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Abstract

In Campylobacter jejuni, the oligosaccharyltransferase, PglB, transfers a
heptasaccharide from a lipid donor to asparagine within the D/E-X-N-X-S/T
consensus sequon (X#P) or releases this glycan directly into the periplasm. Using
a bioinformatic approach, we identified a conserved DXXK motif within C. jejuni
PglB and generated point mutants at the D and K sites. We demonstrated that the
DXXK motif plays an important structural role for N-glycosylation and free-
oligosaccharide (fOS) production. Further downstream of the DXXK sequence,
we analyzed the PglB enzymes from C. jejuni and C. lari and showed that a single
amino acid substitution improved C. /lari PgIB activity. We also explored the
possible autoregulatory mechanism of PgIB by generating a point mutation within
the N-glycosylation consensus sequence within the soluble domain of PgIB. We
demonstrated that the asparagine mutation does not influence protein
glycosylation, but shows reduced fOS production, suggesting that PgIB auto-

glycosylation may regulate its hydrolase activity.
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CHAPTER 1

General Introduction



1.1. Overview of protein glycosylation

Glycosylation is a common modification of many proteins. Glycans play
important structural and functional roles for cellular proteins including: protection
from proteolysis, evasion from antigenic recognition, recruitment of molecular
chaperones and sorting receptors, proper folding, as well as protein stability and
localization (Hebert et al., 2005). Oligosaccharides are also crucial for the
development, growth or survival of an organism (Varki, 1993). Various
modifications occur in proteins that may be secreted by cells or remain in the
cellular membrane or cytoplasm. Protein glycosylation involves the covalent
attachment of a carbohydrate unit to a specific amino acid residue. The central
step in the process i1s the enzymatic formation of the sugar-amino acid bond. A
range of glycosylation types have been identified in several organisms that consist
of N-glycosylation, O-glycosylation, C-mannosylation, phospho-glycosylation,
and glypiation (Spiro, 2002). It has been predicted that more than half of all
proteins in nature are glycosylated, either O- or N-linked (Apweiler et al., 1999).

In eukaryotic cells, O-glycosylation normally starts in the Golgi apparatus
and involves the transfer of a variety of sugars at the reducing end, such as N-
acetylglucosamine (GIcNAc), N-acetylgalactosamine (GalNAc), glucose (Glc),
mannose (Man), fucose, xylose, galactose, and arabinose, to the hydroxyl group
of a serine (S) or threonine (T) amino acid to which further elongation and
modification occurs (Steen et al., 1998). In prokaryotes, this process occurs in the
cytoplasm or inner membrane, where nucleotide-activated monosaccharides are

attached to S or T residues as well (Szymanski & Wren, 2005). O-glycans are



added to proteins either through sequential addition or en bloc transfer of
oligosaccharides (Feldman, 2009). N-linked protein glycosylation involves the
transfer of a glycan chain with a terminal GlcNAc residue at the reducing end to
the amino group of an asparagine (N) residue (Spiro, 2002). This process has
been most extensively studied in eukaryotes, particularly in the yeast
Saccharomyces cerevisiae (Kornfeld & Kornfeld, 1985; Burda & Aebi, 1999;
Kelleher & Gilmore, 2006). N-glycosylation was first observed to exist outside of
the eukaryotic domain in the archaeon Halobacterium salinarium (Mescher &
Strominger, 1976). Approximately one decade ago, a system of general N-
glycosylation was discovered in the Gram-negative bacterium, Campylobacter
jejuni (Szymanski et al., 1999). N-glycoproteins that have been characterized to
date are synthesized by en bloc transfer of an oligosaccharide assembled on a
polyisoprenyl-pyrophosphate carrier to an acceptor protein (Weerapana &
Imperiali, 2006), with the exception of Haemophilus influenzae where the
proteins are modified by the sequencial addition of sugars (Gross et al., 2008).
Altered glycosylation patterns in humans have been observed to be
associated with several diseases. Congenital disorders of glycosylation (CDGs)
are inherited disorders involving the central and peripheral nervous system caused
by defects in the attachment of N-linked carbohydrates to protein (Bhatia &
Mukhopadhyay, 1999). CDGs result from enzyme or transport defects in the
endoplasmic reticulum, Golgi compartment, or cytoplasm (Grunewald et al.,
2002). These diseases do not result only from the absence of glycosylation, but

altered glycan structures can also cause CDGs with a similar effect (Freeze &



Aebi, 2005). Mutations in glycosyltransferase genes that are responsible for
further processing of glycan structures have also been shown to result in disorders
of glycosylation (Dennis et al., 1999). O-linked glycans, such as O-mannosyl, are
abundant in the mammalian brain. Mutations in genes involved in the
modification of brain glycoproteins have been associated with neuromuscular
diseases, such as congenital muscular dystrophy and brain malformations (Willer
et al., 2003). Therefore, glycosylation is an important modification essential to a
variety of biological processes in eukaryotes.

Based on the high degree of conservation of the N-linked protein
glycosylation systems of Eukarya, Archaea, and Bacteria, it is assumed that the
mechanism of N-glycosylation may be similar. The defining event in the process
is the catalytic transfer of an oligosaccharide onto a protein acceptor catalyzed by
the key oligosaccharyltransferase (OTase). Herein, the OTase in all three domains
of life will be discussed and its functional and structural characteristics evaluated.
I will also discuss the similarities and differences of the N-glycosylation
machinery with regards to substrate and acceptor specificity. Furthermore,
information will be presented regarding the use of OTases for biotechnological

applications in the development of glycan-based therapeutics.

1.2. N-linked protein glycosylation in Eukaryotes
1.2.1. The dolichol pathway

The N-linked protein glycosylation pathway is a co-translational process
that functions on the lumenal membrane of the endoplasmic reticulum (ER)

(Komnfeld & Kornfeld, 1985). A tetradecasaccharide, GlcsManygGlcNAc;, is
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ultimately transferred to the asparagine side chains of nascent polypeptides. First,
the oligosaccharide is assembled on a polyisoprenyl lipid carrier, dolichol-
phosphate (Dol-P), through a stepwise addition of monosaccharides catalyzed by
glycosyltransferases (Kukuruzinska & Lennon, 1998). N-linked protein
glycosylation relies significantly on the availability of Dol-P for lipid intermediate
synthesis (Rush et al., 2008).

The pathway begins with synthesis of the dolichol-linked oligosaccharide
at the cytoplasmic side of the ER membrane, which requires three different
nucleotide-activated sugar donors: guanidine diphosphate (GDP)-Man, uridine
diphosphate (UDP)-GlcNAc, and UDP-Glc (Burda & Aebi, 1999). The first step
involves an N-acetylglucosaminyl phosphate transferase that transfers a GlcNAc-
P from UDP-GIcNAc onto Dol-P (Barnes et al., 1984), which is then followed by
the transfer of a second GIcNAc residue to form GlcNAc,-PP-Dol. Subsequently,
a B-1,4-mannosyltransferase adds the first mannosyl residue to the lipid-linked
disaccharide, followed by four additional mannosyltransferases that are required
for the synthesis of MansGIlcNAc,-PP-Dol (Burda & Aebi, 1999). The partially
assembled heptasaccharide is flipped to the lumenal side of the ER membrane by
an ATP-independent flippase (Helenius er al., 2002), where additional
modification of the glycan occurs (Figure 1.1).

The late steps of the assembly of the lipid-linked oligosaccharide (LLO)
require Dol-P-activated saccharides as sugar donors, Dol-P-Man and Dol-P-Glc
(Weerapana & Imperiali, 2006). The addition of four mannose and three glucose

residues complete the tetradecasaccharide (Glc;MangGIlcNAc,-PP-Dol), which is



Figure 1.1. N-linked protein glycosylation pathway in Eukaryotes. The process
begins with the synthesis of dolichol-linked oligosaccharides in the cytoplasmic
face of the lumenal membrane of the endoplasmic reticulum. After translocation
into the lumen, the oligosaccharide is further processed to a complete
tetradecasaccharide where it then gets transferred to asparagine residues within
the N-X-S/T consensus sequence of protein acceptors by the
oligosaccharyltransferase, OTase complex. Modified from Szymanski & Wren

(2005).

transferred by an OTase from the lipid carrier to asparagine residues of protein
acceptors found within the N-X-S/T consensus sequon, where X can be any amino
acid except proline (Aebi er al, 2009). The transfer of the glycan generates
dolichol-pyrophosphate (Dol-PP) in the lumenal monolayer of the ER followed by
cleavage to Dol-P by Dol-PP phosphatase, recycling the lipid carrier for the

assembly of a new oligosaccharide (Rush er al., 2008). Initial modification of

6



nascent polypeptides with the core oligosaccharide results in a homogeneous
display of glycans. However, further processing of the N-linked glycans occurs in
the ER, where the glycans undergo trimming, followed by a series of non-uniform
modifications that occur in the medial stacks of the Golgi apparatus (Helenius &
Aebi, 2001). Thus, a tremendous diversity of N-glycan structures is observed,
particularly in higher level eukaryotes. It has been proposed that the
heterogeneous mix of N-glycans that result from further modifications serve as
signals in the quality control of protein folding (Helenius, 1994). However, the
mechanism by which the signals are generated and interpreted is still unknown
(Aebi et al., 2009).
1.2.2. Eukaryotic OTase

In the yeast Saccharomyces cerevisiae, the OTase is a multimeric enzyme
complex that consists of at least eight different transmembrane protein subunits,
each of which is required for enzymatic activity (Yan & Lennarz, 1999). The
protein subunits of the OTase include: Wbpl (Te Heesen et al., 1991), Swpl (Te
Heesen et al., 1993), Ostl (Pathak et al., 1995), Ost2 (Silberstein et al., 1995),
Ost3 (Karaoglu et al., 1995), Ost4 (Cht et al., 1996), Ost5 (Reiss et al., 1997),
Stt3 (Zufferey et al., 1995), and Ost6 (Roos et al., 1997). The Ost3 and Ost6
proteins have redundant functions and, therefore, can complement each other for
OTase activity (Knauer & Lehle, 1999). Among all the protein subunits in the
OTase required for oligosaccharide transfer, Stt3 (staurosporine and temperature
sensitivity 3) is the most conserved, displaying more than 50% identity in amino

acid sequence among eukaryotes (Sping et al., 1997).



Stt3 is a 78-kDa protein with a hydrophobic N-terminal domain spanning
11-13 transmembrane domains and a soluble, lumenal domain at the C-terminus
(Spirig et al, 1997). Through site-directed mutagenesis combined with
photoactivated-crosslinking experiments, Yan and Lennarz (2002) demonstrated
that the Stt3 subunit of the yeast OTase is the catalytic center. Block mutations
that resulted in a lethal phenotype revealed a *'*WWDXG** sequence that shares
the highest sequence similarity among eukaryotic Stt3 proteins (Yan & Lennarz,
2002). Among the five residues in the identified motif, only W517 and D518
caused lethality in the yeast cells. The authors concluded that Stt3 is involved in
peptide recognition and/or catalysis and that the *'*WWDXG® motif plays a
central role in the OTase activity. In addition, a new motif, BDXXK®, was
recently identified within the ST73 sequence in yeast (Igura et al., 2008). Site-
directed mutagenesis of this short sequence revealed the essential role of the motif
in catalysis. Igura and colleagues (2008) replaced the D and K residues with A
and found that these mutants displayed a lethal phenotype, demonstrating that the
newly identified motif is also necessary for OTase transfer activity. The authors
propose that the DXXK motif is the binding site for the pyrophosphate group of
the lipid-linked glycan, through a transiently bound cation.

In lower eukaryotes, such as Giardia and kinetoplastids, the OTase is
composed of a single membrane protein that consists of Stt3 alone (Kelleher &
Gilmore, 2006). In contrast, four subunit OTases that contain genes homologous
to those in yeast encoding Stt3, Ostl, Ost2, and Wbp1 are present in diplomonads,

entamoebas, and apicomplexan species (Nasab et al, 2008). The genomes of



Trypanosoma brucei and Leishmania major reveal the presence of three and four
STT3 paralogous genes, respectively (Berriman ez al., 2005; Ivens et al., 2005).
The L. major OTase was determined to be composed of a single subunit, and three
of its four Stt3 proteins were found to complement a yeast OTase mutant
generated by deleting the S773 gene (Nasab et al., 2008). The yeast Stt3 protein
was also replaced by the Trypanosoma cruzi homolog and showed
complementation for OTase activity (Castro et al., 2006). However, the
substitution of the whole OTase complex in yeast by homologous Stt3 proteins
indicates that yeast Stt3 cannot function on its own, but requires interaction with
the other subunits in the OTase complex for catalytic activity (Nasab et al., 2008).
1.2.3. OTase substrate and acceptor specificity

The complete tetradecasaccharide linked to Dol-PP (GlcsMangGlcNAc,) is
the preferred substrate donor in all eukaryotes, except in the trypanosomatid
protozoa that transfer MangGlcNAc; and MansGlcNAc, (Silberstein & Gilmore,
1996; Izquierdo et al., 2009). Studies with yeast OTase mutants demonstrated that
incomplete Dol-PP-oligosaccharides could be transferred but with lower
efficiency (Sharma et al., 1981; Huffaker & Robbins, 1983). Typically, the
specificity of the OTase for the glycan lies within the reducing end sugar
(Kelleher & Gilmore, 2006).

N-glycoproteins are synthesized by the covalent attachment of
oligosaccharides derived from lipid-linked glycans to asparagine residues of
protein acceptors. Sequencing of eukaryotic N-glycoproteins showed that

modification occurs at asparagine residues that are found within an N-X-S/T



consensus sequon, where X can be any amino acid except proline (Marshall,
1972). This glycoyslation site has been established as the recognition signal by the
OTase for N-glycosylation activity (Bause, 1983). Although proline completely
inhibits protein modification, four amino acid residues (Trp, Asp, Glu and Leu)
were identified to be unfavourable in the X position of the consensus sequon
(Kasturi et al., 1997). Using a cell-free translation/glycosylation system, the
authors examined the influence of local amino acid residues on glycosylation and
found that N-glycan transfer is possible at glycosylation sites containing these
residues, but OTase efficiency is considerably reduced.

Moreover, the secondary structure of the acceptor protein greatly
influences the activity of the OTase. The process of N-glycosylation in eukaryotes
occurs co-translationally. Protein translocation and folding is highly coupled to
this process, as the acceptor site is presented to the OTase in a flexible form for
glycan transfer before folding (Kowarik et al., 2006a). Not all glycosylation sites
present in nascent polypeptides are modified. The consensus site cannot be closer
than 12-14 residues to the N-terminal transmembrane domain of a protein (Knauer
& Lehle, 1999). In addition, acceptor sites close to the C-terminal domain of a
protein are less effectively modified (Kukuruzinska & Lennon, 1998). Studies on
the structural requirements of the OTase suggest that the acceptor protein may
adopt an Asx-turn (Asx standing for Asn or Asp) at the recognition motif in order
for efficient glycan transfer to occur (Imperiali et al., 1992). The Asx-turn is a
local conformation that is topologically similar to the B-turns typically found in

peptide chains (Abbadi et al., 1991).
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N-linked glycosylation in eukaryotic systems is a multifaceted process
involving many enzymes required to synthesize the glycans on a Dol-P lipid
carrier, transfer the sugars onto protein acceptors, and modify the glycans further
for proper folding and signaling. More studies are required to understand the
mechanism of the transfer reaction catalyzed by the OTase. However, finding
homologous pathways outside of the Eukaryotic domain has shed new light on

this complicated process.

1.3. N-linked protein glycosylation in Archaea
1.3.1. The archaeal pathway

The first system of glycosylation that was found outside of the Eukaryotic
domain was in the halophilic archaeon Halobacterium salinarum, which
glycosylates its surface layer (S-layer) proteins (Mescher & Strominger, 1976).
Much of the current knowledge of archaeal N- and O-glycosylated S-layer
proteins builds from this initial work. The genes involved in S-layer protein
glycosylation were putatively identified by Abu-Qamn and colleagues (2006) in
the haloarchaeon Haloferax volcanii. Gene deletions revealed certain genes to be
important for archaeal glycosylation, but loss of glycoprotein synthesis did not
affect cell viability (Abu-Qarn & Eichler, 2006). Studies on the methanoarchaeon
Methanococcus voltae revealed a unique N-glycan decorating several flagellin
proteins in addition to the S-layer protein (Voisin ef al., 2005). The M. voltae
glycan was structurally characterized using mass spectrometry (MS) in
combination with nuclear magnetic resonance (NMR) analysis. The N-glycan

structure was determined to be a trisaccharide composed of B-ManpNAcA6Thr-
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(1-4)-B-Glc-pNACc3NAcA-(1-3)-B-GlecpNAc linked to asparagine (Voisin ef al.,
2005).

The archaeal glycosylation (ag/) genes encode enzymes involved in the
assembly of the archaeal N-linked glycan and its eventual transfer onto protein
acceptors in H. volcanii and M. voltae (Chaban et al., 2006). Archaeal N-
glycosylation is a post-translational process that occurs in the exterior face of the
plasma membrane (Yurist-Doutsch er al, 2008). Similar to Eukaryotes,
nucleotide-activated sugars are assembled on the lipid carrier, Dol-P (Lechner et
al., 1985). Several archaeal enzymes involved in the biosynthesis of nucleotide-
activated sugars functionally characterized in the archaeon Methanococcus
maripaludis were found to convert a range of sugars (Namboori & Graham,
2008). Archaeal glycosyltransferases for oligosaccharide biosynthesis accept a
broader range of monosaccharides with efficient turnover rates than their
eukaryotic counterpart, which only use GIcNAc as the reducing end sugar
(Lechner & Wieland, 1989; Mizanur et al., 2004).

The pathway begins with the sequential addition of nucleotide-activated
sugars to the Dol-P lipid carrier by glycosyltransferases on the cytoplasmic side of
the membrane (Yurist-Doutsch et al., 2008). The lipid-linked glycan is then
flipped across the membrane to the exterior side of the cell through an unknown
mechanism. Search of completed archaeal genomes and targeted deletions of
possible candidates have failed to reveal the ag/ enzyme responsible for the
translocation of the glycan (Abu-Qarn & Eichler, 2006; Chaban er al., 2006).

However, it is presumed to follow a similar method found in eukaryotes where the
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translocation of the LLO results from the action of a ‘flippase’ enzyme. The final
step in the pathway involves the transfer of the complete glycan to acceptor

proteins by the archaeal OTase, AglB (Figure 1.2).
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Figure 1.2. Two characterized N-linked protein glycosylation pathways in
Archaea. Nucleotide-activated monosaccharides are assembled on dolichol
phosphate in the cytoplasmic face of the membrane. The oligosaccharide is then
translocated to the exterior face of the plasma membrane by an unknown
mechanism. Transfer of the oligosaccharide is catalyzed by the oligosaccharyl-
transferase, AglB, onto asparagine residues within the N-X-S/T consensus

sequence of target proteins. Modified from Yurist-Doutsch e? al. (2008).

1.3.2. Archaeal OTase, AgiB
AglIB is an Stt3 homologue comprised of a single subunit, which acts
alone in mediating OTase activity. Similar to the OTase found in lower level
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Eukarya, AglB is composed of an N-terminal transmembrane domain and a
soluble domain at the C-terminal end (Maita er al., 2010). Deletion of H. volcanii
and M. voltae aglB genes resulted in loss of N-linked glycans from reporter
glycoproteins (Chaban et al., 2006; Abu-Qarn & Eichler, 2007). The OTase from
the thermophilic archaeon Pyrococcus furiosus is also composed of the Stt3
protein alone and contains S7T73 paralogues in its genome. /n vitro assays of
purified P. furiosus AglB confirmed that the single subunit protein is capable of
transferring glycans onto peptide acceptors (Kohda et al., 2007).

The 2.7 A resolution crystal structure of the C-terminal soluble domain of
P. furiosus AglB was determined and provided the first structural insight into
OTase activity (Igura et al,, 2008). A structure-guided sequence alignment that
included the yeast STT3 and archaeal AglB sequences revealed a newly identified
DX XK®™ motif in addition to the well-conserved *'' WWDXG*'® sequence that
was previously implicated in yeast OTase catalysis by Yan and Lennarz (2002).
Since the soluble domain of the P. furiosus AgIB is inactive in OTase activity, a
mutagenesis study of the DXXK motif was carried out using the yeast Stt3 protein
in yeast cells and demonstrated the essential role of the domain in catalysis (Igura
et al., 2008). Furthermore, a multiple sequence alignment using recently
published OTase sequences revealed a third motif, DXD, which exists in the first
extracellular loop of the transmembrane domain (Maita et al., 2010). Maita and
colleagues (2010) proposed that the WWDXG, DXXK and DXD motifs compose
the three distinct catalytic domains of AglB, which coordinate together for

function.
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1.3.3. AgIB substrate and acceptor specificity

A wide diversity of glycan structures have been found to be linked to
asparagine residues of archaeal protein acceptors (Lechner & Wieland, 1989).
Unlike Eukaryotes, the variability in the chemical structure of the glycan donor
does not result from additional modifications after transfer onto protein, but rather
from the original assembly of these sugars onto lipid carriers. For instance, the
oligosaccharide in H. volcanii consists of a pentasaccharide comprising two
hexoses, two hexuronic acids, and a 190 Da species yet to be characterized by MS
(Abu-Qarn et al., 2008); whereas, the glycoproteins in P. furiosus are modified
with a heptasaccharide composed of two N-acetylhexosamines, two hexoses, one
hexuronic acid, and two pentoses (Igura er al., 2008). Nevertheless, the
oligosaccharide must be lipid-linked for transfer to occur. And modification at
asparagine residues has been found to rely on a Dol-P-linked oligosaccharide
more frequently than a Dol-PP-linked oligosaccharide, which is involved in the
eukaryotic system (Lechner et al., 1985).

Analysis of archaeal glycoproteins has revealed that modification occurs at
asparagine residues that are within the N-X-S/T (X # proline) consensus sequon,
also found in Eukarya (Abu-Qarn & Eichler, 2007). Interestingly, the consensus
sequence of Halobacterium halobium is less stringent because it does not follow
the typical glycosylation site known so far. Zeitler and colleagues (1998)
exchanged the serine residue, a part of an N-A-S sequon, with various amino
acids and found that glycosylation can still occur when serine is replaced with

asparagine, leucine or valine. These results suggest that two different OTases exist
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in H. halobium, one of which utilizes a different consensus sequon than the
typical N-X-S/T used for all other eukaryotic and archaeal OTases described so
far (Zeitler et al, 1998). The factors mentioned above contribute to N-
glycosylation in Archaea, since all of the sequons in the acceptor protein are not
utilized for modification. Whether a particular protein conformation is favoured
for N-glycosylation is yet to be determined.

The observation that ag/B mutants in H. volcanii and M. voltae are still
viable suggests that N-glycosylation is not required for archaeal cell survival, but
possibly represents an adaptation to the extreme environments that archaeal
microorganisms can inhabit (Chaban et al., 2006; Yurist-Doutsch er al., 2008).
Similar to the misleading assumption that protein N-glycosylation was limited to
eukaryotes, the notion that N-glycoproteins in prokaryotes were only present in
Archaea also took hold. The lack of awareness about bacterial glycoprotein
systems was due to the fact that the most frequently studied organisms, such as
Escherichia coli, Salmonella sp., and Bacillus subtilis, did not produce N-
glycosylated proteins (Messner, 2004). However, since the discovery of a protein

N-glycosylation system in Bacteria, the field has moved at an extraordinary pace.

