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ABSTRACT

Protection from proteolysis is important for bacteria living in a competitive niche under attack by
host defense mechanisms. Campylobacter species possess an N-linked protein glycosylation
system, where an oligosaccharide is attached to asparagine residues or released as free
oligosaccharide. The glycosylation of these proteins can stabilize proteins such as the multidrug
efflux pump of C. jejuni that helps efflux antibiotics and toxic compounds.
Glycosylation can also mask cleavage sites protecting against proteolytic activity. Oral
Campylobacter species have also developed an additional method for protection against
proteases. Ecotin homologues have been identified in these non-thermophilic Campylobacter
species. Ecotin is a generic serine-protease inhibitor that can bind and inhibit a wide range of
proteases released by the host. The combination of N-glycosylation and ecotin helps provide
Campylobacter species inhabiting the protease-rich oral cavity with additional mechanisms for

bacterial fitness and survival in the human host.
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Chapter |

General Introduction

1.1 Overview of protein glycosylation

Modification of proteins occurs across all domains of life. These modifications include
lipidation, methylation, acetylation, phosphorylation, ubiquitination, proteolysis and
glycosylation 3. Glycosylation is one of the most common post-translational modifications of
proteins. Glycans have been shown to be important for structural and functional roles for
proteins, including: proper folding, protein stability and localization, protection from proteolysis,
and evasion from antigenic recognition #°. Oligosaccharides are important for the development,
growth and survival of an organism®. Protein glycosylation involves the attachment of a
carbohydrate unit covalently to the side chain of a specific amino acid residue. There have been
various glycosylation types identified in several organisms including: N-glycosylation, O-
glycosylation, C-mannosylation, rhamnosylation and glypiation 2.

It has been predicted that more than half of all proteins found in nature are glycosylated
and that over 70% of the eukaryotic proteome is glycosylated. Compared to other major
biological molecules like proteins, nucleic acids and lipids, there is still much to learn about
protein glycosylation in bacteria. The first evidence of protein glycosylation was found in 1938
in egg albumin 7. It was then discovered that it was an N-acetylglucosamine (GIcNAc) linked to
an asparagine (N) in ovalbumin, and since then several carbohydrate modifications on various

functional groups on proteins have been described across all domains of life &,



N- and O- linked protein glycosylation are the most abundant types of post-translational
modifications, and are present in all domains of life °. O-glycosylation occurs when a
carbohydrate is linked through the hydroxyl group of an amino acid 2°. O-glycosidic linkages
have been reported for every amino acid containing a hydroxyl group, such as serine (S),
threonine (T), lysine (K), proline (P), tryptophan (W) and tyrosine (), although the first two
amino acids are the most commonly modified %3, In eukaryotes, proteins can be glycosylated
with GIcNAc, N-acetylgalactosamine (GalNAc), mannose (Man), fucose (Fuc) and xylose (Xyl)
10, In eukaryotic cells, O-glycosylation starts in the Golgi apparatus where the sugars are added
sequentially to the hydroxyl groups of exposed serines and threonines 1. The best studied O-
linked glycoproteins are surface-layer proteins 4. It has been reported that O-linked
glycosylation occurs in bacteria with the glycosylation of pilin subunits or flagellar proteins
101516 '|n bacteria, this process occurs in the cytoplasm or inner membrane, where nucleotide-
activated sugars are attached to S or T residues '.

N-linked glycosylation involves the attachment of a carbohydrate to the amide nitrogen
of asparagine (N). There have been multiple proteins reported to be N-glycosylated in various
organisms across all domains of life. N-glycosylation has been studied most in eukaryotes, in
particular Saccharomyces cerevisiae 8%, It was then observed to exist outside of the eukaryotic
domain in the archaeon Halobacterium salinarium 2°. It was then discovered by Szymanski et al.
(1999) that the Gram-negative bacterium Campylobacter jejuni was capable of N-glycosylation
21 The two major glycosylation pathways in bacteria are discussed here. The O-linked and N-
linked glycosylation pathways and their biological importance in bacterial species is discussed

below in more detail.



1.2 Overview of O-linked glycosylation

1.2.1 Eukaryotic O-linked glycosylation

Eukaryotic O-linked glycosylation is commonly initiated in the Golgi apparatus, but it

can also occur in the cytoplasm. The most common modification is the transfer of GaINAc onto

the hydroxyl group of serine and threonine residues. The glycosylation is completed through a

step-wise manner (Fig 1.1.B) adding nucleotide-activated sugars to yield several core structures

22,23

Eukaryotic cell
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Fig. 1.1. The eukaryotic N- and O-linked glycosylation system

A) N-linked glycosylation begins with the synthesis of dolichol-linked oligosaccharides in the

cytosol of the luminal membrane of the endoplasmic reticulum (ER) The heptasaccharide is then



flipped into the lumen of the ER. After translocation into the lumen, the heptasaccharide is
further processed to a complete tetradecasaccharide, where it then gets transferred to an
asparagine residue within the N-X-S/T consensus sequence by the oligosaccharyltransferase
complex (OTase) complex. N-linked glycosylated proteins and free oligosaccharide (fOS) are
released into the ER lumen. B) O-linked glycosylation happens in the Golgi apparatus.
Nucleotide activated sugars are added in a step-wise manner on the hydroxyl residues of serines

and threonines. Figure reproduced from Szymanski and Wren (2005) with permission 2#.

1.2.2 Bacterial O-linked glycosylation

1.2.2.1 The classical pathway (sequential transfer)

Since the discovery of bacterial O-glycosylation, it has become the most studied type of
protein glycosylation in bacteria 2. The common mechanism of O-linked glycan addition to
proteins is completed in the classical pathway (Fig 1.2.A)?. The classical pathway is similar to
the method observed in eukaryotes. In this method, the glycosyltransferases directly add
nucleotide-activated sugars sequentially onto the hydroxyl group of serine and threonine residues
of proteins. This is typically completed in the cytoplasmic space 2"?8. There are bacterial
pathogens, including Campylobacter and Helicobacter species, that modify their flagellins with

the addition of sugars to flagellar proteins by the classical pathway of O-glycosylation 2°-32,



1.2.2.2 The non-classical pathway (bloc transfer)

The other method of O-linked glycosylation, known as the non-classical pathway (bloc

transfer), is used to modify pilin proteins of some bacteria. Examples of organisms that O-

glycosylate pilin by this mechanism include Pseudomonas aeruginosa, Neisseria meningitidis

and Neisseria gonorrhoeae. The non-classical pathway is slightly different from the classical

pathway. In the non-classical pathway, oligosaccharides are assembled onto a lipid carrier

undecaprenyl-phosphate by pilin glycosylation enzymes in the cytoplasm 322, The lipid-linked

oligosaccharides are flipped into the periplasmic space, where the preassembled glycans are

transferred en bloc onto the pilin subunits (Fig 1.2.B). The non-classical pathway of glycan

attachment occurs only at surface-exposed serine and theorine residues.
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Fig 1.2. Bacterial O-linked glycosylation. A) In the classical pathway, nucleotide-activated sugars
are sequentially transferred onto proteins. B) In the non-classical pathway, an oligosaccharide is built on
a lipid carrier (undecaprenyl phosphate). The lipid-linked sugar is then flipped into the periplasmic space
by a flippase (PglF, in Neisseria), and then the oligosaccharide is transferred to surface-exposed serine
and theorine residues by an oligosaccharyltransferase (PglL, in Neisseria) of pilin subunits. Figure

reproduced from Nothaft and Szymanski (2010) with permission®* .

1.3 Overview of N-linked protein glycosylation

N-linked protein glycosylation has been shown to be present in all three domains of life,
and involves the attachment of an oligosaccharide to the amide nitrogen of asparagine within a
specific protein sequence. In eukaryotes, the oligosaccharide is assembled on a lipid carrier
anchored to the cytosolic side of the endoplasmic reticulum (ER) and then flipped into the ER
lumen (Fig. 1.2.A). In bacteria, the oligosaccharide is assembled on a lipid carrier anchored to
the cytoplasmic side of the inner membrane by the addition of nucleotide-activated
monosaccharides, and is then flipped into the periplasmic space (Fig. 1.3). In eukaryotes, the
oligosaccharide is further modified and then transferred en bloc and covalently attached to the
proteins by an oligosaccharyltransferase (OTase) complex that contains the conserved catalytic
Stt3 subunit. In bacteria a homologue to the Stt3 performs this function °. Additionally, the
OTase has a hydrolase activity and can release the sugar as a free oligosaccharide (fOS) into the
ER of eukaryotes or the periplasmic space in bacteria. It has also been shown that in eukaryotes,
fOS can be created by degradation of glycoproteins in the cytosol, and while fOS has been

observed in bacteria ¢, it is unknown whether glycoproteins are recycled and fOS released by the



same mechanism in bacteria . Across all domains of life, OTases contain a WWDYG motif,

which is essential for the generation of N-linked glycoproteins.
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Fig. 1.3. The N-linked glycosylation pathway in Campylobacter jejuni. In C. jejuni, N-
glycosylation occurs in the periplasm, where the heptasaccharide is assembled on a lipid carrier
(undecaprenyl phosphate) attached to the cytoplasmic side of the inner membrane. Where by
sequential action of Pgl glycosyltransferases (PglF, E, D, A, J, H, 1) builds the heptasaccharide.
The lipid-linked oligosaccharide (LLO) is then flipped into the periplasmic space by PglK, a
flippase. The heptasaccharide is then transferred onto the amide residue of asparagine of proteins
with the sequon D/E-X-N-X-S/T (where X is any amino acid except proline) by the OTase,

PgIB. PgIB can also hydrolyze the LLOs and generates free oligosaccharide (fOS), which is



released into the periplasm in a free: protein-linked ratio of approximately 10:1 26%, diNAcBac
is shown as a yellow rectangle. Figure reproduced from Nothaft and Szymanski (2010) with

permission®* .

1.3.1 Bacterial N-linked protein glycosylation

N-linked protein glycosylation was first discovered in C. jejuni *’. The N-linked protein
glycosylation system of C. jejuni is modification that occurs in the periplasmic space. The pgl
gene locus (Fig 1.3) encodes three sugar-modifying enzymes and five glycosyltransferases. The
pathway begins on the cytosolic side of the inner membrane, where a UDP-GIcNAC is converted
to UDP-diNAcBac by PglF, a dehydratase; PgIE, an aminotransferase; and PgID, an
acetyltransferase . PgIC then transfers the diNAcBac-P from the UDP-diNAcBac and attaches
it to the lipid carrier Und-P, which produces Und-PP-diNAcBac. The oligosaccharide is then
built up on the diNAcBac by PglA, PglH and PglJ, which add a total of five GaINAc residues to
produce a hexasaccharide. Finally, Pgll transfers a glucose branch to complete the
heptasaccharide. A transporter protein, PgIK then flips the heptasaccharide into the periplasm 3.
The OTase PgIB then transfers the heptasaccharide to the N of the consensus sequence D/E-X-N-
X-S/T. PgIB also contains a hydrolase activity, and releases the heptasaccharide as fOS at a 10:1
ratio of free to protein-linked glycans. It has been proposed that more than 150 C. jejuni proteins
are modified by the pgl pathway, a prediction which is based on the presence of the N-
glycosylation consensus sequence as well as the signal peptide required to target the protein to

the periplasm, where the Pgl proteins are located 3.



1.3.2 Discovery of the N-glycosylation system in C. jejuni

Bacterial O-linked protein glycosylation has been studied in different bacterial species
heavily, but the presence of N-linked protein glycosylation was not discovered until 1999 2. This
discovery was made in the Gram-negative bacterium, C. jejuni. C. jejuni is a human
gastrointestinal pathogen and is the leading cause of foodborne bacterial gastroenteritis in the
world. In some cases, campylobacteriosis can lead to the auto-immune disease Guillain-Barré
syndrome “°. Other diseases, such as reactive arthritis and irritable bowel syndrome have also
been linked to Campylobacter infections 4. C. jejuni is a bacterium of interest as it is known to
both O- and N-glycosylate its proteins >4, The glycosylation systems of C. jejuni have been
shown to play major roles in infection and pathogenesis of this bacterium 214%. The N-linked
pathway is responsible for the modification of more than 60 proteins “6, and mutations in the
pathway result in multiple phenotypes, from reduced colonization of the intestinal tract of
chicken and mouse models to reduced adherence and invasion of human epithelial cells 547-3,

This makes C. jejuni an excellent model organism for bacterial carbohydrate studies.

1.3.3 Diversity of N-glycosylation between Campylobacter species

Several epsilonproteobacteria (and all Campylobacter species) have been reported to
contain N-glycosylation systems 2%%*. The entire Campylobacter genus was analyzed and shown
to N-glycosylate proteins with an oligosaccharide containing a conserved diNAcBac on the
reducing end and a varied non-reducing end (Fig. 1.4) 4. Like C. jejuni, all 29 Campylobacter

species synthesize their oligosaccharide on undecaprenyl phosphate by the enzymes encoded by



the protein glycosylation (pgl) genes, which are clustered together (Fig. 1.4) 35455 The
oligosaccharide of C. jejuni has been shown to protect glycoproteins against proteases found in
the chicken gut by blocking the cut sites of these enzymes °. The non-reducing end of the C.
jejuni heptasaccharide is a GalNAc, the terminal sugar may also play a role in reducing
neutrophil elastase release. GaINAc has been shown to reduce the amount of neutrophil elastase
released from neutrophils in vitro *. Two other species of interest are Campylobacter rectus and
Campylobacter showae, two oral pathogenic Campylobacter species. These oral Campylobacters
contain a hexose as a carbohydrate on the non-reducing end of their N-linked glycoproteins, in
which hexose itself has been shown not to affect neutrophil elastase release °. The human oral
cavity is a reservoir for several Group Il non-thermophilic Campylobacter species. The most
commonly associated Campylobacter species within the oral cavity are: C. rectus, C. showae, C.
concisus, C. gracilis, C. curvus, C. hominis and C. ureolyticus "8, Interestingly, these oral
Campylobacter species also contain an ecotin homologue just upstream of the pgl cluster, which
the Group | thermophilic Campylobacters do not contain. The importance of ecotin will be

discussed further in subsequent sections.
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Fig. 1.4. Structure diversity of N-glycans and fOS of Campylobacter species. All

Campylobacter species contain at least one functional pgl locus for N-glycosylation. There are

some species that contain a second pglB homologue of unknown function . Campylobacter
species can make a diversity of oligosaccharides for N-glycosylation and fOS. A dendrogram of
Campylobacter species based on their AtpA sequences grouped them into two major subgroups.
Group | species are thermophilic species (grow optimally at 42°C), and Group |1 species are non-

thermophilic (grow optimally at 37°C). The reducing end diNAcBac is conserved among all
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strains, while the rest of the oligosaccharide is variable between species. Phosphoethanolamine
(PE), glucose (Glc), hexose (Hex), N-acetylgalactosamine (GalNAc), N-acetylglucosamine
(GIcNAC), di-N-acetylbacillosamine (diNAcBac). Identities of molecules with molecular weights
of 217, 234 and 245 Da are unknown. Letters representing each pgl gene show the order in each
glycosylation cluster by species name. Figure reproduced from Nothaft et al. (2012) with

permission .

1.3.4 Protease protection by glycosylation

1.3.4.1 Glycosylated proteins are protected from proteolytic degradation

O-linked protein glycosylation has been linked with a reduction in protease susceptibility.
A study on fibronectin glycosylation showed that glycosylated domains of fibronectin were more
resistant to proteolytic degradation than non-glycosylated domains 6. A previous study on the
glycosylation of the transcription factor Spl in Saccharomyces cerevisiae showed that reducing
the amount of O-glycans on the protein lead to faster degradation of the protein by the
proteasome 2. Additionally, a non-glycosylated yeast invertase was shown to be more
susceptible to intracellular degradation and trypsin digestion than the native, glycosylated
version 534 Another study showed that a glycosylated ribonuclease in Vigna radiata or was

much more resistant to proteases than a non-glycosylated ribonuclease °.
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1.3.4.2 N-glycan protection of C. jejuni from chicken cecum proteases

The roles of C. jejuni N-glycosylation are not completely understood, but protein
modification does play a role in protease protection. It is believed that N-glycans protect proteins
from proteases by limiting access to proteolytic cleavage sites. This was determined following
the observation that N-glycosylation of proteins in C. jejuni protect proteins and promotes
bacterial fitness in chicken cecal contents °. In previous studies, a C. jejuni pglB mutant unable to
N-glycosylate proteins was attenuated in virulence and displayed reduced survival in the chicken
gut. To further understand how N-glycans were promoting bacterial fitness, chicken cecum
samples were mixed with select C. jejuni strains. A protease inhibitor cocktail was able to restore
viability of the C. jejuni pglB mutant back to C. jejuni WT levels, indicating that the N-glycans
of C. jejuni inhibit proteases found in the chicken host. The engineering of the N-glycosylation
system to add glycans to proteins combined with a fluorescence resonance energy transfer
(FRET) assay can be used for further study of N-glycan-mediated protease protection. The
cleavage of a FRET peptide by proteases results in fluorescence, while the addition of an N-

glycan leads to reduced fluorescence. This assay is discussed further in Chapter II.

1.4 Oral Campylobacter species

Periodontitis is an inflammatory disease cause by a consortium of microbes and host-
defense mechanisms. Bacteria killing mechanisms by neutrophils come as a double-edged sword;
reactive oxygen species and bactericidal proteins such as elastase kill bacteria but Iso damage

host tissues and increase the severity and progression of periodontal diseases . Oral
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Campylobacter species have been linked with different stages of periodontitis progression. C.
rectus is a known pathogen found at elevated levels in diseased human subgingival sites as
compared to healthy non-diseased subgingival sites. 6”-7°. C. gracilis shows closer proximity to
‘green complex’ oral microbiota while C. rectus is typically considered an ‘orange complex’
organism but can have strong associations with ‘red complex’ bacteria like Porphyromonas
gingivalis "2, There are other Campylobacter species that have been isolated from oral sites
which include Campylobacter showae, Campylobacter curvus, Campylobacter concisus,
Campylobacter sputorum and Campylobacter hominis 67%%73, In Chapter 1l of this thesis, |
describe the investigation of two oral Campylobacter species, C. rectus, the oral Campylobacter
species known to cause the most oral damage, and C. showae, a newly discovered

Campylobacter species with its precise role in oral disease unknown.

1.5 Serine proteases

Proteases are important and involved in many critical physiological processes such as;
digestion, hemostasis, apoptosis, and the immune response’#’’. Almost one-third of all proteases
can be classified as serine proteases, which is named after the nucleophilic serine residue at the
active site’® . Common serine proteases are trypsin which is involved in digestion, factor Xa
involved in blood coagulation and elastase involved in pathogen clearance’®8!. The mechanistic
class contains a catalytic triad distinguished by the presence of Asp-His-Ser’®. The catalytic triad
is part of an extensive hydrogen bonding network involved in the cleavage of peptides.
Nucleophilic attack happens by the serine hydroxyl group binding to the carbonyl carbon atom of
the substrate catalyzed by a histidine imidazole group®. This leads to the formation of a
tetrahedral intermediate and an imidazolium ion®. The intermediate is then broken down by
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general acid catalysis to acyl-enzyme and an imidazole base®4. Then the acylation step occurs
where the imidazole group then transfers a proton of the serine hydroxyl group to the amine
leaving group. The acyl-enzyme is then deacylated through the reverse reaction pathway of
acylation reacting with a water molecule generating another tetrahedral intermediate®®. The
intermediate collapses by acid catalysis from the histidine producing a acid and regenerating the
hydroxyl group on serine. The general mechanism of catalysis by serine proteases can be seen in

Fig. 1.5.
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Figure 1.5. The generally accepted mechanism for serine proteases. Figure reproduced from

Kraut (1977) with permission®,

1.6 Ecotin: a periplasmic serine protease inhibitor

First discovered in the E. coli periplasmic space, ecotin is a small protein able to inhibit
pancreatic serine proteases 6. The protein was determined to form a homodimer capable of
binding two protease molecules. The active site of ecotin was determined 8 and found to bind a
wide variety of serine proteases, such as trypsin, chymotrypsin, elastase and factor Xa 81:888° A
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majority of protease inhibitors are generally specific to one protease, meaning that the sequence
along with the active site correlate with the substrate specificity of the protease. Therefore, the fit
between an inhibitor and a protease is very specific. A common strategy for an organism is to
contain a family of inhibitors to allow for the inhibition of a variety of proteases *°. Ecotin seems
to be a unique protease inhibitor in the fact that it can bind to variety of proteases 86:8%°!,

Ecotin is different from all other serine protease inhibitors in that it has a generic
secondary binding site for proteases, resulting from the dimerization of ecotin molecules ®’. The
double binding of each ecotin to the protease forms a network that allows it to bind tightly to the
proteases (Fig. 1.5)%2. Ecotins have been described from several species and pathogens, such as
Pseudomonas aeruginosa, Burkholderia pseudomallei and Yersinia pestis. Ecotins have also
been associated with the pathogenicity of these species %%, There have been 198 ecotin
homologues found in nature, 80% are found in bacteria and 78% belong to Proteobacteria %.

However, the ecotin homologues of species other than E. coli have not been fully characterized.

1.6.1 Amino acid composition of ecotin

E. coli ecotin is 142 amino acids in length, and homologues from other species vary by
only a few amino acids. It contains a signal peptide that directs it to the periplasm . The
primary reactive site of ecotin is the 84™ amino acid, known as the P1 residue, which was found
to contain a methionine. Methionine in the active site interacts with the substrate-binding pocket
of serine proteases such as trypsin, chymotrypsin and elastase, which provides a mechanism for
inhibition of these proteases ">°%%. The bulky side chain of methionine would be expected to be

a problem for the shallow elastase substrate-binding pocket, but by increasing the contact area
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with the protease through the secondary binding site, it is able to compensate for the side chain
length ®7-%, Ecotin homologues contain either a methionine or leucine at P1 in position 84.
Leucine replacement may simply provide a shorter side chain. C. showae ecotin contains a
methionine at the P1 active site and C. rectus ecotin contains a leucine at the P1 active site. The
reactive site of the inhibitors reacts with the active site of the enzyme in a substrate manner. The
carbonyl group of the leucine or methionine forms van der Waals contact with the oxygen of the
serine in the protease. Tetrahedral distortion is then completed by the inhibitor, resulting in the
attraction between the carbonyl oxygen of the inhibitor and oxyanion hole of the protease 2. This
distortion stops the reactive site of the protease from being regenerated and results in permanent
binding of the inhibitor to the protease %1%,

The secondary site in ecotin allows it to be different from other serine protease inhibitors,
as it contains a generic binding site for proteases. The secondary binding site results from a
dimerization of the ecotin proteins (Fig 1.6). The secondary site contains loops similar to those
found in antibody binding sites 1%, and uses two beta-sheets to bind proteins 1219, Therefore,
the primary and secondary binding sites allow ecotin to bind its targets specifically (via the

primary binding site) and tightly (via the secondary binding site).
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Fig. 1.6. Structure of ecotin homodimer binding to two trypsin molecules. The ecotin

homodimer (purple and brown) is shown interacting and binding two trypsin molecules (green
and yellow). Ecotins contains primary (red lines) and secondary (blue lines) binding sites, which
confer specificity and strength of the interaction, respectively. Figure reproduced from Akermi et

al. (2017) with permission 92104,

1.6.2 Ecotin in Pseudomonas aeruginosa

Ecotin from P. aeruginosa has been shown to be an active inhibitor in the ability to
inhibit trypsin, chymotrypsin and NE. A novel feature of ecotin has recently been discovered in
P. aeruginosa. Ecotin was shown to bind to biofilm matrix exopolysaccharide Psl 1% and inhibit

neutrophil elastase. Biofilms help protect communities against antimicrobial agents, and the
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ability of P. aeruginosa ecotin to inhibit serine proteases was shown to help the biofilm
community exhibit a higher tolerance to these proteases '%. Importantly, this example shows that
ecotin is capable of exiting the periplasmic space, either through nonclassical protein secretion
methods 1% or cell lysis 1%, This represents a novel mechanism of protection in biofilms for

increased tolerance against innate immune response.

