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Abstract

Glycosylation is the most abundant protein post-translational modification
found in nature. The attachment of glycans to proteins has been shown to
play a central role in modulating protein folding, stability, and signalling. In
recent years, it has become evident that glycosylation systems are found
in all domains of life. Advances in genomics and mass spectrometry have
revealed several types of glycosylation systems in bacteria. However, how
and why bacterial proteins are modified remains poorly defined. The aim
of this study is to a) investigate the role of general N-linked glycosylation
in a major food poisoning bacterium; Campylobacter jejuni b) functionally
analyse other N-linked glycosylation systems in deep-sea vent bacteria c)
Interrogate the role of other forms of N-linked glycosylation systems in
bacteria. This study evaluates the differential protein expression in
glycosylation deficient C. jejuni compared to its wildtype counterpart. Thus,
enriching our understanding of the role of general N-linked glycans and the
pleotropic effects caused by knocking out this post-translational
modification. Isobaric labelling mass spectrometry results indicate that
protein quality control machineries are more abundant in glycosylation
deficient C. jejuni. Also, the major multidrug efflux pump; CmeABC and
nitrate reduction assembly; NapAB were shown to be impaired in N-linked
glycosylation null C. jejuni. Furthermore, examination of the role of N-
linked glycans in stabilising CmeABC indicated that N-linked glycans
modulate protein folding, reduce protein unfolding rate and enhance

protein-protein interaction. Computational and functional analysis




confirmed the presence and the activity of the oligosaccharyltransferase
PgIB, of N-linked glycosylation system from deep-sea vent bacteria.
Investigating other forms of N-linked glycosylation in the pig pathogen
bacterium; Actinobacillus pleuropneumoniae, showed its importance in cell
adhesion and pathogenesis. This study provides deeper insights into the
roles of N-glycans at the molecular level and enriches our understanding

of microbial glycoproteome.
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Chapter 1

INTRODUCTION




11 What is protein glycosylation?

Glycosylation is the enzymatically catalysed covalent attachment of glycan
moieties to certain amino acids in the polypeptide chain (Jayaprakash and
Surolia, 2017). It is considered the most prevalent protein post-
translational modifications across all kingdoms of life. Owing to its
heterogeneity and stereochemical complexity, glycosylation is known to
expand the repertoire and functionality of the proteome. In fact, more than
half of the eukaryotic proteins are expected to be glycosylated at the
nitrogen of the asparagine side chain; N-linked glycosylation, oxygen of
threonine or serine; O-linked glycosylation or both (Apweiler, Hermjakob

and Sharon, 1999).
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Fig 1 Schematic diagram explain the different types of glycosylation. The diagram also
illustrates glycan(s) attachment sites and oligosaccharyltransferase (OST) or
glycosyltransferase (GT) involved in this protein post translational modification. The figure is

modified and adapted from (Jayaprakash and Surolia, 2017)




Other less common forms of glycosylation can be found in nature
whereby glycans are covalently bound to tryptophan or tyrosine; C-
glycosylation, cysteine or methionine; S-linked glycosylation and C2 position
of tryptophan through the formation of C-C linkage; C-mannosylation Fig 1

(Jayaprakash and Surolia, 2017).

1.2 A brief history of glycosylation

The study of how and why glycans are covalently attached to certain
amino acids in polypeptide chain is the major pillar in the field of
glycobiology. Etymologically, glycobiology is derived from the Greek “glyco”
which means sugar and “bios” which means alive. Historically, early work on
mucins secreted from animals and humans mark the emergence of
glycobiology in mid 18™"century. However, it was not until 1865 that the
Russian physician E. Eichwald provided the first evidence of a chemical
attachment of glycans to proteins by describing mucins as “a conjugate
single compound consisting of a moiety with all genuine properties of a
protein and a moiety released under certain conditions as a sugar’
(Cabezas, 1994). The first half of the 20t century witnessed a paradigm shift
in the understanding of glycan structures. Work pioneered by Emil Fischer,
Norman Haworth and Phoebus Levene began to reveal the complex nature
of carbohydrates (Varki and Sharon, 2016). Since then, major discoveries
such as reporting the carbohydrates components in egg albumin
(Neuberger, 1938), the discovery of carbohydrate determinants of ABO
blood group (Watkins, 1966), investigating sialic acid as a receptor for
influenza virus (Gottschalk, 1958), isolation and the characterisation of

bacterial endotoxins structure (Simmons, Luderitz and Westphal, 1965)

[ 1 )

L J



highlighted the pivotal role played by carbohydrates in affecting our health
and promotion of disease. With the advent of analytical chromatography and
separation techniques, mass spectrometry (MS) and nuclear magnetic
resonance (NMR), along with DNA cloning and sequencing, the unravelling
of glycosylation pathways and systems have helped to give a detailed

account on how and why glycosylation occurs.

1.3 Universal pathways in protein glycosylation

Despite the difference in cellular compartments and cell morphologies,
recent advances demonstrated that glycosylation pathways share
homologous processes across all domains of life. In N-linked glycosylation,
the enzymatic en bloc transfer of glycans to be covalently linked to
asparagine residue in the glycosylation sequon N-X-S/T in eukaryotes and
archaea and D/E-X-N-Y-S/T in bacteria (where Xand Y are any amino acids

except proline) can be elaborated in three steps (Schwarz and Aebi, 2011):

1-  Generation of lipid linked oligosaccharide (LLO); whereby glycans
are assembled on lipid linked anchor by the means of initiating
glycosyltransferase (iIGTs). Then glycosyltransferases catalyse the transfer
of glycans from nucleotide activated sugar to nascent LLO. Chemical
analysis of LLO showed that the lipid anchor consists of isoprene unit
polymer.

2-  Reorientation “Flipping” of LLO; whereby LLO is flipped to the lumen
of endoplasmic reticulum (ER) membrane in eukaryotes — to be transferred
or further extended- or periplasmic space in bacteria.

3  The catalysis of the en bloc transfer of the oligosaccharides, bythe

means of oligosaccharyltransferase (OST), to the acceptor protein at the

[ =]



canonical glycosylation sequon in eukaryotes or non-

canonical glycosylation sequon in bacteria. Fig 2
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Fig 2 Key differences in N-glycoyslation between eukaryotes and

prokaryotes.

In O-linked glycosylation, apart from bacterial en bloc O-linked
glycosylation, the transfer of glycans to the hydroxyl group of serine or
threonine has been demonstrated to occur in the Golgi apparatus in
eukaryotes or cytoplasm in prokaryotes by the means of GTs. The
sequential nature of the process does not involve the generation of LLO but
rather the transfer of glycans directly from the nucleotide activated sugar

to the polypeptide chain (Nothaft and Szymanski, 2010).
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1.3.1 Diversity in glycans functions

The exploration of the biological roles of glycans shed the light on the
pivotal role played by glycans in expanding the proteome repertoire. The
complex and diverse nature of glycans exaggerate protein(s) biophysical
characteristics and biological properties. Structural-function relationship of
glycans to proteins liberated the science community from viewing glycans
as just protein decoration. Various functions and roles can be attributed to
glycans; however, it is hard to ascertain a general function exhibited by
glycans in glycoprotein. Owing to the presence of multiple glycosylation
sites, glycans can play different roles within the same polypeptide
backbone. Contrary to Proteins and DNA, glycans are products of complex
biosynthetic biochemical reactions that cannot be predicted directly from the
DNA sequence (Lauc, Kristi¢ and Zoldos, 2014). Unlike in prokaryotes, the
elucidation of the role of eukaryotic glycans is well studied. To encompass
the biological role of glycans, state of the art techniques in genomics are

required to unravel pathways as well as different proteomics strategies must

be employed. Proteomics research has been proven fundamental to
characterize and quantify glycoproteins. Advances in mass spectrometry
and nuclear magnetic resonance revolutionised the study of the inherently
complex nature of glycans in a certain host or organism. Thus, the function
of glycans could be categorised into; structural or modular functions
(intrinsic effects) and specific (extrinsic). Whilst the former studies the
nature of glycans influence protein folding, stability and dynamics and the
latter is more concerned with the interaction of the glycans with self/other

partner proteins (Varki and Sharon, 2016).
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1.4 Intrinsic effects of glycans on protein folding and stabilisation

1.4.1 Effect of glycosylation on protein folding

Although more than half of the proteins are expected to be glycosylated
in eukaryotes, only less than 5% of the solved X-ray crystallography
structure in protein data bank (PDB) carry either N- or O-linked glycosylation
(Apweiler, Hermjakob and Sharon, 1999; Lee, Qi and Im, 2015). Glycans
are notoriously known for being heterogenous, flexible and reduce
favourable crystals contact. In addition, the expression of proteins in
glycosylation null E. coli strains led to this reduction in the ratio of
glycosylated/non-glycosylated protein structures found in the PDB. Thisled

to limiting the glycan-protein structure relationship driven research.

Computational studies evaluating the role of glycosylation in influencing
protein folding helped in generating hypotheses about a general role of
glycans (Xin and Radivojac, 2012; Lee, Qi and Im, 2015). In these studies,
available PDB entries were analysed systematically to investigate
thestructural changes occurring as a result of protein glycosylation. Xin et
al suggested a shift in the conformation of the lowest valley of protein
landscape; protein folding funnel. Glycosylation seemed to help to assure
minimal low energy requirement, improving the energy cost and the
spontaneity of the protein folding process. In another study, glycans were
found to stabilise proteins by decreasing protein dynamics rather than
changing protein conformation (Lee, Qi and Im, 2015). This decrease in
protein dynamics was explained by the bulky nature of N-linked glycans that

act as a “molecular glue” holding amino acids around the glycosylation site

[ ]



together.

Experimentally, the study of the folding energetics of mono-N-
glycosylated adhesion domain of the human immune cell receptor cluster of
differentiation 2 (hCD2ad), have demonstrated the effect of the glycans on
the proteinfolding landscape. By employing circular dichroism spectroscopy
(CD), hCD2ad variants (non-glycosylated, glycosylated with hybrid,
complex or oligomannose) were compared. The N-linked glycans triose core
(ManGIcNAc2) is sufficient to exert a stabilising effect on the protein, % of
this stabilisation effect was due to slowing down the unfolding rate by 50
fold and the remaining ¥ was demonstrated to accelerate the folding of the
protein by a factor of 4. Additionally, the glycan attachment stabilised the
native state by 3.1 kcal/mol, which is a 200 fold increase in the fold
equilibrium constant, relative to the non-glycosylated counterpart (Hanson
et al., 2009). This study presented experimental proof of the intrinsic role
of N-linked glycans in both the rate of folding and unfolding.

Effect of glycosylation on protein stability

Biophysical studies demonstrated a reduction in thermostability in
deglycosylated proteins when compared to its glycosylated counterparts
(van Zuylen, Kamerling and Vliegenthart, 1997; Biswas and
Chattopadhyaya, 2016). The thermal stability of the native a subunit of
human chorionic gonadotropin (ahCG) and its partially deglycosylated form,
was investigated by nuclear magnetic resonance (NMR) upon enzymatic
deglycosylation. The deglycosylated form which still carried a GICNAc

monomer at %N and 8N, showed a small yet significant reduction in




thermostability compared to the native form. This finding was verified in
another experimental study using CD spectroscopy, where thermal melts of
Curcuma longa rhizome lectin (CLA) variants were comparted. Native and
hypermannosylated forms of CLA showed a higher Tm compared with
glycosylation mutants and deglycosylated forms (Biswas and
Chattopadhyaya, 2016). This study suggests that N-linked glycans
increased protein solubility in denaturated or partially denaturated forms by

decreasing aggregate formation.

The stabilisation of glycoproteins was found to be dependent on glycan
structure and residual context of the protein. The adhesion domain of human
CD2 carries a single N-linked glycosylation site at °N that is glycosylated
with a high mannose glycan content Mans-sGIcNAc2. Trimming down the N-
linked glycan to a single GIcNACc at this site was found to reduce the stability
of human CD2. However, the complete removal of the glycans resulted in

protein unfolding and aggregation (Wyss et al., 1995) Glycans decorating

this site were found to be affect the adhesion properties of the protein by

directly stabilising the protein fold.

The covalent attachment of glycan structures to protein enhances the
protein kinetics and thermostability (Jayaprakash and Surolia, 2017). By
decreasing the free energy of folding, bulky hydrophilic glycans play roles
in conformational stabilisation and reduction of thermal unfolding. The
molecular mechanism by which glycans stabilise polypeptide chains was
investigated in the proto-oncogene tyrosine protein-kinase SRC homology

3 protein; SH3 domain. It is note worthy that SH3 is a relatively small

( 15 )
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protein (56 amino acids) and not found to be glycosylated in nature. The
folding of 63 engineered SH3 domain variants glycosylated with either 5
glycan rings or 11 branched glycan rings were tested using computational
tools (Shental- Bechor and Levy, 2008). Six glycosylation sites were
chosen that are located on loops and/or coils, sites were also selected in
location predicted to prevent any protein instability upon glycosylation. The
results indicated that highly glycosylated variants were more thermo and
kinetically stable. Mechanistically, glycans were indicated to play a role in
controlling protein unfolding by modulating entropy, shifting the
thermodynamic and kinetic properties of protein folding (Shental-Bechor

and Levy, 2008).

1.5 Extrinsic effect of glycans on protein-protein interactions

Glycans play an important role in deciding the fate of proteins by
recruiting carbohydrate binding proteins and/or enzyme to direct protein
folding and trafficking. Due to the important role played by N-linked glycans
in protein folding, impaired glycosylation triggers proteins degradation
(Hebert et al., 2014). The striking finding that the core N-linked glycans are
conserved in all eukaryotes, across millions of evolution years, indicates a
critical role for these glycans in protein folding and sorting. Functional
studies revealed the role of N-linked glycans in favouring protein folding
versus protein degradation. Immediately after the en bloc transfer of N-
linked glycans, glucosidases; a-glucosidase | and glucosidase Il are
recruited to sequentially remove a-1,2 Glc and a-1,3 Glc, respectively,

generating a monoglucosylated polymannose incompletely folded




polypeptide chain. ER lectin chaperones, calnexin (CNX) and calreticulin
(CRT) then recognise the monoglucosylated polymannose species to
facilitate its folding and prevent it from exiting the ER. Terminal glucose are
then removed (deglucosylated) by glucosidase Il. This step acts as asignal
for proteins to be released form CNX/CRT complex. Proteins are then
transferred to the Golgi by coat protein Il (COPII) mediated vesicles. Once
they reached the Golgi, glycosyltransferases sequentially elaborate the
core N-linked glycans. In case of incomplete folding, a UDP-
Glc:glycoprotein glycotransferase will add a glucose residue to the N-linked
glycan. CNX/CRT will then bind to reglucosylated proteins to assist its

folding (Caramelo and Parodi, 2008; Freeze, Esko and Parodi, 2009)

Alteration in glycosylation profile is often associated with abnormal
cellular function. MS and NMR has allowed the comparative studies of
glycosylation profile between healthy and patients thus unravelling the role
of N-linked glycans in diseases establishment and progression
(Jayaprakash and Surolia, 2017). Glycomics studies revealed a missing
link between aberrant glycosylation and biological implications such as
progression of carcinoma and prion protein pathogenesis. In gastric
carcinoma, unusual glycosylation of epithelial cadherin (E-cadherin), a
calcium dependant cell-cell adhesion molecule, with 1,6 GIcNAc branched
N-linked glycans by GnT-V glycosyltransfase was shown to abolish its
function (Carvalho et al., 2016). This aberrant glycosylation was found to
occur in the most distal domain from the membrane, that might be involved

in cell-cell interaction, leading to physiological complications.




Integrins are a main class of surface proteins that are attached to
extracellular matrix (ECM) that play a role in the cell interaction with the
surrounding environment (Rippa et al., 2013). The protein heterodimers
consist of a and 3 subunit, their interaction is important in conferring a wide
ligand specificity, however, glycan moieties were proposed to be leading
in the interaction between the protein and cellular milieu. Deglycosylation
of purified integrin resulted in abolishment of its interaction with other
proteins such as fibronectin. Since a5B1 integrins have more than 26
potential glycosylation sites, assigning the role of each site might be
challenging. However, studies have shown that attachment of N-linked
glycans to a5s5 subunit is the needed for its expression on the cell surface
(Isajietal., 2006). Surprisingly, mutating glycosylation site at 1 subunit led
to a decrease of its cellular expression and reduction in heterodimer
formation, thus affecting its biological role in cell spreading (Isaji et al.,

2009).

The prion protein (PrP) is an amyloid forming protein and is usually
associated with spongiform encephalopathies. Disease is established when
the soluble normal form of PrP (PrPC) undergoes conformational alteration
to insoluble proteases resistant form (PrPS¢) (Kupfer, Hinrichs and
Groschup, 2009). PrPC s variably glycosylated at two different sites. Studies
demonstrated that aberrant glycosylation of PrP¢ promoted its conversion
to PrPs¢ leading to change of conformation of the former. Notably,
heterologous expression of unglycosylated form of PrP¢ in yeast

demonstrated similar biochemical characteristics as PrPS¢ (Ma and




Lindquist, 1999). Most importantly, glycosylation was shown to play a role
in hindering the conversion of PrP protease sensitive to pathogenic PrP
protease resistant (Rudd et al., 2002). The work to unravel the role of
glycosylation in stabilising PrP is still on going. The wealth of knowledge
about the role of N-linked glycans in cell development, congenital diseases,

cancer progression and infection biology, is vastly expanding.

1.6 Emergence of bacterial glycosylation: Of biology and DNA
sequencing technology

Despite the burst of knowledge after the molecular biology revolution,
glycobiology is fundamentally lagging behind genomic and proteomic
research, possibly owing to the complexity and variability in structure. There
is a gap of 48 years from when the first report appeared describing the
chemical composition of an eukaryotic glycoprotein and the first discovery
of a bacterial glycoprotein (Okuda and Weinbaum, 1968). Bacterial glycans
are not synthesized in a template-based manner, and linkages and
sequences vary enormously. The availability of whole genome sequencing,
as well as structural and chemical analysis of macromolecules, paved the
way for glycobiology research to progress. Developments in DNA
sequencing also allowed researchers to gain an awareness into the
widespread presence and diversity of glycan biosynthetic genes. The
revolution in merging statistical modules with biophysical and
biochemical analyses, provided further evidence for significant structural
heterogeneity and function. Reports demonstrating that bacteria possess

glycosylation machinery have increased exponentially over the last

decade. The first general bacterial ?chosyliition system was identified in
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1999 (Szymanski et al., 1999; and charcterised in 2002 Linton et al., 2002).
Since then, more than 30 glycosylation pathways have been reported and
functionally characterized (Schaffer and Messner, 2017). The rise in
bacterial glycosylation reports follows the introduction of second and third
generation DNA sequencing technologies that the science community
witnesses during the last two decades. The accessibility of DNA
sequencing platforms coupled with bioinformatics fuelled bacterial
glycobiology research, allowing researchers to interrogate various
bacterial genomes, from deep-sea vent organisms such as Nitratiruptor
tergarcus (Mills et al., 2016) to the human microbiota, Bacteriodes fragilis

(Fletcher et al., 2009).

1.7 Bacterial glycosylation

The increasing body of evidence indicating bacterial possession of
glycosylation systems underscores the importance of this post-
translational modification. Bacterial protein glycosylation was previously
thought to be limited to surface appendages such as S-layer, pilin or
flagellar proteins (Stimson et al., 1995; Arnold et al., 1998; Schéaffer and
Messner, 2017). Sequencing the bacterial genome of the epsilon
proteobacterium Campylobacter jejuni NCTC11168 revealed a gene, in the
middle of a locus, encoding a protein orthologous to the STT3 subunit of
the eukaryotic OST. Further mutational and biochemical studies identified
a “protein glycosylation locus” (Pgl) and PgIB was observed to be the
key central enzyme in the covalent attachment of general N-linked glycans

to the D/E- X-N-Y-S/T (where X and Y are any amino acid other than




proline) in the acceptor protein in C. jejuni (Linton et al., 2002; Nothaft and
Szymanski, 2010). This discovery revolutionised the bacterial glycobiology
field on two parallel fronts, firstly it opened the question of how and why
general glycosylation systems evolved in bacteria. Secondly, it provided a
novel biological conjugation technology which is being exploited to
assemble either glycoconjugate vaccines or humanised glycoproteins in E.
coli (Wacker et al., 2002; Feldman et al., 2005; Terra et al., 2012;
Valderrama- Rincon et al., 2012; Cuccui and Wren, 2015). The latter has
developed rapidly, boosting the biotechnological industry with start-up
companies harnessing this novel biotechnological platform (to name a few;
Glycovaxyn, now Limmatech, Glycobia, Malcisbo); several of these
bioconjugate  vaccines are being tested in clinical trials

(https://clinicaltrials.gov/ct2/show/NCT02388009).

Apart from the C. jejuni general glycosylation system, most basic biology
studies did not report beyond the characterization of general glycosylation
system and/or identification of glycoproteins. At the time, genetic disruption
of glycosylation systems failed to offer a detailed account on cellular
alterations. (Linton et al., 2005; Fletcher et al., 2009; Scott et al., 2010;
Iwashkiw et al., 2012). However, the wealth of knowledge of the types of
bacterial glycosylation systems is expanding constantly. The diversity of
bacterial glycosylation system offers an archaic view into the evolution of
post translational modification in higher forms of life. Bacterial glycosylation
can be divided into two main categories: periplasmic en bloc (OST based)

transfer of glycans or cytoplasmic sequential glycosylation (GT based). N-



https://clinicaltrials.gov/ct2/show/NCT02388009

and O- linked glycosylation systems have now been discovered and
characterised that fit into both categories (Nothaft and Szymanski, 2010;

Cuccui and Wren, 2015).

1.8 Periplasmic (OST mediated) glycosylation

Nature offers diverse arrays of oligosaccharyltransferases that catalyse
the covalent attachment of glycans to the nitrogen in asparagine; N-
glycosylation or oxygen in serine or threonine O-glycosylation. Whilst the
former is restricted only to general glycosylation systems found in epsilon
proteobacteria such as C. jejuni and Helicobacter pullorum, the latter could
be found as general glycosylation systems such as Burkholderia cepacia
complex, Francisella spp and Neisseria spp or specific systems decorating
surface appendages such as flagella in Aeromonas hydrophilia, Pilin in
Pseudomonas aeruginosa or S-layer as in Tannerella forsythia (Linton et
al., 2002; Horzempa et al., 2006; A. Vik et al., 2009; Jervis et al., 2010;

Posch et al., 2011; Champasa et al., 2013; Lithgow et al., 2014)

1.8.1 N-glycosylation system

Among prokaryotes, C. jejuni still has one of the most well elaborated en
bloc N-glycosylation system (Nothaft and Szymanski, 2013). More than 50
proteins are glycosylated with C. jejuni heptasaccharide; GalNAc-a1,4-
GalNAc-[Glcp1,3-]GalNAc-a1,4-GalNAc-a1,4-GalNAc-a1,3-diBacNAc-B1;
where GalNAc is N-acetylgalactosamine; Glc is glucose; diBacNAc is 2,4-
diacetamido-2,4,6-trideoxyglucopyranose, at the D/E-X-N-Y-S/T site in
acceptor proteins whereby X and Y are any amino acid other than proline

(Scott et al., 2010). For N-glycosylation to happen, two major steps should
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take place in different compartments; LLO biosynthesis in the cytoplasm and

the transfer of glycans by the central OST in the periplasm.

LLO biosynthesis starts by the generation of diBacNAc; in this primary
step, PglF, a NADH dependent 4,6 dehydratase, dehydrates UDP-GIcNAc
to UDP-2-acetamido-2,6-dideoxy-a-d-xylo-hexos-4-ulose (Schoenhofen et
al., 2006; Riegert et al., 2017). Then PglE, a UDP-4-keto-6-deoxy-GIcNAc
specific aminotransferase that uses pyridoxal phosphate as cofactor and
glutamate as an amino donor, transfers amino group to the keto sugar to
form UDP-2-acetamido-4-amin-2,4,6-trideoxy-a-D-glucose which is then
gets acetylated at the C4 position by PgID, using acetyl CoA as an acetyl
donor, to form UDP-2,4-diacetamido-2,4,6-trideoxy-a-D-glucose; UDP-

diBacNAc (Olivier et al., 2006; Schoenhofen et al., 2006) Fig 2.
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Fig 3 Schematic diagram illustrates the generation, translocation and en bloc transfer

of N-linked glycans in C. jejuni. Figure adapted from (Nothaft and Szymanski, 2010)
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The transfer of UDP-diBacNAc to Und-P is catalysed by PgIC a
polyprenol phosphate phosphoglycosyl transferase (PGT). PglA then
transfers the first GalNAc to diBacNAc-PP-Und to form a GalNAc-a-1,3-
diBacNAc-PP-Und. PglJ then transfers another GalNAc residue onto the
disaccharide to form GalNAc-0-1,4-GalNAc-a-1,3-diBacNAc-PP-Und
which is then elaborated by the sequential addition of three a-1,4-GalNAc
molecules by the help of PglH (Weerapana et al., 2005; Troutman and

Imperiali, 2009).

The glycan biosynthesis step terminates by adding a Glc residue to
GalNAc-a-1,4 GalNAc-0-1,4-GalNAc-a-1,4GalNAc-a-1,4-GalNAc-a-1,3-
diBacNAc-PP-Und hexasaccharide by Pgll (Troutman and Imperiali,
2009). After the generation of the LLO, the ABC transporter PgIK,
translocates “flips” the LLO to the periplasm where it serves as a glycan

donor to be transferred to the acceptor protein by PgIB.

1.8.2 Biological role of N-glycosylation

Despite its relatively small genome, 1,641,481 base pairs, C. jejuni
dedicates a considerable part of its genome for production of diverse forms
of glycans such as; LOS, CPS, N-linked and O-linked glycans. Whilst the
role of LOS and CPS are well studied in C. jejuni and other model
organisms, the function of N-linked glycans is still under studied.
Mutagenesis studies on the N-glycosylation pathway resulted in pleiotropic
effects (Nothaft and Szymanski, 2013). One logical explanation for these
effects is that any aberration of the native post translational modification

of the 50+ proteins




decorated by N-linked glycans will result in a global proteins alteration in C.
jejuni leading to impairment of protein functions that would be translated into
phenotypic changes. Indeed, disrupting N-glycosylation leads to a decrease
of colonisation of 2-week-old Light Sussex chickens when compared to
other C. jejuni variants (Jones et al., 2004). Inactivation of PglH also showed
a reduction in colonisation in 1-day old chicks as well (Karlyshev, 2004). It
is noteworthy that in C. jejuni pglH::aphA, PgIB is still functional and
glycosylates proteins with a truncated N-linked heptasaccharide; GalNAc-a-
1,4-GalNAc-a-1,3-diBacNAc trisaccharide. A 100 to 1000-fold reduction in
colonisation of 12-36 hours old White leghorn chicks in was also observed
in pglE, pglF, pglH inactivated C. jejuni variants (Hendrixson and DiRita,
2004). Investigating the effect of abolishing N-glycosylation showed a
reduction in adherence and invasion of INT407 cells and mouse
colonisation, interestingly, no growth differences were noticed between the
wild type and glycosylation deficient strains (Szymanski, Burr and Guerry,

2002).

1.8.3 Biological and biophysical role of N-linked glycans

The global effects resulted from disrupting N-glycosylation pathway
pointed at a certain biological role(s) played by N-linked glycan in C. jejuni.
Attempts to study the modulation of the post translational modification to
protein function were controversial (Larsen, Szymanski and Guerry, 2004,
Davis, Kakuda and DiRita, 2009; Scott et al., 2009). Cj0143c (ZnuA), a
periplasmic metallochaperone of the zinc transport system ZnuABC, that is
reported to be important in chicken colonisation assay (Davis, Kakuda and

DiRita, 2009). Cj0143c is glycosylated at one site in C. jejuni, mutational




studies of amino acid alteration of this glycosylation site showed no
difference between the protein function when compared to the wildtype
(Davis, Kakuda and DiRita, 2009). A similar finding was reported in the study
of C. jejuni surface glycoprotein JIpA. The outer membrane protein was
found to be glycosylated at two glycosylation sites in all of C. jejuni strains
except C. jejuni 11168. Two dimensional SDS-PAGE of the outer membrane
of C. jejuni strains showed a minor presence of non-glycosylated JIpA when
compared to the other two glycosylated forms, however conventional SDS-
PAGE of extracted membrane fraction did not show much difference
between the glycosylated and non-glycosylated forms of JIpA (Scott et al.,
2009). Surprisingly, in the same study glycosylated and non-glycoyslated
forms of JIpA were recognised by patient’s serum. The authors concluded
that JIpA glycosylation is required for localisation and not for antigenicity.
The study did not fully elaborate the possibility of glycopeptide presentation
by the immune cells which might lead to generation of antibodies against
both the glycans and peptides (Avci et al., 2011). The role of N-linked
glycans in localisation and protein function was further investigated in
VirB10 protein in C. jejuni. VirB10 is a glycoprotein found as a component
of type IV secretion system encoding (TFSS) plasmid; pVir found in C. jejuni
81-176. Inactivation of VirB10 showed a significant reduction in bacterial
competence; DNA uptake. The same phenotype was observed in
glycosylation deficient C. jejuni (Larsen, Szymanski and Guerry, 2004).
Western blot analysis showed VirB10 was not correctly compartmentally
localised in glycosylation deficient C. jejuni. Alteration of glycosylation sites

showed the importance of only one glycosylation site that is required for




protein activity; °/N. This was observed when DNA uptake efficiency was
compared in VirB10 wild type along with its non-glycosylated variants;
VirB10 N97A, VirB10 N32A and VirB10 N97A N32A variants. The study

shows the role of N-linked glycans in protein function.

The immunological role C. jejuni N-linked glycans in modulating
interaction with host macrophage galactose lectin (MGL) has been
proposed. To that end, the N-linked glycan biosynthetic pathway was
expressed in E. coli and showed a localisation of MGL when visualised by
immunogold electron microscopy (van Sorge et al., 2009). Interestingly,
MGL was found to be interacting with other terminal GalNAc containing
glycostructures from C. jejuni such as LOS. Whether the interaction of MGL
is specific to N-linked glycans or to any GalNAc containing glycostructure it

is still unknown.

The biophysical role of eukaryotic N-linked glycans is well established.
Acting as a bulky hydrophilic macromolecule, N-linked glycans confer
protein folding and thermodynamic stability (Shental-Bechor and Levy,
2008; Hanson et al., 2009; Hebert et al., 2014; Biswas and Chattopadhyaya,
2016). Investigating the influence of the C. jejuni heptasaccharide on protein
stability could unveil the reason why this post translational modification is
critical to the bacterium. PEB3, a class Il periplasmic binding protein, is one
of the first reported glycoproteins in C. jejuni (Linton et al., 2002). The
structural elucidation of PEB3 showed that glycans can be attached to the
protein without influencing a local structure rearrangement at the
glycosylation site (Rangarajan et al., 2007). Thermal denaturation of PEB3

variants using a SYPRO orange binding assay showed that the melting
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temperature Tm of glycosylated PEB3 was 4.7 °C higher than the non-
glycosylated variant of PEB3 (Rangarajan et al.,, 2007). However, in this
study, comparison between wildtype and non-glycosylated PEB3 was not
employed, but rather a glycosylated variant of PEB3 (PEB3 K135E) and its
non-glycosylated form. However, the study corroborates the findings that N-

linked glycans confer protein stability that was found in eukaryotes.

1.8.4 N-linked glycosylation prevalence

Glycomics analysis of the N-linked glycan structure of the Campylobacter
genus revealed a surprising finding. Among 16 different structures in the
same genus, the first two glycans are absolutely conserved at the reducing
end (GalNAc-diBacNAc) and variation occurs when glycans are elaborated
at the non-reducing end terminus (Jervis et al., 2012; Nothatft et al., 2012).
This finding could explain the degree of diversity in glycosylation site
occurrence within the same protein among the Campylobacter genus.
Understanding the difference of glycan structure and monosaccharide
specificity could provide insights into the evolution of the general
glycosylation system in the Campylobacter genus. The advent of next
generation sequencing drove the momentum of microbial glycobiology. The
analysis of genome sequences available enriched our understanding of the
prevalence of PgIB orthologues not only among epsilon proteobacteria, but
also in other bacterial families (Mills et al., 2016). Surprisingly, some
bacterial genomes were found to code for more than one form of PgIB,
functional studies suggests that each PgIB might have a particular glycan or
peptide specificity (Jervis et al., 2018). Heterologous expression of PglB
orthologues from deep sea vent bacteria and members of delta

proteobacteria, deferribacteres and aquificae
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proved its functionality in E. coli (Ollis et al., 2015; Mills et al., 2016). Due to
the difficult conditions to culture most of these bacteria, it is still uncertain

why and how these bacteria glycosylate their proteins.

1.9 Bacterial general O-linked glycosylation

Historically, the first glycan component of a glycoprotein reported in
bacteria is thought to be an O-linked glycan from S-layer proteins in C.
thermosaccharolyticum and C. thermohydrosulfuricum (Sleytr and Thorne,
1976). From this discovery, it was thought that O-linked glycosylation
evolved in bacteria specifically to modify cellular appendages such as
flagella, pilin and S-layers. The ground-breaking finding that bacteria
possessed general O-glycosylation systems raised the question of a
common evolutionary theme of glycosylation systems in prokaryotes and

eukaryotes (A. Vik et al., 2009).

1.9.1 General O-glycosylation

Similar to N-glycosylation, general O-glycosylation occurs in the
periplasm after building up the O-linked glycan on a lipid linked anchor;
undecaprenolpyrophosphate in the cytoplasm. Difficulty in characterising an
O-glycosylation system is exemplified by two main reasons; O-glycosylation
OST is normally wrongly annotated as Waal due to the presence of aWzyC
signature domain in both proteins, and lack of specific acceptor sequon for
O-glycosylation to scan for glycoproteins in the bacterial proteome (Schaffer

and Messner, 2017).




1.9.2 O-glycosylation in Acinetobacter baumanii 17978

The cell surface of bacteria is usually decorated with a wide set of
different glycans; capsular polysaccharides (CPS), lipopolysaccharides
(LPS) and glycans covalently attached to proteins. Cross talk between
glycan biosynthetic pathways of these glycans is not uncommon (Cuccui
and Wren, 2013). In the nosocomial opportunistic bacterium, Acinetobacter
baumanii 17978, the initiating glycosyltransferase PglCan, was found to be
involved in both CPS and O-linked glycans pathways (Lees-Miller et al.,
2013). The involvement of PgICab is proposed to be at the early stage of
LLO biosynthesis, whereby PgICab catalyses the transfer of GalNAc to the
lipid anchor Und-p then other four GTs sequentially build LLO in the
cytoplasm. LLO is then translocated to the periplasm and faces a crossroad,
either to be elongated by Wzy polymerase or transferred to the acceptor
protein by the O-glycosyation OST PgIL (Lees-Miller et al., 2013). PglLab
decorates 26 different proteins with B-GICNAC3NAcCA40Ac-4-(B-GIcNAc-6-
)-a-Gal-6-B-Glc-3-B-GalNAc pentasaccharide in A. baumanii 17978.
However, glycan structure diversity and microheterogeneity has been
reported among A. baumanii strains (Scott et al., 2014). Disruption of PglLas
caused a reduction in virulence in amoeba and the Galleria mellonella
infection models as well as decreased bacterial fitness in BALB/C mice.
Interestingly, O-glycosylation was found to be directly linked with biofilm
formation, an important virulence determinant in A. baumanii that is
associated with survival, antibiotic resistance and pathogenesis (Iwashkiw

et al., 2012).




1.9.3 O-glycosylation in Burkholderia cepacia complex

The Burkholderia cepacia complex (Bcc) is a group of phenotypically
similar but genetically distinct bacteria that infect humans, animals and
plants. In humans, B. cenocepacia is considered the most common
causative agent of cystic fibrosis (CF) (Mahenthiralingam, Urban and
Goldberg, 2005). Investigating B. cenocepacia revealed the presence of a
general O-glycosylation system, where the bcl0960 gene codes for the
central O-OST; PglLsc. Bioinformatic studies revealed that PglLsc possess
aWzy C and a DUF3366 domains. Heterologous expression of PglLsc in
E. coli showed its relaxed specificity in transferring C. jejuni
heptasaccharide onto acceptor protein; DsbAl. PglLsc glycosylates 23
different proteins in B. cenocepacia with the trisaccharide Hex-HexNAc-
HexNAc whilst other proteins carry an extra 100 Da mass at the non-
reducing end of the glycan. Abolishing of O-glycosylation by disrupting
PglLsc reduced bacterial virulence and motility (Lithgow et al., 2014). This
finding suggests a pleotropic effect caused by altering the glycoprofile of
proteins in B. cenocepacia that directly or indirectly affected cellular

activities and virulence.

