposed
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Figure 1.4: Wzx/Wzy-dependent pathway for capsule biosynthesis in S. pneumoniae
serotype O2. The example used is for S. pneumoniae serotype 2. CpsE (shown in blue), the
initiating glycosyltransferase, adds a Glc residue to the lipid-carrier undecaprenyl-phosphate
(Und-P) allowing the subsequent addition of Rha, Glc and GlcA to form the capsule-repeat unit.
CpsJ (analogous to Wzx), the flippase protein transports the lipid-linked unit to the outer face of
the cytoplasmic membrane where it is polymerized to a desired length by CpsH (shown in
purple, analogous to Wzy), the capsule polymerase (Taylor et al. 2015).
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to remaining bound to the polymer (Zhao, et al., 2014).
1.1.4. Conclusion
Polysaccharides of Gram-positive organisms can be synthesized via one of three separate
pathways: Wzx/Wzy-dependent, ABC transporter-dependent and synthase-dependent pathways.
Although conservation of these pathways is observed between Gram-negative and Gram-positive
organisms, there is much to be learned about the key components of each of the pathways in the
Gram-positive species. More specifically, one must overcome the obvious challenges including
the expression and purification of integral membrane proteins, and the development of
biochemical and biophysical methods to characterize the function of this particular group of
proteins that are presumably involved in assembly and transport of the polysaccharides across
the Gram-positive cell envelope. Obtaining high yield and high purity is a pre-requisite for
attempting high-resolution structural studies. The importance of these polysaccharides in
virulence and cell-viability makes them legitimate targets for novel antimicrobial screens; hence,
these challenges and hurdles are worth pursuing.
The OM of Pseudomonas aeruginosa is composed predominately of lipopolysaccharide,
a tripartite molecule composed of lipid A, core oligosaccharide and O antigen. The two distinct
forms of O antigen are synthesized utilizing the ABC-transporter dependent and Wzx/Wzydependent pathways.
1.2. Mechanisms O-Ag diversity in Pseudomonas aeruginosa
Pseudomonas aeruginosa is a leading cause of hospital acquired infection and an
opportunistic pathogen notorious for being the leading cause of morbidity and mortality in
patients who suffer from cystic fibrosis (Hancock, et al., 1983, Lyczak, et al., 2000). What
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makes P. aeruginosa such a successful pathogen is its ability to adapt to a wide variety of
situations due to its large genome: 6.2 million base pairs including access to 1 million accessory
genes, allowing it to adapt to a variety of environments (Stover, et al., 2000). In comparison, a
known human pathogen E. coli O157:H7 has only about 5.4 million base pairs (Perna, et al.,
2001). The capping molecule of LPS: O-specific antigen, is a highly diverse molecule which
classifies P. aeruginosa into 20 distinct serotypes (Lam, et al., 1987). These serotypes have been
used to monitor P. aeruginosa outbreaks and identify recurring clones in infection, because
certain serotypes such as O6, O11 and O12 are frequently identified in hospital outbreaks (Bobo,
et al., 1973, Patzer & Dzierzanowska, 1991, Pirnay, et al., 2009). The molecular mechanism by
which P. aeruginosa synthesizes OSA and how it can diversify the OSA through gene-transfer
and quorum sensing is covered in the following chapter.
1.2.1. Genetics of the OSA biosynthesis
Most Pseudomonas aeruginosa strains produce two different forms of O-Ag, the
common polysaccharide antigen (CPA; formerly termed A band) a homopolymer of D-rhamnose,
arranged as repeats containing α1→3, α1→2, α1→3 intramolecular linkages among P.
aeruginosa strains. The other form of O-Ag produced by P. aeruginosa is a heteropolymer with
three to five distinct sugars in its repeat units, and is named O-specific antigen (OSA; formerly
termed B band) (Fig. 1.5). The differences of the composition of the O units of the OSA form the
basis of the IATS serotyping scheme. Data acquired by Knirel et al. have made a significant
contribution to our understanding of all the serotypes by systematically elucidating the chemical
structures of the OSA of all 20 IATS serotypes (Table 1.1) (Knirel, et al., 2006). To appreciate
the complexity and diversity of LPS produced by P. aeruginosa, it is noteworthy that
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Figure 1.5: Diversity of the P. aeruginosa lipopolysaccharide glycoforms on a single cell.
Genetic defects in members of various assembly pathway genes and their resultant changes to the
variety of LPS glycoforms present have been indicated, with “” or “” depending on their
presence or absence, respectively. Substitutions of various lipid A and core OS sugars with
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heterogeneity exists in the chain length of either form of O-Ag present on the cell surface used to
“cap” the core OS of P. aeruginosa (Fig. 1.5).phosphate groups and L-Ala have been indicated
with yellow circles and red diamonds, respectively. The OSA polymer from serotype O5 has
been displayed as the representative OSA polymer (Lam, et al., 2011).
This variability accounts for the “ladder-banding” pattern when LPS from P. aeruginosa is
analyzed by silver-stained SDS-PAGE gels and Western immunoblotting (Rocchetta, et al.,
1998).
The importance of the OSA toward virulence and its use in serotyping has made it an
attractive target for genetic studies to help understand both the plasticity of this region of the LPS
and the complex steps of OSA biosynthesis. OSA biosynthesis follows the Wzx/Wzy-dependent
pathway model, originally proposed by Whitfield (Whitfield, 1995); it involves the sequential
activities of a series of integral inner membrane (IM) proteins, for which we have recently
obtained comprehensive topological data helping to explain their respective functions (Islam, et
al., 2010). In this model, OSA sugar repeats are sequentially built on the lipid carrier Und-P on
the cytoplasmic face of the IM. The UndPP-linked OSA repeats are then translocated to the
periplasmic face of the IM by the flippase Wzx (Burrows & Lam, 1999). Investigation into the
function of Wzx identified that it possessed strong sequence and structural similarity to NorM, a
MATE family protein (Islam, et al., 2012). Islam et al. used the NorM structure as a template and
built a 3D structural model of Wzx from P. aeruginosa WzxPa. This model revealed a cationic
lumen containing essential amino acid residues, which would presumably help bind the
negatively charged O-unit of P. aeruginosa lipopolysaccharide (LPS). In a subsequent report,
Islam and colleagues were able to determine that H+ but not Na+ was the cation used by WzxPa to
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Table 1.1: O-Antigen repeating units which compose the 20 IATS reference strains.
IATS
serotype

Structure of the interior O-unit

O1

4)-D-GalNAc-(α14)-D-GlcNAc3NAcA-(β3)-D-FucNAc(α13)-D-QuiNAc(α1

O2

4)-D-ManNAc3NAmA-(β14)-L-GulNAc3NAcA-(13)-D-FucNAc-(β1

O5

4)-D-ManNAc3NAmA-(β14)-D-ManNAc3NAcA-( β13)-D-FucNAc-(α1

O16

4) -D-ManNAc3NAmA-(β14)-D-ManNAc3NAcA-(β13)-D-FucNAc-(β1

O18

4)-L-GulNAc3NAmA-(14)-D-ManNAc3NAcA-( β13)-D-FucNAc-(1

O20

4)-L-GulNAc3NAmA-(14)-D-ManNAc3NAcA-( β13)-D-FucNAc4OAc-(1

O3

2)-L-Rha3OAc-(-16)-D-GlcNAc-L-(14)-L-GalNAc4OAcA-(13)-D-QuiNAc4NSHb-(β1

O4

2)-L-RhA-(13)-L-FucNAc-(13) -L-FucNAc(13)-D-QuiNAc-(1

O6

3)-L-RhA-(14)-D-GalNAc3OAcAN-(14)-D-GalNFoA-(13)-D-QuiNAc-(1

O7

4)-Pse4OAc5NAcRHb7NFo-(24)-D-Xyl-(β13)-D-FucNAc-(1

O8

4)-Pse4OAc5NAc7NFo-(24)-D-Xyl-(β13)-D-FucNAc-(1

O9**

3’)-Pse4OAc5NAc7NRHb-(β24)-D-FucNAc-(13) -D-QuiNAc(β1

O10

3)-L-Rha2OAc-(14) -L-GalNAcA-(13)-D-QuiNAc-(1

O19

3)-L-Rha-(14) -L-GalNAcA-(13)-D-QuiNAc-(1

O11

2)-D-Glc-(β13)-L-FucNAc-(13)-D-FucNAc-(β1

O12

8)-8eLeg5NAc7NAc-(23)-L-FucNAm-(13)-D-QuiNAc-(β1

O13

)-L-Rha-(13)- L-Rha-(14)-D-GalNAc3OAcA-(13)-D-QuiNAc-(β1

O14

)[-D-Glc-13)]-L-Rha-(13)-L-Rha-(14)-D-GalNAc3OAcA-(13)-D-QuiNAc-(1

O15

2)-D-Ribf-(β14)-D-GalNAc-(1

O17

4)-L-Rha-(13)-D-ManNAc-(β1

*Adapted from (Knirel, et al., 2006), O-Ag repeats are clustered according to structural similarity. Conserved sugars, colored by backbone structure, are adorned
with various side groups depicting the diverse phenotypes generated by the OSA gene cluster throughout all 20 serotypes. Anomeric conformations are α unless
marked β. Sugars have the pyranose form except ribose in O15. Ac, acetyl; 8eLeg, 5,7-diamino-3,5,7,9-tetradeoxy-l-glycero-d-galacto-non-2-ulosonic (8epilegionaminic) acid; Fo, formyl; FucN, 2-amino-2,6-dideoxy-galactose; GalN, 2-amino-2-deoxy-galactose; GlcNA, 2-amino-2-deoxy-glucuronic acid; GulNA, 2amino- 2-deoxy-guluronic acid; ManN 2-amino-2-deoxy-mannose; ManNA, 2-amino-2-deoxy-mannuronic acid; N, amino; NAc, acetamido; NAµ, acetamidino; OAc,
O-acetyl; Pse, 5,7-diamino-3,5,7,9-tetradeoxy-l-glycero-l-manno-non-2-ulosonic (pseudaminic) acid; QuiN, 2-amino-2,6-dideoxyglucose; Rha, rhamnose; RHb (R)-3hydroxybutanoyl; Rib, ribose; SHb, (S)-3-hydroxybutanoyl.
In the polymer, QuiNAc is linked to the pseudaminic acid via the 3-hydroxybutanoyl group.
**QuiNAc is linked to the pseudaminic acid via the 3-hydroxybutanoyl group.
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cause an influx of ions into the proteoliposomes reconstituted with purified WzxPa (Islam, et al.,
2013). Such observations suggested that the protein mediates O-antigen flipping via an antiport
mechanism consistent with the activities reported for members of the MATE family (He, et al.,
2010) where they are polymerized by Wzy (de Kievit, et al., 1995).
Wzy function is proposed to follow a “catch-and-release” mechanism which is based on
the action of two experimentally identified periplasmic loops that possess different isoelectric
points: net-positive for substrate recruitment and net-negative for catalysis acting in a distributive
mechanism (Yi, et al., 2006, Islam, et al., 2010, Islam, et al., 2011). Essential Arg residues,
localized within an RX10G motif, were identified within these loops which further implies their
role in sugar binding (Islam, et al., 2011). The OSA chain lengths are polymerized to modal
lengths regulated by Wzz1 (Burrows, et al., 1997) and Wzz2 (Daniels, et al., 2002).
The modal length of the growing OSA chain is imparted by Wzz2 (40–50 repeat length)
is longer than that imparted by Wzz1 (12–16 repeats and 22–30 repeats) (Daniels, et al., 2002).
However, Wzz1 is apparently more important for virulence than Wzz2 (Kintz, et al., 2008)
(Fig. 1.5). Finally, the complete OSA chain is ligated to lipid A-core by the O-Ag ligase WaaL
(Abeyrathne, et al., 2005, Abeyrathne & Lam, 2007). Preliminary investigations mapped the
OSA cluster to 37 min of the P. aeruginosa PAO1 (serotype O5) genome (Lightfoot & Lam,
1993), corresponding to pa3141 to pa3160 in the annotated genome of strain PAO1 (Stover, et
al., 2000). This first reported LPS OSA cluster was isolated from a cosmid-based genomic
library. Clone pFV100 from the library was able to complement mutant ge6, a Tn5–
751 insertional mutant of PAO1, defective in B band (OSA) biosynthesis (Lightfoot & Lam,
1993). Subsequently, the sequence of the entire OSA cluster was obtained (Burrows, et al.,
1996). To characterize the function of the genes encoded in this cluster, knockout mutant
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constructs were generated for each of the genes and the mutants were examined for their effect
on LPS production in P. aeruginosa. The various OSA biosynthesis genes in this serotype O5
cluster and their functions were determined based on genetic studies as well as biochemical and
chemical evidence (Table 1.2). Following the success in characterizing the O5 OSA biosynthesis
locus (Burrows, et al., 1996), the sequences of the O6 (Bélanger, et al., 1999) and O11 (Dean, et
al., 1999) OSA loci were also determined. Comparisons among the newly sequenced loci
revealed that the OSA cluster of each of the three serotypes is flanked by himD/ihfB (pa3161) on
the 5′ end and terminated with wbpM (pa3141) on the 3′ end. These observations are essential for
establishing the conserved chromosomal locus for the OSA cluster, though the genes within the
locus are the most varied in the P. aeruginosa genomes regardless of serotype. This information
eventually allowed Raymond et al. in 2002 to clone and sequence the OSA loci from all 20 IATS
serotypes (Raymond, et al., 2002). Based on their sequencing data, the general genetic structures
of the OSA loci of all the serotypes could be divided into 11 distinct groups based on the protein
families that the genes in these loci encode, as well in the presence of insertion sequences (IS)
and deletions (Fig. 1.6). This group has also presented the sequences of a set of primers for PCR
amplification of each of the IATS serotypes, meaning that a PCR-based approach can be used to
correctly type clinical isolates that have previously been evaluated as NT by any typing antisera.
However, thus far, there has been no systematic study conducted by any group to test the
capability of using these primers for consistently typing clinical strains of P. aeruginosa even
though the potential to do so exists. These initial genetic investigations helped to reveal
differences among the OSA clusters; worth noting is the anomaly discovered regarding the entire
loss of the OSA cluster in the O15 serotype. Strains that belong to this serotype were previously
identified using both polyclonal antibody typing kits and monoclonal antibody (MAb)-based
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Figure 1.6 (Following page): Organization of the genes within the OSA biosynthesis
clusters. (A) OSA biosynthesis cluster of serotype O5 adapted from (Burrows, et al., 1996). The
gene cluster is located on the complementary strand; genes which match the PFAM designation
are colored accordingly. Genes not involved in OSA biosynthesis are depicted in gray including
a large insertion sequence (IS). (B) Adapted from (Raymond, et al., 2002), the OSA biosynthesis
gene clusters were organized into 11 groups based on sequence conservation. Genes were
designated using the PFAM database; specific protein families which occur a minimum of three
times throughout all 20 OSA biosynthesis clusters are represented by a specific color. A red
outline depicts an ORF with potential transmembrane-spanning domains. Previously identified
genes are labeled above the respected cluster if present within the serotype. IS present within
genes are depicted by a secondary gray box (Lam, et al., 2011).
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Table 1.2: Pseudomonas aeruginosa PAO1 serotype O5 OSA biosynthesis cluster
Gene

Proposed/demonstrated function

Mol% G + C

References

wzz/pa3160

OSA chain length regulator

49.5

(Burrows, et al., 1997,
Daniels, et al., 2002)

wbpA/pa3159

UDP-N-acetyl-D-glucosamine 6dehydrogenase

54.5

(Miller, et al., 2004)

wbpB/pa3158

UDP-2-acetamido-2-deoxy-D-glucuronic
acid 3-dehydrogenase

52.8

(Westman, et al., 2009)

wbpC/pa3157

Possible O-acetyltransferase

53.1

wbpD/pa3156

UDP-2-acetamido-3-amino-2,3-dideoxy-D- 53.9
glucuronic acid N-acetyltransferase

(Wenzel, et al., 2005)

wbpE/pa3155

UDP-2-acetamido-2-dideoxy-D-ribo-hex3-uluronic acid transaminase

52.8

(Westman, et al., 2009)

wzy/pa3154

OSA α-polymerase

44.6

(de Kievit, et al., 1995,
Islam, et al., 2010, Islam, et
al., 2011)

wzx/pa3153

OSA unit flippase

49.3

(Burrows & Lam, 1999,
Islam, et al., 2010)

hisH2/pa3152

Imidazole glycerol phosphate synthase
subunit

49.3

(King, et al., 2009)

hisF2/pa3151

Imidazole glycerol phosphate synthase
subunit

50.0

(King, et al., 2009)

wbpG/pa3150

Amidotransferase

44.6

wbpH/pa3149

Glycosyltransferase

45.6

wbpI/pa3148

UDP-N-acetylglucosamine 2-epimerase

50.2

wbpJ/pa3147

Glycosyltransferase (GT-4)

45.6

wbpK/pa3146

NAD-dependent epimerase/dehydratase

56.8

wbpL/pa3145

Glycosyltransferase

55.5

(Rocchetta, et al., 1998)

wbpM/pa3141

Nucleotide sugar epimerase/dehydratase

61.9

(Creuzenet & Lam, 2001)

(Westman, et al., 2009)

*Modified from (Burrows, et al., 1996), the information in this table has been updated with references which indicate that either genetic or
biochemical evidence have been collected to demonstrate the function of each of these genes within the OSA biosynthesis cluster of PAO1
serotype O5. Note that in contrast to the genome of P. aeruginosa, which has a relatively high %G + C content (67%), the genes within this
cluster showed significantly lower mol% G + C, ranging from 45.2 to 61.9, evidence of horizontal gene transfer.
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serotyping (Lam, et al., 1987). It was proposed by Raymond et al. (2002) that in serotype O15,
the genes involved in its OSA biosynthesis may not necessarily be residing in the usual OSA
locus as in other serotypes (Raymond, et al., 2002). Additionally, in serotype O6, the wzy gene
does not reside in the OSA cluster (Bélanger, et al., 1999). Further, in serotype O5, the
transcriptional start site for wzx exists within the wzy gene, and there is a large IS at the 3’ end of
the O5 cluster upstream of wbpM (Burrows, et al., 1996). This variation helps to explain the
diversity of the LPS in P. aeruginosa as a property of the genetic differences among the IATS
serotypes. Other factors that influence the OSA diversity are outlined in the following sections.

1.2.2. Evidence of horizontal gene transfer reveals the presence of conserved and
duplicated clusters in certain serotypes
The high conservation of the wbpM gene and its localization at the 3′ end of the OSA loci
among all 20 serotypes is not the only commonality among all of the OSA loci. A major factor in
genetic reassortment is horizontal gene transfer (HGT), i.e., the direct transmission of genetic
information across the species barrier, which often results in similar or identical gene products.
Interestingly in 2000, Dean and Goldberg probed all 20 serotypes for the presence of genes that
are conserved in the O11 OSA biosynthesis cluster, and discovered that the IATS O17 strain
possesses a cryptic copy of the O11 locus within its genome (Dean & Goldberg, 2000). The O11
cluster was apparently rendered non-functional due to the presence of IS:SPA11B disrupting the
5’ end of the wzy gene. However, when a complete O11 OSA cluster was supplied in trans, LPS
produced by the complemented strain reacted with anti-O11 antiserum in Western
immunoblotting. This suggested that the cryptic O11 serotype genes found within the O17 strain
were at one time functional. The presence of a secondary locus within one genome lends support
to HGT. Apparently, the OSA LPS genes for the O17 serotype that were acquired or have
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evolved may have caused a gradual loss of function or suppression to the O11 OSA biosynthesis
gene cluster through the incorporation of an IS element. Interestingly, the O17 OSA serotype is
very similar to the Burkholderia cepacia serogroup O5 antigen, confirming that this may be an
ancestral locus which was acquired by HGT (Dean & Goldberg, 2000). Similarly, an additional
cryptic locus corresponding to the O3 cluster within the genome of serotype O15 was identified
by Raymond et al. (2002) investigation revealing further that the O3 cluster in the O15 strain was
rendered non-functional due to IS elements at two different sites within the cluster.
Evidence that HGT contributes to the diversity of P. aeruginosa LPS is not limited to
transfer of the entire OSA biosynthesis locus. Varying degrees of genetic information exchange
between bacteria are apparent since bacterial pathogens of different genera share conserved
metabolic pathways for the biosynthesis of nucleotide sugars. A number of rare sugars are found
in the OSA of P. aeruginosa LPS, e.g., L-FucNAc (a constituent of the O11 OSA), di-Nacetylated mannuronic acid (D-ManNAc3NAcA, a constituent of the O5 OSA), and a uronamide
sugar GalNAcAN (a constituent of O6 OSA). The metabolic pathways for the biosynthesis of the
nucleotide-activated precursors for these rare sugars are only found in a few bacterial pathogens
but not in humans, therefore the proteins responsible for their biosynthesis may be attractive drug
targets (Kneidinger, et al., 2003, Westman, et al., 2008, Westman, et al., 2009, King, et al.,
2010). The biosynthesis of UDP-L-FucNAc from the substrate UDP-D-GlcNAc, requires the
products of three genes from the serotype O11 OSA cluster, namely, wbjB, wbjC, and wbjD.
Two sets of functional homologs of these three genes are found in S. aureus, namely cap5Ecap5F-cap5G and cap8E-cap8F-cap8G for the biosynthesis of serogroup-5 and serogroup-8
capsular polysaccharides, respectively (Kneidinger, et al., 2003). The complexity of the
biosynthesis of the UDP-activated precursor of D-ManNAc3NAcA requires five steps. Indeed,
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the activity of the encoded products of wbpA, wbpB, wbpE,wbpD, and wbpI, acting in this
particular order, and also starting with UDP-GlcNAc as the starting substrate, have been fully
characterized (Westman, et al., 2008, Westman, et al., 2009). The same pathway is shared by
Bordetella pertussis as it also possesses D-ManNAc3NAcA as a sugar in its LPS. However, only
four of the five genes, wlbA, wlbB, wlbC, wlbD, which are functional homologs
of wbpB, wbpE, wbpD, and wbpI, respectively, are localized within the O-Ag biosynthesis gene
clusters. Two copies of the homolog of wbpA were found elsewhere in the B. pertussis genome
(Westman, et al., 2008). In a separate investigation, our group has determined that wbpO, wbpP,
and wbpS encode the enzymes for the three metabolic steps that convert UDP-GlcNAc by
oxidation (WbpO), epimerization (WbpP), and amidotransfer (WbpS) to form the uronamide
sugar precursor UDP-GalNAcAN for O6 OSA. Interestingly, functional homologs of these three
genes were found in Escherichia coli O121. As well, homologs of these three genes were also
found in Francisella tularensis (King, et al., 2010); however, they have not been tested to
determine whether they could complement knockout mutants of the P. aeruginosa genes to
restore production of O6 LPS that contains GalNAcAN in its O-Ag unit. Therefore, P.
aeruginosa and other bacterial pathogens likely acquired genes for the biosynthesis of the
abovementioned UDP-sugars from common ancestors. However, investigation of the
evolutionary derivations and lineages of these pathways is beyond the scope of this review.