1.7 Overview of neutrophil Killing

Neutrophils are the first line of host defense in mammals against invading pathogens.
Neutrophils are phagocytes that help to kill pathogens by engulfing and degrading cells using
oxidative and non-oxidative methods 1. The traditional method of neutrophil killing involves
engulfing the bacteria by phagocytosis and trapping the microorganisms in a phagolysosome
(Fig. 1.7). This method activates the NADPH oxidase system, and generates large amounts of
reactive oxygen species (ROS), which get released into the phagolysosome and are thought to
cause the direct killing of microorganisms 10,

The non-oxidative method of neutrophil-mediated Killing involves antimicrobial peptides
and proteases, which can be released into the phagolysosome or extracellularly (Fig. 1.7).
Among these proteases is a family of structurally related serine proteases: neutrophil elastase,
cathepsin G and proteinase 3. The importance of neutrophil elastase was shown to be required
for the clearing of Gram-negative bacteria in mice deficient for these proteases %2, This was
the first study to show that mice deficient in neutrophil elastase are more susceptible to infection

with Gram-negative bacteria than wild-type mice. The proteases of the nucleophile, superfamily
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A have a high level of homology, with each containing a serine, histidine and aspartic acid in
their catalytic triad 1%,

Neutrophil elastase is believed to exert its antibacterial activity by binding to the bacterial
outer membrane and causing depolarization and disruption of the membrane. It has been shown
that elastase is able to degrade outer membrane protein A (OmpA) of E. coli, and when
incubated with intact E. coli cells, leads to loss of bacterial integrity and reduced viability 3114,
Using mice deficient in neutrophil elastase, it was shown that there was an increase in E. coli as
compared to wild-type mice, indicating that neutrophil elastase is essential for clearing and
killing Gram-negative bacteria 1*211>116 \Without neutrophil elastase, these bacteria can escape

phagolysosomes and survive.
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Fig. 1.7. Neutrophil cell Killing. Neutrophils can Kill bacteria intracellularly or extracellularly.
Intracellular neutrophil Kkilling occurs by either the oxidative or non-oxidative method. The
oxidative method involves bacterial engulfment into a phagolysosome. In the phagolysosome,
reactive oxygen species (ROS) created by the NADPH oxidase system help kill bacteria.
Positively charged ions are pumped into the phagolysosome to offset the accumulation of
negative ions. In the non-oxidative method, fusion of azurophil granules releases serine
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proteases, such as neutrophil elastases, to help kill bacteria. Neutrophils can also degranulate and
release neutrophil extracellular traps (NETS) composed of serine proteases and DNA to trap and

kill extracellular bacteria. Figure reproduced from Pham et al. (2006) with permission 1%,

1.8 Thesis objectives

The aims of this thesis work were to better understand the roles of free oligosaccharides
(fOS), N-linked glycoproteins and the serine protease inhibitor ecotin in the survival and
protection of Campylobacter species within mammalian and avian host environments. As
described earlier, ecotin is a serine protease inhibitor found in non-thermophilic oral
Campylobacter species but not found in thermophilic species.

One aim of this thesis was to characterize ecotin from C. rectus and C. showae and to
compare it to the well-understood E. coli ecotin. I first cloned and purified these ecotins to test
their activity in vitro. Once purified, | developed methods to test the ecotin homologues to
confirm that they are generic serine protease inhibitors. | showed that they could inhibit the
serine protease trypsin using a reporter protein CmeA with SDS-PAGE. | then developed a
FRET assay to study the inhibition of factor Xa. | then proceeded to test inhibition of neutrophil
elastase in vitro, one of the most common proteases encountered by oral bacteria. An ecotin
mutant was then created in E. coli to study the effects of ecotin in vivo. The complementation of
ecotin homologues into the E. coli ecotin mutant background was done to see if the ecotin
homologues play a role in the survival of the cell against whole cell neutrophils and against

neutrophil extracellular traps (NETS).
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The second aim of my thesis was to learn more about the degradation and recycling of N-
glycans and fOS in bacteria, by developing methods to study and follow glycans in bacteria
through labelling. I also characterized the glycan accumulated in a pglB mutant to help
understand how the bacteria may remove glycans from lipid-carriers on the inner membrane.

The final aim of my thesis was to understand how the OTase (PglIB) binds to lipid-
carriers in Campylobacter species. This involved studying the role of the DGGK motif through
amino acid substitutions and limited proteolysis in the presence of the LLO substrate to
demonstrate its essential OTase function. | also tested whether addition of the DGGK motif that
is lacking in certain Campylobacter species containing a second inactive homologue of PglIB,
could restore OTase function. This study helped to understand the mechanism used for LLO
binding in N-glycosylation. Furthermore, the study raises the question as to why there exist two
copies of the OTase in some Campylobacter species.

In summary, this thesis will focus on:

1) Understanding and characterizing the ecotin homologues from oral Campylobacter species
such as C. rectus and C. showae.
2) Developing methods to studying N-glycans and fOS recycling in C. jejuni.

3) Studying the PgIB machinery for exploitation for biotechnology.
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Abstract

Ecotin is a potent periplasmic serine protease inhibitor that was first described in
Escherichia coli. Ecotin can inhibit a broad range of serine proteases including those typically
released by the innate immune system such as neutrophil elastase. We have identified ecotin
orthologues in various Campylobacter species, including Campylobacter rectus and
Campylobacter showae that reside in the oral cavity and are implicated in the development and
progression of periodontal disease in humans. To investigate the function of the Campylobacter
ecotins in vitro, the orthologues from C. rectus and C. showae were recombinantly expressed and
purified from E. coli. Using CmeA degradation/protection assays, fluorescence resonance energy
transfer and neutrophil elastase activity assays we found that ecotins from C. rectus and C.
showae inhibit elastase, factor Xa and trypsin, but not the Campylobacter jejuni serine protease
HtrA or its orthologue in E. coli, DegP. To further evaluate their in vivo function, an E. coli
ecotin mutant was complemented with both C. rectus and C. showae ecotins. Using a neutrophil
killing assay we demonstrate that the low survival rate of the E. coli ecotin mutant can be
rescued upon expression of ecotins from C. rectus and C. showae thus implicating a similar role
of these proteins in the native host in order to ensure survival under the harsh protease-rich

environment of the oral cavity.
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2.1 Introduction

Bacteria have developed various strategies to survive in their ecological niche. In the
human host, proteases are vital players of the immune system for protecting against and clearing
pathogens®. One of the particular areas is the oral cavity with the protection the innate immune
system’s neutrophil cells. Polymorphonuclear neutrophils (PMN) are the first line of defense when
it comes to the immune system and they are the most prominent circulating leukocytes?.
Neutrophils play a pivotal role in the defense against invading microorganisms. They contain a
variety of neutrophil serine proteases (NSPs) the predominant one being neutrophil elastase (NE).
Neutrophils can engulf invading bacteria via endocytosis and form a phagolysosome that kills the
microbes by the action of these proteases and reactive oxygen species. On the other hand,
neutrophils can release these proteases at inflammatory sites during activation. Aside from
assisting in pathogen destructions, NSPs are involved in inflammatory human health conditions
like chronic lung diseases®®. Here, neutrophils are overstimulated, resulting in excessive
accumulation of NSPs and in the destruction of host cells.
Bacteria have developed a variety of mechanism to evade neutrophil-mediated killing, including
launching a general survival response, avoiding contact, preventing phagocytosis, surviving inside
the neutrophil, inducing cell death and avoiding killing in NETS.
Bacterial countermeasures against the action of proteases is the production of protease inhibitors
like the serine protease inhibitor ecotin, another means of protecting against proteases is the
glycosylation of proteins to mask proteolytic cleavage sites. Glycosylation is the most common
post-translational modification of proteins in nature. Glycans can be covalently attached to the
amide nitrogen of asparagine residues in N-linked protein glycosylation. Although known to exist

in Eukaryotes and Archaea, the foodborne pathogen Campylobacter jejuni was the first bacteria
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shown to possess a general N-linked glycosylation (pgl locus) system’. It has recently been shown
that N-glycosylation indeed protects C. jejuni surface proteins from the action of gut proteases.
When incubated with chicken cecal contents that contained a variety of gut proteases, a mutant
with a defect in the N-glycosylation pathway had a significantly lower survival rate when
compared to the wild-type strain, a phenotype that could be rescued by the addition of a protease
inhibitor cocktail®. Whilst the pgl locus in C. jejuni exclusively harbors genes required for the
biosynthesis and of the N-linked carbohydrate, further examination of pgl loci from all
Campylobacter species®, revealed the presence of an open reading frame for a generic serine
protease inhibitor, an ecotin homolog of E. coli, in certain non-thermophilic Campylobacter
species (Fig.1) that are described to inhabit the oral cavity and have been associated with the onset
of periodontal disease™®.

In these species, the N-glycan heptasaccharide is believed to function just like the C. jejuni
heptasaccharide that mask protease cleavage sites and protects glycoproteins from proteolysis.
However, in the oral cavity of the human host the N-glycosylation system may not be sufficient to
protect from proteolysis and ecotin homologs might provide an additional survival advantage in
the periodontal pockets that contain high levels of neutrophil serine proteases as neutrophils
degranulate and release large amounts of these proteases to help clear away the bacterial!. The
serine proteases of neutrophils have recently been shown to be particularly important for clearing
infections*?. The ability to inhibit these serine proteases may allow for the survival of
Campylobacter species like C. rectus and C. showae.

Ecotin was first described in E. coli as a periplasmic protease inhibitor that exhibits a broad
specificity toward exogenous serine proteases like trypsin, chymotrypsin, factor Xa and elastase

but not against metallo-, aspartyl and sulfhydryl or its own proteases®® 1>, General serine protease
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inhibitors appear to have risen through convergent evolution resulting in being comprised of very
different amino acid sequences but are similar in regards to their structure and function'® and are
deemed beneficial for bacteria that can reside in human host environments.

A novel feature of ecotin was recently discovered in Pseudomonas aeruginosa®’. Here,
ecotin was shown to escape the cell and bind to biofilm matrix exopolysaccharides (Psl)’ that are
known to protect bacterial communities against antimicrobial proteins'®. Although it is unknown
whether P. aeruginosa ecotin is secreted through nonclassical secretion methods®® or cell lysis®,
it has been shown that ecotin enhances the survival and persistence of P. aeruginosa in biofilms
found in cystic fibrosis patients.

In this study we investigated if ecotin homologues from Campylobacter species share the
broad specificity towards serine-proteases. We tested the C. rectus and C. showae ecotin
homologues against a panel of proteases and investigated their capability of inhibiting the
periplasmic bacterial serine proteases, DegP and HtrA from E. coli and C. jejuni, respectively. We
then employed an in vivo cell killing assay and demonstrated that a generated ecotin-deficient E.
coli strain complemented with ecotin homologues from C. showae and C. rectus showed
comparable survival rates when incubated with whole cell neutrophils or purified NETS, indicating

that the Campylobacter ecotin homologues fulfill a similar function in the native host.
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2.2 Materials and methods

2.2.1 Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed in Table.1. Escherichia. coli was
grown on LB agar or in 2xYT broth at 37°C with shaking at 220 rpm. Campylobacter jejuni NCTC
11168 and 81-176 strains were grown on Mueller Hinton (MH, Difco) agar plates under
microaerobic conditions (10% CO2, 5% Oz, 85% Nz) at 37°C. Campylobacter rectus,
Campylobacter showae, Campylobacter gracilis, Campylobacter hominis and Campylobacter
curvus were grown on Blood Heart Infusion (BHI) supplemented with 5% horse blood under
anaerobic conditions. The antibiotics ampicillin (100 pug/mL), chloramphenicol (25 pg/mL) and

trimethoprim (25 pg/mL) were added to the growth medium when needed for selection.

2.2.2 Construction of plasmids

Ecotin genes from E. coli, C. rectus, C. showae, C. hominis, C. gracilis and C. curvus were
PCR-amplified from chromosomal DNA with the respective oligonucleotides (Table 2). Obtained
PCR products were purified and digested with the respective restriction nucleases and ligated into
plasmid pET22b digested with the same enzymes (Table 1). After transformation of E. coli DH5q,
positive clones were identified by plasmid-restriction analysis and further confirmed by DNA
sequencing. On these constructs Ecotins are expressed as C-terminal 6xHis-tagged fusion proteins.
In the case of Campylobacter ecotins the native signal sequence as determined by SignalP

(http://www.cbs.dtu.dk/services/SignalP/) was replaced with the pelB leader peptide present on

plasmid pET22b. Ecotin from E. coli was expressed with its native signal sequence.
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2.2.3 Construction of E. coli ecotin mutant (ecotin::kan)

The E. coli BL21 ecotin deletion mutant (EC-ecotin::kan) was constructed following the
protocol of Wanner and Datsenko?!. Briefly, the kanamycin (kan) cassette from plasmid pKD4
was PCR amplified with oligonucleotides pKD4-ecotin-F and pKD4-ecotin-R. The purified PCR
product was then electroporated into E. coli BL21 carrying plasmid pKD46 grown in 2xYT + 1%
arabinose. After out-growth for 1 h at 30°C cells were spread on LB-kan agar and grown at 37°C.
Candidate colonies (ecotin::kan = KanR, AmpS) that have the ecotin gene replaced with the kan
cassette by simultaneously having lost the temperature-sensitive plasmid pKD46 were confirmed
by PCR analysis of their chromosomal DNA with oligonucleotides EC-ecotin-F and EC-ecotin-R
that hybridize outside of the recombination event. One candidate from which the correct PCR

product with a size of 2119 bp was obtained was used for further analyses.

2.2.4 Expression and purification of ecotins proteins in E. coli

E. coli BL21 containing pET22b-ecotin expression plasmids were grown in LB broth at
37°C until an OD600 of 0.6 was reached. Ecotin expression was induced by the addition of
Isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM. Cells were
further grown overnight (18 hrs) and harvested by centrifugation 8,000 x g at 4°C. Cells were re-
suspended in PBS and passed through a homogenizer (EmulsiFlex-C5, Avestin at 10000 PSI for 5
minutes). Obtained cell lysates were centrifuged at 16000 g for 30 minutes at 4°C. The resulting
supernatant was run through Ni-NTA column washed 3 times with 15 ml of 15 mM imidazole and
bound ecotin proteins were eluted with 6 ml 300 mM imidazole-PBS. Aliquots of elution fractions

of approx. 1 ml each were analyzed by a 12% SDS-PAGE. Fractions that contain Ecotins (Data

45



not shown) were dialyzed with 10kD MWCO tubing against 4 L PBS at 4°C overnight with PBS

changed after 12 hours. Purified Ecotins are stored at 4°C until further use.

2.2.5 Complementing of the E. coli ecotin(eco)::kan mutant

The E. coli BL21 eco::kan mutant was transformed with the pET22b-ecotin expression
plasmids by electroporation. After selection on LB amp plates select colonies were inoculated and
grown in ten-milliliters of LB broth at 37°C in to an ODeoo of 0.6 and induced with IPTG. IPTG
concentrations used to induce ecotin expression were: EC-ecotin = 0.1 mM, CR-ecotin = 0.4 mM
and CS-ecotin = 0.4 mM. Cultures were grown for an additional 4 hrs under the same conditions
and cells were harvested by centrifugation at 8000 xg for 30 minutes at 4°C. Cells were re-
suspended in ice-cold 1 x PBS and directly used in the bacterial neutrophil killing assay with intact

neutrophils (as described below).

2.2.6 Trypsin serine protease protection assay

CmeA from C. jejuni was used as protein substrates. The C. jejuni CmeA protein was purified
from the expression vector pMW?2 as previously described ?2. CmeA (250 pg) was incubated with
ecotin (250 ug) or PBS (control) and mixed with (250 pg) of trypsin (GIBCO®). Samples were
incubated at 37°C or 42°C with 15 pl aliquots taken every hour. Aliquots were immediately mixed

with protein loading dye and analyzed by 15% SDS-PAGE followed by Coomassie staining.

2.2.7 Self-protease HtrA and DegP assay
Cloning of htrA from C. jejuni. The htrA gene (including its native periplasmic secretion

signal peptide) was amplified from chromosomal DNA of C. jejuni with oligonucleotides htrA-
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Ndel-F and htrA-Xhol-R. Obtained, purified and Ndel-Xhol digested PCR product was ligated
into plasmid pET22b digested with the same enzymes. After transformation of E. coli DH5a
plasmids isolated from selected colonies were analysed by DNA restriction and confirmed by DNA
sequencing. One thise construct Cj-HtrA is C-terminally fused to a 6xHis-Tag sequence. One
positive plasmid candidate was used to transform E. coli BL21. Purification of HtrA and DegP:
HtrA-His was expressed and purified from E. coli BL21/pET22b-htrA-his6 grown in LB broth at
37°C to an ODeno of 0.6. HtrA-His expression was induced with 500 mM IPTG for 5 hours. Cells
were harvested, lyzed and protein HtrA-His was purified as similar to Ecotins described above.
DegP-His overexpression and purification was performed as previously described?. The soluble,
His-tagged version of CmeA from C. jejuni, encoded on plasmid pWAZ2 was produced and purified
as described?? and was used as the proteolytic substrate. The assay contained His-tagged CmeA,
DegP or HtrA and ecotin from either E. coli, C. rectus or C. showae (all at 0.250 pg/ul) or an equal
volume of PBS as a negative control in a total volume of 150 pl. Samples were initially mixed on
ice and then incubated at 45°C. Aliquots of 15 pl were taken after 0, 1, 3, 6 hours of incubation,
immediately mixed with protein loading dye, incubated for 5 min at 95°C and stored at -20°C until

samples were analyzed by 12.5% SDS-PAGE followed by Coomassie staining.

2.2.8 FRET Assay

The FRET peptide: Terminally labelled fluorophore/quencher (FRET) peptide (Dabcyl-
DQNATIDGRKQ-Edans, Edans-fluorophore and Dabyl-quencher) carrying protease cleavage sits
(i.e. IDGR) were custom ordered from GenScript, Inc. Peptides were resuspended in 10%

isopropanol in deionized water to a final concentration of 573 uM and stored at -20°C until use.
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Peptides and reactions containing peptides were protected from light and wrapped in aluminum
foil at all times unless stated otherwise.

The FRET peptide reaction (Fig. 4): In an opaque 96 well plate, concentration of ecotin ranging
from 0 pg- 1 pug were mixed with 1 pl of FRET peptide and 20 pl of 10 X factor Xa buffer in a
total volume of 200 pl. The samples were loaded into a plate reader with an excitation wavelength
of 355 nm and emission of 530 nm. The first run was blanked and then 100 ng of factor Xa was
added to the corresponding wells. Fluorescence was measured every 5 minutes over a timeframe

of 1 hour. A schematic of the FRET assay is depicted in Figure. 2.

2.2.9 Neutrophil elastase titration curve assay

A standard curve for the fluorescence produced by the BioVision Neutrophil Elastase
Activity Kit (#K383-100) with varying amounts of purified NE from 0 ng — 100 ng per well was
created. NE assay buffer and purified NE was added to a final volume of 50 ul per well. Samples
were measure for fluorescence at excitation 380 nm and emission 500 nm. Plate was measured
every 5 minutes for an hour. Data was plotted to create a standard curve of the amount of
fluorescence produced by the end-point per amount of NE available in solution. For testing of
ecotin variants to inhibit the purified NE, an amount of 50 ng elastase was used in the each well
with ecotins available. Amounts of variant ecotins added to test (0 ng, 10 ng, 20 ng, 30 ng, 40 ng,
50 ng, 75 ng and 100 ng) against 50 ng elastase. Keeping total volume 50 pl per well. All substrates
were added and measured every 5 minutes for one hour. Data was graphed and end-pointed
compared back to NE titration curve to show how much elastase remained in solution compared

to how much ecotin was present.
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2.2.10 Neutrophil elastase inhibition assay

The 96-well plate based Fluorometric Neutrophil Elastase Activity Assay Kit (BioVision
#K383-100) was used to determine ecotin protection ability against NE. The kit contains a NE
substrate-fluorophore compound that is cleaved in the presence of NE resulting in fluorescence.
This kit provides a screening tool to determine the efficiency of ecotin to inhibit NE and
determining the activity of NE in solution.

In an opaque 96 well plate, concentration of ecotin ranging from 0 ng to 750 ng were mixed
with 2 ul of NE from the BioVision Neutrophil Elastase Activity Kit (#K383-100). Ecotin and NE
assay buffer were added to a final volume of 50 pl in each well. Addition 2 pl of NE enzyme (5
ng/ul) was added to each well. Samples were measure for fluorescence at excitation 380 nm and
emission 500 nm. Samples were blanked before addition of NE. Then 10 ul of purified NE (5

ng/ul) was added to each well and measure every 5 minutes for 40 minutes for fluorescence.

2.2.11 Isolation of Neutrophils

Whole blood was drawn from healthy adult volunteers at the Health Center of University
of Georgia under informed consent according to procedures approved by the Institutional Review
Boards at the University of Georgia. Polymorphonuclear leukocytes (PMN) were purified as
previously described 4. Briefly, PMNs were isolated from human blood by dextran sedimentation

and Percoll gradient centrifugation.

2.2.12 Neutrophil killing assay
Bacterial killing by human neutrophils was measured as described with some modifications

24 1solated neutrophils were washed 2-times with 1 mL 1X HBS + 10% Hepes + 10% serum + 5%

49



glucose. A 9:1 ratio of bacteria to neutrophil ratio (45 million bacteria: 5 million PMN cells) was
used for the assay. Prepared bacteria were washed 2-times with 1 x PBS. 90 pl of 1 x 108 cells/ml
were mixed with 10 pl serum, and incubated at room temperature for 5 minutes. Subsequently, 50
pl of the bacterial solution were mixed with 450 ul PMN cells and tubes were incubated with
shaking (200 rpm), at 37°C. Aliquots were taken at 0, 10, 20 minutes. For each time point, 30 pl
of cells/ neutrophil solution were mix in 96 well plate, with 270 pl 1X HBSS + saponin solution
and incubated for 5 min on ice to open neutrophil cells and release live bacteria. 30 pl of
cell/saponin solution were then mixed with 270 ul 1X HBSS solution to wash away saponin. At
this point samples can be kept on ice until all aliquots are processed. 40 pl of solution were then
transferred to 160 ul of LB in the corresponding wells of a new 96 well plate for analysis. To do
so 96 well plates were incubated at 37°C for 10 minutes and read in an EON plate reader. Analysis

was done in kinetic mode for 8 hours measuring every 2 minutes.