1.9.4 O-glycosylation in Francisella spp

The intracellular pathogen Francisella tularensis is causative agent of
tularemia. Due to the ease of its transmission whereas infection could be
established by inhaling as few as 25 CFU, F. tularensis has been
designated a category A agent in bioterrorism (Oyston, Sjostedt and
Titball, 2004). In a study to explore the glycoproteome of F. tularensis

different analytical methods were employed such as hydrazide labelling,




lectin blotting and lectin affinity chromatography (Balonova et al., 2010).
More than 15 proteins were found to be O-glycosylated with a
hexasaccharide glycan; HexNAc-X-HexNAc-Hex-Hex-HexNAc, where X is
an unknown glycan (Balonova et al., 2010; Thomas et al., 2011).
Mutagenesis studies revealed that PglA, a OST with a degree of similarity
to PiIlO from P. aeruginosa, that is involved in pilin glycosylation is
responsible for both pilin glycosylation and general O-glycosylation
(Balonova et al., 2012). The reconstitution of PglA mediated glycosylation
of PilA in E. coli expressing the glycan donor diBacNAc, demonstrated the
relaxed specificity of PglA (Egge-Jacobsen et al., 2011). Further analysis
of the O-glycosylation pathway, revealed a cross talk between O-antigen
glycan biosynthesis and O-linked glycan assembly (Balonova et al., 2012).
Mouse model studies did not show difference in infection level between
pglA mutant and the wild type, neither any difference was exhibited in 80%
serum killing in both strains. Thus, indicating that O-glycosylation does not
play a role in the virulence of F. tularensis (Dankova et al., 2016).
Interestingly, mutation in FTS 1402 gene that codes for a putative flippase
and is responsible for translocating diverse glycan structures such as LPS
and CPS, showed a decrease in O-linked glycan attachment and a degree
of attenuation in F. tularensis. This result indicated a critical role played by

glycoconjugates in this pathogenic bacterium.

1.9.5 O-glycosylation in Neisseria spp.
The most extensively studied O-glycosylation system among
prokaryotes is that found in Neisseria spp. Research into this system was

initiated more than three decades ago, when Neisseria meningitidis was




found to be capable of decorating its pilin with the O-linked glycans
trisaccharide; Gal-a-1,4-Gal-a-1,4-diBacNAc (Stimson et al.,, 1995).
However, glycan variation was detected between N. meningitidis and the
closely related species N. gonorrhoeae. Investigating the role of O-linked
glycans demonstrated their capacity to increase the solubility of pilin and
ruled out their involvement in piliation (Marceau et al., 1998). These
findings directed attention towards a specific target protein for O-
glycosylation in Neisseria spp., however, a decade later, 11 proteinswere
found to be glycosylated with the same glycan, demonstrating the
presence of a general O-glycosylation system (A. Vik et al., 2009).
Interestingly, pilin IV is found not to be glycosylated in N. elongate subsp
glycolytica despite its possession of a functioning O-glycosylation system.
Dissecting the locus encoding O-glycosylation system revealed a degree
of homology and function between Neisseria spp O-linked system and C.

jejuni N-linked glycosylation (Hartley et al., 2011).

In brief, O-glycosylation consists of three major steps; generation of
LLO, translocation of the LLO from the cytoplasm across to the periplasm,
and en bloc transfer of O-linked glycans mediated by OST; PglO. PgID and
PgIC catalyse the dehydration and amination of UDP-GIc using NAD™* as a
cofactor to generate UDP-2-acetamido-4,amino-2,4,6-trideoxy-a-D-
glucose which is then get acetylated at the C4 position. This step is
followed the transfer of UDP-monosaccharide to the lipid anchor by the
bifunctional enzyme PgIB (not to be confused with PgIBcj) Fig 3.
Interestingly, half of the clinical isolates of N. meningitidis express the

pglB2 allele which encodes the bifunctional enzyme PgIB2 that transfers a




glycerol instead of acetyl group to C4 position, and generates UDP-2-
acetamido-4,amino-2,4,6-trideoxy-a-D-glucose to create 4-glyceramido-
2- acetamido-2,4,6-trideoxy-a-d-hexose (GATDH) (Chamot-Rooke et al.,
2007). Other GTs then elaborate on the lipid linked glycan. PglH or its

variant PglH2 transfers Glc or GalNAc, respectively. Alternatively, PglA

and PIgD successively transfer Gal to the lipid linked glycan.
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Fig 4 Schematic diagram illustrates the generation, translocation and en bloc transfer

of O-linked glycans in N. meningitidis. Figure was adapted from (Nothaft and Szymanski,
2010)

Strains  expressing both PgIAD and PglH expresses
microheterogenous glycoforms which later gets acetylated by Pgll (Borud
et al., 2011). After the translocation of LLO across to the periplasm. PgIL
catalyse the en bloc transfer of O-linked glycans to S/T in the acceptor

protein. The association of O-linked glycosylation with the structural

context of protein has been




investigated. Notably, low complexity regions (LCR) of the acceptor protein

have been found to be targeted by PgIL (A. Vik et al., 2009)

Understanding the role of O-linked glycans is still poorly studied.
However, structural analysis of AniA, a surface exposed nitrite reductase
enzyme that is glycosylated at the C-terminus, suggested that O-linked
glycans might play a role in shielding protein domains from immune system

recognition (Ku et al., 2009).

1.10 Protein specific en bloc O-glycosylation

The compelling studies that followed the first bacterial glycoprotein
discovered in bacteria, suggested that glycosylation is specific to certain
surface proteins (Okuda and Weinbaum, 1968; Nothaft and Szymanski,
2010; Schaffer and Messner, 2017). This dogma was later challenged in
the beginning of this century after the discovery of general N- and O-
glycosylation systems in bacteria (Linton et al., 2002; Ashild Vik et al.,
2009). The discovery of OST mediated protein specific O-glycosylation is
an important milestone in the understanding protein post translational
modification. Glycomic analysis of glycans demonstrated diverse glycan
structures, different linkages, microheterogeneity among the same genus
and uncommon glycan moieties. (Horzempa et al., 2006; Posch et al.,

2011; Bouché et al., 2016; Schaffer and Messner, 2017).

1.10.1 Flagellin O-glycosylation in Aeromonas hydrophilia
The exciting findings supporting the notion of two potential O-
glycosylation systems in A. hydrophilia provide insights on how and why

bacterial glycosylation has emerged. A. hydrophilia is a mesophilic water-




borne bacteria that expresses two forms of flagellin which are involved in
adherence to biotic and abiotic surfaces as well as biofilm formation (Kirov,
Castrisios and Shaw, 2004). Both flagellins are O-glycosylated by two
different glycans however share one same glycan; a 376 Da glycan that is
a derivative of pseudomanic acid (Wilhelms et al., 2012). In the same
study, polar flagella were found to be O-glycosylated with a more complex
glycan structure composed of a heptasaccharide. MS analysis of the
heptasaccharide revealed a variable phosphorylation and methylation of
glycans and two unknown monosaccharides of 376 Da and 102 Da in
sequence of 102 Da-HexNAc-HexNAc-HexNAc-Hex-Hex-376 Da
(Wilhelms et al., 2012). Mutagenesis studies in wecX that codes for
putative lipid linking glycan transferase, abolished glycosylation and
flagellin production in A. hydrophilia AH-3. Thus suggesting an OST
mediated O-glycosylation in the polar flagellin (Merino et al., 2014).
Interestingly, mutation in wecP, which encodes GalNAc transferase to lipid
anchor showed no effect on flagellin glycan structure but rather a decrease
in the intensity of polar flagellin glycosylation, suggesting no cross talk
between O-antigen biosynthesis and O-linked heptasaccharide assembly
(Merino et al., 2014). Impairment of polar flagellin glycosylation was found
to abolish bacterial motility and flagellin production, as well as reduce
recognition by Toll-like receptor 5 (TLR5) (Merino, Wilhelms and Tomas,
2014). More work is needed to investigate the conservation of these two
glycosylation systems in the Aeromonas genus as well as to reveal the

OST responsible for the polar flagellin glycosylation.




1.11 Cytoplasmic protein glycosylation (GT mediated)

Breakthroughs in sequencing and analytical chemistries provided
evidence of the presence of sequential protein glycosylation in bacteria.
Occurring in the cytoplasm, sequential protein glycosylation is a form of
post translational modification whereby glycans are transferred directly
from nucleotide activated monosaccharides to the polypeptide chain with
the means of glycosyltransferases (Szymanski et al., 2003; Nothaft and
Szymanski, 2010; Cuccui and Wren, 2013; Schaffer and Messner, 2017).
Unlike OST mediated glycosylation, which can be general or specific post
translational modification, sequential protein glycosylation has been found
to be restricted only to surface proteins including bacterial adhesins. In
most cases, glycosyltransferases responsible for protein glycosylationare
found in the same operon. Due to limitations in bioinformatic models, most
of the protein glycosylation glycosyltransferases are wrongly annotated.
Functional and structural studies help to give a better picture on the activity
of these GTs. GT mediated protein glycosylation is found in both gram-
positive and gram-negative bacteria, pathogenic or symbiotic bacteria.
Like OST mediated glycosylation, GT mediated glycosylation can be
divided to N-glycosylation found in members of Pasteurellaceae family
such as Actinobacillus pleuropneumoniae or non-typable Haemophilus
influenzae or O-glycosylation found in Gram positive bacteria such as
Clostridium difficile and Streptococcus spp (Grass et al., 2010; Boysen et
al., 2016; Valiente et al., 2016; J. Cuccui et al., 2017; Avilés-Reyes et al.,

2018).




1.11.1 High molecular weight adhesin N-glycosylation

The discovery of high molecular weight adhesins; HMW1A and
HMW2A, in non-typeable H. influenzae (NTHi) expanded the N-
glycosylation repertoire beyond en bloc glycan transfer. Around 80% of
NTHi express HMW1 and HMW2 adhesins that play a critical role in
establishing infection by promoting bacterial adherence to epithelial
respiratory cells (St Geme, Falkow and Barenkamp, 1993; St. Geme,
1994; St Geme, 2002). HMW1 is found in an operon coding for its
transporter HMW1B and the N-linked glycosyltransferase, HMW1C which
is the key enzyme in HMW1A glycosylation. Accounting for approximately
5 % of protein molecular weight, N-glycans were found to be functionally
involved in tethering HMW1 and HMW2 onto the bacterial cell surface
(Barenkamp and St Geme 3rd, 1994). The establishment of N-
glycosylation of HMW1A or HMW?2A is carried out in the cytoplasm of the
cell, whereby, HMW1C binds to the adhesin initiating the transfer of hexose
from nucleotide activated sugar donor directly to N-X-S/T, whereby X is any
amino acid other than proline. Additionally, HMW1C was found to be able
to generate hexose-hexose bonds (Grass et al., 2010). Proteomic analysis
of HMW1A identified that the 31 sites where occupied with 47 hexose or
dihexose (Gross et al., 2008) Fig 5. Bioinformatic analysis showed a 65%
identity and 85% similarity between HMW1C and ApHMW1C from A.
pleuropneumonia. Unlike hmw1ABC operon, aphmw1C was not found to
be located in the same operon with its adhesin but rather in the middle of
locus consisting of rimO, coding for methylthiotransferase and another

glycosyltransferase called agt.




Transcriptional analysis demonstrated that the three genes function as
an operon (J. Cuccui et al., 2017). Complementation studies showed
that ApHMW1C can complement the HMW1C function and glycosylate

HMW 1A thus promoting bacterial adherence to epithelial cells. (Choi et
al., 2010).
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Fig 5 Schematic diagram illustrates cytoplasmic N-glycosylation in H. influenzae
Figure is adapted from (Nothaft and Szymanski, 2010)

Functional analysis experiments showed that N-linked glucose
established by the activity of ApHMW1C could be elongated by Agt
a6GT polymerising activity (Schwarz et al., 2011; J. Cuccui et al.,
2017). ApHWML1C and/or Agt mutants exhibited reduction in adhesion
to A549 epithelial cells, thus indicating that, N-linked glycans play a
direct or indirect role in establishing App infection in host animal (J.

Cuccui et al., 2017). It is noteworthy that orthologues of hmw1C were

found in other




organisms such as Yersinia enterocolitica, Yersinia pseudotuberculosis,
enterotoxgenic E. coli and Burkhoderia spp. This type of
glycosyltransferase was coined the term N-glycosyltransferase (NGT)
(Schwarz et al., 2011). The substrate specificity to high molecular weight
adhesins and the efficiency of glycosylation are still to be unravelled.
However, a possible explanation that both NGT and AGT work in concert
thus ensuring protein quality control for such an important antigenic

determinant.

1.11.2 Cytoplasmic O-glycosylation

Cytoplasmic mediated O-glycosylation is a type of glycosylation that is
present in both eukaryotes and prokaryotes. Despite the advancement of
genome sequencing and the exponential increase of sequenced bacterial
genomes, it is still difficult to identify O-glycosyltransferases. O-
glycoproteins are glycosylated with diverse glycan structures (either inter
or intraspecies variation) such as a-1,5 arabinofuranose in P. aeruginosa
PA5196, 7-acetamido-5-(N-methyl-glutam-4-yl)-amino-3,5,7,9-
tetradeoxy-D-glycero-a-galactononulosonic acid or di-N-acetylhexuronic
acid such as in C. botulinum, pseudomanic or legionaminic acid such as in
C. jejuni. Thus exhibiting an inherent complexity to O-glycosylation
systems (Twine et al., 2008; Ewing, Andreishcheva and Guerry, 2009;

Nothaft and Szymanski, 2010).

1.11.3 Bacterial autotransporters heptosyltransferase
The first study reporting the presence of a glycoprotein in bacteria was
carried out in E. coli (Okuda and Weinbaum, 1968). That was even before

the discovery of bacterial autotransporter adhesins in 1987 by Thomas
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Meyer's group (Pohlner et al.,, 1987). Since then, the number of
autotransporters identified has been increasing exponentially. A subfamily
of autotransporters that shares the same virulence attributes and structural
profiles were discovered in E. coli. Interestingly, members of this family
have been demonstrated to be O-glycosylated and named self-associating
autotransporters (SAAT). They include, adhesins involved in diffuse
adherence (AIDA-I) from diffusely adhering E. coli (DEAC), TibA from
enterotoxigenic E. coli strain H10407 and Ag43 from uropathogenic E. coli
(Lindenthal and Elsinghorst, 1999; Benz and Schmidt, 2001; Sherlock et
al., 2006). Genetic and biochemical studies identified the bacterial
autotransporter heptosyltransferase (BAHT) to be the key enzyme in O-
glycosylation of AIDA-I, TibA and Ag43 (Charbonneau et al., 2012). BAHT
catalyse the transfer of heptose sugar; glycerol-manno-heptose to the
imperfect repetition of a 19 amino acid sequence in the extracellular
domain of the SAAT. This domain adapts a right handed B-helix that is
extensively modified on serine, but not threonine, by BAHT rendering a
spectacular array of glycans on the edges of the domain (Lu et al., 2014).
The BAHT family consists of Aah and TibC that glycosylates AIDA-I and
TibA respectively. The glycosyltransferase for Ag43 has not been
assigned. Complementation studies demonstrated that TibC can substitute
the function of Aah in an aah mutant (Moormann, Benz and Schmidt,
2002). Bioinformatic analysis of Aah indicates the presence of this type O-
glycosyltransferase in Burkholderia spp, Citrobacter rodentium,
Cronobacter sakazakii, Shigella spp and other members of alpha, beta and

gamma proteobacteria (Charbonneau et al., 2012). Functional analysis in




C. rodentium identified the target adhesin Citrobacter autotransporter,
required for colonisation (CARC) to be the target for the BAHT enzyme.
Mutations in BAHT decreased the bacterial colonisation in mice, indicating
a major role player by O-heptosyltransferase in establishment of infection
(Lu et al., 2014). This type of adhesin/O-glycosyltransferase has a great
potential in development of conjugate vaccines against bacterial major

antigenic determinants.

1.11.4 Glycosylation of Serine-rich repeats proteins (SRRPs)

Serine-rich repeats proteins are family of adhesins that are found to be
glycosylated in Gram-positive bacteria. They play mediate microbe-host
interaction and biofilm formation. Pneumococcal SRRPs are involved in
establishment of serious diseases such as pneumonia, endocarditis and
meningitis (Lizcano, Sanchez and Orihuela, 2012). Genes coding for
SRRPs, their translocase and their glycosyltransferase are usually found
in an operon that varies in size according to the strain. Two GTs were
found to be critical in the initiation of this protein specific post translational
modification; Gtfl and Gtf2 (Zhou et al., 2010). This first step is mediated
by GtfA and GtfB heterotetrameric complex by recognising the low
complexity region in SRRP catalyse the formation of aGIcNAc-Ser/Thr. In
some cases, GTs are then recruited to elongate the newly formed glycan-
polypepide by sequential build-up of the glycan structure on aGIcNAc side,
such observation were found in the formation of Rha-1-3Glcl-(Glcl-
3GIcNACc1)-2,6-Glc1-6GIcNAc in S. parasanguinis and the tetrasaccharide

asin S. pneumoniae (Zhou et al., 2010; Chen et al., 2016; Zhu et al., 2016;




Jiangm et al., 2017). The specific role of the O-linked glycans is still
unknown, however, it has been suggested that O-linked glycans are critical
for protein stability (Lizcano, Sanchez and Orihuela, 2012). Disruption of
Gtfl led to a reduction in biofilm formation in S. parasanguinis (Zhu et al.,
2016). Homologous protein glycosylation systems were found in
Lactobacillus planturum and Lactobacillus reuteri TMW1.106, whereby O-
glycosylation has been involved in biofilm formation, cell aggregation and
mouse colonisation (Walter et al., 2008; Lee et al., 2014). Successful
reconstruction of the GtfA/GtfB glycosylation system suggest a potential
biotechnological application in vaccine development and production of
glycoconjugates (Zhu et al., 2016). The prevalence of this protein post
translational modification in gram-positive bacteria indicates a certain
evolutionary pressure to adapt the critical step of aGlcNAc covalent
addition. Future studies will help to understand the reason why certain

bacterium prefer a specific type of glycosylation.

1.12 Investigating the biological role of N-linked glycans in
bacteria

The field of bacterial glycobiology has been established for more than
half a century encompassing an unparalleled wealth of bacterial complex
glycostructures mainly, LPS and CPS. However, the study of the role of
bacterial N-linked glycans is still in its infancy compared to eukaryotic
glycobiology. Major efforts have been made to harness the potential of
bacterial glycosylation systems to develop glycoconjugate vaccines,
however, basic understanding regarding the biological role of N-linked

glycans remains elusive. One of the major hurdles to initiate such




investigations is the ability to characterise a phenotypic change that could
be linked directly to the loss of N-linked glycans. To solve this conundrum,
the role of N-linked glycans are investigated in this study on two levels; the
proteome level and the individual protein level. Whilst the former is
concerned with monitoring the change in protein abundance and function
of bacterial glycoproteins, the latter focuses on the role of N-linked glycans
in conferring protein stability and function. Both approaches complement
each other and help to give a clearer picture of the role exhibited by N-

linked glycans in increasing the proteome repertoire.




1.13 Research aims and objectives
This thesis focuses on the biological role of N-linked protein
glycosylation in prokaryotes. To achieve this, | followed different

approaches to:

)] Interrogate the alteration in the proteome following disruption of N-
glycosylation. Using C. jejuni as a model organism, | explored the changes
in the proteome of a glycosylation deficient strain against its wild type
counterpart. | assessed glycoprotein activity in C. jejuni variants as well as
phenotypic changes resulting from N-glycosylation knock out. Finally, |
evaluated bacterial fithess in colonising chickens compared to the wild type
strain.

i)  Study the biophysical properties of N-linked glycans and their
intrinsic and extrinsic roles. CmeA is one of the commonly used carrier
proteins, it is also involved in the major multidrug efflux pump assembly,
CmeABC. | investigated the protein folding/unfolding dynamics of
glycosylated CmeA against its non-glycosylated counterpart as well as the
role of N-linked glycans in promoting protein-protein interaction with CmeA
binding partner; CmeC.

iii)  Explore different substrate specificity of N-OST from deep sea
vent bacteria. | analysed PgIB orthologues using bioinformatic tools to gain
more insights on how PgIB orthologues are diverse from one another.

iv)  Functionally analyse the role of cytoplasmic of N-glycosylation. |
functionally constructed NGT-AGT in E. coli, to be enable functional
analysis of cytoplasmic N-glycosylation as well as develop a platform for

glycoconjugates production on a non-PgIB-based biotechnology.




The objective of these studies is to provide insights on the critical role
of protein glycosylation as well as develop a platform to investigate other

bacterial glycosylation pathways.




1.14 Methodological approaches

1.14.1 Interrogating the alteration in the glycosylation
deficient C. jejuni

Quantitative proteomics evaluate the difference in abundance of
proteins in a high-through put manner. Measuring abundance can be
provide a detailed picture of alteration in cellular proteome a result of
genetic mutations or environmental assault. A variety of quantitative
proteomics approaches have been developed notably isotopic labelling

or label free method Fig 6 (Bakalarski and Kirkpatrick, 2016).
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Fig 6 Schematic diagram illustrating quantitative proteomics methods. The diagram
highlights differences in labelling and peptide quantification in each method. The diagram

is modified and adapted from (Bakalarski and Kirkpatrick, 2016)




Isotopic labelling includes stable isotope labelling by amino acids in cell
culture (SILAC), isobaric tag for relative and absolute quantification
(iTRAQ), tandem mass tags (TMT) and isotopically labelled synthesised
peptide (AQUA). Label free labelling quantitative proteomics is based on
correlating protein abundance with either mass spectrometric of signal
intensities of peptides, number of MS/MS spectra matched to peptides or
proteins (Silva, 2005; Li et al., 2012). Whilst isobaric labelling is based on
metabolic labelling; SILAC or chemical labelling TMT and iTRAQ. Each
guantitative proteomic approach has it is own advantage and
disadvantage. Label free quantification approach allows identification and
guantification of proteins without introducing costly reagents that might be
both time consuming and laborious. However, quantification of samples
are done separately and on individual basis which affects the accuracy and

reproducibility of the method (Li et al., 2012).

Isobaric labelling quantification allows samples multiplexing hence
enhancing the accuracy, sensitivity and robustness of the quantification as
well as eliminates variations according to amounts of samples injected and
run-to-run variations (Kito and Ito, 2008). However, this method suffers
from the drawbacks of lower proteome coverage and time consuming
labelling process (Silva, 2005). Isobaric tags consists of three regions; a
reactive group, which reacts with the N-terminal amine and g-amine group
of lysine specifically, a balance region, which normalises the mass
difference among reporter ions, and a reporter ion, which is associated in
measuring the relative abundance of the peptide labelled Fig 7 (Rauniyar

and Yates, 2014)




Peptides labelled with different tags are indistinguishable in full scan
(MS?Y) however, upon another round of fragmentation (MS/MS) the reporter
ions are dissociated from the peptide. The mass of the reporter ion and its
intensity determines the relative abundance of the labelled peptide with

this particular reporter ion (Li et al., 2012).

Mass Mass  NH; Reactive
Reporter Normalizer Group

Fig 7 Chemical structure of TMT reagent highlighting different reactive groups and
MS/MS fragmentation sites using high collision dissociation (HCD) or electron transfer
dissociation (ETD). Image adapted from thermofisher scientific.

In this study, | will use TMT 6plex to determine protein abundance
differences in C. jejuni strains. This allowed the comparison of three
biological replicates from C. jejuni wildtype and glycosylation deficient
strain grown at the same condition and same time. The simultaneous
comparison of protein abundance with the means of TMT 6plex provided
confidence in the quantification method. Various bioassays were carried
out in parallel to ascertain the proteomic quantification results. The
bioassays provided an insight on the protein function and activity either
found in high or low abundance in glycosylation deficient strain.
Furthermore, chicken colonisation was examined to provide an holistic

view on bacterial fithess and host-microbe interaction.




The following scheme simplifies the workflow for quantitative

proteomics:

C. jejuni wild type and
pglB::aphA grown till
OD600= 0.4'0.5

Cells are harvested and
washed briefly

Cells are lysed with the Cell debris are removed
lysis buffer by centrifugation

Proteins are reduced,
alkylated and digested
with trypsin overnight

Proteins are quantified by
Bradford assay

Peptides are then labelled
with Tander Mass Tags
(Thermoscientific, UK)

Peptides are then
separated by LC

Peptides are quantified
Peptides are then using perseus framework
identified by Orbitrap MS and significance in
abundance is determined
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1.14.2 Evaluating intrinsic and extrinsic roles of N-linked
glycans

Asparagine glycosylation has been linked to promote protein folding,
enhance protein thermostability, reduce protein unfolding rate and promote
protein-protein interaction in eukaryotes (Hanson et al., 2009; Hebert et
al., 2014; Biswas and Chattopadhyaya, 2016; Jayaprakash and Surolia,
2017). However, the role of N-linked glycans was less understood in
prokaryotes, this could be due to i) first detailed general N-linked
glycosylation system was reported only a decade and half ago (Linton et
al., 2002) ii) the excitement about utilising the newly discovered bacterial
N-OTase in glycoconjugate vaccine development took precedence over
the question as to why bacteria glycosylate their proteins iii) lack of means
to investigate the role of N-linked glycans since the majority of reported
glycoproteins found in bacteria are of unknown function (Scott et al., 2010;
Lithgow et al., 2014). To solve this conundrum, | designed complementary
experiments to investigate the intrinsic and extrinsic role of N-linked
glycans in conferring CmeA stability and modulating CmeA interaction with
its partner protein; CmeC. The periplasmic fusion glycoprotein; CmeA and
a member of the resistance-nodulation-division (RND) multidrug efflux
pump which consists other glycoproteins such as CmeB; an inner
membrane multidrug transport protein and CmeC; an outer membrane
associated channel (Lin, Overbye Michel and Zhang, 2002). CmeA is
usually used as an acceptor protein to study not only N-OTase substrate
specificity but also NGT glycosylation potential (Wacker et al., 2002;

Garcia-Quintanilla et al., 2014; Cuccui and Wren, 2015; Jon Cuccui etal.,




2017). First to assure the role of N-linked glycans in modulating CmeABC
multidrug extrusion activity, amino acid substitution was carried out to
construct a glycosylation null CmeABC in glycosylation efficient C. jejuni.
CmeABC activity was monitored by the means of ethidium bromide
accumulation. To assess the role of C. jejuni N-linked glycans in conferring
protein stability, CD spectroscopy was used. CD spectroscopy is a
valuable and relatively fast technique to examine protein structural
changes in solution. CD measurements in the far UV region can give an
estimate on the protein secondary structure in solution (Kelly, Jess and
Price, 2005). With new instrumentations developed, CD spectroscopy can
be used to monitor, with high accuracy, the structural changes in proteins
upon incrementally raising the solution temperature. CmeA variants;
glycosylated CmeA and non-glycosylated CmeA, difference in secondary
structure were investigated using CD spectroscopy as well as their

thermostability.

The extrinsic role of N-linked glycans in modulating protein-protein
interaction was assessed by surface plasmon resonance (SPR). SPR is
an optical technigue commonly used to provide a real time quantitative
assessment of protein-protein interactions kinetics. It has the advantage of
being label free and highly sensitive (Douzi, 2017). SPR has provided
detailed insights on the complex assembly and binding of CmeABC
orthologue; AcrAB-TolC from E. coli (Tikhonova et al.,, 2009). CmeA
variants were immobilised on a CM5 chip and Ni chip, randomly oriented
and unidirectionally oriented respectively, and binding kinetics was

evaluated.




1.14.3 Bioinformatic analysis of N-OTases

The advent of next generation sequencing technologies have revealed
the presence of N-OTase orthologues in members of alpha and gamma
proteobacteria as well as deferribacteres and aquificae (Mills et al., 2016).
This finding demonstrates the prevalence of N-glycosylation outside
epsilon proteobacteria, notably, Campylobacter spp. and H. pullorum. |
used phylogenetic analysis tools and 2D visualisation methods to compare
different N-OTases from various bacterial families, thus to allowing us to
explore the structural heterogeneity and similarities between the

oligosaccharyltransferases.

1.14.4 Functional analysis of cytoplasmic N-glycosylation

The exciting finding of the discovery of cytoplasmic N-glycosylation
opened the question of a possibility of divergent evolution of this system
along with cytoplasmic O-glycosylation. Unravelling the key enzyme
responsible for the transfer of glucose or galactose to the acceptor protein
sequon N-X-S/T whereby X is any amino acid other than proline, helped to
understand the nature of this post translational modification (Schwarz and
Aebi, 2011). The pig pathogen App has been demonstrated to possess a
peculiar type of genetic arrangement of cytoplasmic N- glycosylation
operon. Unlike H. influenzae, aphmwl1C (NGT) and a6gt (AGT) are not
localised in the same operon as their cognate adhesin (Jon Cuccui et al.,
2017). The first step to systematically analyse the function of NGT and AGT
is to reconstruct the system in an easily genetically manipulated bacteria
such as E. coli. The reconstruction of NGT-AGT system allowed us to
study this post translational modification, explore NGT-AGT protein-

protein interaction and explore the system as a non- PgIB based
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bioconjugation method. As a proof of concept, | used the system to
glycosylate CmeA with an a-1,6-glucose polymer. According to our
knowledge, this is the first demonstration of an in vivo assembly and the
transfer of a dextran polymer to a carrier protein using N-

glycosyltransferase enzyme.




Chapter 2

MATERIALS AND METHODS




2 MATERIALS AND METHODS

2.1 Bacterial strains and conditions

Campylobacter jejuni 11168H and its derivatives; C. jejuni pglIB::aphA,
C. jejuni napA::aphA, C. jejuni cmeB::aphA, C. jejuni cmeD::cat, C. jejuni
cmeD::cat wtcmeABC and C. jejuni cmeD::cat g0cmeABC were used in
this study. C. jejuni 11168H was grown on Columbia based agar or Muller
Hinton based agar supplemented with 5% horse blood according to
manufacturer’s instructions. Strains were grown at 37°C in a variable
atmospheric incubator (VAIN) cabinet (Don Whitely, UK) maintaining
microaerophilic conditions of: 85% Nitrogen, 5% Oxygen and 10% carbon
dioxide. All of the cloning experiments were done in Escherichia coli
DH10Beta (New England Biolabs, USA). E. coli DH10B was used in
expression of CmeA and cloning and expression of CmeC whilst gCmeA
was expressed in E. coli SBD1. E. coli strains were grown on eitherLuria-
Bertani Broth or Luria-Bertani Agar and antibiotics were added when

necessary.

2.2 Protein preparation and digestion

Bacterial growth, cell lysis, protein quantification were undertaken at
London School of Hygiene & Tropical Medicine, whilst the sample
preparation peptide labelling, LC-MS/MS were done at the centre of
excellence for mass spectrometery, King’s College, London using the
following protocol. C. jejuni were grown overnight in Brucella broth under
microaerophilic conditions at 37 °C under shaking conditions at 75 rpm.

The following day, 3.5 ml were withdrawn to inoculate 30 ml culture to a




final ODsoo =0.1. The cultures were then incubated as above till ODsoo=
0.4-0.5. Cells were harvested by centrifugation at 4000 xg for 45 minutes.
Supernatant was discarded and cells were resuspended in lysis buffer (7
M urea, 2 M thiourea, 5 mM DTT and 2% (wt/vol) CHAPS) ultrasonicated
following the manufacturers procedure for extraction of native protein
samples from yeast cells (Covaris, US). Protein concentration was then
measured using Bradford assay (Sigma, UK) following the manufacturer’s
protocol then normalised to a total protein amount of 25 pg for enzymatic
digestion. Prior to enzymatic digestion and labelling, samples were loaded
into a stack gel for lysis buffer clean-up to eliminate any chemical
interference at the labelling stage and to compress the whole proteome
into a single band. Sample volumes were dried by half in a SpeedVac
(Thermo Fisher Scientific, UK) with the volume replaced by Laemmli buffer
(2x) and boiled for 10 minutes at 96 °C. Reduced samples were loaded on
to a 10% BisTris NUPAGE gel (Invitrogen, UK) and resolved for 10 minutes
(100 volts; 59 mA; 6 watts) to ‘stack’ the whole sample in to a single band.
Protein bands were visualised using Imperial protein stain (Thermo Fisher
Scientific, UK). Gel bands were then excised, chopped, washed with
acetonitrile (ACN), dried and reduced by rehydration in 10 mM DTT for 30
minutes at 56 °C. Gel slices were then washed with ACN, dried and
alkylated by incubation in 55 mM IAA at ambient temperature for 20 mins
in the dark followed by washing in 100 mM TEAB, drying and incubation in
40 pl trypsin (1.25 ug) at 37 °C overnight. Peptides were extracted by

collecting reaction supernatant.




2.3 Peptide TMT labelling

Each sample was treated individually with labels added at a 1:1 ratio.
TMT6plex labels (Thermo Fisher Scientific, UK) were resuspended in 41
pl ACN, vortexed and centrifuged for 1 minute at 14000 rpm. Each vial of
TMT reagent was added to the appropriate sample, vortexed and briefly
centrifuged at 14000 rpm before incubation at room temperature for 1 hour.
Reaction was stopped by adding 8 ul of 5% hydroxylamine (Sigma, UK) to
each sample and incubated for a further 15 minutes at room temperature.
Samples were then combined for each TMT6plex and incubated at room
temperature for further 15 minutes followed by freezing at —80 °C and

drying in SpeedVac.

2.4 LC-MS/MS tandem mass spectrometry

The combined TMT labelled peptide sample was resuspended in a
solution containing water:acetonitrile:trifluoroacetic acid (98%:2%:0.05%)
and analysed by LC-MS/MS. Chromatographic separations were
performed using an Ultimate 3000 UHPLC system
(ThermoFisherScientific, UK). A 3 ul injection of peptides (equivalent of 15
ug peptides) was resolved by reversed phase chromatography on a 75 um
C18 column (50 cm) using a three-step linear gradient of acetonitrile in
0.1% formic acid. The gradient was delivered to elute the peptides at a flow
rate of 250 nL/min over 120 min. The eluate was ionised by electrospray
ionisation using an Orbitrap Fusion Lumos (ThermoFisherScientific, UK)
operating under Xcalibur v4.1. The instrument was programmed to acquire
in automated data-dependent switching mode, selecting precursor ions

based on their intensity for




sequencing by Higher-energy C-trap dissociation (HCD) for peptide
identification and reporter ion fragmentation. Selection of precursor ions
based on their intensity for sequencing by HCD in a TopN method. The
MS/MS analyses were conducted using higher than normal collision
energy profiles that were chosen based on the mass-to-charge ratio (m/z)
and the charge state of the peptide. To increase fragmented peptide
coverage and reporter ion intensities, a further Synchronous Precursor

Scan (SPS) of the Top 5 most intense peaks using MS3 was performed.

2.5 Construction of C. jejuni cmeB::aphA and C. jejuni
napA::aphA

Inactivation of cmeB in C. jejuni 11168H was achieved using the method
described by Lilian Pumbwe et al. 2001 (Pumbwe and Piddock, 2002).
Briefly, 1 kbp of cmeB was amplified with Phusion polymerase (New
England Biolabs, UK) by primers FWDcmeB and REVcmeB using C. jejuni
11168H genomic DNA as template. The amplicon was cloned into pJET1.2
to give pRSA. In order to disrupt the gene, the kanamycin resistant gene
aphA, was cloned in the middle of the cmeB fragment to give pRSF.
Construction of C. jejuni 11168H napA::aphA was achieved by amplifying
the napA gene with Phusion polymerase (New England Biolabs, UK) using
primers FWDnapA and REVnapA using C. jejuni 11168H genomic DNA as
a template. The amplicon was then ligated into pGEM T-easy to give
pPATT3 which was transformed to E. coli dam-/dcm-. To disrupt napA, aphA
cut by BamHI from pJWKS30 and blunt ended by CloneJET PCR cloning kit
blunting enzyme (Thermoscientific, UK) and then ligated to pATT3 that

was previously cut by Clal and blunt ended to give pATT3F. pRSF and




pPATT3F were electroporated in C. jejuni 11168H and colonies were

selected on CBA supplemented with kanamycin (30 pug/ml).

2.6 Inactivation of cmeD and generation of C. jejuni cmeD::cat, C.

jejuni cmeD::cat wtcmeABC and C. jejuni cmeD::cat gocmeABC.