1.2.3 Evidence of diversity in LPS expression in P. aeruginosa due to chromosomal
insertions
Large chromosomal inversions (LCIs), which can be induced by IS, persist throughout
Gram-negative bacteria and have altered the balance between chromosomal stability and
variability. Clonal isolates taken from CF patients were found to contain additional, non30

conserved LCIs (Schmidt, et al., 1996). P. aeruginosa “clone C,” found in various geographic
locations and in non-CF patients (Kidd, et al., 2011), possesses a particular additional sequence,
IS6100, which was first discovered in Mycobacterium tuberculosis and known to cause genetic
rearrangements in heterologous hosts. The LCIs of the “clone C” strains have been associated
with wbpM (pa3141) disruption causing loss of the OSA (Kresse, et al., 2003). The genomes of
two CF isolates were compared to that of the wildtype PAO1, with regions of high variability
localized to the OSA biosynthesis locus. Targeted sequencing of the OSA cluster provided a
high-resolution view of the genetic changes that arise during clonal infection of CF patients.
Genomes of all late-stage clinical isolates contained IS, as judged by gel electrophoresis
(Spencer, et al., 2003). The OSA region of a clonal isolate (strain 1–60) was nearly identical to
serotype O1 except for the presence of a large 1.5-kb IS, which disrupted a reading frame
responsible for the biosynthesis of an unspecified nucleotide sugar. Additionally, a second strain
(2–164) was found to contain a 2-bp deletion in wbpQ, which has not yet been characterized.
Both of these observed mutations caused defects in LPS production and conferred a NT
phenotype. Interestingly, some of the earlier NT strains did not contain the IS elements (Spencer,
et al., 2003). Strain-specific islands were discovered with high similarity to previously identified
sequences (e.g., PAGI-1 in O-Ag biosynthesis) as well as some phage-related sequences;
however, these contained a low mol% G + C content possibly indicating acquisition from other
bacterial species (Spencer, et al., 2003), since the P. aeruginosa genome has a high mol% G + C
content. Whole-genome sequencing has begun to provide snapshots of these genetic changes,
which occur during clonal infection; future work using this approach may provide a roadmap for
navigating the infection stages of P. aeruginosa.
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1.2.4. Chromosomal instability promotes mutations that decrease virulence and increase
survival
It has become dogma that once P. aeruginosa has colonized the lungs of CF patients, it
adapts to a biofilm lifestyle to protect the bacterial community from hostile host defense and
promote survival. The emergence of mucoid colony morphology is a hallmark of such adaptation
and provides selective pressures that favor the occurrence of mutator phenotypes. These mutators
in the bacterial community accumulate genetic changes resulting in altered phenotypes and gene
expression profiles. The cause of the mutator phenotype is the inactivation/suppression of the
methyl-directed mismatch repair (MMR) mechanism used to repair DNA-replication errors and
decrease the likelihood of homologous recombination events (Kunkel & Erie, 2005). Mutations
in this region are known to cause loss of DNA proof-reading, thereby increasing the likelihood of
mutant phenotypes which may convey survival advantages (LeClerc, et al., 1996). This
“hypermutable” phenotype was observed in 20% of P. aeruginosa isolates collected from CF
airways and absent in isolates collected from blood and from the airway of non-CF patients
(Oliver, et al., 2000). One of the major genes responsible for the MMR mechanism is mutS;
inactivation of this gene effectively shuts off the MMR cascade. Genetic analysis of
the mutS gene from the previously characterized hypermutable P. aeruginosa strain JMSMA7
revealed a 3.3-kb IS and an 8-nucleotide repeat which flanked a 54-nucleotide deletion (Oliver,
et al., 2000). Interestingly, contained within the 3.3-kb IS lies another 1.2-kb IS element that is
90% homologous to IS222 from the P. aeruginosa D3 phage (Kropinski, et al., 1994, Oliver, et
al., 2000). This region was interpreted as a veritable “hot-spot” of recombination within
the mutS gene promoting its loss of function and increasing the number of mutations (Oliver, et
al., 2002). An in-depth longitudinal study was undertaken by Smith et al., to examine the
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presence of the mutator phenotype in CF patients (Smith, et al., 2006). The information gained
from this study was used to further characterize the hypermutable isolates and determine the
locations of these genetic errors. Sequencing of genes in two CF isolates taken at 6 months and a
comparable isolate taken at 96 months during time course experiments revealed the accumulation
of 68 mutations, wherein 13 were associated with virulence factors including genes associated
with O-Ag biosynthesis (Smith, et al., 2006). A continuing in-depth study using the genomes of
these two isolates revealed an apparent increase in mutations within genes responsible for
antibiotic resistance, as well as in lasR, a gene responsible for the regulation of quorum sensing
in P. aeruginosa (Mena, et al., 2008). The inactivation of lasR and subsequently rhlI in the
hypermutable phenotype may result in a decrease of migA expression as indicated earlier (Yang,
et al., 2000). MigA is a glycosyltransferase responsible for the uncapped core OS phenotype,
under the control of the RhlI–RhlR system (described below); when inactivated, the levels of
MigA decrease causing an accumulation of “core-plus-one,” a LPS glycoform with a single OSA
repeat (Yang, et al., 2000) a less virulent form of LPS. This degree of genotype plasticity is
proposed to aid in the survival of bacteria within stressful environments during the transition to a
chronic infection (Smith, et al., 2006).
1.2.5. Quorum-sensing alters core OS structure that affects O-Ag ligation
Cell density-dependent gene regulation plays an integral role in cell-surface virulence
factor expression, altering gene expression based on population size (Whiteley, et al., 1999). As
previously mentioned, most P. aeruginosa CF isolates from chronically infected patients are
devoid of OSA and begin to favor the typical “rough” phenotype, i.e., producing LPS that lacks
the full-length O antigen side chain, being non-motile and non-piliated (Hancock, et al., 1983).
Although previous studies have shown the genetic relationship of the alginate-based mucoid
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phenotype (Ma, et al., 1998), the regulation of changes governing the transition from smooth to
rough LPS is not well defined. The “mucus inducible gene” migA (described above) is a putative
glycosyltransferase and was discovered when P. aeruginosa was grown in the presence of CF
mucus (Wang, et al., 1996). Expression of the migA gene was found to be a result of quorum
sensing (Whiteley, et al., 1999), dependent on the release of autoinducer molecules by P.
aeruginosa into the local environment. When the bacterial density increases to an appropriate
level, the local concentration of autoinducer molecules reaches a critical threshold past which
they can consistently bind to transcription regulators across the entire cell population, resulting in
alternative gene expression across the entire community (Fuqua, et al., 1994). The migA gene
was found to be under the control of RhlI–RhlR regulatory system, one of the two principal
quorum-sensing systems, due to its severe decrease in expression in a rhlI–rhlR double knockout
as compared to wildtype. Furthermore, it possesses an upstream las-box-like sequence (CT-N11)AG), known to be a quorum-sensing recognition site for quorum-sensing regulators (Yang, et al.,
2000). Interestingly, overexpression of migA resulted in a loss of “core-plus-one” but not the
higher molecular weight LPS, leading the authors to speculate the existence of a secondary
glycosyltransferase (Yang, et al., 2000). Recently that second glycosyltransferase was identified
by our group as wapR, located 158-bp downstream of the core biosynthesis locus (Poon, et al.,
2008). Genetic and biophysical analyses of these two genes and their products revealed that both
are responsible for core modifications in LPS biosynthesis (Fig. 1.5). The expression of these
genes results in an altered core structure: migA is responsible for the addition of the LrhamnoseA (L-RhaA) in the α1→6 linkage, preventing the addition of O-Ag to lipid A-core by the
O-Ag ligase WaaL (Yang, et al., 2000, Poon, et al., 2008). The wapR gene is responsible for the
addition of the core sugar L-RhaB, creating the favored linkage site for the addition of the O-Ag
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by WaaL (Poon, et al., 2008). A genomic knockout of wapR resulted in the loss of higher
molecular weight LPS bands, corresponding with the addition of O-Ag to lipid A-core. Work is
currently underway in our laboratory to establish the relationship between migA and wapR gene
expression. The cell density-dependent effects on gene regulation are of particular importance as
CF isolates are often found in mature biofilms, a direct by-product of quorum sensing.

1.2.6. Lysogenic conversion by bacteriophage alters the OSA serotype to promote
resistance
A natural part of bacteriophage biology is engagement of a lysogenic cycle wherein a
temperate phage invades a bacterial cell and incorporates its genetic material into the host
genome, leading to the propagation of phage DNA during host cell replication. This part of the
phage life cycle could also lead to the incorporation of exogenous bacterial genes into the host
genome (Miller, et al., 1974). The D3 phage is a temperate phage that readily infects P.
aeruginosa (Cavenagh & Miller, 1986). The LPS-specific phage-dependent conversion of the
OSA occurs throughout Gram-negative bacteria (Robbins, et al., 1965, Bagdian, et al., 1966).
Holloway and Cooper observed that after strain PAO1 (serotype O5) was infected with D3
phage, at least 20% of the new colonies from subcultures tested could not be agglutinated by O5specific typing antiserum (Holloway & Cooper, 1962). The mechanism of the changes occurring
at the bacterial cell surface was unknown at the time. In a later study, a similar observation was
made by the Hancock group who showed that lysogenized PAO1 cells had an altered LPS
phenotype (Hancock, et al., 1983), and this change was later determined to be due to the addition
of an acetyl group at position 4 of the fucosamine residue and an alteration in the linkage of the
trisaccharide repeating unit bond from α1→4 to β1→4 (Kuzio & Kropinski, 1983). In a
subsequent study by our group, a region of the D3 genome was found to contain a gene that
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hybridized in Southern blots to an O-acetylation gene found in the PAO1 genome (Newton, et
al., 2001). This region spans 3.6 kb of the D3 genome, and contains three genes: (i) oac (encodes
an O-acetylase), which adds an O-acetyl group to the OSA FucNAc residue, (ii) wzyβ (encodes a
β-polymerase) which polymerizes the OSA repeats to form β1→4 linkages, and
(iii) iap (encodes an α-polymerase inhibitor, a small 31 amino acid peptide with a single
transmembrane domain). Iap possesses the activity to render Wzyα non-functional, thereby
preventing the formation of the usual α1→4 linkage among O-Ag subunits of strain PAO1
(Newton, et al., 2001). Expression of this operon in trans produced an LPS banding pattern
similar to that of LPS from O16, and these bands reacted strongly with the anti-O16 MAb MF474 in Western immunoblotting but not with the anti-O5 MAb MF15-4 (Newton, et al., 2001). OAg subunits of serotypes O2 and O16 are linked by β1→4 bonds, and both serotype strains
contain a functional wzyα that is actively being repressed by a previously undetected iap.
Interestingly, the wzyβ gene in O2 and O16 was not localized to the OSA biosynthesis cluster,
further supporting the idea that this could be a D3 phage-associated gene. The authors initially
suggested that wzyβ and iap identified in P. aeruginosa O2 and O16 strains are xenologs of the
D3 phage. However, the mol% G + C of wzyβ and iap respectively are inconsistent when
compared to the mol% G + C values of both the PAO1 and the D3 phage genomes; therefore, the
authors attributed the origin of these genes to an exogenous source (Kaluzny, et al., 2007).
1.2.7. The age of technology broadens gene expression investigations
In silico-based algorithms and bioinformatic methods have moved to the forefront of
genomic research, performing a variety of predictions to provide a global view of genome
expression profiles. When combined with microarray data, in silico modeling can be applied to
examine an entire genome, particularly for investigating up and down regulation of genes
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throughout a longitudinal experiment. Using this approach, Oberhardt et al. examined the gene
expression in a number of CF isolates throughout a progressive CF infection by a clonal strain
of P. aeruginosa (Oberhardt, et al., 2010). They observed that the genes relating to LPS and
capsule biosynthesis were downregulated during chronic CF infection. The development of new
computer-based programs and ever-improving novel DNA sequencing techniques will help to
broaden our understanding of the polymorphic nature of OSA of P. aeruginosa during CF
infection. However, it is easy to get caught up in sequencing multiple isolates for the purposes of
obtaining large libraries. This mass amount of information is best used as a tool to investigate
specific research questions rather than simply demonstrating overall changes, for example
current studies which target specific changes to genetic diversity within CF hosts and transfer of
antibiotic resistance cassettes assist epidemiological studies which track P. aeruginosa infection
(Pirnay, et al., 2009, Markussen, et al., 2014, Kos, et al., 2015).
1.3. Conclusion
In this chapter, I have endeavoured to provide a comprehensive account of the
mechanisms by which bacteria synthesize and export extracellular polysaccharide through three
separate mechanisms utilizing integral IM proteins: ABC transporter-dependent, synthasedependent and Wzx/Wzy-dependent. The latter is utilized by P. aeruginosa to synthesize the
capping molecule of LPS, the OSA. I have also provided a critical review of the information in
the literature pertaining to knowledge of the genetic mechanisms by which OSA diversity is
obtained in P. aeruginosa OSA. In addition, external factors such as temperate bacteriophages
that recognize LPS epitopes as receptors, followed by internalization and propagating the viral
life cycle, play a key role in influencing OSA diversity. All of these different factors account for
the heterogeneity of P. aeruginosa, not only of the chain length of the O-Ag, but also of the
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chemical make-up that accounts for the different serotypes. I close out the discussion by
addressing the progress made utilizing whole-genome sequencing to further understand and
monitor changes in P. aeruginosa OSA diversity.
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1.4. Statement of thesis
LPS, the main constituent of the outer leaflet of the OM of Pseudomonas aeruginosa, is
capped by OSA. Differences in the OSA structure arise through distinct sugar constituents, interand intra-molecular linkages, as well as additional side groups that are substituted on the sugars
residues. All of these properties result in this species that can be classified into 20 distinct
serotypes. The OSA is synthesized by the Wzx/Wzy-dependent pathway that requires
coordinated activities of IM proteins. Wzx the O-antigen flippase is responsible for flipping
sugar precursors to the periplasm, whereas Wzy is the O-polymerase that is responsible for
polymerizing a growing O-polysaccharide chain, which will be regulated by either Wzz1 or Wzz2
to reach a certain chain-length. WaaL then ligates the final OSA polymer to the lipid-anchor to
form mature LPS, which will then be exported to the OM. This Wzx/Wzy model of LPS
biosynthesis and assembly is substantiated by genetic evidence, but obtaining biochemical data
to provide a mechanistic understanding of this LPS biosynthesis requires more work. As the
OSA is the primary point of contact with the environment, it is a common target for
bacteriophage. A well-documented phenomenon is serotype conversion, i.e., a bacteriophagemediated change to the OSA structure. Infection of P. aeruginosa by the D3 phage results in
altered intramolecular linkage from α- to β- due to the expression of an inhibitor of α-polymerase
(Iap), a highly-hydrophobic peptide, and a β-polymerase (Wzyβ).
The IM topology of WaaL and Wzyβ was obtained experimentally using a dual-reporter
system capable of quantifying PhoA and LacZ activity to screen the subcellular localization of
random and site-targeted 3’ truncations. The topology of WaaL hence derived revealed the
presence of 12 TMS, a novel cytoplasmic loop (CL3) and a large periplasmic loop, PL5, near the
distal end of the protein. PL5 contains the essential His303 residue. My results showed Wzyα is
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the target of Iap inhibition. Titrated expression of Iap in either single or double wzz mutant
constructs determined that Iap inhibition is influenced by the presence of either Wzz. Therefore,
Iap inhibition of Wzy apparently occurs after insertion into the IM. The observation that Wzz
influences Iap inhibition provides biochemical evidence to support Wzy and Wzz interaction.
The Iap peptide is predicted to possess a single TMS, that originates in the cytoplasm and spans
the IM. Strong amino acid sequence similarity was observed between the Iap and the N-terminal
TMS of both Wzz1 and Wzz2 of P. aeruginosa O5. This observation indicates the specificity of
Iap to the O5 OSA. Therefore, Iap apparently disrupts the interaction between Wzyα and Wzz
through mimicry of the TMS region of Wzz proteins of P. aeruginosa PAO1. The topology of
Wzyβ was determined via the PhoA-LacZ system revealed 10 TMS, a novel CL3 and two large
periplasmic loops, PL3 and PL4. This structure confirms that Wzy proteins possess a conserved
dual-loop topology. PL4 contains an essential Wzy_C motif, a tract of amino acids involved in
inverting glycosyltransferase reactions. The structural features of Wzyβ gleaned from the
topology experiments supports the proposed “catch-and-release” mechanism for OSA substrate
shuttling. Expressing wzyβ with its native promoter within P. aeruginosa PAO1 resulted in cells
able to produce both α- and β-linked OSA repeats on the cell surface. This indicates that Iap and
Wzyβ could both localize to the OSA machinery in a nonspecific manner. Further, since Wzyβ
utilizes a different reaction mechanism it is resistant to Iap inhibition thereby resulting in only βlinked OSA being produced when the serotype converting unit is expressed.
In a separate project, we performed whole-genome sequencing on all 20 serotypes and
were able to develop a novel serotyping system which utilizes the sequence information of
distinct OSA clusters. This system was used to type >80 P. aeruginosa strains with published
genome sequences, some of which were previously reported as polytypeable and nontypeable
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strains due to defects in their LPS biosynthesis. By examining the phylogenetic relationship
between clinical isolates and their serotypes, our results revealed the evidence of concomitant
transfer of the O12 OSA biosynthesis cluster and antibiotic resistance genes. This explains why
P. aeruginosa O12 strains are the predominant isolates from epidemic outbreaks that are often
associated with antibiotic resistance. Intriguingly, all of the O12 strains examined contained a
“serotype island” which ranges from 62 kbp to 185 kbp which apparently originated from a
relative of the distantly related O12 clone, PA7. The presence of this island helps to explain the
geographic dissemination of the O12 serotype in hospital settings due to the characteristics of the
OSA and the acquired antibiotic resistance.
In summary, this doctoral thesis has impacted our understanding of serotype conversion in
P. aeruginosa and OSA biosynthesis, led to the development of a novel approach to identify and
monitor P. aeruginosa infection, and presented a novel discovery of the presence of a “serotype
island” which contains an O12 OSA cluster and antibiotic resistance genes that accounts for the
multi-drug resistance characteristic of O12 strains of P. aeruginosa.
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Chapter 2: Membrane topology mapping of the O-antigen ligase (WaaL) from
Pseudomonas aeruginosa PAO1 reveals novel domain architectures

This chapter has been published in the ASM journal mBio with the title “Membrane topology of
the O-Antigen flippase (Wzx), polymerase (Wzy) and ligase (WaaL) from Pseudomonas
aeruginosa PAO1 reveals novel domain architectures” (Islam, et al., 2010). Several authors
contributed to the work: Salim T. Islam, Meng Qi, and Joseph S. Lam. This work has been
highlighted by Faculty1000 Biology.
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2.1. ABSTRACT:
Biosynthesis of lipopolysaccharide (LPS) on the inner membrane in Pseudomonas aeruginosa
terminates with the addition of the growing O-antigen chain to lipid A-core by WaaL. As an
important first step to decipher the mechanisms of LPS assembly, we set out to map the
membrane topology of this protein. Random and targeted 3’ waaL truncations were fused to a
phoA-lacZα dual reporter plasmid system capable of displaying both alkaline phosphatase (AP)
and β-galactosidase (BG) activity when the inserted gene fragment was expressed in the recipient
Escherichia coli, strain DH10B that allows alpha-complementation to occur. Results from
truncation fusion expression and the corresponding differential enzyme activity ratios provided
both qualitative and quantitative data for the assignment of specific regions of the protein to
cytoplasmic, transmembrane (TM), or periplasmic loci. Protein orientation in the IM was
confirmed via C-terminal fusion to green fluorescent protein. Our data revealed unique TM
domains and a novel cytoplasmic loop that showed characteristics consistent with potential
Walker A/B motifs. In addition, the observed large periplasmic loop contains the essential H303
residue.
2.2. INTRODUCTION:
Pseudomonas aeruginosa is a Gram-negative opportunistic bacterial pathogen that often
infects compromised individuals such as those suffering from burn wounds, cancer, AIDS, and
cystic fibrosis (Lyczak, et al., 2000). Essential to its virulence is the presence of
lipopolysaccharide (LPS), which is the predominant lipid species in the outer leaflet of the outer
membrane (OM) and as such is an integral component of the bacterial cell surface. The
importance of LPS has been demonstrated with respect to many virulence traits including
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inactivation of surface-deposited C3b complement (Schiller, et al., 1989), formation of a
protective layer against serum-mediated lysis (Dasgupta, et al., 1994), and aminoglycoside
antibiotic binding (Kadurugamuwa, et al., 1993). More recently, LPS in P. aeruginosa has been
shown to affect the interaction of the bacterium with the cystic fibrosis transmembrane regulator
(Schroeder, et al., 2001), the secretion of type III effectors (Augustin, et al., 2007), and the
formation of biofilm architecture (Lau, et al., 2009). An unequivocal proof that LPS is important
for virulence of P. aeruginosa was the report by Cryz et al. who showed that the 50% lethal dose
(LD50) of a LPS-deficient mutant of P. aeruginosa in a mouse infection model was 1000X higher
than that of the isogenic wild type strain (Cryz, et al., 1984).
P. aeruginosa LPS is composed of three distinct regions, namely, the proximal lipid A
moiety, which anchors the molecule in the OM, the core oligosaccharide, which possesses
important phosphate substituents, and the distal O-antigen (O-Ag) polysaccharide. Two
glycoforms of O-Ag are synthesized by P. aeruginosa, known as common polysaccharide
antigen (CPA) and O-specific antigen (OSA), with the latter being the immunodominant cellsurface antigen (King, et al., 2009). Differences in OSA O-Ag composition and structure are
responsible for the classification of P. aeruginosa into 20 serotypes (Knirel, et al., 2006). Both
O-Ag are built on undecaprenyl pyrophosphate (Und-PP) in the inner leaflet of the IM; however,
they differ in their downstream biosynthesis pathways wherein CPA biosynthesis utilizes the
ABC-transporter Wzm/Wzt (Rocchetta & Lam, 1997), whereas OSA biosynthesized follows the
so-called Wzx/Wzy-dependent pathway proposed by Whitfield (Whitfield, 1995). The completed
O-Ag chains are ligated to lipid A-core by the O-Ag ligase WaaL to form the mature LPS
glycoform (Abeyrathne, et al., 2005).
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The essential nature of WaaL with respect to LPS biosynthesis has been demonstrated in
P. aeruginosa, whereby a loss of function mutant, a waaL- knockout produced rough LPS
devoid of OSA (Abeyrathne, et al., 2005). However, due to the intrinsic difficulties of working
with integral IM proteins, structural characterization of these proteins and their homologues in
various organisms has been primarily based on in silico analysis of the amino acid sequence. In
this study, in order to gain a better understanding of the various domains of WaaL that may play
a certain functional role in LPS assembly in P. aeruginosa, we mapped the IM topology of WaaL
by using creating a library of random truncations of waaL to form a fusion with a dual-reporter
protein expression plasmid. To ensure that there was sufficient coverage of the entire length of
the expressed WaaL, a number of fusion clones containing targeted 3’ gene truncations to cover
low coverage regions of the gene were also prepared.
The dual-reporter approach was employed in order to allow for determination of
differential alkaline phosphatase (AP) and β-galactosidase (BG) enzyme activity ratios
contingent on subcellular localization of the truncated protein (Alexeyev & Winkler, 1999).
Detection of only high AP activity from an expression clone would indicate a truncation with
periplasmic-localization, whereas detection of only high BG activity would signify truncation of
WaaL at a cytoplasmic locus. However, if the terminal residue of the truncation was localized
within α-helical transmembrane segments (TMS), a combination of both AP and BG activities
would be detected. Based on this premise, various truncation clones were initially isolated via
growth on dual-indicator agar plates, supplemented with both AP- and BG-specific chromogenic
substrates, resulting in pigmented colonies indicating potential periplasmic (blue), cytoplasmic
(red), or TM (purple) truncations. To determine the length of gene truncation, constructs from
pigmented colonies were sequenced, thereby allowing for the construction of a topology map for
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each protein. Subsequent quantification of AP and BG enzyme activities was carried out for
representative residues to substantiate the subcellular localization of various domains. Together,
this allowed for the construction of an unbiased topology map for WaaL. To independently
verify the orientation of the C’ terminal localization of WaaL within the IM, a full-length gene
fusion to green fluorescent protein (GFP) was created. This investigation represents the first
structural characterization of an integral IM protein essential to LPS assembly and is based
directly on experimental evidence. Importantly, our data have revealed previously unknown TM
and loop domains and pointed to their potential significance in the stepwise biogenesis of LPS in
P. aeruginosa PAO1.
2.3. MATERIALS AND METHODS:
2.3.1. DNA manipulations
Plasmid DNA was isolated with the GenElute miniprep kit (Sigma). Oligonucleotide
primer sequences were ordered from Laboratory services at the University of Guelph (Table
2.1). Products of PCR amplifications and restriction digestions were cleaned with the QIAquick
PCR cleanup kit (Qiagen). Resultant output from sequenced clones was analyzed via the ORF
(Open Reading Frame) Finder program on one of the National Centre for Biotechnology
Information (NCBI) online servers (Bethesda, Md; http://www.ncbi.nlm.nih.gov/projects/gorf/).
2.3.2. Construction of PhoA-LacZα and GFP translational fusions
The phoA-lacZα reporter sequence from pMA632 (Alexeyev & Winkler, 1999) was
cloned between the EcoRV and HindIII sites of pBluescript II SK(+) under the control of the lac
promoter to create pPLE01. The full-length waaL gene was PCR-amplified from P. aeruginosa
PAO1 genomic DNA and cloned upstream of the reporter construct in pPLE01 using the SacI
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and XbaI sites for waaL. Random exonuclease III-generated truncation fusion libraries were
created as previously described by Alexeyev and Winkler (Alexeyev & Winkler, 1999). E. coli
DH10B was used as an α-complementing host strain. Fusion junction sequencing for random
truncations was carried out at Laboratory Services division, University of Guelph. Targeted
truncation fusions for a respective gene were created in the same manner as the full-length
constructs used for library generation, by cloning of PCR products of various 3’ truncation
positions upstream of phoA-lacZα. To construct the GFP fusions, the waaL PCR product
(amplified from P. aeruginosa PAO1 genomic DNA) was cloned upstream of the gfp-his8
reporter in the pWaldo-GFPd vector (Drew, et al., 2006) to yield pWaldo-waaL-GFP. For
fluorescence analysis in P. aeruginosa strains, the pWaldo clone was used as templates to PCRamplify the GFP fusion construct for cloning into pHERD26T (Qiu, et al., 2008). All PCR
amplifications were performed using KOD Hot Start DNA polymerase (Novagen). All digestions
and ligations were performed with enzymes from New England Biolab (NEB).
2.3.3. Colour scoring and enzyme quantitation
Ligation recovery cultures for truncation libraries were plated on of 1.5% Bacto agar
(Difco), 1.0% Bacto tryptone (Difco), 0.5% Bacto yeast extract (Difco) and 80 mM K2HPO4 at
pH 7.0 , supplemented with ampicillin (100 µg/mL, Sigma), isopropyl-β-Dthiogalactopyranoside (IPTG) (1 mM, Roche), 5-bromo-4-chloro-3-indolyl phosphate (BCIP)
(80 µg/mL, Sigma), and 6-chloro-3-indolyl-β-D-galactoside (Red-Gal) (100 µg/mL, Research
Organics) as previously described (Alexeyev & Winkler, 1999). Subcultures from overnight
inoculations were grown to mid-exponential phase in Miller’s LB broth (Invitrogen),
supplemented with ampicillin and IPTG. Quantitation of AP and BG activity was carried out as
previously described, including compensation for spectrophotometric absorbance
47