1.4. Protein glycosylation in Bacteria

It 1s currently well recognized that bacteria also glycosylate their proteins
in a similar manner to Eukaryotes and Archaea. Several bacterial protein
glycosylation pathways have been characterized thus far. Glycoproteins in
Mycobacterium tuberculosis were identified in early studies as a result of their

binding interaction with highly specific sugar-binding proteins called lectins
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(Espitia & Mancilla, 1989). Other important pathogens, including Streptococcus
and Staphylococcus species, synthesize glycoproteins that are involved in
essential physiological processes (Chia er al, 2001; Lee et al., 2002).
Glycosylation of flagellin and pilin, the major structural proteins in many
bacterial species, has been extensively studied. Several genera, such as
Campylobacter, Helicobacter, and Listeria, attach a single monosaccharide to the
hydroxyl group of S or T residues in their flagellins (Doig et al., 1996; Josenhans
et al., 2002; Logan, 2006); whereas in certain Pseudomonas aeruginosa strains
and Neisseria spp., oligosaccharides are linked to the hydroxyl groups of Ser or
Thr residues in the pilin (Castric, 1995; Stimson et al., 1995). However, the
sugars in these glycoproteins were all shown to be O-linked.
1.4.1. Discovery of the N-glycosylation pathway

A cluster of genes located on a 16 kb chromosomal DNA fragment in
Campylobacter jejuni was originally reported to be involved in lipopolysaccharide
(LPS) biosynthesis (Fry et al., 1998). Subsequent work by Szymanski and
colleagues (1999) demonstrated through site-specific mutations that the genes of
this locus had no role in LPS biosynthesis, but rather were part of a system of
general protein glycosylation in Campylobacter. This cluster was termed the
protein glycosylation (pg/) gene locus and was found to be involved in the
biosynthesis of a number of highly immunogenic glycoproteins (Szymanski et al.,
1999). C. jejuni glycoproteins were characterized using the soybean agglutinin
(SBA) lectin known to bind terminal GalNAc residues (Linton et al., 2002). MS

analysis of the SBA-purified C. jejuni proteins led to the identification of the first
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non-flagellin Campylobacter glycoproteins. In addition, MS/MS collision-induced
dissociation of C. jejuni PEB3 and AcrA glycoproteins showed them to be
modified with an N-linked glycan (Young et al., 2002; Wacker et a/., 2002).

Using nano-NMR techniques, the structure of the glycan was determined
to be GalNAc-al,4-GalNAc-al1,4-[Glcp1,3]GalNAc-al,4-GalNAc-al,4-GalNAc-
al,3-Bac-B1,N-Asn-Xaa, where Bac is bacillosamine (2,4-diacetamido-2,4,6-
trideoxyglucopyranose) (Young et al, 2002). Bac is a deoxy-sugar unique to
bacteria (Maki & Renkonen, 2004). In C. jejuni, it serves as the linking saccharide
at the reducing end (Wacker et al., 2002; Young et al., 2002), while the first sugar
added to the lipid carrier is almost always GlcNAc in eukaryotes (Burda & Aebi,
1999) and a hexose or a GIcNAc in Archaea (Abu-Qarn er al., 2008). Methods for
studying N-glycans in bacteria are still limited because well-established
techniques are predominantly based on the release of GIcNAc from protein.
Peptide-N-glycosidase F is a widely used sugar-specific enzyme that cleaves
between the innermost GIcNAc and asparagine residues from N-linked
glycoproteins (Mussar et al., 1989), a method not applicable to bacterial proteins.
1.4.2. The C. jejuni Pgl pathway

The bacterial process of N-linked protein glycosylation shares many
features with its eukaryotic and archaeal counterparts, but significant differences
also exist. N-linked protein glycosylation in C. jejuni is a post-translational
modification that occurs in the periplasm. Although mutational studies in C. jejuni
have demonstrated that the pg/ genes are involved in N-glycosylation (Szymanski

et al., 1999; Linton er al., 2002; Young et al., 2002), bioinformatic analysis
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suggested that the pg/ gene locus encodes three sugar-modifying enzymes and
five glycosyltransferases. This analysis was greatly facilitated by the fact that
there are several genes present in the N. meningitidis cluster involved in pilin
glycosylation that are homologous to those in the C. jejuni gene cluster (Power et
al., 2000; Weerapana & Imperiali, 2006). The functional transfer of the protein
glycosylation pathway into E. coli was demonstrated for the first time by Wacker
and colleagues (2002) through co-expression of the complete C. jejuni pgl locus
with a protein acceptor in the heterologous host. The resulting production of
recombinant glycoproteins suggested that the pg/ locus contains all of the genes
required for the biosynthesis of the LLO and its eventual transfer onto an acceptor
protein.

Polyisoprenyl phosphates are the universal glycan lipid carriers and the
assembly of glycans onto these lipid carriers is a highly conserved process in all
cells for the biosynthesis of glycoproteins and cell surface polysaccharides (Burda
& Aebi, 1999; Helenius et al., 2002; Valvano, 2008). It has been postulated that
the bactenal lipid carrier is undecaprenyl-phosphate (Und-P), a polyisoprene that
contains 11 isoprene units that are fully unsaturated compared to the 15-20
saturated units of the corresponding eukaryotic and archaeal dolichols (Wacker et
al., 2002; Weerapana & Imperiali, 2006). Linton et al. (2005) provided
experimental evidence for the involvement of the lipid carrier as a precursor for
N-glycan assembly prior to transfer onto protein. The biosynthesis of the C. jejuni
heptasaccharide on the lipid carrier was also confirmed through an in vitro

biochemical analysis of the individual enzymes in the pg/ locus, where chemically
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synthesized undecaprenyl-pyrophosphate (Und-PP)-linked Bac was used to
deduce the functions of putative glycosyltransferases (Glover et al., 2005a).

The pathway begins in the cytoplasm with the conversion of UDP-
GlcNAc to UDP-Bac by the activities of a dehydratase (PglF) and an
aminotransferase (PglE) (Schoenhofen er al, 2006), followed by an
acetyltransferase (PglD) (Linton et al., 2005) (Figure 1.3). PglC transfers Bac-P
onto the lipid carrier on the cytoplasmic face of the inner membrane to produce
Und-PP-Bac. Then PglA, PglH, and PglJ sequentially add a total of five GalNAc
residues to produce the hexasaccharide followed by Pgll, which transfers a single
glucose branch to complete the heptasaccharide (Glover et al., 2005a). The
complete LLO is then translocated from the cytoplasmic side to the periplasmic
side of the inner membrane by the ATP-binding cassette (ABC) transporter
protein, PglK (Alaimo et al., 2006). Next, the heptasaccharide is transferred from
the lipid carrier to asparagine residues of protein acceptors solely by the OTase,
PglB.

Young and colleagues (2002) identified 38 putative C. jejuni glycoproteins
by means of SBA lectin affinity chromatography and two-dimensional gel
proteomics analysis. Recently, over 150 C. jejuni proteins have been proposed to
be modified through the Pgl pathway as predicted by the presence of
glycosylation sites and signal peptides that target the proteins to the periplasm,
where the glycosylation machinery exists (Nothaft et al., 2010). Furthermore, 130
glycopeptides in C. jejuni were experimentally identified using several proteomic

approaches, such as two-dimensional gel electrophoresis, SBA affinity and
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zwitterionic hydrophilic interaction chromatography coupled to MS fragmentation
techniques (Scott ef al., 2011). The authors also showed that, in C. jejuni, the

hydrophobic integral membrane proteins are the predominant targets for N-

glycosylation.
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Figure 1.3. N-linked protein glycosylation pathway in Bacteria. In C. jejuni,
glycosylation occurs post-translationally in the periplasm where nucleotide-
activated sugars are assembled on undecaprenyl-pyrophosphate in the cytoplasmic
side of the inner membrane. The heptasaccharide is then flipped into the
periplasm and transferred by the oligosaccharyl-transferase (OTase), PglB, onto
asparagine residues within the extended D/E-X-N-X-S/T consensus sequence. In
addition to its OTase activity, PgIlB also exhibits hydrolase activity where it
releases free oligosaccharides (fOS) into the periplasm in a fOS:N-glycan ratio of

approximately 10:1. Modified from Nothaft & Szymanski, 2010.
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1.4.3. Importance of the C. jejuni Pgl pathway

C. jejuni is a commensal organism naturally colonizing the gastrointestinal
tracts of many birds and animals, but is pathogenic to humans, causing
gastroenteritis. The glycan of Campylobacter has been demonstrated to play an
important role in host immunity during infection (Szymanski er al, 1999;
Szymanski et al., 2005). The glycosyl moieties on C. jejuni glycoproteins were
found to be immunodominant, suggested by the dramatic reduction in reactivity
with antisera upon loss of the carbohydrate components. Disruption of the N-
glycosylation pathway does not affect the viability of the organism in vitro, but
rather affects many cellular processes. N-linked glycosylation in C. jejuni is also
important in the adherence and invasion of host epithelial cells and the
colonization of intestinal tracts of mice (Szymanski et al., 2002). Using in vitro
cultured human intestinal epithelial cells, pg/B and pg/E mutants showed
considerable decreases in adherence and invasion. Likewise, both pg/B and pg/E
mutant strains that were tested in mice exhibited a significant reduction in
colonization, whereas the strains adhered, invaded, and colonized at levels
comparable to those of the wild type when complemented in trans. A C. jejuni
pglH mutant was also shown to be severely affected in its ability to colonize
chicks (Karlyshev et al., 2004). Additional C. jejuni pgl genes were identified by
signature-tagged transposon mutagenesis and shown to be involved in
colonization of the chick gastrointestinal tract (Hendrixson & DiRita, 2004).

The N-linked glycan was also demonstrated to have a role in protein

complex formation. In C. jejuni strain 81-176, the type IV secretion system was
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shown to include a glycoprotein, VirB10, which contains two glycosylation sites
(Larsen et al., 2004). Modification at only one of the asparagine residues resulted
in the loss of type IV secretion system assembly and competence. Since most
identified glycoproteins are parts of protein complexes, it is proposed that
glycosylation is involved in stabilization of these complexes. In addition, loss of
N-glycosylation in C. jejuni was found to affect the expression of iron acquisition
genes (Nothaft, H., personal communication). Conversely, iron was suggested to
play a role in the regulation of protein glycosylation in C. jejuni, as demonstrated
by the hyperglycosylation of proteins produced under iron-limited conditions
(Palyada e al., 2004). Crosstalk between the Pgl pathway and other carbohydrate
pathways, such as O-linked glycosylation and capsular polysaccharide, exist in C.
Jjejuni. Loss of PglF can affect O-glycosylation of flagellin proteins (Schoenhofen
et al., 2006), while disruption in the enzyme function of PglE, PglA and PglJ has
been demonstrated to downregulate the expression of heptose biosynthesis genes
for capsular polysaccharide (Nothaft, H., personal communication). In addition,
several genes encoding epimerases involved in CPS heptose biosynthesis were
downregulated in a C. jejuni pgiB mutant background (Dwivedi, R., personal
communication).
1.4.4. Functional characteristics of C. jejuni PgIB

C. jejuni PgIB is an 82-kDa single-subunit OTase that acts solely to
transfer a conserved heptasaccharide to asparagine residues of acceptor proteins.
Topology mapping of PgIB predicts that the OTase comprises 11-13 hydrophobic

N-terminal domains containing two large periplasmic loops within the
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transmembrane region in addition to a soluble C-terminal domain oriented
towards the periplasmic space (Li et al., 2010; Jaffee & Imperiali, 2011). The
pglB gene shares sequence similarity with the ST73 gene that encodes the largest
subunit of the eukaryotic OTase complex (Wacker et al., 2002; Yan & Lennarz,
2002). The OTases of all three domains of life contain a conserved amino acid
motif, WWDXG. PgIB was proposed to fulfill the OTase function in C. jejuni
since it contains this sequence within the soluble C-terminal domain of PgIB
(Wacker et al, 2002). A pg/B mutant constructed by antibiotic cassette
mutagenesis demonstrated dramatic changes in immunoreactivity when analyzed
by Western blotting using C. jejuni whole-cell extract antisera (Szymanski et al.,
1999; Young et al., 2002; Szymanski et al., 2005; Linton et al., 2005). The C.
jejuni PEB3 glycoprotein that was previously shown to be glycosylated was also
shown by MS analysis to completely lack the N-glycan in this mutant (Young ef
al., 2002). Loss of glycosylation of C. jejuni PEB3 and AcrA glycoproteins was
also observed in a pg/B mutant strain that was generated by point mutations
within the *’WWDYG*® motif of PglB (W458A, D459A), demonstrating the
importance of this site for activity and confirming the essentiality of PgIB as an
OTase (Wacker ef al., 2002; Nita-Lazar et al., 2005).

The archaeal and bacterial Stt3 orthologues show very limited sequence
identity to the eukaryotic Stt3s. However, the highest similarity lies within the
region extending 20 residues toward the N-terminus and 70 residues toward the
C-terminus from the well-conserved WWDXG motif (Igura et al., 2008). From

this region, Igura and colleagues (2008) identified a short motif conserved in all
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the OTases from the three kingdoms. The DXXK motif, first discovered within
the C-terminal domain of the functionally equivalent archaeal AglB of P. furiosus,
was shown to be essential for OTase activity in yeast as identified through the
multiple sequence alignment of the eukaryotic and archaeal S773 sequences
(Igura et al., 2008). More recently, three appearances of the DXXK motif were
found to be present within the soluble domain of C. jejuni PglB (Jaffee &
Imperiali, 2011). Alanine mutations of the D and K residues within PglB showed
comparable levels of activity to wildtype PglB when tested in vitro, which led the
authors to conclude that the proposed DXXK motif is not important for OTase
activity in C. jejuni (Jaffee & Imperiali, 2011).

In addition to N-glycosylation, PglB was shown to be necessary for the
release of free oligosaccharides (fOS) in C. jejuni (Nothaft et al., 2009). The
authors demonstrated that fOS are produced in response to changes in the
osmolarity of the environment and bacterial growth phase. In C. jejuni, the
periplasmic fOS were detected by MS analysis (Liu et a/., 2006) and shown to be
structurally identical to the N-linked heptasaccharide that is added to periplasmic
and membrane proteins (Young et al., 2002; Nothaft et al., manuscript in
preparation). Evidence showing that the conserved ** "WWDYG** motif of PgIB
is necessary for the release of fOS was provided through an in vitro PgIB activity
assay, where PglB and LLOs were incubated in the presence or absence of
osmolytes, such as NaCl, followed by semi-quantitative MS analysis (Nothaft ez
al., 2009). Considerable decrease in fOS formation was observed in the presence

of NaCl. Decrease in the release of fOS was also shown to be dependent on the
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ionic strength of the medium, but independent of the presence of the N-glycan
acceptor protein, AcrA. In addition, only full length heptasaccharides were
detected in vitro indicating that PgIB is highly selective for the release of the full
length wild-type glycan (Nothaft ez al.,, 2009). The authors suggest that PgIB
demonstrates hydrolytic activity, whereby it cleaves the oligosaccharides from
their lipid carriers and transfers them to water. In other Gram-negative
Proteobacterial species, a common feature in response to low osmotic
environments is the production of periplasmic glucans, which has been shown to
maintain equilibrium in the periplasm (Bohin, 2000; Bohin & Lacroix, 2007). In
eukaryotes, fOS production has been reported as a result of cleavage from Dol-
PP-oligosaccharides (Kmiecik et al., 1995) or from N-linked glycoproteins by
peptide-N-glycosidase within the cytosol (Belard ef al., 1988). The mechanism of
PglB cleaving the N-glycan directly from the glycoprotein is unfavoured as
demonstrated through an in vitro assay where co-incubation of C. jejuni PglB and
fully glycosylated AcrA did not result in fOS formation (Nothaft, H., personal
communication). This result suggests that the lipid carrier not only serves as a
membrane achor upon which nucleotide-activated sugars are assembled, but plays
a crucial role in the function of PglB.
1.4.5. Structural biology of C. jejuni PglB

The 2.8 A resolution crystal structure of the C-terminal soluble domain
(SD) of C. jejuni PgIB has been reported (Maita ef al., 2010). Based on a multiple
sequence alignment between the OTases of yeast, Pyrococcus, and

Campylobacter published by the same group (Igura er al., 2008), Maita and
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colleagues (2010) compared the crystal structure of the C. jejuni PgIB(SD) with
the previously determined AglB structure from P. furious. Initial sequence
alignments of the archaeal and bacterial OTases showed that the DXXK motifs in
both aligned (Igura et al., 2008), but after solving the crystal structure, the authors
realized that the alignments were dramatically incorrect. Although the structure
comparison between AglB and PgIB did not show the DXXK counterpart in PgIB,
it did however reveal a new catalytic motif in PglB, where SBEMX X! residues
occupy the same positions (Maita et al., 2010). A much larger sequence alignment
of eukaryotic, archaeal and bacterial OTases revealed three types of conserved
motifs. With reference to the crystal structures of AglB and PglB, the authors
proposed that PgIB consists of the previously studied *’"WWDYG*' motif, the
SMXXIP' motif that resides on the kinked helix immediately below the
signature sequence, and a highly conserved aspartic acid that exists in the first
loop in the transmembrane region of the protein (D54 in Cjejuni PglB). Site-
directed mutagenesis of the **MXXI>"' motif and the D54 residue were carried
out to address the role of these newly identified amino acids. PgIB activity was
tested using the full-length PgIB protein expressed recombinantly in E. coli
membrane fractions, since the C-terminal domain alone has no catalytic activity.
Wild type PgIB activity was observed in the alanine mutation of the M residue,
but led to substantially reduced activity in the alanine mutation of the I residue.
Alanine mutations of the D54 residue also resulted in nearly complete loss of

PgIB activity. Therefore, Maita and colleagues (2010) propose that PglB
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comprises three distinct types of catalytic sequences that intimately coordinate
with each other for function.

Recently, the 3.4 A resolution crystal structure of the full-length active
Campylobacter lari PgIB has been solved (Lizak et al., 2011). The PgIB protein
sequence of C. lari is 56% identical to that of C. jejuni. In accordance with the
topological predictions made for C. jejuni PgIB, the crystal structure of the C. lari
PglB revealed 13 N-terminal transmembrane domains with two long external
loops facing the periplasmic region, and a soluble C-terminal periplasmic domain
(Lizak et al., 2011). The C-terminal soluble domain of the C. jejuni PgIB that has
been crystallized was shown to have no activity (Maita et al., 2010), but this can
be explained by the crystal structure of the C. /ari PglB where many of the
transmembrane domains interact with the periplasmic region to form the binding
and catalytic sites (Lizak et al., 2011). Co-crystallization of the C. /ari PglB with
a short acceptor peptide revealed two cavities at opposite sides of PglB, the
peptide-binding site and the LLO-binding site, which are connected by a channel
that houses the acceptor asparagine (Lizak et al., 2011).

For nearly a decade, the highly conserved WWDYG motif in PglB was
regarded as the putative catalytic site (Wacker et al., 2002). However, the C. lari
PglB structure reveals that the WWDYG motif is not directly involved in
catalysis, but defines the acceptor peptide substrate specificity (Lizak et al.,
2011). Specifically, the B-hydroxyl group of the +2 Thr of the bound acceptor
peptide forms three hydrogen bonds with the side chains of the WWD amino

acids. Moreover, Ile in the MXXI motif (Ile 572 in C. lari PgIB), which is
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conserved in bacteria and shown to be important for OTase activity (Maita et al.,
2010), was suggested to provide contacts to the +2 Thr (Lizak et al., 2011).
Despite the molecular explanation provided by the PglB structure for OTase
activity, the authors do not discuss the mechanism for fOS production, which is
likely due to the absence of the LLO present in the structure. The WWDYG motif
was shown to be necessary for fOS release both in vivo and in vitro (Nothaft et
al., 2009). Particularly, PgIB can release fOS in vitro in the absence of an
acceptor protein, but no significant fOS is observed with an inactive PglB mutated
at the WWDYG motif, suggesting that this signature motif plays a larger role than
simply peptide binding or recognition (Nothaft ef a/., 2009).

Furthermore, PgIB is a metal-dependent glycosyltransferase and is only
functional when it is bound to a divalent cation (M**), either Mn®" or Mg*'
(Impenali & Rickert, 1995). Since a bound metal cation can be found in the LLO-
binding site of the PglIB structure, it was proposed that this binding cavity serves
as the catalytic pocket where the asparagine residue is modified (Lizak ef al.,
2011). From this region of PglB, the authors identified three acidic side chains
(D56, D154, E319) located in the transmembrane domain and, through alanine
substitutions of these residues, they demonstrated a significant reduction in PgiB
activity. The crystal structure also revealed that the carboxyl groups of D56 and
E319 interact with the M** cation and the amido group of the asparagine residue,
suggesting that M>" stabilizes the lipid-pyrophosphate leaving group (Lizak et al.,
2011). Recent biochemical and mutagenesis studies of PglB confirm the

importance of the aforementioned and corresponding residues (D54, D152, E316
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in C. jejuni PglB) that are involved in catalysis and enzyme activity (Jaffee &
Imperiali, 2011).
1.4.6. C. jejuni PgIB substrate specificity

The oligosaccharide substrate for N-glycosylation must be lipid-linked.
Although the undecaprenyl carrier is the native substrate for N-linked protein
glycosylation that is accepted by PgIB, polyisopreny! carriers of shorter length
also display similar turnover to the native substrate (Chen et al., 2007b). PglB
does not have stringent specificity for the number of isoprene units, but its activity
significantly decreases in the presence of dolichols, which include a saturated
terminal a-isoprene unit (Chen et al., 2007b). This suggests that PglB is highly
sensitive to the degree of lipid saturation near the site of enzymatic action. |

The N-glycan in C. jejuni is a heptasaccharide consisting of five GalNAc
residues, a glucose branch and bacillosamine at the reducing end, as determined
by nano-NMR techniques (Young et al, 2002). However, the C. jejuni
glycoprotein AcrA produced in an E. coli background containing the pg/ operon
displayed two separate fragmentation patterns when analyzed by collision induced
dissociation MS-MS (Wacker et al., 2002). The glycan structures of the two
recombinant AcrA proteins were composed of a heptasaccharide that showed very
similar patterns with the exception that all major fragment ions from one sample
were shifted to a lower mass by 25 daltons. Wacker and colleagues (2002)
determined that the 25-dalton increment was also the difference between

bacillosamine and an N-acetylhexosamine (HexNAc) residue, which suggests that
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the glycan on one of the recombinant AcrA glycoproteins is attached through a
HexNACc rather than bacillosamine.

Similarly, the C. jejuni glycoprotein PEB3 produced in E. coli in the
presence of the pg/ locus also showed two structural variants of the glycan
attached to the protein (Linton et a/., 2005). Tandem MS-MS analysis of the
glycans attached to PEB3 also showed a second fragmentation pattern that was
shifted down by 25 daltons, as previously observed for the AcrA glycoprotein
analysis. Linton and colleagues (2005) demonstrated that the variant glycan
containing a HexNAc at the reducing end results from the activity of E. coli
WecA, a UDP-GIcNAc transferase, in lieu of C. jejuni PglC, the
glycosyltransferase responsible for the transfer of UDP-Bac onto the lipid carrier
Und-P. When the C. jejuni glycoprotein AcrA and the pg/ locus with an
inactivated pg/C gene were expressed in E. coli lacking the wecAd gene,
production of non-glycosylated AcrA resulted. However, complementation of the
pglC mutant by a wild-type wecA gene in trans restored glycosylation of AcrA,
but only with the glycoform with reduced mass. Therefore, the E. coli WecA can
complement the function of PgIC (Linton et al., 2005). More importantly, these
results show that PgIB can transfer a heptasaccharide that contains a reducing
HexNAc residue, which varies from the native glycan found in C. jejuni.

The ability of PgIB to transfer glycans of various lengths was examined by
preparing chemically synthesized sugar substrates using enzymes from the C.
Jjejuni pgl locus (Glover et al., 2005b). In vitro analysis showed that PgIB is

capable of transferring oligosaccharides of varying lengths (two to seven
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saccharides) to protein acceptors (Glover et al., 2005b). The transfer of the
truncated C. jejuni glycans by PglB was also examined in vivo through site-
directed mutagenesis of individual genes in the pg/ operon expressed in E. coli
(Linton et al., 2005). Although the primary purpose of the pg/ gene knockout
mutations was to elucidate the function of the various glycosyltransferase and
sugar-modifying enzymes involved in the pathway, these studies have also
revealed that PglB can transfer truncated glycans down to a single residue of
bacillosamine attached to the peptide (Linton et al., 2005).