The nucleotide sequence of cmeD gene was commercially synthesized
(Clonetech, USA) to also carry a chloramphenicol resistant gene; cat was
inserted in the middle of cmeD to disrupt the gene. The DNA was then
released by restriction digestion with EcoRV and cloned in pJET1.2 -
following manufacturer’s instructions- to give pATN. Cloning of cmeABC-
aphA was achieved by the following; cmeABC locus was amplified by
primer FWDCmeA and primerREVCmeC with Phusion polymerase (New
England biolabs, UK) using C. jejuni 11168H genomic DNA as a template,
6Xhis tag was added at the C-terminus of the CmeC to track its expression.
The PCR amplicon was cloned in pJET1.2 following the manufacture’s
instructions to give pMH3 that was then cut by BamHI to introduce the
kanamycin resistant gene aphA, to be used as an antibiotic selection
marker after homologous recombination in C. jejuni 11168H to give pMHT.
To add homologous recombination arms for cmeABC-aphA, pMH3 was cut
by SaCll to ligate cj0364 at the 3’ end of aphA to give pMHTF. For
g0cmeABC-aphA, each asparagine in the non-canonical glycosylation
sequon (D/E-X-N-Y-S/T, where X and Y are any amino acid except proline)
was altered to glutamine in-silico and nucleotide sequence of g0cmeABC
was synthesized by (Clonetech, USA) DNA was then treated as above to

generate pATKH.




To generate C. jejuni cmeD::cat, electroporation of pATN into C. jejuni
11168H was carried out as previously described (Karlyshev, 2004). The
transformants were selected on CBA plates supplemented with 10 pg/ml
chloramphenicol and the double cross over event was confirmed by PCR,
this strain was then used as parent strain to generate other mutants.
Plasmids pMHT and pATK were electroporated into C. jejuni cmeD::catto
generate C. jejuni cmeD::cat cmeC::cmeC-aphA and C. jejuni cmeD::cat
cmeABC::.cmeABC-(N->Q)-aphA, respectively. Transformants were
selected on CBA plates supplemented with 10 pg/ml chloramphenicol and
30 pg/ml kanamycin and the double cross over event was confirmed by

PCR.

2.7 Determination of nitrite concentration in the culture
supernatants

Determining of nitrite concentration in the culture supernatants was
done according to Pitman et al (2007)(Pittman et al., 2007) with slight
modification. Briefly, an overnight culture of C. jejuni grown in brucella
broth was diluted to ODsoo 0.1 in oxygen limited condition. Samples were
drawn every hour and centrifuged at 12,000 xg for one minute.
Supernatant was then diluted 1:5 with deionized water. 50 pl of diluted
culture supernatant was mixed with 850 pl of 1% (w/v) sulphanilamide
dissolved in 1 M HCI and 100 pl of 0.02% (w/v) naphthylethylenediamine.
After 15 min, the absorbance at 540 nm was measured using plate reader
(Molecular Devices M3 plate reader, USA) and nitrite concentrations were

determined by reference to a standard curve.




2.8 Chicken colonisation experiments

Chicken colonisation experiments were undertaken by Mark Steven’s
group at Roslin Institute, University of Edinburgh. All procedures were
conducted under Home Office project licence PPL 60/4420, according to
the requirements of the Animal (Scientific Procedures) Act 1986, with the
approval of the Ethical Review Committee of the Moredun Research
Institute. A total of 40 White Leghorn chickens, obtained on the day of
hatch from a Home Office licensed breeding establishment were used.
Chickens were housed in groups of 20 in colony cages under specified-
pathogen free conditions. Groups were of mixed sex and were wing-
tagged for individual identification. Water and sterile irradiated feed based
on vegetable protein (DBM Ltd., UK) was provided ad libitum. Fresh faecal
samples collected from the cages were plated onto mCCDA plates to
confirm the absence of C. jejuni in the chickens. At two week of age,
chickens were challenged with 106 colony-forming units (CFU) of C. jejuni
11168H or 11168H pgIB::aphA in a volume of 100 pl. At one and two weeks
after challenge, post-mortem examinations of 10 birds from each group
were performed. Contents of each ceacum from each bird were weighed
and serially diluted in phosphate-buffered saline (PBS) then plated on
MCCDA plates to enumerate viable Campylobacter per gram of caecal

contents. Statistical analysis was performed using the Mann- Whitney test.

2.9 Scanning electron microscopy
Sample preparation was undertaken at London School of Hygiene &

Tropical Medicine, whilst SEM was done at the Centre of ultrastructural




imagine, King’s College, London. C. jejuni cells were resuspended in PBS
after being scraped from an overnight culture grown on Columbia based
agar plate supplemented with blood and Skirrow supplement. The bacterial
suspension was then mixed with fixing buffer (0.1 M sodium cacodylate
buffer containing 4% paraformaldehyde, pH 7.4) and fixed on polylysine
coated coverslips for overnight at 4 °C. Samples were then washed twice
for 10 minutes in 0.15 M sodium cacodylate buffer pH 7.3 then osmicated
for 1 hour at room temperature with 1% osmium tetroxide in 0.15 M
cacodylate phosphate buffer. Samples were dehydrated in an ethanol
series consisting of: 10 minutes in 10% ethanol, 30 minutes in 70% ethanol
and 3 times in 100% ethanol (20 minutes each) followed by transferring
the coverslips to 100% ethanol in critical point drying holders then critical
point dried using carbon dioxide in a Polaron E3000 critical point dryer with
>3 flushes over 45 minutes soaking period. Coverslips were mounted on
stubs (TAAB, UK) with conductive carbon adhesive discs (TAAB) and
samples were sputter coated with gold in a Emitech K550 sputter coater
(45 mA current, 2 minutes) cells were viewed and images were recorded
using a FEI Quanta 200 Field emission scanning electron microscope, (FEI

UK Ltd.) operated at 10-20 kV in high vacuum mode.

2.10 Antibiotic sensitivity test (E-test)

C. jejuni 11168H were grown in suspension in Mueller-Hinton broth
equivalent to 1.0 MacFarland’s standard and 100 ul aliquots were spread
plated on dry Mueller-Hinton agar plates supplemented with 5 % Sheep

blood (Oxoid, UK), the plates were left for 5 -10 minutes to dry before the




antibiotic strip (Oxoid, UK) was added. Plates were incubated at 37°C
overnight. The minimum inhibitory concentration (MIC) was read directly
from the strip at the point where the zone of inhibition of bacterial growth

intersected with the antibiotic concentration on the strip.

2.11 Ethidium bromide accumulation assay

Eithidium bromide accumulation assay allows monitoring the efficiency
of multidrug efflux pump in real time manner. Bacterial RND multidrug
efflux pump extrudes different non-related compounds, ethidium bromide
that is not efficiently extruded by multidrug efflux pump is quantified
spectrophotometerically. Efficiency of the multidrug pump is inversely
proportion to the amount of ethidium bromide bound to the genomic DNA.
Thus, more ethidium bromide bound to the cell gDNA reflects a decrease
in multidrug efflux pump efficiency.

Bacterial cells were grown to mid log phase (OD 600 0.4-0.5). Cells were
harvested, washed and resuspended in 0.1M sodium phosphate buffer pH
7 (previously incubated in the VAIN) to OD s00 0.2. Cells were then
incubated in the VAIN for 15 mins at 37°C o before a 100l aliquot was
withdrawn to indicate time zero. Ethidium bromide (Sigma, UK) was added
to final concentration 2 pg/ml and fluorescence was measured at 530 nm
excitation and 600 nm emission using a plate reader (Molecular Devices

M3 plate reader, USA).

2.12 Expression of CmeA and gCmeA
Protein expression was carried out in E. coli strains unless stated
otherwise. CmeA and CmeC were expressed in E. coli DH10B carrying

pMHS5 plasmid and pAT3, respectively, whilst gCmeA was expressed in E.

coli SDB1 carrying pGVXN114, pWA',Z and qACYC(ng). Initiating cultures
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were grown overnight in LB broth supplemented with appropriate
antibiotics at 37 °C under shaking condition. The following day, 10 ml of
culture was withdrawn from the shake flask to inoculate 400 ml LB broth
supplemented with appropriate antibiotics. To achieve optimal
glycosylation of CmeA, PgIB was expressed from pGVXN114 by the
addition of 0.5 mM ITPG at OD 600 0.5-0.6. Cultures were incubated at
37°C for 24 hours with shaking. Cultures were centrifuged and cell pellets.
washed with binding buffer (300 mM NaCl, 50 mM NaH2PO4 with 25 mM
imidazole) and passed twice through a high-pressure cell homogeniser
(Stanstead works, UK). Cell debris was removed by centrifugation at
20,000 xg for 45 minutes. Supernatant was collected and incubated with
0.2 ml Ni-NTA for 1 hour at 4 °C then washed with 50 ml binding buffer
and eluted four times in 0.5 ml elution buffer (300 mM NaCl, 50 mM

NaH2PO4 with 250 mM imidazole).

2.13 Cloning and expression of CmeC

To express CmeC in E. coli, cmeC lacking signal peptide sequence was
amplified by PCR with CmeCFwd1 and CmeCRev using C. jejuni 11168H
genomic DNA as a template. The amplicon was then cut by Nhel and Sall
and cloned into pEC415 downstream of the DsbA signal peptide sequence
to give pPCMECDSBA. E. coli carrying pPCMECDSBA was grown in LB
media supplemented with ampicillin (100 pg/ml) overnight at 37 °C under
shaking condition. On the following day, 10 ml were withdrawn from the
overnight culture to inoculate 400 ml LB media. Cells were grown to OD
600 0.5-0.6 and 0.2% L-arabinose was added to induce the expression of
CmeC. Cultures were incubated at 37 °C for 24 hours with shaking at 180

rpm. Cultures were centrifuged and cell pellets washed with binding buffer
( )|
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(300 mM NacCl, 50 mM NaH2PO4 with 25mM imidazole) and passed twice
through cell homogeniser (Stanstead works, UK). Cells debris was
removed by centrifugation at 20,000 xg for 45 minutes and then collected
and incubated in binding buffer with 2 % DDM for 3 hours at 4 °C. The
mixture was then centrifuged at 15,000 xg for 10 minutes. The supernatant
was collected, diluted with binding buffer and incubated with 0.2 mI Ni-NTA
for 1 hour at 4 °C then washed with 50 ml binding buffer and eluted four
times in 0.5 ml elution buffer (300 mM NaCl, 50 mM NaH2POa4 with 250

mM imidazole).

2.13 CD Spectroscopy

Sample preparation was undertaken at London School of Hygiene &
Tropical Medicine, whilst CD spectroscopy was done with the help of Tam
Bui of King’s College, London. All CD spectra of gCmeA and CmeA were
acquired in 0.5mm rectangular cell pathlength using Chirascan
spectrometer (Applied Biophysics, UK) equipped with Quantum NorthWest
TC125 Peltier unit. Temperature dependent confirmation changes were
monitored at wavelength 260-195 nm for gCmeA (0.2 mg/ml) and CmeA
(0.2 mg/ml) in 10 mM Sodium phosphate, 75 mM Sodium chloride, 10 %
glycerol buffer (pH=8.0) during stepwise increase in temperature from 6°C
to 94°C. Temperatures were measured directly with a thermocouple probe
in the sample solution. Melting temperatures were determined from the
derivative CD-Temperature spectra and fitted using a Levenberg—
Marquardt algorithm (LMA) on the van't Hoff isochore. (Global 3, Global
Analysis for T-ramp Version 1.2 built 1786, Applied Photophysics Ltd,
2007-2012). For Conformation Reversibility Study, far-UV CD spectra

were recorded at 20°C, raised to Tm and re-cooled to 20°C. The

(o]



temperature at each elevated Tm was kept constant for 5 minutes and the

CD spectrum was recorded to assess the rate of protein unfolding process.

2.14 Surface Plasmon Resonance

For coupling of CmeA and gCmeA to the CM5 sensor chip, carboxyl
groups on the surface were activated by injecting a 1:1 mixture of 0.4 M
1- ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 0.1M N-
hydroxysuccinimide (NHS) for 7 minutes at 5 pyl/min. CmeA and gCmeA
were diluted to 10-20 pg/mlin 0.1 M acetate pH 5.5 and immobilised at 5
MI/min. Immobilisation was stopped when the required RU was achieved.
This was followed by injecting 1 M ethanolamine pH 8.5 (7 minutes at 5
MI/min) to inactivate excess reactive groups. To account for non-specific
binding, a control flow cell was generated using the same method
described minus the protein immobilisation step. For coupling of CmeA
and gCmeA to a NTA chip, the chip was cleaned and loaded with NiCl2
(0.5 mM). The flow cells were then activated as above and CmeA and
gCmeA (10 ug/ml in HBSP buffer) were loaded into appropriate flow cells
until appropriate RU were achieved. Subsequently the flow cells were
treated with ethanolamine as above to block remaining activated sites.
Cmec at various concentrations (3 nM- 0.2 uM) was analysed at a constant
temperature of 25°C under continuous flow of HBS-PE buffer (10mM
HEPES pH 7.4, 3 mM EDTA, 0.005% (w/v) Surfactant P20 (GE
Healthcare) at 30 ul/min (sufficient to prevent mass transfer effects) at pH
7.4 for 3 minutes association and a dissociation time of 5 minutes.
Experiments at pH 6.0 were performed with 10 mM MES pH 6.0, 3 mM
EDTA, 0.005% (w/v) Surfactant P20 (GE Healthcare) The surface chip

was regenerated by injecting 0.1 M triethanolamine pH 11.5. Data was

(7]



analysed using the BlAevaluation software version 4.1.1 (Biacore, GE
Healthcare, Amersham). Blank flow cell controls were subtracted. The kqd
was defined between 10s after the end of the sample injection and 300

sec later.
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Abstract

In eukaryotes glycosylation plays a role in proteome stability, protein quality
control and modulating protein function, however, similar studies in bacteria are
lacking. Here, we investigate the role of general protein glycosylation systems in
bacteria using the enteropathogen Campylobacter jejuni as a well-defined example.
By using a quantitative proteomics strategy, we were able to monitor changes in
the C. jejuni proteome when glycosylation is disrupted. We demonstrate that in C.
jejuni, N-glycosylation is essential to maintain proteome stability and protein
quality control. These findings guided us to investigate the role of N-glycosylation in
modulating bacterial cellular activities. In glycosylation deficient C. jejuni, the
multidrug efflux pump and electron transport pathways were significantly impaired.
In vivo, we demonstrate that fully glycosylation deficient C. jejuni were unable to
colonise its natural avian host. These results provide the first evidence of a link
between proteome stability and complex functions via a bacterial general

glycosylation system.




Introduction

Glycosylation is a prevalent protein post-translational modification found in nature.
In eukaryotes, the attachment of glycans to proteins has been shown to play a
central role in modulating protein folding, stability and signalling!. Advances in
genomics and mass spectrometry have revealed several types of glycosylation
systems in bacteria. Among prokaryotes, general glycosylation systems have been
reported in pathogenic bacteria including Campylobacter jejuni?, Neisseria
gonorrhoeae®, Burkholderia cepacia® as well as the commensal bacteria such as
Bacteroides fragilis®, indicating their abundance across the kingdom. However, the
reasons why bacterial proteins are specifically modified remains poorly defined,

particularly among general protein glycosylation systems.

Genetic and biochemical studies have revealed that in C. jejuni, the N-
oligosaccharyltransferase PglB is responsible for decorating at least 50 proteins in
the C. jejuni cell with the heptasaccharide; GalNAc-al1,4-GalNAc-[GIcf1,3-]GalNAc-
al,4-GalNAc-al,4-GalNAc-al,3-Bac-B1, where GalNAc is N-acetylgalactosamine, Glc
is glucose, Bac is 2,4-diacetamido -2,4,6-trideoxyglucopyranose. This glycostructure
is linked to the asparagine residue in the acceptor sequon D/E-X-N-Y-S/T where X
and Y can be any amino acid except proline®. Comparative genomics studies have
revealed the conservation of general N-glycosylation gene clusters across the
Campylobacter genus’. Mutagenesis studies demonstrated that disruption of N-
glycosylation pathway led to pleiotropic effects in C. jejuni. These effects include a

substantial decrease in adherence and invasion capability of INT 407 intestinal




epithelial cell®, a decrease in chicken colonization®, and a reduction in
competencel®, Similar findings have been also reported in other bacteria where
inactivation of their corresponding general glycosylation systems resulted in a
disruption in cellular physiology and a reduction in virulence*>°. These combined
consequences were anticipated to be due to direct or indirect disruptions of several
cellular processes in glycosylation deficient strains. However, these studies did not
address what perturbations may be occurring to the bacterial cell when
glycosylation is no longer possible. To answer this question, we developed a
platform to investigate the role of general N-linked glycosylation systems in

prokaryotes, using C. jejuni as a model example.

We employed tandem mass tags (TMT) isobaric 6plex labelling quantitative
proteomics on wildtype and glycosylation deficient strains. Analysis of a
glycosylation deficient strain, revealed chaperones and stress related proteins are
more abundant, indicating a central alteration in bacterial cellular activities. Thus,
contrary to current understanding the loss of glycosylation predominantly has a
mass effect on the C. jejuni proteome, rather than being restricted exclusively to
proteins modified by glycosylation. Phenotypically this resulted in the reduction of
multidrug efflux pump activity as well as an impairment in nitrate reductase
activity. Furthermore, we demonstrate that general N-glycosylation plays an
important role in host-microbe interactions in the chicken colonisation model. This
study provides deeper insights on the role of a general N-glycosylation system in
bacteria demonstrating that protein post translation modification is critical to a

plethora of bacterial cellular activities.




Results

N-glycosylation is essential for proteome stability

Quantitative proteomics serves as a tool to understand the alteration in proteomes
resulting from gene(s) disruption. To provide deeper insights into the role of
general glycosylation system in prokaryotes, we employed a mass spectrometry-
based quantitative proteomics strategy to monitor differential protein abundance
in glycosylation deficient C. jejuni and compared this to wild-type bacteria. Proteins
from both C. jejuni strains were reduced, alkylated, digested then labelled by
Tandem Mass Tags (TMT) 6plex isobaric labels to allow multiplex quantification for
multiple samples. In total, 1052 proteins were identified by matching peptides to
the C. jejuni 11168H curated proteome. Proteins were quantitatively compared
across the samples (6plex) then filtered at 95% Cl. After significance filtering, 502
proteins were found to be statistically differentially abundant among the samples,
out of which 120 proteins were more abundant and 382 proteins were found in
lower abundance in C. jejuni pglB::aphA lacking the heptasaccharide transferase Fig
1, A-C . Surprisingly, chaperones and proteases were found in significantly higher
abundance in the glycosylation deficient C. jejuni Fig 1, D. Among these chaperones,
we detected Grol, a periplasmic chaperone that binds to unfolded and partially
folded proteins promoting folding®3, HtpG, a chaperone involved in binding to
aggregated proteins and protecting the cell against environmental stresses* and
Cj0694; a peptidyl-prolyl-cis/trans isomerase (PPlase) that interacts with the Sec
translocon and promotes folding of polypeptides emerging from the translocon®>¢,
Protein degradation pathway proteins were also significantly highly abundant,
notably HtrA, which is a multifunctional protein that plays a central role in

proteolytically cleaving misfolded proteins as well as preventing aggregation of




non-native proteins®™*’. This observation correlates with a significant reduction in
abundance of HspR in the same strain. HspR is a negative transcriptional regulator
of chaperone-encoding genes such as clpB, dnaK and groLS. Disruption of hspR
enhanced thermotolerance in C. jejuni®. Cytoplasmic chaperones and proteases
such as ClpB, Lon, Trigger factor (Tig) and HslU that are reported to be involved in
various arrays of protein quality mechanisms from assisting protein folding to
protein degradation were also found to be differentially, but not statistically
significantly, abundant in C. jejuni pglB::aphA® Fig 1, D. These results indicate that
disrupting N-linked glycosylation leads to a global alteration in the abundance of
protein quality control machineries. The high abundance of chaperones and
proteases suggests a potential misfolding of proteins and a rise in protein

aggregation in glycosylation deficient C. jejuni.

Alteration in glycoproteins abundance in glycosylation deficient C. jejuni

Biochemical and biophysical studies of glycoproteins have revealed that N-linked
glycans play a role in stabilising proteins®®, promoting protein folding?! and
preventing protein aggregation??. Enrichment analysis of the glycoproteome of C.
jejuni has revealed 53 proteins to be decorated by the C. jejuni heptasaccharide;
GalNAc-a1,4-GalNAc-[GlcB1,3-]GalNAc-al,4-GalNAc-al,4-GalNAc-al,3-diBacNAc
covalently linked to the asparagine residue in D/E-X-N-Y-S/T where X and Y can be
any amino acid except proline®® . Our quantitative proteomic approach managed
to detect and correctly evaluate 35 glycoproteins across the samples. Out of the 35
glycoproteins detected, only 8 (22.8%) were more abundant in glycosylation
deficient C. jejuni and 6 proteins (17.1%) were found to be unchanged.
Interestingly, 21 proteins (60%) were found to be less abundant in C. jejuni

pglB::aphA. It is unclear whether the low abundance of these proteins is due to




misfolding/degradation of the proteins or is a consequence of global defects
resulting from disruption of the N-linked glycosylation pathway. To gain more
insights into the role of the C. jejuni heptasaccharide in promoting protein stability,

we sought to study the functional activity of glycoproteins in C. jejuni.

N-glycosylation modulate multidrug efflux pump activity

A difficulty in studying the role of general glycosylation systems in bacteria is that
the modified proteins often have no known function. Using a genetically tractable
bacterium that modifies proteins of predictable phenotypic could help to assign
more definitively the role of glycosylation. Only two protein assemblies out of the
53 detected glycoproteins in our study on C. jejuni have known phenotypes®?+%,
CmeABC shares amino acid sequence homology and similar molecular architecture
with other tripartite resistance-nodulation-division (RND) type multidrug efflux
pumps in other Gram-negative bacteria?®. Acting as the major multidrug efflux
pump in C. jejuni, CmeABC plays an important role in antibiotic resistance and host
colonisation?’. The tripartite RND of C. jejuni is a molecular assembly of CmeB, an
inner membrane multidrug transport protein, CmeA, a periplasmic fusion protein
and CmeC, an outer membrane associated protein channel?, where complex
components were found to be glycosylated®. In C. jejuni pgIB::aphA, CmeA was
found to be 0.8 fold less abundant, whilst no change was seen in the level of CmeB
and CmeC when compared to the wild-type Fig 2, A. To investigate the role of the
heptasaccharide in multidrug resistance, we sought to assess the antibiotic
resistance profile of C. jejuni before and after disruption of CmeABC glycosylation. A
C. jejuni cmeB::aphA mutant was constructed and showed a substantial increase in

antibiotic sensitivity. In glycosylation deficient C. jejuni, a 100% increase in

sensitivity against ampicillin, erythromycin, tetracycline and ciprofloxacin was




observed, compared to the wild-type Supp Table 2. The results may be due to a
defect in CmeABC multidrug efflux leading to an accumulation of antibiotics. In
order to gain further insights on the effect of glycosylation on CmeABC activity, we
used the fluorescent intercalating agent ethidium bromide in an accumulation
assay that enables the monitoring of efflux pump activity in real-time. Ethidium
bromide accumulation in C. jejuni cmeB::aphA was 15% higher (P=0.0016) than the
wild-type strain. These results are in agreement with the antibiotic susceptibility
tests. The ethidium bromide accumulation in C. jejuni pglIB::aphA was 27.5% higher
compared to wild-type (P<0.0001) Fig 2, B and C. The results show that the effect of
glycosylation on C. jejuni ethidium bromide accumulation kinetics is more
detrimental than inactivation of the major multidrug efflux complex. Our results
demonstrate the pivotal role of the heptasaccharide in efflux activity and

subsequent multidrug resistance in C. jejuni.

Nitrite production impairment in glycosylation deficient C. jejuni

To analyse whether the loss of glycosylation affects other complex assemblies in C.
jejuni, we interrogated the activity of NapAB for nitrite production. NapAB is a two-
subunit periplasmic nitrate reductase enzyme that is responsible for the reduction
of nitrate to nitrite. NapAB consists of a twin arginine translocation substrate;
NapA, is a 90 kDa catalytic bis-molybdenum guanosine dinucleoside (MGD) cofactor
binding enzyme whilst NapB is a 16 kDa di-haem C-type cytochrome
glycoprotein®?. Inactivation of napA in C. jejuni results in reduction in chicken
colonization?®. Mass spectrometric analysis of the C. jejuni glycoproteome
demonstrated that NapB is glycosylated at *°N however, there is no experimental
evidence that NapA is a glycoprotein®. Our quantitative proteomic analysis

unexpectedly revealed a 1.7+0.2 fold increase in both NapA and NapB levels in C.




jejuni pglB::aphA compared to the wild type Fig 3, A. Interestingly, there was no
change in abundance in twin arginine translocase (TatA) or NapA accompanying
chaperone; NapD. To discern the role of N-glycosylation in modulating NapAB
complex activity, we sought to investigate the ability to reduce nitrate in C. jejuni
and C. jejuni pglB::aphA and a newly constructed C. jejuni napA::aphA mutant. The
C. jejuni strains were grown in oxygen limited conditions for 8 hours. A biphasic
pattern of nitrite production was observed whereby, nitrite production increases
until 6 hours, then starts to decline Fig 3, B. After 1 hour, a difference in nitrite
production between the wild-type and its glycosylation deficient counterpart was
observed, whilst nitrite production in the C. jejuni napA::aphA mutant could not be
detected, (below the limit of detection). At 6 hours, C. jejuni pglB::aphA produced
63.7% (P=0.0018) less nitrite than the wild-type Fig 3, C. Our results indicate a
potential correlation between N-glycosylation and nitrate reductase activity in C.
jejuni. It also suggests that despite the increase in NapAB abundance in
glycosylation deficient strain, the complex activity was severely impaired compared
of its glycosylated counterpart. That indicates that N-glycosylation play a role in

enhancing NapAB complex efficiency in nitrite production.

Role of N-glycosylation in host-pathogen interaction

To determine the impact of protein glycosylation in host-pathogen interaction, we
carried out chicken colonisation experiments. Owing to its prevalence in chicken
and other avian species, many reports have used chicken models of infection to test
the effect of mutations in C. jejuni®*. We have previously reported that disruption
of pglH substantially reduced colonisation in 2-week-old Light Sussex chickens®. The
glycosyltransferase PglH catalyses the addition of three al,4- GalNAc to GalNAc-

a1,4-GalNAc-al,3-diBacNAc-B1, an important step in the production of the




heptasaccharide. Proteins from C. jejuni pglH::aphA can still be glycosylated by the
truncated heptasaccharide (GalNAc-a1,4-GalNAc-al,3-Bac-B1). To understand the
role of glycosylation in chicken colonisation we sought to investigate the impact of a
C. jejuni pglB mutant devoid of the ability to fully glycoyslate proteins and compare
it to the wild-type. We separately inoculated groups of twenty 2-week-old
Campylobacter-free White Leghorn chickens with 108 CFU C. jejuni wild-type or
pglB::aph mutant Fig 4, A. Ten chickens from each group were sacrificed at days 6
or 13 post-inoculation and viable C. jejuni in the caeca (a key site of persistence)
enumerated following post mortem. Glycosylation deficient pg/B::aph C. jejuni
showed a six—logio reduction in caecal colonization when compared to the wild-
type at day 6 (P<0.0001) and day 13 (P<0.0001) Fig 4, B and C. This reduction in
colonisation is in agreement with our previous work in C. jejuni pglH::aphA.
However, whilst glycan truncation in C. jejuni pglH::aphA reduced chicken
colonisation®, the complete abolishment of glycosylation in C. jejuni pglB::aphA had
a more severe impact on chicken colonisation. The data highlights the importance
of glycosylation in Campylobacter survival in the avian reservoir primarily

responsible for zoonotic infections.

Discussion

Our results provide in-depth analyses on the alteration of the C. jejuni proteome as a
consequence of disrupting the N-linked protein glycosylation pathway. Loss of
glycosylation predominantly has a mass effect on the C. jejuni proteome, rather than
being restricted exclusively to glyco-modified proteins. Previous studies have
reported that loss of glycosylation affects bacterial motility and virulence**,
However, none of these studies investigated the relative quantitation of individual

protein(s) and their function(s). Our TMT LC-MS/MS strategy shows that disruption

of N-linked glycosylation correlates with a marked increase in the abundance of not




only periplasmic but also cytoplasmic chaperones and proteases likely to be involved
in protein folding, protein disaggregation and protein degradation. These results
suggest a critical defect in protein folding that potentially impairs protein cellular
function. Suppl 1. The reason(s) as to why the cell count was reduced at this ODeoo
in glycosylation deficient C. jejuni strains remains unclear. One explanation may
involve the observed reduction in the abundance of the cell division protein FtsZ
(P=0.006) Fig 1, A. This was accompanied with a change in cell morphology as
determined by scanning electron microscopy Suppl 2. suggesting major cellular
alterations upon abolishing N-linked glycosylation. Functional analysis demonstrates
that molecular assemblies and protein functions were statistically impaired in
glycosylation deficient C. jejuni. We postulate that the difference in extrusion kinetics
of ethidium bromide in C. jejuni strains were dependent on the C. jejuni
heptasaccharide. Whilst the abundance of CmeABC was similar in C. jejuni and C.
jejuni pglB::aphA, we observed a significant impairment in ethidium bromide
extrusion in the glycosylation deficient strain, even when compared to the C. jejuni
cmeB::aphA. This might be due to a central role of glycans in stabilizing not only
CmeABC as the major multidrug efflux pump, but also CmeDEF as a secondary
pump3l. Indeed, CmeE a periplasmic fusion glycoprotein in C. jejuni ®, was significantly
reduced in C. jejuni pglB::aphA (P <0.0001). The low abundance of CmeE suggests that
CmeDEF is inefficiently assembled, and therefore functionally impaired. By testing
other molecular assembly functions, we noticed a general role played by the C. jejuni

heptasaccharide. Notably, the high abundance in the protein




level of NapAB in C. jejuni pglB::aphA was not accompanied by an increase in the
nitrate reduction function of the complex. Indicating a severe impairment in the
function of NapAB resulted from the loss of N-linked glycans. This effect is extended
beyond cellular activities and the assembly of protein complexes. Our results show a
dramatic decrease in chicken colonisation in C. jejuni pglIB::aphA, greater than that
previously reported in C. jejuni pglH::aphA®. This provides a deeper insight into the
essential role of the first two or three glycans (GalNAc-al,4-GalNAc-al,3-diBacNAc)
at the reducing end (which are conserved among Campylobacter genus,”*?) in host-
microbe interaction. This study facilitates the understanding of the biological role of
this general N-linked glycosylation system. We present a platform that enables the
study of glycan-protein structural and functional relationship and could be applied to
other prokaryotic protein glycosylation systems. Efforts to couple transcriptional and
proteomic analysis to interrogate molecular changes resulting from altering or
abolishing bacterial general glycosylation pathways will enrich our understanding of

the evolution and emergence of protein post translational modification.

Materials and methods

Bacterial strains and growth conditions

Campylobacter jejuni 11168H33, and its derivatives; C. jejuni pglB::aphA, C. jejuni
cmeB::aphA and C. jejuni napA::aphA were used in this study. C. jejuni 11168H was
grown on Columbia based agar or Mueller Hinton based agar supplemented with 5%
horse blood according to manufacturer’s instructions. Campylobacter strains were
grown at 37 °C in a variable atmospheric incubator (VAIN) cabinet (Don Whitley, UK)
maintaining microaerophilic conditions of 85% Nitrogen, 5% Oxygen and 10% Carbon

dioxide.




Protein preparation and digestion

C. jejuni were grown overnight in Brucella broth under microaerophilic conditions at
37 °C under shaking conditions at 75 rpm. The following day, 3.5 ml were withdrawn
to inoculate 30 ml culture to a final ODego =0.1. The cultures were then incubated as
above till ODgoo= 0.4-0.5. Cells were harvested by centrifugation at 4000 xg for 45
minutes. Supernatant was discarded and cells were resuspended in lysis buffer (7 M
urea, 2M thiourea, 5 mM DTT and 2% (wt/vol) CHAPS) ultrasonicated following the
manufacturers procedure for extraction of native protein samples from yeast cells
(Covaris, US). Protein concentration was then measured using Bradford assay (Sigma,
UK) following the manufacturer’s protocol then normalised to a total protein amount
of 25 ug for enzymatic digestion. Prior to enzymatic digestion and labelling, samples
were loaded into a stack gel for lysis buffer clean-up to eliminate any chemical
interference at the labelling stage and to compress the whole proteome into a single
band. Sample volumes were dried by half in a SpeedVac (Thermo Fisher Scientific,
UK) with the volume replaced by Laemmli buffer (2x) and boiled for 10 minutes at 96
°C. Reduced samples were loaded on to a 10% BisTris NUPAGE gel (Invitrogen, UK)
and resolved for 10 minutes (100 volts; 59 mA; 6 watts) to ‘stack’ the whole sample
in to a single band. Protein bands were visualised using Imperial protein stain
(Thermo Fisher Scientific, UK). Gel bands were then excised, chopped, washed with
acetonitrile (ACN), dried and reduced by rehydration in 10 mM DTT for 30 minutes at
56 °C. Gel slices were then washed with ACN, dried and alkylated by incubation in 55
mM IAA at ambient temperature for 20 mins in the dark followed by washing in 100
mM TEAB, drying and incubation in 40 pl trypsin (1.25 pg) at 37 °C overnight. Peptides

were extracted by collecting reaction supernatant.




Peptide TMT labelling

Each sample was treated individually with labels added at a 1:1 ratio. TMT6plex labels
(Thermo Fisher Scientific, UK) were resuspended in 41 pl ACN, vortexed and
centrifuged for 1 minute at 14000 rpm. Each vial of TMT reagent was added to the
appropriate sample, vortexed and briefly centrifuged at 14000 rpm before incubation
at room temperature for 1 hour. Reaction was stopped by adding 8 pl of 5%
hydroxylamine (Sigma, UK) to each sample and incubated for a further 15 minutes at
room temperature. Samples were then combined for each TMT6plex and incubated
at room temperature for further 15 minutes followed by freezing at —-80 °C and drying

in SpeedVac.

LC-MS/MS tandem mass spectrometry

The combined TMT labelled peptide sample was resuspended in a solution containing
water:acetonitrile:trifluoroacetic acid (98%:2%:0.05%) and analysed by LC-MS/MS.
Chromatographic separations were performed using an Ultimate 3000 UHPLC system
(ThermoFisherScientific, UK). A 3 ul injection of peptides (equivalent of 15 pug
peptides) was resolved by reversed phase chromatography on a 75 pm C18 column
(50 cm) using a three-step linear gradient of acetonitrile in 0.1% formic acid. The
gradient was delivered to elute the peptides at a flow rate of 250 nL/min over 120
min. The eluate was ionised by electrospray ionisation using an Orbitrap Fusion
Lumos (ThermoFisherScientific, UK) operating under Xcalibur v4.1. The instrument
was programmed to acquire in automated data-dependent switching mode, selecting
precursor ions based on their intensity for sequencing by Higher-energy C- trap
dissociation (HCD) for peptide identification and reporter ion fragmentation.
Selection of precursor ions based on their intensity for sequencing by HCD in a TopN

method. The MS/MS analyses were conducted using higher than normal collision




energy profiles that were chosen based on the mass-to-charge ratio (m/z) and the
charge state of the peptide. To increase fragmented peptide coverage and reporter
ion intensities, a further Synchronous Precursor Scan (SPS) of the Top 5 most intense

peaks using MS3 was performed.

Construction of C. jejuni cmeB::aphA and C. jejuni napA::aphA

Inactivation of cmeB in C. jejuni 11168H was achieved using the method described by
Lilian Pumbwe et al. 2001%. Briefly, 1 kbp of cmeB was amplified with Phusion
polymerase (New England Biolabs, UK) by primers FWDcmeB and REVcmeB using C.
jejuni 11168H genomic DNA as template. The amplicon was cloned into pJET1.2 to
give pRSA. In order to disrupt the gene, the kanamycin resistant gene aphA, was
cloned in the middle of the cmeB fragment to give pRSF. Construction of C. jejuni
11168H napA::aphA was achieved by amplifying the napA gene with Phusion
polymerase (New England Biolabs, UK) using primers FWDnapA and REVnapA using

C. jejuni 11168H genomic DNA as a template. The amplicon was then ligated into
pPGEM T-easy to give pATT3 which was transformed to E. coli dam’/dcm. To disrupt
napA, aphA cut by BamHI from pJWK30 and blunt ended by CloneJET PCR cloning kit
blunting enzyme (Thermoscientific, UK) and then ligated to pATT3 that was
previously cut by Clal and blunt ended to give pATT3F. pRSF and pATT3F were
electroporated in C. jejuni 11168H and colonies were selected on CBA supplemented

with kanamycin (30 pg/ml).