Table 2.1: Oligonucleotide primers used in this study

Name

Sequence 5’ to 3’

pPLEO1waaLF

catgtctagaaggcgcggcatatcctc

pPLEO1waaLR

ataggagctcaatgttcgcagctacc

waaLA178_R

catgcatgctgcagtgccgtgaaggcgcc

waaLW180_R

catgcatgctgcagccagagtgccgtgaaggc

waaLF371_R

catgcatgctgcaggaaccagtgttccttgggac

pWaldowaaL_F

agtcagtccatatgatgttcgcagctacccgac

pWaldowaaL_R

agtcagtcggtaccataggcgcggcgatatcc

pHERD26TwaaL_F

catgcatggaattcatgatgttcgcagctacccgac

pHERD26Tgfphis8_R

atgcatgcctgcaggcagccggatctcagtg
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caused by cell debris(Manoil, 1991). All of the normalized activity ratio (NAR) values presented
are a result of quadruplicate independent enzyme assays. Residue localization data based on
colour scoring and enzyme activity analysis were entered into the HMMTOP v.2.0 prediction
algorithm in order to determine the positions and lengths of TMS based on experimental results
(Tusnády & Simon, 2001).
2.3.4. Fluorescence microscopy
P. aeruginosa PAO1 overnight cultures expressing GFP fusions were subcultured and
grown to exponential phase in LB broth at 37ºC containing 90 µg/mL tetracycline (Sigma) with
0.1% L-arabinose. Culture aliquots were sedimented by centrifugation at 3000  g, and the pellet
was resuspended in 1X phosphate-buffered saline (PBS), and spotted on a glass slide. No
fixation to the slide was carried out because GFP can become denatured following various
fixative treatments. Cells were imaged at 400X magnification using a Zeiss Axiovert 200M
fluorescence microscope, with excitation at 470 nm and emission collection at 525 nm, using the
Improvision Openlab 5 software package (PerkinElmer).
2.4. RESULTS
2.4.1. Truncation library screening
A random 3’ gene truncation library of waaL from P. aeruginosa PAO1, fused to phoAlacZα, were successfully generated. Following the sequencing of clones from coloured colonies,
various 3’ truncation fusions were obtained for waaL, which were used to generate topology
maps via the HMMTOP 2.0 program (Tusnády & Simon, 2001). Targeted clones were
constructed for regions of the proteins lacking sufficient random truncation coverage, yielding a
combined total of 66 unique truncations for waaL. The subcellular localizations of the various
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helices and loops within this map were further verified and validated via quantification of both
AP and BG enzyme activity for representative residues using established methods (Manoil, et al.,
1988, Manoil, 1991) (Table 2.2).
2.4.2. Topology of the O-Ag ligase WaaL
The topology map developed for WaaL from P. aeruginosa PAO1 revealed an integral
IM protein with 12 TMS (Fig. 2.1). One large periplasmic loop domain was identified, localized
between TMS9 and 10, composed of 48 amino acids and containing the functionally-critical
H303 residue (Abeyrathne & Lam, 2007). Adjacent to this main periplasmic loop is a second,
smaller loop containing 14 amino acids, flanked by TMS11 and TMS12. The length of TMS8
was extended post-software-program output (see Materials and Methods) to 26 residues to
account for experimental data obtained based on both colour scoring and enzyme activity data
for random fusion clone K233. As such, it is only one residue longer than the default upper limit
of 25 residues per TMS constraining the HMMTOP 2.0 algorithm (Tusnády & Simon, 2001).
PhoA-LacZα fusion screening of WaaL truncations also revealed that the cytoplasmic face of the
protein contains a sizeable loop of 30 amino acids between TMS6 and TMS7. This tract of
amino acids was predicted to begin in the periplasm and end within a TMS helix when purely de
novo prediction algorithm analysis was performed in the absence of experimental input (data not
shown).
2.4.3. Protein orientation analysis
The use of C-terminal GFP-tagging has been established as an additional experimental
approach for determining the subcellular localization of a given domain in integral IM proteins
(Drew, et al., 2002), as GFP does not fluoresce in the periplasm (Feilmeier, et al., 2000). To
confirm the IM orientation of WaaL, translational fusions to GFP were created and expressed in
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P. aeruginosa PAO1. Bacterial cells containing the waaL-gfp fusion construct displayed
pronounced fluorescence across the entire cell population, indicating cytoplasmic localization of
the C-terminus (Fig. 2.2). These results served to independently verify the orientation
determined through PhoA-LacZα topology mapping (Fig. 2.2). When expressed in its respective
chromosomal knockout in P. aeruginosa PAO1, the WaaL-GFP fusion was able to restore the
synthesis of full-length LPS (Fig. 2.3).
2.5. DISCUSSION
Membrane proteins represent over a quarter of all known proteins and play integral roles
in a vast array of cellular process, including import/export of substrates, energy production,
signal transduction events, and assembly of cellular components. However, due to the inherent
difficulties associated with expressing, purifying, and crystallizing membrane proteins, of the
more than 61,000 entries in the Protein Data Bank to date, just over 518 represent unique
membrane protein structures (White Laboratory
[http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html]). In the absence of
crystallographic data, topological mapping of membrane proteins can provide valuable
information on the sizes and subcellular localizations of various domains potentially contributing
to their overall function. This rationale has led us to examine the membrane topology of WaaL
from P. aeruginosa PAO1.
A leading approach for examining membrane protein topology involves the fusion of Cterminal reporter tags at various lengths of the amino acid sequence, with independent PhoA
(periplasmically active) and LacZ (cytoplasmically active) fusions often created; fusion of LacZ
to periplasmic residues may yield low BG activity (Froshauer, et al., 1988) or toxicity to cells
(Lee, et al., 1989). Due to the requirement of separate fusions, the expression levels of reciprocal
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PhoA and LacZ fusions must be normalized for comparison of enzyme values at the same
truncation residue. The activity of either AP (PhoA) or BG (LacZ) can be monitored by the
breakdown of enzyme-specific chromogenic substrates, thus allowing for rapid analysis of fusion
activity (Manoil, 1991). To date, published data on the full membrane topologies of WaaL
proteins from various Gram-negative species (Schild, et al., 2005, Pérez, et al., 2008), have
employed the use of separate truncation fusions. Furthermore, these studies were invariably
aimed at validating the results of consensus TMS localizations based on multiple in
silico topology predictions. Although Schild et al. generated some random fusions, they still
relied primarily on purpose-built fusions (Schild, et al., 2005). To overcome the limitations of
separate PhoA and LacZ fusions, we employed a chimeric PhoA-LacZα dual-reporter system
capable of displaying both AP and BG activity (Alexeyev & Winkler, 1999) to map the topology
of WaaL from P. aeruginosa PAO1. Functional LacZ was reconstituted only by the hostencoded ω fragment of LacZ in the cytoplasm, with no periplasmic toxicity associated with the
LacZα moiety. This reporter system was originally developed by Alexeyev and Winkler to map
the membrane topology of the ATP/ADP translocase Tlc from Rickettsia prowazekii (Alexeyev
& Winkler, 1999).
In this investigation, we took the approach opposite to that used in all previously
published topology characterizations of homologous O-Ag ligase proteins, i.e., we generated
unbiased random and interval-scanning libraries of waaL fused to the phoA-lacZα dual-reporter
construct. These were then screened based on both pigmentation phenotype and enzyme activity
quantitation. On the basis of the results obtained from these initial fusion libraries, preliminary
topology maps were derived using segment localization data via the HMMTOP 2.0 server, which
generates outputs based directly on experimental data (Tusnády & Simon, 2001). To remedy
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ambiguous regions where coverage based on either the random truncation or the “intervalscanning” approach was lacking, we constructed targeted truncations to help clarify their
localizations, allowing for the generation of finalized topology map for WaaL.
Targeted fusions generally yielded higher absolute enzyme activity values than their
random truncation library-generated counterparts. The same backbone pPLEO1 vector was used
to clone in the full-length waaL and the respective random truncations upstream of phoA-lacZα.
However, creation of the targeted truncations introduced 2 amino acids between the terminal
residue of the truncation and the reporter motif. These residues were unavoidable, as they were
translated from the 3′ PstI restriction endonuclease site used for cloning of the targeted fusions
immediately upstream of the reporter. While the same 3′ restriction site was used to linearize the
full-length gene fusions in advance of exonuclease III treatment for random library generation,
the ensuing enzyme treatment regimen resulted in removal of the PstI site, thus eliminating the
two residues described above. As such, compared to the truncations that were actively made, the
reporter motif in the randomly generated truncations may have been more sterically constrained;
this would have resulted in lower absolute enzyme values upon quantitation due to lowered
substrate accessibility by either reporter moiety. Regardless of the method of generation, when
the various activities across the proteins were normalized as percentages of the maximum
activity of a particular set, general trends could be inferred from the AP/BG normalized activity
ratio (NAR) for a specific residue. NARs of <0.1, between 0.1 and 10, and >15 were found to
coincide with cytoplasmic, TM, and periplasmic residues, respectively, allowing for localization
data comparison between WaaL.
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Consistent with WaaL homologues from different bacterial species (Schild, et al., 2005),
in silico secondary structure analysis predicted the presence of a large characteristic periplasmic
loop in WaaLPa, in which several amino acids appeared to be conserved; these were subjected to
alanine-scanning mutagenesis. Among these mutants, only the plasmid containing waaLH303A
was unable to complement and the waaL knockout mutant and restore the production of OSALPS. Upon screening the three mutants, H303G, H303N, and H303R, only the H303R mutation
was able to complement the waaLPa knockout mutant and restore OSA-LPS production, likely
due to the ability of Arg to carry a positive charge, similar to His (Abeyrathne & Lam, 2007).
The H303 residue is the first residue in the HX10G a motif commonly found in polymerase
proteins, shown to be essential for function for WaaL proteins (Schild, et al., 2005). Through
WaaL topology mapping, we have confirmed the presence of a large 48-residue periplasmic loop
between TMS9 and TMS10 (PL5) containing the catalytically-essential H303 residue.
Subsequent to the investigation by our group, an analogous catalytically-essential His (H337)
was identified in WaaL from E. coli (WaaLEc) (Pérez, et al., 2008).
In addition, an analogous motif: RX10G has been observed in several proteins which
interact with Und-PP-linked sugars: Wzx, Wzy, Wzz1, Wzz2 and WaaL. As previously
demonstrated, this motif is localized to exposed domains including in PL5 of WaaL. This
demonstrates the importance of the conserved positively-charged residue in the ligation of O-Ag
to lipid A-core, though the length of the periplasmic loop in WaaLEc on which this H337 residue
is located has not been conclusively determined (Pérez, et al., 2008). Using computer modelling
of amino acids constituting the proposed loop domain as well as 22% of the downstream TMS,
the same authors proposed that the conserved acidic residue would form part of a putative
“catalytic centre” created by the tertiary structure of the
54

Table 2.2: Normalized activities of AP and BG WaaL truncation fusions to PhoA-LacZα

Residuea
Random
R40
R64
M86
L135
L157
S169
S198
L199
L206
A208
L225
G229
K233
I256
R259
S262
W280
P302
L307
K334
G359
D397
Targeted
A178
W180
F371
P401

Avg APb

Avg
BGc

%AP

%BG

NAR
Colony
(%AP/%BG) Color

Localization

170.9
-4.1
189.0
125.2
-1.8
-2.7
68.5
63.6
56.1
78.3
10.8
65.0
15.4
31.6
162.0
110.0
64.8
38.9
34.3
-1.1
174.8
-3.6

0.0
4.7
-1.6
-1.3
5.6
5.8
2.
1.2
0.5
2.0
2.4
1.3
2.8
3.1
-2.4
-1.0
-1.6
-1.2
4.2
2.8
-4.7
31.3

90.5
-2.2
100.0
66.3
-1.0
-1.4
36.3
33.7
29.7
41.4
5.7
34.
8.2
16.7
85.7
58.2
34.3
20.6
18.2
-0.6
92.5
-1.9

0.1
14.9
-5.0
-4.0
17.8
18.6
7.8
3.9
1.7
6.4
7.8
4.2
9.0
10.0
-7.7
-3.3
-5.0
-3.9
13.4
8.9
-15.1
100

>100
<0.01
>100
>100
<0.01
<0.01
4.64
8.55
17.24
6.46
0.73
8.15
0.9
1.67
>100
>100
>100
>100
1.36
<0.01
>100
<0.01

Blue
Red
Blue
Blue
Red
Red
Purple
Purple
Blue
Purple
Purple
Purple
Purple
Purple
Blue
Blue
Blue
Blue
Purple
Red
Blue
Red

P
C
P
P
C
C
TM
TM
P
TM
TM
TM
TM
TM
P
P
P
P
TM
C
P
C

-4.2
-2.4
58.8
-3.5

5.5
2.4
23.0
37.3

-7.2
-4.1
100.0
-6.0

14.7
6.4
61.6
100.0

<0.01
<0.01
1.62
<0.01

Red
Red
Purple
Red

C
C
TM
C

Localization of waaL truncations based on the enzymatic ratio between alkaline phosphatase (AP) and βgalactosidase (BG).
α
Location of the terminal residue followed by the reporter.
b
and c AP and BG activity quantified in Miller units as described in the Materials and Methods.
d
and e Percentage of AP and BG activities of each fusion in relation to the maximum measured activity.
f
Normalized %AP / % BG activity ratio (NAR)
g
Colour score of expressed clones grown on dual-indicator plates.
h
Final localization of terminal residues used to generate the topology map: periplasm (P), cytoplasm (C),
transmembrane (TM).
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Figure 2.1: Topological map of WaaL from P. aeruginosa PAO1 based on analysis of 66
phoA-lacZα fusions. Coloured residues represent amino acid positions of each truncation used.
Residue colours denote subcellular localization of a given truncation: blue (periplasm), purple
(TM), red (cytoplasm). Truncation letter colours denote method of truncation generation: white
(random), black (targeted; cytoplasm), orange (targeted; TM). All TMS are labelled (L1–L12).
The normalized %AP%BG activity ratios (NAR) for representative residues are displayed in
rectangles. Amino acid identity is displayed above/below each NAR for quantified residues.
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extended principal periplasmic loop (as described above) resulting in two pairs of perpendicular
α-helices. In contrast, PL5 from WaaLPa possesses a high propensity for the formation of a
single α-helix, as well as partial β-strand character, with a high degree of flexibility. The
validation of either model awaits the detailed biophysical determination of its 3D structure.
Abeyrathne and Lam also examined both truncated and chimeric versions of WaaLPa
(Abeyrathne & Lam, 2007). C-terminal truncated versions of WaaLPa were generated from
amino acids 1–101, 1–156, 1–232, 1–301, and 1–353, but none were able to complement a waaL
knockout mutant. Based on the topology characterized in our investigation, the 1–353 truncation
construct would have contained the required catalytic H303 residue and the intact PL5, yet it was
non-functional. This suggests an important functional role for the region of WaaLPa from amino
acids 354–401, which likely contributes to stabilizing the protein and/or participating in the
catalytic mechanism. Chimeric fusions to WaaLEc were also constructed, and the only one able
to restore a wild-type level of O-antigen production contained WaaLPa residues 1–360 and a Cterminal fragment of WaaLEc residues 389–419. As determined from the topology map, the
former stretch of amino acids would have encompassed a portion of PL6 that contained a Glu
and an Asn residue. The entire PL6 contains several charged residues. The latter tract of amino
acids from WaaLEc is predicted by an in silico analysis to form an 18-residue TM helix, which in
place of the Lys, Glu, and His present in the native WaaLPa PL6 sequence.
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Empty vector

WaaL-GFP

FM

DIC

Figure 2.2: Fluorescence micrographs of P. aeruginosa PAO1 expressing pHERD26TWaaL-GFP. Images were captured at 400X as described in Materials and Methods. FM:
fluorescence micrograph. DIC: differential interference contrast. White bar = 15 µm.
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Since this last periplasmic loop of WaaLPa is charged, sizeable, flexible, and predicted to
possess secondary structure (data not shown), it may be analogous to PL4EC, a predicted
periplasmic loop adjacent to the principal loop from WaaLEc found to contain a charged residue
(R216) important for O-Ag ligation (Pérez, et al., 2008).
WaaL from Vibrio cholerae O1 (WaaLVc) is of comparable primary sequence length (398
amino acids) to that of WaaLPa (401 amino acids) and WaaLEc (419 amino acids), with the
largest periplasmic loop located from S234–L327 in a primary structure position similar to that
for both WaaLPa (R259–E306) and WaaLEc (N259–E342). However, WaaLVc was only proposed
to contain 10 TMS, each at a maximum length of only 8 amino acids, with all intervening loops
of relatively large size (Schild, et al., 2005). In comparison, the average dimension of the IM in
E. coli K-12 and P. aeruginosa PAO1 has been measured at 59 Å (Matias, et al., 2003).
Moreover, higher membrane insertion instability was observed for artificial TM helices as the
number of residues decreased incrementally from 19 to 15 within a model lipid bilayer
(Krishnakumar & London, 2007). Combined with inconsistent PhoA fusion quantitation values
(e.g., periplasmic D79), these data cast doubt on the number and boundaries of TMS described
for WaaLVc and suggest that further model refinement is required.
Investigation of the mechanism for O-Ag ligation to lipid A-core also revealed that
WaaLPa was able to hydrolyze ATP in vitro, at a rate following Michaelis-Menten kinetics
(Abeyrathne & Lam, 2007). As ATP is not believed to exist in the periplasm (Pugsley, 1993),
this would entail a cytoplasmic domain capable of ATP hydrolysis. However, in silico topology
analysis for WaaLPa did not reveal the presence of any cytoplasmic loops either of sufficient size
or containing a recognizable ATPase motif (Abeyrathne & Lam, 2007).
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Figure 2.3: LPS phenotype analysis. Chromosomal knockout mutant of waaL in
P. aeruginosa PAO1 is unable to produce OSA-linked LPS; however, waaL::Gmr has been
shown to produce full-length OSA linked to Und-PP. PAO1 and waaL::Gmr, containing either
empty pHERD26T or the GFP fusion, were grown as described in Materials and Methods. LPS
samples were prepared and visualized as previously described. (A) SDS-PAGE and silverstaining analysis of LPS prepared waaL knockout mutants as well as WT and complemented
strains. WT, wild-type PAO1; (−), mutant strain lacking plasmid; E, mutant control containing
pHERD26T empty vector; (+),waaL::Gmr strain complemented with the C-terminal GFP fusion.
(B) Western immunoblot for visualizing the presence of OSA by use of MAb MF15-4 (Lam, et
al., 1987).
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The recent in silico topology prediction for WaaLEc yielded analogous results, lacking a sizeable
cytoplasmic motif that would be capable of hydrolyzing ATP. Interestingly, in the present study
of WaaLPa, we have discovered the presence of a large 30-residue cytoplasmic loop flanked by
TMS6 and TMS7 (Fig. 2.1), and thus revealed a candidate cytoplasmic motif for the observed
ATPase activity of the protein in vitro. As purification of WaaLPa yielded a dimer, interaction of
the two cytoplasmic domains from monomers of the protein may be required to form a
contiguous quaternary structure capable of hydrolyzing ATP (Abeyrathne & Lam, 2007). The in
silico analysis predicted that this cytoplasmic stretch of residues in WaaLPa began in the
periplasm and ended within a TM helix, thus demonstrating the limitations of relying solely on in
silico topology predictions and reinforcing the benefits of obtaining experimentally-based entireprotein topology maps for downstream functional characterization of membrane proteins.
The abovementioned loop does not possess a high degree of amino acid sequence
similarity to conventional ATPase motifs, although a TGYG tract is present from amino acids
158–161 (Table 2.3), corresponding to a conserved portion of the consensus
GXS/TGXGKS/TS/T Walker A/phosphate-binding loop (P-loop) sequence (Jones & George,
1999). Deviant Walker A motifs have also been found in which the downstream Lys residue,
carrying a positive charge, can be located 2 residues upstream of the TGXG motif (Mitchell &
Rao, 2004). Two residues upstream of the TGYG motif is a positively-charged Arg, possibly
analogous to the position and function of Lys in deviant Walker A domains. Walker A domains
generally contain an uncapped α-helix preceded by a loop rich in Gly residues (Jones & George,
1999). Secondary structure propensity indicates that CL3 forms a flexible coiled-coil structure in
the region of TGYG followed immediately by a helix motif, consistent with general secondary
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structure characteristics of Walker A motifs. The role of CL3 in ligation is currently being
characterized in our laboratory.
2.6. CONCLUSION
By determining the topology of WaaL, motifs known to promote oligomerization of TM
helices have been identified. The most well-known is the GX3G motif, in which two Gly
residues spaced four residues apart promote packing of TMS. The presence of Ala and Ser
residues have been shown to substitute for Gly in the abovementioned motif, now referred to as
the GASRight motif for right-handed α-helices (Walters & DeGrado, 2006). This motif possesses
high propensity for the formation of a flat surface capable of docking against grooves created by
bulkier amino acids also spaced four residues apart in a nearby helix (Walters & DeGrado,
2006). From our investigation, numerous GASRight motifs can be found in WaaL (Table 2.3).
Since antiparallel pairs of α-helices tend to form between sequential TMS (Walters & DeGrado,
2006), the GASRight motif content of WaaL TMS may provide a clue as to the nature of the local
packing and domain organization for the various proteins. The identification of the GASright
motif supports the in vitro observation that WaaL exists as a dimer in solution (Abeyrathne &
Lam, 2007). When referring to the topology of proteins it is important to remember that tracts of
amino acids separated by large distances of primary structure may interact through packing and
tertiary structure events to form a functional domain. While O-Ag ligation is a conserved process
within Gram-negative organisms, the exact mechanism has not yet been elucidated. In this
investigation, we have discovered the presence of novel domains in both TM and soluble
subcellular localizations for WaaL. The presence of a conserved RX10G motif among the
proteins which interact with Und-PP linked sugars as well as the HX10G motif were maintained
within the functionally-essential loop of WaaLPa (Table 2.3). The arginine residue within the
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Table 2.3: Protein sequence motifs identified in this study
Motif

Residue Range

Description

References

158-161 (CL3)

GXS/TGXGKS/TS/T
(Walker A ATPase
consensus)

(Mitchell & Rao,
2004, Jones &
George, 2007)

RQISEHPWLGHG 273-284 (PL5)

RX10G (O-Ag subunit
recognition)

(Bryson, et al.,
2005)

HNIELGVLFAGG

303-314 (PL5)

HX10G (Required for
(Schild, et al.,
O-Ag ligation to lipid A 2005)
core)

ALLTG

29-33 (TMS1)

GASRight (TMS
Dimerization/packing)

TGYG

(Walters &
DeGrado, 2006)

115-119
AAILA
(TMS5)
GAVIS

136-140(TMS6)

AVISA

137-141 (TMS6)

GLTAA

217-221 (TMS8)

ALALA

239-243 (TMS9)

GVLFA

308-312 (TMS10)

GGIIG

313-317 (TMS10)

AVLLA

340-344 (TMS11)

GLAAG

351-355 (TMS11)

ALLYA

378-382(TMS12)

Cyoplasmic loop (CL), periplasmic loop (PL), transmembrane (TMS)
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RX10G motif is often followed immediately by a highly-polar residue (serine). Intriguingly, the
equivalent motif is present twice in Wzz1, and seven times in Wzz2 from P. aeruginosa PAO1,
both proteins that would function to regulate the modal chain length of O-Ag polymerization
carried out by WzyPa. Although the oligomeric state of full-length Wzz proteins has been
determined (Larue, et al., 2009) and X-ray crystallographic data exist for the soluble periplasmic
domain (Tocilj, et al., 2008), the mechanism by which Wzz proteins interact with O-Ag and
regulate the chain length is presently unknown. The concept of a common interaction motif for a
specific O-Ag subunit would serve as a unifying thread between OSA biosynthesis proteins, and
WaaL in a given species, and merits further investigation.
The results from this study have shed light on the membrane topology of WaaL from P.
aeruginosa PAO1 by utilizing a method unlike the previous attempts for homologues of this
protein. Rather than relying on in silico topology predictions to frame ensuing fusion creation,
we first generated localization data based on experimental evidence, then used it to create a final
topology map for WaaL. This has allowed us to eliminate the inherent bias of predetermined
TMS localization, and in doing so, has led to the confirmation of the TMS number, as well as the
location and extent of previously unidentified periplasmic and cytoplasmic loop domains in line
with the proposed functions for each protein. This investigation will serve as a springboard for
detailed functional characterization of these proteins, which will undoubtedly further our
understanding of such a widely-conserved yet poorly-understood biosynthesis pathway for
virulence-associated polysaccharides in bacteria.
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Chapter 3: The D3 bacteriophage α-polymerase-inhibitor (Iap) peptide
disrupts O-antigen biosynthesis through mimicry of the chain length regulator
Wzz in Pseudomonas aeruginosa.