2.2.13 Neutrophil supernatant killing assay

Isolated NETs were examined using the BioVision Neutrophil Elastase Activity Kit
(#K383-100) to determine activity of NE in solution. Prepared bacteria were washed 2-times
with 1x PBS solution. Subsequently, 50 pl of 1 x 107 cells/ml were mixed with 150 pl of NETs
or 150 pl of 1x PBS solution. Samples were incubated at 37°C for 30 minutes. A 10-fold dilution
series was created with 1x PBS. Dilution series had 10 ul plated onto respected agar plates and

incubated overnight at 37 °C.
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2.2.14. Preparation of NETSs.

Neutrophil extracellular traps (NETS) were prepared by stimulating purified human neutrophils
seeded on 96-well microplate with 100 nM phorbol-myristate-acetate (PMA) for 4-6 hours.
Following stimulation, supernatants of neutrophils were carefully removed and replaced by
equivalent volume of sterile Hank’s Balanced Salt Solution. NETs attached to the bottom of the
wells were subjected to limited DNAse digestion (1 U/ml DNAse | (Sigma Aldrich), 15 minutes)

as previously described (please cite this paper: https://www.ncbi.nlm.nih.gov/pubmed/24670966).

DNAse activity was then stopped by adding 1 mM EGTA. NETs were collected and centrifuged

at 1,000 Xg to remove cells and cell debris. NETs were stored at -80 °C until use for experiments.

2.3 Results

2.3.1 Identification and in silico analyses of Campylobacter ecotin orthologues

Campylobacter ecotin homologues were identified by NCBI-BLAST searching using
either the amino acid sequence of the E. coli or C. rectus ecotins as a query. The % amino acid
identity/similarity compared to the E. coli ecotin is depicted in Fig. 1a. Based on the low % of
similarity, sequences were also analyzed by the structure prediction program, PHYRE2

(www.sbg.bio.ic.ac.uk/phyre2). Exemplified by the analyses of C. rectus and C. showae ecotins that

show only 27% and 33% identity on the amino acid level to the E. coli ecotin, the structural
analysis resulted in 90% confidence comparing protein fold prediction. Since the E. coli ecotin is

known to be a periplasmic protein, secretion signals in the Campylobacter ecotins were identified

51


https://www.ncbi.nlm.nih.gov/pubmed/24670966
http://www.sbg.bio.ic.ac.uk/phyre2

using SignalP (Fig. 1). Based on the observed low probabilities for the native signal sequences,
they were replaced with the pelB signal on plasmid pET22b to ensure proper periplasmic secretion
upon expression in the E. coli system. Further analyses of the primary structure revealed that the
P3 and P4 sites were well conserved between all ecotins suggesting similar protease targets,
however, the P1 active site implicated to target the active site of the protease showed some
variation between the species. Interestingly, similar to the E. coli ecotin, the C. showae contains a
methionine at this position (Fig.1)?, whereas the ecotin from C. rectus harbors a leucine in the P1
site (Fig .1), an amino acid with similar properties but a shorter side chain. This variation in the
P1 active site could indicate differences in protease targets or no change in protein structure or

binding.

2.3.2 Expression and purification of ecotins

To investigate their protease inhibition properties, ecotins from E. coli, C. rectus and C.
showae were expressed as C-terminal 6xHisTag fusions and purified from E. coli. To ensure
proper secretion into the periplasmic space, the native signal sequence of ecotin from C. showae
and C. rectus was replaced with the pelB secretion signal. Analysis of ecotin purified at different
time points after induction with IPTG by western blotting (Fig. 5) showed decreasing amounts of
a signal peptide containing variant that migrates at a higher molecular weight (~18 kDa) after
longer induction times. This indicates that processing of the pelB-ecotin sequence and
translocation of the mature ecotin protein to the periplasmic space is slower when compared to the
ecotin of E. coli. Therefore, cells grown for 24 hours after induction were used for purification of

the heterologously expressed ecotin proteins.
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2.3.3 Trypsin inhibition assay

Purified ecotin homologues from C. showae and C. rectus were tested for their ability to inhibit
the serine protease, trypsin. Ecotin from E. coli previously shown to inhibit this protease® was
used as a control. In the absence of ecotin, complete degradation of the C. jejuni multidrug efflux
pump protein, CmeA was observed within 1 hour of incubation at 45°C and within 3 hours of
incubation at 37°C. This indicated that CmeA partly unfolds at the higher temperature of 45°C
potentially exposing trypsin sites that are less accessible at the lower temperature of 37°C. In the
presence of ecotin from either E. coli, C. rectus, or C. showae no degradation of CmeA could be
observed at 37°C or 45°C incubation over the time frame of the assay indicating that the

Campylobacter ecotin homologues are indeed active in inhibiting the serine proteinase trypsin

(Fig.6).

2.3.4 Protection against self-proteases HtrA and DegP

Next, we investigated the potential of ecotins to inhibit the self-protease DegP from E. coli
and/or the orthologue, HtrA, from C. jejuni. First, we confirmed that CmeA is stable over the time
frame of the assay. No degradation of CmeA could be observed after prolonged incubation at 37°C
or 45°C (Fig. 11, lanes 2 to 5). In the presence of HtrA, approximately 50% of CmeA is degraded
after 3 hours of incubation, and no intact CmeA could be detected after 6 hours of incubation,
indicating that HtrA of C. jejuni is active after expression and purification from E. coli (Fig. 11,
lanes 10 to 13). The presence of ecotin from E. coli, C. rectus, or C. showae had no effect on the

proteolytic activity of HtrA (Fi. 11, lanes 14 to 25) since no difference in HtrA proteolysis of
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CmeA could be observed in the presence of ecotin when compared to the absence of ecotin. Similar
results were observed when DegP was used instead of HtrA (Fig. 12); DegP was able to completely
degrade CmeA after 3 hours of incubation and the addition of the ecotins did not reduce the

proteolytic activity of this serine protease.

2.3.5 FRET assay to measure in vitro protection efficiency of ecotin against factor Xa

In this study, we have adapted (based on the work 0f?®) a high throughput Fluorescence
Resonance Energy Transfer (FRET) (96-well) plate assay to investigate the protease inhibition
properties of our ecotins from E. coli, C. rectus and C. showae against factor Xa. Our method uses
a terminally labelled fluorophore/quencher peptide (Dabcyl-DQNATIDGRKQ-Edans) with
Edans-fluorophore and Dabcyl-quencher carrying a factor Xa protease cleavage site (IDGR). In
the absence of ecotin, factor Xa cleaves the peptide at the IDGR site, separating the fluorophore
from the quencher resulting in increased levels of fluorescence (Fig. 7), whereas in the presence
the quencher resulting in increased levels of fluorescence (Fig. 7), whereas in the presence of of
ecotin the factor Xa should be inactivated and unable to cleave the peptide resulting in little to no
fluorescence.

A time-and concentration dependent assay was performed to determine the optimal amount
of ecotin and protease and to optimize the ecotin to protease ratio. To do so, the FRET peptide was
incubated with ecotin or PBS (as a control) with the fluorescence analyzed before (t=0) and the
relative fluorescence units (RFU) measured every 5 minutes over the time frame of 1 hour. The

reactions contained increasing amounts of ecotin in combination with a constant amount of factor

54



Xa to determine protection efficiency. In parallel, reactions were performed that did not contain
factor Xa and maintained a basal fluorescence (noise) of 1 to 10 RFU after incubation for 60 min.

First the E. coli ecotin containing reactions were monitored. In the absence of ecotin, 350
RFU were observed after 60 min of incubation with factor Xa indicating cleavage of the peptide
(Fig. 7), whereas addition of equimolar amounts of E. coli ecotin resulted in 0 RFU after 60 min
of incubation, indicating that no degradation has occurred. This clearly demonstrated that the
ecotin effectively binds and inhibits factor Xa under these experimental conditions. Next, a
titration curve was done using decreasing ratios of ecotin to factor Xa (Fig. 7). Here, an increase
in fluorescence with decreasing amounts of ecotin was observed, indicating that factor Xa is not
completely inhibited at lower ecotin concentrations.

Next, the C. rectus and C. showae ecotin containing reactions were monitored. The RFU
of the reactions in the absence of ecotins were 350 at 60 min after factor Xa addition (Fig. 7). A
1:1 ratio of C. rectus or C. showae ecotin to factor Xa resulted in a RFU of ~50 and ~10 after 60
min with factor Xa, respectively. The final RFU were similar to the t=0 RFU of the reaction
indicating that the peptide had not been degraded and that the Campylobacter ecotins effectively
inhibit factor Xa. Titration curves as ratio of ecotins to factor Xa showed that with reduced amounts
of ecotin, an increase in the fluorescence could be observed, indicating incomplete inhibition of
factor Xa at low ecotin concentrations (Fig. 7).
In summary, it can be concluded that E. coli ecotin and ecotin homologs from oral Campylobacter

species show comparable levels of factor Xa inhibition.
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2.3.6 Ecotin inhibition of the serine protease neutrophil elastase

Ecotins were tested for their ability to inhibit NE. The reactions contained varying amounts
of ecotin with a controlled amount (100 ng) of NE to produce a titration curve. First, reactions
were performed in the absence of ecotin for 40 minutes with RFUs measured in 5 min increments,
the PBS control (without elastase) was monitored for background RFU levels at all time points.
An increase in RFU due to NE could be observed indicating cleavage of the substrate. All reactions
that did not contain elastase maintained a basal fluorescence at 1 to 20 RFU over the timeframe of
the assay.

Next, the inhibitory properties of ecotins were evaluated. The titration curve of the
efficiency of the E. coli ecotin resulted in a decrease in active NE with increasing amounts (10 ng
to 100 ng) of E. coli ecotin. In the absence of ecotin, 2.0x10* RFU were observed after 40 min of
incubation whereas at a 1:1 ratio of E. coli ecotin to NE no increase in RFU could be observed
(Fig. 8). Similar results were observed when the inhibitory properties of C. rectus and C. showae
ecotin homologues were monitored. In the absence of the Campylobacter ecotins, the RFU reached
2.0x10* RFU after 40 min of incubation with NE (Fig. 8). A 1:1 ratio of Campylobacter ecotin to
NE did not result in an increase after 40 min of incubation. The titration curve of the efficiency of
the C. rectus and C. showae ecotin showed similar results when compared to the E. coli ecotin,
with only 10 ng of active NE remaining with 100 ng ecotin present. Therefore, it can be concluded
that both Campylobacter ecotins have similar inhibitory properties for NE when compared to the
E. coli ecotin.

To confirm the above observation, a titration curve to determine the unbound portion of

NE was performed. An increase in fluorescence to 1.1x10* RFU was observed in the absence of
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ecotin. As depicted in Figures 9 and 10, the endpoint titration shows that with increasing amounts
of ecotins, the amount of free NE decreases. Overall, the titration curves indicate similar binding
of NE by the E. coli and the C. rectus ecotins and potentially a slightly lower NE inhibition

efficiency of the C. showae ecotin.

2.3.7 Neutrophil killing assay

To evaluate the protease inhibitory properties of ecotins in vivo, a whole cell neutrophil
killing assay was employed taking advantage of an E. coli ecotin mutant complemented in trans
with ecotins from E. coli, C. rectus and C. showae. First, 1x10 cells of the respective strains,
including the E. coli wild-type, were incubated with neutrophils for 0, 5, and 10 min. Serial
dilutions of aliquots taken at each time point were plated to determine the cell survival rate. At
t=10 min all E. coli ecotin mutant cells had been killed resulting in an incubation time of 481
minutes (Supplement Tables 1-3). In contrast, E. coli wildtype had 8x10° cells remaining (80%
survival) (Fig. 14). For the E. coli mutant complemented with its own ecotin in trans, 1x10’ CFU
(100% survival) was observed at this time point, while expression of ecotins from C. rectus and
C. showae resulted in a 85% (8.5x10° CFU) and 70% (7.0x10® CFU) survival rate, respectively.
After 20 min of incubation with neutrophils a 30% survival rate of the E. coli wild-type (3x10°
CFU) was observed, neutrophils incubated with the E. coli ecotin mutant complemented with
ecotins from E. coli, C. rectus and C. showae resulted in 25% cell survival (2.5x10% CFU) for all

three strains.

57



2.3.8 Neutrophil supernatant Killing assay

The ability of ecotins to protect E. coli intact cells was further evaluated in killing assays
with purified NETs. The concentration of elastase in the NETs was determined to be 3 ng/ul using
the BioVision Neutrophil Elastase Activity Kit (#K383-100). In the PBS controls, similar CFU
1.0x107 were present at the start and the endpoint of the assays for all strains (100% survival). The
E. coli wild-type mixed with NETs showed 1.0x108 cells remaining (10% survival), a significant
decrease in survival when compared to the PBS control (Fig. 15a). The E. coli ecotin mutant had
1.0x10* cells remaining (0.1% survival) when compared to the PBS control (Fig. 15b). The ecotin
homologues (E. coli, C. rectus and C. showae) complemented back into the E. coli ecotin mutant
rescued the survival rate to 1.0x108 cells remaining (10% survival) when compared to the PBS

control, versus the 1.0x10* cells remaining (0.1% survival) seen in the ecotin mutant (Fig. 15c, d,

e).

2.4 Discussion

In the mammalian host, the immune system employs an array of antimicrobial agents to
help kill and remove invading or foreign bacteria. Neutrophils play a large part of the innate
immune system and are one of the first cells to act on invading bacteria. The use of oxygen radicals
is a method of attack, but the use of serine-proteases is equally important in the clearing of
bacteria®?. The importance of NE killing has been shown in mice that lack NE, but still contain the
oxidative method of attack?’. Among the survival strategies that bacteria employ to protect against

the host-immune system are the formation of biofilms?®, protein glycosylation®, a toxic radical
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dissipation enzymes, and the expression of protease inhibitors. One prominent example of the latter
is the periplasmic general serine-protease inhibitor ecotin.

Ecotin was first discovered in E. coli and it has been shown to be important in protecting
against NE** and against other serine-proteases. Ecotin proteins form homodimers that are able to
bind up to two protease molecules through the formation of a hetero-tetramer. The ability to inhibit
a wide range of proteases is derived from two active sites. The primary active site contains
hydrophobic amino acids like methionine or leucine that can bind the catalytic triad of many
serine-proteases. The secondary binding site comes from the second ecotin molecule that binds
non-specifically providing additional affinity for the protease !’. These two points of contact
mechanisms result in a strong binding affinity for a broad range of proteases. Ecotin is found in
Gram-negative pathogenic bacteria that tend to encounter eukaryotic hosts. Bacteria such as
Pseudomonas, Shigella, Escherichia, Burkholderia and Klebsiella have been identified to contain
ecotin homologues®. In P. aeruginosa, ecotin has been shown to escape out of the periplasm and
bind to biofilms helping protect the bacteria in the lungs from host-attack’. An ecotin homologue
has also been discovered in the plant pathogen Pantoea citrea. This is of interest as this pathogen
does not see a mammalian host system. Although, little is known about proteases outside the
mammalian host it has been shown that the P. citrea ecotin is less potent in binding NE as
compared to the E. coli ecotin suggesting that the plant serine protease inhibitor may have evolved
to recognize alternate proteases specific to its host*. Here we present, for the first time the
characterization of ecotin homologues present in oral Campylobacter species. Interestingly, the
corresponding open reading frames are located within the protein glycosylation locus. N-
glycosylation of proteins has already been shown to protect against chicken gut proteases for C.

jejuni®. However, for the survival in the oral cavity of mammals, bacteria, would have to develop

59



means to protect themselves against neutrophil killing. So far it is unknown why certain
Campylobacter species contain ecotin homologues while others i.e. the thermophilic
Campylobacter species do not. It is possible that for oral Campylobacter species, N-glycosylation
of surface proteins is not sufficient to ensure protection against proteases i.e NE the most
prominent serine proteases found in the oral cavity and that is most likely one of the most important
enzymes for oral Campylobacter species to inhibit to ensure survival in the mammalian host.

In order to gain insight on the function of the Campylobacter ecotin homologues we
compared amino acid sequences against the characterized E. coli ecotin. The amino acid sequence
shows low homology, but the theoretical structure could be modelled with 100% confidence. The
P3-P4 positions are highly conserved between the species. Interestingly, the P1 active site showed
variation, with C. rectus containing a leucine whereas the E. coli and the C. showae contain a
methionine in P1. The methionine at P1 site has been hypothesized to be responsible for the broad
specificity of the inhibitor since it fits into many primary binding sites of serine-proteases®®. The
leucine at P1 for C. rectus could be an indication for a more specific or different protease targeting
ecotin. However, our results show that C. rectus and C. showae ecotins have nearly identical
inhibitor properties toward the tested proteases, however, variations in the specificities towards
other, untested proteases cannot be ruled out.

To gain insight into ecotin function and substrate specificity, we cloned, expressed and
purified ecotins from E. coli, C. rectus and C. showae since i.e. C. rectus is a known periodontitis-
causing pathogen®’. C. showae is also considered an oral Campylobacter species, however, no
clinical symptoms have been attributed to this species so far®!. E. coli ecotin was used as a control
and for assay development. Testing the potential to inhibit a wide range of serine-proteases, assays

were developed to investigate inhibition of trypsin, factor Xa, NE and the bacterial, periplasmic
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serine protease DegP from E. coli and HtrA from C. jejuni. The ability to inhibit trypsin was tested
using a CmeA protection assay with trypsin present. The ecotin homologues of C. rectus and C.
showae behave similar to the E. coli ecotin in their ability to inhibit trypsin, resulting in the
protection of the CmeA protein. To investigate the inhibition of factor Xa, a FRET assay was
developed modified from®?, here a FRET peptide only produces fluorescence when cleaved by
active factor Xa , and when the protease is inhibited, fluorescence will be decreased. Indeed, we
could demonstrate that the elevated levels of fluorescence in the presence of the protease
completely disappears when ecotin and protease are mixed in a 1:1 molar ratio indicting that the
hetero-tetramer observed for E. coli ecotin is also formed by the Campylobacter ecotins -
indicating these ecotin variants are not only able to inhibit factor Xa but also that this inhibition
most likely occurs via the same mechanism i.e formation of a hetero-tetrameric complex.
Similarly, comparable inhibition rates of NE were observed for C. rectus and C. showae when
compared to the E. coli ecotin indicating that they have similar equilibrium inhibitory constants K;
for E. coli ecotin towards NE = 0.012 nM * 0.004 nM**, Moreover, the oral Campylobacter ecotin
homologues behave similar to the E. coli ecotin in vitro in their ability to inhibit a wide range of
serine-proteases (e.g. trypsin, factor Xa and NE).

This shows the broad range inhibition of serine-protease by ecotin homologues. The ecotins
were not effective in protecting CmeA from degradation by the self-protease HtrA from C. jejuni
or DegP from E. coli. The inability to inhibit the periplasmic serine proteases HtrA/DegP might
stem from the ability of the proteins to form barrel shaped proteasomes®®. This barrel could
potentially prevent the ecotins from entering and inhibiting the active site of HtrA. This supports
previous observations that ecotins protect against exogenous proteases'*.

Neutrophil elastase is a serine protease produced by activated neutrophils and secreted
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during inflammation®*. It is an important host-defense molecule of the innate immune system for
the protection against pathogenic bacteria®. Bacteria that interact with the human host may have
developed or evolved methods to help survival in human hosts allowing the bacteria to deal with
serine proteases. Neutrophil elastase attacks the outer membrane protein A (OmpA) of E. coli
inhibiting its growth®®. NE cleaves the OmpA and allows NE access into the periplasm, where it
cleaves periplasmic and inner membrane proteins resulting in loss of cell viability and inhibition
of growth *. Ecotin may represent a way in which the bacterium is able to defend itself against
the neutrophil powerhouses of the innate immune system. An ecotin deficient E. coli strain was
generated to test the ability of ecotin to protect against whole cell neutrophil killing and purified
NET killing. The ecotin deficient strain was complemented with the ecotin homologues from C.
rectus and C. showae. The ecotin deficient strain was highly sensitive to neutrophil killing. The
complemented ecotin homologues rescued the E. coli ecotin mutant back to wild-type levels of
survival when mixed with intact neutrophils. Bacterial cells showed reduced fitness in the presence
of neutrophils, but when ecotin was present there was prolonged survival of E. coli. Comparable
results were seen in the assay completed with NETSs, since all the ecotin homologues rescued
growth back to wild-type levels. This indicated that ecotins help slow down and reduce the killing
ability of neutrophils by inhibiting the NE.