Antibiotic sensitivity

C. jejuni 11168H was grown in suspension in Mueller-Hinton broth equivalent to 1.0
MacFarland’s standard and 100 pl aliquots were spread plated on dry Mueller-Hinton
agar plates supplemented with 5 % Sheep blood (Oxoid, UK), the plates were left for

5 -10 minutes to dry before the antibiotic strip (Oxoid, UK) was added. Plates were




incubated at 37 °C overnight. The minimum inhibitory concentration (MIC) was read
directly from the strip at the point where the zone of inhibition of bacterial growth
intersected with the antibiotic concentration on the strip.

Ethidium bromide accumulation assay

Bacterial cells were grown to mid log phase (OD g0 0.4-0.5). Cells were harvested,
washed and resuspended in 0.1 M sodium phosphate buffer pH 7 (previously
incubated in the VAIN) to OD g0 0.2. Cells were then incubated in the VAIN for 15
mins at 37 °C before a 100 pl aliquot was withdrawn to indicate time zero. Ethidium
bromide (Sigma, UK) was added to final concentration of 2 ug/ml and fluorescence
was measured at 530 nm excitation and 600 nm emission using a plate reader
(Molecular Devices M3 plate reader, USA).

Determination of nitrite concentration in the culture supernatants

Determining of nitrite concentration in the culture supernatants was done according
to Pitman et al (2007)% with slight modification. Briefly, an overnight culture of C.
jejuni grown in brucella broth was diluted to ODggo 0.1 in oxygen limited condition.
Samples were drawn every hour and centrifuged at 12,000 xg for one minute.
Supernatant was then diluted 1:5 with deionized water. 50 ul of diluted culture
supernatant was mixed with 850 ul of 1% (w/v) sulphanilamide dissolved in 1 M HCI
and 100 pl of 0.02% (w/v) naphthylethylenediamine. After 15 min, the absorbance at
540 nm was measured using plate reader (Molecular Devices M3 plate reader, USA)

and nitrite concentrations were determined by reference to a standard curve.

Chicken colonisation experiments

All procedures were conducted under Home Office project licence PPL 60/4420,
according to the requirements of the Animal (Scientific Procedures) Act 1986, with

the approval of the Ethical Review Committee of the Moredun Research Institute. A




total of 40 White Leghorn chickens, obtained on the day of hatch from a Home Office
licensed breeding establishment were used. Chickens were housed in groups of 20 in
colony cages under specified-pathogen free conditions. Groups were of mixed sex
and were wing-tagged for individual identification. Water and sterile irradiated feed
based on vegetable protein (DBM Ltd., UK) was provided ad libitum. Fresh faecal
samples collected from the cages were plated onto mCCDA plates to confirm the
absence of C. jejuni in the chickens. At two week of age, chickens were challenged
with 108 colony-forming units (CFU) of C. jejuni 11168H or 11168H pglB::aphA in a
volume of 100 pul. At one and two weeks after challenge, post-mortem examinations
of 10 birds from each group were performed. Contents of each ceacum from each
bird were weighed and serially diluted in phosphate-buffered saline (PBS) then plated
on mCCDA plates to enumerate viable Campylobacter per gram of caecal contents.

Statistical analysis was performed using the Mann-Whitney test.

Scanning electron microscopy

C. jejuni cells were resuspended in PBS after being scraped from an overnight culture
grown on Columbia based agar plate supplemented with blood and Skirrow
supplement. The bacterial suspension was then mixed with fixing buffer (0.1 M
sodium cacodylate buffer containing 4% paraformaldehyde, pH 7.4) and fixed on
polylysine coated coverslips for overnight at 4 °C. Samples were then washed twice
for 10 minutes in 0.15 M sodium cacodylate buffer pH 7.3 then osmicated for 1 hour
at room temperature with 1% osmium tetroxide in 0.15 M cacodylate phosphate
buffer. Samples were dehydrated in an ethanol series consisting of: 10 minutes in
10% ethanol, 30 minutes in 70% ethanol and 3 times in 100% ethanol (20 minutes
each) followed by transferring the coverslips to 100% ethanol in critical point drying

holders then critical point dried using carbon dioxide in a Polaron E3000 critical point




dryer with >3 flushes over 45 minutes soaking period. Coverslips were mounted on
stubs (TAAB, UK) with conductive carbon adhesive discs (TAAB) and samples were
sputter coated with gold in a Emitech K550 sputter coater (45 mA current, 2 minutes)
cells were viewed and images were recorded using a FEI Quanta 200 Field emission
scanning electron microscope, (FEI UK Ltd.) operated at 10-20 kV in high vacuum

mode.
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Fig (1) Quantitative comparison of C. jejuni and C. jejuni pglB::aphA
proteomes. (A) Selected proteins that are statistically differentially
expressed between of C. jejuni and C. jejuni pglB::aphA proteomes.
Proteins were analysed by Perseus and presented according to their fold
of change with 95% CI. (B) GO analysis of statistically differentially
upregulated proteins in C. jejuni pglB::aphA. Upregulated proteins were
grouped according to their biological function
(https://www.ebi.ac.uk/QuickGO)°® and presented in pie chart according
to their percentages. (C) Volcano plot analysis of significantly abundant
proteins. The logio (student’s t-test) is plotted against log; mean fold
change of C. jejuni pglB::aphA,P C. jejuni, WT. The non-axial horizontal
line denotes p=0.05 while the non-axial vertical lines denote 0.5 and 2-
fold change, respectively. The volcano plot was generated using PANDA-
view (Chang C, et al 2018)%° (D) Differential expression of chaperons and
proteases in C. jejuni and C. jejuni pglB::aphA. Data represents three
replicates, error bars represent standard deviation and analysed by

student’s t-test, **P<0.05



http://www.ebi.ac.uk/QuickGO)9

2500~

2000+ T o

—
=
o
4
b |
R J

Abundance
—

—

=

=
A




(B)
y A
301 &
2 <+ C. jejuni
€
3
8 9 C. jejuni cmeB:.aphA
c2
S
g - C. jejuni pglB::aphA
0
m
10+
0. L L L L '
0 5 10 15 2 25
Time (minutes)
Fig (2)
(o]




(C)

m-
304
—T

€
=
E
& 204
o
i
-
2
L

104

0 T
C. Jejuni C. jajunai cmeBz:aphd G fejuni pglB: aphA

15 minutes

Fig (2) Differential expression and functional analysis of CmeABC in C. jejuni.
(A) Differential expression of CmeABC in C. jejuni. (B) Ethidium bromide
accumulation test in C. jejuni strains. 30 ml Brucella broth was separately
ikdculated with overnight €ulture of C. jejuni (); C. jejuni cmeB::aphA (); C. jejuni
pglB::aphA () to ODsno 0.1. Cells were grown until ODgoo 0.4-0.5 was reached, then
spun down, washed and resuspended to O.Dgoo 0.2 in 10 mM sodium phosphate
buffer pH 7. Cells were then incubated in a VAIN for 15 minutes at 37°c then

ethidium bromide was added to final concentration of 0.2 mg/ml. Flourescence
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was read at excitation and emission for 20 minutes at 37°c. (A) Ethidium bromide
accumulation in C. jejuni strains throughout 20 minutes (C) Ethidium bromide
accumulation in C. jejuni strains at 15 minutes. The data represents the mean of
three biological replicates and two technical replicates, error bars represent
standard deviation. Significance was calculated using one-way ANOVA test with

multiple comparison. **** P <0.0001




Abundance

30000 -
25000+
20000+
15000+

10000+
1200

1000+
800+
600+

400+

(A)

Fig (3)




Nitrite (miM)

(B)

101

Time (hours)

-+ C. jejuni

C. jejuni pglB::aphA

C. jejuni
napA:.aphA




(C)

10+

itrite (mM)

C. jeferi C. jejumi pgiB::aphA C. jejurni napA::aphA
6 hours

Fig (3) Differential expression and functional analysis of NapAB complex in C. jejuni

(A) Differential expression of NapABD and TatA proteins in C. jejuni and C. jejuni
pglB::aphA (B) Nitrate reduction in C. jejuni strains. 90 ml of Brucella broth
supplemented with 200 mM nitrate were inoculated separately with C. jejuni (e); C.
jejuni pglB::aphA (); C. jejuni napA::aphA (¢) to ODeoo 0.1 from anovernight culture.
Cultures were incubated statically in a VAIN at 37 °c. Samples were withdrawnevery
hour, C. jejuni cells were removed by centrifugation and nitrate reduction was
measured straight from the supernatant against nitrite standards. (A) Nitrite

accumulation in the supernatant over 7 hours (B) Nitrite accumulation in the




supernatant at 6 hours. The data represents the mean of three biological replicates
and two technical replicates, error bars represent standard deviation. Significance

was calculated using one-way ANOVA test with multiple comparison. **** P <0.0001
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Fig (4) Chicken colonisation of C. jejuni and C. jejuni pgIB::aphA in 17 days White
Leghorn chickens. (A) Schematic diagram of the chicken colonisation experiment. 17
days old chicken were inoculated with 100 pl of 108 CFU of C. jejuni (*) or C. jejuni
pglB::aphA (). Chickens were then sacrificed at day 6 and day 13 and post-mortem
examination was carried out by directly enumerating C. jejuni on CCDA plates (B) CFU
counts of C. jejuni strains on CCDA plates day 6 post inoculation (C) Percentage of C.
jejuni strains colonisation at day 6 post inoculation (D) CFU counts of C. jejuni strains
on CCDA plates day 13 post inoculation (E) Percentage of C. jejuni strains colonisation
at day 13 postinoculation. **** p<0.0001 Statistical significance was calculated using

Mann-Whitney test.




Supplementary figures/tables

Strain/Plasmid/Prim Reference

ers Description

E. coli DH10B F-mcrA A(mrr-hsdRMS-mcrBC) ©80dlacZAM15 New
AlacX74 endAl recAl deoR A(ara,leu)7697 araD139 England
galU galK nupG rpsL A Biolabs,

UK

E. coli dam*/dcm- ara-14 leuB6 fhuA31 lacY1 tsx78 ginV44 galk2 New
galT22 mcrA decm-6 hisG4 rfbD1 R(zgb210::Tn10) England
TetSendA1 rspL136 (Strf) dam13::Tn9 (CamR) xylA-5 Biolabs,
mtl-1 thi-1 mcrB1 hsdR2 UK

C. jejuni 11168H Hypermotile variant of C. jejuni 11168 9

C. jejuni 11168H C. jejuni 11168H cmeB is inactivated by aphA This study

cmeB::aphA encoding kanamycin resistance cassette

C. jejuni 11168H C. jejuni 11168H napA is inactivated by aphA This study

napA::aphA encoding kanamycin resistance cassette

pJMK30 aphA gene cloned in BamH] restriction site 34

pRSA cmeB amplicon cloned in pJET1.2 This study

pRSF aphA gene cloned in BamHI to inactivate cmeB in This study
pRSA

pATT3 napA cloned in pJET1.2 This study

pATT3F aphA cloned in Clal site inactivate napA in pATT3 This study

FWDcmeB GACGTAATGAAGGAGAGCCA

REVcmeB CTGATCCACTCCAAGCTATG

FWDnapA ACCGCTATTGCAAGTGCTGCTAG

REVnapA GAAAGCGGACAAGTCGCATCC

Supplementary Table 1
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http://ecoliwiki.net/colipedia/index.php/mcrA

Supp Table (2) Antimicrobial resistance of C. jejuni strains

Antimicrobial Agar dilution C. jejuni 11168H | C. jejuni Fold change C. jejuni
agent range (pg/ml) pglB::aphA cmeB::aphA
1 0.5

Ampicillin 0.015-256 2 0.015
Ciprofloxacin 0.002-32 0.12 0.06 2 0.04
Erythromycin 0.015-256 0.25 0.12 2 0.015
Tetracycline 0.015-256 0.12 0.03 4 0.015

Supp Table (2) Antimicrobial resistance of C. jejuni strains. Etest strips were used to
assess minimum inhibitory concentration (MIC) of C. jejuni strains. The data

represents the mean from three biological replicates, two technical replicates each.
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Supp figure (1) Bacterial cell count in C. jejuni at ODgp0=0.4-0.5. A) Cell enumeration
at log 108 of C. jejuni and C. jejuni pglB::aphA. B) Dry cell weight of C. jejuni and C.
jejuni pglB::aphA. Data shows the mean of three biological replicates two technical
replicates each, error bars represent standard deviation. Significance was calculated

using student’s t-test. P<0.0005




Supp figure (2) Scanning electron micrographs of C. jejuni strains. A.

Scanning electron micrographs of C. jejuni 11168H wild-type; B. C. jejuni
11168H pglB::aphA;

C. Assingle bacterial cell of Scanning electron micrographs of C. jejuni
11168H wild- type; D. A single bacterial cell of C. jejuni 11168H pglB::aphA.

The bar represents 1.0 um.
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Abstract

It is now apparent that nearly all bacteria have at least a single glycosylation system,
but the direct effect of these modifications on glycoprotein are unresolved. In this
study we used the general N-linked glycosylation pathway from Campylobacter jejuni
to investigate the biophysical roles of protein modification on the CmeABC multidrug
efflux pump complex. The study reveals the multifunctional role of N-linked glycans
in enhancing protein thermostability, stabilising protein complexes and the
promotion of protein-protein interaction. Our findings demonstrate, for the first
time, that regardless of glycan diversification among domains of life, N-linked glycans

confer a common evolutionary intrinsic role.




Introduction

Glycosylation is a prevalent protein post translational modification in all domains of
life. The attachment of a carbohydrate moiety to certain amino acid side chains in
proteins was traditionally thought to be exclusive to eukaryotes and archaea. In the
last decade, protein glycosylation, both N and O-linked, has been increasingly
reported in pathogenic bacteria such as well as commensal bacteria®. Functional
analysis of the role of N-glycans in eukaryotes shows multiple roles. Intrinsically,
glycans confer protein stabilisation through a plethora of mechanisms such as,
promoting secondary structure formation, accelerating protein folding, slowing the
unfolding rate?, enhancing protein thermostability®> and reducing aggregation*.
Extrinsically, N-linked glycosylation modulates protein-protein interactions and
protein targeting®. Notably, prokaryotes and eukaryotes share similar biosynthetic
pathways of general N-linked glycosylation, indicating a common evolutionary
pathway®. However, the role of N-linked glycans remains poorly studied in

prokaryotes.

The first discovery of an N-linked glycosylation in a bacterium was in the enteric
pathogen Campylobacter jejuni which now has one of the most studied of all
prokaryotic glycosylation pathways’. Genomic and Proteomic studies have
demonstrated that, PgIB is an oligosaccharyltransferase responsible for the covalent
attachment of N-linked glycan (GalNAc -al,4-GalNAc-al,4-GalNAc-[GlcB1,3-
]GalNAc-a1,4-GalNAc-al,4-GalNAc-al,3-Bac-B1; where GalNAc is N-
acetylgalactosamine; Glc is glucose; diBacNAc is 2,4-diacetamido -2,4,6-
trideoxyglucopyronose) to the asparagine residue in the acceptor sequon D/E-X-N-Y-
S/T where X and Y are any amino acid except proline’. In depth studies on N-linked
glycans diversity have revealed that there are 16 different glycans sequences

present in Campylobacter genus. Surprisingly, the first two monosaccharides

lllOJ



(diBacNAc and HexNAc) were conserved in all species®®. Whilst the role of N-linked
glycan remains to be elucidated, disruption of the N-linked glycosylation pathway
resulted in pleotropic effects such as decreased chicken colonisation!, reduced
adherence to intestinal cells'! as well as impaired bacterial competence!?. These
studies did not ascertain the direct role of N-linked glycans in the C. jejuni
glycoproteome. To address this, we sought to investigate the biophysical role of N-
linked glycosylation on a representative glycoprotein. We demonstrate a critical role
for glycosylation by focusing on a resistance-nodulation-division type (RND)

multidrug efflux pump denoted Campylobacter multidrug efflux; CmeABC.

CmeABC is a tripartite molecular assembly of glycoproteins, CmeB; an inner
membrane multidrug transport protein, CmeA; a periplasmic fusion protein and
CmeC; an outer membrane associated channel. It plays a pivotal role in chicken
colonization®®, as well as being responsible for multidrug resistance (MDR).
Previously, we demonstrated that disrupting pg/B in C. jejuni impaired the efflux
activity of CmeABC resulting in significantly higher ethidium bromide accumulation
when compared to the wildtype (Abouelhadid S, et al submitted manuscript). The
absence of glycosylation on the CmeABC locus within C. jejuni was also shown to
reduce resistance to four different antibiotic classes. Here in, we show that the loss
of N-linked glycans in CmeABC is the sole reason for this phenotype and not a
pleiotropic effect caused by pg/B disruption. We also unravel the intrinsic role of N-
linked glycans in a) modulating global protein structure b) enhancing glycosylated
CmeA; g2CmeA thermostability and c) significantly slowing the unfolding rate of
g2CmeA. Finally, we evaluate the extrinsic role of N-linked glycans in the molecular

assembly of CmeABC to discern the difference in binding kinetics of CmeA variants




to CmeC. The study highlights the multifunctional role of N-linked glycans in
enhancing protein thermostability, stabilising protein complexes and the promotion
of protein-protein interaction. Our findings demonstrate, for the first time, that
regardless glycans diversification among domains of life, N-linked glycans seem to
confer a common evolutionary intrinsic role. Here we present a model with tractable
phenotype to be used in studying glycan evolution, function and diversity.

Results

N-linked glycans do not affect CmeABC protein expression nor protect CmeC from

native proteolytic degradation.

The genome sequencing of C. jejuni 11168 revealed that the bacterium possess 13
multidrug efflux transporters, which are common to most C. jejuni strains®®. Genetic
and biochemical testing demonstrated that cmeABC is located in an operon and
encodes the predominant multidrug efflux pump in C. jejuni. In addition to its central
role in extruding structurally non-related compounds such as antimicrobials, bile
salts, dyes and heavy metals'4, CmeABC has been reported to function interactively
with CmeDEF®; a secondary multidrug efflux pump in C. jejuni. Glycoproteomic
analysis of C. jejuni demonstrated that the CmeABC complex is multi N-linked
glycosylated where, CmeAis glycosylated at positions !DFNR?* and 2*DNNNS?">,
CmeB is glycosylated at position 8*DRNVS®*® and CmeC is glycosylated at position

47ETNSS>L. Notably, CmeE has also been shown to be N

-glycosylated?’. Previously, we showed that the multidrug efflux pump is impairedin
glycosylation deficient C. jejuni. This resulted in a significant increase in ethidium
bromide accumulation more than the parent strain and an reduction in antibiotics
resistance (Abouelhadid S, et al submitted manuscript). We hypothesised that this

deficiency may be due to assembly destabilisation as a consequence of glycosylation




aberration. To address this question, we sought to study the major multidrug efflux
pump of C. jejuni, in a glycosylation deficient CmeABC complex. We conducted the
experiments in a C. jejuni cmeD::.cat” background strain in order to avoid the
interaction of CmeDEF with CmeABC that might mask the functional role of N-linked
glycans. This parent strain was used to construct a C. jejuni WTCmeABC strain and a
C. jejuni glycosylation altered strain; g0CmeABC whereby, N->Q in each glycosylation
sequon (D/E-X-N-Y-S/T, where X and Y are any amino acids other than proline). Since
cmeABC is an operon, we added a 6x His tag at the C-terminal of CmeC to monitor
changes in CmeABC expression. We then grew both WTCmeABC and g0CmeABC
strains to an ODego =0.4, tetracycline was then added to inhibit protein synthesis.
CmecC levels in both strains was monitored for 2 hours. Our data shows no difference
in CmeC expression in WTCmeABC and gOCmeABC strains Fig 1, A. CmeC might be in
an unreachable region to the proteases once inserted in the outer membrane.
Therefore we conclude that N-linked glycans, in this case, do not protect CmeC from
native proteolytic degradation We observed two bands in the WTCmeC (lanes 2, 4, 6,
8) that migrated slower than the band corresponding to non-glycosylated CmeC in
g0CmeC (lane 1, 3, 5, 7 ). Western blot analysis confirmed that the two bands
observed in WTCmeC lanes correspond to two glycospecies for the protein. Fig 1, B.
Our bioinformatic analysis of the primary amino acid sequence shows that CmeC
contains two glycosylation sequons; 3°EANYS3** and “’ETNSS®! in C. jejuni 11168.

Structurally both of the glycosylation sequons are located in flexible loops*® Fig 6, B.

N-linked glycans affect multidrug efflux pump efficiency

To examine the role of N-linked glycans in CmeABC molecular assembly, we assessed
the efficiency of the multidrug efflux pump using an ethidium bromide accumulation

assay. Ethidium bromide accumulation was 22% higher in gOCmeABC when




compared to WTCmeABC. This difference was consistent at 5, 10 and 15 minutes,
indicating an impairment in the extrusion of ethidium bromide from g0OCmeABC Fig
1, C. To confirm this finding, E-test antibiotic strips were used to calculate the
minimum inhibitory concentration (MIC) of four non-structurally related antibiotics
that have different mechanisms of actions. In comparison to WTCmeABC, an increase
in antibiotic susceptibility was noticed in g0CmeABC confirming the previous finding
Table 1. The results indicate that N-linked glycans play a role in enabling the

multidrug efflux pump to work efficiently in C. jejuni.

Generation of fully glycosylated CmeA in glycocompetent E. coli

Previous studies showed that UDP-N-acetylglucosamine—undecaprenyl-phosphate
N-acetylglucosaminephosphotransferase; WecA, could interfere with the
biosynthesis of heterologous expression of polysaccharides built on the
undecaprenyl-phosphate lipid anchor- rendering it built on incorrect glycan at the
reducing end. To circumvent this problem and ascertain that g2CmeA is glycosylated
with the native C. jejuni N-linked glycan we used glycocompetent E. coli SDB1*°. The
heterologous expression of an acceptor protein with protein glycosylation locus (pg/)
usually yielded a mix population of glycosylated and non-glycosylated protein
variant, indicating a suboptimal glycosylation process***!. We observed that pg/B
expression from pACYC(pgl) is insufficient to achieve optimal glycosylation (data not
shown). To overcome this bottleneck, we sought boosting PgIB expression by
introducing pGXVN114 to E. coli SDB1 expressing CmeA and N-linked glycan
biosynthetic pathway. Fig 2 Lane 1 shows the optimal glycosylation of constitutively
expressed CmeA and N-linked glycosylation pathway along with IPTG inducible PgIB

from pGXVN114 backbone.

Glycosylation modulates protein global structure.




The enzymatic attachment of N-linked glycans to amide group of asparagine in the
glycosylation consensus sequon, is correlated with changes in the biophysical
properties of the protein such as thermostability?, aggregation, function* and
structure?? in eukaryotes. Glycans can confer interactions not only at the
glycosylation site but also other regions in the protein. Serving as bulky hydrophilic
groups, glycans can also favour certain conformational modifications that stabilise
protein structure??. Bioinformatic studies suggested that glycans force the
polypeptide chain to adopt a more extended conformations through restricting
residual structures formation in the unfolded state?*?*. To investigate the role that
N-linked glycans play in modulating the biophysical properties of CmeABC, we used
circular dichroism (CD) spectroscopy. This allowed us to monitor the secondary
structure as well as the conformational changes upon thermal denaturation of CmeA
variants. Far-UV spectra for both gOCmeA and g2CmeA in 10 mM sodium phosphate,
75 mM sodium chloride, 10% glycerol buffer (pH 8) were collected at 20 °C. The
spectrum exhibited helical structure signature with two negative minima at 208 and
222 nm. It also showed a positive maximum at 196 nm suggesting the presence of
beta-sheets structure Fig 3 Superimposed CD spectra exhibit gOCmeA spectrum,
shown in black, was slightly red shifted towards the B sheet. The CD spectra of both
proteins were then analysed by BESTSEL? for secondary structure content. Table 2
shows the secondary structure content of gOCmeA and g2CmeA at room
temperature. Our results show that N-linked glycans confer subtle change in protein

global conformation.

Glycans enhances protein thermostability

It has been established that N-linked glycans play a role in stabilising glycoproteins

thermodynamically in eukarotes®?2. The intrinsic role of N-linked glycans in stabilising




CmeA was investigated through analysing the CD spectra recorded for g0CmeA and
g2CmeA at elevated temperatures. The multi-wavelength melting profiles
monitored at 260- 195 nm were recorded during the heating of g0CmeA and g2CmeA
from 6°C to 94°C at 1°C per minute rate with a 2°C step size. Isodichroic points were
observed in the far-UV CD spectra at Fig 4, A and B supports more than two-state
nature of the unfolding transition. Derivative of CD spectra were used to calculate
the melting temperature (Tn) of both g0CmeA and g2CmeA Suppl 1. The loss of CD
spectra was observed upon incremental rises in temperature, melting curves
measured for gdCmeA and g2CmeA show that both proteins have three transitional
phases at Tm1 46.1°C+ 0.2, T2 53.5°C + 0.4 and T3 56.7°C + 0.6 for gOCmeA and Trm;
43.8°C £ 0.3, T2 49.3°C £ 0.2 and Tms 62.8°C £ 0.2 for g2CmeA. This shift in final
melting temperature suggests that glycans stabilise g2CmeA at elevated temperature

Fig 4, C.

To confirm the previous findings, we examined conformational folding reversibility
and unfolding rate for both gOCmeA and g2CmeA. The assay is based on three
successive cycles whereby CmeA variants were cooled at 20°C, heated up to the
corresponding Tm for 5 minutes and then cooled again at 20°C. To assess
conformational folding reversibility, CD spectra that were recorded at 20°C, before
and after increasing the temperature to the corresponding T, were compared. CD
spectra of CmeA variants were superimposable before and after the first two cycles
of heating (Tm1 and Tm2) but not after heating at Tms, indicating conformational
changes Fig 4, D and E. Unfolding rate was evaluated according to changes in CD
spectra with respect to time at Tms. A significant reduction in CD spectra was
observed when gOCmeA and g2CmeA were heated at their corresponding Tms . The
unfolding of CmeA was achieved in 5 minutes at its Tms. Notably, the CD spectra

recorded for g2CmeA at its corresponding Tms kept changing for 30 minutes




indicating a slower unfolding rate. This result along with the above mentioned data
highly suggest that N-linked glycans play a pivotal intrinsic role in protein

thermodynamic stabilisation.

Glycans modulate molecular assembly and protein-protein interaction

Unlike eukaryotes, there is no evidence that N-linked glycans modulate protein-
protein interaction or complex assembly in prokaryotes. To explore the potential role
of C. jejuni general N-linked glycans in modulating the interaction of glycoproteins
with their cognate partners, surface plasmon resonance (SPR) was used. SPR was
previously used to investigate the interactions in orthologous membrane fusion
proteins (MFP) with TolC from of E. coli?®. Quantitative analysis of the binding curves
showed multiple reaction events. The model used to determine binding kinetics
indicated the presence of two populations of MFP proteins. The two populations
exhibited different binding kinetics, notably, fast and slow dissociation rates that
contributed to weak and strong interactions, respectively?®. We employed a CMS5 chip
with gOCmeA and g2CmeA immobilised through amine coupling, CmeC was then
injected over CmeA variants surfaces in different concentrations. In our model,
g0CmeA and g2CmeA exhibited multiple events interaction with CmeC. These
interaction events can be attributed to a fast and a slow association and dissociation
rates. Quantitative analysis of the sensogram yielded excellent results for slow
interactions however, fast interactions could not be fitted in a model to generate
accurate binding kinetics. At pH 7.4, both CmeA variants exhibited similar dissociation
rate constants (koff) of 9™ s for gOCmeA and 7.5e™ s for g2CmeA Fig 5, A and B.
Interestingly, difference in association rate constant (kon) was observed, g0OCmeA kon
=5e* (M?s?) whilst g2CmeA kon =1.5€° (Ms?). This difference in the ko rate indicates
that g2CmeA possess more binding pockets that allows slow yet high affinity

interactions with CmeC compared to gOCmeA. The equilibrium dissociation




rate constants (Kp) derived from the binding kinetics analysis were 1.7e® (M) and 5e-

9(M) and g0OCmeA and g2CmeA, respectively.

To investigate the effect of pH on modulating binding kinetics, we observed CmeA-
CmecC interactions at pH=6.0 Fig 5, C and D. At this pH CmeA-CmeC interactions were
more avid and with a greater number of sites bound. Similar to binding curves
observed at pH 7.4, g2CmeA showed a favourable slow association and dissociation
binding curves than gOCmeA. The number of sites for slow interaction were greater
for g2CmeA contributing to a modestly higher affinity for interaction with CmeC

compared to a weaker affinity for CmeC exhibited by gOCmeA.

To confirm that variations in binding kinetics were not due to differences in structural
orientation between gOCmeA and g2CmeA, both proteins were immobilised on NTA
chip using C-terminal 6xHis tag, CmeC was then passed in different concentrations.
Binding kinetics indicated similar kon and ko for both CmeA variants, although fewer
sites were available Suppl 2. Interestingly, g22CmeA bound more CmeC than gOCmeA,
confirming the data seen with amine coupling. These results show a complex binding
pattern between CmeA variants and CmeC. They also suggest an extrinsic role for N-
linked glycans, exhibited in the variation in binding kinetics between g0CmeA and
g2CmeA, where the glycosylated form of CmeA showed a greater proportion of

higher affinity interaction sites than its non-glycosylated counterpart.

Discussion

Whilst the role of eukaryotic glycosylation has been thoroughly explored, a similar
depth of investigation is lacking in prokaryotic glycobiology. Publications have
reported the presence of different glycosylation systems in prokaryotes®”11-13

however, few described their effects in virulence, adhesion and motility by creating

genetic knock outs of the glycosylation machinery323%1%12 Nonetheless, these




reports have not provided in-depth studies into the role that N-linked glycans exert
on protein function. Glycoproteomic studies revealed diBacNAc to be conserved
across Campylobacter species. Notably, diBacNAc was found to be the reducing end
of O-linked glycans in Neisseria gonorrhoeae, indicating a probable parallel evolution
between N-linked and O-linked glycosylation systems in bacteria®>*. The role of N-
linked glycans in stabilising major multidrug efflux pump in C. jejuni has been shown
to contribute in efficiently extruding antimicrobials and ethidium bromide. Disrupting
glycosylation in CmeABC resulted in higher accumulation of ethidium bromide and
lowering antibiotic MIC in C. jejuni. These differences in activity are not due to the low
abundance of CmeABC complexin gOCmeABCstrainFig1, A. A protein synthesis arrest
assay showed that loss of glycosylation did not promote CmeC proteolytic
degradation. It also comes with an agreement with the previous finding that CmeC
protein abundance were equal in C. jejuni and C. jejuni pgIB::aphA (Abouelhadid S, et
al paper submitted). This result suggests that N-linked glycans might be modulating
molecular assembly. Studies on truncated N-linked glycans will reveal the role of each
glycostructure, it will also help to understand the role of the conserved first two

glycans between different Campylobacter strains.

Bioinformatic studies investigating protein structural changes exerted by glycans has
been inconclusive. These studies rely heavily on the in-silico analysis of protein
structure entries in the protein database bank (PDB). Whilst modern advances in
crystallographic techniques pave the way for more structural studies, obtaining
glycoprotein structure is still challenging and remains poorly represented in PDB. Xin
et al reported that protein glycosylation causes significant yet unexpectedly subtle
(up to 7%) changes in both local and global protein structure. However, Hui Sun lee
et al concluded that N-glycosylation causes non-significant changes in protein

structure but increases protein stability likely due it a role played in reduction of




protein dynamics?*. Experimentally, our initial CD study of CmeA variants showed
that both have the same conformational fold, however they confer subtle structural
differences to the protein Fig 3, B. A small shift has been observed in the percentage
of alpha helices and beta sheets between gOCmeA and g2CmeA, £1.4% +0.2. It is still
unclear whether the structural variations are due to local stabilisation resulting from
the glycosidic bond between the asparagine side chain in the glycosylation site and
N-linked glycans, or global structural rearrangement due to the interaction of the
glycan with other distant regions in the protein backbone. A structural elucidation of
CmeA in its glycosylated and non-glycosylated might provide insights on the extent

of the importance of conformational changes.

It has been suggested that N-linked glycans might enhance protein thermostability.
The glycoprotein PEB3 from C. jejuni was used as a scaffold to test the stabilisation
effect of N-linked glycans. Average melting temperature of PEB3 (K135E) variants
were analysed using SYPRO orange thermoflour. Interestingly, the T, of glycosylated
PEB3 was shown to be 4.7°C higher than its non-glycosylated counterpart; PEB3%,
This comes with an agreement with CD thermal melts of g0CmeA and g2CmeA. CD
thermal melts showed that whilst both of the CmeA variants have the same apparent
unfolding behaviour, T, of g22CmeA was 6.4°C £0.5 higher than that of gOCmeA. The
three transitional phases of both variants showed that g2CmeA seems to be
responding to a rise in temperature via conformational rearrangements at 2.4°C £0.1
lower than gOCmeA Fig 4, A. CD spectra recorded after cooling showed that the
structural rearrangements were reversible and the protein could fold again,
suggesting that protein fold/unfolding Ty and Ty are reversible for both of the
CmeA variants. Remarkably, the unfolding behaviour of g2CmeA at T3 was different
to g0OCmeA at its correspondent Tms in the conformational reversibility assay. Time

taken to unfold g2CmeA was at least 5 times more than gOCmeA, thus indicating a




role played by N-linked glycans in conferring greater resistance to unfolding Fig 4, C
and D. We postulate that N-linked glycans stabilise g2CmeA through a reduction in
the unfolding rate in g2CmeA, this finding agrees with the observation that
eukaryotic N-linked glycans stabilise the hCD2ad through slowing the unfolding rate

of the protein 50 fold when compared to its non-glycosylated counterpart?.

Owing to the lack of subcellular compartments, the extrinsic role of prokaryotic N-
linked glycans in protein-protein interaction has been not fully appreciated. Despite
the scarcity of glycoproteomic data, few molecular assemblies have been reported
to have at least one of its component to be glycosylated 3!, We demonstrate a
potential extrinsic role of N-linked glycans in CmeA interaction with CmeC. In an
orthologous multidrug efflux pump; AcrAB-TolC, AcrA showed the presence of two
populations, of the same protein, interacting with different kinetics to TolC. The two
populations contributed to a fast weak interaction and slow strong interaction Fig 5,
A and B. The complexity of these interactions is exaggerated in C. jejuni due to the
presence of N-linked glycans, that could modulate interaction of CmeA with CmeC.
Quantitative analysis for the interaction kinetics of CmeA variants with CmeC showed
that, N-linked glycans increase the binding affinity to CmeC by 3.4-fold. That was
clearly demonstrated in the difference in Kp between CmeA variants at pH= 7.4. The
difference in binding affinity was confirmed when CmeA variants were immobilised
with the same orientation on Ni chip. Recently, a pseudoatomic structure provided a
detailed picture of interaction between AcrA and TolC. This elaborated the adaptor
bridging-binding model that involved an intermesh cogwheel-like binding between
AcrA and TolC3®, The conserved binding motif Val-Gly-Leu/Thr (VGL) is located atthe
tip region of the coiled coil a-hairpin of the protein, serving as a site of interaction
with the RXXXLXXXXXXS (RLS) motif of AcrA3®. In light of this study, our computational

analysis showed that CmeC from Campylobacter spp does contain a truncated VGL




motif, denoted VGA, whilst we found the RLS motif to be conserved in among C.
jejuni, C. lari, C. coli and C. fetus Fig 6, A. To understand whether N-linked glycans
modulate protein-protein interaction we analysed the proximity of glycosylation sites
to VGA and RLS binding site in both CmeC and CmeA, respectively. The glycosylation
sites in CmeC were shown to be far from the proposed binding site Fig 6, C and
probably closer to the transmembrane domain of the protein. Remarkably, we found
that one of the glycan modified asparagine (}2N) is at the X.; position to RLS motif
and is conserved in C. jejuni and C. coli, but not in C. lari and C. fetus Fig 6, A and C.
This strongly suggests that the localisation of N-linked glycan adjacent to RLS might
be affecting either the local site conformation and/or promote a stronger interaction
with the VGA motif in CmeC; resulting in the interaction kinetics differences between
g2CmeA and g0CmeA with CmeC observed by SPR in this study. In eukaryotes, it is
well established that N-linked glycans at different glycosylation sites in the same
protein could play different roles. The roles of these N- linked glycans can be
categorised into; (a) promoting protein folding, (b) modulating protein trafficking and
localisation and (c) effecting protein functionality. In future, we will aim to

understand the role played by glycans at 22N and 2N in CmeA.