To further examine the substrate specificity of PgIB, Feldman and
colleagues (2005) tested whether PglB can modify acceptor proteins with the O-
antigens from E. coli and Pseudomonas aeruginosa, an outer component of the
lipopolysaccharide synthesized on the Und-P lipid carrier. PglB was found to
transfer diverse oligosaccharides from E. coli, in addition to the C. jejuni glycan.
All of the O-antigens transferred by PglB were confirmed to contain Bac,
GlcNAc, GalNAc, or N-acetyl fucosamine (FucNAc), all of which contain acetyl
groups at the C-2 position of the sugar residues at the reducing ends (Feldman er
al., 2005). Furthermore, Wacker and colleagues (2006) investigated the influence
of a hexose branch at the C-6 position of the reducing sugar from the E. coli O16
antigen and found that it did not prevent PglB from covalently linking it to the
protein acceptor. However, when PgIB was expressed in a Salmonella enterica
LT2 ligase mutant, glycosylation of the AcrA acceptor protein was lacking. The
coexpression of the C. jejuni N-glycosylation machinery and AcrA in S. enterica

LT2 cells, which resulted in glycosylated protein, confirmed the activity of PgIB.
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The Salmonella LT2 O-antigen contains a galactose residue at the reducing end,
which strongly suggests that PgIB has specificity for HexNAc residues at that
position. It was determined that an acetyl group at the C-2 position of the
reducing-end sugar is required for transfer by PglB (Wacker et al., 2006).
Although the glycan substrate of PgIB is not required to comprise the exact C.
jejuni heptasaccharide structure, its specificity lies within the reducing
monosaccharide. All of the PglB substrates identified thus far contain a sugar at
the reducing end with an acetyl group at the C-2 position. Structural evaluation of
all the oligosaccharides accepted by PglB also suggests that the first two sugars at
the reducing end cannot have a B-1,4-linkage since the native linkage in C. jejuni
is a-1,3 (Chen et al., 2007a).
1.4.7. C. jejuni PgIB acceptor specificity

Similar to eukaryotic glycoproteins, the consensus sequon (N-X-S/T) was
also found at glycan attachment sites within the C. jejuni identified glycoproteins
(Lin.ton et al., 2002. Young et al., 2002; Wacker et al., 2002). The sequence
requirements of the acceptor proteins for bacterial N-glycosylation were analyzed
in vivo in the heterologous E. coli host expressing the C. jejuni pgl locus and the
model glycoprotein AcrA (Nita-Lazar et al., 2005). Site-directed mutagenesis of
the putative bacterial N-X-S/T consensus sequence showed loss of AcrA
glycosylation when the asparagine residue and the serine or threonine residues at
the +2 position were replaced with any other amino acids. The amino acid at the
+1 position was determined to be any residue except proline, as it impaired

glycosylation (Nita-Lazar er al., 2005). Subsequent work by Kowarik and

33



colleagues (2006) demonstrated that an extended consensus sequence (D/E-X;-N-
X,-S/T) is required for bacterial N-linked protein glycosylation, where X; and X;
cannot be proline. The consensus sequence requirements were determined by
truncation and mutation experiments with the C. jejuni protein AcrA expressed in
E. coli bearing the pgl system (Kowarik et al., 2006b). Stepwise reduction of the
AcrA protein was confirmed by the decreasing size of the protein as detected by
SDS-polyacrylamide gel electrophoresis. The truncated forms of AcrA were
analyzed by Western Blot using sera raised against C. jejuni whole-cell extracts
shown to preferentially detect C. jejuni N-glycoproteins (Wacker et al., 2002).
This allowed the authors to determine the minimal requirements of the bacterial
consensus sequence to contain an amino acid with a negatively charged side chain
at position -2, either an aspartic acid or a glutamic acid residue. Furthermore,
comparison of the amino acid residues in the consensus sequence revealed that
PglB has a significant preference for threonine as the hydroxyamino acid at
position +2 and aspartic acid as the acidic amino acid at position -2 (Chen et al.,
2007a).

The acceptor proteins must also contain a signal sequence that will target
the proteins to the periplasm for modification by PgIB (Nita-Lazar et al., 2005).
This was confirmed by deletion of the C. jejuni AcrA signal sequence, which
resulted in cytoplasmic expression of the protein without modification. However,
there are proteins in the C. jejuni genome that contain the extended consensus
sequence in addition to a signal sequence, but do not appear to be glycosylated

(Weerapana & Imperiali, 2006). Thus, these sequences are necessary, but not
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sufficient for N-glycosylation. The C. jejuni AcrA glycoprotein contains five
potential N-glycosylation sites; however, when analyzed by Western Blot using
anti-AcrA antisera, only three bands are observed indicating the unglycosylated,
monoglycosylated, and diglycosylated forms of AcrA (Wacker et al, 2002;
Feldman er al., 2005; Kowarik et al., 2006b). Glycosylated peptides derived from
tryptic cleavage of C. jejuni AcrA and site-directed mutagenesis of other potential
glycosylation sites in AcrA demonstrated that the modified sites are "ZNRS'* and
?PNNS?” (Nita-Lazar et al., 2005; Wacker et al., 2006).

The conformation of the acceptor protein was proposed to be important for
N-linked glycosylation. Structural studies indicate tha;[ a specific secondary
structure, named the Asn-turn, is adopted by the acceptor protein at the consensus
sequence (Imperiali et al., 1992; Imperiali & Hendrickson, 1995). The Asn-turn is
proposed to form by the interaction of the amide group of the acceptor asparagine
with the hydroxyl group of the +2 Thr or Ser, which has been suggested to be
necessary for interaction with the OTase during the glycosylation process.
However, the C. lari PgIB crystal structure reveals that the +2 Thr of the acceptor
peptide binds firmly to the WWD residues of the WWDYG motif in PglB,
disproving the involvement of the +2 Thr (Lizak et al, 2011). Instead, the
molecular explanation provided by the PgIB structure is that the catalytically
essential residues D56 and E319 of the C. /ari PgIB form hydrogen bonds with the
two amide protons of the acceptor asparagine. This is proposed to result in the

rotation of the N-C bond of the amido group, which would increase the
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electronegative nature of the amide nitrogen making it optimal for a nucleophilic
attack (Lizak et al., 2011).

Furthermore, the folding state of acceptor proteins during glycosylation
was demonstrated to play a role in the efﬁciencly of PgIB (Kowarik et al., 2006a).
In Eukaryotes, the glycosylation process occurs co-translationally, where the
OTase modifies the acceptor proteins in the lumen of the ER prior to folding of
the proteins (Kelleher & Gilmore, 2006). An in vitro glycosylation assay using
PgIB expressed in and purified from E. coli, co-incubated with C. jejuni AcrA and
LLO, resulted in fully glycosylated AcrA (Kowarik er al., 2006a). However,
analysis of the PglB-dependent in vitro glycosylation of the eukaryotic
glycoprotein, bovine ribonuclease A, showed weak glycosylation when the
protein was fully folded. Different folding variants of bovine ribonuclease A
demonstrated the efficiency of PglB, where partial or complete unfolding
improved glycosylation activity. Therefore, in the bacterial system, it is strongly
suggested that glycosylation sites are located in the flexible loops of folded
proteins since the Pgl process occurs post-translationally (Kowarik ef al., 2006a).
1.4.8. Exploitation of PgIB for glycoprotein engineering

The C. jejuni pgl gene locus contains all of the genes necessary for the
biosynthesis of LLO and the transfer of the heptasaccharide onto asparagine
residues of acceptor proteins. And as mentioned above, the C. jejuni N-linked
protein glycosylation pathway, encoded by the pg/ operon, has been functionally
reconstituted in E. coli to produce recombinant glycoproteins (Wacker et al.,

2002). This has opened up the possibility to exploit the bacterial glycosylation
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system for biotechnological applications. The study of the glycosylation
machinery has been accelerated by the use of E. coli laboratory strains, given that
this well-characterized bacterium is easy to genetically manipulate. In addition to
the full mutant library available for this organism, E. coli constitutes a perfect
toolbox for glycoengineering due to its lack of native glycoproteins and its ability
to tolerate incorportation of foreign glycosylation pathways (Feldman, 2009).
Elucidation of the individual roles for the enzymes encoded by the pg/ locus has
provided understanding of the bacterial N-glycosylation pathway and has allowed
the development of strategies to apply this system for glycoengineering.

The demonstration that PgiB can transfer glycans other than the C. jejuni
heptasaccharide to acceptor proteins has also advanced the field such that
glycoproteins can be engineered to contain a diverse range of bacterial glycans
(Feldman et al., 2005; Wacker et al., 2006). Moreover, engineering additional
glycosylation sites into an acceptor protein has been demonstrated (Kowarik et
al., 2006b). The extended consensus sequence (D/E-X;-N-X,-S/T) was artificially
introduced into C. jejuni AcrA at a flexible domain, resulting in a triglycosylated
form of AcrA compared to the wild-type diglycosylated form. Therefore,
modification by PgiB does not require the acceptor protein to be a natural
glycoprotein, but rather an acceptor site and a signal sequence can be engineered
into any protein of interest for the production of novel recombinant glycoproteins.
The establishment of glycoprotein engineering in E. coli shows particular promise

in the area of vaccine development against bacterial pathogens.
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The first line of defense against bacterial infections in humans is through
circumvention by the innate immune system that consists of nonspecific host
defenses existing prior to bacterial exposure, whereas the adaptive immune
response mediated by B and T cells following exposure to bacterial antigens
provides long-lasting protection against pathogens (Kindt et al., 2007). Therefore,
vaccination in humans prepares the adaptive immune system to deal efficiently
with pathogens that would not be easily cleared by innate immunity. Bacterial
polysaccharides are the most abundant and accessible molecules on the cell
surface and have been used as vaccines against diseases caused by Streptococcus
pneumonia, Neisseria meningitidis, and Haemophilus influenzae type b (Zou &
Jennings, 2009). However, a limitation of polysaccharide vaccines is their
inability to activate T cells that differentiate into memory cells, which are antigen-
generated, long-lived cells that respond with heightened reactivity to subsequent
challenge with the same antigen (Kindt et al., 2007). Polysaccharides alone have
been shown to be poor immunogens because they fail to elicit a long-term
antibody response (Jennings & Lugowski, 1981). A solution to involve T cells
directly for long-lived, antibody-mediated protection is to develop glycoconjugate
vaccines, which are composed of bacterial glycans that are covalently attached to
an appropriate carrier protein (Feldman, 2009). The first and most successful
example is the infant meningitis vaccine against group B meningococcal infection
caused by H. influenzae type b (Jennings et al., 1986). The vaccine was developed
by conjugating the group B meningococcal polysaccharide to the protein carrier,

tetanus toxoid, which yielded high levels of group B meningococcal
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polysaccharide-specific 1gG antibodies, known as memory cells. The rate of H.
influenzae type b infections has dramatically fallen since the introduction of this
vaccine in the United States (Kindt ez a/., 2007).

The traditional approach to generate glycoconjugate vaccines include
several steps that involve the purification of the acceptor protein, chemical
treatment of the bacterial polysaccharide to remove any toxic components, and
chemical-crosslinking of the purified polysaccharide with the acceptor protein
(Feldman, 2009). However, using the glycoprotein engineering method in bacteria
to produce glycoconjugates has several advantages including minimal
manipulation and simpler purification. In this case, the C. jejuni PglB can be
exploited for the production of glycoconjugated vaccines. The approach would
simply involve the co-expression of PglB, an appropriate acceptor protein and a
plasmid carrying genes encoding specific oligosaccharides into E. coli to produce
recombinant glycoproteins. Glycoconjugates can also be produced directly in
bacteria other than E. coli.

1.4.9. Putative Pgl pathways in proteobacteria

The N-glycosylation pathway first discovered in C. jejuni, a
microaerophilic bacterium belonging to the epsilon class of Proteobacteria, has
now been identified in an increasing number of organisms (Nothaft and
Szymanski, 2010). For undetermined reasons, the pathway is confined to the
epsilon and delta class of Proteobacteria (Figure 1.4). The pg/ gene clusters are
conserved in all Campylobacter species sequenced to date, the delta-

Proteobacterium Desulfovibrio desulfuricans (lelmini & Feldman, 2011), and in
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Figure 1.4. Phylogenetic tree of PgIB protein sequences. A phylogenetic tree
containing all the available oligosaccharyltransferase sequences for N-linked
protein glycosylation. The pathway appears to be confined to the epsilon (£) and

delta (9) class of Proteobacteria. Modified from Nothaft & Szymanski, 2010.

the epsilon-Proteobacteria Wolinella succinogenes (Baar et al., 2003), Sulfurovum
sp. and Nitratiruptor sp. (Nothaft et al., 2008). There are a few Helicobacter

species that also contain pg/ gene orthologues found in the genomes of H.
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canadensis, H. winghamensis, and H. pullorum, each carrying two pgiB
orthologues (Jervis et al., 2010). Some Campylobacter species also carry two
pglB orthologues, including C. concisus, C. curvus, and C. gracilis (Nothaft &
Szymanski, 2010). It has not been shown that the N-glycosylation pathway is
functional in all of these organisms yet, but all of them contain the key enzyme,
PgIB. Therefore, it is predicted that these organisms also N-glycosylate their
proteins (Nothaft ez al., 2008). Interestingly, Sulfurovum sp., and Nitratiruptor sp.
are two non-pathogenic, deep-sea vent strains that share virulence genes with their
pathogen relatives, Helicobacter and Campylobacter species (Nakagawa et al.,
2007). Since the deep-sea vent epsilon-Proteobacteria represent the deepest
branching Bacteria in the PglB/Stt3 phylogenetic tree, it has been proposed that
the Pgl pathway most likely arose in these organisms to maintain a symbiotic
relationship with hydrothermal vent invertebrates (Nakagawa et al., 2007),
although another explanation may be that the pathway was aquired to allow the
organisms to survive in saline environments.
1.4.10. Comparison of PgIB to other OTases

Bacterial N-linked protein glycosylation is best characterized in C. jejuni;
however, this system has recently been characterized in C. lari, H. pullorum, and
D. desulfuricans (Schwarz et al., 2010; Jervis et al., 2010; Ielmini & Feldman,
2010). The genome of C. lari contains a pg/ gene locus that shares a similar
genetic organization to that of C. jejuni, with the exception of a pgi/l gene
encoding for the glucosyltransferase that is missing in C. lari (Nothaft &

Szymanski, 2010). The C. lari Pgl pathway has been reconstituted in E. coli to
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produce recombinant glycoproteins (Schwarz et al, 2010). The authors
demonstrated that C. /ari PglB (C/PgIB) modifies the C. jejuni acceptor protein
AcrA with a linear hexasaccharide that consisted of five HexNAc residues and a
Bacillosamine at the reducing end. C/PgIB was also shown to exhibit a broader
specificity toward the acceptor protein (Schwarz et al., 2010). The authors found
that C/PglB does not require an acidic group at the -2 position of the consensus
sequence, but that it can modify asparagine residues found within the shorter
eukaryotic sequence N-X-S/T, albeit with low efficiency. When they tested the
activity of C/PglB towards the eukaryotic protein immunoglobulin G, which
carries the N-X-S/T sequence, the authors found that glycosylation did not result.
However, when an acidic group was engineered into the protein at the -2 position,
glycosylation was observed by Western blot analysis using anti-N-glycan specific
antibodies. C/PglB was also shown to glycosylate AcrA at NNNST and at an
unusual DANSG sequon (Schwarz e al., 2010). This study extended the
understanding of Campylobacter PglBs in regards to substrate and sugar
specificity.

In H. pullorum, the pgl gene orthologues are not encoded in a single
genetic locus as seen for C. jejuni, but distributed throughout the genome (Nothaft
& Szymanski, 2010). H. pullorum contains two unrelated pg/B genes (pg/BI and
pglB2), where they could only confirm that PglB1 displayed OTase activity
(Jervis et al., 2010). The researchers attempted to clone the pg/B2 gene from H.
pullorum, but were unsuccessful suggesting that this gene is essential for the

viability of the organism. /n vivo glycosylation of the C. jejuni glycoprotein,
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Cj0114, was observed in E. coli upon coexpression of PglB1 from H. pullorum
with the C. jejuni pgl operon carrying a mutated pg/B by insertion of a
kanamycin-cassette (Jervis et al., 2010). In vitro peptide glycosylation by PgIB1
was assayed using detergent-solubilized membrane preparations of H. pullorum
wildtype and a pg/B/ insertional knock-out mutant. The authors demonstrated that
the H. pullorum wildtype, but not the pg/BI knock-out mutant, modified the
fluorescent peptide carrying the DQNAT sequon. Unlike C/PgIB, PgiB1 of H.
pullorum shares similar acceptor specificity with CjPglB and requires the
negatively charged Asp at the -2 position of the consensus sequence (Jervis et al.,
2010). However, the N-linked glycan structure of the PglBI-generated
glycopeptide was analyzed by MALDI-MS/MS and determined to comprise a
pentasaccharide with a HexNAc at the reducing end, a structure that differs from
the C. jejuni N-linked heptasaccharide (Jervis et al., 2010).

N-glycosylation has also been characterized in the delta class of
Proteobacteria. Structural and MS analyses led to the identification of the N-
glycoprotein high-molecular-mass cytochrome ¢ (HmcA), a 16 heme cytochrome
of Desulfovibrio gigas, modified at the asparagine residue within a TANGT
sequon lacking the negatively charged amino acid at the -2 position (Santos-Silva
et al., 2007). The authors proposed that a disaccharide is attached to Asn261 of
HmcA, which comprises GIcNAc followed by its epimer N-acetylallosamine.
Recently, PgIB of D. desulfuricans (PglBp4) was demonstrated to exhibit OTase
activity when it was functionally expressed in E. coli (Ielmini & Feldman, 2010).

Similar to H. pullorum, the pgl gene orthologues in D. desulfuricans are scattered
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across the genome (Nothaft & Szymanski, 2010), but non-homologous genes
potentially involved in glycan biosynthesis were found to be clustered around
pglB (Ielmini & Feldman, 2010). Unlike C. jejuni and H. pullorum, PglBpg was
shown to prcferentiaily modify asparagine residues found within the eukaryotic-
like sequon N-X-S/T (lelmini & Feldman, 2010). The authors further
demonstrated that PglBpg transfers the C. jejuni heptasaccharide, a single N,N -
diacetyl-bacillosamine, and the E. coli O7 O-antigen. The structure of the
endogenous glycan in D. desulfuricans is yet to be fully elucidated.

A common theme for the bacterial N-glycosylation system 1is the
modification of acceptor asparagine residues of glycopeptides which takes place
in the periplasm through a post-translational process. Interestingly, an unusual
system of bacterial N-glycosylation has been recently described in the
gammaproteobacterium Haemophilus influenzae, where modification occurs in
the cytoplasm through a sequential transfer of sugars (Gross et al., 2008). The H.
influenzae high-molecular-weight adhesin (HMW 1) was shown to be glycosylated
at 31 sites, where all the acceptor asparagine residues were found within the
eukaryotic-like N-X-S/T consensus sequence, with the exception of one site
(Gross et al., 2008). MS analyses determined the structure of the modifying
glycans decorated on HMW1 to comprise monohexoses or dihexoses. Further
analysis revealed that the H. influenzae HMWIC protein is the
glycosyltransferase (GTase) responsible for modifying asparagine residues in the
HMW1 adhesin, particularly with glucose and galactose residues as demonstrated

in an in vitro transferase assay with purified components (Grass et al., 2010).
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Surprisingly, HMWI1C exhibits both OTase and GTase activities, where
asparagine residues are modified and hexose-hexose bonds are generated,
respectively (Grass et al., 2010).

Bacterial OTases other than PglB can be used for glycoprotein
engineering. O-linked protein glycosylation of pilin subunits, the main
components of the type IV pilus, has been found in N. meningitidis and N.
gonorrhoeae (Virji et al., 1993). Similar to the N-glycosylation system in C.
Jejuni, the genes encoding the enzymes involved in the pathway share sequence
homologies with some of the enzymes from C. jejuni and can also be found
clustered in an operon termed pg/ (Stimson et al., 1995). PgIL was demonstrated
to be the OTase in N. meningitidis that transfers a disaccharide or a trisaccharide
onto Ser or Thr residues of pilin subunits (Stimson et al., 1995; Aas et al., 2007).
The OTase in N. gonorrhoeae showed loss of pilin glycosylation when mutated
and was named PglO (Aas et al., 2007). PglL and PglO transfer oligosaccharides
en bloc from Und-PP to the protein acceptors.

Pilin glycosylation was also described in P. aeruginosa (Castric, 1995). O-
glycosylation at the C-terminal serine residue of the pilin subunits in P.
aeruginosa was shown to occur by the acitivity of the OTase, PilO (Comer er al.,
2002). The glycan attached to pilin subunits consists of a trisaccharide, a single O-
antigen subunit derived from the LPS biosynthetic pathway (Castric et al., 2001;
Castro et al., 2006). Similar to PgIB, the N. meningitidis and P. aeruginosa pilin
O-glycosylation pathways were reconstituted in E. coli (Faridmoayer et al., 2007).

Expression of PglL and PilO in E. coli in the presence of their respective pilin
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substrates and lipid-linked glycan donors resulted in the O-glycosylation of pilin.
The glycan specificity of the O-OTases, PglL and PilO, is more relaxed than the
C. jejuni PglB. It has been demonstrated that the O-OTases can transfer the C.
Jjejuni heptasaccharide in addition to other polysaccharides. Faridmoayer and
colleagues (2008) have demonstrated that Pgll can transfer polysaccharides
containing a hexose at the reducing end, a limitation that prevents transfer by
PgIB (Faridmoayer et al., 2008). More recently, PglA was identified to be the O-
OTase as demonstrated by the glycosylation of the PilA pilin protein in
Francisella tularensis (Egge-Jacobsen et al., 2011). MS analyses of the glycan
structure was carried out and determined to comprise a pentasaccharide (HexNAc-
Hex-Hex-HexNAc-HexNAc) attached to multiple hydroxyl groups of Ser or Thr
residues.

The discovery of the bacterial OTases opens up the possibility to construct
conjugate glycoproteins in E. coli using a recombinant glycoprotein engineering
approach. All of the bacterial OTases that have been characterized so far can be
used to produce recombinant glycoproteins with application in biotechnology
(Table 1). The activity of PilO is limited to short glycan chains, whereas PglB and
PglL can transfer polysaccharides (Faridmoayer et al., 2007). Moreover, PgIB
activity is confined by its substrate specificity, whereas PglL has been found to
transfer all tested glycans onto acceptor proteins (Feldman, 2009). Although PglL
is highly non-specific, its ability to transfer any sugar that is assembled on Und-P
1s also a disadvantage. PglL can interfere with the synthesis of other glycan

structures, such as the peptidoglycan and certain CPS types that are also
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assembled on Und-P, by transferring the incorrect sugar to the acceptor protein.
Therefore, the transfer of a polysaccharide of interest onto the acceptor protein is
not guaranteed as PglL can be transferring any glycan produced on a lipid carrier
in E. coli. Although PgIB is more restricted to the proteins it modifies, its
advantage is that the D/E-X-N-X-S/T consensus sequence can be engineered in
flexible loops in proteins that are already used for glycoconjugate vaccine
production, such as tetanus toxoid, cholera toxin and exotoxin A (Kowarik ef al.,
2006b). Furthermore, PglB from C. lari and D. desulfuricans can modify
asparagine residues within the shorter eukaryotic sequon N-X-S/T, making it
easier to engineer the sequon into acceptor proteins. Although glycosylation at the
eukaryotic sequon is made with lower efficiency, the functional characterization
of PgIB is a priority in order to improve its OTase activity. The number of
organisms found to contain the N- and O-OTases is growing. It is predicted that
new OTases with different characteristics will be found that may have improved

activity for use in glycoprotein engineering.

1.5. Conclusions and thesis objectives
1.5.1. Concluding remarks

Structural comparison of distantly-related OTases draws attention to the
common architecture of important catalytic domains required for function, which
could not be identified by merely comparing sequence similarities. Research over
several decades devoted to understanding the eukaryotic pathway can now be
applied to understanding the prokaryotic process. Recognizing the factors that

influence N-glycosylation by PglIB is an important start to the elucidation of the
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poorly understood mechanism. Furthermore, understanding PgIB substrate
specificity and the basis for recognition will improve glycoprotein engineering.
PgIB presents the advantage of creating acceptor proteins by simply adding the
consensus sequence required for glycosylation in a surface-exposed flexible loop
of a non-glycosylated protein. Moreover, developing inhibitors of the PgIB
enzyme would be valuable in the pursuit for antibiotics against C. jejuni in order
to treat gastrointestinal disorders.
1.5.2. Thesis objectives

The objective of my research project is to identify additional amino acid
residues that are important for C. jejuni PglB activity by using a bioinformatic
approach and generating point mutations at specific amino acid sites. Some of the
questions I would like to answer from my research include: What are the key
residues in PglB that are required for function? How do the activities of
sequenced Campylobacter PglB enzymes compare with respect to N-
glycosylation? In silico analysis of a multiple sequence alignment of
Campylobacter PgIB enzymes identified a DXXK sequence located close to the
highly conserved WWDXG motif. The DXXK motif is conserved in all
sequenced Camplobacter PglBs and other epsilon- and delta-Proteobacteria. I
sought to determine the function of this newly identified sequence by generating
site-directed mutants of > DXXK*”® in the C. jejuni PgIB. Further upstream of the
WWDXG motif in the PglB protein sequence, there appears to be a conserved a
proline, serine or valine. I began by comparing the importance of the proline

residue of C. jejuni PgIlB with the serine of C. /ari PglB. Understanding the
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mechanism of PgIB transfer activity will be invaluable in creating a better OTase
with enhanced N-glycosylation activity compared to the native C. jejuni protein.
Furthermore, the protein acceptor site required for N-glycosylation is also
found within the soluble C-terminal domain of PgIB (° 2DYNQS>®). This raises
the following questions: Is glycosylation of PgIB required for its function? If so,
does PglB self-glycosylation modulate its OTase and hydrolase activities?
Analysis of the C. jejuni PglB soluble domain crystal structure revealed that the
consensus sequence is located at the surface of the protein, which would allow for
an autoregulatory mechanism. In this thesis, I will provide details of the research
that was undertaken to functionally characterize the Campylobacter OTase for N-

linked protein glycosylation.
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CHAPTER 2

Identification of important amino acid residues required for the
function of the Campylobacter oligosaccharyltransferase for

N-linked protein glycosylation
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2.1. Introduction

Asparagine-(N)-linked protein glycosylation is one of the most prevalent
protein modifications in eukaryotes. It involves the assembly of nucleotide-
activated sugars on the dolichol-pyrophosphate lipid carrier at the cytoplasmic
side of the endoplasmic reticulum (ER) (Burda & Aebi, 1999). The partially
assembled glycan is flipped to the lumenal side of the ER membrane by an ATP-
independent flippase where additional modification of the glycan occurs before it
is transferred from the lipid carrier to asparagine residues within an N-X-S/T
(X=P) sequon of protein acceptors by the oliogosaccharyltransferase (OTase)
(Marshall, 1972; Helenius ef al., 2002).