In summary, the data presented here demonstrates that ecotins are a key protein expressed
by C. rectus and C. showae for survival in the oral cavity of mammalian hosts. This protein
possesses the ability to inhibit NE, trypsin, and factor Xa. Ecotin helps protect the bacteria from
attack by NE that can cause damage to surrounding host cells releasing nutrients that can be

consumed for growth. Oral Campylobacter species likely possess ecotin in addition to their N-
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glycosylation systems to provide a competitive advantage in survival in the oral cavity niche

containing high levels of neutrophil activity.
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Table 2.1: Strain and plasmids used in this study

Strain or plasmid | Characteristics Source
E. coli
DH5a. F- endAl hsdR17 supE44 thi-1 recAl A (argF-
lacZYA)U169 (80d lacZ A M15) gyrA96 A-
BL21
RK212.2
C. jejuni
11168 NCTC Clinical isolate used for genome sequencing 87
C. rectus %0
C. showae 81
C. hominis
C. curvus
C. gracilis
Plasmids
pET22B
pET?22B(rectus) This study
pET22B(showae) This study
pET22B(hominis) This study
pET22B(curvus) This study
pET22B(gracilis) This study
pKD4 2
pKD46 2
CmeA 22
DegP 2
HtrA This study
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Table 2.2: Primers used in this study

Primer

Sequence

pKD4-ecotin-F

ATGAAGACCATTCTACCTGCAGTATTGTTTGCCGCTTTCGTGTA
GGCTGGAGCTGCTTCG

pKD4-ecotin-R

TTAGCGAACTACCGCGTTGTCAATTTTCTCTTCCGCCTTCATGG
GAATTAGCCATGGTCC

EC-ecotin-F

TAACCTTCAGCGACATCATCGG

EC-ecotin-R

AACCGGCTCGGGCGTTGGATGTC

Ecotin-Cre-Ndel-F

TTAGTGAGCATATGAGAAAAATTTTATTTGCTACGTTGGCTTT
AGCGCCGATGC

Ecotin-Cre-Xhol-R | ATATCTCGAGTTTTGGCCTTTCTATTTTTGGTTTTATTGATTTTT
CAAACC

Ecotin-Csho-Ndel-F | TTAGTGAACATATGAGGAAAATTTTACTTTTTATCGCGGCTTG
CGCGTTGCCG

Ecotin-Csho-Sall-R | ATATGTCGACTTTATTTTTCCTTTTTAATTTTTTTGGTTCTATCG

Ecotin-Cho-Ndel-F | TTAGTTTTCATATGAGATTTTTTTTGATTTTTATTTTGGCGGTAA
GTTTCAGTTTCG

Ecotin Cho-Xhol-R | ATATCTCGAGTTTGGCTTTTTTATCCAAAATTTCCGATTTTTCT
AGC

Ecotin-Cgr-Ndel-F | ATTAGCAACATATGAGAAAAAGCGTATTTTTCTTTTTGTTGCC
GCTG

Ecotin-Cgr-Xhol-R | ATATCTCGAGTTTCATCTTGCGGATTTTAGGCTCTTTGC

Ecotin-Ccu-Ndel-F | AATGTGAACATATGAGGAAAATTTTGTCTTTTTTGGCAGCTGC
GACG

Ecotin Ccu-Xhol-R | ATATCTCGAGTTTTTCGACCTTTGCATTTTTTTCTTCAAATTTTT
CATAAAGCC

htrA-Ndel-F

ATTAAATCATATGAAAAAGATTTTTTTATCATTAAGTTTAGC

htrA-Xhol-R

TTTCTCGAGTTTAAGCACAAGCAAAGTCGCAAAACC
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Figure 2.1: Box shade of Campylobacter species containing a homologue of ecotin compared to
the E. coli ecotin and other ecotin sequences. Black shading indicated greater >50% amino acid
identity. Grey shading is >50% similarity in amino acid charge. In red is the primary binding site.
In yellow is the secondary binding site. In blue is the dimerization interface (polypeptide binding).
In green is the signal peptide according to SignalP (cut-off 0.5, except for C. ureolyticus, here the
signal has been empirically predicted since no signal peptide is predicted even with a cut-off of

0.3).
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Figure 2.2: Ecotin orthologues separated by differences in protein sequence according to

CLUSTALW alignment guide tree. The three ecotins compared in this study are highlighted in a

red box.
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Figure 2.3. Analysis of ecotins using Protein Homology/analogy Recognition Engine V2.0
(PHYRE) by insertion of amino acid sequence to get theoretical 3D image of the proteins. The
3D images show very similar structures to each other. Comparing percent amino acid similarity
to E. coli ecotin: C. rectus=27%, C. showae=33%, C. curvus= 34%, C. gracilis=31%, C.
concisus=25%. A) E. coli ecotin B) C. rectus ecotin C) C. showae ecotin D) C. concisus ecotin

E) C. gracilis ecotin F) C. curvus ecotin
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Figure 2.4. A diagrammatic illustration of the FRET assay. Peptides are incubated with purified
ecotin homologues and aliquoted into 96-well plates for FRET analysis with or without factor Xa
enzyme. If the peptide is cleaved, fluorescence is produced. factor Xa cut-site indicated by red

amino acids in the peptide.
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Figure 2.5. A western blot of cell lysates to identify production of Campylobacter ecotins
expressed in E. coli BL21 collected 1, 2, 4 and 24 hours after induction with IPTG bound with
anti-His antibodies. The band above 15 kDa, ~18 kDa represents the ecotin from each indicated

Campylobacter species.
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Figure 2.6. Coomassie stain of trypsin protease protection assay of ecotins. Assay was carried
out at 37°C and 45°C to test ecotin inhibition stability. Samples contain 125 ng/ul CmeA (38
kDa), 25 ng/ul trypsin, 2.5 mM MgCl> and 200 ng/ul ecotin. Proteins not present in certain
reactions were replaced by adding the same volume of H.O. When ecotin is absent, there is
degradation of CmeA by trypsin with an increase of degradation at higher temperatures. With

ecotin present, there is no degradation of CmeA by trypsin at either temperature

71



A) 400

350
300
250
200

150

Fluorescent units

100

50

B) Time (minutes)

400
350
300
250

200

Fluorescent units

150

100

50

C) Time (minutes)
400
350
300
2
€ 250
bt
c
§ 200
o
c 150
=}
w
100
0 I S—
0 £ T T P p————R
0 5 10 15 20 25 30 35 40 a5 50 55 60
Time (minutes)
e () g eCOtIN  =====3250 ng ecotin === 500 ng ecotin 750 ng ecotin s g ecotin

Figure 2.7. Factor Xa protection using the FRET assay (excitation=355nm, emission= 530nm).
A) E. coli, B) C. rectus and C) C. showae ecotin protection assay with factor Xa. Only samples
without ecotin showed increasing amounts of fluorescence indicating the FRET peptide was
being cleaved by factor Xa. Samples containing purified ecotins showed very minimal to no
fluorescence indicating that the FRET peptides are not cleaved and therefore maintaining the

guencher in close contact with the fluorophore.
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Figure 2.8. E. coli, C. rectus and C. showae ecotin protection assay with purified NE using a NE
activity assay (BioVision). The assay detects the activity of the purified NE by its ability to
cleave a substrate. When the substrate is cleaved by NE, a fluorophore is released. Fluorescence
was measured at excitation= 380 nm and emission= 500 nm. Samples were mixed with 1 pg of

NE and the indicated amounts of ecotin.
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Figure 2.9. Titration assay of ecotin homologues with 50 ng of NE
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Figure 2.10. Amount of NE remaining linear plot of ecotin homologues binding to free NE.
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Figure 2.11. Self-protease protection assay with HtrA detecting degradation of C. jejuni CmeA

protein by coomassie stained SDS-PAGE.
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Figure 2.12. Self-protease protection assay with E. coli DegP detecting degradation of C. jejuni

CmeA protein by coomassie stained SDS-PAGE.
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Figure 2.13. Confirmation of the E. coli ecotin knock-out mutant/kan cassette insertion by PCR.
Lane 1, PCR with wild-type DNA, lanes 2 to 4, PCR with three mutant candidates. St = DNA

ladder, relevant markers are indicated on the left in bp.
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Figure 2.14. Neutrophil killing assay of E. coli WT, ecotin mutant, ecotin mutant complemented
with either E. coli, C. rectus or C. showae ecotin on pET22B. A 9:1 ratio of bacteria to PMN
cells were mixed with washed neutrophil cells and incubated at 37°C for 0, 5 and 10 minutes.
Samples were mixed with saponin designed to break open neutrophil cells and to release alive
bacteria. Cells were inoculated in LB in a 96 well plate and run on a kinetic cycle in a plate
reader detecting ODeoo. A standard curve for each strain was created and data plotted to show
how many bacteria remained in the sample. Error bars represent the standard deviation of the

mean between experiments.
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Figure 2.15. A) E. coli wild-type mixed with neutrophil NET supernatant solution. B) E. coli
ecotin mutant mixed with neutrophil NET supernatant solution. C) E. coli ecotin mutant
complement with E. coli ecotin mixed with neutrophil NET supernatant solution. D) E. coli
ecotin mutant complement with C. rectus ecotin mixed with neutrophil NET supernatant
solution. E) E. coli ecotin mutant complement with C. showae ecotin mixed with neutrophil NET

supernatant solution.
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Chapter 111

The fate of N-glycans and fOS in C. jejuni

3.1 Introduction

Campylobacter jejuni is a Gram-negative, microaerophilic bacterium that belongs to the
epsilon class of proteobacteria . C. jejuni is a major cause of bacterial gastroenteritis in humans
worldwide 2. C. jejuni is commonly found in avian species like chickens, where it develops a
commensal relationship with the host L. Infections usually happen through the consumption of
undercooked chicken, or contaminated water . The gastroenteritis caused by Campylobacter is
usually self-limiting and is not typically treated with antibiotics . C. jejuni can also cause
secondary complications including Guillain-Barré syndrome (GBS), where the bacteria mimics
gangliosides of nerve cells resulting in an auto-immune attack of these cells °. With the
secondary complications or infections in immunocompromised patients, antibiotic therapy can
become necessary. The usual antibiotic treatment for C. jejuni is macrolides and
fluoroquinolones, but there has been increased reports describing antibiotic resistance to these
antimicrobials which has become a public health concern #8. C, jejuni has a few resistance
mechanisms for the broad range of antimicrobials "°, but the major cause of antimicrobial
resistance comes from the drug efflux pump, CmeABC *. Glycosylation of CmeABC has been

shown to be required for function of the efflux pump *°.
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All Campylobacter species possess a conserved pgl locus that allows for N-linked glycan
modification of proteins and production of free oligosaccharides (fOS) . The machinery of the
Pgl enzymes are located in the cytoplasm and inner membrane. Nucleotide-activated sugars are
assembled on a lipid carrier Und-P. The assembled oligosaccharide is then flipped into the
periplasm, where the OTase (PglIB) can transfer the oligosaccharide onto proteins or hydrolyze
and release the oligosaccharide as fOS.

Disruption of the pgl genes results in multiple pleiotropic effects in C. jejuni. Currently,
there are more than 60 proteins that have been shown to be co- or post-translationally modified
with N-glycans in C. jejuni with many more expected to be glycosylated *2. Knockout mutants
of the pgl pathway disrupt adherence and invasion of bacteria in vitro and mouse and chicken
colonization in vivo 314 N-glycosylation influences many aspects of pathogenesis, from
stability of proteins to protection against proteases "**. The various roles that N-glycans play is
still not fully understood. The production of fOS in C. jejuni appears to be an intentional process
rather than just a byproduct of inefficient transfer of glycans by PgIB since fOS plays a role in
osmotic stability %7, but it is unknown if it plays any other role in the cell. It has been shown
previously that aminosugars (eg. GaINAc and GIcNACc) can inhibit the release of elastase and
reactive oxygen species (ROS) from human polymorphonuclear leukocytes °, It could be
possible that N-glycans and fOS containing aminosugars on the non-reducing end could
potentially play a role in inhibiting elastase and ROS from host immune cells.

Quiality control mechanisms for N-glycosylated proteins in prokaryotes is unknown but in
eukaryotes there are a few methods for breakdown and recycling N-glycans and fOS. One of the
mechanisms is the endoplasmic reticulum associated degradation (ERAD) pathway. The ERAD

system is dedicated to recycling N-linked glycoproteins that are misfolded 2%2', When
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glycoproteins get targeted for degradation, the protein is retro-translocated into the cytosol where
a specific set of proteins help remove the N-glycans, so the protein can be degraded by the 26S
proteasome 22, An N-glycanase (PNGase) removes the N-glycans by cleaving the nitrogen bond
between the GIcNAc and the asparagine releasing the glycan as fOS in the cytosol 2326, The gene
encoding PNGase (Nglyl in humans and Pngl in yeast) is widely distributed throughout
eukaryotes 2’. In humans, mutations in the Ngly1 gene have phenotypic consequences for
patients resulting in neurological dysfunction, abnormal tear production, and liver disease 2%,
Interestingly a knockout of another glycanase: endo-f-N-acetylglucosaminidase (ENGase)
rescues these phenotypic consequences but the effects are not fully understood currently.
ENGase cleaves the N-glycans between the first two GIcNAcs releasing fOS and an N-GIcNAc-
modified protein 332, These N-GIcNAC proteins have trouble being degraded by the 26S
proteasome resulting in protein aggregation resulting in these Ngly1 disorders 333,

It is well known how C. jejuni makes these glycans and assembles them, but nothing is
currently known about the quality control and recycling of the glycans in C. jejuni. There is no
N-glycanase homologue that has been found in the C. jejuni genome. Also, the reducing end
sugar for C. jejuni is a di-N-acetylbacillosamine as compared to a GIcNAc found in eukaryotes.
An enzyme to cleave the di-N-acetylbacillosamine bound to asparagine has not been currently
found.

Another possible mechanism of recycling is nonspecific degradation by reactive oxygen
species. ROS include superoxide radicals, hydrogen peroxide and hydroxyl radicals that are
formed from the reduction of oxygen *°. If cellular iron is present, the ferrous iron can react with
hydrogen peroxide through what is known as the Fenton reaction to generate hydroxyl radicals,

the strongest oxidant in an aqueous environment 3. ROS can damage DNA, proteins and lipids
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non-specifically 3¢ and likely also carbohydrates. C. jejuni has a set of enzymes to help protect
against the damaging effects of oxidative stress. Three of these enzymes are KatA (catalase),
SodB (superoxide dismutase) and AhpC (alkyl-hydroxyperoxidase) that protect against oxidative
stress 3739, As seen in figure 3.1. The creation of mutants in any of these three enzymes can
result in the build-up of ROS within C. jejuni “°. The use of non-specific reactive oxygen species

could be a potential method of degrading the N-glycosylated proteins and fOS when no enzyme

is present to remove the oligosaccharide.
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Figure 3.1. Schematic representation of oxidative stress metabolism in C. jejuni. Figure

reproduced from Palyada et al. (2009) with permission“.

88



3.2 Materials and methods

3.2.1 Bacterial strains and growth conditions

C. jejuni NCTC 11168 ** was grown on BHI agar or BHI broth for 18 hours under
microaerobic conditions. C. rectus RM3267 #? and C. showae ATCC 51146 ** were grown under
anaerobic conditions as previously described 6. C. jejuni pglIB, sodB, katA and ahpC mutants

were grown in the presence of kanamycin at a final concentration of 25 pg/mL.

3.2.2 Ethanol fOS extraction and analysis by TLC

Bacterial cells were harvested from agar or liquid and suspended in BHI. Cultures were
centrifuged at 4700 g for 30 minutes at 4°C. The pellets were suspended and washed with 4 mL
of deionized water per gram of wet cell pellet (WCP). The cells were centrifuged at 4700 g for
30 minutes and the supernatant removed. The obtained pellets were resuspended in 75% ethanol
at 1.5 mL per gram WCP. The resuspension was incubated at 70°C for 30 minutes. The solution
was centrifuged at 16000 g at RT and the supernatant was collected and diluted to 20% ethanol
with deionized water and frozen at -80°C and lyophilized. The obtained pellet was resuspended
in cold methanol, 500 pL per gram of WCP. Sample was vortexed for 2 minutes and centrifuged
at 16000 g for 30 minutes at RT. The supernatant was collected and evaporated in a rotatory
speed vacuum. The obtained pellet was resuspended in 120 pL deionized water per WCP.
Samples had 5 pL spotted onto a TLC plate (aluminum backed, silica coated) and run with a
mobile phase of 3:3:2 of acetic acid: n-propanol: water. The carbohydrates were visualized using

p-anisaldehyde staining #4.
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3.2.3 Analysis of fOS by HPAEC-PAD

The fOS samples extracted from C. jejuni as described above were used. Samples were
passed through a PGC cartridge (Extract Clean TM SPE Carbp 150 mg/ 4 mL, Grace Davison
Discovery Sciences) as described previously #°. The samples were lyophilized and resuspended
in 100 pL of deionized water and 44 pL of the fOS preparation in the presence of 4 M
trifluoroacetic acid (TFA) for 2 hours at 100°C. TFA was removed by a rotary speed vacuum and
adjusted to a final volume of 220 puL. GalNAc standards were prepared to a final concentration of
0, 25, 50, 100 and 150 uM and hydrolyzed in TFA as before. The samples were analyzed by
HPAEC-PAD on a Dionex 1CS3000 system equipped with a CarboPac®PA100 (9 x 250 mm)
coupled with a PA100 guard column (3x 50 mm) at a flow rate of 1.0 mL/min by loading 25 pL.
The amount of fOS (nmoles) was determined by the GalNAc peak areas of TFA hydrolyzed fOS

divided by 5 and values plotted against the GaINAc standard curve.

3.2.4 Extraction of fOS from TLC plates for analysis by MS/MS

One hundred pL of fOS was loaded onto a TLC as described above. The samples were
scratched off the plate using a scalpel and resuspended in 1 mL deionized water. The sample was
centrifuged 16000 g for 30 minutes and the supernatant was extracted and lyophilized. The
obtained pellet was resuspended in 30 pL deionized water and analyzed by MS/MS as follows.
Resuspended fOS was spotted onto a Bruker Daltonic MTP Ac800 AnchorchipTM target plate
and air dried. A volume of 0.65 pL of 2,5-dihydroxybenzoic acid (DHB, 10 mg/mL in 80% H20
and 20% MeOH containing 0.1% trifluoroacetic acid, TFA) was spotted on top and allowed to
dry. Mass spectra were obtained in the positive mode of ionization using a Bruker Daltonics

(Bremen, GmbH) UltrafleXtreme MALDI TOF/TOF mass spectrometer. The FlexAnalysis,
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BioTools and Sequence Editor software packages provided by the manufacturer were used for

analysis of the mass spectra. The MS/MS spectra were obtained manually with CID (collisional

induced dissociation) set to off. Elemental composition of analytes was determined using a

Bruker Daltonics (Billerica, MA) Apex Qe 9.4T FTICR MS instrument using the MALDI

source.

3.2.5 Degradation of fOS by the Fenton-reaction

The fOS purified as described above was used in a Fenton reaction. fOS was mixed with

2M H>07 and 13.6 g/L of FeSOsat a 1:1 ratio of 5 uLL each with 10 uLL fOS and incubated at

room temperature for 1, 2, 3, 4 hours. The controls were included with fOS and mQH20 or

FeSO4 or H20,. The samples were loaded onto a TLC as described above. Lower concentrations

of Fenton reaction components were also tested. The concentrations of hydrogen peroxide and

FeSO4 for the experiment can be seen in Table 1. The samples were incubated for 1 hour at room

temperature and loaded onto a TLC as described above.

Table 3.1. Concentrations of H202 and FeSO4 for the Fenton reaction for degradation of fOS.

Tube fOS H.>O» FeSO4
1 10 uL 2M 13.6 g/L
2 10 uL 200 mM 1.36 g/L
3 10 uL 20 mM 0.136 g/L
4 10 pL 2 mM 0.0136 g/L
5 10 uL 0.2 mM 0.00136 g/L
6 10 uL 0mM 0g/L

3.3 Results

3.3.1 Analysis and quantification of fOS by HPAEC-PAD

Purified fOS was analyzed and quantified by HPAEC-PAD that separates carbohydrates

based on charge. The TFA hydrolysis of fOS results in the breakdown of oligosaccharides into
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monosaccharides, were they can be quantified using appropriate monosaccharide standards (in
this case GalNAc). A GalNac TFA hydrolyzed monosaccharide standard was used to identify
and accurately determine the concentrations of fOS per gram of WCP (data not shown). C. jejuni
TFA hydrolyzed samples were compared back to the GalNAc standard to determine the
concentration of fOS per gram of WCP with two sample runs one by agar growth and one by
liquid broth growth (Fig 3.2B, 3.3B). The calculated fOS per gram of WCP was plotted in a bar
graph (Fig 3.2C, 3.3C). C. jejuni wildtype had 0.28 mg of fOS per gram of WCP for agar growth
and had 0.29 mg of fOS per gram of WCP for liquid growth in broth. The C. jejuni pglB mutant
had below <0.05 mg fOS-like material per gram of WCP in both liquid and agar growth. The C.
jejuni katA mutant had 0.15 mg per gram of WCP for agar growth and 0.13 mg per gram of WCP
for liquid growth, containing half the amount of fOS as the C. jejuni wildtype. The C. jejuni
ahpC mutant produced 0.25 mg per WCP for agar growth and 0.15 mg per gram of WCP in
liquid growth. The C. jejuni sodB mutant had varying results between the two runs with 0.16 mg

of fOS per gram of WCP in agar and 0.3 mg per gram of WCP in liquid BHI.
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Figure 3.2. Analysis of fOS by HPAEC-PAD from C. jejuni 11168 ROS mutants grown on BHI
agar. A) fOS from the different C. jejuni WT and mutants hydrolyzed by TFA and analyzed by

HPAEC-PAD. B) GaINAc monosaccharide standard incubated with TFA for comparison to C.

jejuni fOS. C) Bar-graph of the amount of fOS in mg per gram of wet cell pellet. Data

summarized from HPAEC-PAD data from figures 3.8-3.13.
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Figure 3.3. Analysis of fOS by HPAEC-PAD from C. jejuni 11168 ROS mutants grown in BHI
broth. A) Sample of all fOS from the different C. jejuni WT and mutants broken apart by TFA
and analyzed by HPAEC-PAD. B) GaINAc monosaccharide standard incubated with TFA for
comparison of C. jejuni fOS. C) Bar-graph of the amount of fOS in mg per gram of wet cell

pellet. Data summarized from HPAEC-PAD data from figures 3.14-3.19.
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3.3.2 Degradation of fOS by Fenton reaction

We next wanted to determine if fOS could be degraded by hydrogen peroxide through the
Fenton reaction. C. jejuni fOS has a R value of 0.36 when run on the TLC under the conditions
described (Fig. 3.4). The fOS control is shown to be stable over the course of the assay of 18
hours. When fOS is mixed with hydrogen peroxide or iron sulfate (FeSO.) alone it is stable and
not broken down over the course of the assay. The Fenton reaction at 2 M hydrogen peroxide
breaks down fOS in under 1 hour. We lowered the concentration of the Fenton reaction (Fig.
3.5A) to observe if breakdown of fOS occurs at the lower concentrations in 1 hour. There was
some degradation seen with a lighter spot at the concentration of 200 mM hydrogen peroxide but

no degradation of fOS was observed at 20 mM and lower concentrations.
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Figure 3.4. Degradation of fOS by reactive oxygen species. Lane 1= fOS + 2M H20, + 13.6 g/L
FeSO4 (Fenton reaction). Lane 2= fOS. Lane 3= fOS + 2M H20-. Lane 4= fOS + 13.6 g/L
FeSOs. Reaction was run at room temperature for 1, 2, 5 and 18 hours (overnight). C. jejuni fOS

has a Rs value of 0.36 and is indicated by the red box.
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Figure 3.5. A) Degradation of fOS by lowering the concentrations of the Fenton reaction
compounds. Lanes are as described in Table 1. Samples were incubated at room temperature for
1 hour. B) TLC plate of extracted fOS from C. jejuni 11168 WT and pgIB- mutant. There is a
unexpected TLC spot seen in the C. jejuni pglB- mutant. The C. jejuni WT fOS has a R¢ value of

0.36 and the pglB- mutant has a spot with an Rt value of 0.40, indicated by the arrows.
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3.3.3 C. jejuni pglB- mutant oligosaccharide accumulation analysis.

The TLC fOS spots were extracted from the C. jejuni WT and pgIB- mutant (Fig .3.5B). The
TLC showed the wildtype fOS at the regular R value of 0.36. The pgIB- mutant had a spot
appear at the Rt value of 0.40 that did not show up on the WT TLC. The analysis of the WT spot
by mass spectrometry (Fig 3.6) gave a mass to charge value of 1446 m/z, consistent with the
mass of the heptasaccharide of 5 GalNAc, 1 glucose and 1 di-NAcBac. Mass spectrometry of the
pglB- mutant (Fig. 3.7) produced a mass to charge value of 812. This could be the result of 3

HexNACc residues and 1 Hex residue, totaling 812 m/z.
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Figure 3.6. Mass spectrometry analysis of C. jejuni 11168 WT fOS from the TLC shown in

Figure 3.5. Mass to charge (m/z) had a size of 1446 equal to that of the C. jejuni heptasaccharide.
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Figure 3.7. Mass spectrometry analysis of C. jejuni 11168 pgIB- mutant fOS from the TLC

shown in Figure 3.5. Mass to charge (m/z) of the TLC spot is 812.

3.4 Discussion

All Campylobacter species have a pgl locus and produce N-linked glycoproteins and
release fOS into the periplasmic space with the same oligosaccharide as their N-glycans 4647,
Glycoproteins are important to the biology of C. jejuni since inactivation of the N-linked protein
glycosylation pathway leads to decreased pathogenicity. The ratio of fOS to N-linked glycans in
C. jejuni under standard laboratory growth conditions has been determined to be 10:1 %8, Without
the OTase (PgIB) there is no production of N-glycans or fOS. Bioinformatics analysis of the C.
jejuni genome does not identify any obvious glycosidases to degrade N-linked glycans or fOS.
ROS and RNS might be possible sources for glycan breakdown.