This study provides the first detailed analysis of the role of N-linked glycans in
prokaryotes. The role of bacterial general N-linked glycans has been difficult to
elucidate. This led to a notion that N-linked glycans do not play any role in protein
folding or function. This notion was based on previous inconclusive results on the role
of N-linked glycans in modulating proteins function3”-*°. Our work refutes this widely
held notion and demonstrates that N-linked glycans do not only play a role in slowing
protein unfolding process and enhancing its thermostability but also it modulates
protein interaction with its cognate partner. It also draws a line showing a conserved

role of general N-linked glycans previously seen in eukaryotes. This also




suggests a common evolutionary role that led to the emergence of N-linked protein
post translation modification, in expanding the functionality of proteome repertoire
across all domains of life. Our proposed model can be used to interrogate prokaryotic

general
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Fig 1 Functional studies and effect of glycosylation on WTCmeABC and g0CmeABC

(A) Proteolytic degradation assay of CmeC and gCmeC. Cells were grown to ODegoo

=0.4 then Chloramphenicol and Tetracycline were added. Initial sample were
withdrawn and labeled t=0, then samples were taken every 30 minutes. Cells were
stored on ice, centrifuged, lysed by sonication then incubated with 2% SDS and
Sodium sarkosyl for 2 hours at room temperature. Cells debris were then pelleted by
centrifugation and supernatants were mixed 1:1 with Laemmli loading buffer
supplemented with DTT. Proteins were then separated by SDS-PAGE followed by
electroblotting to PVDF membrane, 6xhis tagged CmeC was probed by 1ry anti-6xhis
mouse antibody and visualized by Li-COR odyssey. Equal amount of proteins was
loaded, lane 1, 3, 5, 7, C. jejuni gOCmeC; lane 2, 4, 6, 8 C. jejuni WTCmeABC (B)
Western blot detection of CmeC variants, lane 1, g22CmeC; lane 2, gOCmeC. Proteins

were detected with anti-6xHis antibody and N-linked glycans were detected with SBA




lectin-biotin. (C) Ethidium bromide accumulation test in C. jejuni strains. 30 ml
Brucella broth was separately inoculated with overnight culture of C. jejuni
WTcmeABC (black) and C. jejuni g0CmeABC (grey) to O.Dggo 0.1. Cells were growntill
0.Deoo 0.4-0.5 then spun down, washed and resusupended to ODggo 0.2 in 10 mM
sodium phosphate buffer pH 7. Cells were then incubated in VAIN for 15 minutes at
37° then Ethidium bromide was added to final concentration of 0.2 mg/ml.
Fluorescence was read at excitation and emission for 20 minutes at 37°
accumulationin C. jejuni strains at 15 minutes. The data represents the mean of three
biological replicates, two technical replicates each. Significance was calculated using

Mann-Whitney test. **P<0.005




Table 1

Table 1 Minimum inhibitory concentration in C. jejuni strains.

C. jejuni WTCmeABC | C. jejuni g0CmeABC | Fold difference
(ug/mi)

Ampicillin 256-0.015

Erythromycin 256-0.015 0.25 0.12 2
Ciprofloxacin 32-0.002 0.06 0.03 2
Tetracycline 256-0.015 0.5 0.25 2

Table 1 Minimum inhibitory concentration in C. jejuni strains. The minimum
inhibitory concentration (MIC) of C. jejuni WTCmeABC and C. jejuni g0CmeABC was
read directly from the strip at the point where the zone of inhibition of bacterial
growth intersected with the antibiotic concentration on the strip. The results
presented are the means from three biological replicates two technical replicates

each.




Fig 2

70 kDa
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Fig 2 Generation of fully glycosylated CmeA in E. coli SDB1. CmeA variants were
purified using IMAC followed by concentration and buffer exchange using
Amicon ultra-0.5 ml centrifugal filter units. Proteins were then separated by

SDS-PAGE and visualized by Coomassie blue staining.
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Fig 3 CD spectra of gOCmeA and g2CmeA in 10 mM sodium phosphate, 75 mM sodium
chloride and 10% glycerol (pH 8.0). Far-UV CD spectra was collected for
g0CmeA(0.124 mg/ml) and g2CmeA (0.174 mg/ml) variants in 0.5 mm rectangular
cell pathlength. Molar ellipiticity was calculated and corrected for proteins

concentration.
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Table 2

Table 2 Secondary structure calculation of g0CmeA and g2CmeA variants

ehell  fsheets  Poheetsparalll Tum Others
antiarale!

Table 2 Secondary structure calculation of gOCmeA and g2CmeA variants. CD units

were converted to delta epsilon units and loaded to BESTSEL server. Although the
conformations of both proteins are structurally similar there is a subtle shift in the

alpha helices and beta sheets ratios between both variants.
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Fig 4 Thermal melts of g0CmeA and g2CmeA in 10 mM sodium phosphate, 75 mM
sodium chloride and 10% glycerol (pH 8.0). Far-UV CD spectra was collected for
g0CmeA(0.124 mg/ml) and g2CmeA (0.174 mg/ml) variants in 0.5 mm rectangular
cell pathlength. CD mdeg were recorded as a function of temperature from blue
(6 °C) to red (94 °C) for g0CmeA, (A) and g2CmeA (B). Each colour in between was

obtained at rate 1 °C per minute with a 2 °C stepwise increase.CD spectra to asses

the reversibility of thermal unfolding study was recorded at 20°C, raised to Tn,
and re-cooled to 20°C sequentially. CD spectra was collected for 5 minutes at

each temperature interval for gOCmeA, (C); Thermal denaturation of CmeA

ll36,



(black) and g2CmeA (blue) as change of ellipticity values upon temperature

increase (D); g2CmeA (E). CD spectra of g22CmeA was stabilised after 30 minutes

at Tms indicating a more resilient behaviour thermal unfolding process.
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Fig 5 Glycosylation enhances interactions between CmeA variants and CmeC.

SPR analysis of CM5 chip with A) 900 RU of g2cmeA immobilised and B) 1040 RU
of g0cmeA immobilised. Association of CmeC at pH 7.4 was performed for 2 mins
and dissociation was followed for 5 mins. Concentrations of CmeC were two-fold
dilutions from 2x107 M (red) to 1.25 x10®M (blue) or 2.5 x10® M (green). SPR

analysis of CM5 chip at pH 6.0 with C) r900 RU o\f g2CmeA immobilised and D)

l141,

600



1040 RU of gOCmeA immobilised. Association of CmeC was performed for 2 mins
and dissociation was followed for 5 mins. Concentrations of CmeC were two-fold

dilutions from 2x107 M (red) to 0.6 x10M (purple)
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Fig 6 Analysis of binding sites in CmeA and CmeC (A) Amino acid alignment of
signal peptide processed CmeA orthologues. Conserved amino acids are denoted
by an asterisk, similar amino acids are denoted by colon and weak amino acid
similarity is denoted by period. The amino acid sequences were retrieved from
Uniprot and aligned using Clustal Omega*?. RLS attachment site is shown to be
conserved among periplasmic accessory proteins from different strains. The

localisation of N is highlighted in blue box, showing the presence of !N at X.; to

—— N
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the conserved RLS motif in C. jejuni and C. coli but not C. fetus nor C. lari. (B)
Structural representation focusing on chain A of CmeC trimer (PDB:4MT4). Chain
A is highlighted in cyan, 32N and *N are highlighted in red and blue respectively.
The proposed attachment site

VGA motif is highlighted in magenta showing its distant from both of the
glycosylation sites. (C) Structural prediction of CmeA. Signal processed amino acid
sequence was deposited in I-TASSER and the best structural fit was based on MexA
model(ref). RLS motif is highlighted in dark red, 2N and ?’N are highlighted in
blue and light green, respectively showing the close proximity of 2N to RLS motif
in CmeA. (D) Analysis of outer membrane channel; CmeC, AcrA and OrpM showing

the conservation of Gly structurally located at the tip region of coiled-coil a hairpin

domain among Campylobacter species, E. coli and P. aeruginosa.




Materials and methods

Bacterial strains and growth conditions

Campylobacter jejuni 11168 and its derivatives; C. jejuni cmeD::cat, C. jejuni
cmeD::cat wtcmeABC and C. jejuni cmeD::cat g0cmeABC were used in this study.
C. jejuni 11168H was grown on Columbia based agar or Muller Hinton based agar
supplemented with 5% horse blood according to manufacturer’s instructions.
Strains were grown at 37°Cin avariable atmosphericincubator (VAIN) cabinet (Don
Whitely, UK) maintaining microaerophilic conditions of: 85% Nitrogen, 5% Oxygen
and 10% carbon dioxide. All of the cloning experiments were done in Escherichia
coli DH10Beta (New England Biolabs, USA). E. coli DH10B was used in expression of
CmeA and cloning and expression of CmeC whilst gCmeA was expressed in E. coli
SBD1. E. coli strains were grown on either Luria-Bertani Broth or Luria-Bertani Agar

and antibiotics were added when necessary.

Inactivation of cmeD and generation of C. jejuni cmeD::cat, C. jejuni cmeD::cat

wtcmeABC and C. jejuni cmeD::cat gOcmeABC.

The nucleotide sequence of cmeD gene was commercially synthesized (Clonetech,
USA) to also carry a chloramphenicol resistant gene; cat was inserted in the middle
of cmeD to disrupt the gene. The DNA was then released by restriction digestion
with EcoRV and cloned in pJET1.2 -following manufacturer’s instructions- to give
pATN. Cloning of cmeABC-aphA was achieved by the following; cmeABC locus was
amplified by primer FWDCmeA and primerREVCmeC with Phusion polymerase
(New England biolabs, UK) using C. jejuni 11168H genomic DNA as a template,

6Xhis tag was added




at the C-terminus of the CmeC to track its expression. The PCR amplicon was cloned
in pJET1.2 following the manufacture’s instructions to give pMH3 that was then cut
by BamHI to introduce the kanamycin resistant gene aphA, to be used as an antibiotic
selection marker after homologous recombination in C. jejuni 11168H to give pMHT.
To add homologous recombination arms for cmeABC-aphA, pMH3 was cut by SaCll
to ligate ¢j0364 at the 3’ end of aphA to give pMHTF. For gOcmeABC-aphA, each
asparagine in the non-canonical glycosylation sequon (D/E-X-N-Y-S/T, where X and Y
are any amino acid except proline) was altered to glutamine in-silico and nucleotide
sequence of g0cmeABC was synthesized by (Clonetech, USA) DNA was then treated

as above to generate pATKH.

To generate C. jejuni cmeD::cat, electroporation of pATN into C. jejuni 11168H was
carried out as previously described®®. The transformants were selected on CBA plates
supplemented with 10 pg/ml chloramphenicol and the double cross over event was
confirmed by PCR, this strain was then used as parent strain to generate other
mutants. Plasmids pMHT and pATK were electroporated into C. jejuni cmeD::cat to
generate C. jejuni cmeD::cat cmeC::.cmeC-aphA and C. jejuni cmeD::cat
cmeABC::cmeABC-(N->Q)-aphA, respectively. Transformants were selected on CBA
plates supplemented with 10 pg/ml chloramphenicol and 30 pg/ml kanamycin and

the double cross over event was confirmed by PCR.

Antibiotic sensitivity test (E-test)

C. jejuni 11168H were grown in suspension in Mueller-Hinton broth equivalent to 1.0
MacFarland’s standard and 100 pl aliquots were spread plated on dry Mueller-Hinton
agar plates supplemented with 5 % Sheep blood (Oxoid, UK), the plates were left for
5 -10 minutes to dry before the antibiotic strip (Oxoid, UK) was added. Plates were

incubated at 37°C overnight. The minimum inhibitory concentration (MIC) was read




directly from the strip at the oint where the zone of inhibition of bacterial growth

intersected with the antibiotic concentration on the strip.

Ethidium bromide accumulation assay

Bacterial cells were grown to mid log phase (OD s00 0.4-0.5). Cells were harvested,
washed and resuspended in 0.1M sodium phosphate buffer pH 7 (previously
incubated in the VAIN) to OD ¢ 0.2. Cells were then incubated in the VAIN for 15
mins at 37°C o before a 100ul aliquot was withdrawn to indicate time zero. Ethidium
bromide (Sigma, UK) was added to final concentration 2 pg/ml and fluorescence was
measured at 530 nm excitation and 600 nm emission using a plate reader (Molecular

Devices M3 plate reader, USA).

Expression of CmeA and gCmeA

Protein expression was carried out in E. coli strains unless stated otherwise. CmeA
and CmeC were expressed in E. coli DH10B carrying pMH5 plasmid and pAT3,
respectively, whilst gCmeA was expressed in E. coli SDB1 carrying pGVXN114, pWA?2
and pACYC(pgl). Initiating cultures were grown overnight in LB broth supplemented
with appropriate antibiotics at 37 °C under shaking condition. The following day, 10
ml of culture was withdrawn from the shake flask to inoculate 400 ml LB broth
supplemented with appropriate antibiotics. To achieve optimal glycosylation of
CmeA, PglB was expressed from pGVXN114 by the addition of 0.5 mM ITPG at OD g0
0.5-0.6. Cultures were incubated at 37°C for 24 hours with shaking. Cultures were
centrifuged and cell pellets washed with binding buffer (300 mM NaCl, 50 mM
NaH,PO, with 25mM imidazole) and passed twice through a high pressure cell
homogeniser (Stanstead works, UK). Cell debris was removed by centrifugation at

20,000 xg for 45 minutes. Supernatant was collected and incubated with 0.2 ml Ni-




NTA for 1 hour at 4 °C then washed with 50 ml binding buffer and eluted four times

in 0.5 ml elution buffer (300 mM NaCl, 50 mM NaH,P0O,4 with 250mM imidazole).

Cloning and expression of CmeC

To express CmeC in E. coli, cmeC lacking signal peptide sequence was amplified by
PCR with CmeCFwdl and CmeCRev using C. jejuni 11168H genomic DNA as a
template. The amplicon was then cut by Nhel and Sall and cloned into pEC415
downstream of the DsbA signal peptide sequence to give pCMECDSBA. E. coli carrying
pCMECDSBA was grown in LB media supplemented with ampicillin (100 pg/ml)
overnight at 37 °C under shaking condition. On the following day, 10 ml were
withdrawn from the overnight culture to inoculate 400 ml LB media. Cells were grown
to OD 6000.5-0.6 and 0.2% L-arabinose was added to induce the expression of CmeC.
Cultures were incubated at 37 °C for 24 hours with shaking at 180 rpm. Cultures were
centrifuged and cell pellets washed with binding buffer (300 mM NaCl, 50 mM
NaH,PO, with 25mM imidazole) and passed twice through cell homogeniser
(Stanstead works, UK). Cells debris was removed by centrifugation at 20,000 xg for
45 minutes and then collected and incubated in binding buffer with 2 % DDM for 3
hours at 4 °C. The mixture was then centrifuged at 15,000 xg for 10 minutes. The
supernatant was collected, diluted with binding buffer and incubated with 0.2 ml Ni-
NTA for 1 hour at 4 °C then washed with 50 ml binding buffer and eluted four times

in 0.5 ml elution buffer (300 mM NaCl, 50 mM NaH,P0O,4 with 250mM imidazole).

CD Spectroscopy

All CD spectra of gCmeA and CmeA were acquired in 0.5mm rectangular cell
pathlength using Chirascan spectrometer (Applied Biophysics, UK) equipped with
Quantum NorthWest TC125 Peltier unit. Temperature dependent confirmation

changes were monitored at wavelength 260-195nm for gCmeA (0.2 mg/ml) and




CmeA (0.2 mg/ml) in 10 mM Sodium phosphate, 75 mM Sodium chloride, 10 %
glycerol buffer (pH=8.0) during stepwise increase in temperature from 6°C to 94°C.
Temperatures were measured directly with a thermocouple probe in the sample
solution. Melting temperatures were determined from the derivative CD-
Temperature spectra and fitted using a Levenberg—Marquardt algorithm (LMA) on
the van't Hoff isochore. (Global 3, Global Analysis for T-ramp Version 1.2 built 1786,
Applied Photophysics Ltd, 2007-2012). For Conformation Reversibility Study, far-Uv
CD spectra were recorded at 20°C, raised to Tm and re-cooled to 20°C. The
temperature at each elevated T was kept constant for 5 minutes and the CD

spectrum was recorded to assess the rate of protein unfolding process.

Surface Plasmon Resonance

For coupling of CmeA and gCmeA to the CM5 sensor chip, carboxyl groups on the
surface were activated by injecting a 1:1 mixture of 0.4M 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and 0.1 M N-hydroxysuccinimide (NHS)
for 7 minutes at 5 pl/min. CmeA and gCmeA were diluted to 10-20 pg/ml in 0.1 M
acetate pH 5.5 and immobilised at 5 pl/min. Immobilisation was stopped when the
required RU was achieved. This was followed by injecting 1M ethanolamine pH 8.5 (7
minutes at 5 pl/min) to inactivate excess reactive groups. To account for non- specific
binding, a control flow cell was generated using the same method described minus
the protein immobilisation step. For coupling of CmeA and gCmeA to a NTA chip, the
chip was cleaned and loaded with NiCl, (0.5 mM). The flow cells were then activated
as above and CmeA and gCmeA (10 ug/ml in HBSP buffer) were loaded into
appropriate flow cells until appropriate RU were achieved. Subsequently the flow

cells were treated with ethanolamine as above to block remaining activated sites.




Cmec at various concentrations (3 nM- 0.2 uM) was analysed at a constant temperature of
25°C under continuous flow of HBS-PE buffer (10mM HEPES pH 7.4, 3 mM EDTA, 0.005% (w/v)
Surfactant P20 (GE Healthcare) at 30ul/min (sufficient to prevent mass transfer effects) at pH

7.4 for 3 minutes association and a dissociation time of 5 minutes. Experiments at pH 6.0 were
performed with 10 mM MES pH 6.0, 3 mM EDTA, 0.005% (w/v) Surfactant P20 (GE Healthcare)
The surface chip was regenerated by injecting 0.1 M triethanolamine pH 11.5. Data was
analysed using the BlAevaluation software version 4.1.1 (Biacore, GE Healthcare, Amersham).
Blank flow cell controls were subtracted. The kd was defined between 10s after the end of the

sample injection and 300 sec later.
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Strain/Plasmid/ Description Reference
Primers
E. coliDH10B FF mcrA A(mrr-hsdRMS-mcrBC) ®80d/acZAM15 New England
AlacX74 endAl recAl deoR A(ara,leu)7697 Biolabs, UK
araD139 galU galK nupG rpsL A
E. coli SDB1 F- lambda- IN(rrnD-rrnE)1 rph-1, Awaal AwecA 30
C. jejuni 11168H Hypermotile variant of C. jejuni 11168 21
C. jejuni 11168H C. jejuni 11168H cmeD is inactivated by This study
cmeD::cat chloramphenicol cassette insertion
C jejuni C. jejuni 11168H cmeD::cat, cmeC is 6xhis tagged This study
cmeD::cat followed by kanamycin cassette to help for
wtcmeABC selection of CBA plate
C. jejuni C. jejuni 11168H cmeD::icat, cmeABC is This study
cmeD::cat glycosylation deficient by altering N->Q in C.jejuni
g0cmeABC glycosylation sequon (D/E-X-N-X-S/T where X is
any amino acid other than proline)
pGVXN114 PgIB cloned in pEXT21 under lac promoter 41
pWA2 Soluble periplasmic 6xHis tagged CmeA under Tet 32
promoter in pBR322
pMH5 Soluble periplasmic 6xHis tagged CmeA under Tet 32
promoter in pCAYC184
pACYC(pg/) C. jejuni heptasaccharide coding sequence under 32
Tet promoter in pCAYC184
pJMK30 aphA gene cloned in BamHI resistriction site 42
pCMECSDBA Membrane bound 10xHis tagged CmeC driven to This study

periplasm by DsbA signal peptide under L-

arabinose promoter in pEC145



http://ecoliwiki.net/colipedia/index.php/mcrA

pATN cmeD::cat cloned in pJET1.2 This study
pMH3 cmeABC locus cloned in pJET1.2 This study
pMHT aphA cloned in BamHI site in pMH3 This study
pMHTF ¢j0364 cloned in Sacll site in pMHT This study
pATM g0cmeABC locus cloned in pJET1.2 This study
pATMN aphA cloned in BamHlI site in pATM This study
pATKH ¢j0364 cloned in Sacll site in pATMN This study
FWDCmeA AGCGAAGTTAAAGAAATTGGAGCAC
REVCmeC TTTTCCGCGGATTGGATCCCATTATGATGATGATGAT
GATGATGTTCTCTAAAGACATATCT
FWDcj0364 TTTTCCGCGGATTCTCTAAATAAATTAAAAATCTTTG
TCT
REVcj0364 TTTTCCGCGGCATTGAACCTTTTTGGAGGGATTTTTC
C
FWDCmeC TTTTGCTAGCGCCGCCCCAAATTTAAATATTCCCGAA
GCAAACTATAGCATTG
REVCmeC TTTTTGTCGACctaATGATGATGATGATGATGATGAT

GATGATG

TTCTCTAAAAGACATATCTAAATTTTTTGATTC




Concentration

Supplementary figures

09

08

07

08

04

04

03

02

0.

Ternperature (C)

Concentration

09

08

07

08

05

04

03

02

..............

kil 4 50 0 10 80
Temperature (C)

- wl MI —_

Supplementary 1. Thermal melts of g0CmeA and g2CmeA in 10 mM sodium phosphate, 75 mM sodium chloride and
10% glycerol (pH 8.0). Concentration as function to temperature representing three transition melting phases for

g0CmeA ,(A); g2CmeA (B).
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Supplementary 2. Thermal melts of g0CmeA and g2CmeA in 10 mM sodium phosphate, 75 mM sodium
chloride and 10% glycerol (pH 8.0). CD spectra as function to temperature representing more than one
melting phases for g0CmeA ,(A); g2CmeA, (B).
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Supplementary 3 SPR analysis of A) 1090 RU of immobilised g2cmeA and B) 1000RU of
immobilisation g0cmeA binding to cmeC offered at 1 x107 M (orange); 5 x10M (yellow) 2.5x10¥ M
(green) for 2 mins and 5 mins dissociation. CmeA variantswere covalentlyassociated by NHS/EDC
after association through C-terminal 6Xhis-tag association with the NTA surface.
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Supplementary 4 Scheme representing reversibility study CmeA variants were cooled at
20 C (blue) then heated up to T,, for 5 minutes then cooled again at 20 C the

corresponding T, are shown from golden yellow to red, CD spectra were recorded at
each temperature.
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Abstract

Bacterial N-linking oligosaccharyl transferases (OTase enzymes) transfer lipid-linked glycans to
selected proteins in the periplasm and were first described in the intestinal pathogen Campylobacter
jejuni, a member of the e-proteobacteria-subdivision of bacteria. More recently, orthologues from
other e-proteobacterial Campylobacter and Helicobacter species and a 6-proteobacterium, Desulfo-
vibrio desulfuricans, have been described, suggesting that these two subdivisions of bacteria may be
a source of further N-linked protein glycosylation systems. Whole-genome sequencing of both e- and
&-proteobacteria from deep-sea vent habitats, a rich source of species from these subdivisions, re-
vealed putative ORFs encoding OTase enzymes and associated adjacent glycosyltransferases similar
to the C. jejuni N-linked glycosylation locus. We expressed putative OTase ORFs from the deep-sea
vent species Nitratiruptor tergarcus, Sulfurovum lithotrophicum and Deferribacter desulfuricans in
Escherichia coli and showed that they were able to functionally complement the C. jejuni OTase,
CjPgIB. The enzymes were shown to possess relaxed glycan specificity, transferring diverse glycan
structures and demonstrated different glycosylation sequon specificities. Additionally, a permissive
D. desulfuricans acceptor protein was identified, and we provide evidence that the N-linked glycan
synthesized by N. tergarcus and S. lithotrophicum contains an acetylated sugar at the reducing end.
This work demonstrates that deep-sea vent bacteria encode functional N-glycosylation machineries
and are a potential source of biotechnologically important OTase enzymes.

Key words: bacterial glycobiology, deep-sea vent bacteria, glycoengineering, N-linked glycosylation

Introduction

Asparagine-linked glycosylation is a common post-translational modi-
fication of eukaryotic proteins, and is involved in many cellular func-
tions such as quality control, protein folding and secretion (Helenius
and Aebi 2004). The eukaryotic N-glycosylation machinery is located
within the endoplasmic reticulum, where the glycan is assembled on
the lipid carrier dolichyl pyrophosphate in the membrane by the action

of several glycosyl transferases, flipped across the membrane and finally
transferred to an acceptor protein at the consensus sequon N-X-S/T,
whereXcanbeanyaminoacidexceptproline (Aebi2013).Thistrans-
fer is accomplished by the action of the oligosaccharyltransferase
(OTase) enzyme complex. Initially believed to be limited to eukaryotes,
N-linked glycosylation was also identified in Archaea, where a
surface layer (S-layer) protein was shown to be N-glycosylated in
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Halobacterium salinarum (Mescher and Strominger 1976). Further in-
vestigation revealed that this type of protein modification was presentin
many Archaeal species, displaying a variety of N-glycan structures
(Eichler 2013). The S-layer protein is the best characterized Archaeal
glycoprotein, but other proteins have been identified such as the ABC
transporter SS01273 in Sulfolobus solfataricus P2 (Palmieri et al.
2013)and anunusual typeIV pilus proteinin Methanococcus maripa-
ludis (Ng et al. 2011). It was not until 1999 that the first bacterial
N-linked protein glycosylation system was identified in the intestinal
pathogen Campylobacter jejuni (Szymanski et al. 1999). Intriguingly,
while the transfer of the N-linked glycan to acceptor proteins in the eu-
karyotic model organism, Saccharomyces cerevisiae requires the action
of the multi-enzyme OTase complex (Aebi 2013), a single enzyme,
termed PglB, with significant levels of amino acid similarity to the
STT3 subunit of the yeast OTase complex, was sufficient for glycan
transfer (Wackeretal. 2002; Young etal. 2002). The functional transfer
of the C. jejuni N-linked protein glycosylation machinery encoded by
the protein glycosylation (pgl) locus into Escherichia coli allowed struc-
tural determination ofthe glycan and functional characterization of
individual gene products involved (Wacker etal. 2002; Linton et al.
2005). Subsequent demonstration of relaxed glycan substrate specificity
of the C. jejuni OTase PglB (CjPglB) paved the way for the development
of recombinant glycoengineering, an approach by which a desired
glycoconjugate can be generated entirely in E. coli by co-expression
ofaglycan-codinglocus,anacceptor protein and the OTase enzyme
(Feldman etal. 2005). The C. jejuni N-linked glycosylation acceptor
sequon was shown to differ from the eukaryotic N-X-S/T with an
extended motif containinganegatively chargedaminoacid atthe -2
position D/E-Z-N-X-S/T (where Z, like X, can be any amino acid except
proline) (Kowarik, Young, et al. 2006). The most recent survey of
C. jejuni glycoproteins identified 154 glycopeptides corresponding to
53 glycoproteins, confirming the general nature of the glycosylation
machinery (Scott etal. 2011).

Orthologs of the CjPglB enzyme have been found in all Campylo-
bacter spp. genome sequences, a subset of Helicobacter species, some
members of the genus Desulfovibrio, as well as some 6- and e-
proteobacterial species found in deep-sea vent habitats (Nothaft and
Szymanski 2010). Three of these orthologues have been function- ally
characterized; those from Campylobacter lari (CIPgIB) (Schwarz et al.
2011), Helicobacter pullorum (HpPgIB) (Jervis et al. 2010) and the 6-
proteobacterium, Desulfovibrio desulfuricans (DdPgIB) (lelmini and
Feldman 2011).

Deep-seahydrothermal vents are light-independent environments
on the sea-floor that host alarge community of chemolithoautotrophic
proteobacterial symbionts, predominantly e-proteobacteria (Huber
etal.2007).The genome sequences of several bacterial speciesisolated
from deep-sea vents have been determined (Inagaki et al. 2004;
Nakagawa et al. 2005, 2007; Takaki et al. 2010) and several of the
species were found to possess orthologs of the C. jejuni pglB gene.

In the e-proteobacteria N. tergarcus and S. lithotrophicum, the region
adjacent to the putative pglB genes contains genes encoding proteins
predicted to be involved in the generation and transfer of nucleotide-
activated sugars, indicatingthe presence ofatleastapartial pgl operon
similar to the one encoded by C. jejuni (Figure 1A) (Nothaft and
Szymanski 2010). In contrast, the pglB gene in the §-proteobacterium
D. desulfuricans appears to be an orphan gene

and not part of a pgl operon. The presence of these putative pg/B
genes suggests that these uncharacterized organisms may possess func-
tional protein N-glycosylation machineries. Investigation of the puta-
tive N-glycosylation systems directly in these speciesis complicated by
their relatively complex and unusual growth requirements, such as

growth in supplemented synthetic sea water and at higher tempera-
tures (Takai et al. 2003; Nakagawa et al. 2005). We therefore charac-
terized the putative OTase enzymesin E. coli by co-expression with an
acceptor protein and a lipid-linked glycan substrate, as previously re-
ported for the OTase enzymes of D. desulfuricans and H. pullorum
(Jervis et al. 2010; lelmini and Feldman 2011).

We present the functional expression and characterization of three
novel OTase enzymes from deep-sea vent bacteria, identify a possible
glycoprotein encoded by one of these species and gain an insight to the
nature of the native N-linked glycan structures.

Results

Identification of putative N-linking OTase enzymes

from deep-sea vent bacteria

In order to identify putative orthologs of CjPglB, the amino acid
sequence was used as the query against all databases of prokaryotic
proteins using blastp. Numerous non-Campylobacter orthologs were
identified, and three encoded by deep-sea vent bacteria were chosen
for further analysis (Figure 1B; Supplementary data, Figure 1). These
included Nitratiruptor tergarcus (54% amino acid similarity, 34%
identity to the C. jejuni PgIB enzyme) and Sulfurovum lithotro- phicum
(55% similarity, 37% identity), two representatives of the e-
proteobacteria and Deferribacter desulfuricans (40% similarity, 24%
identity), a species classified within the phylum Deferribacteres from
the &-proteobacteria.

Severalaminoacidresidues and structural features have beeniden-
tified as important for OTase activity in CIPgIB (Lizak et al. 2011;
lhssen etal. 2012, 2014; Gerber et al. 2013). An amino acid alignment
of the three deep-sea vent OTase enzymes with CjPglB indicates that
the deep-sea vent OTase enzymes possess all the important residues
for the function of CIPglB (highlighted in Supplementary data, Figure
S2 and Table I), aside from residues R331 and 1572 that are absent in
DfdPglB.

In most Campylobacter species, the OTase gene is present within
the locus encoding for the assembly of the N-linked oligosaccharide
(Nothaft and Szymanski 2010). The genes flanking the deep-sea vent
putative pgIB genes from N. tergarcus (NtPgIB) and S. lithotro- phicum
(SIPgIB) include genes predicted to encode an initiating
undecaprenol-phosphate sugar phosphotransferase (PglC) and anum-
ber of glycosyltransferases. However, no gene encoding a “flippase”
enzyme required for membrane translocation of the lipid-linked oligo-
saccharide (LLO) into the periplasm was identified. In contrast, there
are no orthologs of C. jejuni N-linked glycosylation pathway genes
adjacent to the D. desulfuricans (DfdPgIB) ortholog (Figure 1A).

The three deep-seavent OTase enzymes are

functional in E. coli

For functional analysis, the putative OTase enzymes were tested for
their ability to complement CjPgIB in E. coli. The predicted ORFscod-
ing for NtPglB, SIPgIB and DfdPglB were codon-optimized, synthe-
sized and cloned into inducible expression vectors of the pEXT family
(see Methods) (Dykxhoorn et al. 1996). Initial activity assays tested
the ability of the OTase enzymes to transfer the C. jejuni N-linked
heptasaccharide to the commonly used C. jejuni reporter gly-
coproteins, AcrAand Cj0114. The three deep sea vent OTase enzymes
(and CjPgIB as a positive control) were co-expressed with hexa-his-
tagged AcrA and the C. jejuni pgl gene locus with an inser- tionally
inactivated pgIB gene in E. coli strain CLM24 (Feldman et al. 2005).
Analysis of purified AcrA by western blotting, using
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Fig. 1. Analysis ofthe pgllociofthe deep-seaventbacteriaand phylogenetictree of PgIB/AgIB/STT3 OTase enzymes (A) Depiction ofthe genomiclocalization of the
PglB-encoding genes of C. jejuni, N. tergarcus, S. lithotrophicum and Deferribacter desulfuricans. GT, glycosyl transferase. White arrows: genes with no involvementin
sugar biosynthesis. ORFs annotated as C? encode putative initiating glycosyl transferase enzymes with low homology to C. jejuni PgIC. (B) Subset view of the
phylogenetictree ofthe oligosaccharyltransferase protein sequence (PgIB, AgIB and STT3 subunit) fromthe three domains oflife (Bacteria, Archaeaand Eukarya,
respectively) (full tree shown in S1). The tree was a CLUSTALW (Larkin et al. 2007) generated protein sequence alignment using the neighbor-joining (NJ) method with
1000 bootstrap replicates in phylogenetic package MEGAG6 (Tamura et al. 2013). The PgIB orthologs investigated in this study are boxed.

Table I. Presence of critical amino acid residues in PgIB orthologs from N. tergarcus, S. lithotrophicum and Deferribacter desulfuricans

D56 R147 D154/156 E319 R331 R375 WWDYG 1572
NtPgIB v v v v v v v v
SIPgIB v v v v v v v v
DfdPglB v v v v 8 v v 8
anti-hexa-his and anti-heptasaccharide antibodies demonstrated and NtPgIB resulted in two glycoforms as for wild-type Cj0114, how-

CjPglB-mediated glycosylation of AcrA at two sites as previously re- ever, Cj0114 N154Q and N172Q produced only a single glycoform
ported (Wacker et al. 2002), but no modification was observed by the (Figure 3A right panel). This demonstrates that asparagine residues
three putative deep-sea vent OTase enzymes (Figure 2A and B). N154 and N172, but not N100 and N178, are required for modifica-

Analysis of purified Cj0114 confirmed CjPglB-dependent glycosy- tion with the C. jejuni heptasaccharide by NtPglB. The sequons sur-
lation of Cj0114 at four extended N-linked glycosylation sequons as rounding N154 and N172 contain an aspartic acid at the -2 position,

previously reported (Jervis etal. 2010) (Figure 2C and D). Two of the- while the sequons surrounding N100 and N178 contain glu- tamic
four Cj0114 glycoforms were observed with NtPglB and SIPglB acid, suggesting that NtPgIB may display a preference towards the
(Figure 2C and D) demonstrating OTase activity of these two enzymes. former. However, replacement of aspartic acid at position -2 of N172
No extra bands were observed for DfdPgIB, suggesting that this with a glutamic acid (D170E) did not disrupt glycosylation with
enzyme was not able to transfer the C. jejuni heptasaccharide to the NtPgIB (data not shown). To investigate the requirement for a
Cj0114 protein. These data confirm protein N-linked glycosylation negatively charged residue at the -2 position for activity of NtPglB
activity of two of three deep-sea vent OTase enzymes. and SIPglIB, the aspartic acid at the -2 position of N172 was replaced

with alanine (mutant D170A). This resulted in one less Cj0114 glyco-
form produced by CjPglB, NtPgIB and SIPgIB (Figure 3B), demonstrat-
The sequon is required but not sufficient ing that as for CjPglB both NtPglB and SIPgIB require a negatively
for glycosylation by NtPgIB charged amino acid at the -2 position.
To further investigate NtPglB-mediated Cj0114 glycosylation, we em-
ployed Cj0114 mutants in which each of the asparagine residues with-
in the four glycosylation sequons (N100, N154,N172and N178) were ~ The deep-seavent OTase enzymes can transfer
replaced with glutamine (Jervis et al. 2010). Co-expression of these non-campylobacter glycan structures
four variants with pACYCpglapglB and CjPgIB generated three CjPglB possesses relaxed glycan specificity (Feldman et al. 2005). In
Cj0114 glycoforms as expected (Figure 34, left panel). Co- expression order to assess the ability of the three deep-sea vent OTase enzymes
of Cj0114 N100Q and N178Q with pACYCpglApgIB totransferavariety of glycan moieties, the enzymeswere co-expressed
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Fig. 2. Functionalexpressionofdeep-seaventOTase enzymes. (A) Amino acid sequence ofthe C. jejuniglycoprotein AcrA. Bold sequence: Two extended bacterial
N-linked glycosylation sequons. Underlined amino acids: acceptor asparagines (B) NtPgIB, SIPgIB and DfdPgIB OTase enzymes were co-expressed in E. coli CLM24
with plasmids coding for the synthesis of the C. jejuni N-linked glycan and the affinity-tagged C. jejuni glycoprotein AcrA. Empty vector (no OTase) and CjPgIB
expressing cultures were included as controls. Following purification, the acceptor proteins were separated by SDS—PAGE, western blotted and probed with
antisera against the affinity tag (red) and glycan (green). (C) Amino acid sequence of Cj0114. Italicized sequence: Engineered pelB leader sequence for efficient
targeting of the protein to the periplasm. Bold sequence: Four extended bacterial glycosylation sequons. Underlined amino acids: acceptor asparagines
(D) NtPgIB, SIPgIB and DfdPgIB OTase enzymes were co-expressed in E. coli CLM24 with plasmids coding for the synthesis of the C. jejuni N-linked glycan and
the affinity-tagged C. jejuni glycoprotein Cj0114. Empty vector (no OTase) and CjPgIB expressing cultures were included as controls. After purification, the
acceptor proteins were separated by SDS—PAGE, western blotted and probed with antisera against the affinity tag (red) and glycan (green).

with Cj0114 in E. coli strain E69 that synthesizes the O9 O-antigen
with N-acetylglucosamine (GlcNAc) at the reducing end (McCallum et
al. 1989), and in E. coli strain CLM24 producing the F. tularensis O-
antigen with QuiNAc (2-acetamido-2,6-dideoxy-O-p-glucose) at the
reducing end (Cuccui et al. 2013). All three OTase enzymes were able
to transfer both structures to Cj0114 (Figure 4), demonstrating that
similar to CjPglB, the deep-sea vent OTase enzymes possess relaxed
glycan specificity. Interestingly, both NtPgIB and SIPgIB preferentially
transferred shorter chains of the F. tularensis O-antigen compared
with CjPglB, while the transfer efficiency of DfdPglB appeared very
low.