This chapter has been published in the ASM Journal of Bacteriology, under the same title in
August 2013. Several authors contribute to this work including Molly Udaskin, Salim T. Islam
and Joseph S. Lam.
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3.1. ABSTRACT
Lysogenic bacteriophage D3 causes serotype conversion of Pseudomonas aeruginosa
PAO1 from serotype O5 to O16 by inverting the linkage between O-specific antigen (OSA)
repeat units from α to β. The OSA units are polymerized by Wzy to modal lengths regulated by
Wzz1 and Wzz2. A key component of the D3 serotype conversion machinery is the inhibitor of αpolymerase (Iap) peptide, which is able to solely suppress α-linked long-chain OSA production
in P. aeruginosa PAO1. To establish target specificity of Iap for Wzyα, changes in OSA
phenotypes were examined via Western immunoblotting for single-knockout strains of wzz1 and
wzz2, as well as a wzz1-wzz2 double knockout, following expression of iap from a tuneable vector.
Increased induction of Iap expression completely abrogated OSA production in the wzz1-wzz2
double mutant, while background levels of OSA production were still observed in either of the
single mutants. Therefore, Iap inhibition of OSA biosynthesis was most effective in the absence
of both Wzz proteins. Sequence alignment analyses revealed a high degree of similarity between
Iap and the first transmembrane segment (TMS) of either Wzz1 or Wzz2. Subjecting the Iap
sequence to various topology prediction analyses consistently predicted the presence of a single
TMS, suggesting a propensity for Iap to insert into the IM. Taken together, the compromised
ability of Iap to abrogate Wzyα function in the presence of Wzz1 or Wzz2 provides compelling
evidence that inhibition occurs after Wzyα inserts into the IM and is achieved through mimicry of
the first TMS from the Wzz proteins of P. aeruginosa PAO1.
3.2. INTRODUCTION
Lipopolysaccharide (LPS) is an integral structural component of the outer membrane of
Gram-negative bacteria and is important for the survival of these bacteria in the environment or
in a host. In Pseudomonas aeruginosa and many other opportunistic pathogens, LPS is a major
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virulence factor and is composed of a lipid A membrane anchor, core oligosaccharide linker and
a distal polysaccharide termed O antigen (O-Ag) (Lam, et al., 2011). P. aeruginosa
simultaneously produces two forms of O-Ag: a homopolymeric common polysaccharide antigen
(CPA) and an immunodominant heteropolymeric O-specific antigen (OSA) composed of
repeating trisaccharide units (King, et al., 2009).
In P. aeruginosa PAO1, OSA is synthesized via the Wzx/Wzy-dependent pathway
(Whitfield, 1995), which requires the activity of several integral inner membrane (IM) proteins
(Islam, et al., 2010). Synthesis begins at the cytoplasmic leaflet of the IM on the lipid carrier
undecaprenyl phosphate (Und-P), with the formation of an OSA trisaccharide repeat constructed
from newly synthesized nucleotide sugar precursors linked to undecaprenyl pyrophosphate (UndPP) (Rocchetta, et al., 1998). The UndPP-linked OSA repeat is then transported through the
cationic interior of the OSA flippase Wzx to the periplasmic leaflet of the IM (Islam, et al., 2012,
Islam & Lam, 2013) and polymerized at the reducing terminus of the growing chain (Robbins, et
al., 1967) by Wzy, via a putative “catch-and-release” mechanism in an α-1-4 linkage (de Kievit,
et al., 1995, Islam, et al., 2011). The OSA chain length is regulated by the polysaccharide copolymerase (PCP) proteins Wzz1 and Wzz2, which interact with the nascent polysaccharides and
confer long (12-16 and 22-30 repeats) and very long (40-50 repeats) modal lengths, respectively
(Burrows, et al., 1997, Daniels, et al., 2002). Full-length OSA is then ligated to the lipid A-core
moiety by the O-Ag ligase WaaL (Abeyrathne, et al., 2005, Abeyrathne & Lam, 2007) forming
the mature LPS molecule.
Variability in the OSA repeat sugar constituents, intra- and inter-glycosidic linkages of
the OSA repeat residues, and the presence of side branch modifications classify P. aeruginosa
into 20 distinct serotypes according to the International Antigenic Typing Scheme (Lam, et al.,
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2011). Similar OSA backbone sugar structures result in certain individual serotypes, for
example O2, O5, O16, O18 and O20, being classified into a single serogroup (serogroup O2).
Immunochemical cross-reactivity of LPS of these serotypes with specific typing antisera or
monoclonal antibodies (MAb) substantiates their relatedness. In particular, the only difference
between the OSA chemical structures of serotypes O5 and O16 is the α or β configuration of the
inter-glycosidic bond at the reducing end, respectively (Knirel, et al., 1988, Lam, et al., 1992).
Interestingly, the OSA biosynthesis cluster spanning pa3160-pa3145 (wzz1-wbpL) genes of O5 is
identical to that in serogroup O2. This suggests that genes located outside the wbp cluster are
responsible for the chemical differences in the OSA structures. As such, genes responsible for
the chemical differences in OSA structures were likely to have come from external sources such
as lysogenic bacteriophage (Burrows, et al., 1996) or other ancestral microbial species.
Serotype conversion following bacteriophage infection has long been observed in diverse
Gram-negative bacteria (Uetake, et al., 1958, Losick, 1969, Simmons & Romanowska, 1987,
Clark, et al., 1991, Sun, et al., 2013). Upon infection of P. aeruginosa PAO1 (serotype O5) by
the bacteriophage D3, the bacteria became resistant to future infections, illustrating the lysogenic
property of this lambdoid D3 phage (Holloway & Cooper, 1962). D3 phage utilizes the O5 OSA
as a receptor, leading to downstream serotype conversion of the bacteria to O16 serotype. The
conversion involved a switch from an  to a  bond linkage between OSA repeat units (Kuzio &
Kropinski, 1983). Taking advantage of the annotated D3 phage genome (Kropinski, 2000), our
group identified a 3.6-kb DNA fragment containing three open reading frames. Expression of the
entire seroconverting unit in P. aeruginosa PAO1 resulted in the same observed loss of reactivity
to O5-specific MAb MF15-4 (Lam, et al., 1987), and a conversion to serotype O16 as described
above. Characterization of this 3.6-kb fragment revealed a three-component system containing
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genes that encode a putative O-acetyl transferase (OAc), a putative β-polymerase Wzyβ, and an
α-polymerase inhibitor (Iap) peptide (Newton, et al., 2001).
The Iap peptide is encoded in a 0.9-kb fragment of the three-gene seroconverting unit,
which when supplied in trans, inhibits production of α-linked long-chain OSA in serotypes O5,
O18 and O20 (Newton, et al., 2001). Transformation of serotype O16 with iap did not shown
any inhibitory effect on OSA production, illustrating the specificity of Iap towards α-linked OSA
biosynthesis in the O2 serogroup (Newton, et al., 2001). Our group performed Southern blot
analysis and demonstrated that iap is present in the genomes of serotypes O2 and O16, which
would explain the lack of α-linked OSA in these strains. A subsequent study by our group
showed that in addition to iap, a chromosomal copy of wzyβ (responsible for the β-linked OSA
of these serotypes) is actively expressed in the O2 and O16 serotypes (Kaluzny, et al., 2007).
The mechanism of Wzyα suppression by iap is currently unknown. The translated product
of iap is a 3.1-kDa protein (Newton, et al., 2001). In this study, we further investigated Iapmediated inhibition of OSA in the P. aeruginosa PAO1 background, utilizing previously
generated chromosomal mutants deficient in the chain-length regulator(s) wzz1 and/or wzz2. The
observed differences in Iap-mediated inhibition were dependent on the presence or absence of
both Wzz proteins. These observations suggested that inhibition due to Iap occurred downstream
of Wzyα insertion into the IM. Strong sequence similarity was detected between a putative
transmembrane segment (TMS) in the Iap and that of the first TMS of both PAO1 Wzz1 and
Wzz2. Together, these findings indicate that the inhibitory activity of Iap is specifically targeted
against Wzy through mimicry of the Wzz TMS. Moreover, these data provide additional
evidence to support direct interaction between Wzy and Wzz1/2 in the Wzx/Wzy-dependent LPS
assembly pathway.
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3.3. MATERIAL AND METHODS
3.3.1. DNA manipulations.
Cloning iap into the arabinose-inducible expression vector pHERD20T (Qiu, et al., 2008)
required amplification with iap-specific primers (Table 3.1), containing an EcoRI and PstI site,
respectively from a previously-generated pET28-His6-Iap construct (unpublished results). The
His6 coding sequence was retained for use in future experiments. Ligation products were
introduced into E. coli DH10B by heat shock transformation. Plasmid DNA from positive clones
was extracted using a plasmid purification kit (Life Technologies Inc, Burlington, ON) and
identified by sequencing utilizing the pBAD forward primer. QuikChange (Agilent) site-directed
mutagenesis was utilized to remove the leader sequence present in-frame at the 5’end of the
pHERD20T vector (Table 3.1). Successful constructs were identified in the same manner as
described above. Positive clones and previously generated plasmids were introduced into
electrocompetent P. aeruginosa PAO1 wzz1, wzz2 and wzz1-wzz2 chromosomal mutants using the
Gene Pulser instrument (Bio-Rad) (Table 3.2).
3.3.2. LPS preparation and visualization.
Each of the P. aeruginosa strains were grown overnight from a single colony with
shaking (200 rpm, 37°C) in the presence of 300 µg/mL of carbenicillin or 90 µg/ml of
tetracycline to maintain the plasmids and L-arabinose concentrations to induce expression from
pHERD. In the Wzz investigations using pHERD20T-His6-Iap, 0, 0.1, 0.5, and 1% (w/v) Larabinose concentrations were tested. The following morning, the cultures were equilibrated to
an OD600 of 0.45. LPS was then prepared as per the proteinase K digest method (Hitchcock &
Brown, 1983, Burrows, et al., 1997) . The LPS samples (5 µL) were
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Table 3.1: Oligonucleotide primers used in this study
Primer Name

Sequence 3’ to 5’

pBADhis6iapforward

5’ CATGCATGGAATTCATGGGCAGCAGCCATC ’3

pBADhis6iapreverse

5’ CATGCATGCTGCAGTCATATGTCTTGGTAGTAAGTTGC 3’

pBADframeshiftsense

5’ GATAAGAATTCATGGGAGCAG 3’

pBADframeshiftantisense 5’ CTGCTGCCCATGAATTCTTATC 3’
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analyzed by Western immunoblotting first probing with murine MAb MF15-4 (serotype O5 OAg specific) and MAb 5c-7-4 (inner-core specific). To quantify OSA levels in each of the wzz
mutants, independently-isolated triplicate LPS samples were processed according to a previously
described method (Islam, et al., 2012).
3.3.3. Bioinformatic Analyses.
The Iap sequence was analyzed by the following topology prediction algorithms, under
standard conditions, to probe for the presence of a predicted transmembrane segment (TMS)
(Islam & Lam, 2013):
TopCons (http://topcons.cbr.su.se/) (Bernsel, et al., 2009)
HMMTOP (http://www.enzim.hu/hmmtop) (Tusnády & Simon, 1998)
TMHMM (http://www.cbs.dtu.dk/services/TMHMM) (Krogh, et al., 2001)
PHOBIUS (http://phobius.sbc.su.se) (Käll, et al., 2004)
TMPred (http://www.ch.embnet.org/software/TMPRED_form.html) (Hofmann, 1993)
Philius(http://www.yeastrc.org/philius/pages/philius/runPhilius.jsp;jsessionid
=6DD32D6307F337296FF09929EE7029D1) (Reynolds, et al., 2008)
TOPPRED (http://www.sbc.su.se/~erikw/toppred2)(von Heijne, 1992)
PredictProtein (http://www.predictprotein.org) (Rost, et al., 2004).
Alignments of Iap to the PCP sequences were performed by ClustalW with a gap extension
penalty of 1.0 (Thompson, et al., 1994, Larkin, et al., 2007). The 3D model of Iap was generated
using the I-TASSER de novo platform which produces a model structure based on sequence
alignment to the existing proteins in the Protein Data Bank (PDB) (Roy, et al., 2010).
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Table 3.2: Bacterial strains and plasmids used in this study
Strain or plasmid
Strain P.
aeruginosa
O5
O16
wzz1::Gmr

Genotype, phenotype, or relevant characteristic(s) Reference

wzz2Δ

PAO1 derivative, A+B+

wzz2Δ/ wzz1::Gmr

PAO1 derivative, A+B+

wzyβ::Gmr

O16 derivative, A-B-

Strain E. coli
DH10B

Wild-type strain PAO1; IATS O5; A+B+
Wild-type strain, IATS serotype O16, A-B+
PAO1 derivative, A+B+

(Liu, et al., 1983)
(Liu, et al., 1983)
(Burrows, et al.,
1997)
(Daniels, et al.,
2002)
(Daniels, et al.,
2002)
(Kaluzny, et al.,
2007)

F− araD139 Δ(ara leu)7697 ΔlacX74 galU galK
Laboratory stock
rpsL
deoRϕ80dlacZΔM15 endA1 nupG recA1 mcrA Δ(mrr
hsdRMS mcrBC)

Plasmid
pHERD20T
pHERD20THis6Iap
pET28His6Iap

Pseudomonas expression vector (Plac); AmpR
pHERD20T carrying his6iap
E. coli expression vector

pUCP26

4.9 kb pUC18-based broad-host- range vectors, TetR

pUCP26iap

Broad-host-range vector containing iap

pUCP26wzz1

Broad-host-range vector containing O5 wzz1

(Qiu, et al., 2008)
This study
(Newton, et al.,
2001)
(West, et al.,
1994)
(Newton, et al.,
2001)
This study

Superscript “+” or “−” after A or B denotes the presence or absence of the particular O polysaccharide,
respectively. Resistance (r) is shown for gentamicin (Gm), ampicillin (Ap) and tetracycline (Tr).
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3.4. RESULTS
3.4.1. The OSA chain-length regulator proteins Wzz1 and Wzz2 are not the target of Iap.
To determine whether Iap was inhibiting long-chain OSA biosynthesis through
interference with either of the Wzz proteins in P. aeruginosa PAO1, the pD3 vector (i.e,
pUCP26-Iap), was used to transform the WT strain as well as the wzz1, wzz2 and wzz1-wzz2
knockout strains. Transformation of WT P. aeruginosa PAO1 with pD3 resulted in a reduction
of OSA production (Fig. 3.1 lane 2) as detected through Western immunoblot analysis.
Interestingly, OSA inhibition in either of the wzz1 or wzz2 single mutant backgrounds occurred at
the same observed rate as WT PAO1. This indicates that neither of the two Wzz proteins is the
specific target of inhibition by Iap, as there was no restoration of long-chain OSA. In contrast,
when iap was expressed in the wzz1-wzz2 double mutant, total abrogation of OSA production was
observed (Fig. 3.1 lane 8).
3.4.2. OSA inhibition by Iap is influenced by the presence of Wzz proteins.
To ensure that the complete abrogation of OSA production observed in the wzz1-wzz2
double mutant transformed with pD3 was not simply a high-dosage artifact due to constitutive
expression from the multi-copy pUCP26 backbone (West, et al., 1994), iap was subcloned into
the tuneable pHERD20T plasmid. Titratable iap expression was attained through addition of
increasing amounts of L-arabinose. To rule out the possibility that any observed variations in
OSA levels were simply due to differences in the amount of LPS being produced among the
three Wzz mutant strains, the OSA levels from each were quantified via densitometry following
Western immunoblotting analysis. The density of OSA was normalized by comparing the
intensity of the OSA band to that of its respective inner-core oligosaccharide band, which is
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Figure 3.1: Effect of iap expression in P. aeruginosa PAO1 wzz mutant strains. Western
immunoblot probed with OSA-specific MAb MF15-4. The control lanes include: P. aeruginosa
PAO1, PAO1 transformed with pD3 and each wzz mutant construct (wzz1, wzz2, and wzz1-wzz2.).
The wzz mutants are then transformed with pD3.
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synthesized via an unrelated pathway and therefore levels would remain constant despite changes
in OSA production. Thus these lower-molecular-weight bands detected in the Western
immunoblots were used as a loading control. Equivalent amounts of OSA were detected in all
three wzz mutants (Fig. AI2).
In either of the wzz1 or wzz2 single knockout strains, OSA production was inhibited to
levels similar to WT, retaining background levels equivalent to each other when induced with up
to 1% L-arabinose (Fig. 3.2A and 3.2B). In contrast, un-induced expression of iap in the wzz1wzz2 double mutant was sufficient to inhibit OSA production. Total abrogation was observed at
0.1% L-arabinose induction, a ten-fold lower concentration than that required to observe changes
in OSA production in either of the single wzz mutants (Fig. 3.2C).
3.4.3. Sequence conservation between Iap and the predicted N-terminal TMS of Wzz1/2
suggests a mechanism of specificity.
Upon aligning the Iap amino acid sequence to that of either full-length Wzz1 or Wzz2 sequences,
a high degree of sequence conservation was observed between Iap and the N termini of both Wzz
proteins in a region corresponding to the predicted first TMS of either Wzz (Fig. 3.3 and Fig.
AI3). Conversely, alignments of Iap to annotated full-length Wzz protein sequences from a
heterologous strain, P. aeruginosa PA7 (serotype O12), and from other bacteria (Escherichia
coli K12, Salmonella enterica sv. typhimurium, and Vibrio cholerae) did not display homology
to their respective TMS regions; instead, the Iap sequence was more favourably aligned to tracts
present in the soluble periplasmic domains of these heterologous Wzz proteins. This difference
in alignment, regardless of amino acid characteristics, demonstrates an association with the OSA
biosynthesis machinery of the O5 serotype of Iap to WzzO5 (Fig. AI4).
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Figure 3.2 (Following page): Effects of iap titration on OSA levels in various wzz knockout
strains. Western immunoblot of LPS prepared from P. aeruginosa PAO1 wzz chromosomal
mutants expressing pHERD20T-His6-Iap. Expression levels were titrated via increasing
concentrations of L-arabinose (0, 0.1, 0.5 and 1.0%). Immunoblots were subsequently probed
with MAb specific to O5 OSA (MAb MF15-4) and inner-core oligosaccharide (MAb 5c-7-4)
(denoted by *). WT P. aeruginosa PAO1 and PAO1 transformed with pUCP26-Iap were used as
wild type (WT) and OSA− controls in each set of blots. (A) LPS harvested from the wzz1
chromosomal mutant background. (B) LPS harvested from wzz2 chromosomal mutant
background. (C) LPS harvested from the wzz1-wzz2 double chromosomal mutant.
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3.4.4. In silico prediction of Iap topology suggests a single TM spanning domain.
The Iap sequence is composed of 31 amino acids, wherein 52% of residues are
hydrophobic, supporting the notion of membrane localization. The Iap amino acid sequence was
subjected to in silico topology prediction analyses using nine distinct algorithms (Nilsson, et al.,
2000, Islam & Lam, 2013) , which consistently predicted a single TMS spanning domain. Based
on these outputs, Iap was predicted to contain a TMS between residue 6 and residue 28. In
addition, the N and the C termini were predicted to reside in the cytoplasm and periplasm,
respectively (Fig. 3.4).
To further support these findings, a de novo 3D structure of Iap was generated by the
alignment modeling platform I-TASSER. Upon superimposition of the three highest-scoring
models, a conserved α-helical region between residues 12 and 29 was displayed. This
corresponds to the putative TMS of Iap (Fig. 3.5). Surface electrostatics analysis of the Iap
structure revealed hydrophobic properties for the α-helical segment, whereas the N-terminal tail
was shown to be cationic. These data fit with the proposed orientation of Iap in the IM (Fig. 3.4)
and are consistent with the demonstrated “positive-inside rule”, which states that the
cytoplasmic domains of TMS-containing proteins or peptides retain a net-positive charge
(Heijne, 1986, Fontaine, et al., 2011) (Fig. AI5).
3.4.5. Overexpression of Wzz in P. aeruginosa serotype O16 results in recovery of α-linked
OSA.
As mentioned in the introduction, serotype O16 has previously been shown to be unable
to produce detectable α-linked OSA. If Iap in this background is indeed mimicking a Wzz TMS,
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Figure 3.3: Sequence alignment of Iap to (A) Wzz1 and (B) Wzz2 of P. aeruginosa PAO1.
The alignment was produced in ClustalW and colored according to conservation score (out of
10) as represented by Jalview: red = 10, orange = 9, yellow = 8 and blue = 7. The black line
denotes the predicted transmembrane region of either Wzz. Both alignments demonstrate strong
similarities between the Iap sequence and Wzz from P. aeruginosa strain PAO1, alluding to
substrate specificity.
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then overexpression of Wzz should be able to out-compete Iap for access to Wzyα and restore
synthesis of α-linked OSA. To test this hypothesis, Western immunoblotting of triplicate LPS
samples obtained from the previously generated P. aeruginosa serotype O16 wzyβ::Gmr strain
transformed with the pUCP26-wzz1 plasmid showed LPS bands that reacted with O5-specific
antibodies (Fig. 3.6). This indicates that -linked OSA similar to that seen in strain PAO1 was
produced by this transformant.
3.5. DISCUSSION
Serotype conversion in P. aeruginosa PAO1 caused by bacteriophage D3 was observed
earlier by our group after transformation of the bacterium with the aforementioned
‘seroconverting unit’ (consisting of three-genes from the D3 chromosome), resulting in
abrogation of long-chain OSA production. One of these three genes, iap, was identified to be the
cause of inhibition of long- and very-long chain OSA biosynthesis (Newton et al. 2001).
Results from the current study indicate that the specificity of the Iap inhibitory activity is
against the native Wzyα of serotype O5. We initially attempted co-localization studies to directly
examine Iap-Wzyα interaction; however, due to the hydrophobic nature of the Iap peptide, such
evidence could not be obtained. Subsequently, we decided to take advantage of the well-defined
wzz1, wzz2, wzz1-wzz2 chromosomal mutants and the unique panel of MAb from our laboratory to
elucidate the target of Iap inhibition. Our results show that the target of the Iap-mediated OSA
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Figure 3.4: Topology prediction algorithm analysis of Iap. The amino acid sequence of Iap
was analyzed using nine different algorithms to determine whether a conserved single TMS
spanning domain was predicted. The Iap amino acid sequence is depicted from 1 – 31. Color
key: blue line, cytoplasmic localization; black box, range of amino acids predicted to form a
TMS; red line, periplasmic localization.
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inhibition is Wzyα, a key component of the putative membrane complex involved in the
Wzx/Wzy-dependent LPS assembly pathway.
The phenotype resulting from Iap expression was the loss of long- and very-long-chain
OSA in P. aeruginosa PAO1, especially when the peptide was expressed in the multi-copy
plasmid pUCP26. Iap expressed in the wzz1 and wzz2 single PCP mutants did not display
observable changes in OSA production when compared to the effect of Iap on the WT PAO1
background; therefore, the chain-length regulators are not the target of Iap function. This is
consistent with previous observations made by our group in which expression from the pD3
plasmid (consisting of the 3-gene seroconverting segment of D3 bacteriophage) in P. aeruginosa
PAO1 resulted in β-linked OSA subunits being polymerized by the phage-encoded Wzyβ to form
LPS of defined modal lengths (despite the presence of Iap) that PCP proteins are not the target of
Iap inhibition (Newton, et al., 2001, Kaluzny, et al., 2007).
In order to be able to draw conclusions of the effect of Iap activity in the different wzz
mutant backgrounds, it is essential to determine whether equivalent levels of OSA are being
produced. To our knowledge, this is the first study to investigate whether the absence of either or
both Wzz1 or Wzz2, would affect the total amount of OSA on the cell surface (Fig. AI2). With
equivalent levels of OSA being synthesized between the three wzz mutant strains, the low Iap
levels required for suppression of LPS production in the wzz1-wzz2 double mutant suggest that in
the absence of Wzz proteins, Iap has unencumbered access to Wzyα. This is in contrast to either
of the single wzz mutants, where a higher amount of Iap would be required to out-compete Wzz
for Wzyα by the presence of the remaining Wzz protein.
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Figure 3.5: Proposed structural and surface characteristics of Iap A) I-TASSER threedimensional modeling of Iap. The three highest-quality models for the Iap structure were
superimposed using PyMOL. Residues from 1-13 are predicted to form a disordered coil, while
residues 14-31 are predicted to form an α-helix. B) Proposed Surface electrostatics of the Iap
tertiary structure model. Color key: blue, positive charge; red, negative charge; white,
uncharged/hydrophobic. The N’ and the C’ termini are labelled
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In addition, this observation suggests that Iap-mediated inhibition of Wzyα function
occurs after the α-polymerase has inserted into the IM. If the Iap were to interfere with the wzyα
RNA or exert its effect to disrupt transport or insertion of Wzyα into the cell membrane, then
utilizing the pHERD system to express iap in P. aeruginosa would have resulted in a consistent
inhibition phenotype regardless of WT or co-polymerase mutant background strain. This is
regardless of whether wild-type or co-polymerase mutant backgrounds were used to test the
effect of iap.
In previous investigations, neither the WT O16 nor O16 wzyβ::Gmr was able to produce
α-linked OSA due to the presence of the seroconverting unit, particularly iap, within the genome.
Previous work in our lab demonstrated that Wzyα from serotype O16 is indeed functional;
however, it is being actively inhibited (Kaluzny, et al., 2007). To further investigate the IapWzy-Wzz interaction, Wzz was overexpressed in the O16 wzyβ::Gmr background to determine
whether any amount of α-linked OSA can be restored. Several advantages were exploited
through the use of this particular strain. Firstly, the lack of CPA allowed for a more clear
observation of changes in the OSA. In addition, iap expressed from the chromosome precluded
the use of two separate plasmids. Finally, with the absence of the β-polymerase, any restoration
of α-linked OSA was more easily detected. As reported previously (Kaluzny, et al., 2007), there
is no background O5 OSA being polymerized in the absence of Wzyβ. When Wzz was
overexpressed, partial restoration of the α-linked OSA phenotype was acheived indicating that
Wzz was able to out-compete Iap to interact with Wzyα. Future characterization of the binding
kinetics and affinity of Iap for Wzyα will help to better understand events at the molecular level
leading to the abrogation of OSA biosynthesis.
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Figure 3.6: Effect of wzz1 overexpression in P. aeruginosa serotype O16 wzyβ::Gmr. Western
immunoblot probed with OSA-specific MAb MF15-4 (denoted by the ]) and MAb 5c7-4
(denoted by *). The control lanes include: P. aeruginosa PAO1, O16 wzyβ::Gmr and PAO1
wzz1-wzz2 double mutant transformed with pUCP26-wzz1. The last 3 lanes contain O16
wzyβ::Gmr transformed with pUCP26-wzz1.
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Wzz proteins exist throughout all Gram-negative organisms and are required not only for
the biosynthesis of LPS but also for the biosynthesis of Enterobacterial Common Antigen (ECA)
(Barr, et al., 1999) and capsule polysaccharide (Whitfield, 2006). Wzz proteins are characterized
by two TMS, a large periplasmic domain and the preference to organize in a higher ordered
homo-oligomeric state (Burrows, et al., 1997, Daniels, et al., 2002, Tocilj, et al., 2008, Larue, et
al., 2009, Papadopoulos & Morona, 2010, Kintz & Goldberg, 2011, Larue, et al., 2011). The
sequence similarity between PCP proteins is limited to approximately 19-20%; however, the
secondary structures of these proteins are quite conserved (Burrows, et al., 1997). The sequence
similarity between Iap and the proposed N-terminal TMS of either P. aeruginosa PAO1 Wzz
suggests a mechanism of specificity to the O5 OSA machinery. Based simply on hydrophobicity,
it would not be unexpected for a hydrophobic IM-spanning peptide to align with other TMS
domains. However, alignment of Iap to heterologous Wzz protein sequences does not yield the
same alignment positioning as that detected for the P. aeruginosa PAO1 Wzz1 or Wzz2
templates. This similarity might provide a clue to substrate specificity explaining the targeted
inhibition of OSA production in serotype O5 strain. Recently, high-resolution X-ray crystal
structures of the periplasmic domain of Wzz from Shigella flexneri and from other bacterial
species have been obtained (Tocilj, et al., 2008, Kalynych, et al., 2012). These structures
revealed a conserved structural motif, and functional investigation through site-directed
mutagenesis of residues proposed to be involved in substrate binding and oligomerization
(Papadopoulos & Morona, 2010, Kalynych, et al., 2011, Kintz & Goldberg, 2011).
A leading hypothesis to describe the interplay between proteins in the Wzx/Wzydependent pathway, including Wzy and Wzz, is based through loose proximity to one another
and the resulting interaction is mediated through mutually-shared OSA substrate, bridging the
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two proteins (Daniels, et al., 2002, Carter, et al., 2009, Kalynych, et al., 2012). However, genetic
data indirectly support interaction of the Wzx flippase with its corresponding Wzy and Wzz
proteins (Marolda, et al., 2006). In addition, a new investigation using heterologous bacterial 2hybrid screens have provided evidence to support interactions between Wzy proteins and their
corresponding PCP (Marczak, et al., 2013).
Although considerable efforts have been made to investigate the periplasmic domain of
Wzz proteins, the importance of the two TMS regions has been largely overlooked. Site-directed
mutagenesis of conserved motifs spanning both the N- and C-terminal TMS have been
investigated in S. flexneri (Daniels & Morona, 1999). Of particular relevance to this study are the
residues substituted in the N-terminal TMS contained within the conserved “KTMII” motif.
Complete loss of high-molecular-weight O-Ag was observed in the K31A mutant whereas an
M32T mutation resulted in altered O-Ag modal lengths approximately 10-15 residues shorter
than WT, thus demonstrating the importance of the N-terminal TMS regions in O-Ag chain
length regulation (Daniels & Morona, 1999). In a recent study by our group, substitution, of
cytoplasmic amino acid residues in Wzyα from P. aeruginosa PAO1 were found to eliminate
OSA bands at modal lengths corresponding to those regulated by Wzz1 (but not those regulated
by Wzz2); these cytoplasmic amino acid substitutions in Wzyα have led to altered predicted
packing of the C-terminal TMS of the polymerase (Islam, et al., 2013). These observations
suggest that a specific interaction between Wzy and Wzz1 had been disrupted, as OSA bands
corresponding to Wzz2-mediated very-long chain regulation were not affected. If Wzyα and
Wzz1/2 were simply localized in close proximity, the site-directed mutations introduced to the
cytoplasmic amino acid residues of Wzyα should not have exerted an effect on the downstream
process of OSA chain-length regulation. These observations are consistent with the result shown
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in the present study, providing the first evidence for a direct interaction between homologouslyexpressed Wzy and Wzz proteins, with the TMS of Wzz proteins likely playing an integral role
in this process.
Based on our current observations and the documented relationship between Wzy and
Wzz, a possible mechanism of Iap-mediated inhibition of OSA polymerization would involve
Iap outcompeting Wzz for interaction with Wzy. Hence, the bacteria would exhibit a phenotype
lacking long-chain polysaccharide with α-linked O-units. Herein, we have exploited Iap as a
unique tool with which to examine the biosynthesis of O-Ag via the Wzx/Wzy-dependent
pathway. Further investigations on the molecular mechanism of Iap-mediated O-Ag inhibition
would help to shed more light on the assembly of various virulence-associated cell-surface
polysaccharides via this assembly scheme.
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Appendix I: Supplementary information from Chapter 3