In yeast, the OTase is a multimeric enzyme that consists of at least eight
different transmembrane protein subunits, each of which is required for enzymatic
activity and where the STT3 subunit is the catalytic center (Yan & Lennarz,
1999). In lower eukaryotes, such as Giardia and kinetoplastids, the OTase is
composed of a single membrane protein that consists of STT3 alone (Kelleher &
Gilmore, 2006). The genomes of Trypanosoma brucei and Leishmania major
reveal the presence of three and four ST73 paralogous genes, respectively
(Berriman et al., 2005; Ivens et al., 2005). Homologous processes of N-linked
protein glycosylation have been found outside of the Eukaryotic domain, in both
Archaea and Bacteria (Mescher et al., 1976; Szymanski et al., 1999). Similarly,
the OTase from the thermophilic archaeon, Pyrococcus furiosus, is also composed
of the STT3 protein alone and is capable of transferring glycans onto peptide

acceptors (Kohda et al., 2007).
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The bacterial process of N-glycosylation shares many features with its
eukaryotic and archaeal counterparts, but significant differences exist. In C.
Jjejuni, N-glycosylation is a post-translational process occurring in the periplasm.
In this pathway, nucleotide-activated sugars are synthesized in the cytoplasm and
assembled onto an undecaprenyl-pyrophosphate-linked carrier forming a
heptasaccharide at the cytoplasmic side of the inner membrane, where they are
then translocated to the periplasm by an ATP-dependent flippase (Alaimo et al.,
2006; Linton er al., 2005) and subsequently transferred from the lipid carrier to
asparagine residues within the extended D/E-X,-N-X,-S/T consensus sequence,
where X; and X, are any amino acid except proline (Kowarik et al.,, 2006b). The
central enzyme responsible for the transfer reaction is the OTase, PgIB, encoded
in the protein glycosylation (pg/) locus (Szymanski et al., 1999). The C. jejuni pgl
gene locus contains all of the genes necessary for the N-glycosylation process,
which has been functionally reconstituted in E. coli to produce recombinant
glycoproteins (Wacker et al., 2002). In addition to N-glycosylation, it has also
been demonstrated that PglB releases free oligosaccharides (fOS) into the
periplasm in response to changes in the osmolarity of the environment and
bacterial growth phase (Nothaft ez al., 2009).

The N-glycosylation pathway has also been identified in an increasing
number of bacteria. For yet undetermined reasons, the pathway is exclusive to the
epsilon and delta classes of proteobacteria. The pg/ gene orthologues are
conserved in all Campylobacter species sequenced to date, the delta-

proteobacterium Desulfovibrio desulfuricans (lelmini & Feldman, 2011), and in
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the epsilon-proteobacteria Wolinella succinogenes (Baar et al., 2003), Sulfurovum
sp., Nitratiruptor sp. (Nothaft et al., 2008), and certain Helicobacter species
(Jervis et al., 2010; Nothaft & Szymanski, 2010). It has not yet been shown that
the N-glycosylation pathway is functional in all of these organisms, but they each
contain the key enzyme, PgIB. Therefore, it is predicted that these bacteria also N-
glycosylate their proteins.

The PgIB of C. jejuni (CjPgIB) is the best studied bacterial OTase to date.
It is an 82 kDa single-subunit OTase which shares sequence similarity and
structural organization with the STT3 subunits of eukaryotic OTase complexes
(Szymanski et al., 2005). It comprises 11-13 predicted hydrophobic N-terminal
transmembrane domains spanning the periplasmic membrane and a soluble C-
terminal domain oriented toward the periplasmic space (Li et al., 2010). All
OTase orthologues in all three domains of life have the signature WWDXG motif,
which has been shown to be necessary for CjPglIB activity (Wacker et al., 2002).
Recently, the crystal structure of the full length PgIB of Campylobacter lari
(CIPgIB) has been solved, which revealed that the side chains of the serine or
threonine at the +2 position of the acceptor consensus sequence interact with
those of the WWD residues to form stable hydrogen bonds resulting in acceptor
sequon binding (Lizak ef al., 2011). A crystal structure of the soluble C-terminal
domain only exists for the CjPgIB and through structural comparisons with the
archaeal AglB revealed a conserved lle 571 within an MXXI motif (Maita et al.,

2010). It is suggested that the isoleucine in homologous proteins can provide
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contact to the +2 Thr to aid in protein binding and/or recognition (Lizak et al.,
2011).

Here, we attempt to identify other amino acids that are important for the
function and/or structure of CjPgIB. We began by analyzing Campylobacter PglB
protein sequences through multiple sequence alignments. We have identified a
DXXK sequence located close to the highly conserved WWDXG motif. The
DXXK motif is conserved in all epsilon-proteobacteria and is present in at least
one PgIB orthologue for species that contain two PglB enzymes. We examined
whether this highly conserved DXXK sequence is necessary for PglB activity.
Further downstream of the DXXK motif, we found the Campylobacter PglB
protein sequences to contain either a proline, serine or valine residue at a single
position in the alignment. Since proline is known to disrupt protein structures
more than serine or valine residues due to the presence of its bulky side chain, we
wanted to identify the structural importance of these amino acids in this region of
PgIB. We began by comparing the PglB enzymes of C. jejuni and C. lari. The N-
glycosylation system in C. /ari is encoded by a similar pg/ operon, which lacks a
glucosyltransferase normally present in the C. jejuni pgl operon leading to the
production of a linear hexasaccharide that is transferred onto acceptor proteins
(Schwarz et al., 2011). Thus, we chose to compare the importance of Pro 487 in
CjPgIB with the corresponding residue in C/PgIB, Ser 493. These data identify

new amino acids that are important in the structure and catalysis of PglB.
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2.2. Materials and Methods

2.2.1. Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 2.1.
Escherichia coli strains were grown in Luria-Bertani (LB) broth or on LB agar
plates (1% Bacto Tryptone, 0.5% Bacto Yeast Extract, 1% NaCl and 1.5%
agar was added for plates) at 37°C. Campylobacter jejuni NCTC 11168 and 81-
176 strains were grown on Mueller Hinton (MH, Difco ) agar plates under
microaerobic conditions (10% CO,, 5% O,, 85% N,) at 37°C for 18 hrs.
Ampicillin (100 ug/mL), chloramphenicol (25 ug/mL), kanamycin (25 ug/mL),
trimethoprim (25 ug/mlL) and tetracycline (25 ug/mL) were added to the medium
as needed for selection.

2.2.2. Construction of plasmids

Amino acid substitutions in the C. jejuni and C. lari pgiB genes were generated
using oligonucleotides listed in Table 2.2. For the C. jejuni pgiB, the single point
mutants D475V and K478V were introduced using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene) with plasmid pMAF10 as template. All remaining
single and double pg/B point mutants were introduced following a modified three-
piece ligation method described by Kato ez al. (2008). Two PCR fragments of the
pgiBg gene were amplified using Pfx polymerase (Invitrogen) with pMAF10 as
template. The N-terminal fragment of pg/B¢; was amplified using oligonucleotide
pgiBBamHI-F with each of the oligonucleotides carrying the amino acid
substitutions within the DXXK motif: D475A, K478A, AXXA, VXXV, KXXK,

and KXXD. The C-terminal fragment of pg/B¢; was amplified using
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Table 2.1. Bacterial strains and plasmids used in this study

Stram'or Characteristics Source
plasmid
E. coli
F endAl hsdR17 supE44 thi-1 recAl A (argF-lacZYA)U169 (80d .
DHSa lacZ & MIS) gyrA96 A Invitrogen
Feldman er al.,
CLM24 W3110, Awaal 2005
C600 . . R R Figurski &
(RK212.2) leu thr thi lacy supE44 tonA; pRK212.2, Amp", Tet Helinski, 1979
C. jejuni
.. . Korlath er al.,
81-176 Chnical isolate 1985
11168 NCTC Clinical isolate used for genome sequencing ng(r)‘;h]“ etal,
11168- R Nothaft er al.,
pelB:Kan pglB mutant, Km 2009
11168 pglB mutant complemented with pCE111-28 carrying pg/B, Nothaft er al.,
pglB(pCj-pg/B)  Kan®, Cm* 2009
! ]111?(8_C. pg/B mutant complemented with pCE111-28 carrying pg/Buu, Nothaft er al.,
PEAPT ) Kan®, Cm® 2009
pngmul)
Plasmids
pACYC(pgh Encodes the C. jejuni pgl locus, Cm® :\Z’\(/)e(l)czker etal,
pACYC(pgl- P . L R Provided by
ApgiB) Encodes the C. jejuni pgl locus with a deletion in PgIB, Cm Bernadette Beadle
WA2 Soluble periplasmic C. jejuni acrAgy;, under control of Tet Feldman et al.,
P promoter, in pBR322, Amp"® 2005
. . . . R Lefebre &
pMLBAD Cloning vector, arabinose-inducible, Tmp Valvano, 2002
pMAF10 HA-tagged C. jejuni pglB cloned in pMLBAD, Tmp® 583"5‘“““ etal,
pWAI HA-tagged C. jejuni pgiBu, cloned in pMLBAD, Tmp® g(e):)dsman etal,
. . . R Provided by
pET24(ClpgIB) His-tagged C. lari pgiB cloned in pET24, Kan Abofu Alemka
pYBID C. jejuni pgIB(D475A)4 cloned into pMLBAD, Tmp® This study
pYB2D C. jejuni pgIB(DA75V 4 cloned into pMLBAD, Tmp® This study
pYBIK C. jejuni pglB(K478A)u, cloned into pMLBAD, Tmp® This study
pYB2K C. jejuni pgiB(K478V)ya cloned into pMLBAD, TmpR This study
pYB1A C. jejuni pgIB(DAT5A, K4T8A)u, cloned into pMLBAD, Tmp® This study
pYB1V C. jejuni pgIB(D475V, K478V )y, cloned into pMLBAD, Tmp®R This study
pYB3K C. jejuni pgIB(D475K)ya cloned into pMLBAD, Tmp® This study
pYB4K C. jejuni pglB(D475K, K478D)y4 cloned into pMLBAD, Tmp® This study
pYBCIJP C. jejuni pgIB(PA87S )y cloned into pMLBAD, Tmp®? This study
pYBCLwt C. lari pglBy, cloned into pMLBAD, Tmp* This study
pYBCLS C. lari pglB(S493P)y4 cloned into pMLBAD, Tmp® This study
CE111-28 C. jejuni expression vector, plasmid pRY 111 with o promoter Larsen er al.,
p of flad, Cm* 2004
pCj-pglBD C. jejuni pgIB(D475V) cloned in pCE111-28, Cm® This study
pCi-pglBK C. jejuni pgIB(K478V) cloned in pCE111-28, Cm® This study
pCj-pgiBP1 C. jejuni pglB(P487S) cloned in pCE111-28, Cm® This study
pCl-pgiBwt C. lari pglB cloned in pCE111-28, Cm® This study
pCl-pgiBSt C. lari pglB(S493P) cloned in pCE111-28, Cm"® This study
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Table 2.2. Oligonucleotides used in this study

Oligonucleotide

Sequence 5°-3’

Purpose

D475V-F
D475V-R
K478V-F
K478V-R
D475A-R
K478A-R
AXXA-R
VXXV-R
KXXK-R
KXXD-R
pglB-C1-F

pglB-C2-F
Cj-P487S-R

pgiBHAKpnl-R
pglBBamHI-F

pglBXhol-R

pMAF10Ndel-1
pETClpgIB-F
C1-8493P-R
pglB-C3-F
ClpgIBHA-R
ClpglBEcoRI-F

ClpgIBPsi-R
ClpgIlBBamH]-F

ClpglBXhol-R

CGATGTGAAAACTTTAGTAGTTGGTGGAAAGCATTTAG
GTAAGG
CCTTACCTAAATGCTTTCCACCAACTACTAAAGTTTTCA
CATCG
CTTTAGTAGATGGTGGAGTACATTTAGGTAAGGATAATT
TTTTCC
GGAAAAAATTATCCTTACCTAAATGTACTCCACCATCTA
CTAAAG
CCTTACCTAAATGTTTTCCACCCGCTACTAAAGTTTTCA
CATCG
CCTTACCTAAATGCGCTCCACCATCTACTAAAGTTTTCA
CATCG
CCTTACCTAAATGCGCTCCACCCGCTACTAAAGTTTTCA
CATCG
CCTTACCTAAATGTACTCCACCAACTACTAAAGTTTTCA
CATCG
CCTTACCTAAATGTTTTCCACCTTITTACTAAAGTTTTCAC

ATCG
CCTTACCTAAATGATCTCCACCTTTITACTAAAGTTTTCA
CATCG

SPhos-
ATAATTTTTTCCCTTCTTTTGCTTTAAGCAAAGATG

5Phos-AAAGATGAACAAGCTGCAGCTAATATGG

GCTTAAAGCAAAAGATGAGAAAAAATTATCCTTACC

ATATACTCGAGGTACCATGGTTAAGCGTAATCTGGAAC
ATCG, Kpnl site underlined
ATTAGCGGATCCTACCTGACGCTTTTTATCGC, BamHI site
underlined
TATACTCGAGTTAAGCGTAATCTGGAACATCGTATGG,
Xhol site underlined

CAGTATTTATCCATATGTACAACTATAAAG
AATTCTGCAGTAATTTTGTTTAACTTTAAGAAGG
GCTTAAGACAAAAGAAGGGAAAAAATTATCTTTTCC
5Phos-AAAGAACAAATTCCAGCAGCCAATATGG

AATTTAAGCTTTGTTAGCAGCCGGATCTCAGTGG

ATGAATTCACCATGAAACTACAACAAAATTTCACG

AGCTGCAGCTAAGCGTAATCTGGAACATCGTATGGGTA
TCTTTTTAGCCTATAAATTTTTGC, Pstl site underlined
AAGGATCCAATAATTTTGTTTAACTTTAAGAAGG, BamH1
site underlined
TGCTCGAGCTAAGCGTAATCTGGAACATCGTATGGGTA
TCTTTTTAGCCTATAAATTTTTGC, Xhol site underlined

Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis
Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis
PCR, cloning

PCR, cloning

Sequencing
Mutagenesis
Mutagenesis

Mutagenesis

Mutagenesis
Sequencing

PCR, cloning
PCR, cloning

PCR, cloning

PCR, cloning

*underlined amino acids indicate mutated sites within pg/B unless otherwise indicated
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oligonucleotides pgIB-C1-F and pglBHAKpnI-R. The N-terminal and C-terminal
pglB fragments were digested with EcoRI and Kpnl, respectively, to generate
blunt-ended PCR products that were cloned in the same sites of the pMLBAD
empty vector.

The CjPgIB(P487S) and C/PgIB(S493P) single point mutants were also
constructed using the three-piece ligation method. The oligonucleotides
pgiBBamHI-F and Cj-P487S-R were used to amplify the N-terminal fragment of
pgiBc;, while oligonucleotides pgIB-C2-F and pgIBHAKpnI-R amplified the C-
terminal fragment using pMAF10 as template and digesting the PCR products
with EcoRl or Kpnl to clone in pMLBAD. The N-terminal fragment of pgiB¢; was
amplified using oligonucleotides pET-ClpglB-F and Cl-S493P-R, while the C-
terminal fragment of pg/B¢; was amplified with oligonucleotides pglB-C3-F and
ClpgIB-HA-R using pET24(ClpglB) as template. The blunt-ended PCR products
were then digested with either Ndel or Xhol and cloned in the same sites of the
pET24b empty vector. The pglBc was then cloned in pMLBAD using
oligonucleotides  ClpgIlBEcoRI-F  and  ClpgIBPsfI-R.  Oligonucleotides
pgIlBHAKpnl-R and ClpglBHA-R encode an HA-tag to assist in following C.
Jjejuni and C. lari PgIB protein expression when analyzed by Western blot.

PCR products and empty plasmid vectors were digested with FastDigest®
restriction enzymes (Fermentas) for 1 hr at 37°C and subsequently purified using
the QIAquick® Gel Extraction Kit (Qiagen) following the manufacturer’s
instructions. A blunt-end ligation was carried out using the T4 ligase (Fermentas)

with a vector:insert ratio of 1:5 (10-20 ng of vector DNA) and incubated
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overnight at 16°C (Sambrook & Russell, 2001). After transformation into E. coli
DH5a, the resulting plasmids (Table 2.1) were isolated using the GeneJET
Plasmid Miniprep Kit (Fermentas) and confirmed by restriction analysis. DNA
sequencing was carried out using the BigDye® Terminator v3.1 Cycle Sequencing
Kit following the manufacturer’s protocol (Applied Biosystems).
Oligonucleotides pMAF10Ndel-1 and ClpglBHA-R were used as the sequencing
primers specific for the pg/B genes of C. jejuni and C. lari, respectively. Cycle
sequencing on the ABI PrRISM® 377 DNA Sequencer was performed by the
Molecular Biology Service Unit (University of Alberta) to sequence the DNA.
The mutant pg/B sequences were confirmed using the Geospiza FinchTV
software.

For genetic manipulations of C. jejuni 11168, the pg/B point mutants were
amplified by PCR with oligonucleotides pglBBamHI-F and pglBXhol-HA-R
using Vent polymerase (NEB) and the respective pMLBAD plasmids carrying the
various pg/B mutations as template. The PCR products were digested with BamHI
and Xhol and subcloned into the C. jejunmi-E. coli shuttle vector pCE111-28
treated with the same enzymes. After transformation into E. coli DH5q, the
resulting plasmids (Table 2.1) were confirmed by restriction analysis and re-
transformed into E. coli pRK212.2. The shuttle plasmids were mobilized from E.
coli pRK212.2 to C. jejuni 81-176 and then complemented into a C. jejuni 11168
pglB mutant background by natural transformation as previously described

(Labigne-Roussel et al., 1987; Nothaft ez al., 2010).
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2.2.3. Expression of PgIB point mutants in E. coli and purification of AcrA

Plasmids containing the following constructs were co-expressed in E. coli
CLM24: pACYC(pgl-ApglB) encoding the C. jejuni protein glycosylation (pgl)
operon with a deleted PglB, pMLBAD carrying the various pg/B alleles, and
pWAZ2 encoding a His6-tagged C. jejuni glycoprotein AcrA which served as the
N-glycosylation acceptor. Starting from a 5 mL overnight culture, £. coli CLM24
strains were grown in LB broth at 37°C to an ODgg of 0.5-0.6 and induced with
0.2% L-(+)-arabinose (wt/vol). Cells were harvested by centrifugation (3,696 x g,
15 min, 4°C) after a 4 hr induction. Whole cell lysates were prepared by the
resuspension of cells in phosphate-buffered saline (PBS), pH 7.2, followed by
sonication (3 x 1 min) with a Branson sonicator equipped with a microtip and
centrifugation (16,260 x g, 20 min, 4°C). PgIB proteins were visualized by
Western blotting using HA-tag specific antibodies (Santa Cruz). For AcrA
purification, whole cell lysates were adjusted to the same protein concentration,
subjected to nickel affinity chromatography (NTA agarose, Qiagen), washed with
10 column volumes of 10 mM imidazole in 1xPBS and washed again with 10
column volumes of 50 mM imidazole in 1xPBS before eluting the samples with
500 uL of 500 mM imidazole in 1xPBS. Protein concentrations were obtained
using the Quick Start” Bradford Protein Assay Kit (Bio-Rad) and measured from
a standard curve using known concentrations of bovine serum albumin (Bio-Rad).
The glycosylation status of purified AcrA was analysed by Western blotting using
AcrA-specific (Wacker et al,, 2002) and C. jejuni-N-glycan specific (hR6)

antibodies (Schwarz et al., 2011).
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2.2.4. Preparation of C. jejuni whole cell lysates

Campylobacter whole cell extracts were prepared as previously described
(Nothaft et al., 2010). Briefly, C. jejuni 11168 NCTC strains (wildtype, pg/B
mutant, and pg/B mutant complemented with wildtype pg/B, inactive pg/B, or the
varioius pglBpxxxk mutants) were thawed on MH plates from frozen glycerol
stocks (-80°C), restreaked onto full plates of MH agar with appropriate antibiotics
for selection, and incubated at 37°C under microaerobic conditions. Cells from
two plates were harvested by centrifugation (4500 x g, 10 min, 4°C), resuspended
with 1 mL of 1xPBS (pH 7.2), and disrupted by sonication (3 x 30 sec). Unbroken
cells were removed by centrifugation (16,100 x g, 30 min, 4°C) and the sample
supernatants were kept as whole cell lysates. Protein concentrations were
determined using the NanoVue' Plus Spectrophotometer (Azso) and samples were
all adjusted to the same concentration for analysis. The glycosylation status of
AcrA was analyzed by Western blotting using AcrA-specific antibodies.

2.2.5. Analysis of fOS production

Whole cell lysates from the C. jejuni wildtype and pg/B mutants were adjusted to
a final concentration of 5 mg/mL with 1xPBS (pH 7.2) and then freeze-dried
overnight. The relative free glycan amounts from each C. jejuni sample were
investigated as previously described (Liu et al., 2006; Nothaft et al., 2009), but
without Pronase E digestion (in collaboration with Dr. Liu and Dr. Li, National
Research Council, Ottawa). Briefly, lyophilized samples were dissolved in 1xPBS
(pH 7.2) and permethylated by the addition of methyl iodide. The permethylated

oligosaccharides were extracted in chloroform, washed with water, dried and
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dissolved in 75% aqueous methanol. The production of fOS in each of the
samples was analyzed by using an electrospray tandem mass spectrometer, the
4000 Q-Trap® mass spectrometer (Applied Biosystems/MDS Sciex), coupled to a
capillary electrophoresis interface. The mass spectra were acquired with dwell
times of 2.0 ms per step of 0.5 m/z unit in full mass scan mode. The relative
amounts of free glycans were compared based on the peak area of the extracted
electropherogram for each corresponding ion. Sample preparation and fOS
analysis were repeated in triplicate and the average relative quantities were used.
2.2.6. Immunodetection by Western blotting

Western blotting was performed as described previously (Nothaft er al., 2010).
HA-specific, AcrA-specific or C. jejuni-N-glycan-specific (hR6) polyclonal
antisera served as primary antibodies at 1:1000, 1:10,000 and 1:10,000 dilutions,
respectively, for 45 min in 1% skim milk in 1xPBS with 0.05% (w/v) Tween 20
(PBST). Blots were washed three times with PBST and incubated in alkaline
phosphatase conjugated anti-rabbit IgG (Santa Cruz) for 45 min, which served as
the secondary antibody at 1:2,000 dilution. After washing three times with PBST,
membranes were then incubated in alkaline phosphatase colour development

buffer supplemented with NBT/BCIP solution (Roche).