Analysis of putative glycoproteins encoded

by the deep-sea vent bacteria

As Cj0114 was glycosylated by the deep-sea vent OTase enzymes in the
recombinant E. coli system, a BLAST search was performed to identify
potential orthologs encoded by the three species. A Cj0114 ortholog
was identified in each species, and designated Nt0114 (34% identity
to Cj0114), SI0114 (30% identity to Cj0114) and Dfd0114 (29% iden-
tity to Cj0114). Only Nt0114 contained an extended bacterial N-
glycosylation sequon, whilst SI0114 and Dfd0114 contained two and
three eukaryotic N-X-S/T sequons, respectively (Figure 5, Supple-
mentary data, Figures S3 and S4).

Both Nt0114 and Dfd0114 were tested for their capacity to be
glycosylated through expression in N-linked glycosylation competent
E. coli CLM24 producing either the C. jejuni N-linked heptasacchar-
ide glycan or F. tularensis O-antigen. In this system, Nt0114 was
glycosylated with the C. jejuni heptasaccharide and F. tularensis O-
antigen by CjPglB but not by any of the three deep-sea OTase en-
zymes (Supplementary data, Figure S3). Interestingly, when Dfd0114
lacking extended bacterial N-linked glycosylation sequons was co-
expressed in E. coli CLM24 with OTase enzymes and the C. jejuni
heptasaccharide, a glycosylated form was detected in the presence of
CjPglB, suggesting transfer of glycan to a eukaryotic sequon (Figure
5B). When Dfd0114 was co-expressed with the F. tularensis O-antigen
and the OTase enzymes, glycoforms were observed in the presence of
CjPgIB and DfdPgIB, but not NtPgIB or SIPgIB (Figure 5B). This
suggested glycan transfer by both CjPglB and DfdPglB to a eukaryotic-
type sequon. CjPgIB was previously believed to strictly re-
quire a negatively charged residue at the -2 position of the sequon
(Kowarik, Young, et al. 2006). However, recent work has demon-
strated modification of asparagine residues not located within an ex-
tended sequon by CjPglB, both in the native host as well as in E. coli
(Ollis et al. 2014; Scott et al. 2014). To identify the Dfd0114 sequon
glycosylated by CjPglB, site-directed mutantconstructsweregenerated
by individually changing the asparagine residue in each of the three
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Fig. 3. Analysis of the sequon usage by NtPgIB and requirement for a negative
charge at the -2 position for NtPgIB and SIPgIB. (A) CjPgIB and NtPgIB were
co-expressed in E. coli CLM24 with plasmids coding for the synthesis of the 35 kDa —>

C. jejuni N-linked glycan and four site-directed mutant versions of affinity-
tagged C. jejuni glycoprotein Cj0114, where the acceptor asparagine residue
of each site had been replaced with a glutamine. After purification, the
acceptor proteins were separated by SDS—-PAGE, western blotted and
probed with antisera against the affinity tag (red) and glycan (green).

(B) CjPgIB, NtPgIB and SIPgIB were co-expressed in E. coli CLM24 with a
plasmid coding for the synthesis of the C. jejuni N-linked glycan and either the
wild-type Cj0114 protein or a site-directed mutant version of Cj0114 where the
aspartic acid residue at the -2 position of sequon 3 had been replaced with an
alanine (D170A).

eukaryotic sequons to alanine. The mutant N107A was no longer gly-
cosylated by CjPglB, while mutants N101A and N118A remained gly-
cosylated, suggesting transfer of the glycan to asparagine N101 by
CjPglIB (Figure 5C).

Functional characterization of putative initiating glycosyl
transferase enzymes involved in generation of the
N-linked LLO in N. tergarcus and S. lithotrophicum

Unlike C. jejuni, the genes involved in the synthesis of the N-linked
LLO in N. tergarcus, S. lithotrophicum and Deferribacter desulfuri-
cans are not encoded within a single locus (Nothaft and Szymanski
2010) (Figure 1A). However, a putative undecaprenol-phosphate
UDP-glycosyl transferase ( pglC) is located immediately downstream
of pglB in both N. tergarcus and S. lithotrophicum (Figure 1A).
Additionally, orthologs of two of the three enzymes involved in the
synthesis of UDP-N,N'-diacetylbacillosamine (diNAcBac) from UDP-
N-acetylglucosamine (UDP-GIcNAc), pglE and pglF, butnot
pglD were identified downstream of pglB and pgIC (Morrison and
Imperiali 2014). No orthologs of pgIC, E or F were identified from
D. desulfuricans, suggesting that the native glycan transferred in this
organism is unlikely to contain diNAcBac at the reducing end. Recom-
binant expression of NtPglC or SIPgIC together with Cj0114 and pA-
CYCpglpgIC::Km in E. coli strain CLM37, which lacks the initiating
transferaseofthe O-antigenbiosynthesisrepeatunitsynthesismachin-
ery (WecA), resulted in Cj0114 glycosylation with a glycan recognized
by the anti-C. jejuni heptasaccharide antiserum HR6 (Figure 6A). This
demonstrates that both deep-sea vent PglC orthologs can functionally

Red: anti protein / Green: anti glycan

Fig. 4.NtPgIB, SIPgIB and DfdPgIB possessrelaxed glycan specificity. NtPgIB,
SIPgIB and DfdPgIB OTase enzymes were co-expressed with affinity-tagged
C. jejuni glycoprotein Cj0114 in (A) E. coli E69 which synthesizes O9 O-
antigen and (B) E. coli CLM24 containing a plasmid coding for the synthesis
of the F. tularensis O-antigen. After purification, the acceptor proteins were
separated by SDS-PAGE, western blotted and probed with antisera
against the affinity tag (red) and glycan (green).

complement Cj PglC and are able to transfer a glycan moiety to
undecaprenol-phosphate, on which the full C. jejuni heptasaccharide
can be synthesized by enzymes encoded by the C. jejuni pgl locus. It
has previously been shown that CjPglB can transfer heptasaccharides
with either a diNAcBac or a GlcNAc residue at the reducing end
(Linton et al. 2005). However, CjPgIC has been shown to catalyze
only the transfer of UDP-Bac to undecaprenol-phosphate (Glover et
al. 2006). Elucidation of the nature of the reducing end glycan re-
quires mass spectrometric analysis; however, the full-length Cj0114
protein was unsuitable for mass spectrometry analysis. A modified C-
terminal truncation of Cj0114 termed NGRP, which displays im-
proved performance of the N172 tryptic peptide during MS analysis
has previously been generated (A.]. Jervis, unpublished). This protein
was used in an analogous PglC complementation experiment, and the
resultant glycoform subjected to tandem MS analysis to identify the
nature of the glycan at the reducing end of the oligosaccharide (Figure
6B). This showed the presence of a 228 Da residue consistent with a
diNAcBac at the reducing end of the glycan, demonstrating that this
was the substrate for both NtPglC and SIPglC. Two further minor
peaks were observed in the NtPglC sample. The peak at 2822 corre-
sponds to a C. jejuni heptasaccharide with a HexNAc at the reducing
end based on mass difference. The peak at 2832 either corresponds to
a C. jejuni heptasaccharide with an unknown glycan at the reducing
end or is the result of partial fragmentation. This result suggests that
NtPgIC may also be able to transfer a HexNAc residue to undecapre-
nol-phosphate with low efficiency. Unfortunately, the intensity of the
peaks was too low to sequence the glycan and confirm this hypothesis.
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Fig. 5. A putative deep-sea vent glycoprotein encoded by D. desulfuricans is glycosylated by CjPgIB and DfdPgIB at a non-canonical asparagine. (A) Amino acid
sequence of Dfd0114. (B) Affinity-tagged Dfd0114 was co-expressed with the OTase enzymes in E. coli CLM24 with a plasmid coding for the synthesis of the

C. jejuni N-linked glycan (C) Affinity-tagged Dfd0114 was co-expressed with the OTase enzymes in E. coli CLM24 containing a plasmid coding for the synthesis
of the F. tularensis O-antigen. (D) CjPgIB was co-expressed in E. coli CLM24 with a plasmid coding for the synthesis of the C. jejuni N-linked glycan and either
the wild-type or three site-directed mutant versions of affinity-tagged C. jejuni glycoprotein Dfd0114, where the putative acceptor asparagine residue had been

replaced with an alanine.

Discussion

The discovery and functional characterization of a bacterial N-linked
general protein glycosylation system in C. jejuni (Szymanski et al.
1999; Wacker et al. 2002) challenged the dogma that this type of post-
translational protein modification was limited to the eukaryotic and
archaeal kingdoms. Since then, further bacterial N-linking OTase en-
zymes have been functionally characterized (Jervis etal. 2010; Ielmini
and Feldman 2011; Schwarz et al. 2011). Intriguingly, genome
sequencing of three bacterial species from a deep-sea vent habitat
identified genes encoding putative orthologs of the C. jejuni OTase
PglB (Nakagawa et al. 2007; Nothaft and Szymanski 2010; Takaki et
al. 2010). We report the functional characterization of the OTase
orthologs encoded by these three species (Figure 1) using a recombin-
ant approach in E. coli.

We have demonstrated that the N. tergarcus, S. lithotrophicum
and D. desulfuricans pglB orthologs encode functional OTase en-
zymes that are able to transfer lipid-linked oligo- and polysacchar-
ides to an acceptor protein. However, while it has been shown that
CjPglB is able to glycosylate any N-glycosylation sequon as long as the
protein is targeted to the periplasm and the glycosylation sequon

is present within a flexible, accessible loop (Kowarik, Numao, et al.
2006; Kowarik, Young, et al. 2006; Fisher et al. 2011), our data sug-
gestamore stringentacceptor protein requirement for the three deep-
sea vent OTase enzymes, as only one acceptor protein, Cj0114, was
glycosylated and at only two of the four possible sites. Such an ac-
ceptor protein specificity has not been reported previously for N-
linking OTase enzymes, but has been demonstrated for two bac- terial
O-linking OTase enzymes (Horzempa et al. 2006; Harding et al.
2015). Itis therefore possible that the deep-sea vent enzymes present
anew class of N-linking OTase enzymes with more stringent acceptor
protein specificity.

Even within the one protein that was successfully glycosylated by
the deep-seavent OTase enzymes, a preference for particular sequons
was observed. This preference was not a result of the primary amino
acid sequence of the sequon, as altering the non-modified sequons did
not result in glycosylation. The sequon preference was also not due to
general unavailability of the sequon within the secondary structure of
the protein, as CjPglB was able to glycosylate all four sequons. It has
previously been shown that the H. pullorum PglB1 was only able to
glycosylate two of the four sequons within the Cj0114 protein (Jervis
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Fig. 6. Complementation of C. jejuni PgIC by two deep-sea orthologs. (A) NtPgIC and SIPgIC were co-expressed in E. coli CLM37 (AwecA) with plasmid
PACYCpglpgIC::Km and affinity-tagged C. jejuni glycoprotein Cj0114. After purification, the acceptor proteins were separated by SDS—PAGE, western blotted and
probed with antisera against the affinity tag (red) and glycan (green). (B) MALDI-MS analysis of the reporter protein NGRP glycosylated by the C. jejuni Pgl system
in E. coli and an isogenic pglC mutant complemented by PgIC orthologues from deep-sea species N. tergarcus and S. lithotrophicum in E. coli CLM37.

(B) Full mass spectra of tryptic digests in the m/z range containing the glycosylated peptide from reporter protein NGRP. The peak with an m/z of 2847.2
corresponds to the peptide modified with C. jejuni heptasaccharide with the reducing end sugar diNAcBac as confirmed by MALDI-LIFT-TOF/TOF MS (C) and
represented in (D). The low-intensity peak with an m/z of 2822.2 corresponds to the predicted mass of peptide glycosylated with a heptasaccharide containing a

HexNAc at the reducing end.

etal. 2010), and alternative glycosylation of the C. jejuni protein AcrA
by the enzymes from C. lari and D. desulfuricans has also been re-
ported (Ielmini and Feldman 2011; Schwarz et al. 2011), suggesting
thatsequon usage may be variable amongbacterial N-OTase enzymes.
As both NtPgIB and SIPglB possess the R331 amino acid residue
(TableI) whichis implicated in the interaction of CIPgIB with the nega-
tively charged residue at the -2 position of the extended glycosylation
sequon (Lizak et al. 2011), it was unsurprising that glycosylation by
both enzymes required this negative charge. R331 is absent in
DfdPgIB, similar to the ortholog encoded by D. desulfuricans,
which is able to glycosylate sequons lacking the negatively charged
residue at the -2 position (Ielmini and Feldman 2011). However, it
was not possible to identify the Cj0114 sequon preference of this
OTase due to low levels of activity. Similar to CjPgIB (Wacker et al.
2006; Cuccui et al. 2013), all three OTase enzymes displayed relaxed
glycan specificity, and were able to transfer both the E. coli O9
O-antigen and the F. tularensis O-antigen.

In order to support the hypothesis of a fully functional N-
glycosylation machinery encoded by deep-sea vent bacteria, we
sought to identify putative native glycoproteins. We identified ortho-
logs of Cj0114 in all three bacterial species. The S. lithotrophicum
ortholog (S10114) does not contain any glycosylation sequons, while
the N. tergarcus protein (Nt0114) contains one extended sequon and
the D. desulfuricans ortholog (Dfd0114) contains three eukaryotic se-
quons lacking the -2 negatively charged residues. Recombinant ex-
pression of Dfd0114 with the C. jejuni N-linked heptasaccharide and
CjPglIB resulted in transfer of the glycan to Dfd0114 at an aspara- gine
residue within the sequence PNNNIS. The C. lari PgIB has been shown
to glycosylate asparagine residues not located within an ex- tended
bacterial sequon both in vivo (Schwarz et al. 2011) and in vitro
(Gerber et al. 2013) and recent evidence suggests that CjPgIB has
similar activity, both in the native host as well as in a recombinant
E. coli system (Ollis et al. 2014; Scott et al. 2014). No glycosylation of
Dfd0114 with the C. jejuni heptasaccharide was observed for
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DfdPgIB. However, low levels of Ddf0114 glycosylation by DfdPgIB
was observed when co-expressed with the F. tularensis O-antigen.
This indicates that DfdPgIB, similar to the enzyme from Desulfovibrio
desulfuricans is able to glycosylate short, eukaryotic se- quons
(Ielmini and Feldman 2011). Further studies in Deferribacter
desulfuricans are required to confirm the glycosylation status of
Dfd0114 in the native organism as well as to identify the native glyco-
proteome and investigate the presence of eukaryotic glycosylation se-
quons within these proteins. In contrast, Nt0114 was only
glycosylated by CjPglB, and not by any of the deep-sea vent OTase en-
zymes, including the “native” NtPglB (Supplementary data,

Figure S3). Glycosylation of Nt0114 by CjPglB demonstrated that the
protein is present in the correct subcellular compartment and the
sequon is in principle accessible to the OTase enzymes. Thissuggests
that the lack of glycosylation of Nt0114 by the deep-sea vent OTase
enzymes is likely due to the more stringent acceptor protein specificity
of these enzymes. This does not, however, rule out the possibility that
this protein may be glycosylated in N. tergarcus. Further studies in N.
tergarcus are required to address this and to identify the complete na-
tive glycoproteome.

No data are available regarding N-linked glycan structure in N. ter-
garcus or S. lithotrophicum. To investigate the nature of the sugar residue
present at the reducing end of the N-glycan produced by these species, a
CjPglC complementation experiment using the two putativeinitiating
glycosyl transferase enzymes encoded by N. tergarcus and S. lithotrophi-
cum was performed. This demonstrated that both NtPglC and SIPgIC are
able to transfer a diNAcBac residue to undecaprenol-phosphate, on top
of which the remaining heptasaccharide was assembled. In the case of
NtPglIC, a small amount of glycan likely containing a HexNAc at the re-
ducing end as judged by mass difference was also observed, suggesting
that NtPgIC is able to transfer a HexNAc to undecaprenol-phosphate at
a very low rate. Analysis of the structure of the glycans in the native
organisms, or attempts to reconstitute the complete N-glycan biosyn-
thesis pathway in E. coli are required to fully investigate the structure
of the glycan synthesized by the two species.

The demonstration of functional N-linked glycosylation systems
encoded by deep-seaventbacteriaraisesinteresting questionsregard-
ing the evolution of this post-translational modification system and the
role of N-linked protein glycosylation in the biology of these species.
While this type of post-translational modification is ubiquitous among
higher organisms, and has also been found to be encoded by 166 of
168 archaeal genome sequences obtained to date (Kaminski, Lurie-
Weinberger, etal. 2013), it has so far only been shown in a small num-
ber of bacterial species (Jervis et al. 2010; Nothaft and Szymanski
2010; Ielmini and Feldman 2011; Schwarz et al. 2011). In eukaryotes,
the role of the N-glycan is multifunctional, ranging from protein qual-
ity control to secretion and interaction between proteins, and the
modification is essential for the function of the cell (Aebi 2013). In the
archaeal species H. volcanii and members of the genus Methano-
coccus, the N-glycosylation machinery is not essential for cell viability
(Jarrell et al. 2010). However, disruption of N-glycosylation in
H. volcanii led to decreased ability to grow in high salt concentrations
(Kaminski, Naparstek, et al. 2013). Additionally, H. volcanii cells
containing a disrupted OTase gene were unable to produce intactfla-
gella and were non-motile (Tripepi et al. 2012). Glycosylation of the
S-layer protein in H. volcanii was recently shown to be dependenton
salinity levels, suggesting a role in survival in the relatively harsh en-
vironment (Kaminski, Guan, et al. 2013). It has been demonstrated
that CjPgIB can function as a hydrolase in addition to an OTase, re-
sulting in the release of the N-glycan as a free oligosaccharide into the
periplasm of the bacterium (Nothaftetal. 2009). This release has been

shown to be influenced by altering the salt and osmolyte concentration
ofthe environment, suggesting an adaptive function similar to that ob-
served for archaea. It can be speculated that the OTase enzymes en-
coded by deep-sea species, living predominantly under harsh
environmental conditions such as high temperature and high osmolar-
ity, may contribute to the survival in those conditions by generation of
free oligosaccharides to counteract the high osmotic levels of sea
water. It has also been shown that a glycosylated form of the C. jejuni
glycoprotein PEB3 is more thermostable than a non-glycosylated pro-
tein (Min et al. 2009). Therefore, protein glycosylation in the deep-sea
vent bacteria may increase the overall thermostability of the glycosy-
lated subsection of the proteome.

Studies in C. jejuni using cells deficient in either the OTase CjPgIB
or enzymes involved in synthesis of the lipid-linked heptasaccharide
have suggested roles for N-linked glycosylation in chicken colonization
and adhesion and invasion of epithelial cells (Szymanski et al. 2002;
Karlyshev et al. 2004). However, as a total number of 53 C. jejuni pro-
teins have been shown to be N-glycosylated (Scottetal. 2011),ithas not
been possible to identify the precise role of glycosylation in this patho-
gen. It has also been demonstrated that the C. jejuni N-glycan is recog-
nized by the human galactose-type lectin MGL, suggesting apotential
role for the glycanin modulation of the immune system (van Sorge etal.
2009). As many deep-sea vent bacterial species can exist as free-living
biomass as well as symbionts on other deep-sea vent animals such as
polychaetes and shrimps (Polz and Cavanaugh 1995), it can be specu-
lated that the bacteria may employ an N-linked glycan to interact with
and modulate the immune system of their symbiotic partners. However,
more studiesin the native organisms are needed to address the function
and scope of protein glycosylation in these species.

From a glycoengineering point of view, it is interesting to note that
two of the three organisms that encode the OTase enzymes character-
ized here require higher growth temperature than those used for the
recombinant expression in the E. colihost. This has two potential im-
plications. Firstly, these enzymes may possess different biophysical
characteristics compared with the best studied CjPglB, such asbetter
thermostability /“shelf life”. Secondly, the activity of the recombinant
OTase enzymes in the in vivo E. coli expression host may bedifferent
from the activity in the native host. Further studies in the native organ-
isms, as well as adaptation of published in vitro glycosylation experi-
ments (Kowarik, Numao, et al. 2006; Jervis et al. 2010) for testing of
these OTase enzymes under different conditions are required to inves-
tigate these possibilities.

In summary, this is the first functional characterization of bacterial
OTase enzymes encoded by three bacterial species from a deep-sea
vent habitat and paves the way for further studies of the role of protein
N-glycosylation in these specialized bacteria and other bacterial spe-
cies such as C. jejuni. Additionally, the study provides a deeper under-
standing of a biotechnologically important class of enzymes.

Materials and methods

Bacterial strains, plasmids and growth conditions
Escherichia coli strains were grown in Lysogeny Broth (LB) or on LB
agar at 37°C. Where required, the medium was supplemented with
antibiotics at the following concentrations: 100 pg mL-! ampicillin,
34 pg mL! chloramphenicol, 50 pg mL-! kanamycin and 100 pg
mL! spectinomycin. Escherichia coli DH5a library efficiency cells
(Invitrogen, Carlsbad) were routinely used as a host for cloning experi-
ments. Escherichia coli strain E69 was kindly provided by ChrisWhit-
field (University of Guelph, Canada). All strains and plasmids are
listed in Table IL.
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Table Il. Bacterial strains and plasmids

Bacterial strains Genotype Source
E. coli DH5a F-¢801acZAM15A (lacZYA-argF)U169 recAl endA1 hsdR17(r-, m*) Invitrogen
Kk k
phoA supE44 thi-1 gyrA96 relA1 A~
E. coli E69 Prototroph; 09a:K30:H12 Homonylo et al. (1988)

E. coli CLM24
E. coli CLM37

W3110 derivative, AwaaL
W3110 derivative, AwecA

Feldman et al. (2005)
Linton et al. (2005)

Plasmids
pBR322 Expression vector, constitutive expression, AmpR Bolivar etal. (1977)
pMLBAD Expression vector, arabinose inducible, TmpR Lefebre and Valvano (2002)
pEXT20 Expression vector, IPTG inducible, AmpR Dykxhoorn et al. (1996)
pEXT21 Expression vector, IPTG inducible, SpecR Dykxhoorn et al. (1996)
pEXT22 Expression vector, IPTG inducible, KanR Dykxhoorn et al. (1996)
pNtPglB21 Codon-optimized N. tergarcus pglB cloned into pEXT21 This study
pSlPglB21 Codon-optimized S. lithotropicum pgIB cloned into pEXT21 This study
pNtPglB22 Codon-optimized N. tergarcus pglB cloned into pEXT22 This study
pSIPglB22 Codon-optimized S. lithotropicum pglB cloned into pEXT22 This study
pDfdPglB21 Codon-optimized D. desulfuricans pglB cloned into pEXT21 This study
pDfdPglB22 Codon-optimized D. desulfuricans pglB cloned into pEXT22 This study
pGVXN114 HA-tagged C. jejuni PglB cloned into pEXT21 TIhssen et al. (2010)
pMAF10 HA-tagged PgIB from C. jejuni cloned in pMLBAD, TmpR Feldman et al. (2005)
pACYCpglpglBKan pgl locus from C. jejuni cloned into pACYC184, KanR transposon in pgIB Linton et al. (2005)
pGAB2 Recombinant expression of the F. tularensis O-antigen Cuccui etal. (2013)

pWA2 His-tagged soluble AcrA expressed from pBR322

Feldman et al. (2005)

pBRCj0114 His-tagged Cj0114 constitutively expressed from pBR322 Jervis et al. (2010)
pBRCj0114N100Q Derivative of pBRCj0114 with mutated glycosylation site: N100Q This study
pBRCj0114N154Q Derivative of pBRCj0114 with mutated glycosylation site: N154Q This study
pBRCj0114N172Q Derivative of pBRCj0114 with mutated glycosylation site: N172Q This study
pBRCj0114N178Q Derivative of pBRCj0114 with mutated glycosylation site: N178Q This study
pBRCj0114D172E Derivative of pBRCj0114 with mutated glycosylation site: D17:E This study
pBRCj0114D172A Derivative of pBRCj0114 with mutated glycosylation site: D172A This study
pBRCj0114N172QN100Q Derivative of pBRCj0114 with mutated glycosylation sites: N172QN100Q This study
pBRCj0114N172QN178Q Derivative of pBRCj0114 with mutated glycosylation sites: N172QN178Q This study
pBRDfd0114 His-tagged Dfd0114 constitutively expressed from pBR322 This study
pBRDfd0114N101Q Derivative of pBRDfd0114 with mutated glycosylation site: N101Q This study
pBRDfd0114N107Q Derivative of pBRDfd0114 with mutated glycosylation site: N107Q This study
pBRNt0114 His-tagged Nt0114 constitutively expressed from pBR322 This study
pBRDfd0114N118Q Derivative of pBRDfd0114 with mutated glycosylation site: N11s8Q This study
pMLBADNtPgIC Codon-optimized N. tergarcus pglC cloned into pMLBAD This study
pMLBADSIPgIC Codon-optimized S. lithotrophicum pgIC cloned into pMLBAD This study
pNGRP His-tagged, truncated version (amino acids 1-180) of Cj0114 in pEXT20 This study

Synthesis and subcloning of genes from deep-sea

vent bacteria

The ORFs encoding NtPglB, SIPgIB and DfdPglB, as well as the puta-
tive acceptor proteins were codon-optimized for expression in E. coli,
synthesized by Celtek Genes (Celtek-genes) and delivered in vector
pGH flanked by recognition sites for restriction endonucleases Sacl
and Xbal for the pgIB genes and EcoRI and Xbal for the acceptor pro-
tein and pgIC genes. The ORFs were subcloned by restriction digestion
into vectors pEXT20, pEXT21, pEXT22 or pMLBAD (Table II) and
sequence verified.

Functional analysis of the deep-sea vent PgIB proteins
Transfer of the C. jejuni heptasaccharide in E. coli

Escherichia coli CLM24 cells were transformed with plasmids
pACYCpglApgIB, along with a plasmid encoding an acceptor protein
(see Table II for details) and either a control plasmid or a plasmid
encoding a PgIB. One colony was grown in LB broth to an ODsoo of
0.4-0.6 at 37°C, and pgIB expression induced with 1 mM IPTG.
Cultures were grown for an additional 16 h, the cells harvested by

centrifugation, lysed (see below) and acceptor proteins purified by
immobilized metal ion affinity chromatography (IMAC).

Transfer of the E. coli 09 O-antigen polysaccharide

Plasmid pBRCj0114 was co-expressed with a plasmid encoding the
desired PglB protein in E. coli strain E69 which synthesizes the 09 O-
antigen, and induction and sample preparation were performed as
above.

Transfer of the F. tularensis O-antigen polysaccharide

Escherichia coli CLM24 cells were transformed with plasmids pGAB2,
pBRCj0114 and either a control plasmid or a plasmid encod- ing the
desired PgIB protein. Protein expression and sample prepar- ation
were performed as above.

Purification of acceptor proteins using IMAC

Briefly, cell pellets obtained after overnight induction of the acceptor
proteins were resuspended in lysis solution (500 mM NaCl, 25 mM
NaH:PO4, 15 mM imidazole containing 1 mg/mL lysozyme, pH 7.5),
and sonicated. Lysates were clarified by centrifugation, and
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Table Ill. Antibodies used in this study

Antibody Dilution  Source/reference
Mouse anti-hexahistidine monoclonal  1:1000 Abcam
Rabbit anti-hexahistidine polyclonal ~ 1:2000 Abcam
Mouse anti-F. tularensis LPS 1:1000 Abcam
monoclonal
Rabbit anti-C. jejuni heptasaccharide ~ 1:500 Schwarz et al. (2011)
polyclonal

Cuthbertson etal.
(2005)
1:20,000 LI-COR Bioscience
1:20,000 LI-COR Bioscience
1:20,000 LI-COR Bioscience
1:20,000 LI-COR Bioscience

Rabbit anti E. coli 09 LPS polyclonal  1:500

IRDye® 680RD Goat-anti mouse
IRDye® 680RD Goat-anti rabbit
IRDye® 800 CW Goat-anti mouse
IRDye® 800 CW Goat-anti rabbit

Ni-NTA agarose added. After 1 h with mixing, the slurry was loaded
onto a Pierce Spin cup, washed five times with wash solution (500 mM
NaCl, 25 mM NaH:POs4, 25 mM imidazole, pH 7.5), and bound pro-
teins eluted with elution buffer (500 mM NaCl, 25 mM NaH:PO4, 500
mM imidazole, pH 7.5).

Analysis of glycosylated acceptor protein

Purified acceptor proteins were separated by SDS—PAGE using Nu-
PAGE™ Novex™ 4—12% Bis-Tris protein gels (Invitrogen), transferred
to nitrocellulose membrane and analyzed by two color immunoblot
using anti-hexahistidine, anti-glycan and corresponding fluorescent-
labelled secondaryantibodies (Tablelll) usingan Odysseynear-infrared
imager (LI-COR Biosciences).

Site-directed mutagenesis of acceptor sequons
Site-directed mutagenesis of acceptor protein sequons was performed
using the QuikChange XL site-directed mutagenesis kit (Agilent)
according to the manufacturer’s instructions.

MALDI-MS analysis of glycopeptides

Coomassie-stained bands in SDS—PAGE gels were excised and sub-
jected to in-gel trypsin digestion followed by cleanup on a Cis Zip-Tip
(Millipore). MALDI-TOF MS and MALDI-LIFT-TOF/TOF MS spec- tra
were acquired by laser-induced dissociation using a Bruker Ultra- flex
Il mass spectrometer in the positive-ion reflection mode with 2,5-
dihydroxybenzoic acid (20 mg mL™ in 0.1% formic acid, 30%
acetonitrile) as the matrix. Data were analyzed with FlexAnalysis

3.0 software (Bruker Daltonics).

Supplementary data

Supplementary data for this article are available online at http://
glycob.oxfordjournals.org/.
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Supplementary figure 1 : A phylogenetic tree of the oligosaccharyltransferase protein sequence (PglB, AglB, STT3 subunit) from the three domains of life (Bacteria,
Archaea, Eukaryotes, respectively). The tree was generated from multiple protein sequence alignment using CLUSTALW® followed by neighbor-joining (NJ) method
with 1000 bootstrap replicates using MEGA6(2). The bar represents changes per 100 position. The PglIB orthologues investigated in this study are highlighted (waiting
to know which PglBs were used in the study)

I

Eukarya

1- Higgins D., Thompson ] Gibson T. Thompson J. D, Higgins D. G., Gibson T. ].
CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix.
choice. Nucleic Acids Res 22:4673-4680. (1994)

2-Tamura K., Stecher G., Peterson D, Filipski A., and Kumar S. MEGA6: Molecular Evolutionary Genetics Analysis version 6.0. Molecular Biology and Evolution30: 2725-
2729.(2013)

C——

{ 172



SAP'PBLI"V?IILIP

C.lar:
C.jejuni
N.tergarcus
s

N.tergarcus
S.1lithotrop
D.desulfuricans
consensus

[T

RTYDTELKKEY G 'TDQI

coHEiRER{l G GT]

EFSN ] I FTIE )h
consensus 271w, . =5 - I I L . Ay S

C.lar:

C.iesuni

I\'. :erg-u'-:u:
cotrophicum

D.des
consensus

furicans

CCERVSWLDSIKEFYPLKSYS

gE3QGE3PKIN

0z IPUE K TRDM YT
C.jejuni =1 =K TRDIYLY
el PK:

';'E:G

W ke e

I
¥

[N

oo ;i

0
«

Supplementary figure 2 Protein alignment of PglB orthologues used in the study
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Chapter 6

THE N-LINKING GLYCOSYLATION SYSTEM FROM
ACTINOBACILLUS PLEUROPNEUMONIAE IS REQUIRED
FOR ADHESION AND HAS POTENTIAL USE IN
GLYCOENGINEERING
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Actinobacillus pleuropneumoniae is a mucosal respiratory pathogen causing
contagious porcine pleuropneumonia. Pathogenesis studies have demon- strated
a major role for the capsule, exotoxins and outer membrane proteins.
Actinobacillus pleuropneumoniae can also glycosylate proteins, using acytoplasmic
N-linked glycosylating enzyme designated NGT, but its transcriptional arrange-
ment and role in virulence remains unknown. We investigated the NGT locus and
demonstrated that the putative transcriptional unit consists of rimO, ngt and
a glycosyltransferase termed agt. From this information we used the

A. pleuropneumoniae glycosylation locus to decorate an acceptor protein, within
Escherichia coli, with a hexose polymer that reactedwith an anti-dextran antibody.
Mass spectrometry analysis of a truncated protein revealed that this operon could
add up to 29 repeat units to the appropriate sequon. We demonstrated the impor-
tance of NGT in virulence, by creating deletion mutants and testing them in a novel
respiratory cell line adhesion model. This study demonstrates the impor- tance of
the NGT glycosylation system for pathogenesis and its potential biotechnological
application for glycoengineering.

1. Introduction

Actinobacillus pleuropneumoniae is a Gram-negative bacterium and the causative
agent of porcine pleuropneumonia, a severe respiratory disease responsible for
significant losses to the pig industry worldwide. Economically, this disease has a
huge impact on the pig industry, costing an average E6.4 per fattened pig in an
affected herd in Europe [1]. Actinobacillus pleuropneumoniae enters the lungs and
colonizes tissues by binding to mucus proteins and cells of the lower respirat- ory
tract, including ciliated cells of the terminal bronchioli and alveolar epithelial cells
[2,3]. There are 15 established serovars that differ in capsular polysaccharide
composition [4], with another proposed based on serological results [5]. Several
surface structures have been identified as being involved in adhesion, including
fimbriae [6] and lipopolysaccharide (LPS) [7].