Figure AI1: Schematic representation of the Wzx/Wzy-dependent biosynthesis pathway in
P. aeruginosa PAO1.
1. Polysaccharide repeat precursors are synthesized on the cytoplasmic face of the IM to the lipid
carrier undecaprenyl pyrophosphate. 2. The complete trisaccharide repeat unit is flipped by
action of Wzx to the periplasmic side of the IM. 3. Wzy-mediated polymerization of the OSA
chain by the addition of newly synthesized repeats to the reducing terminus of the growing chain.
4. The growing polysaccharide chain is regulated by Wzz which imparts specific modal lengths.
5. The completed chain is ligated to the lipid-A core oligosaccharide to form a mature LPS
molecule, ready to be exported to the OM.
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Figure AI2: Densitometry analysis of the OSA levels from P. aeruginosa PAO1 and each
wzz chromosomal mutant strain. The ratio of OSA density to that of inner oligosaccharide
from six biological replicates (n = 6) was compared and plotted as a percent of WT. Differences
in values for each of the wzz mutants compared to the WT were shown to be statistically
significantly via the Student’s t-test (WT—wzz1, p =0.0003; WT—wzz2, p = <0.0001; WT—
wzz1-wzz2, p = <0.0001). Comparison between wzz mutant strains indicated that any differences
were not statistically significant (wzz1—wzz2, p = 0.4615; wzz1—wzz1-wzz2, p = 0.8795; wzz2—
wzz1-wzz2, p = 0.5237).
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Figure AI3: Sequence alignment of Iap to Wzz1 and Wzz2 proteins from P. aeruginosa
PAO1. No region other than the N-terminal TMS of the Wzz proteins demonstrates any
similarity to Iap.
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Figure AI4: Localization of Iap alignment to heterologous full-length Wzz proteins. The
displayed backbone periplasmic domain of Wzz has been generated by an alignment of the
previously solved crystal structures, green: Salmonella tyhpimurium (PDB: 3B8P), fuschia: E.
coli O157:H7 (PDB: 3B8O) and cyan: Shigella flexneri (PDB: 42EH). The yellow spheres
designate the region of Iap sequence alignment against Wzz sequence of (A) V. cholerae
(BAA33593), (B) Salmonella typhimurium LT2 (AAL20983), (C) E. coli K-12(AAC75088), and
(D) P. aeruginosa PA7 (ABR86688.1). The N- and the C-termini of the periplasmic domains are
labeled.
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Chapter 4: A bacteriophage-acquired O-antigen polymerase (Wzyβ) from P.
aeruginosa serotype O16 possesses conserved domains but a varied
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4.1. ABSTRACT
Pseudomonas aeruginosa is a Gram-negative bacterium that produces highly varied
lipopolysaccharide (LPS) structures. The O antigen (O-Ag) in the LPS is synthesized through the
Wzx/Wzy-dependent pathway where lipid-linked O-Ag repeats are polymerized by Wzy.
Horizontal-gene transfer has been associated with O-Ag diversity. The O-Ag types present on the
surface of serotypes O5 and O16, differ in the intra-molecular bonds, α and β, respectively; the
latter arose from the action of three genes in a seroconverting unit acquired from bacteriophage
D3, including a β-polymerase (Wzyβ). To further our understanding of O-polymerases, the inner
membrane (IM) topology of Wzyβ was determined using a dual phoA-lacZα reporter system
wherein random 3’ gene truncations were localized to specific loci with respect to the IM
through normalized reporter activities as determined through the ratio of alkaline phosphate
activity to β-galactosidase activity. The topology of Wzyβ developed through this approach was
shown to contain two predominant periplasmic loops, PL3 (containing an RX10G motif) and PL4
(having an O-Ag ligase superfamily motif), associated with inverting glycosyltransferase
reaction. Through site-directed mutagenesis and complementation assays, residues Arg254,
Arg270, Arg272 and His300 were found to be essential for Wzyβ function. Additionally, like-charge
substitutions, R254K and R270K, could not complement the wzyβ knockout, highlighting a role
played by these Arg residues in substrate binding. The O-ligase domain is conserved among
heterologous Wzy proteins that produce β-linked O-Ag repeat units. These observations
demonstrated a conserved dual-loop topology for members of the Wzy-like family, identified the
domain responsible for bond-formation, and substantiated the catch-and-release mechanism for
O-antigen polymerization.
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4.2 INTRODUCTION
Pseudomonas aeruginosa is a highly successful opportunistic pathogen, due partly to its
arsenal of virulence factors including, toxins, several secretion systems, and lipopolysaccharide
(LPS). LPS is a complex glycolipid that comprises the majority of the outer-leaflet of the outer
membrane (OM) and has three domains including lipid A, core oligosaccharide and a distal O
antigen (O-Ag). P. aeruginosa produces two forms of O-Ag, the homopolymeric common
polysaccharide antigen (CPA), and the heteropolymeric O-specific antigen (OSA) made of a
series of repeating sugar subunits (King, et al., 2009). The diverse structures of OSA classify P.
aeruginosa into 20 distinct serotypes in the International Antigen Typing Scheme (IATS)
(Knirel, et al., 1988, Stanislavsky & Lam, 1997).
The OSA of P. aeruginosa is synthesized through the Wzx/Wzy-dependent pathway
involving a series of inner membrane (IM) proteins that is highly conserved in Gram-negative
and Gram-positive organisms that possess heteropolymeric glycans on the cell surface, which
include O-antigen, spore coat, enterobacterial common antigen, and capsule (Islam & Lam,
2014). In this model, lipid-linked trisaccharide repeats are flipped to the periplasmic space
through the lumen by Wzx (O-flippase) (Islam, et al., 2012), polymerized at the reducing-end by
Wzy (O-polymerase) to a chain-length regulated by Wzz (polysaccharide co-polymerase, PCP)
(Burrows, et al., 1997). In P. aeruginosa, two distinct PCP proteins are encoded in the genome,
named Wzz1 and Wzz2 (Daniels, et al., 2002), regulating the synthesis of particular lengths of
long and very-long repeats, respectively. The final step of LPS biosynthesis at the IM is ligation
of the OSA to the lipid A-core by WaaL, by an inverting glycosyltransferase reaction, before the
mature glycolipid is exported to the OM (Abeyrathne, et al., 2005). Although serotypes O5 and
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O16 of P. aeruginosa produce OSA with identical sugars, the structures of the two differ at the
intra-molecular bond, wherein O5 is α-linked and O16 is β-linked (Fig. 4.1).
The biosynthesis clusters of these two serotypes are identical; therefore, the genes
responsible for this difference must be localized elsewhere within the genome. Previously it was
determined that following infection of P. aeruginosa strain PAO1 (serotype O5) by the D3
bacteriophage, the lysogen, AK1380, undergoes conversion to serotype O16 and produces βlinked OSA (Kuzio & Kropinski, 1983). The genes responsible for this phenomenon were
identified in the phage genome which encodes an inhibitor of α-polymerase (Iap) and a βpolymerase (Wzyβ) (Newton, et al., 2001). Further work by our group showed that in serotype
O2 and O16 strains, the seroconverting unit is constitutively expressed (Kaluzny, et al., 2007).
Prior investigations of Wzy by several laboratories relied on validating in silico topology
maps through quantifying enzyme activity of fusions downstream of site-targeted truncations
(Daniels, et al., 1998, Mazur, et al., 2003, Kim, et al., 2010). A caveat of in silico predictions is
the reliance on ‘low energy states’, which tends to bias the localization of charged residues to
more soluble environments (Elofsson & Heijne, 2007, Bañó-Polo, et al., 2012). In addition,
improper localization of the N’ and C’ terminal ends, or the number of TMS, detected for the
protein of interest will affect the orientation of subsequent loop domains (Krogh, et al., 2001).
Our lab determined the topology of the cognate Wzyα from P. aeruginosa PAO1, which produces
α-linked OSA, using an unbiased experimentally-derived approach based on a dual-enzyme
reporter system pioneered by Alexeyev and Winkler (Alexeyev & Winkler, 1999) in order to
uncover previously unidentified domains. The experimental topology map revealed two novel
periplasmic loops (PL) PL3 and PL5 in Wzyα. Intriguingly, the region of amino acid residues
that make up PL3 had been predicted to localize within a transmembrane segment
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Figure 4.1: Schematic of the OSA repeat unit from serotype O5 and O16 of P. aeruginosa.
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(TMS) in the in silico map. Further investigation of PL3 and PL5 determined that each of these
loops contained a conserved RX10G tract of amino acids similar to the HX10G polymerase motif
(Schild, et al., 2005). Alanine-scanning mutagenesis of conserved Arg residues determined that
their guanidinium side group is essential for the function of binding carbohydrates. Although the
two loops possessed similar amino acid sequences, there was a drastic difference in their
isoelectric points with PL3 at pI 8.59 and PL5 at pI 5.49; hence, under physiological pH, the two
loops would have cationic and anionic charges, respectively. These observations and other data
have led to the proposed “catch-and-release” mechanism of Wzyα wherein PL3 would act to
recruit the newly-flipped OSA repeat with PL5 loosely interacting with the substrate as a
retaining arm (Islam, et al., 2011).
In a subsequent study, an extensive alanine-scanning screen of exposed charged and polar
residues was undertaken which determined that only mutated residues localized within PL3 and
PL5 would lead to abrogation of the function of Wzyα. These observations highlighted the
importance of these domains. However, two amino acids within a cytoplasmic loop of Wzyα,
N380 and R385, when modified by site-directed mutagenesis, conferred altered chain-length
modality of the LPS produced by the mutant bacteria, suggesting that these residues are involved
in interactions with Wzz1 (Islam, et al., 2013). Recently Peng Wang’s group, who utilized
chemo-enzymatically derived substrates to investigate the role of Wzy in LPS assembly, showed
that Wzy adopts a distributive mechanism for polymerization of O-Ag in E. coli. Hence their
findings strengthen the dual-loop topology and catch-and-release mechanism used by Wzy
proteins (Zhao, et al., 2014).
In this study, we determined the topology of the bacteriophage-acquired Wzyβ using the
dual-reporter system as described above. Our data allowed us to build a topology map of Wzy
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with 10 TMS and cytoplasmic N’ and C’ terminal ends, plus the existence of two large
periplasmic loops designated as PL3 and PL4, wherein PL3 possesses an RX10G motif and PL4
contains a Wzy_C motif, a conserved domain among members of the O-Ag ligase superfamily.
Both motifs were deemed essential based on evidence from alanine-scanning mutagenesis in
which critical Arg and His residues were identified. This investigation validates the observation
that Wzy proteins possess a dual-loop topology and determines that changes to the amino acids
localized within the C’ terminal domain dictates the formation of α- or β-linked OSA structures,
identifying the catalytic region of Wzy proteins.
4.3. MATERIALS AND METHODS
4.3.1. In silico methods
TOPCONS and HMMTOP 2.0 was used to produce a de novo topology map of Wzyβ
(Bernsel, et al., 2009). The de novo map was generated using the web-based Protter software
(Omasits, et al., 2014). To generate the experimentally-derived topology map, once the
truncations of wzyβ were localized, the designation was inputted using the Advanced setting of
HMMTOP 2.0 (Tusnády & Simon, 1998).
4.3.2. Generating the truncation library upstream of the dual-reporter
The wzyβ sequence was amplified from a previous prepared plasmid construct (Kaluzny,
et al., 2007) and inserted into the pPLEO1 vector (Alexeyev & Winkler, 1999), a derivative of
pBluescript II SK(+) containing the phoA-lacZα from pMA632. In order to generate the
appropriate overhangs for ExoIII nuclease digest, the pPLE01wzyβ construct was digested with
PstI and XbaI. Once ExoIII was added, aliquots were removed at 30 s intervals and put in a stop
solution containing 100 mM EDTA, which resulted in a collection of wzyβ truncations of varying
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lengths. To generate blunt-ends, Mung Bean Nuclease was added to remove the 5’ overhangs
and finally the Klenow fragment along with four dNTPs formed blunt-ends suitable for ligation
and subsequent transformation into E. coli DH10B. To ensure proper coverage of the entire wzyβ
sequence, site-targeted truncations were selected at 10 amino acid intervals and generated by
amplifying fragments using site-specific primers to the desired terminal residue. These constructs
were then digested with SacI before inserted them into pPLE01. The random-truncation and sitetargeted truncation library recoveries were plated onto dual-indicator plates containing 100
µg/mL ampicillin (Bio Basic), 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) (Bio Basic),
80 µg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) (Fisher), and 100 µg/mL 6-chloro-3indolyl-β-D-galactoside (Red-Gal) (Research Organics). After incubation, the colonies were
colour scored based on the breakdown of the specific substrates: the breakdown of Red-Gal
produces a red pigment indicative of β-galactosidase activity. The breakdown of BCIP by
alkaline phosphatase produces a blue colouration. An observed purple colouration was produced
by a combination of both enzyme activities. To avoid full-length constructs and repeated
truncation lengths, colony PCR was performed on all coloured colonies with Taq polymerase
(Life Technologies). Selected clones were sent for sequencing to identify the terminal residues of
each truncation.
4.3.3. Enzymatic assay
To assay the levels of enzyme activity, E. coli DH10B cells expressing the pPLEO1wzyβ
truncations were grown in triplicate overnight and subcultured in the presence of ampicillin,
IPTG was added the morning after, and the cells were grown to optical density at 600 nm
(OD600) between 0.4-0.7. At this point, the culture was split into halves to assay for
β-galactosidase activity using the Miller protocol (Miller, 1972) and for alkaline-phosphate
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following the Manoil protocol (Manoil, et al., 1988). The NAR between these two enzymes was
calculated as follows:
NAR = (alkaline phosphatase activity/highest alkaline phosphatase activity)/(β-galactosidase
activity /highest β-galactosidase activity) (Lehane, et al., 2005).
The resulting NAR determined the final localization and imputed into the HMMTOP 2.0
prediction algorithm (Islam, et al., 2010).
4.3.4. Site-directed mutagenesis
Site-directed mutagenesis (SDM) was performed using the QuikChangeTM protocol
(Agilent). Briefly, wzyβ was cloned into pHERD26T, a pBAD-based L-arabinose-inducible
vector and primers designed with the specific mutation were used to amplify using KOD Hot
Start Polymerase (Novagen). Non-methylated parental DNA was digested using DpnI (NEB) and
the newly-formed nicked DNA was transformed into DH10B for sequencing (Table 4.1). In
order to rapidly determine that mutant Wzyβ proteins do not demonstrate impaired membrane
localization, the same mutations were generated within the pPLEO1-wzyβ-T363 backbone, a
periplasmic truncation, and grown on dual indicator plates to determine whether they retained
their periplasmic (blue) localization.
4.3.5. Identifying a candidate wzyβ promoter
The wzyβ sequence was localized within the recently published P. aeruginosa O2 genome
(Thrane, et al., 2015); however, the contig identified to contain the target ORF for wzyβ was
misassembled as it was organized within 3 duplicated genes. Therefore, a new de novo genome
assembly of O16 was performed using SPAdes (Bankevich, et al., 2012). The resulting assembly
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graph was visualized using Bandage (Wick, et al., 2015) and used for identification of the
duplicated genes and their flanking scaffolds for manual assembly of the region. The identified
scaffolds were then aligned to the sequence of a multidrug resistant strain NCGM2.S1(MiyoshiAkiyama, et al., 2011) which contains the D3 seroconverting unit for ordering of the correct
flanking regions and generating a consensus sequence. This newly formed superscaffold
contained a sizeable sequence upstream of wzyβ for use in this study. Using this reference, a 1.65kbp region was amplified containing the wzyβ and 500 bp upstream then cloned into the miniCTX2 integration plasmid for integration into P. aeruginosa cells (Hoang, et al., 2000). The
plasmid was transformed into P. aeruginosa using the standard electroporation protocol (Smith
& Iglewski, 1989) and grown on LB-agar medium supplemented with 90 µg/mL tetracycline.
The unwanted backbone sequence was excised using the pFLP2 plasmid which was then cured
with growth on 5% sucrose (Hoang, et al., 1998).
4.3.6. Lipopolysaccharide complementation analysis
To characterize the in vivo function of both wild-type wzyβ and mutant wzyβ, were
transformed into a previously generated wzyβ chromosomal knockout (Kaluzny, et al., 2007) and
plated on LB agar medium supplemented with 90 µg/ml tetracycline. The additional serotypes
analyzed in this study (O1, O3, O5, O6, O8, O9, O10, O18 and O20) were grown overnight in
the same LB medium. The transformation of pHERD26T-wzyβ was performed using the standard
electroporation protocol and the transformants were plated onto LB agar supplemented with 90
µg/ml tetracycline. To observe varying OSA phenotypes, cultures were induced overnight with
0.1% L-arabinose, equilibrated the next morning to an OD600 of 0.45 and resuspended in
Hitchcock and Brown lysis buffer for the preparation of LPS. The samples were boiled for 30
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Table 4.1: Oligonucleotide primers used in this study
Name

Sequence 5’ to 3’

pPLEO1wzyβ_F

ctagcatggagctcatgaataggaccaagcttccg

pPLEO1wzyβ _R

agtcagtctctagaaattatcctcgattttagattgg

wzyβG68_R

catgcatgctgcagtattcgtcctgttctgagcg

wzyβD121 _R

catgcatgctgcagaagagctagcccaggtagtcg

wzyβG180_R

catgcatgctgcagtcccgtaacaagaacaaccg

wzyβL220_R

catgcatgctgcagaagtatagggagccccttgt

wzyβL230_R

catgcatgctgcagaagtatagggagccccttgt

wzyβL318_R

catgcatgctgcaggccgaatagtcctaggtcattc

pHERD26Twzyβ_F

ctagcatggagctcatgaataggaccaagtcttccg

pHERD26Twzyβ_R

agtcagtcggatccctaaaatcgaggataattaactgcagg

wzyβR147Asense

tagacggtgcattctcgcttag

wzyβR147Aantisense

ctaagcgagaatgcaccgtcta

wzyβR151Asense

agattctcgcttgcagaactcccagc

wzyβR151Aantisense

gctggggagttctgcaagcgagaatct

wzyβR147A-151Asense

gcattctcgcttgcagaactccccagc

wzyβR147A-151antisense

gctggggagttctgcaagcgagaatgc

wzyβR182Asense

gggagtggcatcactgcc

wzyβR182Aantisense

ggcagtgatgccactccc

wzyβR254Asense

cagatttgctactgcactatctgg

wzyβR254Aantisense

cagatttcgtactgccactatctgg

wzyβR270Asense

caagcaatgaggcgagccggatagc

wzyβR270Aantisense

gctatccggctcgcctcattgcttg

wzyβR270Ksense

caatgagaagagccggatagcatc
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wzyβR270Kantisense

gatgctatccggctcttctcattg

wzyβR272Asense

atgagcggagcgcgatagcatctgaag

wzyβR272Aantisense

cttcagatgctatcgcgctccgctcat

wzyβR272Ksense

gcggagcaagatagcatctgaag

wzyβR272Kantisense

cttcagatgctatcttgctccgctc

wzyβK292Asense

actatggagcatatgaaaaaggcg

wzyβK292Aantisense

cgcctttttcatatgctccatagt

wzyβK295Asense

gaaaatatgaagcaggcgagtacatac

wzyβK295Aantisense

gtatgtactcgcctgcttcatattttc

wzyβH300A

aaggcgagtacatagccaacatcctttcagcatg

wzyβH300Aantisense

catgctgaaaggatgttggctatgtactcgcctt

wzyβH300Rsense

cgagtacatacgcaacatcctttc

wzyβH300Rantisense

gaaaggatgttgcgtatgtactcg
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min and then treated with 5 µL of a 2 mg/mL proteinase K (Invitrogen) stock overnight at 55 °C
(Hitchcock & Brown, 1983).
To observe OSA phenotypes, LPS was resolved by SDS-PAGE and visualized based on
silver staining and Western immunoblotting with monoclonal antibodies (MAb) specific to the
serotypes, the MAb MF15-4 (specific for O5) was used to probed LPS produced in O18 and O20
strains in Western immunoblots due to cross-reactivity of these latter two serotypes with the antiO5 MAb (Lam, et al., 1992).
4.4. RESULTS
4.4.1. Wzyβ possesses an O-antigen ligase superfamily motif
A characteristic of Wzyα proteins is the high sequence variability resulting in a lack of
conserved domains. However, a BLAST search using the Wzyβ amino acid sequence identified a
Wzy_C superfamily domain at the C’ terminal half of the protein from residues 189-320. The
Wzy_C domain is conserved within the O-Ag ligase superfamily, and it was reported in previous
work by our group on the characteristics of WaaL, the O-antigen ligase of P. aeruginosa
(Abeyrathne & Lam, 2007). A key component of this motif is the presence of an essential His
residue, required to perform the inverting glycosyltransferase reaction. This domain has been
localized to the large characteristic periplasmic loop of WaaL proteins (Abeyrathne, et al., 2005,
Schild, et al., 2005, Abeyrathne & Lam, 2007, Islam, et al., 2010, Ruan, et al., 2012).
4.4.2. Experimentally derived membrane topology Wzyβ
A total of 51 truncations were generated using the random Exo deletion method resulting
in 38 unique localizations (the colony morphology showed 22 blue, 10 purple and 4 red). To
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ensure a sufficiently complete coverage of Wzyβ, 7 site-targeted clones were generated resulting
in 3 red and 4 purple colonies. Among the truncation constructs, 25 representative residues were
selected for NAR evaluation: 19 from the random truncations and all 7 of the site-targeted
truncations (Table 4.2). Overall, the colour scores of the truncations corresponded well with the
anticipated enzyme values. The experimental-based topology map of Wzyβ hence developed is in
stark contrast to the topology map derived from in silico analysis. The latter predicted that Wzyβ
contained only a single large cytoplasmic loop between residues 246-302 (Fig. AII1). The
experimental-based localizations were input into the HMMTOP 2.0 algorithm in order to
produce the final map, which displayed the following structural features, (i) both the N’ and C’
terminal ends of Wzyβ are localized to the cytoplasm, (ii) 10 transmembrane segments (TMS)
span the length of the protein, (iii) two large periplasmic loops (PL) were observed, with PL3
spanning amino acids 142-178 and PL4 spans amino acid positions 242-301. The pI is 4.68 for
PL3 and 5.15 for PL4; and (iv) a sizeable cytoplasmic loop (CL) was observed at amino acids
203-223 (Fig. 4.2).
4.4.3. Positively-charged residues localized within PL3 are essential for Wzyβ function
The experimentally-derived topology map revealed the presence of Arg residues within
PL3 at positions 147 and 151, which make up the conserved RX10G motif, and an additional Arg
at position 182. Neither of the SDM mutants, R147A nor R151A, abrogates OSA biosynthesis,
though the latter mutation, R151A, caused a reduction in total OSA. However, a double mutation
construct, R147A-R151A, resulted in a distinct lack of β-linked OSA (Fig. 4.3A). To determine
whether these residues are involved in substrate interaction, i.e., the guanidinium side group of
Arg residues has been shown to be associated with carbohydrate binding (Dahms, et al., 1993),
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Table 4.2: Normalized activities of AP and BG Wzyβ truncation fusions to PhoALacZα
Residuea
Random
Y27
Y58
D93
T98
A108
L140
V144
P154
L173
A192
G202
T242
E249
E276
Y298
T339
T364
Site
Target
G66
D121
G180
L220
L230
L318
N384