ROS and RNS are very reactive compounds that contain free radicals and have been
known to depolymerize cellular structures, including oligosaccharides encountered by immune

cells. Analyzing the effects of reactive oxygen species on fOS production in C. jejuni can be
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done using mutants in oxygen stress pathway to generate persistent ROS for the C. jejuni
mutants. The SodB enzyme is involved in the conversion of superoxide into hydrogen peroxide
that can be further modified by KatA into water and oxygen or used by AhpC to form alcohols
and water. Analysis of fOS production by the sodB and ahpC mutants showed variable amounts
but overall, there was a reduction in the levels of fOS produced. The katA mutant demonstrated
the largest and most consistent reduction of fOS production. This could be because without a
method of removing hydrogen peroxide we could see reactive oxygen species accumulating in
the cell and causing a general stress response. We know that hydrogen peroxide itself is not
enough to degrade fOS, but with intracellular iron, the Fenton reaction could occur and break
down fOS in the periplasmic space. Although, a high concentration of Fenton reagents was
required to degrade fOS, if the reagents were in close proximity to the fOS the concentration
may be appropriate to degrade fOS or even N-glycans non-specifically. These results suggest
that ROS can possibly play a role in glycan recycling, however the precise mechanism of glycan
degradation remains elusive. Demonstrating that the pglB- mutant produces undetectable levels
of the fOS heptasaccharide is consistent with there being no OTase to transfer the
heptasaccharide from the lipid carrier to proteins or to hydrolyze the LLO to release fOS. This
would cause an accumulation of oligosaccharides bound to Und-P on the inner cell membrane.
Reducing the levels of Und-P could be detrimental to the cell as this lipid is also needed for
peptidoglycan biosynthesis “°. A bacterial cell may need to find a way of dealing with the
oligosaccharide accumulation to allow production of peptidoglycan and cell survival. The
analysis of the TLC spot from the pglB- mutant that is not seen in the wildtype suggests a
tetrasaccharide structure is present. This tetrasaccharide has a mass that could possibly be three

GalNAc and 1 glucose residues. It is unknown why the pglB- mutant would produce the
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tetrasaccharide, but there could be a method of removing the oligosaccharide from the Und-P
allowing recycling and some non-specific cleavage that provides Und-P for peptidoglycan
production.

There is further research that is needed for discovering the fate of fOS in C. jejuni.
Replication of the experiments with the reactive oxygen species mutants followed by HPAEC-
PAD analysis and production of an increased amount of the C. jejuni pglB mutant TLC spot for
mass spectrometry and NMR structure confirmation would help to verify the reported results.
Also, developing a method to label the fOS and N-glycans would help follow the glycans

through their lifetime, that can be done with stable isotope labeling.
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1 1.717 0.075 BM n.a. 1.34 2934
2 2.434 n.a. M n.a. n.a. n.a.
3 2.634 0.075 M n.a. 1.49 6889
n.a. |Fucose n.a. n.a. n.a. n.a. n.a. n.a.
4 2.934 n.a. M n.a. n.a. n.a.
na. |GalN n.a. n.a. n.a. n.a. n.a. n.a.
na. |[GlcN n.a. n.a. n.a. n.a. n.a. n.a.
na. |Ara n.a. n.a. n.a. n.a. n.a. n.a.
5 GlcNAc 4.051 n.a. MB n.a. n.a. n.a.
na. |Glc n.a. n.a. n.a. n.a. n.a. n.a.
6 Gal 4.817 n.a. Rd n.a. n.a. n.a.
7 GalNAc 7.584 0.213 BMB* 5.83 1.07 7054
8 9.851 0.248 BMB 1.49 1.08 8877
9 10.501 0.268 BMB 5.97 1.01 8531
10 16.984 1.014 BMB n.a. 0.99 1555

Figure 3.8. HPAEC-PAD supplementary data of C. jejuni wildtype grown on BHI agar.
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n.a. |Fucose n.a. n.a. n.a. n.a. n.a. n.a.
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5 GlcNAc 4.051 0.092 BMB 4.08 1.1 10700
na. |Glc n.a. n.a. n.a. n.a. n.a. n.a.
6 Gal 4.784 0.120 BMB 944 1.19 8787
i GalNAc 7.767 0.253 BMB* 5.25 0.72 5238
8 9834 0212 BMB* 1.57 1.07 11965
2 10.467 0.265 BMB 2.19 1.02 8652
10 11.467 0.275 BMB n.a. 0.95 9665

Figure 3.9. HPAEC-PAD supplementary data of C. jejuni pglB- grown on BHI agar.
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n.a. [Fucose n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |[GalN n.a. n.a. n.a. n.a. n.a. n.a.
na. |GlcN n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |Ara n.a. n.a. n.a. n.a. n.a. n.a.
6 4.017 0.1086 BMB 13.82 1.09 7989
n.a. [GlcNAc n.a. n.a. n.a. n.a. n.a. n.a.
na. |Glc n.a. n.a. n.a. n.a. n.a. n.a.
na. |Gal n.a. n.a. n.a. n.a. n.a. n.a.
i GalNAc 7.501 0.192 BMB 522 1.11 8495
8 9784 0.325 BMB 1.21 0.78 5033
9 10.384 0.260 BMB n.a. 1.03 8803

Figure 3.10. HPAEC-PAD supplementary data of C. jejuni katA- grown on BHI agar.
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Figure 3.11. HPAEC-PAD supplementary data of C. jejuni sodB grown on BHI agar.

106




400 % 2014-16-06 Cody-1 #6 ahpC ED_1
| nC
3501 4 - 2,617
300 7 i
250 ] !
200 :
15.0 -
100
504
] h 19 -19.951
i 6 - GalNAC 17 0.334 e
00——-———41;Ji\‘b-|' ILl |TI[|_ﬂ\|a5. B
] min
50 N T T T T 1
00 50 100 150 200 250
Peak Results
No. |Peak Name Retention Time gg’,}: Type Resolution (EP) |[Asymmetry (EP)| Plates (EP)
0
min min
1 1.701 0.070 BMb 5.51 1.28 3254
2 1.934 n.a. Rd n.a. n.a. n.a.
3 2.451 0.090 bMb 1.20 0.82 4072
4 2.617 0.073 bMb 2.66 1.29 7044
n.a. |[Fucose n.a. n.a. n.a. n.a. n.a. n.a.
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Figure 3.12. HPAEC-PAD supplementary data of C. jejuni ahpC grown on BHI agar.
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Figure. 3.13. HPAEC-PAD supplementary data of GalNAc for standard.
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2 1.700 0.073 BMb 6.15 1.28 3036
8 1.917 n.a. Rd n.a. n.a. n.a.
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15 11.817 0.302 BMB n.a. 1.08 8505

Figure 3.14. HPAEC-PAD supplementary data of C. jejuni wildtype grown on BHI broth.

109




550 2] 20141 6—OIG Cody-3#3 pglB ED 1
nC :
|
5001 4 - 2.467
40.0
30.0
20.0
12-1l701

10.0 4

004

20 T T T T T T T T T T T T T T T T T T T T 1

0.0 50 10.0 15.0 200 250
Peak Results
No. |Peak Name Retention Time gtl)?];'; Type Resolution (EP) |Asymmetry (EP)| Plates (EP)
0
min min

1 1.351 0.718 BMb 052 0.52 20
2 1.701 0.080 bM 583 n.a. 2524
3 1.901 n.a. Rd n.a. n.a. n.a.
4 2.467 0.076 M n.a. 1.56 5907
5 Fucose 2.784 n.a. MB n.a. n.a. n.a.
6 GalN 3.634 n.a. Rd n.a. n.a. n.a.
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Figure 3.15. HPAEC-PAD supplementary data of C. jejuni pglB- grown on BHI broth.
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1 2.450 0.074 BMB 5.16 1.31 5994
n.a. |Fucose n.a. n.a. n.a. n.a. n.a. n.a.
2 3.500 0.165 BMB 10.23 2.95 2478
na. |GalN na. n.a. n.a. n.a. n.a. n.a.
n.a. |GlcN n.a. n.a. n.a. n.a. n.a. n.a.
na. |Ara n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |GlcNAc n.a. n.a. n.a. n.a. n.a. n.a.
na. |Glc n.a. n.a. n.a. n.a. n.a. n.a.
na. |Gal n.a. n.a. n.a. n.a. n.a. n.a.
3 GalNAc 8.350 0.183 BMB 4.95 1.11 8378
4 7.934 0.214 BMB 1.77 1.04 7605
5 8.587 0.209 BMB 2.26 1.00 9287
6 9.367 0.209 BMB n.a. 0.92 11144

Figure 3.16. HPAEC-PAD supplementary data of C. jejuni katA- grown on BHI broth.
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2 1.900 n.a. Rd n.a. n.a. n.a.
3 2.450 0.077 M n.a. 1.83 5646
4 Fucose 2.784 n.a. M n.a. n.a. n.a.
5 2.934 n.a. Rd n.a. n.a. n.a.
6 3.534 0.212 M n.a. n.a. 1532
na. |GalN n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |GlcN n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |Ara n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |GlcNAc n.a. n.a. n.a. n.a. n.a. n.a.
7 4 467 n.a. MB n.a. n.a. n.a.
na. |Glc n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |Gal n.a. n.a. n.a. n.a. n.a. n.a.
8 GalNAc 6.434 0.170 BMB 5.03 1.30 7946
9 8.117 0.225 BMb 1.67 0.84 7233
10 8734 0.212 bMB 2.1 0.94 9413
11 9534 0.235 BMB 5.08 1.01 9133
12 14.967 1.027 BMB n.a. 1.21 1176

Figure 3. 17. HPAEC-PAD supplementary data of C. jejuni sodB- grown on BHI broth.
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0
min min
1 1.700 0.077 BM n.a. n.a. 2713
2 1.900 n.a. Rd n.a. n.a. n.a.
3 2117 n.a. M n.a. n.a. n.a.
4 2.434 0.082 Mb 1.61 n.a. 4922
5 Fucose 2.784 0.175 bMB 3.00 1.61 1407
6 3.484 0.101 BMb 1.20 1.15 6594
7 GalN 3.684 0.096 bMB 11.79 1.11 8086
na. |GIlcN n.a. n.a. n.a. n.a. n.a. n.a.
n.a. |Ara n.a. n.a. n.a. n.a. n.a. n.a.
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na. |Gal n.a. n.a. n.a. n.a. n.a. n.a.
8 GalNAc 6.300 0.166 BMB 517 1.08 8028
9 7.867 0.192 BMB 1.83 1.08 9269
10 8.484 0.206 BMB 2.28 1.15 9396
11 9.300 0.218 BMB 7.60 0.94 10127
12 15.167 0693 BMB n.a. 1.07 2654

Figure 3.18. HPAEC-PAD supplementary data of C. jejuni ahpC- grown on BHI broth.
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Figure 3.19. HPAEC-PAD supplementary data of GaINAc standard
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Chapter 1V

Conclusions and future directions

4.1 Research purpose

My research project involved characterizing the generic serine-protease inhibitor known
as ecotin from two oral Campylobacter species (C. rectus and C. showae). The objectives of this
research were to identify if these ecotin homologues are function protease inhibitors and if they
can inhibit a range of serine-proteases. One approach is to test if the ecotin homologues have an
effect in vivo in promoting bacterial fitness in the oral cavity by protecting against serine
proteases produced by the host organism. The second research project entails investigating and
enhancing our current understanding of the underlying mechanisms of N-glycosylation and fOS
turnover and recycling in the pathogen C. jejuni. Understanding how N-glycans are synthesized
and recycled can allow for increased knowledge that can be used for improving glycoprotein

engineering.

4.2 Summary and future directions

At the start of this thesis project, all the Campylobacter species were shown to contain
the pgl loci and capable of N-glycosylation of proteins and production of fOS. It was noticed that

when identifying the pgl loci of oral Campylobacter species that a homologue of the E. coli
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serine-protease inhibitor ecotin was found upstream of the N-glycosylation machinery. It has
been recently published in the Szymanski laboratory that N-glycosylation promotes bacterial
fitness in the chicken cecum, protecting the bacteria from gut serine-proteases, but it is unknown
whether N-glycosylation is sufficient for protection of proteolysis in the oral cavity. *.

The first objective of my Master’s project was to identify if these ecotin homologues are
functional protease inhibitors (see chapter 2). I first aligned all the Campylobacter species ecotin
homologues against the E. coli ecotin. As there was low sequence homology between the ecotin
homologues, | used the protein homology/analogy recognition engine (Phyre2) to develop a
theoretical tertiary structure, there was high structural homology between the homologues. | first
only wanted to test two of the ecotin homologues before testing others. The first homologue |
selected was C. rectus ecotin, because this is the known periodontal pathogen of Campylobacter
species 22 and is found in the periodontal pockets that are heavily attacked by neutrophils. The C.
rectus ecotin was also of interest because it contains a leucine at the P1 active site where E. coli
ecotin contains a methionine. This is of interest because the methionine at the P1 active site is
one of the defining features of the serine-protease inhibitor ecotin 4. The second ecotin
homologue that | selected was C. showae, a more recently discovered oral Campylobacter
species and its full role in periodontal disease is unknown °. C. showae ecotin contains a
methionine at the P1 active site like the E. coli ecotin. I first cloned multiple ecotin homologues
into the expression vector pET22B for overexpression in E. coli. | removed their natural signal
sequence for transport to the periplasmic space and replaced it with a pelB sequence that would
be recognized by the E. coli machinery. After purification and a western-blot, | noticed that C.
rectus and C. showae ecotins purified with the highest yield. An in vitro protease protection

assay was first completed using the serine-protease trypsin. | showed that the C. rectus ecotin
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and C. showae ecotin were effective at inhibiting trypsin. One interesting feature about E. coli
ecotin is that is a generic serine protease inhibitor and it can inhibit a wide range or serine-
proteases. | then modified a FRET assay that we developed to show protection of proteins from
factor Xa by addition of N-glycans, to be used for ecotin protection. The FRET assay showed
that the ecotin homologues were able to inhibit factor Xa, but the C. rectus Ecotin was not as
effective as the E. coli or C. showae. The most important serine protease was tested next,
neutrophil elastase which is one of the most prominent proteases in the periodontal disease
because of the innate immune system response to bacterial infections. The ecotin homologues
showed high affinity for binding and inhibiting neutrophil elastase. An interesting aspect of
ecotins is that they contain a signal peptide for their transport into the periplasm, but it is
unknown if they are secreted out of the cells. To understand if the ecotin homologues are for an
internal process or for exogenous protection, they were tested against self-serine proteases DegP
from E. coli and HtrA from C. jejuni. HtrA and DegP were not inhibited by the ecotin
homologues; they still showed proteolytic activity in the presence of ecotins. This bolsters the
idea that ecotins are purely for protection against exogenous serine-protease that the bacteria
would encounter.

Multiple attempts have been made at the construction of an ecotin mutant in C. rectus and
C. showae but were never successful. An alternative approach | used was to construct an ecotin
mutant in E. coli and complement this strain with the ecotin homologues from the
Campylobacter species. The construction of the E. coli ecotin mutant and the complementation
of ecotin homologues was successful. In collaboration with Dr. Balaz Rada (University of
Georgia), | tested survival of the E. coli constructs against whole cell neutrophil killing. We

found that the E. coli ecotin mutant had a major decrease in bacterial fitness and was killed
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almost immediately in contrast to wildtype E. coli. Complementation of the ecotin homologues
restored bacterial fitness back to wildtype levels. The complemented strains were then tested
against purified NETs of neutrophils showing comparable results to the survival by whole cell
neutrophils, therefore all ecotins tested were active against proteases embedded in neutrophil
NETSs. C. rectus and C. showae ecotin proteins are generic serine-protease inhibitors with the
ability to inhibit trypsin, factor Xa, neutrophil elastase and increase bacterial fitness against
neutrophil cells.

Future work is still required to create mutants in these Campylobacter species to fully
understand the complete role and effects ecotin plays in these bacteria and their roles in
periodontitis. Crystallization of the ecotin homologues could be very useful to ascertain in
whether the structure is similar to the E. coli ecotin. Crystallization could also show the effects of
the methionine or leucine in the P1 active site of the ecotin homologues. Once fully
characterized, the protease inhibitor could potentially be engineered as a therapeutic for
overzealous immune systems that damage “self-cells” with constant attack of serine-proteases.
We are currently testing if addition of ecotin influences C. jejuni colonization levels in an avian
model. I think it is important to understand if ecotins are effective inhibitors in cystic fibrosis
models. However, it seems that they may not be able to diffuse through the thick mucus ©. This
can be tested quite easily by using cystic fibrosis patient mucus samples and incubating the
samples with ecotin homologues followed by testing the amount of active neutrophil elastase in
the samples. Once initial efficacy is shown then therapeutic trials of ecotin can be tested in cystic
fibrosis murine models 7, to determine if ecotin can reduce host-tissue damage.

The second objective of my research project was to study the degradation and recycling

of products of the N-linked protein glycosylation pathway, N-glycans and free oligosaccharides
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(fOS) in C. jejuni (see Chapter 3). Development of methods to label and follow N-glycans and
fOS are important tools necessary to examine this process. The problem with labelling N-glycans
in C. jejuni is that the organism has a limited metabolism for consumption of carbohydrates 8°,
therefore it is not possible to simply feed labelled sugars and follow the precursors throughout
the system. While studying a C. jejuni pglIB oligosaccharyltransferase mutant that cannot produce
fOS, we noticed a unique spot by thin-layer chromatography (TLC). Analysis of this TLC spot
by mass spectrometry suggested that it is potentially a product of the N-glycosylation machinery
producing a tetrasaccharide of 3 GalNAc and 1 glucose residues. It is possible that the pglB
mutant needs to recycle its undecaprenyl phosphate (Und-P) to allow building and restructuring
of peptidoglycan. If PgIB is not active, all the Und-P could be used, and the glycan would need
to be removed to allow survival. There may be a mechanism that exists in wildtype cells that
allows the pglB mutant to remove the glycan from Und-P. either one or both of the unidentified
glycanases could remove the GalNAc and glucose residues signaling the rest of the glycan to be
recycled. Another unidentified glycanase could hydrolyse between the GaINAc and GalNAc
releasing the tetrasaccharide of GaINAcs and glucose identified by MS. But, it is difficult to
imagine that so many unidentified enzymes, including one for release of the diNAcBac from the
Und-PP would exist. Future work is required to understand this process. Isotopic detection of
amino sugars with glutamine (I-DAWG) ° and stable isotope labeling with amino acids in cell
culture (SILAC) ! are methods that can be used to study glycan recycling. I-DAWG includes the
feeding of heavy labelled glutamine would result in labelling of amino sugars on N-glycans and
fOS. SILAC labeling includes the feeding of heavy labelled lysine into a C. jejuni auxotrophic
mutant that requires lysine. With completion of a pulse-chase experiment, we would be able to

determine if C. jejuni does turn over and recycle glycans or if the sugars are not broken down
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and are simply diluted with cell division. If N-glycans are recycled, there will be a decrease in
the amount of labelled glycans once the heavy labelled amino acids are removed, but if there is
no decrease in labelled N-glycans and fOS after switching to non-labelled amino acids this
alludes to the idea that C. jejuni does not have a method for recycling and turnover of N-glycans
and fOS.

The third objective of my research project was to characterize the DGGK sequence of
Campylobacter PgIB enzymes (see Appendix 1)*2. We analyzed multiple sequence alignments of
Campylobacter PgIB enzymes identifying a second conserved motif, DGGK, located 12 amino
acids away from the catalytic WWDYG motif 3. The DGGK motif is conserved in among all
Campylobacter species. Campylobacter gracilis and Campylobacter curvus each have a second
inactive PgIB enzyme, missing the DGGK motif. | added the DGGK motif into the PgIB
homologues missing the sequence. However, N-glycosylation was not restored when examined
by western blotting suggesting that other changes to the protein sequence in these two PglB
enzymes are also important for activity. | then wanted to test if altering the DGGK sequence on
the C. curvus active PgIB resulted in loss of function of the OTase. | switched the DGGK motif
with the inactive PgIB, putting in a DPGR motif into the active C. curvus PgIB. This did not
cause complete loss of function, but activity was heavily reduced indicating the importance of
the DGGK motif for the PgIB enzyme. Dr. Harald Nothaft completed the limited proteolysis
experiments to demonstrate that the DGGK motif plays a role in binding the donor glycan LLO
14 The structure of the yeast STT3 OTase bound to LLO *® shows similar grooves where the
dolichol tail of the LLO most likely bind. This suggests that the PglB and STT3 OTase share a

common substrate recognition even though having different substrate specificities. Aebi and
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Locher (2017) also completed the first x-ray crystallography of a PgIB in complex with a LLO

and acceptor peptide, showing that the DGGK motif interacts with the LLO holding it in place

4.3 Conclusions and perspectives

Previous work in our laboratory demonstrated that N-linked protein glycosylation
enhances C. jejuni growth in the presence of gastrointestinal proteases . Analyses of the N-
glycan pathways of all known Campylobacter species identified ecotin homologues within the
protein glycosylation loci of oral Campylobacters 6. The key objective of this thesis was to
characterize the serine-protease inhibitors (ecotins) of two oral Campylobacter species: C. rectus
and C. showae. The second objective of my study was to understand how glycoproteins and the
fOS generated through the N-linked protein glycosylation pathways are broken down and what
role PgIB may play in this process.

Analysis of the ecotin homologues can shed light on the bacterial fitness and survival in
the human host. Ecotins could potentially be antimicrobial targets to reduce fitness of certain
bacterial strains that are able to evade our immune systems while resulting in damage to host
tissues. Ecotins should be further studied and potentially be used as therapeutics to control the
immune system in patients where it is overstimulated and damaging to self-tissue. Proteases are
important in our vital processes such as digestion 7, blood coagulation 8, apoptosis *°,
immunity % and tissue remodeling ?*. Homeostasis disruption and dysregulation of protease
activity can lead to numerous pathologic disorders such as cardiovascular and inflammatory
diseases 22, cancer 23 and neurological disorders 2*. Thus, targeting proteases is a promising

therapeutic approach for these disorders. Analysis of the OTase activity as well as the N-glycan
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structures in other organisms can help shed light on the protection and importance of these
carbohydrates in the bacterial world. The disruption of the N-glycosylation pathway in C. jejuni
does not affect its viability, but disturbs many biological functions ?°. The conserved N-
glycosylation pathway in all Campylobacter species supports a key role in the physiology of

these bacteria 2°.
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Appendix I
A CONSERVED DGGK MOTIF IS ESSENTIAL FOR THE FUNCTION OF THE PGLB

OLIGOSACCHARYLTRANSFERASE FROM CAMPYLOBACTER JEJUNI !

Barre, Y., Nothaft, H., Thomas, C., Liu, X., Li, J., Ng, KKS, and Szymanski CM. 2017.
Glycobiology. (27) 10:978-989.