Advances in DNA sequencing technologies and mass spectrometry techniques
reveal that post-translational modification of proteins by glycosylation is not
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Figure 1. Genetic organization of the HMWC enzyme family. In contrast to other bacteria, NTHi has two copies of the HMW locus, and each has a gene encoding
an acceptor protein. A. pleuropneumoniae is the only species that has a second glycosyltransferase adjacent to the N-linking enzyme.

restricted to a few bacterial species and is often important in
pathogenesis [8,9]. Understanding the mechanisms of bacterial
glycosylation and its role in pathogenesis can have practical
applications such as the design of novel bioglycoconjugate vac-
cines, antimicrobials and diagnostics [10,11]. Bacterial protein
glycosylation systems can be broadly divided into two main cat-
egories: glycans that are covalently attached to amide groups of
asparagine residues (N-linked) or to hydroxyl groups on serine/
threonine residues (O-linked). These categories can be further
subdivided depending on the cellular compartment where
protein glycosylation takes place. Oligosaccharyltransferases
(OTases) function in the periplasmic compartment of a bacterial
cell and catalyse the transfer of an oligosaccharide from a lipid
donor to an acceptor molecule, usually a protein. The best-
studied bacterial OTases are the C. jejuni PgIB system, where
en bloc glycosylation operates through an N-OTase [12,13],
and the Neisseria meningitidis O-OTase PglL. N- and O-linked
glycosylation can also occur in the cytoplasmic compartment of
the bacterial cell, mediated through the action of glyco-
syltransferases that use nucleotide activated sugar donors as
substrates for transfer onto the acceptor protein. Examples of
cytoplasmic glycosylation can be found in Clostridium difficile,
where flagellin is O-glycosylated [14], and non-type-able
Haemophilus influenzae (from here on referred to as NTHi) [15],
where two copies of a cytoplasmic N-linked glycosylation modify
a high-molecular-weight adhesin with hexoses
enzyme HMWC. In NTHi,
molecular-weight adhesin synthesis, transport and glycosylation
are encoded in the same locus.

Actinobacillus pleuropneumoniae also carries a cytoplasmic
N-linking glycosyltransferase, known as NGT. It is a member of
the HMWC-like glycosyltransferase family [16- 20], but lacks an
adjacent adhesin or transporter and its transcriptio- nal unit
remains to be characterized. Recently, studies into the human

using the
all proteins responsible for high-

pathogens Kingella kingae and Aggregatibacter aphrophilus
[21] demonstrated a similar genetic arrangement. These ‘orphan’
HMWC enzymes have been found to glycosylate trimeric

autotransporter adhesins, encoded in distant locations of the
genome [21]. Autotransporter proteins, such as the trimeric auto-
transporter adhesin (TAA) Apa found in A. pleuropneumoniae,
mediate attachment to host cells [22]. Apa is predicted to have an
N-terminal signal peptide for secretion, a functional passenger
domain containing head, neck and stalk motifs, and a conserved
C-terminal translocator domain [22]. However,

A. pleuropneumoniae has a unique chromosomal feature. Adjacent
to ngt, there is a second ORF, which we named agt, coding for an
accessory glycosyltransferase (figure 1).

When agt is heterologously expressed in Escherichia coli and
purified, it can be used in vitro, to add further glucose residues
to the N-linked glycan that NGT generates [19]. However, agt
has never been demonstrated to function in vivo in conjunction
with ngt. In addition, no virulence phenotype has been reported
in A. pleuropneumoniae for this glycosylation locus owing to
known difficulties in constructing genetic mutations
in this organism.

In this study, we report the generation of A. pleuropneumoniae
ngt and agt deletion mutants, and demonstrate a biological role
for this N-linked glycosylation system using a human adenocar-
cinoma lung epithelial cell adhesion assay. Our results suggest
thatngt is part of an operon that contains the upstream ORF rimO,
encoding a methylthiotransferase, and the downstream ORF agt,
encoding an a-6-glucosyltransferase (a6GIcT). Further- more, we
were able to clone and express ngt and agt in E. coli,
demonstrating for the first time, to the best of our knowledge, the
in vivo assembly of N-linked dextran.

2. Material and methods

2.1. Bacterial strains used and culture conditions

Actinobacillus pleuropneumonige serovar 15 reference strain,
HS143, or derived mutants were grown at 378C with 5% COz on
BHI (Oxoid, UK) agar or broth, supplemented with

[N |
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10 mg mI’! nicotinamide adenine dinucleotide (NAD) and when
required with kanamycin (50 mg ml*1) or chlorampheni- col (1
mg ml’). Escherichia coli TOP10 and Mu Free Donor (MFD) [23]
were grown in LB broth or agar (Oxoid) sup-

plemented, when required, with 50 mg ml** kanamycin at 378C.
E. coli DH10 were grown in LB broth or agar (Oxoid) at378C
supplemented, when required, with 80 mg ml’! spectinomycin
and/or 100 mg ml’! trimethoprim.

2.2. Genomic DNA extraction

Total genomic DNA was extracted from a 10 ml overnight
culture of A. pleuropneumoniae HS143, using a proteinase K and
phenol: chloroform: isoamyl-alcohol-based procedure as
previously described by Cuccui et al. [24].

2.3. Construction of Actinobacillus pleuropneumoniae
knockout mutants

The A. pleuropneumoniae HS143 orthologues of apl 1634 and
apl_1635 (also known as agt and ngt, coding for a6GlcT and
NGT, respectively), found in the A. pleuropneumoniae L20 genome
[25], were deleted using our recently described unmarked
mutation system [26]. Primers used to generate the cat-sacB
insertion/deletion and the unmarked deletion constructs for each
gene are shown in electronic supplementary material, table S2.
Briefly, the target genes and approximately 600- 900 bp of
flanking sequences were amplified using CloneAmp HiFi PCR
Premix (Clontech), A-tailed and cloned into pGEMT (Promega), as
previously described [26]. Inverse PCR was then

used to open up the clones, using the appropriate primers, remov-
ing the target sequence and adding 15 bp overhangs to allow
insertion of the cat-sacB cassette by In-Fusion cloning (Clontech).
Unmarked deletion constructs were generated by amplifying the
left and right flanking sequences for each gene, using appropriate
primers with added 15 bp overhangs designed to allow direct
fusion by overlap-extension PCR. The unmarked deletion mutants
were then obtained by two sequential rounds of natural
transformation as previously described [27].

2.4. Plasmid complementation

The vector pMKExpress [28] was digested with EcoRI and Sacl
(New England Biolabs, UK) and the resulting digest was gel
purified using a Qiagen MinElute gel extraction kit (Qiagen, UK)
according to the manufacturer’s instructions, to remove the GFP
coding ORF.

The ngt gene was PCR amplified using Accuprime Taq Hifi
(Invitrogen, UK) using the forward primer ngtCOMPFWD (5'-
TTTTGAATTCGTGGGTAAAACGCTTGCAGT-3") and
reverse primer ngtCOMPREV (5-TTTTGAGCTCTTAATTTT
CTTTTAGGAACGCATTT-3"). The agt gene was amplified
using the primers agtCOMPFWD (5-AAACTGCAGATTA
AATGCGTTCCTAAAAGAAAA-3") and agtCOMPREV (5%
TTT GCGGCCGCTTAACTCCGACTATTCTCAAG-3").

When agt only complementation failed, complementation
with ngt—agt was attempted. Both ORFs were PCR amplified
using Accuprime Taq Hifi (Invitrogen) using the forward
primer ngtagtCOMPFWD (5-TTTGAATTCCGAGCAAGAA
GTGAAAGTCG-3") and reverse primer ngtagtCOMPREV
(5-TTTGCGGCCGCCACCGATAGCCGTATTTCGT-3") with

the following cycling conditions: 948C/30s followed by

24 cycles 0f 948C/30 s, 538C/30 s, 688C/2 min and a final
688C/5 min cycle. All ORFS were expressed under the control
of the plasmid promoter.

The resulting ngt only PCR product was digested with
EcoRI and Sacl, the agt only product was digested with Pstl
and Notl, and the ngt— agt PCR product was digested with
EcoRland Notl before being purified using a Qiagen PCR puri-
fication kit. Digested vector and PCR products were ligated
using Promega T4 DNA ligase (Promega, UK) to yield the
vectors pMKngt, pMKagt and pMKngt- agt, prior to transform-
ation of the plasmid into One Shot E. coli TOP10 cells
(Invitrogen) according to manufacturer’s instructions. Trans-
formants were selected on LB agar supplemented with
kanamycin (50 mg ml’!). The complementation vectors were
transformed into the mutant recipient strains by natural
transformation as previously described [27].

2.5. Cell culture

The A549 cell line, adenocarcinoma human alveolar basal epi-
thelial cells, (ATCC, CCL-185, US) was grown at 378C, 5% COz in
F-12 K medium (Gibco) supplemented with 10% fetal calf
serum (Sigma).

2.6. Adhesion assay using A549 cell line

The A549 cell line (ATCC, CCL-185, USA) was seeded into 12-
well tissue culture plates at a concentration of 2.5 x 105
cells ml**andincubated overnightat378C 5% CO2.Bacterial
overnight cultures (HS143 wild-type, isogenic ngt and agt
mutants and complemented mutants) were used to seed into
BHI- NAD medium and grown to an ODsoonm of 0.6. One millilitre
of the suspension was added to the A549 cells at amul- tiplicity
of infection (MOI) of 100 : 1, and the plates incubated at 378C 5%
CO2. After 3 h, non-adherent bacteria were removed by

washing three times with 1 ml DPBS (Gibco), and adherent bac-
teria were released by adding 100 ml of 0.25% trypsin- EDTA
(Sigma) for 5 min at 378C. Trypsinization was stopped by the
addition of 900 ml of DPBS. Serial dilutions were plated onto BHI-
NAD plates for quantification of adherent bacteria. In order to
determine if any of the recovered bacteria had invaded

the A549 cells, controls were treated with gentamycin (Sigma) at
a final concentration of 10 mg mlI’t for 1 h to allow for killing of
adherent extracellular bacteria. The cells were then lysed by the
addition of ice-cold sterile water, and serial dilutions were plated
out on BHI- NAD.

2.7, Statistical analysis of adhesion assay data

The number of adherent cells was calculated by counting the
colony forming units and comparing with the initial inoculum
of each individual culture to determine the percentage of
adherent cells. The statistical analysis was performed using a
one-way analysis of variance followed by a Bonferroni’s mul-
tiple comparison test. The significance level was set at 0.05
throughout. Statistical analysis was done using GraphPad
Prism v. 4.00 for Windows (GraphPad Software, San Diego,
CA, www.graphpad.com).

2.8. Reverse transcriptase PCR

An overnight culture of A. pleuropneumoniae HS143 was diluted
1:20 in BHI-NAD broth. At the time points of 1.5, 3.0, 5 and
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24 h, RNA was extracted as previously described [29], with the
minor modification that 2 mg of total RNA from each sample
was treated with Ambion TURBO DNase (Invitrogen) accord-
ing to the manufacturer’s instructions. cDNA was generated
from DNase-treated RNA using the SuperScript II kit (Invitro-
gen) according to the manufacturer’s instructions. For each
sample, 2 ml of reverse transcribed cDNA was used as a tem-
plate in a 25 ml total volume PCR mixture and amplified using
MyTaq master mix (Bioline, UK) using the following cycling
conditions: 948C/30 s, followed by 35 cycles of 948C/
10s,538C/10s, 728C/10 s and a final single 728C/30 s cycle
using the primers listed in electronic supplementary material,
table S2.

2.9. Quantitative real-time PCR validation

Total RNA was extracted from bacteria grown in BHI- NAD
broth by using Tri Reagent (Sigma, UK) as previously
described. Two micrograms from each sample was treated
with Ambion TURBO DNase (Invitrogen) according to man-
ufacturer’s instructions with some modifications. Total RNA
was incubated for 1 h at 378C followed by the addition of
another two units of DNase. The sample was then incubated
for an extra 1 h before inactivation.

cDNA was generated from DNase-treated RNA using the
SuperScript III kit (Invitrogen) using random hexamers
(Invitrogen) according to the manufacturer’s instructions. One
microlitre of this material was used in a QPCR using SYBR Green
dye-based PCR amplification and detection system (Applied
Biosystems). The A. pleuropneumoniae HS143 WT,

HS143Dngt and HS143Dagt were analysed for absolute quanti-
fication of cDNA using an ABI7500 Fast instrument (Applied
Biosystems). Amplification was carried out using the following
primers at a final concentration of 500 nM. agtfwd: 5-GAT TGG
ATA GGT GAA GGC GA-3!, agtrev: 5-CCC TTG CTC AAA
ATG ACG GA-3', ngtfwd: 5*-AGT TTG TGA GAG CAA CGG
TG-3!, ngtrev: 5-AGT CCG AAT GTG TTG TTG CC-3',
rimOfwdv2: 5-CGT CCG ATT GTG CAA GTG TT-3', rimOr-
evv2: 5-CAC CGT TCC AGA AAA CCG TT-3'. Samples

tested were four biological replicates, each tested as three
technical replicates.

For comparative qRTPCR analysis of A. pleuropneumoniae
HS143 WT, HS143Dngt and HS143Dagt, gene induction or
reduction values were calculated by comparing the normalized
values of the wild-type and mutant samples, using the statisti-
cal formulation for the threshold cycle (DDCT) method. The
threshold value of each gene was first normalized to the value
of the constitutively expressed control gene glyA [30] (glyA
primers: fwd: 5'-CAA GCG AAT GCA GCT GTT TA-3',
glyArev: 5- CTG TGA TGC CGT AGA GGA CA-3").

2.10. Subcloning and heterologous expression of agt
and ngt

The putative NGT operon was PCR amplified using the
primers  ngt-agtfwd: 5-TTTTGAATTCCGAGCAAGAAG
TGAAAGTCG-3" and ngt-agtrev: 5-TTTTTGGTACCCACC
GATAGCCGTATTTCGT-3' using Accuprime Taq Hifi (Invi-
trogen) and the following cycling conditions: 948C/30 s,
followed by 24 cycles of 948C/30 s, 538C/30 s, 688C/4 min
and a final cycle of 688C/5 min.

The amplicon was ligated into the vector pEXT20 using T4
DNA ligase (New England Biolabs, UK) following digestion of
the plasmid and the PCR product with EcoRI and Kpnl.
EscherichiacoliNEB10b (New England Biolabs, UK) was trans-
formed with the ligation reaction generating the plasmid
pJC78. Expression was induced by growing an E. coli colony
in LB broth with ampicillin 100 mg mI*1 until an ODgoo of 0.4
was reached. At that point 1 mM, IPTG was added, and the
cultures were incubated at 378C with shaking for a further
16 h. Expression of NGT and a6GlcT was monitored using
SDS- PAGE, Coomassie staining and western blotting.

2.11. Glycosylation of AtaC by NGT and a6GlIcT in
Escherichia coli cells

Escherichia coli DH10b cells carrying pJC78 were transformed
with the construct pMLBADAtaCises-2428 [17], and cultured
in LB broth with ampicillin 100 mg ml*1, trimethoprim 20
mg ml’t at 378C with shaking until an ODsoonm of 0.4 was
reached, followed by induction with 0.2% L-arabinose and 1
mM IPTG. After 16 h incubation, AtaC was purified. The bac-
terial cell pellet was isolated by centrifugation at 6000g for
10 min and lysed using a cell homogenizer (Stansted Fluidics
Ltd. SPCH-10). Any intact cell debris was thereafter pelleted by
centrifugationat 10 000g for 30 min before purification from the
supernatant using an Ni- NTA (Qiagen, UK) gravity column
(Thermo Scientific, USA).

Glycosylated product was analysed by SDS- PAGE and
transferred onto a nitrocellulose membrane before being
analysed by immunoblot using a mouse anti-His antibody
(AbCam, UK) and an IRDye 680CW goat anti-mouse conjugate
secondary antibody. Detection of fluorescent signal was carried
out using a LI-COR imaging system.

2.12. Mutagenesis of the ngt locus

The cloned locus coding for NGT and a6GIcT was mutated
using the QuickChange XL II site-directed mutagenesis kit
(Agilent Technologies, CA) using the following primers.
agtt120a_antis:  5'-CAAAACAGAAGTAAACGTTTTAATC
TATATTATTTTCCATAACAT AACCTTAAGAGCC-3' and
agtt120a:  5-GGCTCTTAAGGTTATGTTATGGAAAATAAT
ATAGATTAAAACGTTTACTTCTGTTTTG-3' (underlined
nucleotide denotes the change).

The ngt gene was mutated using the following primers:
ngtal321g.a132: 5-CGGTATAGCTTCAACCACGATGGCG
CTAAATCCGTATTT CTTAGAA-3' and ngta1321g a132: 5"
TTCTAAGAAATACGGATTTAGCGCCATCGTGGTTGAAG

CTATACCG-3’ (underlined nucleotides denotes the change).
The following conditions were used: 958C/60 s followed by 18
cycles of 958C/50 s, 608C/50 s, 688C/8 min and a final 688C/7
min cycle.

Following amplification, the PCR products were Dpnl trea-
ted according to the manufacturer’s instructions and used to
transform E. coli XL-10 Gold cells (New England Biolabs, UK).

2.13. Western blot analysis of glycosylated AtaC

Purified AtaC from E. coli DH10b was analysed by western
blotting. Unglycosylated, fully glycosylated and monoglycosy-
lated AtaC were analysed by dotblot by placinga 3 ml drop ofa
1 mg ml™® solution of protein or dextran (dextran standard
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MW 1000 from Leuconostoc, Sigma-Aldrich UK) onto a nitro-
cellulose blotting membrane (Amersham Protran, GE
HealthCare, Germany) and allowing to air dry before blocking
the membrane by incubating with phosphate-buffered saline,
2% milk solution for 1 h at room temperature. The membrane
was then probed using a 1 : 1000 dilution of a mouse mono-
clonal antibody raised specifically against a tetrasaccharide of
al - 6 linked glucose (MS a-Dextran Clone Dx1, Stem Cell
Technologies, Canada). An IRDye 680CW goat anti-mouse
antibodyata 1:10 000 dilution was used as the secondary anti-
body. The western blot images were visualized using a LI-COR
imaging system.

2.14. Analysis of N-glycans released from AtaC

Glycans were released from 200 mg AtaC using the Ludger
Liberate Hydrazinolysis kit, according to the manufacturer’s
recommendations. The released glycans were fluorescently
labelled with 2-aminobenzamide (2-AB) as described pre-
viously [31]. Excess labelling reagent was removed as follows:
four discs of filter paper (Whatman) were soaked in 30%
acetic acid, inserted into a 1 ml plastic syringe and washed
sequentially with 2 X 1 ml acetic acid, 2 X 1 ml water, 2 X 1 ml
acetonitrile (ACN) and finally 2 X 1 ml 95% ACN. The labelled
glycans were diluted to 500 ml with 95% ACN and loaded onto
the column. Of 500 ml 95% ACN was used to rinse the labelling
tube and was added onto the column as well. The column was
washed with 8 X 1 ml 95% ACN and glycans were finally eluted
in 50 ml water twice. Elution fractions were pooled and
passed through a

0.45 mm filter (Ultrafree-MC Durapore HV filter unit, Milli-
pore) before analysis by normal-phase HPLC (Supelcosil LC-
NH2 column, 80 - 20% ACN gradient over 90 min, fluor-
escence detection at 320 nm excitation and 420 nm emission
wavelength). Glyko 2-AB glucose homopolymer standard
(Prozyme) was used as a reference. The identity of the
labelled glycans was confirmed by MALDI mass spec-
trometry. Samples were mixed 1:1 with dihydroxybenzonic
acid matrix (15 mg ml’t in 75% ACN in water with 0.1% formic
acid (FA)), and spotted onto a matrix-assisted laser
desorption/ionization time of flight mass spectrometry
(MALDI-TOF- TOF MS) target plate. Data acquisition was
performed manually on a Model 4800 Proteomics Analyser
(Applied Biosystems, Framingham, MA) with an Nd : YAG
laser, and 1000 shots were accumulated in the reflectron
positive ion mode.

2.15. Nano-LC-ESI-MS/MS analysis of
glycosylated AtaC

For structural analysis, 50 mg of AtaC was reduced, alkylated
and digested with trypsin using the filter-aided sample prep-
aration protocol [32]. Samples were analysed on a calibrated
LTQ-Orbitrap Velos mass spectrometer (Thermo Fischer
Scientific, Bremen, Germany) coupled to an Eksigent-Nano-
HPLC system (Eksigent Technologies, Dublin (CA)).Peptides
were resuspended in 2.5% ACN and 0.1% FA, and loaded on a
self-made tip column (75 mm X0 mm) packed with reverse
phase C18 material (AQ, 3mm 200 A, Bischoff GmbH,
Leonberg, Germany) and eluted with a flow rate of 200 nl per
min by a gradient from 3% to 30% ACN, 0.1% FA in 22
min, 50% ACN, 0.1% FA in 25 min, 97% ACN, 0.1% FA in

27 min. One scan cycle comprised a full-scan MS survey spec-
trum, followed by up to 20 sequential collision-induced
dissociation (CID) MS/MS on the most intense signals above
a threshold of 1500. Full-scan MS spectra (400 - 2000 m/z)
were acquired in the FT-Orbitrap at a resolution of 60 000 at
400 m/z, whereas CID MS/MS spectra were recorded in the
linear ion trap. CID was performed with a target value of 1e4 in
the linear trap, collision energy at 35V, Q-value at 0.25 and
activation time at 30 min. AGC target values were 5e5 for full
FTMS scans and 1e4 for ion trap MSn scans. For all experiments,
dynamic exclusion was used with one repeat count, 15 s repeat
duration and 60 s exclusion duration.

2.16. Database analysis and identification of modified
residues

MS and MS/MS data were processed into Mascot generic format
files and searched against the Swissprot database (version
201402) through the Mascot engine (v. 2.2) with the
consideration of carbamidomethylation at cysteine, oxi- dation
at methionine and N-hexosylation at Asparagine. The
monoisotopic masses of 2 p or more charged peptides were
searched with a peptide tolerance of 10 ppm and an MS/MS
tolerance of 0.6 Da for fragment ions. Only peptides with a
maximum of two missed cleavage sites were allowed in data-
base searches. Positive identification of hexosylated peptides
was performed by manual inspection of spectra. Peptides
modified with extended glycan chains were investigated
manually, and their corresponding MS/MS spectra were
annotated. Here, XCaLsur v. 2.2 sp1.48 was used for data pro-
cessing, and MS deconvolution was performed by XtractRaw file
from Thermo Scientific.

2.17. Construction of acceptor protein JC1

Amino acid residues 23 - 163 of Cj0114 from C. jejuni NCTC
11168 were used as a scaffold to design a novel acceptor
protein. The native signal sequence from residues 1 to 23 was
removed along with the native tetratricopeptide domain
encoded within residues 164- 315. Twelve NAT glycosylation
sequons were added at the C-terminus of the new protein, each
separated by a proline and a glycine. Finally, a hexa- histidine
tag was added to the C-terminus to enable protein purification.
This construct was DNA synthesized (Celtek Genes, USA) and
subcloned into BamHI and Sphl digested expression vector
pACYC184.

3. Results

3.1. NGT and abGlcT are required for adhesion

of Actinobacillus pleuropneumoniae HS143to
A549 cell lines

Within the genome of A. pleuropneumoniae strain HS143, we
identified two ORFs, orthologues of apl_0104 (70% identity,
BlastP) and apl_0443 (82% identity, BlastP) in the L20 genome
[25], coding for autotransporter adhesins. In silico analysis
revealed that these adhesins have 75 and 95 N-X-(S/T) sequons,
respectively (PROGLYCPROT). Naegeli et al. [17] car- ried out
mass spectrometry analysis of A. pleuropneumoniae’s proteome
for strain 4074 serotype 7, and the only

z[”zog'f :L"/'o;glu'ad(') BJC'ﬁu!qs![qhdﬂia!aosjem'qoéj


http://rsob.royalsocietypublishing.org/

Downloaded from http://rsob.royalsocietypublishing.org/ on September 9, 2018

154 *

-

% adhesion

3

Q
> NG QU >
NS Na SO
Co¥S g VY

Figure 2. Percentage of adhesion of A. pleuropneumoniae strain HS143, iso-
genic mutants and complemented mutants to A549 cells infected atan MOI
0f100: 1for 3 h priorto quantification of adherence. Horizontal barsindicate
pairs of columns that are significantly different when compared with the
wild-type HS143 (p  0.05).

glycopepetides identified belonged to two autotransporter
adhesins [17], making these two adhesins the only native
substrates for NGT identified so far. In NTHi, deletion of the N-
linked glycosylation system results in a significantly reduced
adherence phenotype [15]. In order to investigate whether this
was the case for A. pleuropneumoniae, adhesion of WT HS143,
isogenic mutants HS143Dngt and HS143Dagt and its comple-
ments to A549 human adenocarcinoma lung epithelial cells was
investigated.

Actinobacillus pleuropneumoniae strain HS143, the wild-
type strain, was found to have a percentage of adherent cells of
8.55 + 0.84, n % 78 to A549 cells after 3 h incubation (figure
2). In order to understand the role of the cytoplasmic NGT in
this adhesion phenotype, an in-frame deletion mutant of the
ngt gene was generated in A. pleuropneumoniae and found to
have a reduced percentage of adherent cells,
2.39+40.25(n%78,p 5 0.05), whencompared with the wild-
type. This phenotypewasrestored (11.05+1.10,7%30,p -
0.05) upon complementation with the ngt gene. Furthermore,
when an a6GIcT deletion mutant in A. pleuropneumoniae was
tested for adherence, it was observed that there was a decrease
inadhesion (2.85+0.60, p , 0.05, % 30) to the same level
as the NGT mutant. However, complementation with the
ORF coding for a6GIcT was unable to rescue this phenotype
(figure 2). Gentamycin treatment of cells confirmed that the
bacterial counts observed were due to adhering and not
invading bacteria.

3.2. Agtis part of a conserved putative operonthat
includes ngt and rim0

Unlike NTHi, adjacent to the A. pleuropneumoniae N-linking
transferase gene, ngt, the flanking genes do not encode an
adhesin or a dedicated adhesin transporter (figure 1). Instead,
we identified an ORF coding for a protein with amino
acid similarity to 30S ribosomal protein  S12
methylthiotransferase, rimO, upstream of ngt, and a second

glycosyltransferase-encoding gene downstream of ngt. Analy-ﬂ

sis of all available A. pleuropneumoniae genomes demonstrated
that the genetic arrangement of the locus was absolutely
conserved in all published A. pleuropneumoniae genomes and
over 180 sequenced isolates (J.T.B. 2016, personal com-
munication). Reverse transcriptase-PCR (RT-PCR) was used to
analyse the expression of this locus in serovar 15 A. pleurop-
neumoniae reference strain HS143. Primers were designed
spanning intergenic regions between the three ORFs. Probe 1
tested if an mRNA transcript was generated between rimO and
ngt, and probe 2 tested for the presence of an mRNA tran- script
between ngt and agt. The results suggest that all three genes
form an operon (figure 3a). Further RT-PCR analysis showed
that the promoter driving rimO expression was
independent of the ORF immediately upstream (figure 3b).
Messenger RNA was extracted at different time points
during the growth of A. pleuropneumoniae and cDNA was gen-
erated by RT-PCR using a probe designed within ngt. This
showed that ngt was transcribed at all-time points tested
(electronic supplementary material, figure S1).

3.3. Absolute quantification of rim0, ngt and agt by
gPCR

In order to further validate the hypothesis that rimO, ngt and
agt are co-transcribed, an absolute quantification qPCR was
performed. The results were normalized by the absolute
number of copies of rimO within each sample assuming rimO is
the first ORF in the operon and therefore the closest to the
putative promoter identified by bioinformatics analysis. A
trend was observed in all four biological replicates (n %4 12;

4 biologicals, 3 technical replicates) indicating a decrease
inexpressionlevelfromrimOtoagt consistentwiththegenetic
organization of the putative operon (rimO versus ngt,p, 0.05;
rimO versus agt, p . 0.001; figure 4).

3.4. Reconstruction of the NGT glycosylation operon and
its functional transfer and expression in Escherichia

coli

Following on from the RT-PCR studies indicating that both agt
and ngt were co-transcribed, we amplified by PCR the two
ORFs as a single amplicon and cloned them into the IPTG-
inducible expression vector pEXT20 [33], to generate the
plasmid p]JC78. When the ORFs encoding a6GlcT and NGT
were co-expressed with a fragment of an autotrans- porter
adhesin from A. pleuropneumoniae (AtaC), which is a natural
acceptor [17], a reduction in protein migration on SDS- PAGE
was observed, indicating an increase in molecu- lar weight
consistent with the addition of an oligosaccharide (figure 5).
To further understand the in vivo glycosylation operon,
individual mutations in ngt or agt were constructed within
the plasmid pJC78. NGT activity was abolished by substitut-
ing the conserved lysine residue at position 441 by alanine
(K441A) [18,20], whereas a6GIcT activity was abolished by the
replacement of the leucine codon at amino acid position 7
with a stop codon (L7*). Schwarz et al. [19] indicated that in
vitro, NGT and a6GIcT could assemble a glucose polymer
between two and six residues on an acceptor peptide. We
reasoned therefore that a commercially available antibody
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Figure 3. (a) Transcriptional analysis of the A. pleuropneumoniae NGT locus. Lane 1: cDNA as template; lane 2: RNA as template; lane 3: A. pleuropneumoniae HS143
genomic DNA positive control; lane 4: negative PCR control (no template). (b) Transcriptional analysis of the region upstream of ngt. Lane 1: cDNA as template; lane

2: genomic DNA positive control; lane 3: PCR control (RNA as template).
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Figure 4. Absolute\qugntification of im0, ng\f and agtin A, pleur}Jpneumoniae
strain HS143 expressed in%old change. Horizontal bars indicate pairs of columns
that are significantly different when compared with each other. Asterisk indicates
p . 0.05(n%12).

specific for al - 6 linked glucose tetrasaccharide (isomaltote-
traose) may be able to detect and verify the nature of the
polysaccharide generated by the cloned agt— ngt operon and of
the knockouts. Ni- NTA purified proteins from the three
construct combinations were tested for expression by dot blot
analysis using an anti-dextran monoclonal antibody (mAb).
This showed that a recognizable epitope could only be
generated when NGT and a6GlcT were both functional (figure
5, top panel). SDS- PAGE and western blot analysis using an
anti-HIS monoclonal antibody showed a smear vis- ible above
the point at which AtaC should migrate, but only when NGT and
a6GIcT are both functional. This smearing was also detected
using the anti-dextran monoclonal

@ (b) © (d)

(e) (f)
kDa kDa X
100

100

70 70

Figure 5. Glycosylation analysis of AtaCises— 2428 alongside NGT and a6GlcT
by anti-dextran and anti-HIS western blots. Top panel: anti-dextran dot blot;
(a) dextran; (b) AtaC with NGT K441A and functional a6GIcT; (c) AtaC with
functional NGT and a6GIcT; (d ) AtaC with functional NGT only. Bottom panel:
anti-HIS and anti-dextran Western blots (e f, respectively); lane 1, AtaC with
functional NGT and a6GlIcT; lane 2, AtaC with NGT K441A and functional
a6GIcT; lane 3, AtaC with functional NGT only.

antibody (figure 5f, lane 1). AtaC glycosylated appears to
migrate less than when detected by anti-HIS antibody,
because the anti-dextran antibody will only recognize AtaC
modified with four or more glucoses per site. Removing the
function of NGT yielded an AtaC fragment that migrated to
its unglycosylated location losing the epitope recognized by
the anti-dextran mAb (figure 5S¢, lane 2). Finally, knocking out
the function of a6GlcT reduced protein migration to a
slightly higher level than that observed with NGT mutation
alone (figure 5¢, lane 3). This can be explained by glyco-
sylation with a single hexose at multiple sites within the
acceptor protein. Furthermore, this material was not recog-
nized by anti-dextran mAb, suggesting that glycosylation
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Figure 6 (o) NP-HPLC analysis of 2-AB labelled glycans released from purified AtaC which was co-expressed with NGT and a6GIcT in E. coli DH10b (black). A
glucose homopolymer (dextran) ladder serves as a reference for retention time (red). The peak originating from excess 2-AB label (rt 414min) is marked with
an asterisk. (b,c) MALDI mass spectrometry analysis of the same glycan sample confirms the identity of the observed glycan chains as a hexose polymer.

had occurred, but that no polymer had been generated (figure
5f,lane 3).

3.5. Confirmation of hexose build-up onAtaC

In order to confirm the identity of the observed post-transla-
tional modification of AtaC, the glycans from purified protein
were released by hydrazinolysis, fluorescently labelled with 2-
aminobenzamide (2-AB) and analysed by normal-phase HPLC
(figure 6a).

With a labelled dextran ladder used as a reference, this
analysis revealed the presence of glycan chains of varying
lengths (1 - 27 monosaccharide units). This was further con-
firmed by MALDI-MS analysis. Peaks differing in mass by 162
Da suggested potential for glucose or galactose attach- ment
(figure 6b,c). Therefore, the results from both methods were in
agreement showing a hexose polymer ranging up to atleast
20 units.

To confirm that particular sites on the protein were modi-
fied with these elongated glycans, LC- ESI- MS/MS analysis of
glycosylated AtaC was performed (figure 7 and table 1). This
showed that previously identified glycosylation sites were
occupied [17]. In total, 15 asparagine (Asn) residues were
identified as being modified with glycan chains of vari- able
length. For example, glycopeptide GNLSTAADVTDK could be
detected modified with an N-linked glycan consist- ing of 1 - 29
hexose units (table 1). On other sites, only short glycan chains
could be detected, whereas one peptide (NISTVVK) could only
be detected as being modified with

glycan chains of more than 14 hexoses. These results are sum-
marized in table 1 and confirm western blot evidence that co-
expression of NGT and a6GIcT leads to the formation of Asn-
linked, linear hexose chains of up to 29 units in length.

3.6. The ngt/agt operon can be used tomodify
alternative substrates with dextran

Following assembly of plasmid pJC78, we began testing if the
ngt/agt operon could be used to make N-linked glucose poly-
mers on non-native substrate proteins in a similar manner to
NGT alone [17]. We selected Cj0114 from the 1-proteobacter-
ium Campylobacter jejuni as a scaffold for designing a new
acceptor protein. The native Cj0114 tetratricopeptide domain
was removed to reduce protein toxicity and simplify purifi-
cation. At the C-terminus of the protein, the 12 added NAT
glycosylation sequons were followed by a hexa-histidine tag to
enable protein purification. The new protein, named ]JC1, was
constitutively expressed from the plasmid pJC1. Combin- ing
the plasmids pJC1 and pJC78 generated an epitope that could be
recognized by the anti-dextran mouse mAb; this dis- appeared
upon knocking out the function of ngt or agt (figure 8). The
marginally different sizes in the anti-His and anti-dextran
western blot are due to the recognition epitope for the anti-
dextran antibody, where only highly polymerized proteins are
detected (acceptors modified with four or more glucose
residues). These findings indicated that NGT and a6GIcT can be
made to target any protein.
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Figure 7. Deconvoluted MS spectra show that peptide GNLSTAADVTDK from AtaC is modified with a hexose polymer ranging from 1 to 28 units. (b)) MS/MS
spectrum of m/z 758.3497( Zp corresponding to GNLSTAADVTDK modified with two hexoses, showed continuous fragmentation ions, which confirm the peptide
identity. The hash tag marks doubly charged ion with neutral loss of hexose from precursor ion. y' indicates the y ion without hexoses.

Novel bacterial glycosylation systems are regularly being dis- covered as
glycan analyses methodologies improve [34 - 37]. The functions of these

4. Discussion
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glycosylation systems are yet to be fully appreciated, but it is
now apparent that glycosylation is a feature common to most
bacteria.