Avg APb

Avg
BGc

%APd

%BGe

NAR
Colony Localizationh
f
(%AP/%BG) Colourg

16.2
2.3
8.7
12.9
3.6
3.7
1.7
8.1
3.2
3.2
5.3
8.2
10.0
4.8
7.5
1.0
2.5

49.0
4.1
-0.4
0.7
22.0
53.0
-4.1
-8.7
0.9
73.7
69.5
-2.3
0.3
-5.9
-1.3
15.2
-0.9

100.0
13.8
53.3
79.9
22.4
23.1
10.3
49.6
19.8
19.8
32.3
50.4
61.5
29.7
46.5
6.3
15.3

66.5
5.5
-0.5
1.0
29.9
71.9
-5.6
-11.7
1.2
100.0
94.1
-3.1
0.4
-8.0
-1.8
20.5
-1.1

2.30
3.20
>100
77.6
0.75
0.32
>100
>100
17.2
0.20
0.34
>100
>100
>100
>100
0.31
>100

Blue
Blue
Blue
Purple
Purple
Purple
Blue
Blue
Purple
Purple
Blue
Blue
Blue
Blue
Blue
Purple
Blue

TM
TM
P
P
TM
TM
P
P
P
TM
TM
P
P
P
P
TM
P

-2.7
-0.7
5.7
-6.4
0.8
0.6
-0.8

27.7
76.5
40.1
66.0
32.6
6.4
107.0

-30.1
-6.4
63.7
-61.1
9.0
7.3
-8.7

25.9
67.5
35.5
61.7
30.5
5.9
100.0

<.01
<.01
0.95
<.01
0.29
1.22
<.01

Red
Red
Purple
Red
Red
Purple
Red

C
C
TM
C
TM
TM
C

Localization of wzyβ truncations based on the enzymatic ratio between alkaline phosphatase (AP) and βgalactosidase (BG).
α
Location of the terminal residue followed by the reporter.
b
and c AP and BG activity quantified in Miller units as described in the Materials and Methods.
d
and e Percentage of AP and BG activities of each fusion in relation to the maximum measured activity.
f
Normalized %AP / % BG activity ratio (NAR)
g
Colour score of expressed clones grown on dual-indicator plates.
h
Final localization of terminal residues used to generate the topology map: periplasm (P), cytoplasm (C),
transmembrane (TM).
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Figure 4.2: Topological map of Wzyβ based on the localization of 24 residues from a phoAlacZα fusion library. The coloured residues designate the subcellular localization of the given
truncation: blue, periplasm, purple, TM; red, cytoplasm. The green lettered residues were
generated through site-targeted fusions. The NAR values for the enzyme ratios are shown for
selected residues by a rectangle.
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R147K and R151K substitutions were screened. The individual Lys substitutions were unable to
restore OSA biosynthesis to the wild-type level, demonstrating a hindered Wzyβ function. This
suggests that positive charges in PL3 are essential for the activity of Wzyβ, particularly in
playing a role in recruiting the negatively charged substrate: O2 serogroup OSA repeat unit (Fig.
4.3A). Although the R147A-R151A is a double mutant, generating these mutations in the T363
truncation background did not affect periplasmic localization as evidence by the blue colouration
on the dual-indicator plates thereby indicating insertion into the IM (Fig. AII2).
4.4.4. PL4 of Wzyβ contains residues essential for an inverting glycosyltransferase reaction
To identify amino acid residues within the Wzyβ Wzy_C domain that might be important
for function, conserved residues throughout PL4 were selected for Ala substitution. These
included R254, R270, R272, K292, K295 and H300. When the SDM mutant constructs were
expressed in the wzyβ knockout, all but K292A demonstrated impaired Wzyβ function (Fig.
4.3B). Further investigation using like-charge substitutions revealed the essential guanidinium
side-group at positions Arg254 and Arg270, as evidenced by the inability of R254K and R270K to
complement function of the wzyβ knockout mutant (Fig. 4.4). The mutants generated within the
T363 truncation construct retained their periplasmic localization; hence the charged amino acids
selected for mutagenesis within this region (250-363) of the protein are apparently not required
for protein folding/membrane insertion (Fig. AII2).
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Figure 4.3: SDS-PAGE and Western immunoblotting analyses of LPS isolated from wzyβ::
Gmr complemented with Wzyβ mutants generated through alanine-scanning mutagenesis.
Western immunoblot were probed with monoclonal antibodies specific to the inner core (MF-15)
depicted by an asterisk and the O16 OSA (MF15-3). A) Silver stain and ii. Western immunoblot
of residues comprising the RX10G motif localized throughout PL3. B) Silver-stain and ii.
Western immunoblot of alanine-scanning residues involved in the inverting glycosyltransferase
reaction throughout PL4.
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4.4.5. Identification of the Wzy_C domain in heterologous Wzy proteins
We were able to take advantage of the increase in available information on O-Ag
polysaccharide structures and O-Ag cluster gene sequences in public databases and investigate
the prevalence of the Wzy_C domain within known Wzy amino acid sequences in the Genbank.
This biofinformatic exercise revealed that a relationship between O-Ag structures and the
occurrence of Wzy_C domain in Wzy homologues was conserved in 82% of the cases where the
identified O-Ag structure is β-linked. Importantly such a domain is entirely absent in the amino
acid sequences of Wzy proteins associated with α-linked O-Ag structures (Table 4.3).
4.4.6. Wzyβ is specific to the O2 serogroup OSA structures
Although Wzyβ possesses a Wzy_C domain shared by O-Ag ligases, it does not share the
observed WaaL relaxed specificity towards OSA repeats as seen in the ligase. This was apparent
as heterologous expression of pHERD26-wzyβ with 0.1% L-arabinose induction in non-O2
serogroup serotypes led to bacteria producing decreased levels of OSA and exhibiting altered
modal lengths. The most obvious changes to LPS banding as seen in the SDS-PAGE silver
staining were observed in serotypes O3, O9, and O10 where it appeared to have affected the
Wzz2-dependent modality, as evidenced by the loss of higher molecular weight banding. This
signifies that Wzyβ is able to localize to the OSA machinery and that its presence somehow has
caused steric hindrance to the interactions between cognate Wzy and Wzz proteins (Fig. 4.5).
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Figure 4.4: Analysis of LPS from wzyβ::Gmr complemented with like-charge residues by
SDS-PAGE and Western immunoblot. Silver stain and Western immunoblot probed with
monoclonal antibodies to the inner core (MF-15) and the O16 OSA (MF47-4).
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4.4.7. P. aeruginosa PAO1 can simultaneously produce OSA chains with distinct
intramolecular linkages
Wzyβ and its native promoter were successfully amplified within the O16 chromosome
based on the reconstruction of an O2 isolate genome which confirms that these serotypes share
an identical serotype converting unit. The integration of wzyβ and its native promoter into the
PAO1 chromosome using the miniCTX system resulted in the presence of two distinct OSA
banding patterns (Fig. 4.6). To determine if this phenotype was titratable, the pHERD26T-wzyβ
construct was expressed in O18 and O20 0.1% L-arabinose. A complete loss of α-linked OSA
was observed at 0.1% L-arabinose induction and the bacteria produced only β-linked OSA (Fig.
4.6).
4.5. DISCUSSION
The mechanism in which long-chain OSA is polymerized by the integral IM protein Wzy
is currently unknown. A major hurdle to the investigation of the O-polymerase-mechanism is the
lack of any published high-resolution structural data of Wzy proteins. In this study, we used the
phoA-lacZα dual-reporter system and obtained experimental data to help elucidate the membrane
topology of Wzyβ, which has been shown to be encoded in a serotype-conversion locus in the D3
bacteriophage genome. It was determined that OSA trisaccharide units of strain PAO1 are linked
via an α-bond to their lipid-carrier; therefore, Wzyβ must perform an inverting
glycosyltransferase reaction to produce β-linked OSA repeats (Ruan, et al., 2012). In addition,
amino acids associated with an inverting glycosyltransferase motif have been identified in the C’
end of Wzyβ, providing mechanistic evidence to the proposed catch-and-release mechanism.
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The highly diverse P. aeruginosa OSA structures that made up the various serotypes
provides an opportunity to study conserved features and differences among the membrane
proteins associated with the assembly of LPS. Previous work in our lab established the genetic
basis for the role of the phage-derived polymerase, Wzyβ, in the case of the lysogeny, whereby
serotype conversion from O5 to O16 occurred; however, no other downstream investigations
have been undertaken to decipher its function. Unlike previous experimental investigations on
Wzy (Daniels, et al., 1998, Islam, et al., 2010, Kim, et al., 2010), a BLAST search has led to a
novel observation that the Wzyβ sequence contains of a Wzy_C domain, also called an O-Ag
ligase domain due to its prevalence in WaaL proteins found in various Gram-negative species
(Marchler-Bauer, et al., 2013). In the case of Wzyβ the Wzy_C domain spans amino acid
residues 234-310. Importantly, this stretch of amino acids is conserved among members of the
WaaL family of proteins, which are known to catalyze an inverting glycosyltransferase reaction
to link O-Ag to the lipid-A core (Schild, et al., 2005, Abeyrathne & Lam, 2007, Ruan, et al.,
2012). To determine whether this domain is essential for Wzyβ, a topology map needs to be
established such that appropriate experiments can be designed to probe the roles of specific
amino acid residues and any potential functional motifs that might be involved in functional
activities of this beta-polymerase.
The existing topology maps of WaaL proteins all showed that the Wzy_C domain
contains an essential His residue near the distal portion of the protein that forms a characteristic
large periplasmic loop (Schild, et al., 2005, Abeyrathne & Lam, 2007, Pérez, et al., 2008, Islam,
et al., 2010). As such, the de novo topology map that was easily generated by using the in silico
algorithms TOPCONS and HMMTOP 2.0 was deemed unsatisfactory for downstream studies
because a large periplasmic loop was absent; hence, this deficiency provides the rationale for
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developing an experimentally-based topology of Wzyβ (Fig. AII1). Our group has successfully
used the phoA-lacZα dual-reporter system to determine the topology of cognate Wzx, Wzyα and
WaaL from P. aeruginosa strain PAO1 (Islam, et al., 2010). The knowledge of the topology of
these membrane proteins is pivotal to our ability to initiate protein modelling and biophysical
experiments to examine the function of Wzx of P. aeruginosa. As a case in point, our group was
able to develop a tertiary model of Wzx, generated based on comparison to the crystal structure
of the closely-related protein called NorM (He, et al., 2010). The topology of NorM showed
strong similarity to the dual-reporter generated topology of Wzx, therefore gaining our
confidence in the ability of this strategy to accurately localize domains (Islam, et al., 2012).
Although the presence of a prominent cytoplasmic loop was novel, no mutagenesis experiments
have been pursued due to the previous report demonstrating that the Wzy protein of E. coli does
not hydrolyze ATP (Woodward, et al., 2010).
Based on the importance of the PL domains in Wzyα participating in the proposed catchand-release mechanism of O-Ag polymerization, we undertook this project to obtain structurefunction data of Wzyβ, a completely unrelated polymerase; our findings in this study provide
further evidence for a conserved polymerase mechanism regardless of whether the resultant bond
between O-units is α or β due to the activities of these two classes of Wzy proteins. Upon
investigation of the net-charges across both Wzyβ PL regions, no particular amino acid stretch
with notable positive charge was found within PL3β, rather, a net-negative charge was seen. The
lack of an overall positive charge within PL3 of Wzyβ loop domain may explain the inability of
Wzyβ to out-compete the cognate Wzyα in the wild-type P. aeruginosa PAO1 background in the
absence of the Iap-mediated α-polymerase inhibition. Previously, our lab used a position-based
algorithm, Jackhmmer (Finn, et al., 2011) and discovered distant homologues of the Wzyα. This
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Table 4.3: Occurrence of the Wzy_C domain in organisms with β-linked O-Ag
Organism

Intramolecular linkage

Wzy_C*

Ref

GenBank

P. aeruginosa O5
P. aeruginosa O16
P. aeruginosa O9
P. aeruginosa O13
P. aeruginosa O3
P. aeruginosa O1
Escherichia coli
O86:B7
Shigella flexneri

(β13)-D-FucNAc-(α1
(β13)-D-FucNAc-(β1
(α13)-D-QuiNAc(β1
(α13)-D-QuiNAc-(β1
(α13)-D-QuiNAc4NSHb-(β1
(α13)-D-QuiNAc(α1
(β13)-D-GalNAc(α1

No
Yes
No
Yes
Yes
No
No

(de Kievit, et al., 1995)
(Kaluzny, et al., 2007)
(Raymond, et al., 2002)
(Raymond, et al., 2002)
(Raymond, et al., 2002)
(Raymond, et al., 2002)
(Yi, et al., 2006)

AAM27801.1
ABM21470.1
AAM27879.1
AAM27615.1
AAM27766.1
AAM27546.1
AY220982.1

(β13)-D-GlcNAc(α1

No

CAA50774.1

Francisella tularensisi

(β12)-Qui4NFm(α1

No

Streptococcus
pneumoniae 9a
Salmonella anatum
Epsilon 15

(β14)-Glc(β1

Yes

(14)-Rha-(α1
(14)-Rha-(β1

No
Yes

Yersinia
pseudotuberculosis
O:2a
Klebsiella pneumoniae
K57
Vibrio vulnificus 27562

(β13)-D-GlcNAc(α1

No

(Morona, et al., 1994,
Knirel, et al., 2013)
(Vinogradov, et al.,
1991, Kim, et al., 2010)
(Bentley, et al., 2006,
Aanensen, et al., 2007)
(L'Vov V, et al., 1989)
(Robbins, et al., 1965,
Kropinski, et al., 2007)
(Kondakova, et al., 2008,
Kenyon & Reeves, 2013)

(12)-α-Man-(β1

Yes

BAF75760.1

(14)-β-L-Rha(β1

Yes

Streptococcus
pneumoniae 4a
Shigella boydii
Acetinobacter
baumannii
Staphylococcus aureus
O5
Burkholderia cepacia
K56-2

(α13)GalNAc(α1

No

(Kamerling, et al., 1975,
Pan, et al., 2008)
(Gunawardena, et al.,
1998, Nakhamchik, et
al., 2007)
(Bentley, et al., 2006)

(β13)-D-GlcNAc-(α1
(β13)-D-GalNAc(β1

No
No

AAS98031.1
AHM95427.1

(β1→3)-D-FucpNAc-(β1

Yes

(Tao, et al., 2004)
(Kenyon & Reeves,
2013)
(Moreau, et al., 1990)

(α13)-GalNAc(β1

Yes

(Varga, et al., 2013)

EPZ86155.1

ABU61108.1
CAI32973.1
AHW12776.1
AAO06084.1
AAN23078.1

ADO64242.1

CAI32772.1

AAC46093.1

* Presence and absence of Wzy_C domain in the Wzy homologues of the various species and bacterial
strains.
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is despite the absence of strong sequence similarity among these proteins (Islam, et al., 2013). In
the current study, the sequence alignment analysis using Jackhammer was re-run, but this time,
we included the peptide sequence of PL3 of Wzyβ. As expected, the PL3β RX10G motif aligned
with the PL3 sequences from other Wzy proteins (data not shown). Therefore, all together, the
essential nature of positive charge throughout PL3 and the presence of conserved Arg residues
that has allowed the Jackhmmer positional alignment exercise support the notion that the
proximal periplasmic loop of Wzy proteins is involved in substrate recruitment.
A hallmark of the O-Ag ligase motif (Wzy_C) is the presence of a basic residue that is
essential for inverting glycosyltransferase activities which serves to stabilize the leaving
phosphate group once the transferase reaction occurs (Chiu, et al., 2004, Lairson, et al., 2008,
Ruan, et al., 2012). In the case of P. aeruginosa WaaL and Wzyβ, the residue in question is His;
a null mutation of this residue would abrogate the function of these proteins (Lairson, et al.,
2008). Although Wzyβ contains this motif, it is unable to be used to complement a waaL::Gmr
mutant in a complementation assay (data not show). This suggests that the motif is not involved
in substrate recognition as WaaL proteins have high specificity to the lipid A-core. In order to
attribute the presence of this motif to inverting glycosyltransferase reactions in Wzy
polymerases, BLASTp was used to screen heterologous Wzy sequences from organisms with
published O-Ag structures. The Wzy_C domain was identified in 9 of the 11 Wzy proteins from
organisms that are known to have β-linked O-Ag structures (82%).
The two Wzy sequences from organisms which produce β-linked O-Ag but do not
contain the Wzy_C domain include: Wzy from P. aeruginosa serotype O9 (WzyPaO9) and
Acinetobacter baumanii (WzyAcb). These two proteins show higher levels of similarity to the
EspG superfamily of membrane bound glycosyltransferases than to other Wzy sequences. This is
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Figure 4.5: Wzyβ expression in non-O2 serogroup serotypes of P. aeruginosa serogroup.
LPS samples acquired from each serotype expressing the pHERD26T-wzyβ construct were run by
SDS PAGE and analyzed by silver staining.
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puzzling because EpsG family proteins have been reported to function as autophosphorylating
tyrosine kinases, similar to Wzc, which are involved in chain-length regulation of bacterial
capsules (Paiment, et al., 2002, Ayabe-Chujo, et al., 2012). Investigation into the recently
published O9 genome may reveal a previously uncharacterized Wzy (Thrane, et al., 2015).
Of particular note is the presence of the Wzy_C domain in Wzyβ from the seroconverting
unit of ε15, a bacteriophage that targets Salmonella species, which when infected with a phage
would undergo lysogenic conversion through expression of an inhibitor of α-polymerase. Hence,
ε15 likely causes serotyping switch in Salmonella species via a similar mechanism as that
observed in D3 bacteriophage that causes serotyping switch of P. aeruginosa serotype O5 to O16
(Newton et al. 2002). Therefore, it can be reasoned that the polymerase gene within the
seroconverting units would perform a different mechanism (inverting) than the cognate Wzyα
(retaining), to ensure resistance to the α-polymerase inhibitor. This would ensure long-chain
OSA formation which provides resistance to subsequent phage infection (Losick, 1969, Taylor,
et al., 2013). Through SDM experiments, our data showed that the distal arm of Wzyβ (PL4)
contains essential residues, R270 and H300, to facilitate the inverting glycosyltransferase
reaction. Further, the observation that these residues are conserved in heterologous Wzy proteins
that perform this reaction which provides the evidence that this site could be the determinant of
bond formation.
The observation that Wzyβ is able to polymerize OSA repeats despite the presence of the
cognate Wzyα helps to better understand the mechanism of serotype conversion. Unlike Wzyα
from PAO1, the ability of Wzyβ to localize and interfere with the native Wzy/Wzz interaction
regardless of serotype, demonstrates its relaxed specificity towards the OSA
biosynthesis/assembly machinery. With the ability of Wzyβ to disrupt the cognate Wzy-Wzz
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Figure 4.6: Analysis of the OSA structures after Wzyβ and integration within the PAO1
chromosome. Western immunoblot probed with monoclonal antibodies to the inner core
designated with * (MF-15), O5 OSA (MF15-4) and O16 OSA (MF47-4).
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interaction, we propose that both Wzyβ and Iap work in concert and not sequentially. Once Wzyβ
was expressed at native levels, it is apparent that the total amount of OSA is split between α- and
β-linked polymers. Our interpretation is that the Iap, which is also dependent on Wzz (Taylor, et
al., 2013), must non-specifically localize to the OSA biosynthetic machinery, inhibiting Wzyα
but leaving Wzyβ unaffected due its differing glycosyltransferase mechanism. This is
substantiated by the observation that β-linked OSA, in serotype O16, produced never reaches the
levels of WT α-linked as seen in PAO1. This is observed even when Wzyβ is overexpressed
indicating that some OSA repeats may still interact with Wzyα and are therefore unable to enter
in contact with the functional Wzyβ to be polymerized. In addition, this explains the requirement
of high-levels of Iap expression, as evidence by requiring 1% L-arabinose induction to inhibit
WT levels of OSA in serotype O5 as typically when both Wzyβ and Iap are present, the peptide
is only inhibiting the fraction of repeats that are in contact with Wzyα (Taylor, et al., 2013).
Finally, the phenomenon of multiple OSA phenotypes on the cell surface is not uncommon
within the context of O-Ag diversity, because P. aeruginosa and recently Azospirillum and
Salmonella have demonstrated multiple O-Ag phenotypes on their respective cell surface
(Knirel, et al., 1982, Nghiêm, et al., 1992, Sigida, et al., 2015). Further, the ability of Wzyβ to
alter the chain-length modality in serotype O5, O18, and O20 demonstrates that intramolecular
linkages affect OSA modal lengths.
In conclusion, the use of a dual-reporter approach to develop a topology map of Wzyβ
revealed that it possesses two predominant PL loops, a structural feature shared by other Wzy
proteins. Another significant finding is the identification of specific essential amino acid residues
within PL3 and in PL5 that are associated with inverting glycosyltransferase activities of Wzyβ.
Finally, we have obtained evidence that Wzy proteins use a conserved “catch-and-release”
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mechanism despite catalyzing the formation of different stereochemical linkages. This
mechanistic difference between polymerase proteins further sheds light on the phenomenon of
serotype conversion, which is a cause of O-Ag diversity in Gram-negative organisms.
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Appendix II: Supplementary information for Chapter 4