2.3. Results

2.3.1. Site-directed mutagenesis and expression of PglB enzymes

Multiple sequence alignment of the Campylobacter PglB OTases identified a
DXXK motif that is located 12 amino acids away from the highly conserved

WWDXG motif (Wacker 2002). In silico analysis also showed that the DXXK
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motif is conserved in all e-proteobacteria (Fig. 2.1). To analyze the importance of
these amino acids for PgIB function, we substituted the D and K residues to
generate the following single and double point mutants: AXXK, DXXA, AXXA,
VXXK, DXXV, VXXV, KXXK and KXXD. Amino acid substitutions were
confirmed by sequencing. Mutated pg/B alleles were expressed in E. coli and
PglB enzymes were visualized by Western blotting with HA-tag specific
antibodies showing that the introduction of these point mutations had no effect on
PglB expression and that the proteins were produced at the same level (Fig. 2.2).
C _jeiuni_111¢€€
I |C_coli_RM2228
C upsaliensis EM3193
C_curvus_525.9Z
C_concisus_1387¢€
I {c rectus RM326%
C fetus fatus €0_40

C hominis BAA3E1
#C_lari RMZ2100

Figure 2.1. Multiple sequence alignment of Campylobacter PglB protein
sequences. The °DXXK*"® sequence in C. jejuni 11168 is located close to the
highly conserved *“*WWDYG*' motif and is conserved in all
epsilonproteobacteria. Downstream of the DXXK motif (position 487 in C. jejuni
11168) all Campylobacter PgIB sequences possess a proline or valine, which
appears to correlate with the groups I and 1I glycan structure divisions. The C. lari
PgIB sequence is marked with an asterisk indicating the presence of a serine at the

aligned site.

2.3.2. Investigation of the DXXK motif in PgIB expressed in E. coli
To analyze the PglB activity of the point mutants in the DXXK motif, we co-

expressed the pg/B alleles in E. coli CLM24 with plasmids carrying the C. jejuni
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pgl operon with an inactive PgIB and a soluble form of the His6-tagged C. jejuni
glycoprotein AcrA, which served as the N-glycosylation acceptor. The
glycosylation status of purified AcrA was analyzed by Western blotting using
AcrA-specific and C. jejuni-N-glycan specific antibodies (Fig. 2.2). The wildtype
PglB encoded in pMAF10 or the inactive PgIB carried on pWA1 were also
introduced in E. coli cells harboring the C. jejuni pgl locus and AcrAgn;s to serve
as positive and negative controls, respectively. Expression of the wildtype PglB,
but not the PglByu, resulted in fully glycosylated AcrA as previously shown
(Feldman ez al., 2005). Loss of AcrA glycosylation was observed with the
AXXA, VXXV, KXXK and KXXD mutations, but not most of the single alanine
mutations with the exception of the D475V single point mutation, which showed

reduced glycosylation compared to the K478V mutation.
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Figure 2.2. Amino acid exchanges of D and K residues were made to examine the
importance of this sequence in CjPgIB in E. coli. PgIB expression and activity
were visualized by Western blotting with HA, His and N-glycan specific (hR6)
antibodies as indicated. Reduction of AcrA glycosylation was observed with pg/B
alleles that carried the D457V, AXXA, KXXK, and KXXD point mutations.
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Molecular masses are indicated in kDa on the left of each blot. Glycosylation state

of AcrA 1s indicated on the right of the a-His and a-hR6 blots.

2.3.3. Activity of PgiB DXXK point mutants in C. jejuni and analysis of fOS
production

In vivo PgIB activity was also investigated in the native host by complementation
of a chromosomal C. jejuni pg/B knockout mutant with the D475V and K478V
pglB point mutants. The importance of the DXXK motif in CjPglIB was examined
by analyzing the glycosylation status of AcrA by Western blotting using AcrA-
specific antibodies (Fig. 2.3). The results obtained for the D475V mutant is
comparable to that in E. coli, where glycosylation of AcrA was dramatically
reduced. The K478V mutant in C. jejuni shows a decrease in glycosylation, while

the K478V mutant expressed in E. coli showed no affect in PgIB activity.
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Figure 2.3. Complementation of C. jejuni pg/B knock-out with the DXXK pgi/B
point mutants. PglB activity was visualized by Western blotting with C. jejuni

AcrA specific antibodies. The D475V and K478V point mutants showed a
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reduction in glycosylation compared to the wildtype complement. Molecular

masses and AcrA glycosylation state are indicated.

We also examined whether the DXXK motif is necessary for release of free
oligosaccharides (fOS), a novel hydrolase function of PgIB recently discovered
(Nothaft ez al., 2009). Semi-quantitative mass spectrometry analyses of fOS levels
in the C. jejuni PglB D to V and K to V single point mutants showed a

corresponding decrease of this pathway product (Fig. 2.4).

:
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Figure 2.4. The amount of fOS release in C. jejuni was determined using semi-
quantitative mass spectrometry. The complemented C. jejuni pgiB mutant shows
only partial complementation of fOS production (and N-glycosylation) (Nothaft ez
al., 2009). However, complementation of the pg/B mutant with the point
mutations demonstrates that perturbation of PgIB function affects fOS release.
Results obtained are from biological triplicates; asterisks indicate p<0.05 relative
to the complemented C. jejuni pglB mutant (indicated by the boxed area for
comparison).
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2.3.4. Analysis of the C. jejuni and C. lari PgIB proline / serine point mutants

CjPglIB was also compared to C/PglIB through the exchange of a single amino acid
in the soluble C-terminal domain close to the DXXK sequence. The proline
residue in position 487 in CjPglB was swapped with the corresponding serine
residue in position 493 in C/PglB. Amino acid substitutions were confirmed by
sequencing and mutated pg/B alleles were co-expressed in E. coli with AcrAgnis
and the C. jejuni pgl or C. lari pgl operon with a deleted pg/B gene. Western blot
analysis of AcrA glycosylation using anti-AcrA antibodies shows no considerable
difference in the CjPgIB activity in E. coli, but shows an increase in glycosylation
efficiency for the amino acid substitution in the C. /ari PglB mutant as compared
to the wildtype PglB sequence (Fig. 2.5A). In contrast, complementation of a
chromosomal C. jejuni pg/B knock-out mutant with the CjPglB(P487S) point
mutant shows improved glycosylation efficiency, whereas the C/PglB wildtype
and S493P point mutant show similar glycosylation levels to the CjPglB wildtype

complement (Fig. 2.5B).
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Figure 2.5. Amino acid exchanges of proline and serine residues were made to
examine the importance of these sites in PglB. A) Mutated pgiB alleles were co-

expressed in E. coli with the C. jejuni pgl operon and AcrAeu;s. PgIB activity was
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visualized by Western blotting with AcrA specific antibodies. Amino acid
substitution of the C. lari PglB improves glycosylation efficiency, but not for the
C. jejuni PglB. B) Complementation of a chromosomal C. jejuni pg/B knock-out
mutant with the C. jejuni PglB point mutant shows improved glycosylation
efficiency, whereas the C. /ari PglB wildtype and point mutant expression in C.
Jjejuni show similar glycosylation levels comparable to the wildtype complement.

Molecular masses and glycosylation state of AcrA are indicated.

2.4. Discussion

N-linked protein glycosylation is present in all domains of life where
several prominent similarities and differences in the pathways are found. The
defining event is the catalytic transfer of a glycan moiety onto a protein acceptor
catalyzed by the OTase. Comparison of the processes provides further
understanding of the common and distinct properties of the OTases. The archaeal
aglB and bacterial pg/B genes share sequence similarity with the S773 gene that
encodes the largest subunit of the eukaryotic OTase complex, where a conserved
WWDXG motif can be found within the soluble C-terminal domain (Wacker et
al., 2002; Yan & Lennarz, 2002).

A structure-guided sequence alignment that included the yeast S773 and
the archaeal Pyrococcus furiosus aglB sequences revealed a ° 'DXXK>™ sequence
that was demonstrated through mutagenesis studies to be essential for OTase
activity in yeast (Igura ef al., 2008). The 2.8 A resolution crystal structures of the
C-terminal globular domains of CjPgIB and P. furiosus AglB were compared and

revealed that the counterpart of the DXXK sequence in AglB is **MXXI’"" in
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PglB, and that OTase activity in vitro was reduced resulting from an IS71A
substitution (Maita er al., 2010). In addition, a highly conserved aspartic acid
exists in the first loop of the transmembrane region in the OTases from all
domains of life (residue 54 in CjPglB). Alanine mutations of residue D54 in
CjPgIB resulted in nearly complete loss of PgIB activity in vitro (Maita et al.,
2010). Recently, the crystal structure of the full-length C/PgIB has been solved,
which provides a molecular explanation for the requirement of a Ser or Thr
residue at the +2 position of the consensus sequence for N-linked glycosylation
(Lizak et al., 2011). The peptide-bound structure of PgIB reveals that the B-
hydroxy! group of the +2 Thr forms hydrogen bonds with each of the side chains
of the WWD residues. The structure also shows that 1571 provides contact to the
+2 Thr; but since the Ile within the MXXI motif 1s not conserved in all STT3
homologues, other residues can aid in protein binding.

In this study, alignment of all pg/B gene sequences from the epsilon-
proteobacteria revealed a second conserved Y’ DXXK*”® sequence. In the CjPgIB,
this sequence motif is located 12 amino acids away from the highly conserved
WWDXG motif. Site-directed mutagenesis of the D and K amino acids was
carried out to show the importance of these residues in OTase function. The
glycosylation status of the C. jejuni glycoprotein AcrA was analyzed in vivo.
Single alanine mutations of D475 and K478 in PglB showed no considerable
difference in glycosylation activity compared to wildtype PgIB. In addition, single
valine substitutions were made to the D and K residues in PgIB in order to

examine the affects of hydrophobic residues at these sites, which resulted in
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reduced glycosylation efficiency of D475V, but not K478V in the heterologous E.
coli host. Recently, the DXXK motif in CjPgIB has also been analyzed by
constructing only single point mutations in the D and K sites (Jaffee & Imperiali,
2011). The authors concluded that the ‘DXXK motif’ does not play an essential
role in OTase activity, except that the D475 residue is likely involved in PglB
function since a more significant effect was observed when this site was mutated
compated to K478. However, we found that double alanine or double valine
mutations at both the D and K sites resulted in the complete loss of AcrA
glycosylation, an effect more drastic than the single D475 substitution. These data
suggest that both D and K residues are important for the glycosylation activity of
PgIB, although the D475V mutation appears to destabilize the structure more than
the K478V mutation. Also, consistent with our findings that PglB is responsible
for fOS production in C. jejuni (Nothaft et al, 2009), the D475V and K478V
point mutants displayed a reduction in fOS release when complemented in a
chromosomal C. jejuni PglB knock-out mutant. In addition, the OTase activity of
these PglB point mutants in the native C. jejuni host were reduced, which
compare to the levels observed for fOS release.

Analysis of the available crystal structure of the soluble portion of CjPgIB
(in collaboration with Dr. Ken Ng, University of Calgary) revealed that the
BDXXK*® motif is located directly above the highly conserved WWDYG motif
(Fig. 2.6A). The D and K residues do not interact with each other, but appear to
stabilize the structure through electrostatic interactions with R465 and D483,

respectively, forming salt bridges (Fig. 2.6B). Loss of the two wild type salt
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H479 WA458 (not shown,
but beneath H479)

Figure 2.6. A) Close-up view of the conserved WWDYG motif in C. jejuni PgIB.
The *’DXXK*"® motif (green) is located immediately above the BTWWDYG*!
motif (orange). B) Highlighted stick residues are shown to interact to form salt
bridges. Two salt bridges (D475:R465 and K478:D483) may hold the 475-483

loop in a conformation needed for activity. Modified from Maita e al. (2010).

bridges may alter the conformation of the DXXK loop away from the active
conformation. Among the single point mutations, D475V is the most disruptive.
Perhaps it is because V475 now forms hydrophobic interactions with G461 and
Y462 to introduce an inactive loop conformation, since these residues are in very
close proximity to each other. To further support this hypothesis, KXXK and
KXXD point mutants were generated and were shown to further destabilize the
structure by potentially disrupting both salt bridges formed by D and K residues.
These results suggest that the DXXK motif plays an important structural role for
PgIB activity.

There are an increasing number of sequenced Campylobacter genomes that

have been reported to encode the N-glycosylation pathway (Nothaft & Szymanski,
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2010). More recently, the N-glycans and fOS from all sequenced Campylobacter
species were analyzed and divided into two major groups based on their glycan
structures (Nothaft et /., manuscript in preparation). N-glycans from group I
species are described to have a similar structure to the heptasaccharide produced
by C. jejuni 11168, which consists of GalNAc-GalNAc-[Glc]GalNAc-GalNAc-
GalNAc-diNAcBac (Young et al., 2002). In contrast, group II species include the
non-thermophilic Campylobacter species that produce a heterogeneous mixture of
N-glycan and fOS structures. The N-linked protein glycosylation system in C. /ari
has been characterized in detail recently (Schwarz et al., 2010; Lizak et al., 2011).
CI/PgIB shares 56% sequence identity to CjPgIB. The glycan structure produced
by C. lari is the hexasaccharide [HexNAc]s-diNAcBac, which is similar to the C.
Jjejuni heptasaccharide (group I), but lacking the glucose branch since the C. lari
pgl operon does not contain the pgi/l gene encoding the glucosyltransferase (Kelly
et al., 2006; Schwarz et al., 2010; Nothaft & Szymanski, 2010). Interestingly, the
fOS structure that is released by the C. /ari PgIB contains an additional phosphate
residue on the reducing end sugar, diNAcBac (Nothaft e a4/, manuscript in
preparation).

Analysis of the multiple sequence alignment of Campylobacter PglB
protein sequences resulted in the identification of amino acid differences at a
single position located several residues downstream of the DXXK motif, which
appears to correlate with the group I and II glycan structure divisions (Fig. 2.1). A
proline is found in the PglB OTases from group I, which aligns with valine

residues found in the PglB OTases from group I1. Although C. /ari is classified in
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group I, C/PgIB has a serine at the aligned site. Therefore, we decided to compare
the CjPglB and C/PgIB enzymes to examine whether exchanging the proline and
serine residues influences PglB activity. We demonstrated that the C/PglB S493P
point mutant glycosylates AcrAc; at a higher efficiency than the C/PgIB wildtype
enzyme when analyzed in E. coli. However, no difference was observed in the
glycosylation efficiency of CjPgIB P487S point mutant compared to the wildtype
enzyme in E. coli. The difference in PglB activity between wildtype CjPglB and
CIPgIB suggests that the structures of the proteins' are slightly different and that
the proline residue in CjPgIB does not influence its OTase activity. Interestingly,
when we analyzed these PgIB variants in C. jejuni, there was no significant
difference in the glycosylation efficiency when compared to the CjPglB wildtype
enzyme complement. It appears that the N-glycosylation system in C. jejuni
already works efficiently as observed by the complete modification of AcrA in the
wildtype strain of C. jejuni, which may be due to the presence of another
molecular component in C. jejuni that is interacting with PglB, but missing in E.
coli. This is supported by previous research that has shown partial modification of
AcrA when the C. jejuni pgl machinery is reconstituted in E. coli (Wacker et al.,
2002; Feldman et al., 2005; Kowarik et al., 2006a; lelmini et al., 2010).

The recently published 3.4 A resolution crystal structure of the full-length
CI/PgIB provides insight into the structural functions of the identified sites (Lizak
et al., 2011). Analysis of the crystal structure (with the help of Dr. Ng, University
of Calgary) ShOWS that S493 of C/PgIB is located at a kink (Fig. 2.7). Substituting

the serine residue with proline may further destabilize the structure of the helix by
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removing a single hydrogen bond between the side chain hydroxyl group and the
main chain carbonyl group of A462. The presence of an interruption in the alpha
helix at S493 likely increases the flexibility of this part of the PgIB structure in

comparison to a regular alpha-helix.

Figure 2.7. Close-up view of the C. /ari PgIB catalytic site. A) Ser493 of the C.
lari PgIB is located at a kink. Substituting the serine for a proline residue would
alter this kink structure by introducing an even more distorted structure in the
helix. B) Introducing a kink at this location may increase the flexibility of this part
of the PglIB structure in comparison to a regular alpha-helix. This interaction may
become more optimal for either acceptor binding or for promoting a productive
position of the acceptor side chain relative to the lipid-linked donor sugar. The
catalytic pocket features the acidic side chains (Asp56 and Glu319) that

coordinate the bound divalent cation (Mg®"). Modified from Lizak et al. (2011).

Flexibility in this region may allow for more optimal binding interactions with the
acceptor or may promote a more favourable position of the acceptor side chain

relative to the lipid-linked donor sugar during the glycosyl transfer reaction. A
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single point mutation may improve PgIB activity by making slight changes in the
binding of donor and acceptor substrate molecules. However, since the E. coli and
C. jejuni experiments showed contrasting results, it is currently difficult to
determine the influence of these amino acid substitutions without further studies.
The N-linked protein glycosylation pathways of C. jejuni and C. lari,
encoded by the pg/ gene clusters, have been functionally reconstituted in E. coli to
produce recombinant glycoproteins (Wacker et al., 2002; Schwarz et al., 2010).
This has opened up the possibility to exploit the bacterial glycosylation systems
for biotechnological applications. The CjPgIB and C/PgIB both modify asparagine
residues within the consensus sequence D/E-X;-N-X,-S/T (where X, and X, are
any amino acid except proline), but it has been recently shown that the -2 position
to the asparagine is dispensable for C/PgIB activity in E. coli, albeit with low
transfer efficiency (Schwarz et al., 2010). Our findings indicate that a single point
mutation within the C/PglB can improve glycosylation efficiency. It would be
intéresting to know whether an acceptor protein carrying the short eukaryotic
sequon can also be modified with improved glycosylation efficiency using the
C/PglB variant created in this study. High-throughput assays capable of
measuring relative PglB activities will be useful in comparing the various PgIB
point mutants that have been generated as well as further examining the
uncharacterized OTases identified in the proteobacteria. These studies may lead to
more efficient production of recombinant glycoproteins in E. coli for the

development of novel glycoconjugate vaccines.
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CHAPTER 3

Autoregulation of the bacterial oligosaccharyltransferase
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3.1. Introduction

Protein glycosylation is the most common covalent modification of newly
synthesized proteins in eukaryotes. Glycans play important roles for the structure
and function of cellular proteins in addition to the development and growth of an
organism (Varki et al., 1993; Hebert et al., 2005). It has been predicted that more
than half of all proteins in nature are glycosylated, of which the majority are
asparagine-(NV)-linked (Apweiler et al., 1999). N-linked protein glycosylation has
been most extensively studied in the yeast Saccharomyces cerevisiae, where the
glycan 1s assembled on the lipid carrier dolichol-pyrophosphate at the cytoplasmic
side of the endoplasmic reticulum (ER), translocated to the lumen for additional
glycan modification, and subsequently attached to the acceptor protein at
asparagine residues found within the N-X-S/T (X # P) consensus sequence by the
oligosaccharyltransferase (OTase) (Burda & Aebi, 1999). The OTase in yeast is a
multimeric protein complex comprising at least eight subunits, where the Stt3
protein is the most conserved among eukaryotes and represents the central
catalytic site (Yan et al., 1999). Single-subunit proteins that consist of the Stt3
alone have been found to be sufficient for OTase activity in other lower
eukaryotes and archaea (Kelleher & Gilmore, 2006).

Evidence for the bacterial N-linked protein glycosylation (pg/) system was
first described in the epsilonproteobacterium Campylobacter jejuni (Szymanski et
al., 1999). All of the genes necessary for the C. jejuni protein glycosylation
machinery are encoded in a pg/ gene locus that can be functionally transferred

into E. coli to produce recombinant glycoproteins (Szymanski et al., 1999;
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Wacker et al., 2002). The single subunit Stt3 homologue, PglB, was shown to be
the bacterial OTase essential for N-glycosylation and solely responsible for
modifying asparagine residues with a heptasaccharide consisting of five N-
acetylgalactosamine residues, a glucose branch, and N,N’-diacetyl-bacillosamine
(diNAcBac) at the reducing end (Wacker ef al., 2002; Young et al., 2002). In vivo
and in vitro assays have been dedicated to elucidate the individual roles of the pg/
genes in C. jejuni (Linton et al., 2005; Glover et al., 2005). Homologous to the
eukaryotic pathway, the bacterial process begins in the cytoplasm where the
glycan is assembled on the lipid anchor undecaprenyl-pyrophosphate, flipped to
the periplasm and attached to the acceptor asparagine of nascent polypeptides
(Nothaft & Szymanski, 2010). In addition to its OTase activity, it has been
demonstrated that PglB produces heptasaccharides as free oligosaccharides (fOS)
in C. jejuni dependent on the bacterial growth phase and the osmotic environment
(Nothaft et al., 2009).

Furthermore, PglB can modify acceptor proteins with glycans of various
lengths other than its native heptasaccharide, including O-antigens from E. coli
and Pseudomonas aeruginosa (Feldman et al., 2005). However, it has been
demonstrated that PglB can only transfer glycans that have an acetyl group at the
C-2 position of the reducing end sugar (Wacker et al., 2006). C. jejuni PglB
modifies asparagine residues found within the extended D/E-X-N-X,-S/T (Xi, X»
# P) consensus sequence located in the flexible loops of proteins (Kowarik et al.,
2006b). However, other PgIB homologous enzymes identified in the

epsilonproteobacterium Campylobacter lari and the deltaproteobacterium
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Desulfovibrio desulfuricans have been shown to transfer glycans at the
eukaryotic-like N-X-S/T sequon (lelmini & Feldman, 2011; Schwarz et al., 2011).

Interestingly, the consensus sequence required for the N-glycosylation of
acceptor proteins 1s also found within the soluble C-terminal domain of C. jejuni
PgIB (**DYNQS® . A glycopeptide fragment of C. jejuni PglB was previously
identified from LC-MS/MS wusing zwitterionic hydrophilic interaction
chromatography confirming that this site is indeed modified in the native protein
(Scott et al., 2011). In addition, C. lari PglB was shown to autoglycosylate at
N535 and N556 (Lizak et al., 2011). This raises the question of whether PglB
self-glycosylation modulates its OTase and hydrolase activities.

Analysis of the available C. jejuni PglB soluble domain crystal structure
(Maita et al., 2010) revealed that the consensus sequence is located at the surface
of the protein (Fig. 3.1). If glycosylation of PgIB is required for function as an
autoregulatory mechanism, then its location allows for the control of
oligomerization or allosteric effects (Johnson, M., personal communication). In
this study, we created and examined the PgIB consensus sequence mutant in both
the heterologous E. coli host and the native C. jejuni host and found that the PgIB
mutant does not affect protein glycosylation, but influences fOS production. This
suggests that PglB self-glycosylation may be modulating the two enzyme

activities of this OTase.
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Figure 3.1. The crystal structure of the C. jejuni PglIB soluble domain. Analysis of
the PgIB soluble domain crystal structure revealed that the consensus sequence
(**DYNQS*) is located at the surface exposed flexible loop of the protein

(acceptor asparagine labeled N534).

3.2. Materials and Methods

3.2.1. Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 3.1.
Escherichia coli strains were grown in Luria-Bertani (LB) broth or agar (1%
Bacto Tryptone, 0.5% Bacto ' Yeast Extract, 1% NaCl and 1.5% agar was added
for plates) at 37°C. For large scale growth and protein purification, E. coli strains
were grown in 2XYT medium (1.6% Bacto™ Tryptone, 1% Bacto Yeast Extract,
0.5% NaCl) at 37°C. Campylobacter jejuni strains were grown on Mueller Hinton

(MH, Difco"') agar plates under microaerobic conditions (10% CO,, 5% O, 85%
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N») at 37°C for 18 hrs. Ampicillin (100 ug/mL), chloramphenicol (25 ug/mL),
kanamycin (25 ug/mL), trimethoprim (25 ug/mL) and tetracycline (25 ug/mL)
were added to the media as needed for selection.

3.2.2. Construction of plasmids

The asparagine residue found within the **>DYNQS’*® consensus sequence was
substituted for its amide-containing complement (N534Q). The mutation was
generated with the forward oligonucleotide (N523Q-F) 5-
GATGAAAGATTATCAACAAAGCAATGTG-3’ and the reverse
oligonucleotide (N534Q-R) 5-CACATTGCTTTGTTGATAATCTTTCATC-3’
using the QuikChange® II XL Site-Directed Mutagenesis Kit (Stratagene)
following the manufacturer’s protocol with plasmid pMAF10 carrying the C.
Jjejuni pglB gene as template. Transformation of XL10-Gold® ultracompetent cells
with the mutagenized plasmid resulted in plasmid pNQI1, which was isolated
using the GeneJET  Plasmid Miniprep Kit (Fermentas). The presence of the
desired point mutation was confirmed by DNA sequencing (Molecular Biology
Service Unit, University of Alberta) as carried out using the BigDye® Terminator
v3.1 Cycle Sequencing Kit following the manufacturer’s protocol (Applied
Biosystems) with N534Q-R as the sequencing primer.