Reprinted here with permission of the publisher.
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Abstract

In Campylobacter jejuni, the PgIB oligosaccharyltransferase catalyzes the transfer of a
heptasaccharide from a lipid donor to asparagine within the D/E-X1-N-X2-S/T sequon (X1,2 #
P) or releases this heptasaccharide as free oligosaccharides (fOS). Using available crystal
structures and sequence alignments, we identified a DGGK motif near the active site of PgIB that
is conserved among all Campylobacter species. We demonstrate that amino acid substitutions in
the aspartate and lysine residues result in loss of protein glycosylation in the heterologous
Escherichia coli system. Similarly, complementation of a C. jejuni pglB knock-out strain with
mutated pgIB alleles results in reduced levels of N-linked glycoproteins and fOS in the native
host. Analysis of the PgIB crystal structures from Campylobacter lari and the soluble C-terminal
domain from C. jejuni suggests a particularly important structural role for the aspartate residue
and the two following glycine residues, as well as a more subtle, less defined role for the lysine
residue. Limited proteolysis experiments indicate that conformational changes of wildtype PgIB
that are induced by the binding of the lipid-linked oligosaccharide are altered by changes in the
DGGK motif. Related to these findings, certain Campylobacter species possess two PglB
orthologues and we demonstrate that only the orthologue containing the DGGK motif is active.
Combining the knowledge gained from the PgIB structures and mutagenesis studies, we propose
a function for the DGGK motif in affecting the binding of the undecaprenylpyrophosphate

glycan donor substrate that subsequently influences N-glycan and fOS production.
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5.1 Introduction

Asparagine-(N)-linked protein glycosylation is one of the most prevalent protein modifications
in eukaryotes. It involves transfer of sugars from nucleotide-activated sugar donors onto the
dolicholpyrophosphate lipid at the cytoplasmic side of the endoplasmic reticulum (ER) *. The
partially assembled glycan is flipped to the lumenal side of the ER membrane by an adenosine
triphosphate (ATP)-independent flippase where additional modification of the glycan occurs
before it is transferred from the lipid carrier to asparagine residues in the N-X-S/T (X # P)
sequon of protein acceptors by the oligosaccharyltransferase (OTase) complex 22,

In yeast, the OTase is a multimeric enzyme that consists of at least eight different transmembrane
protein subunits, each of which is required for enzymatic activity and where the STT3 subunit is
the catalytic center %, In lower eukaryotes, such as Giardia and kinetoplastids, the OTase is
composed of a single polypeptide membrane protein that consists of STT3 alone °. The genomes
of Trypanosoma brucei and Leishmania major reveal the presence of three and four STT3
paralogous genes, respectively &’. Homologous processes of N-linked protein glycosylation have
been found outside of the Eukaryotic domain, in both Archaea and Bacteria 8°. Similarly, the
OTase from the thermophilic archaeon, Pyrococcus furiosus, is also composed of the STT3
protein alone and is capable of transferring glycans onto peptide acceptors®®.

The bacterial process of N-glycosylation shares many features with its eukaryotic and archaeal
counterparts, but significant differences exist. In Campylobacter jejuni, N-glycosylation is
coupled to general secretion-mediated translocation to the periplasm *. In this process,
nucleotide-activated sugars are synthesized in the cytoplasm and assembled onto an
undecaprenylpyrophosphate-linked carrier forming a heptasaccharide at the cytoplasmic side of

the inner membrane, where they are then translocated to the periplasm 212 and subsequently
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transferred from the lipid carrier to asparagine residues within the extended D/E—X1—N—-X>-S/T
consensus sequence, where X; and X are any amino acids except proline 4. The central enzyme
responsible for the transfer reaction is PgIB, the OTase encoded by the protein glycosylation
(pgl) locus °. The C. jejuni pgl gene cluster contains all of the genes necessary for the N-
glycosylation process, and can be functionally reconstituted into Escherichia coli to produce
recombinant glycoproteins *°. In addition to N-glycosylation, PgIB also releases free
oligosaccharides (fOS) into the periplasm in response to changes in the osmotic environment and
bacterial growth phase 6.

The N-glycosylation pathway has been identified in an increasing number of bacteria "8, For
yet undetermined reasons, the pathway is exclusive to the epsilon and delta classes of
Proteobacteria. The pgl gene orthologues are conserved in all Campylobacter species sequenced
to date 8, the delta-proteobacterium Desulfovibrio desulfuricans *°, and in the epsilon-
proteobacteria Wolinella succinogenes 2°, Sulfurovum sp., Nitratiruptor sp. 2* and certain
Helicobacter species 2. The N-glycosylation pathway has not yet been demonstrated to be
functional in all of these organisms, but they each possess the key enzyme, PgIB 2324, Therefore,
it is predicted that these bacteria also N glycosylate their proteins.

The PgIB of C. jejuni (Cj-PgIB) is the best studied bacterial OTase to date. It is an 82 kDa
single-subunit OTase which shares sequence similarity and structural organization with the STT3
subunits of eukaryotic OTase complexes 2°. It comprises 13 predicted hydrophobic N-terminal
transmembrane domains spanning the periplasmic membrane and a soluble C-terminal domain
oriented toward the periplasmic space 2.

All OTase orthologues in all three domains of life have the signature WWDXG motif (where X

is Y or W) shown to be necessary for Cj-PgIB activity 1°. The crystal structure of the full length
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PglIB of Campylobacter lari (CI-PgIB) has been solved and has revealed that the side chains of
the serine or threonine at the +2 position of the acceptor consensus sequence interact with those
of the WWD residues to form stable hydrogen bonds resulting in acceptor sequon binding 2. A
crystal structure of the soluble C-terminal domain was previously determined for the closely
related homolog Cj-PgIB, and structural comparisons with

the archaeal AglIB revealed a conserved Ile 571 within an MXXI motif 2. Based on the
proximity of the isoleucine residue to the bound peptide or protein acceptor substrate, the
isoleucine residue in homologous proteins has been proposed to provide contact with the +2 Thr
to aid in protein binding and/or recognition 2’

Here, we identified and analyzed amino acids that are important for the function and/or structure
of Cj-PgIB. Analyses of available crystal structures and sequence alignments identified a DGGK
sequence located in close proximity to the WWDXG motif. The DGGK motif is highly
conserved in all campylobacter PgIB proteins and is present in at least one PgIB orthologue for
species that contain two PglB enzymes. We show that specific PgIB mutations in D and K
influence N-glycosylation and fOS hydrolytic activity and that predicted conformational changes
induced by the binding of the lipid-linked oligosaccharide (LLO) are altered by introducing
amino acid exchanges in the DGGK motif. We further demonstrate that orthologues containing a
DGGK motif are functional in N-glycan transfer but that the presence of DGGK alone is not

sufficient to establish PgIB activity in orthologues that are lacking the motif.
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5.2 Results

5.2.1 Functional analysis of C. jejuni DGGK points mutants in E. coli

The crystal structures of C. lari PgIB and the soluble C-terminal domain of C. jejuni PgIB,
together with a homology model of the full-length C. jejuni PgIB reveal that the 4> DGGK*"®
motif is located directly next to the conserved *"WWDXG*! sequon (Figure 1) *°. In silico
analysis further demonstrated that the DGGK motif is conserved in all Campylobacter species
(Figure 2). To analyze if these amino acids are important for PgIB function, we substituted the D
and K residues in 4> DGGK*"® to generate the following

variants: D475A, D475V, D475K, K478A, K478V, 4PAGGA*8, 4PVGGV*™ and S KGGD*™8,
Western blotting with HA-tag specific antibodies showed that the introduction of the point
mutations had no effect on PgIB expression levels when compared to the wildtype PgIB protein
(Figure 3A). Since whole cell lysates of E. coli expressing PgIB-HA proteins were examined, the
HA signal in the higher molecular weight range that is present in all preparations, including the
vector control, is due to unspecific binding to an E. coli protein. To analyze PgIB activities, we
expressed the various pglB alleles in E. coli CLM24 in the presence of pACYC184(pglmut) and
pPWAZ2 encoding the soluble form of the His6-tagged C. jejuni-N-glycosylation acceptor protein
Cj-CmeA. Wildtype PgIB (expressed from pMAF10) or inactive PgiB (WWDYG to WAAYG,
expressed from pWAU1) served as positive and negative controls, respectively. PgIB activities
were determined by analyzing the glycosylation status of purified Cj-CmeA-His6 by western
blotting using His6-Tag-specific and C. jejuni-N-glycan-specific antibodies (Figure 3A)

followed by densitometric analysis of the Cj-CmeA-specific signals of the anti-
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His6 western blot (Figure 3B). Loss of Cj-CmeA glycosylation was observed with the double
mutations AGGA, VGGV, KGGD and the single amino acid substitutions D475K and D475V.
The single point mutations D475A, K478V and K478A resulted in reduced Cj-CmeAHis6
glycosylation when compared to the glycosylation pattern observed in the presence of wildtype

PgIB. This series of mutants shows that substitutions of D475 are less tolerated than K478.

A C-terminal B

domain

£7

WWDYG motif

_f\/‘

Fig. A.1. Location of DGGK motif within the crystal structure of the C. lari PglB:acceptor
peptide complex (PDB 3RCE). (A) Ribbon diagram of PgIB, showing the N-terminal
transmembrane domain (blue), C-terminal soluble domain (yellow), peptide substrate acceptor
(red), WWDYG motif (green), DGGK motif (magenta) and catalytic divalent cation (modeled as
magnesium ion, gray). Extended loops EL1 (cyan) and EL5 (black) are also highlighted; the
disordered N-terminal portion of EL5 missing from the crystal structure is denoted by a dashed
line. (B) Close-up view of the region denoted as a black box in panel (A) showing the atomic
positions of

the atoms in the peptide acceptor substrate (red), WWDY G motif (green), DGGK motif
(magenta) and divalent cation (modeled as magnesium ion, gray). (C) Hydrogen-bonding
interactions (dashed red lines) involving the side chain carboxylate group of Asp*” are shown,
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indicating some of the structural constraints imposed by residues surrounding the DGGK maotif.
The numbers for the residues in the DGGK motif are given for C. jejuni, even though the
structure that is shown is from C. lari. Note that the three-dimensional structure of PgIB from C.
jejuni is predicted to be very similar to that from C. lari due to the high level of sequence identity
between the two homologous proteins. This figure is available in black and white in print and in

color at Glycobiology online.

C. jejuni NCTC 11168 443

C. jejuni subsp. doylei 269.97 443

C. coliRM 2228 443

C. upsaliensis RM 3195 498

C. helveticus CCUG 30566 498

= | C. cuniculorum LMG 24588 504

Q.| ¢. avium LMG 24591 491

8 C. insulaenigrae NCTC 12927 462

8 G C. subantarcticus LM G24377 449

G C. lari subsp. lari RM 2100 449
Q C. lari subsp. concheus LMG 11760 449

S |c farivpTe NCTC 11845 449

- C. peloridis LMG11251 471

Q C. volucris LMG 24379 449
8 C. fetus subsp. fetus 80-40 496

{Q C. fetus subsp. venerealis NCTC 10354 496
O C. hyointestinalis hyointestinalis LMG 9260 496
> C. hyointestinalis lawsonii CCUG 27631 496

CE)“ _ C. lanienae NCTC 13004 433

S = C. sputorum paraureolyticus LMG 11764 393

O |c sputorum faecalis CCUG 20703 447
8 C. sputorum sputorum RM3237 447

%= | C. hominis BAA381 465

O C. gracilis RM3268 (2013) 664

C. curvus 525.92 (1213) 446

C. concisus 13826 (0452) 438

C. mucosalis CCUG 21559 439

C. rectus ATCC 33238 525

C. showae ATCC 51146 525

Fig. A.2. Sequence alignment of Campylobacter PgIB protein sequences. The *°DGGK*"®
sequence in C. jejuni NCTC 11168 is located close to the highly conserved *"WWDY G*¢! motif
indicated by black bars above the sequence that are conserved in all Campylobacter species of
the thermophilic (1) and nonthermophilic (I1) group. Highlighted in black are amino acids that
are conserved in at least 50% of the sequences, gray highlighting indicates the presence of an
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amino acid with similar charge, white indicates no amino acid conservation at this position.
Multiple sequence alignments and figures were generated with ClustalW and BOXshade;

http://www.ch.embnet.orq/.

5.2.2 Activity of PgIB DGGK point mutants in C. jejuni and analysis of fOS production
Next, we investigated PgIB activities in the native host. We expressed the various pglIB alleles in
the C. jejuni pgIB knock-out strain and analyzed the glycosylation status of native Cj-CmeA by
western blotting using Cj-CmeA-specific antibodies (Figure 4). Similar to what was observed in
the heterologous E. coli system, expression of PgIB K478A and K478V resulted in a reduction of
Cj-CmeA glycosylation that was further reduced upon expression of PgIB D475A. Expression of
the PgIB double mutations AGGA, VGGV, KGGD and the single amino acid substitutions
D475K and D475V resulted in complete loss of native Cj-CmeA glycosylation.
Complementation of pglIB with wildtype Cj-PgIB (positive control) led to restoration of Cj-
CmeA glycosylation when compared to the wildtype strain whereas only non-glycosylated Cj-
CmeA was observed upon expression of inactive PgIB (WAAYG, negative control).

To investigate whether the DGGK motif is also required for the hydrolytic activity of PgIB, we
followed the release of the N-glycan structure as fOS into the periplasm of C. jejuni. We applied
semi-quantitative mass spectrometry to determine the fOS levels in normalized whole cell
lysates of C. jejuni wildtype, pgIB and pglB complemented with PgIB D475V and K478V single
point mutants (Figure 5). The fOS amount obtained with the wildtype strain was used as the
reference and set to 100%. No fOS could be detected in the pglB knock-out strain itself as

well as in the presence of PgIB WAAYG. Expression of the Cj-wildtype pgIB allele in the pglB

knock-out resulted in partial complementation of the fOS-negative phenotype, with levels at 50%
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when compared to the wildtype strain. Significantly reduced amounts of fOS levels were
observed upon expression of PgIB D475V and K478V. The fOS levels reached 11% and 20%
when compared to the fOS levels produced in the pglB mutant complemented with the wildtype
Cj-pgIB allele. The decrease in the formation of fOS and therefore the reduction in PgIB
hydrolase activity was comparable with the reduction in PgIB N-glycan transfer activity as

determined above.

b/‘\‘b I\Q’ »\‘b
¥t S
S o @ AF AT S S F S S
& &S FEF ST ST
A
1] e ——— - PgIB-HA
anti-HA
B /ZN .
404 ot | B B e S A G s :(1):} CmeA'H|55
anti-His6
2N 0 37 0 0 5 0 12 0 0 0
% IN 0 28 0 42 23 3 33 0 0 0
ON | 100 35 100 58 72 97 55 100 100 100 100
C "' [ Sy —— /ZN
40- = = p—— - IN|CmeA-Hiss

anti-Cj-N-glycan
Fig. A.3. In vivo activity of C. jejuni PgIBs with specific amino acid changes in D and K within
the DGGK motif. (A) Expression of PgIB proteins in E. coli whole cell lysates was followed
with HA-specific antiserum. The glycosylation pattern of Cj-CmeA-His expressed in the
presence various PgIB alleles was determined by western blotting with (B) His-Tag and (C) anti-

N-glycan specific antiserum. The glycosylation status of Cj-CmeA-His is indicated on the right
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(ON, 1N, 2N refer to none-, mono- and di-glycosylated Cj-CmeA-His, respectively). Western
blot signals corresponding to Cj-CmeA-His (from (B)) were further quantified by densitometry.
The results are expressed as percentage normalized to the values obtained after co-expression

with Cj-wildtype PgIB (set to 100%). Relevant molecular weight markers (in kDa) are indicated

on the left.
b/l\cb §% &\%
. > LT N G AR C RN S ©)
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P L~ 2N
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Fig. A.4. In vivo complementation of C. jejuni pgIB with the DGGK pgIB point mutants. The
presence and the glycosylation pattern of native Cj-CmeA protein in whole cell lysates of C.
jejuni wildtype, pglB mutant and the pglB mutant expressing various pglB alleles was determined
by western blotting with Cj-CmeA-specific antiserum. The glycosylation status of native Cj-
CmeA is indicated on the right (ON, 1 N, 2 N refer to none-, mono- and diglycosylated Cj-

CmeA, respectively). Relevant molecular weight markers (in kDa) are indicated on the left.
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Fig. A.5. Mutation in DGGK results in reduced fOS release in C. jejuni. Amounts of fOS
released in C. jejuni wildtype, pgIB and pglB complemented with various pglB mutant alleles (as
indicated) was determined by semiquantitative mass spectrometry. Bars represent the mean
calculated from values obtained from three independent biological replicates. Variations are
indicated by error bars, the asterisks indicate a statistically significant difference in fOS amounts

(P < 0.05) when compared to C. jejuni pglB mutant complemented with the wt-pgIB allele.
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5.2.3 Limited proteolysis of PgIB proteins suggests involvement of 4°DGGK*’8 in substrate
binding

To further investigate the possible involvement of the DGGK motif in either directly mediating
substrate binding or affecting protein conformational changes related to substrate binding, we
performed limited proteolysis experiments in the presence or absence of Cj-LLOs (Figure 6). Cj-
LLO and control extracts were prepared and characterized from E. coli expressing the C. jejuni
pgl operon as described in Supplementary data, Figure S1. Full length PgIB proteins

that migrate at around 70 kDa were readily degraded over the 60 min timeframe of the assay.
Specific proteolytic fragments containing the C-terminal HA-tag were observed by western
blotting after 10, 20, 30, 45 and 60 min of incubation with proteinase K followed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. For wildtype PgIB,
the greatest change in the proteolytic digestion pattern in the presence of Cj-LLOs is an increase
in resistance to proteolytic digestion for a fragment of ~26 kDa, at longer digestion times of 45—
60min. In mutants K478A, K478V and D475A, the proteolytic digestion patterns are similar to
the patterns seen for wildtype PgIB. In contrast, in mutants D475V, D475K, AGGA, VGGK and
KGGD, the degradation of the 26kDa fragment at all time points did not appear to be affected by
the presence of Cj-LLOs. Notably, for the mutant in which the highly conserved WWDY G motif
is replaced by WAAYG, the 26 kDa fragment appears to form more readily at early time points
of 0—10min in the presence of Cj-LLOs. No degradation of PgIB proteins was observed over a
60min timeframe in the absence of proteinase K (Supplementary data, Figure S2). Inspection of
the three-dimensional structure of PglIB suggests that the most likely cleavage site resulting in the
formation of a 26 kDa C-terminal fragment lies in the loop immediately following the DGGK

motif (Supplementary data, Figure S3). Cleavage between L480 and G481 would result in the
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formation of a 27.8 kDa fragment expected to migrate near the location of the 26 kDa band seen
in SDSPAGE. The other major C-terminal fragment (~45 kDa) produced by proteinase K is
predicted to be produced by a cleavage event in EL5. For example, cleavage between F308 and

N309 yields a 47.5 kDa fragment expected to migrate near the location of the 45 kDa band

seen in SDS-PAGE.
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Fig. A.6. Limited proteolysis of PgIB proteins in the presence and absence of LLO. C. jejuni
PgIB proteins (indicated above each panel) expressed in E. coli and enriched in CEF were
subjected to proteinase K digestion after incubation with Cj-LLOs (+LLO) or a control
preparation that does not contain LLOs (—LLO). Formation of proteolytic fragments over time
(as indicated above each panel) was followed by western blotting with HA-specific antiserum.
Full length

PgIB migrates at 70 kDa, relevant sizes of the molecular weight marker (MWin kDa) are

indicated on the left of each figure panel.

1221 415 QS TYSFLTSFALSODQISSANI
0434 417 20
0460 411 oG

1213 411 I‘GREDYVLEWWDYGYPIRYY‘DVKTLIDGGI1H
2013 628 ‘QREDYELSWWDYGYGIRYYSDVKTLIDGG—;H
0452 402 I‘GREDYVLHWWDYGYPIRYYSDVKTLIDGG—HH

NENEFRVSEFALESDEMSSANM

Fig. A.7. Campylobacter species with two PgIB orthologues. Sequence alignment of PgIB
protein sequences from Campylobacter species that possess two PgIB orthologues. The highly
conserved WWDYG motif is indicated by a black bar; the region containing the DGGK
sequence motif (either present or absent) is boxed. Highlighted in black are amino acids that are
conserved in at least 50% of the sequences, grey highlighting indicates the presence of an amino
acid with

similar charge, white indicates no amino acid conservation at this position. Ccu, Campylobacter
curvus (CCV52592 1221, ATGWV7; CCV52592 1213, ATGWWS5); Ccon, Campylobacter
concisus (CCC13826_0460, A7ZEU3; CCC13826 0452, A7ZET®6); Cgr, Campylobacter

gracilis (CAMGRO0001_2013, C8PLK3; CAMGRO0001_0434, C8PHI9). Multiple sequence
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alignments and figures were generated with ClustalW and BOXshade:

Http://www.ch.embnet.org/.

5.2.4 Certain Campylobacter species possess two PglIB orthologues

In a previous study, we identified three Campylobacter species that possess two PgIB
orthologues in their chromosome; C. curvus 525.92, C. concisus 13826 and C. gracilis RM3266
(Nothaft and Szymanski 2010). A similar observation was made for certain Helicobacter species
(Jervis et al. 2010). Our in silico analysis revealed that in campylobacter, only one of these PgIB
orthologues possesses the conserved DGGK motif, whereas the WWDYG motif is conserved in
both copies (Figures 7 and 8). To functionally analyze these pgIB alleles we cloned and
expressed the corresponding proteins from C. curvus and C. gracilis in the heterologous E. coli
system in the presence of pACYC184(pglmut) encoding the Cj-glycosylation operon with an
inactive PgIB. The glycosylation status of the soluble version of the Cj-CmeA-His6, expressed
from plasmid pWAZ2 served as a read-out for PgIB activity (Figure 9A). Expression of the PgIB-
HA proteins was confirmed in E. coli whole cell lysates after western blotting with HA-tag
specific antiserum. All PgIB proteins migrate at approximately 70 kDa, although their calculated
mass is >20% larger. The anomalous migration behavior of proteins containing multiple
transmembrane domains when analyzed by SDS-PAGE has previously been described and a
more compact, incompletely unfolded conformation for full-length PgIB-HA may explain in part
a rate of migration that is higher than expected for a typical soluble protein (Rath et al. 2009).
The additional HA-specific bands in the higher MW range observed for Cgr2013, Cgr0434 and
Ccul213 could either represent fully unfolded PgIB protein that migrates at the correct

theoretical mass or might be due to a combination of oligomerization and incomplete
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unfolding of the respective protein.

Western blot analysis of purified His6-tagged Cj-CmeA coexpressed with pACY C184(pglmut)
and pWAL (PgIB WAAYG) led to the formation of purely non-glycosylated Cj-CmeA while
expression of the Cj-wildtype pgIB allele from pMAF10 resulted in the formation of three bands
that corresponded to non- mono- and diglycosylated Cj-CmeA (Figure 9A upper panel); only the
two higher molecular weight signals reacted with the Cj-N-glycan-specific antiserum (Figure 9A
middle panel). Expression of the PglIB proteins from C. curvus and C. gracilis only resulted in
the formation of glycosylated Cj-CmeA when the orthologue with the DGGK motif was
co-expressed (i.e. Ccul213 and Cgr2013) while only non-glycosylated Cj-CmeA could be
observed upon co-expression of the protein variant that does not possess the DGGK motif (i.e.
Ccul221 and Cgr0434). In parallel, western blot analyses carried out with anti-HA (Figure 9A,
lower panel) showed similar levels of expression of the various PgIB proteins, indicating that the
absence of glycosylation activity is indeed the result of the missing N-glycan transfer function of
the tested PgIB proteins.