Figure AII1: De novo topology of Wzyβ. The resulting output was generated by HMMTOP 2.0
and TOPCONS generated by the Protter server (http://wlab.ethz.ch/protter/start/) (Omasits, et al.,
2014).
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Figure A1I2: Membrane localization of Wzyβ mutants in a T363 background. Site-directed
mutagenesis of essential residues was performed in a pPLEO1-T363 background and grown on
dual-indicator plates in order to confirm membrane localization: i) pPLEO1-empty ii) pPLEO1Wzyβ iii) pPEO1-T363 iv) R147A-151A v) R254A vi) R270A vii) R272A viii) K295A and
ix) H300A.
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5.1. ABSTRACT
The O-specific antigen (OSA) in Pseudomonas aeruginosa lipopolysaccharide is highly
varied by sugar identity, side chains, and bond between O-repeats. These differences classified
P. aeruginosa into 20 distinct serotypes. In the past few decades, O12 has emerged as the
predominant serotype in clinical settings and outbreaks. These serotype O12 isolates exhibit high
levels of resistance to various classes of antibiotics. Here, we explore how the P. aeruginosa
OSA biosynthesis gene clusters evolve in the population by investigating the association between
the phylogenetic relationships among 83 P. aeruginosa strains and their serotypes. While most
serotypes were closely linked to the core genome phylogeny, we observed horizontal exchange
of OSA biosynthesis genes among phylogenetically distinct P. aeruginosa strains. Specifically,
we identified a "serotype island" ranging from 62 kb to 185 kb containing the P. aeruginosa O12
OSA gene cluster, an antibiotic resistance determinant (gyrAC248T), and other genes that have
been transferred between P. aeruginosa strains with distinct core genome architectures. We
showed that these genes were likely acquired from an O12 serotype strain that is closely related
to P. aeruginosa PA7. Acquisition and recombination of the "serotype island" resulted in
displacement of the native OSA gene cluster and expression of the O12 serotype in the
recipients. Serotype switching by recombination has apparently occurred multiple times
involving bacteria of various genomic backgrounds. In conclusion, serotype switching in
combination with acquisition of an antibiotic resistance determinant most likely contributed to
the dissemination of the O12 serotype in clinical settings.
5.2. INTRODUCTION
Lipopolysaccharide (LPS) of the Gram-negative cell envelope is a first point of contact
with the external environment, and it is a major virulence factor of Pseudomonas aeruginosa.
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LPS has been described as a target for antibiotics, bacteriophages, pyocins, and other
extracellular molecules affecting the cell (Nakayama, et al., 2000, Walsh, et al., 2000, Köhler, et
al., 2010, McCaughey, et al., 2014, Olaitan, et al., 2014). Hence, we hypothesize that there is
selective pressure on LPS and the related biosynthesis in order to adapt to the external
environment. Evidence that would support this hypothesis includes the observation of increased
mutational frequency in single LPS-related genes such as wbpM (a dehydratase and key enzyme
in the biosynthesis of O-specific antigen) and waaL (O-antigen ligase), and the contribution of
phosphorylation in the core oligosaccharide towards intrinsic resistance of P. aeruginosa to
antibiotics (Walsh, et al., 2000, Dettman, et al., 2013, Marvig, et al., 2015).
P. aeruginosa simultaneously produces two forms of LPS that differ in their O antigen,
named common polysaccharide antigen (CPA) and O-specific antigen (OSA). CPA is a shorter
and less immunogenic polysaccharide than OSA, yet CPA has been linked to chronic lung
infections in patients infected with P. aeruginosa (King, et al., 2009, Lam, et al., 2011). CPA
biosynthesis is orchestrated by a cluster of thirteen contiguous genes (PA5447-PA5459) as well
as algC (PA5322) (Rocchetta & Lam, 1997, Rocchetta, et al., 1998, King, et al., 2009).
However, CPA production has been detected in only 14 of the 20 IATS serotypes (not produced
in O7, O12, O13, O14, O15 and O16) (Lam, et al., 1989, Currie, et al., 1995).
Unlike CPA, OSA is constitutively produced by all strains of P. aeruginosa and is highly
diverse. The differences, which arise from inter- or intra-molecular bond orientation, O-repeat
lengths, and side groups, allow P. aeruginosa to be classified into 20 distinct serotypes (O1-O20)
in the International Antigenic Typing Scheme (IATS) (Liu, et al., 1983, Liu & Wang, 1990,
Stanislavsky & Lam, 1997). The OSA clusters of the 20 serotypes can be divided into 11 highly
divergent gene clusters with variation in genetic contents (Raymond, et al., 2002). The
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localization of the cluster in the P. aeruginosa genome is nonetheless conserved and clearly
marked by its being flanked by the genes himD/ihfB (PA3161) and wbpM (PA3141)(Burrows, et
al., 1996, Bélanger, et al., 1999, Dean, et al., 1999). The high diversity of the LPS cluster makes
it difficult to investigate if the LPS-OSA genes are involved in adaptation, as genes in this region
will be neglected in the algorithms used for conventional analysis of conserved genes from the
core genome.
Population studies of P. aeruginosa have revealed the dynamics of the serotyping
characteristics. As a case in point, a recent study showed that 35% of the P. aeruginosa isolates
could not be serotyped, particularly among CF isolates, whereby 33/43 strains examined were
nontypeable using a commercial typing kit (Pirnay, et al., 2009). Another study that included 145
isolates found that 9.6% could not be serotyped, with 11 being poly-typeable and 3 being
nontypeable. Among the ones that were assigned specific serotypes, O11 was the most prevalent
in population studies (representing 20.1-35.1%) followed by O6 (13.1-14.2%), O1 (11-11.9%)
and O12 (6.2-7.9%). The relatively high frequency of O12 might be caused by sample bias, due
to the prevalence of O12 strains with many hospital outbreaks of P. aeruginosa infections.
Nonetheless, the worldwide occurrence of persistent multidrug-resistant (MDR) ST111 clones
and known O12 strains provides the rationale for investigating if there is a correlation between a
specific serotype and MDR strains in this species (Pitt, et al., 1989, Pitt, et al., 1990, Mifsud, et
al., 1997, Pirnay, et al., 2009, Witney, et al., 2014). In comparison, a study involving non-CF
clinical isolates showed a greater variation of serotypes representation, with the most prevalent
serotypes being O11 (26.8%) and O12 (16.2%), both of which are known to be associated with a
higher frequency of MDR clones (Maatallah, et al., 2011).
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Our understanding of the relationship between serotype and the properties of an isolate is
limited, and analysis of genomic diversity of the serotypes has not been performed. Such an
analysis will be affected by the sequence diversity of the P. aeruginosa genome being very low
both on a local and a global scale (Kiewitz & Tümmler, 2000, Kidd, et al., 2011), and some
distinct LPS genes may be located in the pan-genome of P. aeruginosa. The sequence diversity
in conserved genes has been found to be 0.3%, making it one order of magnitude lower than
those in organisms such as Salmonella. Despite studies designed for identifying niche-specific
clones within the P. aeruginosa species, no link has been identified between ecological setting
and genotype. The same clones have been isolated across a wide range of unrelated habitats with
the same variant being able to predominate in several unrelated niches (Kiewitz & Tümmler,
2000, Kidd, et al., 2011).
To gain further knowledge of the diversity of the serotypes among P. aeruginosa, this
study uses comparative genomics to investigate the genomic evolution of the P. aeruginosa
population in relationship to LPS structure, and determine whether LPS structures and serotype
play significant roles in the evolutionary trajectory of P. aeruginosa clones.
5.3. MATERIALS AND METHODS
5.3.1. Bacterial isolates and genome sequencing.
The study analyzes 83 P. aeruginosa isolates, 30 of which were sequenced as part of the
present work (Table AIII1). Among the included isolates, fifty-two were originally sequenced in
a previous study (it was not possible to obtain data from isolates 138244, 152504 and
NCMG1179) (Stewart, et al., 2014). The 20 standard IATS serotype type strains; O1-O20 were
described earlier (Lam, et al., 1987) and can be retrieved from ATCC; O1-O17 (ATCC33348ATCC33364), O18 (ATCC43390 and O19-O20 (ATCC43731-ATCC43732). Ten isolates were
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chosen from the Pirnay culture collection on the basis of these being from a range of locations,
environments, and outbreak strains of the O12 ST111 type was included (Table AIII1). The 10
isolates from the Pirnay collection and the serotype isolates O6 and O17 were sequenced at the
Plateforme d'Analyses Génomiques (IBIS, Université Laval, Québec, Canada) on an Illumina
MiSeq platform generating 300-bp paired-end reads, and the remaining serotype isolates (O1O5, O7-O16 and O18-O20) were sequenced on an Illumina HiSeq2000 platform generating 100bp paired-end reads by BGI Europe (Ole Maaløes Vej 3, DK-2200 Copenhagen N, Denmark).
5.3.2. Construction of the core genome phylogeny
The 20 IATS serotype isolates and the 10 isolates from the Pirnay collection were
assembled using the A5 Assembly Pipeline; and the assemblies ranged in scaffolds from 78 to
236 (Tritt, et al., 2012). Full assembly statistics are displayed in of the supplemental material
(Table AIII3). The phylogeny was constructed using the parsnp program from the Harvest
software suite (Treangen, et al., 2014), which defines the core genome across all isolates and
builds the phylogeny by the maximum likelihood method using core SNPs across isolates.
5.3.3. Genetic serotyping and exploratory genome analysis
The OSA cluster of all 20 IATS serotype strains were identified and verified by multi
BLASTn against the 21 published OSA clusters (Raymond, et al., 2002). Hence, the structure of
the OSA gene clusters was confirmed, and it was verified that the chromosome of each isolate
only contained a single OSA cluster. The CPA clusters of all 20 serotype isolates and the 10
isolates from the Pirnay collection were identified as marked by wbpM and ihfB/himD as
flanking genes of the clusters. The region within the OSA locus was then extracted and analyzed
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for all isolates. The 30 assemblies were annotated using the RAST server (Aziz, et al., 2008) in
order to verify the genes in the OSA and CPA clusters.
Using the same multi BLASTn approach as for OSA verification, the ten O12/NT and
fifty-one diverse environmental isolates were genetically serotyped based on the structure of
their OSA cluster. If no hit covering an entire OSA cluster was found, the strain was deemed
nontypeable.
5.3.4. In vitro serotyping through genetic screen and LPS analysis.
(i) Bacterial growth conditions. The isolates selected for in vitro serotyping are as follows:
O12-4, O12-17, 1709, PR317, PR276, PR196, Li010, PR195, PR42 and PR233. Overnight
cultures of each isolate were grown in 5 mL lysogeny broth (LB, also called Luria-Bertani broth)
overnight with shaking (200 rpm) at 37°C. The following morning each culture was separated: 1
mL was set aside for chromosomal DNA isolation and the remainder was used for the LPS
preparations.
(ii) Chromosomal DNA isolation. The chromosomal DNA was isolated through a combination
of the Goldberg and Ohman method (Goldberg & Ohman, 1984) and phenol-chloroform
extraction (Sambrook & Russell, 2006). The intermediate aqueous phase was treated with 5 L
of 20 mg/mL RNAase (Life technologies) for 10 min at 37°C. RNAase was removed with a final
chloroform extraction. Primers specific to the O12 OSA cluster were designed following the
method described by Raymond et al. (Raymond, et al., 2002). The serotype O12-specific primer
set is as follows: 5’ ATGAAAAAAGTTTTGGTTACTGGG ’3 and
3’ CCCTCTCGAATCGAGTAGGTAGGCTC 5’. The OSA cluster of the candidate isolates and
an O12 IATS control were amplified using the KOD Hot StartTM Polymerase (Life technologies)

132

and separated by gel electrophoresis.
(iii) LPS extraction and serotyping using monoclonal antibodies. The overnight culture of
each isolate and an O12 IATS control was treated using the proteinase K Hitchcock and Brown
method (Hitchcock & Brown, 1983). Briefly, cells were equilibrated to an OD600 of 0.45,
resuspended in 250 L lysis buffer, boiled for 30 min and treated with 2 mg/mL of proteinase K
(Sigma Aldrich) overnight at 55°C. The LPS was resolved by electrophoresis on 12% SDSPAGE and visualized by ultra-fast silver stain. Western immunoblotting was performed using
monoclonal antibodies (MAb) generated by the lab to probe for: inner core (mAb 5c-7-4) and
serotype O12 (MAb MF35-4). The secondary antibody was goat-anti-mouse Fab2 conjugated to
alkaline phosphatase (Cedarlane).
5.4. RESULTS
5.4.1. In silico serotyping of P. aeruginosa isolates
To investigate the genomic structure of LPS biosynthesis genes in the P. aeruginosa
population, the OSA and CPA gene clusters were analyzed in 83 P. aeruginosa isolates (Table
AIII1). These include the 20 IATS serotype strains (O1-O20) and 10 published isolates from a
range of environments or hospital outbreaks, including O12 and nontypeble isolates (Pirnay, et
al., 2009). A group of 52 isolates previously used by Stewart et al. for investigation of the P.
aeruginosa population structure were used as representatives for a wide range of environments
and times (Table AIII1) (Stewart, et al., 2014). In addition, a known O12 MDR transmissible
ST111 isolate was included as a control together with a genetically distinct O12 isolate from the
PA7 group (included in the population used by (Stewart, et al., 2014)). For all the isolates, the
CPA and OSA gene clusters were identified and annotated based on whole genome annotation
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using the Rapid Annotations using Subsystems Technology (RAST) server (Aziz, et al., 2008).
The gene clusters were then compared across isolates, to define sub-groups among the
population. The CPA cluster structure was found to be relatively conserved among the 20 IATS
serotypes, while the OSA cluster demonstrated a high degree of diversity as anticipated
(Raymond, et al., 2002). Fourteen of the 20 serotypes share the same organization in the CPA
gene cluster, and the strains which differ from this group do so by divergence in single genes.
The only exception is the O12 IATS strain, which lacks the operon of five genes (PA5455PA5459) that is contiguous to the eight-gene cluster (Fig. AIII1).
The variations of the P. aeruginosa OSA gene cluster structure were outlined by
Raymond et al. (Raymond, et al., 2002) and showed 11 distinct OSA cluster structures among
the 20 IATS serotypes. In the present study the observed OSA cluster structures were confirmed
and these distinct gene clusters were used for determining the genetic serotype of all the isolates
(Table AIII1). This in silico serotyping revealed twenty-two O6, fifteen O2+ (which comprises
O2, O5, O16, O18 and O20), eight O11/O17, seven O12, six O10/O19, five O1, four O3, three
O4, two O13/14 (only the type strains), and one O15 (only the IATS) isolate. Four isolates were
found to be nontypeable with this approach, meaning that a single definitive hit to an entire OSA
cluster could not be identified (Table AIII1). As such, all except three serotypes were
represented among the analyzed isolates, and over half of the population was represented by
eight of the 20 serotypes. The most predominant serotype is O6 (~27%), which is consistent with
observations reported in other population studies (Pirnay, et al., 2009).
Four CF isolates described as nontypeable by Pirnay et al. (Pirnay, et al., 2009) were also
examined. These isolates were in silico serotyped and it was found that one isolate belonged to
the O9 in silico serotype (PR42) and the remaining three belonged to the O6 in silico serotype
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(PR195, PR196 and Li010). For the remaining six isolates from the Pirnay collection, four were
identified as O12 serotype isolates (O12-4, O12-17, O12-1709, PR317) and the remaining two
were found to be O2+ (PR276) and O11 (PR233), respectively (Fig.AIII1AB).
5.4.2. Genomic evolution of P. aeruginosa is linked to serotype
To correlate the in silico serotypes with the genomic architectures of the P. aeruginosa
population, a maximum likelihood phylogeny based on single-nucleotide polymorphisms (SNPs)
identified in the core genome was constructed (Fig. 5.1). The phylogenetic organization shows
four distinct groups (Fig. 5.1). The majority of the isolates analyzed (77/83) fall into two groups,
a major one (group A), and a minor one (group B) (Fig. 5.1.). Furthermore, a very distantly
related group containing the O12 IATS serotype isolate, PA7 and VRFPAO1 was found (group
D in Fig. 5.1). Most of the strains examined could be distributed into three phylogenetic groups;
this corresponds well with the structure of the core genome phylogeny reported by Stewart et al.
(Stewart, et al., 2014). Interestingly, an additional group closely related to group A and group B
was also identified, and this new group was populated by two isolates belonging to O13 and O14
IATS serotypes, respectively (group C in Fig. 5.1). The 20 IATS serotype strains analyzed were
distributed across the phylogeny (Fig. 5.1). Projection of the in silico serotypes of all the
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Figure 5.1 (Following page): Maximum likelihood phylogeny based on SNPs in the core
genome of 81 P. aeruginosa isolates. The phylogeny was estimated using the parsnp software
(Treangen, et al., 2014). All isolates are marked according to their in silico serotype by the
colours and shapes outlined in the figure. For example, isolates marked with a green box have
been typed to an O1 in silico serotype. The groups referred to in the article are shaded and named
A, B, C and D. IATS serotype reference isolates are highlighted as the in silico serotype symbol
is outlined with a black line. The tree is represented with the branch for group D true to scale in
the black box. Strains marked by * represent the 10 isolates sequenced in this study from the
Pirnay et al. collection (Pirnay, et al., 2009).
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sequenced P. aeruginosa isolates back onto the maximum likelihood phylogeny revealed that
within the four phylogenetic groups there was often a clear clustering of the isolates sharing in
silico serotype with their corresponding IATS serotype isolate (Fig. 5.1). This was observed for
the O10/O19, O2+, and O1 in silico serotype isolates (Fig. 5.1). On the other hand, the O6 in
silico serotype isolates were distributed across group A of the maximum likelihood phylogeny,
while the O11 in silico serotype isolates were populated within group B (Fig. 5.1.). In most
cases, a certain serotype found in one phylogenetic group was not found in others. However,
there are exceptions, and deviations from this trend include the IATS serotype pairs O7/O8 and
O11/O17. Each pair of these serotypes share highly similar OSA gene structures suggesting that
each pair shares a common ancestor. Nevertheless, for each of the two pairs, we found one
isolate in group A and the other in group B of the maximum likelihood phylogeny (Fig. 5.1).
It was intriguing to observe that the seven O12 in silico serotype strains identified among
the 83 isolates were located in two distinct groups in the maximum likelihood phylogeny (Fig.
5.1). The O12 IATS serotype strain was grouped with PA7 and VRFPAO1, thus defining group
D of the phylogeny, while the other five O12 strains, ST111, O12-4, O12-17, O12-1709 and
PR317 were placed together on a branch in group A. Based on their genomic structures, these
five strains were most related to the VRFPAO2 strain, which was determined to be an O4 in
silico serotype (Fig. 5.1). These results demonstrate that strains with similar genomic
architecture can exhibit different serotypes (e.g., ST111 versus VRFPAO2) and point towards a
potential role for horizontal transfer of serotype defining genes.
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Figure 5.2: Sequence homology matrix of the O12 OSA gene cluster showing the number of
sequence differences. Identity is determined based on an ungapped sequence alignment. Isolates
from group A and group D are marked in the figure for comparison.
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5.4.3. Horizontal gene transfer drives serotype switch to the O12 serotype
To test the hypothesis that the serotype O12 OSA gene cluster has been horizontally
transferred among distinct clone types, we first examined the relationship between the OSA
genes from the different O12 in silico serotype isolates. No sequence variations in the OSA gene
cluster among the O12 group A isolates could be discerned (Fig. 5.2). Importantly, the genes
within the OSA cluster of these O12 group A isolates were identical to those found in PA7 from
group D (Fig. 5.2).
To investigate if horizontally transferred DNA extend beyond the OSA gene cluster, we
characterized the genomic differences between the O12 strains from group A and D. Inspection
of the number of SNPs in the core genome in all seven O12 in silico serotype isolates revealed
that the three group D isolates differed from group A isolates by >200,000 SNPs. The number of
SNPs was estimated relative to the core genome of the O12-4 isolates, including O12-17 (30
SNPs), O12-1709 (41 SNPs), ST111 (85 SNPs), PR317 (190 SNPs), VRFPAO2 (2343), PA7
(201.599 SNPs), VRFPAO1 (202.507 SNPs), and O12 (204.506) (Fig. AIII2). With such a high
number of SNPs in their core genome, the mean sequence identity between isolates from each of
the two clusters would not be expected to exceed 97%. The regions flanking the OSA gene
cluster in the five group A isolates were examined for sequence identity with PA7. Based on
these analyses, we identified a ~70-kb genomic region that showed close to 99% identity with
the same region in PA7, whereas the flanking regions only showed 93-94% of identity (Fig.
5.3A). The ~25-kb OSA gene cluster was localized centrally in the PA7-like genomic region
(Fig. 5.3A). In summary, these results demonstrate that a large genomic region including the
OSA genes has been horizontally transferred from a member of the PA7 group to a serotype O4
strain, which has evolved into the group represented by the five O12 isolates in group A (ST111,
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O12-4, O12-17, O12-1709 and PR317). Acquisition and recombination of the ‘serotype island’
resulted in displacement of the native OSA gene cluster in the recipient strain.
When further analyzing the breakpoint regions of the ~70-kb ‘serotype island’ sequence,
we identified multiple IS insertion sites in the upstream region of the island (Fig. 5.3A). The
potential downstream breakpoint coincided with an intergenic palindrome sequence found in all
P. aeruginosa isolates on the Pseudomonas Genome database (Winsor, et al., 2011) (Fig. 5.3A).
Both of these sequence motifs have been described as being prone to homologous recombination.
A closer examination of the flanking sequences in four of the five serotype-switched O12
isolates (O12-4, O12-17, O12-1709 and PR317) revealed that they are identical and all have the
serotype island inserted in the oprB gene upstream and at an intergenic palindrome between ibpA
and PA325 downstream (Fig. 5.3B). Due to a reduced sequencing quality of ST111, that
particular O12 isolate could not be included in this analysis.
5.4.4. Genetic and immunochemical screens of LPS characteristics of O12 isolates
To determine if the OSA structure is expressed on the cell surface of these isolates,
genetic and immunochemical experiments were performed. The OSA cluster of each of the
isolates, O12-4, O12-17, O12-1709 and PR317, and an IATS O12 control strain was amplified
using O12-specific primers, yielding a single band at 0.8 kb. In contrast, the OSA clusters of
non-O12 isolates: PR276, PR196, PR195, LiO10, PR42 and PR233 did not amplify (Fig.
AII3).To screen the LPS produced on the cell surface of these P. aeruginosa isolates, LPS
prepared from each of the O12 isolates as well as that from the O12 control were subjected to
analysis by Western immunoblotting.
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Figure 5.3: Outline of the genomic region in PA7 containing the serotype island.
Represented is the PA7 backbone with corresponding GC skew and placement of the O12 OSA
cluster. Below is depicted the size and identity of the sequence from the four O12 in silico
serotype isolates, and a zoom into the two gap regions, where the serotype island is proposed to
have inserted into the genome (A). The proposed architecture of the serotype island in the O12
serotype switched isolates, is depicted in the bottom with the recombination sites highlighted
(B).
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The MAb specific to serotype O12 (MF35-4) (32) reacted to LPS prepared from O12, O12-4,
O12-7, O12-1709 and PR317 (Fig. 5.4). To confirm the total absence of O4 serotype antigens,
the candidate O12 samples were probed with MAb specific to serotype O4 (MF31-4), resulting
in no discernible signal (Fig. AIII3C). To standardize the sample loading, an inner core specific
MAb (5c7-4) was used. It recognized a low-molecular weight LPS band near the dye front of the
gel and blot, and the intensity of this band was consistent among the samples regardless of
whether the OSA was expressed or not (Fig. 5.4).
5.4.5. Annotation of the ‘serotype island’
The number of new genes transferred via insertion of the ´serotype island´ was evaluated
by annotation of the island (based on the annotation available from PA7) and identification of
orthologous genes (Table AIII2). The ‘serotype island’ comprises 63 genes (PSPA7_1944PSPA7_2005) including gyrA and three genes encoding an efflux pump of unknown function
(PSPA7_1991-93). Interestingly, PA7 contains a gyrAC248T allele known to contribute to the high
level of ciprofloxacin resistance observed in this strain (MIC >128 µg/mL) (Roy, et al., 2010).
All five O12 serotype isolates in group A (ST111, O12-4, O12-17, O12-1709, and PR317)
contained this C248T mutation in their respective gyrA and these five isolates share a nearcomplete sequence identity with gyrA from PA7, therefore substantiating the acquisition of this
island from a PA7-like isolate (Fig. 5.5). In addition, the gyrA genes in these five isolates share
high or complete sequence identity with gyrA from PA7, further substantiating the fact that the
island has been acquired from a PA7-like isolate (Fig. 5.5). In contrast, the other O12 isolates of
group D (IATS O12 and VRFPAO1) and the O4 strain from group A (VRFPAO2) are devoid of
the C284T mutation. The replacement of the native gyrA allele with gyrAC248T correlates well
with elevated ciprofloxacin resistance (MIC of >8 µg/mL) observed in ST111 (Witney, et al.,
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2014). We note that PA7 has a MIC of 128 µg/mL, implying that other factors might affect
fluoroquinolone resistance in this isolate. The five O12 serotype switched strains were isolated
between 1988 and 2011, which is the period after ciprofloxacin was introduced into the market to
treat bacterial infections (Fig. 5.6).

5.4.6 Serotype switched clones dominate the O12 population
A recent survey (Kos, et al., 2015) of 390 genomes of clinical P. aeruginosa isolates
sampled between 2003 and 2012 from diverse geographical locations enabled us to inspect
additional serotype O12 genomes, and to further assess if serotype switching in combination with
acquisition of the particular gyrAC248T allele is important for bacterial fitness and dissemination.
Our hypothesis is that the global serotype O12 population would contain a larger proportion of
O12 serotype-switched isolates relative to the ‘native’ PA7-like serotype O12 strains. A recent
study by Kos et al. identified a total of 32 O12 isolates out of 390 sequenced genomes (Kos, et
al., 2015). Among these O12 isolates, 20 were of the multi-locus sequence type (MLST) ST111,
and five isolates were MLST type ST244. The remaining seven isolates belonged to disparate
MLST types, i.e., ST597, ST292, ST1721, ST1722, ST1762, ST1747 and ST1120 (Fig. 5.6A).
All the 20 ST111 isolates were able to be grouped with the five previously described O12
serotype-switched isolates as well as the O4 isolate VRFPAO2 in the maximum likelihood
phylogeny (Fig. 5.6A). Significantly, we also found that all 20 ST111 isolates harbored the same
70,000-bp ‘serotype island’ described above. Intriguingly, of the 32 O12 isolates from the study
of Kos et al., only two were found to cluster with the outliers PA7, VRFPAO1, and the O12
IATS isolate in group D of the maximum likelihood phylogeny (Kos, et al., 2015).
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Figure 5.4: Serotype screen of P. aeruginosa isolates using in vitro methods. Western
immunoblotting probed with MAb specific to the O12 OSA (MF35-4) and inner core D. (5c7-4).
The O12 OSA antibody reacts strongly in the lanes of the identified O12 isolates. The
appearance of the inner core MAb reactivity demonstrates equal loading throughout all samples.
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The remaining ten O12 isolates were placed within or near groups A and B, and are as
such also distantly related to isolates from group D (Fig. 5.6A). Inspection of the OSA clusters in
these ten isolates revealed that serotype switching had also occurred in these isolates, but in eight
of ten strains the ’serotype islands’ differed in size from the 70 kbp observed in the ST111
isolates. These islands all contained the serotype O12-defining genes and the gyrAC248T allele but
ranged in size from ~62,000 bp to ~185,000 bp (Fig. 5.6B). Overall, our analysis showed that 35
out of 40 O12 genomes that have been examined are from serotype-switched isolates, and that
serotype switching to the O12 serotype occurred on multiple occasions involving recipient
strains of various sequence types.