To add a hexahistidine tag to the PgIB(N534Q) mutant, the pg/B gene
carrying the N534Q mutation was amplified by PCR with oligonucleotides
PglBNdel-F  (5-AATATATAACATATGTTGAAAAAAGAGTATTTAAAAA-
ACCC-3’) and PgIBXhol-R (5-TATGGCTCGAGTTTAAGTTTAAAAACCTT-

AGC-3’) using the Platinum® Pfx DNA Polymerase Kit (Invitrogen) with pNQ1
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Table 3.1. Bacterial strains and plasmids used in this study

Strain or

. Characteristics Source

plasmid

E. coli
F endAl hsdR17 supE44 thi-1 recAl A (argF-lacZYAYU169 .

PH5a (80d lacZ A MI5) gyrA96 X Invitrogen

CLM24 W3110, Awaal Feldman et al., 2005

€43 (DE3) F ompTga{ hsdSp (rB., mg ") dem lon ADE3 with two Lieral. 2010
uncharacterized mutations

BL21 (DE3 F ompTgaI dem lo.n hsdSg(rg” mg) A(DE3 [lac! lacUVS5-T7 Wacker ef al., 2002
gene 1 indl sam7 nin5))

SCM7 SUI874, Awec Alaimo et al., 2006

C600 (RK212.2)

leu thr thi lacy supE44 tonA; pRK212.2, Amp®, Tet®

Figurski &
Helinski, 1979

C. jejuni
81-176 Clinical 1solate Korlath et al., 1985
11168 NCTC Clinical isolate used for genome sequencing Parkhill et al., 2000

11168-pgi/B::Kan
11168-pgiB(pCj-

pglB mutant, Km®
pg/B mutant complemented with pCE111-28 carrying pg/B,

Nothaft er al., 2009
Nothaft er al., 2009

pg/B) Kan®, Cm®

11168-pg/B(pCj-  pg/B mutant complemented with pCE111-28 carrying

P2Bw) P&!B o, Kan®, Cm® Nothaft ef al., 2009

Plasmids

pACYC(pg) Encodes the C. jejuni pgl locus, Cm" Wacker ef al., 2002
Encodes the C. jejuni pgl locus with a mutation at WWDYG 5

pACYC(pgluur) in PgB, CmR Wacker et al., 2002

pACYC(pgl- N . Lo r  Provided by

ApgiB) Encodes the C. jejuni pgl locus with a deletion in PgIB, Cm Bernadette Beadle

pET24b-acrA

Soluble periplasmic C. jejuni acrAy;s under controi of T7
promoter, in pET24b, AmpR
Soluble periplasmic C. jejuni acrAy;s under control of Tet

Wacker et al., 2002

pWA2 promoter, in pBR322, AmpR Feldman et al., 2005
. . . . R Lefebre & Valvano,

pMLBAD Cloning vector, arabinose-inducible, Tmp 2002

pMAF10 HA-tagged C. jejuni pglB cloned in pMLBAD, TmpR Feldman er al., 2005

pWAI HA-tagged C. jejuni pgiBy,, cloned in pMLBAD, Tmp® Feldman et al., 2005

pNQI HA—tl?gged C. jejuni pgiB(N534Q) cloned in pMLBAD, This study

pET24-PgiBwr
pET24—Pg] BN534Q

pCE111-28
pCj-pglBNQ

Tmp

His-tagged C. jejuni pglB cloned in pET24, Kan®
His-tagged C. jejuni pgIB(N534Q) cloned in pET24, Kan®
C. jejuni expression vector, plasmid pRY111 with ®®
promoter of flad, Cm"

C. jejuni pgIB(N534Q) cloned in pCE111-28, Cm®

Glover et al., 2005
This study

Larsen et al., 2004
This study

as template and following the manufacturer’s protocol. The oligonucleotide
PglBXhol-R encodes the His6-tag for purification by immobilized nickel ion
chromatography and also assists with following PglB expression during Western
blotting. To clone the PCR product in a pET24 vector, the pET24b-acr4 plasmid
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was first digested with Ndel and Xhol restriction enzymes (Fermentas). The DNA
fragments were then separated and visualized by agarose gel electrophoresis. The
pET24b vector was recovered from a 1% agarose gel and purified using the
QIAquick® Gel Extraction Kit (Qiagen) according to the manufacturer’s
directions. The PCR product was also digested with Ndel-Xhol, purified, and
cloned in the same sites of the purified pET24b vector using the T4 ligase
(Fermentas) with a vector:insert ratio of 1:5 (10-20 ng of vector DNA) incubated
overnight at 16°C (Sambrook & Russell, 2001). Chemically competent E. coli
DH5a cells (Invitrogen) were transformed with the overnight ligation reaction as
per the manufacturer’s instructions. The resulting plasmid pET24-PglBnsiaq was
confirmed by restriction analysis.

For genetic manipulations of C. jejuni 11168, the pg/B gene carrying the
N534Q mutation was amplified by PCR with oligonucleotides pglBBamHI-F (5°-
ATTAGCGGATCCTACCTGACGCTTTTTATCGC-3") and pglBXhol-HA-R
(5’-TATACTCGAGTTAAGCGTAATCTGGAACATCGTATGG-3") where
BamHI and Xhol restriction sites were inserted at the flanking regions of the pg/B
gene using Vent polymerase (NEB) and pNQ1 as template. The PCR products and
the chloramphenicol-resistant C. jejuni-E. coli shuttle vector pCE111-28 were
double digested with BamHI and Xhol restriction enzymes (Fermentas) and
purified using the QIAquick® Gel Extraction Kit (Qiagen). The purified DNA
fragments were ligated together using the T4 ligase (Fermentas). Transformation
of the ligation reaction into £. coli DH5a resulted in plasmid pCj-pg/BNQ and

was confirmed by restriction analysis.
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3.2.3. Expression of the PgIB point mutant in E. coli and purification of AcrA

E. coli CLM24 cells were transformed in a stepwise manner with
pACYC(pgiB,.) encoding the C. jejuni pgl locus with an inactive pg/B gene,
pWA2 encoding a soluble form of the C. jejuni glycoprotein AcrAgnis, and pNQI
carrying the pglB N534Q point mutant. For negative controls, the E. coli strain
co-expressing pACYC(pg/Bn.) and pWA?2 were individually expressed with the
pMLBAD empty vector and pWA1 encoding an inactive pg/B gene with a
mutation in the WWDYG motif (W458A, D459A). As a positive control,
pMAF10 encoding the wildtype pg/B was expressed in E. coli. All of the pglB
genes cloned in the pMLBAD vector encode an HA-tag to follow PglB
expression. All strains were grown in LB broth from 5 mL overnight cultures at
37°C with shaking to an ODggo of 0.5-0.6 and induced with 0.2% L-arabinose
(wt/vol). After 4 hrs, cells were harvested by centrifugation (3,696 x g, 15 min,
4°C) and the pellets were resuspended in 5% of the original culture volume in
phosphate-buffered saline (PBS), pH 7.2. Samples were kept on ice and whole
cell lysates were prepared by sonication (3 x 1 min) with a Branson sonicator and
soluble proteins were obtained by centrifugation (16,260 x g, 20 min, 4°C).
Protein concentrations in the supernatant were determined using the NanoVue"
Plus Spectrophotometer (GE Healthcare) at an absorbance reading of 280 nm
(Az80). Protein samples were all set to the same concentration. PgIB protein
expression was confirmed by Western blot analysis using HA-tag specific

antibodies.
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For AcrA purification, whole cell lysates were set to the same protein
concentration, subjected to nickel affinity chromatography (NTA agarose,
Qiagen), washed with 10 column volumes of 20 mM imidazole in 1xPBS and
eluted with 500 mM imidazole in 1xPBS. The samples were dialyzed against
1xPBS overnight at 4°C to remove imidazole and other small contaminants using
the Slide-A-Lyzer Dialysis Cassettes, 3.5 K MWCO (Thermo Scientific). Protein
concentrations of the AcrA samples were then determined spectrophotometrically
(Azs0). The glycosylation status of purified AcrA was analysed by Western
blotting using AcrA-specific and C. jejuni-N-glycan specific antibodies.

3.2.4. Complementation of PglBns;4¢ in C. jejuni pglB mutant

For conjugation, the pCj-pg/BNQ shuttle plasmid was isolated from E. co/i DH5a
and re-transformed into E. coli C600 harbouring the conjugative plasmid
pRK212.2. The shuttle plasmid was then conjugated from E. coli RK212.2 to C.
Jjejuni 81-176 by following the protocol of Labigne-Roussell and colleagues
(1987). The Campylobacter-methylated plasmid was isolated using the GeneJET
Plasmid Miniprep Kit (Fermentas) and then complemented into a C. jejuni 11168
pglB mutant background by natural transformation. The transconjugants were
selected on MH agar containing the appropriate antibiotics, incubated for up to 72
hrs under microaerobic conditions, restreaked and stored as frozen glycerol stocks
(-80°C) until needed. Whole cell lysates of C. jejuni 11168 were prepared as
described in section 2.2.4. The glycosylation status of AcrA was analyzed by

Western blotting using AcrA-specific antibodies.
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3.2.5. Semi-quantitative mass spectrometry (sqMS)-based fOS analyses

Free glycans from the C. jejuni 11168 pgiB mutants were prepared and analyzed
as described in section 2.2.5. Samples were prepared to a final concentration of 5
mg/mL and analyzed using a 4000 Q-Trap® mass spectrometer (Applied
Biosystems/MDS Sciex) with a capillary electrophoresis interface as previously
described (Liu et al., 2006; Nothaft et al., 2009). fOS analysis were repeated in
triplicate and the average relative quantities were determined.

3.2.6. PgiB overexpression and purification

The plasmids pET24-PglBwr and pET24-PglBnsiao were expressed in E. coli
C43(DE3). Starting from 10 mL overnight cultures, the £. coli strains were each
grown in 1L of 2xYT broth at 37°C with shaking. When the cells reached an
ODggo of 0.95-1.05, the cultures were induced by the addition of IPTG to a final
concentration of 0.1 mM. The temperature was reduced to 30°C and the cell
cultures were incubated for an additional 5 hrs. The following steps were
performed at 4°C. Cells were harvested by centrifugation (5,000 x g, 15 min) and
resuspended in 5% of the original culture volume in cold lysis buffer (50 mM
Tris-HC1 (pH 8.0), 250 mM NaCl, cOmplete” EDTA-free protease inhibitor
cocktail (Roche), DNAsel (25 pg/mL)). Cells were disrupted using a Cell
Disrupter (TS Series Benchtop, Constant Systems Ltd.) followed by
centrifugation (16,260 x g, 20 min) to remove unbroken cells. The membrane
fraction was isolated from the supernatant by ultracentrifugation (200,000 x g, 70
min). The membrane pellets were subsequently resuspended in resuspension

buffer (50 mM Tris-HCI (pH 8.0), 250 mM NaCl, 10 mM imidazole, 5% (v/v)
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glycerol, 1% (w/v) DDM) and incubated overnight at 4°C with slow shaking. The
insoluble fraction was then removed by a second ultracentrifugation step (200,000
X g, 70 min) and the supernatants were subjected to nickel affinity
chromatography (NTA agarose, Qiagen) to purify PglBwr and PglBnsaaq.

The Ni-NTA column was pre-equilibrated with 10 column volumes of
equilibration buffer (50 mM Tris-HCI (pH 8.0), 250 mM NaCl, 10 mM imidazole,
5% (v/v) glycerol, 0.5% (w/v) DDM). The supernatant was loaded onto the
column, the flow through was collected, and the resin was washed with another 10
volumes of equilibration buffer. The resin was washed again with 10 volumes of
washing buffer (50 mM Tris-HCI (pH 8.0), 250 mM NaCl, 50 mM imidazole, 5%
(v/v) glycerol, 0.5% (w/v) DDM) and the PglB proteins were eluted with 5 x 500
pL of elution buffer (50 mM Tris-HCI (pH 8.0), 250 mM NaCl, 250 mM
imidazole, 5% (v/v) glycerol, 0.5% (w/v) DDM), yielding pure fractions of
PglBuiss. The elution fractions were desalted against buffer containing 50 mM
Tris-HCl (pH 8.0), 5% (v/v) glycerol, and 0.5% (w/v) DDM using a PD-10
Desalting column (GE Healthcare). Protein concentrations were measured using
the DC™ Protein Assay Kit (Bio-Rad) following the manufacturer’s instructions.
The PglB proteins were stored at 4°C until needed.

3.2.7. Purification of AcrApiss

The plasmid pET24b-acrA carrﬁng the AcrAp;s protein was expressed in E. coli
BL21 (DE3) and purified as described (Wacker et al., 2002). Briefly, the E. coli
strain was grown at 37°C with shaking in 1L of 2xYT broth supplemented with

ampicillin. When the ODggp reached 0.5-0.6, the culture was induced with 0.1 mM
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IPTG and was further incubated overnight at 37°C. Cells were harvested (5,000 x
g, 15 min, 4°C), resuspended in 5% of the original culture volume of 1xPBS (pH
7.2), and lysed using the Cell Disrupter (TS Series Benchtop, Constant Systems
Ltd.). The soluble fraction was isolated by centrifugation (16,260 x g, 20 min) and
the supernatant was subjected to Ni-NTA purification as described 2.2.3. The
samples were dialyzed against 1XxPBS overnight at 4°C and the protein
concentration of AcrApiss was determined spectrophotometrically (Aaso).

3.2.8. Preparation of LLOs

LLOs were obtained from E. coli SCM7 harboring the plasmid pACYC(pglu:)
using a modified protocol as described by (Reid ez al., 2009). Briefly, cells were
grown in 1L of 2xYT and incubated overnight at 37°C with shaking. Cells were
harvested by centrifugation (5,000 x g, 15 min, 4°C), washed with 0.9% NaCl
solution, and recentrifuged (3,696 x g, 15 min, 4°C). Lipids were sequentially
extracted from the cell pellet with 2:1 chloroform/methanol and 10:20:3
chloroform/methanol/water (2 x 20 mL). The cell debris was removed by
centrifugation (3,696 x g, 15 min, 4°C) and the supernatants were pooled together
before evaporating to dryness with low heat and stirring. Dried lipids were
dissolved in 1 mL of 9:1 ethanol:methanol and further diluted 10 fold in Buffer A
(10 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM EDTA) and incubated with 100
uL of Soybean-agglutinin-agarose (EY-Labs) for 1 hr to enrich for LLOs. The
mixture was centrifuged (2200 x g, 5 min, 4°C) and the resin was subsequently
washed with 3 x Buffer A. Bound LLOs were then eluted with 2 mL of 0.2 M D-

galactose in 100 mM Hepes (pH 7.4).
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3.2.9. In vitro PgIB activity assay

In vitro PgIB activity was assayed as previously described (Faridmoayer ez al.,
2008) with appropriate modifications. First, 30 uL of LLOs were dried under
vacuum and resuspended in 10 pL of DMSO. Subsequently, 50 pL of reaction
buffer (50 mM Tris-HCI (pH 8.0), 280 mM sucrose), 2 pL of 1 M MnCl,, 500 ng
of purified AcrAuiss, and 1 pg of PglB were added to the tube containing LLOs.
The volume was adjusted to 100 pLL with water and the mixture was incubated
overnight at 30°C with shaking. To analyze protein glycosylation, the reaction
was immediately TCA precipitated, dissolved in 20 pL of 2X SDS sample buffer,
and applied to 10% SDS-PAGE. AcrAuiss proteins were detected by Western
blotting using AcrA-specific and C. jejuni-N-glycan specific antibodies.

3.2.10. Western blot analysis

Protein expression and glycosylation were analyzed by SDS-PAGE on 10% gels
followed by Western transfer analysis as described in section 2.2.6. Primary
antibodies were used at the following dilutions: 1:2,000 for HA-specific (Santa
Cruz), 1:2,000 for His-specific (monoclonal, Santa Cruz), 1:6,000 for AcrA-
specific (kindly provided by Dr. Mario Feldman), and 1:10,000 C. jejuni-N-
glycan-specific antisera. Alkaline phosphatase conjugated anti-rabbit and anti-

mouse IgG (Santa Cruz) served as the secondary antibodies at 1:2,000 dilution.

3.3. Results
3.3.1. Site-directed mutagenesis and expression of PgiBns340
To analyze the importance of self-glycosylation of PglB, the amino acid

substitution of N534 to Q534 within the ***DYNQS™® consensus sequence was
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made. The mutation was generated by site-directed mutagenesis using an HA-
tagged version of PglB expressed under the control of an arabinose inducible
promoter. Sequencing results confirmed the amino acid substitution at the desired
site. The mutated-pg/B allele was expressed in E. coli and the PgIB point mutant
(PglBns3sq) protein was visualized by Western blotting with anti-HA antibodies
showing that the introduction of this point mutation had no affect on PgIB protein
expression.

3.3.2. PgiBns3q49 activity in E. coli and C. jejuni

To see if the point mutation had an affect on PglB function, the in vivo PgIB
activity was investigated in the heterologous E. coli system and by
complementation of a C. jejuni pgiB mutant. Three plasmids containing: a His6-
tagged C. jejuni glycoprotein AcrA (AcrAuiss), the C. jejuni protein glycosylation
(pgl) operon containing a deletion in pgl/B, and the PglBns34g mutant were co-
expressed in E. coli CLM24 (an O-antigen ligase mutant where the produced
undecaprenyl-pyrophosphate-glycan is transferred to an acceptor protein rather
than to lipid A). Periplasmic E. coli AcrApis protein was purified by Ni-NTA
affinity chromatography and examined by Western blotting with monoclonal anti-
His antibodies. With respect to the wildtype PglB, which serves as a positive
control and results in the expression of double-glycosylated AcrA, there was no
change in glycosylation with the PglB N534Q point mutant. This was also
confirmed by Western blot analysis with anti-C. jejuni-N-glycan specific antisera
(Fig. 3.2A). The PglBns3so mutant was also complemented into a C. jejuni pglB

mutant background. Again, no considerable difference in glycosylation efficiency
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was observed for the N534Q mutant as visualized by Western blotting with anti-

C. jejuni-AcrA specific antisera (Fig. 3.2B).
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Figure 3.2. Western Blot analysis of the pg/B N534Q mutant in £. coli and C.
Jjejuni. A) PglBmu, PglBy: and the N534Q mutant were each co-expressed in E.
coli with the C. jejuni pgl operon and a His6-tagged C. jejuni glycoprotein AcrA
as an N-glycosylation acceptor. The periplasmic E. coli AcrA-His proteins were
purified by Ni-NTA affinity chromatography and examined by Western blotting
with anti-AcrA and anti-N-glycan specific antisera as indicated. B)
Complementation of a chromosomal C. jejuni pglB knock-out mutant with the
pglBy., pglBma, and pgiBys:s mutant alleles. PgIB activity was visualized by
Western blotting with C. jejuni AcrA specific antibodies. Molecular weight
masses are indicated in kDa on the left of each blot. The glycosylation state of

AcrA is indicated on the right.
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3.3.3. Analysis of fOS production in C. jejuni

We also examined whether modification of the consensus sequence in PglB
influences the release of free oligosaccharides (fOS) in C. jejuni (in collaboration
with Dr. Liu and Dr. Li, National Research Council, Ottawa). Although
complementation of the C. jejuni pglB mutant with the PglBns:q mutant did not
show an affect on protein N-glycosylation, the same complement with PglBnsaaq
showed a 2-fold reduction in fOS production (Fig. 3.3). However, this PglBns3s0
mutant shows variable levels of fOS production in C. jejuni. When compared to
the wildtype fOS levels (set to 100%), the PglBns34q9 mutant produced 18%, 40%,
and 16% of fOS when comparing biological triplicates for analysis. The level of
variation suggests that self-glycosylation may be modulating the hydrolase
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Figure 3.3. The role of the BIDHYNQS™® consensus sequence in C. jejuni PglB

% fOSin C. jejuni 11168

fOS production. The amount of fOS released in C. jejuni was determined using
semi-quantitative mass spectrometry. The complemented C. jejuni pglB N534Q
mutant shows a decrease in fOS production compared to the wildtype
complement. Results obtained are from biological triplicates; asterisks indicate

p<0.05.
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3.3.4. In vivo PgiB self-glycosylation

To understand the conditions under which PgIB glycosylates itself, five E. coli
C43 strains were constructed expressing: 1) the pg/B gene alone; 2) the pg/B gene
with the C. jejuni pgl operon containing a pgi/B deletion (4pg/B); 3) the pgl/B gene
with the C. jejuni pgl(4pgiB) operon and AcrAnise; 4) the pg/B gene with the C.
Jjejuni pgl(dpglB) operon and an AcrApise glycosylation mutant (N123L, N273L);
and 5) the pgl/Bys3so mutant with the C. jejuni pgl(dpgl/B) operon and AcrAy;ss.
Solubilized membrane fractions containing the PglBy;is¢ proteins were prepared by
ultracentrifugation and purified by Ni-NTA affinity chromatography. Elution
fractions containing purified PglB were subjected to SDS-PAGE and stained (Fig.
3.4). Glycosylation of PgIB and AcrA proteins were analyzed by Western blotting
with anti-His and anti-N-glycan antibodies (Fig. 3.5). All of the PgIB proteins
were expressed at the expected mass as confirmed with His-specific antisera.
Glycosylation of wildtype PgIB was observed in E. coli strains co-expressed with
the C. jejuni pgl(dpglB) operon and AcrApis (wildtype and mutant forms).
Interestingly, glycosylation of PglB was observed in the absence of the protein
acceptor AcrApiss. Moreover, the PglBnsisq mutant was not able to self-
glycosylate, but was still able to modify AcrAyis. Proteins samples were also
probed with AcrA-specific antibodies to confirm that the N-glycan modified
protein bands are not PglB degradation products, but indeed the AcrAp;s¢ protein

(Fig. 3.5).
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€ PgiB

Figure 3.4. Purification of His6-tagged C. jejuni PgIB by Ni-NTA affinity
chromatography. PgIB membrane fractions were purified from E. coli C43 strain
expressing the C. jejuni wildtype PglB. Purified proteins were analyzed by SDS-
PAGE and visualized by Coomassie Blue staining. The supernatant before
ultracentrifugation of lysed E. coli cells was collected (Sup); membrane fractions
of E. coli after ultracentrifugation (Mem); flow-through of samples during
purification (FT); His-tagged PglB coupled to the Ni-NTA agarose washed with
buffer containing 20mM imidazole (W1) and 50mM imidazole (W2); PglB-His
was eluted with ImL of elution buffer containing 250mM imidazole (E1-E4).
PgIB is indicated with an arrow. The molecular masses are shown in kDa on the

left of the gel.
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Figure 3.5. Glycosylation of C. jejuni PgIB. PglIB proteins were purified from E.
coli C43 strain expressing PglIB alone, PgIB with the C. jejuni pgl operon, PgIB
with the C. jejuni pgl operon and AcrA acceptor protein, PgIB with the C. jejuni
pgl operon and an AcrA glycosylation mutant (N123L, N273L), as well as the
PgIB(N534Q) mutant with the C. jejuni pgl operon and AcrA acceptor protein.
Purified PgIB proteins were analyzed by Western blot using anti-His, anti-N-
glycan and anti-AcrA specific antibodies. Protein bands which result from PgiB
degradation overlap with AcrA. PglB and AcrA are indicated with an arrow. The

molecular masses are shown in kDa on the left of each blot.

112



3.3.5. In vitro protein glycosylation

Activity of the purified PgIB proteins was assayed in vitro following a modified
protocol (Faridmoayer ef al., 2008). The activity of the wildtype, unglycosylated
form of PgIB (PglBwr), and the consensus sequence mutant PglBnsisq were
examined. These two PgIB proteins were analyzed in order to compare the
hydrolase activities of the OTase, which may be influenced by the glycosylation
status of the enzyme. Each of the PgIB proteins was co-incubated with LLOs and
AcrA overnight at 30°C. Western blot analysis of TCA precipitated proteins from
the reaction mixture showed the glycosylation of AcrA using anti-N-glycan
antibodies, which confirms that the PglB proteins are active (Fig. 3.6). Detection
with anti-His antibodies, only showed the expression of AcrA, but did not show

PglB, indicating that PgIB is degraded over time.
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Figure 3.6. PgIB activity assay. The activity of PglBwr and PglBns3aq were tested
in an in vitro assay where purified proterins were co-incubated with LLOs and
AcrAyisse. Western analysis shows the detection of AcrA in each of the reaction
mixtures using anti-His antibodies and glycosylation of AcrA is observed only in
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the presence of PgIB as detected by anti-N-glycan antibodies. AcrA is indicated

with an arrow. The molecular masses are shown in kDa on the left of each blot.