Next, we investigated the N-glycosylation potential of these PgIB proteins in the Campylobacter
system for their ability to complement the Cj-pglB mutant. Western blot analyses of whole cell
lysates probed with N-glycan-specific antiserum (Figure 9B) revealed that N-glycosylation in
whole cell lysates could only be observed in samples prepared from cells that express Cgr2013
or Ccul213 in the Cj-pglB mutant background. No glycosylation activity could be determined
upon expression of Cgr0434 and Ccul221 (that do not have the DGGK motif) as evidenced by
the lack of N-linked glycoproteins similar to the complementation with the inactive Cj-pglB
allele. 1t is worth mentioning that we could not detect fOS in extracts of the Cj-pgIB mutant

complemented with active Cgr2013 or Ccul213 (results not shown) indicating that the levels of
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fOS were either below our detection limit or that PglB enzymes from other Campylobacter

species do not hydrolyze the Cj-glycan from the lipid-linked-N-glycan LLO intermediates,

although fOS is naturally produced by these species %°.

Fig. A.8. Docking model of undecaprenyl-pyrophosphate-glycan donor bound to C. lari PgIB.
Close-up views are drawn from the same orientation as shown in Figure 1B for the active-site
regions of (A) the crystal structure of the C. jejuni PgIB peptide complex (PDB 3RCE) and (B) a
model of the undecaprenylpyrophosphate-glycan donor that was manually docked into the active
site by aligning the diphosphate moiety with the magnesium ion and the anomeric carbon

of the diNAcBac residue with the side chain amide nitrogen atom of the Asn residue in the
peptide acceptor. (C) The full GaINAc-al,4-GalNAc-al,4-[Glcp1,3]GalNAc-al,4-GalNAc-al,4-
GalNAc-al,3-diNAcBAC glycan structure is drawn. In panel (A), the residue numbering follows
that for C. jejuni PgIB, even though the structure that is shown is from the closely related PgIB
homolog from C. lari. This figure is available in black and white in print and in color at

Glycobiology online.
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Fig. A.9. Functional analyses of PgIB proteins from species with two PglB orthologues. (A)
Functional analysis of PglIB proteins in the heterologous E. coli system. The glycosylation
pattern of purified Cj-CmeA proteins co-expressed in the presence of the C. jejuni protein
glycosylation operon with an inactive PgIB and various PgIB proteins was determined by
western blotting using His-tag specific (upper panel) and Cj-N-glycan-specific (middle panel)
antisera. The glycosylation status of the Cj-CmeA protein is indicated on the right; ON, 1N, 2N
refer to non-, mono-, and di-glycosylated Cj-CmeA. In parallel, western blots using HA-tag
specific antisera were performed to follow expression of the various HA-tagged PglB proteins
(lower panel). Relevant molecular weight markers (in kDa) are indicated on the left. Cj-pgiBmut,
Cj-PglIB with mutation in WWDYG; Cj-pglB, native Cj PgIB; Cgr2013, PgIB orthologue form C.
gracilis with DGGK; Cgr0434, PgIB orthologue form C. gracilis without DGGK; Ccul213,

PglB, orthologue form C. curvus with DGGK; Ccul213, PgIB, orthologue form C. curvus
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without DGGK. (B) Functional analysis of PgIB proteins in the C. jejuni pglB mutant. The
overall protein N-glycosylation pattern in whole cell lysates of C. jejuni wildtype (Cj-wt),

pglB mutant (pgIB-) and the pglB mutant expressing various PglB alleles (as indicated) was
determined by western blots with Cj-N-glycan-specific antiserum. Relevant molecular weight
markers (in kDa) are indicated on the left. (C) A functional DGGK is required but not sufficient
for PgIB activity. Functional analysis of PgIB proteins in the heterologous E. coli system as
described above using His-tag specific or Cj-N-glycan-specific antisera. Ccul213, PgIB
orthologue form C. curvus with DGGK; Ccul221, PgIB orthologue form C. curvus without
DGGK; Ccul221 DGGK PgIB, orthologue form C. curvus with DPGR to DGGK; Ccul213

DGPR PglB, orthologue form C. curvus with DGGK to DPGR.

5.2.5 Replacement of DGGK alone is not sufficient to restore PgIB activity in C. curvus
1221

We next wanted to investigate if PgIB functionality of Ccul221 can be restored by introducing
the DGGK motif into the correct position within the protein. We also did the opposite
experiment replacing the functional DGGK motif in Ccul213 with the Ccul221 DPGR motif.
Functional analysis of the Ccul221 (DPGR to DGGK) and the Ccul213 (DGGK to DPGR) PgIB
proteins after co-expression with the inactive Cj-pgl operon (pACYC184(pglmut)) and the
soluble N-glycan acceptor Cj-CmeA-His6 in E. coli (Figure 9C) indicated that Ccul213 (DGGK
to DPGR) is still able, albeit with lower efficiency, to N-glycosylate the Cj-CmeA-His6 protein
(Figure 9C), whereas for Ccul221 (DPGR to DGGK) only one band that corresponded to
non-glycosylated Cj-CmeA-His6 was observed similar to the inactive Cj-PgIB (WAAYG) allele,

as well as the native form of Ccul221. In contrast, non-, mono- and di-glycosylated Cj-CmeA-
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His6 proteins were detected in western blots with anti-His6-specific antiserum (Figure 9C, upper
panel) and N-glycan-specific antiserum (Figure 9C, lower panel) upon co-expression of the Cj-

PgIB wildtype allele, Ccul213 and Ccul213 (DGGK to DPGR).
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5.3 Discussion

N-linked protein glycosylation is present in all domains of life where several prominent
similarities and differences in the pathways are found. The defining event is the catalytic transfer
of a glycan moiety onto a protein acceptor catalyzed by the OTase. Comparison of the

processes provides further understanding of the distinct properties of the OTases. The archaeal
aglB and bacterial pglB genes share sequence similarity with the STT3 gene that encodes the
largest subunit of the eukaryotic OTase complex, where a conserved WWDXG motif can be
found within the soluble C-terminal domain #3°,

A structure-guided sequence alignment that included the yeast STT3 and the archaeal P. furiosus
AglB sequences revealed a >"*DXXK>™ sequence (DINK in yeast STT3, and DWAK in P.
furiosus) rather than the more defined e-proteobacterial DGGK motif that was demonstrated
through mutagenesis studies to be essential for OTase activity in yeast 1°. The 2.8 A resolution
crystal structures of the C-terminal globular domains of Cj-PgIB and

P. furiosus AglB were compared and revealed that the counterpart of the DWAK sequence in
Ag|IB actually corresponds to ¥MXXI°"* in PglIB, and that OTase activity in vitro was reduced
resulting from an 1571A substitution 28, In addition, a highly conserved

aspartic acid exists in the first loop of the transmembrane region in the OTases from all domains
of life (residue 54 in Cj-PgIB) and alanine mutations of residue D54 in Cj-PgIB resulted in nearly
complete loss of PgIB activity in vitro 8. The crystal structure of the full-length CI-PgIB
provides a molecular explanation for the requirement of a Ser or Thr residue at the +2 position of
the consensus sequence for N-linked glycosylation ?7. The peptide bound structure of PglB

reveals that the B-hydroxyl group of the +2Thr forms hydrogen bonds with each of the side
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chains of the WWD residues. The structure also shows that 1571 provides contact with the +2
Thr, but since the Ile within the MXXI motif is not conserved in all

STT3 homologs, the interactions seen with lle are either not essential or can be replaced by
interactions with other residues.

Other studies have investigated that the importance of specific amino acid residues in the PglB
protein with the goal to learn more about the function of the protein or to change and potentially
improve PglB function with respect to glycoengineering in the heterologous E. coli system 31-34,
In this study, analyses of available crystal structures and alignments of PgIB sequences from
multiple Campylobacter species revealed a second conserved 4°DGGK*® sequence. In the Cj-
PglB, this sequence motif is located 12 amino acids downstream of the conserved WWDXG
motif. Site-directed mutagenesis of the D and K amino acids was carried out to show the
importance of these residues with respect to OTase and hydrolase function. Alanine substitutions
of D475 and K478 in the Cj-PglIB showed a minor decrease in glycosylation activity compared to
wildtype PgIB.

Single valine substitutions of the D475 and K478 residues in PgIB resulted in reduced
glycosylation efficiency of D475V, but not K478V in the heterologous E. coli host, indicating
that introducing a branched and larger hydrophobic residue in place of D475 was more
disruptive than replacing K478 with a branched, hydrophobic residue. The effects of alanine and
glutamate substitutions at the D and K residues in the DGGK motif of Cj-PgIB were previously
analyzed using an in vitro glycosylation assay 3. D475 was implicated in PgIB function, since a
significant reduction in activity was observed when D475 was replaced with alanine. Our results

indicate that the double alanine or double valine mutations at both the D and K sites result in the
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complete loss of Cj-CmeA glycosylation, an effect more drastic than the single D475
substitution. Our data also suggest that both, the D and the K, residues are important

for the N-glycosylation activity of PgIB. The introduction of hydrophobic residues in place of
both D475 and K478 potentially destabilizes the structure of the DGGK loop more than a single-
site mutation, with the effect being more pronounced for the D475V mutation. In addition, we
show that the same mutations that adversely affect the N-glycosylation activity of PgIB in the
heterologous E. coli system and in the native C. jejuni host also led to a decrease in the hydrolase
activity of C. jejuni PgIB and subsequently in the production of lower amounts of fOS 6.

The PgIB crystal structures from C. lari and the soluble C-terminal domain of C. jejuni, together
with a homology model of full-length PgIB from C. jejuni reveal that the *°*DGGK*"® motif is
located directly next to the highly conserved WWDY G motif (Figure 1). In addition, the DGGK
motif is near the active-site divalent cation modeled as magnesium ion according to the
prediction of Lizak et al. (2011) and the side chain of the Asn residue of the peptide acceptor
substrate. The carboxylate group in the side chain of D475 accepts hydrogen bonds from the
backbone amide groups of the highly conserved G476 and G477 residues; the carboxylate group
also appears to accept hydrogen bonds from the side chain hydroxyl group and guanidino group
of the highly conserved Y462 and R465 residues, respectively. The D475V and D475A mutants
of C. jejuni PgIB showed nearly complete loss of activity, presumably in part because

of a disruption of the hydrogen-bonding network formed by the carboxylate group in the side
chain of D475. Replacing D475 with lysine in the D475K single and KGGD double mutants also
led to a loss of activity that is consistent with charge repulsion between the positively charged
lysine side chain and R465, as well as the loss of other stabilizing interactions normally formed

by the carboxylate side chain.
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Even though the specific functional role of the DGGK motif in PgIB catalysis is hot known at
this time, the proximity of the motif to the WWDYG motif, the active-site divalent ion and the
peptide acceptor asparagine side chain all suggested a possible role in binding the donor

glycan. Limited proteolysis data provide additional support for the involvement of this motif in
donor glycan binding. Most significantly, the protection of the 26 kDa C-terminal fragment to
proteolytic digestion by LLOs in all of the enzymatically active PgIlB mutants indicates

that LLO binding likely stabilizes interactions between the watersoluble C-terminal domain and
the N-terminal transmembrane domain. The fact that the in vivo PgIB activities for the various
DGGK mutants can be correlated to the stability of this 26 kDa fragment further suggest

that certain DGGK mutants are no longer able to bind the substrate efficiently. Somewhat related
to these observations, the cleavage site leading to the formation of the 26 kDa fragment appears
to be more accessible to proteinase K in the WAAYG mutant relative to the wildtype

enzyme containing the WWDYG motif. In the folded structure of PgIB, the WWDYG motif is
adjacent to the loop consisting of residues 474-485, which includes the 4> DGGK*"® motif and
the putative cleavage site between residues L480 and G481 leading to the formation of

the 26 kDa fragment. Disruption of the highly conserved WWDYG motif’s interactions with the
adjacent loop may account for the increased sensitivity of the loop to proteinase K digestion. To
help further explore the structural basis of LLO-dependent effects on protease sensitivity, we
have constructed a model of the undecaprenylpyrophosphate glycan and docked it into the active
sites of C. lari PgIB and the homology model of C. jejuni PgIB. These models indicate that the
di-N-acetylbacillosamine (diNAcBAC) residue lies within 3—4A of G477, and the side chain of
Y462 that forms a hydrogen bond with the carboxylate side chain of D475 is also positioned

close enough to directly interact with both the diNAcBac residue and the a(1-4)-linked
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GalNAc residue. These models suggest that the DGGK motif either directly interacts with
residues in the donor glycan or affects the conformation of nearby residues that in turn interact
with the donor glycan. These models are also consistent with previously reported data from
Jaffee and Imperiali ! indicating that increasing the concentration of the polyprenyldiphosphate
glycan donor partially compensated for the loss of activity seen in the D475A and D475E
mutants, as well as recently reported molecular dynamics simulations

of substrate complexes formed with PgIB . These models may also help to explain why all
members of the Campylobacter genus form diNAcBac-GalNAc at the reducing terminus of their
oligosaccharide and show divergence of structure beyond the second sugar °.

Our observation that PgIB orthologues in which DGGK is replaced by DPGR (C. curvus and C.
concisus) and DPGGR (C. gracilis) lack glycosylation activity prompted us to investigate how
changes in this motif may affect the structure of PglB. Homology models of these orthologues
suggest that the aspartate residue adopts the same position, and the replacement of the first
glycine with proline is not expected to significantly affect the structure of the motif or nearby
residues (Supplementary data, Figure S4). The homology models also suggest that the
replacement of the lysine residue with arginine or the insertion of an extra glycine and
replacement of lysine with arginine are unlikely to perturb the global structure or folding of PgIB
significantly, because this motif is mostly exposed to solvent and these changes are thus not
expected to affect the folding or conformation of other parts of the structure. Instead of these
variations in structure and sequence affecting the overall PgIB fold, it seems more likely that the
compact structural motif created by these four or five residues forms a portion of the binding site
for the donor glycan, in combination with residues from the extended EL1 loop and perhaps also

the extended EL5 loop. Although ELS5 is partially disordered in the crystal structure of PgIB
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that was determined in the absence of the donor glycan, it is positioned near where the donor
glycan is expected to be, and therefore is predicted to interact with and stabilize the donor glycan
prior to glycosyl transfer 43¢, Since the DGGK motif likely combines with nearby residues from
loops EL1 and EL5 to form the majority of the binding site for the acceptor glycan, we predict
that the activity of the inactive PgIB enzymes from C. curvus, C. concisus and C. gracilis may
only be rescued if adjacent portions of loops EL1 and EL5 were also modified in addition to the
sequence of the DGGK motif.

In summary, our results indicate that the DGGK motif plays an important role for PgIB activity.
However, the presence of the DGGK motif alone, although in combination with other necessary
sequence motifs (like WWDYG) that have been shown to be required for PgIB activity, is not
sufficient for the generation of a functional OTase. This and other studies have used the known
structural and sequence requirements of bacterial OTases not only to identify and study
additional PgIB proteins 232 but also (using targeted and non-targeted approaches in
combination with novel high throughput assays) to identify and to study amino acid residues and
motifs necessary for the interaction of PgIB with the protein acceptor, its glycosylation site
preference or the LLO donor 323437 These studies have already helped to understand protein
function in more detail and demonstrated that it is possible to change PgIB substrate specificities
34 for the generation of novel glycoconjugate vaccines. We now describe a conserved DGGK
structural motif in the PgIB OTases of the Campylobacter genus that is necessary for N-linked
glycoprotein production and fOS release. We predict this motif is involved in binding

of the donor undecaprenyl-pyrophosphate glycan substrate and is therefore required for OTase

activity. Unlike in eukaryotes where duplicate STT3 enzymes play a supporting role for N-
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glycosylation, the reason inactive PgIB enzymes are maintained in several Campylobacter and

Helicobacter species remains to be resolved.
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5.4 Materials and Methods

5.4.1 Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this study are listed in Table I. Escherichia coli strains
were grown in Luria-Bertani (LB) broth or on LB agar plates. Campylobacter jejuni NCTC
11168 strains were grown on Mueller Hinton (MH, Difco) agar plates under microaerobic
conditions (10% CO2, 5% 02, 85% N2) at 37°C for 18 h. Campylobacter curvus and
Campylobacter gracilis were grown on BHI agar supplemented with 5% horse blood under
anaerobic conditions. Ampicillin (100 pg/mL), chloramphenicol (25 pug/mL), kanamycin (25
pg/mL), trimethoprim (25 pg/mL) and tetracycline (25 pg/mL) were added to the medium as

needed for selection.
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Table A.1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristic Source
E. col
DH 5a F endAl bsdR17 supE44 thi-1 recAl A (argF-lac ZYA)U169 (80d lacZ A M15) gyrA%6 T Invitrogen
CLM24 W3110, Anga L Feldman et al. (2003)
CeD0 (RE212.2) lew thr thi liey supE44 tond; pRE212.2_ Amp®, Ta® Figurski and Helinski (1979)
K12 swzykan E. coli K12 O-antigen polymerase mutant, Km™ Baba et al. (2006)
K12 swaal.:kan E. coli K12 O-antigen ligase mutant, Km®™ Baba et al. (2006)
K12 Aszy E. coli K12 O-antgen polymerase deletion mutant This study
K12 Awrwiwaalokan  E. coli K12 O-antigen polymerase, O-antigen ligase double murant, Km® This study
2 jefurd
11168 NCTC Clinical isolate used for genome sequencing Parkhill et al. (2000)
11168-pglB:kan pglB mutant, Km® Mothaft et al (2009)
Plasmids
pACYC pgh Encodes the C jeiuni pgl locus, Cm™ Wacker et al. (2002)
PACYC Pl Encodes the (. jefurd pgl containing point murations W458A and D4594 in PglB, Cm® Wacker et al. (2002)
pWAZ Soluble periplasmic C. oo Ced Hisg under control of Tet promoter, in pBR32Z, Amp®  Feldman et al. (20035)
pMLBAD Cloning vector, arabinese-inducible, Tmp™ Lefebre et al. (2005)
pMAF10 HA-tagged C. jefimi pglB cloned in pMLBEAD, Tmp™ Feldman et al. (2005)
pWAl Ha-tagged C. jejunti pglBme cloned in pMLBAD, Tmp™ Feldman et al. (20035)
pYBID . jejuni pglB(D4T5A by, doned into pMLEAD, Tmp® This study
pYBID . jefunti pplB(D475V s doned into pMLBEAD, Tmp® This study
pYBIK . jefuni pglB(KATEA)pn cloned into pMLBAD, Tmp? This smdy
pYBIK . jefuni pelB(K478Vina cloned into pMLBAD, Tmp® This study
pYR1A (., jefurni pglB (D47 34, K478 M), coned into pM LBAD, Tmp®™ This study
pYBIV . jefuni pelB(D4TSV, K478V doned into pMLBAD, Tmp® This study
pYB3K . jefunti pplB(D47 5K g o doned into pMLBAD, Tmp® This study
pYB4K . jefrni pplB(D47K, K478 D s cloned into pMLEBAD, Tmp™ This study
plcul 213-EC . enrvns 1213 peiB-, doned into pMLBAL, Tmp? This study
plcul 221-EC € curvns 1221 pgli-p, doned into pMLBAD, Tmp™ This study
plerl4 34-EC . gracilis 0434 pglBwaa doned into pMLBAD, Tmp™ This study
plae2013-EC . gracilis 2013 pglBwa doned into pMLEAD, Tmp™ This study
pCcnl 221 DGGK-EC  © cnrvns 1221 pplB{DPGR to DGGK ) 20 doned into pMLBAD, TmpF This study
pCcnl 213DGPR-EC  C carvws 1213 ppiB{DGGK to DPGR) g doned into pMLBAD, Tmp® This study
pCE111-28 . jeiuni expression vector, plasmid pRY 111 with &™ promoter of flad, Cm® Larsen et al. (2004)
pli-pglBD . jejuni pglB(D475V) doned in pCE111-28, Cm® This study
pli-pglBK . jejnni pglB(KATEV) cloned in pCE111-28, Cm® This study
pleul 213-Cj . exervns 1213 pgiB cloned in pCEL11-28, Cm® This study
plcul 221-Cj . cxrvns 1221 pglB cloned in pCELL-28, Cm™ This smudy
plari4 34-Cj €. gracilis 0434 pglB cloned in pCE111-28, Cm™ This study
plee2013-C . gracilis 2013 pglB cloned in pCE111-28, Cm® This study

5.4.2 Construction of plasmids

Amino acid substitutions in the pglB genes were generated using oligonucleotides listed in Table

I1. For the C. jejuni pglB, the single point mutants D475V and K478V were introduced using the

QuikChange Site-Directed Mutagenesis Kit (Stratagene) with plasmid pMAF10 as template. All

remaining Cj-pglB mutations were introduced following a modified three-piece ligation method
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described by Kato et al. (2009). Two polymerase chain reaction (PCR) fragments of the pglBc;
gene were amplified using Pfx polymerase (Invitrogen) with pMAF10 as template. The N-
terminal fragment of pglBcj was amplified using oligonucleotide pglBgamnir With each of the
oligonucleotides carrying the amino acid substitutions within the DGGK motif: D475A, K478A,
D475K, AGGA, VGGV and KGGD. The C-terminal fragment of pglBcj was amplified

using oligonucleotides pglB-C1-F and pgIBHAKpnI-R. The N-terminal and C-terminal pglB
fragments were digested with EcoRI and Kpnl, respectively, to generate blunt-ended PCR
products that were cloned in the same sites of the pMLBAD empty vector.

Genes encoding C. gracilis and C. curvus PglB orthologous proteins were PCR amplified from
chromosomal DNA of the respective strain with oligonucleotides (also see Table I1)
CCV52592_1213-Ncol-F and CCV52592_1213-HindlIlI-R, for C. curvus 1213;
CCV52592_1221-Ncol-F, CCV52592_1221-HindllI-R for C. curvus 1221; Cg0434-F-Ncol,
Cg0434-R-Pstl, for C. gracilis 0434 and Cg2013-F-Ncol, Cg2013-R-Pstl for C. gracilis 0434,
introducing an HA-Tag sequence at the 3’end of each pgIB gene. For expression in E. coli
obtained PCR products were digested with Ncol and Hindlll (for C. curvus pgIB alleles) or with
Ncol and Pstl (for C. gracilis pglB alleles) and ligated into plasmid pMLBAD digested with the
appropriate enzymes. Positive candidates containing the desired pgIB allele were verified by
restriction analysis and DNA sequencing. To generate the DPGR to DGGK mutation in
Ccul221, two PCR fragments were generated using the Ccul221-pMLBAD derivative

as a template with the oligonucleotide combinations CCV52592 1221-Ncol, 1221 DGGK-R-P
and 1221 DGGK-F-P (introducing the DGGK mutation) plus CCV52592 1221-HindllI-R. To

generate the DGGK to DPGR mutation in Ccul213, two PCR fragments were generated using
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the Ccul213-pMLBAD derivative as a template with the oligonucleotide combinations
CCV52592 1213-NcolF with 1213 DGPR-R-P and 1213_DGPR-F-P (introducing the

DGPR mutation) with CCV52592_1213-HindlIlI-R. The PCR fragments were generated using
Pfx polymerase and the subsequent three arm ligation *® was carried out using the Ncol digested
N-terminal and the Hindlll-digested C-terminal PCR products together with pMLBAD cut with
Ncol-HindlIll. Plasmids from clones obtained after transformation were verified by restriction
analysis and DNA sequencing.