5.5. DISCUSSION
Acquisition of genes encoding antibiotic-resistance determinants and virulence factors through
horizontal gene transfer is an important mechanism in the evolution of pathogenic bacteria. LPS
is a major virulence factor in P. aeruginosa, and in this study we demonstrate that horizontal
exchange of LPS biosynthesis genes among P. aeruginosa strains has contributed to the
dissemination of the O12 serotype. In the primary case of this study, we document the presence
of a 70-kb ‘serotype island’ containing the P. aeruginosa OSA gene cluster, an antibiotic
resistance determinant (gyrAC248T) and a number of other genes originating from the O12
serotype strain PA7 in the genomes of five isolates with a core genome architecture distinct from
that of PA7. Interestingly, the genome structures of the five isolates cluster together with strain
VRFPAO2 (belonging to O4 in silico serotype) and these six strains are all of the sequence type
ST111 (Fig. 5.1).
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Figure 5.5: Sequence homology matrix of the gyrA gene showing the number of sequence
differences. Isolates originating from group A (serotype switched) and group D (PA7 like) are
shown in the table. All included isolates are of the O12 in silico serotype except for VRFPAO2
(O4 in silico serotype) from group A.
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This evidence suggests that the original recipient was an O4 serotype, and that uptake and
recombination of the O12 serotype-defining OSA gene cluster from a PA7-like strain accounted
for serotype switching from O4 to O12. This result was further supported by analysis of 20
additional ST111 serotype O12 isolates that were all found to contain an identical 70-kb
‘serotype island’. This strongly suggests that the majority of O12 serotype-switched ST111
strains in the serotype O12 population (25 out of 40) is the consequence of a single transfer and
recombination event followed by clonal expansion.
MDR serotype O12 strains are increasingly widespread in hospital settings across
Europe, in particular those with the multi locus sequence type ST111 (Van der Bij, et al., Pirnay,
et al., 2009, Cholley, et al., 2011, Witney, et al., 2014). In the early 1980s, serotype O12 strains
were relatively rare in clinical infections and they were also not associated with MDR. However,
from the mid-1980s and onward, a number of studies have reported increased frequencies of
MDR O12 strains in patients infected with P. aeruginosa (Ceyssens, et al., 2009, Larsen, et al.,
2012). It has previously been suggested that this strain population had a clonal origin (Pitt, et al.,
1989, Pitt, et al., 1990). A recent systematic study of 328 P. aeruginosa isolates sampled over
125 years from different countries further supported the model that this clone type emerged very
recently (in the 1980s) and has since rapidly disseminated in the hospital environment (Pirnay, et
al., 2009). Despite these observations, the origin and evolution of this clone type is not well
understood. Our results show that evolution of the widespread MDR O12 ST111 clone type
involved serotype switching from O4 to O12 in combination with acquisition of the particular
gyrAC248T allele, and that this has been a component of the ecological success of the clone type in
relation to infection and dissemination in the human population in Europe.
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Figure 5.6 (Following page): Characteristics and distribution of the O12 population in
relation to the maximum likelihood core genome phylogeny. (A) The maximum likelihood
phylogeny was constructed using the parsnp software (Treangen, et al., 2014) and is represented
as a proportional tree. The tree includes 32 O12 isolates described by Kos et al. (Kos, et al.,
2015). These isolates are named according to their ID number, i.e, Isolate 15042 has the original
ID AZPAE15042. Also included are the 8 O12 isolates described in the present study. The multilocus sequence type (MLST) as well as country and year of isolation for each isolate is shown.
The nature of the ‘serotype island’ in each of the isolates is indicated by a coloured square; blue
is a ‘serotype island’ of approx. 185 kb, red is a ‘serotype island’ of approx. 135 kb, yellow is a
‘serotype island’ of approx. 70 kb, and green is a ‘serotype island’ of approx. 62 kb. (B)
Schematic overview of the size and position of the different ‘serotype islands’ in relation to the
PA7 genome. The color scheme is the same as in panel A, and the number of MLST types
containing the different island is shown.
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We also found evidence that serotype switching to the O12 serotype occurred on multiple
occasions involving recipient strains of sequence types other than ST111(Fig. 5.6). At least four
distinct recombination events that resulted in serotype switching to O12 could be identified, and
in these cases, the implicated serotype islands were of different sizes than the 70-kb island
identified in ST111. Interestingly, these genomic events appear to be geographically restricted,
as the 25 serotype-switched ST111 strains were all isolated from Europe and the Americas
between 1988 and 2012, while the other serotype switched strains came from the Americas
and/or Asia (Fig. 5.6). It is clear that sampling size and bias can influence this observation, and
analyses of additional strains are required to establish firm conclusions about potential
geographical distributions of these events. Importantly, the finding of multiple, independent
recombination events provides strong evidence for a selective advantage for this type of genomic
recombination.
The precise selective advantage of serotype switching is not known, and this should be
addressed in future investigations. We speculate that acquisition of the ‘serotype island’ might
have allowed the bacteria to evade the host immune system and the antibodies produced against
the previous serotype, or become resistant to bacteriophages (Croucher, et al., 2011). A related
phenomenon of serotype recombination that confers a fitness advantage in infections has been
reported for Streptococcus pneumoniae vaccine escape variants (Hilker, et al., 2015). The
process of serotype switching by recombination has not previously been described in P.
aeruginosa. It is a completely different mechanism as compared to serotype switching in P.
aeruginosa due to D3 bacteriophage lysogeny reported previously (Newton, et al., 2001),
whereby P. aeruginosa serotype O5 to O16 switch was mediated by phage-derived elements
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including an inhibitor peptide called Iap (inhibitor of cognate O-antigen polymerase Wzy) and
an O-antigen polymerase, Wzyβ, that changes the bond between O units from α to β.
To verify that the O12 OSA cluster was not only acquired but also expressed in the
isolates, in vitro experiments including PCR-amplification and immunochemical studies were
undertaken. A previous study by Raymond et al. (Raymond, et al., 2002) has shown that OSAspecific primers can be generated to probe specific genes present within each serotype cluster.
However, a set of O12-specific primers was not reported in their study; therefore, we followed
their method and designed the primers specific to a region within the O12 OSA cluster. The
primers were deemed specific against O12 strains because amplification of LPS genes was only
observed against chromosomal DNA prepared from O12 strains, but not against DNA prepared
from other serotypes (Fig. AIII3A). To substantiate the PCR amplification results, we also
showed that the acquired O12 OSA cluster is actively being expressed as shown by LPS from
these strains reacting with the O12-specific MAb MF35-4 in Western blots. The presence of
high-molecular weight banding in the blots of LPS samples prepared from the group of O12 in
silico serotypes revealed that O12 LPS is indeed constitutively expressed among these isolates.
The expression of this OSA by non-O12 genetic isolates demonstrates a selective pressure for
this specific repeat.
Although the precise mechanism of transfer of the 70-kb ‘serotype island’ remains
unknown, frequent recombination is a well-documented phenomenon in P. aeruginosa
(Maatallah, et al., 2011, Dettman, et al., 2013, Dettman, et al., 2015). Nevertheless, our finding
of multiple events of transfer and recombination of large DNA fragments ranging in size from
~62.000 bp to ~185.000 bp is unusual. Our identification of recombination between O12 and
non-O12 genetic isolates (e.g., between group A and D strains in Fig. 5.1) was enabled by our in
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silico serotyping approach and the large sequence differences that exists between these isolates.
Interestingly, we note that serotypes other than O12 (such as O7/O8 and O11/O17) also exhibit
varied distributions in the phylogenetic tree, and may thus represent related examples of serotype
switching by recombination. Furthermore, Dettman et al. identified the wbpM gene (which is
conserved at the 3’ end of all OSA gene clusters) as a region within the P. aeruginosa core
genome that exhibits a high recombination rate (Dettman, et al., 2015). While these observations
are suggestive of additional examples of serotype recombination, sequencing of a larger panel of
P. aeruginosa genomes is a logical approach to further our understanding of how frequent
serotype recombination takes place, and if this phenomenon is relevant for serotypes other than
O12. This study is an important step in understanding P. aeruginosa distribution and survival,
ushering in a new form of serotype identification which could allow better monitoring of
outbreaks and tailored treatments of infection.
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Appendix III: Supplementary information from Chapter 5

Table AIII1: P. aeruginosa isolates used for comparative genomics in the present study
(Following page). Recorded is their other known ID, in silico serotype, accession number for
sequence data accessibility and original reference for the isolate. The table includes the 20 IATS
serotypes sequenced in this study (green), 10 isolates from Pirnays collection sequenced in this
study (blue), one isolate of the MDR ST111 known hospital outbreak group (white) and 52
isolates representing the P. aeruginosa population also used by Stewart et al. (orange).
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Table AIII1: P. aeruginosa isolates used for comparative genomics in the present study
Name

Strain ID

O1

ATCC 33348

In silico
serotype
O1

O2

ATCC 33349

O2+

O3

ATCC 33350

O3

O4

ATCC 33351

O4

O5

ATCC 33352

O2+

O6

ATCC 33353

O6

O7

ATCC 33354

O7/O8

O8

ATCC 33355

O7/O8

O9

ATCC 33356

O9

O10

ATCC 33357

O10/O19

O11

ATCC 33358

O11/O17

O12

ATCC 33359

O12

O13

ATCC 33360

O13/O14

O14

ATCC 33361

O13/O14

O15

ATCC 33362

O16

ATCC 33363

O15ATCC
O2+

O17

ATCC 33364

O11/O17

O18
O19
O20
O12-4
O12-17
Li010
PR42

ATCC 43390
ATCC 43731
ATCC 43732
HPA 4
HPA 17
Li010
9AR

O2+
O2+
O2+
O12
O12
O6
O9

Accession

Reference
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Hancock, et al., 1982,
Lam, et al., 1987)
(Liu & Wang, 1990)
(Liu & Wang, 1990)
(Liu & Wang, 1990)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
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PR195
PHLS08916
O6
PR196
PHLS08959
O6
PR233
W15Dec3Ottawa
O11
PR276
Lo049Ottawa
O2+
PR317
Br993
O12
O12-1709
1709-12
O12
ST111
PA38182
O12
J1385
O10/O19
J1532
O10/O19
C1426
O6
C1433
O6
PA17
O6
PA17SCV
O6
C763
O6
C1334
O6
E2UOS
O11/O17
PA62
O6
MSH3
O1
MSH10
MSH10 UoS
O1
2192
O1
39016
O11/O17
18A
O6
AES1R
O6
AH16
O6
ATCC14886
O6
ATCC25324
O2+
ATCC700888
O11/O17
B13633
O11/O17
C3719
O3
CI27
O10/O19
CIG1
O2+
DK2
O3
DK2CF510
O3
DQ8
O2+
E2UoW
ND
LCTPA102
O6
LESB58
O6

GCA_000531435.1
ASRB00000000
ASQZ00000000
ASRD00000000
ASRC00000000
ASQY00000000
ASRA00000000
ASQS00000000
ASQT00000000
ASQV00000000
ASQW00000000
ASQU00000000
ASQX00000000
AAKW00000000
AEEX01000000
CAQZ00000000
AFNF00000000
ALJH00000000
AKZD00000000
AKZE00000000
AKZF00000000
CP004061
AAKV00000000
AKZG00000000
AKBD00000000
NC_018080.1
AJHI00000000
ALIO00000000
AKZH00000000
AJKG00000000
NC_011770.1

M18
MRW44

O6
O2+

CP002496
ALBW00000000

N002
NCGM2S1
PAO1
PA14
PA19BR

O6
O11/O17
O2+
O10/O19
O2+

ALBV00000000
AP012280
NC_002516.2
NC_008463.1
AFXK00000000
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(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Pirnay, et al., 2009)
(Witney, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Stewart, et al., 2014)
(Mathee, et al., 2008)
(Stewart, et al., 2011)
Unpublished data
(Naughton, et al., 2011)
(Wu, et al., 2012)
(Chugani, et al., 2012)
Unpublished data
(Chugani, et al., 2012)
Unpublished data
(Mathee, et al., 2008)
(Chugani, et al., 2012)
(Chugani, et al., 2012)
(Rau, et al., 2012)
(Rau, et al., 2012)
(Gai, et al., 2012)
(Chugani, et al., 2012)
(Fang, et al., 2012)
(Winstanley, et al.,
2009)
(Wu, et al., 2011)
(Weigand & Sundin,
2012)
(Roy, et al., 2013)
(Tada, et al., 2011)
(Stover, et al., 2000)
(Lee, et al., 2006)
(Boyle, et al., 2012)

PA21
PA213BR
PA45
PA7
PA9BR
PAb1
PABL056
PACS2
PAK

PA21_ST175

O4
O2+
O6
O12
O2+
ND
ND
O1
O6

AOIH00000000
AFXK00000000
APMD00000000
NC_009656.1
AFXI00000000
ABKZ00000000
ALPS00000000
NZ_AAQW00000000
ASWU00000000

PAO579
SJTD1
VRFPAO1

O2+
ND
O12

ALOF00000000
AKCM00000000
AOBK00000000

VRFPAO2

O4

AQHM00000000

XMG

O6

AJXX00000000

157

(Viedma, et al., 2013)
(Boyle, et al., 2012)
(Segata, et al., 2013)
(Roy, et al., 2010)
(Boyle, et al., 2012)
(Salzberg, et al., 2008)
(Ozer, et al., 2012)
(Mathee, et al., 2008)
Broad institute,
unpublished data
(Withers, et al., 2012)
(Liu, et al., 2012)
Malathi & Madhavan,
unpublished data
Malathi & Madhavan,
unpublished data
(Gao, et al., 2012)

Table AIII2: Annotation of the ‘serotype island’ including orthologous genes in PAO1 when
applicable

LPS

OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA
OSA

PA7 annotation
PSPA7_1944
PSPA7_1945
PSPA7_1946
zwf2
PSPA7_1948
PSPA7_1949
PSPA7_1950
PSPA7_1951
PSPA7_1952
gltS
PSPA7_1954
PSPA7_1955
PSPA7_1956
gph2
ubiG
PSPA7_1959
mtnA
gyrA
serC
pheA
hisC2
PSPA7_1965
cmk
rpsA
ihfB
PSPA7_1969
PSPA7_1970
PSPA7_1971
PSPA7_1972
PSPA7_1973
PSPA7_1974
PSPA7_1975
PSPA7_1976
PSPA7_1977
PSPA7_1978
PSPA7_1979
PSPA7_1980
PSPA7_1981
PSPA7_1982
PSPA7_1983
PSPA7_1984
PSPA7_1985

Annotation
Hypothetical protein
Hypothetical protein
DNA-binding transcriptional regulator HexR
Glucose-6-phosphate 1-dehydrogenase
6-phosphogluconolactonase
keto-hydroxyglutarate-aldolase
/keto-deoxy-phosphogluconate
aldolase
Hypothetical
protein
Hypothetical protein
Hypothetical protein
Sodium/glutamate symporter
Formimidoylglutamase
Putative transcriptional regulator
Short chain dehydrogenase
Phosphoglycolate phosphatase
3-demethylubiquinone-9 3-methyltransferase
N-ethylammeline chlorohydrolase
Methylthioribose-1-phosphate isomerase
DNA gyrase subunit A
Phosphoserine aminotransferase
Chorismate mutase
Histidinol-phosphate aminotransferase
Bifunctional cyclohexadienyl dehydrogenase
/3-phosphoshikimate
1-carboxyvinyltransferase
Cytidylate kinase
30S ribosomal protein S1
Integration host factor subunit beta
O-antigen chain length regulator
NAD-dependent epimerase/dehydratase
UDP-N-acetylglucosamine 2-epimerase
Hypothetical protein
Hypothetical protein
Flagellin modification protein A
Hypothetical protein
O antigen flippase
Hypothetical protein
LPS biosynthesis protein WbpG
Imidazole glycerol phosphate synthase subunit HisF
Polysaccharide biosynthesis protein (wbjB)
Protein WbjC
UDP-N-acetylglucosamine 2-epimerase
Glycosyltransferase
UDP-glucose 4-epimerase
O-antigen initiating glycosyl transferase
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Start
92
212
1072
2116
3572
4306
5059
5644
7062
8212
9466
10421
11317
12122
12799
13639
15083
16396
19249
20334
21497
22599
24839
25814
27630
28504
29833
31969
34563
36675
37639
38468
39795
41043
42344
44099
44915
45953
47064
48225
49475
50433

Stop
223
1063
1929
3585
4288
4968
5496
6804
7982
9426
10401
11149
12057
12793
13497
14973
16159
19161
20334
21431
22606
24839
25528
27493
27914
29553
30813
33123
34676
36950
38397
39733
41024
42347
43486
44881
45949
47074
48215
49478
50431
51452

Strand
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

PAO1
orthologue
PA3185
PA3184
zwf
pgl
PA3181
PA3180
PA3179
PA3178
PA3177
PA3175
PA3174
PA3173
PA3172
PA3171
PA3170
PA3169
gyrA
serC
pheA
hisC2
cmk
rpsA
himD
wzz
PA3150
PA3151
PA3148
PA3147
PA3146
PA3145

OSA

PSPA7_1986
PSPA7_1987
PSPA7_1988
PSPA7_1989
uvrB
PSPA7_1991
PSPA7_1992
PSPA7_1993
gltX
PSPA7_1995
PSPA7_1996
PSPA7_1997
PSPA7_1998
PSPA7_1999
PSPA7_2000
PSPA7_2001
PSPA7_2002
PSPA7_2003
PSPA7_2004
PSPA7_2005
ib

Nucleotide sugar epimerase/dehydratase WbpM
Hypothetical protein
tRNA-Asn
Aromatic amino acid aminotransferase
Excinuclease ABC subunit B
MFS family transporter
Putative secretion protein
Putative transcriptional regulator
Glutamyl-tRNA synthetase
tRNA-Ala
tRNA-Glu
tRNA-Ala
tRNA-Glu
Putative transcriptional regulator
Putative hydrolase
Putative aldolase
Hypothetical protein
Hypothetical protein
Short chain dehydrogenase
Hypothetical protein
Heat-shock protein IbpA
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51472
53675
54071
54216
55599
57615
59164
60301
61259
62941
63065
63235
63356
63590
64144
65114
65761
66291
67265
68028
68989

53484
53998
54148
55412
57611
59174
60198
61221
62743
63018
63142
63310
63433
64132
65001
65761
66198
67250
68011
68831
69438

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

PA3141
PA3140
PA3139
PA3138
PA3137
PA3136
PA3135
PA3134
PA3133.4
PA3133.3
PA3133.2
PA3133.1
PA3133
PA3132
PA3131
PA3130
PA3129
PA3128
PA3127
PA3126

Figure AIII1: The structure of the OSA cluster of the 10 P. aeruginosa isolates from the
Pirnay strain collection. Six population isolates (A) and four isolates previously described as
non-typeable (B), based on the annotation from RAST. Below each cluster their approximate
size is noted. The isolates harbouring each cluster are named over their corresponding in silico
serotype.
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Figure AIII2: Number of SNPs in the core genome estimate by parsnp between the O12 in
silico serotype isolates. Shown are the differences in SNPs between group A of the maximum
likelihood phylogeny and group D (Fig. 1). As the O4 in silico serotype isolate VRFPAO2 is
placed on the same branch of group A as O12-4, O12-17, O12-1709 and PR317, the isolate is
included in the analysis for measure.
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Figure AIII3: Serotype screen of isolates using in vitro methods. A. PCR amplification of
genomic DNA using primers specific to the O12 OSA cluster. Amplification products are 0.8 kb.
B. Silver stain SDS-PAGE gel of LPS from the clinical isolates grown overnight at 37 °C. C.
Western immunoblot of LPS from serotype O4 and the serotype-switched clinical isolates probed
with MAb specific to serotype O4 (MF60-5) and inner core (5c7-4).
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Table AIII3. Assembly statistics for the 20 IATS serotype isolates.

O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
*

Platform Scaffolds
HiSeq
145
HiSeq
133
HiSeq
140
HiSeq
236
HiSeq
194
MiSeq
78
HiSeq
224
HiSeq
112
HiSeq
111
HiSeq
180
HiSeq
207
HiSeq
217
HiSeq
258
HiSeq
261
HiSeq
130
HiSeq
129
MiSeq
99
HiSeq
123
HiSeq
197
HiSeq
167

Genome
Size
6703016
6750246
6357593
6568643
6214018
6659911
6765780
6647277
6378192
6426301
6658142
6448608
6524980
6527572
6482228
6813102
6993770
6603159
6700599
6534632

Longest
Scaffold
422485
356749
420867
455691
264927
626676
312849
338467
436537
320194
334986
296739
239302
239303
459823
423952
403929
350348
270540
269982

N50
111875
96874
91877
96234
76249
209526
172697
148018
153192
84223
86674
75294
63465
66103
143401
178313
158754
145684
78080
96164

The assemblies were performed using the A5 assembly pipeline.
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% reads
passing
98.37EC
98.51
98.51
98.40
98.41
98.00
98.44
98.41
98.43
98.49
98.47
98.46
98.42
98.42
98.43
98.48
98.02
98.55
98.51
98.51

Median
cov
99
128
139
134
144
127
124
131
134
137
132
136
136
136
132
128
148
133
132
133

Chapter 6: Conclusion- Investigation into molecular mechanisms which
promote O-antigen diversity in Gram-negative bacteria.

164

6.1. SIGNIFICANCE OF DOCTORAL THESIS
The research presented in this doctoral thesis uses a multidisciplinary approach to
identify and understand factors which contribute to diverse cell surface structures on P.
aeuginosa. Prior to the beginning of my thesis, only the genes responsible for serotype
conversion, iap and wzyβ, had been identified from the genome of lambda-like bacteriophage D3.
However, no mechanistic evidence had been presented, although the occurrence of serotype
conversion is highly-conserved and common among many Gram-negative species. In order to
make a novel discovery about OSA biosynthesis in P. aeruginosa, molecular, biochemical,
structural and in silico approaches were exploited to address questions directly related to OSA
diversity.
6.1.1. Wzy-mediated serotype conversion as a tool for understanding OSA biosynthesis
The first step of my thesis involved mastering the techniques to experimentally determine
the topology of three proteins involved in the biosynthesis of OSA in P. aeruginosa PAO1,
WaaL (Islam, et al., 2010). Generating random C’ terminal truncations along the length of the
gene of interest that were fused to a dual-reporter system allowed for enzymatic localization of
each truncation. This approach identified a novel cytoplasmic loop CL3 localized within
WaaLPa. Interestingly, our group discovered that this CL loop has previously been localized to a
TMS, an artifact related to the algorithm utilized in determining in silico topology maps (Islam,
et al., 2010, Islam & Lam, 2013). The inclusion of H303, a highly conserved residue, within the
large periplasmic loop of WaaL was used as a quality-control measure for this topology assay
(Abeyrathne, et al., 2005, Islam, et al., 2010, Ruan, et al., 2012).
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With the confidence in this technique as an appropriate method to identify surfaceexposed domains within a membrane protein, the bacteriophage-acquired Wzyβ seemed a fitting
target. In Chapter 4, which focused on examining the topology of Wzyβ, my results revealed that
heterologous Wzy proteins share a conserved “dual periplasmic-loop” topology, and both loops
are essential for function, substantiating the “catch-and-release” mechanism used by this family
of proteins to polymerize polysaccharides (Islam, et al., 2011). Further, the distal PL of Wzy
proteins is responsible for bond formation, as evidence of a conserved Wzy_C domain
throughout the C’ terminal end of other β-polymerase proteins and verified by site-directed
mutagenesis. In addition, I reasoned that by using a different reaction mechanism, Wzyβ is
therefore resistant to inhibition by its serotype-conversion partner, Iap. This notion was based on
data from integration of the β-polymerase into the genome of PAO1 and observing that OSA
repeats with opposing intramolecular linkages were present on the P. aeruginosa cells,
demonstrating that Wzyβ could associate with the OSA biosynthetic machinery in the absence of
inhibition. The methods developed from recent studies on the expression and purification of Wzy
proteins (Woodward, et al., 2010, Nath & Morona, 2015) could be adapted to allow used to shed
new insight into the relationship between Wzyα and the Iap.
Tightly regulating Iap expression led to the observation that Wzz proteins influence the
ability of Iap to inhibit OSA biosynthesis (Taylor, et al., 2013). The densitometry analysis of
LPS produced by single- and double-mutants of Wzz1 and Wzz2 revealed no significant
differences in OSA levels between each mutant. Hence, these results suggested that Wzyα
inhibition occurs more readily in the absence of either Wzz. Further, alignments of the amino
acid sequence of Iap to Wzz1 from the O2 serogroup and Wzz2 showed strong similarity,
suggesting a recognition mechanism to the O2 OSA biosynthesis machinery (Taylor, et al.,
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2013). Recently Kenyon and Reeves (2013) determined that Wzy proteins are more successful
at polymerizing repeats in the presence of their native regulators, and Nath and Morona (2015)
used pull-down assays to observe that direct interactions occurred between Wzy and Wzz. These
findings substantiated the claim that OSA biosynthesis proteins exist in a functionally important
complex (Islam, et al., 2013, Kenyon & Reeves, 2013, Nath & Morona, 2015).
6.1.2. Developing an in silico method for serotyping clinical isolates
An obstacle to monitoring P. aeruginosa outbreaks worldwide is the eventual loss of cell
surface expressed OSA among many clinical isolates, which contributes to the increasing
occurrence of polytypeable or nontypeable strains from these clinical samples (Hancock, et al.,
1983, Pirnay, et al., 2009). Therefore, our group proposed a way to utilize the OSA clusters for
each of the 20 IATS serotypes of P. aeruginosa as a method to serotype the isolates. This part of
my thesis was accomplished through a successful collaboration established between our lab, Lars
Jelsbak’s lab in Denmark, who are experts in microbial evolution and genome-wide analysis, and
Roger Levesque’s lab in Laval, who provided the large-scale infrastructure to undertake the
project. Being involved in this collaboration was in and of itself a great experience for my PhD
studies because I realized the benefits of networking, the need to be resourceful in identifying
experts in fields outside of my own expertise, and understanding how to build the data to make a
strong manuscript through cooperation. This networking framework was used to revisit
previously uncharacterized isolates and to assign serotypes to these strains. To determine the
success of this classification, in vitro studies were performed with serotype-specific primers and
analysis of the LPS samples. With access to the genome sequences of the serotypes, this
provided a framework to further identify subtle changes within serogroups. A key finding in our
study was the inclusion of the bacteriophage-acquired serotype converting unit, which allowed
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for the differentiation between serotypes O2 and O16 at the genomic level, despite the fact that
these two serotypes share identical OSA biosynthesis gene clusters. However, there are still
subtle differences in the structures of the O-Ag between these serotypes, (i.e., acetylation,
isomerization) that would allow for further classification (Knirel, et al., 2006). Another
important novel finding from this collaborative study is the identification of the dissemination of
the multidrug resistant ST111 clone and its acquisition of an entire OSA cluster via horizontal
gene transfer. Our article that was published in mBio (Thrane, et al., 2015) is the first of its kind
to provide a mechanistic explanation of the link between multi-drug resistance and serotype O12
in P. aeruginosa clinical isolates. These studies helped to demonstrate the strengths of exploiting
latest technologies such as Next Generation genome sequencing and bioinformatics methods to
answer biological questions.
6.2 FUTURE DIRECTIONS
With recent advances in peptide synthesis and overexpression/purification of membrane
proteins, an in vitro inhibition assay utilizing both Wzy and Iap is not out of reach.
Understanding the factors which drive Iap function may allow for tailoring the peptide sequence
to be effective against other serotypes such as the more clinically relevant O12, an OSA structure
prone to dissemination (Thrane, et al., 2015).
Having access to whole genome sequences of all 20 serotypes will act as a launching
point to continue investigating the factors which drive not only OSA diversity but LPS
biosynthesis as a whole by providing a molecular framework for future biochemical projects
(Knirel, et al., 2006). Ultimately the findings of this doctoral thesis have furthered our

168

understanding of Wzy-dependent serotype conversion and identified a novel method of OSA
transfer.
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