In this study, we report the investigation of a cytoplasmic
glycosylation system in a member of the Pasteurellaceae family,
A. pleuropneumoniae. Our results demonstrate that despite simi-
larities between NGT and its orthologue, HMW1C, in NTHj, the
system described here is unique. The A. pleuropneumoniae N-
linking locus consists of two co-transcribed glycosyl- transferases
(ngt and agt) with no associated adhesin or



Downloaded from http://rsob.royalsocietypublishing.org/ on September 9, 2018

Table 1. Summary of glycosylation status for each site from AtaC. Underlined letters: in red, N-X-S/T sequons; in blue, asparagine residues found to be

occupied but not part of an N-X-S/T consensus sequon.

tryptic peptide peptide sequence glycan

1 ELNETLTIK Hex1 -5
2 GNLSTAADVTDK Hex1 - 29
3 VINVAAGDVNANSTDAVNGSQLYAVSEVANK Hex1 - 14
4 GWNIQTNGNDTTNVKPGDTVNFVNGDNIAITNDGTK Hex1 - 15
5 VGDNVSLTK Hex3 - 19
6 GANVTQNLGK Hex1 - 20
7 NISTVVK Hex14-20
8 DGSLTIGNTTINSDQVK Hexl - 22
9 VSGVADGDISPNSTEAINGSQLYDANQNIANYLGGGSK Hex1 - 13
10 VDGNTTTANNVGDAITNLNNEVVKPLTFEGDTGVASK Hexl - 12
11 TVNANTVNANTVK Hex1 -6
12 AGQADTDAVNVSQLK Hex1 -5

(a) MGDITSNSSSYGLTSNEKLFKEKLDNLNNENIQTNARINEINERIEGLQSTLEGINSQYAKSNSRLSQVEENNQNIEN
NFTSEIQKLKAYVEESRKIQEANNKQVKKVLAELSSLVDAINANYVSKNELNDANLSVKTITPSVVVSTTDSNSTIENN
NTQNTQDDLEPGNATPGNATPGNATPGNATPGNATPG! NATPGNATPGNATPGNATPGNATPGNATPGNAT'

(b) kDa kDa

55
55

35— 35

Figure 8. Glycosylation of engineered acceptor protein (JC1) by NGT and
abGleT. (a) Amino acid sequence of the new target glycoprotein JCL. High-
lighted in yellow are glycosylation sequons, and in red, the hexa-HIS tag used
for protein purification. (b) Glycosylation of the acceptor protein JC1 with
NGT and a6GIcT. Left panel: anti-histidine tag western blot; right panel,
anti-dextran western blot. Lane 1. JC1 expressed with functional NGT and
a6GIcT; lane 2: JC1 with NGT K441A and a6GlIcT; lane 3: JC1 with NGT
but non-functional a6GIcT.

transporter. Another significant difference between the
A. pleuropneumoniae system and that of NTHi is that the promo-
ter for rimO, upstream of ngt, appears to be responsible for
driving transcription of ngt and agt (figure 3). Recent studies
have shown that in Aggregibacter aphrophilus and Haemophilus
ducreyi [16,21] hmwC is also located downstream of rimO,
although a transcriptional link has yet to be proven [21]. In

E. coli, RimO is an enzyme that catalyses the methylthiolation of
ribosomal subunit S12 at the universally conserved D88 residue.
Furthermore, it has been shown that knocking out rimO in
E. coli leads to a growth defect [38,39]. The signifi- cance of
RimO has also been reported in Thermus thermophilus, where
residue D88 cannot be mutated [40], leading to the conclusion
that although methylthiolation is not essential in every
organism, RimO clearly plays an important role in main- taining
bacterial fitness [39]. Our tests indicate that the

A. pleuropneumoniae rimO promoter is active at every time
point tested, suggesting that ngt and agt are constitutively

expressed (electronic supplementary material, figure S1), and
therefore the cytoplasmic N-linking glycosylation system is
always available to modify substrate proteins. Furthermore, qPCR
analysis of the locus indicated transcriptional levels consistent
with an operonic structure, where the highest level of
transcription detected was of rimO, followed by ngtand agt,
respectively (figure 4). This is in agreement with the findings
reported by Lim ef al. [41] whereby the expression level of the
genes proximal to the promoter was greater than the ones
farthest from it. Bioinformatic analysis of the DNA sequence
surrounding the putative rimO/ngt/agt operon ident- ifies a
transcriptional promoter just upstream of rimO and a Rho-
independent terminator downstream of agt (electronic sup-

plementary material, figure S2) [42]. Nevertheless, to gain further
insights into the regulation of thelocus, other approaches such as
RNAseq could be carried out. Furthermore, in silico analysis of all
publically available genomes and over 180 others (J.T.B. 2016,
personal communication) indicates that the gene order is
absolutely conserved (data not shown).

In this work, we also demonstrate that NGT plays an impor-
tant biological role in the ability of A. pleuropneumoniae to adhere
to A549 human adenocarcinoma lung epithelial cells, which,
although from human origin, are from biologically relevant
tissue. The rationale for using A549 cells, instead of St Jude
Porcine lung (SJPL) cells, which have been widely used to assess
A. pleuropneumoniae adhesion [4,43,44], was that the SJPL cell
line was found to be misclassified, and is simian in origin [45].
In order to draw absolute conclusions regarding the role of this
N-linked glycosylation system in aiding A. pleur- opneumoniae
pathogenesis in the pig, the adhesion assay data that obtained in
this study could be extended to investigate othertissues suchas
ex vivo organ cultures [46] possibly primary cell cultures from
pig lung epithelial cells.

Similarly to our study, a significant reduction in adherence
was reported for E. coli expressing the cloned hmw1 locus from
NTHi when the function of HMW1C (the NGT orthologue) was
removed [15]. The hmw1/hmw?2 loci and the ngt operon differ
in that the NTHi loci encode an adhesin and an adhesin
transporter alongside hmwC, whereas the A. pleuropneumoniae
locus encodes an a6GIcT polymerizing glucosyltransferase
(figure 1). Surprisingly, knocking out the function of the
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a6GIcT transferase also resulted in a significant reduction in
adherence comparable to that detected when NGT activity was
abolished. Plasmid-based complementation with agt only
(figure 2) and ngt/agt (data not shown) proved insufficient to
rescue the adhesion phenotype seen with the wild-type. Our
failed attempts to rescue the phenotype suggest a need for fine
transcriptional control of agt levels in the bacterium. It is
possible that, when ngt is being expressed in the chromo- some
and agt is on a plasmid, over-glycosylation of target sites occurs,
resulting in incorrect adhesin structural conforma- tion.
Potentially, this incorrect folding could prevent surface
presentation or adhesin function.

Some of the best-studied examples of glycosylated autotran-
sporter adhesins are O-linked, and found in E. coli. O-linked
glycosyltransferases can glycosylate TibA, Ag43 and AIDA-I in
their passenger domains [47 - 49]. Bioinformatic analysis of
the autotransporter adhesin used in our study, AtaC from
A. pleuropneumoniae AP76 (GenBank accession number
ACE61172.1), indicated the presence of 72 NX-(S/T) sequons.
The majority of these (59/72) are localized in the passenger
domain of the adhesin, further demonstrating the similarities
with the O-linked counterparts. Whether glycosylation is
required, so that the adhesin assumes the correct conformation
and is not degraded as observed in AIDA-], or if it is so that the
adhesin can adopt a conformation suited for adhesion as
described in TibA [50], remains to be determined even in these
well-studied proteins.

Our demonstration of glucose polymer assembly within
E. coli cells, when the ngt/agt locus is overexpressed alongside an
acceptor protein (figure 5), led us to investigate if this glycan
could be detected on the surface of A. pleuropneumoniae. Immuno-
fluorescence studies using an anti-dextran antibody that
recognizes isomaltotetraose as a minimum epitope failed to detect
any signal, even in permeabilized cells (data not shown). This
suggests that although the capability exists to form a-1,6 glu- cose
chains greater than four subunits heterologously, in

A. pleuropneumoniae the necessary epitope for detection with
anti-dextran antibody does not appear to be formed. Analysis
ofthe glycosylated peptides generated within E. coli, as deter-

mined by peak quantification of the HPLC chromatogram
(figure 6), revealed a steady decrease in abundance of the oligo-
saccharide with increasing chain length. It was however
noteworthy that the peak corresponding to Glcz-2AB (retention
time: 8.8 min) was considerably smaller than the peaks corre-
sponding to Glci-2AB and Glc3-2AB, indicating that the
additionofthefirstal-6-linked glucosemightbeconsiderably
slower than the subsequent transfer reactions. This suggests
that the first a6GlcT-catalysed reaction is, in fact, the rate-limit-
ingstepinthebiosynthesis ofthese extended N-glycan chains.
In a review of the HMWC literature, we found instances
where adhesin glycopeptides with dihexose modifications
have been reported, in the absence of a co-localized ORF-like
agt[15,51]. Rempeetal.[21] reportdihexose modifications on
four glycopeptides belonging to the autotransporter adhesin
of K. kingae. Theseraiseseveral possibilities; the firstisthat the
reported glycopeptides actually contain two individual hexose
attachments and not two hexoses together. Second, it may be
possible that the HmwC from K. kingae is able to catalyse
N-linked attachment and subsequent polymerization. Third,
one cannot rule out there may be another glycosyltransferase in
the genome that is enabling dihexose assembly.

Areview ofthe NGT-specificliterature reveals an interest-

ingdisparityinthefunction ofthisenzymewhentestedinvitro

and invivo. Choietal. [51] reported thatinvitro, NGT is capable
of forming dihexoses. However, this study indicates that
a6GIcT is essential for glycosidic bond formation and exten-
sion of the glucose polymer in vivo. This is in agreement with
a previous study by Naegeli et al., which failed to detect any
polymerization when NGT alone was expressed in E. coli to
glycosylate an acceptor protein [17].

Our finding that a6GIcT function is necessary to maintain

adhesion in A. pleuropneumoniae indicates that this enzyme must
be extending glucose residues at within the
autotransporter adhesins. However, by transferring the N-linking

some sites

glycosylation locus into E. coli, we showed thata6GIcT and NGT
are unable to fully complement each other’s functions. Our study
also provides further evidence that ‘orphan” HMWC family of
enzymes that have not evolved to be co-localized with their
target substrate continue to modify proteins involved in adhesion.
It is noteworthy that every bac- terial species reported thus far
with this genetic arrangement uses the glycosylation system to
target autotransporter adhesins [16,21]. Glycosylation has been
linked to protection from proteo- lytic degradation, correct
protein folding and correct transport to the surface, all of which
would have an effect on cell adhesion. Further studies are ongoing
to ascertain the level of interaction between a6GlcT/NGT and the
target protein(s).

By demonstrating how to harness the ngt/agt operon,we
have shown potential for glycoengineering applications,
including the generation of N-linked glucose-based conjugate
vaccines against A. pleuropneumoniae. The genetic conserva-
tion of the ngt operon in A. pleuropneumoniae would favour the
development of a glycoconjugate vaccine against multiple
A. pleuropneumoniae serovars. Other potential applications
include the development of dextran-based conjugates that may
be useful against bacteria such as Helicobacter pylori [52].
Recently, such conjugates have been shown to be immu-
nogenic, and post-immune sera from rabbits vaccinated with
dextran-based conjugates exhibited activity against strains of
H. pylori that contain a(1 - 6) glucose as part of their LPS [52].

The field of bacterial glycobiology is burgeoning and
investigations into various glycosylation systems, such as
the NGT/a6GIcT system reported here, help to understand
their functional roles. Our results demonstrate the impor-
tance of genetic and phenotypic screens for investigating
glycosylation systems, and that this data can directly benefit
bacterial glycoengineering.
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7 GENERAL DISCUSSION

Campylobacter jejuni is a major cause of bacterial gastroenteritis worldwide.
Studies estimate the disease burden of C. jejuni to be associated with 7.5 million
disability-adjusted life years in the 2010 Global Burden of Disease study,
exceeding Shigella (7.1 million) and enterotoxigenic E. coli (6.9 million) (Murray
et al., 2012). Disease presentation varies between self-limiting illness
manifested by diarrhoea, fever and malaise to autoimmune conditions such as
Guillian-Barre syndrome (GBS) and Milller Fischer syndrome (Kaakoush et al.,
2015). The bacterium C. jejuni possess the first reported and most studied
bacterial general N-glycosylation system, with more than 50 proteins are
glycosylated with C. jejuni heptasaccharide GalNAc-a1,4-GalNAc-[Glcp1,3-
]GalNAc- a1,4-GalNAc-a1,4-GalNAc-a1,3-Bac-f1, where GalNAc is N-
acetylgalactosamine, Glc is glucose, Bac is 2,4-diacetamido -2,4,6-
trideoxyglucopyranose. This glycostructure is linked to the asparagine residue
in the acceptor sequon D/E-X-N-Y-S/T where X and Y can be any amino acid

except proline (Scott et al., 2010).

Advances in genome sequencing and glycans analysis methodologies have
expanded our knowledge of bacterial glycosylation systems. These discoveries
however have not been followed by investigations aimed at answering why
bacteria possess glycosylation system, how bacteria glycosylate proteins and
what are the biological roles of these glycans. The journey of unravelling the role
of these intriguing post-translational modifications starts by establishing
platforms to interrogate the role of these glycosylation systems. Without these,
research into bacterial glycosylation will be limited to reporting the presence or

absence of these systems.
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This thesis aimed to demonstrate the role of N-glycosylation in bacteria as well
as the potential prevalence of these general N-glycosylation systems among
bacterial families. In this chapter, the findings in the reported research papers
come together to provide insights about bacterial N-glycosylation systems.The

following lists the key findings of this thesis:
1-Bacterial N-glycosylation is responsible for proteome stability in C. jejuni.

2-Disruption of N-glycosylation is accompanied by an increase in
chaperones and protease abundance which might indicate an impairment in

proteins folding.

3-Abolition of N-glycoyslation led to impairment of important glycoprotein
complexes activities such as major multidrug efflux pump (CmeABC) and

nitrate reductase complex (NapAB) .
4-Chicken colonisation was substantially reduced upon inactivating pgl.

5-N-glycans modulates CmeA folding and improve protein thermostability

in vitro.

6- C. jejuni heptasaccharide promote protein-protein interaction, this has
been clearly demonstrated in the difference in binding kinetics between

CmeA and gCmeA to its binding partner CmeC.

7-Deep sea vent bacteria possesss functional N-OSTs that differ in
substrate preference. This also indicates the prevalence of N-glycosylation

among non-epsilonproteobacteria.

8-Non-conventional N-glycosylation, cytoplasmic N-glycosylation, is

required for host-pathogen interaction.

195

—
| —



71 N-glycosylation: lessons from diversity and conservation

The combination of next generation sequencing and high-throughput
proteomics enabled the scientific community to identify different bacterial
glycosylation pathways (Jervis et al., 2010, 2018; Nothaft et al., 2012; Nothaft
and Szymanski, 2013). Although the genetic organisation of N-glycosylation loci
might vary, bioinformatic analysis demonstrated the presence of PgIB
orthologues in 50 bacterial species representing seven different bacterial
families, with some species possessing two PgIB copies. In addition, the
functional activity of PgIB orthologues has also been demonstrated (chapter
five) (Nothaft and Szymanski, 2010; Ollis et al., 2015; Mills et al., 2016). The
presence of an N-OST within so many organisms could hypothetically be
responsible for maintaining bacterial proteome stability. In chapter three, the
role of N- glycosylation was demonstrated to modulate protein complexes
activity. Inactivation of pglB leads to abolishment of glycosylation of all
glycoproteins in C. jejuni (Jervis et al., 2012).Thus, insertional mutagenesis in
pglB allowed us to establish a glycosylation deficient C. jejuni to study the role
of N-glycosylation in C. jejuni. Proteome analysis of a glycosylation deficient
strain exhibited a high abundance in protein quality control machineries. This
might be due to the aggregation of non-natively folded proteins. The high
abundance of protein quality machineries was not accompanied by an alteration
in growth kinetics. When tested, C. jejuni pgIB::aphA cell count was reduced
two fold when compared to C. jejuni wildtype, however, both strains had the
same dry weight (chapter three).

Abolishment of N-glycans also affected protein complexes formation as

demonstrated in the impairment of the multidrug efflux pump and nitrate
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reductase complex. Bacterial fithess was also severely compromised, resulting
in a substantial reduction in chicken colonisation. The effect of abolishing N-
glycosylation was seen to be extended beyond glycoproteins function. We
speculate that the role of general N- glycosylation might be common among
other bacterial families. Investigating the role of N-glycosylation in other
bacterial families would confirm this hypothesis. Interestingly, most of bacteria
possessing PgIB orthologues are fastidious organisms with some requires
specific growth conditions such as, Deferribacter desulfuricans that grows at 60-
65°C with doubling time 40 min (Takai et al., 2003), Desulfovibrio gigas which
grows at 35°C under anaerobic conditions and Nitratiruptor tergarcus, grows at
55°C, 80%H2+20% CO2 at 350 kPa (http://bacdive.dsmz.de). Of note, the N-
linked glycan structures within these bacteria are still to be unravelled. Notably,
investigating 16 different glycostructures from Campylobacter spp.
demonstrated that first two monosaccharides; GalNAc-a-1,4-GalNAc-a-1,3-
diBacNAc are conserved (Jervis et al., 2012; Nothaft and Szymanski, 2013).
Conservation of N-linked glycans among species is a common theme in
eukaryotes (Varki, 2017). In Eukaryotes, glycosylation occurs co- and post-
translationally in the endoplasmic reticulum to promote polypeptide folding and
protein quality control (Jayaprakash and Surolia, 2017). However, in
prokaryotes protein glycosylation occurs post-translationally whereby majority
of the glycosylated proteins in C. jejuni are translocated to the periplasm
unfolded via sec pathway, where they get glycosylated by PgIB (Szymanski et
al., 2003). The periplasmic space is speculated to be evolved as first
extracytoplasmic space where proteins transport occurs as well as protein
folding and oxidation, hence it is not uncommon to draw similarities between
eukaryotes endoplasmic reticulum and bacterial periplasm (Miller and Salama,

2018).
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Atomic structure of the yeast oligosaccharyltransferase complex revealed that,
in standalone OST complexes (STT3B-containing OST complexes), the
acceptor polypeptide side faces an oxidoreductase domain, featured in the
thioredoxin fold of OST6 or OST3 (Bai et al., 2018; Wild et al., 2018) Fig 8 A.
Interestingly, our quantitative proteomics (chapter three) demonstrated that the
bacterial periplasmic oxidoreductase DsbA, that is responsible for intrachain
disulphide formation, was significantly reduced in abundance in glycosylation
deficient C. jejuni (P<0.0001) Fig 8, B In the light of our quantitative proteomics
finding, we speculate that bacterial general N-glycosylation is coupled to protein
folding, whereby, disulphide bonds are introduced once a protein gets
glycosylated in the periplasm. This might also suggest a further interaction

between PgIB and Sec translocation machinery in bacteria.

400 T : -

300+

Abundance

200+

Fig 8 Oligosaccharyltransferase and oxidoreductase A) EM density of map of yeast OST
complex. Thioredoxin (TRX) domain is highlighted in magenta and appears to be in close
proximity to STT3 active subunit the image is adapted from Bai et al 2018. B) Change in protein
abundance evaluated by TMT 6plex LC-MS/MS. The result represents the mean of three
biological replicates, error bars represents standard deviation. Significance was calculated by

student’s t-test, **P<0.01 and ****P<0.0001
Cross-linking MS and CryoEM could be used to unravel this type of
interaction.This highlights a further potential similarity between bacterial and

eukaryotic protein N-glycosylation. It also suggests a common theme in protein
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quality control across all domains of life. This also might help us to understand
the evolution of how N-glycosylation is coupled to sulphide bond formation and
protein quality control.

The exciting finding that some bacteria possess two PgIB copies raise the
guestion about the functional role of each PgIB copy. Whilst this finding was not
common among prokaryotic glycosylation system, it is prevalent in eukaryotes.
The catalytic subunits STT3A and STT3B in eukaryotic OST were found to vary
in function. STT3 containing OST are associated with translocon machinery
hence responsible for efficient co-translational glycosylation as the nascent
polypeptide chain enters the ER, whilst STT3B are standalone OST complexes
that glycosylate adjacent N-terminals of secreted polypeptide chains (Ruiz-
Canada, Kelleher and Gilmore, 2009; Wild et al., 2018). Indeed, Functional
analysis of each of the bacterial OST two copies suggest substrate specificity

(Jervis et al., 2018).

The cross-talk between general glycosylation machineries and protein folding
chaperones/oxidoreductase is not uncommon. Studies in the last couple of
decades have uncovered a common evolutionary pathway not only among
bacterial strains but also between eukaryotes and prokaryotes (Schwarz and
Aebi, 2011). These similarities indicate a potential common evolutionary
mechanism of protein quality control that is conserved among all kingdoms of

life.

72 N-linked glycans role in modulating protein function

It is certain that eukaryotic N-linked glycans are associated with protein folding,
stabilisation of glycoproteins and protein-protein interaction (Freeze, Esko and
Parodi, 2009; Hanson et al., 2009; Jayaprakash and Surolia, 2017). However,

the role of bacterial N-linked glycans is still understudied. In chapter three, the
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role of N-glycosylation has been assessed, in depth analysis of the role of N-
glycans in specific protein has been discussed in chapter four, where the
biophysical properties attributed by N-linked glycans were studied in CmeA, a
member of the major multidrug efflux pump, CmeABC. CmeABC is a tripartite
multidrug efflux pump consisting of an assembly that plays a pivotal role in
chicken colonisation, extrusion of structurally unrelated compounds. It also
plays a critical role in the clinical manifestation of multidrug resistance(Lin,
Overbye Michel and Zhang, 2002). Quantitative proteomics analysis in chapter
three did not show difference in abundance in CmeABC between the wildtype
and the glycosylation deficient C. jejuni. However, a remarkable difference in
multidrug efflux pump activity was observed when N-glycoyslation is no longer
possible. Since there was no difference in abundance in CmeABC was
observed, this means that impairment of N-glycosylation did not affect the
protein quantity in the cell, therefore, reduction in activity seen in glycosylation
deficient strain could be attributed to a role played by N-glycans. This intrigued
us to investigate the role of C. jejuni heptasaccharide in modulating CmeA
function and stability (chapter four). To systematically confirm that difference in
ethidum bromide accumulation is solely due to the lack of N-glycans and not
any other factor, we systematically designed the following strategy (chapter
four). First, we inactivated a secondary multidrug efflux pump; CmeDEF, to
avoid masking any difference that could be due to altering glycosylation of
CmeABC. Secondly, we constructed a glycosylation deficient CmeABC in
cmeD impaired strain. This strain has a functioning pglB however, only
CmeABC is not glycosylated due to altering the asparagine in the glycosylation
sequon to glutamine. Thirdly, we carried out ethidium accumulation assay
between both strains (WtCmeABC and g0OCmeABC). Our results indicated a

statistically significant reduction in multidrug efflux in gOCmeABC (chapter
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four). We then investigated the role of N-glycans in individual protein of the
CmeABC complex, CmeA CmeA is glycosylated by C. jejuni heptassacharide
at 122N and ?’3N. The thermal melts profile of CmeA variants (gOCmeA and
g2CmeA) were compared, showing different unfolding profiles. Glycosylation
clearly stabilised g2CmeA by 6.4°C 0.5 when compared to its non-
glycosylated counterpart. The thermostablisation effect of N-linked glycans was
conferred by reversibility studies showing that the unfolding time of g2CmeA
was reduced 6 folds when compared to the unfolding time of CmeA. These
results comply with the finding that that core eukaryotic N-linked glycans
enhance glycoproteins thermostability and decrease the unfolding time
(Hanson et al., 2009; Biswas and Chattopadhyaya, 2016). When the extrinsic
effect of C. jejuni N-linked glycans was tested, g2CmeA showed a lower Kb to
protein partner CmeC, than gOCmeA (chapter four). Delineation of the role of
each glycosylation site could reveal different roles of N-linked glycans played
at different acceptor sequons. Studies conducted in the tyrosinase glycoprotein
showed that glycosylation at °*N and %*N did not enhance protein stability nor
function, whilst glycosylation at 18N and 34 N where found to be critical for
protein transport and enzymatic activity, respectively (Jayaprakash and Surolia,
2017). Our bioinformatic analysis demonstrated that in g2CmeA, %N is located
at X-1 of the RLS binding motif to CmeC. This finding was conserved in CmeA
from C. jejuni and C. coli. This exciting finding indicates a direct or indirect role
of N-linked glycans in modulating CmeABC multidrug efflux pump assembly.
For CmeABC to be assembled, six molecules of CmeA bind to three molecules
of each CmeB and CmeC. Thus, oligomerisation is critical in multidrug pump
assembly. This interaction of N-glycans could be directly forcing structural
arrangement of the glycosylation sequon or as a result of indirect interaction of

N-glycans with the protein aminoacid backbone (Tikhonova et al., 2009; Su et

( ]
| 201 |




al., 2014; Jeong et al., 2016).

The role of N-linked glycans in promoting protein oligomerisation has been
debatable (Mitra et al., 2006; Jayaprakash and Surolia, 2017). Quercetin 2,3-
dioxygenase, a copper- containing dimeric enzyme is glycosylated at five
different sites, with N-linked glycans attributing to approximately 25% of its
molecular weight. Structure analysis of this enzyme revealed that glycosylation
at N could promote stable dimerization of the enzyme. The oligosaccharide
was found to modulate protein-carbohydrate interaction by packing against 3
turn 185-191 of the other molecule of the dimer (Fusetti et al., 2002) It is still
unclear whether C. jejuni N-linked glycans directly confer CmeA oligomerization
through modulating protein-carbohydrate interaction or indirectly through
causing local site structure rearrangements that enhance the formation of
oligomers. To test this hypothesis, CmeA and gCmeA (used in the study in
chapter four) were run on a Blue native gel (BN-native gel) to assess their
oligmerisation state. By comparing the oligmerization state of CmeA variants
on BN native. PAGE g2CmeA was found to exist in two forms (monomer and
trimer) however, CmeA was found in three forms (monomer, dimer and trimer).
Since the difference between CmeA and gCmeA is the presence of N-glycans
(chapter four).This result might suggest that N-glycans helps in structurally
arranging the CmeABC monomers in order to either interact with each other
(Fig 9) and/or interact with its binding partner (surface plasmon resonance
results in chapter four).Thus, ensuring that N-glycans might be playing different

roles when attached to different sites on the same protein.

Size exclusion chromatography multi-angle light scattering (SEC-MALS) could
give a definite answer for the oligomerisation state of g2CmeA and g0OCmeA as

well as calculating the total molecular weight of the oligomers.Fig 9.
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“ 52 CmeA trimer
g0 CmeA trimer

g0 CmeA dimer ’
82 CmeA monomer
g0 CmeA monomer

Fig 9 Role of N-linked glycans in promoting protein oligomerization. A) Side view of 2,3
Quercetin 2,3- dioxygenase dimer structure showing N-linked glycans in ball and stick,
monomers are coloured in blue and gold, B) An electron density map of the N-linked glycans,
shown in balls and sticks, presented in panel A, images are adapted from Fusetti, et al 2002,
C) Blue Native PAGE of g0OCmeA, lane 1; and g2CmeA, lane 2. Equal amount of proteins was

loaded and ran for 90 minutes then visualised by Coomassie staining.

73 Glycosylation and host-microbe interaction

Birds, especially chickens are regarded as the natural host of C. jejuni (Newell
and Fearnley, 2003). For years, C. jejuni has been considered as a part of the
chicken normal flora, however, mounting evidences suggest that C. jejuni
might cause intestinal damage in the chicken host (Awad et al., 2015). Whilst
the underlying mechanism by which the bacterium might be causing intestinal
damage to the host remains poorly understood, chicken colonisation is still
considered as one of the main factors to assess gene function and/or
attenuation in C. jejuni (Jones et al., 2004) .Previous studies demonstrated a
significant reduction in chicken colonisation in pglH::aphA C. jejuni when
compared to the wildtype. PglH is a glycosyltransferase that catalyses the

addition of three a1,4- GalNAc to GalNAc- a1,4-GalNAc-a1,3-diBacNAc-f1, an
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important step in the production of C. jejuni N-glycan. Inactivation of pglH
results in alteration of the glycoproteome of C. jejuni however, does not entirely
abolish protein glycosylation. Thus,unlike in pglB::aphA C. jejuni, proteins in
pglH deficient C. jejuni would still be glycosylated with the truncated glycan
(GalNAc-a1,4-GalNAc-a1,3-Bac-B1). In chapter three, the impact of N-
glycosylation disruption on chicken colonisation was assessed.Twenty 2-week-
old Campylobacter-free White Leghorn chickens with 106 CFU C. jejuni wild-
type or pglB::aph mutant. Ten chickens from each group were sacrificed at
days 6 or 13 post-inoculation and viable C. jejuni in the caeca (a key site of
persistence) enumerated following post mortem. Glycosylation deficient
pglB::aph C. jejuni showed a six—logio reduction in caecal colonization when

compared to the wild- type at day 6 (P<0.0001) and day 13 (P<0.0001).

The substantial reduction in chicken colonisation could be linked to direct
and/or indirect effects emerged as a result of N-glycosylation disruption.
Directly, disruption of N-glycosylation has been shown to induce stress
response in C. jejuni and also impair protein function (chapter three). Indirectly,
surface exposed N-glycans could play a role in interaction with the host cell
receptors. This protein-glycan interaction could be involved in the
establishment of chicken colonisation. During my PhD examination, Prof Ten
Fiezi, raised an important question of whether the interaction between C. jejuni
N-glycans and chicken epithelial cells has been investigated. Such interaction
could be studied using glycans arrays available at Imperial College
glycoscience facility, either by investigating the presence of any lectin-like
proteins expressed on the surface of C. jejuni that binds to glycans presented
on the surface of chicken gut or the opposite (lectin-like proteins expressed on

the surface of the chicken gut that interacts with C. jejuni N-glycans. This will
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allow us to understand the molecular basis of host-microbe interaction in C.
jejuni and underly the mechanism by which N-glycosylation plays a pivotal role

in establishmed of chicken colonisation.

74 Cytoplasmic glycosylation
The versatility of bacteria to modify its proteins exemplify the necessity of this
post- translational modification. The direct link between adhesin tethering and
cytoplasmic N-glycosylation has been reported in NTHi. Biochemical studies
revealed an unconventional cytoplasmic N-glycosylation system enabled by an
enzyme known as NGT (Grass et al., 2010). This discovery led to further
investigations demonstrating the prevalence of this system not only among
members of the Pasteurallacea family but also other bacterial families (Schwarz
et al., 2011; Rempe et al., 2015). The system is analogous to the intensively
studied bacterial cytoplasmic O-glycosylation systems. Interestingly, both
cytoplasmic N- and O-glycosylation decorates autotransporters (Benz and
Schmidt, 2001; Grass et al., 2010). In chapter three and four, the study of
general N-glycosylation as well as the role of N-glycans has been investigated.
To address the functional role of the specific N-glycosylation, the pig pathogen
App was used as a model. In chapter six, the study of the role of N-glycosylation
in App demonstrated the importance of this post translational modification in
cell adhesion (J. Cuccui et al., 2017). The implications of this finding increases
our understanding of the functional role of N-glycans in protein function, it also
comes in agreement with the previous work which demonstrated that abolishing
of O-glycosylation of AIDA affected bacterial adhesion to cultured epithelial cells
(Charbonneau et al., 2012). This indicates that both N- or O- cytoplasmic

glycosylation systems might be serving a similar specific function.
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75 Conclusion and future work
It is now clear that the prevalence of glycosylation systems in bacteria are not
coincidental. The role of N-linked glycans in dictating protein function and
modulating its activity is proved to be a common theme among all kingdoms of
life. Future studies to investigate the function and biophysical properties for
proteins glycosylated with truncated glycan variants would provide a logical
explanation for the role of each monosaccharide in the C. jejuni N-linked
heptasaccharide. It would also assist in understanding the role of the reducing
end glycan commonly found in both N- and O-linked glycans; diBacNAc.
Disruption in glycosylation pathway, notably PgIH, led to reduction in bacterial
fithess as proteins were still glycosylated with a trisaccharide instead of the
heptasaccharide. Systematic investigation of the first three glycans will also

provide an archaic view on the emergence of N-glycans conservation.

Cryo-EM and 2D NMR would come in great help to evaluate protein
conformational structure changes at the glycosylation site and could unravel
inter and intra protein- glycan interactions. This thesis sets a platform to be used
in investigating bacterial glycosylation systems. It supports the hypothesis that
glycans might be playing different roles at different glycosylation sites.
Understanding the basic biology of N- glycosylation in bacteria could provide

insights into the emergence of eukaryotic N- glycosylation.
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Summary

This thesis provides deeper insights; focusing on the role of general N-linked
protein glycosylation. It demonstrates that C. jejuni general N-linked glycans
are required to expand proteome repertoire and maintain bacterial fitness.
Acting as bulky hydrophilic groups, C. jejuni N-linked glycans enhance protein
thermostability and modulate protein-protein interaction. Mechanisms by
which C. jejuni N-linked influence and dictate protein function are yet to be
unravelled. The thesis also demonstrates the commonness of N-OST among
bacterial families as well as their function and substrate specificity. Finally,
the role of cytoplasmic N-glycosylation in establishing infection was studied,
suggesting a common evolutionary mechanism to the analogous N- and O-

glycosylation of bacterial adhesin
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Bacterial

Strain/Plasmid

Description

Reference

C. jejuni Hypermotile variant of C. jejuni 11168 Jones, M. A. et al.
11168H (2004)

C. jejuni C.jejuni 11168H cmeB is inactivated by aphA This study
11168H encoding kanamycin resistance cassette

cmeB::aphA

C. jejuni C. jejuni 11168H cmeB is inactivated by aphA This study
11168H encoding kanamycin resistance cassette

cmeB::aphA

C.jejuni C. jejuni 11168H napA is inactivated by aphA This study
11168H encoding kanamycin resistance cassette

napA::aphA

C. jejuni | C.jejuni 11168H cmeD::cat, cmeABC is glycosylation | This study
cmeD::cat deficient by altering N->Q in C. jejuni glycosylation

gOcmeABC sequon (D/E-Xi-N-X2-S/T where X; and X, are any

amino acid other than proline)




C. jejuni | C. jejuni 11168H cmeD::cat, cmeC is 6xhis tagged This study
cmeD::cat followed by kanamycin cassette to help for selection
wtcmeABC of CBA plate
E. coli dam- | ara-14 leuB6 fhuA31 lacY1 tsx78 glnV44 galK2 New England
/dcm- galT22 mcrA dcm-6 hisG4 rfbD1 R(zgb210::Tn10) Biolabs, UK
TetS endAl rsplL136 (StrR) dam13::Tn9 (CamR)
xylA-5 mtl-1 thi-1 mcrB1 hsdR2
E.coliDH10B | F- mcrA A(mrr-hsdRMS-mcrBC) @®80dlacZAM15
AlacX74 endA1 recA1 deoR A(ara,leu)7697 araD139 | New England
galU galK nupG rpsL A- Biolabs, UK
pPACYC(pgl) C. jejuni heptasaccharide coding sequence under Tet| Feldman, M. F. et
promoter in pCAYC184 al. (2005)
PATKH cj0364 cloned in Sacll site in pATMN This study
pATM g0cmeABC locus cloned in pJET1.2 This study
pATMN aphA cloned in BamHI site in pATM This study
pPATN cmeD::cat cloned in pJET1.2 This study
pATT3 napA cloned in pJET1.2 This study
pPATT3F aphA cloned in Clal site inactivate napA in pATT3 This study
pCMECSDBA | Membrane bound 10xHis tagged CmeC driven to This study
periplasm by DsbA signal peptide under L-arabinose
promoter in peEC145
pGVXN114 PgIB cloned in pEXT21 under lac promoter Ihssen et al., 2010
pJMK30 aphA gene cloned in BamHI restriction site Van Vliet,
Wooldridge and
Ketley, 1998
pMH3 cmeABC locus cloned in pJET1.2 This study



http://ecoliwiki.net/colipedia/index.php/mcrA
http://ecoliwiki.net/colipedia/index.php/mcrA
http://ecoliwiki.net/colipedia/index.php/mcrA

pMH5 Soluble periplasmic 6xHis tagged CmeA under Tet Feldman, M. F. et
promoter in pCAYC184 al. (2005)

pMHT aphA cloned in BamHI site in pMH3 This study

PMHTF cj0364 cloned in Sacll site in pMHT This study

pRSA cmeB amplicon cloned in pJET1.2 This study

pRSF aphA gene cloned in BamHI to inactivate cmeB in This study
pRSA

pWA2 Soluble periplasmic 6xHis tagged CmeA under Tet Feldman, M. F. et
promoter in pBR322 al. (2005)

Primer DNA sequence

FWDcmeB GACGTAATGAAGGAGAGCCA

REVcmeB CTGATCCACTCCAAGCTATG

FWDCmeA AGCGAAGTTAAAGAAATTGGAGCAC

REVCmeC TTTTCCGCGGATTGGATCCCATTATGATGATG

His C.jejuni ATGATGATGATGTTCTCTAAAGACATATCT

FWDcj0364 TTTTCCGCGGATTCTCTAAATAAATTAAAAATC
TTTGTCT

REVcj0364 TTTTCCGCGGCATTGAACCTTTTTGGAGGGATT
TTTCC

FWDCmeC TTTTGCTAGCGCCGCCCCAAATTTAAATATTCC
CGAAGCAAACTATAGCATTG

REVCmeC TTTTTGTCGACCctaATGATGATGATGATGATGAT
GATGATGATG
TTCTCTAAAAGACATATCTAAATTTTTTGATTC

FWDnapA ACCGCTATTGCAAGTGCTGCTAG

REVnapA GAAAGCGGACAAGTCGCATCC
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