For the C. jejuni NCTC 11168 pglB mutant complementation assays, pgIB alleles were amplified
by PCR with oligonucleotides pgiBBamHI-F and pglBXhol-HA-R using Vent polymerase (New
England Biolabs) and the respective pMLBAD derivative as a template. PCR products were
digested with BamHI and Xhol (or by digestion with BamHI only if an internal Xhol site was
present in the pglB allele) and subcloned into the C. jejuni-E. coli shuttle vector pCE111-28
treated with the same enzymes (or with BamHI-EcoRV if an internal Xhol site was present in the
pgIB allele). Plasmids obtained after transformation of E. coli DH5alpha (Table I) were
confirmed by restriction analysis. E. coli pRK212.2 was transformed with positive shuttle-
plasmid candidates. Shuttle plasmids expressing the various pgIB alleles were mobilized from E.

coli pRK212.2 into C. jejuni NCTC 11168 as described 3.
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Table A.2. Oligonucleotides used in this study

Oligonucleotde Sequence 5-3 Application
D47 5V-F COATGTGAAAACTTTAGTAGT TGO TGGAAAGUAT T TA GG TAAG Muragenesis
D47 5V-R COTTACCTAAATGCTTTOCACCAA CTACTAAANGTTTTCACATCG Muragenesis
E478V-F CTTTAGTAGATGO TOGAGTACAT T TAGO TAAGGA TAATTTTTTOC Muragenesis
E478V-R ';.;r.i."ﬁ.."ﬁ..'\..'\..'\..'\.|-|..'.l.|.|;.I.:.lIl‘f\t:t:l‘f\fb\‘l.[;ﬁ|.E.I:."ﬁ.';.I.:f\"‘t:llf\.t:.l.fbb\t; Muragenesis
D475 A-R COTTACCTAAATGTTITCCACCCGUTAC TAAAGTT TTCACATCG Muragenesis
E478A-R COTTACTTAANTGL TOCACCATCTACTAAMAGTTTTCACATCG Muragenesis
AGLA-R COTTACCTAAATC CACCOGUTACTAAAGTTTTCACATOG Muragenesis
VGGY-R COTTACCTAAATC .IIZL:.-\LI:LT ACTAAAGTTTTOACATOG Muragenesis
D475 R-R COTTACCTAAATGTTITCCACCTTTTACTAAAGTTITCACA TG Muragenesis
EGGID-R COTTACCTAAATGATCTCCACCTT I TACTAAAGT T T TCACA TG Muragenesis
pelB-C1-F SPhos ATAATTTTTTOCCTTCTTT TGO T T TAAGO AA AGATG Muragenesis
pelB HA Kpnl-R ATATACTOGAG GTACCATGGTTAAGOGTAATCTGGAACATCG, Kpml Muragenesis
pelB BamHI-F ATTAGUGGATOCTACCTOGACGUTTTT TATCGE, BamHI Mutagenesis
PCR, cloning
pelb Xbol-R TATACTOGAGT TAAGEGTAATCTGGAACATCOGTATGG, Xbal PCE, doning
COWVE2E92 1213-Meol-F ATAACCATGGATAAAGAGLG T T T TAGUTCATAT T T TAAMAAAT T T TCACCTCTUAAN G, Meol PCR, cloning
COVEZE92 1215-HindI-BE TAAAGCTTCAAGOGTAATC TGGAACATCGTATGGG TACCTCT TTAGTCTATAAACCTTTG, PCER, doning
Hindlll
COVE2ZE92 1221-MNeol-F AMMTOCATGGATAGTCAAGCCTTAAATTCAAATTTTOCGETCATCGAGGUAMMTTTTAGC, Neol  PCR, doning
COVE2592 1221-Hindl-B AAAAGCTTCAAGCGTAATCTGGAACATCGTATGGG TACT T TAGCAACCTGTAAATTTTAG, PCR, doning
Hindlll
Cpl434-F-Mool ATAAACCATGEAAAMAAT T TAGAA T TACAAACGGUOGAATGUTCACGTAT GO, Meol PFCR, doning
Cg434-K-Parl ATCTGCAG TEAAGUGTAA TUTGLAACA TOGTAT GGG TA T T TANTAA CT TG TAAN TUG, Farl PCE, doning
Ce2013-F-Mool ATAAMNCCATGGOTGAAGAAAAA AN GUCTTTTAGOCGTCAGAGA GATCGACG, Nool PFCR, doning
1221 DMGGE-E-P SPhosl GATGGTGGCAAGCAATCAGGCACATACAGCTTTCTAACGAGT PCR, cloning
Mutagenesis
1221 DGGE-B-P SPhosl GCTCAGOGTTTTGACATCGGCATAATACTTGATC PCR, cloning
Mutagenesis
PCR, cloning
12135 DMGPR-E-P APhesf GATOCCGLOGGAGGUACC TTGGACG TOGATAACTACGUCGTTAGE Mutagenesis
PCR, cloning
12135 _DMGPR-B-P SPhos TATTAAGGTOCTTGACATCGLOCGTAATATCG TATCLGA TA G Mutagenesis
PCR, cloning

Underlined, mutated nucleotides within g gB; nuceotides in italics indicate the presence of restriction enzyme site P hosfindicates phosphordation of the ' end.

5.4.3 Expression of PgIB proteins in E. coli and purification of Cj-CmeA-Hiss

Escherichia coli CLM24 expressing the C. jejuni protein glycosylation locus from

ACYC184(pglmut), the soluble form of the C. jejuni glycoprotein Cj-CmeA-Hiss, and each of

the pglB alleles from the pMLBAD derivative were grown at 37°C to an ODggo 0of 0.5-0.6.

After induction with 0.2% L-arabinose (wt/vol) for 4 h, cells were harvested by centrifugation

(3696 % g, 15 min, 4°C), and washed twice with chilled phosphate-buffered saline (PBS) pH 7.2.

Whole cell lysates were prepared by re-suspending the cells in 1/50 of the original culture

volume of PBS, pH 7.2 followed by sonication (3 x 1 min) with a Branson sonicator equipped
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with a microtip. After removal of unbroken cells by low-spin centrifugation (16,260 x g, 20 min,
4°C) PgIB proteins in the supernatant were visualized by western blotting using HA-tag specific
antibodies.

Cj-CmeA was purified from the same whole cell lysates by nickel affinity chromatography
(NTA agarose, Qiagen) as follows. After equilibration of the resin with PBS, whole cell lysates
containing Cj-CmeA-Hise protein were loaded. The resin was then washed with 10 column
volumes of 1 x PBS with 20mM imidazole to remove unspecific bound protein. Cj-CmeA
proteins were eluted with 1 x PBS with 500mM imidazole, dialyzed against 1 x PBS and stored
at 4°C. The glycosylation status of purified Cj-CmeA-Hise protein was analyzed by western

blotting using Cj-CmeA-specific and C. jejuni-N-glycan-specific antibodies.

5.4.4 Preparation of whole cell lysates and western blotting

Whole cell lysates of C. jejuni NCTC11168 were prepared as described “°. The overall
glycosylation profile in whole cell lysates of the C. jejuni wildtype, the C. jejuni pglB mutant and
the C. jejuni pglB mutant expressing various pglB alleles was analyzed by western blotting after
separation on 12.5% protein gels using C. jejuni-N-glycan-specific (R1) antibodies . The
expression and glycosylation status of proteins was analyzed after separation by 10% SDS-
PAGE and transfer onto PVDF membranes as described previously “°. Briefly, HA-Tag and His-
Tag-specific (1:1000) (Santa Cruz) or C. jejuni-Nglycan-specific (R1) (1:10,000) polyclonal sera
served as the primary antibody, alkaline phosphatase conjugated anti-rabbit or anti-mouse 1gG
(Santa Cruz) served as the secondary antibodies at a 1:2000 dilution. Immuno-reactive bands
were visualized using the NBTBCIP development reagents (Promega) according to the

instructions of the manufacturer.
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5.4.5 Densitometry analysis

Western blotting was quantified by densitometry. The dry PVDF membrane was scanned at 600
dpi, 16 bit, followed by quantification of the band intensity using ImageQuant version 5.1
software (Molecular Dynamics). Results were expressed as percentage relative to wildtype

signals.

5.4.6 Semi-quantitative MS-based fOS analysis
Free glycans (fOS) from the C. jejuni NCTC 11168 pglB mutants were prepared and analyzed as
described previously (Nothaft et al. 2009). Sample preparation and fOS analysis were repeated in

triplicate and the average relative quantities were used.

5.4.7 Homology modeling and docking

Homology models of PgIB from C. jejuni, C. curvus, C. gracilis and C. concisus were prepared
using the crystal structure of C. lari PgIB in complex with acceptor peptide (PDB 3RCE) ?" as
the template. The Swiss-Model server was used to generate sequence alignments and to generate
the homology models 1. A model of the undecaprenyl-diphosphate glycan donor was
constructed by modeling the structure of the glycan using the

GLYCAM-WEB carbohydrate-builder website 4? and building stereochemically reasonable
structures for the undecaprenol lipid and pyrophosphate moieties. The donor glycan lipid was
manually docked to align the pyrophosphate group with the divalent metal ion at the active site
and to position the anomeric carbon atom of the diNAcBac residue within ~2.5 A of the side
chain amide nitrogen atom of the acceptor peptide asparagine residue

in the C. lari PgIB complex crystal structure.
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5.4.8 Limited proteolysis

Cell envelope fractions (CEFs) proteins were prepared from whole cell lysates containing PgIB
(grown and expressed as described above) according to 3. Cj-LLOs were prepared from E. coli
K12 (4wzy/waalL::kan) expressing the Cj-pgl locus (Supplementary data, Figure S1). Then, 160
uL of CEF containing PgIB proteins were first incubated with heat treated Cj-LLO for 30 min on
ice followed by addition of 2 uL proteinase K (0.1mg/mL)

and 12.5 pL MgS0O4 (50mM) and incubation at room temperature. Aliquots of 20 pL were taken
at different time points, immediately mixed with 5 pLL of 5 X protein inhibitor cocktail mix
(Roche) and 6 pL of 6 x SDS loading dye and frozen at —80°C until further use. Proteolytic
profiles were analyzed by western blotting using the HA-Tag antibody as described above, after

separation of the reaction mixtures by 12.5% SDS-PAGE.
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5.5 Supplementary data

Supplementary Methods and Results Expression and preparation of C. jejuni lipid-linked
oligosaccharides (Cj-LLOSs) in E. coli The heterologous Cj-LLO expression strain was
constructed by eliminating the kanamycin cassette from the E. coli K12 wzy::kan mutant (KEIO
collection (Baba et al. 2006)) according to Datsenko et al (Datsenko and Wanner 2000). The
generated Awzy strain was used to introduce the kanamycin cassette into the O-antigen ligase
(waaL) locus. To do so, a 2.5 kbp waaL ::kan PCR fragment was generated with oligonucleotides
rfal_out 1 (5’- AGAATTGATTGGTTTACTGGCTGATTCAGG-3’) and rfal_out 2 (5’
TAAATTTTCCACCAACTACGACTTGCATTTACC-3’) from chromosomal DNA of E. coli
waal::kan (KEIO collection (Baba et al. 2006)) and introduced into the Awzy strain as described
(Datsenko and Wanner 2000). Expression of Cj-LLOs after introduction of the pgl operon into E.
coli Awzy/waal ::kan was followed by Western Blotting with Cj-N-glycan-specific antiserum
(R1) in whole cell lysates of the respective strain after treatment with proteinase K for 24 hr at
37°C and heat inactivation for 15 min at 95°C (Supplementary Figure S1). A Cj-N-glycan
positive signal corresponding to Cj-LLOs migrates at approximately 10 kDa after separation on a
15% SDS gel. This signal is absent in E. coli Awzy and E. coli waal::kan (negative controls).
The N-glycan specific signal in the Awzy/Cj-pgl strain (used as a positive control) results from
the transfer of the Cj-N-glycan to the E. coli lipid A core that migrates at approximately 15 kDa
(Nothaft et al. 2016). LLOs were heat treated for 15 min at 95°C and stored at -20°C until further

use.
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Supplementary Figures

Supplementary Figure S1
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Supplementary Figure A.S1. Cj-LLO preparation and analysis. The formation of Cj-LLOs
verified by Western blotting with Cj-N-glycan-specific antiserum in E. coli whole cell lysates
before (left panel) and after proteinase K treatment and heat inactivation (right panel). In E. coli
Awzylwaal ::kan that expresses the Cj-pgl operon (lane 2) Cj-LLO migrates at ~10 kDa,
indicated by an arrow. Lipid A N-glycan formation in E. coli wzy::kan expressing the Cj-pgl
locus was used as a positive control for antiserum reactivity (lane 1). Lipid A-N-glycan
compounds migrate at ~15 kDa, indicated by an arrow. No Cj-LLOs were formed in the absence
of the Cj-pgl genes in strains E. coli waaL.::kan (lane 3) and E. coli wzy::kan (lane 4). Molecular
weight markers (in kDa) are indicated on the left. MW indicates the markers used to separate the

two portions of the SDS-PAGE gel.
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Supplementary Figure S2
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Supplementary Figure A.S2. PgIB stability in the absence of proteinase K. Detection of PgIB
proteins (as indicated) by Western blotting with HA-specific antibodies at t=0 and after t=60 min

incubation under limited proteolysis assay conditions, but in the absence of proteinase K. PgIB

migrated at 70 kDa. Molecular weight markers (in kDa) are indicated on the left.
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Supplementary Figure S3
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Supplementary Figure A.S3. Putative sites of proteolysis in PgIB. Spheres indicate the alpha-
carbon positions of residues F308 and N309 near the C-terminal end of EL5 (magenta) and L480
and G481 near the C-terminal end of the 474-485 loop (green). The N-terminal, transmembrane
domain of PgIB (blue), C-terminal soluble domain (yellow), acceptor peptide (red) and LLO

donor (gray) are shown as in the same orientation as in Figure 1.
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Supplementary Figure S4

Supplementary Figure A.S4. Homology models of PgIB orthologues. Close-up views are
drawn from the same orientation as shown in Fig. 1B for the active-site regions of (A) the crystal
structure of the C. jejuni PgIB peptide complex (PDB 3RCE), and homology models of PgIB
orthologues from (B) C. curvus 1221, (C) C. gracilis 0434, and (D) C. concisus 0460. In panel
(A), the residue numbering follows that for C. jejuni PgIB, even though the structure that is

shown is from the closely related PglB homologue from C. lari.

173



5.6 References:

1. Burda P, Aebi M. The dolichol pathway of N-linked glycosylation. Biochimica et Biophysica
Acta (BBA)-General Subjects. 1999;1426(2):239-257.

2. Helenius J, Ng DT, Marolda CL, Walter P, Valvano MA, Aebi M. Translocation of lipid-
linked oligosaccharides across the ER membrane requires Rftl protein. Nature.
2002;415(6870):447.

3. Marshall RD. Glycoproteins. Annu Rev Biochem. 1972;41:673-702.

4. Yan Q, Lennarz WJ. Oligosaccharyltransferase: A complex multisubunit enzyme of the
endoplasmic reticulum. Biochem Biophys Res Commun. 1999;266(3):684-689.

5. Kelleher DJ, Gilmore R. An evolving view of the eukaryotic oligosaccharyltransferase.
Glycobiology. 2005;16(4):62R.

6. Berriman M, Ghedin E, Hertz-Fowler C, et al. The genome of the african trypanosome
Trypanosoma brucei. Science. 2005;309(5733):416-422.

7. lvens AC, Peacock CS, Worthey EA, et al. The genome of the kinetoplastid parasite,
Leishmania major. Science. 2005;309(5733):436-442.

8. Mescher MF, Strominger JL. Purification and characterization of a prokaryotic glucoprotein
from the cell envelope of halobacterium salinarium. J Biol Chem. 1976;251(7):2005-2014.

9. Szymanski CM, Yao R, Ewing CP, Trust TJ, Guerry P. Evidence for a system of general
protein glycosylation in Campylobacter jejuni. Mol Microbiol. 1999;32(5):1022-1030.

10. Igura M, Maita N, Kamishikiryo J, et al. Structure guided identification of a new catalytic
motif of oligosaccharyltransferase. EMBO J. 2008;27(1):234-243.

11. Silverman JM, Imperiali B. Bacterial N-glycosylation efficiency is dependent on the

structural context of target sequons. J Biol Chem. 2016;291(42):22001-22010.

174



12. Alaimo C, Catrein I, Morf L, et al. Two distinct but interchangeable mechanisms for flipping
of lipid linked oligosaccharides. EMBO J. 2006;25(5):967-976.

13. Linton D, Dorrell N, Hitchen PG, et al. Functional analysis of the Campylobacter jejuni N-
linked protein glycosylation pathway. Mol Microbiol. 2005;55(6):1695-1703.

14. Kowarik M, Young NM, Numao S, et al. Definition of the bacterial N-glycosylation site
consensus sequence. EMBO J. 2006;25(9):1957-1966.

15. Wacker M, Linton D, Hitchen PG, et al. N-linked glycosylation in Campylobacter jejuni and
its functional transfer into E. coli. Science. 2002;298(5599):1790-1793.

16. Nothaft H, Liu X, McNally DJ, Li J, Szymanski CM. Study of free oligosaccharides derived
from the bacterial N-glycosylation pathway. Proc Natl Acad Sci U S A. 2009;106(35):15019-
15024.

17. Jervis AJ, Butler JA, Lawson AJ, Langdon R, Wren BW, Linton D. Characterization of the
structurally diverse N-linked glycans of Campylobacter species. J Bacteriol. 2012;194(9):2355-
2362.

18. Nothaft H, Scott NE, Vinogradov E, et al. Diversity in the protein N-glycosylation pathways
within the Campylobacter genus. Mol Cell Proteomics. 2012;11(11):1203-12109.

19. lelmini MV, Feldman MF. Desulfovibrio desulfuricans PgIB homolog possesses
oligosaccharyltransferase activity with relaxed glycan specificity and distinct protein acceptor
sequence requirements. Glycobiology. 2010;21(6):734-742.

20. Baar C, Eppinger M, Raddatz G, et al. Complete genome sequence and analysis of Wolinella

succinogenes. Proceedings of the National Academy of Sciences. 2003;100(20):11690-11695.

175



21. Nakagawa S, Takaki Y, Shimamura S, Reysenbach AL, Takai K, Horikoshi K. Deep-sea
vent epsilon-proteobacterial genomes provide insights into emergence of pathogens. Proc Natl
Acad Sci U S A. 2007;104(29):12146-12150.

22. Jervis AJ, Langdon R, Hitchen P, et al. Characterization of N-linked protein glycosylation in
Helicobacter pullorum. J Bacteriol. 2010;192(19):5228-5236.

23. Mills DC, Jervis AJ, Abouelhadid S, et al. Functional analysis of N-linking oligosaccharyl
transferase enzymes encoded by deep-sea vent proteobacteria. Glycobiology. 2016;26(4):398-
409.

24. Ollis AA, Chai Y, Natarajan A, et al. Substitute sweeteners: Diverse bacterial
oligosaccharyltransferases with unique N-glycosylation site preferences. Sci Rep. 2015;5:15237.
25. Szymanski CM, Wren BW. Protein glycosylation in bacterial mucosal pathogens. Nat Rev
Microbiol. 2005;3(3):225-237.

26. Li L, Woodward R, Ding Y, et al. Overexpression and topology of bacterial
oligosaccharyltransferase PgIB. Biochem Biophys Res Commun. 2010;394(4):1069-1074.

27. Lizak C, Gerber S, Numao S, Aebi M, Locher KP. X-ray structure of a bacterial
oligosaccharyltransferase. Nature. 2011;474(7351):350-355.

28. Maita N, Nyirenda J, Igura M, Kamishikiryo J, Kohda D. Comparative structural biology of
eubacterial and archaeal oligosaccharyltransferases. J Biol Chem. 2010;285(7):4941-4950.

29. Nothaft H, Scott NE, Vinogradov E, et al. Diversity in the protein N-glycosylation pathways
within the Campylobacter genus. Mol Cell Proteomics. 2012;11(11):1203-1219.

30. Wacker M, Linton D, Hitchen PG, et al. N-linked glycosylation in Campylobacter jejuni and

its functional transfer into E. coli. Science. 2002;298(5599):1790-1793.

176



31. Jaffee MB, Imperiali B. Exploiting topological constraints to reveal buried sequence motifs
in the membrane-bound N-linked oligosaccharyl transferases. Biochemistry (N'Y ).
2011;50(35):7557-7567.

32. Ihssen J, Kowarik M, Wiesli L, Reiss R, Wacker M, Thony-Meyer L. Structural insights
from random mutagenesis of Campylobacter jejuni oligosaccharyltransferase PglB. BMC
biotechnology. 2012;12(1):67.

33. Kémpf MM, Braun M, Sirena D, lhssen J, Thony-Meyer L, Ren Q. In vivo production of a
novel glycoconjugate vaccine against Shigella flexneri 2a in recombinant Escherichia coli:
Identification of stimulating factors for in vivo glycosylation. Microbial cell factories.
2015;14(1):12.

34. lhssen J, Haas J, Kowarik M, et al. Increased efficiency of Campylobacter jejuni N-
oligosaccharyltransferase PglB by structure-guided engineering. Open biology.
2015;5(4):140227.

35. Sun Lee H, Im W. Transmembrane motions of PgIB induced by LLO are coupled with EL5
loop conformational changes necessary for OST activity. Glycobiology. 2017.

36. Lizak C, Gerber S, Zinne D, et al. A catalytically essential motif in external loop 5 of the
bacterial oligosaccharyltransferase PgIB. J Biol Chem. 2014;289(2):735-746.

37. Ollis AA, Zhang S, Fisher AC, DeLisa MP. Engineered oligosaccharyltransferases with
greatly relaxed acceptor-site specificity. Nat Chem Biol. 2014;10(10):816-822.

38. Kato Y, Arakawa N, Masuishi Y, Kawasaki H, Hirano H. Mutagenesis of longer inserts by
the ligation of two PCR fragments amplified with a mutation primer. Journal of bioscience and

bioengineering. 2009;107(1):95-97.

177



39. Labigne-Roussel A, Harel J, Tompkins L. Gene transfer from Escherichia coli to
campylobacter species: Development of shuttle vectors for genetic analysis of Campylobacter
jejuni. J Bacteriol. 1987;169(11):5320-5323.

40. Nothaft H, Liu X, McNally DJ, Szymanski CM. N-linked protein glycosylation in a bacterial
system. Methods Mol Biol. 2010;600:227-243.

41. Biasini M, Bienert S, Waterhouse A, et al. SWISS-MODEL.: Modelling protein tertiary and
quaternary structure using evolutionary information. Nucleic Acids Res. 2014;42(W1):W258.

42. Kirschner KN, Yongye AB, Tschampel SM, Daniels CR, Foley BL, Woods RJ.
GLYCAMOG6: A generalizable biomolecular force field. carbohydrates. Journal of computational

chemistry. 2008;29(4):622-655.

178