3.4. Discussion
Protein N-glycosylation has been demonstrated to play several important
roles for the biology of C. jejuni. Disruption of the N-glycosylation pathway in C.
Jjejuni does not affect its viability, but rather has multiple pleiotropic effects for
the organism including the decrease of mouse and chicken colonization in vivo
and the reduction of adherence and invasion of host epithelial cells in vitro
(Szymanski et al., 2002; Karlyshev et al., 2004). The N-glycan has also been
shown to be recognized by the host immune system during infection, where
absence of the carbohydrate moiety results in a dramatic reduction in protein
immunoreactivity with both human and animal sera (Szymanski et al., 1999;
Szymanski ef al., 2005). Although many different proteins are N-glycosylated in
C. jejuni, not all protein functions are influenced by the glycan modification
(Kakuda & DiRita, 2006; Davis et al., 2009; Scott et al., 2009). However, the N-
glycan has been demonstrated to play a role in protein complex formation. The
type IV secretion system in C. jejuni strain 81-176 contains the glycoprotein
component VirB10 that, when mutated at its glycosylation site, resulted in
reduced natural competence levels (Larsen et al., 2004).
PglIB is the key enzyme of the N-glycosylation process responsible for
the transfer of oligosaccharides from the lipid carrier to asparagine residues within

protein acceptors. The identification of a glycosylation site within C. jejuni PgIB

114



led us to examine whether self-glycosylation of PgIB affects its function. In this
study, we constructed a point mutant in the consensus sequence found within the
soluble domain of C. jejuni PglB (*’’DYNQS>®). The PglBysiso mutant was
expressed and analyzed in both the heterologous E. coli host and the native C.
jejuni host. Our experiments show that the PglBns3ag mutant does not influence
protein glycosylation, but shows an affect in fOS production. This suggests that
self-glycosylation may be modulating the hydrolase activity of PglB.

We also investigated the conditions under which PglB auto-glycosylates.
PglB modifies itself in vivo when co-expressed with the C. jejuni pgl(4pglB)
operon in the presence of either a wildtype or glycosylation mutant AcrA. It has
been suggested that PglB changes into an active conformation when tightly bound
to a peptide or protein at their glycosylation sequons (Lizak et al., 2011). Our
result that PgIB self-glycosylates in the absence of AcrA, which served as an
acceptor protein, suggests that PglB is binding to another PglB protein that carries
the acceptor sequon in order to change into an active conformation and self-
glycosylate. Specifically, PglB may not be self-glycosylating per se, but rather
modifying other PgIB proteins adjacently located along the membrane since it has
been shown that hydrophobic integral membrane proteins are significant targets of
N-glycan modification (Nothaft et al., 2008; Scott et al., 2009).

The crystal structure of the C. jejuni PglB C-terminal soluble domain
showed that the consensus sequence at N534 is located in a surface exposed
flexible loop (Maita et al., 2010). It has been demonstrated that glycosylation sites

are located in the flexible loops of folded proteins, which would permit access to
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PgIB (Kowarik et al., 2006a). This is also supported by the crystal structure of the
C. jejuni N-glycoprotein PEB3 where the key residues within the consensus
sequence are well exposed on the surface (Rangarajan et al., 2007). In addition,
the three-dimensional structure of a truncated glycoprotein from C. jejuni
(AcrA®'219%%y containing the N-glycan of C. jejuni was determined by NMR
spectroscopy demonstrating that the glycosylation site is also located in a flexible
region modified with a well-defined rod-like glycan structure (Slynko et al.,
2009). Therefore, the location of the consensus sequence within PgIB may allow
for the control of allosteric effects.

N-linked glycosylation of OTase subunits in eukaryotes has been found to
be important for enzyme function. In S. cerevisiae, the OTase is assembled into a
multimeric complex composed of at least eight different subunits, each of which
is required for enzymatic activity (Yan & Lennarz, 1999). Three of the essential
proteins, Ostl, Wbpl, and Stt3, are N-linked glycoproteins. Mutagenesis studies
were carried out at the N-glycosylation sites of each protein, but only the Stt3
glycosylation mutant exhibited defects in growth and OTase activity (Li et al.,
2005). These studies demonstrated that N-glycosylation of Stt3 is essential for its
function in the OTase complex and it was suggested that the N-glycan might serve
to support protein folding and structure (Li et al., 2005).

PgIB shares significant levels of sequence similarity with the Stt3 protein,
which is the central catalytic subunit of the eukaryotic OTase complex (Wacker et
al., 2002; Yan & Lennarz, 2002). Unlike the eukaryotic Stt3 subunit, the OTase

activity of PglB is not affected by removing the acceptor asparagine found within

116



the glycosylation site. However, fOS production decreases when PgIB is not
modified with the N-glycan, suggesting that PglB possesses an autoregulatory
mechanism to modulate the hydrolase activity. Covalent modifications have been
shown to regulate enzyme activity. In eukaryotes, -N-acetylglucosamine (O-
GlcNAc) modification of proteins at the hydroxyl groups of Ser and Thr residues
has been described as a fundamental regulatory mechanism for cell division,
metabolism, transcription and cell signaling (Mishra et al., 2011). O-GlcNAc
modification occurs within the nucleus and cytoplasm of the cell and involves the
cycling of the O-GlcNAc transferase and O-GlcNAcase to attach and hydrolyze
the O-GlcNAc from proteins, respectively (Hart & Akimoto, 2009). Specific roles
for O-GlcNAc¢ have been defined to include: signaling nuclear transport,
regulating the assembly of protein complexes, and modulating proteolytic
processing of proteins (Zachara & Hart, 2002). O-GIcNAc cycling shares some
similarities with the regulation of protein phosphorylation.

In both eukaryotic and bacterial cells, protein phosphorylation plays an
important role in the regulation of physiological processes (Deutscher & Saier Jr,
1988). In E. coli, the isocitrate dehydrogenase (IDH) is an enzyme that is involved
in the Krebs cycle to control the regular flux of carbon at the critical junction
between the Krebs cycle and the glyoxylate shunt (Zheng & Jia, 2010). IDH is
regulated by the isocitrate dehydrogenase kinase/phosphatase, where IDH is
inactivated by the addition of a phosphate and reactivated by removal of the
phosphate. Another example of enzyme activity regulation is found in the

bacterial RecA protein. RecA is a recombinase functioning in recombinational
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DNA repair and is regulated at three levels: rec4 gene expression, RecA protein
autoregulation, and modulation by other proteins (Cox, 2007). Autoregulation of
the RecA protein function occurs at the C-terminal 17 amino acid residues, where
removal of this peptide enhances almost all RecA functions (Lusetti ef a/., 2003).
Therefore, covalent modifications such as phosphorylation, acetylation, and even
N-glycosylation regulate enzyme activity by modifying the properties of the
enzyme, and thus its function.

Furthermore, C. jejuni produces free glycans in the periplasm that are
present in tenfold excess to the N-linked form (Liu et a/., 2006). The release of
fOS in C. jejuni has been reported to occur in response to the bacterial growth
phase and to changes in the osmolarity of the environment, where fOS production
decreases with increasing concentrations of salts and sucrose (Nothaft er al,
2009). The periplasmic space of many proteobacteria have been found to contain
large amounts of osmoregulated periplasmic glucans (OPGs), which are made of
oligosaccharides that comprise a number of D-glucose sugars linked by B-
glycosyidic bonds (Bohin, 2000). The concentration of OPGs in the periplasm
increases during low osmotic shifts in order to increase the periplasmic volume of
the cell (Bohin, 2000). Therefore, it has been suggested that the underlying
regulatory mechanism of C. jejuni fOS is similar to OPGs for providing an
appropriate periplasmic density of the cell (Nothaft et al., 2009).

In eukaryotes, the release of fOS has been described to be generated in the
lumen of the endoplasmic reticulum (ER) and in the cytosol (Suzuki & Funakoshi,

2006). Recent studies have demonstrated that fOS are derived from the processing
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of N-glycans on misfolded glycoproteins during the ER-associated protein
degradation pathway in yeast (Hirayama et al., 2010). The mechanism of fOS
release in the ER is unclear; however, removal of the glycans on proteins in the
cytosol is achieved by peptide-N-glycanase (PNGase), which cleaves the amide
bond in the side chain of modified asparagine residues (Suzuki & Funakoshi,
2006). It has also been described that in mammalian cells fOS are generated from
lipid-linked oligosaccharides by the activity of a pyrophosphatase (Chantret &
Moore, 2008). In addition, it has been suggested that fOS are generated by the
OTase in the absence of a sufficient protein. acceptor, and that the glycans are
transferred from their lipid carriers to water instead (Spiro & Spiro, 1991; Villers
et al., 1994). Therefore, the role of fOS in higher eukaryotes remains unclear.
Alternatively, fOS production in C. jejuni is regulated by the osmotic
changes in the environment. However, we observe reduction in fOS by the PglB
consensus sequence mutant in standard laboratory conditions without the
supplement of osmolytes as compared to its wildtype counterpart. Further
investigation will be needed to unravel the biological significance of PgIB self-
glycosylation in C. jejuni in order to determine whether modification of PgIB
allows the enzyme to detect changes in osmolarity or whether the mutation on

PgIB affects its structure and function.
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4.1. Research purpose

My research project entailed the functional characterization of the
Campylobacter PgIB enzyme, an OTase responsible for the transfer of glycans
onto asparagine residues of acceptor proteins during the process of N-linked
protein glycosylation. The objectives of this research were to identify new amino
acid residues that are important for C. jejuni PglB (CjPglB) activity, compare
sequenced Campylobacter PglB enzymes, and explore the possible autoregulatory
mechanism of PglIB. Identification of important residues that are required for the
function and/or structure of PglB would further enhance our current
understanding of the underlying mechanism and principles of N-glycosylation.
Moreover, my project focused on characterizing Campylobacter PgIB enzymes in

order to improve OTase activity for glycoprotein engineering.

4.2. Summary and future directions

At the onset of this thesis project, the only residues shown to be required
for CjPglIB activity were found within the highly conserved STWWDYG*! motif
(W458, D459) located within the soluble C-terminal domain (Wacker et al.,
2002). Another conserved motif, DXXK, was identified within the C-terminal
domain of a functionally equivalent archaeal OTase of P. furiosus and was also
shown to be required for activity in eukaryotes (Igura ef al., 2008). The DXXK
sequence is also present within CjPgIB (residues 519-522). Coincident with my
studies, a 2.8 A resolution crystal structure of the C-terminal soluble domain of

CjPgIB was published, which revealed another catalytic motif in PglB where
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SEMXXI"! residues occupy the same positions as the DXXK residues in the
archaeal OTase (Maita et al., 2010).

The first objective of my Master’s project was to identify additional amino
acids required for CjPglB function by using a bioinformatic approach and
generating point mutations at specific amino acid sites (see Chapter 2). Through
multiple sequence alignments, we identified a second BPXXK*™ motif located
12 amino acids away from the signature WWDYG motif that is conserved in all
sequenced Camplobacter PgIB sequences (residues 475-478 in (jPgIB) and other
epsilon- and delta-Proteobacteria. 1 examined whether this highly conserved
DXXK sequence is necessary for CjPgIB activity by generating amino acid
substitutions at the D and K sites. /n vivo PglIB activity was investigated in both
the heterologous E. coli system and the native C. jejuni host using AcrA as the
model acceptor protein. I showed that protein glycosylation is considerably
reduced for the D475V point mutant in £. coli and for the D475V and K478V
point mutants in C. jejuni. Furthermore, the requirement of the DXXK motif for
release of fOS was examined by semi-quantitative mass spectrometry (in
collaboration with Dr. Jianjun Li, NRC, Ottawa). We found that the CjPgIB
D475V and K478V single point mutants showed a corresponding decrease of this
pathway product. In collaboration with Dr. Ken Ng (University of Calgary), the
available crystal structure of the soluble portion of CjPgIB was analyzed to reveal
that the DXXK motif is located directly above the highly conserved WWDYG
motif. Modeling of the available crystal structure for CjPgIB revealed that the D

and K residues do not interact with each other, but may form salt bridges to hold
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PgIB in its active conformation. Loss of the two wild-type salt-bridges may alter
the conformation of the DXXK loop away from the active conformation. We
propose that the DXXK motif plays an important structural role for PglB OTase
and hydrolase activities.

Future work is still required to develop a quantitative assay that can be
used to measure the OTase activity of the PglB mutants that have been
constructed. Currently, the OTase efficiency of PglB was analyzed by detecting
the glycosylation state of AcrA by Western blotting. A reliable, faster, and more
sensitive detection method needs to be developed for glycoprotein-quantification.
I have been working on an ELISA-based method to quantify PgIB activity by
analyzing the glycosylation state of AcrA (see Appendix 1). I was using nickel-
coated 96-well plates that allow binding of His-tagged AcrA. This one-step
purification method would allow me to quantify the ratio of glycosylated AcrA
over the total number of AcrA bound to the wells of the plate using N-glycan- and
AcrA-specific antisera. However, 1 was obtaining values with high standard
deviations due to the high level of background observed in each sample. After
having little success with the optimization process of this ELISA-based assay, we
decided to quantify the intensity of the protein bands observed on the Western
blot membranes by using densitometry.

In addition, another study is being carried out in the Szymanski lab to
develop a quantitative assay to measure the OTase activity of PglB. Dr. Abofu
Alemka, a post-doctoral fellow in our lab, is working in collaboration with Dr.

Chris Cairo (Department of Chemistry, University of Alberta) to develop a
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general protease-protection assay to monitor the OTase activity of PgIB. In this
approach, a short peptide is synthesized with a fluorescent dye/quencher pair
signal that contains a unique protease site adjacent to the glycosylation site (D/E-
X1-N-X,-S/T). The peptide substrate is subjected to an in vitro glycosylation
reaction and then treated with a protease, followed by the measurement of excited
light that is absorbed at a different wavelength depending on whether the peptide
is intact or cleaved. This assay will be useful to compare the various CjPgIB
mutant constructs to the wild-type CjPglB enzyme generated in this study, and
also for comparing activities of the PglB enzymes from sequenced Campylobacter
species and other proteobacteria.

The second objective of my project was to compare the OTase activity of
sequenced Campylobacter PglB enzymes (see Chapter 2). We analyzed the
multiple sequence alignment of Campylobacter PglB enzymes once more and we
identified that further downstream of the DXXK sequence there existed a
conserved proline (P487 in CjPgIB) or serine (S493 in C/PglB). The aligned
amino acids of the two PglB enzymes were swapped and the pg/B mutants were
investigated in E. coli. Unlike the CjPglB mutant that had no considerable affect
on glycosylation, I showed that the C/PgIB point mutant glycosylates AcrA at a
higher efficiency than the wildtype C/PglB. However, there was no difference in
glycosylation when each of the mutant variants of CjPglB and C/PglB were
complemented into a C. jejuni pglB knock-out mutant as compared to their
wildtype counterparts. Based on previous results showing full modification of

AcrA in wildtype C. jejuni, 1 think that there might be other components of the
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cell, which may be interacting with PgIB that are not present in E. col/i. This
indicates to us that the N-glycosylation system is perfectly optimized in the native
host, where expression levels of glycosyltransferases, nucleotide sugar donors,
and polypeptide acceptors are synchronized. Further work is required to determine
the influence of the amino acid exchanges in the CjPglB and C/PgIB as well as the
difference in activity in E. coli and C. jejuni. However, to explain the improved
efficiency of the C/PgIB point mutant, we examined the recently published 3.4 A
resolution crystal structure of the full-length C/PglB (Lizak et al, 2011) in
collaboration with Dr. Ng (University of Calgary). We propose that substituting
the serine residue with a proline might increase the flexibility of this part of the
PgIB structure, which is located at a kink in the alpha-helix near the proposed
protein-binding site of the enzyme. In this study, I showed that it is possible that a
single amino acid substitution in PglB can improve OTase activity in E. coli.
Furthermore, investigating the biotechnological application of the
improved C/PglB variant can advance this study by possibly demonstrating
glycosylation of an acceptor protein that carries the short eukaryotic sequon (N-X-
S/T). The C/PgIB was previously shown to glycosylate asparagine residues found
within the eukaryotic sequon in E. coli, albeit with very low efficiency (Schwarz
et al., 2010). During the later part of my studies, I have constructed a C. jejuni
AcrA mutant (D121A, D271A) to contain the short eukaryotic sequons in order to
examine whether the C/PgIB point mutant can also modify the N-X-S/T at an
improved efficiency, a site that cannot be efficiently modified by CjPglB

(Schwarz et al., 2011). A future experiment that can be carried out involves co-
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expressing the AcrA (D121A, D271A) double mutant with the C. jejuni pgl/
operon containing a deletion in the C. jejuni pglB and the C/PglB point mutant.
The advantage of an OTase that can modify proteins with the short eukaryotic
sequon is that the residues can be engineered into the flexible loops of the desired
proteins more easily. The discovery of new OTases with enhanced activity or the
improvement of previously characterized OTases by mutagenesis at specific
residues of the protein is crucial for expanding current strategies for
glycoengineering.

The third objective of my research project was to explore the possible
autoregulatory mechanism of PglIB (see Chapter 3). I constructed a point mutant
in the consensus sequence of CjPgiB (N534Q) and expressed and analyzed the
PgIB mutant in both the heterologous E. coli host and the native C. jejuni host. 1
showed that there is no change in protein glycosylation with the pg/B consensus
sequence mutant (N534Q) in either E. coli or C. jejuni. However, in collaboration
with Dr. Li (NRC, Ottawa) we showed that the N534Q mutant influences fOS
production, suggesting that self-glycosylation of PglB may be modulating the two
enzyme activities of PgIB. I also tested the conditions under which PglB modifies
itself and showed that PglB can auto-glycosylate in vivo in the presence of the pg/
operon alone.

I have now optimized the purification of full-length CjPglB (under the
advisement of Dr. M Veronica Ielmini, University of Alberta) and showed that the
purified protein is active in vitro. The purified active PglB enzyme can then be

used to carry out the in vitro analysis of PglB fOS production, where the
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hydrolase activities of the glycosylated and mutant PgIB proteins can be measured
and compared to nonglycosylated PglB. Based on the reduction in fOS release by
the N534Q mutant in a C. jejuni pglB knockout, 1 hypothesize that the
glycosylated form of PglB will release more fOS than the unmodified PglB and
that the N534Q mutant will release less than the wildtype PglB. Future work 1s
required to deduce the importance of PglB modification for its hydrolase activity.
The semi-quantitative mass spectrometry assay that we have used in the past with
Dr. Li (NRC, Ottawa) can also be used here to quantify fOS. In addition, Dr.
Harald Nothaft, in our lab, is developing a complementary method using high
performance anionic exchange chromatography with pulsed amperometric
detection (HPAEC-PAD), a technique that can also be exploited for fOS
quantitation. Additional work that can be carried out to continue this project
involves the development of a real-time mass spectrometry method in
collaboration with Dr. Klassen to obtain kinetic data of PglB hydrolysis of LLOs.
Moreover, mass spectrometry methods can be developed in order to evaluate the
relative rates of protein glycosylation by PglB, providing a quantitative assay
necessary for the measurement of the OTase activity. And, the mass spectrometric
analysis can be extended to obtain an estimate of PglB wildtype and mutant
binding affinities for its LLO substrate. These studies will shed new light on the
mechanisms of protein N-glycosylation and fOS release.

Currently, the glycosylation mechanism of PgIB is proposed to involve a
three-state catalytic cycle: 1) binding of the polypeptide at the consensus sequon to

form the catalytic site and activate the amide nitrogen of the acceptor asparagine,
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i1) binding of the LLO that results in a nucleophilic attack of the activated amide
nitrogen and formation of the glycosidic bond, and iii) disengagement of the
enzyme to allow dissociation of the newly formed glycopeptides (Lizak et a/.,
2011). However, the suggested mechanism of PgIB glycosylation activity does
not explain fOS production. The conserved WWDYG motif was shown to be
necessary for in vivo and in vitro PglB fOS release (Nothaft er al., 2009);
therefore, further studies are required to elucidate the production of fOS in C.

jejuni and its possible regulation by PglB self-glycosylation.

4.3. Conclusions and perspectives

The key objective of this thesis was to characterize the bacterial OTase in
order to extend our current knowledge of the basic processes of N-linked protein
glycosylation. Analysis of the OTase and hydrolase activities, as well as the
identification of N-glycan structures in other organisms will shed light on the
evolution of the N-glycosylation system across Bacteria. Also, the study of fOS
production adds further complexity to the analyses of bacterial glycomes (Nothaft
et al., 2009), and further characterization of these free glycans is still required.
Some of the research in our lab involves the analysis of N-linked glycans and fOS
from various sequenced Campylobacter species. These studies have demonstrated
the production of different glycan structures that vary at the species level, which
might have evolved with respect to the ecological niche that each species inhabits
(Nothaft et al., manuscript in preparation). Although there is no direct correlation
between N-glycosylation and pathogenicity in other Campylobacter species, this

protein modification presents an advantage for C. jejuni to colonize its natural

134



niche (the gastrointestinal tract of chickens). Disruption of the N-glycosylation
pathway in C. jejuni does not affect its viability, but disturbs many biological
functions in this organism (Nothaft er al., 2008) and the conservation of this
process in a growing number of Campylobacter species supports a key role in the
physiology of these bacteria (Nothaft and Szymanski, 2010).

Although bacterial N-glycosylation is best characterized in C. jejuni, there
has been a surge of research in the last few years that has led to the discovery of
glycosylation systems in other organisms. The discovery of the bacterial OTases
has made the production of recombinant glycoproteins possible for application in
biotechnology. Current debate focuses on the efficacy of the OTases for use in
glycoprotein engineering. There are still a considerable number of hurdles to
overcome in order to engineer glycoconjugate vaccines of any desired
carbohydrate structure. However, further exploration of novel PgIB enzymes and
exploitation into the versatility of other OTases, such as the Neisseria PglL, which
can be used to transfer many diverse glycan polysaccharides, including those that
contain a hexose at the reducing end, remain to be optimized. Exploring the
diversity of bacterial'OTases will help to identify active enzymes with different

specificities, which may be exploited for glycoprotein engineering.
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A.l. Development of an ELISA-based quantitation assay for protein

glycosylation

A.1.1. Introduction

Employing a bioinformatic comparison of PglB protein sequences and
subsequently generating point mutations at specific residues of the protein have
allowed for the functional characterization of Campylobacter PglB enzymes in
this thesis. The OTase activity of PgIB is generally examined by immunodetection
on Western blots or mobility shift analysis on SDS-PAGE. However, a
quantitative assay that can be used to measure PglB N-glycosylation activity is
needed. Such an approach would make it possible to screen glycoprotein
production by PglIB in a high throughput manner and to compare the activities of
OTases from other species. The objective of this study was to develop an ELISA-
based method for analyzing the glycosylation status of the hexahistidine-tagged
AcrA protein in order to detect the different levels of glycoprotein biosynthesis
when comparing PglB enzymes. The in vivo approach established for recombinant
glycoprotein production was used, whereby the C. jejuni pgl operon was
functionally transferred into E. coli in the presence of the AcrApiss acceptor

protein and PgIB (Wacker et al., 2002; Feldman et al., 2005).

A.1.2. Methods
The bacterial strains and plasmids used in this study are listed in Table A-1.1. The
E. coli constructs used in this study are also listed in Tables 2.1 and 3.1 as

previously described in Chapters 2 and 3 of this thesis. Expression of C. jejuni
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AcrApiss (plasmid pWA2) with the pg/ operon containing a deletion in pg/B
(pACYC(pgl/-ApgIB) and PglB wildtype and mutant alleles in E£. coli CLM24
were performed as described in section 2.2.3. The purification of AcrApiss also
follows the same protocol as described in section 2.2.3. Periplasmic extracts were

performed as described (Feldman et a/., 2005).

Table A-1.1. Bacterial strains and plasmids used in this study

Stram.or Characteristic Source
plasmid
E. coli CLM24 W3110, Awaal Feldman et al., 2005
E coli BL21 F omp?’ga[ dem /ofﬂ hsdSy(rg mg’) (DE3 (lacl lacUV5-T7 Wacker et al., 2002
gene 1 ind] sam7 nin3))
pACYC(pgl- Encodes the C. jejuni pgl locus with a deletion in PglB, Provided by Bernadette
ApglB) Cm? Beadle
Soluble periplasmic C. jejuni acrAgy;s under control of Tet
pWA2 promoter, in pBR322, Amp® Feldman et al., 2005
pMLBAD Cloning vector, arabinose-inducible, TmpR é‘gg;bre & Valvano,
pMAF10 HA-tagged C. jejuni pglB cloned in pMLBAD, Tmp® Feldman et al., 2005
pWAI HA-tagged C. jejuni pglBu, cloned in pMLBAD, Tmp® Feldman et al., 2005
pYB1D C. jejuni pglB(D475A)y4 cloned into pMLBAD, Tmp® This study (see Ch. 2)
pYB2D C. jejuni pglB(D475V )y, cloned into pMLBAD, TmpR This study (see Ch. 2)
pYB1K C. jejuni pglB(K478A)ua cloned into pMLBAD, Tmp® This study (see Ch. 2)
pYB2K C. jejuni pglB(K478V )y, cloned into pMLBAD, TmpR This study (see Ch. 2)
pYBIA %rjx;j"um pelB(D475A, K478A)4 cloned into pMLBAD, This study (see Ch. 2)
pYB3K C. jejuni pgiB(D475K)ya cloned into pMLBAD, TmpR This study (see Ch. 2)
pYB4K %r{;jkum pglB(D475K, K478D)y, cloned into pMLBAD, This study (see Ch. 2)
pNQl C. jejuni pgIB(N534Q)y4 cloned in pMLBAD, Tmp® This study (see Ch. 3)
ELISA

The Pierce® nickel coated 96-well plates (Thermo Scientific) were used to analyze
the glycosylation status of AcrA. The bacterial lysates can be added directly to the
plates since the nickel coating allows selective binding of the His-tagged AcrA

proteins. The plates were supplied pre-blocked with bovine serum albumin.
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AcrAyise proteins were bound to the wells and prepared for immunodetection
following the manufacturer’s protocol. Briefly, the wells were washed three times
with phosphate-buffer-saline containing 0.05% Tween (PBST). Whole cell lysates
of E. coli CLM24 diluted in 1xPBS (pH 7.2) were normalized to the same
concentration and 100 puL of each sample per well was added. The binding
reaction between the AcrAyise proteins and the nickel plate was performed by
shaking overnight at 4°C. After the wells were washed three times with PBST, the
samples were incubated with two different antibodies in a volume of 100 pL/well:
rabbit-a-AcrA antiserum (kindly provided by Dr. Mario Feldman) and rabbit-a-C.
Jjejuni-N-glycan antiserum (prepared in the Szymanski lab). The samples were
incubated for 1 hr at room temperature with shaking, and subsequently washed
three times with PBST to remove unbound antisera. The bound AcrApis¢ samples
were then incubated with 100 pL of alkaline phosphatase conjugated anti-rabbit
IgG (Santa Cruz) for 1 hr. The antibody dilutions used here are described in
section 2.2.6. The wells were finally washed three times with PBST followed by
the colour development of bound proteins by the addition of 100 pL of 1-Step
PNPP (p-nitrophenyl phosphate disodium salt) (Thermo Scientific). PNPP is a
substrate used for detecting alkaline phosphatase, producing a water-soluble
yellow product from the reaction that absorbs light at 405 nm (Synergy HT multi-
mode microplate reader, BioTek®). The colour development reaction was

measured every 5 minutes for 60 min.
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SDS-PAGE and Western blotting
Confirmation of protein expression was analyzed by SDS-PAGE on 10% gels and
stained by using Coomassie Blue (R-250). Immunodetection by Western blotting

was performed as previously described in section 2.2.6.

A.1.3. Results and Discussion

In this study, I have been working on developing an ELISA-based method
to quantify PglB activity by analyzing the glycosylation status of AcrA. Nickel-
coated 96-well plates were used to allow binding of His-tagged AcrA proteins.
This one-step purification method would allow me to quantify the ratio of
glycosylated AcrA in comparison to the total amount of AcrA bound to the wells
of the plate using AcrA and N-glycan specific antisera. Two sets of samples were
analyzed for each E. coli strain co-expressing AcrA, the pgl/ operon, with the
various PglB wildtype and mutant constructs. One set of protein samples was
incubated with anti-AcrA serum to detect the total AcrA protein bound to the
well, while the other set of protein samples was incubated with anti-N-glycan
serum in order to detect the fraction of AcrA protein modified with the N-glycan.
Both sets of samples were analyzed in technical triplicate. E. coli CLM24 cells
expressing AcrApiss and the C. jejuni pgl operon with the inactive PglB
(WWDYG mutant; W458A, D459A) served as negative controls to eliminate the
background that may result from any non-specific binding of E. coli proteins or
interaction with antibodies.

The AcrA proteins expressed in the various E. coli constructs were

purified from whole cell lysates by coupling the His-tagged proteins to the nickel-
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coated ELISA plates. Modification of AcrA was detected with N-glycan specific
antisera in comparison to the total amount of AcrA protein bound to the wells
using anti-AcrA antibodies. The resulting N-glycan/AcrA ratios are expressed in
percentages after subtracting the ratio value of the PglBwwpyc mutant (Figure A-
1.1). The OTase activities of the DXXK mutants in PglB were examined by
analyzing AcrA glycosylation by Western blotting (see chapter 2). When these
samples were analyzed by this ELISA-based approach, the glycosylation state of
AcrA followed a similar trend comparable to the data observed by Western
analysis; however, there were high standard deviations due to the high level of
background observed in each sample.

In order to improve the assay, the ELISA experiment was repeated using
AcrA purified from whole-cells using nickel affinity chromatography (NTA
agarose, Qiagen). The proteins were dialyzed against 1XPBS to remove the
imidazole that was used to elute the His-tagged proteins. The purified AcrA
proteins were coupled to the nickel-coated 96-well plates and incubated with the
antibodies as described above. When the levels of bound proteins were measured,
high amounts of background was still observed in the analysis. To further
optimize this assay, E. coli CLM24 expressing AcrAuiss, the C. jejuni pgl operon
with a deleted pg/B, and the pMLBAD empty vector, used in this study for
cloning pglB, served as the negative control in addition to the inactive PglBwwpyc
mutant. In lieu of using bacterial lysates, periplasmic extracts were prepared from
the E. coli CLM24 strains. For optimization, E. coli constructs containing AcrA

and the pg/ operon expressing wildtype PglB, inactive PglBwwovya, PglBns3sq
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% Glycosylation relative to WT

Figure A-1.1. Whole-cell lysates prepared from E. coli cells were applied to the
nickel-coated ELISA-plate to determine the relative levels of AcrA glycosylation.
E. coli CLM24 expressing the C. jejuni pgl operon with a deleted pgiB, the C.
Jejuni AcrAyis, and PglB proteins were analyzed. The inactive PgIB (mut) was
used as negative control and the wildtype PglB (wt) served as positive control.
The various DXXK mutants in PglB were tested for OTase activity: D475A,
K478A, D475V, K478V, AXXA, KXXK, and KXXD. The ratios between the
signal detected with anti-N-glycan antisera and the signal detected with anti-AcrA
antisera were expressed as percentages of the wildtype PgIB (wt) glycosylation
efficiency (100%) after the ratio-value of the inactive PgIB (mut) were subtracted.
Technical samples were analyzed in triplicate and averages compared. Error bars

indicate standard deviation.
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mutant (see chapter 3), and the empty vector were used. The periplasmic samples
were analyzed by SDS-PAGE followed by immunodetection with AcrA specific
antiserum confirming the overexpression of AcrA in the samples (Figure A-1.2).
However, when the periplasmic samples were applied to the ELISA plates and
detected with anti-N-glycan and anti-AcrA antibodies, the level of background
was as high as observed in the whole cell lysates. Unfortunately, the empty vector
control even showed reactivity to the N-glycan specific antisera, which is
unexpected because there is no PgIB enzyme expressed in this strain. However, it
appears that the high background level is due to the interaction between the N-
glycan antisera and other non-specific E. coli proteins.

After having little success with the optimization process of this ELISA-
based method, we decided to quantify the intensity of the protein bands observed
on the Western blot membranes by using a densitometer. In the meanwhile,
further optimization of this ELISA-based quantitation assay is needed to measure
the OTase activity of Campylobacter PglB enzymes and their mutant variants,
including other on-going experiments in our lab. The advantage of establishing
this method for quantifying protein glycosylation is to detect glycoprotein
production in a faster and more quantitative approach, while eliminating
additional protein purification steps. Currently, bacterial N-glycosylation systems
have been studied by various analytical techniques, such as immunoblotting,
lectin blotting, mass spectrometry, and nuclear magnetic resonance, which have
allowed the detection of glycoproteins and the elucidation of N-glycan structures

on proteins (Szymanski ez al., 1999; Wacker et al., 2002; Young et al., 2002;
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Kelly et al., 2006). Nonetheless, detection and quantification of glycoprotein
biosynthesis using a 96-well nickel-coated ELISA plate renders this assay suitable
for large-scale screening purposes and would allow more accurate and

reproducible analysis compared to Western blotting.

& _an E9

anti-AcrA

Figure A-1.2. Electrophoretic mobility shift assay and immunodetection of E. coli
periplasmic extracts. A) Coomassie stain of periplasmic extracts from E. coli
CLM24 strains analyzed by SDS-PAGE. E. coli strains expressing the C. jejuni
AcrAupiss, the C. jejuni pgl operon containing a deletion in pg/B, and the various
PgIB constructs: wildtype PglB (wt), inactive PglB (mut), PglB consensus
sequence mutant (N534Q), and the negative control without PgIB (vector). B)
Immunoblot of periplasmic extracts of E. coli CLM24 strains. Periplasmic
samples from E. coli expressing AcrAniss were run on SDS-PAGE, transferred
onto a membrane, and probed with AcrA specific antibodies. Molecular masses

and AcrA glycosylation state are indicated.
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A.2. Antibody generation against the soluble domain of C. jejuni PglB

A.2.1. Introduction

Characterization of the bacterial N-linked protein glycosylation system
requires a number of applicable methods that are used to clone the genes encoding
the proteins of interest, separate and detect proteins by SDS-PAGE and Western
blotting, and analyze the sugar composition of the oligosaccharide by mass
spectrometry and NMR. Western blotting was the standard approach used in this
project to detect the expression and glycosylation status of proteins. A hexa-
histidine fusion protein was expressed with our protein of interest allowing its
detection by using commercially available anti-His antibodies. The C. jejuni AcrA
protein is the model acceptor protein used in this thesis because it is the best
characterized N-glycoprotein that possesses two glycosylation sites allowing the
detection of the protein and qualitatively measuring the glycosylation efficiency
of the bacterial OTase.

To analyze the efficiency of PgIB activity, I was comparing the
glycosylation status of AcrA by PglB wildtype and mutant variants. For this
thesis, the PglB proteins that were analyzed are tagged with HA to follow
expression of the enzymes and to ensure the same level of protein is expressed in
each mutant. However, immunodetection of the PgIB proteins using HA specific
polyclonal antibodies was difficult due to the high level of background observed
on the membrane blot, which resulted from the unspecific binding of the antibody.
In contrast, when immunodetection was performed with commercially available

anti-HA monoclonal antibodies, no bands were observed on the membrane.
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Although monoclonal antibodies are highly specific, the unsuccessful Western
analysis may have been due to the conformational requirement of the epitope that
is recognized on the HA tag. If the epitope is conformation-dependent, then the
antibody will not detect denatured proteins. Therefore, the generation of PglB-
specific antibodies is a valuable reagent for the continuation of this thesis and

other on-going experiments in our lab.

A.2.2. Methods

Construction of plasmid

The C-terminal soluble domain of C. jejuni PglB (residues 428-713) was
amplified by PCR  with  oligonucleotides  PglB-SD-Ndel-F  (5°-
CAGTATTTATCCATATGTACAACT-ATAAAG-3’) and PgIB-SD-XAol-R (5°-
ATTACTCGAGAATTTTAAGTTTAAAAAC-CTTAGC-3’) using the Vent
polymerase (New England BioLabs®) and pMAF10 as template. The cloning
vector used was the pET24b-acr4, which was double digested with Ndel-Xhol to
separate the acrA insert by agarose gel electrophoresis and replace with the
PgIB(SD) insert. For this, the PCR product was also digested with Ndel and Xhol
and cloned into the empty pET24b vector that encodes a His tag. E. coli DH5a
cells (Invitrogen) were transformed with the ligation reaction and the resulting
plasmid, pET24-PgIB(SD), was confirmed by restriction analysis.

Expression and purification of the PgIB soluble domain

The pET24-PgIB(SD) plasmid was transformed into E. col/i BL21 and grown on
LB agar plates containing 25 pg/mL of kanamycin (final concentration). For

protein expression, E. coli was grown in 1L LB at 37°C until the ODgoo reached
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0.5-0.6, the cells were induced with 0.1 mM IPTG and incubated for an additional
3 hrs at 37°C. Cells were then harvested by centrifugation (3,696 x g, 15 min,
4°C) and the pellets were resuspended in 5% of the original culture volume of
PBS, pH 7.2. Whole cell lysates were prepared by sonication (3 x 1 min) using a
Branson sonicator and the samples were centrifuged once more (16,260 x g, 20
min, 4°C) to isolate the soluble proteins. The wet pellet was dissolved with the
Inclusion Body Solubilization Reagent (Thermo Scientific) to retrieve expressed
PglB(SD) proteins from inclusion bodies and to maximize the yield of solubilized
protein, following the manufacturer’s protocol. Unbroken cells and cell debris
were removed by centrifugation (16,260 x g, 20 min, 4°C). The supernatant was
collected, subjected to nickel affinity chromatography (NTA agarose, Qiagen) to
purify PgIB(SD)uis, and dialyzed against 1xPBS, pH 7.2, as previously described
(section 3.2.3). The protein concentration was determined to be approximately

300 pg/mL.

Table A-2.1. Bacterial strains and plasmids used in this study

Stram_or Characteristic Source
plasmid
. F endA1l hsdR17 supE44 thi-1 recAl A (argF-lacZYA)U169 .
E. coli DH5a (80d lacZ A MIS) gyrd96 i Invitrogen
E. coli CLM24 W3110, Awaal Feldman et al., 2005
E coli BL21 F~ ompT gal dem lon hsdSp(rg mg) A(DE3 [lacl lacUV5-T7 Wacker e al., 2002

gene 1 indl sam7 nin5})
pMAF10 HA-tagged C. jejuni pgiB cloned in pMLBAD, TmpR Feldman ez al., 2005
Soluble periplasmic C. jejuni acrAnise under control of T7 Wacker et al., 2002

PET24b-acrd promoter, in pET24b, Amp®
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Rabbit immunization

Dr. Harald Nothaft prepared purified antigen for rabbit immunization in our lab.
New Zealand White Rabbits were immunized with the antigen using a 10 week
immunization protocol (approved Animal Care Committee protocol No. 717).
After the concentration of the PgIB(SD) antigen was measured, a stable mixture
comprised of the antigen and the adjuvant was prepared prior to injection (a total
of 5 mL with 500 pug of protein). Injections into rabbits were carried out by the
personnel of the Animal Facility (University of Alberta). After an initial
subcutaneous injection (3 sites, 1.5 mL each) of antigen using Freund’s complete
adjuvant (in a 1:1 ratio with the antigen), booster doses of the antigen mixed with
Freund’s incomplete adjuvant (in a 1:1 ratio with the antigen) were given (3 sites,
1.5 ml each) in weeks 4 and 8. A test bleed was taken at week 6. After 10 weeks,
rabbits were sacrificed and serum was prepared by cooling the obtained blood for
60 min on ice followed by centrifugation (10,000 x g, 20 min, 4°C). Blood sera in
the supernatants were analyzed for PgIB(SD)-specific antibodies by Westemn
blotting against whole cell lysates from strain C. jejuni 11168.

Immunodetection by Western blotting

Proteins were analyzed by SDS-PAGE on 12% gels and transferred onto PVDF
membrane as previously described in section 2.2.6. The membrane was probed
with PgIB(SD)-specific antisera in a 1:2000 dilution against various

concentrations of antigen.
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Expression of full-length PglBy;ss

In chapter 3 of this thesis, PgIB activity was assayed in vitro as described in
section 3.2.9. For expression of AcrApis and PglBuiss, His-specific and
PgIB(SD)-specific antibodies were used for Western analysis. The difference in

antibody sensitivity was tested in this study.

A.2.3. Results and Discussion

The His-tagged PgIB(SD) protein was expressed in E. coli BL21 and
purified by Ni-NTA affinity chromatography (Figure A-2.1). Purified PgIB(SD)
protein was mixed with adjuvant, followed by multiple injections given to rabbits
in order to develop strong immune response against the antigen. The serum,
which contains all the antibodies produced by the animal, was collected and
separated from the blood cells by centrifugation. The serum was then tested (by
Dr. Nothaft in our lab) to evaluate the sensitivity of the polyclonal antibodies.
Immunodetection with a suitable dilution of the antibody (1:2000) was carried out
using different amounts of antigen (Figure A-2.2). The purified PgIB(SD) protein
that was used for rabbit immunization was used as a positive control and whole
cell lysates of wildtype C. jejuni 11168 were tested for the detection of full-length
PgIB, while the C. jejuni 11168 pg/B mutant was used as a negative control. As
expected, the PgIB(SD) was detected with the polyclonal antisera and there was
no reactivity with the antibody against the C. jejuni 11168 pgiB mutant since the
PglIB protein is not expressed in this strain. However, there was also no detection

observed for whole cell lysates of the wildtype C. jejuni strain, which was
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surprising because PgIB is produced in this strain as previously described by

demonstrating the N-glycosylation of proteins (Nothaft er al., 2009).
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Figure A-2.1. Purification of His6-tagged C. jejuni PgIB soluble domain (SD) by
Ni-NTA affinity chromatography. The PgIB(SD) protein was expressed in £. coli
BL21, purified from inclusion bodies, analyzed by SDS-PAGE and visualized by
Coomassie Blue staining. Solubilized proteins were subjected to column
purification and the flow through was collected (FT); the column resin was
washed with 20 mM imidazole in 1xPBS (W); and eluted three times with 1 mL
of 500 mM imidazole in 1xPBS (E1-E3). Molecular weight (MW) markers and

PgIB(SD) are indicated.

Reactivity of the PgIB(SD)-specific antisera was also tested against E. coli
BL21 cells overexpressing the PgIB(SD) by Western analysis, but there was a
very high level of background observed on the membrane (data not shown). The
advantages of producing polyclonal antibodies for Western analysis are that they
are relatively easy to generate and recognize both conformational and sequential

epitopes of the antigen. However, the disadvantage is that the serum will contain a
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variety of antibodies with various affinities to other antigens produced in E. coli,
thus, resulting in non-specific binding to E. coli whole cells. To increase the
specificity of the antibodies for PglB(SD), the serum was cross-adsorbed against
E. coli whole cell lysates in order to remove E. coli antibodies that cross-react
with E. coli proteins. I prepared E. coli BL21 lysates, from which proteins were
transferred onto membranes and probed with the antisera. Unbound antibodies
were presumed to contain PglB(SD)-specific antibodies and were collected after
overnight incubation before continuing with secondary anti-rabbit antibody
incubation and development of the Western blot. This cross-adsorption method of
eliminating cross-reactivity of non-specific £. coli antibodies was repeated 3
times by Western blotting, and the unbound PglB(SD)-specific antisera were

pooled together for further immunodetection studies.

pglB-SD 11168 (pgiB) 11168 (Wt)
1 2 10 15 45 100 15 45 100 ug

oo oy - -

- 70

PgIB(SD) - -
-35

purifisd protein (sample whole cell lysates
used for immunization)

Figure A-2.2. Western Blot analysis of the polyclonal rabbit-anti-PgIB(SD)
antibodies for use against C. jejuni whole-cell extracts. The sensitivity of the
antibody was tested against the indicated amounts of antigen: purified PgIB(SD)

as positive control (1pg, 2ug, 10ug); lysates of C. jejuni 11168 pg/B mutant as
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negative control (15pug, 45ug, 100ug), and lysates of C. jejuni 11168 wildtype
strain to test for antibody reactivity (15pg, 45ug, 100pg). Proteins were probed
with antisera at a dilution of 1:2000. Molecular weight markers and PgIB(SD) are
indicated. Expected masses of PgIB(SD) and full-length PgIB are 37 kDa and 70

kDa, respectively.

In Chapter 3 of this thesis, the in vitro protein glycosylation activity of
full-length PglB was examined (section 3.3.5). The expression of His-tagged PglB
and His-tagged AcrA was analyzed by immunoblotting with monoclonal anti-His
antibodies, which only detected AcrA protein expression, but not that of PgIB
indicating degradation of the protein over time. For this study, I repeated the in
vitro analysis of PglB activity by incubating PglBu;s with AcrApise and LLOs at
various conditions: lhr at 30°C, overnight at 30°C, and overnight at room
temperature. The different incubation conditions were tested to examine PglIB
degradation. Immunodetection of protein expressions with anti-His and anti-
PgIB(SD) antibodies was carried out (Figure A-2.3). The full-length PglBy;s and
the AcrApuiss proteins were incubated alone and were included as controls. As
expected, the monoclonal anti-His antibody allowed the detection of both PglB
and AcrA proteins. Surprisingly, the cross-adsorbed polyclonal antibodies that
were prepared for the detection of PgIB also showed expression of both PgIB and
AcrA proteins when analyzed by Western blotting. These data suggest that the
polyclonal antiserum is specific to the His-tag, but not to PgIB(SD). Interestingly,

PgIB expression was observed by Western analysis using the polyclonal
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antiserum when incubated for 1hr in the in vitro assay, but could not be detected
with the monoclonal anti-His antibody under the same condition. For both of the
blots analyzed, the amount of protein used in each sample was kept constant.
Therefore, the intensity of the bands on the membranes correlates with the

specificity of the antibodies for protein detection.
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Figure A-2.3. Immunodetection of full-length PglByuiss with (A) His-specific and
(B) PgIB(SD)-specific antisera. His-tagged C. jejuni PglB and His-tagged AcrA
proteins were expressed in E. coli and purified by nickel affinity chromatography.
Purified proteins were incubated with crude C. jejuni LLOs in vitro for lhr at
30°C and overnight at 30°C or at room temperature. TCA-precipitated proteins
were analyzed by Western blotting using anti-His and anti-PgIB(SD) at dilutions
1:2000 and 1:500, respectively. Molecular weight markers and PglB and AcrA

proteins are indicated.
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Furthermore, when the specificity of the PglB antiserum was analyzed
against £. coli strains over-expressing His-tagged PglB(SD) and HA-tagged full-
length PglIB, immunodetection with the antiserum was observed only with
PgIB(SD)uise (Nothaft, H., personal communication). It appears that the serum
prepared for detection of PgIlB(SD) was generated against the His6-tag, which
possibly contains antibodies that recognize specific epitopes of PglB(SD) at the
C-terminal end of the protein near the His6-tag. The polyclonal antiserum also
appears to be more specific for the PgIB(SD) than the full-length PglB since
Western blotting showed greater reactivity against 1 ng of PgIB(SD)uise (Figure
A.2.2) compared to 20 pg of PgIB(fulluiss (Figure A.2.3). These polyclonal
antibodies might recognize conformational epitopes that vary between the two
PgIB proteins, which may be due to the difference in protein fold and structure.
Although proteins are degraded in the rabbit after injection and presented to the
immune system as fragments, antibodies can be generated to recognize various
epitopes that are both linear and conformational. In spite of this, conformational
epitopes are usually no longer recognized by their antibody after denaturation by
SDS-PAGE.

For future directions on the generation of PglB-specific antibodies, the
full-length PgIB protein should be used for rabbit immunization because it might
stimulate the desired immune compared to the response observed against the
PgIB(SD). I have optimized the over-expression and purification of His6-tagged
PglB(full) (see Chapter 3). Moreover, Bernadette Beadle, in our lab, is continuing

to optimize the construct to be used for the generation of PglB-specific antibodies.
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She has already cloned the full-length pg/B gene into a vector containing a His6-
tag and has inserted a protease cleavage site immediately before the tag. The
concept is to express PgIB(fuluiss in E. coli, purify the protein by nickel affinity
chromatography, and cleave the His6-tag using a protease, such as Factor Xa. The
availability of PglB-specific antibodies will be valuable for any future studies in

characterizing the C. jejuni PglB enzyme.
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